
INHIBITION BY ACETYLSALICYLIC ACID OF RICKETTSIAL STRAINS
RESISTANT TO p-AMINOBENZOIC ACID

EMILIO WEISS,'HARRY R. DRESSLER, AND EARL C. SUITOR, JR.
WITH THE TECHNICAL ASSISTANCE OF I. E. FISHBURNE

Virology Division, Naval Medical Research Institute, National Naval Medical Center, Bethesda, Maryland

Received for publication March 11, 1959

Two p-aminobenzoic acid-resistant mutants of
the Madrid E strain of Rickettsia prowazekii,
pr and prr have been described in previous
publications (Weiss et al., 1957; 1959). It has
been shown that certain properties, such as
antigenic specificity, infectivity, and virulence
for the chick embryo and cotton rat, have not
changed in these strains. However, when the
study was extended to susceptibility to com-
pounds chemically related to p-aminobenzoic
acid, new characteristics were detected. These
characteristics are described in this paper.'

MATERIALS AND METHODS

Rickettsiae. The Madrid E strain (Perez Ga-
Ilardo and Fox, 1948) of R. prowazekii and its
following substrains were used: psr, pr, and prr,
which can be considered as first, second, and
third-step mutants, respectively, to p-amino-
benzoic acid resistance; Ar, resistant to acetyl-
salicylic acid; Qr, resistant to 2, 3-dimethyl-
quinoxaline-1 ,4-dioxide; and pQr resistant to
both p-aminobenzoic acid and the quinoxaline
compound. The selection of these strains was
described in previous publications (Weiss et al.,
1957; 1959), except for psr and Ar which are
described in later sections of this paper.2 Rickett-
sial pools were prepared from the infected yolk
sacs of chick embryos and diluted in Bovarnick's
isotonic solution (Bovarnick et al., 1950).

Chemical compounds. The chemical compound(ls
were obtained from several commercial sources.
Solutions were prepared immediately before use,
except for leucovorin and sulfadiazine which were
received as solutions. The compounds were dis-
solved in distilled water with sufficient sodium

1 Some of this work was presented at the Seventh
International Congress for Microbiology in Stock-
holm, Sweden, August 4 to 9, 1958.

2 The p-aminobenzoic acid-resistant strains were
designated PABr, PABrr, and PABrrQr in a pre-
vious publication (Weiss et al., 1959).

bicarbonate to bring the pH to between 7.0 and
7.4, sterilized by filtration, and further diluted,
as needed, in Hanks' balanced salt solution
(Hanks and Wallace, 1949). When two or more
compounds were to be used, their solutions were
mixed just before injection. The solutions were
injected into eggs via the yolk sac, immediately
prior to rickettsial inoculation, in a volume of
0.1 ml per egg. Untreated embryos were given
the diluent.

Chick embryos. The eggs used were White
Leghorn from a flock maintained on an antibiotic-
free diet. The age of the embryos was 7 or 8 days,
the temperature of incubation 35 C, and the
period of observation 13 days. Rickettsial suspen-
sions were injected into the yolk sac in volumes
of 0.4 ml per egg.

Determinations of the effect of chemicals were
made by comparing mean survival times of con-
trol and treated groups of embryos. Most groups
were composed of approximately 20 embryos,
exclusive of those which died because of injec-
tion trauma. Yolk sacs from approximately one
fourth of the embryos were smeared and checked
for the presence of rickettsiae. The few embryos
surviving at 13 days were arbitrarily given 14 as
the day of death. Some of the compounds were
toxic in high concentration and tended to reduce
embryo survival time. However, interference
with rickettsial growth could be demonstrated,
even though in some instances it was not possible
to separate death due to infection from death
due to toxicity.
A statistical analysis of the data obtained in

the course of this work indicated that the reli-
ability of the tests was of the same order as that
reported by other investigators who have studied
chemotherapeutic effects on rickettsial infection
in eggs (Ormsbee et al., 1955; Robbins et al.,
1951). On the basis of these analyses, the follow-
ing guiding criteria can be formulated for the
significance of differences in single experiments.
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With concentrations of rickettsiae sufficient to
kill untreated embryos in approximately 6 days,
the least increase in survival time of a group of
drug-treated embryos that can be considered as
indicating significant protection is 1.0 day. The
least difference between two protected groups
that can be considered significant is 1.5 days.
However, differences are not significant when
both protected groups survive at least 4.0 days
longer than the control group.
Most of the data presented in this paper are

based on experiments repeated two or more
times.

EXPERIMENTAL PROCEDURES AND RESULTS

Selection of the p8r strain. The series of egg
passages of the parent strain in the presence of
p-aminobenzoic acid which had led to the isola-
tion of pr (Weiss et al., 1957) was subsequently
utilized for the selection of psr. A pool prepared
from the 15th passage, which had been stored at
-50 C for over 3 years, was passed once more in
the presence of 22,umoles of p-aminobenzoic acid
per egg. From this 16th passage PIr was obtained
by limit-dilution isolation (see Weiss et al., 1957,
for procedure). As shown in table 1, the suscepti-
bility of this strain to p-aminobenzoic acid ap-
peared to be intermediate between the parent
strain and pr.

Reversal of p-aminobenzoic acid inhibition by
p-hydroxybenzoic acid. Snyder and Davis (1951)
and Takemori and Kitaoka (1952) have shown
that the rickettsiostatic effect of p-aminobenzoic
acid can be competitively reversed by p-hydroxy-
benzoic acid. Ratios of at least 1 :10 of p-hydroxy-
to p-aminobenzoic acid were required for com-
plete reversal.
As shown in table 2, the above described re-

sults were reproducible with the present parent
strain. Complete or almost complete reversal was

TABLE 1
Effect of p-aminobenzoic acid on rickettsial strains

Chick Embryos

Strain Untreated Treated (22 ,Amoles/
Survival (mean egg)Increased survivaldays) (mean days)

Parent .......... 5.8 4.6
per........... 6.1 1.4
pr .............. 6.2 0.3

TABLE 2
Reversal of p-aminobenzoic acid inhibition by

p-hydroxybenzoic acid

Strain

Parent

Micromoles/Egg Chick Embryos

p-Amino- _enHyo Untreated
benzoic benz~oix Survival
acid nezs cd(mean days)

0
8
8
8
8
8
8
8
0

0
0
0.25
0.5
1
2
4
8
8

6.0

Treated
Increased
survival

(mean days)

5.5
2.4
1.5
0.8
0.5
0.5
0.1
0.5

per 0 0 6.3
32 0 1.5
32 8 0.2
0 8 -0.1

pr 0 0 6.7
22 0 0.6
22 7 -0.3
0 7 -0.2

prr 0 0 6.3
0 36 0.0
0 72 0.5

obtained with a ratio of 1:8, but only partial
reversal with 1:16. Furthermore, table 2 shows
that the slight inhibitory effect of p-aminobenzoic
acid on p8r was also reversed by p-hydroxybenzoic
acid. The same is possibly true of pr, although
differences in chick embryo survival times were
too small to be significant. The same type of test
could not be extended to prr, because of its ap-
parently complete resistance to p-aminobenzoic
acid. But it is obvious from the results shown in
table 2, that even large amounts of p-hydroxy-
benzoic acid, such as 36 or 72 umoles per egg,
did not inhibit this strain. The results presented
in table 2 thus indicate that p-hydroxybenzoic
acid has similar effects on the p-aminobenzoic
acid-resistant as on the susceptible strains.
The specificity of the reversing effect of p-hy-

droxybenzoic acid on the parent strain is illus-
trated in table 3, which lists a number of com-
pounds that did not inhibit the parent strain or
reverse the inhibition by p-aminobenzoic acid.
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This list includes compounds either chemically
related to p-aminobenzoic acid or involved in its
metabolism, as demonstrated in other micro-
organisms.

Effect of salicylic acid and acetylsalicylic acid.
Robbins et al. (1951) have shown that salicylic
acid inhibits the Wilmington strain of Rickettsia
typhi to a moderate degree. In the present studies,
inhibition of the parent Madrid E strain with this
compound could be demonstrated only with great
difficulty, but pr and prr were inhibited to an
appreciable extent by concentrations which did
not affect the parent strain. Typical results are
illustrated in table 4. Some of the experiments
suggested that the susceptibility of prr to sali-
cylic acid was slightly greater than that of pr.
As shown in table 5, the three p-aminobenzoic

acid-resistant strains were also inhibited by con-
centrations of acetylsalicylic acid which did not
affect the parent strain. This effect appeared to
be more marked than that obtained with salicylic
acid and the evidence that the susceptibility to
acetylsalicylic acid increases with the level of
p-aminobenzoic acid resistance of the strain is

TABLE 3
Effects of various compounds on rickettsial strains

Effect

p-Amino- p-Aminoben-
benzoic acid- zoic acid-resis-

sensitive strains tant strains

Compound Rever- Rever-
sal of Rvr

nh-p-ami- sal of
Ih-noben- Inhi- acetyl-

bition zoic bition salicylic
acd acidaidhbi inhibi-

tion to

p-Aminobenzoic acid.... + +
p-Hydroxybenzoic acid. + - -
Salicylic acid........... * +
Acetylsalicylic acid _ +
Anthranilic acid ........
p-Aminosalicylic acid...-
p-Nitrobenzoic acid..... * _ _ *
Shikimic acid...........
Nicotinic acid ..........
Pantothenic acid .......
Glutamic acid ..........
Pteroylglutamic acid. -
Leucovorin ..........
Stilfadiazine ..........

* Very slight inhibition.

TABLE 4
Effect of salicylic acid on rickettsial strains

Chick Embryos

Increased survival
Strain Suvvl(en (mean days)Survival (mean Treated Gumo1es/egg)

Untreated
29 43 58

Parent 5.8-6.6 0.0 0.0 -0.1
pr 5.9-6.6 0.6 1.3 2.7
prr 5.7-6.6 1.0 1.5 2.3

TABLE 5
Effect of acetylsalicylic acid on rickettsial strains

Chick Embryos

Increased survival
Strain Survival (mean (mean days)

days) Treated (jumoles/egg)
Untreated

33 67

Parent 5.8-6.0 0.0 0.7
p8r 6.1 1.5
pr 5.8-6.6 1.6 2.5-3.7
prr 5.5-6.1 2.0 4.1

more convincing than in the case of salicylic
acid. Because of the higher inhibitory effect of
acetylsalicylic acid and its lower toxicity for the
chick embryo, it was used for most of thie sub-
sequent experiments in preference to salicylic
acid.
The p-aminobenzoic acid-resistant strains did

not acquire a susceptibility to a number of other
related compounds, listed in table 3. However,
p-nitrobenzoic acid inhibited all strains tested,
including the parent, to a very slight degree.

Strains Qr and pQr were also tested for the
susceptibility to acetylsalicylic acid. The former
appeared to be resistant, the latter susceptible,
providing further confirmation that acetylsali-
cylic acid susceptibility was associated with the
p-aminobenzoic acid marker.

Reversal of acetylsalicylic acid inhibition by
p-aminobenzoic acid. The effect of various com-
pounds on inhibition of the rickettsial strains by
acetylsalicylic acid was investigated. The stur-
prising results which were obtained are shown in
table 3, figure 1, and table 6. Of the compounds
tested only p-aminobenzoic acid reversed the
inhibition by acetylsalicylic acid. Figure 1 depicts
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of acetylsalicylic acid alone is shown at the left, of the maximum amount of p-aminobenzoic acid used
is shown at the right, and of the mixture of the two drugs is shown at the center. Note that in the ex-
periments with the three resistant strains, the following amounts were used: acetylsalicylic acid, 67
jAmoles; p-aminobenzoic acid, 2-fold increases from approximately 1 or 2,uAmoles (as shown) to 33,umoles.
With the parent strain the amounts were: acetylsalicylic acid, 100,uAmoles; p-aminobenzoic acid, 4-fold
increases from approximately 0.4 to 25,4moles. See text.

experiments with four strains in which a constant
amount of acetylsalicylic acid was tested against
varying concentrations of p-aminobenzoic acid.
The inverse relationship between acetylsalicylic
and p-aminobenzoic acid susceptibility of the
four strains is quite apparent. p-Aminobenzoic
acid, added in increasing concentrations, reduced
and finally eliminated the inhibition of prr by
acetylsalicylic acid. The effect on pr is very
similar, except that the highest concentration of
p-aminobenzoic acid used alone or in combination
with acetylsalicylic acid is, possibly, slightly
inhibitory. p8r is inhibited to a small, but signifi-
cant, extent by both acetylsalicylic and p-amino-
benzoic acid and reversal can be shown when
small amounts of the latter drug are used in com-
bination with large concentrations of the former.
With large concentrations of both drugs this
strain is inhibited, but apparently there is no

summation of the inhibitory effects of acetyl-
salicylic and p-aminobenzoic acid. The parent
strain is not generally inhibited by the amount of
acetylsalicylic acid (67 ,umoles) used with the
other strains, but an appreciable inhibition was
obtained with 100l,moles. The results shown in
figure 1 suggest that this inhibition is reversed
by p-aminobenzoic acid within a very narrow
range of concentration. As the concentration of
this drug is increased it rapidly becomes inhibi-
tory. When the four experiments are compared,
they indicate that the amount of p-aminobenzoic
acid required for reversal increases with the de-
gree of susceptibility of the strain to acetyl-
salicylic acid.

Table 6 illustrates several attempts to deter-
mine whether the reversal of acetylsalicylic acid
inhibition of prr by p-aminobenzoic acid is com-
petitive or noncompetitive. The results include
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TABLE 6
Reversal of acetylsalicylic acid inhibition by

p-aminobenzoic acid (Prr strain)
Chick Embryos

p-Aminobenzoic Increased survival (mean days*)
Acid (umoles/

egg) Acetylsalicylic acid (,umoles/egg)

25 33 50 50 67 100

0 0.9 1.8 3.2 3.0 3.8 5.5
0.5 0.5t 1.2 1.8 1.2 4.5
1 0.0t 0.7 4.0 2.9 5.3
2 0.2 0.5 1.5 1.1 2.6 3.9
4 -0.1 0.6 1.4 1.0 1.2 4.0
8 -0.2 0.6 0.4 0.1 0.6 1.7
16 0.5 0.8 0.3
33 0.2

* Untreated embryos died 5.6 to 6.0 days after
rickettsial inoculation.

t Results which seem to indicate partial or com-
plete reversal of acetylsalicylic acid inhibition
with smallest amounts of p-aminobenzoic acid are
indicated in italics or boldface type, respectively.

discrepancies which cannot be satisfactorily ex-
plained. For example, in two separate experiments
with 50 ,umoles of acetylsalicylic acid it appeared
that inhibition was partially reversed by 0.5 but
not 1 ,umole of p-aminobenzoic acid. If these
results are disregarded, a competitive relation-
ship is suggested. The reaction seems to fit the
kinetics of a second order reaction. For example,
the effect of 0.5,Amoles of p-aminobenzoic acid
on 25 jAmoles of acetylsalicylic acid can best be
compared to the effect of 2 on 50 ,umoles or 8 on
100 ,moles.

Salicylic acid inhibition of pr and prr was also
reversed by p-aminobenzoic acid.
Antagonism between p-hydroxybenzoic and p-

aminobenzoic acid in the reversal of acetylsalicylic
acid inhibition. Table 7 illustrates findings which
have been most surprising. The first three lines
show results which are entirely analogous to those
obtained in previous experiments: prr was in-
hibited by acetylsalicylic acid and its inhibition
was reversed by an adequate amount of p-amino-
benzoic acid. The other lines show the effect of
adding increasing amounts of p-hydroxybenzoic
acid to the mixture of the two compounds. As
the concentration of p-hydroxybenzoic acid was
increased, rickettsial inhibition reappeared. Since

p-hydroxybenzoic acid has no direct effect on prr
(table 2), it must be assumed that it antagonized
the reversing effect of p-aminobenzoic acid. The
results shown in table 7 indicate that partial and
nearly complete antagonisms were obtained with
ratios (p-hydroxybenzoic to p-aminobenzoic acid)
of 1:8 and 1 :4, respectively. These ratios do not
differ substantially from those required for the
reversal of the inhibitory effect of p-aminobenzoic
acid of the parent strain.
The specificity of the reaction is attested by

the fact that anthranilic acid and sulfadiazine
failed to replace p-hydroxybenzoic acid in the
restoration of acetylsalicylic acid inhibition.

Similar results were obtained with pr.
Isolation of strain Ar. prr was passed serially

in eggs in the presence of increasing concentra-
tions of acetylsalicylic acid. Resistance to this
compound rapidly developed and a limit-dilution
isolate was obtained following 9 drug passages.
This strain, called Ar, was not appreciably af-
fected by as much as 100 ,umoles of acetylsalicylic
acid per egg. A test of the susceptibility of this
strain to p-aminobenzoic and p-hydroxybenzoic
acid is shown in table 8. It is clear from this test,
and several others which are not shown, that the
resistance of Ar to p-aminobenzoic acid was some-
what reduced. The results presented in table 8
furthermore suggest that the slight susceptibility
of Ar to p-aminobenzoic acid was reversed by
p-hydroxybenzoic acid.

TABLE 7
Effect of p-hydroxybenzoic acid on the reversal of
acetylsalicylic acid inhibition by p-aminobenzoic

acid (Prr strain)

Micromoles/Egg Chick Embryos

Treated
Acetylsalicylic p-Amino- p-Hydroxy- Increased sur-

acid benzoic acid benzoic acid vival (mean
days)

0 0 0 -
67 0 0 4.7
67 16 0 0.3
67 16 0.5 0.6
67 16 1 0.5
67 16 2 1.0
67 16 4 2.7
67 16 8 2.3
67 16 16 3.8

* The mean survival time of untreated embryos
was 6.1 days.
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TABLE 8
Effect of p-aminobenzoic and p-hydroxybenzoic

acid on the Ar strain

Micromoles/Egg Chick Embryos

p-Hydroxbenzoic Treated
p-Aminobenzoic acid p-Hydroxybenzoic Increased survivalacid ~~(mean days)

o 0
16 0 0.9
32 0 1.3
0 16 0.2
0 32 0.3
16 16 0.3
32 16 0.4

* The mean survival time of untreated embryos
was 5.2 days.

TABLE 9
Conmparison of p-aminobenzoic acid susceptibility

of rickettsial strains*

Chick Embryos

Strain Treated (73
Untreated ,umoles/egg)
survival increased

(mean days) survival
(mean days)

Ar 6.7 1.3
6.2 1.2

Pr 5.9 1.2
5.9 1.8

prr isolate 1 6.1 0.5
5.9 0.6

Prr isolate 2 6.6 1.1
6.5 1.1

Prr isolate 3 5.7 0.1
6.1 0.8

prr isolate 4 6.0 0.8
6.1 0.8

* Two independent
in each case.

determinations were made

It was assumed that the small loss of p-amino-
benzoic acid resistance occurring during the
change from prr to Ar was due to the acquisition
of acetylsalicylic acid resistance. An experiment
originally intended for a different purpose served
as a check for this assumption. A mixture of prr
and Qr was passed serially in eggs 10 times. All
limit-dilution isolates obtained after the tenth
passage appeared to be of the prr type. Deter-
minations were made of p-aminobenzoic acid

susceptibility of 4 isolates along with similar
tests on pr and Ar. The results are shown in
table 9. They are in agreement with those shown
in table 8 and indicate that the levels of p-amino-
benzoic acid susceptibility of Ar and pr were
comparable. The tests with the isolates, however,
cast some doubt on the stability of the third
step (from pr to prr) of p-aminobenzoic acid
resistance or its phenotypic expression. There-
fore, the development of acetylsalicylic acid re-
sistance cannot be held entirely responsible for
the reduction in p-aminobenzoic acid resistance
of Ar.

DISCUSSION

Table 3 lists the effects of compounds that were
tested in attempts to link the observations de-
scribed in this paper with metabolic steps that
have been found to be involved, directly or
indirectly, with the action of p-aminobenzoic acid
on other microorganisms. Although superficial
similarities were found, the experiments suggest
some unique features in the metabolism of
rickettsiae. A few illustrations of the differences
encountered will be given.
Emerson and Cushing (1946) and Emerson

(1947) isolated a strain of Neurospora, in which
the roles of sulfanilamide and p-aminobenzoic
acid were reversed, the former compound being
the one required and the latter the competitive
inhibitor. Zalokar's (1948) experiments indicated
that this strain produced more than the tolerated
amount of p-aminobenzoic acid and required
sulfanilamide as a detoxicant. Table 3 offers
evidence that such a mechanism did not operate
in our rickettsial strains. Sulfadiazine did not
inhibit either strain or reverse the inhibition of
the parent strain by p-aminobenzoic acid. It
should be noted, however, that the sulfonamide
to p-aminobenzoic acid molar ratio of 100:1
required for the reversal of either inhibition in
Neurospora was not quite achieved in our tests.
The discovery of the tuberculostatic activity of

p-aminosalicylic acid (Lehman, 1946) was aided
by the report by Bernheim (1941) that sodium
salicylate increased the oxygen uptake of tubercle
bacilli. However, Youmans et al. (1947) found
that p-aminobenzoic acid, and not salicylate,
reversed the effect of p-aminosalicylic acid. As
shown in table 3, p-aminosalicylic acid had no
effect on the rickettsial strains, despite its close
structural resemblance to the two active com-
pounds, salicylic and p-aminobenzoic acids.
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The inhibition of microorganisms by salicylic
and acetylsalicylic acids has been attributed to
interference in a step in pantothenic acid me-
tabolism (IvAnovics, 1942a, b; Maas, 1952). Our
finding that pantothenic acid did not reverse
acetylsalicylic acid inhibition was not surprising
in view of the report by Kleinschmidt et al.
(1956) that purified rickettsiae do not contain
significant amounts of pantothenic acid.
Davis (1951a) obtained a strain of Escherichia

coli with a multiple requirement for tyrosine,
phenylalanine, tryptophan, p-aminobenzoic acid,
and partial requirement for p-hydroxybenzoic
acid. Shikimic acid substituted for the quintuple
requirement of this strain, apparently functioning
as an early metabolic intermediate. In our studies,
as shown in table 3, shikimic acid did not replace
either p-hydroxy- or p-aminobenzoic acid in their
respective roles as reversers of inhibition.
The work of Morgan (1948, 1952) offers some

interesting points of comparison, because his
methods were almost identical to ours. Morgan
showed that inhibition of psittacosis virus by
sulfadiazine was reversed competitively by
p-aminobenzoic acid and noncompetitively by
pteroylglutamic acid or citrovorum factor. Colon
anid Moulder (1958) obtained conclusive evidence

that viruses of the psittacosis group contain folic
acid. They have also demonstrated a parallelism
between loss of infectivity and loss of folic acid
in purified virus suspensions and a markedly
slower decline in infectivity in the presence of
pteroylglutamic acid in the suspending medium.
In our experiments with rickettsiae, pteroyl-
glutamic acid and leucovorin did not replace
p-aminobenzoic acid in the reversal of acetyl-
salicylic acid inhibition. This would indicate that
p-aminobenzoic acid is not involved in folic acid
metabolism of rickettsiae or that a folic acid
different from pteroylglutamic acid or leucovorin
is produced. The results of Kleinschmidt et al.
(1956) which indicate that rickettsiae do not
contain significant amounts of folic acid tend to
support the first explanation.
Davis (1951b) and Davis and Maas (1952)

furnished the most satisfactory bacterial model
which can be used as the starting point for an
explanation of competitive inhibition in rickett-
siae. They isolated a strain of E. coli which re-
quired both p-amino- and p-hydroxybenzoic
acids. Large concentrations of p-aminobenzoic
acid interfered with the utilization of p-hydroxy-
benzoic acid, but the competition between the
two metabolites was not symmetrical. Even large

SPECIFIC TRANSPORT SYSTEMS

PARENT prr

<N ~//
ENZYMATIC SITES

Figure 2. Attempt to represent the action of drugs on rickettsiae and the changes involved in muta-
tions. This model is based on the assumption that the rickettsiae have specific transport systems for
p-hydroxybenzoic (pOB), p-aminobenzoic (pAB), and acetylsalicylic acid (ASA) and enzymatic sites
for the first two compounds. Drug competition may occur at the site of specific transport, indicated by
indefinite borders between contiguous systems, and at the enzymatic sites, indicated by the symbols
below the sites. Strain characteristics are influenced by the relative strengths of the two enzymatic
sites. See text.
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concentrations of p-hydroxybenzoic acid were not
inhibitory. p-Nitrobenzoic acid interfered with
the utilization of both compounds, being reversed
by p-hydroxybenzoic acid plus p-aminobenzoic
acid, but not by either compound alone. There
are several points of similarity between these
results and ours with rickettsiae, including re-
sistance to p-hydroxybenzoic acid and very slight
susceptibility to p-nitrobenzoic acid of both
parent and prr strains.

Figure 2 is an attempt to represent our results
based on the above described bacterial model. It
takes into consideration the findings of Mathieson
and Catcheside (1955), who have shown that
competition may occur not only at the enzymatic
site, but also at the site of specific transport.
Parent as well as drug-resistant strains are
assumed to have (a) an enzymatic site for the
attachment and utilization of p-hydroxybenzoic
acid, which site also has some affinity for com-
peting p-aminobenzoic acid; (b) a similar site for
p-aminobenzoic acid, with affinity for competing
acetylsalicylic acid; (c) specific transport systems
for p-hydroxybenzoic, p-aminobenzoic, and ace-
tylsalicylic acid.

Strain characteristics are influenced by the
relative strengths of the two enzymatic sites. As
in the case of the experiments of Mathieson and
Catcheside (1955) with Neurospora crassa, it is
not necessary to assume that a change has taken
place at the sites of specific transport. According
to this schema, the enzymatic p-hydroxybenzoic
acid site of the parent strain has high affinity for
its metabolite and relatively high affinity for
competing p-aminobenzoic acid. As the strain
mutates to p-aminobenzoic acid resistance, this
site loses affinity for its metabolite and competi-
tive inhibitor. This change is accompanied by an
increase in affinity of the p-aminobenzoic acid
enzymatic site for its metabolite and a corre-
sponding increase for its competitive inhibitor,
acetylsalicylic acid. Ar can be visualized as a
strain which has lost some affinity at both enzy-
matic sites.
Drug inhibition is produced by two types of

competitions: p-hydroxybenzoic- p-aminobenzoic
acid and p-aminobenzoic-acetylsalicylic acid.
Attempts to show a direct interaction between
p-hydroxybenzoic and acetylsalicylic acid have
not been successful. However, an indirect action
was shown in the presence of p-aminobenzoic
acid (see table 7). It is necessary to assume that
competition may occur at both enzymatic and

specific transport sites. Thus, a high concentra-
tion of p-aminobenzoic acid interferes with
p-hydroxybenzoic acid utilization by the parent
strain. Similarly, a high concentration of acetyl-
salicylic acid interferes with the utilization of
p-aminobenzoic acid by prr. p-Hydroxybenzoic
acid, although very effectively eliminating
p-aminobenzoic inhibition of the parent strain at
its own site, has no affinity for the p-aminoben-
zoic acid site and cannot directly inhibit prr.
However, it can compete with p-aminobenzoic
acid at the specific transport site, and restore
acetylsalicylic acid inhibition when p-amino-
benzoic acid acts as a reverser of this inhibition.
The above representation of our results is the

simplest of several that we have attempted. Its
adequacy must be tested in further experiments.

SUMMARY

Changes associated with the p-aminobenzoic
acid resistance of three Madrid E strains of
Rickettsia prowazekii, psr pr, and prr, represent-
ing first-, second-, and third-step mutants, re-
spectively, were analyzed. Tests were carried out
with 7- to 8-day-old chick embryos and inhibition
of rickettsial growth was measured by the in-
crease in survival time of the embryos. Previous
findings that the parent strain is highly suscep-
tible to p-aminobenzoic acid and that the inhibi-
tion by this drug is competitively reversed by
p-hydroxybenzoic acid were confirmed. p-Hy-
droxybenzoic acid, which by itself did not inhibit
any of the strains, also reversed the slight inhibi-
tion by p-aminobenzoic acid of psr and pr. The
drug-resistant strains were inhibited by salicylic
acid and acetylsalicylic acid to a larger extent
than the parent strain and this drug susceptibility
appeared to increase with resistance to p-amino-
benzoic acid. Inhibition by acetylsalicylic acid
was competitively reversed by p-aminobenzoic
acid. The addition of p-hydroxybenzoic acid to a
mixture of p-aminobenzoic acid and acetylsali-
cylic acid reestablished the inhibitory effect of
acetylsalicylic acid. By 9 serial egg passages of
prr in the presence of acetylsalicylic acid, a
strain resistant to this compound (Ar) was ob-
tained, which retained most, but not all, of its
resistance to p-aminobenzoic acid. Ten additional
compounds, chemically related to p-aminobenzoic
acid or which have been involved in the p-amino-
benzoic acid metabolism of other microorganisms,
were tested for their effects on the rickettsial
strains. They were found to be ineffective when
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used either alone or in combination with p-amino-
benzoic acid or acetylsalicylic acid. An interpre-
tation of the changes involved in the mutant
strains, based on specifically balanced p-hydroxy-
benzoic and p-aminobenzoic acid requirements,
and on competitions occurring at the enzymatic
and specific transport sites, has been offered.

REFERENCES

BERNHEIM, F. 1941 The effect of various sub-
stances on the oxygen uptake of the tubercle
bacillus. J. Bacteriol., 41, 387-395.

BOVARNICK, M. R., MILLER, J. C., AND SNYDER,
J. C. 1950 The influence of certain salts,
amino acids, sugars, and proteins on the
stability of rickettsiae. J. Bacteriol., 59,
509-522.

COL6N, J. I. AND MOULDER, J. W. 1958 Folic
acid in purified preparations of members of
the psittacosis group of micro-organisms. J.
Infectious Diseases, 103, 109-119.

DAVIS, B. D. 1951a Aromatic biosynthesis. I.
The role of shikimic acid. J. Biol. Chem.,
191, 315-325.

DAVIS, B. D. 1951b Inhibition of Escherichia
coli by p-aminobenzoic acid and its reversal
by p-hydroxybenzoic acid. J. Exptl. Med.,
74, 243-254.

DAVIS, B. D. AND MAAS, W. K. 1952 Analysis
of the biochemical mechanism of drug resist-
ance in certain bacterial mutants. Proc.
Natl. Acad. Sci. U. S., 38, 775-785.

EMERSON, S. AND CUSHING, J. E. 1946 Altered
sulfonamide antagonism in Neurospora. Fed-
eration Proc., 5, 379-389.

EMERSON, S. 1947 Growth responses of a sul-
fonamide-requiring mutant strain of Neuro-
spora. J. Bacteriol., 54, 195-207.

HANKS, J. H. AND WALLACE, R. E. 1949 Relation
of oxygen and temperature in the preservation
of tissues by refrigeration. Proc. Soc. Exptl.
Biol. Med., 71, 196-200.

IVANOVICS, G. 1942a Das Salizylat-lon als
spezifischer Hemmungsstoff der Biosynthese
der Pantothensaure. Z. Physiol. Chem., 276,
33-55.

IVANOVICS, G. 1942b Der antiseptische Wir-
kungsmechanismus verschiedener Benzolderi-
vate, mit besonderer Rucksicht auf die
spezifische Salizylatwirkung. Z. Immunitats-
forsch., 102, 238-258.

KLEINSCHMIDT, W. J., HOLMES, D. H., AND BEH-
RENS, 0. K. 1956 Vitamin content of pu-
rified typhus rickettsiae, tobacco mosaic
virus, and coliphage T6. Biochim. et Biophys.
Acta, 22, 277-283.

LEHMAN, J. 1946 Para-aminosalicylic acid in

the treatment of tuberculosis. Lancet, 250,
15-16.

MAAS, W. K. 1952 Pantothenate studies. II.
Evidence from mutants for interference by
salicylate with pantoate synthesis. J. Bac-
teriol., 63, 227-232.

MATHIESON, M. J. AND CATCHESIDE, D. G. 1955
Inhibition of histidine uptake in Neurospora
crassa. J. Gen. Microbiol., 13, 72-83.

MORGAN, H. R. 1948 Studies of the relationship
of pteroylglutamic acid to the growth of
psittacosis virus (strain 6BC). J. Exptl.
Med., 88, 285-294.

MORGAN, H. R. 1952 Factors related to the
growth of psittacosis virus (strain 6BC). I.
Pteroylglutamic acid, vitamin B12, and cit-
rovorum factor. J. Exptl. Med., 95, 269-
276.

ORMSBEE, R. A., PARKER, H., AND PICKENS,
E. G. 1955 The comparative effectiveness
of aureomycin, terramycin, chloramphenicol,
erythromycin, and thiocymetin in suppress-
ing experimental rickettsial infections in
chick embryos. J. Infectious Diseases, 96,
162-167.

PEREZ GALLARDO, F. AND Fox, J. P. 1948 In-
fection and immunization of laboratory ani-
mals with Rickettsia prowazeki of redtuced
pathogenicity, strain E. Am. J. Hyg., 48,
6-21.

ROBBINS, M. L., BOURKE, A. R., AND SMITH,
P. K. 1951 The effect of certain chemicals
on Rickettsia typhi infections in chick em-
bryos. J. Immunol., 64, 431-446.

SNYDER, J. C. AND DAVIS, B. D. 1951 Reversal
of rickettsiostatic effect of p-aminobenzoic
acid by p-hydroxybenzoic acid. Federation
Proc., 10, 419.

TAKEMORI, N. AND KITAOKA, M. 1952 Reversal
of p-aminobenzoic acid inhibition of growth
of rickettsiae by p-hydroxybenzoic acid in
agar-slant tissue culture. Science, 116, 710-
711.

WEISS, E., DRESSLER, H. R., AND SUITOR, E. C.,
JR. 1957 Selection of a mutant strain of
Rickettsia prowazeki resistant to p-aminio-
benzoic acid. J. Bacteriol., 73, 421-430.

WEISS, E., DRESSLER, H. R., AND SUITOR, E. C.,
JR. 1959 Further studies of drug-resistant
strains of Rickettsia prowazekii. J. Bacteriol.,
77, 91-100.

YOUMANS, G. P., RALEIGH, G. W., AND YOUMANS,
A. S. 1947 The tuberculostatic action of
para-aminosalicylic acid. J. Bacteriol., 54,
409-416.

ZALOKAR, M. 1948 The p-aminobenzoic acid
requirement of the "sulfonamide-requiring"
mutant strain of Neurospora. Proc. Natl.
Acad. Sci. U. S., 34, 32-36.

440 [VOL. 78


