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ABSTRACT

In bacteria, gene regulation is one of the fundamen-
tal characteristics of survival, colonization and
pathogenesis. Operons play a key role in regula-
ting expression of diverse genes involved in meta-
bolism and virulence. However, operon structures
in pathogenic bacteria have been determined
only by in silico approaches that are dependent
on factors such as intergenic distances and
terminator/promoter sequences. Knowledge of
operon structures is crucial to fully understand
the pathophysiology of infections. Presently, trans-
criptome data obtained from growth curves in a
defined medium were used to predict operons in
Staphylococcus aureus. This unbiased approach
and the use of five highly reproducible biological
replicates resulted in 93.5% significantly regulated
genes. These data, combined with Pearson’s corre-
lation coefficients of the transcriptional profiles,
enabled us to accurately compile 93% of the
genome in operon structures. A total of 1640
genes of different functional classes were identified
in operons. Interestingly, we found several operons
containing virulence genes and showed synergistic
effects for two complement convertase inhibitors
transcribed in one operon. This is the first experi-
mental approach to fully identify operon structures
in S. aureus. It forms the basis for further in vitro
regulation studies that will profoundly advance the
understanding of bacterial pathophysiology in vivo.

INTRODUCTION

Staphylococcus aureus is the major cause of intravascular
and systemic infections such as bacteremia, endocarditis
and sepsis (1,2). Nonetheless, knowledge of the regulation
of responses of S. aureus to growth in vitro and upon

interaction with the human host in vivo is limited (3).
Prokaryotic gene expression is tightly regulated under
different conditions, depending on cell density (quo-
rum sensing), energy availability and environmental
signals (4,5).
Microbial growth under laboratory conditions can be

divided in three phases: (i) lag phase, when nutrients are
abundant and cell density is low; (ii) log phase, when cells
grow exponentially; and (iii) stationary phase, when nutri-
ents are scarce or absent and cell density is high. In
general, in log phase many ribosomal proteins are
abundantly expressed, while in stationary phase stress
response genes and quorum sensing genes are up-regulated
(6–9). The expression of genes related to virulence is of
special interest in the interaction with the host. Virulence
gene expression in many pathogens including S. aureus
and Group A Streptococci is required to evade the
innate immune system and establish microbial survival
in the host (10,11). Usually, virulence genes encoding
surface proteins are up-regulated during log phase, while
toxins are up-regulated during stationary phase (12).
An operon is a series of genes transcribed as a single

mRNA, mostly identified by short intergenic distances
and the presence of a single promoter in front of the
first gene and a terminator at the end, but more complex
structures have been described (13–18). Several theories
have been postulated to explain the formation of
operons. Firstly, genes transcribed in an operon are
usually functionally related and are often involved in the
same metabolic pathway (16). Secondly, operons ensure
cotransfer of genes to other genomes via horizontal
transfer, thereby increasing fitness and preservation of
constituent genes (19). Operons have an important role
in regulated gene expression and an estimated 50% of
the genes in prokaryotes are part of an operon (16).
However, hardly any operon structures have been exper-
imentally identified for important pathogenic Gram-
positive bacteria. In addition, the role of operons in the
regulation of virulence genes is hardly known. Operon
predictions have mainly been based on the Escherichia
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coli genome and, to lesser extent, the Bacillus subtilis
genome. These predictions take into account intergenic
distances, conservation of gene clusters, functional rela-
tions and the limited available experimental evidence
(13,20). For S. aureus, mainly in silico operon predictions
are available based on the intergenic distances, conserved
gene clusters and, to a lesser extent, rho-independent ter-
minators and the few experimentally validated operons
(13,18). Co-expression patterns from microarray experi-
ments and high-density oligonucleotide probe arrays in
combination with in silico predictions have already been
successfully used as an operon prediction tool in E. coli
and are considered as accurate (21,22).
Another important feature for understanding gene

regulation is the presence or absence of 50- and
30-untranslated regions (UTRs). Prokaryotic 50-UTRs
can have important regulatory functions, since ribo-
switches, which are known to regulate metabolic pathways,
are located within the 50-UTR and many trans-encoded
small non-coding RNAs (sRNAs) bind to the 50-UTR
to regulate translation and/or stability of the mRNA
(23–25). The 30-UTRs have a stabilizing effect and
prolong the half-life of the mRNA transcript (23,24).
In the present study, we performed a growth-dependent

RNA expression analysis of the highly virulent,
community-acquired methicillin-susceptible S. aureus
strain MSSA476 to determine operon structures in the
staphylococcal genome. We found 62% of the genes
located within an operon. Data were compared to and
combined with an online in silico prediction method,
which is to our knowledge the most complete available
operon prediction for S. aureus, as well as to a
computational operon prediction (18).

MATERIALS AND METHODS

Bacterial strain

The sequenced, highly virulent, community-acquired
methicillin-susceptible S. aureus strain MSSA476 (26)
was used.

Growth conditions

MSSA476 was grown overnight in Iscove’s Modified
Dulbecco’s Medium (IMDM) (Invitrogen, Carlsbad,
CA, USA). These overnight cultures were diluted (1:7)
in fresh prewarmed IMDM and grown twice to mid-log
phase culture (A660nm �0.5) prior to the growth experi-
ment. The second mid-log phase culture was diluted to
an A660nm of 0.3 with prewarmed IMDM and directly
transferred to fresh prewarmed IMDM to obtain an
A660nm of 0.03. Samples were taken at 1, 2, 3, 4, 5, 6
and 9 h post-inoculation. The A660nm was measured and
dilutions were plated on sheep blood–agar plates to deter-
mine colony forming units (CFUs). Cultures were
incubated at 37�C and 180 rpm.

RNA extraction

RNA extraction was performed at room temperature
unless stated otherwise. RNA was purified using the

NucleoSpin RNA II total RNA isolation kit (Macherey-
Nagel, Düren, Germany) according to manufacturer’s
protocol with some adjustments. Bacteria were spun for
30 s at 13000 r.p.m., immediately resuspended in 350 ml
RA1 buffer supplemented with 3.5 ml b-mercaptoethanol
(Sigma-Aldrich, St. Louis, MO, USA) and vortexed
vigorously. Resuspended bacteria were added to 0.5ml
of 0.1mm silica beads (Merlin, Breda, The Netherlands)
and disrupted using a mini-Beadbeater (BioSpec Products,
Bartlesville, OK, USA) for 30 s at 5000 r.p.m. Resulting
samples were frozen at �80�C overnight. The samples
were thawed slowly and purified. Total RNA was eluted
in 60 ml RNase-free MilliQ water. RNA yield was
measured using a NanoDrop ND-1000 (Nanodrop
Technologies, Wilmington, DE, USA) and quality
was measured using a 2100 BioAnalyzer (Agilent
Technologies, Palo Alto, CA, USA). Both the RNA integ-
rity number (RIN) and the presence of degradation
products were checked.

Microarray design

A whole genome Agilent microarray (8� 15k) was
designed using the MSSA476 sequence with the Agilent
Technologies eArray microarray design software
(https://earray.chem.agilent.com/earray/). The complete
design was performed in a two-step procedure. First,
60-mer probes were designed to target all protein-coding
genes, as well as rRNA, tRNA, sRNA of MSSA476, and
the naturally occurring plasmid pSAS. Probes were mainly
designed at the 30-end of the genes. One probe per tar-
get was designed and tested for cross-hybridization.
Intergenic regions were defined as non-coding regions
between adjacent genes irrespective of their orientation
with no gene present on the opposite strand. Probes
were designed to cover the complete, specified intergenic
regions on both strands with at least one probe per
hundred nucleotides, where possible. Secondly, probes
were validated. BLAST was used to exclude from the
analysis all probes which, besides the target, matched
the genome over a length of 20 nt or more.
Furthermore, all probes that did not give a signal in a
comparative genomic hybridization experiment using the
same array design were excluded from the analysis.

Labeling, hybridization and scanning

Total RNA was labeled in a one-step labeling with fluo-
rescent dyes by direct labeling. A total of 10 mg RNA was
randomly primed with Superscript II reverse transcriptase
(Invitrogen) and random hexamers (12.5 ng/ml) in a total
volume of 30 ml for 2 h at 42�C with the incorporation of
Cy5- or Cy3-dUTP (Agilent Technologies) with a ratio
dUTP/dTTP of 3/1, yielding �4 mg labeled cDNA. RNA
template was removed by hydrolysis with 3 ml 2.5M
NaOH (Sigma-Aldrich) for 15min at 70�C. Hydrolysis
was stopped by neutralization with 15 ml 2M MOPS
(Sigma-Aldrich) and put on ice. Labeled cDNA was
purified using Qia-quick polymerase chain reaction
(PCR) purification kit (Qiagen, Valencia, CA, USA).
Incorporation of Cy3 or Cy5 was determined using a
NanoDrop ND-1000 apparatus.
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The common reference was created by pooling 400 ng
Cy5-labeled cDNA sample of each time point of each
growth curve, 35 points in total. Labeled cDNA was
hybridized according to the manufacturer’s protocol
(Agilent Technologies). A total of 300 ng Cy3-labeled
cDNA and 300 ng Cy5-labeled common reference was
mixed and 10�blocking agent was added to a total
volume of 25 ml. The mixture was heated to 95�C for
3min, followed by addition of 2� hybridization buffer
to a volume of 50 ml. A total of 40 ml was loaded onto
an 8� 15k array and hybridized for 18 h at 65�C and 20
r.p.m. in a dedicated hybridization oven (Agilent
Technologies).

After the hybridization, the arrays were washed in
buffer 1 for 1min at room temperature, 5min in wash
buffer 1 at room temperature and, finally, 1min in wash
buffer 2 at 37�C (Agilent Technologies). Slides were
spun for 3min at 300 r.p.m. to dry and were scanned
immediately. Data was extracted and processed using
Feature ExtractionTM version 9.5.1 software (Agilent
Technologies). Median spot intensities were determined
using the same software.

Data analysis and statistical analyses

Processing of the data was performed using R (version
2.7.0) and the Bioconductor MAANOVA package
(version 1.10.0). All slides were subjected to a set of
quality control checks, which consisted of visual inspection
of the scans, examination of the consistency among the
replicated samples by principal component analysis
(PCA), testing against criteria for signal to noise ratios,
testing for consistent performance of the labelling dyes
and visual inspection of pre- and post-normalized data
with box and ratio-intensity plots. When the data was
checked for effects of (random) experimental factors,
slide and sample effects were observed. Slide effects were
detected because eight arrays were printed on one glass
slide and sample effects occurred as a consequence of the
repeated measure design. After log2 transformation, the
data were normalized by a LOWESS smoothing procedure
to correct for dye bias effects. The resulting data were
analyzed using a two-stage mixed ANOVA model
(27,28). The gene specific model included terms for
Array, Slide and Sample effects (random), and Time and
Reference (fixed). Genes that were differentially expressed
between any of the time points were identified by a permu-
tation test. Resulting P-values were corrected for multiple
testing by calculating the false discovery rate (FDR) (29).
The significance threshold was set at 0.05 FDR.

Operon prediction

Correlation coefficients of transcriptional profiles were
determined for all adjacent probes, including the profiles
of probes in intergenic regions. Pearson’s correlation coef-
ficients of the transcriptional profiles for all adjacent
probes were calculated over all time points and replicas
using the following formula:

r¼ Covðx,yÞ=ðsx:syÞ ðwith � 1 � r � 1Þ:

A correlation coefficient of �0.80 was used for the
prediction. Operons were determined by correlating
the time-dependent transcriptional profiles of adjacent
probes with all five replicas included. Correlation was
thus calculated over 35 points and visualized. The distri-
bution of non-correlated probes was determined for
probes that were either 50 probes separated from each
other or for probes that were adjacent to each other but
on opposite strands. Both analyses resulted in similar dis-
tributions. Based on this distribution, 6.2% of the probes
would indicate false positive operon predictions at a
correlation coefficient of 0.80. Predicted operons
were compared to an online in silico prediction
(http://bioinformatics.biol.rug.nl/websoftware/operon/
operon_start.php) and to a computational analysis based
on strain Mu50 (18). These predictions are based on
intergenic distances and rho-independent terminators or
gene orientation, intergenic distances, conserved gene
clusters, terminators and the confidence score of
adjacent genes to be in an operon, respectively.

PCR

A subset of predicted operons was validated using reverse
transcription (RT)-PCR. Superscript III First-Strand
Synthesis System for RT-PCR (Invitrogen) was used in
combination with specific primers (listed in Table 1) to
reverse transcribe RNA. Complimentary DNA (cDNA)
synthesis was performed with 1 mg total RNA according
to manufacturer’s protocol for specific primers. The
reaction was incubated at 55�C for 50min and stopped
by incubating at 85�C for 5min. RNA was removed by
adding 2 U RNase H and incubation at 37�C for 20min.
The cDNA products were subsequently detected by PCR
using primers listed in Table 1. PCRs were carried out in
25 ml reactions and consisted of 1 ml cDNA, 0.25mM of
each primer, 1�Phusion HF buffer, 0.5mM MgCl2,
2mM dNTPs and 0.2 U Phusion high-fidelity polymerase
(Bioké, Leiden, The Netherlands). Amplification was per-
formed with an initial denaturation of 98�C for 1min,
followed by 30 cycles of denaturation at 98�C for 10 s,
annealing at 60�C for 20 s and extension at 72�C for
1min 30 s, followed by a final extension at 72�C for
5min. Resulting DNA fragments were separated on a
0.8% agarose gel in TBE buffer with a 1 kb marker
(Invitrogen) and visualized with ethidium bromide
staining.

Alternative pathway (AP) hemolytic assay

Preparation of recombinant extracellular fibrinogen
binding protein (Efb) and staphylococcal complement
inhibitor (SCIN)-B was previously described (30). AP
hemolytic assays were performed as described earlier
(31). Briefly, 10% human serum was pre-incubated with
Efb or SCIN-B (both at 0.6 or 1 mg/ml) alone or with Efb
and SCIN-B together at a total inhibitor concentration of
0.6mg/ml (0.3 mg/ml Efb plus 0.3 mg/ml SCIN-B) or 1 mg/
ml (0.5 mg/ml plus 0.5mg/ml SCIN-B). Rabbit erythrocytes
were added, incubated for 1 h at 37�C and lysis was
measured. Data was analyzed by a two-tailed unpaired
student’s t-test.
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Northern blot

A total of 7 mg RNA was separated on a 0.8% agarose
–0.66M formaldehyde gel (Sigma-Aldrich). RNA was
transferred to a Brightstar�-plus positively charged
membrane (Applied Biosystems, Foster City, CA, USA)
overnight by capillary transfer and fixed to the membrane
at 80�C for 2 h. The probe was created by amplification of
the gene of interest and purified with Qiaquick PCR puri-
fication kit (Qiagen). DNA probe was labeled with
[a-32P]-dATP using the nick-translation kit (Invitrogen).

Blot was hybridized overnight with the probe in
ULTRAhyb hybridization buffer (Applied Biosystems)
at 42�C, subsequently washed 2� 5min at 42�C with
2� SSC/0.1% SDS and 2� 15min at 42�C with
0.1�SSC/0.1% SDS. Blot was overnight auto-
radiographed on a Bio-Rad phosphoimager (Applied
Biosystems).

RESULTS

High reproducibility of five independent growth curves

Bacterial growth in defined medium was optimally
synchronized. The resulting growth curves were highly
reproducible (Figure 1A). Three growth phases could be
distinguished, log phase (1–3 h post inoculation; p.i.), late
log phase (4 h p.i.) and stationary phase (5–9 h p.i.). A lag
phase (typically in which bacteria adjust to new circum-
stances and start dividing in a nutrient rich environment)
was not observed in our experiments. The reproducibility
of the five replicates was further assessed by PCA of the
normalized microarray data (Figure 1B), which showed
clustering of the five biological replicas at the sampled
time points.

Four basic gene expression profiles during growth

Many of the genes (2473 of 2644, corresponding to 93.5%
of the genome) were significantly regulated somewhere
during growth (false discovery rate< 0.05). The gene
expression data were visually represented by hierarchical
clustering using Ward’s method on a heatmap, where the
Z-score normalized averaged signal intensities from the
five independent growth curves were shown (Figure 2).
Z-score normalization expresses each gene expression
profile as a deviation from the mean in standard-deviation
units and allows the comparison of gene expression
patterns whose absolute expression levels may differ by
orders of magnitude (32). The individual, significantly
regulated genes were grouped with other genes based

Figure 1. Growth of MSSA476 in IMDM and quality control. (A) Three growth phases could be identified: log, late log and stationary phase. Lines
represent average of five growth curves (A660nm) and bars represent total CFUs with error bars. (B) PCA of microarray data showing all time points
of five independent growth curves. Replicates cluster together indicating high reproducibility of the growth curves.

Table 1. Primers used in this study

Primer location Name Sequence

SAS0670–SAS0673 0673_F AGTTGGTGCTGTTGCCTCT
0670_R TTGTTGCGCGAGTTCATTAG

SAS1172–SAS1175 1175_R TTGGTGTGTGTAATGGGAATG
1172_F TTCGTTTAACACGTTTAGGTTCAA

SAS1431–SAS1435 1435_F ACGCAATACGAGGTAGATATTA
1431_R GTTCTGGTGCAATGCCTGTA

SAS0057–SAS0058 0058_R CTTCTACGTTCTTTGGCCTGA
0057_F TGGGTTGTCAACGTACAGGA
0056_F TAGCCAAGCAAGGGCAATTA

SAS1765 1763_R TTTTATCTGTAAACTGACCCTTGTC
1765_R TGGTCGAATGTTCCATAATCG
1765_F TTCATTGTTCGGATTTACATTTAG

SAS1091–SAS1092 1091_F CGAAGGATACGGTCCAAGAG
1092_R GCATCAGCCATTGATACGAA

SAS1739–SAS1746 1739_RV ACCACGAATGATCTCCAAGC
1740_FW AATCCACATCCGGTTAATGC
1740_RV GCATTAACCGGATGTGGATT
1741_F CAAGTTAATAAATCAAAGGAGTT
1741_RV AACTCCTTTGATTTATTAACTTG
1742_FW TGTGATGAAAAACCATGACGA
1742_RV TCGTCATGGTTTTTCATCACA
1743_FW TGTAATCGCGTCAACAAACG
1743_RV TCAAATGAATTCCAGAACTTTATA
1744_FW TTTGTTTGGTGGACTTTCAGG
1744_RV TTGCGATGCTAAATCCATTG
1745_FW1 CCGAAATCGAAATTCCAAAA
1745_RV1 TTCGGGTCCTCGATAAGATG
1745_FW2 AACAGGTTTCGGGACAACAA
1745_RV2 AATTGTTGTCCCGAAACCTG
1745_RV3 GGATTGATTCTTTCATCTGAGCA
1746_FW TGATTCAGCAGGTGACGAAC
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on shared expression profiles. Four basic expression
profiles could be distinguished (Figure 2A). Cluster
related function analyses were based on main functions,
JCVI subroles and Gene Ontology (GO) functions
(http://cmr.jcvi.org/tigr-scripts/CMR/CmrHomePage.cgi)
and mapped to all genes (see Supplementary Table S1 for
complete lists of regulated genes). Cluster 1 consisted
of genes that were down-regulated in log phase and
up-regulated in stationary phase represented by 122
genes (4.9% of significantly regulated genes). These
genes encoded energy and DNA metabolic functions
mainly, but were also identified as virulence factors
including drug transporter and drug resistance. Cluster 2
consisted of 1147 genes (46.3% of significantly regulated
genes) that were down-regulated over time. This cluster
mainly contained ribosomal proteins. In addition, many
cell envelope genes (murC/D) and genes encoding proteins
involved in cellular processes were represented. Cluster
3 consisted of 463 genes (17.8% of significantly regulated
genes) that were up-regulated in log phase, then down-
regulated in stationary phase. This cluster mainly con-
sisted of genes involved in iron binding and transport,
like srtB and genes encoding iron compound ABC trans-
porters. Moreover, agrABCD genes belong to this group
as well. Cluster 4 consisted of 746 genes (30.1% of

significantly regulated genes) that mainly encoded
proteins with metabolic functions and stress responses.
In addition, RNAIII and the quorum sensing genes luxS
and traP were up-regulated over time.
Furthermore, Ward’s clustering of virulence genes

showed expression profiles similar to the profiles
observed for the complete gene set (Figure 2B).
Remarkably, the group of up-regulated virulence genes
during log phase was relatively much larger than was
observed in the overall gene expression analysis; 31.9%
compared to 17.8%. In this group, genes encoding
immune evasion proteins like complement inhibitors, but
also genes encoding proteins for eukaryotic cell lysis and
bacterial transmission, were highly represented. As
expected, genes encoding proteins for toxin production
and resistance were mostly up-regulated during stationary
phase. Genes encoding surface proteins for colonization of
the host did not group together but were found in all four
clusters (see Supplementary Table S2 for complete lists of
regulated virulence genes). The functionally related viru-
lence genes probably have overlapping, but not identical
functions, which could explain the differences in regula-
tion during growth. This is in accordance with the fact
that bacteria tend to loose non-functional or redundant
genes (33).

Figure 2. Heatmap of significantly regulated genes divided over three growth phases. Rows represent individual gene probes and columns represent
individual time points. The scale is represented by red (Z> 0), green (Z< 0) and black (Z=0). Cluster 1: down-regulated during log phase. Cluster
2: down-regulated over time. Cluster 3: up-regulated during log phase. Cluster 4: up-regulated over time. (A) Heatmap containing 2.473 genes.
(B) Heatmap of virulence genes.
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Operons and UTRs determined by adjacent probe
correlation

Genes transcribed in an operon or containing a 50- or
30-UTR were determined using correlations between
adjacent probes, considering both the probes in coding
regions and in intergenic regions. With a correlation coef-
ficient cut-off set to 0.80, we found 483 operons containing
two or more genes and 1004 single genes, omitting tRNAs
and rRNAs (see Supplementary Table S3 for the complete
list of predicted operons). In total, 1640 of 2644 genes
were transcribed in an operon, corresponding to 62% of
the total genome (Figure 3A). We found no prevalence of
operons on the original half or terminus half, nor on the
leading or lagging strands. The data in this study and the
in silico prediction were 68.8% concordant for both
operons and single genes (http://bioinformatics.biol.rug.
nl/websoftware/operon/operon_start.php). We predicted
139 operons to be larger, 88 operons to be smaller, 11 to
be potentially differentially regulated and 52 to be
completely different compared to the in silico data.
Compared to the computational prediction, 60% of the
operons were predicted concordantly. The in silico and
computational predictions were 76% concordant. The
percentages can be explained due to gene content differ-
ences between strains Mu50 and MSSA476 and based on
the similar parameters for the in silico and computational
predictions. We found 176 (6.6%) genes with a correlation
coefficient between 0.65 and 0.80, which we assigned
as uncertain. The computational prediction assigned
several of these genes to an operon and the others
as single genes, indicating the uncertainty in this range
of correlation coefficients. The computational study
referred to 36 operons described in literature as a valida-
tion for their prediction (18). We found eight differences,
three of which (splABCDEF, pheST and egc) could be
explained by gene content differences between MSSA476
and Mu50 (34–36). The remaining five operons (mnh,
femAB, lac, sigB and sirABC) differed from both the
computational prediction as well as the previously
described operons (37–41). The operon containing mnh
genes and the lac operon were not experimentally

validated, and were described as operons based on the
functional relation of the genes and promoter/terminator
sequences found (37,38). The femAB operon and the sigB
operon have been experimentally validated (41,42).
FemAB was validated as a two gene operon (42), while
we predicted two single genes with a correlation coefficient
of 0.51. The sigB operon was described in S. aureus as a
four gene operon (41) and in B. subtilis as an eight gene
operon (43). We assigned this potentially eight gene
operon as uncertain since the correlation coefficients
were between 0.65 and 0.80. The sirABC operon has
been described previously as a three gene operon (39,44).
However, the operon was not experimentally validated
and a knock-out inactivation of sirA described no down-
stream effect on sirB (44), while this would be expected if
the genes would be transcribed in an operon. We predicted
a single and a two gene operon. One operon not described
previously (18) is the sae operon. This operon was pre-
dicted in both the computational and the in silico predic-
tions as a three gene operon and one single gene.
However, this operon has already been reported as a
four gene operon and experimentally validated with
RT-PCR and northern blotting (45). According to our
prediction, the sae operon is also a four gene operon
(Figure 4A).

Correlation coefficients were also used to predict 50- and
30-UTRs. Of the 1487 operons and single genes 454 (30%)
contained a 50-UTR and 487 (33%) contained a 30-UTR;
125 (8%) of these operons or single genes contained both a
50- and 30-UTRs (Supplementary Table S4). Genes or
operons containing UTRs had mostly 50-UTRs smaller
than 100 bp. Large UTRs (>100 bp) were more frequently
found on the 30-end (Figure 3B). UTRs were associated
with genes of all different functional classes.

Operon structure of S. aureus

Supplementary Table S5 presents information on the
operon structure of S. aureus. The prediction based
upon the expression data in this study, in silico prediction,
computational prediction based on Mu50 and the

Figure 3. Predicted operons and UTR length. (A) Number of operons containing two or more genes. (B) The percentage of 50- and 30-UTR in length
categories.

3268 Nucleic Acids Research, 2010, Vol. 38, No. 10



conclusion based on the combination of these three pre-
dictions is presented.

RT-PCR confirmation of operons

A subset of operons was validated with RT-PCR. A
Superscript III-free reaction was added as control for
absence of DNA contamination (results not shown). In
Figure 4, five operons are shown, of which three
operons were predicted to be larger and two operons
were predicted to be smaller compared to the in silico
data. Genes and the in silico predictions are visualized
together with the expression based predictions. The sae

operon was predicted in silico to be expressed as a three
gene operon and a single gene, while we predicted a four
gene operon. RT-PCR confirmed a four gene operon
(Figure 4A: �2.9 kb), in concordance with a previous
study (45). RT-PCR for the operons predicted to be
larger revealed an amplification product at �2.3 kb and
at both �2.1 and �2.5 kb for SAS1172–SAS1175 and
SAS1431–SAS1435, respectively, which corresponded to
the size of the complete operons (Figures 4B and C).
For the operons predicted to be smaller, an amplification
product was present at �2.6 kb for SAS0056–SAS0057
and at �1.1 kb for SAS1765, while no amplification
product was present at the size of the in silico predicted

Figure 4. Subset of genes validated with RT–PCR. Genes (black), in silico predictions (white) and co-expression predictions (dark grey) are
visualized. Co-expression predictions were based on correlation coefficients between gene probes as well as intergenic probes. RT–PCR products
were separated on a 1% TBE agarose gel with a 1 kb ladder. (A) sae operon containing four genes. (B and C) Operons predicted to be larger
compared to in silico data. RT–PCR showed correct size of bands as predicted experimentally. (D and E) Operons predicted to be smaller compared
to in silico data. RT-PCR indicated absence of complete operon and presence of smaller operon. Lane 1: in silico predicted operon, lane 2:
co-expression based predicted operon.
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operons SAS0056–SAS0058 and SAS1763–SAS1765.
Expression profiles are visualized in Supplementary
Figure S1.
Finally, two operons consisting of virulence genes were

validated. One operon consisted of two genes, efb and scnb
(30). The other operon consisted of three genes, sak, an
autolysin and a holin encoding gene (46) (Figure 5). Both
operons were analyzed with RT-PCR and showed an
amplification product of the expected sizes of �1
and �1.8 kb, respectively. Northern blot analysis of the
efb-scnb operon confirmed the presence of an �1 kb tran-
script, analysis of the sak-autolysin-holin operon only
showed a transcript of �500 bp corresponding to the
length of sak, indicating that sak is probably transcribed
as a single gene as well as in an operon. The operon was
only transcribed at low expression levels according to the
microarray data.
In the expression profile analysis, 11 operons were

found that seemed to be differentially regulated in
a growth phase-dependent manner (see Supplementary
Table S6 for the complete list). For example,
epiABCDPFEG, an eight gene operon containing lanti-
biotic genes, was previously identified in Staphylococcus
epidermidis as epiABCD, epiPQ and epiFEG with a trans-
cription start site in front of epiF (Figure 6). The epider-
min operon in S. aureus was expressed as one operon in
log phase, but split into two operons in the stationary
phase according to the expression data (Figure 7).
The complete operon was up-regulated in log-phase until
4 h p.i., then four genes were down-regulated and

four genes were up-regulated in the stationary phase.
RT-PCR showed the presence of the complete transcript
throughout the growth curve. 50-RACE experiments
showed a potential transcription initiation site in front
of epiF, in accordance with the co-expression based pre-
diction (data not shown). Previous studies described
internal promoters or terminators in operons for several
bacteria. For example, in B. subtilis two operons, sigB (15)
and resABCDE (17) had internal promoters. In S. aureus,
three examples of differentially regulated operons have
been described: cidABC and lrgAB with an internal
promoter site (14,47) and srrAB with no additional tran-
scription initiation site (48).

Efb and SCIN-B have a synergistic effect on
complement inhibition

The advantage of two genes occurring in one operon is
that combined expression is a benefit. This is obvious for
metabolic genes encoding enzymes that work in a cascade.
For virulence genes we hypothesized that if the gene
products are related and even synergistic this would be
very beneficial. Therefore we did in-depth analysis of the
operon containing Efb and SCIN-B, since for both gene
products the molecular mode of action has been described
in great detail.

The microarray data indicated that the genes encoding
Efb and SCIN-B are transcribed in one operon. Efb and
SCIN-B both inhibit the complement system, but via
different mechanisms (Figure 8). SCIN-B is known to

Figure 5. Two operons containing virulence genes. (A) RT–PCR and northern blot showed efb located within an operon with scnb. (B) RT–PCR
showed sak transcribed in an operon with autolysin and holin encoding genes. Northern blot analysis only showed a 500 bp transcript identifying sak.

Figure 6. Epidermin operon in S. aureus and S. epidermidis. In S. aureus, all genes are located on the same strand, while in S. epidermidis, epiPQ are
located on the other strand of epiABCD and epiFEG.
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target C3 convertases of the Classical, Alternative and
Lectin Pathway of the complement system, thereby effec-
tively inhibiting C3b deposition on the bacterial surface
and, thus, phagocytosis and C5a generation by all
pathways. Since the genes encoding for Efb and SCIN-B

are in one operon and inhibit the complement system by
different mechanisms (31,49–51) and interaction sites, we
hypothesized that Efb and SCIN-B might have synergistic
effects. Therefore, we used an AP dependent hemo-
lytic assay, in which MAC-dependent killing of rabbit
erythrocytes was used as a read-out for comple-
ment activity. Complement-mediated lysis of rabbit
erythrocytes was only inhibited for 10% by Efb or
SCIN-B alone (0.6 mg/ml) but addition of Efb and
SCIN-B together (0.3 mg/ml Efb and 0.3mg/ml SCIN-B)
significantly increased this inhibition up to 30%
(Figure 9). Similar results were obtained for Efb and
SCIN-B at a concentration of 1 mg/ml.

DISCUSSION

Using data from our transcriptome analysis through time,
we were able to identify the operon structure from the
entire S. aureus genome, covering the majority of open
reading frames. A reliable prediction based on the
transcriptome is only possible when many genes are
significantly regulated and the reproducibility is high.
Therefore, we used five independent, highly reproducible
growth curves with seven time points each. This resulted
in discrimination of significantly regulated genes at a
fold change as small as 0.28 and differential regulation
of 93.5% of all genes. This is extremely sensitive as

Figure 7. Operon epiABCDPFEG. (A) Expression profiles showing equal expression patterns for eight genes in the log phase and different patterns in
the stationary phase. (B) In silico predictions compared to expression predictions. At the bottom, the tiling of the RT-PCR amplifications is
indicated. (C) Tiling RT-PCR showed presence of eight genes expressed as an operon at t=2 and 9.

Figure 8. Predicted synergism from modes of action. Depiction of the
two C3 convertases and two C5 convertases of the complement system
and the targets of the staphylococcal complement inhibitors Efb and
SCIN-B. The Classical Pathway C3 convertase (CP C3 conv) is only
inhibited by SCIN-B. Alternative Pathway C3 convertase (AP C3 conv)
can be inhibited by both Efb and SCIN-B. Classical Pathway C5
convertase (CP C5 conv) is only inhibited by Efb. Alternative
Pathway C5 (AP C5 conv) is only inhibited by Efb. The two molecules
together can inhibit all complement convertases.
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compared to other studies and is crucial to the prediction
of the complete operon structure (6,7,9).
Operons were predicted by calculating the correlation

coefficients of transcriptome data of all adjacent probes at
all seven time points. We used a relatively high correlation
cut-off value of �0.80 to reduce the number of false-
positive operons. Validation of this cut-off was achieved
by RT-PCR of several operons and showed an accurate
prediction above this cut-off, regardless of the size of the
intergenic region. Below a correlation coefficient of 0.65,
absence of operons was predicted and validated. Even
though intergenic regions were small, visual inspection
of the expression patterns showed large differences in
this correlation coefficient range. Therefore, we conclude
that predictions based on expression data are more
accurate than the in silico prediction for these correlation
coefficients. Genes showing low correlation coefficients for
expression were also shown to be transcribed in an operon
in studies in E. coli (52,53). Between correlation coeffi-
cients 0.65 and 0.80 several operons were detected that
were not predicted with the cut-off we used. The
computational and in silico predictions for these operons
did not give a conclusive answer either. This indicates that
validation is essential for predictions with correlation
coefficients between 0.65 and 0.80, representing only
6.6% of the genome.
A comparison of studies in E. coli and B. subtilis

showed that among the different prediction methods, the
intergenic distance was the most valuable single prediction
variable (54). However, the combination of intergenic
distance with functional information or gene expression
data proved to be even more accurate (20,21,54–56). We
compared and combined the operons predicted, using
expression data with in silico predictions based on
intergenic distances. We conclude that operon predictions
using highly reproducible and large numbers of expression
data are more accurate than predictions based on
intergenic distances only.
Bacterial pathogenesis is dependent on the presence of

virulence genes, but also on the expression regulation of
these genes. To be able to understand the transcriptional
regulation, in vitro and in vivo, knowledge of the operon
structure of S. aureus is essential (16). Virulence genes are
usually located on mobile elements and are exchanged
regularly. Regulation of virulence genes at an operon

level is, in general, not expected to exist, because of the
regular exchange. Nonetheless, we found several virulence
genes transcribed in an operon with other virulence genes
like efb in combination with scnb and sak in combination
with autolysin and holin encoding genes (Figure 5),
but also virulence genes that were transcribed in an
operon with genes encoding hypothetical proteins or
acetyltransferases. We showed that addition of Efb
and SCIN-B together enhanced complement inhibition
significantly, indicating that S. aureus has evolved this
operon to counterattack complement activation even
more efficiently as with the single inhibitors alone.

In conclusion, the high number of significantly
regulated genes in combination with the statistical power
of seven time points sampled in five biological replicas
used to calculate correlation coefficients enabled us to
accurately predict operons in the genome of S. aureus in
an unbiased approach. It identified the presence of viru-
lence genes within an operon and the synergistic action of
the translated proteins was proven. Herewith, a basis has
been set for future studies on gene regulation and
host-pathogen interactions both in vitro and in vivo.
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