at about 0.02 percent is consistent with
what would be expected if the genetic
code were degenerate. Despite the com-
plicated operations required to obtain
this number it is remarkably repro-
ducible. In independent experiments
values of 0.019 percent and 0.023 per-
cent were obtained in this laboratory.
In addition, Goodman and Rich (I3)
in a very similar experiment found a
value of 0.024 percent. Therefore, the
value can be given some credence. If
anything, it is probably an underestima-
tion since conditions for hybridization
may not be optimal and the treatment
with ribonuclease may slowly remove
some s-RNA that had entered into the
complex.

The expected saturation level can be
estimated from the molecular weight
equivalent of the genome of Escherichia
coli (4 x 10°) and the number of
different kinds of s-RNA molecules,
each of which has a molecular weight
of 2.5 X 10% If the genetic code is not
degenerate, each amino acid is coded
by only one triplet which implies that
there are only 20 different s-RNA mole-
cules. If the code is degenerate, more
than 20 will be needed in the dictionary.
The plateau predicted by the non-
degenerate case is 0.01 percent. The
fact that it is at least twice as high
suggests that some amino acids are
identified with more than one s-RNA
molecule. This possibility is consistent
with the accumulating evidence for
degeperacy which has emerged from
triplet identifications (74, 15) and
agrees with the multiplicity of types of
s-RNA for individual amino acids (76,
17). That this multiplicity is the physi-
cal basis for degeneracy has been
demonstrated by Weisblum et al. (18).

The data available (19, 20) suggest
that the genetic dictionary is universal,
or nearly so. However, the coding
triplets probably occupy only a small
proportion of the s-RNA strands.
Although the function of the non-coding
stretches of approximately 70 nucleo-
tides is as yet unknown. They provide
the opportunity for biological individu-
ality by sequence variation without
disturbing the functioning of the
universal language. The specificity of
complex formation in the present.ex-
periments shows that this opportunity
was not neglected in the course of
biologic evolution. Thus, although the
s-RNA of E. coli can translate the
genetic message of a rabbit into hemo-
globin (19), the s-RNA can be uniquely
identified with the genome of its origin.

Ribosomal RNA appears to have the
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same combination of genetic uniqueness
and use unrestricted by specificity re-
quirements. Ribosomes are compara-
tively indifferent (/4-16) to the origin
of the genetic messages to which they
respond. However, their sequences are
unique, since they hybridize readily
only to homologous DNA (3).

One other feature is shared by these
two molecular species. Although their
sequences vary, the over-all base com-
position is remarkably similar in a
variety of organisms. Thus, ribosomal
RNA from Pseudomonas aeruginosa
with a DNA containing 64 percent
guanine-cytosine is indistinguishable
from that of Bacillus megaterium, the
DNA of which contains 44 percent
guanine-cytosine. We are faced with
the paradox that two sets of cistrons,
those for s-RNA and ribosomal, have
resisted the drift toward different
average base compositions (27).

Dario G1ACOMONI

, S. SPIEGELMAN
Department of Microbiology,
University of Illinois, Urbana
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Anthrax Toxin: Causative Agent
in the Death of Rhesus Monkeys

Abstract. Anthrax toxin was present in
the blood obtained from rhesus monkeys
at the terminal stage of anthrax and was
also present in increasing amounts in the
lymph as death approached. When sterile
toxin produced in vitro was injected in
sufficient amounts, monkeys died unless
they were injected with specific antiserum.
Death with symptoms of toxemia occurred
within 2 hours after injection of 10"
spores, whereas 10" spores or less required
20 or more hours of growth in vivo to
cause death.

In 1955 Smith et al. were able to
demonstrate toxin in the blood of
guinea pigs dying from anthrax (7).
Previous investigators (before Smith
et al.) had attempted this proof, but
failed. Except for Middleton and
Standen (2), who found toxin in the
blood of two of four monkeys just
before they died of anthrax, no one has:
determined whether toxin is always
associated with terminal anthrax or
whether specific antiserum neutralizes
toxin and could be useful in treatment
for the disease. It is not known whether
whole toxin is a better antigen than
“protective antigen,” one of its com-
ponents (3, 4), or whether a toxoid
can be prepared that could be used for
immunization. In this paper we report
initial experiments which suggest that
rhesus monkeys infected with anthrax
die of toxemia. This inference is sup-
ported by four observations: (i) toxin
is present in the blood of monkeys at
the terminal stage of anthrax infection;
(ii) toxin increases in concentration as
the disease progresses in both the lymph
and blood and reaches a maximum at
death; (iii) sterile toxin alone causes
death of the monkey; and (iv) a rapid
toxemic death occurs after an injec-
tion of 10" Bacillus anthracis spores.

Blood and lymph were obtained by
the procedures of Hodges and Rhian
(5). Lymph was collected continuously
and blood was drawn as desired.
Changes in the concentration of toxin
in the lymph and blood after challenge
was determined by intravenous injec-
tion of Fischer-344 rats by the method
of Beall et al. (4). Bacilli in these
fluids were counted by the dilution
plate method or by direct quantitative
observation, as described by Keppie
et al. (6). The crude in vitro toxin
and the antiserum used were prepared
by the method of Beall et al. 4).

While we were doing other work on
pathogenesis, anthrax toxin was found
in the blood of 12 out of 15 rhesus
monkeys in the terminal stages of an-
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Table 1. Bacilli and toxin in lymph from
monkeys infected with B. anthracis. The num-
ber of bacilli is the number in 1 ml of
lymph. Presence of toxin is signified by the
number of minutes required for rats to die
after injection of lymph from the infected
monkeys.

No. of bacilli  nterval (min)

Interval v until death of
before (110 / rr;ll)of rats injected
death of ymp with lymph from
monkeys
(hr) Mon- Mon- Mon- Mon-
key 1 key2 keyl* key 2%
17 0.2 St -
15 41
11 71 12 360 N
9 69 24 233 S
8 15 S
7 168 18 143 240
5 85 19 126 237
3 88 15 144 180
Death 69 26 76 177

* Mean time to death of two rats.
death of one rat. i Rat survived.

T Time to

thrax. We have now observed a rela-
tionship between the final concentra-
tion of bacilli in the blood, the time
until death after challenge, and the
presence of toxin. When death occurred
early after challenge, the final concen-
tration of bacilli was high and toxin
was present; the converse was true
when the interval before death was
longer. These observations probably
account for absence of toxin in those
three monkeys in which toxin was not
found.

The concentration of toxin in the
lymph of two monkeys rose to a maxi-
mum at death, as shown in Table 1.
The thoracic lymph duct and the jugu-
lar vein of the first monkey were can-
nulated, and 10° virulent spores were
injected intradermally. The site of the
inoculation was drained by the popliteal
lymph node. Lymph was collected reg-
ularly until the animal died (41.5 hours).
Bacilli were first observed in the lymph
24.5 hours after challenge, or 17 hours
before death. At this time the test for
toxin was negative. Presence of toxin
in the lymph sample taken at the 11th
hour before the death of the monkey
was demonstrated by the death of an
injected test rat. The time after injec-
tion required for toxin to cause death
in rats decreased regularly in each suc-
cessive sample (p = .001). The final
sample caused death in 76 minutes, or
one-fifth the time interval that followed
injection of the initial toxic sample.
Bacilli were not observed in the blood
until 11.5 hours before death: The final
blood sample was not toxic for rats.

In the second monkey the right
lymph duct, which drains a major por-
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tion of the lungs, was cannulated and
the monkey was challenged by a dose
of 3 X 10° spores contained in an
aerosol. The monkey died 57 hours
later. Bacilli in the lymph, in a low
concentration, were first present 10
hours after challenge, and intermittently
for 38 hours, at which time the con-
centration increased rapidly to 4 X 10’
cells per milliliter of lymph. The count
remained nearly constant at about 2 X
10" bacilli per milliliter. The lymph
sample obtained 8 hours before death
was not toxic but a sample collected 1
hour later was toxic. The decrease in the
response time of the rats, about 240
minutes to 180 minutes for successive
lymph samples, was statistically sig-
nificant (p = .10). Although the level
of significance is low, the regression
does indicate that there was. an in-
crease in toxin concentration in this
body fluid during the period of observa-
tion. Blood taken at the terminal
stage also was toxic for rats. These
rats were challenged with only 0.5 ml
of lymph whereas 1.0 ml of lymph was
injected into each rat from the first
monkey. Therefore these two lymph
assays were not directly comparable.
The apparent differences in the tox-
icity of the final blood samples were
expected. We believe that toxin was
present in the blood of the intrader-
mally challenged monkey but that it
was below a demonstrable level. Toxin
was demonstrated in the blood of the
monkey challenged with the aerosol
mixture even though the lymph drained
to the exterior. This may indicate that
there was another route of ‘entry of
toxin into the blood. Although toxin
in the blood of the cannulated mon-
keys could have arrived by several
pathways, the most logical is the estab-
lishment of pathological secondary
“lympho-venous” communications in
the lymph nodes. Such a mechanism
was suggested by Malek et al. from
their studies of similar conditions in
sheep (7). If the phenomenon reported
by Malek et al. occurs in monkeys, the
amount of toxin entering the blood
directly would be proportional to the
number of lymph nodes draining a par-
ticular site of challenge. The number of
lymph nodes draining the lungs of a
monkey was far greater than the num-
ber of lymph nodes which drained the
site of inoculation, below the popliteal
node, in the intradermally challenged
monkey. The number of lymph nodes
and the proportional development of
such secondary pathological lympho-

venous communications between the
two lymph systems and the blood may
account for the absence of toxin and
low concentration of organisms in the
terminal blood of the intradermally
challenged monkey.

The data show that toxicity is pro-
portional to the concentration of or-
ganisms in the body fluids. The lymph
of both monkeys showed parallel in-
creases of organisms and toxin. The
blood of the first showed a negligible
increase of organisms and no toxicity,
whereas the blood of the second showed
a substantial increase in organisms ac-
companied by demonstrable toxicity.
This is the first demonstration for
such an accumulation of toxin in body
fluids of monkeys and complements the
results obtained on toxin in the final
samples of blood from guinea pigs dy-
ing of anthrax (7).

To show that anthrax toxin alone
was sufficient to cause the death of
these animals, sterile toxin was pro-
duced in vitro (8); its potency was
such that 1 ml killed rats in about 80
minutes. The toxin (250 ml) was in-
jected intracardially. into a 16-pound
rhesus monkey with no immediately
apparent ill effects. However, 21 hours
later, the monkey died with partial
paralysis of upper extremities, extreme
respiratory distress, and massive pul-
monary edema. The two latter signs
are often associated with toxic deaths
in rats.

In another trial, three 8-pound rhesus
monkeys were challenged intravenously
with 200, 250, and 400 ml, respectively,
of sterile anthrax toxin that had been
produced in vitro. A fourth monkey
which received 250 ml of toxin was
treated with three successive 50-ml in-
jections of antiserum, one given im-
mediately, and the others %2 and 21
hours after toxin injection. The animal
which received 200 ml survived; the
animals challenged with 250 and 400 ml
died in 60 and 30 hours, respectively.
The animal that received anthrax anti-
serum survived. These data indicate a
dose-reponse relationship between an-
thrax toxin and death of the rhesus
monkey. They also show that toxin is
neutralized by antiserum. The volume
of liquid administered, while large, did
not noticeably affect the monkey, since
the animal which received the anti-
serum, and survived, received just as
much liquid with the toxin as the mon-
key which died and, in addition, re-
ceived 150 ml of antiserum.

Additional evidence that death in
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the monkeys had been caused by tox-
emia was provided by a dose-response
curve for monkeys challenged intra-
venously with 10° to 10" spores. The
dose-response curve for doses from 10°
to 5 X 10" spores shows that death
occurred in progressively shorter times
from 50 to 20 hours respectively. Three
monkeys injected with 10" spores, how-
ever, died within 2 hours with symp-
toms of toxemia. On the assumption
that each multiplication of a bacillus
produces a unit of toxin, it follows that
10" germinating spores would produce
10" units of toxin, a quantity that was
rapidly lethal for monkeys. Since 10"
particles could be toxic themselves, the
same inoculum of 10" spores was re-
duced in viability to the equivalent of
10” spores by heat. On injection of
this inoculum, rapid death did not re-
sult, and the course of the disease cor-
responded to that for 10" viable spores.
We conclude that rapid death was
caused by an amount of toxin suddenly
released by the germination of 10"
spores, but the germination of 5 X 10"

or fewer spores released insufficient’

toxin to be lethal immediately and the
disease progressed by a different course.
By four different methods we have
shown that toxin is important in caus-
ing death of monkeys infected with B.
anthracis or challenged with crude
toxin. The importance of toxin in affect-
ing the pathogenic course, and there-
fore the treatment of anthrax in man,
is yet to be determined. It seems prob-
able that the effect of toxin in man is
the same as the effect in other animals.
Since the introduction of antibiotics,
treatment has been antibacterial. Our
experiments suggest that treatment also
be directed toward overcoming the ef-
fects of toxin or toward preventing its
formation. Virtually all Russian recom-
mendations on treatment of any type of
anthrax infection put primary emphasis
on use of antiserum (9). Since “res-
piratory” anthrax, if identified at all,
is typically not identified until septi-
cemia is well advanced, the develop-
ment and use of specific antitoxin seems
warranted. Similar conclusions were
drawn by Plotkin et al. from their ob-
servations on the New Hampshire epi-
demic of inhalation anthrax (10).
FRrREDERICK KLEIN, DEAN R. HODGES
BiLL G. MAHLANDT, WILLIAM 1. JONES
BERTRAM W. HAINES
RaLPH E. LINCOLN
United States Army Biological
Laboratories, Fort Detrick,
Frederick, Maryland
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Genetic and Environmental
Variation: Effect on Pigments
of Selected Maize Mutants

Abstract. The chloroplast pigments of
three “pastel” mutants of maize were
found to vary with temperature as well
as with genotype.

It has long been known that chlo-
rophylls, carotenes, and xanthophylls
are ‘universally present in chloroplasts
and also in the purple and green bac-
teria (/). Many mutations have oc-
curred that affect the chloroplast pig-
ments. They vary in effect from a com-
plete lack of all of the pigments in
question to a slight change in the struc-
ture or concentration of one of the
pigments. In the latter class are some
which appear different under different

temperature conditions because of vari-
ations in the pigment concentrations.
That is, the mutants are not only of
a phenotype intermediate between the
albino and the normal, but their pheno-
types can be varied experimentally
when the temperature of the environ-
ment is controlled.

For maize, Phinney has described the
appearance of certain virescents after
various temperature treatments (2),
but, with one exception (3), no attempt
has been made heretofore to describe
chemically the phenotype differences
between the normal plants and inter-
mediate mutants under various treat-
ments.

In this study, three pastel mutants
which were sensitive to temperature
and the offspring of two of these with
allelic albino mutants were studied
under conditions of controlled light and
temperature. Pastel mutants are not only
pale green in phenotype, but have a light
yellow or white endosperm which is dis-
tinct from the yellow of the normal
siblings.

The mutants used in the experiment
were: passss  (pastel), its allele ws
(white), on chromosome 2; passs, its
allele vp, (viviparous), on chromosome
7; and passsw, on chromosome 6. Pas-
telsw had been previously studied by
Robertson and Anderson (3) under
other conditions of light. This genetic
material was obtained from the stocks
maintained at Iowa State University.
The mutants ws: and vps are viviparous
albinos (4); passss and pasus are tem-

Table 1. Pigment contents of normal (4) and mutant (m) corn seedlings as influenced by temperature.

st Top oIy oy X

: o,
ling O fresh wt.) (%) fresh wt.) (%) fresh wt.) (%)

passsag
+ 22 2.551 68.1 0.0531 92.1 0.0556 81.5
m 1.737 .0489 0453
+ 37 2.382 13.9 0777 66.7 10622 22.5
m 0.330 L0517 .0140

Dasagso
+ 22 2.746 19.5 .0746 20.5 .0583 50.9
m 0.536 0153 .0297
+ 37 2.717 43.9 .0755 51.8 .0731 33.2
m 1.193 L0391 _ .0243

VD9 [pasasso

+ 22 2.575 7.9 .0809 10.1 .0960 15.3
m 0.203 .0082 .0147
+ 37 2.577 16.7 .0873 13.9 .0586 43.3
m 0.430 0121 .0254

Passesé
+ 22 2.477 11.1 0658 7.9 .0407 45.0
m ‘ 0.275 .0052 .0183
+ 37 2.870 59.6 .0787 61.4 .0407 144.7
m 1.710 .0483 .0589

w3 [passese

+ 22 3.546 2.8 .1105 2.2 .0780 12.8
m 0.100 .0024 .0100
+ 37 2.419 22.8 .0903 14.2 L0670 . 45.7
m 0.552 .0128 .0307
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