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1 Zusammenfassung

11 Einleitung

Erreger der Krankheit Milzbrand (Anthrax) ist das endosporenbildende Bakterium
Bacillus anthracis. Dies postulierte Robert Koch bereits 1876 in einer seiner ersten
Studien iiber Milzbrand, der zu damaliger Zeit eine verheerende Tierseuche dar-
stellte und in einigen Fillen auch auf Menschen iibertragen worden war [1]. Welt-
weit verursachte Milzbrand katastrophale Verluste in Bestinden von Rindern,
Schafen, Ziegen, Pferden und Schweinen, ehe 1939 der Veterindirmediziner Max
Sterne einen wirksamen, bis heute regelméBig eingesetzten Impfstoff entwickelte
[2]. Zusammen mit dem verstirkten Einsatz von Antibiotika und nationaler
Seuchenschutzprogramme konnte die Verbreitung der Tierseuche global zuriickge-
dréangt werden, sodass Milzbrand in hoheren Breitengraden Europas sowie Russ-
land als getilgt gilt und dort allenfalls noch sporadisch auftritt. Dennoch zeigen
aktuelle Berichte der World Organization for Animal Health (OIE), dass Milz-
brand weiterhin enzootisch in den meisten Landern Afrikas, Asiens sowie einigen
Mittelmeeranrainerstaaten Europas (Albanien, Griechenland, Siiditalien, Spanien,
Tiirkei) und kleineren Arealen in Kanada und den USA ist [3].

Dieser natiirlichen Verbreitung von Milzbrand steht die willentliche, durch
Menschen verursachte Ausbreitung entgegen. Natiirlich zustande kommende Kon-
taminationslevel betragen meistens weniger als 100 Anthraxsporen pro Gramm
Probe, etwa in Kadavern von an Milzbrand erlegenen Tieren [4]. Unabsichtliche
anthropogene Verseuchungen (Grundstiicke von Gerbereien, Abdeckereien u. &.)
erzeugen hochstens Zehntausende Sporen pro Gramm Erde [5]. Fiir Milzbrand
besonders empfingliche, pflanzenfressende Nutz- und Zuchttiere wie Rinder und
Schafe sind von solchen Dosen gefdhrdet im Gegensatz zu miBig anfilligen
(Hunde, Schweine, auch Menschen) beziehungsweise nahezu unempfanglichen
(Vogel) Spezies. Zudem gilt Milzbrand an sich als nicht invasiv, sodass die

mittleren letalen Dosen (LDsp) nach einer Inhalation oder Aufnahme iiber den
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Verdauungstrakt selbst bei als anféllig geltenden Spezies wie Schafen (LDsy pa-
renteral 100 Sporen) einige zehn- bis hunderttausend Sporen betragen [5].

Millionen an infektionstiichtigen Endosporen pro Gramm Erde sind demnach
nur durch willentliche Ausbringung der Erreger hervorzurufen, zum Beispiel in
bioterroristisch motivierten Akten oder im Zuge biologischer Kriegsfithrung. Bei-
spielsweise wurde wihrend und nach dem 2. Weltkrieg in verschiedenen Léndern
mit B. anthracis als Biowaffe experimentiert: So sorgten Experimente des briti-
schen Militdrs mit kontaminierten Leinsamenkuchen 1942 fiir eine jahrzehntelange
Verseuchung von Gruinard-Island vor der Kiiste Schottlands [6]. Die USA und die
Sowjetunion/Russische Foderation unterhielten bis 1967 beziehungsweise bis 1992
ein offensives B-Waffenprogramm mit Anthrax und 1995 hatte der Irak gegeniiber
den Vereinten Nationen bekundet, Bomben und SCUD-Raketen mit Anthrax-
Sporen bestiickt zu haben [7, 8]. Zu einer akzidentiellen Freisetzung von B. an-
thracis-Endosporen kam es 1979 in Swerdlowsk (Sowjetunion) aus einer Fabrik
fiir biologische Kampfstoffe, die in der Abwindzone der Fabrik 66 Todesopfer bei
77 Infizierten forderte [6, 9]. Des Weiteren sei die Anschlagserie in den USA im
Oktober 2001 erwihnt, als per Post verschickte Milzbrandsporen fiinf Todesopfer
nach insgesamt 22 Infektionen nach sich zogen [10]. Aktuell sind seit Dezember
2009 zuerst in Grof3britannien, dann ebenfalls in weiteren europdischen Lindern
mehrere Fille von Infektionsmilzbrand unter i.v.-Drogenkonsumenten bekannt ge-
worden [11, 12]. Allein zwischen Juni bis September 2012 wurden dem Robert
Koch-Institut vier Félle von Milzbrand bei Personen nach Drogenkonsum in
Deutschland gemeldet [13]. Da es sich in allen Fillen um Heroinkonsumenten
handelte, wird mit Milzbrandsporen kontaminiertes Heroin als die wahrschein-
lichste Infektionsquelle angenommen.

Ein regulédrer militarischer Einsatz biologischer Waffen wird zur Zeit als wenig
wahrscheinlich erachtet, nicht zuletzt, da seit 1972 die Biological and Toxin Wea-
pons Convention, der bis 2012 165 Staaten beigetreten sind, die Entwicklung,
Herstellung sowie Lagerung biologischer Waffen verbietet und derzeit kein Staat
offiziell ein B-Waffenprogramm unterhilt. Viel eher sind absichtliche Frei-
setzungen hochpathogener Erreger durch bioterroristische Anschldge als Gefahr
fiir die Gesellschaft einzustufen. Der 4. Bericht der Schutzkommission des Bun-
desministers des Inneren aus dem Jahre 2011 schitzt den Einsatz biologischer
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Gefahrenstoffe im Vergleich mit anderen asymmetrischen CBRN-Bedrohungen
(von chemisch, biologisch, radiologisch und nuklear) als besonders gefdhrlich ein
[14]. Konkret haben die Centers for Disease Control and Prevention (CDC) in den
USA B. anthracis in die Kategorie A der potentiell gefdhrlichsten Biowaffen
katalogisiert, zu der obendrein das Clostridium-botulinium-Toxin (Botulismus)
sowie Yersinia pestis (Pest), Variola major (Pocken), Francisella tularensis
(Tulardmie) und virales hdmorrhagisches Fieber verursachende Viren gehoren.
B. anthracis (sowie weitere Erreger in den Kategorien B und C) werden durch die
CDC als grundsitzlich geeignet angesehen, als biologische Waffen Verwendung
zu finden. Auch das Robert Koch-Institut sieht in den Erregern der Pest, des Milz-
brands und in Pockenviren die grofite Gefahr hinsichtlich der vorsétzlichen
Freisetzung biologischer Agenzien [15].

Fiir den Einsatz von B. anthracis-Endosporen als Biowaffe sprechen deren
leichte Ausbringung sowie deren hohe Letalitit: Aufgrund ihrer auflergewo6hnli-
chen Langlebigkeit und ausgesprochen hohen Resistenz gegeniiber Umwelteinfliis-
sen sind B. anthracis-Endosporen relativ leicht in groen Mengen zu generieren,
zu lagern und auszubringen. Weiterhin wird angenommen, dass im Falle eines
Lungenmilzbrandes (Einatmen von Sporen) eine Letalitit von 95 % gegeben ist,
wenn nicht eine entsprechende Antibiose innerhalb von 48 Stunden erfolgt [16].
Derartige Punkte liberwiegen deutlich die relativ hohe mittlere Infektionsdosis
(IDsp 8 000-10 000 Sporen) und mittlere letale Dosis (LDsy 2 500 bis 55 000
Sporen) von Lungenmilzbrand sowie die verschwindend geringe Wahrscheinlich-
keit einer Mensch-zu-Mensch-Ubertragung [17, 18]. Deshalb kommt dem Lungen-
milzbrand eine besondere Bedeutung fiir B-Gefahrenlagen zu, obwohl 95 % der
natiirlichen Infektionen Hautmilzbrand (Sporenaufnahme iiber Hautwunden, LDs
bei 10-50 Sporen) ausmacht, der aber in 80-90 % der unbehandelten Félle ausheilt
[19].

Generell ist eine Friih- oder Echtzeiterkennung von Anschldgen mit Krankheits-
erregern kaum moglich. Im Gegensatz zu anderen Grof3schadenslagen ist die Aus-
breitung der Erreger lautlos und unsichtbar. Weiterhin sind die Wirkungen auf den
menschlichen Korper denen natiirlicher Krankheiten nicht undhnlich; dariiber
hinaus kann sich der biologische Katastrophenfall ohne erkennbares initiales
Ereignis schleichend entwickeln und fiir einige Tage bis Monate als Infektions-
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geschehen iiberhaupt nicht wahrgenommen werden. Hinzu kommt die
Uniibersichtlichkeit der Vielfalt und Variabilitdt bioterroristischer Szenarien. So
erfolgt das Erkennen der Gefahrenlage zum Teil erst mit deutlicher Latenz nach
dem Freisetzungszeitpunkt und antiepidemische Mallnahmen koénnen nicht
rechtzeitig ergriffen werden. Zuletzt darf die psychosoziale Wirkung durch einen
Einsatz von Biowaffen nicht unterschitzt werden, da insbesondere Infektions-
krankheiten archaische Angste, Panik oder Massenhysterien unter Menschen
auslosen konnen [20]. Zur organisatorischen Vorbereitung auf bioterroristische
Anschldge gehoren neben der Erarbeitung von detaillierten Alarm- und Notfallpla-
nen, der Beschaffung ausreichender Impfstoffvorrite (fiir Milzbrand in
Deutschland nicht zur Verfiigung stehend) auch die Bereitstellung von Uberwa-
chungs- und Laborkapazititen, die eine schnelle und definitive Detektion und
Diagnostik wichtiger bioterroristisch relevanter Erreger ermoglichen. Zurzeit exis-
tiert eine Vielzahl unterschiedlichster Nachweissysteme fiir B. anthracis zusam-
men mit einer grolen Anzahl sich noch in der Entwicklung befindlicher Diagnose-
techniken. Der nichste Abschnitt versucht, einen Abriss iiber etablierte Verfahren

sowie iliber die neuesten Entwicklungen in diesem Feld zu geben.



1.2 Stand der Forschung

1.2.1 Bakteriologie B. anthracis

Folgende Punkte sind bei der Entwicklung eines geeigneten Detektionssystems fiir
B. anthracis zu beriicksichtigen: B. anthracis gehort zu den 200 Arten aerober
Bakterien — aufgeteilt in mehr als 25 Gattungen —, die in der Lage sind, En-
dosporen auszubilden [21, 22]. Hierbei ist die Gattung Bacillus die grofite und
bildet ein weites Spektrum von Mikroorganismen ab, die sich verschiedenste, teils
extreme Lebensrdume zu eigen gemacht und sich eine Vielzahl organischer und
anorganischer Stoffe als Nahrungsquellen erschlossen haben [23]. Die Endospore
wird innerhalb der Mutterzelle als Reaktion auf Néhstoffmangel oder erhdhter
Zelldichte gebildet und ist eine iiberaus widerstandsfdhige, metabolisch weitest-
gehend inaktive und nicht vermehrungsfihige Uberdauerungsform, welche dem
Milzbranderreger im Boden und auf Oberflachen eine sehr hohe Tenazitét von
mehreren Jahrzehnten verleihen kann. Unter optimalen Laborbedingungen sind
innerhalb von 7-8 Stunden nach Erreichen der Exponentialphase die ersten
Endosporen zu beobachten. Unter suboptimalen Bedingungen indes treten diese
auch sehr viel spéter auf, zum Beispiel bei einer Umgebungstemperatur von 12 °C
erst nach zwei Wochen [24, 25]. Trotz metabolischer Inaktivitit sind Endosporen
in der Lage, sich bei Vorhandensein geringster Konzentrationen an Keimungs-
induktoren (Aminosduren, Zucker, Purinnukleoside, sublethale Hitzebehandlung
mit 60 °C bis 100 °C) in eine stoffwechselaktive, vermehrungsfihige vegetative
Zelle umzuwandeln. Der Prozess kann innerhalb von 10 bis 30 Minuten, im Falle
sogenannter superdormant spores erst nach einigen Tagen erfolgen [26, 27]. Dies
geht allerdings einher mit dem Verlust ihrer ausgeprigten Resistenzen. Endo-
sporen konnen unter anderem (feuchte und trockene) Hitze, UV- und Gamma-
Strahlung, hohe Driicke, extreme Trockenheit bis hin zum Vakuum sowie toxische
Chemikalien in einem Malle {iberstehen, das vegetative Zellen sicher abtoteten
wiirde [28].
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Der Grund fiir diese aulergewohnliche Robustheit ist in dem Aufbau von Endo-
sporen zu suchen, der sich wesentlich von denen vegetativer Zellen unterscheidet:
(1) Endosporen besitzen einen Multischalenaufbau, bei dem der Sporenkern — das
Analogon zum Protoplasten der vegetativen Zelle mit Zellwand, Membran, Zyto-
plasma und Nukleoid — umhiillt ist von einer Vielzahl weiterer Schichten (Sporen-
rinde/Cortex, innere Sporenhiille, dulere Sporenhiille, fallweise Exosporium), die
die Durchlissigkeit flir chemische Agenzien erniedrigen und eine Entgiftung
herbeifiihren konnen. (i) Der Sporenkern liegt stark dehydratisiert vor (Wasser
stellt bei Endosporen 27-55 % des Nassgewichts anstatt 75-80 % in vegetativen
Zellen), weist aber einen hohen Grad an Mineralisierung auf. Besonders stark ist
Ca®" exprimiert und hdufig durch Dipicolinsdure (Pyridin-2,6-dicarbonséure,
DPA) chelatisiert, sodass Calciumdipicolinat (CaDPA) circa 5-15 % des Trocken-
gewichts einer Spore ausmacht. Eine starke Dehydratisierung des Sporenproto-
plasten wirkt sich begiinstigend auf die Hitzeresistenz von Sporen aus, ebenso ein
hoher Gehalt an Ca*"-Tonen [28]. (iii) Die Sporen-DNA ist gesittigt mit speziellen,
DNA-bindenden Proteinen, den sogenannten kleinen sdureldslichen Sporenprotei-
nen (small acid-soluble protein, SASP), welche 3-6 % des gesamten Pro-
teinautkommens in Endosporen ausmachen [29]. Dadurch erbringen sie einen
wichtigen Beitrag zur UV-Strahlungs-, Hitze- und Chemikalienresistenz der
Sporen und stehen ferner als Energie- und Kohlenstoffquelle bei der Sporenauskei-
mung zur vegetativen Zelle zur Verfiigung. (iv) Ein Depot UV-Licht-absorbieren-
der Pigmente in &uBeren Sporenhiillen schirmt bei einigen Bacillus-Sporen
photosensitive Komponenten (zum Beispiel DNA) vor UV-Strahlung ab [30].
Prinzipiell ist B. anthracis in der Umwelt als Endospore anzutreffen und
repliziert sich fast ausschlieBlich innerhalb der kurzen Perioden einer Infektion, die
entweder durch den Tod des Wirtsorganismus oder Abtdtung des Keimes durch
die Immunabwehr oder mithilfe therapeutischer Agenzien beendet werden. Des-
halb ist die genetische Entwicklung von B. anthracis lediglich auf die kurze Phase
zwischen Infektion und Tod des Wirtes beschrinkt, was 20-40 Generationen
ausmacht [31]. Dies ist der Grund, warum B. anthracis eine sehr homogene Spe-
zies im Sinne genetischer und phénotypischer Eigenschaften ist (monomorph), was
eine Differenzierung verschiedener B. anthracis-Stimme erschwert. Aber auch die

Abgrenzung zu anderen Bacillus-Arten ist teilweise schwierig, insbesondere zu
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den Spezies der so genannten B. cereus-Gruppe (BC-Gruppe) [32, 33]. Zu dieser
gehoren neben B. anthracis auch B. cereus, ein bekannter Lebensmittelkontaminat
(insbesondere Milch und Milchprodukte) der Risikogruppe 2, dessen extrazellulére
Toxine Diarrhoe und Erbrechen auslosen konnen; B. mycoides, ein Risikogruppe-
1-Keim mit auffillig rhizoider Kolonienmorphologie; B. thuringiensis, welcher
kristalline Proteine (Bt-Toxine) bildet, die das Bakterium verbreitet zur biologi-
schen Schidlingsbekdmpfung Verwendung finden ldsst; sowie B. weihenstephan-
ensis, eine psychotrope Art der Risikogruppe 2, die sich bei Temperaturen unter
7 °C vermehrt und wie B. cereus in der Lage ist, ein emetisches Toxin, Cereulid,
zu produzieren [34-38]. Diese Spezies sind taxonomisch sehr eng verwandt und
weisen hoch konservierte chromosomale Gensequenzen auf, zum Beispiel sehr
dhnliche 16S rRNA und 23S rRNA Sequenzen, anhand der die taxonomische
Differenzierung von Bakterien {iblicherweise erfolgt [39]. Die 16S rRNA Sequen-
zen (1 446 Nukleotide) von B. anthracis, B. cereus, B. mycoides und B. thuring-
iensis sind zu >99 % identisch und lediglich zwei Unterschiede (ein Nukleotid
verdndert, eine Baseninsertion) wurden in den 23S rDNA-Genen (2 889 Nukleo-
tide) zwischen B. anthracis und B. cereus festgestellt [40, 41]. So vertreten einige
Taxonomen die Ansicht, die Spezies der BC-Gruppe als eine Art zusammen-
zufassen [33]. Dennoch iiberwiegen phénotypische Charakteristika, unterschied-
liche Pathogenititslevel, klinische Symptome sowie Okologische Nischen die
gingigen Kriterien bakterieller Taxonomie, sodass die bisherige Nomenklatur
Bestand hat. Die Pathogenitdt wird durch Toxine hervorgerufen, die zumeist auf
Plasmiden kodiert sind. Im Falle von vollvirulenten Stimmen von B. anthracis
handelt es sich um zwei Megaplasmide: pXO1 (Toxinplasmid, 182 kbp) sowie
pXO2 (Kapselplasmid, 96 kbp) [42, 43]. Dank pXO1 konnen die vegetativen
Zellen drei fiir die Toxinbildung wichtige Proteinkomponenten exprimieren,
wohingegen pXO2 die Aminosduresequenzen von Enzymen enkodiert, die fiir die
Synthese einer Antiphagozytosekapsel aus Poly-D-Glutaminsdure verantwortlich
sind. Weniger virulent sind B. anthracis-Stimme, denen eines der beiden Plasmide
fehlt und génzlich avirulent jene ohne Plasmide. Der Verlust von pOX1 in der

Umwelt geschieht wesentlich seltener als der von pOX2 [44].
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1.2.2 Nachweis von B. anthracis

Eine ideale Identifizierungsmethode zur Detektion von B. anthracis aus Umwelt-
proben miisste eine Reihe von Eigenschaften in sich vereinen: Sie sollte einfach
anzuwenden sein, die Operatoren einem mdglichst geringen Infektionsrisiko aus-
setzen und kosteneffizient sein. Wesentlich ist zudem eine schnelle Ergebnis-
ausgabe nach Probennahme und mit Hinblick auf eine Anwendung am unmittelba-
ren Einsatzgebiet eine ausreichende Robustheit, um hdufigen Ortswechseln sowie
Anderungen klimatischer Bedingungen Rechnung tragen zu kénnen. Die Methode
sollte eine geringe Anzahl an Organismen detektieren kdnnen (Spezifitit), ohne
dass ungewollte Kreuzreaktionen mit eng verwandten biologischen Keimen, die
ubiquitir in der Umwelt vorliegen, auftreten (Sensitivitit). Letzteres ist vor allem
durch das Vorhandensein von nicht-virulentem B. cereus in Gegenwart von
B. anthracis in Umweltproben erschwert, da beide Arten eng verwandt sind und
eine Vielzahl an phidno- und genotypischen Eigenschaften teilen [41, 45, 46].

Das Panel zur Verfiigung stehender Identifizierungsmethoden fiir B. anthracis
lasst sich im Wesentlichen einteilen in konventionell-mikrobiologische, nuklein-
sdure-basierte, affinitdts-basierte sowie biochemische Ansitze [47].

Uber viele Jahre hinweg haben sich die traditionellen mikrobiologischen Me-
thoden als Goldstandard etabliert. Sie beruhen auf der Beobachtung morphologi-
scher FEigenschaften von Bakterien, nachdem sie in der Regel auf Selektivmedien
kultiviert sowie optional gefdrbt worden sind. So wird B. anthracis bakteriosko-
pisch als Gram-positives, nicht-bewegliches Stibchen (0,8-1,2 pm Durchmesser,
3-5 um Lange) wahrgenommen, das in der Lage ist, ellipsoide Sporen (0,7-0,8 um
Durchmesser, 1,5 um Lénge) zu bilden. Auf Blutagarplatten wichst der Erreger
ohne Beta-Hdmolyse und ist sensitiv gegeniiber Gamma-Phagen und Penicillin
[48]. Chromogene und selektive Ndhrmedien dienen zusétzlich zur Abgrenzung
von B. anthracis gegen die taxonomisch ndchsten Verwandten B. cereus,
B. mycoides und B. thuringiensis [49]. Weiterhin kann die durch das Bakterium
ausgebildete Kapsel durch Anfirben gut visualisiert werden [50]. AuBlerdem ist
mithilfe elektronenmikroskopischer Aufnahmen der Keime eine grobe priméire
Diagnostik und eine erste Abschitzung der Erregerkonzentration moglich [51].

Weltweit am haufigsten wird indes der Schnelltest iiber Thermoprazipitation nach
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Ascoli angewandt, obgleich dieser bei Umweltproben hdufig falsch-positive
Ergebnisse anzeigt [52]. Zuletzt ist die Virulenz des Keimes durch Tierversuche
nachweisbar. Obwohl die Durchfithrung all dieser konventionellen Tests durch
erfahrene Bakteriologen sicher moglich ist, eignen sich diese nur bedingt zur
Analyse von Umweltproben durch Einsatzkrifte vor Ort. Unter den praktischen
Gesichtspunkten ist der hohe Arbeits- und Zeitaufwand dieser Methoden zu
erwdhnen. Zum einen miissen die Arbeitsschritte in Laboren der Sicherheitsstufe 3
durch entsprechend geschultes Personal durchgefiihrt werden. Zum anderen ist
eine Erregeranzucht von 1-2 Tagen stets obligatorisch aufgrund der geringen
Sensitivitdt der Methode und muss durch zusitzliche Tests unter Umstidnden um
ein dhnliches Zeitintervall erweitert werden [18]. Uberdies musste festgestellt
werden, dass einige B. cereus-Umweltisolate eigentlich B. anthracis-exklusive
phénotypische Merkmale aufweisen [53]. Aufgrund dessen wird sowohl vom
Robert Koch-Institut als auch vom Nationalen Referenzlabor fiir Milzbrand des
Friedrich-Loeffler-Instituts empfohlen, mit molekulargenetischen Verfahren den
mikrobiologischen Befund in jedem Fall abzusichern.

Daher werden Nachweissysteme basierend auf der Polymerasekettenreaktion
(PCR) zunehmend fiir die schnelle und sensitive Erkennung des Erbmaterials von
pathogenen Erregern eingesetzt. In einem plattformiibergreifenden Vergleich
unterschiedlichster B. anthracis-Nachweissysteme wurden mittels real-time-PCR
bzw. end-point-PCR mit 430 Zellen/ml bzw. 440 Zellen/ml die geringsten Nach-
weisgrenzen aller untersuchten Verfahren erreicht [54]. Voraussetzung ist die
Wahl geeigneter B. anthracis-spezifischer Nukleinsduressequenzen (Probe und
Primer), will man Kreuzreaktionen mit verwandten Spezies ausschlieen. Sich
allein auf Gensequenzen der Virulenzplasmide pXO1 (zum Beispiel pag) und
pXO2 (capC) zu beschrianken, kann zu Fehldiagnosen fithren, da pXO1- und
pXO2-dhnliche Plasmide in einigen nicht-virulenten B. cereus-Umweltisolaten
gefunden worden sind [55]. Uberdies wurden zwei, ebenfalls pXO1- und pXO2-
dhnliche Plasmide tragende B. cereus-Stdmme (als B. cereus var. anthracis dekla-
riert) von Menschenaffen in Kamerun und der Elfenbeinkiiste isoliert, die an einer
Anthrax-dhnlichen Krankheit gestorben sind [56, 57]. Ein horizontaler Gentransfer
der Virulenzplasmide zwischen eng verwandten Spezies ist bekannt [58]. Zugun-
sten der Spezifitit gegeniiber B. anthracis werden deshalb weitere chromosomale
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Zielsequenzen zur Charakterisierung von Isolaten des Milzbranderregers hinzuge-
zogen. Die Auswahl geeigneter Genabschnitte erweist sich jedoch aufgrund der
hohen genetischen Ahnlichkeit zwischen den Spezies der BC-Gruppe als diffizil.
So wurden zeitweise bestimmte Einzelnukleotid-Polymorphismen (SNP, single
nucleotide polymorphism) als B. anthracis-spezifisch deklariert, ehe sie ebenso in
Isolaten anderer Bacillus-Arten detektiert worden sind. Ein Beispiel ist das rpoB-
Gen: 2001 durch Qi et al als B. anthracis-exklusiv beschrieben, bis 2006
identische Polymorphismen durch Zasada et al. im Genom von B. thuringiensis
aufgezeigt worden sind [59, 60]. Zudem erzeugten einige B. cereus-Isolate verzo-
gerte rpoB-Signale durch mutmaBliches mispriming der DNA-Polymerase [53].
Diese verzogerten positiven Signale machen es schwierig abzuschétzen, ob diese
nun tatsichlich von B. cereus-Keimen in der Probe stammen oder aber durch eine
sehr geringe Anzahl von B. anthracis-Sporen. Ebenso hinderlich fiir den Einsatz
vor Ort ist die Anfiélligkeit der PCR gegeniiber Inhibitoren in der Probenmatrix, da
etwa Erdbestandteile oder ungiinstige pH-Werte hemmend wirken [61-63]. So ist
nachvollziehbar, dass die anfangs dieses Abschnittes angegebenen Nachweisgren-
zen im Falle von Bodenproben bei weitem nicht erreicht werden: Hier gelten ge-
rade noch 100 Sporen/mg Boden eines PCR-Enzyme Linked Immunosorbent As-
says (PCR-ELISA) als niedrigster publizierter Grenzwert [54]. Neben der
Direktisolation der DNA aus den Proben gilt nur die zeitintensive Vorkultivierung
als Alternative. Ferner ist die Portabilitdt prizise arbeitender Thermocycler selten
gegeben und zeitaufwindige Arbeitsschritte nach einer end-point-PCR obligato-
risch. Hier spielt die im Jahre 2000 von Notomi et al. eingefiihrte loop-mediated
isothermal amplification (LAMP) ihre Stirken aus: Diese arbeitet unter Einsatz
einer zur Strangverdriangung befdhigten DNA-Polymerase sowie einem spezifi-
schen Primersatz (typischerweise vier) konstant bei Temperaturen von 60-65 °C
bei einer Reaktionszeit von 1h [64]. Da auflerdem groere Mengen von
Magnesiumhydrogenphosphat ausfallen, ist eine Verfolgung des Reaktionsablaufs
durch turbidimetrische Messungen moglich [65]. So konnten 1 000 Genomkopien
von B. anthracis durch LAMP unter Verwendung eines Taschenwiarmers detektiert
werden [66, 67]. Die Spezifititen einer real-time-PCR sind durch LAMP noch
nicht erreicht worden und eine sichere Differenzierung von Spezies der BC-
Gruppe verbleibt weiterhin schwierig. Weitere molekulargenetische Methoden wie
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multi locus sequence typing (MLST), multi locus variable number tandem repeat
analysis (MLVA), amplified fragment-length polymorphism (AFLP) oder gar die
vollstindige Genom-Sequenzierung haben eine klare Diskriminierung von
B. anthracis und zusitzlichen Spezies der BC-Gruppe ermdglicht [32, 68-70],
allerdings sind diese Techniken nur zur Analyse von isolierten Kolonien im Labor
ausgelegt und kaum fiir eine schnelle Vor-Ort-Diagnose geeignet.

Viel eher werden zurzeit affinitdtsbasierte Assays zum schnellen B. anthracis-
Nachweis eingesetzt, von denen einzig die antikorperbasierten Ansédtze kommerzi-
ell erhiltlich sind, obwohl sich als Liganden ebenfalls Peptide oder Aptamere als
geeignet erwiesen haben [47]. Diese Plattformen liefern binnen Minuten nach
einfachster Handhabung Ergebnisse, die allerdings sowohl eine ausreichende Spe-
zifitit wie Sensitivitit vermissen lassen, was dem Einsatz als Diagnoseinstrument
vor Ort zugegen lduft [71]. Viel eher sind sie von Wert in epidemiologischen
Studien und der Medizindiagnostik, das heifit in Situationen, in denen eine
Infektion bereits erfolgt ist.

Zumindest eine Vorkultivierung ist bei analytischen Methoden, die sich exklu-
siv auf den Nachweis des endosporen-spezifischen CaDPAs kapriziert haben, nicht
unbedingt notwendig. Die hochste Sensitivitdt wird augenblicklich durch fluoro-
metrische Messungen von Lanthanoid-DPA-Komplexen erreicht, fiir die aber im
Hinblick auf Realproben eine mdglichst effiziente Extraktion und Aufreinigung
von DPA aus den Proben obligat ist, beispielsweise unter Zuhilfenahme chroma-
tographischer Methoden [72]. Eine Nachweisgrenze von 0,5 nM DPA (dies
entspricht unter der Annahme von circa 0,5 fM CaDPA/Spore 10° Sporen/ml)
wurde durch einen Hochleistungsfliissigkeitschromatographie-Ansatz (HPLC) mit
angeschlossener Terbium-Komplexierung und Lumineszenzmessung erreicht [73,
74]. Ein Einsatz Europium-basierter Nanopartikel verspricht sogar Nachweisgren-
zen von 0,2 nM CaDPA [75]. Da DPA andererseits nur ein genereller Sporenin-
dikator ist, sind Unterscheidungen zwischen verschiedenen Sporenarten nicht
moglich.

Biochemische Identifikationsmethoden fiir B. anthracis fuBlen auf der Erken-
nung biochemischer Muster innerhalb von Signaturen der untersuchten Keime. Die
Art der Signaturen ist dabei mannigfaltig: Zum einen werden die Bazillen nach
metabolischen Eigenschaften und ihrer Resistenz gegeniiber Antibiotika charakte-
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risiert [76]. Weiterhin konnen Profile bakterieller Fettsduren (fatty acid methyl
ester, FAME) via gaschromatographischer Verfahren als Unterscheidungsmerkmal
herangezogen werden [77]. AuBlerdem erlauben Kombinationen verschiedener
Biomarkerklassen die Diskriminierung von Bacillus-Spezies, wie im Falle einer
Analyse durch Gaschromatographie mit Massenspektrometrie-Kopplung (GC/MS-
Analyse) der Signaturen von FAMESs, Dipicolinsdure und Kohlenhydraten [78]. Im
Falle massenspektrometrischer Ansédtze sind aber vorwiegend Proteine die
Biomarker der Wahl, speziell bei Bacillus-Sporen die SASPs, entweder detektiert
in intakter Form oder aber als durch chemische oder enzymatische Verdauung
proteolysierte Peptide [79, 80]. Allen gemein ist, dass eine standardisierte Erreger-
anreicherung unumgénglich ist, was sich in einem hohen Zeitaufwand duBert, der
einen Einsatz dieser Techniken am Ort des Geschehens durch Ersthelfer konterka-
riert. Zum einen ist es nur durch eine Vorkultivierung méglich, gentigend Analyse-
material zu generieren [81]. Zum anderen ist bekannt, dass Typ, Zusammenset-
zung und Menge der FAMESs eines Organismus in hohem Maf3e abhingig sind von
den Bedingungen, unter denen die Bakterien zuvor kultiviert worden sind
(Anzuchtmedium, -temperatur, -zeit) [82]. Beispielsweise iiben komplexe Additive
in den Nihrmedien (Fleisch-, Hefeextrakt...) sowie Proteinquellen (Pepton,
Trypton...) einen erheblichen Einfluss auf die Fettsdureausstattung von Bacillus-
Kulturen aus [83]. Ahnlich abhingig von Kultivierungsparametern sind MS-
Biomarker aus intakten Proteinen oder Peptiden, wie eine Studie iiber die Repro-
duzierbarkeit von MS-Spektren einer E. coli-Kultur, aufgenommen in drei Labora-
torien, zeigt: Nur 25 % der diesem Bakterium zugeordneten Biomarker konnten in
Spektren aller drei Labore detektiert werden [84]. Ein Anziehen der Bakterien vor
der MS-Analyse unter rigider Einhaltung wohl definierter Kultivierungsbe-
dingungen ist neben einer standardisierten Probenvorbereitung deshalb zwingend
erforderlich [85, 86].
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1.2.3 Raman-Spektroskopie als alternative Detektionsmethode fiir

B. anthracis

Schwingungsspektroskopische Techniken wie die Raman-Spektroskopie lassen
sich gleichermallen zu den biochemischen Identifikationsmethoden zéhlen. Ihr
grofles Potential besteht darin, dass sie In-situ-und In-vivo-Informationen von
Biomolekiilen in schneller, aber ausreichend spezifischer, nicht-invasiver Art unter
physiologischen Bedingungen liefern konnen [87]. Basis fiir die Raman-
Spektroskopie ist die inelastische Streuung von Licht an Molekiilen, die von den
beiden indischen Wissenschaftlern C. V. Raman und K. S. Krishnan entdeckt
wurde [88-90]. Inelastisch heiflit, dass die Wellenldnge des gestreuten Lichts mit
jener des einfallenden Lichts nicht identisch ist wie im Falle der Rayleigh-Streu-
ung. Unter Ausnutzung dieses so genannten Raman-Effektes konnen Informatio-
nen iiber alle Molekiile innerhalb einer Probe abgefragt werden. Die Probe wird
dazu monochromatisch bestrahlt und das inelastisch gestreute Licht als Raman-
Spektrum registriert. Das Spektrum entsteht durch eine Ensemblemittelung iiber
alle Probensubstanzen, das heift, es entspricht einer Superposition von Raman-
Spektren der probeninhdrenten Substanzen. Anhand der Spektren lassen sich
Riickschliisse auf die biochemische Zusammensetzung und molekulare Struktur
der Probe ziehen. Werden mittels der Raman-Spektroskopie Bakterien analysiert,
so sind Proteine, DNA/RNA, Kohlehydrate sowie Lipide die Molekiilklassen, die
im Wesentlichen das Raman-Spektrum der Probe dominieren, da dies die Haupt-
konstituenten von Bakterien sind [91]. Lediglich das in allen Bakterien vorhandene
Wasser trigt aufgrund seines geringen Raman-Streuquerschnitts' kaum zum Ra-
man-Spektrum einer Bakterie bei. Unter der Annahme, dass Bakterien
unterschiedlicher taxonomischer Zugehdrigkeit auch unterschiedliche biochemi-
sche Zusammensetzungen besitzen, die wiederum durch die Raman-Spektroskopie
abgefragt werden konnen, ist eine Typisierung von Bakterien anhand ihrer
spektroskopischen Signatur moglich [91, 92]. In der Regel sind diese Signaturen
sehr komplex, weisen teils kaum wahrnehmbare Unterschiede auf und lassen sich

"Der Streuquerschnitt eines Molekiils spiegelt die Wahrscheinlichkeit aller moglichen Streupro-
zesse eines Molekiils wider und ist der Streuintensitét proportional.
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weiterhin nicht in ihre Einzelkomponenten entmischen. So werden die Spektren als
solche — gleichsam eines Fingerabdruckes — einer Analyse zugefiihrt, ohne néher
erklart werden zu miissen. Auf Grund dessen sind datenbankbasierte statistische
Auswerteroutinen unabdingbar, will man Raman-Spektroskopie zur Identifizierung
von Bakterien anwenden (Chemometrik) [93]. Hierfiir kommen {iiberwachte
Lernalgorithmen in Betracht, die Gruppenunterschiede modellieren koénnen,
beispielsweise die lineare Diskriminanzanalyse (LDA), die Support Vector
Machines (SVM) oder die kiinstlichen neuronalen Netze (ANN). Mit Hilfe
algorithmischer Schétzer wie der Kreuz- oder Holdout-Validierung versucht man
dann, die Vorhersagequalitdt dieser Klassifikatoren zu evaluieren, indem ein Teil
der Daten zum Aufbau des Modells herangezogen und mit dem Rest der Daten
ausgetestet wird”. Auf diese Weise ist es moglich, das Diskriminierungsvermdgen
des Modells (Klassifizierung) einerseits, andererseits dessen Generalisierungs-
potential (Identifizierung) zu validieren.

Im Laufe der Jahrzehnte, in denen die Raman-Spektroskopie zur Analyse biolo-
gisch relevanter Sachverhalte herangezogen wurde, sind eine Reihe spezieller Ra-
man-basierter Methoden entwickelt worden, um bestimmte Nachteile der konven-
tionellen Raman-Spektroskopie zu minimieren. Insbesondere die geringe Quanten-
ausbeute’ des spontanen Raman-Effekts wirkt sich negativ auf die Sensitivitit der
Methode aus [94]. Die im Umfeld der Biospektroskopie am haufigsten
angewandten Verstirkungstechniken sind die Resonanz-Raman-Spektroskopie
(resonance Raman spectroscopy, RRS) sowie die oberflaichenverstirkte Raman-
Spektroskopie (surface-enhanced Raman spectroscopy, SERS). Bei der Resonanz-
Raman-Spektroskopie wird die Raman-Anregungswellenldnge so gewéhlt, dass sie
sich in der Nihe einer elektronischen Absorption eines in der Probe befindlichen
Chromophores befindet. Dadurch werden jene Banden selektiv verstarkt, welche

an den elektronischen Ubergang gekoppelt sind und das ehemals komplexe

* Im Folgenden wird von einer Klassifizierung gesprochen, wenn das Modell mit Daten validiert
wird, mit welchen es erstellt worden ist. Eine Identifizierung indes bedeutet ein Testen des
Modells mit Daten, die vollig unabhéngig von den Modelldaten generiert worden sind.
Idealerweise stammen die Testdaten von anderen Prdparaten als denen der Modelldaten und
wurden nicht an denselben Tagen wie die Referenzspektren gemessen.

3 Von 10° — 10" gestreuten Photonen wird nur eines bei Raumtemperatur Stokes-Raman-gestreut.
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Raman-Spektrum wird durch die Banden des Chromophores dominiert’ [96]. Dies
ist aber nur in Systemen beobachtbar, in denen die Stokes-Verschiebung zwischen
Absorption und Fluoreszenz groB3 genug ist, andernfalls wiirden die Resonanz-
Raman-Signaturen von der Fluoreszenz iiberdeckt werden. Durch die Resonanz-
Raman-Spektroskopie sind somit sehr geringe Mengen eines Zielchromophores
selbst in komplexen Matrices detektierbar. Bei sichtbarer Anregung sind dies bei
Bakterien insbesondere Carotenoide und Hémoproteine wie Cyctochrome. Bei
Verwendung von UV-Licht mit 218-231 nm werden besonders aromatische
Proteine, bei 242-257 nm Nukleinsduren in Bakterien adressiert, allerdings ist
Photodegradation der Probe ein immanentes Problem der UV-Resonanz-Raman-
Spektroskopie [97]. In UVRR-Spektren von Endosporen unter 242-244 nm
Anregung stellte man fest, dass die Schwingungen von CaDPA resonant verstérkt
werden [97, 98]. Mit derselben Anregung konnte eine Diskriminierung sechs
verschiedener Bacillus-Arten anhand ihrer UVRR-Spektren gezeigt werden, der
jedoch methodenbedingt eine Vorkultivierung vorausgehen musste [99].

Die oberflichenverstirkte Raman-Spektroskopie macht sich die Eigenschaft zu
Nutze, dass in der Néhe nanostrukturierter Metalloberflichen (meist Silber, Kupfer
oder Gold in Form von Kolloiden oder strukturierter Oberflaichen) das einge-
strahlte Feld verstirkt wird® [101]. Oberflichenplasmone koppeln mit dem exter-
nen elektrischen Feld und erzeugen so das verstirkte (evaneszente) Feld senkrecht
zur Metalloberfldache, welches an Analytmolekiilen in der Ndhe der Metalloberfla-
che gestreut wird. Dieses Raman-gestreute Feld kann dann erneut an der Metall-
oberflache verstarkt werden. Zusitzlich zu der eben beschriebenen elektromagneti-
schen Verstirkung kommt eine chemische Verstirkung hinzu, die auf einer
Wechselwirkung zwischen dem Analytmolekiil und der nanostrukturierten Metall-
oberflidche beruht. Mit Hilfe oberflachenverstirkter Raman-Spektroskopie wurden
sensitive Verfahren entwickelt, mit welchen CaDPA von wenigstens 10 pg Sporen
als Biomarker fiir Endosporen nachgewiesen werden konnte [102-104]. Selbst in
Form eines portablen Raman-Spektrometers spiirte man noch minimal 10* Sporen

* Im Vergleich zu nicht-resonanter Anregung sind Signalverstirkungen um bis zu sechs GréBenord-
nungen moglich [95].

> Im Vergleich zu nicht-resonanter Anregung wird mit Signalverstirkungen von fiinf bis sieben
Grofenordnungen gearbeitet [100].
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auf [105]. Voraussetzung hierfiir ist indes, dass CaDPA vor der Spektrenaufnahme
aus den Endosporen extrahiert werden muss. Weiterhin kann eine Aussage, um
welche Art von Endosporen es sich letztlich handelt, etwa pathogene oder harmlo-
se, durch solche Ansitze natiirlich nicht geliefert werden. Dass sich grundsitzlich
SERS-Spektren intakter Endosporen von denen anderer mdglicher Biowaffenagen-
zien sowie von Endosporen verschiedener Bacillus-Arten unterscheiden, wurde
gezeigt, eine tatsdchliche Identifizierung von Endosporen aus Realproben via
SERS steht hingegen noch aus [106-108]. Allgemein ist bei SERS zu beachten,
dass nur bestimmte Schwingungen des Analyten verstirkt werden. Lediglich die
Moden mit Polarisierbarkeitskomponenten senkrecht zur Metalloberfliche werden
intensiviert. Ein SERS-Spektrum kann folglich vollig anders aussehen als ein
konventionelles Raman-Spektrum. Zudem ist eine identische Mikroumgebung
relativ zur Metalloberfldche eines jeden Analystmolekiils nicht realisierbar, sodass
die Vergleichbarkeit der SERS-Spektren hiufig nicht ausreichend gegeben ist,
wenn nicht eine sehr priazise Probenpriparation erarbeitet worden ist.

Genau Letzteres ist bei der Raman-Mikrospektroskopie weitaus weniger
problematisch. Hier wird die hohe rdumliche Auflosung eines konfokalen Mikro-
skops mit dem molekularen Kontrast der Raman-Spektroskopie zu einem Ansatz
kombiniert, der gut zur Aufkldrung biologischer Fragestellungen geeignet ist.
Konfokale Mikroskope verwenden Aperturen, die die Auflosung in lateraler und
axialer Richtung erh6hen. Durch das erste Pinhole wird die Anregungslichtquelle
zu einer Punktquelle beschnitten, die zweite Apertur sorgt dafiir, dass nur das
Licht unmittelbar aus der Fokalebene passieren kann. So werden effektiv Beitrdge
aus Ebenen auBerhalb des Fokus eliminiert. Durch den Einsatz von Objektiven
hoher numerischer Aperturen (NA = 0,9-0,95) sind so fokale Volumina in gering-
en Breiten (1,22A/NA) und Léngen (4n\/NA?) realisierbar [109]. Mit einer Anre-
gungswellenlinge von 532 nm sind daher Messvolumina von <1 pm® méglich.
Infolgedessen ist die Moglichkeit gegeben, einzelne Bakterienzellen zu messen —
ganz im Gegensatz zu den zuvor beschriebenen Methoden, die nur grof3e Haufen

von Zellen (bulk-Messungen) analysieren konnen [110]°. Eine teils sehr zeit-

6 Zum Vergleich: Mit einem FT-IR-Mikroskop sind Messpunkte wellenlingenbegrenzt bis minimal
10 pum realisierbar, sodass etwa 10 Bakterien pro Messung beprobt werden [91].

16



Stand der Forschung

aufwindige Kultivierung bis zu mehreren Tagen wird deshalb obsolet und Bakte-
rien konnen direkt nach ihrer Isolierung aus der Probe untersucht werden [111-
113].

Weiterhin erweist sich als vorteilhaft, dass zumindest Kokken und nicht allzu
grofle Bazillen bei Verwendung von 532 nm Anregungswellenldnge durch das
Messvolumen in Ginze erfasst werden. Uberdies besitzen Bakterien im Gegensatz
zu eukaryotischen Zellen keine Organellen und werden so innerhalb des Mess-
volumens als homogen wahrgenommen. Deshalb ist ein Spektrum zur Beschrei-
bung einer Zelle hinreichend. Dies gilt umso mehr fiir Endosporen. Dementspre-
chend umfanglich ist das Ausmall an Publikationen, die sich mit der Raman-
spektroskopischen Charakterisierung von Endosporen auf Einzelzellebene be-
schéftigten. Hervorstechendes Merkmal in den Raman-Spektren von Einzelzellen
sind die Banden des CaDPAs [111, 114]. Dessen Gehalt und die Gehaltsverteilung
selbst nach variierten Kultivierungsbedingungen in Endosporenensembles konnte
verfolgt werden. Ebenso wurde dessen Abnahme im Laufe der Endosporen-
keimung registriert, um Aufschliisse liber die Kinetik der Keimung gewinnen zu
konnen [115-118]. AuBerdem wurde Raman-spektroskopisch versucht, Schliisse
auf den physikochemischen Zustand des CaDPAs in Endosporen abzuleiten, in
denen es in Konzentrationen (>800 mM) weit iiber dessen eigentlicher Loslichkeit
vorliegt [119]. Ahnliche Studien wurden an superdormant spores durchgefiihrt
[27, 120]. Haufig wurden der Messlaser gleichzeitig als optische Pinzette
angewandt, um Spektren isolierter Sporen ohne Einfliisse eines Substrates messen
zu konnen [121]. Eine Detektion und Identifikation von Bacillus-Endosporen mit
Hilfe von konventioneller Raman-Spektroskopie und -Mikrospektroskopie wurde
bisher nur sporadisch bearbeitet: Farquaharson et al. stellten ein faserbasiertes
Raman-Spektrometer mit 785 nm Anregungswellenldnge vor, mit dem Briefe auf
den Gehalt von Endosporen bis zu einer Menge von 4,5 mg Sporen automatisch
gepriift werden konnten [122]. Eine Klassifizierung von B. atrophaeus- und
B. thuringiensis-Sporen aus destilliertem Wasser anhand ihrer Raman-Einzel-
zellspektren bei 532 nm Anregung wurde auch realisiert, dies aber lediglich im
Vergleich mit anderen Bakteriengattungen (wie Escherichia oder Yersinia) und

biologischen Substanzen (wie Rinderserumalbumin oder Insulin) [123]. In einer
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spateren Arbeit wurde dieser Datensatz um B. anthracis und B. cereus erweitert
[124].

Zusammenfassend ldsst sich konstatieren, dass weitreichende Studien zur
Charakterisierung von Endosporen mithilfe Raman-spektroskopischer Methoden
durchgefiihrt worden sind, ebenso wie Arbeiten, die das Diskriminierungspotential
dieser Technik andeuten. Weiterfithrende Untersuchungen im Hinblick auf eine
tatsidchliche Identifizierung von Endosporen aus Umweltproben stehen indes noch
aus. Als vielversprechendste Variante sticht hierfiir die Raman-Mikrospektrosko-
pie heraus, deren grof3ter Vorteil die Moglichkeit ist, ohne vorherige Kultivierung
einzelne Bakterienzellen schnell in physiologischer Umgebung in situ analysieren
zu konnen. Der zeitliche, préparative und apparative Aufwand verbleibt gering, so
dass ein Einsatz dieser Technik unmittelbar am Einsatzort (point-of-care-testing)
plausibel erscheint. Als Anregungslaserwellenlingen eignen sich solche im
sichtbaren Bereich, da sie einen guten Kompromiss zwischen der v*-Abhéngigkeit’
der Streueffizienz (UV wire zu bevorzugen) und mdglicher Fluoreszenz (Nah-IR
wire zu bevorzugen) darstellen.

Die hier vorgelegte Arbeit beschéiftigt sich mit der Fortentwicklung und An-
wendung der Raman-Mikrospektroskopie mit Anregung im sichtbaren Spektralbe-
reich zur Identifikation von Bacillus-Endosporen, insbesondere B. anthracis, sowie
der Detektion derselben in Umweltproben. Dies soll unmittelbar nach Isolation der
Keime vor Ort im Sinne einer Schnelldiagnostik erfolgen; zur Spektrenanalytik
soll sich chemometrischer Methoden bedient werden. Zuerst wurde untersucht, in-
wieweit divalentes Mangan als ein typischerweise als Sporulationsbeschleuniger
eingesetzter Kultivierungsfaktor Einfluss auf Raman-Spektren von Einzelsporen
und damit mutmaBlich auf das Diskriminierungspotential der gesamten Methodik
hat. Dies ist ein nicht zu unterschédtzender Faktor, da eine Analyse intakter Zellen
hochgradig von den Umstinden der Bakteriengenese beeinflusst wird, wozu mit-
hin neben der Kultivierungstemperatur, -zeit oder -atmosphére auch die zur Verfii-
gung stehenden Nihrstoffe und Supplemente zdhlen [86, 126, 127]. Um eine

Isolierung und Analyse von moglicherweise hochpathogenen Endosporen durch

7 Der Streuquerschnitt einer Schwingung ist zur 4. Potenz der Summe aus der Frequenz des
einfallenden Lichtes und der Energiedifferenz zweier Schwingungszustidnde proportional [125].
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Einsatzkriafte vor Ort zu ermoglichen, musste zudem eine effiziente und zur
Raman-Spektroskopie kompatible Inaktivierungsmoglichkeit erarbeitet werden,
sodass selbst auflerhalb von BSL3-Laboratorien ein Umgang mit den Proben
gefahrlos moglich ist. Mit derart vorbehandelten Endosporen wurden dann Daten-
banken an Raman-Spektren von Endosporen aufgebaut und statistische Daten-
verarbeitungs- und Auswertealgorithmen erforscht, um eine Identifikation vieler
verschiedener Arten an Bacillus-Endosporen selbst in Umweltproben zu ermog-

lichen.
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1.3 Eigene Forschungsergebnisse

1.3.1 Raman-spektroskopische Analyse des Einflusses von Mangan

auf die Sporulation von Bacillus-Endosporen

Wie bereits erwéhnt, ist der Kern von Endosporen stark mineralisiert. Der Gehalt
von Ca”" ist besonders hoch und steht in direktem Zusammenhang mit der Hitze-
resistenz der Sporen. Dies gilt in geringerem MaBe auch fiir Mn?*, welches
dariiber hinaus der Lage ist, die Sporulation von Bacillus-Endosporen einzuleiten
[128]. Aktuelle genetische Studien haben gezeigt, dass die Mangan-Homdostasis
in B. subtilis essentiell fiir eine effektive Sporulation ist und eine wichtige Rolle
bei einigen Phasen der Sporulation spielt [129]. Aber selbst ohne prizise die
biochemische Basis zu kennen, wird seit den 1950er Jahren in der Mikrobiologie
divalentes Mangan als Supplement von Kulturmedien eingesetzt, um die Sporula-
tion von Bacillus-Endosporen zu effektivieren. Da sich die Art und Zusammenset-
zung der Mineralien direkt in den Sporen je nach Zusammensetzung des Sporula-
tionsmediums @ndern kann, muss in Betracht gezogen werden, dass dariiber hinaus
die Raman-Spektren einzelner Sporen durch derartige Kultivierungszusétze verin-
dert werden konnen [130]. Deshalb war ein Ziel dieser Arbeit zu untersuchen,
inwieweit der Zusatz von divalentem Mangan als Sporulationsbeschleuniger Ein-
fluss auf Endosporen-Raman-Spektren und damit auf das Diskriminierungspoten-
tial der Methode ausiibt [SS1]. Dementsprechend wurden sechs verschiedene
Bacillus-Stimme jeweils einmal mit Mangansupplement (10 mg MnSO4 pro
1 Liter Kulturmedium) und ohne Manganzusatz unter ansonsten gleichen Beding-
ungen kultiviert, Raman-spektroskopisch vermessen und anhand chemometrischer
Auswerteverfahren (hierarchische Clusteranalyse, kurz HCA und Hauptkompo-
nentenanalyse, kurz PCA) analysiert. In der Tat konnten so spektrale Verinde-
rungen in den Raman-Spektren von Endosporen gefunden werden, die mit der An-
/Abwesenheit von Mn®" im Medium wihrend der Anzucht korreliert werden kon-
nen: Insbesondere traten Veranderungen in Signallage und —intensitét einiger Ban-

den auf.

20



Eigene Forschungsergebnisse

Dies ist deutlich bei den Signalen des CaDPAs bei 1400 cm™ (symmetrische
Streckschwingung der Carboxylatgruppe), 1450 cm™ (Pyridin-Ringschwingung)
sowie 1573 cm” (asymmetrische Streckschwingung der Carboxylatgruppe) zu
beobachten, wie Abbildung 4 in [SS1] darstellt. Deutlicher tritt zudem die Bande
bei 1030 cm™ (u. a. CH-Deformationschwingung Phenylalanin) zu tage, wenn mit
Mangan supplementiertem Medium angezogen wurde; weitere Verdnderungen von
Banden anderer Biomolekiile (zum Beispiel die Amid-I-Bande bei 1659 cm™ oder
die Signale der Ringatmungsschwingungen der Nukleinbasen Cytosin, Thymin,
Uracil bei 785 cm™) sind nicht zu verzeichnen. Lediglich in den Raman-Spektren
der Art B. sphaericus ist eine zusitzliche Bande bei 1485 cm™ zu registrieren, aber
nur, wenn die Bakterien zuvor ohne Sporulationsbeschleuniger kultiviert worden
sind. Die Herkunft dieser Bande bleibt noch zu bestimmen.

In ihrer Gesamtheit erlaubten dieselben spektralen Anderungen eine Klassifizie-
rung der Endosporen-Raman-Spektren nach An-/Abwesenheit des Manganzusat-
zes. Dies stand aber weniger in Konkurrenz mit der Kategorisierung der Sporen
nach ihrer taxonomischen Zugehdrigkeit, wie das Dendrogramm in Abbildung 1 in
[SS1] darstellt. Hier ist zundchst eine eindeutige Clusterung der Daten in die vier
Bacillus spp. zu sehen, ehe der Kultivierungsunterschied eine Klassifizierungshier-
archie tiefer weitere Subcluster hervorbringt. Zu einem vergleichbaren Befund
kommt man nach Analyse der PCA-Ergebnisse (Abbildungen 5-7 in [SS1]), in
denen die loadings-Plots die bereits oben angesprochenen Bandenverschiebungen
klar wiedergeben. Im Zuge dieser Ergebnisse und der Tatsache, dass die
Mineralienzusammensetzung in den Sporen mit der Zusammensetzung des Sporu-
lationsmediums korreliert, wurde die Hypothese aufgestellt, dass zumindest ein
Teil der spektralen Verdnderungen einhergeht mit einer intrasporalen Akkumula-
tion von Mangandipicolinat (MnDPA), wenn der Sporulationsbeschleuniger
eingesetzt worden ist. Zur Verifizierung dieser Hypothese wurden die beiden Salze
CaDPA und MnDPA synthetisiert und deren Raman-Spektren aufgenommen.
Desweiteren wurden mittels quantenmechanischer Rechnungen die theoretischen
Raman-Spektren beider Salze kalkuliert. Beides wurde verglichen mit den Daten
aus den Endosporen. Sowohl bei experimentell als auch berechneten Salzspektren
lassen sich die Signalverschiebungen in den Endosporenspektren nachvollziehen.
Insbesondere die Signale von Schwingungen der Carboxylat-Gruppen erfahren
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Verinderungen beim Wechsel des Zentralmetalls von Ca®" zu Mn”": Dies betrifft
die symmetrische Streckschwingung der Carboxylatgruppe -COO™ bei 1400 cm™
(Endosporen ohne Manganzusatz kultiviert) beziehungsweise 1390 cm™ (Endospo-
ren mit Manganzusatz kultiviert) sowie deren asymmetrisches Pendant bei 1573
bezichungsweise 1592 cm™. Theoretische und experimentelle Studien an Picolina-
ten bestdtigen die Einflussnahme der Art des Zentralatoms auf die Bandenlage der
Carboxylat-Valenzschwingungen [131, 132]. Die pyridinring-assoziierten Banden
(1016 cm™, 1450 cm™) bewahrten indes ihre spektrale Lage. Diese Beobachtungen
zusammen mit den spektralen Verdnderungen in den Raman-Spektren der Endo-
sporen untermauern die aufgestellte Hypothese, dass zumindest ein Teil des
Mangans als MnDPA in den Sporen inkorporiert wurde. Dies ist sicher nur ein
Effekt, den ein erhohtes Angebot an divalentem Mangan wéhrend der Sporulation
in den Endosporen hervorruft, nichtsdestotrotz l4sst sich konstatieren, dass durch
diesen Umstand messbare Veranderungen in den Raman-Spektren der Sporen zu
tage treten. Entsprechendes muss bei der Anzucht von Endosporen beriicksichtigt

werden, will man sie Raman-spektroskopisch analysieren.

1.3.2 Erarbeitung einer zur Raman-Spektroskopie kompatiblen Inakti-

vierungsmethode fiir Bacillus-Endosporen

Beim Umgang mit Proben mit moglicherweise hochpathogenen Bakterien wie
B. anthracis ist eine Inaktivierung der Keime vor jeglichen weiteren Arbeits-
schritten obligatorisch. Praktisch stehen Myriaden an Desinfektionsmitteln
und -verfahren zur Abtotung von Bakterien zur Verfiigung, die allerdings stark
eingeschrinkt werden, gilt es, Endosporen abzutdten. Deren ausgesprochene
Resistenz gegeniiber einer Vielzahl physikalischer und chemischer Schadeinfliisse
erfordert wesentlich stirkere Desinfektionsmalnahmen, als es bei vegetativen
Zellen der Fall ist. Einige Mechanismen, die Endosporen gegen Hitze, Strahlung
oder Chemikalien schiitzen, sind aufgekldrt. So ist bekannt, dass der geringe
Wasser- sowie hohe Mineraliengehalt im Sporenkern wesentlich zur Resistenz
hinsichtlich feuchter Hitze beitrdgt. Die SASPs verdndern die Photochemie der
Sporen-DNA und sind so der Hauptgrund fiir die UV-Resistenz — sie spielen
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gegenliber Gamma-Strahlung aber keine Rolle. Die Effizienz chemischer
Agenzien wird teils durch Hiillenproteine, die mit den Chemikalien reagieren, oder
durch die innere Membran als Permeabilititsbarriere herabgesetzt. Gelangen die
Chemikalien in den Sporenkern und iiben eine Schadwirkung auf die Sporen-DNA
aus, so sind erneut die SASPs sowie DNA-Reparaturmechanismen Grund fiir eine
herabgesetzte Wirkung der Agenzien [28, 29].

Daher ist eine Bewertung der Inaktivierungseffizienz unabdingbar, wenn wie in
der vorliegenden Arbeit eine geeignete Inaktivierungsmethode erforscht werden
soll. Gleichzeitig muss gewihrleistet sein, dass die Inaktivierungsmethode sowohl
zum nachfolgenden Isolierungsschritt der Sporen aus den Matrices als auch zur
letztendlichen Raman-spektroskopischen Analyse kompatibel ist [SS2].

Zur Oberflichendesinfektion in Laboren existiert in Deutschland bisher kein
zugelassenes, sporizides Desinfektionsmittel [133]. Die World Health Organi-
zation empfiehlt unter anderem die Verwendung von Formaldehyd und Peressig-
sdure [134]. Die Nachteile der Peressigsdure wie deren stechender Geruch und
korrosive Eigenschaft lassen sich durch eine Alkalisierung weitestgehend eliminie-
ren. Haushaltschemikalien wie Danklorix mit 1-4 % Natriumhypochlorid als
aktivem Wirkstoff wurde ebenfalls sporizide Wirksamkeit bescheinigt [135]. Das
in dieser Arbeit untersuchte Panel an chemischen Inaktivierungsmitteln bestand
aus Formaldehyd, Danklorix, Wofasteril-Alcapur (ein Kombiprédparat aus Per-
essigsdure und Natriumhydroxid), Peressigsdure sowie Autoklavieren bei 134 °C
als physikalische Inaktivierungsmethode. Es wurde zuerst die Inaktivierungsef-
fizienz jeder Methode eruiert, ehe durch Analysen einzelner Endosporen und mit
einem Identifizierungsexperiment deren Einfluss auf die Raman-spektroskopi-
schen Messungen ausgetestet wurde.

Zur Wirksamkeitspriifung wurden die Pridparate mit unterschiedlichen Behand-
lungszeiten (15 Minuten bis 4 Stunden) und Konzentrationen eingesetzt. Dabei
wurde so vorgegangen, dass Inaktivierungsexperimente an jeweils zwei Stimmen
von B. thuringiensis und B. anthracis in Ausgangskonzentrationen von 10’ Spo-
ren/ml durchgefiihrt wurden. Verlaufskontrollen gaben dariiber Aufschluss, ob 2
Tage nach der Inaktivierung ein sichtbares Wachstum zu verzeichnen war.
Lediglich bei Behandlungen mit 20%iger Formaldehydldsung, unverdiinntem
Danklorix, 2%iger Peressigsdure und dem Autoklavieren konnten bei allen Wirk-

23



Eigene Forschungsergebnisse

zeiten keine gewachsenen Kolonien festgestellt werden (Tabelle 1 in [SS2]). Des-
halb wurden fiir die darauf folgenden Analysen nur noch diese vier Inakti-
vierungsmethoden herangezogen.

Rasterelekronenmikroskopische Aufnahmen der Sporen zeigten deutliche mor-
phologische Anderungen vor allem bei autoklavierten sowie in geringerem Mafe
bei peressigsdure-behandelten Sporen (Abbildung 1 in [SS2]). Formaldehyd-
inaktivierte Zellen besaen indes in Form und Oberflichentexturierung die grofite
Ahnlichkeit mit ihren unbehandelten Pendants. Zusitzlich konnten erhebliche
Unterschiede in den Raman-Spektren einzelner autoklavierter Endosporen vergli-
chen mit nicht behandelten Sporen festgestellt werden, da sdmtliche CaDPA-
korrelierte Banden génzlich fehlten (Abbildung 3 in [SS2]). Abhdngig von der
Behandlungszeit konnte dies auch bei peressigsdure-inaktivierten Sporen wahrge-
nommen werden, wohingegen nach Applikation von Danklorix in allen untersuch-
ten Proben die Endosporen vollstindig zerstort vorlagen. Eine Ahnlichkeitsanalyse
von 4x40 Endosporenspektren durch eine HCA bestitigte diese Befunde: Alle
Spektren autoklavierter und ein Teil peressigsdure-behandelter Sporen formierten
einen Hauptcluster, in dem ausschlieBlich Spektren ohne CaDPA-Signale
arrangiert worden sind (Abbildung 6 in [SS2]). Der zweite Hauptcluster wurde
durch den tibrigen Teil der peressigsdure-inaktivierten Sporen konstituiert und be-
stand zudem aus einem Subcluster sdmtlicher formaldehyd-behandelter und unbe-
handelter Sporen. Das heif3t, selbst der Teil der Spektren von peressigsdure-behan-
delten Sporen, der die dominanten CaDPA-Signale enthielt, war undhnlicher zu
den Spektren unbehandelter Sporen als die mit Formaldehyd behandelten. Auf-
grund dessen wurde eine Inaktivierung mit einer 20 %igen Formaldehydlésung als
Methode der Wahl auserkoren.

Ein Identifizierungsversuch sollte nun aufkldren, inwieweit die Behandlung mit
Formaldehyd die Diskriminierungskapazitdt der Raman-Mikrospektroskopie zwi-
schen vier Bacillus-Arten (B. mycoides, B. sphaericus, B. subtilis, B. thuringiensis)
beeintrachtigen wiirde. Dazu wurde jeweils ein Trainingsdatensatz unbehandelter
und inaktivierter Endosporen erstellt. Anhand dessen wurden vier Klassifizierer
(ANN, SVM, LDA und eine Kombination aller drei) berechnet, um einen Test-
datensatz jeweils unbehandelter beziehungsweise inaktivierter Sporen auf Art-

ebene zu identifizieren. Zur Erweiterung dieses an sich konventionellen Ansatzes
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wurde in einer Konzeptstudie neben den vier Bacillus-Arten eine Klasse
"unbekannt" eingefiihrt. Unter Ausnutzung des one-against-the-rest-Ansatzes, der
im Prinzip die Losung von Multiklassenproblemen durch bindre Klassifizierer erst
ermdglicht, konnten nicht eindeutig zuordenbare Spektren in die "unbe-
kannt"-Klasse iiberfiihrt werden. Eine Mehrheitsentscheidung kam zum Tragen bei
Verwendung mehrerer Klassifizierer. Die Identifizierungsraten bewegten sich bei
den Datensédtzen unbehandelter Sporen zwischen 81-83 %, bei den inaktivierten
zwischen 80-83 % mit dhnlicher Verteilung falsch-positiver Eintrdge (Tabelle 4
und Tabelle 5 in [SS2]). Die insgesamt moderaten Identifizierungsraten kamen
insbesondere dadurch zustande, dass bis zu 10 % der Spektren der Klasse "unbe-
kannt" zugeordnet worden sind. Andererseits ist durch diesen Ansatz die Moglich-
keit gegeben, auch Endosporen, deren Art nicht in der jeweiligen Referenz-
datenbank registriert ist, in die Klasse "unbekannt" einzuordnen. Keiner der vier
Klassifizierer ragte anhand seiner Identifizierungsleistung weder deutlich heraus
noch fiel merklich ab und eine verminderte Identifizierungsrate bei den inakti-
vierten Proben war ebenso wenig beobachtbar.

Letztlich konnte eine Beeintrichtigung durch die Formaldehydbehandlung
durch dieses Identifizierungsexperiment nicht festgestellt werden, sodass die Inak-

tivierung mit Formaldehyd bei den folgenden Analysen Anwendung fand.

1.3.3 Identifizierung von Bacillus-Endosporen mittels Raman-Spek-

troskopie und chemometrischer Methoden

Wie beschrieben gelang es, Einfliisse des haufig als Kultivierungszusatz verwen-
deten MnSO,4 auf die Raman-Spektren von Bacillus-Endosporen nachzuweisen.
AuBerdem wurde eine sichere Inaktivierungsmethode erarbeitet, die das
Diskriminierungspotential des angewandten Raman-spektroskopischen Ansatzes
nicht kompromittiert. Davon abgeleitete Schlussfolgerungen flossen in die nun
hier beschriebenen Arbeiten ein. In diesen sollte ein Machbarkeitsnachweis
erbracht werden, dass mithilfe der Raman-Mikrospektroskopie eine Identifizierung
einer Vielzahl von Bacillus-Arten in Endosporenform im Allgemeinen und von

Milzbrandsporen im Speziellen mdglich ist. Fiir Bakterien in vegetativer Zellform
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wurden derartige proof-of-principles bereits erbracht; fiir Endosporen stehen diese
noch aus [111]. Unter den iiber 200 Spezies aerober endosporenbildender
Bakterien ist die Gattung Bacillus die grofite und umfasst ein Spektrum von
Bakterien mit einer enormen physiologischen und genetischen Breite. Die zurzeit
ungefahr 260 anerkannten Bacillus-Spezies besitzen einen stark variierenden GC-
Gehalt (33-78 %) und eine teils deutlich ausdifferenzierte 16S-rRNA-Phylogenie
[39, 136]. Um dieser Breite einigermaflen gerecht zu werden, muss die dem
angestrebten Identifizierungsexperiment zugrunde liegende Raman-Spektren-
Datenbank entsprechend breit aufgestellt sein. Die Mikroorganismen dafiir
stammten aus den Stammsammlungen des Friedrich-Loeffler-Institutes und der
Deutschen Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ),
sodass eine Datenbank an Raman-Spektren mit 66 Stimmen von 14 Bacillus-Arten
einschlieBlich B. anthracis erstellt werden konnte. Augenmerk wurde insbesondere
auf die BC-Gruppe gelegt, da sie zum einen B. anthracis, zum anderen phylo-
genetisch sehr eng verwandte Spezies enthilt. Eingeschlossen wurden auBlerdem
Taxa, die aufgrund abweichender Physiologie in zusétzliche Gattungen tiberfiihrt
worden sind, ndmlich die thermophilen Geobacillus spp. sowie Paenibacillus spp.
Ungefahr 11 000 Spektren einzelner Endosporen konstituierten damit eine Daten-
bank, die in einem derartigen Umfang bisher nicht publiziert und zu
Identifizierungsversuchen angewandt worden ist. Bei der Erstellung der Datenbank
wurde neben der Einhaltung stringenter Kultivierungsparameter wie der Tem-
peratur und einer generellen Medienzusammensetzung darauf geachtet, bei der
Anzucht von Endosporen stets Mangansulfat als Sporulationsbeschleuniger dem
Medium zuzusetzen (10 mg/l). Zudem mussten sémtliche Endosporenproben mit
mindestens 10%iger Formaldehyd-Losung iiber einen Zeitraum von wenigstens
1 h inaktiviert werden. Die Datenvorbehandlung bestand in der Reihenfolge aus
Basislinien-, Spikekorrektur, Wellenzahlkalibration und Vektornormierung. Zuerst
wurden die Raman-Spektren mithilfe einer HCA auf ihre spektrale Ahnlichkeit hin
untersucht. Aus dem resultierenden Dendrogramm S-1 in [SS3] lésst sich er-
kennen, dass eine Zweiteilung der Daten erfolgte: In Cluster A sind vornehmlich
die Mittelwertspektren von Endosporen der BC-Gruppe zu finden, in Cluster B mit
lediglich zwei Ausnahmen nur Signaturen von Nicht-BC-Endosporen. Entspre-
chend wurde eine Klassifizierung der Daten in einem Zweistufenkonzept konstru-
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iert. Zuerst ordnet ein Top-Level-Klassifizierer die Spektren entweder der BC-
oder Nicht-BC-Gruppe zu, ehe zwei weitere Klassifizierer eine Zuordnung der
Spektren auf Artebene vornehmen. Das FlieBdiagramm 1 in [SS3] veranschaulicht
diesen Prozess. An jedem Knotenpunkt agiert ein unabhingiger Klassifizierer, wo-
bei eine SVM auf der obersten Ebene arbeitet, ebenso wie bei der Diskriminierung
der BC-Spezies, wihrend die Nicht-BC-Arten nach einer vorgeschalteten Dimen-
sionsreduzierung durch eine PCA mittels einer LDA gelabelt werden. Eine Evalu-
ierung der einzelnen Klassifizierer wurde via Kreuzvalidierung durchgefiihrt, wo-
bei Trennungsraten von 93,2 % bis 97,1 % errechnet worden sind.

Die Praxisrelevanz der so erstellten drei Modelle wurde tberpriift, indem 27
"unbekannte" Proben zu identifizieren versucht wurden. Hierbei handelte es sich
um Endosporen, die ginzlich unabhédngig von jenen der Modelle geziichtet und ge-
messen worden sind. Alle gehorten einer Datenbankspezies an, allerdings stamm-
ten sie in sieben Fillen von Stammen ab, die zuvor nicht zur Modellerstellung be-
riicksichtigt worden sind. Damit sollte den Anspriichen einer Leave-one-strain-
out-Validierung Geniige getan werden. Bei Bacillus-Arten, die mit nicht mehr als
zwei Stamme in der Datenbank registriert waren, wurde davon abgesehen. Wurden
mehr als 85 % der Spektren einer Probe einer Klasse zugewiesen, so galt die Zu-
ordnung als signifikant. Die Resultate dieser Identifizierung sind in Tabelle 2 in
[SS3] angezeigt: Der Top-level-Klassifizierer bestimmte fiir alle 27 Testproben
deren Zugehorigkeit zur BC- oder Nicht-BC-Gruppe korrekt, was einer mittleren
Identifizierungsrate von 99,4 % entsprach. Von den 471 Raman-Spektren von
B. anthracis wurde lediglich ein Spektrum der Nicht-BC-Gruppe zugeordnet. Die
SVM zur Bestimmung der BC-Art identifizierte fiir alle zuvor als BC-Endosporen
erkannte 15 Proben die korrekte Spezies mit einer minimalen Sensitivitit von
88,4 % im Falle einer B. thuringiensis-Probe und einer durchschnittlichen Rate
von 97,1 %. Obendrein wurden alle sechs B. anthracis-Proben als solche erkannt,
selbst wenn im Falle des B. anthracis Vollum der Stamm im Modell nicht explizit
integriert war. Nur 10 von 471 B. anthracis-Spektren wurden falsch identifiziert,
sechs davon als B. thuringiensis. Erwdhnenswert ist zudem, dass die Identifizie-
rung von B. anthracis auch bei Stimmen Erfolg hatte, die nicht {iber eine volle Vi-
rulenz verfiigten, wie B. anthracis 5261 (kein pXO1-Plasmid), B. anthracis Sterne
(kein pXO2-Plasmid) oder B. anthracis A58 (weder pXO1 und pXO?2 tragend).
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Die LDA zur Identifizierung der mutmaBlichen 12 Nicht-BC-Proben vermochte
mit einer mittleren Sensitivitdt von 98,6 % ebenso alle Proben korrekt ihrer Spe-
zies zuzuordnen bei einer minimalen Rate von 93,1 % fiir eine B. sphaericus-
Probe und 100 % in fiinf weiteren Féllen. Selbst die Bacillus-verwandten Geoba-
cilli und Paenibacilli wurden korrekt identifiziert. Gleiches gilt fiir die drei Proben
der Spezies B. pumilus, B. sphaericus und B. subtilis jener Stimme, die nicht Teil
der Datenbank waren.

Insgesamt erreichten die Identifizierungsraten die Werte der Kreuzvalidierung
und eine Tendenz zur Uberanpassung des Models war nicht feststellbar. Deshalb
wurden die Endosporen aller 27 "unbekannten" Proben richtig identifiziert —
unabhéngig davon, ob es sich um Pathogene (etwa B. anthracis oder B. cereus),
ubiquitire Umweltkeime (B. pumilus oder B. subtilis) oder industriell genutzte

Sporen (B. licheniformis) handelte.

1.3.4 Detektion von B. anthracis in Pulverproben

Ein &hnlicher datenbankbasierter Identifizierungsansatz mithilfe der Raman-
Spektroskopie wurde auch verfolgt, um Endosporen in Realproben nachzuweisen.
Es wurde sich primér auf Haushaltspulver konzentriert, da derartige Proben am
hiufigsten im nicht-klinischen Umfeld auf B. anthracis getestet werden miissen
[137]. Ferner verursachen diese Probentypen aufgrund inhibitorischer Effekte bei
PCR-Analysen hiufig Probleme [61, 62, 138]. Das untersuchte Panel umfasste
Backpulver, Baugips, Milchpulver, Natron, Schmerztabletten, Vogelsand und
Waschpulver, welche jeweils mit Endosporen der Arten B. anthracis, B. mega-
terium, B. mycoides, B. subtilis und B. thuringiensis versetzt worden sind. Nach
einer Verweildauer von mindestens 24 h wurden die Proben durch Behandlung mit
Formaldehyd inaktiviert. AnschlieBend erfolgte die Extraktion der Sporen aus den
Pulvern mithilfe einer Dichtegradientenzentrifugation und einigen nachfolgenden
Waschschritten. Eine wéssrige Suspension mit Polyvinylpyrrolidon beschichteter
Siliciumdioxidpartikel (Percoll) stellte die Trennldsung dar und wurde in Anleh-
nung an die Literatur angewandt [139, 140]. Diese Trennlosung wurde gewéhlt, da

sie pH-neutral ist, die Bakterienzellen wadhrend der Zentrifugation nur einem
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geringen osmotischen Stress aussetzt, die Zellen nicht penetriert und ohne gro3en
Aufwand wieder entfernbar ist. Durch die Polymerbeschichtung verlieren die
Silikapartikel zudem ihre Zelltoxizitit. Die Extraktionseffizienz des Verfahrens
wurde anschliefend durch eine Lebendkeimzahlbestimmung ermittelt. Hierfiir
wurden definierte Mengen an nicht inaktivierten B. thuringiensis-Sporen in jeweils
100 mg Backpulver oder Vogelsand eingebracht, wie beschrieben isoliert und das
Extrakt schlieBlich durch serielles Ausplattieren quantifiziert. Tabelle S1 in [SS4]
gibt Auskunft liber die ermittelten Ausbeuten: Betrug die Anfangskonzentration
circa 107 koloniebildende Einheiten (KbE oder colony forming units, CFU) pro
100 mg Matrix, so gingen iiberschlagig zwei GroBenordnungen durch die Extrak-
tion verloren, wogegen fiir die Startkonzentrationen von cirka 10°, 10° und 10°
KbE/100 mg noch ungefdhr 90 % der Keime isoliert werden konnten. Dies gilt
sowohl fiir die Backpulver- als auch Vogelsandproben und lésst dhnliche Ausbeu-
ten dariiber hinaus fiir die anderen untersuchten Matrices vermuten. Geht man von
1 g Proben aus, so ist bei den ermittelten Ausbeuten sichergestellt, stets ausrei-
chend Endosporen, also anndhernd 100 Einzelzellen, fiir eine aussagekriftige Ra-
man-spektroskopische Analyse isolieren zu kdnnen. Dies gilt erst recht, wenn man
die mittlere letale Dosis von B. anthracis gegeniiber Menschen von 2 500 bis
55 000 KbE in Betracht zieht [17, 18].

Letztlich wurde von 5 723 einzelnen Bacillus-Endosporen Raman-Signaturen
aufgenommen, deren Verteilung auf die fiinf untersuchten Spezies der Tabelle S2a
in [SS4] zu entnehmen ist. Jede Bacillus-Art wurde mindestens einmal aus jedem
der sieben Pulver sowie direkt aus dem Néhrmedium — nach vorheriger Inaktivie-
rung — isoliert. Lediglich die B. anthracis-Endosporen entstammten nur aus Back-
pulver sowie Vogelsand. Ungefdhr 1 pl der gewonnenen Sporensuspension wurde
auf einen Quarzobjekttriager pipettiert und kurz eintrocknen gelassen. Die Mes-
sungen erfolgten erneut partikelweise unter Dunkelfeldbeleuchtung (sieche Ab-
bildung 1 in [SS4]). Wurden ungewollt Raman-Spektren von Matrixbestandteilen
aufgenommen, konnten diese leicht als solche identifiziert und der Datenbank-
erstellung vorbehalten werden. Abbildung 2 in [SS4] verdeutlicht die groen Un-
terschiede von Spektren einiger hdufig gemessener Matrixbestandteile im Ver-
gleich mit Endosporen. Mithilfe des so konstruierten Modelldatensatzes aus
Raman-Spektren von Endosporen gelang es durch eine LDA, Unterscheidungs-
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funktionen zu berechnen, die eine Zuordnung der Raman-Spektren zu einer der
fiinf Bacillus-Arten mit einer Genauigkeit von 94,8 % bewerkstelligten, das heift,
5427 von den 5 723 gemessenen Endosporen wurden korrekt klassifiziert (Tabelle
S3 in [SS4]). Die meisten Falsch-Positiven waren zwischen B. mycoides und
B. thuringiensis zu finden — zwei Spezies der BC-Gruppe. Speziell B. anthracis
wurde mit einer Trefferquote von 98,6 % korrekt erkannt (983 von 997). Erneut ist
die Mehrheit der Falsch-Negativen sowohl in B. mycoides als auch B. thuringiensis
Zu verorten.

Um das Generalisierungspotential des aufgestellten LDA-Modells zu evaluie-
ren, wurden weitere Pulverproben mit neu angezogenen Endosporen der flinf
Bacillus-Arten gespikt, verarbeitet und analysiert (Tabelle S2b in [SS4]). Die
1 650 Raman-Spektren dieses unabhingigen Datensatzes wurden mit dem LDA-
Modell zu 96,8 % korrekt ihren jeweiligen Klasse zugeordnet. Wie aus Tabelle 1
zu entnehmen ist, sind beispielsweise 241 von 242 B. anthracis-Spektren korrekt
identifiziert worden; die Sensitivititen schwankten zwischen 91,2 % fiir B. thu-
ringiensis und 100 % fiir B. subtilis.

Zuletzt wurde die Robustheit des Identifizierungsansatzes ausgetestet, indem
mit B. anthracis gespikte Kochsalzproben hergestellt und nach Vorbehandlung
vermessen wurden. Raman-Spektren von Sporen aus dieser Matrix wurden im Mo-
dell bisher nicht implementiert, dennoch konnten 183 von 191 Endosporen als
B. anthracis identifiziert werden (95,8 %).
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1.4 Resilimee

Im folgenden Abschnitt soll noch einmal der Inhalt der vorhergehenden Kapitel
kurz zusammengefasst werden.

Es wurde eine Methodik erforscht, mithilfe derer sich binnen weniger Stunden
Umweltproben wie Haushaltspulver oder Sand auf eine womdgliche Kontamina-
tion mit pathogenen Bacillus-Endosporen wie B. anthracis und B. cereus liberprii-
fen lassen. Insbesondere die zeitnahe Detektion des als Biowaffe geeigneten
Milzbranderregers ist von besonderer gesellschaftlicher und wirtschaftlicher Be-
deutung.

Basis des Ansatzes ist die Raman-Mikrospektroskopie, die in Kombination mit
chemometrischen Verfahren zum ersten Mal zur Detektion und Identifikation
verschiedener Arten bakterieller Endosporen in komplexen Matrices, wie sie
tiblicherweise in Umweltproben vorliegen, Verwendung fand. Eine zeitraubende
Vorkultivierung ist dabei nicht erforderlich. Die geringen, fiir den Gesamtansatz
notwendigen Aufwendungen in Material, Technik und Zeit erlauben eine Analyse
vor Ort durch first responder. Dies ist ein groler Vorteil der erforschten Methode
gegenliber der Vielzahl bereits etablierter Techniken zur Diagnose von Milz-
branderregern. So konnen bereits sehr friih erforderliche MaBnahmen zum
sachgerechten Umgang und der diagnostischen Aufarbeitung von Verdachtsproben
abgeleitet werden. Weiterhin ermdglichen die Ergebnisse dieses Schnelltests, fiir
eine nachfolgende konfirmative Analyse in Sicherheitslaboren, beispielsweise
durch eine PCR, wertvolle Riickschliisse zu ziehen.

Die erforschte Methode greift unmittelbar nach der Probengewinnung mit der
Inaktivierung durch eine Formaldehydbehandlung, die sich als iiberlegen gegen-
iiber einer Vielzahl anderer Inaktivierungsansidtze erwiesen hat [SS2]. Gepriift
wurde insbesondere auf ein ausreichend sporizides Potential und Kompatibilitdt
zur Raman-spektroskopischen Analyse. Dieser Arbeitsschritt war erforderlich, da
eine Beurteilung von Inaktivierungsmethoden unter solchen Gesichtspunkten zu-
sammengenommen in bisherigen wissenschaftlichen Publikationen keine Bertick-
sichtigung fand. Des Weiteren wurde ein Isolierungsverfahren erarbeitet, welches
sich fiir sieben untersuchte Haushaltspulver als geeignet erwies, um Endosporen
verschiedener Spezies mdglichst effektiv und schonend aus den Matrices zu
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Restimee

extrahieren [SS4]. Auf gidngige Ansidtze konnte hierfiir nicht zuriickgegriffen
werden, da sie zur Gewinnung diagnostisch relevanter Marker von Mikroorganis-
men mehrheitlich auf dem Aufschluss intrazelluldrer Bestandteile (beispielsweise
CaDPA fiir Lumineszenzmessungen, Nukleinsduren fiir PCR) basieren. Als Folge
werden die Bakterienzellen zerstort, was sie einer Raman-mikrospektroskopischen
Analyse entzieht. Mittels formaldehyd-inaktivierten Endosporen wurden letztlich
umfangreiche Datenbanken an Raman-Spektren aufgebaut, um durch che-
mometrische Methoden passgenaue Identifizierungsstrategien zu entwickeln.
Dabei wurde auch in Betracht gezogen, dass ein Supplement an divalentem
Mangan wihrend der Kaultivierung von Endosporen einen nicht zu
vernachldssigenden Effekt auf deren Raman-Spektren ausiibt [SS1]. Bisher
existierten dariiber keinerlei wissenschaftliche Publikationen. Des Weiteren
wurden Vorbehandlungsstrategien gemessener Raman-Spektren von Endosporen
erarbeitet, ebenso wie eine Moglichkeit, auch den Datenbanken unbekannte
Stimme als Klasse "unbekannt" zu detektieren [SS2, SS3, SS4]. Eine Spektren-
bibliothek von circa 11 000 Raman-Spektren von 66 Bacillus-und Bacillus-
verwandten Stdmmen, inklusive 17 B. anthracis-Stimme, wurde aufgebaut und
zum Erstellen eines zweistufigen Klassifizierungssystems verwendet [SS3]. Dieses
konnte 27 Endosporenproben korrekt auf Art-Ebene identifizieren — selbst dann,
wenn die betreffenden Stimme nicht Teil der Datenbank waren. An einer letztlich
erfolgreichen Analyse von Realproben, in denen teils pathogene Endosporen mit
verschiedensten Haushaltspulvern vermischt wurden, konnte schlielich die

Robustheit des erforschten Konzeptes bewiesen werden [SS4].
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Effect of supplementary manganese on the
sporulation of Bacillus endospores analysed by
Raman spectroscopy

S. Stockel,? S. Meisel,® R. Béhme,? M. Elschner,” P. Rosch? and J. Popp®<*

It is a common practice in microbiology to induce and accelerate sporulation of spore-forming bacteria by adding small

ts of dival to the cultivation medium. By micro-Raman spectroscopy the effect of supplementary
divalent manganese during the growth and sporulation of Bacillus spp. bacteria was studied. The spectral alterations in the
Raman spectra of single endospores due to this cultivation parameter comprised slight alterations of the bands attributed
to intracellular, abundantly present calcium dipicolinate (CaDPA). Those signals suffered a loss of intensity or partial band
broadening because of the appearance of new weak signals next to them. Exclusively in Raman spectra of single B. sphaericus
endospores, the band at 1485 cm~" vanished. The theoretical spectra of CaDPA and g dipicolinate (MnDPA) were
calculated and compared with the experimental spectra to prove the hypothesis that, while the overall intracellular DPA content
decreased, an intracellular assembly of MnDPA in the endospores might also occur. Band shifts of the COO~ vibrations in the
salt's spectra as well as in the endospore’s spectra, and the decrease of the two CaDPA bands, confirmed this proposal. The
appearance of the 1030 cm~" band in all Bacillus spectra as well as the disappearance of the 1485 cm~" band in the B. sphaericus
spectra still needs to be clarified. With the help of two multivariate chemometric methods, these spectral alterations allowed
discrimination between single endospores of different Bacillus strains cultivated on normal nutrient agar (NA) and those
grown on NA with MnSO; - xH,0 addition. With these investigations, a possible strategy is shown to trace back the cultivation
environment of matured single endospores. Utilizing the joint concept of micro-Raman spectroscopy and chemometric analysis,
the differentiation between natively grown endospores and those cultivated in a laboratory with the help of manganous salts
as a common sporulation accelerator seems accomplishable. Copyright (€ 2009 John Wiley & Sons, Ltd.

mang.

Keywords: Bacillus; bacteria; chemometric analysis; endospores; micro-Raman spectroscopy
]

Introduction

Under environmental stress, vegetative cells of afew Gram-positive
bacteria, mainly of the genera Bacillus and Clostridium, can undergo
a complex developmental process culminating in the production
of endospores. These metabolically dormant, non-reproducing
microorganisms ensure the preservation and propagation of
the genetic information contained within the bacterium by
providing the cell with the ability to withstand adverse conditions
disadvantageous for vegetative life, until exogenous small
molecules (called germinants) break the dormancy and trigger
the germination, which finally culminates in restoring vegetative
growthagain.This spatial and temporal escape strategy has proven
to be very successful not the least because of the endospore’s
extraordinarily high resistance to inactivation by various physical
insults including radiation (UV and gamma), heat (wet and dry),
desiccation and toxic chemicals.!'?!

So, spore-forming bacteria managed to advance into a
bewildering array of ecological niches and habitats, and many
of them are ubiquitous in nature.

While a large majority of Bacillus species are harmless
saprophytes, some of them demonstrate several pathogenic
effects. The soil bacterium B, anthracis is the aetiological agent
of the acute fatal disease anthrax in mammals. While usually
soil- and dust-exposed grazing herbivores are afflicted, anthrax
is also a zoonotic infection of humans, making B. anthracis a
potential biological warfare agent. If, for example, more than 10*

B. anthracis endospores are inhaled, medical treatment has to
commence within 24-48 h.”¥

B. cereus as an ubiquitous soil-borne bacterium is considered
to be an opportunistic pathogen and common cause of food
poisoning.*! Bacillus (Paenibacillus) larvae, the causative agent of
the American foulbrood disease (AFB) of honeybees,® as well as B.
popilliae, B. lenitmorbus, or B. sphaericus are pathogens of specific
groups of insects.®! Also B. thuringiensis forms upon sporulation
crystals of proteinaceous insecticidal endotoxins.

As amatter of fact, especially B. thuringiensis and B. sphaericus are
successfully utilized as natural pesticides (biopesticides) capable
of causing either plant pests or human health hazards.” About
30-100% of spore formers in phyllosphere samples were found to
be B. thuringiensis.[®!

Owing to the endospores’” omnipresence, their exploitability
in mankind's interest and their potential to act as delivery ve-
hicles for animal pathogens, a wide range of endeavours have
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been made to fathom various aspects of spore-forming bacteria.
The attention has been focused, inter alia, on the processes of
sporulation,’®= " germination,"2~¥ the structure and composi-
tion of the endospores along with extrachromosomally encoded
phenotypes such as the Bacillus anthracis toxins,'* =17 the assess-
ment of various inactivation methods!'®~2% and the investigation
of the phylegenetic relationship of Bacilli species by means of
gene sequencing.2'22)

In addition, a host of different detection and identification
strategies have been developed impelled by the demand for
biological warfare detection. The quantitative determination of
endosporesin their native matrices mainlyrelies on the fluorimetric
determination of calcium dipicolinate (CaDPA), which is the
calcium chelate of dipicolinic acid (2,6-pyridinedicarboxylic acid)
and a major constituent in endospores, accounting for 5-15%
of its molecular weight.”2 The terbium dipicolinate fluorescence
method has been described as the most sensitive technique,
allowing the determination of nanomolar concentrations !> But
mass spectroscopic and electrophoretic methods also need to be
reckoned with.

Methods aiming for the detection, identification and classifi-
cation of bacterial endospores and other biological organisms
also comprise a vast number of different technologies and com-
binations thereof: e.g. DNA sequencing'®? or single-nucleotide
polymorphism (SNPs) assays'>?! as genetic analysis, different mi-
croscopic approaches (such as atomic force microscopy2® or
fluorescence microscopy!?’28l), mass spectroscopy and vibra-
tional spectroscopy, among which infrared?®—3" and Raman
spectroscopy together with chemometrical analysis can play a
key role. With these optical detection methods, an appreciable re-
duction of preparation and analysis time is achievable compared
to the currently established methods based on microbiology, im-
munoassay, as well as genetic and molecular-based approaches
for identification.

Several Raman-based methods dealing with bacterial spores
have already verified their feasibility in this respect, relying on nor-
mal Raman,®32-3¢ Uy-resonance Raman,*”*¢ surface-enhanced
Raman (SERS)%%% and nonlinear Raman spectroscopiest*'? as
well as Raman imaging.**~4¢) In some of these publications, the
possibility to perform the detection and identification at the single
organism level via a micro-Raman setup was exploited, making
cultivation steps prior to the actual measurements redundant.

But still one point must not be ignored: varying culturing
environments (temperature, nutrition, age of cells, etc.) lead to
variations in the biochemical composition of microbial cells, and
since the Raman spectra of single cells are strongly affected
by their individual physiological states,”” ¥l an underestimation
of the cultivation parameters might lead to a decrease in the
identification accuracy and taxonomic resolution.*?) And that
is even more worth considering when dealing with native
endospores extracted from their natural habitat. In these cases,
the actual circumstances under which the single endospores grow
and sporulate are unknown.®

Moreover, the mechanisms by which supplements besides
the essential nutrients influence the sporulation are still not
well understood. One example is divalent manganese. It is
considered to be essential for sporulation and the biosynthesis of
other metabolites and structures in spore-forming bacteria.*%>"
Because of its effect to induce sporulation, itis a common practice
inmicrobiology to add bivalent manganese to the cultivation broth
or agar plates in a concentration higher than required for bacterial
growth (up to several hundred micrograms per litre). For example,

almost all Raman spectroscopists dealing with bacterial spores
resort to manganese-augmented media like the Leighton—Doi
(2x SG) medium,®? the G-Medium,*3! or the new sporulation
medium (NSM).*¥ But to the best of our knowledge none of
these authors examined thoroughly the possible consequences
the supplementary manganese could have on the Raman spectra
of their analysed microorganisms. Maybe the comparability of
these spectra from laboratory spores with those from native cells
is unintentionally compromised.

Raman spectroscopy itself can be used for the elucidation of the
effect a boosted Mn(ll) presence can have during the growth and
sporulation process on single endospores. These considerations
are the motivation for this work, where single endospores of several
different Bacillus spp. are studied in respect to a manganese
supplementation during their cultivation by means of micro-
Raman spectroscopy and the subsequent multivariate analysis.

Experimental
Spectroscopic instrumentation

The Raman spectroscopic measurements were carried out with a
micro-Raman setup (HR LabRam inverse, Horiba Jobin Yvon). A
frequency-doubled Nd:YAG laser (Coherent Compass) provided
the excitation light with a wavelength at 532 nm and 1.5 mW
power on the sample. The integration time for a single endospore
spectra amounted to 30s. A Leica PLFluoar L100x objective
focused the laser light onto the sample within a focus of less
than 1 pm in diameter. The spectrometer had an entrance slit of
100 um and a focal length of 800 mm and was equipped with
a 300 or 1800 lines/mm grating. A CCD camera operating at
220K was utilized over a range of 298-3373 cm~". Calibration
was performed relative to TiO; as reference. The resolution of the
spectra is approximately between 10 cm™' (300 lines/mm grating)
and 1.5 cm~" (1800 lines/mm grating). In all measurements except
for the ones of the DPA salts, the 300 lines/mm grating was
employed.

Strains and culturing conditions

The strains B. atrophaeus DSM 675, B. mycoides DSM 299, B.
sphaericus DSM 28, B. sphaericus DSM 1867, B. subtilis DSM
6399 and B. thuringiensis DSM 350 were purchased from the
German Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany). All the strains except B. mycoides DSM
299 (25°C) were grown on nutrient agar (NA, peptone 5.0 g/l,
meat extract 3.0 g/l, agar 15 g/, distilled water 1000 ml, pH 7.0),
on a case-by-case basis with or without supplementary 10 mg of
MnSQ4 - xH20, at 30 °C for 10 days to ensure a maximum yield of
mature endospores.

Sample preparation

Using a 1-pl inoculation loop, a part of the cultivated strains
was scraped from plates, suspended and washed twice in 100 pl
distilled water, and finally 1 pl of the endospore suspension was
applied to a fused silica plate. Of all analysed bacterial strains,
the Raman spectra from at least two independent cultures from
separately prepared batches of media were recorded. Also, cells
were harvested from the perimeter and from the centre of
the agar plates in order to account for inhomogeneities of the
culturing conditions within an agar plate (nutritient distribution,
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temperature gradients, etc.). Only single, well-separated and
morphologically flawless cells (according to the bright field image)
were measured.

CaDPA was prepared by the method described in the
literature®>! by mixing solutions of 0.1 M CaCl, and 0.1 M sodium
dipicolinate (Na,DPA), heating in a boiling water bath and
subsequentcooling. Since dipicolinicacidis rather insoluble in cold
water, Na,DPA was prepared earlier from dipicolinic acid (Sigma-
Aldrich, Munich, Germany). Manganese dipicolinate (MnDPA) was
prepared according to the method of Windle and Sacks.|*¢!

Quantum chemical calculations

The RI-DFT calculations of CaDPA and MnDPA were performed
with the program package Turbomole 5.7.1 on BP86/def2-TZVP
level. For the calculation of the Raman spectra, the vibrational
spectroscopy package SNF was used. The output spectra were
convoluted with a Lorentzian profile of 10 cm™" width to better
match the experimental spectra.

Multivariate analysis

Matlab R2006b (The Mathworks, Natick, MA, USA) and the
Opus Ident Software Package 6.5 (Bruker Optik GmbH, Ettlingen,
Germany) were utilized for data pre-processing and multivariate
analysis. The pre-processing of the spectra comprised a baseline
correction (weighted least square) and vector normalization. If not
otherwise noted, the spectral region between 682 and 1801 cm ™"
was included. For the principal component analysis (PCA), the
spectra were also mean-centred and the model cross-validated
afterwards (leave-one-out).

Results and Discussion

In order to ascertain whether an elevated manganese supply
during the sporulation process affects the Raman spectra of
endospores to an appreciable extent, a hierarchical cluster analysis
(HCA) was performed on 206 pre-processed single endospore
spectra of six Bacillus species and strains (B. thuringiensis DSM 350,
B. mycoides DSM 299, B. subtilis DSM 6399, B. atrophaeus DSM 675,
B. sphaericus DSM 28 and B. sphaericus DSM 1867), half of which
(15-25 spectra) were cultivated on manganese-augmented NA
agar plates (notations tagged with a ‘+’), and the other half not
(notations tagged with a‘—"). The dendrogramis givenin Fig. 1. For
most of the samples, all Raman spectra of one sample are grouped
in the same cluster — the three outliers are marked with an asterisk
and belong to B. thuringiensis spectra, which are wrongly classified
according to their cultivation. Small heterogeneities within these
subgroups may arise from differences in the spore composition
of the particular culture, emerging, e.g., from fluctuating CaDPA
contents in single spores among a population.24

In the dendrogram, two major groups A and B can be
seen, and both are further subdivided into four and two sub-
clusters, respectively. Group A is comprised of spectra of B.
thuringiensis (abbreviated as Bthu350+ and Bthu350—) and B.
mycoides (Bmyc299+ and Bmyc299—) as well as those of B. subtilis
(Bsub6399+ and Bsub6399—) and B. atrophaeus (Batr675+ and
Batr675—). The species-mediated clustering is almost flawless,
since all four species are clearly separated from each other. And
according to their phylogenetic relationship, this makes perfect
sense: the genetically near neighbours B. thuringiensis and B.

mycoides are joined together in one sub-cluster. Inferred from the
nucleotide sequences of the 150 bp 3" end 16S rDNA and the
70 bp 5" 165-23S internal transcribed spacers (ITS) region, both
are phylogenetically very similar.2’ And, indeed, the phenotypic
and genotypic similarities of both recently led to the proposal
to regroup them together with B. anthracis and B. cereus into a
single species on the basis of genetic evidence.?" Spectra of 8.
subtilis and B. atrophaeus are grouped together in one sub-cluster,
too, but are still clearly subdivided. Here again, both share great
similarities in their genetic makeup.??! After the species-relevant
classification, the cultivation parameters come into play: each of
the species-pure clusters is then again divided into clusters of
spectra of endospores with manganese-mediated sporulation ('+'
tags) and those without ('—' tags).

Spectra of both B. sphaericus strains (Bsph28, Bsph1867)
combine together to build group B. While in group A initially
a clear distinction according to species differences is achieved, in
group B, on the other hand, the two sub-clusters emerge from the
different contents of manganese in the otherwise same growth
media. Both strains grown on manganese-rich media ('+' tag) are
clearly separated from those cultivated without this sporulation
accelerator (‘—"tag). The last classification step then occurs among
both B. sphaericus clusters, when even at the strain level the spectra
are pooled together correctly.

From the results of this HCA, itis to be assumed that two different
factors account for the classification: that is, the differences at
the species and even strain level and the presence/absence
of supplementary divalent manganese during the sporulation
process. But obviously these two factors make an impact on the
spectra with non-constant weight. In group A, the dominating
factoris the species specificity followed by influence of the growth
media. This is in clear distinction to group B, where first the
culturing conditions cause the clustering, and only thereafter the
strain-mediated characteristics complete the classification.

Hence, albeit to a variable extent, the addition of manganese
to the otherwise unaltered growth media influences measurably
the spectra of single endospores grown in these media. But
still a comprehensive partitioning of the spectra in compliance
with phylogenetic similarities is achieved. But it is strange why
the pronounced separation of both of the B. sphaericus strains
occurred. Not as probably expected, these clusters were not put
into the group comprising the genetically related B.atrophaeus and
B. subtilis. Since the main classification feature of the B. sphaericus
strains obviously arises from the cultivation parameter, this also
might be the reason for the isolation of these very strains from the
others.

In order to get qualitative information about the changes that
form the basis of this division, all the following analyses were
performed. Itis necessary to understand whether these alterations,
which apparently occur within the endospores themselves, are
provoked by manganese, which is directly integrated into the
endospores. Alternatively, some metabolic changes without direct
participation of manganese during the sporulation process might
initiate these changes just by the mere elevated presence of
this metal. Of course, a combination of both processes is also
imaginable.

To follow the first idea of an increased uptake of manganese
by the spores, it is an apparent approach to propose that similar
to the divalent Ca®* ion in case of the CaDPA, the Mn?* ion also
might be sequestered by the bidentate intra-spore dipicolinate
chelators to give MnDPA. Thus, to get some knowledge of possible
spectral diversities in the Raman spectra between these two salts,
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Figure 1. Dendrogram obtained from a hierarchical cluster analysis performed on Raman spectra of single endospores of the strains B. thuringiensis DSM
350 (Bthu350), B. mycoides DSM 299 (Bmyc299), B. subtilis DSM 6399 (Bsub6399), B. atrophaeus DSM 675 (Batr675), 8. sphaericus DSM 28 (Bsph28) and 8.
sphaericus DSM (Bsph1867). Spectra of endospares grown on Mn?* supplemented NA are denoted with a (+), those grown on normal NA with a (—);
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Figure 2. Sketched structure in Coy symmetry of the calculated dipicolinate
salts with divalent metal ions: M = Ca, Mn.

the spectra of the pure substances in crystalline solid form were
recorded, and DFT calculations performed on both. The calculated
structures exhibit a planar structure in a Coy symmetry, which is
sketched in Fig. 2. For the Raman measurements of the salts, a
grating with 1800 lines/mm was used instead of the usual 300
lines/mm to get maximum spectral resolution. The results are
presented in Fig. 3, and a tentative band assignment is given in
Table 1.

The agreement between the experimental and calculated
spectra is insufficient, which is nevertheless acceptable, since
only isolated DPA molecules in the gas phase with perfect Gy
symmetry were considered in the calculations. Therefore solvent
effects or intermolecular interactions were ignored. But a striking
feature still stands out: all three carboxylate modes are subject
to partly significant band shifts if the metal ion is changed. This
takes effectin both the experimental and theoretical spectra. First,
the C-COO~ stretching mode located at 820cm~" (787 cm™!
calculated) in the CaDPA spectrum moves to 817 cm™' (784 cm™').
Equally, the symmetric valence vibration of the COO™ group is
shifted to lower wavenumbers as a result of the metal exchange,
even though to different extents. In the experimental spectra,
the shift spans 6 cm™' from 1400 to 1394 cm™', whereas in
the calculations by 33 cm™' from 1270 to 1237 cm™". On the
contrary, the band of the asymmetric COO™ valence vibration
is shifted to higher wavenumbers: in the experimental spectra
from 1582 to 1592 cm~" and in the theoretical ones from 1684 to
1708 cm~'. By carrying out theoretical and experimental studies
on picolinates with different metal ions, Kalinowska et al.*? and
Swiderski et al®% corroborated that the difference between the
symmetric and asymmetric valence vibrations of the carboxylate

086

i CaDPA, experimental

MnDPA, experimental

Raman Intensity ——s==

— Ls" L_:-mga

CaDPA, calculated

MnDPA, calculated

3000 2500 2000 1500
«— wavenumber / cm’’

1000

Figure 3. Experimental and calculated Raman spectra of CaDPA and
MnDPA. The experimental spectra were recorded using a 1800 lines/mm
grating.

groups correlates with the type of metal-ligand bonding.!*" The
metal cations seem to influence the carboxylic anion as well as
the aromatic ring structure, depending on their mass and ionic
potential and also on other yet unknown parameters.

All the other bands emerging from aromatic ring vibrations
maintain their position, including the prominent ring-breathing
vibration at 1016 cm~" as well as both the stretching vibrations at
1447 and 1568 cm ™.

To confirm whether these findings can be used for the
examination of real biological systems, the Raman spectra of
single Bacillus endospores were thoroughly evaluated using an
increased manganese presence during their cultivation. Figure 4
exemplifies the methodology on B. mycoides endospores. Here
both the spectra at the top end are baseline-corrected mean
endospore spectra of cells grown on the manganese-enriched
medium (Fig. 4A) or on normal NA agar (Fig. 4B): each of them
was calculated from 20 baseline-corrected spectra and for the
prominent C—H band at 2939 cm™' normalized Raman spectra
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Table 1. Tentative band assignment for the experimental and calculated theoretical Raman spectra of CaDPA and MnDPA

~«—— wavenumber / cm’’

Figure 4. Baseline-corrected mean Raman spectra, each calculated with
20 single endospore spectra of B.mycoides DSM 299: (A) grown on Mn”" -
enriched NA, (B) grown on normal NA, (A - B) difference spectrum.

from single endospores. Afterwards, the mean spectrum of the
normally grown endospores was subtracted from the mean
spectrum of the manganese exposed endospores (Fig. 4A-B).

At first glance, the mean spectra (A) and (B) show no remarkable
differences in the fingerprint region. All typical CaDPA-associated
bands are clearly visible, e.g., 824, 1016, 1400, 1450 or 1573 cm™'.
Other contributions arise exclusively due to proteins (1003 cm ™'
ring-breathing vibration of phenylalanine, 1659 cm™" amide |
vibration) or DNA/RNA moieties (784 cm™' O-P-0 stretching
of cytosine/uracil). And some bands of those biomolecules may
overlap with the CaDPA signals:e.g.at 824 cm ™! the ring-breathing
mode of tyrosine with the carboxylate stretching mode, and at
1450 cm™~! the deformation mode of CHy,3, aswell asat 1570 cm ™!
the ring vibrations of guanine and adenine with the pyridine ring
vibrations of the DPA.

The most remarkable features of the difference spectrum
(Fig. 4A—B) are the bands at 1016 and 1030 cm~', which is not
surprising since the latter is clearly visible in the mean endospore
spectrum (Fig. 4A), and the higher intensity of the 1016cm™"
in (Fig.4B) is also obvious. But even more intriguing are the
other differences, which are clearly visible only in the difference
spectra. Apparently, the bands at 1400, 1450 and 1573 cm™"
are accentuated especially in the Raman spectra of normally
grown endospores, while, on the other hand, the signals at
1390 cm ™! and to a lesser extent at 1592 cm™" arise in spectra
of the manganese-influenced group. They reveal themselves,

CaDPA exp. MnDPA exp. CaDPA calc. MnDPA calc. Band assignment
820 817 787 784 C-COO™ stretch™!
1016 1016 1016 1016 Ring breathing of pyridine ring*4!
1400 1394 1270 1237 COO~ sym. stretch!571
1447 1446 1570 1570 Pyridine ring vibration®’!
1568 1569 Pyridine ring vibration®”!
1582 1592 1684 1708 COO™ asym. stretch4457:58]
o at best, as shoulders in the Raman spectrum (Fig, 4A). Bands
& of other intracellular biological building blocks than those of
the dipicolinates demonstrate no significant information to the
difference spectrum.
To put these findings onto a broader basis, a PCA was
l performed on baseline-corrected, vector-normalized and mean-
2 centred Raman spectra of four B. mycoides ensembles, comprising
K] (B) at least 13 single-cell spectra from one of four independent
2 S cultures, two of them grown on manganese-rich media. In this
c g 2 way, physiological variations due to differences in microbial
E a-8) 8 n growth were attempted to be covered. Figure 5 displays the
& A outcomes. Along the principal component 2 (PC2), the sample
W W score plot (Fig. 5a) clearly separates the spectra of the normally
2 g g grown endospores with the positive scores from the others,
T 2 which possess mainly negative scores on PC2; this is true for
1 L L na both ensembles of each group. Seemingly, the PCA discriminates
3000 3000 1500 1000

the spectra according to the presence/absence of manganese
during the cultivation along PC2. Also, the associated loading plot
(Fig. 5b) reinforces this observation. A comparison of the score and
loading plots provides information about the Raman bands that
are responsible for the spectral differences. Here the Raman shifts
with a high score for this factor are the onesat 1016, 1400, 1451 and
1573 cm~ . These contribute highly to all the spectra with a high
score for PC2 in the score plot: that is, to the spectra of the normally
grown endospores. The three bands at 1030, 1389 and 1592 cm™'
therefore correspond to the spectra with negative scores in the
score plot, which all the spectra of manganese-perturbed cells
indeed have.

The results of this chemometric analysis affirm the outcomes
of the preceding analysis of not only the single cells but also
of the experimental and theoretical explorations on the two
dipicolinates. The decrease in intensity of the CaDPA Raman
signals at 1016, 1400, 1450 and 1573cm~' in the spectra
of endospores exposed to increased MnSO4 concentration is
attributable to the loadings in the PCA of these cells, which is
also visible in the difference spectra in Fig. 4. Therefore, the first
effect of supplementary manganese on endospores is a lower
overall content of intracellular DPA. Since the sporulation time
is significantly shortened for the bacteria grown in manganese-
enriched media, the overall content of DPA salt in the endospores,
which correlates with the sporulation time, is also decreased.

On the other hand, the simultaneous intensity gain of the
MnDPA-correlated bands suggests a partial substitution of the
remaining CaDPA through MnDPA when supplementary divalent
manganese is present during the sporulation process.

The exchange of the metal ions provoked at least three different
band shifts, which correspond to vibrations of the carboxylate
groups. And exactly these alterations manifest themselves in the
spectra of native endospores grown on manganese-supplemented
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Figure 5. Principal component analysis performed on single endospore
Raman spectra of 8. mycoides DSM 299: filled triangle (a), grown on Mn?*
enriched NA; open triangle (4), grown on normal NA. (a) Scores sample
plot and (b) loadings plot of PC2,

media in the form of new bands at around 1390 and 1592 cm~",
which is in concordance with the calculated DPA spectra. A signal
shift of the deformation mode at 821 cm™' may occur in the
endospore spectra but it is hardly identifiable. But the two bands,
together with the one at 1030 cm ™, ensure a decent separation
of spectra according to the cultivation factor manganese. While
the origin of the 1030 cm ™" signal is still to be clarified (de Gelder
etal.”! tentatively assigned it to a symmetric stretching vibration
of PO, "), the two other bands seem to arise from MnDPA built
into the endospores while they were forming.

To validate the extent to which the manganese induced
acceleration of endospores hampers the taxonomic resolution,
endospores of the two phylogenetically well-separated Bacillus
species, i.e. B. thuringiensis and B. atrophaeus, were analysed
together.!??l The conditions under which they were cultivated
were kept constant exceptfor the manganese concentration: some
endospores grewunder normal conditions (abbreviated Batr— and
Bthu—) and some with MnSO, added to the medium (Batr+ and
Bthu+). Then again, a PCA was employed on approximately 20
spectra of each of the four fractions with the above-mentioned
parameters. In Fig.6a, four representative single-cell spectra of
each class are given alongside the results of the PCA. The spectra of
Bthu350+ and Batr675+ nicely demonstrate the aforementioned

spectral features: the clearly visible new peak at 1030 cm™" plus
the shoulders at 1389 and 1592 cm~'. Bthu350— and Batr675—,
however, possess higher band intensities for the CaDPA bands.
To visualize the discrimination power provided by these spectral
alterations, each of the individual spectra is represented in the
principal component score plot of the PCA, a two-dimensional
projection of PC2 versus PC1 scores in Fig. 6b. In this projection,
spectra of the same species exhibit distinct clusters that are
reasonably well discriminated relative to the other species along
PC1.These two groups are further subdivided into spectra of Batr—
and Bthu— in quadrants | and Il (positive scores on PC2) and Batr+
and Bthu+ in quadrants lll and IV (negative scores). Therefore, PC2
gathers the variance due to the spectral changes caused by the
MnSQ, addition to the medium, which is in concordance with its
loadings plotin Fig. 6d. Here the marker bands for the manganese
influence at 1030, 1389 and 1593 cm ™' possess negative loadings
en bloc, which fits to the negative scores of the Batr+ and Bthu+
spectra. Those with positive loadings seem to be the ones at
1016, 1400, 1448 and 1573 cm~', all correlated to normally grown
endospores earlier. Therefore it makes perfect sense that all Batr—
and Bthu— spectra possess positive scores on PC2.

The loadings plot of PC1 (Fig. 6¢), however, bears reference to
signalswithoutany directrelevance to neither the dipicolinatesnor
other specific cell contents nor any single clearly distinguishable
bands in the single-cell spectra. Ergo PC2 describes the trends in
spectra caused by the manganese influence during sporulation;
PC1 delivers the chemotaxonomic resolution at the species level
between the B. atrophaeus and B. thuringiensis strains.

Among all the Bacillus species that were analysed in this work,
B. sphaericus revealed a unique feature. An attempt was made
to achieve discrimination between the two different B. sphaericus
strains DSM 28 and DSM 1867 against the backdrop of elevated
manganese supply during the cultivation. In Fig. 7a, spectra of
single endospores are displayed, representing these four groups:
B. sphaericus DSM 28 cultivated with or without added MnSO4
in the media (Bsph 28+ and Bsph 28—) and the same for B.
sphaericus DSM 1867 (Bsph 1867+ and Bsph 1867—). Besides the
aforementioned spectral variances (new band at 1031 cm™~! and
shoulders at 1591 and 1389 cm™"), in these spectra the Raman
band at 1485 cm™" undergoes an astounding modification. In both
of the spectra of normally grown endospores, this signal is clearly
detectable, but it completely vanishes in the Raman spectra of
endospores that were cultivated on manganese-enriched media.
We could observe this alteration also in two other B. sphaericus
strains (DSM 396 and DSM 488; data not shown). The origin of this
band is, to the authors’ best knowledge, unknown.

When spectral data of these endospores were analysed via
PCA, there was a significant differentiation between cells that had
been treated with manganese and cells that had not. All spectra
were again pre-processed in the same manner as before, but this
time the second derivative of the spectra was used and the band
region of the CHy/3 stretching vibrations was incorporated. This
modification of the pre-processing was needed to yield the best
discrimination results,

Figure 7b displays the firstand fifth principal component plot for
both the B. sphaericus strains. The Raman spectra are distributed on
the basis of the first principal component (normally grown samples
have mainly negative scores, thus are located in quadrants Il and
) and the fifth component (spectra of strain DSM 1867 have
mainly positive scores, those of DSM 28 negative). However,
the chemotaxonomic differentiation is more vague compared to
that caused by variable manganese exposure. The corresponding

www.interscience.wiley.com/journal/jrs

Copyright (© 2009 John Wiley & Sons, Ltd.

J. Raman Spectrosc. 2009, 40, 1469-1477

54




Publikationen

Journal of N
Raman study of the effect of manganese on the sporulation of Bacillus endospores SPECTROSCOPY
(@ — = S {6) 0.15
B 8 8
Bthuas0; ~ 0.10 4 N
LYY gﬁ a 22 ° o
- O
& 0054 Ban A 2 5]
~ A A o S ©
g A °¢ o
> = 000 7 =
Z o ) ©
5 4 Fe IS A
< 50054 a A e ®
§ 4 An A .
£ 5 AT A
& 8010 *a daa e
A
Batré75-,
-0.15 4 L]
A
. . . . . 020 . i
1800 1800 1400 1200 1000 800 -0.2 -0.1 0.0 0.1 0.2
~—— wavenumber /cm” scores on PC1 (38.61%)
() (d) 05 T
05 - g =
0.4 4 -
0.4
_ 034
F 034 N a°
© © - 0.2 4 ©
E 027 = § 3 E 33
= o = E T T
2 M ”\ [\ l ¢ N AMLA.)A E
o o A a P uaa A i A
i, o Aoatn AU s \[h A 0.0 Prwvi ¥ Hiochd
5 00 W E ¥ T e i W
H ~ va"‘wﬁ s e ] iy s I bt
2 o014 & g 2 2
E 2 3 e 2 8
< 24 - bt 8 -024 . -
0.3 031
E =
-0.4 o 5 0.4 4 2
T T T = T T T T T T T
1800 1600 1400 1200 1000 800 1800 1600 1400 1200 1000 800

wavenumber / cm™

wavenumber / em™

Figure 6. Principal component analysis performed on single endospore Raman spectra of B. thuringiensis DSM 350 (Bthu350): filled circle (@), grown on
Mn?* enriched NA; open circle (0}, grown on normal NA and B. atrophaeus DSM 675 (Batr675): filled triangle (a), grown on Mn?"-enriched NA; open
triangle (4), grown on normal NA. (a) Representative single endospore spectra, (b) scores plot of PC1 and PC2, (c) loadings plot of PC1, (d) loadings plot

of PC2.

PC5 accounts for only 4.34% of the total variance, suggesting
the Raman signatures of those two strains differ only to a minor
degree, whereas PC1, accounting for 22.84% of the total variability,
clearly separates the spectra of differently cultured endospores,
independent of the strain. This is easily comprehensible by taking
a look at the PC1’s loading plot in Fig. 7c. This time, the negative
amplitudes in the loadings plot correspond to the spectra with the
positive scores on PC1 in the scores plot, as the second derivatives
of the spectra were employed earlier, in which all bands were
transformed into negative signals. Therefore, the typical marker
bands for the presence of supplementary manganese during
sporulation (1032, 1387 and 1592 cm™') have negative loadings
but have to be assigned to the spectra of manganese-influenced
endospores (Bsph28+ and Bsph1867+), which all have positive
scores on PC1. Likewise, the spectra designated with Bsph28—
and Bsph1867— have negative scores on PC1, which has positive
loadings on the bands 1403 and 1573 cm~'. Additionally, the band
at 1485 cm™" also strongly contributes to the positive loadings
of PC1, which is a remarkable feature of 8. sphaericus endospores
grown on normal media. This unique signal re-emphasizes the
already high discriminatory power of the PCA model based on the
mentioned marker bands.

The significance of the PC5’s loading plot in Fig. 7d suffers
seemingly from a substantial contribution of noise. However, the
amplitude of the signals in the CH-region at 2800-3200 cm ™"
implies an involvement of this spectral region in the species-level

differentiation and thus justifies the use of this region for this PCA
model.

Now looking back to the dendrogram in Fig. 1, its remarkable
classification of single endospore spectra correlating to the two
parameters of phylogenetic position and cultivation conditions,
i.e. with or without MnSQ,4 added to the media’s recipe, is easily
understandable. Among all the six analysed Bacillus strains, the
characteristic alterations in their spectra occur consistently when
MnSQjy is added. This species-independent universality suggests
that the changesin the molecular makeup are based on ubiquitous
processes and intracellular substances that are common for all the
Bacillus endospores. Additionally, the alterations have to affect
abounding substances inside the bacterial spores if the changes
are to be perceived after all and which are superimposed by strain-
or even species-specific features. And one of these similarities is
the highly abundant CaDPA in the cells, Therefore, an involvement
of this salt in the compositional changes inside the cells is very
likely. A smaller content of intra-spore DPA, and the formation of
MnDPA as a substitute of CaDPA, may explain the band shifts and
the decrease in intensity of the CaDPA band, which are implied in
this work. But clearly this interpretation is not altogether complete,
for it is quite intriguing to note that the most distinct alteration,
the Raman band at 1030 cm~’, is not explainable yet. But since
the exact constitution of CaDPA in endospores has not been
figured out or synthesized as of now - a glassy like state is the
latest assumption®? — there is an ample scope of interpretation

J. Raman Spectrosc. 2009, 40, 1469-1477
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Figure 7. Principal component analysis performed on single endospore second derivative Raman spectra of B. sphaericus DSM 28 (Bsph28): filled
circle (®), grown on Mn?* enriched NA; open circle (@), grown on normal NA and B. sphaericus DSM 1867 (Bsph1867): filled triangle (), grown on
Mn”*-enriched NA; open triangle (2), grown on normal NA; (a) Representative single endospore spectra, (b) scores plot of PC1 and PC2, (c) loadings plot

of PC1, (d) loadings plot of PC2.

left. Also the species-specific intracellular alterations shown on
the example of B. sphaericus and its manganese-sensitive Raman
signal at 1485 cm™! point towards other metabolic changes that
have not been elucidated yet. However, this additional spectral
anomaly made sure that the B. sphaericus spectra built a cluster on
their own in the HCA (Fig. 1), which were at first classified as due
to cultivation conditions and only thereafter according to strain
specificities.

Conclusions

Adding a considerable amount of manganous salts (up to several
hundred micrograms per litre) to culture media for spore-forming
bacteria is common practice in microbiology to accelerate the
sporulation processand toachieve amaximumyield of endospores
in a short time.

Inthiswork, single Bacillus spp.endospores of six different strains
were studied by means of micro-Raman spectroscopy. Significant
variations in the spectra occurred between endospores grown
on normal and MnSO4-supplemented nutritient agar (10 mg
MnSO4 - xH20 per litre). Within all strains in the spectra of
endospores cultivated on the manganese-rich agar, the CaDPA-
associated signals at 1016, 1400 and 1572 cm™' experience a
decrease in intensity, and, furthermore, a band-broadening due
to additional bands at 1030, 1390 and 1592 cm™’, respectively.

Exclusively in both of the analysed B. sphaericus strains, the signal
at 1485 cm~! appears only in Raman spectra of endospores that
grew on agar devoid of additional MnSQ,.

Parts of these spectral alterations seem to be explainable by
the hypothesis that, firstly, the overall content of intracellular
DPA is smaller and, secondly, a partial substitution of the
remaining intracellular CaDPA with MnDPA occurs when spore-
forming bacteria are provided with a significant concentration
of manganese in excess of the quantity normally required for
vegetative growth. Firstly, the intensity loss of the CaDPA bands
fits into this model. Secondly, the comparison of the experimental
Raman spectra and the DFT-calculated Raman spectra of the
pure salts confirm this hypothesis: Bands assignable to COO™
vibrations are subject to multidirectional band shifts when the
metal ion is changed from Ca?* to Mn?**, which may explain the
occurrence of the shoulder-like bands in endospore spectra at
1390 and 1592 cm~'. These two can then directly be designated
tovibrations of MNDPA. The appearance of the signal at 1030 cm ™!
and the vanishing band at 1485 cm™~" in B. sphaericus spectra defy
any explanation so far.

However, utilizing multivariate chemometric analysis (PCA,
HCA), these spectral alterations were exploited to discriminate
between the endospores based on their growth history. Out of
a pool of spectra, comprising those from endospores of different
species cultivated with or without an additional manganese
supply, the PCA and HCA formed distinct clusters/groups

www.interscience.wiley.com/journal/jrs
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according to species affiliation and presence/absence of MnSQ4
during sporulation. The PCA loading plots indicate that the
aforementioned bands heavily contribute to the variance or
information of the relevant principal components, along which
the discrimination according to the addition of MnSO4 to the
cultivation medium takes place.

In conclusion, we showed in the present work the power of the
combined concept micro-Raman spectroscopy and subsequent
chemometric analysis to trace back whether a single endospore
grew in its native habitat (soil, decaying organic matter, etc.)
or was prepared by human hand in the laboratory, provided a
manganese-enriched nutrient sporulation medium was used.
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Micro-Raman spectroscopy is a fast and sensitive tool for the detection, classification, and identification of
biological organisms. The vibrational spectrum inherently serves as a fingerprint of the biochemical composition of
each bacterium and thus makes identification at the species level, or even the subspecies level, possible. Therefore,
microorganisms in areas susceptible to bacterial contamination, e.g., clinical environments or food-processing
technology, can be sensed. Within the scope of point-of-care-testing also, detection of intentionally released hiosafety
level 3 (BSL-3) agents, such as Bacillus anthracis endospores, or their products is attainable. However, no Raman
spectroscopy-compatible inactivation method for the notoriously resistant Bacillus endospores has been elaborated
so far. In this work we present an inactivation protocol for endospores that permits, on the one hand, sufficient
micrebial inactivation and, on the other hand, the recording of Raman spectroscopic signatures of single endo-
spores, making species-specific identification by means of highly sophisticated chemometrical methods possible.
Several physical and chemical inactivation methods were assessed, and eventually treatment with 20% formalde-
hyde proved to be superior to the other methods in terms of sporicidal capacity and information conservation in the
Raman spectra. The latter fact has been verified by successfully using self-learning machines (such as support
vector machines or artificial nearal networks) to identify inactivated B. anthracis-related endospores with adequate

accuracies within the range of the limited model database employed.

The detection of biological warfare agents requires methods
for detecting and rapidly identifying bacterial endospores—
such as Bacillus anthracis, the etiological agent of the acute
fatal zoonosis anthrax in mammals—that are released in build-
ings or distributed in the environment. A great number of differ-
ent technologies and combinations, such as DNA detection by
PCR or DNA sequencing (42), are applied for genetic analysis. In
addition, different microscopic approaches, such as atomic force
microscopy (64) or fluorescence microscopy (26, 27), mass spec-
troscopy, and infrared (23, 34, 50) and Raman spectroscopy (15),
have been used. With these optical detection methods, prepara-
tion and analysis time can be considerably shortened relative to
that required for currently established methods based on, e.g.,
microbiology, immunoassays, and genetic and molecularly based
approaches for identification.

The feasibility of a variety of approaches for pathogen de-
tection relying on Raman spectroscopy, including nonresonant
Raman spectroscopy (10, 54), UV resonance Raman spectros-
copy (11, 35), surface-enhanced Raman spectroscopy (SERS)
(12, 62), nonlinear Raman spectroscopy (39, 40), and Raman
imaging (18, 22, 46), has already been verified. In some of
these studies, the possibility of performing detection and iden-
tification on a singlc-organism level via a micro-Raman sctup
was exploited.

Because Raman speclra provide a snapshot of the total
molecular composition of single cells, they inherently contain

* Corresponding author. Mailing address: Institut [ir Physikalische
Chemie, Friedrich-Schifler-Universitat Jena, Helmholtzweg 4, D-(7743
Jena, Germany. Phone: (49-3641) 948381, Fax; (49-3641) 948302, E-mail:
petra.roesch{@uni-jena.de.

" Published ahead of print on 5§ March 2010.

all the information needed to accurately identify microorgan-
isms to the subspecies level. Although many Raman marker
bands for single biosubstances or classes of biosubstances are
known, an overall understanding of the spectral fingerprint in
the spectra of bacteria is usually neither attainable nor neces-
sary, if the typing strategy is based on a pattern-matching
algorithm with a comprehensive database of single-cell Raman
reference spectra. The recognition algorithms applied rely
mainly on unsupervised and supervised multivariate chemo-
metrical methods (6, 13, 45, 47).

Some advantages over classical microbiological and other
typing methods are apparent. First, time-consuming cultivation
steps prior to the actual measurements arc redundant, since
detectability at the single-organism level is ensured through
the use of high-numerical-aperture illumination and light-gath-
ering optics. Second, sample preparation is limited {0 a mini-
mum and gencrally consists only in the isolation of the micro-
organisms from their native surroundings. Third, there is no
reliance on costly taxospecific consumables with limited shelf
lives. Furthermore, the complete sequence of operations—
starting with isolation, proceeding through the acquisition of
Raman spectra, and ending with chemotaxonomic identifica-
tion—can be performed automatically. Thus, with a micro-
Raman-based sensor, rapid detection of highly pathogenic mi-
croorganisms al the very place of contamination is possible.

If biosafely level-3 (BSL-3) endospores, such as those of B.
anthracis, are the pathogens to be identified, an appropriate
inactivation procedure is essential. Unfortunately, dormant
spores exhibit incredible hardiness against germicidal agents.
Scveral parameters contributing to the spores’ intrinsic resis-
tance are discussed in the literature. The complex shell-like
structure of endospores plays a key role in their resistance: the
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central core, which is the analogue of the protoplast or germ
cell of a growing cell, is surrounded by several protective bar-
riers containing the inner membrane, germ cell wall, cortex
outer membrane, and coats. In some species a thin exosporium
may also be present. Some exosporia contribute to spore re-
sistance by their mere impermeability to exogenous chemicals or
by their ability to react with or detoxify chemical agents.
The other characteristics contributing to resistance can be found
in the spore core: the low water content (25 to 50% of wet
weight), the saturation of spore DNA with a group of unique
proteins called a/B-SASP (small acid-soluble spore proteins), or
the high mineral content in the form of divalent cations, in par-
ticular Ca®". Most of these cations scem to be chelated by dipic-
olinic acid (DPA), since calcium dipicolinate (CaDPA), the cal-
cium chelate of dipicolinic acid (2,6-pyridinedicarboxylic acid),
accounts for 5 to 15% of the spores’ molecular weight (52).

Actually, several inactivation techniques are available, and
their efficiencies have been studied intensively. Reliable disin-
tegration of endospores has been achieved by means of heat
inactivation (boiling, moist heat, dry heat), radiation (micro-
wave [57], UV [63], gamma, clectron beam [16}]), desiccation,
high pressure (31), and the application of various liquid or
gaseous antiseptics and disinfectants (1, 51). Classically, inac-
tivation of endospores is quantified by measuring the (loga-
rithmic) reduction factors in CFU. Less time-consuming arc
viability assays based on the detection of DPA via lumines-
cence microscopy, where the germination of endospores is
triggered and subsequently the released DPA is detected by
means of terbium dipicolinate luminescence under UV excita-
tion. The terbium dipicolinate fluorescence method has been
described as the most sensitive technique, allowing the deter-
mination of nanomolar concentrations of DPA (8).

Unfortunately, none of the methods mentioned above have
been tested for their applicability with micro-Raman spectros-
copy so far. That fact is the motivation for this work, where we
systematicaily assess a number of well-established methods for
the inactivation of pathogenic endospores with regard to suf-
ficient microbial inactivation and appropriate identification on
a single-endospore level via micro-Raman spectroscopy.

MATERIALS AND METHODS

Bacillus strains. The following strains were examined in this study: B. anthracis
4463, B. anthracis 13/38, Bacillus subtilis AVCC 6633, Bacillis mycoides DSM 299,
Bacillus sphaericus DSM 1867, Bacillus thuringiensis ATCC 10 and B. thurin-
giensis DSM 350, All but the B. anthracis strains, which were provided by the
Federal Research Institute for Animal Health (FLI, Jena, Germany), were pur-
chased from the German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany). For the selection of the most suitable inac-
tivation method, spores of the two Bacillus thuringiensis strains (DSM 350 and
ATCC 10792) and the two Bacillus anthracis strains (13/38 and 4463) were used.

Sample preparation. Bacterial cultures wi red on blood r plates.
From each strain a spore suspension (107 sporcs per mi) was prepared. Briefly,
one loop of bacterial mass was inoculated into tryptone glucose broth (TGB),
consisting of 2.5 g yeast extract, 5.0 g tryptone, and 1.0 g glucose per 1,000 ml
double-distilled water (pH 7.2 + 0.2; autoclaved at 121°C for 20 min). After
incubation at 37°C for 3 days, 1 ml of the inoculated TGB was ated onto
yeast extract agar consisting of 10.00 g peptone, 2.0 g yeast extract, 0.04 g MnSOy
H,0, and 15 g agar per 1,000 ml double-distilled water (pH 7.0 £ 0.2; autoclaved
at 121°C for 20 min). After cultivation at 37°C for 8 to 10 days, the spores were
harvested by washing with 5 ml double-distilled water and centrifugation at
2,500 x g for 10 min. The sediment was washed four times using double-distilled
water before the suspension was heated at 75°C for 10 min. The spore suspen-
sions were stored at 4°C.

APPL. ENVIRON., MICROBIOL.

Inactivation. For inactivation of spore suspensions, formaldehyde (¥) solu-
tions (Sigma-Aldrich Chemie GmbH., Taufkirchen, Germany) at final concen
trations of 10% and 20%, s o Wofasteril-Alcapur (CH;COOOH, H,O0,,
CH;COOH) mixture (Kesla, Bitterfeld-Wolfen, Germany), peracetic acid
(PAA) at 1% and 2%, and the household hygiene detergent Danchlorix (NaOCI;
Colgate-Palmolive (meH Hamburg, Germany), undiluted and at 5%, were
tested. As a control, the procedure was conducted using double-distilled water,
Turthermore, autoclaving was carried out at 134°C for 1 h.

The inactivation efficacy of each suspension was tested after treatment for 15
min, 30 min, 1 h, 2 h, and 4 h. For the inactivation experiment, 1 ml of the spore
suspension was mixed with 9 ml of disinfectant in a 10-mi tube also containing 10
glass beads to achieve the respective final concentration. During the treatment
time, the tubes were shaken continuously at 200 rpm in a laboratory shaker
(Gerhardt Shaker RO 15). The treatment was stopped by centrifugation at
500 X g for 10 min. After three additional washing steps, including centrifu-
gation, the sediment was resuspended in 1 ml double-distilled water, Ior the
inactivation control, 100 pl of the suspension was inoculated into TGB, and after
24 h of incubation at 37°C, 100 pl of this broth was inoculated onto blood agar
plates. These plates were incubated for 2 days at 37°C to determine if the
inactivation of spores was successful.

Spectroscopic instrumentation. The Raman spectroscopic measurements
ried out with two different micro-Raman setups. The Raman spectra for
the explorative studies were measured with a micro-Raman spectrometer
(LabRam HR system with inverse microscope; Horiba Jobin Yvon). A Compass
frequency-doubled Nd:YAG laser (Coherent Inc.) provides the excitation light
with a wavelength at 532 nm and a power of 1.5 mW incident on the sample. The
integration time for single-endospore Rdnmn spectra was 30 s. A Leica PL
Fluotar 100X objective focuses the laser light onto the sample within a focus of
less than 1 pm in diameter. The spectrometer has an entrance slit of 100 pm and
a focal length of 800 mm and is equipped with a 300-line/mm grating. A charge-
coupled device (CCD) camera operating at 220 K is utilized over a range of 298
(0 3,373 cm™". The resolution of the spec approximately 10 cm™".

In order to establish a database of Raman specira, a second micro-Raman
device was employed (Bio Particle Explorer; rap.ID Particle Systems GmbH,
Berlin, Germany), that allowed automated measurements of single-cell Raman
spectra with an excitation light of 532 nm from a solid e frequency-doubled
Nd:YAG module (LCM-S-111-NNP25; Laser-export Co. Ltd.). An Olympus
MPLEILN-BD 100> objective focuscs the Raman exeitation light onto the sam
ple with a spot size of <{1 pm laterally, so that approximately 3.5 mW hits the
sample. The integration time per Raman spectrum (276 em 0 3,204 em 1) was
5 s. After removal of the Rayleigh scattering, the 180° back-scattered Raman
light is diffracted with a single-stage monochromator (HE 532; Horiba Jobin
Yvon) with a 300-line/mm grating and is collected with a thermoelectrically
cooled CCD camera (DVA0I-BV; Andor Technology) with a spectral resolution
of ca. 7em™". All of the Raman spectra were collected under ambient conditions.

Electron microscopy. Micrographs of differently treated endospore: ¢ ob-
lained with a scanning electron microscope (JSM-67001; JLEOL) operated at
15.0 keV.

Multivariate analysis. For the hierarchical cluster analysis (HCA). the Opus
Ident software package, version 6.5 (Bruker Optik GmbH, Ettlingen, Germany),
was ulilized exclusively. The preprocessing of the spectra comprised the firsi
derivative and vector normalization. The spectral regions between 684 and 1.775
em™ ", as well as those between 2,763 em ™ and 3,194 em™!
analysis using the squared Buclidian distance and Ward algorithm,

For more-complex calculations, such as self-learning machines, GNU R {41}
was used.

The main structure of the chemometric procedure is explained below. Basi-
cally. there are three steps: preprocessing, training of the self-learning machines,
and validation.

The preprocessing of every data set was always the same. l'irst the cosmic
spikes and the backgrounds of the spectra were removed. The lalter is neces
because the spectral background diflers for dilferent measurements ol one par-
ticular substance, so it would disturb the training process of the self-le 14
machines. For this purpose, the SNIP algorithm was adopted (48). Alterwards,
vector norma n took place to make the <pec*r. comparable, Iere, the
spectrum was divided by its 2-norm. With principal-component analysis (PCA)
(37), the dimensionality of the problem was reduced and, in addition, white noise
was removed by cutting off the scores after a particular channel in the new
spectral space. The exact number of scores used depends on the size of the data
set. A good choice for the number of scores is to usc 2 to 5% of the number of
data points. The ruiuumn of the dimensionality of the problem is necessary 10
avoid overtitting

If a new set of speetra had to be labeled, the preprocessing of this new data set

WETe ca

, were used for cluster

y
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TABLE 1. Results of inactivation experiments on spores of two Bacillus thuringiensis strains and two Bacillus anthracis strains®

Growth of spores” inactivated at the following time:

Disinfectant 15 min

30 min

1h 2h 4h

A B C D A B

C

D A B C D A B C D A B C D

Formaldehyde
10% + + + +
20% - - - - = -

Danchlorix
Undiluted - o
5% + + + + + o+

0.5% Wofasteril-Alcapur mixture — + + +

Peracetic acid
1% - - - - + -

207
2% - - - - - -

Autoclaving at 134°C NT NT NT

Distilled water (control) + + + + 4 4

NT NT NT NT NT NT NT NT

+ o+ + 4+ + + o+ o+ o+ o+ o+ o+

¢ Capital letters represent strains as follows: A, B. thuringiensis DSM 3.

3

was the same before PCA. To convert both sets in the same spectral space, we did
not perform PCA with the combined data set but rotated the new set by the loadings
of the PCA of the first data set into the spectral space of the first data set.

After the preprocessing was done, the classifiers were trained. The binary
classifiers investigated are (i) artificial neural networks (ANN) with a feed-
forward topology (44), (i pporl vector machine (SYM) with a radial basis
kernel (3}, and livear discriminant analysis (LDA) (9).

These binary classifiers are not capable of distinguis!
two class

g between more than
that they
can be used as multiclass classifiers. Here the “one-against-the-rest” {OATR)
schema is adopted (55). The idea is that every class is separated from the rest by
one binary classifier. Afterwards there are n binary classifiers for » classes. It a
new speetrum now has to be labeled, it is &
10 all sificrs put
labeled as “unknow
spectrum as its associated ¢!

s. There are several methods for combining the classiliers s

classifier.

signated by t

o the “rest” ¢
f more than one
An ambiguity resulis in labeling a

It there is more than one classificr, it is possible to combine them by a
majorily-voting scheme (24), where the basic rule from Kittler (24) is adapted Lo
the novelty detection scheme, If the majority votes for one class, it is labeled with
this class; if not, it is labeled as “unknown”. This procedure might enhance
accuracy, but in it delivers the same or even worse accuracy. This
combined classifier is investigaled for the purpose of identifying bacterial ende
spores; the three classifiers (ANN, SVM, and LDA) are combined by this
method.

Finally, validation of the chosen classifiers is nceded. There are several meth-
ods for estimating the quality of a classifier, e.g., hold-out, cross-validation, and
hootstrapping (25).

To obtain the best classitier, cross-validation was used, and this accuracy was taken
as the accuracy of the ¢ icr. To estimate the generalization crror, the hold-out
One set of bacteria from each of the Baciflus species analyzed
ning, and anotber, completely independent batch of the particular
strain, which has been cuitured separately under exactly the same conditioss, is used
as the validation set. The hold-out method provides a way Lo estimate the accuracy
of the procedure with the connected database for a real application.

OMme Cas

RESULTS
Inactivation results. It is not surprising that the analysis and
handling of intentionally relecased BSL-3 level agents, or their
products, require either BSL-3 facilities or complete inactiva-
tion if samples [rom contaminated areas are prepared for dis-
patch to standard laboratories. Within the scope of the work
presented here, we have tested a number of inactivation meth-

0; B, B. thuringiensis ATCC 10792; C, B. anthracis strain 13/38; D, B. {tmhrqci' strain 4463.
—, no growth observed after inactivation; +, visible growth observed after inactivation; NT, not tested. The initial spore concentration was 1 X 107 spores per ml

ods: heat inactivation (autoclaving) and inactivation by form-
aldehyde (F), peracetic acid (PAA), or sodium hypochlorite.
The disinfectants cvaluated were chosen according to a sclec-
tion of valid lists and guidelines with approved disinfectants for
spores. For surface disinfection in laboratorics and hospitals in
Germany, no approved sporicidal disinfectant is available (43,
59). However, the WHO Guidelines for the Surveillance and
Control of Anthrax in Humans and Animals recommend, for
example, the use of formaldehyde and peracetic acid (56). The
disadvantages of peracetic acid include its corrosive properties
and pungent odor. By the combination of peracetic acid with
aluminum hydroxide, e.g., Wofasteril-Alcapur (Kesla, Bitter-
feld-Wollen, Germany), the disinfectant becomes odorless.
Because other authors have also shown the sporicidal potency
of commercial household products containing sodium hypo-
chlorite bleach against anthrax spores (2), we tested the prod-
uct Danchlorix (NaOCl; Colgate-Palmolive GmbH, Hamburg,
Germany). The most reliable disinfection procedure for spores
so far has been autoclaving at 134°C.

The results of the inactivation cxperiments with spores of
Bacillus thuringiensis and Bacillus anthracis strains are summa-
rized in Table 1. Each entry in the table represents onc inde-
pendent inactivation experiment. It can be seen that the 20%
formaldehyde solution, undiluted Danchlorix, and 2% perace-
tic acid were the most reliable and fastest spore-inactivating
substances. Even after the shortest application time of 15 min,
all four strains tested exhibited no viability after inactivation
with these agents. In some cases, single strains showed higher
resistance o the trealment; e.g., only B. thuringiensis strain
DSM 350 survived parts of the 1% PA treatment. On the other
hand, some disinfectants, such as the 10% formaldehyde or 5%
Danchlorix treatment, showed time dependency.

Analysis of endospore morpholegy via electron microscopy.
To assess spore morphology and integrity after inactivation via
formaldehyde, peracetic acid, or autoclaving, scanning electron
microscopic (SEM) images of single B. thuringiensis DSM 350

0102 'ZZ I4dy uo O1LYD11aNd D14ILNIIOS NYOIYIINY Je Bio'wse wae woy pepeojumod

63




Publikationen

2898 STOCKEL ET AL.

Tm WD 9.0mm

AppPL. ENVIRON. MICROBIOL.

1000m W

0 100nm W

FIG. 1. Electron micrographs of differently treated endospores of B. thuringiensis DSM 350. (A) Viable spores not subjected to inactivation
treatment; (B) spores inactivated by 20% formaldehyde for 15 min; (C) spores inactivated by 1% peracetic acid for 15 min; (D) spores inactivated

by autoclaving at 134°C for 15 min.

endospores were prepared. In Fig. 1A to D, representative
images of spores treated by these methods (20% formaldehyde
for 15 min [Fig. 1B], 2% peracetic acid for 15 min [Fig. 1C], or
134°C autoclaving for 15 min [Fig. 1D]) are shown in compar-
ison to an image of untreated, viable endospores (Fig. 1A).

Aiming to minimize the ratio of the outer surface to the cell
volume, the untreated spores (Fig. 1A) have a roundish shape
and a smooth surface.

The most obvious physical changes occurred for the spores
when they were exposed to moist heat and pressure through
the autoclaving process. They exhibit a wrinkled shape and
have obviously lost internal volume, as evidenced by their de-
creased outer form and the presence of a corona of undiffer-
entiated solids around the spore perimeter. These morpholog-
ical changes seem to arise from a swelling and splitting of the
cells, followed by a subsequent collapsing into a wrinkled
form—a behavior well known in the literature (38). During this
process, intracellular material might be released, which ex-
plains the surrounding undefined material.

The formaldehyde (Fig. 1B)- and PAA (Fig. 1C)-treated
cells exhibit greater similarity to native spores. But for the
latter (Fig. 1C) it is noteworthy that next to the brighter cells
with apparently good structural integrity, some endospores are
in contact with dark, roundish, closely attached pools, which
seem to originate from outflows from the spores, since the cell
wall seems to be cracked open. Nothing like this can be seen in
the images of the viable endospores (Fig. 1A). Nevertheless,

the absence/presence of an exosporium cannot be verified by
these pictures.

Analysis of single-endospore Raman spectra. Apart from
characterizing single cells according to their outward morphol-
ogy by means of SEM, molecular assessment of cells on a
single-endospore level can be achieved by means of micro-
Raman spectroscopy. Here, the overall composition of the
endospores is probed, and by the observation of a few Raman
spectra, a first evaluation can easily be made. Furthermore, a
more-sophisticated but fast analysis via unsupervised hierar-
chical cluster analysis (HCA), which pools the spectra by spec-
tral similarity, is performed. A maximum of correspondence
between the Raman profiles of inactivated spores and those of
viable endospores is desirable. Furthermore, the slight spectral
differences, on which the subsequent phenotypic identification
is based, should still remain after the treatment with disinfec-
tants.

Since single Raman spectra of viable cells serve as a stan-
dard, spectra of native Bacillus sp. endospores are shown in
Fig. 2. Independently of the species, all spore spectra are
dominated by signals that can be assigned to CaDPA: the
C—COO" stretching vibration at 817 ¢cm™', the symmetric
and asymmetric COO™ stretching vibrations at 1,394 cm™" and
1,579 cm™ ', three pyridine ring vibrations at 660 cm~', 1,016
em™ ', and 1,445 cm™ ', and the aromatic C—H stretching
mode at 3,089 cm ', Small alterations in the CaDPA band
intensities within these species may arise from differences in
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F1G. 2. Single-endospore Raman spectra of untreated viable spores of five different Bacillus strains plus one spectrum of a formaldehyde-

inactivated B. thuringiensis cndospore.

the spore composition of the particular culture, emerging, e.g.,
from fluctuating CaDPA contents in single spores among a
population (19). The band positions, on the other hand, re-
main stable among the spectra; this is not necessarily the case,
since the use of divalent mangancse as a sporulation acceler-
ator can cause some minor CaDPA band shifts (53).

Except for the CH, 5-stretching vibrations at 2,940 cm Loall
bands from the other major biological constituents of the cells
exhibit lower intensities hut are still clearly recognizable. Some
contributions arisc exclusively duc to proteins (1,002 cm !,
ring breath vibration of phenylalanine; 1,659 cm™ ! amide T
vibration; 858 ¢m™', one of the ring breathing modes of ty-
rosine) or DNA/RNA moieties (784 cm™', O—P-—-0 stretch-
ing of cytosine/uracil). In addition, some bands of those bio-
molecules overlap with CaDPA signals, e.g., the second ring
breathing mode of tyrosine at 824 cm ™" with the carboxylate
stretching mode and the deformation mode of CH,,5, as well as
the ring vibrations of guanine and adenine, which arc expected
at around 1,450 con ! and at 1,570 cm ! with the pyridine ring
vibrations of the DPA.

All endospores that have been sterilized by autoclaving ex-
hibit the same changes in their Raman spectra. As cxamplcs,
two mean spectra of Bacillus mycoides DSM 299 arc shown in
Fig. 3: the top spectrum was calculated from 20 single viable
endospore spectra, and the middle spectrum from the spectra
of 20 single endospores inactivated by autoclaving. The third
spectrum represents the subtraction of the inactivated-cell
spectrum from the spectrum of onc of the viable spores. 1t can
be seen clearly that the spectra of autoclaved endospores are
basically devoid of any CaDPA bands, which normally domi-
nate endospore spectra. However, bands from the other major
biological constituents of the cells still appear in the spectra of

autoclaved cells. Only the amide T vibration at 1,660 cm™" is
shifted significantly, to 1,670 cm ™", after autoclaving. This Ra-
man band is highly sensitive to changes in the secondary struc-
tures of proteins (60), which most likely occurred during the
denaturation and subscquent aggregation duc to autoclaving.
UV-resonance Raman spectroscopy correlated with X-ray data
revealed that the amide I band shows the highest wave num-
bers in proteins with unordered secondary structures, followed
by those with B-sheets and «-helices, respectively (4).

In the bright-ficld image in the Fig. 4 insct, a small grouping
of B. thuringiensis endospores, inactivated with 1% peracetic
acid for 15 min, is shown. The micro-Raman spectra of the four
labeled particles, which exhibit rather similar morphologies,
were recorded and are shown in Fig. 4. Raman spectrum A in
Fig. 4 represents a typical endospore spectrum, displaying the
CaDPA bands mentioned above at 1,016, 1,400, 1,448, and
1,576 cm ', as well as signals typical of vegetative cells, c.g.,
the amide 1 band at 1,661 cm ! and a sharp signal duc to the
ring vibration of phenylalanine at 1,002 cm . To a lesser
extent this is also true for spectrum B in Fig. 4, where again the
DPA bands occur, but compared to the signals of the other
bacterial components, their intensitics arc considerably de-
crcased. The Raman spectrum of particle C (Fig. 4) shows
almost no CaDPA bands any more, suggesting that a leakage
of intracellular components, including CaDPA, took place.
Although particle D is not phenotypically different from the
others, its Raman spectrum does not resemble the other Ra-
man spectra: nonc of the CaDPA or protein marker bands
mentioned above for either vegetative cells or endospores ap-
pears. Instead, the Raman spectrum is representative of
poly(3-hydroxybutyrate) (PHB), a biodegradable polymer that
can be produced by certain bacteria in large amounts in re-
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FIG. 3. Baseline-corrected mean Raman spectra, each calculated from 20 single-endospore spectra of B. mycoides DSM 299. Shown are spectra
for viable, untreated spores (A) and spores inactivated via autoclaving (B), as well as a difference spectrum (A-B).

sponse to physiological stress (21). Recent work dealing with
the analysis of microbial PHB by Raman spectroscopy has
been published (7, 18) and allows for a rather complete band
assignment. The bands at 3,000, 2,969, 2,932, and 2,876 cm ™'
all arise from difterent CH, ;-streching vibrations of the poly-
mer; the 1,724-cm ' band is assignable to the C=0O stretching

vibration of both crystalline and amorphous PHB. In the
lower-wave-number region, the most intense signals, at 1,056 and
838 cm ™!, are also important hallmarks for this polyester and
can be assigned to the C—O and the C—COO stretching
vibrations, respectively.

This effect of finding PHB particles beside intact spores is

2032

Raman intensity —
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FIG. 4. Single-particle Raman spectra of four particles present in a B. thuringiensis DSM 350 endospore suspension treated with 1% peracetic
acid for 15 min. (Inset) Corresponding bright-field image of the analyzed particles A to D.
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FIG. 5. Raman spectrum of a single particle found in a B. thurin-
giensis DSM 350 endospore suspension treated with 1:20-diluted Dan-
chlorix. (Inset) Bright-ficld image with the corresponding particle cir-
cled.

1200 800

also observed when the spores are treated with a higher con-
centration of PAA for longer periods. This has been verified by
analyzing two B. thuringiensis and B. anthracis endospore sus-
pensions after treatment with 19 or 2% PAA for 15, 30, 60,
120, or 240 min. For each sample, 30 single cells were mea-
sured, and roughly 20% were free of CaDPA after the suspen-
sions had been treated for 15 or 30 min, After a 1-h exposure
to PAA, nearly half of the cells seemed to be depleted of the
DPA salt, and after 2 and 4 h, not a single intact endospore
could be detected, and all cells gave spectra like spectrum C in
Fig. 4. There is no difference between suspensions exposed to
different concentrations of PAA (1% or 2%); even after treat-
ment for 2 h with 1% PAA, all cells were depleted of the DPA
salt. Therefore, this biocide not only affects the cells unevenly
but also differs strongly in its effect according to the treatment
time.

The sodium hypochlorite-containing bleaching agent Dan-
chlorix presents a more uniform but also undesirable effect on
the endospores. Even when Danchlorix was diluted 1:20, and
after a short exposure time, not a single cell was left for Raman
measurements according to the bright-field image. As shown in
the Fig. 5 inset, only broad patterns of unidentifiable material
could be found next to just a few single particulate entities,
which turned out, again, to be PHB accumulations. The Ra-
man spectrum of one of these deposits (circled) is shown in
Fig. 5.

In contrast to the results with these two biocides, the inter-
action of formaldehyde with the endospores yields inactivated
cells whose Raman spectra correspond well with those of na-
tive endospores without exception—no matter how long (15 to
240 min) the treatment and how high the concentration of
formaldehyde (10% or 20%). In Fig. 2, a Raman spectrum of
a single formaldehyde-inactivated B. thuringiensis endospore is
shown in order to demonstrate its striking similarity with the
spectra of untreated cells. Tt shows no remarkable changes,
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such as relative intensity variations or even the appearance of
new signals, in the spectral profile.

Evaluation of the inactivation methods. The Raman spectra
were analyzed more thoroughly by performing HCA on an
ensemble of differently treated endospores of B. thuringiensis
DSM 350. This ensemble included cells inactivated by auto-
claving or by treatment with 2% PAA or 20% formaldehyde.
These inactivated species were chosen because, as Table 1
shows, only 2% PAA and 20% formaldehyde treatments guar-
anteed consistent inactivation of B. thuringiensis DSM 350
endospores after a 30-min exposure. Additionally, some spectra
of viable endospores were added in order to determine
which—if any—of the inactivation methods results in endo-
spores whose Raman spectra are most similar to those of viable
endospores. The resultant dendrogram is shown in Fig. 6. For
most of the samples, all 40 Raman spectra of the same sample
are grouped in the same cluster. The five outliers (asterisked)
all belong to formaldehyde-treated spectra, which are wrongly
classified into the cluster of untreated endospores. All in all, of
160 spectra, 155 (96.7%) are correctly classified.

Two major groups, subdivided into three and two subclus-
ters, respectively, can be identified in the dendrogram. One
main cluster comprises spectra of formaldehyde- or PAA-
treated endospores or viable endospores. The second main
cluster is composed of spectra of endospores inactivated by
means of autoclaving or PAA. Each of the five distinguishable
subclusters can be explained according to the mean spectra
shown in Fig. 6. All spectra devoid of CaDPA signals are
assigned to the same main cluster. This is true for all of the
autoclaved samples and a fraction of the PAA-treated samples.
Interestingly, the remaining spectral information for these ob-
viously severely altered endospores is prominent enough to
produce a clear partition according to the inactivation proce-
dure.

In the other main cluster, the second partition of the PAA-
treated endospores can be located next to the joint cluster of
the formaldehyde-inactivated and native endospores, suggest-
ing that among the biocide treatments examined, inactivation
with formaldehyde causes the fewest spectral changes from the
spectra of viable endospores. Thus, the occurrence in the den-
drogram of the five formaldehyde-inactivated endospores
falsely classified as native endospores is tolerable and empha-
sizes the high similarity of the spectra of the two kinds of
samples.

Although the mean spectrum of the PAA-treated endo-
spores that still contain CaDPA in Fig. 6 shows high similarity
to the spectra of viable cells, slight distinctions that appear
reproducibly among all spectra of the sample seem to be more
pronounced than those for formaldehyde-treated cells. Addi-
tionally, roughly one-third of the PAA-treated cells were
sorted out into the other main cluster together with the auto-
claved cells. According to the cluster spectrum that is second
from the bottom in Fig. 6, these Raman spectra emerge from
CaDPA-depleted endospores; thus, due to their weak resem-
blance to the spectra of viable endospores, they are not suit-
able for identification purposes and have to be discarded.

Single-cell identification. To assess whether the use of form-
aldehyde on endospores has a great impact on the possibility of
distinguishing and identifying Bacillus endospores to the spe-
cies level, the following data set was created: from each of four
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FIG. 6. Dendrogram obtained from a hierarchical cluster analysis performed on Raman spectra of differently treated single endospores of B.
thuringiensis DSM 350. Shown are the Raman spectra (right) and dendrogram (left) for viable, untreated cells and for endospores inactivated either
by 20% formaldchyde for 30 min (20% F, 30"), by 2% peracetic acid for 30 min (2% PAA, 30"), or by autoclaving at 134°C for 20 min (134°C, 20").

Asterisks mark wrongly classified spectra.

Bacillus strains (Bacillus mycoides DSM 299, Bacillus subtilis
ATCC 6633, Bacillus sphaericus DSM 1867, and Bacillus thu-
ringiensis DSM 350), four independent batches were prepared
under the same conditions. Afterwards, two of the four batches
per strain were inactivated with 20% formaldehyde for 2 h,
while the other two remained viable. With one batch of viable
endospores per strain, a relerence or training database for
viable spores was established by measuring approximately 100
single-endospore Raman spectra per strain. The same was
done with four batches of inactivated endospores, one per
strain. Thus, cach of the databasces, onc for the viable and onc
for the inactivated spores, comprised roughly 400 Raman spece-
tra. Based on these, the other four batches of viable spores and
the four samples with the inactivated endospores were identi-
fied according to their taxa. Therefore, nearly 30 endospore
Raman spectra were recorded for each sample, and each of
them was identified to the species level by comparing the

spectra to the appropriate database: if they had been ina
vated, they were compared to the training database of inacti-
vated spores, and if they had not been treated, the database of
viable spores was used.

Tables 2 to 5 summarize the results obtained by using dif-
ferent classifiers for untreated native endospores versus form-
aldehyde-inactivated endospores. For the untreated-spore data
set the first 9 scores were used, and for the inactivated-spore
data set the first 10 scores were used, whereas the data set was
not centered or scaled by channel before the PCA.

The results of the cross-validation with the associated con-
fusion table for the viable endospores are listed in Table 2. The
rows of the tables show the species identifications predicted by
each classifier investigated, and the columns show the actual
species identified. As can be seen, all three classifiers achieved
accuracies in comparable dimensions, around 99%; for viable
endospores. Table 3 shows analogous data for endospores in-

TABLE 2. Confusion table showing the accuracy each classifier” alter the classification of four untreated native Bacillus

spe

es in the training data set”

No. of spectra actually classified as indicated, grouped by classifier

Tdentification - —
predicted by ANN SYM DA
classifier B. B. B. B. B. B. B. B. B. B. B. B.
mycoides  sphaericus  subtilis  thuringiensis — mycoides — sphaericus  subtilis  thuringiensis — mycoides  sphaericus  subtilis  thiringiensis

Unknown 0 0 1 2 0 0 0 2 0 0 1 3
B. mycoides 137 0 0 0 139 0 0 1 138 Q 0 0
B. sphaericus 0 87 G 0 0 86 0 G 0 86 0 0
B. subtilis 0 0 70 0 0 0 72 0 0 [ 71 0
B. thuringiensis 2 0 0 121 0 0 0 120 0 3] 0 121

“The accuracy of cach classifier for viable endospores was 99%.
" The species used were B. my

oides DSM 299, B. sphaericus DSM 1867, B. subtilis ATCC 6633, and B. thuringiensis DSM 350,
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TABLE 3. Confusion table showing the accuracy of each classifier after the classification of four 20% formaldehyde-inactivated Bacillus
species in the training data set

No. of spectra actually classified as indicated, grouped by classifier (% accuracy)

Identification

predicted by ANN (83) SVM (89) LDA (84)
classifier B. B. B. B. B. B B. B. B. B. B. B.
mycoides  sphaericus  subtilis  thuringiensis  mycoides  sphaericus  subtilis  thuringiensis ~ mycoides — sphaericus  subtilis  thuringiensis
Unknown 16 2 0 21 11 2 1 11 17 2 2 21
B. mycoides 153 0 1 21 166 0 0 16 157 0 0 25
B. sphaericus 2 111 0 ] 0 110 0 0 i 110 0 0
B. subtilis 2 0 97 1 0 0 96 0 0 0 92 0
B. thuringiensis 13 0 0 39 9 1 0 57 12 1 1 39

activated by 20% formaldehyde. Although the accuracies of
the classifiers are decreased to 81 to 89%, none of the classi-
fiers is superior to the other two with respect to the classifica-
tion rate. Most of the false species identifications were mix-ups
between the B. mycoides and B. thuringiensis spectra, especially
for the ANN results. However, spectra classified as unknown
are nol necessarily [alse-positive results.

After the classifiers were trained with the training data set,
the spectra of the second batch were labeled. The accuracy of
identification and the associated confusion table for untreated
endospores are presented in Table 4, and the analogous data
for formaldchyde-inactivated endosporces are shown in Table 5.
The last columns list the combined results of all three classi-
fiers. Here, the majority voting scheme, discussed above, was
employed: in case of a majority vote for one class, the spectrum
is assigried to this class; otherwise, it is put into the “unknown”
class.

It is obvious that for both native and inactivated endospores,
the identification rate lies in the same range, around 81 to
83%, for all of the classifiers. The formaldehyde treatment
does not seem to have a negative impact on the identification
results. Nevertheless, most of the spectra that were incorrectly
identified or were not identified at all were those of B. thurin-
giensis, which were frequently mixed up with B mycoides spec-
tra. It is known from the nucleotide sequences of the 150-bp
3’-end 168 rRNA genes, as well as {rom those of the 70-bp 5'
165-238 internal transcribed spacer (ITS) region, that the two
specics are phylogenctically very similar (61). Indeed, their
phenotypic and genotypic similarities recently led to a proposal
to regroup them, together with B. anthracis and Bacillus cereus,
into a single species (17).

DISCUSSION

Fast and reliable inactivation of bacterial endospores can be
achicved with a great varicty of different antiseptics and disin-
fectants. Most of the sporicidal agents provoke lysis and leak-
age of intracellular conslituents by degrading most of the per-
meability barriers, which play different roles in the endospore’s
resistance. The various layers of proteinaccous spore coats,
which surround the spore cortex, protect the spore from at-
tacks by a large number of chemicals, particularly oxidizing
agents such as hydrogen peroxide, sodium hypochlorite, chlo-
rine dioxide, or ozone (52). Smaller hydrophobic and hydro-
philic molecules are hindered on their way to the core by the

extremely low permeability of the spore’s inner membrane
(36).

Most of the oxidizing agents, strong acids, and ethanol kill
spores by causing some type of damage to the spore’s perme-
ability barriers, such that when the treated spores germinate,
these damaged membranes rupture, resulting in spore death
(36, 51). For some of the oxidizing agents, the location of
damage could be pinpointed to the endospore’s inner mem-
brane (5); for others, only a general disruption of spore per-
meability barriers is reported. Interestingly, Cortezzo ct al.
found out that spore inactivation via a variety of oxidizing
agents is not accompanied by loss of DPA (5), whereas acid-
inactivated spores extrude DPA and other fibrillar material,
including DNA (51). In addition, pretreatment with oxidizing
agents makes the surviving spores more sensitive to inactiva-
tion by normally nonlethal heat and osmotic stresses in the
presence of high salt concentrations in plating media.

These findings arc in good agreement with the results we
obtained by using PAA as a disinfectant. Among other perox-
ides, peracetic acid is frequently used in common disinfection
procedures and is considered to be a more potent biocide than
hydrogen peroxide. As with hydrogen peroxide, the hydroxyl
radical appears to be of prime importance, and its inactivation
mechanism is based not on DNA damage but rather on a
weakening of the endospore’s inner membrane by disrupling
sulfhydryl (—SH) and sulfur (S—S) bonds of proteins (32, 33).
As shown in Fig. 4 and in the dendrogram in Fig. 6, this
internal damage only partially forces the spores to extrude core
material, since most of the endospores remained intact and
retained intracellular DPA after a short treatment (15 min)
with highly diluted PAA (1%). The leakage is more pro-
nounced at higher PAA concentrations (2%) and with longer
exposure times (>1 h). Furthermore, the probability of mea-
suring not only intact or harmed endospores but also metab-
olites of the vegetative cells increased with the inactivation
time and PAA concentration, as shown in Fig. 4. According to
these results, not a microbial cell but a residue of formerly
intracellular gramutes of PHB has been measured. When PHDB-
producing cells die, PHB is released into the environment,
where it is transformed into a denatured semicrystalline state
(21).

In case of the chlorine-releasing product Danchlorix, the
complete spore lysis we observed was also achieved in other
studies with sodium hypochlorite (28). Tn those studies, loss of
refractivity, separation of the spore coats from the cortex,

0102 'ZZ I4dy uo O1LYD11aNd D14ILNIIOS NYOIYIINY Je Bio'wse wae woy pepeojumod

69




Publikationen

2904 STOCKEL ET AL. APPL. ENVIRON. MICROBIOL.
extensive discharge of Ca?*, dipicolinic acid, and DNA/RNA,
gE|lmroon and finally lysis occurred.
_ g Inactivation of endospores by wet heat had the same deplet-
| = ing effect. Here again, not the DNA but proteins are assumed
= 3 2 to be the target (36), explaining the shift of the amide III band
§ —Z 3|me-&° in the observed Raman spectra of Fig. 3. This is confirmed by
Cﬁ 8 - previous work (38), where alterations of amide T and amide TT
é £ S bands due to autoclaving could be monitored by means of
= P R Fourier transform infrared spectroscopy (FT-IR), and where
;é‘ S the absorption band at 1,570 cm %, a diagnostic band for DPA,
2 < was lost, as shown in Fig. 3. Since the major part of this salt is
E " no o~ deposited in the core of endospores, these ruptures due to
'% - autoclaving-induced cleavage of endospores seem to reach into
= the inner part of the cell, where most spore enzymes, as well as
2 DNA, ribosomes, and tRNA, are located. Thus, not only de-
g S—oow naturation of macromolecules and subcellular structures, in-
g |7 5 cluding proteins, cytoplasmic membranes, and nucleic acids,
‘§ § - occurs during autoclaving, but also a major loss of those
= f EFlaoeno biomolecules, as well as the ubiquitous DPA salt, takes place.
2 (%8 =3 N This method of extracting soluble microbial proteins can be
5 < R beneficial for some analysis mcthods that rely on those pro-
"i g g 3 cowmoo teins as biomarkers, e.g., for the matrix-assisted laser desorp-
&‘; z =g ™ tion—time-of-flight (MALDI-TOF)/intact-cell mass spectrome-
'z = > try (ICMS) methodology (29). But unlike these approaches,
5 ? Raman spectroscopy does not analyze bulk samples or frac-
R camor tions thereof but intact single cells.
3 g li That is why all the types of chemical agents discussed above
g ° i;—‘ are inappropriate for the purpose ol identilying bacterial
N spores by means of Raman spectroscopy, since retaining the
EQ < -—4~DOO:4’: . . ol ey . . s T b e e . PO
£ |3 structural integrity and most of the biochemical composition of
S5 |5 = single cells is a necessity for micro-Raman-based identification
2 =13 . of inactivated pathogenic endospores. The considerable alter-
5 E = | § co-me ations of spore integrity by PAA, Danchlorix, and autoclaving
zE|Zle| 3 obviously have a nonnegligible impact on the Raman spectra of
- 2| ¢ the endospores, which coincide with a loss of information in
U; i “ cowoo the Raman spectra and thus with decreased identification ac-
& < curacy. Additionally, the homogeneity of the inactivation treat-
2 5 ment has to be guaranteed. The achievement of a maximum of
§ - uniformity among the sterilized cells is another important ob-
3 TeeT= jective, since chemotaxonomic classification relies mainly on
g constantly rccurring spectral patterns among an ensemble of
S single-cell spectra. If the inactivation treatment alters cells of
g oo the same species differently and thus decreases the uniformity
2 - of the respective spectra, these Raman data are less uselul for
o building up a database for superviscd identification routines.
'é 2 Alternatively, the database might comprise all the inactivation-
= gl€es|mTTac induced spectral variances, but then it would probably gain a
2 3 ° dimension ol enormous extent.
§ Z Formaldehyde is also employed for a variety of decontami-
2 Noemoo nation processes, since it is sporicidal (49). Loshon et al.
£ achicved a 99% killing rate for B. subtilis endospores in 40 min
38 at 30°C with 25 g/liter formaldehyde (30). Endospores are
< 0w SO~ inactivated by formaldehyde due o some unique features of
K = this molecule. This small molecule can pass through ail the
) protective layers to advance directly into the core of the en-
fE . B dospore. There the genotoxic properties of formaldehyde take
- .g § - ;{ effect, causing spore inactivation at least in part by DNA dam-
; §§ § £ age; protein-DNA cross-linking is proposed to be onc muta-
R £ genic mechanism of formaldehyde (30). However, the precise
Dadded nature of the DNA damage is as yet unknown. The major
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ABSTRACT: Raman micro-spectroscopy was applied to compile a
large-scale database of Raman spectra of single Bacillus endospores and

to calculate classification functions, which were trained to discriminate ]
between endospores of 66 strains from 13 Bacillus and Bacillus-related
species including B. anthracis. The developed two-stage classification
system comprising two support vector machines and one linear E
discriminant analysis classifier was then challenged by a test set of 27 ¢
samples to simulate the case of a real-world-scenario, when “unknown E
samples” are to be identified. In the end, all 27 test set samples including

six B, anthracis strains were identified correctly. The samples thereby
covered a diverse selection of species within the phylogenetically broad .
Bacillus genus and also included strains, which were not incorporated in

the database before. All of them were correctly identified on the species

level with accuracies between 88 and 100%. The sample analysis itself requires no biomass enrichment step prior to the analysis
and qualifies the presented Raman spectroscopic approach to be a rapid analysis system in term of Bacillus endospore typing.

) . . . \ )
3000 1800 1600 1400 1200 1000 800
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Bacillus is a large genus of aerobic endospore-forming genera
and comprises bacteria of an enormous breadth in physiological
and genetic diversity. Several taxa are of outstanding scientific
or societal importance as for example members of the so-called
B. cereus group (CG). Today, six validly published species
collectively compose the group: B. anthracis, a highly
pathogenic risk group 3 species as causative agent of anthrax,'
and B. cereus, a risk group 2 species best known for causing
symptoms of vomiting or diarrhea in food ];uoiscunings.z Further
members are B. thuringiensis, B. mycoides, B. pseudomycoides, and
B. weihenstephanensis. There are controversies concerning the
taxonomy of this very group: While some authors suggest to
include one more species (or subspecies),j others prefer to
consider B. anthracis, B. cereus, and B. thuringiensis as one single
species due to very high DNA sequence similarities.* The
equivocal taxonomic interrelationship of these species makes a
rapid discrimination difficult, although various detection
methods have been developed, and many more are in the
development phase, The main workhorses are still conventional
microbiological methods, where a phenotypic differentiation
especially of B. cereus group members in environmental samples
is difficult.” Additionally, they tend to be most labor intensive
and often require 1—-2 days of testing. They have to be
performed by well-trained and certificated personal under
restrictive Biological Safety Level 3 (BSL 3) containment
environments. And most of the so-called typical reactions are

< ACS Publications @ xxxx American Chemical Society

culture dependent and/or plasmid coded. Strains with
characteristics of B. cereus have been isolated from animals
with clinical anthrax.® Other studies showed that only 85% of B,
anthracis strains were phage-sensitive, and a few nonanthrax
strains underwent phage-lysis.”

Second in line of the B. anthracis detection systems are a
battery of nucleic-acid based assays, which are also challenged
by a number of pitfalls. Endospores have been reported as
difficult to process because their nucleic acid is encased in a
very resistant shell.® The 165 rRNA sequence analysis is of no
avail for B. cereus group members, since their sequences are
almost identical: A 100% sequence identity between B.
anthracis and B. cereus was reported, and a difference of only
4—9 nucleotides from the sequences of B. mycoides and B.
thuringiensis was found” The strategy to detect sequences on
the B. anthracis virulence plasmids pXO1 and pXO2 falls short
in the case of B. anthracis strains lacking either one or both of
these genome segments or non-B. anthracis strains that
acquired those plasmids via horizontal gene transfer.® Most of
these amplification methods therefore have to rely on both a
chromosomal marker and a marker on one of the virulence
plasmids.' Other molecular methods like amplified fragment
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length polymorphism analysis (AFLP) or variable number
tandem repeats analysis (VNTR) achieved very high levels of
resolution even for strain identification of B. anthracis, but these
methods are designed to work on isolated colonies and hence
are unlikely to achieve relevant identification of B. anthracis on
field'* A general drawback of PCR-based methods is the need
for a clean starting sample due to the method's liability to a
myriad of inhibitory substances.'* An application for real-time
biodetection of environmental samples is therefore limited,
since a precultivation is still mandatory.

Antibody-based tests use conjugated monoclonal and
polyclonal antibodies induced against B. anthracis. However,
many of them have shown cross-reactivity with CG-members
and their production is often difficult.'® A further limitation is
the relatively high detection limit compared to other
teC]‘ll‘lituS,M which also is not a supportive for a convenient,
rapid, and real-time detection of B. anthracis.

Modern analytical technologies based on mass spectrometry
follow a strategy after which specific biomarker signatures of
bacteria, like patterns of proteins, carbohydrates, or fatty acids,
are registered. This makes a microbial identification by a
pattern-matching algorithm with the help of chemometrics
possible. For example, extensive work has been done to
elaborate discriminating spectral features between different
Bacillus species relying on protein patterns.ls’m However, a
successful application of mass spectroscopy-based techniques
still requires a cultivation phase under rigorous conditions and,
apart from intact-cell mass spectroscopy (ICMS), work steps to
release and derivatize biomarkers from the cells into
components, which are amenable to the analysis.

The joint concept of microscopy and Raman spectroscopy
(Raman micro-spectroscopy) with visible light excitation allows
probing of bacteria at single-cell level and thus makes biomass
enrichment steps prior to analysis redundant.'” It is also
possible to identify bacteria by matching experimental spectral
Raman fingerprints of single bacteria with reference members
of the same biological species in preformed spectral databases.
This pattern-matching approach was applied in medical, food-
processing, or military fields to sense a various number of
different pathogenic micro-organisms.'®™>" Even several in-
depth studies concerning the Raman-spectroscopic character-
ization of Bacillus endospores have already been per-
formed,?! ™ including an assay to sense endospores in
complex matrices like baking powder or sand.** Especially the
latter publication exemplifies the robustness of Raman micro-
spectroscopy in dealing with environmental samples, in which
the sensitivity for PCR-based detection systems is deteriorated
due to attenuating and inhibitory effects of matrix constituents.
This is all the more important, since nucleic acid amplification-
based techniques are strongly adapted to the target agents by
the chosen set of primers, e.g., amplifying sequences on both of
the B. anthracis-specific virulence plasmids pXO1 and pXO2
allows solely the detection of (virulent) B. anthracis. However, a
Raman-spectroscopic approach represents a multiplex sensing
system when combined with a comprehensively armed spectral
database, i, containing reference Raman spectra of a wide
range of Bacillus and Bacillus-related species. All species, of
which end-member spectra are registered in that database, can
then be simultaneously identified. Out of this reason, we
compiled a large database of single-endospore Raman spectra to
cover a broader fraction of the genotypic diversity among the
Bacillus genus and related genera and employed it in
combination with statistical analytical methods to identify not

only samples of B. anthracis but also other more or less closely
related Bacillus species, e.g,, the food contaminant B. cereus or
harmless soil saprophytes like B. pumilus or B. subtilis. To
achieve this, we also developed a multistep classification scheme
with two types of supervised classifiers: linear discriminant
analysis (LDA) and support vector machines (SVM).

H MATERIALS AND METHODS

Species and Strains Used. An overview of the Bacillus,
Geobacillus, and Paenibacillus species and strains used
throughout this study is provided in Table 1. Most of the
nonpathogenic strains were obtained from the German
Collection of Microorganisms and Cell Culture GmbH,
Braunschweig, Germany, whereas all pathogenic and a few
nonpathogenic Bacillus strains were provided by the Federal
Research Institute for Animal Health, Jena, Germany.

Sample Preparation and Inactivation. To account for
biological variability, at least two independently cultivated
batches of each Bacillus strain were prepared. Thus, suspensions
of each Bacillus species with concentrations around 10 spares
per milliliter were produced via two different methods: One
method was the cultivation on nutrient agar (NA) plates at
30 °C. The medium is formulated as follows: 5.0 g of peptone,
3.0 g of meat extract, 0.04 g of MnSO,-H,0, 15 g of agar, and
1000 mL of distilled water (pH 7.0 + 0.2, autoclaved at 121 °C,
20 min). The bacteria were rinsed off the plates after seven days
of cultivation and washed three times by centrifugation for
2 min at 12100g (MiniSpin, Eppendorf, Hamburg) and
resuspension in distilled water (pH 7.0 + 0.2, autoclaved at
121 °C, 20 min). For the other cultivation approach, bacteria
were inoculated into Trypton-Glucose-Broth (TGB) consisting
of 2.5 g of yeast extract, 5.0 g of trypton, and 1.0 g of glucose
per 1000 mL of distilled water (pH 7.2 + 0.2, autoclaved at 121
°C, 20 min). After incubation at 37 °C for 3 d, 1 mL of the
TGB was inoculated on yeast extract agar consisting of 10.0 g of
peptone, 2.0 g of yeast extract, 0.04 g of MnSO,-H,0, and 15 g
of agar per 1000 mL distilled water (pH 7.0 + 0.2, autoclaved at
121 °C, 20 min). After incubation at 37 °C for 9 days, the
spores were harvested by washing with 5 mL of distilled water
and centrifugation at 2218g for 10 min (Heraeus Biofuge Primo
R, Thermo Fisher Scientific Inc, USA). The sediment was
washed four times using distilled water before the suspension
was heated at 75 °C for 10 min. Formaldehyde (1.5 mL of 20%
solution, Sigma-Aldrich Chemie GmbH, Taufkirchen, Ger-
many) was applied to the endospore pellets, which were
acquired after centrifugation of the prepared suspensions to
inactivate the potentially pathogenic endospores.h The samples
were rotated continuously (VWR tube rotator, VWR, Leuven,
Belgium) during the time of treatment of one hour until the
process was stopped by centrifugation with 12 100g (MiniSpin,
Eppendorf, Hamburg, Germany) for one minute. The final
suspensions were stored at 4 °C until further processing.

Spectroscopic Instrumentation. All of the Raman spectra
were collected under ambient conditions. The Raman
spectroscopic measurements were carried out with a micro-
Raman device (BioParticleExplorer, rap.ID Particle Systems
GmbH, Berlin, Germany) that allows automated measurements
of single-cell Raman spectra with an excitation light of 532 nm
from a solid-state frequency-doubled Nd:YAG module (LCM-
S-111-NNP25, Laser-export Co. Ltd.). An Olympus MPLFLN
100XBD objective focused the Raman excitation light onto the
sample with a spot size of <1 gm laterally so that approximately
7 mW hit the sample. The integration time per Raman
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spectrum (=113 to 3186 cm™') was five seconds after a
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89 23cssddesses & 3 photobleaching period of one second to mitigate spectral
contributions because of fluorescence, though it was already of

a minor extent in most of the endospore spectra. After removal of

% KL EZsD LSRR EaE the Rayleigh scattering via two edge filters, the 180°
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e =222 backscattered Raman light was diffracted with a single-stage

=]

& monochromator (HE 532, Horiba Jobin Yvon) with a 920

lines/mm grating and collected with a thermoelectrically cooled
charge-coupled device camera (DV401-BV, Andor Technol-
ogy) with a spectral resolution of ca. 7 cm™". For single-cell
measurements, one spectrum of each cell was recorded after
2.5 s and one after 5 s, These two were afterward compared for
spike removal.

Multivariate Analysis. Gnu R was used for the statistical
:malysszs:.le The procedure mainly consisted of three steps:
preprocessing, training of the self-learning machines to build a
model, and validation. The preprocessing of every data set was
always the same. First, the background of the spectra and
cosmic spikes were removed. The background was stripped off
by employing a statistics-sensitive nonlinear iterative peak-
clipping algorithm (SNIP), which is in principle a composite of
a low statistics filter and a peak-clipping algclrithm.17 A fourth-
order-algorithm was applied with a clipping window of seven to
generate an individual background for each spectrum, which
then is subtracted from the corresponding original spectrum.
Because of their origin, the cosmic spikes are neither correlated
in time nor in space and could therefore be localized by
recording two Raman spectra of the same endospore. Intensity
differences for each channel and their standard deviation were
calculated and spikes located in channels, where the intensity
difference exceeded twice the standard deviation. The spectra
afterward underwent a wavenumber calibration with acetami-
nophen as standard® before a cut off took place: For the
calculation the wavenumber regions 639—1802 em™' and
2783—3186 cm ™' were used. A further preprocessing step was
normalization: A spectrum was divided by its area, which was
calculated as the Euclidean distance of the spectrum to the zero
spectrum. Optionally, a principal component analysis (PCA)
was performed to reduce the dimensionality of the problem and
to remove white noise.”” After a particular channel the scores
were cut off in the new spectral space. The number of chosen
scores correlates with the size of the data set, but a good choice
is to use not more than 5% of the number of spectra to avoid
overﬁtting.30 New sets of spectra were always preprocessed the
same way. To convert two sets in the same spectral space we
did not perform a PCA with the combined data set but rather
rotated the new set by the loadings of the PCA of the first data
set into the spectral space of the first data set. For the
unsupervised hierarchical cluster analysis (squared Euclidian
distance and Ward algorithm), only the first 5 scores of the
PCA were considered. We chose a LDA and SVM as supervised
classifiers to evaluate the spectral data sets.”'* For the LDA,
only the first 21 scores of a PCA went into the calculation,
whereas no PCA was performed in advance of a SVM. 10-fold
cross-validation was used to validate the classifiers and
determine the optimal kernel parameters of the employed
radial basis kernel in case of the SVM via grid search. The
resulting accuracy was taken as accuracy of the classification
model. An estimation of the generalization error was done by
means of a hold-out technique: Sets of endospores from all the
analyzed Bacillus species were used for training, other
completely independent batches of the same strains, which
were separately cultured, were used as identification set

Germany. “University Hohenheim, Stuttgart,
cluded in the database but taken as validation

Germany. “All marked strains were not in

samples to be identified by the classifiers, DSM, Deutsche Sammlung von Mikroorganismen, Braunschweig, Germany; WSBC, Weihenstephan Bacillus collection, Institute of Mikrobiology, Technische

Universitit Miinchen, Freising-Weihenstephan, Germany.

Federal Institute for Risk Assessment, Berlin,

strains®
13/38, 19/37, 19/39, 19/57, 25/20, 53/59, 527, 4463, 5261, B11/38, B22/39, UD Ill-?b; AS8, Ames A93, Voﬂum:"'f, 03—1640, 0341641'*; Sterne®

DSM 675, DSM 2277, DSM 5551
, Jena — originating in detail from the following:

WSBC 10067, WSBC 10206, WSBC 10208, WSBC 10379, WSBC 10389, WSBC 10396, WSBC 10415, WSBC 10550, WSBC 106907

DSM 10, DSM 347, DSM 618, DSM 704, DSM 109+, DSM 2109, DSM 6399, DSM 6405
DSM 7263

DSM 354, DSM 361, DSM 492, DSM 766, DSM 1794/, DSM 2893, DSM 13835
DSM 350, DSM 2046, DSM 5725, DSM 5815, DSM 6070, DSM 6890"

DSM 3F, DSM 345, DSM 487, DSM 626, DSM 4490, DSM 6791
DSM 28, DSM 488, DSM 1867, DSM 2899

DSM 13
DSM 299, DSM 307, DSM 2048

DSM 36, DSM 256, DSM 740
“B. anthracis strain collection of Friedrich Loeffler Institut

DSM 32, DSM 90
DSM 22, DSM 297

abbr
Bant
Batr
cer
Bmeg
Bmyc
Bpum
Bsph
Bsub
Bthu
Bwei
Geob
Geob
Ppol

Blic

species

B. anthracis” (18)
B. atraphaeus (3)

B. cereus (6)

Germany. “Robert Koch-Institut, Wernigerode, Germany. “EQADeBa-Repository, Robert Koch-Institut, Berlin,

G. stearothermaphilus (2)

B. weihenstephanensis 9)
P. polymyxa (3)

B. licheniformis

B. megaterium (2)
B. mycaides (3)

B. pumilus (7)

B. sphaericus (4)
B. thuringiensis (6)
G. kaustophilus

Table 1. Bacillus Strains, Abbreviations, Number of Raman Spectra in the Database, and Standard Deviation of the Means (SDM) per Species
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Figure 1, Mean Raman spectra of each of the analyzed Bacillus species: (a) B. anthracis (calculated from 2227 single endospore Raman spectra,
double standard deviation depicted as gray corona), (b) B. atrophaeus (817 spectra), (c) B. cereus (796 spectra), (d) B. licheniformis (201 spectra), (e)
B. megaterium (315 spectra), (f) B. mycoides (691 spectra), (g) B. sphaericus (407 spectra, double standard deviation depicted as gray corona), (h) B.
pumilus (832 spectra), (i) B. subtilis (1010 spectra), (j) B. thuringiensis (1023 spectra), (k) B. weihenstephanensis (1326 spectra), (1) Geobacillus spp.

(618 spectra), (m) P. polymyxa (496 spectra).

(validation set). In doing so, an application of the procedure
under realistic conditions was simulated and its accuracy
assessed.

B RESULTS AND DISCUSSION

Mean Raman spectra from analyzed Bacillus and Bacillus-related
species are displayed in Figure 1. They were obtained by
averaging preprocessed single-cell Raman spectra and are
presented to give a species-wise overview of the typical signal
patterns in endospore Raman spectra. The most dominant
Raman signals in all of the spectra are attributable to the
calcium chelate of pyridine-2,6-dicarboxylic acid (calcium
dipicolinate, CaDPA). This endospore-specific substance is
largely deposited in the endospore’s core (ca. 5—15% of the
spore dry weight) and is responsible for the low water content
in the core giving the endospores their remarkable heat
resistance.”® The observed bands can basically be divided in
two groups according to their origin: Skeletal vibrations of the
pyridine ring (657, 1013, 1450, and 3085 cm™) and vibrational
modes due to the carboxylate group (821, 1397, and
1578 em™).** Band positions and relative intensities of these
signals vary only slightly between the spectra in Figure 1, and
since CaDPA is ubiquitously present in all Bacillus endospores,
these bands taken alone are not diagnostic beyond indicating
the general presence of endospores. Thus, also signals of other
biopolymers in the bacteria need to be taken into account, such
as the ring vibrations of cytosine/uracil at 781 cm™!, the
1001-cm™ band of the ring breathing vibration of phenyl-
alanine, or the 1659-cm™" biomarker for the amid 1 mode.?!
Not all bands arise exclusively due to one single class of
molecules but are rather superpositions of several types of
biomolecules. This can be seen, e.g, at the aforementioned
band at 821 cm™, where the tyrosine ring breathing mode
overlaps with a COO~ signal of CaDPA. Another example is

the CH,/CHj; deformation mode of proteins and lipids at 1450
cm™" supplemented by the CaDPA pyridine ring vibration. Also
1578 cm™' is made up by ring vibrations of guanine and
adenine combined with the asymmetric carboxylate vibration.
Finally, the prominent C—H band in the high-wavenumber
region at 2939 em™' is a generic marker for almost all types of
biopolymers in bacteria bearing carbon and hydrogen. Upon
closer inspection, some signals unique for certain Bacillus
species can be located. The inconspicuous bands at 1153 and
1516 cm™ are exclusive features of the B. megaterium spectrum
(Figure le) and are normally typical hallmarks of carotenoids.
Indeed, strains of B. megaterium were found to express several
pigments, most probably as safeguard mechanisms against UV
radiation.” Another, in this case B. sphaericus-specific, signal
pattern (Figure 1g) is clearly evident in form of the band triplet
at 745, 1125, and 1310 cm™, which presumably originates from
heme-bearing proteins such as cytochromes.®® It is obvious that
the mean spectra of different species share a tremendous
similarity with each other, and no unique features strike out as
possible marker bands for a certain species. Bare-eyed
discrimination of the average spectra (and the single-cell
Raman spectra behind them as well) in Figure 1 is therefore a
futile endeavor. A more promising way to dig out the miniscule
interspecies differences is by interpreting the whole spectrum in
a multivariate way as spectral fingerprint. An in-depth and
exhaustive knowledge of each of the signals in the Raman
signatures is not mandatory in these pattern-matching
approaches, nonetheless the whole information is considered
in the data evaluation. However, an important premise to do so
is a sufficient reproducibility of the spectra within the species,
although the spectra of one species stem from different strains
and batches from two different laboratories and were measured
on different days by different operators. After preprocessing,
the treated spectra have to be analyzed for inherent variations
due to the fact that single cells are measured: Unavoidable
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fluctuations in the biochemical makeup from cell to cell in one
batch cause spectral variations.”” To compare the species
among each other, a normalized standard deviation is calculated
for each species. The mean of the standard deviation per
channel is normalized to the standard deviation of the channel
means resulting in a standard deviation of the means (SDM).*
Thus, the standard deviation per channel is put into relation of
a mean spectrum’s statistical property. The SDM values for
each species are given in the rightmost column of Table 1,
where low SDM numbers represent low channel-wise
variabilities and thus high reproducibility and reliability of the
data set. High numbers in the range of nearly 1 would stand for
high volatilities per channel and would cast doubt on the data’s
reliability. All calculated SDMs are significantly lower than 1 in
a tight interval between 0.14 to 0.21. B. anthracis spectra (SDM
0.14) sticks out by a very high homogeneity only topped by B.
weihenstephanensis (SDM 0.13), whereas B. sphaericus has the
highest SDM of 0.21. To identify the underlying spectral
variations, the distribution of all individual class spectra is
depicted in Figure 1 by visualizing the double standard
deviation per wavenumber for B. anthracis (a) and B. sphaericus
(g) in the form of gray coronas surrounding the mean spectra:
Spectral features remain widely constant in both cases in terms
of signal locations and band intensities. Especially the ensemble
of single B. anthracis spectra exhibits a remarkably high
reproducibility with almost constant standard deviations for
all wavenumbers. The situation however is slightly different for
B. sphaericus, as specifically the bands of CaDPA bear a
relatively high variance compared to other signals, which is
readily identifiable at the 1016 cm™" peak. This is a reasonable
outcome, as Huang et al. have already ascertained significant
variations of CaDPA levels among single endospores of one
species hypothesizing a size effect of single endospores between
and in-between single strains.”> We therefore built a database
with more than 10000 Raman signatures of single endospores
(Table 1) to mirror the naturally occurring variations of
CaDPA in individual cells as good as possible, so that any
detrimental effects on the data mining operations described
below are minimized.

The database consisted of single endospore Raman spectra
from 13 species and 66 strains. In an attempt to structure this
massive amount of data, a HCA was performed to organize the
spectra according to interspectral similarities. Since this is a
nonhypothesis technique, no particular attention to the
underlying class structure was paid, and all 66 (Geo-, Paeni-)
Bacillus strain average spectra were fed into the algorithm in an
unbiased way. The resulting outcomes can help to structure and
devise strategies for more sophisticated data evaluation
approaches as outlined below, which also consider a priori
class information. The dendrogram in Figure S1 of the
Supporting Information depicts partitions that mirror well-
expected relations known from taxonomic considerations:
While block A almost exclusively contains the spectra of B.
anthracis, B. cereus, B. mycoides, B. thuringiensis, and B.
weihenstephanensis strains, block B pools together the spectra
of all the other Bacillus species plus the two non-Bacillus species
with the exception of two B. thuringiensis strains and one B.
cereus strain, which are boldfaced in the dendrogram. The
whole data set is apparently divided by the HCA into a B. cereus
group (BC group) cluster A and non-B. cereus (NBC group)
cluster B. This principle breakdown suggests an evident
harmony between Raman spectroscopic fueled relationships
and phylogenetic or taxonomic ones.

In the upcoming calculations we were trying to derive a
benefit from this basic information by structuring the
classification systems in two steps. The idea is to condition
computer algorithms, which learn by example, to assign labels
(Bacillus species) to objects (single-endospore Raman spectra)
by modeling probabilities of class membership. The training
ground for the classifier is a comprehensive compilation of
bacterial reference Raman spectra, which ideally comprises end
member spectra of all species that are to be identified. Thus,
10759 Raman spectra of single Bacillus, Geobacillus, and
Paenibacillus endospores, broken down in species and strains
in Table 1, represented the input or training data. Scheme 1

Scheme 1. Structure and Parameters of the Classification
Tree and the Underlying Database
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portrays the overall work flow for the data analysis. It shows not
only the hierarchy in the training data set, but also the
succession of decision steps of the classification and
identification process. This decision tree was orientated on a
spectral hierarchy in the data, as was worked out under the
preceding paragraph. At the top level, a decision between
species of the B. cereus group (CG) and non-B. cereus group
(NCG) is done before at the second hierarchical level a
subdivision into the respective species is carried out. We chose
two elementary binary classifiers to perform the task at hand:
LDA in combination with a PCA and SVM. Both were recently
applied to discriminate bacteria and particles of inorganic origin
according their Raman spectra and demonstrated different
suitability and application potenl;ials."'g”'n Thus, a toolbox of not
only differently operating classification algorithms but also of
parameters thereof stand to the disposal to optimally design
and fine-tune a classification system. All crucial parameters
(type of kernel, kernel parameters cost and gamma, number of
scores) were determined by optimizing each knot toward a
maximum of predictive ability, determined via cross-validation
and reduced reliability to overfitting. The final values for each
knot are delivered in Scheme 1. Attempts to calculate a
classifier, which was trained to discriminated all 13 species in
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Table 2. Results of the Three Classifiers after Processing 27 Test Samples”

top level species level
sample class strain CG NCG assigned to TP/all sensitivity classes of FP assigned to
1 Bant 03—1641 70 0 cG 68/70 97.1% Bthu (2) Bant
2 Bant 19-57 73 0 cG 72/73 98.6% Beer (1) Bant
3 Bant 5261 81 0 CcG 81/81 100% Bant
4 Bant AS8 72 0 CG 70/72 97.2% Beer (2) Bant
5 Bant Sterne 93 0 CG 90/93 96.8% Bthu (2) Bant
Bwei (1)
6* Bant Vollum 81 1 cG 80/82 97.6% Bthu (2) Bant
7 Batr DSM 5551 0 145 NCG 145/145 100% Batr
8 Beer DSM 487 89 0 CcG 82/89 92.1% Bant (7) Beer
9% Beer DSM 31 77 1 CcG 76/78 97.4% Bant (2) Beer
10 Blic DSM 13 0 119 NCG 116/119 97.5% Batr (1) Blic
Bpum (1)
Bsub (1)
11 Bmeg DSM 90 13 83 NCG 95/96 99.0% Bpol (1) Bmeg
12 Bmyc DSM 299 108 0 CcG 103/108 95.4% Bthu (4) Bmyc
Beer (1)
13 Bpum DSM 354 0 71 NCG 70/71 98.6% Batr (1) Bpum
14 Bpum DSM 361 1 66 NCG 67/67 100% Bpum
15% Bpum DSM 1794 0 118 NCG 115/118 97.5% Batr (3) Bpum
16 Bsph DSM 488 0 87 NCG 81/87 93.1% Geo (6) Bsph
17* Bsph DSM 2899 0 151 NCG 151/151 100% Bsph
18 Bsub DSM 6399 0 95 NCG 95/95 100% Bsub
19 Bsub DSM 1091 1 188 NCG 184/189 97.4% Batr (4) Bsub
Ppol (1)
20 Bthu DSM 2046 86 0 cG 76/86 88.4% Bmye (5) Bthu
Bwei (3)
Bant (2)
21 Bthu DSM 6070 7. 0 CG 75/75 100% Bthu
2% Bthu DSM 6890 201 0 CG 200/201 99.5% Bwei (1) Bthu
23 Bwei WSBC 10389 9 0 cG 95/96 99.0% Bmyc (1) Bwei
24 Bwei WSBC 10415 95 0 cG 93/95 97.9% Bant (1) Bwei
Bmye (1)
25% Bwei WSBC 10690 168 0 cG 163/168 97.0% Bant (3) Bwei
Bthu (2)
26 Geo DSM 22 0 131 NCG 130/131 99.2% Bsub (1) Geo
27 Ppol DSM 740 1 117 NCG 118/118 100% Ppol

“CG = B, cereus group, NCG = non-B. cereus group, TP = true positives, FP = false positives,

one step, were to no avail, as only an unsatisfactory
generalization ability was obtained, although the cross-
validation worked well (data not shown). Especially a
discrimination of the BC members proved to be difficult.

The top-level classifier was a SVM, which was fed with all
10759 Raman spectra of the training set to learn to tell the
difference between Raman spectra of CG and NCG species.
The internal cross-validation determined the accuracy of this
classifier to be 99.3%, i.e,, 10 680 of 10759 of the training set
spectra were correctly assigned according their CG or NCG
affiliation. On the lower tier, a second SVM classifier made full
use of all 6063 true CG spectra to be capable of discriminating
between the five CG species B. anthracis, B. cereus, B. mycoides,
B. thuringiensis, and B. weihenstephanensis. The classifier's
performance was determined by cross-validation to 97.1%.
The other second-layer classifier was an LDA optimized by
training with 4696 Raman spectra of the eight NCG species B.
atrophaeus, B. licheniformis, B. megaterium, B. pumilus, B.
sphaericus, B. subtilis, Geobacillus spp., and P. polymyxa. This
time, the accuracy amounted for 93.2% (4377 of 4696 spectra
were correctly classified).

Having the classification system at hand, it is now possible to
ask the system about the class-membership of 27 “unknown”
samples (1—27 as given in Table 2). These samples were
prepared anew and completely independent from the samples
produced for the model built-up but were processed and
analyzed as all the samples before. By challenging the model
with the Raman spectra of the 27 test samples, its generalization
ability (or insusceptibility to overfitting) was assessed. Thereby,
not only the predictive accuracy was measured but also the case
simulated, when real-world samples are to be analyzed. To
complicate the matter even more, we included in the test sets
Raman spectra of strains (samples marked with asterisk), which
had not been included in the model before. This was done for
all the species with more than three different strains in the
database: B. anthracis (test sample 6*), B. cereus (9%), B.
pumilus (15%), B. sphaericus (17%), B. subtilis (19%), B.
thuringiensis (22*), and B. weihenstephanensis (25*). This
gives an important estimation of the robustness of the system,
as it is highly possible to encounter nondatabase strains of a
specific species in real-world samples. Each spectrum of the 27
test samples was interrogated twice during the identification
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process: First, it is determined whether the spectrum is from a
CG or NCG endospore, thereafter to which species it belongs
to. Both decisions are done sample wise, i.e., the class to which
the majority of spectra is assigned to determines the class of the
whole sample. The outcomes of the classifiers are presented in
a somewhat condensed form in Table 2 and more detailed in
the confusion tables of Tables S1 and S2 of the Supporting
Information. The results of the top-level classifier can be found
under the column “top-level” in Table 2, where all samples 1—
27 were labeled as either CG or NCG. Correct diagnoses can
be stated for all the 27 samples giving rise to an average
accuracy of 99.4%. In 6 of 27 samples false negatives occurred,
notably in sample 11 (B. megaterium) with 13 of 96 wrongly
labeled spectra. The distribution of the samples in the end
corresponds perfectly with the true sample-classes: Samples 1—
6%, 8, 9%, 12, and 20—25* were categorized as CG samples,
while samples 7, 10, 11, 13—19%, 26, and 27 were categorized
to contain NCG endospores.

After the 27 validation samples passed the top-level classifier,
they were evaluated by the respective species-determining
classifiers. A sufficient discrimination of CG-endospores was
only achieved by a SVM, which was explicitly trained to
perform this very task (97.1% classification accuracy). The
columns under “species-level” in Table 2 outline the outcomes:
In the case of the 15 putative CG samples, a flawless
performance was achieved, as all samples were identified
correctly with accuracies in the range of 88.4% (sample 20, B.
thuringiensis) to 100% (samples 3, B. anthracis, and 21, B.
thuringiensis). Especially the diagnostic certainty for the six B.
anthracis samples is comparatively high with only 10 false
negatives among all 471 Raman spectra of this species plus 15
false positives coming from five different samples. Six of the B.
anthracis spectra were misidentified as being B. thuringiensis, a
tendency, which is to be expected, as it is advised to use this
species as nonpathogenic surrogate for B. anthracis.”' Even
sample 6* was identified correctly as B. anthracis, although it
contained endospores of the Vollum strain, of which no
reference spectra were incorporated in the database before; the
same is true for the non-B. anthracis strains 9% (B. cereus), 22*
(B. thuringiensis), and 25% (B. weihenstephanensis). To
summarize, the overall identification rate of this classifier can
be calculated to 97.1% (1424 of 1467 spectra correctly labeled).
The other second-layer NCG classifier—this time a less
computational-intensive PCA/LDA approach—also perfectly
assigned each of the 12 putative NCG-samples to the correct
species. The identification accuracies per sample were in all but
one case (16 B. sphaericus with 93.1% sensitivity) above 97%
and 1367 of all 1387 Raman spectra that passed this classifier
were put into the right class (98.6% sensitivity). The samples
with strains new to the model (15%, 17%, and 19%*) were all
assigned to the correct class, too, with sensitivities in the range
of the other samples.

Inspired by these results, we challenged the 2-step
classification system even further by testing Raman spectra of
endospores, which were isolated out of spiked household
powders.** Spectra of eight samples (P1—P8) of B. anthracis
Sterne (isolated from common salt), B. megaterium DSM 90
(bird sand), B. subtilis DSM 10 (milk powder), and B.
thuringiensis DSM 350 (baking powder) were labeled as Table
S3 of the Supporting Information presents: The top-level
classifier (97.8% accuracy) as well as both species classifiers
(CG, 92.1%; NCG, 97.2%) performed sufficiently so that all
eight samples were in the end identified correctly. A slight

tendency toward intermixing spectra of B. anthracis and B.
thuringiensis is given again. All in all, the accuracy levels of the
cross-validation were retained—or even slightly better in case
of the NCG-LDA classifier—for all validation samples and a
tendency toward overfitting was also not detectable. Therefore,
all “unknown” samples were correctly identified without
exception. This holds true even for Bacillus endospores
extracted from real-world samples. Finally, the database strains
obviously provide a generalization potential high enough to
identify even strains new to the model.

W CONCLUSION

Within this work, we strived to show that Raman spectroscopy
as a diagnostic tool for Bacillus endospores can complement
already established techniques by compensating some of their
weak spots. Above all, the independency of time-extensive
biomass enrichment steps peaks out. Only 50—100 intact
bacterial cells are required to deduce a diagnostic result for one
sample—a number of micro-organisms that can be quickly
extracted out of various kinds of environmental samples, when
an appropriate isolation protocol is at hand. This is all the more
true because inhibiting effects of the matrix, from which the
endospores have to be extracted, play, if any, only a minor role.
Another plus is the fact that the whole organism is probed, not
only specific biomarkers like plasmidic gene. Consequently, the
identification of B. anthracis with differing plasmid loadings
posed not a problem in our study: Virulent strains with a full
virulence plasmid setup like 03—1641 and 19—57 (samples 1
and 2) as well as nonvirulent pXOl-depleted (B. anthracis
5261, sample 3), pXO2-depleted ( sample S Sterne) strains and
also strains lacking both plasmids (B. anthracis AS8) were
correctly determined as being B. anthracis. A further merit of
the herein described Raman spectroscopic approach is its
general applicability in terms of discrimination of endospores
throughout the whole Bacillus genus and related genera. No
matter, whether pathogenic (for example B. anthracis or B.
cereus), environmental (among them B. pumilus or B. subtilis),
or industrially used endospores (e.g., B. licheniformis) are target
organisms, an identification via Raman spectroscopy is always
possible as long as reference-spectra of the respective taxon are
incorporated in the database and considered by the classifier.
We could also show that even Bacillus strains absent in the
database can safely be identified on species level. Thus, also
newly discovered strains from novel, often exotic, environments
can be taken into account in the future. In the end, this allows
an identification of multiple targets, which is beneficial in
eliminating false-negative and false-positive results, especially in
case of environmental samples with possible bacterial mixtures.
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Table S-1. Results of the CG-Classifier After Processing the 15 Test Samples, Which Had Been

Categorized to be CG-Endospores by the Top-Level Classifier Before

sample class

Bant Bcer Bmyc Bthu Bwei

sensitivity assigned to

th = L b —

(=)}
*

9%
12
20
21
22%
23
24
25%

Bant
Bant
Bant
Bant
Bant
Bant
Beer
Beer
Bmyc
Bthu
Bthu
Bthu
Bwei
Bwei

Bwei

68
72
81
70
92
80
7
2
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0
0
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97.1%
98.6%

100%
97.2%
96.8%
97.6%
92.1%
97.4%
95.4%
88.4%

100%
99.5%
99.0%
97.9%
97.0%

Bant
Bant
Bant
Bant
Bant
Bant
Bceer
Bceer
Bmyc
Bthu
Bthu
Bthu
Bwei
Bwei
Bwei

The actual class and the labeling of all spectra per sample are given line-wise along with the respective

sensitivities (true-positive rate) and the final class assignments. The overall identification accuracy
was 97.1% (1424 of 1467 Raman-spectra correctly identified on species level). Samples marked with
asterisks were strains with no reference-spectrum in the database.
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Table S-2. Results of the NCG-Classifier After Processing the 12 Test Samples, Which Had Been
Categorized to be NCG-Endospores by the Top-Level Classifier Before

sample class Batr Blic Bmeg Bpum Bsph Bsub Geo Ppol sensitivity assigned to
7 Batr 145 0 0 0 0 0 0 0 100% Batr
10 Blic 1 116 0 1 0 1 0 0 97.5% Blic
11 Bmeg 0 0 95 0 0 0 0 1 99.0% Bmeg
13 Bpum 1 0 0 70 0 0 0 0 98.6% Bpum
14 Bpum 0 0 0 67 0 0 0 0 100% Bpum
15% Bpum 3 0 0 115 0 0 0 0 97.5% Bpum
16 Bsph 0 0 0 0 81 0 6 0 93.1% Bsph
17* Bsph 0 0 0 0 151 0 0 0 100% Bsph
18 Bsub 0 0 0 0 0 95 0 0 100% Bsub
19* Bsub 4 0 0 0 0 184 0 1 97.4% Bsub
26 Geo 0 0 0 0 0 1 130 0 99.2% Geo
27 Ppol 0 0 0 0 0 0 0 118 100% Ppol

The actual class and the labeling of all spectra per sample are given line-wise along with the respective
sensitivities (true-positive rate) and the final assignments. The overall identification accuracy was
98.6% (1367 of 1387 Raman-spectra correctly identified on species-level). Samples marked with
asterisks were strains with no reference-spectrum in the database.
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Table S-3. Results of the Three Classifiers After Processing 8 Test Samples of Endospores
Isolated out of 4 Types of Household Powders"

top-level species-level
sample class  matrix
CG NCG  assigned to TP/all sensitivity classes of FP  assigned to
Pl Bant C 108 1 CG 97/109 89.0% Bthu (8) Bant
Bwei (3)
Bmyc (1)
P2 Bant C 82 0 CG 68/82 82.9% Bthu (12) Bant
Bwei (2)
P3 Bmeg S 6 53 NCG 52/59 88.1% Ppol (5) Bmeg
Bpum (2)
P4 Bmeg S 7 58 NCG 64/65 98.5% Ppol (1) Bmeg
P5 Bsub  MP 0 100 NCG 99/100 99.0% Batr (1) Bsub
P6 Bsub  MP 0 100 NCG 100/100 100% - Bsub
P7 Bthu  BP 100 1 CG 98/101 97.0% Bmyc (2) Bthu
Bwei (1)
P8 Bthu  BP 76 0 CG 76/76 100% - Bthu

“ C = common salt, § = bird sand, MP = milk powder, BP = baking powder;

CG = B. cereus group, NCG = non-B. cereus group, TP = true-positives, FP = false-positives

The actual class and the labeling of all spectra per sample are given line-wise along with the respective
sensitivities (true-positive rate) for the species-level classifiers and the final assignments. The overall

identification accuracies were 97.8% (top-level classifier), 92.1% (CG), and 97.2% (NCG).
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Figure S-1. Hierarchical Cluster Analysis of 66 Bacillus, Geobacillus, and Paenibacillus Strain
Mean Raman Spectra. A Euclidian Metric and Ward’s Algorithm as Clustering Method were
used. The Misclassified Spectra are Boldfaced.
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2.1.4 Raman Spectroscopic Detection of Anthrax Endospores in

Powder Samples
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Raman Spectroscopic Detection of Anthrax Endospores in Powder

Samples**

S. Stiickel, S. Meisel, M. Elschner, P. Résch, and J. Popp*

Polymerase chain reaction (PCR) is becoming the method of
choice for detecting microorganisms concealed in complex
matrices or “hoax materials” like houschold dry powders,
food, and soil.!") However, adding samples directly to a PCR
reaction is in most cases not possible because of the presence
of PCR inhibitors in the sample.”’ Thus, in order to reliably
use PCR, one must either enrich the culture prior to the
analysis, which is time-consuming for fastidious organisms, or
extract the total DNA directly from the sample, which
requires an extraction technique capable of processing differ-
ent sample types. However, since most DNA extraction
methods are often not generic in that sense, they lead to
unreliable DNA recovery yields.>?!

By combining microscopy and Raman spectroscopy with
visible-light excitation, it is possible to probe bacteria at the
single-cell level making biomass-enrichment steps prior to
analysis unnecessary.*! The whole organism is characterized
by its Raman spectrum comprising information about the
intracellular, membrane, and surface material of the cells. The
Raman spectral fingerprints of the bacteria can be compared
to reference spectra of the same or related species such that
bacteria can be identified in various possible civilian and
military scenarios, for example, Bacillus anthracis, the etio-
logical agent of the acute disease anthrax.”” Several publica-
tions have dealt with testing for Bacillus endospores embed-
ded in hoax materials and mail letters, but these relied solely
on detecting the endospore-specific substance calcium dipi-
colinate (CaDPA).1”! This strategy is limited, however, since
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nonpathogenic bacilli other than B. anthracis may deliver
false alarms.

‘We report here the first application of Raman spectros-
copy to detect and identify anthrax endospores in environ-
mental samples, even in the presence of other Bacillus species.
Our suggested process provides results within 3 h after sample
removal with minimal investment of material and time: First,
the contaminated samples (roughly 100 mg) must be inacti-
vated for 1h with formaldehyde solution to kill possible
pathogens” The subsequent endospore extraction based on
density-gradient centrifugation takes up to 30 min, before
a microliter of the final suspension is dried on fused-silica
plates and probed with a micro-Raman setup (6s per
endospore, 532 nm excitation).”! Finally the obtained endo-
spore Raman spectra are compared by means of chemometric
analysis and a spectral database.

We focused particularly on powders, because they are
among the most common nonclinical types of samples to be
tested for B. anthracis!” To cover a broad range of sample
types we selected seven household powders (baking powder,
gypsum, milk powder, baking soda, analgesic tablet, bird
sand, washing detergent) and spiked them with endospores of
two strains of B. anthracis plus four other Bacillus species. The
genetically closely related B. anthracis, B. mycoides, and
B. thuringiensis belong to the Bacillus cereus clade, which
often provoke cross-reactions with each other in PCR
assays'” More distant species are the soil saprophytes
B. megaterium and B, subtilis.

Studies performed on cynomolgus monkeys led to the
assumption that the LDy, value for humans is in the range of
around 8000 to 50000 colony forming units (cfu) for
aerosolized anthrax spores, which is equivalent to roughly
8-50 ng."! We inoculated defined spore loads into baking
powder and bird sand samples to test whether the chosen
isolation procedure is sensitive enough. Both matrices were
spiked with viable B. thuringiensis endospores in concentra-
tions of 10% 10° 10, and 10° cfu per gram of matrix. The
recovered endospores were enumerated by viable cell count-
ing (Table S1 in the Supporting Information): 1% to 12% of
the initial cells were isolated, which is sufficient, since 100
endospores per sample are enough to give reasonable results
in the following Raman measurements. A 1 pL portion of
cach of the prepared samples was analyzed by Raman
spectroscopy on the single-particle level as illustrated in
Figure 1 for a processed baking powder sample spiked with
B. anthracis Sterne. A dark-field image is transformed into
a binary image to assess particles according to morphological
features. The five labeled particles in Figure 1b were then
measured; their unprocessed Raman spectra are shown in
Figure 1¢ (i-iv: endospores, v: poly(3-hydroxybutyrate),
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Figure 1. Particle analysis applied on a baking powder sample spiked
with B. anthracis Sterne endospores. a) Dark-field-illuminated field of
view. b) Five particles (i-v) match the morphological criteria for
bacterial cells in the binary image. ¢) Unprocessed Raman spectra of
the particles i-v. The asterisk denotes a band from the fused-silica
substrate.

a common bacterial metabolite). In this way, roughly 50
particles per sample were measured with an integration time
of 5s plus 1s preburning time to mitigate the spectral
contributions of fluorescence, though this was already a minor
factor in most of the endospore spectra.

Figure 2a displays mean Raman spectra of each of the
analyzed Bacillus species. Dominating features in the spectra
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Figure 2. Raman spectra of Bacillus endospores and various matrix
particles. a) Background-corrected mean Raman spectra of B. anthracis
(i, caleulated from 997 single-endospore Raman spectra), B. megate-
rium (i, 1420 spectra), B. mycoides (iii, 1142 spectra), B. subtilis (iv,
1217 spectra), and B. thuringiensis (v, 947 spectra). The asterisk
denotes a band from the fused-silica substrate. b) Raman spectra of
particles of powdered milk (i, milk fat), baking powder (ii, starch), bird
sand (iii, quartz), baking soda (iv, sodium bicarbonate), gypsum (v,
calcium sulfate dihydrate), analgesic tablet (vi, acetylsalicylic acid),
and washing powder (vii, copper phthalocyanine). The spectra are
scaled and offset vertically for clarity.
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are mainly bands arising from the endospore-specific salt
CaDPA at 657, 1013, and 1397 cm '. Other spectral contri-
butions arise exclusively from proteins, for example bands at
1001 em™" (ring-breathing vibration of phenylalanine) and
1659 cm ™' (amide I), and are complemented by signals from
nucleic acids like the band at 781cm ' (ring vibration of
cytosine/uracil). Some bands can be assigned to superposi-
tions of signals from different biomolecules with CaDPA, for
example the bands at 821 cm™' (superposition of the ring-
breathing mode of tyrosine with the CaDPA carboxylate
stretching mode), at 1450 cm™' (the CH,/CH, deformation
mode of proteins and lipids), and at 1578 em™' (ring vibration
of guanine and adenine with pyridine ring vibrations of
CaDPA). The intense signal in the high-wavenumber region
at 2939cm ' is due to symmetric and asymmetric CH
stretching vibrations of mainly proteins and lipids."”

In samples with low bacterial load, not only endospores
but also biotic and abiotic matrix particles with endospore-
like appearance might be probed in this way. Spectra of these
clutter materials may disturb the subsequent statistical
evaluation, since the spectral libraries cannot contain spectra
of all possible matrix material. Figure 2b displays a collection
of Raman spectra of matrix particles encountered during the
measurements. An array of strongly distinctive Raman
spectra is visible and stands in stark contrast to the Raman
spectra of endospores (Figure 2a). It is therefore not a prob-
lem if matrix particles are measured, since their spectra can
easily be recognized and sorted out.

A proper data evaluation step is the third mainstay for our
concept. We selected a linear discriminant analysis (LDA) as
the algorithm of choice. This classifier was recently applied to
discriminate bacteria and particles of inorganic origin accord-
ing to their Raman spectra.l”’ To perform the classification
problem at hand the algorithm was trained to distinguish
between Raman spectra of the five different species. Thus,
a collection of Raman spectra of known origin was fed into
the algorithm to define discriminant functions for the best
discrimination between the groups. Endospores from at least
ten independently cultivated batches for each nonpathogenic
Bacillus species were either taken directly from the culture
medium or were inoculated into the powder matrices for at
least 24 h, inactivated, isolated, and analyzed by Raman
spectroscopy. This was done twice for every endospore—
matrix combination (for B. anthracis only baking powder and
bird sand) leading to a model database with a total of 5723
Raman spectra (Table S2a in the Supporting Information).
The considerable partitioning of the data due to three of four
discriminant functions is shown in Figure S1 in the Supporting
Information. After the discrimination functions were para-
meterized a cross-validation was performed: 5427 Raman
spectra were labeled correctly (94.8%, Table S3 in the
Supporting Information). Most of the false negatives occurred
between B. mycoides and B. thuringiensis; most of the
wrongly labeled B. anthracis spectra could also be found in
these two classes. Apparently the spectra of the Bacillus
cereus class are more similar than those of the other classes.

To simulate the analysis of unknown real-world samples,
samples spiked with new batches of the five Bacillus species
were prepared. In this way we could also estimate the model’s

Angew. Chem. Int. Ed. 2012, 51, 5330 -5342
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propensity to overfit the data. If the model is too specific to
the samples in the training data set, the model generalization
potential would be drastically lowered. This new set of 1650
spectra with “unknown identities” (Table S2b in the Support-
ing Information) was tested against the aforementioned LDA
model. In Figure 3a the data have been rearranged after the
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included in the model obviously corrupted the endospore
spectra.

To test whether a sample type yet unknown to the model
can be handled, we spiked common table salt with B. anthra-
cis and processed it in the described way. 191 Raman spectra
of isolated spores were measured and labeled by using the

model. In Figure 3b most of them (183/191 spectra,
95.8 %, Table 1) were put into the area populated by

the B. anthracis data of the model and misclassified
spectra were solely labeled to be members of the
B. mycoides class. However, it is apparent that
satisfactory identification rates can be achieved
even when the endospores originated from sample

types not integrated in the database in the first place.

This low susceptibility of the method’s efficiency
to matrix influences stands in marked contrast to
nucleic acid based detection techniques like PCR,
which require a very clean starting sample. For
cultured organisms PCR works well but has had little

2 2 0 2 a

Figure 3. LDA score plots of the validation data. The ellipsoids display the model
confidence intervals (double standard deviation) for each class. a) B. anthracis
(red), B. megaterium (cyan), B. mycoides (olive-green), B. subtilis (blue), and

B. thuringiensis (light green). b) The red crosses represent 191 spectra of B. anthra-
cis 367 endospores, which were isolated from a matrix (table salt) unknown to the

LDA model.

spectra had been projected on two of the LD axes. The
clustering of the data is pronounced; that is, data for each
single class are pooled together in coherent point clouds,
which are mainly located within the classification model’s
confidence intervals (double standard deviation, depicted as
ellipses) of the respective class. The confusion table (Table 1)
reflects the identification accuracies for each species, giving
an overall accuracy of 96.8%. The highest and lowest rates
are reported for B.subtilis (100%) and B. thuringiensis
(91.2 %), respectively; specifically for B. anthracis a sensitivity
of 99.6% was achieved. Falsely labeled spectra occurring for
B. anthracis, B. mycoides, and B. thuringiensis were assigned
to one of these three classes. All in all, the recognition rates
for the new set of spectra are in the range of those achieved by
cross-validation by using model inherent spectra. This can be
said for all the different sample types, since no maltrix type

Table 1: Results of the validation experiment with an independent
dataset.”!

Identified as®  Bant Bmeg Bmyc Bsub Bthu  Bant[C]
Bant 241 4 3 0 0 183
Bmeg Q 374 0 0 0 Q
Bmyc 0 0 382 0 26 8
Bsub 0 0 0 331 0 0
Bthu 1 2 17 0 269 Q
Sens. [%] 99.6 98.4 95.0 100 91.2 95.8

[a] The species-wise sensitivities (sens.) are given. The overall rate was
96.8%. The last column reflects the labeling of endospores isolated from
table salt [C]. [b] Bant = B. anthracis, Bmeg = B. megaterium, Bmyc=B.

mycoides, Bsub = B. subtilis, Bthu= B. thuringiensis.
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success in real-time biodetection of environmental
samples owing to inhibition by a myriad of possible
interferents. We think that the vibrational spectro-
scopic approach presented here perfectly compen-
sates for these deficits of PCR methodologies. It
displays high robustness concerning matrix interfer-
ences, and since reliable results can be obtained
within 3 h, point-of-care detection of B. anthracis is
possible in “real-world samples™.

Experimental Section

Details of the methods can be found in the Supporting Information.
Inactivation of endospores was achieved by exposure to 20%
formaldehyde solution for one hour. A solution of polyvinylpyrroli-
done-covered silica colloidal particles diluted in 0.15m sodium
chloride solution was employed as a density gradient medium for
the isolation. Endospore enumeration after the isolation step was
performed by microbial plating. The Raman spectra were collected
with a Raman microspectrometer under ambient conditions on fused-
silica substrates with 532 nm excitation. The samples were irradiated
with 7mW with a laser spot of ca. 1 pm during an integration time per
endospore of 5s plus 1s of preburning. All chemometrical calcu-
lations were conducted with Gnu R.
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Material and Methods

Bacillus strains

The following strains were examined in this publication: B. anthracis 5261 (Federal Research Institute for
Animal Health, Jena, Germany), B. anthracis Sterne (EQADEBA-Repository, Robert-Koch-Institute,
Berlin, Germany), B.megaterium DSM 90, B. mycoides DSM 299, B.subtilis DSM 10, and
B. thuringiensis DSM 350. All but the B. anthracis strains were purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany).

Sample preparation

Endospore suspensions with concentrations around 107 spores per ml were prepared via two different
methods: One method was the cultivation on nutrient agar (NA) plates at 30 °C. The medium is
formulated as follows: 5.0 g peptone, 3.0 g meat extract, 0.04 g MnSO4 H;O, 15 g agar and 1000 ml
distilled water (pH 7.0 + 0.2, autoclaved at 121 °C, 20 minutes). The bacteria were rinsed off the plates
after seven days of cultivation and washed three times by centrifugation and re-suspension in distilled
water. The other cultivation approach at 37 °C relied on yeast extract agar consisting of 10.0 g peptone,
2.0 g yeast extract, 0.04 g MnSO, H,O, 15 g agar per 1000 ml aqua bidest (pH 7.0 + 0.2, autoclaved at
121 °C, 20 min) and was described previously in Stickel er al.!"! Batches of B. megaterium DSM 90,
B. mycoides DSM 299, B. subtilis DSM 10, and B. thuringiensis DSM 350 were prepared with both
procedures, whereas the B. anthracis strains were cultivated solely following the second method.

The studied powder matrices were acquired in local common stores. In detail the powders were as
follows: baking powder (Back-Gold Backpulver, Meier Pudding, Trittau, Germany), table salt
(MarkenSalz, Bad Reichenhaller, Siidsalz GmbH, Heilbronn, Germany), gypsum (Sycofix Bau- und
Hobby-Gips, Sieder GmbH, Plaue, Germany), baking soda (HausNatron, Lucullus Backen & GenieBen
GmbH & Co. KG, Darmstadt, Germany), milk powder (Sucofin Magermilchpulver, TSI GmbH & Co.
KG, Zeven, Germany), analgesic tablets (Thomapyrin® intensiv, Boehringer Ingelheim Pharma GmbH &
Co. KG, Ingelheim am Rhein, Germany), bird sand (Vitakraft Vogelsand, Vitakraft-Werke Wiithrmann &
Sohn GmbH & Co. KG, Bremen, Germany), washing powder (Weiler Riese KraftPulver, Henkel AG &
Co. KGaA, Diisseldorf, Germany).

Endospores, coming from at least ten independently cultivated batches for each Bacillus species to
account for biological variability, were inoculated to the powdery matrices for at least 24 h.

Inactivation and isolation procedures

1.5 ml of 20% formaldehyde solution (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) were
applied to 100 mg spiked powder to inactivate the potentially pathogenic endospores. The samples were
rotated continuously (VWR tube rotator, VWR, Leuven, Belgium) during the time of treatment of one
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hour until the process was stopped by centrifugation with 12100g (MiniSpin, Eppendorf, Hamburg,
Germany) for one minute.

After three additional washing steps the sediments were suspended into 0.2 ml distilled water. After
homogenization via shaking the suspension was carefully layered on top of two density gradient volumes
of 0.5 ml (densities of 1.050 g/ml and 1.123 g/ml) in a 1.5 ml micro-tube. The density gradient medium
Percoll (Biochrom AG, Easycoll Separating Solution, Berlin, Germany) consisted of PVP
(polyvinylpyrrolidone) covered sodium-stabilized silica colloidal particles diluted in 0.15M sodium
chloride solution."”! The samples were afterwards centrifuged for five minutes at 12100g to form stable
density gradient in the vessel. If necessary, like in case of milk powder, light weighted matrix components
swam on top of the liquids and were removed. The upper liquid volume was recovered together with the
boundary layer to gather most of the less dense endospores. The matrix residue including the denser
endospores was afterwards thoroughly mixed again with the remaining supernatant Percoll solution plus
1 ml of added distilled water and was allowed to stand undisturbed for a maximum of five minutes. Most
of the present matrix material was soon sedimented so that the supernatant appeared quite clear, which
was then abstracted and joined with the first aliquot containing the less denser spores in a 2.0 ml micro-
tube. The suspension was finally washed three times with distilled water to get rid of the Percoll residues
and stored at 4 °C until further processing.

Spectroscopic instrumentation

All of the Raman spectra were collected under ambient conditions. The Raman spectroscopic
measurements were carried out with a micro-Raman device (BioParticleExplorer, rap.ID Particle Systems
GmbH, Berlin, Germany) that allows automated measurements of single-cell Raman spectra with an
excitation light of 532 nm from a solid-state frequency-doubled Nd:YAG module (LCM-S-111-NNP25,
Laser-export Co. Ltd.). An Olympus MPLFLN 100xBD objective focused the Raman excitation light
onto the sample with a spot size of <1 um laterally, so that approximately 7 mW hit the sample. The
integration time per Raman spectrum (-113 em’' — 3186 cm™') was five seconds after a pre-burning period
of one second to mitigate spectral contributions because of fluorescence, though it was already of minor
extent in most of the endospore spectra. After removal of the Rayleigh scattering via two edge filters, the
180° back-scattered Raman light was diffracted with a single-stage monochromator (HE 532, Horiba
Jobin Yvon) with a 920 lines/mm grating and collected with a thermoelectrically cooled CCD camera
(DV401-BV, Andor Technology) with a spectral resolution of ca. 7 cm™, For single cell measurements,
one spectrum of each cell was recorded after 2.5 seconds and one after 5 seconds. These two were
afterwards compared for spike removal.

Multivariate analysis

Gnu R was used for the statistical analyses.l3J The procedure mainly consisted of three steps: pre-
processing, training of the self-learning machine to build a model and validation. The pre-processing of
every dataset was always the same. First the spectra underwent a wavenumber calibration with
acetaminophen as standard. Then the background of the spectra and cosmic spikes were removed. The
background was stripped off by employing a statistics sensitive nonlinear iterative peak-clipping
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algorithm (SNIP), which is in principle a composite of a low statistics filter and a peak clipping
algorithm.[s] A forth-order-algorithm was applied with a clipping window of seven. Because of their
origin the cosmic spikes are neither correlated in time nor in space and could therefore be localized by
recording two Raman spectra of the same endospore. Intensity differences for each channel and their
standard deviation were calculated and spikes located in channels, where the intensity difference
exceeded twice the standard deviation. After the removal of cosmic spikes a cut off of the fingerprint
regions of the spectra took place. For the calculation the wavenumber regions 639 to 1802 cm’' and 2783
to 3186 cm™ were used. A further pre-processing step was normalization: A spectrum was divided by its
area, which was calculated as the Euclidean distance of the spectrum to the zero spectrum (2-norm).

To reduce the dimensionality of the problem and to remove white noise a principal component analysis
(PCA) was performed.[f’] The data were neither scaled by channel nor centered before the PCA. After a
particular channel the scores were cut off in the new spectral space. The number of chosen scores
correlates with the size of the data set, but a good choice is to use not more than 2-5% of the number of
spectra to avoid overfitting.!”! Tf a new set of spectra had to be labeled the pre-processing of this new
dataset was the same as before PCA. To convert both sets in the same spectral space we did not perform a
PCA with the combined dataset, but rather rotated the new set by the loadings of the PCA of the first
dataset into the spectral space of the first dataset.

We chose a linear discriminant analysis (LDA) as supervised classifier to evaluate the spectral datasets.”™
Cross-validation was used to validate the classifier and this accuracy was taken as accuracy of the
classification model. An estimation of the generalization error was done by means of a hold-out
technique: Sets of endospores from all the analyzed Bacillus species were used for training, other
completely independent batches of the same strains, which were separately cultured under exact the same
conditions, were used as validation set. In doing so an application of the procedure under realistic
conditions was simulated and its accuracy assessed.

Isolation yield determination.

Endospore enumeration after an isolation step was performed by standard microbial plating technique
using NA agar plates to assess the recovery performance of the isolation method. Samples of autoclaved
baking powder and sand with known inoculation numbers of viable B. thuringiensis endospores were
prepared trice for each starting concentration, which amounted to 108, 10°, 10%, and 10° cfu/ g matrix. All
24 samples were left to stand for 24 h and underwent the isolation procedure afterwards. The resulting
suspensions were serially diluted to achieve solutions of appropriate cell concentrations, of which two
times 100 ul were put onto NA agar plates. After 24 h of incubation at 30 °C the visible colonies on the
plates were enumerated. The two lowest concentrations are obviously too low to pose a threat in, e. g.,
standard letters but have been considered to approach towards the possible limit of detection. Three
replicates of each inoculation concentration and matrix were prepared and subjected to the isolation
procedure. Hereby 100 mg of the respected matrix were spiked.
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Figures

Figure S1. Score plots of the LDA model. a) The spectra are arranged according to their scores of the
linear discriminant functions 1 and 3: B. anthracis (), B. megaterium (O), B. mycoides (A), B. subtilis
(0), and B. thuringiensis (V). The B. anthracis spectra bear negative scores on LDI and LD3 and
therefore cluster in quadrant III. Ellipsoids depict the distribution of the group members via double
standard deviation. b) The spectra are arranged according to their scores of the linear discriminant
functions 1 and 4: Coding vide supra. Different scores on LD4 of B. mycoides and B. thuringiensis
explain the discrimination between these two classes.
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Tables

Table S1. Recovery results for the performed viable cell counting of B. thuringiensis endospores. Three
baking powder and sand samples 4 100 mg were spiked with defined loads of viable B. thuringiensis
endospores in concentrations from 3.5x10% to 3.5x10” cfu. The recovered endospores after the isolation
were determined twice for each trial via viable cell counting and the average yield per trial is given.

¢, cfu isolated from baking powder cfu isolated from sand

[cf/100 mg] | trial 1 trial 2 trial 3 trial 1 trial 2 trial 3
7 5 5 5 5 5 5

3.5x10 2.0x10 0.6x10 3.3x10 3.1x10 3.5x10 1.8x10
5 4 4 4 4 4 4

3.5x10 4.8x10 4.8x10 6.2x10 4.5x10 3.1x10 2.1x10
3 2 2 2 2 2 2

3.5x10 3.7x10 5.5x10 4.0x10 2.1x10 3.2x10 2.5x10

2 i I I i 1 i

3.5x10 1.0x10 0.5x10 4.3x10 1.5x10 2.0x10 0.7x10
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Table S2. Summary of the compiled data. a) The number of single endospore Raman spectra per Bacillus
species measured to build the LDA model is given together with the sample types, from which the
endospores had been isolated from (A agar plates, B baking powder, G gypsum, M milk powder, N
baking soda (natron), P analgesic tablets (painkiller), S bird sand, W washing powder). Endospores with
sample type A were taken directly from agar plates, underwent formaldehyde treatment and were
measured without being inoculated into one of the matrices. b) The number of single endospore Raman
spectra per Bacillus species measured from the validation samples to test the LDA model is given
together with the sample types, from which the endospores have been isolated from (C common table salt
and rest of abbreviations vide supra).

a)

Bacillus species no. spectra isolated from

B. anthracis 367 & Sterne 997 B S

B. megaterium DSM 90 1420 A B G M N S W
B. mycoides DSM 299 1142 A B G M N S W
B. subtilis DSM 1051 1217 A B G M N S W
B. thuringiensis DSM 350 947 A B G M N S W
b)

Bacillus species no. spectra isolated from

B. anthracis 367 & Sterne 242 B S

B. megaterium DSM 90 380 A B N S

B. mycoides DSM 299 402 A B N S

B. subtilis DSM 1051 331 A B M P W
B. thuringiensis DSM 350 295 A B G M
B.anthracis 367 | o | c

101




Publikationen

Table S3. Results of the cross-validation to evaluate the LDA model classification accuracy. The
confusion table depicts the labeling of Raman spectra used to train the LDA classifier after leave-one-out
cross-validation including the sensitivities (true positive rates, sens.) and specificities (true negative rate,
spec.) per Bacillus species. The overall classification rate was 96.5% (5037 spectra of 5218 correctly

labeled).
actual B. B. B. B. B. sens.  spec.
predicted anthracis megaterium mycoides subtilis  thuringiensis | [%] [%]
B. anthracis 983 11 1 0 3 98.6 99.7
B. megaterium 2 1392 1 2 3 98.0 99.8
B. mycoides 6 2 1036 0 140 90.7  96.7
B. subtilis 0 11 0 1215 0 99.8  99.7
B. thuringiensis 6 4 104 0 801 84.6 97.6
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