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FOREWORD

De cent membres et visages qiwa chasque chose, j’en prends un, tantost d
leicher sculement, tantost & efflorer, et parfois @ pincer jusqu'a los. . . .

MONTAIGNE

HE Thirteenth Symposium of the Society for the Study of Devel-
Topment and Growth was held at Dartmouth College, Hanover,
New Hampshire, on June 23-26, 1954. This volume consists of the writ-
ten versions of the papers delivered there.

Even in the enchanted New Hampshire countryside in June it is not
possible to do justice to all the aspects of the growth process that have
concerned biologists during the year. The organizing committee chooses
speakers for the individual interest of their work rather than its bearing
on a preconceived design. The resulting document is not always pre-
dictable; the plan that emerges, as in all organic events, lies implicit in
the actual material. The editor has only to allow the chapters to arrange
themselves.

Analysis of growth should either begin or end with molecular events;
in the present instance the two more strictly chemical chapters offer a
balanced beginning. Linus Pauling’s essay focuses sharply on the central
critical incident of replication of specific molecules, while J. S. Fruton
marshals experimental information on the steps and circumstances re-
quired to build proteins in vitro or in vivo from small units.

The five following papers exemplify different biological devices by
which synthetic processes are promoted or, conversely, restrained or
negated in living organisms. The convincing evidence that in some
microbes, material presented to the cell from the outside can in a sense
control a whole series of syntheses by sequential inductions, has not been
without effect on the lively search for the mechanics of protein differentia-
tion in multicellular organisms. The chapters by R. Y. Stanier and
J. D. IEbert explore such problems. The genetic apparatus, presiding
from the nucleus over growth and differentiation, can be studied, as in
E. S. Russell’s paper, by close analysis of developmental effects of mu-
tated individual genes. S. S. Cohen shows how nucleoprotein from out-
side the cell, as virus, can also operate to control growth in microorgan-
isms. Quite a different sort of control can be exercised from outside by
light, operating on photoresponsive processes; S. B. Hendricks and
H. A. Borthwick report such machinery in a wide variety of plants and
animals.
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The last four papers are concerned with patterns of growth and dif-
ferentiation in multicellular organisms. Development on the cell-tissue-
organism level continues to be a challenge to scientific ingenuity ; the role
of the sort of mechanism discussed in the preceding group of reports has
scarcely begun to be assessed. The developmental studies progress in
some cases by extension in comparative and genetic directions, as Ralph
Emerson’s review demonstrates; in others by approaching the transition
to adult physiology (Dietrich Bodenstein). In still other cases, stimulat-
ing perspectives are opened by intensification and precision of the study
of the cellular basis of circumscribed developmental events, as both
N. T. Spratt and Clifford Grobstein found in their material.

It is not possible to hold or to publish a symposium of this nature
without incurring more debts than can be enumerated. The scientific
community at large, both within and without the Society, has been gen-
erous with advice, criticism and encouragement of the sort that tradi-
tionally remains anonymous but not unappreciated. The Society is
obliged to the National Science Foundation and to the National Cancer
Institute, of the National Institutes of llealth, Department of Health,
Education and Welfare, for financial support of the Symposium, and to
Dartmouth College and its Local Committee for gracious hospitality.
Finally, we thank Mr. Herbert S. Bailey, Jr., of the Princeton Press, in
particular for his judicious mixture of patience and energy which has
resulted in appreciable negative growth of the time interval between the
Symposium and its publication.

DoroTHEA RuUDNICK
Yale University
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I. THE DUPLICATION OF MOLECULES

BY LINUS PAULING

DURING recent years a great deal of information has been gathered
about the structure of molecules and the nature of intermolecular
forces. This information is so extensive, precise, and reliable that it has
become possible to use it in reaching a definite conclusion about the
process of duplication of molecules, which is involved in the mechanism of
heredity.

After many years of thinking about this problem, I am now confident
that the process of duplication of molecules is a two-step process, each
step involving the action of a molecule as a template for the formation
of a complementary molecule, and that the forces that operate significantly
in the production of the complementary molecule are short-range forces,
effective over a distance of only a few Angstroms. These forces are in
the main not those involved in the formation of covalent bonds between
atoms, but those that are usually classed as intermolecular forces. They
include the forces between positively and negatively charged atoms and
groups, the forces of hydrogen-bond formation, and van der Waals
attractive and repulsive forces.

A great amount of information bearing on the problem of the manu-
facture of molecules with well-defined specific properties has been obtained
through the study of antibodies, in particular the work initiated by
Landsteiner (1945) on the preparation of antibodies to artificial antigens
(usually azoproteins) containing haptenic groups of known structure,
and the study of the interaction of the antibodies with precipitating
azoproteins containing the same or similar haptenic groups and of the
inhibition of precipitation by simple substances. A great advantage of
serological systems over other systems showing biological specificity,
such as enzyme systems, is the large range of variation of molecular
structures for which serological properties may be measured. Thus in
general an enzyme has measurable catalytic power for only a few sub-
strates, and its action is interfered with by only a few inhibitors. It is
conccivable that a series of enzymes could be found with primary specific-
ity directed toward a series of closely similar substrate molecules, per-
mitting comparative studies of the enzymes of the series to be made ; but
in fact no such series is known. On the other hand, specific antibodies may
be prepared for dozens of closely related haptenic groups, as was done by
Landsteiner and his collaborators, and the properties of these antibodies
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LINUS PAULING

in relation not only to the haptenic groups but also to many related
simple substances may be investigated quantitatively. For example, azo-
proteins for usc as antigens may be prepared with the p-azobenzene ar-
sonic acid group, the m-azobenzene arsonic acid group, the o-azobenzene
arsonic acid group, the p-azobenzoic acid group, the 4-azophthalic acid
group, and many other similar groups as haptenic groups. Through the
quantitative study of the cross reactions of these specific antisera with
precipitating proteins involving these haptenic groups and of the forma-
tion of soluble complexes with small molecules, such as the various sub-
stituted benzene arsonic acids themselves, a great deal of information
about the combining powers of haptens and haptenic groups with anti-
body in relation to the structure of these haptens or haptenic groups and
also of the haptenic group of the injected azoprotein can be obtained.
The results of all of the many quantitative experiments of this sort
that have been made are in agreement with the postulate that the bonds
between the antibody molecule and the haptenic group are due to short-
range intermolecular forces, operating through the minimum distance—
the distance of closest approach of the atoms on the surface of the com-
bining regions of the antibody molecules and the atoms of the haptenic
groups (Pauling et al., 1940, 1942). All of the properties of serological
systems can be satisfactorily accounted for in terms of short-range forces.
The specificity of interaction of antigens and antibodies is due to a com-
plementariness of surface structure that allows close contact to occur over
a rather large area (of the order of 100 A?), permitting the weak forces
of intermolecular interaction to cooperate to produce a strong bond. The
complementariness between an antibody molecule and an antigen molecule
is the result of a folding of the polypeptide chain of the antibody molecule
in such a way that as large a portion as possible of the chain is brought
into immediate juxtaposition with a portion of the surface of the antigen
molecule. In addition to similarity of surface configuration, the comple-
meentariness of structure involves the juxtaposition of special combining
groups, such as a negatively charged group in the antibody with a posi-
tively charged group in the antigen, or a hydrogen-bond-forming group
carrying the proton with a similar group presenting an electron pair.
There is no satisfactory alternative explanation of the specificity of
antibodies. There exists no significant experimental evidence in support
of the concept of long-range forces with specificity approaching that of
antibodies, enzymes, or other biological molecules. The apparently pur-
poseful approach of corresponding chromosomes during fertilization may
be caused by the contraction of a few long protein molecules with specific
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groups at their ends; these molecules might carry out random motion
in the cell, until the specific groups chance to collide with a complementary
structure on a chromosome, and to become attached ; then the contraction
of the long molecules, by a mechanism not yet understood (perhaps
similar to muscular contraction), might cause the approach of the
chromosomes to one another.

The explanation of biological specificity through complementariness
in structure and the resultant cooperation of weak intermolecular forces
over a sufficiently large area to produce a strong bond was proposed a
quarter of a century ago by Breinl and Haurowitz (1930), Stuart Mudd
(1932), and Jerome Alexander (1931). Quantitative studics of the
combining powers of haptens with antibodies have provided detailed
support for this idea.

First, we may discuss the degree of complementariness of the haptenic
group or hapten and the atoms in the combining region of the antibody.
The energy of van der Waals electronic attraction of two atoms is propor-
tional to the inverse sixth power of the distance between the centers of
the atoms. In order for it to be significant, the atoms must be at nearly
their minimum distance of approach. If the antibody has a well-defined
structure that is complementary to a haptenic group, a larger haptenic
group or a haptenic group with a significantly different shape would be
expected not to combine with it, because of steric hindrance—its in-
ability to fit itself into the combining region of the antibody. This ex-
pectation is borne out by experiment. It is found, for example, that the
replacement of a hydrogen atom on the benzene ring of benzene arsonic
acid by an atom or group, such as chlorine or methyl, that is about 0.8 A
larger in radius operates to decrease significantly the combining power
of the hapten with the antibody homologous to the azobenzene arsonic
acid group. If the larger group, on the other hand, is in the position occu-
pied by the azo group in the injected azoprotein, the larger group increases
the combining power of the substituted benzene arsonic acid, because
of the increased van der Waals force of attraction over that of the hydro-
gen atom. This experimental result indicates that the fit of the antibody
around the haptenic group is a tight one, the complementariness in
structure being such that an increase in size of 0.8 A of one atom in the
group is enough to cause significant steric hindrance.

The striking fact that the replacement of a methyl group by a chlorine
atom or bromine atom causes essentially no change in serological prop-
erties is also explained by the complementariness theory. The methyl
group has about the same size and shape as a chlorine atom or bromine
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atom (the van der Waals radius of chlorine is 1.81 A and that of bromine
1.95 A ; the methyl group is somewhat scalloped, its average radius being
about 1.9 A).

By the measurement of the combining powers of benzene arsonic acids
with substituent groups of various sizes in the ortho, meta, and para
positions with antibodies homologous to p-azobenzene arsonic acid, m-
azobenzene arsonic acid, and o-azobenzene arsonic acid it has been possi-
ble to evaluate the closeness of fit of the antibodies to the haptenic group
of the injected azoprotein (Pauling and Pressman, 1945). It has been
found that for cach of the anti-azobenzene arsonic acid antibodies a
rapid decrease in combining constant occurs when the hapten has such
size and shape as to require a radial dilatation of about 1.0 A relative to
the shape of the haptenic group of the injected azoprotein. The fit of
anti-p-azobenzoic acid antiserum is closer ; it corresponds to an approxi-
mation to the homologous haptenic group to within about 0.7 A in radius.
On the other hand, a somewhat larger radial dilatation, about 1.5 A, has
been found for the anti-p-( p-azobenzene-azo)benzene arsonic aud anti-
serum.

When a substituent group consisting of one atom or a few atoms is
present in the hapten in the position occupied by the azo group in the
injected azoprotein, the combining constant with antibody is in general
somewhat larger than that for benzene arsonic acid itself. The increase
in combining constant has been explained as resulting from an increase
in van der Waals attraction of the protein and the substituent group.
The London theory of van der Waals attraction leads to the approximate
equation

__ 38,000 ooo
7an®

W = — 2"——% R,Rpycal/mole

for the energy of interaction of two groups A and B the distance 7,5, apart.
Here R, and Ry are the mole refractions of the groups in ecm?, and 7,y
is in Angstroms. In the derivation of this expression the average energy
differences of normal and excited states of the groups have been taken
as 14 electron volts. By consideration of the amount of protein in con-
tact with a small group, similar to the azo group, and of the mole refrac-
tion of water and of protein, the effective energy of interaction of a group
A, compared with a hydrogen atom, has been calculated to be (cf. Pauling
and Pressman, op. cit.)

AW, = — 4°f°°° X (Ry— Ry) cal/mole
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Here 7,5 is in Angstroms, and the mole refractions are in cm®. The values
of combining groups of substituted benzene arsonic acids and benzoic
acids with I, Br, Cl, OCH,, CHj, and F as calculated with this equation
with use of the known mole refractions and radii of the atoms and groups
are in good general agreement with the observed values of free energy
of interaction of the substituted haptens. There seems to be little reason
to doubt that the differences in combining powers of these haptens with
the antibody are to be attributed to differences in the energy of van der
Waals attraction, as determined by the polarizabilitics (mole refractions)
of the groups, and that there is essential contact of the combining region
of the antibody with the hapten, extending as far as the position occupied
by the azo group in the injected azoprotein,

Similar rough quantitative explanation of observed combining powers
has been given for intermolccular interactions involving also hydrogen
bonds and ionic forces.

The complementariness theory immediately suggests a process of for-
mation of antibodies which is compatible with present knowledge of mo-
lecular structure and intermolecular forces (cf. Pauling et al.,, 1940,
1942). It is assumed that the globulin molecule that is a precursor of anti-
bodies consists of a polypeptide chain (or perhaps of more than one such
chain) containing several hundred amino-acid residues of such nature and
in such order that many configurations accessible to the molecule have
nearly the same energy. In the absence of an antigen molecule the newly
synthesized polypeptide chain might fold up in any one of a number of
ways, representing the maximum stability under the conditions then exist-
ent in the cell. If, however, a forcign molecule (antigen molecule) were
present the polypeptide chain would be expected to fold up into a configu-
ration complementary in structure to the antigen molecule. Such a config-
uration would give to the system greater stability (lower energy) than a
non-complementary configuration. The greater stability would be the re-
sult of the interaction, over a large area (the area of contact), of the
atoms in the folded chain and the atoms of the antigen molecule—interac-
tion corresponding to ionic forces, hydrogen bonds, van der Waals attrac-
tion, and other weak intermolecular forces. While it is not expected that
true equilibrium would be achieved, and that the number of molecules
with complementary structures could be accurately predicted, on the basis
of their lower energy than non-complementary molecules, by application
of the Boltzmann factor (the equations of statistical mechanics), never-
theless it is probable that the rate of assumption of more stable configura-
tions, the complementary configurations, would be greater than that of
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the less stable configurations, and that the complementary structures
would accordingly be assumed by the folding polypeptide chains.

One interesting and unexpected prediction of the theory has been borne
out by experiment. It was predicted that the antisera produced by strong
haptenic groups would be less highly specific than those produced by the
weaker haptenic groups. The argument underlying this prediction is that
the circulating antibodies, which constitute the antisera, have to be re-
moved from the antigen molecule (that serves as a template) by the
disrupting influence of thermal agitation. Inasmuch as this disrupting
influence, at body temperature, is constant, the bond strength between
circulating antibody and antigen might be expected to be essentially con-
stant for different antigen-anitibody systems, this being the bond strength
that just permits dissociation at body temperature. However, a strong
hapten will hold a closely fitting antibody with such a strong bond that
dissociation will not occur ; only the antibodies that fit rather poorly will
dissociate into the blood stream. We can accordingly understand why the
p-azobenzene arsonic acid haptenic group, which has the same charge as
the benzoic acid group but an additional OH group, which confers addi-
tional forces of van der Waals attraction and hydrogen bond formation,
produces antibodies that fit less tightly than do those produced by the ben-
zoic acid group, and that the p-(p-azobenzene-azo) benzene arsonic acid
group, with an additional azobenzene, produces antibodies that fit still
less tightly, as mentioned above.

This mechanism of formation of antibodies by molding a plastic ma-
terial, the polypeptide chain, to the antigen molecule, which serves as a
template, is such a reasonable one for the formation of molecules with
specific structure and properties that we might well expect it to be used in
other biological processes. I believe that this is the only reasonable molec-
ular mechanism that is now known that can be advanced for the synthesis
of biological molecules in general.

Fourteen years ago Professor Max Delbriick and I wrote (1940) “It
is our opinion that the processes of synthesis and folding of highly com-
plex molecules in the living cell involve, in addition to covalent-bond
formation, only the intermolecular interactions of van der Waals attrac-
tion and repulsion, electrostatic interactions, hydrogen-bond formation,
etc., which are now rather well understood. These interactions are such
as to give stability to a system of two molecules with complementary
structures in juxtaposition, rather than of two molecules with necessarily
identical structures; we accordingly feel that complementariness should

[ 8]
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be given primary consideration in the discussion of the specific attraction
between molecules and the enzymatic synthesis of molecules,

“A general argument regarding complementariness may be given. At-
tractive forces between molecules vary inversely with a power of the
distance, and maximum stability of a complex is achieved by bringing the
molecules as close together as possible, in such a way that positively
charged groups are brought near to negatively charged groups, electric
dipoles are brought into suitable mutual orientations, etc. The minimum
distances of approach of atoms are determined by their repulsive po-
tentials, which may be expressed in terms of van der Waals radii ; in order
to achieve the maximum stability, the two molecules must have comple-
mentary surfaces, like die and coin, and also a complementary distribu-
tion of active groups.

“The case might occur in which the two complementary structures hap-
pened to be identical; however, in this case also the stability of the com-
plex of two molecules would be due to their complementariness rather
than their identity. When speculating about possible mechanisms of
autocatalysis it would therefore seem to be most rational from the point
of view of the structural chemist to analyze the conditions under which
complementariness and identity might coincide.

“From the biological side it would seem most rational to postulate the
possibility of both processes: viz., formation of complementary non-
identical structurcs and formation of complementary identical structures,
and to proceed by analyzing experimental data for clear-cut evidence as
to their occurrence.”

In discussing this suggestion we may ask first what significance there
is in attempting to differentiate between the formation of complementary
non-identical structures and the formation of complementary identical
structures. I now think that, to the extent that this differentiation has
significance, the second alternative can be eliminated. Let us give the
symbols A and A~ to two mutually complementary molecules, such that
A can serve as the template for the manufacture of A~ and A~! can serve
as the template for the manufacture of A. Now let us bind A and A~ to-
gether, either by a covalent bond or in some other way. If the bond be-
tween A and A™! did not interfere with their serving as templates for
one another, the molecule A-A~1! would be self-complementary, and could
serve as the template for the manufacture of an identical molecule. From
this example we see that molecular duplication in one step might be essen-
tially equivalent to molecular duplication in two steps.

[9]



LINUS PAULING

We may imagine self-complementary molecules that can not be reason-
ably described as consisting of a complex of two mutually complementary
halves, A and A~?, bonded together. For example, let us consider a pro-
tein with the configuration of a pleated sheet. It is a flat molecule, about
10 A thick. There exists the possibility that the large surface on one side
would be complementary to the large surface on the other side. The nature
of the pleated sheet, however, is such that we cannot reasonably describe
one side as a structure A and the other as a structure A~!; they are instead
two aspects of the same polypeptide chain. It is highly unlikely that the
amino-acid side chains that project to one side of the sheet would be
related to those that project to the other side in such a way as to effect
this complementariness of the two sides. The analogy with a thin sheet
of metal that has been pressed against a die is fallacious: the comple-
mentariness of the two sides of the sheet of metal results from a constancy
in thickness of the sheet, but a pleated-sheet protein is not constant in
thickness—its thickness varies from 3.5 A in a region occupied by glycine
residues to 12 A or more in a region occupied by the largest amino-acid
residues. I think that we may conclude that self-complementary structures
of this nature occur not at all or only very rarely in organisms.

The foregoing discussion is well illustrated by the structure proposed
by Watson and Crick (1953) for deoxyribose nucleic acid. In this struc-
ture the molecule consists of two complementary polynucleotide chains,
which we may call A and A~*. They have their polar axes oppositely di-
rected. Each has the configuration of a helix, and the two helixes are inter-
twined so as to bring nitrogen bases into positions favorable to the forma-
tion of hydrogen bonds. The hydrogen bonds can be formed only between
specific pairs of nitrogen bases, and in consequence the two chains are
mutually complementary. The helical molecule formed by the two chains
may be described as a self-complementary molecule, AA—1. Watson and
Crick have described it as a complex of two mutually complementary
molecules A and A~*. The process of its duplication consists in the sepa-
ration of the two polynucleotide chains, and the service by each as a tem-
plate for the manufacture of a duplicate of the other.

Let us now ask whether it might not be possible that the two chains A
and A~ are really a single chain, A and A~! being attached to one an-
other at one end. I think that this can be rejected. If A and A—! are sepa-
rate chains, the process of duplication of AA~1 consists in the untwining,
over the length /, of the double helix AA~1, and the service of A and A~
as templates for the manufacture of new double helixes AA~*and A~1A,
with total length for the newly synthesized chains 2I. If, on the other
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hand, A and A~! are attached together at one end, the process of duplica-
tion of AA~1! is more complex. First, the double helix AA™! is untwined,
to form the extended chain A-A~1, with length 2/. This then serves to pro-
—1A
AA-Y
must then be untwined, and each of the halves AA~! and A7!'A must
coil to form the original complex and its duplicate. There are thus two
processes of untwining that are involved, rather than a single one. Now,
if the second process of untwining does not occur, we might be satisfied
to accept the double chain of length 2/ as a complex of a molecule AA™?
and its self-complementary duplicate, A~*A. This process cannot, how-
cver, be accepted, because there is no mechanism for insuring the retention
of complementariness of one end of the chain of length 2/ and the other
end. Mutation might occur, changing the nature of one end or of the other
end, and if the chain, in the process of duplication, did not fold at some
stage into the configuration of the double helix with length /, the lack of
complementariness of the two ends of the chain would not interfere at
all with the process of duplication. Instead, the molecule produced by use
of the chain with length 2/ as template would then be complementary to
the original molecule, and would presumably itself serve as a template for
the manufacture of a duplicate of the original molecule. This situation is
then the one described by Watson and Crick, in which the double helix
consists of two independent polynucleotide chains, A and A~1,

We may also ask about another significant difference between the
manufacture of antibodies and the duplication of genes. The antiserum
produced in response to injection of a given antigen is highly hetero-
gencous—we have found that the heterogeneity may correspond to
change by a factor of 10,000 in the equilibrium constant for combination
of antibody and homologous antigen (Pauling, Pressman, and Gross-
berg, 1944 ), whereas the duplication of genes seems to be perfect, or
nearly perfect. I think that this difference need not require a difference in
mechanism, for the following reason. The manufacture of an antibody
molecule is a process that occurs only once, so far as that molecule is con-
cerned, and the molecule is not itself then used as a template. If the condi-
tions within the cell in which the antibody molecule is being manufactured
happen to be such as to favor the formation of a good molecule, with high
complementariness to the antigen molecule, the combining constant will
have a large value, whereas if the conditions are unfavorable the com-
bining constant for the antibody molecule that is formed will have a small
value. There is no process of trial and error, such that the system can

[11]

duce the compound helix with total length 2/. The double helix



LINUS PAULING

improve in the manufacture of antibodies against the injected antigen.
The process of duplication of genes is different. Let us consider that a
gene has undergone mutation—for example, that it has been damaged as
a result of the absorption of a quantum of radiation. The damaged mole-
cule, which we may call A, will serve as the template for the manufacture
of a complementary molecule, A;~!. The latter will then serve as the
template, in the next cell division, for the manufacture of a molecule com-
plementary to it, which we may call A,. In general we would not expect
A, to be an exact duplicate of A;. The process of two-stage duplication
would then continue, through A,~%, A,, A;~1 Ay, A7t ... If after
any number of duplications of this sort a molecule, A,, happens to be
formed that is especially well suited to serving as a template for the two-
stage manufacture of a duplicate of itself, the process of duplication from
then on would be a reliable one. The mechanism of heredity thus permits,
in this way, the ultimate discovery of a mutated gene that permits true
duplication; but the mutated gene may, and in general will, not be the
original gene that has been damaged by x-radiation or produced in some
other way, by a primary process, but will be a product obtained after many
steps of two-stage duplication. This argument was presented briefly a few
years ago (Pauling, 1949).

At the present time it is, I believe, possible to make effective use both of
biological information and of information about molecular structure that
has been obtained from the study of simple molecules in the discussion of
the biological processes of duplication of molecules, and of biological
specificity in general. The attack on biological problems with the effective
use of information about molecular structure has only recently been be-
gun. We may hope that it will be attended with success.
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II. THE BIOSYNTHESIS OF PROTEINS
AND PEPTIDES

BY JOSEPH S. FRUTON'

@NE of the most challenging tasks that faces the biochemist is the
elucidation of the chemical pathways in the biosynthesis of proteins
from amino acids. The task is especially forbidding because of the com-
plexity of the chemical structure of proteins, and because it is not possible
as yet to study protein synthesis with cell-free preparations. So long as
the de novo formation of proteins from amino acids is uniquely the
property of the intact living cell, it will be extremely difficult, if not im-
possible, to unravel the mystery of the cellular apparatus responsible for
protein synthesis. The best we can hope to do in the present discussion
is to consider the problem in relation to some of the recent experimental
findings, and to examine some of the working hypotheses that have been
proposed to guide future research.

In a discussion of protein synthesis, we arc forced, by the very nature
of the experimental information, to consider the question from two points
of view. First, we will discuss the knowledge gained from chemical studies
on the energy changes in the synthesis of peptide chains from amino acids,
and on the chemical specificity of known intracellular enzymes that act at
peptide linkages. The purpose of studies on the energy changes in peptide
synthesis is to gather information about the work that a cell may have
to do in putting amino acids together to form the CO-NH bonds of a long
peptide chain. The aim of the enzyme studies is to seek cellular catalysts
that may be involved in the chemical pathways of protein synthesis, and
whose chemical specificity is such as to make them possible agents in the
remarkable process whereby a variety of amino acid residues are arranged
in the complex sequence revealed by studies on the chemical degradation
of proteins. In this discussion, we shall consider only the problem of the
biosynthesis of the peptide chains of proteins, recognizing at the same
time that the characteristic properties of proteins also depend on the
integrity of bonds other than peptide linkages, and that the process of
peptide synthesis may be closely linked to the formation of these accessory
bonds.

The second line of experimental approach is the more biological one,
involving studies on protein synthesis i vivo, and directed to a clearer
definition of the overall process. Such research has attempted to define the

1 Yale University.

[15]



J. S. FRUTON

energy and nutrient requirements of the intact cell for protein formation,
and through the use of labeled precursors and of specific inhibition, to
identify possible intermediates in protein synthesis. Clearly, the immedi-
ate goal of both the chemical and the biological lines of work is to bridge
the wide gap that still separates the two.

Let us then consider first what we know of the energy changes in the
synthesis of peptide bonds. The simplest reaction is the synthesis of a
dipeptide from its component amino acids. At pH 7, the reaction may be
formulated as follows:

Rl Rz R‘ Rz
I | | l
+NH,CHCOO- + *NH,CHCOO- & +NH,CHCO—NHCHCOO- 4 H,0

We know that the reverse of this reaction, the hydrolysis of the dipeptide,
proceeds very far in the direction of the free amino acids, and we can
make an estimate of the equilibrium constant of this reaction from the
available data on the standard free energy of formation of each of the four
components (Borsook et al., 1948, 1953 ). Thus, for the reaction:

pL-leucine™ 4 glycine™ — pL-leucylglycine™ - H,O

AF°4 is about +3.3 keal., corresponding to an equilibrium constant of
about 0.005. Similar data are available for the synthesis of the dipeptides
pL-alanylglycine and glycylglycine; here, the AF°y, values are about
+4.1 and +3.6 kcal. respectively, corresponding to equilibrium con-
stants of about 0.001 and 0.002 (Zamecnik and Frantz, 1949). It fol-
lows, therefore, that in a homogeneous solution, work would have to be
done on the system to effect any measurable synthesis of a charged di-
peptide from the two dipolar amino acid ions. Thus far, it has not been
possible to find an enzyme-catalyzed exergonic reaction that can be
coupled to the synthesis of a dipeptide from the component amino acids.

If we proceed to the case of a peptide bond present in an uncharged
molecule, the free energy change is less unfavorable for synthesis. For
example, the equilibrium constant in the reaction:

CH,C,H,0H CH,C,H,0H

C,H,CO-NHCHCOO- + +NH,CH,CO-NH/~ C,H,CO-NHCHCO—NHCH,CO-NH, + H,0
Benzoyl-L-tyrosine Glycinamide Benzoyl-L-tyrosylglycinamide

is approximately 0.5, on the assumption that all the activity coefficients
and the activity of water are unity. This equilibrium constant was deter-
mined in an experiment in which benzoyl-L-tyrosine was incubated at pH
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7.9 and 25°C, in the presence of the proteinase chymotrypsin, with gly-
cinamide that had been labeled with N8 in the glycine nitrogen. After a
suitable time, the chymotrypsin was inactivated, non-isotopic benzoyl-L-
tyrosylglycinamide was added as carrier, and the peptide derivative was
isolated in analytically pure form and recrystallized to constant N*% con-
centration. The isotope data permitted us to calculate the concentration
of isotopic benzoyl-L-tyrosylglycinamide present at equilibrium (Dobry
et al, 1952). From the equilibrium constant, the value of ATF°ys was
calculated to be about +0.42 kcal. Calorimetric determinations of the
value of ATHggs for the hydrolysis of benzoyl-L-tyrosylglycinamide by
chymotrypsin (the reverse of the reaction written above) showed this
to be —1.55 keal. per mole at pH 7.9. If the value of AF 54 for the
hydrolytic process is taken to be —0.42 kcal., the standard entropy change
(/AS°495) in the hydrolysis is —3.8 cal. per mole per degree. I have
cited these data because they illustrate how one may combine the isotopic
method for the estimation of the equilibrium constant with the calori-
metric method for the determination of the enthalpy change in hydrolysis,
and thus characterize the thermodynamics of a reaction in which a peptide
bond is formed in an enzyme-catalyzed condensation reaction.

The data on the energy relations in the synthesis of the central CO-NH
bond of benzoyl-L-tyrosylglycinamide provide experimental evidence for
the correctness of the views presented by Linderstrgm-Lang some years
ago, and summarized by him recently (1952). From the available values
for the free energy of formation and ionization of amino acids and pep-
tides, he suggested that the magnitude of AF° in the synthesis of a pep-
tide bond would decrease as the bond is moved farther from the charged
terminal amino or carboxyl group of a peptide. Comparison of the free
energy values for the synthesis of the dipeptides (ca. 3.5 kcal.) with
that for benzoyl-L-tyrosylglycinamide (0.4 kcal.) supports this sugges-
tion. For our present discussion, it is important to emphasize that the
model experiment with benzoyl-L-tyrosylglycinamide resembles the sit-
uation that may be encountered if two long-chain peptides were joined
by a peptide bond in an enzyme-catalyzed condensation reaction. In this
sense, therefore, the lower free energy value appears to be a more probable
estimate of the free energy change in the synthesis of central peptide
bonds in the peptide chain of a protein molecule.

In a reaction that involves the condensation of two molecules, the ex-
tent of synthesis obviously depends greatly on the molar concentrations
of the two reactants. For example, in the enzymic synthesis of benzoyl-
L-tyrosylglycinamide from benzoyl-L-tyrosine and glycinamide, only 1.3
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per cent of the ionized reactants had undergone condensation when their
initial concentration was 0.025 M. It may be calculated that at an initial
concentration of 0.001 M, the extent of synthesis would be reduced to
about 0.05 per cent. Such negligibly small values have raised doubt
whether direct condensation of carboxyl and amino groups to form pep-
tide bonds is possible in the living cell. At this point, it may be well to
reemphasize what has been said in earlier discussions (Bergmann and
Fruton, 1944) of this problem. The living cell obviously cannot be con-
sidered to represent a homogeneous system in which the chemical re-
actants are present in equilibrium concentration. Rather, we must envis-
age the strong possibility that the products of a series of condensation
reactions, leading to the formation of central peptide bonds, are rapidly
removed by subsequent processes, some of which may be strongly ex-
ergonic. To illustrate such a mechanism, one may consider the situation
when chymotrypsin catalyzes the condensation of benzoyl-L-tyrosine with
glycinanilide. Here benzoyl-L-tyrosylglycinanilide crystallizes from the
solution, and under conditions where about 1 per cent synthesis of
benzoyl-L-tyrosylglycinamide was observed, the yield of insoluble anilide
may be 65 per cent. The driving force in the formation of such large
amounts of the anilide is its removal from solution, because its solubility
is lower than its concentration at equilibrium. Thus, the endergonic
synthesis of the peptide bond is coupled to the exergonic process of the
removal of the peptide derivative from supersaturated solution. In a
coupled mechanism of this kind, one may perhaps speak loosely of the
peptide synthesis as being “pulled,” through a mass-action effect, by
later exergonic steps in the overall process. Although such a mass-action
effect seems a possibility in the formation of the central peptide bonds of
proteins, it is much less plausible as a driving force in peptide bond
syntheses where the value of AF° is about 3 to 4 kcal. For this reason, it
has generally been assumed, by analogy with other biochemical end-
ergonic reactions, that one of the reactants is converted to a more reactive
form, containing a so-called “energy-rich’” bond. In this process, the
synthesis of the CO-NH bond may be thought of as being “pushed” by
an exergonic reaction, such as the cleavage of a pyrophosphate bond of
adenosine triphosphate.

It may well be that this distinction between “pull” and “push” has
some validity for the problem of the biosynthesis of proteins from amino
acids, and that both types of mechanism are involved, but at different
stages of the overall process. However, in many recent discussions of
the problem, emphasis has largely been placed on the latter type of
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mechanism, because evidence for its biological occurrence has come from
studies on the biosynthesis of substances such as hippuric acid, gluta-
thione, and glutamine. Borsook and Huffman (1948, cf. also Borsook,
1953) have provided thermodynamic data for the synthesis of the hip-
purate ion from the benzoate ion and the glycine dipolar ion; the value of
AT°,,0 was calculated to be about 42.6 kcal. Much work has been done
on the formation of hippuric acid (and of p-aminohippuric acid) by en-
zyme preparations from kidney and liver ; however, the immediate signifi-
cance of these studies for the understanding of the mechanism whereby
peptide chains are synthesized is not readily apparent. Although it is
probable that benzoyl-CoA is the acylating agent in the process of hippu-
rate formation (Chantrenne, 1951 ; Schachter and Taggart, 1953), re-
cent studies have shown that the enzyme involved is specific for glycine
(Schachter and Taggart, 1954). Despite the limited scope of the hippu-
rate-synthesizing system, it illustrates a mechanism whereby energy may
be “pushed” into the synthesis of a compound with a CO-NH bond from
a carboxylic acid and an amine. The synthesis of hippurate from benzoyl-
CoA and glycine is an exergonic reaction, but the formation of benzoyl-
CoA from benzoate and coenzyme A requires energy ; this is provided by
the cleavage of a pyrophosphate bond of ATP (Mabhler et al., 1953). I
need not remind you that the discovery of coenzyme A and of acetyl-
coenzyme A stems from the studies of Lipmann (1949) on the enzymatic
mechanisms in the acetylation of sulfanilamide by various cell prepara-
tions. The synthesis of the CO-NH bond in acetylsulfanilamide involves
the reaction of acetyl-CoA with the amine; the formation of acetyl-CoA
from acetate and CoA requires the scission of a pyrophosphate bond of
adenosine triphosphate in a manner subsequently shown to apply to other
acyl-CoA derivatives, including benzoyl-CoA.

Another example of the coupling of the synthesis of a CO-NH bond to
the cleavage of ATP to AMP and pyrophosphate has been encountered
in the study of the formation of pantothenic acid by extracts of E. coli.
Here, coenzyme A does not appear to be involved, and it has been as-
sumed that there is formed a reactive “enzyme-pyrophosphate” com-
pound which reacts with pantoic acid to form a “pantoyl-enzyme” com-
pound; this, in turn, reacts with B-alanine to give pantothenic acid.
Lipmann (1954) has suggested that a mechanism of this type may be
operative in the synthesis of the polypeptide chains of proteins by as-
suming that “‘amino-acid-specific activation spots are lined up on a struc-
ture in a demanded sequence,” and that at each of these ‘“‘spots” a
pyrophosphoryl radical becomes attached by cleavage of ATP. Each of
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the pyrophosphoryl groups is then replaced by the a-carbonyl group of a
particular amino acid; when all the amino acids are aligned, they are
thought to condense to a peptide chain, by the reaction of the carboxyl
phosphate groups with adjacent a-amino groups.

Of more immediate interest for the problem of peptide bond synthesis
is the work of Bloch and his associates (Snoke et al., 1953) on the forma-
tion of the tripeptide glutathione from the component amino acids by
enzyme preparations from pigeon liver. This process requires the partici-
pation of ATP, but all efforts to demonstrate a role for coenzyme A
appear to have been unsuccessful. The synthesis of the tripeptide proceeds
in two steps, in each of which one pyrophosphate bond of ATP is cleaved:

L-Glutamic acid 4 L-Cysteine + ATP — y-L-Glutamyl-L-cysteine + ADP + Py
y-L-Glutamyl-L-cysteine 4 Glycine 4+ ATP — Glutathione 4+ ADP + P,

Thermodynamic data are not available for the synthesis of glutathione
from the amino acid ions, but by analogy with the values for compounds
of related structure it may be surmised that the synthesis of each of the
two CO-NH bonds of the tripeptide is accompanied by a positive free
energy change of about 4 kecal. Evidence has been provided (Snoke,
1953) for the view that in the enzymic synthesis of glutathione from
y-L-glutamyl-L-cysteine and glycine, the cleavage of ATP leads to the
formation of a reactive “enzyme-phosphate” compound.

In addition to the studies on the biosynthesis of hippuric acid and of
glutathione, much work has been done on the enzyme-catalyzed formation
of glutamine from glutamic acid and ammonia. The studies of Speck and
of Elliott (1953) have shown that the biosynthesis of glutamine requires
ATP, and it would appear that as in the biosynthesis of glutathione, the
synthesis of glutamine requires direct coupling with an energy-yielding
reaction in which a pyrophosphate bond of ATP is cleaved. Recent
studies indicate that the rcaction may be written as follows:

L-Glutamic acid + NH3 + ATP — r-Glutamine + ADP + P,

It has been reported (Levintow and Meister, 1954) that the equilibrium
constant of this reaction is 1200. Although the AF° of hydrolysis of
ATP is not known precisely, it is estimated to be about —g kcal. (Bur-
ton and Krebs, 1953 ) ; from these figures, the AF° for the formation of
glutamine from glutamic acid and ammonia may be calculated to be
about 45 kcal.

In glutamine or asparagine, the amide group is at the y-carbon of
glutamic acid or the 8-carbon of aspartic acid. The recent discovery (du
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Vigneaud et al,, 1953) that the peptide hormone oxytocin contains a
terminal glycinamide group focuses attention on the possibility that
a-amides of amino acids and peptides may be intermediates in metabo-
lism. For this reason it may be worthwhile to add at this point some
thermodynamic data on the hydrolysis of such a-amides. Unfortunately,
no free energy values are available, but calorimetric measurements have
been made on the enthalpy change in the hydrolysis of various CO-NH,
bonds cleaved by proteolytic enzymes. For example, in the hydrolysis of
benzoyl-L-tyrosinamide by chymotrypsin to benzoyl-L-tyrosine and
NH,*, AH,yg was found to be —5.8 kcal.,, and in the hydrolysis of
glycyl-L-phenylalaninamide to glycyl-L-phenylalanine and NH,*, also
catalyzed by chymotrypsin, AHys = —6.2 kcal. (Dobry and Sturte-
vant, 1952; Sturtevant, 1953). These relatively large negative values
for the enthalpy change in hydrolysis lead one to expect that the free
energy changes in the reverse synthetic reactions are relatively large
positive numbers, and help to explain why the isotope method employed
with benzoyl-L-tyrosylglycinamide was insufficiently sensitive to allow
us to determine a value for AF° in the case of benzoyl-L-tyrosinamide.
It would appear that, as among esters of phosphoric acid, so also among
~ compounds containing a CO-NH bond, there is a wide variation in the
magnitude of the enthalpy change and free energy change of hydrolysis.
Although it is not suggested here that one should refer to “high-energy”
CO-NH bonds, it is important to recognize that there arc some amide
bonds whose hydrolysis is accompanied by an enthalpy change equal to
that found in the hydrolysis of pyrophosphate (Ging and Sturtevant,
1954 ), which is usually included among the compounds having a “high-
energy’”’ phosphate bond. Clearly, if such a-amides of peptides are inter-
mediates in metabolism, the synthesis of the terminal CO-NII, group
must be “pushed” by direct coupling with an energy-yielding reaction,
possibly involving the cleavage of a pyrophosphate bond of adenosine
triphosphate.

The view that adenosine triphosphate participates in the overall proc-
ess of protein synthesis is supported by experiments on the incorporation
of isotopic amino acids into the proteins of tissue preparations. Such
studies (Siekevitz, 1952) have shown that the incorporation depends on
energy derived from oxidative processes, and the inhibition of the in-
corporation by dinitrophenol has been interpreted in terms of the ca-
pacity of this reagent to “uncouple” oxidation from the synthesis of the
pyrophosphate bonds of adenosine triphosphate.

After this brief review of the energy changes in the synthesis of
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CO-NH bonds, I should like next to summarize some of the available
information about the chemical specificity of the intraccllular enzymes
that can catalyze the synthesis of peptide linkages in peptide chains.
Here also our knowledge is fragmentary, but all we can do is to examine
the present situation and the possibilities for future experiment. Thus
far, the members of only one well-defined group of enzymes have been
shown to catalyze the interaction of amino acid residues to form peptide
chains; these are the so-called proteolytic enzymes. We have been ac-
customed to think of the physiological action of these peptide-splitting
enzymes in terms of what we know of the digestive proteinases pepsin,
trypsin, and chymotrypsin, and the digestive peptidases (carboxypepti-
dase, the aminopeptidases, the dipeptidases, etc.) that attack the partial
degradation products of the dietary proteins. We know a good deal about
the properties of many of these digestive proteinases and peptidases be-
cause they have been obtained in purified form by crystallization (North-
rop et al., 1948), and because their specificity and mode of action has
been extensively studied by the use of synthetic peptides and peptide
derivatives (Bergmann and Fruton, 1941 ; Neurath and Schwert, 1950).
However, much less work has been done on the proteinases of animal
tissues such as spleen, liver, or kidney, although it has been known for
many decades that these tissues contain such enzymes, whose action be-
comes evident upon autolysis. The physiological function of these intra-
cellular proteinases, which we term cathepsins, has not yet been estab-
lished, but as we shall see shortly, they can act at CO-NIH bonds not only
as hydrolytic agents, but also as catalysts of peptide bond synthesis. In
addition to the cathepsins of animal tissues, many plants contain active
proteinases, among which the enzyme papain (from Carica papaya) is
the best known. During the past few years, we have been studying the
possible role of some of these animal and plant proteinases in the elonga-
tion of peptide chains, and I should like to discuss the relation of our re-
sults to the general problem of protein synthesis.

If one makes an aqueous extract of autolyzed beef spleen, and allows
it to act on a protein as the substrate, the protein is extensively degraded
to amino acids and small peptides. Upon fractionation of the spleen ex-
tract, it becomes evident that this degradation is the result of the cumu-
lative action of a number of proteolytic enzymes of different specificity.
In order to separate and purify the individual enzymes, and to study
their specificity and mode of action, it is necessary to use as substrates
simple peptide derivatives that contain only one sensitive CO-NH bond,
in place of the complex protein which contains many peptide bonds and
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is therefore attacked by a variety of proteinases. Although much more
needs to be done to identify the various proteolytic enzymes present in a
tissue such as beef spleen, it is already clear that a crude spleen extract
contains at least three different cathepsins, and it is very probable that
there are many more than this number. In addition, there are a host of
peptidases. For convenience, we have designated the three spleen pro-
teinases identified thus far as cathepsin A, B, and C respectively (Tallan
et al.,, 1952). Because of its favorable properties, we have been able to
purify cathepsin C appreciably (de la Haba et al., unpublished). In what
is to follow, we shall discuss mainly our results with the animal protein-
ases cathepsin B and cathepsin C, and the plant proteinases papain and
ficin.

In speaking of the proteolytic enzymes, it has been customary in the
past to consider them solely as catalysts of hydrolysis, and to write the
reaction effected at a sensitive CO-NH bond as follows::

RCO—NHR’ + H,O - RCOO~ + *NH,R’

The work of the past few years (Fruton, 1950; Johnston et al., 1950a, b)
has shown clearly that this is too restrictive a formulation, since proteo-
lytic enzymes also catalyze replacement (or transfer) reactions of the
following type:

RCO—NHR’ 4 NH,X - RCO—NHX + NH,R’

Such replacement reactions have been termed “transamidation” or
“transpeptidation” reactions, and differ from the hydrolytic process only
in the substitution of an amino compound for water in the forward bi-
molecular reaction. For our present discussion, it is a matter of some
importance that the known intracellular proteinases are effective cata-
lysts of such transamidation reactions, although this property is also
exhibited to a greater or lesser degree by other proteolytic enzymes. It
is by no means excluded that, under favorable conditions, the water or
the amine may be replaced in the above bimolecular reactions by an alco-
hol or a mercaptan ; some indirect evidence for this possibility has been
reported (Fruton et al., 1951).

Before presenting some of the results on the catalysis of transamida-
tion reactions by intracellular proteinases, it may be appropriate to note
that since the unequivocal demonstration of the ability of proteolytic
enzymes to catalyze transamidation reactions, it has become clear that
many enzymes once thought to function solely as catalysts in hydrolytic
reactions also catalyze replacement reactions, and the sharp distinction
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often made between “hydrolases” and “transferases” is no longer valid.
It has in fact been recognized by many enzyme chemists that hydrolysis
is a special case of a transfer reaction, in which water is a reaction part-
ner. To cite but two examples, it has been shown that one of the classical
hydrolytic enzymes, invertase, functions as a transfructosidase (Bacon
and Edelman, 1950), and that ribonuclease catalyzes replacement reac-
tions involving pyrimidine nucleotides (Heppel et al., 1954). Results of
this kind make it inadvisable to assume that, because an intracellular
enzyme, after isolation, is found to catalyze a hydrolytic reaction, its
physiological function is exclusively a hydrolytic one. It may well be
that, under suitable conditions, its intracellular role as a catalyst of a
transfer reaction may be much more important. The obverse of this pos-
sibility must also be considered, and attention may well be given to the
hydrolytic action of some of the known “transferases.” For example, it
has been shown (Harting and Velick, 1954 ) that triose phosphate dehy-
drogenase, which catalyzes an acyl transfer, also catalyzes the hydrolysis
of acetyl phosphate, and thus appears to act as a phosphatase. Results of
this kind underline the importance of careful studies both of so-called
“hydrolases” and of “transferases” to determine the relative extent of
hydrolysis and replacement under a variety of experimental conditions
(concentration of reactants, pH, temperature).

To illustrate some of the principles involved in the action of intracel-
lular proteinases at CO-NH bonds, it may be useful to consider first the
plant enzyme papain. This enzyme catalyzes the hydrolysis of central
peptide bonds of protein chains and of a variety of synthetic substrates
of the general type RCO—NH (CHR’)CO -- X, the broken line denot-
ing the sensitive bond. For hydrolysis, its pH optimum is in the region
of pH 5, and its activity depends on the presence of one or more SH
groups in the enzyme protein. Among the synthetic substrates of papain,
there are various acylamino acid amides (e.g., benzoyl-L-argininamide,
carbobenzoxyglycinamide, carbobenzoxy-L-glutamic acid a-amide). Al-
though papain appears to have a much broader “side-chain” specificity
than, say, trypsin which also acts on benzoyl-L-argininamide, it is not
indiscriminate in its catalytic action, since CO-NH bonds involving
L-tyrosine or L-phenylalanine are not readily affected (Dekker et al.,
1949). In addition, the group X in the above type formula need not be
—NH,, since esters corresponding to susceptible amides are hydrolyzed
by the enzyme (Kimmel and Smith, 1954), in analogy to the action of
trypsin on esters such as benzoyl-L-arginine methyl ester (Neurath and
Schwert, op. cit.).
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It is tempting to speculate about the mechanism of the catalytic action
of papain and related intracellular proteinases. One may consider at least
two possibilities. In the first hypothesis, the enzyme may be thought to
combine with the oxygen atom of the carbonyl group and, in analogy to
the known mechanism for the non-enzymatic hydrolysis of esters (Ben-
der, 1951), facilitates attack at the carbon atom by nucleophilic reagents
such as water, amines, or alcohols. With water or an amine (NH,R"),
the following transient intermediates may be postulated, with the sub-
sequent elimination of the group X as HX.

Enzyme-(l) Enzyme-O
|
RCO—NH (CHR')C X RCO—NH(CHR))C - X
OH NHR”

An alternative hypothesis is that a reactive group (possibly an SH
group) on the enzyme combines with the carbon atom of the carbonyl
group, with the elimination of X as HX, and the formation of a reactive
acyl-enzyme complex, as shown, which may then be cleaved by a nucleo-
philic reagent such as water or an amine.

0
1l
RCO—NH (CHR’) C—Enzyme

To account for the stereochemical specificity of papain, and of other
proteinases, it is necessary to assume the interaction of additional groups
in the substrate with the enzyme. However, there are insufficient data
available at present to permit one to decide whether either of these possi-
bilities is correct.

Whatever the precise mechanism of papain action may be, it is ex-
tremely probable that the same catalytic sites on the enzyme are involved
in the catalysis of hydrolysis and of transamidation. This view is sup-
ported by extensive data which show that the specificity with respect to
the structure of the compound containing the sensitive CO-NH bond is
the same for transamidation as for hydrolysis (Johnston et al., 1950a).
In an aqueous solution containing papain, one of its substrates (e.g.,
benzoyl-L-argininamide, BAA), and an amine (e.g., hydroxylamine),
there is a competition between water and NH,OH for successful reaction
with the papain-BAA complex. It has recently been possible to estimate
the relative efficiency of NH,OH and of H,O in such a system, and it
turns out that the amine is about 420 times more efficient as a reactant than
is water (Durell and Fruton, 1954 ). It will not surprise organic chemists
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to hear that an amine is a more effective nucleophilic reagent than is wa-
ter, but it is of interest that the magnitude of the relative efficiency de-
pends on the nature of the enzymic catalyst that is employed. Trypsin
catalyzes the same reactions of benzoyl-L-argininamide as does papain,
but here NH,OH is only 30 times as effective as H,O. This indicates
that in the competition between the replacement agent and water for
“activated” substrate molecules, the enzyme takes an active part. It is
perhaps significant that an intracellular proteinase should be so much
more effective as a catalyst of transamidation than a digestive proteinase.

In the catalysis of transamidation reactions by papain, and by other
intracellular proteinases, two factors must be considered that do not en-
ter into the hydrolytic process. The first of these is the effect of variation
of the nature of the amine. Transamidation reactions have been studied
in the presence of a variety of replacement agents (NH,OH, N*°Hj,,
amino acid amides, dipeptides, dipeptide amides, etc.), and it has become
clear that the chemical structure of the amine exerts an important influ-
ence on the rate of transamidation. This means that in considering the
chemical specificity of a papain-catalyzed transamidation reaction, one
must give attention not only to the structure of the compound containing
the sensitive CO-NH bond, but also to the structure of the replacement
agent.

The second feature of the enzyme-catalyzed transamidation reac-
tions, which distinguishes them from the hydrolytic process, is that the
amine component, in order to act as nucleophilic reagent, must be in the
uncharged form. Consequently, at any given pH value, the concentra-
tion of the free amine will depend on the value for pK” of the correspond-
ing cation. As the pH of the solution is changed, so as to decrease or
increase the molar concentration of the reactive conjugate base, the
extent of transamidation is correspondingly decreased or increased. We
noted before that the pH optimum for the hydrolytic action of papain on
its synthetic substrates is near pH 5; other intracellular proteinases ex-
hibit similar pH optima for hydrolysis. However, at this pH, the extent
of transamidation, relative to hydrolysis, is very small. As the pH is
shifted into the region around pH 7, the extent of transamidation in-
creases markedly, because the effective concentration of the free amine is
increased. Thus, at equal total concentrations, hydroxylamine (pK’=
6.0) or glycinamide (pK’ = 7.9) are more effective replacement agents
near pH 7 than are ammonia (pK’ =9.4) or glycine (pK/,=9.6).
However, if instead of referring to equal total concentrations of both
charged and uncharged amine, one calculates the rate of transamidation

[ 26 ]



PROTEIN AND PEPTIDE BIOSYNTHESIS

at different pH values, but at constant concentration of uncharged amine,
it becomes clear that the rate increases as one goes from pH 7 toward
pH 5, thus suggesting that the true optimum for hydrolysis and trans-
amidation may in fact be the same. Consequently, under conditions
where the pK’, values of amino acids or peptides are shifted to a more
acid pH, these substances should serve as relatively efficient replace-
ment agents at pH values less than 7.

The fact that at pH values near pH 7, transamidation by intracellular
proteinases is a quantitatively important process led us to suggest that
the catalysis of replacement reactions may represent a major physiologi-
cal role of these enzymes. It should be added, however, that there are
some indications that the values for the intracellular pH of animal tis-
sues may be more acid than pIl 7, although the methods employed make
these determinations uncertain. Also, little is known about the pII gra-
dients in cells, and the dissociation constants of amino acids at the intra-
cellular sites of protein formation.

Although the pK’ of the cation corresponding to the replacement
agent is an important factor in determining the extent of transamidation
at a given pH, it is by no means the only determinant factor, since two
replacement agents of different structure, but having the same pK’ val-
ues, may differ in their effectiveness in a transamidation reaction. To
illustrate this, one may cite some experiments (Dowmont and Fruton,
1952) with papain as the enzyme, carbobenzoxyglycinamide (o0.05 M)
as the component having the sensitive CO-NH bond, and as the re-
placement agent one of the dipeptides glycylglycine, L-leucylglycine, or
p-leucylglycine (0.05 M). The pK’, values of the three dipeptides are
nearly the same (ca. 8.1), but the ratio of extent of replacement to hy-
drolysis at pH 7.5 was found to be 0.15, 2.0, and 0.09, respectively. It is
of special interest that the L-isomer of leucylglycine was about 20 times
more effective as a replacement agent than the p-isomer. Results of this
kind show clearly that the efficiency of the proteinase-catalyzed transami-
dation reaction depends both on the structure of the sensitive substrate
and the structure of the replacement agent, whereas in hydrolysis, where
water is the common reactant, the specificity depends only on the struc-
ture of the sensitive substrate. Such increased selectivity of enzyme ac-
tion permits the enzyme to direct preferentially one of several possible
chemical reactions. For example, it has been found experimentally that
if carbobenzoxyglycinamide is incubated with papain in the presence of
both glycylglycine and L-leucylglycine, very little of the carbobenzoxy-
glycylglycylglycine appears, and the product of transamidation is almost
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exclusively carbobenzoxyglycyl-L-leucylglycine (Mycek and Fruton, un-
published).

In the enzyme-catalyzed reaction between carbobenzoxyglycinamide
and L-leucylglycine, there occurred the replacement of a small group
(-NH,) by a dipeptide unit, thus effecting the elongation of the peptide
chain from the carbonyl end of the sensitive substrate. This example of
the enzymic catalysis of the elongation of peptide chains is but one of
many that have now been found (Fruton et al., 1951, 1953), and be-
cause of the possible importance of such reactions in the formation of
the peptide chains of proteins and of naturally occurring polypeptides,
they merit further discussion.

It may be useful first to mention the thermodynamic aspects of such
clongation reactions involving the replacement of a -NH, group by a
larger group. A reaction for which we have some of the necessary energy
values is the following, catalyzed by chymotrypsin: Benzoyl-L-tyrosin-
amide 4 *glycinamide — Benzoyl-L-tyrosylglycinamide 4+ NH,*. The
free energy change in this reaction cannot be calculated, because we
do not have a value for the AF° of hydrolysis of benzoyl-L-tyrosin-
amide. However, one can calculate the enthalpy change in the replacement
reaction from the AH values for the hydrolysis of benzoyl-L-tyrosin-
amide and of benzoyl-L-tyrosylglycinamide, cited earlier in this discus-
sion. Such a calculation gives a value of about —4.3 kcal. for the AH of
the transamidation reaction, and suggests that the value for AF° is
probably also a large negative number. If this is so, it would follow that
replacement reactions of this kind are strongly exergonic, with equilib-
rium positions far to the right.

The exergonic nature of the enzyme-catalyzed elongation of peptide
chains was exemplified in a striking manner by results obtained with the
intracellular proteinase cathepsin C, which we have purified extensively
from beef spleen. The specificity of this enzyme in hydrolytic reactions
is of considerable interest, since it appears that cathepsin C only acts on
derivatives of dipeptides composed of two a-amino acid residues, as
shown.

pi v
NH,CHCO—NHCHCO -- X

The broken line denotes the sensitive bond, and the group X may be
either —NH, (as in an amide) or —OCH; (as in an ester). The R
groups may be varied over a wide range, although cathepsin C acts
preferentially on substrates in which R’ is the side chain of phenylalanine

[ 28]



PROTEIN AND PEPTIDE BIOSYNTHESIS

or of tyrosine (Wiggans et al., 1954). In this respect, it resembles
chymotrypsin in specificity. However, a distinctive structural require-
ment in substrates of cathepsin C is that there be a specified spatial separa-
tion of the terminal amino group and the sensitive carbonyl group, since
the enzyme does not act on amino acid amides or esters (chymotrypsin
hydrolyzes L-phenylalanine ethyl ester), or on dipeptide derivatives such
as B-alanyl-L-phenylalanine ethyl ester or y-L-glutamyl-L-phenylalanin-
amide (Clark-Lewis and Fruton, 1954 ). Suitable substrates of cathepsin
C are amides or esters of dipeptides such as glycyl-L-phenylalanine, L-
alanyl-L-phenylalanine, or L-seryl-L-tyrosine. Glycylglycine ethyl ester
is hydrolyzed by the purified enzyme, but glycylglycinamide is split only
slowly.

If cathepsin C is allowed to act on a dipeptide amide such as L-alanyl-
L-phenylalaninamide at pH 5, where its hydrolytic activity is optimal,
the terminal amide bond is rapidly hydrolyzed with the formation of
NH,* and the dipeptide. However, if the reaction is conducted at pH
7.5, ammonium ions still appear rapidly, but the extent of hydrolysis
is negligible, and there separates from the solution a precipitate which,
on chemical analysis, was found to be the amide of the hexapeptide
L-ala-L-pha-L-ala-L-pha-L-ala-L-pha. It is a matter of some importance
that the yield of this product corresponded to 86 per cent of the theory,
based on the amount of NH,* liberated. Clearly, what had occurred
was the proteinasc-catalyzed polymerization of the dipeptide amide by
two successive transamidation reactions in each of which one equivalent
of NH,* had been released.

Other dipeptide derivatives that are hydrolyzed by cathepsin C at
pH 5 also are transformed by the enzyme into polymeric products at
pH 7.5. With glycyl-L-phenylalaninamide, the product is, on the aver-
age, an octapeptide ; with glycyl-L-tyrosinamide, the average chain length
is that of a decapeptide. Whereas the hexapeptide obtained from L-alanyl-
L-phenylalaninamide appears to be chromatographically homogeneous,
the other two polymers are not, and probably represent mixtures of
polypeptides of varying chain lengths.

From the available information about the specificity of cathepsin C,
it would seem most likely that at each step of the polymerization, a di-
peptide unit is added to the amino end of the growing peptide chain,
until the resulting product becomes too insoluble to remain in solution.
In this respect, the action of cathepsin C resembles that of crystalline
muscle phosphorylase, which catalyzes the successive addition of the
glucosyl units of glucose-I-phosphate to the non-reducing end of a grow-
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ing amylose chain. It is a matter of some interest that cathepsin C is
tightly bound by the polymer, and when the latter separates from the
solution it removes much of the enzyme with it, thus stopping the re-
action before all the dipeptide amide has undergone polymerization.
Further studies are needed to determine whether the enzyme becomes
attached to the growing peptide chain while it is still in solution.

Although the specificity of cathepsin C is exacting in respect to the
“backbone” structure of the sensitive substrate, the enzyme catalyzes
transamidation reactions involving a variety of replacement agents. This
is suggested by the results of the polymerization reactions, where peptides
of varying chain length, as well as a second molecule of the sensitive
substrate, can serve as replacement agents. In addition, cathepsin C
catalyzes transamidation reactions of suitable dipeptide amides (e.g.,
glycyl-L-phenylalaninamide) with hydroxylamine or with amino acid
amides (e.g., L-argininamide). Some of these replacement agents appear
to be more effective than is glycyl-L-phenylalaninamide, and thus strongly
inhibit polymer formation. For example, with r-argininamide as the
amine component, the major product of the reaction could be shown
chromatographically to be glycyl-L-phenylalanyl-L-argininamide.

It is a logical extension of experiments such as these to attempt to
couple the reaction between glycyl-L-phenylalaninamide and L-arginina-
mide, catalyzed by cathepsin C, with a succeeding reaction in which the
carbonyl group of the arginine residue participates. For this purpose,
cathepsin B would be the catalyst of choice since, like crystalline trypsin,
it appears to be specific for CO-NH bonds in which the carbonyl group
belongs to an L-arginine or L-lysine residue. Cathepsin B acts rapidly on
acyl-L-argininamides, but does not split L-argininamide readily. Like
cathepsin C, it has its pH optimum for hydrolysis near pH 5 and, at pH
values near pH 7, it catalyzes transamidation reactions. It appeared de-
sirable, therefore, to attempt a coupled transamidation reaction in which
both cathepsin B and C were present as catalysts, and in which glycyl-r-
phenylalaninamide, L-argininamide, and L-isoglutamine were present as
reactants. If the coupled transamidation had gone as expected, there
should have been formed the amide of the tetrapeptide glycyl-L-phenyl-
alanyl-L-arginyl-L-glutamic acid. On analysis of the mixture by paper
chromatography, numerous ninhydrin-positive components were identi-
fied ; one of them yielded on hydrolysis the four expected amino acids.
This experiment, and others that we have done like it, can only be con-
sidered as suggestive rather than conclusive. For more unequivocal
demonstration of the expected coupled transamidation, we need more
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purified cathepsins, and especially purified cathepsin B, and we must use
better methods for the separation and identification of complex polypep-
tides. For the latter purpose, chromatography on 2 per cent cross-linked
Dowex-50 resins has proved to be a valuable technique, and should
facilitate the further exploration of the scope of coupled transamidation
reactions.

The difference in the action of cathepsin B on L-argininamide and its
acyl derivatives merits further comment, since it may exemplify a phe-
nomenon of more general interest. An analogous observation was made
with ficin (a plant proteinase similar to papain), which acts rapidly on
acyl-L-methioninamides but does not readily attack L-methioninamide.
Among the substrates of ficin is carbobenzoxy-L-isoglutamine; when
the enzyme acts on this compound at pH 7.2 in the presence of L-
methioninamide, there results a polymeric product that contains, on the
average, 11 methionine residues per glutamic acid residue and, therefore,
may be denoted as carbobenzoxy-a-L-glutamyl- (L-methionyl) ;o-L-methi-
oninamide (Fried and Fruton, unpublished). The first step in the poly-
merization is probably the formation of carbobenzoxy-a-L-glutamyl-L-
methioninamide (an acyl methioninamide), and the peptide chain grows
by successive transamidation reactions. No polymer is observed when
L-methioninamide is replaced by p-methioninamide; if carbobenzoxy-a-
L-glutamyl-p-methioninamide were formed, this product would not be
acted upon by ficin at the methionine carbonyl group because this enzyme
is stercospecific for the L-form. Also, no polymer is observed when ficin
is allowed to act on L-methioninamide in the absence of carbobenzoxy-
L-isoglutamine. Waelsch (1952) has suggested that the vy-glutamyl
group may be a physiological acyl substituent at the a-amino group of an
amino acid in the course of the biosynthesis of a peptide bond involving
the carbonyl of the amino acid.

Although the various experimental results that have been described
above amply document the view that the intracellular proteinases can
catalyze the elongation of peptide chains in fairly specific transamidation
reactions, they give no information whatever as to the actual occurrence
of such transamidation reactions in the formation of proteins in vivo. At
the present stage of our ignorance, it is perhaps a matter of taste whether
one wishes to assign to the intracellular proteinases and to transpeptida-
tion reactions any significant role in protein synthesis. I may add that
although I recognize the absence of proof for the biological significance
of transpeptidation reactions, I do not find much cogency in the argu-
ments presented against it. One of these objections is that a whole series
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of proteinases would be needed to make one protein, and many more for
all the different proteins. There is no valid reason (other than the search
for simplicity) against the participation of a series of proteinases in the
synthesis of a protein, and indeed it would be more in accord with the
experience gained from the study of other biochemical processes, leading
to the synthesis or breakdown of molecules much simpler than proteins,
to assume that a multi-enzyme system is involved. It may well be that
this multi-enzyme system is an organized structure in the living cell, and
that the intermediate products leading to the completed protein molecule
are not released from this structure. Another objection raised against the
possibility of transpeptidation reactions in protein synthesis is that so
far no evidence has been found for as many intracellular proteinases as
may be thought to be required. This may well be not because they are
not there, but because the methods for discovering them have not been
applied or are not available. As was noted earlier, the three cathepsins
identified thus far certainly do not represent the sum total of the pro-
teinases present in tissues such as spleen or liver.

In questioning the validity of these objections, I wish to reiterate that
it still remains to be determined whether transpeptidation reactions cata-
lyzed by intracellular proteinases are of biological importance in protein
synthesis. However, the concept of a multi-proteinase system allows one
to speculate that the reproducibility of protein synthesis may be a con-
sequence of the additive specificity of a series of enzymes involved in the
elongation of peptide chains. The coupling of specific steps in each of
which preference is shown for a particular reaction may be expected to
accentuate these preferences and, in a dynamic system, to favor the syn-
thesis of a unique structure. If this speculation should find additional
experimental support, it would provide to the biochemical experimenter a
more satisfying alternative to hypotheses involving a “template” in the
biosynthesis of proteins.

If transamidation reactions should prove to play a role in protein
synthesis, it will be necessary to link such reactions with energy-yielding
processes in the cell. We have seen that in each of the transamidation
reactions the proteinase acts on a preformed CO-NH bond. Clearly, if a
biological system is to make its proteins from free amino acids, some
CO-NH bonds must be made de novo in endergonic reactions. From
the earlier discussion of the energy relations in the hydrolysis and syn-
thesis of CO-NH bonds, it will be obvious that the formation of the
peptide bonds of a dipeptide or of glutathione, or of a CO-NH, bond, as
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in glutamine, requires coupling to the exergonic cleavage of a pyrophos-
phate bond of adenosine triphosphate.

In search for possible links between proteinase-catalyzed transami-
dation reactions and the energy-yielding processes of the cell, the recent
studies of Elliott (0p. cit.) and of Lajtha et al., (1953) are of special
importance. This work has shown that several of the enzyme preparations
(from various biological sources) that catalyze the synthesis of gluta-
mine from glutamic acid and ammonia also catalyze transamidation re-
actions involving the CO-NH, bond of glutamine. The possibility has
been suggested that the common intermediate in both reactions is an
“activated” y-glutamyl group, probably attached to a reactive group on
the enzyme. Among the possible sites of attachment of such an acyl
group to the enzyme protein, one may consider the SH-group of cysteine,
the imidazolyl group of histidine, and possibly even the e-amino group
of lysine. The formation of the “y-glutamyl-enzyme” from free glutamic
acid and the enzyme may be thought to require a stoichiometric reaction
with adenosine triphosphate; after the acyl-enzyme is formed, it should
be possible to transfer the y-glutamyl group, in a reversible reaction, to
ammonia. A similar series of reactions has been suggested for the en-
zymic synthesis of y-L-glutamyl-L-cysteine from L-glutamic acid and L-
cysteine (Webster and Varner, 1954). In a transamidation reaction in-
volving glutamine, the “y-glutamyl-enzyme” may then react with the
replacement amine (NH,OH, peptides, etc.), and the efficiency of the
transamidation at pH 7 would depend in large part on the structure of
the amine and the pK’ of its cation. Evidence has been presented for this
type of transamidation by Waelsch (1952), who demonstrated the for-
mation of several y-glutamyl peptides (including glutathione) in re-
placement reactions (Fodor et al., 1953) and by Williams and Thorne
(1954) who have shown that an enzyme preparation from cultures of B.
subtilis converts L-glutamine to y-glutamyl polypeptides.

It was with these possibilities in mind that we suggested early in
1950 that the coupling between the energy-yielding processes of the cell
and the synthesis of the peptide bonds of proteins may be funnelled
through a relatively small number of amides or peptides such as gluta-
mine or glutathione. Similar hypotheses were advanced independently
by Hanes et al. (1952) and by Waelsch (op. cit.). These investigators
came to this view through their discovery of enzyme systems that cata-
lyze replacement reactions involving glutathione (Hanes et al.) and
glutamine and asparagine (Waelsch et al.). It must be added that at
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present there is no clear-cut evidence for the utilization of these y-
glutamyl derivatives for the formation of the peptide bonds linking a-
amino groups and a-carboxyl groups of amino acids. A possible mech-
anism, which deserves renewed consideration, is the intermediate forma-
tion from glutamine of derivatives of aminoglutarimide, which could
undergo cleavage at the y-carbonyl group to form derivatives of isoglu-
tamine. A chemical analogy for such a process has recently been described
by Sondheimer and Holley (1954), who showed that carbobenzoxy-L-
asparagine methyl ester is converted by alkali to carbobenzoxyamino-
succinimide, which can be hydrolyzed to a mixture of carbobenzoxyas-
paragine and carbobenzoxyisoasparagine. The further exploration of the
possible biological occurrence of such y = a or 8 — a shifts with gluta-
mine and asparagine seems desirable.

CH,— CO
H, NH CH,—CO
N NH
NH,CH — CO NH,CH —C0
Aminoglutarimide Aminosuccinimide

The biological occurrence of a-amides of amino acids is not well estab-
lished, except in the case of oxytocin and vasopressin, but in view of their
susceptibility to the action of intracellular proteolytic enzymes, they may
not accumulate, and thus may escape detection.

We may now venture to summarize diagrammatically the present status
of the chemical approach to the problem of protein synthesis by present-
ing on page 35 a hypothetical scheme (Fruton et al., 1951) including
most of the speculations that have come from the studies of several labora-
tories, including our own. At best, the scheme is a statement of a working
hypothesis that is currently guiding the research of some of the investi-
gators in this field. It certainly says more about what we do not know
than about what we do know in respect to the chemical pathways in the
formation of the peptide chains of proteins from the component amino
acids.

I said at the outset that the gap between our chemical knowledge
about protein synthesis and the biological observations of this phenome-
non is still unbridged. It is not possible here to review all, or even a
major part, of the large body of information that has been obtained in
recent years by the study of protein formation in intact cells and or-
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ganisms. Before discussing some of the findings that seem to me to be
the most significant, let me summarize the situation by saying that,
just as the chemical studies have not provided clear answers about the
nature of the chemical pathways in protein synthesis, the biological ex-
periments have not done so either.

Adenosinetriphosphate
)
[Source of “high energy” phosphate]

- Glutamic acid -+ Glutamic acid,
cysteine, glycine

v
Glutamine == [“Active” derivative| == [“Active” derivative | == Glutathione
of glutamine of glutathione

-+ Amino acid A
(or peptide A)

Y
“Activated” amino acid A (or peptide A)

l -+ Amino acid B (or peptide B)

Peptide C —> —> -~ -> protein

In recent years, much attention has been devoted to the study of the
incorporation of isotopic amino acids into the proteins of intact animals.
Important experiments along this line have been done by Muir et al.
(1952), Askonas et al. (1954), and Simpson and Velick (1954). In
all these studies, isotopic amino acids were administered to an animal,
discrete proteins were isolated from the tissues, and determinations were
made of the isotope concentration of the amino acids obtained upon hy-
drolysis. Thus, Muir et al. administered C'*-valine to rats, and showed
that the isotope content of the valine in rat hemoglobin was the same
whether the valine had been derived from the amino end of the peptide
chains, or whether the valine had been located at a non-terminal position
in the peptide chains. In an even more striking experiment, Simpson and
Velick administered to a rabbit five isotopic amino acids, and 38 hours
later isolated from the muscle two enzymes (aldolase and glyceraldehyde-
3-phosphate dehydrogenase) which were recrystallized to maximal en-
zymic activity to ensure the purity of the two proteins. Upon analysis of
eleven of the amino acids obtained after hydrolysis, Simpson and Velick
found that the ratio of specific radioactivity of each of these amino acids
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in aldolase to the specific activity of the same amino acid in the dehydro-
genase was constant. The logical conclusion drawn from this experiment,
and that of Muir et al., is that the enzyme systems involved in the synthe-
sis of the proteins under study were drawing on a single “pool” of each
of the amino acids, and that the occurrence of quantitatively significant
amounts of a “pool” of peptide intermediates was unlikely. These re-
sults may be interpreted in terms of (1) a simultaneous condensation of
amino acids previously aligned along a template; (2) the rapid succes-
sive formation of peptide bonds without the release from the protein-
synthesizing system of intermediates that accumulate ; or (3) the “pools”
of intermediate peptides are very small or equilibrate rapidly with the
amino acid “pools.” The available information from such incorporation
studies does not permit a decision whether any of these possibilities is
correct, but the second two seem to make more sense from a chemical
point of view than does the first. It should be added that Steinberg and
Anfinsen (1952) have obtained evidence for unequal labeling in oval-
bumin obtained from tissue preparations incubated with isotopic pre-
cursors. However, the results of these in vitro studies are not comparable
with those of Muir et al., and of Simpson and Velick, and there is no
necessary contradiction between the conclusions drawn from the two
types of experiments. In an in vivo experiment, Steinberg and Anfinsen
again found unequal labeling of ovalbumin. As matters stand, therefore,
it is not possible to draw any definite conclusions about the chemical
pathways of protein synthesis from the available reports on amino acid
incorporation.

Another avenue of biological experimentation designed to elucidate
the mechanism of protein synthesis has involved the use of microor-
ganisms, and especially the study of the induced formation of “adaptive”
enzymes. Among the several researches in this field, those of Monod
et al. (1952), and of Halvorson and Spiegelman (1953) are of special
interest, and the results of these studies have been interpreted as indi-
cating that the synthesis of adaptive enzymes proceeds only from free
amino acids, and that no peptide intermediates are involved. For exam-
ple, when labeled amino acids are supplied under conditions when adap-
tive enzyme formation occurs, the isotope appears in the enzyme; how-
ever, if the cell proteins are labeled before adaptation, and non-isotopic
amino acids are given, the enzyme is not labeled. Halvorson and Spiegel-
man have made the important observation that p-fluorophenylalanine
inhibits adaptive enzyme formation, but that peptide intermediates do
not accumulate in inhibited cells. The question may be raised whether in
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such inhibited cells the degradative processes, suppressed during cell mul-
tiplication, are operative, thus leading to the rapid breakdown of any
peptides that may have been formed. Whether this is so or not, it seems
difficult to accept the interesting findings of Halvorson and Spiegelman as
evidence for the “template” hypothesis, as has been suggested, so long
as alternative multi-enzyme mechanisms are not excluded by experiment.

Much has been written about the role of cellular nucleic acids in protein
synthesis, and the possible function of nucleic acids in serving as a “tem-
plate” for the alignment of amino acids prior to peptide bond formation.
I need not remind you that the early observations of Brachet (1950)
and of Caspersson (1950) pointed to the high concentrations of nu-
cleic acids in cells that produce protein rapidly. More recently, Gale
(1953) has shown in a striking manner the close interdependence be-
tween nucleic acid synthesis and protein formation in Staphylococci, and
has presented important data on the effects of various antibacterial
agents on these processes. That there is a metabolic relation between
cellular nucleic acids and cellular proteins cannot be denied, but it would
be premature to interpret the available knowledge as favoring the role of
nucleic acids as “templates” in protein synthesis. One of the several
hypotheses that have been proposed is that of Dounce et al. (1952, 1953),
who suggested that the amino acids combine with the nucleic acid
after a preliminary phosphorylation of the polynucleotide, and then the
amino acids are “peeled off” in the form of a polypeptide chain. There are
many conceptual difficulties in accepting this idea as a working hypothe-
sis, but these are less important than the fact that, thus far, there is no
chemical evidence for the occurrence of processes such as those postu-
lated in the scheme.

In a consideration of hypotheses about the role of nucleic acids in the
formation of specific proteins, attention should also be given to the sug-
gestion that the function of cellular ribonucleic acids in protein synthesis
may be to direct the transformation of “a relatively undifferentiated
‘primary’ protein” (Koritz and Chantrenne, 1954) into the individual
biologically active proteins. The assumption of a “pre-protein” has re-
curred several times during the past twenty years. In various forms, this
hypothesis has been presented by Alcock (1936), Northrop (1948), and
others. No decision on this question can be made at present, but the
experiments of Koritz and Chantrenne led them to suggest that the in-
corporation of amino acids into peptide chains does not require ribonu-
cleic acids, but that the conversion of the undifferentiated precursor to
the individual proteins may involve the participation of ribonucleic acids.

[371



J. S. FRUTON

It would seem that the view of most of those who have approached the
problem of protein synthesis from the biological side is to favor either
a “template” at which there occurs a “zipper” action performed by un-
known chemical processes, or a multi-enzyme system that rapidly cata-
lyzes a series of successive peptide syntheses without releasing peptide
intermediates. The latter possibility is one that can readily be reconciled
with the hypotheses based on the available chemical information about
the energetics and enzymatic catalysis of peptide formation. If the term
“template” is considered to represent an organized cellular assembly of
enzymic catalysts plus other constituents such as nucleic acids, and if
the nature of this assembly is genetically controlled, then much of the
difference in opinion reduces itself to difference in language.

Let me add before concluding that, although the tide of current opinion
is against them, it would be premature to count the peptide intermediates
out altogether. As was pointed out by Steinberg and Anfinsen (1952), it
is difficult to evaluate the kinetics of the process whereby a group of
amino acids are converted into a protein molecule, and it may well be
that many of the biological experiments conducted heretofore involved
time periods that were too long to permit the identification of peptide
intermediates. That this may perhaps be true is suggested by a prelimi-
nary report of Turba and Esser (1953), who incubated Torulopsis utilis
with C'*-acetate. By an adaptation of the method used by Calvin for the
identification of the intermediates in photosynthesis, they stopped the
experiment after very short time intervals (10 seconds, 1 minute, 3 min-
utes, etc.) and examined the distribution of radioactivity in the amino
acids, peptides, and proteins of the ycast. They report that C'* appeared
first in the acidic amino acids and peptides (including glutathione), then
in the neutral amino acids and peptides, then in the basic amino acids and
peptides ; only after about 30 minutes was radioactivity demonstrable in
the cellular proteins. This problem is under study in the laboratory of
Dr. McManus at Yale, and she has confirmed many of the findings re-
ported by Turba and Esser. Obviously, much more work is needed to
establish more clearly the significance of these observations for the un-
derstanding of the mechanism of protein synthesis, but their implication
cannot be lightly disregarded.
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III. THE PLASTICITY OF ENZYMATIC
PATTERNS IN MICROBIAL CELLS

BY R. Y. STANIER'

THE enzymatic constitution of a microbial cell, observed at any given
point in time, is the result of an interplay between two forces, one
internal and the other external: the genome and the physico-chemical
environment. During the past fifteen years, extensive investigations of
the biochemical genetics of microorganisms have shown that the genetic
control of enzyme synthesis is both precise and sensitive, a single gene
mutation sufficing to confer on or withdraw from a cell the capacity to
synthesize a given enzyme. By itself, however, a suitable genotype is
not always a sufficient condition for enzyme synthesis, and in many
microorganisms the production of certain enzymes in physiologically
significant quantities is determined by the environment. These environ-
mentally-induced changes of enzymatic constitution which take place
without a change of genotype have long been studied by microbiologists,
and are commonly referred to in the microbiological literature as enzy-
matic adaptations. This designation is a somewhat misleading one, since
in biological parlance the word adaptation carries no implication of
mechanism, being applied to any change in the properties of an organism
which confers increased fitness, whereas the essential and distinguishing
property of enzymatic adaptation in the microbiological sense is its
nongenetic causation. Furthermore, many of these environmentally-
induced changes of enzymatic constitution may be wholly devoid of
adaptive value. For these reasons, it was recently proposed (Cohn et al.,
1953) to designate them as induced syntheses of enzymes, and this is
the term that I shall employ in the following pages.

What is the nature of the environmental factors which cause the induc-
tion of enzyme synthesis? Studies on the induction of single enzymes,
notably of B-galactosidase in the bacterium Escherichia coli (Monod,
Cohen-Bazire, and Cohn, 1951), show that the process is a highly specific
one, brought about by exposure of the cell to a particular kind of chemical
substance known as an inducer. Substrates for the enzyme in question
are commonly but not necessarily inducers of its formation; and other
sterically related substances which are not themselves substrates may
nonetheless possess inductive function. The separability of inducer and
substrate function may be illustrated by two examples taken from the

1 Department of Bacteriology, University of California, Berkeley.
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above-mentioned studies on B-galactosidase formation by E. coli.
Neolactose (B-p-galactosidoaltrose) is hydrolyzed by the enzyme, but
cannot induce its formation; melibiose (a-D-galactosidoglucose) is al-
most as powerful an inducer as lactose, the natural substrate for the
enzyme, but cannot be detectably metabolized by many strains of E. cols
and is wholly incapable of combining with B-galactosidase. As the ex-
ample of melibiose shows, however, even those inducers which cannot
serve as substrates possess a general steric similarity to the substrates
of the enzyme whose formation they evoke.

Not all the enzymes in the microbial cell are synthesized by a machinery
which requires sparking by external inducers. Such enzymes, whose
levels in the cell remain largely uninfluenced by changes of the external
environment, are known as constitutive or more precisely, as constitu-
tively synthesized enzymes. The mechanism of constitutivity is still ob-
scure. There is some reason to believe, however, that no fundamental
differences exist between constitutive and inducible enzymes, either in
structure or in mode of synthesis. Cohen-Bazire and Jolit (1953) ob-
served that the B-galactosidase of E. coli, normally in large part in-
ducible, can become strictly constitutive as a result of mutation; and
studies on isolated constitutive and induced B-galactosidases reveal no
detectable functional or immunochemical difference between them
(Monod and Cohn, 1952). The simplest explanation of constitutivity is
the hypothesis that it is caused by endogenous induction, the necessary
inducer being present at all times within the cell as a consequence of
endogenous metabolic activities. This hypothesis possesses the attrac-
tion of economy; but conclusive evidence for its validity is still lacking,
although many of the facts which will be presented in this paper are
consonant with it.

In summary, then, the genome of the cell sets qualitative limits to the
enzyme-forming capacities, which can be transcended only by mutation
or by the introduction from external sources of new genetic material.
Within the genetically determined limits, certain enzyme-forming sys-
tems (the constitutive ones) operate largely uninfluenced by the ex-
ternal environment, while others (the inducible ones) are brought into
action only by specific inducers which enter the cell from the environ-
ment. As a consequence, the environment exerts a continuous, direct,
selective influence on the enzymatic patterns of the cell, entirely distinct
from its indirect selective action on mutational events which happen to
govern enzymological properties. Particularly when both kinds of selec-
tion operate on a single enzyme system, it is by no means a simple matter
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to recognize their respective roles. Ryan (1953) has made a beautiful
analysis of one such system, in which the environment acted both to
select for a gene mutation governing the synthesis of a particular enzyme,
and to induce its specific synthesis.

The purpose of this paper is not to analyze the inner mechanism of in-
duced enzyme synthesis, but rather to assess its physiological importance.
To what extent do induced modifications of the enzymatic machinery of
the cell equip microorganisms to meet the needs of a changing environ-
ment? Can we attribute a major physiological and ecological role to
such inductions, or is their function subsidiary to genetic selection?

I. THE PHENOMENON OF SEQUENTIAL INDUCTION

In many cases of induction the inducer evokes the formation of a single
enzyme. However, the provision of a single inducer does not necessarily
have such a simple effect on the enzyme-forming machinery of the cell.
Provided that the inducer is also a substrate, it will be acted upon by the
enzyme whose formation it causes, and the product of this enzymatic
transformation may in turn be the inducer for the formation of a second
enzyme. In this fashion, exposure of a cell to one inducer-substrate may
be the triggering event for an extremely complex sequence of induced
enzyme syntheses within the cell, resulting from the fact that each inter-
mediate in the metabolic chain leading from the primary inducer-substrate
has a dual function, as inducer and as substrate. Apart from the initial
induction by the exogenously-furnished substrate, this series of enzyme
syntheses is the result of endogenous induction, since under normal
physiological conditions the intermediate inducer-substrates never escape
from the cell. These sequential inductions are largely unidirectional, as
can be shown by testing the inductive effect of known intermediates in
the inducible reaction-sequence when they are supplied exogenously to
previously uninduced cells. Such experiments show that any given inter-
mediate, provided that it can enter the cell, induces formation of the
enzymes which act upon it and upon its metabolic successors but not,
as a rule, of those which act upon its metabolic precursors. A few minor
exceptions are known ; occasionally an exogenously supplied intermediate
will induce formation of the enzyme catalyzing the immediately preced-
ing step in the reaction-chain, but such inductive “backings-up” seldom
if ever extend beyond one step. Since the product of a particular enzy-
matic reaction may well possess the configuration required for induction
of the enzyme concerned, one-step backings-up are readily understand-
able. One might imagine that the formation of the preceding enzyme
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would cause the conversion of part of the exogenous inducer-substrate
into its metabolic precursor, leading to further back-induction. This is
certainly possible in principle; but the oxidative reaction-sequences in
which sequential inductions have been studied most extensively are
essentially irreversible under physiological conditions.

The existence of sequential inductions was discovered independently
by Suda, Hayaishi, and Oda (1949), Karlsson and Barker (1948), and
Stanier (1947). As an illustration of the role which sequential induction
may play in bacterial metabolism, we may consider the work which
has been done with a single organism, Pscudomonas fluorescens. This is
a common aerobic bacterium which has served as the biological material
for most of our own studies. Many years ago, it was shown by den
Dooren de Jong (1924) that P. fluorescens can grow in a simple mineral
medium supplemented with a single organic compound to furnish its
carbon and energy requirements. IFurthermore, he established that these
requirements can be satisfied by any one of an extraordinarily wide
variety of organic substances, including aliphatic mono-, di-, and tricar-
boxylic acids, primary and secondary alcohols, sugars, amines, amides,
amino acids, isocyclic and heterocyclic compounds, and even halogen-
substituted aromatic substances. In all, he found some ninety compounds
which could support the growth of this bacterium, and the list could no
doubt be extended by anyone with the time and patience to test additional
substances. During the past decade, we have studied manometrically
the oxidation of many (though by no means all) of these growth sub-
strates, and in nearly every case it has turned out that the primary attack
is an inducible one: cells grown in the absence of the compound in ques-
tion show a marked lag before they begin to oxidize it at maximal rate,
whereas cells grown in its presence can oxidize it immediately at maximal
rate.

Present evidence suggests that the terminal respiration of P. fluores-
cens occurs via the tricarboxylic acid cycle, and that the enzymes of the
cycle itself are constitutive (Barrett and Kallio, 1953).2 Hence the in-
ducibility of the attack on any given primary substrate reflects the in-
duction of the enzyme or enzymes required to convert this primary
substrate into a member of the terminal respiratory cycle, where con-
stitutive control takes over. This may be a very simple operation, en-
zymatically speaking, if the primary substrate already possesses a molec-
ular configuration similar to that of a cycle component. On the other

2 The interpretation of experiments bearing on this point is exceedingly complicated,
and will be considered in detail in a later section.
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hand, there are many oxidizable substrates which differ very substan-
tially in structure from the components of the cycle, and in such cases the
enzymatic maneuvers necessary to break them up into metabolic frag-
ments capable of passing into the cycle may be extremely elaborate. We
may illustrate this point by considering the oxidation of L-tryptophan
(Stanier and Hayaishi, 1951; Stanier, Tsuchida and Hayaishi, 1951;
Hayaishi and Stanier, 1951). Fig. 1 shows grossly the inducible nature
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Fig. 1. The effect of conditions of cultivation upon the oxidation of L-tryptophan
(2 mp moles) by a pseudomonad.

of tryptophan oxidation by P. fluorescens. Cells grown at the expense of
tryptophan oxidize it immediately at a high rate, whereas cells grown
on asparagine begin to manifest oxygen uptake at the expense of trypto-
phan only after a lag of some 8o minutes. This lag masks a long series of
inductive and enzymatic events. The biochemical mechanism for the
dissimilation of L-tryptophan, as elucidated by enzymatic studies on
cell-free extracts prepared from tryptophan-grown cells (Hayaishi and
Stanier, 1951), is shown in Fig. 2. The fate of the ultimate Cq fragment,
B-ketoadipic acid, is not yet known, but there is some evidence (Kilby,
1951) to suggest that it is split, possibly after acyl activation, into succinic

[47]



——]CHzCHNI-hCOOH
NN

H
(a) J + O

COCH,CHNH,COOH
NHCHO
L-Formylkynurenine
(b) l + H.0

COCH,CHNH.COOH
N

Hs + HCQOH
L-kynurenine +0

/N
(c)‘/ + H:0 co! o

L-alanine g%? H

Anthranilic acid

(d) l-f—Oz

OOH
OH
Catechol
(e) + O
HOOC—CH=CH—CH=CH—COOH
cis-cis-muconic acid
®

H00C—CH r—-CI?—CH”—“CH—C:O

H
y-carboxymethyl-A®-butenolide
(2) + H.0

HOOC--CH,—CO—CH,—CH,—COOH
B-ketoadipic acid

Fig. 2. The biochemical pathway for the oxidation of L-tryptophan by Pseudomonas
fluorescens. The following inducible enzymes are involved: (a) tryptophan peroxidase
+ oxidase; (b) formylase; (c) kynureninase; (d) anthranilic acid oxidase (probably
a multienzyme system) ; (e) pyrocatechase; (f) lactonizing enzyme; (g) delactonizing
enzyme. The further breakdown of S-ketoadipic is catalyzed by an inducible enzyme, the

decomposition of alanine is a constitutive reaction.
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acid and a C, fragment on the acetate level of oxidation. Both these frag-
ments, together with the pyruvate derived in a much earlier step via
L-alanine from the sidechain of the tryptophan molecule, can then enter
the terminal respiratory cycle. The net effect of all these enzymatic
maneuvers has been to break up the primary cyclic substrate into aliphatic
fragments which together contain nine of the eleven original constituent
carbon atoms of tryptophan, the two remaining ones having been lost en
route as CO,. This operation has involved the action of at least eight
distinct enzymes, and a more refined analysis of individual step-reactions
might well double the number. In so far as we have possessed sensitive
assays for specific enzymes of the sequence, we have been unable to detect
appreciable activities in extracts prepared from uninduced (viz., aspara-
gine-grown) cells; it seems probable that all the enzymes involved in the
conversion of tryptophan to alanine and B-ketoadipic acid are strictly in-
ducible. Hence in this case exposure of the cells to a single inducibly-
attacked substrate evokes the synthesis of an array of enzymes at least
as varied and as numerous as the enzymatic apparatus of glycolysis;
with the exception of tryptophan peroxidase, they are all formed by en-
dogenous inductions.

Other experiments (Sleeper and Stanier, 1950; Evans, Smith, Lin-
stead, and Elvidge, 1951 ; Gunsalus, Gunsalus, and Stanier, 1953 ; Gun-
ter, 1953; Stanier and Ingraham, 1954; Sistrom and Stanier, 1954)
have shown that the oxidations of many isocyclic compounds by P.
fluorescens merge at one point or another with the pathway for trypto-
phan oxidation, and Fig. 3 shows the complex network of dissimilatory
processes, all eventually funnelling through B-ketoadipic acid, that has
been established so far. Every step shown in Fig. 3 is inducibly controlled,
and a unique inductive pattern is established in the cell by exposure to
each primary substrate or intermediate. A simple calculation reveals the
order of magnitude of inducible enzymes which this bacterium must be
capable of synthesizing through sequential inductions in order to carry
out its known dissimilatory activities. The scheme shown in Fig. 3
accounts biochemically for the oxidation of only four primary substrates:
L-tryptophan, p-mandelic acid, phenol and p-hydroxymandelic acid. The
minimum number of inducible enzymes required for conversion of these
four compounds to components of the terminal respiratory cycle is eight-
een. In the class of aromatic substrates alone, there are at least six induc-
ibly-attacked compounds whose metabolism has not yet been studied in
detail, but which are known on the basis of cursory study to be dissimi-
lated by pathways which differ from the one well-established pathway
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Fig. 3. The network of pathways for the oxidation of aromatic compounds by Pseu-
domonas fluorescens which leads eventually to the formation of 8-ketoadipic acid. Every
step shown is under strictly inducible control. Apart from the two sequences mandelic
acid — benzoic acid and p-OH mandelic acid — p-OH benzoic acid, which are probably
catalyzed by a common set of enzymes, each step in the various parallel pathways is
catalyzed by a different inducible enzyme.
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through B-ketoadipic acid. The whole group of aromatic substrates com-
prises, of course, only a small fraction of the array of compounds poten-
tially oxidizable by P. fluorescens. If we set 50 as a reasonable figure
(probably low!) for the number of primary substrates attacked by this
bacterium, it follows that at least 200 inducible enzymes must participate
in their dissimilation. The entire tricarboxylic acid cycle operates with
about eight enzymes ; hence in the oxidative metabolism of P. fluorescens
the inducible enzymes probably outnumber the constitutive ones by about
20 to 1. Indeed, the extreme metabolic versatility manifested by P.
fluorescens is no doubt possible only because such a large part of the
enzymatic apparatus of dissimilation lies under inducible control; these
enzymatic potentialities are stored away in the genome, to be simply
and rapidly activated through sequential induction when a suitable
primary substrate enters the environment.

II. INDUCTION OF ENZYMES CONCERNED WITH TERMINAL RES-
PIRATION

The shifts of enzymatic pattern so far discussed concern what one
might term the peripheral enzymatic machinery of the cell, namely, the
arrays of enzymes whose function it is to bring primary substrates into
the central respiratory cycle. Since the enzymes of the tricarboxylic acid
cycle itself are of such cardinal importance in oxidative metabolism, it
might he imagined that, at least in strictly aerobic organisms, their levels
would not be subject to major fluctuations; this is precisely the kind of
enzyme system for which a teleologically-minded biologist would posit
constitutivity. Yet paradoxically enough, Karlsson and Barker (1948)
encountered sequential induction during a study on the oxidation of
intermediates in the tricarboxylic acid cycle by a strictly acrobic bac-
terium, Azotobacter agilis. They found that cells grown at the expense of
acetate showed marked adaptive lags in the oxidation of such cycle com-
ponents as a-ketoglutarate, succinate, and fumarate. Succinate-grown
cells immediately oxidized all the C, dicarboxylic acids of the cycle, al-
though still showing a lag in oxygen uptake with a-ketoglutarate. Cells
grown on a-ketoglutarate showed immediate oxidation of all these mem-
bers of the cycle. Some typical manometric data are shown in Figs. 4
and 5. Interpreted in the light of the concept of sequential induction,
these facts suggested that acetate was not oxidized via the cycle, and since
this interpretation accorded with the results of tracer experiments,
Karlsson and Barker concluded that in Azotobacter agilis the tricar-
boxylic acid cycle was inoperative as a general mechanism of terminal
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respiration. It was clear that at least parts of the normal cyclic mechanism
could be induced sequentially by exogenous provision of cycle com-
ponents; but the very fact that such inductions were unidirectional
(e.g. no induction of a-ketoglutarate oxidation by succinate) suggested
very strongly that they were noncyclic. Further evidence for the absence
of a tricarboxylic acid cycle was furnished by the discovery of a remark-
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Fig. 4. Respiration curves for acetate-grown cells of Azotobacter agilis. Taken from
Karlsson and Barker (1948a).

able biochemical mutant (Karlsson and Barker, 1948b), which had lost
the ability to grow at the expense of all normal substrates for 4. agilis
(sugars, dicarboxylic acids, pyruvate) with three exceptions: ethanol,
acetate, and malonate. Biochemical analysis (Karlsson, 1950) showed
that this mutant has a defective ability to metabolize pyruvate and
oxalacetate; the C, dicarboxylic acids are still oxidizable, but are quan-
titatively converted to a mixture of oxalacetate and pyruvate, which are
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excreted into the medium. Despite this, acetate oxidation by the mutant
strain is indistinguishable in rate or extent from acetate oxidation by the
parent strain. Hence the evidence for the absence of a tricarboxylic acid
cycle in this bacterium appeared most compelling.
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Fig. 5. Respiration curves for succinate-grown cells of Azotobacter agilis. Taken
from Karlsson and Barker (1948b).

The experiments of Karlsson and Barker were conducted exclusively
with intact cells ; and when other investigators turned to the examination
of cell-free extracts, some very curious discrepancies began to emerge. In
1950, Stern, Shapiro, and Ochoa demonstrated that acetate-grown cells
of A. agilis contain substantial quantities of the condensing enzyme,
which initiates the reactions of the cycle by the condensation of acetyl-
CoA and oxalacetate to form citrate. Working with another species, 4.
vinelandii, Stone and Wilson (1952a, 1952b) found that crude extracts
could immediately oxidize the acids of the cycle, whereas the intact cells
from which these extracts were prepared showed varying lag periods
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before oxidizing the same substrates. Their extracts were capable of
oxidizing acetate; and acetate oxidation could be “sparked” by the
presence of C, dicarboxylic acids and greatly stimulated by coenzyme A,
both features strongly suggestive of an oxidation via the classical tri-
carboxylic acid cycle. In 1953, Repaske and Wilson performed similar
experiments with Karlsson and Barker’s strain of 4. agilis grown on
acetate, and again found the presence of a complete complement of en-
zymes for the cycle in extracts.

Thus a striking difference between the behavior of whole cells and of
extracts was established. Judged by patterns of induction determined with
whole cells, the members of the Azotobacter group did not appear to use
the tricarboxylic acid cycle as a mechanism of terminal respiration; yet
extracts from these cells contained all the enzymes of the cycle, and at
reasonably high levels. When such discrepancies are encountered in
biochemical work, it is customary to ascribe them to “permeability,” and
for the biochemist the invocation of this magic word puts an end to further
thought about the matter. However, the kinetics of the oxidations of
cycle components by members of the Azotobacter group, as exemplified
by the data shown in Figs. 4 and 5, are not of the kind that one would
expect to result from a permeability barrier. Typically, a permeability
barrier to the entry of an oxidizable substrate into the cell is reflected by
an oxidation at a constant rate, far less than the rate of oxidation of a
precursor substance to which the cells are freely permeable; in the ex-
treme case, the rate of oxidation is zero. A typical example of a perme-
ability effect of this kind is shown in Fig. 6, taken from our own work.
B-Ketoadipic acid is a highly polar substance, and is oxidized by intact
cells at a steady rate never more than 30 per cent of the rate at which
aromatic precursors are oxidized ; nevertheless, enzymatic studies show
beyond doubt that it is a central metabolite in the oxidation of many
aromatic compounds. Hence no simple concept of a permeability barrier
can permit an adequate explanation of the behavior of the Azotobacter
group towards cycle intermediates.

Similar discrepancies between the behavior of intact cells and cell-free
extracts with respect to the oxidation of cycle components have emerged
in studies on other strictly aerobic bacteria. Some workers have accepted
the results obtained with intact cells at face value, and have concluded that
in such bacteria the classical tricarboxylic acid cycle is inoperative.
Otbhers, particularly those with an enzymological training, have taken the
findings with cell-free extracts as proof of the operation of the cycle. Sur-
prisingly, few workers have realized that the observed discrepancies re-
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flect a very subtle and interesting problem in cellular physiology, which
calls for closer analysis. By far the best attempt at such an analysis has
been made by Barrett, Larsen, and Kallio (1953) and Barrett and Kallio
(1954), who used P. fluorescens as their biological material. Like the
members of the Asotobacter group, P. fluorescens shows pronounced
lags in oxygen uptake at the expense of some cycle components after
growth on acetate; but a careful study of its oxidative behavior after
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Fig. 6. The oxidation of B-ketoadipate by Pseudomonas fluorescens, as compared to
the oxidation of aromatic precursors. Note that the rate of oxidation of B-ketoadipate is
far less than the rate of oxidation of the aromatic precursors, and that it is constant.
This is an example of a classical permeability effect.

growth at the expense of each main cycle component (Barrett and Kallio,
1954 ) failed to reveal the orderly patterns of sequential induction which
Karlsson and Barker had found in Azotobacter agilis. Some typical data
with P. fluorescens are shown in Table I. Barrett and Kallio then pro-
ceeded to compare the specific activities of certain key enzymes of the
cycle in extracts prepared from cells grown on acetate and on citrate. In
both extracts these enzymes could be readily demonstrated, and the levels
were essentially identical. One is, accordingly, forced to conclude that
the enzymes of the tricarboxylic acid cycle are constitutive in P. fluores-
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Tasre 1. Patterns of induction established in Pseudomonas fluorescens
by growth at the expense of members of the tricarboxylic acid cycle.*

Growth substrate Immediate oxidation Inductive lag
of : with:
Citrate Succinate Acetate
Pyruvate a-Ketoglutarate
Malate
Fumarate
Citrate
cis-Aconitate
Succinate Succinate Acetate
Pyruvate Citrate
Malate cts-Aconitate
Fumarate
a-Ketoglutarate
Malate Succinate Acetate
Malate Citrate
Pyruvate a-Ketoglutarate
Fumarate
Pyruvate Citrate a-Ketoglutarate
cis-Aconitate
Malate
Succinate
Fumarate
Pyruvate
Acetate
Acetate Succinate a-Ketoglutarate
Malate Citrate
Fumarate cis-Aconitate
Pyruvate
Acetate

* Data taken from Barrett and Kallio (1953).

cens. Such being the case, however, some explanation has to be furnished
for the lags in oxygen uptake shown by intact cells. If such lags do in fact
reflect induced enzyme syntheses, it should be possible to abolish the in-
duction completely by the use of selective inhibitors which are known to
block enzyme synthesis without affecting other pre-existing cellular
activities. Two such highly selective inhibitors exist: ultraviolet irradia-
tion, and treatment with amino acid analogs. Barrett, Larsen, and Kallio
(1953) showed that either of these treatments extended indefinitely the
lag in the oxidation of citrate by fumarate-grown cells ; and further, that
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the effect of an amino acid analog could be completely reversed by the
addition of the corresponding amino acid (Fig. 7). Similar results with
ultraviolet irradiation have been reported for the same bacterium by
Kogut and Podoski (1953). These findings provide very powerful evi-
dence to support the view that the observed lags in the oxidation of cycle
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Fig. 7. The inhibitory effect of ethionine on the overcoming of the lag in citrate oxi-
dation by fumarate-grown cells of Pseudomonas fluorescens, and the reversal of this ef-
fect by addition of methionine. Data taken from Barrett, Larson, and Kallis (1953).

intermediates do reflect the initial absence of enzymes whose formation
is induced by exposure to the substrates in question. However, these
enzymes are clearly not the ones that catalyze the reaction of the cycle
proper ; the best guess seems to be that they are transport enzymes. It is
possible that they are not concerned with transport of cycle intermediates
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across the cell membrane, but rather with the introduction of these in-
termediates into a normally closed cyclic system localized within the cell,
which in the uninduced condition can be freely entered only at certain
points, notably the initial condensing reaction (acetyl-CoA - oxal-
acetate — citrate). A further analysis of this fascinating problem is
severely handicapped by our ignorance of the reactions catalyzed by
these inducible systems, which consequently cannot be assayed in vitro.

Thus the net result of much work on strictly aerobic bacteria has been
the confirmation of something which the naive biochemist would have
predicted a priori; namely, that the intracellular levels of the enzymes of
the terminal respiratory cycle do not change appreciably, since the cycle
is the final acceptor of the carbon fragments derived from the oxidation
of primary substrates. In general, substantial fluctuations in the levels of
the cycle enzymes themselves might be expected to occur only in the
facultative anaerobes, which can shift to fermentative processes of sub-
strate breakdown not involving the tricarboxylic acid cycle. Indeed, we
now possess very good evidence that such changes do take place in the
case of two facultative anaerobes.

The demonstration that a shift from anaerobiosis to aerobiosis causes
profound changes of enzymatic constitution was first provided by
Slonimski (1953) for the yeast Saccharomyces cerevisiae. This work
was an outgrowth of studies on the cytoplasmic mutation of yeast to
respiratory deficiency induced by treatment with acridines. These so-
called “petite colonie” mutants have lost irreversibly and nearly com-
pletely their ability to respire, as a result of the elimination of certain
respiratory enzymes, notably cytochromes a and b and cytochrome
oxidase. Slonimski observed that the growth of normal yeast in the
absence of oxygen brings about a similar suppression of respiratory
activity, likewise accompanied by changes in the cytochrome system. In
contrast to acridine-induced respiratory deficiency, the respiratory de-
ficiency induced in normal yeast by anaerobic cultivation is freely re-
versible; if such cells are aerated for some hours in the presence of
glucose, the cytochrome spectrum gradually changes to that character-
istic of aerobically-grown cells, with an accompanying restoration of
respiratory activity. A more extensive analysis showed that anaerobic
growth has effects on enzymatic constitution that extend far beyond the
cytochrome system. The levels of virtually all enzymes operative in the
tricarboxylic acid cycle are much reduced, in extreme cases thirtyfold;
and the reformation of these enzymes likewise takes place when anaero-
bically-grown cells are exposed to oxygen in the presence of glucose.
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Hence it is evident that in yeast the systems of terminal respiration and
aerobic electron transport fall to physiologically nonfunctional levels
during anaerobic growth, but can be resynthesized when the cell is ex-
posed to oxygen.

A second, very similar example of such behavior has been described
recently in a bacterium, Pasteurella pestis, by Engelsberg, Gibor, and
Levy (1954) and Engelsberg, Levy, and Gibor (1954). Unlike yeast,
P. pestis is still capable of consuming oxygen at the expense of glucose
after a period of anaerobic growth; but this reaction is not cytochrome-
linked and results in a very low total uptake, accompanied by the accumu-
lation of large amounts of pyruvic acid and other organic end-products
which can be further oxidized only at negligible rates, owing to the very
low activities of the enzymes of the tricarboxylic acid cycle and of the
aerobic electron transport system. Cells grown aerobically catalyze a far
more extensive oxidation of glucose, unaccompanied by the excretion of
organic end-products. Anaerobically grown cells can be converted to
the pattern of aerobically grown ones by aeration for several hours in
the presence of glucose and casein hydrolysate ; during this time, growth
is negligible. Enzymatic and spectroscopic studies have shown that this
conversion is accompanied by the synthesis of cytochromes and of the
enzymes of the tricarboxylic acid cycle. Just as in yeast, these increases
in specific activity may be very large ; the specific activities of condensing
enzyme and of isocitric dehydrogenase, for example, are raised twenty-
fold.

It is thus evident that in two facultative anaerobes exposure of the
cells to oxygen can cause profound and complex enzymatic changes.
However, the mechanism of oxygen induction is far from clear. In both
yeast and P. pestis, the disappearance of the normal cytochrome system
under anaerobic conditions is accompanied by a marked diminution of
the total hemin content of the cells, and one might thus postulate that the
primary site of action of oxygen is in the biosynthetic chain leading to the
formation of hemins. In anaerobically grown yeast, however, where the
depletion of hemins is far less marked than in P. pestis, there still remains
a quantity of protoheme sufficient for the production of considerable
amounts of cytochrome (Slonimski, 1953 ), and the changes in the levels
of the cytochromes themselves are many times greater than the change
in hemin level. Hence it seems probable, at least in the case of yeast, that
oxygen acts on the last steps of cytochrome synthesis, either by inducing
synthesis of the apoenzymes, or by inducing the coupling of these apoen-
zymes with the heme group, and that the observed effects on hemin levels
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are a secondary consequence of this. If one assumes such a primary mode
of action for oxygen, it becomes very tempting to consider all the other
complex changes in enzyme levels which accompany the shift from
anaerobiosis to acrobiosis as the consequences of a sequential induction,
albeit one which differs in certain respects from the sequential inductions
considered in the preceding section. In the case of the aromatic oxida-
tions, the sequentiality is established at the substrate level and affects the
chain of substrate dehydrogenations, not the transport system of the cell;
in the case of respiratory induction, the sequentiality is established at
the other end of the respiratory system. As Slonimski (1953) has sug-
gested, the enzymes of respiratory electron transport have two specific
substrates, a donor and an acceptor, both of which might have to be
present in order for enzyme synthesis to take place. A completely satis-
factory interpretation of all the known facts about respiratory induction
is, however, not possible on the basis of present knowledge.

III. INDUCED CHANGES IN THE PIGMENT SYSTEM OF PHOTO-
SYNTHETIC BACTERIA

We have begun to explore the possibility of induced shifts in the enzy-
matic patterns of facultatively photosynthetic organisms, and I should
like to conclude this survey by discussing some of the recent work on this
problem by Dr. Germaine Cohen-Bazire and myself. So far, we have
limited ourselves to a gross examination of changes in the photochemical
apparatus, as reflected by changes in the levels of the photochemically
active pigments. As biological material, we have used the bacterium
Rhodopseudomonas spheroides, a photoheterotroph which can grow
aerobically in the dark by oxidizing organic compounds, or anaerobically
in the light by using the same organic compounds as hydrogen donors
for bacterial photosynthesis. The pigment system consists of three
chlorophyll-proteins with distinct infrared peaks at 80g, 855 and 875
my, all containing the same molecular species of chlorophyll (bac-
teriochlorophyll), together with a mixture of yellow and red carotenoids
which confer upon the cells their characteristic color. Occasional so-
called “green” mutants arise in normal cultures. They differ from the
wild type only in that they contain a single yellow carotenoid; the
chlorophyll spectrum is unchanged, and they are still fully capable of
photosynthetic development. Since the presence of a single carotenoid
greatly simplifies the quantitative determination of carotenoid content,
we have mostly used one of these mutants in the experiments to be
described below.
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The synthesis of the pigment in R. spheroides is controlled by two
principal factors: light intensity and oxygen. The effect of oxygen is
illustrated by the data in Fig. 8. In this experiment, three identical
cultures were prepared from cells grown anaerobically in the light. One
culture was maintained anaerobically and illuminated; one was main-
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Fig. 8. The effect of oxygen on the synthesis of chlorophyll and carotenoid by grow-
ing populations of Rhodopseudomonas spheroides.

tained aerobically and illuminated ; and one was maintained aerobically
in the dark. In all cases growth was exponential from the start, and the
growth rates were nearly identical. In Fig. 8 the pigment concentration
of the cells from the three cultures has been plotted as a function of the
total amount of cell material; in other words, the graph shows the
differential rate of pigment synthesis. The differential rate of both
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chlorophyll and carotenoid synthesis in the presence of air is essentially
zero, whether in light or dark. Only the cells exposed to light under
anaerobic conditions continue to synthesize pigment. After about 1.5
cell divisions had occurred, at the point indicated by an arrow on the
graphs, the gas mixtures passed through the two illuminated cultures
were reversed. It can be seen that this caused a more or less abrupt
change in the differential rates of pigment synthesis. The culture which
passed from anaerobiosis to aerobiosis ceased to synthesize both pig-
ments, whereas the culture passed from aerobiosis to anaerobiosis began
to manufacture both at high differential rates. Since time is excluded
as a parameter in a plot of this kind, the effect of the change in gaseous
environment on growth rates cannot be seen. In fact, the growth rate of
the anaerobic culture was unaffected by the introduction of oxygen,
whereas that of the aerobic culture fell to zero when anaerobic con-
ditions were introduced, and growth was resumed only after a lag of
several hours. Hence despite continuous illumination, the preceding
period of aerobic cultivation had resulted in a serious derangement of
the photosynthetic apparatus. This is caused partly, of course, by simple
dilution of the photochemically active pigments through aerobic growth,
but the magnitude of the observed effects suggests that other changes
in the system may be occurring concurrently. If Rhodopseudomonas
spheroides is passed through several subcultures in the dark under
strongly aerobic conditions, the pigment content of the cells falls to very
low levels. Such cells, when placed once more under strictly anaerobic
conditions in the light, sometimes remain in the lag phase for as long as
30 hours, since the only source of the energy required for pigment syn-
thesis in anaerobiosis is photosynthesis, of which the cells have become
virtually incapable. During the initial stages of recovery the differential
rate of pigment synthesis reaches a very high value; in fact, it takes place
essentially without growth.

The effects of light intensity on pigment synthesis are also very marked.
Under anaerobic conditions, the rate of both chlorophyll and carotenoid
synthesis is an inverse function of light intensity. Fig. 9 shows the
effect of transferring highly pigmented cells, previously grown under
conditions of low light intensity, to a high light intensity. Growth is
exponential from the start, whereas there is a total suppression of both
chlorophyll and carotenoid synthesis for about one generation. When the
pigment content of the cells has fallen through growth to the level
characteristic of the new light intensity, pigment synthesis resumes, and
thereafter proceeds at a rate parallel to the growth rate. Whether one
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starts out with weakly pigmented or highly pigmented cells, the rate of
pigment synthesis in the two growing populations eventually becomes
identical at any given light intensity. In addition to the quantitative
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Fig. 9. Curves showing growth and pigment synthesis by a culture of Rhodopseu-
domonas spheroides cultivated in bright light after a preceding period of cultivation in
dim light. Pigments determined after methano! extraction, and expressed in arbitrary
units.

effects which light intensity exerts on pigment synthesis, it has an in-
teresting qualitative effect. Under conditions of high light intensity,
synthesis of the chlorophyll-protein with a peak at 875my is more rapid
than the synthesis of the two other chlorophyll-proteins. This is illus-
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trated by Fig. 10, which shows the absorption spectrum of cells measured
at equivalent cell densities before and after a short period of growth
under conditions of high light intensity.

In none of the experiments so far performed have we succeeded in
dissociating sharply synthesis of the two classes of pigments, which show
linked responses to all the environmental changes investigated. It is most
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Fig. 10. Absorption spectra of whole cells, compared after growth at low and high
light intensities. The two suspensions were adjusted to identical optical densities at 680
ms, where light absorption by the pigments does not occur. Note the difference in the
shape of the infrared portion of the spectrum, reflecting light effects in the ratio of the
875 mu and 855 mu chlorophyll proteins.

improbable on biochemical grounds that this linkage reflects a common
pathway of biosynthesis. Since the two pigments are physically associated
within the cell in very large submicroscopic particles, the so-called
chromatophores (Schachman, Pardee, and Stanier, 1952), it is tempt-
ing to imagine that the effects of light and oxygen operate on the level
of chromatophore synthesis rather than of pigment synthesis per se, but
so far there is no evidence on this point.

[ 64]



PLASTIC ENZYMATIC PATTERNS

IV. GENERAL CONCLUSIONS

When the occurrence of induced enzyme synthesis in microorganisms
received general recognition about twenty-five years ago, the phe-
nomenon appeared to play a relatively restricted role in the regulation
of metabolism. The inductive systems originally studied were, or at least
appeared to be, simple in enzymatic terms, involving the specific evoca-
tion by the inducer of a single enzyme. The discovery of this phenomenon
did not, therefore, seem to call for any radical changes in general
notions about enzyme synthesis: the bulk of the cell's enzymes were
presumably “constitutive” and invariant in level, with inductive systems
as a sort of peripheral adornment. In the past ten years, however, the
discovery of sequential inductions has shown that a single inductive event
may bring about profound changes of the cell’s enzymatic constitution.
This first became evident when complex sequential inductions by sub-
strates were found, but is emphasized even more dramatically by the
inductive effect of oxygen on the energy-yielding system of facultative
anaerobes, since here it is the central cyclic reactions and mechanisms of
aerobic electron transport that are affected. The effects of light and ox-
ygen on synthesis of the photosynthetic pigment system of nonsulfur
purple bacteria probably also involve major alterations in the levels of
photosynthetic and respiratory enzymes, analogous to those observed
in facultative anaerobes. The inductive effects of oxygen are at present
admittedly difficult to interpret, although it is attractive to imagine that
oxygen can also establish a series of sequential inductive events in the
cell. Be that as it may, however, we can no longer consider any enzyme-
synthesizing activity of a microbial cell as irrevocably fixed by the ge-
nome and beyond the direct influence of the environment. The possibility
of manipulating enzyme levels experimentally by induction is limited
in the main by the basic physiological adaptability of the cell: in strict
aerobes, it appears that the levels of enzymes operative in the tricarboxy-
lic acid cycle cannot be appreciably modified, for the reason that it is
impossible to grow these organisms under conditions where the cycle is
not necessarily in operation; in facultative anaerobes the existence of
glycolysis as an alternate means of satisfying energy requirements makes
it possible to bring about experimentally a major depression of the levels
of the cycle enzymes.

[65]



R. Y. STANIER

BIBLIOGRAPHY

Barrett, J. T., and R. E. Kallio. 1953. Terminal respiration in Pseudomonas
fluorescens: component enzymes of the tricarboxylic acid cycle. J. Bact.
66, 517-525.

Barrett, J. T., A. D. Larson, and R. E. Kallio. 1953. The nature of the adap-
tive lag of Pseudomonas fluorescens towards citrate. J. Bact. 65, 187-
192.

Cohen-Bazire, G., and M. Jolit. 1953. Isolement par sélection des mutants
d’Escherichia coli synthétisant spontanément I'amylomaltase et la B-
galactosidase. Ann. Inst. Pasteur 84, 937-945.

Cohn, M., J. Monod, M. R. Pollock, S. Spiegelman, and R. Y. Stanier. 1953.
Terminology of enzyme formation. Nature 172, 1096. .

den Dooren de Jong, L. E. 1926. Bijdrage tot de kennis van het minerali-
satieproces. Thesis, Delft.

Englesberg, E., A. Gibor, and J. B. Levy. 1954. Adaptive control of terminal
respiration in Pasteurella pestis. J. Bact. 68, 146-151.

Englesberg, E., J. B. Levy, and A. Gibor. 1954. Some enzymatic changes ac-
companying the shift from anaerobiosis to aerobiosis in Pasteurella
pestis. J. Bact. 68, 178-185.

Evans, W. C., B. S. W. Smith, R. P. Linstead, and J. A. Elvidge. 195I.
Chemistry of the oxidative metabolism of certain aromatic compounds
by microorganisms. Nature 168, 772.

Gunsalus, I. C., C. F. Gunsalus, and R. Y. Stanier. 1953. Enzymatic con-
version of mandelic acid to benzoic acid. J. Bact. 66, 538-553.

Gunter, S. 1953. The enzymatic oxidation of p-hydroxymandelic acid to
p-hydroxybenzoic acid. J. Bact. 66, 341-340.

Hayaishi, O., and R. Y. Stanier. 1951. The bacterial oxidation of tryptophan.
I11. Enzymatic activities of cell-free extracts from bacteria employing
the aromatic pathway. J. Bact. 62, 691-709.

Karlsson, J. L. 1950. Metabolic studies of Azotobacter agilis by the use of a
mutant deficient in pyruvic oxidase. J. Biol. Chem. 183, 549-560.

Karlsson, J. L., and H. A. Barker. 1948a. Evidence against the occurrence
of a tricarboxylic acid cycle in Azotobacter agilis. J. Biol. Chem. 175,
913-921I.

Karlsson, J. L., and H. A. Barker. 1948b. Induced biochemical mutants of

zotobacter agilis. J. Bact. 56, 671-677.

Kilby, B. A. 1951. The formation of B-ketoadipic acid by bacterial fission of
aromatic rings. Biochem. J. 49, 671-674.

Kogut, M., and E. P. Podoski. 1953. Oxidative pathways in a fluorescent
Pseudomonas. Biochem. J. 55, 800-811.

Monod, J., G. Cohen-Bazire, and M. Cohn. 1951. Sur la biosynthése de la
B-galactosidase (lactase) chez Escherichia coli. Biochim. Biophys. Acta
7> 585-599- o

Monod, J., and M. Cohn. 1952. La biosynthése induite des enzymes (adapta-
tion enzymatique). Adv. Enzymol. 13, 67-120.

[ 66 ]



PLASTIC ENZYMATIC PATTERNS

Repaske, R., and P. W. Wilson. 1952. Oxidation of intermediates of the
tricarboxylic acid cycle by extracts of Asotobacter agile. Proc. Nat.
Acad. Sci. 39, 225-232.

Ryan, F. J. 1952. Adaptation to use lactose in Escherichia coli. J. Gen. Mi-
crobiol. 7, 69-88.

Schachman, H. K., A. B. Pardee, and R. Y. Stanier. 1952. Studies on the
macromolecular organization of microbial cells. Arch. Biochem.
Biophys. 38, 245-260.

Sistrom, W. R., and R. Y. Stanier. 1954. The mechanism of formation of
B-ketoadipic acid by bacteria. J. Biol. Chem. 210, 821-836.

Sleeper, B. P., and R. Y. Stanier. 1950. The bacterial oxidation of aromatic
compounds. I. Adaptive patterns with respect to polyphenolic com-
pounds. J. Bact. 59, 117-127.

Slonimski, P. 1953. Recherches sur la formation des enzymes respiratoires
chez la levure. Editions Desoer, Liége.

Stanier, R. Y. 1947. Simultaneous adaptation: a new technique for the study
of metabolic pathways. J. Bact. 54, 339-348.

Stanier, R. Y., and O. Hayaishi. 1951. The bacterial oxidation of tryptophan:
a study in comparative biochemistry. Science 114, 326-330.

Stanier, R. Y., and J. L. Ingraham. 1954. Protocatechuic acid oxidase. J.
Biol. Chem. 210, 799-808.

Stanier, R. Y., M. Tsuchida, and O. Hayaishi. 1951. The bacterial oxidation
of tryptophan. I. A general survey of the pathways. J. Bact. 62, 355-366.

Stern, J. R., B. Shapiro, and S. Ochoa. 1950. Synthesis and breakdown of
citric acid with crystalline condensing enzyme. Nature 166, 403-404.

Stone, R. W., and P. W. Wilson. 1952a. Respiratory activity of cell-free ex-
tracts from Azotobacter. J. Bact. 63, 605-617.

Stone, R. W., and P. W. Wilson. 1952b. The incorporation of acetate in acids
of the citric acid cycle by Azotobacter extracts. J. Biol. Chem. 196, 221-
225.

Suda, M., O. Hayaishi, and Y. Oda. 1949. Studies on enzymatic adaptation.
I. Successive adaptation with specific reference to the metabolism of
tryptophan. Symposium on Enzyme Chemistry, I, 79-84. Tokyo.

Suda, M., O. Hayaishi, and Y. Oda. 1950. Studies on enzymatic adaptation.
Med. J. Osaka University 2, 21-31.

[ 67 ]






IV. SOME ASPECTS OF PROTEIN
BIOSYNTHESIS IN DEVELOPMENT

BY JAMES D. EBERT'

FOR some years developmental biology has progressed steadily toward
an ultimate goal of rational interpretation of structural and func-
tional relationships in differentiation and growth at the molecular level.
The emphasis at this symposium, in fact, its unifying theme, has been
on experimental approaches directed toward the translation of our knowl-
edge of interactions at the cell group or tissue level to the interactions of
specific molecules. I propose to continue in this vein; my principal objec-
tive is to evaluate the extent to which current studies of protein biosyn-
thesis contribute to our understanding of the mechanisms of differentia-
tion and growth; to a lesser degree I will consider the converse question
of whether developmental biology has contributed to our knowledge of
the mechanism of protein biosynthesis. Attention will be centered on
problems of embryonic development. I have no doubt that for the study
of protein biosynthesis, the inductive (adaptive) enzyme systems of in-
tact microorganisms (Monod and Cohn, 1953) and the protein-forming
systems of disrupted cells (Gale and Folkes, 1954) may provide particu-
larly favorable material, yet I do not believe that one must be preoccupied
with the idea that differentiation is equivalent to the controlled produc-
tion of enzymatic patterns (Spiegelman, 1948). My purpose is not to
dispute the pragmatic value of this concept if it is stated clearly as one
aspect of the differentiation process. The term ‘differentiation’ encom-
passes the totality of reactions of which a cell is capable at any given
stage, and includes the sum total of changes in cell characters from one
stage to the next (Weiss, 1949). Contrary to older opinion, the comple-
ment of proteins and other macromolecules of the early embryo is highly
complex, as revealed by enzymologic, immunochemical, and nutritional
studies (Moog, 1952; Ebert, 1952, 1953 a). Differentiation, growth
and morphogenesis involve the following processes at the molecular
level:

1 Department of Zoology, Indiana University (contribution number 554). The original
work from the author’s laboratory has been supported by research grants from the
American Heart Association, the National Science Foundation, and the National Heart
Institute of the National Institutes of Health. A part of the author’s work was carried
out at the Medical Department, Brookhaven National Laboratory, sponsored by the
Atomic Energy Commission.
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I. CHANGES IN THE KINDS OF MOLECULES PRESENT

A. The addition of new molecular species. Changes in complement of
proteins and other complex molecules undoubtedly accompany develop-
ment ; a consistent body of evidence has demonstrated changes in quan-
tity, in association with other molecules or groups and in distribution of
macromolecules in ontogeny (Ebert, 1952; Woerdeman, 1953). I use
the word ‘ontogeny’ in the broad sense, to include postnatal development,
for there are several well-founded examples of the appearance of previ-
ously undetected antigenic molecules well after birth (Briles, McGibbon,
and Irwin, 1948; Irwin, 1949). While the question remains as to
whether each protein is represented in the egg and its progeny in minute
quantities (specimen or positive template molecules), in view of the
number of complex molecules of an organism, such a rigid concept seems
improbable.

B. The loss of macromolecules.

(1) From the entire organism, apparently without synthesis of re-
lated molecules to replace those lost : an example is found in the investi-
gations of Pedersen (1944, 1947), who isolated by ammonium sulphate
precipitation from the serum of the calf and fetal cow and sheep a new
protein, apparently absent from adult serum. The sedimentation con-
stant of this protein, named fetuin, was found to vary considerably with
the concentration, and was different for fetal than for calf fetuin. Accord-
ing to Deutsch (1954), fetuin is a mucoprotein ; however, its lability and
tendency to aggregate in acid solution make critical immunochemical and
physical studies difficult.

(2) From the entire organism, with sequential synthesis of related
molecules to replace those lost : the development of the hemoglobin mole-
cule is an excellent case in point. The hemoglobin of embryos has been
shown by many methods to differ from that of the adult (Hall, 1934;
Boyer, 1950). Embryonic and adult hemoglobins behave as different
antigens (Darrow, Nowakovsky, and Austin, 1940), have different
solubilities (Wyman, Rafferty, and Ingalls, 1944), sedimentation con-
stants and electrophoretic mobilities (Andersch, Wilson, and Menten,
1944 ), and osmotic pressures (McCarthy and Popjak, 1947). While
most investigators agree that it is the globin moiety which differs in the
embryo from that of the adult, Riggs (1951) has proposed that, at least
in the transition from larval to adult hemoglobin in the bullfrog, the
difference may be due to a change in the mode of linkage between the
heme and globin components. The sequential development of different
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hemoglobins is illustrated best by the situation in man. Two systems of
hemoglobin synthesis have been described, one leading to the formation
of fetal hemoglobin, and the other replacing the first during normal
development, leading to normal adult hemoglobin. The fetal and adult
hemoglobins are sharply distinct as shown by immunochemical tech-
niques (Chernoff, 1953 ; Goodman and Campbell, 1953) and by studies
of their susceptibility to alkaline denaturation. The question is unresolved
as to whether the capacity to synthesize fetal hemoglobin is ever com-
pletely lost, since ‘“normal” adult individuals may possess traces of the
fetal type molecule. Certain genetic blocks or environmentally induced
anemias are characterized by the maintenance (or reactivation) of the
fetal mechanism. The adult mechanism is also subject to genetic devia-
tion, e.g., the sickle cell allele which leads to the formation of a distinctly
different adult hemoglobin. Again, the synthesis of the globin, not of the
heme, seems to be involved (reviewed by Neel, 1952; Horowitz and
Owen, 1954).

(3) From certain regions of the embryo, but not from others, result-
ing in an altered spatial pattern of distribution of the macromolecule; the
development of the contractile protein, myosin, in the heart-forming
areas of the early chick embryo, is thought to be an excellent case in point.
The evidence for this opinion will be assessed subsequently.

II. QUANTITATIVE CHANGES IN MOLECULAR POPULATION

Protein synthesis is a prominent aspect of cell maintenance, of the
formation of specific cell products, e.g., glandular secretions, and of
growth. Growth involves a net increase in protein, but whether it results
from an increased rate of synthesis or an inhibition of protein breakdown,
or both, is not clear. On the other hand progressive differentiation may
involve either an increase or decrease in number of a given molecular
type. It has been demonstrated convincingly (Levy and Palmer, 1940,
1043; Moog, 1952) that certain enzymes are more active in early
stages than in later ones. However, a note of caution is necessary here:
enzymes are generally measured by determination of their activity in
tissue extracts or homogenates. Thus one cannot be certain that a change
(increase or decrease) in activity results from a change in concentration
of the enzyme rather than from an alteration in turnover rate.

III. STRUCTURAL TRANSFORMATIONS OF PROTEINS

In the foregoing discussion I have dealt with problems of differentia-
tion in terms which imply that differentiation may be no more than a
chain of chemical reactions of which the net result is the localized syn-
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thesis of molecular species characteristic of a particular tissue. This
limited view of differentiation neglects the interaction of molecular
populations which lead to selective molecular groupings and structural
order. I suggest that in the formation of complexes with definite spatial
orientation, a factor of singular importance may be the ability of certain
proteins and nucleoproteins to undergo reversible transformations from
the globular to the fibrous form either by end-to-end aggregation of
globular molecules or by unfolding of the molecule. On the basis of his
finding that of the well-known animalizing and vegetalizing agents of
the sea urchin egg the former cause a molecular transformation from
the fibrous to the globular form (depolymerization), and the latter
stabilize proteins in the fibrous state, Ranzi (1953) has proposed that
such transformations may play an important role in normal differentia-
tion. Other lines of evidence support the view that reversible molecular
transformations of proteins may have a major role in cell activity and
movement, e.g., the striking demonstration by Mazia and Dan (1952)
of the fibrous protein nature of the spindle fibers which periodically dis-
appear and are reaggregated in dividing cells, and the evidence presented
by Goldacre and Lorch (1950) for the role of contractile proteins in
ameboid movement (cf. Meyer and Mark, 1951). Hayashi (1953) has
initiated a frontal attack on these problems; he suggests that cellular
structures are formed by and composed of protein (or possibly lipo-
protein) molecules, surface-spread at the interfaces of the heterophasic
system within the cell. A number of facts clearly demonstrate the exist-
ence of a highly organized submicroscopic protein lattice in cytoplasm
(Porter, 1954 ) ; the major problems now before us are (1) to determine
the origin of preferential orientations within this lattice and (2) to
ascertain the pathways by which the chemical energy of metabolites is
transferred to the molecular links of the lattice.

IV. PENTOSE NUCLEIC ACID PRECURSORS, PENTOSE NUCLEO-
PROTEIN GRANULES AND PROTEIN SYNTHESIS

I am not unmindful of the wealth of evidence which compels the con-
tinued search for the role of pentose nucleic acid (PNA) in protein syn-
thesis; however, this subject has been considered in detail recently
(Brachet, 1952; Pollister, 1954 ), and progress since the publication of
these comprehensive reviews does not compel a reevaluation of the field.
Therefore, my remarks will be limited to those recent findings which
hold promise for future study or bear directly on other topics under
discussion. Comparisons with respect to PNA content and capacity for
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protein synthesis in different types of cells led Caspersson (1950) and
Brachet (1947) to suggest that PNA is in some way connected with
protein synthesis. Attempts to proceed beyond this point have hardly
been successful until recently. Indeed, Daly and Mirsky (1953) have
offered evidence which indicates that Caspersson’s contention that the
quantity of PNA in the pancreas varies during the cycle of synthesis
and secretion is incorrect. Yet Allfrey, Daly, and Mirsky (1953) have
presented data which support the view that cytoplasmic pentose nucleo-
protein is part of the cell’s equipment for protein synthesis and that the
protein component of the nucleoprotein functions as a precursor material
for proteins synthesized in the cell. It appears, therefore, that while PNA
may be involved in protein synthesis, an absolute correlation between
PNA content and protein formation may be unnecessary. This conclusion
is in agreement with findings of Monod, Pappenheimer, and Cohen-
Bazire (1952), and Pardee (1954) that the PNA found in the bacterial
cell is largely inert and that the continuous formation of PNA [but not
desoxypentose nucleic acid (DNA)] is essential for protein synthesis.
Monod et al. found, in testing the requirements for presence of amino
acids or amino acid components for enzyme induction, that a uracil-
requiring mutant of Escherichia coli was unable to produce beta-
galactosidase in the absence of uracil. Pardee’s more extensive investi-
gation showed that strains of Escherichia coli which require purines,
pyrimidines, or phosphate for growth also require these compounds for
enzyme induction; within a few minutes after exhaustion of the com-
pounds from the medium, induction of enzymes ceases. The data suggest
that the effect is not due to blocking of amino acid synthesis or to destruc-
tion of existing enzyme. That DNA synthesis is unnecessary was shown
by the fact that inhibition of DNA synthesis did not affect enzyme in-
duction. An approach which offers considerable promise of reconciling
the divergent views on the role of nucleic acids in the synthesis of proteins
and in the incorporation of (labeled) amino acids into preformed protein
is found in the demonstration by Gale and Folkes (op. cit.) that suspen-
sions of disrupted bacterial cells provide an experimental system with
which the effect of nucleic acids on protein synthesis can be studied. The
major findings of the investigation thus far can be summarized briefly :
(1) Either DNA or PNA can render amino acid residues in already-
formed protein exchangeable. Exchange reactions take place with all
amino acids tested, but to varying extent; the data available do not
permit an explanation of the different degrees of incorporation obtained
with different amino acids. (2) A comparison of the effectiveness of
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DNA, PNA, and a purine-pyrimidine mixture in the production of three
enzymes (an enzyme system producing acid from glucose, catalase, and
beta-galactosidase) suggests the following functions: DNA is not
capable of effecting neo-protein synthesis (although it may bring about
exchange reactions), but acts in the synthesis of PNA. Once PNA is
constructed, neo-protein synthesis takes place. A distinction is seen
between the PNA involved in the production of stable proteins and that
involved in inductive enzyme synthesis. In the latter case, the specific
PNA itself is unstable in the absence of the inducer ; hence the continuous
formation of PN A should be expected and, as has been pointed out, does
occur in the inductive synthesis of beta-galactosidase.

Brachet (1952) and Pollister (1954) have summarized skilfully a
second line of evidence in favor of the involvement of PNA in protein
synthesis, viz., the diverse data which suggest that the cytoplasmic
microsomal fraction is the site of protein synthesis. Pollister has, in
fact, suggested that the microsome may be the proteogenase system of
the cell, just as the mitochondria represent the cyclophorase system. The
major contributions of this concept lie in its emphasis on the interrela-
tionships of metabolism and structural organization, a specific sequence
of reactions being the result of the structural fixation of enzymes in a
given pattern, and in the demonstration of the concerted action of metab-
olites of the microsomal and mitochondrial fractions in coupling oxida-
tive phosphorylation and synthetic reactions. This is illustrated by the
penetrating analysis of Siekevitz (1952) who showed that the incor-
poration of C!*-labeled alanine into the microsomal proteins of rat liver
is the result of a combination of two events, one in mitochondria which
is dependent upon oxidative phosphorylation and another in the micro-
somes which does not have this requirement. Further experiments dem-
onstrated that a non-tissue-specific, soluble factor produced by mito-
chondria promoted the incorporation of alanine into the microsomal
protein. On the whole, experiments tend to bring more and more support
to the hypothesis favored by Brachet that the pentose nucleoprotein
granules are the site of protein synthesis. With the exception of one
brief report from Brachet’s laboratory (LeClerc, 1954), there has been
no further substantiation for the other biological properties attributed to
the microsomes by Brachet, viz., “autoduplication” and passage from cell
to cell. Earlier studies (Shaver and Brachet, 1949; Shaw and Shaver,
1953) indicated that suspensions of microsomes, when cultivated on
the chorioallantoic membranes of host chick embryos, increased in mass,
supporting Brachet’s hypothesis that the pentose nucleoprotein granules
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are capable of autoduplication. It was recognized, however, that the
methods employed left considerable doubt as to the interpretation of the
results (Brachet, 1952). The experiments reported by LeClerc repre-
sent a noteworthy attempt to solve the problem. She finds a progressive
increase in glucose-6-phosphatase activity in suspensions of liver micro-
somes cultured on the chorioallantoic membrane. This quantitative ap-
proach constitutes stronger evidence than that previously presented, but
cannot be regarded as conclusive since increased enzyme activity does
not necessarily reflect increased enzyme concentration (vide supra).
The problem might be solved by a combination of enzymologic and
immunochemical methods (cf. Monod and Cohn, 1953).

One should bear in mind that the strongest lines of evidence concern-
ing the role of pentose nucleoprotein granules in synthesis and morpho-
genesis are derived not from studies of embryonic or other develop-
mental systems, but from studies of specialized adult tissues, e.g. liver.
While one cannot help but be impressed by Brachet’s arguments, it
should be pointed out that since the cytoplasmic particulates of adult
tissues are products of differentiation, considerable care must be exer-
cised in assigning specific roles to embryonic particulates based on the
performance of those from mature tissues (cf. Holter, 1953).

Considering the principal hypotheses discussed, together with other
recent theoretical statements, one arrives at the following tentative
scheme which leans heavily on the model for polypeptide synthesis sug-
gested by Lipmann (1954) on the basis of his elucidation of the pyro-
phosphoryl synthesis of a peptide bond, and the observation by Chance
(1952) that in electron transmission from cytochrome to cytochrome
the specific sequence of electron transfers is realized through a structural
fixation of the individual cytochromes, allowing a directed transfer of
electrons. It is assumed that amino-acid-specific activation centers are
lined up on a structure in a demanded sequence. It may be helpful to think
of the activation centers as a series of enzymatically active polynucleo-
tides (Binkley, 1952, 1954), closely associated with proteins in the
microsomes. The centers each become activated by a combination with
pyrophosphoryl groups transferred to the enzyme from ATP; the latter
step requires the participation of the mitochondria. Next, these are ex-
changed with the carboxyl groups of the corresponding free amino acids,
which are thus lined up with the alpha-amino group of each adjacent to
the carboxyl group of the next. The polypeptide is then formed through a
condensation reaction. There is no reason to assume that transpeptida-
tion could not furnish amino acids to this sequential arrangement or
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that peptides could not act as receptors for amino acids. Gale and Folkes
have suggested that neo-protein synthesis takes place at a rate dependent
upon the amount of specific pentose nucleic acid catalyst present, the
initial organizing structure for PNA synthesis being DNA or a DNA-
protein complex. The evidence accumulated by Binkley indicates that
nucleic acids or derivatives of nucleic acids are involved directly as the
catalysts in the formation of peptides. Although crucial evidence is
lacking, there can be no doubt of the heuristic value of this idea.

V. GASTRULATION AND THE SYNTHESIS OF NUCLEIC ACIDS AND
PROTEINS

Oogenesis, a period of active synthesis of proteins and other macro-
molecules and probably of direct transfer of proteins from the maternal
blood stream to the egg (Clavert, 1953) is followed, in the activated
egg, by a period of relative inactivity of the protein-synthetic mecha-
nisms during cleavage. Cleavage, a period of intense cellular multiplica-
tion, is not characterized by over-all growth. In general, the bulk of the
evidence available suggests strongly that the cleaving egg remains rela-
tively constant in composition, the major exception reported being the
active synthesis of DNA during the first half of each division cycle
(Zeuthen, 1953). The extent and mechanism of this synthesis remains an
open question. In addition to numerous studies on the mechanism of
synthesis of nucleotides and nucleic acids from smaller precursor mole-
cules, the following special mechanisms have been suggested: (1) Con-
version of PNA into DNA. According to Steinert (1951) there is no
significant change in PNA content of individual amphibian eggs during
cleavage. Elson, Gustafson, and Chargaff (1954) have shown that
following an initial drop at fertilization, the PNA content of the sea
urchin (Paracentrotus lividus) egg rises slowly and levels off during the
first nine hours of development. Abrams’ (1951) findings show that
the DNA purines synthesized during the development of the sea urchin
egg have a specific activity ten times greater than those of PNA, which,
therefore cannot be their precursor. It appears that Brachet’s hypothesis
of conversion of PNA to DNA may be incorrect. As Brachet pointed
out, however, the critical experiment, viz., tagging the PN A synthesized
during oocyte growth and then finding out if it is a precursor of DNA,
remains to be accomplished. (2) Nuclear synthesis of DNA from quan-
tities of “precursor’” DNA stored in the cytoplasm. Hoff-Jgrgensen and
Zeuthen (1952) and Sze (1953) have demonstrated that the mature
frog egg carries a store of cytoplasmic DNA, and Zeuthen (1953) has
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suggested that nuclear synthesis of DNA might be of a limited nature,
involving only small changes in the conversion of cytoplasmic DNA
into the finished product. Sze has proposed an alternative possibility—
that cytoplasmic DNA is a spill-over of excess DNA produced in the
nucleus, under conditions in which the rate of DNA synthesis exceeds
the rate of protein synthesis. No evidence has been presented which bears
on this hypothesis.

Despite a rapidly increasing store of analytical data, it has not proved
possible to assign to the composition of pentose nucleic acids a biological
significance comparable to the specific differences in composition shown
by the desoxypentose nucleic acids from different species. Elson et al.
(op. cit.) have concluded from their extensive study that the composi-
tion of the pentose nucleic acids of the sea urchin egg during the first
forty-eight hours of development does not vary appreciably and does not
reflect the intense and abrupt changes in morphogenesis during that
period. It is possible that the pentose nucleic acids have several functions
in view of the growing evidence for the existence within the same cell
of differently composed types of PNA (Elson and Chargaff, 1952;
Marshak, 1951 ; Vincent, 1952) and that embryogenesis is accompanied
by composition changes limited to a small fraction of the total PNA.

In contrast to our uncertainty with respect to the question of possible
changes in composition of PNA during development, there is good
reason to believe that, following the relatively constant period of cleavage,
the synthesis of PNA and proteins is resumed at gastrulation. Brachet
(1952) has reviewed the extensive literature pertaining to PNA ; his
conclusions concerning PNA increase at gastrulation are clearly sup-
ported by the findings of Elson et al. (0p. cit.) of a significant rise in
PN A content in the sea urchin egg at the onset of gastrulation.

In attacking the problems of the initiation and localization of protein-
synthetic mechanisms at the onset of gastrulation, three major ap-
proaches have been employed. It is likely that a combination of these,
together with experimental methods yet to be designed, will be needed
to achieve some measure of understanding of the problem. Since the field
is relatively new, however, and most investigations have been confined
to a single approach, I will consider each approach separately.

1. Analysis of qualitative and quantitative changes in free, non-protein
and protein-bound amino acids and peptides in the developing organism.
The question may be posed as follows: To what extent can the appear-
ance of specific functional and structural properties of a developing
embryo be correlated with changes in amino acid or peptide content ? Let
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us examine some of the results of experiments designed to answer this
question. Holtfreter, Koszalka, and Miller (1950) studied the amino acid
content of eggs and embryos of several species of vertebrates and in-
vertebrates by paper chromatography. Chromatograms of total hydroly-
sates indicated a great similarity in the amino acid composition of all
stages investigated. The authors concluded that their findings gave no
indication that new amino acids appear or others disappear in the course
of embryonic and larval development. A similar conclusion was reached
by Eakin, Berg, and Kutsky (1950) on the basis of preliminary studies
in which no marked changes in free amino acids were observed during
the carly development of Hyla regilla and Rana pipiens. In a more ex-
tensive analysis, Kutsky, Eakin, Berg, and Kavanau (1953) found by
microbiological assay that while minor fluctuations in quantities of
several free and non-protein amino acids occurred during the develop-
ment of Rana pipiens from the unfertilized egg to the completed neurula
stage, no over-all pattern of change was apparent. With the exception of
glutamic acid which reaches a maximum at the beginning of gastrulation,
correlations with morphological events were not evident. Chen and
Rickenbacher (1954) have made a preliminary statement that the re-
sults of a study of free amino acids in the development of Triton palmatus
and T'. alpestris are in general agreement with those of Kutsky et al.

In contrast to these reports, Berg (1950) found that in the develop-
ment of Strongylocentrotus purpuratus, the quantity of at least three
amino acids (alanine, glutamine, and lysine) progressively declined.
FFrom studies of the total amino acid content in the development of
Paracentrotus lividus, Gustafson and Hjelte (1950, 1951) concluded
that only slight changes occurred during cleavage, whereas important
synthetic processes were initiated at gastrulation, as indicated by a drop
in free, and a concomitant rise in peptide, amino acids. This approach
has been continued by Kavanau (1953). In a comprehensive study,
using chromatographic and microbiological assay methods, he found that
the immediate post-fertilization behavior of free amino acids and pep-
tides appeared to depend on the prior history of the eggs, leading him to
postulate that unfertilized eggs draw on energy from deamination for
maintenance. During subsequent development, while the free amino acids
fell into several groups with respect to quantitative changes, there was
no consistent pattern. One group (histidine, isoleucine, leucine, methio-
nine, phenylalanine, threonine, tyrosine, and valine) showed a decrease
in concentration during early cleavage, followed by a rise at hatching
and a sharp drop in the mesenchyme blastula stage. A continuous in-
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crease was noted from the late gastrula to the pluteus larva. The second
group (arginine, glutamic acid, and lysine) continuously decrease until
gastrulation, after which time their behavior follows the pattern of the
first group. The concentration of glygine decreases continuously with
the exception of a shallow minimum in the late mesenchyme-blastula. All
of the peptide-contained amino acids show a sharp rise in concentration
at the onset of gastrulation and a gradual increase as gastrulation pro-
ceeds. Following gastrulation a decline to the time of hatching occurs.
The protein-bound amino acids decline continuously until hatching, when
a sharp drop occurs. In a comprehensive and well-documented discussion
of his findings, Kavanau emphasizes their bearing on the general prob-
lem of protein metabolism, while he devotes little attention to their
significance with regard to the problems of differentiation. In fact, it is an
open question whether this approach, no matter how meticulously
carried out, can contribute much to our understanding of developmental
mechanisms. Amino acids are ubiquitous and so essential for normal life
activities of all cells that determinations of their quantitative fluctuations
during development of the entire embryo provides little more than an
index of the general course of metabolism of the organism. Despite the
wealth of detailed information available, there is no clear-cut support
from this approach for the widely held generalization of an increase in
protein synthesis at gastrulation. Nor should one expect that this ap-
proach will yield definitive evidence in this direction, for protein metab-
olism during this period must involve the break-down of proteins from
the vitelline reserve and the synthesis, from the amino acids made avail-
able in this manner, of new specific proteins. It is interesting to note that
in a recent report Kavanau (1954) has obtained evidence from similar
studies in Paracentrotus lividus of cyclic changes in protein-bound amino
acids suggestive of alternate periods of yolk degeneration and tissue pro-
tein synthesis.

2. Studies of the incorporation of radioactively-tagged amino acids
and other intermediates during development. Brachet (1952) has re-
viewed some of the evidence favoring the idea that protein-synthetic
mechanisms are activated at gastrulation, viz., the increased incorpora-
tion of labeled compounds reported by Hultin (summarized in 1953),
who used ammonium or glycine containing N5, and by Friedberg and
Eakin (1949), who employed glycine labeled with C'4, in the eggs of
the sea urchin and frog, respectively. The latter study, as well as that by
Eakin, Kutsky, and Berg (1951) suggested a difference between the
dorsal and ventral areas of the blastopore in terms of labeled amino acid
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uptake. This conclusion is supported by Flickinger (1954), who studied
the regional incorporation of C'* by dissected parts of Rana pipiens
gastrulae incubated in C**O,.

Radioisotope methods offer several attractive possibilities for attack-
ing questions concerned with the regional activity of embryos and the
interaction of tissues, e.g., the question of the passage of materials from
one cell group to another in embryonic induction. In an early attempt,
Abercrombie and Causey (1950) were unable to detect any significant
isotope activity in host chick embryos in which secondary neural struc-
tures were induced by neural tube tissue labeled with P2 Recently,
however, Ficq (1954) has described experiments which indicate the
passage of labeled molecules from grafts of prospective chorda mesoderm
to induced neural structures in embryos of several species of amphibians.
The isolated tissues were allowed to incorporate the labeled compound
(either glycine-C'* or orotic acid-2C!%-6 carboxyl) for three hours in
vitro and then grafted to host embryos. Recovery was made after three
to five days and autoradiograms of donor and host tissues were prepared.
Although full details have not been published, the data presented support
the conclusion of molecular transfer from donor to host tissue. Pre-
liminary experiments in which the donor tissue is treated with ribo-
nuclease and protein-denaturing agents before transplantation further
suggest that the molecules involved may be ribose nucleoproteins.

It is difficult to assess the value of studies of the time course of in-
corporation of labeled amino acids during development of either the
entire embryo or of isolated embryonic tissues. A considerable number
of investigations have indicated that the rate of incorporation of amino
acids by tissue homogenates or particulate fractions is markedly higher
in embryonic than in adult tissues (Greenberg, Friedberg, Schulman,
and Winnick, 1948; Rayford and Friedberg, 1954). From the view-
point of general interest in protein metabolism, it appears that com-
parative studies of incorporation of labeled amino acids into specific
organs, during clear-cut periods in which cell degeneration and replace-
ment are not important factors in differentiation, might be of considerable
value in reassessing the concept of the dynamic state of proteins. Monod
and Cohn (1953) have emphasized that the “‘dynamic state’” may be in
fact not molecular but cellular. In general, the turnover of proteins is
especially rapid in those tissues in which cell replacement is marked, and
slow in those tissues which are stable from the standpoint of cell division.

3. Immunochemical studies of changes in antigenic constitution
during development. Among the numerous biological phenomena which
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can be investigated profitably with the techniques of immunochemistry
are the problems of differentiation and growth. Studies of the time of
origin, site of origin and the functions of specific antigens during de-
velopment are basic to further analyses of synthetic mechanisms. In a
recent discussion I have attempted an evaluation of our present level of
understanding of the problems of recognition and mechanisms of develop-
ment of tissue, individual and species differences (Ebert, 1954b) ; hence
I will not present a detailed review of the literature here. Interest has
centered, in the main, on two experimental approaches: (1) studies of
the formation of well-defined proteins and other antigenic molecules, e.g.,
the serum proteins and other blood antigens (Cooper, 1946 et seq.;
Schechtman and his collaborators, 1947 et seq.; Nace, 1953 ; Telfer and
Williams, 1953 ; Telfer, 1954), the lens proteins (Ten Cate and Van
Doorenmalen, 1950; Woerdeman, 1953), and the cardiac contractile
proteins (Ebert, 1953b) employing as tools antibodies directed against
the specific proteins of adult origin; and (2) comparisons of the antigenic
properties of progressive stages in ontogeny, employing antisera pre-
pared against complex antigenic mixtures derived from the embryonic
tissues under investigation (Clayton, 1953 ; Flickinger and Nace, 1953 ;
Nettleship, 1953 ; Perlmann, 1954; Spar, 1953). A variety of immuno-
chemical and immunobiological procedures have been employed, fre-
quently coupled with other methods of protein physical chemistry, e.g.,
electrophoresis and immunophoresis. While each of these approaches
offers insight into the development of tissue specificities, the second
suffers from operating too much in terms of complex entities. Instead
of considering the development of a number of antigens of whole em-
bryos, or nervous tissue or liver tissue, it should be possible to investi-
gate the development of some single substance, to follow quantitatively
the formation of a protein in normal development and under experimental
conditions circumscribed by previous investigations at the cell group or
tissue level. Currently there is much interest in our own laboratory in
determining whether this approach has any real value. It may be of in-
terest to examine the conclusions arising from a first approach to the
problem. The technical details of the work are given elsewhere (Ebert,
1953b; Ebert, Tolman, Mun, and Albright, 1955).

Tests of developmental potencies of small pieces of the chick blasto-
derm through transplantation to the chorioallantoic membrane, or cul-
tivation in witro clearly show that each of the isolated pieces possesses a
relatively restricted developmental capacity. Particular structures de-
velop only from rather definite areas of the blastoderm; in short, the
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organ-forming areas are localized to a considerable degree (Willier and
Rawles, 1935; Rawles, 1943; Rudnick, 1944). Waddington (1952)
recently has reemphasized the major objection to this approach, namely,
that each of the isolated pieces is triploblastic, thus rendering interpreta-
tion and further analysis difficult. Most of the investigators who have
employed the approach have been acutely aware of this limitation, how-
ever. It has been recognized that the degree of specificity of localization
of the several organ-forming areas differs. For example, on the basis of
his recent study of the localization of prospective neural plate in the
early chick blastoderm, Spratt (1952) has concluded that both trans-
plantation and carbon-marking methcds reveal the prospective fates of
different regions of the blastoderm. In the case of heart-forming areas

Fig. 1. Heart forming areas in the head-process blastoderm of the chick (From
Rawles, 1043).

(Fig. 1), however, as Rawles and Rudnick have emphasized, the areas
are amazingly large, exceeding in size the actual myocardial anlagen.
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Thus it appears that the heart-forming areas are arcas of prospective
potency and not of prospective fate.

Implicit in earlier definitions of organ-forming areas, e.g., the heart-
forming areas, has been the assumption that the cells of a region of the
embryo so defined are destined to become specialized at some future time
for the synthesis of the specific proteins characteristic of the definitive
organ and that the establishment of the heart-forming areas, for ex-
ample, is a localization of prospective myosin- (and other cardiac muscle
protein-) synthesizing cells. However, recent findings in our laboratory
(Ebert, 1953b) indicate that a revision of carlier concepts of the estab-
lishment of the heart-forming regions is required, for, by immunochemi-
cal methods, the progressive restriction of specific reactive groups of
cardiac myosin—and not of prospective cardiac muscle cells—has been
demonstrated. Cardiac myosin is synthesized in the early embryo, and
can be detected in the blastoderm at the mid-streak stage (Hamburger
and Hamilton, 1951 ; stage 3); in the embryo at stage 4 (definitive
primitive streak) the antigenic reactive groups of the protein are not
localized, but can be detected in all sections of the embryo analyzed, being
more concentrated in the middle and posterior than in the anteriormost
regions. Preliminary experiments (Ebert, unpublished data) indicate
that at stages 3 and 4, at lcast, cardiac myosin is confined to the epiblast,
being absent from all extracts of hypoblast tested. In the embryo at stage
5 (head process) and more clearly at stage 6 (head fold) cardiac myosin
is restricted in distribution to two lateral regions, in good agreement
with the limits of the heart-forming areas as defined by Rawles. The
findings indicate that a major synthesis of cardiac myosin is initiated
only after the prospective mesodermal cells have begun to move through
the primitive streak. It is suggested that cardiac myosin formation is
limited to the epiblast, but the evidence at hand does not permit the
assignment of myosin-forming capacity more precisely. It is clear,
despite the coincidence in time of the onset of myosin synthesis and cell
movement through the patent streak, that cells which have not yet passed
through the streak are capable of myosin formation, as shown by the
widespread distribution of the protein in the stage 4 blastoderm, particu-
larly in the most anterior levels.

The establishment of the heart-forming areas, then, clearly involves
the disappearance from a large part of the embryo of an already estab-
lished ability to synthesize the specific protein cardiac myosin. The in-
formation at hand does not permit an unequivocal conclusion con-
cerning the mechanism of restriction of myosin synthesis. At least two
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hypotheses are possible: First, that the localization of the protein is a
sorting-out or segregation phenomenon, the result of cellular movements
within the mesoderm. According to this view, the over-all synthetic
ability of the embryo would not be reduced, but merely aggregated in
discrete regions. While this interpretation is not supported by the facts
on hand concerning morphogenetic movements within the mesoderm, it
cannot be ruled out, for present knowledge of morphogenetic movements
does not permit a critical evaluation. According to the second hypothe-
sis, the myosin-synthetic mechanism would be lost in the embryo except
for the heart-forming regions. Barring a concomitant increased rate of
synthesis in the heart-forming arcas, therefore, the total synthesis of
cardiac myosin should be reduced. A quantitative immunochemical
analysis of the rate of accumulation of cardiac myosin in the heart-form-
ing regions and rate of disappearance in the adjacent parts of the embryo,
coupled with a radiochemical study of the rate of incorporation of
labeled amino acids as one index of rate of synthesis in the heart-forming
areas, may provide the information necessary to permit a choice between
these two alternatives.

It becomes of interest to examine next the development of the second
major cardiac contractile protein, actin. We ask the following questions :
Do cardiac myosin and actin develop simultaneously? Is the develop-
ment of each protein an independent event, or does the formation of one
precede that of the second and have a causal role in its synthesis? The
detailed results of the investigation to date have been presented else-
where (Ebert et al. 1955) ; however, for clarity, passing attention is
needed to the questions of the antigenicity and antigenic specificity of
cardiac actin. These remarks will be brief.

A comparative, immunochemical study of actins extracted from car-
diac and skeletal (hind limb) muscle of adult chickens has shown that
actin from both sources is antigenic in rabbits. Two methods have been
followed in preparing purified actin, viz., the ultracentrifugation tech-
nique employed by Mommaerts (1951) following extraction of crude
actin according to Straub (1943), and the method proposed by Tsao
and Bailey (1953) involving butanol extraction and dialysis. Despite
reports that these methods yield homogeneous actin preparations, im-
munochemical studies clearly show our preparations to be complex
mixtures. Cardiac actin prepared by either method is a mixture of at
least three antigenic molecules. It is encouraging to note that the cardiac
actin preparations from the two extraction procedures are indistinguish-
able immunologically. Tests by the Oudin serum-agar method coupled
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with reciprocal absorption studies indicate that of the three antigens
present in cardiac actin, at least one is held in common with skeletal
actin. It is possible through absorption methods to prepare antisera
which are specific for the cardiac actin antigenic complex, by removing
the antibody against the common antigenic component. These specific
antisera serve as sensitive agents for the study of the time of appearance
and distribution of cardiac actin in the chick embryo. It was demonstrated
first that the actin (antigenic complex) present in adult heart is present
in and can be isolated from the heart of the 12-day-old chick embryo. At
earlier stages it is necessary to employ a crude extract of cardiac muscle,
since a measureable yield of purified actin could not be obtained from the
small quantities of material available. All preparations of cardiac muscle,
both the purified actin complex and the crude extract, from embryos
of 12 to 18 days, and 36 hours to 11 days, respectively, reacted positively
with all antisera tested. Moreover, when the specific antisera are applied
directly to the embryo, in 0vo, at 48 to 60 hours, the further development
of the heart is blocked, resulting in the death of the embryo. These studies
demonstrate that combining groups identical with or closely related to
those of adult cardiac actin are present in the embryo as early as 36 hours
of incubation. However, both specific antigens of the cardiac actin com-
plex may not be present prior to the twelfth day, for tests by the Oudin
serum-agar method indicate only that at least one antigen is present.

This investigation has been extended to an examination of the forma-
tion and distribution of cardiac actin in the early blastoderm. The ap-
proach parallels that employed in the carlier study of the development
of cardiac myosin. Iixtracts of intact mid-streak to early somite stage
embryos and of surgically isolated regions of definitive primitive streak,
head process, and head fold stage embryos were tested for the presence
of antigens of the actin-complex by sensitive precipitin methods. These
experiments, in which more than 1600 early blastoderms have been
analyzed in 124 test series, have established that at least one antigen of
the cardiac actin complex first can be detected by precipitin methods in
the embryo at the head process stage. Further, it has been shown that
when first detectable in the embryo, the specific antigen is confined to
those areas previously defined as the heart-forming areas. At the head
process stage, there are traces of cardiac actin in the region of the streak,
but by the head fold stage, the antigen is completely restricted in dis-
tribution.

The sequence of development of the cardiac contractile proteins in the
chick embryo can be summarized as follows (Fig. 2): (1) The major
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synthesis of cardiac myosin is initiated during the formation of the
primitive streak ; the protein first can be detected with the methods em-
ployed at the mid-streak stage. (2) In the definitive primitive streak
stage embryo cardiac myosin is distributed throughout the epiblast; it
cannot be detected in the hypoblast. (3) Beginning at the head-process
stage, cardiac myosin is restricted to the heart-forming regions of the
embryo. (4) The restriction in distribution of cardiac myosin coincides
with the initiation of synthesis of at least one antigen of the cardiac actin
complex which is already limited in distribution to the heart-forming
areas at the time it first is detected.

DEVELOPMENT OF THE CARDIAC CONTRACTILE
PROTEINS, ACTIN AND MYOSIN

4 5 6

MYOSIN B ACTIN + MYOSIN

Fig. 2. Distribution of actin and myosin in the chick blastoderm at Stages 1-6 of
Hamburger and Hamilton (1951).

These facts have strategic value in the sense that they help forge a link
between previously unrelated lines of research and offer attractive ex-
perimental targets for further study. From the viewpoint of bridging
the gap between the tissue and molecular levels the following questions
are of interest : In what manner are normal patterns of synthesis modified
in isolated tissues and tissues placed in an altered tissue environment?
The posterior one-third of the early chick embryo isolated in vitro pro-
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duces a pulsating heart. What factors are absent from the isolate that
normally prevent the loss of synthetic activity which occurs in that region
in the whole embyro? Are myosin and actin synthesized in the epiblast
in the absence of the hypoblast? Of relevance in this general context are
Yamada’s experiments (1940) which show that undifferentiated meso-
derm cells form myoblasts if located next to the notochord, but form
erythroblasts if transplanted more laterally. The synthesis of the specific
proteins clearly is subject to the influence of the metabolic activities of
adjacent regions. At the molecular level, it would be interesting and in-
structive to know more in detail of possible relationships between the
spatial limitation of myosin synthesis and the initial synthesis of actin.
The formulation of an attack on this problem leans heavily on the kinetic
analysis of cardiac myosin synthesis discussed earlier. The sequential
synthesis of cardiac myosin and actin demonstrated in these experiments
tends to oppose the hypothesis advanced by Kominz, Hough, Symonds,
and Laki (1954) that myosin may be composed of actin plus tropomyo-
sin. This hypothesis is based largely on the fact that the amino acid
compositions of actin and tropomyosin “add up” to that of myosin.
Myosin has not been synthesized from mixtures of actin and tropomyo-
sin, nor has myosin yielded these smaller proteins upon degradation.

VI. THE CONCEPT OF ORGAN-SPECIFIC CONTROL OF GROWTH
AND DIFFERENTIATION

The history of attempts to formulate a general theory of growth regu-
lation testifies both to the need for a conceptual framework for the
fundamental data which are available and to the difficulties which have
barred the way. The methods available for the study of this complex
problem, although still over-simple and inadequate, now permit a pre-
liminary restatement of the problem in terms of molecular interactions.
Since protein synthesis is one of the fundamental aspects of growth, the
discussion of these problematic issues has particular relevance at this
time. There is little advantage in delving into the long history of the
conceptual schemes which have been developed ; it will be clear, however,
as the discussion unfolds, that most recent formulations owe a consider-
able debt to those of the past. Our point of departure is the theoretical
statement presented by Weiss at an earlier annual symposium of this
society (1945) and later published simultaneously with a somewhat
similar statement by Tyler (1947). This concept, extended and supple-
mented in subsequent discussions (Weiss, 1950, 1952, 1953a, b), is
centered on the question as to whether organ-specific compounds in-
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strumental in the synthesis of a given protoplasm occur in comple-
mentary pairs, with the relative ratios of the partners determining growth
rates. According to this view, “protoplasmic synthesis of a given organ
yields (a) ‘templates’ for further reproduction and (b) accessory diffus-
ible compounds capable of inactivating the former. As the latter, accumu-
lating in the common humoral pool, reach critical concentration, growth
ceases. Partial removal of an organ by reducing the concentration of
(b) will automatically entail compensatory growth in the rest of the
organ” (Weiss, 1953 a). Three lines of evidence have been mentioned
in support of this idea: (1) Incorporation of organ fragments, e.g., liver
or kidney, from 6-day-old chick embryos into the area vasculosa of 4-day-
old embryo hosts results in an increase in weight of the homologous
organ of the host. (2) The injection of embryonic kidney brei into
younger embryos produces after one or two days a fifty per cent increase
above normal in mitoses in the host kidney. (3) The partial destruction
of the metanephros in a “prefunctional” stage resulted in a compensa-
tory hyperplasia in the remaining kidney, marked by an increase in
mitotic activity of over fifty per cent after twenty-four hours. On the
other hand, the addition of an organ extract might be expected to reduce
the differentiation capacity of the homologous organ. In a preliminary
report, Weiss (1952) has presented the results of experiments support-
ing this proposal. Embryonic chick tissues were reared in tissue culture
media prepared with extracts of (1) whole embryos and (2) embryos
from which the homologous tissue had been removed. Of 333 heart frag-
ments with healthy growth in full extract, only two pulsated after the
fourth day, while of 349 fragments similarly reared, except for omission
of heart extract from the medium, 129 pulsated, indicating progressive
muscular differentiation. In a similar experiment, of 1007 embryonic
kidney (metanephros) fragments in full extract, only 74 formed new
tubules, against 176 of 1006 cultures grown without kidney tissue in
the extract.

Related ideas are embodied in the “general theory of cellular differ-
entiation and embryonic pattern formation based on an hierarchy of
self-limiting reactions” presented by Rose (1952). It is argued that an
important mechanism in progressive differentiation is the successive in-
hibition of one gene-initiated reaction after another by the collection of
specific metabolites which inhibit in the mass action relationship. Rose
further states that the established fact of compensatory restoration of lost
tissue, e.g., liver growth after partial hepatectomy (Higgins and An-
derson, 1931; Ferrari and Harkness, 1954) demonstrates that the
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growth of differentiated tissues also is self-limiting and advances the
hypothesis that growth is resumed following a reduction in concentra-
tion of inhibitory metabolites. This is, and has been for many years, an
attractive hypothesis; in 1918, Jacques Loeb wrote as follows: “By
measuring the influence of the mass of a leaf attached to an isolated piece
of stem upon the process of regeneration in the piece, it has been possible
to prove that the quantity of regeneration is in equal time and under
equal conditions in direct proportion to the mass of the leaf . . . If we
measure the rate of regeneration by the mass of the material regenerated
in a given time, the law of regeneration becomes a special case of the law
of chemical mass action. That this mass action on a bud is only possible
in a piece of stem after it has been isolated, the writer explains on the
assumption that the apex of an intact plant sends constantly inhibitory
substances into the stem preventing the buds contained in the stem
from growing and consuming the material required for growth . . .
The mystifying phenomenon of an isolated picce restoring its lost organs
thus turns out to be the result of two plain chemical factors: The law
of mass action and the production and giving off of inhibitory substances
in the growing regions of the organism.” Although Rose has revived
this hypothesis with respect to growth regulation, supporting evidence
of a critical nature has not been presented; the experiments of Bucher,
Scott, and Aub (1950) which show that partial hepatectomy of one
member of a pair of parabiotic mice leads to an increase in mitosis in the
liver of its partner suggest only a blood-borne mechanism for control of
liver mitosis.

In applying the hypothesis to the mechanism of differentiation and
pattern formation, a major assumption is that there are specific metabo-
lites which, in sufficient concentration, will inhibit differentiation of the
cell type which produced them. In support of this view, Rose has reported
briefly that the differentiation of embryonic frog tissues (blood, brain,
and heart) is suppressed by culturing embryos through the neurula
stage in a medium containing suitable concentrations of the homologous
tissues (e.g. an intact organ or an organ extract). Shaver (1954) has
stated that a granular fraction of adult frog brain arrests brain differen-
tiation. Neither the conditions nor the results of these experiments have
been reported fully.

There has been considerable discussion of the ideas advanced by
Weiss and Rose. The two theoretical statements agree in the general
sense that differentiation and growth of a tissue may be influenced by
its own products. Rose has stressed the self-limiting nature of tissue dif-

[891]



J. D. EBERT

ferentiation, emphasizing that following an initial general stimulus,
differentiation results from a series of specific inhibitions. The growth
of differentiated tissues is considered within the same general plan.
Weiss, on the other hand, has developed a more comprehensive scheme to
account for the specificity in tissue growth, harmonious growth relations
between different parts of the same organism and their regulation upon
disturbance. Growth, the reproduction of tissue-specific molecules is pro-
portional to the number of “template” molecules available. During the
type-specific synthetic process, complementary “anti-templates” are pro-
duced. These “anti-templates” are capable of diffusion from the cell and
can pass freely to the exterior, whereas the “templates” are fixed within
the cell. Growth proceeds until an equilibrium is established between
the intra- and extracellular populations of “anti-templates.” As the
number of “anti-templates” leaving the cell is reduced, the number avail-
able to react with “templates” within the cell is increased ; this results in
a reduction in free “templates” ; hence a reduction in synthesis. If part of
an organ, e.g., the liver, is removed, the number of liver “templates” and
“anti-templates” will be reduced. Since the “templates” are proposed to
be strictly intracellular entities, the reduction in their number might not
be perceptible to the organism as a whole. As the population of extra-
cellular “anti-templates” was reduced, “anti-templates” would diffuse
from within the cells, leaving uncovered “templates,” thus resulting
in growth of the homologous tissue. As Weiss has remarked, this is an
over-simplified model, intended to help in formulating expcrimental
attacks on the problem. Several lines of experimentation have been ini-
tiated by Weiss and his co-workers; from experiments in which it was
shown that grafts of older embryonic chick tissues made to the vascular
areas of 4-day-old chick embryo hosts result in a relatively specific re-
sponse, viz., an increase in mass of the homologous organ (vide supra),
Weiss suggested that “either specifically shaped parts of liver cell proteins
can act directly as nuclei for further synthesis when entering the appro-
priate environment, i.e., another liver cell, or they act merely as models
for moulds which would turn out more of the original product.”

In 1948 T began an investigation of the factors concerned in the
enlargement of organs of the host chick embryo following transplantation
of homologous tissues from older embryos and adult fowls in the belief
that the information might be pertinent to an understanding of protein
biosynthesis and the growth of the organism. At the outset of the study
the major experimental target was the chick spleen. The observation that
chorioallantoic grafts of adult chicken spleen elicit a striking enlarge-
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ment of the spleens of host chicks was made first by Murphy (1916) and
was confirmed subsequently by Danchakoff (1916, 1918), Willier (1924
and unpublished data), and Pomerat (1949). Although considerable
evidence had been presented concerning the cellular nature of the re-
sponse, the data available regarding the specificity of the effect and
mechanism of action were contradictory and incomplete. In a first ap-
proach to the problem, therefore, the tissue- and class-specificities of the
effect were determined. The findings which have been published (Ebert,
1951) clearly demonstrate that the effect is class-specific and quantita-
tively tissue-specific. While adult chicken spleen grafts result in a strik-
ing increase in weight of the host chick spleen, grafts of adult mouse
spleen are ineffective. Of eleven adult chicken tissues tested in addition
to spleen, only two, thymus and liver, affect the host spleen and in each
case the effect is quantitatively less than that observed with splenic grafts.
It was shown, in addition, that the ability of chicken spleen grafts to
effect host spleen enlargement is correlated directly with the age of
the donor, the factor or factors concerned appearing first in the embry-
onic chick spleen at approximately the fourteenth day of incubation and
increasing thereafter until the adult level is reached. The latter finding
suggested that it might be possible to correlate the progressive increase
with age in the ability of spleen grafts to evoke enlargement of the host’s
spleen with the development, during a similar period in ontogeny, of the
specific effector molecules. In appraising the evidence relative to the
specificity of the effect, it was noted that the results were in agreement
with immunological studies on organ-specificity which show clearly
that cach organ contains a large number of antigenic molecules, certain
of these being organ-specific, and others being held in common with one
or more organs. The lack of absolute organ-specificity might well be
attributed to the presence in spleen, thymus, and liver of certain common
antigenic molecules, in addition to the specific antigens characteristic of
cach tissue. Thus, an immunochemical approach to the problem was sug-
gested, and subsequently undertaken. I need not recount the steps in the
investigation here, for the major findings have been published in extenso
(IEbert, 1951, 1952). It has been shown that the time of appearance of
the specific factors concerned in host spleen enlargement is paralleled by
the development of a group of splenic antigens. I wrote optimistically in
1951 that “these findings suggest a correlation between the progres-
sive increase with age in the ability of spleen grafts to evoke en-
largement of the host’s spleen and the development of a specific group of
spleen antigens.” It has been possible to demonstrate by using the serum-
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agar precipitin technique in combination with reciprocal absorption
methods that the minimal number of specific antigens in the group which
is detected first on the fourteenth day of incubation is three (Ebert,
1952). That any of these specific antigens is effective in promoting
splenic enlargement has not been proved, however. Although the antigens
are separated one from another by the method employed, each remains
bound to its specific antibody. It has been a common experience that the
antigen-antibody complex may be split to yield purified antibody and de-
natured antigen, the antibody being more resistant than the antigen to
the agents employed. In general, efforts to split the antigen-antibody
complex by techniques sufficiently mild to allow recovery of the purified
antigen have not met with success. Agar bands containing the antigen-
antibody complex have been isolated and implanted on the chorioallantoic
membrane ; no effects on the host spleen have been observed. These nega-
tive findings may not be meaningful, however, for the reactive groups
of the antigen could be masked by complexed antibody and, perhaps of
greater significance as will be more evident later, the concentration of
antigen administered probably is below the effective level.

With this critical point unsettled, the major questions may be re-
stated as follows: (1) Does the enlargement of the embryonic spleen
following an homologous transplant reflect a true increase in protein,
or is it the result of an accretion of smaller molecules? (2) If, as postu-
lated carlier, the enlargement results from a transfer of protein or other
tissue-specific molecules, what is the magnitude of the transfer? Is a
small number of molecules involved (template or catalytic hypothesis)
or is a larger population of molecules transferred? Recently I reported
the findings from a series of experiments designed to answer these ques-
tions (Ebert, 1954a).

Analyses of the total and non-protein nitrogen content of normal and
enlarged embryonic host spleens following sham operations or grafts of
inactivated chicken spleen and fresh adult chicken liver and spleen, re-
spectively, prove that the nitrogen content per milligram of tissue does
not differ significantly in the several groups. The data demonstrate that
the increase in weight of the stimulated spleens is paralleled by an in-
creased nitrogen content; the mean weight of host spleens stimulated by
transplants of fresh adult spleen is approximately four times that of the
controls ; the nitrogen content is increased to a similar extent. These find-
ings clearly support the view that the increase in weight of host embryo
spleens is not due to an accretion of smaller molecules, but reflects a
true increase in protein content.
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Does enlargement of the host spleen result from a transfer of tissue-
specific molecules from the transplant to the homologous host tissue? If
so, what is the magnitude of the transfer? In attacking this question,
the basic approach involved the transplantation of adult chicken and
mouse tissues labeled with sulfur-33 to the chorioallantoic membrane of
host embryos. At the time of recovery, the grafts and several host tissues
were analyzed to determine the radioactivity of the graft and extent of
transfer and localization of radioactive sulfur in the host tissues. Only
those aspects of the methodology essential to an evaluation and clear
understanding of the findings will be presented here. Adult chickens and
mice were injected intraperitoneally with S3%-labeled L-methionine ac-
cording to a schedule designed to obtain a high level of radioactivity
without radiation damage in the proteins of the tissues to be transplanted.
At sacrifice, the following steps were carried out rapidly: (1) spleen,
kidney, liver, gonad, and heart samples were fixed for histologic and
autoradiographic preparations; (2) spleen, kidney, and liver samples
were weighed and stored in the frozen state pending digestion for deter-
mination of specific activity ; the remainder of the spleen and kidney was
weighed and used in chorioallantoic transplants. After three or five days
the transplants and host spleen, kidney, and liver were recovered. The
specific activity of the radiosulfur in protein and non-protein fractions of
the donor and host tissues was determined as counts per minute per
micromole of sulfate in each fraction, sulfate being extracted by digestion
of tissues with fuming nitric and perchloric acids and precipitated as
benzidine sulfate on a fritted glass disc. Radioactivity was counted in a
methane flow proportional counter and sulfate determined titrimetrically.

The principal object of the study was the spleen. The choice of a
second, or control, tissue for transplantation lay between heart and kid-
ney, both of which may be transplanted successfully. Adult kidney was
selected because its specific activity was considerably higher than that
of adult heart. The findings constitute a consistent body of evidence
which shows clearly that following transplantation of labeled adult
chicken spleen or kidney, there is a specific transfer of radioactivity from
the graft to the homologous host tissue (Fig. 3). The transfer is selective
both from spleen to spleen and from kidney to kidney. Moreover, in addi-
tional experiments, it was shown that there is no evidence of selective
incorporation following grafts of labeled mouse spleen (I7ig. 4).

These experiments offer striking support for the concept of class- and
tissue-specificity in the effect of transplants on homologous embryonic
tissues, and constitute the most direct evidence presented to date for a
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transfer of tissue-specific molecules from donor to host tissues. However,
the findings do not support the idea that the growth of the host tissues
is the result of the catalytic action of a small number of “template”
molecules. When the data are expressed as the ratio of specific activity
of host tissue protein to specific activity of graft tissue protein, it is ap-
parent that as early as the third post-operative day, as much as fifteen
per cent of the homologous host tissue protein may be derived, or contain
specific molecular contributions, from the proteins of the graft. To ex-
plore this possibility further, a further series of experiments was under-
taken, in which S*-labeled methionine was injected into the yolk sac
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of nine-day-old embryos immediately following either grafts of non-
radioactive spleen or sham operations. Grafts and host tissues were re-
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covered after three days. Although the host spleens were enlarged in
the former group and thus total activity was greater, the specific activi-
ties (activity per micromole of sulfate) in the tissues of the two groups
did not differ significantly (Fig. 5). Coupled with the previous findings,
these results suggest that the growth of embryonic host organs follow-
ing homologous grafts is due, at least in large part, to a selective in-
corporation into the proteins of the host tissue of tissue-specific com-
ponents from the graft. Thus, the question is raised as to the nature
of the specific components transferred.
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In view of the observations by Weiss and Andres (1952) which sug-
gest that dissociated embryonic cells injected into chick embryos par-
ticipate in a type-specific localization in the embryonic host and are
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incorporated into the normal pattern of differentiation, it seemed a dis-
tinct possibility that whole cells might be transferred from graft to host
tissue. Upon critical examination, however, this view proved to be un-
tenable; three lines of evidence have been considered: (1) Microscopic
examination of histologic preparations of embryonic host kidney re-
veals no accumulation of cells not incorporated into the normal cellular
pattern of the kidney. One might expect to find intermediate stages if
such a process were involved; none have been found. At the cellular
level the response in host spleens following spleen grafts made to nine-
day-old embryonic hosts is a stimulation of granulopoiesis, granulocyte
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formation being in progress in the spleen during the same period in
normal development. (2) A study of autoradiograms of grafts and kid-
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ney, spleen, and other tissues of host embryos indicates that while there
is, in general, a higher level of radio-sulfur in the homologous tissues,
there is no localization ecither to any particular region or to any specific
cell type of the kidney or spleen. (3) Analyses of DNA in enlarged and
normal spleens show that the DNA content of the enlarged spleens does
not increase concomitantly with the increase in protein content, a finding
in agreement with the transfer of tissue-specific molecular constituents
rather than of whole cells.

The findings in the investigation to date strongly suggest that the
growth of host tissues following homologous grafts is due to a “building
block” rather than a “template” or catalytic mechanism. The latter pos-
sibility has not been completely ruled out, however, since the two hypoth-
eses are not mutually exclusive. The “building block” hypothesis, i.e.,
the idea of selective incorporation from grafts into homologous host
tissues of tissue-specific proteins or specific constituents larger than
amino acids, permits us to focus on several clear experimental targets:
(1) a detailed study of the rate of incorporation of labeled amino acids
from the yolk sac into embryonic tissues under normal and graft con-
ditions; (2) an analysis of the post-operative time required for graft
substances to reach the homologous tissues of the host, together with the
subsequent rate of transfer; (3) a study of the effects of tissue homoge-
nates, e.g., homogenates of spleen, and fractions thereof. The chief ob-
stacle to be hurdled is the difficulty encountered in determining the effects
of the small quantities which can be injected into the embryonic circu-
lation. It has not been possible to obtain splenic enlargement by injec-
tions of fresh spleen homogenates into the yolk sac, a finding which is
not unexpected since the activity of the proteolytic enzymes of the yolk
sac reaches a maximum at the ninth or tenth day and does not decline
thereafter (Romanoff, 1952). In preliminary experiments, only a slight
stimulation of splenic growth was observed after injections of o.1 and
0.2 ml. of an homogenate of fresh adult spleen via the chorioallantoic ves-
sels, a fact which further suggests that the effect is not catalytic, but
that a constant flow of graft materials is required.

Let us consider briefly a further test of the concept of suppression of
differentiation by older tissues or tissue homogenates. Recently I posed
the question as to whether a graft of spleen made to the chick embryo
early in the fourth day of incubation, well before the spleen has made
its appearance, might suppress the development of the spleen (1954a).
Such a finding might be expected if the hypothesis advanced by Rose has
general validity. In an attempt to answer this question, two lines of
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experimentation have been initiated: (1) the transplantation of spleen
from the newly hatched chick to the coelom of sixty-six to seventy-two
hour host embryos with recovery at twelve days (in collaboration with
Dr. R. A. Tolman) and (2) the injection of homogenates of fresh adult
chicken spleen into the coelom of the chick embryo at seventy-two and
seventy-eight hours, with recovery at nine and fourteen days. I can re-
port that in the host embryos recovered to date the spleen is quite evi-
dent. The histologic analysis of the first group has not been complete:l.
In the second group, however, the differentiation of the spleen has pro-
gressed to the same extent in the embryos that received a total of 0.1 ml.
of spleen homogenate as in the embryos that received o.1 ml. of chick
Ringer’s solution.

VII. TRANSPLANTATION SPECIFICITY AND ACTIVELY ACQUIRLD
TOLERANCE

The question arises next as to the bearing of the findings reported
here on the concept of actively acquired tolerance. Owen (1945) first
demonstrated the establishment of permanent natural transplants of
hematopoietic tissue exchanged between bovine twins. These observa-
tions have been confirmed and extended in later investigations of multiple
births in cattle (Owen, Davis, and Morgan, 1946). The exchange of
hematopoictic tissues has been linked with the freemartin condition m
those cases in which the embryos have been of different sexes. Recently,
Dunsford, Bowley, Ilutchison, Thompson, Sanger, and Race (1933)
have described a human female erythrocyte chimaera which is interpreted
as illustrating the same phenomenon, but without associated sexual ab-
normality. Earlier experiments dealing with transplantation specificity in
twin cattle by Anderson, Billingham, Lampkin, and Medawar (1931)
and Billingham, Lampkin, Medawar, and Williams (1952) indicated
that cells or materials other than erythrocyte primordia might be ex-
changed between twins. This body of evidence suggested to Billingham,
Brent, and Medawar that it might be possible to prolong the life of skin
homografts in adult mice by a prior exposure of the fetal mouse to for-
eign homologous cells. An experimental test of the proposal has indicated
strongly that it may be correct (Billingham et al., 1953). The evidence
presented suggests that the results are not due to either antigenic trans-
formation of the grafts or to the competitive absorption of antibody. The
effect is not of an all-or-nothing character; all degrees of success are
noted. The immunological specificity is high: prior exposure of a CBA
mouse in the fetal period to cells of a strain A donor induces tolerance
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to A cells, but not to AU cells. There is a suggestion, however, that a
general quiescence of antibody-forming cells is necessary, for if CBA mice
rendered tolerant to and bearing A grafts are challenged with AU grafts,
as the latter are destroyed, the A grafts undergo an immunological crisis.
Thus, although embryos do not produce circulating antibody, they re-
spond in a manner which prejudices their ability to do so in later life.
Moreover, this response is highly specific. Owen, Wood, Foord, Stur-
geon, and Baldwin (1934) have reported briefly that a similar tolerance
acquired during the fetal period may be, in part, responsible for the ob-
served variation in response of Rh negative persons exposed to Rh anti-
gens.

Great interest attaches to the recognition that the mechanism through
which the specificity of protein synthesis is accomplished can be modified
during the fetal period. Several questions of considerable importance are
raised : Weiss and Andres (op. cit.) have reported that donor cells can
participate in a type-specific localization in an embryonic host; Ripley
and Owen (cited by Horowitz and Owen, 1954) have produced persist-
ent erythrocyte mosaicism by injecting embryonic rat cells into rat
embryos of different blood types. These observations, together with the
demonstration of the localization of tissue-specific proteins, or molecular
constituents larger than amino acids, from grafts in host embryonic
tissues, lead one to inquire as to the fate of the fetal inoculum employed
by Billingham et al. [s it feasible to undertake experiments to trace the
materials injected ? Is there a type-specific localization or a concentration
in the cells of the developing reticulo-endothelial system? Does “actively
acquired tolerance” result only from the establishment of permanent lines
of donor-type cells, or are particulate or molecular inocula effective? A
great deal more work must be done before the general significance of this
promising ficld can be properly assessed.

VIII. THHE ROLE OF PEPTIDES AND PROTEINS AS SPECIFIC PRE-
CURSORS IN PROTEIN SYNTHESIS

The evidence and interpretation just presented for the ability of em-
bryonic tissues to incorporate type-specific cellular and molecular con-
stituents and to respond to the inoculation of fetal tissues in such a way
that one of the major protein-forming systems, i.e., the antibody-forming
system, is altered in a highly specific sense, naturally raises the question
as to whether other lines of evidence offer any support to such a concept.

It has been noted earlier in the discussion that recent investigations
have been centered about the role of free amino acids as precursors of
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proteins. An important feature of the concentrative activity of cells for
amino acids undoubtedly is that it provides a reserve supply of precursors
for protein synthesis. Other possible precursors representing the various
amino acids have not been detected except in much lower supply. Bor-
sook, Deasy, Haagen-Smit, Keighley, and Lowy (1949) have suggested
that a peptide fraction extracted from liver may be a reserve precursor;
this material has been found to be highly complex, containing at least
four substances (Fels and Tiselius, 1952), but has not been assessed
further. The scarcity of intermediate precursors has been observed in
yeast by Halvorson and Spiegelman (1952) who reported that none of
the amino acids were depleted from the cells when the utilization of one
of them for growth or inductive enzyme formation was prevented by the
presence of a synthetic analogue. Therefore, no appreciable quantity
of intermediate precursors appeared to be involved in the synthesis of
the enzyme or other proteins except for possible precursors already so
complex as to require the entrance of the amino acid whose utilization
was blocked. The authors concluded that already-formed proteins have no
direct role in the formation of inductive enzymes without passing through
the free amino acid pool, a conclusion in agrcement with that reached by
Monod and Cohn (1953) in their study of the synthesis of beta-
galactosidase in E. coli.

Muir, Neuberger, and Perrone (1951) have presented data which
indicate that there are no differences in specific activities of valine at
terminal and non-terminal positions of hemoglobin synthesized by the
rat supplied with the labeled amino acid. Additional evidence which is
interpreted as favoring the idea of simultaneous incorporation of amino
acids in the formation of a protein is found in a comprehensive investi-
gation by Simpson and Velick (1954) who have studied the incorpora-
tion of a mixture of five labeled amino acids (glycine-1-C'4, pL-alanine-
1-C', pL-lysine-2-C'*, pL-phenylalanine-3-C!*, and pL-methionine-S?%%)
into the enzymes aldolase and glyceraldehyde-3 phosphate dehydro-
genase in the rabbit. The authors conclude that the two enzymes were
synthesized from the same pool of precursors but at different rates. It
should be pointed out, however, that the enzymes were recovered for
analysis thirty-eight hours after injection of the labeled compounds. A
study after much shorter intervals is indicated.

The low level of tissue peptides, aside from specialized structures, has
led to considerable uncertainty as to the place of intermediates in protein
synthesis. Yet it does not seem at all likely that all of the peptide bonds
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of a new protein are closed simultaneously. In contrast to the foregoing
discussion, several lines of evidence favor the concept of peptide inter-
mediates. In collaboration with Steinberg, Anfinsen (1951, 1952) has
reported non-uniform labeling of different residues of the same amino
acid in ovalbumin. Peters (1953) has concluded from a tracer study of
serum albumin synthesis that amino acids are in intermediate compounds
for at least twenty minutes before the fully-formed protein can be de-
tected. The nature of the intermediates is unknown, although they do not
resemble the protein in serological properties, or electrophoretic or
solubility behavior. From a study of the synthesis of globulins in pea
seeds, Snellman and Danielsson (1953) have concluded that the syn-
thesis is a stepwise phenomenon involving the formation of oligopeptide
intermediates. Francis and Winnick (1953) have compared the mode
of utilization by tissue cultures of cardiac muscle of free C!*-labeled
amino acids with that of the same amino acids in protein bound form.
From experiments in which relatively large concentrations of non-labeled
amino acids were added to the medium as metabolic traps, it was con-
cluded that most of the C'* singly labeled proteins could be transferred
from a nutrient embryo extract medium without the release of free amino
acids.

This conclusion recalls the long debated role of the plasma proteins in
the transfer of protein precursors from cell to cell. In a recent review,
Christensen (1953) concludes that “satisfactory evidence does not ap-
pear to be available for assigning a function of quantitative importance
to the undegraded plasma proteins in transferring nitrogen from cell to
cell.” Studies by Barry (1952) indicate that the plasma proteins have
no detectable part as precursors of milk proteins, a conclusion supported
by Campbell and Work (1952) with respect to casein; for the whey
proteins a minor but significant participation by precursors other than
free amino acids seemed to be involved. Conversely, Ten Cate (1953
a, b) and Nace (1953) have pointed out that the transfer of proteins
from the blood may account for some of the immunological similarities
that have frequently been detected between the egg and blood proteins.
It seems not unlikely that analogous mechanisms are utilized in the
management of other proteins. Telfer (1954 ) has provided a sound body
of evidence that a specific antigen is secreted into the blood of the pupa
of the cecropia silkworm by some tissue, as yet unidentified, and that
during the period of egg formation, the ovaries remove the antigen from
the blood and deposit it in the yolk. The evidence for the last point
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comes from a well-designed experiment in which Telfer demonstrated
by immunochemical methods that the ovaries of the polyphemus moth
incorporate cecropia antigen from transfused cecropia blood.

The most striking evidence for the transfer of protein from plasma to
fixed tissues followed by transformation of the plasma protein to other
kinds of intracellular protein is provided by an extensive and critical
study by Humphrey and McFarlane (1954 a, b) of the fate of homol-
ogous antibody in the rabbit. Let us consider the findings and interpreta-
tions of this approach in some detail. It should be noted first that when
Yuile et al. (1951, 1952) produced plasma proteins labeled with lysine-
C! in a dog and fed them to a second dog, the fate of the isotopic carbon
was essentially the same as when free labeled lysine was fed along with
a protein digest, indicating that the homologous protein probably
underwent digestion. In contrast, if the labeled plasma protein was in-
jected, as much as twenty per cent of the radioactive carbon was found
after seven days in the circulating plasma protein and as much as forty
per cent in the tissues. The respiratory loss of labeled CO, was only
about one-tenth as great as after feeding the proteins, which was in-
terpreted as indicating that the lysine had not passed through the free
state in the conversion from plasma to tissue protein. Christensen (0p.
cit.) has remarked that an alternative explanation might be that the
lysine gradually released from the plasma protein over a long period
would be used more extensively for new synthesis than a large concentra-
tion available for a short time. Morcover, Yuile et al. did not reveal how
much of the radioactivity found in the tissues was in the form of un-
changed transfused protein and how much was in newly formed tissue
proteins. Nor did they distinguish between labeled intracellular protein
and labeled plasma protein in the lymph.

In their analysis of the problem, Humphrey and McFarlanc first
showed that C'*-labeled antibody and C'*-labeled normal gamma glob-
ulin disappear from the circulation of the rabbit at similar rates. Evi-
dence was advanced to support the view first put forward by IHeidel-
berger, Treffers, Schoenheimer, Ratner, and Rittenberg (1942) that
antibody molecules in the circulation do not exchange their constituent
amino acids and it was suggested that normal globulin molecules
probably also do not do so. Antibody molecules may therefore be per-
missible tools for use in the study of the ultimate fate of plasma glob-
ulins. In fact, they offer considerable advantage for they can be recovered
and identified by means of specific precipitin reactions.
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In the experiments to be described, antibody was prepared for use
as a tool in the following manner : A rabbit was injected with carboxy-C*
phenylalanine in divided doses over a period of forty-eight hours, be-
ginning two days after the last of a series of injections of pneumococci.
The rabbit was bled fifteen hours later and the serum proteins frac-
tionated. For the purpose of these experiments a globulin fraction was
employed comprising forty per cent specifically precipitable labeled anti-
body and sixty per cent other labeled globulins. One gram of this fraction
was transfused intravenously into a rabbit. This was followed after
sixteen hours by an injection of Evans Blue dye. After twenty-five
additional hours the animal was sacrificed and perfused. By extracting
the tissues with carrier antibody and measuring the amount of residual
lymph by means of the Iivans Blue dye, it was shown that practically
all of the residual antibody could be accounted for in the residual lymph,
suggesting that the remainder of the radioactivity present was in the
form of protein which had lost its original specific antibody configura-
tion. Transfused antibody entered cells in organs which became highly
labeled, viz., liver, kidney, spleen, bone marrow, lung, and gut, and was
rapidly changed into some other kind of intracellular protein. Prelim-
inary determinations of plasma-free amino acid radioactivity showed
that some part of the carbon in several organs (liver, bone marrow,
lung) had a higher specific activity than the plasma free amino acid
fraction and could not have arisen from the plasma-free amino acids.
These latter findings arc not to be regarded as critical, however, since
the exact proportion of phenylalanine in the plasma free amino acid
portion compared with that in the tissue proteins has not been deter-
mined. The results are compatible with the idea that some of the radio-
actively labeled tissues may have used transfused globulins directly for
protein synthesis.

The selective incorporation of radioactivity from proteins of labeled
chorioallantoic grafts of adult chicken tissues into proteins of homol-
ogous tissues of host chick embryos and the other lines of evidence
cited above offer strong support for the conclusions of Francis and
Winnick and Humphrey and McFarlane that embryonic and adult
tissues, respectively, can utilize alrcady-formed proteins for the neosyn-
thesis of protein; in fact, they favor the further conclusion that the in-
corporation may be of a highly specific nature in that the constituents of
one protein may be used preferentially in the synthesis of the homologous
tissue protein. It is not necessarily implied that free amino acids were
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not formed as intermediates, but only that the intracellular amino acid
pool was not in immediate, complete equilibrium with the plasma-free
amino acid pool.

In the above pages a few of the problems of protein synthesis in
differentiation and growth have been presented. Many of these problems
were formulated long ago, but in different terms; only recently have
we been able to make a first approach toward their restatement in terms
of molecular interactions. Imposing as these problems may be, the real
challenge lies ahead, for protein biosynthesis constitutes only one of the
ordered sequence of chemical and physical transformations which result
in cellular differentiation and morphogenesis. Not the least of the prob-
lems which lie ahead is the definition in molecular terms of the category
of tissue interactions described as “tissue affinities.” The type-specific
localization of cells and molecular constituents which results in their
incorporation into normal patterns of differentiation and growth de-
scribed above illustrates one present attack on this problem. Probably
the methods now employed will prove to be over-simple and inadequate.
The purpose of discussion is to reveal the problems and to suggest
possibilities for their solution.
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V. REVIEW OF THE PLEIOTROPIC
EFFECTS OF W-SERIES GENES ON
GROWTH AND DIFFERENTIATION

BY ELIZABETH S. RUSSELL'

HE study of gene action in mammals is a fascinating and challenging

field of investigation. It is one which can make use of a large body
of existing knowledge of embryology, physiology, histology, and bio-
chemistry, and also can make unique contributions to these fields by the
analysis of natural experiments performed by genes. The types of gene
effects observed in mammals are quite different in their relation to
original gene action from the beautiful examples of gene-controlled bio-
chemical processes in Neurospora. The mammalian effects are almost of
necessity farther removed from the original time and place of gene action,
and involve differences in inductive processes, in form and function of
particular organs and tissues, and in endocrine relationships, for example.
Any particular gene under investigation seems to exert its influence
in a major way only in certain tissues or at certain stages. A matter of
great interest is the nature of factors responsible for evoking these effects
and for limiting them to definite times and sites.

In this paper I would like to draw together results of investigations
and pose questions for future study concerning the nature of actions of
one particular series of allelic genes, the IW-genes of the mouse. These
have major effects on quite disparate characteristics: erythrocyte level
and blood formation; viability; gonad development and function; and
extent and intensity of coat pigmentation. There are three alleles, I¥/,
W?, and w, and thus six possible genotypes for this locus. A general
description of the effects in three of these genotypes, the normal ww,
the severely anemic but viable, sterile, black-eyed white IW*I¥?, and the
extremely anemic lethal, W IV, is given in Fig. 1. It should be under-
stood that other genotypes are also affected ; W I? is also very severely
anemic, and W*w slightly anemic.

In the normal ww, the mean erythrocyte level at the 16th day of em-
bryonic life is 2.6 X 10°RBC/mm?, the mean in the newborn is 4.8 X

1 Roscoe B. Jackson Memorial Laboratory, Bar Harbor, Maine. This work has been
supported in part by a grant to the Jackson Memorial Laboratory from the American
Cancer Society upon recommendation of the Committee on Growth of the National Re-
search Council. It has also been aided by grants to the Jackson Laboratory from the
Anna Fuller Fund, Jane Coffin Childs Memorial Fund, and the National Cancer In-
stitute, U, S. Public Health Service.
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10°RBC/mm3, and the mean in the adult rises to approximately 9-10 X
10°RBC/mm? in the strain under investigation (deAberle, 1927; Russell
and Fondal, 1951). In the severely anemic but viable //*I¥’?, the mean
16-day embryonic erythrocyte level is only 1.3 X 10°RBC/mm?®, the
newborn level is only 2.2 X 10°RBC/mm?, and the adult level rises to
approximately 5-5.5 X 10°RBC/mm?. In the even more severely anemic
WW, the 16-day erythrocyte level is 0.5 X 10°RBC/mm®, the new-

STAGE ww_EFFECTS w'wY EFFECTS WW_EFFECTS

s O3, | U5
ZYGOTE "" “" v

FETUS k\ Z:;\ ?
| ﬁ |
INFANT \@

BLOOD  GONAD  PIGMENT

WHITE USUVALLY DIES WITHIN

Q A WEEK OF BIRTH

BLOOD GONAD  PIGMENT | BLOOD  GONAD PIGMENT

Fig. 1. Summary diagram of the effects of wrw, WrI/?, and W substitution upon
blood formation, gonad development and function, and hair pigmentation.

born level is 0.8 X 10°RBC/mm?, and practically all of these individuals
die very shortly after birth. Blood cells are formed first in mammalian
embryos in the yolk sac, later (from the 12th to the 16th day in the
mouse) in the liver, and hematopoiesis in the mouse bone marrow com-
mences at the 16th day of embryonic life. Thus blood formation at any
or all of these sites or the survival of blood cells formed in any of them
could be affected by I¥/-gene action.

WW?* adults of both sexes are almost universally infertile and the
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sterility definitely involves a great reduction in the number of develop-
ing germ cells (Coulombre and Russell, 1954). The adult ovary may
contain a very few developing follicles as late as three months, but
thereafter none have been observed, although the normal ww ovary
contains many large follicles at one month, corpora lutea by six weceks,
and continues to produce large numbers of ova which develop normally
long after one year, when other ageing effects have greatly reduced
the total reproductive efficiency. The adult JF'I/? testis is also almost
devoid of spermatogenesis. Most of the tubules contain only Sertoli
cells, and the few germ cells which are observed are almost universally
spermatogonia. Since the ancmia effect is present before birth, it would
be of great interest to learn when and how the sterility effect arises. It
would also be of interest to find if the gonads of IV 1}’s show any signs
of defect during the brief life of these individuals. The adult W°IW?®
individual always has a white coat, but differs from an albino in having
pigmented eyes. Occasional WV individuals have survived, either
spontancously or as the result of transfusion, and these also are black-
eyed whites. Heterozygous Ww and IV 'w individuals have white belly
spots. In addition the coat of W"w is somewhat less intensely colored
than its ww or I7w counterpart. The beautiful work of Rawles (1947)
has established that cells originating in the neural crest, and migrating
posteriorly and laterally over the entire body between the eighth and
twelfth days of embryonic life, are responsible for coat-color pigmenta-
tion in the normal www mouse. Nothing is known as yet of possible
differences in numbers, migration, or survival potentialities of these
pigment-potential cells of the neural crest in differently pigmented V-
series genotypes. It would also be very valuable to look for differences in
the adult hair follicles of pigmented and non-pigmented types, and to
compare the W'I/7 follicles with albino follicles.

Thus one set of genes clearly affects three quite different types of
tissue. How did all of these effects result from one cause? Possible ways
of attacking the problem have been mentioned during the presentation
of each type of effect. Some of my questions were really rhetorical; I
already know the answers and will describe the work which produced
them. For others, only possible methods are known. In still other places,
we are frankly awaiting suggestions of possibilities. The analyses in-
volve either retrograde studies going back into embryonic life as far as
possible to seek ultimate time and place of the origin of differences, or
else application of special experimental techniques to determine the
nature of metabolic differences within known affected tissues. All of this
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study is an attempt to make “developmental” genetics truly “physio-
logical.”

It is perhaps best to give first a detailed discussion of work on the
blood defect. The red-cell numbers already presented indicate that the
anemia is present by the 16th day of embryonic life. Population studies
of erythrocyte counts from 14-day embryo litters with and without po-
tential anemics indicate that it is also present at this stage (Russell,
Fondal, and Smith, 1950). Studies of the rate of increase of erythrocyte
numbers, based on a value proportional to the estimated total number
per individual, show that all genotypes, normal and anemic, make ap-
proximately the same relative increase during each time interval, and
thus show the same relative response to the physiological stimulus of
the individual’s growth (Russell and Fondal, 1951). Gruneberg (1939)
showed that IW*I¥? anemics will respond to stress such as bleeding and
low barometric pressure by producing more erythrocytes. It thus ap-
pears that although there may be great differences in activity, no geno-
type is completely aplastic. With this knowledge, two approaches sug-
gested themselves: study of hematopoietic tissues, and study of chemical
structure and life-span of completed erythrocytes. In the normal ww, the
embryonic liver contains very many hematopoietic cells, while in the
lethal anemic W I the number is much reduced (Borghese, 1951). A
similar difference in cellularity has been found in the newborn (Russell,
Snow, Murray, and Cormier, 1953). The marrow of the newborn ww
is highly cellular, that of the severely anemic W'W?* is distinctly less
so, that of W/ ? still less, and that of the even more severely anemic WY
is extremely hypoplastic. Studies of sternum, tibia, and vertebrae at
2, 4, 6, and 8 weeks show the bone marrow of the normal ww very
rapidly reaching maximum cellularity. The marrow of //*}#’? individuals
also increases in cellularity, and by 4 weeks is just significantly, but
certainly not obviously, less packed with cells than the normal. Almost
all of the WIW individuals (especially on the genetic background used
in this study) died within a few days after birth. If 4 week old ww and
IV'W? individuals have such similar bone marrow, why is the erythro-
cyte level in one approximately 9 million, and in the other 5 million?
Comparison of proportional counts of cell types in femoral marrow
smears from normal and anemic animals at 2, 4, 6, and 8 weeks showed
a highly significant arrest in erythroid maturation in the anemics at
some stage prior to the formation of the mature erythroblast with
pyknotic nucleus (Russell, Snow, Murray, and Cormier, 1953). These
marrow differences prove that the W-series genes are associated with
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varying degrees of macrocytic anemia through the blocking of some
stage of normoblastic erythropoiesis.

Although these findings suggested that study of erythropoiesis might
be the most profitable field to continue, the chemistry of the completed
erythrocyte was not neglected. With the cooperation of S. J. Singer of
Yale, electrophoresis patterns of hemoglobins from normal zww, slightly
anemic W ’w, and severely anemic I#*I#/* individuals were compared,
as well as the sedimentation constants and solubility. The results indicate
that the hemoglobins of ww, W*w, and W*IW* mice are very similar, if
not identical (Singer and Russell, 1954). Although subtle differences
not detectable by the techniques employed may exist, it seems highly
probable that the physical-chemical properties of the hemoglobins are
sufficiently similar to exclude these properties as primary factors in the
causation of the anemias.

The final work on the blood defect which I would like to report has
been presented briefly to the Biochemical Society and to the Genetic
Society meetings, but this paper is its first detailed presentation for
publication. It scemed to me in 1950 that certain very pertinent aspects
of this anemia had not yet been investigated. Although there has never
been evidence of excessive hemolysis in the anemics, no tests of their
erythrocyte life-span have been reported. And while there appears to be
an inhibition of hematopoiesis at least from the beginning of activity in
the liver, no search has been made for specific alteration of cellular
metabolism. Thus I was extremely receptive to the suggestion of co-
operative experiments with Dr. Kurt Altman, Dr. Kurt Salomon, and
Dr. James K. Scott, all of the Atomic Energy Commission at the Uni-
versity of Rochester, which seemed to offer the possibility of filling in
these gaps and advancing knowledge of hematopoiesis in normal and
anemic mice through tracer studies using a-C* glycine.

The labelled glycine was made available in the body pool of normals
and anemics for a limited period of time, during which it could be in-
corporated into many different substances in a wide variety of tissues.
Only the incorporation into hemoglobin has been analyzed. Glycine
regularly goes independently into two distinct portions of the hemo-
globin molecule, small amounts being incorporated into the protopor-
phyrin which is a precursor of the central heme unit, much larger amounts
into the four units of globin. By collecting blood from treated animals
at varying intervals after the glycine injection, and preparing from this
material protoporphyrin dimethyl ester and globin, it was possible to
compare the level of radioactivity in the two portions of the hemoglobin
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molecule of normals and anemics. From these data it was possible to
deduce the relative proportions of newly formed heme and globin and
the rate of formation of each of these units. Once incorporated into an
erythrocyte, a particular unit of radioactivity remains in the blood stream
for the life of that cell. Thus comparison of the length of the plateau of
constant radioactivity readings in the different genotypes gives an index
of the life-span of their erythrocytes. The animals used in these experi-
ments were littermate groups, raised at the Jackson Laboratory, from
matings of W 'w parents isogenic with the C57BL/6 Jax strain. They
were a somewhat selected group, since on this genetic background the
severely anemic JW'W? is not completely viable in the pre-weaning
period. Each W*IW?® individual which survived to weaning was kept
with a littermate ww and W"w, of the same sex if possible. At two to
four months of age, littermate groups were shipped to Rochester, where
litters were combined to provide treatment units with four of five
animals of the same genotype. All animals were injected intraperitone-
ally with 2 millicuries of C!* glycine per 100 g. body weight, and were
sacrificed after time intervals which varied among units from two to
thirty-three days. Within units, blood of animals of the same genotype
was pooled. FFrom the observed C!* activities of globin and proto-
porphyrin (Table I) it is apparent that duplicate units collected after
the same time interval show excellent agreement, and between-unit
error is negligible. Quantitative comparison of the levels in different
genotypes is complicated by the differences in levels of pre-existing
erythrocytes (approximately 10 X 10% in ww, 8.5-9 X 10% in W'w,
and 5 X 10% in W*IW/"). To facilitate comparison of absolute rather
than relative amounts of new protoporphyrin and globin, the observed
levels in 1w were multiplied by 7, and those in W*IW® by % (Figure
2). Both absolute and relative methods of presentation have their value
for interpretation, and it is not certain which gives the truer picture.

By cither method it is clear that in all genotypes appreciable amounts
of newly formed labelled globin are present in erythrocytes released to
the blood stream less than 48 hours after isotope administration, and
that maximal amounts appear after threce to seven days and persist
through most of the experiment. There is no clear relationship of globin
formation to genic effect.

It is equally clear that the genotypes differ markedly in time of ap-
pearance of labelled protoporphyrin in mature erythrocytes, since normal
ww's and JF7"w heterozygotes show appreciable amounts in two days
and maximal amounts in seven days, while W I/* homozygotes show
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no activity in protoporphyrin at seven days, and maximal amounts at
fourteen to thirty-three days. Interpretation of the quantitative rela-
tionships among the genotypes depends somewhat on whether absolute
or relative levels give the true picture. In both, the severely anemic
W*IW"® homozygote is always lower than the normal. The heterozygote

TasLe I. C activity of protoporphyrin dimethyl ester and globin pre-
pared from blood of mice previously injected with 2 millicuries of a-C'* gly-
cine per 100 g. body weight. Ifach value within parentheses is based on the
pooled blood of four or five animals of the same genotype treated and sacri-
ficed at the same time. The times given represent intervals between comple-
tion of C'* injection and sacrifice. The segregating genotypes came from
groups of littermates of the same age under each heading.

C* Activity*
Age Genotype Protoporphyrin
dimethyl ester Globin

48 hrs. ww 4.5 (4.4,4.6) 157 (154, 160)
Whw 6.0 (58,06.2) 107 (105, 109)
WyYwv o (0,0) 354 (350, 358)

72 hrs. ww 26.1  (26.0,26.2) 680 (670, 690)
WVw 21.7  (21.7,21.7) 300 (302, 310)
WYwY o (o,0) 432 (428, 430)

7 days ww 30.1  (29.6,30.7) 522 (517, 527)

WVw 251  (25.1) 350 (350)
WYwy o (0,0) 727 (720,734)

14 days ww 20.3  (29.0,29.0) 460 (457, 463)
WVw 248 (24.3,25.3) 345 (349, 350)
WYWv 19.2  (19.0,19.4) 640 (635, 645)

22 days ww 268  (25.9,27.7) 454 (450, 458)
WYw 254  (25.0,25.38) 357 (352, 362)
WYWV 20.4 (20.4) 626 (626)

33days ww 24.1  (23.7,24.5) 416 (410, 422)
WVw 24.4  (23.9,24.9) 396 (392, 400)
WYwWV 18.3 (18.1,18.5) 279 (274, 284)

* C14 ¢ 10* = disintegrations X min.—1 X mM—1

lags behind the normal throughout the dilution-corrected absolute level
curve, and until twenty-two days in the uncorrected relative level curve.
Thus it appears that there is a significant difference among the genotypes
in the rate of protoporphyrin formation, and that this difference is re-
lated to the erythrocyte level of these genotypes.

The nature of the gene-influenced difference in cellular metabolism
may be of either of two kinds. One possibility is that the difficulty in
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making protoporphyrin comes quite early in the path of gene action, and
is not too far removed from original gene action. Under this assumption,
the delay in erythroid maturation results directly from the delay in
formation of this part of the hemoglobin molecule. Such a close connec-
tion would be a feather in the cap of mammalian physiological geneti-

254

PROTOPORPHYRIN
o
1
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Z 400-

=1 300

C-14 ACTIVITY (CORRECTED)

200

100

|
|l4 22 33

DAYS SINCE INJECTION OF C-14 GLYCINE

Fig. 2. Graphic presentation of the C!4 activity in protoporphyrin dimethyl ester and
in globin prepared from blood of mice previously injected with a-C14 glycine and sacri-
ficed after varying time intervals. The values have been corrected for variations in dilu-
tion effect resulting from differences in total preexisting erythrocyte level characteristic
of the genotypes tested, as explained in the text.

Ol —
-

cists, but all of the investigators involved in these experiments feel that
the second type of interpretation is more probable. It may be that by
some mechanism as yet undiscovered the W-gene activity alters the
maturation of erythroid elements at a time when their chief activity as
regards hemoglobin formation is the production of protoporphyrin. At
the stage when globin is formed and/or added to the central heme unit,
retardation is no longer effected by these deleterious genes, and there is
no genotypic difference. This leaves a much larger field for speculation
as to the true basic nature of W-gene effect on blood-forming tissue, but
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may give to this effect a wider area of similarity to the effects on other
affected tissues, as will become apparent in the discussion of W-series
effects on germ-cell development and function.

Differences in normal and potentially sterile gonads, which occur in
both sexes, are already present at birth. It is well known that primitive
germ cells, possibly originating in the gut entoderm and migrating to
the germinal ridge, are present in embryonic gonads. These are still
present in the newborn mouse. In the normal ww o-day ovary, there are
literally thousands of them (Coulombre and Russell, 1954) throughout
the organ. They are likewise found in all of the testicular tubules of
newborn ww males. In contrast, the ovaries and testes of both W*W®
and WIW newborns are almost devoid of these primitive germ cells.

By 28 days, the ovaries of potentially fertile types have increased
greatly in size, and many follicles have reached a stage with large
coalescing antra. Numerous small nests of primary follicles may be seen
throughout the ovary, particularly just beneath the germinal epithelium.
In the defective WI¥® and W*'IW" 28-day ovaries, the number of de-
veloping follicles is always much smaller than in the normals, and they
tend to be less advanced (Coulombre and Russell, 1954).

The postnatal development of testes also differs greatly between geno-
types. By 28 days, the size of the individual tubules and of the entire
gonad has increased greatly, and all stages of spermatogenesis may be
seen. In the defective genotypes, the tubule and organ sizes have increased
much less than in the normal. Each tubule consists of a single layer of
undifferentiated cells whose cytoplasm forms a syncytium. Less than 4%
of the tubules contain any spermatogenic cells, and these are spermato-
gonia only except for a very few small regions with primary spermato-
cytes (Coulombre and Russell, 1954). Here also the degree of develop-
ment of germ cells is much less in the W ¥® and W*I/* individuals than
in the normal.

“The striking difference in amount of germinal tissue, occurring in
both sexes and already present at birth, supports strongly the hypothesis
that the W-gene inhibition of fertility is mediated through an effect upon
the germ cells themselves and is initiated early in development” (Cou-
lombre and Russell, 1954). What is the nature of this effect? At what
stage or stages does it occur ? A method of approach to these questions is
that of organ transplantation, so that gonads of each genotype may grow
in an environment foreign to them, and demonstrate the presence or
absence of capability for autonomous development at successive stages
in embryonic life. This method is particularly appealing in the case of
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the germ-cell deficiency in the W*W*, WIV", and WW genotypes, since
the extreme anemia found even during embryonic life in these same in-
dividuals might be responsible for the germ-cell failure, and the differ-
ences should in that case disappear or at least be minimized if the gonads
were grown from earlier and earlier developmental stages in neutral
blood-supply sites. To test this possibility, embryonic gonads have been
removed from their anemic or normal embryonic environment and
transplanted to the spleen of adult castrate C57BL/6 males. The results
of this experiment will be reported in detail clsewhere, but a brief sum-
mary here will help in our attempted analysis of I//-gene action. Since
the transplant and host were isogenic, except for the J//-genes, many
implants, especially testes, developed successfully. A linked gene, with
clear-cut embryonic expression, luxate, was used to identify genotypes
of embryos from which gonads were taken. The implants were allowed
to develop in the spleen to the equivalent of 14 days postnatal. Gonads
of both sexes from 16-day, 14-day, and 13-day embryos, recovered from
the spleen, have developed autonomously, according to their original
genotype (Table IT). As far as the 12-day embryo results go, they are

TabBLE II. Results of embryonic gonad transfers into the spleen of adult
castrate hosts. The proportion of functioning tubules is universally higher in
the potentially fertile testis transplants. The number of developing follicles is
higher in the transplants of potentially fertile ovaries. Thus at 13 and prob-
ably also at 12 days of embryonic life the gonads have already been determined
to develop autonomously according to their own W-series genotype.

TESTES: Proportion of functioning tubules

Genotype 12 day donors 13 day donors
No. cases No. cases

Known ww 239/274 4 256/338 8

o WYWY 9/45 2 44/373 9

“ WW — - 10/163 4

Ovaries: Total developing follicles

Known ww 29 I 13,15,18, 118,16 §

“ 0 WYWY — - 0,3 2

“ WW — - o I

indistinguishable from the 13-day results, and definitely support the
theory of autonomy of development of germ cells according to original
genotype. Thus the hypothesis of germ-cell inhibition through embryonic
anemia must be cast out. All the data so far suggest that the effect may
be a local one, with gene action altering the metabolism of the germ cells
directly. Tracing blood and germ-cell effects back to the twelfth to
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thirteenth day of embryonic life has not drawn together the branches of
the “pleiotropic’’ tree; they are as far apart relatively as in the adult.

Tt is no easier to relate the pigment effects to either blood or germ-cell
effects. Some such relationship undoubtedly exists. In a study of the
relationship between the effects of 77 and W/* substitution on hair and
on erythrocytes, it was shown (Russell, 1949) that one dose of the W*
gene always produces a slight macrocytic anemia, and on five different
color backgrounds (full-color black, chinchilla black, full-color brown,
pink-eyed sepia, and full-color yellow) such a single dose always reduces
the number of pigment granules and sometimes reduces granule size.
A single dose of the IW-allele has no effect on pigment granule number
or size in a full-color black stock whose histology was extensively studied,
nor does it affect the intensity of pigmentation on any background against
which it has been observed. W*IW?*, WIV?, and surviving W individ-
uals are all black-eyed whites except for occasional pigmentation of ear
skin. Such spots of color are more prevalent in F/*I? than in WIV*, and
have never been observed in Wi, “In both blood and pigment-forming
cells of the hair, J/7 has no effect in one dose, and a very severe effect in
two doses, while 17 has a significant cffect in one dose and a milder
effect than I in two doses. This close correlation in the dominance
relations of the two alleles suggests a very close connection between the
W -gene action leading to blood changes and that leading to pigment-
intensity changes.”

In the mouse, a number of mutants other than the J#-scries have oc-
curred where a tendency to white-spotting is associated with other ex-
tremely deleterious cffects. Among these may be named flexed tail,
Varitint Waddler, Splotch, Dominant White, and Steel. One can not
help feeling that an understanding of the basic causes of failure of pig-
ment distribution, at the level of gene action, might provide cross-
information useful in understanding other gene-controlled pathology.
One fact which has emerged very clearly from recent work is that the
hair follicles of all white-spotted areas from seven different genotypes,
and of the entire coat of WYW>®, WY, WIW black-ecyed whites com-
pletely lack melanoblasts, whereas the hair follicles of albinos and of
extreme dilute yellows, which are white, exhibit “pigmentless pigment
cells” (Silvers, 1953). Do potential pigment-forming cells migrate out-
ward from the neural crest to all parts of the body in these genotypes?
How, why, and at what stage do they disappear? Since the other delete-
rious effects of the genes listed above include siderocyte anemia, neuro-
muscular defect, spina bifida and other abnormalities of the neural tube,
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reduction in eye size, and still another anemia, it is improbable that all
of their effects upon melanoblasts will be of exactly the same nature.
However, they all produce the same end result, lack of pigment-forming
cells in the hair follicles of an animal or area of an animal. It would thus
be interesting to test the effects in combination of these diverse genes
which have in common the one effect on pigment. Early stages of such
an experiment (Russell, Coulombre, and Fekete, 1952) have been
carried out, and may be pertinent to understanding of }#/-gene action on
pigment. By a bilateral breeding scheme, the effects of 1/ and W in
combination with the genes for yellow (A*) and dominant white (Mi*")
were compared. In addition to the previously established difference in
effect on pigment intensity, these results indicated that W*w on four
different genetic color backgrounds produced more white-spotting than
did Ww. The non-allelic genes (W'w or Ww with MitMi“*) have a
synergistic effect on amount of white-spotting when they are combined.
A side line of great interest for pigment geneticists is the observation
of four new backgrounds where the gene A4, which when heterozygous
alters the nature of pigment from dark eumelanin to yellow phaecomelanin,
and when homozygous causes death at the morula stage, tends to reduce
the amount of white in a spotted coat. This field of analysis of pigment
physiology offers many and various possibilities for the future, but as yet
little evidence of time, place, or nature of gene action is available.

It seems most suitable to close this paper by referring again to the
first figure and trying to integrate the findings in the various tissues
into a “pattern of gene action.” In analysis of the blood defect it has
been possible to follow genotypic differences well back into embryonic
life ; to make deductions from the quantitative relationships in red-cell
numbers among genotypes at all stages; to locate the pathology in the
bone-marrow and to a certain extent in certain cells within the bone-mar-
row by quantitative histological study; to establish by physical-chemical
methods a lack of IW-series gene effects on hemoglobin structure; to
determine the erythrocyte life-span with the use of radio-isotopes; and
actually to probe within affected cells and characterize to a very consider-
able extent the biochemical nature of a gene-conditioned difference in
cellular metabolism. In the analysis of the sterility effect it has been
possible to implicate defects in the germ cells of both sexes as the im-
mediate cause of sterility; to demonstrate that primitive and definitive
germ cells are both very severely affected; to show that both numbers
and degree of development of definitive germ cells are affected by }¥/-gene
substitution ; to show that the germ cells of 13- and even 12-day embryos
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develop autonomously according to their original genotype upon trans-
plantation to a neutral site; and thus to show that the germ-cell defect
is not dependent upon the embryonic anemia for its development. In the
analysis of the pigment defect, the existence of a relationship of the
gene action to that in the blood defect has been proven by quantitative
comparison of the effects of /¥ and ¥ substitution upon both charac-
ters; establishment of the lack of melanoblasts in the hair follicles of
white-spotted areas and throughout the coat of the black-eyed whites has
traced the pigment effect back one brief step; and study of I” and I/ in
combination with other genes with effects on pigment-extension has
suggested a profitable field for future exploration.

Although it is perfectly clear that there must be a relation between
the actions of the I¥-series genes in these various tissues, there is nothing
in any retrograde analysis presented which tends to narrow down the
“pedigree of causes” toward a single tissue in which the primary action
occurs. At first thought this failure would tend to argue against the
principle of “unity of gene action,” and suggest that this series of genes
presents a real case of what Gruneberg has called “genuine” pleiotropism
(1943), a phenomenon which “has never been conclusively demon-
strated.” However, I do not feel that this series of genes does have a
multiplicity of primary gene actions. I would like to reintroduce a
suggestion put forward five years ago (Russell, 1949). There may be
“unity of gene action” without absolute “tissue or cell specificity.” “It is
logically possible . . . that the same original gene product could by its
intrinsic nature be active in two (or more) types of cells, long separated
in development and different in structure. The gene in question might
either act on the same substrate which has been independently produced
in two different localities, or, perhaps more probably, it might be general
enough in its action to affect two substrates. Where (three) types as
different in origin and function as erythrocytes, (germ cells, and melano-
blasts) of the hair follicle are involved, it seems this category of pleio-
tropism must be considered. In one sense there (probably) is unity of
gene action, since the gene (may) release only one product. In another
sense there is real pleiotropism, as this one gene product (appears to be)
doing two things directly by means of different mechanisms.” To date,
the closest we have come to one of these basic actions is the delay in
protoporphyrin formation of W*I¥® anemics, but we have suggested
that this may reflect rather than cause the erythroid maturation arrest.
Although there are absolutely no data available which bear on this
point, it could be that the same basic retardation occurs by local gene
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action in hematopoietic cells, in germ cells, and in migrating melano-
blasts.
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VI. VIRUS- INDUCED METABOLIC
TRANSFORMATIONS AND OTHER
STUDIES ON UNBALANCED GROWTH

BY SEYMOUR S. COHEN'

]:[ SHALL really be presenting several papers in one, but fortunately all
the experiments I wish to describe are on growth, and fall casily
within the scope of this Symposium. In addition, the experiments are
held together by a logical thread in that they derive from what seemed
to be a single reasonable line of research. As we shall see, it has been my
good and bad fortune within the last two years to be confronted with
many new and unexpected phenomena. This paper will merely point to
their existence, since there has been little time in that period to do much
to clarify our findings.

I. INHIBITION OF BACTERIAL GROWTH BY VIRUS

Some years ago intensive studies were begun by a number of workers
on certain bacterial viruses, designated the T set, which infect Escherichia
coli. The chemists of this coterie, including myself, concentrated their
efforts for the most part on the T even group of these viruses. The T.,
T,, and T, bacteriophages are closely related in a morphological, sero-
logical, and chemical sense. All known bacterial viruses are tadpole
shaped, possessing a longer or shorter tail, appear to contain deoxyribo-
nucleic acid (DNA) as their sole nucleic acid, and lack all enzymes for
which they have been tested. Infection by the T set of viruses in general
and the T even group in particular results in the loss of the host’s ability
to multiply, and a shunting of the direction of the cell’'s enzymes away
from cell growth to the almost exclusive production of virus (cf. Cohen,
1947). These phenomena are associated with the following sequence of
events:

1. The tadpole shaped virus particle adsorbs tail first to the bacterium.

2. The contents of the head pass through the tail into the bacterium.

3. The inhibition of host deoxyribonuclease is released, and the Feulgen-
reactive nuclear bodies of the bacterium are fragmented. The frag-
ments of the host DN A become available for virus synthesis.

1 The Children’s Hospital of Philadclphia (Department of Pediatrics) and the De-
partment of Physiological Chemistry, School of Medicine, University of Pennsylvania,
Philadelphia, Pennsylvania. The studies described in this paper were supported by a
grant from the Commonwealth Fund. Much of the data was obtained in collaboration
with Miss Hazel Barner.
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4. The infected cell synthesizes virus protein and nucleic acid from low
molecular constituents which formerly passed to the synthesis of
host material.

5. These virus specific substances are organized, multiply in a nonin-
fectious vegetative state, and are finally entombed in mature in-
fectious virus particles.

Until some four years ago, it was thought that the biological effects of
these viruses were rather typical of the effects of all phages. As is well
known, Lwoff and his collaborators have recently shown that the un-
usually severe pathology and sequence of events described above is but
one of several types of reactions open to most systems of virus infected
bacteria (cf. Lwoff, 1953). It appears to be a far more common reaction
for the infecting virus particle to pass through a reductive transformation
in which a non-infective prophage merges in some manner with the
bacterial nucleus and multiplies in coordination with it. Under such
conditions, in systems known as “lysogenic,” virus infection may scarcely
affect cell viability, metabolism, or reproduction at all. Various environ-
mental conditions, or the properties of the virus or host, may prevent
the reductive transformation of the virus, resulting in a more severe
parasitism of the bacterium. This type of infection is manifested by a
greater percentage of the bacterial metabolism being diverted to virus
production. Or the prophage may be induced under rigorously specified
conditions depending on host and virus to multiply in this more virulent
vegetative state leading to the maturation of fully infectious virus
particles. Nevertheless, in either case, in lysogenic systems, the pathology
resulting from maturation leading to fully formed virus is by no means
as severe as the pathology observed with the T viruses. In maturation in
lysogenic systems the infected cell may still produce cell nucleic acids
and proteins, adapt to new substrates, and even multiply (perhaps one
more division) ; eventually, however, it lyses, liberating mature in-
fectious virus particles.

We may, therefore, distinguish three types of infected cells, in two
of which, existing in lysogenic systems, some considerable degree of
cellular synthesis continues. In the third type, that of cells infected by the
T viruses, there is a complete reorientation to virus production from
the first moments of infection. I shall discuss some aspects of this system
in some detail, in the first place because it is the system with which I have
mainly worked, and secondly because it seems possible that the informa-
tion available permits a reasonable explanation of the extreme parasitism
observed in the case of cells infected by the T even phages.
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II. HYDROXYMETHYLCYTOSINE IN To-INFECTED CELLS

The almost exclusive production of virus in T,-infected cells is particu-
larly evident if we consider nucleic acid metabolism (Cohen, 1951).
Uninfected growing cells may make five times as much ribose nucleic
acid (RNA) as DNA. On virus infection, RNA accumulation ceases,
and the amount of this substance present in the cell does not change. DNA
synthesis, on the other hand, occurs at a markedly increased rate and the
newly synthesized DNA is virus DNA. This effect is also manifested
in a shifting of alternative pathways of glucose utilization. Thus, the
amount of glucose passing through the phosphogluconate pathway lead-
ing to ribose phosphate is reduced. As has been described elsewhere, this
shifted balance in functioning systems of glucose utilization appears to
be caused only indirectly by virus, since infection does not appear to in-
hibit the enzymes of the phosphogluconate pathway (Cohen and Roth,
1953). Infection and the effects on nucleic acid synthesis merely draw
glucose-6-phosphate away from the phosphogluconate pathway into the
Embden-Meyerhof system.

A more direct cause for the marked change in nucleic acid metabolism
appeared with the discovery of 5-hydroxymethylcytosine or HMC
(Wyatt and Cohen, 1953; Cohen, 1953). This pyrimidine, whose
formula is given in Fig. 1, is a constituent of the DN A of T,, T, and T,
replacing cytosine in these viruses. The compound has not been found in
the host DN'A; the latter contains cytosine. Indeed, HMC has not been
found to this date in any other virus, microorganism, plant, or animal
in which it has been sought. In other members of the T set, the DNA
contains cytosine. Thus, we have the first unique viral constituent of low
molecular weight appearing in a very few viruses. This fact has already
been of use in providing a tag for a kinetic analysis of the rate of de-
gradation of host DNA and of the synthesis of T, DNA (Hershey,
Dixon, and Chase, 1953).

The existence of HMC permits the following hypothesis concerning
the mechanism of the extreme parasitism observed with the T even
viruses : it is supposed that cells infected by these viruses can no longer
make or accumulate cytosine derivatives, but are compelled to produce
derivatives of HMC. Since cytosine is a constituent of host RNA and
DNA, in the absence of available cytosine infected cells would then be
unable to synthesize these important host polymers. This inhibition
would presumably extend to those proteins and other elements in the
integrated structures of the cell in which the host nucleic acids are
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essential constituents. It seems likely that this would affect the synthesis
of cytoplasmic particulates and chromatin, resulting in the apparent
inhibition of division and of the synthesis of host proteins and enzymes.

N=C-NH, N=C-NH, N=C-NH,
ot by SO o C-CH,OH —2—+0-C |-CH5
I J 1
CYTOSINE  5-HYDROXYMETHYL CYTOSINE 5-METHYL CYTOSINE
¢NH,‘”-NH3 n\‘H_,,H-r\JH3 +NH3“—NH5
N=C-OH N=C-OH N=C-OH
0=C éH ﬂz-g-~+0=cl (|Z-CHZOH ——2—+0-C C-CH,
RL—!IZH Rll\l—-y:H RN—C

URACIL 5-HYDROXYMETHYL URACIL THYMINE

Fig. 1. Some possible interrelations of the pyrimidines.

It has been found in support of the hypothesis that :

. The cytosine in host DNA is converted specifically to the HMC of
virus (Cohen, 1953; Cohen and Weed, 1954).

. Although cytosine and uracil may be metabolized slowly by E. coli,
s-hydroxymethyl pyrimidines are completely inert. (Cohen, op.
cit.). Thus, the hydroxymethyl pyrimidines or their derivatives may
accumulate as the normal pyrimidines disappear.

3. However, the metabolism of cytosine derivatives in E. coli appears
to proceed mainly in the form of the nucleosides. E. coli normally
contains a very active deaminase for cytosine deoxyriboside which
is much less active (ca 3% ) on hydroxymethylcytosine deoxyribo-
side. Cytosine deaminase is not normally present, but when its syn-
thesis is induced, the enzyme is inactive on HMC (Cohen, op. cit.).

4. Deoxyribosides of hydroxymethylcytosine or of hydroxymethyluracil
do not fulfill pyrimidine requirements in organisms which grow in
the presence of deoxyribosides of cytosine or of uracil. Thus,
hydroxymethylation appears to be irreversible (Cohen, op. cit.).

. The deoxyriboside of hydroxymethylcytosine is not liberated in
significant amounts from virus DNA by a combination of DN Aase
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and of phosphatase which liberates cytosine dcoxyriboside from
other DNA (Cohen, op. cit.). Thus, the linkage of the hydroxy-
methylated derivative in virus DNA is more stable in the face of the
enzymes active in the infected cell.

The increased stability of HIMC in the free state or in all of its com-
binations in virus DNA permits this compound to accumulate in com-
petition with cytosine or cytosine deoxyriboside in the infected cell. Tt
does not appear to be necessary to invoke an inhibition of cytosine syn-
thesis to account for the disappearance of cytosine derivatives, and the
accumulation of derivatives of IIMC. Thus, the pathology of T.-infected
cells appears to be explained in large measure by the competitive ad-
vantage afforded by hydroxymethylation of a single pyrimidine
deoxyriboside.

III. THE ORIGIN OF NEW METABOLIC ACTIVITIES

The tests providing these data also served to indicate that hydroxy-
methylated pyrimidines or their derivatives are probably not normal
intermediates in pyrimidine metabolism, and more particularly in thy-
mine synthesis. Despite the close similarity of hydroxymethyluracil to
thymine (Fig. 1), a close examination of the former structure will reveal
the difficulty of removing oxygen from a unit lacking available hydrogen
atoms. Although it seems reasonable to suppose that hydroxymethyl
groups are indeed converted to methyl groups, it appears unlikely that
this is effected on the pyrimidine ring.

If, as has been shown, the competitive relations of the pyrimidines are
such as to result in the accumulation of HMC at the expense of cytosine,
why does not this situation exist in the normal cell? We have tentatively
concluded that this type of hydroxymethylation does not exist in normal
cells for one of two reasons:

1. The host does not contain the components essential to this reaction,
and these are supplied by the virus, or

2. The hydroxymethylation mechanism is inhibited in the cell, and this
inhibition is released by virus infection.

Thus, virus infection appears to have induced the appearance of a new
metabolic activity in the cell. It is tempting to think that a mutation in
the cell resulting in the appearance of this activity might have led in-
evitably to the genesis of a T even phage.
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IV. INDUCTION OF THYMINE SYNTHESIS IN A THYMINE-
REQUIRING MUTANT OF E. COLI

A thymine-requiring mutant of E. coli, strain 15¢-, was obtained for
the purpose of studying the possible intermediary role of hydroxymethyl-
uracil in thymine synthesis. The organism did not respond to the
hydroxymethyl derivative. As is customary in our laboratory, the effects
of T, infection on the bacterium were then examined. It was found that
the infected cell produced virus and synthesized DNA, whether thymine
was present in the medium or not (Cohen, 1953; Barner and Cohen,
1954).

In Fig. 2 are presented data on the net synthesis of various bases in
Ty-infected 154 cells. The cell nucleic acids accumulate only those bases

* THYMINE
a ADENINE
41« GUANINE
o HMC :
n3
w
-
o)
32
B 0 A
|
0 i 2
HOURS

Fig. 2. The synthesis of the bases of nucleic acid in strain 15r- infected by To..

which appear in T, virus, and indeed the amounts of the bases synthe-
sized are approximately in the ratio found in the virus. Of special interest
is the fact that the only pyrimidines synthesized and accumulated by
the infected cell are thymine and HMC, bases which do not appear to
be made in the uninfected cell.

The similarity of the problems involved in the induction of HMC
synthesis and in the induction of thymine synthesis has led us to an
intensive investigation of the properties of the thymine-requiring mu-
tant. As a prelude to an analysis of the mechanism of induction, we be-
gan with a study of the uninfected organism.

V. LIFE AND DEATH OF THE THYMINELESS BACTERIUM

It was discovered that unlike other strains of E. coli, the relation of
turbidity to the numbers of viable cells was not simple. Exhaustion of
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thymine from the medium did not produce an abrupt cessation of tur-
bidity increase as is frequently observed with the exhaustion of glucose
or most other essential metabolites. In addition, the thymine (or thymi-
dine) concentration determined the rate of turbidity increase. After some
trial and error, a minimal thymine concentration (2 ug per ml.) was ar-
rived at, which permitted a rate of turbidity increase and yield of viable
cells and of bacterial mass, consonant with results obtained in the pro-
totrophic parent, strain 15, on an equivalent amount of glucose (1 mg.
per ml) in the standard mineral medium. This thymine concentration
is about three times that permitting a comparable total turbidity, but
at the lower thymine concentration a marked death rate becones evident.

Incubation of 15p- in the absence of thymine results in a significant
increase of turbidity. Examination of stained cells revealed a very con-
siderable enlargement of the cell in girth and length. Estimation of the
nucleic acid content of the cells suspended in thymine-free media revealed
at least a doubling of their RN'A content and a much smaller and varia-
ble, but seemingly significant, increment in DNA. Determination by
plating of the numbers of cells capable of forming colonies showed that
in this test the cells were dying at the rate of about go% per division time
(about 50 minutes).

The loss of colony-formers is dependent upon the presence of a car-
bon and nitrogen source, that is, the cells must be able to metabolize and
grow in order to die. Curiously, cells grown in thymine excrete a sub-
stance other than thymine which appears to prevent this type of death
(Barner, and Cohen, 1954). Thus, since the general picture is that of
extensive cytoplasmic synthesis in the absence of nuclear synthesis,
the phenomenon of thymineless death is construed to mean that at some
level of cytoplasmic growth the nucleus is confronted with an unfavor-
able environment, even when thymine is provided, accounting for the
irreversible loss of the power to multiply. We may term this “death by
unbalanced growth.”

We have found that the development of a thymine deficiency in other
organisms also produces death. This probably accounts for the fact that
until the present time this is the only known mutant with a single genetic
block in thymine synthesis, other thymineless cells having been selected
against during the isolation of mutants. We have induced thymine de-
ficiency in E. coli, strain B, by growing the cells in the presence of sul-
fanilamide. Under these circumstances a growth rate approaching the
normal rate requires many compounds containing one-carbon fragments.
The biosynthesis of these substances normally requires folic acid. The
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necessary compounds include methionine, serine, purines, pantothenate,
etc., and thymine. If these compounds, other than thymine, are omitted
from the medium, the cells do not die; in the presence of these com-
pounds but in the absence of thymine, death is precipitous. Thus, sulfa-
nilamide, generally considered to be bacteriostatic, is bactericidal under
the conditions stated, which are essentially those producing unbalanced
growth.

It will be recalled that penicillin is bactericidal under conditions of
growth, the “killed” cells being abnormally long, and showing other
signs of unbalanced growth. We have found that the presence of thymine
or thymidine in the medium did not alter the rate of penicillin-induced
death.

Most known mutants do not die in the absence of their requirement.
A uracil-requiring strain of E. coli, W, does not die in the absence of
uracil. Since uracil appears to be a precursor for both RNA and DNA
pyrimidines, a uracil deficiency would not be expected to permit unbal-
anced growth.

VI. THE EXTENT OF THYMINE SYNTIHESIS DURING CELL MULTI-
PLICATION

Experiments were performed to determine the extent of thymine syn-
thesis. The thymineless mutant was grown to a 150 fold increase in
number in the mineral medium containing uniformly labelled glucose
as sole carbon source at 1 mg. per ml. and unlabelled exogenous thymine
at 2 ug. per ml. The nucleic acids were extracted with hot trichloroacetic
acid and after removal of this acid the bases were liberated by hydrolysis
in formic acid (Wyatt and Cohen, 1953). The hydrolysate was chro-
matographed initially in isopropanol-2N HCI; each band was extracted
with H,O and the contents were then rechromatographed in this same
solvent. Each base was again eluted and chromatographed in butanol-
NH,OII. The bases were extracted in H,O, the guanine being eluted
in dilute HCI, and each solution was evaporated to dryness in vacuo.
The bases were dissolved in water, and their purity and amount was
estimated spectrophotometrically. The spectra of these were satisfactory
with the exception of that of the thymine, which showed significant end
absorption below 250 mu. The bases were plated at infinite thinness, and
their radioactivity was estimated by the usual technique with a window-
less flow counter. Data are given in Table 1.

The thymine preparation isolated possessed significant radioactivity
and was further purified by paper electrophoresis at pH 11 in 0.IN
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NaOH. The thymine band was cut into a front and back region, and
cach portion of the band was eluted, examined spectrophotometrically,
and replated. The two portions were spectrophotometrically pure thy-
mine, and appeared essentially identical with respect to radioactivity.
The fractions were then pooled and were adsorbed on and eluted from

TasrLe I. Radioactivities of the bases of strain 15p- grown in uniformly
labelled glucose-C'* and unlabelled exogenous thymine.

Substance pMoles Carbon  Counts/Min Counts/Min/
Plated wMole C

Glucose 1.5-6.2 — 259

Uracil 1.70 440 258

Cytosine 1.81 423 235

Guanine 1.90 477 251

Adenine 1.55 340 220

Thymine

1. Chromatography 4.90 67.2 13.8

2. Electrophoresis 9.4 62.7 6.7
6.5 50.2 7.7

3. Ion Exchange 10.6 45.9 4.4

a Dowex-1-acetate column at pIl 8.9 (Friedkin and Roberts, 1954).
The earliest and latest fractions of the symmetrically displaced thymine
were discarded and the major fractions were pooled, plated, and counted.
The activity of this material seems significant, and reveals an activity
in thymine carbon of about 2% that of the glucose. Thus, it appears that
the block in thymine synthesis under conditions of growth in the pres-
ence of thymine is 987 complete, and does not indicate an absolute lack
of thymine synthesizing enzymes.

VII. THE EXTENT OF THYMINE SYNTIIESIS DURING DEATH

Strain 15,- was grown in the presence of unlabelled glucose and thy-
mine, washed, and resuspended in uniformly labelled glucose (1 mg.
per ml.) without exogenous thymine. In 2 hours the cells had consumed
all of the glucose; in this interval viable count had fallen from 6.2 X 10°
to 9.4 X 10% per ml. In 2% perchloric acid, the medium minus cells
had an optical density of 0.65 at 257.5 mpu, the absorption maximum
of the absorbing mixture excreted into the medium. The medium
was slowly drained through a charcoal-celite column (Magasanik and
Brooke, 1954) which adsorbed the ultraviolet absorbing components.
The column was washed with water, and slowly eluted with ammoniacal
ethanol-water mixture. The eluates which accounted for most of the
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ultraviolet absorbing material present in the medium were separated in
three major fractions which were taken to dryness. The fractions were
chromatographed on paper in n-butanol-H,O, and the separate bands
were eluted, taken to dryness as crystalline white solids, and were char-
acterized spectrophotometrically in acid, neutral, and alkaline solutions.

Six compounds were thereby isolated, of which three have been posi-
tively identified. In addition to the spectra, the compounds were char-
acterized by R, values, C analyses, and extinction coefficients. These com-
pounds were uracil, orotic acid, and hypoxanthine; the uracil accounted
for more than half of the ultraviolet absorbing material present in the
medium, i.e. about 4 pg. per ml. Orotic acid was present in amounts
sufficient for several recrystallizations of the isolated material. No evi-
dence for the presence of a hydroxymethylated pyrimidine was found.

The remaining three unknown compounds present in small amount
have not previously been reported in the literature. They do not con-
tain diazotizable amine, and one at least contains pentose. They will be
described elsewhere in greater detail than is possible here.

The advantages accruing from the use of uniformly labelled glucose
in this type of experiment are numerous. Spectra and R, values strongly
suggested the nature of three of the compounds. Extinction coefficients
permitted an estimation of the amount of carbon plated in each case,
assuming the compounds to have been synthesized and excreted during
thymineless death, rather than having been derived from autolysis of
the unlabelled cell. The actual carbon contents of the preparations esti-
mated from the radioactivities of the preparations are given in Table IL.

TasLe I1. Identification of compounds synthesized during thymineless
death of strain 15¢-.

Frac- UV Counts/ pMoles nMoles C Plated Assuming emax
tion max* Min. C

mu
Glucose — 259 I
1 258250 134 052 0.57; Uracil (e, =813 X 10%)
2 282 226 087 0.89; Orotic Acid (ey, = 7.35 X 10%)
3 248240 234 o090 0.89; Hypoxanthine (e, = 10.5 X 10%)

* Spectra taken in 0.IN HCL

Thus, it can be seen that the carbon contents of the isolated material
agree very well with that calculated from the extinction coefficients of
the supposed compounds. Furthermore, it would appear to be proved
in this manner that since the radioactivity of the carbon of the com-
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pounds is identical with that of the glucose used in the medium, the com-
pounds have been synthesized and excreted during unbalanced growth
leading to death.

The bases of the nucleic acids of the “dead” cells were isolated as
described above, and the thymine was subjected to the purification pro-
cedure involving two separations on paper chromatograms in different
solvents, paper electrophoresis, and the ion exchange separation. It was
counted only after each of the last two steps. The activities of the bases
are recorded in Table III.

TasLE III. Radioactivities of the bases of strain 15p- incubated in uni-
formly labelled glucose-C** in the absence of exogenous thymine.

pMoles Carbon Counts/ Counts/ % Activity

Substance Plated Min. Min/ of Glucose
;LMO]C C

Glucose — — 259 100
Uracil 2.0 368 127 49
Cytosine 2.92 335 114 44
Adenine 4.20 538 128 49
Guanine 3.98 386 97 37
Thymine '
1. Electrophoresis 5.50 78.4 12.6 4.9

. 2. Ton Exchange 4.45 46.7 10.6 4.1

From the uracil data it can be calculated that there is a synthesis of
uracil and RNA to the extent of 906% of that originally present, whereas
in the same interval there is a DNA synthesis of about 4% of the DNA
originally present.

The less than absolute quality of the block in thymine synthesis is
thereby confirmed. Nevertheless, despite the small DNA synthesis ob-
served this is inadequate to prevent death by unbalanced growth. How-
ever, since some synthetic activity has been detected by this procedure,
these results lend support to the hypothesis that T, infection removes
an inhibitor from the system.

VIII. INDUCED BIOSYNTIIESIS OF XYLOSE ISOMERASE IN STRAIN
I5p-

As we have seen, cells were available that lacked nuclear synthesis, as
manifested by almost negligible synthesis of DNA, but continued an
active cytoplasmic synthesis, as indicated by the extensive RNA forma-
tion. It was of interest to determine whether such cells were capable
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of the induced biosynthesis of an enzyme in response to a new substrate
(Cohen and Barner, 1955). No evidence has been previously reported
concerning the site of enzyme synthesis.

We elected to study the response to b-xylose and have shown that
xylose isomerase is an adaptive enzyme in 15~ catalysing the equilib-
rium: p-xylose = p-xylulose. The respiration of 15y- in media con-
taining glucose or xylose in the presence or absence of thymine is
presented in Fig. 3. The usual growth curve can be seen in the presence
of glucose plus thymine. In the absence of thymine, there is a marked
increase in the rate of O, consumption over the initial rate suggestive
of an increase in the amount of respiratory enzymes. The assimilation of
the glucose is only slightly impaired, as indicated by a 20% increase
in O, consumed per mole of substrate and an essentially unchanged RQ.
Tn the presence of xylose in the absence of thymine, the increase in rate
of O, consumption is slower than that prevailing in growth. However,
xylose does begin to be used at similar times.

In Fig. 4, it can be seen that the utilization of substrate is accom-
panied by death. In the presence of xylose, no death occurs until the
substrate is assimilated. The time necessary for adaptation to use the
substrate has thus displaced the curves for substrate uptake and death
on xylose.

Analysis of the rate of enzyme synthesis, as presented in IFig. 5, indi-
cates that enzyme begins to be elaborated at about the same time whether
thymine is present or not. This occurs before an increase in turbidity be-
comes perceptible. After turbidity begins to increase, the extent of en-
zyme synthesis is roughly proportional to the turbidity increment. Thus,
the induction and rate and quantity of enzyme synthesis do not appear
to be significantly affected by the absence of thymine. These data may
be interpreted to indicate that the induced biosynthesis of enzymes is
not a function of nuclear synthesis, and to suggest that the cytoplasm is
the site of this function.

It is not possible to use a uracilless mutant to show that the absence
of RNA synthesis specifically prevents synthesis of enzymes. Uracil-
containing nucleotides have been implicated in many arcas of metabolism
other than that of nucleic acid metabolism. For example, uracil deficiency
results in an inhibition of respiration on glucose (Cohen and Barner,

1955)-
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Fig. 3. The respiration of 157- grown in glucose and thymine and suspended in media
containing glucose or xylose in the presence or absence of exogenous thymine.
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Fig. 4. The utilization of carbon sources and consequent death of strain 15r- in the
absence of exogenous thymine.
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IX. THE REPLACEMENT OF THYMINE BY BROMOURACIL

Bromouracil has been reported to be a competitive antagonist for
thymine in lactobacilli (Hitchings, Elion, and Falco, 1950) ; in other
microorganisms, including E. colt, it was found to be incorporated in
the nucleic acid fraction (Weygand and Wacker, 1952). We have found
that 5-bromouracil partially replaces the thymine requirement in 15¢-,

¢ THYMINE

¥ XYLULOSE / MIN.
o

1201 ¢ THYMINE

§ THYMINE

TURBIDITY

30 60 90 120 130 180
MINUTES

Fig. 5. The formation of xylose isomerase by strain 15r- incubated at 37° in xylose
in the presence or absence of thymine.

permitting a fivefold increment in turbidity and markedly stimulating
both RNA and DNA synthesis. However, despite the increment in these
functions evident in Fig. 6A and 6B, after an initial slight increase in
the number of viable cells the number of cells capable of forming colonies
eventually falls off markedly. Thus, most of the DNA synthesized is
quite unsatisfactory to the bacterium, being inadequate to prevent death
by unbalanced growth. ' '
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by 5-bromouracil in the absence of exogenous thymine.
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X. RADIATION DAMAGE AND UNBALANCED GROWTH

Reports in recent years on various types of reactivation and hypotheses
on the mechanism and site of radiation injury suggested the desirability
of examining properties of ultraviolet irradiated 15¢- in the absence of
DNA synthesis. Bacteria were grown on a complete medium, washed,
and resuspended in the mineral medium. The bacteria were irradiated at
107 per ml. with an ultraviolet lamp to give approximately 90% inactiva-
tion (about 2-3 hits), as estimated by plating on broth agar. Control
cells or irradiated cells were diluted 1:5 in the appropriate medium and
aerated at 38°. Diluted aliquots of these cultures were plated on broth
agar at various intervals.

Lect us examine the separate curves in Fig. 7. The growth and division
of unirradiated cells of strain 157~ in the presence of thymine are pre-
sented in the uppermost curve. In the absence of thymine it is seen that
the bacteria maintain their ability to multiply for 20 minutes, and then
begin to die as a function of abnormal growth. When cells are irradiated
and incubated in the absence of thymine, there is a rapid reactivation
(restoration) to a three- to fivefold increase in viable cells in 20 minutes,
followed by a loss of colony-formers paralleling the curves of thymine-
less death. This relation has been obtained for all levels of irradiation
injury from a survival of .1 to .oor. If one ignored the curve of irra-
diated 154~ incubated with thymine, it might seem as if the death curve
were nothing more than thymineless death.

However, new phenomena appear in the curve of irradiated 15~ in-
cubated with thymine. It can be seen that, despite the presence of thy-
mine, there is a death of the restored cells, the curve of viable cells again
increasing after 60 minutes. Extrapolation of this last increasing portion
of the curve to zero time places the curve back to the number of originally
inactivated cells. Thus, this exponential increment in the latter part of
the curve merely represents the growth curve of the undamaged survivors
of the culture. Since the death curve in this instance returns to the growth
curve of the survivors, it can be scen that the restoration is entirely
transitory; all irradiated cells, including the restored cells, eventually
die on incubation. Furthermore, they die at a rate which is the same
as that at which thymineless death occurs. It, therefore, seems reasonable
to suppose that death occurs for a similar rcason, that is death by ab-
normal growth, perhaps similarly resulting from a lesion in DNA syn-
thesis. In this instance the lesion would be at a site other than that of
thymine supply. In support of this picture, it can be seen that the restored
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cells are all dead after about 60 minutes, thereby approximating the
division time of the organism. Thus, cells die twice, the last death ap-
parently being a function of division.

81
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UNIRRADIATED
NO THYMINE

VIABLE COUNT

IRRADIATED /~
3 NO THYMINE
4 T L L) v v L]
20 40 60 80 100 120
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Fig. 7. The restoration and death of ultraviolet-irradiated strain 157- as a (unction of
incubation in the presence or absence of thymine.

A comparable experiment with bromouracil instead of thymine reveals
essentially the same result. These data can be seen in Fig. 8. In this ex-
periment again it can be seen that bromouracil almost, but not quite,
replaces thymine for 15¢-.

If restoration and death of irradiated cells are independent of the
presence of thymine, it could be expected that the prototrophic parent,
E. coli, strain 15, would behave similarly under normal conditions of
growth. It does, as can be seen in Fig. 9. In view of these data, our
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experiments have continued with this organism rather than with 15;-.
It must be stressed, however, that the nature of the second death would
have been far more obscure if we had not the opportunity to compare it
with thymineless death.
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\
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o
°
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Fig. 8. The effect of 5-bromouracil on the death of ultraviolet-irradiated 15z-.

If death is a function of growth, why do not the restored cells die
on the broth agar plate? If restoration is attempted in broth, it does
occur and is followed by death. If restoration is effected in the synthetic
medium and broth is added at 20 minutes, there is no inhibition of death
such as must occur in the plating process. The nature of the factors in
the plating process which permit the fixation of restoration has not yet
been clarified.
~ In further experiments on the relation of growth of death, bacteria
were grown in synthetic media limiting with respect to glucose or
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ammonium salts until these substances were exhausted and turbidimetric
increase ceased. The cells were irradiated and incubated in the deficient
media. Over a two-hour interval unirradiated cells showed insignificant
growth. The irradiated cells were reactivated, but did not die. The data
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Fig. 9. The restoration and death of ultraviolet-irradiated strain 15.

from such an experiment on restoration in the absence of exogenous
glucose are presented in Fig. 10. It is seen that restoration is somewhat
slower and less complete than in the presence of glucose. The rate of
reactivation of cells in nitrogen deficient media is not inhibited, and by
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consequence restoration is more complete since the subsequent death
has been prevented. Since thymineless death also requires a carbon and
nitrogen source, the similarity of radiation death to thymineless death
is again emphasized. The nature of restoration which does not require
exogenous glucose or nitrogen is quite obscure ; perhaps it may be fruit-
fully explored by means of inhibitors.
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Fig. 10. The restoration and death of ultraviolet-irradiated strain 15 as a function of
the presence or absence of glucose.

In the presence of adequate glucose and nitrogen, the amino acid an-
tagonist, 5-methyltryptophan, will prevent irreversible death at concen-
trations at which it will completely inhibit growth (2.5 X 107* M).
Restoration is apparently unimpaired under these conditions.

In conclusion, it should be remarked that the phenomena accompany-
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ing unbalanced growth might have been predicted (although most were
not). In any case, only one of the possible types of unbalanced growth
would seem to be described by thymine deficiency and by radiation dam-
age. It is now tempting to speculate concerning a situation in which
cytoplasmic synthesis could be inhibited without inhibition of nuclear
synthesis. Such a condition might occur if there was a block in the
synthesis of cytosine riboside, but not of the deoxyriboside. In such cir-
cumstances, the nuclei would multiply within the confines of a fixed
cytoplasm, and one would expect this situation to result in death by
unbalanced growth. Is it possible that a mechanism such as this would
account for a first step in the origin of a virulent phage such as Ty which
contains cytosine deoxyriboside, prevents the accumulation of RNA,
and permits the synthesis of virus DNA?
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VII. PHOTORESPONSIVE GROWTH

BY S. B. HENDRICKS AND H. A. BORTHWICK'

GROWTH of most, if not all, seed plants is subject in some aspects to
control by a single reaction that can be influenced by radiation. In
animals certain functions of the pituitary or its functional antecedent are
responsive to a photostimulus. Photoperiodisth, noted in relation to
reproduction of both plants and animals, represents one mode of this
control. The light action is, in plants at least, far more general as a con-
trol of growth. The subject is developed here chiefly for plants. This is
not a review of literature (cf. Borthwick, Hendricks, and Parker, in
press; Lange, 1952; Naylor, 1953) but rather a report on the develop-
ment of an explanation.

That many different growth responses in plants are subject to the
same causal photocontrol can be rigorously demonstrated from the re-
sponse or ‘‘action” spectra without an understanding of the reactions in-
volved or a careful analysis of factors that might influence an action
spectrum. After this exploration, quantification gives an understanding
of the reversible photoreaction involved and of a coupled subsequent
reaction leading to biological action. These are found to constitute the
time-measuring system in plant photoperiodism; the phenomena appear
ubiquitous in higher plants.

I. EQUIVALENCE OF LIGHT ACTION FOR CONTROL OF VARIOUS
RESPONSES

A start can be made by considering seeds of Lactuca sativa in some
varieties of which (e.g., Grand Rapids) germination is promoted by
visible radiation (Flint, 1934 ). In principle, then, it is simple to measure
the response spectrum for this promotion of germination in terms of
incident energy (Borthwick, Parker, and Hendricks, 1948). This is
done with a spectrograph of sufficient dispersion, aperture, spectral purity,
and source brightness to permit short irradiations, building up of ade-
quate populations and resolutions of fine structure if present (Parker
et al., 1946). The two-prism instrument used gives a spectrum about
10 cm. broad with a dispersion of 16 A/cm. at 5000 A and 75 A/cm.
at 7500 A. The spectrum is spread out over about 1.7 meters for the
visible with not more than 0.05 percent radiation impurity. A carbon

1U. S. Department of Agriculture, Agricultural Research Service, Beltsville, Mary-
land. '
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arc operating at 150 Amp. is generally used as a source with an effective
slit width of 50 A at 5000 A. In other words, the spectrograph will serve
for irradiation in narrow spectral regions at high irradiances of objects
as large as leaves of bean plants or several snails in a Stender dish.
Lettuce seeds that have imbibed water in darkness are placed along
the spectrum and irradiated for various periods that might range from
a few seconds to an hour according to the experimental design. They

" 350
. e
E 3
2 DY
Q35 = 300+
- »
17
g ©
@
& w LETTUGE SEED®
INHIBITION TO
25 LETTUCE SEED 250~ , 50% GERMINATION

PROMOTION OF
50% GERMINATION

n

o

o
T

COCKLEBUR INHBITION
OF FLORAL INITIATION

150

g

INCIDENT ENERGY REQUIRED FOR EFFECT

INCIDENT ENERGY REQUIRED FOR EFFECT
‘-'r

o 50l O ,—COCKLEBUR
PROMOTION

OF FLORAL

X<+ inmamion

YT S W S R S TR S S
5600 6000 6400 6800 7200 7600 8000

WAVE LENGTH IN ANGSTROM UNITS

Fig. 1. Action spectra for promotion (left) and inhibition (right) of lettuce seed
(Lactuca sativa var. Grand Rapids) germination and for inhibition (left) and promo-
tion (right) of floral initiation of cocklebur (Xanthium saccharatum). From Borthwick,
Hendricks, and Parker, 1952; Borthwick et al., 1954.

then are returned to darkness, at suitable temperature, where they remain
for several days to germinate as they may. The response spectrum for
any percent germination can be obtained from the result, after the germi-
nation response is known, as a function of energy of irradiation. That
for promotion of germination to 50 percent is shown in Fig. 1. A maxi-
mum of effectiveness is found near 6500 A.
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Lettuce seeds of the variety used had been shown by Flint and Mc-
Alister (1935) to be inhibited in germination in the region of 7000 to
8000 A. This observation was verified and the response spectrum for
inhibition was measured on imbibed seeds that had been irradiated with
another light source to promote germination fully just prior to irradi-
ating on the spectrograph for inhibition. The response spectrum for
inhibition of germination to 50 percent is also shown in Fig. 1 with a
maximum of effectiveness near 7300 A.

TaBLE I. Photoreversal of promotion and inhibition of Lactuca sativa var.
Grand Rapids seed germination in a series of irradiations alternating between
red and far red at two temperatures. From Borthwick et al., 1954.

Number of Germination at 20°C with
irradiations Final irradiation at indicated temperature
Red Farred irradiation 26°C 6-8°C

percent percent

I o Red 70 72

I I Far red 6 13

2 I Red 74 74

2 2 Trar red 6 8

3 2 Red 76 75

3 3 Far red 7 II

4 3 Red 81 77

4 4 Far red 7 12

The two photoresponses are the parts of a single reversible photoreac-
tion. This can most readily be shown by results (Table I) from a suc-
cession of promoting and inhibiting irradiations at two temperatures.
The germination response depends solely upon the last irradiation and is
independent of temperature during the sequence of exposures. Without
loss of generality this reversible photoreaction can be written as either

(1) or (II).

6500
(I) pigment ____ isomeric pigment
7350

6500
(11) pigment - reactant - changed pigment - changed reactant
7350

The pigment necessarily exists in two forms, which are either isomeric or
differ by addition or deletion of atoms or groups. The objective is to
find out more about this reaction, particularly whether (I) or (II) is
valid and how coupling to biological response is effected.
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A simpler matter, however, is to use the fact of ready reversibility
and the details of the action spectra for comparison of germination with
several other responses of plants to radiation. Consider the photoperiodic
control of floral initiation, the so-called length-of-day phenomenon. The
influence of an adequate dark period or sequence of dark periods with
alternating light periods as in a succession of days and nights can be
nullified by irradiating for short times near the middle of the dark periods.
The energies required for effectiveness of the interruption in their depend-
ence on wave length give the action spectrum.

The action spectrum for floral initiation of the long-night plant
Xanthium saccharatum (Borthwick, Hendricks, and Parker, 1952) is
shown in Fig. 1. It, too, has a promotive region at wave lengths greater
than 7000 A and an inhibitive one in the region where germination of
lettuce seed is promoted. Moreover, the action in the two regions can be
repeatedly reversed. Most remarkable for this particular comparison of
germination and floral initiation control is that the agreement is on an
absolute scale for incident energy despite many modifying factors. The
significance of this will be considered later.

Garner and Allard (1920) discovered not one, but several types of
flowering response such as long, short, indeterminate, and intermediate
“day-length” requirements. Do these arise from the same causal photo-
reaction ? Definitely so, as shown in Fig. 2 for the action spectra on a
relative scale for inhibition of floral initiation for the long-night plants,
Biloxi soybean and cocklebur, and promotion in the case of the short-
night plant, Wintex barley. Each of these is reversible, as also is floral in-
itiation of the short-night plant Hyoscyamus niger (Parker, Hendricks,
and Borthwick, 1950), with radiation in the region of 7000 to 8ooo A.
So the opposite flowering responses arise from the same initial control-
ling photoreaction.

The stem- and leaf-lengthening responses of seedlings plants—the
etiolation phenomena—also have the same action spectra as measured on
barley (Borthwick, Hendricks, and Parker, 1951) and peas. In barley,
moreover, the control on stem length is known for six albino types. The
photoreceptive pigment system, then, is present also in plants which
lack chlorophyll and the carotenoid pigments.

Even though one might not understand the reversible photoreaction,
it can be used simply as a device for uncovering two further consequences
of a relatively obscure phenomenon. The coloration of the tomato fruit
cuticle by a flavone where genetically possible is under photocontrol.
The action spectrum for coloration is shown in Fig. 3 in comparison
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Fig. 2. Action spectra in the red portion of the spectrum for inhibition of floral initia-
tion of soybean (Glycine max var. Biloxi) and cocklebur (X. saccharatum), for promo-
tion of flowering of barley (Hordeum vulgare var. Wintex) and of leaf lengthening of
etiolated pea seedlings (Pisum sativum var. Little Marvel). From Parker et al,, 1946;
Borthwick, Hendricks, and Parker, 1048; Parker et al., 1949.
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with that for floral initiation of cocklebur. The cuticle coloration re-
sponse, too, is photoreversible by radiation in the region of 7000 to 8000
A. The control reaction is the same, then, as for floral initiation. The
significance is that the tomato, which also shows the etiolation response,
is an indeterminate plant for flowering. It has the controlling system, but
flowering control is not displayed.
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Fig. 3. Action spectra for cuticle coloration of tomato fruit (Lycopersicon esculentum
var. Rutgers) compared with that for inhibition of flowering of cocklebur (X. sacchara-
tum). From Piringer and Heinze, 1954 ; Parker et al., 1946.

The coloration of the tomato fruit does not extend more than about
2 mm. beyond the irradiated area according to Piringer and Heinze
(1954). This response, then, has a high degree of localization, while
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floral initiation at a terminal meristem is controlled, if the plant is photo-
periodically responsive, by the photoreaction in a distant leaf.

The possibilities of obtaining quantitative information after this
pattern for numerous other features of growth and for all species of seed
plants are unlimited. Plants other than Spermatophytes are not con-
sidered in this paper because of lack of study rather than improbability
of their responding. It is well to return to further consideration of the
causal reactions with the realization that aspects of any of the varied
phenomena might be useful bases for deductions.

II. REACTANTS IN THE REVERSIBLE PHOTOREACTION

How can a distinction be made between reaction (I) and (II) from
physiological observations? Two indications were found that reaction
(II) in which reactants other than the pigment are involved is correct.
The sensitivity of seed germination to radiation can be influenced by
several factors such as the temperature and time of imbibition and the
presence of various compounds in the imbibed solutions. The effect of
time of imbibition in tap water prior to irradiation on germination of
Lepidium virginicum seeds is shown in Fig. 4. It can be seen that as
sensitivity to promotion changes, that to inhibition changes in the op-
posite direction for periods shorter than 72 hours. This is also the case
when the change is induced by the presence of nitrate or thiourca in the
imbibed solution as shown by results in Table II.

TasLe II. Energies required (ergs X 10°/cm?) for 50 percent germina-
tion of Lepidium virginicum sceds by promotion at 6300-6600 A or by in-
hibition at 7300-7500 & in the presence of water or solutions. From Toole

et al., (1955).

Energy Energy
Liquid imbibed for inhibition for promotion
20°C  15°-25°C 20°C  15°-25°C

-IT]‘_:O 0.3 0.4 14 5.8
0.2% KNO; 0.50 0.55 5.8 1.7
0.5% CS(NH.,). — 0.75 — 2.0

Since transition probabilities between the several states of the pig-
ments are very unlikely to be influenced in this simple and continuous
way, the implied change in quantum efficiency must arise from other
molecules’ being required in the reaction. It should be recalled, however,
that the reversible photoreaction does not change in rate with tempera-
ture. Collision between the pigment and the reactant of varying con-

[ 155 ]



S. B. HENDRICKS AND H. A. BORTHWICK

centration, then, cannot be limiting to the rate of the reaction. This situa-
tion can be realized if the pigment and reactant are closely associated as
in a cage or “‘sticky collision” as is often the case for other photoreactions
in solutions (Umberger and LaMer, 1945). The quantum efficiency
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Fig. 4. Variation of sensitivity to promotion and inhibition of germination at 20°C
of L. virginicum seeds imbibed in 0.2 percent KNO; solution with time of imbibition prior
to irradiation. From Toole et al., in press.
for the photoreaction in the two directions, then, will depend upon the
ratio of the reactant and changed reactant concentrations. The quantum
efficiency might accordingly be expected to change over a great range of
values.

The second indication that reaction (II) rather than (I) is involved
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is that the variance of the population for promotion of L. wirginicum
seed germination is different from that for inhibition, while each variance
is uninfluenced by changes in sensitivity caused by the presence of nitrate
or thiourea or by duration of imbibition (Toole et al.). This fact is shown
in Fig. 5, which is a graph of the probit-energy lines (Finney, 1952).
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Fig. 5. Variation in germination of Lepidium virginicum seeds with radiant energy
at a constant temperature of 20°C and with a shift at time of irradiation from 15 to 25°C
in presence of H,O or 0.2 percent KNOs solution. The longer broken line shows inhibi-
tion of germination at 7300-7500 A. From Toole et al., in press.

The slope of the lines is the reciprocal of the variance which with the
mean describes the normal population. Such a result would be expected if
the individuals of the population vary in their ratios of reactant to
changed reactant. The support for equation (II), in other words, comes
from the features of both the mean values and the variances.

Variation of the photoresponse with the relative quantities of reactant
can be illustrated as in Fig. 6. Each possibility has been realized; thus
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germination of L. densiflorum and of Lactua sativa var. Grand Rapids
seeds is described by the center graph. L. virginicum, on the other hand,
requires about 47 fold more energy for a 50 percent response in the
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Fig. 6. Possible variation of photoresponse with concentration of the molecules A and
AR that react with the pigment. From Toole et al., in press.

region near 6500 A than is needed near 7300 A, corresponding to the
bottom graph. Moreover, the prediction that the isobastique point shifts
toward longer wave lengths as the relative sensitivity to 7300 A in-
creases is closely followed (Toole et al., op. cit.).
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III. REACTION SUBSEQUENT TO THE PHOTOREACTION

The information about the reversible photoreaction has been gained
from a simple use of the growth response as an assay. This simple use
can be extended to answer two other questions. Which side of the photo-
reaction is coupled with biological response ? How is it coupled ? The first
question should be appreciated in a sense of symmetry, namely, that to a
point responses can be interpreted as arising from activation by a positive
factor or inhibition by a negative factor. Answers came from some
further details about the several photoreversibilities.

The floral initiation of cocklebur was found by Downs (1954 ) to lose
reversibility as a function of the time between the reversing irradiances
(Table III). This loss of reversibility, moreover, had a marked tempera-

TasLe 111, Effect of temperature during interval between irradiations on
loss of reversibility for floral initiation of Xanthium saccharatum. From
Downs, 1954.

Flowering conditions * with
Interval between  various temperatures during

red and far-red the interval
radiations 20°C 4°C
min.

[o) 7 -

20 4 6

30 2 4

40 I 4

60 o 3

* Flowering condition was estimated on a scale of eight stages of primordium develop-
ment at time of dissection of four plants in each group, stage 8 being most advanced.
ture dependence, as shown in the table. The loss takes place when reaction
(II) is driven to the right by the action of red radiation but not when
it is forced to the left ; that is, the loss in reversibility takes place when
the pigment is in the form with an absorption maximum near 7300 A.
The generality of the observation is indicated by the similar behavior of
floral initiation in Biloxi soybean and cuticle coloration of tomato fruit
(Piringer and Heinze, op. cit.). The interpretation is that the right side
of equation (II) is associated with biological response. This response,
then, either involves depletion of the changed pigment or the changed
reactant. The controlling reaction scheme in case the pigment is depleted
might be
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6500
(I1,) pigment - reactant —— changed pigment - changed reactant
7350
(11,) changed pigment 4 molecule A — changed pigment—molecule A

In the second possibility where the changed reactant is depleted the
changed pigment might be serving as an enzyme for the depletion.

There are many inviting approaches offered by the second possibility
that might lead to recognition of the actual compounds involved in the
reactions. These are being examined both in seed germination and con-
trol of floral initiation.

IV. TIME MEASUREMENT IN PHOTOPERIODISM

The question of the measurement of time in photoperiodic responses of
plants can now be answered. The existence of this phenomenon, of
course, implies that plants measure either the duration of darkness or of
light or of both darkness and light. A dark reaction is surely the con-
trolling one since numerous experiments on floral initiation have shown
that the length of the dark period is determinative (Borthwick, Hen-
dricks, and Parker, in press; Lang, 1952; Naylor, 1953).

A reaction such as II will change in darkness towards an equilibrium
at a rate determined by a free energy of activation. This reaction was
found for seeds of Lactuca sativa var. Grand Rapids to proceed toward
the left, i.e., in the direction that it is driven photochemically by 7350 A
(Borthwick et al., 1954). If these seeds are irradiated near 6500 A and
then held at 20°C in darkness, germination follows. Temperatures above
30°C, however, block germination. Seeds held in darkness at 35°C
following irradiation near 6500 A will not germinate upon return to 20°C
unless irradiated a sccond time in the promotive region. This indicates
that the reaction went from right to left, that the pigment in darkness at
35°C changed to the form with an absorption maximum at 6500 A.

The time of half return for the pigment in darkness from the right to
the left of equation II for Grand Rapids lettuce seed, then, is of the order
of 24 hours at 35°C. In photoperiodic responses the critical dark time,
on the other hand, is near night-lengths of nature. There is, moreover,
some crude temperature independence not admitted by the simple reversal
of (IT) with a free energy of activation of the order of 20,000 calories.
Thus, while the reversal of reaction (II) proceeding from right to left is
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surely involved in time measurement of photoperiodism, the way in which
coupling to biological response is effected also must be involved.

V. OPPOSITE RESPONSES TO THE SAME PHOTOREACTION

Another question to be answered is how can the same causal reactions
give opposite responses of producing flowering in some plants and pre-
venting it in others? There are two parts to the answer, one describing
the basic principle involved and the other giving reasons for its opera-
tion in control of flowering.

The basic principle, essentially as stated earlier (Borthwick, Parker,
and Hendricks, 1948), is as follows: The active substance must reach
an adequate concentration to effect floral initiation, but it is self-inhibitory
at higher concentrations.

The operation of the same principle in action of auxin on cellular
elongation was recognized by IFoster, McRae, and Bonner (1952) and
quantitatively developed on the basis of the Michaelis-Menten expression
for first-order kinetics involving a rate-limiting activated complex. The
expression developed by Foster et al. closely describes the effect of indole-
3-acetic acid concentrations on growth of 4vena coleoptile sections over
a 100,000 fold change in concentration. The self-inhibition arises from
attachment of the indole-3-acetic acid at two points for biological action
as schematically illustrated in Fig. 7.

The second part to the answer involves the extent to which indole-3-
acetic acid might be involved in the flowering response or the other phe-
nomena controlled by the reversible photoreaction. Liverman and Bon-
ner (1953) observed some interdependence of exogenous indole-3-acetic
acid and the reversible photorcaction on elongation of Avena coleoptile
sections. Bonner and Thurlow (1949) and von Denffer (1950) found
that effectiveness of an adequately long night in promoting flowering of
long-night plants such as cocklebur can be nullified by spraying with
dilute indole-3-acetic acid solutions at the start of the dark period. There
are other compounds, too, particularly coumarin, that seem to be associ-
ated in their action with growth control by the reversible photoreaction.

VI. UBIQUITY OF THE PHOTOREACTION

The phenomenon of growth control by the reversible photoreaction is
possibly present in all seed plants. But many flowering plants, such as the
tomato, are apparently not dependent upon a photoperiodic control of
floral initiation, at least so far as they have been studied. The control is
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often sharply expressed for one variety of a species but not for an-
other, as in tobacco varieties. Despite the probable occurrence of the
controlling reaction, seeds of most species might germinate in darkness
(Crocker and Barton, 1953).

'32_coou
I,

H

A Indole- 3-Acetic Acid
N AUXIN

Response —>=

Log Concentration —>

Fig. 7. A schematic diagram for self-inhibition in biological action arising from two-
point attachment between two molecules where II is the active combination.

The universality of the response is best evident from control of cell
enlargement in the etiolation response. This is very apparent in all higher
plants. Seeds, too, that will germinate in darkness have been modified so
as to come under light control. In the case of lettuce this can be done
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either by holding them imbibed at a temperature higher than 30°
(Borthwick, Hendricks, and Parker, 1952) or by imbibition of cou-
marin at concentrations greater than 107% molal (Nutile, 1945).

The question really is: With the controlling reaction present, why
does it fail to control? And the answer is that control is expressed only
when the concentration limits are met for the compounds involved. The
situation is not unlike that of gene action that is only recognized when
the gene is recessive, or a physiological response that is only pathologically
evident.

The plant growth responses that are probably to be considered as
under this control, interacting with other variable factors, are the follow-

ing:

Seed germination IFloral initiation

Seedling elongation IFlower development

Leaf enlargement Pigmentation

Plumular hook unfolding Phylloidy of bracts

Epinasty Succulency

Leaf abscission Sex expression

Bulb formation Root development

Rhizome production Response to day and night temper-
Casparian strip formation ature

The list is not exhaustive but rather includes only those examples for
which some analytical information is available.

The ccological significance of the control system and the mode of
adaptation can be appreciated without detailed development. The control
enters in dormancy of seeds, the persistence of seeds in soil, emergence of
seedlings, light requirements in growth, temperature requirements, plant
form, and reproduction. In short, the entire cycle of growth is influenced
in its dependence on environment as expressed by temperature and light
regimens,

VII. ACTION IN THE SPECTRAL REGION OF 4000 TO 5200 A

We have not studied another aspect of photoresponsive growth control
namely, phototropic responses of plants, and for this reason we shall leave
the development of the essence of the subject to others (duBuy and
Nuernbergk, 1934 ; Went, in press). Some comments are required, how-
ever, since the phototropic and reversible growth responses both possibly
involve auxin. Phototropism has been shown to take place through an
auxin-transport control (Cholodny, 1926; Went, 1928). The response
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spectrum extends from 5200 A towards shorter wave lengths with a
maximum or double maximum near 4800 A—the greatest effectiveness
heing in the blue rather than in the red and far red as for the reversible
growth control. The effective pigment has been interpreted to be a
carotenoid or riboflavin (Galston, 1950) or the first for the “tip” response
and the second for the “base” response in Avena coleoptiles (Went, in
press). Response in a similar spectral region is also possible for changes
in protoplasmic viscosity and protoplasmic streaming (Virgin, 1948).
This cursory mentioning of phototropic response is to serve as a
background for a further comment about the reversible photoreaction:
namely, what is the response spectrum in regions below 5200 A? Natu-
rally this spectrum has been measured (Borthwick, Parker, and Hen-
dricks, 1948; Borthwick et al., 1954) since possible absorption in the
blue has an important bearing on the nature of the pigment. All that need
be said about it is that the energy required for either of the actions in the
region of 4000 to 5000 & is much greater than ncar 6500 A or 7350 A.
This could be due to overlapping of equal photochemical effectivenesses of
the two forms of the pigment in this region, either with high values or low
values of effectiveness compared with the most effective regions. In the
case of germination of Lactuca sativa seeds the slow approach produced
by high energies between 4000 to 5000 A to a photochemical equilibrium
value of the pigment system displaced to either extreme shows that the
photochemical effectiveness is low compared with the maxima near 6500
and 7350 A (Borthwick, Hendricks, and Parker, 1952). The small
effect observed could result from operation of the phototropic control
system, i.e., the action could be on the phototropic pigment system.

VIII. SCREENING OF LIGHT ACTION IN PLANTS AND ANIMALS

A reading of the critical article by Loofbourow (1948) on factors
affecting action spectra, and knowledge of the elaborate studies on
effectiveness of carotenoids and chlorophyll in photosynthesis (Rabino-
witch, 1951 ), might cause one to wonder why so simple an approach as
the one used here led so straightforwardly to the essential answers. Why
can screening of obvious pigments in seed coats and green leaves, pos-
sible scattering, and other factors fail to obscure the regularities? Per-
haps the first point to remember is that while measurements are highly
quantitative for a physiological subject, the essence of the arguments
depends only on orders of magnitude and on the fact of reversibility. A
second point to be made is that the actions involved are in a spectral
region in which chlorophylls alone among prominent plant pigments
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absorb strongly; and the absorptions in the red of chlorophyll in the
green plant resemble closely the action of the red-absorbing pigment.
Effectiveness of chlorophyll as a screen, too, is subject to analysis if the
photoreversible pigment system is in the plastid. In fact, we have been
inclined to base an argument that the photoreversible system is not in
the plastid on the apparent ineffectiveness of screening.

Restraint is also required in comments on photoperiodic responses of
animals. The principal approach with animals has been the ecological
one of evaluating “‘day-length” control for gonad development. Since
endocrine work on animals is so advanced, its very successes have di-
verted attention from the immediate causal system for light action as
also has predominant attention to vertebrates. The gap in knowledge is
in the source of the control over the hormonal responses, i.e., in the
control over the pituitary or its antecedents. A quotation from the general
conclusions given in “Vertebrate sexual cycles,” by Bullough (1951), a
thoughtful review of the subject, is pertinent: “In an animal such as the
ferret which breeds in spring the stimulus of the increasing day length
enters the eyes and passes in the form of nervous activity through the
optic nerve and the brain to the pituitary gland.” This is intended as a
most general conclusion avoiding controversial detail. Its purpose is to
draw attention to the fact that the effective radiation enters the animal
in the region of the eye and that eventually there is a response of the
pituitary mediated through the nervous system. The underlined part,
however, states that the stimulus is a long day where in reality it might
be a short night. To pass in the form of nervous activity through the
optic nerve implies that the photoconversion took place in the eye while
in reality the site of action might be the hypothalamus or deep in some
portion of the white matter.

A general approach is to measure an action spectrum, but here the
limitations emphasized by Loofbourow (1948) become paramount in
practically excluding the vertebrate with its screening blood as an ex-
perimental subject. Small invertebrates, such as mosquito larvae (Baker,
1953), aphids (Marcovitch, 1924), etc.,, that have definite “photo-
periodic responses” in metamorphosis and are essentially transparent to
visible radiation can be studied. With Dr. Charles E. Jenner and Mr.
Oscar H. Paris, of the University of North Carolina, we have attempted
to obtain the action spectrum for egg release from the pulmonate snail,
Lymnea palustris. The egg release control is as precisely dependent upon
night length as in the case of the turkey, a dark period shorter than 11
hours and 45 minutes being required at 27°C. The snail is a short-night
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animal in contrast to the long-night sheep. But to date no conclusion
has been reached on the action spectrum of a dark-period interruption
other than that effectiveness in egg release is restricted to wave lengths
shorter than 6500 A.

IX. ACTION SPECTRUM FOR GAMETE RELEASE BY HYDRACTINIA

Greater success has been had with control by radiation of gamete
might exist that the control is the general photoperiodic one for animals.
release from the hydrozoan Hydractinia echinata, but in this case doubt

HYDRACTINIA

o
o~
o

] ] !

4000 4500 5000 5500 6000 6500 70004

WAVE LENGTH

Fig. 8. Action spectrum for 50 percent gamcte release from the hydrozoan Hydrac-
tinia echinata. The individual numbers represent the degree of release, on a scale of
zero to 10 with 10 as complete release, for the indicated wave length and incident energy.

The gamete release at 22°C starts 55 minutes (Ballard, 1942) after
effective irradiation of as low as 0.1 erg/cm? incident in an appropriate
spectral region. The action spectrum as we have measured it with Dr.
Jenner and Mr. Paris is shown in Fig. 8. This follows closely the absorp-
tion spectrum of a porphyrin, agreeing particularly well with that of
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coproporphyrin III (Lemberg and Legge, 1949). MacMunn, in his early
work, drew attention to porphyrins as present in Coelenterata. More
recently Kliiver (1944 ) found coproporphyrin III to be of widespread
occurrence in white matter of the central nervous system of vertebrates.
It is particularly abundant in the white matter of the brains of birds.
Birds, too, are strikingly photoperiodically responsive for gonad de-
velopment and for migration (Wolfson, 1942).

The photoperiodic phenomenon as observed in animals has the same
spotty appearance among species as it does in plants. Its appearance
among many animal phyla, however, is definite. This suggests that, just
as among plants, the phenomenon might be very widespread even among
animals in which it is not recognized.

BIBLIOGRAPHY

Baker, F. C. 1953. The effect of photoperiodism on resting treechole mosquito
larvae. Can. Entomol. 61, 149-153.

Ballard, W. W. 1942. The mechanism of synchronous spawning in Hydrac-
tinia and Pennaria. Biol. Bull. 82, 320-339.

Bonner, J., and J. Thurlow. 1949. Inhibition of photoperiodic induction in
Xanthium by applied auxin. Bot. Gaz. 110, 613-6024.

Borthwick, H. A., M. W. Parker, and S. B. Hendricks. 1948. Wave length
dependence and the nature of photoperiodism. Lotsya 1, 71-78.

Borthwick, H. A., S. B. Hendricks, and M. W. Parker. 1948. Action spec-
trum for photoperiodic control of floral initiation of a long-day plant,
Wintex barley (I{ordeum vulgare). Bot. Gas. 110, 103-118.

Borthwick, H. A., S. B. Hendricks, and M. W. Parker. 1951. Action spec-
trum for inhibition in stem growth in dark-grown seedlings of albino
and nonalbino barley (Hordeum vulgare). Bot. Gaz. 113, 5-105.

Borthwick, H. A., S. B. Hendricks, and M. W. Parker. 1952. The reaction
controlling floral initiation. Proc. Nat. Acad. Sci. 38, 929-934.

Borthwick, H. A., S. B. Hendricks, and M. W. Parker. Photoperiodism.
In Radiation Biology, McGraw-Hill, New York. In press.

Borthwick, H. A., S. B. Hendricks, E. H. Toole, and V. K. Toole. 1954.
Action of light on lettuce seed germination. Bot. Gaz. 115, 205-225.

Bullough, W. S. 1951. Vertebrate sexual cycles. Methuen, London.

Cholodny, N. 1926. Wuchshormone und Tropismen bei den Pflanzen. Biol.
Centrbl. 47, 604-626.

Crocker, W., and L. V. Barton. 1953. Physiology of seed. Chronica Botanica.
Waltham, Mass.

Denffer, D. v. 1950. Blithhormon oder Blithhemmung. Naturwissen. 37,
317-321.

Downs, R. J. 1954. Regulatory effects of light on plant growth and reproduc-
tion. Ph.D. Thesis. The George Washington University, Washington,
D.C.

[ 167 ]



S. B. HENDRICKS AND H. A. BORTHWICK

duBuy, H. G., and E. Nuernbergk. 1934. Phototropismus und Wachstum der
Pflanzen. Ergeb. Biol. 10, 207-322.

Finney, D. J. 1952. Probit analysis. 2d ed., Cambridge Univ. Press, London.

Flint, L. H. 1934. Light in relation to dormancy and germination in lettuce
seed. Science 8o, 38-40.

Flint, L. H., and E. D. McAlister. 1935. Wave lengths of radiation in the
visible spectrum inhibiting the germination of light-sensitive lettuce
seed. Smithsonian Misc. Pub. 94(5), I-11.

Foster, R. J., D. H. McRae, and J. Bonner. 1952. Auxin induced growth
inhibition a natural consequence of two point attachment. Proc. Nat.
Acad. Sci. 38, 1014-1022.

Galston, A. W. 1950. Phototropism I1. Bot. Rev. 16, 361-378.

Garner, W. W., and H. A. Allard. 1920. Effect of the relative length of day
and night and other factors of the environment on growth and reproduc-
tion in plants. J. Agr. Res. 18, 553-606.

Kliiver, H. 1044. On naturally occurring porphyrins in the central nervous
system. Science 99, 482-484.

Liverman, J. L., and J. Bonner. 1953. The interaction of auxin and light
in the growth responses of plants. Proc. Nat. Acad. Sci. 39, 905-916.

Lang, A. 1952. Physiology of flowering. An. Rev. Plant Physiol. 3, 265-306.

Lemberg, R., and J. W. Legge. 1949. Hematin compounds and bile pigments.
Interscience Publishers, New York.

Loofbourow, J. R. 1948. Effects of ultraviolet radiation on cells. Growth
(suppl.) 12, 77-149.

Marcovitch, S. 1924. The migration of the Aphididae and the appearance of
the sexual forms as affected by the relative length of daily light exposure.
J. Agr. Res. 27, 513-522.

Naylor, A. W. 1953. Reactions of plants to photoperiod in growth and differ-
entiation in plants. Growth and Differentiation. Edited by W. E. Loomis.
Univ. of Iowa Press, Ames, Iowa.

Nutile, G. E. 1945. Inducing dormancy in lettuce seed with coumarin. Plant
Physiol. 20, 433-442.

Parker, M. W., S. B. Hendricks, H. A. Borthwick, and N. J. Scully. 1946.
Action spectrum for the photoperiodic control of floral initiation of
short-day plants. Bot. Gaz. 108, 1-26.

Parker, M. W., S. B. Hendricks, H. A. Borthwick, and F. W. Went. 1949.
Spectral sensitivities for leaf and stem growth of etiolated pea seedlings
and their similarity to action spectra for photoperiodism. Amer. J. Bot.
36, 194-204.

Parker, M. W., S. B. Hendricks, and H. A. Borthwick. 1950. Action spectrum
for the photoperiodic control of floral initiation of the long-day plant
Hyoscyamus niger. Bot. Gaz. 111, 242-252.

Piringer, A. A., and P. H. Heinze. 1954. Effect of light on the formation of
a pigment in the tomato fruit cuticle. Plant Physiol. 29, 467-472.

Rabinowitch, E. I. 1951. Photosynthesis. Vol. II, Part 1, Interscience Pub-
lishers, New York.

[ 168 ]



PHOTORESPONSIVE GROWTH

Toole, E. H., V. K. Toole, H. A. Borthwick, and S. B. Hendricks, 1955.
Photocontrol of Lepidium seed germination. Plant Physiol. 30, 15-21.

Umberger, J. Q., and V. L. LaMer. 1945. The kinetics of diffusion con-
trolled molecular and ionic reactions in solution as determined by meas-
urements of the quenching of fluorescence. J. Amer. Chem. Soc. 67,
1099-1109.

Virgin, H. 1. 1948. Changes in the viscosity of Helodea densa casp. during
continuous illumination. Physiol. Plantarum 1, 147-155.

Went, F. W. 1928. Wuchsstoff und Wachstum. Rec. Trav. Bot. Necrl. 25,
1-116.

Went, F. W. Phototropism. Radiation Biol.,, McGraw-Hill, New York. In
press.

Wolfson, A. 1942. Regulation of spring migration in juncos. Condor 44,

237-263.

[ 169 ]






VIII. THE BIOLOGY OF WATER MOLDS

BY RALPH EMERSON'

I. INTRODUCTION

No poUBT the founders of the Society for the Study of Development
and Growth had quite specific original aims in mind. And yet
from the broadest viewpoint one could well say that such a society would,
in the long run, find itself concerned with each and every aspect of living
things. A full understanding of development and growth must inevitably
encompass all life’s processes, and for this great field of knowledge we
have a time honored name, to wit, Biology. My title, therefore, has
validity here and need only be qualified by the acknowledgement that
it attempts to cover too much. In directing attention to the biology of
aquatic fungi, in attempting indeed to learn all one can of their develop-
ment and growth, one ventures into many specialties and exposes oneself
to the attendant danger of superficiality. Hopefully the loss in depth can
be offset by the width of the horizon and some values may be derived from
this account of our studies.

Present evidence suggests that the three major groups of true fungi
are phylogenetically related in an ascending sequence from Phycomycetes
to Ascomycetes to Basidiomycetes. Most primitive, most diverse, and
hence most interesting and promising experimentally in many respects
are the aquatic Phycomycetes at the bottom of this evolutionary series.
Occurring as saprophytes and parasites in marine and fresh waters
throughout the world they are commonly referred to as water molds.
Although there are now well over a thousand described species, many
of which have been intensively investigated by taxonomists and mor-
phologists, only rarely have they been used for detailed and controlled
experimental investigations of growth and development. Mostly they
have remained in the immediate and regrettably obscure domain of the
diligent monographer. We need not dwell here on the underlying reasons
for this situation. It will be enough to point out that water molds are

1 The Department of Botany, University of California, Berkeley. Acknowledgement
is made here to Mr. Arthur T. Brice of Ross, Marin County, California, for his very
kind permission to reproduce Fig. 2 and the photographs in Plates II-VIII. These
photographs are selected frames from a film entitled Syngamy and Alternation of Gen-
crations in Allomyces, a Watermold. The film was produced by Mr. Brice in our
laboratories and was shown at the Thirteenth Growth Symposium immediately follow-
ing the present paper. I wish to thank Dr. Francis V. Ranzoni for his very able prepara-

tion of Figs. 1, 3, 4, and 5, and I am indebted also to the several kind critics who helped
with the final preparation of the manuscript.
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not always easy to find in nature, and the artful devices which have been
worked out over the years by successful collectors deserve particular
recognition (Sparrow, 1943). Methods of pure culture are, likewise,
sometimes intricate and painstaking (Emerson, 1950), and many genera
still remain to be isolated.

More than fifty years ago, however, a great pioneer of developmental
plant physiology, the German botanist Georg Klebs (1899), made the
first experimental study of growth and reproduction in an aquatic Phyco-
mycete. Just before the turn of the century he published the account of
his work on Saprolegnia which demonstrated conclusively that the re-
productive structures of this mold are not inherently formed in a fixed
order ; on the contrary, their development can be inhibited or called forth
at will by adjusting the environmental conditions. He showed, for ex-
ample, that Saprolegnia mixta remained in a purely vegetative state as
long as it was held continuously in fresh nutrient medium. Zoosporangia
could be induced to appear quickly and in profusion whenever a vigorous
mycelium was deprived of nutrient by washing and transfer to water.
The distinctive sexual structures, oogonia and antheridia, were always
formed when mycelium was placed in agar.

This pioneering work of Klebs on Saprolegnia has taken its place
among the great classics of mycology. One might have supposed that
further fundamental research would have developed quickly from such
an imaginative and revealing beginning. True, Kauffman (1908),
Pieters (1915), and others followed in Klebs’ footsteps and repeated,
verified, and elaborated upon his findings. Saprolegnia found its way
into every elementary text book of botany, and freshman teachers the
world over have, perhaps unknowingly, applied Klebs’ findings in setting
up laboratory material to show sexual and asexual reproduction in the
“fish mold.” The principles have been found to apply to many other genera
of aquatic Phycomycetes, and mycologists everywhere know that grown
mycelium transferred to fresh water will usually show copious zoospore
formation whereas agar cultures are more apt to reveal oogonia and
antheridia. The strange fact remains, however, that during the half cen-
tury following Klebs’ discoveries our basic understanding of these phe-
nomena has not advanced appreciably, with one very important excep-
tion. John Raper’s demonstration and elucidation of the hormonal
mechanism that controls the formation and development of the sexual
structures in heterothallic species of Achlya, a genus closely related to
Saprolegnia, is a great step forward and represents one of the major
contributions to modern biology. Readers are referred to the immediately
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preceding Symposium Volume for a review of this brilliant work pre-
sented to the Society in 1953 (Raper, 1955). Bishop’s (1940) investi-
gations of Sapromyces show that sexual reproduction in that genus is
almost certainly under some similar type of hormonal control, and
without doubt the same basic mechanism is operative in many other water
molds having comparable sexual reproductive structures.

Fascinating and important as these hormonal systems are, they pro-
vide only a partial answer to the problems raised by Klebs’ observations.
Among the hundreds of aquatic Phycomycetes, varying so widely in
the details of their development and sexual and asexual reproduction,
what can we discover about the underlying processes that lead to the
formation and differentiation of sporangia, resting spores, or gametangia,
or set the pattern of regularly alternating haploid and diploid phases in
the life cycle? How are these devclopmental processes initiated and how
are they integrated with nutrition, metabolism, genetic make-up, and the
physical environment ? These are large questions indeed, but the answers
to such questions have been coming with increasing frequency from
studies of small and comparatively simple organisms.

II. THE EXPERIMENTAL SUBJECTS

My interest in the processes of differentiation and reproduction in
water molds was aroused some twenty years ago by Professor William
H. Weston at Harvard University. e has contributed profoundly to
the field of experimental mycology by his inspiring teaching, and there
are many of us who owe him a deep debt of gratitude. It was he who
directed my attention in 1933 to an exceptional group of saprophytic
Phycomycetes which were still relatively obscure at that time but are,
as we shall see, quite well known now and recognized for their intrinsic
interest as well as their special suitability for various fundamental
studies of growth and reproduction. They make up the small family,
Blastocladiaceae, which presently includes the three genera, Blastocladia
Reinsch (1878), Allomyces Butler (1911), and Blastocladiella Matthews
(1937).

A. Allomyces. Our attention will be focussed mainly on Allomyces in
the ensuing discussion, and it will be well to acquaint you at once with its
structure and reproductive behavior. When the distinguished British
mycologist, E. J. Butler, first discovered this mold in India, his broad
knowledge of the fungi prompted him to select a name—allo (different),
myces (fungus)—which was peculiarly prophetic, for only in later years,
through the research of other investigators, has the extraordinary degree
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of difference become fully apparent. During the closing months of his
eminent scientific career, Hans Kniep (1929, 1930) found in Allomyces
a type of sexuality and reproductive behavior not previously known in
any fungus.

It is now evident that species of Allomyces are widespread throughout
the tropical and warmer temperate regions of the world (Emerson,
1941). If dried mud- or soil-samples from these areas are used to inocu-
late water cultures “baited” with boiled hemp seeds, after several days a
fringe of mycelium will usually appear, surrounding the seeds and ex-
tending out into the water to a distance of 5 mm. or more (Plate VIII,
1). The growth often proves to be Allomyces, and pure cultures can
subsequently be obtained readily by routine microbiological techniques.

One can best appreciate the distinctive features of the vegetative thallus
of Allomyces by following its development from a spore or zygote. The
figures in Plates IT, TIT, and TV vividly portray the processes involved.
The first delicate germ tube pushes out rapidly, penetrates the sub-
stratum, and branches profusely to form the basal system of rhizoids
that serve as organs of attachment and absorption. When the rhizoids
have become well established, another much stouter hyphal germ tube
grows from the opposite side of the spore. This is the rudiment of the
main mycelium, and its origin, 180° away from the initial rhizoidal tube,
gives evidence of a marked polarization which has not yet been investi-
gated. The hyphal tube soon branches dichotomously (Plate ITI, 1);
the branches elongate and divide again; and so, by repeated dichotomies
and clongation, the arbusculate thallus continues to fan out and grow
(Plate IV) until it reaches maturity and forms reproductive struc-
tures.

The mycelium appears to have cross walls at irregular intervals; all
these pseudosepta, however, have wide perforations through which pass
large strands of cytoplasm. Nuclei are distributed along the coenocytic
hyphae and tend to be more numerous in the growing hyphal tips where
the cytoplasm is more dense and granular. Reproductive structures
originate terminally on the hyphae and occur singly or in short chains.
Their characteristic arrangement results from repeated sympodial
branching and elongation of the supporting hyphae as shown in Plate
VI, g-11.

All of the reproductive organs (whether sporangia or gametangia, see
below) have a basic similarity of pattern. They are always single cells
cut off from the parent hypha by a complete septum formed quite early
in their ontogeny (Plate VI). They are multinucleate and produce
swarmers—spores or gametes—by a process known as progressive
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cleavage in which the entire protoplast is ordinarily divided up into
uninucleate blocks. They release swarmers through a pore formed by the
dissolution of a gelatinous plug termed a discharge papilla. Papillae are
evident in Plate I, 2 and 5. The swarmers themselves also conform to a
fixed structural pattern, involving certain fundamental features shown
in Fig. 1, namely the thin elastic wall that permits semi-amoeboid motion
(Plate VIII, 5), the single, posteriorly situated, whip-like flagellum, and
the single nucleus embedded in the posterior end of a conspicuous top-

Fig. 1. A zoospore (mitospore) of Allomyces showing the characteristic posterior
flagellum; the large “nuclear cap,” nc; the nucleus, n; and the nucleolus, no (X ap-
proximately 1750). Meiospores, female gametes, and male gametes all have this same
basic structure.

shaped structure known as the nuclear cap. Posteriorly uniflagellate
swarmers characterize a whole major series of the aquatic Phycomycetes,
but the nuclear cap is a feature distinguishing Allomyces and its near
relatives.

The full sexual cycle of Allomyces macrogynus and A. arbuscula
involves two entirely separate, “equal,” and alternating generations as
shown in Fig. 2. Each of the four different kinds of reproductive struc-
tures normally has a fixed place in the cycle and a specific function deter-
mined, we must assume, by its particular physiological make-up. Two
kinds of sporangia are borne on the diploid sporophytic plant. The thin-
walled gray ones (Plate I, 5) are called mitosporangia and the 50 or so
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spores they release are called mitospores because each one contains a
diploid nucleus formed by mitosis. After a period of swarming (Plate
VIII, 5), mitospores develop asexually into new diploid sporophytic
plants. Hence they constitute a means of rapid asexual multiplication and
spread of the diploid phase with no change in chromosomal material.
Aside from certain yeasts, the Blastocladiales are the only fungi with a
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Fig. 2. Semischematic portrayal of the life cycle and reproductive structures in Al-
lomyces macrogynus. Mitospores from the single mitosporangium are shown reproduc-
ing the sporophyte asexually. Meiospores, released from the dark meiosporangia, develop
into gametophytic plants, and there male and female gametangia are formed in pairs.
(Drawing made by Raphael Rodriguez and reproduced by permission of Arthur T.
Brice.)

natural mechanism such as this which allows indefinite clonal propaga-
tion of any diploid strain without genetic change.

The other sporangia on the diploid plant are very different (Plate I,
6). They have an outer wall that is thick, conspicuously pitted, and dis-
tinctively colored by brownish melanoid pigments (Emerson and Fox,
1940). They are usually referred to as resistant sporangia (RS) because
they become dormant and serve to carry Allomyces and the other Blasto-
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cladiaceae through long adverse periods when temperatures are unfavor-
able or water is too scarce for vegetative growth. Under suitable en-
vironmental conditions the RS germinate—i.e., dehisce—in a charac-
teristic manner as shown in Plate V. There is first a rapid uptake of
water that results in a swelling of the contents and rupturing of the
heavy outer wall. One or more discharge papillae are soon formed on
the thin inner wall which protrudes through the cracks. Presently the
spores are cleaved out, the exit papillae dissolve, and the spores are re-
leased.

Cytological studies of Allomyces (Wilson, 1952) have shown that
each RS originally contains about 12 diploid nuclei. During the early
stages of germination these nuclei go through two meiotic divisions
in rapid succession. In the subsequent cleavage process each of the 48
spores receives one of the haploid nuclei thus produced. Hence resistant
sporangia can be called meiosporangia and the spores they release are
meiospores.

Aside from their slightly smaller size these meiospores are outwardly
identical in appearance and behavior with the mitospores (Plate VIII,
5). Moreover they swarm, settle down, round up and grow in precisely
the same way. No difference becomes apparent until reproductive organs
start to develop on these new haploid thalli. At that time the first indica-
tion of a change can sometimes be detected by the occurrence of the young
reproductive structures fairly regularly in terminal pairs. Subsequently,
marked differences arise in these paired cells (Plate I, 2 or 3). One of
them continues to develop into a structure which resembles in all re-
spects a mitosporangium; it is unpigmented and releases swarmers that
are structurally indistinguishable from mito- or meiospores. The other,
however, besides being somewhat smaller, soon begins to reveal in its
cytoplasm a bright orange color resulting from the accumulation of -
carotene (Emerson and IF'ox, 1940). Furthermore, when swarmers are
released they are about half as large as any of those previously described
(Plate VII; Plate VIII, 2 and 3). The full significance of the differentia-
tion that has occurred becomes apparent when each small orange swarmer
pairs off and fuses with one of the larger colorless swarmers from the
adjacent cell. We have here a haploid, hermaphroditic, self-fertile, game-
tophytic plant bearing colorless female gametangia and orange-colored
male gametangia. There is still no other fungus in which this striking
anisogamy of motile gametes is known to occur.

Whereas, in the great majority of Phycomycetes, syngamy leads to the
formation of a resistant or resting zygote, in Allomyces the zygote de-
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velops directly into a new thallus. At first the zygote is motile, propelled
by the two closely juxtaposed flagella (Plate VIII, 4), one from the
female gamete and one from the male. But after a period of swarming it
settles down and develops just as mitospores and meiospores do. In this
instance the single diploid fusion nucleus divides mitotically to populate
the new plant with diploid nuclei. The reproductive structures that make
their appearance are again mitosporangia and meiosporangia.

The life cycle of Allomyces, which has just been reviewed, exhibits
with diagrammatic clarity what botanists speak of as the alternation of
equal generations. While this type of life cycle has long been recognized
in many different algae, it had never been observed in the fungi until
Kniep made his investigations of Allomyces javanicus in 1930. The only
other instance of a similar cycle was reported in the closely related genus
Blastocladiella in 1938 by Harder and Sorgel (see below).

B. Blastocladia and Blastocladiella. By far the greater part of the
experimental work done in our laboratories has involved Allomyces, but
a few observations of unusual significance have concerned the related
genera Blastocladia and Blastocladiella. Moreover, in the past five years
our former student, Dr. I£. C. Cantino, with his associates at the Univer-
sity of Pennsylvania, has been making an intensive study of growth and
differentiation in a species of Blastocladiella. This work is so interesting
and bears so directly on our own observations that reference to it, even
though necessarily brief, is essential. We must, therefore, point out here a
few of the significant features of Blastocladia and Blastocladicella.

So little is known about the reproductive processes of Blastocladia—
even though the genus was first discovered nearly 8o years ago!—that
few comments can be made. In all essential morphological respects the
known species of Blastocladia correspond to sporophytes of Allonyces
(cf. Sparrow, 1943). Their irregularly branched thalli bear thin walled
sporangia, undoubtedly mitosporangia, and typical resistant sporangia
that cannot be called meiosporangia because no cytological work has been
done and no sexual stage has been detected in the genus. A comprehen-
sive picture of the distribution, substrate relations, nutrition, and un-
usual metabolism of Blastocladia will be found in the papers by Emerson
and Cantino (1948) and Cantino (1949) and other references cited
therein.

Superficially Blastocladiella appears to be quite different: the thallus
is unbranched and each plant bears but one single reproductive structure.
On the other hand, the life cycle depicted in Fig. 3, which Harder and
Sorgel (1938) described for B. variabilis, agrees in every important de-
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tail with that of Euallomyces. The main difference is that each sporc
phytic plant bears, necessarily, either a mitosporangium or a resistant spc
rangium (meiosporangium by implication and homology with Eualloiy
ces, but not determined cytologically). Likewise, each gametophyte bear
either a colorless female gametangium or an orange male gametangiunw
Cantino has recognized, as we shall see, that this extraordinary littl
organism has certain features which make it exceptionally suitable for .
variety of morphogenetic studics.

ZYGOTE

GAMETES //’, ﬂ/j -

MA<<ITVOA1MZI>®
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RESISTANT
SPORANGIUM

Tig. 3. The life cycle and reproductive structures in Blastocladiella variabilis as
described by Harder and Sorgel (1938). Each plant bears only a single reproductive
structure. Hence, sporophytes have either a mitosporangium (on the left) or resistant
sporangium (on the right) while gametophytes have either a male (4 ) or a female
(@) gametangium. The gametes are the same size but the males are distinguished by
their orange color.

III. ASPECTS OF CULTURE AND MANIPULATION

Although the gametophyte and the sporophyte of Allomyces are ob-
viously integral parts of a single developmental sequence, they are com-
pletely disconnected from each other physically and are entirely inde-
pendent in their nutrition and growth. It is not at all surprising, there-
fore, that the two generations can be cultivated quite apart from each
other (Limerson, 1941) and may be perpetuated virtually indefinitely
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on agar media by vegetative transfer of hyphal tips. Under these con-
ditions the reproductive structures that characterize each generation are
formed in profusion near the surface of the cultures. The thousands of
meiosporangia lend a characteristic brown hue to sporophytic cultures
whereas the accumulated carotene in the male gametangia imparts a
bright orange color to gametophytic cultures (Plate I, 1 and 4).

The formation and release of spores or gametes can usually be sup-
pressed by preventing any accumulation of water on the agar cultures.
Conversely, when mature sporangia or gametangia are placed in water,
mass discharge of swarmers can be induced in a short and predictable
time. Thus, by scraping the agar cultures gently with a flattened trans-
fer wire, quantities of sporangia or gametangia can be removed uninjured
and placed in water. Mitosporangia, female gamectangia, and male
gametangia will usually start to release swarmers within sixty minutes
after transfer to water at 20-25°C. (Plate VII, 2). Meiosporangia or-
dinarily take somewhat longer but can be expected to discharge spores
in less than two hours (Plate V). The time between suspension in water
and the onset of discharge is sufficient to permit segregation of the
different kinds of reproductive structures. Thus meiosporangia and
mitosporangia can be separately isolated from sporophytic suspensions,
while male and female gametangia can be separately isolated from
gametophytic suspensions. In each instance the distinctive color difference
between the two structures concerned (Plate I) facilitates positive identi-
fication at about 50X magnification under the dissecting microscope,
and rapid manipulation is readily accomplished with micropipettes of
suitable bore.

It should also be noted that Machlis (1953a, 1953b) has developed
precise techniques for growing sporophytic mycelia of Allomyces under
strictly defined and uniform conditions in liquid cultures. Gametophytic
plants are somewhat more difficult to maintain in this environment.2 In
cither instance, however, crops of reproductive structures can be initiated
and brought to discharge within a predictable time. The more rigid
environmental control that can be achieved in liquid cultures has played
an important part in certain of the studies to be described below.

1V. SEXUAL DIFFERENTIATION AND THE ARRANGEMENT OF
GAMETANGIA

In an effort to present the results of our investigations from the point
of view of a specialist on growth and differentiation—if there really is

. 2"1“uri:m (1954) h:%s recently reported that small amounts of boric acid in the medium
inhibit syngamy. This discovery should facilitate the growth of strictly gamctophytic
material in liquid cultures.
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such a one—we will focus our attention on three particular problems even
though cach is related to the others and no very sharp separations can be
made. First, what controls the formation and differentiation of game-
tangia? Second, what factors affect the formation, maturation, and
germination of resistant sporangia? And third, what mechanism deter-
mines sporophytism and gametophytism and keeps these two generations
alternating regularly in the reproductive cycle? If we had complete
answers to these three questions we would have unlocked some of the
major mysteries of biology.

A. The inheritance of gametangial arrangement in” Allomyces. Over
the years, since Kniep’s discovery (1929) of sexuality in Allomyces, it
has become increasingly apparent that there are two clear-cut natural
species which together comprise the subgenus Euallomyces. The basic
morphological difference between them lies in the arrangement of the
gametangia (Plate I, 2 and 3). In A. arbuscula the female gametangium
is always terminal and the male is subterminal or hypogynous; in A.
macrogynus the female gametangium is always subterminal and the male
is terminal or epigynous.® We can express these facts by saying that A.
arbuscula is 100% H (hypogynous) and A. macrogynus is 100% E
(epigynous).

The absolute regularity (so far as we have observed) with which
these two types of gametangial arrangement occur clearly implies some
very fixed processes of development and a precise mechanism which is
under genetic control. From the nature of the gametophytes of Allomyces
we must also conclude that sexual differentiation is not determined by a
simple segregation of sex chromosomes or sex-determining genes. The
haploid nuclei in the gametophyte are all derived by mitosis from the
single haploid nucleus of the original meiospore. Hence the nuclei in
the developing male gametangium will be genetically identical to those
in the young female gametangium. This type of sex determination is often
spoken of as phenotypic in contrast to the other type which is called
genotypic. One should not forget, of course, that phenotypic sex dif-
ferentiation is probably, in the last analysis, just as genctically controlled
as is genotypic.

It has seemed to us that the differentiation of gametangia in Allomyces
presents one of the neatest, simplest, and most clearly defined problems
of morphogenesis. Starting with an undifferentiated hyphal tip, in the

course of about one hour the apical portion is cut off and becomes one
31t is particularly important to understand that these statements apply only to the
primary, terminal pairs of male and female gametangia. Secondary ones are often found

in longer or shorter chains below the primaries, but in these sequences the positions of
male and female cells are not fixed.
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sex while the subapical portion, similarly walled off, has become the
opposite sex (Plate VI, 1 to 8). The position of the two gametangia is
fixed and the appearance of carotenoid pigment in the male serves as
a clear marker. The y-carotene provides, in fact, a visible indicator of the
different sequence of metabolic reactions that go to make a cell male
rather than female in this organism.

In 1936 the place of meiosis in the life cycle of Allomyces was not
known and we decided to see whether the approximate position of the
reduction divisions could be determined by genetic experiments. The
character we chose to study at that time was gametangial arrangement,
simply because no other clear-cut differences had been found—nor have
they even today—among all the 8o or more isolates of LEuallomyces, in
either the diploid or haploid phase. It was soon discovered that recipro-
cal interspecific crosses between A. arbuscula and A. macrogynus could
indeed be achieved, and during the subsequent years some 150 hybrid
strains have been derived from individual zygotes. Details regarding
the procedures that were followed and the genetic analyses that were
made have been presented fully elsewhere (Emerson and Wilson, 1954).
The point of importance here is that the crosses gave considerable in-
sight into the genetic and chromosomal mechanism whereby control is
exerted over the differentiation of paired male and female gametangia.

A summary of the observations is presented in Fig. 4. The first
point that became apparent immediately was that, despite what one
might have expected regarding inheritance in haploids, many FI1
gametophytes, derived from single meiospores, were distinctly inter-
mediate (I). That is to say, they were ncither pure E nor pure H. In
some of the primary terminal pairs of gametangia, the male was termi-
nal, while in others on the same plant the female was terminal. Not
infrequently large numbers of paired males or paired females also oc-
curred. When percentages of epigyny and hypogyny were determined
in these hybrids it was found that a whole range of intermediacy from
nearly pure I£ to necarly pure H appeared in the population of I1
gametophytes derived from a single hybrid sporophyte. Moreover, if
enough gametophytes were analysed both parental types, pure E and
pure H, appeared sooner or later.

Not only was the regular arrangement of male and female game-
tangia in the terminal pairs disturbed, but the normal ratio between total
number of male gametangia and total number of female gametangia was
also strongly modified in many instances. Whereas the parental strains
have a male: female ratio of about 1, this ratio often deviated very
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widely from unity in the hybrids, and occasionally a gametophyte ap-
peared with less than 1 female per 1,000 male gametangia (Table I).
Such cultures were often striking in their bright orange coloration.

These observations on the inheritance of gametangial arrangement
in interspecific hybrids permitted us to draw certain basic conclusions.
Firstly, hybridization has upset or deranged the very precise mechanism
that determines the spatial relations of the male and female gametangia
in the parental species. In other words, we have interfered with some
parts of the machinery governing sexual differentiation and hence sex
determination. The large shifts away from the normal sex ratio lend
further emphasis to this conclusion. Secondly, since intermediates are
produced in hybrid haploids, we must conclude that gametangial ar-
rangement is not under the control of a single pair of non-duplicated
allelic genes. Thirdly, it was possible to say with considerable confidence
that meiosis in Euallomyces occurs in the resistant sporangia.

The question of the place of mciosis requires some further discussion
here. It will be recalled that the hybridization studies had originally
been designed to locate the site of chromosome segregation and reduc-
tion. Precise knowledge of the extent of haploidy and diploidy was also
essential if we were to have a sound basis for further studies of sex
determination and other differentiation processes in Allomyces. Pre-
vious workers (Kniep, 1930; Hatch, 1938) had come to conflicting
conclusions based upon cytological observations, and the existence of
an entirely independent diploid phase was open to doubt since it had
never been found in any other filamentous fungus. The segregation of
E-, I, and H-type gametophytes from each hybrid sporophyte derived
from a single hybrid zygote pointed clearly to the existence of diploid
nuclei in the sporophytic hyphae and the probable occurrence of meiosis
in the resistant sporangia. The uninucleate mitospores of Allomyces
offered a nice means of further clarifying this point. F1 mitospores
were isolated and germinated to give secondary F1 sporophytes. On
germinating the RS of these plants, segregation occurred exactly as
before and the population of derived gametophytes showed the full
range of gametangial arrangement. The conclusion was inescapable
that mitospores of Allomyces are diploid.

Further indirect evidence of meiosis in the RS was revealed by com-
parison of the viability of spores from parental and hybrid RS (Fig.
4). On the average, 63% of the former were viable while only o.11-
3.25% of the latter were capable of growth and development to ma-
turity.
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B. Chromosomes in the parental and hybrid strains of Allomyces.
Most of the observations described in the foregoing section were made
ten or fifteen years ago. It was not until 1949, however, that elucidation

A.macrogynus A.arbuscula
P, Sporophyte Average
Meiospore

Viability 63%
P, Gametophyte Q
f Sporophyte '
Type A Type A Type B
Viability
Type A, 01%
Type B, 32%

OO

Infermedla'es( |)

20»4411 20-44
Viability 42%
; W@ WY 0

Fig. 4. Inheritance of the character “gametangial arrangement” in interspecific, re-
ciprocal hybrids of Allomyces. The parental and filial generations are indicated on the
left ; meiospore viability is shown on the right. The numbers within the stylized outlines
of resistant sporangia show the number and pairing-behavior of chromosomes at meiosis
in each generation. (II stands for pair; I stands for single; see text for discussion of
Types A and B.) The degree of epigyny (E) and hypogyny (H) in the F1 and F2
gametophytes is schematically represented by the black and white circles.

Fy Gametophyte

and extension of many of the interpretations became possible as a
result of outstanding cytological investigations by Charles M. Wilson
(1952). His chromosome studies of Allomyces constitute the first step-
by-step examination of meiosis in the Phycomycetes and one of the few
first class accounts of this process in the fungi. Despite the fact that the
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PraTE. I. 1. The gametophyte of Allomyces on yeast-starch agar. 2. A primary pair
of gametangia of A. macrogynus; the orange male is epigynous. 3. A primary pair of
gametangia of A. arbuscula; the orange male is hypogynous. 4. The sporophyte of Allo-
myces on yeast-starch agar. §. A zoosporangium (mitosporangium) of 4. macrogynus.
6. A resistant sporangium (meiosporangium) of A. macrogynus. Natural color photo-






Prate II. Early development of the zygote of Allomyces during the first 8 hours
of growth. 1. The zygote has lost its flagellum and rounded up. 2. About 20 minutes
later the first rhizoidal germ tube has appeared. 3-5. Photomicrographs at 4o-minute
intervals show growth and branching of the rhizoids. 6-9. The intervals here are longer,
ca. 100 minutes; enlargement of the main body of the zygote is followed by elongation
of the initial hyphal tube (8, 9). Phase contrast photomicrographs, all X73s.




Prate II1. Development of the young sporophyte of Allomyces from the ninth to
the fifteenth hour of growth. Intervals between pictures are approximately 60 minutes.
1. First dichotomy of the hyphal tube. 2. Second dicotomy. 6. Third dichotomy. Phase
contrast photomicrographs, 1 and 2 X735, 3-6 X335.
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Prate IV. Growth of the sporophyte of Allomyces from the sixteenth to the
twentieth hour. Intervals between pictures are approximately 45 minutes. The basal
rhizoidal system and the apical hyphal system become fully established. Phase contrast
photomicrographs, all X167.




12!

PLATE V. 'The germination of a resistant sporangium (meiosporangium) of Allo-
myces and release of the meiospores. 1. Mature sporangium that has been in water about 20
minutes. 2-4. Pictures at 3.2-minute intervals showing the rapid swelling of the spo-
rangium. 5-7. Time intervals of about 10 minutes revealing the appearance and forma-
tion of the discharge papillae. About 45 minutes have elapsed between 7 and 8. 8. Cleav-
age has been completed and the outlines of the meiospores can be dimly seen. 9. Spore
discharge has just begun. 10-14. Scenes of discharge taken at about 3-minute intervals
until the last few spores are escaping and the cracks in the heavy outer sporangial wall
have become clearly visible. Phase contrast photomicrographs, all X 500.
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Prate VI. Morphogenesis of male and female gametangia in Allomyces macro-
gynus. 1. An outwardly undifferentiated hyphal tip at time o. 2-8. Pictures taken at 13-
minute intervals thereafter and showing the first cross-wall delimiting the young male
gametangium near the apex (2,3), the second cross-wall lower down delimiting the
female (4,5), and the subsequent swelling of the paired gametangia and formation of
discharge papillae (7,8). 9-11. Pictures spaced 24 minutes apart and showing how
hyphae continue their growth by sympodial branching just below the reproductive
structures. Phase contrast photomicrographs, all X335. (The gametangia shown here
were formed in a micro-culture chamber and hence they are considerably smaller than

those shown in Plates I and VII.)




Prate VIL 1-5. The release of gametes from gametangia of Allomyces macrogynus.
Scenes are taken at about 1-minute intervals. 1. A pair of mature gametangia that have
been in water for about 55 minutes. A small discharge papilla shows clearly at the apex
of the darker epigynous male gametangium, and three larger papillae are apparent on the
female, 2. Female gametes are starting to emerge from the hottom papilla, 3. Discharge
is occurring from all three female papillae. 4. Male gametes are being released and can
be detected by their smaller size. 5. Gametic fusions are taking place rapidly; three
zygotes are indicated by the arrow. 6-9. A sequence covering 14 seconds and showing
(6) a male gamete approaching three females from above, (7) making contact with
one of the females, (8) undergoing copulatory movements, and (9) beginning the actual
process of syngamy. Phase contrast photomicrographs, 1-5 X250, 6-9 X 500.




Prate VIIL 1. A natural growth of Allomyces in water culture on a hemp seed,
X0.05. 2-5. Phase contrast images of two female gametes (2), a male gamete (3), a
zygote (4), and two mitospores () of Allomyces macrogynus. The characteristic semi-
amoeboid motion exhibited frequently by gametes and spores is well shown in 2 and 5.
All X 1000.
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nuclei of Allomyces, in their most expanded condition in Meiosis I, are
seldom over 7 microns in diameter, Wilson succeeded in documenting
the main stages of meiosis with excellent photomicrographs. From this
work, then, it finally became absolutely clear that (1) the two meiotic
divisions occur in the resistant sporangia of Allomyces, (2) the sporo-
phytic plant is an independent, truly diploid generation quite unlike
anything found elsewhere in the fungi outside of the yeasts, and (3)
the haploid, hermaphroditic, gametophytic plant, when selfed, must give
completely homozygous offspring.

Wilson’s cytological findings immediately opened up a whole series
of possibilities in the fields of cytogenetics and cytotaxonomy. Inevi-
tably, the investigations that followed (cf. Emerson and Wilson, 1954)
were directly related to and interwoven with the previous studies of
gametangial arrangement. They are, therefore, of importance in our
consideration of the mechanisms controlling sexual differentiation and
can most logically be reviewed in this section of the discussion.

Early in the observations on meiosis it became apparent that we
would be able to make chromosome counts of the various species and
isolates with reasonable accuracy despite the rather large numbers and
very small size of the chromosomes. A summary of these findings is
included in Table I. Several features of particular interest are shown.
The existence of polyploidy in Euallomyces was clearly established,
with counts of 8, 16, 24?, and 32 in Allomyces arbuscula and 14, 28,
and 56?7 in A. macrogynus. There are very few instances where poly-
ploidy has been demonstrated by direct cytological means in the algae
or fungi. Discovery that the previous genetic studies had involved
crosses of A. arbuscula 1n = 16 X A. macrogynus 1n = 28 set us upon
the trail of chromosomes in the hybrids and gave us some clues as to the
mechanics whereby genes controlling gametangial arrangement were
being distributed. Two quite distinct patterns of chromosome behavior
were found at Meiosis I in the meiosporangia. In Type A (see Fig. 4)
there are 16 4- 28 = 44 chromosomes, very few bivalents occur, and
the many univalents are distributed randomly to the poles. Only about
one in a thousand of the meiospores formed following such irregular
chromosome distribution is viable. In Type B, on the other hand, about
55 chromosomes have been detected, approximately half of them pair,
and the remainder go to the poles at random. Viability, though still low,
is some thirty times higher (ca. 3%) than in Type A. From several
correlated observations (Emerson and Wilson, 1954, pp. 413-416)
we have deduced that Type B hybrids almost certainly result from a
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doubling of the chromosome set contributed by A. arbuscula at the
time of syngamy, so that there are 2 X 16 4- 28 = 60 chromosomes
present, though slightly fewer than this have actually been counted.

TaBLE I. Gametangial arrangement, sex ratio, and chromosome number
in natural isolates and hybrid strains of Euallomyces

Name Gametangial 3:9 Haploid chromosome
arrangement Ratio number
(A. arbuscula Pure H 0.79-1.23 8 (zisolates)
16 (14isolates)
247 (2 isolates)
BASIC 32 (1isolate)
SPECIES W A. macrogynus PureE 1.13-1.33 14 (1isolate)
28 (3isolates)
56? (1 mutant strain)
(A. X javanicus I (epigyny 0.61-24.0 13 (r1isolate)
predominant) 14 (1isolate)
NATURAL 15 (1isolate)
HYBRIDS 17 (1isolate)
19 (1 isolate)
L 21 (2isolates)
(A. arbuscula E,H,and I 0.10-1000+ 20 (I strain)
X A.macrogymus (epigyny pre- 22 (1 strain)
ARTIFICIAL dominant in 27 (2 strains)
HYBRIDS Type A ; hy- 32 (1 strain)
pogyny pre- 36 (1 strain)
dominant in 42 (2 strains)
Type B) 44 (2 strains)

The wide range of sexual characters, involving gametangial arrange-
ment as well as sex ratio, that were found in the hybrid strains can
certainly be accounted for by this irregular and haphazard distribution
of chromosomes at meiosis in the F1. On the other hand, we have no
notion at present how many genes are concerned in determining the
sexual characters of Allomyces, nor can we do more than guess what
role polyploidy is playing in the inheritance of gametangial arrange-
ment in our 16 X 28 crosses. We have found that there is a clear-cut
preponderance of epigyny in the gametophytes from Type A hybrids
whereas hypogyny predominates in Type B (Fig. 5). The former con-
dition is not easy to explain but the latter seems definitely to result
from doubling of the arbuscula chromosome complement which is
carrying the genes for hypogyny.

Naturally the discovery that we had used polyploid parents in all of
our early crosses led to the hope that a simpler, more understandable,
and more meaningful pattern of inheritance might be revealed by
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crosses of the apparent base numbers, 4. arbuscula 1n =8 X .
macrogynus 1n = 14. During recent months these crosses have been
made in our laboratory! by Dr. Francis V. Ranzoni. Although the
final results of genetic analyses and chromosome observations are not
yet gathered together, enough information is at hand to suggest very
strongly that our hopes have not been borne out. All of the evidence
indicates a picture astonishingly similar in every respect to the results
with the larger chromosome numbers. The same range from E through
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Fig. 5. A comparison of gamectangial arrangement in hybrid gamctophytes of Al-
lomyces arising from Type A and Type B sporophytes. Epigyny is markedly pre-
dominant in the former whereas hypogyny predominates in the latter.

I to H and the same graded shifts in sex ratios have appeared. Chromo-
some configurations essentially like Types A and B, but with half as
many chromosomes, have also been found. Apparently, whether the
chromosome sets being combined are 8 and 14 or 16 and 28, enough
genes are involved in the control of the sexual characters in both in-
stances so that there is no obvious difference in the two patterns of
inheritance. Possibly the numbers 1n = 8 and 1n = 14 are themselves
polyploid, and strains of Allomyces with 1n = 4 or 1n = 7 remain to
be discovered. Only future studies will tell.

Second and third filial generations have been secured by selfing the

4 This work is being carried on with the aid of Rescarch Grant #2149R from the
National Institutes of Health.
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individual F1 gametophytic strains (Fig. 4). Bearing in mind that
such selfing leads to complete homozygosity in Allomyces, it is not sur-
prising to find that (1) chromosome pairing is again complete and
normal in the F2 and F3 meiosporangia, (2) meiospore viability re-
turns to a comparatively high level (42%), and (3) F2 and F3 game-
tophytes continue to exhibit the same general features of gametangial
arrangement and sex ratio that were found in the individual F1
gametophytes from which they were derived. As we had predicted
from the random distribution of chromosomes in the F1 meiosis,
chromosome counts made in the F2 and F3 revealed a series of numbers
ranging from 20 to 44 pairs (Table I). We were unable, however, to
discover any correlation between chromosome number and the arrange-
ment of gametangia. It appears that control of maleness and femaleness
must depend upon the final balance which exists in any given hybrid
genotype. Or, to put it in another way, if any degree of intermediacy
between pure I and pure H can be produced with as few as 20 chromo-
somes or as many as 40, a fairly large number of independently assort-
ing genes must be involved in the sex-determining mechanism.

Before we leave this discussion of hybridity in Allomyces, one further
point must be made. Intermediate strains, showing both epigyny and
hypogyny, have also been produced in nature, evidently by natural
hybridization. Analyses of their gametangial arrangement, sex ratios,
and variable chromosome numbers, as shown in Table I, have clarified
their status and permited us to group them (lmerson and Wilson,
1954) in the hybrid species Allomyces X javanicus Kniep (arbuscula
X macrogynus). It is particularly interesting to recall that the first
published account of sexuality in Allomyces was written by Kniep
(1929) who, as we now know, was working with one of these hybrid
strains which he had isolated from soil obtained in Java.

C. Mitochondria, carotenoids, and metabolism. Questions of sex de-
termination and morphogenesis in Allomyces have intrigued quite a
number of investigators ever since Kniep’s papers appeared. About two
decades ago Hatch (1935) published a detailed description of gameto-
genesis in A. arbuscula, and he made an interesting comment at that
time regarding the possible role of mitochondria in sexual differentia-
tion. He observed that there appeared to be a dense accumulation of
mitochondria in the most apical portion of hyphal tips that were dif-
ferentiating into pairs of gametangia. Thus high density of mitochon-
dria was associated with femaleness while lower density or absence
might be associated with maleness. Much more recently Ritchie and
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Hazeltine (1953) have been studying the mitochondria of Allomyces
by phase contrast microscopy and other modern techniques. So far as
I know, however, no expert on mitochondria has yet availed himself of
the neat opportunity afforded by A. macrogynus: it will be very interest-
ing indeed to learn whether in that species there is a marked accumula-
tion of mitochondria just behind the hyphal tip when gametangia are
about to be formed. Our own observations sometimes suggest that the
protoplasm which is differentiating to become female has a more densely
granular character, but we would hesitate to say whether this results
directly from differential distribution of mitochondria. In any event,
the problem takes on special significance when we recall that modern
biochemical studies have demonstrated the localization of tricarboxylic
acid cycle enzymes in the mitochondria.

There have also been some interesting studies of carotene synthesis
in Euallomyces, and this matter is of great interest to us because of the
regular correlation between orange pigment and maleness. Turian
(1952) first showed that carotenoid synthesis in the male gametangia
of Allomyces X javanicus could be inhibited by the use of diphenyla-
mine but that such inhibition interfered in no detectable manner with
the subsequent differentiation, liberation, and copulation of gametes.
Furthermore, the zygotes produced were entirely normal and capable
of germination in the usual manner. Under these conditions visibly
detectable amounts of carotene were not present but, as Turian empha-
sized, chemically detectable quantities certainly were. The normal
functioning of male gametes from virtually colorless gametangia has
long been known (Emerson and Fox, 1940), and Turian and Haxo
(1954) again stressed this point following their further studies of
diphenylamine inhibition of colorless as well as colored polycnes. They
suggest (op. cit., p. 259) that the preferential synthesis and accumula-
tion of y-carotene in male gametangia may merely be incidental to
or a consequence of some more fundamental metabolic change more
directly associated with male differentiation. They note, however, that
as Emerson and Fox (1940, p. 290) pointed out, it is still quite con-
ceivable that carotenoids in very small amounts do play some vital role
in the sexual reproduction of Allomyces. In this connection it is signifi-
cant that neither Emerson and Fox nor Turian and Haxo detected any
colored polyenes in the sporophytes of Euallomyces, and the absence of
colorless Cyo-polyenes was also established by the latter investigators.

On this same matter of the occurrence and possible function of caro-
tenoids in the sexual processes of the Blastocladiaceae, a number of
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highly interesting observations have been made on Blastocladiella. As
we have explained previously, this little organism has an unbranched
hyphal system and each plant bears only one reproductive cell (Fig. 3).
According to Harder and Sorgel (1938), the gametophytic plants of
B. wvariabilis bear either a colorless female gametangium or an orange-
colored male. Harder and Sorgel found these two kinds of plants in
about equal numbers and drew the conclusion that sexuality was prob-
ably genotypically determined at meiosis. Having in mind, however,
the firmly fixed hermaphroditic character of Allomyces, as well as the
many basic points of similarity between that genus and Blastocladiella,
I had always felt that a phenotypic sex determining system would ulti-
mately be found to occur in Blastocladiella. We were able to shed some
light upon this question several years ago when Cantino obtained a
new isolate of Blastocladiella in Pennsylvania and discovered that, like
B. variabilis, it too produced both orange, presumably male, and color-
less, presumably female, plants when spores from resistant sporangia
were plated out. It was possible to show (Emerson, 1950, p. 182) that
swarmers from colorless plants could develop apomictically (without
sexual fusion) through nine successive generations and that orange
plants always appeared in the populations thus produced. These observa-
tions proved conclusively that the presence or absence of orange color
was being directed not genotypically but rather phenotypically just as
in Allomyces.

Cantino and his colleagues have pursued an intensive program of
research with their Blastocladiella which they have named B. emersoniz.
While appreciating deeply the sentiments that engendered this nomen-
clature, I am forced to admit the highly irregular behavior of my name-
sake. Cantino and Hyatt (1953a) have reported, and I have myself
repeatedly observed, the strange ineffectiveness of the orange swarmers
which were presumed to be male gametes. Never have they been seen to
undergo normal gametic fusions either among themselves or with the
presumed female gametes from colorless plants. On the other hand
Cantino and Horenstein (1954) have recently described a most un-
usual kind of cytoplasmic exchange occurring through temporary cyto-
plasmic bridges formed between colorless and orange swarmers. Under
the circumstances one cannot be certain whether or not one is investi-
gating phenomena associated with sex determination. However, Can-
tino and Hyatt (1953b) believe that the orange pigment in B. emer-
sonii is, as in Allomyces, largely y-carotene. The orange swarmers are,
moreover, slightly smaller and considerably more active than the color-
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less ones. Everything points to their homology with the male gametes
of Allomyces and the orange gametes reported in B. wariabilis by
Harder and Sorgel.

Let us then, for the present, accept the idea that the genesis of caro-
tene in B. emersonii is governed by a mechanism related to that which
controls carotene production and maleness in B. variabilis and Euallo-
myces. If this is so, Cantino and his group have penetrated close to some
highly fundamental aspects of sexual differentiation. The interested
reader must examine their papers in detail but in its broad outlines the
complex picture as they see it is this. The wild-type strain of B. emer-
sonii produces only about 2% orange plants and g8% colorless plants
whereas this can be shifted to a ratio of 25% orange to 75% colorless
if plants are raised in a medium containing the antibiotic cycloheximide
(Cantino and Hyatt, 1953a). Moreover, naturally occurring mutant
strains have been found that form orange plants almost exclusively.
Cell-free extracts of wild-type strains (98% colorless plants) show
(Cantino and Hyatt, 1953c) marked activity of cytochrome oxidase,
aconitase, isocitric dehydrogenase, a-ketoglutarate oxidase, succinoxi-
dase, and fumarase. Mutant strains (100% orange plants) show, on
the other hand, all of these enzymes except aconitase and a-ketoglutarate
oxidase. Finally Cantino and Horenstein (1954, footnote, p. 153)
have found many Nadi-positive granules in the wild-type plants but
relatively few or none in the cytoplasm of the orange mutants. Cantino
has put these various pieces of information together in a working hy-
pothesis which shows a high degree of ingenuity and imaginativeness.
It 1s suggested (loc. cit.) that: (1) the Nadi-positive particles cor-
respond to the cytoplasmic factor gamma (first hypothesized by Cantino
and Hyatt, 1953a); (2) gamma carries the a-ketoglutarate oxidase
and aconitase activities but none of the other tricarboxylic acid cycle
enzymes found in the wild type; (3) the relative absence of gamma in
orange plants is what has caused them to differentiate toward “male-
ness’’; (4) conversely, the presence of gamma causes “femaleness”; (5)
the ratio of 98% colorless to 2% orange plants in normal wild popula-
tions derived from resistant sporangia results from random distribution
of gamma particles when spores are being cleaved out; and (6) gamma
particles are involved—just how is not clear—in the transference of ma-
terials across the temporary cytoplasmic bridges formed between orange
and colorless swarmers. One can also infer that cycloheximide raises the
percentage of orange plants in a wild population (Cantino and Hyatt,
1953a) by interfering with the normal rate of formation of gamma.
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Such a scheme is highly reminiscent of the situation Ephrussi (1953)
has described in yeasts. For us here, the features of similarity between
Blastocladiella and Euallomyces are of special significance. The natu-
rally occurring, highly orange mutants of Blastocladiella must be closely
comparable to the hybrids that are 99.9% male in Allomyces. The
shift from colorless to orange plants induced by cycloheximide treatment
of Blastocladiella may well have a parallel in the induction of orange
gametophytes by cycloheximide treatment of mitospores of Allomyces
(see discussion of gametophytism v. sporophytism below). And, finally,
these observations and hypotheses about cytoplasmic particles in Blasto-
cladiella bring us right back to Hatch’s (1935) suggestions regarding
sex determination and differential distribution of mitochondria in Allo-
myces arbuscula.

Unquestionably insufficient distinction has been made between ob-
served fact and imaginative hypothesis in many of the foregoing papers
on Blastocladiella. The discussion and diagram (Cantino and Hyatt,
1953a, Fig. 14) of the role of meiosis in the life cycle of B. emersonii,
for example, are based entirely upon inference since no information
about meiosis in Blastocladiella has yet been published. Nevertheless,
it would be a mistake not to recognize the inherently fundamental nature
of Cantino’s investigations. One of the most interesting of all biological
problems is that which concerns the morphogenesis of male and female,
and as the various biological studies on the genetics, metabolism, en-
zyme systems, pigment syntheses, and so forth, of the Blastocladiaceae
continue, we can expect to come closer to a solution of this problem in
clear physico-chemical terms.

V. FORMATION, MATURATION, AND GERMINATION OF
RESISTANT SPORANGIA

Among the myriads of microscopic organisms that have become
adapted to life in the fresh waters of the world the vast majority have
evolved some mechanism for withstanding periods of climatic or en-
vironmental adversity. The protozoan forms its cyst while countless
species of algae and most aquatic Phycomycetes typically undergo sexual
reproduction and form a thick-walled, highly resistant zygote. So accus-
tomed, indeed, were botanists to the concept of a sexually formed resist-
ant stage in the water molds, that decades after the discovery of Blasto-
cladia by Reinsch in 1878 students of that genus and Allomyces were
still trying to interpret the blastocladiacious resistant sporangium as
some kind of odspore. As we have seen, however, these very characteris-
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tic, brown, pitted, thick-walled structures are asexually formed in all
the Blastocladiaceae and they constitute a distinctive feature of the en-
tire order Blastocladiales. Tests have shown that they can remain alive
in a dry condition for at least twenty years, and viability for consider-
ably longer periods is very probable. Observing their highly modified
structure, noting their special function, and recalling that they are the
locus of the critical reduction divisions in Allomyces, one can immedi-
ately recognize their intrinsic interest. The information we have gained
about their origin and behavior is still fragmentary but is just beginning
to take shape in an integrated picture.

A. Blastocladia and the “COg-effect.” The problem of RS formation
had never concerned us particularly until we made our first pure culture
isolations of Blastocladia (Emerson and Cantino, 1948) in 1936. Blasto-
cladia is a peculiar organism in many ways. It occurs in nature growing
on submerged fruits, such as rose hips, apples, grapes, etc., in very foul
conditions. We were especially elated by our success in obtaining pure
cultures both because they had not been previously achieved and, more
particularly, because they appeared to hold the key to all further funda-
mental studies. Moreover, at that time no one had succeeded in germi-
nating the RS of Blastocladia, nor had any sexual stage been observed in
the genus. Unfortunately our hopes soon went by the board : although
we had devised a standard medium and established favorable conditions
for copious growth, we could never detect a single resistant sporangium
in any of the pure cultures. This was all the more astonishing because
Allomyces usually produced RS in great numbers in water cultures as
well as on agar media.

For eight years the pure cultures of Blastocladia were a thorn in our
side, requiring constant attention but yielding little information and
not a single RS. We tried modifying various factors of the environment
but all to no avail. Then in 1944 we hit upon the answer : Blastocladia
pringsheimii would form RS in profusion if pure cultures were held
in an atmosphere of pure CO, (Emerson and Cantino, 1948). This was
not simply a response to anaerobic conditions because parallel cultures
under tank nitrogen showed no RS at all. Moreover a high level of CO,
is essential because no RS matured in cultures exposed to 10% CO, in
air. Cantino (1949) subsequently showed that pH was also an important
factor: in cultures exposed to a continuous flow of pure CO, and held
at different pH values ranging from 4 to 7.6, RS were formed only be-
tween about pH 5.5 and 5.8.

By this time we had learned that Blastocladia is a facultative anaer-
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obe, that its metabolism is the same whether it is growing in air or under
nitrogen, that it forms no CO,, and that the major products of glucose
breakdown are roughly 9o% lactic acid and 10% succinic acid. Because
CO, is evolved by acids reacting with carbonates, B. pringsheimi
would sometimes form RS when it was simply grown in the presence of
calcium carbonate. Finally, it is probably also significant that the ratio
of lactic acid to succinic acid was shifted from 9:1 in aerobic cultures
to about 8 :2 in cultures under CO,. Cantino (1949) discussed the prob-
ability that a CO,-fixing mechanism is involved, and later, by using
radioactive CO,, Lynch and Calvin (1952) demonstrated such a system
in B. pringsheimii (as well as Allomyces arbuscula). They found most
of the activity in aspartic and glutamic acids, with smaller amounts in
succinic acid.

The foregoing observations were of great interest to us and appeared
to point clearly to some fundamental relationship between CO, and the
morphogenesis or initiation of RS in Blastocladia pringsheimii. Never-
theless, many aspects of the problem remain unsolved and we must ad-
mit that we still have not succeeded in producing and germinating a
large crop of normal RS of Blastocladia in pure culture.

B. Blastocladiella and the brochemistry of differentiation. Further in-
tensive work on the “CO,-effect’”—as we may call it—in the Blasto-
cladiales has, however, been carried on by Cantino and his associates.
They have used the isolate of Blastocladiella emersonii that we referred
to previously, and again, as in the studies of sexual differentiation, they
have striven to get at the biochemical foundation of morphogenesis. Like
Allomyces, Blastocladiella ordinarily forms many RS in the usual media
without any special treatment. Cantino (1951) discovered, however,
that evenly scattered plants on peptone agar do not form RS whereas
those in dense clusters usually do. He then observed that the same
medium supplemented with 0.5 to 1.0% CaCOj3; or M/6o to M/45
NaHCO; induced a large majority of plants to form RS even when
they were widely scattered. For reasons that are not yet clear, gaseous
CO, was not as consistently effective: CO, is toxic to Blastocladiella
and inhibits growth at levels above 5% ; somewhat below this level
“. . . the incidence of RS plants seldom reached 50%" (op. cit., p.
332) and averaged “ca. 5to 25%"" (op. cit., p. 350). On the other hand,
extreme reduction of the atmospheric CO, . . . often induced the for-
mation of large quantities (50 to 85% ) of RS plants” (op. cit., p. 335)
on peptone medium.

When the peptone in the medium was replaced by casein hydrolysate,
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NaHCO,; and CaCO; were not effective in inducing RS. The effective-
ness of CaCQOj as an RS inducer was regained, however, if a-ketoglu-
tarate or citrate were provided in small amounts or if the respiratory
poisons sodium arsenite or semicarbazide were added. From these and
related observations Cantino (op. cit., p. 361) “. . . concluded that
retardation of the oxidative decarboxylation of a-ketoglutarate, and
simultaneous accumulation of its precursors back to the citrate stage, is
directly or indirectly related to the formation of RS.”

All of the subsequent work has been directed toward elucidation and
elaboration of this concept. In an interesting study reported the follow-
ing year (Cantino, 1952) it was found that there are critical times at
which reversals of the morphogenetic pattern cannot occur. Under the
conditions employed a germling exposed to bicarbonate would develop
into a plant with a mature RS in 108 hours. If, at any time prior to
about 65 hours, the germling were transferred to a medium relatively
free of bicarbonate, a mitosporangium would be formed, but if it were
transferred at any time after 65 hours the pattern of RS formation
could not be reversed. It is suggested (op. cit., p. 402) that plants which
are to form RS become progressively less permeable to CO,. Thus,
stimulated by bicarbonate in the medium or by metabolic CO, that ac-
cumulates in crowded clusters on bicarbonate-free media, the plants be-
come less and less permeable to CO,, the CO, concentration builds up,
it interferes with oxidative decarboxylation of a-ketoglutarate and ac-
celerates CO,-fixation, and the resulting compounds finally shunt the
metabolism in a direction that leads to the formation of RS.

The most recent studies (Cantino and Hyatt, 1953c) have shown
that a majority of the enzymes in the tricarboxylic acid cycle, including
a-ketoglutarate oxidase and aconitase, are present in cell-free extracts
of B. emersonii. As we have noted earlier, all of these enzymes except
a-ketoglutarate oxidase and aconitase were also found in the mutant
orange strains. The point of importance here is that the mutant strains
are incapable of forming RS even in the presence of bicarbonate. The
conclusion is drawn (op. cit., p. 719) that “the mutant has lost the
enzymes which, in the normal strain, respond to the accumulation of
metabolic CO, and thus impose a limitation on growth by bringing
about differentiation,” i.e., the formation of RS. Apparently carbonate
did not inhibit the in vitro activity of a-ketoglutarate oxidase although
arsenite and semicarbazide did.

A criticism that has been raised regarding Cantino’s “CO,-hypoth-
esis” (oral comments in the symposium on “Physico-chemical Control

[ 195 ]



RALPH EMERSON

of Growth and Differentiation,” at the meetings of the American Asso-
ciation for the Advancement of Science, December 28, 1954 ) is the ap-
parent failure to rule out pH effects in most of the investigations of
bicarbonate action. According to theory it would be impossible to alter
the bicarbonate without simultaneously altering the pH if the composi-
tion of the atmosphere remains constant. Like the studies on sex deter-
mination, these analyses of RS formation in Blastocladiella also suffer
through a failure to draw sharp lines between fact and hypothesis. It
is to be hoped that by careful repetition, sound interpretation, and lucid
description this pioneering and imaginative work on Blastocladiella can
be placed on an unassailable basis.

C. Allomyces and RS cytology. As yet no biochemical work has been
done on the mechanisms that lead to RS formation in Euallomyces. On
the other hand we have very precise information about the cytology of
the RS. We know, for example, that they are the site of meiosis. We
have also discovered and investigated in some detail an interesting se-
quence of very regular and conspicuous cytoplasmic changes that take
place during RS development, maturation, and final germination (Wil-
son, 1952).

When young resistant sporangia are first formed at the hyphal tips
their protoplasm is evenly granular and similar to that of the vegetative
hyphae. Within about 48 hours, however, aceto-orcein smears reveal
many spherical, deeply staining bodies that have appeared quite sud-
denly and form a conspicuous part of the cytoplasm. They are one to
several microns in diameter, and we have called them chromospheres be-
cause of their shape and staining properties. They persist in the resist-
ant sporangia during the entire period of maturation, which lasts from
one or two to many weeks depending upon the isolate concerned and
the conditions of culture. Then, very suddenly, probably in less than 24
hours, all the chromospheres are disintegrated and disappear. Simul-
tancously the expanded diploid nuclei are revealed and prove to be in
an advanced prophase of Meiosis I. If the RS are air-dried at this time
they can remain viable for at least twenty years with meiosis arrested in
prophase (Wilson, 1952). If, however, they are placed in water as soon
as the chromospheres have disappeared, they will usually germinate.
So regular is this cycle of chromosphere appearance, RS maturation,
chromosphere disappearance, and RS germinability that aceto-orcein
smears can be used to determine rapidly and quite accurately the stage
of development that has been attained.

Machlis and Ossia (1953a) followed these initial investigations with
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a much more detailed and precise study of the features of RS matura-
tion. They were able to reduce the maturation time by more than two
thirds by using liquid shake-cultures instead of agar media. Even more
striking, they succeeded in cutting the time from three wecks to about
two days in one instance. The plants were grown in synthetic broth and
transferred to non-nutrient liquid; this treatment yielded a crop of RS
that could be germinated 48 hours later. Machlis and Ossia also verified
the general relation between chromosphere disappearance and germi-
nability but showed that a second factor was involved. This was evidently
not osmotic pressure, which remained relatively constant in liquid cul-
ture at about 39 atmospheres throughout the time when maturation was
being completed and germinability was reached.

In a second paper Machlis and Ossia (1953b) presented data show-
ing that indoleacetic acid appreciably reduces the time for chromosphere
disappearance and raises the percentage of RS which become capable
of germination. Indolebutyric acid and tryptophan were also active but
indole was not. The suggestion is made that the growth substances
affect germinability by bringing about certain alterations in the RS wall.
These changes, which can sometimes be hastened by desiccation, pre-
sumably allow the available, strong, osmotic forces to become operative
through sudden cracking of the heavy wall and swelling of the proto-
plasmic contents. The dramatic rapidity of the action is vividly shown
in time-lapse cinemicrography (cf. Plate V, 1 to 4).

TasLe II. An approximate timetable of meiosis and meiosporangium (RS)
germination in an isolate of Allomyces macrogynus

Time, minutes Cytology Sporangial behavior
o Meiosis I, prophase Dormant
20-40 Swelling & cracking
40-70 Meiosis I, meta- Papillae forming
phase
70-100 Meiosis 11 Papillae fully formed
100-130 Post-meiotic Spore discharge
chromospheres

and cleavage

One of the most interesting features of the actual germination or de-
hiscence of RS in Allomyces is the exact timing of the sequence of steps
that occurs (Table IT). Because each RS as it reaches maturity and
germinability enters a state of suspended activity at late prophase of
Meiosis I, a very uniform crop of RS can be produced by growing
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standard strains under well controlled conditions. The simultaneous
reactivation of an entire batch of RS can then be initiated at will simply
by placing them in water. Thereafter, with a little practice, one can pre-
dict quite precisely just what stage has been reached in the meiotic
divisions and the subsequent cleavage of the meiospores. This predicta-
bility and ease of handling will be extremely useful in any analyses of
the physiological changes that accompany meiosis or any investigations
of the effects of environmental factors on this fundamental process.

During the last 20 minutes of RS dehiscence, when both meiotic divi-
sions have been completed, but shortly before the spores are being
cleaved out, accto-orcein smears again reveal momentarily spherical
masses of deeply staining material in the cytoplasm. These have been
called (Wilson, 1952) post-meiotic chromospheres, to distinguish them
from the pre-meiotic chromospheres that are found during the matura-
tion period. They appear to coalesce and form the nuclear caps which are
so conspicuous in the spores of the Blastocladiales (Iig. 1). We still
have no knowledge of the chemical nature of pre- or post-meiotic chro-
mospheres or of the nuclear caps. Nor can we say anything of their
respective functions. The precision of their appearance and disappear-
ance and the regularity of their association with meiosis and the motile
stages of Allomyces mark them as distinctive cytochemical features with
morphogenetic roles of undoubted significance.

In summary, it can be said that we know a good deal about the forma-
tion, maturation, and germination of RS in the Blastocladiales. But
taken genus by genus our knowledge is still very spotty and we must
resist strong temptations to draw too obvious analogies. Meiosis must
be studied in Blastocladiella, the effects of bicarbonate must be investi-
gated in Allomnyces, and the whole reproductive cycle must be worked
out in Blastocladia. When these advances have been made it will be time
indeed for a real synthesis.

VI. SPOROPHYTISM VERSUS GAMETOPHYTISM

One final item merits careful scrutiny, namely the mechanism that
controls the alternation of generations. In some respects this alternation
is the most interesting of all morphogenetic phenomena in plants. Ever
since the days of Hofmeister botanists have been fascinated by the prob-
lem posed by the regularly alternating haploid and diploid phases of
most plant species. Virtually all of the work has been done with green
plants, more particularly bryophytes and ferns (see Bower, 1935; Allen,
1935; Burgeff, 1943; Manton, 1950), and in these studies the conclu-
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sion has repeatedly been reached that it is not the chromosome number
per se that determines sporophytism and gametophytism. Darlington
and Mather (1949, p. 189) have expressed the matter as follows: “The
power of the cytoplasm in guiding the course of events is very well
shown by the alternation of gametophyte and sporophyte in the mosses,
ferns and higher plants. Normally the one is haploid and the other dip-
loid. But this momentous difference does not decide the line which de-
velopment will take in the haploid spore or the diploid egg [i.e., zygote].
For when the spore happens to be diploid (through the failure of meio-
sis) or the egg happens to be haploid (through the failure of fertiliza-
tion) the alternation of generations follows its regular sequence undis-
turbed.” Well and good, perhaps, for these higher plants, but there
seems to be a firmer tie between ploidy and the alternation of genera-
tions in the more primitive thallophytes. We shall see shortly, for ex-
ample, that a very strict relationship holds in Allomyces as far as we
have been able to determine. Indeed the statement made by Darlington
and Mather (op. cit., p. 190) in the very next paragraph of their discus-
sion fits the facts in Allomyces more closely even though it would seem
to contradict the quotation presented just above. According to this more
plausible suggestion, development is controlled by an interaction be-
tween nucleus and cytoplasm. “In each pollen grain, or embryo sac or
fertilized egg a nucleus of a new type produced by meiosis or fertiliza-
tion is suddenly implanted in a cytoplasm accustomed to, associated
with, or generated by, a previous and different nucleus.” In other words
it is the occurrence of a haploid nucleus in “diploid cytoplasm’ (in the
meiospore for example) that ordinarily initiates gametophytism and a
diploid nucleus in “haploid cytoplasm’ (in the zygote) that sets off
sporophytism.

In fungi, as a rule, the true diploid phase is of extremely limited dura-
tion; the reduction divisions directly follow karyogamy except in a few
of the yeasts. It is not surprising, therefore, that mycological contri-
butions to the problem were relatively insignificant until the full life
cycle of Euallomyces had been worked out. This water mold now ap-
pears to offer some of the best possible material for experimental investi-
gation of the mechanisms underlying the alternating gametophytic and
sporophytic phases.

A. Comparative nutrition. In many plants, all seed plants for ex-
ample, the morphological and physiological differences between game-
tophyte and sporophyte are very marked. In other instances, such as the
ferns perhaps, there would appear to be more physiological similarity,
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and in the isogenerate algae the haploid and diploid phases are astonish-
ingly similar. Allomyces certainly falls in this last category. In working
with it one is constantly impressed by the detailed similarities between
the sporophyte and gametophyte. The vegetative thalli are morphologi-
cally indistinguishable from the earliest germling stage until just before
maturity. Even the reproductive cells, different as they are in function
and behavior, all have the same basic architecture: mitosporangia,
gametangia, and meiosporangia all release swarmers by the deliques-
cence of identical discharge papillae; mitospores, meiospores, female
gametes and male gametes all show the same design of a single posterior
flagellum (Plate VIII), nuclear cap, etc.

By comparison, the differences between sporophyte and gametophyte,
basic and important as they obviously are, seem very minor in degree.
Perhaps the nicest outward evidence becomes expressed in the pig-
mentary differences, the y-carotene we use to distinguish the game-
tophyte and the melanoid RS wall that marks the sporophyte (Plate I).
Perhaps, too, in searching for an explanation of the alternation of
phases, we are fortunate that the differences appear so clear and rela-
tively simple. We would like to know, then, just where in the ontogeny
of gametophyte and sporophyte their respective physiologies depart
from a common path. One obvious approach to this question has con-
cerned nutrition. The various main aspects of nutrition of the sporo-
phyte have been very fully explored (Quantz, 1943 ; Machlis, 1953a, b,
and c; Ingraham and Emerson, 1954; Sistrom and Machlis, 1955).
Machlis and Crasemann (personal communication) have recently com-
pleted a parallel study of the gametophyte, and they have found that the
nutritional requirements and characteristics of the gametophyte agree
with those of the sporophyte in every essential. Apparently then, the
entire single set of genes in the haploid chromosome complement orders
the nutritional needs exactly as the entire double set of these same genes
does in the diploid. It would be a mistake to assume, however, that pre-
cisely the same actual genes are necessarily involved in the two situa-
tions. That is to say, if genes A, B, and C are concerned in the thiamine
requirement of the gametophyte, for example, genes MM, PP, and RR
(rather than AA, BB, and CC) may have the same function in the
sporophyte.

We also have a good preliminary understanding (Ingraham and
Emerson, 1954) of glucose metabolism by sporophytic mycelia of Allo-
myces. Comparative data on the gametophyte are still to be obtained, but
general observations certainly suggest that the basic metabolic ma-
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chinery of the two phases will be closely similar. Somewhere along the
way, of course, striking and important deviations must occur. It is the
discovery and understanding of these first deviations that should pro-
vide the key to our analysis of gametophytic ». sporophytic differentia-
tion.

B. Plasticity of the Euallomyces pattern. Talk as we will of precise
mechanisms and rigidly controlled conditions, to many of us the abiding
fascination of biology comes from its very foibles, its delightful sur-
prises, its apparent determination to defy or negate each newly dis-
covered physico-chemical application. The Blastocladiales are no dif-
ferent from most other living things in this respect, and it would be
unfortunate, wholly erroneous in fact, to gain the impression that the re-
productive cycle depicted in Fig. 2 is an inescapable certainty. The ver-
satility of Allomyces has sometimes angered us, often humiliated us, and
always challenged us.

The first of the many possible deviations from the general pattern was
discovered by Kniep (1929) when he was working out the life cycle of
Allomyces. He found that isolated female gametes of A. X Javanicus
would occasionally develop parthenogenetically into new hermaphro-
ditic, gametophytic plants. Kniep was especially interested in this phe-
nomenon because he considered it one of the most convincing examples
to illustrate the latent maleness in female gametes. Kniep’s observations
on parthenogenesis have been repeatedly confirmed (Sorgel, 1937;
Emerson, 1941), but Sorgel (op. cit.) first demonstrated that partheno-
genetic development may also not infrequently lead to the formation of
sporophytic plants. We have found that this type of deviation from the
regular life cycle occurs readily in several strains of A. arbuscula
(Emerson, 1941) and that it accounts for the occurrence of pure hypog-
yny in all the F, gamectophytes obtained from certain putative hybrids
in the genetic studies (Emerson and Wilson, 1954). Naturally, for
many years we were concerned as to the chromosome behavior in such
instances. Through the efforts of Dr. A. S. EL-Ani we were finally able
to obtain cytological preparations of meiotic figures in RS formed on a
parthenogenetically produced sporophyte (op. cit., p. 426). The normal
diploid chromosome complement of 16 pairs was found and we have
concluded that doubling of the chromosome set probably occurs follow-
ing the first chromosome division in the apomictic female gamete.

Another deviation that has long been known in the Blastocladiales
(Sérgel, 1937; Blackwell, 1940; Emerson, 1941 ; Couch and Whiffen,
1942) involves the formation of sporophytes directly by spores from
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RS. This by-passing of the gametophyte occurs very extensively in cer-
tain strains of Allomyces, and Emerson (1941) established a special
subgenus, Brachyallomyces, to accommodate isolates in which the short-
cycling appears to be a fixed character. We might suppose that in these
instances meiosis occurs normally in the RS and is then immediately
followed by chromosome doubling in the germinating meiospore (just
as in parthenogenetic female gametes). Such peculiar chromosome be-
havior would not be particularly unusual in the fungi (cf. Olive, 1953).
Wilson (1952) has found, however, that the adjustment occurs in quite
another fashion: it results from failure of chromosome pairing in the
RS so that the two nuclear divisions at RS germination are mitotic,
rather than meiotic, and the full diploid number is maintained. Hence,
in Brachyallomyces we can say that mitospores are produced in the RS
as well as in ordinary mitosporangia.

What inhibits meiosis in the short-cycle forms? If we were able to
answer this question we would know a great deal about the fundamental
difference between mitosis and meiosis, and we might even find an ex-
planation of gametophytism and sporophytism. These speculations are
not entirely idle because Allomyces provides a full array of types ranging
all the way from those that are strictly long-cycle to those that are al-
ways short-cycle. In betwcen are some most interesting isolates which
I have facetiously referred to as “schizophrenics.” When the RS of these
intermediate types are germinated one sometimes gets a good popula-
tion of gametophytes (meiosis) ; at other times a good population of
sporophytes (mitosis) ; and at still other times a very poor mixed popu-
lation (‘“‘schizophrenia”). It seems quite clear, from unpublished work
of C. M. Wilson, that the third condition results from nuclear divisions
most of which are neither mitotic nor meiotic. Unmistakable evidences
of erratic and incomplete pairing have been found in aceto-orcein prep-
arations of such cultures. This type of chromosome behavior coupled
with greatly reduced viability is reminiscent of meiosis in the inter-
specific hybrids. There, however, the poor pairing resulted from non-
homology of the two chromosome sets, whereas here it must surely be
related to malfunctioning of the mechanism which comes into play when
mitosis is to be replaced by meiosis and the haploid gametophyte is to
begin. We are confident that it will be possible to define the environ-
mental conditions favoring either mitosis or meiosis in these instances,
and such observations may contribute to our understanding of factors
operative prior to and during the all-important reductional divisions. It
is interesting in this connection to note that Hatch and Jones (1944)
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concluded from their experiments on Allomyces arbuscula that RS
dried for longer periods and germinated in weak nutrient were more
likely to give gametophytes, whereas those dried for short periods and
germinated in more concentrated nutrients usually gave sporophytes.
In most fresh-water algae and fungi the resistant stage is the site of
meiosis (cf. Emerson, 1950). There appears to be some fundamental
and widespread tie-in between the physiology of dormant resistant struc-
tures and the factors that induce chromosome pairing throughout this
great assemblage of primitive plants.

A third deviation from the normal cycle of Euallomyces (Fig. 2) is
one that has baffled us for more than twenty years. Not infrequently,
both in liquid and agar cultures, resistant sporangia have appeared on
otherwise normal gametophytes (Hatch, 1935, 1944; Sorgel, 1936;
Emerson, 1941, p. 104). Hatch (1944) has stated positively that the
spores from these RS give rise to gametophytes. There are, however,
obvious difficulties in gathering and germinating enough RS of known
gametophytic origin to make cytological studies. We do not know,
therefore, whether they are haploid or diploid and whether their nuclei
undergo mitosis or meiosis at germination. In any event the combina-
tion, on one thallus, of orange male gametangia—the sine qua non of
gametophytism—and resistant sporangia—the sine qua non of sporo-
phytism—certainly puts the entire problem in a nutshell. Sorgel (1936)
concluded many years ago that such plants contained a mixed population
of nuclei of different sizes which he believed were haploid and diploid.
His observations were not supported by chromosome counts.

It is fitting that we should conclude these remarks on sporophytism
and gametophytism in Euallomyces with a brief account of Whiffen’s
(1951) recent experiments with cycloheximide. She first found that
small amounts of this drug, incorporated into the nutrient medium,
caused sporophytic mycelia to shift over to gametophytic growth and
start producing typical, paired, gametangia. Subsequently, by subject-
ing diploid mitospores to cycloheximide, she was able to induce a small
percentage of them to develop directly into gametophytes. Now nearly
everything we have said here about the alternation of generations in
Allomyces links gametophytism with haploidy and sporophytism with
diploidy. The polyploid series cast some doubt on this interpretation,
and the occurrence of resistant sporangia on gametophytes is also hard
to fit into the scheme. Otherwise most of the observations are in line.
It is not surprising, therefore, that Whiffen (op. cit.) concluded her ob-
servations with the comment that cycloheximide probably exerted its
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effect by causing some sort of somatic meiosis which reduced the chrom-
osome number to the haploid condition characteristic of the gameto-
phytic phase.

Admittedly, Whiffen’s proposal looks like the most plausible one. As
we have pointed out, however, the work on ferns has shown very clearly
that chromosome number alone does not determine gametophytism
there. Moreover we have a deep seated fecling that it should be possible
to alter the metabolic machinery of Allomyces at will in such a way as
to cause sporophytism or gametophytism regardless of diploidy or
haploidy. So, we argued, perhaps cycloheximide is the very thing we
are after: if it induces diploids to become gametophytes without a
change in chromosome number, then these plants when selfed will give
tetraploid sporophytes and the tetraploid number should be revealed at
the next meiosis. We have repeated Whiffen’s experiments, therefore,
using mitospores of another strain of 4. arbuscula, and like her we have
obtained a small percentage of gametophytes in the population subjected
to cycloheximide. These plants have been grown and selfed, the result-
ing sporophytes have produced mature RS, and the RS have been ger-
minated. Dr. FF. V. Ranzoni has recently made the first preliminary obser-
vations® of meiosis in these RS and they appear to have the normal dip-
loid complement of chromosomes. It would appear, therefore, that
Whiffen’s hypothesis is sound and that cycloheximide exerts its effect
by causing chromosome reduction. Nevertheless, we shall continue in
our search for means to alter the phases of the life cycle independently
of chromosome number. Eventually it should be possible to break the
close tie between haploidy and gametophytism, diploidy and sporophyt-
ism in Euallomyces.

C. Predominant diploidy in Cystogenes. The wealth of diversity in
the lower Phycomycetes is truly prodigal, for even within the genus
Allomyces something quite different from Euallomyces or Brachyallo-
myces has evolved. In the subgenus Cystogenes (Emerson, 1938, 1941)
are to be found plants so like the sporophytes of Euallomyces in every
respect that they can scarcely be distinguished in any manner. Here
again these plants are diploid and meiosis occurs in the germinating
resistant sporangia (Wilson, 1952). But at that point nearly all simi-
larity ends: there is no separate, independent, vegetative, gametophytic
plant whatsoever in Cystogenes. Spores from the RS encyst and within
about an hour each cyst forms and releases four small, colorless iso-
gametes (McCranie, 1942; Teter, 1944). Syngamy occurs at once and

5 Sce footnote 4 of this paper.
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the zygote then develops into a new diploid plant like the parent. There
is only one mitotic division of haploid nuclei in this entire life cycle
(Wilson, 1952). If Euallomyces is a “truly different fungus” because it
is half diploid, Cystogenes is still more unusual because it is virtually all
diploid like the brown alga Fucus as well as nearly all animals.

We have little information thus far about the physiology of the cyst-
forming species of Allomyces, but they have the same nutritional re-
quirements as Ewuallomyces (Ingraham and Emerson, 1954) and one
can predict that they will show many other close similarities despite their
radical morphological deviation in the haploid phase. ven as far back
as 1940 it had been shown (Iimerson and Fox, 1940), for example, that
Allomyces moniliformis, a species in the subgenus Cystogenes, produces
carotenoid pigment. Three aspects of this observation now assume spe-
cial interest: (1) the pigment was identified as y-carotene, (2) it occurs
throughout the diploid mycelium (whereas that of Euallomyces is in
the haploid plants only and appears to be restricted to the male game-
tangia), and (3) its presence has not been detected at all in Allomyces
cystogenus, the other cyst-forming specics. For the present, the role of
vy-carotene in Cystogenes remains as obscure as does its function in
Euallomyces. In the meanwhile cystogenes-type life cycles have been
discovered in other genera of the Blastocladiales including Blasto-
cladiella (e.g., B. cystogena, Couch and Whiffen, 1942) so that a wealth
of opportunity lies before us.

VII. BY WAY OF CONCLUSION

We have endeavored to show how some of the water molds grow
and develop, how their sexual and non-sexual reproductive structures
arise, and how, through mitosis and meiosis, haploidy and diploidy
play their regulated roles. Our investigations along these lines have led
us into nearly every major field of biology. We have tried many door-
ways and opened a few upon broad vistas. Others remain obdurately
shut, and among these must be counted our repeated failures to induce
clear-cut, single-gene mutations. Whether because of polyploidy or other
special characteristics, Allomyces appears to be an exceptionally stable
organism. Certainly it does not sector frequently in laboratory culture
as do so many other fungi. When we have suitable mutants in Euallo-
myces we shall be able to compare gene action in the haploid and diploid
phases and to investigate dominance effects in a truly diploid filamen-
tous fungus. At some future time the interactions between genes and
cytoplasm that control each feature of development and growth will be
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fully revealed. Only then shall we be able to say that we know the
biology of these water molds : by then they will have told us much about
life itself.
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IX. STUDIES ON THE ORGANIZER
CENTER OF THE EARLY
CHICK EMBRYO

BY NELSON T. SPRATT, JR.!

@NE of the most puzzling and interesting problems with which the
student of developmental physiology is confronted is that of how
the diverse cell types of an adult organism arise from a single, uninu-
cleate reproductive unit such as a fertilized egg. Onc rather obvious way
in which the different cell types could be thought of as arising during
cell division or cleavage of the reproductive unit would be through sep-
aration of preexisting, localized, cytoplasmically different regions by
the planes of cleavage. Another way in which two or more presumably
identical cells could be thought of as becoming diversified would be
through the interaction of these cells with different environments, i.e.,
with agents external to them such as another group of different cells,
different concentrations of their own products or those of other cells, etc.

Regardless of the particular type of cellular differentiation mecha-
nism that might be operating (see the recent review of Spratt, 1954)
the preeminent feature of the entire developmental process from egg to
adult is its orderliness and its remarkable resistance to externally im-
posed attempts to change or disrupt this orderliness without killing the
system. In other words, there seems to be some over-all control of the
diversification and formative processes going on in each part of the
developing organism (Whitman, 1888 and Wright, 1953). The nature
and mode of operation of this coordinating or integrating principle,
operating within, not externally to, the developmental system, is thus
another equally important and interesting problem for the student of
development.

One of the striking features of developmental systems is that cellular
differentiation does not, as a rule, occur all over or throughout the sys-
tem at once but seems to start at a center and, so to speak, radiate out
in one or more directions through the germ. Furthermore, the center
appears to control as well as initiate the cellular transformations. One
of the most thoroughly studied examples of such a developmental center

1 Department of Zoology, the University of Minnesota. Many of the studies reported
here have been supported in part by grants from The National Institutes of Health, U. S.
Public Health Service; The Office of Naval Research; and the Graduate School, Uni-
versity of Minnesota. This assistance is sincerely appreciated.

[ 209 ]



N. T. SPRATT

is the apical meristem in plants, a relatively small population of cells at
the growing tip of the shoot. From this center all of the plant organs:
stem, leaves, buds, flowers, etc. are progressively formed as the plant
elongates. Experimental analysis of this center has revealed that it con-
trols the differentiation and arrangement of the various tissues which
arise from it while itself remaining totipotent and relatively autono-
mous (Wardlaw, 1952). In vertebrate embryos, there is also a somewhat
comparable center located during gastrulation in the dorsal lip of the
blastopore (node of primitive streak types). This is the famous “organ-
izer” region of Spemann (1938). At later stages the developmental
center is located in the tail-bud and it is through its continued activity
that axial organ formation and elongation of the embryo body occur
(Spratt, 1947a, Gaertner, 1949, Spratt, 1953, and Fig. 3).

Fig. 1 is designed to emphasize the diversity and wide-spread occur-
rence of developmental centers. Although in all the examples illustrated
the centers have one common feature, that they are centers of great de-
velopmental activity, some of them probably differ greatly in their roles
as centers of cellular differentiation and as “organizer” or control cen-
ters. A detailed comparison of the known activities and properties of
these diverse types of centers would be interesting and, perhaps, en-
lightening but this is beyond the scope of the present paper. For our
purposes Fig. 1 has been presented to show the relationship of the more
specific problem of the nature of the node organizer center of the chick
embryo to the more general problem of the role of developmental centers.
It was with this background and with the general problem of the nature
of cellular differentiation as a stimulus that a series of miscellaneous
studies on the node center were begun about three years ago.

The actual purpose of the studies, many of which are still in progress,
is to discover those properties of the node center area, and of the cells
which comprise it, which distinguish it from other areas of the early
blastoderm. It is hoped that in a study of its tissue organization, cytol-
ogy and cytochemistry, cellular movements, regulatory and organizer
(interactive) properties, nutritional and other environmental require-
ments, and of its enzymatic activities some of the developmentally im-
portant properties of the node center might be discovered and recog-
nized as such. At least, this is the rationale behind the present program
of experiments. Only the general conclusions of the numerous studies
are described below—the details will be published in separate papers.

The histogenetic properties of the node center area which distinguish
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it from all other areas of the early blastoderm have been demonstrated
by the grafting of pieces of the blastoderm to the chorio-allantois of host
embryos. Beginning with the excellent studies of Willier and Rawles
(1929, 1931, 1935), Hunt (1931), and Rawles (1936), many workers
have shown that the node area is clearly a center of tissue and organ

DEVELOPMENTAL
CENTERS

Fig. 1. Diverse types of developmental centers (stippled regions in the diagrams).
Beginning at the left with the root, bud and shoot apical centers of the plant, and read-
ing clockwise, the following centers are illustrated : dorsal blastopore lip of the amphib-
jan embryo, node of the chick embryo, tail-bud of the amphibian embryo, tail-bud of
the chick embryo, differentiation and activation (Bildungszentrum) centers of the in-
sect egg, polar lobe of mollusc embryo, micromeres of sea urchin embryo, blastema of
regenerating urodele limb, blastema of planarian, oral cone of Hydra, aggregation center
of slime mold and rhizoid of Fucus egg.

formation (see the review of Rudnick, 1944). Fig. 2, a summary of the
results of grafting experiments, strikingly illustrates this fact. The mul-
tiplicity of tissue forming potencies of this area is shared with no other
region and, furthermore, it is from this area alone that most of these
tissue types arise during the course of normal development.
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I. THE NODE AS A CENTER OF AXIAL ORGAN FORMATION

The node also differs from other areas of the early embryo in being
a center out of which axial organs such as the notochord, spinal cord,
somites, mesonephros, gonad rudiments, etc. are progressively formed
in a head to tail direction as the node moves posteriorly (Peebles, 1898,
Wetzel, 1929, Hunt, 1931, Spratt, 1947a, 1952b, and 1953, etc.). The

general relation of the regressing node to the elongating axial parts is
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Fig. 2. Tissue and organ forming capacities of the node area of the definitive primi-
tive streak chick blastoderm. No other region of the blastoderm possesses such a wide

array of differentiation potencies and many of these are peculiar to the cells of the node
center arca.

shown in the diagram of Fig. 3. Note that elongation of the embryo
body appears to occur between two originally very close, carbon-marked
points on the surface of the epiblast. The figure poses a number of prob-
lems: Would elongation of mesodermal axial organs (e.g., chorda and
somite rows) likewise occur between two correspondingly close points
in the mesodermal (and endodermal) layer of the embryo? What is
the source of cells that are used for axial organ formation and elonga-
tion? Is there a special center of cell division activity in the node com-
parable to that found in the shoot or root apices of plants? Would a study
of the detailed cellular and tissue organization of the moving node area
provide some clues as to its axial organ forming mechanism?

A solution to these problems was first approached through a series of
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studies on the localization and general organization of the mesodermal
components of the node area of definitive streak and early somite blasto-
derms (Spratt, 1955a). The various procedures which have been used
include carbon, carmine, and vital dye marking of explanted and i» ovo
blastoderms ; transverse, longitudinal and diagonal transections of ex-
planted blastoderms; excision of small groups of cells from the node
area of explanted blastoderms; explantation of the isolated node area;
localization of reducing enzyme activities with neotetrazolium chloride;
etc.

Fig. 3. Diagram showing the general relationship of the regressing node center to the
elongating axial parts of the chick embryo. The heavy lines and dots illustrate the chang-
ing positions of carbon marked epiblast (ectoderm) cells. Similar movements in cells
of the mesoblast and endoblast are described in the text.

The results obtained with these various methods agree in demonstrat-
ing the existence of a relatively small group of chorda center (organ-
izer) cells localized within the node and two groups of somite center
cells just postero-lateral to the primitive pit of the node as distinct from
larger groups of prospective notochord and somite cells posterior to the
node. This and other important distinctions between the components of
the axial, mesodermal areas are shown in the provisional map of Fig. 4.
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Continued formation of notochord and somites in explanted pieces
of the blastoderm depends upon the presence of the centers as well as
upon the corresponding prospective cells lying posterior to them (Figs.
4, 5, and 10). Complete excision of the centers results in cessation of
chorda and/or somite formation (Fig. 10), but incomplete removal at
these and earlier stages may be followed by complete regulation and un-
interrupted axial organ development (Fig. 10).

'
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Fig. 4. Provisional diagram of the node center area of an early somite blastoderm
showing primarily the organization and localization of the mesodermal components:
ch = notochord, S = somite, Lp = lateral plate, SP = segmental plate, ChC = chorda
forming center (chorda bulb), SC = somite forming (or segmental plate forming)
center, PLp = prospective lateral plate area, PS = prospective somite area, PCh =
prospective notochord cells. The approximate positions of the epiblastic portion of the
primitive streak and the overlying neural plate (rhomboidal sinus) are outlined by
broken lines.

The isolated node area, including the chorda and somite centers plus
some of the remaining prospective axial mesoderm, shows remarkable
powers of autonomous notochord, somite and neural tube formation
when explanted 7n witro. This occurs in pieces ranging in size from
0.5 X o.smm to 0.3 X o.3mm (Fig. 10).

During regression, the epiblastic portion of the node, along with part
of the posterior neural plate, moves posteriorly relative to the ventral
and originally more posterior chorda and somite forming cells in the
mesoblast. Some (most?) of the chorda and somite center cells regress
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Fig. 5. Summary of results obtained by diagonal transection of the blastoderm
through the node center. Positions of the somite centers are denoted by the X’s. a and b
are camera lucida drawings of a representative case. Note that the presence of the somite
center is necessary for continued somite formation (left side of posterior isolate) but
that a somite center deprived of its prospective somite cells (right side of anterior iso-
late) is not able to continue somite formation very long.
along with the node epiblast, leaving behind the differentiated noto-
chord and somites. These observations which are suggestive of a mech-
anism of notochord and somite formation will be more fully described
below.

It appears that cells of the prospective, axial mesodermal area pos-
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terior to the node differ among one another in their prospective fates
only by virtue of their different positions within the area and realize
their prospective fates only by interacting with cells of their respective
“organizer centers” in the node area. We shall presently see that this is
indeed the case.

II. MODE OF AXIAL ORGAN FORMATION

In the search for an answer to the question regarding the source of
cells for axial organ formation and elongation, several procedures have
heen employed (Spratt, 1955b). These include: (a) a cytological study
of the living node area, (b) carbon and carmine marking of the node
area mesoderm, (c) removal of prospective notochord and somite cells,
and (d) isolation or separation of the chorda and somite centers from
their differentiation products. The major findings to date are listed be-
low :

1. Cytological studies show that the chorda center is a morphological
structure having the form of a bulb-like enlargement of the proximal
(nodal) end of the notochord (Fig. 4), located below the primitive pit
of the node. Cells within the chorda bulb have the appearance of noto-
chord cells but prospective chorda cells, even those just posterior to the
bulb, are of a rather generalized (‘“‘undifferentiated”) type indistin-
guishable from the remainder of the mesoderm cells posterior and
postero-lateral to the node. Furthermore, the chorda bulb cells have a
greater dehydrogenase activity (as revealed by the reduction of neo-
tetrazolium chloride, Spratt, 1955a) and this drops sharply to a much
lower level at the posterior border of the bulb.

2. Elongation of the notochord is accomplished to a certain extent by
over-all increase in the number of notochord cells by cell division. Re-
sults of the marking and other experiments, however, have shown that
the region of maximum elongation is in the notochord just anterior to
the bulb and that elongation of this region is accomplished mainly by
addition of cells originally posterior to the chorda bulb. Cells arising by
division of the chorda bulb cells also contribute to notochord elonga-
tion but the results of the marking experiments which constitute our
evidence for this latter mode of chorda formation are insufficient to es-
tablish its significance or relative role as a notochord elongation mecha-
nism. Fig. 6 is a summary of the results of the marking experiments.

3. Apparently most, but not all, of the cells constituting the chorda
bulb undergo an actual regression in space which is much faster than
the general regression of the post-nodal mesoderm. This results in its
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by-passing not only more lateral regions, but in its approaching, “catch-
ing up with,” and then by-passing more posteriorly located median re-
gions as well (Fig. 6).

4. Surprising as these results are, no other interpretation seems pos-
sible than that the chorda bulb consists of a special, relatively permanent
cell population capable of picking up prospective (visibly unspecified)
notochord cells, transforming (or organizing) these into specific noto-
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Fig. 6. Diagram summarizing the results of numerous carbon and carmine marking
experiments. Certain features of the mechanism of notochord formation and elongation
are illustrated. The positions of the marked, mesodermal cells are numbered 1-6. Sce
text for further explanation.

chord cells, adding them to the notochord just anterior to the bulb and,
in the process, by-passing them to pick up more cells which happen to
lie in the path of the bulb.

5. The somite centers, although not morphologically definable like
the chorda center, have been shown by appropriate marking, isolation
and defect experiments also to undergo regression along with the chorda
bulb. The somite centers appear to pick up prospective somite cells lying
posterior to them, regress with these cells for a brief interval of time,
and then to by-pass them (Fig. 6). Although critical evidence has not
been obtained, it seems that unlike the chorda bulb there are no relatively
“permanent” cell members of the somite center population.
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6. Formation of mesodermal axial organs by the chorda and somite
centers is independent of the products of these centers (axial notochord
and segmental plate or formed somites). The continuation of regression
and notochord formation by the chorda bulb isolated from the blasto-
derm anterior to it attests to its remarkable autonomy, a property it also
shares with the somite centers (Figs. 5 and 10).

7. However, continuation of the developmental activities of the
chorda and somite centers is dependent upon the number of prospective
axial mesodermal cells with which the center is in continuity. That is,
these more posteriorly lying cells are the principal cellular materials out
of which the centers construct the axial organs. The limitation of axial
organ formation by the isolated node center in witro is indicated in Fig.
10. Conversely, the prospective axial mesodermal cells depend upon con-
tact or interaction with cells of the centers for their development into
axial organs. On the other hand, further development of the products
of the centers (notochord histogenesis, formation of somites out of the
segmental plate) is not dependent upon the continued presence of the
centers (Fig. 10).

The mechanism and source of cells for spinal cord elongation is under
study and may prove to be interesting in view of the fact that the spinal
cord will continue its posterior elongation in the absence of any under-
lying notochord or chorda bulb (i.e., after excision of the chorda bulb),
extending quite far posterior to the point at which chorda formation
has ceased. Is there also a neural plate or spinal cord “organizer” center
localized in the posterior part of the neural plate?

III. REGULATORY PROPERTIES OF THE NODE CENTER

In the belief that a revelation of the latent, regenerative or repair
potentialities of the node center might provide some insight to the proc-
esses which normally occur in this region, numerous operations were
done on explanted blastoderms and isolated node areas (Spratt, 1955c¢).
A brief résumé of some of the results will illustrate these properties:

1. Although head-process and early somite blastoderms are not capa-
ble of replacing the chorda bulb or somite centers following their com-
plete removal, they are capable of replacing the excised posterior % or %
and the lateral ¥ or % of the chorda bulb and anterior, posterior, right
or left ¥ of each somite center. Although the blastoderm frequently can-
not replace the excised anterior % of the chorda bulb, the posterior half
of the bulb is capable of continuing its regression and notochord form-
ing activities.
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2. Removal of the node of long and possibly of definitive primitive
streak blastoderms may be followed by closure of the hole and continued
notochord formation, i.e., by complete replacement of the excised tissue
(Spratt, 1955a, c). It has been suggested that complete removal of the
node at these stages does not accomplish the complete removal of all
of the prospective chorda center cells (see also Grabowski, 1953).

3. Removal of portions of the prospective notochord and/or somite
cells posterior to the node is usually followed by closure of the hole
and uninterrupted regression of the chorda and somite centers through
the wound area.

4. Longitudinal splitting of the streak from the posterior edge of the
chorda bulb back to the edge of the blastoderm and separation of the
two halves at an angle of about go° has always been followed by a
progressive “zipping together” of the halves of the streak and con-
tinued formation of a single, median notochord. When the streak and
the chorda bulb are split longitudinally and the halves are prevented
from healing together, the right and left halves of the bulb continue
regression, functioning as well, apparently, as the whole chorda bulb
(Fig. 10).

IV. ORGANIZER PROPERTIES OF THE NODE CENTER

Grafting of the node or node area to host blastoderms has revealed
the general organizer properties of the node in inducing a secondary
embryo (or part of an embryo) in the host (see reviews of Rudnick,
1944, and Waddington, 1952; also Grabowski, 1953). A test for the
possession of mesodermal organizer properties by the mesodermal cells
of the node centers was undertaken by allowing the regressing chorda
bulb and somite center cells to interact with non-prospective chorda and
somite cells. To obviate the technical difficulty of exchanging cell groups
by grafting, two methods were used: (a) The prospective chorda cells,
for example, were removed from the path of the chorda bulb by cutting
out a piece of the primitive streak. As the hole closes, prospective somite
or lateral plate cells are drawn into the path of the bulb. (b) The node
area explant was trimmed in such a way as to remove % or possibly all
of the prospective somite cells on one side of the explant and all of the
prospective notochord, somite and lateral plate cells on the other side
(see Fig. 10). The chorda bulb is thus forced to deviate in its regression
and to come into contact with non-prospective chorda cells.

Variations of these methods have given the following results (see
also Spratt, 1955¢) :
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a. Chorda bulb 4 prospective notochord cells — definitive noto-
chord
b. Chorda bulb + prospective somite cells — definitive notochord
c. Chorda bulb 4 prospective lateral plate cells — definitive noto-
chord
d. Somite center 4 prospective somite cells — somites
e. Somite center 4 prospective notochord cells —> somites
f. Somite center - prospective lateral plate cells — somites
In other words, mesodermal cells posterior to the node may be
designated prospective chorda, somite or lateral plate cells only by vir-
tue of their positions in the blastoderm. Otherwise, they apparently
differ in no other way from one another. They realize their prospective
fates only by the action upon them of their respective center cells, the
latter acting in the ordinary sense as organizers or inductors.

V. DIFFERENTIAL ENVIRONMENTAL REQUIREMENTS OF THE
NODE CENTER AND REMAINDER OF THE BLASTODERM

It does not seem unreasonable to assume that the profound develop-
mental activities peculiar to node center cells might be a consequence
of their possession of peculiar metabolic properties. At least, the pattern
of differential developmental activity which characterizes the early
blastoderm could be expected to be underlain by some sort of corre-
sponding pattern of metabolic activity (Spratt, 1952c). Evidence which
supports this assumption is provided by the differential susceptibility
of early blastoderms to poisons or metabolic inhibitors such as cyanide
(Hyman, 1927), azide, fluoride, iodoacetate, etc. (Spratt, 1950b) and
by differential staining with vital dyes (Child, 1925, Rulon, 1935,
Miller, 1941). In all of these instances the node center was the region
most sensitive to the inhibitor and also the region most active in re-
ducing the vital dyes.

Further demonstration of the correspondence of developmental and
metabolic activity patterns has been provided by experimentally modify-
ing the environment of explanted early blastoderms (see review of
Spratt, 1952c). The results of numerous experiments carried out by
the writer are summarized in the diagram of Fig. 7. It is to be noted
that, in general, the node area of the embryo where developmental ac-
tivities are greater is more sensitive to adverse environmental condi-
tions (whether they consist of anaerobiosis, presence of inhibitors,
starvation, etc.) than are regions which have already passed through
a period of developmental activity (e.g., hind-brain, spinal cord, noto-
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chord, etc.). Of particular interest is the inhibition of axial organ
formation by the node in the presence of whole embryo extract and heart
and liver homogenates or slices of older embryos. Preliminary studies
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Fig. 7. Diagram summarizing the differential cffects of various adverse cnvironmental
conditions (calcium removal, tissue extracts, starvation, presence of inhibitors, etc.) on
the node center of explanted blastoderms.

have shown that this inhibitory effect is heat labile. The effects of these
extracts, homogenates or slices of older embryo organs and whole
embryos on the node area are different from those of all other adverse
environmental effects observed in that there is no cell dispersal in the
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node area—only an inhibition of morphogenesis (and histogenesis?)
of the axial organs: spinal cord, notochord, somites, etc. An explana-
tion of these peculiar effects must await further study.

VI. NUTRITIONAL REQUIREMENTS OF THE ISOLATED NODE
CENTER

The metabolic properties characteristic of node center cells revealed
by explantation of whole blastoderms to various media (Fig. 7) have
been subjected to further study by explanting the excised node center
area to various carbohydrate and other relatively simple nutrient media.
A complete description of the results, summarized in Fig. 8, will be
presented in subsequent papers, but for our purposes here a few salient
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Fig. 8. Diagram summarizing the nutritional (mainly carbohydrate) requircments
of the isolated, explanted, node center arca (sce text).
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features may be mentioned. Among the substrates and combinations of
substrates indicated in the figure, glucose and mannose are superior to
all others, although galactose, fructose and pyruvate or lactate, in this
order, are decreasingly effective in supporting continued axial organ
formation by the isolated center.

When the isolate is placed on a medium containing no substrate or
a neutral substrate (i.e., a substance such as sucrose, lactose, glycerol,
etc. which apparently have no effect whatsoever on the cells) the center
manifests no further developmental activity. On the other hand, sub-
strates such as succinate, sorbose, ribose, etc. not only do not support
development but appear to inhibit endogenous maintenance metabolism
as well, with resultant cell dispersal and disintegration throughout the
explant. When glucose is combined with other substrates such as galac-
tose, succinate or pyruvate, development of the explants is similar to
that of those on glucose alone, even when the molar concentration of
glucose is only ¥ to Y0 that of the other substrate. In contrast to this,
combination of fructose with either glucose or galactose results in ex-
tensive degeneration and dispersal of the explants. It appears that fruc-
tose, in combinations too low to support development, actively inhibits
the exogenous utilization of galactose and the exogenous and endoge-
nous utilization of glucose.

These studies together with earlier ones on the nutritional require-
ments of whole, explanted blastoderms (Spratt, 1947b, 1948, 1949,
1950a, b, etc.) clearly demonstrate that the cells of the node center
differ from all other cells of the embryo in being more fastidious in
their nutrient and other environmental requirements. It has been
thought for some time that these exacting requirements of the node
organizer cells are a reflection of their peculiar enzymatic properties
(Spratt, 1950b).

VII. ENZYME ACTIVITIES OF THE NODE CENTER

In earlier studies it was found that in 20-30 hour blastoderms ex-
planted to albumen or Ringer-glucose media containing the reducing
enzyme indicators: triphenyl- or neotetrazolium chloride or potassium
tellurite, the aerobic pattern of reduction of the colorless reagents to
formazan (red or purple) and tellurium (black), respectively, coincides
with the pattern of developmental activity. Thus the node center cells
in early blastoderms and the tail-bud cells in older ones reduce the
enzyme indicators more rapidly and more completely than do other
cells of the blastoderm (Spratt, 1951).
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When lower (relatively non-toxic) concentrations of tetrazole are
used in albumen media, development of the explants continues for about
24 hours. Under these conditions not only the node (and sometimes
the fore-brain) shows marked reducing activity (production of the red
formazan), but also structures or parts (somites, chorda, neural tube)
that have developed out of the node center during exposure to the indi-
cator, in contrast to other structures formed prior to exposure which
remain white (Spratt, 1951). This is exactly what one would expect
from a knowledge of the role of the node center in axial organ forma-
tion (Spratt, 19473, 19553, b).

Node center cells also exhibit: (1) greater cytochrome oxidase
(indophenol blue) activity (Moog, 1943, Spratt, 1952c); (2) greater
cytoplasmic basiphilia (ribonucleic acid concentration?) when stained
with toluidine blue (Gallera and Oprecht, 1948, Spratt, 1952¢c); and
(3) greater staining with and reduction of Janus green, presumably a
fairly specific indicator of mitochondrial activity (Rulon, 1935, Miller,
1941). Since the major locus of tetrazole reduction within the cells
seems to be the mitochondria (Kun, 1951, Spratt, 1952d), the various
studies cited above suggest that the quantitatively greater enzyme ac-
tivities peculiar to node center cells may be the result of their possession
of greater numbers of mitochondria or of more active mitochondria or
both. Further studies in progress are directed toward the clarification
of this possibly very important property distinguishing node organizer
cells from other cells.

Attempts to more specifically characterize the greater reducing ac-
tivity of the node center cells have been undertaken (Spratt, 1952a).
Although a full account of these studies is still in preparation some of
the major results are presented in summary form in Fig. 9. It is to
be noted that the node center cells of explanted blastoderms are able
to reduce neotetrazolium chloride to formazan in the presence of nine
different substrates under aerobic conditions and eleven different sub-
strates under anaerobic conditions—manifesting a total of twenty kinds
of activity. On the other hand, cells of the brain and spinal cord reduce
the tetrazole in the presence of five different substrates aerobically and
four different substrates anaerobically—a total of only nine kinds of
activity. Here, apparently, is an example of differentiation in reducing
enzyme capacities between the node cells (a center of axial differentia-
tion activity) and the brain and spinal cord (already partially differ-
entiated structures). In other words, the node cells exhibit a wide ar-
ray of specific (substrate controlled) reducing capacities, whereas the

[ 224 ]



ORGANIZER CENTER OF EARLY CHICK EMBRYO

brain and cord cells presumably have gained some but lost most of
these in the course of their development out of the node center.

In conclusion to the above very brief outline of the results of studies
of the metabolic properties of node center cells it should be recalled that

Tetrazole Reducing Activities
Of The Node Center and CNS.

Aevobic Avaerobic
Fructose® Glucose
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Pyruvate Pyruvate
chtdte * \ Lgcfatc Strong
Succinate Svuccinate
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a-Ketoglutarate G-Ketoglutarate
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Fig. 9. Diagram summarizing the results obtained by explanting 6-10 somite blasto-
derms to neotetrazolium chloride media containing different substrates. Note that the
cells of the brain and spinal cord differ in their reducing enzyme capacities from the
cells of the node area. Only those substrates marked with an asterisk support continued
development of explanted blastoderms. See text for further explanation.

these studies are being continued with the hope that some of the im-
portant metabolic properties may eventually be discovered. Perhaps
all, perhaps none of the distinguishing properties so far discovered are
important to our better comprehension of organizer-cell activity. Our
studies may have only scratched the surface.
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VIII. ORIGIN OF THE ORGANIZER CENTER

One of the most interesting questions one might raise regarding the
activities and significance of developmental centers is that of their
origin. For example, does the node center, with its peculiar properties,
arise gradually during the course of development of the morphologically
recognizable node or are these properties to be found already limited
to certain localized cells long before the appearance of the primitive
streak? Preliminary observations indicate that the intense, localized
reducing enzyme activity of the node center does not appear until the
node is almost fully formed, i.e., cells of the anterior end of the be-
ginning or medium-broad primitive streak do not exhibit any greater
tetrazole reducing activity than do the remaining cells of the blastoderm.
However, in some blastoderms there is a ‘““mosaic pattern” consisting of
actively reducing cells scattered among weakly reducing cells—reminis-
cent of similar patterns found after staining with nile blue sulfate
(Spratt, 1946). In these latter cases the actively reducing cells of the
epiblast, mesoblast, and probably hypoblast are more numerous in the
posterior 1% to 33 of the blastoderm. A definite answer to the question
must await further refinement of enzyme localization methods and the
use of other methods.

IX. CONCLUSIONS: COMPARISON OF THE NODE CENTER WITH
THE SHOOT APEX

In our statement of the problem, toward which the varied types of
procedures outlined above are directed, it was pointed out that the
developmental center of the vertebrate embryo, for example the node
area of the chick blastoderm, has certain features in common with the
apical tip or shoot apex of the growing plant, yet in other respects it
appears to be quite a different kind of developmental system. In both
systems we have to deal with an apical center of cellular differentiation
activity in which non-axially specified (“undifferentiated””) cells be-
come transformed into and added to the elongating axial structures
(Spratt, 1954; 19552, b). An interesting and possibly suggestive way of
briefly summarizing our discussion of the node as a developmental
center might be through a comparison of the results of approximately
comparable experiments carried out on the shoot apex and node center.
Such a comparison is diagrammatically presented in Fig. 10. The
results shown for the shoot apex are based on numerous studies re-
viewed by Gautheret (1946), Ball (1948), Wetmore and Wardlaw
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Fig. 10. Diagram summarizing and comparing the results of more or less comparable
operations on the shoot apex of a plant and the node center of the chick embryo. See
summary of the text for an explanation.
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(1951), and Wardlaw (1952). The results shown for the node center
are based on studies by the writer. Although the table is fairly self-
explanatory, some interesting features of the comparison may be pointed
out:

I. Both the shoot apex and the node center after isolation in wvitro
exhibit a remarkably autonomous capacity for continued axial organ for-
mation. It is to be noted, however, that whereas the shoot apex after
isolation can develop into a whole new plant (unlimited activity) the
isolated node center, deprived of most of its prospective axial organ
forming cells, soon ceases its axial organ forming activities (limited
activity). An important difference between the source of cells for axial
organ formation is thus demonstrated: the shoot apex contains a center
of cell proliferation capable of providing all the cells necessary for its
continued activity while the node center, not possessing such a prolifera-
tion center, depends upon cells lying in its path of movement. However,
very recent marking experiments on the isolated node center suggest
the possible presence of a few, rapidly dividing stem cells capable of
furnishing an appreciable number of cells for axial organ formation.
Differences between the mechanics of operation of the two systems may
thus not be as pronounced as originally thought.

2. Both the shoot apex and node center are capable of continued ac-
tivity (apparently unlimited in both cases) after isolation from the
products of their activity. On the other hand, structures formed by
the centers (leaf primordia, vascular strands, etc. of the plant and
somites, notochord, neural tube, etc. of the embryo) continue their
further differentiation independently of the centers.

3. Destruction or extirpation of the entire developmental center
(shoot apex or node arca) results in cessation of all axial organ forma-
tion—no new center being formed by the cells below the excised shoot
apex or by the cells around the excised node area.

4. When only the initial cell of some plant apices or only the central
cells of the node center (e.g., the node proper of long streak blasto-
derms) are destroyed or removed, the remaining cells of the develop-
mental center are capable of taking over and continuing the functions
of the center.

5. About ¥ of the shoot apex and % of the node center are able to
continue apical center activity. However, it is to be noted in the case
of the node center that only the divided chorda bulb and not the neural
plate shows this capacity completely, i.e., the half neural plates do not
regulate to form two complete neural tubes.
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6. Both the shoot apex and the node center exhibit “organizer”
properties in that both have a remarkable histogenetic action on non-
center cells. For example, an apical meristem grafted to a piece of root
phloem can initiate the differentiation of vascular tissues in the phloem
parenchyma. The chorda bulb of the node center, forced to deviate in
its regression, can cause prospective somite or lateral plate cells to
develop into notochord cells, presumably by interacting in some fashion
with them.

It has been our purpose in this brief review of current studies on the
node center to present some of the problems and to list what appear to
be some of the more important properties which characterize the cells
of a developmental or organizer center. Much of the work must be
considered only as a prelude to a more intensive analysis which some
day may provide us with a better understanding of the functioning of
such a developmentally important group of cells.
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X. TISSUE INTERACTION IN THE
MORPHOGENESIS OF MOUSE
EMBRYONIC RUDIMENTS IN VITRO

BY CLIFFORD GROBSTEIN®

Vl HREE years ago Holtfreter (1951) analyzed before this Society
| “Some aspects of embryonic induction.” Summarizing the complex-
ities of the literature on inductive processes in amphibian development,
he deliberately gave little attention to the question of inductive mechanism
per se, finding that the intensive cfforts of the thirties to identify induc-
tive agents had ended in “a blind alley.” Holtfreter sought to remarshal
the biological facts so as to correct the distortion in our conception of
induction which had resulted from a number of too-simple assumptions.
And he placed the burden of developing new approaches to the knotty
problem squarely on the shoulders of the “analytically minded morphol-
ogist.” The line of investigation which I will describe was in its begin-
nings three years ago, and was motivated Dy essentially these same con-
siderations. The biochemical search for inductive substances was initiated
by the finding that dead tissues are inductively active in the amphibian
gastrula, and it was frustrated by the embarrassment of riches that was
found. What Holtfreter argued was that the response of the gastrula is
far more complex than was being assumed, far too complex to be ex-
plained in terms of reaction to one or two substances. He emphasized that,
while dead tissues and artificial inductors lead to partial responses which
resemble the normal developmental phenomenon, it is only in the interac-
tion of living tissues that the full phenomenon is achieved. A return to the
interaction of living tissues would appear indicated, if we are to find a
profitable new point of departure.

In returning, however, the lessons alrecady learned are not to be for-
gotten. The notion of embryonic induction arose from studies of the am-
phibian gastrula and, though many inductions in later development have
been demonstrated and studied, thcoretical considerations have been
largely dominated by the early primary interaction of chordamesoderm
and gastrular ectoderm. That this reaction should have proven so in-
triguing—and bewildering—is not surprising, since upon it depends the
fundamental organization of the embryo. Yet, as we all know, the search
for mechanisms does not necessarily proceed most effectively in the
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analysis of the most fundamental and complex. If there is a common char-
acter in the inductions which occur earlier and later in development, and
we at the moment assume that there is, then it seems sound to suppose at
least provisionally that in the later inductions, where much less is at stake,
the mechanisms may be simpler and more easily unravelled. It seems
probable, in fact, that wherever two tissues of different developmental
history come together and interact, there is something to be learned about
embryonic induction.

In these terms, and for present purposes, I would define embryonic
induction as developmentally significant interaction between closely as-
sociated but dissimilarly derived tissue masses. “Developmentally sig-
nificant” is used to imply a change in one or both masses which is progres-
sive in terms of the life cycle of the organism, and which is sufficiently
stable to persist in some degree if the two masses are separated. Under
this general definition, which deliberately avoids any reference to cellular
determination or differentiation, we leave our minds quite open as to
mechanism, and we are free to pick cases for analysis in terms of their
experimental advantages.

What advantages would we like to have? First, an unambiguous re-
sponse, simple, yet clearly recognizable and characterizable. Second, a
standardizable response, repeatable, predictable as to time course, and
quantifiable. Third, a response accessible to interruption of the reaction
at any time, to separation and recombination of interactants, to applica-
tion of reagents. Fourth, an isolable response occurring under controlled
conditions, free of complicating variables including interactions with the
rest of the organism. Fifth, a response which can be directly observed
throughout the inductive course. Sixth, a response, if the nature of the
mechanisms involved does not exclude it, occurring across an intervening
space or interzone within which the effective agents can be visualized,
and possibly analyzed, independently of the cellular masses.

To specify these advantages is to point strongly in the direction of an
in vitro approach. Such methods have been used extensively in studies
of primary induction in the amphibian gastrula (Holtfreter, 1951) and
applied much earlier to other developmental problems (see White, 1954).
With mammalian material, on which the data to be presented are ex-
clusively based, the ordinary methods of experimental embryology must,
almost of necessity, give way to the in vitro approach pioneered by
Maximow 1925, Waterman 1933, Waddington 1937, Nicholas and Rud-
nick 1938. Fortunately, the work of these authors and of Fell (1951) and
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her associates on the culture of small rudiments has laid a foundation on
which all future developments will depend.

The data that I shall present represent a continuation of these efforts,
focused particularly on the question of inductive tissue interaction and
its mechanisms. Concerning the latter, I shall take advantage of the
earlier connotation of “Symposium” to speculate somewhat more loosely
than I otherwise might. I have in mind the probability, indicated by
Weiss (1950) and others, that there is no single inductive mechanism,
that in different inductive interactions we must be prepared to find
different mechanisms operating, and possibly more than one in each case.
The objective has been to find several inductive systems that can be com-
pared, and then to manipulate the experimental conditions in such a way
as to exclude or to demonstrate the operation of one or more of the
mechanisms which have been postulated.

DIRECT GELLULAR
INTERACTION

LONG - RANGE INTERAGTION

DIFFUSION § ki DIFFUSION

INFEGTIVE INTER-
FAGIAL

SURFAGE

ORIENTATIVE HUMORAL

MATRIX INTERAGCTION

o o Brrp s s s

Fig. 1. Assumed or demonstrated mechanisms of tissue interaction and induction in
development. A, B, C = Three hypothetical cases of matrix interaction, see text.

A rough guide to postulated or demonstrated mechanisms of tissue
interaction is provided by the scheme in I'ig. 1. Distinction is made be-
tween direct short-range interactions proceeding essentially cell to cell,
and longe-range interactions across a considerable intervening distance.
It does not seem important to specify the distance too sharply, since there
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may well be intergrading cases. The main point of the distinction at the
moment is operational. If intcractions are of the direct type, they would
be limited to, or localized in, the immediate arcas of tissue contact, and
the active agent would be less likely to be demonstrable in extracts or in
fluids in which active tissues are cultured. If they are of the long-range
type, they would be less localized and more likely to involve active agents
demonstrable in extracts or culture fluids. Direct interactions can be
further subdivided as involving either simple diffusion of freely dis-
sociated molecules, infective transmission by organized particles on the
viroid model (Medawar, 1947), or contact surface orientative effects
such as have been postulated by Weiss (1947). The long-range inter-
actions similarly can be subdivided as involving simple diffusion, move-
ment oriented by interfaces such as are provided, for example, at the
surfaces of fibrillar components of the interspace, or movement through
channels such as are provided by vessels. In the last instance, of course,
we bridge over into morphogenetic effects of hormones in later develop-
ment.

There is a third conceivable class of interactions, in a sense logically
intermediate between the other two, and this is indicated under the head-
ing of matrix interaction. At the moment largely speculative, the notion
is included only because results in the investigations to be described have
more and more insistently drawn attention to the need for its considera-
tion. It will be discussed further helow.

From the results that have been accumulating in our studies, which I
would emphasize are still very much in their carly stages, I have selected
facts to indicate the following points: First, procedures are available for
mammalian studies which can satisfy to a considerable degree the
desiderata indicated above for analysis of inductive mechanisms. Second,
in the cases so far analyzed by these procedures, inductive interactions
show high specificity. Third, in at least two of the reactions studied,
there is strong spatial localization of effects. IFourth, inductions probably
do not all proceed by the same mechanism. FFifth, the intercellular matrix
deserves consideration as a possibly important factor in induction.

Before describing some of the analytical results, a few words should
be said about methods. The rudiments and tissues used have come ex-
clusively from mouse embryos derived from matings of BALB/C fe-
males with C3H males. Nine-day embryos (the morning of discovery of
a vaginal plug is taken as zero time) were the standard source of somites,
11-day embryos of metanephric rudiments, and 13-day embryos of sub-
mandibular salivary rudiments.
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The site of culture was always a substrate-clot interface, with a fluid
supernatant nutrient medium consisting of 9-day chick embryo juice,
Tyrode’s solution and horse serum (1:2:2) above the clot (Fig. 2). In
standard cultures, the tissues were introduced into the clotting mixture
(fowl plasma plus nutrient medium, 2: 3 or 1: 1) and positioned on the
substrate. In cultures involving filters, one tissue was placed upon a
previously formed clot, the filter laid on top, and the second tissue intro-
duced and positioned in a second clot layered over the first. Both tissues
thus were at a filter-clot interface on opposite sides of the filter. Certain
other procedural variations will be mentioned in connection with specific
experiments below. In all cases, the supernatant nutrient medium was
changed daily.

Gaseous
Environment

=N | v
T - Clot

Filter

SR 1 £ A

Glass - Clot | Glass-Reclot
1

Fig. 2. Types of culture. Tissue solid black, clot gray. Standard glass-clot culture
(left) varied in some instances by addition of sccond tissue to first followed by re-
clotting (center). “Filter culture” (right) involves two superimposed tissues on top of
original clot with filter between the two tissues.

The culture vessels in early experiments were Carrel flasks. In later
experiments these were replaced by flat, loosely covered dishes contain-
ing a small central well, within which the clot and tissues were placed.
With penicillin and streptomycin added to the medium, and the dishes in-
cubated in an atmosphere of high humidity containing 5% CO,, the
culture behavior in these vessels was virtually indistinguishable from
that in Carrel flasks. The dishes have the advantage of requiring con-
siderably less plasma than Carrel flasks, and they permit greater con-
venience in operative procedures.

The culture conditions described are adequate to permit characteris-
tic morphogenesis of at least three embryonic rudiments, those of the
submandibular salivary gland, the lung, and the kidney (Figs. 3, 4, 5,
Plate I). It is to be noted that at the time of isolation these several rudi-
ments have a similar structure, consisting of a central epithelial bud
branching in variable degree, and a surrounding mesenchymal mass
distinguishable from the general loose mesenchyme by its greater cellu-
larity (‘“‘condensation’). In the case of the lung, there is also a peripheral
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thin mesothelial layer. In all three cases the mesenchyme spreads periph-
erally as a cohesive sheet, and the epithelium undergoes morphogenesis
centrally to produce a branching pattern which is characteristic for the
particular organ, though by no means identical with that produced
vivo. Experimentally advantageous is the fact that the morphogenesis
takes place essentially in two dimensions, permitting continuous observa-
tion and photography.

It is important for the discussion to follow that the mesenchyme of
the metanephric rudiment, in reality the caudal end of the nephrogenic
cord which has become associated with the ureteric bud, also undergoes
a morphogenesis. While mesenchyme of lung and salivary gland spread
thin and remain quite simple and homogeneous in culture, the kidney
mesenchyme undergoes local condensations eventually to form S-shaped
and then coiled tubules among the branches of the ureteric bud. These
epithelial tubules condensed out of the nephrogenic mesenchyme clearly
correspond in origin with the secretory tubules and glomeruli of the
normal kidney and, like them, they secondarily hook to the collecting
system resulting from the branching of the ureteric bud. Thus the major
features of metanephric morphogencsis occur in this in wvitro system,
both components demonstrating characteristic behavior and the resulting
products achieving normal anatomical relationships.

The experimental analysis begins with the findings that epithelio-
mesenchymal rudiments of the kind described can be readily and cleanly
separated into their two components, following brief exposure to trypsin
solutions (Grobstein, 1953a). Such separated components are viable but
do not continue morphogenesis when cultured separately. Mesenchymal
components spread into a thin homogencous mass from which, after
several days in culture, individual fibroblasts migrate out into the clot or
along the glass interface. Epithelial components show somewhat variable
behavior depending upon the stage of development of the rudiment, but
their general tendency also is to spread into a thin sheet at the glass-clot
interface.

When trypsin-separated components are immediately recombined,
however, their morphogenesis can continue in culture in much the same
way, though usually not so strongly, as that of untreated rudiments. This
suggests that there is some mutual dependence between the two com-
ponents, some kind of interaction which is essential for continued de-
velopment. Epithelium alone produces simple formless sheets, epithelial
rudiments in the presence of their mesenchyme produce a characteris-
tically branching set of tubules. The question may be raised whether such
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influences of mesenchyme on epithelium are “inductive.” This appears to
be a matter of definition. A developmentally significant action of one
tissue upon a dissimilarly derived one is certainly involved, and hence the
case is admissible under the definition specified earlier.

These facts are illustrated, and new facts are revealed, when the
separated components of salivary and kidney rudiments are cross com-
bined, i.e., when salivary epithelium is combined with kidney mesen-
chyme, or kidney epithelium with salivary mesenchyme (Grobstein,
1953b). The result is particularly striking (Figs. 6-9) when both
kinds of epithelium are included in one culture with each kind of mesen-
chyme. In the experiment illustrated, a salivary epithelial rudiment and
a kidney epithelial rudiment were combined in a cluster of salivary
mesenchyme fragments in one culture (Fig. 8), and the corresponding
epithelial rudiments from the opposite sides of the same embryos were
combined in another culture with fragments of kidney mesenchyme (Fig.
6). In the first culture the salivary epithelium underwent characteristic
morphogenesis, but the kidney epithelium remained quiescent (Fig. 9).
In the second culture (Fig. 7) the kidney epithelium underwent mor-
phogenesis, but the salivary epithelium simply rounded up into a small
mass. Particularly interesting was the fact that in close association with
the salivary epithelium, as well as in the usual association with the de-
veloping kidney epithelium, there arose in the nephrogenic mesenchyme
condensations from which coiled tubules later formed. These observa-
tions suggest, on the one hand, that epithelial morphogenesis is dependent
not only upon association with mesenchyme, but upon the particular
mesenchyme that envelops the epithelium in normal development. The
mesenchymal contribution thus appears to be a fairly specific one. On
the other hand, the formation of tubules in nephrogenic mesenchyme
depends upon an inductive stimulus which seems less specific, since
salivary epithelium as well as the normal inductor can supply it.

Further data have continued to support this difference in specificity
between the epithelial and mesenchymal response, although it should be
noted that both responses are relatively highly specific in comparison
with neuralization of amphibian gastrular ectoderm. In the case of the
response of salivary epithelium (Grobstein, 1953¢), no mesenchyme
other than that of the submandibular salivary gland has been found
capable of supporting morphogenesis. Tests have been made of mesen-
chyme from other sites in the 13-day embryo (from which this epithelium
is derived), of mesenchyme from other epithelio-mesenchymal rudiments
at comparable stages of development (lung and kidney of 11-day em-
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bryos), and of mesenchyme from various regions of the 8-day embryo in
early somite stages. Mesenchyme from all of these sources has an effect
on the epithelium, causing it to round up into a quiescent mass instead of
spreading in a thin sheet as it does in isolation, but none of them pro-
motes morphogenesis. Not yet tested, but of interest in defining the
nature and precisencss of the specificity, are mesenchyme from sublingual
and parotid rudiments, from older submandibular rudiments, and from
submandibular rudiments of other species.

On the basis of available data, there appears to be a high degree of
specificity in the mesenchymal contribution made to submandibular
epithelial morphogenesis. It seems significant, though the explanation
is not clear, that whatever the nature of the specific mesenchymal con-
tribution it gradually declines when the mesenchyme is cultured by itself
for varying periods and then tested by recombination with freshly iso-
lated epithelial rudiments. Tested at the end of each of three “genera-
tions” of sub-culturing of five to seven days duration, the mesenchyme
shows a gradual shift in at least two properties, the rate and “typicalness”
of the epithelial morphogenesis it can induce, and the density and co-
hesiveness of the mesenchymal mass, a phenomenon particularly notice-
able at the periphery (I'ig. 10). It is not certain that these two effects
are related, but the possibility is suggested that the inductive influence
may depend, at least in part, on the original organization of the tissue
which is gradually disrupted during culturing. The behavior is particu-
larly suggestive because the mesenchyme, as it loses its inductive capacity,
passes in its culture behavior from the cohesive type characteristic in our
experience of embryonic, morphogenctically active tissues to the more
dispersed type generally observed in older tissues. The question is raised
whether what is involved in tissue cohesiveness is also involved in the
inductive activity.

Turning to tubule induction in metanephric mesenchyme, the data
suggest somewhat less, though still quite high, specificity in the response.
We have noted that the epithelium of both kidney and submandibular
rudiments can induce tubule formation, the former in a manner more
characteristic of normal development, the latter in a ring in close juxta-
position to the epithelial surface. In addition, 11-day embryonic spinal
cord is a strong inductor of kidney tubules (Fig. 14), dorsal regions more
strongly than ventral ones. Activity of spinal cord as an inductor of
kidney tubules has been recorded in amphibia and chick (Gruenwald,
1952). Preliminary tests also showed some activity in the medulla and
cerebrum of the 11-day embryo, but apparently at lower levels than in
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the cord. On the other hand, various adult non-nervous tissues, em-
bryonic lung, gastric and pancreatic epithelia, and embryonic spinal
ganglia proved negative as inductors in combination with metanephric
mesenchyme. All heat-killed tissues tested have been negative, including
11-day embryonic spinal cord. Curiously enough, however, it appears that
metanephric mesenchyme implanted directly into the eye forms tubules
in the absence of its epithelium or any other deliberately included in-
ductor. Nonetheless, in culture, neither iris nor cornea of the adult eye
appears capable of stimulating tubule formation. Thus, the data indicate
that, though there may be several alternatives to the normal inductor of
kidney tubule formation, the reaction is by no means easily and non-
specifically induced. Why the salivary epithelial ingrowth should possess
a common property with the ureteric bud is at the moment not easy to
see. It may be noted, however, that the tubule-inducing dorsal regions of
the neural tube earlier were the lateral regions of the medullary plate,
and these are fairly closely associated with the early nephrogenic mes-
enchyme.

A high order of specificity is indicated also in another inductive system
on which studies have recently been made in collaboration with Mr.
George Parker and Dr. Howard Holtzer. Trypsin-isolated somites from
9-day embryos form simple, thin, homogeneous masses when explanted
in clusters of six to eight somites. If such clusters also include a lateral
hemisection of embryonic spinal cord, cartilage masses appear around
the cord on the fourth to sixth days (Fig. 15) (Grobstein and Parker,
1954). The observation supports the notion, based on in vivo studies in
lower vertebrates, that the spinal cord exerts an inductive influence in
formation of the axial skeletal system. It turns out that in this reaction
ventral cord is the active source, dorsal cord being virtually inactive
(Grobstein and Holtzer, 1955). Otocyst and embryonic brain also show
activity, but various living or killed adult tissues and killed cartilage are
inactive.

To summarize the results on the three inductive systems tested : with
one and possibly two exceptions, no inductors have been demonstrated
other than the living tissues which might be expected to carry out that
particular induction in the developing embryo. This is encouraging in
suggesting that the reactions under investigation are occurring in ways
not too different from those obtaining in the embryo, and that the mech-
anisms involved are in some sense “first order,” without intervening
regulation, injury, etc., which have made the interpretation of amphibian
primary induction so complicated.
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With this encouragement, we may consider a second property of these
in vitro systems, that of “localization” of response, a phenomenon which
has important bearing on questions of mechanism. The term “localiza-
tion” is intended to designate simply the degree to which the induced
response conforms spatially with the inductor. In the strongest localiza-
tion, the induced response occurs only in the immediate vicinity of the
inductor (contact). An important factor determining localization would
be expected to be the range of the inductive influence.

The difference in reaction of the salivary epithelial rudiment to its
own (autogenous) and other (heterogenous) mesenchyme offers an
opportunity for testing localization (Grobstein, 1953c). Simultaneous
exposure (Fig. 11) of an epithelial rudiment to fragments of autogenous
and heterogenous mesenchyme placed on its opposite sides showed that
branching tubules formed on the autogenous side, while the epithelial
surface was completely quiescent on the heterogenous side (Figs. 12, 13).
Moreover, the line separating the two types of epithelial pattern seemed
to conform quite closely to the line of junction between the two types
of mesenchyme (Fig. 12). Clearly, whatever the nature of the influences
involved, under these circumstances their effects were limited to the im-
mediate vicinity of the respective kinds of mesenchyme.

The same conclusion is suggested by another type of experiment in-
volving interaction among the same three tissues (Fig. 16). Autogenous
salivary mesenchyme was pre-grown in a thin clot in the absence of
epithelium. On the second day, when the overlying clot was largely di-
gested, a sector was cut out of the center of the thin, spread disc of tissue.
Into the hole thus formed an epithelial rudiment was placed (Fig. 16,
middle row, left) and a new clot made to hold it in position. Mesenchyme
migrating in to fill the gap made contact with the epithelium, and recog-
nizable morphogenesis occurred (Fig. 16, middle row, right). When,
however, two small fragments of heterogenous (maxillary) mesenchyme
were placed on either side of the epithelium so that in their migration
they would surround it before the autogenous mesenchyme arrived, there
was no sign of morphogenesis (Fig. 16, top row). When the hetero-
genous mesenchyme was so placed as to surround the epithelium only
incompletely, tubule outgrowth occurred at precisely the point where
closure was incomplete and autogenous mesenchyme was able to reach the
epithelium (Fig. 16, lower row).

Similar localization seems to be involved in tubule induction in kidney
mesenchyme in vitro, although experiments comparable to those on the
salivary gland have not been done with the kidney system, and it should
be noted that in scattered instances single tubule rudiments have been
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seen at a distance from their presumed inductors. The overwhelming
general rule, nevertheless, is that tubule rudiments first appear in intimate
association with the surface of the inductive tissue (Fig. 14). And, ex-
cept in special cases where other factors are involved, the tubules seem
to occur in association with the entire available surface.

The situation is different in the case of the spinal-cord-cartilage sys-
tem. Here, the actual cartilage does not form in contact with the surface,
but nearly always with an intervening interspace (IFig. 15). Moreover,
small cartilage nodules fairly frequently arise at considerable distances
(as much as 2 mm or more) from the spinal cord (Grobstein and Holt-
zer, 1955). On the other hand, there is no evidence at the moment that
cartilage can form in somite mesenchyme which is not at some point in
contact with the spinal cord. The possibility that cartilage can only be
formed by cells which have been close to the cord and which have mi-
grated peripherally seems excluded by experiments in which the somites
were placed initially at a distance from the cord so the cells would have
to migrate toward it to make contact. Cartilage forms at a distance none-
theless, and it is difficult to believe that the cells migrate in and then back
out again. For the moment, the available evidence suggests that cartilage
induction involves the spread of some influence, in some manner, over
considerably greater distances than in the case of epithelio-mesen-
chymal interaction in the salivary rudiment, or of kidney tubule induc-
tion.

In the latter two instances, as in the study of such amphibian systems
as chordamesoderm-medullary plate and eye-vesicle-lens, the impression
from the experiments so far described is one of interaction in such inti-
mate association that the requirement for actual cellular contact is easily
assumed. However, a further set of observations raises doubts about this
assumption, though not fully excluding it. These relate to inductive effects
obtained across membrane or molecular filters.

Efforts have been made by a number of investigators (Holtfreter,
1933 ; Brachet and Hugon de Scoeux, 1949 ; McKeehan, 1951) to obtain
inductive effects across barriers that do not permit cellular penetration.
The purpose has been to determine whether extracellular mobile mate-
rials are involved in induction, and the negative results generally ob-
tained have bolstered the notion of a contact requirement. Only Brachet
and Hugon de Scoeux appear to have obtained anything resembling an
induction. They separated amphibian chorda mesoderm from gastrular
ectoderm by means of a membrane (exact nature and thickness unspeci-
fied) with average pore diameter of 3.4 microns, and obtained evidence
of clear but weak neuralization of the ectoderm. With membranes of
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lower porosity (230 millimicrons) they saw only faint and irregular
response.

The membrane used in the present studies (“Millipore,” Millipore
Filter Corp., Watertown, Mass.) is available in two porosity grades, “hy-
drosol” (HA) and “aerosol” (AA). In sheets of 150-micron thickness
the AA filter is estimated to have average pore diameter in the vicinity of
0.7 micron, the HA filter in the vicinity of 0.3 micron. The thickness of
the material actually used, however, was 30 microns or less, since at these
thicknesses the sheets are translucent when wet. There is reason to
believe that the porosity of the thinner sheets may be less than that of the
thicker, but no reliable measurements of the average pore diameter of
the thinner material are available. Some impression of the porosity of the
scveral samples used is conveyed following silver impregnation (Fig.
17). The samples are designated as to thickness and porosity grade, e.g.,
20H is a hydrosol filter of 20-micron thickness. Crude measurements of
the apparent pores in these preparations, subject to several possible
sources of error, give values ranging over 1 micron for 30A, up to I
micron for 20A, and in the vicinity of 0.5 micron for 2011. These values
are for the larger pores in the sample rather than the average and are
given only to indicate relative orders of magnitude.

The procedure for use was bricfly as follows. The filter shcets were cut
into small squares 3-5 mm on a side, sterilized in 70% alcohol, and
washed through changes of Tyrode and horse-serum-Tyrode. Having
deposited one tissue in a minimum of fluid on the clot surface, the filter,
drained of excess fluid, was placed on top. The second tissue was then
positioned over the first in a second clotting mixture. Every effort was
made to ensure that both tissues were in contact with the filter surface.

By these procedures trans-filter morphogenetic effects have been
obtained with all three systems under discussion (Plate VI). When
salivary epithelium was placed on one side of a 22H filter with auto-
genous, heterogenous, or no mesenchyme on the opposite side, three
clearly different responses were obtained (Grobstein, 1953d). In the
absence of mesenchyme the epithelium spread as a simple sheet as on
glass (Fig. 18). Presence of heterogenous mesenchyme below the filter
resulted in rounding of the epithelium into a mass (Fig. 19) which fre-
quently became cystic. Autogenous mesenchyme on the under side (Fig.
20) promoted atypical and varied morphogenesis which frequently re-
sembled but never duplicated the morphogenesis resulting when these
two tissues are directly combined.

Sections of these filter-cultures (Fig. 21) showed that cells were ef-
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fectively barred from entering or passing across the filter, and there were
only occasional indications that cytoplasmic processes might be pene-
trating the filter for short distances. There was no evidence of cytoplasmic
bridges across the filter, although the possibility is not excluded that
bridges exist below the limit of resolution of the optical microscope.

When dorsal spinal cord was used on one side of the filter and nephro-
genic mesenchyme on the other, clear evidence was obtained for a trans-
filter tubule-inducing effect (Fig. 23). With the 22H filter the results
were variable, positives being obtained in only about half the cases. Sub-
stitution of a 15H filter, on the assumption that shorter distances were
required, only further weakened the effects. When four filter samples—
30A, 20A, 20H and 15H—were compared, the effect declined in this
order, with the sharpest drop between 20A and 20l1. This behavior cor-
responds well with what can be made out of the relative porosities, and
suggests that it is this factor rather than thickness which controls the
effect in this thickness range.

Also correlated with porosity is the frequency and depth of penetration
of the filter by processes, some of which are almost certainly cytoplasmic
(Fig. 17). Stainable with haematoxylin and eosin, these are particularly
abundant in the 30A filter, somewhat less abundant in the 20A, infrequent
as has been noted in the 20-22H, and virtually entirely absent in the 15H.
The occurrence and significance of these processes, which seem similar
to the basophilic hyaline filaments noted by Brachet and Hugon de
Scoeux (1949) in their 3.4 micron filter, are still under study, but current
impressions can be tentatively summarized as follows. Kidney tubule
induction probably can take place through filters whose porosity pre-
cludes significant penetration of optically visible processes, but the fre-
quency and reliability of the induction is greater when the porosity is
sufficient to permit penetration by such processes. The processes are not
limited to the interzone between two tissues in inductive interaction, but
occur even where tissue is present on only one side of the filter. There is
some evidence, however, that they may be more abundant in the inter-
zone itself at particular stages of induction.

How to interpret the role of the stainable processes observed in the
filter is not clear at the moment. In the higher porosity filters (AA),
distinct tortuous cytoplasmic processes wind in and out of the optical
plane and occasionally may be traced completely across the filter. In the
lower porosity filters (FHA), nothing comparable can be observed. Since
the processes are visually demonstrable in the higher porosity filters, the
possibility mentioned above certainly must be considered, i.e., that they
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exist in lower porosity filters at dimensions below those necessary for
optical resolution. Reports of long drawn-out filopodia formed by cul-
tured cells and observed with the phase contrast microscope (Algard,
1953) and the electron microscope (Porter, Claude, and Fullam, 1945)
reinforce this possibility.

It does not seem safe, therefore, to conclude from data now available
that the inductions under study can occur in the total absence of contacts
between cells. It does, however, seem safe to say, first, that these induc-
tions do not require massive cellular contact in the sense of apposition
of large areas of the cellular surfaces and, second, that the effects are much
reduced in a barrier porosity range that would not be expected to restrict
passage of even the largest freely dissociated molecules. Something inter-
mediate between full cellular contact and free diffusion is suggested. The
question remains whether this intermediate mechanism involves the
processes themselves, whose frequency seems to correlate at least to some
degrec with intensity of the effect, or whether the processes depend upon,
and thus are indicators of, some penetrating material more directly in-
volved in the induction.

At this point, results of another recent line of investigation are relevant,
although they are hardly more than suggestive to date. It is possible to
demonstrate in several ways that the properties of a filter incubated for
24 hours in contact with a fragment of the dorsal half of the spinal cord
are locally altered in the contact zone. On treatment by the silver im-
pregnation procedure of Friedenwald, Buschke, and Crowell (1945), or
fixation in lead acetate-formalin, the tissue area is sharply marked off
as a clear spot in the blackened filter. When fixed in absolute ethyl
alcohol-formalin (9: 1) the tissue, easily removable in the unfixed state,
becomes tightly cemented to the filter. If the tissue is scraped off the
filter with considerable difficulty, a clear, translucent, sharply outlined
spot is disclosed, apparently corresponding closely to the area of ad-
herence (Fig. 24). The greater translucency of the spot with respect to
the rest of the filter suggests that some material has filled the pores in
this region, thus increasing its optical homogeneity. This impression is
strengthened by exposure of such spotted filters to trypsin solution, in
which the spot disappears (Figs. 24-27) after 5-10 minutes at room
temperature if the solution is made with crude trypsin powder (Difco
I:250), more slowly but just as definitely when the solution is made with
twice recrystallized trypsin. The spot stains variably but sometimes
strongly with the Schiff reagent following oxidation by periodic acid
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(Hotchkiss procedure) (Fig. 28), and toluidin blue localizes in it fairly
sharply but orthochromatically in sections (Fig. 29).

Thus, in the filter above the living spinal cord, a material appears to
collect which gives at least some of the characteristic reactions for glyco-
protein and behaves in most ways as would be expected of embryonic
ground substance. What lends some significance to these sketchy and
essentially preliminary observations is the fact that the area of origin
of tubules in nephrogenic mesenchyme placed on a filter with living
dorsal cord below appears to conform closely to the clear spot revealed
by fixation. Mesenchyme placed on a fixed and thoroughly washed spot
spreads, but shows no tendency to form tubules. To decide whether the
material constituting the spot is involved in the induction, either as an
essential pathway for the transit of the active agent or through its own
morphogenetic activity, will require additional data.

What is the significance of the results we have been describing for
understanding the mechanisms of embryonic induction? Certainly, they
reemphasize that in speaking of embryonic induction we probably are
referring not to a single kind of process always proceeding by the same
mechanism, but to several processes each of which may involve different
combinations of mechanisms. The three systems which have been partially
analyzed in these investigations clearly are quite different from each
other. Cartilage induction differs from the other two, because the in-
duced tissue arises at some distance from the inductive source, and after
a considerably longer time interval. The morphogenesis of salivary
epithelium and kidney tubule formation occur more rapidly, and appear
to depend upon a much more intimate relation with the inductive tissue.
Yet, these two are different, too, in that salivary epithelial morphogenesis
so far seems to be strictly specific in its requirement for salivary capsular
mesenchyme, while kidney tubule morphogenesis is induced by tissues
other than the normal inductor : salivary epithelium and embryonic spinal
cord. Particularly interesting is the difference between the activity of
dorsal and ventral embryonic spinal cord as inductors of cartilage and
kidney tubules. Here the mechanisms are not only clearly different, but
appear to be in some sense inversely related, the dorsal cord being a
strong inductor of kidney tubules but virtually inactive for cartilage,
while the ventral cord is strong for cartilage but much less active for
kidney tubules.

The relatively high degree of specificity shown by these reactions is
noteworthy. The term “specificity” in this context refers to the degree
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to which inductive activity is limited to what is assumed to be the
normally operative inductive tissue. In none of the three cases is there
anything approaching the low specificity of the neuralization reaction in
amphibia. Even in the kidney reaction only two abnormal inductors, i.e.
salivary epithclium and embryonic spinal cord, have been found, and
their activity may be based upon an undiscovered property which they
share with each other and with ureteric bud epithelium, the normal in-
ductor. In none of the three cases has morphogenesis been promoted by
killed tissues. We can only speculate as to why the degree of specificity
should be so high here in contrast to the puzzling and frustrating relative
nonspecificity of the neuralization reaction. Certainly to be considered
is the fact that these reactions occur later in development, are in fact so-
called secondary and tertiary inductions. It seems in some sense reason-
able, and it conforms to data in other areas, that interactions should
become more specific in their requirements with rising levels of com-
plexity, differentiation and integration.

This, however, is more rationalization than reason, and we certainly
want to know more about the mechanisms involved. In this connection
the conditions under which the several reactions take place may be rele-
vant. As previously noted (Grobstein, 1952; Grobstein and Zwilling,
1953 ), the conditions at a glass-clot interface have strong morphogenetic
consequences, cellular masses tending to flatten and spread peripherally
on the substrate. The filter-clot interface has very similar effects. In
contrast, the usual procedures for amphibian material, involving im-
plants into the whole embryo or explants in fluid medium, afford con-
siderably greater opportunity for regulative reorganization. The en-
forced simplicity and uniformity of behavior at strongly orientative
interfaces may mean that under these circumstances we are dealing with
something more closely approximating “first-order” reactions, and that
specificities are then revealed which are obscured in the more complex
morphogenetic reactions undergone by amphibian gastrular ectoderm in
combination with test inductors. Essentially, this suggests that apparent
nonspecific inductors of neuralization in amphibia may be operative not
directly but indirectly, by setting up conditions within the mass which
lead to specific tissue interactions essential to neuralization. This would
be in consonance with observations on mouse and chick primitive streak
material (/bid.) cultured at interfaces, where neuralization could be in-
hibited by sufficient disaggregation and nonspecific inductors were with-
out effect. Determination of the validity of such speculation must await
further data.
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Fig. 3. Thirteen-day submandibular salivary gland rudiments (4) on third day in culture.
Characteristic pattern of branching ducts and terminal adenomeres.

Fig. 4. Eleven-day metanephric rudiment on sixth day in culture. Note coiled secretory tubules
(T) which form in mesenchyme and link up with collecting tubules derived by branching of
ureteric bud.

Fig. 5. Eleven-day lung rudiment on fifth day in culture,

Figs. 6-9. Cross-combination of salivary and kidney epithelial and mesenchymal components.
Figures 6, 7. Both types of epithelium in kidney mesenchyme at 0 and 3 days respectively. Figures
8, 9. Both types of epithelium in salivary mesenchyme at 0 and 3 days respectively. S = salivary
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Figs. 11-13. Simultaneous combination of salivary epithelial rudiment with its own
capsular (autogenous) and maxillary (heterogenous) mesenchyme.

Fig. 11. Before incubation.

Fig. 12. After 40 hours in culture, epithelium undergoes morphogenesis on autoge-
nous side (left), remains quiescent on heterogenous side (right). Note difference in
mesenchymal outgrowth character on two sides of line of juncture.

Fig. 13. On fifth day.

Fig. 14. Tubule formation around dorsal 11-day embryo spinal cord in metanephric
mesenchy Three days in culture.
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Figs. 18-20. Salivary epithelial behavior on filter with no mesenchyme (T'ig. 18) heterogenous
(Fig. 19) or autogenous (Fig. 20) mesenchyme on opposite side.

Fig. 21. Stained scction through autogenous mesenchyme (left) and salivary epithelium
(right) with filter (20H) between.

Fig. 22. Cartilage appearing in somite material on opposite side of filter from 11-day embryo




Fig. 28. “Spot” stained with periodic acid—
Schiff procedure gives purplish color with adhering
tissue fragments deep blue.

Fig. 20, Toluidin blue staining in
filter to left of spinal cord disappears
abruptly at edge of cord (top).




Fig. 30. Schema of possible interactions in salivary and cartilage inductions. A.
Salivary epithelial morphogenetic tendency (+) insulated from inhibitory effect of
general mesenchyme (—) by barrier of condensed capsular mesenchyme. B. Motile
cartilage-promoting influence (C) from ventral cord is limited in distribution or effect
by non-motile material on dorsal surface which can also induce kidney tubule forma-
tion (K) when in contact with metanephric mesenchyme.
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What seems clear at the moment is that in all three inductive systems
analyzed in these investigations, and apparently also in the chordameso-
derm-gastrular ectoderm system reported by Brachet and Hugon de
Scoeux (1949), at least some component of the inductive mechanism
can pass filters that exclude whole cells or massive direct surface contact
between them. In the case of kidney tubule induction by embryonic spinal
cord, on which most though still incomplete data are available, it is
difficult to see how either short-range surface orientative effects based
on direct cell-to-cell contacts or long-range freely diffusing materials can
be involved. In this case, as in the salivary system, any postulated mecha-
nism must provide for sharp localization without direct massive surface-
to-surface contact of cell layers. The cartilage case is different in that
the occurrence of the end point, cartilage formation, at a distance from
the inductor requires the assumption of considerably greater mobility in
some component of the mechanism. Even here, however, an uncompli-
cated assumption of diffusion hardly seems satisfactory, since it fails to
explain the non-cartilage-forming area immediately around the inductive
source. The proviso that cartilage formation occurs only at some sub-
maximal concentration of the agent is logically possible, but without
experimental support at the moment.

The notion seems worth entertaining that what is passing across the
filter is not simply solutes but a structured material involving at least
proteins and complex polysaccharides. Such a notion conforms with a
number of observations, though it cannot be said to be demonstrated by
any of them. The evidence includes: the correlated decline of cohesiveness
and inductive capacity noted in cultured salivary mesenchyme, the fixing
and staining reactions of the “spot,” the restrictive effect on inductive in-
teraction exerted by porosities far greater than would be expected to limit
even the largest molecules if freely dissociated, and the sharp localiza-
tion of inductive effects through the filter.

The speculation, once entertained, directs attention toward the inter-
cellular matrix or embryonic ground substance and its morphogenetic
role. Such consideration is by no means new. Baitsell (1925), although
not the first to call attention to the ground substance, strongly emphasized
its all-pervading distribution in the embryo in early stages. He saw it as a
homogeneous, gelatinous material secreted by the cells within which the
various specialized fibers of the adult gradually condensed. He em-
phasized the guiding role of the ground substance and its fibers as a sub-
strate for cell motility, and called attention to the early recognition of the
relation of this role of the ground substance to that of the clot in the be-
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havior of cells in tissue culture. Gray (1926) also attributed great signif-
icance to matrix or ground substance, noting its developmental continuity
with surface layers in the egg and its stabilizing effect both on individual
cells and epithelial layers.

Weiss (1933) has stressed the morphogenetic importance of the
ground substance, saying that ‘““The interior architecture of the body, as
expressed by the arrangement of cells and intercellular formations, is to
a certain extent determined by the ultrastructural organization of the
colloidal continuum which fills the interior of the organism.” He has
supplied experimental evidence for the orientative role of colloidal exu-
dates on the “outgrowth” of nerve fibers from embryonic nervous tissue
in vitro (Weiss, 1945), and has suggested that comparable material,
differing in composition in different organs, may be broadly operative in
morphogenetic mechanisms. In particular, he has emphasized the notion
that advancing cells and their processes only progress on surfaces previ-
ously wetted by their own exudates. Snessarew (1932) and Polejaev
(1940) have also both given great weight to the structure of the matrix
or ground substance as important in morphogenctic mechanisms and
tissue architecture, and Willmer (1945) has discussed the cement sub-
stances in relation to the behavior of cells in tissue culture and pointed
to their probable glycoprotein character. Holtfreter (1948) has referred
to intercellular cement substances as possibly involved in the affinities
and disaffinities of embryonic cell layers.

Recent developments in allied fields (Duran-Reynals, 1950) have
heightened interest in the role of intercellular matrices, and the glyco-
proteins or mucopolysaccharides which appear to be their characteristic
component. Studies of inflammation and resistance to systemic infections
have emphasized the varying permeability of the adult ground substance
under particular conditions and its capacity to act as a barrier to the pas-
sage of materials ranging in complexity from simple electrolytes to highly
organized particulates such as bacteria. Chemical, enzymatic, and phar-
macological studies have demonstrated the complexity of the glycopro-
teins, their high level of polymerization, and their lability under varying
physiological conditions. Immunochemical and immunogenetic studies
indicate antigenicity and high specificity in complex polysaccharides, as
well as sensitivity of these substances to genotypic alterations (e.g., the
familiar DNA-induced genetic transformation in pneumococcus involv-
ing alteration in the serological specificity of the capsular polysaccharides :
Braun, 1953). Finally, there is the evidence of involvement of similar
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materials in virus penetration of cells (Luria, 1953) and the mechanisms
of fertilization (Runnstrom, 1949; Tyler, 1949).

A material with the properties implied by even this sketchy listing
offers explanatory possibilities to the investigator of morphogenecsis and
induction. A labile intercellular continuum, locally alterable in pene-
trability and other properties by physiological shifts, endowed with a high
degree of specificity, closely responsive to the genotype, able through
polymerization to condense to higher levels of order thus providing
boundaries and interfaces, seems to be exactly the missing picce required
in many puzzles of development. Affinities and disaffinities in cellular
aggregation and disaggregation, mass cellular movements such as stretch-
ings and foldings, gradient and ficld phenomena, regulation, mutant de-
velopmental abnormalitics, all might find a rationale at least in part in
such a complex bio-physico-chemical matrix.

Against this speculative background we may look more closely at what
is labelled matrix interaction in our earlier diagram of possible inductive
mechanisms (Fig. 1). What is suggested by the diagram for considera-
tion is that induction may involve interaction between the intercellular
materials or matrices of cells, rather than direct interaction between
cells themselves in the sense of exchange between cytoplasms or contact
of their cytoplasmic boundaries. In saying this one must keep in mind
that cellular boundaries are not always sharp and that the distinction
between hyaloplasm and matrix in many situations may be primarily
conceptual. Matrix interaction would be assumed to be a governing re-
lationship rather than an exclusive one. ILach homogencous cellular mass
is thought of as embedded in a common continuum within which there are
no discontinuities but within which there may exist graded properties.
The properties of the continuum, assumed to be produced by the cells,
naturally would be in part dependent upon the cellular properties. But
since the continuum provides the immediate environment of the cells
(Duran-Reynals, 1950, has pointed out that it is the cell-significant part
of the internal milieu), the properties of the cells would be in part de-
pendent upon the properties of the continuum.

Two dissimilar cell masses making contact would be assumed to do so
via their matrices (Fig. 1, “Matrix interaction” ). Where these (A) were
completely incompatible (non-interpenetrable), an interface would be
formed, and exchange would be limited to materials which could pass
through both matrices. In this situation there would be no adhesion, and
the cellular masses might be expected to exert relatively little influence
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on each other and might even reseparate. Where the matrices (B) were
compatible (interpenetrable), adhesion would occur, and essentially a
new matrix would be created between the two which might have very
different properties, and which in turn would alter the properties of the
interacting cell layers. Altered levels of polymerization, as a too-simple
example, might lead to different tensional states on the interacting versus
the non-interacting sides of a cell layer, resulting in a folding. As a third,
and quite interesting, possibility (C) interactions at the molecular level
might lead to formation of qualitatively new elements not represented in
either of the original matrices. These interactions might be one source
of the “something new” continually appearing and stabilizing in develop-
ment, specifically, for example, (Baitsell, 1925) the formation of such
bounding and hence stabilizing structures as basement membranes.

These three possibilities are indicated only to give some concreteness
to the notion we are discussing. There arc many other ways in which
matrices might interact, including molecular complementariness, as has
been suggested by Weiss (1947) and Tyler (1947) for cell surfaces. In
fact, as with so many notions founded largely on ignorance, all sorts of
subsidiary a posteriort assumptions can be made on the matrix model to
explain nearly anything.

The central point, which does relate to what we know at the moment
and seems useful in explaining the results described, is the notion that
the intercellular matrix may be at least an essential intermediary in
inductive processes. In the salivary and kidney inductions, explanation in
terms of long-range movement of freely dissociated molecules appears un-
satisfactory in view of the sharp localization, and yet, direct cellular con-
tact over large surfaces seems to be excluded from consideration by the
trans-filter activity. The matrix notion supplies a satisfactory inter-
mediate.

The possible role of direct transmission of materials via cellular
processes, considered by Brachet and Hugon de Scoeux (1949), has not
been excluded. However, if Weiss’ contention that migration of cellular
processes only follows surface wetting by exudate (matrix) is accepted,
and many of our own observations support the contention, even for
processes to enter the filter a preliminary penetration by matrix would be
required. It is possible then that processes in the filter, rather than being
involved in the mechanism, are only indicators of the degree of activity
of the cell surface and hence of the presence and character of the matrix.

From what is known of adult matrix or ground substance it seems
possible that embryonic matrix may be either negatively or positively
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significant in developmental interactions, i.e., it may itself in some situa-
tions impose morphogenetic reactions or transmit their effective agents
or it may, in other situations, block passage of morphogenetically active
materials, thus acting as an isolating mechanism.

On this basis the data which have been presented might be brought
together in the following speculative scheme (TFig. 30). In the salivary
system there are three differing tissues to be considered: (1) the epi-
thelium whose tendency to form dichotomously branching tubules can
be disrupted by direct exposure to a surface; (2) the “condensed” specific
or autogenous capsular mesenchyme immediately surrounding the epi-
thelial bud which at least protects and may promote its morphogenetic
tendency ; (3) the general mesenchyme which inhibits the morphogenetic
tendency of the cpithelium, possibly because of an overly strong anti-
spreading effect. The relations between these three, as diagrammed in
Fig. 30, immediately suggest a possible barrier role for the capsular
mesenchyme, protecting the morphogenetic tendency of the epithelium
from an inhibitor present in the general mesenchyme. The appearance and
consistency of the capsular mesenchyme are in conformity with the sup-
position that it involves a different, and possibly more gelated, matrix
from the surrounding general mesenchyme, but there are not as yet
enough data on the salivary trans-filter effect to provide any support for
the notion that it is this material which is involved.

Similarly, a diagram of the morphogenetic activity of the spinal cord
suggests interesting possibilities. The reciprocal relation of chondrogenic
and nephrogenic inductive capacity in the cord, plus the apparent localiza-
tion of the factor involved in the former in contrast to the mobility of the
latter, admits the following interpretation, although other possibilities
certainly exist. Under this assumption, the glycoprotein matrix covering
the more dorsal regions of the cord is involved in the kidney tubule in-
duction but impenetrable to the passage of the mobile cartilage-inducing
factor produced in the ventral regions. The tubule-inducing activity of
the more dorsal regions of the 11-day cord, revealed in experimental
situations, has no obvious in vivo consequence at this stage since no
nephrogenic tissue remains in its immediate vicinity. Thus, an activity
of possible significance in earlier association (with more lateral meso-
derm in medullary plate stages) serves as an indicator of the presence of
a material of quite different significance in its new associations. The
new associations are with the massed mesenchyme of the somite and
effects might be expected, under the hypothesis, in the behavior of this
tissue. One of these effects may be to pattern chondrification by blocking
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or otherwise inhibiting the process in regions where it would otherwise be
set in motion by the mobile, cartilage-inducing influence emanating from
the ventral cord. In this way it may contribute to the ventro-dorsal
sequence of cartilage formation in the axial skeleton, and to the forma-
tion of a neural canal of appropriate configuration and dimensions. In
this assumed behavior it would be acting in a directly analogous way to
that suggested for salivary capsular mesenchyme, to limit and control the
distribution of a mobile influence with morphogenetic effects. These
assumptions, of course, are not to be taken too seriously as to detail. They
are discussed only to indicate more concretely what is in mind in sug-
gesting a morphogenctic role for the matrix, and how the concept may
apply to the particular data we have been considering.

Since speculation has dominated what I have just been saying, I
should like in summary to repeat the factually better-grounded major
points. First, 1n witro methods afford advantageous experimental ap-
proaches to at least three inductive systems in mammals. Second, in these
three systems more than one kind of inductive mechanism appears to be
operating. Third, the reactions studied show a high degrce of specificity,
i.c., with few exceptions they are called forth only by living tissues ex-
pected to be involved in them. Fourth, that though all three can be medi-
ated through filters whose porosity excludes massive cell contact, there is
evidence in two systems that the effects nevertheless are short-range and
quite localized. Fifth, the evidence at the moment invites attention to
the idea that embryonic ground substances or intercellular matrices play
an important role in inductions. In this last lies the possibility that em-
bryonic induction is not simply an enigmatic ezvent peculiar to early de-
velopment, but the beginning of a process which establishes and stabilizes
relations among groups of cells and their matrices—relations which,
becoming increasingly fixed in what we recognize as structure, persist
into the adult and are important in the maintenance of its tissue archi-
tecture.
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XI. HUMORAL AGENTS IN INSECT
MORPHOGENESIS

BY DIETRICH BODENSTEIN'

GROWTH in insects finds its external expression in molting. But
molting always involves differentiation, for at each molt when the
animal passes from one stage to the next many of its structures have
to be formed anew. The complex cuticular elements of the larval skin,
for instance, and a great part of the tracheal system, are rebuilt from
instar to instar. The most profound changes always occur at the last
larval stage, when with the final larval molt the immature animal meta-
morphoses into the imaginal form. This is true for insects that meta-
morphose at the last molt directly into the adult (hemimetabola), and
for insects in which a pupal stage intervenes between the last larval stage
and the imago (holometabola). Yet it is important to recognize that
whether a larval or a metamorphosis molt occurs, morphogenetic events
of great complexity always take place.

The evidence accumulated within the last two decades suggests that
motting and metamorphosis in insects are controlled by hormones. Since
the problem of molting and metamorphosis is manifestly one of growth
and differentiation, it can be said that it is through the mediation of a
humoral system that these morphogenetic happenings are triggered and
regulated. The following narrative is dedicated to an analysis of these
matters. Of necessity the presentation will be short and limited to a few
representative examples that may help to document and clarify the various
problems under discussion.

I. THE HUMORAL CYCLE IN CONTROL OF MOLTING AND META-
MORPHOSIS

When after a molt the larva maintains its juvenile characteristics, the
molt is called a larval (or nymphal) molt. But when the larva changes
with the molt into an adult individual, either directly or through the inter-
vention of a pupal stage, this molt is spoken of as a metamorphosis molt.
In these happenings, as mentioned above, hormones play a decisive role.
Not only do hormones induce molting, but specific endocrine combina-
tions decide also whether the target material responds with a larval or a
metamorphosis molt. The mechanism of action of the humoral cycle that

1 Medical Laboratories, Army Chemical Center, Maryland.
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decides which of these two alternatives is realized is illustrated in Fig. 1
and can be summarized shortly as follows.

Humoral activity is inaugurated periodically by a stimulus or stimuli
about which we know rather little. In some instances this stimulus is
nervous in nature (Wigglesworth, 1934). It provokes the secretion of a
hormone by special neurosecretory cells found in the pars intercercbralis
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Fig. 1. Diagrammatic representation of the humoral mechanism responsible for the
larval molt and the metamorphosis molt.

of the brain. This brain hormone in turn activates the prothoracic gland,
an organ of internal secretion usually found, as the name implies, in the
prothorax of the immature insect. The secretion of this gland acts directly
on the target system and induces molting. Under the influence of the
prothoracic gland hormone, there is first set into motion a wave of pro-
liferation in the epidermal cells; the mitotic wave thus created provides
the necessary condition for molting. Because of this growth promoting
effect, the prothoracic gland hormone has been called a growth hormone.
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Under the sustaining effect of the prothoracic gland secretion, abundant
growth and finally differentiation occur. This leads finally to the deposi-
tion of a new cuticle, which is imaginal in character when the prothoracic
gland hormone alone is present; the animal thus undergoes a metamor-
phosis molt. Evidently the prothoracic gland hormone controls imaginal
differentiation as well as growth, and it has therefore been named growth
and differentiation hormone. A low titer of prothoracic gland hormone
apparently causes growth, while a higher titer sets the processes of dif-
ferentiation into motion. However, the humoral threshold at which the
target responds with differentiation depends upon the age of the reacting
material; younger tissues scem to need a higher prothoracic gland
hormone titer than older ones for the differentiation response.

Larval molts occur when the action of another gland of internal secre-
tion, the corpus allatum, is added to that of the prothoracic gland. The
corpus allatum modifies in some manner the action of the prothoracic
gland hormone and guarantees the formation of larval characters at
the ensuing molt. Thus a larval molt takes place. The participation of this
gland in the molting cycle prevents metamorphosis and is responsible
for the maintenance of the juvenile features of the animal. For this rea-
son the allatum hormone is also called the juvenile hormone. But the
presence of the prothoracic gland hormone is a prerequisite condition for
the normal function of the corpus allatum hormone. It must be understood
that the process of molting, whether it is a larval or a metamorphosis
molt, is under the control of the prothoracic gland hormone. The endo-
crine activity of the corpus allatum gradually decreases during the last
larval stage, leaving the mature larva with a low allatum hormone titer.
At this time and stage, the allatum hormone is virtually ineffective. It is
also possible that the activity of the prothoracic gland in relation to that
of the corpus allatum is higher in the last stage than in younger stages.
However this may be, there is a shift in the balance between these two
hormones in the last larval stage in favor of the prothoracic gland
hormone. The last stage larva, being under the predominant influence
of the prothoracic gland hormone, is caused to metamorphose. Having
fulfilled its function, the prothoracic gland degenerates after metamor-
phosis. Lacking this gland, the adult insect is unable to molt again. Other
glands of internal secretion do not break down during metamorphosis.
The corpora allata, for instance, together with other endocrine organs,
play an important part in controlling the developmental events concerned
with egg maturation.

At this place in the discussion it must be pointed out that the scheme

[ 259 ]



DIETRICH BODENSTEIN

of humoral activity related above, though undoubtedly true in its general
aspects, is an oversimplification. There is a real possibility that other
glands not mentioned above may be involved in the cycle. The corpus
cardiacum is one example. Its participation in the molting process has
been revealed recently in experiments on cockroaches, but its precise mode
of action is still quite ambiguous (Bodenstein, 1953b). One other great
difficulty in evaluating accurately the role played by one gland in the cycle
is posed by the fact that the various glands are apparently interdependent
in their function. Although much is known, more is still obscure, and
many experimental facts are difficult to reconcile with our present inter-
pretation.

II. EXAMPLES

Nothwithstanding these complications, the scheme presented ap-
proaches rather closely the real state of affairs, as will be seen from the
experinients to be reported below. Space limitation allows for only a few
examples. They are selected to document the specific action of the two
main glands involved—the corpus allatum and the prothoracic gland—
and at the same time to demonstrate some of the operative methods used
in this kind of experimentation.

A. Experiments demonstrating the role of the corpus allatum. One will
recall that the corpora allata lose at the last larval stage much of their
activity and that as a consequence the animal metamorphoses. By ex-
tirpation of the corpora allata of younger stages, the same situation can
be created experimentally. Such allatectomized individuals may then be
expected to metamorphose prematurely. When such an experiment is
performed, this is exactly what happens. The removal of the corpora
allata from young silkworm caterpillars at the fourth stage, i.e. one
stage before the last, prevents the continuation of larval molts, and the
caterpillar metamorphoses prematurely into a small but otherwise per-
fect moth. Very small adults can be produced when the allatectomy is
carried out on caterpillars one stage younger (Fukuda, 1944). Essen-
tially the same results can be obtained by removal of the corpora allata
from cockroach nymphs younger than the last stage. Here again, instead
of undergoing a larval molt, the immature animals metamorphose pre-
maturely, giving rise to diminutive adults (Scharrer, 1946).

If, as assumed, the corpus allatum produces the juvenile hormone,
the transplantation of corpora allata from young larvae into last stage
larvae should prevent metamorphosis. That this actually takes place is
shown convincingly by the following experiment. By transplanting the
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corpora allata from young (3rd or 4th stage) nymphs of the walking-
stick insect into last stage nymphs, as many as four additional nymphal
molts can be produced before the animal metamorphoses. When meta-
morphosis finally occurs, the resulting adult may be twice as large as a
normal imago (Pflugfelder, 1939). The same result can be obtained by a
similar experiment on the tropical bug Rhodnius. When the corpora
allata of a 4th instar nymph are transplanted into the abdomen of a last
stage nymph, the host animal molts; but instead of becoming an adult,
it retains its nymphal character and develops into a giant 6th stage
nymph (Wigglesworth, 1936). The metamorphosis inhibiting effect of
the corpus allatum can also be demonstrated by an entirely different
experimental procedure, namely, by combining in parabiosis two cock-
roach nymphs. If one combines a last stage nymph with an individual
one stage younger, then at the molt of this pair the corpora allata of the
young partner prevent the metamorphosis of the older, which becomes a
giant nymph (Bodenstein, 1953a).

B. Experiments demonstrating the role of the prothoracic gland. It
has been stated above that the prothoracic gland hormone is responsible
for growth (molting) and differentiation. Proof for this contention is
ample and will now be discussed. The case to be taken up first concerns
the imaginal discs of the fruit fly Drosophila. The larva of Drosophila
carries within its body small groups of cells which represent the anlagen
of the future organs, such as wings, legs, eyes, and so on, of the adult
organism. These organ rudiments, or imaginal discs as they are called,
are already present in the youngest larva. They grow in the course of
larval life and differentiate during the pupal period; that is, they are
transformed at this time into adult structures. The growth of these discs
during larval life is considerable. They thus provide an excellent test
object for growth responses. It is possible to remove these discs from the
larva and to transplant them into the body cavity of adult flies, where
bathed in the body fluid of the adult organism they maintain themselves
perfectly but do not grow. One must remember here that the adult insect
possesses no prothoracic gland, it having degenerated during metamor-
phosis. The cessation of the growth of the transplanted discs may well
be the reflection of the lack of prothoracic gland hormone. If this is true,
the discs should be induced to grow again if supplied anew with pro-
thoracic gland hormone. This hormone can be provided by transplanting
simultaneously with the discs a so-called ring gland. This larval struc-
ture is a compound gland and contains as part of its make-up the equiva-
lent of the prothoracic gland. When this experiment is performed, the
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transplanted imaginal disc continues to grow and if left long enough in
its new adult environment develops to imaginal completion. Not only
the growth of imaginal discs but also that of other larval structures, as
for instance the larval salivary gland, is under the control of this
hormone (Bodenstein, 1943a and b).

The effect of the prothoracic gland hormone on growth and differ-
entiation is also well illustrated in tissue culture experiments of the
germ cells of the giant silkworm Platysamia cecropia. When sperma-
togonia and spermatocytes of this species are cultured in a hanging
drop of blood taken from pupating larvae—i.e. from individuals whose
blood contains prothoracic gland hormone—one observes a multiplica-
tion of spermatogonia and a maturation of the sex cells into well dif-
ferentiated spermatids. No growth or differentiation takes place when
blood from diapausing pupae—that is, blood that contains no pro-
thoracic gland hormone—is used for the culture medium (Schmidt and
Williams, 1953).

A variation of the previously mentioned parabiosis experiments on
cockroaches is the healing together of isolated body parts of insects.
This procedure performed in moth pupae has been used to good ad-
vantage to demonstrate the effect of the prothoracic gland hormone on
the differentiation of imaginal characters. Thus it has been shown that
if the abdomen of a pupa is severed from the thorax immediately after
pupation by means of a ligature, the isolated pupal abdomen is unable
to develop further and remains permanently in the pupal stage. If the
same operation is made on somewhat older pupae, the isolated ab-
dominal parts continue their development to imaginal completion. Early
isolated, and thus arrested, abdominal parts can be made to complete
their imaginal differentiation by fusing them to a complete pupa or to
an anterior pupal part (Bodenstein, 1938). An uninterrupted hormone
flow for a certain length of time from the anteriorly located prothoracic
gland is thus necessary for the normal completion of imaginal differ-
entiation. Proof that the prothoracic gland is actually the initiator of
these happenings has been given by transplanting this gland directly
into arrested abdominal parts (Fukuda, 1941).

As far as the induction of molts by the prothoracic gland is concerned,
one experiment on Drosophila will suffice. The anterior tip of a newly
emerged Drosophila larva containing the mouth armature with its two
conspicuous mandibular hooks was transplanted together with several
ring glands into the abdomen of an adult fly. After an appropriate time
the transplant was removed and studied. It was found that the trans-
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planted small larval fragment had molted twice, as indicated by the
presence of three complete sets of mouth parts. The three pairs of mandib-
ular hooks were especially striking signs of the graft’s molt. In the
control experiment, where the larval fragment was transplanted with-
out the ring glands, no molt had occurred ; only one set of mouth hooks,
namely those contained in the fragment at the time of the transplanta-
tion, were found (Bodenstein, 1944). The necessity of the ring gland
for the initiation of the larval molts in Drosophila was thus indicated.
Other experiments have since shown that the prothoracic gland part
of the ring gland must be held responsible for these effects.

IIT. HUMORAL BALANCE

Frequently one finds in nature curious monstrosities, insects which
seem to be partially larval and partially adult. Such freaks of nature
have always interested the student of teratology. Not until some under-
standing of insect endocrinology was achieved, could any satisfactory
explanation as to the causes of these abnormalities be given. Now one
can produce such creatures practically at will. They occur when the
normal humoral balance between corpus allatum and prothoracic gland
hormone is disturbed. If at any time in the larval period of the insect
the hormone balance is shifted—as for example, in favor of the pro-
thoracic gland hormone—the animal will usually possess prematurely
adult characteristics in the molt occurring after the shift. This does not
necessarily mean that the entire insect will become prematurely adult.
If the hormone balance has not shifted too far in the direction indicated
above, the insect will still retain some of its juvenile characteristics.
The more the prothoracic gland hormone is favored in the balance shift,
the more pronounced the adult characteristics will be. By appropriate
experimentation one can obtain a graded series of intermediates that
ranges from purely larval to completely adult forms. The untimely
appearance of adult structural patterns can obviously be caused either
by an abnormally high prothoracic gland hormone titer or by an ab-
normally low corpus allatum hormone titer; the same is true, in re-
verse, for the juvenile pattern. It is difficult in most instances to ascer-
tain which of these two alternatives actually has occurred; but from
the stage of the larva at which the upset occurred and from the kind
of the intermediate pattern produced, one can determine quite accurately
in which way the humoral balance has shifted. The following examples
will illustrate how the humoral balance can be disturbed experimentally
in order to effect the production of intermediate forms.
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The first experiment consists of transplanting corpora allata from
younger stages into successively older last instar wax-moth (Galleria)
caterpillars. The appearance of larval characters at the pupal molt was
then used as a criterion for the presence of corpus allatum hormone. It
was found that the earlier in the last stage the transplantation took
place, the more pronounced were the juvenile characters that appeared
after the ensuing molt (Piepho, 1942). The explanation for the relative
ineffectiveness of the grafted corpora allata in older stages, as far as the
control of juvenile characters is concerned, must be found in the
changed internal environment of the older hosts. At the end of larval
life, the prothoracic gland hormone has apparently reached such a high
titer as to render the corpus allatum hormone impotent. In the earlier
transplantations, however, the grafted glands made the allatum hor-
mone titer abnormally high and thus shifted the endocrine balance in
favor of this hormone. This resulted in a shift of the morphological
pattern towards the larval side.

The second experiment was performed on silkworms. Here a func-
tioning prothoracic gland was transplanted into young last stage cater-
pillars in order to make them molt precociously. Since it was known
from other experiments that the corpora allata of young last stage
larvae still produce juvenile hormone, it was expected that after the
prematurely induced molt some larval characters would be maintained.
This is exactly what happened. The operated individuals, instead of
giving rise to pupae, formed larva-like creatures which possessed vari-
ous organs of pupal type. Those individuals that molted less precociously
showed fewer larval characteristics (Fukuda, 1944).

The most important outcome of these studies on the humoral balance
has been the realization that the various hormone systems are at all
times in the postembryonic life of insects in a definite balance which
is stage and time specific, and that any disturbance of this balance may
lead to severe structural and metabolic alterations (Bodenstein, 1953c).

IV. HUMORAL PERIODICITY

So far the impression has been given that the hormone level rises
at the end of each stage to an effective titer and that after the molt
it declines and remains low until it rises again as the next molt ap-
proaches. In other words, the hormone activity seems to be cyclic. The
question arises: is there any time in the inter-molt period in which
there is no hormone in the system? The answer is in the negative. Ap-
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parently the hormones are never completely exhausted. This can be
demonstrated as follows.

The adult female cockroach possesses a glandular accessory sex struc-
ture, which might be called a shell gland. It produces a proteinaceous
secretion that is needed for covering of the egg capsule or odtheca. A
mature female lays in the course of her life a number of such oGthecae,
each of which contains many eggs. The shell gland appears during meta-
morphosis and is made up of a great number of finely branched tubules.
In the newly metamorphosed adult, the tubules are empty ; they fill with
the secretion product within the first two days of adult life. The produc-
tion of this material is under the control of the corpus allatum hormone.
If the hormone production is cut short by cutting the newly meta-
morphosed insect in half by means of a ligature, the shell glands in the
isolated abdominal parts remain empty. Now if nymphal or adult cor-
pora allata are transplanted into these young isolated abdominal frag-
ments, the secretion of the shell gland continues normally and within
two days the tubules are filled (Bodenstein, unpublished). The forma-
tion of the secretion product in the tubules thus provides a good measure
for the presence of corpus allatum hormone in the system. It is possible
to transplant small bits of empty shell glands consisting of only a few
tubules into the abdominal cavity of intact animals. When such trans-
plantations are made, using different nymphal stages as hosts and
choosing for the transplantation different times within the intermolt
periods, it appears from the evidence so far collected that there is at all
times enough corpus allatum hormone in the insect to sustain the forma-
tion of the secretion product in the transplanted glands (Bodenstein,
unpublished). From this one must conclude that corpus allatum hor-
mone seems to be present in the system at all times—perhaps sometimes
in a low, but always in a detectable, titer.

The test for the presence of prothoracic gland hormone needs as back-
ground information some short comments on regeneration. The cock-
roach nymph regencrates its legs with great ease. Autotomized at the
coxa-femur level, a complete and almost normal sized leg is regenerated
already at the molt following the amputation. The adult cockroach, of
course, is unable to regenerate its legs. One can make an adult cock-
roach molt again by the transplantation of prothoracic glands. If the
leg of an adult individual is amputated and the animal then induced
to molt by prothoracic gland transplantation, leg regeneration takes
place. The processes of regeneration are therefore under the control of
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the prothoracic gland hormone (Bodenstein, unpublished). The entire
progress of regeneration, from its earliest beginning almost to com-
pletion, can be observed through the rather transparent organ stump
(the coxa) in the living animal. When nymphal legs are amputated at
successively later times within an intermolt period, the regenerate be-
comes visible about eight days after the amputation, regardless of the
time the amputation took place. Since the initiation of regeneration is
only possible in the presence of prothoracic gland hormone, it follows
that a high enough titer of this hormone to ensure leg regeneration
must be present in the animal throughout the entire inter-molt period.
Therefore one must conclude that the insect maintains throughout post-
embryonic life, except in the adult stage, a certain level of prothoracic
gland hormone. Other experiments have shown that the regeneration
response of nymphal tissues requires a lower titer of prothoracic gland
hormone than does that of adult tissues (Bodenstein, unpublished).
This brings us to the problem of the responsiveness of the target ma-
terial towards humoral stimuli.

V. THE REACTING MATERIAL

The premature metamorphosis of young larval stages has been dis-
cussed above. It shows that the formative material can be made pre-
cociously old, if one may state the matter thus. The question whether
one can make adult material revert to its larval state, that is, make it
young again, has not been answered. Can one take the ability of an
adult individual to molt and regenerate again as an indication of re-
juvenation? Perhaps one can, for these two attributes of the responding
tissues are strictly juvenile characteristics. The problem is complex.
For instance, if one transplants skin from an adult cockroach into a
young nymph, the transplant can undergo in synchrony with its new
host four molts before the host metamorphoses. In all these molts, how-
ever, the adult graft, though molting, remains adult—this in spite of
the fact that the humoral situation in the host called for a nymphal molt
(Bodenstein, 1953a). There are other instances with like implication.
All the evidence shows that adult structures can be made to molt again,
and in doing so repeat their own adult pattern. They are apparently
unable to revert to their juvenile state. This last point might not be
entirely true; it has been reported (Wigglesworth, 1940) that if the
corpus allatum titer is raised experimentally much above the normal
level, some tissues might change back to their juvenile state. In such
instances the adult animal, after having molted, contains small patches
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of nymphal cuticle. Summarizing, one can state that while it is rather
easy to age larval material prematurely, only in a limited way is it
possible to rejuvenate the adult structure.

Although it is true that humoral factors can produce dramatic de-
velopmental effects, it is well to remember that these effects become
manifest in the target materials. Variations in the responsive capacity
of the target are as important as the kind and concentration of hor-
mones that cause these responses. The morphogenetic characteristics
of the developing organism are the results of the interaction of both
these factors.
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amino acids, metabolic pool, 36; free and
protein bound, in devclopment, 77-79;
as protein precursor, 99; antagonists,
see ethionine, methyltryptophan

amino acids, labeled, incorporation into
proteins, 35, 36, 79, 80; into induced
enzymes, 36, into microsomes, 74, into
antibody, 102-03; see also glycine,
methionine, valine

aminoglutarimide, 34

aminosuccinimide, 34

anacrobiosis, see carbon dioxide, cyto-
chrome, oxygen, Pasteurclla, Rhodo-
pscudomonas

anemia, genetic, in mouse, 113-16

antibodies, to artificial antigens, 3; molec-
ular forces in formation, 5-7; synthesis
and gene duplication, 11; transforma-
tion in mammals, 102-03; see also,
specificity

antigens, artificial, 3; interaction with
antibodies, 4; replacement of atoms or
groups in, 5, 6; heterogencous response
to, I1I

antigens, development in blood, 81, in

spleen, 91, 92; incorporation in silk-
worni, 101

anti-templates, 90; see also complemen-
tary molecules

auxin, in growth, 161-62; in phototropism
164 ; and resistant sporangia in Allomy-
ces, 197

Avena, growth, 161-62

azoproteins, as artificial antigens, 3-8
zotobacter, tricarboxylic acid cycle, sI-
s4: A. agilis, 51-354; A. vinelandis, 53

bacteriophage, T group, 127-148

barley, flowering in, 152-53

benzene arsonic acids, as haptenic groups,
4-8

benzoyl-L-tyrosinamide, hydrolysis, 21

benzoyl-L-tyrosylglycinamide, synthesis,
16-17

Blastocladia, 173, 178, 193, 198; B. pring-
shetnii, 194

Blastocladiella, 173; life cycle, 178-79;
sex differentiation, 190-91; control of
differentiation, 194-95; tricarboxylic
acid cycle in, 195; B. emersonti, 190,

carotene, 190-92, sex differentiation,
190-92; B. wariabilis, carotenoids,
190

Bodenstein, Dietrich, 257-68

Borthwick, H. A., 149-69

Brachyallomyces, see Allomyces

s-bromouracil, in growth of E. coli, 140-
45

carbobenzoxyglycinamide, 27, 28

carbobenzoxy-L-isoglutamine, polymeri-
zation with L-methioninamide, 31

carbon 14, incorporation into yeast pro-
teins, 38; into hemoglobin, 117-20; into
bases of E. coli, 135-37; see also amino
acids, labeled

carhon dioxide, control of resistant spo-
rangia in Blastocladia, 193; in Blasto-
cladiella, 194-96

carotene, in Allomyces, 182, 189-91, 200,
205; in Blastocladiells, 189, 191; in
Cystogenes, 205

carotenoids, in Rhodepseudomonas, 60-64 ;
in Allomyces, 189; in Blastocladiella,
190

cartilage, induction of, 241, localization of
response, 243, mechanism, 247, 249, 253,
254

cathepsins, 22, 23; B, 30; C, 28-30, see
also transamidation
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cattle, fetal protein, 70; tissue tolerance
in, 98-99

cellular contacts in induction, 245-46, 252

centers, developmental, 209-211, 226-29;
see also node, notochord, somite

chick embryo, chorioallantoic grafts, 74,
81; isotope labeled grafts, 80, 93; in-
corporation of S 3% from labeled methi-
onine, 93-97; organizer center, 209-31;
see also, heart, liver, metanephros,
spleen

chlorophyll, bacteriochlorophyll synthesis,
60-64; -protein, 63-64

chorda, see notochord

chromosomes, in Allomyces, 184-88

chromospheres, in Euallomyces,
meciotic, 106; post-meiotic, 197-68

cleavage of egg, desoxyribonucleic acid
synthesis in, 76

cocklebur, flowering, 152-54, 159

cockroach, 260, 262, 265-66

coenzyme A, in acetylsulfanilamide syn-
thesis, 19; in hippurate synthesis, 19

Cohen, Seymour S., 127-48

complementary molecules, in antibody
formation, 4-8, 11; in duplication of des-
oxyribonucleic acid, 10; non-identical
structure, 8-9; identical structure, 9-10

coproporphyrin III, role in photocontrol,
167 R

corpus allatum, hormone, 259; extirpation,
260; transplantation, 260-61 ; age chime-
ras, 261 ; balance with prothoracic gland,
258, 263-64 ; maintenance of shell gland,
205

cultures, Allomyces, 174, 179-180

cycloheximide, and sex differentiation,

pre-

191-92; and chromosome reduction,
203-04

Cystogencs, see Allomyces

cytochrome  system, and anaerobiosis,
58-59

cytoplasmic particles, in sex differentia-
tion, 191-92
cytosine, 129-30

desoxypentose nucleic acid, see desoxyri-
bose nucleic acid

desoxyribose nucleic acid, structure, 10-11;
in enzyme induction, 73; synthesis, dur-
ing cleavage, 76, in T-infected E. coli,
127-47

Drosophila, 261-62

Ebert, James D., 60-112
Emerson, Ralph, 171-208
environment, control of enzyme synthesis,

44

enzyme synthesis, see induction

enzymes, activity levels in development,
71; adaptive, see induction; complexes
in polypeptide formation, 19; constitu-
tive, 44, 46, 48, 55, 65; intracellular, act-
ing at peptide linkages, 15, 22-34; oxi-
dizing aromatic substrates, 48, 50; pro-
teolytic, see hydrolysis; respiratory, see
tricarboxylic acid cycle synthesizing
peptide chains, 22, see also cathepsin,
ficin, papain, transamidation

epigyny, see gametangia

equilibrium constant in peptide synthesis,
16-17; in glutamine synthesis, 20

erythrocyte level in developing mouse,
113-14

Escherichia coli, extracts in formation of
pantothenic acid, 19; f-galactosidase in,
43-44, 73; enzyme induction in, 73, 100;
host to T-virus, 127-48; pyrimidine me-
tabolism, 132-44; strain 15T-, thymine
requirement, 132-44; irradiation, 142-46

ethionine, inhibition of citrate oxidation,

7
Euallomyces, see Allomyces

ferret, breeding stimulus, 165

fetuin, 70

ficin, and polymerization, 31

ﬂovgering in plants, control, 152-53, 159,
161

forces, short-range, see intermolecular

frog, 70, 78-79

fruit color, control in tomato, 152

Fruton, Joseph S., 15-42

Galleria, humoral balance, 264

gametangia, inheritance of arrangement
in Allomyces, 181-87; carotenoids in
Blastocladiclla, 189-90

gametes, in Allomyces, sce meiospores;
release in animals, light control, 165-67

B-galactosidase, induction of, 43, 44, 73

gametophyte, in Allomyces, 177, 183-85;
ploidy and, 199; biochemical differentia-
tion, 200; control of differentiation,
203-04

gastrulation, sce protein synthesis, ribose
nucleic acid

gene, duplication of, 12; action, in W-series
mice, 124-25

genes, limiting enzyme synthesis, 44;
W -series in mouse, 113-26

germ cells, primitive, in W-series mice,
121; autonomy of devclopment in
W -genotypes, 122

germination, control by light, 149-51, 155-
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57, 160; energy requirement, 157; re-
sistant sporangia, Allomyces, 197-08
globin, incorporation of C!4 from labeled
glycine, 117-20

v-glutamyl group, 33; sce also glutamine,
glutathione

glucose, effect on irradiated E. colt, 146;
labeled, incorporation into compounds of
E. coli, 135-37

glutamine, synthesis coupled to pyrophos-
phate bond cleavage, 20; replacement
reactions, 33-34

glutathione, synthesis, 20; replacement re-
actions, 33

glycine, labeled, incorporation into proto-
porphyrin and globin, 117-20

glycine max, see soybean

gonads of W-series mouse embryo, 114;
transplantation, 122

Grobstein, Clifford, 233-56

ground substance, embryonic, 247-49, 252

growth, in Rhodopscudomonas, 61-64
organ-specific, control, 87-98; building
block hypothesis, 97; unbalanced, in
E. coli, thymine synthesis in, 133-47;
compounds synthesized, 136; and in-
duced enzyme synthesis, 137-40; radia-
tion damage, 142-46; sce also nucleic
acids ; and light, 149-69; plant responses
subject to control, 163; sce also light,
photoreaction; in insects: melting,

257-68

haptens and haptenic groups, in artificial
antigens, 3; combining powers, related
to van der Waals forces, 4-7

heart, localization in chick embryo, 81-86;
inhibition of pulsation, 88

hematopoiesis in W-series mice, 116-20;
see also erythrocyte

hemin, and anaerobiosis, 59

hemoglobin, development of, 70; of W-
series mice, 117-20

Hendricks, S. B, 149-69

histogenesis, of node center in chick em-
bryo, 210-12

Hordeum wvulgare, sce barley

hormone, control of sex in water molds,
172, 173; activity in insects, 257-68;
corpus allatum, 258-67; growth, sece
prothoracic gland; juvenile, see corpus
allatum ; prothoracic gland, 258-67

humoral cycle, in insect growth, 257-59;
balance between corpus allatum and
prothoracic gland, q.v., 263-64

humoral periodicity, in insects, 264-65

hybridization, in Allomyces, 182-89, 201

Hydractinia echinata, egg release, 166

hydrolysis, enthalpy changes in, 21; pro-
toolysis, 22-23, see also transamidation

s-hydroxymethylcytesine, in T-infected
E. colt, 120-30

hydroxymethyluracil, 130; in thymine syn-
thesis, 132

Hyla regilla, see frog

Hyoscyanus niger, 152

hypogyny, see gametangia

imaginal discs, growth control, 261

incorporation, specific, of labeled com-
pounds from grafts, 95-96

indole-3-acetic acid, sec auxin

inducer of enzyme synthesis, definition,
43; distinguished from substrate, 44

induction, embryonic, 233-56, sce also
organizer; of epithelial morphogenesis,
230; of tubules in metanephric mesen-
chyme, 239; of cartilage, 241; localiza-
tion of response, 242; across filter,
244-45; matrix interaction, 249-52;
mechanisms, 247-54; specificity, 239-41,
247-48; cellular contact, 245-46, 249,
252; in salivary tubule, 253; by spinal
cord, 253

induction of enzyme synthesis, 36, 43-67;
genetic and environmental control, 44-
45; endogenous, 44-46; sequential, 45-
46, 48-52; by oxygen, 59, 65; in E. coli,
43-44, 73, 137-40; of xylose isomerase,
137-40; sce also mandelic acid, tricar-
boxylic acid cycle, tryptophan

infection of bacteria by virus, 127

inhibition, of tricarboxylic acid cycle en-
zymes, 56-57; specific, in differentiation,
89, 97; of nucleic acid synthesis by virus,
129; in chick blastoderm, 220-22

interaction, tissue, chordamesoderm and
ectoderm, 233; mechanisms, 234-30,
247-54

intermolecular forces, 3-5; of hydrogen
bond formation, 3; ionic, 3; van der
Waals, 3, 5-7; stabilization of com-
plementary molecules by, 7-9

B-ketoadipate, oxidation of, 55
B-ketoadipic acid, 49-51, 54
kidney, see metanephros

Latuca sativa, see lettuce

Lepidium densiflorum, 158

Lepidium virginicum, germination, 155-58

lethal genes, WW in mouse, 113-26

lettuce, germination, 149-s5I, 158; dark
control, 160

leucylglycine, DL, synthesis, 16
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life history, water molds, 172-208; Sapro-
legnia, 172; Allomyces, 175-79, hybrids,
201 ; Blastocladiella, 178-79, 199; vari-
ants in Allomyces, 201-05, Cystogenes,
204-05

light, and growth in Rhodopseudomonas,
62-64; and pigment synthesis, 61-64;
control of growth, 149-69, germination,
149-51, 155-57, 160, flowering, 152-53,
fruit color, 152, reproduction, 149, 165-
67; see also photoreaction

liver, chick, specific growth control, 88

lung, tissue components, interaction, 237

Lymnea palustris, egg release, 165

mandelic acid, dissimilation, 49-50
meiosis, Allomyces, 182-85: A. macro-

gynus, 196-97, A. arbuscula, 201,
Brachyallomyces, 202

meiospores, 175-77; Sce also resistant
sporangia

metamorphosis in insects, humoral control,
257; molt, 257, 259

metanephros, specific growth control, 88;
incorporation of S35 from grafts, 03;
tissue components, interaction, 236-39;
cross combinations with salivary gland
tissues, 239; mesenchyme specificity in
induction, 240-41, localization of re-
sponse, 242 .

methionine, reversal of cthionine inhibi-
tion, §7; labeled, in grafts, see sulfur 35

s-methyltryptophan, prevention of death
in E. coli, 146

microsomes, in protein synthesis, 74, 75

mitochondria, in sex differentiation, Al-
lomyces, 188-89

mitospores, Allomyces, 175-77, 183 ; in re-
sistant sporangia, 202

molecules, duplication of, 3-13; changes
in populations during development, 69-
71

molting, insects, humoral control, 257-58;
larval, 259; metamorphosis, 259; adult
grafts, 266

morphogenesis, embryonic tissues in vitro,
see salivary gland, metanephros; insect,
humoral agents in, 257-68

mouse, spleen grafts to chick, 92-95; de-
velopment of W-genotypes, 113-26; em-
bryonic tissues, interaction, 233-56

myosin, cardiac, development in chick, 71,
83-86

neotetrazolium chloride, reduction by chick
embryo, 223-25
neurosecretion in insect brain, 258

node center in chick embryo, differentia-
tion, 210-14; structure, 214; elongation,
215-16; excision, 214; transection, 215,
regulation, 214, 218-19; regression, 219;
inhibition, 220-21, nutritional require-
ments, 222-23; biochemical properties,
223-26; comparison with shoot apex of
plant, 226-29; see also notochord, somite

notochord center in chick embryo, 213-15;
mode of regression, 216-17; source of
cells, 216-18; isolation, 218; induction
by, 220

nucleic acids, in protein synthesis, 37,
72-73, 75; interconversion during de-
velopment, 76; metabolism in virus in-
fection, 127-48; see also desoxyribose
nucleic acid, ribose nucleic acid, pyrim-
idines

oogenesis, protein synthesis during, 76
organizer, chick embryo, 209-31, see node
center ; amphibian, 233, 239, 243
oxygen, as inducer, 59; and growth in
Rhodopseudomonas, 61-62; and pigment
synthesis in Rhodopseudomonas, 61-62
oxytocin, glycinamide group, 21

papain, 22, 24-25, 27

Paracentrotus lividus, see sea urchin

Pasteurella pestis, anaerobiosis and acro-
biosis, 59

Pauling, Linus, 3-13

pea seedlings, leaf growth, 153

pentose nucleic acid, see ribose nucleic acid

peptide bond synthesis, energy changes in,
15-21, 28-34; condensation reactions,
17-18; in vivo, 18; in acetylsulfanilimide,
19; in hippurate, 19; in pantothenic acid,
19; in glutathione, 20; coupled to ex-
ergonic reactions, 18-21; see adenosine
triphosphate, enzymes

peptide chains, synthesis, 22; elongation,
28; see also cathepsin, ficin, papain

peptide intermediates, 36; in protein syn-
thesis, 38, 100-01

peptides, synthesis, 15-42; in development,
77; see also polypeptides

photoperiodism, control of growth re-
sponses in plants, 152-55; time measure-
ment, 160; in animals, 165-67

photoreaction, reversible, 151; mechanism,
155-58; coupled to response, 159-60; op-
posite responses to, 161-63; in photo-
tropism, 164; screening pigments, 104;
see also coproporphyrin, growth, light,
photoperiodism, pigment

phototropism, response spectrum, 163-64

phycomycetes, aquatic, 171-208
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pigment, integumentary, in W-series mice,
114-15, 123, in other genotypes, 123-24;
photoreceptive, see chlorophyll, carote-
noids, photoreaction

Pisum sativum, see pea

Platysamia cecropia, see silkworm

pleiotropy, 115, 122-25

ploidy, and alternation of generations,
198-99; and metabolism, 200; in Cysto-
genes, 204-05; see also gametophyte,
sporophyte

polypeptide synthesis, 28-31, 75

polyploidy in Enallomyces, 185-86, 205

potassium tellurite, reduction by chick em-
bryo, 223

proteins, transfer of precursors in plasma,
101-03; structural, transformation of,
71-72

protein synthesis, 15-42; energy source,
21, 32-33, see also adenosine triphos-
phate; in vive, 15, 31-38, 69-112; hypo-
thetical scheme of, 34-35; and nucleic
acids, 37, see also desoxyribose and ri-
bose nucleic acids; in oogenesis, 70; at
gastrulation, sea urchin, 77; organ spe-
cific, sece liver, metanephros, spleen;
precursors, 99-104; neosynthesis, 73-75,
103; see also v-glutamyl group, peptide,
transamidation

prothoracic gland, activation, 258; hor-
mone, 259; ring gland, 261; balance
with corpus allatum, 258, 263-64; con-
trol of spermatogenesis, 262 ; control of
molting, 262-63, of regeneration, 265-66

protoporphyrin, incorporation of C14 from
labeled glycine in W-genotype mice,
117-20

Pscudomonas fluorescens, growth require-
ments, 46; oxidation of aromatic sub-
strates, 47-51; oxidation of B-ketoadi-
pate, 55; terminal respiration, 46, 55-57

pyrimidines, interrelations in metabolism
of T-infected E. coli, 130-32; hydroxy-
methylated, 130-31; see also thymine,
uracil

rabbit, antibody transformation in, 102-03

radiation, injury, see growth, unbalanced ;
visible, measurement of response spec-
trum, 149; see also light

Rana pipiens, see frog

regeneration, in cockroach, humoral con-
trol, 265-66

resistant sporangia, Allomyces, 176-77,
192; Blastocladia, 193; meiosis in, 183-
201; effect of nutrients on differentia-
tion, 104-95; cytology, 196, 201 ; germi-
nation, 197-98; growth substances, ef-

fect, 197; diploidy, Brachyallomyces,
202, Cystogenes, 204; in gametophyte,
203

response spectrum for germination, 149-
50; fruit color, 153-54; flowering, 152-
54; leaf growth, 152-54; phototropism,
163; gamete release, Hydractinia, 165-
66, Lymneca, 165

Rhodnius, 261

Rhodopsendomonas spheroides, 60-04 ; pig-
ment synthesis in, see carotenoid, chloro-
phyll; “green” mutants, 60; anaerobio-
sin, aerobiosis, 62-63; growth, 61-64

ribose nucleic acid, in protein synthesis,
37, 72-74, 77; synthesis in development,
76-77, in infected E. coli, 129-47

ring gland, see prothoracic gland

Russell, Elizabeth S., 113-26

Saccharomyces cerevisiae, anaerobiosis
and aerobiosis, 58

salivary gland, tissue components, interac-
tion, 236-38; cross combinations with
metanephros, 239; epithelium, specific
induction, 240, localization of response,
242, mechanism of induction, 253;
mesenchyme, specificity, 240

Saprolegnia mixta, reproductive cycle, 172

Sapromyces, sexual reproduction, 173

sea urchin, nucleic acids in development,
76-77; amino acids in development,
78-79

sex, reproductive cycles in water molds,
171-208; hormonal control in Achyla,
172-73; differentiation in Allomyces,
180-81, 188-89; ratio, Allomyces, 186;
differentiation, Blastocladiella, 190-91;
and cytoplasmic particles, 191-92

sheep, fetal protein, 70; breeding stimulus,
166

shell gland of cockroach, control of secre-
tion, 265

silkworm, 260, 262, 264; antigen incor-
poration, 101

somite center, chick embryo, 213-15; re-
gression, 217, isolation, 218; source of
cells, 218; induction by, 220

somites, induction of cartilage in, 241

soybean, flowering, 152-53, 159

specificity, of antibodies, 4; of antisera to
strong and weak haptens, 8; tissue, in
cattle twins, 98; of induction, salivary
gland and kidney, 239-241

spinal cord, as inductor of kidney tubules,
240, 247; of cartilage, 241, 243;
mechanism, 240-47, 249, 253-54

spleen, grafts in chick embryo, 9o; in-
corporation of S35, 93-97; growth con-
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spleen (continued)
trol, 91-97; site of transplantation of
embryonic gonads in mouse, 122

spore, see meiospore, mitospore, resistant
sporangia

sporophyte, in Allomyces, 178, 183-84;
diploidy, 185; ploidy and, 199; bio-
chemical differentiation, 200; anoma-
lous, in Allomyces, 201 ; control of dif-
ferentiation, 203-04

Spratt, Nelson T., Jr., 209-31

Stanier, R. Y., 43-67

sterility, in W-series mice, 114-15, 121-22;
independent of anemia, 125

Strongylocentrotus purpuratus, see sea
urchin

submandibular, see salivary gland

sulfur 35, organ and species specific in-
corporation into chick embryo, 93-97

template hypothesis, 3-13; alternative, 32,
38; and protein synthesis, 36-38; applied
to organ-specific growth, 70, 87-88, go

thymine, requirement in 15 T- E. coli,
132f; synthesis, 132-35; metabolism and
death, 136-47; replaced by bromouracil,
140-43

tissue cultures, for study of embryonic in-
duction, 234-54; filter, 237, 243-54; sub-
stance deposited on filter, 246-47

tobacco, 162

tomato, fruit color, 152, 154, 159; localiza-
tion of response, 154; flowering, 161

Torulopsis utilis, 38

transamidation, and hydrolysis, 23-24, 29-
30; by intracellular proteinases, 26;
with replacement agents, 26-28, 30;
conditions of, 26-27; and polymeriza-
tion, 29-31; in protein synthesis in vivo,
31; with cathepsin C, 29-30; cathepsin
B, 30-31, ficin, 31

transpeptidation, 23, 75; See also trans-
amidation ; in vivo, 32

transplantation, of gonads of mouse
embryo, 122; of endocrine glands in in-
sects, 2600-67; see also chick embryo

tricarboxylic acid cycle, enzymes, 46: in
Blastocladiella, 195; in Asotobacter, 51-
54; in Pseudomonas, 55-58; anaero-
biosis and aerobiosis, 58

tryptophan, L-, inducible oxidation of, 47-

trypsin, method of tissue separation, 238
turkey, cgg release, 165

uracil, 130; synthesis in E. colt, 137; sce
bromouracil, hydroxymethyluracil

valine, C14 labeled,
hemoglobin, 35

virus, bacterial, 127-48; infection, lyso-
genic, 128

incorporation into

walking-stick insect, 261
water molds, 171-208

xanthium saccharatum, see cocklebur
xylose isomerase, induction in E. coli, 137-
140
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