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• SUMMARY 

Staphylococcus aureus is a very important human pathogen. Studies on the mechanisms of the response of 
S aureus to environmental stresses have become one center of attention during the last few years because of 
their resistance to environmental stress. During infection, S. aureus is subjected to various environmental 
changes. Understanding of the regulatory mechanisms controlling stress gene expression of S. aureus in 
response lo environmental stress is very essential in studying its fitness and vimlence. In this work, the changes 

^ in transcriptional profiles of 5. aureus after heat exposure were studied in order to provide detailed insights into 
the response of 5. aureus to environmental stress under in vitro conditions, A DNA array approach was used to 
investigate the cellular response of S. aureus to heai stress. A switch from normal growth temperature to high 
temperature condition revealed complex changes in the gene expression profile. In particular, the transcnptome 
analysis revealed the induction of main cellular chaperone machinenes GroE and DnaK, the ATP-dependent 
proteases ClpB, ClpP.ln contrast to B subtilis. the groES/L and dnaK -operon are regulated by both heat shock 

1 ^ icgulators, HFCA and CtsR. They act together synei^istically to maintain low basal levels of expression of these 
operons in the absence of stress. Surprisingly, the members of the o^-dependent response, strongly heat-
inducible in B. subtilis are not induced in heat-stressed cells of 5. aureus grown in synthetic medium. Other 
genes involved in protein folding, refolding, and degradation, as well as DNA repair systems, and intermediary 
metabolism were also found to be up-regulated. Heat stress treatment also resulted in a smsng synthesis level of 

^' genes belonging to the SOS response such as uvrA and urvB indicated the relevance of heat stress response and 
SOS response. According to the microarrays analysis data, among the heat-induced transcripts there were 
several bacteriophage replication/packaging genes such as intergrase SACOL0318, transcriptional regulator of 
the RinA femily SACOL0364 as well as the small and large subunit of the terminase SACOL0366 and 
SACOL0367. In summary, die signamres for stress stimuli can be used as diagnostic tools for the prediction of 
Ihe mode of action of new antibiotics or for studying the physiological state of cells grown. 

K^words Staphylococcus aureus, heat shock, transcriptomics, Nothem Blot, DNA array 

INTRODUCTION environmental stress is very essential in studying its 
pathogenicity. 

Staphylococcus aureus is one of the major .^^^ ^^^^ genomic era of S. aureus began with 
causes ofcommunity acquired infections. Because of ^^^ publication of the genome sequence of two 
lis adaptability and resistance to environmental ^^^^^^^^ ^^^^^^s (Kuroda et al, 2001) and provided 
stresses, S aureus can survive extremely well ^^^ experimental basis for bringing the genome 
outside the host. Being one of the most important sequence of S. aureus to life by an application of 

^ o g e n i c bacteria and due to its widespread g^-erimental tools encompassed under the term 
Sergence of antibiotic resistance, S. aureus became "^notional genomics". Functional genomics enables 
a topic of many studies mainly addressing its ^j^^ understanding of the cell physiology and 

^ p h y s i o l o g y and virulence. But there were only infection biology of this bacterium. 
aw» studies focusing on the cellular physiology of 
.̂ oirows. During infection, 5. awre«5 is subjected to Transcriptomic approaches m response to 

vanous environmental changes. Therefore, changes in the environment mcludmg mutants in 
understanding of the regulatory mechanisms central regulatory genes are the major tools tor 
controlling stress gene expression and moreover, of functional genomics. Transcnptomics, relying on 
cellular physiology of 5. aureus in response to DNA arrays that may cover the complete genome. 
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provides information on the global gene expression 
pattern of a ceil. 

The adaptation to stress or starvation is crucial 
for survival in nature. As a result of this 
longstanding interaction of bacteria wilh a 
continuously changing set of environmental stimuli, 
a very complex adaplational network has evolved. 
Analysing this network forms the basis for 
understanding the cell physiology in natural 
ecosystem (Hecker el al, 2003). The stress genes are 
more or less silent in growing cells, but are strongly 
activated by environmental stimuli. 

In S. aureus, a comprehensive exploration of the 
adaplational network will not only provide basic 
knowledge on S. aureus physiology, but also give 
many clues on the function of still unknown proteins 
indicated by the induction profile of genes by 
environmental stimuli. Rely on the fact that 
environmental stimuli such as heat, oxidative or 
anaerobic stress might be essential cellular signals in 
the host environment controlling the expression of 
virulence genes. 

The ubiquitous nature of S. aureus derives 
mostly from its ability to survive in a great variety of 
environmental extremes, such as nutrient starvation, 
a wide range of pH and growth temperatures or 
restriction of metal ions. An increasing amount of 
data indicates that the capacity to sui^ive stress 
conditions is highly correlated with virulence in S. 

J (Clements, Foster; 1999). 

MATERIALS AND METHODS 

Bacterial strains and growth condition 

S. aureus COL (Shafer, landolo. 1979) was 
grown aerobically with shaking at 120 rpm and 37°C 
in the synthetic medium (Gerzt et al, 1999). The 
condition of heat stress was then achieved by 
shifting cell culture at OD500 of 0.5 to 48''C. 

RNA preparation 

Total RNA from S. aureus was isolated using the 
acid-phenol method (Fuchs et al, 2008) wilh some 
modifications. The quality of RNA was ensualized by 
gel electrophoresis and by analysis with a Bioanalyzer 
(Agilent Technologies, Palo Alto, CA). 

Northern Blot analysis 

Digoxigenin-labeled RNA probes were prepared 
by in vilro transcription with T7 RNA polymerase by 
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using PCR fragments as templates (Gertz et al, 
1999). The PCR fragments were generated by using 
chromosomal DNA of 5. aureus COL isolated with a 
chromosomal DNA isolation kit (Promega, Madison, 
WI), according to the manufacturer's 
recommendations, and Ihe respective 
oligonucleotides. 

Northern blot analyses were carried out as 
previously described (Wetzstein et al, 1992). 

The digoxigenin-labeled RNA marker I {Roche, 
Indianapolis, IN) was used to calculate sizes of the 
transcripts. The hybridization signals were detected 
using a Lumi-lmager (Roche Diagnostics, 
Mannheim. Germany) and analyzed using the 
software package Lumi-Analyst (Roche Diagnostics, 
Mannheim. Germany). 

DNA-microarray analyses 

The isolated RNA for the DNA-microarray 
experiments was fiirther purified in order to 
eliminate traces of contaminating DNA. Briefly, the 
RNA was incubated with 7 U RNase-free DNase 
(Qiagen) for 10 minutes at room temperature 
followed by two phenol-chloroform-isoamyl alcohol 
and two chloroform-isoamyl alcohol extraction steps 
in order to remove the DNase. The integrity of the 
RNA was checked with the Bioanalyzer (Agilent 
Technologies, Palo Alto, CA) and the concentration 
and purity were assessed using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies, 
Inc.. Rockland. DE). 

The design and evaluation of the customized 
StaphChip oligoarray manufactured by Agilent 
Technologies (Palo Alto. CA) used in this study has 
been described below (Charbonnier et al, 2005). 
The StaphChip used in this study was based on the 
whole genome sequences of S. aureus strains: COL, 
MRSA252, MSSA476, Mu50, MW2, N315, 
USA300, and 8325. 

Hybridization and washing of slides was carried 
out as described by Charbormier el al (2005). The 
slides were scatmed with an Agilent scanner. Spot 
intensity values were extracted with the "Feature 
Extraction" software provided by Agilent (Palo Alto, 
CA). Visualization and analyses of expression data 
were done in GeneSpringGX 7.3.1 (Agilent) and 
with the Cyber-T program for the analysis of paired 
expression data (http://cybert.microarray.ics.uci.edu) 
(Baldi, Long, 2001). The parameters for the 
Bayesian standard deviation estimation applied in 

http://cybert.microarray.ics.uci.edu
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ihe Cyber-T analysis were, slidinj; window size was 
101 and confidence value fur ihi. Dayesian variance 
eslirnate was 12. Genes wilh a /»-value p < 0.001 
associated with ihe Baycsuin i statistic and a mean 
fold change of Iwo in llie lour hybridization 
experiments were cdiisulereil as biologically 
significant expression eh;inges. 

Hybridization and scanning p;irameters 

Unless specified. ei.|ui\ alenl amounts of cDNA 
(or genomic DN.M labelled vMth Cyanine-3 or 
Cyanine-5. were diluled ii 
hybndizalion bulter. and h\|in 
hours in a dedicated iivbndi/ 
Scieiilinc) For eomparan\e g 
tenomie DN.-X Irom eaeh inili\ 
«as labelled «illi (.•\.' .md 
i:quivaleni amounls o l l \ . ^ - l a l 
pooled from \ . -15 . \\u>^<. .ind 
a/., 2005) 

250 Ml Agilent 
li/jd al60°C for 17 
non oven (Robbins 
Home hybridization. 
ihi.d 5 aureus strain 
^.v-hybridized with 

ellod genomic DNA 
OL (Charbonnier et 

The cffecl uf hi^h ttmperature on gene 
transcriptiun ot"5. aureus 

In order to get a global \ K- n the influence of 
high temperature on gene regul inon, transcriptomic 
studies were carried out b\ UMIH! lullTgenome DNA 

microarrays. 

In order to guarantee high RNA quality for DNA 
microarray, total RNA was checked for induction of 
marker genes by Northern blot analysis first. 
Additionally, to establish appropriate time points for 
cell sampling for DNA array analyses, total RNA 
was extracted from exponentially growing and heat 
treated cells at different time points (3, 6, 9 and 12 
minutes). 

Transcription of groEL was analyzed as marker 
for HrcA-dependently regulated genes, and clpB and 
clpP as markers for CtsR-regulated genes. Using a 
groEL probe, a transcript was detected whose 
transcription was increased after heat stress. As 
shown in Fig 1, this major signal with a size of about 
2.0 kb appeared only slightly m the control and was 
strongly induced after stress and corresponds to the 
bicistronic operon groEL-groES. 

In the case ofclpB, a transcript of approximately 
2.6 kb was detected which was absent in 
exponentially growing cells and increased strongly 
after different time of exposure to heat stress. The 
transcription of clpP was also increased 3, 6, 9, and 
12 minutes after heat stress. In this experiment, 
besides the transcript of about 0.6 kb corresponding 
to clpP, we also observed other transcripts of about 
2.0 kb and 3.5 kb which were induced by heat stress 
as well. 
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12 minutes after shift to 48'C 

™ s whose transcription was induced by heal stress For RNA preparation, cells were 
, 1 0 . 5 and shifted to heat stress conditions. RNA was isolated before (co) and 3.6, 9. 
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According to these data, we chose 10 minute 
shift to 48°C as an appropriate time point for DNA 
microarrays experiments. 

.̂  By comparing gene transcription under control 
and stress conditions, wc were able lo identify 
differently expressed genes, For each gene the ratios 
of Ihe transcript levels were calculated. All genes 
showing an at least twofold induction or repression 
of transcription in both experiments were considered 
to be differentially expressed under heat stress. 

Accordingly, the transcription of 310 genes was 
increased while the transcription of 266 genes was 
decreased under heat shock conditions. The 
expression profiles of up and down regulated genes 
are shown in Table 1 and 2. 

The transcriptomics analyses have shown the 
induction of many HrcA-CIRCE controlled genes. 
The transcription of seven genes possibly regulated 
by HrcA was strongly increased after heat stress: 
dnaK-dnaJ- grpE- hrcA with an induction factor that 
varied fi-om 15.11 fold to 20.67 fold and groEL -
groESvjiih an induction ratio of 7.7 to 8 fold. 

Moreover, the transcription genes belonging to 
the CtsR regulon was also induced by high 
temperature e.g.s clpB and clpP encoding proteins 
involved in repair and degradation of damaged 
proteins were strongly induced at the transcriptome 
level (135 fold and 10 fold, respectively). 
Transcriptome analysis also showed the induction of 
the transcription factor ClsR at a very high level of 
61,6 fold after 10 minute heat exposure. 

After heat exposure, we could not detect any 
induction of sigmaB-dependent genes. The 
alternative sigma factor <^ has been found in some 
pathogenic gram-positive bacteria, including S. 
aureus (Wu el al, 1996; Kullik. Giachino, 1997). In 
B. subtilis, sigma B-dependent genes have been 
described to be strongly induced by heat and other 
environmental stresses as well as starvation 
condition (Hecker, V6lker, 1998). In S. aureus, o^-
dependent induction of sigB by heat stress in 
complex medium has been described previously 
(Kullik, Giachiano, 1997), in this study, we look^ 
for sigB-dependent induction after heat stress in cells 
grown in synthetic medium. Surprisingly, after heat 
exposure, we could not detect any response of 0°-
dependent proteins. 

The transcriptome analysis revealed the 
induction of alkyl hydroperoxide reductase, subunit 
C (ahpC) and alkyl hydroperoxide reductase, subunit 
F (ahpF) at 3.1 and 3.16 fold, respectively. These 
two genes were defined as such that controlled 
rieither by HrcA, nor by CtsR and a° (Derre et al, 
1999). 

Among the genes induced by heat shock there 
were some putative virulence factors including five 
pathogenicity island genes SACOL0893, 
SACOL0898, SACOL0903. SACOL0904. 
SACOL09Q5 with an induction rate that varied fiTim 
2.2 to 8.4 fold and members of the urease system 
ureA-ureG which were upregulated 5.24, 4.58, 3.68, 
3.48. 3.66 and 3.26 fold, respectively. 

As shown in Table 1 the heat treatment also resulted 
in the induction of enzymes involved in purine and 
pyrimidine biosynthesis. Among them were pyrB, 
pyrC. pyrE, and pyrF forming an operon as well as 
the regulator pyrR with the induction factors of 5.6, 
4.2, 3.4. 3.2 and 6.1 fold, respectively. The deoDl 
gene encodong a purine nucleoside phosphorylase 
was also induced. 

The transcnptome experiments also suggested 
the induction of genes to the fimction of which in 
heat resistance was still unknown. For example, Frp 
gene encoding NAD(P)H-flavin-dependent 
oxidoreductase (4.5 fold) the SACOL0453 gene 
encoding a NAD(P)H flavinoxidoreductase (2.96 
fold) which could contribute to specific degradation 
are induced by heat treatmenLFurthermore, the array 
data also showed that genes involved in the 
metabolism of alternative carbon sources such as 6-
phospho-beta-glucosidase (bglA) (Zhang et al, 
1994), glycerate kinase (SACOL0805), and glycosyl 
transferase (SACOL1498) were highly transcribed 
under heat shock conditions. 

Surprisingly, the transcription of genes localized 
on prophage L54a was also up-regu!ated, for instant, 
genes encoding a repressor protein (SACOL0321), 
and an antirepressor protein (SACOL0325), 
replicative DNA helicase (SACOL0343), N-6- > 
adenine-methyltransferase (SACOL0346), deoxy- ^ 
uridine 5'-triphosphate nucleotide-hydrolase 
(SACOL0357), transcriptional regulator of the RinA 
family (SACOL0364) as well as the small and lai^e 
subunit of the terminase (SACOL0366 and i 
SACOL0367) (Table!). 
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Table 1. Genes whose transcription was induced under heat stress conditions. 

ID COL Locus 

Amino acid biosynthesis 

SACOL0502 

vraS 

•cysE 

rocD 

SACOL0503 

SACOL0502 

SACOL1943 

SACOL0575 

SACOL0960 

SACOL0503 

Biosynthesis of cofactors, prosthetic j 

«itB 

SACOL1051 

SACOL1640 

nbH 

•6aaBe 

uwaA 

hutH 

Cellular processes 

ahpC 

si\\f 

SACOL1645 

SA(X)L0813 

tietB 

SACOL1644 

S A C O L O e U 

SACOL1004 

-SACOL1003 

kataA 

- ] ^ 

m 
Sfax.^S57 

HpA 

ImiE 

^COL2131 

SACOL1781 

Ceil envelope 

fhbB 

PC0L1762 

gCOL0985 

mreC 

|AC0L0414 

| A C 0 L 2 4 3 9 

WCOL1220 

SACOL0172 

SACOL1051 

SACOL1640 

SACOL1817 

SACOL1223 

SACOL2261 

SACOL0008 

SACOL0452 

SACOL0451 

SACOL1645 

SACOL0813 

SACOL2628 

SACOL1644 

SACOL0814 

SACOL1004 

SACOL1003 

SACOL1368 

SACOL1472 

SACOL1264 

SACOL1657 

SACOL1057 

SACOL2738 

SACOL2131 

SACOL1781 

SACOL2509 

SACOL1762 

SACOL0985 

SACOL1704 

SACOL0414 

SACOL2439 

SACOL1220 

Function 

cysteine synthase 

omllhine-oxo-acld transaminase 

sensor histidine kinase VraS 

serine acetyltransferase 

Irans-sulfuration enzyme family protein 

j raups , and carriers 

Isochorismatase 

isochorismate synthase family protein 

coproporphynnogen III oxidase 

riboflavin synthase, t)ela subunit 

phosphopantolhenoylcystelne 
decartwxylase/phosphopantothenate-cystelne ligase 

molytHfenum cofactor biosynthesis protein A 

histidine ammonia-lyase 

alkyl hydroperoxide reductase, C subunit 

alkyl hydroperoxide reductase, subunit F 

comE operon protein 2 

comf operon protein 1, putative 

betalne aldehyde dehydrogenase 

competence protein ConiEC/Rec2, putative 

competence protein F 

competence protein, putative 

adaptor protein 

Catalase 

Cell wall associated fibronectin-bindlng protein 

cell wall hydrolase 

enterotoxin type A, putative 

V8 Protease 

tRNA modification GTPase 

Dps family protein 

cell wall surface anchor family protein 

fibronectin binding protein B 

thiol peroxidase, putative 

sur^ce protein, putative 

nxi shape-detennlning prolein MreC 

lipoprotein, putative 

lipoprotein, putative 

fibronectin/fibrinogen binding-related protein 

Average ratio 

3.5& 

.3.-1tt 

6.70 

2.22 

3.09 

2.83 

2.53 

2,31 

3.00 

2.76 

2.38 

2.92 

3.16 

3.10 

2.35 

•SM 

2.76 

2.79 

3.98 

3.31 

^m 
2.88 

2.22 

7.10 

386 

2 ; * t 

2.90 

10.89 

2.73 

14.18 

2.52 

3.66 

2 89 

2.37 

6.13 

3 29 
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DNA metabolism 

gyrA 

gyrB 

pOlA 

dnaG 

radA 

SACOL1493 

vraR 

dInP 

recG 

nth 

uvrB 

uvrA 

SACOL1954 

SACOL0004 

SACOL1154 

rpoB 

Energy metabolism 

ipdC 

SACOL0981 

zwf 

gidA 

muri 

gitx 

SACOL0805 

SACOL1498 

SACOL1207 

menD 

nbBA 

bgIA 

SACOL2278 

SACOLOi 11 

acuA 

SACOL2178 

SACOL2177 

cydA 

cydB 

frp 

SACOL0453 

SACOL0959 

trxB 

fdhD 

SACOL1952 

acs 

SACOL0006 

SACOL0005 

SACOL1737 

SACOL1619 

SACOL0S72 

SACOL1493 

SACOL1942 

SACOL1955 

SACOL1241 

SACOL1492 

SACOL0823 

SACOL0824 

SACOL1954 

SACOL0004 

SACOL1154 

SACOL0588 

SACOLOI 73 

SACOL0981 

SACOL1549 

SACOL2737 

SAC0L1161 

SACOL0574 

SACOL0805 

SACOL1498 

SACOL1207 

SACOL1052 

SACOL1818 

SACOL0251 

, SACOL2278 

SACOL0111 

SACOL1784 

SACOL2178 

SACOL2177 

SACOL1094 

SACOL1095 

SACOL2534 

SACOL0453 

SACOL0959 

SACOL0829 

SACOL2273 

SACOL1952 

SACOL1783 

DNA gyrase. A subunit 

DNA gyrase. B subunit 

DNA polymerase 1 

DNA primase 

DNA repair protein RadA 

DNA replication prolein DnaD, putative 

DNA-binding response regulator VraR 

DNA-damage-lndudble protein P 

ATP-dependent DNA helicase RecG 

endonuclease III 

excinuclease ABC subunit B 

excinuclease ABC, A subunit 

Exonuclease 

recombination protein F 

recombination and DNA strand exchange inhibitor protein 

DNA-dlrected RNA polymerase beta subunit 

indole-3-pyruvate decartnxylase 

isopropylmalate s^thase-related protein 

g 1 u cose-6-p hosphate1-de hy droge na se 

glucose-Inhibited division protein A 

glutamate racemase 

glutamyl-tRNA synthetase 

glycerate kinase family protein 

glycosyl transferase, group 1 family protein 

glyoxalase tamily protein 

2-succinyl-6-hydroxy-2.4-cyclohexadiene-1-carboxylk: acid 
synthase 

3,4-dihydroxy-2-buta none-4-pho5phate synthase 

6-phospho-t>eta-glucosidase 

acyl-CoA dehydrogenase-related protein 

acetoin reductase 

aceloln utilization protein AcuA 

alcohol dehydrogenase, zinc-containing 

alcohol dehydrogenase, zinc-containing 

cytochrome d ubiquinol oxidase, subunit 1 

cytochrome d ubiquinol oxidase, subunit II 

NAD(P)H-flavin oxidoreductase 

NAD(P)H-flavin oxidoreductase, putative 

NADH-dependent flavin oxidoreductase, Oye family 

thioredoxin-disulfide reductase 

formate dehydrogenase accessory protein 

femtins family protein 

acetyl-coenzyme A synthetase 

2.31 

2.97 

2,41 

2 26 

12.75 

4.66 

2.95 

2.74 

2.18 

4.35 

3.64 

2 81 

6.27 

3.00 

2.15 

2.22 

2.99 

44 87 

2.48 

2.40 

4 75 

9 43 

2.30 

2,49 

4.31 

2.45 

2.25 

5.66 

2.59 

2.45 

2.58 

2.66 

3.06 

4.02 

3.16 

4.28 

2.96 

5.43 

2.81 

6.82 

12,87 

3.05 
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'^fe'acld and phosphol ip id metabol ism 

SACOL1814 

Pathogenicity island 

SACOL0898 

SACOL0B93 

SACOL0903 

SACOL0904 

SACOL0905 

Protein b te 

gmES 

groEL 

dnaJ 

dnaK 

ctpB 

gfpE 

hrcA 

dpP 

SACffl.1419 

def 

SAC0L1555 

secA 

Protein syn thes is 

SAC01J)578 

CfsS 

Prophage L54a, 

SACOL0325 

dut 

ini 

SACOL0346 

SACOL0368 

SACOL0343 

SACOL0321 

ssbl 

SACOL0367 

SACOL0366 

3ACOL0364 

SACOL1814 

protein 

SACOL0898 

SACOL0893 

SACOL0903 

SACO1.0904 

SACOL0905 

SACOL2017 

SACOL2016 

SACOL1636 

SACOL1637 

SACOL0979 

SACOL1638 

SACOL1639 

SACOL0833 

SACOL1419 

SACOL1100 

SACOL1555 

SACOL0816 

SACOL0578 

SACOL0576 

SACOL0325 

SACOL0357 

SACOL03ie 

SACOL0346 

SACOL0368 

SACOL0343 

SACOL0321 

SACOL0339 

SACOL0367 

SACOL0366 

SACOL0364 

lysophospholipase, putative 

pathogenicity Island protein 

pathogenicity Island protein 

pathogenicity island protein 

pathogenicity island pra'ein 

pathogenicity Island protein 

chaperanin, 10 kDa 

chaperonln. 60 kDa 

dnaJ protein 

dnaK protein 

ATP-dependent Cip protease, ATP-binding 

heat shock protein GrpE 

heat-Inducible transcription repressor HrcA 

ATP-dependent Cip protease, proteolytic sub 

oligoendopeptidase F, putative 

peptide deformyiase 

peptidase, M20/M25/M40 family 

Translocase 

RNA methyltransferase. TmiH family 

cysteinyl-tRNA synthetase 

antirepressor. Putative 

deoxyuridine 5'-tnphosphate nucleotidohydrolase 

Integrase 

N-e-adenine-methylb^nsferase 

portal protein. HK97 family 

replicative DNA helicase. 

repressor protein. Putative 

single-stranded DNA binding protein 

Temiinase.large subunit 

Terminase, small subunit. 

transcriptional regulator. RinA family 

'urines, pyrimidines, nucleosides, and nucleotides 

lyrB 

lyiC 

leoDI 

iACOLoseg 

IACOL1520 

iACOL0640 

yiR 

SACOL1212 

SACOL1213 

SACOLOI 21 

SACOL0569 

SACOL1520 

SACOL0640 

SACOL1210 

aspartate carbamoyllransferase catalytic sub 

Dihydroorotase 

purine nucleoside phosphorylase 

putative ATP:guanido phosphotransferase 

pyridine nucleotide-disulfide oxidoreductase 

pyridine nucleotide-disulfide oxidoreductase 

pynmidlne regulatory protein PyrR 

2,24 

2.16 

2.52 

3.79 

5.70 

8.38 

7.74 

8.06 

18.91 

15.46 

135.49 

15.11 -• 

20.67 

10.09 

2.48 

2.09 

2.47 

2.41 

4 60 

7.70 

13.83 

8.07 

8.06 

22.81 

2.51 

23.75 

14.10 

8.07 

3.95 

6.72 

11.90 

5.67 

4.20 

4.26 

56,14 

2.52 

8 6 4 

6.15 
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pdp 

carB 

carA 

pyrE 

pyrF 

thlD2 

Putative virulence factor 

ureD 

ureE 

ureF 

ureG 

ureC 

ureB 

ureA 

SACOL2128 pynmldine-nucleoslde phosphorylase 

SACOL1215 carbamoyl-phosphate synthase large subunit 

5ACOL1214 carbamoyl-phosphate syntiiase small subunit 

SACOL1217 orotate phosphoribosyltransferase 

SACOL1216 orolidlne S'-phosphate decartraxylase 

SACOL2085 phosphomethylpyrimidlne kinase 

SACOL228e 

SACOL2283 

SACOL2284 

SACOL2285 

SACOL2282 

SACOL2281 

SACOL2280 

urease 

urease 

urease 

urease 

urease 

urease 

urease. 

accessary protein UreD 

accessory protein UreE 

accessory protein UreF 

accessory protein UreG 

alpha subunit 

beta subunit 

gamma subunit 

2.11 

2.99 

3 55 

3 43 

3.21 

2.77 

3.84 

3.26 

3,68 

4.58 

5.24 

Regulatory functions 

ccpA SACOL1786 catabollte control protein A 

5AC0L1393 SAC0L1393 transcriptional antlterminator LicT. putative 

CtsR SACOL0567 transcriptional regulator CtsR 

czrA SACOL2137 transcriptional regulator CzrA 

SACOL1550 SACOL1550 tran sen ptional regulator, AraC family 

SACOL0890 SACOL0890 Iranscnptionai regulator, Cro/Ct family 

SACOL0420 SACOL0420 transcriptional regulator, Cro/CI family 

SACOL0563 SACOL0563 Iranscnptionai regulator, GnlR family 

SACOL2256 SACOL2256 transcriptional regulator, MarR family 

SACOL2531 SACOL2531 transcriptional regulator. MarR family 

5ACOL2189 SACOL2169 transcriptional regulator, Sir2 family 

5ACOL2086 SACOL2086 transcriptional regulator. TenA family 

SACOL2593 SACOL2593 transcriptional regulator, TetR family 

SACOL2374 SACOL2374 transcriptional regulator, TetR family, putative 

sarV SACOL2258 staphylococcal accessory regulator V 

SACOt^035 SACOL2035 redox-sensing transcnptional repressor Rex 

mpA SACOL2739 nbonuclease P 

gItC SACOL0513 transcriptional regulatory prolein GIIC 

4.67 

2.78 

61.64 

9.21 

2.38 

2 21 

2.91 

8 59 

2.84 

4.29 

2.89 

2.25 

2.78 

2.95 

2.45 

2.37 

3.03 

4.06 

Ribosomal protein 

rpsNI 

prmA 

rpmG1 

SACOL1370 303 ribosomal protein S14 

SACOL1635 nbosomal protein L I I methyitransferase 

SACOL1369 ribosomal protein L33 

2.65 

18.88 

2.30 

Transport and binding 

SACOL2138 

SACOL0997 

SACOL09g6 

SACOL0996 

SACOL1000 

SACOL0999 

proteins 

SACOL2138 

SACOL0997 

SACQL099d 

SACOL0996 

SACOL1000 

SACOL0999 

cation efflux family protein 

oligopeptide ABC transporter.ATP-binding 

oligopeptide ABC transporter. ATP-binding 

oligopeptide ABC transporter 

oligopeptide ABC transporter, permease 

oligopeptide ABC transporter pennease 

2.20 

2.08 

2 61 
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SAC01^375 

-SAC0L2Z79 

iiraA 

8ACOL1096 

-SACOLOI 22 

SACOL0250 

SACOL0781 

,SAC012257 

iSACOLZ523 

SACOL2356 

Unknown function 

•SACOL0220 

SACOL0976 

SACOL1162 

SACOL1683 

SACOL1400 

SACOL0820 

SACOLOI 91 

SACOL0064 

SACOL0418 

SACOL0417 

SACOL2722 

SACOL1669 

SACOL1669 

-SAC0L1771 

•SAC0L2594 

SACOL0498 

SACOL1967 

SACOL2529 

SACOL0573 

rarO 

SACOL0921 

SAC0L2245 

SACOL2366 

SACOL2012 

5ACOL1678 

SACOL1833 

crcB 

|ACOL0982 

ypfP 

SACOL0714 

Hypothetical protein 

SACOL2375 

SACOL2279 

SAC0L1211 

SACOL1096 

SACOLOI 22 

SACOL0250 

SACOL0781 

SACOL2257 

SACOL2523 

SACOL2356 

SACOL0220 

SACOL0976 

SACOL1162 

SACOL1683 

SACOL1400 

SACOL0820 

SACOLOI 91 

SACOL0O64 

SACOL0418 

SACOL0417 

SACOL2722 

SACOL1669 

SACOL1669 

SACOL1771 

SACOL2594 

SACOL0498 

SACOL1967 

SACOL2529 

SACOL0573 

SACOL2719 

SACOL0921 

SACOL2245 

SACOL2366 

SACOL2012 

SACOL1678 

SACOL1833 

SACOL1832 

SACOL0982 

SACOL1022 

SACOL0714 

Transporter. CorA family 

Transporter, putative 

uracil pemnease 

TrkA potassium uptake family protein 

tetracycline resistance protein, putative 

PTS system, IIA component 

osmoprotectant ABC transporter, ATP-binding protein 
Putative 

dmg transporter, putative 

dmg transporter, putative 

ABC transporter,ATP-bindlng protein 

Flavohemoprotein, Putative 

Hydrolase, haloacid dehalogenase-like family 

HAM1 protein 

HesA/MoeB/ThiF family protein 

ImpB/MucB/SamB family protein 

LysM domain protein 

M23/M37 peptidase domain protein 

metallo-beta-lactamase family protein 

mttA/Hcf106 family protein 

MttB family protein 

N-acetyltransferase family protein 

O-methyltransferase family protein 

0-methyltransferase family protein 

OsmC/Ohr femily protein 

Oxidoreductase, short chain dehydrogenase/reductase 
family 

PAP2 family protein 

PcrB-like protein 

phospholipase/cartmxylesterase family protein 

PINrrRAM domain protein 

rarD protein 

CBS domain protein 

Acetyltransferase. GNAT family 

Acetyltransferase, GNAT family 

Acetyltransferase, GNAT family 

bacterial lucrferase family protein 

crcB family protein 

crcB protein 

Sua5/YciOA'rdCA'wlG family protein 

ypfP protein 

acetyltransferase GNAT family 

Total 113 genes have been identified to be upregulated 

fl^m 2.05 to 30 65 

2 61 

3.02 

7.16 

2.48 

4.17 

7.30 

2.24 

3 26 

3.27 

2.31 

2.55 

2.39 

3.27 

2.78 

4.34 

2.61 

3.77 

2.50 

6.36 

6 47 

2.73 

2.19 

2.19 

2.53 

3.01 

2 32 

411 

2.08 

11.27 

2.74 

2.72 

2.66 

3.00 

4.41 

3.53 

3.43 

3.63 

28.27 

2.69 

4.46 
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Table 2. Genes whose transcription was repressed under heat stress conditions 

ID COL Locus Function 

Amino acid biosynthesis 
SACOL1360 SACOL1360 
metE SACOL0428 

ar^G 

pheS 

phaT 

sarA 

SACOL0430 

SACOL0431 

trpB 

IhiC 

hisl 

SACOL0964 

SAC0L114S 

SAOOL1149 

SACOL1773 

SACOL(M30 

SACOL0431 

SACOL1408 

SACOL1363 

SACOL2696 

hisF 

hIsD 

hom 

thrS 

hisH 

hisB 

putA 

SACOL0429 

SACOL2697 

SACOL2702 

SACOL1362 

SACOL1364 

SACOL2699 

SACOL2700 

SACOL1816 

SACOL0429 

Biosynthesis of cofactors 

SACOL0564 

ctaB 

SACOL2579 

Cell envelope 

capSM 

capSA 

cap5B 

cap5C 

cap5D 

cap5E 

cap5F 

cap5H 

cap5l 

cap5J 

cap5K 

capSL 

capSN 

cap50 

SACOLO119 

SACOL0564 

SACOL1125 

SACOL2579 

SACOLOI 48 

SACOLOI 36 

SACOLOI 37 

SACOL0138 

SACOLOI 39 

SACOL0140 

SACOLOI 41 

SACOLOI 43 

SACOLOI 44 

SACOLOI 45 

SACOL0146 

SACOLOI 47 

SACOLOI 49 

SACOLOI 50 

SACOLO119 

aspartate kinase ^ ^^ 
5-methyltelrahydropteroyltriglutamate-homocysteine 0 39 
melhyltransferase 
arglninosucclnate synthase 0.34 
piienylalanyl-tRNA synthetase, alpha subunit 0-43 
phenylBlanyl-tRNA synthetase, beta subunit 0.30 
D-3-pho8phoglyoerate dehydrogenase 0.28 
trans-sulfuration enzyme family protein 0.34 
trans-sulfuratlon enzyme family protein 0.41 
tryptophan synthase subunit beta 0.46 

threonine synthase O.X 
phosphoribosyl-ATPpyrophosphatase/phosphoribosyl-AMP 0.48 
cyclohydrolase 
ph03phonbosylfonnimlno-5-aminoimidazole carboxamide 0.36 
ribotlde Isomerase 
hisF protein (cyclase) 0.41 
histidinol dehydrogenase 0.42 
homoserlne dehydrogenase 0.41 
homosenne kinase 0 32 
imidazole glycerol phosphate synthase, glutamine 0.40 
amidolransferase subunit 
imidazoleglycerol-phosphate dehydratase 0.42 
proline dehydrogenase 0.30 
bifunclional homocysteine S-melhyltransferase 0.30 

pyndoxine biosynthesis protein 
protoheme IX fa mesyltransferase 
phytoene dehydrogenase 

0.35 

0.40 

0.13 

gal actosyltransferase 
capsular polysaccharide biosynthesis protein 
capsular polysaccharide biosynthesis protein 
capsular polysaccharide biosynthesis protein 
capsular polysaccharide biosynthesis protein 
capsular polysaccharide biosyntt>esis prolein 
capsular polysaccharide biosynthesis protein 
capsular polysaccharide biosynthesis protein 
capsular polysaccharide biosynthesis protein 
capsular polysaccharide biosynthesis protein 
capsular polysaccharide biosynthesis prolein 
capsular polysaccharide biosynthesis protein 
capsular polysaccharide biosynthesis protein 
capsular polysaccharide biosynthesis protein 
cell wall surface anchor family protein 

0.29 
0.18 
0.17 
0.12 
0 23 
0.24 
0.16 
0.17 
0.17 
0.22 
0.29 
0.46 
0.41 
0.47 
0 38 
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SACOL1043 

SACOL2578 

ligB 

capSG 

w< 
aU 

dHD 

|Gellular p rocesses 

agrA 

^ 
aigCZ 

saiS 

sarY 

arts 

ItdpO 

rsbW 

rpoF 

SACOL2581 

sdrE 

epG, 

epiE 

mscL 

dfB 

SACOLD861 

S A C O L 1 0 4 3 

S A C O L 2 5 7 8 

S A C O L 0 2 4 8 

S A C O L O I 4 2 

S A C O L 0 2 4 7 

SACOL1062 

SACOL0938 

SACOL2026 

SACOL2023 

SACOL2025 

SACOL0096 

SACOL2289 

SACOL1450 

SACOL2070 

SACOL2055 

SACOL2054 

SACOL2581 

SACOL0610 

SACOL1871 

SACOL1872 

SACOL1383 

SACOL2652 

SACOL0861 

glycosyl transferase, group 1 family protein 

glycosyl transferase, group 2 family protein 

antiholln-like protein LrgB 

UDP-N-acelylglucosamlne 2-epimerase CapSG 

murain hydrolase regulator LrgA 

bifunclional aulolysin 

DltD protein 

accessory gene regulator protein A 

accessory gene regulator protein B 

accessory gene regulator protein 0 

staphylococcal accessory regulator S 

staphylococcal accessory regulator Y 

sensor hisfidine kinase ArlS 

sensor histidine kinase KdpD 

serine-protein kinase RsbW 

Sigma factor B 

staphyloxanthin biosynthesis protein 

sdrE protein 

epidermin immunity protein F 

epidermin immunity protein F 

large conductance mechanosensitive channel protein 

clumping factor B 

cold shock protein, CSD family 

0.33 
0.07 
0.34 
0.13 
0.29 
0.25 
0 48 

0.21 

0.18 

018 
0.29 
0.29 
0.48 
0.45 
0.35 

0.41 
044 
0.34 
0.29 
0 30 

DNA metabolism 

hup 

kdpE 

SACOL0201 

|SACOL0678 

SACOL1513 

SACOL2071 

SACOL0201 

SACOL0678 

DNA-binding protein HU 

DNA-bindIng response regulator KdpE 

DNA-binding response regulator, AraC family 

integrase/recombinase, phage integrase family 

^ r g y metabolism/Central metabol ism 

malA 

SAC0L2484 

SACOL0517 

atpH 

a îC 

apG 
atpft 

atpD 

fi)IC 

pfiS 

,SACOL2301 

IxitG 

feme 

glK 

gniP 

gntK 

SACOL1551 

SACOL2484 

SACOL0517 

SACOL2098 

SACOL2094 

SACOL20g6 

SACOL2097 

SACOL2095 

SACOL1709 

SACOL0204 

SACOL2301 

SACOL2327 

SACOL1908 

SACOL1604 

SACOL2514 

SACOL2515 

alpha-glucosidase 

alkylhydroperoxidase, AhpD family 

alpha-amylase family protein 

ATP synthase F l , delta subunit 

ATP synthase F l , epsilon subunit 

ATP synthase F l , gamma subunit 

ATP syn^ase subunit A 

ATP synthase subunit B 

folylpolyglutamate synthase 

formate acetyltransferase 

formate dehydrogenase, alpha subunit, putative 

formlminoglutamase 

fumarate hydratase. class II 

Glucokinase 

gluconate transporter, pemiease protein 

Gluconokinase 

0 36 

0.42 

0,44 

0.34 

0.43 

0.21 

0.40 

0.50 

0.40 

0.46 

0.50 

0.41 

0.42 

0.25 

0.29 

0.31 

0.37 

0.38 

0.30 

0.15 



SACOL1912 
gItB 
gltD 
femC 
glnR 

sdhA 
sdfiC 
qOxA 

qoxB 
qoxC 
qoxD 

crtN 
crtM 
gimS 
pckA 
mllD 
manA! 
SACOL1602 
SACOL0638 
SACOL2293 
melK 
pfIA 
sucA 
SACOL0607 

SACOL1912 
SACOL0514 
SACOL0515 
SACOL1329 
SACOL1328 
SACOL1159 
SACOL1158 
SACOL1069 
SACOL1070 
SACOL1068 
SACOL1067 
SACOL2576 
SACOL2577 
SACOL2145 
SACOL1838 
SACOL2149 
SACOL2135 
SACOL1602 
SACOL0638 
SACOL2293 
SACOL1837 
SACOL0205 
SACOL1449 
SACOL0607 

Fatty acid metabolism 
accC 

SACOL1662 

SACOL1661 
SACOL0213 

gipF 
SACOL0962 

SACOL1571 
SACOL1662 

SACOL1661 
SACOL0213 
SACOL1319 
SACOL0962 

gluco8Qmlne-6-pho5phate isomerase, putative 0.35 
glutemate synthase, large subunit 0.28 

glutamate synthase, small subunit ^ ^^ 
glutamine synthetase FemC 0-38 
glutamine synthetase repressor 0.48 
succinate dehydrogenase 0 36 
succinate dehydrogenase, cytochrome bS56 sub 0 41 
quinoi oxidase, subunit I 0 34 
quinol oxidase, subunit II 0'40 
quinoi oxidase, subunit III 0.38 
quinol oxidase, subunit IV 0 25 
debydrosqualene desaturase 0.10 

dehydrosqualene syntiiase 0.25 
D-fruclose-6-pho5phate amidolransferase 0.33 
phosphoenol pyruvate cartxixykinase 0 45 
mannllol-l-phosphateS-dehydrogenase 0.47 
mannose-6-phosphate isomerase. class I 0.32 
metallo-bela-lactamase family protein 0.38 
phosphomevalonale kinase 0.41 
NAD/NADP odopine/nc^aline dehydrogenase 0.27 

^ S-adenosylmethionine synUietase 0.21 
pymvate formate-lyase-activating enzyme 0.42 
2-oxoglutarate dehydrogenase. El component 0.44 
Azoreductase 0.42 

geh SACOL2694 

acetyl-CoA cartwxylase 0.49 
acetyl-CoA cartraxylase. biotin cartxixyl carrier prolein, 0.36 
putative 
acetyl-CoA cartwxylase, biotin cartwxyiase, putative 0.40 
acyl-CoA dehydrogenase family prolein 0.41 
glycerol uptake facilitator prolein 0.27 
glycerophosphoryl diester phosphodiesterase GIpQ, 0.45 
putative 
Lipase 0.44 

Purines, pyrimidines, nucleosides, 
purD SACOL1083 
purK SACOL1074 
purE SACOL1073 

purM 
purH 

purQ 

pud. 
purS 
purN 
purB 

SACOL1080 
SACOL1082 

SACOL1077 
SACOL1078 
SACOL1076 
SACOL1081 

SACOL1969 

and nucleotides 
phosphoribosylamine-glycine ligase 0.24 
phosphonbosylamlnoimidazole cartx>xytase. 0 20 
phosphoribosylaminoimidazole cart>oxylase. catalytic 0 28 
subunit 
phosphoribosylaminoimidazole synthetase 0.20 
phosphoribosylaminoimidazo1ecartx)xamide 0.21 
formyltransferase/IMP cyctohydrolase 
phosphonbosylformylglycinamidine synthase I 0.16 
phosphonbosylfomiylglycinamidine synthase II 0 22 
phosphoribosylfonnylglycinamjdine synthase 019 
pfiosphoribosylglyclnamlde formyltransferase 0 20 
adenylosuccinate lyase D.42 
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purF 

xpt 

nrdE 

IwdF 

guaA 

qiiaB 

Protein metabolism 

valS 

SACOL1803 

serS 

giys 

Regulatory functions 

rsbV 

SACOL2147 

SACOL2290 

ifiorR 

ISIwsomal protein 

iplM 

iplJ 

ipsR 

ipsi 

SACOL1079 

SACOL0458 

SACOL0792 

SACOL0793 

SACOL0461 

SACOL0460 

SACOL1710 

SACOL1803 

SACOL0009 

SACOL1622 

SACOL2056 

SACOL2147 

SACOL2290 

SACOL0746 

SACOL2207 

SACOL0585 

SACOL0439 

SACOL2206 

Transport and binding proteins 

SACOL0882 SACOL0882 

SACOL0306 

SAC0L1427 

SACOL0690 

SACOL0883 

SACOL0305 

SACOL0689 

SACOL0884 

SACOL0688 

SACOL0506 

SAC0L1915 

SACOL1916 

SACOLG630 

SACOL1743 

SACOL1728 

SACOL1367 

SACOL2169 

oppF 

oppD 

.SACOL0995 

oppC 

opuD2 

oppB 

SACOL0306 

SACOL1427 

SACOL0690 

SACOL0883 

SACOL0305 

SACOL0689 

SACOL08B4 

SACOL0688 

SACOL0506 

SACOL1915 

SACOL1916 

SACOL0630 

SACOL1743 

SACOL1728 

SACOL1367 

SACOL2169 

SACOL0994 

SACOL0993 

SACOL0995 

SACOL0992 

SACOL2176 

SACOL0991 

amidophosphoribosyltransferase 

xanthine phosphoribosyltransferase 

ribonucleotide-diphosphate reductase alpha sub. 

ribonucleotide-diphosphate reductase beta sub. 

bifunclional GMP syntfiase/glutamlne amidolransferase 
protein 

inosine-5'-monophosphate dehydrogenase 

valyi-tRNA synthetase 

pseudouridine synthase, family 1 

seryl-IRNA synthetase 

glycyl-IRNA synthetase 

anii-anti-sigma factor RsbV 

transcriptional anlitenninator, BgIG family/ONA-bindIng 
protein 

transcriptional regulator, AraC family 

transcriptional regulator, MarR family 

50S ribosomal protein L13 

nbosomal protein L10 

ribosomal protein SIS 

nbosomal protein S9 

ABC transporter, ATP-binding protein 

ABC transporter, ATP-binding prolein 

ABC transporter. ATP-binding protein 

ABC transporter, ATP-binding protein 

ABC transporter, permease protein 

ABC transporter, permease protein 

ABC transporter, pemiease protein 

ABC transporter, substrate-binding protein 

ABC transporter, substrate-binding protein 

ABC transporter, substrate-binding protein 

amino acid ABC transporter, ATP-blnding 

amino acid ABC transporter, pemiease 

amino acid permease 

ammo acid permease 

ammo acid permease 

amino acid pennease 

aerobactin biosynthesis prolein, lucA/lucC 

oligopeptide ABC transporter, ATP-blnding 

oligopeptide ABC transporter, ATP-binding 

oligopeptide ABC transporter, 

oligopeptide ABC transporter, permease protein 

osmoprotectant transporter, BCCT family 

ohqopeptide ABC transporter, pemnease protein 

0.17 

0.26 

0,36 

0,26 

0,34 

0.31 

0.50 

0.51 

0,39 

0,39 

0.42 

0.41 

0.21 

0,45 

0.39 

0.45 

0 47 

0.36 

0,09 

0,22 

0,30 

0.42 

0.08 

0.27 

0,40 

0.06 

0.37 

0,39 

0,27 

0.35 

0.06 

0 28 

0.37 

0,42 

0,34 

0,20 

0.22 

0.20 

0.27 

0.06 

0.33 
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SACOL2473 SACOL2473 peptide ABC transporter, ATP-binding protein 0.45 
SACOL2472 SACOL2472 peptide ABC transporter, ATP-binding protein 0.47 
SACOL2476 SACOL2476 peptide ABC transporter, peptlde-blnding 0'36 
SACOL2474 SACOL2474 peptide ABC transporter, pennease protein 0.37 
SACOL2475 SACOL2475 peptide ABC transporter, pennease prolein, 0.38 
SACOL2663 SACOL2663 PTS system, frudose-speclfic IIABC components 0.30 
SACOL2552 SACOL2552 PTS system. IIABC components 008 
SACOL0175 SACOL0175 PTS system, IIABC components 0.13 

SACOL0516 SACOL0516 PTS system, IIBC components 0,23 
SACOL214e SACOL2148 PTS system, mannltol-speclflc IIA component 0.15 
SACOL2319 SACOL2319 Na+/H+antiporter family protein 0.46 

nhaC SACOL2292 Na+/H+ antiporter NhaC 0.34 
SACOL06e2 SACOL0682 Na+/H+ antiporter, MnhD component, putative 0.43 
SACOL0685 SACOL0685 Na+/H+ antiporter, MnhF component, putative 0.44 
SACOL0686 SACOL0686 Na+/H+ antiporter, MnhG component, putative 0.46 

nupC SACOL0566 nucleoside permease NupC 0.39 
pbuX SACOL0459 xanthine permease 0.21 
SACOL2242 SACOL2242 xanthine/uracil permease family protein 0.46 

SACOL2483 SACOL2483 transporter, putative 0.31 
SAC0L1114 SACOL1114 Mn2+/Fe2+ transporter, NRAMP family 0.39 
SACOL0088 SACOL0088 Na/Pi cotransporter family prolein 0.38 
SACOL2314 SACOL2314 sodium/bile acid symporter family protein 0.42 
SACOL1979 SACOL1979 sodlum-dependenl transporter 0.30 • 
SACOL0788 SACOL0788 proton-de pendent oligopeptide transporter family protein 0.42 
SACOL0093 SACOL0093 L-lactate permease 0.36 
SACOL2707 SACOL2707 cobalt transport family protein 0.45 

Unknown function/Others 
SACOL1847 
SACOL1365 
isaA 
SACOL0388 
SACOL0770 
SACOL1606 
SACOL1941 
SACOL1607 
SACOL1187 
SACOL0740 
SACOL0777 
spoVG 
SACOL1663 
SACOL0399 
SACOL2321 

SACOL1847 
SACOL1365 
SACOL2584 
SACOL0388 
SACOL0770 
SACOL1606 
SACOL1941 
SACOL1607 
SACOL1187 
SACOL0740 
SACOL0777 
SACOL0541 
SACOL1663 
SACOL0399 
SACOL2321 

SACOL2053 SACOL2053 
SACOL0723 SACOL0723 
H^othetlcal protein 

conserved domain protein, putative 0.24 
hydrolase, haloacid dehalogenase-like family 0.33 
immunodominant antigen A 0.28 
prophage L54a, holm, SPP1 family 0.46 
radical activating enzyme family protein 0.47 
rhomt»id temily prolein 0.50 
ribonuclease BN, putative 0.29 
5-formyltetrahydrofolate cydo-ligase family 0.47 
antibacterial protein (phenol soluble modulin) 0.32 
decartiDxylase family protein 0.36 
urea amidolyase-relaled protein 0.38 
SpoVG protein 0.38 
urea amidolyase-related protein 0.38 
oxidoreductase, putative 0.28 
oxidoreductase, short chain dehydrogenase/reductase 0.29 
family 
SI RNA binding domain protein 0 46 
LysM domain protein o,42 
Total 60 proteins have been down regulated from 0 09 to 
0,49 folds 
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DISCUSSION 

^ As a model organism for studying the heat shock 
response in Gram-positive bacteria, differences in 
tbeproteome of heat shocked B. subtilis cells and the 
mechanisms of heat shock response of this organism 
liave been examined quite throughout (Scliumanii et 
fl/,, 1996; Bernhardt et al., 1997; Movadehi el al, 
2000). la B. subtilis at least four classes of heat 
shock genes encoding cytoplasmic proteins have 
.Seen identified (Hecker et al, 1996; Schumann et 
al, 1996; Schumann, 2003). 

hi the case of pathogenic bacteria, heat-shock 
proteins might play an important role, as sera from 
infected patients contain antibodies to several heat-
shock proteins and they are induced early in 
infection of human epithelial cells with S. aureus 
(Qo[Xinflehe(a/., 1998). 

In this study, effects of heat stress on S. aureus 
cells was analysed with DNA microarrays. 

Unlike the model organisms B subtilis, little 
was known until recently about the regulation of 
stress response in S. aureus. Analysis of the 
complete genome sequence (Kuroda et al, 2001) and 
several recent reports indicate the existence of the cf̂  
(Gertz et al, 2000) and HrcA (Kuroda et al, 2001) 
in S. aureus. Moreover, an orthologue of the CtsR 
class III stress regulator was defined as well as 
several potential target genes (Derre el al, 1999). In 
S. aureus, there seems to be a regulatory overlap 
between class 1 and class III genes, with dual heat 
shock regulation by CtsR and HrcA. 

The obtained transcriptomic analysis data 
indicate that under heat stress conditions, S. aureus 
cells showed the induction of three classes of heat 
inducible genes. Among them were proteins such as 
chaperones DnaK, GroEL, GroES, and GrpE. 

n^ In S. aureus, the expression of dnaK and 
groEUgroES is controlled by both HrcA and CtsR 
repressor, which act together synergistically to 
iDaiiitain low levels of expression in the absence of 

^̂ t̂ess (Chastanet et al, 2003). In B. subtilis, GroEL 
3Dd DnaK are regulated by the HrcA repressor and 
transcribed during heat shock by the vegetative 
Sigma factor A (Schumann et al, 1996; Yuan et al., 
1595). In this work, it was shown that in S. aureus. 
genes belonging to class I heat shock response were 
strongly induced after heat exposure. Transcriptome 

ĵtoalysis data show that the gene encoding the 
^laperones DnaK, GroEL, GroES and GrpE was 

highly up regulated under stress condition. 
Moreover, the transcription profile showed the high 
induction of HrcA, one of the main regulators of the 
heat shock response, which could not be identified 
on the 2D gels. The transcription profile also showed 
that the ribosomal protein Ll I was up regulated by 
heat exposure. The ribosomal protein L l i exhibits 
significant homology to the deduced amino acid 
sequence of oif35 in B.subtilis, which is one part of 
the heptacistronic dnaK operon (Schumann, 2003). 

The exposure to heat stress condition leads to the 
accumulation of misfolded proteins, resulting in a 
strong induction of gene encoding the chaperones as 
well as proteases which are typical for protect 
ftinction. For example, among the heat induced 
genes are also those belonging to the Cip machinery: 
clpP encodes the proteolytic component ClpP and 
clpB of the chaperone ClpB. Clp-proteases belong to 
class III heat shock protein that regulated by CtsR 
repressor which were showed to be highly induced 
by heat stress in B. sublillis (Kruger et al, 1996; 
Derre el al, 2000; Schumann et al, 1996). Frees and 
colleagues demonstrated that the action of a ClpP 
proteolytic complex is essential for staphylococci to 
grow under heat-shock conditions. Our Northern blot 
result figured out that the transcription of clpB was 
highly induced, in support of this notion clpB was 
recently shown to be required for growth at very 
high temperatures (Frees el al., 2004). 

The transcriptome analysis also revealed that the 
heat shock repressor CtsR was highly up-regulated 
after heat exposure. Frees and colleagues observed 
this same phenomenon and suggested that CtsR may 
need a cofactor for repressor function (Frees el al, 
2004; Anderson el al, 2006). 

Interestingly, in this work, we have detected the 
induction of ahpC-ahpF in S. aureus after exposing 
lo heat shock. In B. subtilis, these genes belong to r. 
group of genes whose expression is also responsive 
to stress, but the mechanism of induction is not 
affected by any of the previously mentioned 
regulators (Schumann, 2003). Therefore, ahpC-ahpF 
are controlled by one or more unknown mechanisms. 

Heat stress treatment also resulted in a strong 
synthesis level of genes belonging to the SOS 
response such as uvrA and urvB, which were also 
induced by the antibiotic mitomycine (Anderson et 
ai, 2006). That indicated the relevance of heat stress 
response and SOS response. 

According to the microarrays analysis data, among 



the heat-induced transcripts were several bacteriophage 
replication/packaging genes such as Intergrase 
SACOL0318. replicative DNA helicase SACOL0343, 
N-6-adenine-methyltransferase SACOL0346, deoxy­
uridine ^'-triphosphate nucleotido-hydrolase 
SACOL0357, transcriptional regulator of the RinA 
family (SACOL0364) as well as the small and large 
subunit of the terminase SACOL0366 and 
SACOL0367 (Table 1). Anderson and colleagues have 
shown that SOS induction also activates the expression 
of numerous bacteriophage genes in S. aureus. The 
concerted fijnctions of these factors may account, in 
part, for the observation that SOS induction results in 
phage-mediated pathogenicity island dissemination 
among staphylococci (Mazmanian el al, 1999; 
Maiques et al. 2006). In the current work, as heat 
shock cause DNA damage and consequently bring 
about an induction of DNA repair and DNA synthesis, 
heal shock might lead Ihe phages into the lysis cycle but 
the mechanism of thai process has not been well 
examined, 

Taken together, heat shock lead to an up-
regulation of enzymes involved in DNA metabolism, 
protection, and repair. Consequently, it can be 
concluded that under heat shock conditions, the 
DNA damage occur in S. aureus. Another indication 
for this conclusion is the induction of phage genes. 
Under oxidative stress conditions, similar 
phenomena have been observed in S aureus (Wolf ef 
al, 2008), 
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HAN TiCH SV" BIEU H l f N GEN CUA STAPHYLOCOCCUS AUREUS SAU XlT LY SOC 
HIET 

SThjNguyen Binh''^', Susanne Ellgelma^^^ Nong Van Hai', Michael Hecker 

nrdng Dai hoc Tong hpp Greifswald. Dice 

ien Cong nghe sinh hpc. Viet Nam 

TOM TAT 

Staphylococcus aureus la mpt trong nhihig vi khuan gay benh a ngtroi rat nguy hiem vi Ihl ma tro thanh 
mot doi l u ^ g nghien cuu rat quan trgng Trong nhung nam gan day, nghien ciru ve co che phan ung cua S. 
ciiireiis voi cac kich thich tir ngo îi canh da va dang rat duoc chii y bai vi loai vi khuan nay c6 tinh de khang 
ni?nh voi cac dieu ki?n moi trucmg bit l^i. Bai bao nay trinh bay ket qua nghien cim ve nhiing thay doi ciia 
bieu hien gen va protein ciia S. aureus duoi tac dong cua soc nhiei, qua do trinh bay m^t cai nhin chi tiet ve 
phan ling ciia S aureus a dieu ki?n in vitro doi voi lac dong ciia ngoai canh bSt loi Trudc het, vi?c phan tich 

' h? protein va miic do biSu hien mRNA cua S. aureus diroi tac dung ciia s6c nhiet dirge thuc hien bang ky thuat 
^ dien di hai chiSu kit hpp vdi phan tich bang may khdi phd vii phuang phap DNA array. Sir thay ddi tiir nhiet do 
^ in5i tnrdng sdng thong thudng len nhiet dd cao da gay ra d S. aureus mdt loat nhiing thay ddi trong he protein 

ciing nhir h^ gen cua vi khuan nay. Cy thi la cac protein ndi bao c6 chdc nang bao ve nhu GroEL, DnaK va cac 
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protease phy ihugc ATP nhu ClpB vt ClpP d.l cam irng gia Iflng rd r?l. Them v^o d6 sy bilu hien ciia protein 
lie che ClsR cung tflng mgnh. Myt dilu ding ng^c nhicn 1̂  cSc prolein chju ŝ r dilu khien cua nhan td sigma B, 
thudng cam img rat m?nh sau MK nhi^l d vi khuiiti Bacillus siihtilis l̂ i khdng he iSng mirc bieu hi?n d S. 
aureus irong trudng hpp nity. Ngoiii ra, ciic phan lich d mirc dy phicn mS gen cung chi ra sp tSng mirc phien 
ma cua Ciic gen thuyc nhdm SOS. cSc gen ch|u iriich nhivm phifin ma, ddng gdi a the thyc khuan thi:. ho$c cac 
gen dicu hda qud irinh djch ma thupc nhdm RinA Tdm l(ii, nhtfng bieu hi?n d^c trung cua S. aureus ddi vdi 
cac diLHi kicn khdng cd Ipi cd ihc irtr IhUnh cdng cy hlVu hi$u trong vigc chSn do^n phan irng cua vi khuan nay 
doi vdl mOl linn khang sinh mdi ho^c vii;c nghidn ciru crtc ir;ing ihSi sinh Ijf ciia Ic b^o. 

Tir khoa: / l \ ,1 arrav. lai Xnrihci ii. phdn lich ininscriplimuc. soc nhiet. Staphylococcus aureus 




