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Bacteria possess a repertoire of distinct regulatory systems promoting survival in disparate environments.
Under in vitro conditions it was demonstrated for the human pathogen Staphylococcus aureus that the expres-
sion of most virulence factors is coordinated by the global regulator agr. To monitor bacterial gene regulation
in the host, we developed a method for direct transcript analysis from clinical specimens. Quantification of
specific transcripts was performed by competitive reverse transcription-PCR, and results were normalized
against the constitutively expressed gene for gyrase (gyr). Using sputum from cystic fibrosis (CF) patients
infected with S. aureus we examined the transcription of the effector molecule RNAIII of agr, of spa (protein A),
generally repressed by agr, and of hla (alpha-toxin), generally activated by agr. In the CF lung RNAIII was
expressed poorly, indicating an inactive agr in vivo. Despite the low level of RNAIII expression, spa was
detectable only in minute amounts and an irregular transcription of hla was observed in all sputum samples.
After subculturing of patient strains agr-deficient isolates and isolates with unusual expression profiles, i.e.,
not consistent with those obtained from prototypic strains, were observed. In conclusion, the agr activity seems
to be nonessential in CF, and from the described expression pattern of spa and hla, other regulatory circuits

aside from agr are postulated in vivo.

Over time, bacteria have evolved sophisticated regulatory
circuits to modulate their gene expression in response to dis-
parate environments (25). Our understanding of such adapta-
tion processes during infection is limited by our ability to
recreate host conditions in an experimental setting. Therefore,
the sequential gene expression essential for host colonization,
evasion of the immune system, tissue invasion, and mainte-
nance in different organs remains to be determined for most
bacterial infections. In recent years new approaches have been
developed to identify bacterial genes which are induced during
infection (15, 23). While these methods are very useful for
screening new candidate genes involved in pathogenesis, until
now no method has been available to discern the transcription
pattern of characterized virulence genes directly during infec-
tion.

Staphylococcus aureus causes a variety of local and systemic
infections in humans and is one of the most important com-
munity-acquired and nosocomially acquired pathogens. S. au-
reus infections are probably established via the coordinated
synthesis of extracellular and cell-bound virulence factors (32).
The expression of most virulence factors is controlled by the
global regulator agr, which is thought to be a prime pathogen-
esis factor in S. aureus. The agr locus is composed of two
divergent transcriptional units (RNAII and RNAIII). The
RNA molecule RNAIII is the effector of the operon, which
exhibits negative and positive regulatory functions (17, 29),
activating extracellular proteins such as the hemolysins but
repressing others, for example, protein A and coagulase. The
transcription of RNAIII is highly dependent on the activation
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of the agr genes (agrA, agrB, agrC, and agrD) encoding RNAII.
It has been shown that agrB and agrD are responsible for the
synthesis of an extracellular octapeptide which operates as a
quorum-sensing system (3, 18). This explains the growth-
phase-dependent expression of agr-regulated genes. agrA
shows sequence homology to the response regulator, while
agrC corresponds to the histidine protein kinase signal trans-
ducer (28) of the classical two-component regulatory system
(35). AgrC is thought to bind the octapeptide (18) and subse-
quently to phosphorylate AgrA. The respective promoters for
RNAII and RNAIII (P2 and P3) are both thought to be au-
tocatalytically activated by phosphorylated AgrA (28). Both
promoters are also activated by a second regulatory locus, sar
(8, 26). However, sar influences the expression of virulence
factors not only via agr but also by independent mechanisms
(7). Whereas the regulation of many S. aureus virulence factors
has been studied extensively in vitro, the significance of coor-
dinated gene expression during an actual infection is largely a
matter of speculation.

Especially at risk for developing S. aureus infections are
immunocompromised patients and patients with underlying
diseases such as the genetic disorder cystic fibrosis (CF). Pro-
gressive pulmonary disease due to bacterial infection (i.e., by S.
aureus and Pseudomonas aeruginosa) is the principal cause of
morbidity and mortality in CF patients (11). In the preantibi-
otic era chronic S. aureus lung infections were the leading
cause of death, and the bacteria are still difficult to clear effi-
ciently from the bronchial system, despite the use of antimi-
crobial therapy. The role of S. aureus virulence factors in the
establishment and progression of disease in patients with CF is
largely unknown.

The aim of our study was to develop a method for the direct
analysis of gene expression during bacterial infections. For the
first time, the activity of a global regulator, agr of S. aureus,



VoL. 68, 2000

TABLE 1. S. aureus strains used in this study

Strain Description Reference
ISP479C Derivative of 8325-4, agr* 34
DU5723 spa::Eb* 31
DU1090 hla::Erm" 30
ISP546 agr::Tn551 4
Newman agr® 12
Reynolds agr® 20
Becker agrt 20

which controls the expression of major virulence factors, was
monitored during infection. Here, we report on the investiga-
tion of S. aureus gene expression and regulation during chronic
lung infection in CF patients. Specifically, we examined the
transcription of RNAIII, the effector molecule of the agr
operon. Additionally, transcription of spa (encoding protein
A), a gene repressed by agr, and of hla (encoding alpha-toxin),
a gene activated by agr, was monitored.

MATERIALS AND METHODS

Patients, collection, and bacteriological analysis of sputa. A total of 12 CF
patients of the Centro Fibrosi Cistica in Florence, Italy, were selected for this
study. Eight patients were chronically colonized with S. aureus, and four patients
were colonized with S. aureus and P. aeruginosa. Sputum samples from individual
patients were repeatedly found to be positive for S. aureus over a long time (4 to
15 years), indicating chronic lung infection. Seventeen sputum samples were
collected from the CF patients at their routine visits to the clinic. The sputum
samples were frozen immediately in liquid nitrogen. One aliquot of each sample
was stored at —70°C for RNA isolation. A second aliquot was treated with 1 M
N-acetylcysteine (1:1 [vol/vol]) at 37°C for 30 min for the bacteriological analysis
of the sputa. Serial dilutions of samples in 0.9% NaCl were cultured on sheep
blood agar plates for quantitative bacteriology. S. aureus was identified with tube
coagulase (bioMerieux, Niirtingen, Germany) and Staphaurex plus (Murex,
Burgwedel, Germany). S. aureus colonies were phenotypically characterized by
determining colony appearance (pigmentation) on sheep blood agar plates and
assessing hemolysis on sheep blood agar (for the detection of alpha-hemolysin)
and rabbit blood agar (for the detection of beta-hemolysin) plates after incuba-
tion at 37°C and again after subsequent incubation at 4°C (hot-cold hemolysis of
beta-hemolysin). All isolates were typed with pulsed-field gel electrophoresis
after Smal digestion of chromosomal DNA as described previously (33). Ge-
nome types were defined using a similarity index calculated by the Dice coeffi-
cient.

Bacterial strains and growth conditions. Strains are listed in Table 1. S. aureus
was grown in CYPG (27) or on tryptic soy agar with the appropriate antibiotics.
For phenotypic characterization the cells were inoculated from an overnight
culture to an initial optical density at 600 nm (ODgq) of 0.05 in CYPG and
grown to the mid-exponential (ODgy, = 0.6 at 2.5 h after inoculation), late
exponential (ODg, = 2.5 at 4 h after inoculation), or postexponential (ODgq, =
8 at 8 h after inoculation) phase.

RNA isolation from sputum. Frozen sputum samples were thawed rapidly, and
200-pl aliquots were used for RNA isolation. S. aureus cells were lysed directly
in 1 ml of Trizol LS reagent (Gibco BRL, Karlsruhe, Germany) with 0.5 ml of
zirconia-silica beads (diameter, 0.1 mm) in a high-speed homogenizer (Savant
Instruments, Farmingdale, N.Y.). RNA was isolated as directed in the instruc-
tions of the manufacturer of Trizol.

RNA isolation from culture. Bacteria were grown until the desired growth
phase. A total of 10'° cells were pelleted and lysed in 1 ml of Trizol reagent
(Gibco BRL). Cell lysis and RNA isolation were performed as described above.

DNA digestion. Contaminating DNA was degraded by digesting RNA samples
with DNase. The reaction was performed with 5 mM MgCl,, 40 U of RNasin
(Promega, Madison, Wis.), and 20 U of DNase I (Boehringer Mannheim, Mann-
heim, Germany) at room temperature for 30 min.

Slot blot hybridization. Serial dilutions of sample RNA in 10 mM NaOH-1
mM EDTA were transferred onto a positively charged nylon membrane (Boehr-
inger Mannheim) with a Slot-Blotter (Bio-Rad, Hercules, Calif.). Hybridization
was performed using standard procedures, and the signals were detected by
chemiluminescence. Slot blot hybridization was applied to detect the rare tran-
script gyrase. Specific primers (GenBank accession no. D10489, nucleotides [nt]
219 to 536) TTATGGTGCTGGGCAAATACA and CACCATGTAAACCAC
CAGATA were used to generate a digoxigenin-labeled probe by PCR labeling
(Boehringer Mannheim).

In order to quantify total RNA we developed an rRNA slot blot technique
using a digoxigenin-labeled oligonucleotide (GenBank accession no. X68417, nt
212 to 251) GCAGCGCGGATCCATTAAGTGACAGCAAGACGCTC spe-
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cific for S. aureus 16S rRNA. Serial dilutions of known amounts of a PCR-
generated rDNA fragment (GenBank no. X68417, nt 118 to 341) AACACGTG
GATAACCTACCTA and ACCGTGTCTCAGTTCCAGTGT were employed
as a standard on each blot to quantify the sample RNA. The signal intensity was
determined with a densitometer (Cybertech, Berlin, Germany).

Quantification of specific transcripts with competitive RT-PCR. Reverse tran-
scription-PCR (RT-PCR) was carried out using the TITAN One Tube RT-PCR
System (Boehringer Mannheim). Master mixes were prepared following the
manufacturer’s instructions, using primers as follows: for gyr (GenBank no.
D10489, nt 219 to 536), TTATGGTGCTGGGCAAATACA and CACCATGT
AAACCACCAGATA,; for spa (GenBank no. J01786, nt 254 to 561), TACTTA
TATCTGGTGGCGTAA and GGTCGTCTTTAAGACTTTGA,; for hla (Gen-
Bank no. X01645, nt 489 to 897), AGAAAATGGCATGCACAAAAA and TAT
CAGTTGGGCTCTCTAAAA; and for RNAIII (GenBank no. X52543, nt 1483
to 1242), GAAGGAGTGTTTCAATGG and TAAGAAAATACATAGCACT
GAG. A 25-pl reaction volume was supplemented with various amounts of
competitor RNA (100, 20, 4, 0.8, and 0.16 amol for the quantification of gyr, spa,
and hla; 1,000, 200, 40, 8, and 1.6 amol for the quantification of RNAIII), and
constant amounts of sample RNA were added (1 ng of total RNA for gyr, spa,
and hla; 0.1 ng of total RNA for RNAIII). After RT for 30 min at 50°C the
following temperature profile was utilized for amplification: initial denaturation
at 94°C for 2 min; 35 cycles at 94°C for 30 s, 50°C (55°C for spa) for 30 s, and 68°C
for 45 s (an extension of the elongation step by 5 s per cycle was programmed
after 10 cycles); and a final extension at 68°C for 7 min. To exclude the possibility
of DNA contamination, control samples were subjected to amplification without
prior reverse transcription. Aliquots of the amplified products were analyzed on
a 3% agarose gel. The concentration of specific mRNA was calculated in com-
parison with the competitor.

Construction of specific RNA competitor. Sequence-modified RNA templates
for competitive RT-PCR specific for gyr, spa, hla, and RNAIII were engineered
by a deletion mutagenesis PCR technique using an oligonucleotide composed of
two distinctly spaced target sites, thus generating deletions in the final sequence
to allow discrimination between competitor and target amplicons. The following
primers were used: for gyr (D10489), TTATGGTGCTGGGCAAATACATTA
GTGTGGGAAATTGTCGATAAT (5’ position, nt 219) and GTACGATTTA
ATACCGCCCTCATA (3’ position, nt 898); for spa (J01786), TACTTATATC
TGGTGGCGTAAATGCCTAACTTAAATGCTGAT (5’ position, nt 254) and
TTTTTAGCTTCTGACAATAGG (3’ position, nt 791); for hla (X01645),
AGAAATGGCATGCACAAAAACGAAGAAGGTGCTAACAAAA (5' posi-
tion, nt 498) and TGCAATTGGTAATCATCACGAACTC (3’ position, nt
1185); and for RNAIII (X52543), GAAGGAGTGATTTCAATGGGGATTAT
CGACACAGTGAA (5' position, nt 1501) and TAAGAAAATACATAGCAC
TGAG (3’ position, nt 1242). The resulting PCR constructs were cloned into
pCRII-TOPO (Invitrogen, Carlsbad, Calif.), transformed to XL1-Blue, and se-
quenced to determine the clones containing the correct modification. Using
either of these recombinant pCRII-TOPO plasmid DNAs as a template, a
second PCR was performed with a gene-specific primer for gyr, spa, hla, or
RNAIII, with a 5’ extension encompassing the T7 phage promoter sequence
(instead of using the promoter of the vector), thus generating highly transcrip-
tion-competent amplicons. T7-driven in vitro transcription of single-stranded
competitor RNA was performed using a standard transcription assay (Ribo-
probe; Promega). The reaction mixture was subjected to DNase I treatment
(Boehringer Mannheim), and the RNA was recovered with phenol-chloroform
extraction and isopropyl alcohol precipitation. Quantification of the transcripts
was done spectrophotometrically and verified by ethidium bromide staining on
agarose gels.

Northern analysis. For Northern blot analysis, 2 pg of total RNA isolated
from bacterial cultures was electrophoresed through a 1% agarose—0.66 M form-
aldehyde gel and blotted by alkaline transfer (Turbo Blotter; Schleicher and
Schuell, Dassel, Germany) onto a positively charged nylon membrane (Boehr-
inger Mannheim). The intensities of the 23S and 16S rRNA bands stained by
ethidium bromide were verified to be equivalent in all the samples before trans-
fer. High-stringency hybridization was performed according to the instructions
given by the manufacturer of the digoxigenin labeling and detection kit (Boehr-
inger Mannheim); signals were detected by chemiluminescence. Specific primers
were used to generate digoxigenin-labeled probes by PCR labeling (Boehringer
Mannheim). The following primer pairs were used: for RNAIII (nt 999 to 1510,
SAAGRAB), GAAGGAGTGTTTCAATGG and TAAGAAAATACATAGCA
CTGAG; for spa (nt 219 to 771, SASPA), AGGTGTAGGTATTGCATCTGT
and TTTTTAGCTTCTGACAATAGG, and for hla (nt 498 to 1098, SATOXA),
AGAAAATGGCATGCACAAAAA and TGTAGCGAAGTCTGGTGAAAA.

PCR for detection of the agr operon. The following primer pairs were used for
the detection of agr in S. aureus isolates: for agrA (X52543, nt 3829 to 4342),
CGAAGACGATCCAAAA and TTATCTAAATGGGCAATGAGT; for
agrBDC (X52543, nt 1754 to 2973), CAGTTGAGGAGAGTGGTGTAAA and
AAAAAGTAAGCAGTAAGATAG; and for RNAITIT (X52543, nt 999 to 1510),
TATATTTTAACGGCGGGTCTTCA and TTAATTAAGGAAGGAGTGAT
TT.

‘Whole-cell enzyme-linked immunosorbent assay (ELISA) for detection of pro-
tein A. Bacteria were grown until the desired growth phase was reached. A total
of 10° (ODg, = 1) bacteria were pelleted and washed twice with 0.9% NaCl.
Serial dilutions of cells (1:50 to 1:156,250) in 1X phosphate-buffered saline
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(PBS)-0.05% Tween 20 were transferred onto a membrane filter (Millipore,
Karlsruhe, Germany) with a pore diameter of 0.22 um (at this size, antibodies
can pass through, but bacteria are retained), which was fitted into a dot blotter
(Bio-Rad). No vacuum was applied at this point, so the bacteria remained in
solution. For the detection of cell-bound protein A, the bacteria were incubated
with alkaline phosphatase (AP)-conjugated rabbit anti-mouse immunoglobulin
G (1:5,000 in 1X PBS) for 2 h at 37°C. Excess antibody was removed by washing
three times with PBS-Tween 20 under application of vacuum. Detection of AP
was carried out in 10 ml of 0.1 M Tris-HCI-0.1 M NaCl (pH 9.5) plus 200 .l of
nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (BCIP) solution
(Boehringer Mannheim).

Statistical analysis. The paired Student’s ¢ test was used for the statistical
analysis of data.

RESULTS

Direct transcript analysis from clinical specimens. In order
to gain insight into the regulatory response of S. aureus during
infection, specific transcripts of the virulence genes RNAIII,
spa, and hla were quantified by competitive RT-PCR. Direct
transcript analysis was performed with ex vivo material without
subculturing the bacteria. Briefly, S. aureus cells were lysed
nonenzymatically in the sputa and the RNA was isolated. Con-
taminating DNA was degraded, total RNA was quantified, and
equal amounts were subjected to competitive RT-PCR (Fig.
1). To compare the expression profile during infection with the
transcription pattern in vitro, the RNA derived from the ex-
ponential growth phase and that derived from the postexpo-
nential growth phase of sputum strains grown in culture were
analyzed at the same time.

Because of low bacterial numbers in the specimens, it was
necessary to establish a method for the quantification of iso-
lated bacterial RNA. Therefore, a sensitive slot blot technique
specific for S. aureus 16S rRNA was developed which discrim-
inates between S. aureus-specific RNA and RNA derived from
other organisms within the specimens (Fig. 1A). Serial dilu-
tions of known amounts of a PCR-generated rDNA fragment
of S. aureus 16S rRNA were used as a standard on each blot to
allow quantification. Hybridization was performed with an oli-
gonucleotide specific for a nonconserved region of the 16S
rRNA gene. A sensitivity of 100 pg of S. aureus RNA was
reached and no cross-reaction with RNA derived from P.
aeruginosa was detected (data not shown).

We looked for a constitutively expressed S. aureus gene that
would be suitable for use as an external reference for specific
transcript quantification. In pilot experiments it could be
shown by slot blot hybridization of S. aureus RNA that the
transcription of the gene for gyrase (gyr) was not affected by
cell density and/or agr (Fig. 2). Similarly, gyrase-specific RT-
PCR revealed no significant differences in gyr expression be-
tween the different growth phases (Fig. 1B). Thus, gyr proved
to be suitable for use as an external reference, and in subse-
quent experiments the molar ratio of specific transcripts was
determined in relation to gyr.

To determine the reproducibility of the procedure, RNA
from S. aureus strain ISP479C grown to the exponential and
postexponential phase and from RNA ISP 546 (agr mutant)
grown to the postexponential phase were isolated in quadru-
plicate from each source. Quantification of gyr with competi-
tive RT-PCR resulted in a mean * standard deviation of
0.475 = 0.18 amol/ng of total RNA; again, no significant dif-
ference in gyr transcription was found between the exponential
and postexponential phases (P =< 0.6) and between agr-positive
and -negative strains (P =< 1). The reliability of the quantitative
RT-PCR was further confirmed by comparison with Northern
analysis.

In order to determine the sensitivity limit of direct transcript
analysis, sputum obtained from CF patients not infected with
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FIG. 1. S. aureus cells were lysed nonenzymatically in the sputa, and the
RNA was isolated. The RNA of sputum strains grown in culture was obtained in
the same manner. An S. aureus-specific rRNA slot blot was developed to deter-
mine total RNA. Constant amounts of sample RNA were then spiked with serial
dilutions of gene-specific competitor RNA for gyr, spa, hla, and RNAIIIL. After
competitive RT-PCR the samples were separated by agarose gel electrophoresis
and visualized after ethidium bromide staining. Quantification of transcripts was
possible by comparison with the competitor. (A) Serial dilutions (1:1, 1:5, and
1:25) of samples were hybridized with a digoxigenin-labeled oligonucleotide
specific for S. aureus 16S rRNA. Aliquots of RNA isolated in the exponential
(exp) and the postexponential (p exp) growth phases of S. aureus isolates 21, 22,
and 25 and aliquots of RNA isolated from sputum samples 21, 22, and 25 are
shown. rDNA, rDNA PCR fragment starting with 10 fmol for the control dilu-
tion; ¢, control dilution (1:1). (B) Example of a gel after competitive RT-PCR.
The top shows the detection of gyrase (gyr), and the bottom shows the detection
of RNAIIL. RNA was derived from the exponential (exp) and postexponential (p
exp) growth phases of an S. aureus sputum strain and directly from the sputum.
Constant amounts (1 and 0.1 ng) of sample RNA were spiked with serial dilu-
tions of the competitors (100 to 0.16 amol and 1,000 to 1.6 amol, respectively; —,
no competitor). In all three samples the same amount of gyrase was detectable.
comp., competitor.

S. aureus was inoculated with serial dilutions of S. aureus cells.
RNAIII was still detectable in aliquots containing 10 bacteria;
spa and hla were still detectable in aliquots containing 100
bacteria, and gyr was still detectable in aliquots containing
1,000 bacteria. The sensitivity limits reflect the different con-
centrations of the specific transcripts, since in some strains
RNAIII transcription exceeds that of gyr by a factor of more
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FIG. 2. Slot blot for the detection of the transcript for gyrase. RNA was
derived from the midexponential (m exp), late exponential (I exp), and postex-
ponential (p exp) growth phases of ISP479C (agr™) (the wild type [WT]),
DUS5723 (spa mutant), DU1090 (hla mutant), and ISP546 (agr mutant) (A) and
ISP479C (the WT strain) and the CF isolates 8A, 9A, 10A, 10B and 11A (1:1 and
1:5 dilutions) (B). Samples were hybridized with a digoxigenin-labeled gene
probe specific for S. aureus gyr. ¢, control dilution (1:1).

than 500. The abundance of RNAIII has also been shown by
other investigators (2), and it seems to be necessary for the
optimal functioning of the agr regulon.

Bacteriological analysis of sputum samples. A total of 17
sputum samples from 12 CF patients (Centro Fibrosi Cistica,
Florence, Italy) colonized with S. aureus were assayed. Bacte-
rial numbers were estimated to be in the range of 10* to 107
CFU/ml of sputum in all samples. The S. aureus phenotype
(colony appearance, hemolytic pattern) and genome type were
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also assessed. Within 12 sputum samples only a single pheno-
type could be detected, whereas in 5 sputum samples S. aureus
isolates with dissimilar phenotypes were observed upon pri-
mary subculturing on blood agar plates. Genome typing re-
vealed that one patient was infected with two distinct genome
types and another patient was infected with three distinct ge-
nome types simultaneously (Table 2). In the remaining three
sputum samples the dissimilar phenotypes could be ascribed to
a single genome type each.

RNAIII expression during chronic lung infection in CF. Our
aim was to study the activity of the global regulator agr of S.
aureus in vivo, which is thought to control the expression of
major virulence factors. Interestingly, the bacteria expressed
RNAIII, the effector molecule of the agr operon, poorly in all
the sputum samples (Fig. 3A and Table 2). Since agr is acti-
vated by a quorum-sensing system, we plotted S. aureus cell
numbers in the sputa against the RNAIII transcription in vivo
(Fig. 4). No correlation between density and RNAIII expres-
sion was found. In all the sputum samples the bacterial density
was below the critical threshold for agr activation in vitro (10°
CFU/ml [3]). Transcription of RNAIII in the sputa was always
lower than the expression of the respective S. aureus strain
grown to the postexponential phase. For instance in sputum
sample 10 15 amol of RNAIIl/amol of gyr was detected,
whereas the sputum isolates 10A and 10B produced 300 and
200 amol of RNAIII/amol of gyr, respectively, in the postex-
ponential phase (Table 2). In 15 of the CF isolates, agr could be
activated after subculturing and was characterized by a strong
expression of RNAIII in the postexponential growth phase
(>100 amol of RNAIII/amol of gyr [Fig. 3A]). In eight of the
strains, an inactive agr regulon was found in vitro, meaning that
the expression of RNAIII was either low (<50 amol of
RNAIII/amol of gyr [Fig. 3A]) or not detectable.

Protein A expression during chronic lung infection in CF.
The cell-bound protein A is a prototypic down-regulated target
molecule of agr in vitro. In the sputa, the expression of spa was
greatly diminished compared to its transcription in culture
(Fig. 3B and Table 2). For instance in sputum sample 25, 1
amol of spa/amol of gyr was detected, whereas the sputum
strain 25 produced 8 amol of spa/amol of gyr in the exponential
growth phase and 3 amol of spa/amol of gyr in the postexpo-

TABLE 2. Direct transcript analysis of five CF sputum samples containing dissimilar S. aureus phenotypes®

Sputum

Amt (amol/amol of gyr) of’:

sample Iso No. f"f CfU/ ml GT RNAII spa hla
no. ol sputum
exp p exp s exp p exp s exp p exp s
7 7B 4 % 10° 1 0 12.5 0 5 25 6 0 0.13 1
7C 1 x 10° 1 0 4 10 20 0 1
8 8A 1% 107 19 2 150 8 2 5 2 0.02 0.5 0.03
8B 3% 10° 2 0.2 2.5 5 5 0.08 0.4
8C 1% 107 60 3 200 2 5 0.01 0.1
9 9A 8 X 10° 20 0.08 2 0.2 0.8 4 0.4 0.1 0.6 0.1
9B 4% 10° 20 1.25 150 0.5 0 0.15 0.15
10 10A 4 % 10° 36 3 300 15 0.5 0.2 0.25 0.05 2 1.25
10B 1 x 10° 36 0.8 200 5 2.5 0.065 2
13 13A 1 x 10* 48 40 250 100 0 0 2 0.16 1.6 1
13B 5% 10° 63 4.5 100 0.6 5 0.12 0.4

“Iso, isolate; GT, genome type.

b exp, exponential growth phase; p exp, postexponential growth phase; s, sputum (values are for sputum sample, regardless of isolate).
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FIG. 3. Expression of the S. aureus virulence genes RNAIII (A), spa (B), and
hla (C) during chronic lung infection in CF patients (sputum [white columns])
and in 12 sputum isolates after growth in culture (exponential phase [light grey
columns] and postexponential phase [black columns]). The sputum sample iden-
tification numbers are indicated below the columns. Transcripts were quantified
in reference to the transcription of gyrase (in attomoles per attomole of gyr). As
shown in panel A, agr-positive strains (derived from sputum sample no. 11, 14,
17, 20, 23, 24, 25, and 29) had strong expression of RNAIII in the postexponen-
tial growth phase (>100 amol of RNAIII/amol of gyr) and agr-deficient strains
(derived from sputum sample no. 12, 18, 27, and 32) had expression of RNAIII
that was either low (<50 amol of RNAIII/amol of gyr) or not detectable.

nential growth phase. Even in agr-deficient strains (Fig. 3B,
strains 12, 18, 27, and 32) spa was only poorly expressed in vivo.
However, after subculturing, these strains showed the expected
lack of spa inhibition in the postexponential growth phase.
Alpha-toxin expression during chronic lung infection in CF.
The secreted protein alpha-toxin is a prototypic activated tar-
get of agr in vitro. In the sputa up to 1.25 amol of Ala/amol of
gyr was detected (Fig. 3C and Table 2). Also, after the sputum
strains were grown to the postexponential phase, transcription
of hla never exceeded 2 amol of hla/amol of gyr. The typically
alpha-hemolytic laboratory strains ISP479C, Reynolds, and
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FIG. 4. S. aureus cell numbers (in CFU per milliliter) in 17 CF sputum
samples (sputum sample identification numbers are given within the open cir-
cles) and RNAIII transcription in vivo. The line indicates the threshold for agr
activation in vitro.

Becker showed the same range of hla transcription (4, 1, and
0.5 amol of Ala/amol of gyr, respectively). Therefore, the abun-
dance of the hla transcript is low compared to RNAIII and spa
transcripts. Interestingly, in some agr-deficient strains, ila was
transcribed both in vitro and in vivo at levels comparable to
those in the agr-positive strains (up to 1.5 amol of hla/amol of
gyr [Fig. 3C, strains 27 and 32]).

In vitro characterization of S. aureus sputum strains. A total
of 23 §. aureus isolates were obtained from the 17 CF sputum
samples. The strains were discriminated phenotypically by col-
ony appearance and/or hemolysis on blood agar plates (Table
3). No small colony variants were detected. To rule out the
possibility that the expression pattern observed in the different
sputum samples is due to a unique, CF-specific S. aureus strain,
sputum isolates were typed with pulsed-field gel electrophore-
sis. The 23 CF isolates could be assigned to 11 genome types.
Seven of these genome types were also detected in the nares of
healthy controls (C. Goerke et al., unpublished results).
Hence, the strain population causing infections in CF patients
does not differ from the strain populations colonizing healthy
individuals.

Competitive RT-PCR revealed unusual expression patterns
in some sputum isolates after subculturing. To further analyze
the transcription of RNAIIL spa and hla Northern blot analysis
was performed on strains grown to the exponential and post-
exponential phase. Although this method does not allow ab-
solute quantification of transcripts the comparison with the
RT-PCR yielded the same relative results. Most of the CF
isolates showed a cell density-dependent expression of spa and
hla in vitro comparable to that of ISP479C and consistent with
a functional agr locus (group I of Table 3). A second group
encompassing agr-deficient strains (group II of Table 3)
showed the typical expression pattern of an agr mutant like
ISP546 (expression of spa during postexponential phase). In-
terestingly, such a lack of spa inhibition during the growth cycle
was also found in four agr-positive strains (group III of Table
3). The four isolates do not represent a single clone, as con-
firmed by genome typing (Table 3). To further analyze whether
the enhanced transcription of spa in the postexponential phase
results in elevated cell-bound protein in those strains, we es-
tablished a whole-cell protein A ELISA technique. In concor-
dance with the transcriptional data an increase in protein A



VoL. 68, 2000

TRANSCRIPT ANALYSIS OF S. AUREUS 1309

TABLE 3. In vitro characterization of 23 S. aureus isolates from CF sputa

Group? Result of hemolysis”

Northern analysis®

. GT*¢ Cce RNAIII spa hla
and isolate
R N 4°C exp p exp exp p exp exp p exp
Group I
9B + + + 20 y - ++ + - +/— +/—
10A + + + 36 y +/— +++ +/— - - +
10B ++ ++ +++ 36 w - +++ ++ + - +
11 ++ ++ +++ 62 w + +++ +/— - - +
13A ++ ++ +++ 48 w +/—= ++ +/— +/— - +
17 + + ++ 17 w - ++ + - - +/—
20 + + + 36 w +/— ++ +/—= - - +
23 ++ ++ +++ 2 w ++ +++ ++ + - +
24 + ++ +++ 61 w +/— +++ + +/— +/- +
25 - + + 2 w - +++ + +/— - +/—
29 + + ++ 17 y +/— +++ +/— - - +
Group II
7B - - + 1 y - - + ++ - +/—
7C - - + 1 w - - + ++ - +
8B - + ++ 2 w - - ++ ++ - +/—
9A - - + 20 y - - + ++ +/— +/—
12 - - - 19 w - - ++ ++ +/— +/—
18 - - ++ 19 w - - + + - +/—
27 - - ++ 1 w - - + ++ - +
32 - - +/—= 20 y - +/— ++ ++ - +
Group III
8A + + ++ 19 y - ++ + ++ - +/—
8C ++ ++ +++ 60 w - ++ + ++ - +/—
13B ++ ++ ++ 63 y - + + ++ - +/—
14 ++ ++ +++ 36 w - ++ - +/— +/- +
Group IV
ISP479C ++ ++ ++ w + +++ +/— - +/— ++
DUS5723 ++ ++ ++ w + +++ - — +/— ++
ISP546 - - - w - - + ++ - -

“ For Northern analysis RNA was isolated in exponential (exp) and postexponential (p exp) growth phases and specific transcripts were probed with digoxigenin-
labeled gene probes for RNAIIL spa, and Ala. Signals were detected by chemiluminescence and characterized as follows: —, none; +/—, weak; +, median; ++, strong;

+++, very strong.

 Hemolysis was determined on rabbit (R) and sheep (S) blood agar plates and after incubating plates at 4°C. Responses were characterized as follows: —, none; +/—,

weak; +, median; ++, strong; ++ +, very strong.

¢ C, colony appearance, characterized as yellow (y) or white (w) colonies on sheep blood agar plates.
4 Group I, agr-positive strains; group II, agr-deficient strains; group III, agr-positive strains with inverse spa expression; and group IV, prototypic strains.

¢ GT, genome type.

was observed in strains of group III during growth (Fig. 5). As
expected, the agr-deficient strains (7B and 12) showed consti-
tutive protein A production.

DISCUSSION

In this study we were able to analyze the regulatory response
of S. aureus during an infection in humans. In principle this
approach can be used to study other infections with low bac-
terial numbers and/or the presence of low-abundance tran-
scripts. Here, we show evidence that the S. aureus global reg-
ulator agr is not activated during chronic lung infection in CF
patients. This was demonstrated by quantifying the regulatory
molecule RNAIII in sputum samples and after growth of the
sputum strains in vitro. The transcription of RNAIII in vivo
was comparable to the level of expression in exponential phase
and was always far below the transcription level in postexpo-
nential growth in which the RNAIII level necessary for target
gene activation is reached. The significance of the agr locus as
a virulence factor has been validated in various animal models.
In these models agr mutants were less virulent than the corre-

sponding wild-type strains (1, 6). Possibly the agr operon is
activated only during particular types of infections and/or at
certain stages of a given infection. Generally, surface proteins
(protein A, fibronectin binding protein, etc.) are thought to
play a role in the establishment of infection and subsequent
evasion of host defense, whereas secreted proteins are neces-
sary for progression into new ecological niches (tissue pene-
tration) (28). In the chronic CF lung infection, S. aureus is
localized in and restricted to the highly viscous mucus (36) and
infection is not accompanied by systemic manifestations of S.
aureus. Therefore, the lack of agr activation may be unique for
S. aureus infections in patients with CF. No correlation be-
tween bacterial cell density and RNAIII expression was found
in vivo. One may speculate that agr might be locally activated
due to the higher concentration of the autoinducer within
bacterial clusters which may occur in the viscous sputa. This
may account for the residual RNAIII expression in vivo. How-
ever, single-cell assays which would allow the analysis of gene
expression within such a heterogeneous bacterial population
are not available so far. Recently, another particular S. aureus
phenotype was described in CF patients (16). It was shown by
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FIG. 5. Whole-cell ELISA specific for S. aureus protein A. Serial dilutions of
bacterial cells derived from the exponential (exp) and postexponential (p exp)
growth phases were transferred onto a membrane filter, and protein A was
detected with an AP-conjugated antibody. S. aureus strains Newman and Becker
showed the typical agr-dependent protein A inhibition in the postexponential
phase. The agr-deficient CF isolates 7B and 12 showed constitutive protein A
production. In the agr-positive strains 8C, 13B, and 14, elevated levels of protein
A could be observed in the postexponential phase. Dilutions were as follows: 1:50
(lane 1), 1:250 (lane 2), 1:1,250 (lane 3), 1:6,250 (lane 4), 1:31,250 (lane 5),
1:156,250 (lane 6).

immunofluorescence that the capsular polysaccharide type 5 of
S. aureus was greatly diminished in the CF airways. This phe-
nomenon can be explained by the inactive agr, since the syn-
thesis of capsular polysaccharide is positively regulated by agr
(10) (our unpublished observation).

Interestingly, despite the inactive agr only minute amounts
of spa were detectable in vivo. In contrast, in an animal model
we detected large amounts of spa by using the described
method (data not shown). Therefore, the low spa transcription
may be specific for S. aureus lung infection in CF patients due
to specific environmental conditions and/or host signals within
the lung. The role of spa as a virulence factor is highly disputed
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and depends on the animal model studied (5, 31). Besides the
inhibitory effect of the regulatory loci agr and sar (7) on spa
transcription, little is known about the influence of other sig-
nals. The simultaneous inhibition of RNAIII and spa indicates
the presence of signals and additional regulators not linked to
agr. Possibly the spa inhibition is caused by the increased pro-
duction of sar. However, this would imply that in this case sar
does not activate agr as described by Heinrichs et al. (14).

The transcript of the cytotoxic alpha-toxin was detectable in
all the sputum samples. Transcription was not correlated to
RNAIII expression. Again this indicates additional agr-inde-
pendent regulatory mechanisms in vivo. However, we have no
evidence for the actual production of the alpha-toxin protein.
No damage to the epithelial tissue underlying S. aureus-con-
taining mucus was seen in scanning and transmission electron
microscopy of CF lung specimens (36), suggesting an inactiva-
tion of the cytotoxic alpha-toxin in the mucus by proteases or
antibodies (13, 21). One may speculate that in chronic and
localized infections alpha-toxin is not essential. This hypothesis
is further accentuated by the fact that the small-colony variants
of S. aureus do not produce alpha-toxin (19, 37). Small-colony
variants were found in CF patients receiving trimethoprim-
sulfomethoxazole (19).

After subculturing patient strains, we observed unusual ex-
pression profiles of virulence genes which were not consistent
with those obtained from prototypic strains subcultured in
laboratories over the decades. This illustrates the great diver-
sity of the genus S. aureus. One set of strains (group II) showed
little or no RNAIII even after growth to the postexponential
phase. Like other investigators (17) we observed that sponta-
neous mutations of the agr locus accumulate upon repeated
cultivation on agar plates. Here, we were able to show that
agr-deficient strains are able to infect CF airways. The molec-
ular basis of the agr-deficient phenotype remains to be deter-
mined. Preliminary analysis revealed that PCR fragments with
the expected size and specific for RNAII and RNAIII could be
generated from all strains. Since, as shown here, RNAIII is not
expressed even in agr-positive strains, the agr activity seems to
be nonessential in CF lung infections. The occurrence of agr-
deficient strains in other types of S. aureus infections is cur-
rently under investigation. A second set of strains (group III)
showed a lack of spa inhibition during the growth cycle in an
agr-positive background. The inverse growth-dependent regu-
lation of spa in these strains was not accompanied by an irreg-
ular expression of agr and sar (data not shown). The molecular
basis of the in vitro expression pattern of spa (e.g., differences
in the promoter region of spa or additional regulatory factors
specific to these strains) remains to be determined.

In summary, we analyzed the differential expression of vir-
ulence genes during infection. The observed expression pat-
tern, entailing low levels of RNAIII and spa transcription, may
be specific for chronic lung infection in CF. One may speculate
that under the condition of low bacterial densities as expected
for many types of infection agr is generally inactivated and
replaced with other regulatory circuits. Since this is the first
report on direct transcript analysis in vivo, similar studies on
other important virulence genes and regulons of S. aureus are
required for further elucidation. Simplification of our method,
for instance, by continuous detection of amplicons during
PCR, will help to accelerate future studies. Hybridization tech-
niques, which would help to upscale gene analysis, are limited
by their low sensitivity at the moment and therefore are not yet
applicable for investigations in vivo.

In recent years, new approaches identifying bacterial genes
induced during infection have been developed and applied to
S. aureus (9, 22, 24). While these methods are very useful for
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screening new candidates involved in pathogenesis, our
method provides a direct approach to the evaluation of puta-
tive virulence genes involved in different infections in animals
and, more importantly, in humans. A combination of these
methods should advance our understanding of bacterium-host
interactions.
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