all modify the reflectivity of the flint.
Chemical changes involving the pig-
ments, their dispersal along inter-
granular surfaces, or removal by leach-
ing modify both reflectivity and capac-
ity to preferentially absorb.

Attempts to correlate patina thick-
ness with age, and thus to use flint
patinae chronometrically, have proven
unsatisfactory because other factors,

whose importance in some cases ex-
ceeds that of age, have not been taken
into account. The texture and micro-
structure of flint, its permeability, and
the kind, proportion, and distribution
of impurities can be evaluated by
regular petrographic techniques. En-
vironmental factors can be assumed
constant for artifacts from the same
types of soil in a given climatic region.

Infectious Nucleic Acads,
a New Dimension m Virology

Their release from infected tissues and resistance to
antibodies may explain some anomalous conditions.

In the last few years a new dimen-

sion in virology was discovered by find-
ing that naked, or free viral nucleic
acids are infectious (/—/2) and that they
are not affected by antisera which neu-
tralize whole virus (3, 5, 8). Discovered
first in plant viruses (Z), the infective
nature of viral nucleic acids was soon
afterwards demonstrated for poliomye-
litis (2, 3), eastern equine and West Nile
encephalitis (2, 4), Semliki Forest en-
cephalitis (12), foot-and-mouth disease
(10), influenza (5, 11), a bacterial virus
disease (7), and a viral-induced tumor
disease (6), to mention some repre-
sentative cases (31). Both ribose and
deoxyribose - type nucleic acids are
among the examples, so there is every
reason to believe this is a general phe-
nomenon. Only the efficiency of infec-
tion is lower in the nucleic acid prep-
arations than in the case of intact
viruses. In all cases the nucleic acid
produced the usual disease with the re-
lease of whole virus particles.

This capacity of nucleic acid to
breach the main defense mechanism of
animals led me to several questions and
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to some speculation which may be
worth examining in detail in order to
determine the degree to which infec-
tive nucleic acids of viruses play an
unrecognized role in natural diseases.

The questions which follow serve as
the nucleus around which this article is
organized.

1) If the viral nucleic acids are re-
leased from diseased tissues and if anti-
bodies do not react with nucleic acids,
what stops a viral infection?

2) Is the persistence of some infec-
tive agents for long periods in the blood
of infected subjects—as in serum hepa-
titis or infectious anemia of horses—
due to an infective nucleic acid?

3) Are infectious nucleic acids, either
free or in an unreactive envelope, re-
sponsible for reports of infectivity in
the presence of antibodies?

4) Can the long immunity imparted
by infection with certain viral agents be
attributed to the maintenance of a low-
grade infection, perpetuated by infec-
tious nucleic acid?

5) What will infectious nucleic acids
do in an individual vaccinated with a
“killed” virus preparation?

6) Since viral nucleic acids can infect
hosts not infectible with whole virus,

Only after allowances have been made
for these additional variables does the
age-dependence of flint patination be-
come clear.
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does the search for insect vectors and
susceptible hosts which might serve as
reservoirs or intermediate hosts need
reinvestigation?

7) Do these properties account for
the failure to find transmissible agents
in human tumors?

While the answers to all or even most
of these questions may not lie in the
existence of free infectious nucleic acid,
the phrasing of the questions deliberate-
ly focuses attention on the unusual
properties of viral nucleic acids. Ques-
tions of a similar nature have been
raised briefly by others (14, 15).

Viral Nucleic Acid in Infected Cells

Let us first consider the likelihood
that free or naked nucleic acid may be
present in infected cells and may be
liberated to infect surrounding tissues.
If there is evidence against such a pos-
sibility, it would suggest that the infec-
tious nucleic acids are artificial prod-
ucts of the laboratory and play no part
in natural diseases. In two instances in
which this point has been examined,
free viral nucleic acid has been found
or implicated.

Phage-infected Escherichia coli have
been studied most intensively. In this
system, infection is initiated by injec-
tion of viral nucleic acid into the host
cell (16). This is soon followed by syn-
thesis of a “pool” of viral nucleic acid
from which progeny virus is formed
(17). This pool of nucleic acid is main-
tained essentially constant during intra-
cellular phage formation. At lysis, pre-
sumably, the viral nucleic acid from the
pool which had not been enclosed in
the protein coat is released along with
whole virus.

In the case of tissues infected with
animal viruses, the evidence is more
pertinent to the present discussion.
Wecker (18) reported that cold phenol,
which does not separate viral nucleic
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acid from the protein of whole virus,
will release infectivity from chick allan-
toic membranes infected with equine
encephalitis virus. No infectivity was
released, however, if the infected mem-
branes were first treated with ribo-
nuclease. Since whole virus was not af-
fected by this enzyme, these observa-
tions suggest that the infectious nucleic
acid is free in the cells and is liberated
by cold phenol.

Others (19) have found that early
treatment of influenza-infected allantoic
membranes with ribonuclease reduced
the infectivity of the tissue contents;
but when the same was found to be true
for tissues infected with DNA virus (20)
as well, it was clear that the action was
not necessarily exerted on the viral
nucleic acid. This observation is not
evidence against the presence of free
viral nucleic acid in tissues, it merely
indicates the difficulty of interpreting
complex experiments.

The report of Huppert and Sanders
(9) is important in the present discus-
sion. These workers reported that they
obtained infective ribonuclease-resistant
units from tissue infected with en-
cephalomyocarditis virus. These units
sedimented much more slowly than
whole virus. It will be interesting to
know the nature of the material pro-
tecting the nucleic acid from the
nuclease.

The studies of phage-infected cells
and Wecker’s report (18) are less
equivocal than some of the others.
They leave little doubt that there is
free viral nucleic acid in the particular
systems examined.

Infectivity in the

Presence of Antibodies

If, as some of the above studies in-
dicate, infective nucleic acid is present
in infected cells, then it should some-
times be detectable in extracellular
fluids. However, since whole virus may
also be present, some means of separat-
ing whole virus and viral nucleic acid,
or of distinguishing between them, is
necessary. The presence of both in-
fectivity and neutralizing antibodies in
the same fluid would be highly sugges-
tive, and if the infectivity should then
be destroyed by a nuclease, this would
be decisive, for no structures other than
nucleic acids would react in this way.
A search of the literature has turned
up a few cases in which the first criterion
is satisfied, but no such case has ap-
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peared since the infectious nature of
viral nucleic acids has been recognized.

Andrewes (21) and Todd (22) noted
many years ago that antivaccinia serum
failed to inactivate virus preparations
totally, and Smith (23) observed that,
for a period of several days, rabbits in-
fected with vaccinia had both virus and
antibodies in their blood. Berry and
Kitchen (24) carefully examined a
laboratory worker who became acci-
dentally infected with vyellow fever
virus. They reported that on the fourth
and fifth days the blood of this individ-
ual contained neutralizing antibodies,
as tested in mice, yet showed infectivity
for rhesus monkeys. Unfortunately, a
close examination of the details sur-
rounding each of these experiments
shows that in no instance is the inter-
pretation unequivocal.

Sabin (25), however, in a series of
papers on the mechanism of immunity
to viruses, showed quite clearly that
virus preparations mixed with immune
serum were noninfectious when inocu-
lated by one route but readily infectious
when inoculated by other routes, yet
the tissues infected by the several
routes were essentially equally suscepti-
ble to limiting doses of virus. In rabbits,
more than 100 times the concentration
of immune serum needed to neutralize
50 to 500 minimal infective doses of B
virus inoculated by the intracutaneous
route failed to protect against a single
minimal infective dose inoculated by
the intracerebral route, although the
rabbits were found to be equally sus-
ceptible by both routes. Similar results
were obtained with vaccinia, herpes, or
pseudorabies viruses and suggest that
this observation is not just an isolated
exception. If it is assumed that the viral
preparations contained some infectious
nucleic acid, then the results become
explicable as follows: the immune
serum neutralized whole virus and left
the infectious nucleic acid, which is
destroyed by nucleases before it can in-
fect when inoculated by the cutaneous
route but not when inoculated intracere-
brally. In this connection it is of in-
terest that the route of inoculation of
nucleic acid from foot-and-mouth-
disease virus was found to be important
(10). Inoculation intraperitoneally failed
to produce infection, in sharp contrast
with the high infectivity of nucleic acid
inoculated by the intramuscular path-
way. Sabin has suggested (26) that his
experiments should be repeated in the
light of the present hypothesis, and that
addition of nucleases to the viral prepa-

rations might lead to decisive results.

More recently Dulbecco, et al. (27)
have reported that excess antibody
failed to reduce below a minimum the
infectivity titer of either western equine
encephalomyelitis virus or poliomyelitis
virus. Their failure to observe a drop
in infectivity with time of incubation
suggests that either the serum ribo-
nuclease was ineffective or the viral
nucleic acid was protected.

At this point the puzzling character
of the disease produced by herpes
simplex virus is worthy of discussion.
A fraction of the individuals with a his-
tory of this disease suffer recurrent
episodes which may be initiated by
unusual stresses, including fever. In an
analysis of this syndrome, Andrewes
and Carmichael (28) and Brain (29)
observed that the disease reappeared
only in those individuals having neutral-
izing antibodies. Burnet and Williams
(30) also studied this problem and con-
firmed these observations. This con-
clusion virtually rules out reinfection
from an external source and suggests
recrudescence. Either the primary in-
fection is kept submerged in the interim
and flares up when the control mecha-
nism is altered, or, as in lysogenic bac-
teria (37), an inactive form must be in-
duced or activated. Unless it is assumed
that the antibodies cannot reach the
reactivated “virus,” the latter must be
serologically unreactive, a property as-
sociated with the free nucleic acids. If
the hypothesis thus far is correct, then
responsibility for submergence of
activity between episodes could be at-
tributed to the humoral nucleases. Under
stresses such as fever, which precede
recurrence of the disease, the nucleases
may become inhibited and may thereby
permit the infectious nucleic acid from
the low-level infection to enlarge the
area of infection and produce symptoms
—all this in the presence of antibodies.
White blood cells, which release a
deoxyribonuclease inhibitor in vitro
(32), accumulate in the blood during
fever, so that if the nucleic acid of
herpes is of the deoxyribonucleic acid
type, as appears plausible (33), the
model is complete.

Nonantigenic Viral Agents

At this point I shall consider a few
specific diseases, each of which has an
anomalous facet suggesting either that
the infective agent is nonantigenic or
that at some stage it is nonantigenic.
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The anomalies range from “carrier’
states where no antibody is demonstra-
ble to recrudescence in the presence of
antibodies, as in the already discussed
example of herpes simplex.

The viral agent that causes serum
hepatitis is not known to infect animals
other than man, a fact which seriously
limits our ability to obtain reliable in-
formation about its properties. The
disease is distinguished by a long period
(up to 50 days) of viremia preceding
the onset of symptoms, which in some
instances may not develop for three to
four months after exposure (34). If
there were a protein component of this
agent, antibody would be expected to
form and neutralize the agent in this
time interval. There are also reports of
repeated attacks of the disease (34).
These reports, supported by one that
gamma globulin from convalescent
patients has failed to prevent infection
with known infective material (24, 35),
are evidence for an immunologically
unreactive agent. However, the stability
of the agent for long periods in serum
requires that the viral nucleic acid must
be protected from the nucleases by a
membrane of nonantigenic material,
perhaps lipid. The report by Huppert
and Saunders (9) of finding a ribo-
nuclease-resistant infective encephalo-
myocarditis particle that sediments
more slowly than the wusual virus
particles may be pertinent.

Other diseases in which the viral
agent persists for very long periods in
the blood without antibody formation
include infectious hepatitis of mice
(36), infectious anemia of horses (37),
and lymphocytic choriomeningitis in
mice (38), although in the last instance
other explanations have been offered
39).

To imply that all nonantigenic dis-
ease agents are free nucleic acids is not
my intent, and to draw such a conclu-
sion would be to disregard the fact that
free nucleic acids are extremely vulner-
able to nucleases of blood (32). Since
the infectious agents persist for long
periods in the blood, it is necessary to
suppose that either (i) the infective
nucleic acid is released by the tissues
more rapidly than it is being removed
or digested, or (i) the nucleases are
suppressed in these cases by inhibitors
(32), or (iii) the nucleic acid is sur-
rounded by a nonantigenic membrane
which protects it from nucleases (9). At
the present time there are too few data
for us to decide among these possibili-
ties, although decisive experiments are
feasible.
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Increased Host Range of Nucleic Acid

A certain property of viral nucleic
acid which was discovered independent-
ly in three different laboratories (40,
41) will have particular importance if
subsequent work shows it to be a gen-
eral property of viral nucleic acids. It
was found that the range of cell hosts
for viral nucleic acids is greater than
for the whole virus. Thus, Syverton’s
group (40) showed that rabbits, ham-
sters, and guinea pigs, as well as cer-
tain of their tissues, were infectable by
a variety of enteric virus nucleic acids,
including poliomyelitis, but not by
whole viruses. A somewhat similar case
has recently been found for a bacterial
virus (7). In the light of this remarkable
discovery, tests for susceptible tissues
or hosts, which in the past were made
with whole virus, will in many instances
need re-examination with viral nucleic
acids.

Tumor Agents

Despite an ever-increasing list of
viral agents shown to initiate tumor
formation in animals, some of which
become malignant (see 42 for a more
complete discussion), few such agents,
if any, have been found associated with
malignant growth in man. Questions
naturally arise concerning the reason
for this difference. If human tumors are
caused by viral agents, are these agents
in a masked form, like the papilloma
virus in the domestic rabbit (43), or is
the tumor agent a viral nucleic acid
which functions in situ but, when trans-
ferred to another host, is so slow in in-
fecting other cells that it is destroyed
by the nucleases? The failure to find
viral antigen in the basal germinal layer
of the rabbit papilloma where neoplasia
is occurring, in contrast to the easily
observable quantities of antigen higher
in the wart, led Noyes and Mellors (44)
to suggest that it is the nucleic acid that
is infectious, and led Shope (I5) to
wonder if the more labile viral nucleic
acid is responsible for the neoplasia.

In recent years the production of
myxomatosis in rabbits through the
combined action of avirulent Shope
fibroma virus and heat-killed myxoma
virus [the Berry-Dedrick phenomenon
(45)] has been clarified somewhat. Shack
and Kilham (46) have shown that the
nuclease-sensitive nucleic acid and a
small quantity of protein from the
myxoma virus must be included with
the fibroma virus. The nucleic acid is

not infectious alone, but requires the
supporting action of the fibroma virus,
either to change the permeability of the
host cell to nucleic acid or because the
nucleic acid is incomplete as prepared
and must acquire some missing part
from the related strain before it can
infect. Similar “transformations” have
been reported for other pox viruses (47).

In the case of the polyoma virus, a
nuclease-sensitive infective nucleic acid
has been reported (6) which produces
typical tumors, so it is not unreasonable
to look for such an agent in those in-
stances where the classical type of
search for whole virus has failed, but
where success in looking for an infec-
tious nucleic acid may depend on the
suppression of the naturally occurring
nucleases.

Nucleases as a Defense Mechanism

In general, the initiation of an infec-
tion depends on whether at least one
viral particle can penetrate a susceptible
cell where it is safe from the usual host
defense mechanisms. Once a cell is in-
fected, the spread of the infection in
the tissues is determined by the same
forces plus the added, but little under-
stood, feature of cell-to-cell transmis-
sion of the infective agent, possibly
without its exposure to extracellular in-
sults. The concentration (titer) of virus,
number of susceptible cells, and time of
penetration are on the side of infection
and against the forces tending to in-
hibit the process. In general, this inhibi-
tion of infection by whole virus is due
to antibodies, although there may be
other deterrents, such as interferon
(48). Since nucleic acids are not in-
fluenced by antibodies to whole virus
(3,5, 8), the possibility that nucleases
which are known to be highly destruc-
tive of nucleic acids (49) might serve
as an additional defense mechanism
deserves consideration.

My colleagues and I have determined
blood levels in human beings of both
deoxyribonuclease and ribonuclease
(32). We found that the active nuclease
in the blood of the average -adult re-
duced the infectivity of a deoxyribo-
nucleic acid agent to 10 percent (a 1-
log drop) in 12 minutes at 37°C,
whereas a ribonucleic acid agent was
reduced to the same level in 2 to 3
seconds. This information shows that,
other things being equal, an infective
deoxyribonucleic acid would have 100
times as great a chance of initiating an
infection as would ribonucleic acid of
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viral origin. Virologists working with
tissue cultures have recognized that the
nucleases of serum (2,3, 11) rapidly
destroy viral nucleic acid infectivity.
On the other side, nucleic acids are
taken up by susceptible, or “competent,”
cells in less than a minute or two (3,
50), and there are, of course, many
instances (noted earlier) of infections
produced in animals by inoculating
only the viral nucleic acid. It may be
considered as established, therefore,
that for nonimmune animals the normal
nuclease levels are not high enough to
prevent infection, although there is one
report (10) that the route of inocula-
tion of viral nucleic acid was critical. It
is possible, however, that in these in-
stances of infection the concentrations
of nucleic acid inoculated were in-
ordinately high relative to those that
might develop in infected tissues.

Considerable variation in the blood
nuclease levels of individuals, due, per-
haps, to a release in vivo of either
enzymes or their .inhibitors from the
cellular elements of blood (32), has
been observed. Such variations, en-
hanced perhaps by the effects of a spe-
cific disease or physiological condition,
might well produce wide differences in
the response of individuals to infectious
nucleic acids.

The balance between nuclease de-
struction and infectivity may be so fine
in some instances that failure to find in-
fective agents when their existence had
been suspected—as in cancer research
—might be due to an increase in
nuclease concentration. This increase
need not be excessive by ordinary
standards. In looking for infectious
nucleic acids, utilization of the nuclease
inhibitors found in certain cells of
blood (32) should prove of value.

Permanent Immunity

It is generally agreed (57) that after
recovery from certain viral diseases such
as poliomyelitis or yellow fever, individ-
uals are permanently immune to the
agent. To account for this it has some-
times been thought that perhaps in
these cases there is a very low level in-
fection maintaining a stimulus for anti-
body formation, but no very appropriate
model for maintaining an infection in
the presence of antibodies has been
suggested. The infectious nucleic acid
provides just such a model. The whole
virus, released by tissues, would be
rapidly neutralized by humoral anti-
bodies and would provide an anamnes-
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tic stimulus, while released nucleic acid
would infect a few susceptible cells and
maintain the infection. The larger range
of cell hosts for the nucleic acid (40,
41) may be particularly important in
this connection.

Does a “Killed” Vaccine Protect

against Infective Nucleic Acid?

Perhaps many of the questions raised
in the earlier sections of this article can
be tested by challenging, with viral
nucleic acid, animals vaccinated with a
“killed” whole virus preparation. Since
the vaccinated animal presumably has
no tissue or local immunity and pos-
sesses only antibodies which do not in-
hibit the free nucleic acid, there is every
reason to expect some cells to become
infected. Then, depending on whether
infectious nucleic acid is thereafter re-
leased by infected cells and on how cell-
to-cell infection takes place, any of
several possible results may be antici-
pated.

If only whole virus is released, the
antibodies induced by the vaccine
should stop the infection promptly, and
the animal should show little or no ef-
fect. If the tissues release infectious
nucleic acid which spreads the infec-
tion to other cells and tissues, then
symptoms may be observed.

It would be important in any event
to examine these animals for a viremia
by making undelayed inoculation. of
blood samples into unvaccinated sus-
ceptible animals by the route most sensi-
tive to low levels of viral nucleic acid.
A delay in transfer might permit nu-
cleases of the blood to destroy any
nucleic acid. There is considerable in-
dividual (32, 52) and species (52) varia-
tion in nuclease levels, so that extrap-
olations are at best only suggestive.
The success of such an experiment
might also depend on the particular
disease agent.

It may be argued that observations
from a vast number of neutralization
studies of viremic agents virtually
eliminate ‘the possibility that an infec-
tive nucleic acid phase is present in
blood or comparable fluids. This objec-
tion would be difficult to answer were
it not customary for virologists to use
serum samples in their tests; the time
consumed in preparing the sample
might well be sufficient for nuclease
destruction of the infectivity, especially
since deoxyribonuclease levels in serum
are ten times higher than in blood, be-
cause of the release of this enzyme

from platelets during clotting (32).

It is clear from the protection af-
forded by passive immunization and
the correlation between rise in the level
of antibodies and reduction in the in-
tensity of symptoms that the whole virus
plays the major role in most diseases.
There are, however, exceptions, or fea-
tures which do not fit such a simple pic-
ture, and it is these that are being viewed
in the light of the recently discovered
properties of viral nucleic acids. The
true significance of infectious nucleic
acids in natural infections will not be
known until many -carefully planned
experiments have been performed which
take into consideration some of the
properties which have been described.

The control of viral infections by
nonspecific mechanisms such as inflam-
matory reactions and interferon for-
mation (48) has recently been empha-
sized (53). Nuclease action may be
included among the nonspecific mecha-
nisms. One or more of these mecha-
nisms could interfere with the disease
produced by a viral nucleic acid and
explain the observed recovery, but it
is not now known which mechanism
is responsible for this action.

Summary

Viral nucleic acids have been found
to be infectious for tissues and animals,
yet are nonantigenic and resistant to
antibodies against whole virus. Other
unique properties, such as their host
range and their susceptibility to nuclease
action, render them a wholly new
dimension to be reckoned with in
virology.

These properties may explain a num-
ber of conditions which at present are
considered anomalous. The release from
infected tissues of even a small propor-
tion of total virus as free nucleic acid
could, in an otherwise immune individ-
ual, lead to a low level of infection
which would, perhaps, explain perma-
nent immunity. If the proportion of
nucleic acid is higher, or if the nucleic
acid is resistant to nucleases because of
an inert envelope, such conditions as
“carrier” states—that is, viremias with
or without antibodies—are possible.

Note added in proof: The recent
article by J. D. Ebert and F. H. Wilt
(54) came to my attention after the
present article was written. Ebert and
Wilt’s excellent article indicates the im-
pact of the newer knowledge of viral
nucleic acids on the ideas developing in
the field of embryology.
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F inancing Scientific

Research 1n Australia

Federal funds and research agencies play a
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products) greater than the total output
of secondary industry. Since World
War I, secondary industry has come
to account for a higher proportion of
gross national product than primary
industry, but Australia’s prosperity
still depends heavily on exports of wool
and farm products, which provide 75
to 80 percent of export income. This
income has generally been sufficient to
support a high standard of living, espe-
cially since it has occurred in conjunc-
tion with a pattern of governmental
economic intervention sometimes de-
scribed as ‘“state socialism” (/), whose
effect has been to maintain a high
level of wages (surpassed only in
North America). ‘

Industrial growth, hampered by the
small internal market, by limitations
in raw materials, and by remoteness
from possible export markets, has been
particularly dependent on high tariffs
and on the large-scale investment of
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