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Thymidine-Dependent Staphylococcus aureus Small-Colony Variants
Are Induced by Trimethoprim-Sulfamethoxazole (SXT) and Have
Increased Fitness during SXT Challenge
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Trimethoprim-sulfamethoxazole (SXT) is a possible alternative for the treatment of community- and hospital-acquired methi-
cillin-resistant Staphylococcus aureus (MRSA) due to the susceptibility of most MRSA strains to the drug. However, after long-
term treatment with SXT, thymidine-dependent (TD) SXT-resistant small-colony variants (SCVs) emerge. In TD-SCVs, muta-
tions of thymidylate synthase ([TS] thyA) occur. Until now, it has never been systematically investigated that SXT is triggering
the induction and/or selection of TD-SCVs. In our study, we performed induction, reversion, and competition experiments in
vitro and in vivo using a chronic mouse pneumonia model to determine the impact of SXT on the emergence of TD-SCVs. SCV's
were characterized by light and transmission electron microscopy (TEM) and auxotrophism testing. Short-term exposure of S.
aureus to SXT induced the TD-SCV phenotype in S. aureus SH1000, while selection of TD-SCVs with thyA mutations occurred
after long-term exposure. In reversion experiments with clinical and laboratory TD-SCVs, all revertants carried compensating
mutations at the initially identified mutation site. Competition experiments in vitro and in vivo revealed a survival and growth
advantage of the AthyA mutant under low-thymidine availability and SXT exposure although this advantage was less profound
in vivo. Our results show that SXT induces the TD-SCV phenotype after short-term exposure, while long-term exposure selects
for thyA mutations, which provide an advantage for TD-SCVs under specified conditions. Thus, our results further an under-

standing of the dynamic processes occurring during SXT exposure with induction and selection of S. aureus TD-SCVs.

S taphylococcus aureus is an important human pathogen which
causes a variety of infections in healthy and hospitalized pa-
tients (1). The increase of methicillin-resistant S. aureus (MRSA)
isolates not only in hospitals but also in the community threatens
the use of B-lactam antibiotics, which are most efficient for the
treatment of S. aureus infections. Since more than 90% of com-
munity-acquired (CA-MRSA) and hospital acquired (HA-
MRSA) strains are still susceptible to trimethoprim-sulfame-
thoxazole (TMP-SMX, or SXT) (2-5), new attention has been
drawn to this old drug. For example, two recent randomized pla-
cebo-controlled studies evaluated the effect of SXT in skin ab-
scesses after incision and drainage in children and adults mostly
caused by CA-MRSA (6-8). Furthermore, De Angelis et al. sug-
gested the use of SXT and clindamycin as first-line drugs as a
therapeutic option in patients suffering from CA-MRSA infec-
tions (9). In contrast, the role of SXT in infections associated with
tissue damage and extracellular available thymidine was ques-
tioned by Proctor (10) because S. aureus can bypass the inhibitory
effect of SXT by external uptake of thymidine.

However, if patients were treated with SXT for extended peri-
ods, the emergence of thymidine-dependent (TD) small-colony
variants (SCVs) of S. aureus has been reported (11-13). TD-SCVs
were recovered from patients with chronic infections, such as soft
tissue infection, bronchitis, peritonitis, endocarditis, and septice-
mia, and in particular with a high prevalence from the airways of
cystic fibrosis (CF) patients, often in combination with an isogenic
normal phenotype (11, 12, 14, 15). Just recently, Wolter et al.
reported a high prevalence of SCVs in children with CF (24%),
and most of these (95%) were TD-SCVs (16). A detailed charac-
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terization of clinical S. aureus TD-SCVs is given in Kahl et al.
(17-19), where special features including gross morphological
changes, impaired cell separation, and altered transcription pat-
terns of important metabolism and virulence genes as well as of
virulence regulators are described. TD-SCVs grow unaffected in
the presence of SXT if TD-SCVs have access to extracellular thy-
midine such as that present in infected tissues and purulent airway
secretions (13, 20).

The antibacterial effects of SXT are due to the interference of
the drug with the bacterial folate pathway by competitive inhibi-
tion of dihydropteroate synthase and dihydrofolate reductase, two
proteins involved in the synthesis and conversion of tetrahydro-
folic acid (THF). THF acts as a cofactor for thymidylate synthase
([TS] thyA), which is essential for the de novo thymidylate biosyn-
thesis (21, 22) required for DNA synthesis and bacterial replica-
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TABLE 1 Analysis of the thyA genes from revertant strains in
comparison to genes of their parent isolates

Predicted
alteration or

Parent strain and TD Alteration(s) point mutation Reference
variant phenotype® in thyA” (position)” or source
Normal-5 — G564T Trp — Tyr (188) 1

SCV-5 + T564G Trp — stop (188) 1

Revertant-5 - T562C, T564G  Trp — Gln (188)  This study
Normal-6 - 1

SCV-6 + C941A Ala—Asp (314) 1

Revertant-6 - C941T Ala — Phe (314)  This study
Normal-7 - 24

SCV-7 + C705A Ser — Arg (235) 24

Revertant-7 - This study
Newman WT - 24

Newman SCV + G748T Glu — stop (249) 24

Newman revertant — G748A Glu —Lys (249)  This study

“TD, thymidine-dependent.

b Only nonsynonymous mutations in thyA compared to the thyA gene of S. aureus
8325-4 are shown.

¢ Amino acid position.

tion. We along with others have shown that mutations in thyA are
responsible for thymidine dependency of S. aureus TD-SCVs and
that the emergence of these SCVsis associated with SXT treatment
(21, 22).

However, until now the emergence of TD-SCVs has never been
studied systematically, which we aimed to do in this study.

MATERIALS AND METHODS

Ethics statement. Animal studies were conducted according to protocols
approved by the San Raffaele Scientific Institute (Milan, Italy) Institu-
tional Animal Care and Use Committee (IACUC) and adhered strictly to
the Italian Ministry of Health guidelines for the use and care of experi-
mental animals.

Bacterial strains and plasmids. Strains and plasmids used in this
study are listed in Table 1. S. aureus SH1000, a sigB-positive variant
(rsbU™) of S. aureus 8325-4 (23), and its AthyA mutant (24) were used for
competition experiments. Three clinical strain pairs of S. aureus, consist-
ing of TD-SCVs and the respective isogenic normal phenotype, were iso-
lated from airway secretions of CF patients who were treated long term
with SXT (24).

Media and growth conditions. For cultivation of S. aureus, tryptic soy
agar (BD, Heidelberg, Germany), Columbia blood agar (BD), Mueller-
Hinton (MH) agar (Heipha Dr. Miiller GmbH, Eppelheim, Germany),
brain heart infusion (BHI) broth (Merck, Darmstadt, Germany), chemi-
cally defined medium to determine auxotrophisms of SCVs (25), and
Luria-Bertani (LB) broth (BD) were used.

DNA extraction and sequencing. S. aureus cells were lysed with lyso-
staphin (WAK Chemie Medical GmBH, Steinbach/Ts, Germany). Chro-
mosomal DNA was prepared using a PrestoSpin D kit (Molzym GmbH
and Co. KG, Bremen, Germany). All thyA sequences were cloned in the
vector pQE30Xa (Qiagen, Hilden, German) using the primers thyA-fwd
(TTG AAT TCA TTT GAT GCA GCA TAT CAC) and thyA-rev (TCA
GGA TCC CTA CAC TGC TAT TGG AGC) as described before (25) and
sequenced at Eurofins MWG Operon (Martinsried, Germany) using the
primers pQE-for (GTA TCA CGA GGC CCT TTC GTC T) and pQE-rev
(CAT TAC TGG ATC TAT CAA CAG GAG).

Induction of TD-SCVs by SXT. To induce/select for TD-SCVs, the
laboratory S. aureus strain Newman was cultured with SXT (240 pg/ml) in
BHI broth (10 ml of medium in 100-ml baffled flasks at 160 rpm and
37°C) for several days. After each overnight (ON) culture, appropriate
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dilutions were streaked on Columbia blood agar. Small colonies were
selected, subcultured, and tested for thymidine auxotrophism (11).

Reversion experiments. First, the background frequency of mutation
was determined by assessing the mutation rate of normal SCVs and TD-
SCVs subjected to rifampin treatment (26). Briefly, one bacterial colony
was resuspended in 20 ml of BHI broth and incubated overnight at 37°C at
160 rpm. Bacterial cells were collected by centrifugation at 3,000 rpm for
5 min and resuspended in 1 ml of BHI broth. A 100-pl sample of this
suspension was further diluted and plated onto BHI agar plates with and
without rifampin. The same dilutions were plated on MH agar plates,
which are low in thymidine, to test for reversion of TD-SCVs. After 48 h,
CFU were enumerated, and the mutation frequency was determined by
dividing the number of CFU on the rifampin plates by the number of
bacteria on BHI agar without rifampin. The reversion frequency was de-
termined as the number of CFU on MH agar.

Competition experiments. To investigate which conditions would
select for TD-SCVs, we performed competition experiments with the wild
type (WT) and a constructed stable AthyA mutant (24). After individual
overnight cultures of the AthyA mutant, which is erythromycin resistant,
and the WT in BHI broth under aerobic conditions (shaking at 160 rpm),
both phenotypes were combined and inoculated to a final optical density
at 578 nm (ODs) of 0.1, consisting of 0.05 OD units of each strain in
fresh medium. The medium was BHI broth (i) without SXT or thymidine,
(ii) with 240 pg/ml SXT, (iii) with 240 wg/ml SXT and 100 p.g/ml thymi-
dine, and (iv) with 100 pg/ml thymidine. After 24 h, cultures were trans-
ferred into fresh broth (OD of 0.1) with the respective substrates, and 100
wl of appropriate diluted aliquots were streaked on Columbia blood agar
with (to select for the mutant) and without erythromycin and on MH agar
for colony counting. This procedure was repeated for 5 days.

Transmission electron microscopy. Samples were prepared for ultra-
structure analysis as described previously (18). Ultrathin sections were
visualized on a transmission electron microscope (Philips EM201)
equipped with a digital imaging system (Ditabis, Pforzheim, Germany).
Normal and SCV phenotypes of cocci were counted on the various im-
ages.

Chronic pneumonia mouse model. The agar bead chronic pneumo-
nia mouse model was used for competition experiments between the WT
(S. aureus SH1000) and the AthyA mutant (27). A starting amount of 5 X
10° AthyA mutant cells/WT bacteria, mixed at a 1:1 ratio, was used for
inclusion in the agar beads prepared according to a method described
previously for P. aeruginosa, with modifications (28, 29). Briefly, S. aureus
strains were cultured in BHI broth with erythromycin (2.5 p/ml) for the
mutant and without erythromycin for the WT overnight at 37°C, adjusted
to a starting ODy, of 0.1, grown for an additional 3 h (SH1000) and 5 h
(AthyA mutant) to allow agar bead preparation. Briefly, the bacteria were
harvested by centrifugation and resuspended in 1 ml of phosphate-buff-
ered saline (PBS; pH 7.4). Bacteria were added to 9 ml of BHI agar (BD),
prewarmed to 45°C. This mixture was pipetted forcefully into 150 ml of
heavy mineral oil at 45°C and stirred rapidly with a magnetic stirring bar
for 6 min at room temperature, followed by cooling at 4°C with continu-
ous slow stirring for 35 min. The oil-agar mixture was centrifuged at 4,000
rpm for 20 min to sediment the beads and washed six times in PBS. The
size of the beads was verified microscopically, and only the preparations
containing beads of 100 pm to 200 pwm in diameter were used as inocula
for animal experiments. The number of S. aureus CFU in the beads was
determined by plating serial dilutions of the homogenized bacteria-bead
suspension on Columbia blood agar plates with or without erythromycin
(2.5 pl/ml). The inoculum was prepared by diluting the bead suspension
with PBS to 1 X 107 CFU/ml.

Groups of 12 to 13 C57BL/6 male mice (20 to 22 g; Charles River
Laboratories) were infected with 5 X10° CFU of S. aureus as described
previously (27, 30). After anesthesia and exposure of the trachea, mice
were inoculated with 50 pl of agar bead suspension into the lung. After
inoculation, all incisions were closed by suture. All mice were maintained
under specific-pathogen-free conditions in sterile cages, which were put
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into a ventilated isolator. Twenty-four hours after infection, mice were
treated with SXT (Cotrim-ratiopharm Ampullen SF; Ratiopharm) (20 mg
of the TMP component/kg of body weight intraperitoneally [i.p.]) or with
saline as a control by intraperitoneal injection once a day. Antibiotic treat-
ment and dose were established according to previous papers (31, 32).
Twelve days after infection and repeated antibiotic treatments, the murine
lungs were excised, homogenized, and plated onto BHI agar plates in the
presence and absence of erythromycin (2.5 /ml).

The mean of the competition index (CI) was calculated as the ratio
between the number of AthyA mutant and WT CFU recovered from the
murine lungs at 12 days postinfection, adjusted by the input ratio of the
inoculum of each animal (in vivo CI) (29, 33).

Statistical analysis. Statistical analyses for the in vivo experiments
were performed by Mann-Whitney U tests for unpaired samples, using
GraphPad software. Tests were considered statistically significant at a sig-
nificance level of =0.05.

RESULTS

SXT-induced S. aureus TD-SCVs. To verify the impact of SXT on
the emergence of TD-SCVs, we set up induction/selection exper-
iments in vitro. We tried to select TD-SCVs by cultivating the
laboratory S. aureus strain Newman, SH1000, and USA300 with
SXT (240 pg/ml) in BHI broth for several days. (SXT MICs for the
strains were 0.38 mg/liter, 0.047 mg/liter, and 0.064 mg/ml). After
three overnight cultures with SXT, appropriate dilutions were
streaked on Columbia blood agar. Small colonies were selected
and subcultured. Only after several repetitions of these experi-
ments were we able to isolate one particular SCV in strain New-
man but not in S. aureus strain SH1000 or USA300. The strain
Newman SCV failed to grow on MH agar plates and was deter-
mined to be thymidine dependent by auxotrophism testing. To
confirm thymidine dependency of this isolate also on the molec-
ular level, we sequenced the thyA gene of this strain and identified
a point mutation at position 748 leading to a premature stop
codon (Table 1). It was not possible to retrieve TD-SCVs directly
after one ON culture with SXT on agar plates. Therefore, it was not
possible to determine the exact thyA mutation frequency. Since
the background mutation rate of strain Newman was 9.44 X 10~ '°
cells per generation, as determined in three independent experi-
ments using the rifampin mutation frequency assay, we could only
estimate the induction frequency as being approximately less than
1 X 107" cells per generation.

Primary mutational events in thyA of TD-SCVs were com-
pensated in revertants. It is known that clinical SCVs are often
not stable and revert back to the normal phenotype (34, 35).
Therefore, we aimed to study reversion of TD-SCVs systemati-
cally. Three consecutive overnight cultures in BHI broth of clinical
TD-SCVs and an in vitro-induced TD-SCV of strain Newman
(Table 1) were performed. Serial dilutions of each passage were
streaked on Columbia blood agar. We were able to recover rever-
tants for SCVs with point mutations (Table 1) but not for TD-
SCVs with deletions in thyA (data not shown). We tried to esti-
mate the reversion frequency of SCVs by plating the samples after
overnight culture in addition to BHI with and without rifampin
also on MH agar to assess reversion frequency. While TD-SCVs
are not able to grow on MH agar, which contains small amounts of
thymidine, revertants can grow on this agar. Since SCVs are im-
paired in their replication, not all of the SCVs yield high numbers
of bacteria after overnight culture. Therefore, it was not possible
to determine the mutation frequency for all TD-SCVs. We were
able to get a high enough density for one of the clinical TD-SCVs
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with 6.45 X 10® CFU/ml. For this TD-SCV we determined a back-
ground mutation rate of 1.55 X 10’ with no growth on MH agar.
From these results we estimated the reversion frequency of this
TD-SCV as being lower than 1 X 10~°. Sequence analysis of the
thyA genes of all revertants revealed second point mutations at the
initially identified mutation site leading back to thyA of the WT
strain or to a novel sequence leading to another amino acid ex-
change (Table 1).

SXT exposure induced the SCV phenotype morphologically
in normal S. aureus cells. To analyze the effects of SXT on S.
aureus, we exposed S. aureus WT (SH1000) and the AthyA mutant
(24) strains to SXT (240 wg/ml). We analyzed the effects on S.
aureus morphology by light microscopy (see Fig. S1 in the supple-
mental material) and by transmission electron microscopy
(TEM). In BHI broth, the AthyA mutant showed significantly en-
larged cocci with multiple and partially incomplete cross walls in
contrast to the homogenous morphology of the WT (Fig. 1A). If
thymidine was added to BHI broth, the sizes of the cocci de-
creased, with a mixture of normal and enlarged cells in the mu-
tant, while the phenotype of the WT did not change (Fig. 1B).
Challenge with SXT did not affect the morphology of the TD-SCV
(Fig. 1C) but caused enlarged cocci with impaired cell division in
the WT strain comparable to the phenotype of the mutant (Fig.
1C). Further addition of thymidine to the medium containing
SXT caused changes in both strains almost leading back to the
normal morphology (Fig. 1D). The prevalences of normal and
SCV phenotypes were determined for the respective images (Table
2). During SXT exposure, 46% of cocci of the WT exhibited the
SCV phenotype, while 69% of the cocci of the AthyA mutant
showed this phenotype. Addition of thymidine under SXT chal-
lenge caused reversion to the normal phenotype in 94% of cocci of
the WT and in 79% of the cocci of the mutant. Using light micro-
scopy analysis (37) of Gram stainings (see Fig. S1 in the supple-
mental material), the sizes of 100 cocci of three biological repli-
cates of each condition were measured and showed the same ef-
fects: the sizes of the TD-SCVs were significantly smaller with
additional thymidine in the medium, with or without SXT, while
the sizes of the WT cells were significantly larger under SXT chal-
lenge, a characteristic which was reverted by the addition of thy-
midine (Fig. 2).

Advantage of the AthyA mutant under SXT exposure in
vitro. To assess both the relative fitness of the AthyA mutant com-
pared to that of its parent strain and the conditions which would
select for TD-SCVs, we performed competition experiments ex-
posing the AthyA mutant and the WT strain to SXT with and
without additional thymidine in BHI broth (Fig. 3). By adding
thymidine to BHI broth, we expected a growth advantage for the
WT under SXT challenge. The WT showed a considerably higher
growth rate than the AthyA mutant in BHI broth without SXT
(data not shown) and comparable growth to that of the AthyA
mutant under SXT challenge. As expected, the WT was the pre-
dominant phenotype under three of the four tested conditions
(BHI, BHI plus SXT plus thymidine, and BHI plus thymidine)
after 5 days of serial subcultures (data not shown). Only under
low-thymidine conditions, as with BHI broth and SXT exposure
(BHI plus SXT), the AthyA mutant outcompeted the WT and
almost entirely displaced the WT within 5 days of serial subcul-
tures (Fig. 3).

Advantage of the AthyA mutant in a chronic murine pneu-
monia model under SXT treatment. To further investigate the
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FIG 1 WT S. aureus SH1000 and the AthyA mutant under SXT challenge with and without thymidine. Strains were cultured in BHI broth under SXT exposure
with and without additional thymidine. TEM was performed to analyze the phenotypic changes of the wild-type (SH1000) and the mutant (AthyA strain) under
different conditions, as follows: BHI, showing the typical phenotypes of WT S. aureus and the AthyA mutant, which is characterized by enlarged cocci with several
division planes (A); BHI broth plus 100 pg/ml thymidine, showing that the WT phenotype did not change but that the mutant was partially complemented with
smaller cocci than in culture with BHI broth without additional thymidine (B); BHI broth plus 240 p.g/ml SXT, which demonstrates that the WT resembles the
mutant under these conditions, with enlarged cocci, while the phenotype of the mutant did not change (C); BHI plus 100 pg/ml thymidine plus 240 pg/ml SXT,
where adding thymidine to SXT-challenged bacteria almost reverts both SCV phenotypes back to the normal phenotypes in the WT and in the mutant (D).

relative fitness of the AthyA mutant in comparison with that of the
WT under in vivo conditions, we performed competition experi-
ments in a chronic murine pneumonia model with or without
SXT treatment (Fig. 4). First, the WT has a significantly better
fitness in the murine lung than the AthyA mutant. After antibiotic
treatment for 12 days, the total number of bacteria present in lung
samples was lower (Fig. 4, top), indicating the therapeutic benefit
of SXT to reduce bacterial infection. However, SXT treatment was
more efficient in reducing bacterial counts of the WT than of the
AthyA mutant strain. As already observed for other pathogens, the
antibiotic treatment failed to completely eradicate chronic infec-
tion under these experimental conditions (33). Thus, significant
reduction of the WT population was observed under treated con-
ditions compared to the level of the untreated condition (P <
0.05), while bacterial counts of the AthyA mutant were un-
changed. In terms of the competition index (CI), the nontreated
group showed a CI value of 0.95 X 107", indicating an advantage
of the WT over the AthyA mutant strain, whereas the treated
group increased the CI to 0.78, resulting in almost comparable

TABLE 2 Frequency of normal and SCV phenotypes of the WT and the
AthyA mutant strains under different conditions

No. of cocci (%) for the indicated Fig. 1 panel and treatment

Strain and B C D
phenotype A (none) (+thymidine) (+SXT) (+thymidine, +SXT)
WT
Normal 100 (100) 92 (100) 18 (54) 50 (94)
SCV 0(0) 0 (0) 15 (46) 3 (6)
AthyA strain
Normal 3 (18) 19 (58) 8(31)  31(79)
SCV 14 (82) 14 (52) 18 (69) 8 (21)
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fitness levels of the mutant and the WT under this condition
(Fig. 4, bottom). These results show that during SXT challenge
the fitness of the mutant, but not of the WT, increased (CI, P <
0.05).
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FIG 2 Size analysis of SH1000 and the AthyA mutant cocci under SXT chal-
lenge with and without thymidine by light microscopy. The WT and the AthyA
mutant were cultured under the same conditions as described in the legend of
Fig. 1. The overnight culture was centrifuged, resuspended in 1 ml of BHI
broth, and subjected to Gram staining and size analysis of each 100 cocci using
OpenCFU. Data are shown for three biological replicates with means and
standard deviations. The significance of differences in sizes of cocci was calcu-
lated by a ¢ test (*, P < 0.05).

December 2015 Volume 59 Number 12


http://aac.asm.org

SXT Induces the SCV Phenotype

1,00E+08

1,00E407

1,00E+06

1,00E+05
1,00E+04
1,00E403
1,00E+02

1,00E401

1,00E+00

Ratio
SCv/wTt < 01 1 %
A

FIG 3 In vitro competition assay of the SH1000 WT and the AthyA mutant under low-thymidine conditions (in BHI broth). After individual overnight cultures
in BHI broth (37°C and 160 rpm), the strains were combined and inoculated to a final OD of 0.1 consisting of 0.05 OD units of each strain in fresh medium (BHI
plus 240 pg/ml SXT). After 24 h of coincubation, an aliquot of the culture (corresponding to an OD of 0.1) was transferred into fresh medium. One hundred
microliters of appropriate dilutions (10™" to 10~°) were streaked on Columbia blood agar (B), on which all bacteria grow, on Columbia blood agar with
erythromycin (B+Ery), on which only the mutant grows, and on Mueller-Hinton agar (M), which allows growth of only the WT and not of the mutant, which
needs additional thymidine. CFU/ml was determined by colony counting (see graphs). The ratio of the number of the SH1000 AthyA mutant CFU to the number
of the SH1000 WT CFU was calculated. Images of the agar plates show the growth of the WT and mutant. At the beginning only low numbers of the mutant were
detected on cultures plated on Columbia blood agar with erythromycin compared to numbers of the WT plated on Mueller-Hinton agar (5.0 X 10° CFU versus
1.0 X 10”7 CFU), while after 5 days of SXT challenge more CFU of the mutant than of the WT were cultured (1.3 X 107 CFU versus 8.0 X 10> CFU), indicating

that the mutant outcompeted the WT under these conditions. TO to T4, time period day 1 to day 5 of coincubation.

DISCUSSION

For more than a decade, it has been shown that the emergence of
S. aureus TD-SCVs is associated with prolonged SXT treatment
(11). However, the reasons why TD-SCVs emerge and why they
are especially associated with chronic S. aureus infections are not
known. This study showed for the first time that SXT exposure
induced, selected, and conferred a survival and growth advantage
to TD-SCVs in low-thymidine-containing environments and that
mutational inactivation of thyA is the molecular mechanism lead-
ing to the clinical TD-SCV phenotype.

Having shown earlier that mutations in thyA caused inactivity
of the protein (24), we aimed to induce TD-SCVs with thyA mu-
tations in vitro by SXT challenge. This was only possible after
prolonged exposure of S. aureus to SXT in BHI broth as shown
here for the widely used laboratory S. aureus strain Newman but
not for strain SH1000 or USA300. After several attempts of induc-
tion, we isolated a typical TD-SCV which did not grow on MH
agar and which was thymidine dependent. Such a low mutation
frequency might be due to the high fitness costs that thymidine
dependency causes for the bacteria, indicating that selection of
TD-SCVs requires long-term exposure. Such results are in line
with earlier studies in CF patients, which showed that TD-SCVs were
isolated after approximately 18 months of SXT treatment (11). The
induced TD-SCV in the S. aureus strain Newman carried a point
mutation in thyA, leading to a premature stop codon. Similar
mutations were already seen in clinical TD-SCVs (21, 22, 24).
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The fact that TD-SCVs were isolated from patients in vivo who
were treated with SXT for long periods (11-13, 16, 24, 36) indi-
cates that particular conditions seem to favor the emergence of
TD-SCVs. To simulate such clinical conditions, we performed
competition experiments comparing the WT and the AthyA mu-
tant during SXT exposure in vitro and in vivo. In the in vitro ex-
periments, the AthyA mutant had a clear growth and survival ad-
vantage under SXT exposure compared to that of the WT in one
out of four tested conditions. Only in BHI broth plus SXT, which
contains low but sufficient amounts of thymidine, did the mutant
out-compete the WT. Low concentrations of thymidine, such as
those present in BHI broth, are supposed to be available in chron-
ically infected tissues in contrast to conditions in acute infections,
with large amounts of thymidine present due to cell detritus, pus,
and DNA degradation (20). Only these conditions favored the
selection of TD-SCVs. In addition, the in vitro results were sup-
ported by our in vivo competition experiments.

In the in vivo competition experiments using a chronic pneu-
monia model, which compared SXT-treated to nontreated mice,
we show that the WT was the dominant phenotype in the non-
treated group. However, SXT treatment reduced the number of
the WT cells significantly but not the numbers of the AthyA mu-
tant cells, indicating an advantage of the mutant in this model
under antibiotic treatment. Although we established for the first
time a 2-week mouse pneumonia infection model for S. aureus,
this extended period still seems to be too short to reflect real long-
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FIG 4 In vivo competition between the AthyA mutant and the WT S. aureus
strain in C57BL/6 mice. The AthyA mutant and the WT S. aureus strain
SH1000 were embedded in agar beads and used to infect 12 to 13 C57BL/6
mice/group. Chronic infection was sustained for 12 days with and without
treatment by SXT, and the numbers of CFU per lung were evaluated on eryth-
romycin-selective plates to distinguish the two competitors (top). CI was cal-
culated by dividing the ratio of the number of CFU of the AthyA mutant/
number of CFU of the WT strain recovered from the lungs by the ratio of the
number of the CFU of the AthyA mutant/number of the CFU of the WT strain
of the inoculum for each animal (bottom). Dots represent individual measure-
ments, and horizontal lines represent the geometric means. A CI of <1 indi-
cated a disadvantage for the AthyA mutant in being maintained in vivo com-
pared with the WT strain SH1000. Statistical analysis was calculated for each in
vivo competition between the two treated groups with and without SXT (*, P <
0.05; *** P < 0.01, Mann-Whitney two-tailed test). The results show that
during SXT challenge, the fitness of the mutant but not of the WT increased.
TMP-SMX, trimethoprim-sulfamethoxazole (SXT).

term infections in humans with CF, which can go on for months
or even years.

However, the in vitro and in vivo results of our competition
experiments indicate that our results can be directly transferred to
the in vivo situation, in which treatment with SXT causes selection
of TD-SCVs at sites where sufficient amounts of thymidine are
available. Zander et al. demonstrated that thymidine is available in
various human specimens (20), showing that thymidine is pro-
vided by pus and cell detritus and thereby allows growth and sur-
vival of TD-SCVs.

Our results allow us to propose a three-step model for the
dynamics of TD-SCV formation and reversion (Fig. 5). If thymi-
dine availability is low, as at some infection sites, short-term chal-
lenge by SXT induces the formation of SCV phenotypes in the
whole S. aureus population, as shown by TEM (Fig. 1), due to
blocking de novo thymidylate synthesis. If SXT is present for ex-
tended periods, such conditions will favor a thymidine-dependent
phenotype based on random mutations within thyA, leading to
inactivity of the TS protein. Two types of functional inactivation
of thyA are possible: (i) point mutations, leading to single amino
acid substitutions, and (ii) deletions, leading to frameshift or in-
frame mutations. If SXT exposure is halted (e.g., end of antibiotic
treatment), TD-SCVs with point mutations may revert, while TD-
SCVs with deletions are very unlikely to revert, thereby represent-
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FIG 5 A model for the dynamics of TD-SCVs. A three-step model explains the
dynamics of TD-SCV formation and reversion. In a low-thymidine environ-
ment, treatment with SXT will induce the formation of SCV phenotypes in the
whole S. aureus population by blocking thymidylate de novo synthesis (step 1).
Two types of functional inactivation of thyA are possible: (i) point mutations,
leading to single amino acid substitutions, and (ii) deletions, leading to frame-
shift or in-frame mutations (step 2). TD-SCVs with point mutations can revert
back to the WT phenotype representing unstable SCVs, while TD-SCVs with
deletions are very unlikely to revert, therefore representing a stable TD-SCV
population (step 3). Once the strains are no longer exposed to SXT, induced
SCVs and TD-SCVs with point mutations revert back to the WT phenotype.

, SXT
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de novo thymidylate
synthesis

b d

stable SCVs

ing a stable TD-SCV population. Once the population is no longer
exposed to SXT, phenotypically induced SCVs revert back to the
WT phenotype while stable TD-SCVs (with mutations in thyA)
will remain. However, treatment with SXT favors TD-SCVs in vivo
and in vitro, and one could speculate that several episodes of treat-
ment will lead to a diversification of the whole S. aureus popula-
tion. This population then consists of WT phenotypes including
revertants with and without point mutations in thyA and TD-
SCVs, which can revert or are stable, depending on the underlying
mutational event.

In summary, our results provide for the first time clear evi-
dence that short-term SXT exposure induces the TD-SCV pheno-
type in WT S. aureus and that long-term exposure drives the se-
lection of mutations in thyA, resulting in TD-SCVs which have a
survival advantage in a specific environment with low thymidine
availability. Thus, our results help further an understanding of the
dynamic processes of S. aureus phenotypic adaptation and selec-
tion during SXT challenge.
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