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The mechanisms underlying the persistence of the Staphylococcus aureus small-colony variant (SCV) are not
fully elucidated. In this study, clinical thymidine-dependent SCVs displayed altered expression of citB, clpC,
and arcA genes, reduced acetate catabolization, and enhanced survival. These results implicate the importance
of changes in tricarboxylic acid cycle and acetic acid metabolism in SCV survival and persistence.

The persistence of Staphylococcus aureus in cystic fibrosis
(CF) and other chronic diseases, such as device-related infec-
tions and osteomyelitis, has been associated with the isolation
of S. aureus small-colony variants (SCVs) (9, 15, 18, 24). SCVs
are slow-growing subpopulations that cause recurrent and per-
sisting infections even in the presence of bactericidal antimi-
crobial therapy (16). Isolates of clinical SCVs are auxotrophic
for substrates, such as menadione, hemin, thiamine, or thymi-
dine (16). While previous work has focused on metabolic and
phenotypic aspects of menadione- and/or hemin-dependent
SCVs (2, 12, 14, 19, 25), most clinical SCVs isolated from the
airways of CF patients were found to be thymidine-dependent
SCVs (TD-SCVs) (11). SCVs display enhanced survival inside
host cells, reducing susceptibility towards antimicrobial pep-
tides; thus, they escape from innate host defense mechanisms
(1, 4, 11, 13, 23). However, bacterial life or death is not only
determined by host defense; rather, the intrinsic long-term
growth and survival characteristics of SCVs may be pertinent
for the course of disease and clinical outcome. Thus, we de-
termined growth and survival of clinical TD-SCVs along with
the corresponding metabolic and gene expression profiles.

Thymidine auxotrophism impairs exponential-phase growth
but enhances stationary-phase survival in the TD-SCV. A TD-
SCV S. aureus strain and its isogenic normal (non-TD) strain
(strain pair 4 in reference 10), both isolated from the airways
of a CF patient, were cultured in brain heart infusion (BHI)
(DIFCO, Germany) broth at 37°C and aerated by shaking at
160 rpm for 1 to 7 days (168 h) (10). Normal S. aureus exhibited
a short lag phase (until 2 h), followed by a rapid increase in cell
density (optical density at 600 nm) during the exponential
phase (2 to 6 h) (Fig. 1A). Between 8 h and 24 h (stationary
phase), the cell density steadily decreased and remained con-
stant for up to 7 days. In contrast, the TD-SCV displayed an
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extended lag phase throughout the exponential growth phase
of the normal strain. The cell density of the TD-SCV increased
between 8 h and 24 h, even though it was very low at 168 h
compared to the isogenic normal strain (Fig. 1A). To assess
stationary-phase survival of the TD-SCV and normal S. aureus,
aliquots of bacteria (200 wl) were withdrawn at the indicated
time intervals to determine viable bacterial counts on BHI agar
plates (incubated at 37°C for 24 h) (Fig. 1B). CFU values of
normal §. aureus coincided with growth curve results, demon-
strating elevated viable bacterial counts during the exponential
growth phase (4 h) through the stationary phase (8 h and 24 h),
followed by a rapid decrease in viability, indicating the en-
trance into the death phase (24 to 120 h). In contrast, the
TD-SCV displayed a significantly reduced number of viable
bacterial counts (0.1-fold compared to the normal S. aureus
value at 4 h). However, considering this initial growth “deficit”
and relating it to the enhanced CFU number of the TD-SCV
in the post-stationary phase (4.1-fold at 120 h), the relative
“survival advantage” of the TD-SCV over the normal isolate
could be calculated as 41.6-fold, hence a delayed entrance into
the death phase.

Thymidine limitation delays pH recovery and ammonia ac-
cumulation in the TD-SCV. We measured the pH of the cul-
ture supernatant of normal (non-TD) S. aureus and TD-SCV
because acidic pH is an indicator of acetic acid production
during normal growth in S. aureus (6, 7, 22). During the expo-
nential growth phase, the pH of the supernatant of the normal
S. aureus decreased to a pH of 6.5 (effect of glycolysis) (Fig.
2A), followed by an increase during late exponential phase,
and reaching a pH of 8.5 to 9.0 during stationary phase (24 h)
(consequence of amino acid catabolism generating ammonia
[Fig. 2B]). In contrast, the pH of the supernatant of the TD-
SCV decreased more slowly and reached a nadir pH of 6.2 at
8 h (Fig. 2A). The culture medium of TD-SCVs experienced
delayed ammonia accumulation until 8 h (Fig. 2B), indicating
reduced amino acid catabolism. The level of ammonia subse-
quently increased during the stationary phase, accompanied by
a gradual increase of pH, even though these changes did not
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FIG. 1. (A) Long-term growth analysis of normal (non-TD) S.
aureus and TD-SCV. Growth curves (optical density at 600 nm
[ODgq]) of normal S. aureus (m) and TD-SCV (@) were determined in
BHI medium under aerobic conditions. Arrows indicate the time
points for total RNA extraction. The data shown are means = standard
errors of the means (error bars) for values obtained from three inde-
pendent experiments. Values that are significantly different from the
values for normal S. aureus (P < 0.001 by ¢ test) are indicated (*).
(B) Thymidine limitation in TD-SCV S§. aureus enhances post-station-
ary-phase survival. Cultural aliquots were removed at different time
intervals of normal S. aureus (m) and TD-SCV (@) from the growth
analysis cultures, plated on BHI agar plates, and incubated at 37°C for
24 h to 48 h. The values (CFU per milliliter) were determined in
triplicate. The data shown are means * standard deviations (error
bars) for values obtained from two independent experiments. The
indicated increases (0.1-fold and 4.1-fold increases) relate CFU counts
of the TD-SCV with those of normal S. aureus at respective time points
(4 h and 120 h) and refer to differences in viability of the TD-SCV
versus normal S. aureus (please refer also to the calculated “survival
advantage” in “Thymidine auxotrophism impairs exponential-phase
growth but enhances stationary-phase survival in the TD-SCV.”). The
comparison of the two curves as a whole shows that the curves are
significantly different referring to the population as well as the incu-
bation time (two-factor analysis of variance, P = 0.001), with signifi-
cant differences at select time points (*, P < 0.05 compared to normal
S. aureus [t test]).
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affect the final growth and survival of the TD-SCVs. However,
as the reduced growth of TD-SCVs (Fig. 1A) coincides with
these metabolic characteristics, the respective contributions of
amino acid catabolism, reduced tricarboxylic acid (TCA) cycle
metabolism (shown below) and decreased cell numbers, cannot
be separated.

TD-SCVs lack acetate catabolism and concomitantly display
decreased citB and clpC transcription. Previously, we have
shown that an S. aureus c[pC mutant exhibited an enhanced
stationary-phase survival due to the lack of a functional TCA
cycle which is required to facilitate the catabolism of secondary
metabolites (e.g., acetate) during post-exponential-phase
growth (5, 20, 22). On the basis of these observations and on
the fact that TD-SCV demonstrated enhanced post-stationary-
phase survival, we hypothesized that this delayed entrance into
the death phase was dependent upon a delayed catabolism of
secondary metabolites. To test this hypothesis, we (i) deter-
mined glucose and acetate concentrations in the supernatant
of the normal (non-TD) and TD-SCV cultures and (ii) deter-
mined expression levels of the genes encoding aconitase (citB)
(the enzyme involved in the first step of the TCA cycle) and the
ClpC ATPase (clpC) (encoding a heat shock protein; shown to
be involved in maintaining/regulating the TCA cycle [5]). In
accordance with published data (22), glucose was completely
consumed in the normal S. aureus by 4 h (Fig. 2C). The TD-
SCV catabolized glucose more rapidly when the value was
calculated as glucose consumed per CFU count. Derepression
of the TCA cycle occurs upon depletion of readily cataboliz-
able carbon source(s) like glucose and/or glutamate coinciding
with the depletion of acetate from the culture medium (22).
Consequently, the normal S. aureus cells started to catabolize
acetate after 4 h, and by 7 h, acetate was completely depleted
from the culture medium (Fig. 2D). In striking contrast, the
TD-SCVs failed to catabolize acetate until 120 h (Fig. 2D),
suggesting that thymidine auxotrophy resulted in delayed TCA
cycle function. Moreover, lactate was only briefly detected
between 2 and 8 h (Fig. 2E), excluding induction of a fermen-
tative metabolism as seen in a hemB SCV (12).

mRNA transcript levels of citB and clpC relative to gyrB
expression were determined by real-time RT-PCR as previ-
ously described (5). Total RNA of normal (non-TD) S. aureus
and TD-SCV was isolated as indicated by the growth curve
(Fig. 1A), and the same amount of total RNA (8 pg) for each
strain was used for synthesis of cDNA, both at exponential
phase and stationary phase. Exponential-phase transcription of
citB was repressed in both strains as shown previously (5, 12,
22) (Fig. 3A). During stationary phase, the increase in tran-
scription of citB in normal S. aureus was associated with a
decrease in acetate levels (Fig. 2D). In contrast, relative tran-
script levels of citB in TD-SCV were reduced fourfold during
the stationary growth phase compared to the normal strain. In
contrast to citB, clpC transcription levels were up-regulated
during exponential-phase growth in the TD-SCV probably due
to thymidine limitation stress (Fig. 3B). Interestingly, during
stationary phase, clpC gene transcription was reduced fivefold
in the S. aureus TD-SCV versus the isogenic normal strain (Fig.
3B), suggesting yet another mechanism (i.e., reduced mainte-
nance of aconitase activity) contributing to impaired TCA cy-
cle function.
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FIG. 2. Determination of external pH, glucose concentration, and levels of metabolites (ammonia, acetate, and lactate) in the culture
supernatant. At different time intervals, supernatants of normal (non-TD) S. aureus (m) and TD-SCV (@), cultivated in BHI medium, were
analyzed for (A) external pH and (B) ammonia, (C) glucose, (D) acetate, and (E) lactate concentrations. External pH data are means * standard
deviations (error bars) for values obtained from three independent experiments. Values that are significantly different from the values for normal
S. aureus (¢ test) are indicated (*, P < 0.01; **, P < 0.001). Ammonia, glucose, acetate, and lactate data are representative results of at least two

independent experiments.
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FIG. 3. Real-time reverse transcription-PCR quantification. Gene ex-
pression of (A) citB (encoding aconitase), (B) clpC (encoding ClpC ATPase)
and (C) arcA (encoding arginine deiminase) was determined in normal (non-
TD) S. aureus and TD-SCV at exponential growth phase (EP) and stationary
growth phase (SP) by real-time reverse transcription-PCR. The transcript
quantities relative to the values for an internal control (gyrB) transcript ex-
pressed as changes in the increase (n-fold increase) are shown. Data are
means plus standard errors of the means (error bars) for values obtained from
three independent experiments. (EP for normal S. aureus is 2.5 h, while SP is
7 h; EP for TD-SCV is 4.5 h, while SP is 9 h).
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TD-SCVs do not use the ADI pathway during stationary-
phase metabolism. Another pathway which is utilized by S.
aureus and by a variety of other bacteria under acidic and
decreased energy conditions is the arginine deiminase (ADI)
pathway (3, 12, 17). Therefore, we ascertained whether TD-
SCVs display increased transcription of genes of the ADI path-
way, as seen in a hemB mutant with the SCV phenotype (12).
Consistent with our hypothesis, arcA transcript levels were
markedly increased in the TD-SCVs compared to the normal
(non-TD) strain (Fig. 3C), but this was pertinent only during
the exponential phase. During the stationary phase, arcA4 tran-
script levels in both the strains were down-regulated (Fig. 3C).
The catabolism of arginine usually involves the ADI pathway;
however, supplementation of TD-SCV cultures with L-arginine
at a concentration of 5 mM could not restore their growth and
viability (data not shown). These results implied that TD-
SCVs, in contrast to the ~emB mutant, did not utilize the ADI
pathway during stationary-phase metabolism and survival.

Conclusions. Our results suggest that several mechanisms
may contribute to enhanced post-stationary-phase survival in
TD-SCVs. Thymidine auxotrophism is accompanied by a delay
in TCA cycle function, thus preventing entry into the death
phase of TD-SCVs in a complex medium. Moreover, as a fully
functioning TCA cycle is essential for amino acid catabolism
(20), the absence of catabolism of nonpreferred carbon sources
like acetate results in delayed amino acid catabolism. Further-
more, down-regulation of the heat shock protein ClpC ATPase
was detected in the TD-SCVs during stationary phase; both
ClpC and/or activated SigB (which is also decreased in TD-
SCVs as we previously showed [10]) might be involved in the
regulation of the TCA cycle under thymidine starvation con-
ditions (5; this study).

The observed thymidine auxotrophism of our clinical SCVs
suggests that the thymidine synthase pathway is compromised,
and our sequence data for thyA (thymidylate synthase gene;
annotated as SA1260 in the S. aureus N315 genome) in TD-
SCV supports this assumption. Initial experiments using a
thyA-complemented SCV strain suggest (partial) reversal of
all phenotypes of the TD-SCV presented in this report (L.
Chatterjee, unpublished data).

In contrast to the completely fermentative growth demon-
strated for a hemB mutant with the SCV phenotype (12), the
TD-SCV generates acetate under oxidative growth conditions
during stationary phase. This indicates that TD-SCVs isolated
from CF patients use different metabolic pathways for adap-
tation during stationary-phase survival in comparison to a lab-
oratory-generated insertional inactivation hemB mutant with
the SCV phenotype.

Inactivation of aconitase increases long-term survival and
persistence of S. aureus and reduces production of formylated
8-toxin, a chemoattractant for human leukocytes (21). More-
over, the agr effector molecule RNAIII, which also encodes the
8-toxin message (hid) (8, 21), is lacking in post-stationary-
phase S. aureus populations (10). Taken together, we propose
that the combination of a decrease in citB transcription and
reduced levels of 8-toxin may support enhanced persistence of
TD-SCVs, owing to a bacterial survival advantage and suppres-
sion of the host immune response.
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