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Zusammenfassung

Im Fall von Ausbruchsgeschehen ist die schnelle Identifikation der Infektions-
quelle entscheidend. Folglich ist die Typisierung mikrobieller Spezies auch un-
terhalb der Spezies- und Subspeziesebene eine wichtige Aufgabe klinisch-mik-
robiologischer Labore. Im Rahmen nosokomialer Infektionen ist insbesondere die
Differenzierung mikrobieller Subtypen wichtig, die spezifische antimikrobielle Re-
sistenzen oder eine erhéhte Humanvirulenz aufweisen.

Uber die Jahre wurden diverse Subtypisierungsmethoden entwickelt, wobei
DNA-Sequenz-basierte Methoden wie die Multilocus-Sequenztypisierung
(MLST) der Goldstandard sind. Nachteile dieser Methoden sind, dass sie entwe-
der zeit- und arbeitsintensiv (Sanger Sequenzierung) oder aber kostenintensiv
(Next Generation Sequencing) sind. Aus diesem Grund sind sie fur die klinische
Routinediagnostik nicht optimal, da taglich eine hohe Anzahl von Proben analy-
siert werden muss.

Neben den sequenzbasierten Methoden hat sich die MALDI-TOF-Massenspek-
trometrie zu der Standardmethode fiir die Genus- und Speziesidentifizierung ent-
wickelt, welche auf der Massenbestimmung niedermolekularer, hauptsachlich ri-
bosomaler Proteine beruht. Allel-Isoformen dieser ribosomalen Proteine (Bio-
markerproteine), die sich in ihrer Masse unterscheiden, bilden die Grundlage ei-
nes neuen Typisierungsverfahrens, das initial als Massenspektrometrie-basierte
Phyloproteomik (MSPP) bezeichnet, mittlerweile aber in Proteotypisierung um-
benannt wurde. Grundlage des Verfahrens ist eine Aminosauresequenzliste al-
leler Isoformen, die aufgrund nicht-synonymer Mutationen in den Genen der Bi-
omarkerproteine auftreten und als Massenverschiebungen bei der Uberlagerung
kalibrierter MALDI-TOF-Spektren sichtbar sind.

Auf Basis der detektierbaren Biomarkermassen und Massenverschiebungen
kann eine isolatspezifische Kombination von Aminosauresequenzen abgeleitet
werden. Mittels hierarchischer Clusteralgorithmen kdénnen, analog zu sequenz-
basierten Methoden, phyloproteomische Dendrogramme errechnet werden.

Die Proteotypisierung besitzt ein groRes Potenzial fur die Typisierung von Bak-
terien unterhalb der Spezies- und Subspeziesebene, was in dieser Arbeit anhand
der Bakterien Campylobacter coli, Campylobacter fetus und Clostridioides diffi-

cile demonstriert wird.



Summary

In case of a disease outbreak fast and reliable detection of the source of infection
is crucial. For this reason, typing of microbial species, also at the below-species
level is an important task of clinical microbiological laboratories. In the context of
nosocomial infections especially differentiation of microbial subtypes with specific
antimicrobial resistances and increased human virulence is of importance.
Through the years, a wide range of subtyping methods has been developed,
whereby DNA sequence-based methods like multilocus sequence typing (MLST)
are the current gold standard. The disadvantage of these methods is, that they
are either time-consuming and labour-intensive (sanger sequencing) or costly
(Next Generation Sequencing). For this reason, these methods are not ideal for
clinical routine diagnostics, where a large number of samples has to be analyzed
every day.

Besides sequence-based methods MALDI-TOF-mass spectrometry has become
a standard method for genus and species identification. This method is based on
the detection of low-molecular, primarily ribosomal proteins. Allelic isoforms of
these proteins (biomarker proteins) differing in mass are the cornerstone of a new
typing procedure referred to as proteotyping. Basis of this procedure is an amino
acid sequence list of allelic isoforms that occur due to non-synonymous mutations
in genes coding for biomarker proteins and appear as mass shifts when overlay-
ing calibrated MALDI-TOF spectra.

Based on the detectable biomarker masses and mass shifts it is possible to de-
duce an isolate-specific combination of amino acids. Using hierarchical clustering
algorithms, it is possible to calculate phyloproteomic dendrograms analogous to
sequence-based methods.

Proteotyping offers a great potential for subspecies differentiation, which will be
demonstrated by means of the bacteria Campylobacter coli, Campylobacter fetus

and Clostridioides difficile.



Einleitung

1 Einleitung

1.1 Anwendungsgebiete fur die Subtypisierung von Mikroorganismen und Anfor-

derungen an assoziierte Verfahren

Die Identifikation einer Infektionsquelle kann auf3erst kompliziert sein, ist jedoch
fur die Vorbeugung und Kontrolle von Ausbruchsgeschehen essentiell. Wahrend
bei einer Vielzahl von Pathogenen eine Transmission von Mensch zu Mensch
stattfindet, kdbnnen bestimmte Infektionen auch Uber die Nahrung, Tiere, Insekten
oder Umweltquellen wie Gewasser erworben werden (Sandora et al., 2014). Ins-
besondere im Fall zoonotischer Erkrankungen besteht aufgrund der diversen
Okologischen Nischen der verschiedenen Wirte, aber auch in unterschiedlichen
anatomischen Regionen des Menschen eine ausgepragte biologische Diversitat
innerhalb einer mikrobiellen Spezies (Rosef et al., 1983; Waldenstrom et al.,
2002; Sheppard et al., 2009a; Sheppard et al., 2009b; Griekspoor et al., 2015).
Da die hohe phanotypische- und genotypische Variabilitat von Mikroorganismen
hinreichend bekannt ist, hat deren Charakterisierung auch in der medizinischen
Mikrobiologie eine zentrale Rolle eingenommen - sowohl unterhalb der Spezies-
als auch der Subspeziesebene (Conway et al., 2001; Wolters et al., 2011; Larti-
gue, 2013; Zautner et al., 2015). Die Subtypisierung von Bakterien bestimmt die
Ahnlichkeit zweier unterschiedlicher Isolate derselben Spezies oder Subspezies.
Weisen zwei Isolate denselben Subtyp auf, ist es wahrscheinlicher, dass sie mit-
einander in Verbindung stehen, als wenn sie unterschiedliche Subtypen aufwei-
sen. Teilen also zwei Patienten ein Zimmer und der aus Patient 1 isolierte Erreger
weist den gleichen Subtyp auf, wie der aus Patient 2 isolierte Erreger, kdnnte der
Erreger direkt oder indirekt von dem einen auf den anderen Patienten Ubertragen
worden sein. Dass die Infektion unterschiedlichen Ursprungs ist, ist jedoch un-
wahrscheinlich (Sandora et al., 2014).

Die Applikation antimikrobieller Substanzen (Antiinfektiva) im Rahmen der arztli-
chen Behandlung resultiert in einer Einengung dieser mikrobiellen Diversitat so-
wie in der Zerstérung der mikrobiotavermittelten Kolonisationsresistenz (Rolfe
1984; Kinnebrew et al., 2010; Kachrimanidou und Malisiovas, 2011; Arias und
Murray, 2012). Auf diese Weise werden mikrobielle Subtypen selektiert, die Re-

sistenzen gegenuber Antibiotika aufweisen oder multiresistent sind, die besser in
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der Umwelt persistieren kdnnen oder gar eine hohere Virulenz gegenuber dem
Menschen zeigen (Berendonk et al., 2015; Knapp et al., 2010; Amador et al.,
2015; Gibreel und Taylor, 2006; Alfredson und Korolik, 2007; Bolton, 2015).
Diese Subtypen haben folglich Selektionsvorteile in der klinischen Umgebung,
was ihre nosokomiale Ausbreitung begunstigt (Khan et al., 2015).

Um eine hinreichende Uberwachung besagter Ausbruchsgeschehen nosokomi-
aler Infektionen sowie der Migration arzneimittelresistenter Erregerstamme be-
zuglich ihrer phylogenetischen Verwandtschaft gewahrleisten zu kdnnen, ist die
Entwicklung schneller, kostenglnstiger und gut standardisierter Verfahren uner-
lasslich (Barbut et al., 2014; Pfaller und Castanheira, 2015).

Das Differenzierungsvermdgen entsprechender Verfahren sollte ausreichend
sein, um hochvirulente von niedrig- oder avirulenten Stammen unterscheiden zu
konnen. Daruber hinaus sollten Stamme, die spezifische Resistenzen inneha-
ben, von suszeptiblen Stammen unterschieden werden kénnen. Die Tatsache,
dass die Akzession von Resistenzmechanismen und Virulenzfaktoren mitunter
durch horizontalen Gentransfer Uber Plasmide erfolgt (Dodd, 2012; Tang et al.,
2017), schmalert die Aussagekraft gangiger Typisierungsverfahren teilweise er-
heblich. Aufgrund der phylogenetischen Verwandtschaft kbnnen zwar Aussagen
uber die Prasenz chromosomal-kodierter Resistenzmechanismen oder Virulenz-
faktoren getroffen werden, was die Wahrscheinlichkeit einer erfolgreichen The-
rapie signifikant erhdht, durch das Plasmid kodierte Resistenzmechanismen und
Virulenzfaktoren werden phylogenetisch jedoch nur bedingt erfasst (Maiden et
al., 1998; Leekitcharoenphon et al., 2012).

1.2 Ubersicht tiber die Entwicklung wichtiger mikrobiologischer Subtypisierungs-

verfahren

Das Ziel der Erregersubtypisierung bei Ausbrichen ist wie eingangs erwahnt das
Erkennen von Infektionsclustern durch die Identifikation klonaler Zusammen-
hange bei Erregerisolaten. Hierflr wurde Uber die Jahre ein breites Spektrum an
Methoden entwickelt. Die im Kontext dieser Arbeit relevanten Methoden sind je-
doch allesamt phylogenetischer Natur.

Haufig verwendet werden Methoden, die auf sogenannten Restriktionsfragment-
Langenpolymorphismen (RFLPs) beruhen. RFLPs sind vererbbare, lokal auftre-

tende DNA-Sequenzveranderungen, die bei Verdau dieser DNA mit
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Restriktionsenzymen zu Modifikationen im urspringlichen Restriktionsfragment
fiihren kénnen. Potenzielle Anderungen im Spaltungsmuster werden anschlie-
Rend via Pulsfeld-Gelelektrophorese analysiert und daraus resultierend die Phy-
logenie abgeleitet (Schwartz und Cantor, 1984; Maslow, 1993). Fir die in dieser
Arbeit untersuchten Spezies Campylobacter coli, Campylobacter fetus sowie
Clostridioides difficile existieren jeweils spezifische und etablierte RFLP Proto-
kolle (Yan et al., 1991; Bowman et al., 1991). Eine ahnliche Funktionsweise weist
die sogenannte Amplified Fragment-Length Polymorphism (AFLP)-Methode auf
(Vos et al., 1995). Im Rahmen dieser Methode wird ein genetischer Fingerab-
druck erstellt, indem die DNA zunachst durch zwei Restriktionsenzyme fragmen-
tiert wird, gefolgt von der Amplifikation einiger Fragmente mittels PCR. Durch die
Varianz in der Anzahl der Restriktionsstellen entstehen unterschiedlich lange
Fragmente, welche wiederum unterschiedliche Muster auf einem Elektropho-
rese-Gel ergeben. Die unterschiedlichen Muster dienen der Speziesunterschei-
dung sowie der Ableitung der Phylogenie (Vos et al., 1995; Lindstedt et al., 2000;
Velappan et al., 2001).

Mittlerweile haben sich sequenzbasierte Methoden weitestgehend durchgesetzt,
da sie neben der Moglichkeit einer dezentralen Analyse und Archivierung auch
eine bessere Reproduzierbarkeit aufweisen. Fur viele mikrobielle Spezies ist die
Multilokus Sequenz Typisierung (MLST) zum Goldstandard bei der Ermittlung der
Phylogenie geworden (Maiden et al., 1998; Perez-Losada et al., 2013; Dingle et
al., 2005; Lemee et al., 2004; Griffiths et al., 2010; van Bergen et al., 2005). Bei
der MLST werden Allele von Ublicherweise sechs bis zehn Housekeeping-Genen
auf Punktmutationen untersucht. Fir jedes Allel ergibt sich eine Nummer und

somit ein Zahlencode (Allelprofil), der jeweils einem Sequenztyp zugeordnet ist.
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Abbildung 1 Multilocus-Sequenztypisierung (MLST) Die MLST ist der momentane Goldstan-
dard bei der Spezies- und Subspeziesidentifikation. Ublicherweise werden Genfragmente von
sieben bis neun Housekeeping-Genen sequenzanalysiert. Nach erfolgter PCR und anschlieen-
der Sanger-Sequenzierung kann ein Allelprofil abgeleitet werden, welches letztendlich wiederum

einen spezifischen Sequenztypen ergibt.

Flr Campylobacter coli und Campylobacter fetus werden dieselben Genloci ana-
lysiert: aspA (Aspartase A), ginA (Glutaminsynthase), gltA (Zitratsynthase), glyA
(Serinhydroxymethyltransferase), pgm (Phosphoglukomutase), tkt (Transketo-
lase) und uncA (ATP-Synthase alpha-Untereinheit) (Dingle et al., 2001; Dingle et
al., 2005). Nach Ragimbeau et al. (2014) kann das Schema um den Genlokus
gyrA (Gyrase-Untereinheit-A) erweitert und mit porA (Variables aul3eres Memb-
ranprotein) und flaA (Flagellin kodierender Lokus A) kombiniert werden, um ei-
nerseits die Quellenzuordnung und andererseits die Detektion temporarer huma-
ner Cluster zu optimieren (Ragimbeau et al., 2014).

Die folgenden Loci werden hingegen fur die MLS-Typisierung von C. difficile ver-
wendet: aroE (Shikimat Dehydrogenase), dd/ (D-Alanin: D-Alanin Ligase), dutA
(dUTP Pyrophosphatase), gmk (Guanylat Kinase), recA (Rekombinase), sodA
(Superoxid Dismutase) und tpi (Triosephosphat Isomerase) (Lemee et al., 2004).
Wie aus der Beschreibung der Funktionsweise der Methode hervorgeht, missen
die jeweiligen Genloci mit nicht unerheblichem Arbeitsaufwand per PCR amplifi-
ziert und anschlieRend sequenziert (Sanger Sequenzierung) werden (Maiden,
2006). Die Entwicklung des Next Generation Sequencing (NGS) tragt hier zu ei-
ner erheblichen Verbesserung der MLS-Typisierung bei. NGS liegt die Idee einer
massiven parallelen Sequenzierung von mehreren tausend bis hin zu Millionen
DNA-Fragmenten im Rahmen eines einzigen Sequenzierlaufs zugrunde. Die

Technologie hat sich bereits bei der Generierung von Sequenzdaten als nutzlich
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erwiesen, wenn nur wenige Informationen Uber den Zielorganismus vorlagen und
zwar durch die Bereitstellung von Rohmaterial fur die Ermittlung von MLST-Sche-
mata (Pérez-Losada et al., 2013).

Traditionelle MLST-Schemata bendtigen Referenzgenome, um geeignete Mar-
ker zu entwickeln. Durch die Analysegeschwindigkeit des NGS nimmt die Anzahl
solcher Referenzgenome erheblich zu und das MLST-Schema kann signifikant
erweitert werden. Im Rahmen des whole genome MLST (wgMLST) werden so
samtliche innerhalb einer mikrobiellen Spezies ubiquitaren Genloci bertcksichtigt
(Boers et al., 2012; Cody et al., 2013; Carrillo et al., 2012). Ein MLST-Schema
sollte grundsatzlich so gestaltet sein, dass die berlcksichtigten Genloci eine suf-
fiziente Variabilitat aufweisen, um einerseits die Phylogenie abzuleiten und an-
dererseits Fragen bezuglich der Epidemiologie beantworten zu kdnnen. Welche
und wie viele Genloci ein solches MLST-Schema beinhaltet, hangt in erster Linie
von der epidemiologischen Fragestellung und der zu untersuchenden Spezies
ab. In der klinischen Diagnostik ist beispielsweise haufig eine Unterscheidung
zwischen hoch- und niedrigvirulenten Subspezies von Interesse.

Grundsatzlich lasst sich sagen, dass phylogenetische und epidemiologische Be-
ziehungen umso besser abgebildet werden, je hoher die Variabilitat der im Typi-
sierungsschema enthaltenen Housekeeping-Gene ist. Hypervariable und trans-
posable Genelemente sollten hingegen ausgeschlossen werden (Leekitcharoen-
phon et al., 2012).

Das mitunter am besten etablierte NGS-basierte MLST-Schema ist das riboso-
male MLST- (rMLST) Schema, welches alle 53 Gene beinhaltet, die flr die Un-
tereinheiten des bakteriellen Ribosoms kodieren (rps Gene). Die rps Loci eignen
sich hervorragend als universelles Charakterisierungsschema, da sie zum einen
in allen Bakterien vorhanden sind und zum anderen Uber das gesamte Chromo-

som verteilt und hochkonserviert sind (Jolley et al., 2012).

1.3 MALDI-TOF Massenspektrometrie zur Speziestypisierung

Trotz des umfassenden Potenzials der beschriebenen sequenzbasierten Metho-
den, bringen diese gewisse Nachteile mit sich, insbesondere hinsichtlich der Eig-
nung fur die klinische Routinediagnostik. PCR-Analysen gefolgt von anschlie3en-

der Sangersequenzierung bedeuten einen relativ hohen Zeitaufwand, das NGS
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ist mit einem nicht unerheblichen Kosten- sowie Schulungsaufwand bei der Etab-
lierung der Methode verbunden.

Neben den bisher beschriebenen Methoden hat sich eine weitere Methode als
Standardmethode in klinisch-mikrobiologischen Laboren zur Gattungs- und Spe-
ziesidentifikation etabliert: Die Ganzzell-Massenspektrometrie (engl. intact cell
mass spectrometry — ICMS) (Seng et al., 2010; Croxatto et al., 2012; Opota et
al., 2017). Bei dieser Methode werden Massenspektren aus Zelllysaten im Mas-
senbereich zwischen 2 und 20 kDa gemessen. Hierbei steht nicht die Charakte-
risierung einzelner Proteine im Fokus, sondern das gesamte, bei der Messung
erzeugte spektrale Muster ist relevant. In diesem Zusammenhang wird auch von
einem ,Proteinfingerabdruck® des Bakteriums gesprochen. Durch den Abgleich
des gemessenen Spektrums mit groRen Datensatzen bekannter Bakterienkultu-
ren kann der untersuchte Erreger sehr wahrscheinlich identifiziert werden. Dar-
uber hinaus ist bekannt, dass MALDI-TOF MS die Klassifikation unbekannter Er-
reger erleichtert, indem Ubereinstimmungen in den Massenspektren dieser bak-
teriellen Erreger mit Proteinbiomarkern in vorhandenen Datenbanken abgegli-
chen werden (Conway et al., 2001).

Auf Massenspektrometrie basierende Typisierung, auch Proteotypisierung ge-
nannt, wird seit nunmehr fast 20 Jahren fur die Charakterisierung von mikrobiel-
len Gemeinschaften, einzelnen Proteinen und Geweben, aber auch Viren und
Bakterien verwendet (Karlsson et al., 2015; Hugo et al., 2012; Rodriguez et al.,
2006; Shillingford et al., 2003; Schwahn et al., 2010). Beispielweise wurde das
Verfahren bereits erfolgreich im Rahmen der Subtypisierung Shiga toxinbilden-
der Escherichia coli-Stamme, methicillinresistenter Staphylococcus aureus-Ab-
stammungslinien und Listeria monocytogenes-Abstammungslinien verwendet
(Christner et al., 2014; Wolters et al., 2011; Ojima-Kato et al., 2016).

Die Biomarker-lonen, die im angesprochenen Massenbereich zwischen 2 und 20
kDa detektiert werden, sind in erster Linie hochkonservierte ribosomale Proteine,
die ein spezifisches Massenprofil aufweisen. Fur die Analyse miussen die zu un-
tersuchenden Bakterien in Reinkultur vorliegen, wobei eine stecknadelkopfgrol3e
Menge ausreichend ist. Der bei den sequenzbasierten Methoden angesprochene
hohe Zeit- beziehungsweise Kostenaufwand ist bei dieser Methode nicht gege-
ben: Die Materialkosten belaufen sich auf wenige Cent pro Einzelanalyse, der

Schulungsaufwand ist aufgrund der Endbenutzerfreundlichkeit der Methode
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vernachlassigbar. AuRerdem ist ein MALDI-TOF Microflex-Gerat Ublicherweise
in klinisch-mikrobiologischen Laboren verfugbar. Die Methode erlaubt dartber
hinaus, mit einer Messvarianz <1 Da, eine aulRerst prazise Massenbestimmung
und ermdglicht so auch die Differenzierung von Isolaten unterhalb der Spezies-
und Subspeziesebene (Lartigue, 2013; Zautner et al., 2015; Emele et al., 2019).
Es existieren simple, jedoch relativ unprazise mathematische Algorithmen, die
Unterschiede in den per MALDI-TOF gemessenen Massenspektren identifizieren
und daraus phyloproteomische Verwandtschaftsbeziehungen ableiten kénnen.
Fir eine erfolgreiche Applikation dieser Algorithmen ist die Identifikation der in
dieser Arbeit bertcksichtigten Biomarker nicht von Néten.

Ein solcher mathematischer Algorithmus ist in der MALDI Biotyper Software (Bru-
ker Daltonics, Bremen) integriert. Genauer handelt es sich um eine sogenannte
PCA-basierte hierarchische Clusterung.

In Machbarkeitsstudien offenbarte sich jedoch ein Problem, das mit der PCA-
basierten Clusteranalyse einhergeht: Sowohl die Kulturbedingungen, als auch
der Zeitpunkt der Messung haben einen erheblichen Einfluss auf das Ergebnis.
Im ersten Versuch hatte sich noch gezeigt, dass die Unterscheidung zwischen
zwei Clustern, die nahezu ausschlielBlich aus Salmonella Typhi-Isolaten bestan-
den, von einem groReren Cluster, das ausschlielich aus nicht-S. Typhi-Isolaten
bestand, moglich ist (Kuhns et al., 2012). Im zweiten Versuch wurden die Salmo-
nellen-Isolate an verschiedenen Tagen und auf verschiedenen Agarplattenchar-
gen kultiviert und gemessen. Nun war festzustellen, dass die unter vergleichba-
ren Kulturbedingungen angezichteten Isolate ein gemeinsames Cluster bildeten,
wodurch die im ersten Versuch gelungene Differenzierung zwischen Serovar Ty-
phi-/ Nicht-Serovar Typhi-Isolaten nicht mehr moglich war (Kuhns et al., 2012).
Der Grund fur die unterschiedlichen Ergebnisse ist, dass bei der PCA-basierten
Clusterung neben Biomarkermassen auch die Intensitat der lokalen Maxima be-
rucksichtigt wird. Die Intensitat der lokalen Maxima hangt davon ab, wie stark ein
Protein exprimiert wird, was maf3geblich durch die Kulturbedingungen beeinflusst
wird. Folglich ist es im Rahmen dieser Analyse essenziell, die Isolate zeitgleich
und mit derselben Nahrbodencharge anzuztichten sowie im selben Zeitrahmen
zu messen. In einer weiteren Studie wurden diese Bedingungen bericksichtigt,

wodurch klinisch relevante C. jejuni-Stamme unterschieden werden konnten. Die
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Beherzigung der Prozessstandardisierung erlaubte auch die Reproduzierbarkeit

der Messungen (Zautner et al., 2013).

1.3.1 Proteotypisierung

Die angesprochene Berlcksichtigung der Prasenz und Absenz von Biomarkeri-
onen und der stark variablen Intensitaten lokaler Maxima im Rahmen von Ge-
samtspektrum-Cluster-Algorithmen zur Ableitung phylogenetischer beziehungs-
weise phyloproteomischer Verwandtschaftsbeziehungen resultiert in fehlerhaften
und schwer reproduzierbaren Ergebnissen.

Diese Tatsache veranlasste Zautner et al. (2015) zu der Entwicklung einer Me-
thode, welche ausschliellich Veranderungen der Biomarkermasse bertcksich-
tigt, die auf spezifische allele Isoformen desselben Proteins zurtickzuflihren sind.
Diese Methode wurde von unserer Arbeitsgruppe zunachst als Massenspektro-
metrie-basierte Phyloproteomik (MSPP) bezeichnet, mittlerweile aber in Proteo-
typisierung umbenannt.

Das Proteotypisierungsschema ist wie folgt aufgebaut: Initial wird das Massen-
spektrum eines genomsequenzierten Referenzstammes via MALDI-TOF MS auf-
gezeichnet. AnschlieRend werden die messbaren lokalen Maxima (Biomarker-
lonen) auf Grundlage der kalkulierten Masse mit den proteinkodierenden Genen
korreliert. Mit Hilfe der online verfugbaren Genomdatenbank (NCBI) wird eine ei-
gene Datenbank erstellt, die die Aminosauresequenzen samtlicher alleler Isofor-
men des jeweiligen Proteinbiomarkers enthalt. Fur jede Isoform wird anschlie-
Rend die molekulare Masse berechnet. Ein wesentlicher Aspekt dieser Methode
ist, dass mogliche posttranslationale Modifikationen (PTM), wie die Abspaltung
des N-terminalen Methionins, bericksichtigt werden. Erwahnenswert ist, dass
Fagerquist et al. (2006) zeigen konnten, dass die Massenverschiebungen der
Biomarker nicht auf Unterschieden in den PTM, sondern ausschlieRlich auf Ami-
nosauresubstitutionen beruhen.

Ist die Isoformenliste erstellt, werden samtliche zu typisierende Isolate kultiviert.
Die Isolate werden anschlieRend auf zweierlei Weise fur die Messung prapariert:
Zum einen werden Extraktspektren gemessen, wofur die Proben mit Ameisen-
saure/ Azetonitril behandelt werden, zum anderen wurden Schmierspektren ge-
messen. Anschlie3end erfolgt die Aufzeichnung der Spektren samtlicher Isolate.

Die gemessenen ,Roh-Spektren“ werden durch die zugehdrige Evaluations-

10
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Software (FlexAnalysis) geglattet und kalibriert. Im nachsten Schritt wird das
Spektrum des genomsequenzierten Referenzstammes mit den Spektren der an-
deren Stamme vergleichend analysiert. Durch Abgleich der Biomarkermassen im
Spektrum mit denen der Isoformenliste kann die jeweilige allele Isoform identifi-

ziert werden.

1 Aufzeichnung von Massenspektren 2 Erstellung einer Biomarker Isoformenliste

Campylobacter coli
Bios form List

Proteo-

typisierung

4 Erstellung eines taxonomischen
Dendrogramms (UPGMA)

AA sequence of Biomarker L36

+

— | LlJ AA sequence of Biomarker L34
+

| AA sequence of Biomarker L33

Abbildung 2 Proteotypisierung Grafische Darstellung der wesentlichen Schritte. 1) Aufzeich-
nung der Massenspektren eines genomsequenzierten Referenzstammes sowie samtlicher in der
Testkohorte enthaltenen Stamme. 2) Erstellung einer allelischen Isoformenliste basierend auf
Genomsequenzen aus wgMLST und rMLST Datenbanken (NCBI) gefolgt von einer Analyse der
Spektren basierend auf der durch die Isoformenliste vorhergesagten Massen. 3) Verknupfung der
AS-Sequenzen aller Biomarkerionen fiir jedes Isolat zu einer Sequenz. 4) Ableitung der Phyloge-
nie via UPGMA-Methode.

FUr jedes Isolat lasst sich so eine spezifische Isoform fur jeden im Typisierungs-
schema enthaltenen Biomarker ableiten. Anschlielend werden flr jedes Isolat
die spezifischen Biomarker Aminosauresequenzen fusioniert. Entsprechend der
Vorgehensweise bei der MLS-Typisierung kann so flr jedes Isolat ein proteoty-
pisierungsbasierter Sequenztyp abgeleitet und final ein phyloproteomisches UP-
GMA Dendrogramm berechnet werden.

Untersuchungen, die auf der Kombination genetischer Informationen (Genomik)
und der Beobachtung lokaler Maxima in MALDI-TOF MS Spektren (Proteomik)

beruhen, haben bereits vielversprechende Ergebnisse hervorgebracht:
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Unter anderem gelang Ojima-Kato et al. (2016) die Differenzierung zwischen Lis-
teria monocytogenes und anderen Listeria-Spezies (L. ivanovii, L. grayi, L. inno-
cua, L. welshimeri, L. seeligeri, L. rocourtiae) basierend auf acht Biomarkern (ri-
bosomalen Proteinen) (Ojima-Kato et al., 2016).

In einer anderen Studie konnten auf diese Weise C. difficile-Klade 4-Stamme von
anderen C. difficile-Stammen abgegrenzt werden (Cheng et al., 2018). Eine wei-
tere Studie zur Subtypisierung von C. difficile zeigte die Unterscheidbarkeit von
C. dffficile-MLST-Typ 1 Stdammen von anderen MLST-Typen (Corver et al., 2018).
Darlber hinaus existieren viele weitere, vielversprechende Studien zur Subtypi-
sierung unterschiedlicher Spezies mit dieser Methodik, die im Rahmen der Ein-
leitung nicht alle explizit erlautert werden kénnen (z.B. Suarez et al., 2013; Durig-
hello et al., 2014; Rizzardi et al., 2015; Ortega et al., 2018).

Eine Vielzahl der Publikationen zur Erregerdiagnostik via MALDI-TOF MS beruht
jedoch auf einer statistischen Analyse der Spektren. Die Proteine, die sich hinter
den Biomarkern verbergen, sind jedoch nicht bekannt.

Auf Grundlage des von Zautner et al. (2015) entwickelten Proteotypisierungs-
schemas ist unserer Arbeitsgruppe bereits die Subtypisierung von C. jejuni jejuni-
(Zautner et al., 2015) sowie C. jejuni doylei (Zautner et al., 2016) Isolaten gelun-
gen. Da bei dieser Methode Genprodukte mit Biomarkerionen assoziiert werden
konnen, ist sie potenziell eine verlassliche Alternative zu den zuvor beschriebe-
nen massenspektrometrischen Untersuchungen. Aufgrund der vielversprechen-
den Ergebnisse bisheriger Studien wurde in dieser Arbeit untersucht, ob sich die
Proteotypisierung auch fur die Subtypisierung weiterer klinisch-relevanter Isolate
eignet.

Im Folgenden werden nun die im Rahmen dieser Dissertation durchgefihrten

Arbeiten prasentiert.
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2 Ergebnisse

Der Ergebnisteil besteht aus Publikationen beziehungsweise Manuskripten zum
Thema Erregercharakterisierung mittels Proteotypisierung, die im Rahmen der
Dissertation entstanden sind. Da die Publikationen wie Ublich in englischer Spra-
che verfasst sind, ist den Publikationen jeweils eine Kurzbeschreibung des Inhal-

tes in deutscher Sprache vorangestellt. AuRerdem erfolgt eine Beschreibung

» der Autoren und deren Beitrag zur praktischen Arbeit sowie

= des Status des Manuskripts.
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2.1 Differenzierung von Campylobacter coli-Subspezies mittels Proteotypisie-

rung

Campylobacter coliist neben Campylobacter jejuni weltweit der haufigste Erreger
der bakteriellen Enteritis. Es sind drei Kladen von C. coli bekannt, die jeweils mit
der Probenquelle assoziiert sind. Wahrend Klade 2 und Klade 3 Isolate in erster
Linie in Gewassern und der Umwelt vorkommen, werden Stamme der Klade 1
mit akuter Diarrhé beim Menschen in Verbindung gebracht.

Die phylogenetische Klassifikation von Isolaten erfolgt typischerweise mit Hilfe
der relativ aufwendigen Multilokus Sequenz Typisierung (MLST). Ziel dieser Stu-
die war es, ein Typisierungsschema fur C. coli basierend auf der Proteotypisie-
rungsmethode zu entwickeln und so eine Alternative zu sequenzbasierten Me-
thoden schaffen.

Insgesamt wurden hierflr 97 C. coli-Isolate, welche die etablierten Kladen der
Spezies abdeckten, mittels MALDI-TOF MS analysiert und darauf aufbauend ein
C. coli-Proteotypisierungsschema entwickelt. Die MLST diente als Referenzme-
thode.

Verschiedene Isoformen identifizierter Biomarker (ribosomale Proteine) wurden
jeweils mit ihren Aminosauresequenzen assoziiert und in das C. coli-Proteotypi-
sierungsschema aufgenommen.

Insgesamt wurden 16 Biomarker identifiziert, die die Unterscheidung der drei Kla-
den sowie der drei Subkladen der C. coli-Klade 1 erméglichen.

Letztendlich konnte in dieser Studie die Proteotypisierungsmethode erfolgreich
fur C. coli adaptiert werden, was die Unterscheidung der drei etablierten C. coli-
Kladen und Klade 1 Subkladen ermdglicht. Das wesentliche Ergebnis der Studie
ist, dass die einzige klinisch-relevante Klade, Klade 1, von den anderen Kladen

abgegrenzt werden kann.

Autoren: Matthias Frederik Emele, Sonja Smole Mozina, Raimond Lugert, Wolf-
gang Bohne, Wycliffe Omurwa Masanta, Thomas Riedel, Uwe Grol, Oliver Ba-

der, Andreas Erich Zautner
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Beitrag der Autoren zur praktischen Arbeit:

Matthias Frederik Emele:

Dateninterpretation, Bioinformatik, Erstellung von Abbildungen und Grafiken, An-

fertigung des Manuskripts.

Sonja Smole Mozina:

Sammlung bakterieller Isolate, Dateninterpretation, Korrektur des Manuskripts.

Raimond Lugert:

Bakteriologie, Dateninterpretation, Korrektur des Manuskripts.

Wolfgang Bohne:

Bioinformatik, Korrektur des Manuskripts

Wycliffe Omurwa Masanta:

Bakteriologie, Probenvorbereitung, MLST, Korrektur des Manuskripts
Oliver Bader:
Massenspektrometrie, Studiendesign, Korrektur des Manuskripts

Thomas Riedel:

Genomsequenzierung, Core Genome Alignment, Hinterlegung der Biomarkerse-
quenzen bei GenBank

Andreas Erich Zautner:

Studiendesign, Dateninterpretation, Bioinformatik, Korrektur des Manuskripts

Status des Manuskripts:

Publiziert; Journal: ScientificReports (Nature)
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Proteotyping as alternate
typing method to differentiate
Campylobacter coli clades
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Besides Campylobacter jejuni, Campylobacter coli is the most common bacterial cause of gastroenteritis
worldwide. C. coliis subdivided into three clades, which are associated with sample source. Clade
lisolates are associated with acute diarrhea in humans whereas clade 2 and 3 isolates are more
commonly obtained from environmental waters. The phylogenetic classification of an isolate is
commonly done using laborious multilocus sequence typing (MLST). The aim of this study was to
establish a proteotyping scheme using MALDI-TOF MS to offer an alternative to sequence-based
methods. A total of 97 clade-representative C. coli isolates were analyzed by MALDI-TOF-based intact
cell mass spectrometry (ICMS) and evaluated to establish a C. coli proteotyping scheme. MLST was
used as reference method. Different isoforms of the detectable biomarkers, resulting in biomarker
mass shifts, were associated with their amino acid sequences and included into the C. coli proteotyping
scheme. In total, we identified 16 biomarkers to differentiate C. coliinto the three clades and three
additional sub-clades of clade 1. In this study, proteotyping has been successfully adapted to C. coli. The
established C. coli clades and sub-clades can be discriminated using this method. Especially the clinically
relevant clade 1 isolates can be differentiated clearly.

Intact cell mass spectrometry (ICMS) emerged as the standard method for the identification of microbial spe-
cies in clinical microbiological laboratories'=. In this method, species identification is not based on the anal-
ysis of individual biomarkers or mass spectrometric fingerprints, but on a comparison of the mass spectrum
with a microbial spectra database* or a database of ribosomal protein sequences taking into account N-terminal
methionine cleavage®. Besides species identification, ICMS allows distinction of subspecies by accurate discrim-
ination based on strain specific biomarkers®. It has also been demonstrated that MALDI-TOF MS facilitates the
classification of unknown bacterial isolates, based on similarities in the mass spectra of these bacterial isolates
with protein biomarker databases, also known as phyloproteomics’. Mass spectrometry-based typing methods,
generally referred to as proteotyping?®, have been used for about two decades for the characterization of tissues®,
individual proteins'®, microbial communities!!, viruses'? and, as already mentioned, bacteria. Among others,
mass spectrometry (MS) fingerprinting has already been successfully used for subtyping of methicillin-resistant
Staphylococcus aureus lineages'®, Clostridioides difficile PCR ribotypes'*, Shiga-toxigenic Escherichia coli strains'®,
Listeria monocytogenes lineages'®, and Salmonella serotypes'’. In previous studies we have, for example, shown
that it is possible to discriminate Salmonella enterica ssp. enterica serovar Typhi from non-typhi serovars which
cause less severe gastrointestinal infections'®. Also we have shown that it is possible to discriminate different
sequence types of Campylobacter jejuni ssp. jejuni by analyzing isoforms of L32-M". These strain-specific char-
acteristics form the basis for the development of a novel microbial typing method that we initially named Mass
Spectrometry-based PhyloProteomics (MSPP)?**!, which we will, in accordance with the terminology now used
in the scientific community?, refer to as proteotyping, as our method refers to a limited number of biomarkers and
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not to all the proteins present in the sample. At the core of the method of proteotyping is an amino acid sequence
list of all isoforms that have evolved through non-synonymous mutations in the biomarker genes. These isoforms
can be recognized as mass shifts in a superposition of calibrated MALDI-TOF spectra. For each bacterial isolate
to be typed, the proteotyping scheme can be used to derive a combination of amino acid sequences from the
detected biomarker masses. The functionality of this approach was proven by comparison of proteotyping to the
current gold standard multilocus sequence typing (MLST)??. The advantage of proteotyping over whole spectrum
clustering approaches is that only mass changes associated with a particular set of allelic isoforms of the same pro-
tein are considered for phylogeny derivation. Other methods take into account the presence or absence of individ-
ual masses as well as peak intensity, what delivers less accurate results?. Proteotyping provides further advantages
in comparison to common subtyping methods like MLST, ribosomal MLST (rMLST) or whole-genome MLST
(wgMLST). MLST has the problem of combining sufficiently variable genes into a typing scheme in order to
map phylogenetic relationships?’. Another disadvantage is that it only considers sufficiently variable core genes,
whereas hypervariable, transposable gene sites and the entire genome sequence are not considered®*. Even
well-established whole genome sequencing-based MLST schemes are very expensive and time-consuming®-2’.
Therefore, these methods are not used in everyday clinical routine diagnostics and subtyping of microorganisms
is currently restricted to a limited cohort, mostly in epidemiological surveys. In the light of the above, a fast and
precise subtyping method like proteotyping enables the conduction of numerous experiments that involve the
determination of phylogenetic relatedness.

Besides C. jejuni, C. coli is the most common bacterial cause of gastroenteritis worldwide?*. The housekeep-
ing genes of C. jejuni and C. coli exhibit 86.5% sequence identity®, similar to that observed between the enteric
bacteria E. coli and S. enterica, which are well studied and thought to have diverged 120 million years ago®'. C. coli
can be subdivided into three genetic clades, which differ in various ways. Clade 1 isolates of C. coli are most fre-
quently isolated from farm animals and clinical stool samples of humans suffering from acute diarrhea, whereas
clade 2 and clade 3 strains, which are more closely related to each other, are mainly found in environmental waters
and samples from waterfow]*?~**. In a previous study, Sheppard and coworkers showed, that all of the examined
cases of human C. coli infection were caused by lineages belonging to clade 1. Clade 1 is further subdivided
into two clonal complexes: ST-828, which makes up 70.5% of the C. coli isolates, and ST-1150, which makes up
4.5% of C. coli isolates, whereas clades 2 and 3 do not exhibit a clonal complex substructure®®. An examination of
the divergence in C. jejuni estimated the speciation of C. jejuni and C. coli to have occurred 6580 years ago and
clonal complex sub-structuring even more recently*. For the maintenance of the three C. coli clades, gene pools
of these clades have to be kept separate. A simple explanation for how these gene pools are kept separate would be
through a general reduction in the overall level of recombination by recombinational barriers, but as previously
mentioned, there is frequent recombination within each clade®. In principle, three kinds of recombinational bar-
riers can be described. The first kind of recombinational barrier that enables the maintenance of the C. coli clade
system are mechanistic barriers, which are imposed by the homology dependence of recombination® or other
factors, like modification and restriction systems?®. The second kind of recombinational barriers are ecological
barriers, meaning a physical separation of bacterial populations in distinct niches. The third are adaptive barriers,
describing a selection against hybrid genotypes®. Subtypes belonging to C. coli clade 1 numerically dominate
in clinical samples. It is possible that there are genomic differences affecting the pathogenicity of C. coli clade 1
isolates but these differences are not required to explain the overrepresentation of this clade in human samples as
isolates of this clade plainly dominate in disease reservoirs and food chain sources**. Comparative analysis of C.
coli clades suggests that potential virulence factors and resistance mechanisms are not restricted to a single clade.
Genes encoding proteins involved in chemotaxis and capsule formation were observed in different clades of C.
coli*®. The clustered regularly interspaced short palindromic repeat (CRISPR) locus, which is considered to serve
as prokaryotic immune system and protection against invasion of alien genetic elements is also present in all C.
coli clades, although its genomic location differs*#2. Also, the cytolethal distending toxin (cdt) genes are reported
to be ubiquitous in all C. coli strains**~*¢. The cdt genes are well conserved in C. coli, although size and sequences
of the respective genes do vary between strains®.

In this study, we have established a proteotyping scheme for subtyping of C. coli isolates. C. coli isolates from
different sources were MLST-typed and therewith it was shown that our test cohort included isolates of all three
established clades and subclades. These isolates were typed by ICMS/proteotyping and their phyloproteomic
relatedness was deduced. Comparison of the obtained phyloproteomic proteotyping-based unweighted pair
group method with arithmetic mean (UPGMA) tree with the corresponding MLST-based UPGMA dendrogram
demonstrated that proteotyping is able to differentiate the clinically relevant clade 1 isolates from clade 2 and 3
isolates.

Results and Discussion

Previously, we have established a standard workflow for setting up a new proteotyping (MSPP) scheme and a
proteotyping procedure®. Following this workflow for C. coli, (i) we recorded a mass spectrum of the genome
sequenced C. coli reference strain RM2228 (ATCC BAA-1061) and assigned ICMS spectrum masses to open
reading frames; (ii) we have compiled a collection of allelic isoforms of the assignable spectrum masses by ana-
lyzing the total 1,565 C. coli sequence datasets deposited in the wgMLST and rMLST databases. Accordingly,
we were able to calculate a frequency distribution of the individual allelic isoforms based on these 1,565 C. coli
genomes (Supplementary Table 2). According to the proteotyping scheme (Fig. 1), the spectra of the 97 cultured
C. coli isolates were recorded, following pre-processing and calibration. Mass shifts in comparison to the C. coli
reference strain RM2228 were estimated and the allelic isoforms were assigned by matching of the measured
biomarker mass with the calculated masses from the isoform database set. A phyloproteomic proteotyping-based
UPGMA-tree was calculated after fusing the amino acid sequences of all biomarker ions included in the C. coli
proteotyping scheme for each tested isolate.
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a) Cultivation of C. coli strains

b) Recording of ICMS mass spectra
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Figure 1. Proteotyping workflow (a) Culturing C. coli strains under microaerophilic conditions. (b) Recording
of MALDI-TOF mass spectra. (c) Designation of allelic isoforms by comparison of mass spectra of all measured
C. coli strains with the allelic isoform list established on the basis of sequence data available in the wgMLST

and rMLST databases. (d) Concatenation of the amino acid sequences of the identified isoforms into a single
continuous sequence and calculation of a taxonomic dendrogram (UPGMA).

Identification of biomarkerions. ~With reference to the genome sequence of the C. coli strain RM2228, 16
single charged biomarker masses, in the range of 4,000 and 10,500 /z, were associated to a specific gene (Figs 2
and 3). The standard deviation for a measurement representing a sum of 6 recordings was less than 0.8 Da and
the difference between measured mass and calculated average mass was at maximum 1.35Da (Supplementary
Table 3). The identified biomarkers were Rpm] (L36; 4365 Da), RpmH (L34; 5245 Da), RpmF (L32-M; 5510 Da),
RpmG (L33; 6127 Da), RpsN (S14-M; 6810 Da), RpmC (L29; 7035 Da), RpmB (L28-M; 7078 Da), Rpml (L35-M;
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Figure 2. Mass spectrum of the genome sequenced C. coli reference strain RM2228. Singularly charged
biomarker ions identified by comparison of measured molecular masses with calculated masses based on the
reference genome are marked in black, doubly/multiply charged ions are labeled in blue, and two so far not
identified biomarker ions are labeled with a question mark “?”. The peak at m/z ~ 7,079 corresponds to a fused
double peak of biomarkers L28-M (m/z=7,078) and L35-M (m/z="7,080). In C. coli isolates of the MLST-Clade
3, there is an allelic isoform for L28-M, which has a molecular weight 16 Da lower than the mass of L35-M and
therefore two single peaks for L28-M and L35-M can be registered instead of the double peak (see Fig. 3).

7080 Da), RpmE (L31; 7463 Da), RplX (L24-M; 8151 Da), hypothetical protein DUF465 (Cj0449¢c homologue;
8572 Da), RpsP (S16; 8729 Da), RpmA (L27-M; 9136 Da), RpsT (S20-M; 9743), RpsO (S15-M; 10096 Da), and
RpsS (S19-M; 10335 Da). The genes of the 16 biomarker proteins included in the C. coli proteotyping scheme are
distributed across the entire genome of strain RM2228, similar to the seven established MLST markers, and are
therefore suitable for the derivation of phylogeny.

These 16 biomarkers are generally identical to those in the proteotyping scheme of C. jejuni ssp. jejuni and C.
jejuni ssp. doylei**?!. Differences were that in case of RpsU (S21; 9140.9 Da), RpsQ (S17; 9591.5 Da), and RplW
(L23; 10554.3 Da), as well as in case of their de-methioninated isoforms, no visible peak could be detected in
any of the examined C. coli strains. Therefore, these three biomarkers were not included in the current C. coli
proteo-typing scheme.

In contrast to C. jejuni ssp. doylei, the biomarker L22-M could be detected in the C. coli mass spectrum and
therefore included in the scheme. L22-M was de-methioninated as in the mass spectrum of C. jejuni ssp. jejuni.

The N-terminal methionines of the biomarkers S14-M, S20-M, L24-M, and L32-M were cleaved off in C. coli
aswell as in C. jejuni ssp. jejuni and C. jejuni ssp. doylei.

However, five differences were found with respect to the posttranslational modification of the biomarkers by
proteolytic removal of the N-terminal methionine: In comparison to C. jejuni ssp. jejuni, the N-terminal methio-
nine of the biomarker ions S15, S19, L28, and L35 is removed in C. coli, which is also the case with C. jejuni ssp.
doylei®!.

As with C. jejuni ssp. jejuni, but in contrast to C. jejuni ssp. doylei, the N-terminal methionine of L27 remains
attached in C. coli.

Since all five differences were observed in each case for all isolates of the different Campylobacter species
or sub-species, this confirms the findings of Fagerquist and coworkers that the post-translational modifica-
tions are species- and sub-species-specific but not isolate-specific*®. Accordingly, one can distinguish the three
Campylobacter species or sub-species solely on the basis of the presence or absence of the N-terminal methionine
of L27 and S15, S19, L28, or L35.

Establishment of an allelic isoform list. In the next step, we compiled a collection of allelic isoforms of
each of the 16 biomarkers of the C. coli proteotyping scheme. For this purpose, we used the 1,565 C. coli genome
sequences available in the wgMLST and rMLST databases.

The gene sequence deposited for each biomarker isoform was translated into an amino acid sequence and
aligned. Subsequently, the molecular mass for each individual isoform was calculated. Between 3 and 9 isoforms
for each biomarker ion could be identified within the data received from the rMLST and wgMLST databases. The
frequency of occurrence of isoforms varied from >99% to a single occurrence of the isoform, where in cases of
single occurrences in the rMLST and wgMLST databases, a sequencing error must also be considered. For each
of the 16 biomarkers, at least two isoforms with a relative increased frequency were found in the database, which
means that these masses can serve as phylogenetic discriminators (Supplementary Table 2).
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Figure 3. C. coli-specific proteotyping biomarkers (a-o). Spectra of representative C. coli strains were
superimposed to illustrate the mass differences between allelic isoforms detected in our C. coli collection.
X-Axis: mass [Da] charge-1 ratio, scale 200 Da. Y-Axis: intensity [10x arbitrary units], spectra were individually
adjusted to similar noise level for better visualization of low-intensity peaks. Color codes: the isoform of

C. coli reference strain RM4661 is illustrated in blue; red, light green, dark green, purple and orange are further
isoforms. Isoforms lacking N-terminal methionine are appended with “-M” A(g) The peak at m/z ~7,079 is

a superposition of the biomarker ion masses L28-M (m/z="7,078) and L35-M (m/z="7,080). In contrast, the
allelic isoforms 2 and 3 (—14 Da and —28 Da, respectively) are mere L28-M peaks. B(h) For the biomarker
L35-M we could only detect one allelic isoform in our test cohort, which is superimposed by the biomarker
mass L28-M in the spectrum of C. coli RM2228. In order to show the not superimposed L35-M peak in h an
additional spectrum of a clade 3 C. coli isolate was added, in which the L28-M peak is shifted by —14 Da and
therefore L35-M is not superimposed.

MLST Typing of a microbial isolate collection. To validate the C. coli proteotyping scheme a cohort
of 101 isolates (C. coli reference strain RM2228, 96 C. coli Isolates, and 4 C. jejuni isolates) was typed by both
MLST and proteotyping. The isolates were chosen in such a way that all clades and sub-clades were represented.
According to the MLST results, 83 isolates belonged to clade 1. Out of these clade 1 isolates, six belonged to the
sub-clade 1B and two further belong to sub-clade 1 C, while the remaining 75 isolates formed sub-clade 1A
(ST828). These clade 1 isolates were mainly isolated from human faeces (19), and food-associated samples like
chicken meat (21), waterfowl (7), turkey meat (6), swine meat (6), and cattle (5). But only four isolates originated
from environmental water. Seven isolates, originating from environmental water, belonged to clade 2, and three
isolates also originating from environmental water belonged to clade 3. Additionally, we included four isolates
outside the defined MLST clades, but also identified as C. coli by conventional MALDI-TOF MS. MLST results
of three of these four isolates meC0280 (ST6994), mecC0281 (ST6992), and meC0467 (ST6993) originating from
turkey cloacal swabs suggested a closer relationship to C. jejuni and the fourth isolate CCS1377 (ST7908), an envi-
ronmental water isolate, formed a separate clade in between clade 2 and clade 3 (Supplementary Fig. 1).

SCIENTIFICREPORTS| (2019) 9:4244 | https://doi.org/10.1038/s41598-019-40842-w 5


https://doi.org/10.1038/s41598-019-40842-w

www.nature.com/scientificreports/

ORF No. Amplicon
(RM4661) Gene product | Forward primer (5/ — 3/) Reverse primer (5' — 3/) length [bp]
YSS_RS00895 Rpm]/L36 AGCTGCTGCTTCATCTTCACT AGCCTTGATAAAGGGCGTATC 490
YSS_RS04330 RpmH/L34 AAATGCTCGGGCAAATTGATTA GCCATCGCAATACCACTTTT 512
YSS_RS01420 RpmF/L32 TGCACCACTATGTCCTGCTG TGCCACAATGCAAGGTTTTGT 728
YSS_RS02145 RpmG/L33 AGCTGATGGCGTTGAAATGG ACCCCCAACCATCGGATTTG 430
YSS_RS09385 RpsN/S14 ACACGACGACCTGGTTTAGA TCGGTCTTGATGAGCAGTTGA 611
YSS_RS09410 RpmC/L29 GGTCTGCATTCAACCGCTAC GCCAAATTGAAGCAGCTCGT 668
YSS_RS02020 RpmB/L28 CGTCAAGTTCATTATGGCGCT TGGAACAAAATGCCCGTCCA 742
YSS_RS08275 Rpml/L35 GCAAGCAGCATTGATACGCA GCTTGGCTATTTTGCAAAGGATT 715
YSS_RS08510 RpmE/L31 GCAAGGTTTTTCCTGATGCTGT TGGCATACCCGCATCACTC 756
YSS_RS09395 RplX/L24 TCGGAACTCGTATCTTTGGGC CAGGAAAACCTTCACGCACT 578
YSS_RS02035 DUF465 GCTGCTGGGTAAGATTTTGGT TCGTGTAACCCTAGAAGATGGC 584
YSS_RS00440 RpmA/L27 AGTTAGCGTTGGCGATGAGTT AACGAAGATGATATCCCCGCC 783
YSS_RS00790 RpsT/S20 GCTCTTCTTCGAGTTTGGGTT GGTGGATTGGGTGTTATGCT 765
YSS_RS04540 RpsO/S15 ATATCGGATACAACCGCGCA GCATACTCGCTAGCTTTGGT 636
YSS_RS09430 RpsS/S19 AGCACCAGCATCTACACGAC ATGGCAAGTATCGGCGAAGT 782

Table 1. Oligonucleotide primers used for sequencing of the C. coli biomarker genes included in the
proteotyping scheme.

Identification of allelicisoforms. Measurements of the isolates of the study cohort were performed in the
same way as for the reference strain C. coli RM2228. Allelic isoforms were identified by comparison of the masses
of candidate allelic isoforms to the reference spectrum of C. coli RM2228 and by matching the mass differences
with the isoform list. For isoforms with the same mass difference to the reference in RM2228, or more precisely,
with the same amino acid substitutions, but at different positions in the amino acid sequence, additional DNA
sequencing was done using the primers listed in Table 1.

Within this study population, we detected five isoforms for RplX (L24-M) and four isoforms for protein
DUF465. Three isoforms each were detected for RpmG (L33), RpmB (L28-M), RpsT (S20-M), RpsO (S15-M) and
two isoforms each for Rpm] (L36), RpsN (S14-M), RpmC (L29) and RpmA (L27-M). For RpmH (L34), RpmF
(L32-M), Rpml (L35-M), RpsP (S16) and RpsS (S19-M) only one isoform was detected (Fig. 3, Supplementary
Table 2).

Computing of a phyloproteomic UPGMA-dendrogram. The amino acid sequences of the 16 identified
biomarker isoforms were concatenated to one continuous sequence for each isolate, which was in turn used to
compute a phyloproteomic tree by conventional clustering algorithms (UPGMA).

Within our test cohort, the combined amino acid sequences in our collection yielded 12 (plus two for C.
jejuni) different proteotyping-based sequence types. For an evaluation of the constructed proteotyping-based
UPGMA-tree, an MLST-based UPGMA-tree was computed for comparison. This was done with 30 C. coli isolates
and 4 C. jejuni isolates representative of all MLST clades and sub-clades as well as all 12 proteotyping-derived
types. For clarity, the complete test cohort was reduced from 101 isolates to 34 representative isolates. The
UPGMA-tree deduced from the concatenated biomarker protein sequences was generally concordant with MLST
results (Fig. 4).

The C. coli proteotyping scheme was clearly able to distinguish C. jejuni and C. coli isolates. Since the three
biomarkers RpsU/S21, RpsQ/S17, and Rp]W/L23 were not detectable in the C. coli mass spectrum, the C. coli
proteotyping scheme had to be reduced by these three biomarkers, which nevertheless still allows sufficient differ-
entiation between the two microbial biospecies. As already stated above, it is feasible to distinguish both microbial
species solely on the basis of the presence or absence of the N-terminal methionine of the biomarkers of L27 and
S15, S19, L28, or L35. In addition, there are allelic isoforms of the biomarkers, which are characteristic for each
of the biospecies e.g.: L32-M — T48N; L31 — T23V 4 A29S + N38S; and 520-M — N41K + G42N (using C. jejuni
NCTC 11168 as reference strain).

Furthermore, the C. coli-specific proteotyping scheme precisely discriminated isolates belonging to different
clades, illustrated by the absence of crossing connection lines of different colors in Fig. 4. All isolates of sub-clade
1A, and of the sub-clades 1B and 1C as well as of clade 2 and 3 form individual clusters. However, only the
sub-clades 1A and 1B form neighboring clusters, while the isolates of sub-clade 1C are to be found between the
clades 2 and 3.

Besides the isolates representing the well-established clades and sub-clades of C. coli, four isolates not belong-
ing to either of these clades were included in our study: CCS1377, meC0280, mecC0281, and meC0467.

Isolate CCS1377 is, in both the MLST-based and the proteotyping-based dendrograms, a single isolate placed
outside the C. coli clades, which is evolutionarily more closely related to C. jejuni.

In contrast, the three isolates meC0280, mecC0281, and meC0467, which form a separate clade in the
MLST-based neighbor-joining tree branching off at the basis of the C. jejuni branch (Supplementary Table 1),
did not form a common cluster in the proteotyping-based tree. The isolates mecC0281 and meC0467 clustered
together with the clade 1 A isolates, in contrast meC0280 clustered together with the isolates of sub-clade 1B.
Using a whole genome neighbor-joining parsnp algorithm as reference we could demonstrate that the isolates
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Figure 4. Comparison of MLST-based and proteotyping-based UPGMA dendrograms. The MLST-based
phylogenetic tree (left) as well as the proteotyping-based dendrogram (right) were constructed by UPGMA. The
MLST dendrogram resulted from 7 loci, the proteotyping-based dendrogram from the amino acid sequences

of 16 identified biomarker ions. The different C. coli clades and sub-clades are represented by different colors.

In addition, four C. jejuni isolates have been included in the illustration, which form their own C. jejuni clade.
Color codes: clade 1A - red, clade 1B - pink, clade 1C - orange, clade 2 - yellow, clade 3 - blue, isolate CCS1377
- purple, isolates meC0280, mecC0281, and meC0467 - green, C. jejuni isolates — white. Lines connect the
corresponding isolates in the different trees. As it can be seen, there are only crossings of connecting lines
within one clade (corresponding to one color), whereas different colors (clades) do not cross each other.

This demonstrates that proteotyping can be used to distinguish the clades clearly from each other. The only
exceptions are the three isolates meC0280, mecC0281, and meC0467 labeled in green. These form their own
clade in the MLST-based tree (Supplementary Fig. 1), but in the core genome alignment (Supplementary Fig. 2)
they cluster with C. coli clade 1. This means that for isolates of this group the proteotyping-based tree is similar
to a core genome alignment, while MLST is less suitable.

meC0280, mecC0281, and meC0467 integrate into the cluster of clade 1 C. coli isolates (Supplementary Fig. 2).
Therefore, the clustering in the proteotyping-based UPGMA-tree corresponds more closely to the clustering of
the whole genome neighbor-joining parsnp-tree. Here proteotyping proves to be a sufficient differentiation tool
that seems superior to 7-gene MLST-based phylogeny.

In summary, our proteotyping scheme clearly differentiates the clinically relevant clade 1 isolates from the
other clades. If this scheme would be integrated into a subtyping module of the mass spectrometry evaluation
software, we would be able to determine the clade and the clinical relevance of an isolate as early as in the mass
spectrometric species determination phase.

Materials and Methods

Campylobacter coli and Campylobacter jejuni isolates. A total of 101 Campylobacter isolates were
included in the presented study. Of these were 97 C. coli Isolates including 21 isolates from chicken, 19 from
human feces (clinical isolates of patients with campylobacteriosis), 15 from environmental water, 9 from turkey,
7 from water fowl, 6 from swine, 5 from cattle, 3 from wild bird, 3 from sheep, 2 from goat feces, 2 from ape feces,
2 from wild boar, and one from deer, bivalves and Eurasian otter. Twenty four of these isolates (including all 15
riparian and 9 chicken isolates) were provided by the Department of Food Science and Technology, at University
of Ljubljana, Slovenia; 54 isolates (animal isolates) were provided by the German Campylobacter Reference Center
of the Bundesinstitut fiir Risikobewertung (Federal Institute for Risk Assessment) in Berlin, Germany; 19 isolates
(human isolates) originated from stool samples of suspected campylobacteriosis patients treated at the University
Medical Center Gottingen, Germany. The genome-sequenced C. coli reference strain, RM2228, as well as the four
C. jejuni reference strains NCTC 11168, 81-176, 84-25, and 81116/NCTC 11828 were obtained from the National

SCIENTIFIC REPORTS |

(2019) 9:4244 | https://doi.org/10.1038/s41598-019-40842-w 7


https://doi.org/10.1038/s41598-019-40842-w

www.nature.com/scientificreports/

Collection of Type Cultures (NCTC), Salisbury, UK, Manassas, Virginia, USA. The isolates, especially the subset
for Fig. 4, were picked so that the test collection represented a high genetic diversity. Initial species identification
was performed using the MALDI Biotyper system (Bruker Daltonics, Bremen, Germany). Results with MALDI
Biotyper identification score values > 2.000 were assessed as correct. Additionally, the well-established multiplex
polymerase chain reaction of Vandamme and coworkers was used to distinguish between C. jejuni and C. coli®.

Bacterial culture. C. coliand C. jejuni strains were stored for long-term storage in Cryobank tubes at —80°C
(Mast Diagnostica, Reinfeld, Germany). For the experiments, they were incubated as one batch overnight under
microaerophilic conditions (5% O,, 10% CO,, 85% N,) on Columbia agar base (Merck, Darmstadt, Germany)
supplemented with 5% sheep blood (Oxoid Deutschland GmbH, Wesel, Germany). Experiments were carried out
under biosafety level 2 conditions.

The preparation of a matrix solution containing human insulin.  To prepare the matrix solution,
the matrix substance, purified with a-cyano-4-hydroxy-cinnamic acid (HCCA; Bruker Daltonics, Bremen,
Germany), was dissolved in the standard solvent consisting of acetonitrile 50%, water 47.5% and trifluoroacetic
acid 2.5%. The resulting concentration was 10 mg HCCA/mL. Recombinant human insulin (Sigma-Aldrich,
Taufkirchen, Germany) in HCCA solution was added to serve as an internal calibrant for spectrum evaluation.
The final concentration of human insulin in 50% aqueous acetonitrile was 10 pg/pL. The exact determination of
the insulin peak mass was carried out experimentally by mixing with the Bruker Test Standard and consecutive
recording of mass spectra. The insulin peak was detected at an m/z= 5,806.1. The insulin peak functioned as an
internal calibrant for all C. coli mass spectra. Insulin proved to be particularly suited, because its mass did not
coincide with other recorded biomarker masses. The use of an internal calibrant significantly increases precision
in the determination of biomarker mass changes. With this approach, we were able to detect mass differences with
a standard deviation of less than 1 Da.

Recording MALDI-TOF mass spectra. The preparation of the samples used in MALDI-TOF MS was car-
ried out in two variants: by smear preparation and extraction. Five colonies of an overnight agar plate culture
were harvested for the preparation of the extract samples and then given into 300 pL double distilled water. The
colonies were suspended by rigorous mixing. Subsequently, 900 uL absolute ethanol was added and the suspen-
sion was thoroughly mixed by repeated up-and-down pipetting. After complete suspension of the bacterial cells,
the suspensions were centrifuged for 1 minute at 13,000 x g. Subsequently, the supernatant was discarded and the
pellets dried at room temperature for 10 minutes. By vortexing during the drying process, the pellet was thor-
oughly resuspended in 50 pL of 70% formic acid. In the next step, 50 uL acetonitrile was added to each tube and
mixed with the pipette, followed by centrifugation of the mixture at 13,000 x g for 2 min. After centrifugation,
1 pL of the supernatant was pipetted onto a sample position on a polished steel MALDI target plate, and was left
to dry for about 5 minutes at room temperature. Subsequently, each sample position was coated with 1pL of the
HCCA matrix containing the internal calibrant, human insulin. Again, the matrix-coated target was left to dry at
room temperature. Once the matrix had dried, the samples were ready for mass spectrometric measurement®.
Recording of the mass spectra was performed according to the standard recommendations for the MALDI
Biotyper System (Bruker Daltonics, Bremen, Germany). Six hundred spectra in a mass range of 2-20kDa were
recorded in 100-shot steps on an Autoflex III system and summed up. Only if the MALDI Biotyper identification
score values were >2,000 they were judged to be valid.

Assignment of specific allelic isoforms to biomarker ions in mass spectra. Analysis of mass spec-
tra was performed using FlexAnalysis and the algorithms implemented therein (Bruker Daltonics, Bremen,
Germany). First, the spectra were calibrated internally to the set insulin peak (m/z=5,806.1), followed by sub-
sequent pre-processing, baseline subtraction and smoothing. The theoretical average molecular weight of the
proteins that correspond to any open reading frame (see Supplementary Table 3) was derived from the amino acid
sequence using the molecular weight calculator in the ExPASy Bioinformatics Resource Portal (http://web.expasy.
org/compute_pi/). It is important to note that posttranslational modifications occasionally occur in ribosomal
proteins of Enterobacteriaceae. For this reason, further optional molecular weights had to be considered for each
open reading frame®!. Plausible post-translational modifications are proteolytic removal of N-terminal initiator
methionine (iMet) which was considered to result in a mass difference of —131 Da, N-terminal acetylation®>>
and the presence or absence of disulfide bonds for example in the calibrant human insulin.

The unambiguous naming of biomarker masses, i.e. the assignment of a biomarker peak to a specific allelic
isoform, was done by comparing the measured masses with the calculated masses from the reference C. coli
RM2228 genome. If there was no clear correspondence between a biomarker mass in the recorded mass spectrum
of a specific isolate in the test cohort to the mass calculated from the C. coli RM2228 reference genome, the bio-
marker mass identification was done by matching the measured biomarker mass to calculated masses in entries
of the ribosomal MLST (rMLST) database or the whole genome MLST (wgMLST) database, respectively. If still
no unambiguous matching was found for the biomarker mass, the mass spectrum was examined for peaks with
biomarker masses that correspond to possible mass shifts due to mutations in the original biomarker resulting in
amino acid exchanges (Supplementary Table 2).

Every recorded allelic isoform in the test cohort was reconfirmed by amplification via PCR and consecutive
Sanger sequencing of the obtained amplicons (Seqglab, Géttingen, Germany). All primers used in the experiment
are listed in Table 1. The parameters of the PCR reactions were set as follows: pre-denaturation at 94°C for 300 sec;
denaturation at 94 °C for 30 sec; annealing at 55 °C for 30 sec; elongation at 72 °C for 30 sec; repetition for 30
amplification cycles; post-elongation at 72 °C for 600 sec. In each of the isolates studied, the predicted mutations
were found in the genes encoding the corresponding biomarker protein, which proved the identities of the peaks.
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Both, nucleotide and amino acid sequences of the allelic isoforms of biomarkers newly described during the
study, have been deposited at the Genbank. The accession numbers of all biomarkers (nucleotide and amino acid
sequences) are listed in Supplementary Table 4. MLST sequence types of all isolates analyzed in the study have
been deposited at the Campylobacter MLST database (https://pubmlst.org/campylobacter/).

Calculation of phylogenetic and phyloproteomic dendrograms.  The Molecular Biology and NGS
Analysis Tool Geneious V11.1.2 (http://www.geneious.com) was used to translate and align the protein sequences
taken from the rMLST and wgMLST databases. Additionally, Geneious was used to trim and align sequences
from confirmatory sanger sequencing®.

Calculation of the MLST- and proteotyping-based UPGMA-dendrogram was done with the help of the
MEGA?7 software>. For the assignment of MLST sequence types and clonal complexes, the C. coli/C. jejuni MLST
website (https://pubmlst.org/campylobacter/) was consulted®. The evolutionary history was inferred using
the Neighbor-joining method®. The evolutionary distances were computed using the Maximum Composite
Likelihood method?®. Core-genome alignments were computed using Parsnp and FastTree2* was used to calcu-
late the maximum-likelihood (ML) phylogenetic tree. Parsnp and FastTree2 are both implemented in the Harvest
package®.

Ethical Approval. Ethical approval for the study was obtained from Ethics Commission of the University
Medical Center Gottingen, Germany. No humans, animals, or personalized data were used for this study.
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Ergebnisse

2.2 Differenzierung von Campylobacter fetus-Subspezies mit Hilfe der Proteoty-

pisierung

Campylobacter fetus ist in erster Linie ein Erreger intestinaler Erkrankungen, ver-
einzelt verursacht er jedoch auch systemische Erkrankungen und Meningitis.
Gegenwartig sind drei Subspezies von C. fetus bekannt: C. fetus Subspezies
fetus (Cff), C. fetus Subspezies venerealis (Cfv) und C. fetus Subspezies testu-
dinum (Cft). Cff und Cfv sind in erster Linie mit Sdugetieren assoziiert, wahrend
Cft am haufigsten aus Reptilien isoliert wird.

Die phylogenetische Klassifikation der Spezies erfolgt Ublicherweise mittels Mul-
tilokus Sequenz Typisierung (MLST) und PCR-Ribotypisierung, welche relativ
zeitaufwandige und teure Methoden sind. Um diese arbeitsintensiven DNA-Se-
quenz basierten Methoden zu ersetzen, war das Ziel dieser Studie, ein Typisie-
rungsschema basierend auf der Proteotypisierungsmethode zu entwickeln.
Insgesamt wurde 41 C. fetus-Stamme, die die drei bekannten Subspezies ab-
deckten, via ICMS analysiert und mit den entsprechenden MLST-Ergebnissen
verglichen. Die im Massenspektrum des C. fetus-Referenzstammes LMG 6442
(NCTC 10842) identifizierten Biomarker sowie korrespondierende Isoforme wur-
den mit den zugehdrigen Aminosauresequenzen in Verbindung gebracht und in
das C. fetus-Proteotypisierungsschema aufgenommen.

In Kombination erlauben die neun identifizierten Biomarker die Unterscheidung
der Cft-Stamme von Cff- und Cfv-Stammen. Biomarker, welche die Unterschei-
dung zwischen Cff und Cfv ermdglichen, wurden nicht identifiziert. Die Ergeb-
nisse der Studie belegen die Stabilitat und Eignung der Proteotypisierung als In-

traspezies-Typisierungsmethode, zeigen aber auch deren Grenzen auf.
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Abstract

Campylobacter fetus is a causative agent of intestinal illness and, sometimes,
severe systemic infections and meningitis. C. fetus currently comprises three
subspecies: C. fetus subspecies fetus (Cff), C. fetus subspecies venerealis (Cfv)
and C. fetus subspecies testudinum (Cft). Cff and Cfv are primarily associated
with mammals whereas Cft is associated with reptiles.

To offer an alternative to laborious sequence-based techniques such as multi-
locus sequence typing (MLST) and PCR-ribotyping for this species, the purpose
of the study was to develop a typing scheme based on proteotyping.

In total, 41 representative C. fetus strains were analyzed by intact cell mass spec-
trometry and compared to MLST results. Biomarkers detected in the mass spec-
trum of C. fetus subsp. fetus reference strain LMG 6442 (NCTC 10842) as well
as corresponding isoforms were associated with the respective amino acid se-
qguences and added to the C. fetus proteotyping scheme.

In combination, the 9 identified biomarkers allow the differentiation of Cft subspe-
cies strains from Cff and Cfv subspecies strains. Biomarkers to distinguish be-
tween Cff and Cfv were not found. The results of the study show the potential of
proteotyping to differentiate different subspecies, but also the limitations of the

method.

30



Ergebnisse

Introduction

Campylobacter spp. can cause gastrointestinal and extra-intestinal infections [1].
Although the majority of cases (>90%) of intestinal campylobacteriosis are
caused by Campylobacter jejuni and Campylobacter coli a small number is also
caused by C. fetus [2-5]. Among these, C. fetus is the most common cause of
Campylobacter bacteremia. The frequency of detection in blood cultures varies
between 19% and 53% [6—8] of all Campylobacterioses. The reported case fatal-
ity rate of invasive C. fetus infections is at 14% [9]. Due to the high incidence rate
of campylobacteriosis worldwide, this shows that C. fetus infections occur fre-
quently and have the potential to become a significant public health issue. How-
ever, not much is known about the source of infection and the people at risk, so
far. Most reported C. fetus infections were observed in AIDS patients and other
immunocompromised individuals [1, 10].

C. fetus is a Gram-negative, microaerophilic bacterium, growing between
25°C and 37°C. Clinical symptoms of human C. fetus infection vary from acute
diarrhea to systemic illness [11, 12] and presentation of the symptoms depends
on where the disseminated pathogen is localized. Septicemia with fever, but with-
out apparent localized infection, for example, is reported in 24% to 41% of cases
[7, 9]. Other manifestations can be the result of neurological infections (i.e. me-
ningoencephalitis, meningitis or brain abscesses), arthritis, lung abscesses, os-
teomyelitis, and perinatal infections (i.e. abortion, infection in utero or placentitis)
[12]. Furthermore C. fetus infections may also cause vascular pathology (i.e. en-
docarditis, pericarditis, vasculitis, mycotic aneurysms) [13].

Currently, three subspecies of C. fetus are known. These are Cff, Cfv and
Cft. For Cfv also the biovar intermedius (Cfvi) has been identified in previous
studies [14, 15]. Subspecies Cff and Cfv are primarily associated with mammals
[13, 14] whereas the third subspecies Cft is linked with reptiles [15, 16]. Cff and
Cfv are genetically very closely related [17, 18] but differ in host adaption. Cff can
cause sporadic infections in humans, abortion in sheep and cattle and can be
isolated from different sites in different hosts [19]. Occurrence of Cfv is restricted
to the genital tract of cattle and is furthermore responsible for bovine genital cam-
pylobacteriosis (BGC). This syndrome is causes fertility problems in cattle [20].
Previous studies have demonstrated a large genetic divergence between strains

of mammal and reptile origin [21, 22] and molecular and phenotypic
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characterization of human cases and 3 reptiles identified a new subspecies and
proposed the name C. fetus subsp. testudinum subsp. nov. [15, 23].

In recent years intact cell MALDI-TOF mass spectrometry (ICMS) became
a standard method for microbial species identification in clinical diagnostic labor-
atories [24, 25]. MALDI-TOF MS also offers the opportunity to classify unknown
bacterial isolates by identifying similarities in mass spectra of unknown bacteria
and biomarkers in existing databases, a procedure referred to as phyloprote-
omics [26]. Typing methods, which are based on mass spectrometric analysis are
generally known as proteotyping [27] and have previously been used for charac-
terization of microbial communities, tissues, individual proteins, viruses and bac-
teria for several years now [28—31]. Among clinically relevant bacteria Salmonella
serotypes, Clostridiodes difficile PCR ribotypes, and methicillin-resistant Staphy-
lococcus aureus lineages have been shown to be detectable by proteotyping, to
name just a few [32—34].

Previous studies of our working group demonstrated the potential of bac-
terial subtyping on Campylobacter species in the clinical context, as it was pos-
sible to differentiate clinically relevant from clinically less relevant subgroups (Fig-
ure 1) [35-39]. At the heart of our approach is a list of allelic isoforms that result
from due to non-synonymous mutations and posttranslational modifications in bi-
omarker gene sequences, which are detectable as mass shifts in MALDI-TOF
spectra. In this way a combination of amino-acid sequences specific for each of
the isolates to be typed can be derived, in a similar manner as for MLST. By using
proteotyping only changes in mass associated with a certain set of allelic isoforms
of the same protein are taken into account for the derivation of phylogeny
whereas visibility or absence of particular masses as well as their intensity are
not considered. This improves the measurement accuracy wherefore ICMS is a
very promising subtyping approach and a realistic alternative to currently used
sequence-based techniques [37].

The goal of this study was to complete the set of typing schemes for clinically
relevant Campylobacter species by developing a C. fetus-specific proteotyping
scheme. A set of 41 C. fetus isolates covering all currently known subspecies of
C. fetus was used. All isolates were characterized by proteotyping and MLST

followed by the deduction of the phylogenetic relations.
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Materials and methods

C. fetus isolates

The test cohort was compiled in way that all subspecies of the bacterial species
were represented. In total, 41 C. fetus isolates were included in our study: 20 Cff,
11 Cfv, 7 Cft, and 3 Cfviisolates (Table 1). The isolates were of different biological
origins, namely preputial washing of cattle (4 Cff, 7 Cfv), vaginal mucus of cattle
(2 Cfv), foetuses of cattle (2 Cfv), cattle (not further specified, 3 Cfv), bovine
sperm (1 Cff), bull genitals (1 Cff), calf foetus (2 Cff), intestinal content of a calf
(1 Cff), intestinal content of a pig (1 Cff), foetus brain of a sheep (1Cff), reptile
cloak swab (3 Cff), human blood culture (7 Cff, 4 Cft), and 2 Cff strains of un-
known origin. Animal isolates were provided by the Friedrich-Loeffler-Institut Bun-
desforschungsinstitut fur Tiergesundheit, Jena, Germany. The following strains
were received from the Belgian co-ordinated collections of micro-organisms
(BCCM; http://bccm.belspo.be/about-us/bccm-Img): LMG6443 (Cfv), LMG6442
(Cff), LMG6570 (Cfv), LMG27499 (Cft), LMG06569 (Cff), LMG06571 (Cff),
LMGO06727 (Cff). Human blood-culture isolates were provided by the routine di-

agnostic laboratory of the University Medical Center, Gottingen, Germany (Table

1),

Bacterial culture conditions

C. fetus isolates used in the experiments were kept as cryobank stocks (Mast
Diagnostica, Reinfeld, Germany) at -80°C. For the subsequent MALDI-TOF MS
analysis the isolates were incubated under microaerophilic conditions (5% Og,
10% CO2, 85% N2) in Mueller-Hinton agar supplemented with horse blood at
37°C for 2-3 days.

Preparation of matrix solution

As part of the measurement preparation a-cyano-4-hydroxy-cinnamic acid
(HCCA) purified matrix substance (Bruker Daltonics, Bremen, Germany) was dis-
solved in standard solvent (acetonitrile 50%, trifluoroacetic acid 2.5% in ddH20)
to 10 mg HCCA/mL. Purified recombinant human insulin (Sigma-Aldrich, Taufkir-
chen, Germany) was added to the HCCA solution as an internal calibrant to a
final concentration of 10 pg/uL. The exact mass of the internal calibrant was ex-

perimentally determined (m/z = 5806.1) with reference to the Bruker Test
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Standard (BTS). The calibrant did not overlap with any of the biomarker masses

of interest and allowed a very precise internal mass calibration of the spectra.

MALDI-TOF mass spectrometry

To prepare samples for the measurements, two different variants were used:
smear preparation and formic acid/ acetonitrile extraction. Smear preparation by
experience yields clearer peaks in the m/z range <10,000 Da, whereas the ex-
traction variant allows more precise analysis in the field >10,000 Da [39].

The samples for the measurements were prepared as described before [37, 39]
In the measurement process, 600 spectra (mass range 2 to 20 kDa) were ob-
tained in 100-shots steps on an Autoflex Il system and summed up. If the MALDI
Biotyper (Database release 2016) identification score values were > 2.00 they

were considered correct.

Identification of biomarkers in ICMS spectra
The obtained mass spectra were analyzed by standard algorithms of FlexAnaly-
sis (Bruker Daltonics, Bremen, Germany). Initially, spectra were internally cali-
brated to the spiked human insulin peak. Subsequently, the baseline was sub-
tracted, and the spectra were smoothened (standard MBT method).
For determination of the theoretical average weight of the amino acid sequences
corresponding to the respective open reading frames of ribosomal proteins, the
amino acid sequences were uploaded one by one to the ExXPASYy Bioinformatics
Resource Portal (https://web.expasy.org/compute_pi/) where a molecular weight
calculator tool is provided.
Proteins used for previous proteotyping schemes sometimes underwent post-
translational modifications [40, 41]; therefore further molecular weights were cal-
culated for each biomarker, taking into account potential proteolytic removal of
the N-terminal methionine (-131.04 Da), acetylation, phosphorylation, formyla-
tion, and methylation (Table 2).

Biomarker masses observed in the reference genome of reference strain
LMG 6442 (NCTC 10842) (Figure 2) were matched to the calculated masses. In
contrast, biomarker masses observed in the spectrum of clinical isolates which
could not be assigned to the calculated masses from the C. fetus reference ge-

nome the spectra were considered as novel isoforms of the particular biomarker.
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For each isolate of the C. fetus test cohort all biomarker genes were am-
plified by PCR using primers listed in Table 3 and the amplicon was sequenced
(Microsynth Seqlab, Géttingen, Germany). To confirm the respective allelic
isoforms the gene sequences obtained from the amplicons were translated in

silico and the amino acid sequences were subsequently aligned.

Multilocus sequence typing (MLST)

For MLST a procedure modified from the original typing schemes was used [18,
23]. In brief, the annealing temperature of the PCR was decreased from 48°C to
47°C and the glyA2 oligonucleotide primer for the amplification of the glyA locus
was replaced with the primer glyS4 [18]. After concatenating of the MLST gene
sequences for each strain the software MEGA X was also used to construct an
MLST-based UPGMA dendrogram [42].

Phylogenetic and phyloproteomic analyses

A list of amino acid sequences of all allelic isoforms of the 9 identified biomarkers
was compiled (Table 4). GenBank accession numbers for the biomarker se-
quences observed in this study are listed in Table 5.

To analyze the biomarkers’ protein sequences translated from the NCBI nucleo-
tide database (Geneious V10.1.3) they were concatenated for each strain and a
UPGMA dendrogram (MEGA X) was constructed [42].

Results and discussion

In 2015 our working group set up a new proteotyping workflow for the proteotyp-
ing of microorganisms (Figure 1) [37]. Now the established procedure was used
to develop a C. fetus-specific proteotyping scheme. According to the standard
workflow masses emerging in the mass spectrum of the genome sequenced Cff
reference strain LMG 6442 (NCTC 10842) were analyzed and MS biomarker ions
were related with gene products consistent with the observed mass. By evaluat-
ing the 67 C. fetus nucleotide sequences available in the NCBI database a col-
lection of allelic isoforms for all biomarkers observed in the reference spectrum
was set up (Table 4). In accordance with the established proteotyping procedure,
mass spectra of all strains included in the test cohort were recorded. Subse-

quently spectra were edited (baseline subtraction and smoothing) and overlaid
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with the spectrum of Cff reference strain LMG 6442 (NCTC 10842). Recorded
biomarker masses were matched with the calculated average protein masses
and mass shifts in relation to the masses of the references strain were analyzed.
After concatenation of amino acid sequences of the biomarkers included in the
C. fetus typing scheme a UPGMA tree based on these strain specific proteotyp-

ing-based types was calculated.

Identification of biomarker ions

In total, the analysis based on the genome of Cff reference strain LMG 6442
(NCTC 10842) yielded nine, single charged biomarker masses between m/z =
4,300 and 10,300 which were presumptively correlated with a specific gene-
product. To provide reliable statements on reproducibility of our measurements
the standard deviation was calculated on the basis of six measurements. The
highest standard deviation (0.959) was observed for isoform 1 of biomarker S20-
M whereas the lowest standard deviation (0.271) was observed for isoform 5 of
biomarker L33-M (Table 6). The following biomarkers were identified: L36
(4,331.35 Da), L34 (4,217.26 Da), L32-M (5,530.47 Da), L33-M (6,205.31 Da),
S14-M (6,728.11 Da), L29 (6,893.22 Da), L24-M (8,026.59 Da), S20-M (9,741.33
Da), S19-M (10,277.10 Da). De-methionation was observed for biomarkers L32-
M, L33-M, S14-M, L24-M, S19-M, and S20-M (Table 2, Figure 2 & 3). In case of
MLST the established markers are distributed over the whole genome of the ref-
erence strain. As the biomarkers identified in this study show a comparable dis-
tribution they were suitable for the deduction of phylogenetic relations.
Comparing C. fetus proteotyping biomarkers to biomarkers identified within the
context of C. jejuni subsp. jejuni, C. jejuni subsp. doylei and C. coli proteotyping
[37-39] several differences can be noted: In the case of C. jejuni subsp. jejuni 19
biomarkers were identified and associated with the respective peak in the ICMS
spectrum whereas less than half (9) were found for C. fetus. Furthermore, bi-
omarker L33 lacked N-terminal methionine in case of C. fetus (L33-M) but it was
presentin C. jejuni subsp. jejuni, C. jejuni subsp. doylei and C. coli. These obser-
vations confirm the results published by Fagerquist and colleagues according to
which posttranslational modification patterns are microbial species-specific.
Within the isolate collection biomarker mass shifts were observed in seven out of

nine biomarkers [43].
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Establishment of an allelic isoform database

Following the identification of biomarker ions, an amino acid sequence isoform
list for each of the biomarkers identified in the previous step was compiled. In this
context, we analyzed the 67 C. fetus genome sequences that can be found on
NCBI. The number of identified isoforms for the respective biomarker varied: The
highest number was six, whereas one biomarker showed just a single isoform.
Differences were also observed regarding frequency of occurrence; whereas
some isoforms occurred in >99% of the cases, other isoforms were only found
once. Regarding single occurrence of isoforms, a sequencing error is possible.
Except of biomarker L36, all identified biomarkers showed at least 3 different
isoforms, demonstrating their suitability in the C. fetus subtyping context.

The amino acid sequences of all biomarker isoform are listed in Table 4. Varia-
tions of the amino acid sequences obtained by alignment of the sequences are
indicted in red, additionally the computed average protein mass for each isoform
is listed. It should be noted that due to some draft genomes in GenBank the num-
ber of available sequences may vary, as there were no contigs with the se-

qguences coding for each biomarker in all genomes.

MLST and proteotyping of the isolate collection

To proof functionality of the C. fetus proteotying scheme the test cohort (41 C.
fetus strains) was typed by MLST as well as proteotyping. The composition of the
test cohort was such that all known subspecies of the species were covered. The
isolate collection comprised the following 14 MLST sequence types: ST2 (3 iso-
lates), ST3 (7 isolates), ST4 (14 isolates), ST5 (2 isolates), ST6 (4 isolates), ST11
(1 isolate) , ST15 (2 isolates), ST16 (1 isolate), ST20 (2 isolates), ST27 (1 iso-
late), ST30 (1 isolate), ST31 (1 isolate), ST66 (1 isolate) and ST68 (1 isolate,
Table 1).

The concatenated amino acid sequences of the different biomarkers yielded four
proteotyping-derived types (Figure 4, right dendrogram). Proteotyping-derived
type A comprised most of the Cff and Cfv isolates (31/41). More precisely it com-
prised 3 MLST-ST2 isolates, 7 MLST-ST3 isolates, 14 MLST-ST4 isolates, 4
MLST-ST6 isolates, one MLST-ST11 isolate and one MLST-ST68 isolate.
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Proteotyping-derived type B consisted of two Cff MLST-ST 20 isolates, while pro-
teotyping-derived type C consisted of one MLST-ST5 isolate (Cff).

The most interesting finding was that proteotyping-derived type D consisted only
of Cft isolates. Regarding MLST sequence types it comprised particularly one
isolate of ST16, 2 isolates of ST15, one isolate of ST27, one isolate of ST30, one

isolate of sequence type 31 and one isolate of ST61.

Identification of allelic isoforms

The test cohort was measured in exactly the same manner as it was done for the
reference strain LMG 6442 (NCTC 10842). The evaluation of the measurements
of mass spectra of the strains was done based on the comparison with the spec-
trum of this reference strain. Observed mass shifts were compared to the se-
quence list of amino acid isoforms whereby a particular allelic isoform could be
identified.

If two different isoforms with the same mutation at different positions were ob-
served which though did not differ regarding mass difference to the reference
isoform, the variants were further examined by DNA sequencing. In the test co-
hort, 3 allelic isoforms for biomarker L33-M (RpmG), and two for biomarkers L34
(RpmH), L32-M (RpmF), L29 (RpmC), L24-M (RplX), S20-M (RpsT), S19-M
(RpsS) were detected. For biomarkers L36 (RpmJ) and S14-M (RpsN) only one

allelic isoform was identified (Table 2, Figure 3).

Construction of an UPGMA-dendrogram

To deduce the phylogenetic relationships of the species, amino acid sequences
of the 9 identified proteotyping biomarkers were fused into a single sequence.
The concatenated sequence was then further processed with the MEGA X soft-
ware to calculate a phyloproteomic tree (UPGMA). The 9 identified biomarkers
allowed a clear differentiation of a group of Cff and Cfv strains from a group of
utterly Cft strains. In order to assess the quality of the proteotyping results, an-
other UPGMA tree was calculated based on MLST data (Figure 4). Comparative
analysis of the trees revealed some differences between the two resulting phy-
logenies: While the test cohort was differentiated into 14 MLST sequence types,
the proteotyping-based analysis led to a division into only 4 different groups. The

most interesting finding was that proteotyping-based type D comprised all of the
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Cft isolates, showing that here our approach is comparable to the quality of the
current gold standard MLST.

Unfortunately, the MLST-ST4 corresponding to the subspecies Cfv could not be
differentiated by means of proteotying. Here, proteotying proves to be inferior to
MLSTyping in its discriminatory resolution.

A previous study by Fitzgerald and coworkers showed that it is possible to distin-
guish Cft from other C. fetus subspecies. Based on multiple unidentified bi-
omarker peaks, a dendrogram was calculated using Pearson correlation [15]. A
factor, which is reducing the informative value of these results, was the lack of
knowledge about the proteins responsible for each of the discriminating peaks.
In contrast to this study, we were able to identify at least 9 defined ribosomal
proteins as biomarkers. As Cft strains exhibited different biomarker isoforms com-
pared to the other two C. fetus subspecies they could be clearly differentiated.
PCR and subsequent Sanger sequencing of the respective biomarkers further
confirmed these differences.

Regarding the limitations of proteotyping the number of sequence data available
is decisive for the quality of the typing scheme. In case of C. fetus much less
sequences (67) were available as compared to C. jejuni subsp. jejuni (more than
3000) [37]. Another factor affecting the quality of the typing scheme is the number
of biomarkers it comprises. Further studies should therefor focus on the identifi-
cation of additional reliable biomarkers that can be included in the existing
scheme.

The prerequisite for the application of the technique is the visibility of all bi-
omarkers of the typing scheme. If this is not the case it is advisable to use se-

quence-based techniques.

Conclusion

As the results obtained so far demonstrate, proteotyping is a promising tool for
microbial typing at the species, subspecies, and even below subspecies level. A
smart bioinformatics solution and the development of an easy-to-handle user in-
terface would allow the application of the technique in daily diagnostic routine as
the corresponding equipment for proteotyping is available in modern clinical la-
boratories anyway. The rapidly growing sequence databases due to NGS are

opening up a wide range of opportunities for the development of further
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proteotyping schemes that possibly allow a rapid detection in case of a disease

outbreak.
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Fig. 1. lllustration of the different proteotying steps. 1) Recording of ICMS mass spectra of
the C. fetus test cohort and reference strain Cff LMG 6442 (NCTC 10842). 2) Establishment of a
C. fetus-specific allelic isoform list by blasting the genome sequences obtained from the NCBI
database against the genome of the C. fetus reference strain. Subsequently, allelic isoforms in
the test cohort are identified by comparing with the newly established allelic isoform list. 3) For
each strain in the test cohort a specific set of biomarker isoforms is obtained. Subsequently the
amino acid sequences of the biomarkers are fused into a single sequence what results in specific
proteotyping-based sequence types for each of the strains and allows the calculation of a prote-

otying-derived taxonomic dendrogram.
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Fig. 2. ICMS spectrum of C. fetus subsp. fetus reference strain LMG 6442 (NCTC 10842).
Singularly charged biomarkers that were part of the C. fetus proteotyping scheme labelled with a
black arrow or, in case of an N-terminal methionine cleavage (posttranslational modification) with

a red arrow. Multiple charged ions are not marked in this illustration.
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Fig. 3. Overview of C. fetus proteotyping biomarkers (a-i). To illustrate the observed mass
differences of the allelic isoforms, spectra of different proteotyping-based sequence types were
overlaid using the FlexAnalysis evaluation tool. X-Axis: mass [Da] charge-1 ratio, scale 200 Da.
Y-Axis: intensity [10x arbitrary units]. For the graphical illustration, the peak intensity of high re-
spectively low peaks was adjusted. Color code of the spectra: Spectra of strains with the isoform
of C. fetus subsp. fetus reference strain LMG 6442 (NCTC 10842) are blue, whereas differing
isoforms are colored red, green and yellow. If the N-terminal methionine of a ribosomal protein
was cleaved the respective illustration is provided with an “-M”.
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Fig. 4 Comparison of MLST- and proteotyping-derived phylogenies. On the left: Evolutionary
tree calculated based on MLST by means of the maximum composite likelihood method (UP-
GMA). In total, 14 different MLST sequence types were identified which are illustrated in different
colors.

On the right; Evolutionary tree based on proteotyping and calculated using UPGMA. Four different
proteotyping-derived types were identified. Type A contains most of the C. fetus subsp. fetus and
C. fetus subsp. venerealis strains. Type B and C contain two MLST ST 5 and one MLST ST 20
strain. The most interesting proteotyping-derived type is type D, which contains all C. fetus subsp.
testudinum strains and thereby allows the differentiation of the subspecies from other C. fetus
subspecies. The different proteotyping-based sequence types are marked at the branches of the
evolutionary tree (A, B, C, D).
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Table 1: List of C. fetus isolates used in the study.

isolate origin region date other strain designations  MLST-ST
Cfv0018 Preputial washing Lower-Saxony 28.04.2009 4
Cfv145/05 Preputial washing S-Bavaria 02.08.2005 4
Cfiv0114 Vaginal sample cattle Lower-Saxony 19.12.2006 4
Cfv151/05 Preputial washing S-Bavaria 10.08.2005 4
Cfv93/05 Preputial washing Thuringia 12.05.2005 6
Cff94/05 Preputial washing Thuringia 12.05.2005 6
Civi 96/05 Preputial washing Thuringia 12.05.2005 4
Cff225/04 Foetus calf Thuringia 16.12.2004 3
Cff512/99 Calf intestinal con- Thuringia 24.09.1999 5
Cfv63/05 Preputial washing N-Bavaria 6.03.2005 4
Cfv11/05 Preputial washing N-Bavaria 21.01.2005 4
CfvBS122/05 Foetus, cattle Baden-W. 14.06.2005 4
Cfiv07BS000 Preputial washing Baden-W. 26.09.2007 4
Cfv134/65 Foetus, cattle S-Bavaria 12.07.2005 4
Cff201/05 - Thuringia 23.11.2005 2
Cff91/05 Preputial washing Thuringia 12.05.2005 6
Cff155/60s Preputial washing Baden-W. 07.09.2006 6
Cff222/04 Bovine sperm Saxony 16.12.2004 2
Cff45361 Human blood culture Germany 3
Cff169361 Human blood culture Germany 3
Cff148/5361 Human blood culture Germany 3
CfvLMG6443 Cow, vaginal mucus United 1962 ATCC 19438; CCUG 538; 4
Kingdom CIP 68.29; JCM 2528;
CM.MG6442  Sheep foetus brain Sweden, 1972 ATCC 27374; CCTM 3
Goteborg La3023; CCUG 6823A;
CECT 564; CIP 53.96; JCM
2527; LMG 8849; NCTC
CfvLMG6570 Cattle Belgium 1985 CCUG 7477; CIP 53.105; 4
Florent 483; NIDO 483
Cffr1721 Human blood culture Germany, 2016 3
Duderstadt
Cff82014 Human blood culture Germany, 2015 68
Herzberg am
CfLMG2749 Human blood culture USA, New 2003 ATCC BAA-2539; Blaser 15
9 York 03-427
CfLMG0656 Calf foetus Belgium 1985 CCUG 17693; CIP 68.8; 11
9 Florent 7572; NIDO 7572
CM.MG0657 Bull genitals Belgium 1985 CCUG 17694; De Keyser 3
1 2125/4; NIDO 2125/4
CfLMG0672 Belgium 1985 CCUG 17695A; LMG 2
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Table 2: Theoretical biomarker masses predicted by the genome sequence of C. fetus ref-
erence strain LMG 6442 (NCTC 10842) under consideration of possible posttranslational
modifications.

Biomarker [-Met M+H+] [-Met mM+H+] [-Met +PO4 M+H+]  [M+H+] [fM+H+]
L36 4197 4211 4277 4332 4360
L34 5083 5097 5163 5218 5246
L32-M 5527 5541 5607 5662 5690
L33-M 6202 6216 6282 6337 6365
S14-M 6725 6739 6805 6860 6888

L29 6759 6773 6839 6894 6922
L24-M 8023 8037 8103 8158 8186
S20-M 9738 9752 9818 9873 9901
S19-M 10274 10288 10354 10409 10437

Legend:

[-Met M+H+] = unmodified mass - demethioninated form

[-Met mM+H+] = methylated mass - demethioninated form

[-Met +PO4 M+H+] = phosphorylated mass - demethioninated form
[M+H+] = unmodified mass

[fM+H+] = formylated mass

Table 3: Primers used for sequencing of C. fetus genes coding for ribosomal proteins in-
cluded in the proteotyping scheme.

Biomarker Gene Forward primer Reverse primer Amplicon
[5°>3] [5°>3] length [bp]
L36 RpmJ CGGGTGATCGCGTTAAAGTT TACGAATCGCAGCAGCTTCA 522
L34 RpmH AGTTATGCCGCAAACAC- TTTTCAAGCCCTGCTTTT- 699
CTAT GCT
L32-M RpmF ACCACTATTGTGATAGAT- ACATCAGTAGCACTTT- 596
GCGGT CTCCCA
L33-M RpmG CCCAGTTGCACTT- ACGATCGCTACAACAGCAAA 539
GAAGAAGG T
S14-M RpsN  AGGACTTCCGTGGTCTTCCA ACGCTTCTACCACGTTCGTC 624
L29 RpmC CGCCAGATAGAATCA- GCGGAAGCTTTTTCTAGCAC 701
GCTCGT
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L24-M RpIX  TTTGACGAAAATGCAGCCGT ACTGGGAAGCCTTCACGAAC 621

S20-M RpsT TTCTCCGGCTCTGCCTCTAA GCGAGTTCGCCTAGTTCTGG 736

S19 RpsS GGGCAAACG- GAACAGGACCGGCATCTACT 752
TAACTATCGGC

Table 4: C. fetus-specific allelic isoform list.

. calc. Average Frequency in
Locus Full name / product (ORF Locus tag in LMG 6442)
mass [Da] database
RpmJ/ L36
sequence | MKVRPSVKKMCDKCKIVKRKGIVHVICENPKHKQRQG (37aa)
100.000%
1 reference isoform LMG 6442 (NCTC 10842) 4331.35 | £0.00
(67/67)
RpmH/ L34
MKRTYQPHKTPKKRTHGFRGRMKTKNGRKVINARRAKGRKR
sequence
LAA (44aa)
1 reference isoform LMG 6442 (NCTC 10842) 5217.26 | +0.00 47.761% (32/67)
MKRTYQPHKTPKKRTHGFRERMKT-
2* 5289.32 | +72.06 | 32.836% (22/67)
KNGRKVINARRAKGRKRLAA(44aa)
MKRTYQPHKTPKKRTHGFRERMRTKNGRKVL-
3 5317.33 | +100.07 | 19.403% (13/67)
NARRAKGRKRLAA(44aa)
RpmF/ L32-M
(M)AVPKRRVSHTRAAKRRTHYKVTLPMPVKDKDGSWKMPH
sequence
a RINKTTGEY* (48aa)
1 reference isoform LMG 6442 (NCTC 10842) 5530.47 | +0.00 77.941% (53/68)
(M)AVPKRRVSHTRAAKRRTHYKVTLPMPVKDKDGS-
2 5548.50 | +18.03 17.647% (12/68)
WKMPHRMNKTTGEY (48aa)
(M)AVPKRRVSHTRAAKRRTHYKVTLPMPVKDKDGS-
3 5542.52 | +12.05 1.471% (1/68)
WKMPHRINKITGEY (48aa)
(M)AVPKRRVSHTRAAKCRTHYKVTLPMPVKDKDGS-
4 5477.42 | -53.05 1.471% (1/68)
WKMPHRINKTTGEY (48aa)
(M)AVPKRLVSHTRAAKRRTHYKVTLPMPVKNKDGS-
5 5486.45 | -44.02 1.471% (1/68)
WKMPHRINKTTGEY (48aa)
(M)AVPKRRVSHTRAAKRRTHYKITLPMPVKDKDGS-
6* 5544.49 | +14.02 New sequence
WKMPHRINKTTGEY (48aa)
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RpmG/ L33-M
(M)ASANRVKIGLKCAECNDINYTTTKNSKTTTEKLELKKY

sequence

a CPRLKKHTVHKEVKLK (55aa)

1* reference isoform LMG 6442 (NCTC 10842) 6205.31 | £0.00 46.970% (31/66)
(M)ASANRIKIGLKCVECGDINYTTTKNSKKT-

2 6247.39 | +42.08 18.182% (12/66)
TEKLELKKYCPRLKKHTEHKEVKLK (55aa)

(M)ASANRVKIGLKCAECNDINYTTTKNSKKT-

3* 6232.38 | +27.07 33.333% (22/66)
TEKLELKKYCPRLKKHTVHKEVKLK (55aa)

(M)ASVNRIKIGLKCVECGDINYTTTKNSKKT-

4 627544 | +70.13 1.515% (1/66)
TEKLELKKYCPRLKKHTEHKEVKLK (55aa)

(M)ASANRVKIGLKCAECNDINYTTTKNSKTTTEK-

5* 6179.23 | -26.08 New sequence
SELKKYCPRLKKHTVHKEVKLK (55aa)

RpsN/ S14-M
(M)AKKSMIAKAARKPKFSARGYTRCQICGRPHSVYKDFGICRV

sequence

a CLRKMANEGLIPGLKKASW (61aa)

1* reference isoform LMG 6442 (NCTC 10842) 6728.11 | £0.00 80.303% (53/66)
(M)AKKSMIAKAARKPKFSVRGYTRCQICGRPHS-

2 6756.16 | +28.05 | 3.030% (2/66)
VYKDFGICRVCLRKMANEGLIPGLKKASW (61aa)
(M)AKKSMIAKAARAPKFSSRGYTRCQICGRPHS-

3 6687.01 | +41.10 16.667% (11/66)
VYKDFGICRVCLRKMANEGLIPGLKKASW (61aa)

RpmC/ L29
MKYIDISAKSMSELNALLKEKKVLLFTLRQKLKTMQLTNPNE

sequence

a IGETKKDIARINTAISAAK(61aa)

1* reference isoform LMG 6442 (NCTC 10842) 6893.22 | £0.00 47.761% (32/67)
MKYTEISAKSVSELTALLKEKKYVLL-

2 FTLRQKLKTMQLTNPNEIRDTKKEIARINTAISAAK 6949.27 | +56.05 19.403% (13/67)
(61aa)

MKYIDISAKSISELNALLKEKKVLL-

3* FTLRQKLKTMQLTNPNEIRDTKKEIARIN- 6974.32 | +81.10 32.836% (22/67)
TAISAAK(61aa)

RplX/L24-M
(M)AVKYKIKKGDEVKVIAGDDKGKVAKVIAVLPKKGQVIVE

sequence

a GVKVAKKAVKPTEKNPNGGFISKEMPIDISNVAKVEG(77aa)
1* reference isoform LMG 6442 (NCTC 10842) 8026.59 | £0.00 47.751% (32/67)
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RplX/L24-M
(M)AIKYKIKKGDEVKVIAGDDKGKVA-

2 KVLAVLPKKGQVIVEGVKVAKKAVKPTDKNPNG- 8012.56 | -14.03 | 17.910% (12/67)
GFVSKEMPIDISNVAKVEG (77aa)

(M)AVKYKIKKGDEVKVIAGDDKGKVAKVIA-

3+ VLPKKGQVIVEGVKVAKKAVKPTDKNPNGGFISK- 8012.56 | -14.03 | 32.836% (22/67)
EMPIDISNVAKVEG (77aa)

(M)AIKYKIKKGDEVKVIAGDDKGKVA-

4 KVLAVLPKKGQVIVEGIKVAKKAVKPTDKNPNGGFVSK- | 8042.59 | +16.00 | 1.493% (1/67)
EMPIDISNVSKVEG (77aa)

RpsT/ S$20-M
(M)ANHKSAEKRARQTIKRTERNRFYRTRLKNLTKAVRVAV

sequence | ASGDKDAALVALKDANKNFHSFVSKGFLKKETASRKVSRLA
KLVSTLAA (88aa)

1* reference isoform LMG 6442 (NCTC 10842) 9741.33 | £0.00 | 48.529% (33/68)
(M)ANHKSAEKRARQTIKRTERNRFYRTRLKNLTKAVR-

2 VAVANGDKDAALLALKDVNKNFHS- 9810.43 | +69.10 | 16.176% (11/68)
FVSKGFLKKETASRKVSRLAKLVSTLAA (88aa)
(M)ANHKSAEKRARQTIKRTERNRFYRTRLKNLTKAVR-

3 VAVANGDKDAALLALKDVNKNFHS- 9809.49 | +68.14 | 1.471% (1/68)
FVSKGFLKKKTASRKVSRLAKLVSTLAA (88aa)
(M)ANHKSAEKRARQTIKRTERNRFYRTRLKNLTKAVR-

4* VAVTSGDKDAALLALKDVNKNFHS- 9813.43 | +72.10 | 32.353% (22/68)
FVSKGFLKKETASRKVSRLAKLVSTLAA (88aa)
(M)ANHKSAEKRARQTIKRTERNRFYRTRLKNLTKAVR-

5 VAVANGDKDAALLALKDVNKNFHS- 9780.41 | +39.08 | 1.471% (1/68)
FVSKGFLKKETASRKVGRLAKLVSTLAA (88aa)

RpsS/ S19-M
(M)ARSLKKGPFVDDHVMKKVLAAKAANDNKPIKTWSRRSM

sequence | IIPEMIGLTFNVHNGKGFIPVYVTENHIGYKLGEFAPTRTF
KGHKGSVQKKIGK (93aa)

1* reference isoform LMG 6442 (NCTC 10842) ;0277'1 +0.00 | 47.761% (32/67)
(M)ARSLKKGPFVDDHVMKKVLAAKAANDNKPIKT- 02770

2 WSRRSTIIPEMIGLTFNVHNGKSFIPVYV- ) -0.06 14.925% (10/67)
TENHIGYKLGEFAPTRTFKGHKGSVQKKIGK (93aa)
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RpsS/ S19-M
(M)ARSLKKGPFVDDHVMKKVLAAKAANDNKPIKT-

& WSRRSMIIPEMIGLTFNVHNGKSFIPVYV- 10307.1 +30.02 92.830%
TENHIGYKLGEFAPTRTFKGHKGSVQKKIGK (93aa) 2 (c2/e7)
(M)ARSLKKGPFVDDHVMEKVLAAKATNDNKPIKT- R

4 WSRRSTIIPEMIGLTFNVHNGKSFIPVYV- . +30.90 | 4.478% (3/67)
TENHIGYKLGEFAPTRTFKGHKGSVQKKIGK (93aa)

Legend: * observed in test population AA numbering including start-methionine,
if the mass spectrometric measurements indicate its absence it is written in brack-
ets (M)
Table 5: Accession numbers of C. fetus-specific proteotyping biomarker isoforms.
Biomarker Isoform Gene Bank Accession Locus Tag Protein ID
L36 1 MK463617
L34 1 CP000487.1:557520-557654 CFF8240_0551 ABK82017.1
L34 2 CP027287.1:608973-609107 C6B32_03095 AVK80859.1
L32-M 1 CP000487.1:210702-210848 CFF8240_0235 ABK81894.1
L32-M 6 MK463615
L33-M 1 CP000487.1:1313847-1313949 CFF8240_1324 ABK82614.1
L33-M 3 CP027287.1:¢1398913-1398746 C6B32_06940 AVK81560.1
L33-M 5 MK463616
S14-M 1 CP000487.1:39526-39711 CFF8240_0047 ABK82398.1
L29 1 CP000487.1:37925-38110 CFF8240_0042 ABK82084.1
L29 3 CP027287.1:36898-37083 C6B32_00200 AVK80319.1
L24-M 1 CP000487.1:38746-38979 CFF8240_0045 ABK83333.1
L24-M 3 CP027287.1:37719-37952 C6B32_00215 AVK80322.1
S20-M 1 CP000487.1:1678191-1678457 CFF8240_1718 ABK82453.1
S20-M 4 CP027287.1:1762618-1762884 C6B32_08820 AVK81906.1
S19-M 1 CP000487.1:36187-36468 CFF8240_0038 ABK81869.1
S19-M 3 CP027287.1:35160-35441 C6B32_00180 AVK80315.1
Table 6: Measured and calculated biomarker masses.
Biomarker Isoform Measured Standard A Measured mass/  Monoisotopic Average
Mass [Da] deviation Average mass mass Mass [Da]
[Da]
L36 Isoform 1 4331 0.765 0.35 4328.40 4331.35
L34 Isoform 1 5217 0.425 0.26 5214.02 5217.26
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L34
L32-M
L32-M
L33-M
L33-M
L33-M
S14-M

L29

L29
L24-M
L24-M
S20-M
S20-M
S19-M
S19-M

Isoform 2
Isoform 1
Isoform 6
Isoform 1
Isoform 3
Isoform 5
Isoform 1
Isoform 1
Isoform 3
Isoform 1
Isoform 3
Isoform 1
Isoform 4
Isoform 1

Isoform 3

5290
5530
5544
6205
6232
6179
6728
6893
6975
8026
8012
9741
9813
10277
10308

0.593
0.478
0.475
0.867
0.381
0.271
0.445
0.321
0.877
0.928
0.620
0.959
0.361
0.499
0.635

0.68
0.47
0.49
0.31
0.38
0.23
0.11
0.22
0.68
0.59
0.56
0.33
0.43
0.10
0.88

5286.04
5526.99
5541.01
6201.37
6228.42
6175.32
6854.63
6888.84
6969.96
8021.62
8007.61
9735.50
9807.56
10270.58
10300.59

5289.32
5530.47
5544.49
6205.31
6232.38
6179.23
6728.11
6893.22
6974.32
8026.59
8012.56
9741.33
9813.43
10277.10
10307.12

56



Ergebnisse

2.3 Identifizierung von Clostridioides difficile PCR Ribotyp 027 Stammen via

Proteotypisierung

Clostridioides difficile, ein Gram-positives sporenbildendes Bakterium, ist welt-
weit die Hauptursache nosokomialer Diarrhd und daher eine immense Belastung
fur das Gesundheitssystem. Wahrend des letzten Jahrzehnts ist eine Population
des hypervirulenten PCR-Ribotypen (RT) 027 auf der ganzen Welt sehr schnell
emporgekommen. Stamme dieses Ribotyps werden mit einem schlimmeren
Krankheitsverlauf und einer hoheren Mortalitdtsrate assoziiert, weshalb eine
schnelle Identifikation dieser Stamme aullerst wichtig ist. Wahrend gangige di-
agnostische Methoden wie MLST oder die Ribotypisierung via PCR zeitaufwan-
dig sind, bietet die auf der MALDI-TOF Massenspektrometrie basierende Prote-
otypisierung eine schnelle, gunstige und verlassliche Alternativiésung.

In dieser Studie wurde ein C. difficile-spezifisches Proteotypisierungsschema
entwickelt. Insgesamt wurden 77 ribotypisierte Stamme, die alle finf bekannten
MLST-Kladen abdeckten, mittels Massenspektrometrie analysiert. Die MLST, ba-
sierend auf kompletten Genomsequenzen und PCR-Ribotypisierung wurden als
Referenzmethoden verwendet. Isoforme der identifizierten Biomarkermassen, in
der Regel ribosomale Proteine, wurden mit den zugehdrigen Aminosauresequen-
zen assoziiert und in das C. difficile-Proteotypisierungsschema aufgenommen.
Letztlich ist es gelungen, neun Biomarker mit den daflr kodierenden Genen in
Verbindung zu bringen und diese in das C. difficile-Proteotypisierungschema auf-
zunehmen.

Die Diskriminierungsfahigkeit des entwickelten Schemas basierte im Wesentli-
chen auf Isoformen der Biomarker L28-M (zwei Haupt-Isoforme), L35-M (vier
Haupt-Isoforme) und S20-M (zwei Haupt-Isoforme), die in insgesamt 16 verschie-
denen Proteo-Typen resultierten.

In unserer Testkohorte konnten finf der insgesamt 16 verschiedenen Proteo-Ty-
pen identifiziert werden. Diese funf Typen stimmten nicht exakt mit den funf
MLST-basierten C. difficile-Kladen Uberein, die Tiefe der Subtypisierung war je-
doch aquivalent. Die wesentliche Entdeckung war, dass Klade B ausschlieflich
Isolate des hypervirulenten Ribotyps 027 enthielt.

Die Proteotypisierung ist eine stabile und in der Anwendung einfache Methode

fur die Subtypisierung von Spezies und eine vielversprechende Alternative zu
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gegenwartig verwendeten, molekularen Methoden. Da RT027 Isolate von nicht-
RT027 Isolaten via Proteotypisierung unterschieden werden kdnnen, ist die Me-
thode fur den Einsatz im Rahmen der Routinediagnostik ausgesprochen interes-

sant.
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ABSTRACT

Clostridioides difficile, a Gram-positive spore-former, is the main cause of noso-
comial diarrhea worldwide and therefore a substantial burden to the healthcare
system. During the past decade, the hypervirulent PCR-ribotype (RT) 027 popu-
lation emerged rapidly all over the world, associated with both, higher severity
and mortality rates. It is thus of great importance to identify epidemic strains such
as RT027 as fast as possible. While commonly used diagnostic methods, e.g.
multi locus sequence typing (MLST) or PCR-ribotyping, are time-consuming, pro-
teotyping offers a fast, inexpensive, and reliable alternative solution.

In this study, we established a MALDI-TOF-based typing scheme for C. difficile.
A total of 77 ribotyped strains representative for five MLST clades were analyzed
by mass spectrometry. MLST, based on whole genome sequences, and PCR-
ribotyping were used as reference methods. Isoforms of MS-detectable bi-
omarkers, typically ribosomal proteins, were related with the deduced amino acid
sequences and added to the C. difficile proteotyping scheme. In total, we were
able to associate nine biomarkers with their encoding genes and include them in
our proteotyping scheme. The discriminatory capacity of the C. difficile proteo-
typing scheme was mainly based on isoforms of L28-M (2 main isoforms), L35-
M (4 main isoforms), and S20-M (2 main isoforms) giving rise to at least 16 pro-
teotyping-derived types.

In our test population, five of these 16 proteotyping-derived types were detected.
These five proteotyping-derived types did not correspond exactly to the included
five MLST-based C. difficile clades, nevertheless the subtyping depth of both
methods was equivalent. Most importantly, Proteotyping-derived clade B con-
tained only isolates of the hypervirulent RT027.

Proteotyping is a stable and easy-to-perform intraspecies typing method and a
promising alternative to currently used molecular techniques. It is possible to dis-
tinguish RT027 isolates from non-RT027 isolates using proteotyping, providing a

valuable diagnostic tool.

INTRODUCTION

Clostridioides difficile (Lawson et al., 2016) is a Gram-positive anaerobic spore
former and the most frequent cause of antibiotic-associated diarrhea (Leffler and
Lamont, 2015; Lo Vecchio and Zacur, 2012; Martin et al., 2016; Smits et al.,
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2016). Current research revealed that this pathogen is responsible for more than
152,000 reported healthcare-associated C. difficile infections and more than
8,300 associated deaths every year (Cassini et al., 2016). The incidence rate
observed in the United states was consistent with the European one (Martin et
al., 2016). The symptoms of a C. difficile infection (CDI) appear in various mani-
festations: The spectrum comprises rather weak symptoms like mild diarrhea but
also serious forms like toxic megacolon, pseudomembranous colitis (PMC) or
perforation of the colon (Nanwa et al., 2015). Although the potential for severe
disease is high, most of the colonized individuals do not show any symptoms
(Donskey et al., 2015; Elliott et al., 2017). Despite the fact that the involvement
of the small intestine has been observed, characteristic PMC lesions are normally
restricted to the colon (Jacobs et al., 2001; Keel and Songer, 2006). Infections
outside of the intestine only occur very rarely (Byl et al., 1996).

Over the last decade, different hypervirulent C. difficile strains emerged. The
most prominent of these hypervirulent strains has been categorized as RT027,
which has emerged especially in Canada, North America, and various European
countries (Brazier et al., 2008; Indra et al., 2008; Loo et al., 2005; McDonald et
al., 2005; Pépin et al., 2004; Valiente et al., 2014). Outbreak studies from these
and other countries all over the world revealed that RT027 is associated with an
intensification of the worldwide epidemic of nosocomial C. difficile infections, re-
sulting in repeated occurrence and high mortality rates (Hubert et al., 2007; Loo
et al., 2005; Mooney, 2007; Redelings et al., 2007). Furthermore, these studies
point out the rapid spreading of RT027 strains, and, despite of the currently de-
clining cases in certain geographical areas, a persisting worldwide dissemination
can be observed (Arvand et al., 2014; Arvand and Bettge-Weller, 2016; He et al.,
2013).

Besides adherence- and motility factors virulence of C. difficile mainly depends
on toxins encoded by the pathogenicity locus (PaLoc) (Carter et al., 2015). Most
pathogenic C. difficile strains own two homologous toxins (TcdA and TcdB) and
three proteins presumably responsible for production and secretion of these tox-
ins are PalLoc-encoded (Awad et al., 2014; Monot et al., 2015; Smits, 2013).
These toxins are produced due to insufficient supply of nutrients, primarily harm
epithelial cells of the intestine and are then taken up by endocytosis. Once in the

cytosol they are activated what results in necrosis of epithelial cells. In this way
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intestinal membrane integrity is lost and the host is exposed to microorganisms
in the intestine what finally initiates the host inflammatory response (Abt et al.,
2016). Although most C. difficile strains exhibit an identical localization of the
Paloc, some studies identified strains with an atypical localization (Hunt and Bal-
lard, 2013).

Additionally, the PalLoc encodes the proteins TcdC, TcdE and TcdR. The alter-
native sigma factor TcdR enables binding of the RNA polymerase to the tcdA and
tcdB promoters and to its own promoter by a positive feedback loop (Abt et al.,
2016; Mani and Dupuy, 2001). When the stationary growth phase of C. difficile is
reached TcdR drives the transcription of tcdA and tcdB (Mani and Dupuy, 2001).
In the phase of exponential growth, TcdC is expressed at a higher level by C.
difficile, what possibly serves as anti-sigma factor and thereby as a suppressor
for the tcdA and tcdB transcription (Matamouros et al., 2007). To inhibit transcrip-
tion, typical anti-sigma factors normally bind to sigma factors. In C. difficile tran-
scription of tcdA and tcdB is possibly inhibited by direct binding of TcdC to single-
stranded DNA (van Leeuwen et al., 2013). The fact that hypervirulence of strains
was associated with deletions in the sequence of tcdC is another indicator for the
possible involvement of TcdC in limiting C. difficile toxin expression (Spigaglia
and Mastrantonio, 2002). The assumption that TcdC is an important repressor of
the toxin production is also supported by the observation that the absence of a
functional TcdC due to a frame shift mutation (D117 bp) in the tcdC gene is as-
sociated with an increased production of toxins in at least some (hyper-)virulent
strains, like RT027 (Bakker et al., 2012; Curry et al., 2007; Warny et al., 2005).
In contrast to this, other studies revealed that the level of toxin production in vitro
was neither affected by a restorated tcdC expression in a RT027 strain nor in
genetically modified tcdC mutants (Bakker et al., 2012; Cartman et al., 2012).
Another gene in the Paloc is fcdE, which encodes a holin-like protein. Recent
studies point to the fact that this protein facilitates secretion of TcdA and TcdB,
as these are proteins without conventional secretion signal sequences. Research
findings on the influence of TcdE on secretion also diverge: As some studies
underline its importance for toxin secretion, other studies show secretion in its
absence (Govind and Dupuy, 2012; Olling et al., 2012). However, recently pub-

lished work showed the involvement of TcdE in TcdA and TcdB secretion of high-
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toxin producing C. difficile strains (Govind et al., 2015; Mehner-Breitfeld et al.,
2018).

Another toxin expressed by some C. difficile strains like hypervirulent RT027
which is not encoded by the PalLoc is the binary toxin or C. difficile transferase
(CDT) (Stubbs et al., 2000; Sundriyal et al., 2010) Although this toxin is supposed
to enhance virulence and some studies show a correlation between its presence
and an increased mortality rate, its exact role is unknown so far (Barbut et al.,
2005; Gerding et al., 2014; McEllistrem et al., 2005). CDT consists of two pro-
teins: CdtA, which is a ADP-ribosyl transferase, responsible for ribosylation of
actin in cells of eukaryotes. The second protein is CdtB, which is responsible for
the formation of pores in acidified endosomes. Furthermore, it contributes to the
transport of CdtA into the cytosol. Papatheodorou and coworkers identified the
lipolysis-stimulated lipoprotein receptor as the membrane receptor responsible
for CDT uptake by target cells (Papatheodorou et al., 2011).

The interference of ribosylation and actin polymerization leads to microtubule-
caused cellular protrusion and an enhanced delivery of fibronectin to the surface
of the cell. This mechanism finally improves target cell adhesion of C. difficile
(Schwan et al., 2014).

There are several possible reasons for the spreading of RT027 strains: One rea-
son is, that these strains show a higher resistance to fluoroquinolones compared
to other strains (Dannheim et al., 2017; Drudy et al., 2007; Sebaihia et al., 2006).
Comparing RT027 strains with historic, pre-epidemic strains revealed that each
of the epidemic lineages exhibits a gyrA gene mutation responsible for an in-
creased resistance to fluoroquinolones. As it is almost certain, that fluoroquino-
lone resistance was crucial for the spreading of RT027 strains the resistance was
also shown in non-epidemic C. difficile strains, what suggests that additional fac-
tors contributed to its emergence (Spigaglia et al., 2008, 2010).

Pangenome studies concerning antimicrobial resistance genes (ARG) of C. dif-
ficile revealed that the most common ARG is the chromosome-encoded cdeA,
which is a well-known multidrug transporter. Other frequently observed ARGs
were those encoding resistance to tetracycline, aminoglycosides, and erythromy-
cin (Knetsch et al., 2018).

Another factor that possibly contributed to the spreading is the implementation of

trehalose as a food additive, which came into the market shortly before the rise
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of virulent strains RT078 and RT027. RT027 strains exhibit a single point muta-
tion in the repressor of trehalose what leads to a more than 500-fold increase of
sensitivity to trehalose. Trehalose also increased the virulence of RT027 strains
in mouse models of C. difficile infections (Collins et al., 2018; Robinson et al.,
2014).

Moreover, it was proposed that, after an antibiotic treatment, the re-colonization
of the gut by commensals is inhibited by a phenol derivate, p-cresol, produced by
C. difficile (Dawson et al., 2008). Also the ability to form spores has been pro-
posed to contribute to the difference in virulence between RT027 and other C.
difficile strains (Burns et al., 2010; Lanis et al., 2010).

There is a wide range of diagnostic methods available to investigate on the phy-
logeny of C. difficile, including PCR-ribotyping and multi locus sequence typing
(MLST) (Knetsch et al., 2013). The most common method in Europe is PCR-
ribotyping what meanwhile also applies to the United States (Fawley et al., 2015;
Janezic and Rupnik, 2010; Waslawski et al., 2013). This approach was first de-
scribed by Gurtler (Gurtler, 1993) and makes use of length differences (200-600
bp) of the intergenic spacer region (ISR) between 16S and 23S rRNA genes.
Furthermore, different C. difficile strains also exhibit different numbers of alleles
in the ribosomal operon. By combining ISR length- and allele number variation, a
specific banding pattern can be obtained for the respective ribotype by PCR am-
plification with a single primer pair (Janezic, 2016).

In contrast, MLST discriminates isolates using nucleotide sequences of house-
keeping gene fragments (Maiden et al., 1998), where a sequence type (ST) num-
ber is assigned to each unique combination of alleles. The MLST technique is
also scalable to high-throughput robotic systems (Pavon and Maiden, 2009).

To respond immediately in case of a disease outbreak, fast, accurate and inex-
pensive diagnostic methods are indispensable. Since PCR-ribotyping and MLST
are relatively expensive and time-consuming, matrix-assisted laser desorp-
tion/ionization mass spectrometry (MALDI-TOF MS) represents a promising al-
ternative (Lavigne et al., 2013; Patel, 2015). This technique has become the cur-
rent standard for species identification in many areas of clinical microbiological
laboratories (Bader, 2013; Seng et al.,, 2010). Beside species identification,
MALDI-TOF MS allows distinction of subspecies by accurate discrimination of

strain-specific biomarkers (Durighello et al., 2014; Lartigue, 2013; Suarez et al.,
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2013). Previous studies have shown the possibility to differentiate Salmonella
enterica ssp. Enterica serovar Typhi from Salmonella enterica ssp. enterica sero-
types, which are of minor clinical relevance (Kuhns et al., 2012). Moreover, it was
shown that it is even possible to discriminate different MLST sequence types
(STs) of Campylobacter jejuni ssp. jejuni using a single biomarker ion (Zautner et
al., 2013). Cheng and colleagues recently discovered that it is possible to differ-
entiate Clade 4 strains of C. difficile from other C. difficile strains by MALDI-TOF
MS on the basis of 5 markers (Cheng et al., 2018). In another recent study Corver
and coworkers identified two peptide markers (m/z = 4927.81 and m/z = 5001.84)
that enable the identification of C. difficile MLST types 1 and 11 by MALDI-MS
(Corver et al., 2018). Another MALDI-TOF MS-based subtyping approach was
published by Ortega and coworkers: They used a technique called high molecular
weight (HMW) typing where a protein profile within the mass range of 30 to 50
kDa is analyzed (Ortega et al., 2018; Rizzardi and Akerlund, 2015). More pre-
cisely this method groups C. difficile strains according to proteins of their surface
layers. Within the study, they identified different HMW profiles. One of those pro-
files only harbors RT027 strains, what makes it an interesting tool for rapid sub-
typing (Ortega et al., 2018).

The main problem of clustering-based MALDI-TOF MS-typing methods is the lack
of knowledge about the protein that corresponds to the respective peak in the
mass spectrum. This problem can be solved to a certain degree using proteotyp-
ing. This microbial typing method that we initially named Mass Spectrometry-
based PhyloProteomics (MSPP), but which we will, in accordance with the termi-
nology now used in the scientific community (Karlsson et al., 2015), refer to as
proteotyping, was previously successfully used for subtyping of C. jejuni ssp. je-
juni and ssp. doylei isolates (Zautner et al., 2015, 2016). The essential charac-
teristic of our proteotyping method is an amino acid sequence catalogue of
isoforms of alleles. These isoforms are the result of non-synonymous mutations
in genes coding for ribosomal proteins (biomarker genes). These mutations can
be detected in the form of mass shifts within MALDI-TOF spectra. It is then pos-
sible to assign an isolate to a specific proteotyping-derived type by analyzing the
scheme of recorded biomarker masses and deducing the respective amino acid
sequence. The key advantage of proteotyping in comparison to whole mass

spectrum clustering approaches is that only mass changes assigned to a specific
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set of allelic isoforms of the same protein are considered for deduction of phylog-
eny. Alternative methods that focus on presence or absence of single masses as
well as peak intensity are leading to imprecise results (Matsumura et al., 2014;
Novais et al., 2014; Suarez et al., 2013; Zautner et al., 2013).

For this study, we compiled a collection of 94 C. difficile strains to develop and

test a C. difficile-specific proteotyping scheme.

MATERIALS AND METHODS

Clostridioides difficile isolates

In total, 94 C. difficile isolates were chosen in a way, that the test collection rep-
resented a high genetic diversity and the currently clinical relevant and most prev-
alent five out of six established clades of this species (Dingle et al., 2014; Knetsch
et al., 2012; Knight et al., 2015; Riedel et al., 2017; Stabler et al., 2009). For the
MALDI-TOF analyses 77 isolates were selected for which a complete genome
was already sequenced (data not shown). To broaden the basis for the differen-
tiation of RT027 isolates, 17 additional RT027 isolates were included in the study
for which no genomic data was available. More precisely, 46 clade 1 strains, 24
clade 2 strains, 2 clade 3 strains, 17 clade 4 strains and 5 clade 5 strains were
selected for the experiments (Supplementary Table 1). Isolates of clade C-I were
not available and were not included in the study. The entire collection consisted
of clinical isolates from four different countries: Germany, Great Britain, Ghana,

and Indonesia (Seugendo et al., 2018).

Bacterial culture conditions

C. difficile isolates were kept in store in the form of cryobank stocks (Mast Diag-
nostica, Reinfeld, Germany) at -80 °C. Isolates were incubated for 48 h at 37 °C
on Columbia agar (Merck, Darmstadt, Germany) supplemented with 5 % sheep
blood (Oxoid, Wesel, Germany) under anaerobic condition using a COY anaero-
bic gas chamber (COY Laboratory Products, USA). The atmosphere used con-
sisted of 85 % N2, 10 % H2, 5 % CO.. All experiments were carried out under

biosafety level 2 conditions.
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Preparation of matrix solution

To prepare the matrix solution used for the experiments a-cyano-4-hydroxy-cin-
namic acid (HCCA) purified matrix substance (Bruker Daltonics, Bremen, Ger-
many) was dissolved in standard solvent consisting of 47.5 % MALDI-grade wa-
ter, 50 % acetonitrile, and 2.5 % trifluoroacetic acid (all Sigma-Aldrich, Taufkir-
chen, Germany) by what the solution had a final concentration of 10 mg
HCCA/mL. In order to have an internal calibrant for the measurements purified
recombinant human insulin (Sigma-Aldrich, Taufkirchen, Germany) was added to
HCCA. In the following step, human insulin was dissolved in 50 % aqueous ace-
tonitrile to attain a final concentration of 10 pg/pL. The precise determination of
the insulin peak mass was done experimentally by mixing with Biotyper Test
Standard (BTS, Bruker Daltonics) and yielded an m/z of 5,806.1. The insulin peak
was chosen as internal calibrant for all C. difficile mass spectra because it did not
cover any biomarker masses of interest. An internal calibrant has a crucial effect
on precision during determination of biomarker mass variations. This approach

enabled us to detect mass difference with an accuracy of up to 1 Da.

MALDI-TOF mass spectrometry

Sample preparation for MALDI-TOF MS measurements was done using two dif-
ferent procedures following the manufacturer’s instructions: (i) smear prepara-
tion, which, from experience, allows a better detection of peaks in the m/z range
> 10,000 kDa and (ii) formic acid/acetonitrile extraction, facilitating more precise
analysis in the m/z range < 10,000 kDa.

Briefly, to prepare extract samples, five colonies that were plated for 48 h on agar
were thoroughly resuspended in 300 yL ddH2O followed by the addition of 900
pL of absolute ethanol. The suspension was then mixed by pipetting up and down
repeatedly. After complete suspension of the bacterial colonies the suspensions
were centrifuged for 1 min (13,000 x g). The supernatant was discarded followed
by drying of the pellets for approx. 10 min at room temperature. To resuspend
the pellet in 50 uL of 70 % formic acid it was vortexed thoroughly. 50 uL of ace-
tonitrile were then added to each sample and again mixed by pipetting as previ-
ously described, followed by centrifugation of the mixture for 2 min (13,000 x g)
removing cellular debris. Subsequently, 1 uL of the supernatant was transferred

into the designated field on a MALDI target plate, consisting of polished steel. It
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was left to dry at room temperature for approx. 5 min and subsequently overlaid
with 1 uL of HCCA matrix containing the human insulin. After another drying step
at room temperature samples were ready for MS-analysis.

MALDI-TOF MS measurements were performed according to the MALDI Biotyper
standard procedures (Bruker Daltonics, Bremen, Germany). During analysis, 600
spectra in a mass range between 2 and 20 kDa were collected in 100-shots steps
on an Autoflex Il system and summed up. Results obtained with MALDI Biotyper
(database release 2016) identification score values = 2.000 were considered cor-

rect.

Identification of biomarkers in mass spectra

To analyze the received mass spectra, the software FlexAnalysis (Bruker Dalton-
ics, Bremen, Germany) and its embedded standard algorithms were used. First,
spectra were internally calibrated according to the known insulin peak (m/z =
5,806.1), followed by baseline subtraction (TopHat) and smoothing as imple-
mented in the standard MBT method.

To determine the theoretical average molecular weight of the ribosomal proteins
corresponding to the respective open reading frame of the different genomes
(data not shown), the deduced amino acid sequences were uploaded separately
to the molecular weight calculator tool at the ExPASy Bioinformatics Resource
Portal (http://web.expasy.org/compute_pi/). Eukaryotic as well as ribosomal pro-
teins of Enterobacteriaceae frequently undergo post-translational modifications
(Gonzales and Robert-Baudouy, 1996; Varland et al., 2015). Consequently, fur-
ther potential molecular weights needed to be calculated for each biomarker. In
our context, the most relevant post-translational modification was proteolytic re-
moval of N-terminal methionine, which was considered with a mass difference of
-131.04 Da. In addition to the cleavage of the N-terminal methionine, further post-
translational modifications may occur, e.g. acetylation, phosphorylation, formyla-
tion, and methylation (Kentache et al., 2016; Ouidir et al., 2015).

In order to identify biomarker masses, more precisely to assign a calculated bi-
omarker mass to a certain allelic isoform, measured masses were checked
against the calculated masses of the C. difficile 630 (DSM 27543) reference ge-
nome (Dannheim et al., 2017). If there was no clear correspondence between

biomarker mass in the spectrum of a particular clinical isolate and the masses
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calculated from the C. difficile 630 (DSM 27543) reference genome (BioProject
PRJNA275406, Genome sequence: CP010905.2), the spectrum was examined
regarding peaks with a different molecular weight or more specifically amino acid
substitutions that could be causal for the mass shift. Allelic isoforms in the test
cohort were reconfirmed by in silico translation of the gene sequences taken from
the complete bacterial genome and subsequent alignment of the resulting amino
acid sequences. For each of the cases the predicted amino acid exchanges could
be confirmed, which also served as additional argument in favor of the identity of

the peak.

Phylogenetic analysis and Proteotyping

For handling of trace data, nucleotide sequences, and subsequent alignment of
the deduced protein sequences, Geneious V 11.1.2, the Molecular Biology and
NGS Analysis Tool was used (Biomatters Ltd., Auckland, New Zealand). For
each biomarker (ribosomal protein encoding gene) identified in strain C. difficile
630 (DSM 27543), the sequences were screened against the respective genome
sequence of the 77 isolates for which genome sequence data was available. Sub-
sequently, an amino acid sequence list containing all allelic isoforms of the 9 bi-
omarkers included in the proteotyping scheme was assembled. To construct the
unweighted pair group method using average linkages (UPGMA)-tree, Molecular
Evolutionary Genetics Analysis X (MEGA X) software was used (Kumar et al.,
2018).

The respective PCR-ribotypes of the isolates were determined by agarose (iso-
lates from Indonesia and Ghana) or capillary gel electrophoresis (isolates from
Germany) following consensus protocols (ECDIS-Net, CDRN) described in pre-
vious publications (Berger et al., 2018; Fawley et al., 2016; Janezic and Rupnik,
2010; van Dorp et al., 2016).

For the 17 isolates without genome sequence data, the gene loci for the riboso-
mal proteins L28 and L35 were sequenced using the following primers: CdiffL28-
FO1: 5-GTT-ATC-ATT-TTA-AGG-AGG-TGT-GCG-3’ and CdiffL28-R01: 5’-TGG-
CTG-GAT-TTG-GTC-AGC-AC-3’; CdiffL35-F01: 5-ACC-AAC-AAA-AGC-CCC-
TGC-AT-3' and CdiffL35-R01: 5-TCT-TGC-CAT-CGT-TAT-GAC-CTC-C-3'.
PCR-reactions were conducted with the following parameters: two denaturation

steps at 95 °C for 30 s; annealing at 60 °C for 1 min; two elongation steps at 68
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°C for 1- and 5-min. Sanger sequencing of the amplificates was performed by

SeqglLab-Microsynth (Géttingen, Germany).

RESULTS
The previously established proteotyping (MSPP) workflow (Zautner et al., 2015)

was used to develop a C. difficile-specific proteotyping scheme as outlined in
detail below (Fig. 1). In summary, the mass spectrum of the genome sequenced
C. difficile reference strain 630 (DSM 27543) was recorded followed by the as-
signment of spectrum masses to protein-coding genes. Analysis of genome se-
quences received from the NCBI database enabled the establishment of an allelic
isoforms list of the assignable spectrum masses. For all isolates included in the
study observed mass shifts in comparison to the spectrum of C. difficile reference
strain 630 (DSM 27543) were noted and the allelic isoforms assigned by compar-
ing observed mass shifts with the established isoform list. A proteotyping-based
phyloproteomic tree was calculated from concatenated biomarker amino acid se-
quences (as required by the MEGA X software) and compared to the respective

MLST data constructed in an analogous fashion.

Identification of reference biomarker ions

The initial step of the proteotyping workflow was the measurement of C. difficile
reference strain 630 (DSM 27543). The reproducibility of the MALDI-TOF mass
spectra was sufficiently high. The standard deviation (based on six measure-
ments) ranged from 0.231 (S21-M) to 0.931 (L36). The difference between the
measured average mass and the calculated average mass ranged from 0.05 Da
(L33) to 1.00 Da (S21-M) (Supplementary Table 3).

Subsequently, the different MS biomarker ions were ascribed to gene
products deduced from the genome sequence corresponding to the measured
mass taking into account potential post-translational modifications (Fig. 2, Sup-
plementary Table 4). In total nine singly charged masses of biomarkers were ob-
served in between m/z = 4,200 and 9,700 and matched to a specific gene with
less than 1.0 Da mass tolerance. The following biomarkers have been identified:
RpmJ (L36; 4,277 Da), RpmH (L34; 5,566 Da), RpmG (L33; 5,959 Da), RpmF
(L32-M; 6,366 Da), RpomB (L28-M; 6,648 Da), RomD (L30-M; 6,722 Da), RpsU
(S21-M; 6,888 Da), Rmpl (L35-M; 7,074 Da), and RpsT (S20; 9,651 Da). As
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indicated, a posttranslational cleavage of the N-terminal methionine has been
observed in the case of RpmF/L32-M, RpmB/L28-M, RpmD/L30-M, RpsU/S21-
M, Rmpl/L35-M and RpsT/S20-M (Supplementary Table 4).

Establishment of an in silico allelic isoform database

With the help of 1,312 C. difficile sequences deposited in the NCBI database at
the time of analysis (June 26™ 2018) we were able to compile a comprehensive
list of allelic isoforms for all biomarker ions belonging to the C. difficile-specific
proteotyping scheme.

Gene sequences deposited for the biomarker isoforms were translated into the
respective amino acid sequence and aligned followed by calculation of the protein
mass for each individual isoform. The maximum number of biomarker isoforms
obtained from the database was 7 for L35-M and S20-M, the minimum number
was 3 for L36 and L28-M. Occurrence frequency varied from >99% to a single
occurrence of the isoform (Supplementary Table 2). In case of a single occur-
rence of an isoform, sequencing errors on the submitter’s side cannot be ruled
out. Ignoring all isoforms occurring only 1-3 times in the database, the C. difficile
proteotyping scheme was mainly based on isoforms of L28-M (two main
isoforms), L35-M (four main isoforms), and S20-M (two main isoforms) giving rise
to at least 16 proteotyping-derived types. Potentially, there are significantly more

proteotyping-derived types to be expected in the population.

Mass shifts and allelic isoforms in test isolate collection

Initially, the C. difficile reference strain 630 (DSM 27543) was analyzed by
MALDI-TOF MS. In the study, all mass shift measurements were done with ref-
erence to this strain. To identify allelic isoforms the mass shift was compared with
the list containing all amino acid sequences. For biomarker Rmpl (L35-M) we
detected 3 isoforms (7,074.6 Da; 7,090.6 Da; 7,047.5 Da) in the tested isolate
cohort, and for biomarker RomB (L28-M) two isoforms (6,647.8 Da; 6,705.8 Da).
RpmJ (L36; 4,277.3 Da), RpmH (L34; 5,565.5 Da), RpmG (L33; 5,959.0 Da),
RpmF (L32-M; 6,366.4 Da), RpmD (L30-M; 6,722.9 Da) RpsU (S21-M; 6,889.0
Da), and RpsT (S20-M; 9,651.3 Da) were invariable in the tested isolate cohort
(Fig. 3), and the biomarker masses corresponded to the respective reference

isoforms. Nucleotide and amino acid sequences of the allelic isoforms of
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biomarkers newly described during the study have been deposited at GenBank.
The accession numbers of all biomarkers (nucleotide and amino acid sequences)

are listed in Supplementary Table 5.

Phyloproteomic analysis

Following the principle of MLST to cluster DNA sequences, the biomarker amino
acid sequences of each isolate were concatenated and used to deduce phylog-
eny by UPGMA method (conventional clustering algorithm). The combination of
amino acid sequences resulted in five different proteotyping-derived types/clades
(Fig. 4, right dendrogram), here the clades were designated with A-E to prevent
confusion with MLST clades, which served as the main comparator (Fig. 4, left
dendrogram).

The largest proteotyping-derived clade A contained the majority of isolates of
MLST clades 1 and 4, while the second largest proteotyping-derived clade D
combines isolates of MLST clades 1 and 2.

The smaller proteotyping-derived clades allowed discrimination of more distinc-
tive isolate groups: clade C was formed by all tested C. difficile isolates of MLST
clade 3 (corresponding to RTs 023 and 127) and MLST clade 5 (corresponding
to RTs 078 and 126). Clade E exclusively contained a subgroup of MLST clade
4 isolates, namely RTs 243 and 254. The most interesting finding was that iso-
lates of the highly pathogenic C. difficile RT027 formed a unique proteotyping-
derived clade (clade B, indicated in red, Fig. 3). Since only three isolates be-
longed to RT027 in the initial test population, which consists of isolates for which
a complete genome sequence was available (data not shown), we subsequently
analyzed 17 further RT027 isolates. The proteotyping-derived type of the RT027
isolates (B) results from the biomarker RpmB/L28-M isoform no. 2 (6,705.8 Da),
which corresponds to the amino acid substitution G9D when compared to the C.
difficile 630 (DSM 27543) reference isoform, while the biomarker Rpml/L35-M
isoform no. 1 (7,074.6 Da) is identical to the C. difficile 630 (DSM 27543) refer-
ence isoform. Sanger sequencing of the gene loci of RomB/L28-M and Rpml/L35-
M confirmed that all 17 additionally tested isolates also carried the constellation
of the RT027 typical isoforms for L28-M and L35-M. This underpins the fact that

proteotyping can be used to unambiguously discriminate isolates of RT027.
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DISCUSSION

In this study, the proteotyping technique previously established for C. jejuni (Zaut-
ner et al., 2015, 2016) was successfully adapted to C. difficile.

The current C. difficile proteotyping scheme is based on nine biomarkers, which
are exclusively ribosomal proteins. In contrast, the C. jejuni proteotyping scheme
comprised 19 biomarkers, one being a non-ribosomal protein. The smaller num-
ber of detectable biomarkers might be explained by the fact that C. difficile, in
contrast to C. jejuni, is a Gram-positive bacterium and that the Gram-positive cell
wall makes it more difficult to release proteins from the cell.

Patterns of posttranslational modifications such as the cleavage of N-terminal
methionine have been shown to be specific for a microbial species (Fagerquist
et al., 2006). Six of 9 biomarkers in the C. difficile mass spectrum showed a
cropped methionine, while only 6 of 19 biomarkers with a cropped methionine
were detectable in C. jejuni (Zautner et al., 2015). This form of posttranslational
modification appears thus to be more frequent in the detectable C. difficile prote-
otyping biomarkers than in C. jejuni. N-terminal methionine is cleaved by the ubig-
uitous and essential methionine aminopeptidase MAP (Frottin et al., 2006). The
N-terminal methionine is often removed when the residue at the second position
(P1") in the primary sequence is small and uncharged, i.e. if at position P1' there
is an alanine (A), cysteine (C), glycine (G), proline (P), serine (S), threonine (T),
or valine (V). In accordance with this information the biomarkers L32-M (P1’ = A),
L28-M (P1’ = A), L30-M (P1’ = A), S21-M (P1’ = S), L35-M (P1’ = P), and S20-M
(P1’ = A) are de-methioninated, and the N-terminal methionine of L36 (P1’ = K)
and L33 (P1’ = R) remains attached. An exception to the aforementioned is L34,
which is not de-methioninated although there is a serine at position P1'. It should
be noted that the L34 isoforms 3 and 4 have a lysine at position P1' due to a
deletion at position 2.

In our isolate cohort only two biomarkers, L28-M and L35-M, showed mass
shifts. The proteotyping-derived phyloproteomic tree (Fig. 4) is therefore deduced
only from the combination of the two detectable isoforms for L28-M and the three
detectable isoforms for L35-M. Of the six (2 x 3) possible combinations of these
biomarker isoforms, five combinations or proteotyping-derived types, or clades,
were present in the tested isolate cohort. According to our genome analysis, con-

siderably more combinations can be expected in the C. difficile population.
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Especially with the isoforms of the biomarker S20-M seen in the database anal-
ysis, 16 or more proteotyping-derived clades can be expected.

Our most relevant finding was the possibility to differentiate between the highly
virulent RT027 C. difficile isolates and non-RT027 isolates using this proteotyping
scheme. While some of our results on the identification of C. difficile RT027
strains by MALDI-TOF MS are comparable to those of other studies, most im-
portantly to the one of Reil and coworkers (Reil et al., 2011), also significant dif-
ferences were detected: We identified a biomarker L28-M isoform lacking N-ter-
minal methionine with an average mass of 6,705.8 Da (L28-M isoform no. 2),
whereas Reil et al. identified a mass signal at 6,707 Da to be specific for C. dif-
ficile RTO27. The small mass difference (2 Da) of this mass signal in comparison
to the one seen in our study may well be attributed due to a difference in calibra-
tion. However, Reil and coworkers did not perform further analysis on the gene
encoding for the protein indicated by this mass signal, precluding the final confir-
mation of its identity. Another crucial difference in our study was that we could
also demonstrate the corresponding L28-M isoform 1 (6,647.8 Da) to be present
in all non-RT027 strains. This finally enabled us to securely differentiate these
highly virulent strains from others.

For biomarker L35-M we observed an isoform with an average mass of 7,090.6
Da, likely also shifted by 2 Da in the study by Reil and coworkers (at m/z = 7,092
when analyzing RT027 strains). However, they did not consider it to be relevant
for differentiation of RT027 from other ribotypes. In our study we found two more
L35-M isoforms at 7,074.6 Da and 7,047.5 Da, for which there were no corre-
sponding mass signals in the study of Reil and coworkers. Reil and coworkers
also recognized specific markers not only for RT027 but also for the ribotypes
RTO001 and RT078/126.

Others have also shown the possibility to discriminate between MLST ST37
strains and non-ST37 strains by observing the distribution of two major mass sig-
nals at m/z = 3,242 and m/z = 3,286, respectively (Li et al., 2018). ST37, which
mainly corresponds to ribotype 017, has been a dominant strain in adult C. dif-
ficile infections in China (Gu et al., 2015; Jin et al., 2016). Indeed, we were able
to detect the mass with m/z = 3,242 (Fig. 2, the mass signal is indicated by “Li"),
but unfortunately, we were not able to assign it to a gene, so this mass was ex-

cluded from the proteotyping scheme.
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A further study demonstrated that, using a 3-peak pair cluster analysis (m/z = K1:
35,38.0/3,545.8; K2: 6,577.9/6,592.8; K3: 7,075.6/7,091.1 Da), it is feasible to
detect binary toxin producers of C. difficile (Kuo et al., 2015). Mass signals for all
three biomarkers were detectable in our recordings (Fig. 2). While K2 could not
be assigned to any gene and was therefore not included in the proteotyping
scheme, K3 corresponded to biomarker L35-M, isoforms no. 1 and 2. K1 likely
represented the M+2H* form (doubly charged biomarker mass) of K3, and was
not included. Since the C. difficile strain 630 (DSM 27543) is tcdA*, tcdB*, cdtA-,
and cdtB- (Dannheim et al., 2017; Sebaihia et al., 2006), this is in line with the
findings of Kuo and his team (Kuo et al., 2015).

The work of Li et al. and Kuo et al. indicates that the potential of proteotyping may
probably be even higher, if it were possible to assign further genes to masses of
unknown identity.

Cheng and coworkers were able to distinguish C. difficile clade 4 isolates

from other C. difficile isolates based on five different biomarkers (Cheng et al.,
2018). A PCA-algorithm was established on the base of mass spectra of 135
isolates. Subsequently 25 isolates were used for the validation of the model. The
isolates used in the study covered only clades 1,3 and 4 of the 8 known C. difficile
clades.
In comparison to the approach of Cheng and coworkers our proteotyping ap-
proach is based on biomarkers of known origin. In our approach the phylogeny is
deduced by UPGMA method, not by PCA. Previous studies have shown that PCA
results depend on culture conditions as well as time of measurement as it also
considers the intensity of peaks. As proteotyping results are not dependent on
these factors, they are more reliable (Zautner et al., 2015).

Another relevant study in the context of our study was recently published
by Corver and coworkers (Corver et al., 2018). They performed ultrahigh-resolu-
tion MALDI-FTICR-MS and identified two mass peaks (m/z = 4,927.81 and m/z =
5,001.84, a mass change of 74 Da, corresponding to a transition between a single
Glycin and Methionine) that allow differentiation of MLST types 1 and 11. The
sensitivity and specificity was determined based on the analysis of C. difficile se-
quences in the NCBI database. Both mass peaks could be assigned to two dif-
ferent isoforms of an uncharacterized protein. According to a BLAST-search the

peptide could be a fragment of the protein CDIF630_01208. Thus, this protein is
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a potential candidate for the extension of the proteotyping scheme. However, the
detection of this biomarker requires the ultrahigh-resolution MALDI-FTICR-MS, a
technique not available in diagnostic-microbiological routine. Thus, this bi-
omarker is currently not ready for integration in our proteotyping scheme.

Last, a method designated high molecular weight (HMW) typing has been
demonstrated to allow C. difficile typing. In this method, a protein profile in the
range between 30 and 50 kDa is analyzed. Although the method was less dis-
criminatory than PCR-ribotyping, results have been obtained fast, simple and
cost-effective (Ortega et al., 2018; Rizzardi and Akerlund, 2015). For this method,
too, it must be acknowledged that special mass spectrometric equipment must
be available which goes beyond the current standards of routine diagnostics.

In comparison to sequence-based methods such as MLST or MLVA (Multiple loci
variable-number tandem repeat analysis), the discriminatory depth of proteotyp-
ing is limited. Compared to whole genome sequence based methods, it is not
feasible to show the clonality of isolates by proteotyping. Therefore, the practica-
bility of proteotyping depends on the specific epidemiological question. To im-
prove discriminatory capacity of our method, future studies should focus on the
identification of additional biomarkers and the assignment to the respective gene
loci. Furthermore, it should be aimed to extend the recordable mass spectrum.
The development of a user-friendly bioinformatic solution and implementation into
the standard software of the manufacturer could further facilitate the application

of the technique in daily routine diagnostics.

CONCLUSION
The crucial difference between proteotyping and other MALDI-TOF MS-based

techniques is that in case of proteotyping the protein isoform behind the peaks is
known. Where other methods consider presence or absence of single masses as
well as the peak intensity, in proteotyping differentiation is achieved on the basis
of an exclusive combination of known, and ideally genetically verified, biomarker
masses. This is achieved by genomic analysis of genes coding for ribosomal pro-
teins of a species. Mutations resulting in changes of the amino acid sequences
result in peak shifts in the MALDI-TOF spectra.

Our study shows that our formal C. difficile-specific 9 biomarker proteotyping

scheme is sufficiently discriminatory to differentiate between RT027 strains and
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non-RT027 strains. While both methods are not congruent, the discriminatory
depth of C. difficile proteotyping corresponds at least to the MLST clade classifi-
cation but is potentially also higher. More genome sequences resulting in more
isoforms and therewith more proteotyping-derived types would improve the dis-
criminatory depth of the method significantly. In addition to the number of
isoforms, more precise mass spectrometric methods can also be used to in-
crease the number of biomarkers and thus the discriminatory depth.

Since immediate responses are highly important in case of disease outbreaks
(mainly corresponding to RT027), our method offers a fast, accurate and inex-

pensive initial diagnostic tool that can provide indications of RT027 outbreaks.
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Fig. 1. Scheme of the proteotyping workflow. A) Recording of MALDI-TOF mass spectra of C.

difficile isolates (extracts as well as smear preparation) B) Identification of allelic isoforms by
comparison with the allelic isoform database that contains the sequence data of the C. difficile
genomes deposited in public databases. C) Assembly of the concatenated amino acid sequences
of the respective isoforms to one continuous sequence D) Calculation of a taxonomic proteotyp-
ing-derived UPGMA dendrogram.
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Fig. 2. MALDI-TOF mass spectrum of C. difficile reference strain 630 (DSM 27543). In this
mass spectrum, all singularly charged biomarkers that were included in the C. difficile proteotyp-
ing scheme are marked in black and a red arrow; multiply charged ions are not labeled separately.
Additionally, the biomarkers used for C. difficile subtyping by Li and coworkers (Li et al., 2018) as
well as Kuo and coworkers (Kuo et al., 2015) are indicated in orange (“Li”) dark and green (“K1”,

‘K27, “K3”), respectively.
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Fig. 3. C. difficile-specific proteotyping-derived biomarkers (a-i). In order to demonstrate
mass differences between allelic isoforms, spectra of representative C. difficile isolates of each
of the five detected proteotyping-derived types were overlaid. X-Axis: mass [Da] charge-1 ratio,
scale 200 Da. Y-Axis: intensity [10x arbitrary units], spectra were individually adjusted to similar
noise in order to improve visualization of peaks with low-intensity. Color codes: the isoform of C.
difficile reference strain 630 (DSM 27543) is depicted in blue; red and light green indicate isoforms
that differ in their mass from the reference strain 630 (DSM 27543). Isoforms lacking N-terminal
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Fig. 4. Comparison of MLST- and proteotyping-derived phylogenies. Left tree: MLST-based
evolutionary tree using the UPGMA method (maximum composite likelihood method). The iso-
lates of the clades 1-5, indicated by different colors, form coherent clades. Here, the isolates of
the clades 1 and 2 as well as the clades 3 and 4 form superclades while the clade 5 remains for
itself.

Right dendrogram: Proteotyping-derived UPGMA-tree. Here, too, the isolates are arranged in five
clades, which, however, do not correspond to the MLST clades. Especially noteworthy is the
proteotyping-derived Clade B, which consists of exclusively hypervirulent RT027 isolates, also
forming a separate MLST clade (clade 2).
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3 Diskussion

Diese Arbeit beschaftigt sich mit der Entwicklung von Typisierungs- und Subtypi-
sierungsschemata fur klinisch relevante Bakterien auf Grundlage der Proteotypi-
sierung. Genauer wurden Proteotypisierungsschemata fur die Enterobakterien C.
Jejuni (siehe 2.1), C. fetus (siehe 2.2) und C. difficile (siehe 2.3) entwickelt, die
das grolRe Potenzial der Methode verdeutlichen.

Da der Einsatz der Methodik fir die Subtypisierung von Bakterien noch in den
Anfangen steckt, werden Vor- und Nachteile sowie das Abschneiden der Me-

thode im Vergleich zu gangigen Methoden im Folgenden diskutiert.

Beweggrund fur die Entwicklung neuer Methoden fur die Typisierung unterhalb
der Spezies- und Subspeziesebene in klinisch-mikrobiologischen Laboren ist der
teilweise sehr hohe Kosten- beziehungsweise Zeitaufwand der gegenwartig gan-
gigen Prozeduren. Neben dem momentanen Goldstandard MLST ist die Subty-
pisierung mittels MALDI-TOF MS in den letzten Jahren zu einem Standardver-
fahren in der klinischen Diagnostik geworden. Die Applikation im Rahmen der
Speziesidentifizierung ist bereits etabliert, der Einsatz im Kontext der Subtypisie-
rung unterhalb der Spezies- und Subspeziesebene steckt jedoch noch in den
Kinderschuhen.

Verschiedene Studien haben bereits die Existenz subgruppenspezifischer Bio-
markermassen gezeigt, jedoch existierte lange Zeit kein standardisiertes
Schema fur die Evaluation massenspektrometrischer Daten im Rahmen der mik-
robiellen Subtypisierung (Spinali et al., 2015). Eine wesentliche Neuerung stellt
das von unserer Arbeitsgruppe im Jahr 2015 entwickelte Proteotypisierungs-
schema dar, welches diese Licke potenziell flllen kann (Zautner et al., 2015).
Im Wesentlichen werden fur die erfolgreiche Etablierung der Methode eine Mog-
lichkeit zur Anzucht der Mikroorganismen (Inkubator) sowie ein Massenspektro-
meter bendtigt, also Gerate, die in der Regel in modernen klinisch-mikrobiologi-
schen Routinelaboren vorhanden sind.

Ein wesentlicher Faktor fur eine erfolgreiche Anwendung der Methode sind qua-
litativ hochwertige Spektren, wobei samtliche Biomarkerionen eines Proteotypi-
sierungsschemas auch im Spektrum des untersuchten Isolates eindeutig erkenn-

bar sein muissen.
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Prazision und Verlasslichkeit der Proteotypisierung beruhen im Wesentlichen auf
der kombinatorischen Auswertung verschiedener Biomarkermassen. Um das
bestmogliche Ergebnis zu erzielen, sollte das jeweilige Proteotypisierungs-
schema daher eine ausreichende Anzahl detektierbarer Marker beinhalten. Da in
dieser Arbeit ausschliel3lich bakterielle Spezies untersucht wurden, stellte dieser
Punkt kein Problem dar.

Bei der Analyse von Eukaryoten zeigte sich jedoch, dass die starkere Zellwand
eine insuffiziente Lyse der Zellen zur Folge hat. Dadurch werden weniger intra-
zellulare Proteine freigesetzt, wodurch die im Massenspektrum detektierbaren
Biomarkermassen flr eine aussagekraftige Typisierung nicht ausreichend sind.
Fir Hefen wurde bereits ein vielversprechendes Lyse-Verfahren (YOTL - Yeast
on target lysis) entwickelt, welches die Anzahl der detektierbaren Biomarkerionen
erhoht (Bernhard et al., 2014). Dieser Ansatz zeigt dariber hinaus, dass sich die
Anwendbarkeit der Methodik keineswegs auf Prokaryoten beschrankt.
Vergleicht man die Ergebnisse der Proteotypisierung mit denen von Clusteralgo-
rithmen wie der Hauptkomponentenanalyse (PCA) oder der single-linkage-Clus-
teralgorithmus-Analyse, zeigt sich ein Vorteil der Proteotypisierung: Die Ver-
wandtschaftsbeziehungen sind in hohem Malde reproduzierbar. In einer Pionier-
studie unserer Arbeitsgruppe wurden flr das ribosomale Protein L32-M drei ver-
schiedene allele Isoformen nachgewiesen, welche die Differenzierung zweier
Subspezies von C. jejuni ermdglichten. Resultate, die Wegbereiter fur die Ent-
wicklung des in dieser Arbeit verwendeten Proteotypisierungsansatzes waren
(Zautner et al., 2013). In dieser Studie wurde die Phylogenie noch mittels PCA-
basiertem Clusteralgorithmus ermittelt. In weiteren Untersuchungen unserer Ar-
beitsgruppe zeigte sich die Reproduzierbarkeit der Ergebnisse mit dieser Me-
thode bei Verwendung unterschiedlicher Kulturbedingungen jedoch als unzu-
reichend (Zautner et al., 2015). Dieses Problem kann mit der Proteotypisierung
umgangen werden, indem die Massenverschiebungen der Biomarkerionen in die
Aminosauresequenz der jeweiligen Biomarkerisoform Ubertragen werden. Wie
bereits angesprochen, gilt im Rahmen der Evaluation der Spektren das klar defi-
nierte Kriterium, dass samtliche im Proteotypisierungsschema enthaltenen Bio-
marker deutlich sichtbar sein mussen. Ist dies nicht gegeben, erfolgt die Einstu-

fung des Spektrums als qualitativ zu niedrig und wird folglich verworfen.
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Es ist problemlos mdglich, derartige Spektrendatensatze mit umfangreichen
DNA-Sequenzdatensatzen (wgMLST- oder rMLST-Datenbanken) zu kombinie-
ren. Die daraus resultierenden phylogenetischen beziehungsweise phyloproteo-
mischen Relationen sind wesentlich verlasslicher als die aus PCA-Analysen her-
vorgehenden, da die Intensitaten lokaler Maxima nicht bertcksichtigt werden.
Auch die Reproduzierbarkeit ist der der PCA-Analysen uberlegen.

Ein weiterer Vorteil der Methode ist die Robustheit gegenlber variierenden Kul-
turbedingungen. Es ist nicht erforderlich, dass samtliche zu analysierenden Ly-
sate parallel in Kultur genommen werden. Vielmehr ist es moglich, einzelne zu
verschiedenen Zeitpunkten und an verschiedenen Orten erfasste Datensatze im
Rahmen einer Analyse zu evaluieren, sofern die technische Ausstattung die glei-
che ist. Auf diese Weise kdnnen mehrere hundert Isolate zeitgleich prozessiert
werden.

Betrachtet man DNA-sequenzbasierte Methoden, bei welchen nach der Kultivie-
rung der Mikroorganismen noch DNA-Isolierung und Sequenzierung erfolgen,
wird der Vorteil der Proteotypisierung schnell deutlich: Sowohl die Schnelligkeit
bei der Datenakquise, als auch bei der Speziesbestimmung im Rahmen der Rou-
tinediagnostik ist bei der Proteotypisierung gegeben. Auch von einem wirtschaft-
lichen Standpunkt aus gesehen, ist die Proteotypisierung ausgesprochen attrak-
tiv, da die Kosten pro Analyse nur wenige Cent betragen.

Im Vergleich zu den zu Beginn von unserer Arbeitsgruppe durchgeflhrten Ana-
lysen, bei denen nur einzelne Biomarker betrachtet wurden, haben die in dieser
Arbeit durchgefuhrten proteotypisierungsbasierten Analysen ein wesentlich gro-
Reres Diskriminierungsvermogen, da hier zwischen neun und 16 Biomarkern fur
die Evaluation zurate gezogen wurden. In der Studie von Zautner et al. (2015)
wurden gar 19 verschiedene Biomarkerionen in das C. jejuni-Proteotypisierungs-
schema involviert.

Betrachtet man die Biomarker und die posttranslationalen Modifikationen ge-
nauer, stellt man fest, dass sich kein genaues Muster erkennen lasst, bezie-
hungsweise dass Spezies derselben Gattung nichtimmer die gleichen Biomarker
aufweisen.

Die Biomarker L36, L34, L32-M und S20-M sind bei allen untersuchten Bakteri-
enspezies (C. jejuni jejuni, C. jejuni doylei, C. coli, C. fetus, C. difficile) vorhanden

und unterscheiden sich auch nicht hinsichtlich der PTM. Die Biomarker L29 und
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L24-M sind bei allen hier untersuchten Spezies der Gattung Campylobacter vor-
handen und weisen ebenfalls die gleichen PTM auf.

Die Biomarker L31, L28-M, L27-M, S16, S15-M und Hyp Prot kommen sowohl
bei C. jejuni, als auch bei C. coli vor, fehlen jedoch bei C. fetus. Diese Ergebnisse
bestatigen die Resultate von Fagerquist et al. (2006), wonach die Muster pos-
translationaler Modifikationen spezies- und subspeziesspezifisch jedoch nicht
isolatspezifisch sind.

Um die Eignung der Methode fir die klinische Diagnostik beurteilen zu kénnen,
ist das Abschneiden im Vergleich zu aktuell gangigen Methoden wichtig. Die Pro-
teotypisierungsstudie zu C. coli (siehe 2.1) zeigte, dass via Proteotypisierung
eine Diskriminierung der drei bekannten MLST-Kladen mdglich ist. Auch Isolate,
die der Spezies ahnlich sind, konnten erfolgreich abgegrenzt werden. Ebenso
war eine deutliche Unterscheidung von C. jejuni-Stammen maoglich. Da von den
drei bekannten C. coli-Kladen ausschlieBlich Klade 1-Isolate klinisch relevant
sind, handelt es sich beim C. coli-Proteotypisierungsschema um ein aulderst in-
teressantes Tool fur die Routinediagnostik in klinisch-mikrobiologischen Laboren.
Die Fahigkeit zur Unterscheidung entspricht der der MLST, jedoch ist die Prote-
otypisierung schneller und gunstiger.

Beim C. fetus-MLST war das Ziel, die drei bekannten C. fetus-Subspezies via
Proteotypisierung zu unterscheiden (siehe 2.3): Cff, Cfv und Cft. Das C. fetus-
Proteotypisierungsschema unterscheidet zwischen vier verschiedenen Typen.
Drei davon beinhalten ausschlieBlich Cff und Cfv Stdmme wahrend der vierte
proteotypisierungsbasierte Sequenztyp ausschlieBlich Cft Stamme beinhaltet.
Das bedeutet, dass die Unterscheidung von Cft Stammen von anderen C. fetus-
Subspezies genauso gut funktioniert wie mit der Referenzmethode MLST. Insge-
samt wurden fur die Untersuchung 41 Stamme verwendet, die alle C. fetus-Sub-
spezies sowie 14 MLST-Sequenztypen abdeckten. Da nur vier proteotypisie-
rungsbasierte Sequenztypen ermittelt wurden, ist die diskriminatorische Fahig-
keit der Proteotypisierung in diesem Fall der MLST unterlegen.

Betrachtet man die Ergebnisse der dritten Studie, der C. difficile-Proteotypisie-
rung (siehe 2.3), zeigt sich, dass die identifizierten proteotypisierungsbasierten
Sequenztypen zwar nicht genau mit den MLST-Typen Ubereinstimmten, jedoch
die Subtypisierungstiefe der beiden Methoden aquivalent ist. Besonders interes-

sant war in dieser Studie, dass einer der proteotypisierungsbasierten
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Sequenztypen ausschliel3lich aus RT027 Stammen bestand, die bekannterma-
Ren hypervirulent sind. So bietet das C. difficile-Proteotypisierungsschema eine
ausgezeichnete Moglichkeit fur die klinische Diagnostik, diese hochpathogenen
Stamme im Fall eines Ausbruchsgeschehens aul3erst schnell zu identifizieren.

Zukunftige Studien kdnnen sich damit befassen, weitere C. difficile-Ribotypen zu
untersuchen, die mit RT027 Stdammen eng verwandt sind. Hierzu zahlen bei-
spielsweise RT016, RT036, RT075, RT122, RT153, RT176. Ein Screening von
Stammen mit diesem PCR-Ribotypen wirde die Aussagekraft der Methode noch
steigern. Analysen der mit RT027 eng verwandten Stdmme konnten im Rahmen
dieser Arbeit nicht durchgefuhrt werden, da entsprechende Stamme nicht zur

Verfligung standen.

Grundsatzlich kann gesagt werden, dass die Gleichwertigkeit der Proteotypisie-
rung gegenuber der MLST von der spezifischen epidemiologischen Fragestel-
lung flr bestimmte Isolategruppen abhangt. Ist eine eindeutige Unterscheidung
auf Grundlage der vorliegenden Massenspektren nicht mdglich, ist die Bevorzu-
gung DNA-sequenzbasierter Analysemethoden, aufgrund des besseren Diskri-
minierungsvermogens, anzuraten. Um eine Verbesserung der diskriminatori-
schen Fahigkeiten der Proteotypisierung zu erreichen und das Proteotypisie-
rungsschema zu vervollstandigen, sollten zukunftige Studien darauf abzielen, zu-
satzliche bis dato nicht identifizierte Biomarker den jeweiligen Genloci zuzuord-
nen. AulRerdem ist es sinnvoll, das detektierbare Massenspektrum zu erweitern.
Ein limitierender Faktor bei Anwendung der Proteotypisierung sind die in der Iso-
formendatenbank zur Verfigung stehenden Daten. Es sollten sowohl die Pro-
teinsequenzen, als auch die assoziierten Nukleotidsequenzen vorliegen. Diese
Isoformentabelle bildet die Grundlage der Auswertung und ist umso aussagekraf-
tiger, je mehr Nukleotid- beziehungsweise Proteinsequenzdaten vorliegen. Um
ein erregerspezifisches Proteotypisierungsschema etablieren zu kénnen, sollte
deshalb ein umfangreicher Genomsequenzdatensatz verfligbar sein, wie etwa in
offentlich zuganglichen Portalen wie NCBI. Fir die Erstellung der Isoformenda-
tenbank sind jedoch whole genome shotgun-Sequenzen ausreichend. Liegt kein
ausreichend grol3er Datensatz vor, bedeutet dies einen erheblichen Mehrauf-
wand wahrend des Etablierungsprozesses: Jedes einzelne Biomarkerisoform

muss mittels PCR und Sangersequenzierung gepruft werden. Die Anwendung
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der Methodik auf weitere prokaryotische und eukaryotische Spezies ist gegen-
wartig durch einen Mangel an zur Verfugung stehender Sequenzdaten limitiert,
weshalb die Etablierung einer ribosomalen MLST beziehungsweise whole ge-
nome MLST assoziierten Spektrendatenbank wiinschenswert ist.

Prinzipiell kann die Proteotypisierung zur Lésung vieler Kklinisch relevanter Prob-
leme beitragen. Die gute Adaptierbarkeit der Methode ermdglicht beispielsweise
die Differenzierung wichtiger klonaler MRSA-Komplexe, die Unterscheidung von
VISA und VSSA, die Differenzierung von MSSA und MRSA sowie die Unterschei-
dung der SSCmec-Typen, insbesondere, wenn auf eine ausreichende Menge
Genomsequenzen in rMLST- beziehungsweise wgMLST-Datenbanken zurtick-
gegriffen werden kann.

Die Untersuchungen unserer Arbeitsgruppe haben bereits die Anwendung auf
eine Vielzahl von Organismen erfolgreich demonstriert. So wurden neben den in
dieser Arbeit untersuchten Organismen C. coli, C. fetus und C. difficile auch C.
Jejuni subsp. jejuni, C. jejuni subsp. doylei, E. coli, S. enterica spp. enterica und
S. aureus charakterisiert.

Bei der Proteotypisierung wird die Phylogenie einer Spezies anhand von Unter-
schieden in bestimmten Biomarkern (ribosomalen Proteinen) abgeleitet. Da die
Phylogenie mikrobieller Spezies mit Prasenz beziehungsweise Absenz von Re-
sistenz- und Virulenzfaktoren korreliert, stellt die Proteotypisierung also ein sehr
vielversprechendes Werkzeug fur die fruhzeitige Detektion von Resistenzprofilen
sowie hochvirulenten Phanotypen dar.

Zukunftige Arbeiten sollten sich mit der Adaption der Methodik auf weitere Erre-
ger beziehungsweise klinische Fragestellungen befassen. Da die Methode mit-
telfristig in der Routinediagnostik in klinisch-mikrobiologischen Laboren einge-
setzt werden soll, ist die Entwicklung einer endnutzerfreundlichen Lésung auf bio-
informatischer Ebene notwendig. Die entsprechende Software sollte in der Lage
sein, die durch massenspektrometrische Analysen gewonnenen Rohdaten mit
epidemiologischen Daten zu verknipfen und dadurch die unmittelbare Berech-
nung entsprechender Wahrscheinlichkeiten fur nosokomiale, multiresistente oder

hochvirulente Keime erlauben.
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