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Staphylococcus aureus is one of the pathogens most frequently isolated in device-related infections. S. aureus
is equipped with surface-associated proteins promoting specific binding to matrix molecules. Clumping factor
A (CIfA, encoded by clf4) mediates adhesion to fibrinogen. Whereas the contribution of CIfA to pathogenicity
is well documented, the influence of different growth and host parameters on gene activity is unclear. To
elucidate this question, we investigated cl/f4 transcript levels in an animal model of device-related infection and
in planktonic and sessile bacteria grown in vitro. Specific mnRNA from the S. aureus strains Newman, Reynolds,
and RN6390 was quantified by LightCycler reverse transcription-PCR. In vitro, clf4 transcript levels were low
in the early logarithmic growth phase, but a clear increase was observed after the late logarithmic phase.
Quantities of clf4 transcripts were four to six times higher in the planktonic than in the sessile bacterial
subpopulations grown to the stationary phase. During infection, in strains Newman and Reynolds levels of cl/f4
transcripts in exudates accumulating in the infected devices were lower than those in the bacteria grown in
vitro to stationary phase. c[f4 mRNA levels in the exudates increased during the initial phase of infection and
remained constant after 96 h postinoculation. In contrast to the in vitro results, quantities of c/f4 transcripts
in the unattached bacteria of the exudates never exceeded the level of clf4 transcripts in the sessile bacteria
attached to glass beads. However, a clear increase in clf4 quantities in the sessile bacteria was observed late
in infection after 144 h. In conclusion, maximal clf4 transcript levels are reached late during growth in vitro

and in vivo.

Staphylococci are the organisms that most commonly cause
infections associated with indwelling medical devices (2, 31,
34). Colonization of the device occurs either at the time of
implantation or by hematogenous spread during bacteremia
(39). After implantation, the sterile surface of the implant is
rapidly coated by host proteins. Among them, fibrinogen and
fibrin are the major components on newly implanted devices
and the dominant ligands mediating binding of Staphylococcus
aureus (32, 33). To promote adherence, S. aureus expresses
several specific adhesins on its surface, which are called
MSCRAMMs, for microbial surface components recognizing
adhesive matrix molecules (21). The specific binding of S.
aureus to fibrinogen is mainly mediated by clumping factors A
(CIfA, encoded by clf4) and B (16, 18). Inactivation of CIfA
results in extreme inhibition of S. aureus attachment to fibrin-
ogen-coated surfaces in vitro and ex vivo (15, 18, 36). Further-
more, the role of CIfA as a virulence factor was shown in an
endocarditis model, where the c/f4-defective mutant produced
about 50% less endocarditis than the parent strain (17). The
determination of the role of a given gene in pathogenicity by
use of site-directed mutants is hampered by the fact that S.
aureus harbors redundant surface adhesins, which might be
able to take over and compensate for the function of the
missing gene. To circumvent this problem, staphylococcal clfA
was recently cloned in Streptococcus gordonii (30) and Lacto-
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coccus lactis (27), which lack the redundant adhesive mole-
cules. CIfA was expressed as a surface protein in these bacteria,
which thereby gained the ability to cause endocarditis in an
animal model (26).

Bacteria may specifically alter the expression of certain
genes upon binding and replicating on a substrate, possibly via
the mediation of various signals such as changes in osmolarity,
oxygen tension, and/or cell density (6, 23). S. aureus has indeed
been shown to respond with differential gene expression (1)
and physiological changes (35) upon binding to a solid sub-
strate. The ability of S. aureus to bind to fibrinogen and fibrin
was thought to be an important step in the initiation of device-
related infection (32). The postulated CIfA activity early in
infection, however, seems inconsistent with the late transcrip-
tion of clfA during growth in vitro (18, 36). Additionally, the
environmental signals leading to clf4 expression have not yet
been determined. The present study was designed to quanti-
tate clfA transcripts during infection and during in vitro
growth. The specific levels of transcripts of c/f4 in both plank-
tonic and sessile S. aureus were quantified in vitro and in a
guinea pig model of device-related infection by using LightCy-
cler reverse transcription-PCR (RT-PCR) (9, 38).

MATERIALS AND METHODS

Bacterial strains and growth condition. Three different S. aureus strains were
used: strain Newman (7), strain Reynolds (13), and strain RN6390 (22). S. aureus
was grown to the desired growth phase in Casamino Acids-yeast extract broth
(CY) (20) with and without aeration in an Erlenmeyer flask containing 15 to 20
sinter glass beads (Sikug 023/300 A; Schott Schleifer AG, Muttenz, Switzerland).

Animal model of device-related infection. The guinea pig model of implant
infection was used (38). Four perforated Teflon tubes filled with 8 sinter glass
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TABLE 1. Oligonucleotide primers and LightCycler
hybridization probes

GenBank
Target . . “
accession Primer Sequence
gene
no.
B D10489 gyrU TTATGGTGCTGGEECAAATACA

gyrL CACCATGTAAACCACCAGATA

gyrFL1 ~ ATTTTAACTGITTTACATGCTGGTGGTAA- F

gyrLC1  Red640- TTTGGCGGTGECGGATACA- ph
clfA 718852 clfUu GGCGTGGECTTCAGIGCTTGTA

clfL CACCAGITACCGECGITTCTTC

clfFL1 GGCGCAAAAT CCAGCACAACAGGAA- F

clfLC1 Red640-CGACACAATCATCATCAACAAATCC

AAC- ph

“F, fluorescein; Red640, LightCycler-Red 640-N-hydroxysuccinimide ester;
ph, 3’-phosphate.

beads each were inserted in the flanks of guinea pigs (29). Two weeks after the
implantation of the tissue cages, 10° CFU of the test strain were inoculated in the
tissue cages. Before inoculation, the interstitial fluid which had accumulated in
the tissue cages was checked for sterility. The exudate was aspirated 48, 96, and
144 h after infection. One aliquot of the exudate was immediately stored in liquid
nitrogen for subsequent RNA preparation. A second aliquot was used for quan-
titative bacteriology. Additionally, 96 and 144 h after bacterial challenge one
animal infected with each of the three tests strains was sacrificed and the tissue
cages were removed. RNA was prepared directly from five glass beads with
sessile bacteria; three glass beads were used to count the adherent bacteria.

Bacterial quantification in vitro and in vivo. Serial dilutions of broth culture
and exudates were plated onto blood agar plates (tryptic soy agar containing 5%
sheep blood). The number of bacteria adhering to the glass beads was deter-
mined as described previously (29). Briefly, for each time point three beads were
washed twice with saline, and each bead was placed in a tube with 2 ml of 0.9%
NaCl containing EDTA (0.15%) and Triton X-100 (0.1%). The beads were
vigorously vortexed in the tubes three times for 15 s. The tubes were then placed
in an ultrasonic bath and sonicated for 3 min at 120 W. After an additional
mixing step, 100 wl was diluted for quantitative bacterial culture on blood agar
plates. With this procedure 97 = 2% of the adherent bacteria can be removed,
as verified with [*H]thymidine-labeled S. aureus (R. B. Spérri et al., unpublished
thesis). The plates were incubated at 37°C for 24 h, after which CFU were
counted.

RNA isolation. For RNA isolation from culture, S. aureus was grown in CY to
the desired growth phase (8, 12, and 24 h). Approximately 5 X 10° bacteria were
pelleted and lysed in 1 ml of Trizol reagent (Gibco BRL, Life Technologies) with
0.5 ml of zirconia-silica beads (0.1 mm in diameter) in a high-speed homogenizer
(Savant Instrument, Farmingdale, N.Y.). Total RNA was isolated as directed in
the instructions provided by the manufacturer of Trizol. At the same time,
approximately 12 glass beads were taken from the same Erlenmeyer flask,
washed in sterile saline, and added directly to 1 ml of Trizol reagent. The lysis
and RNA isolation of S. aureus on glass beads were performed as described
above.

For RNA preparation from exudates, the frozen samples were thawed rapidly
and 200-pl aliquots were used. RNA from S. aureus adhering to five glass beads
was prepared immediately after sacrificing the animals. RNA was isolated and
purified as described previously (11). Contaminating DNA was degraded by
digesting RNA samples with DNase as described previously (10).

Slot blot hybridization. Serial dilutions of sample RNA in 10 mM NaOH-1
mM EDTA were transferred onto a positively charged nylon membrane (Roche
Biochemicals, Mannheim, Germany) with a Slot-Blotter (Bio-Rad, Hercules,
Calif.). For quantification of sample rRNA, known amounts of a PCR-generated
ribosomal DNA fragment were employed as a standard on each blot. Blots were
hybridized with an S. aureus-specific IDNA probe as described elsewhere (10),
and the concentration of rRNA for each sample was calculated. Equal amounts
of sample RNA were serially diluted and probed with a digoxigenin-labeled
probe specific for clf4 (generated by PCR using primers clfU and cIfL; Table 1),
and the signals were detected by chemiluminescence.

Quantification of specific transcripts with LightCycler RT-PCR. Specific, se-
quence-modified RNA standards for quantification of gyrB and cl/f4 mRNA
(Table 1) were engineered as described elsewhere (10). LightCycler RT-PCR
was carried out using the LightCycler RNA amplification kit for hybridization
probes (Roche Biochemicals, Basel, Switzerland). Master mixtures were pre-
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pared in accordance with the manufacturer’s instructions by using the oligonu-
cleotides specific for gyrB and clfA as shown in Table 1. After RT for 20 min at
50°C, the following temperature profile was utilized for amplification: denatur-
ation for 1 cycle at 95°C for 30 s; 45 cycles at 95°C for 1 s (temperature transition,
20°C/s), 55 to 50°C (step size, 1°C; step delay, 1 cycle) for 15 s (temperature
transition, 20°C/s), and 72°C for 15 s (temperature transition, 2°C/s); and fluo-
rescence acquisition at 55 to 50°C in single mode. Melting-curve analysis was
performed at 45 to 90°C (temperature transition, 0.2°C/s) with step-wise fluo-
rescence acquisition. Sequence-specific standard curves were generated by using
10-fold serial dilutions (10* to 10° copies/p.l) of the specific RNA standards. The
number of copies of each sample transcript was then determined with the aid of
the LightCycler software. The specificity of the PCR was verified by ethidium
bromide staining on 3% agarose gels.

RESULTS

Transcription of clf4 in planktonic and sessile S. aureus
during growth in culture. For quantitative transcript analysis
we developed a method for c/fA mRNA determination by
LightCycler RT-PCR. Total RNA of S. aureus strain Newman
was isolated at various time points during growth, and the
specific levels of clfA and gyrB transcripts were quantified.
Calculations were carried out with known amounts of synthetic
RNA molecules as standards. The level of c/fA transcripts was
then normalized against the level of gyrB transcripts, which
were shown to be constitutively expressed during growth up to
early stationary phase (8 h after inoculation) (12). For evalu-
ation of gyrB as the reference transcript in deep stationary
phase (24 h after inoculation) total RNA from equivalent num-
bers of bacteria was independently isolated three times and the
quantities of gyrB transcripts were determined by LightCycler
RT-PCR. During early logarithmic growth (2.5 h after inocu-
lation) 2.1 copies of gyrB/cell, 4.5 copies of gyrB/cell, and 2.9
copies of gyrB/cell (mean * standard deviation, 3.2 * 1.3
copies/cell) were detected, and after 24 h of growth 2.3 copies
of gyrBjcell, 2.9 copies of gyrB/cell, and 2.4 copies of gyrB/cell
(mean = standard deviation, 2.5 * 0.31 copies/cell) were de-
tected. Thus, no significant difference in the amount of gyrB
mRNA between the two phases was observed. The ratio of
clfA/gyrB transcript significantly increased after 4 h (data not
shown), confirming the results obtained by Northern analysis
(36).

Since bacteria may change their phenotype upon binding to
a solid substrate, we investigated the c/f4 transcript concentra-
tions in planktonic and sessile bacteria grown simultaneously
in the same flask. Bacterial RNA was isolated from 1 ml of
liquid culture and from the bacteria attached to the glass
beads. For the experiments three unrelated, prototypic S. au-
reus strains, Newman, Reynolds, and RN6390, were used. For
all three strains tested, bacterial densities of 1.5 X 10° to 6 X
10° CFU/ml were reached during growth in liquid medium
with no slackening in the first 24 h of growth (Fig. 1). After 24 h
bacterial numbers declined, requiring changes of growth me-
dium. From this point on, therefore, only sessile bacteria were
analyzed. The bacterial counts recovered from the glass beads
were similar for all the strains at all time points.

Levels of clfA transcripts were quantified by LightCycler
RT-PCR at each scheduled time point during the stationary
growth phase. The concentration of c/f4A mRNA in strain New-
man was an average of 6 = 2 (mean = standard deviation)
times greater in planktonic bacteria than in sessile bacteria at
8, 12, and 24 h of growth (Fig. 1A). Similarly, in strain Reyn-



2760 WOLZ ET AL.

>

25 1010D
109
m
520 108 ©
B y (1078
2'15 106
g
3 10
2
&
85
0 |
8h 12h 24 h 144 h
B
25 . 1010
é é 109 %
m 20 108
= o o = 107 &
> 15 = PP
(=¥
3
g 10
Q
.% 5
S
0 8h 12h 24h
C 144 h )
25 . N 10
m é 109§
5200 108 2
> = ) a 1072
o
3'15 106
g
5 10
(0]
&
35
0 e ——— ]
8h 12h  24h 144 h

FIG. 1. Quantitative transcript analysis of S. aureus strains New-
man (A), Reynolds (B), and RN6390 (C) by LightCycler RT-PCR in
vitro. Levels of clf4 transcripts 8, 12, 24, and 144 h after inoculation
were quantified in reference to the levels of gyrB transcripts (left y
axis). Levels of c/fA transcripts were determined in planktonic bacteria
(black bars) and in sessile bacteria (hatched bars). At each time point,
bacterial densities (right y axis) in planktonic (black diamonds; CFU
per milliliter) and in sessile bacteria (white squares; CFU per bead)
were determined.

olds a mean of 4.7 = 0.7 times more c/f4A mRNA in planktonic
than in sessile bacteria was detected (Fig. 1B). Strain RN6390
showed markedly less clfA4 transcripts, both in planktonic and
in sessile bacteria, than strains Newman and Reynolds (Fig.
1C). Accordingly, no clfA4 transcript was detectable in RN6390
by using hybridization techniques (data not shown). Prolonged
incubation of the sessile bacteria up to 144 h did not result in
changes in clf4 transcript levels in any of the three strains.
To verify the results obtained by LightCycler RT-PCR, a slot
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blot hybridization using serial dilutions of equal amounts of
total RNA from strain Newman was performed. After 16 h of
growth, clfA mRNA quantities were clearly higher in plank-
tonic (Fig. 2, left) than in sessile S. aureus (Fig. 2, right). Thus,
comparable results were achieved with the different normal-
ization techniques (gyrB transcript levels in LightCycler RT-
PCR, total RNA in slot blot hybridization).

Comparison of the expression of clf4 of planktonic and
sessile S. aureus during device-related infection. Since CIfA is
thought to mediate bacterial attachment to solid surfaces, a
well-established animal model for device-related infection was
used to analyze clfA transcript quantities during infection. Pre-
implanted tissue cages containing glass beads were infected
with 10° CFU of S. aureus strains Newman, Reynolds, and
RN6390. Quantitative analysis of S. aureus transcripts was per-
formed using the aspirated exudates after 48, 96, and 144 h of
infection without subculturing the bacteria. Additionally, 96
and 144 h after inoculation animals were sacrificed and the
tissue cages containing the glass beads were immediately re-
moved. The bacterial counts for the exudates increased over
the course of infection (Fig. 3). On the glass beads, there were
no significant differences in the bacterial counts of the three
staphylococcal strains after 96 and 144 h of infection (5 X 10°
to 10° CFU/bead).

In the prototypic CIfA-positive strains Newman and Reyn-
olds, the amount of cl/fA mRNA in the bacteria from the
exudates increased from 48 to 96 h and then remained at the
same level until 144 h after inoculation (Fig. 3A and B). How-
ever, the transcript level remained below that detected in the
planktonic bacteria during the stationary growth phase (Fig. 1).
In contrast to the in vitro results, levels of clfA4 transcripts in
the unattached bacteria of the exudates never exceeded the
levels of clf4 transcripts in the sessile bacteria attached to glass
beads. In fact, a clear increase of c[fA mRNA was observed in
the sessile bacteria late in infection, after 144 h.

Strain RN6390 expressed less c/f4A mRNA than strains New-
man and Reynolds during infection, and no increase of clf4
mRNA in sessile bacteria 144 h after inoculation could be
observed (Fig. 3C). It is worth noting that with this strain
expression in the exudates was stronger in vivo than in vitro.

DISCUSSION

CIfA is a cell wall-anchored, fibrinogen-binding protein with
the typical characteristics of an MSCRAMM (21). These pro-
teins are responsible for mediating the adherence of S. aureus

1:1 1:5 1:25 1:1 1:5

®®
planktonic sessile

FIG. 2. Slot blot hybridization for the detection of c/f4A mRNA in
planktonic and sessile bacteria in vitro. Equal amounts of total RNA
were serially diluted (1:1, 1:5, 1:25) and hybridized with a digoxigenin-
labeled gene probe specific for clfA.
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FIG. 3. Quantitative transcript analysis of S. aureus strains New-
man (A), Reynolds (B), and RN6390 (C) by LightCycler RT-PCR
during device-related infection. Levels of clf4 transcripts in bacteria of
the exudates (black bars) and in sessile bacteria attached to glass beads
(hatched bars) were quantified in reference to the levels of gyrB tran-
scripts (left y axis). Bacterial densities (right y axis) in the exudates
(black diamonds; CFU per milliliter) and on glass beads (white
squares; CFU per bead) were determined at each time point.

to matrix proteins, which is thought to be an important step in
the establishment of an infection (25). Accordingly, most of the
cell wall-anchored MSCRAMMs (protein A [4], fibronectin-
binding protein [28, 37], and clumping factor B [18]) analyzed
until now were preferentially expressed during the early expo-
nential growth phase. In contrast, clf4 transcripts were mainly
detected in postexponential growth, indicating specific growth
phase-dependent up-regulation of c/f4 transcription and con-
firming previous results (36). However, one cannot exclude the
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possibility that the observed increase in c/fA mRNA during
growth correlates to an increase in specific transcript stability.
The discrimination between de novo synthesis and mRNA
decay is a general problem in expression profiling which so far
has rarely been addressed.

The expression of some MSCRAMMs in the early growth
phase can be explained by the action of global regulatory
systems, including agr and sar. Since neither agr (36) nor sarA
mutants (unpublished observation) differ from wild-type
strains with respect to clfA transcription, the expression of c/fA
in the late growth cycle must be mediated by regulatory factors
independent of agr and sar4. Recently, it was shown that
clumping activity is dependent on ¢® and that a putative o®-
dependent promoter is present upstream of c/f4 (19). o® ac-
tivity reaches its maximum during the late logarithmic phase
and drops toward the stationary phase, as shown by reporter
gene fusion experiments using the o®-dependent promoter of
asp23 (8). However, in contrast to asp23 promoter activity, we
found that clfA transcript levels remained stable during the
stationary phase as well. The o®-dependent transcription of
clfA is further supported by the down-regulation of clf4 in
strain RN6390, which was shown to be deficient in o® activity
due to a mutation in o® activator gene rsbU (3, 14).

We also analyzed whether clf4 transcript levels in S. aureus
change upon binding to a solid substrate. With the prototypic
CIfA-positive strains Newman and Reynolds, we show in vitro
that planktonic bacteria yield greater amounts of c/f4A mRNA
than sessile bacteria. In our experimental design, both bacterial
populations (planktonic and sessile) were grown simulta-
neously under identical conditions with aeration in the same
flask. The variation that we observed suggests differential gene
expression depending on the mode of growth. In a previous
study, it was reported that staphylococci express different sur-
face proteins depending on whether they are grown in liquid or
on solid media (5). The in vitro signals leading to the observed
down-regulation of clf4 upon binding to a surface are not yet
clear. However, after an analysis of gene expression in plank-
tonic versus sessile Escherichia coli it was concluded that
changes in either oxygen tension or osmolarity in the micro-
environment of the attached bacteria could account for the
changes in gene expression (6, 23). The possible role of aera-
tion in signal transduction is emphasized by our observation
that planktonic bacteria grown without aeration (shaking) also
expressed less c/fA mRNA; amounts were comparable to those
found in the fraction of sessile bacteria (data not shown).

Since CIfA of S. aureus mediates adherence to fibrinogen,
one of the host proteins coating indwelling material soon after
implantation, we compared the c/[f4 mRNA levels in plank-
tonic bacteria and sessile bacteria in an animal model. Strains
Newman and Reynolds displayed identical c/f4A mRNA levels
during infection. In these bacteria from the exudates fewer clf4
transcripts than in planktonic bacteria during aerated growth
in vitro were detected. However, the levels were similar to
those found in planktonic bacteria which had been grown with-
out shaking. This is plausible since during infection one would
not expect oxygen tensions to be as high as those in an in vitro
system with shaking flasks.

We found no differences in clf4 transcript levels between bac-
teria from exudates and those attached to glass beads during the
initial course of infection. Surprisingly, however, there was a sig-
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nificant increase in the clf4 transcript levels in the sessile bacteria
144 h after infection; a corresponding increase was not detected
during prolonged growth in vitro. Thus, infection-specific signals
may act on the c/f4 regulatory pathway. Interestingly, others have
been able to show that CIfA expression is induced in small-colony
variants (SCV) of S. aureus (P. Vaudeaux, personnel communi-
cation). One may speculate that the bacteria may change their
phenotype later in infection, mimicking SCV. It was postulated
that the SCV phenotype allows the persistence of infection (24).
However, after the attached bacteria from our animal model were
subcultured, no obvious SCV phenotype was observed. Due to
the specific host environment (e.g., energy depletion) in vivo the
proposed SCV phenotype may be mediated by regulatory circuits
rather than by mutation. Thus, upon subcultivation the phenotype
might be lost.
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