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FIG. 3. Effects of different concentrations of salicylate on B-galac-
tosidase activity from the marO,;-lacZ fusion in SPC105.

inducer of cadmium toxicity (23), also showed induction to
about the same extent as benzoate. Because of the depolarizing
effect of some of the compounds, dinitrophenol was tried. At
relatively lower amounts, it proved to be a strong inducer.

Effect of salicylates on OmpF expression and function in
mar-deleted or mar-inactivated strains. The outer membranes
of salicylate-treated cells have decreased amounts of OmpF
porin (24, 26) and decreased permeability to B-lactam drugs
(24). In both salicylate-treated cells (24) and mar constitutive
mutants (4), these events are mediated, at least in part, by
increased transcription of micF, which interferes with OmpF
translation.

The requirement of the mar locus for these effects of
salicylate was examined in mar-deficient or mar-deleted
strains. As was previously shown (24), growth in salicylate
substantially reduced the amount of OmpF in the outer
membranes of wild-type strains (Fig. 4). Similarly, growth in
salicylate severely reduced the amount of OmpF present in the
A39-kb mar deletion strain, CH164, and in the marA::Tn5
strain, AG100-Tc2.5-1-kan (data not shown). Thus, the effect
of salicylate on OmpF did not require the mar locus. As
expected (4), OmpF was undetectable in the marR constitutive
strain, AG102, with or without salicylate (data not shown).

Likewise, the mar locus was not essential for salicylate-
dependent reduction of outer membrane permeation of B-lac-
tams (Table 3). Salicylate induced an eightfold decrease in
permeation of cephaloridine in the wild-type E. coli AG100.

WT DEL

FIG. 4. SDS-PAGE analysis of outer membrane protein prepara-
tions from wild-type (WT) and mar-deleted (DEL) strains. The
position of OmpF is designated. SAL, salicylate.
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TABLE 3. Effect of salicylate on cephaloridine permeation of the
outer membrane

Permeation (cm s~ !, 107 4)" Ratio,
Strain? —salicylate/
— Salicylate +Salicylate +salicylate
AG100 (WT) 2.03 (0.06) 0.25 (0.01) 8.1
AG100-Tc2.5-1 (Mar) 0.36 (0.02) 0.18 (0.01) 2.0
AG100-Tc2.5-1-kan 2.02 (0.03) 0.37 (0.01) 5.4
(marA::Tn5)
CH164 (Amar) 2.28 (0.06) 1.03 (0.05) 22

“ All strains carry plasmid pBR322. WT, wild type; Mar, Mar mutant;
marA::Tn5, Tn5 inactivation of marAB; Amar, 39-kb deletion including all of the
mar locus.

» Measured on cells grown in LB-10 at 30°C as described in Materials and
Methods. Each value is the average of five determinations; the standard
deviation is indicated in parentheses.

The Mar mutant AG100-Tc2.5-1 (which does not produce
OmpF) showed sevenfold-reduced B-lactam permeation com-
pared with AG100. Salicylate induced a further twofold reduc-
tion in B-lactam permeation in this strain (Table 3). In the
marA::Tn5 strain, permeation was like that in AG100 and was
decreased fivefold by salicylate to levels which were a third less
than the salicylate effect on the wild-type strain. In the
mar-deleted strain, CH164, B-lactam permeation was about
the same as in wild-type AG100. Although OmpF was dimin-
ished by growth in salicylate (Fig. 3), this strain showed only a
twofold reduced permeation to cephaloridine, in contrast to
the eightfold decrease in the wild-type cells grown in salicylate.
This latter finding, along with the data from the marA: Tn5
strain, suggest that permeation is affected by mar and by genes
located within the 39-kb deletion near mar which are indepen-
dent of OmpF. These data further suggest that decreased
B-lactam permeation in Mar mutants reflects changes in
addition to reduction in OmpF. The latter conclusion was also
made in terms of quinolone resistance in Mar mutants, in
which only 25% of resistance could be attributed to the OmpF
loss (3).

Increased micF transcription has been correlated with de-
creased translation of OmpF in Mar mutants (4) and in
wild-type cells treated with salicylate (24). The role of mar in
the effect of salicylate on micF transcription was examined by
comparing isogenic wild-type (N7603) and mar-deleted strains
(N7606). Baseline micF expression was about the same in both
strains. Salicylate increased the activity of B-galactosidase from
the micF promoter in the wild type by sevenfold; however, in
the mar-deleted strain, the increase was reproducibly only
two-thirds that of the wild-type strain (Table 4). Thus, some of

TABLE 4. Expression of B-galactosidase activity in wild-type and
mar-deleted micF-lacZ containing strains*

B-Galactosidase activity (Miller units)”

Strain
No supplement 5 mM salicylate 20 mM salicyl alcohol
N7603 (WT)* 53 (1.0) 369 (7.0) 230 (4.3)
N7606 (Amar) 60 (1.0) 278 (4.6) 227 (3.8)

“ Cells were grown overnight at 30°C in LB-10 medium with the indicated
supplement, diluted and grown for four to five generations in the same medium,
harvested, and assayed for B-galactosidase. Results of a representative experi-
ment are shown.

» The activity of the supplemented culture divided by that of the untreated
culture is shown in parentheses.

¢In the absence of the micF-lacZ-bearing plasmid, the expression of the
wild-type (WT) lacZ gene was 4 to 6 U and was not significantly affected by 5 mM
salicylate or 20 mM salicyl alcohol.
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TABLE 5. MICs in the absence and presence of salicylate

MIC (pg/ml)*
Strain Tetracycline Chloramphenicol Ampicillin
—Sal +Sal Ratio, +Sal/— Sal —Sal +Sal Ratio, +Sal/~ Sal — Sal +Sal Ratio, +Sal/—Sal
AG100 (WT) 3.1 7.9 25 53 18.1 34 22 4.1 1.9
AG100-Tc2.5-1 (Mar) 8.3 11.9 14 25 31 12 10.7 9.3 0.9
AG100-Tc2.5-kan (marA::Tn5) 1.6 3.6 23 2.9 9.6 33 1.9 3.6 1.9
CH164 (Amar) 1.7 4.0 24 NT? NT 1.1 2.2 2.0

“ Determined on LB agar gradient plates with or without the addition of 5 mM sodium salicylate (Sal). Fresh 30°C LB-grown mid-log-phase cultures, diluted to an
optical density at 530 of (.2 with phosphate-buffered saline, were applied to the plates with a cotton swab. Results arc averages of four replicas.

» NT, not tested since the strain contains Tn9, rendering it highly Cm".

the effect of salicylate on micF is attributable to the mar locus
or the region near it. Nevertheless, the mar locus is not
absolutely required for increased micF transcription in re-
sponse to salicylates. Salicyl alcohol, at the concentration
needed to induce PAR, increased B-galactosidase activity in
the wild-type strain and mar-deleted strain to about the same
extent: by 4.3- and 3.8-fold. Thus, very little, if any, effect of
salicyl alcohol on micF transcription depends on the mar locus.

Effects of salicylate on antibiotic susceptibility of wild-type,
Mar, and mar-deficient strains. To examine more closely the
role of mar in PAR, we measured susceptibility to tetracycline,
chloramphenicol, and ampicillin by a gradient plate method.
The strain deleted for all of the mar region was considerably
more susceptible to tetracycline and ampicillin (chloramphen-
icol could not be tested in CH164) (Table 5). The strain
bearing Tn5 in marA was also more susceptible to tetracycline
and to chloramphenicol. However, there was less change in
ampicillin susceptibility. The latter finding implies that other
genes within the 39-kb deletion decrease ampicillin suscepti-
bility.

In the presence of salicylate, the wild-type, Amar, and
TnS-inactivated strains all showed an increase in resistance
(decreased susceptibility) to the antibiotics (chloramphenicol
could not be tested in CH164). Of interest, the fold increase
caused by salicylate was similar for the wild-type and mar-
deficient strains, although the level of resistance attained was
lower in the mar-deficient strains. In contrast, salicylate had
only a minimal effect on the Mar strain.

While salicylate and salicyl alcohol are closely related com-
pounds, a much greater concentration of the latter (15 to 20
mM) was needed to induce PAR (data not shown) and
marRAB than of the former (5 mM or less) (Table 2).
Furthermore, the effect of salicyl alcohol on micF transcription
appeared to be independent of mar (Table 4). We therefore
examined the effects of both compounds on susceptibility to
other antibiotics, namely, the quinolones nalidixic acid (Fig.
5A) and norfloxacin (Fig. 5B), in the wild-type, Mar mutant,
and mar-deficient strains. Both salicyl alcohol and salicylate
decreased susceptibility to nalidixic acid, even in the mar-
deficient strains. However, the extent of the effects with salicyl
alcohol was not as great as that seen with salicylate. Resistance
to norfloxacin was also increased by salicylate, and to a lesser
extent by salicyl alcohol, even in the mar-deficient strains. In
contrast to the findings with ampicillin, tetracycline, and
chloramphenicol (Table 5), salicylate also increased resistance
to the quinolone antibiotics in Mar mutants. While the mar
locus provided higher levels of salicylate-induced resistance to
both drugs in the Mar strain, there was little difference in
susceptibility to norfloxacin between induced wild-type and
marA::Tn5 strains (Fig. 5). In the mar-deletion strain, however,
intrinsic and induced resistance was much lower than in the

wild-type strain, suggesting that, as with ampicillin susceptibil-
ity, other genes within the 39-kb deletion affect cellular sus-
ceptibility to quinolones. Thus, it is clear that in the absence of
a functional mar operon, both salicylate and salicyl alcohol can
induce resistance to multiple antibiotics, in particular the
quinolone group of antimicrobial agents.

Since the micF locus is required for reduced OmpF synthesis
in the Mar mutants (4), we compared the plating efficiency and
colony sizes of strain MC4100 with its AmicF derivative
SM3001 for salicylate induction of tetracycline resistance. Both
strains were able to grow on tetracycline (5 ng/ml) only when
supplemented with salicylate; however, there was a noticeable
decrease in colony size for SM3001 relative to its parent strain
(data not shown). Thus, although resistance is inducible in the
absence of micF, the level of resistance is lower. This result is
consistent with previous findings that micF promotes, but is not
required for, the reduced amounts of OmpF in salicylate-
treated cells (24).

It was previously reported that salicylate increased the
susceptibility of the wild-type E. coli to aminoglycosides such as
kanamycin (1). This effect was also seen for the salicylate-
treated Mar and mar-deletion strains (data not shown). Thus,
this effect of salicylate appears to be independent of the
marRAB operon and DNA within the 39-kb deletion.

DISCUSSION

The similarities between the multiple antibiotic resistance
phenotypes that result either from particular mutations in the
marRAB operon or from growth in salicylates prompted us to
investigate the possibility that salicylate enhanced the expres-
sion of mar. Since previous studies showed that marRAB
expression is inducible by at least two of the antibiotics to
which it mediates resistance, i.e., tetracycline and chloram-
phenicol (14), it was possible that salicylate also induced the
operon, thereby generating the PAR. The present studies show
that salicylate increases the levels of marRAB-hybridizing
mRNA in wild-type bacteria (Fig. 2). Several other chemicals
that induce PAR (benzoate, acetaminophen, and acetyl salic-
ylate) were also found to induce marRAB transcription in a
marO-lacZ fusion assay (Table 2). Using this assay, we found
that the concentrations of salicylate that significantly induced
B-galactosidase synthesis (Table 2) were also those that elicit
PAR (22). Furthermore, growth of the Mar mutant AG100-
Tc2.5-1 in salicylate resulted in a 30- to 50-fold increase in
marRAB mRNA (Fig. 2), similar to that found in the Mar
mutant upon treatment with tetracycline or chloramphenicol.
This evidence clearly shows a mechanistic link between salic-
ylate and the mar operon.

To explore further the relationship between mar and PAR,
the effect of salicylate on antibiotic resistance was examined in
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FIG. 5. Effects of 5 mM salicylate or 20 mM salicyl alcohol on the
50% inhibitory concentration (ICs) for nalidixic acid (A) or norfloxa-
cin (B) of wild-type (WT), Mar mutant (AG100-Tc2.5-1), marA::TnS5,
and CH164 (mar-deletion [mar DEL]) strains. Open bars, control;
cross-hatched bars, salicyl alcohol; solid bars, salicylate.

three mar variants: a Mar constitutive mutant; a mar mutant in
which marA is inactivated by a Tn5 insertion; and a strain in
which 39 kb of DNA including the mar region has been
deleted. If PAR operates exclusively through mar, we should
not expect induction of PAR in the mar-inactivated or mar-
deleted strains. This was not observed (Table 5; Fig. 5). Thus,
salicylate must be able to induce PAR via a mar-independent
pathway. This pathway, however, has several features in com-
mon with the mar pathway: micF expression is elevated (Table
4), OmpF is severely reduced (Fig. 4), and outer membrane
permeation by cephaloridine is reduced (Table 3). Neverthe-
less, the levels of resistance to some antibiotics induced by
salicylate in the absence of functional mar (Table 5) are only
about half as high as in the presence of mar. Moreover,
salicylate-induced decreased B-lactam permeation is one-third
less in the mar-inactivated strain (Table 3).

If, on the other hand, salicylate’s induction of multidrug
resistance occurred only via a pathway separate from mar, one
might have expected a similar increase in resistance in Mar
mutants as in the wild type. This was not the case. In fact, there
was only a minimal increase in resistance to tetracycline,
chloramphenicol, and ampicillin in Mar mutants grown in
salicylate. The latter finding suggests that once expressed, the
mar locus provides all of the resistance to these drugs that
could be otherwise induced by salicylate. Salicylates presum-
ably produce resistance to these drugs by activating directly or
indirectly some of the same genes which are activated by the
marRAB operon. This was not true of the quinolone family of

EFFECT OF SALICYLATE ON marRAB EXPRESSION 7861

antimicrobial agents, resistance to which was induced equally
well in wild-type and marA::Tn5-inactivated strains. Resistance
to these drugs was, however, greatly increased in salicylate-
induced Mar mutants, suggesting that more than one group of
genes may be activated.

The existence of a mar-independent route to multidrug
resistance was also suggested by studies with salicyl alcohol,
which was a less effective inducer of transcription of the
marRAB operon. This compound caused an increase in micF to
the same extent in cells with or without the mar locus. Thus,
the twofold increased expression of the mar operon caused by
salicyl alcohol (Table 2) had little effect on its induction of
micF expression. Its principal action, therefore, may be
through a mar-independent pathway. This pathway is likely to
be the one used by salicylate in the absence of mar, since
salicylate-induced micF-lacZ expression in the mar-deleted
strain was the same as that of the wild-type or deleted strains
with salicyl alcohol. This finding suggests that at least a third of
the effect of salicylate on micF expression and B-lactam
permeability (Table 3) can be attributed to mar. In view of the
lower levels of induced resistance in mar-deficient strains, the
mar-independent pathway must lack, either in quantity or in
quality, some element(s) present in the mar-responsive path-
way.

Previous work has shown that the antibiotic resistance of
Mar mutants results from a severalfold increase in marRAB
RNA (14). When such cells were grown with salicylate, the
RNA level increased about 30- to 50-fold (Fig. 2), yet the
antibiotic resistance of this strain was increased no more than
2.5-fold (Table 5; Fig. 5). This finding suggests that some other
component(s) of the antibiotic resistance mechanism regulated
by mar has become rate limiting.

Although salicylate is a potent inducer of the marRAB
operon, the operon does not appear to affect resistance to
growth-inhibitory concentrations of salicylate itself; no signif-
icant difference in resistance was seen among wild-type, mar-
deficient, and Mar mutant strains (data not shown). Thus,
salicylate appears to be a gratuitous inducer of marRAB, as it
is for other effects on E. coli. Both salicylate and salicyl alcohol
potentiate susceptibilities to aminoglycosides (1) and to Cd**
(23), the latter effect involving the cysB gene (13). However, in
the Pseudomonas plasmid NAH7, the induction of naphtha-
lene catabolism by salicylate is not gratuitous. Salicylate alters
the binding of the nahR-encoded transcriptional activator to
promoters that are responsible for the degradation of naph-
thalene and salicylate (16).

DNA homologous to marRAB has been found among many
members of the family Enterobacteriaceae, including Klebsiella
species (5). Similarly, induction of PAR by salicylate and acetyl
salicylate has been commonly observed among 58 clinical
enteric isolates tested (10). In Klebsiella pneumoniae, Serratia
marcescens, and Pseudomonas cepacia, salicylate decreased the
presence of OmpF-like outer membrane porins (la, 26).
Furthermore, in Klebsiella species, salicylates increased resis-
tance to various antibiotics (including B-lactams and tetracy-
cline), decreased resistance to aminoglycosides, and decreased
the amounts of capsular polysaccharide (6, 7). Thus, it is
reasonable to anticipate that mar-like loci may be involved in
salicylate induction of PAR in many enterobacteria.

In plants, in which salicylate is widely distributed, it can have
important effects on thermogenesis, flowering, and defense
against viral (17), bacterial, and fungal pathogens (for a review,
see reference 8). The antipyretic, anti-inflammatory, and an-
algesic properties of salicylate in humans have been known
since antiquity. It may be anticipated that the insights gained
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by studying the potent bioactivities of salicylates in any one of
these systems will shed light on its role in the other systems.
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