that reside in the gut but not to ¥y
streptococcus that does not reside there.
Diener (10) has interpreted the specific
binding of microorganisms on the sur-
face of lymphoid cells as an indication
of production of specific antibody by
these cells. Friedman et al. (11), with
E. coli, substantitated the fact that such
surface binding of bacteria was due to
production of specific antibody. We
conclude that soon after hatching, bur-
sal lymphocytes are involved in recogni-
tion of antigen present in the gut and
they carry out active antibody synthesis
in response.

We have shown previously that im-
munoglobulin synthesis takes place
primarily in the medulla of bursal fol-
licles after the lymphoid cells have un-
dergone a proliferative cycle in the fol-
licular cortex (3). Other studies failed
to demonstrate specific antibody forma-
tion by the bursa (7, 8). These investi-
gators considered the bursa to be
exclusively a site where cells can differ-
entiate before emigrating to peripheral
sites for active antibody synthesis. This
view- is too restrictive and must be
modified to include our new data. The
bursa, in addition to being a site for
differentiation of antibody forming
cells at a critical period in ontogenesis,
begins functioning actively in the first
week after hatching in the local de-
fense system of the gut; it produces
antibodies against the environmental
antigens encountered by this well-de-
veloped lymphoid organ. That this is a
local defense system was clearly shown
by the marked increase in the produc-

tion of PFC by bursae, and not by

spleen, when the sheep RBC’s were in-
troduced into the bursal lumen. Further,
although bursal cells reacted with E. coli
and produced BAC, both splenic and
thymic lymphocytes failed to react with
this organism. We postulate that anti-
gens reach the follicular cells by direct
passage from the gut by way of the
epithelium overlying the lymphoid fol-
licles. Only when the sheep RBC’s were
introduced into the lumen did we detect
antibody-producing cells. The epithe-
lium associated with the follicle has the
capability of pinocytosis and the neces-
sary fine structure for this function (12).
Therefore, only when antigens gain en-
trance to the follicle by way of the
lumen are they capable of setting in
motion a chain of events that culmi-
nates -in production of specific anti-
bodies. Thus, although unrecognized up
to now, one of the major functions of
the bursa, shortly after hatching of the
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chicken and until resorption of the or-
gan, is related to local immunological
defense against bacterial organisms pres-
ent in the gut.
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Department of Anatomy, University
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Epoxides of Carcinogenic Polycyclic Hydrocarbons

Are Frameshift Mutagens

Abstract. K-region epoxides of the carcinogens benz[alanthracene, dibenz[a,h]-
anthracene, and 7-methylbenz[alanthracene are mutagenic in strains of Salmonella
typhimurium designed to detect frameshift mutagens. Parent hydrocarbons, K-region
diols and phenols and some other epoxides are inactive as mutagens in these tests.
Polycyclic hydrocarbon epoxides, and other presumed proximal carcinogens, are
discussed as examples of intercalating agents with reactive side chains. It has been
shown previously that intercalating agents with reactive side chains are potent

frameshift mutagens.

Polycyclic planar aromatic com-
pounds, such as the acridines, which
intercalate in the DNA base pair stack
(1) are mutagens that cause additions

~and-deletions “of “bases in a ‘gene (2—4).

The mechanism is thought to be that
the intercalation stabilizes a mispairing
in the DNA during replication or repair
synthesis, or during recombination,
which causes the errors of addition or
deletion (3, 5). These mutagens are
called frameshift mutagens because the
reading frame of the messenger RNA
(mRNA) is shifted by the addition or
deletion of a base, and this effect
distinguishes them from the usual muta-
gens that cause base pair substitutions
(3). When an intercalating agent also
has a side chain attached to it that can
react with DNA, it is a more potent
frameshaft mutagen by one or two
orders of magnitude (4). Polycyclic
hydrocarbons, which are known to in-
tercalate into DNA (6), are converted
into epoxides by microsomal enzyme
systems (7). These epoxide intermedi-
ates are chemically and biologically ac-
tive compounds (8) that may well be

involved in hydrocarbon carcinogene-
sis (9). We report here that polycyclic
hydrocarbon K-region epoxides cause
frameshift mutations in bacteria but

“thatthe hydrocarbons themselves and

the hydroxylated derivatives are inac-
tive. K-region epoxides are also muta-
genic to T2 bacteriophage and to mam-
malian cells in culture, but the types .
of mutation produced have not been
characterized (10). ’

We have used a set of tester strains
(11) that have been developed in Sal-
monella. typhimurium for detecting and
classifying mutagens. We score, by a
simple back mutation test, the reversion
from histidine requirement to growth
on minimal medium. Three of the
strains (TA1531, TA1532, and TA1534)
are designed for detecting frameshift
mutagens of varying specificity. Each
strain has a frameshift mutation in one
of the genes of the histidine operon thus
causing the strain to have a histidine
requirement. Another strain (TA1530),
used to detect mutagens that cause base
pair substitutions, has a base pair
change in the histidine G gene. All four
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strains also have a defective excision
repair system (a deletion through uvrB)
which makes them much more sensi-
tive to any mutagen that reacts with
DNA to form repairable lesions (11).

The hydrocarbon epoxides and the
K-region dihydrodiols and phenols were
prepared as described (I2) and were
added, as solutions in dimethyl sulfoxide
(spectrophotometric grade, Schwarz/
Mann), to the top agar of test plates.

In initial qualitative experiments, the
polycyclic hydrocarbons phenanthrene,
benz[alanthracene, 7-methylbenz[a]an-
thracene, dibenz[a,h]anthracene, 3-me-
thylcholanthrene, and chrysene and
their respective K-region epoxides, di-
hydrodiols, and phenols were tested
against each of the four tester strains.
The K-region epoxides of benz[alan-
thracene and 7-methylbenz[alanthra-
cene were the only compounds that
caused mutations in the strains designed
to detect frameshift mutagens; none of
the compounds was active against strain
TA1530 that detects base-substitution
mutagens.

The hydrocarbon epoxides were sub-
sequently examined in more detail and
the results (Table 1) confirm those ob-
tained in the qualitative tests. Benz[a]-
anthracene 5,6-oxide was quite active
against the frameshift tester TA1532,
and 7-methylbenz[a]anthracene 5,6-0x-
ide was less so. Again none of the
epoxides showed mutagenic activity to-
ward the base substitution tester strain
TA1530. In all quantitative experi-
ments proportionality was observed at
lower concentrations between the
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Fig. 1. The number of revertant colonies
of strain TA1532 and TA1537 per petri
plate as a function of the dose of
dibenz[a,h]anthracene 5,6-oxide. The three
control plates of TA1537 showed 3, 4,
and 9 colonies, and the two control plates
for TA1532 showed 14 and 15 colonies.
The average of each set of controls has
been subtracted in each experiment. The
procedures were the same as in Table 1,
except that no more than 20 ul of a solu-
tion of the mutagen (1 mg/ml) in dimethyl
sulfoxide was added to the top agar.

amounts of epoxide and the mutagenic
response, but a falling off in this re-
sponse was noted at higher concentra-
tions, possibly because of epoxide in-
solubility.

A forward mutation test, with azeti-
dinecarboxylic acid resistance (11),
which detects both base substitutions
and frameshift mutations but with a
lower sensitivity than the specific back
mutation tests, was also tried on a
number of epoxides. Cultures of S. zy-
phimurium LT-2 were grown in mini-
mal medium (1) containing 20 pg of
epoxide per milliliter. Benz[a]anthracene

Table 1. Revertant colonies (histidine nonrequiring) per petri plate. Each number is the
result of a count of a separate plate. The boldface numbers are judged to be significantly
different from the controls. The procedure was that described (/1), except that 0.5 ml of a
dimethyl sulfoxide solution of the potential mutagen was added to the top agar in all plates.
The plates were incubated for 2 days at 37°C. All solutions were sterile.

Revertant colonies (No./plate) from tester strains:

Compound added Ar(not)mt
. 1 TA1530 TA1531 TA1532 TA1534
None (control) 23,4545, 2,4,4,4, 10,10,15, 19,23,29,
58,68 5,8 15,17,23 29
Phenanthrene 9,10-oxide 134 65,79 4 16 20
Benz[alanthracene 5,6-oxide 34 120
67 230
134 49,62 2 275 31
Benz[a]anthracene 8,9-oxide 134 39 1 12 15
268 3 3 31
7-Methylbenz[alanthracene 67 52
5,6-oxide 134 54 3 22 50
196 83
Dibenz[a,h]anthracene 134 69 1 23,25 11
5,6-oxide
3-Methylcholanthrene 134 67 3 12 25
11,12-oxide 268 9
Chrysene 5,6-oxide 134 48 6 6 20
268 3

48

5,6-oxide and 7-methylbenz[a]anthra-
cene 5,6-oxide gave positive results, the
rate being 8 and 11 times that of
the spontaneous rate, respectively. The
epoxides of phenanthrene, 3-methyl-
cholanthrene, and dibenz[a,h]anthra-
cene were not mutagenic.

Information- on both the mutage-
nicity and the ability of hydrocarbon
epoxides to cause malignant transfor-
mation of rodent cells in culture is ac-
cumulating (9, 10) so that attempts to
correlate mutagenicity with carcino-
genicity can be made. In the Salmo-
nella tests this correlation is not exact
because the K-region epoxides derived
from the potent carcinogens dibenz[a,h]-
anthracene and 3-methylcholanthrene
were not mutagenic, although both
epoxides did induce malignant transfor-
mation of rodent cells in vitro (9, 13)
and caused uncharacterized mutations
in T2 bacteriophage and in mammalian
cells (10). One explanation for this is
that the barrier of the lipopolysaccharide
on the bacterial outer surface prevents
the passage of these two compounds
(the two largest of the group) to the
membrane. Deep rough mutants of S.
typhimurium that are lacking most of
the lipopolysaccharide (a component
of the bacterial outer membrane) are
much more sensitive to a variety of an-
tibiotics and dyes (/4). Consequently
we have constructed (15) a deep rough
derivative (TA1537) of tester strain
TA1532 in order to investigate this as-
pect.

This new strain, TA1537, was found
to be an excellent tester strain for de-
tecting frameshift mutagenesis caused
by dibenz[a,h]anthracene 5,6-oxide. The
response of strain TA1537 and of the
parent strain TA1532 to varying doses
of this carcinogen are compared in Fig.
1. It is apparent that the deep rough
mutation has made the bacterial genome
accessible to the mutagen so that the
frameshift mutation in the histidine
operon can now be reverted. With oth-
er epoxides, strain TA1537 was similar
in response to the parent strain, except
that chrysene epoxide showed some ac-
tivity with TA1537. Methylcholanthrene
epoxide, which one might have expected
to be mutagenic, was not active with
either strain. One possible explanation
for this is that it is too large to pene-
trate the remaining lipopolysaccharide.

We have also obtained indirect evi-
dence that the epoxides are reacting
with the bacterial DNA, as well as in-
tercalating, by comparing their muta-
genic effect on strains with and with-
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out excision repair. Mutagens that can
both intercalate and form a covalent
bond with DNA, such as the quina-
crine-half mustard mutagen ICR 191,
are much more mutagenic in reverting
a particular histidine mutation in a
strain without excision repair than in a
strain with repair, while simple inter-
calating mutagens such as quinacrine or
9-aminoacridine are equally effective on
the two strains (7). Benz[alanthracene
5,6-oxide is negative, at the level of
sensitivity of our test, in reverting the
hisC3076 mutation in a wuvrBt strain
while, as shown in Table 1, it is quite
effective on the double mutant TA1532
(that is, hisC3076 uvrB).

A number of other carcinogenic com-
pounds have been shown to be power-
ful frameshift mutagens (/7). A series
of fluorene carcinogens are frameshift
mutagens and one of the carcinogenic
metabolic products with a reactive
group, 2-nitrosofluorene, is one of the
most potent frameshift mutagens we
have ever tested (16). The well-known
carcinogen 4-nitroquinoline N-oxide is
also a frameshift mutagen in the Salmo-
nella tests (17).

We think it is reasonable to propose
that polycyclic hydrocarbons are car-
cinogenic because of the mutagenicity
of epoxide intermediates formed dur-
ing metabolism and that the mechanism
of action may involve intercalation fol-
lowed by covalent reaction. This pro-
posed mode of action involving stabili-
zation of DNA mispairing could ex-
plain the observations of Fahmy and
Fahmy (18) that, in Drosophila, poly-
cyclic hydrocarbons preferentially cause
bobbed and minute mutations, which
are large deletions in regions of dupli-
cated gene clusters for ribosomal RNA
and transfer RNA.

Note added in proof: We are in-
debted to J. R. Roth for raising the
point that the epoxide induced muta-
tions could conceivably be due to ex-
ternal frameshift suppressors, one class
of which might be caused by base pair
substitutions (/9). We have ruled out
this possibility by analyzing 48 epoxide
induced revertants of TA1532, none of
which were due to external suppressors.
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Radula Tooth Structure of the Gastropod Conus imperialis
Elucidated by Scanning Electron Microscopy

Abstract. Scanning electron microscopy of the hollow, harpoon-like radula
tooth of the toxoglossan gastropod Conus has elucidated the structure and rela-
tionships of its component parts: apex, cutting edge, barbs, serration, adapical
and basal openings of the lumen, external and internal folds of the shaft, and
base. The functional roles of these components in prey capture are proposed.

The radula of toxoglossan gastropods
of the genus Conus is a simplified struc-
ture. It lacks the chitinous basal ribbon
and associated musculature and sup-
portive cartilage characteristic of this
organ in most snails; it is quite short;
and it has but two teeth in each row,
only one of which is used at one time.
However, these radula teeth are prob-
ably the most complex and highly modi-
fied in the Mollusca. Each tooth is
adapted to perform at least three spe-
cialized roles almost simultaneously in
capturing and overcoming prey: (i) the
pointed apex must pierce the body wall
of the prey; (ii) the tooth must catch
and hold the body of the prey; and (iii)
venom must be conveyed through the
lumen of the tooth into the wound. In
addition, in some species the base of the
tooth must be held firmly by the tip of

the proboscis during and after the injec-

tion process. The prey, typically poly-
chaete annelids but other mollusks or
fishes in some cases, is partially para-
lyzed by the venom and swallowed
whole (1).

Although the general nature of the
Conus radula tooth and something of
the diversity of tooth form in the genus
have been known for many years (2, 3),
earlier studies have failed to elucidate
the fundamental structural pattern of
the tooth and the functional significance
of its component features. This is due
largely to the difficulty of determining
the three-dimensional relationships of
the internal and external parts of the
enrolled, tubular, translucent, asymmet-
rical tooth by light microscopy (2, 3).
By emphasizing surface details of teeth
made opaque in preparation, and by af-
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