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Abkürzungsverzeichnis

2D zweidimensional 

Abb. Abbildung 

AS Aminosäure 

bp Basenpaare 

cDNA complementary desoxyribonucleic acid 

DNA desoxyribonucleic acid 

GFP green fluorescence protein 

Cy Fluoreszenzfarbstoff der Firma Amersham Biosciences 

Da Dalton, 1Da = 1,6605 x 10-24 g 

DIGE differential in gel erectrophoresis 

IPTG Isopropylthio- -D-Galactosid

IPG immobilisierter pH-Gradient 

MALDI matrix-assisted laser desorption/ionisation 

mRNA messenger ribonucleic acid 

nt Nukleotide 

ODX Optische Dichte bei der Wellenlänge x nm 

ORF open reading frame 

PAGE polyacrylamide gel electrophoresis 

pI isoelektrischer Punkt 

RNA ribonucleic acid 

Tab. Tabelle 

TOF time of flight 

SDS Sodiumdodecylsulfat 

WT Wildtyp 

Alle weiteren Abkürzungen wurden entsprechend dem Duden „Duden-Deutsches 

Universalwörterbuch“ (4. Auflage, 2001) verwendet. 
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I. Zusammenfassung

Im Rahmen der hier vorgestellten Arbeit wird die Nutzung globaler Transkriptom- und  

Proteomanalysen zur Untersuchung der Anpassung des Bodenbakteriums Bacillus subtilis

an einige in seinem natürlichen Habitat herrschende Bedingungen behandelt. Die 

Ergebnisse dieser Arbeit verdeutlichen, dass mit Hilfe globaler Transkriptom- und 

Proteomanalysen auch für bereits intensiv untersuchte Fragestellungen neue und zum Teil 

unerwartete Aspekte zu entdecken sind. 

So konnte im Falle der seit ca. 30 Jahren untersuchten Sporulation in B. subtilis eine 

Reihe von neuen differenziell exprimierten Genen identifiziert werden. Ferner konnten diese 

Gene den vier an der Sporulation beteiligten Sigmafaktoren zugeordnet werden. Einige der 

besonders interessanten Gene wurden in der Folge einer Detailanalyse unterzogen, 

beispielsweise wurden yvjB auf Grund seiner außergewöhnlichen Regulation und oxdD bzw. 

tgl wegen ihrer vermutlichen Beteiligung am Aufbau des Sporenmantels detailliert 

untersucht.

Ebenfalls wurde die globale Transkriptomanalyse für die Analyse der seit Anfang der 

90er Jahre auf molekularer Ebene intensiv untersuchten Anpassung von B. subtilis an hohe 

Osmolarität eingesetzt. Dies führte zur Ausweitung bereits erhaltener Befunde und zur 

Entdeckung neuer Facetten dieser Adaptationsstrategie. Die zuvor beobachtete Induktion 

des SigW-Regulons nach einem osmotischen Schock wurde dabei bestätigt. Der in einer 

Proteomanalyse initial entdeckte Befund einer durch Hochsalzbedingungen sekundär 

verursachten Eisenlimitation konnte erweitert werden. Weiterhin zeigten die Experimente, 

dass das DegS/DegU-Zweikomponentensystem offensichtlich ganz wesentlich an der 

Anpassung von B. subtilis an hohe Osmolarität beteiligt ist. Für 20 der 102 induzierten und 

50 der 101 reprimierten Gene wurde eine Kontrolle durch das DegS/DegU-

Zweikomponentensystem gezeigt. Ein physiologischer Test der Beweglichkeit bewies eine 

reduzierte Motilität, welche zuvor in den Transkriptionsanalysen auf Grund der beobachteten 

Repression einer großen Anzahl von Motilitäts- und Chemotaxisgenen unter 

Hochsalzbedingungen vermutet wurde. 

Vergleichbares gilt für die Untersuchung der Anpassung von B. subtilis an 

schwankende Temperaturen. Die Verwendung globaler Analysen zur Untersuchung der 

Kälteschockantwort und der Adaptation wachsender Zellen an Kälte und Hitze haben auch 

hier neue interessante Befunde geliefert. Die Hemmung der Sporulation während des 

Wachstums in der Kälte konnte durch globale Transkriptionsanalysen untermauert werden. 

Eine Induktion von Genen der ersten drei Sporulationsregulons (SigF, SigE und SigG) war 

zu beobachten, die Induktion des SigK-Regulons blieb jedoch aus. Eine andauernde 

Induktion der generellen Stressantwort in der Kälte, welche zuvor in einem Proteomansatz 

gezeigt werden konnte, wurde auf Transkriptionsebene bestätigt und auf das gesamte 

Regulon ausgeweitet. Ein Proteomansatz, in welchem auch eine SigB-Mutante untersucht 

wurde, führte zu der These, dass mit SigH ein weiterer alternativer Sigmafaktor an der 

Kälteadaptation beteiligt sein könnte. 

Anhand der hier vorgestellten Ergebnisse wird das Potential globaler Analysen 

verdeutlicht. Sie ermöglichen Einblicke in das Zusammenspiel der einzelnen 

Anpassungsmechanismen und liefern entscheidende Hinweise zur Entschlüsselung 

zellulärer Regulationsnetzwerke. 
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II. Einordnung der erhaltenen Befunde

In dieser Arbeit werden Untersuchungen zu verschiedenen Anpassungsstrategien des 

Bodenbakteriums Bacillus subtilis an die in seinem Habitat vorherrschenden 

Umweltbedingungen beschrieben. Die Anpassung an eine Vielfalt von Umweltbedingungen 

gelingt dem Bakterium durch eine Umprogrammierung seiner Proteinausstattung. Diese 

Umprogrammierung erfolgt über eine veränderte Genexpression. In den vorgestellten 

Arbeiten wurden sowohl Transkriptom-, als auch Proteomstudien genutzt, um neue 

Mitglieder verschiedenster Stressantworten zu identifizieren und eine mögliche Vernetzung 

sichtbar zu machen. 

2.1. Bacillus subtilis ein Modellorganismus

B. subtilis ist ein ubiquitär in den oberen Bodenschichten und der Rhizosphäre 

verbreitetes Eubacterium mit einer Gram-positiven Zellwand. Es ist stäbchenförmig, ca. 2 µm 

lang und peritrich begeißelt. Sein Stoffwechsel ist chemoorganoheterotroph und durch die 

Sekretion einer Vielzahl von Enzymen erschließt sich B. subtilis die Nutzung des im Boden 

vorhandenen organischen Materials (LAMPEN, et al., 1986). Bei der Wahl seiner C-Quellen ist 

B. subtilis sehr flexibel, bevorzugt jedoch Glukose. Eine hohe Glukosekonzentration 

unterbindet sogar die Expression der Gene zur Nutzung alternativer C-Quellen (DOWDS, et 

al., 1978; STÜLKE & HILLEN, 1999; STÜLKE & HILLEN, 2000). B. subtilis wächst aerob, kann 

aber in Anwesenheit von Glukose Nitrat als terminalen Elektronenakzeptor nutzen 

(HOFFMANN, et al., 1995; SUN, et al., 1996; NAKANO & HULETT, 1997; NAKANO & ZUBER,

1998). Neben dieser Nitratatmung kann B. subtilis mit Hilfe von Fermentation anaerob 

wachsen, dabei werden 2,3-Butandiol, Ethanol, Lactat und Acetoin ins Medium abgegeben 

(NAKANO & HULETT, 1997; RAMOS, et al., 2000). 

Die Veröffentlichung der vollständigen Genomsequenz von B. subtilis im Jahre 1997 

(KUNST, et al., 1997) ermöglichte die Entwicklung von DNA-Arrays, welche PCR-Produkte 

aller 4107 bekannten, vermutlich proteinkodierenden ORFs enthielten. Die 

Transkriptionsanalyse konnte nun vom einzelnen Transkript auf das gesamte Transkriptom 

ausgeweitet werden. Dies ermöglichte die unvoreingenommene Untersuchung komplexer 

Adaptationsstrategien mit einer globalen Analyse, anstatt mit traditionellen 

Einzelexperimenten. Eine solche Betrachtung der gesamten Zelle und ihrer Produkte kannte 

man bis dahin nur von der 2D-SDS-Gelelektrophorese, welche jedoch auch mit 

Einschränkungen versehen war und ist. Zum einen ist die Methode trotz der Verwendung 

von IPG-Streifen noch sehr komplex und birgt viele Fehlerquellen, zum anderen gibt es kein 

Gelsystem, welches alle Proteine mit ihrer Vielfalt an biochemischen Eigenschaften 
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auftrennen kann. Der große Bereich an Proteinkonzentrationen innerhalb der Zellen bedingt, 

dass mit keiner bekannten Färbemethode alle aufgetrennten Proteine quantifizierbar 

dargestellt werden können. Durch die Untersuchung des Proteoms erhält man jedoch 

Informationen, die bei der Betrachtung des Transkriptoms nicht zugänglich sind. Post-

Translationale Modifikationen können im Gel oder in der massenspektrometrischen 

Untersuchung der Proteinspots erkannt und bestimmt werden. Der gezielte Abbau oder die 

Stabilität von Proteinen kann durch radioaktive Pulse-Chase-Experimente mit 

anschließender 2D-SDS-Gelelektrophorese erforscht werden. Western-Blot oder ELISA-

Assays ermöglichen eine Bestimmung der Konzentrationen von Proteinen und erlauben 

Aussagen zu stöchiometrischen Verhältnissen von interagierenden Proteinen. Jedoch sollte 

man die Proteomanalyse und die Transkriptomanalyse nicht in Konkurrenz sehen, sondern 

beide gemeinsam nutzen, um einen Überblick über die Regulation und Vernetzung von 

zellulären Antworten zu bekommen. 

Der Erfolg eines Bakteriums in seinem Habitat wird durch die Fähigkeit zur Anpassung 

des Organismus an seine Umweltbedingungen gewährleistet. Anders als unter den 

optimalen Wachstumsbedingungen im Labor ist B. subtilis in seinem natürlichen Habitat 

einer Reihe von wechselnden abiotischen und biotischen wachstumsbegrenzenden Faktoren 

ausgesetzt. Die Abweichung der Umweltbedingungen von den Normwerten und die 

Auswirkungen auf den Organismus werden gemeinhin als Stress bezeichnet. Neben dem 

Nährstoffangebot, können die Temperatur, die Verfügbarkeit von Wasser, die Osmolarität 

und der pH-Wert, starken und wechselnd lang anhaltenden Schwankungen unterworfen sein. 

2.2. Sporulation

Bei einer Limitation des Nährstoffgehalts im Habitat ist nicht mit einer abrupten und 

kurzzeitigen Verbesserung der Situation zu rechnen. Diese Limitation löst den Eintritt des 

Bakteriums in eine stationäre Wachstumsphase aus. Diese stationäre Phase beginnt mit 

einer transienten Phase, in welcher das Bakterium metabolische, physikalische und 

physiologische Signale dazu nutzt, die richtige Differenzierungsstrategie auszuwählen. Die 

Limitation der bevorzugten Phosphat-, Stickstoff-, oder Kohlenstoffquelle führt in B. subtilis 

zur Induktion einer Reihe von Adaptationsmechanismen, deren Ziel es ist, neue alternative 

Quellen für diese Nährstoffe zu finden (SCHAEFFER, et al., 1965; DAWES, et al., 1969; 

STERLINI & MANDELSTAM, 1969). Zu den Anpassungsmechanismen gehören Chemotaxis, 

erhöhte Motilität, die Sekretion von degradativen Enzymen, Antibiotika und Toxinen, die 

Aktivierung von Transportern, die Induktion alternativer Abbauwege und die Ausbildung der 

genetischen Kompetenz. Findet der Organismus hierbei eine alternative Methode, seine 

Nährstoffe zu bekommen, wächst er, wenn auch mit einer geringeren Wachstumsrate, 
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weiter. Erst wenn alle diese Möglichkeiten getestet oder vielleicht ausgeschöpft sind, kommt 

es zur Initiation der Sporulation. 

Im Folgenden sollen einige Aspekte, die in direkter oder indirekter Beziehung zur 

Initiation der Sporulation stehen, kurz erläutert werden. 

Bakterien haben die Möglichkeit aus der im Medium vorhandenen Mixtur an C-Quellen 

diejenigen auszuwählen, welche ihnen ein Wachstum mit der maximalen Wachstumsrate 

ermöglichen. Der dieser Wahl zugrunde liegende Mechanismus wird als Katabolitrepression 

(CCR) bezeichnet. Dieses vielseitige Regulationsnetzwerk, in welches die Verfügbarkeit der 

C-Quellen und der physiologische Zustand der Zellen einfließen, reguliert die Expression der 

verschiedenen katabolen Enzyme und der benötigten Transporter. In B. subtilis wird die 

Katabolitrepression durch den Phosphorylierungsstatus von HPr, einem Protein des 

Phosphotransferasesystems, und seinem Homolog Crh beeinflusst. Die Phosphorylierung 

erfolgt in Anwesenheit von Glukose durch die HPr-Kinase / Phosphatase an einem 

konserviertes Serinrest beider Proteine. Die an Ser46 phosphorylierten Proteine dienen dem 

Regulator CcpA als Kofaktor. Dieser kann an eine DNA-Sequenz, das cre-Element in der 

Promotorregion einer Vielzahl von Genen binden und dort die Expression entweder 

aktivieren oder inhibieren. Diese cre-Elemente befinden sich in der Promotorregion von 

Genen, welche für Enzyme zur Nutzung oder zum Transport von Zuckern als alternative C-

Quellen kodieren. In Abwesenheit von Glukose wird nun HPr nicht mehr an Ser46 

phosphoryliert, interagiert nicht mehr mit CcpA und die Repression durch CcpA wird 

aufgehoben (STÜLKE & HILLEN, 1999; MIWA, et al., 2000; STÜLKE & HILLEN, 2000; LUDWIG, et 

al., 2002). Neben der Suche nach und der Vorbereitung auf alternativen C-Quellen kommt es 

zur Sekretion von degradativen Enzymen, wie Proteasen unter der Kontrolle des 

DegS/DegU-Zweikomponentensystems (MSADEK, et al., 1990). 

Weitere prominente Regulatoren dieser transienten Phase sind CodY, AbrB, Spo0A 

und der alternative Sigmafaktor SigH. Ihr Zusammenspiel entscheidet darüber, ob B. subtilis 

den Weg der Sporulation oder den der Kompetenz einschlägt. Der Energiezustand der Zelle 

wird durch den Transkriptionsrepressor CodY über den GTP-Level wahrgenommen. CodY 

verhindert in Anwesenheit von GTP die Ausbildung der Kompetenz und die Initiation der 

Sporulation (SERROR & SONENSHEIN, 1996; RATNAYAKE-LECAMWASAM, et al., 2001; MOLLE, et 

al., 2003). Des weiteren konnte gezeigt werden, dass CodY in nährstoffreichem Medium die 

SigD-abhängige Expression der Flagellensynthesegene reprimiert (MIREL, et al., 2000; 

BERGARA, et al., 2003). CodY reprimiert zudem wohl auch die Expression von Genen, 

welche für die Enzyme zur Synthese verzweigt-kettiger Aminosäuren benötigt werden 

(MÄDER, et al., 2004). 

Im Grunde bietet die Fähigkeit der Sporulation B. subtilis einen Vorteil gegenüber 

anderen Mikroorganismen. Es wäre jedoch fatal einen solch energieaufwendigen und nach 
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der Bildung des Septums nicht mehr umkehrbaren Prozess wie die Sporulation bei einer 

oszillierenden Veränderung der Umweltbedingung zu initiieren. Deshalb wird die Initiation der 

Sporulation durch die Phosphorylierung des Regulatorproteins Spo0A in einem komplexen, 

viele Signale verarbeitenden Mechanismus, dem Spo0A-Phosphorelay (Abb. 1), reguliert 

und nur als letzter Ausweg in Betracht gezogen (HOCH, 1993). 

Der alternative Sigmafaktor SigH wird in der transienten Phase stabilisiert (HEALY, et 

al., 1991; ASAI, et al., 1995). Dies führt zu einer Akkumulation von SigH und sorgt für die 

Expression der ersten sporulationsspezifischen Gene spo0A, spo0F, kinA und des spoIIA-

Operons (PREDICH, et al., 1992; BIRD, et al., 1992). Die resultierenden Proteine KinA, Spo0F 

und Spo0A sorgen für die Erhöhung der Konzentration an aktivem phosphorylierten Spo0A 

(Abb. 1). Zu diesem Zeitpunkt kann die Phosphorylierung von Spo0A durch die 

Phosphatasen RapA und Spo0E beeinflusst werden. Die Zelldichte wirkt über das 

Zelldichtesignal (CSF) auf die RapA-Phosphatase im Spo0A-Phosphorelay ein. Dieses 

entsteht aus dem Genprodukt von phrA, welches mit rapA in einem Operon liegt (PEREGO,

1998). RapA wird von dem im Medium akkumulierten und in die Zelle aufgenommenen 

Zelldichtesignal (CSF) inhibiert. Dies ermöglicht die Weiterleitung des Phosphats von 

Spo0F~P an Spo0A. Bereits phosphoryliertes Spo0A~P kann durch die Phosphatase Spo0E 

wieder dephosphoryliert werden (OHLSEN, et al., 1994; PEREGO, 2001; SHAFIKHANI & 

LEIGHTON, 2004). Obwohl die Interaktion zwischen Spo0A und Spo0E schon gut untersucht 

ist, fehlt eine Erklärung dafür, wie diese Dephosphorylierung von Spo0A~P durch Spo0E 

inhibiert wird, damit es zur Initiation der Sporulation kommen kann (STEPHENSON & PEREGO,

2002).

Wie kürzlich gezeigt werden konnte, gibt es innerhalb einer Bacillus-Population sogar 

Strategien, welche darauf abzielen die eigene Sporulation durch den Gewinn von 

Nährstoffen aus aktiv lysierten Verwandten hinauszuzögern oder genügend Nährstoffe zur 

vollständigen Sporulation zu akquirieren (GONZALEZ-PASTOR, et al., 2003). Wird die 

Sporulation jedoch initiiert, beginnt eine morphologische Umwandlung der Zelle in eine hoch 

resistente Endospore. 
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Abb. 1: Spo0A-Phosphorelay zur Regulation der Spo0A~P Konzentration. Die Abbildung zeigt eine 
schematische Darstellung der an der Regulation der Spo0A~P Konzentration beteiligten Faktoren. Die 
Pfeile mit Spitze ( ) bedeuten Aktivierung, die Pfeile mit Barren (T) bedeuten Inhibition. Der Einfluss der 
Nährstofflimitation über den GTP-Level und CodY auf die Expression des spoOA-Gens wird durch einen 
unterbrochenen Pfeil verdeutlicht. (modifiziert nach J. Hoch) 

Zunächst wird die DNA repliziert und in ein neues, durch asymmetrischen Einzug eines 

Septums entstandenes, Kompartiment transportiert. An der weiteren Ausbildung der Spore 

aus dieser Vorspore sind die vier alternativen sporulationsspezifischen Sigmafaktoren SigF, 

SigE, SigG und SigK beteiligt. Der Zeitpunkt und der Ort ihrer Aktivität sind genau festgelegt. 

In der im „criss-cross“ Model (Abb. 2) beschriebenen Art beeinflussen sie gegenseitig ihre 

Aktivierung, sogar über die Kompartimentgrenzen hinweg (LOSICK & STRAGIER, 1992; 

KROOS, et al., 1999; PHILLIPS & STRAUCH, 2002). 
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Abb. 2: „Criss-cross-Regulation“ der Aktivität der Sporulationssigmafaktoren nach der Bildung des 
asymmetrischen Septums.  

SigF und später SigG sind in der Vorspore aktiv, SigE und SigK bestimmen die 

Transkription in der Sporenmutterzelle. 

In seiner Struktur ähnelt das spoIIA-Operon stark der des hinteren Teils des sigB-

Operons mit den Genen rsbV, rsbW und sigB. Im spoIIA-Operon liegt das Gen spoIIAC,

welches für den ersten sporulationsspezifischen Sigmafaktor der Vorspore SigF kodiert, 

gemeinsam mit den Genen spoIIAA und spoIIAB. Diese beiden kodieren, ähnlich wie im 

SigB-Operon rsbW und rsbV, für einen Antisigmafaktor SpoIIAB und seinen Antagonisten 

den Anti-Antisigmafaktor SpoIIAA (KALMAN, et al., 1990). Für die Aktivierung von SigF ist, wie 

bei SigB, vermutlich ein „partner-switching“ Mechanismus verantwortlich. Der Sigmafaktor 

SigF liegt vor der asymmetrischen Teilung der vegetativen Zelle in Vorspore und 

Sporenmutterzelle in einem Komplex mit SpoIIAB vor, der durch SpoIIAB phosphorylierte 

Anti-Antisigmafaktor SpoIIAA bindet nicht an diesen Komplex. Erst die Dephosphorylierung 

von SpoIIAA~P durch die im Septum der Vorspore lokalisierte Phosphatase SpoIIE aktiviert 

SpoIIAA und ermöglicht dadurch den Partnerwechsel von SpoIIAB aus dem SigF/SpoIIAB-

Komplex zum SpoIIAA/SpoIIAB-Komplex. Im Gegensatz zur Bindung von RsbW an SigB 

wird bei der Bindung von SigF an SpoIIAB ATP benötigt (ALPER, et al., 1994). In einer 

SpoIIAA~P

SpoIIAA

SigF
SpoIIR

SigG

Pro-SigK

SigK

SigE

SpoIIAA~P SpoIIE

SpoIIAB/
SigF

SpoIIAA/
SpoIIAB

SpoIIGA

Pro-SigE

SigG

SpoIIIA

SpoIIAB/
SigG

SpoIVB
SpoIVFB

SpoIIAA/
SpoIIAB

Sporenmutterzelle Vorspore

Pro-SigE

BofA

SpoIIAA~P

SpoIIAA

SigF
SpoIIR

SigG

Pro-SigK

SigK

SigE

SpoIIAA~P SpoIIE

SpoIIAB/
SigF

SpoIIAA/
SpoIIAB

SpoIIGA

Pro-SigE

SigG

SpoIIIA

SpoIIAB/
SigG

SpoIVB
SpoIVFB

SpoIIAA/
SpoIIAB

Sporenmutterzelle Vorspore

Pro-SigE

SpoIIAA~P

SpoIIAA

SigF
SpoIIR

SigG

Pro-SigK

SigK

SigE

SpoIIAA~P SpoIIE

SpoIIAB/
SigF

SpoIIAA/
SpoIIAB

SpoIIGA

Pro-SigE

SigG

SpoIIIA

SpoIIAB/
SigG

SpoIVB
SpoIVFB

SpoIIAA/
SpoIIAB

Sporenmutterzelle Vorspore

Pro-SigE

BofA



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 10 -

wachsenden Zelle ist ausreichend ATP vorhanden und das führt dazu, dass SigF nicht vor 

dem Einzug des Septums in beiden Kompartimenten aktiv ist. Nach Einzug des Septums 

dephosphoryliert die Phosphatase SpoIIE ständig SpoIIAA~P und sorgt dafür, dass SpoIIAB, 

durch einen stabilen SpoIIAB-ADP-Komplex, in einem Phosphorylierungszyklus gefangen 

bleibt. SigF kann an die RNA-Polymerase binden und die Transkription des SigF-Regulons in 

der Vorpore findet statt (Arigoni et al., 1995; Pogliano et al., 1997). In beiden Systemen ist 

die Expression einer Vielzahl von Genen vom Phosphorylierungsstatus des jeweiligen Anti-

Antisigmafaktors abhängig. 

Die Aktivierung von SigF in der Vorspore bewirkt die Produktion des Signalproteins 

SpoIIR, dieses aktiviert die im Septum lokalisierte Protease SpoIIGA (HOFMEISTER, et al.,

1995; KAROW, et al., 1995). Die Protease spaltet das ebenfalls im Septum lokalisierte pro-

SigE und entlässt den aktiven Sigmafaktor SigE in die Sporenmutterzelle (LONDONO-

VALLEJO, 1997; FUJITA & LOSICK, 2002). Nachdem die Vorspore von der Mutterzellmembran 

umhüllt wurde, wird in der Vorspore der zweite Sigmafaktor SigG aktiv. Der genaue 

Mechanismus seiner Aktivierung ist jedoch noch unbekannt. Man weiß, dass das Gen 

spoIIIG, welches für SigG kodiert unter Kontrolle von SigF transkribiert wird und einer 

zusätzlichen positiven Autoregulation unterliegt (SUN, et al., 1991). Neben der Transkription 

wird zur Herstellung vollständiger SigG Aktivität die SigE-abhängige Transkription des 

spoIIIA Operons und einer Reihe anderer Gene in der Sporenmutterzelle benötigt (PANZER,

et al., 1989; ILLING & ERRINGTON, 1991). Eine Inaktivierung von SigG vor der Umhüllung der 

Vorspore durch einen Komplex mit dem Antisigmafaktor SpoIIAB wurde ebenfalls vermutet. 

Die im Vergleich zu SigF schwächere Interaktion von SigG mit dem Antisigmafaktor SpoIIAB 

in Anwesenheit von ATP in vitro deuten jedoch darauf hin, dass bei gleichzeitiger 

Anwesenheit von SigF, SigG und SpoIIAB eher der SigF-SpoIIAB Komplex gebildet wird und 

es nicht zu einer Inaktivierung von SigG kommt (EVANS, et al., 2003). Zur Entstehung des 

zweiten mutterzellspezifischen Sigmafaktors SigK ist eine Modifikation des Chromosoms der 

Sporenmutterzelle notwendig, die durch das SigE-abhängige DNA-Bindeprotein SpoIIID 

kontrolliert wird (TATTI, et al., 1991; HALBERG & KROOS, 1994). Es entsteht pro-SigK, welches 

durch die im Septum befindliche Protease SpoIVFB in den aktiven Sigmafaktor SigK 

überführt wird (LU, et al., 1995; GREEN & CUTTING, 2000; YU & KROOS, 2000). Die Aktivität 

von SpoIVFB wird durch die SigG-abhängig exprimierten Proteine SpoIVB und BofA aus der 

Vorspore heraus kontrolliert (RUDNER & LOSICK, 2002; KROOS, et al., 2002; DONG & CUTTING,

2003). Nach der Lyse der Sporenmutterzelle wird die fertige Spore entlassen, sie besitzt 

einen mehrschichtigen aus hoch vernetzten Proteinen bestehenden Sporenmantel sowie ein 

durch Proteine geschütztes, kondensiertes Chromosom (Übersicht siehe PIGGOT & LOSICK,

2002). Sie ist hoch resistent gegen Austrocknung, UV-Licht und Radioaktivität (SETLOW,

2000).
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Im Rahmen dieser Arbeit wird die Identifizierung neuer sporulationsabhängiger Gene 

mit Hilfe von Transkriptionsuntersuchungen vorgestellt. Dabei wurde die zeitlich aufgelöste 

Expression im Wildtyp, die Expression in Mutanten der einzelnen Sigmafaktoren und die 

artifizielle Induktion der Sigmafaktoren während der exponentiellen Phase dazu genutzt die 

Gene den einzelnen Regulons zuzuweisen. Durch die Verwendung dieser drei Strategien 

konnten ca. 450 Gene den vier sporulationsspezifischen Sigmafaktoren zugewiesen werden. 

Mit Hilfe einer zur Erhärtung der Ergebnisse durchgeführten Promotoranalyse gelang es für 

ca. 200 dieser Gene eine spezifische Erkennungssequenz für einen der vier Sigmafaktoren 

zu identifizieren oder sie einem Operon zuzuordnen. Die für die Promotoranalyse 

verwendeten Konsensussequenzen beruhen auf zuvor definierten Promotoren der einzelnen 

Sigmafaktoren. Da nicht für jedes der vier Regulons eine genügend große Anzahl an 

Promotoren bekannt war, konnte in einigen Fällen keine „stabile“ Konsensussequenz 

ermittelt werden. Mit der zukünftigen Identifizierung weiterer Promotorsequenzen wird es 

möglich sein, erfolgversprechendere Methoden zur Promotoranalyse einzusetzen, wie 

beispielsweise eine „Hidden-Markov-Model“-basierende Sequenzsuche. Insgesamt 

verdeutlicht die Arbeit, wie die Arrayanalysen anderer Forscher, dass wesentlich mehr Gene 

an der Sporulation beteiligt sind, als noch in den 90er Jahren angenommen wurde. 

Beispielsweise konnten Fawcett et al., zeigen, dass schon während der Initiation der 

Sporulation, kontrolliert durch Spo0A und den ersten vorsporenspezifischen Sigmafaktor 

SigF, ein Set von ca. 60 Genen induziert wird, welches die zuvor bekannte Zahl von 24 SigF 

abhängigen Genen um ein dreifaches überschreitet (FAWCETT, et al., 2000). Inklusive der 

Bestätigung von 15 der 24 bekannten SigF-abhängigen Gene konnten wir 66 Gene 

identifizieren, die SigF-abhängig exprimiert werden. Für das Regulon des ersten 

mutterzellspezifischen Sigmafaktors SigE zeichnet sich ein ähnlicher Trend ab. In den 

Laboratorien von Losick und Errington durchgeführte Arrayexperimente zur Identifizierung 

neuer SigE-abhängiger Gene zeigen auch hier eine weitaus höhere Zahl an SigE-

abhängigen Genen, als bisher angenommen (FEUCHT, et al., 2003; EICHENBERGER, et al.,

2003). Insgesamt werden in allen drei bisher durchgeführten Studien, anstatt der zuvor 65 

bekannten SigE-abhängigen Gene, ca. 300 Gene dem SigE-Regulon zugeteilt, ca. 150 von 

ihnen wurden in mindestens zwei der drei Arrayanalysen als SigE-abhängig beschrieben. 

Die in dieser Arbeit vorgestellte Arrayanalyse zur Identifizierung der durch SigG kontrollierten 

Gene, welche die späte Genexpression in der Vorspore widerspiegeln, resultiert in einem 

SigG-Regulon mit insgesamt 111, inklusive 39 von 54 zuvor bekannten, SigG-regulierten 

Genen. Die späte Expression in der Mutterzelle, welche dafür sorgt, dass der Vorspore die 

schützenden Mantelproteine angelagert werden, wird durch SigK bewerkstelligt. Die Anzahl 

der Gene des SigK-Regulons wurde auf 132 Gene bestimmt, unter ihnen sind 54 der 68 
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zuvor schon bekannten SigK-abhängigen Gene, 13 Gene konnten durch die durchgeführte 

Arrayanalyse nicht bestätigt werden. 

Betrachtet man die Expressionsprofile der Mitglieder einzelner Regulons so fällt auf, 

dass sich die Regulons in Klassen unterteilen lassen. Für das SigF Regulon lässt sich eine 

Klasse von Genen definieren, deren Expression 90 Minuten nach Initiation der Sporulation 

ein Maximum ereicht und danach wieder abfällt. Eine zweite Klasse von Genen erreicht ihr 

Expressionsmaximum erst 270 Minuten nach Beginn der Sporulation. In der Klasse 1 

befinden sich 36 der 55 SigF-abhängigen Gene, für die Gene spoIIR, spoIIQ, lonB und rsfA

gab es zuvor schon experimentelle Befunde einer frühen Induktion innerhalb des SigF-

Regulons (KAROW, et al., 1995; LONDONO-VALLEJO & STRAGIER, 1995; LONDONO-VALLEJO,

1997; JUAN WU & ERRINGTON, 2000; SERRANO, et al., 2001). Im Falle der Gene dacF und 

gpr, welche zu den 19 Genen der Klasse 2 gehören, konnte zuvor schon eine 

Doppelkontrolle durch SigF und SigG nachgewiesen werden (SUSSMAN & SETLOW, 1991; 

SCHUCH & PIGGOT, 1994). Innerhalb der 111 Gene des SigG-Regulons lassen sich ebenfalls 

zwei Klassen unterscheiden. Für die Klasse 1 mit 71 Genen war eine frühe Induktion der 

Expression bereits bei 90 Minuten zu beobachten, die in der Regel bei 210 Minuten ihr 

Maximum erreichte und danach einen tendenziellen Abfall zeigte. Die 40 Gene der Klasse 2 

zeigen eine verspätete Induktion der Expression erst nach 150 Minuten, wobei der Peak der 

Induktion bei 210-270 Minuten lag. In der Klasse 1 befindet sich das Gen spoVT, es kodiert 

neben splA für einen der Regulatoren innerhalb des SigG-Regulons (BAGYAN, et al., 1996; 

FAJARDO-CAVAZOS & NICHOLSON, 2000). Einerseits reprimiert SpoVT seine eigene 

Expression und die des gerA-Operons, das spiegelt sich in der Zuordnung von spoVT, gerA

und gerB in die Klasse 1 wider. Andererseits benötigen sspA und das spoVA-Operon SpoVT 

für ihre Expression (BAGYAN, et al., 1996), darauf deutet auch die spätere Expression von 

sspA und des spoVA-Operons in Klasse 2 hin. Insgesamt kann man zwar von einer 

zeitlichen Trennung der Expression des SigF- und SigG-Regulons in der Vorspore sprechen, 

diese wird jedoch durch wenige doppelt kontrolliert Gene durchbrochen. Diese können 

unabhängig von der in der Theorie der „Criss-cross“-Regulation geforderten SigE-

abhängigen Expression exprimiert werden. 

Die in der Vorspore durch SigE und SigK exprimiertem Regulons lassen sich ebenfalls 

in verschiedene Klassen einteilen. Das SigE-Regulon teilt sich in drei Klassen auf. Die 42 

Gene der ersten Klasse weisen eine maximale Genexpression 90 Minuten nach Initiation der 

Sporulation auf, die im weiteren Verlauf wieder rasch abfällt. Die 88 Gene der Klasse 2 

zeigen einen weniger abrupten Anstieg ihrer Expression mit einem Maximum zwischen 150 

und 210 Minuten nach Beginn der Sporulation. In der Klasse 3 befinden sich 20 Gene, deren 

Induktion bis zum Ende des Versuchszeitraumes andauert. In der Klasse 1 befinden sich das 

Gen spoIID und das spoIIIA-Operon, deren Expression durch den Regulator der SigE-
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abhängigen Expression SpoIIID später reprimiert wird (RONG, et al., 1986; ILLING & 

ERRINGTON, 1991). In Übereinstimmung dazu gehören das für SpoIIID kodierende Gen 

spoIIID und das SpoIIID-abhängig exprimierte Gen spoIVCB der Klasse 2 an (KUNKEL, et al.,

1989; STEVENS & ERRINGTON, 1990; SATO, et al., 1994). In der Klasse 3 findet man das Gen 

cotE, welches einen SigE-abhängigen Promotor und einen zusätzlich SpoIIID-abhängigen 

Promotor besitzt (ZHENG & LOSICK, 1990). Weiterhin gehört das durch SigE und SigK doppelt 

kontrollierte Gen spoVJ in diese Klasse (FOULGER & ERRINGTON, 1991). Das zuvor als SigK-

abhängig beschriebene Gen csk22 wurde durch die angewandten Analysen der Klasse 3 

des SigE-Regulons zugeordnet (HENRIQUES, et al., 1997). Die Beispiele deuten an, dass die 

Unterscheidung zwischen Klasse 1 und Klasse 2 durch die SpoIIID-abhängige Expression 

hervorgerufen wird (ZHENG & LOSICK, 1990). Die Klasse 3 hingegen enthält Gene, deren 

Expression einer Doppelkontrolle durch SigE und SigK unterliegt. Diese Klasse spiegelt 

damit die Überlappung der Regulons wider. Andere in dieser und anderen Arbeiten dem 

SigE-Regulon zugeordnete Gene wie ytzA (FEUCHT, et al., 2003) oder ylbO (EICHENBERGER,

et al., 2003), welche für putative Transkriptionsregulatoren kodieren, lassen eine weitere 

Feinabstimmung der Expression innerhalb dieses großen Regulons vermuten. Das SigK-

Regulon teilt sich wie das SigE-Regulon in drei Klassen auf. Die Klasse 1 enthält 28 Gene 

deren Expression 150 Minuten nach Initiation der Sporulation beginnt und nach 270 Minuten 

ihr Maximum erreicht. Zu ihnen gehören cotH und das gerP-Operon. Für das gerP-Operon 

konnte gezeigt werden, dass es durch GerE, den Regulator der SigK-abhängigen 

Expression, reprimiert wird (BEHRAVAN, et al., 2000). Die Expression von cotH hingegen 

benötigt kein GerE (BEHRAVAN, et al., 2000), ob sie durch GerE reprimiert wird ist jedoch 

unbekannt (NACLERIO, et al., 1996). Die Expression der 72 Gene in Klasse 2 beginnt bei 150 

Minuten und dauert während des gesamten Versuchszeitraumes an. Zu ihr gehören mit 

oxdD und cotA zwei Gene an, die durch GerE negativ reguliert werden (ZHENG & LOSICK,

1990). Mir cotB ist aber auch ein Gen, welches GerE benötigt in dieser intermediären Klasse 

anzutreffen. In der Klasse 3 befinden sich 32 Gene deren Expression nach 210 Minuten 

induziert wird und bis zum Ende des Versuchs bei 330 Minuten anhält. Etliche Gene dieser 

Gruppe sind als GerE-abhängig bekannt, beispielsweise das cgeAB- das cgeCDE-Operon, 

cotG und cotX (Roels & Losick, 1995; Sacco et al.1995; Zhang et al., 1994). 

Neben dieser Gruppierung der Gene in Untergrupen fielen bei genauerer Analyse der 

Daten auch Gene auf, die entweder ein ganz besonderes Expressionsmuster zeigten oder 

durch ihre potentielle Funktion als interessante Kandidaten für weitere Detailanalysen 

erschienen. Für einzelne Gene wurde deshalb in Kooperation mit anderen Gruppen 

genauere Analysen ausgeführt, dei im folgenden Abschnitt beispielhaft dargestellt sind. 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 14 -

Abb. 3: Transkriptionsanalyse und Lokalisation des Gen yvjB (ctpB). Dargestellt ist die Bestätigung der in 
den Arrayanalysen entdeckten ungewöhnlichen Transkriptionskontolle des Gens ctpB. A) Northern-Blot 
Analyse mit einer DIG-markierten Antisense-RNA Sonde für ctpB. Der Marker (M) zeigt die Größe des 
Transkripts von 1,6 nt an. Die Proben zur RNA-Isolation wurden im Wildtyp und den jeweiligen Mutanten 
zu den angegebenen Zeitpunkten (in min) nach Initiation der Sporulation entnommen. Die Induktion der 
einzelnen Sigmafaktoren während der exponentiellen Wachstumsphase mittels einer PSPAC-Fusion ist mit 
(+) gekennzeichnet, die mit (–) gekennzeichneten Spuren stellen die jeweilige Kontrolle ohne IPTG 
Zugabe dar. (B) Aufnahmen einer GFP-Fusion mit dem ctpB Gen in einem Wildtyp, einer sigG-Mutante
und einer sigK-Mutante 150 Minuten nach Initiation der Sporulation. (modifiziert nach GUROK, 2001) 

Das auf Grund seiner ungewöhnlichen Regulation aufgefallene Gen yvjB (ctpB) ist im 

Rahmen der Diplomarbeit von Ulf Gurok in unserer Arbeitsgruppe bereits detailiert 

untersuchte worden (GUROK, 2001). Die Kontrolle der ctpB-Expression erfolgt nach unseren 

Gefunden durch die in unterschiedlichen Kompartimenten aktiven Sigmafaktoren SigG und 

SigE. Dies konnte durch Transkriptionsanalysen und GFP-Fusionen bestätigt werden (Abb. 

3). Weiterhin konnte in einer Primerextension-Reaktion ein SigG- und ein putativer SigE-

abhängiger Promotor nachgewiesen werden (GUROK, 2001). Untersuchungen einer anderen 

Arbeitsgruppe ergaben, dass CtpB vermutlich als Protease in die Pro-SigK-Prozessierung 

eingreift und eine Feinabstimmung der Aktivierung von SigK erlaubt (PAN, et al., 2003). Die 

Expression wurde jedoch als alleinig SigE-abhängig beschrieben. Es bleibt zu ergründen, ob 

für die Funktion von CtpB als Regulator der Pro-SigK-Prozessierung die Expression in 

beiden Kompartimenten benötigt wird, oder ob die Expression in der Vorspore oder der 

Mutterzelle genügt.
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Ein weiteres Beispiel für eine ungewöhnliche Entdeckung ist die SigG-abhängige 

Expression des Genclusters yraGD-ydhD-yraDF. Diese Gene weisen eine Ähnlichkeit 

entweder zum N- oder C-Terminus des Sporenmantelproteins CotF auf (CUTTING, et al.,

1991). Diese Entdeckung erhärtet die vermutete Beteiligung SigG-abhängiger Gene am 

Aufbau des Sporenmantels, welche zurzeit im Labor der Arbeitsgruppe Henriques untersucht 

wird.

Funktionell interessant erschien auch das eine Transglutaminase kodierende Gen tgl,

das SigK-abhängig in der Mutterzelle exprimiert wird und vermutlich an der Vernetzung der 

Sporencoatproteine beteiligt ist. In der Arbeitsgruppe Henriques wurden Unterschiede 

zwischen einem Wildtyp und einer tgl-Mutante in Bezug auf die Zusammensetzung des 

Sporenmantels entdeckt. Die Identifizierung der Proteine wurde in unserer Arbeitsgruppe 

durchgeführt und lieferte Hinweise auf Proteine des Sporenmantels, die zuvor im Verdacht 

standen durch die Transglutaminase vernetzt zu werden (ISTICATO, et al.). 

Ein weiteres auf Grund seiner zuvor beschriebenen Funktion und der SigK-abhängigen 

Expression in der Vorspore als interessant eingestuftes Gen ist yoaN (oxdD). Nach einer 

Überproduktion in E. coli konnte dem Genprodukt OxdD die Funktion einer Mn-abhängigen 

Oxalacetat-Decarboxylase zugewiesen werden (TANNER, et al., 2001), welche die Spaltung 

von Oxalacetat in Formiat und CO2 katalysieren. Die am besten charakterisierten Enzyme 

stammen aus Pilzen und werden dort durch Oxalacetat induziert. Sie verhindern dort die 

Anhäufung von Oxalacetat, welches ebenfalls durch andere Pilze sekretiert wird um 

Nahrungskonkurrenten zu bekämpfen (TANNER & BORNEMANN, 2000). In B. subtilis gibt es 

eine weitere Oxalacetat-Decarboxylase OxdC, die durch Säure induziert wird. Es wird 

vermutet, dass sie eine Rolle bei dem Protonenverbrauch im Cytoplasma spielt (TANNER & 

BORNEMANN, 2000). OxdD konnte noch keine Funktion zugewiesen werden, aber sowohl 

OxdC als auch OxdD konnten in einer Proteomstudie als Sporenmantel-assoziierte Proteine 

identifiziert werden (KUWANA, et al., 2002).  

Die Arbeitsgruppe um A. O. Henriques beschäftigt sich mit dem Aufbau des 

Sporenmantels und hat nun in Kooperation mit unserer Arbeitsgruppe den Mechanismus der 

Lokalisation der Oxalacetat-Decarboxylase OxdD im Sporenmantel näher untersucht 

(COSTA, et al., 2004). Die in den Arrayanalysen beobachtete SigK-abhängige Expression 

konnte in einem Nothern-Blot bestätigt werden, weiterhin konnte gezeigt werden, dass der 

Zeitpunkt der Expression mit dem des Gens für den SigK-abhängigen Regulator GerE 

übereinstimmt. Mit Hilfe von GFP-Fusionen konnten Costa et al. die Lokalisation von OxdD 

in der Schicht zwischen dem Sporenmantel und dem Sporencortex nachweisen. Es konnte 

nachgewiesen werden, dass eine Akkumulation von OxdD an den Polen der Vorspore in 

Abhängigkeit von dem Protein SafA geschieht. SafA gehört zu einer Gruppe von Proteinen, 

deren Gene unter der Kontrolle von SigE exprimiert werden und denen eine „Ordner-
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Funktion“ beim Aufbau des Sporenmantels zugesagt wird (OZIN, et al., 2000; OZIN, et al.,

2001). Weitere Proteine dieser Gruppe sind CotE, SpoIVA und SpoVID. Neben SafA benötigt 

OxdD noch GerE oder einen GerE-abhängig exprimierten Faktor, um die gesamte Vorspore 

zu umschließen. Des Weiteren wird CotE benötigt, damit in der fertigen Spore OxdD 

lokalisiert ist. Das Protein CotE formt einen Ring um den Sporencortex und bietet den 

Proteinen des äußeren Sporenmantels einen Ankerpunkt. In Sporen einer cotE-Mutante ist 

der äußere Sporenmantel nicht mehr am Sporencortex angeheftet und geht verloren, sie 

werden dadurch sensitiv gegen Lysozymbehandlung. Die Charakterisierung von OxdD ist 

deshalb eine Besonderheit, weil es eines der wenigen Enzyme innerhalb des Sporenmantels 

ist, dem eine definierte biochemische Funktion zugeordnet werden konnte. Ein weiteres 

Beispiel für ein am Aufbau des Sporenmantels beteiligtes Protein mit bekannter Funktion ist 

CotJC, das eine Katalaseaktivität besitzt (HENRIQUES, et al., 1995). Dies verdeutlicht, dass 

die Spore nicht nur eine inerte Dauerform der Zelle darstellt, sie ist vielmehr in der Lage aktiv 

durch im Sporenmantel lokalisierte Enzyme zu agieren. Eine weitere Charakterisierung des 

Sporenmantels und seiner einzelnen Komponenten scheint auf Grund dieser Befunde 

sinnvoll und lässt auf neue interessante Beiträge zum Verständnis dieses komplexen 

„Bollwerks“ der Spore gegen widrige Umwelteinflüsse hoffen. 

2.3. Physikalischer Stress

Neben der längerfristigen Veränderung des Nährstoffangebots gibt es im Boden auch 

Umwelteinflüsse, die sehr raschen Schwankungen unterworfen sind. Die Temperatur ändert 

sich beispielsweise durch den Wechsel von Tag zu Nacht oder die unterschiedlichen 

Sonneneinstrahlungen im Tagesverlauf. Plötzlich eintretender Regen oder Austrocknung 

führen zu einer Veränderung der Wasserverfügbarkeit und der osmotischen Eigenschaften 

innerhalb des Bodens. Im Falle solcher Schwankungen innerhalb der physiologisch 

tolerierbaren Grenzen, wäre eine Strategie erfolgversprechender, die ein, wenn auch 

langsameres, vegetatives Wachstum ermöglicht und welche einen Übergang zu optimalem 

Wachstum ohne großen Energieaufwand ermöglicht. B. subtilis kann mit der Induktion der 

Kälte- und Hitzeschockantwort, der spezifischen osmotischen Adaptation oder der SigB-

Antwort auf solche in seinem Habitat üblichen Oszillationen reagieren. Um jedoch auch bei 

einer länger anhaltenden widrigen Bedingung überleben zu können, müssen diese 

Antworten moduliert werden und in einen angepassten Organismus münden. Man kann die 

Reaktion des Organismus in zwei Phasen einteilen. In der ersten Phase kommt es zu einer 

Schockreaktion. Diese erste Überreaktion sichert zwar vorerst das Überleben, ist aber auf 

Grund ihrer geringen Spezifität langfristig nicht erfolgreich. Die Synthese einer Vielzahl von 
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nicht benötigten Proteinen beansprucht die Synthesekapazität der Zelle unnötig und 

verschwendet Ressourcen. Deshalb wird in der zweiten Phase die Zelle an die spezifischen, 

länger anhaltenden Umweltveränderungen angepasst. Kurz gesagt rechnet man mit einer 

Schockphase und einer Adaptationsphase. Die SigB-abhängige Induktion des generellen 

Stressregulons nach Einwirken von Umweltstress kann als eine solche Schockreaktion 

bezeichnet werden. Der Stress verursacht die Synthese der generellen Stressproteine, 

welche die Zelle auf eine Vielzahl von Widrigkeiten vorbereiten (siehe unten). Im Folgenden 

sollen verschiedenen Anpassungsstrategien von B. subtilis an physikalischen Stress kurz 

skizziert werden.  

2.3.1. Generelle Stressantwort und der alternative Sigmafaktor SigB

Die Anpassung der Genexpression an wechselnde Umweltbedingungen erreicht 

B. subtilis vielfach mit Hilfe von alternativen Sigmafaktoren. Sie sind ein wichtiger Bestandteil 

der Adaptation an seine Umwelt (HALDENWANG, 1995; HELMANN & MORAN, 2002). 

Die Verbindung zwischen der generellen Stressantwort in B. subtilis und dem 

alternativen Sigmafaktor SigB wurde unter anderem bei Untersuchungen der generellen 

Stressantwort in B. subtilis mittels 2D-Gelelektrophorese in der Arbeitsgruppe um M. Hecker 

hergestellt. Bei der Identifizierung der an der generellen Stressantwort beteiligten Proteine 

entdeckten Hecker und Mitarbeiter unter anderem das Protein Ctc (VÖLKER, et al., 1992; 

VÖLKER, et al., 1994). Für die Gene ctc und spoVG konnten Haldenwang und Losick bereits 

1979 bei der Untersuchung des ersten alternativen Sigmafaktors SigB in B. subtilis eine 

SigB-abhängige Expression in vitro nachweisen. (HALDENWANG & LOSICK, 1979; 

HALDENWANG, et al., 1980). Zu diesem Zeitpunkt war die Funktion von SigB jedoch 

unbekannt. Die Vermutung, dass SigB, auf Grund der SigB-abhängigen in vitro Expression 

des während der Sporulation stark induzierten Gens spoVG (SEGALL & LOSICK, 1977; 

ROSENBLUH, et al., 1981) eine Rolle bei der Regulation der Sporulation spielt, konnte nicht 

bestätigt werden. Einerseits konnte die SigB-abhängige Expression in vivo nur für ctc, nicht 

aber für spoVG nachgewiesen werden (IGO & LOSICK, 1986), andererseits zeigte die Analyse 

einer sigB-Mutante weder einen wachstums- noch ein sporulationsdefizienten Phänotyp 

(BINNIE, et al., 1986; DUNCAN, et al., 1987). Lediglich für eine ctc-Mutante konnte eine 

verminderte Sporulationsfrequenz bei 48°C gezeigt werden (TRUITT, et al., 1988). Einen 

Großteil der heutigen Erkenntnisse bezüglich der Regulation des SigB-Regulons und der 

Funktion der generellen Stress-Antwort beruht auf den Untersuchungen der Arbeitsgruppen 

von M. Hecker, W. G. Haldenwang, R. Losick und Ch. Price. 

Die Induktion des SigB-Regulons in B. subtilis verleiht Zellen, die weder wachsen, noch 

sporulieren, eine multiple, unspezifische und vorsorgliche Stressresistenz (ENGELMANN & 
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HECKER, 1996; ANTELMANN, et al., 1996; GAIDENKO & PRICE, 1998; VÖLKER, et al., 1999). Die 

Größe des SigB-Regulons wurde mit Hilfe einer Transposonmutagenese (BOYLAN, et al.,

1991), einer Oligonukleotidhybridisierung (PETERSOHN, et al., 1999a), von Proteomstudien 

(VÖLKER, et al., 1994; BERNHARDT, et al., 1997) und drei globaler Transkriptionsanalysen 

(PETERSOHN, et al., 2001; PRICE, et al., 2001; HELMANN, et al., 2001) auf mindestens 150 

SigB-abhängig regulierte Mitglieder bestimmt. Eine transiente Induktion des Regulons konnte 

nach einem Hitzeschock, bei Salz-, Säure- oder Ethanol-Stress, aber auch bei Sauerstoff-, 

Glukose-, oder Phosphat-Limitation festgestellt werden (PRICE, 2000; HECKER & VÖLKER,

2001; PRICE, 2002) 
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Abb. 4: Regulation der SigB-Aktivität. Der alternative Sigmafaktor SigB liegt unter nicht induzierenden 
Bedingungen in einem Komplex mit dem Antisigmafaktor RsbW vor. Dieser Komplex kann durch den 
Anti-Antisigmafaktor RsbV~P zerstört werden, indem dieser einen Partnerwechsel seines Antagonisten 
RsbW ermöglicht und ihn somit aus diesem Komplex löst. Die dafür notwendige Dephosphorylierung von 
RsbV erfolgt, je nach Stressart, über die zwei Phosphatasen RsbU und RsbP. Neue Befunde, welche 
eine RsbV-unabhängige Induktion der SigB-Antwort in der Kälte nachweisen (BRIGULLA, et al., 2003), 
lassen wenigstens einen weiteren bisher unbekannten Weg der Befreiung von SigB aus dem SigB-
RsbW-Komplex vermuten. 
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Diese große Zahl an SigB-abhängigen Genen und die damit verbundene große Zahl an 

Genprodukten, deren Synthese unter extremen Stressbedingungen bis zu einem Drittel der 

gesamten Proteinbiosynthese ausmachen kann (BERNHARDT, et al., 1997) und welche, zu 

einem falschen Zeitpunkt exprimiert, sogar zu einem Wachstumsnachteil führen (SCHWEDER,

et al., 1999), erfordern eine strikte Regulation der SigB-Aktivität. Unter nicht induzierenden 

Bedingungen wird SigB deshalb durch den Antisigmafaktor RsbW in einem Komplex inaktive 

gehalten (BENSON & HALDENWANG, 1993). SigB entkommt diesem Komplex durch einen 

„partner-switching“ Mechanismus, an welchem neben SigB der Antisigmafaktor RsbW und 

der Anti-Antisigmafaktor RsbV, in seiner nicht-phosphorylierten Form beteiligt sind (Abb. 4) 

(DUFOUR & HALDENWANG, 1994; YANG, et al., 1996; ALPER, et al., 1996; PRICE, 2000). Die 

Phosphorylierung von RsbV wird unter exponentiellen Wachstumsbedingungen durch die 

ATP-Spiegel-abhängige Kinaseaktivität des Antisigmafaktors RsbW gewährleistet (DUFOUR

& HALDENWANG, 1994; YANG, et al., 1996; ALPER, et al., 1996; VÖLKER, et al., 1996; 

DELUMEAU, et al., 2002). Nach Stresseinwirkung führt die Dephosphorylierung von RsbV 

durch eine der zwei Phosphatasen RsbU und RsbP (YANG, et al., 1996; VIJAY, et al., 2000) 

wegen der höheren Affinität von RsbW zu unphosphoryliertem RsbV zur Auflösung des 

RsbW/SigB-Komplexes (DUFOUR & HALDENWANG, 1994; ALPER, et al., 1996; DELUMEAU, et 

al., 2002). SigB ist nun frei, kann an die RNA-Polymerase binden und die Expression des 

SigB-Regulons aktivieren (Abb. 4). Die Organisation des SigB-Operons führt während des 

exponentiellen Wachstums durch die Transkription eines vor dem Operon gelegenen, 

vermutlich SigA-abhängigen, Promotors zur Basalsynthese der meisten regulatorischen 

Proteine der SigB-Aktivität (Abb. 5) (KALMAN, et al., 1990; WISE & PRICE, 1995). Der oberhalb 

von rsbV gelegene SigB-Promotor führt unter SigB induzierenden Bedingungen zu einer 

Erhöhung der Menge von SigB, RsbV RsbW und RsbX und damit zu einer Amplifikation der 

SigB-Antwort (Abb. 5) (KALMAN, et al., 1990; BOYLAN, et al., 1993; BENSON & HALDENWANG,

1993).

Abb. 5: Schematische Darstellung des sigB-Operons von B. subtilis. Die Basalexpression der Gene des 
sigB-Operons wird durch den vegetativen vermutlich SigA-abhängigen Promotor gewährleistet. Der 
interne SigB-Promotor führt zu einer Verstärkung der SigB-Antwort unter induzierenden Bedingungen. 
Neben dem Sigmafaktor kodierenden Gen sigB, befinden sich die Gene der meisten Regulatoren der 
SigB-Antwort in diesem Operon (rsb: regulator of sigma B). 

rsbR rsbS rsbT rsbU rsbV rsbW sigB rsbX

SigA-Promotor SigB-Promotor

rsbR rsbS rsbT rsbU rsbV rsbW sigB rsbX

SigA-Promotor SigB-Promotor
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Durch die Einwirkung von metabolischem Stress (Glukose-, Phosphat-, oder 

Sauerstoff-Limitation) wird RsbV~P von RsbP dephosphoryliert. RsbP ist eine PP2C-

Phosphatase mit einer PAS Domäne, die vermutlich den Energiezustand der Zelle 

wahrnehmen kann (TAYLOR & ZHULIN, 1999; VIJAY, et al., 2000). Die Aktivität von RsbP 

wiederum ist abhängig von der im selben Operon wie RsbP kodierten / -Hydrolase RsbQ. 

Die Interaktion von beiden konnte in einem Hefe-Zwei-Hybriden System gezeigt werden 

(BRODY, et al., 2001). Zusätzlich zur Phosphataseaktivität von RsbP wird die Kinaseaktivität 

von RsbW über den, sich in der ATP-Konzentration widerspiegelnden, Energiezustand der 

Zelle beeinflusst (ALPER, et al., 1996; DELUMEAU, et al., 2002). Diese Interaktionen von RsbP 

mit RsbQ führen zur Akkumulation von unphosphoryliertem RsbV, zum Partnertausch von 

RsbW und zur Aktivierung der SigB-Antwort nach einem metabolischen Stress (Abb. 6). 

Abb. 6: Schematische Darstellung der Regulation der RsbV-Phosphatasen RsbP und RsbU. Unter der 
Einwirkung von metabolischem Stress wird die Dephosphorylierung von RsbV durch die PP2C-
Phosphatase RsbP durchgeführt. RsbP benötigt das Aktivatorprotein RsbQ zur Aktivierung seiner 
Phosphataseaktivität. Die Signaltransduktion unter Umweltstressbedingungen wird RsbV durch RsbU 
dephosphoryliert. Die RsbU Phosphataseaktivität ist von der Phosphorylierung des Regulatorproteins 
RsbS abhängig. Diese Phosphorylierung erfolgt durch RsbT und wird durch die Anwesenheit von 
stressbedingt ebenfalls durch RsbT phosphoryliertem RsbR noch verstärkt. RsbS kann durch den 
negativen Regulator der SigB-Antwort RsbX wieder dephosphoryliert werden. Dephosphoryliertes RsbS 
bildet mit RsbR und RsbT einen multimeren Komplex aus 12 RsbR Dimeren, 4 RsbS Dimeren und bis zu 
8 RsbT Monomeren und verhindert so die Aktivierung der Phosphatase RsbU und die 
Dephosphorylierung von RsbV. 

Die Dephosphorylierung von RsbV~P und somit die Aktivierung der SigB-abhängigen 

generellen Stressantwort unter Umweltstressbedingungen erfolgt durch eine zweite PP2C-

Phosphatase RsbU (VÖLKER, et al., 1995; YANG, et al., 1996). Die Phosphatase RsbU 
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benötigt das Aktivatorprotein RsbT. Dieses wird unter nicht induzierenden Bedingungen 

durch seinen Antagonisten RsbS in einem multimeren Komplex mit einem weiteren Protein 

RsbR gebunden und dadurch inaktiviert (Abb. 6) (CHEE, et al., 1996; KANG, et al., 1996; 

CHEN, et al., 2003). Der Komplex ist nur stabil, wenn RsbS in unphosphorylierter Form 

vorliegt. RsbT besitzt jedoch eine Kinaseaktivität und kann RsbS und RsbR phosphorylieren. 

Stressbedingt phosphoryliertes RsbR steigert zudem die Kinaseaktivität von RsbT 

gegenüber RsbS (AKBAR, et al., 1997; CHEN, et al., 2003). Dieser Phosphorylierung von 

RsbS wirkt der Dephosphorylierung durch RsbX entgegen (CHEN, et al., 2003). RsbX ist als 

negativer „Auto-Regulator“ der SigB-Antwort bekannt. Er sorgt für den transienten Verlauf 

der Induktion des SigB-Regulons (VÖLKER, et al., 1997; SMIRNOVA, et al., 1998). Jedoch 

scheinen noch weitere Mechanismen der Regulation der SigB-Antwort zu bestehen. Erst 

kürzlich konnte von Brigulla et al. eine RsbV-unabhängige Induktion des SigB-Regulons in 

kontinuierlich in der Kälte kultivierten Zellen beschrieben werden (BRIGULLA, et al., 2003). 

Diese beobachtete Induktion war nicht nur RsbV-unabhängig, sondern zudem noch lang 

anhaltend. Analog dazu konnte ebenso in der Hitze eine anhaltende Induktion des SigB-

Regulons beobachtet werden, auch hier gibt es Beweise für eine RsbV-unabhängige 

Komponente innerhalb der Signaltransduktion zu SigB (HOLTMANN, et al.). Diese neuen 

Befunde beruhen auf Transkriptom- und Proteomstudien, die zur Untersuchungen der 

Auswirkung der Temperatur durchgeführt wurden. 

2.3.2. Temperaturadaptation

In seinem Habitat ist B. subtilis Temperaturen von ca. -10°C bis ca. +45°C ausgesetzt, 

dies verlangt eine Anpassung des Organismus sowohl an Hitze, als auch an Kälte. Zunächst 

soll die in unseren Breitengraden wahrscheinlichere Adaptation an Kälte und die dazu 

durchgeführten Untersuchungen vorgestellt werden. Bekannt war, dass nach einem 

Kälteschock von 37°C auf 15°C in B. subtilis innerhalb von einer Stunde „cold induced 

proteins“ (CIP) nachzuweisen sind (GRAUMANN & MARAHIEL, 1996). Diese Veränderung der 

Proteinausstattung macht deutlich, das eine Reihe von Anpassungen nötig sind, damit die 

Zellen unter den veränderten Bedingungen weiter wachsen können. 

Beispielsweise muss die Topologie der DNA so modifiziert werden, dass eine 

fortlaufende Transkription und Replikation möglich ist. Mit Hilfe von Gyrasen wird deshalb 

der negative „Supercoil“ der DNA unter Einwirkung von Kälte erhöht (GRAU, et al., 1994). 

Eine Anpassung der Translation ist ebenfalls notwendig, da die Aktivität der Ribosomen, wie 

die aller anderen Enzyme in der Kälte reduziert wird. Die verstärkt synthetisierten 

Kälteschockproteine (CSP) wirken als RNA-Chaperone. Sie verhindern die Ausbildung von 

temperaturbedingten alternativen Sekundärstrukturen in der RNA und passen so die 
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Translation an die niedrigeren Temperaturen an (GRAUMANN & MARAHIEL, 1996). Ein weiterer 

Aspekt dieser Anpassung an die niedrigere Umgebungstemperatur ist der Erhalt der 

Membranfluidität, entweder durch den Einbau neusynthetisierter verzweigt-kettiger 

Fettsäuren, oder über die Oxidation der in den Membranlipiden vorhandenen Fettsäuren 

durch die Lipiddesaturase Des (AGUILAR, et al., 1998; AGUILAR, et al., 1999; KLEIN, et al.,

1999). Die Identifikation des Zweikomponentensystems DesK/DesR, welches die Induktion 

des Gens der Desaturase Des bei einem Kälteschock induziert, erweckte die Hoffnung, 

einen Sensor und vielleicht den globalen Regulator der Kälteschockantwort gefunden zu 

haben (AGUILAR, et al., 2001).

Abb. 7: Schematische Darstellung der Regulation der Desaturase Des durch das Zweikomponenten-
system DesK/DesR. Nach Einwirken eines Stimulus bei einem Kälteschock auf die membranspannende 
Sensordomäne der Histidinkinase DesK kommt es zu einer Phosphorylierung des Responseregulators 
DesR durch die Kinasedomäne von DesK. Der phosphorylierte Transkriptionsaktivator DesR bindet vor 
dem Promotor des Desaturasegens des. Die membranständige Desaturase Des katalysiert in der 
Membran die Oxidation von gesättigten Fettsäuren. Der daraus resultierende höhere Anteil an 
ungesättigten Fettsäuren innerhalb der Membran erhöht ihre Fluidität und gewährleistet die Integrität der 
Membran nach einem Kälteschock. (adaptiert nach CYBULSKI, et al., 2002) 

Das Zweikomponentensystem DesK/DesR besteht aus der Histidinkinase DesK, mit 

einer membranspannenden Sensordomäne, und dem Regulator DesR. Nach einem 
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Membranfluidität wirkt auf die Konformation der Histidinkinase DesK und bewirkt, dass das 

System nun wieder abgeschaltet wird (AGUILAR, et al., 2001; WEBER, et al., 2001). Bei 
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Vorhandensein von Isoleucin im Medium wird die Aktivität von DesK gehemmt und es kommt 

zu einer de novo Synthese von verzweigt-kettigen Fettsäuren, die auf Grund ihres 

niedrigeren Schmelzpunktes ebenfalls die Fluidität der Membran erhöhen. Dies geschieht 

sowohl nach einem Kälteschock, als auch bei kontinuierlichem Wachstum in der Kälte 

(KLEIN, et al., 1999; CYBULSKI, et al., 2002). 

In Kooperation mit der Arbeitsgruppe Marahiel wurde eine globale 

Transkriptionsanalyse einer desK-Mutante und eines B. subtilis JH642 Wildtypstammes vor 

und 70 min nach einem Kälteschock von 37°C auf 15°C durchgeführt. Die Versuche sollten 

die Rolle des Zweikomponentensystems DesK/DesR während der Induktion der 

Kälteschockantwort aufklären. Es sollten weitere Gene identifiziert werden, die durch dieses 

Zweikomponentensystem in der Kälte reguliert werden. Der Stamm JH642 wurde deshalb 

gewählt, weil er einen nicht näher charakterisierten Defekt in der Isoleucinbiosynthese besitzt 

deshalb nicht in der Lage ist ohne exogen vorhandenes Isoleucin seine Membranfluidität 

über de novo synthetisierte verzweigt-kettige Fettsäuren zu regulieren (KLEIN, et al., 1999). 

Die mit der desK-Mutante durchgeführte Transkriptionsanalyse ließ leider nicht auf die 

Funktion des Zweikomponentensystems DesK/DesR als globalen Regulator schließen. 

Vielmehr konnte gezeigt werden, dass lediglich die Transkription des Gens des

temperaturabhängig durch DesK/DesR reguliert wird. Die für den Wildtyp gesammelten 

Daten wurden zur globalen Transkriptionsanalyse des Kälteschocks in B. subtilis genutzt 

(BECKERING, et al., 2002). Neben der erwarteten Induktion der Gene für CspB, CspC und 

CspD und den DNA-Helikasen (gyrA, gyrB, ydbR, yqfR), wurde auch die Induktion der Gene 

ribosomaler Proteine, Zellwandproteine und einiger Chemotaxisproteine beobachtet. Unter 

den unbekannten induzierten Genen war auch yplP, welches für einen putativen Aktivator 

des Sigmafaktors SigL kodiert. Nachfolgende in der Arbeitsgruppe Marahiel durchgeführte 

Wachstumsexperimente einer yplP-Mutante zeigten jedoch nur einen schwachen 

Wachstumsphänotyp nach einem Kälteschock (BECKERING, et al., 2002). Unter den 

reprimierten Genen befanden sich Gene der Hitzeschock-Chaperone, der Aminosäure-, 

Pyrimidin/Purin-, ATP-, Cytochrom-, Biotin- und NAD-Biosynthese, der Glycolyse und des 

Citrat-Zyklus. Diese Repression spiegelt vermutlich die niedrigere Wachstumsrate und den 

verlangsamten Stoffwechsel der Bakterien in der Kälte-geschockten Kultur gegenüber der 

Kontrollkultur wider. Die Repression von topA, einem für eine Topoisomerase kodierendes 

Gen, korreliert mit der Induktion der Gyrasegene. Möglicherweise wird durch die verminderte 

Synthese von Topoisomerasen das Einführen von positivem „Supercoiling“ vermindert und 

das Einführen von negativen „Supercoiling“ durch die vermehrt synthetisierten Gyrasen noch 

verstärkt.

Die bisher beschriebenen DNA-Arrayanalysen verglichen Zellen, die bei 37°C wuchsen 

mit solchen, die für 70 Minuten einem Kälteschock ausgesetzt waren. Dieser Zeitpunkt für 
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die DNA-Arrayanalyse wurde auf Grund von Vorexperimenten gewählt. In einem Northern-

Blot wurde zuvor die maximale Induktion der Transkription des Gens des 70 Minuten nach 

dem Kälteschock beobachtet. Dass sich kurzzeitig einem Kälteschock ausgesetzte Zellen 

jedoch dramatisch von Zellen unterscheiden, die kontinuierlich bei niedrigen Temperaturen 

wachsen, wurde kürzlich eindrucksvoll von Brigulla et al. untermauert. Diese Autoren 

konnten Befunde dafür vorlegen, dass das SigB-Regulon bei kontinuierlichem Wachstum auf 

hohem Niveau exprimiert wird, während in der beschriebenen Kälteschockstudie eine solche 

Induktion des SigB-Regulons nicht zu beobachten war. In Übereinstimmung mit den 

vorgestellten Ergebnissen konnten Kaan et al. in kältegeschockten B. subtilis-Zellen

ebenfalls keine Induktion des SigB-Regulons verzeichnen (KAAN, et al., 2002).

Diese kürzlich entdeckte Induktion des SigB-Regulons während des kontinuierlichen 

Wachstums bei Kälte ist nicht transient, sondern anhaltend und zudem noch unabhängig von 

den beiden Phosphatasen RsbU und RsbP (BRIGULLA, et al., 2003). Diese sorgen 

normalerweise dafür, dass nach Einwirken von metabolischem (RsbP) oder Umwelt-Stress 

(RsbU) der Anti-Anti-Sigmafaktor RsbV dephosphoryliert wird. Über einen „partner switching“ 

Mechanismus wird dann der Antisigmafaktor RsbW aus seinem Komplex mit SigB gelöst. In 

der Kälte kommt es jedoch zu einer Induktion der SigB Antwort trotz der Abwesenheit von 

RsbV. Das Phänomen dieser RsbV unabhängigen lang anhaltenden Induktion des SigB-

Regulons bei kontinuierlichem Wachstum in der Kälte lässt weitere, bisher unbekannte 

Teilnehmer bei der Aktivierung von SigB vermuten (BRIGULLA, et al., 2003). Möglicherweise 

ist aber auch die Bindung von RsbW an SigB in der Kälte beeinflusst. Ermutigt durch die 

unerwartete, von Brigulla et al. entdeckte Induktion des SigB-Regulons sollten nun die 

globalen Veränderungen in einer Phase untersucht werden, in welcher die Zellen bereits an 

das Wachstum bei niedrigen Temperaturen adaptiert sind. Dazu hat Ina Budde aus der 

Arbeitsgruppe Bremer mit unserer Unterstützung eine globale Transkriptionsanalyse dieser 

interessanten und scheinbar noch wenig untersuchten Langzeitadaptation von B. subtilis an 

ein Wachstum nahe seines Wachstumstemperaturminimums durchgeführt. Hierbei wurden 

Zellen, welche bei 15°C kultiviert wurden mit Zellen aus der bei 37°C kultivierten 

Kontrollkultur verglichen. Neben der zuvor schon beschriebenen Induktion des SigB-

Regulons zeigten die Expressionsanalysen eine Induktion von Teilen des SigF-, SigG- und 

SigE-Regulons. Diese war auch bei der anschließenden Verwendung einer sigF-Mutante zu 

beobachten. Diese Induktion erfolgte zwar in einem größeren Umfang als erwartet, war aber 

nicht gänzlich überraschend. Obwohl SigB nicht für die Sporulation benötigt wird, wurde eine 

überlappende Kontrolle durch SigB und SigF zuvor schon für das Gen katX beschrieben. Es 

besitzt sowohl einen SigF-, als auch einen SigB-Promotor (PETERSOHN, et al., 1999b). Eine 

Überlappung konnte ebenfalls bei der Entdeckung des SigB-abhängigen Gens csbX

angenommen werden, da dieses in einem Operon mit dem Sporulationsgen bofC
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transkribiert wird (GOMEZ & CUTTING, 1997). Die physiologische Relevanz der Überlappung 

dieser beiden Regulons bleibt jedoch unklar. Es konnte gezeigt werden, dass unter normalen 

Bedingungen die zeitliche und örtliche Trennung der beiden Regulons durch die 

Substratspezifität von SpoIIE und RsbW erreicht wird. Nur in Abwesenheit von SpoIIE kommt 

es zu einer durch RsbW hervorgerufene Akkumulation von SpoIIAA~P in einer ausreichend 

hohen Konzentration (CARNIOL, et al., 2004). 

Die hohe Ähnlichkeit beider Sigmafaktoren, ihrer Regulatoren und der von ihnen 

erkannten Promotoren könnte auch auf eine Entstehung durch Genduplikationen innerhalb 

des Chromosoms von B. subtilis hinweisen (KALMAN, et al., 1990; WIEDMANN et al., 1998). 

Unterstützt wird diese Annahme auch durch die oben (siehe Kapitel 2.2) aufgezeigten 

Ähnlichkeiten der Regulation der Aktivität dieser beiden Sigmafaktoren. In Übereinstimmung 

dazu stehen die Arbeiten von Abdallah Bashir aus unserer Arbeitsgruppe zur Untersuchung 

der Sporulationseffizienz von kontinuierlich bei 15°C kultivierten B. subtilis Zellen. Er konnte 

mittels Reportergenfusionen für bekannte Sigmafaktor-spezifische Gene und 

Mutantenanalysen zeigen, dass es zu einer Induktion der SigF und SigE-abhängigen 

Transkription kommt und dass die SigG-abhängige Expression ausbleibt. Weiterhin sinkt die 

Sporulationseffizienz von B. subtilis bei 15°C auf ca. 1% (pers. Mitteilung A. Bashir).  

Ergänzend zu der Transkriptomstudie wurde mit den kontinuierlich bei 15°C kultivierten 

Zellen eine Proteomanalyse durchgeführt, weil gerade bei der Adaptation an niedrige 

Temperaturen verstärkt mit Effekten auf die Translation zu rechnen war. Die Proteomanalyse 

wurde mit Hilfe der 2D-DIGE-Technologie (2D-difference gel electrophoresis) durchgeführt. 

Die DIGE Technologie erlaubte durch die Verwendung von Fluoreszenzfarbstoffen eine 

Auftrennung und Detektion zweier Proben (Cy3 und Cy5 markiert) und einer internen 

Standardprobe (Cy2 markiert) innerhalb eines Gels (siehe Kapitel 4.2). 

Von den Proteinen YvyD, YtxH und YtxG, deren Gene yvyD und das ytxGHJ-Operon 

neben der Kontrolle durch SigB auch einer Kontrolle durch SigH, dem alternativen 

Sigmafaktor der stationären Phase unterliegen (DRZEWIECKI, et al., 1998), wurde YvyD in 

dem von uns durchgeführten Vergleich einer bei 15°C und bei 37°C kultivierten sigB-Mutante 

in der Kälte ebenfalls vermehrt synthetisiert. Diese Akkumulation in der sigB-Mutante lässt 

auf eine Beteiligung von SigH an der Kälteadaptation schließen. Die Untersuchung einer 

sigB-sigH-Doppelmutante würde das Ausmaß und die Relevanz dieser Beobachtung 

verdeutlichen.

Wie schon beschrieben zeigten Brigulla et al. 2003 eine lang anhaltende Induktion des 

SigB-Regulons bei kontinuierlich in der Kälte wachsenden Zellen. Dieses Ergebnis erweiterte 

die Rolle der als transient angesehenen generellen Stressantwort nach Einwirken einer 

Vielzahl von Umweltstressen um eine weitere mögliche Funktion von SigB in der 

Langzeitadaptation an Stress nahe der physiologischen Wachstumsgrenzen. 
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Die transiente Induktion des SigB-Regulons durch einen Hitzeschock von 37°C auf 

48°C ist bekannt und es stellte sich die Frage, ob, ähnlich wie in der Kälte, das SigB-Regulon 

auch bei kontinuierlichem Wachstum nahe des Temperaturmaximums von B. subtilis bei

52°C induziert wird. Es konnte mit Hilfe von 2D-SDS-Gelelektrophorese, 

Reportergenmessungen, Western-Blotting und GFP-Fusionsbildern gezeigt werden, dass bei 

einem Wachstum von B. subtilis bei 51°C neben der erwarteten Hitzeschockantwort auch 

eine anhaltende RsbV-unabhängige Induktion des SigB-Regulons zu beobachten ist 

(HOLTMANN, et al., in press). Diese Induktion benötigt die Umweltstress-Phosphatase RsbU, 

aber nicht die für die Weiterleitung der metabolischen Stressstimuli verantwortliche 

Phosphatase RsbP. Fehlt neben RsbU zusätzlich RsbV, so wird die Induktion von SigB 

wiederhergestellt, es kommt sogar zu einer Hyperinduktion des SigB-Regulons.  

Dies alles zeigt, dass das Verständnis der Regulation der SigB-Aktivität bei Hitze und 

Kälte noch unvollständig ist. Weitere Untersuchungen müssen aufklären, ob noch 

unbekannte Proteine an der Regulation beteiligt sind oder ob sich die bekannten 

Regulatoren unter den veränderten Bedingungen lediglich anders verhalten. 

2.3.3. Spezifische Adaptation an wechselnde Osmolarität

Für einen Organismus wie B. subtilis, der die Rhizosphäre und die oberen 

Bodenschichten besiedelt, ist die ökophysiologisch wohl relevanteste Anpassung, die 

Adaptation an die Osmolarität der Umwelt. Die physikalischen Eigenschaften der 

Zellmembran und die in der Zelle höhere Konzentration an osmotisch wirksamen 

Substanzen sorgen für den Einstrom von Wasser entlang des osmotischen Gradienten in die 

Zelle. Dieser hydrostatische Druck, der die Cytoplasmamembran an die Zellwand drückt 

heißt Turgor. Um Zellteilung und Zellwachstum des Organismus zu gewährleisten ist die 

Aufrechterhaltung des Turgors erforderlich (HÖLTJE,1998). Die Erhöhung der Osmolarität der 

Umgebung würde ohne einen Adaptationsmechanismus zu einem Ausstrom des Wassers 

aus der Zelle, damit zum Zusammenbruch des Turgors und zur Plasmolyse des Bakteriums 

führen. Auf der anderen Seite würde eine geringere Osmolarität der Umgebung zu einem 

Einströmen von Wasser führen und der steigende Turgor würde ein Platzen der Zelle 

herbeiführen. Halophile Bakterien vermeiden diesen gefährlichen osmotischen Gradienten 

meist durch die Erhöhung der KCl-Ionenkonzentration in ihrem Cytoplasma, diese Erhöhung 

der intrazellulären Ionenkonzenztration verlangt aber gleichzeitig eine Anpassung ihrer 

Proteinausstattung (GALINSKI & TRÜPER, 1994; VENTOSA, et al., 1998). Die eher moderaten 

und fluktuierenden Osmolaritäten ausgesetzten Mikroorganismen hingegen erreichen die 

Anpassung an eine Vielzahl von Habitaten durch die Nutzung flexiblerer Strategien. 
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Die Anpassung von B. subtilis an wechselnde Osmolarität wird schon seit den Anfang 

der 90er Jahren in der Arbeitsgruppe um Prof. Bremer erforscht. Die initiale Reaktion auf 

einen hyperosmotischen Stress ist die Erhöhung der intrazellulären 

Kaliumionenkonzentration (WHATMORE, et al., 1990; WHATMORE & REED, 1990). Die 

Aufnahme wird durch die zwei Transporter KtrAB und KtrCD bewerkstelligt (HOLTMANN, et 

al., 2003), beide bestehen aus einem Transmembranprotein (KtrB, KtrD) und einem 

peripheren Membranprotein (KtrA, KtrC) mit einer putativen Nukleotidbindestelle für NAD+

oder NADH (Nakamura, 1998). Es wird vermutet, das KtrB und KtrD die Aktivität von KtrA 

und KtrC durch einen von Roosild und Kollegen beschriebenen Liganden-vermittelten 

„switch“-Mechanismus regulieren (Roosild, 2002). Auf Grund der negativen Auswirkungen 

der hohen Kaliumionenkonzentration auf den Zellmetabolismus (RECORD, et al., 1998b; 

RECORD, et al., 1998a) werden die Kaliumionen in einer zweiten Stufe durch 

niedermolekulare organische Solute ersetzt (CSONKA & EPSTEIN, 1996; KEMPF & BREMER,

1998; BREMER & KRÄMER, 2000) (Abb. 8). Da diese organischen Solute in molaren 

Konzentrationen im Cytosol akkumuliert werden können, ohne den Zellmetabolismus zu 

beeinträchtigen, werden sie auch kompatible Solute genannt (BROWN, 1976). Die Wirkung 

der kompatiblen Solute wird durch ihre geringen Wechselwirkungen mit den zellulären 

Proteinen erklärt. Diese sorgen dafür, dass die Solute aus der Hydrathülle der Proteine 

ausgeschlossen werden, welches zu einer inhomogenen Verteilung der Solute in der Zelle 

und somit zu einem thermodynamischen Ungleichgewicht führt. Die Abhängigkeit der 

Entropie von der Größe der Hydrathülle um die Proteine bevorzugt eine native Faltung der 

Proteine, weil sie ein kleines Volumen der Hydrathülle verursacht und dadurch einen 

thermodynamisch günstigeren Zustand ermöglicht. Die Proteine werden also in ihrer aktiven, 

nativen Form stabilisiert (ARAKAWA & TIMASHEFF, 1985; BOLEN & BASKAKOV, 2001; 

TIMASHEFF, 1998; WINZOR et al., 1992). 

Die Akkumulation erfolgt entweder durch Aufnahme oder durch Synthese. Für 

B. subtilis sind derzeit zirka ein Dutzend Verbindungen bekannt, welche als kompatible 

Solute genutzt werden können. Eine große Gruppe bildet Glycin-Betain und seine 

Strukturanaloga, wie Arsenobetain, Homobetain, Crotonobetain, -Butyrobetain, Cholin-O-

Sulfat und Carnitin. Weitere genutzte kompatible Solute sind Cholin, DMSA 

(Dimethylsulfonacetat), DMSP (Dimethylsulfonpropionat), Ectoin und neben der Aminosäure 

Prolin, ihr Derivat Prolin-Betain (BREMER, 2002). Doch die im Genus Bacillus gängigsten 

kompatiblen Solute sind Ectoin, Glycin-Betain und Prolin. Der Anstieg der intrazellulären 

Konzentration des kompatiblen Solutes Prolin in B. subtilis erfolgt auf Grund der massiven de

novo Synthese von Prolin mit Hilfe der alternativen Enzyme der Prolinbiosynthese ProH und 

ProJ (Abb. 8) (WHATMORE, et al., 1990; WHATMORE & REED, 1990; BELITSKY, et al., 2001). 

Diese Enzyme unterliegen im Gegensatz zu den anabolen Enzymen ProB und ProI oder 
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ProG keiner Endprodukthemmung (Brill & Bremer, 2002). Die unterschiedlichen Aufgaben 

der beiden Biosynthesewege spiegelt auch die Regulation der Expression der jeweiligen 

Gene wider. Die Expression des proHJ-Operons steht unter osmotischer Kontrolle, die Gene 

proI und proBA hingegen werden über einen Antiterminationsmechanismus reguliert, der die 

Transkription dem Prolinbedarf der Zelle anpasst (BELITSKY, et al., 2001).  

Abb. 8: Chematische Darstellung der Komponenten der Adaptation von B. subtilis an wechselnde 
Osmolarität (angepasst nach BREMER, 2002) 

Die Aufnahme einer Vielzahl in seinem Habitat vorkommender kompatibler Solute, 

welche aus dem Abbau organischen Materials oder den pflanzlichen Wurzelexudaten 

stammen, gelingt B. subtilis mit Hilfe einer Reihe von osmotisch regulierter Transportern 

(osmo protectant uptake systems). Prolin kann über den osmotisch kontrollierten 

Transporter OpuE aufgenommen werden (VON BLOHN, et al., 1997). Das für OpuE 

kodierende Gen besitzt neben einem SigA-Promotor auch einen SigB-Promotor. Die 
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Expression vom SigB-Promotor ist transient und erfolgt direkt nach einem Salzschock, 

wohingegen die Expression über den SigA-Promotor später einsetzt und lange erhalten 

bleibt (VON BLOHN, et al., 1997; SPIEGELHALTER & BREMER, 1998). Weitere kompatible Solute 

sind Trimethylammoniumverbindungen, die von B. subtilis bevorzugte und wahrscheinlich 

effektivste ist Glycin-Betain. Glycin-Betain gelangt entweder als Vorstufe Cholin in die Zelle 

(BOCH, et al., 1994) oder es wird über die hochaffinen Transporter OpuA, OpuC und OpuD 

direkt aufgenommen (KEMPF & BREMER, 1995; KAPPES, et al., 1996). OpuA und OpuC 

gehören zur Familie der ABC-Transporter, sie bestehen aus einer (OpuA) oder zwei (OpuC) 

Transmembrankomponenten, einer ATPase und einem in der Lipidschicht verankerten 

Bindeprotein (KEMPF, et al., 1997; KAPPES, et al., 1999). OpuD hingegen gehört zur Klasse 

der Betain-, Carnitin-, Cholin-Transporter und besteht nur aus einer Membrankomponente 

(KAPPES, et al., 1996; PAULSEN, et al., 1998). Die Aufnahme des an sich nicht 

osmoprotektiven Cholins erfolgt über OpuB und OpuC (KAPPES, et al., 1999), es wird in der 

Zelle über Glycin-Betain-Aldehyd in Glycin-Betain umgewandelt. Die Reaktion wird von der 

NAD-abhängigen Alkohol-Dehydrogenase TypIII GbsB und der Glycin-Betain-Aldehyd-

Dehydrogenase GbsA katalysiert (BOCH, et al., 1996; BOCH, et al., 1997). Die Genexpression 

des gbsAB-Operons wird durch den Repressor GbsR in Abhängigkeit von der 

Cholinkonzentration reguliert, es erfolgt keine signifikante Induktion allein auf Grund erhöhter 

Osmolarität (NAU-WAGNER, 1999).

Ausgehend von diesen sehr detaillierten, vor allem funktionell getriebenen Analysen 

sollte in Kooperation mit der Arbeitsgruppe Bremer nun die Adaptation von B. subtilis an

wechselnde Osmolarität mit Hilfe der DNA-Arraytechnologie einer globalen Betrachtung 

unterzogen werden (STEIL, et al., 2003). Ermuntert wurden wir zu dieser DNA-Arrayanalyse 

durch die Ergebnisse einer vorangegangenen Proteomanalyse, die sich vor allem auf die 

vergleichende Analyse der cytosolischen Proteinmuster von Kontrollzellen mit solchen, die 

bei hohen Salzkonzentrationen von 0,7 M und 1,2 M NaCl kultiviert wurden, konzentrierte 

(HOFFMANN, et al., 2002). In dieser Proteomstudie wurde die erhöhte Synthese von 16 

Proteinen bei hohen Salzkonzentrationen im Vergleich zur Kontrollkultur ohne Salz 

beobachtet. Die massenspektrometrische Identifikation ermittelte die Proteine DhbA, DhbB, 

DhbC und DhbE, welche an der Synthese des Eisen-Siderophors 2,3-Dihydroxybenzoat und 

seiner Modifikation beteiligt sind. Die für diese Proteine kodierenden Gene liegen im 

dhbABCDEF-Operon und werden durch den Fur-Repressor kontrolliert. Dieser sorgt für eine 

Repression in Gegenwart von Eisen und eine Derepression unter Eisenmangelbedingungen. 

Weiterhin konnte in dieser Arbeit auch die Kompensation dieser durch Salz herbeigeführten 

Eisenlimitation durch die Anwesenheit von 250 µM Eisen im Medium gezeigt werden. 

Durchgeführte Expressionsanalysen weiterer Fur-regulierter Gene bestätigten die 

Ergebnisse der Proteomanalyse und machen deutlich, dass in B. subtilis Laborstämmen ein 
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Salzstress auch eine sekundäre Eisenlimitation auslöst. Die Mechanismen, die diese 

Eisenlimitation vermitteln sind bislang noch nicht aufgeklärt. Es ist lediglich bekannt, dass in 

Laborstämmen, welche einen Defekt in der Bacillibactin-Syntese besitzen, dieses Phänomen 

stärker ausgeprägt ist als in Wildtypisolaten aus freier Natur (HOFFMANN, et al., 2002). 

Um dieses Phänomen nun auf globaler Ebene zu betrachten bot sich die Nutzung der 

DNA-Arraytechnologie an. Die in der Proteomstudie nicht aufzudeckenden Veränderungen 

von unlöslichen Proteinen, wie Membranproteinen, konnte somit zumindest auf 

Transkriptionsebene durchgeführt werden. Ein weiterer Vorteil war, dass Dank der 

einfacheren Handhabung der DNA-Arraytechnologie die Probenzahl ausgeweitet werden 

konnte und die Aufnahme einer Expressionskinetik der Adaptation nach einem Salzschock 

erlaubte. Somit konnten beide Phasen, die Schock- und die Adaptationsphase, betrachtet 

werden.

Für die Analyse wurde bewusst eine sigB-Mutante ausgewählt, um die SigB-

unabhängige Veränderung der Genexpression in den Fokus der Betrachtung stellen zu 

können. Auf die detaillierte Charakterisierung SigB-abhängiger Phänomene wurde verzichtet, 

da aus Literaturbefunden bekannt war, dass die Induktion des generellen Stressregulons 

insbesondere dann relevant ist, wenn die Zellen mit wachstumsverhindernden, extrem hohen 

Salzkonzentrationen im Bereich von 10% (1,7 M) behandelt werden (VÖLKER, et al., 1999). In 

exponentiell wachsenden Zellen sind offenbar primär andere SigB-unabhängige Systeme für 

den Schutz der Zellen verantwortlich. Zudem lagen schon drei verschiedene DNA-

Arrayanalysen zur Struktur des SigB-Regulons vor (PETERSOHN, et al., 2001; PRICE, et al.,

2001; HELMANN, et al., 2001) und es war weiterhin bekannt, dass die Expression des SigB-

Regulons nur auf einen Zeitraum unmittelbar nach der Salzgabe beschränkt ist (Review, 

(HECKER & VÖLKER, 2001). Die salzspezifische SigB-unabhängig induzierte 

Expressionsänderung war Ziel der Untersuchungen. Die Verwendung einer sigB-Mutante 

war außerdem möglich, da eine sigB-Mutante gegenüber dem Wildtyp keinen 

Wachstumsnachteil bei kontinuierlichem Wachstum und bei einem milden NaCl-Schock 

zeigte (VON BLOHN, et al., 1997; HOFFMANN, et al., 2002).

Die genomweite Analyse umfasste dabei sowohl die unmittelbare Reaktion der 

B. subtilis Zellen auf einen Salzschock, als auch die für ein Wachstum bei hohen 

Salzkonzentrationen notwendige Adaptation des Genexpressionsprogamms. Durch die 

Verwendung von geschockten Zellen, die sich nach der Zugabe von NaCl erst innerhalb des 

Versuchsverlaufes adaptierten, und bereits adaptierten Zellen, die in Medium mit konstant 

hoher Salzkonzentration kultiviert wurden, konnten beide Phasen untersucht werden. Zur 

umfassenden Analyse der Reaktion auf einen Salzschock wurden Proben unmittelbar vor 

und in zeitlichen Abständen von 10, später 20, Minuten bis zu 300 Minuten nach Zugabe von 

NaCl bis zu einer Endkonzentration von 0,4 M NaCl entnommen und untersucht. 
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Erstes Ergebnis dieser globalen Transkriptionsstudien 0,4 molaren Salzschocks war 

die Bestätigung der von Petersohn und Kollegen beobachteten transienten Induktion des 

SigW-Regulons (PETERSON, et al., 2002). SigW ist ein extracytoplasmatischer Sigmafaktor, 

der durch Veränderungen der Zellwand induziert wird, wie sie beispielsweise nach 

Einwirkung eines Alkalischocks auftreten können (HUANG, et al., 1999; WIEGERT, et al., 2001; 

CAO, et al., 2002). Ein solcher Induktionsweg kann auch für einen Salzschock angenommen 

werden, da eine erhöhte Salzkonzentration im Medium ebenfalls eine partielle Denaturierung 

der in der Zellwand befindlichen Proteine hervorrufen könnte. Die Relevanz einer intakten 

Zellwand unterstreicht auch die Beobachtung, dass Mutanten, denen der 

extracytoplasmatische Sigmafaktor SigM fehlt und die deshalb schwerwiegende 

Zellwanddefekte besitzen, eine höhere Sensitivität gegenüber hohen Salzkonzentrationen 

aufweisen (HORSBURGH & MOIR, 1999). Wie erwartet, wurden nach einem Salzschock die 

Gene der hochaffinen ABC-Transporter (OpuA, OpuB und OpuC) und der alternativen 

Enzyme der Prolinbiosynthese (ProH und ProJ) höher exprimiert. Im Gegensatz zur 

Induktion des SigW-Regulons ist ihre Induktion jedoch nicht transient, sondern beständig. 

Dieser Befund ist nicht verwunderlich und bestätigt zuvor in der Arbeitsgruppe Bremer 

durchgeführte Northern-Blot-Analysen, da sowohl die ABC-Transporter, als auch die Enzyme 

der Prolinbiosynthese für ein Wachstum bei hohen Salzkonzentrationen kontinuierlich 

benötigt werden. Mit ihrer Hilfe gelingt es B. subtilis die initial zur Aufrechterhaltung des 

Turgors aufgenommenen Kaliumionen gegen kompatible Solute, wie Glycin-Betain und 

Prolin auszutauschen (s.o.). Neben dieser andauernd hohen Expression gab es auch eine 

Gruppe von Genen, deren Induktion erst zu einem späteren Zeitpunkt eintrat. Eines dieser 

spät induzierten Gene kodiert für ComK, den Regulator der späten Kompetenzgene. Die 

comK-Expression wird durch die Bindung von DegU an die Promotorregion dieses Gens 

aktiviert (OGURA & TANAKA, 1996). Einhergehend mit dem nach der Zugabe von NaCl 

zunächst verminderten Wachstum ist die kurzzeitige Repression von 75 Genen zu 

beobachten. Von diesen kodieren 29 Gene für Enzyme der Aminosäurebiosynthese. Sie 

werden vermutlich durch die Aminosäuren reprimiert, welche auf Grund der verminderten 

Proteinbiosynthese akkumulieren. 

Zur Untersuchung der Adaptationsphase wurde die Genexpression von Bacillus-Zellen, 

welche kontinuierlich in Medium mit 1,2 M NaCl kultiviert wurden, mit der Genexpression von 

Zellen der Kontrollkultur, die ohne zusätzliches NaCl im Medium gewachsen sind, verglichen. 

Wie oben beschrieben hatte die Proteomanalyse von Hoffmann et al. bereits angedeutet, 

dass in B. subtilis eine durch Hochsalz induzierte sekundäre Eisenlimitation zu erwarten ist. 

Um zwischen den direkt durch Hochsalz induzierten Effekten und den durch die sekundäre 

Eisenlimitation vermittelten Effekten unterscheiden zu können, wurden in die 

Versuchsanordnung zwei weitere Bedingungen einbezogen. Durch die erste Bedingung 
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sollte eine salzunabhängige Eisenlimitation induziert werden, dazu wurden die Zellen in 

Minimalmedium ohne Zugabe von Eisen kultiviert. Durch diese Behandlung sollte die Gruppe 

der Gene aufgedeckt werden, deren Expression von einer veränderten Eisenkonzentration 

abhängig ist. Für die zweite Bedingung wurden Zellen verwendet, welche in Medium mit 

1,2 M NaCl und einem Überschuss von 250 µM Eisen kultiviert wurden. Es wurde erwartet, 

dass durch diese Behandlung die durch Salz ausgelöste sekundäre Eisenlimitation 

verhindert werden kann, also eine erneute Repression der durch Eisenlimitation 

dereprimierten Gene auftritt (Siehe Abb. 9). 

Die Veränderungen der Genexpression der kontinuierlich bei Hochsalz kultivierten 

Bakterien, bezogen auf Kontrollkulturen ohne zusätzliches Salz im Medium, unterscheiden 

sich deutlich von den in der Schockphase beobachteten Expressionsänderungen. Es wurde 

eine Induktion der Genexpression von 123 Genen und eine Repression von 101 Genen in 

den bei Hochsalz kultivierten Zellen beobachtet. Die salzinduzierte Eisenlimitation konnte 

von der salzspezifischen Induktion getrennt werden. Unter den 21 Genen, welche einer 

Eisenlimitation zugeschrieben werden konnten, waren 15 Gene, die zuvor in einer globalen 

Transkriptionsanalyse von Fuangthong et al. dem Fur-Regulon zugeordnet worden waren 

(FUANGTHONG, et al., 2002). Der Repressor Fur bindet an einer Sequenz, der Fur Box, 

innerhalb der Promotoren der betreffenden Gene und löst sich bei einer eintretenden 

Eisenlimitation. Die Gene des Fur-Regulons kodieren für Proteine, die an der Bildung von 

Siderophoren und dem Transport von Eisen beteiligt sind. Der größte Teil des in der Natur 

vorhandenen Eisens liegt in unlöslichen Hydroxy-Komplexen vor. Es ist für Bakterien von 

essentieller Bedeutung mittels hochaffiner Siderophore den geringen Teil an löslichem Fe3+-

zu binden und ins Cytoplasma zu transportieren. Nach Abzug der durch die sekundäre 

Eisenlimitation induzierten Gene blieben 102 Gene, deren Expression primär auf die hohe 
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Abb. 9: Northern-Blot Analyse der Gene opuBC,
yocC, feuA und wapA.

Die Abbildung zeigt die Signale der DIG-
markierten Antisense-Sonden der Gene 
opuBC, yocC, feuA und wapA. Die 
aufgetrennte RNA stammt aus Zellen einer 
SigB-Mutante (BLOB22). Als Kontrolle wurde 
sie in Minimalmedium mit 5 µM FeCl3 und 
ohne NaCl (Kontolle) kultiviert. Die 
Kultivierung mit zusätzlich 1.2 M NaCl führte 
zur Salz-Induktion (opuBC, yocC) und einer 
sekundären Eisenlimitation (feuA). Eine 
Derepression dieser Eisenlimitation  konnte 
in Medium mit 250 µM FeCl3 und 1.2 M NaCl 
beobachtet werden (feuA). Eine Induktion 
durch Eisenlimitation wurde in Medium ohne 
FeCl3 und NaCl erreicht (feuA, wapA). (siehe 
STEIL, et al., 2003) 
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Salzkonzentration zurückzuführen war. Wie schon bei den Untersuchungen der Schockkultur 

beobachtet wurde, war die Expression der Gene für die ABC-Tranporter der kompatiblen 

Solute (OpuA, OpuB und OpuC) und der Enzyme der alternativen Prolinbiosynthese auch in 

kontinuierlich bei hohen Salzkonzentrationen kultivierten Zellen erhöht. 

Die Induktion von 20 Genen, deren Expressionskontrolle nach Mäder et al. und Ogura 

et al. dem Zweikomponentensystem DegS/DegU unterliegen (OGURA, et al., 2001; MÄDER, et 

al., 2002), deutet darauf hin, das dieses bei der Adaptation von B. subtilis an das Wachstum 

unter Hochsalzbedingungen eine wichtige Funktion einnimmt. Diese Annahme wird auch 

durch den hohen Anteil der DegS/DegU regulierten Gene unter den bei Hochsalz 

reprimierten Genen erhärtet (siehe folgende Abschnitte). 

Für 53 der 102 induzierten Gene ergaben Datenbanksuchen weder eine signifikante 

Homologie zu bekannten Proteinen noch eine putative Funktion. Dieser hohe Anteil an 

unbekannten Proteinen zeigt auf, dass das Verständnis der Adaptation von B. subtilis an das 

Wachstum bei hohen Salzkonzentrationen noch nicht völlig aufgeklärt ist. 

Mit 50 von 101 unter Hochsalzbedingungen reprimierten Genen gehört ein relativ 

großer Teil der reprimierten Gene zum DegS/DegU-Regulon. Das Zweikomponentensystem 

DegS/DegU wird in B. subtilis mit der Ausbildung der Kompetenz und der Sekretion von 

degenerativen Enzymen in Verbindung gebracht (OGURA & TANAKA, 1997; MSADEK, 1999). 

Die Repression des DegS/DegU-abhängigen Gens wapA bei erhöhter Osmolarität wurde 

schon von Kunst und Mitabeitern beobachtet (KUNST & RAPOPORT, 1995; RUZAL & SANCHEZ-

RIVAS, 1998; DARTOIS, et al., 1998), dass jedoch große Teile des DegS/DegU-Regulons 

betroffen sind war bis dato unbekannt. Scheinbar ist das DegS/DegU-

Zweikomponetensystem an der Wahrnehmung von Osmolaritätsveränderungen beteiligt. Es 

bleibt jedoch zu klären, welche molekularen Mechanismen dazu führen. 

Weitere 38 Gene, für die in den kontinuierlich bei 1,2 M NaCl wachsenden Kulturen 

eine Repression beobachtet werden konnte, waren funktionell mit der Motilität und 

Chemotaxis verknüpft. In der Folge durchgeführte funktionelle Untersuchungen konnten eine 

verminderte Beweglichkeit der Zellen bei Hochsalz aufzeigen. Es wird vermutet, das die 

leichte Induktion des GTP-bindenden Proteins CodY (ca. 2-fach) und die Repression der 

Transkription von sigD und der Aktivität von SigD durch das DegS/DegU 

Zweikomponentensystem zu dieser beobachteten Repression der Motilitäts- und 

Chemotaxisgene führt. 

Eine große Anzahl der in beiden Versuchen auffälligen Gene ist funktionell noch nicht 

bekannt und bedarf noch weiterer Untersuchungen. Die geringe Übereinstimmung der in 

beiden Experimenten gefundenen Gene bestärkt nochmals die Theorie von einer 

mehrphasigen Anpassung. 
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2.4. Fazit der Arbeit und Ausblick

Die Ergebnisse dieser Arbeit zeigen, dass mit Hilfe globaler Transkriptom- und 

Proteomanalysen neue, zum Teil unerwartete Aspekte in bereits intensiv untersuchten 

Fragestellungen zu entdecken sind. Im Falle der seit ca. 30 Jahren untersuchten Sporulation 

in B. subtilis konnte eine Reihe von neuen Genen ermittelt werden, die innerhalb dieses 

Prozesses differentiell exprimiert werden. Dies gilt auch für die seit den 90er Jahren auf 

molekularer Ebene intensiv untersuchte Anpassung von B. subtilis an hohe Osmolarität. Die 

Identifizierung neuer beteiligter Gene lässt auf eine mögliche Funktion des DegS/DegU 

Zweikomponentensystems innerhalb der Adaptation an hohe Osmolarität schließen. 

Ähnliches gilt für das Wachstum von B subtilis in der Kälte. Sowohl bei der 

Kälteschockantwort als auch bei der Untersuchung Kälte-adaptierter Bacillus-Zellen konnten 

durch Verwendung globaler Analysen neue interessante Gene ermittelt werden. So ist 

beispielsweise die Entdeckung der andauernden Induktion der generellen Stressantwort in 

B. subtilis während des Wachstums in der Kälte auf die Anwendung globaler Analysen 

zurückzuführen (BRIGULLA, et al., 2003). Die in der Arbeit vorgestellten globalen 

Transkriptomanalysen erweitern diesen Befund und zeigen das Ausmaß dieser Induktion 

auf. Dass eine andauernde Induktion des SigB-Regulons auch am anderen Ende der 

Temperaturskala stattfindet, beweist die vorgestellte Proteomanalyse. Analog zur Induktion 

von SigB in der Kälte konnte gezeigt werden, dass für diese andauernde Induktion des SigB-

Regulons in der Hitze eine RsbV unabhängige Signaltransduktion zu existieren schein. 

Natürlich müssen diesen globalen Analysen weitere tiefer gehende molekulare 

Untersuchungen folgen. Geschehen ist dies im Falle des Gens yvjB, welches im Rahmen der 

globalen Transkriptionsanalyse der Sporulation identifiziert wurde. Mit Hilfe anderer 

molekularbiologischer Methoden konnte die in den Arrayexperimenten beobachtete und 

unerwartete Abhängigkeit der yvjB Expression von zwei an der Sporulation beteiligten 

Sigmafaktoren bestätigt werden (GUROK, 2001). Ebenso wurden auf Grund der in den 

Arrayexperimenten entdeckten SigK-abhängigen Induktion des Gens oxdD detaillierte 

Untersuchungen durchgeführt. Diese bestätigten die SigK-Abhängigkeit des Gens und 

führten zur Lokalisation des Proteins und zu einem Modell der Integration des Proteins im 

Sporenmantel (COSTA et al. 2004). 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 35 -

2.5. Literatur

Aguilar, P. S., J. E. Cronan, Jr. and D. de Mendoza. 1998. A Bacillus subtilis gene induced by cold 
shock encodes a membrane phospholipid desaturase. J. Bacteriol. 180:2194-2200. 

Aguilar, P. S., A. M. Hernandez-Arriaga, L. E. Cybulski, A. C. Erazo and D. de Mendoza. 2001. 
Molecular basis of thermosensing: a two-component signal transduction thermometer in 
Bacillus subtilis. EMBO Journal 20:1681-1691. 

Aguilar, P. S., P. Lopez and D. De Mendoza. 1999. Transcriptional control of the low-temperature-
inducible des gene, encoding the Delta 5 desaturase of Bacillus subtilis. J. Bacteriol. 
181:7028-7033. 

Akbar, S., C. M. Kang, T. A. Gaidenko and C. W. Price. 1997. Modulator protein RsbR regulates 
environmental signalling in the general stress pathway of Bacillus subtilis. Mol. Microbiol. 
24:567-578. 

Alper, S., A. Dufour, D. A. Garsin, L. Duncan and R. Losick. 1996. Role of adenosine nucleotides 
in the regulation of a stress-response transcription factor in Bacillus subtilis. J. Mol. Biol. 
260:165-177. 

Alper, S., L. Duncan and R. Losick. 1994. An adenosine nucleotide switch controlling the activity of a 
cell type-specific transcription factor in Bacillus subtilis. Cell 77:195-205. 

Antelmann, H., S. Engelmann, R. Schmid and M. Hecker. 1996. General and oxidative stress 
responses in Bacillus subtilis - cloning, expression, and mutation of the alkyl hydroperoxide 
reductase operon. J. Bacteriol. 178:6571-6578. 

Asai, K., F. Kawamura, H. Yoshikawa and H. Takahashi. 1995. Expression of kinA and
accumulation of H at the onset of sporulation in Bacillus subtilis. J. Bacteriol. 177:6679-6683. 

Bagyan, I., J. Hobot and S. Cutting. 1996. A compartmentalized regulator of developmental gene 
expression in Bacillus subtilis. J. Bacteriol. 178:4500-4507. 

Beckering, C. L., L. Steil, M. H. Weber, U. Völker and M. A. Marahiel. 2002. Genomewide 
transcriptional analysis of the cold shock response in Bacillus subtilis. J. Bacteriol. 184:6395-
6402.

Behravan, J., H. Chirakkal, A. Masson and A. Moir. 2000. Mutations in the gerP locus of Bacillus
subtilis and Bacillus cereus affect access of germinants to their targets in spores. J. Bacteriol. 
182:1987-1994. 

Belitsky, B. R., J. Brill, E. Bremer and A. L. Sonenshein. 2001. Multiple genes for the last step of 
proline biosynthesis in Bacillus subtilis. J. Bacteriol. 183:4389-4392. 

Benson, A. K. and W. G. Haldenwang. 1993. The B dependent promoter of the Bacillus subtilis sigB
operon is induced by heat shock. J. Bacteriol. 175:1929-1935. 

Bergara, F., C. Ibarra, J. Iwamasa, J. C. Patarroyo, R. Aguilera and L. M. Marquez-Magana. 2003. 
CodY Is a Nutritional Repressor of Flagellar Gene Expression in Bacillus subtilis. J. Bacteriol. 
185:3118-3126. 

Bernhardt, J., U. Völker, A. Völker, H. Antelmann, R. Schmid, H. Mach and M. Hecker. 1997. 
Specific and general stress proteins in Bacillus subtilis - a two-dimensional protein 
electrophoresis study. Microbiology 143:999-1017. 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 36 -

Binnie, C., M. Lampe and R. Losick. 1986. Gene encoding the 37 species of RNA polymerase 
sigma factor from Bacillus subtilis. Proc. Natl. Acad. Sci. USA 83:5943-5947. 

Bird, T., D. Burbulys, J. J. Wu, M. A. Strauch, J. A. Hoch and G. B. Spiegelman. 1992. The effect 
of supercoiling on the in vitro transcription of the spoIIA operon from Bacillus subtilis.
Biochimie 74:627-634. 

Boch, J., B. Kempf and E. Bremer. 1994. Osmoregulation in Bacillus subtilis: synthesis of the 
osmoprotectant glycine betaine from exogenously provided choline. J. Bacteriol. 176:5364-
5371.

Boch, J., B. Kempf, R. Schmid and E. Bremer. 1996. Synthesis of the osmoprotectant glycine 
betaine in Bacillus subtilis: characterization of the gbsAB genes. J. Bacteriol. 178:5121-5129. 

Boch, J., G. Nau-Wagner, S. Kneip and E. Bremer. 1997. Glycine betaine aldehyde dehydrogenase 
from Bacillus subtilis: characterization of an enzyme required for the synthesis of the 
osmoprotectant glycine betaine. Arch. Microbiol. 168:282-289. 

Boylan, S. A., A. R. Redfield, M. S. Brody and C. W. Price. 1993. Stress-induced activation of the 
B transcription factor of Bacillus subtilis. J. Bacteriol. 175:7931-7937. 

Boylan, S. A., M. D. Thomas and C. W. Price. 1991. Genetic method to identify regulons controlled 
by nonessential elements: isolation of a gene dependent on alternate transcription factor B of 
Bacillus subtilis. J. Bacteriol. 173:7856-7866. 

Bremer, E. 2002. Adaptation to changing osmolarity. ASM Press, Washington, D.C. 

Bremer, E. and R. Krämer. 2000. Coping with osmotic challenges: osmoregulation through 
accumulation and release of compatible solutes in bacteria. ASM, Washington, D.C. 

Brigulla, M., T. Hoffmann, A. Krisp, A. Völker, E. Bremer and U. Völker. 2003. Chill induction of the 
SigB-dependent general stress response in Bacillus subtilis and its contribution to low-
temperature adaptation. J. Bacteriol. 185:4305-4314. 

Brody, M. S., K. Vijay and C. W. Price. 2001. Catalytic function of an hydrolase is required for 
energy stress activation of the B transcription factor in Bacillus subtilis. J. Bacteriol. 
183:6422-6428. 

Cao, M., P. A. Kobel, M. M. Morshedi, M. F. Wu, C. Paddon and J. D. Helmann. 2002. Defining the 
Bacillus subtilis 

W regulon: a comparative analysis of promoter consensus search, run-off 
transcription/macroarray analysis (ROMA), and transcriptional profiling approaches. J. Mol. 
Biol. 316:443-457. 

Carniol, K., T. J. Kim, C. W. Price and R. Losick. 2004. Insulation of the F regulatory system in 
Bacillus subtilis. J.Bacteriol. 186:4390-4394. 

Chee, M., R. Yang, E. Hubbell, A. Berno, X. C. Huang, D. Stern, J. Winkler, D. J. Lockhart, M. S. 
Morris and S. P. Fodor. 1996. Accessing genetic information with high-density DNA arrays. 
Science 274:610-614.

Chen, C. C., R. J. Lewis, R. Harris, M. D. Yudkin and O. Delumeau. 2003. A supramolecular 
complex in the environmental stress signalling pathway of Bacillus subtilis. Mol. Microbiol. 
49:1657-1669. 

Costa, T., L. Steil, L. O. Martins, U. Völker and A. O. Henriques. 2004. Assembly of an oxalate 
decarboxylase produced under K control into the Bacillus subtilis spore coat. J. Bacteriol. 
186:1462-1474. 

Csonka, L. N. and W. Epstein. 1996. Osmoregulation. ASM Press, Washington, D.C. 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 37 -

Cutting, S., L. B. Zheng and R. Losick. 1991. Gene encoding two alkali-soluble components of the 
spore coat from Bacillus subtilis. J. Bacteriol. 173:2915-2919. 

Cybulski, L. E., D. Albanesi, M. C. Mansilla, S. Altabe, P. S. Aguilar and D. de Mendoza. 2002. 
Mechanism of membrane fluidity optimization: isothermal control of the Bacillus subtilis acyl-
lipid desaturase. Mol. Microbiol. 45:1379-1388. 

Dartois, V., M. Debarbouille, F. Kunst and G. Rapoport. 1998. Characterization of a novel member 
of the DegS-DegU regulon affected by salt stress in Bacillus subtilis. J. Bacteriol. 180:1855-
1861.

Dawes, I. W., D. Kay and J. Mandelstam. 1969. Sporulation in Bacillus subtilis. Establishment of a 
time scale for the morphological events. J. Gen. Microbiol. 56:171-179. 

Delumeau, O., R. J. Lewis and M. D. Yudkin. 2002. Protein-protein interactions that regulate the 
energy stress activation of B in Bacillus subtilis. J.Bacteriol. 184:5583-5589. 

Dong, T. C. and S. M. Cutting. 2003. SpoIVB-mediated cleavage of SpoIVFA could provide the 
intercellular signal to activate processing of Pro- K in Bacillus subtilis. Mol. Microbiol. 49:1425-
1434.

Dowds, B., L. Baxter and M. McKillen. 1978. Catabolite repression in Bacillus subtilis. Biochim. 
Biophys. Acta 541:18-34.

Drzewiecki, K., C. Eymann, G. Mittenhuber and M. Hecker. 1998. The yvyD gene of Bacillus subtilis

is under dual control of B and H. J. Bacteriol. 180:6674-6680. 

Dufour, A. and W. G. Haldenwang. 1994. Interactions between a Bacillus subtilis anti-sigma factor 
(RsbW) and its antagonist (RsbV). J. Bacteriol. 176:1813-1820. 

Duncan, M. L., S. S. Kalman, S. M. Thomas and C. W. Price. 1987. Gene encoding the 37,000-
Dalton minor sigma factor of Bacillus subtilis RNA polymerase: isolation, nucleotide sequence, 
chromosomal locus, and cryptic function. J. Bacteriol. 169:771-778. 

Eichenberger, P., S. T. Jensen, E. M. Conlon, C. van Ooij, J. Silvaggi, J. E. Gonzalez-Pastor, M. 

Fujita, S. Ben-Yehuda, P. Stragier, J. S. Liu and R. Losick. 2003. The E regulon and the 
identification of additional sporulation genes in Bacillus subtilis. J. Mol. Biol. 327:945-972. 

Engelmann, S. and M. Hecker. 1996. Impaired oxidative stress resistance of Bacillus subtilis sigB
mutants and the role of katA and katE. FEMS Microbiol. Lett. 145:63-69.

Evans, L., J. Clarkson, M. D. Yudkin, J. Errington and A. Feucht. 2003. Analysis of the interaction 
between the transcription factor G and the anti-sigma factor SpoIIAB of Bacillus subtilis. J. 
Bacteriol. 185:4615-4619. 

Fajardo-Cavazos, P. and W. L. Nicholson. 2000. The TRAP-like SplA protein is a trans-acting 
negative regulator of spore photoproduct lyase synthesis during Bacillus subtilis sporulation. J. 
Bacteriol. 182:555-560. 

Fawcett, P., P. Eichenberger, R. Losick and P. Youngman. 2000. The transcriptional profile of early 
to middle sporulation in Bacillus subtilis. Proc. Natl. Acad. Sci. USA 97:8063-8068. 

Feucht, A., L. Evans and J. Errington. 2003. Identification of sporulation genes by genome-wide 
analysis of the E regulon of Bacillus subtilis. Microbiology 149:3023-3034. 

Foulger, D. and J. Errington. 1991. Sequential activation of dual promoters by different sigma factors 
maintains spoVJ expression during successive developmental stages of Bacillus subtilis. Mol. 
Microbiol. 5:1363-1373. 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 38 -

Fuangthong, M., A. F. Herbig, N. Bsat and J. D. Helmann. 2002. Regulation of the Bacillus subtilis
fur and perR genes by PerR: not all members of the PerR regulon are peroxide inducible. J. 
Bacteriol. 184:3276-3286. 

Fujita, M. and R. Losick. 2002. An investigation into the compartmentalization of the sporulation 
transcription factor E in Bacillus subtilis. Mol. Microbiol. 43:27-38.

Gaidenko, T. A. and C. W. Price. 1998. General stress transcription factor-  and sporulation 
transcription factor- H each contribute to survival of Bacillus subtilis under extreme growth 
conditions. J. Bacteriol. 180:3730-3733. 

Galinski, E. A. and H. G. Trüper. 1994. Microbial behaviour in salt-stressed ecosystems. FEMS 
Microbiol. Rev. 15:95-108. 

Gomez, M. and S. M. Cutting. 1997. Identification of a new B-controlled gene, csbX, in Bacillus 
subtilis. Gene 188:29-33.

Gonzalez-Pastor, J. E., E. C. Hobbs and R. Losick. 2003. Cannibalism by Sporulating Bacteria. 
Science 301:510-513.

Grau, R., D. Gardiol, G. C. Glikin and D. de Mendoza. 1994. DNA supercoiling and thermal 
regulation of unsaturated fatty acid synthesis in Bacillus subtilis. Mol. Microbiol. 11:933-941. 

Graumann, P. and M. A. Marahiel. 1996. Some like it cold: response of microorganisms to cold 
shock. Arch. Microbiol. 166:293-300.

Green, D. H. and S. M. Cutting. 2000. Membrane topology of the Bacillus subtilis Pro- K processing 
complex. J. Bacteriol. 182:278-285. 

Gurok, U. 2001. Molekulare und Funktionelle Charakterisierung der Sporulationsgene prkA, ymfB und
yvjB von Bacillus subtilis. Diplomarbeit. Philipps-Universität, Marburg. 

Halberg, R. and L. Kroos. 1994. Sporulation regulatory protein SpoIIID from Bacillus subtilis activates 
and represses transcription by both mother-cell-specific forms of RNA polymerase. J. Mol. 
Biol. 243:425-436. 

Haldenwang, W. G. 1995. The sigma factors of Bacillus subtilis. Microbiol. Rev. 59:1-30.

Haldenwang, W. G., C. D. Banner, J. F. Ollington, R. Losick, J. A. Hoch, M. B. O'Connor and A. 
L. Sonenshein. 1980. Mapping a cloned gene under sporulation control by insertion of a drug 
resistance marker into the Bacillus subtilis chromosome. J. Bacteriol. 142:90-98. 

Haldenwang, W. G. and R. Losick. 1979. A modified RNA polymerase transcribes a cloned gene 
under sporulation control in Bacillus subtilis. Nature 282:256-260.

Healy, J., J. Weir, I. Smith and R. Losick. 1991. Post-transcriptional control of a sporulation 
regulatory gene encoding transcription factor H in Bacillus subtilis. Mol. Microbiol. 5:477-487. 

Hecker, M. and U. Völker. 2001. General stress response of Bacillus subtilis and other bacteria. Adv. 
Microbial. Physiol. 44:35-91. 

Helmann, J. D. and C. P. Moran. 2002. RNA polymerase and sigma factors. ASM Press, 
Washington, D.C. 

Helmann, J. D., M. F. Wu, P. A. Kobel, F. J. Gamo, M. Wilson, M. M. Morshedi, M. Navre and C. 
Paddon. 2001. Global transcriptional response of Bacillus subtilis to heat shock. J. Bacteriol. 
183:7318-7328. 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 39 -

Henriques, A. O., B. W. Beall, K. Roland and C. P. Moran, Jr. 1995. Characterization of cotJ, a E-
controlled operon affecting the polypeptide composition of the coat of Bacillus subtilis spores. 
J. Bacteriol. 177:3394-3406. 

Henriques, A. O., E. M. Bryan, B. W. Beall and C. P. Moran, Jr. 1997. cse15, cse60, and csk22 are 
new members of mother-cell-specific sporulation regulons in Bacillus subtilis. J. Bacteriol. 
179:389-398. 

Hoch, J. A. 1993. The phosphorelay signal transduction pathway in the initiation of Bacillus subtilis
sporulation. J. Cell. Biochem. 51:55-61. 

Hoffmann, T., A. Schutz, M. Brosius, A. Völker, U. Völker and E. Bremer. 2002. High-salinity-
induced iron limitation in Bacillus subtilis. J. Bacteriol. 184:718-727. 

Hoffmann, T., B. Troup, A. Szabo, C. Hungerer and D. Jahn. 1995. The anaerobic life of Bacillus
subtilis: cloning of the genes encoding the respiratory nitrate reductase system. FEMS 
Microbiol. Lett. 131:219-225. 

Hofmeister, A. E. M., A. Londono-Vallejo, E. Harry, P. Stragier and R. Losick. 1995. Extracellular 
signal protein triggering the proteolytic activation of a developmental transcription factor in 
Bacillus subtilis. Cell 83:219-226. 

Holtmann, G., E. P. Bakker, N. Uozumi and E. Bremer. 2003. KtrAB and KtrCD: Two K+ uptake 
systems in Bacillus subtilis and their role in the adaptation to hypertonicity. J. Bacteriol. 
185:1289-1298. 

Holtmann, G., M. Brigulla, L. Steil, A. Schütz, K. Barnekow, U. Völker and E. Bremer. RsbV-
independent induction of the SigB-dependent general stress regulon of Bacillus subtilis during 
growth at high temperature.in press. 

Horsburgh, M. J. and A. Moir. 1999. M, an ECF RNA polymerase sigma factor of Bacillus subtilis 
168, is essential for growth and survival in high concentrations of salt. Mol. Microbiol. 32:41-
50.

Huang, X. J., A. Gaballa, M. Cao and J. D. Helmann. 1999. Identification of target promoters for the 
Bacillus subtilis extracytoplasmic function  factor, W. Mol. Microbiol. 31:361-371. 

Hunger, K., C. L. Beckering and M. A. Marahiel. 2004. Genetic evidence for the temperature-
sensing ability of the membrane domain of the Bacillus subtilis histidine kinase DesK. FEMS 
Microbiol. Lett. 230:41-46. 

Igo, M. and R. Losick. 1986. Regulation of a promoter that is utilized by minor forms of RNA 
polymerase holoenzyme in Bacillus subtilis. J. Mol. Biol. 191:615-624. 

Illing, N. and J. Errington. 1991. The spoIIIA operon of Bacillus subtilis defines a new temporal class 
of mother-cell-specific sporulation genes under the control of the E form of RNA polymerase. 
Mol. Microbiol. 5:1927-1940. 

Isticato, R., R. Zilhão, L. O. Martins, L. Steil, U. Völker, E. Ricca, C. P. Moran, Jr. and A. O. 
Henriques. Control of morphogenesis by the assembly of a transglutaminase at the surface of 
the Bacillus subtilis developing spore. in preparation. 

Juan Wu, L. and J. Errington. 2000. Identification and characterization of a new prespore-specific 
regulatory gene, rsfA, of Bacillus subtilis. J. Bacteriol. 182:418-424. 

Kaan, T., G. Homuth, U. Mäder, J. Bandow and T. Schweder. 2002. Genome-wide transcriptional 
profiling of the Bacillus subtilis cold-shock response. Microbiology 148:3441-3455. 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 40 -

Kalman, S., M. L. Duncan, S. M. Thomas and C. W. Price. 1990. Similar organization of the sigB
and spoIIA operons encoding alternate sigma factors of Bacillus subtilis RNA polymerase. J. 
Bacteriol. 172:5575-5585. 

Kang, C. M., M. S. Brody, S. Akbar, X. F. Yang and C. W. Price. 1996. Homologous pairs of 
regulatory proteins control activity of Bacillus subtilis transcription factor B in response to 
environmental stress. J. Bacteriol. 178:3846-3853. 

Kappes, R. M., B. Kempf and E. Bremer. 1996. Three transport systems for the osmoprotectant 
glycine betaine operate in Bacillus subtilis: characterization of OpuD. J. Bacteriol. 178:5071-
5079.

Kappes, R. M., B. Kempf, S. Kneip, J. Boch, J. Gade, J. Meier-Wagner and E. Bremer. 1999. Two 
evolutionarily closely related ABC transporters mediate the uptake of choline for synthesis of 
the osmoprotectant glycine betaine in Bacillus subtilis. Mol. Microbiol. 32:203-216. 

Karow, M. L., P. Glaser and P. J. Piggot. 1995. Identification of a gene, spoIIR, that links the 
activation of E to the transcriptional activity of F during sporulation in Bacillus subtilis. Proc. 
Natl. Acad. Sci. USA 92:2012-2016. 

Kempf, B. and E. Bremer. 1995. OpuA, an osmotically regulated binding protein-dependent transport 
system for the osmoprotectant glycine betaine in Bacillus subtilis. J. Biol. Chem. 270:16701-
16713. 

Kempf, B. and E. Bremer. 1998. Uptake and synthesis of compatible solutes as microbial stress 
responses to high-osmolarity environments. Arch. Microbiol. 170:319-330. 

Kempf, B., J. Gade and E. Bremer. 1997. Lipoprotein from the osmoregulated ABC transport system 
OpuA of Bacillus subtilis: purification of the glycine betaine binding protein and 
characterization of a functional lipidless mutant. J. Bacteriol. 179:6213-6220. 

Klein, W., M. H. W. Weber and M. A. Marahiel. 1999. Cold shock response of Bacillus subtilis:
Isoleucine-dependent switch in the fatty acid branching pattern for membrane adaptation to 
low temperatures. J. Bacteriol. 181:5341-5349. 

Kroos, L., Y. T. Yu, D. Mills and S. Ferguson-Miller. 2002. Forespore signaling is necessary for pro-
K processing during Bacillus subtilis sporulation despite the loss of SpoIVFA upon 

translational arrest. J. Bacteriol. 184:5393-5401. 

Kroos, L., B. Zhang, H. Ichikawa and Y. T. N. Yu. 1999. Control of sigma factor activity during 
Bacillus subtilis sporulation. Mol. Microbiol. 31:1285-1294. 

Kunkel, B., L. Kroos, H. Poth, P. Youngman and R. Losick. 1989. Temporal and spatial control of 
the mother-cell regulatory gene spoIIID of Bacillus subtilis. Genes Dev. 3:1735-1744. 

Kunst, F., N. Ogasawara, I. Moszer, A. M. Albertini and A. Danchin. 1997. The complete genome 
sequence of the Gram-positive bacterium Bacillus subtilis. Nature 390:249-256. 

Kunst, F. and G. Rapoport. 1995. Salt stress is an environmental signal affecting degradative 
enzyme synthesis in Bacillus subtilis. J. Bacteriol. 177:2403-2407. 

Kuwana, R., Y. Kasahara, M. Fujibayashi, H. Takamatsu, N. Ogasawara and K. Watabe. 2002. 
Proteomics characterization of novel spore proteins of Bacillus subtilis. Microbiology 
148:3971-3982. 

Londono-Vallejo, J. A. 1997. Mutational Analysis of the Early Forespore/Mother-Cell Signalling 
Pathway in Bacillus Subtilis. Microbiology 143:2753-2761. 

Londono-Vallejo, J. A. and P. Stragier. 1995. Cell-cell signaling pathway activating a developmental 
transcription factor in Bacillus subtilis. Genes Dev. 9:503-508.



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 41 -

Losick, R. and P. Stragier. 1992. Crisscross regulation of cell-type-specific gene expression during 
development in Bacillus subtilis. Nature 355:601-604. 

Lu, S., S. Cutting and L. Kroos. 1995. Sporulation protein SpoIVFB from Bacillus subtilis enhances 
processing of the sigma factor precursor Pro- K in the absence of other sporulation gene 
products. J. Bacteriol. 177:1082-1085. 

Ludwig, H., N. Rebhan, H. M. Blencke, M. Merzbacher and J. Stulke. 2002. Control of the glycolytic 
gapA operon by the catabolite control protein A in Bacillus subtilis: a novel mechanism of 
CcpA-mediated regulation. Mol. Microbiol. 45:543-553. 

Mäder, U., H. Antelmann, T. Buder, M. K. Dahl, M. Hecker and G. Homuth. 2002. Bacillus subtilis
functional genomics: genome-wide analysis of the DegS-DegU regulon by transcriptomics and 
proteomics. Mol. Genet. Genomics 268:455-467.

Mäder, U., S. Henning, M. Hecker and G. Homuth. 2004. Transcriptional Organisation and 
Posttranslational Regulation of the Bacillus subtilis Branched-Chain Amino Acid Biosynthesis 
Genes. J. Bacteriol. 186:2240-2252. 

Mirel, D. B., W. F. Estacio, M. Mathieu, E. Olmsted, J. Ramirez and L. M. Marquez-Magana. 2000. 
Environmental regulation of Bacillus subtilis

D-dependent gene expression. J. Bacteriol. 
182:3055-3062. 

Miwa, Y., A. Nakata, A. Ogiwara, M. Yamamoto and Y. Fujita. 2000. Evaluation and 
characterization of catabolite-responsive elements (cre) of Bacillus subtilis. Nucleic Acids Res. 
28:1206-1210. 

Molle, V., Y. Nakaura, R. P. Shivers, H. Yamaguchi, R. Losick, Y. Fujita and A. L. Sonenshein.
2003. Additional targets of the Bacillus subtilis global regulator CodY identified by chromatin 
immunoprecipitation and genome-wide transcript analysis. J. Bacteriol. 185:1911-1922. 

Msadek, T. 1999. When the going gets tough: survival strategies and environmental signaling 
networks in Bacillus subtilis. Trends in Microbiology 7:201-207.

Msadek, T., F. Kunst, D. Henner, A. Klier, G. Rapoport and R. Dedonder. 1990. Signal 
transduction pathway controlling synthesis of a class of degradative enzymes in Bacillus 
subtilis: expression of the regulatory genes and analysis of mutations in degS and degU. J. 
Bacteriol. 172:824-834. 

Naclerio, G., L. Baccigalupi, R. Zilhao, M. De Felice and E. Ricca. 1996. Bacillus subtilis spore coat 
assembly requires cotH gene expression. J. Bacteriol. 178:4375-4380. 

Nakano, M. M. and F. M. Hulett. 1997. Adaptation of Bacillus subtilis to oxygen limitation. FEMS 
Microbiol. Lett. 157:1-7.

Nakano, M. M. and P. Zuber. 1998. Anaerobic growth of a strict aerobe (Bacillus subtilis). Annu. Rev. 
Microbiol. 52:165-190. 

Nau-Wagner, G. 1999. Physiologische und genetische Untersuchungen zur Biosynthese und 
Anhäufung osmotischer Schutzsubstanzen in Bacillus subtilis. Dissertation. Philipps 
Universität, Marburg. 

Ogura, M. and T. Tanaka. 1997. Bacillus subtilis ComK negatively regulates DegR gene expression. 
Mol. Gen. Genet. 254:157-165. 

Ogura, M. and T. Tanaka. 1996. Bacillus subtilis DegU acts as a positive regulator for comK 
expression. FEBS Letters 397:173-176. 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 42 -

Ogura, M., H. Yamaguchi, K. Yoshida, Y. Fujita and T. Tanaka. 2001. DNA microarray analysis of 
Bacillus subtilis DegU, ComA and PhoP regulons: an approach to comprehensive analysis of 
B. subtilis two-component regulatory systems. Nucleic Acids Res. 29:3804-3813. 

Ohlsen, K. L., J. K. Grimsley and J. A. Hoch. 1994. Deactivation of the sporulation transcription 
factor Spo0A by the Spo0E protein phosphatase. Proc. Natl. Acad. Sci. USA 91:1756-1760. 

Ozin, A. J., A. O. Henriques, H. Yi and C. P. Moran, Jr. 2000. Morphogenetic proteins SpoVID and 
SafA form a complex during assembly of the Bacillus subtilis spore coat. J. Bacteriol. 
182:1828-1833. 

Ozin, A. J., C. S. Samford, A. O. Henriques and C. P. Moran, Jr. 2001. SpoVID guides SafA to the 
spore coat in Bacillus subtilis. J. Bacteriol. 183:3041-3049. 

Pan, Q., R. Losick and D. Z. Rudner. 2003. A second PDZ-containing serine protease contributes to 
activation of the sporulation transcription factor K in Bacillus subtilis. J. Bacteriol. 185:6051-
6056.

Panzer, S., R. Losick, D. Sun and P. Setlow. 1989. Evidence for an additional temporal class of 
gene expression in the forespore compartment of sporulating Bacillus subtilis. J. Bacteriol. 
171:561-564. 

Paulsen, I. T., M. K. Sliwinski and M. H. Saier, Jr. 1998. Microbial genome analyses: global 
comparisons of transport capabilities based on phylogenies, bioenergetics and substrate 
specificities. J. Mol. Biol. 277:573-592. 

Perego, M. 1998. Kinase-phosphatase competition regulates Bacillus subtilis development. Trends in 
Microbiology 6:366-370.

Perego, M. 2001. A new family of aspartyl phosphate phosphatases targeting the sporulation 
transcription factor Spo0A of Bacillus subtilis. Mol. Microbiol. 42:133-143.

Petersohn, A., J. Bernhardt, U. Gerth, D. Höper, T. Koburger, U. Völker and M. Hecker. 1999a. 
Identification of B-dependent genes in Bacillus subtilis using a promoter consensus-directed 
search and oligonucleotide hybridization. J. Bacteriol. 181:5718-5724. 

Petersohn, A., M. Brigulla, S. Haas, J. D. Hoheisel, U. Völker and M. Hecker. 2001. Global 
analysis of the general stress response of Bacillus subtilis. J. Bacteriol. 183:5617-5631. 

Petersohn, A., S. Engelmann, P. Setlow and M. Hecker. 1999b. The katX gene of Bacillus subtilis is 
under dual control of B and F. Mol. Gen. Genet. 262:173-179. 

Phillips, Z. E. and M. A. Strauch. 2002. Bacillus subtilis sporulation and stationary phase gene 
expression. Cell Mol Life Sci 59:392-402.

Piggot, P. J. and R. Losick. 2002. Sporulation genes and intercompartmental regulation. ASM Press, 
Washington, D.C. 

Predich, M., G. Nair and I. Smith. 1992. Bacillus subtilis early sporulation genes kinA, spo0F, and 
spo0A are transcribed by the RNA polymerase containing H. J. Bacteriol. 174:2771-2778. 

Price, C. W. 2002. General Stress Response. ASM Press, Washington, D.C. 

Price, C. W. 2000. Protective function and regulation of the general stress response in Bacillus subtilis
and related Gram-positive bacteria. ASM Press, Washington, D.C. 

Price, C. W., P. Fawcett, H. Ceremonie, N. Su, C. K. Murphy and P. Youngman. 2001. Genome-
wide analysis of the general stress response in Bacillus subtilis. Mol. Microbiol. 41:757-774. 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 43 -

Ramos, H. C., T. Hoffmann, M. Marino, H. Nedjari, E. Presecan-Siedel, O. Dreesen, P. Glaser and 
D. Jahn. 2000. Fermentative metabolism of Bacillus subtilis: physiology and regulation of 
gene expression. J. Bacteriol. 182:3072-3080. 

Ratnayake-Lecamwasam, M., P. Serror, K. W. Wong and A. L. Sonenshein. 2001. Bacillus subtilis
CodY represses early-stationary-phase genes by sensing GTP levels. Genes Dev. 15:1093-
1103.

Record, M. T., Jr., E. S. Courtenay, D. S. Cayley and H. J. Guttman. 1998a. Responses of E. coli to 
osmotic stress: large changes in amounts of cytoplasmic solutes and water. Trends Biochem. 
Sci. 23:143-148. 

Record, M. T., Jr., E. S. Courtenay, S. Cayley and H. J. Guttman. 1998b. Biophysical compensation 
mechanisms buffering E. coli protein-nucleic acid interactions against changing environments. 
Trends Biochem. Sci. 23:190-194. 

Rong, S., M. S. Rosenkrantz and A. L. Sonenshein. 1986. Transcriptional control of the Bacillus
subtilis spoIID gene. J. Bacteriol. 165:771-779. 

Rosenbluh, A., C. D. Banner, R. Losick and P. C. Fitzjames. 1981. Identification of a new 
developmental locus in Bacillus subtilis by construction of a deletion mutation in a cloned gene 
under sporulation control. J. Bacteriol. 148:341-351.

Rudner, D. Z. and R. Losick. 2002. A sporulation membrane protein tethers the pro-sigmaK 
processing enzyme to its inhibitor and dictates its subcellular localization. Genes Dev. 
16:1007-1018. 

Ruzal, S. M. and C. Sanchez-Rivas. 1998. In Bacillus subtilis DegU-P is a positive regulator of the 
osmotic response. Curr. Microbiol. 37:368-372. 

Sato, T., K. Harada, Y. Ohta and Y. Kobayashi. 1994. Expression of the Bacillus subtilis spoIVCA 
gene, which encodes a site-specific recombinase, depends on the spoIIGB product. 
J.Bacteriol. 176:935-937. 

Schaeffer, P., J. Millet and J. P. Aubert. 1965. Catabolic repression of bacterial sporulation. Proc. 
Natl. Acad. Sci. USA 54:704-711. 

Schuch, R. and P. J. Piggot. 1994. The dacF-spoIIA operon of Bacillus subtilis, encoding F, is 
autoregulated. J. Bacteriol. 176:4104-4110. 

Schweder, T., A. Kolyschkow, U. Völker and M. Hecker. 1999. Analysis of the expression and 
function of the B-dependent general stress regulon of Bacillus subtilis during slow growth. 
Arch. Microbiol. 171:439-443. 

Segall, J. and R. Losick. 1977. Cloned Bacillus subtilis DNA containing a gene that is activated early 
during sporulation. Cell 11:751-761. 

Serrano, M., S. Hövel, C. P. Moran, Jr., A. O. Henriques and U. Völker. 2001. Forespore-specific 
transcription of the lonB gene during sporulation in Bacillus subtilis. J. Bacteriol. 183:2995-
3003.

Serror, P. and A. L. Sonenshein. 1996. CodY is required for nutritional repression of Bacillus subtilis
genetic competence. J. Bacteriol. 178:5910-5915. 

Setlow, P. 2000. Resistance of bacterial spores. ASM, Washington, D.C. 

Shafikhani, S. H. and T. Leighton. 2004. AbrB and Spo0E control the proper timing of sporulation in 
Bacillus subtilis. Curr. Microbiol. 48:262-269. 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 44 -

Smirnova, N., J. Scott, U. Völker and W. Haldenwang. 1998. Isolation and characterization of 
Bacillus subtilis sigB operon mutations that suppress the loss of the negative regulator RsbX. 
J. Bacteriol. 180:3671-3680. 

Spiegelhalter, F. and E. Bremer. 1998. Osmoregulation of the opuE proline transport gene from 
Bacillus subtilis - contributions of the A- and B-dependent stress-responsive promoters. Mol. 
Microbiol. 29:285-296. 

Steil, L., T. Hoffmann, I. Budde, U. Völker and E. Bremer. 2003. Genome-wide transcriptional 
profiling analysis of adaptation of Bacillus subtilis to high salinity. J. Bacteriol. 185:6358-6370. 

Stephenson, S. J. and M. Perego. 2002. Interaction surface of the Spo0A response regulator with 
the Spo0E phosphatase. Mol. Microbiol. 44:1455-1467. 

Sterlini, J. M. and J. Mandelstam. 1969. Commitment to sporulation in Bacillus subtilis and its 
relationship to development of actinomycin resistance. Biochemical Journal 113:29-37. 

Stevens, C. M. and J. Errington. 1990. Differential gene expression during sporulation in Bacillus
subtilis: structure and regulation of the spoIIID gene. Mol. Microbiol. 4:543-551. 

Stülke, J. and W. Hillen. 1999. Carbon catabolite repression in bacteria. Curr. Opin. Microbiol. 2:195-
201.

Stülke, J. and W. Hillen. 2000. Regulation of carbon catabolism in Bacillus species. Annu. Rev. 
Microbiol. 54:849-880. 

Sun, D. X., R. M. Cabrera-Martinez and P. Setlow. 1991. Control of transcription of the Bacillus

subtilis spoIIIG gene, which codes for the forespore-specific transcription factor G. J. 
Bacteriol. 173:2977-2984. 

Sun, G., E. Sharkova, R. Chesnut, S. Birkey, M. F. Duggan, A. Sorokin, P. Pujic, S. D. Ehrlich 
and F. M. Hulett. 1996. Regulators of aerobic and anaerobic respiration in Bacillus subtilis. J. 
Bacteriol. 178:1374-1385. 

Sussman, M. D. and P. Setlow. 1991. Cloning, nucleotide sequence, and regulation of the Bacillus
subtilis gpr gene, which codes for the protease that initiates degradation of small, acid-soluble 
proteins during spore germination. J. Bacteriol. 173:291-300. 

Tanner, A. and S. Bornemann. 2000. Bacillus subtilis YvrK Is an Acid-Induced Oxalate 
Decarboxylase. J. Bacteriol. 182:5271-5273. 

Tanner, A., L. Bowater, S. A. Fairhurst and S. Bornemann. 2001. Oxalate Decarboxylase Requires 
Manganese and Dioxygen for Activity. Overexpression and Characterisation of Bacillus subtilis 
YvrK and YoaN. J. Biol. Chem. 276:43627-43634. 

Tatti, K. M., C. H. Jones and C. P. Moran, Jr. 1991. Genetic evidence for interaction of sigma E with 
the spoIIID promoter in Bacillus subtilis. J. Bacteriol. 173:7828-7833. 

Taylor, B. L. and I. B. Zhulin. 1999. PAS domains: internal sensors of oxygen, redox potential, and 
light. Microbiol. Mol. Biol. Rev. 63:479-506. 

Truitt, C. L., E. A. Weaver and W. G. Haldenwang. 1988. Effects on growth and sporulation of 
inactivation of a Bacillus subtilis gene (ctc) transcribed in vitro by minor vegetative cell RNA 
polymerases (E- 37, E- 32). Mol. Gen. Genet. 212:166-171. 

Ventosa, A., M. C. Marquez, M. J. Garabito and D. R. Arahal. 1998. Moderately halophilic gram-
positive bacterial diversity in hypersaline environments. Extremophiles 2:297-304.



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Einordnung der erhaltenen Befunde

- 45 -

Vijay, K., M. S. Brody, E. Fredlund and C. W. Price. 2000. A PP2C phosphatase containing a PAS 
domain is required to convey signals of energy stress to the B transcription factor of Bacillus
subtilis. Mol. Microbiol. 35:180-188. 

Völker, U., S. Engelmann, B. Maul, S. Riethdorf, A. Völker, R. Schmid, H. Mach and M. Hecker.
1994. Analysis of the induction of general stress proteins of Bacillus subtilis. Microbiology 
140:741-752. 

Völker, U., T. Q. Luo, N. Smirnova and W. Haldenwang. 1997. Stress activation of Bacillus subtilis
B can occur in the absence of the B negative regulator RsbX. J. Bacteriol. 179:1980-1984. 

Völker, U., H. Mach, R. Schmid and H. Hecker. 1992. Stress proteins and cross-protection by heat 
shock and salt stress in Bacillus subtilis. J. Gen. Microbiol. 138:2125-2135. 

Völker, U., B. Maul and M. Hecker. 1999. Expression of the B-dependent general stress regulon 
confers multiple stress resistance in Bacillus subtilis. J. Bacteriol. 181:3942-3948. 

Völker, U., A. Völker and W. G. Haldenwang. 1996. Reactivation of the Bacillus subtilis anti- B

antagonist, RsbV, by stress- or starvation-induced phosphatase activities. J. Bacteriol. 
178:5456-5463. 

Völker, U., A. Völker, B. Maul, M. Hecker, A. Dufour and W. G. Haldenwang. 1995. Separate 
mechanisms activate B of Bacillus subtilis in response to environmental and metabolic 
stresses. J. Bacteriol. 177:3771-3780. 

von Blohn, C., B. Kempf, R. M. Kappes and E. Bremer. 1997. Osmostress response in Bacillus
subtilis: characterization of a proline uptake system (OpuE) regulated by high osmolarity and 
the alternative transcription factor sigma B. Mol. Microbiol. 25:175-187. 

Weber, M. H., W. Klein, L. Müller, U. M. Niess and M. A. Marahiel. 2001. Role of the Bacillus subtilis 
fatty acid desaturase in membrane adaptation during cold shock. Mol. Microbiol. 39:1321-
1329.

Whatmore, A. M., J. A. Chudek and R. H. Reed. 1990. The effects of osmotic upshock on the 
intracellular solute pools of Bacillus subtilis. J. Gen. Microbiol. 136:2527-2535. 

Whatmore, A. M. and R. H. Reed. 1990. Determination of turgor pressure in Bacillus subtilis: a 
possible role for K+ in turgor regulation. J. Gen. Microbiol. 136:2521-2526. 

Wiegert, T., G. Homuth, S. Versteeg and W. Schumann. 2001. Alkaline shock induces the Bacillus

subtilis  
W regulon. Mol. Microbiol. 41:59-71. 

Wise, A. A. and C. W. Price. 1995. Four additional genes in the sigB operon of Bacillus subtilis that 
control activity of the general stress factor B in response to environmental signals. J. 
Bacteriol. 177:123-133. 

Yang, X. F., C. M. Kang, M. S. Brody and C. W. Price. 1996. Opposing Pairs of Serine Protein 
Kinases and Phosphatases Transmit Signals of Environmental Stress to Activate a Bacterial 
Transcription Factor. Genes Dev. 10:2265-2275. 

Yu, Y. T. and L. Kroos. 2000. Evidence that SpoIVFB is a novel type of membrane metalloprotease 
governing intercompartmental communication during Bacillus subtilis sporulation. J. Bacteriol. 
182:3305-3309. 

Zheng, L. B. and R. Losick. 1990. Cascade regulation of spore coat gene expression in Bacillus
subtilis. J. Mol. Biol. 212:645-660. 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Publizierte Ergebnisse

- 46 -

III. Publizierte Ergebnisse

3.1. Genomweite Analyse der Kälteschockantwort in Bacillus subtilis

Alle biochemischen und chemischen Reaktionen sind temperaturabhängig, die 

Temperatur bestimmt Reaktionsgeschwindigkeiten und molekulare Eigenschaften von 

Substanzen. Diese Veränderungen kompensieren Bakterien durch die Synthese einer Reihe 

von Kälteschock-Proteinen. Dabei handelt es sich hauptsächlich um Ribosom-assoziierte 

Proteine, Helikasen und Nukleasen. Ein wichtiger Bestandteil der Zelle ist ihre Membran. Um 

das Überleben der Zelle zu ermöglichen, muss ihre Funktionalität gewährleistet sein. Kommt 

es zu einem Kälteschock, beispielsweise einer Erniedrigung der Temperatur von 37°C auf 

15°C, so nimmt die Fluidität der Membran ab. Um die Fluidität wieder herzustellen wird der 

Anteil von ungesättigten Fettsäuren in der Membran erhöht. Das geschieht durch 

Neusynthese von verzweigt-kettigen Fettsäuren oder durch das Einführen von 

Doppelbindungen in die vorhandenen Fettsäuren durch Desaturasen (YAMANAKA, 1999; LOS

& MURATA, 1999; INOUYE, 1999; AGUILAR, et al., 2001; WEBER, et al., 2001). 

In B. subtilis kontrolliert das Zweikomponentensystem DesK/DesR (YocF/YocG) die 

temperaturabhängige Expression des Gens des, welches für eine Lipid-Desaturase kodiert 

(AGUILAR, et al., 1998). Die Desaturase oxidiert die in der Membran vorhandenen Fettsäuren. 

Es wird vermutet, dass eine Veränderung der Membranfluidität Konformationsänderungen in 

der membrangebundenen Kinase DesK hervorruft und sie zu einer Phosphorylierung des 

Regulators DesR befähigt. Eine Bindung von DesR vor dem des-Gen führt dann zur 

Expression von des nach einem Kälteschock (AGUILAR, et al., 1999). Man hatte mit diesem 

System nun einen Kälte-Sensor und Regulator identifiziert und es wurde vermutet, dass dies 

der globale Regulator für die Kälteadaptation sein könnte. Die in dieser Arbeit vorgestellten 

Makroarray-Analysen einer desK-Mutante und des B. subtilis Wildtyps JH642 beweisen 

jedoch lediglich die Des-abhängige Temperaturegulation von des, desK und desR.

Sequenzvergleiche mit der in Synechocystis identifizierten Histidinkinase Hik33, welche dort 

die Expression einer Reihe von Kälteschockgenen reguliert, mit der Genomsequenz von 

B. subtilis ergaben neben desKR noch resDE, phoPR und das essentielle yycFG als weitere 

Kandidaten für einen globalen Regulator der Kälteschockantwort (FABRET & HOCH, 1998; 

FABRET, et al., 1999; SUZUKI, et al., 2000). Diese Idee der alternativen Regulatoren wird 

dadurch bestärkt, dass die Phosphorylierung von DesR auch durch andere Kinasen erfolgen 

könnte, frühere Untersuchungen hatten schon eine Expression von des nach einer 

Überexpression von DesR in Abwesenheit von DesK gezeigt (AGUILAR, et al., 2001). Wenn 

auch die Transkriptionsanalyse der desK-Mutante keinen Aufschluss über den zentralen 
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Regulator der Kälteschockantwort lieferte, konnte mit Hilfe der für den Wildtyp gesammelten 

Daten eine globale Transkriptionsanalyse der Kälteschockantwort durchgeführt werden. 

Es konnte gezeigt werden, dass 80 Gene nach einem Kälteschock in B. subtilis

mindestens 2-fach induziert und 280 Gene mindestens 2-fach reprimiert wurden. Die Gene 

der Kälteschockproteine CspB, CspC und CspD, von denen bekannt ist, dass ihre 

Akkumulation nach einem Kälteschock hautsächlich auf Grund von posttranslationaler 

Kontrolle beruht (KAAN, et al., 1999), zeigten in den Arrayanalysen unterschiedliche 

Induktionsraten von 9,1-fach (cspC) bis 2,3-fach (cspB) oder gar 1,9-fach (cspD). Ein 

weiteres Beispiel für den Vorteil der Nutzung globaler Transkriptom- und Proteomanalysen 

sind die bei 15°C induzierten putative RNA-Helikasen kodierenden Gene ydbR und yqfR.

RNA-Helikasen werden bei 15°C vermutlich dazu benötigt, doppelsträngige RNA zu 

entwinden und damit eine Initiation der Translation zu ermöglichen. Die beiden Proteine 

besitzen einen basischen pI-Wert (je 9,9), deshalb konnte ihre Induktion in einer zuvor 

durchgeführten Proteomanalyse im pH-Bereich von 4-7 nicht beobachtet werden 

(GRAUMANN, et al., 1996). Eine Induktion der Transkription konnte auch für einige Gene der 

ribosomalen Proteine beobachtet werden, sie spiegelt möglicherweise die Anpassung der 

Translation über die Ribosomenzusammensetzung bei niedrigen Temperaturen wider. Die 

Anpassung der Translation lässt sich auch wegen der Induktion der Gene infA und infB

vermuten, beide kodieren für Translations-Initiationsfaktoren. Eine möglicherweise 

notwendige Anpassung der DNA-Topologie an die niedrige Temperatur schlägt sich in der 

erhöhten Expression der Gene gyrA und gyrB nieder, sie kodieren für eine Gyrase. Gyrasen 

erhöhen den negativen Supercoil der DNA, diese Erhöhung konnte nach einem Kälteschock 

zuvor schon beobachtet werden (KRISPIN & ALLMANSBERGER, 1995). In Korrelation dazu 

steht möglicherweise auch die Repression des Gens topA, welches für eine DNA-

Topoisomerase I, die für das Verringern des negativen Supercoils der DNA verantwortlich ist, 

kodiert.

Die Expression vieler Gene, deren Genprodukte am Energie- und Baustoffwechsel 

beteiligt sind, war, vermutlich auf Grund der geringeren Wachstumsrate, bei 15°C niedriger 

als in der Kontrollkultur bei 37°C (siehe Tab. 3 in BECKERING, et al., 2002). Eine Repression 

der Transkription konnte auch für eine Reihe von Hitzeschockproteinen gezeigt werden, 

deren verringerte Translation bei 15°C zuvor schon beobachtet wurde (GRAUMANN, et al.,

1996). Mit einigen der kälteschockregulierten Gene wurde anschließend eine 

Mutantenanalyse durchgeführt. Das Gen ylaG war in den Arrayanalysen nach dem 

Kälteschock 3,3–fach höher exprimiert und wurde wegen seiner hohen Ähnlichkeit zu 

verschiedenen Elongationsfaktoren und seiner möglichen Rolle bei der Elongation der 

Translation bei 15°C für weitere Analysen ausgewählt. Die Mutantenanalyse eines Stammes, 

in dem das Gen ylaG fehlt, zeigte leider keinen Wachstumsphänotyp. Ein weiteres einer 
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Mutantenanalyse unterzogenes Gen war yplP. Das Gen yplP fiel durch eine 8,1-fache 

Induktion in den Arrayanalysen und seine Homologie zu den von SigL benötigten 

Transkriptionsregulatoren AcoR, BkdR, LevR und RocR auf. Wachstumsversuche mit einer 

yplP-Mutante nach einem Kälteschock ergaben verglichen mit dem Wildtyp einen späten 

Wachstumsdefekt (siehe Fig. 4 in BECKERING, et al., 2002). Die Zuweisung einer Funktion 

des Transkriptionsregulators YplP innerhalb der Kälteschockadaptation bleibt zwar aus, aber 

YplP wäre sicher ein Kandidat, den man in zukünftigen Analysen einer genaueren 

Untersuchung unterziehen sollte. 
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Previous studies with two-dimensional gel electrophoresis techniques revealed that the cold shock response
in Bacillus subtilis is characterized by rapid induction and accumulation of two classes of specific proteins,
which have been termed cold-induced proteins (CIPs) and cold acclimatization proteins (CAPs), respectively.
Only recently, the B. subtilis two-component system encoded by the desKR operon has been demonstrated to be
essential for the cold-induced expression of the lipid-modifying desaturase Des, which is required for efficient
cold adaptation of the membrane in the absence of isoleucine. At present, one of the most intriguing questions
in this research field is whether DesKR plays a global role in cold signal perception and transduction in B.
subtilis. In this report, we present the first genomewide transcriptional analysis of a cold-exposed bacterium
and demonstrate that the B. subtilis two-component system DesKR exclusively controls the desaturase gene des
and is not the cold-triggered regulatory system of global relevance. In addition to this, we identified a set of
genes that might participate as novel players in the cold shock adaptation of B. subtilis. Two cold-induced genes,
the elongation factor homolog ylaG and the �L-dependent transcriptional activator homolog yplP, have been
examined by construction and analysis of deletion mutants.

Free-living prokaryotic organisms have the capacity to react
rapidly to fluctuations of growth temperature. These responses
are regulated at transcriptional and posttranscriptional levels
and have been extensively characterized for heat shock, but
only partially characterized for cold shock. In recent years,
Bacillus subtilis has become a model organism for studies of the
bacterial cold shock response representing the gram-positive
branch of mesophilic soil bacteria (14).

Many reports have dealt with the function of the cold shock
proteins (CSPs), a widespread protein family representing a
model for the nucleic acid binding cold-shock domain (CSD).
The CSD is highly conserved from bacteria to humans (15, 39,
40) and is involved in coupling transcription to translation (36).
Only recently the CSDBase database was established (http:
//www.chemie.uni-marburg.de/�csdbase), which includes de-
tailed information about the CSD (37). This protein family has
been identified in almost all psychrotrophic, mesophilic, ther-
mophilic, and hyperthermophilic bacteria examined so far, and
their presence in Thermotoga and Aquifex indicates an ancient
origin (15). In B. subtilis, csp double-deletion strains show a
variety of phenotypes, such as altered protein synthesis, aber-
rant nucleoid structure, cell lysis upon entry into the stationary
growth phase, and impairment in sporulation (13, 39). The
latter two defects were shown to be cured by heterologous
expression of translation initiation factor IF1 from Escherichia
coli (36).

Other investigations have revealed how B. subtilis prevents
rigidification of the membrane at low temperatures. The flu-

idity of the membrane is maintained by isoleucine-dependent
de novo synthesis of branched-chain fatty acids (20) as well as
desaturation of fatty acids (1, 38), which both result in reduced
attraction between adjacent fatty acid chains and hence a lower
melting point.

However, so far only a little information has been available
on how signal perception and transduction take place in B.
subtilis after cold shock. In Synechocystis sp., the transduction
of low-temperature signals was investigated by systematic dis-
ruption of histidine kinases (35). Two kinases, Hik19 and
Hik33, were found to regulate the cold-induced transcription
of the fatty acid desaturase genes desB and desD. In B. subtilis,
a two-component system has been recently reported to regu-
late the desaturase gene des in a temperature-dependent man-
ner (2). With decreasing temperature, the membrane-bound
sensor kinase DesK phosphorylates its corresponding response
regulator, DesR, which then binds to a specific recognition
sequence in the promoter region of the des gene to activate its
transcription. The activity of the membrane-located fatty acid
desaturase Des finally maintains the fluidity of the membrane
in the cold. This kind of signal transduction system is one
example of how the bacterial cell adapts to a changing envi-
ronment. Nevertheless, a general mechanism for signal trans-
duction has not been identified so far. Therefore, it was inter-
esting to examine whether the cold-dependent regulation by
the two-component system DesK/DesR might play a global
regulatory role during cold adaptation of B. subtilis rather than
being restricted to regulation of the desaturase alone.

So far, most cold-induced proteins have been identified by
two-dimensional gel electrophoresis (12). We used the DNA
macroarray technique to examine whether or not the DesK/
DesR system is of general importance for signal perception
and transduction after cold shock, by determining the tran-
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scriptional profiles of genes in a B. subtilis desK deletion mu-
tant in comparison to its parental strain, B. subtilis JH642.
Moreover, this method allowed the identification of a set of
significantly cold-induced genes, whose protein products might
participate as novel players in the cold shock response of B.
subtilis. Two of these genes were deleted, and the resulting
mutants were subsequently analyzed under cold shock condi-
tions, thereby revealing a cold-adaptive function of yplP that is
similar to those of �L-dependent transcriptional activators of
B. subtilis.

Construction and growth analysis of a B. subtilis desK dele-
tion strain. Deletion of the desaturase gene des in B. subtilis
JH642 has been shown to cause a severe growth defect and to
cell lysis after cold shock in the absence of isoleucine (36).
Moreover, Aguilar and coworkers demonstrated that the des
gene is positively controlled by the two-component system
DesK/DesR in a temperature-dependent manner (2). In order
to identify all genes that are transcriptionally controlled by the
B. subtilis two-component system DesK/DesR, we constructed
a desK deletion mutant designated B. subtilis CB10, in which a
kanamycin cassette replaces an internal fragment of the desK
gene (Table 1). A kanamycin cassette was amplified by PCR
from plasmid pDG783 (16) with primers 5�kan783 (NcoI) and
3�kan783 (MluI) (Table 2). The purified PCR fragment was
inserted into the desK gene of the MluI- and NcoI-digested

plasmid pMW_�des (38), which contains the desK and desR
genes of B. subtilis. The resulting plasmid, pCB�desK, was
transformed into strain JH642 to give the �desK kanamycin-
resistant strain CB10. We analyzed the growth (optical density
at 600 nm [OD600]) of CB10 at 37°C and after cold shock to
15°C (Fig. 1). In the absence of isoleucine, the desK deletion
strain CB10 exhibits the same growth defect after cold shock as
demonstrated for the des deletion strain (38).

Northern blot analysis of the des gene of B. subtilis. Prior to
macroarray analysis, we performed Northern blot experiments
(32) with total mRNA isolated as described before (27). For
strain JH642 grown in SMMTrpPheIle (36), a maximum of des
transcription was detected 70 min after cold shock by Northern
blot analysis (data not shown). Assuming significant transcrip-
tional induction of DesK/DesR-regulated genes in general un-
der these conditions, all further experiments were carried out
with samples taken 70 min after cold shock. As expected, the
Northern blot showed no transcription of des in the desK de-
letion strain CB10 under any conditions (data not shown). As
a control, the transcription of the groEL gene was monitored.
The groEL gene encodes the class I heat shock protein GroEL,
which is involved in the folding of proteins after heat shock
(29). The transcription of groEL in JH642 was strongly re-
pressed 70 min after cold shock (Fig. 2), which is in agreement
with previous results (19). These total mRNA samples were
used for all further experiments in this study.

Transcriptional profiling of B. subtilis JH642 and its desK
deletion derivative, CB10. It was demonstrated that transcrip-
tion of the B. subtilis des gene is specifically cold induced by
DesK/DesR (2). This finding represented a molecular ther-
mosensor in B. subtilis and gave rise to the question of whether
des is the only gene or whether this two-component system
might participate as the key regulatory system for the B. subtilis
cold shock response. Since regulation by DesK/DesR takes
place at the transcriptional level, the use of DNA macroarrays
appeared to be the appropriate method for investigation. Ex-
periments were performed as described by Petersohn et al.
(30). For cDNA synthesis, 2 �g of total RNA was mixed with
4 �l of a commercially available primer mix, which consisted of

TABLE 1. Bacterial strains used in this study

Strain Genotype Source or reference

B. subtilis
JH642 pheA1 sfp0 trpC2 Hoch and Mathews

(16a)
CB10 JH642 desK::kan This work
CB15 JH642 yplP::kan This work
CB16 JH642 ylaG::kan This work

E. coli XL1-Blue recA1 endA1 gyrA96 thi-1
hsdR17 supE44 relA1
lac [F� proAB
lacIqZ�M15
Tn10(Tetr)]

Stratagene

TABLE 2. PCR primers used in this study

Primer Sequencea

5�kan783 (NcoI).............................................TATCCATGGAGGTGATAGGTAAGATTATA
3�kan783 (MluI) .............................................TTAACGCGTCTAGAGTCGATACAAATTC
5�kan783 (ClaI)..............................................ATAATCGATAGGTGATAGGTAAGATTATAC
3�kan783 (ClaI)..............................................ATAATCGATTAAAACATCAGAGTATGGACA
yplP �455 (EcoRI)........................................ATAGAATTCTTTCATTTTATGATAAGCCCC
yplP � 1475 (EcoRI).....................................TATGAATTCTCAGTGAAGCATATAAAGGTT
ylaG_P1...........................................................AACAGCGGAGAAAAATTGTTCAAGTGCAA
ylaG_P2...........................................................CGAGCTCGAATTCGTAATCATGGTCATATCATATTATATCACACATCCTCTTTAAAAGC
ylaG_P3...........................................................GTATAATCTTACCTATCACCTCAAATGGTTGAATTTGAAAAGATAGAACCCGTACGTTTA
ylaG_P4...........................................................ATCCGGTAAGAGGTATACTGGATGAATTA
5�des_Sonde....................................................TGATTCAGCTTTTAAACACGT
3�des_Sonde � T7 .........................................TAATACGACTCACTATAGGGAGAATCTTCAAAGGTATGCT
5�ylaG_Sonde .................................................CAATGGACTCTAATGATCTTG
3�ylaG_Sonde � T7.......................................TAATACGACTCACTATAGGGCGTCAAGCTTCATAAGAGAAA
5�yplP_Sonde ..................................................AGCTTCCTGTCTTAATAACAG
3�yplP_Sonde � T7 .......................................TAATACGACTCACTATAGGGTTGCTGTGTTCAGAAATGATC

a Cutting sites are in boldface. T7 polymerase promoters are underlined.
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4,107 specific oligonucleotide primers complementary to the 3�
ends of all B. subtilis mRNAs (Sigma-Genosys, Ltd.). This
study was performed with Panorama B. subtilis gene arrays
from Sigma-Genosys, Ltd., which carry duplicate spots of PCR
products representing the 4,107 known B. subtilis genes. Hy-
bridization signals were detected by PhosphorImager and

quantified with ArrayVision software (version 6.0; Imaging
Research, Inc.). Further analysis was carried out with Gene-
Spring (version 4.2; Silicon Genetics). Genes that are exclu-
sively controlled by DesK/DesR are not induced in desK dele-
tion strain CB10. Filter hybridizations of three independent
sample preparations clearly showed that desK, desR, and des
were the only genes that are not transcribed in CB10 after cold
shock from 37°C to 15°C compared to the parental strain,
JH642. The lack of transcriptional signal for desK and desR in
CB10 after cold shock is due to the nature of the mutation
introduced into the desKR operon. The absence of a signal for
the des gene in CB10 after cold shock shows that it is the only
gene exclusively controlled by the DesKR system after cold
shock. Hence, DesK/DesR does not represent the general tem-
perature perception system for induction of the cold shock
response in B. subtilis. In a recent study by Kobayashi et al.,
DesK and DesR were examined along with 23 other two-
component systems in B. subtilis (21). Under the conditions
tested, 28 genes were regulated by the DesK/DesR system,
including des and the desKR operon. This discrepancy might be
explained by the different experimental conditions used. We
applied the physiological stimuli for the DesK/DesR system
(temperature shift and membrane fluidity), whereas Kobayashi
et al. overproduced the response regulator DesR in the ab-
sence of the sensor kinase DesK at 37°C (21).

Identification of novel players during cold adaptation in B.
subtilis. Comparison of mRNA levels of strain JH642 grown in
SMMTrpPheIle before and 70 min after cold shock by DNA
macroarrays established a global overview about all cold-reg-
ulated genes in B. subtilis. Among the 80 genes induced (more
than twofold) by cold shock, we identified 40 genes of unknown
function, which might represent novel players during the cold
shock response in B. subtilis. We tried to find new conserved

FIG. 1. Growth of desK deletion strain B. subtilis CB10 in the presence (F) and absence (E) of isoleucine (50 �g/ml). Cells were grown in
SMMTrpPhe minimal medium (36) supplemented with 0.5% (wt/vol) glucose, trace elements, 50 �g of tryptophan per ml, and 50 �g of
phenylalanine per ml at 37°C to an OD600 of 0.45 and then subjected to cold shock (15°C).

FIG. 2. Northern blot analysis of des and groEL genes of B. subtilis
JH642. Experiments were performed with primer pairs 5�des_Sonde
and 3�des_Sonde�T7, and 5�groEL_Sonde and 3�groEL_Sonde�T7 to
generate a des-specific probe and a groEL-specific probe. Cells were
grown in SMMTrpPheIle minimal medium at 37°C to an OD600 of 0.45
and then subjected to cold shock (15°C). Samples were taken at 37°C
immediately prior to cold shock and 70 min after shock at 15°C. Total
mRNA was isolated from cells and analyzed to determine the amounts
of des and groEL transcript. Lanes: M, marker; 1, des, 37°C; 2, des,
15°C; 3, groEL, 37°C; 4, groEL, 15°C. Transcription of des is induced at
low temperatures, and transcription of groEL is repressed at low tem-
peratures.
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upstream regulatory regions by bioinformatic studies, but the
results were not significant (data not shown). A larger number
of genes, 280, were repressed upon cold shock (more than
twofold). Table 3 shows a selection of the most significant
results obtained in this study. The complete data have been
stored in a searchable form on the internet and can be accessed
through CSDBase at http://www.chemie.uni-marburg.de
/�csdbase (37).

CSPs. CSPs represent the highly induced proteins after an
abrupt downshift in growth temperature. In B. subtilis, there
exist three homologs of the widespread and highly conserved
CSP family, CspB, CspC, and CspD, of which at least one copy
is essential for survival even under optimal growth conditions
(13). It was shown previously that CSPs bind to single-stranded
DNA and RNA (11, 31) and colocalize with ribosomes in vivo
(28, 39). Recently, the growth phenotype as well as a sporula-
tion defect in a cspB cspC double-deletion strain could be
cured by expression of translation initiation factor IF1 from E.
coli, indicating an overlapping function of both protein classes
(36). CSP induction after cold shock mainly occurs at the

posttranscriptional level, whereas transcriptional activation of
csp genes is only modest (19). Our macroarray analyses showed
the strongest induction for the cspC gene (9.1-fold), a moder-
ate induction of cspB (2.3-fold), and low induction for cspD
(1.9-fold) (Table 3).

Heat shock genes. Our results demonstrate repression of a
wide range of heat shock genes, indicating that cold and heat
shock genes are often regulated antagonistically. Both operons
of class I heat shock genes (hrcA, grpE, dnaK, dnaJ, yqeT, and
yqeU, as well as groEL and groES) were repressed three- to
sevenfold (Table 3). Class I heat shock genes are usually in-
duced by the HrcA-CIRCE regulation mechanism after occur-
rence of heat-denaturated proteins (29). Heat shock genes of
classes III (clpP) and IV (ahpC and ahpF) were also repressed
(threefold) at the transcriptional level. Proteomic approaches
show that heat shock proteins GroES and ClpP are repressed
upon cold shock, as reported in studies using two-dimensional
gel electrophoresis (12). It seems reasonable that B. subtilis has
no need for heat shock proteins at low temperatures and can
save valuable resources by repressing the corresponding genes.

TABLE 3. Transcriptional profiling of B. subtilis JH642 after cold shock from 37°C to 15°Ca

Gene (15°C/37°C ratio)b Gene product (function)

ydjO (6.2).......................................................................................................................................Unknown
ylaG (3.3).......................................................................................................................................Putative GTP binding elongation factor
yplP (8.1)........................................................................................................................................Putative �L-dependent transcriptional regulator
des (10.7) .......................................................................................................................................Fatty acid desaturase
desK (11.9).....................................................................................................................................Two-component sensor kinase (activation of des)
desR (18.5).....................................................................................................................................Two-component regulator (activation of des)
cspB (2.3).......................................................................................................................................Major CSP
cspC (9.1) ......................................................................................................................................CSP
cspD (1.9) ......................................................................................................................................CSP
ydbR (2.6), yqfR (2.3) ...................................................................................................................Putative DEAD box helicases
rbfA (2.6) .......................................................................................................................................Ribosomal binding factor
rplE (2.3), rplF (2.7), rplN (2.1), rplR (3.2), rplX (2.3), rpmD (2.2), rpmJ (2.0), ..................Ribosomal proteins

rpsE (2.5), rpsH (3.0), rpsM (2.7), rpsN (2.1)
infA (2.3), infB (2.1).....................................................................................................................Initiation factors IF1 and IF2
ytrA (4.8), ytrB (2.2), ytrC (5.2), ytrD (4.5), ytrE (5.8), ytrF (7.5) ...........................................ABC transporter (acetoin utilization)
gyrA (2.1), gyrB (2.2) ....................................................................................................................DNA gyrase (negative supercoil)
topA (0.5).......................................................................................................................................DNA topoisomerase I (relaxes negative supercoil)
hrcA (0.3).......................................................................................................................................Transcriptional regulator (CIRCE regulator)
grpE (0.2), dnaK (0.2), dnaJ (0.3), yqeT (0.4), yqeU (0.5) .......................................................Chaperones (class I heat shock genes)
groEL (0.2), groES (0.1) ..............................................................................................................Chaperones (class I heat shock genes)
clpP (0.4) .......................................................................................................................................Clp protease subunit (class III heat shock gene)
ahpC (0.4), ahpF (0.4) .................................................................................................................Alkyl hyperoxide reductase (class IV heat shock genes)
argB (0.3), argC (0.8), argD (0.4), argG (0.5), argH (0.4), argJ (0.2), aroA (0.1), ................Amino acid biosynthesis
aroB (0.5), aroF (0.3), aroH (0.4), asd (0.3), aspB (0.3), carA (0.4), dapB (0.5),

dapG (0.4), glnA (0.3), gltA (0.3), gltB (0.3), glyA (0.4), hom (0.5), ilvD (0.5),
metE (0.3), proB (0.4), proH (0.4), serA (0.1), serC (0.2), thrC (0.5)

aspS (0.4), hisS (0.2), metS (0.4), thrS (0.5)..............................................................................tRNA synthetases
purF (0.5), purN (0.5), purQ (0.3), purL (0.3), purM (0.6), purK (0.2), purE .......................Purine biosynthesis
(0.2), purC (0.3), purB (0.2), guaB (0.2), ndK (0.4)
pyrA (0.5), pyrB (0.7), pyrC (0.4) ................................................................................................Pyrimidine biosynthesis
nifS (0.4), nadA (0.3), nadB (0.5), nadC (0.4)..........................................................................NAD biosynthesis
upp (0.4) ........................................................................................................................................Uracil phosphoribosyltransferase (pyrimidine salvage)
prs (0.3)..........................................................................................................................................Phosphoribosyl pyrophosphate synthetase
pgi (0.4), pgk (0.5), tpi (0.4) ........................................................................................................Glycolysis
pdhA (0.2), pdhB (0.3), pdhC (0.5), pdhD (0.5) .......................................................................Pyruvate dehydrogenase
sucC (0.4), sdhC (0.4), citG (0.5) ...............................................................................................Citric acid cycle
atpA (0.3), alpB (0.1), atpE (0.2), atpF (0.2), atpH (0.3), atpI (0.4) ......................................ATP synthase

a The genes listed in the table are described in the text. A complete list containing the transcriptional patterns of all genes is available on the internet at
http://www.chemie.uni-marburg.de/�csdbase (42).

b Hybridization signals from three filter hybridizations of independently grown cultures were detected by PhosphorImager and quantified with ArrayVision software
(version 6.0; Imaging Research, Inc.). Further analysis was carried out with GeneSpring (version 4.2; Silicon Genetics). The average correlation factor of the three
respective parallel experiments was 0.99146.
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Translation machinery. A set of genes encoding ribosomal
proteins (names given in parentheses) were two- to threefold
cold induced (Table 3), such as rplE (L5), rplF (L6), rplN (L14),
rplR (L18), rplX (L24), rpmD (L30), rpmJ (L36), rpsE (S5),
rpsH (S8), rpsM (S13), and rpsN (S14). Our studies show that
not all ribosomal components are synthesized de novo upon
cold shock. Rather, it appears that a selected subset of ribo-
somal components is required, whose individual functions
might have special importance after cold shock. Furthermore,
infA and infB, encoding initiation factor homologs, were two-
fold induced. Another effect on translation initiation might be
the twofold induction of the rbfA gene of B. subtilis upon cold
shock, since RbfA of E. coli was shown to bind to the 30S
subunit of the ribosome and might effect translation initiation
at low temperatures (7). Eventually translation elongation
might be adapted at low temperatures as well, since the yet
uncharacterized ylaG gene, which possibly encodes a GTP
binding elongation factor homolog, was threefold induced (Ta-
ble 3).

Efficient translation requires adequate mRNA templates,
whose ribosomal binding sites are not masked due to forma-
tion of secondary structures, which are more stable at low
temperatures. CSPs are thought to couple transcription and
translation by low-affinity occupation of nascent transcripts in
order to prevent the formation of mRNA secondary structure
(13). Furthermore, RNA helicases might play an active role in
reverting such structures, as has been shown for E. coli CsdA
(18). Cold-induced RNA helicases were reported for the gram-
negative bacterium E. coli (csdA) (18), the cyanobacterium
Anabaena sp. (chrC) (6), and the Antarctic archaeon Methano-
coccoides burtonii (deaD) (25). They are involved in unwinding
double-stranded RNA due to helix-destabilizing activity (18)
and thereby possibly facilitate initiation of translation. Indeed,
we identified two cold-induced genes, ydbR (2.6-fold) and yqfR
(2.3-fold), that appear to encode B. subtilis RNA helicases
homologous to E. coli CsdA. The products encoded by ydbR
and yqfR might represent novel players during cold adaptation
of B. subtilis. It is worth noting that ribosomal binding factor
RbfA (pI 9.3) and the two helicases mentioned above (both pI
9.9) were not identified during the two-dimensional gel elec-
trophoresis studies reported earlier (12) because of the pH
range employed (pH 4 to 7).

Nucleoid structure. Topology of DNA is generally important
for transcription. The DNA gyrase introduces a negative su-
percoil, which has been demonstrated to have a regulatory
function for gene expression in the cold, since addition of
gyrase inhibitor novobiocin abolishes cold induction of the
fatty acid desaturase gene des (10). In the case of B. subtilis,
more detailed investigations addressing the role of topoisom-
erase proteins during cold adaptation have not been carried
out so far. However, our present results show that the gyrA and
gyrB genes encoding DNA gyrase were twofold induced,
whereas the topA gene encoding DNA topoisomerase I was
twofold repressed. This antagonistic regulation likely results in
the previously observed negative supercoil of DNA after cold
shock (22).

ABC transporter. The Ytr ABC transporter has been pro-
posed to play a role in acetoine utilization (42). B. subtilis
produces acetoin as an external carbon storage compound
during glucose excess and reutilizes it later during the station-

ary phase and sporulation (26). The complete operon (ytrA,
ytrB, ytrC, ytrD, ytrE, and ytrF) was four- to sevenfold induced
after cold shock (Table 3). The first gene encodes a repressor,
and the five genes that follow encode the ABC transporter.
Acetoine (3-hydroxy 2-butanone) is of potential interest for
cold adaptation, because it is easily converted to 2,3-butane-
diol, and polyols, along with other polar molecules such as
polyamines and sugars, have been described as cryoprotectants
(23, 41). Thus, acetoin or derivatives might have a possible role
as cryoprotectants for B. subtilis.

Amino acid biosynthesis. One of the obvious changes after
cold shock was the negative regulation of many amino acid
biosynthetic pathways. The transcriptional level of 31 genes
required for the biosynthesis of nonpolar (Gly, Val, Met, and
Ile), polar (Ser, Thr, Pro, and Gln), charged (Arg, His, and
Asp), and aromatic (Phe, Tyr, and Trp) amino acids was re-
duced (Table 3). In addition, four genes encoding tRNA syn-
thetases (aspS, hisS, metS, and thrS) were two- to fourfold
repressed as well. The slower growth results in a generally
reduced protein synthesis after cold shock (12), which might
result in an oversupply of amino acids that leads to a feedback
inhibition of genes associated with amino acid biosynthesis.

Purine and/or pyrimidine biosynthesis. Many operons in-
volved in the purine/pyrimidine biosynthetic pathways were
downregulated after cold shock. Genes encoding proteins in-
volved in the biosynthesis of inosine 5�monophosphate and,
thereafter, GTP and ATP were repressed (purF, purN, purQ,
purL, purM, purK, purE, purC, purB, guaB, and ndk). The same
pattern was obtained for the biosynthesis of the pyrimidines
UTP and CTP (pyrA, pyrB, pyrC, smbA, and ndk). Slower
growth after cold shock would also mean slower DNA repli-
cation and therefore a reduced need for nucleotides. Not only
were the genes for nucleotides repressed but also those for the
biosynthesis of the cofactor NAD (nifS, nadB, nadA, and
nadC), a gene for pyrimidine salvage (upp), and the prs gene of
B. subtilis, encoding the PRPP synthetase, which is the starting
point for purine/pyrimidine synthesis (4).

Glycolysis, citric acid cycle, and ATP synthesis. After cold
shock, some genes involved in glycolysis (pgi, pgk, and tpi),
pyruvate dehydrogenase (pdhA, pdhB, pdhC, and pdhD), and
the citric acid cycle (sucC, sdhC, and citG) were repressed. In
addition, transcription of the ATP synthase operon (atpA,
atpB, atpE, atpF, atpH, and atpI) was downregulated. Like the
reduced amino acid and purine/pyrimidine biosynthesis, the
repression of these genes encoding for enzymes with central
metabolic functions points at the overall reduced metabolic
activity of B. subtilis after cold shock.

Construction and analysis of deletion strains of cold-in-
duced genes ylaG and yplP. To investigate a possible function
of uncharacterized cold-induced genes (Table 3), we con-
structed and analyzed deletion mutants of ylaG (3.3-fold in-
duced) and yplP (8.1-fold induced). First the data obtained
from the macroarray analysis were confirmed by Northern blot
analysis. A significant cold induction was detected for both
ylaG and yplP mRNA (Fig. 3). The B. subtilis ylaG deletion
strain CB16 was constructed basically by the method described
by Kuwayama et al. (24). Two sets of primers, ylaG_P1 and
ylaG_P2 and ylaG_P3 and ylaG_P4, were used to amplify the 5�
and 3� flanking regions of the ylaG gene, respectively. Primers
ylaG_P2 and ylaG_P3 contained sequences that are identical to
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the ends of the kanamycin cassette of plasmid pDG783. In a
second PCR, the previously amplified 5� and 3� flanking re-
gions, which contain the terminal kanamycin regions, were
used as primers to incorporate the kanamycin cassette between
the two ylaG flanking regions. The resulting product was
boosted by PCR with the primers ylaG_P1 and ylaG_P4 to give
a ready-to-use deletion fragment of 3.6 kbp carrying the resis-
tance cassette between the flanking regions, which was trans-
formed into B. subtilis strain JH642 without further purifica-
tion.

For the construction of yplP deletion strain CB15, the yplP
gene including flanking regions was amplified by PCR from
chromosomal DNA of B. subtilis JH642 with primers
yplP�455(EcoRI) and yplP�1475(EcoRI). The PCR fragment
was cloned into the EcoRI site of plasmid pQE70 (34), result-
ing in plasmid pQEyplP. A kanamycin cassette was amplified
by PCR from plasmid pDG783 with primers 5�kan783 (ClaI)
and 3�kan783 (ClaI), and the fragment obtained was inserted
into the ClaI site of pQEyplP to give the deletion plasmid
pCB�yplP. The linearized pCB�yplP was used to transform B.
subtilis JH642 to give CB15.

ylaG was chosen, because a BLASTP search (3) revealed
three conserved domains that share significant similarity with
GTP-binding elongation factors. The N terminus of this pro-
tein family typically contains a GTP binding domain (P-loop
motif), whereas the C terminus contains two �-barrel struc-
tures, the first of which binds to amino-acid-charged tRNA.
The product encoded by the ylaG gene shares 37% identity
(52% similarity) with EF-G and 30% identity (45% similarity)
with EF-Tu from B. subtilis. Since many of the previously
reported cold-induced proteins (12), as well as a good fraction
of the cold-induced genes identified in this study, are involved
in ribosomal function, the similarity to elongation factors

EF-G and EF-Tu encouraged us to further analyze whether
the ylaG gene product might have a function during the elon-
gation process at low temperatures. However, a growth anal-
ysis of CB16 under cold shock conditions revealed no signifi-
cant difference in growth rate compared to that of the parental
strain JH642 at 15°C. This shows that ylaG removal has no
impact on growth after cold shock and is not essential for B.
subtilis. To further examine a possible function of ylaG in cold
adaptation, detailed studies of CB16 by two-dimensional gel
electrophoresis have been initiated.

In the case of the second gene under investigation, yplP, a
BLASTP search (3) revealed significant similarity to the E. coli
NtrC/NifA family of transcriptional regulators. In B. subtilis,
five homologs to this protein family are known, of which the
following four have been described. AcoR (31% identity, 48%
similarity) (17), BkdR (32% identity, 50% similarity) (8), LevR
(25% identity, 43% similarity) (9), and RocR (31% identity,
47% similarity) (5) interact with �L (�54) as transcriptional
enhancers of operons involved in carbohydrate metabolism
and amino acid catabolism. The sequence alignment of YplP
shows the well-conserved �54 interaction domain as well as the
C-terminal DNA binding motif (data not shown). Interestingly,
the typical N-terminal domain that is responsible for signal
transduction in other �L/�54 activators (33) is not present in
YplP, indicating that this protein might be triggered by a dif-
ferent stimulus compared to its homologs. To test the in vivo
significance of the yplP gene product as a possible transcrip-
tional regulator during cold shock adaptation, the yplP deletion
strain CB15 was grown under cold shock conditions. The re-
sults presented in Fig. 4 revealed a late-growth phenotype for
the mutant compared to the parental strain after prolonged
incubation at low temperatures. This cold-specific late-growth
phenotype suggests that the yplP gene product may have a role
during cold adaptation of B. subtilis. To characterize the role as
a thermosensing transcriptional activator, possibly by interac-
tion of YplP with �L, further investigations, including studies
to identify potential genes controlled by YplP and their role in
cold shock adaption, are under way.

It is surprising that the �L-dependent transcriptional activa-
tor bkdR is not induced upon cold shock, like what we showed
for yplP, since BkdR activates a metabolic pathway for isoleu-
cine degradation (8). This pathway forms precursors for the
isoleucine-dependent de novo synthesis of anteiso branched-
chain fatty acids, which have been shown to be cold protective
(20). Anteiso branched-chain fatty acids lower the melting
point of the membrane like unsaturated fatty acids produced
by the desaturase des (38) to maintain membrane fluidity.
Further investigations are necessary to examine whether the
lack of bkdR induction upon cold shock is associated with the
known but yet uncharacterized defect in isoleucine metabolism
of strain B. subtilis JH642 (20).

In summary, low temperatures result in a stress response of
B. subtilis that is characterized by strong repression of major
cellular metabolic activities, whereas only a limited number of
processes essential for cold adaptation are induced. These
include proteins associated with the translation machinery and
membrane adaptation, for which activation through thermo-
sensing systems is necessary. Although the role of the thermo-
sensing two-component system DesKR has been characterized,
and the function of the potential �L-dependent transcriptional

FIG. 3. Northern blot analysis of ylaG and yplP genes of B. subtilis
JH642. Cells were grown in SMMTrpPheIle minimal medium at 37°C to
an OD600 of 0.45 and then subjected to cold shock (15°C). Experiments
were performed with primer pairs 5�ylaG_Sonde and
3�ylaG_Sonde�T7 and 5�yplP_Sonde and 3�yplP_Sonde�T7 to gener-
ate a ylaG-specific probe and a yplP-specific probe. Samples were taken
immediately prior to cold shock at 37°C and 70 min after shock at 15°C.
Total mRNA was isolated from cells and analyzed for the amounts of
ylaG and yplP transcript. Lanes: M, marker; 1, ylaG, 37°C; 2, ylaG,
15°C; 3, yplP, 37°C; 4, yplP, 15°C. Both genes show an increased
amount of transcript at low temperatures.
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activator YplP has yet to be defined, a global cold sensor in B.
subtilis is still missing.

We thank Nadine Kessler and Peter Graumann for critical reading
of the manuscript.

This work was supported by Deutsche Forschungsgemeinschaft
(DFG) and Fonds der Chemischen Industrie.

REFERENCES

1. Aguilar, P. S., J. E. Cronan, Jr., and D. de Mendoza. 1998. A Bacillus subtilis
gene induced by cold shock encodes a membrane phospholipid desaturase. J.
Bacteriol. 180:2194–2200.

2. Aguilar, P. S., A. M. Hernandez-Arriaga, L. E. Cybulski, A. C. Erazo, and D.
de Mendoza. 2001. Molecular basis of thermosensing: a two-component
signal transduction thermometer in Bacillus subtilis. EMBO J. 20:1681–1691.

3. Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
Basic local alignment search tool. J. Mol. Biol. 215:403–410.

4. Arnvig, K., B. Hove-Jensen, and R. L. Switzer. 1990. Purification and prop-
erties of phosphoribosyl-diphosphate synthetase from Bacillus subtilis. Eur.
J. Biochem. 192:195–200.

5. Calogero, S., R. Gardan, P. Glaser, J. Schweizer, G. Rapoport, and M.
Debarbouille. 1994. RocR, a novel regulatory protein controlling arginine
utilization in Bacillus subtilis, belongs to the NtrC/NifA family of transcrip-
tional activators. J. Bacteriol. 176:1234–1241.

6. Chamot, D., W. C. Magee, E. Yu, and G. W. Owttrim. 1999. A cold shock-
induced cyanobacterial RNA helicase. J. Bacteriol. 181:1728–1732.

7. Dammel, C. S., and H. F. Noller. 1995. Suppression of a cold-sensitive
mutation in 16S rRNA by overexpression of a novel ribosome-binding factor,
RbfA. Genes Dev. 9:626–637.

8. Debarbouille, M., R. Gardan, M. Arnaud, and G. Rapoport. 1999. Role of
bkdR, a transcriptional activator of the sigL-dependent isoleucine and valine
degradation pathway in Bacillus subtilis. J. Bacteriol. 181:2059–2066.

9. Debarbouille, M., I. Martin-Verstraete, A. Klier, and G. Rapoport. 1991.
The transcriptional regulator LevR of Bacillus subtilis has domains homol-
ogous to both sigma 54- and phosphotransferase system-dependent regula-
tors. Proc. Natl. Acad. Sci. USA 88:2212–2216.

10. Grau, R., D. Gardiol, G. C. Glikin, and D. de Mendoza. 1994. DNA super-
coiling and thermal regulation of unsaturated fatty acid synthesis in Bacillus
subtilis. Mol. Microbiol. 11:933–941.

11. Graumann, P., and M. A. Marahiel. 1994. The major cold shock protein of

Bacillus subtilis CspB binds with high affinity to the ATTGG- and CCAAT
sequences in single stranded oligonucleotides. FEBS Lett. 338:157–160.
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3.2. Charakterisierung des Sporenmantelproteins OxdD

Über 30 Polypeptide werden während verschiedener Zeitpunkte der Sporulation in 

B. subtilis synthetisiert und an der Oberfläche der sich entwickelnden Spore zu einer 

mehrschichtigen Proteinstruktur, dem Sporenmantel, angelagert. Dieser Sporenmantel 

besteht aus drei Hauptschichten, dem amorphen inneren Sporenmantel, einer aus 

Peptidoglycan bestehenden Schicht, dem Cortex und einer rigiden stark lichtbrechenden 

Struktur, dem äußeren Sporenmantel (DRIKS, 1999; HENRIQUES & MORAN, 2000). Die 

Anordnung der Proteine innerhalb dieser komplexen Struktur ist von bestimmten 

Ordnerproteinen abhängig. Zu ihnen gehören die Proteine SpoIVA, SpoVID, SafA und CotE, 

neben diesen Strukturproteinen können nur wenige Proteine mit enzymatischer Aktivität dem 

Sporenmantel zugeordnet werden (KUWANA, et al., 2002). Beispielsweise besitzen die in 

E. coli überproduzierten Proteine OxdD und OxdC aus B. subtilis eine Oxalacetat-

Decarboxylaseaktivität und sind Bestandteil der Sporenmantel-Struktur (TANNER, et al.,

2001). Es konnte gezeigt werden, dass die Lokalisation einer OxdD-GFP-Fusion an der 

Oberfläche der sich entwickelnden Spore von SafA, eines im Zwischenraum von Cortex und 

Sporenmantel befindlichem Protein (OZIN, et al., 2000), abhängt. Das Protein CotE bildet in 

der Spore einen Ring um die Vorspore und dient dort den Proteinen des äußeren 

Sporenmantels als Ankerprotein (ZHENG, et al., 1988; DRIKS, et al., 1994). In einer cotE-

Mutante, welche den äußeren Sporenmantel nicht an den Cotrex binden kann, umgibt OxdD-

GFP die sich entwickelnde Endospore, ist in der fertigen Spore dieser Mutante jedoch nicht 

mehr vorhanden. Die Daten deuten darauf hin, dass OxdD-GFP sich in den inneren Lagen 

des Sporenmantels befindet. In dieser Publikation wird gezeigt, dass OxdD spezifisch mit der 

Struktur des Sporenmantels assoziiert und es wird die Regulation der Synthese und des 

Aufbaus beschrieben. Es kann gezeigt werden, dass oxdD während der Sporulation 

monocistronisch unter Kontrolle von SigK induziert und von GerE negativ reguliert wird. 

Sporen, in denen ein Multicopy-Plasmid mit einem Allel von oxdD zu einer Überproduktion 

von OxdD führte, konnten Oxalacetat abbauen und waren sensitiv gegenüber 

Lysozymbehandlung. 
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Over 30 polypeptides are synthesized at various times during sporulation in Bacillus subtilis, and they are
assembled at the surface of the developing spore to form a multilayer protein structure called the coat. The coat
consists of three main layers, an amorphous undercoat close to the underlying spore cortex peptidoglycan, a
lamellar inner layer, and an electron-dense striated outer layer. The product of the B. subtilis oxdD gene was
previously shown to have oxalate decarboxylase activity when it was produced in Escherichia coli and to be a
spore constituent. In this study, we found that OxdD specifically associates with the spore coat structure, and
in this paper we describe regulation of its synthesis and assembly. We found that transcription of oxdD is
induced during sporulation as a monocistronic unit under the control of �K and is negatively regulated by
GerE. We also found that localization of a functional OxdD-green fluorescent protein (GFP) at the surface of
the developing spore depends on the SafA morphogenetic protein, which localizes at the interface between the
spore cortex and coat layers. OxdD-GFP localizes around the developing spore in a cotE mutant, which does
not assemble the spore outer coat layer, but it does not persist in spores produced by the mutant. Together, the
data suggest that OxdD-GFP is targeted to the interior layers of the coat. Additionally, we found that
expression of a multicopy allele of oxdD resulted in production of spores with increased levels of OxdD that
were able to degrade oxalate but were sensitive to lysozyme.

Bacterial endospores are designed to withstand long periods
of dormancy and to resist physical and chemical conditions that
would rapidly destroy vegetative cells. This extreme endurance
can be attributed to several factors, including the composition
and structural organization of the layers that surround the
mature spore core (10, 19, 36). In all endospore formers, the
spore core is surrounded by a thick modified peptidoglycan
called the cortex, which is a key element in heat resistance (36).
The cortex is covered by a multilayer protein coat, which con-
fers resistance to noxious chemicals and to peptidoglycan-
breaking enzymes, such as lysozyme (10, 19, 36). In addition,
the coat contributes to the ability of the spore to monitor its
environment and to initiate germination upon proper stimula-
tion (10, 19, 36). In Bacillus subtilis, the spore coat is composed
of over 30 polypeptides, which are organized into three main
layers, an amorphous undercoat, a lamellar inner coat, and an
electron-dense striated outer coat (2, 10, 13, 19, 28, 29). As-
sembly of the coat is initiated soon after the asymmetric divi-
sion that partitions the sporulating cell into a larger mother
cell and a smaller forespore. The early events in coat assembly
are controlled by the mother cell-specific RNA polymerase
sigma factor �E (16, 26, 42). Several of the proteins whose
synthesis is driven by �E have morphogenetic roles; i.e., irre-
spective of their association with the final structure they act by
laying down an imprint that prepares the surface of the devel-

oping spore for the ordered assembly of the coat structural
components (10, 19).

SpoIVA, CotE, SpoVID, and SafA are morphogenetic pro-
teins whose synthesis is under the control of �E (5, 39, 44, 48,
50, 57). SpoIVA localizes along the asymmetric division sep-
tum, and after the engulfment of the forespore by the mother
cell, it encircles the forespore protoplast close to its outer
membrane (11). SpoIVA is required for assembly of CotE as a
ring-like structure about 75 nm from the spore outer mem-
brane. The space between SpoIVA and CotE is presumably
filled with a scaffold or matrix and later becomes the inner coat
region, whereas the CotE ring itself appears to serve as the
nucleation site for outer coat assembly (11). Accordingly, a
cotE mutant forms spores that retain some inner coat but are
devoid of an outer coat and are lysozyme sensitive (11, 56).
The localization of SpoVID at the surface of the developing
spore also requires SpoIVA, but it is CotE independent (11,
40). SpoVID is not required for formation of the CotE ring,
but it is needed for maintenance of this ring around the fore-
spore at later stages of coat assembly (11). An absence of
SpoVID leads to misassembly of the coat as swirls of material
dispersed throughout the mother cell cytoplasm and in ly-
sozyme-sensitive spores (5). SpoVID, but not CotE, is also
required for the targeting of SafA to the spore surface (40).
SafA has a cell wall-binding motif at its N terminus and has
been shown by immunogold labeling to localize to the cortex-
coat interface (39). A safA mutant forms spores that are defi-
cient in lysozyme resistance and germination (39, 50). Since
SafA and SpoVID directly interact, it has been proposed that
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SafA may act as a bridge between the cortex and coat struc-
tures (39, 40).

It is only at a later developmental stage, after engulfment of
the forespore by the mother cell, that assembly of the coat
structure becomes apparent by electron microscopy (10, 19).
Conclusion of the engulfment process triggers activation of the
late mother cell regulator �K, which replaces �E in the mother
cell line of gene expression (16, 26, 42) and drives expression of
most of the genes that code for coat structural components (10,
19). Expression of the coat structural genes is additionally
modulated by the action of the transcriptional regulator GerE
(3, 17, 22, 23, 45, 49, 54, 55, 57). Spores of a gerE mutant lack
the ultrastructural features normally associated with the inner
coat layers (10, 33). In addition, they are deficient in expression
of several genes encoding prominent components of the outer
coat, such as the CotC and CotG proteins (9, 45, 57).

The roles of most individual coat structural proteins in the
assembly and function of the spore coat are unclear, as null
mutations often do not have a measurable phenotypic effect
(10, 19). This suggests that there is extensive redundancy or
that the various components make minor contributions to the
structure and function of the coat layers (10, 19). Nevertheless,
some of the coat proteins are enzymes or exhibit sequence
similarity to enzymes that suggest that they are involved in the
assembly process or in the final spore attributes. Ultimately, a
description of the assembly process that also accounts for the
coat properties will require detailed functional and structural
characterization of selected components. For example, the
CotA protein (9), a component of the spore outer coat layers
(56), was recently shown to be a highly thermostable laccase
involved in spore resistance to UV light and hydrogen peroxide
(21, 32). The crystal structure of CotA was determined, in
anticipation of the possibility that it could serve as a platform
for detailed analysis of the mechanism underlying the assembly
and function of CotA in the spore coat (14).

In this study, we were concerned with the regulation of
expression and assembly of the product of the yoaN (oxdD)
gene, which, when overproduced in Escherichia coli, was shown
to have Mn-dependent oxalate decarboxylase activity (52). Ox-
alate decarboxylases (EC 4.1.1.2) convert oxalate to formate
and CO2 (12, 51, 52). The best-characterized enzymes are
enzymes that have a fungal origin, are induced by oxalate, and
appear to control excessive concentrations of oxalate (12). The
first oxalate decarboxylase to be identified in a prokaryote was
the acid-inducible OxdC enzyme from B. subtilis, which may
have a role in proton consumption within the cytoplasm (51).
OxdC belongs to the cupin superfamily, whose members con-
tain a �-sandwich domain consisting of one six-strand �-sheet
and one five-strand �-sheet (1, 12, 51). OxdC is a homohex-
americ enzyme in which each monomer has two cupin �-barrel
domains, and hence it belongs to the bicupin subclass of the
cupin superfamily (1, 12, 51). OxdD is very similar to OxdC
and to known oxalate decarboxylases (51). No role has been
reported for OxdD. However, both OxdD and OxdC were
found in a recent proteomics-based study to be spore-associ-
ated proteins (28). Here, we show that OxdD is specifically
associated with the spore coat. We found that transcription of
oxdD is under the control of �K, is monocistronic, and is neg-
atively regulated by GerE. An enzymatically active OxdD-
green fluorescent protein (GFP) fusion protein localized to the

coat layers in a safA-dependent manner. Mutations in gerE also
interfered with the assembly of OxdD-GFP. In contrast, cotE
was not required for the assembly of OxdD-GFP but deter-
mined its stable association with the coat. The data suggest that
OxdD is targeted to the inner layers of the coat. A multicopy
allele of oxdD resulted in spores with increased levels of OxdD
and with oxalate decarboxylase activity.

MATERIALS AND METHODS

Bacterial strains, media, and general techniques. The bacterial strains used in
this study are listed in Table 1. Difco sporulation medium (DSM) was used to
induce sporulation by nutrient exhaustion (37). Genetic manipulations of E. coli
and B. subtilis were performed and spore resistance and germination properties
were assessed as previously described (8). The high-fidelity Pfu polymerase
(Stratagene, La Jolla, Calif.) was used to generate PCR fragments for cloning.
These fragments were sequenced, whenever required, to ensure that no muta-
tions were introduced.

Insertional inactivation of the oxdD gene. First, a 510-bp DNA fragment
comprising the oxdD promoter region and the 5� end of its coding region was
PCR amplified by using primers yoaN-295D and yoaN�215R (Table 2) and
doubly digested with NcoI and BglII, and the resulting 355-bp fragment was
cloned between the NcoI and BamHI sites of pAH256 (17) to obtain pTC127.
Next, the 3� end of oxdD was isolated from pTC120 (see below) as a 766-bp
EcoRI-XhoI fragment and cloned into the same sites of pTC127, yielding
pTC128 (Fig. 1). Transformation of MB24 with ScaI-linearized pTC128 pro-
duced the spectinomycin-resistant (Spr) oxdD null mutant AH2898 (Table 1) by
a double-crossover event at the oxdD locus (verified by PCR).

Construction of an oxdD-lacZ fusion. A 510-bp fragment carrying 295 bp of
DNA upstream of the oxdD start codon was PCR amplified with primers yoaN-
295D and yoaN�215R (see above), doubly digested with EcoRI and BglII, and
cloned between the EcoRI and BamHI sites of pSN32 (a gift from Isabel Sá-
Nogueira), yielding pTC125 (Fig. 1). PstI-linearized pTC125 was used to transfer
the oxdD-lacZ fusion to the amyE locus of strains MB24, AH77, and AH2721 to
produce the Cmr AmyE� strains AH2886, AH2890, and AH2891, respectively
(Table 1).

Construction of an oxdD-gfp fusion. pTC119 and pTC147 (Fig. 1) were con-
structed in two steps. First, the oxdD 3� region (716 bp) was PCR amplified with
primers yoaN�461D and yoaN-gfpR (Table 2). Second, a 719-bp fragment com-
prising the coding region of the gfp gene was PCR amplified by using pEA18 (a
gift from Alan Grossman) as the template and primers gfp-30D and gfpmut2-
749R (Table 2). The resulting fragments were mixed and subjected to PCR with
primers yoaN�461D and gfpmut2-749R (Table 2). The resulting 1,435-bp oxdD-
gfp fragment was cleaved with SpeI and XhoI and cloned between the same sites
of pAH256 (17) to generate pTC119 and between the same sites of pMS38 (59)
to generate pTC147. Strains AH2873 (Spr) and AH2943 (Cmr) resulted from the
integration of pTC119 and pTC147, respectively, into the oxdD locus of wild-type
strain MB24 by a single reciprocal crossover (Campbell-type recombination)
(Table 1), as verified by PCR. AH2873 was transformed with DNA from 1S105
(Table 1), yielding the Spr Cmr strain AH2883 (cotE oxdD-gfp) (Table 1). The Spr

strain AH2912 (gerE oxdD-gfp) and the Spr Cmr strain AH2913 (cotE gerE
oxdD-gfp) resulted from Campbell integration of pTC119 into AH94 and
AH2884, respectively (Table 1). The latter strain was constructed by transform-
ing AH94 with DNA from 1S105. The absence of congression to Ger� was
verified as described previously (47). Finally, AH2943 was transformed with
chromosomal DNA from AOB68 (39) to obtain the Spr Cmr strain AH2944
(safA oxdD-gfp) (Table 1).

Construction of a B. subtilis strain bearing a multicopy allele of oxdD. A PCR
fragment (1,795 bp) comprising the entire oxdD coding region and 295 bp
upstream of its transcription initiation site was generated with primers yoaN-
295D and yoaN-1500R (Table 2), digested with HindIII, and cloned between the
HindIII and SmaI sites of replicative plasmid pMK3 (32) to generate pTC149
(Fig. 1). Competent cells of MB24 were transformed with pTC149 and with its
parental plasmid (pMK3) to obtain the neomycin-resistant (Nmr) strains
AH2953 and AH2954, respectively (Table 1).

Overproduction of OxdD and OxdD-GFP. The entire oxdD coding region
(1,207 bp) was PCR amplified with primers yoaN-pETD and yoaN-1500R (Table
2), digested with NcoI and HindIII, and cloned between the same sites of
pET33b(�) (Novagen) to obtain pTC120 (Fig. 1). pTC148 (Fig. 1), which can be
used to overproduce OxdD-GFP, was the result of a triple ligation involving
NcoI- and BamHI-digested pET28a(�) (Novagen) and the following inserts: (i)
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a PCR fragment obtained with primers yoaN-pETD and yoaN-1500R (see above)
and digested with NcoI and EcoRI to produce a 438-bp fragment corresponding
to the 5� end of the oxdD coding region; and (ii) the 3� oxdD coding region fused
to gfp (1,458 bp), obtained by digesting with EcoRI and BamHI a 2,190-bp PCR
fragment generated with primers yoaN-295D and gfpR (Table 2) and AH2873
chromosomal DNA. pTC120 and pTC148 were introduced into the E. coli host
Tuner(DE3)(pLacI) (Novagen) to create strains AH2892 and AH2950 (Table 1),
in which native OxdD and OxdD-GFP, respectively, could be produced under
control of the T7lac promoter. Induction of OxdD production was performed as
described previously (52). Following induction, the cells were harvested and
lysed by passage through a French pressure cell as described previously (52).

Purification of spores and analysis of the spore coat fraction. Spores were
harvested by centrifugation of DSM cultures 24 h after the onset of sporulation.
Each spore suspension was washed, and the spores were purified with a 20 to
50% Gastrografin (Schering) step gradient as described previously for Reno-
cal-76 gradients (17, 18, 47). Coat proteins were extracted from purified spores
at an optical density at 580 nm of about 2 as described previously (17, 18). Coat
proteins were subjected to electrophoretic fractionation on 15% polyacrylamide
gels containing sodium dodecyl sulfate (SDS). The gels were stained with Coo-
massie brilliant blue R-250.

Fluorescence microscopy. Samples (0.5 ml) of DSM cultures of various strains
bearing a translational oxdD-gfp fusion (see above) were collected about 8, 10,
and 24 h after the initiation of sporulation and resuspended in 0.2 ml of phos-
phate-buffered saline. Aliquots were applied to agarose-coated microscope
slides, and images were acquired with a Leica fluorescence microscope
(DMRA2) by using phase-contrast optics and a standard filter for visualization of
the GFP. All samples were observed with a 	63 objective lens. Images were
acquired with a Cool Snap HQ camera (Roper Scientific, Tucson, Ariz.), re-
corded, and processed by using Adobe Photoshop.

Enzyme assays. The activity of �-galactosidase was determined with the sub-
strate o-nitrophenyl-�-D-galactopyranoside, as previously described (18, 47). The
specific activity of oxalate decarboxylase was determined by spectrophotometry
at 37°C by using a coupled reaction assay based on the method described by
Magro et al. (31, 52). One unit of enzyme activity was defined as the amount of
enzyme required to reduce 1 �mol of NAD per min. All specific activities are the
mean values of three assays. The protein concentration was determined with a
Bio-Rad assay kit (Bio-Rad Laboratories, Hercules, Calif.) used as described by
the manufacturer.

RNA isolation and Northern blot analysis of gerE and oxdD. Samples were
collected from sporulating cultures of a wild-type strain (JH642) and a congenic

TABLE 1. Bacterial strains

Strain Genotype and phenotype Origin or reference

JH642 trpC2 pheA12, wild type Laboratory stock
MO1027 trpC2 pheA12, �sigK::erm, Emr P. Stragier
MB24 trpC2 metC3, wild type P. Stragier
IS105 trpC2 �cotE::cm, Cmr BGSCa

AOB68 trpC2 metC3 �safA::sp, Spr 39
AH77 trpC2 metC3 �sigK::erm, Emr Laboratory stock
AH94 trpC2 metC3 gerE36 Laboratory stock
AH2721 trpC2 metC3 �gerE::km, Kmr Laboratory stock
AH2835 trpC2 metC3 �cotE::cm, Cmr Laboratory stock
AH2873 trpC2 metC3 �oxdD::oxdD-gfp, Spr This study
AH2883 trpC2 metC3 �oxdD::oxdD-gfp �cotE::cm, Spr Cmr This study
AH2884 trpC2 metC3 gerE36 �cotE::cm, Cmr This study
AH2886 trpC2 metC3 �amyE::PoxdD-lacZ, Cmr This study
AH2890 trpC2 metC3 �sigK::erm �amyE::PoxdD-lacZ, Cmr Emr This study
AH2891 trpC2 metC3 �gerE::km �amyE::PoxdD-lacZ, Cmr Kmr This study
AH2892 Tuner(DE3)pLacI, pTC120, Cmr Kmr This study
AH2898 trpC2 metC3 �oxdD::sp, Spr This study
AH2912 trpC2 metC3 gerE36 �oxdD::oxdD-gfp, Spr This study
AH2913 trpC2 metC3 gerE36 �cotE::cm �oxdD::oxdD-gfp, Spr Cmr This study
AH2943 trpC2 metC3 �oxdD::oxdD-gfp, Cmr This study
AH2944 trpC2 metC3 �safA::sp �oxdD::oxdD-gfp, Cmr Spr This study
AH2946 trpC2 metC3 �amyE::PoxdD-oxdC �oxdD::sp, Spr Nmr This study
AH2950 Tuner(DE3)pLacI, pTC148, Cmr Kmr This study
AH2953 trpC2 metC3 oxdDMC, Nmr This study
AH2954 trpC2 metC3, pMK3, Nmr This study

a BGSC, Bacillus Genetic Stock Center.

TABLE 2. Oligonucleotides used in this study

Primer Sequence (5� to 3�)a

yoaN-295D................................................................................................................GGTGATGAATTCCCGGGTGGGG
yoaN�215R ..............................................................................................................CCGCCGAGATCTAATTTCATGGGAGC
yoaN�461D..............................................................................................................GGAACACTACTAGTTTCTGCTCG
yoaN-gfpR .................................................................................................................GTTCTTCTCCTTTACTCGTACCGGGATATTTCAC
gfp-30D......................................................................................................................AGTAAAGGAGAAGAACTTTTCACTGGAG
gfpmut2-749R ...........................................................................................................GATCCTCGAGGAATTCTTATTTGTATAGTTCATCC
yoaN-pETD ..............................................................................................................CGAGGTCCATGGTGTTGGAACAAC
yoaN-1500R ..............................................................................................................GCTGTGTAAGCTTTTACGTCTTTACG
gfpR ...........................................................................................................................GGCGAATTCTTATTTGTATAGTTCATCCATGC
yoaN-fwd ...................................................................................................................GATTCATTCTCAGACGC
yoaN-rev-T7 ..............................................................................................................TAATACGACTCACTATAGGTTGAAAGCATTCTCCGG
gerE-fwd ....................................................................................................................TCGAAGCCGTCGCTAA
gerE-rev-T7................................................................................................................TAATACGACTCACTATAGGGAGGCTCTAGCTCACCCATTC

a Restriction sites are underlined.
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�sigK::erm mutant (MO1027) (Table 1). RNA was isolated by mechanical dis-
ruption of the liquid nitrogen-frozen cell pellets in a Teflon vessel by using a
Micro-Dismembrator (B. Braun Biotec International, Melsungen, Germany) as
described by Petersohn et al. (41). Total RNA (5 �g per lane) was separated in
a 1.5% agarose gel containing 6% (vol/vol) formaldehyde and vacuum blotted
onto nylon membranes (Biodyne Plus; Pall). Digoxigenin (DIG)-labeled anti-
sense RNA probes were generated by using T7 polymerase and gene-specific
PCR products as templates. Two primer pairs (yoaN-fwd plus yoaN-rev-T7 and
gerE-fwd plus gerE-rev-T7) were used in PCR with JH642 chromosomal DNA. In
each of the PCRs one of the DNA primers carried the sequence of the T7
promoter. PCR fragments were subsequently used for in vitro RNA synthesis
with a MAXIScript kit (Ambion, Inc., Austin, Tex.) and DIG-labeled UTP
(Roche, Basel, Switzerland), which yielded hybridization probes for oxdD (444
nucleotides) and gerE (186 nucleotides). Hybridization and signal detection were
performed as previously described (46).

Protein identification by peptide mass fingerprinting. Protein spots were ex-
cised from Coomassie brilliant blue R-250-stained gels, destained, and digested
with trypsin (Promega Corporation, Madison, Wis.); peptides were then ex-
tracted (38). Peptide mixtures were desalted on Poros R2/R3 tips and directly
eluted onto a sample template of a matrix-assisted laser desorption ionization—
time of flight (MALDI-TOF) mass spectrometer with an elution solution con-
taining 70% (vol/vol) acetonitrile, 0.1% (vol/vol) trifluoroacetic acid, and satu-
rating amounts of 
-cyano-3-hydroxycinnamic acid. Peptide masses were
determined in the positive ion reflector mode with a Voyager Elite MALDI-TOF
mass spectrometer (Applied Biosystems, Foster City, Calif.) with internal cali-
bration. The mass accuracy was better than 30 ppm. Peptide mass fingerprints
were compared to databases by using the MASCOT program (http://www
.matrixscience.com/cgi/index.pl?page�../home.html). The searches considered
oxidation of methionine and pyroglutamic acid formation at the N-terminal
glutamine. Proteins were considered identified when the database search re-
vealed a significant MASCOT score with a probability (P) of �0.05 that the
observed match was a random event.

RESULTS

Identification of the OxdD protein. To learn more about the
polypeptide composition of the spore coat layers, we used
MALDI-TOF mass spectrometry to identify polypeptides ex-
tracted from highly purified spore preparations. Our strategy
was to subject spores collected 24 h after the onset of sporu-
lation in DSM to extensive washes with water and then to
further purify the enriched spore preparation by centrifugation
through 20 to 50% metrizoic acid step gradients (see Materials
and Methods) to eliminate remnants of sporulating cells or cell
debris. The purified spores were then subjected to an extrac-
tion regimen known to preferentially solubilize a fraction
(about 70%) of the total spore coat-associated proteins (19),
which were resolved on one-dimensional SDS—15% polyacryl-
amide gel electrophoresis (PAGE) gels. As a further criterion

for specific association with the coat integuments, bands that
were present in the wild type but were present at reduced levels
in the coats of a cotE mutant were processed for MALDI-TOF
analysis. By using this approach, the 43-kDa product of the
yoaN locus (27) (Fig. 1) was identified as a protein associated
with the spore coat layers (Fig. 2). YoaN was recently found to
have oxalate decarboxylase activity when it was expressed in E.
coli cells and was accordingly renamed OxdD (52). In two
other recent studies the workers employed mass spectrometry
techniques to identify proteins associated with the spore or
spore coat (28, 29). In one of these studies, OxdD was found to
be a spore-associated protein (28). The results reported here
suggest that the OxdD protein specifically associates with the
coat layers of B. subtilis spores.

The 43-kDa OxdD polypeptide is absent from spores pro-
duced by an oxdD insertional mutant. To confirm the associ-
ation of OxdD with the coat and to examine its role, we con-
structed an oxdD insertional mutant, AH2898 (Table 1). oxdD
is flanked by the yoaO gene upstream and by the yoaM gene

FIG. 1. Genetic organization of the oxdD locus of B. subtilis. The
positions, lengths, and directions of transcription of the yoaO, oxdD
(yoaN), and yoaM genes are indicated below a partial restriction map
of the region (27). The stem-loop structures and the bent arrow pre-
ceding the oxdD gene indicate transcription terminators and the pu-
tative oxdD promoter, respectively. The inserts present in the plasmids
are also indicated. All the plasmids are described in Materials and
Methods.

FIG. 2. Spore coat polypeptides extracted from spores of several
strains. Spores were purified, and the coat proteins were extracted as
described in Materials and Methods and electrophoretically resolved
on SDS—15% PAGE gels. (A) Spore coat protein extracts of the
following strains: MB24 (wild type) (lane 1), AH2898 (oxdD) (lane 2),
and AH2873 (oxdD-gfp) (lane 3). (B) Profile of coat proteins extracted
from spores of the following strains: MB24 (wild type) (lane 1),
AH2898 (oxdD) (lane 2), AH2835 (cotE) (lane 3), and AH94 (gerE)
(lane 4). The open and solid arrowheads indicate the positions of the
OxdD and Hag proteins, respectively. The asterisks in panel A indi-
cates the position of proteins that appear to be less abundant in the
oxdD mutant. The positions of molecular mass markers (MW) are
indicated on the left.
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downstream (Fig. 1); the latter genes encode proteins with
unknown functions. yoaM is convergently oriented relative to
oxdD (27) (Fig. 1). Moreover, results described below indicate
that oxdD is a monocistronic unit transcribed from a promoter
just upstream of the gene’s coding sequence. Thus, the muta-
tion is unlikely to cause a polar effect. We purified spores from
MB24 and AH2898 and analyzed the collection of proteins
that were extracted from their coat layers on SDS—15%
PAGE gels (Fig. 2A). In spores formed by AH2898 (oxdD::sp),
the 43-kDa band identified as the OxdD protein was missing
(Fig. 2). The set of proteins extracted from AH2898 spores
differed further from the proteins extracted from wild-type
spores. First, an additional band present in the AH2898 coat
extract was identified by MALDI-TOF analysis as flagellin
(Hag), a major component of the flagellum (20, 30) (Fig. 2).
Several preparations of AH2898 spores were examined, and in
all cases Hag was found in the coat fraction (data not shown).
Since the hag gene is required for motility of vegetative cells
(30), it seems plausible that residual Hag protein present in the
sporulation medium can associate with the spore after its re-
lease from the mother cell. Hag is tightly associated with
spores of the oxdD mutant, as washes with 1 M KCl, a treat-
ment known to release proteins loosely associated with the
coat (47), did not reduce its level or preclude its presence in
the collection of extractable coat polypeptides. Perhaps disrup-
tion of oxdD induces a subtle change in the properties of the
coat that causes the tight adherence of Hag to the coat. Sec-
ond, two proteins appeared to be less abundant in AH2898
coat extracts. One of these proteins is the normally prominent
36-kDa CotG protein (45), and the other produced a wide
diffuse band in the 30-kDa region of the gel, which we were not
able to identify by either MALDI-TOF or N-terminal se-
quence analysis (Fig. 2A). In contrast, most of the other pro-
teins, including CotA, CotB, and CotC, remained unchanged
compared to the wild-type proteins (Fig. 2A). Finally, we noted
that proteins in the 43-kDa region of the gel, presumably
including OxdD, were absent from the coats of cotE (AH2835)
(Table 1) or gerE (AH94) (Table 1) mutant spores, or the
amounts were greatly reduced (Fig. 2B). Together, these re-
sults are consistent with localization of OxdD to the spore coat
(see below). Disruption of the oxdD locus had no detectable
effect on spore resistance to heat or lysozyme (Table 3) or on
the capacity to germinate in response to L-alanine or L-aspar-
agine (data not shown). Oxalate is known to increase the per-

meability of the spore coat to certain electron microscopy dyes
(25). Moreover, spores become sensitive to lysozyme after in-
cubation for 5 min in the presence of oxalate at 80°C but not
when they are incubated for 30 min at 30°C (25). To determine
if OxdD contributed to protection of spores against oxalic acid
under these conditions, we exposed wild-type or oxdD spores
to oxalic acid (0.025, 0.25, 2.5, 5, or 25 mM) at 30°C (30 min)
or 80°C (5 min). Treatment with 25 mM oxalic acid at 80°C
caused similar reductions in spore viability (from about 108 to
105 spores per ml) or lysozyme resistance (from 108 to 104

spores per ml) for wild-type and mutant spores. Also, no effect
on viability or resistance of wild-type and mutant spores was
observed when the other concentrations of oxalic acid were
used, at either 80 or 30°C.

Spore-associated OxdD can exhibit oxalate decarboxylase
activity. Recently, the spore coat protein CotA was shown to
be a laccase, which retains enzymatic activity when it is em-
bedded within the endospore coat (21, 32). To determine
whether coat-associated OxdD also retained enzymatic activ-
ity, we assayed purified wild-type (MB24) and oxdD mutant
spores (AH2898) for oxalate decarboxylase activity (see Mate-
rials and Methods). However, we were unable to detect enzy-
matic activity in wild-type spores. We repeated the assay with
various amounts of whole-cell extracts of sporulating cells or
intact spores in the presence of 25 �M MnCl2 at different pH
values and substrate concentrations, after treatment of spore
suspensions at 80°C for 10 min to facilitate access of the sub-
strate (32) and after induction of spore germination. In all
cases no enzymatic activity was detected. We then generated
an oxdD multicopy allele (oxdDMC) by inserting the oxdD gene
(including its promoter [see Materials and Methods]) into the
pMK3 replicative plasmid (32). Suspensions of spores purified
from the oxdDMC strain (AH2953) (Table 1) and from a strain
bearing the pMK3 vector (AH2954) (Table 1) were tested for
the ability to degrade oxalate. We found enzymatic activity in
spores of oxdDMC strain AH2953 (about 15 mU/optical density
unit of a spore suspension) but not in spores produced by
strain AH2954 harboring the parental pMK3 vector. We also
looked for enzymatic activity in whole-cell extracts prepared
from cultures of AH2953 and AH2954 after 6 and 8 h of
sporulation. Under the assay conditions used no activity was
found in whole-cell extracts of AH2953 or AH2954. Therefore,
enzyme activity can be detected even in the oxdDMC strain only
when the enzyme accumulates at the spore surface.

TABLE 3. Heat resistance and lysozyme resistance of various strains

Strain Relevant genotype

Sporulation (CFU/ml)a

Viable
cells

Heat-resistant
cells

Lysozyme-resistant
cells

MB24 Wild type 8.9 	 108 5.2 	 108 5.5 	 108

AH2898 �oxdD::sp 6.5 	 108 6.2 	 108 8.9 	 108

AH2953b oxdDMC, pTC149 1.2 	 108 2.7 	 107 1.5 	 106

AH2954c Wild type, pMK3 4.8 	 108 4.8 	 108 2.5 	 108

AH2873 �oxdD::oxdD-gfp 5.6 	 108 4.9 	 108 5.4 	 108

AOB68 �safA::sp 4.0 	 108 5.4 	 108 2.4 	 107

AH2944 �safA::sp �oxdD::oxdD-gfp 2.4 	 108 7.1 	 108 1.3 	 107

a The total (viable), heat-resistant, or lysozyme-resistant cell count was determined 24 hs after the onset of sporulation in liquid medium (DSM), as described in
Materials and Methods.

b Strain AH2953 carries a full-length copy of oxdD in replicative plasmid pTC149 and hence a multicopy allele of oxdD (oxdDMC).
c Strain AH2954 carries replicative vector pMK3 (32), which is the parental plasmid of pTC149.
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SDS-PAGE analysis of the coat polypeptides indicated that
increased amounts of OxdD were present in AH2953 spores
(Fig. 3, lane 2). However, the representation of several other
coat polypeptides was greatly altered in AH2953 spores com-
pared to that in spores produced by AH2954 (Fig. 3), and the
resulting spores exhibited reduced resistance to heat and ly-
sozyme treatments (Table 3), indicating that abnormal (in-
creased) levels of OxdD perturb both the spore coat compo-
sition and spore resistance. Presumably, the coat structure of
AH2953 spores is also altered. However, these spores have not
been examined by electron microscopy. In any case, the results
indicate that spore-associated OxdD has enzymatic activity.

oxdD gene is transcribed during sporulation under �K con-
trol. With one possible exception (47), all the genes shown to
be involved in spore coat assembly are transcribed in the
mother cell compartment of the sporulating cell (10, 19). In
addition, expression of a significant number of the genes
known to encode coat structural components relies upon �K

and is either positively regulated or repressed by GerE (3, 7,
17, 45, 49, 54, 57). We used an oxdD-lacZ fusion inserted at the
amyE locus to study the regulation of the oxdD gene. Expres-
sion of oxdD-lacZ was monitored throughout growth and
sporulation in DSM in an otherwise wild-type strain (AH2886)
and congenic sigK (AH2890) and gerE (AH2891) mutants (Ta-
ble 1). We found that in AH2886, expression of oxdD-lacZ was
induced around hour 4 of sporulation (Fig. 4), a temporal
profile shared by several other �K-controlled genes (10, 15, 19,
57). No �-galactosidase production was detected in the sigK
mutant AH2890 (Fig. 4). In contrast, expression of oxdD-lacZ
increased about threefold in the gerE mutant AH2891 (Fig.
4A). Consistent with involvement of GerE in the regulation of
oxdD expression, three possible GerE-binding sites were rec-
ognized in the oxdD promoter region (Fig. 4B) (22). Identical
results were obtained when the oxdD-lacZ fusion was inserted
at the oxdD locus (data not shown). We inferred that expres-
sion of oxdD during sporulation occurs from a promoter
present in the 295 bp upstream of the gene’s start codon (see

Materials and Methods), which is utilized by �K and repressed
by GerE.

oxdD is monocistronic. To ensure that no other upstream
promoter contributed significantly to the expression of oxdD
(as implied by the analysis of an oxdD-lacZ fusion at the oxdD
locus), we performed a Northern blot analysis. RNA samples
were prepared from a wild-type strain and from a sigK mutant
at various times during sporulation and were analyzed with
probes specific for oxdD or for gerE. In wild-type cells, a tran-
script was detected with the oxdD-specific probe at hours 4 and
6 of sporulation (Fig. 5A). The size of this transcript (about
1,200 nucleotides) is consistent with the size of the oxdD cod-
ing region (1,176 bp). No other signal appeared to be present
in the wild type at any time tested, and no signal was found in
the sigK mutant strain (Fig. 5A). Similarly, the gerE transcript
(300 nucleotides) was detected at hours 4 and 6 during devel-
opment in the wild type but not in a sigK mutant (Fig. 5B). The
results indicate that transcription of oxdD during sporulation
occurs mainly if not exclusively in a monocistronic mode and
that it temporally coincides with the transcription of a gene
(gerE) known to be under the control of �K (6, 57). We tried to

FIG. 3. Analysis of a multicopy allele of oxdD. Spore coat proteins
were extracted from purified spores as described in Materials and
Methods and electrophoretically resolved on SDS—15% PAGE gels.
Lane 1, AH2954 containing pMK3 (control plasmid); lane 2, AH2953
containing pTC149 (oxdDMC). The open arrowhead indicates the po-
sition of OxdD. The asterisks indicate the positions of polypeptides
that are absent in strain AH2953 expressing a multicopy allele of oxdD
or whose amounts are reduced. The positions of molecular mass mark-
ers (MW) are indicated on the left.

FIG. 4. Regulation of oxdD-lacZ expression. (A) An oxdD-lacZ
fusion was inserted at the amyE locus of various strains, and samples
were taken at different times after the initiation of sporulation in DSM
(T0) to assay for �-galactosidase accumulation. The following strains
were used: AH2886 (amyE::oxdD-lacZ) (F), AH2890 (sigK::erm
amyE::oxdD-lacZ) (�), and AH2891 (gerE36 amyE::oxdD-lacZ) (E).
The endogenous levels of �-galactosidase production were determined
in wild-type strain MB24 (ƒ). (B) Sequence of the putative oxdD
promoter and the �10 and �35 sequences aligned with the consensus
for �K-dependent promoters (16). Bases identical to the bases in the
consensus sequence are indicated by boldface type and asterisks. n
represents any base. The lines above the DNA sequence indicate bases
in the putative �35 and �10 regions that match the bases in the core
of the GerE binding site consensus sequence (TRGGY); the line
below the sequence indicates a region in the complementary strand
that matches the larger consensus region for GerE binding (RWWT
RGGYnnY) (22). The ribosome binding site (RBS) is indicated by
italics, and the start codon is indicated by boldface type just down-
stream of the ribosome binding site.
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map the 5� end of the oxdD transcript by primer extension, but
several attempts in which different primers were used were
unsuccessful. Of note, however, was the presence of a possible
canonical �K-dependent promoter (16) just upstream of oxdD
(Fig. 4B).

OxdD-GFP is a functional oxalate decarboxylase. The ge-
netic requirements for assembly of OxdD were studied by
using a GFP fusion. Since the oxdD mutant did not exhibit any
spore resistance or germination phenotype, we wanted to de-
termine whether the fusion protein retained oxalate decarbox-
ylase activity. The product of the oxdD gene exhibits oxalate
decarboxylase activity when it is produced in E. coli (52). We
used the same activity assay to test the functionality of the
OxdD-GFP fusion protein after overproduction in E. coli. The
oxdD-gfp fusion was cloned under the control of the isopropyl-
�-D-thiogalactopyranoside (IPTG)-inducible T7lac promoter,
and the resulting plasmid was introduced into an appropriate
E. coli host for overproduction (strain AH2950) (Table 1).
Induction was performed as previously described (52) (see
Materials and Methods). In parallel, we overproduced the na-
tive (unfused) OxdD protein as a positive control for activity
(AH2892) (Table 1). Oxalate decarboxylase activity was then
assayed in whole-cell extracts prepared from induced cultures
of AH2950 and AH2892. Activity was detected in whole-cell
extracts of both induced AH2950 and induced AH2892 cul-
tures but not in extracts prepared from uninduced cultures of
the same strains (data not shown). The level of overproduction
of OxdD was similar to that of OxdD-GFP (about 10% of the
total protein) (data not shown), and the levels of enzyme
activity were comparable (2.6 U/mg of protein for OxdD and
1.6 U/mg for OxdD-GFP). Moreover, the levels of activity are
comparable to those reported by Tanner et al. (52) for the

activity of OxdD in E. coli crude lysates. We inferred that the
overall fold of the fusion protein was not altered by fusion to
GFP and that assembly of OxdD-GFP into the coat is likely to
reflect assembly of the native OxdD coat protein.

Assembly of OxdD into the coat of wild-type spores. Next,
we used OxdD-GFP to investigate the assembly of OxdD into
the coat. Strain AH2873 (OxdD-GFP fusion in MB24) (Table
1) produced spores with wild-type resistance (Table 3) and
germination properties (data not shown). The 43-kDa OxdD
band was absent from the collection of AH2873 spore coat
polypeptides, but no additional band corresponding to the size
of OxdD-GFP (73 kDa) was detected on the Coomassie bril-
liant blue-stained gels (Fig. 2A, lane 3). This failure to detect
OxdD-GFP could have been caused by comigration with other
proteins, to reduced extractability of the fusion protein, or to
both of these factors. In any case, immunoblot analysis with an
anti-GFP antibody confirmed the association of OxdD-GFP
with the coat of AH2873 spores (data not shown). Moreover,
the results of fluorescence microscopy experiments (described
below) confirmed the presence of OxdD-GFP in the coat of
wild-type spores. No other changes were seen in the pattern of
coat proteins, indicating that expression of OxdD-GFP does
not interfere in any significant way with the assembly process
(Fig. 2A). To monitor the assembly of OxdD-GFP, samples
were harvested from DSM cultures 8, 10, and 24 h after the
onset of sporulation, and the live AH2873 cells were mounted
on agarose slides for examination by fluorescence microscopy
(Fig. 6). We also used phase-contrast optics to mark the posi-
tion of the whole cell and to visualize the developing spore
(Fig. 6). The number of partially refractile (phase-grey), fully
refractile (phase-bright), or free spores and the pattern of GFP
decoration of sporulating cells or spores were recorded for
each time point (Table 4). Control experiments showed that, as
expected, no fluorescence was detected at any time tested for
a strain having a mutation in the sigK gene (data not shown).
Moreover, under the conditions used, no fluorescence signal
was found to be associated with cells or spores of a wild-type
strain (MB24) bearing no gfp gene or fusion for any time tested
(data not shown). Fluorescence was detected for AH2873
(OxdD-GFP) at hours 4 and 6 of sporulation, when the ex-
pression of oxdD commenced and reached a maximum, respec-
tively (Fig. 4 and 5), in less than 1% of the specimens observed.
The frequency of decoration of the developing spore by OxdD-
GFP was greatly enhanced around hour 8 of sporulation (Fig.
6a and a�). The fusion protein was detected as caps at both
poles of the developing spore in about 6% of the specimens
examined; these caps were phase grey. However, the majority
of the specimens showed fluorescence around the entire de-
veloping spore (Fig. 6a and a�; Table 4). In most specimens
(76%), the spore was partially refractile, whereas in some spec-
imens (18%) the spore was phase bright (Table 4). The polar
cap pattern has been observed for other coat proteins (e.g., for
CotE by using either GFP fusions [53] or immunofluorescence
[4, 43]) and is also consistent with observations made by using
immunoelectron microscopy (11). The fact that the polar cap
pattern preferentially associates with partially refractile spores
suggests that it represents an early stage in the assembly pro-
cess. By hour 10 of sporulation, 87% of the sporulating cells
had spores fully encircled by OxdD-GFP (Fig. 6b and b�), but
the frequency of decoration of phase-bright spores relative to

FIG. 5. oxdD is monocistronic. A wild-type strain (wt) and a con-
genic sigK mutant were grown in DSM. Samples were taken during the
exponential growth phase (vegetative growth [lane V]), at the onset of
sporulation (time zero [lane 0]), and at various times throughout
sporulation (times [in hours] are indicated after time zero [lanes 2, 4,
and 6]). Total RNA was prepared as described in Materials and Meth-
ods. RNA samples were electrophoretically resolved on denaturing
agarose-formaldehyde gels and transferred to nylon membranes. The
RNA blots were hybridized with DIG-labeled probes complementary
to the mRNA of oxdD (A) and gerE (B). Transcript sizes were deter-
mined based on the position of the DIG-labeled marker (lane M).
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the partially refractile spores had increased to 54% (Table 4).
The overall representation of the polar cap pattern associated
with phase-grey spores was maintained (4%), but this pattern
was also observed for cells having phase-bright spores (4%).
Finally, 24 h after the initiation of the developmental process,
OxdD-GFP fully encircled the spore in 98% of the specimens
examined; 84% of these specimens were free phase-bright
spores, and about 14% were cells containing bright spores (Fig.
6c and c�; Table 4). We noted that the prespore surface often
had a punctuated pattern of decoration rather than being uni-
formly covered (see Discussion). No fluorescence was detected
throughout the mother cell cytoplasm in the wild-type strain,
but occasionally spots of fluorescence were observed close to
the cell pole opposite where the spore was formed (Fig. 6a�
and b�). Together, the results suggest that following synthesis
most of the fusion protein is targeted to the poles of the
developing spore and then, as the developing spore attains full
refractility, gains access to the entire surface.

cotE and gerE are required for stable association of OxdD
with the coat. Native OxdD absent from the coats of cotE or
gerE mutant spores (Fig. 2B) or the amount was greatly re-
duced, but it was still possible that in the mutants OxdD was
targeted to the developing spore but was not retained upon
spore release. We therefore investigated the localization of
OxdD-GFP in cells with a cotE mutation, which failed to as-
semble the outer coat (56), in cells with a gerE mutation, which
lacked several of the inner and outer coat proteins (2, 3, 7, 10,
19, 33, 34, 45, 49), or in cells with both mutations. The cotE
gerE double mutant formed spores that were missing both coat
layers (10). In strain AH2883 (cotE), at hour 8 of sporulation,
we observed decoration of the polar cap region of the devel-
oping spores in both phase-grey spores (19%) and phase-bright
spores (8%) (Fig. 6d and d�; Table 4). Since representation of
the polar cap pattern increased in the mutant (to 27% of the
specimens observed, compared to 6% in the wild type) and this
pattern was also found in association with phase-bright spores,

FIG. 6. Assembly of OxdD-GFP into the spore coat. A functional OxdD-GFP fusion was introduced into a wild-type strain (wt) and into strains
bearing mutations in loci known to be involved in assembly of the spore coat. The strains were grown in DSM, and samples were taken 8, 10, and
24 h after the onset of sporulation. Sporulating cells were observed by phase-contrast microscopy (PC) (a to o) and by fluorescence microscopy
(a� to o�) to detect OxdD-GFP (GFP). The following strains were used: AH2873 (oxdD-gfp), AH2883 (cotE oxdD-gfp), AH2912 (gerE oxdD-gfp),
AH2913 (cotE gerE oxdD-gfp), and AH2944 (safA oxdD-gfp). Representative specimens are shown in each case. Quantification of the decoration
patterns is shown in Table 4. Scale bars � 2 �m.
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it seems that complete encircling of the spore by OxdD-GFP
was slowed down in the mutant and uncoupled from spore
maturation. Accordingly, the proportions of phase-grey spores
(63%) and phase-bright spores (9%) in cells of the cotE mu-
tant at hour 8 which were fully encircled by OxdD-GFP de-
creased to a total of about 72% (Table 4). As in the wild type,
the prespore surface often displayed a punctuated pattern of
decoration (see above and Discussion). By hour 10, fluores-
cence was also observed as spots or patches in the mother cell

in 25% of the cotE mutant cells carrying phase-grey or phase-
bright spores (Fig. 6e and e�; Table 4), a pattern that persisted
at hour 24 (Table 4). Decoration of the entire surface of the
developing spore was greatly reduced by hour 24 (2% of the
specimens scored) (Table 4). Moreover, the fluorescence sig-
nal was found in only 4% of the free spores (Fig. 6f and f�). The
results suggest that OxdD-GFP is initially targeted to the sur-
face of the developing spore following the polar cap pattern, as
in the wild type, and then fully encircles the spore, albeit more

TABLE 4. Quantification of OxdD-GFP localization patterns

Strain (genotype) Time
(h)a

No.
countedb

Spore
morphologyc

No. of cells or spores with the following decoration patterns

Polar
caps

Entire
prespore

Mother cell
spots

Entire
spore None

AH2873 (wild type) 8 122 Phase grey 7 93 0 —d —
Phase bright 0 22 0 — —
Free — — — 0 0

10 121 Phase grey 5 40 0 — —
Phase bright 5 65 0 — —
Free — — — 6 0

24 146 Phase grey 0 2 0 — —
Phase bright 2 20 0 — —
Free — — — 122 0

AH2883 (cotE) 8 134 Phase grey 25 85 0 — —
Phase bright 11 12 1 — —
Free — — — 0 0

10 137 Phase grey 11 41 5 — —
Phase bright 14 31 29 — —
Free — — — 0 6

24 127 Phase grey 1 3 0 — —
Phase bright 0 8 36 — —
Free — — — 3 76

AH2912 (gerE) 8 47 Phase grey 35 1 1 — —
Phase bright 10 0 0 — —
Free — — — 0 0

10 72 Phase grey 42 0 0 — —
Phase bright 29 0 0 — —
Free — — — 0 1

24 88 Phase grey 3 0 0 — —
Phase bright 17 0 0 — —
Free — — — 0 68

AH2913 (cotE gerE) 8 118 Phase grey 96 0 0 — —
Phase bright 22 0 0 — —
Free — — — 0 0

10 110 Phase grey 33 0 0 — —
Phase bright 76 0 0 — —
Free — — — 0 1

24 110 Phase grey 4 0 0 — —
Phase bright 49 0 1 — —
Free — — — 0 56

AH2944 (safA) 8 121 Phase grey 1 0 103 — —
Phase bright 0 0 17 — —
Free — — — 0 0

10 130 Phase grey 0 0 30 — —
Phase bright 1 0 91 — —
Free — — — 1 7

24 121 Phase grey 0 0 5 — —
Phase bright 0 0 41 — —
Free — — — 1 74

a Hours after the onset of sporulation.
b Number of cells or free spores.
c Morphology as determined by phase-contrast microscopy.
d —, the pattern does not apply to the spore morphology.
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slowly. However, the accumulation of fluorescence in the
mother cell cytoplasm from hour 10 onward and the lack of
decoration of free spores at hour 24 suggest that OxdD-GFP
does not stably associate with the forming coat and does not
persist in spores released by the cotE mutant cells.

In contrast to the cotE mutant, decoration of the entire
surface of the developing spore was never observed for the
gerE or cotE gerE mutants, even at a late time in assembly (Fig.
6g to l; Table 4). Indeed, sporulating cells of both of these
mutants exhibited only polar cap pattern of spore decoration,
and no fluorescence signal was ever found to be associated with
free spores (Table 4). These observations indicate that the
gerE36 mutation is epistatic over the cotE null allele. Consis-
tent with the observation that GerE represses expression of
oxdD (see above), increased fluorescence was observed in cells
bearing the gerE36 allele. It seems that the initial targeting of
OxdD-GFP to the polar regions of the developing spore does
not require gerE but that migration of the fusion protein to
completely surround the spore is a gerE-dependent event. The
lack of fluorescence associated with free spores produced by
AH2883, AH2912, or AH2913 is consistent with the observa-
tion that native OxdD is absent from the coats of purified cotE
or gerE spores or the amount is greatly reduced (Fig. 2B).

SafA directs OxdD to the developing spore coat. The cotE-
independent targeting of OxdD-GFP to the surface of the
developing spore suggested that the fusion protein could reside
in the inner layers of the coat and that its assembly could
depend on the action of morphogenetic proteins whose assem-
bly is itself CotE independent. Localization of SpoIVA, Spo-
VID, and SafA is CotE independent (11, 40). We found that
targeting of OxdD-GFP to the spore surface was prevented by
mutations in spoIVA or spoVID (data not shown). Since spoIVA
governs the assembly of SpoVID and since SpoVID recruits
SafA, we also analyzed the localization of OxdD-GFP in sporu-
lating cells of a safA mutant (AH2944). In the safA cells at hour
8 of sporulation, OxdD-GFP fluorescence tended to accumu-
late at the mother cell-prespore border as spots or large
patches (Fig. 6m and m�), a pattern that became more accen-
tuated as sporulation proceeded (Fig. 6n and n�) (for simplicity
this pattern is recorded as mother cell spots in Table 4). Es-
sentially no fluorescence was associated with free safA spores
(Fig. 6o and o�) (Table 4). Importantly, expression of oxdD-gfp
did not aggravate the lysozyme sensitivity of safA mutant
spores (Table 3). The results suggest that the initial targeting
of OxdD-GFP to the spore surface is safA dependent and
support the view that OxdD resides in the inner layers of the
coat.

DISCUSSION

Our results indicate that the OxdD protein of B. subtilis is a
component of the coat layers. Several lines of evidence support
this claim. First, the OxdD protein was identified by MALDI-
TOF analysis among the collection of polypeptides that can be
extracted from the coats of wild-type spores but not from cotE
or gerE spores, which have abnormal coats (10, 19, 33, 56).
Second, disruption of oxdD consistently led to the absence of
the OxdD protein from coat extracts prepared from spores of
the mutant. Moreover, oxdD was found to be expressed in the
mother cell from hour 4 of sporulation onward under the
control of �K, which coincided temporally and spatially with

the expression of most genes encoding coat structural compo-
nents (10, 19). Finally, studies in which a functional OxdD-
GFP fusion was used revealed assembly of the fusion protein
around the developing spore in a manner that was influenced
by loci known to play key roles in coat biogenesis.

OxdD shows a high degree of sequence similarity to another
B. subtilis protein, OxdC (formerly YvrK), which was recently
characterized as an acid-inducible oxalate decarboxylase, and
both proteins are very similar to well-characterized fungal en-
zymes (12, 51). OxdD is likely to have the overall fold and
structural features of OxdC and was able to convert oxalate to
formate and CO2 in an Mn-dependent manner when it was
overproduced in E. coli cells (52). Both OxdD and OxdC were
identified in a previous study in which liquid chromatography
coupled to tandem mass spectrometry was used to analyze
proteins extracted from whole spores (28). However, no ex-
pression data were reported for either oxdD or oxdC, and none
of the products were assigned to a specific spore layer or
structure (28). While our results indicate that OxdD is a com-
ponent of the inner coat layers, we did not observe expression
of an oxdC-gfp fusion during sporulation and did not see dec-
oration of mature spores by the fusion protein (data not
shown). It is possible that in contrast to OxdD (this study),
minute levels OxdC are associated with the spore, presumably
with the spore core. No OxdD activity was reported in B.
subtilis, nor were the conditions that induced expression of the
oxdD gene in B. subtilis reported. Using a combination of
Northern blot analysis and a fusion of the oxdD promoter
region to the lacZ gene, we were able to show that a single
monocistronic transcript was produced during sporulation un-
der the control of �K and that expression of oxdD was normally
repressed by the GerE ancillary regulator. At this time, �K and
GerE are the only known regulators of oxdD expression in B.
subtilis.

The role of OxdD was examined by analyzing the coat
polypeptide composition and the resistance and germination
properties of spores produced by an oxdD insertional mutant.
As observed for mutations in several other coat structural
components, disruption of oxdD did not interfere significantly
with the assembly or organization of the coat layers. Spores of
the mutant did not differ from the wild-type spores in the
ability to resist lysozyme exposure or the ability to germinate in
response to L-alanine or L-asparagine. Also, they were not
more sensitive to oxalate treatment or to oxalate treatment
followed by lysozyme treatment. However, we did not detect
oxalate decarboxylase activity in wild-type spores of B. subtilis,
as assayed previously for E. coli cells producing OxdC or OxdD
and for OxdC in B. subtilis extracts (51, 52). We do not think
that the lack of activity is caused by poor access of oxalate to
the enzyme, since the spore coat is permeable to oxalate up to
the inner coat-outer coat junction and even further following
treatment at 80°C (25;this study). The activity assay is based on
the reduction of NAD upon conversion of formate to CO2 by
formate dehydrogenase (31). Again, it seems unlikely that the
smaller formate molecule does not come in contact with for-
mate dehydrogenase. It may be that upon assembly, OxdD is in
a microenvironment that does not support enzyme activity. For
example, it is possible that another coat protein inhibits the
enzyme. The observation that expression of a multicopy allele
of oxdD results in spores that can convert oxalate into formate
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indicates that the protein that is synthesized during spore de-
velopment and that becomes associated with the spore coat is
a functional oxalate decarboxylase. We suggest that the activity
observed results in part from the disorganization of the coat
structure caused by the increased representation of OxdD (as
shown by the altered coat protein profile and lysozyme sensi-
tivity), which could free the enzyme from its putative inhibitory
microenvironment, and in part from increased levels of en-
zyme. Some fungi produce oxalic acid, which can chelate man-
ganese and stimulate the activity of an extracellular Mn per-
oxidase involved in lignin degradation (12). In this context,
oxalate decarboxylases appear to confer protection against ex-
cess oxalate (12, 51). Since spore germination in the soil can
occur in association with the growth and development of fun-
gal hyphae (35), it is tempting to speculate that OxdD could
also protect the spore (or the germinating spore) from the
harmful effects of oxalic acid. It is also possible that OxdD
plays only a structural role in coat assembly. In any case, the
biological significance of the association of OxdD with the B.
subtilis spore coat is unclear at present. Database searches
suggest that the genome of at least one other spore-forming
microorganism, Bacillus cereus, encodes an oxalate decarbox-
ylase (24), but this protein has not been characterized.

A functional OxdD-GFP fusion protein seems to be assem-
bled in two steps. In the first step, OxdD-GFP localizes as caps
at both poles of the engulfed prespore. In the second step, the
fusion protein fully encircles the developing spore. The punc-
tuated pattern of fluorescence often seen in sporulating cells or
spores suggests that the distribution of OxdD-GFP is not uni-
form in the prespore surface but rather is patchy. While this
pattern could be an artifact caused by the presence of the GFP
moiety, we suspect that it may reflect the possible multimeric
nature of OxdD, as suggested by its similarity to the hexameric
OxdC molecule (1). Our results indicate that SafA is necessary
for the initial targeting of OxdD to the cap regions of the
prespore (Fig. 7). In the absence of SafA, fluorescence from

OxdD-GFP is observed as patches or spots in the mother cell
cytoplasm (Fig. 7). As observed for SafA (39), it is possible that
OxdD localizes to the inner coat layers. This notion is consis-
tent with the observation that the amounts of both OxdD and
OxdD-GFP are greatly reduced or these molecules are missing
from the coats of cotE or gerE spores, and it is further sup-
ported by the drastic effect that the oxdDMC allele has on the
structure and properties of the coat. We note that a multicopy
allele of cotA results in lysozyme-resistant spores with a normal
complement of coat proteins except for CotA (32). Since CotA
is an outer coat protein (56), one interpretation is that the
effects of the oxdDMC allele result from the more internal
localization of OxdD, perhaps in conjunction with its larger
size (see above). We found that the initial targeting of OxdD-
GFP to the prespore polar regions was gerE and cotE indepen-
dent. However, OxdD-GFP fails to fully encircle the prespore
in a gerE mutant, implying that at least one GerE-dependent
protein is necessary for the second stage of OxdD localization
(Fig. 7). In contrast, OxdD-GFP was capable of encircling the
prespore in cotE mutant cells but was not retained in the
mature released spores (Fig. 7). Presumably, OxdD is lost from
mature spores lacking complete inner and outer coat layers.
Expression of gerE is required for the development of the
morphological features normally associated with the inner
coat, even though a mutation also interferes with assembly of
the outer coat (10, 19, 33). Mutations in cotE appear to have a
much more specific effect on the assembly of the outer coat
(11, 56). OxdD could be assembled at the border between the
inner and outer coats, which could explain the fact that the
protein is retained in association with the inner coat found in
cotE spores. For example, CotH is synthesized under the con-
trol of �K, and since its assembly is both cotE and gerE depen-
dent, it has been proposed that CotH is close to CotE, at the
inner coat-outer coat border (34, 58). Another coat protein,
CotS, produced under the joint control of �K and GerE, was
found by immunoelectron microscopy in the inner coat and
pericortex, yet it was not detected in cotE spores (49). We
speculate that like OxdD, CotS cannot be retained in associa-
tion with the inner coat in spores lacking the outer coat. This
pattern of assembly may have a broader distribution, suggest-
ing that care should be taken in assignment of a protein to the
outer coat on the basis of its absence from cotE spores. OxdD
is presently the only protein whose targeting to the developing
spore specifically requires expression of safA. It will be inter-
esting to determine whether the targeting of OxdD involves a
direct interaction with SafA.
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3.3. Charakterisierung der SigB-unabhängigen Osmoadaptation

In der Arbeit wurde versucht, sowohl die initiale Antwort auf einen Salzschock mit 

0,4 M NaCl, als auch die zelluläre Adaptation an ein andauerndes Wachstum bei hoher 

Osmolarität (1,2 M NaCl), mit Hilfe einer globalen Transkriptionsanalyse zu untersuchen. 

Eine vorherige Proteomstudie hatte zeigen können, dass 18 Proteinspots salzbedingt 

unterschiedliche Intensitäten aufwiesen. Die unter den induzierten Proteinen identifizierten 

Enzyme zur Siderophorbiosynthese und Proteine putativer Eisen-Aufnahmesysteme ließen 

auf eine sekundäre Eisenlimitation in B. subtilis auf Grund der Hochsalzbedingungen 

schließen (HOFFMANN, et al., 2002). Die Nutzung der DNA-Arraytechnologie sollte diese 

Befunde nun ausweiten und einen umfassenden Überblick über die Anpassung 

salzadaptierter Zellen und salzgeschockter Zellen geben.  

Die Induktion des durch mehrere Transkriptomstudien und Proteomstudien auf 150 

Mitglieder bestimmten SigB-Regulons nach einem Salzschock war zuvor schon bekannt. Um 

eine Überlappung mit diesem gut untersuchten Regulon zu vermeiden nutzten wir für die 

Experimente eine sigB-Mutante. Das Schockexperiment zeigte eine sofortige und transiente 

Induktion von 75 und Repression und 51 Genen nach einem Salzschock auf 0,4 M NaCl. Die 

Induktion für die Aufnahme der kompatiblen Solute verantwortlichen Transporter und der 

Enzyme der alternativen Prolinbiosynthese war nachweisbar und wie erwartet lang 

andauernd. Die durch Peterson et al. beobachtete sofortige Induktion des SigW-Regulons 

nach einem Salzschock konnte ebenfalls bestätigt werden (PETERSOHN, et al., 2001). Die 

Befunde von Petersohn et al. ausweitend konnten wir den Nachweis führen, dass diese 

Induktion nur auf einen sehr kurzen Zeitraum (20 min) nach dem Salzschock beschränkt ist. 

In der späteren Phase des Schocks kam es zur Induktion der späten Kompetenzgene und 

dem Gen ihres Regulators ComK. 

Die für die Analysen genutzten Zellen wurden in Minimalmedium mit 5 µM FeCl3,

entweder ohne NaCl, oder mit zusätzlich 1,2 M NaCl kultiviert um die Salzinduktion und die 

sekundäre Eisenlimitation auszulösen. Durch die Verwendung zweier weiterer Bedingungen, 

in welchen, zum einen kein Eisen, und zum anderen 250 µM FeCl3 dem 1,2 M NaCl 

enthaltenden Medium zugegeben wurden, konnte der zuvor in der Proteomstudie von 

Hoffmann et al. (HOFFMANN, et al., 2002) beobachtete sekundäre Eiseneffekt abgezogen 

werden und die tatsächlich Salz-abhängig induzierten Gene identifiziert werden. In den 

kontinuierlich mit einer Salzkonzentration von 1,2 M NaCl kultivierten Zellen wurden 123 

Gene induziert und 101 Gene reprimiert. Nach Abzug von 21 sekundär durch Eisenmangel 

induzierten Genen, von denen 15 dem durch Fuanghong et al. definierten Fur-Regulon 

angehörten, (FUANGTHONG, et al., 2002) blieben 102 Gene übrig, deren Induktion Salz-
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abhängig erfolgte. Die Untersuchungen offenbarten weiterhin eine möglicherweise 

entscheidende Rolle des DegS/DegU-Zweikomponentensystems innerhalb der 

Salzadaptation. Von den 102 induzierten Genen konnten 20 und von den 101 reprimierten 

Gene 50 dem von Mäder et al. und Ogura et al. definierten DegS/DegU-Regulon zugeteilt 

werden (OGURA, et al., 2001; MÄDER, et al., 2002). Die Repression von Chemotaxis und 

Motilitäts-Genen bei hoher Osmolarität, welche in einer funktionellen Überprüfung zu einer 

verschlechterten Beweglichkeit der Zellen unter Hochsalzbedingungen führte, war auch ein 

Ergebnis dieser DNA-Arrayanalyse. Die Betrachtung der Ergebnisse zeigt, dass die 

Initialantwort auf Salzschock und die Adaptation an anhaltendes Wachstum bei hohen 

Salzkonzentrationen nur wenige Übereinstimmungen in Bezug auf die induzierten und 

reprimierten Gene besitzen. Diese Entdeckung stütz die Annahme, dass die Adaptation in 

zwei Phasen abläuft. Die große Zahl an Genen ohne Funktion, sowohl unter den Salz-

induzierten, als auch unter den Salz–reprimierten Genen beweist, dass viele wichtige 

Aspekte der zellulären Adaptation von B. subtilis an hohe Osmolarität bis heute noch wenig 

verstanden sind. 
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The gram-positive soil bacterium Bacillus subtilis often faces increases in the salinity in its natural habitats.
A transcriptional profiling approach was utilized to investigate both the initial reaction to a sudden increase
in salinity elicited by the addition of 0.4 M NaCl and the cellular adaptation reactions to prolonged growth at
high salinity (1.2 M NaCl). Following salt shock, a sigB mutant displayed immediate and transient induction
and repression of 75 and 51 genes, respectively. Continuous propagation of this strain in the presence of 1.2
M NaCl triggered the induction of 123 genes and led to the repression of 101 genes. In summary, our studies
revealed (i) an immediate and transient induction of the SigW regulon following salt shock, (ii) a role of the
DegS/DegU two-component system in sensing high salinity, (iii) a high-salinity-mediated iron limitation, and
(iv) a repression of chemotaxis and motility genes by high salinity, causing severe impairment of the swarming
capability of B. subtilis cells. Initial adaptation to salt shock and continuous growth at high salinity share only
a limited set of induced and repressed genes. This finding strongly suggests that these two phases of adaptation
require distinctively different physiological adaptation reactions by the B. subtilis cell. The large portion of
genes with unassigned functions among the high-salinity-induced or -repressed genes demonstrates that major
aspects of the cellular adaptation of B. subtilis to high salinity are unexplored so far.

The soil bacterium Bacillus subtilis is particularly subject to
changes in the supply of water and to the concomitant alter-
ations in salinity and osmolality resulting from frequent
drought and flooding of its habitat (11, 43, 70). This threatens
the cell with dehydration under hypertonic conditions or with
rupture under hypotonic conditions. Like many other bacteria
(9, 12), B. subtilis avoids these devastating alternatives by ac-
tively modulating its ion and organic solute pool to retain a
suitable level of cytoplasmic water and turgor (11).

Following a sudden increase in salinity, cells maintain turgor
within physiologically acceptable boundaries by first increasing
their potassium (K�) content and then replacing part of the
accumulated K� with compatible solutes in the second phase
of osmoadaptation (67, 68). Two Ktr-type K� transporters
(KtrAB and KtrCD) are critically involved in providing the B.
subtilis cell with sufficient K�, both during its initial adaptation
and during prolonged exposure to high salinity (29). Proline
serves as the primary endogenously synthesized compatible
solute for B. subtilis (67), and during growth at high salinity,
large quantities are produced via a dedicated osmostress-re-
sponsive synthesis pathway that depends on the ProHJ and
ProA enzymes (3; J. Brill and E. Bremer, unpublished data). In
addition, B. subtilis can efficiently scavenge a wide variety of
preformed compatible solutes from environmental sources
(11) by means of five osmoregulated transport systems (OpuA
to OpuE) (31–33, 66). Furthermore, it can synthesize the os-
moprotectant glycine betaine via the GbsA and GbsB enzymes

from exogenously provided choline that is taken up by the cell
via the OpuB and OpuC ABC transporters (7, 32). The intra-
cellular accumulation of compatible solutes offsets the detri-
mental effects of high salinity on cell physiology and permits
growth of B. subtilis over a wide range of environmental os-
molalities (6, 38). When the osmolality drops suddenly (9), B.
subtilis expels these accumulated compatible solutes via mech-
anosensitive channels (T. Hoffmann, C. D. Boiangiu, and E.
Bremer, unpublished data) to counteract the influx of water
into the cell and the concomitant increase in turgor.

Under conditions where the salt stress is so strong that
growth is no longer permitted, a nonspecific and preemptive
general stress response system is engaged to ensure the sur-
vival of B. subtilis (26, 52). High salinity is among the environ-
mental cues that cause the activation of the central regulator
(SigB) of this regulon (10, 63) and lead to the transient induc-
tion of more than 150 SigB-dependent genes (27, 51, 53). Loss
of SigB causes sensitivity of the cells to growth-preventing salt
stress (64). Osmoprotection by compatible solutes and the
general stress response are linked, because the structural genes
for the proline uptake system OpuE (60, 66) and the glycine
betaine transporter OpuD (31; F. Spiegelhalter and E. Bremer,
unpublished data) are partially dependent on SigB for their
expression.

Transcriptional profiling studies have also indicated induc-
tion of the SigW regulon following salt shock (51), but the
functional contribution of this regulon to cellular adaptation to
high salinity has not yet been elucidated. Furthermore, mu-
tants lacking SigM are sensitive to high salt concentrations
(30), but this might be an indirect phenotype related to the
major cell wall defects exhibited by such mutants.

High salinity exerts pleiotropic effects on the physiology of
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B. subtilis. Increases in salinity affect the phospholipid compo-
sition of the cytoplasmic membrane (39) and the properties of
the cell wall (40). In addition, the production of levansucrase
(SacB), alkaline protease (AprE), and the cell wall-associated
protein WapA is regulated in a DegS/DegU-dependent man-
ner at high salinity (17, 37). Furthermore, under such growth
conditions, one observes changes in the supercoiling of re-
porter plasmids (2, 35) and the transient induction of the ftsH
gene, which encodes an ATP-dependent, membrane-associ-
ated protease (18). Finally, sporulation is severely impaired by
high salinity (37, 57), due to an early block in the sporulation
process (57).

A recent proteome analysis of salt-adapted B. subtilis cells
revealed yet another facet of the cellular response to high
salinity (28). Such cells experience a severe iron limitation that
leads to the induction of genes encoding the iron siderophore
bacillibactin (42) and putative iron uptake systems (28). This
proteome analysis showed a surprisingly small number of pro-
teins (18 spots) that displayed significantly different intensities
in cells grown at high versus low salinity.

As exemplified by the analysis of the SigB-dependent gen-
eral stress response, transcriptional profiling studies (27, 51,
53) provide a more complete view of the cellular response to a
particular stress than do proteome studies, which cover pri-
marily soluble proteins (14). To gain a comprehensive over-
view of the cellular response of B. subtilis to high salinity, we
performed a genome-wide comparative transcriptional profil-
ing of exponentially growing, fully salt adapted, and salt-
shocked cells.

MATERIALS AND METHODS

Bacterial strains, media and growth conditions. The B. subtilis sigB mutant
BLOB22 (trpC2 pheA1 sfp0 sigB�2::cat) (66), a derivative of the wild-type strain
JH642 (BGSC1A96; a kind gift from J. Hoch, La Jolla, Calif.), was routinely
grown with vigorous agitation in minimal medium containing 0.5% glucose
(wt/vol) as the carbon source and the amino acids L-tryptophan (20 mg/liter) and
L-phenylalanine (18 mg/liter). For experiments that required a defined iron
concentration, the modified minimal medium (MM) described by Chen et al.
(16) was used and iron was supplied to the cells from a freshly prepared 20 mM
stock solution of FeCl3 (Merck; Darmstadt, Germany) to a final concentration of
either 5 or 250 �M. To raise the salinity of MM, NaCl from a 5 M stock solution
was added to produce a final concentration of 1.2 M. The osmolality of the
growth medium was determined with a Vapour pressure osmometer (model
5500; Wescor). The growth of the bacterial cultures was monitored spectropho-
tometrically at a wavelength of 578 nm (optical density at 578 nm [OD578]). For
continuous growth experiments, precultures of strain BLOB22 were inoculated
from exponentially growing overnight cultures propagated in MM with NaCl
concentrations of 0 or 1.2 M to a final OD578 of 0.1. These precultures were then
allowed to grow to an OD578 of 1 to 2 and were subsequently used to inoculate
70 ml of MM to an OD578 of 0.1 in a 500-ml Erlenmeyer flask. This final culture
was then propagated at 37°C and 220 rpm in a shaking water bath until the
cultures had reached an OD578 of approximately 1. Cells were harvested by
mixing 15 ml of culture with an equal volume of frozen killing buffer (20 mM
NaN3, 20 mM Tris-HCl [pH 7.5], 5 mM MgCl2) and subsequently centrifuging
for 10 min at 6,000 	 g and 4°C. The cell pellets were stored at �80°C until
further use for total-RNA preparation.

For salt shock experiments, cultures were grown in Spizizen�s minimal medium
(SMM) supplemented with glucose, L-tryptophan, and L-phenylalanine as de-
scribed above and an additional solution of trace elements (24). An exponentially
growing overnight culture (OD578 � 0.3) was diluted into 700 ml of SMM (in a
5-liter Erlenmeyer flask) to an OD578 of 0.025 and then incubated at 37°C in a
shaking water bath set at 220 rpm. After this culture reached an OD578 of 0.25,
NaCl was added from a 4 M stock solution prepared in SMM to a final concen-
tration of 0.4 M. Samples (15 ml) for RNA preparations were harvested as
described above either 10 min prior to NaCl addition or at different time points
after salt shock.

Cell lysis and RNA isolation. RNA was isolated after mechanical disruption of
the cells in a Micro-Dismembrator (B. Braun Biotec Int., Melsungen, Germany)
as described by Hauser et al. (25) with the modifications introduced by Petersohn
et al. (51).

Preparation of labeled cDNA, array hybridization, and DNA macroarray
regeneration. Prior to cDNA labeling, the overall integrity of the total-RNA
preparation was analyzed using a capillary electrophoresis system (Bioanalyser
2100; Agilent Technologies, Waldbronn, Germany). For cDNA synthesis, 2 �g of
total RNA was mixed with 4 �l of a commercial primer mix (Sigma-Genosys Ltd.,
The Woodlands, Tex.) and 3 �l of 5	 hybridization buffer (50 mM Tris [pH 7.9],
0.2 mM EDTA, 1.25 M KCl) and was adjusted to a total volume of 15 �l with
nuclease-free water. The primer mix consisted of 4,107 specific oligonucleotide
primers complementary to the 3� ends of all B. subtilis mRNAs (Sigma-Genosys
Ltd.). Subsequently, the sample was heated to 95°C for 2 min and then cooled to
42°C. After primer annealing for 1 h, reverse transcription was performed with
SuperScript II reverse transcriptase (Invitrogen Life Technologies GmbH,
Karlsruhe, Germany) in the presence of 50 �Ci of [
-33P]dCTP (Amersham
Biosciences, Freiburg, Germany) in a buffer supplied by Invitrogen Life Tech-
nologies GmbH in a total volume of 30 �l for 1 h. Enzymes were inactivated by
heating the reaction mixture to 70°C for 15 min, and after addition of 1 �l of 10%
sodium dodecyl sulfate (SDS), 1 �l of 0.5 M EDTA(pH 8.0), and 3 �l of 3 M
NaOH, the remaining RNA was hydrolyzed by incubation at 65°C for 30 min.
The cDNA solution was neutralized with 10 �l of 1 M Tris-HCl (pH 8.0) and 3
�l of 2 N HCl. After addition of 5 �l of 3 M sodium acetate (pH 5.2), 5 �l of
carrier tRNA (Sigma, Steinheim, Germany), and 60 �l of isopropanol, the
labeled cDNA was precipitated at �20°C for 1 h. The cDNA pellet was then
washed twice with 70% ethanol and resolved in 60 �l of nuclease-free water.
Labeling efficiency was determined with a liquid scintillation counter.

This study was performed with commercially available Panorama B. subtilis
DNA-macroarrays from Sigma Genosys Ltd. that carry duplicate spots of PCR
products representing 4,107 B. subtilis genes. cDNA denaturation, probe hybrid-
ization, and washing of the filters were performed as described by Petersohn et
al. (51) with the following modifications. Prehybridization was carried out in 5 ml
of hybridization solution (5	 Denhardt solution, 5	 SSC [1	 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate], 2% sodium dodecyl sulfate [SDS], 100 �g of
denatured herring sperm DNA [Sigma]/ml) for 2 h at 65°C. Hybridization was
performed for 20 h at 65°C in 5 ml of hybridization solution containing the
labeled cDNA probe that had been heated to 98°C for 2 min. After hybridization,
arrays were washed twice with 200 ml of 2	 SSC and 0.1% (wt/vol) SDS for 5
min at room temperature and twice with 200 ml of 0.2	 SSC and 0.1% (wt/vol)
SDS for 20 min at 65°C. Arrays were then exposed to storage phosphor screens
(Molecular Dynamics, Sunnyvale, Calif.) for 2 to 4 days and were subsequently
scanned with a Storm 840/860 PhosphorImager (Molecular Dynamics) at a
resolution of 50 �m and a color depth of 16 bits. Bound cDNA was stripped off
the DNA-macroarray membranes by three washing cycles involving a short
(1-min) washing step with 250 ml of boiling buffer (5 mM sodium phosphate [pH
7.5]–0.1% SDS) and an incubation in 250 ml of fresh buffer at 95°C for 20 min.

Data analysis. Data analysis followed a three-step procedure. First, ArrayVi-
sion software (version 6.1; Imaging Research, St. Catherine’s, Ontario, Canada)
was used for the quantification of the hybridization signals after direct import of
the phosphorimager files. The analysis yielded the artifact-removed volumes and
background values, calculated from the median of lines surrounding each group
of eight spots on the array. These data were then used in a second step in
Microsoft Excel: calculating for every spot on the array a quality score that
reflected the ratio between the signal intensity and the background intensity (see
supplemental material for details [http://www.medizin.uni-greifswald.de/funkgenom
/supplemental_material]). This quality score was utilized to identify the hybrid-
ization signals close to the detection limit, thereby avoiding artificially high
induction ratios for those genes. Data normalization and data analysis were done
in a third step with GeneSpring (version 5.02; Silicon Genetics, Redwood City,
Calif.). Gene expression for a particular comparison of conditions was consid-
ered to be changed when three criteria were fulfilled: (i) expression of the gene
had to exceed the background signal level by a threshold determined as described
in the supplemental material, (ii) changes in expression of the gene had to be
statistically significant as defined in a statistical group comparison of the values
for the selected conditions with a nonparametric test (Wilcoxon-Mann-Whitney-
test) and a Benjamini and Hochberg false discovery rate correction, with a P
value cutoff of 0.005 as defined in the GeneSpring software package, and (iii) the
change in expression had to exceed a factor of 3. Ratios were calculated with
averages of the parallel samples described below.

For all studies of gene expression in cells grown in MM (with either 5 �M
FeCl3 and 0 M NaCl, 0 �M FeCl3 and 0 M NaCl, 5 �M FeCl3 and 1.2 M NaCl,
or 250 �M FeCl3 and 1.2 M NaCl), mRNA was prepared from three indepen-
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dent cultivations and then used for independent cDNA synthesis and DNA array
hybridizations. The Panorama B. subtilis DNA macroarrays from Sigma Genosys
Ltd. contained duplicated DNA samples for each of the 4,107 B. subtilis genes;
therefore, the processing of three independent samples for each growth condi-
tion yielded six data points for the calculation of signal intensities for each gene.

For the salt shock adaptation experiments, control values immediately prior to
the shift to high salinity were calculated for three independently processed
exponentially growing cultures in SMM. The time course of the salt shock
adaptation was studied by analyzing samples derived from the same culture at
appropriate time points after addition of NaCl to a final concentration of 0.4 M.

World Wide Web access. The complete data set for all growth conditions
investigated is available online (http://www.medizin.uni-greifswald.de/funkgenom
/supplemental_material).

Northern blot analysis. Aliquots of the total RNA prepared for the DNA
macroarray experiments were used for Northern blot analysis of the expression
profiles of the opuBC, yocC, feuA, and wapA genes. Digoxigenin-labeled anti-
sense RNA probes were generated by in vitro transcription using a StripEZ-kit
(Ambion, Inc., Woodward, TX, USA) and gene-specific PCR products as tem-
plates. In each of the PCRs with chromosomal DNA prepared from the B. subtilis
strain JH642, one of the DNA primers carried the sequence of the T7 promoter.
The PCR fragment was subsequently used for in vitro RNA synthesis with
commercially available T7 RNA polymerase (Ambion, Inc., Woodward, Tex.),
yielding hybridization probes of the following sizes internal to the structural
genes: for opuBC, 572 nucleotides (nt); for feuA, 423 nt; for wapA, 463 nt; and for
yocC, 385 nt. Denaturing RNA electrophoresis on agarose gels, RNA transfer by
diffusion onto a nylon membrane (NY13N; Schleicher & Schuell, Dassel, Ger-
many), hybridization to gene-specific probes, and signal detection were per-
formed as described by Holtmann et al. (29).

Cell motility assay. Motility assays of the B. subtilis wild-type strain 168 were
performed with cells grown either in SMM alone or in SMM with 1.2 M NaCl.
Bacteria were propagated until they had reached an OD578 of 1.0 to 1.5. These
cultures were then diluted to an OD578 of 0.2 in the original growth medium, and
5-�l aliquots of these cell suspensions were subsequently spotted in the middle
of an agar plate prepared with 1% tryptone and 0.25% agar (low osmolality) or
onto an agar plate prepared with 1% tryptone, 0.25% agar, and 1.2 M NaCl (high
osmolality). The plates were incubated at 37°C overnight and were inspected for
swarming of the B. subtilis 168 strain.

RESULTS AND DISCUSSION

Experimental strategy. The response of B. subtilis to high
salinity can be divided into two phases: an initial reaction to a
sudden rise in salinity and the subsequent cellular adaptation
to prolonged growth under high-salinity conditions. Conse-
quently, we performed two separate sets of experiments by
monitoring both the changes in the transcriptional profile on a
time-resolved scale following a salt shock with 0.4 M NaCl and
the persisting changes in the gene expression pattern in cells
that were continuously cultured at high salinity (1.2 M NaCl).
All experiments were conducted with synthetic media, since
complex media frequently contain compatible solutes (e.g.,
glycine betaine) (20) which are known to down-regulate the
expression of salt-responsive genes in B. subtilis (60).

Because many of the studies investigating the effects of high
salinity on the cellular physiology of B. subtilis have been per-
formed with the wild-type strain JH642, we chose this genetic
background to complement the previous functionally driven
studies (11) with a genome-wide transcriptional profiling ap-
proach.

Salt shock is known to transiently induce the large SigB-
dependent general stress regulon (10, 65). The structure of this
regulon (at least 150 genes) has been rather well defined
through both proteome (5, 14) and transcriptome (27, 51, 53)
studies. Therefore, we used a JH642-derived sigB mutant
(strain BLOB22) (66) for our transcriptional profiling of salt-
stressed B. subtilis cells to avoid the complex and already well-

studied changes in gene expression associated with the activa-
tion of SigB following a sudden rise in salinity (51).

Salt-induced changes in gene expression in cells continu-
ously growing at high salinity. To monitor differences in the
transcriptional profile between cells continuously growing at
low versus high salinity, we propagated triplicate cultures of
strain BLOB22 (sigB�2::cat) in MM alone (260 mosmol/kg of
water) and in MM with 1.2 M NaCl (2,490 mosmol/kg of
water). RNA prepared from exponentially growing cultures
(OD578 � 1) was used for the preparation of radiolabeled
cDNA, which was then hybridized to commercially available
Panorama B. subtilis DNA macroarrays (Sigma Genosys Ltd.)
that represent 4,107 protein-encoding genes from B. subtilis.
The expression pattern in each of the cultures grown in parallel
was highly reproducible and varied by less than a factor of 2
(Pearson correlation coefficient, 0.9968 [data not shown]). In
contrast, the expression patterns of samples grown at low ver-
sus high salinity differed significantly (Pearson correlation co-
efficient, 0.9014). A group of 123 genes displayed at least a
threefold induction in cultures grown at high salinity, and 101
genes displayed at least threefold repression under high-salin-
ity growth conditions (Tables 1 and 2, respectively). The ex-
pression patterns for selected genes induced (yocC, opuBC,
and feuA) or repressed (wapA) under high-salinity growth con-
ditions were verified by Northern blot analysis (Fig. 1). For all
four genes tested, Northern blot analysis fully confirmed the
expression profile found in the DNA macroarray analysis (Fig.
2 and 3; Tables 1 and 2).

High-salt-mediated iron limitation. High-salinity-grown B.
subtilis cultures experience severe iron limitation (28) leading
to the induction of genes that are subjected to regulation by the
Fur repressor (22, 28). This effect is particularly pronounced in
strains derived from JH642 due to the presence of a mutation
(sfp0) (23) that prevents or strongly reduces the phosphopant-
ethylation of DhbB and DhbF. Consequently, such strains fail
to effectively convert 2,3-dihydroxybenzoate (DHB) into the
high-affinity iron siderophore bacillibactin via a modular pep-
tide synthetase (42).

To distinguish which of the 123 genes expressed at higher
levels in high-salinity-grown cells are truly induced by this
stimulus from those whose induction is primarily a conse-
quence of iron limitation, we used two additional cultivation
conditions for our transcriptional profiling experiments. First,
cells were propagated in MM with no added iron to identify the
genes induced as a result of severe iron limitation. A group of
59 genes displayed at least threefold induction in cultures
propagated in MM without added iron. Many of those genes
were also induced in high-salinity-grown cultures (Fig. 2A),
thus corroborating findings from the proteome study of high-
salinity-induced iron limitation in B. subtilis (28). A represen-
tative example of this class of genes is feuA, and its expression
pattern was verified by Northern blot analysis (Fig. 1). FeuA is
the extracellular binding protein of the ABC transporter
FeuABC, which is putatively involved in iron siderophore up-
take.

A comparison of our results with those obtained in a ge-
nome-wide transcriptional profiling study of Fur-regulated B.
subtilis genes by Fuangthong et al. (22) assigned 21 of the 59
iron limitation-induced genes to the Fur regulon (Fig. 2A; see
also supplemental material, Table 3). Of these 21 genes, 15
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TABLE 1. High-salinity-induced genes

Genea Functionb
Signal strength ratioc for cells growing in MM with:

1.2 M NaCl, 5 �M Fe 1.2 M NaCl, 250 �M Fe

bofA Inhibition of the pro-sigma-K processing machinery 3.2 1.2
yabE Unknown; similar to cell wall-binding protein 5.4 5.7
ksgA Dimethyladenosine transferase 4.4 4.8
opuAA Glycine betaine ABC transporter (ATP-binding protein) 4.3 4.8
opuAB Glycine betaine ABC transporter (permease) 3.2 3.7
opuAC Glycine betaine ABC transporter (glycine betaine-binding protein) 4.7 3.9
ydcE Unknown; similar to unknown proteins 3.1 3.0
ydcK Unknown; similar to unknown proteins 3.2 3.4
ydcO Unknown 3.1 5.2
yddJ Unknown 13.8 9.8
yddT Unknown 3.3 1.9
groES Class I heat shock protein (chaperonin) 3.5 3.7
yflJ Unknown 3.4 3.1
yfjQ Unknown; similar to divalent cation transport protein 3.2 2.3
yfjC Unknown 4.1 5.0
yfjB Unknown 6.7 10.2
yfjA Unknown 5.4 7.2
yhaA Unknown; similar to aminoacylase 3.2 4.4
yhjM Unknown; similar to transcriptional regulator (LacI family) 7.0 6.5
yitM Unknown; similar to unknown proteins from B. subtilis 4.0 2.6
yjcE Unknown 3.3 2.4
yjhA Unknown 4.2 4.5
yjiA Unknown 4.1 3.1
ykaA Unknown 4.9 2.5
yklA Unknown; similar to unknown proteins 3.4 4.6
ykrI Unknown 3.7 4.8
ykwD Unknown; similar to unknown proteins from B. subtilis 3.4 3.4
ykuH Unknown 6.8 5.7
ykzF Unknown 3.1 2.7
ykuL Unknown; similar to unknown proteins 4.7 5.1
ylbA Unknown; similar to unknown proteins 4.1 3.9
ylbB Unknown; similar to IMP dehydrogenase 4.4 3.4
ylbC Unknown; similar to unknown proteins from B. subtilis 3.8 3.3
lspA Signal peptidase II 3.4 3.6
pyrR Transcriptional attenuation of the pyrimidine operon/uracil

phosphoribosyltransferase activity
3.5 2.1

ylqD Unknown; similar to unknown proteins 3.7 3.2
frr Ribosome recycling factor 3.0 2.1
pksC Involved in polyketide synthesis 3.3 3.0
sspN Small acid-soluble spore protein (minor) 3.3 1.4
proJ Glutamate 5-kinase 16.2 17.7
proH Pyrroline-5-carboxylate reductase 22.5 24.7
yoaG Unknown; similar to unknown proteins 3.8 2.6
yoaJ Unknown; similar to extracellular endoglucanase precursor 3.3 1.4
penP Beta-lactamase 3.3 3.9
yocA Unknown; similar to transposon-related protein 3.1 3.3
yocC Unknown; similar to unknown proteins 7.0 7.3
yocH Unknown; similar to cell wall-binding protein 12.3 13.8
dhaS Aldehyde dehydrogenase 3.0 3.8
yotH Unknown 3.4 3.5
yomL Unknown 3.0 1.6
bdbA Thiol-disulfide oxidoreductase 3.5 3.4
sunT Sublancin 168 lantibiotic transporter 4.1 4.6
bsaA Putative glutathione peroxidase 4.3 4.2
sspL Small acid-soluble spore protein (minor) 3.9 2.0
ypsB Unknown; similar to unknown proteins 3.7 3.2
ypqE Unknown; similar to phosphotransferase system enzyme II 3.1 2.7
ypjD Unknown; similar to unknown proteins 3.2 2.7
qcrC Menaquinol:cytochrome c oxidoreductase (cytochrome b/c subunit) 3.4 5.9
yphF Unknown; similar to unknown proteins 3.1 2.7
ypfD Unknown; similar to ribosomal protein S1 homolog 3.2 2.5
ypdA Unknown; similar to thioredoxin reductase 4.0 3.7
spoIIAB Anti-sigma factor/serine kinase 3.1 3.3
yqjX Unknown 3.1 2.1
yqiI Unknown; similar to N-acetylmuramoyl-L-alanine amidase 6.8 4.4
yqiH Unknown; similar to lipoprotein 14.9 9.8
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displayed at least threefold induction in high-salinity-grown
cells (see supplemental material, Table 3); many more mem-
bers of the Fur regulon (22) were induced by high salt but did
not pass the threefold induction criterion adopted in our study
for salinity-mediated gene induction (Fig. 2A). The products of
most of these genes are functionally associated with iron ac-
quisition through either synthesis of bacillibactin or iron up-
take (see supplemental material, Tables 3 and 4). Not all of the
iron limitation-induced genes could be assigned to the Fur
regulon, and this might reflect pleiotropic effects caused by the
poor growth of severely iron limited B. subtilis cultures. These
culture conditions trigger partial induction of competence, be-
cause we recognized 22 members of the competence-associ-
ated ComK regulon (4) among the genes that were induced by
severe iron limitation (see supplemental material, Table 5).

To specifically investigate the contribution of iron availabil-
ity to gene expression under high-salinity conditions, bacteria
were also cultivated in MM with 1.2 M NaCl containing 250
�M FeCl3, since excess iron should reduce the expression of

Fur-controlled genes (13). Furthermore, it has also been
shown that such an excess of iron reduces the level of genes
that are induced under high salinity but primarily respond to
low iron availability in B. subtilis (28). Inclusion of a large
amount of iron (250 �M) in the growth medium reduced the
high-salinity-mediated induction for 21 genes.

By taking into account those genes that were induced by iron
limitation and those genes whose high-salinity-induced expres-
sion was reduced by excess iron, we were able to show that 21
of the 123 salt-induced genes mentioned above (Fig. 2B; see
also supplemental material, Table 4) actually represent genes
that respond primarily to iron availability rather than to in-
creases in salinity. Of those 21 genes, 15 were members of the
Fur regulon (22). The remaining six genes (Fig. 2B), encoding
proteins of unknown function, displayed a different induction
pattern: they were induced by either high salinity or iron lim-
itation, but their high-salinity-mediated induction could be re-
duced only marginally by excess iron.

Addition of excess iron (250 �M) to cells propagated in the

TABLE 1—Continued

Genea Functionb
Signal strength ratioc for cells growing in MM with:

1.2 M NaCl, 5 �M Fe 1.2 M NaCl, 250 �M Fe

mntR Transcriptional regulator of manganese uptake 4.2 3.2
gcvT Probable aminomethyltransferase 3.1 2.2
yqxJ Unknown 12.8 13.0
yqxI Unknown 8.7 10.9
yqaO Unknown; similar to phage-related protein 4.3 3.0
yrdR Unknown; similar to unknown proteins 3.7 2.5
yraG Unknown; similar to spore coat protein 3.9 2.0
yrvC Unknown; similar to unknown proteins 4.7 5.1
ysfC Unknown; similar to glycolate oxidase subunit 3.7 1.8
citZ Citrate synthase II (major) 4.3 6.3
ytxG Unknown; similar to general stress protein 3.2 3.4
yteV Unknown 3.0 1.7
yukC Unknown; similar to unknown proteins 6.0 5.3
yukD Unknown; similar to unknown proteins 3.7 2.3
yuxI Unknown 3.8 3.9
yukJ Unknown 3.5 2.8
lipA Probable lipoic acid synthetase 4.4 3.8
yusF Unknown 3.0 2.5
opuBC Choline ABC transporter (choline-binding protein) 4.8 5.2
opuBA Choline ABC transporter (ATP-binding protein) 7.9 9.3
yvaW Unknown; similar to unknown proteins from B. subtilis 9.0 9.4
yvzA Unknown 6.1 5.4
yvcB Unknown 4.0 3.8
yvcA Unknown 12.7 10.1
degU Two-component response regulator involved in degradative enzyme

and competence regulation
3.9 3.6

ywqJ Unknown; similar to unknown proteins from B. subtilis 4.0 3.2
ywqI Unknown; similar to unknown proteins from B. subtilis 4.3 4.0
ywqH Unknown 4.4 4.1
ywfH Unknown; similar to 3-oxoacyl-acyl-carrier protein reductase 3.0 2.7
ywdA Unknown 4.2 4.2
yxiD Unknown; similar to unknown proteins 3.0 2.6
yydJ Unknown 4.1 3.9
yydI Unknown; similar to ABC transporter (ATP-binding protein) 6.2 5.3
yydH Unknown 5.6 5.0
yydG Unknown 6.2 7.2
rapG Response regulator aspartate phosphatase 3.0 2.6
phrG Phosphatase (RapG) regulator 10.7 9.4

a Sorted according to the order in the B. subtilis genome. Members of the DegS/DegU regulon are boldfaced.
b Derived from the SubtiList database.
c Ratio between the signal strength in cells propagated under the conditions indicated and the signal strength in cells continuously growing in synthetic medium with

5 �M FeCl3 and no extra NaCl added.
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TABLE 2. High-salinity-repressed genes

Genea Functionb
Signal strength ratioc for cells growing in MM with:

1.2 M NaCl, 5 �M Fe 1.2 M NaCl, 250 �M Fe

ybdO Unknown 4.6 3.3
ybfG Unknown; similar to unknown proteins 3.6 2.5
ycbJ Unknown; similar to macrolide 2�-phosphotransferase 5.6 4.5
ycbU Unknown; similar to NifS protein homolog 4.9 3.2
ldh L-Lactate dehydrogenase 26.0 0.6
lctP L-Lactate permease 4.2 0.7
ydaD Unknown; similar to alcohol dehydrogenase 3.5 2.0
ydcR Unknown; similar to transposon protein 5.1 1.5
ydfR Unknown; similar to unknown proteins 3.2 2.1
yfmT Unknown; similar to benzaldehyde dehydrogenase 8.6 4.5
yfmS Unknown; similar to methyl-accepting chemotaxis protein 11.4 12.7
pel Pectate lyase 4.3 5.0
yfiQ Unknown; similar to surface adhesion protein 3.4 2.1
katA Vegetative catalase 1 4.4 21.3
glpD Glycerol-3-phosphate dehydrogenase 3.0 3.2
lytF Gamma-D-glutamate-meso-diaminopimelate muropeptidase (major autolysin) 11.3 6.5
yhdO Unknown; similar to 1-acylglycerol-3-phosphate O-acyltransferase 3.8 3.4
yhxC Unknown; similar to alcohol dehydrogenase 3.3 1.7
yjfB Unknown 3.0 3.1
motB Motility protein (flagellar motor rotation) 22.3 9.6
motA Motility protein (flagellar motor rotation) 26.4 9.7
mcpC Methyl-accepting chemotaxis protein 4.1 4.2
abh Transcriptional regulator of transition state genes (AbrB-like) 11.5 16.8
ylqB Unknown 10.0 4.0
flgB Flagellar basal-body rod protein 3.6 3.3
flgC Flagellar basal-body rod protein 3.2 2.7
fliF Flagellar basal-body M-ring protein 5.9 4.5
fliG Flagellar motor switch protein 6.4 5.3
fliH Flagellar assembly protein 5.9 4.6
fliI Flagellum-specific ATP synthase 4.7 3.8
fliJ Flagellar protein required for formation of basal body 5.1 4.5
ylxF Unknown; similar to unknown proteins 25.7 15.5
ylxG Unknown; similar to flagellar hook assembly protein 6.8 7.1
flgE Flagellar hook protein 7.1 7.5
fliL Flagellar protein required for flagellar formation 7.3 6.7
fliM Flagellar motor switch protein 9.0 10.4
fliY Flagellar motor switch protein 5.4 4.0
cheY Two-component response regulator involved in modulation of flagellar switch bias 4.5 4.2
fliZ Flagellar protein required for flagellar formation 6.1 5.7
fliP Flagellar protein required for flagellar formation 9.3 9.9
fliR Flagellar protein required for flagellar formation 3.4 4.4
flhB Flagellum-associated protein 5.9 7.5
flhA Flagellum-associated protein 6.0 4.9
flhF Flagellum-associated protein 7.6 5.2
ylxH Unknown; similar to flagellar biosynthesis switch protein 5.2 5.0
cheC Inhibition of CheR-mediated methylation of MCPs 5.6 7.2
sigD RNA polymerase flagella, motility, chemotaxis, and autolysis sigma factor 3.4 4.5
ylxL Unknown; similar to unknown proteins 3.3 4.2
yoeB Unknown 40.9 28.9
yolA Unknown 7.5 6.1
trpF Phosphoribosyl anthranilate isomerase 4.8 14.5
trpC Indole-3-glycerol phosphate synthase 4.3 7.7
sigX RNA polymerase ECF-type sigma factor 3.7 2.9
tasA Translocation-dependent antimicrobial spore component 28.9 41.9
sipW Signal peptidase 1 5.5 5.8
hemC Porphobilinogen deaminase 3.1 2.1
yteR Unknown; similar to unknown proteins 3.2 1.9
tlpB Methyl-accepting chemotaxis protein 3.4 2.6
mcpA Methyl-accepting chemotaxis protein 11.3 8.9
mcpB Methyl-accepting chemotaxis protein 3.6 3.0
maeN Na�/malate symporter 3.2 1.6
guaC GMP reductase 3.4 3.0
yusP Unknown; similar to multidrug efflux transporter 5.2 9.9
mrgA Metalloregulation DNA-binding stress protein 3.2 4.7
yvfE Unknown; similar to spore coat polysaccharide biosynthesis 19.1 10.6
yvfC Unknown; similar to UDP-galactose phosphate transferase 4.7 3.4
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presence of 1.2 M NaCl strongly increases the growth of the B.
subtilis strain JH642 (28). This enhancement of growth is sub-
stantial, since it is similar to that caused by the potent osmo-
protectant glycine betaine (28). Besides the repressive effect of
high iron on high salinity gene induction, we also noted a group
of 53 genes whose transcription was induced by excess iron.
Many of their deduced gene products are connected with en-
ergy conservation (e.g., components of the respiratory chain)
and heme-biosynthesis (see supplementary material, Table 6).

Taking all these data into account, we consider 102 B. subtilis
genes to be truly salt induced (by at least a factor of 3) in
cultures continuously propagated under high-salinity growth
conditions (Fig. 3). These genes, their physiological functions
as predicted in the current SubtiList database (http://genolist
.pasteur.fr/SubtiList/) (45), and their induction ratios are listed
in Table 1. The remaining 21 of the 123 originally discovered
high-salinity-induced genes actually represent iron limitation-
responsive genes and are not further considered here.

Physiological functions associated with salt-induced genes.
The uptake and synthesis of compatible solutes are important
facets of the cellular defense of B. subtilis against high salinity

(11). The proHJ genes, which are centrally involved in the
osmoregulatory synthesis of the compatible solute proline
(Brill and Bremer, unpublished), displayed the strongest in-
duction ratios (22-fold for proH; 16-fold for proJ) of all 102
high-salinity-induced genes (Table 1). The proHJ locus is tran-
scribed as an operon, and its disruption causes a strong growth
defect under hypertonic conditions (Brill and Bremer, unpub-
lished). Of the five compatible solute uptake systems known to
operate in B. subtilis (11), we detected salt stress-mediated
induction of the opuA and opuB operons, while the opuC
operon and the opuD gene displayed some salt induction but
did not pass the threefold induction criterion adopted in our
transcriptional profiling study. Salt or stress induction of opuE
has not been detected in this or previous transcriptional pro-
filing studies (51) employing the commercially available Pan-
orama B. subtilis DNA macroarrays from Sigma Genosys Ltd.
However, it is known from detailed Northern blot and gene
fusion analyses that the transcription of opuE is induced by
high salinity (60). Transcription of the gbsAB genes, which are
necessary for glycine betaine synthesis from the precursor cho-
line (7), was not found to be inducible in cells grown at high

TABLE 2—Continued

Genea Functionb
Signal strength ratioc for cells growing in MM with:

1.2 M NaCl, 5 �M Fe 1.2 M NaCl, 250 �M Fe

yveS Unknown; similar to unknown proteins 3.5 2.5
yveO Unknown; similar to glycosyltransferase 3.1 3.1
yveK Unknown; similar to capsular polysaccharide biosynthesis 4.2 3.2
yvzB Unknown; similar to flagellin 14.2 11.5
yvjB Unknown; similar to carboxy-terminal processing protease 3.8 3.3
fliT Flagellar protein 3.8 4.3
fliS Flagellar protein 8.2 7.1
fliD Flagellar hook-associated protein 2 (HAP2) 14.5 9.5
hag Flagellin protein 21.2 10.3
flgK Flagellar hook-associated protein 1 (HAP1) 3.1 3.5
yvyG Unknown; similar to flagellar protein 3.7 4.2
ywtD Unknown; similar to murein hydrolase 8.8 5.0
flhP Flagellar hook-basal body protein 4.6 4.2
flhO Flagellar basal-body rod protein 7.9 5.2
thrZ Threonyl-tRNA synthetase (minor) 3.6 3.6
ywbG Unknown; similar to unknown proteins 3.1 2.0
epr Minor extracellular serine protease 6.9 4.8
dltA D-Alanyl-D-alanine carrier protein ligase 5.8 6.6
dltB D-Alanine transfer from Dcp to undecaprenol phosphate 3.8 5.8
dltE Involved in lipoteichoic acid biosynthesis 5.4 5.7
cydD ABC transporter required for expression of cytochrome bd (ATP-binding protein) 3.2 0.4
cydC ABC transporter required for expression of cytochrome bd (ATP-binding protein) 3.1 0.6
yxkC Unknown 8.4 4.7
yxjH Unknown; similar to unknown proteins from B. subtilis 3.4 3.7
yxjG Unknown; similar to unknown proteins from B. subtilis 3.1 3.8
deaD ATP-dependent RNA helicase 3.7 3.2
yxiM Unknown; similar to rhamnogalacturonan acetylesterase 3.6 3.1
yxzC Unknown 5.6 4.2
yxxG Unknown 9.4 9.9
wapA Cell wall-associated protein precursor 7.7 6.9
hutI Imidazolone-5-propionate hydrolase 3.0 1.8
iolH myo-Inositol catabolism 3.1 3.3
idh myo-Inositol 2-dehydrogenase 3.5 2.3
yxaL Unknown; similar to serine/threonine protein kinase 3.3 0.9
yxaD Unknown; similar to transcriptional regulator (MarR family) 4.4 4.3

a Sorted according to the order in the B. subtilis genome. Members of the DegS/DegU regulon are boldfaced.
b Functions are derived from the SubtiList database.
c Ratio between the signal strength in cells propagated under the conditions indicated and the signal strength in cells continuously growing in synthetic medium with

5 �M FeCl3 and no extra NaCl added.
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salinity; this is fully consistent with the Northern blot analysis
of this operon (G. Nau-Wagner and E. Bremer, unpublished
data).

Of the 36 histidine kinases and 35 response regulators of
two-component regulatory systems detected in B. subtilis (21,
34, 36), only degSU displayed a higher expression level in high-
versus low-salt growth conditions (1.8-fold for degS; 3.9-fold
for degU). The sensory kinase DegS and the response regulator
DegU are involved in a complex network that mediates the
regulation of transition state-specific processes by contributing
to the regulation of degradative enzyme synthesis and the
development of natural competence for DNA uptake (46).
Furthermore, this two-component regulatory system has been
implicated in sensing salt stress (37). The DegS/DegU regulon
has recently been characterized in transcriptome studies that
used either a hyperactive DegU allele (degU32Hy) (41) or
artificial induction of the response regulator gene degU under
the control of an isopropyl-�-D-thiogalactopyranoside (IPTG)-
inducible promoter on a multicopy plasmid (49). A comparison
of the 102 high-salinity-induced genes of B. subtilis (Table 1)
with the DegS/DegU regulon as defined by Mäder et al. (41) or
Ogura et al. (49) assigned 20 of the high-salinity-induced genes
to the DegS/DegU regulon (Table 1). Of these 20 genes, only

degU (response regulator), frr (ribosome recycling factor), lipA
(a probable lipoic acid synthetase), lspA (signal peptidase II),
and yoaJ (a probable endoglucanase) encode products with
functions assigned in databases.

The transcriptional control of a significant portion of hyper-
tonicity-induced genes (20 out of 102) by DegS/DegU indicates
that this two-component regulatory system plays an important
role in regulating gene expression in cells that are continuously
growing under high-salinity conditions. The physiological im-
portance of the DegS/DegU system for the cellular adaptation
of B. subtilis to high salinity became even more apparent when
we analyzed the genes whose transcription is repressed by high
salinity (see below).

Lopez et al. (39, 40) have provided evidence that the prop-
erties of the B. subtilis cell wall change when cells are cultured
in a rich medium (Luria-Bertani medium) containing 1.5 M
NaCl, and it has been reported that expression of the structural
gene for the cell wall-associated protein WapA is strongly
decreased in the presence of 0.7 M disodium succinate (17)
(for Northern blot analysis of wapA, see Fig. 1). Among the
102 high-salinity-induced genes, we found 2 (yabE and yocH)
that encode putative cell wall binding proteins and 1 (yqiL)
that encodes a putative N-acetylmuramoyl-L-alanine amidase,
likely to be involved in peptidoglycan biosynthesis (Table 1).
Furthermore, expression of the genes for four transport pro-
teins (yfjQ, ypqE, yydI, and sunT) displayed induction by hy-
pertonicity (Table 1). Interestingly, the transcription of lspA,
the structural gene for the sole prolipoprotein signal peptidase
(type II) of B. subtilis (61), was increased 3.4-fold (Table 1),
while that of the type-I signal peptidase SipW, which has only
a minor role in protein secretion (61), was 5.5-fold repressed
(Table 2).

The genes induced by high salinity also encode additional
regulatory proteins (Table 1). These include RapG, a member
of the response regulator aspartate phosphatase gene family,
and the phosphatase regulatory peptide PhrG (50), but the
physiological functions of these two proteins have not yet been
elucidated. We also found substantial induction (sevenfold) of
the yhjM gene, which encodes a transcriptional regulator of the
LacI family, but it is currently unknown which genes are under
the control of this regulatory protein. Finally, mntR, which
encodes a transcriptional regulator of the manganese uptake
systems MntABCD and MntH (55), was found to be induced
(fourfold) in cells grown at high versus low salinity. MntR had
a dramatic effect in B. subtilis cells grown with 1.2 M NaCl and
an excess of iron (250 �M), where expression of the mntABCD
operon and the mntH gene were more than 20- and 10-fold
repressed, respectively.

For 53 of the 102 B. subtilis genes induced at high salinity
(Table 1), database searches revealed no significant homology
with proteins of known function. Such a large portion of pro-
teins with thus far undefined functions indicates that a signif-
icant part of the cellular and physiological adaptation reactions
of B. subtilis to high-salinity growth conditions is still unex-
plored.

High-salt-mediated gene repression. The presence of 1.2 M
salt in the growth medium not only induced gene expression
but also caused at least threefold repression of 101 B. subtilis
genes (Fig. 3 and Table 2). Strikingly, 38 of these 101 salt-
repressed genes are predicted to be involved in chemotaxis and

FIG. 1. Influence of high salinity and iron limitation on the expres-
sion pattern of the opuBC, yocC, feuA, and wapA genes. The sigB
mutant strain BLOB22 was continuously grown either in synthetic
medium with 5 �M FeCl3 and no extra NaCl added (control condi-
tion), in a medium without any extra NaCl or FeCl3 (iron limitation),
or in a high-salinity synthetic medium with 1.2 M NaCl and either 5
�M FeCl3 (high-salinity growth) or 250 �M FeCl3 (high-salinity
growth with excess iron). Total RNA was prepared from cultures of
each of the four different conditions as described in Materials and
Methods. RNA samples were electrophoretically resolved on denatur-
ing agarose gels and transferred to nylon membranes. RNA blots were
then hybridized with specific, digoxigenin-labeled probes internal to
the structural genes of feuA, opuBC, wapA, and yocC. Transcript sizes
were estimated based on the relative positions of appropriate size
markers.
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cell motility (Table 2 and Fig. 3). A first indication of the
repressing effect of high salinity on cell motility was obtained in
a recent proteome analysis, where it was found that the cellular
level of Hag, the structural protein of the flagellum, was dras-
tically reduced in cells cultured in the presence of 1.2 M NaCl
(28). In excellent agreement with the proteome study, tran-
scription of the hag gene was 21-fold reduced in cells grown at
high salinity (Table 2). Extending the proteome study, we now
show that salt repression is not confined to the hag gene: 36 of
the 56 known chemotaxis and motility genes (1) are repressed
by this environmental insult as well (Table 2). High-salinity-
mediated repression of chemotaxis and motility genes was not
significantly influenced by the iron concentration in the growth
medium (Table 2).

In B. subtilis, motility and chemotaxis genes have been
grouped into two classes that constitute a hierarchy of gene
expression (1). All genes belonging to the first class are local-
ized in a single 26-kb fla/che operon, expression of which is
critically dependent on a SigA-dependent promoter located
upstream of the first gene of the operon. Genes constituting
the second class are scattered in several operons on the B.
subtilis chromosome and require the alternative sigma factor
SigD for expression. High-salinity-mediated repression targets
both classes of chemotaxis and motility genes. The transcrip-
tional profiling experiments offer several hints why such a large
number of B. subtilis genes associated with chemotaxis and cell
motility are so strongly repressed under high-saline environ-
mental conditions. The GTP-binding protein CodY, which

functions as a nutrition-responsive repressor in B. subtilis (56),
appears to repress flagellin gene expression in response to the
availability of amino acids (44). CodY has been shown to bind
specifically to DNA fragments containing the promoters for
both the fla/che operon and the hag gene (1, 44), and we found
that expression of codY increased by a factor of approximately
2 in B. subtilis cells propagated at high salinity (see supplemen-
tal material). CodY-mediated reduction of fla/che operon ex-
pression might also partially account for the threefold reduc-
tion in sigD transcription observed at high versus low salinity
(Table 2). An additional level of control of chemotaxis and
motility gene expression might be exerted by the two-compo-
nent regulatory system DegS/DegU, since both SigD activity
and sigD expression are subject to control by the DegS/DegU
system (46, 48, 62). Inspection of the list of 101 high-salinity-
repressed genes (Table 2) revealed that 50 of them actually
belong to the currently defined DegS/DegU regulon (41, 49)
(Table 2), further supporting a physiologically relevant func-
tion of this two-component regulatory system in cellular adap-
tation to high salinity.

Consequently, the combined effects of the DegS/DegU-me-
diated decrease in cellular gene levels, the activity of the sigma
factor SigD, and the increased synthesis of the repressor CodY
might together accomplish the drastic reduction in chemotaxis
and cell motility gene expression observed in B. subtilis under
hypertonic growth conditions. Since such a large portion (38 of
101) of the salt-repressed genes is functionally associated with
chemotaxis and cell motility, we experimentally tested the ef-

FIG. 2. Influence of high salinity and iron limitation on the transcriptional pattern of the B. subtilis sigB mutant strain BLOB22. Log2 values
of the ratios between the normalized signal strength for the individual conditions and the signal strength from control cultures continuously grown
in synthetic medium with 5 �M FeCl3 and no extra NaCl added are plotted. (A) Iron limitation (no NaCl, no iron) (y axis) compared to high-salinity
growth (1.2 M NaCl, 5 �M iron) (x axis). (B) High-salinity growth (1.2 M NaCl, 5 �M iron) (y axis) compared to high-salinity growth in the presence
of excess iron (1.2 M NaCl, 250 �M iron) (x axis). The intensity ratios of all 4,107 genes represented on the Panorama B. subtilis DNA macroarrays
from Sigma Genosys Ltd. are represented by small, light shaded diamonds in the background. These data are not filtered to remove spurious
induction ratios; thus, light shaded background symbols displaying seemingly strong regulation are not statistically significant. The following groups
of genes are emphasized with specific symbols: members of the Fur regulon as described by Fuangthong et al. (22) (crosses), iron limitation-induced
genes (large open diamonds), and high-salinity-induced genes (large, dark shaded diamonds). Genes belonging to the Fur regulon and displaying
significant induction by iron limitation or high salinity are represented by diamonds with superimposed crosses.
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fect of high salinity on cell motility. The motility of B. subtilis
was strongly impaired when cells were grown on swarming
plates containing 1.2 M NaCl (Fig. 4), corroborating the find-
ings from the proteome (28) and transcriptional profiling (Fig.
3 and Table 2) studies.

The high-saline-repressed genes also included 11 genes
(wapA, dltABE, lytF, ywtD, yfiQ, yveKNO, and yvfC) that en-
code either proteins associated with the cell wall or enzymes
involved in peptidoglycan, lipoteichoic acid, or capsular poly-
saccharide synthesis, indicating that major changes in the cell
envelope take place when B. subtilis is cultivated under hyper-
tonic conditions. We also noted significant repression at high
salinity of the genes encoding the alternative transcription fac-
tor SigX, the transition state regulator Abh, and the MarR-
type family transcriptional regulator YxaD (Table 2). As with
the hypertonicity-induced genes, a significant portion (18 out
of 101) of the high-salinity-repressed genes encode proteins
whose functions are thus far undefined (Table 2).

Cellular response to salt shock. In natural settings, B. subtilis
might also encounter sudden changes in salinity. We therefore
performed time-resolved genome-wide transcriptional profil-

ing of cells that were grown in a minimal medium whose
salinity was suddenly increased by addition of 0.4 M NaCl. This
rather moderate increase in salinity was specifically chosen to
avoid the strong growth retardation that is associated with a
severe salt shock. We monitored the transcriptional pattern of
the B. subtilis strain BLOB22 (sigB) up to 6 h after the salt
shock, when cells started to enter the stationary phase (Fig.
5A).

Most of the B. subtilis genes did not display any significant
variation in their expression level following the imposition of
salt stress. Inspection of the response pattern of genes that
showed a significant change in expression revealed two distinct
classes (Fig. 5B): (i) genes that responded rapidly with an
increase or decrease in expression and then returned within a
very short time (20 min) to their preshock expression level and
(ii) genes whose expression responded more slowly to the salt
shock but did not rapidly return to the preshock level.

Even at the first time point (10 min) investigated after the
imposition of salt stress, the transcription of 75 genes was
increased (see supplemental material, Table 7), and that of 51
genes was decreased (see supplemental material, Table 8), by
a factor of at least 3. Of the 75 salt shock-induced genes, 31
could be assigned to the SigW regulon (15, 51, 69). Many of the
remaining members of the SigW regulon also responded to salt
shock but did not pass the threefold cutoff level adopted in this

FIG. 3. High-salinity-regulated transcription in B. subtilis. Shown
are log2 values of the ratios between the normalized signal strength in
cells grown at high salinity and the signal strength from control cul-
tures continuously grown in synthetic medium with 5 �M FeCl3 and no
extra NaCl added. High-salinity growth (1.2 M NaCl, 5 �M iron) (y
axis) is compared to high-salinity growth in the presence of excess iron
(1.2 M NaCl, 250 �M iron) (x axis). The intensity ratios of all 4,107
genes represented on the Panorama B. subtilis DNA macroarrays from
Sigma Genosys Ltd. are represented by small, light shaded diamonds
in the background. These data are not filtered to remove spurious
induction ratios; thus, light shaded background symbols displaying
seemingly strong regulation are not statistically significant. The follow-
ing groups of genes are emphasized with specific symbols: genes whose
products are predicted to be involved in chemotaxis or motility (cross-
es) (1), true high-salinity-induced genes (large, dark shaded diamonds)
(see Table 1), and genes repressed by high salinity (open circles) (see
Table 2). Genes with a potential function in chemotaxis or motility that
display significant repression by high salinity are represented by circles
with superimposed crosses.

FIG. 4. Influence of high salinity on motility of B. subtilis. The B.
subtilis wild-type strain 168 was inoculated onto swarming plates with-
out or with 1.2 M NaCl. After growth at 37°C overnight, plates were
inspected for swarming capability.
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study. Induction of the whole SigW regulon was almost com-
pletely shut off 20 min after salt shock (Fig. 5C). Among the
rapidly induced genes were those encoding transporters
(OpuA, OpuB, and OpuC) for osmoprotectants and enzymes
mediating the synthesis of the compatible solute proline
(ProHJ). The response of these genes to salt shock differed
from the pattern described above in that their expression re-
mained elevated throughout the time course of the experiment
(Fig. 5D and E). This continued elevated expression is consis-
tent with the physiological function of these genes, since grow-
ing salt-shocked cells need to replenish their compatible solute
pools (11). The list of genes discovered to be induced imme-
diately following salt shock is also in good agreement with the
data from a recent transcriptional profiling study reported by
Petersohn et al. (51). Of the 64 genes assigned by those authors
to the group of salt-specific but SigB-independent stress genes,
45 were confirmed in this study.

A distinct group of 41 genes exhibited longer-lasting induc-
tion following the imposition of moderate salt stress (Fig. 5E).
The products of these genes are either involved in the uptake
or synthesis of compatible solutes (see above) or largely rep-
resent proteins involved in the development of competence
(see supplemental material, Table 9) (19). Induction of these
genes was somewhat unexpected. Although induction is ob-
served while the B. subtilis cells are still growing, we cannot
exclude the possibility that it is related to higher cell density
and/or the upcoming stationary phase (Fig. 5A).

The repression of 51 genes immediately after the addition of
0.4 M salt (Fig. 5F) most likely reflects a reduced need for
intermediates in metabolism caused by the reduction in
growth. This notion is supported by the observation that 29 of
these genes encode enzymes involved in amino acid or vitamin
biosynthesis and an additional 4 participate in ATP generation
(see supplemental material, Table 8). Repression of the ma-
jority of the 51 genes is rapidly relieved, presumably because
the moderate shock exerted by the addition of 0.4 M NaCl
caused only short growth retardation (Fig. 5A). Due to the
moderate strength of the salt shock, we did not observe genes
displaying a lasting significant repression of their transcription.

Conclusions. In natural settings, high salinity is an important
abiotic factor that determines the growth and survival of B.
subtilis. As a bacterium that inhabits the upper layers of soil, B.
subtilis is exposed to sustained drought-mediated increases in
salt concentration and is also washed off into the sea. Conse-
quently, bacilli are frequently found in coastal waters and es-
tuarine saline sediments (8, 54). While the moderate salt shock
employed in this study provoked only a short, transient change
in the expression pattern, continuous propagation of the cells
in a medium with 1.2 M NaCl had profound effects on their
transcriptional profile. Approximately 5% of the 4,107 protein-
encoding genes differed significantly in their expression (at
least threefold) between high- and low-salinity-grown cells.
Fifty percent of the 102 hypertonicity-induced genes have not
yet been assigned biochemical functions, and determining their
role in the adaptation to high-salinity surroundings remains a
challenge for future studies. The proportion of genes with
unassigned functions is much smaller within the group of 101
hypertonicity-repressed genes, since genes associated with che-
motaxis and motility are prevalent within this group. The ob-
servation that cell motility is severely impaired at high salinity

FIG. 5. Influence of salt shock on the transcriptional profile of B.
subtilis. The sigB mutant strain BLOB22 was grown in synthetic me-
dium (SMM) with 5 �M FeCl3. During exponential growth cells were
exposed to salt shock (final NaCl concentration, 0.4 M), and total RNA
was prepared from samples collected 10 min prior to and at various
time points after the imposition of salt stress. Radioactively labeled
cDNA prepared with these RNA samples as templates was hybridized
to Panorama B. subtilis DNA macroarrays from Sigma Genosys Ltd.,
and signal intensities were determined as described in Materials and
Methods. The figure displays the induction and repression ratios be-
tween the normalized signal strength in salt-shocked cells and the
signal strength from control cultures 10 min prior to the addition of
NaCl. (A) Bacterial growth in SMM. (B) Expression pattern of all B.
subtilis genes displaying significant expression on the Panorama DNA
macroarrays under the conditions investigated. (C) Influence of salt
shock on the expression of the SigW regulon (15, 51, 69). Shaded lines,
members of the SigW regulon; solid lines, transcription patterns of
yuaG and yvlB. (D) Induction of genes and operons involved in the
uptake (opuA, opuB, opuC, opuD, and opuE) and synthesis (proHJ) of
compatible solutes. (E) Shaded lines, genes with prolonged induction;
solid lines, two representative examples (comEA and proH). (F) Genes
repressed by salt shock. Shaded lines, the 51 genes showing significant
repression immediately after addition of 0.4 M NaCl to cultures. Solid
lines, two genes (argJ and lysC) encoding products involved in amino
acid biosynthesis.
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is certainly interesting; however, its physiological relevance in
natural settings remains unexplained at present.

Only a small portion of the genes that are immediately
induced or repressed by salt shock also displayed significant
differences in cells continuously cultivated at low or high sa-
linity. This observation indicates that salt shock and continuous
growth at high salinity require quite different adaptation reac-
tions by B. subtilis cells.

The DegS/DegU two-component regulatory system has pre-
viously been implicated in the genetic control of salt-mediated
induction (sacB) and repression (aprE and wapA) of gene
expression (17, 37) and in the development of osmostress re-
sistance (58, 59). Substantial fractions of the groups of genes
induced (20 of 102 genes [Table 1]) and repressed (50 of 101
genes [Table 2]) in cells continuously grown under high-salinity
conditions seem to belong to the DegS/DegU regulon (41, 49),
suggesting an important physiological function for the DegS
sensory kinase and the DegU response regulator in sensing salt
stress and transmitting this environmental signal to the tran-
scriptional apparatus of the cell. The cytosolic location of DegS
(47) implies that this sensor kinase perceives a intracellular
signal elicited by growth of the cells in high-salinity media.
Future studies must unravel the molecular mechanism of this
high-salt perception by DegS and the physiological role of
DegS/DegU-controlled genes in the adaptation of B. subtilis
cells to high salinity.
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IV. Unpublizierte Ergebnisse

4.1. RsbV-unabhängige Induktion des SigB-abhängigen generellen 

Stressregulons in B. subtilis während des Wachstums bei hoher 

Temperatur (in press)

4.1.1. Die Hitzeschockantwort in B. subtilis

Bodenorganismen sind in ihrem Habitat oft einem starken und schnellen Anstieg der 

Umgebungstemperatur ausgesetzt. Um ein Überleben eines solchen Hitzeschocks zu 

gewährleisten haben alle Organismen vom Tier, über die Pflanze, bis hin zum Bakterium 

Abwehrmechanismen entwickelt (MORIMOTO, et al., 1990). Das Hitzeschock-Stimulon in 

B. subtilis besteht, neben der generellen Stressantwort, aus vier weiteren Gruppen oder 

Klassen.

Die erste Gruppe sind die Gene der Klasse I, welche bei 37°C durch den aktiven 

Repressor HrcA reprimiert werden. Zum HrcA-Regulon gehören das dnaK-Operon und das 

groESL-Operon, bei deren Genprodukten es sich um Chaperone handelt. Die bei einem 

Hitzeschock anfallenden falsch gefalteten Proteine werden mit ihrer Hilfe in die richtige 

Konformation zurückgefaltet. Eine Belastung der Zelle durch die Akkumulation und 

Aggregation von falsch gefalteten Proteinen wird so verhindert und ein weiteres Wachstum 

ermöglicht (YURA, et al., 2000; SCHUMANN, et al., 2002). Das HrcA-Protein neigt zur 

Aggregation und damit zur eigenen Inaktivierung. Nur die kontinuierliche Rückfaltung von 

HrcA durch GroE in den aktiven Zustand gewährleistet die Aktivität des Repressors in der 

Zelle (MOGK, et al., 1997). Der aktive Repressor HrcA bindet an die vor den Genen 

lokalisierte regulatorische Sequenz, an das CIRCE-Element (Controlling Inverted Repeat of 

Chaperone Expression) (ZUBER & SCHUMANN, 1994; SCHULZ & SCHUMANN, 1996). Vor den 

ersten Genen des dnaK- und des groESL-Operons, hrcA und groE, liegt neben dem CIRCE 

Element ein SigA-abhängiger Promotor, welcher eine Basalexpression bei 37°C 

gewährleistet. Bei 37°C wird HrcA von dem Chaperon GroE in eine aktive Form überführt, 

welche an die CIRCE-Elemente binden kann. Das Auftreten falsch gefalteter Proteine 

während eines Hitzeschocks führt zur Senkung der Konzentration an freiem GroE und somit 

zu Steigerung der Konzentration an inaktivem HrcA. Das Gleichgewicht verschiebt sich, die 

CIRCE-Elemente sind nicht mehr von HrcA besetzt und die Transkription des HrcA-Regulons 

findet statt.  
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Die Klasse II der Hitzeschockgene besteht aus Genen, die der Kontrolle des 

alternativen Sigmafaktors SigB unterliegen. Die transiente Induktion der generellen 

Stressantwort nach Einwirkung einer Reihe verschiedener Stimuli erlaubt der Zelle eine 

präventive Adaptation an eine Vielzahl von Umweltbedingungen (PRICE, 2000; HECKER & 

VÖLKER, 2001). 

Die Hitzeschockgene der Klasse III sind teilweise ebenfalls SigB-abhängig, werden 

zudem aber von CtsR kontrolliert (KRÜGER & HECKER, 1998; DERRE, et al., 1999b). Das CtsR 

kodierende Gen ist das erste Gen im clpC-Operon, welches sowohl einen SigA- als auch 

einen SigB-abhängigen Promotor besitzt (DERRE, et al., 1999b). Das CtsR-Protein besteht 

aus drei unterschiedlichen funktionellen Domänen, ein Helix-Turn-Helix Motiv zur Bindung an 

die DNA, eine Dimerisierungsdomäne und eine glycinreiche Region, welcher die 

Temperaturwahrnehmung zugeschrieben wird. Das Dimer bindet an eine 

Konsensussequenz aus zwei Heptanukleotiden und verhindert die Transkription des CtsR-

Regulons (DERRE, et al., 1999b; DERRE, et al., 1999a). Bei 37°C wird CtsR durch das Protein 

McsA stabilisiert und erlaubt eine Bindung an die DNA. Unter Hitzestressbedingungen wird 

der Repressor CtsR durch McsB phosphoryliert und verliert die Fähigkeit, an die DNA zu 

binden. Der Repressor ist markiert und wird der Proteolyse durch die Protease ClpCP 

zugeführt (KRÜGER, et al., 2001). Diese Protease ist auch bei 37°C für den „turnover“ des 

Repressors verantwortlich, denn in einer clpP-Mutante akkumuliert CtsR unter 

Nichtstressbedingungen (DERRE, et al., 2000). Die durch CtsR regulierten Gene clpP, clpE

und clpC kodieren für Untereinheiten der Clp-Proteasen. Die Repression durch CtsR ist bei 

clpE stark, im Falle von clpC mittel und eher schwach bei clpP (GERTH, et al., 2004). Neben 

der Regulation der Clp-Proteasen durch SigB und CtsR gibt es Hinweise auf eine 

Feinabstimmung der Aktivität der verschiedenen Proteasekomplexe, ihrer 

Zusammensetzung und ihrer Expression auf transkriptionaler, posttranskriptionaler und 

posttranslationaler Ebene. Anscheinend wird die bei 37°C vornehmlich aktive ATPase-

Untereinheit, ClpX, in der Hitze durch ClpC ersetzt (GERTH, et al., 2004). Die Rolle der Clp-

Proteasen ist mannigfaltig, sie sind in viele Regulationsnetzwerke der Zelle involviert. Neben 

dem Abbau falschgefalteter Proteine nach Hitze oder Pyromycingabe wirken sie auf die 

Sporulation durch die Stimulation der SigH-abhängigen Expression (LIU & ZUBER, 2000) und 

den Abbau von SpoIIAB (PAN, et al., 2001). Sie sind über ComK, MecA und ComS an der 

Ausbildung der Kompetenz beteiligt. Die durch ComK verstärkte Expression des Gens flgM,

welches für den Antisigmafaktor von SigD kodiert, hat Auswirkungen auf die Motilität, 

Chemotaxis und die Autolysin-Synthese (LIU & ZUBER, 1998). clpC- und clpP-Mutanten

zeigen demnach auch ein filamentöses Wachstum, eine eingeschränkte Motilität und einen 

Defekt in der Sporulationsinitiation (MSADEK, et al., 1994; KRÜGER, et al., 1994). 
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Die jüngste Gruppe ist die Klasse IV der Hitzeschockgene, ihre Mitglieder stehen unter 

der Kontrolle des Zweikomponentensystems CssRS, welches zuvor mit der Verarbeitung von 

sekretorischem Stress nach einer Überproduktion von -Amylase in Zusammenhang 

gebracht wurde (HYYRYLAINEN, et al., 2001). Beide Stressarten, Hitze und sekretorischer 

Stress, zeichnen sich durch die Akkumulation von falsch gefalteten Proteinen aus. Während 

nach einem sekretorischen Stress die falsch gefalteten oder denaturierten Proteine eher in 

der Membran lokalisiert sind, liegen sie nach Hitzestress im Cytosol vor. Es konnte gezeigt 

werden, dass die Gene htrA (ykdA) und htrB (yvtA) unter Hitzestress von CssRS kontrolliert 

werden. Sie kodieren für putative membrangebundene Proteasen, welche HtrA aus E. coli

ähneln. Die Induktion von cssR und cssS selbst ist interessanterweise nur nach 

sekretorischem Stress zu beobachten und lässt eine unterschiedliche Wahrnehmung von 

falsch gefalteten Proteinen der Membran und im Cytosol vermuten (DARMON, et al., 2002). 

Eine weitere Gruppe von Hitzeschockgenen, die Klasse V, unterliegt nicht der Kontrolle 

durch die Regulatoren HrcA, CtsR, SigB oder CssRS, zeigt aber dennoch eine Induktion bei 

Hitze. Vertreter dieser durchaus diversen Gruppe sind htpG, lonA , ftsH und clpX.

Das Gen htpG ist nicht essentiell für das Wachstum und Überleben bei hoher 

Temperatur. Dennoch zeigt es eine 10-fache Induktion der Expression in der Hitze 

(SCHUMANN, et al., 2002). Es konnte gezeigt werden, dass eine DNA-Sequenz oberhalb 

seines SigA-Promotors zur Hitze-Induzierbarkeit von htpG notwendig ist. Weiterhin wurde 

gezeigt, dass htpG nicht durch den Temperaturunterschied, sondern durch die hohe 

Temperatur selbst induziert wird und eine erhöhte Konzentration falschgefaltete Proteine 

keine Induktion bewirkt (VERSTEEG, et al., 2003). 

Die durch lonA kodierte Protease ist an der Degradation von SigH unter Säurestress-

Bedingungen beteiligt (LIU, et al., 1999). Während der Sporulation beeinflusst LonB die 

Akkumulation und Aktivität des vorsporenspezifischen Sigmafaktors SigG (SCHMIDT, et al.,

1994). Neben der Induktion durch Hitze ist auch eine moderate Induktion durch Salz in 

Komplexmedium beobachtet worden, welche in synthetischem Medium und nach 

Pyromycingabe jedoch nicht auftrat (RIETHDORF, et al., 1994). 

Das Gen ftsH kodiert eine Zn2+-abhängige Metalloprotease, welche während der 

Sporulation im asymmetrisch gebildeten Vorsporenseptum und in der die Spore 

umschließenden Membran lokalisiert ist. Mutanten zeigen neben einem filamentösen 

Wachstum und einem Sporulationsdefekt eine erhöhte Salz- und Hitzesensibilität 

(DEUERLING, et al., 1997; ZELLMEIER, et al., 2003). 
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4.1.2. Darstellung der erhaltenen Befunde

In der vorliegenden Arbeit konnte gezeigt werden, dass in kontinuierlich in der Hitze 

nahe ihrem Temperaturmaximum kultivierten Bacillus-Zellen eine Induktion des SigB-

Regulons stattfindet. Diese Hitzeinduktion des SigB-Regulons benötigt die Phosphatase 

RsbU, welche unter Umweltstressbedingungen die Dephosphorylierung von RsbV~P 

bewerkstelligt, jedoch nicht die Phosphatase RsbP, welche bei metabolischem Stress aktiv 

wird. Diese RsbU-Abhängigkeit der SigB-Induktion im Wildtyp wird durch das zusätzliche 

Fehlen von RsbV aufgehoben. Das Fehlen von RsbV führt, mit oder ohne RsbU, sogar zu 

einer Hyperinduktion der SigB-Antwort. Die beobachtete Induktion ist nicht etwa transient wie 

nach einem Hitzeschock, sondern ähnlich der Induktion in der Kälte lang anhaltend. Trotz 

der fehlenden Induktion des SigB-Regulons besitzt eine sigB-Mutante keinen 

Wachstumsdefekt in der Hitze, weil vermutlich die SigB-unabhängigen Hitzeschockproteine 

genügend Schutz vermitteln. Diese Befunde machen deutlich, dass das aktuelle Verständnis 

der Regulation der SigB-Aktivität noch unvollständig ist. Unter kontinuierlichen 

Hitzestressbedingungen existiert scheinbar eine von RsbV unabhängige Signaltransduktion 

zu SigB. 
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ABSTRACT

General stress proteins protect Bacillus subtilis cells against a variety of environmental 

insults. This adaptive response is particularly important for non-growing cells to which it 

confers a multiple, non-specific and preemptive stress resistance. Induction of the general 

stress response relies on the alternative transcription factor SigB, whose activity is controlled 

by a partner switching mechanism that also involves the anti-sigma factor RsbW and the 

antagonist protein RsbV.  Recently, the SigB regulon has been shown to be continuously 

induced and functionally important in cells actively growing at low temperature. With the 

exception of this chill induction, all SigB-activating stimuli identified so far trigger a transient 

expression of the SigB regulon that depends on RsbV. Through a proteome analysis, Northern 

blot and gene fusion experiments we now show that the SigB regulon is continuously induced 

in cells growing actively at 51°C, close to the upper growth limit of B. subtilis. This heat 

induction of SigB-dependent genes requires the environmental stress-responsive phosphatase 

RsbU, but not the metabolic stress-responsive phosphatase RsbP. RsbU dependence of SigB 

activation by heat is overcome in mutants that lack RsbV. In addition, loss of RsbV alone or 

in combination with RsbU triggers a hyperactivation of the general stress regulon exclusively 

at high temperature that is detrimental for cell growth. These new facets of heat induction of 

the SigB regulon indicate that the current view of the complex genetic and biochemical 

regulation of SigB activity is still incomplete and that SigB perceives signals independent of 

the RsbV-mediated signal transduction pathways under heat stress conditions. 
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INTRODUCTION

In its natural habitats, Bacillus subtilis often faces hostile conditions that limit or 

prevent cell growth. Prevalence and proliferation of the bacterial cells require the constant 

monitoring of the environmental conditions and the mounting of appropriate genetic and 

cellular defense reactions (33, 51). B. subtilis is well known for its ability to form highly 

resistant endospores as a measure of last resort, thereby allowing survival of part of the 

bacterial population for extended time periods even under extreme conditions (44).  The 

synthesis of stress proteins constitutes another route for cellular adaptation to unfavorable 

conditions. While stress specific proteins defend the cell against particular environmental 

insults such as osmotic (12) or oxidative stress (26), there is increasing evidence that general 

stress proteins provide cellular protection against a variety of environmental insults (24, 39). 

In B. subtilis, synthesis of these general stress proteins is controlled by the alternative 

transcription factor SigB (8, 11, 22, 47). The SigB-dependent general stress regulon 

comprises approximately 150 members (3, 25, 38, 40), and its induction affords cells with a 

multiple, non-specific and preemptive stress resistance (4, 20, 21, 48). 

 The activity of the sigma factor SigB is subjected to a tight biochemical regulation to 

(i) suppress the expression of the SigB regulon under non-stress conditions and (ii) allow 

rapid induction of the whole regulon following the imposition of diverse stresses (24, 39). 

During exponential growth at 37°C, where increased levels of general stress proteins are not 

required, the activity of SigB is inhibited by binding to its primary regulatory protein, the anti-

sigma factor RsbW (Fig. 1), thereby preventing SigB´s association with core RNA 

polymerase (5).  Release and thus activation of SigB from this inhibitory RsbW/SigB 

complex requires the activity of the antagonist protein RsbV that is capable of forming an 

alternative complex with RsbW (18). This partner switching of RsbW critically depends on 

the phosphorylation state of RsbV (1, 18). During growth, RsbV is rapidly phosphorylated 

and thereby inactivated by the kinase activity of the anti-sigma factor RsbW. After exposure 

to stress, RsbV is dephosphorylated by one of two specific PP2C-type phosphatases (RsbU 

and RsbP) (46, 53), allowing binding of RsbV to RsbW and thereby disruption of the 

inhibitory RsbW/SigB complex (Fig. 1).  

SigB-activating stimuli can be allocated to two different groups based on the 

utilization of either the RsbU or RsbP phosphatases. Sudden environmental stresses such as 

osmotic or thermal upshift and exposure to ethanol activate the RsbU phosphatase (Fig. 1) via 

the action of additional regulatory proteins (e.g. RsbR, RsbS, RsbT and RsbX) (53).  

Metabolic stresses such as limitation of glucose, phosphate or oxygen, in turn, are thought to 
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activate the RsbP phosphatase (46). Each of these signals triggers a transient 

dephosphorylation of RsbV~P (46, 49, 53) and the concomitant transient induction of the 

SigB-dependent general stress regulon (11, 50). This already complex picture of the control of 

SigB activity was further complicated by the recent finding that continued growth of B. 

subtilis in the cold triggers a long-lasting induction of the SigB regulon independently of the 

antagonist protein RsbV and the phosphatases RsbU or RsbP (Fig. 1) (13). 

One of the environmental cues that transiently induces the SigB regulon is a heat 

shock from 37°C to 48°C (8, 11, 47). Pre-adaptation through a moderate heat shock (48°C) 

provides wild-type cells with a resistance against a strong heat challenge (54°C) that is largely 

lost in a sigB mutant (48). However, sigB mutants still display a considerable degree of 

inducible heat resistance that depends on the induction of other classes of heat shock genes 

(43). The heat shock stimulon of B. subtilis (25) comprises besides the SigB regulon at least 

four other groups of heat shock genes: (i) the HrcA regulon encoding the GroESL and DnaK-

GrpE-DnaJ chaperones (42), (ii) the CtsR regulon coding for the proteases/chaperones of the 

Clp family (ClpP, ClpC, ClpE) (17, 31), (iii) the CssRS-controlled htrA and htrB genes (16) 

and (iv) a diverse group of heat shock genes including htpG, lonA, ftsH and clpX for which no 

genetic control mechanism has been elucidated yet (43).  In addition to the changes in gene 

expression that occur subsequent to a heat shock (25, 38), uptake of compatible solutes such 

as glycine betaine can also provide thermoprotection to B. subtilis cells propagated close to 

their upper growth limit of 52°C (29). 

In contrast to all other SigB-activating stimuli observed so far, growth of B. subtilis in

the cold (15°C) triggered a delayed but long-lasting induction of the entire SigB regulon that 

does not depend on the antagonist protein RsbV (13). These observations raise the question 

whether a similar atypical induction of the SigB-dependent general stress response also occurs 

when cells are propagated close to the maximal growth temperature of B. subtilis. In this 

report, we show that the SigB regulon is induced in cells that are exponentially growing at 

51°C. Like the previously observed chill induction (13), heat induction of the SigB regulon 

does not depend on the key regulatory protein RsbV. In contrast, a hyperinduction of the 

entire general stress regulon is observed in mutants lacking RsbV. 
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MATERIALS AND METHODS 

Bacterial strains, media and growth conditions. The experiments conducted in this 

study were performed with the B. subtilis strain 168 (33) or isogenic mutant derivatives of this 

wild-type strain (Table 1). The chromosomal gsiB-bgaB reporter gene fusion was transferred 

into the B. subtilis 168 strain background or its derivatives by transformation (15). The 

parental gene fusion strain BSM52 and the resulting derivatives are listed in Table 1. Bacteria 

were routinely grown under vigorous agitation (220 rpm) in Spizizen´s Minimal Medium 

(SMM) with 0.5 % (wt/vol) glucose as the carbon source, L-tryptophane (20 mg/liter) and a 

solution of trace elements (23). Pre-cultures of B. subtilis strains were inoculated from 

exponentially growing overnight cultures propagated in SMM to a final optical density (OD) 

at 578 nm of 0.1. These pre-cultures were allowed to grow to an OD578 of 0.5, diluted to an 

OD578 of 0.1 and subsequently transferred to the higher growth temperatures indicated in the 

individual experiments.  Ethanol stress was imposed onto the cells during exponential growth 

by the addition of ethanol to a final concentration of 4 % (vol/vol). For drug resistance 

selection in B. subtilis, antibiotics were used at the following final concentrations: 

chloramphenicol at 5 µg/ml, spectinomycin at 200 µg/ml, kanamycin at 20 µg/ml, and 

erythromycin at 1 µg/ml.  

RNA isolation and Northern Blot analysis. Total RNA was isolated from B. subtilis

cells exponentially growing (OD578 of 0.5 to 1.0) at 37°C or 51°C by the acid-phenol method 

(2, 34) with the modifications introduced by Völker et al. (47). Aliquots of the total RNA (4 

µg) were used for the Northern blot analysis of the expression profile of gsiB. Digoxygenin 

(DIG)-labeled anti-sense RNA probes were generated by in vitro transcription using a StripEZ 

kit (Ambion, Inc., Woodward, TX, USA) and a gene-specific PCR product as the template. In 

the PCR reaction with chromosomal DNA prepared from the B. subtilis strain 168, one of the 

DNA primers carried the sequence of the T7 promoter (gsiB-for: 5´- 

GAGACCCGGGTTTTGTTTGTTTAAAAGAATTG-3´, gsiB-rev: 5´-

TAATACGACTCACTATAGGGAGGTCGTTGTTGCGGGCGT-3´).  The PCR fragment 

was subsequently used for in vitro RNA synthesis with commercially available T7 RNA 

polymerase (Ambion, Inc., Woodward, TX, USA), yielding a hybridization probe internal to 

the gsiB gene of 469 nt. Denaturing RNA electrophoresis on agarose gels, RNA transfer by 

diffusion onto a Nylon membrane (NY13N; Schleicher & Schuell, Dassel, Germany), 

hybridization to gene-specific probes and signal detection were performed as described by 

Holtmann et al. (28). 



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Unpublizierte Ergebnisse

- 99 -

2-DE. Crude protein extracts for the separation by two-dimensional protein gel 

electrophoresis (2-DE) were prepared from 200-ml cultures grown in 2-liter flasks to an 

OD578 of 0.6.  High-resolution 2-DE with immobilized pH gradients (pH 4 to 7) in the first 

dimension was performed as previously described (27). Analytical gels were stained with 

silver nitrate according to Blum et al. (10). After scanning, analysis and quantification of the 

2-DE gels images were performed with the Delta 2D software package (Decodon GmbH, 

Greifswald, Germany). Subsequent to the matching of the gel sets, the background intensity 

of all spots was substracted and relative spots volumes (background corrected fraction of total 

spot intensity on the gel contained in the individual spot) between cultures grown at 37°C and 

51°C were compared. Proteins were considered to be repressed or induced when their relative 

spot volume changed at least four-fold between the cultures grown at 37°C or 51°C. Two 

separate gels of each condition were analyzed, and only changes in the protein pattern passing 

the cut-off criterion on both parallels were considered significant. Proteins were identified by 

peptide mass fingerprinting as previously described (27) or by comparison with the master gel 

of B. subtilis 168 (http://microbio1.biologie.uni-greifswald.de/sub2d.htm) (14).

Western blot analysis. The Western blot analysis was carried out as described 

previously (7, 50). The monoclonal antibodies raised against RsbS, RsbV, RsbW, SigB and 

RsbX have been described (7, 18, 19).

Determination of BgaB activity. In this set of experiments a ß-galactosidase gene 

(bgaB) from B. stearothermophilus whose product (BgaB) is stable at high temperature was 

used (41). For the determination of ß-galactosidase activity of gsiB-bgaB fusion strains (Table 

1), cultures were propagated as described above. At appropriate time points, 1-ml aliquots 

were harvested by centrifugation in a Heraeus table-top centrifuge at 4°C. Cells were 

resuspended in 800 µl of modified Z-buffer (41) and permeabilized by adding of  10 µl of 

toluol; ß-galactosidase enzyme activity was then assayed at 52°C as previously described 

(41). BgaB activity is given in units according to Miller (37). 
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RESULTS

High-temperature induction of the SigB-dependent general stress regulon. 

Brigulla et al. (13) recently reported that continued growth of B. subtilis in the cold (15°C) 

triggers a long-lasting induction of the SigB-controlled general stress regulon.  This study 

challenged the belief that induction of the general stress regulon is only a transient response to 

various environmental stresses (24, 39) and it raised the question whether long-term induction 

also occurred as a response to heat stress. A sudden temperature up-shift from 37°C to 48°C is 

known to transiently induce the SigB regulon (8, 11, 47), but how the SigB regulon responds 

to cultivation of B. subtilis close to its maximal growth temperature of 52°C has not yet been 

addressed (29). High-resolution two-dimensional protein gel electrophoresis (2-DE) is a 

convenient tool to monitor changes in the protein synthesis profile of the cells on a global 

scale (9). We therefore carried out a comparative proteome analysis of cultures of B. subtilis

168 propagated at 37°C or 51°C, and these experiments revealed extensive temperature-

dependent differences in the cytosolic protein profile with more than 128 repressed and 72 

induced proteins at 51°C (data not shown). These changes included increased levels of well-

known SigB-dependent general stress proteins such as GsiB, Dps, Ctc, SigB, KatE, YfkM and 

YkzA at 51°C (Fig. 2). Hence, continued growth at 51°C prompts the induction of the SigB 

regulon, and, as expected, this phenomenon was not observed in a sigB mutant (Fig. 2). 

 As noted above, induction of proteins at high growth temperature was not confined to 

members of the SigB regulon but also included increased production of other typical heat 

shock proteins such as DnaK, GrpE, GroEL, GroES and HtpG (Fig. 2). Consistent with the 

their previously published induction pattern (43), these proteins remained induced in a sigB

mutant (Fig. 2B). Notably, the amount of the heat shock proteins ClpP and ClpC that are 

under the dual control of the CtsR repressor and SigB (17, 31)  increased only in the high-

temperature-grown cells of the wild-type but not of the sigB mutant (Fig. 2).

High-temperature regulation of the sigB operon. SigB, its main regulatory proteins 

RsbW and RsbV, the phosphatase RsbU, and four additional regulatory proteins (RsbR, RsbS, 

RsbT and RsbX) are encoded within the sigB operon (rsbR-rsbS-rsbT-rsbU-rsbV-rsbW-sigB-

rsbX). Basal levels of the sigB operon products are mainly provided by transcription initiating 

at a vegetative promoter positioned upstream of the rsbR gene  (30, 52). A second SigB-

dependent promoter located between rsbU and rsbV is induced by all SigB-activating  

environmental and metabolic stimuli described thus far (13, 24, 39), thereby accounting for an 

amplification of the SigB-mediated general stress response (8, 11, 13). The proteome 

experiments described above (Fig. 2) demonstrate that the SigB regulon is induced in cells 
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cultured at 51°C. Therefore, one would predict that the RsbV, RsbW, SigB and RsbX proteins 

are synthesized in increased amounts in cells growing exponentially at 51°C in comparison to 

cells cultivated at 37°C. To test this prediction experimentally, we used a set of monoclonal 

antibodies directed against these proteins in Western blot analysis of crude protein extracts 

prepared from B. subtilis 168 cultures grown either at 37°C or 51°C.  As a control, we used a 

monoclonal antibody directed against RsbS, which is also encoded by the sigB operon but 

whose gene is located upstream of the SigB-dependent promoter. Thus, the cellular levels of 

RsbS do not respond to SigB activity and should not increase during heat stress. As 

documented in Fig. 3, growth of the cells at 51°C triggered an increase in the levels of RsbV, 

RsbW and SigB similar to that observed after a 60 min exposure to 4% ethanol (vol/vol), a 

well-known strong inducer of the SigB regulon (11, 50). This increase was almost completely 

abolished in a sigB mutant. Residual low level SigB-independent increases in the level of 

RsbV and RsbW by heat shock have been observed before (50).   Neither ethanol nor heat 

stress significantly influenced the level of the control protein RsbS (Fig. 3). Thus, this 

Western blot analysis supports the initial observation of the proteome study of a high-

temperature-mediated increase in the level of SigB, the master regulator of the general stress 

response, and its main regulatory proteins RsbW and RsbV. 

High temperature regulation of the sigB operon products in mutants lacking 

SigB regulatory proteins. Heat shock has been shown to induce the SigB regulon via the 

environmental branch of the signal transduction pathway that is dependent on a functional 

RsbU protein (50). Disruption of the rsbP gene did not prevent heat induction of SigB and its 

main regulators (RsbV, RsbW), whereas insertional inactivation of rsbU alone or in 

combination with an rsbP mutation almost completely abolished the accumulation of SigB, 

RsbV and RsbW in cells growing actively at 51°C (Fig. 3). With the exception of the chill 

induction of the SigB regulon (13), all SigB-activating stimuli depend on an intact RsbV 

protein to elicit the induction of the general stress regulon (24, 39). We now observed, that 

RsbV was not required for heat induction of either RsbW, SigB or RsbX (Fig. 3). 

Surprisingly, heat induction of these proteins occurred in an rsbUV double mutant, and their 

increased levels were even manifested in an rsbPUV triple mutant (Fig. 3). Thus, RsbU seems 

to be essential for heat induction of sigB operon products in the presence of RsbV, but is not 

required in cells carrying the rsbV312 frameshift allele thus lacking RsbV.   

Hyperinduction of the SigB-dependent gsiB gene in an rsbV312 mutant. The 

Western blot analysis already provided hints for a hyperinduction of sigB operon products in 

strains lacking RsbV (Fig. 3). To investigate this phenomenon further we carried out a 
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Northern blot analysis of the gsiB gene, whose transcription is exclusively driven by a SigB-

dependent promoter and is therefore a suitable reporter for SigB activity in the cell (35). The 

gsiB gene was induced in cells cultured at 51°C, and this induction was prevented in a sigB

mutant (Fig. 4). A much stronger accumulation of the gsiB transcript was detected in rsbV312

mutant cells grown at 51°C than in a wild-type (Fig. 4). This strong transcription of the gsiB

gene, however, was strictly confined to the high growth temperature because there was no 

gsiB transcript detectable when the cells were grown at 37°C. The Northern blot analysis of 

gsiB thus provides strong evidence that RsbV is not necessary for high-temperature induction 

of SigB-dependent genes. On the contrary, its loss leads to hyperactivation of SigB. 

Hyperinduction of the whole SigB regulon in an rsbPUV triple mutant at 51°C was also 

observed in the proteome analysis (Fig. 2B). 

High-temperature induction of the gsiB gene is restricted to a narrow 

temperature range. A strain carrying a chromosomal gsiB-bgaB reporter gene fusion was 

pre-cultured at 37°C. Subsequent propagation of the cells was continued in a range of 

temperatures between 37°C and 51°C. This experiment was carried out to determine the 

growth temperature above which SigB is permanently released from its negative regulation by 

the anti-sigma factor RsbW. Expression of the gsiB-bgaB fusion remained repressed in cells 

that were cultivated between 37°C and 47°C  (Fig. 5). At 49°C transcription of the reporter 

gene fusion was induced in the wild-type strain, and the level of induction was further 

increased when the cells were grown at 51°C (Fig. 5). Fully consistent with the Northern blot 

analysis of the gsiB transcript in temperature-challenged cells (Fig. 4), we observed a 

hyperinduction of the gsiB-bgaB transcription in strains that lack RsbV alone or that are 

simultaneously defective in the PP2C-type phosphatases RsbU and RsbP (Fig. 5).

Time-resolved high-temperature induction of the gsiB-bgaB reporter gene fusion. 

The data reported in Fig. 5 argue for a permanent expression of SigB-dependent genes in B.

subtilis cells growing at 51°C, close to their maximal growth temperature of 52°C (29). By 

analyzing the ß-galactosidase activity of the gsiB-bgaB fusion during the first six hours after 

the temperature shift from 37°C to 51°C, we wanted to investigate the kinetics of high-

temperature-mediated induction of SigB-dependent genes. In accordance with previous data, a 

sudden temperature up-shift triggered an immediate activation of the gsiB-bgaB reporter gene 

in a wild-type strain that peaked at 20 min after the shift from 37°C to 51°C (Fig. 6). 

Thereafter, ß-galactosidase activity slowly declined but remained significantly elevated above 

the pre-induction basal level (37°C) throughout the experiment (Fig. 6). Thermoinduction of 

the gsiB-bgaB fusion was entirely prevented by the presence of a sigB mutation.  
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A pattern of ß-galactosidase activity like that of the wild-type was also observed in a 

gsiB-bgaB fusion strain carrying a mutation in the gene (rsbP) encoding the metabolic stress 

responsive phosphatase RsbP (Fig. 6). This observation indicates that this branch of the SigB 

signal transduction cascade (Fig. 1) is not involved in thermosensing. In contrast, the 

introduction of an rsbU mutation into the reporter strain completely abolished the induction of 

the gsiB-bgaB gene fusion, thus demonstrating that the PP2C-phosphatase RsbU is critically 

involved in sensing high temperature. Inactivation of the antagonist protein RsbV by the 

frameshift mutation rsbV312 caused a short delay in the induction of the gsiB-bgaB fusion, 

but then the ß-galactosidase activity of this fusion continued to rise throughout the 

experiment, reaching seven-fold higher levels than in the wild-type strain approximately 6 

hours after the temperature up-shift (Fig. 6). Furthermore, delayed hyperinduction of the 

SigB-dependent reporter gene construct also occurred in an rsbPUV triple mutant, lacking the 

antagonist protein RsbV as well as both RsbV~P phosphatases (Fig. 6).

Growth at high temperature. Growth experiments of B. subtilis under chill stress 

conditions (15°C) in a chemically defined minimal medium have shown that a sigB mutant 

has a distinct growth disadvantage in comparison to the wild-type strain (13). Furthermore, 

such a sigB mutant is highly sensitive to a severe heat shock (54°C) (48). Even after pre-

adaptation by a mild heat shock (48°C), a sigB mutant displayed extreme sensitivity towards 

the strong heat challenge (54°C), whereas the same pre-treatment conferred complete 

resistance to the wild-type strain (48). We therefore asked whether a growth phenotype is 

associated with a loss of SigB activity in cells cultured at 51°C. We found that this was not 

the case (Fig. 7). However, the growth experiments revealed a strong reduction in growth rate 

that was associated with the inactivation of rsbV (Fig. 7) which triggered hyperactivation of 

SigB (Fig. 3, 4, 5). This reduced growth rate (51°C) was also observed at high temperature in 

a strain combining mutations in rsbV, rsbU and rsbP (Fig. 7). 

DISCUSSION 

 The SigB-dependent general stress regulon of the soil bacterium B. subtilis is engaged 

when cells experience a wide range of environmental or metabolic stresses (24, 39). The 

physiological role of general stress proteins for cellular protection is emphasized by the 

finding that the disruption of the structural gene for its master regulator (SigB) causes 

sensitivity of the cell to a variety of stress factors such as severe heat and salt shocks, ethanol 

treatment, low or high pH, and free oxygen radicals (4, 20, 21, 48).  
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Thus far, increased synthesis of the general stress proteins was believed to be 

particularly important under harsh stress conditions where the bacterial cells are no longer 

able to grow (24, 39).  A new facet of the physiological function of the SigB regulon was 

recently discovered by the finding that this regulon is induced to  high levels in cells that 

actively grow under chill-stress conditions (15°C) (13) or that are subjected to a sudden 

temperature down-shift from 37°C to 20°C (36). A heat shock from 37°C to 48°C has long 

been known to be one of the environmental cues that induce the SigB regulon (8, 11, 47). The 

data reported here now demonstrate a continuous high level expression of SigB-dependent 

general stress proteins in cells that actively grow at 51°C (Fig. 2, 5 and 6), close to the 

maximal growth temperature (52°C) of B. subtilis (29). Growth at very high and low 

temperatures is likely to reflect more closely the situation in natural habitats of B. subtilis than 

the sudden harsh temperature up- or down-shifts used in the laboratory to induce the SigB 

response. A sigB mutant can not cope effectively with low-temperature (15°C) growth 

conditions (13), but such a mutant is not at a significant growth disadvantage when it is 

cultured at 51°C (Fig. 7). Lack of a specific growth phenotype of a sigB mutant strain at high 

temperature probably reflects the presence of redundant heat stress adaptation mechanisms in 

B. subtilis (43). Indeed, we observed strong induction of heat shock proteins (GroEL, GroES, 

DnaK, GrpE) controlled by the HrcA repressor and of the heat shock protein HtpG in cells 

that were exponentially growing at 51°C (Fig. 2). It is well known that increased levels of 

chaperones are needed when cells have to cope with high growth temperatures (43, 54).  

 It is firmly established that environmental stimuli such as salt shock, ethanol treatment 

and heat shock transiently induce the SigB response (8, 11, 47, 50). In contrast, continued 

growth close to the upper (Fig. 2, 5 and 6) or lower (13) temperature limits of B. subtilis leads 

to a sustained high level expression of the general stress response to provide cells with a 

sufficient level of general stress proteins. At these temperature boundaries, permanent high 

level expression of the SigB regulon occurs only in narrow temperature ranges (Fig. 5) (13).

Heat and salt shock as well as ethanol treatment all activate SigB via the 

environmental branch of the signal transduction cascade that relies on the activity of the 

PP2C-type phosphatase RsbU (Fig. 1) (49, 50, 53). Whereas the requirement for RsbV in 

sensing of salt shock and ethanol stress is firmly established, the role of RsbV in heat shock 

activation of SigB has been a matter of debate. Initially, SigB accumulation following heat 

shock had been observed to persist in cells lacking RsbV (8, 11). Due to the autoregulation of 

the sigB gene this observation was interpreted as indication for a RsbV-independent SigB 

activation. Subsequently, the majority of the heat shock induction of the SigB regulon was 
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shown to proceed via RsbU and RsbV and residual SigB accumulation in rsbV or rsbU

mutants seemed to be largely independent of SigB activity (50). In a wild-type background, 

such a dependence on RsbU for thermoactivation of SigB was also observed for cells that 

were continuously cultured at 51°C (Fig. 6). In contrast, the metabolic stress-sensing PP2C-

type phosphatase RsbP (Fig. 1) was not required for thermoinduction of SigB-dependent 

genes (Fig. 6). The RsbU dependence of thermoactivation of SigB both after a heat shock and 

during continued growth at 51°C suggest that in a wild-type background both processes are 

mediated by the same signal transduction pathway relying on a functional RsbV protein (Fig. 

1).

However, a distinctively different regulation seems to occur in mutants that lack RsbV 

due to the frameshift mutation rsbV312. Thermoactivation of SigB during continuous growth 

at 51°C was also observed in strains carrying this rsbV312 mutation (Fig. 3 and 6), indicating 

that the requirement of RsbV can be bypassed (Fig. 1). To our great surprise, introduction of 

the rsbV312 allele into an rsbU mutant background overrides the RsbU dependence and 

restores thermoactivation of SigB (Fig. 3 and 6).

A RsbV-independent induction of general stress genes was also observed in chill-

stressed B. subtilis cells (13). However, under heat stress, one observes a hyperinduction of 

the SigB regulon in a rsbV312 mutant (Fig. 4 and 6) that is not seen in chill-stressed rsbV312

mutant cells (13). This hyperinduction of SigB-dependent general stress genes is conserved 

both in an rsbUV double as well as in an rsbPUV triple mutant (Fig. 2, 3 and 6) and 

detrimental to the B. subtilis cell since it  results in a reduced growth rate at 51°C (Fig. 7). 

Even if one cannot completely exclude that secondary effects such as a slightly 

modified RsbW/SigB-ratio might contribute to the observed high-temperature activation of 

SigB in strains lacking RsbV, our data indicate that the current model for the genetic and 

biochemical control of SigB activity (24, 39) after exposure to heat seems to be incomplete 

(Fig. 1).

Heat stress is also a strong inducer of the SigB regulon in other Gram-positive bacteria 

such as Staphylococcus aureus (32) and Bacillus cereus (45). Neither microorganism encodes 

orthologues of RsbT, RsbR, RsbS and RsbX that are critically involved  in signaling of 

environmental stress in B. subtilis (30, 46, 52, 53), indicating that the perception of heat stress 

in these organisms might also involve signal transduction components that have not yet been 

detected.
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LEGENDS TO FIGURES 

 FIG. 1. Model for the regulation of SigB activity in B. subtilis. The environmental- 

and metabolic-stress-sensing branches of the signal transduction cascade convey their output 

via two PP2C-type phosphatases, RsbU and RsbP, to the antagonist protein RsbV (24, 39). 

Low-temperature growth (13)  triggers SigB activation via a thus unresolved RsbV-

independent pathway, that also functions in an rsbVUP triple mutant. Continuous growth at 

high temperature (51°C) prompts a sustained induction that strictly requires RsbU in a wild-

type background (solid black line). However, presence of the rsbV312 framshift allele reliefs 

this requirement for RsbU and allows SigB activation by growth at 51°C even in a triple 

mutant lacking RsbP, RsbU and RsbV (dashed line)  

FIG. 2. Influence of growth at high temperature on the protein profile of B. subtilis. 

After staining with silver nitrate, the gels were scanned with an imaging system and analyzed 

with the DELTA-2D software package from DECODON GmbH (Greifswald, Germany). (A) 

Cytosolic protein pattern of B. subtilis 168 grown in SMM at 51°C. Proteins induced at high 

temperature are labeled with arrows and their corresponding names. (B) Enlarged sections of 

gels prepared from crude protein extracts of cells of the B. subtilis wild-type strain 168 or its 

mutant derivatives BSM29 (sigB) and BSM279 (rsbP rsbU rsbV) grown either at 37°C or 

51°C.  Representative examples of the different classes of heat shock proteins are displayed: 

SigB regulon: SigB, GsiB, YfkM, Dps, KatE; CtsR regulon: ClpC and ClpP; HrcA regulon: 

DnaK, GroEL; Class IV: HtpG.
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FIG. 3. Influence of high temperature on the levels of the products of the sigB operon 

in B. subtilis 168 and its isogenic SigB regulatory mutants. Crude protein extracts were 

prepared from cultures grown either at 37°C [37] or 51°C [51]. As a control, we treated the 

wild-type strain with 4% ethanol (vol/vol) [Et] during exponential growth at 37°C for 60 min 

to induce the SigB regulon.  After separation of the crude protein extracts by sodium dodecyl 

sulfate-polyacrylamide protein gel electrophoresis and transfer of the proteins to a 

nitrocellulose membrane, the proteins were reacted with a set of monoclonal antibodies. 

Specific antibody binding was detected by an alkaline phosphatase-conjugated goat anti-

mouse secondary antibody. Proteins are indicated with their designations and the following 

strains were included in the experiment: BSM269 (wild-type), BSM275 (rsbV), BSM276 

(sigB), BSM277 (rsbU), BSM278 (rsbP), BSM280 (rsbPUV), BSG01 (rsbUV), BSG13 

(rsbUP).

FIG. 4. Heat induction of the SigB-dependent gsiB gene. Total RNA was isolated from 

cultures of the wild-type strain 168 and its isogenic mutant derivatives grown at 37°C and 

51°C, electrophoretically separated on an agarose gel, blotted onto a nylon membrane, and 

hybridized with an single-stranded RNA probe specific for gsiB. Lanes 1 and 2: strain BSM24 

(rsbV); lanes 3 and 4: strain BSM29 (sigB); lanes 5 and 6: wild-type strain 168. Lanes 1, 3 

and 5: total RNA isolated from cultures grown at 37°C; lanes 2, 4 and 6: total RNA isolated 

from cultures grown at 51°C.  

FIG. 5. Temperature-dependent induction of a chromosomal gsiB-bgaB reporter gene 

fusion. The B. subtilis gsiB-bgaB fusion strains were grown in SMM at the indicated 

temperatures and samples were withdrawn at an OD578 of 1.0 and assayed for ß-galactosidase 

activity. ß-galactosidase activities are expressed in Miller units (MU). Open bars: wild-type 

strain 168; black bars: strain BSM29 (sigB); gray bars: strain BSM24 (rsbV); hatched bars: 

strain BSM279 (rsbPUV).
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FIG. 6. Time-resolved heat induction of a chromosomal gsiB-bgaB reporter gene 

fusion in the wild-type strain 168 and its isogenic mutant derivatives. A set of B. subtilis gsiB-

bgaB reporter gene fusion strains was cultivated to mid-exponential phase (OD578 of 0.5) at 

37°C and utilized for the inoculation of cultures (OD578 of 0.1) that were subsequently 

propagated at 51°C.  Samples were removed for ß-galactosidase assays at the indicated time 

points. The following strains were included in the experiment: 168F (wild-type, open 

squares); BSM29F (sigB, filled squares); BSM21F (rsbU, open circles); BSM30F (rsbP, filled 

circles); BSM24F (rsbV, open triangles); BSM279F (rsbPUV, filled triangles). 

FIG. 7. Growth of a B. subtilis wild-type strain and isogenic SigB regulatory mutants 

at high temperature. Strains were pre-cultured to mid-exponential growth phase (OD578 of 0.5) 

and used for the inoculation of cultures (OD578 of 0.1) that were then propagated at 51°C. 

Strains: 168 (wild-type, open squares); BSM29 (sigB, filled squares); BSM24 (rsbV, open 

triangles); BSM279 (rsbPUV, filled triangles). 
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TABLE 1. Bacillus subtilis strains. 

____________________________________________________________________________ 
Strain Relevant genotype Construction or referenced

____________________________________________________________________________ 

168 trpC2 (33)

BSA73 trpC2 rsbU::kan rsbV312 SP ctc::lacZ (6)e

BSM21 trpC2 rsbU::kan (13) 
BSM24 trpC2 rsbV312 rsbX::pWH25-spca (13) 
BSM29 trpC2 sigB 2::spc (13) 
BSM30 trpC2 rsbP::spc (13) 
BSM52 trpC2 amyE::pGK11b-gsiB::bgaB cat86 erm G. Kuhnke and U. Völkere

BSM201 trpC2 rsbP::spc (13)e

BSM269 trpC2 amyE::pGK30c-gsiB::gfp cat86 (13) 
BSM275 trpC2 rsbV312 rsbX::pWH25-spca amyE::pGK30c-gsiB::gfp  (13)
 cat86 

BSM276 trpC2 sigB 2::spc amyE::pGK30c-gsiB::gfp cat86 (13) 
BSM277 trpC2 rsbU::kan amyE::pGK30c-gsiB::gfp cat86 (13)
BSM278 trpC2 rsbP::spc amyE::pGK30c-gsiB::gfp cat86 (13) 
BSM279 trpC2 rsbP::spc rsbU::kan rsbV312 (13) 
BSM280 trpC2 rsbP::spc rsbU::kan rsbV312 amyE::pGK30c-gsiB::gfp  (13)
 cat86

BSG1 trpC2 rsbU::kan rsbV312 amyE::pGK30c-gsiB::gfp cat86 BSA73  BSM269
BSG13 trpC2 rsbP::spc rsbU::kan amyE::pGK30c-gsiB::gfp cat86  BSM201  BSM277
168F trpC2 amyE::pGK11b-gsiB::bgaB cat86 erm BSM52  168 
BSM21F trpC2 rsbU::kan amyE::pGK11b-gsiB::bgaB cat86 erm BSM52  BSM21 
BSM24F trpC2 rsbV312 rsbX::pWH25-spca amyE::pGK11b-gsiB::bgaB BSM52  BSM24 

cat86 erm

BSM29F trpC2 sigB 2::spc amyE::pGK11b-gsiB::bgaB cat86 erm BSM52  BSM29 
BSM30F trpC2 rsbP::spc amyE::pGK11b-gsiB::bgaB cat86 erm BSM52  BSM30 
BSM279F trpC2 rsbP::spc rsbU::kan rsbV312 BSM52  BSM279 

amyE::pGK11b-gsiB::bgaB cat86 erm

____________________________________________________________________________ 
aThe integrative plasmid pWH25 contains a 2-kb EcoRI-SphI fragment, including the 3’ end of rsbX and 1.9 

kb downstream of rsbX.
bThe strain contains part of plasmid pGK11 inserted into the amyE locus of the chromosome via a double 

crossover event, thus linking the transcriptional gsiB-bgaB fusion to the chloramphenicol (cat86) and 

erythromycin (erm) resistance genes. 
cThe strain contains part of plasmid pGK30 inserted into the amyE locus of the chromosome via a double 

crossover event, thus linking the transcriptional gsiB-gfp fusion to the chloramphenicol resistance gene 

(cat86).
d
The arrow indicates the construction of the strain by transformation. 

eBSA73, BSM52 and BSM201 are derivatives of the B. subtilis wild-type strain PY22 (P. Youngman, Univ. of 

Georgia, USA). 
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Fig. 1 
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Fig. 2 
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Fig. 3 

Fig. 4 
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Fig. 5 

Fig. 6 
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Fig. 7 

0

1

2

3

0 200 400 600

Time (min)

O
D

5
7

8



Dissertation, Leif Steil, Ernst-Moritz-Arndt Universität Greifswald Unpublizierte Ergebnisse

- 121 -

4.2. Transkriptom- und Proteomanalyse der Kälteadaptation in B. subtilis (in

preparation)

Die Kälteschockantwort in Bacillus subtilis wurde mit Hilfe von Proteom- und 

Trankriptomstudien schon detailliert untersucht (GRAUMANN, et al., 1996; BECKERING, et al.,

2002; WEBER & MARAHIEL, 2002; KAAN, et al., 2002). Letztere wurden auch dazu genutzt, 

einen vermeintlichen zentralen Regulator dieser multiplen Veränderungen in B. subtilis, das 

Zweikomponentensystem DesK/DesR zu charakterisieren (BECKERING, et al., 2002). Doch 

bezogen sich die bisher durchgeführten Untersuchungen der Kälteadaptation zumeist auf die 

direkte Schockphase bis zu 70 Minuten nach einem Transfer der Zellen von 37°C zu 15°C. 

Die Erforschung der adaptierten Zellen in einer späteren Phase blieb aus, weil keine 

weiteren Veränderungen angenommen wurden. Die unerwartete Entdeckung der Induktion 

des SigB-Regulons in kontinuierlich in der Kälte kultivierten Bacillus-Zellen durch 

Brigulla et al. weckte unser Interesse an dieser weniger untersuchten späten Phase der 

Adaptation an Kälte (BRIGULLA, et al., 2003). Die Arbeitsgruppe Bremer hat sich nun 

entschieden, mit unserer Unterstützung eine globale Analyse dieser Phase unter Anwendung 

der DNA-Array-Technologie durchzuführen. Die Nutzung der DNA-Array-Technologie zur 

Erforschung komplexer zellulärer Antworten hat sich zuvor schon bei der Analyse der 

Adaptation von B. subtilis an hohe Osmolarität (STEIL, et al., 2003), bei der Untersuchung der 

initialen Kälteschockantwort (BECKERING, et al., 2002) und bei der Definition der 

verschiedenen Sporulationsregulons (STEIL, et al.) als eine erfolgreiche Strategie erwiesen. 

Neben dieser globalen Transkriptionsanalyse sollten Erkenntnisse über die besonders in der 

Kälte relevante Regulation auf Translationsebene durch eine angeschlossene Proteomstudie 

gesammelt werden. 

4.2.1. Transkriptomanalyse der Kälteadaptation in B. subtilis

Die Kultivierung der Zellen, die anschließende RNA Isolation und die Hybridisierung 

der DNA-Arrays wurden in der Arbeitsgruppe Bremer durch Ina Budde durchgeführt. Unser 

Teil der Kooperation innerhalb der Transkriptomanalyse beschränkte sich auf die 

Unterstützung bei der Auswertung der erhaltenen Hybridisierungssignale. Die Zellen des 

B. subtilis Wildtypstammes 168 wurden in Minimalmedium auf eine OD578 von 0,1 angeimpft 

und in einem Kälteinkubator bei 15°C kultiviert. Die Kontrollkultur wurde bei 37°C ebenfalls in 

Minimalmedium kultiviert. Die Proben für beide Bedingungen wurden in der exponentiellen 

Wachstumsphase bei einer OD578 von 1,0 entnommen. Für beide Bedingungen wurden 

jeweils drei parallele Kulturen geerntet und weiterverarbeitet. Die RNA-Isolation, cDNA-
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Synthese und Hybridisierung der radioaktiv markierten cDNA mit DNA-Arrays (B. subtilis-

Panorama, Sigma-Genosys Ltd., USA) erfolgte wie zuvor beschrieben (STEIL, et al., 2003). 

Die Exposition der DNA-Arrays mit Phosphoscreens (GE-Healthcare, USA) und der 

anschließenden Scan der Phosphoscreens mit dem Storm Phosphoimager (GE-Healthcare, 

USA) ergab Bilder. Diese wurden mit Hilfe des Arrayvision Softwarepakets (Version 6.0 

Rev. 3, Imaging Research Inc., Kanada) quantifiziert. Die weitere Auswertung erfolgte mit 

Excel (MS-Office Packet, Microsoft, USA) und der Expressionsanalysen-Software 

Genespring (Version 6.1, Silicon Genetics, USA). Die Normalisierung der Rohdaten erfolgte, 

nach einer Transformation der negativen Werte, gegen den Median aller Intensitäten auf 

dem jeweiligen Array. Zur Normalisierung wurden nur Intensitäten verwandt, deren Signal 

nach Abzug der Standardabweichung mindestens 1,2-fach über dem Hintergrundsignal lag. 

Im Vergleich der Expressionsmuster im Wildtyp bei 15°C und 37°C konnten 279 Gene 

identifiziert werden (Abb. 10 A), die eine signifikante, mindestens 2-fach höhere Expression 

in den an Kälte adaptierten Zellen aufwiesen (Signifikanztest nach Welch, mit p-value cutoff 

von 0,01 und einer anschließenden Bestimmung der „False Discovery Rate“ nach Benjamini 

und Hochberg, siehe Genspring Software-Packet). Für 301 Gene konnte eine signifikante 2-

fache Repression bei 15°C gegenüber der Kontrollkultur bei 37°C nach den oben genannten 

Kriterien festgestellt werden (Abb. 10 A). 

Mit den Analysen konnte die von Brigulla et al. beschriebene Induktion des SigB-

Regulons bestätigt werden (Abb. 10 C). Mit 91 Genen wurde ein beträchtlicher Anteil des 

129 Gene umfassenden mutmaßlichen SigB-Regulons, welches sich aus den Genen 

zusammensetzt, die mindestens zwei der drei Transkriptionsanalysen (PETERSOHN, et al.,

2001; PRICE, et al., 2001; HELMANN, et al., 2001) oder zuvor durch konventionelle Techniken 

als SigB-abhängig beschrieben wurden, in der Kälte induziert. Ein weiterer Befund war die 

beobachtete Induktion einer relativ große Zahl an Sporulationsgenen. Es zeigte sich, dass 

ein großer Teil der 279 bei Kälte induzierten Gene der Sporulation zuzuordnen werden 

konnten (Abb. 10 B). Insgesamt waren 15 der 50 Gene des SigF Regulons (FAWCETT, ET AL.,

2000); STEIL et al., submitted), 39 der 252 Gene des SigE-Regulons (EICHENBERGER, et al.,

2003) und 25 der 111 Gene des SigG-Regulons (STEIL et al., submitted) induziert. Nach 

Abzug der doppelt kontrollierten Gene blieben 73 induzierte Sporulationsgene, welche 

jedoch ausschließlich den ersten drei Sporulationsregulons zugeordnet werden konnten, 

keines der induzierten Gene wurde zuvor als alleinig SigK–abhängig beschrieben (Abb. 

10 D). Dieser Befund wird durch die Arbeiten von Abdallah Bashir in unserer Arbeitsgruppe 

untermauert, der im Rahmen seiner Doktorarbeit die Sporulation und die Ausbildung 

hitzeresistenter Endosporen durch B. subtilis in der Kälte untersucht hat. Mit Hilfe von 

Reportergenfusionen, Mutantenanalysen und Northern-Blot-Experimenten konnte er 

nachweisen, dass die Sporulation in B. subtilis in der Kälte nicht vollständig beendet wird, er 
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konnte eine Blockade der Sporulationskaskade nach der Aktivierung von SigG feststellen 

(BASHIR, 2004).  

Abb. 10: Scatterplotdarstellung der Expressionsänderungen im Vergleich WT 15°C zu WT 37°C.
In allen vier Scatterplots sind die gemittelten normalisierten Expressionen der jeweils drei 
parallelen Kulturen für den WT bei 15°C und 37°C logarithmisch gegeneinander aufgetragen. 
Durch rote bzw. grüne Punkte sind verschiedene Gruppen von Genen hervorgehoben worden. 
A: Zeigt die bei 279 bei 15°C mindestens 2-fach induzierten Gene ( ) und die 301 bei 15°C 
mindestens 2-fach reprimierten Gene ( ), alle nicht signifikant veränderten Gene sind grau 
dargestellt ( ) . Das Diagramm B verdeutlicht die partielle Induktion der durch SigF, SigG und 
SigE kontrollierten Sporulationsgene ( ). Im Diagramm C sind die 100 Gene, welche durch 
Peterson et al. dem SigB-Regulon zugeordnet wurden rot ( ) hervorgehoben. Das nicht in der 
Kälte induzierte SigK Regulon ist in Diagramm D dargestellt. 

Eine weitere Erklärung für die Induktion eines Teils der Sporulationsgene wäre die 

Erkennung der Promotorsequenzen der Sporulationssigmafaktoren durch SigB. Zur 

Bestimmung eines möglichen Crosstalks zwischen Sigmafaktoren der Sporulation (SigF und 
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SigG) und SigB, wurde eine globale Transkriptionsanalyse der Kälteadaptation mit einer 

sigF-Mutante durchgeführt. Das Fehlen des Sporulationssigmafaktors SigF sollte dazu 

führen, dass die Zellen nicht mehr sporulieren können und eine Expression der in der 

Sporulationskaskade folgenden Sigmafaktoren SigE, SigG und SigK ausbleibt. Eine trotzdem 

auftretende Induktion wäre daher möglicherweise auf die Erkennung der Promotoren durch 

SigB zurückzuführen. Weil in dieser Untersuchung das Augenmerk nicht auf die exakte 

Bestimmung der Induktionsfaktoren gerichtet war, wurde die Transkriptionsanalyse nur mit 

einem Arraypaar durchgeführt. Neben den doppelt gespotteten PCR-Produkten des 

jeweiligen ORFs waren somit keine weiteren Parallelen vorhanden. Auf eine statistische 

Auswertung und eine Signifikanzanalyse der Induktion, wie sie in den Wildtypexperimenten 

durchgeführt wurden, musste deshalb verzichtet werden. 

Die mit der sigF-Mutante durchgeführten Hybridisierungen zeigten, dass von den 73 in 

den Wildtypexperimenten kälteinduzierten Sporulationsgenen, welche unter der Kontrolle der 

ersten drei Sigmafaktoren der Sporulationskaskade stehen, 32 Gene dennoch in der sigF-

Mutante induziert werden. Zu den 32 in der sigF-Mutante und im Wildtyp bei 15°C 

induzierten Genen gehören 8 Gene des SigF-Regulons, unter ihnen befinden sich auch die 

Gene bofC und katX, für welche eine Doppelkontrolle durch SigF und SigB schon 

beschrieben wurde (GOMEZ & CUTTING, 1997; PETERSOHN, et al., 1999b). Von den 39 im 

Wildtyp bei 15°C induzierten SigE-abhängigen Genen zeigen 10 Gene auch in der sigF-

Mutante eine Induktion bei 15°C. Eines dieser Gene ist yocK, welches zuvor schon als SigB-

abhängig beschrieben wurde (PETERSOHN, et al., 1999a). Von den 111 vermutlich SigG-

abhängigen Genen waren 17 der 25 zuvor im Wildtyp induzierten Gene in der sigF-Mutante 

bei 15°C immer noch höher exprimiert als bei 37°C. 4 dieser Gene wurden bereits dem SigB-

Regulon zugeordnet. Von den 132 vermutlich SigK-abhängigen Gene waren lediglich zwei 

Gene (ykzI, yvgO) sowohl in der Mutante, als auch im Wildtyp bei 15°C induziert. Für beide 

wurde zuvor schon eine SigB-Abhängigkeit angenommen (PETERSOHN, et al., 2001; 

HELMANN, et al., 2001). Zusammengefasst lässt sich sagen, dass trotz des Fehlens des 

ersten Sporulationssigmafaktors (SigF) eine Induktion von Teilen der ersten drei 

Sporulationsregulons (SigF-, SigE- und SigG-Regulon) stattfindet, welche in ihrem Ausmaß 

der im Wildtyp beobachteten Induktion gleicht. Die beobachtete Induktion ist wahrscheinlich 

im Wesentlichen auf die Erkennung von Promotoren durch SigB zurückzuführen. Der Beweis 

für diese Vernetzung ließe sich durch die Verwendung einer sigB-sigF-Doppelmutante 

erbringen, in der dann die Induktion dieser Gene bei 15°C ausbleiben sollte. 

Diese beobachtete Induktion eines Teils der Sporulationsgene und der mögliche 

Einfluss von SigB wurde auch in einer kürzlich publizierten Arbeit der Arbeitsgruppe Grau 

thematisiert (MENDEZ, et al., 2004). Die Autoren konnten mittels LacZ-Fusionen eine 

Induktion von SigB in exponentiell bei 20°C wachsenden Zellen nachweisen, weiterhin 
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konnten sie zeigen, dass die Expression des für den initialen Regulator der Sporulation 

Spo0A kodierenden Gens spo0A zur selben Zeit bei 20°C induziert wird und zwar SigH-

abhängig. In einer Westernblotanalyse von Proteinextrakten aus Zellen, welche entweder bei 

20°C oder bei 37°C kultiviert wurden, detektierten Grau und Mitarbeiter eine 8-fach größere 

Menge an Spo0A-Protein in bei 20°C kultivierten Bacillus-Zellen. Daraufhin mit Wildtyp und 

Mutanten durchgeführte Überlebensexperimente bei 20°C zeigten, dass das Fehlen von 

Spo0A zu einem 10000-fach schlechteren Überleben der Zellen nach 7 Tagen bei 20°C 

führt. Der Verlust von SigB führte zu einem lediglich 10-fach, jedoch reproduzierbaren, 

schlechteren Überleben unter diesen Bedingungen. Eine ebenfalls untersuchte sigF-Mutante

zeigte die gleiche Überlebensrate wie der Wildtyp. Zur Klärung des Einflusses der 

Sporulation auf die Überlebensrate wurde von den Autoren die Bildung hitzeresistenter 

Sporen während eines Wachstums bei 20°C untersucht. Die sigB-Mutante zeigte eine 

geringere Sporulationsfrequenz und einen oligosporen Phänotyp. Daraufhin versuchte man 

mit Hilfe von LacZ-Fusionsmessungen den Zeitpunkt der Inhibition der Sporulation in einer 

sigB-Mutante festzustellen. Die Autoren nehmen an, dass der Zeitpunkt des Wirkens von 

SigB nach dem Auftreten von SigG innerhalb der Sporulationskaskade zu suchen wäre. Als 

potentiellen Kandidat dieser SigB-Regulation wird das Gen spoVC vermutet, welches mit 

dem SigB-abhängigen Gen ctc in einem Operon kodiert ist. Mutanten in diesem Gen haben 

einen Defekt innerhalb der Phase V der Sporulation, in welcher die Ausbildung des 

Sporenmantels stattfindet (YOUNG, 1976). Es ist sowohl für das vegetative Wachstum, als 

auch für die Ausbildung hitzeresistenter Sporen in B. subtilis essentiell (MENDEZ, et al.,

2004).

Die hier vorgestellten Transkriptomuntersuchungen deuten auf einen weiteren 

Kandidaten hin, das paiAB-Operon, welches für die unvollständige Induktion der Sporulation 

in der Kälte verantwortlich sein könnte. Das paiAB-Operon kodiert für das 24 kDa Protein 

PaiA und das 21 kDa Protein PaiB. Letzteres verfügt über ein Helix-Turn-Helix-Motiv. Es 

konnte gezeigt werden, dass die Expression des paiAB-Operons von einem Multicopy-

Plasmid zu einer Inhibition der Sporulation führt und ein filamentöses Wachstum von 

B. subtilis hervorruft (HONJO, et al., 1990). Die Expression dieses Operons war, sowohl in 

den Transkriptionsanalysen des Wildtyps, als auch in denen der sigF-Mutante, bei 15°C 

erhöht. In der Arbeitsgruppe Bremer durchgeführte Northern-Blot-Analysen zeigen, dass 

paiA und paiB in einem Operon liegen und bei 15°C verstärkt exprimiert werden (Dr. Ina 

Budde, persönl. Mitteilung). 

Auf Grund der durch Grau und Mitarbeiter beschriebenen Induktion der Spo0A-LacZ-

Reportergenfusion bei intermediärer Temperatur und der 8-fach höheren Menge an Spo0A-

Protein bei 20°C, wurden in der AG Bremer Northern-Blot Analysen des spo0A-Transkripts

durchgeführt. Eine Induktion der spo0A-Genexpression blieb jedoch bei 15°C aus (Dr. Ina 
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Budde, persönl. Mitteilung). Dies bestätigt das Ergebnis der DNA-Array-Analysen, in welchen 

ebenfalls keine Induktion der spo0A-Genexpression in den bei 15°C kultivierten Bacillus-

Zellen beobachtet werden konnte. 

Die während des Wachstums bei 15°C beobachtete Repression der Genexpression 

betraf 301 Gene. Von diesen 301 Genen zeigte ca. ein Drittel der Gene in zuvor durch 

BECKERING et al. und von KAAN et al., durchgeführten Transkriptomanalysen der 

Kälteschockantwort eine Repression ihrer Genexpression (BECKERING, et al., 2002; KAAN, et 

al., 2002). Von den reprimierten Genen wurden 26 Gene dem SigW-Regulon zugeteilt, was 

möglicherweise auf die Auswirkungen der Temperatur auf die Zellwand zurückzuführen ist. 

Ein großer Anteil der reprimierten Gene kodiert für Enzyme des Energiestoffwechsels. Dies 

hat vermutlich seine Ursache in der bei 15°C niedrigeren Wachstumsrate und der damit 

verbundenen niedrigeren Stoffwechselaktivität. Scheinbar hat das Wachstum bei Kälte auch 

einen Einfluss auf die Motilität, denn 24 der reprimierten Gene konnten entweder der 

Chemotaxis oder der Ausbildung der Motilität zugeordnet werden. 

Vor dieser Untersuchung der Kälteadaptation in B. subtilis wurden schon zwei globale 

Transkriptionsanalysen der Kälteschockantwort in B. subtilis durchgeführt (BECKERING, et al.,

2002; KAAN, et al., 2002). Ungeachtet dessen, dass zwischen beiden Arbeiten, vermutlich 

auf Grund der unterschiedlichen Versuchsbedingungen, wenige Übereinstimmungen zu 

finden sind, so ist in keiner der Arbeiten die Induktion des SigB-Regulons beobachtet 

worden. Dieser Vergleich bestätigt auch für die Kälteadaptation den schon bei der 

Anpassung von B. subtilis an hohe Osmolarität (STEIL, et al., 2003) beobachteten großen 

Unterschied zwischen Schockantwort und den Reaktionen stressadaptierter (angepassten) 

Zellen.

Vor dem Hintergrund, dass die Regulation in der Kälte zumeist auf Translationsebene 

stattfindet (GRAUMANN, et al., 1996; KAAN, et al., 1999) und um die in den 

Transkriptionsanalysen erhaltenen Ergebnisse auszubauen, haben wir uns entschlossen 

ergänzend einen Proteomansatz zur Untersuchung der Adaptation an Kälte durchzuführen. 

4.2.2. Proteomanalyse der Kälteadaptation in B. subtilis

Im Gegensatz zu Arrayanalysen der Transkription, bei denen die Quantifizierung der 

Signale und die Normalisierung der Daten auf Grund der uniformen Spotgrößen und der 

großen Anzahl an Proben zumeist kein Problem darstellt, ist eine robuste Normalisierung 

und präzise Quantifizierung in Proteomanalysen häufig nur schwer zu erreichen. Die Anzahl 

der aufgetrennten Proteine, die wechselnden Spotmaße und die Unterschiede zwischen 

einzelnen Gelläufen erschweren die Auswertung. 
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Abb. 11: Schematische Darstellung der experimentellen Vorgehensweise in einem DIGE 
Experiment (angepasst nach R. Westermeier, Amersham Biosciences). Die zu 
vergleichenden Proben werden vor der Auftrennung mit Cy3 (Probe 1) bzw. Cy5 (Probe 2) 
markiert und mit dem Cy2 markierten Standard, der aus gleichen Teilen der Probe 1 und 2 
besteht, vermischt. Nach der zweidimensionalen Auftrennung erfolgen das Scannen der 
einzelnen Kanäle mit Hilfe des Typhoon Scanners (Amerscham Biosciences) und die 
Auswertung der Bilder, entweder mit der von Amersham angebotenen Software DecyderTM

oder einem vergleichbaren Softwarepacket (Delta 2D MPX, DECODON, Greifswald). 

Die Firma Amersham Biosciences hat nun mit der DIGE-Technologie (DIGE: 

differential in gel electrophoresis), eine Methode entwickelt mit deren Hilfe diese Probleme 

umgangen werden können. In dieser Methode werden die verschiedenen zu vergleichenden 

Proben mit jeweils einem Fluoreszenzfarbstoff (Cy3 oder Cy5) markiert, zusätzlich wird ein 

Gemisch aus gleichen Teilen aller zu analysierenden Proben hergestellt. Dieses Gemisch 

wird mit einem weiteren Fluoreszenzfarbstoff (Cy2) markiert und dient als interner Standard 

(Abb. 11). Die so erhaltenen markierten Proben und der Standard werden nun in einem Gel 

aufgetrennt und anschließend mit drei verschiedenen Anregungswellenlängen, welche 

jeweils nur einen der drei Fluoreszenzfarbstoffe anregen, gescannt. Man erhält so drei 

identische Bilder, jedem in der Probe auftauchenden Spot kann nun ein Spot des internen 

Standards zugeordnet werden. Die Quantifizierung erfolgt nun indirekt über das Verhältnis 

der Probe zu dem internen Standard. Da bei parallel durchgeführten Experimenten der 

gleiche Standard in allen Experimenten verwandt wird, können über dieses Verhältnis auch 

mehr als zwei Proben miteinander verglichen werden (Abb. 12). 
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Abb. 12: Schematische Darstellung des Vergleichs mehrere Proben durch die Verwendung des 
internen Standard. (angepasst nach R. Westermeier, Amersham Biosciences). 

Wir haben uns entschlossen, die DIGE-Methode zu nutzen, um die Proteinmuster eines 

Wildtyps und einer sigB-Mutante bei kontinuierlichem Wachstum in der Kälte mit dem bei 

37°C zu vergleichen. Die Verwendung einer sigB-Mutante sollte Aufschluss darüber geben, 

welche SigB-unabhängigen Mechanismen an dieser Anpassung beteiligt sind. Zur 

Untersuchung der Adaptation an das Wachstum von B. subtilis nahe seines 

Temperaturminimums wurden die Zellen des Wildtyps und Zellen einer sigB-Mutante in 

Minimalmedium bei 15°C und Kontrollkulturen bei 37°C kultiviert. Die Zellen wurden noch 

während der exponentiellen Wachstumsphase geerntet und die Proteine extrahiert. Nach der 

Auftrennung der markierten Proteinextrakte wurden die Gele im TyphoonTM–Scanner 

gescannt und die Gele anschließend mit kolloidalem Coomassie gefärbt. Die Auswertung der 

erhaltenen Gelbilder erfolgte mit Hilfe der Delta 2D-MPX-Software (DECODON, Greifswald). 

Diese Software erlaubte eine ähnliche Analyse der Gelbilder wie die von Amersham 

angebotene Decyder Software, erwies sich jedoch in der Anwendbarkeit als praktischer. Die 

in den Analysen differentiell exprimierten Spots wurden ausgeschnitten und die enthaltenen 
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Proteine mit Trypsin verdaut und extrahiert. Die entstandenen Peptide wurden mittels 

MALDI-TOF-TOF analysiert. Dies ermöglicht, neben einer Identifizierung der Proteine über 

die Peptidmassen, eine zusätzliche Absicherung der Identifizierung über Peptidsequenzen. 

Eine anschließende Suche der Peptidfragmentmassen und Sequenzen gegen die Bacillus 

subtilis-Datenbank auf einem lokalen Mascot Server erlaubte die Identifizierung der Proteine. 

Die Identifizierung von Proteinen erfolgte zusätzlich über Vergleiche mit dem Bacillus-

Mastergel (BÜTTNER, et al., 2001; EYMANN et al., in press). 

Bei der Auswertung der Gelbilder wurde nach einer 2-fachen Induktion und einer 

maximal 25%igen Standardabweichung der Signalintensitäten innerhalb der drei 

durchgeführten Parallelen, gefiltert. Eine Zusammenfassung aller Spots bzw. Proteine, 

welche diese Bedingungen, ist in Tab. 1 aufgeführt. Im Wildtyp konnten bei Wachstum bei 

15°C 111 induzierte und 193 reprimierte Spots ermittelt werden, die Identifizierung von 76 

bzw. 78 Spots ergab 63 verschiedenen bei 15°C induzierte und 60 reprimierte Proteine 

(Abb. 13).

Tab. 1: Anzahl differentiell exprimierter und identifizierter Proteine 

Bedingung wt-15 wt-37 sigB-15 sigB-37

Induzierte Spots 111 193 132 167 
Identifizierte Spots 76 78 74 67 
Identifizierte Proteine 63 60 61 54 

Unter den 63 induzierten Proteinen (Tab. 2) sind 29 Proteine, deren Gene auch in der 

Arraystudie nach einem Kälteschock oder während der Kälteadaptation als induziert 

angesehen wurden (BECKERING, et al., 2002; KAAN, et al., 2002; Budde et al., in preparation). 

Zu den 39 Proteinen, welche im Proteomansatz, nicht aber in der Arraystudie zur Analyse 

der Adaptation an Kälte (Budde), als induziert aufgefallen sind, gehören die Proteine CsbC 

und CsbB. Es wurde zuvor schon gezeigt, dass die Regulation ihrer Kälteinduktion 

hauptsächlich auf posttranskriptionaler Ebene stattfindet (KAAN, et al., 1999). 18 der 63 im 

Wildtyp bei 15°C induzierten Proteine konnten zuvor schon dem SigB-Regulon zugeordnet 

werden. Sie bestätigen die schon von Brigulla et al. beobachtete Induktion dieses Regulons 

während der Kälteadaptation in B. subtilis (BRIGULLA, et al., 2003). Der Proteinspot des 

Sigmafaktors SigB selbst zeigt im Vergleich zwischen den bei 15°C und 37°C kultivierten 

Zellen eine doppelt so hohe Konzentration des Proteins bei 15°C an. Für 30 der 60 bei 15°C 

reprimierten und identifizierten Proteine (Tab. 3) war eine Repression ihrer Genexpression, 

nach einem Kälteschock oder während der Adaptation an Kälte bereits in Arrayanalysen 

nachgewiesen worden (BECKERING, et al., 2002; KAAN, et al., 2002; Budde et al., in 

preparation). Die restlichen 30 Proteine erschienen ausschließlich in der Proteomanalyse als 

reprimiert.
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Abb. 13: Vergleichende Darstellung der Proteinprofile des Wildtypstammes B. subtilis 168 bei 
Wachstum bei 37°C und 15°C. Nach DIGE-Markierung, 2D-SDS-PAGE und Aufnahme der 
Fluoreszenzenzbilder ist das Gelbild des bei 37°C kultivierten Wildtyps (Cy5-markierter 
Proteinextrakt) blau und das der bei 15°C gewachsenen Wildtypkultur (Cy3 markierter 
Proteinextrakt) orange eingefärbt worden. Die rot beschrifteten Spots sind bei 15°C induziert 
und die blau beschrifteten Spots sind bei 15°C reprimiert. Den mit NI gekennzeichneten Spots 
konnten noch keine Proteine zugeordnet werden.(Tab. 2 und Tab. 3) 
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Tab. 2: Liste der im Wildtyp bei 15°C induzierten Proteine 

Protein MW
1
 pI

2
 Beschreibung

3
 Score

4
Faktor

5

GsiB 13,7 5,1 general stress protein 444 2,4-776,0* 
YfmK 17,2 4,4 unknown - 438,7* 
Hag 32,5 4,8 flagellin protein 208 365,2 
Dps 16,5 4,4 stress- and starvation-induced gene controlled by sigma-B 113 5,3-26,5 
InfB 78,4 5,2 initiation factor IF-2 161 6,0-25,3 
YdbD 30,1 4,9 unknown; similar to manganese-containing catalase 302 25,1 
YdaG 15,7 5,2 unknown; similar to general stress protein 72 21,5 
YdaD 30,9 4,8 unknown; similar to alcohol dehydrogenase 51 18,5 
YvrE  21,8 5,2 unknown; similar to sigma-54 modulating factor of gram-negative bacteria 75 17,0 
MlpA 45,8 5,3 mitochondrial processing peptidase-like 73 16,7 
MrsA 20,0 5,7 peptidyl methionine sulfoxide reductase 56 15,0 
RsbX 22,0 6,2 indirect negative regulator of sigma-B activity (serine phosphatase) 78 13,1 
YdcF 11,1 8,1 unknown - 12,2 
CspC 7,1 4,5 cold-shock protein 51 11,8 
YfhM 32,6 6,1 unknown; similar to epoxide hydrolase 99 10,5 
YorF 34,0 5,4 unknown 79 9,7 
YvyD 55,5 5,3 probable glucose-6-phosphate 1-dehydrogenase 166 4,0-7,4 
GatB 53,2 4,9 glutamyl-tRNA(Gln) amidotransferase (subunit B) 179 6,1 
GtaB 32,9 4,9 UTP-glucose-1-phosphate uridylyltransferase - 2,8-5,8 
Dat 31,0 4,9 probable D-alanine aminotransferase 261 5,6 
IlvD 59,4 5,3 dihydroxy-acid dehydratase 69 5,6 
SpoIVA 55,0 4,6 required for proper spore cortex formation and coat assembly 50 5,5 
YsnF 21,0 6,2 unknown; similar to carbonic anhydrase 54 3,4-5,1 
PipB 53,8 4,8 para-nitrobenzyl esterase 53 2,1-5,1 
YfhB 32,0 5,2 unknown 117 4,8 
YtiB 16,5 5,1 unknown; similar to general stress protein 73 4,7 
YitV 28,9 5,6 unknown 78 4,7 
PnbA 33,8 4,5 inorganic pyrophosphatase 241 4,6 
GsaB 46,0 5,6 glutamate-1-semialdehyde aminotransferase 70 4,5 
YitU 30,5 4,7 unknown 57 4,3 
YkzA 14,5 4,7 unknown; similar to organic hydroperoxide resistance protein 56 4,2 
GlnA 50,1 4,9 glutamine synthetase 180 3,8 
YdaP 63,0 5,2 unknown; similar to pyruvate oxidase - 3,7 
UreC 61,0 5,1 urease (alpha subunit) 94 3,6 
YtxH 19,0 6,2 unknown 65 3,6 
TipA 26,9 4,8 triose phosphate isomerase 53 3,6 
YfmG 56,4 5,2 unknown 187 3,0-3,4 
Pta 34,6 4,7 phosphotransacetylase 168 3,4 
PykA 62,0 4,9 pyruvate kinase 241 3,4 
KatA 54,6 6,2 vegetative catalase 1 - 3,3 
YuaE 33,1 4,6 unknown; similar to senescence marker protein-30 204 3,2 
PrfB  41,9 4,9 peptide chain release factor 2 126 3,1 
YcgN 56,3 5,4 unknown; similar to 1-pyrroline-5-carboxylate dehydrogenase 136 3,1 
GroEL 57,3 4,5 class I heat-shock protein (chaperonin) 118 2,9 
YdaE 19,1 4,9 unknown 59 2,9 
TufA 43,4 4,7 elongation factor Tu 213 2,9 
PrkA 72,7 5,5 serine protein kinase 322 2,1-2,8 
YjgC 109,6 5,2 unknown; similar to formate dehydrogenase 51 2,7 

RecA 37,9 4,9 
multifunctional protein involved in homologous recombination and DNA 
repair (LexA-autocleavage) 

183 2,7 

ThrC 37,3 5,2 threonine synthase 141 2,5 
FabF 43,8 4,8 beta-ketoacyl-acyl carrier protein synthase II 112 2,5 

PaiA 19,9 5,0 
transcriptional repressor of sporulation, septation and degradative enzyme 
genes

92 2,5 

CysK 32,7 5,5 cysteine synthetase A 156 2,4 
Tpx 18,1 4,7 probable thiol peroxidase 273 2,4 
PpaC  15,1 5,5 peptidyl-prolyl isomerase 112 2,4 
YqjJ 32,1 4,2 unknown 94 2,4 
ArgC 37,9 5,2 N-acetylglutamate gamma-semialdehyde dehydrogenase 117 2,3 
PdhB  35,3 4,6 pyruvate dehydrogenase (E1 beta subunit) 300 2,3 
CspB 7,2 4,3 major cold-shock protein 70 2,3 
YkfA 25,3 5,4 unknown; similar to immunity to bacteriotoxins - 2,2 
YjcH 27,8 6,0 unknown 97 2,1 
SigB 30,0 5,4 RNA polymerase general stress sigma factor 130 2,1 
YflT 13,0 4,8 unknown 149 2,1 
Apt 18,7 4,7 adenine phosphoribosyltransferase 148 2,0 

1) in kDa; 2) isoelektrischer Punkt aus SubtiList (SubtiList: http://genolist.pasteur.fr/SubtiList/); 3) Beschreibung aus SubtiList 

(SubtiList: http://genolist.pasteur.fr/SubtiList/); 4) Score der Datenbanksuche nach MAlDI-TOF-TOF, beruht entweder auf dem 

Peptide-Mass-Fingerprint, oder setzt sich aus Peptide-Mass-Fingerprint und Ionenscore zusammen. (-) Identifizierung beruht 

auf dem Vergleich mit dem Bacillus subtilis-Mastergel (EYMANN et al., in press); 5) Mittelwert der Induktions-Ratios 

(WT 37°C / WT 15°C) aus D2D-MPX (DECODON-Greifswald), Min-Max-Angaben bei multiplen Spots. 
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Tab. 3: Liste der im Wildtyp bei 15°C reprimierten Proteine 

Protein MW
1
 pI

2
 Beschreibung

3
 Score

4
Faktor

5

DnaK 65,8 4,57 class I heat-shock protein (molecular chaperone) 274 70,0 
SdhA 12,6 4,36 ribosomal protein L12 (BL9) 195 7,3-40,0
RplJ 22,2 10,5 ribosomal protein L4 183 32,0 
ThiA 31,2 5,07 spermidine synthase 58 19,9 
CysC 22,4 5,08 probable adenylylsulfate kinase - 17,8 
YukE 9,0 7,91 unknown 77 11,0 
YdaG 15,7 5,2 unknown; similar to general stress protein 72 2,2-10,6
Eno 46,4 4,49 enolase 160 2,1-9,2 
YpfD 42,2 4,57 unknown; similar to ribosomal protein S1 homolog 214 7,2 
YceD 20,5 4,29 unknown; similar to tellurium resistance protein 146 3,9-7,0 
PurH 27,3 4,88 phosphoribosylaminoimidazole succinocarboxamide synthetase - 6,0 
HtpG 72,1 4,67 class III heat-shock protein (molecular chaperone) 153 5,4 
OdhA 105,5 5,87 2-oxoglutarate dehydrogenase (E1 subunit) - 2,4-5,1 
YkrY 23,3 5,69 unknown - 4,5 
Fmt 34,5 5,62 methionyl-tRNA formyltransferase 152 4,5 
PyrF 9,6 4,59 required for phosphoribosylformylglycinamidine synthetase activity - 4,4 
RibH 25,8 5,84 orotidine 5'-phosphate decarboxylase - 4,2 
AhpF 54,7 4,7 alkyl hydroperoxide reductase (large subunit) / NADH dehydrogenase 70 4,1 
PcrA 83,4 5,77 ATP-dependent DNA helicase - 4,1 
GuaB 52,8 6,17 inosine-monophosphate dehydrogenase 240 3,0-4,0 
GltA 168,6 5,47 glutamate synthase (large subunit) 197 2,5-4,0 
RplL 17,9 5,49 ribosomal protein L10 (BL5) 209 3,9 
RplD 16,1 5,2 riboflavin synthase (beta subunit) 86 3,8 
HprT 20,1 4,6 hypoxanthine-guanine phosphoribosyltransferase - 3,7 
YvbJ 67,1 4,85 unknown 55 3,7 
LeuC 52,2 6,13 3-isopropylmalate dehydratase (large subunit) - 2,4-3,6 
NrdE 80,5 5,93 ribonucleoside-diphosphate reductase (major subunit) - 3,2 
CheW 17,4 4,42 modulation of CheA activity in response to attractants 110 3,2 
SecA 65,2 5,71 succinate dehydrogenase (flavoprotein subunit) 247 2,0-3,1 
YhcQ 24,6 5,74 unknown 81 3,0 
PdhB 35,3 4,55 pyruvate dehydrogenase (E1 beta subunit) 300 2,1-3,0 
TufA 43,4 4,72 elongation factor Tu 213 2,9 
KatE 77,3 5,84 catalase 2 74 2,8 
TufA 32,2 4,98 elongation factor Ts 183 2,8 
Tig 65,7 5,26 biosynthesis of the pyrimidine moiety of thiamin 93 2,8 
GlmS 65,2 4,8 L-glutamine-D-fructose-6-phosphate amidotransferase 115 2,8 
GlyS 76,1 4,97 glycyl-tRNA synthetase (beta subunit) 224 2,7 
YvgQ 64,6 5,49 unknown; similar to sulfite reductase 227 2,7 
YkrS 38,7 5 unknown; similar to initiation factor eIF-2B (alpha subunit) 185 2,2-2,7 
SerA 95,3 5,34 preprotein translocase subunit (ATPase) - 2,6 
YddT 25,3 9,55 unknown 52 2,5 
YoxD 25,2 5,33 unknown; similar to 3-oxoacyl- acyl-carrier protein reductase 66 2,5 
YugG 18,6 4,89 transcriptional regulator of the alaRT operon 95 2,5 
YjbX 25,4 6,38 unknown 101 2,4 
YacC 31,7 4,66 unknown; similar to chaperonin (heat shock protein 33 homolog) 91 2,4 
SpeE 56,9 5,62 phosphoglycerate dehydrogenase 217 2,4 
AspS 65,8 4,65 aspartyl-tRNA synthetase 122 2,4 

PurS 55,6 5,13 
phosphoribosylaminoimidazole carboxy formyl formyltransferase / inosine-
monophosphate cyclohydrolase 

255 2,4 

GidA 69,6 6,33 glucose-inhibited division protein - 2,4 
YxxG 16,3 4,42 unknown 75 2,4 
Tsf 47,3 4,22 trigger factor (prolyl isomerase) 193 2,4 
YwaA 40,2 4,95 unknown; similar to branched-chain amino acid aminotransferase - 2,2 
YvgR 67,1 4,57 unknown; similar to sulfite reductase 176 2,2 
YsaA 29,4 4,67 unknown 136 2,1 
YheA 13,5 4,41 unknown 50 2,1 
FabI 27,7 5,61 enoyl-acyl carrier protein reductase 93 2,1 

PurC 49,6 4,76 
pyruvate dehydrogenase / 2-oxoglutarate dehydrogenase (dihydrolipoamide 
dehydrogenase E3 subunit) 

159 2,0 

FabL 27,0 5,97 enoyl-acyl carrier protein reductase 91 2,0 
NadE 30,2 4,89 NH3-dependent NAD+ synthetase 72 2,0 
FbaA 30,2 5,03 fructose-1,6-bisphosphate aldolase 132 2,0 

1) in kDa; 2) isoelektrischer Punkt aus SubtiList (SubtiList: http://genolist.pasteur.fr/SubtiList/); 3) Beschreibung aus SubtiList 

(SubtiList: http://genolist.pasteur.fr/SubtiList/); 4) Score der Datenbanksuche nach MAlDI-TOF-TOF, beruht entweder auf dem 

Peptide-Mass-Fingerprint, oder setzt sich aus Peptide-Mass-Fingerprint und Ionenscore zusammen. (-) Identifizierung beruht 

auf dem Vergleich mit dem Bacillus subtilis-Mastergel (EYMANN et al., in press); 5) Mittelwert der Induktions-Ratios 

(WT 15°C / WT 37°C) aus D2D-MPX (DECODON-Greifswald), Min-Max-Angaben bei multiplen Spots.
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Die ebenfalls nach den oben genannten Kriterien durchgeführte Untersuchung der 

Kälteadaptation in der sigB-Mutante ergibt eine Induktion von 132 und eine Repression von 

167 Proteinspots (Tab. 1). Es konnten 61 bzw. 54 differentiell exprimierte Proteine 

identifiziert werden (Abb. 14).

Abb. 14: Ergebnis der Auswertung der Proteinprofile der bei 37°C bzw. 15°C kultivierten sigB-
Mutante. Das Gelbild der bei 37°C kultivierten sigB-Mutante (Cy5-markierter Proteinextrakt) ist 
blau und das Gelbild der bei 15°C gewachsenen sigB-Mutante (Cy3-markierter Proteinextrakt) 
ist orange eingefärbt. Die rot beschrifteten Spots sind bei 15°C induziert und die blau
beschrifteten Spots sind bei 15°C reprimiert. Den mit NI gekennzeichneten Spots konnten 
noch keine Proteine zugeordnet werden. (Tab. 4 und Tab. 5) 

Von den 61 in der sigB-Mutante bei 15°C induzierten Proteinen (Tab. 4) sind 35 auch 

im Wildtyp bei 15°C induziert. Unter ihnen befindet sich auch das Protein YvyD, dessen Gen 

einer Doppelkontrolle durch SigH und SigB unterliegt (DRZEWIECKI, et al., 1998). Das 

ebenfalls unter der Kontrolle von SigH exprimierte Protein Spo0A gehört zu der einer Gruppe 
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von 26 Genen, welche nur in der sigB-Mutante, nicht aber im Wildtyp eine Induktion bei 15°C 

zeigen. Es ist bei 15°C in einer 2,5-fach höheren Konzentration als bei 37°C vorhanden. Wie 

schon oben erwähnt war im Wildtyp auf Transkriptionsebene keine Induktion des spo0A-

Gens nachzuweisen. Da wir jedoch in der Proteomanalyse eine leichte Induktion in der sigB-

Mutante, nicht aber im Wildtyp beobachten, könnte man diese mit der nach dem Wegfall von 

SigB verringerten Konkurrenz der restlichen Sigmafaktoren (SigA und SigH) um das Core-

Enzym der RNA-Polymerase erklären. Es bliebe jedoch zu prüfen, welcher der 

Sigmafaktoren unter diesen Bedingungen für die Induktion von Spo0A verantwortlich ist. Die 

Gruppe um R. Grau konnte in Western-Blot Experimenten eine Akkumulation von Spo0A und 

eine SigH-abhängige Induktion einer Reportergenfusion mit dem spo0A-Gen während des 

Wachstums von B. subtilis Wildtyps bei einer intermediären Temperatur von 20°C 

beobachten (MENDEZ, et al., 2004). Wir konnten eine signifikante Zunahme von Spo0A für 

die sigB-Mutante zeigen und die Arrayanalysen bzw. die von Ina Budde ausgeführte 

Nothern-Blot-Analyse deuten an, dass die Erhöhung der Menge an Spo0A in der Kälte 

entweder über eine verbesserte Translation oder über die Stabilisierung des Proreins 

erreicht wird. 

Der Einfluss von SigH in bei Kälte wachsenden B. subtilis-Zellen bleibt offen und sollte 

durch weiterführende Experimente untersucht werden.  

ClpC ist das einzige identifizierte SigB-abhängige Protein, welches in der sigB-

Mutante, jedoch nicht im Wildtyp bei 15°C induziert war. Von den 18 bei 15°C im Wildtyp 

induzierten Proteinen des SigB-Regulons sind 12 in der sigB-Mutante nicht mehr induziert, 

weitere 6 Proteine sind sowohl im Wildtyp, als auch in der sigB-Mutante induziert, so dass 

man davon ausgehen muss, dass dieses Proteine einer Doppelkontrolle unterliegen. 

Von den 54 in der sigB-Mutante bei 15°C reprimierten Proteinen waren 37 auch im 

Wildtyp bei 15°C reprimiert. Unter ihnen befinden sich die Proteine HtpG und DnaK, beide 

stellen Hitzeschockproteine dar, die in B. subtilis nach einem Hitzeschock verstärkt 

synthetisiert werden. Sie dienen als Chaperone und helfen der Zelle falschgefaltete Proteine 

zu beseitigen. Ihr vermehrtes Vorkommen bei 37°C gegenüber 15°C spiegelt vermutlich die 

bei höheren Temperaturen anfälligere Proteinfaltung wider. 
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Tab. 4: Liste der in der sigB-Mutante bei 15°C induzierten Proteine 

Protein MW
1
 pI

2
 Beschreibung

3
 Score

4
Faktor

5

YolF 12,1 9,2 unknown - 39,5 
YjcG 19,5 5,6 unknown 146 27,9 
GsaB 46,0 5,6 glutamate-1-semialdehyde aminotransferase 70 22,0 
Dat 31,0 4,9 probable D-alanine aminotransferase 261 21,4 
PdhB 35,3 4,6 pyruvate dehydrogenase (E1 beta subunit) 300 4,1-19,5 
YgxA  34,2 5,8 unknown 63 19,0 
YdaD 30,9 4,8 unknown; similar to alcohol dehydrogenase 51 16,6 
PrkA 72,7 5,5 serine protein kinase 322 10,1-15,5 
SpoIVA 55,0 4,6 required for proper spore cortex formation and coat assembly 50 11,6 
YdcF 11,1 8,1 unknown - 11,4 
YvrE 33,1 4,6 unknown; similar to senescence marker protein-30 204 9,5 
Pta 34,6 4,7 phosphotransacetylase 168 8,6 
YppP 20,0 5,7 peptidyl methionine sulfoxide reductase 56 8,0* 
YqjI 51,6 5,1 unknown; similar to 6-phosphogluconate dehydrogenase (pentose phosphate) 134 2,1-6,5 
YlaM 33,9 5,7 unknown; similar to glutaminase - 6,0 
YkfA 25,3 5,4 unknown; similar to immunity to bacteriotoxins - 5,8 
Gid 47,9 5,8 glucose-inhibited division protein - 5,7* 
GroEL 57,3 4,5 class I heat-shock protein (chaperonin) 118 4,4-5,5 
YdjL 37,2 4,8 unknown; similar to L-iditol 2-dehydrogenase 125 5,4 
InfB 78,4 5,2 initiation factor IF-2 161 5,2-3,0 
MetS 76,0 5,0 methionyl-tRNA synthetase 263 4,9 
UreC 61,0 5,1 urease (alpha subunit) 94 4,5 
YuaE 19,0 6,2 unknown 65 4,5 
DhbE 59,8 5,7 2,3-dihydroxybenzoate-AMP ligase (enterobactin synthetase component E) 80 4,4 
MlpA 45,8 5,3 mitochondrial processing peptidase-like 73 4,1 
SerS 48,7 5,2 seryl-tRNA synthetase 103 3,9 
PheT 87,8 4,9 phenylalanyl-tRNA synthetase (beta subunit) 250 3,9 
YtiB 21,0 6,2 unknown; similar to carbonic anhydrase 54 3,9 
GtaB 32,9 4,9 UTP-glucose-1-phosphate uridylyltransferase - 3,8 
YfmG 56,4 5,2 unknown 187 2,8-3,7 
Pyk 62,0 4,9 pyruvate kinase 241 3,6 
PpaC 33,8 4,5 inorganic pyrophosphatase 241 3,4 
KatA 54,6 6,2 vegetative catalase 1 - 3,4 
GsiB 13,7 5,1 general stress protein 444 3,3 
YcgN 56,3 5,4 unknown; similar to 1-pyrroline-5-carboxylate dehydrogenase 136 3,2 
IlvD 59,4 5,3 dihydroxy-acid dehydratase 69 2,0-3,2 
CspC 7,1 4,5 cold-shock protein 51 3,2 
AspB 42,9 5,3 aspartate aminotransferase 82 3,2 
YdaP 63,0 5,2 unknown; similar to pyruvate oxidase - 3,0 
Csd 44,8 5,2 probable cysteine desulfurase - 2,9 
ThiC 65,7 5,3 biosynthesis of the pyrimidine moiety of thiamin 93 2,9 
CspB 7,2 4,3 major cold-shock protein 70 2,8 
TufA 43,4 4,7 elongation factor Tu 213 2,4-2,7 
PipB 15,1 5,5 peptidyl-prolyl isomerase 112 2,6 
AtpD 51,3 4,6 ATP synthase (subunit beta) 184 2,5 
YfhB 32,0 5,2 unknown 117 2,5 
Spo0A 29,5 6,0 two-component response regulator central for the initiation of sporulation 65 2,5 
DhbB 35,0 4,4 isochorismatase 72 2,4 
FabD 33,9 4,5 malonyl CoA-acyl carrier protein transacylase 128 2,3 
FabF 43,8 4,8 beta-ketoacyl-acyl carrier protein synthase II - 2,2 
ClpC 89,9 5,8 class III stress response-related ATPase 285 2,2 
YkwC 30,6 5,1 unknown; similar to 3-hydroxyisobutyrate dehydrogenase 78 2,2 
DeoD 25,2 5,0 purine nucleoside phosphorylase 94 2,1 
PnbA 77,3 4,9 polynucleotide phosphorylase (PNPase) 239 2,0-2,1 
Sat 42,7 5,7 probable sulfate adenylyltransferase 101 2,1 
YvyD 48,1 5,0 unknown 75 2,1 
GatA 52,5 5,2 glutamyl-tRNA(Gln) amidotransferase (subunit A) - 2,1 

RecA 37,9 4,9 
multifunctional protein involved in homologous recombination and DNA repair 
(LexA-autocleavage) 

183 2,1 

BglH 53,1 5,0 beta-glucosidase 66 2,1 
YitV 28,9 5,6 unknown 78 2,0 
Tkt 72,2 4,8 transketolase 119 2,0 

1) in kDa; 2) isoelektrischer Punkt aus SubtiList (SubtiList: http://genolist.pasteur.fr/SubtiList/); 3) Beschreibung aus SubtiList 

(SubtiList: http://genolist.pasteur.fr/SubtiList/); 4) Score der Datenbanksuche nach MAlDI-TOF-TOF, beruht entweder auf dem 

Peptide-Mass-Fingerprint, oder setzt sich aus Peptide-Mass-Fingerprint und Ionenscore zusammen. (-) Identifizierung beruht 

auf dem Vergleich mit dem Bacillus subtilis-Mastergel (EYMANN et al., in press); 5) Mittelwert der Induktions-Ratios 

(sigB 37°C / sigB 15°C) aus D2D-MPX (DECODON-Greifswald), Min-Max-Angaben bei multiplen Spots. 
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Tab. 5: Liste der in der sigB-Mutante bei 15°C reprimierten Proteine 

Protein MW
1
 pI

2
 Beschreibung

3
 Score

4
Faktor

5

YukE 9,0 7,9 unknown 77 19,9 
DnaK 65,8 4,6 class I heat-shock protein (molecular chaperone) 274 19,7 
YdcR  40,8 5,1 unknown; similar to transposon protein 66 3,1-17,5 
YkoF 21,9 6,1 unknown - 7,2 
YpfD 42,2 4,6 unknown; similar to ribosomal protein S1 homolog 214 6,0 
YceD 20,5 4,3 unknown; similar to tellurium resistance protein 146 2,8-5,7 
PyrF 25,8 5,8 orotidine 5'-phosphate decarboxylase - 5,5 
HprT 20,1 4,6 hypoxanthine-guanine phosphoribosyltransferase - 5,5 
Eno 46,4 4,5 enolase 160 2,2-5,3 
YwaA 40,2 5,0 unknown; similar to branched-chain amino acid aminotransferase 46 5,2 
RibH 16,1 5,2 riboflavin synthase (beta subunit) 86 5,0 
Tig 47,3 4,2 trigger factor (prolyl isomerase) 193 4,8 
YacC 31,7 4,7 unknown; similar to chaperonin (heat shock protein 33 homolog) 91 4,6 
YxxG 16,3 4,4 unknown 75 4,3 
LeuA 56,7 5,7 2-isopropylmalate synthase 106 2,2-3,9 
YqjE 39,5 4,8 unknown; similar to tripeptidase 76 3,9 
YdaG 15,7 5,2 unknown; similar to general stress protein 72 3,6 
YvgQ  64,6 5,5 unknown; similar to sulfite reductase 227 2,7-3,5 
RpsB 27,8 6,3 ribosomal protein S2 63 3,4 
YkrY 23,3 5,7 unknown - 3,4 
YkrS 38,7 5,0 unknown; similar to initiation factor eIF-2B (alpha subunit) 185 2,0-3,4 
AlaR 18,6 4,9 transcriptional regulator of the alaRT operon 95 3,3 
CsgA 9,7 4,7 sporulation-specific SASP protein 50 3,3 
CheW 17,4 4,4 modulation of CheA activity in response to attractants 110 3,1 
OdhA 105,5 5,9 2-oxoglutarate dehydrogenase (E1 subunit) - 2,1-3,1 
OdhB 45,8 4,9 2-oxoglutarate dehydrogenase (dihydrolipoamide transsuccinylase, E2 subunit) 121 3,1 
PcrA 83,4 5,8 ATP-dependent DNA helicase - 2,7-3,1 
SucC  41,2 4,9 succinyl-CoA synthetase (beta subunit) 293 2,2-3,0 
CitH 45,4 9,3 secondary transporter of divalent metal ions/citrate complexes 112 2,9 
YddT 25,3 9,6 unknown 52 2,9 
GatB 53,2 4,9 glutamyl-tRNA(Gln) amidotransferase (subunit B) 74 2,8 
CspD 7,2 4,3 cold-shock protein 92 2,7 
AhpF 54,7 4,7 alkyl hydroperoxide reductase (large subunit) / NADH dehydrogenase 70 2,7 
YvbJ 67,1 4,9 unknown 55 2,5 
YvgR 67,1 4,6 unknown; similar to sulfite reductase 176 2,5 
YhcQ 24,6 5,7 unknown 81 2,4 
GuaB 52,8 6,2 inosine-monophosphate dehydrogenase 87 2,4 
YoxD 25,2 5,3 unknown; similar to 3-oxoacyl- acyl-carrier protein reductase 66 2,4 
AspS 65,8 4,7 aspartyl-tRNA synthetase 122 2,4 
KatE 77,3 5,8 catalase 2 74 2,3-2,5 
NrdE 80,5 5,9 ribonucleoside-diphosphate reductase (major subunit) - 2,3 
RplL 12,6 4,4 ribosomal protein L12 (BL9) 195 2,3 
YkrZ 20,7 4,4 unknown 61 2,2 
HtpG 72,1 4,7 class III heat-shock protein (molecular chaperone) 153 2,2 
RplD 22,2 10,5 ribosomal protein L4 183 2,1 
SigB 30,0 5,4 RNA polymerase general stress sigma factor 130 2,1 
YkzA 14,5 4,7 unknown; similar to organic hydroperoxide resistance protein 56 2,1 
Prs 34,7 5,9 phosphoribosylpyrophosphate synthetase 186 2,1 
TufA  43,4 4,7 elongation factor Tu 213 2,1 
LeuC 52,2 6,1 3-isopropylmalate dehydratase (large subunit) - 2,0-2,1 
CysC 22,4 5,1 probable adenylylsulfate kinase - 2,0 
Xpt 20,9 5,8 xanthine phosphoribosyltransferase 145 2,0 
FabL 27,0 6,0 enoyl-acyl carrier protein reductase 91 2,0 
Mbl 35,7 5,7 MreB-like protein 111 2,0 

1) in kDa; 2) isoelektrischer Punkt aus SubtiList (SubtiList: http://genolist.pasteur.fr/SubtiList/); 3) Beschreibung aus SubtiList 

(SubtiList: http://genolist.pasteur.fr/SubtiList/); 4) Score der Datenbanksuche nach MAlDI-TOF-TOF, beruht entweder auf dem 

Peptide-Mass-Fingerprint, oder setzt sich aus Peptide-Mass-Fingerprint und Ionenscore zusammen. (-) Identifizierung beruht 

auf dem Vergleich mit dem Bacillus subtilis-Mastergel (EYMANN et al., in press); 5) Mittelwert der Induktions-Ratios 

(sigB 16°C / sigB 37°C) aus D2D-MPX (DECODON-Greifswald), Min-Max-Angaben bei multiplen Spots. 
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Neben dem indirekten Vergleich der induzierten Proteine aus den beiden 

Experimenten ermöglicht die Verwendung der DIGE-Technologie dank des internen 

Standards auch den direkten Vergleich zwischen einzelnen Bedingungen beider 

Experimente (Abb. 12). Diese Eigenschaft wurde nun zur Ermittlung der SigB-abhängigen 

Induktion in der Kälte ausgenutzt (Abb. 15).  

Abb. 15: Ergebnis der Auswertung der SigB-abhängigen Akkumulation von Proteinen während 
kontinuierlichem Wachstum bei 15°C. Das Gelbild der bei 15°C kultivierten sigB-Mutante 
(Cy3-markierter Proteinextrakt) ist blau und das Gelbild des bei 15°C gewachsenen Wildtyps 
(Cy3-markierter Proteinextrakt) ist orange eingefärbt. Die rot beschrifteten Spots sind im 
Wildtyp gegenüber der sigB-Mutante bei 15°C induziert. Den mit NI gekennzeichneten Spots 
konnten noch keine Proteine zugeordnet werden. 

Der Vergleich der Proteinextrakte des bei 15°C kultivierten Wildtyps mit denen der bei 

15°C kultivierten sigB-Mutante ergab 55 induzierte Proteinspots im Wildtyp. Die 

Identifizierung der Spots ergab 28 Proteine, von denen mehr als die Hälfte (17) dem SigB-
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Regulon zugeordnet werden können. Unter den restlichen 11, nicht SigB-abhängigen 

Proteinen, befindet sich der auch schon in den Transkriptionsuntersuchungen aufgefallene 

Repressor der Sporulation PaiA und das zuvor schon erwähnte Protein YvyD. 

Vergleicht man die in den Transkriptionsanalysen in der Kälte wachsender Zellen 

beobachteten Veränderungen der Genexpression mit denen im Proteomansatz erhalten 

Ergebnissen, so zeigt sich zuerst die viel höhere Abdeckung in den Transkriptionsanalysen. 

Von den 279 im Wildtyp bei 15°C induzierten Genen konnte in beiden Proteomansätzen für 

26 Proteine ebenfalls eine Induktion gezeigt werden. Andererseits konnte in beiden 

Proteomansätzen eine Zunahme für 64 Proteine beobachtet werden, deren Transkription 

keine Induktion aufwies. Zu diesen gehören die Proteine CspB und CspC, die eine höhere 

Proteinmenge im Wildtyp und in der sigB-Mutante bei 15°C als 37°C bei aufweisen. Ihre 

verstärkte Synthese in der Kälte wird durch die Stabilisierung ihrer RNA bei 15°C erreicht 

(KAAN, et al., 1999). Die Induktion des SigB-Regulons in der Kälte war auch auf 

Proteomebene sichtbar 18 der 64 im Wildtyp bei 15°C induzierten Proteine wurden als 

generelle Stressproteine diesem Regulon zugeordnet. Im Falle der Sporulation wurde für 

zwei Proteine eine Erhöhung gezeigt, deren Genexpression zuvor nicht induziert war. Die in 

den Transkriptionsanalysen beobachtete Induktion einer großen Anzahl an 

Sporulationsgenen konnte jedoch mit den bis jetzt identifizierten Proteinen nicht bestätigt 

werden, was auf eine relativ schwache Induktion der Gene hinweist. Insgesamt wurde in der 

Proteomanalyse für drei der 9 zuvor in der Transkriptionsanalyse bei 15°C induzierten SigH-

abhängigen Gene auch ein Anstieg der Proteinmenge bei 15°C nachgewiesen. Spo0A, 

dessen Gen in den Transkriptionsanalysen nicht induziert wurde, zeigte in der sigB-Mutante 

bei 15°C ein 2,5-mal stärkeres Signal als bei 37°C. Das Protein YvyD, dessen Gen einer 

Doppelkontrolle durch SigB und SigH unterliegt und welches auf Transkriptionsebene 

ebenfalls induziert war, wurde sowohl in der sigB-Mutante, als auch im Wildtyp bei 15°C 

induziert. Das dritte Protein YthX und das zugehörige Gen zeigten nur in den Proteom- und 

Transkriptomanalysen des Wildtyps eine Induktion. Auf Grund dieser Befunde kann man 

einen möglichen Einfluss von SigH auf in der Kälte wachsende Zellen vermuten. In welchem 

Umfang SigH an der Adaptation von B. subtilis an Kälte wirklich beteiligt ist muss durch 

weitere Experimente geprüft werden.  

Für 16 der 301 in der Transkriptomanalyse bei 15°C reprimierten Gene konnten auch 

verringerte Proteinmengen bei 15°C nachgewiesen werden. Zusätzlich zeigten 64 

identifizierte Proteine eine Repression, welche nicht auf Transkriptionsebene beobachtet 

werden konnte. Die Hitzeschockproteine DnaK und HtpG sind reprimiert, sie werden 

vermutlich bei 37°C vermehrt benötigt, um bei der gegenüber 15°C höheren Temperatur die 

Rückfaltung oder den Abbau falsch gefalteter Proteine zu gewährleisten. Ansonsten sind, 

zwar in geringerem Umfang als in der Transkriptionsanalyse, Proteine mit Funktionen 
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innerhalb des Energiestoffwechsels, der Biosynthese von Zellbestandteilen unter den 

reprimierten Proteinen zufinden. Die Repression des Proteins CheW, einem Modulator und 

CheA-Aktivität, konnte im Wildtyp und in der sigB-Mutante beobachtet werden, es ist das 

einzige identifizierte Protein, welches die Repression der Motilitäts- und Chemotaxisgene in 

den Arrayanalysen stützen könnte.  

Neben den oben genannten Vorteilen der DIGE-Technologie soll hier noch auf 

beobachtete Probleme aufmerksam gemacht werden, welche die Identifizierung und 

Zuordnung betreffen. Eine mögliche Fehlerquelle war die Zuordnung der Coomassie 

gefärbten Spots zu den in den Fluoreszenzbildern dargestellten Spots. Auf Grund der 

unterschiedlichen Färbung und des veränderten Laufverhaltens der markierten Proteine 

gegenüber zuvor aufgetrennten Proben war die Zuordnung der Proteine in Gelbereichen mit 

geringer Spotdichte zumeist schwierig und vermutlich nicht frei von Fehlern. 
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4.3. Charakterisierung der Sporulationsregulons in B. subtilis (submitted)

Die wohl drastischste Strategie, derer sich B. subtilis in einer Notsituation bedienen 

kann ist die Sporulation. Die völlige Umwandlung der vegetativen Zelle in eine metabolisch 

inaktive Endospore, welche resistent gegen Hitze, UV-Strahlung, Austrocknung, 

Schwermetalle und sonstige widrige Umwelteinflüsse ist (HACKETT & SETLOW, 1988; 

TOVARROJO & SETLOW, 1991; FAIRHEAD, et al., 1993). Obwohl der Prozess der Sporulation 

schon seit langem untersucht wird, gibt es immer wieder faszinierende neue Erkenntnisse, 

welche das Interesse an der Sporulation wach halten. Neben den oben genannten Vorteilen 

der Sporulation birgt der Prozess auch Gefahren für das Bakterium. Die Sporulation ist nach 

der Bildung des Septums nicht mehr umkehrbar und verbraucht erhebliche Reserven, um die 

Spore mit ihren markanten Eigenschaften herzustellen (ERRINGTON, 1993). Bevor die Zellen 

sporulieren wird deshalb eine Vielzahl von Umweltsignalen in einer komplexen 

Signaltransduktion, dem so genannten „Spo0A-Phosphorelay“, integriert um die Sporulation 

nur unter adäquaten Bedingungen zu initiieren. Ein Teil der Population exprimiert hierbei 

unter der Kontrolle von Spo0A-P einen „killing factor“ und das Protein SdpC. Dieses 

verhindert durch Aktivierung der Fettsäureoxidation und ATP-Synthese die Phosphorylierung 

von Spo0A und somit die Initiation der Sporulation in einem Teil der Bacillus-Zellen. 

Weiterhin führt der ins Medium sekretierte „killing-factor“ zu einer Lyse von Bacillus-Zellen. 

Die frei werdenden Nährstoffe werden zum weiteren Wachstum verwendet und verzögern so 

die Einleitung der Sporulation im Rest der Bacillus-Population (GONZALEZ-PASTOR, et al.,

2003). Die Zellen verbleiben sozusagen auf Kosten ihrer Verwandten im Stadium des 

vegetativen Wachstums und können somit schnell auf Änderungen des Nährstoffangebots 

reagieren ohne Gefahr zu laufen von Konkurrenten während der Auskeimung überwachsen 

zu werden. 

Die nach der kompletten Sequenzierung von B. subtilis im Jahre 1997 (KUNST, et al.,

1997) aufkommende Technik der DNA-Array Hybridisierung bot die Möglichkeit eine globale 

Analyse der Sporulation, als bakterielles Modell einer komplexen Zelldifferenzierung, 

durchzuführen. Im Rahmen dieser Arbeit wurde so die Beteiligung der einzelnen 

Sporulationssigmafaktoren an diesem Differenzierungsmechanismus untersucht. Die an der 

Sporulation beteiligten Gene wurden mit Hilfe der DNA-Array-Technik den vier Regulons 

zugeteilt und neue an der Sporulation beteiligte Gene identifiziert. 
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4.3.1. Experimenteller Aufbau zur globalen Transkriptionsanalyse der Sporulation in 

B. subtilis

Die zeitliche und kompartimentspezifische Kontrolle der Genexpression während der 

Sporulation in B. subtilis wird durch eine Kaskade von vier Sigmafaktoren erreicht. In der 

frühen Phase der Sporulation kontrollieren SigF in der Vorspore und SigE in der Mutterzelle 

die Differenzierung der Zelle. In der späteren Entwicklung werden sie durch SigG und SigK 

ersetzt. Zur zeitlichen Differenzierung der Genexpression wurden Zellen des B. subtilis

Wildtyps JH642 in Minimalmedium (growth medium) bei 37°C bis zu einer OD578 von 0,8 

kultiviert und pelletiert. Die Sporulation wurde danach durch eine Resuspension im 

zweifachen Volumen eines aminosäurelimitierten Mediums (resuspension medium)und eine 

weitere Kultivierung der Zellen bei 37°C ausgelöst (BOSCHWITZ & YUDKIN, 1983; NICHOLSON

& SETLOW, 1990). Durch diese Methode wurde eine genaue Definition des Beginns der 

Sporulation (T0) ermöglicht. Die Proben wurden 30, 90, 150, 210, 270 und 330 Minuten nach 

der Resuspension der Zellen entnommen und bei -80°C für die spätere RNA Isolation 

gelagert. Die zur Unterscheidung der einzelnen Sporulationsregulons benötigten Mutanten 

wurden ebenso kultiviert. Neben den Mutanten der jeweiligen Sigmafaktoren (SigF, MO1073

trpC2 pheA1 spoIIAC::erm; SigE, MO512 trpC2 pheA1 spoIIGB::erm; SigG, MO1074 

trpC2 pheA1 spoIIIG::erm; SigK, MO1027 trpC2 pheA1 spoIVCB::erm) wurde eine sigG-

Mutante verwendet, in welcher zusätzlich das sigG-abhängige Gen des Repressors der Pro-

SigK Prozessierung (bofA) deletiert war (Marb30, trpC2 pheA1 spoIIIG::spc bofA::cat).

Dieser Stamm erlaubt eine SigK-abhängige Expression in der Mutterzelle ohne das 

Vorhandensein von aktivem SigG in der Vorspore. Ein weiterer Ansatz beruhte auf der 

Nutzung des IPTG induzierbaren PSPAC-Promotors und der artifiziellen Induktion einzelner 

Sigmafaktoren oder Allele der Sigmafaktoren, welche keine Prozessierung zur Aktivierung 

benötigten, während des exponentiellen Wachstums (STEIL, et al. Tab.1 „verwendete 

Stämme und Plasmide“). Die RNA-Isolation erfolgte nach der sauren Phenol-Methode 

(Völker et al., 1994). Die Kontrolle der RNA Qualität und der Expression von bekannten 

Markergenen der einzelnen Sigmafaktoren erfolgte mittels Dot-Blot (Steil et al. Fig.1) oder 

Northern-Blot-Hybridisierungen unter Verwendung von DIG-markierten antisense RNA-

Sonden. Nach der Qualitätskontrolle wurde in einer reversen Transkription mit spezifischen 

Primern aus den RNAs eine mit P33- dCTP radioaktiv markierte cDNA hergestellt. Diese 

wurde mit den kommerziell erhältlichen Bacillus subtilis Panorama-Arrays (Sigma-Genosys 

Ltd., The Woodlands, Texas, USA) hybridisiert. Die Auswertung der nach der Exposition der 

Arrays mit einem Phosphoscreen erhaltenen Signalintensitäten erfolgte mit den 

Softwarepaketen Arrayvision (Imaging Research Inc., St. Catharines, Ontario, Kanada) und 
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Genespring (Silicon Genetics, Redwood City, CA, USA). Im Folgenden sollen die für die 

einzelnen Regulons erhaltenen Ergebnisse kurz erläutert und mit bereits erschienenen 

Arbeiten verglichen werden.  

Die Regulons des ersten vorsporenspezifischen Sigmafaktors (SigF) und des ersten 

mutterzellspezifischen Sigmafaktors (SigE) wurden über den Vergleich der Genexpression 

im Wildtyp zum Zeitpunkt 90 und 150 Minuten mit der Genexpression 30 Minuten nach 

Induktion der Sporulation definiert. Durch die Einbeziehung der Expression in der sigF-

Mutante und der sigE-Mutante nach 90 Minuten konnte die SigE-abhängige von der SigF-

abhängigen Expression getrennt werden. Nach dem Hinzufügen der vermutlich als Operon 

exprimierten Gene wurden 66 Gene dem SigF-Regulon zugeordnet (Fig. 1a). Von den bisher 

bekannten 24 Genen waren 15 in dieser Gruppe vertreten. 

Dem SigE-Regulon konnten 150 Gene zugeordnet werden, 132 dieser Gene wurden in 

zwei bereits veröffentlichten Arbeiten von Eichenberger und Errington diesem Regulon 

zugeordnet. Mit seinen 313 Genen, die insgesamt in einer der drei Arrayanalysen als SigE-

abhängig angenommen wurden, ist das SigE-Regulon das größte der vier 

Sporulationsregulons. Insgesamt 99 Gene wurden in allen drei Arbeiten als SigE-abhängig 

beschrieben. 18 Genen wurden nur in unserer Arbeit beschrieben, sie verdeutlichen die von 

uns möglichst stringent gewählten Kriterien gegenüber den 102 Genen und 32 die nur in den 

Arbeiten von Eichenberger und Errigton vorkommen (ERRINGTON et al., 2003; 

EICHENBERGER et al., 2003). 

Die Mitglieder des SigG-Regulons wurden über einen Vergleich der Genexpression im 

Wildtyp bei 150, 210 und 270 Minuten nach Initiation der Sporulation mit der bei 30 Minuten 

ermittelt. Zusätzlich sollten sie eine 3-fache Induktion im Wildtyp und der sigK-Mutante im 

Vergleich zur sigG-Mutante bei 150 bzw. 270 Minuten aufweisen (Fig. 1b). Nach diesen 

Kriterien wurden 111 Gene dem SigG Regulon zugeordnet. 

Die SigK-abhängigen Gene mussten eine 3-fache Induktion im Vergleich von 30 und 

90 Minuten mit 270 und 330 Minuten nach Initiation der Sporulation vorweisen, weiterhin 

mussten sie eine Induktion im Wildtyp und der sigG-bofA-Mutante im Vergleich zur sigK-

Mutante bei 270 Minuten zeigen. Nach diesen Kriterien wurden 132 Gene dem SigK-

Regulon zugeordnet (Fig.1d). Alle Listen der induzierten Gene wurden hinterher mit Genen 

komplettiert, die in einem Operon mit denen von uns identifizierten Genen liegen (STEIL, et 

al.Tab.2-5, Fig.2a-d). 

Für jeden der vier Sporulations-Sigmafaktoren wurden Gene ausgewählt und die in den 

Arrayanalysen beschriebene Zugehörigkeit zu dem jeweiligen Regulon und die 

kompartimentspezifische Expression durch GFP-Fusionen nachgewiesen (STEIL, et al.

Fig.5).
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ABSTRACT

Temporal and compartment-specific control of gene expression during sporulation in B. 

subtilis is governed by a cascade of four RNA polymerase subunits. F in the prespore and 

E in the mother cell, control early stages of development, and are replaced at later stages by 

G and K, respectively. Ultimately, a comprehensive description of the molecular 

mechanisms underlying spore morphogenesis requires the knowledge of all the intervening 

genes, and their assignment to specific regulons. Here we have used DNA macroarrays in an 

extension of earlier efforts, and have identified members of the four compartment-specific 

sporulation regulons. Genes were identified and grouped based on: i) their temporal 

expression profile and ii) the use of mutants for each of the four sigma factors and a bofA

allele, which allows K activation in the absence of G. As a further test, we employed  

artificial production of active alleles of the sigma factors in non-sporulating cells. We have 

found a total of 449 genes including previously characterised genes, whose transcription is 

induced during sporulation: 55 in the F regulon, 150 E-governed genes, 112 G-

dependent genes, and 132 genes under K control. Our results strengthen the view that the 

activities of F, E, G, and K are largely compartmentalised both temporally as well as 

spatially, and that the major vegetative sigma factor ( A) is active throughout sporulation. 

Our results provide a dynamic picture of the changes in the overall pattern of gene 

expression in the two compartments of the sporulating cell, and offer insight into the roles of 

the prespore or the mother cell at different times of spore morphogenesis.
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INTRODUCTION

During the early stages of endospore development in the bacterium Bacillus subtilis the rod-

shaped cell is partitioned into a small prespore, and a much larger mother-cell. Each cell type 

receives a copy of the bacterial chromosome and deploys specific but interdependent genetic 

programs controlled by the successive appearance of the F, E, G, and K subunits of 

RNA polymerase (reviewed by (Stragier & Losick, 1996; Errington, 2003; Hilbert & Piggot, 

2004). Entry into sporulation is induced by nutrient starvation and is mainly controlled 

through phosphorylation of the Spo0A response regulator (Burbulys et al., 1991; Sonenshein, 

2000; Phillips & Strauch, 2002). Spo0A~P controls the expression of a large regulon which 

includes the genes encoding the first compartment-specific regulators F and E, as well as 

genes required for the asymmetric partitioning of the cell (Stragier & Losick, 1996; 

Errington, 2003; Hilbert & Piggot, 2004). Following asymmetric division, the prespore is 

first engulfed by the mother-cell, and then encased in several protective structures, including 

a primordial germ cell wall, which will become the cell wall of the germinating cell, a cortex 

layer essential for heat resistance.  That cell wall consists of a modified form of 

peptidoglycan and a double layered protein coat which confers protection against harsh 

chemicals and lysozyme and influences germination (Driks, 1999; Henriques & Moran, 

2000). Lysis of the mother cell at the end of the sporulation process releases the mature spore 

into the environment. 

Activation of F occurs in the prespore immediately after the polar division of the 

sporulating cell. F controls gene expression during the early stages of prespore 

development, and directs transcription of the gene encoding G, which replaces it during 

later, post-engulfment stages of prespore development. Conversely, E drives transcription 

of early mother-cell genes including the structural gene for K, which replaces E following 

engulfment of the prespore by the mother-cell. Activation of F is coupled to the formation 

of the polar septum, and F activity is required for the mother cell-specific activation of E

(Stragier & Losick, 1996; Errington, 2003; Hilbert & Piggot, 2004). The transcriptional 

activity of E is then required for the activation of G in the prespore, which is somehow 

coupled to the completion of the engulfment process (Partridge & Errington, 1993; Sun et 

al., 2000). Lastly, G triggers a signalling pathway that activates K in the mother cell 

(Losick & Pero, 1981; Piggot & Losick, 2002). These cell-cell signalling mechanisms ensure 

that the forespore and mother cell-specific programs of gene expression are kept in pace and 
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in register with the course of morphogenesis and are essential to ensure that the 

differentiation process takes place with high fidelity (Stragier & Losick, 1996; Errington, 

2003; Hilbert & Piggot, 2004). 

Sporulation involves the expression of a large number of genes. Many loci were identified 

following chemical mutagenesis of a sporulation proficient strain, based on the property that 

on sporulation plates colonies of a wild type (Spo+) but not those of many asporogenous 

(Spo-) or oligosporogeneous mutants produce a dark brown pigment (Piggot & Coote, 1976). 

Sporulation loci have also been identified by transposon mutagenesis (Sandman et al., 1987) 

or by the use of integrational plasmids for gene disruption, by reverse genetics, as encoding 

components of the spore or some of its structures (e.g., Donovan et al., 1987; Kuwana et al.,

2002; Lai et al., 2003), or by expression-based screens designed to find members of specific 

sporulation regulons (e.g., Beall et al., 1993). Prior to sequencing of the B. subtilis genome 

about 100 genes were listed as being involved in sporulation and about 60 of those were 

known to be dependent on the activity of one of the four compartment-specific sigma factors 

(Stragier & Losick, 1996). The availability of the B. subtilis genome sequence (Kunst et al.,

1997), has made possible the use of DNA arrays to study the profile of gene expression 

during sporulation at a genome-wide level. Three recent studies have made use of DNA 

arrays and expression profiling to the study of sporulation. Fawcett et al. (2000) have 

characterised the transcription profile of early to middle stages of sporulation induced by 

nutrient exhaustion in Difco sporulation medium (DSM) (Fawcett et al., 2000). These 

authors have compared transcripts present during growth, at the onset of sporulation, and two 

hours after the initiation of sporulation of a wild type strain, with transcripts present in 

mutants for spo0A and sigF. The transcription of 66 genes was found to be dependent on 

both Spo0A and F, including several genes known to be under the control of F or E. The 

use of hidden Markov models trained to find known promoter elements, allowed the 

assignment of 11 new genes to the F regulon, and of 22 to control by E (Fawcett et al.,

2000). Two studies have provided information on the composition of the E regulon when 

sporulation is induced by growth and resuspension in a poorer synthetic medium. 

Eichenberger et al. (2003) have reported transcriptional profiling and bioinformatics data to 

support their assignment of 253 genes to the E regulon, including 181 new genes 

(Eichenberger et al., 2003). Disruption of 12 of the newly identified genes produced a 

sporulation phenotype (Eichenberger et al., 2003). Feucht et al. (2003) have found a total of 
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171 E-dependent transcripts, 101 of each were previously unknown and of these, mutations 

in about 10 diminished the efficiency of sporulation (Feucht et al., 2003). 

In the present study, we wanted to extend expression profiling studies to the late prespore 

and mother cell-specific regulons (under G and K control, respectively), and 

simultaneously provide an overall picture of the changes in the pattern of gene expression 

over time when sporulation is induced by growth followed by resuspension in a defined 

medium. We made use of DNA macroarrays to identify genes governed by F, E, G, or 

K. Most of the previously characterised sporulation genes were found  and assigned to the 

correct regulon. We report on the identification of a total of 449 sporulation genes. Our 

results strongly support the view that the different sporulation regulons are largely 

differentiated both temporally and spatially, with little overlap between consecutive 

prespore- or mother cell-specific regulons (Li & Piggot, 2001). The results also provide 

insight into the specific contributions of the prespore and mother cell types to spore 

development and spore properties.

METHODS

Bacterial strains, media and growth conditions. Escherichia coli DH5  was used for 

routine cloning experiments. The B. subtilis strains used in this work are listed in Table 1. The 

transcriptional profiling experiments were performed with the wild-type strain JH642 

(BGSC1A96; a kind gift from J. Hoch, La Jolla, USA) and isogenic derivatives with defects 

in particular sporulation-specific sigma factors. For these experiments, bacteria were routinely 

grown with vigorous agitation in growth medium until an OD at 540 nm of 0.75 at which time 

they were collected by centrifugation at room temperature for 15 minutes at 6000 g. 

Immediately afterwards cell pellets were resuspended in twice the original volume of 

resuspension medium to induce sporulation (Boschwitz & Yudkin, 1983; Nicholson & 

Setlow, 1990). For RNA preparations samples were collected at 30, 90, 150, 210, 270 and 330 

min after resuspension. Cells were harvested by mixing 20 ml of culture with an equal volume 

of frozen killing buffer (20 mM NaN3, 20 mM Tris/ HCl pH 7.5, 5 mM MgCl2) and 

subsequent centrifugation for 10 min at 10.000 g at 4°C. After washing with 1 ml with killing 

buffer the cell pellets were stored at –80°C until further use for total RNA preparation. 
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The wild type strain MB24 (trpC2 metC3), and congenic derivatives bearing different spo

alleles (Table 1) were used for the analysis of the expression pattern of the different 

transcriptional gfp fusions. Antibiotics were used as previously described (Völker et al., 1995). 

Cell lysis, RNA isolation and Dot-blot-/Northern-analysis. RNA was isolated according to 

the acid phenol method as described (Völker et al., 1994). Aliquots of the total RNA 

prepared for the DNA macroarray experiments were used for the Dot-blot and Northern 

analysis of the expression profiles of the spoIIR, spoIIID, sspE, and gerE genes. 

Digoxygenin (DIG)-labelled anti-sense RNA probes were generated by in vitro transcription 

using a StripEZ-kit (Ambion, Inc., Woodward, TX, USA) and gene-specific PCR products as 

templates. The following PCR products were generated for the production of antisense RNA-

probes: a 544 bp spoIIR-fragment using primers spoIIR-for (5´-

CTGGCAAACAGCGATAGTG-3´) and spoIIR-rev (5´-

TAATACGACTCACTATAGGGAGGTCGGAAATCCATTCG-3´), a 891 bp spoIID-

fragment using primers spoIID-for (5´-CACTATCCGTACTATGTGC-3´) and spoIID-rev 

(5´-TAATACGACTCACTATAGGGAGGCCAAATCCTCTCGTC-3´), a 307 bp spoIIID-

fragment using primers spoIIID-for (5´-GTGGTGTGCACGATTACATC-3´) and spoIIID-

rev (5´-TAATACGACTCACTATAGGGAGGCGATTGCTGAACAGGCTC-3´),a 335 bp 

sspE-fragment using primers sspE-for (5´-GAGAAAGCTTTACGATCACCTGCACATTC-

3´) and sspE-rev  (5´-

TAATACGACTCACTATAGGGAGGAGTGATTAGCTGTTTTGTTG-3´) and a 186 bp 

gerE-fragment using primers gerE-for (5´-TCGAAGCCGTCGCTAACG-3´) and gerE-rev  

(5´-TAATACGACTCACTATAGGGAGGCTCTAGCTCACCCATTC-3´). Because in each 

of the PCR reactions with chromosomal DNA from strain JH642, the reverse (rev) primers 

carried the sequence of the T7 promoter, the PCR fragments could be used for in vitro RNA 

synthesis with T7 RNA polymerase (Ambion, Inc., Woodward, TX, USA). This yielded 

hybridisation probes internal to the genes. Denaturing RNA electrophoresis on agarose gels, 

RNA transfer by diffusion onto a Nylon membrane (NY13N; Schleicher & Schuell, Dassel, 

Germany), hybridisation to gene-specific probes and signal detection were performed as 

described by Scharf et al. (Scharf et al., 1998). 

Preparation of labelled cDNA, array hybridisation and DNA macroarray regeneration.

Prior to the cDNA labelling, the overall integrity of the total RNA preparation was verified by 

Northern-Blot analysis with digoxygenin-labelled probes directed against known members of 
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the four compartment-specific sporulation regulons. This study employed commercially 

available Panorama B. subtilis DNA-macroarrays from Sigma Genosys Ltd. that carry 

duplicate spots of PCR products representing 4107 B. subtilis genes and the corresponding 

commercial primer mix (Sigma-Genosys Ltd., The Woodlands, Texas, USA), consisting of 

4107 specific oligonucleotide primers complementary to the 3´ends of all B. subtilis mRNAs. 

cDNA-synthesis, probe hybridisation and washing of the filters were performed as described 

by Steil et al. (Steil et al., 2003). Arrays were exposed to storage phosphor screens (Molecular 

Dynamics, Sunnyvale, USA) for two to four days and subsequently scanned with a Storm 

840/860 phosphorimager (Molecular Dynamics, USA) at a resolution of 50 µm and a colour 

depth of 16 bit. Bound cDNA was stripped off the DNA-macroarray membranes by three 

washing cycles involving a short (1 min) washing step with 250 ml of boiling buffer (5 mM 

sodium phosphate, pH 7.5, 0.1% SDS) and an incubation in 250 ml of fresh buffer at 95°C for 

20 min. 

Data analysis. Data analysis followed a three-step procedure. First, the ArrayVision software 

Version 6.1 (Imaging Research, St. Catherines, Ontario, Canada) was used for the 

quantification of the hybridisation signals after direct import of the phosphorimager files. The 

analysis yielded the artifact-removed volumes (ARVol) and background values, calculated 

from the median of a line surrounding each group of eight spots on the array. These data were 

then used in a second step in Microsoft Excel to calculate for every spot on the array a quality 

score that reflected the ratio between the signal intensity and the background intensity (see 

supplemental material for details (http:\www.medizin.uni-

greifswald.de/funkgenom/supplemental_material). This quality score was utilised to identify 

the hybridisation signals close to the detection limit, thereby avoiding artificially high 

induction ratios for those genes. Data normalisation and data analysis were done in a third 

step with GeneSpring (Version 5.02) (Silicon Genetics, Redwood City, CA, USA). Gene 

expression for a particular comparison of conditions was considered to be changed when three 

criteria were fulfilled: (i) expression of the gene had to exceed the background signal level by 

a threshold determined as described (see supplemental material); (ii) changes in expression of 

the gene had to be statistically significant as defined in a statistical group comparison of the 

values of the selected conditions with a non-parametric test (Wilcoxon-Mann-Whitney-test) 

and a Benjamini and Hochberg False Discovery Rate correction with a P-value cut-off of 0.05 

as defined in the GeneSpring software package, and (iii) the change in expression had to 
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exceed a factor of 3. Calculations of ratios were done with averages of the parallel spots on 

the filters. 

World Wide Web access. The complete data set for all growth conditions investigated is 

available online (http:\www.medizin.uni-greifswald.de/funkgenom/supplemental_material).  

Construction of gfp transcriptional fusions inserted into the amyE locus. The gfp gene 

was amplified using primers gfpD (5’-

CCCAAGCTTGGGGGATCCGGGAAAAGGTGGTGA-3’) and gfpR (5’-

GGCGAATTCTTATTTGTATAGTTCATCCATGC-3’), and plasmid pEA18 (a gift from 

Alan Grossman) as the template. The 744 bp PCR fragment was digested with HindIII and 

EcoRI and ligated to pMLK83 (Karow & Piggot, 1995) that had been digested with the same 

enzymes, yielding pMS157.  To create gfp transcriptional fusions of yuiC, yhaX, yhcV and 

yxeE promoter regions to lacZ, the following PCR products were first generated: a 468 bp 

fragment encompassing the yuiC promoter using primers yuiC-53D (5’-

CATGCTGCTCGAGAATGTCTTGGATTATGGC-3’) and yuiC-521R (5’-

GTTCCTGGATCCCATTTTGACAAGTCCTTCGC-3’); a 516 bp fragment containing the 

yhaX promoter using primers yhaX-67D (5’-

GGAAAACTCGAGATAATAACATTGAAAGCGCC-3’) and yhaX-583R (5’-

GGCATCAAGCTTTAGCGATTTCGC-3’); a 485 bp yhcV fragment with primers yhcV- 30D 

(5’-AAATAACTCGAGTTATTACCAAGGAAC-3’) and yhcV-515R (5’-

CAACGGGGATCCGCCCCGACGTTATGC-3’); and a 409 bp fragment carrying the yxeE

promoter using primers yxeE-42D (5’-GACCCTCGAGTGCTTTGGGAAATCACC-3’) and 

yxeE-451R (5’-GTAAGGATCCTGCTGAGGCAGCTGAGGGC-3’). The PCR fragments 

carrying the yuiC, yhcV and yxeE promoter regions were digested with XhoI and BamHI and 

ligated to SalI and BamHI-digested pMS157, to produce pMS174, pMS173 and pMS172, 

respectively (Table 1). The fragment encompassing the yhaX promoter region was digested 

with XhoI and HindIII and ligated to pMS157 that had been digested with SalI and HindIII,

yielding pMS175 (Table 1). Samples of ScaI-digested pM172, pM173, pM174 and pM175 

were used to transform the wild type strain MB24, as well as a panel of congenic strains 

mutant for F, E, G and K, selecting for Km-resistance. AmyE- transformants, the result 

of a double cross-over at the amyE locus, were kept for further analysis (see Table 1). 
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Light microscopy and image processing. Samples (0.5 ml) of cultures growing in 

Resuspension Medium were collected throughout sporulation, and resuspended in the same 

volume of PBS supplemented with DAPI (10 µg ml-1). Microscope slides were prepared as 

described before (Serrano et al., 2004). Images were acquired using a cooled charge couple 

device (Cooke Co.) on a multi-wavelength wide-field three dimensional microscopy system 

(63x/1.4 OIL Plan Apochromat objective, Zeiss 100M, Intelligent Imaging Innovation). 

Standard filters for fluorescein isothiocyanate (for GFP) and 4’, 6’-diaminodino-2-

phenylindole (DAPI) were used.

RESULTS AND DISCUSSION 

Experimental strategy. Our transcriptional profiling approach employed two different 

strategies to assign genes to the control of F, E, G, or K. First, the temporal expression 

pattern after initiation of sporulation by resuspension in a defined medium (Boschwitz & 

Yudkin, 1983) was recorded for well characterised members of all four regulons, in the 

Bacillus subtilis wild-type strain JH642. Second, congenic mutants of JH642 defective in the 

production of each of the four sigma factors or the BofA protein were utilised to assign genes 

to a particular regulon even if the temporal expression patterns showed partial overlap. 

Membership to one of the four sporulation regulons was also substantiated by locating the 

genes to operons and searching for conserved sequences recognised by the respective sigma 

factor in front of the potential transcription units. As a further test we also made use of fusions 

of the genes encoding active forms of the four compartment-specific sigma factors to the 

IPTG-inducible Pspac promoter to force their synthesis in vegetatively growing cells, in the 

absence of all other sporulation proteins.

Prior to the transcriptional profiling experiments bona fide members of each regulon were 

selected and their temporal expression was analyzed in the B. subtilis wild-type strain JH642, 

in mutants lacking one of the four sporulation specific sigma factors or the regulatory protein 

BofA, and in strains allowing artificial expression of active forms of the sigma factors in 

vegetative cells, in RNA dot blot experiments . This allowed us to determine the time points 

for the best discrimination among the four regulons (Fig. 1).

Next, RNA prepared from the wild type strain JH642, the various mutants, or after the IPTG-

induction of sigma factor production in vegetative cells from PSPAC was used for the 

preparation of radiolabelled cDNA. The labelled cDNA was then hybridised to commercially 

available Panorama B. subtilis DNA macroarrays (Sigma Genosys Ltd., The Woodlands, 
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Texas, USA) containing 4107 protein-encoding genes from B. subtilis. The validity of the 

selection criteria adopted for this study was then verified by first confining the analysis to 

known members of the four sporulation-specific  regulons previously identified based on 

genetic and biochemical approaches. Of the 21 F-dependent, 59 E-dependent, 46 G-

dependent and 57 K-dependent genes known when this work was initiated, 12, 36, 34 and 

39, respectively, could be assigned to the appropriate regulons by using the stringent criteria 

adopted for comparisons in the temporal expression and between wild-type and sporulation 

mutants (not shown). We therefore kept our selection criteria, even at the expense of missing 

parts of the different regulons, in order to minimise the occurrence of false positives. 

Differentiation of the compartment-specific sporulation regulons. For their inclusion in 

the early prespore or mother cell specific F or E regulons, genes had to fulfill the three-fold 

induction criterion both at 90 and 150 min compared to 30 min after initiation of sporulation 

in the wild type, as well as for the comparison of the expression of the wild type and the 

spoIIAC (encoding F) mutant 90 min after initiation of sporulation (Fig. 1A). We were able 

to discriminate between the F and E regulons on the basis of their expression pattern in the 

spoIIGB mutant, lacking E. While genes assigned to the E regulon displayed at least three-

fold higher expression at 90 min after initiation of sporulation in the wild type compared to   

spoIIGB mutant, members of the F regulon did not show this induction (Fig. 1A and 2B) but 

were instead required to display at least threefold higher expression at 90 min in the spoIIGB

mutant, lacking E compared to the spoIIAC mutant, that fails to synthesise F.

G-dependent genes had to display continuous three-fold higher expression at 150, 210 and 

270 min compared to 30 min and 90 min after initiation of sporulation and expression was 

required to be significantly reduced at 150 min in a mutant lacking G compared to the wild 

type strain (Fig. 1B). K-dependent gene expression in turn was required to display 

significantly three-fold induced expression at 270 and 330 min compared to both 30 min as 

well as 90 min after initiation of sporulation (Fig. 1B). Both late prespore- and mother cell-

specific regulons were separated based on their expression pattern in mutants lacking either 

K or G and the K-regulatory protein BofA (Fig. 2D). Note that in a spoIIIG (encoding 

G) bofA double mutant, the K regulon is induced prematurely (by about 30 minutes), in the 

absence of G-governed gene expression (Cutting et al., 1990). Assignment of genes to the 

G-regulon required significant three-fold induction in a spoIVCB mutant (which fails to 
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produce K) compared to the spoIIIG bofA strain at 270 min (Fig. 2c), and in the comparison 

of the expression intensity in the wild type and the spoIIIG bofA strain. In contrast, for genes 

to be included in the K regulon, their expression had to be induced both in the spoIIIG bofA

mutant compared to the spoIVCB mutant, and in the wild type compared to the spoIVCB

strain (Fig. 2D).

The fact that we were able to find conditions that permitted the separation of most of the 

genes in consecutive regulons expressed in different compartments of the sporulating cell, as 

for F and E (Fig. 2B), E and G (Fig. 1 A and B, Fig. 2) or G and K (Fig. 2D), or in 

the same compartment, as for F and G in the prespore (Fig. 2A), or E and K in the 

mother cell (Fig. 2C), supports the conclusion of an earlier study indicating that sporulation-

specific gene expression is largely compartmentalised, both temporally and spatially (Li & 

Piggot, 2001). Nevertheless, as illustrated by the group of genes almost laying at the diagonals 

of the comparisons depicted in Fig. 2A and C, some genes displayed an ambiguous behaviour. 

This group of genes could result from limitations of our experimental analysis, or could 

reflect a biological property of the system, i.e., that the expression of some genes is governed 

by more than one factor (see also below).

Temporal differentiation within the F and G regulons. In addition to the key role of the 

four compartment-specific  factors in establishing the overall pattern of temporal and 

compartment-specific gene expression during sporulation, gene expression within each 

regulon can also be classified in several epistatic classes, in part because of the influence of 

ancillary transcription factors that may function as repressors or activators (Errington, 2003; 

Hilbert & Piggot, 2004). For example, some F-dependent genes are expressed soon after 

asymmetric division of the sporangial cell and the concomitant prespore-specific activation of 

F (Karow et al., 1995; Londono-Vallejo & Stragier, 1995; Londono-Vallejo et al., 1997; Wu 

& Errington, 2003), while expression of the dacF or spoIIIIG genes for example, appears 

delayed relative to the first wave of F-directed genes (Partridge & Errington, 1993; Schuch 

& Piggot, 1994; Karow et al., 1995); see below). Therefore, we wanted to test whether based 

on our data we could discriminate between groups of genes with a common expression profile 

within each of the main regulons. Based upon their temporal pattern of expression, we were 

able to differentiate the 55 genes of F regulon into two classes (Fig. 3A, and Table 2, 

supplemental material). Class 1 comprises 36 genes whose expression peaked around 90 min 
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and decreased thereafter, suggestion that their transcription is switched off. Class 2 included 

19 genes whose main period of expression was centred 270 min after the onset of sporulation. 

The spoIIR, spoIIQ, lonB, or rsfA genes were assigned to class 1, in agreement with 

experimental data (Karow et al., 1995; Londono-Vallejo & Stragier, 1995; Londono-Vallejo

et al., 1997; Juan Wu & Errington, 2000; Serrano et al., 2001), whereas dacF (Schuch & 

Piggot, 1994) was assigned to class 2 (Table 2, supplemental material). F and G have

overlapping promoter specificities, and therefore some F-dependent genes are only 

recognised by F whereas other genes are recognised by both F and G (Haldenwang, 1995; 

Amaya et al., 2001; Helmann & Moran, 2002). The class of late F-dependent genes, which 

presumably coincides with class 2 as defined herein (Fig. 2, and Table 2, supplemental 

material), appears to include genes under the dual control of F and G, e.g., gpr and dacF

(Sussman & Setlow, 1991; Schuch & Piggot, 1994). Most of the genes found to lie between 

the y axis and the diagonal in Fig. 2A, which depicts the separation of the F and G

regulons, also cluster in class 2, which has a temporal definition, and in that sense define a 

partial overlap between the F and G regulons. 

A recent analysis of the features of promoters recognised by F-containing RNA polymerase 

through randomisation of the sequences for the -10 and -35 promoter elements revealed loose 

requirements for promoter utilisation by F (Amaya et al., 2001). The study unravelled a 

weakly specific -10 consensus (GG/tNNANNNT), and a stronger -35 consensus (GTATA/T). 

The core of both the -10 and -35 promoter elements (ANNNT and GNATA, respectively) can 

be recognised by other sporulation sigma factors. Moreover a T at position –12 was found to 

be discriminatory against recognition by G, but a G, C, or A at this position was not 

sufficient for promoter utilisation by G (Amaya et al., 2001). These results have lead to the 

suggestion that other transcription factors (see below) or sequence elements outside of the -10 

and -35 elements may assist in promoter recognition by the F form of RNA polymerase 

(Amaya et al., 2001). The identification of a large number of F-dependent promoters, and 

their differentiation into distinct temporal classes (Fig. 2a and Table 3) may help in the 

clarification of the requirements for promoter recognition by F-containing RNA polymerase. 

It should be noted that the mechanism by which expression of certain F genes is delayed 

relative to the first class of F-dependent genes is not clear (Errington, 2003; Hilbert & 

Piggot, 2004). Expression of the late F-governed gene spoIIIG appears to require the activity 

of E in the mother cell (Partridge & Errington, 1993). Presumably, E activity could lead to 
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the activation of a prespore-specific factor required for spoIIIG transcription, or otherwise 

cause the inactivation or removal of a repressor. However, this putative signalling pathway 

has not been examined in detail, and it is not known whether other class 2 genes are also E-

dependent. Recently, the F-dependent gene rsfA has been shown to be involved in the 

control of prespore-specific F-dependent gene expression (Juan Wu & Errington, 2000). 

Disruption of rsfA had opposite effects on class 1 genes: it caused increased expression of 

spoIIR, but had no effect on the expression of spoIIQ or of rsfA itself (Juan Wu & Errington, 

2000). Evidently, rsfA does not appear to be the main regulatory factor in the temporal 

differentiation of the F regulon, or in specifying F only or the dual F/ G control. 

Like for F, the 111 genes assigned to the G regulon could be divided into two classes. 

Class 1 groups 71 genes whose expression initiates at 90 min and tends to decrease at later 

time points, whereas class 2 includes 40 genes whose expression is induced at 150 min (Fig. 

3d). Class 1 includes genes such as gerAA and gerAB, and spoVT, previously characterised as 

G-dependent (Feavers et al., 1990; Bagyan et al., 1996), as well as the spoIIIG gene (Sun et 

al., 1991). That spoIIIG was found in the G and not in the F regulon (Tables 2 and 4) is in 

consonance with the idea that most spoIIIG transcription stems from an auto-catalytic loop in 

which following its activation, G recognises the promoter for its own gene (Sun et al.,

1991). This positive feed-back regulatory scheme is thought to result in a rapid increase in the 

cellular level of G triggered by its activation following engulfment completion. Note 

however that some F-dependent transcription of spoIIIG does occur (Sun et al., 1991), albeit 

not to sufficient levels to pass our stringent criteria for its inclusion in the F regulon (see 

above). Class 2 includes for example sspA (Mason et al., 1988), most of the genes of the 

spoVA operon (Moldover et al., 1994), and sspF, shown previously to be transcribed about 1 

hour later than other genes in the G regulon (Panzer et al., 1989). There are two known 

transcriptional regulators within the G regulon, SpoVT and SplA (Bagyan et al., 1996; 

Fajardo-Cavazos & Nicholson, 2000). The role of the TRAP-like SplA protein may be 

circumscribed to the modulation of the level of expression of the gene encoding the SplB 

spore photoproduct lyase (Fajardo-Cavazos & Nicholson, 2000), whereas spoVT gene was 

shown to encode an AbrB-like transcription factor with a more global role on the control of 

G-controlled gene expression (Bagyan et al., 1996). Expression of the spoVT gene itself, as 

well as that of spoIIIG and the gerA operon is normally repressed in a spoVT-dependent 

manner, whereas expression of the spoVA operon and of sspA requires spoVT (Bagyan et al.,
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1996). Moreover, prolonged expression of several genes including spoIIIG and gerA, was 

observed in cells of a spoVT mutant, suggesting that SpoVT may normally shut off 

transcription of these genes. These observations are in agreement with the overall expression 

profile of the genes grouped in class 1. Presumably, class 1 includes mostly genes whose 

expression is not critically dependent on SpoVT or that are repressed by SpoVT, whereas 

class 2 includes genes whose expression depends to various extents on SpoVT. 

Temporal differentiation within the E and K regulons. A similar analysis of the 150 

E-dependent genes allowed the differentiation of three distinct temporal classes (Fig. 3b, and 

Table 3, supplemental material ). Class 1 includes 42 genes whose expression is rapidly 

induced and peaks at 90 min to decrease thereafter. Like for the first class of F-dependent

genes, this suggest that transcription of this group of genes is switched off (see above). In 

contrast, the 88 genes in class 2 show a slower rate of induction, and prolonged expression, 

which peaks between 150 and 210 min. A third class includes 20 genes which are induced 

around 210 min, and whose expression persists at later times in development. spoIID (Rong et 

al., 1986) or the SpoIIID-repressed spoIIIA operon (Illing & Errington, 1991) are both found 

in class 1. Expression of the spoIIIA operon occurs transiently, prior to the accumulation of 

SpoIIID to high cellular levels (Illing & Errington, 1991), which fits well with the overall 

pattern of class 1 genes, and suggests that other genes in this class may be subjected to 

repression. In contrast, the spoIIID gene itself or spoIVCB (encoding the N-terminal half of 

K) both of which are known to be SpoIIID-dependent (Kunkel et al., 1989; Stevens & 

Errington, 1990; Sato et al., 1994), are found in class 2. Presumably, efficient expression of 

the class 2 genes requires the accumulation of SpoIIID above a certain threshold level, as was 

suggested for spoIIID or spoIVCB (Kunkel et al., 1989; Stevens & Errington, 1990; Sato et 

al., 1994). Class 3 includes the coat morphogenetic gene cotE, which is expressed from two 

tandem E-dependent promoters, one of which (P2) is additionally dependent on SpoIIID 

(Zheng & Losick, 1990), spoVJ, known to be expressed from tandem, E- and K-dependent

promoters (Foulger & Errington, 1991), and at least one gene, csk22, previously reported to 

be under K control (Henriques et al., 1997). The distinction between classes 1 and 2 may be 

attributable mostly to the effects of the regulatory protein SpoIIID upon E-dependent gene 

expression (Zheng & Losick, 1990). SpoIIID-independent genes are expressed early, and 

SpoIIID-dependent genes are expressed later, while the expression of some of the early genes 

is repressed or switched off (Kroos et al., 1989; Kunkel et al., 1989; Illing & Errington, 1991; 
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Halberg & Kroos, 1994). However, class 3 may represent an overlap between the E and K

regulons, either because genes in this class have multiple promoters utilised by either E or

K, or atypical E-type promoters that can also be recognised by K (Helmann & Moran, 

2002). In any case, class 3 represents a partial overlap between the mother cell-specific E

and K regulons. 

Additional regulators may contribute to the fine-tuning of gene expression within the E

regulon. For example, Wu and Erington (2000) reported that the E-dependent gene, ylbO,

which other studies also placed in the E regulon (Eichenberger et al., 2003; Feucht et al.,

2003); this work, Table 3), encodes a putative transcriptional regulator, highly similar to 

RsfA. YlbO may work together with E in the mother cell, in much the same way RsfA 

regulates F-dependent gene expression in the prespore (Juan Wu & Errington, 2000). 

Unfortunately, the effects of an ylbO mutation on mother cell-specific gene expression have 

not yet been examined. Moreover, in addition to SpoIIID and hypothetically to YlbO, the 

expression of some E-dependent genes may be influenced by other factors. Several known 

or putative transcriptional regulators have been assigned to the E regulon: purR, encoding 

the repressor of the purine operons and birA, a biotin acetyl-CoA-carboxylase synthetase and 

transcriptional regulator (Eichenberger et al., 2003), and yhgD (TetR/AcrR family), and ytzE

(DeoR family) (Feucht et al., 2003). Note however that none of these four genes could be 

assigned to the E regulon under our experimental conditions (Fig. 4B and Table 3). In yet 

another example, the mmg operon, which encodes proteins with similarity to fatty-acid-

metabolising enzymes, is expressed under E control, but is subjected to catabolite repression 

in a ccpA-dependent manner (Bryan et al., 1996). It is not known whether CcpA regulates 

other mother cell-specific genes.  

Three classes could be discriminated within the K regulon. Class 1 groups 28 genes, 

including cotH and the gerP operon (Naclerio et al., 1996; Behravan et al., 2000) whose 

expression is induced at 150 min and peaks at 270 min. Expression of the K-dependent gerP

operon is repressed by GerE (Behravan et al., 2000), and expression of cotH does not requires 

GerE although it is not presently known whether the expression of cotH is repressed by GerE 

(Naclerio et al., 1996). Class 2 groups 72 genes whose expression is induced around 150 min, 

and remains on during the duration of the experiment (at least until 330 min) (Fig. 3D). The 

oxdD and cotA genes, both of which are negatively regulated by GerE (Zheng & Losick, 

1990; Costa et al., 2004), and cotB, which requires gerE for expression (Zheng & Losick, 
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1990) are found in class 2. Possibly, class 1 contains genes whose expression is induced 

following the activation of K, and later repressed by GerE, as its cellular levels build-up. If 

so, the somewhat later induction of class 2 genes relative to class 1 may be in part determined 

by differences in promoter strength, but could also reflect the role of additional as yet 

unknown regulators. It is also possible that Class 1 will represent genes whose transcription 

can occur to substantial levels under the control of E, in which case class 2 represents the 

first wave of true K-directed gene expression. Several of the genes grouped in class 3 are 

known to be gerE-dependent, e.g., the cgeAB, and cgeCDE operons (Roels & Losick, 1995), 

cotG (Sacco et al., 1995) or cotX (Zhang et al., 1994). Together with the later time of 

induction, this suggests that class 3 groups mainly genes whose expression is strongly 

dependent on gerE. The analysis of the genes that compose the cotVWXYZ cluster (Zhang et 

al., 1994) supports this suggestion. The cotX gene is expressed from a GerE-dependent 

promoter, and this gene was assigned to class 3. In contrast, expression of the two 

downstream genes, cotY and cotZ, which occurs from the GerE-dependent cotX promoter but 

also from a promoter upstream of the cotY gene, is only moderately decreased in a gerE

mutant background (Zhang et al., 1993; Zhang et al., 1994). Accordingly, our analysis places 

both cotY and cotZ in class 2 (Table 5, supplemental material).  

As noted above for the E regulon, the expression of the K regulon may be subjected to 

additional levels of control. Recently, the yjcC gene (re-named spoVIF; Table 5) was found to 

be required for the formation of heat and lysozyme-resistant spores, and suggested that it 

could play a role in modulating the expression of other K-governed genes (Kuwana et al.,

2003). Moreover, our analysis identifies a transcriptional regulator of the MarR family 

(ysmB), upstream of the gene (racE) encoding a glutamate racemase, both in class 2 (Fig. 4d 

and Table 5, supplemental material). It is not known whether expression of the racE gene can 

be modulated in response to the availability of glutamate or some other factor via YsmB. 

However, these observations suggest that even at a late stage in spore morphogenesis, the 

mother cell-specific line of gene expression is responsive to environmental stimuli.  

An overview of the four compartment-specific  regulons.

The F regulon. Several regulatory functions can be attributed to F-directed gene 

expression. First, transcription of the spoIIR gene is required to signal E activation in the 

mother cell (Karow et al., 1995; Londono-Vallejo & Stragier, 1995), and transcription of bofC

and spoIVB is required for proper signaling of K activation (Cutting et al., 1991a; Gomez & 
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Cutting, 1996). F also drives expression of at least two genes involved in the control of its 

own activity, rsfA and lonB (Juan Wu & Errington, 2000; Serrano et al., 2001), of the spoIIIG

gene (Sun et al., 1989; Sun et al., 1991) and of the spoIIQ gene, which is required for efficient 

expression of spoIIIG (Londono-Vallejo et al., 1997; Sun et al., 2000). In addition, to its 

regulatory role, spoIIQ is also involved in the engulfment process although only under certain 

nutritional conditions (Sun et al., 2000). With the exception of the spoIIIG gene, which did 

not pass our selection criteria (see above), all these regulatory genes were found in the present 

study (Table 2, supplemental material and Fig.  4A). Several genes in the F regulon have 

functions in spore protection or spore germination: the katX-encoded catalase for example, 

was implicated in spore protection against hydrogen peroxide (Bagyan et al., 1998), the 

mutTA gene encodes an antimutator 8-oxo-dGTPase (Ramirez et al., 2004); the sspN and tlp

genes, which code for small acid soluble spore proteins (SASP) act by shielding the prespore 

chromosome (Cabrera-Hernandez et al., 1999); gerD is required for efficient germination in 

response to L-alanine and to a mixture of glucose, fructose, L-asparagine, and KCl (Kemp et 

al., 1991); and gpr encodes a protease involved in SASP protein degradation during spore 

germination (Sussman & Setlow, 1991). Interestingly, our analysis identified the gene (yyaC)

for a second possible GPR-like protease in the F regulon (Fig. 4a, and Table 2), suggesting a 

scenario of partial redundancy. Another function of the F regulon may be to contribute to the 

morphogenesis of the spore protective layers. For example the dacF gene encodes a 

penicillin-binding protein (PBP), with D-alanyl-D-alanine carboxypeptidase activity, which is 

involved in regulating the degree of cross-linking of the spore peptidoglycan (Popham et al.,

1999). No obvious alteration in spore peptidoglycan structure was found for a dacF single 

insertional mutant (Wu et al., 1992), but our study identifies a second PBP-encoding gene 

(yrrR, in an operon of a gene of unknown function, yrrS) in the F regulon (Fig. 4A, and 

Table 2, supplemental material). It will be interesting to analyse an yrrR mutant, as well as a 

strain doubly mutant for dacF and yrrR. The finding of ripX, which encodes a site-specific 

integrase/recombinase involved in proper chromosome partitioning (Sciochetti et al., 1999), 

and yqhH predicted to code for a SNF2-type helicase (Table 2), suggests that their product 

may prepare the spore for the resumption of growth following germination and outgrowth.  

Several genes encode proteins that were found in the proteomics study of Kuwana et al.

(2000) to be under F control and to encode spore components, including yfhE and yfhD,

yhcM, ytfI, and ytfJ (Table 2, supplemental material). Detailed functional studies have not yet 

been reported for any of these genes. With 55 genes, the F regulon is the smallest of all four 
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compartment-specific sporulation regulons; 14 genes were found in the region of the 

chromosome that is trapped in the prespore compartment following asymmetric division (Wu 

& Errington, 1998). Positional information has been shown to have an important regulatory 

function in the context of the F regulon. First, spoIIR is required for the prompt activation of 

E in the mother cell (Khvorova et al., 2000; Zupancic et al., 2001). Second, the absence of 

lonB from the prespore of mutant deficient in the function of the SpoIIIE translocase that 

transfers the remaining of the chromosome into the prespore leads to increased activity of F

(Serrano et al., 2001). The genes whose presence in the prespore is predicted not to depend on 

SpoIIIE function are shown in Figure 2A. A previous study has found 66 genes expressed 

during the initial stages of sporulation that required both Spo0A and F, but the group could 

also include E-dependent genes (Fawcett et al., 2000). Therefore, this is the first report on 

the definition of the F regulon. Our results strengthen the view that F plays an important 

regulatory role in the synthesis and activation of the late prespore regulator G, and in 

signaling the activation of the mother cell-specific factors E and K (Hilbert & Piggot, 

2004), but that most of the morphogenesis and spore protection is the function of these other 

regulators.

The E regulon. E plays a decisive role in spore morphogenesis. The spoIID, spoIIM, and 

spoIIP genes are essential for the engulfment process and also act to prevent a second polar 

division of the sporulating cell (Lopez-Diaz et al., 1986; Rong et al., 1986; Smith et al., 1993; 

Smith & Youngman, 1993; Frandsen & Stragier, 1995; Pogliano et al., 1999; Eichenberger et 

al., 2001; Abanes-De Mello et al., 2002) the initial stages in assembly of the spore coat 

require expression of the spoIVA, cotE, spoVID, and safA genes, whose product are 

morphogenetic proteins that guide the assembly of the several coat structural components 

(Zheng et al., 1988; Beall et al., 1993; Driks et al., 1994; Takamatsu et al., 1999; Ozin et al.,

2000), and several genes encoding spore coat components with no obvious morphogenetic 

functions are also under the control of E  e.g.,(Henriques et al., 1995); spoVE, spoVD, dacB,

spoVR, spmAB, murF (Table 3, supplemental material), among others, are required for 

synthesis or modification of the spore cortex peptidoglycan (Henriques et al., 1992; Beall & 

Moran, 1994; Daniel et al., 1994; Popham et al., 1995). A poorly defined function of the E

regulon may be in maintaining appropriate metabolic conditions in the mother cell to sustain 

proper spore morphogenesis. This role has been inferred through the identification and 
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analysis of E-dependent metabolic operons such as mmg and exu (see also above). Our 

results, as well as those of Eichenberger et al. (2003) and Feucht et al. (2003) strength this 

view, through the finding of a large number of genes that could influence metabolism in the 

mother cell. These include for example the gene (acdA) for acyl-CoA dehydrogenase, 

butyrate-acetoacetate CoA transferase (yodR) and 3-oxoadipate CoA transferase (yodS), long-

chain acyl-CoA synthetase and AMP-binding enzymes (yng operon), malate dehydrogenase 

(yjmC), a sugar dehydrogenase (ywqF), among others (Eichenberger et al., 2003; Feucht et 

al., 2003); Table 3, supplemental material). Also noteworthy is the presence in the E regulon

of several genes for putative transporters, including components of ABC-type transporters 

(e.g., the gln operon for glutamine transport, or the possible gene for a di-tripeptide ABC 

transporter, yclF), or ywcA (encoding a possible Na+-dependent symporter). This suggests that 

extensive biochemical transactions with the surrounding medium take place during the period, 

in which E is active. Also, the finding of opuD (glycine betaine transporter) suggests that the 

cell may require active protection against osmotic stress, and the inclusion of cypA (encoding 

a cytochrome P450-tyle enzyme), sodF (encoding a superoxide dismutase), ydjP (coding for a 

putative chloroperoxidase), together with the previous identification of the CotJC Mn2+-

dependent catalase (Henriques et al., 1995), suggests that these genes may play a role in 

detoxification and protection against oxidative stress (Table 3, supplemental material).  In 

addition to its function in driving morphogenesis, the E regulon has important regulatory 

functions. Mutations in several E-governed that block the engulfment process at various 

stages also prevent the activation of G in the prespore, emphasising the link between 

morphogenesis and gene expression (Stragier & Losick, 1996; Errington, 2003; Hilbert & 

Piggot, 2004). However, engulfment completion is not sufficient for the activation of G,

which also requires expression of the spoIIIA octacistronic operon in the mother cell (Piggot 

& Coote, 1976; Illing & Errington, 1991; Kellner et al., 1996). Hence, signaling of G

activation following engulfment completion is an important function of E. Moreover, E

also drives synthesis of the SpoIIID regulatory protein, which modulates gene expression 

within the E regulon, and our analysis indicates that several other transcriptional regulators 

are predicted in this regulon (see above; see also Table 3, supplemental material). In addition 

to conducting the sporulating cell to engulfment completion, E also drives synthesis of pro-

K, the precursor for the late mother cell-specific regulator K, and of the regulatory proteins 
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that from the mother cell side control its activation following conclusion of the engulfment 

process (reviewed by (Errington, 2003; Hilbert & Piggot, 2004). 

Because of the stringent criteria imposed by the multiple approach, the E regulon as herein 

defined (150 genes), is smaller than that reported by Eichenberger et al. (2003) (253 genes), 

or Feucht et al. (2003) (171 genes), but in any case larger than any of the other compartment-

specific regulons (Fig. 2 and 4B and Tables 2 to 5, supplemental material). The size and 

diversity of the E regulon emphasises its central role in spore morphogenesis. In any case, 

the three studies agree well, with a common core of 93 E-dependent genes. The differences 

found highlight the impact of precise experimental conditions, including the type of arrays 

used, in the definition of a specific regulon.   

The G regulon. Several functions can be assigned to the G regulon. Production of active 

G is one. The evidence suggests that the main period of spoIIIG transcription follows the 

activation of G after engulfment completion (Errington, 2003; Hilbert & Piggot, 2004), see 

above). G then drives expression of the spoVA operon, required for the uptake of dipicolinic 

acid from the mother cell into the prespore (Tovar-Rojo et al., 2002), spoVT, a modulator of 

G-dependent gene expression (Bagyan et al., 1996); see also above), bofC and spoIVB,

required for signaling pro- K activation in the mother cell (Cutting et al., 1991c; Gomez & 

Cutting, 1996; Gomez & Cutting, 1997; Wakeley et al., 2000), the gerA, gerB and gerK

operons, required for efficient spore germination (Feavers et al., 1990; Corfe et al., 1994); this 

work, Table 4), pdaA, involved in the formation of muramic -lactam in the spore cortex 

peptidoglycan and indirectly in efficient spore germination (Fukushima et al., 2002), and 

sleB, coding for a cortex lytic enzyme activated during germination (Boland et al., 2000). An 

important function of the G regulon is in spore protection. This is evidenced by the G-

dependent transcription of the splB gene, encoding a spore photoproduct lyase (Pedraza-

Reyes et al., 1997; Fajardo-Cavazos & Nicholson, 2000) and yqfS, encoding a type IV 

apurinic/apyrimidinic endonuclease (Urtiz-Estrada et al., 2003). The small acid-soluble spore 

proteins (SASP) some of which bind to the DNA and participate in resistance to heat, UV 

radiation, dessication, are abundant spore proteins (Setlow, 1995). The SASP proteins also 

serve as a source of amino acids during spore germination and growth resumption (Setlow, 

1995). With the exception of sspG, which is under K control (Bagyan et al., 1998), all other 

ssp genes (A to P and Tlp, encoded by the second cystron of the sspN operon) are controlled 
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by G  (Mason & Setlow, 1987; Cabrera-Hernandez et al., 1999; Cabrera-Hernandez & 

Setlow, 2000). Our study reinforces the functions that have been assigned to the G regulon.

The ywjD, ykoU, and dnaN genes for example, code for a putative UV-nuclease, an ATP-

dependent DNA ligase, and the  subunit of DNA polymerase III, respectively, all of which 

could contribute to DNA protection and repair. Also, the yndDEF and yfkQR operons code for 

proteins with similarity to those encoded by the gerA, gerB, gerK operons or the spoVAF

cistron (Tovar-Rojo et al., 2002), suggesting roles in spore germination (Fig. 4C and Table 4, 

supplemental material). Interestingly, our results suggest that other than bofC and spoIVB, the 

G regulon may contribute in yet another way to the signalling pathway leading to K

activation in the mother cell. The ctpB gene was recently characterised as a member of the E

regulon, which codes for a protease with a role in the correct timing of K processing (Pan et 

al., 2003). Our analysis places the ctpB gene in the E regulon, but also unequivocally in the 

G regulon (Tables 3 and 4, supplemental material), a result that we confirmed by primer 

extension analysis (to be published elsewhere). In fact, ctpB is the only single gene whose 

expression was found to occur in the two compartments of the sporulating cell at consecutive 

stages of spore development. It will be interesting to determine whether the involvement of 

ctpB in the K checkpoint requires its expression in the mother cell, prespore, or both cellular 

chambers. Our analysis also suggests a new function for the G regulon. We found that the 

yraGD-ydhD-EF cluster codes for proteins with similarity to the N- (yraG and yraD) or C-

terminus (yraE and yraF) of spore coat protein CotF (Cutting et al., 1991b); A. J. Ozin, A.O. 

Henriques, and C.P. Moran Jr, unpublished results). This suggests that G may be involved in 

the synthesis of some spore coat proteins, which in that case would have to cross the two 

prespore membranes to be incorporated into the spore coat structure (Henriques & Moran, 

2000). The suggestion that G is involved in spore coat assembly is supported by the finding 

that a spoVT mutant produces an abnormally thick coat, in particular near the spore poles, that 

protrudes into the mother cell cytoplasm (Bagyan et al., 1996). One possibility is that 

expression of the yraGD-ydhD-EF cluster is required for spore coat assembly and is 

negatively regulated by SpoVT, an idea that is currently under test. 

The K regulon. Activation of K results from the activity of G, and hence occurs 

following engulfment completion. K directs expression of at least one gene required for 

synthesis of the spore cortex (Piggot & Coote, 1976), of most of the genes coding for coat 
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structural components (Driks, 1999; Henriques & Moran, 2000); Henriques et al., 2004), 

genes required for spore germination (Moir et al., 2002; Setlow, 2003), and mother-cell lysis 

(e.g. (Nugroho et al., 1999).

The decisive role of K in assembly of the spore coat, is evidenced by the large number of 

genes coding for coat structural components found in this regulon (reviewed by (Driks, 1999; 

Henriques & Moran, 2000); Henriques et al., 2004) Several coat proteins are cysteine-rich, 

e.g. those encoded by the cotVWXYZ cluster (Zhang et al., 1993), and there is ample evidence 

for extensive disulphide bond formation with the coat (Driks, 1999; Henriques & Moran, 

2000); Henriques et al., 2004). Disulphide bonds are normally rare, and virtually absent from 

intracellular proteins. It is not known whether the mother cell cytosol becomes oxidative at a 

late stage, allowing for extensive disulphide formation within the coat, or if crosslinking takes 

place following spore release into the surrounding medium. We found that the genes encoding 

several enzymes of the cysteine biosynthesis pathway are induced under K control. For 

example, the putative yrhAB operon codes for a presumptive cysteine synthase (yrhA), and a 

cystathionine gamma-synthase (yrhB), and the yubC gene codes for a putative cysteine 

dioxygenase (Fig. 4D and Table 5, supplemental material). Analysis of these genes will likely 

provide clues on the mechanisms by which disulphide bonds are incorporated into the spore 

coat lattice. The gene (tgl) for a spore-specific transglutaminase which appears to associate 

with the spore coat and is presumed to promote formation of -( -glutamyl)lysine cross-links 

in coat proteins (Kobayashi et al., 1996; Kobayashi et al., 1998), is also found in the  K

regulon (Table 5, supplemental material). This confirms early expectations based solely on 

inspection of the tgl promoter region that also suggested its requirement for GerE (Kobayashi

et al., 1998). However, since tgl was found among class 2 genes (Fig. 3 and Table 5, 

supplemental material), its requirement for GerE is questionable. In any event, synthesis of 

the enzyme takes place concomitantly with production of most of the coat structural 

components, suggesting that the Tgl-mediated post-translational modification of the coat 

components is a late event in spore morphogenesis.  

Another notable feature of the K regulon is the proportion of genes that appear to encode for 

enzymes involved in polysaccharide biosynthesis and/or glycosylation. In addition to the 

previously identified K -controlled genes of the spsAK, cgeAB, and cgeCDE operons whose 

expression affects the spore surface properties (Roels & Losick, 1995; Stragier & Losick, 

1996), yfnE codes for a putative glycosyl transferaetransferase, and yodU and ypqP code for 

products with similarity to enzymes involved in capsular polysaccharide biosynthesis (Table 
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5, supplemental material). Moreover, several other genes appear to be involved in sugar 

mobilisation, often organised in operons (e.g., those in the putative ytlABC or ytcABC

operons) (Table 5, supplemental material). These observations are intriguing because previous 

work has failed to reveal extensive glycosylation of the spore coat proteins (reviewed by 

(Driks, 1999; Henriques & Moran, 2000). It may be that B. subtilis has the genetic potential 

for extensive glycosylation of the spore surface, but that this phenotype is not expressed under 

laboratory conditions, or is under regulation by as yet unknown signals.

Our analysis also sheds some light on an intriguing aspect of sporulation. It has long been 

known that sporulating cultures of B. subtilis accumulate sulfolactic acid (reviewed by (Piggot 

& Coote, 1976). We found that putative genes for sulfolactic acid synthesis are probably part 

of two putative operons induced under K control. One (yitBA-yisZ) encodes a putative 

sulfate adenylyltransferase (yitA), a phospho-adenylylsulfate sulfotransferase (yitB), and an 

adenylylsulfate kinase (yisZ); the other (yitCD) codes for a putative phosphosulfolactate 

phosphatase (yitC), and a presumptive phosphosulfolactate synthase (yitD) (Fig. 4D and Table 

5, supplemental material). It is not known whether synthesis of sulfolactic acid is important 

for sporulation, and if so why it takes place late in the mother cell compartment of the 

sporulating cell. However, some Bacillus species do not appear to accumulate sulfolactic acid 

(Piggot & Coote, 1976). A detailed functional analysis of these two operons may provide 

insight into the biological relevance of sulfolactic acid production by sporulating B. subtilis.

Validation of the results. In this work, we analysed data from several time points during 

sporulation, in combination with mutants for the four compartment-specific sigma factors 

(including a spoIIIG bofA double mutant to better separate the late regulons). We also 

incorporated into our analysis data generated upon expression of active forms of the four 

sporulation-specific  factors in vegetative cells. The combination of these approaches forced 

us to use stringent criteria for the assignment of genes to the various regulons, thereby 

decreasing the occurrence of false positives. We also base this conviction on several lines of 

evidence. First, the fact that we were able to find most of the characterised sporulation genes 

in the correct regulon, and in no case have we assigned a known gene only to the incorrect 

regulon (see above). Note however, that with the exception of the ctpB gene (see above), 

certain genes previously assigned to a regulon were confirmed but additionally assigned to a 

different regulon the same cellular compartment. Examples are the spsJ, spsK, and csk22

genes previously included in the K regulon (Henriques et al., 1997), that we have also found 
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to be expressed under the control of E (Table 3, supplemental material). However, the spsJ

and spsK genes as well as the related spsC, spsG, and spsI genes were also found to be under 

E control in the study of Eichenberger et al. (2003). Second, we constructed random fusions 

of the putative promoters of genes newly assigned to each of the regulons to the gfp gene, and 

examined the time and compartment of expression, as well as their dependency on the 

putative cognate sigma factor. The promoters tested were randomly selected among genes that 

were not predicted to be embedded in operons, but for which no other information was 

available. Figure 5 shows the results of this analysis. The yuiC gene was included in the F

regulon (Table 2, supplemental material), and a fusion of its promoter to the gfp gene showed 

prespore-specific expression in a wild type strain at the time when the activity of F reaches a 

peak (Fig. 5A), but not in cells of a F mutant (Fig. 5b). A fusion of the yhaX promoter to gfp

was expressed at 150 min in the mother cell compartment of a wild type (Fig. 5A) but not in a 

E mutant (Fig. 5B), supporting its inclusion in the E regulon (Table 3, supplemental 

material). The yhcV promoter, predicted to be utilised by G (Table 4, supplemental material) 

was expressed later (210 min) in the prespore, and in a G-dependent manner (Fig. 5A and 

B), and transcription from the yxeE promoter in the mother cell occurred late and depended on 

K (Fig. 5), as predicted by our analysis (Table 5, supplemental material). Lastly, we note 

that since this study begun, expression data or in some cases detailed studies of several genes 

of each regulon has been reported, and in all cases there was no discrepancy between our 

assignment and those studies (with the partial exception of the E-controlled yvjB gene as 

noted; see above). These genes are marked in Tables 2 to 5, and references given.

Concluding remarks. Our approach to look at sporulation-specific gene expression 

throughout time and to attempt to define the four compartment-specific sigma regulons using 

a combination of criteria, clearly differentiates our work from other studies, namely those 

aimed at the definition of the E regulon (Eichenberger et al., 2003; Feucht et al., 2003). Our 

analysis provides a dynamic view of the pattern of utilisation of genome information during 

the early and late stages of sporulation in both the prespore and mother cell chambers of the 

developing cell. Direct comparison with the results obtained by other groups for the regulon 

clearly suggests that we have herein applied more selective criteria for gene identification, 

and that we may have missed several genes in the various regulons. However, we have 

minimised the chances of incorrect assignment. A significant proportion of genes in each 
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regulon have no known function, but the data also suggests that at least for some regulons (or 

cellular compartments) there appears to be redundancy at the level of certain functions. For 

example, no obvious phenotype was found for mutants deficient in the production of the E-

governed CotJC Mn2+-type catalase (Henriques et al., 1995), but at least one other putative 

Mn2+-dependent catalase (encoded by yjqC) was found in the K regulon (Table 5, 

supplemental material). The present list of sporulation-specific genes will also assist 

proteomics-based studies aimed at the identification of spore proteins, or proteins associated 

with certain spore structures (Kuwana et al., 2002; Lai et al., 2003), or that may be present as 

complexes at specific stages in morphogenesis. It will serve as a basis for studies of 

sporulation-specific gene expression under different nutritional conditions, or in 

undomesticated strains of B. subtilis (Duc le et al., 2004). It will also allow comparisons of 

the changes in gene expression that take place during sporulation in other species, including 

an analysis of the relative contributions of the various sporulation-specific regulatory factors 

involved, or the role of vegetative factor A in sporulation (Lai et al., 2003). 

The results also suggest that transcription of at least one group of genes in the two 

early, F- or E-dependent regulons is switched off prior to activation of the next sigma 

factor that operates in the same cellular compartment (Fig. 2 and 3) (Li & Piggot, 2001). It 

could be that the switching off of earlier classes of gene expression responds to a 

morphological cue during the morphogenetic process, much in the same way as activation of 

the four compartment-specific sigma factors is coupled to the completion of key intermediate 

structures during sporulation (Li & Piggot, 2001; Errington, 2003; Hilbert & Piggot, 2004). In 

any case, our analysis reinforces the view that sporulation gene expression is largely 

compartmentalised, spatially and temporally. 
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Figure legends 

FIG. 1. Expression pattern of canonical members of the four sporulation-specific sigma 

regulons in wild-type cells, various sporulations mutants, or upon IPTG induction of sigma 

factor production in vegetatively growing cells. The B. subtilis wild-type strain JH642 and its 

isogenic mutant strains MO1073 (sigF), MO512 (sigE), MO1074 (sigG), MO1027 (sigK) and 

Marb30 (sigG bofA) were grown in growth medium and sporulation was induced by collection 

of the cells by centrifugation and resuspension in twice the volume of resuspension medium 

after they had reached an optical density at 540 nm of 0.75.  For the experiments involving 

production of active alleles of the sporulation sigma factors in vegetatively growing cells 

strains were grown in LB. During exponential growth those cultures were divided, one half 

was induced with 1 mM IPTG and after 30 min cultivation with or without IPTG samples were 

collected for preparation of RNA. Total RNA was prepared after IPTG induction or at the time 

points after resuspension indicated as described in Materials and Methods. The RNA samples 

were transferred to Nylon membranes by slot blotting and the RNA blots were then hybridised 

with specific, Digoxygenin-labeled probes internal to the structural genes of spoIIR, spoIID,

spoIIID, sspE and gerE. After fluorescence detection with an STORM860 fluorimager and 

quantification with the Imagequant program (AmershamBiosciences, Freiburg, Germany) 

induction ratios were calculated by dividing the signal intensities of each particular time point 

by the intensity measured with RNA from samples harvested immediately after the 

resuspension (wild type and sporulation mutants) or by the value of the culture incubated 

without IPTG (IPTG induction of active sigma factor alleles). A) Early prespore and mother 

cells specific gene expression patterns (SigF and SigE regulon). B) Late prespore and mother 

cells specific gene expression patterns (SigG and SigK regulon). 

The dots above each bar graph indicate the samples, which were chosen for the discrimination 

of the different regulons in the analysis of the DNA-array data. After normalisation of the 

DNA-arrays data ratios were determined by dividing the signal intensities of samples marked 

with filled dots by the intensities of sample from the same section (wild type temporal 

expression, mutant analysis and IPTG induction) marked with open dots. 
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FIG. 2. Temporal and spatial compartmentalisation of the four sporulation-specific sigma 

regulons. The log2 values of the ratios between the normalised signal strength of the individual 

conditions depicted in the axis descriptions are plotted. The intensity ratios of all 4107 genes 

represented on the Panorama B. subtilis DNA macroarrays from Sigma Genosys Ltd. are indicated 

as small, light-grey shaded diamonds in the background. These data are not filtered to remove 

spurious inductions ratios and thus light-grey background symbols displaying seemingly strong 

regulation are statistically not significant. The following groups of genes are emphasised with 

specific symbols: A) differentiation of prespore specific sporulation regulons (expression ratio 90 

to 30 min, Y axis; expression ratio 210 to 30 min, X axis); black crosses, known SigF-regulon 

members; white crosses, known SigG-regulon members; large open circles, SigF-regulon members 

identified in this study; large filled circles, SigG-regulon members identified in this study; large 

filled diamonds, SigE regulon members identified in this study, B) differentiation of early prespore 

and mother cell specific gene expression (expression ratio of wild type versus sigF mutant at 90 

min, Y axis; expression ratio of wild type versus sigE mutant at 90 min, X axis), black crosses, 

known SigF-regulon members; white crosses, known SigE-regulon members; large open circles, 

SigF-regulon members identified in this study;  C) analysis of mother cell specific gene expression 

(expression ratio 90 to 30 min, Y axis; expression ratio 270 to 150 min, X axis) white crosses, 

known SigE-regulon members; black crosses, known SigK-regulon members; large black 

diamonds, SigE-regulon members identified in this study;  large open diamonds, SigK-regulon 

members identified in this study;  D) differentiation of late prespore and mother cell specific gene 

expression (expression ratio of wild type 270 min to 30 min, Y axis; expression ration of sigG

bofA mutant versus sigK mutant at 270 min, X axis) white crosses, known SigG-regulon members; 

black crosses, known SigK-regulon members; large open diamonds, SigK-regulon members 

identified in this study; large filled circles, SigG-regulon members identified in this study. Genes 

belonging to a particular sporulation regulon and displaying significant induction in one of the 

conditions displayed are represented by open or filled large symbols with superimposed crosses.  

FIG. 3. Characterisation of sub-classes of the F (panel A), E (B), G (C), and K (D) regulons. 

K-means clustering of the expression patterns of genes assigned to the four sporulation regulons 

was utilised to detect subclasses in each regulon displaying particular expression patterns. This 

clustering allowed between two to four classes, employed standard correlation, and a maximum of 

100 iterations. Two distinct sub-classes were recognised for the prespore-specific regulons ( F and 

G) and mother cell-specific regulons ( E and K) could be divided into three sub-classes. 
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FIG. 4. Genomic organisation of the F (panel A), E (B), G (C), and K (D) regulons. Genes 

and operons known to be controlled by the four sporulation-specific sigma factors F, E , G ,

and K from traditional genetic and biochemical approaches are displayed inside the circles. 

Those regulon members that could be reassigned to the corresponding regulon based on the 

expression pattern recorded in this study are indicated by black diamonds and those that did not 

pass the selection criteria adopted in our study are indicated in red. Newly identified members of 

the four sporulation regulons are displayed outside of the circles. For the F and E regulon the 

displays also contains genes previously reported by Fawcett et al.(Fawcett et al., 2000) and 

Eichenberger et al.(XXX), respectively: Genes displayed outside without any additional label were 

discovered in this study only, genes that are underlined were reported in the studies of Fawcett et 

al. ( F) (Fawcett et al., 2000) and Eicherberger et al. ( E) (Eichenberger et al., 2003) only and 

those marked with an additional asterisk were discovered in this study and one of the two previous 

publications (Fawcett et al., 2000; Eichenberger et al., 2003). For the display of the E , G , and 

K regulons sections of the chromosome displaying a particularly high density of sporulation 

genes are enlarged to increase visibility. In the genomic display of the F regulon the portion of 

the chromosome located in the prespore at the time of F activation is filled with gray colour.

FIG. 5. Compartment-specific expression of representatives of each sporulation-specific 

sigma regulon using gfp fusions. Fusions of the promoter regions of yuiC (presumed to be F-

dependent), yhaX (assigned to E regulon), yhcV (supposedly in G regulon), and yxeE (found in 

the -controlled group) to the gfp gene were constructed and introduced at the non-essential 

amyE locus of a wild type strain (Panel A), or in mutants for the four sporulation-specific sigma 

factors (Panel B). Expression of the various gfp fusions was then monitored at the specified times 

(in minutes) after induction of sporulation by the resuspension method (see Material and Methods). 

Samples from the sporulating cultures were collected, applied to a poly-L-lysine treated 

microscope slide and examined using phase contrast (PC) optics, as well as for DAPI and GFP 

fluorescence. The phase-contrast and GFP images are shown merged. Scale bar represents 2 µm. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4A 
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Fig. 4B 
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Fig. 4C 
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Fig.5
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Table 1. Bacillus subtilis strains and plasmids.  
________________________________________________________________________________________

_

Strain or Relevant genotype or features of plasmid construction or reference
a

plasmid  

                                                                                                                                                                                      
Strains 

AH38 leuA8 spoIIGB55  (Serrano et al., 2001) 
AH45 trpC2 metC3 spoIIIG 1 (Serrano et al., 2001) 
AH77 trpC2 metC3 sigK::erm (Serrano et al., 2001) 
AH2357 trpC2 metC3 spoIIAC::erm (Serrano et al., 2001) 
AH2462 trpC2 metC3 amyE::yuiC-gfp pMS174   MB24 
AH2463 trpC2 metC3 amyE::yhaX-gfp pMS175   MB24 
AH2464 trpC2 metC3 amyE::yhcV-gfp pMS173   MB24 
AH2465 trpC2 metC3 amyE::yxeE-gfp pMS172   MB24 
AH2466 trpC2 metC3 spoIIAC::erm amyE::yuiC-gfp pMS174   AH2357 
AH2467 leuA8 spoIIGB55 amyE::yhaX-gfp pMS175   AH38 
AH2468 trpC2 metC3 spoIIIG 1 amyE::yhcV-gfp pMS173   AH45 
AH2469 trpC2 metC3 sigK::erm amyE::yxeE-gfp pMS172   AH77 
JH642 trpC2 pheA1 J. Hoch, La Jolla
Marb04 trpC2 pheA1 spoIIIG::spc laboratory stock 
Marb30 trpC2 pheA1 spoIIIG::spc bofA::cat laboratory stock 
MB24 trpC2 metC3 laboratory stock 
MO512 trpC2 pheA1 spoIIGB::erm (Stragier et al., 1988) 
MO1027 trpC2 pheA1 spoIVCB::erm (Stragier et al., 1988) 
MO1073 trpC2 pheA1 spoIIAC::erm (Stragier et al., 1988) 
MO1074 trpC2 pheA1 spoIIIG::erm (Stragier et al., 1988) 
RL969 trpC2 pheA1 sigK skin 19::pVO12 (Oke & Losick, 1993) 

plasmids

pDG148 ApR KmR PhleoR PSPAC-mcs (Stragier et al., 1988) 
pDG180 ApR KmR PhleoR PSPAC-spoIIGB (Stragier et al., 1988) 
pDG298 ApR KmR PhleoR PSPAC-spoIIIG (Stragier et al., 1988) 
pSDA4 ApR KmR PhleoR PSPAC-spoIIAC (Stragier et al., 1988) 
pEA18 source of the gfpmut2 sequence Alan Grossman, MIT 
pMLK83 ApR KmR vector for transcriptional fusions to gusA (Karow & Piggot, 1995) 
pMS157 ApR KmR gfp this work 
pMS172 ApR KmR yxeE::gfp this work 
pMS173 ApR KmR yhcV::gfp this work 
pMS174 ApR KmR yuiC::gfp this work 
pMS175 ApR KmR yhaX::gfp this work 
________________________________________________________________________________________ 
a
The arrow indicates the construction of the strain by transformation. 
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