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Penicillin tolerance is an incompletely understood phenomenon that allows bacteria to resist drug-induced
killing. Tolerance was studied with independent Streptococcus gordonii mutants generated by cyclic exposure to
500 times the MIC of penicillin. Parent cultures lost 4 to 5 log10 CFU/ml of viable counts/24 h. In contrast, each
of four independent mutant cultures lost <2 log10 CFU/ml/24 h. The mutants had unchanged penicillin-
binding proteins but contained increased amounts of two proteins with respective masses of ca. 50 and 45 kDa.
One mutant (Tol1) was further characterized. The two proteins showing increased levels were homologous to
the arginine deiminase and ornithine carbamoyl transferase of other gram-positive bacteria and were encoded
by an operon that was >80% similar to the arginine-deiminase (arc) operon of these organisms. Partial
nucleotide sequencing and insertion inactivation of the S. gordonii arc locus indicated that tolerance was not
a direct consequence of arc alteration. On the other hand, genetic transformation of tolerance by Tol1 DNA
always conferred arc deregulation. In nontolerant recipients, arc was repressed during exponential growth and
up-regulated during postexponential growth. In tolerant transformants, arc was constitutively expressed. Tol1
DNA transformed tolerance at the same rate as transformation of a point mutation (1022 to 1023). The
tolerance mutation mapped on a specific chromosomal fragment but was physically distant from arc. Impor-
tantly, arc deregulation was observed in most (6 of 10) of additional independent penicillin-tolerant mutants.
Thus, although not exclusive, the association between arc deregulation and tolerance was not fortuitous. Since
penicillin selection mimicked the antibiotic pressure operating in the clinical environment, arc deregulation
might be an important correlate of naturally occurring tolerance and help in understanding the mechanism(s)
underlying this clinically problematic phenotype.

Bacteria have developed at least two mechanisms to escape
the bacteriostatic and/or bactericidal effect of penicillin and
related drugs: (i) antibiotic resistance and (ii) antibiotic toler-
ance. Resistant bacteria have the ability to grow in the pres-
ence of antibiotic concentrations that are much greater than
the minimal concentration of the drug required to inhibit the
growth of susceptible organisms, the so-called minimal inhib-
itory concentration. However, when resistant bacteria are ex-
posed to penicillin concentrations greater than their new, in-
creased MIC, they usually remain susceptible to antibiotic-
induced killing (16, 22, 38). Tolerant bacteria, on the other
hand, have unchanged MICs but have a drastically decreased
susceptibility to drug-induced killing (16, 27, 38).

Resistant bacteria are of great clinical concern, because in-
fections due to such organisms often result in a failure of
antimicrobial therapy. The mechanisms of beta-lactam resis-
tance have been extensively studied. They include beta-lacta-
mase production and/or alteration of the membrane-bound
penicillin-binding proteins in gram-positive bacteria (8, 12)
and alterations in the outer membrane permeability in gram-
negative organisms (15, 28). Tolerant bacteria are also of clin-
ical relevance and were linked to treatment failures in both
experimental and clinical investigations (9, 20, 31, 34). How-
ever, in contrast to resistance, the mechanism by which toler-
ant bacteria escape penicillin-induced killing is not completely
understood.

Previous investigations of penicillin-induced killing and pen-

icillin tolerance suggested that the tolerance phenotype was
due to alterations in the bacterial autolytic system. Many kinds
of bacteria respond to penicillin treatment by massive bacterial
lysis due to antibiotic-induced deregulation of intrinsic cell wall
hydrolases, or autolysins. Since bacterial lysis is accompanied
by cell death, it was presumed that penicillin-induced autolysis
was the very mechanism of drug-induced killing. Accordingly,
mutants defective in autolysis were expected simultaneously to
resist both drug-induced lysis and killing. However, several
studies indicated that autolysis is not the sole mechanism of
penicillin-induced killing. Certain bacteria, such as Streptococ-
cus pyogenes and other gram-positive cocci, are killed exten-
sively by penicillin in spite of the fact that they are not lysed by
the antibiotic (6, 14, 25). Moreover, specific blockage of pen-
icillin-induced lysis in Streptococcus pneumoniae and Staphylo-
coccus aureus decreased drug-induced killing only marginally,
thus suggesting that other, autolysis-independent pathways
were involved in penicillin-induced lethality (11, 13, 26, 31, 36,
37).

Recently, a breakthrough study indicated that vancomycin-
and penicillin-tolerant pneumococci carried alterations in the
two-component regulatory system VncS-VncR, which was not
directly related to autolysis (31). However, additional alter-
ations responsible for antibiotic tolerance were also described,
thus indicating that there is more than one mechanism for
bacterial survival of antibiotics (26, 29, 30). In the present
study we explored the existence of such a putative mecha-
nism(s) by using a penicillin-susceptible but lysis-defective
strain of Streptococcus gordonii and a series of its penicillin-
tolerant derivatives. Physiological, biochemical, and genetic
properties of the parent and mutant cells and of their back-
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cross transformants were compared, and an operon indirectly
involved in tolerance is described.

MATERIALS AND METHODS

Microorganisms and growth conditions. The S. gordonii strains used in this
study are described in Table 1. Other bacteria included a clinical isolate of S.
pyogenes (strain UAA7) and Escherichia coli XL-1 blue. Streptococci were grown
at 37°C either in brain heart infusion broth (Difco Laboratories, Detroit, Mich.)
without aeration or on Columbia agar (Becton Dickinson Microbiology Systems,
Cockeysville, Md.) supplemented with 3% blood. E. coli was grown in Luria-
Bertani broth or on Luria-Bertani agar. Growth of the cultures was followed both
by measurement of optical density at a wavelength of 620 nm (OD620) with a
spectrophotometer (Sequoia-Turner, Montainville, Calif.) and by colony counts.
When appropriate, antibiotics were added to the medium at the following con-
centrations: streptomycin, 100 mg/liter; rifampin, 4 mg/liter; erythromycin, 5
mg/liter for streptococci and 500 mg/liter for E. coli; and ampicillin, 50 mg/liter.
Bacterial stocks were stored at 270°C in broth supplemented with 10% (vol/vol)
glycerol.

Antibiotics and chemicals. Penicillin G was purchased from Hoechst-Pharma
(Zurich, Switzerland); rifampin was purchased from Novartis (Basel, Switzer-
land); restriction enzymes (Boehringer Mannheim, Mannheim, Germany), Taq
DNA polymerase, and T4 DNA ligase (Gibco BRL, Gaithersburg, Md.) were
used according to the manufacturer’s recommendations; all other chemicals were
reagent-grade, commercially available products.

Antibiotic susceptibility and time-kill curves. The MICs of the test antibiotics
were determined by a standard macrodilution method (40). Time-kill curves
were determined by adding appropriate concentrations of antibiotics to bacterial
cultures in the exponential phase of growth (OD620 5 0.2) (9). Antibiotic car-
ryover on the agar plates was avoided as described previously (9, 10). Colonies
were counted after 48 h of incubation at 37°C.

Selection of penicillin-tolerant derivatives of S. gordonii. The selection method
has been previously described (9, 26, 27). In brief, nonmutagenized 10-ml cul-
tures of the Smr parent strain SG1 were grown to an OD620 of 0.2 and treated
with a final concentration of 2 mg of penicillin/liter (i.e., 500 times the MIC) for
18 to 20 h at 37°C. This concentration is readily achieved in the serum of humans
during standard penicillin therapy (1). Streptomycin was kept in the medium to
avoid contamination with other bacteria during penicillin cycling. The surviving
bacteria were washed by centrifugation and resuspension and regrown in drug-
free medium. After eight such cycles, single colonies were isolated and charac-
terized for tolerance, stability, and biochemical and genetic properties.

Determination of bacterial proteins by 2D gel electrophoresis and N-terminal
amino acid microsequencing. Two-dimensional (2D) gel electrophoresis was run
by slight modifications of a published method (21). One-hundred-milliliter cul-
tures grown to the exponential phase were harvested by centrifugation, washed
twice in ice-cold NaCl, and incubated for 45 min at 37°C in lysis buffer (50 mM
phosphate buffer [pH 7.5], 10 mM MgCl2, 10 mg of DNase/ml, 10 mg of RNase/
ml, 0.5 mg of lysozyme/ml, and 0.1 mg of mutanolysine/ml). Lysis ($90%) was
assessed by phase-contrast microscopy. Cell debris was removed by low-speed
centrifugation, and proteins in the supernatant were precipitated with 0.015%
(wt/vol) deoxycholate and 7.2% (wt/vol) trichloroacetic acid. For isoelectrofo-
cusing, the protein pellets were dissolved to a final concentration of 400 to 600
mg/liter in 100-ml volumes of sample buffer (8 M urea, 65 mM dithiothreitol, 4%
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate, 40 mM Tris,
trace bromophenol blue), and applied to a nonlinear pH gradient pH 3-10 strip
(Pharmacia Biotech, Uppsala, Sweden). Migration started with a linear voltage
increase from 300 to 3,500 V for 3 h, followed by a constant voltage of 3,500 V
for 27 h. After isoelectrofocusing, the strips were soaked for 10 min in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer (50 mM Tris-
HCl [pH 6.8], 6 M urea, 5% 2-mercaptoethanol, 30% glycerol, 2% sodium

dodecyl sulfate, trace bromophenol blue), placed on the top of a vertical piper-
azine diacrylyl-acrylamide gradient gel (from 9 to 16%), and left to migrate at 40
mA/gel for 3 to 4 h. Proteins were detected by silver staining. The cross-linker
PDA and sodium thiosulfate (final concentration, 0.025%) were added to the gel
to optimize resolution.

For N-terminal sequencing, the proteins were blotted onto a polyvinylidene
difluoride membrane (Immobilon PSQ; Millipore Inc., Bedford, Mass.), stained
with 0.1% amido black, cut out of the membranes, and subjected to automated
Edman degradation on an ABI (Applied Biosystems, Foster City, Calif.) 494
Procise sequencer. The derived sequences were compared with the SwissProt
protein database by a BLAST search using the GCG software package (Program
Manual for the Wisconsin Package, Version 8; Genetics Computer Group, Mad-
ison, Wis.).

DNA transformation and genetic analysis. DNA and competent cells were
prepared by previously described methods (19, 33, 35). Plasmids were purified
with a plasmid purification kit (Qiagen GmbH, Hilden, Germany). They included
the pGemT-Easy vector (Promega Corporation, Madison, Wis.), used for DNA
amplification and sequencing, and the suicide vector pJDC9 (4), carrying an
erythromycin resistance (Emr) marker and used for insertion duplication mu-
tagenesis in S. gordonii. Insertion mutagenesis was achieved by subcloning inter-
nal fragments of the target genes into the polycloning site of pJDC9, followed by
transformation into competent cells. Transformants carrying an insert were se-
lected for Emr, and disappearance of the appropriate gene product was assessed
by 2D gel electrophoresis. PCR amplification was performed with a Perkin Elmer
Cetus (Foster City, Calif.) thermocycler. Oligonucleotide primers were obtained
from Life Technologies AG (Basel, Switzerland) or Microsynth GmbH (Balgach,
Switzerland). Nucleotide sequencing was performed by Microsynth GmbH. In
certain experiments the technique of inverse PCR was used. Partial Sau3A
digests (between 500 and 3,000 bp) of the S. gordonii chromosome were self-
ligated and amplified. Primers are indicated in Fig. 4. Thermocycling conditions
were 94°C for 1 min, 50°C for 1 min, and 72°C for 3 min, with a final extension
of 10 min at 72°C. PCR fragments were controlled by more internal primers.
Bands were subcloned in the pGemT-Easy vector for nucleotide sequencing.

Construction of a luciferase-based transcriptional-fusion system. An internal
fragment of arcB (bp 1813 to 2076; see Fig. 4) was inserted into the multicloning
site of pJDC9. The promoterless firefly luciferase (luc) gene containing its ribo-
some-binding site (kindly provided by A. Podbielsky, University of Ulm, Ulm,
Germany) was then subcloned downstream of this fragment, and the construct
was integrated into the arcB gene by insertion duplication. For light emission,
100-ml portions of bacterial cultures were added to tubes containing 250 ml of
Na-citrate (pH 5.5), (0.1 M). Then, 50 ml of 1 mM beetle luciferine (Promega
Corporation) diluted in 25 mM glycylglycine and 15 mM MgSO4 buffer was
added to the mixture by the autoinjector of the luminometer (EG & G Berch-
told, Bad Wildbad, Germany). After 1 s of equilibration, light was measured for
10 s.

Pulsed-field gel electrophoresis (PFGE). Plugs of genomic DNA were pre-
pared as described previously (2, 24) in 1.6% low-melting-point agarose (Boehr-
inger Mannheim) and digested with SmaI. Electrophoresis was run on a contour-
clamped homogeneous electric field DR III apparatus (Bio-Rad, Richmond,
Calif.) for a total of 24 h. The run was divided into three steps with a voltage of
6 V/cm and an angle of 120°C. The first step began with a linear switch time of
1 to 10 s during 10 h, the second step continued with a switch-time of 10 to 15 s
during 7.5 h, and the third step continued with a switch time of 15 to 17 s during
6.5 h. DNA fragments of interest were extracted from the gel by digesting the
agarose with b-agarose (New England Biolabs Inc., Beverly, Mass.), followed by
precipitation with standard techniques.

Nucleotide sequence accession number. The partial nucleotide sequence of the
S. gordonii arc operon, encompassing the promoter region, the gene encoding
Adi (arcA), and the first 317 bp of the gene encoding Oct (arcB), was submitted
to the DDBJ/EMBL/GenBank databases (accession number AF172730).

TABLE 1. S. gordonii strains used in the study

Designation Relevant genotype Phenotype and/or utilization Source or reference

Challis Wild type Reference strain 33
SG1 Smr mutant of Challis Used for tolerance selection; recipient in genetic backcrosses This work
SG2 Rfr mutant of Challis Control (Rfr) DNA donor This work
SG101 SG1 arcA::pJDC9a arcA-negative; Emr Smr This work
SG102 SG1 arcB::pJDC9a arcB-negative; Emr Smr This work
SG103 SG1 arcB::luc-ermb Luc1 Emr Smr; used to study arc regulation This work
Tol1 to Tol4 SG1 tolerant mutants Selected by penicillin cycling This work
Tol101 Tol1 arcA::pJDC9a arcA-negative; Emr Smr This work
Tol102 Tol1 arcB::pJDC9a arcB-negative; Emr Smr This work
Tol103 Tol1 arcB::luc-ermb Luc1 Emr Smr; used to study arc regulation This work

a arcA and arcB were inactivated by insertion duplication with the suicide vector pJCD9 (4).
b To construct the arcB::luc-erm transcriptional fusion, a copy of the promoterless luc gene containing its ribosome-binding site was targeted into arcB by using the

pJDC9 vector, as described in Materials and Methods.
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RESULTS

Selection and characterization of penicillin-tolerant deriva-
tives of S. gordonii. Cyclic exposure of the parent SG1 strain to
penicillin selected for tolerance. The left panel of Fig. 1 depicts
the loss of viability of SG1 and of four independently selected
tolerant mutants exposed to 500 times the MIC of penicillin for
24 h. SG1 lost 4 to 5 log CFU/ml/24 h. In contrast, two tolerant
derivatives (Tol1 and Tol2) lost ,1 log CFU/ml, and two of
them (Tol3 and Tol4) lost only 2 log CFU/ml during the same
time. All four mutants were stable after serial passage for up to
35 generation times in drug-free medium. Moreover, the dif-
ferential tolerance patterns between Tol1 and Tol2 and be-
tween Tol3 and Tol4 were also preserved after such passages.

One mutant (Tol1) was further characterized. In spite of the
mutant’s penicillin tolerance, MICs of several beta-lactam and
non-beta-lactam antibiotics for Tol1 were unchanged (Table
2). Yet it was cross-tolerant to all beta-lactams and to most
non-beta-lactam molecules tested. Exceptions were gentami-
cin, which was bactericidal against both the SG1 parent strain
and the Tol1 tolerant mutant, and vancomycin, which lacked
any bactericidal effect. Similar results were obtained with mu-
tants Tol2 to Tol4 (data not presented).

Importantly, the 3 to 4 log10 difference in penicillin-induced
killing between the SG1 parent strain and Tol1 was not accom-
panied by a sizable difference in bacterial lysis. This is apparent
in Fig. 1 (right panel) and was confirmed in 16 additional
experiments. The percent decrease in optical density during
24 h of penicillin treatment was similar between the two or-
ganisms, i.e., 66% 6 24% (mean 6 standard error [SE] of 16
determinations) in cultures of SG1, compared to 62% 6 20%
in cultures of Tol1. This contrasted with a dramatic difference
in loss of viability, which was 4.48 6 1.39 (mean 6 SE log10

CFU/ml/24 h) in cultures of SG1 and only 0.6 6 0.1 in cultures
of Tol1. Thus, autolysis was not the major cause of killing, and
other, lysis-independent bactericidal mechanisms were likely
to be involved.

FIG. 1. Penicillin-induced killing (left panel) and lysis (right panel) of S. gordonii exposed to 500 times the MIC of the drug. Both cultures of the SG1 parent cells
and of four independent penicillin-tolerant derivatives (Tol1 to Tol4) were grown to the exponential growth phase, and penicillin was added (arrow) at an OD620 of
0.2. The cultures were monitored for a loss of viable cells and a loss in OD620 as described in Materials and Methods.

TABLE 2. MICs of several beta-lactams and unrelated drugs for
the parent strain and the Tol1 mutant and loss of viability

after 24 h of drug treatment

Antibiotic
MIC (mg/liter)a for: Loss of viability

(log10 CFU/ml)b

Parent SG1 Tol1 Parent SG1 Tol1

Penicillin G 0.004 0.008 4–5 ,1
Amoxicillin 0.008 0.008 3 ,1
Imipenem ,0.004 ,0.004 5–6 1
Cefuroxime 0.008 0.016 1–2 ,1
Ceftriaxone 0.008 0.008 2 1
Ceftazidime 0.064 0.125 2 ,1
Cefepime 0.016 0.032 1.5 ,1
Ciprofloxacin 1 1 5–6 2–3
Sparfloxacin 0.25 0.25 5 3
Vancomycin 1 1 0 0
Rifampin 0.125 0.125 1–2 ,1
Streptomycin .1,000 .1,000 NDc ND
Gentamicin 8 8 $6 $6

a As with Tol1, for the additional mutants Tol2 through Tol4 the MICs of
these test drugs were unchanged.

b Loss of viability in log10 CFU/ml after 24 h of treatment with of 20 times the
MIC of gentamicin, rifampin, and ciprofloxacin, 16 times the MIC of sparfloxa-
cin, or 500 times the MICs of penicillin, amoxicillin, imipenem, ceftriaxone,
cefuroxime, ceftazidime, cefepime, and vancomycin.

c ND, not determined.
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Genetic transformation of tolerance. To test whether peni-
cillin tolerance was transformable, competent SG1 cells were
exposed either to Tol1 DNA or to control DNA from the Rfr

mutant SG2 (Table 1). The rate of transformation to Rfr was
between 1022 and 1023. The transformed cultures were sub-
jected to penicillin cycling (Fig. 2) and monitored for con-
version to tolerance (26). If tolerance was transformable,
Tol1-treated cultures should become enriched in tolerant
transformants that would be selected during penicillin cycling.
In contrast, control cultures should not become enriched in
tolerant transformants. In more than 20 independent experi-
ments, competent cells treated with Tol1 DNA converted to
tolerance at the second or third penicillin cycle. In contrast, the
cultures exposed to control DNA required at least 8 cycles to
show a decrease in penicillin-induced killing.

To evaluate the rate of tolerance transformation, cultures of
the SG1 parent strain were mixed with serial 10-fold dilutions
of Tol1 and then cycled with penicillin. At the first cycle, the
culture containing 1021 Tol1 cells already demonstrated toler-
ance (loss of #2 log10 CFU/ml/24 h), whereas the other dilu-
tions lost ca. 4 log10 CFU/ml in the same period of time. After
the second cycle, the tube containing 1022 Tol1 cells converted
to tolerance. The tube containing 1023 Tol1 cells converted to

tolerance at the third cycle. Compared to DNA transforma-
tion, these dilution experiments suggested that transformation
of tolerance took place at a rate of 1022 and 1023, i.e., equiv-
alent to that of the Rfr point mutation.

Alterations in the protein content of tolerant S. gordonii
mutants. Neither of the four Tol1 to Tol4 mutants had altered
penicillin-binding proteins (data not shown). Therefore, whole
bacterial proteins were analyzed by 2D-gel electrophoresis.
Figures 3A and B present the results for the SG1 parent and
the Tol1 mutant analyzed by this technique. Compared to SG1,
Tol1 contained two protein spots of increased intensity, of 50
and 45 kDa. Figure 3C indicates that some increase for at least
one of these two spots was also observed in the three other
mutants (Tol2 to Tol4) and in a backcross transformant of Tol1
(lower panel of Fig. 1).

The sequence of the 22 N-terminal amino acids of the 50-
kDa species was PIEVFSEIGKLKKVMLHRPGKE. This was
93% similar to the streptococcal acid glycoprotein of S. pyo-
genes (SwissProt accession number P16962) (19) and more
than 80% similar to its arginine deiminase (Adi) homologue
(7) in Lactobacillus sake (41), Clostridium perfringens (32), and
Bacillus licheniformis (23). The sequence of the 28 N-terminal
amino acids of the 45-kDa species was VFQGRSFLAEKDFT
RAELYLGLSAHLD. This was 95% similar to the ornithine
carbamoyl transferase (Oct) of both S. pyogenes (SwissProt
accession number P16964) (18) and the other organisms men-
tioned above (23, 32, 41). In these bacteria, the two genes
cluster in the arc operon and the proteins are encoded with a
polarity of Adi first and Oct second. If a similar organization
also existed in S. gordonii, the concurrent increase of these two
gene products in Tol1 would be a logical consequence of de-
regulation of the putative arc operon in this organism. There-
fore, this locus was characterized.

Structure of the S. gordonii arc operon. Figure 4 presents an
alignment of the S. gordonii arc locus and its S. pyogenes ho-
mologue (accession number X55659). Compared to S. pyo-
genes, the S. gordonii arc locus lacked an open reading frame
(ORF) between the arcA and arcB genes. In S. pyogenes, these
determinants are separated by 569 bp comprising a 440-bp
ORF (ORF2) of unknown function (19). In S. gordonii the stop
codon of arcA and the ATG of arcB were separated by 49 bp
that had no putative promoter sequence. Thus, the two genes
could be controlled by a common promoter located upstream
of the arcA gene.

Importantly, there was no dissimilarity between the partial
sequence of the arc operons of the SG1 parent strain and the
Tol1 mutant. This suggested that the tolerance mutation in
Tol1 was located either in the 59-regulatory sequence of the
locus or elsewhere on the chromosome. Two types of experi-
ments were performed to clarify this issue. First, the arcA and
arcB genes were disrupted to determine whether they were
directly or indirectly implicated in tolerance. Second, a lucif-
erase-based transcriptional fusion system was constructed to
investigate the regulation of the arc locus in both SG1 and
Tol1.

Phenotype of S. gordonii mutants inactivated in the arcA and
arcB genes. Insertion inactivation was achieved by subcloning
internal fragments of either arcA (bp 584 to 1003) or arcB (bp
1813 to 2076) into pJDC9, followed by transformation into
competent Tol1 cells. Tol1 was used because it overexpressed
the two gene products, thereby allowing detection of their
decrease in inactivated mutants. Recombinants were tested
both for the loss of these products (the 50-kDa and 45-kDa
proteins) on 2D-gels and for tolerance.

Interruption of the arcB gene resulted in the disappearance
of its 45-kDa product from the gel. Interruption of the arcA

FIG. 2. Selection of penicillin-tolerant derivatives of S. gordonii by cyclic
exposure to penicillin. Panel A illustrates the situation with the SG1 parent cells.
Individual broth cultures were grown to an OD620 of 0.2 and treated for 20 h with
500 times the MIC of penicillin. Surviving bacteria were then washed free of the
drug and allowed to regrow in antibiotic-free medium before a new cycle of
penicillin treatment was started. Repeating such enrichment cycles eventually
selected for derivatives that were tolerant to the bactericidal effect of the drug.
Panel B illustrates the situation after transformation of the kill-susceptible SG1
parent strain with chromosomal DNA prepared from the tolerant mutant Tol1.
The transformed culture contains tolerant transformants (continuous line). Ex-
posure to penicillin resulted in the killing of the nontolerant population and the
selection of the penicillin-tolerant transformants (see the text for details).
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gene resulted in the simultaneous disappearance of both its
own 50-kDa product and the arcB product (I. Caldelari and P.
Moreillon, Abstr. 99th Gen. Meet. Am. Soc. Microbiol., abstr.
A-72, 1999). This confirmed the polarity of the determinants.
However, while successful gene inactivation was achieved, the
mutants were altered neither in bacterial growth nor in the

tolerance phenotype, whether SG1 parent cells or Tol1 cells
were used as the recipient (data not presented). Thus, the arcA
and arcB genes were not directly implicated in tolerance. On
the other hand, the fact that they were overexpressed in several
independent tolerant mutants suggested that they might rep-
resent a marker of tolerance, which could help unravel more
crucial mutation(s). This hypothesis was investigated next.

Expression of the arc locus in SG1 and Tol1. A transcrip-
tional fusion between the arcB ORF and a promoterless luc
gene containing its ribosome-binding site was constructed as
described in Materials and Methods. Emission of light by the

FIG. 5. Promoter expression of the arc operon determined by light emission
by the SG1 parent and the Tol1 mutant containing a luciferase transcriptional
fusion (Table 1, strains SG103 and Tol103, respectively). Broth cultures were
monitored along the whole growth phase. Light emission was expressed in rel-
ative light units (RLU) and plotted against the cultures’ optical densities
(OD620).

FIG. 3. 2D-gel electrophoresis (A and B) and quantification of specific pro-
tein spots (C) in various S. gordonii isolates. Total protein extracts of the parent
strain SG1 (A) and the Tol1 mutant (B) were extracted from cultures in the
exponential growth phase (OD620 5 0.2). Electrophoresis conditions and stain-
ing were as described in Materials and Methods. Arrows indicate the two protein
spots demonstrating an increased intensity in the tolerant mutants. The upper,
ca. 50-kDa spot was identified as an arginine deiminase homologue, and the
lower, ca. 47-kDa spot was identified as an ornithine carbamoyl transferase
homologue. Panel C presents the intensity of the 50-kDa spot (open columns)
and the 45-kDa spot (black columns) of the parent SG1, the tolerant mutants
Tol1 to Tol4, and a backcross transformant of Tol1. The densities of the spots
were determined by scanning densitometry using the Image software (National
Institutes of Health, Bethesda, Md.) and were expressed as a percentage of the
total gel density. Error bars indicate the mean 6 SE of three independent
experiments.

FIG. 4. Partial map of the S. gordonii arc operon (A) and its S. pyogenes
homologue (B). The sequence encompasses the 479 bp preceding the ATG of
the arcA ORF, the whole arcA ORF, and the first 318 bp of the arcB ORF. The
first bp of the S. gordonii sequence is aligned with bp 319 of the S. pyogenes
sequence (accession number X55659). The boxes represent the genes present in
the operon. Base pair numbering is indicated at the top and bottom of the figure.
Numbers indicate the beginning and the end of the alignment, the start and the
stop codons of the arcA genes, and the start codon of the arcB genes. Note that
the S. gordonii operon is missing a 582-bp stretch comprising a 440-bp ORF
(ORF 2) of unknown function present in S. pyogenes. In S. gordonii, the arcA and
arcB genes are separated by a short 49-bp stretch (bp 1708 to 1758) with a
putative promoter sequence. P indicates the putative operon promoters. CRE
indicates the location of a putative catabolic repression element, present in both
S. gordonii and S. pyogenes, at bp 251 and 2135 of the start codon, respectively.
The arrows indicate the positions of the primers utilized for direct and inverse
PCR used to determine the S. gordonii sequence. For direct PCR, the forward
primer (59-TCCACAGACCCGGTAAAG-39) started at bp 537, and the reverse
primer (59-CAATCCCATCAAAC-39) started at bp 2076. Inverse PCR utilized
two divergent primers, the first (59-TCATCAAAGAGAAGACGTTC-39) start-
ing at bp 603 and the second (59-TGGTAGAATCAGACTATCC-39) starting at
bp 912.
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bacteria was measured along the entire range of growth. For
the SG1 parent strain, light emission was low during exponen-
tial growth and increased in postexponential growth (Fig. 5),
indicating that the arc locus was regulated. In Tol1, in contrast,
light emission was proportional to bacterial density during the
whole growth cycle, indicating that the operon was deregulated
and constitutively expressed. The results were very reproduc-
ible and were consistent with the increased production of the
arcA and arcB products detected by 2D-gel electrophoresis
(Fig. 3). We next tested whether arc deregulation correlated
with tolerance transformation in genetic backcross experi-
ments.

Functional association and genetic linkage between arc de-
regulation and tolerance. First we tested whether transforma-
tion of tolerance from Tol1 was always associated with arc
deregulation (Fig. 6A). The parent SG1 strain containing an
arcB::luc-erm transcriptional fusion (strain SG103 in Table 1)

was transformed either with Tol1 or with control (SG2 [Rfr])
DNA and cycled two times with penicillin. Five independent
experiments were performed. In each of them, five indepen-
dent colonies were isolated after penicillin cycling and tested
both for tolerance and for arc deregulation. All of the 25
colonies isolated from the five Tol1-transformed cultures had
become tolerant, and all of them expressed luciferase consti-
tutively. In contrast, none of five control colonies isolated from
control-transformed cultures was tolerant, and none of them
overexpressed luciferase. Thus, transformation of tolerance
from Tol1 DNA was indeed associated with arc deregulation.

Second, we evaluated the genetic linkage between the tol-
erance mutation of Tol1 and the arc locus (Fig. 6B). SG1
parent cells were transformed with DNA from Tol1 containing
the arcB::luc-erm transcriptional fusion (strain Tol103 in Table
1). Transformants were selected for arcB::luc-erm acquisition
on erythromycin-containing plates (transformation rate, 1023)

FIG. 6. Genetic transformation strategies used to determined the functional and physical linkage between the tolerance mutation of Tol1 and the deregulation of
arc. (A) Strategy to test whether the acquisition of tolerance from Tol1 was always associated with arc deregulation. SG103 competent cells (Table 1) were transformed
with Tol1 DNA, selected for tolerance by penicillin cycling, and tested for luciferase activity. (B) Strategy to evaluate the genetic linkage between the tolerance mutation
and the arc locus by determining the frequency of cotransformation of tolerance and the arcB::luc-erm insert into the SG1 parent. SG1 competent cells were transformed
with DNA from Tol103 cells (Table 1). Transformants were selected for Emr and screened both for luciferase activity and for tolerance. The genes are represented
by the boxes. P represents the arc operon promoter. Horizontal arrows represent the transcription activity. The circle indicates the putative location of the tolerance
mutation, and the curved arrow indicates its cis or trans effect with respect to the arc locus.
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and screened for concomitant tolerance and luciferase over-
expression. Cotransformation of arcB::luc-erm and tolerance
would indicate physical proximity of the two markers.

Emr transformants (108) were isolated and contained a func-
tional luc gene, as assessed by light emission in the postexpo-
nential growth phase. In 105 of 108 (97.8%) of them, the arc
locus was regulated and light was expressed only in the post-
exponential growth phase. In 3 of 108 (2.8%) of them, how-
ever, arc was deregulated and light was constitutively expressed.
When rechallenged with penicillin, these three transformants
were fully tolerant. As a control, three Emr colonies that were
randomly picked among transformants expressing low levels of
light activity were killed by penicillin. Thus, the arcB::luc-erm
insert and the tolerance marker were cotransformed in 2.8% of
cases. This was compatible with the concomitant transforma-
tion of two separate markers (congression). Moreover, the rate
of tolerance cotransformation was compatible with that of a
point mutation.

Localization of the tolerance mutation of Tol1 on a specific
chromosomal fragment. The Tol1 chromosome was digested
with SmaI and subjected to PFGE separation. The fragments
were purified and tested either separately or together for trans-
formation of tolerance into SG1 recipients containing the
arcB::luc-erm fusion (strain SG103 in Table 1) (Fig. 7; Table 3).
The cultures transformed with the pooled fragments converted

to tolerance at the third penicillin cycle. Likewise, the cultures
transformed with fragment 3 converted to tolerance after three
cycles. In contrast, none of the other SmaI fragments conferred
tolerance (Fig. 7; Table 3). Again, all tolerant transformants
expressed luciferase constitutively. Fragment 3, containing the
tolerance-transforming activity, was ca. 200 kb in size. Probing
with internal arcA and arcB fragments indicated that this DNA
band also contained the arc operon (data not shown).

Frequency of arc deregulation in additional tolerant mu-
tants selected with penicillin. Since only one of the four orig-
inal mutants analyzed in Fig. 1 was fully characterized, we
reassessed whether arc deregulation was frequently associated
with tolerance by repeating the original penicillin selection
with cells containing the luc transcriptional fusion system. Ten
independent cultures of SG103 (containing the arcB::luc-erm
insert) (Table 1) were cycled with penicillin as in the original
experiment. It took nine cycles for these cultures to convert to
tolerance. In 6 of 10 (60%) of them, conversion to tolerance
was associated with constitutive arc expression. Ten colonies
from each of these cultures were isolated and retested for
tolerance and light emission. Each of them reproduced the
phenotype of the cycled cultures. Thus, selection of tolerance
by penicillin was frequently associated with arc deregulation.
However, other tolerance mutations not associated with arc
deregulation also existed.

DISCUSSION

The present experiments examined the phenotypic and ge-
netic alterations arising in penicillin-tolerant mutants of S.
gordonii. This organism was used as a model because (i) it has
a low penicillin MIC, (ii) it is extensively killed by the drug, (iii)
it is naturally competent, and (iv) it is a human endocarditis
pathogen. Moreover, unlike pneumococci, S. gordonii is not
lysed during beta-lactam therapy. This allows an analysis that is
more restricted to autolysis-independent mechanisms of peni-
cillin-induced killing and penicillin tolerance (13, 25).

One mutant (Tol1) was fully characterized. Tol1 had unal-
tered penicillin-binding proteins but contained increased
amounts of two cellular polypeptides that were more than 80%
similar to the Adi and Oct proteins encoded by the arc operon
of several other bacteria (7, 23, 32, 40).

The present results indicated that these two proteins were
also encoded by a unique arc operon in S. gordonii. However,
although the arc operon was deregulated in Tol1, specific in-
activation of this locus did not yield any phenotype. The ab-
sence of a direct effect of this locus on tolerance was also
supported by the absence of mutations in the partial arc nu-
cleotide sequence of Tol1. On the other hand, it was possible

FIG. 7. Mapping of the tolerance mutation on the Tol1 chromosome (see
Table 3). Tol1 DNA was digested with the restriction enzyme SmaI. The result-
ing fragments were separated by PFGE, extracted from the gel, and utilized
alone or pooled together to transform SG103 cells carrying the arcB::luc-erm
transcriptional-fusion (Table 1). The PFGE pattern and the various fractions
used for transformation are shown. Tolerant transformants were selected after
three penicillin cycles. All cultures were tested in parallel for increased luciferase
activity.

TABLE 3. Mapping of the tolerance mutation of Tol1a

PFGE fractions and genotype Transformation of
Smr marker

No. of
penicillin cycles

Conversion to
Tol1 cells

Luciferase
activityDNA donor Recipient cells

Fraction 1 SG103 (arcB::luc-erm) NDb 3 No 2
Fraction 2 SG103 (arcB::luc-erm) ND 3 No 2
Fraction 3 SG103 (arcB::luc-erm) ND 3 Yes 11c

Fraction 4 SG103 (arcB::luc-erm) ND 3 No 2
Fraction 5 SG103 (arcB::luc-erm) ND 3 No 2
Fraction 6 SG103 (arcB::luc-erm) ND 3 No 2
Fraction 7 SG103 (arcB::luc-erm) ND 3 No 2
Pooled fractions SG103 (arcB::luc-erm) 1023–1024 3 Yes 11

a See the text and the legend to Fig. 7 for a description of the experiment.
b ND, not determined.
c On a scale from 1 to 111.
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that deregulation of this locus was an indirect sign of a more
profound cellular alteration associated with tolerance. Indeed,
a clear association was established between arc deregulation
and tolerance by using a luciferase-based transcriptional fusion
system. In parent cells, arc expression was repressed during
exponential growth and up-regulated during postexponential
growth. In Tol1, arc expression was constitutive. Transforma-
tion of the tolerance phenotype with Tol1 DNA was always
accompanied by a parallel deregulation of arc in the recipient
cells. Moreover, appraising the genetic distance between the
tolerance mutation(s) and the arc locus indicated that the two
determinants were physically distant. This suggested that the
tolerance mutation might act in trans rather than in cis with
regard to arc. Eventually, the tolerance mutation(s) was lo-
cated on a specific chromosomal fragment and transformed at
the rate of a point mutation in DNA backcross experiments.

Several clues suggested that tolerance could result from
some global deregulation in the Tol1 mutant. First, the muta-
tion was likely to involve a trans-acting factor influencing the
expression of the arc operon. Since the proper arc gene prod-
ucts did not affect tolerance, altered transactivation of this
particular locus was probably not the primary purpose of the
tolerance mutation. It is likely that the mutation also affected
other genes that were more important for tolerance and that
arc deregulation was only revealing the alteration.

Second, deregulation of arc was observed not only in Tol1
but also in 6 of 10 (60%) additional tolerant cultures selected
by penicillin. Since these mutants emerged in separate tubes,
they resulted from separate genetic events. The fact that most
of them had altered arc regulation suggested, again, the exis-
tence of a common pathway important for penicillin survival.

Third, tolerance was not specific for penicillin but extended
to several related and unrelated drugs. This indicated that
some central yet relatively nonspecific protective system was
operating in these derivatives.

It is noteworthy that in parent S. gordonii, the arc operon was
repressed during exponential growth and up-regulated in the
postexponential phase. This corresponds to the beginning of
phenotypic tolerance, with which slow-growing bacteria can
survive beta-lactams and other bactericidal drugs (39). In con-
trast, this locus was deregulated in the majority of tolerant
mutants, suggesting a possible relationship between growth
phase, gene regulation, and tolerance. A hint as to such a
relation came from the sequence homology with the arginine
deiminase operon of other bacteria (17, 41). This locus is
controlled by catabolic repression, which responds to carbohy-
drate starvation and is implicated in arginine degradation and
in production of ATP and NH3 (3, 5). Since starvation is linked
to the growth rate and the growth rate is linked to phenotypic
tolerance, it is tempting to speculate on a possible relationship
between genes regulated by catabolic repression and antibiotic
tolerance.

A further clue indicating such a possibility was the fact that
the S. gordonii arc operon contained a homologue of a cata-
bolic regulatory element (CRE) in its regulatory region. In
gram-positive bacteria, catabolic repression is driven both by a
cis-acting CRE sequence, located between 100 and 140 bp
upstream of the regulated locus (18), and by an as yet unde-
termined transacting factor. CRE has a consensus sequence of
14 bp, which we were able to find upstream of both the S.
pyogenes sagp and S. pneumoniae arc operons. In S. gordonii, a
putative CRE sequence, containing only two mismatches, was
also found at position 428 of the sequence, 51 bp upstream of
the first ATG. Therefore, the S. gordonii arc operon might
indeed be regulated by catabolic repression.

Based on the present results, we postulate that the tolerance

mutation(s) present in Tol1 and other tolerant mutants affects
some kind of global regulatory mechanism of the cell that is
important for surviving treatment with penicillin and other
antibiotics. The link between tolerance and arc deregulation
provides a reporter system that will help track down more
central elements of this mechanism. The very likely presence of
a CRE element upstream of this operon is a hint as to the
possible type of alteration present in Tol1. The fact that some
central regulatory system might affect the bactericidal effect of
antibiotics is compatible with several observations, including
that killing by beta-lactams is modulated by the agr (accessory
gene regulator) locus in S. aureus (11) and that VncS-VncR
pneumococcal mutants are tolerant to several unrelated kinds
of antibiotics (31).

Deregulation of the arc operon was frequently observed in
tolerant derivatives selected during penicillin cycling. More-
over, one of the tolerant mutants described herein (Tol1)
caused penicillin treatment to fail in rats with experimental
endocarditis (9). Since the selective pressure used in these
experiments mimicked sequential penicillin treatment, the re-
sulting mutations are likely to be of clinical relevance. Physical
characterization of these mutations and their putative link to
CRE-regulated loci are the focus of ongoing studies.
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41. Zúñiga, M., M. Champomier-Verges, M. Zagorec, and G. Pérez-Martı́nez.
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