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Abbreviations
1,3-PDO

1,3-Propanediol

3-HP

3-Hydropropionate

3-HPA

3-Hydroxypropionaldehyde

Acetyl-CoA

Acetyl coenzyme A

Acetyl-P

Acetyl phosphate

ADP

Adenosine diphosphate

AFLP

Amplified-Fragment Length Polymorphism

AMR

Antimicrobial resistance

ANI

Average nucleotide identity

ANOSIM

Analysis of similarities

ANOVA

Analysis of variance

APEC

Avian pathogenic Escherichia coli

ATP

Adenosine triphosphate

AU

Arbitrary units

BCFA

Branched chain fatty acid

BDL

Below detection limit

buk

Butyrate kinase

CAMHB

Cation adjusted Mueller Hinton broth

CFU

Colony-forming units

CO2

Carbon dioxide

COG

Clusters of orthologous groups

CR

Control reactor

CV

Conventional reared

DNA

Deoxyribonucleic acid

EFSA

European Food Safety Authority

EHEC

Enterohemorrhagic E. coli

EMP

Embden-Meyerhof-Parnas pathway

ER

Enhanced reuterin

ERIC

Enterobacterial repetitive intergenic consensus

EU

European Union

FAO

Food and Agriculture Organization of the United Nations

FOS

Fructooligosaccharide
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G+C

Guanine + Cytosine

GAP

Glyceraldehyde-3-phosphate

GF

Germ-free

GIT

Gastrointestinal tract

Glu-6-P

Glucose-6-phosphate

GM

Genetically modified

GRAS

General recognised as safe

GSH

Tripeptide glutathione

HLPC-RI

High-performance liquid chromatography with refractive index detector

IC-PAD

Ion-exclusion chromatography with pulsed-amperometric detection

IFM

In vitro fermentation model

IR

Inoculum reactor

KEGG

Kyoto Encyclopedia of Genes and Genomes

LBL

Low bacterial load

LDA

linear discriminant analysis

MBC

Minimum bactericidal concentration

MIC

Minimum inhibitory concentration

MLST

Multi-Locus Sequence analysis Techniques

MP

Minimally-processed

mVL

Modified Viande Levure medium

NCBI

National Center for Biotechnology Information

ND

Not detected

NSP

Nonstarch polysaccharides

NW

No washing

OD

Optical density

OTU

Operational taxonomic unit

PBS

Phosphate-buffered saline

PCA

Principal component analysis

PCoA

Principal Coordinates Analysis

PCR

Polymerase chain reaction

pdu

1,2-Propanediol utilization

pduL

Phosphotransacylase

pduP

Propionaldehyde dehydrogenase

pduW

Propionate kinase

PKP

Phosphoketolase pathway

ptb

Phosphate butyryltransferase

qPCR

Quantitative polymerase chain reaction
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RPM

Revolutions per minute

rRNA

Ribosomal ribonucleic acid

SCFA

Short-chain fatty acids

SD

Standard deviation

SNP

Single nucleotide polymorphisms

SPF

Specific-pathogen free

SSR

Second-stage reactors

TR

Treatment reactors

TW

Tap water

WHO

World Health Organization
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Summary
Reuterin is a broad-spectrum multicomponent antimicrobial system produced from
glycerol metabolism of Lactobacillus reuteri strains. It consists of acrolein, 3hydroxypropionaldehyde (3-HPA), its hydrate 1,1,3-propanetriol, and its dimer 2-(2hydroxyethyl)-4-hydroxy-1,3-dioxane. Acrolein was recently shown to be the main
compound of the reuterin system responsible for its antimicrobial activity. Several in
vitro studies have demonstrated that reuterin produced by L. reuteri exerts
antimicrobial effect against a broad range of bacteria, fungi and yeast strains.
However, the antimicrobial effects of reuterin in complex microbiota, have not been
studied yet.
In this doctoral thesis, we investigated the antimicrobial effects of reuterin in two
complex systems: fresh-cut lettuce during storage, and complex caecal microbiota in
chicken. We evaluated the potential for a novel microbial-based method using a
selected chicken strain of L. reuteri producing reuterin, for producing reuterin from
glycerol, to inhibit Campylobacter in conditions of the chicken caecum.
In the first part of this thesis, we tested the use of reuterin preparations containing
different acrolein concentrations for decontaminating and preserving fresh-cut lettuce.
We compared reuterin treatments with samples washed with only tap water or sodium
hypochloride solution. Viable plate counts of Enterobacteriaceae, yeasts and moulds
were enumerated during 13 days of storage under modified atmosphere (2% O 2, 5%
CO2 and 93% N2). Application of enhanced reuterin (ER) preparations containing 12.1,
20.9 or 21.9 mM acrolein reduced the initial viable plate counts of Enterobacteriaceae
(by 2.1 - 2.8 log CFU/g), yeasts and moulds (by 1.3 - 2.0 log CFU/g) when compared
with unwashed or water-washed samples, but induced pronounced discolouration of
lettuce. In contrast, reuterin solutions containing 7.2 mM acrolein, sodium hypochlorite
and tap water only showed very limited and transient, or no effects, on the cell loads
of lettuce after washing and during storage.
L. reuteri is adapted to its host resulting in lineages associated with herbivores, porcine,
chicken, human or rodents. Application of L. reuteri as a microbial supplement in
chicken should rely on chicken commensal isolates that might have the best ability to
persist in the host GIT. To date, there is limited genome information on chicken isolates
of L. reuteri, primarily because at the start of the PhD thesis whole genome of only six
isolates from chicken were available for analysis. Therefore, we isolated and
characterised new L. reuteri strains from chicken GIT. We obtained 23 reuterin and 2
non-reuterin producers of L. reuteri and assessed these strains for their ability to
8
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produce reuterin, and for the absence of transmissible antibiotic-resistant
determinants. Phylogenetic analysis based on gene content as well as on core
genomes showed the 25 L. reuteri chicken isolates grouped within the poultry/human
lineage VI and identified pdu-cob-cbi-hem genes cluster as a frequent but not always
present trait of this lineage. Strains harbouring pdu-cob-cbi-hem genes cluster
produced between 156 mM and 330 mM 3-HPA from 600 mM of glycerol, in the
conditions of the test. All 25 chicken strains were sensitive to cefotaxime (minimum
inhibitory concentration (MIC) between 0.016 and 1 µg/mL) and penicillin (MIC
between 0.02 and 4 µg/mL). Based on the antibiotic resistance profile and the
efficiency of reuterin production, we selected L. reuteri PTA5_F13 for the next part of
the project.
We used the chicken-derived reuterin-producing L. reuteri PTA5_F13 strain to
synthesise reuterin by bioconversion of glycerol and tested the anti-Campylobacter
efficacy of reuterin on a large panel of C. jejuni and C. coli isolated from chicken and
infected human. We measured the MIC of acrolein for all tested C. jejuni and C. coli
strains in a narrow range from 1.5 to 3.0 µM acrolein. These MICs are well below the
MIC for the sensitive indicator strain Escherichia coli K12 (16.5 µM) traditionally used
for reuterin testing. We further evaluated the interactions of C. jejuni N16-1419 and L.
reuteri PTA5_F13 during 24 h co-cultures in the presence of glycerol. In single strain
cultures and co-cultures without glycerol, we observed growth (measured by viable cell
counts and 16S rRNA gene copies) and fermentation activity of C. jejuni N16-1419 in
the conditions of the test, selected for favouring C. jejuni growth. In contrast, we
observed a sharp decrease of C. jejuni N16-1419 viable cell counts during co-cultures
added with 28 mM glycerol, from an initial count of 7 log CFU/mL to below detection
limit (1 log CFU/mL) after 24 h incubation. We could attribute the observed inhibition
of C. jejuni N16-1419 to concurrent in situ reuterin production. Given the very high
sensitivity of Campylobacter spp. towards reuterin, L. reuteri combined with glycerol,
or crude reuterin may be promising options to reduce Campylobacter in chicken and
in the food chain.
To test the effect of pure glycerol and chicken-derived reuterin-producing L. reuteri (in
the presence and absence of glycerol) on chicken caecal microbiota without host
confounding factors, we established and validated a novel caecal continuous
fermentation model inoculated with immobilised caecum microbiota, using the in vitro
PolyFermS platform. We developed this model based on in vivo physiological data
9

Summary
measured in fresh chicken caecum samples, such as pH, bacterial composition and
metabolic profile. To support growth and activity of chicken caecal microbiota, we
developed a complex nutritive medium to mimic substrate available in the caecum. Our
novel chicken caecal PolyFermS model featured stable microbial composition,
diversity and metabolite production tested over 70 days of continuous operation,
consistent with bacterial composition and activity reported for healthy chicken caeca
and measured in the donor caeca. The effluent of the first stage inoculum reactor
seeded with immobilised caecal microbiota was used to continuously inoculate with
the identical microbiota composition second-stage reactors mounted in parallel. We
showed that the new model generated reproducible and identical microbial ecosystems
and metabolite profiles in all second-stage reactors, thereby allowing the simultaneous
investigation and direct comparison of different treatments and a control with the same
chicken caecal microbiota background. Our model provides a valid simulation of the
chicken caecal environment and its microbiota.
In a final study, we used the novel chicken caecal PolyFermS model to investigate the
effects of supplementation of L. reuteri PTA5_F13, glycerol and combination on
chicken caecal microbiota composition and metabolism. Upon daily spiking, L. reuteri
PTA5_F13 stabilised at levels of 7.6 ± 0.1 log gene copies/mL; however, we observed
no other detectable change in caecal microbiota composition and activity compared to
the pre-treatment period operated with control conditions. We observed a marked and
reproducible concentration-dependent butyrogenic effect of glycerol supplementation
(100 mM) on chicken caecal microbiota fermentation. Glycerol addition resulted in
increased

abundances

of

Ruminococcus,

Clostridiales,

Lachnospiraceae,

Bacteroides, and Lactobacillus spp. We also detected reuterin synthesis when L.
reuteri PTA_F13 and/or glycerol was supplemented in the fermentation medium, which
leads to a reduction of the abundance of Enterobacteriaceae. Our results highlight for
the first time the potential of glycerol as a cheap, readily available supplement for
promoting butyrate production in the chicken caecum. This result holds physiological
importance as butyrate has been previously associated with chicken gut health.
This PhD thesis demonstrated inhibition and killing of microbes by reuterin in complex
matrices, with potential for application as a decontamination agent for fresh-cut
produce or the prevention of enteropathogens in the chicken gut. High antiCampylobacter efficacy of reuterin was shown for a broad panel of C. jejuni and C.
coli, and also in co-cultures with L. reuteri supplemented with glycerol. We developed
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and validated a novel chicken caecal continuous fermentation model that can be
applied for the study of many dietary and environmental factors on the caecum
microbiota composition and activity, independent of host factors. Finally, we provided
the first insight into the butyrogenic property of glycerol by chicken caecal microbiota
fermentation. These findings have established the grounds for the application of
chicken-derived reuterin-producing L. reuteri to prevent/reduce colonisation of
enteropathogens in poultry. However, further studies are needed to demonstrate the
efficacy of reuterin-producing L. reuteri PTA5_F13 and glycerol supplementation on C.
jejuni infection in vivo.
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Zusammenfassung
Reuterin, ein Produkt des Glycerinmetabolismus von Lactobacillus reuteri (L. reuteri)
Stämmen, ist ein mehrkomponentiges System mit antimikrobieller Breitbandwirkung.
Es besteht aus Acrolein, 3-Hydroxypropionaldehyd (3-HPA), seiner Hydrate 1,1,3Propanetriol und Dimere 2-(2-hydroxyethyl)−4-hydroxy-1,3-dioxane. Kürzlich konnte
Acrolein als Schlüsselkomponente der antimikrobiellen Aktivität von Reuterin
identifiziert werden. Während mehrere in vitro Studien eine antimikrobielle Wirkung
des von L. reuteri produzierten Reuterin auf ein breites Spektrum an Bakterien-, Pilzund Hefestämmen nachweisen konnten, ist der antimikrobielle Effekt in einer
komplexen Mikrobiota weitgehend unerforscht. Informationen über die Auswirkung von
Reuterin auf bestimmte Mikroorganismen im Gastrointestinaltrakt (GIT) oder auf
Campylobacter spp., ein häufig im Darm von Geflügel auftretender Krankheitserreger,
fehlen gänzlich. Zudem wurde der Einfluss von in situ produziertem Reuterin auf die
Wechselwirkungen zwischen Wirt und Krankheitserreger noch nicht untersucht.
In dieser Doktorarbeit wurde der antimikrobielle Effekt von Reuterin in zwei komplexen
Systemen untersucht: (1) In frisch geschnittenem Salat während der Lagerung und (2)
in einer komplexen Mikrobiota im Caecum von Geflügel. Damit wurde das Potential
eines neuen mikrobiell-basierenden Verfahrens evaluiert, indem wir ausgewählte,
geflügelspezifische und Reuterin-produzierende L. reuteri Stämme für die Hemmung
von Campylobacter unter Geflügelcaecum- Bedingungen, verwendeten.
Im ersten Teil dieser Arbeit untersuchten wir die Verwendung von Reuterin mit
unterschiedlichen

Acroleinkonzentrationen

für

die

Dekontamination

und

Konservierung von frisch geschnittenem Kopfsalat. Reuterin-behandelte Salatproben
wurden

mit

Proben

verglichen,

die

entweder

mit

Leitungswasser

oder

Natriumhypochloridlösung gewaschen wurden. Keimzahlen von Enterobacteriaceae,
Hefen und Schimmel wurden während 13 Tagen Lagerung unter modifizierter
Atmosphäre (2% O2, 5% CO2 und 93% N2) bestimmt. Reuterinlösungen mit einem
Acroleinanteil von 12.1, 20.9 oder 21.9 mM verringerten zwar die anfänglich
vorhandene Keimzahl an Enterobacteriaceae (um 2.1 - 2.8 log CFU/g), Hefen und
Schimmel (um 1.3 - 2.0 log CFU/g) im Vergleich zu ungewaschenen oder mit Wasser
gewaschenen Salatproben. Gleichzeitig aber wurde eine ausgeprägte Verfärbung des
Salates festgestellt. Im Gegensatz dazu wurde bei der Verwendung von Reuterin mit
einem Acroleinanteil von 7.2 mM Acrolein, bei Natriumhypochlorit und Leitungswasser
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keine oder eine nur sehr geringfügige Reduktion der Keimzahlen während des
Waschens und Lagern des Salates beobachtet werden. Diese Arbeit wurde publiziert.
Die Anpassung von L. reuteri an seine jeweiligen Wirte - Herbivoren, Schweine,
Geflügel, Menschen und Nagetiere - resultierte in verschiedenen Abstammungslinien.
Wenn man also L. reuteri als mikrobiellen Zusatz in Geflügel anwenden will, isoliert
man am besten L. reuteri Stämme aus Geflügel, da diese an dessen Verdauungstrakt
bereits angepasst sind. Bis anhin ist nur begrenztes Wissen über Genome von aus
Geflügel isolierten L. reuteri verfügbar. So waren zu Beginn dieser Doktorarbeit nur
sieben Genome von L. reuteri aus Geflügel beschrieben. Wir isolierten 25 L. reuteri
aus dem Geflügeldarm, die auf ihre Reuterin-Produktion und Abwesenheit von
übertragbaren Antibiotikaresistenzen getestet wurden. Alle waren empfindlich auf
Cefotaxim (minimale Hemm-Konzentration (MHK) zwischen 0.016 und 1 µg/mL) und
Penicillin (MHK zwischen 0.02 und 4 µg/mL). Zudem waren 23 Isolate fähig Reuterin
zu produzieren. Auf dem Gengehalt und Kerngenom basierende phylogenetische
Analysen zeigten, dass sich die isolierten 25 L. reuteri Stämme innerhalb der
Geflügel/Menschen Abstammungslinie VI gruppierten. Es konnte gezeigt werden,
dass das Genkluster pdu-cob-cbi in dieser Abstammungslinie häufig aber nicht
zwingend vorkommt. Stämme mit diesem Kluster produzierten aus 600 mM Glycerin
zwischen

156

mM

und

330

mM

3-HPA.

Basierend

der

beschriebenen

Charakterisierung der Antibiotikaresistenz und Reuterin-Produktion wurde aus den 25
isolierten L. reuteri, der Reuterin-produzierende Stamm PTA_F13 für den dritten Teil
dieser Doktorarbeit ausgesucht.
Im dritten Teil dieser Doktorarbeit wurde L. reuteri PTA5_F13 zur Reuterin-Produktion
eingesetzt. Des Weiteren wurde die Wirksamkeit von Reuterin auf eine Bandbreite an
C. jejuni und C. coli Stämmen, isoliert aus Geflügel und humanen Infektionen, getestet.
Die MHK aller getesteten C. jejuni und C. coli Stämmen lag im Bereich von 1.5 bis 3.0
µM Acrolein. Diese Konzentrationen liegen unter der des Referenzstammes zur
Untersuchung der Reuterin-Sensitivität Escherichia coli K12 (16.5 µM Acrolein). In
einer Ko-Kultur von C. jejuni N16-1419 und L. reuteri PTA5_F13 wurde deren
Interaktion und der Einfluss von Glycerol während 24 h untersucht. In Einzelkultur und
Ko-Kultur in einem für C. jejuni wachstumsfördernden Medium ohne Glycerol wurden
Wachstum (Keimzahl und 16S rRNA Genkopien) und Fermentationsaktivität von C.
jejuni N16-1419 detektiert. Die Zugabe von 28 mM Glycerol zur Ko-Kultur bewirkte
15
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eine Reduktion von 7 log CFU/mL C. jejuni N16-1419 unter das Detektionslimit (1 log
CFU/mL). Diese Hemmung von C. jejuni N16-1419 lässt sich auf die in situ Produktion
von Reuterin zurückführen. Basierend auf den generierten Daten ist anzunehmen,
dass die Kombination von L. reuteri und Glycerol oder aber industriell hergestelltem
Reuterin, eine vielversprechende Möglichkeit zur Reduktion von Campylobacter spp.
in der Nahrungskette darstellt.
Um den Effekt von Glycerol und von aus Geflügel isolierten L. reuteri (in An- und
Abwesenheit von

Glycerol)

auf

die

Geflügelcaecum-Mikrobiota

isoliert

von

Wirtsfaktoren als externer Faktor zu studieren, wurde ein neues kontinuierliches
Fermentations-Modell des Geflügelcaecums, basierend auf dem PolyFermS Systems,
etabliert und validiert. Die Entwicklung des Models basierte auf physiologischen in vivo
Daten wie dem pH-Wert, der Zusammensetzung der Bakterien und dem
metabolischen Profil im Geflügelcaecums. Um das Wachstum und die Aktivität der
Mikrobiota zu gewährleisten, wurde ein komplexes Nährmedium aus Substanzen, die
im Caecum vorhanden sind, entwickelt. Mit diesem neuen kontinuierlichen
Geflügelcaecum PolyFermS Modell konnte eine stabile Zusammensetzung der im
Caecum vorhandenen Bakterien und stabiles Metaboliten Profil über einen Zeitraum
von 70 Tagen aufrechterhalten werden. Diese Daten stimmen mit Dokumentationen
über die mikrobielle Aktivität in vivo im gesunden Geflügelcaecum überein. Die
immobilisierte Caecum-Mikrobiota wurde in einem sogenannten Inokulm-Reaktor
kontinuierlich kultiviert. Dieser wurde dann benutzt, um weitere Reaktoren mit der
Caecum-Mikrobiota zu inokulieren. Damit konnte sichergestellt werden, dass all diese
parallel operierten Reaktoren die gleichen Mikrobiota enthalten und somit die
gleichzeitige Untersuchung und der direkte Vergleich verschiedener Experimente in
derselben Caecum-Mikrobiota erlaubte. Mit dem hier entwickelten Modell kann das
Umfeld und die Mikrobiota eines Geflügelcaecums simuliert werden.
In einer letzten Studie nutzten wir das neu etablierte Geflügelcaecum PolyFermS
System, um den Effekt einer Supplementierung von L. reuteri PTA5_F13 und/oder
Glycerol auf ebendiese Mikrobiota, zu untersuchen. L. reuteri PTA5_F13 stabilisierte
sich bei 7.6 ± 0.1 log Genkopien/ml während täglicher Zugabe, was aber nicht zu einer
Änderung der Mikrobiota-Zusammensetzung oder -Aktivität im Vergleich zur Kontrolle
führte. Es wurde hingegen ein starker, konzentrationsabhängiger Effekt von Glycerol
auf die Geflügelcaecum-Mikrobiota beobachtet. Dabei führte die Zugabe von Glycerol
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Zusammenfassung
zur in vitro Mikrobiota zu einer erhöhten Butyrat-Produktion, was wiederum ein
erhöhtes

Vorkommen

von

Ruminococcus,

Clostridiales,

Lachnospiraceae,

Bacteriodes, and Lactobacillus spp in der in vitro Geflügelcaecum Mikrobiota zur Folge
hatte. Zudem führte die Supplementierung von PTA5_F13 und/oder Glycerol in das
Fermentationsmedium

zur

Reuterin-Produktion

und

einer

Reduktion

von

Enterobacteriaceae. Mit dieser Studie konnte das Potential von Glycerol als billiges,
leicht zugängliches Ergänzungsmittel zur Erhöhung der Butyrat-Produktion im
Geflügeldarm aufgezeigt werden. Die in dieser Studie erlangten Erkenntnisse zeigen
eine neue Möglichkeit der Einflussnahme auf den Gesundheitsstatus des
Geflügeldarms auf, da Butyrat in vorherigen Studien mit diesem assoziiert wurde.
Diese Doktorarbeit hat die erfolgreiche Hemmung des Keimwachstums durch Reuterin
in

komplexen

Systemen

demonstriert

und

somit

dessen

Potential

als

Dekontaminationsmittel für geschnittenen Salat aufgezeigt. Es wurde eine breite
Wirksamkeit von Reuterin auf eine grosse Bandbreite von C. jejuni und C. coli
beobachtet. Es wurde ebenfalls demonstriert, dass die Reuterin-Produktion und somit
das Vorhandensein von Glycerol, notwedig für die Hemmung von Campylobacter
durch L. reuteri (PTA_F13) in Ko-Kulturen ist. Es wurde des Weiteren ein
kontinuierliches Fermentations-Modell zur Simulation von Geflügelcaecum entwickelt
und validiert. Mittels dieses Modells konnte gezeigt werden, dass Glycerol einen
Butyrat-Produktion fördernden Effekt in dieser in vitro Geflügel-Mikrobiota hat. All diese
Erkenntnisse legen den Grundstein für die Anwendung von aus Geflügel isolierten
Reuterin-produzierenden

L.

reuteri

zur

Reduktion

oder

Verhinderung

der

Kolonisierung von Enteropathogenen in Geflügel. Dennoch sind zukünftige in vivo
Studien zur Untersuchung der Wirksamkeit vom Reuterin-produzierenden L. reuteri
PTA_F13 und Supplementierung von Glycerol auf C. jejuni Kolonisationen notwendig.
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Chapter 1

1.1 Lactobacillus reuteri
1.1.1 History and growth characteristics of L. reuteri
Lactobacillus reuteri was first isolated from human faeces and identified as
Lactobacillus fermentum Biotype II (Lerche and Reuter, 1962). The bacterium was
reclassified in 1980 based on the peptidoglycan type, G+C content, electrophoretic
mobility of the NAD-dependent L-lactate dehydrogenase and DNA homology and
renamed L. reuteri after Gerhard Reuter, who was the first to isolate strains of this
organism (Kandler et al., 1980; Schleifer and Kandler, 1972).
Cells of the type-strain L. reuteri DSM 20016 were described as slightly irregular bent
rods with round ends of the size of 0.7-1.0 by 2.0-5.0 μm, found in pairs or small
clusters of 3 to 5 (Kandler et al., 1980). Optimal growth occurs under reduced oxygen
(anaerobiosis) at 35 – 38 oC, and pH 6.0 – 6.8. L. reuteri strains, like other lactobacilli,
are fastidious, and rely on the availability of readily fermentable sugars, amino acids,
vitamins, and nucleotides. L. reuteri can use external electron acceptors such as
fructose, glycerol and nitrate to gain energy and increase growth rate (Sobko et al.,
2005; Talarico et al., 1990; Zhao and Gänzle, 2018).
Strains of this bacteria species are characterised by the formation of organic acids
such as lactate, acetate and ethanol as the main products of carbohydrate metabolism
(Zhao and Gänzle, 2018). L. reuteri uses both the Embden-Meyerhof pathway (EMP)
and phosphoketolase pathway (PKP) when growing on glucose, and produces lactate
and ethanol (Figure 1.1) (Årsköld et al., 2008; Stevens et al., 2011). However, growth
on glucose is limited due to a redox imbalance, which results in ethanol formation over
the energetically more favourable acetate formation. Addition of an electron acceptor
such as fructose restores the redox balance resulting in acetate formation, energy gain
and higher growth rate and biomass production (Årsköld et al., 2008).
Researches have focused on the role of L. reuteri in food fermentation and spoilage,
biotechnological applications, and their functionality as probiotics (Bauer et al., 2010;
Casas and Dobrogosz, 2000; Mu et al., 2018; Stevens et al., 2010; Vollenweider and
Lacroix, 2004). These studies have provided valuable information regarding the
metabolism and functionality in a food environment, in the gastrointestinal tract (GIT)
as well as the role of L. reuteri in human and animal health.
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Figure 1.1: Glucose utilisation pathways by L. reuteri (Årsköld et al., 2008; Stevens et al.,
2011)

1.1.2 Habitat and host adaptation of L. reuteri
L. reuteri has been isolated from a variety of ecological niches such as fermented foods
(sough dough, meat and dairy products), GIT and the urogenital tract of animals and
humans (Casas and Dobrogosz, 2000; Ganzle et al., 2000; Jin et al., 2007; McCoy and
Gilliland, 2007; Van Coillie et al., 2007; Vogel et al., 1994). Considering the broad host
range, it has since been suggested that L. reuteri may be a unique, “universal
enterolactobacillus” (Casas and Dobrogosz, 2000).
In 2010, a study by Oh and colleagues made the first attempt to characterise the
phylogeny and population genetic structure of L. reuteri strains using 16S rRNA survey
(Oh et al., 2010). A large number (116 strains) of L. reuteri isolated from six different
hosts (human, mouse, rat, pigs, chicken and turkey) were analysed using AmplifiedFragment Length Polymorphism (AFLP) and Multi-Locus Sequence analysis
Techniques (MLST). This study showed that considerable genetic heterogeneity exists
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within the L. reuteri population, with distinct phylogenetic clades reflecting the host of
origin of the strains (Oh et al., 2010). The evolutionary adaptation differentiates the
species in host-adapted phylogenetic lineages comprised of isolates from rodents
(lineages I and III), humans (lineage II), pigs (lineages IV and V) and poultry/human
(lineage VI) (Oh et al., 2010).
Subsequently, host adaption has been linked to the occurrence of specific functional
traits. In case of rodent isolates, L. reuteri isolates have been shown to possess the
genes responsible for the synthesis of urease, as the strains are continuously exposed
to urea in the forestomach of mice (Walter et al., 2011). Genomes of poultry and human
L. reuteri isolates (lineages II and VI) have been shown to harbour pdu-cbi-cob-hem
operon for glycerol and propanediol utilisation (pdu) and cobalamin biosynthesis (cbicob), as a lineage-specific trait (Frese et al., 2011). For pig isolates, a further
comparative genomic analysis suggested that genes that encoded cell surface proteins
may contribute to the occurrence of two distinct pig-derived clades (lineage IV and V)
and their observed host specificity (Wegmann et al., 2015). Recently, also herbivores
(goat, sheep, cow and horse) gut symbiont L. reuteri were isolated and characterised
by comparative genomics (Yu et al., 2018). Genes encoding cell surface proteins and
active carbohydrate enzymes were unique for herbivore isolates of L. reuteri. In the
case of mice, an experiment in gnotobiotic mice supported host adaptation as only
rodent strains colonised mice effectively (Frese et al., 2011). Altogether these findings
demonstrated how L. reuteri is a host-specific symbiont.
To gain a deeper understanding on the evolution of each host-specific lineages, Duar
et al. (2017) analysed the ancestral states within L. reuteri phylogeny using a
concatenated set of 7 single-copy genes of the 116 strains used by Oh et al. (2010).
The analysis revealed that rodent lineages are at the root of the evolutionary history (2
million years) of L. reuteri host association. Human lineage II emerged 1.5 million years
ago from a rodent ancestor. The pig lineage IV appeared much more recently, 96,000
years ago. Most importantly, all isolates of poultry/human lineage VI shares an
ancestor with poultry less than 61,000 years ago (Figure 1.2) (Duar et al., 2017a). The
microbial exchange between poultry and human has been proposed to account for the
occurrence of the poultry/human lineage VI (Duar et al., 2017a).
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Figure 1.2: Inferred evolutionary history of L. reuteri-host association (Duar et al., 2017a).

1.1.3 Antimicrobial compounds produced by L. reuteri
Certain L. reuteri strains have the capacity to transform glycerol to 3hydroxypropionaldehyde (3-HPA), further excreted to form reuterin, a potent
antimicrobial system (Chapter 1.2). Apart from reuterin, L. reuteri can produce weak
organic acids such as 3-hydropropionate (3-HP), lactate and acetate. These organic
acids elicit their antimicrobial effect by the acidification of the cytoplasm, destruction of
the transmembrane proton motive force, and loss of active transport of nutrients
through the membrane (Ricke, 2003; Theron and Lues, 2010). Lactate and acetate fall
under the category of biopreservatives of microbial origin and have been given a GRAS
status for use in food (Theron and Lues, 2007). L. reuteri also produces other
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metabolites such as ethanol, reutericin 6 and reutericyclin (Figure 1.3). Production of
ethanol by L. reuteri is quantifiable, but the quantity produced is usually not sufficient
for significant antimicrobial activity (Greifová et al., 2017). Reutericin 6 is mainly active
against Lactobacillus delbrueckii and Lactobacillus acidophilus, but not against E. coli,
Bacillus subtilis, and Staphylococcus aureus (Kabuki et al., 1997; Toba et al., 1991).
Reutericyclin does not show antimicrobial effect against Gram-negative bacteria due
to the barrier property of their outer membrane (Ganzle et al., 2000; Gänzle and Vogel,
2003).

Figure 1.3: The potential application of different antimicrobial compounds produced by L.
reuteri.
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1.2 Reuterin system
1.2.1 Microbial synthesis and composition of the reuterin system
The capacity of L. reuteri to produce and excrete reuterin is connected to vitamin B12
production since glycerol dehydratase enzyme, responsible for the transformation of
glycerol to reuterin, is B12 dependent (Morita et al., 2008). Reuterin can be produced
by both non-growing and growing cells of L. reuteri under non-glucose repressing
conditions (El-Ziney et al., 1998). The production of reuterin by L. reuteri was reported
to increase the growth rate and alter the end product profile by suppressing the
production of ethanol and lactate (El-Ziney et al., 1998). Reuterin production allows L.
reuteri to close its NADH-NAD balance, thereby restoring redox balance in the cell
(Figure 1.4).
Over 100 years of research have resulted in the formulation of a complex reaction
model of the pathway for reuterin synthesis in which 3-HPA plays a central role
(reviewed by Vollenweider and Lacroix, 2004). The metabolic pathway of reuterin
biosynthesis from glycerol by L. reuteri comprises two steps (Doleyres et al., 2005)
(Figure 1.4). In the first step, 3-HPA is produced by dehydration of glycerol by a
glycerol dehydratase and further reduced to 1,3-PDO by an NAD+-dependent
oxidoreductase (Talarico et al., 1990). In aqueous solution, 3-HPA undergoes
reversible dimerisation and hydration, thus resulting in an equilibrium of 3-HPA, 3HPA-hydrate and 3-HPA-dimer (Vollenweider et al., 2003). Acrolein is further formed
during thermal dehydration of 3-HPA (Engels et al., 2016b; Sobolov and Smiley, 1960).
This dynamic system (Figure 1.4) has been called reuterin after L. reuteri, the beststudied reuterin producer (Chung et al., 1989).

1.2.2 Reuterin mode of action
Given the complexity of the reuterin system (Figure 1.4), the question of which
molecule (acrolein, 3-HPA, 3-HPA-dimer or 3-HPA-hydrate) is the active substance
conferring antimicrobial activity arises. Based on mass spectrometry data, Dobrogosz
and Lindgren (1988) proposed a carbohydrate-like structure of reuterin and were the
first to attempt to identify the active compound. The dimeric form of reuterin, 3-HPAdimer, is structurally similar to a ribose sugar, and can specifically block the enzyme
ribonucleotide reductase (the first enzyme involved in DNA synthesis) by acting as a
competitive inhibitor. Thus, it was thought that the 3-HPA-dimer of the reuterin system
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inhibits the conversion of ribonucleotides into deoxyribonucleotides, and hence exerts
its antimicrobial effect (Dobrogosz and Lindgren, 1988; Talarico and Dobrogosz,
1989). However, in 2004, Vollenweider and Lacroix (2004) proposed 3-HPA-hydrate
to be highly reactive with thiol groups and primary amines, and the authors indicated
how instead, the 3-HPA-hydrate was likely the active molecule of the reuterin system
(Vollenweider & Lacroix, 2004).
In all those studies, due to the interconversion, the presence of acrolein and its
contribution to 3-HPA was undiscovered and might have been biased by the analytical
method employed. For this reason, Engels et al. (2016b) developed a novel analytical
approach to detect and quantify 3-HPA and acrolein concurrently. All the components
of the reuterin system (3-HPA, 3-HPA dimer, 3-HPA hydrate and acrolein) could then
be identified and quantified using integrated data from ion-exclusion chromatography
with pulsed-amperometric detection (IC-PAD), nuclear magnetic resonance (NMR)
and ultra-performance liquid chromatography coupled with electrospray ionization
tandem mass spectrometry in multiple reaction monitoring mode (MRM UPLC-ESIMS/MS) (Engels et al., 2016b). This new analytical method confirmed the presence
and rapid formation of acrolein from 3-HPA under physiological conditions and
proposed acrolein to be responsible for the antimicrobial activity of the reuterin system
(Engels et al., 2016b). The new proposed mode of action of reuterin suggests a thiolMichael addition reaction of acrolein with the free thiol groups resulting in oxidative
stress in bacteria (Engels et al., 2016b), a characteristic previous reported for acrolein
(Nunoshiba and Yamamoto, 1999). Consequently, the term reuterin has been redefined to as a multi-compounds system containing 3-HPA, its dimer, the hydrate and
acrolein (Figure 1.4).
Till date, no bacterial resistance mechanism or resistance gene against reuterin has
been reported indicating that reuterin might be used over extended periods without the
occurrence of bacterial resistance.
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Figure 1.4: Components of the reuterin system and proposed mechanism of activity (adapted
from Engels et al. (2016)).

1.2.3 Antimicrobial spectrum of reuterin
The antimicrobial activity of reuterin ranges towards a wide range of pathogens and
food spoilage organisms, including Gram-positive, Gram-negative bacteria, yeast,
moulds, viruses and protozoa, and also microbes residing in the GIT, which makes it
an attractive compound for use as food preservation or as a therapeutic agent (Stevens
et al., 2010).
Regarding active antimicrobial concentrations, intestinal bacteria such as Escherichia,
Bacteroides, Bifidobacterium, Enterococcus, Clostridium and Eubacterium displayed
minimum inhibitory concentrations (MIC) and minimum bactericidal concentration
(MBC) of less than 30 mM and 50 mM of reuterin (Cleusix et al., 2007). Reuterin was
also highly effective against the common infectious bacteria such as Pseudomonas
aeruginosa, enterohemorrhagic E. coli (EHEC) strain O157:H7 and colonic E. coli
strains, Salmonella Typhimurium, Salmonella enterica, Shigella sp., and Vibrio cholera
(Arqués et al., 2004; Cleusix et al., 2008; de Weirdt et al., 2012; Liang et al., 2003;
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Spinler et al., 2008). Reuterin also inhibits eukaryotic organisms such as the
pathogenic yeasts (Candida albicans and Candida glabrata) and protozoa
(Trypanosoma cruzi and Trypanosoma brucei brucei) which are sensitive to reuterin at
low concentrations (MIC < 1mM) (Chung et al., 1989; Yunmbam and Roberts, 1992).
Interestingly, members of the genus Lactobacillus showed higher tolerance to reuterin,
and L. reuteri could survive and grow at reuterin concentration of 30 mM (Cleusix et
al., 2007). It is, however, unclear if this high resistance of lactobacilli to reuterin is due
to a reuterin specific defence mechanism in lactobacilli or a general stress-response
of the cells (Stevens et al., 2010).

1.2.4 Biotechnological production of reuterin
Reuterin can be synthesised by both chemical and biotechnological approach.
Chemical synthesis of reuterin involves high reaction temperatures and high pressure,
whereas by-products requisition requires additional purification step (Hall and Stern,
1950). This method results in modest yield with a lot of contaminants (Liu et al., 2010).
With these limitations of chemical synthesis, much attention has been paid to microbial
production, using glycerol as a substrate. The growth in the biodiesel manufacturing
industries in recent years has resulted in a large availability of crude-glycerol as a byproduct (da Silva et al., 2009). Although several other bacteria also have the B12dependent glycerol dehydratase to utilize glycerol as an electron acceptor to produce
reuterin and yield 1,3-PDO, L. reuteri appears to be unique in its ability to secrete high
levels of reuterin into the extracellular milieu (Lüthi-Peng et al., 2003; Sun et al., 2018;
Vollenweider et al., 2003). L. reuteri is also a preferred bacteria of choice for
biotechnological production of reuterin since it is encountered in the human GIT and
food fermentation and is therefore generally regarded as safe (Casas and Dobrogosz,
2000). Thus, metabolites produced by L. reuteri are relatively easily accepted as food
additives (Stevens et al., 2010).
There are two biotechnological ways to produce reuterin from glycerol: enzymatic and
fermentative production. Enzymatic production of reuterin via the action of isolated
glycerol dehydratase enzyme, eliminates any reductase activity, thus preventing the
conversion of 3-HPA to 1,3-PDO, potentially resulting in high yields and limited byproducts (Smiley and Sobolov, 1962). This method, however, did not yield high
amounts of 3-HPA due to the non-stability of the enzyme and also the complexity of
the conversion which involves two enzymes (glycerol dehydratase and its activator),
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and subcellular structures (micro-compartments) (Slininger et al., 1983). Fermentative
production of reuterin involves the addition of glycerol to a fully-grown bacterial culture.
Doleyres et al. (2005) described a two-step process of the fermentative production of
reuterin with L. reuteri. The first step involved biomass production followed by cell
washing to remove residual glucose and suspension of cells in glycerol solution, with
the resting cells bio-converting glycerol to 3-HPA in the second step. Optimisation of
this production process resulted in a 3-HPA yield of 235 mM after 45 min of incubation
in 400 mM glycerol by approximately 1×1010 viable cells of L. reuteri cells/ml (Doleyres
et al., 2005). A major limitation of fermentative production of 3-HPA is the toxicity of
the product on the producer leading to a production blockage (Stevens et al., 2010).
L. reuteri is tolerant of the inhibitory effect of 3-HPA and hence can produce and
accumulate high amount of reuterin (Cleusix et al., 2007). For this reason, there had
been further attempts to increase reuterin production by L. reuteri via engineering of
metabolic pathways, potentially leading to high and pure production of 3-HPA (Stevens
et al., 2010). Two enzymatic targets appear to be of interest to increase the
accumulation of 3-HPA. First, the elimination of 1,3-PDO oxidoreductase activity
resulting in decreased formation of 1,3-PDO; and second, the elimination of glycerol
dehydrogenase, leading to less side product formation of dihydroxyacetone (Stevens
et al., 2011; Vollenweider and Lacroix, 2004).

1.2.5 The potential use of reuterin in food
The broad-spectrum antimicrobial property of reuterin, its stability over varying
temperatures and pH and its resistance to proteolytic and lipolytic enzymes, supports
its potential application in food as biopreservative (Rasch, 2002; Rasch et al., 2007).
Although the antimicrobial activity of reuterin on microorganisms was mostly
established under laboratory conditions in standard growth media, there also exist
some studies performed in food products.
Reuterin has been tested as a biopreservative in dairy products. Vimont et al. (2019)
recently showed that reuterin has a high antifungal property in yoghurt at 4 oC, with
various filamentous moulds and yeast strongly inhibited by 15 mM reuterin. Reuterin
was proposed as the suitable option to control Clostridium spp. spores and vegetative
cell growth in dairy products. Concentrations up to 32.5 mM inhibited and/or killed
vegetative cells and spores of twelve Clostridium species in milk (Garde et al., 2014).
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Reuterin synthesis in fermented milk by the simultaneous use of 5.1 x 109 CFU/mL of
L. reuteri ATCC 53608 with the substrate glycerol (200 mM) resulted in a decrease in
E. coli DH5α, without significant modification of the quality parameters of the fermented
milk such as pH, acidity, soluble solids, colour, and rheological aspects (Ortiz-Rivera
et al., 2017).
Application of reuterin for meat decontamination was previously reported (El-Ziney et
al., 1999). Reuterin treatment (500 AU/mL) resulted in the significant reduction of E.
coli O157:H7 (2.7 log CFU/cm2) and L. monocytogenes (2.7 log CFU/cm2) on cooked
pork after 24 h of application. In another study, the addition of L. reuteri cells and
glycerol during dry fermented sausage manufacture lead to a reduction of 1.3 log
CFU/g of E. coli O157:H7 population within the 30 d manufacturing cycle (including 25
d of ripening) (Muthukumarasamy and Holley, 2007).
Taken together, reuterin has potential as a food preservative, mainly due to its activity
against the food spoilage and pathogenic organisms. However, its antimicrobial effect
can differ depending on the target species and the food matrix. The potential of the
simultaneous use of L. reuteri with the substrate glycerol, providing continuous in situ
synthesis of reuterin is an unexplored area of food preservation that needs further
research (Stevens et al., 2010).
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1.3 Chicken gastrointestinal tract (GIT)
1.3.1 Physiology and structure of the chicken GIT
The GIT of chicken is a specialised tube running from the beak to the rectum, with a
primary purpose of conversion and digestion of feed into its essential components for
adsorption and utilisation by chicken (Zoetendal et al., 2004). During the early
embryological phase, the development of the various compartments of the GIT occurs
horizontally giving rise to a typical gross structure of an inner mucous membrane lining
and an outer muscular layer separated by connected tissues (Sell et al., 1991). At
maturity, all the compartments are highly organised, as shown in Figure 1.5, and each
of them has a different histological and anatomical structure designed for their function
in the digestion process (Jacob, 2015). In particular, the crop serves as a porch, which
received the feed and water upon ingestion. The feed remains in the crop for up to 6
hours, where it undergoes bacterial fermentation (Abbas Hilmi et al., 2007; Barnes et
al., 1980). It then moves into the gizzard through the proventriculus. Hydrochloric acid
and digestion enzymes such as pepsin are added to the feed resulting in low pH in
both the proventriculus and gizzard (Noy and Sklan, 1995; Uni et al., 1999). In the
gizzard, mechanical grinding and mixing of the feed occur (Jacob, 2015). The digesta
then moves into the small intestine (duodenum, jejunum and the ileum). The small
intestine is the region where chemical digestion and nutrient absorption occurs (Noy
and Sklan, 1995). Within the small intestine, the digesta is mixed with bile salts from
the gall bladder and enzymatic secretions from the pancreas (proteinases, amylases
and lipases) (Bailey, 2010). The digesta encounters the caeca as it travels into the
large intestine. The caecal is involved in the breakdown of indigestible plant material,
water absorption and the microbial production of short-chain fatty acids (SCFA)
(Bailey, 2010; Jacob, 2015). The caecum empties and refills every 24-48 hours and
the digesta enters the colon (Svihus et al., 2013). The faecal pellet finally passes into
the cloaca where it is mixed with wastes from the urinary system (urate) and expelled
via the vent (Figure 1.5).
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Figure 1.5: The different compartments of the gastrointestinal tract of chicken, each with
approximate pH values (adapted from Bailey (2010)).

1.3.2 Chicken gut microbiota
The chicken GIT is home to ∼1 million bacterial genes indicating a rich bacteria
diversity (Sergeant et al., 2014; Wei et al., 2013). The colonisation of the chicken GIT
by microbes is thought to start immediately after hatching. The newly hatched chicks
are initially exposed to microbes that originate from the surface of the eggshell, which
is inoculated by bacteria from the intestine of the mother and the hatchery environment
(Rinttilä and Apajalahti, 2013). The development of a mature microbial community
mostly occurs until three weeks of age (Ranjitkar et al., 2016).
The bacterial communities and fermentation profile originating from different
compartments of the chicken GIT are so diverse that it has been suggested that they
should be considered as separate ecosystems (Rehman et al., 2007). As mentioned
above, the upper compartment of the chicken GIT consists of the crop, proventriculus
and the gizzard. Crop and gizzard harbour overlapping microbiota and predominantly
Gram-positive facultative anaerobic bacteria, especially Lactobacillus spp. and
Clostridiaceae (Sekelja et al., 2012; Yeoman et al., 2012). Although the bacterial
concentrations in the crop and gizzard are comparable, less bacterial fermentation
32

Chapter 1
activity has been detected in the gizzard compared to the crop, due to lower pH which
prohibits bacterial activity (Engberg et al., 2004; Rehman et al., 2007). Using cultureindependent method Videnska et al. (2013) reported the presence of non-lactobacillus
members in crop and gizzard.

Figure 1.6: Species distribution along the digestive tract of an adult hen (Videnska et al.,
2013) 1-Lactobacillus,
2-Veillonella,
3-Gallibacterium,
4-Campylobacter,
5-unclassified Lachnospiraceae,
6-Bacteroides,
7-Faecalibacterium,
8-Megamonas,
9-Olsenella, 10-Phascolarctobacterium, 11-Prevotella, 12-Blautia, 13-Pseudoflavonifractor,
14-Barnesiella, 15-Desulfovibrio, 16-Clostridium XlVa, 17-unclassified Porphyromonadaceae,
18-Alistipes.

The distal compartment of the chicken GIT is made up of the ileum, caecum and colon.
Due to the lower redox potential in this region, the number of obligate anaerobic
microbes are higher than aerobes or facultative anaerobes (Yeoman et al., 2012).
Dietary compounds and intestinal secretions that are not adsorbed in the upper GIT
reach the distal compartment, where they provide the dense microbial population with
nutrients and energy for growth (Apajalahti and Vienola, 2016; Józefiak et al., 2004).
Microbial fermentation in the distal compartment of the chicken GIT does not lead to
energy loss for the host, as these bacteria scavenge energy and nutrients from feed
residues that are already beyond the endogenous digestion system of the host (Rinttilä
and Apajalahti, 2013).
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In chicken, the caecum harbours the most extensive microbial diversity (Figure 1.6);
hence, the caecal microbiota profiles are widely investigated. The complexity of the
caecal microbial community harbouring ∼ 1011 total bacteria/g of caecal content was
first reported through intensive culturing efforts (Barnes et al., 1972, 1979). Currently,
the most substantial volume of 16S rRNA sequence data exists for caecal microbial
communities (Mesa et al., 2017; Oakley et al., 2014). Ballou et al. (2016) found an agerelated shift of the chicken caecal microbiome from Gram-negative to Gram-positive
bacteria. The caecal microbiota is dominated by the phyla Firmicutes, Bacteriodetes
and Proteobacteria (Wei et al., 2013). More than half of these bacteria belong to the
order Clostridiales (families Lachnospiraceae and Ruminococcaceae, also referred to
as Clostridium clusters XIVa and IV, respectively) (Bjerrum et al., 2006; Lu et al., 2003).
The majority of chicken microbiota studies have used the caecum as sampling site due
to its specific role in chicken microbial fermentation, productivity, health and wellbeing.
However, sampling from the caecum and other GIT compartments requires the chicken
to be sacrificed. Faecal samples are used as an ethical proxy of the intestinal
microbiota and allow for continuous sampling of the same chicken over a long period,
without sacrifice. A study by Sekelja et al. (2012) compared the investigated chicken
faecal samples to samples from other GIT compartments. Their results suggest that
GIT origin is the primary determinant for the chicken faecal microbiota. They proposed
that temporal shifts in faecal microbiota are a consequence of the periodic emptying of
different GIT sections. A similar study conducted by Stanley et al. (2015) reported that
faecal microbiota is qualitatively identical to caecal microbiota but quantitatively
different. Therefore, the choice of sampling site in the chicken GIT remains critical in
experimental design, as the faecal microbiota does not provide the complete indication
of the caecal community structure.
Besides several positive roles that the chicken gut microbiota has for the host, including
nutrient exchange (Chapter 1.3.4), the chicken gut microbiome also acts as a source
of zoonotic human pathogens (e.g. Salmonella, Campylobacter) and as a reservoir of
antibiotic-resistance determinants (Clavijo and Flórez, 2018; Sergeant et al., 2014).
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1.3.3 Zoonotic bacterial pathogens within the chicken gut microbiota
The presence of zoonotic bacterial pathogens in chicken microbiota is important to
animal and human alike. Pathogens such as Campylobacter (mostly C. jejuni and C.
coli), and Salmonella enterica are leading causes of food poisoning in humans, and a
significant proportion of human infections can be traced back to the exposure to,
handling and consumption of contaminated chicken meat and eggs (Figure 1.7). The
presence of other pathogens such as E. coli and Clostridium perfringens in the chicken
microbiome are also under study (Oakley et al., 2014).
Campylobacter spp. can colonise the chicken GIT in large numbers, frequently at
levels higher than 106 CFU/g of caecal content (Hermans et al., 2012). Campylobacter
can be detected in the chicken flock around 14 days of age, and all chickens can be
colonised by the end of the rearing in positive flocks (Hermans et al., 2011). This
bacteria is generally recognised as having a near-commensal relationship with their
chicken host (Young et al., 2007), as only a few studies have reported possible
detrimental health effect associated with C. jejuni colonization of the chicken gut
(Humphrey et al., 2014; Ruiz-Palacios et al., 1981; Sanyal et al., 1984).

Figure 1.7: Reported numbers and notification rates of confirmed human zoonosis in the EU,
2017 (Adapted from EFSA, 2017).
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Chickens serve as carriers of Salmonella but, in contrast to humans, rarely show any
clinical signs, including diarrhoea (Awad et al., 2012). Early exposure to Salmonella in
young chicks results in high mortality rate and persistence of infection in surviving
chickens (Hu et al., 1997). Prolonged persistent infection with Salmonella in the GIT of
chickens throughout their lifespan could alter the development of gut microbiota and
have a detrimental effect on the overall gut health of the chicken host (Mon et al.,
2015). In young chicks, Salmonella infection significantly reduces the overall diversity
of the microbiota and leads to expansion of the Enterobacteriaceae family (Mon et al.,
2015).
E. coli is a gammaproteobacterium present in chicken gut in low abundance throughout
the life cycle of a healthy chicken. Some strains of E. coli have specific virulence factors
that may cause disease to chickens (avian pathogenic E. coli-APEC). While the
potential of avian pathogen E. coli zoonosis in human remains unclear, there is
evidence that the gut microbiota, including E. coli, may serve as a reservoir for
antibiotic resistance and spread of resistance to zoonotic pathogens such as
Salmonella (Castellanos et al., 2017; Fricke et al., 2009; Dziva et al., 2013).
C. perfringens is a member of the chicken microbiome and causes necrotic enteritis
(peracute, acute and subclinical) leading to high mortality in chicken (Timbermont et
al., 2011). It has economic implication for the productivity of chicken since a subclinical
form of necrotic enteritis (NE) results in decreased feed conversion and reduced
growth rate (Hofacre et al., 2018). A study by Stanley et al. (2012) reported a significant
decrease in the number of butyrate producer in C. perfringens infected chicken than
uninfected controls and suggested that perturbations in the composition of chicken
caecal microbiota may contribute to the development and manifestation of necrotic
enteritis.

1.3.4 Gut microbiota interaction with chicken host
It has long been of interest to link gut microbiome to the health and performance of
chicken (Clavijo and Flórez, 2018; Pan and Yu, 2014; Rinttilä and Apajalahti, 2013).
These host-microbes interactions are manifested, particularly through the exchange of
nutrient, modulation of the immune system, modulation of chicken gut morphology, and
exclusion of pathogens. The exchange of nutrients between the chicken gut microbiota
and its chicken host is bidirectional.
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Nutrient exchange with host
(a) Chicken gut microbiota provides nutrients to the host
Diet-derived complex carbohydrates not degraded in the small intestine, such as
nonstarch polysaccharides (NSP) and resistant starch, are the primary sources of
carbon and energy for commensal microbiota in the lower intestine (Józefiak et al.,
2004). Microbial fermentation of indigestible dietary polysaccharides generates
SCFAs, primarily acetate, propionate and butyrate (Figure 1.8). These SCFAs can be
utilised by the host as an energy source or by other bacteria to generate further
metabolites (Figure 1.8) (Hooper et al., 2002; Koutsos and Arias, 2006; Tellez et al.,
2006; Van Der Wielen et al., 2000). These metabolites can be observed in most of the
chicken gut but primarily in the caecum, due to its dense microbial population (Rehman
et al., 2007). The production of SCFA is closely linked with the age of the chicken, and
SCFAs are undetectable in day-old chicks. Caecal acetate, propionate and butyrate
reach high concentrations in broilers after 2 weeks and remain stable afterwards (Van
Der Wielen et al., 2000). The SCFAs produced are absorbed across the epithelia by
passive diffusion and enters several metabolic pathways (Hooper et al., 2002). Among
the SCFAs, butyrate has gained particular interest, as it is the preferred energy source
for enterocytes and it is known to regulate cellular differentiation and proliferation within
the intestinal mucosa, thereby it is essential for gut tissue development and maturation
(Ahsan et al., 2016; Antongiovanni et al., 2007).
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Figure 1.8: Pathways for the biosynthesis of the major microbial metabolites that result from
carbohydrate fermentation and bacterial cross-feeding in the gut (Louis et al., 2014).

The lower intestine of vertebrates has been described as a site for proteolytic activity
(Macfarlane et al., 1986). Resistant proteins escaping the ileum, protein assimilated to
intestinal bacteria and endogenous protein synthesised and secreted by chicken are
the primary source of protein for gut bacteria (Figure 1.9) (Apajalahti and Vienola,
2016). Proteolytic microbial community in the caeca includes species belonging to the
genera Bacteroidetes, Clostridium, Fusobacterium, Streptococcus and Enterococcus
(Macfarlane et al., 1992). Once carbohydrate sources are exhausted in the chicken
caecum, ileal bypass proteins are fermented and metabolised to salvage energy
(Apajalahti and Vienola, 2016).
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Figure 1.9: Schematic presentation of protein flow from the small intestine and fermentation
in the chicken caecum (Apajalahti and Vienola, 2016).

Protein fermentation produces many harmful and toxic compounds (amines, indoles,
phenols, cresol and ammonia), which in high concentrations may have an adverse
effect on chicken growth and performance (Rinttilä and Apajalahti, 2013). These end
products of protein fermentation increase the pH of the intestinal content, which may
promote the growth of acid-sensitive microbes in the caecum (Apajalahti, 2005).
Protein fermentation also leads to the production of branched-chain fatty acid (BCFAs)
such as isovalerate and isobutyrate (Macfarlane et al., 1992). Unlike many other
protein fermentation products, BCFAs are not known to be toxic; however, less is
known regarding the role of gut-derived BCFAs (Apajalahti and Vienola, 2016).
Caecal microbiota also contributes to host nitrogen metabolism (Apajalahti and
Vienola, 2016). Due to the retrograde peristalsis, urine may travel to the chicken caeca
from the rectum (Denbow, 2014). Caecal microbiota can then catabolize uric acid to
ammonia, which can be absorbed by the host and used to synthesise a few amino
acids such as glutamine (Karasawa, 1999).
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Significant amounts of vitamins, especially some of the B complex (B9 and B12) were
shown to be present in the chicken caeca (Clench and Mathias, 1995; Couch et al.,
1950; Hooper et al., 2002; LeBlanc et al., 2013). These vitamins are synthesised by
intestinal genera, including Bacteroides, Eubacterium, Propionibacterium, and
Fusobacterium, Bifidobacterium and Lactobacillus (Albert et al., 1980; LeBlanc et al.,
2013). These B vitamins are excreted with the faeces, as the chicken caecum is
incapable of absorbing vitamins through the caecal walls (Couch et al., 1950). It is
believed that coprophagic chicken may benefit from bacterial vitamin B synthesis,
which is evident by higher vitamin B requirement for chickens housed in wire cages
where coprophagy is prevented (Vispo and Karasov, 1997).
(b) The chicken host provides nutrients to gut microbiota
Reciprocally, the host can also provide substrates to gut bacteria fermentation. For
instance, mucins and sloughed epithelial cells produced by goblet cells of the gut are
essential sources of carbon, nitrogen, and energy for some commensal and
pathogenic bacteria (Hooper et al., 2002; Rinttilä and Apajalahti, 2013). Although
mucin-utilising bacteria from chicken origin have not yet been characterised, several
studies from human have shown the presence of mucin degrading bacteria such as
Bifidobacterium, and Akkermansia muciniphila (Derrien et al., 2008; Hooper et al.,
2002; Ruas-Madiedo et al., 2008). Members of these bacterial groups have been found
in the chicken gut; hence, it is assumed that mucin degradation is present in chicken
(Stanley et al., 2014). The ability to attach to and utilise mucin enables mucin-utilising
bacteria to outcompete other species on the surface of the mucus layer. As a result,
these bacteria may play an important role in enteric disease and health.

Pathogens exclusion
Another essential function of the chicken gut microbiota is the exclusion of pathogens.
The role of commensal GIT microbiota in suppressing the colonisation of pathogens is
multifactorial (Rinttilä and Apajalahti, 2013). The SCFAs produced by the gut bacteria
are directly bacteriostatic for a subset of bacteria species or can indirectly reduce the
pH of the intestinal environment leading to growth restriction of acid-sensitive microbes
(Chaucheyras-Durand and Durand, 2010). Morevoer, certain members of the gut
microbiota such as Lactobacillus spp. produce bacteriocins with antimicrobial
properties (Corr et al., 2007; Messaoudi et al., 2012; Stern et al., 2006)..
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1.4 Models and strategies to study the chicken gut microbiota
Complex interactions occur in the chicken gut between microbiota, diet and host.
Different in vitro and in vivo strategies have been applied to help elucidate mechanisms
or functions of dietary supplements (prebiotics, probiotics) and antimicrobials on the
gut microbiota in relation to health and productivity of chicken. The advantages and
limits of each approach will be discussed in the following paragraphs.

1.4.1 In vitro gut fermentation models
In vitro fermentation models are powerful tools to isolate and investigate the
mechanistic effect of dietary, microbial and antimicrobial factors on gut microbiota,
independent on the host (Card et al., 2017; Payne et al., 2012; Verhoeckx et al., 2015).
The principle of in vitro fermentation models is the inoculation of GIT microbiota (faecal
or caecal) in a nutritive medium under the physiological condition of the donor site (pH,
temperature, anaerobiosis) for a defined period. The general difficulties faced by in
vitro culturing of complex gut microbiota includes the requirement for strict anaerobic
conditions, fastidious growth requirement of gut microbiota and the need to co-culture
bacteria involved in metabolic cross-feeding (Clavijo and Flórez, 2018; Stanley et al.,
2014). A range of systems have been developed to model GIT microbiota
fermentations, ranging from simple anaerobic batch cultures in a flask to multi-stage
continuous flow systems using a variety of inoculation techniques (Payne et al., 2012;
Venema and Van Den Abbeele, 2013).
Batch fermentations are closed systems (sealed reactors or flasks) that promote the
growth of a bacterial suspension without nutrients replenishment (Payne et al., 2012).
Batch cultures are particularly useful for cost-effective and quick screening of a large
number of dietary compounds on the metabolic profile of gut microbiota (Lan et al.,
2007; Meimandipour et al., 2009; Vermeulen et al., 2018). Microbial fermentations
occurring in batch fermentation result in the production of SCFAs, which influence the
pH and redox potential as most batch fermentations proceed without pH control. Other
disadvantages are for instance that bacterial growth is highly dependent on the
inoculation density and substrate consumption rate or the accumulation of toxic
products and metabolites which might inhibit microbial growth (Payne et al., 2012).
Therefore, the operation of batch fermentation systems is restricted by short operation
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time (less than 72 hours) which prevents the establishment of steady-state conditions
in vitro (Payne et al., 2012).
Continuous culture fermentation systems exist either as single or multi-stage systems
and are mostly used for long-term ecological studies (Payne et al., 2012; Zihler Berner
et al., 2013). Single-stage systems only mimic the conditions of a specific region of the
GIT, whereas multi-stage systems simulate different regions of the GIT (Macfarlane
et al., 1998). The successful transfer, adaptation, survival and proliferation of in vivo
acquired GIT microbiota to in vitro continuous fermentation systems depends on the
strict control of environmental parameters (temperature, pH, retention time,
anaerobiosis) of the source host (Payne et al., 2012; Verhoeckx et al., 2015). Proper
control of these environmental factors facilitates the establishment of steady-state
conditions in terms of both microbial composition and metabolic activity in continuous
in vitro systems (Payne et al., 2012; Venema and Van Den Abbeele, 2013). Continuous
in vitro fermentation models mimicking the conditions of the modelled host were
successfully developed and used for ecological and mechanistic studies of human
(Dostal et al., 2015; Geirnaert et al., 2015; Lacroix et al., 2015; McDonald et al., 2015;
Zihler Berner et al., 2013), swine (Tanner et al., 2014a) and recently murine (Poeker
et al., 2019) gut microbiota.
The major discriminating factor between the different in vitro continuous fermentation
systems is the techniques used for the inoculation of the reactors. Free-cell suspension
is mostly used for inoculating in vitro systems, and this is associated with rapid washout
of less dominant and slow-growing bacteria species which results in less operation
time (Card et al., 2017; De Boever et al., 2001; Macfarlane et al., 1998). In addition,
the cell densities reached in systems inoculated with free-cell suspension is lower (109
– 1010 CFU/g) than in faecal samples (1011 CFU/g) (Sommer and Bäckhed, 2013). To
overcome this challenge, microbiota can be immobilized in porous gel beads, which
prevents the washout of slow-growing bacteria and reproduces both the sessile and
planktonic states of the gut bacteria over long period of time (Fehlbaum et al., 2015;
Poeker et al., 2019; Tanner et al., 2014a; Zihler Berner et al., 2013). Thereby, freshly
collected gut content (caeca content or faeces) is immobilised in gellan/xanthan
(2.5%/0.25%) beads which are continuously fermented in reactors under conditions
mimicking the gut conditions of the donor (Cinquin et al., 2004). The bacteria are
entrapped within the beads and upon growth create a high-density peripheral bacterial
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layer from which continuous shedding of bacteria into the fermentation medium occurs,
promoting a bacterial concentration in the fermentation effluent comparable to
caecal/faecal concentration (Cinquin et al., 2004). This system using immobilised cells
has been demonstrated to be run up to 90 days (Fehlbaum et al., 2015; Pham et al.,
2016).
Besides stability requirement, reproducibility and parallel testing of treatments with the
same gut microbiota are of importance for in vitro gut fermentation research. However,
they are difficult to apply with in vitro fermentation models with free-cell suspension as
high amount of GIT content is required (Macfarlane et al., 1998). Based on this
immobilisation technology, the PolyFermS model for in vitro continuous fermentation
was developed at ETH Zurich (Zihler Berner et al., 2013). The PolyFermS model allows
the possibility to stably and reproducibly cultivate the complex gut microbiota in
multiple reactors allowing parallel testing of the impact of several nutritional factors
(prebiotics, probiotics and other dietary additives) on the same microbiota (Fehlbaum
et al., 2015; Tanner et al., 2014b).
In vitro systems can mimic in vivo situations to a certain degree, however, models
cannot simulate all the conditions in the host, which are not well known or cannot be
mimicked such as the immune response, hormone and digestive secretions,
adsorption and peristaltic movement, all of which influence microbial diversity (Lacroix
et al., 2015). Therefore, considering the advantages and limitations of each in vitro
fermentation system, the design of an integrated multi-scale strategies which combines
in vitro and animal models is necessary to gain a deep insight into the complex
relationship between gut microbiota, diet and host (Figure 1.10) (Lacroix et al., 2015).
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Figure 1.10: Strategies for studying the gut microbiota. Image generated using Biorender.

1.4.2 Animal models
In biology, a common way to study a part of a system is to evaluate its absence, and
for this, it became logical for scientists studying the role of gut microbiota on health and
disease to examine the effect on animal unexposed to microbes (gnotobiology)
(Williams, 2014). Based on the level of microbial colonisation, animals can be classified
into four groups: germ-free (GF), specific pathogen-free (SPF), conventional (CV) and
low bacterial load (LBL) (Mitsuhiro and Jun-ichi, 1994). An animal carrying full
(undefined) burden of microorganisms usually associated with its species is described
as CV. A SPF animal is free from a specific pathogen (e.g. C. jejuni), but other
organisms are present (Dobson et al., 2019). An animal that is devoid of any detectable
microbe (bacteria, fungi, virus, protozoa) are classified as GF. Animals that harbour
defined consortium of microorganisms are classified as LBL (Mitsuhiro and Jun-ichi,
1994).
Current knowledge of diet-host-microbiota interrelationships in connection to chicken
health and productivity was considerably expanded following the development of
gnotobiology (Mitsuhiro and Jun-ichi, 1994; Reyniers, 1959). Most of the data from

44

Chapter 1
animal models are derived by comparing GF and CV reared animals, which provides
the understanding of the cause and effects of the gut microbiota for the host.
Animal models allow studying simultaneously modulatory effects on the gut microbiota
composition and activity as well as immune modulation and performance parameters
such as feed conversion, average daily weight gain and animal welfare. However,
animal models do not allow studying the bacterial processes occurring within the gut
microbiome (Lacroix et al., 2015; Venema and Van Den Abbeele, 2013). Furthermore,
the use of animal models is restricted by ethical and social constraints, and there are
strict laws on the inclusion of genetically modified (GM) compounds, pathogens, toxic
and radioactive compounds in animal models (Macfarlane and Macfarlane, 2007;
Venema and Van Den Abbeele, 2013). Furthermore, animal models are relatively
expensive compared to in vitro models, and special handling facilities are needed in
some circumstances (Macfarlane and Macfarlane, 2007).
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1.5 Hypotheses and objectives of the thesis
Reuterin is a promising broad-spectrum multicomponent antimicrobial system
produced from glycerol metabolism by food-grade L. reuteri strains. Reuterin consists
of acrolein, 3-HPA, 3-HPA hydrate and 3-HPA dimer. Acrolein is the main compound
of the reuterin system responsible for its antimicrobial activity.
While several in vitro studies have shown that reuterin produced by L. reuteri exerts
antimicrobial effect against a broad range of bacteria, fungi and yeast strains including
intestinal bacteria, no information is available on the antimicrobial effect of reuterin in
complex microbiota such as in fresh-cut lettuce and in the chicken GIT, and the effect
against Campylobacter spp., a frequent enteric pathogen in chicken.

1.5.1 Hypotheses
We therefore formulate the following hypotheses for this thesis:
1) Reuterin solution inhibits microbial growth in natural complex food matrices
illustrated by fresh vegetables during storage.
2) L. reuteri isolated from the chicken gut exhibits potent antimicrobial effect
against human and food isolates of C. jejuni and C. coli.
3) An in vitro fermentation model (IFM) based on the PolyFermS platform and
inoculated with immobilised microbiota, can be established to accurately mimic
the composition and activity of healthy chicken caecal microbiota.
4) Inoculation of reuterin-producing L. reuteri with glycerol leads to the quantitative
production of reuterin in the in vitro model of chicken caecal fermentation, with
a beneficial impact on microbiota composition and metabolism.
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1.5.2 General objective
The overall goals of this project are (1) to understand the role of reuterin in two complex
systems: i) fresh-cut vegetables during storage and ii) complex caecal microbiota of
chicken, (2) to evaluate the potential for a novel microbial-based method using
selected chicken strain of L. reuteri producing reuterin, for the inhibition of
Campylobacter in conditions of the chicken caecum.

1.5.3 Specific objectives
The following specific objectives were therefore defined:
1. Evaluate the efficacy of reuterin solutions for decontamination and improving
the shelf life of modified-atmosphere packaged cut-lettuce during storage
(Chapter 2).
2. Isolate and characterise strains of L. reuteri from Swiss chicken exhibiting high
ability to produce reuterin (Chapter 3).
3. Determine the minimum inhibitory concentrations (MIC) and minimum
bactericidal concentrations (MBC) of reuterin against a broad panel of C. jejuni
and C. coli strains, using broth microdilution (Chapter 4).
4. Establish and validate a novel in vitro continuous model for chicken caecum
fermentation seeded with immobilised chicken caecal microbiota, based on the
PolyFermS platform (Chapter 5).
5. Test the effects of supplementation of chicken-derived reuterin-producing L.
reuteri, glycerol and the combination on chicken caecal microbiota composition
and activity using the above caecal fermentation model (Chapter 6).
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Abstract
Over the last years, the demand for pre-washed, fresh-cut, minimally-processed (MP)
produce has increased. MP fresh vegetables are rapidly spoiled, whereas there is
consumers’ concern about chemical disinfection treatments such as with chlorine. A
promising antimicrobial is reuterin, a broad-spectrum-antimicrobial compound
produced by food-grade Lactobacillus reuteri from glycerol. In aqueous solution,
reuterin is a dynamic system consisting of 3-hydroxypropionaldehyde (3-HPA), its
hydrate, its dimer as well as acrolein, which was recently identified as the main
antimicrobial component of the system. Here, we tested the use of reuterin containing
similar 3-HPA levels but different acrolein concentrations for decontaminating and
preserving fresh-cut lettuce. Crude reuterin (CR) was produced by biotransformation
of 600 mM glycerol using L. reuteri DSM 20016T. CR preparations were further
incubated for 16 h at 50 °C to produce enhanced reuterin (ER) with raised
concentration of acrolein. Fresh-cut iceberg lettuce (Lactuca sativa) was washed using
CR (1.5 to 1.9 mM acrolein) and ER (7.2 to 21.9 mM acrolein) solutions at 4 oC, or
sodium hypochloride (250 mg/L) and tap water, and compared with unwashed lettuce.
Washed lettuce samples were packed under modified atmosphere (2% O 2, 5% CO2
and 93% N2) and stored for 13 days at 4 oC. Application of ER containing 12.1, 20.9 or
21.9 mM acrolein reduced the initial viable plate counts of Enterobacteriaceae (by 2.1
- 2.8 log CFU/g), and yeasts and moulds (by 1.3 - 2.0 log CFU/g) when compared with
unwashed samples. In contrast, reuterin solutions containing 7.2 mM acrolein, sodium
hypochlorite and tap water only showed very limited and transient, or no effects on the
cell loads of lettuce after washing and during storage. Visual assessment of leaves
washed with ER showed acrolein concentration-dependent discolouration noticeable
already after 3 days of storage for the highest acrolein concentrations. Discolouration
became severe for all ER treatments after 7 days, while the other treatments preserved
the aspect of washed lettuce. Our data show the predominant role of acrolein as the
main antimicrobial component of the reuterin system for food biopreservation. Reuterin
preparations with enhanced acrolein concentration of 12.1 mM and higher were
effective to reduce plate counts of Enterobacteriaceae and yeasts and moulds washed
lettuce until day 7 but induced pronounced discolouration of lettuce.
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2.1 Introduction
The market of pre-washed, fresh-cut and minimally-processed (MP) vegetable produce
is rising worldwide. MP fresh vegetable produce contains complex bacterial
communities which may include spoilage microbes, e.g. fluorescent Pseudomonas
spp. and Erwinia carotovora, and pathogens (Barth et al., 2009; Ragaert et al., 2007).
The consumption of these produce has been associated with foodborne outbreaks by
Salmonella enterica, pathogenic Escherichia coli, Shigella spp., Campylobacter spp.,
Listeria monocytogenes, Staphylococcus aureus, Yersinia spp. and Bacillus cereus
(Critzer and Doyle, 2010; FAO/WHO, 2008; Fatica and Schneider, 2011; Harris et al.,
2003). Therefore, suppliers are increasingly interested in implementing natural
antimicrobial compounds for decontaminating the produce and providing high-quality
and safe products.
Post-harvest microbial contamination rather than contamination in the field is a major
cause of human pathogenic bacteria on MP fresh produce (Jensen et al., 2013). Tissue
damages associated with peeling, cutting and slicing of MP fresh produce reduces the
defence against pathogens (Allende et al., 2004). The internalisation of fresh produce
by enteric pathogens through cut surfaces reduces their exposure to sanitising agents
(Erickson, 2012). Moreover, microorganisms can adhere to the surface of freshly
harvested fruits and vegetables and may survive decontamination steps due to the
formation of biofilms (Allende et al., 2008). The main decontaminating steps in the
processing chain of MP fruits and vegetables are washing and disinfection. Washing
removes soil, insects and other debris and has an added advantage of reducing
microbial loads (Gil et al., 2009). However, washing water can serve as a vehicle for
dispersal of microorganisms (Holvoet et al., 2012). Thus, sanitation of produce is
pivotal for guaranteeing quality and safety for human consumption.
Chlorine is the most widely used washing and sanitising agent in the processing of
fruits and vegetables (FAO/WHO, 2008). However, because of the increasing public
health concerns about the possible formation of chlorinated organic compounds,
European countries such as Germany, The Netherlands, Denmark and Belgium, as
well as Switzerland have banned the use of chlorine in fresh-cut produce (Betts and
Everis, 2005). Several alternatives to chlorine such as chlorine dioxide, ozone, organic
acids, peracetic acid (PAA) and hydrogen peroxide have been gaining interest in
recent years, but none of them was found to have the expected requirements (Ölmez
and Kretzschmar, 2009). Among alternative preservation technologies, a particular
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attention has been paid to biopreservation, which is defined as the use of naturallyproduced compounds for decontamination and preservation (Lacroix, 2011). A
promising broad-spectrum biopreservative agent is the bacterial metabolite reuterin,
produced by Lactobacillus reuteri with antimicrobial activity against Gram-positive and
Gram-negative bacteria, yeasts and moulds (Cleusix et al., 2007; Stevens et al., 2010).
Reuterin is produced by certain strains of L. reuteri during the anaerobic fermentation
of glycerol. In aqueous solution, reuterin is a dynamic system consisting of 3hydroxypropionaldehyde (3-HPA), its hydrate 1,1,3-propanetriol, its dimer 2-(2hydroxyethyl)−4-hydroxy-1,3-dioxane, and acrolein (Vollenweider and Lacroix, 2004;
Engels et al., 2016). The 3-HPA can be further converted to 1, 3 propanediol (1, 3-PD)
in the presence of glucose, but large amounts of reuterin are excreted into the medium
when glucose is low (Stevens et al., 2013). Acrolein was recently shown to be the main
component responsible for the antimicrobial activity of reuterin (Engels et al., 2016b).
3-HPA and acrolein interconversion does not occur at 4 °C and pH 4, while at higher
temperatures, the equilibrium is shifted towards acrolein (Engels et al., 2016b). Minimal
inhibitory concentrations (MIC) and bactericidal concentrations (MBC) of reuterin
(determined as 3-HPA) were measured in the ranges 0.5 - 15 mM for Listeria spp., 35
mM for Bacillus subtilis, 0.3 - 50 mM for Gram-negative E. coli and P. aeruginosa, and
0.15 - 0.98 mM for yeasts (Stevens et al., 2010).
The aim of the present work was to investigate whether biotechnology-produced
reuterin can be used for decontamination of fresh lettuce, and the role of acrolein as
the main antimicrobial compound of reuterin in a food system. The washing efficacy of
crude reuterin (CR) and reuterin with enhanced acrolein concentrations (ER) was
tested in reducing the microbial population of MP fresh-cut lettuce during 13 days of
refrigerated storage (4 oC) under modified atmosphere. Reuterin treatments were
compared with washing with tap water or chlorinated water (250 mg/L), and with
unwashed produce.
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2.2 Material and Methods
2.2.1 Bacterial strain and reuterin stock production
L. reuteri DSM 20016T was obtained from the DSM strain collection (Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany) and used for the production of reuterin using a two-step process, as
described previously (Stevens et al., 2013). L. reuteri was routinely cultivated in Man,
Rogosa and Sharpe medium (MRS, Biolife, Milan, Italy) at 37 oC. Briefly, L. reuteri was
grown at 37 °C in 10 mL MRS broth supplemented with 20 mM of glycerol (SigmaAldrich, Buchs, Switzerland) to an OD600 of approximately 8.0, representing the early
stationary growth phase. To obtain cells with comparable metabolic activity among the
trials, 10 mM of glucose and 20 mM of glycerol (final concentrations) were added to
this early stationary phase culture, and cells were reactivated for 30 min at 37 °C.
Subsequently, cells were harvested (4,000 g, 10 min, room temperature) and resuspended in sterile 600 mM glycerol solution. Conversion of glycerol to reuterin was
conducted at 25 °C for 3 h. Reuterin-containing supernatant was recovered by
centrifugation (12,000 x g, 5 min, 4 °C) and sterile filtered (0.2 µm). Several batches of
reuterin were produced over a 10 day period, pooled together, and stored at 4 °C for
the washing trails. The freshly produced reuterin stock solution contained 433 mM 3HPA and 6mM acrolein. The same reuterin stock was used for all four washing trials,
which were carried out over a total period of seven (7) months.

2.2.2 HPLC-RI and IC-PAD analysis of reuterin solutions
Glycerol, 1,3-PD, 3-HPA concentrations were determined by HPLC with refractive
index detector (Hitachi LaChrome, Merck, Dietikon, Switzerland) on an Aminex HPX87H column (300 × 7.8 mm, Bio-Rad, Reinach, Switzerland) as described previously
(Cleusix et al., 2008). Solutions for HPLC analysis were diluted in phosphate buffer (20
mM, pH 4.0) as previously recommended by Engels et al. (2016). Sulfuric acid (10 mM)
was used as eluent, and isocratic conditions were applied at a flow rate of 0.6 mL min1

for 30 min at 40° C. The injection volume was 40 µL. Quantification was performed

with external standards of glycerol and 1,3-PDO (Sigma-Aldrich GmbH, Buchs,
Switzerland). Purification of 3-HPA used as standard was done according to
Vollenweider et al. (2003). HPA was diluted with distilled water to about 10 M solution,
which was stable for at least 6 months during storage at 4 °C.
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Acrolein concentration was determined using IC-PAD as previously described (Engels
et al., 2016b). Hydroquinone (2%) was added to the samples to stabilise acrolein
(Kächele et al., 2014). To minimise acrolein evaporation, airtight 0.7 ml PP Crimp/Snap
LC vials (BGB Analytik, Boeckten, Switzerland) were used for analysis. Briefly, IC-PAD
was performed on a Thermo Scientific (Reinach, Switzerland) ICS-5000+ system
equipped with a quaternary gradient pump, a thermostated autosampler and an
electrochemical detector with a cell containing a Ag/AgCl reference electrode and a
disposable thin-film platinum working electrode tempered at 25 °C. Analytes were
separated with a Thermo Scientific IonPac ICE-AS1 4 × 250 mm ion-exclusion column
with a guard column, operated at 30 °C. The solvent system was isocratic 0.1 M
methanesulfonic acid at 0.2 mL min−1 for 36 min. The injection volume was 10 µL.
Electrochemical data were obtained after modification and optimisation of the triplepotential waveform consisting of regeneration/detection, oxidation and reduction
potentials. Commercial pure acrolein (> 99%, stabilized with 0.2% hydroquinone) was
purchased from Sigma-Aldrich GmbH (Buchs, Switzerland) and used as external
standard. Acrolein is a volatile and toxic compound, hence, all safety measures were
observed.

2.2.3 Preparation of lettuce washing solutions
Three different washing solutions i) sodium hypochloride (NaOCl), ii) enhanced
reuterin (ER) and iii) crude reuterin (CR) were prepared using autoclaved tap water.
Sterile tap water washed (TW) and not washed (NW) lettuce were included as controls.
To prepare NaOCl solution (2.5 L), liquid sodium hypochloride (Sigma-Aldrich) was
added to autoclaved tap water to a final concentration of 250 mg/L free chlorine. On
the day of washing, 2.5 L of CR washing solution was freshly prepared by mixing 580
mL reuterin stock to autoclaved tap water to achieve a final concentration of 100 mM
3-HPA. This solution (CR) was then cooled down on ice to 4 oC and used immediately.
For preparing enhanced reuterin (ER), 2.5 L of CR solution was prepared as presented
above and incubated for 16 h at 50 °C in a dry oven (Cleanroom drying oven
UF750plus, Memmert GmbH + Co. KG, Schwabach, Germany ) to shift the reuterin
equilibrium from 3-HPA to acrolein. The ER solution was cooled down on ice to 4 oC
and immediately used for washing.
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Lettuce preparation
(cut 2cm x 2cm)

Weighing
(250 mg)

Washing with 2.5 L of treatment
solution (1 min)

Tap water
(TW)

Sodium
hypochloride
(NaClO)

Crude
reuterin
(CR)

Enhanced
reuterin
(ER)

No washing
(TW)

Rinsing
(2.5 L Tap water)

Drying
(spinning, 1min)

Packaging
(2% O2, 5% CO2 and 93% N2)

Storage
(4oC)

Microbiological
analysis
(1d, 3d, 7d, 13d)

Visual
appraisal

Figure 2.1: Experimental set up of the washing trials of MP lettuce using different treatments.
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2.2.4 Preparation and processing of Romaine lettuce samples
Romaine lettuce (Lactuca sativa) from Switzerland (Zürich area) which had not been
prewashed was purchased from a local retailer on the same day of arrival from the
grower. Trial 1, 2 and 3 were performed at intervals of 14 days with lettuce obtained
during the winter season of 2016, whereas trial 4 was performed with lettuce obtained
in the spring season of 2017 (7 months after trial 1). The lettuce heads were
transported under cold conditions to ETH Zürich and immediately processed and
washed in conditions simulating continuous MP process in the industry, according to
the flow diagram described in Figure 2.1. Soiled, damaged outer leaves, and stem
were removed and leaves were cut (approximately 2 cm x 2 cm) using disinfected
knives.
For each treatment, 250 g of lettuce were washed by hand with gentle mixing in a 5 L
beaker containing 2.5 L of solution (1:10 w/v) for 1 min. Following the washing process,
the products were placed in a sieve for 30 secs to allow the washing water to drain off.
The products were then rinsed with 2.5 L of autoclaved tap water to remove residue
treatment on the product, and a salad spinner was used to manually centrifuge the
washed lettuce. Lettuce was packed into polyethylene sterile bags (18 cm x 12 cm, 50
g each) under modified atmosphere (2 ± 1 % O2, 5 ± 1 % CO2 and 93 ± 1 % N2), as
previously described by Pereira et al. (2014). For packing, a gas exchange device with
a vacuum packaging machine (Multivac C200, Sepp Haggenmüller GmbH & Co. KG,
Wolfertschwenden, Germany) and a mixing station (Gas mixer KM 100-3M, WittGasetechnik GmbH & Co. KG, Witten, Germany) were used.
Five mL of the washing solution were collected before and after lettuce washing to
measure the concentrations of glycerol, 3-HPA, 1, 3-PD and acrolein, and the pH
(Metrohm 780 pH Meter, Metrohm AG, Herisau, Switzerland).

2.2.5 Bacteria, yeasts and moulds counts during storage
The population of aero-tolerant microbes was enumerated in duplicate after 1, 3, 7 and
13 days of storage at 4 °C. At each sampling point, the content of a package (50 g)
was transferred into a stomacher bag (Stomacher® 400 Classic Bags, Seward, West
Sussex, United Kingdom), combined with 200 mL of 0.1% peptone and macerated in
a stomacher (BagMixer® 400 P, Interscience, Saint Nom, France) at high speed for 5
min. Serial dilutions were made in 0.1 % peptone and surface plated (0.1 mL) in
duplicate onto selective and nonselective media.
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Total aerobic mesophilic bacteria were enumerated in duplicate on Luria-Bertani (LB)
agar (Becton Dickinson, Allschwil, Switzerland), and Enterobacteriaceae were grown
using ENDO agar (Sigma-Aldrich, Buchs, Switzerland). LB and ENDO agar were
incubated at 37 oC for 48 h. Yeasts and moulds were enumerated using Yeast extract
glucose chloramphenicol (YGC) agar (Merck KGaA, Darmstadt, Germany) further
supplemented with 10 µg m/L chloramphenicol after autoclaving, and the plates were
incubated at 30 oC for 48 h.

2.2.6 Acrolein quantification in lettuce washed with reuterin
To estimate the residual acrolein concentration in reuterin washed lettuce, 2 mL of
macerated lettuce prepared above was centrifuged at 4 oC at 5000 x g for 5 min. The
supernatant was passed through a 0.45 µm filter (Infochroma AG, Switzerland), and
acrolein concentration was determined using IC-PAD.

2.2.7 Visual evaluation of lettuce leaves
The appearance of fresh-cut lettuce was assessed visually after 1, 3, 7 and 13 days
after treatment. The focus was on discolouration, browning of cut edges and
appearance of brown spots on the leaves.

2.2.8 Data analysis
The experiments were carried out with four blocks using the same reuterin stock, with
each block including washing treatments with TW, CR, ER, NaClO compare to unwashed lettuce. Plate counts were performed in duplicate, and mean data were
reported as colony-forming units per gram lettuce (CFU/g). The decimal reduction of a
washing treatment was calculated at each time point by the difference between the
treatment and unwashed lettuce count. To assess the dose-dependent effects of
acrolein on cell counts, a regression analysis was used with CR and ER data after 1
day and 13 days of storage, using SigmaPlot 12.5 (Systat Software, San Jose, CA,
USA).
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2.3 Results
2.3.1 Fate of reuterin components during washing
A single stock of reuterin was produced for the four trials carried out over a total period
of 7 months. It was observed that the composition of CR prepared from the stock
solution changed over time, with a steady decrease of 3-HPA concentration, from 98.5
in trial 1 to 87.1 mM in trial 4. However, the acrolein concentration of 1.8 ± 0.2 mM in
the crude reuterin stock did not change with time (Table 2.1). The concentrations of 3HPA and acrolein in the solution collected after washing the lettuce were slightly lower
than before washing for CR treatments. Between 0.6 - 1.3 mM 3-HPA and 0.1 - 0.7
mM acrolein were not recovered in the CR washing solution after washing.
Acrolein was recently shown to be the main component for the antimicrobial activity of
reuterin (Engels et al., 2016b). Therefore we incubated the CR reuterin solutions at 50
oC

for 16 h to produce enhanced reuterin solutions (ER) containing an increased

acrolein concentration. The 3-HPA concentration in ER decreased from trial 1 (92.5
mM) to trial 4 (75.8 mM), consistent with the decreased concentration in CR observed
over time. The acrolein titres in ER solutions for the four trials were in the range of 7.2
to 21.9 mM, which corresponded to between 4- to 12-fold increase compare to the
corresponding CR solutions, but with no time effect. The variation in acrolein synthesis
in ER solution was due to the oven not able to control the set temperature during
incubation. In the case where 7.2 mM and 12.1 mM acrolein was obtained, the
temperature of the oven as measured by external thermometer was 5 oC less than the
set temperature. Between 2 to 4 mM 3-HPA and 0.6 to 1.6 mM, acrolein was not
recovered in the ER washing solution after washing (Table 2.1).
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Table 2.1: 3-HPA and acrolein concentrations in washing solution quantified by HPLC and IC-PAD. Acrolein loss during washing was
estimated by the difference of concentration in the solution before and after washing.
Washing solution

Washing step
Before washing

Crude reuterin, CR

After washing
Loss
Before washing

Enhanced reuterin, ER

After washing
Loss

Trial 1 [mM]

Trial 2 [mM]

Trial 3 [mM]

Trial 4 [mM]

3-HPA

Acrolein

3-HPA

Acrolein

3-HPA

Acrolein

3-HPA

Acrolein

98.5

1.5

95.5

1.9

93.9

1.7

87.1

1.9

97.2

1.4

94.8

1.7

92.9

1.0

86.5

1.8

1.3

0.1

0.7

0.2

1.0

0.7

0.6

0.1

92.5

12.1

86.7

21.9

85.7

20.9

75.8

7.2

90.7

11.5

85.2

20.3

83.2

20.2

71.8

6.4

1.8

0.6

1.5

1.6

2.5

0.7

4.0

0.8
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2.3.2 Antimicrobial effect of washing solutions
We investigated the impact of different washing solutions (CR, ER, NaClO and TW) on
the viable cell counts of Enterobacteriaceae, yeasts and moulds, and total aerobic
mesophilic bacteria of lettuce after washing and during storage for 13 days at 4 °C
(Figure 2.2). The effectiveness of treatments was also expressed by the decimal
reduction of the counts for a treatment at a defined time point compare to the unwashed
lettuce NW (Figure S2.1).
Fresh-cut lettuce washed with 250 mg/L of NaClO showed a decimal reduction of the
Enterobacteriaceae population between 0.3 to 1.8 log CFU/g compare to NW (5.6 ±
0.2 log CFU/g, n = 4) after day 1 of storage. The counts of Enterobacteriaceae steadily
increased with storage time to reach similar levels to the unwashed lettuce at day 13
(6.7 ± 0.1 and 6.7 ± 0.3, respectively). Washing with TW, CR and ER with 7.2 mM
acrolein (trial 4) resulted in less than 1 log CFU/g decimal reduction after 1 day
compare to NW, followed by regrowth of Enterobacteriaceae on lettuce during storage
to reach similar levels as for NW after 13 days. In contrast, washing with ER containing
12.1 (trial 1), 20.9 (trial 3) or 21.9 mM acrolein (trial 2) strongly reduced the initial counts
of Enterobacteriaceae between 2.1 and 2.8 log CFU/g, after the first day of treatment
compare to NW. The decimal reductions induced by ER treatments (12.1 mM or more
acrolein) were maintained until day 7 (between 1.4 to 2.0 log CFU/g), while a
pronounced regrowth of Enterobacteriaceae occurred after day 3. At the end of
storage, Enterobacteriaceae counts in active ER treatments were similar to the other
washing treatments and NW lettuce (Figure 2.2 D, G, J).
The yeasts and moulds counts (NW, 4.7 ± 0.9 log CFU/g, n = 4) was reduced by less
than 1 log unit after washing with TW, CR and ER with 7.2 mM acrolein after 1 day of
storage compared to NW. Washing with NaClO resulted in a 0.6 to 1.2 log CFU/g
decimal reduction of yeasts and moulds after the first day of storage. ER washing
treatments containing 12.1, 20.9 and 21.9 mM acrolein reduced the initial counts of
yeasts and moulds between 1.3 and 2.0 log CFU/g after day 1 of treatment. The ER
inhibition effect was maintained until day 3. At day 7, while yeasts and moulds started
to regrow, the decimal reduction remained between 1.0 to 1.8 log CFU/g compared to
unwashed lettuce. At day 13, the yeasts and moulds counts on lettuce washed with
ER containing acrolein 12.1 mM and above were similar to unwashed lettuce (5.3 ±
0.9 log CFU/g). For NaClO, TW and CR treatments, growth of yeasts and moulds were
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already noticeable at day 3, and at day 13, the counts of yeasts and moulds on the
stored lettuce were 5.5 ± 0.4, 5.8 ± 0.3 and 6.0 ± 0.4 log CFU/g (n = 4), respectively.
The total aerobic mesophilic bacteria counts were reduced between 0.3 to 1.4 log
CFU/g on day 1 after NaClO washing compare to NW lettuce (5.9 ± 0.3 log CFU/g,
n=4). TW, CR and ER treatments resulted in a limited reduction of total aerobic
mesophilic bacteria, less than 1 log after one day of storage compare to NW. At day 7,
washing with ER containing 12.1 mM or more acrolein still reduced the growth total
aerobic mesophilic bacteria between 1.1 to 1.4 log CFU/g compared to unwashed
lettuce. This effect was maintained until the end of storage in trail 2 (12.1 mM) and 3
(20.9 mM) (Figure 2.2 F, I). The counts of total aerobic mesophilic bacteria of TW, CR
and NaClO were similar to unwashed lettuce at the end of the 13 day storage (Figure
2.2 F, I, L), expect in trial 4 (Figure 2.2 C).
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Figure 2.2: Enterobacteriaceae, yeasts and moulds, and total aerobic mesophilic viable cell
CR
CR for 13 days at 4°C under
counts in lettuce washed with different treatments and stored
ER
protective atmosphere: crude (
) and
CRenhanced ( ) reuterin,
ER NaClO ( ), water ( ),
NWwas grouped based
unwashed ( ). Data
on
the
acrolein
concentration in the ER
CRwashing
ER
NW
solution: 7.2 mM (A,
B, C; trial 4), 12.1NW
mM (D, E, F; trial 1), 20.9 mM (G, H, I; trial 3)
and 21.9
TW
ER
TW
mM (J, K, L; trial 2).
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2.3.3 Relationship between acrolein concentration and antimicrobial
effect
A regression analysis was applied to test the dose-dependent effect of acrolein on the
decimal reduction of Enterobacteriaceae and yeasts and moulds, which were most
affected compare to NW lettuce. A significant linear dependency was calculated
between the decimal reduction of Enterobacteriaceae (r2 = 0.80, P< 0.05) and of yeasts
and moulds (r2 = 0.89; P< 0.05) after 1 day and acrolein concentration of the washing
treatment (Figure 2.3 A and B, respectively). On day 13 of storage there was no
significant correlation between acrolein concentration and decimal reduction of
Enterobacteriaceae (r2 = 0.40, P > 0.05) and of yeasts and moulds (r2 = 0.37; P > 0.05)
(Figure 2.3 C and D, respectively).

Figure 2.3: Linear regression analysis of decimal reduction of Enterobacteriaceae (A, C) and
yeasts and moulds (B, D) viable cell counts versus acrolein concentration in CR and ER
treatments after washing and storage for day 1 (A, B) and day 13 (C, D).
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2.3.4 Visual appearance of washed lettuce during storage
Differences in the visual appearance of lettuce washed with ER solutions were
observed starting on day 3 for lettuce washed with ER containing 20.9 mM and 21.9
mM acrolein. At 7-days storage at 4 oC, marked discolouration were observed for
lettuce washed with reuterin treatment containing 7.2 mM, 12.1 mM, 20.9 mM and 21.9
mM acrolein. The effect was slightly more pronounced with increasing acrolein
concentration (Figure 2.4). Lettuce washed with NaClO, TW and CR showed similar
visual quality in all 4 trials, and hence, we present images from trial 2 to represent all
4 trials.
TW1

NaClO1

CR1
(1.9 mM acrolein)

ER
(7.2 mM acrolein)

ER
(12.1 mM acrolein)

ER
(20.9 mM acrolein)

Day 1

Day 3

Day 7

Day 13

Figure 2.4: Visual evaluation of lettuce after washing with different treatments and during 13
days of storage under modified atmosphere. Washed with water (TW), NaClO, enhanced
reuterin (ER), and crude reuterin (CR). 1Images obtained from trial 2. Selected images of
damaged leaves illustrating spoilage of different treatments. The image may not be
representative of the entire lettuce.
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2.4 Discussion
2.4.1 Acrolein is the main antimicrobial compound in reuterin
washed lettuce
The mechanistic basis of reuterin’s antimicrobial activity has been proposed to be an
imbalance in cellular redox status resulting from reactions of 3-HPA with free thiol
groups, causing the depletion of glutathione and modification of proteins, including
functional enzymes within the cells (Schaefer et al., 2010; Vollenweider et al., 2010).
We recently showed that acrolein is the compound of the reuterin system responsible
for antimicrobial activity on indicator strains in simple buffered media (Engels et al.,
2016b). Using lettuce as a model vegetable, we confirmed the activity of acrolein as
the main antimicrobial of the reuterin system in a complex food matrix, with a dosedependent activity on Enterobacteriaceae and on yeasts and moulds.
The antimicrobial potential of crude reuterin as a food biopreservative was previously
investigated against different food-borne pathogens like S. aureus, L. monocytogenes,
E. coli O157:H7 or S. enteritidis in different food matrices, including cold-smoked
salmon (Montiel et al., 2014, 2016), milk and dairy products (Arqués et al., 2004,
2008b, 2008a). However, no significant antimicrobial effect was observed when crude
reuterin was applied at concentrations ranging from 2 to 8 AU/g or mL in food stored
at refrigeration temperatures (4 to 10 oC). Interestingly, bactericidal activity of reuterin
(8 AU/ml) against L. monocytogenes and S. aureus in milk was reported after 24 hours
of incubation at 37 oC (Arqués et al., 2004). In line with the observation that acrolein is
the main antimicrobial component of the reuterin system (Engels et al., 2016b), it may
be speculated that incubation of milk at 37 oC promoted the continuous formation of
acrolein from 3-HPA leading to the bactericidal activity of reuterin against L.
monocytogenes and S. aureus. In our study, a simple heat treatment of crude reuterin
at 50 oC for 16 h was used to cause a 4 to 12 folds increase in acrolein concentration
in enhanced reuterin preparation.
Most investigations carried out with reuterin in food systems did not provide information
on the purity of reuterin, and the exact concentrations of 3-HPA and acrolein were not
disclosed. Instead, reuterin activity was determined using arbitrary activity tests which
does not allow comparing results between different studies. Therefore the exact
composition of reuterin and more specifically, the concentration of acrolein in the
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conditions of the test should be established for rigorous testing of reuterin as a
disinfectant or preservative in food.

2.4.2 Acrolein inhibits Enterobacteriaceae, yeasts and moulds in
washed lettuce
The sanitation of vegetable produce is intended to reduce the natural microbial load to
increase shelf life and ensure the safety of raw consumed vegetables. The effect of
decontamination solutions used in MP vegetable produce on the natural lettuce
microbiota (total aerobic mesophilic count) was usually reported smaller than that
obtained with artificially inoculated bacteria (Oliveira et al., 2015). Our results showed
that the population of initial total aerobic mesophilic bacteria was less affected by all
the treatments applied than Enterobacteriaceae, and yeasts and moulds. This may be
partly due to biofilm formation by native lettuce microbiota, which may result in a
protective effect from the action of antimicrobial compounds (Hunter et al., 2010;
Vorholt, 2012). Pathogenic bacteria from the Enterobacteriaceae family such as
Salmonella, Shigella, and E. coli O157:H7 mostly from faecal origin have been involved
in outbreaks of foodborne diseases associated with the consumption of fresh-cut
produce (Ramos et al., 2013). Therefore, the counts of Enterobacteriaceae are of
special importance to assess the efficacy of a microbial-reducing process in respect of
food safety. The application of enhanced reuterin washing with acrolein concentration
of 12.1 mM and higher on fresh-cut lettuce resulted in a strong reduction of
Enterobacteriaceae for at least 7 days compared to unwashed lettuce and all the other
tested conditions, including CR, ER with 7.2 mM acrolein, TW and NaClO. Our results
are in agreement with previous finding suggesting that Gram-negative bacteria are
more sensitive to reuterin than Gram-positive bacteria (Arqués et al., 2004; Chung et
al., 1989; El-Ziney et al., 1999; Stevens et al., 2010).
The role of yeasts and moulds in fresh-cut vegetables spoilage and mycotoxin
production was previously reported by Tournas (2005). In our study, between 1.3 and
2.0 log unit reductions in the count of yeasts and moulds were observed after 1 day
storage of lettuce washed with ER treatments containing between 12.1 and 21.9 mM
acrolein. The MIC of reuterin on several yeasts and filamentous fungi were previously
reported between 0.15 to 3 mM (Chung et al., 1989; Stevens et al., 2010). Sanitising
agents of fresh-cut produce may be considerably more effective against yeasts and
moulds than against aerobic mesophilic microbiota because the later include several
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Gram-positive spore-forming bacteria of the Bacillus genus, known to be more
resistant to chemical sanitising agents (Brackett and Splittstoesser, 2001).
After an initial reduction after washing with ER, Enterobacteriaceae, and yeasts and
moulds counts increased steadily, eventually reaching equal levels of the other
treatments and the unwashed produce at the end of the 13 day storage period. Several
authors have demonstrated that the washing steps commonly used in MP produce
were only bacteriostatic as microbial populations recover to prewashed numbers at the
end of storage (Gómez-López et al., 2008; Tirpanalan et al., 2011). This also
emphasises that a decontamination process may not be aimed at increasing the shelflife of the product but rather enhance its safety during the normal storage life.
Many studies have identified that chlorine is the most popular disinfection method for
fresh produce (Shen et al., 2012; Van Haute et al., 2013). Sodium hypochlorite (NaClO)
is the source of chlorine commonly used by the food industry for sanitising both
products and equipment (Gil et al., 2009). For efficacy and stability, the pH should be
kept in the range of 6.5 -7.5 (Suslow, 1997). Using 50 to 200 ppm of hypochloride and
1-2 min contact time at this pH results in a maximum of 1 to 2 log reduction of the initial
total aerobic microbes in many commodities (Allende et al., 2008; Gonzalez et al.,
2004; Parish et al., 2003). Pezzuto et al. (2016) recently reported that NaClO (200
mg/L) was able to reduce Salmonella counts in leafy green vegetable by 2 log units,
but only in the case of high initial contamination (7 log CFU/g). In our study, the NaClO
washing solution at uncontrolled pH of approximately 9.0 led to a reduction between
0.9 to 1.8 log of Enterobacteriaceae, total aerobic mesophilic bacteria and yeasts and
moulds counts after washing, except for trial 4 which showed no effect of chlorine. The
lack of efficiency could be associated with the difference in microbiota composition of
the lettuce used in trial 4, evident by high numbers of initial counts of yeasts and
moulds in trial 4, compare to other trials.
Since the ban of the use of chlorine for decontamination of fresh produce in some
European countries, most fresh-cut producers currently use tap water for washing. Our
results indicate that washing fresh-cut produce with tap water alone was not sufficient
to significantly reduce the initial microbial load on the fresh-cut lettuce (0.3 to 0.6 log
reduction). Similar results were obtained by Gonzalez et al. (2004) who found that
washing shredded carrots with water reduced total aerobic microbial counts by only
0.3 to 0.4 log units, regardless of the water quality used. Additionally, Luo, (2007) did
67

Chapter 2
not find differences in the aerobic mesophilic growth of Romaine lettuce after washing
with potable tap water.
In our study, washing fresh-cut produce with reuterin treatments containing acrolein in
the range between 12.1 and 21.9 mM resulted in a reduction of Enterobacteriaceae,
yeasts and moulds in the range from 1.3 to 2.8 log units, well above the effects
observed with chlorine and tap water washing.

2.4.3 Reuterin washing causes no detectable residual acrolein in the
produce but leads to discolouration of fresh-cut lettuce during
storage
The fate of reuterin and its degradation product is of importance for predicting the
safety of the produce after washing (Fernández-Cruz et al., 2016). The main
antimicrobial component of the reuterin system, acrolein, is highly volatile, colourless,
and may be present in many foods, sometimes at high levels of more than 4.0 ng/g
such as in potato chips fried in corn oil (Watzek et al., 2012). Acrolein is considered a
highly cytotoxic compound after a single exposure, hence a tolerable daily intake of
0.75 mg/kg body weight/day was suggested (Abraham et al., 2011; Fernández-Cruz
et al., 2016; Zhang et al., 2018). In our study, between 0.6 to 1.6 mM and 0.1 to 0.7
mM of acrolein was lost during washing with ER and CR, respectively. We, therefore,
tested acrolein in the rinsing water and in washed lettuce using the highly sensitive ICPAD method developed by Engels et al. (2016). We did not detect acrolein in the
macerated lettuce and rinsing water after washing with E R solutions, with the detection
limit of the method of 4.4 µM. Because acrolein is a volatile compound, we speculate
that part of unrecovered acrolein in the wash solution may have been lost by
volatilisation. It was previously reported that because of its volatility, acrolein was not
observed after 1 day in lettuce grown on soils irrigated with
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Herbicide which contains at least 92% acrolein (Nordone et al., 1997). Aside
volatilisation and reaction with microbes and plant components, reversible, first-order
hydration of acrolein to 3-HPA which is enhanced at low temperatures may be a
significant pathway for the elimination (Engels et al., 2016). However, little is known
about reactions and degradation products of acrolein which is a very reactive
component (Engels et al., 2016b; Zhang et al., 2017, 2018). Taken together, the
absence of detectable acrolein in the treated lettuce suggest safety of reuterin washing
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at effective acrolein concentrations, but additional testing may be needed to identify
potential by-products of acrolein.
Quality preservation is, after safety, the most important attribute of minimally
processed vegetables, since purchasing decisions often depends on consumers
satisfaction in terms of visual, textural and flavour quality of the product (Allende et al.,
2008; Barrett et al., 2010). In this study, we observed increased brown discolouration
of the fresh-cut lettuce after washing with ER containing acrolein concentrations in the
range from 7.2 to 21.9 mM and during subsequent storage. The dark green colour of
the cut-lettuce started to decrease from day 3 and continued to decline throughout the
remaining storage period. Interestingly, the point of discolouration of lettuce after
washing with ER corresponds to regrowth of Enterobacteriaceae and yeast and
moulds. We speculate that these microbes were able to multiply faster once the tissue
has been damaged. Unwashed and NaClO washed samples maintained fresh
appearance during 13 day storage. This is in agreement with previous studies where
washing fresh-cut lettuce with chlorinated water reduced browning (Baur et al., 2004).
The major enzyme controlling oxidative discolouration of cut lettuce has been reported
to be polyphenol oxidase (PPO) (Hunter et al., 2017). Acrolein induces oxidative stress
in cells due to the oxidation of phenolic compounds (Schaefer et al., 2010). We
speculate that this deterioration of produce washed with enhanced reuterin is due to
acrolein oxidation of the phenolic compounds in the cut lettuce. Further studies are
required to understand the phenomenon for the increase browning on lettuce washed
with enhance reuterin on a molecular level.
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2.5 Conclusion
Our study shows that in food system as for laboratory test conditions, acrolein is the
main antimicrobial component of the reuterin system because only the application of
ER containing between 12.1 to 21.9 mM acrolein reduced initial counts of
Enterobacteriaceae, yeasts and moulds on fresh-cut lettuce. From the microbiological
point of view, the use of reuterin with enhanced acrolein ensured the acceptability of
modified atmosphere packaged lettuce for up to 7 days of storage at 4 oC and reduced
the risks associated with putative pathogenic genera’ of the Enterobacteriaceae family.
However, at effective acrolein concentration, reuterin may not be used to extend the
shelf-life of fresh-cut lettuce, due to chemical reactions changing the visual
appearance. The application of reuterin for the decontamination and biopreservation
of other vegetables less sensitive to oxidative stresses than lettuce, such as carrot,
apples, beets and radish, should be tested. Furthermore, the reuse and recycling ER
washing solutions containing high levels of acrolein should be investigated to limit
environmental impact.
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2.8 Supplementary information
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Abstract
Lactobacillus reuteri is a natural inhabitant of selected animal and human
gastrointestinal tract (GIT). Certain strains have the capacity to transform glycerol to
3-hydroxypropionaldehyde (3-HPA), further excreted to form reuterin, a potent
antimicrobial system. Reuterin-producing strains may be applied as a natural
antimicrobial in feed to prevent pathogen colonisation of animals, such as in chicken,
and replace added antimicrobials. To date, only seven L. reuteri strains isolated from
chicken have been characterised which limits phylogenetic studies and host-microbes
interactions characterisation. This study aimed to isolate L. reuteri strains from chicken
GIT and to characterize their reuterin production and antimicrobial resistance (AMR)
profiles using phenotypic and genetic methods. Seventy strains were isolated from
faces, crops and caeca of six chicken from poultry farms and samples from
slaughterhouse. Twenty-five strains were selected for further characterisation. Draft
genomes were generated for the new 25 isolates and integrated into a phylogenetic
tree of 40 strains from different hosts. Phylogenetic analysis based on gene content as
well as on core genomes showed grouping of the selected 25 L. reuteri chicken isolates
within the poultry/human lineage VI. Strains harbouring pdu-cob-cbi-hem genes
(23/25) produced between 156 mM ± 11 and 330 mM ± 14 3-HPA, from 600 mM of
glycerol, in the conditions of the test. All 25 chicken strains were sensitive to cefotaxime
(MIC between 0.016 and 1 µg/mL) and penicillin (MIC between 0.02 and 4 µg/mL).
Akin to the reference strains DSM20016 and SD2112, the novel isolates were resistant
to penicillin, possibly associated with identified point mutations in ponA, pbpX, pbpF
and pbpB. All strains resistant to erythromycin (4/27) carried the ermB gene, and it was
only present in chicken strains. All strains resistant to tetracycline (5/27) harboured
tetW gene. This study confirms the evolutionary history of poultry/human lineage VI
and identifies pdu-cob-cbi-hem as a frequent trait but not always present in this lineage.
L. reuteri chicken strains producing high 3-HPA yield may have potential to prevent
enteropathogen colonisation of chicken.
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3.1 Introduction
Lactobacillus reuteri inhabits the gastrointestinal tract (GIT) of selected animals where
it forms biofilms on the non-glandular, squamous epithelium lining the upper GIT. In
poultry, L. reuteri is the most abundant Lactobacillus species in the GIT, mainly found
in the crop and the caecum (Wang et al., 2014). Distinct phylogenetic lineages of L.
reuteri are coherent with host origin, reflecting co-evolution of this species with the
vertebrate hosts (Oh et al., 2010). The evolutionary adaptation differentiates the
species in host-adapted phylogenetic lineages comprised of isolates from rodents
(lineages I and III), humans (lineage II), pigs (lineages IV and V) and poultry/human
(lineage VI) (Oh et al., 2010; Spinler et al., 2014). Newly identified herbivore strains
isolated from goat, sheep, cow and horse have not yet been assigned to phylogenetic
lineages (Yu et al., 2018). Host adaption has been linked to the occurrence of specific
functional traits, e.g. rodent L. reuteri isolates possess the genes responsible for the
synthesis of urease, as the strains are exposed continuously to urea in the forestomach
of mice (Walter et al., 2011). In case of herbivore isolates, specific genes involved in
porphyrin and chlorophyll metabolism and biosynthesis of amino acids have been
identified, indicating possible host-adaptation mechanisms involving amino acids
biosynthesis in herbivores (Yu et al., 2018).
Genomes of poultry and human L. reuteri isolates (lineages II and VI) have been shown
to harbour the pdu-cbi-cob-hem operon, as a lineage-specific trait (Frese et al., 2011).
This operon contains genes for glycerol and propanediol utilisation (pdu) and
cobalamin biosynthesis (cbi-cob), hem genes and some accessory genes. Cobalamin
is a co-factor for glycerol/diol dehydratase PduCDE (EC 4.2.1.30). PduCDE catalyses
the conversion of 1,2-propanediol to propanal, which can be further metabolised by
other enzymes of the pdu operon to propanol or propionate (Engels et al., 2016a).
Glycerol, a second substrate of PduCDE, is transformed into the intermediate 3hydroxypropionaldehyde (3-HPA) which can be further metabolised to 1,3-propanediol
or 3-hydroxypropionate (Gänzle, 2015). 3-HPA produced from glycerol is released
from the cell forming the dynamic multi-compound reuterin system, with broad
antimicrobial spectrum and consisting of 3-HPA, its hydrate and dimer and acrolein
(Engels et al., 2016b; Stevens et al., 2010). Acrolein, a highly reactive toxicant, was
recently shown to be the main component for the antimicrobial activity of reuterin
(Engels et al., 2016b; Asare et al., 2018).
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Due to the high persistence of L. reuteri in the chicken GIT and the established
antimicrobial activity of reuterin, L. reuteri has high potential to be applied as a natural
antimicrobial in feed to prevent pathogen infection of chicken (Hou et al., 2015). L.
reuteri strains isolated from chicken intestine were shown effective against Salmonella
spp. and Escherichia coli resistant to various antibiotics (Nitisinprasert et al., 2000).
Moreover, L. reuteri in the early post-hatching period appear to modify the composition
of ileum microbiota of broiler chicken, resulting in enrichment of potentially beneficial
lactobacilli and suppression of Proteobacteria (Nakphaichit et al., 2011). To select
functional L. reuteri strains, a key trait is the determination of their antimicrobial
resistance (AMR) profiles to identify intrinsic and extrinsic resistances that may be
potentially transferred. Lactobacilli are known to be intrinsically resistant against
vancomycin. However, the occurrence of tetracycline and erythromycin genes on
mobile elements has been reported for different Lactobacillus spp. (Egervärn et al.,
2009).
As of April 2018, among the complete genomes of L. reuteri deposited in the National
Center for Biotechnology Information (NCBI), only seven strains were isolated from
chicken, representing only 4 % of all available NCBI L. reuteri genomes (n = 187) and
thus limiting any phylogenetic analysis and host-microbes adaptation studies. The
majority of the NCBI L. reuteri deposited genomes comes from strains which had been
isolated from mouse (47), human (19) and pig (28), while few originated from
sourdough (7), chicken (7), goat (5), cow (5), rat (4) sheep (4), dairy and fermented
products (4), horse (3), probiotic capsule (1), and wine (1).
It was, therefore, the aim of this study to isolate and characterise L. reuteri strains from
chicken and characterise their reuterin production and AMR profiles using phenotypic
and genotypic methods. Draft genomes of the isolates were analysed combined with
40 L. reuteri genomes of strains previously isolated from different hosts to assess
genetic diversity and gain insight into distinguishing features related to chicken and
enrich previously phylogenetic characterisation of L. reuteri.
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3.2 Material and methods
3.2.1 Bacterial strains and growth conditions
L. reuteri DSM20016 (Leibniz Institute DSMZ-German Collection of Microorganisms
and Cell Cultures, Braunschweig, Germany) and L. reuteri SD2112 (BioGaia AB,
Stockholm, Sweden) were used as reference strains. Reference strains, as well as all
L. reuteri isolated in this study, were propagated anaerobically (Oxoid, AnaeroGenTM,
Basingstoke, UK) at 37°C in de Man, Rogosa and Sharpe (MRS) broth medium (Biolife,
Milan, Italy).

3.2.2 Bacterial isolation
Six Lohmann brown layer chicken (13 weeks old) were obtained from six chicken farms
in Switzerland. Chicken samples were taken under the supervision of a veterinarian,
as per Swiss animal handling regulation. Caeca and faeces were aseptically collected.
In parallel, 10 whole gut of Cobb 500 broiler chicken were obtained from Schönholzer
Werner abattoir in Wädenswil (Zurich) and transported to the lab within 1 hour.
L. reuteri strains were isolated from the chicken GIT samples using the protocol
previously described (Walter et al., 2011), with some modifications. Briefly, one gram
of crop, caecal or faecal content was added to 10 mL of sterile phosphate buffer saline
(PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) and
homogenized in a stomacher (BagMixer® 400 P, Interscience, Saint Nom, France) at
high speed for 1 min. To ensure the initial cultivation of L. reuteri from chicken crop
and faeces, the modified MRS medium (mMRS) was used, containing maltose, the
preferred substrate of heterofermentative lactobacilli, and fructose as electron acceptor
(Zhao and Gänzle, 2018). The mMRS contained (g/l): tryptone, 10; yeast extract, 5;
meat extract, 5; maltose, 10; fructose, 5; K2HPO4.3H20, 2.6; KH2PO4, 4; cysteine-HC1,
0.5; NH4CI, 3; Tween 80, 1 (Stolz et al., 1995; Zhao and Gänzle, 2018). Suspensions
from samples were serially diluted and spread on mMRS. The agar plates were
incubated overnight at 42 oC under anaerobic condition using AnaeroGen 2.5 L
(Thermo Fisher Diagnostics AG, Pratteln, Switzerland). Replica plates were prepared
using Scienceware replica plater and velveteen squares (Sigma-Aldrich, Buchs,
Switzerland), and incubated overnight as presented above. After incubation, one plate
was overlaid with 500 mM glycerol agar (1% agar) and incubated at 37 °C for 30 min
for testing reuterin production of colonies. A colourimetric method was used with the
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addition of 5 mL 2,4-dinitrophenylhydrazine (0.1% in 2 M HCl), 3 min incubation,
removal of the solution, and addition of 5 mL 5M KOH. L. reuteri colonies showing
purple zones indicating reuterin synthesis were streaked on MRS agar plates, and
single colony were subcultured 3 times in MRS broth (1% inoculum, 18 h at 42 oC).
Few colonies which show a colony morphology of L. reuteri but no purple zone were
picked as negative controls. Species confirmation and reuterin production
quantification was performed for both positive and selected negative selected colonies.
The strains were named PTA X, with X indicating the chicken ID, with no number being
assigned to the abattoir sample; F and C indicate isolating from faeces and ceacum,
respectively, followed by the number of the isolated strains.

3.2.3 Bacterial identification
Genomic DNA was isolated using a lysozyme-based cell wall digestion followed by the
Wizard genomic DNA purification kit (Promega, Dübendorf, Switzerland). Total DNA
was

quantified

by

absorbance

at

260

nm

using

NanoDrop®

ND-1000

Spectrophotometer (Witec AG, Littau, Switzerland). The DNA quality was analysed by
electrophoresis in 1.2% (w/v) agarose gel and Gel Red staining (VWR International
AG, Dietikon, Switzerland). The DNA samples were stored at -20 oC until further
analysis.
To confirm the identity of the isolates, the 1.6 kbp full region of 16S rRNA gene was
amplified by PCR using universal primers bak4 (5’-AGGAGGTGATCCARCCGCA-3’)
and bak11w (5’-AGTTTGATCMTGGCTCAG -3’) (Greisen et al., 1994; Goldenberger
et al., 1995). The 16S rRNA PCR assay consisted of 5 min at 95 °C, followed by 35
cycles of 15 s at 95 °C, 30 s at 60 °C and 2 min at 72 °C and final extension for 7 min
at 72 °C. Sanger sequencing of the PCR amplicon was performed at GATC (Konstanz,
Germany). To identify the closest homologs, DNA sequences obtained were aligned
using the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990).
Sequence with 100% homology was used to identify L. reuteri.
.
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3.2.4 Strain typing
The enterobacterial repetitive intergenic consensus (ERIC) sequence was used to
differentiate between isolates, as ERIC has the ability to discriminate Lactobacillus
reuteri isolates to species and strain levels (Stephenson et al., 2009). The ERIC-PCR
assay was performed using ERIC1R (5’ ATGTAAGCTCCTGGGGATTCAC-3’) and
ERIC2 (5’ AAGTAAGTGACTGGGGTGAGCG-3’) primers (Versalovic et al., 1991;
Ventura and Zink, 2002; Stephenson et al., 2010). The ERIC-PCR assay was
performed using 100 ng of template DNA of each isolate. The protocol consisted of 7
min at 95 oC, followed by 30 cycles of 30 s at 90 oC, 1 min at 52 °C, and 8 min at 65
oC,

and a final extension for 16 min at 65 oC. The ERIC-PCR amplicons were analysed

on 2% (wt/vol) agarose gels for 6 h at 60 Volts. GeneRuler DNA ladder mix (Fermentas,
Le Mont-sur-Lausanne, Switzerland) was used as a molecular size marker according
to the manufacturer’s directions, and gels were visualised by Gel Red staining. Gels
were analysed using Gel Compar II version 6.5 software package (Applied Maths, SintMartens-Latem, Belgium). L. reuteri strains with unique ERIC profiles were visually
selected, and amplicons re-run on a single agarose gel. A dendrogram of similarity
was generated from the gel with selected isolates using the Pearson correlation
similarity coefficient and the unweighted-pair group method (UPGMA) with arithmetic
averages, and 1% optimisation. A cutoff of 84% similarity was used to define the “ERIC
type.” Based on the clustering obtained, confirmed isolates with unique ERIC type were
selected for whole-genome sequencing and characterisation.

3.2.5 Generation and annotation of draft genomes
Genomic DNA from the isolated strains was obtained as described above and
standardised to 100 ng/µL. The whole genomes of 25 L. reuteri isolates were
sequenced with the standard set of 96 Illumina paired-end barcodes on a HiSeq 2500
Illumina Technology (Illumina Inc., San Diego, USA) with 2x 125 high output mode.
The genomic library was generated using reagents from NEBNext Illumina preparation
kit. Raw paired-end reads were quality trimmed using the default settings of
Trimmomatic (Bolger et al., 2014). Read pairs were merged by FLASH (Mag and
Salzberg, 2011). De novo assembly was performed with SPAdes assembler (version
3.12) with –careful option (Bankevich et al., 2012). The quality of the assembly based
on evolutionarily-informed expectations of gene content from near-universal singlecopy orthologs selected from OrthoDB v9 was assessed by BUSCO (Simão et al.,
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2015) and QUAST (Gurevich et al., 2013). Reference guided ordering of scaffolds
based on iterative alignment steps was performed by QUAST using L. reuteri
DSM20016 genome as a reference. SeqKit (Shen et al., 2016) and QUAST were used
to retrieve genome features. The complete genome of L. reuteri DSM20116 type strain
was compared individually with each of the 25 draft genomes of L. reuteri chicken
isolates. Average nucleotide identity (ANI) values between two genomic datasets were
calculated using JSpecies (Richter et al., 2016). Genomes with ANI values above 95
% were considered as belonging to the same species (Goris et al., 2007).
Twenty-five L. reuteri draft genomes (this study) and 40 NCBI deposited L. reuteri
genomes of strains isolated from different hosts (chicken, human, mouse, rat, pig,
sourdough, goat, sheep, cow, horse; Supplementary Table S1) were structurally
annotated using the PROKKA 3.10.1 suite (Seemann, 2014). The 40 NCBI complete
genomes were chosen to cover host diversity of L. reuteri, and included genomes
previously used in comparative studies (Oh et al., 2010; Duar et al., 2017) and all
available genomes from chicken isolates at the time of data analysis (April 2018). Only
contigs higher than 500 bp were included in the analysis, and Lactobacillus was
selected as the reference database for the annotation (options used: --genus
Lactobacillus --species reuteri --usegenus Lactobacillus –mincontiglen 500).

3.2.6 Comparative genomics
Comparative genome analysis was based on gene content tree, core genome
phylogenetic tree and a nucleotide-content similarity matrix (ANI matrix). For the
generation of the gene content tree, a matrix based on gene content (binary data for
presence or absence of each annotated gene) was generated comprising all annotated
genes of 25 L. reuteri draft genomes plus the 40 L. reuteri NCBI genomes. The gene
content tree was then constructed using the hierarchical cluster analysis (hcust) on R
3.4.4 while a core genome phylogenetic tree was calculated using EDGAR 2.3 (Blom
et al., 2016). Concatenated sequences were used to calculate a distance matrix which
provided the input for the neighbour-joining method with PHYLIP implementation.
EDGAR 2.3 calculated the core genome of each identified clusters as a set of
orthologous genes present in all strains belonging to each cluster. For the generation
of the similarity matrix, ANI was calculated on EDGAR 2.3 with all-against-all
comparisons at the nucleotide level for all 65 L. reuteri strains.
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Identified lineages were named based on host origin of the strains, and lineages
specific features were determined using “Define metacontigs” function in EDGAR 2.3.
Core groups were created for the sets of strains derived from the phylogenetic analysis.
Venn diagrams were designed in EDGAR to identify and count the number of shared
genes of the core genomes of identified clusters of strains (cluster A, B and C) as well
as between human VI and poultry VI strains, human VI and human II strains and poultry
lineage VI, human lineage VI and human lineage II of L. reuteri strains. Unique genes
of poultry/human lineage VI were manually categorised based on UniProt protein
description into the following groups: transport proteins, DNA-binding proteins,
transferases, lyases, oxidoreductases, membrane proteins, hydrolases, virulencerelated proteins, RNA-binding and prophage-related proteins. The presence of genes
of the pdu-cob-hem-cbi cluster was manually checked, and a heatmap of
presence/absence of genes of interest was designed with GraphPad Prism 8.0
(GraphPad Software Inc. La Jolla California, USA). For each of the reuterin-positive L.
reuteri strains, the nucleotide sequence of pduA, pduB, pduC, pduD and pduE was
extracted and concatenated. Concatenated sequences were used to construct a
phylogenetic tree with the Neighbor-Joining Method and Tamura-Nei genetic distance
model using MEGA version X (Kumar et al., 2018). The resulting trees were rooted
using pduABCDE genes of Salmonella Typhimurium SL1344 as outgroup. By using
the same method, individual phylogenetic trees per each of the pdu genes were also
built.
The presence of AMR genes in the assembled genomes was also manually checked
and integrated with the results from ResFinder 3.0 tool (Zankari et al., 2012). A
database was created with all (n = 17) NCBI deposited L. reuteri plasmid sequences.
The database was used to determine location of extracted ermB and tetW gene
sequences associated with resistance phenotypes, by NCBI Blastn alignment. AMR
genes that aligned completely with more than 99 % identity with one of the plasmids
of the database, were considered plasmid located.
For penicillin-resistant L. reuteri strains, point mutations (SNPs) in penicillin-binding
proteins genes ponA, pbpX, pbpF and pbpB were checked by aligning deduced amino
acid sequences of resistant and sensitive strains with NCBI-deposited sequences for
Lactobacillus in Geneious 9.1.8.
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3.2.7 PCR for tetW and ermB detection
PCR for tetW and ermB genes was performed to confirm the genomic data. TetW was
amplified with tetw-rev and tetw-fw primers (Egervärn et al., 2009; Kastner et al., 2006).
The PCR protocol comprised 35 cycles of 95 °C for 30 s, 56 °C 45 and 72 °C 30 s. The
ermB gene was amplified with primers ermA1 (5’-TCTAAAAAGCATGTAAAAGAA-3’)
and ermA2 (5’-CTTCGATAGTTTATTAATATTAGT-3’) using 30 PCR cycles composed
of 95 °C for 30 s, 52 °C 45 s, 72 °C 2 min (Egervärn et al., 2009).

3.2.8 Reuterin production
Reuterin production was determined using a two-step process (Stevens et al., 2013).
Cell pellets obtained from 16 h L. reuteri cultures (OD600 approx. 8.0) were collected
by centrifugation, resuspended in 600 mM glycerol solution and incubated at 25 oC for
2 h. For reuterin biosynthesis, the concentrations of glycerol, 3-HPA and acrolein were
measured by High Performance Liquid Chromatography using Refractive Index
(HPLC-IR, Hitachi LaChrome, Merck, Dietikon, Switzerland) and Ion-Exclusion
Chromatography with Pulsed-Amperometric Detection (IC-PAD) analysis, respectively
(Chapter 2; Engels et al., 2016b). For HPLC-RI, an Aminex HPx-87H column and
sulfuric acid (10 mM) was used as eluent. The IC-PAD Thermo Scientific (Reinach,
Switzerland) ICS-5000+ system was equipped with a quaternary gradient pump, a
thermostated autosampler and an electrochemical detector with a cell containing an
Ag/AgCl reference electrode and a disposable thin-film platinum working electrode
tempered at 25°C. Analytes were separated with a Thermo Scientific IonPac ICE-AS1
4 X 250 mm ion-exclusion column with a guard column, operated at 30°C. The solvent
system was isocratic 0.1 M methanesulfonic acid at 0.2 mL/min for 36 min.

3.2.9 Antimicrobial sensitivity profiling
L. reuteri chicken isolates and reference strains L. reuteri SD2112 and DSM20016
were tested for susceptibility to cefotaxime (CFX), erythromycin (ERM), penicillin
(PEN), tetracycline (TET), vancomycin (VAN) and ciprofloxacin (CIP), using gradient
diffusion MTS™ strips (Liofilchem, Roseto degli Abruzzi, Italy). These antibiotic were
selected as they belong to World Organisation for Animal Health (OIE) list of
antimicrobials of veterinary importance, and to the World Health Organisation (WHO)
list of antimicrobials of critical importance for human health (World Organisation for
Animal Health (OIE), 2015; World Health Organisation (WHO), 2019). In particular, one
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antibiotic per critically important antibiotic family was tested: i) quinolone family (CIP),
ii) tetracycline family (TET), iii) glycopeptides family (VAN); iv) B-lactam family (PEN);
v) macrolide family (ERM); vi) cephalosporin family (CFX). The concentration range
tested was 0.016 to 256 μg/mg, except for CIP (0.002 to 32 μg/mL). Briefly, 16 h
overnight L. reuteri cultures were added to a sterile MRS broth (1% v/v) and incubated
at 37 °C for 6 h. The bacterial cultures were standardised to OD600 1.0 (corresponding
to approximately 108 CFU/mL) using a PowerWave XS microplate spectrophotometer
(BioTek, Sursee, Switzerland). The diluted culture (106 CFU/mL) was evenly swabbed
on MRS agar plates in duplicate using a sterile cotton bud. MTS TM strips were placed
on the surface of the agar and incubated at 37 °C for 24 h in anaerobic condition
supplied by the gas package (AnaeroGen, Thermo Fisher Diagnostics AG, Pratteln,
Switzerland). The minimum inhibitory concentration (MIC) was recorded as the point
where inhibition curves intersect the scale on the MTS™ strip.

3.2.10 Data Accession Number
The draft genomes of 25 L. reuteri strains have been deposited in NCBI under the
accession numbers indicated in Table 3.1. Genome sequences are available in
GenBank under the BioProject ID: PRJNA473635.
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3.3 Results and discussion
3.3.1 L. reuteri isolation and typing
In the chicken GIT, L. reuteri forms biofilm in the crop and is among the most abundant
Lactobacillus species commonly found in the caecum and colon. However, to date,
only seven chicken L. reuteri strains (P43, An71, An166, 1366, JCM 1081, CSF8 and
SKK-OGDONS-01) have been sequenced, and some of them included in previous
phylogenetic analysis (Oh et al., 2010; Frese et al., 2011; Wegmann et al., 2015; Duar
et al., 2017; Lee et al., 2017).
By applying a reuterin selective colourimetric method on the plate, a total of 70 L.
reuteri strains were isolated from faeces and caecum of 6 chicken and from the crops
of chicken obtained from the abattoir. Among them, 50 were reuterin-positive while 20
were reuterin-negative. The identity of all strains was confirmed by sequencing of the
16s rRNA gene with 100 % similar to the reference strain L. reuteri DSM20016. The
colourimetric method applied allowed an easy phenotypic isolation of reuterin-positive
colonies, that accounted for approximately 50 % of the bacterial colonies obtained on
MRS isolation plates. This result indicated the high frequency of reuterin-producing L.
reuteri strains in the chicken GIT, compared to the absence of reuterin production
phenotype for isolated rodent strains (Walter et al., 2011).
Based on the similarity obtained from ERIC PCR profiles, 31 isolates with unique ERIC
profiles were visually selected and further clustered with Bionumerics to confirm the
uniqueness (Figure S3.1). Based on the dendrogram obtained for the 31 isolates, 23
reuterin-positive strains with unique ERIC profiles and 2 reuterin-negative strains were
selected for whole genome sequencing and further functional characterisation (Figure
S3.1). Among them, 13 were isolated from caecum and 10 from faeces while the 2
reuterin-negative strains originated from the crop.
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3.3.2 Genomes analysis of new L. reuteri chicken isolates
The whole genomes of 25 L. reuteri strains were sequenced, and draft genomes were
characterised. Seven (7) genomes from chicken L. reuteri isolates were available prior
to this study. The 25 new L. reuteri chicken isolates obtained in this study significantly
increase the proportion of chicken strain in the L. reuteri genome database (n = 184).
Strains had an average genome size of 2.159  0.17 Mbp (Table 3.1). BUSCO
assembly assessment showed good quality of assembly with 431 to 433 single-copy
orthologous on a total of 433 (Figure S3.2). Three genomes appeared to have lower
quality (PTA5_C6B, PTA6_F4 and PTA6_F6), this was reflected by higher number of
contigs, bigger genome size, and higher number of CDS compared to the other
genomes (Table 3.1 and Figure S3.3b). Shotgun reads were assembled into contigs
higher than 500 bp, ranging from 68 (PTA4_C4) to 657 (PTA5_C6B). The average N50
value, defined as the minimum contig length needed to cover 50 % of the genome,
was 38337  10.6 while the average guanine-cytosine (GC) content was 38.1  0.11
%. The total number of coding sequences (CDs) ranged from 1909 to 2298, depending
on the isolates. In every draft genome, 1 tmRNA gene, 45 to 68 tRNA genes and 3 to
6 rRNA genes were identified (Table 3.1). A total number of 2078 genes was
annotated, with a core set of 817 shared genes among the 25 new chicken isolates.
The number of annotated genes that were unique to each strain, as compared to the
other newly annotated strains, ranged from 0 to 31 (data not shown), showing a similar
genetic content of the new chicken isolates of L. reuteri. The genomic features of L.
reuteri isolates of this study in terms of genome size, GC content and number of CDS
were comparable with that of the 40 L. reuteri NCBI analysed genomes from different
hosts, suggesting not genetic diversity driven by the host (Figure S3.3).
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Table 3.1: Draft genome features of 25 L. reuteri strains isolated from chicken GIT and sequenced in this study.
Animal

Sampling spot

Genome size (Mbp)

Contig no. 1

N50

GC content (%)

No. of CDS

ANI2

tmRNA

tRNA

rRNA

NCBI accession

PTA5_11

A

Crop

2.13

151

27,612

38.48

2081

95.83

1

53

3

QKQO00000000

PTA8_1

A

Crop

2.15

149

26,824

38.47

2089

95.81

1

45

3

QKQN00000000

PTA1_C1

B

Caecum

2.05

140

32,611

38.71

1980

95.20

1

64

3

QKQM00000000

PTA1_C3

B

Caecum

2.02

127

33,165

38.8

1974

95.08

1

65

3

QKQL00000000

PTA1_C4

B

Caecum

2.02

97

50,527

38.8

1957

95.01

1

52

3

QKQK00000000

Strain

1
2

PTA1_F3

B

Faeces

2.06

108

45,078

38.79

2000

95.33

1

64

3

QKQJ00000000

PTA2_C2

C

Caecum

2.15

112

40,818

38.66

2129

95.63

1

59

6

QKQI00000000

PTA4_C1

D

Caecum

2.05

103

35,549

38.83

1996

95.19

1

58

3

QKQH00000000

PTA4_C2

D

Caecum

2.06

116

33,725

38.71

2021

95.12

1

64

3

QKQG00000000

PTA4_C4

D

Caecum

2.07

68

69,730

38.55

2050

95.13

1

61

3

QKQF00000000

PTA5_F1

E

Faeces

2.04

125

39,198

38.78

1954

95.20

1

64

3

QKQE00000000

PTA5_F4

E

Faeces

2.11

146

32,910

38.69

2052

95.27

1

61

3

QKQD00000000

PTA5_F11

E

Faeces

1.96

126

32,904

38.76

1909

95.15

1

63

3

QKQC00000000

PTA5_F13

E

Faeces

2.13

108

50,846

38.59

2144

95.07

1

60

3

QKQB00000000

PTA5_C4

E

Caecum

2.06

140

32,458

38.69

1995

95.04

1

64

3

QKQA00000000

PTA5_C5

E

Caecum

2.07

105

59,278

38.76

2007

95.27

1

58

3

QKPZ00000000

PTA5_C6B

E

Caecum

2.71

657

22,978

38.7

2298

95.26

1

68

4

QKPY00000000

PTA5_C13

E

Caecum

2.19

158

34,750

38.84

2002

95.16

1

64

3

QKPX00000000

PTA6_C2

F

Caecum

2.23

191

34,786

38.86

2009

95.27

1

63

3

QKPW00000000

PTA6_C7

F

Caecum

2.19

154

39,778

38.74

2038

95.25

1

52

4

QKPV00000000

PTA6_F1

F

Faeces

2.28

219

31,238

38.88

2003

95.20

1

64

3

QKPU00000000

PTA6_F2

F

Faeces

2.17

147

45,484

38.59

2032

95.15

1

65

3

QKPT00000000

PTA6_F4

F

Faeces

2.57

442

40,200

38.57

2194

95.18

1

67

5

QKPS00000000

PTA6_F6

F

Faeces

2.47

414

26,145

38.74

2126

95.23

1

66

6

QKPR00000000

PTA6_F8

F

Faeces

2.04

135

39,822

38.76

1983

95.30

1

60

3

QKPQ00000000

> 500 bp
Average Nucleotide Identity based on BLAST+ to the reference strain Lb. reuteri DSM20016
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3.3.3 Genomes of strains isolated from crop and cecum/faeces differ
in composition
ERIC profiles did not distinguish isolates from faeces and caecum this could be due to
the transition of strains in the chicken GIT from the caecum to faeces. On the other
hand, non-reuterin producing L. reuteri isolates from the crop (PTA8_1, PTA14_19,
PTA5_11) appeared to have a unique ERIC profile (Figure S3.1). To further
investigate the ecology of isolates originating from different regions of the chicken GIT,
we compared the number of unique and shared genes of isolates from caecum, faeces
or crop (Figure 3.1, Table S3.2). When comparing caecum and faeces isolates, few
unique genes were identified for caecum isolates, as compared to faeces isolates
(Figure 3.1b). Despite a high number of shared genes between crop and caecum
(Figure 3.1a), and crop and faeces isolates (Figure 1c), 630 and 616 genes appeared
to be unique in crop isolates as compared to caecum and faeces, respectively (Figure
3.1a and 3.1c, Table S3.2). When isolates originating from the three GIT regions were
compared, 592 genes appeared unique to crop strains (Figure 3.1d). Indeed, some of
the genes unique to strains obtained from the chicken crop include enzymes related
arginine, glutaminase, and glutathione metabolism (Table S3.2). These genes were
previously shown to support acid resistance in L. reuteri (Teixeira et al., 2014), and
were upregulated in murine forestomach biofilms compared to gene expression in the
lumen of colon and cecum (Schwab et al., 2014). Interestingly, citrate lyase required
for citrate metabolism was present only in crop isolates of L. reuteri. The optimum pH
for citrate metabolism lay between 4.0 to 5.0 (Palles et al., 1998) which is the pH
usually measured in the crop of chicken (Kierończyk et al., 2016). Our observations
suggest that there are two populations of L. reuteri in the chicken gastrointestinal tract,
one inhabiting the crop and the other in the cecum recovered in the faeces. A more
robust selection and genomes sequencing of strains from chicken crop and caecum is
required to test the adaptation of L. reuteri to specific location in the chicken GIT.
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Figure 3.1. Venn diagram showing the number of unique or shared genes between L. reuteri
chicken isolates from crop vs caecum (1a), caecum vs faeces (1b), crop vs faeces (1c) and
caecum vs faeces vs crop (1d). Individual unique genes of crop isolates, in each comparison,
are listed in Table S3.2 in alphabetic order.
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3.3.4 Comparative phylogenetic analysis of L. reuteri strains from
different hosts
The apparent relatedness between microbial community composition in the gut and
host phylogeny has been interpreted as evidence of coevolution (Ley et al., 2008).
Symbiotic gut microbes associated with the host are predicted to evolve host-specific
traits and, as a result, display enhanced ecological performances in their host (Garcia
and Gerardo, 2014; Duar et al., 2017). To assess evolution and adaptation of L. reuteri
strains to different hosts, the gene content of chicken isolates was analyzed together
with that of 40 L. reuteri strains available by NCBI, obtained from different hosts: human
(6), rat (1), mouse (3), pig (4), sourdough (4), goat (5), sheep (4), cow (4), horse (3)
and chicken (6).
The gene content tree, in which strains sharing more genes clustered together,
identified three main clusters namely cluster A, cluster B and cluster C, that contained
previously observed L. reuteri lineages (Oh et al., 2010) (Figure 3.2, Table S3.1).
Those host-adapted lineages were first described after the characterisation of the
genetic structure of L. reuteri strains isolated from human, mouse, rat, pig, chicken and
turkey, and the same lineage names were also applied in our study for coherency (Oh
et al., 2010). Regarding herbivore strains, no lineages have been defined before our
study. Cluster A, corresponding to the previously defined poultry/human lineage VI,
comprised all 25 L. reuteri chicken isolates of this study and all, except one (P43),
chicken NCBI isolates (Figure 3.2). The same cluster also included two human strains
(SD2112 and CF48-3A). Those two isolates were previously described as clustering in
an unexpected way (Oh et al., 2010; Duar et al., 2017; Lee et al., 2017).. Identified
cluster B included the majority of herbivorous isolates (new defined herbivorous
lineage VII of our study) in addition to four human (DSM20016, MM2_3, IRT and
JCM1112), one sourdough (CRL1098), one rodent (mlc3) and one porcine (20-02)
strains, belonging to lineages II, III and IV previously defined (Oh et al., 2010). Cluster
C was composed of pig, herbivorous, sourdough and rodent isolates (Figure 3.2)
corresponding to lineages I, III, V and newly herbivorous VIII lineage. ANI analysis of
the 65 L. reuteri isolates (Figure S3.4) identified the same three clusters, except strains
20_02 (pig) and mlc3 (mouse) that were assigned to cluster C instead of cluster B.
The phylogenetic tree based on core genomes of the 65 genomes covered a core of
1152 genes per genome, for a total of 74880 genes. In agreement with the gene
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content tree, all isolated L. reuteri chicken strains clustered together with NCBI chicken
isolates (strains JCM1081, CSF8, An71 and An166), except P43, forming
poultry/human lineage VI (Oh et al., 2010). As indicated above, this cluster also
included the two human isolates CF48-3A and SD2112 (cluster A, Figure 3.3). Cluster
B was composed of strains from human lineage II and herbivorous lineage VII, as
previously above in gene content tree, and the same applied for cluster C which was
composed of porcine lineage V and herbivorous lineage VIII. L. reuteri strains
belonging to rodent lineage III, rodent lineage I and porcine lineage IV clustered
differently from the gene content tree, which includes accessory genes. This might
indicate gene loss or acquisition of genes by horizontal gene transfer or be just the
results from genome sequence quality.
Overall, the three different analyses (gene content tree, ANI analysis and core genome
tree) performed in this study grouped together human and poultry isolates of lineage
VI similar to Frese et al. (2011) (cluster A), human strains of lineage II with herbivore
strains of lineage VII strains (cluster B) and porcine strains of lineage V with herbivore
strains of lineage VIII strains (cluster C). A previous study demonstrated that isolates
of human lineage VI only colonised the chicken and not the human GIT (Duar et al.,
2017). When the number of shared or unique genes among poultry lineage VI isolates
or human lineage VI isolates were compared, 554 genes appeared to be unique in
human VI isolates, compared to only 28 unique genes for chicken isolates (Figure
3.4b). Furthermore, when comparing human VI with human II isolates (Figure 3.4c), a
higher number of shared genes was shown, and this was also the case when
comparing poultry lineage VI with human lineage VI and human lineage II strains
(Figure 3.4d). All analyses performed confirmed the existence and composition of the
poultry/human lineage VI, which was substantially enriched by the 25 chicken isolates
from our study. Those strains appear to share both core and accessory genes and to
be highly similar also at the nucleotide level.
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Figure 3.2: Phylogenetic tree based on gene content matrix (presence or absence of annotated gene) of 65 L. reuteri strains from different hosts
(25 genomes from this study and 40 from NCBI, Table S3.1). Different colours represent different hosts, blue: human; yellow: chicken; pink: pig;
brown: mouse/rat; light blue: cow; red: goat; green: horse; brown/green: sheep; black: sourdough. The red branches indicate the reuterin-negative
strains. A, B and C indicate identified clusters. Strains which harbour AMR genes for tetracycline (tet) and erythromycin (ery) are indicated as tetR
and eryR, respectively.
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Figure 3.3: Phylogenetic tree based on core genes of 65 L. reuteri strains from different hosts
(25 genomes from this study and 40 from NCBI, Table S3.1) based on the neighbour-joining
method (PHYLIP implementation). Different colours represent different hosts, blue: human;
yellow: chicken; pink: pig; brown: mouse/rat; light blue: cow; red: goat; green: horse;
brown/green: sheep; black: sourdough. The red branches indicate the reuterin-negative
strains. A, B and C indicate identified clusters in the gene content tree (Figure 3.1). Strains
which harbour AMR genes for tetracycline (tet) and erythromycin (ery) are indicated as tetR
and eryR, respectively.
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3.3.5 Genes unique for the poultry/human lineage VI
Presence of host-specific lineages in itself does not necessarily provide evidence for
natural selection, as a cluster can arise by neutral processes, such as genetic
dispersion (Oh et al., 2010). It has been demonstrated how strains from rodent display
elevated fitness in mice, and biofilm formation in the forestomach is restricted to strains
from rodent lineages. Moreover, L. reuteri rodents strains were able to effectively
colonise rodent host in vivo (Oh et al., 2010; Frese et al., 2011; Duar et al., 2017).
However, this was not the case for pig isolates (Wegmann et al., 2015; Duar et al.,
2017). Here, forty unique genes of the poultry/human lineage VI were identified (Figure
3.4a, Table S3.3) and were mainly categorised as transport proteins DNA-binding
proteins and transferase proteins. Such genes could not be directly linked with
adaptation to chicken physiology or feeding. Further studies are needed to elucidate
the specific role (s) of those unique genes that may be linked to chicken adaptation.
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Figure 3.4: Venn diagrams showing number of reciprocal best hits among different L. reuteri
subset of core genomes. a) number of shared and unique genes of core genomes of cluster A
(poultry/human lineage VI), cluster B (lineages human II, herbivore VII, porcine IV and rodent
III) and cluster C (lineages rodent I, rodent III, herbivore VIII and porcine V). b) number of
shared and unique genes of poultry VI genomes and human VI genomes. c) number of shared
and unique genes between human VI and human II strains. d) number of shared and unique
between poultry VI, human VI and human II lineages. Unique genes of human/poultry VI clades
(Figure 3.4a) and human VI isolates (Figure. 3.4b) are listed in Table S3.3”.
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3.3.6 Reuterin synthesis
The presence and composition of reuterin operon genes (pdu-cbi-cob-hem) was
investigated in all 65 genomes (Figure 3.5), and reuterin production was determined
as a marker for PduCDE activity. All L. reuteri strains isolated in this study that
possessed the complete pdu-cbi-cob-hem operon produced 3-HPA when incubated in
600 mM glycerol. In contrast, strains, PTA5_11 and PTA8_1 only possessed hemH,
hemA, cobC and cobB but lacked all the other operon genes (Figure 3.5) and therefore
did not produce 3-HPA. Under the conditions of the test, 3-HPA yield ranged from
156.9 mM ± 11.0 (PT6_F1) to 330.2 mM ± 14.9 (PTA4_C4) starting from 600 mM
glycerol (Figure 3.5). Reference strains DSM 20016 (human lineage II) produced
132.8 ± 4.3 mM while SD2112 (human lineage VI) produced 432.9 ± 9.0 mM 3-HPA.
All cluster A strains (corresponding to poultry/human lineage VI) harboured pdu-cobcbi-hem genes, except for a small sub-cluster of three by reuterin-negative chicken
isolates CSF8, PTA5_11 and PTA8_1. Isolates assigned to Cluster B possessed pducob-cbi-hem and have been shown to mostly form reuterin on MRS agar plates overlaid
with 500mM glycerol agar (Walter et al., 2011). Isolates of this cluster lacked pduW
and hemN genes, which therefore seem not essential for reuterin production. These
genes were also not detected in the vast majority of reuterin-positive strains isolated
in our study (Figure 3.5). In contrast, the prevalence of pdu-cob-cbi-hem scattered in
Cluster C comprising isolates of rodent lineages I and III, herbivorous and porcine
lineages VIII and V, respectively. Only strains ATCC53608 and ZLR003 possessed a
complete functional pdu-cob-cbi-hem operon while cluster C rodent isolates lpuph and
100_23 lack the majority of the operon genes.
Interestingly, herbivore isolates LR6, LR7, LR12 and the rodent isolate I49 possessed
the pdu but not the cbi and cob genes, although cobalamin (cbi and cob gene) is a
cofactor for 3-HPA production. Therefore, these strains are likely not able to form 3HPA from glycerol (or propanal from 1,2-propanediol) unless they acquire the vitamin
from other sources or microbes. When looking at the pduABCDE phylogenetic tree,
LR6, LR12 and I49 are clustered all together, indicating a highly conserved pdu gene
cluster (Figure 3.6).
Rodent strains, which are mostly reuterin-negative based on the analysis of operon
genes in this study, are considered the root of the evolutionary history of L. reuteri95
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host associates (Duar et al., 2017), which as a consequence, suggests that the pducbi-cob-hem operon and thus reuterin production was acquired later during L. reuteri.
To further study development of the pdu cluster, concatenated sequences of
pduABCDE were aligned, and a gene tree was constructed (Figure 3.6).
The pduABCDE gene tree separated into two different branches each mainly
composed of herbivores or poultry/human isolates, not showing clear host-dependent
separation (Figure 3.6). The same clustering was obtained when gene trees were built
based on individual pduA-pduE genes (Figure S3.5).

Figure 3.5: Reuterin operon genes (pdu-cbi-cob-hem) detected in the genomes of 65 L. reuteri
listed in Table S3.1 and 3-HPA production of 25 strains isolated from chicken in this study.
Black indicates the presence of a gene. Different colours represent different hosts, blue:
human; yellow: chicken; pink: pig; brown: mouse/rat; light blue: cow; red: goat; green: horse;
brown/green: sheep; black: sourdough. ND not determined.
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Figure 3.6:. Gene tree based on the nucleotide sequence of concatenated pduA, pduB, pduC,
pduD, pduE genes of L. reuteri reuterin-positive genomes of this study (Neighbor Joining
Method). Different colour represents different hosts, blue: human; yellow: chicken; pink: pig;
brown: mouse/rat; light blue: cow; red: goat; green: horse; brown/green: sheep; black:
sourdough.
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3.3.7 Antimicrobial sensitivity profiles of L. reuteri strains
The horizontal transfer of AMR genes is a rising risk concern, and the absence of
transferable AMR genes must be demonstrated for application of new strains in food
and feed (Rychen et al., 2018). Antimicrobials used in farmed animals for diseases
prevention have been associated with an increase frequency of resistant bacteria in
chickens, swine, and other food-producing animals GIT (Chang et al., 2015). The high
use of antimicrobials in animal production is likely to accelerate the development of
antimicrobial resistance in pathogens, as well as in commensal organisms, resulting in
treatment failures, economic losses and source of the gene pool for transmission to
humans (Chang et al., 2015). Chicken is one of the most widespread food industries
worldwide, and various antimicrobials are used to treat infections mainly in chicks
(Sahoo et al., 2010; Agyare et al., 2019).
The antimicrobial susceptibility profile of L. reuteri chicken isolates and reference
strains DSM20016 and SD2112 showed that all strains were sensitive to cefotaxime
(MIC values from 0.016 to 1 µg/mL) (Table 3.2). All chicken isolates were also sensitive
to penicillin with MIC values from 0.02 and 3 µg/mL, in contrast to DSM20116 and
SD2112 that showed resistance to this antibiotic (MIC> 256 ug/mL). Penicillin
resistance was shown to result from point mutations of the chromosomally located
genes encoding penicillin-binding proteins Pbp (Rosander et al., 2008). Penicillinbinding genes pbpX, pbpF, pbpB and ponA were identified in all 65 strains with both
resistant and sensitive phenotype (Table 3.2, Table S3.4). Several SNPs were
observed for DSM20016 (Table 3.3), especially in ponA and pbpX_2, which led to point
mutations of the corresponding proteins. Only one amino acid substitution at position
134 of PbpX_2 was shared among the two resistant strains: DSM20016 possessed a
Q instead of H (H134Q) while in the same position strain SD2112 had a Y (H134Y). The
substitution at this position may be the one responsible for the penicillin-resistant
phenotype observed for DSM20016 and SD2112.
Four chicken isolates of this study (PTA5_11, PTA8_1, PTA5_F1 and PTA6_F1)
showed resistance phenotype (MIC > 256 µg/mL) to erythromycin, confirmed by the
presence of ermB, which is usually found on a plasmid (Abriouel et al., 2015; Egervärn
et al., 2009). The ermB gene encodes enzymes that modify the 23S rRNA by adding
one or two methyl groups, reducing the binding to the ribosome of different classes of
antibiotics (Gupta et al., 2003). The presence or absence of ermB gene in the genome
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of erythromycin resistant strains was confirmed by using PCR (data not shown). For
all resistant strains (PTA5_11, PTA8_1, PTA5_F1 and PTA6_F1), ermB appeared to
be mostly likely located on plasmid (Table S3.5). Among the 40 NCBI strains analysed
in this study, ermB was also detected in the genome of chicken isolate CSF8 (Figure
3.2 and Figure 3.3).
Tetracycline resistance genes tetA and tetO were detected in all 65 L. reuteri genomes
analysed but did not appear to be directly correlated with this resistance phenotype
(Table 3.2 and Table S3.4). The only 3 chicken isolates resistant to tetracycline (MIC
> 256 µg/mL) possessed additionally the tetW in their genome (PTA5_11, PTA8_1 and
PTA5_F4), similar to DSM20016 and SD2112 (MIC > 256 µg/mL). Tetracycline
resistance has been described to be located on a plasmid, for example, in SD2112
(pLR581) (Kastner et al., 2006). For DSM20016, tetW was not detected on the
chromosome but was amplified by PCR. For all resistant chicken strains of this study
(PTA5_11, PTA8_1 and PTA5_F4), tetW gene was deduced to be plasmid located
(Table S3.5). Besides tetW, tetM, tetL and tetC were also associated with tetracycline
resistance were identified in the genomes of different isolates (MM2_3, I5007, 20_02,
ZLR003, LR8, LR9 and LR19). Interestingly, tetracycline-resistant chicken isolates
(An71, An166) harboured tetW while herbivorous resistant strains (LR8, LR9 and
LR19) possessed tetM. In contrast, pig isolates harboured tetM and tetW (I5007 and
20_02) or tetW and tetL (ZLR003) (Table S3.4). Tetracyclines are widespread
antimicrobials extensively used in livestock partly due to their broad-spectrum activity
and low cost compared to other antibiotics (Economou and Gousia, 2015; GranadosChinchilla and Rodríguez, 2017). This might explain the widespread of tetracycline
resistance gene pool in farm animals.
Lactobacilli are suggested to be intrinsically resistant to vancomycin and ciprofloxacin
(Hummel et al., 2007). In agreement with previous studies (Egervärn et al., 2009), all
chicken L. reuteri strains of this study were resistant to vancomycin (MIC > 256 µg/mL).
Vancomycin resistance in lactobacilli is linked to the vanX gene encoding a d-Ala-dAla dipeptidase (Klein et al., 2000). Other vancomycin resistance genes were
described in the literature with vanA, vanB, vanC and vanE (Klein et al., 2000; Kastner
et al., 2006). None of those genes was detected in the genomes of L. reuteri in
agreement with previous studies (Klein et al., 2000; Kastner et al., 2006). However,
changes in membrane composition have also been associated with intrinsic
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vancomycin resistance (Delcour et al., 1999). VanH, a D-lactate dehydrogenase gene
was detected in one pig strain (ATCC 53608) (Faron et al., 2016). The same gene had
been previously associated with vancomycin resistance of Enterococcus faecium
(Bugg et al., 1991). Ciprofloxacin resistance seems to be widely spread among
lactobacilli (Hummel et al., 2007; Li et al., 2015; Guo et al., 2017). All 25 chicken
isolates were resistant to ciprofloxacin with MIC >32 µg/mL, and all 65 genomes
analysed possessed the six genes for which mutations were correlated with
ciprofloxacin resistance, namely gyrB, parB, parC, parE, prmA and prmC, while gyrA
was present in all but one (PTA4_C1) isolate.
L. reuteri has been affiliated to different hosts, which might be exposed to different
levels and types of antimicrobials and is commercially used as probiotic in food and
feed (Hou et al., 2015; Ávila et al., 2017; Asare et al., 2018; Chen et al., 2018). The
results of this study indicated that L. reuteri chicken isolates harbour some AMR genes.
In view of application L. reuteri in feed to prevent pathogen infection, strains without
transferable AMR genes must be carefully selected. The first applied L. reuteri probiotic
strains (SD2112) harbours the tetracycline-resistant gene tetw on a plasmid (Kastner
et al., 2006). This strain was however cured for the plasmid-free daughter strain
DSM17938 (Rosander et al., 2008), which is commercially used.
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Table 3.2: Antimicrobial resistance (AMR) profiles of 25 L. reuteri strains isolated from chicken in this study and of reference strains measured
using MTS™ strips (MIC, ug/mL), and associated AMR genes detected in their draft genomes.
Strain

Origin

PTA5_11
PTA8_1
PTA1_C1
PTA1_C3
PTA1_C4
PTA1_F3

Chicken
Chicken
Chicken
Chicken
Chicken
Chicken

CFX
MIC
0.38
1
0.25
0.023
0.38
0.25

PTA2_C2

Chicken

0.016

PTA4_C1

Chicken

PTA4_C2

Chicken

PTA4_C4

ERM
Genotype
MIC
erm(B)1
> 256
erm(B)1
> 256
2
2
2
8

PEN
Genotype
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB

MIC
3
2
2
0.38
3
1.5

TET
Genotype
tetA, tetO, tetW1
tetA, tetO, tetW1
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO

MIC
> 256
> 256
12
6
8
16

VAN
MIC
> 256
> 256
> 256
> 256
> 256
> 256

CIP
Genotype
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC

MIC
> 32
> 32
> 32
> 32
> 32
> 32

1.5

ponA, pbpX, pbpF, pbpB

1.5

tetA, tetO

12

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

0.016

2

ponA, pbpX, pbpF, pbpB

0.5

tetA, tetO

12

> 256

gyrB, parB, parC, parE, prmA, prmC

> 32

0.016

1

ponA, pbpX, pbpF, pbpB

3

tetA, tetO

24

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

Chicken

0.016

1.5

ponA, pbpX, pbpF, pbpB

0.094

tetA, tetO

6

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

PTA5_F1

Chicken

0.064

> 256

ponA, pbpX, pbpF, pbpB

3

tetA, tetO

12

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

PTA5_F4

Chicken

0.032

3

ponA, pbpX, pbpF, pbpB

0.5

tetA, tetO, tetW1

> 256

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

PTA4_F11

Chicken

0.016

4

ponA, pbpX, pbpF, pbpB

3

tetA, tetO

6

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

PTA5_F13

Chicken

0.016

3

ponA, pbpX, pbpF, pbpB

0.75

tetA, tetO

8

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

PTA5_C4

Chicken

0.094

2

ponA, pbpX, pbpF, pbpB

2

tetA, tetO

16

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

PTA5_C5
PTA5_C6B
PTA5_C13
PTA6_C2
PTA6_C7
PTA6_F1

Chicken
Chicken
Chicken
Chicken
Chicken
Chicken

0.25
0.47
0.016
0.016
0.19
0.016

1.5
2
3
4
1.5
> 256

ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB

1.5
2
4
0.5
0.023
4

tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO

4
12
6
8
16
16

> 256
> 256
> 256
> 256
> 256
> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32
> 32
> 32
> 32
> 32
> 32

PTA6_F2

Chicken

0.38

0.016

ponA, pbpX, pbpF, pbpB

0.5

tetA, tetO

2

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

PTA6_F4

Chicken

0.016

6

ponA, pbpX, pbpF, pbpB

0.38

tetA, tetO

24

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

PTA6_F6

Chicken

0.023

1.5

ponA, pbpX, pbpF, pbpB

3

tetA, tetO

1.5

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

PTA6_F8

Chicken

0.19

8

ponA, pbpX, pbpF, pbpB

0.75

tetA, tetO

16

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

DSM20016

Human

0.38

1.5

ponA, pbpX, pbpF, pbpB*

> 256

tetA, tetO, tetW **

> 256

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

SD2112

Human

0.25

0.125

ponA, pbpX, pbpF, pbpB*

> 256

tetA, tetO, tetW***

> 256

> 256

gyrA, gyrB, parB, parC, parE, prmA, prmC

> 32

erm(B)1

erm(B)1

CFX, cefotaxime; ERM, erythromycin; PEN, penicillin; TET, tetracycline; VAN; vancomycin; CIP, ciprofloxacin. MIC, minimum inhibitory concentration.
* Mutations in penicillin-binding proteins of strain DSM20116 and SD2112 are shown in Table 3.3.
** tetW detected on plasmid_SD2112_pLR581
*** tetW detected by PCR
1
AMR genes deduced to be allocated on plasmid, see Table S3.5.
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Table 3.3: Point mutations identified in penicillin-binding protein genes of resistant strains L. reuteri DSM20016 and L. reuteri SD2112. Amino
acids changes in the resistant strains, compared to all other 25 L. reuteri sensitive strains, are indicated.
Strain

Gene

Mutation(s) in Penicillin-binding proteins

DSM20016

ponA

D322N / S537A / V538A / D712E/ A723V/ S725N/ A740T/ D411V/ Y412F / Q491L

pbpB

A361T / H495Q / T586P / V613A / L714S

pbpF

D9G / T22A

pbpX_1

V26I / T61P / I62V / A63T / K100R / D123E

pbpX_2

V19I / L26V / H30R / I49L / V86I / D96N / T111A / N127T / K132R / H134Q / R141H / T170A / R185N / Q187H / K244N / T252I / L255F / Y320F / D322A / K333T

ponA

D411V / Y412F / Q491L

pbpX_1

R141H

pbpX_2

E124K / H134Y

pbpX_3

P57L / L193P

SD2112

In bold, a shared mutation for both resistance strain with a different amino acids substitution.
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3.4 Conclusion
This study substantially enriched the pool of chicken L. reuteri strains for comparative
genomics and evolutionary studies. Isolates from the crop appeared to have a unique
genetic profile compared to isolates from more distal region of the GIT, which might
suggest that chicken are colonized by two populations of L. reuteri. The phylogenetic
analysis confirmed the co-evolution of human isolates of lineage VI with chicken
(poultry/human lineage VI). Despite the high number of chicken isolates of lineage VI,
the two human isolates still shared a higher number of genes with isolates belonging
to human lineage II, as compared to poultry lineage VI. The pool of L. reuteri chicken
isolates of this study may be useful to select and characterise strains exhibiting reuterin
production activity, and possibly develop application in chicken, as a natural
antimicrobial system to prevent pathogen infections and colonisation of the chicken
GIT.
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3.7 Supplementary information
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Table S3.1: L. reuteri strains with genomes published in NCBI used for comparative genomics.
Genomes were retrieved from NCBI and annotated with the same pipeline used for the 25 draft
genomes of this study.
L. reuteri
strains
P43

NCBI accession
number
MCNS00000000

Level (N.)1

I

Country of
Origin
USA

Contig (74)

Size
(Mb)
2.15106

Chicken

ND

ND

NZ_NFHN00000000

Contig (119)

2.28085

Chicken

ND

ND

NZ_NFKV00000000

Contig (105)

2.24803

1366

Chicken

VI

Denmark

NZ_NBBG00000000

Scaffold (93)

2.06291

JCM 1081

Chicken

VI

Japan

NZ_NBBD00000000

Scaffold (61)

2.31353

CSF8

Chicken

VI

USA

NZ_NBBE00000000

Scaffold (107)

1.95205

DSM20016

Human

II

Germany

NC_009513

Scaffold (150)

1.93586

IRT

Human

II

South Korea

NZ_CP011024

Complete

1.99397

JCM 1112

Human

II

Japan

NC_010609

Complete

2.03941

CF48_3A

Human

VI

USA

NZ_ACHG00000000.1

Contig (92)

2.1079

MM2_3

Human

II

USA

NZ_ACLB00000000.1

Contig (95)

2.01572

SD2112

Human

VI

Peru

NC_015697

Complete

2.31684

100_23

Rat

III

New Zealand

AAPZ00000000

Contig (2)

2.30556

I49

Mouse

III

Switzerland

NZ_CP015408

Complete

2.04477

mlc3

Mouse

III

USA

AEAW00000000

Contig (126)

2.01863

lpuph
ATCC
53608
I5007

Mouse

I

USA

AEAX00000000

Contig (127)

2.11662

Pig

IV

Sweden

NZ_LN906634

Complete

2.09124

Pig

IV

China

NC_021494

Complete

2.09328

ZLR003

Pig

IV

China

NZ_CP014786

Complete

2.2341

20_02

Pig

V

Germany

CZDD00000000.1

Scaffold (188)

2.23295

CRL1098

Sourdough

II

Argentina

LYWI00000000

Contig (45)

1.96303

TMW1.656

Sourdough

III

Germany

JOSW00000000

Contig (17)

1.94954

TMW1.112

Sourdough

III

Germany

JOKX00000000

Contig (12)

2.03203

LTH5448

Sourdough

I

Germany

JOOG00000000

Contig (36)

1.9803

LR1

Goat

ND

China

QGID00000000

Scaffold (171)

2.2556

LR2

Goat

ND

China

QGIC00000000

Scaffold (201)

2.36754

LR3

Goat

ND

China

QGIB00000000

Scaffold (181)

2.30022

LR11

Goat

ND

China

QGIA00000000

Scaffold (204)

2.36581

LR14

Goat

ND

China

QGHZ00000000

Scaffold (163)

2.25127

LR6
LR7
LR8

Sheep
Sheep
Sheep

ND
ND
ND

China
China
China

QGHY00000000
QGHX00000000
QGHW00000000

Scaffold (379)
Scaffold (364)
Scaffold (216)

2.13973
2.13843
2.25588

LR9

Sheep

ND

China

QGHV00000000

Scaffold (230)

2.30327

LR4
LR10
LR12
LR13

Cow
Cow
Cow
Cow

ND
ND
ND
ND

China
China
China
China

QGHU00000000
QGHT00000000
QGHS00000000
QGHR00000000

Scaffold (169)
Scaffold (363)
Scaffold (391)
Scaffold (194)

2.16644
2.4417
2.15145
2.36533

LR17

Horse

ND

China

QGHQ00000000

Scaffold (314)

2.20569

LR18

Horse

ND

China

QGHP00000000

Scaffold (614)

2.47021

LR19

Horse

ND

China

QGHO00000000

Scaffold (225)

2.20232

Host

Lineage2

Chicken

An71
An166

1

Levels: complete, scaffold or contig, in parenthesis the number of Scaffolds as indicated in NCBI database.
2
Previously defined lineages in the literature (Lee et al., 2017; Wegmann et al., 2015; Zheng et al., 2015; Frese et al., 2011).
n.d. not determined before this study

105

Chapter 3
Table S3.2. Unique individual genes in the L. reuteri isolates from crop, as compared to caecum and faces isolates, as illustrated in

Figure 3.1.
Unique genes of crop isolates
Crop vs caecum isolates (n° 630)

Crop vs faeces isolates (n° 616)

Crop vs faeces and caecum isolates (n°592)

[Citrate [pro-3S]-lyase] ligase

[Citrate [pro-3S]-lyase] ligase

[Citrate [pro-3S]-lyase] ligase

2-(5-triphosphoribosyl)-3-dephosphocoenzyme- A synthase

2-(5-triphosphoribosyl)-3-dephosphocoenzyme- A synthase

2-(5-triphosphoribosyl)-3-dephosphocoenzyme- A synthase

2-dehydropantoate 2-reductase (n°2)

2-dehydropantoate 2-reductase (n°3)

2-dehydropantoate 2-reductase (n°3)

2-keto-4-pentenoate hydratase (n°2)

2-keto-4-pentenoate hydratase

2-keto-4-pentenoate hydratase

3-oxoacyl-[acyl-carrier-protein] reductase FabG (n°2)

3-oxoacyl-[acyl-carrier-protein] reductase FabG (n°2)

3-oxoacyl-[acyl-carrier-protein] reductase FabG (n°2)

4-phosphopantetheinyl transferase sfp

4-phosphopantetheinyl transferase sfp

4-phosphopantetheinyl transferase sfp

5-amino-6-(5-phosphoribosylamino)uracil reductase

5-amino-6-(5-phosphoribosylamino)uracil reductase

5-amino-6-(5-phosphoribosylamino)uracil reductase

6,7-dimethyl-8-ribityllumazine synthase

6,7-dimethyl-8-ribityllumazine synthase

6,7-dimethyl-8-ribityllumazine synthase

AAA-like domain protein

AAA-like domain protein

AAA-like domain protein

AB hydrolase superfamily protein YdjP

AB hydrolase superfamily protein YdjP

AB hydrolase superfamily protein YdjP

ABC-2 family transporter protein (n°2)

ABC transporter substrate binding protein

ABC-2 family transporter protein (n°2)

3-ketoacyl-(acyl-carrier-protein) reductase

ABC-2 family transporter protein (n°2)
ABC-type transporter ATP-binding protein EcsA

ABC-type transporter ATP-binding protein EcsA

ABC-type transporter ATP-binding protein EcsA

Abi-like protein

Abi-like protein

Abi-like protein

Accessory gene regulator protein A

Accessory gene regulator protein A

Accessory gene regulator protein A

Accessory Sec system protein Asp2

Accessory Sec system protein Asp2

Accessory Sec system protein Asp2

Accessory Sec system protein Asp3

Accessory Sec system protein Asp3

Accessory Sec system protein Asp3

Acetyltransferase (GNAT) family protein
Acyltransferase family protein (n°2)

Acyltransferase family protein (n°2)

Acyltransferase family protein (n°2)

ADP-ribosylglycohydrolase

ADP-ribosylglycohydrolase

ADP-ribosylglycohydrolase

Agglutinin receptor precursor

Agglutinin receptor precursor

Agglutinin receptor precursor

Alcohol dehydrogenase 1

Alcohol dehydrogenase 1

Alcohol dehydrogenase 1

Amino-acid permease RocE

Amino-acid permease RocE

Amino-acid permease RocE

anaerobic benzoate catabolism transcriptional regulator (n°3)

anaerobic benzoate catabolism transcriptional regulator (n°3)

anaerobic benzoate catabolism transcriptional regulator (n°3)

Antitoxin MazE

Antitoxin MazE

Antitoxin MazE

antitoxin YefM

antitoxin YefM

antitoxin YefM
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Unique genes of crop isolates
Crop vs caecum isolates (n° 630)

Crop vs faeces isolates (n° 616)

Crop vs faeces and caecum isolates (n°592)

[Citrate [pro-3S]-lyase] ligase

[Citrate [pro-3S]-lyase] ligase

[Citrate [pro-3S]-lyase] ligase

Arabinose metabolism transcriptional repressor

Arabinose metabolism transcriptional repressor

Arabinose metabolism transcriptional repressor

Archaeal ATPase

Archaeal ATPase

Archaeal ATPase

Arginine transport ATP-binding protein ArtM

Arginine transport ATP-binding protein ArtM

Arginine transport ATP-binding protein ArtM

Arginine transport system permease protein ArtQ

Arginine transport system permease protein ArtQ

Arginine transport system permease protein ArtQ

Arginine/agmatine antiporter

Arginine/agmatine antiporter (n°2)

Arginine/agmatine antiporter

Arginine/ornithine antiporter

Arginine/ornithine antiporter

Arsenate-mycothiol transferase ArsC2

Arsenate-mycothiol transferase ArsC2

Arsenate-mycothiol transferase ArsC2

Aryl-alcohol dehydrogenase

Aryl-alcohol dehydrogenase

Aryl-alcohol dehydrogenase

ATP-dependent Clp protease ATP-binding subunit ClpC

ATP-dependent Clp protease ATP-binding subunit ClpC

ATP-dependent Clp protease ATP-binding subunit ClpC

beta-1,6-galactofuranosyltransferase

beta-1,6-galactofuranosyltransferase

beta-1,6-galactofuranosyltransferase

Beta-1,6-galactofuranosyltransferase WbbI (n°2)

Beta-1,6-galactofuranosyltransferase WbbI (n°2)

Beta-1,6-galactofuranosyltransferase WbbI (n°2)

Beta-galactosidase LacZ

Beta-galactosidase LacZ

Beta-galactosidase LacZ

Bifunctional autolysin precursor

Beta-monoglucosyldiacylglycerol synthase

Bifunctional autolysin precursor

Bifunctional autolysin precursor
Brinker DNA-binding domain protein

Brinker DNA-binding domain protein

Brinker DNA-binding domain protein

CAAX amino terminal protease self- immunity

CAAX amino terminal protease self- immunity

CAAX amino terminal protease self- immunity

carbamoyl phosphate synthase small subunit

carbamoyl phosphate synthase small subunit

carbamoyl phosphate synthase small subunit

Carbohydrate diacid regulator

Carbohydrate diacid regulator

Caudovirus prohead protease

Caudovirus prohead protease

Caudovirus prohead protease

Chain length determinant protein

Chain length determinant protein

Chain length determinant protein

Chromosome partition protein Smc (n°4)

Chromosome partition protein Smc (n°5)

Chromosome partition protein Smc (n°5)

Chromosome-partitioning ATPase Soj

Chromosome-partitioning ATPase Soj

Chromosome-partitioning ATPase Soj

Citrate lyase acyl carrier protein

Citrate lyase acyl carrier protein

Citrate lyase acyl carrier protein

Citrate lyase alpha chain

Citrate lyase alpha chain

Citrate lyase alpha chain

Citrate lyase subunit beta

Citrate lyase subunit beta

Citrate lyase subunit beta

Competence protein

Competence protein

Competence protein

Copper chaperone CopZ
Core-2/I-Branching enzyme

Core-2/I-Branching enzyme

Core-2/I-Branching enzyme

107

Chapter 3
Unique genes of crop isolates
Crop vs caecum isolates (n° 630)

Crop vs faeces isolates (n° 616)

Crop vs faeces and caecum isolates (n°592)

Cyclic pyranopterin monophosphate synthase
Cyclic pyranopterin monophosphate synthase accessory protein

Cyclic pyranopterin monophosphate synthase accessory protein

Cyclic pyranopterin monophosphate synthase accessory protein

Cystine-binding periplasmic protein precursor

Cystine-binding periplasmic protein precursor

Cystine-binding periplasmic protein precursor

cytosine permease
Deoxyribose-phosphate aldolase

Deoxyribose-phosphate aldolase

Deoxyribose-phosphate aldolase 1

Deoxyribose-phosphate aldolase 1

Deoxyribose-phosphate aldolase (n°2)

Dihydroxy-acid dehydratase

Dihydroxy-acid dehydratase

Dihydroxy-acid dehydratase

Dimodular nonribosomal peptide synthase

Dimodular nonribosomal peptide synthase

Dimodular nonribosomal peptide synthase

dITP/XTP pyrophosphatase

dITP/XTP pyrophosphatase

dITP/XTP pyrophosphatase

DNA topoisomerase 3

DNA topoisomerase 3

DNA topoisomerase 3

DNA-binding transcriptional activator PspC

DNA-binding transcriptional activator PspC

DNA-binding transcriptional activator PspC

DNA-binding transcriptional regulator IlvY

DNA-binding transcriptional regulator IlvY

DNA-binding transcriptional regulator IlvY

Eco57I restriction-modification methylase

Eco57I restriction-modification methylase

dTDP-4-dehydrorhamnose 3,5-epimerase
dTDP-4-dehydrorhamnose reductase
dTDP-glucose 4,6-dehydratase
Eco57I restriction-modification methylase

Endoglucanase precursor
Exo-glucosaminidase LytG precursor

Exo-glucosaminidase LytG precursor

Exo-glucosaminidase LytG precursor

Fic/DOC family protein (n°2)

Fic/DOC family protein (n°2)

Fic/DOC family protein (n°2)

FMN reductase (NADPH)
Fructosamine deglycase FrlB

Fructosamine deglycase FrlB

Fructosamine deglycase FrlB

Fructosamine kinase FrlD

Fructosamine kinase FrlD

Fructosamine kinase FrlD

General stress protein A (n°2)

General stress protein A (n°2)

General stress protein A (n°2)

Glucose uptake protein GlcU

Glucose uptake protein GlcU

Glucose uptake protein GlcU

Glutaminase

Glutaminase

Glutaminase

Glutaredoxin-like protein NrdH

Glutaredoxin-like protein NrdH

Glutaredoxin-like protein NrdH

Glutathione amide reductase

Glutathione amide reductase

Glutathione amide reductase

Glucose-1-phosphate thymidylyltransferase
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Unique genes of crop isolates
Crop vs caecum isolates (n° 630)

Crop vs faeces isolates (n° 616)

Crop vs faeces and caecum isolates (n°592)

Glycosyl transferase family 8 (n°2)

Glycosyl transferase family 8 (n°2)

Glycosyl transferase family 8 (n°2)

Glycosyltransferase Gtf1

Glycosyltransferase Gtf1

Glycosyltransferase Gtf1

Glycosyltransferase-stabilizing protein Gtf2

Glycosyltransferase-stabilizing protein Gtf2

Glycosyltransferase-stabilizing protein Gtf2

Glyoxal reductase (n°2)

Glyoxal reductase (n°2)

Glyoxal reductase (n°2)

Gram positive anchor

Gram positive anchor

Gram positive anchor

Group II intron-encoded protein LtrA

Group II intron-encoded protein LtrA

Group II intron-encoded protein LtrA

Group II intron, maturase-specific domain

Group II intron, maturase-specific domain

Group II intron, maturase-specific domain

H(+)/Cl(-) exchange transporter ClcA
Helix-turn-helix domain protein (n°5)

Helix-turn-helix domain protein (n°5)

Helix-turn-helix domain protein (n°5)

helix-turn-helix protein (n°2)

helix-turn-helix protein (n°2)

helix-turn-helix protein (n°2)

Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase

Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase

Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase

HNH endonuclease

HNH endonuclease

HNH endonuclease

Holin family protein

Holin family protein

Holin family protein

Homocysteine S-methyltransferase

Homocysteine S-methyltransferase

Homocysteine S-methyltransferase

HTH-type transcriptional activator CmpR

HTH-type transcriptional activator CmpR

HTH-type transcriptional activator CmpR

HTH-type transcriptional regulator ImmR (n°4)

HTH-type transcriptional regulator ImmR (n°4)

HTH-type transcriptional regulator ImmR (n°4)

HTH-type transcriptional regulator LacR

HTH-type transcriptional regulator LacR

HTH-type transcriptional regulator LacR

HTH-type transcriptional repressor CzrA

HTH-type transcriptional repressor CzrA

HTH-type transcriptional repressor CzrA

IclR helix-turn-helix domain protein

IclR helix-turn-helix domain protein

IclR helix-turn-helix domain protein

Inner membrane metabolite transport protein YgcS

Inner membrane metabolite transport protein YgcS

Inner membrane metabolite transport protein YgcS

Integrase core domain protein (n°8)

Integrase core domain protein (n°9)

Integrase core domain protein (n°9)

IS66 Orf2 like protein (n°2)

IS66 Orf2 like protein (n°2)

IS66 Orf2 like protein (n°2)

L-arabinose isomerase

L-arabinose isomerase

L-arabinose isomerase

L-lactate dehydrogenase

L-lactate dehydrogenase

L-lactate dehydrogenase

L-ribulose-5-phosphate 4-epimerase
Lactococcin-G-processing and transport ATP-binding protein
LagD

L-ribulose-5-phosphate 4-epimerase
Lactococcin-G-processing and transport ATP-binding protein
LagD

L-ribulose-5-phosphate 4-epimerase
Lactococcin-G-processing and transport ATP-binding protein
LagD

HxlR-like helix-turn-helix
Hydroxyethylthiazole kinase
Hydroxymethylpyrimidine/phosphomethylpyrimidine kinase
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Unique genes of crop isolates
Crop vs caecum isolates (n° 630)

Crop vs faeces isolates (n° 616)

Crop vs faeces and caecum isolates (n°592)

Lactose permease (n°2)

Lactose permease (n°2)

Lactose permease (n°2)

Lanthionine synthetase C-like protein

Lanthionine synthetase C-like protein

Lanthionine synthetase C-like protein

LexA repressor

LexA repressor

LexA repressor

Linear gramicidin synthase subunit B

Linear gramicidin synthase subunit B

Linear gramicidin synthase subunit B

Low molecular weight protein-tyrosine-phosphatase YfkJ

Low molecular weight protein-tyrosine-phosphatase YfkJ

Low molecular weight protein-tyrosine-phosphatase YfkJ

LytTr DNA-binding domain protein

LytTr DNA-binding domain protein

LytTr DNA-binding domain protein

Macrolide export ATP-binding/permease protein MacB (n°2)

Macrolide export ATP-binding/permease protein MacB (n°2)

Macrolide export ATP-binding/permease protein MacB (n°2)

Major cell-surface adhesin PAc precursor

Major cell-surface adhesin PAc precursor

Major cell-surface adhesin PAc precursor

Major Facilitator Superfamily protein

Major Facilitator Superfamily protein

Major Facilitator Superfamily protein

Maltose O-acetyltransferase (n°2)

Maltose O-acetyltransferase (n°2)

Maltose O-acetyltransferase (n°2)

Matrixin

Matrixin

Matrixin

Mercuric resistance operon regulatory protein

Mercuric resistance operon regulatory protein

Mercuric resistance operon regulatory protein

Methylated-DNA--protein-cysteine methyltransferase

Methylated-DNA--protein-cysteine methyltransferase

Methylated-DNA--protein-cysteine methyltransferase

mRNA interferase EndoA

mRNA interferase EndoA

mRNA interferase EndoA

mRNA interferase PemK

mRNA interferase PemK

mRNA interferase PemK

Mrr restriction system protein (n°2)

Mrr restriction system protein (n°2)

Mrr restriction system protein (n°2)

Levansucrase precursor

Muramidase-2 precursor
multidrug efflux system subunit MdtA

multidrug efflux system subunit MdtA

multidrug efflux system subunit MdtA

N-(5-phosphoribosyl)anthranilate isomerase

N-(5-phosphoribosyl)anthranilate isomerase

N-(5-phosphoribosyl)anthranilate isomerase

N-acetylmuramoyl-L-alanine amidase sle1 precursor

N-acetylmuramoyl-L-alanine amidase sle1 precursor

N-acetylmuramoyl-L-alanine amidase sle1 precursor

NAD-dependent malic enzyme

NAD-dependent malic enzyme

NAD-dependent malic enzyme

NAD-dependent methanol dehydrogenase

NAD-dependent methanol dehydrogenase

NAD-dependent methanol dehydrogenase

NADPH-dependent FMN reductase

NADPH-dependent FMN reductase

NADPH-dependent FMN reductase

Nucleoside permease NupC

Nucleoside permease NupC

Nucleoside permease NupC

Pca regulon regulatory protein

Pca regulon regulatory protein

Pca regulon regulatory protein

PD-(D/E)XK nuclease family transposase

PD-(D/E)XK nuclease family transposase

PD-(D/E)XK nuclease family transposase

PemK-like protein

PemK-like protein

PemK-like protein

NADH oxidase
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Unique genes of crop isolates
Crop vs caecum isolates (n° 630)

Crop vs faeces isolates (n° 616)

Crop vs faeces and caecum isolates (n°592)

Peptidase family M23

Peptidase family M23

Peptidase family M23

Permease for cytosine/purines, uracil, thiamine, allantoin

Permease for cytosine/purines, uracil, thiamine, allantoin

Permease for cytosine/purines, uracil, thiamine, allantoin

Phage capsid family protein

Phage capsid family protein

Phage capsid family protein

Phage head-tail joining protein

Phage head-tail joining protein (n°2)

Phage head-tail joining protein

Peptidase propeptide and YPEB domain protein

Phage integrase family protein (n°2)

Phage integrase family protein

Phage portal protein

Phage portal protein

Phage portal protein

Phage regulatory protein Rha (Phage_pRha)

Phage regulatory protein Rha (Phage_pRha)

Phage regulatory protein Rha (Phage_pRha)

Phage tail protein

Phage tail protein

Phage tail protein

Phage Terminase

Phage Terminase

Phage Terminase

Phage terminase, small subunit

Phage terminase, small subunit

Phage terminase, small subunit

Phage-related minor tail protein

Phage-related minor tail protein

Phage-related minor tail protein

phosphate-starvation-inducible protein PsiE

phosphate-starvation-inducible protein PsiE

phosphate-starvation-inducible protein PsiE

PIN domain protein

PIN domain protein

PIN domain protein

Plasmid pRiA4b ORF-3-like protein

Plasmid pRiA4b ORF-3-like protein

Plasmid pRiA4b ORF-3-like protein

Plasmid recombination enzyme

Plasmid recombination enzyme

Plasmid recombination enzyme

Poly-beta-1,6-N-acetyl-D-glucosamine synthase
preprotein translocase subunit SecA

preprotein translocase subunit SecA

preprotein translocase subunit SecA

preprotein translocase subunit SecY

preprotein translocase subunit SecY

preprotein translocase subunit SecY

Prophage endopeptidase tail
Protease synthase and sporulation negative regulatory protein
PAI 1

Prophage endopeptidase tail
Protease synthase and sporulation negative regulatory protein
PAI 1

Prophage endopeptidase tail
Protease synthase and sporulation negative regulatory protein
PAI 1

Pseudouridine kinase (n°2)

Pseudouridine kinase (n°2)

Pseudouridine kinase (n°2)

putative ABC transporter ATP-binding protein

putative ABC transporter ATP-binding protein

putative ABC transporter ATP-binding protein

putative ABC transporter ATP-binding protein YbhF

putative ABC transporter ATP-binding protein YbhF

putative ABC transporter ATP-binding protein YbhF

Putative arginine/ornithine antiporter
putative cadmium-transporting ATPase
Putative acetyltransferase
putative endopeptidase YafL precursor

putative endopeptidase YafL precursor

putative endopeptidase YafL precursor

Putative glycosyltransferase EpsH

Putative glycosyltransferase EpsH

Putative glycosyltransferase EpsH

111

Chapter 3
Unique genes of crop isolates
Crop vs caecum isolates (n° 630)

Crop vs faeces isolates (n° 616)

Crop vs faeces and caecum isolates (n°592)

putative glycosyltransferase EpsJ (n°3)

putative glycosyltransferase EpsJ (n°5)

putative glycosyltransferase EpsJ (n°5)

putative glycosyltransferase YkoT

putative glycosyltransferase YkoT

putative glycosyltransferase YkoT

putative HTH-type transcriptional regulator YurK (n°2)

putative HTH-type transcriptional regulator YurK (n°2)

putative HTH-type transcriptional regulator YurK (n°2)

Putative mannose-6-phosphate isomerase YvyI

Putative mannose-6-phosphate isomerase YvyI

Putative mannose-6-phosphate isomerase YvyI

putative metabolite transport protein CsbC

putative metabolite transport protein CsbC

putative metabolite transport protein CsbC

putative MFS-type transporter YhjX

putative MFS-type transporter YhjX

putative MFS-type transporter YhjX

putative Mg(2+) transport ATPase

putative Mg(2+) transport ATPase

putative Mg(2+) transport ATPase

Putative N-acetyl-LL-diaminopimelate aminotransferase (n°2)

Putative N-acetyl-LL-diaminopimelate aminotransferase (n°3)

Putative N-acetyl-LL-diaminopimelate aminotransferase (n°2)

putative oxalyl-CoA decarboxylase

putative oxalyl-CoA decarboxylase

putative oxalyl-CoA decarboxylase

putative oxidoreductase YtbE

putative oxidoreductase YtbE

putative oxidoreductase YtbE

Putative peptidoglycan binding domain protein

Putative peptidoglycan binding domain protein

Putative peptidoglycan binding domain protein

Putative prophage phiRv2 integrase (n°2)

Putative prophage phiRv2 integrase (n°2)

Putative prophage phiRv2 integrase (n°2)

putative sugar epimerase YhfK

putative sugar epimerase YhfK

putative sugar epimerase YhfK

putative sugar kinase YdjH

putative sugar kinase YdjH

putative sugar kinase YdjH

putative sugar transferase EpsL

putative sugar transferase EpsL

putative sugar transferase EpsL

putative transport protein HsrA

putative transport protein HsrA

Putative transposase DNA-binding domain protein (n°2)

Putative transposase DNA-binding domain protein (n°2)

Putative transposase DNA-binding domain protein (n°2)

putative type I restriction enzymeP M protein

putative type I restriction enzymeP M protein

putative type I restriction enzymeP M protein

Pyrimidine-specific ribonucleoside hydrolase RihA

Pyrimidine-specific ribonucleoside hydrolase RihA

Pyrimidine-specific ribonucleoside hydrolase RihA

Pyrroline-5-carboxylate reductase

Pyrroline-5-carboxylate reductase

Pyrroline-5-carboxylate reductase

Quinone oxidoreductase 2 (n°2)

Quinone oxidoreductase 2

Quinone oxidoreductase 2

Relaxase/Mobilization nuclease domain protein (n°3)

Relaxase/Mobilization nuclease domain protein (n°3)

Relaxase/Mobilization nuclease domain protein (n°3)

RelB antitoxin

RelB antitoxin

RelB antitoxin

Replication initiation and membrane attachment (n°2)

Replication initiation and membrane attachment (n°2)

Replication initiation and membrane attachment (n°2)

Replication initiation factor

Replication initiation factor

Replication initiation factor

Replication protein (n°2)

Replication protein (n°2)

Replication protein (n°2)

Response regulator ArlR

Response regulator ArlR

Response regulator ArlR

Restriction enzyme BgcI subunit alpha

Restriction enzyme BgcI subunit alpha

Restriction enzyme BgcI subunit alpha

Restriction enzyme BgcI subunit beta

Restriction enzyme BgcI subunit beta

Restriction enzyme BgcI subunit beta

112

Chapter 3
Unique genes of crop isolates
Crop vs caecum isolates (n° 630)

Crop vs faeces isolates (n° 616)

Crop vs faeces and caecum isolates (n°592)

Reverse transcriptase (RNA-dependent DNA polymerase)

Reverse transcriptase (RNA-dependent DNA polymerase)

Reverse transcriptase (RNA-dependent DNA polymerase)

Riboflavin biosynthesis protein RibBA

Riboflavin biosynthesis protein RibBA

Riboflavin biosynthesis protein RibBA

Riboflavin biosynthesis protein RibD

Riboflavin biosynthesis protein RibD

Riboflavin biosynthesis protein RibD

Riboflavin synthase

Riboflavin synthase

Riboflavin synthase

ribulokinase

ribulokinase

ribulokinase

RNA polymerase sigma factor FliA

RNA polymerase sigma factor FliA

RNA polymerase sigma factor FliA

rRNA adenine N-6-methyltransferase

rRNA adenine N-6-methyltransferase

rRNA adenine N-6-methyltransferase

Sensor histidine kinase DcuS

Sensor histidine kinase DcuS

Sensor histidine kinase DcuS

Signal transduction histidine-protein kinase ArlS

Signal transduction histidine-protein kinase ArlS

Signal transduction histidine-protein kinase ArlS

site-specific tyrosine recombinase XerC (n°3)

site-specific tyrosine recombinase XerC (n°3)

site-specific tyrosine recombinase XerC (n°3)

SkfA peptide export ATP-binding protein SkfE (n°2)

SkfA peptide export ATP-binding protein SkfE

SkfA peptide export ATP-binding protein SkfE

Sodium Bile acid symporter family protein (n°2)

Sodium Bile acid symporter family protein (n°2)

Sodium Bile acid symporter family protein (n°2)

Sodium, potassium, lithium and rubidium/H(+) antiporter

Sodium, potassium, lithium and rubidium/H(+) antiporter

Sodium, potassium, lithium and rubidium/H(+) antiporter

Sorbitol operon regulator

Sorbitol operon regulator

Sorbitol operon regulator

Succinate semialdehyde dehydrogenase [NAD(P)+] Sad

Succinate semialdehyde dehydrogenase [NAD(P)+] Sad

Succinate semialdehyde dehydrogenase [NAD(P)+] Sad

Tetracycline resistance protein TetO

Tetracycline resistance protein TetO

Tetracycline resistance protein TetO

Sensor histidine kinase YpdA

Thiamine-phosphate synthase

Thioredoxin

Thioredoxin

Thioredoxin

TM2 domain protein

TM2 domain protein

TM2 domain protein

Toxin A (n°4)

Toxin A (n°4)

Toxin A (n°4)

toxin MazF

toxin MazF

toxin MazF

Toxin YoeB

Toxin YoeB

Toxin YoeB

Transcriptional activatory protein AadR
transcriptional regulator BetI

transcriptional regulator BetI

transcriptional regulator BetI

transcriptional repressor DicA

transcriptional repressor DicA

transcriptional repressor DicA

Transcriptional repressor SdpR

Transcriptional repressor SdpR

Transcriptional repressor SdpR

Transposase (n°2)

Transposase (n°2)

Transposase (n°2)

Transposase DDE domain protein (n°7)

Transposase DDE domain protein (n°7)

Transposase DDE domain protein (n°7)
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Crop vs caecum isolates (n° 630)

Crop vs faeces isolates (n° 616)

Crop vs faeces and caecum isolates (n°592)

Transposase from transposon Tn916 (n°2)

Transposase from transposon Tn916 (n°2)

Transposase from transposon Tn916 (n°2)

Transposase IS200 like protein

Transposase IS200 like protein

Transposase IS200 like protein

Transposase IS66 family protein

Transposase IS66 family protein

Transposase IS66 family protein

transposase/IS protein (n°2)

transposase/IS protein (n°2)

transposase/IS protein (n°2)

Type I phosphodiesterase / nucleotide pyrophosphatase
Type I restriction modification DNA specificity domain protein
(n°2)

Type I phosphodiesterase / nucleotide pyrophosphatase
Type I restriction modification DNA specificity domain protein
(n°2)

Type I phosphodiesterase / nucleotide pyrophosphatase
Type I restriction modification DNA specificity domain protein
(n°2)

Type III restriction enzyme, res subunit (n°2)

Type III restriction enzyme, res subunit (n°2)

Type III restriction enzyme, res subunit (n°2)

Type IV secretory system Conjugative DNA transfer

Type IV secretory system Conjugative DNA transfer

Type IV secretory system Conjugative DNA transfer

Type-1 restriction enzyme R protein

Type-1 restriction enzyme R protein

Type-1 restriction enzyme R protein

Tyrocidine synthase 3

Tyrocidine synthase 3

Tyrocidine synthase 3

Tyrosine recombinase XerC (n°4)

Tyrosine recombinase XerC (n°4)

Tyrosine recombinase XerC (n°4)

UDP-D-galactose:(glucosyl)lipopolysaccharide-1, 6-Dgalactosyltransferase

UDP-D-galactose:(glucosyl)lipopolysaccharide-1, 6-Dgalactosyltransferase

UDP-D-galactose:(glucosyl)lipopolysaccharide-1, 6-Dgalactosyltransferase

UDP-galactopyranose mutase
UDP-Glc:alpha-D-GlcNAc-diphosphoundecaprenol beta-1,3glucosyltransferase WfgD

UDP-galactopyranose mutase
UDP-Glc:alpha-D-GlcNAc-diphosphoundecaprenol beta-1,3glucosyltransferase WfgD

UDP-galactopyranose mutase
UDP-Glc:alpha-D-GlcNAc-diphosphoundecaprenol beta-1,3glucosyltransferase WfgD

Vacuole effluxer Atg22 like protein

Vacuole effluxer Atg22 like protein

Vacuole effluxer Atg22 like protein

VanZ like family protein

VanZ like family protein

VanZ like family protein

YopX protein

YopX protein

YopX protein

Yqey-like protein

Yqey-like protein

Yqey-like protein

Triosephosphate isomerase

Xylulose kinase
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Table S3.3. Unique individual genes in the L. reuteri poultry/human lineage VI

belonging to the major functional classes, as illustrated in Figure 3.3.

Unique genes Human-Poultry lineage VI

Unique genes Human lineage VI, compared to Poultry VI

Transposase IS116/IS110/IS902 family protein

[Citrate [pro-3S]-lyase] ligase

phosphoglycerate mutase

2-(5-triphosphoribosyl)-3-dephosphocoenzyme- A synthase

Tyrosine-protein kinase YwqD

2-(S)-hydroxypropyl-CoM dehydrogenase

Capsular polysaccharide type 8 biosynthesis protein cap8A

2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase

ASCH domain protein

2-dehydropantoate 2-reductase (n°3)

Transcriptional activatory protein AadR

23S rRNA (guanosine-2-O-)-methyltransferase RlmB

Copper chaperone CopZ

3-ketoacyl-(acyl-carrier-protein) reductase

Zinc-transporting ATPase

30S ribosomal protein S14

Bacterial low temperature requirement A protein (LtrA)

5TMR of 5TMR-LYT

ABC transporter ATP-binding protein YxdL

AAA-like domain protein

Bacitracin export permease protein BceB

AB hydrolase superfamily protein YdjP

HTH-type transcriptional regulator ImmR

ABC transporter substrate binding protein

Phage integrase family protein

ABC-2 family transporter protein

Putative HTH-type transcriptional regulator YwnA

Acetate kinase

Folate transporter FolT

Acetyltransferase (GNAT) family protein (n°2)

Quinone oxidoreductase 2

Acyltransferase family protein

L-2-hydroxyisocaproate dehydrogenase

Adenosine monophosphate-protein transferase SoFic

2-hydroxyhexa-2-4-dienoate hydratase

Adenosylcobalamin-dependent ribonucleoside-triphosphate reductase

Alpha/beta hydrolase family protein

Aldehyde-alcohol dehydrogenase (n°2)

Branched-chain amino acid transport protein (AzlD)

Alpha-D-kanosaminyltransferase

AzlC protein

Alpha-ribazole phosphatase

Deoxyribonucleoside regulator

Amidohydrolase family protein

Adenosine monophosphate-protein transferase SoFic

Amidophosphoribosyltransferase precursor

GTP pyrophosphokinase YwaC

Amino-acid permease RocC

Response regulator MprA

Ammonia channel precursor

Signal transduction histidine-protein kinase BaeS

anaerobic benzoate catabolism transcriptional regulator (n°3)

Carbamoyl-phosphate synthase large chain

Arabinose metabolism transcriptional repressor

Carbamoyl-phosphate synthase small chain

Arginine/agmatine antiporter (n°2)

Riboflavin biosynthesis protein RibBA

Arginine/ornithine antiporter

HTH-type transcriptional activator RhaS

aromatic amino acid aminotransferase

Threonine synthase

Arsenate-mycothiol transferase ArsC2 (n°2)

Homoserine dehydrogenase

Aryl-alcohol dehydrogenase

Homoserine kinase

ATP synthase subunits region ORF 6

Phosphoenolpyruvate synthase

ATP-dependent Clp protease proteolytic subunit 1 (n°2)

Potassium lithium and rubidium/H(+) antiporter

AzlC protein

High-affinity gluconate transporter

Bacterial low temperature requirement A protein (LtrA) (n°2)

Glycerol-3-phosphate acyltransferase

Beta-1,6-galactofuranosyltransferase WbbI

Flavodoxin

Beta-galactosidase LacZ

Helix-turn-helix protein

Bifunctional adenosylcobalamin biosynthesis protein CobU
Bifunctional nicotinamide mononucleotide adenylyltransferase/ADP-ribose
pyrophosphatase
Bifunctional transcriptional activator/DNA repair enzyme AdaA
C protein alpha-antigen precursor
Cadmium resistance transcriptional regulatory protein CadC
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Unique genes Human lineage VI, compared to Poultry VI
Cadmium resistance transporter (n°2)
Capsular polysaccharide type 8 biosynthesis protein cap8A
Carbohydrate diacid regulator
Carbon dioxide concentrating mechanism protein CcmL
Caudovirus prohead protease
CDP-glycerol:poly(glycerophosphate) glycerophosphotransferase
chaperone protein HscA
Choloylglycine hydrolase
Chromosome partition protein Smc
Citrate lyase acyl carrier protein
Citrate lyase alpha chain
Citrate lyase subunit beta
Cob(I)yrinic acid a,c-diamide adenosyltransferase (n°2)
cobalamin biosynthesis protein
cobalamin biosynthesis protein CbiG
Cobalamin synthase
Cobalt import ATP-binding protein CbiO
Cobalt transport protein CbiM precursor
Cobalt transport protein CbiN
Cobalt transport protein CbiQ
Cobalt-precorrin-2 C(20)-methyltransferase
Cobalt-precorrin-3B C(17)-methyltransferase
Cobalt-precorrin-4 C(11)-methyltransferase
cobalt-precorrin-6A synthase
Cobalt-precorrin-8X methylmutase
Cobyric acid synthase
Cobyrinic acid A,C-diamide synthase
Cytochrome b5-like Heme/Steroid binding domain protein
cytosine permease
D-lactate dehydrogenase
D-methionine-binding lipoprotein MetQ precursor
Delta-aminolevulinic acid dehydratase
Deoxyribose-phosphate aldolase 1
dihydropteridine reductase
Diol dehydratase-reactivating factor alpha subunit
DNA adenine methyltransferase YhdJ
DNA-3-methyladenine glycosylase 1
DNA-binding transcriptional activator PspC
DNA-invertase hin
Double zinc ribbon
dTDP-4-dehydrorhamnose 3,5-epimerase
dTDP-4-dehydrorhamnose reductase (n°3)
dTDP-glucose 4,6-dehydratase (n°2)
EamA-like transporter family protein (n°3)
EcoKI restriction-modification system protein HsdS (n°2)
Endoglucanase precursor
ERF superfamily protein
Excisionase from transposon Tn916
Exo-glucosaminidase LytG precursor
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Unique genes Human lineage VI, compared to Poultry VI
Ferrous iron transport protein B
Flavodoxin
FMN reductase (NADPH)
FMN-dependent NADPH-azoreductase
Galactofuranosyl transferase GlfT1
Glucose-1-phosphate thymidylyltransferase
Glucosyltransferase-SI precursor
Glutamate-1-semialdehyde 2,1-aminomutase
Glutaminase
Glutamyl-tRNA reductase
Glutathione amide reductase
Glycosyl hydrolases family 25 (n°2)
Glyoxal reductase
Helix-turn-helix domain protein (n°2)
helix-turn-helix protein (n°2)
HNH endonuclease (n°2)
Holin family protein (n°3)
Homocysteine S-methyltransferase
HTH-type transcriptional activator CmpR
HTH-type transcriptional activator TipA
HTH-type transcriptional regulator ImmR
HTH-type transcriptional regulator LacR
HTH-type transcriptional regulator SinR
HTH-type transcriptional regulator Xre
HTH-type transcriptional repressor CzrA
Inner membrane metabolite transport protein YgcS
Integrase core domain protein (n°8)
IS66 Orf2 like protein
L-arabinose isomerase
L-lactate dehydrogenase
L-ribulose-5-phosphate 4-epimerase
Lactose permease
Low molecular weight protein-tyrosine-phosphatase YfkJ
Major carboxysome shell protein 1C
Maltose O-acetyltransferase
Maltose O-acetyltransferase
MarR family protein
Matrixin
Methylated-DNA--protein-cysteine methyltransferase
Modification methylase DpnIIB
Molybdenum cofactor biosynthesis protein B
Molybdopterin molybdenumtransferase
Molybdopterin-guanine dinucleotide biosynthesis adapter protein
molybdopterin-guanine dinucleotide biosynthesis protein MobA
MucBP domain protein
Multidrug resistance protein 3
Muramidase-2 precursor
N-6 DNA Methylase
NAD-dependent malic enzyme
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Unique genes Human lineage VI, compared to Poultry VI
NADH oxidase
Nicotinate phosphoribosyltransferase pncB2
Nicotinate-nucleotide--dimethylbenzimidazole phosphoribosyltransferase
Nitrate reductase delta subunit
Nitrate reductase-like protein NarX
Pca regulon regulatory protein
PD-(D/E)XK nuclease superfamily protein (n°2)
Peptidase family M23
Peptidase family M23
Peptidase propeptide and YPEB domain protein
Peptidoglycan endopeptidase RipB precursor
PglZ domain protein
Phage antirepressor protein KilAC domain protein
Phage capsid family protein (n°4)
Phage gp6-like head-tail connector protein (n°4)
Phage head-tail joining protein (n°5)
Phage portal protein (n°3)
Phage tail protein
Phage Terminase (n°3)
Phage terminase, small subunit (n°3)
Phage-related minor tail protein
Phosphate propanoyltransferase
phosphate-starvation-inducible protein PsiE
Phosphoribosylformylglycinamidine synthase 2
Phosphoserine phosphatase 1
Poly-beta-1,6-N-acetyl-D-glucosamine synthase
Porphobilinogen deaminase
Precorrin-2 dehydrogenase
Precorrin-6A reductase
Primosomal protein DnaI
Propanediol dehydratase large subunit
Propanediol dehydratase medium subunit
Propanediol dehydratase small subunit
Propanediol utilization protein PduA
Propanediol utilization protein PduB
Propanediol utilization protein PduU
Propanediol utilization protein PduV
Prophage endopeptidase tail
putative ABC transporter ATP-binding protein (n°3)
putative ABC transporter ATP-binding protein YbhF
Putative acetyltransferase
putative amino acid permease YhdG
putative amino-acid racemase
putative cobalt-precorrin-6Y C(15)-methyltransferase [decarboxylating]
putative cobalt-precorrin-6Y C(5)-methyltransferase
Putative glycosyltransferase EpsH
putative glycosyltransferase EpsJ (n°2)
putative HTH-type transcriptional regulator YjiR
putative mannose-6-phosphate isomerase GmuF
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Unique genes Human lineage VI, compared to Poultry VI
Putative membrane protein insertion efficiency factor
putative metabolite transport protein CsbC
putative MFS-type transporter YhjX
putative Mg(2+) transport ATPase
putative multidrug resistance protein EmrY
putative N-acetyltransferase YvbK
putative oxalyl-CoA decarboxylase
putative oxidoreductase YtbE
putative oxidoreductase/MSMEI_2347
putative poly(glycerol-phosphate) alpha-glucosyltransferase
Putative teichuronic acid biosynthesis glycosyltransferase TuaG
putative thiol peroxidase
putative transport protein HsrA
putative transposase
Putative transposase DNA-binding domain protein
putative two-component response-regulatory protein YehT
Putative undecaprenyl-phosphate N-acetylgalactosaminyl 1-phosphate
transferase
Quinone oxidoreductase 2
Recombinase
Relaxase/Mobilization nuclease domain protein
Respiratory nitrate reductase 1 alpha chain
Respiratory nitrate reductase 1 beta chain
Response regulator ArlR
ribulokinase
RNA helicase
RNA polymerase factor sigma-70
RNA polymerase sigma factor SigF
Serine/threonine exchanger SteT
Signal transduction histidine-protein kinase ArlS
Single-stranded DNA-binding protein ssb
Sirohydrochlorin cobaltochelatase
site-specific tyrosine recombinase XerC (n°2)
ski2-like helicase (n°2)
Sodium Bile acid symporter family protein
Sorbitol operon regulator
Teichuronic acid biosynthesis protein TuaB
Threonine-phosphate decarboxylase
Toxin Doc
transcriptional regulator SlyA
transposase (n°4)
Transposase DDE domain protein (n°4)
Transposase from transposon Tn916
Transposase IS200 like protein (n°2)
Transposase IS66 family protein (n°3)
transposase/IS protein
Transposon gamma-delta resolvase (n°3)
Transposon Tn3 resolvase (n°2)
Type I phosphodiesterase / nucleotide pyrophosphatase

119

Chapter 3
Unique genes Human-Poultry lineage VI

Unique genes Human lineage VI, compared to Poultry VI
Type I restriction enzyme EcoKI M protein
Type I restriction enzyme EcoR124II R protein
Type III restriction enzyme, res subunit
Tyrosine recombinase XerC (n°2)
Tyrosine recombinase XerD
Tyrosine-protein phosphatase precursor
UDP-Glc:alpha-D-GlcNAc-diphosphoundecaprenol beta-1,3-glucosyltransferase
WfgD
UDP-glucose 4-epimerase
Undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose transferase
Uracil DNA glycosylase superfamily protein
Uroporphyrinogen-III C-methyltransferase
uroporphyrinogen-III synthase
VanZ like family protein (n°2)
Vibriobactin-specific isochorismatase
VRR-NUC domain protein (n°2)
Xylulose kinase
YSIRK type signal peptide
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Table S3.4. AMR genes detected in the genomes of L. reuteri strains isolated from different hosts and published in NCBI.
Strain
P43
An71
An166
1366
JCM1081
CSF8
IRT
JCM 1112
CF48_3A
MM2_3
100_23
I49
mlc3
lpuph
ATCC53608
I5007
ZLR003
20_02
CRL1098
TMW1.656
TMW1.112
LTH5448
LR1
LR2
LR3
LR11
LR14
LR6
LR7
LR8
LR9
LR4
LR10
LR12
LR13
LR17
LR18
LR19

Origin
Chicken
Chicken
Chicken
Chicken
Chicken
Chicken
Human
Human
Human
Human
Rat
Mouse
Mouse
Mouse
Pig
Pig
Pig
Pig
Sourdough
Sourdough
Sourdough
Sourdough
Goat
Goat
Goat
Goat
Goat
Sheep
Sheep
Sheep
Sheep
Cow
Cow
Cow
Cow
Horse
Horse
Horse

ERM

erm(B)

PEN
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
pbpX, pbpF, pbpB, pbpA, pbpG
pbpX, pbpF, pbpB, pbpA
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB
ponA, pbpX, pbpF, pbpB

TET
tetA, tetO
tetA, tetO, tetW
tetA, tetO, tetW
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO, tetW
tetA, tetO, tetC
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO, tetM, tetW
tetA, tetO, tetW, tetL
tetA, tetO, tetM, tetW
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO, tetM
tetA, tetO, tetM
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO
tetA, tetO, tetM

CFX, cefotaxime; ERM, erythromycin; PEN, penicillin; TET, tetracycline; VAN; vancomycin; CIP, ciprofloxacin.
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VAN

vanH

CIP
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
gyrA, gyrB, parB, parC, parE, prmA, prmC
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Table S3.5. Deduced plasmid position of ermB and tetW genes associated with

resistant phenotypes as results of alignment with a custom base L. reuteri plasmid
database (Table 3.2).
AMR gene

Location

Plasmid

Query
Cover

E
value

% Identity

Description, best match

ermB

NODE_74

yes

100%

0

99.60%

NC_0035128.1 / L.reuteri plasmid
pTE44, complete sequence

tetW

NODE_5

yes

100%

0

99.95%

NC_010603.1 / L. reuteri
ATCC55730 plasmid pLR581,
complete sequence

ermB

NODE_73

yes

100%

0

99.60%

NC_0035128.1 / L.reuteri plasmid
pTE44, complete sequence

tetW

NODE_5

yes

100%

0

99.95%

NC_010603.1/ L. reuteri
ATCC55730 plasmid pLR581,
complete sequence

PTA5_F4

tetW

NODE_47

yes

100%

0

99.90%

NC_010603.1 / L. reuteri
ATCC55730 plasmid pLR581,
complete sequence

PTA6_F1

ermB

NODE_50

yes

100%

0

99.86%

NC_0035128.1 / L.reuteri plasmid
pTE44, complete sequence

PTA5_F1

ermB

NODE_48

yes

100%

0

100%

NC_010621.1 / L. reuteri
ATCC55730 plasmid pLR585,
complete sequence

Strain

PTA5_11

PTA8_1
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L. reuteri PTA6_F1(+)
L. reuteri PTA6_F2(+)
L. reuteri PTA1_C2(+)
L. reuteri PTA5_F1(+)
L. reuteri PTA4_C2(+)
L. reuteri PTA4_C1(+)
L. reuteri PTA4_F3(+)
L. reuteri PTA5_F1(+)
L. reuteri PTA5_C9(+)

L. reuteri PTA5_C6B(+)
L. reuteri PTA5_F2(+)
L. reuteri PTA5_F13(+)
L. reuteri PTA5_C10(+)
L. reuteri PTA6_C2(+)
L. reuteri PTA5_C13(+)
L. reuteri PTA5_C5(+)
L. reuteri PTA6_C7(+)
L. reuteri PTA5_C4(+)
L. reuteri PTA1_C1(+)
L. reuteri PTA1_F3(+)
L. reuteri PTA5_F4(+)
L. reuteri PTA1_C3(+)
L. reuteri PTA1_F2(+)
L. reuteri PTA2_C2(+)
L. reuteri PTA4_C2(+)
L. reuteri PTA6_F6(+)
L. reuteri PTA6_F8(+)
L. reuteri PTA6_F4(+)
L. reuteri PTA8_1(-)
L. reuteri PTA14_19(-)
L. reuteri PTA5_11(-)
L. reuteri DSM 17938(+)
L. reuteri DSM 20016T(+)

Figure S3.1: ERIC PCR profiles of selected L. reuteri isolated in this study from chicken faeces
and caecum. The strains were named PTA X, with X indicating the chicken ID, with no number
being assigned to the abattoir sample; F and C indicate isolating from faeces and caecum,
respectively, followed by the number of the isolated strains. Reuterin positive (+) and negative
(-) strains are indicated in parenthesis. In bold, 25 trains selected for whole genome
sequencing and further analysis.
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Figure S3.2: BUSCO genome assembly assessment of 25 draft genomes of L. reuteri chicken isolates from this study.
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Figure S3.3: Genomic characteristics of L. reuteri chicken isolates of this study (red dots) compared to 40 NCBI L. reuteri deposited genomes
(black dots); a) correlation between GC content (%) and genome size; b) correlation between genome size and the number of coding sequences
(CDSs).
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Figure S3.4: Average nucleotide identity (ANI) of L. reuteri isolates calculated with EDGAR 2.3. Asterisk (*) indicate two strains belonging to
cluster II in the genetic tree.
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Figure S3.5. Neighbor-joining tree of pdu genes sequences extracted from the genomes

of the 55 reuterin-positive L. reuteri genomes analysed in this study. a.) pduA_1, b.)
pduA_2, c.) pduB, d.) pduC, e.) pduD, f.) pduE.
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Abstract
Reuterin is a broad-spectrum antimicrobial system produced by specific strains of
Lactobacillus reuteri during anaerobic metabolism of glycerol. Acrolein is the main
component responsible for its antimicrobial activity. Here, the sensitivity of
Campylobacter jejuni (n = 51) and Campylobacter coli (n = 20) isolates from chicken
meat and human stool samples to reuterin was investigated. The minimum inhibitory
concentration (MIC) of C. jejuni and C. coli strains was measured between 1.5 and 3.0
µM of acrolein, below the MIC of the sensitive indicator strain Escherichia coli K12
(16.5 µM acrolein). The interaction of C. jejuni N16-1419 and the reuterin-producing L.
reuteri PTA5_F13 was studied during 24 h co-cultures with or without glycerol. A high
C. jejuni growth was observed in cultures without glycerol. In contrast, C. jejuni growth
decreased from 7.3 ± 0.1 log CFU/mL to below detection limit (1 log CFU/mL) during
co-cultures added with 28 mM glycerol. This bactericidal effect could be attributed to
in situ reuterin production. The low MIC observed and the high sensitivity towards in
situ produced reuterin suggests L. reuteri combined with glycerol, as a possible
intervention option to reduce Campylobacter in the food chain.
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4.1 Introduction
Campylobacter spp., mainly C. jejuni and C. coli, are the most commonly reported
foodborne pathogens in the European Union, with 246,307 confirmed cases of human
campylobacteriosis in 2016 (EFSA, 2017). Related economic costs are estimated to
be around 2.4 billion € in the EU per year

(EFSA, 2011). Most Campylobacter

infections occur as sporadic cases rather than as outbreaks (Nadeau et al., 2002).
Several epidemiological studies indicated that improper handling of raw meat from
chickens that carry a high load of Campylobacter is the major source of human
infections (Kaakoush et al., 2015).
Campylobacter infections in humans are usually self-limiting and do not require
antibiotic therapy (Boehm and Heimesaat, 2017). However, in severe cases, antibiotics
such as ciprofloxacin, tetracycline and erythromycin can be prescribed (Lehtopolku et
al., 2010). However, the efficiency of antibiotics against Campylobacter infections is
decreasing due to an increase in antibiotic resistance (Schiaffino et al., 2019). The use
of antibiotics in poultry production may contribute to the emergence of resistant strains
in human through the food chain (Wieczorek et al., 2018). Nowadays, there is an
increasing interest in intervention strategies to reduce the presence of Campylobacter
spp. in the poultry meat production chain to lower the risk of Campylobacter exposure.
Reuterin is a potent antimicrobial system produced by certain strains of Lactobacillus
reuteri from glycerol in a single reaction catalysed by the enzyme glycerol/diol
dehydratase PduCDE (Morita et al., 2008). Reuterin is a dynamic multi-compound
system consisting of 3-hydroxypropionaldehyde (3-HPA), 3-HPA hydrate, 3-HPA
dimer and acrolein (Engels et al., 2016b). 3-HPA can be further metabolised to 1,3propanediol (1,3-PDO) and 3-hydroxypropionate (3-HP) by the enzymes encoded by
the propanediol-utilisation (pdu) operon (Figure 4.1). Several studies found that
reuterin solutions exhibit antimicrobial activities against a broad range of Gram-positive
and Gram-negative bacteria, yeasts, moulds, and protozoa (Stevens et al., 2010). This
activity has been attributed to reuterin causing depletion of free thiol groups in
glutathione (GSH), proteins and enzymes, resulting in an imbalance of the cellular
redox status which leads to bacterial cell death (Schaefer et al., 2010). We recently
showed that acrolein is the main component responsible for the antimicrobial activity
of reuterin (Chapter 2; Engels et al., 2016b).
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L. reuteri is known to form stable biofilms in the crop and to persist in poultry
gastrointestinal (GI) tracts (Walter, 2008). In the poultry industry, glycerol is used as
energy feedstuff (Dozier et al., 2011) and to improve feed pellet quality (Groesbeck et
al., 2008). Therefore, in situ reuterin production may be used as an active natural
mechanism in chicken colonised with reuterin-producing L. reuteri, to inhibit
enteropathogens such as Campylobacter in the gastrointestinal tract (GIT). However,
to our knowledge, there is limited information on the sensitivity of Campylobacter spp.
to this broad-spectrum antimicrobial system. In this study, we assessed the potential
of reuterin to inhibit Campylobacter spp. The antimicrobial efficacy of reuterin was
evaluated on a panel of C. jejuni and C. coli isolated from various sources, including
human stools, chicken GIT and meat. The bactericidal activity of in situ-produced
reuterin on C. jejuni was tested in co-cultures with reuterin-producing L. reuteri, in the
presence and absence of glycerol.
HO
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OH
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Figure 4.1: Glycerol metabolism by reuterin-producing L. reuteri. Anaerobic metabolism of
glycerol by reuterin producing L. reuteri to 3-hydroxypropionaldehyde (3-HPA) and further to
3-hydroxypropionate (3-HP) and 1,3-propanediol (1,3-PDO). In an aqueous environment, 3HPA is quickly dimerised and hydrated to form HPA-dimer and HPA-hydrate and also
spontaneously dehydrates to acrolein. Metabolic end-points are underlined. PduQ, 1,3-PDO
dehydrogenase; PduP, CoA-dependent propionaldehyde dehydrogenase; PduL,
phosphotransacetylase; PduW, propionate kinase.
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4.2 Materials and methods
4.2.1 Bacterial strains, media, and growth conditions
Seventy-one (71) Campylobacter spp. (C. jejuni (n = 51) and C. coli (n = 20)) isolated
from chicken intestine (n = 2), human stool samples (n=50) and chicken meat (n=19)
in 2016 and 2017 with different antibiotic resistance profiles were supplied by the
National Centre for Enteropathogenic Bacteria and Listeria (NENT; University of
Zurich, Zurich, Switzerland) (Table S4.1). Before use, Campylobacter strains were
sub-cultured twice at 41 °C for 48 h on Blood Agar, 5% sheep blood (Oxoid AG,
Pratteln, Switzerland) under microaerobic conditions (5% O 2, 10 % CO2, 85% N2)
generated using gas package (Campygen, Oxoid, AG, Pratteln, Switzerland). Cation
adjusted Mueller Hinton broth (CAMHB) (Becton Dickinson AG, Allschwil, Switzerland)
was was used for routine cultivation of C. jejuni and C. coli. Quantification of C. jejuni
was performed using CampyFood ID Agar (BioMérieux, Geneva, Switzerland).
L. reuteri DSM20016 was obtained from the DSM strain collection (Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany). L. reuteri PTA8_11 (non-reuterin producer) and L. reuteri PTA5_F13,
PTA6_C2 and PTA4_C2 (all three reuterin-producers) were isolated from poultry gut
and shown to share average nucleotide identity (ANI) of 95% with reference strain L.
reuteri DSM20016T (Chapter 3). They were obtained from our culture collection
(Laboratory of Food Biotechnology, ETH-Zürich, Switzerland). The reuterin producer
chicken strains share sequence similarity (98%) with the non-reuterin producer strain,
while the latter lacks the glycerol/diol dehydratase PduCDE (EC 4.2.1.30) required for
reuterin synthesis (Morita et al., 2008). These strains phylogenetically cluster together
in the poultry/human VI clade of L. reuteri, previously described (Oh et al., 2010).
Details on the isolation, characterisation and efficiency of reuterin production of these
strains were presented in Chapter 3.
L. reuteri strains were routinely cultivated in Man, Rogosa and Sharpe medium (MRS,
Biolife, Milan, Italy) at 37 oC. The reuterin activity indicator strain E. coli K12 (ER2925)
(New England Biolabs, Ipswich, MA, USA) was cultured in brain heart infusion medium
(BHI, Biolife, Milan, Italy), at 37 oC. All bacterial strains were sub-cultured three times
in liquid suspension for 14 h at 37 oC before use.
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4.2.2 Reuterin production
L. reuteri PTA5_F13 was used for reuterin production with a two-step process using
600 mM glycerol, as previously described (Chapter 2). Briefly, cell pellets obtained
from exponentially grown L. reuteri PTA5_F13 were suspended in 600 mM glycerol
solution and incubated at 25 oC for 2 h. The concentrations of 3-HPA and acrolein of
the reuterin solution (supernatant) were measured by high-performance liquid
chromatography with refractive index detector (HLPC-RI) and ion-exclusion
chromatography with pulsed-amperometric detection (IC-PAD) analysis.

4.2.3 Reuterin antimicrobial activity against a panel of C. jejuni and
C. coli strains
The

minimal

inhibitory

concentrations (MIC)

and

the

minimal

bactericidal

concentrations (MBC) of reuterin were determined using a broth microdilution assay,
as previously described (Mota-meira et al., 2000) with some modifications. For
antimicrobial activity testing, a fresh working solution of reuterin containing 1.4 mM
acrolein was prepared in CAMH broth. Briefly, inocula were prepared from overnight
grown C. jejuni and C. coli on blood agar plates by resuspending colonies in sterile
saline to obtain a turbidity equivalent to 0.5 McFarland standard, corresponding to 5 x
105 colony forming units (CFU) per mL (Balouiri et al., 2016). A hundred microliters of
the working reuterin solution was added in the first row of a 96-well microtiter plate
(tissue culture plate with flat bottom, Bioswisstec AG, Schaffhausen, Switzerland). In
each of the remaining wells, 50 L CAMHB was added. Then a serial two-fold dilution
was done by pipetting 50 L from column 1 to 11. Reuterin was not added to the last
well of a column which was used as positive growth control. Each well was then
inoculated with the 0.5 McFarland-standardized bacterial suspension. L. reuteri strains
and E. coli K12 cells were tested in parallel and used as indicator organisms for low
and high sensitivity control of reuterin, respectively (Cleusix et al., 2007). Both cultures
were prepared in their respective medium, and the inoculum was adjusted to 0.5
McFarland standard, as presented above. The microtiter plates were incubated at 41°C
under microaerophilic and static conditions for 24 h. The OD600 was measured using a
PowerWave XS microplate spectrophotometer (BioTek, Sursee, Switzerland). The
MIC was defined as the first (lowest) dilution showing growth-inhibition (OD600 < 0.1).
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The MBC was determined by spotting 10 µl of the dilution well corresponding to MIC,
as well as two-fold dilutions on CampyFood ID Agar. Agar plates were incubated in
microaerophilic conditions for 48 h in jars. The MBC was defined as the lowest dilution
at which no growth on the agar plate was observed. The MIC and MBC of reuterin
against Campylobacter were expressed in µM acrolein since acrolein has been shown
to be the main active component of the reuterin system (Chapter 2; Engels et al.,
2016b). Each strain was tested three times independently, and the results expressed
as ranges of MIC or MBC in µM of acrolein.

4.2.4 Glycerol metabolism by mono-culture assay of L. reuteri and C.
jejuni under microaerophilic growth condition
Glycerol is the main substrate required for reuterin synthesis by L. reuteri. We tested
the ability of non-reuterin producing (L. reuteri PTA8_1) and reuterin-producing (L.
reuteri PTA5_F13) to synthesise reuterin from glycerol under the microaerophilic
conditions required for optimal growth of Campylobacter spp. We also measured the
effect of glycerol supplementation on the growth and metabolism of a reuterin-sensitive
strain, C. jejuni N16-1419.
L. reuteri PTA8_1 and L. reuteri 5_F13 were grown overnight (16 h) in MRS broth at
37 oC. C. jejuni N16-1419 was incubated for 24 h in CAMH broth at 41 oC under
microaerobic conditions. Cells were harvested at 3000 x g for 2 min, washed once with
phosphate buffer saline (PBS) and resuspended with PBS to an OD600 of 6.0 (5.0 x109
CFU/mL) for L. reuteri and 7.0 (1.0 x1010 CFU/mL) for C. jejuni. The cultures (300 µL)
were inoculated at 1% (v/v) into 30 mL of CAMH broth containing 28 mM glycerol. The
inoculated medium was dispensed on 30 mL CAMH agar containing 28 mM glycerol
in 75-cm2 tissue culture flasks with vented cap (Sigma-Aldrich, Buchs, Switzerland),
forming a bi-phasic medium previously recommended for optimal growth of
Campylobacter spp. (Davis and DiRita, 2008). Inoculated bi-phasic CAMH broth and
agar without glycerol were used as control. Flasks were then incubated horizontally at
41 oC, under microaerophilic conditions for 24 h. Cell growth was quantified by OD 600,
qPCR and plate count after 24 h incubation. Metabolite production was measured in
the culture supernatant using HPLC-IR and IC-PAD. For viable cell counts
determination, a ten-fold dilution series of 100 µL samples of each culture was plated
on CampyFood ID agar and MRS agar for the enumeration of C. jejuni and L. reuteri,
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respectively. Plates for C. jejuni quantification were incubated in jars under
microaerophilic conditions generated by gas package (CampyGen, Thermo Fisher
Diagnostics AG, Pratteln, Switzerland) at 41 oC for 24 h. Plates for L. reuteri were
incubated under anaerobic condition supplied by gas package (AnaeroGen, Thermo
Fisher Diagnostics AG, Pratteln, Switzerland) overnight for 37 oC. Three independent
replicates were performed.

4.2.5 Co-culture assays of L. reuteri and C. jejuni with glycerol
Based on the results derived from microaerophilic growth of L. reuteri PTA8_1 and
PTA5_F13 and C. jejuni 16-1419 in CAMH broth with or without glycerol, we designed
a co-culture assay to assess the effect of in situ production of reuterin by L. reuteri on
the survival and growth of C. jejuni.
For co-culture experiments, an inoculum of L. reuteri PTA8_1 or PTA5_F13 cultures
prepared as described above were co-inoculated with C. jejuni N16-1419 (all at 1%) in
CAMH broth (30 mL) containing 28 mM glycerol. The incubation of the co-cultures were
similarly as described for mono-cultures. The abundance of C. jejuni N16-1419 in coculture was determined after 24 h incubation using viable plate counts on selective
media (CampyFood ID Agar) and 16S rRNA gene quantitative PCR. The pH and
metabolites were measured. Three independent replicates were performed.

4.2.6 DNA isolation and quantitative PCR (qPCR) analysis
Total genomic DNA was extracted from 2 mL samples of the mono-cultures and cocultures using the Fast DNA SPIN kit for soil (MP Biomedicals, Illkirch, France),
following manufacturer’s instructions. The DNA concentration and quality were
assessed by absorbance measurements at 260 nm on a NanoDropVRND-1000
Spectro-photometer (Witec AG, Littau, Switzerland), and samples were stored at -20
oC

prior to the qPCR analyses.

To amplify and quantify the 16S rRNA gene copies, the primers specific for the 16S
rRNA gene for Lactobacillus (FWD: 5’-AGC AGT AGG GAA TCT TCC A-3’, REV: 5’CGC CAC TGG TGY TCC ATA TA-3’) (Furet et al., 2009) and Campylobacter (FWD:
5’-CTG CTT AAC ACA AGT TGA GTA GG-3’, REV: 5’-TTC CTT AGG TAC CGT CAG
AA-3’) (Josefsen et al., 2004) were used. Total DNA (1 µL) was used for amplification
in duplicate in 20 µL total reaction solution, containing 10 μL of SensiFAST SYBR No136
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ROX Kit (Bioline, Luckenwalde, Germany) and 10 pmol of each primer. qPCR
reactions were performed using a Roche LightCycler 480 II, (Roche Diagnostics AG,
Rotkreuz, Switzerland) in multiwell plate 96 at 95 oC for 3 min, followed by 45 cycles
at 95 oC for 5 s, 60 oC for 30 s. At the end of the qPCR cycles, melting curve analysis
was performed to validate the specific generation of the expected PCR products. Each
reaction was run in duplicate. For quantification, a dilution series of standard obtained
by amplification of the linearised plasmid containing the representative gene of the
target bacterial species was included in each run. qPCR data were analysed using the
LightCycler® 480 Software 1.5.1 (Roche Diagnostics AG, Rotkreuz, Switzerland).).
PCR efficiency (%) was calculated from the slope of the standard curve for each qPCR
assay. Assay with an efficiency of 80 – 110% (slope 3.2 – 3.9) were retained. The
number of 16S rRNA gene copies measured were corrected for multiple copies to
estimate the number of C. jejuni (2.1 mean gene copies) and L. reuteri (6.0 mean gene
copies) cells using rrnDB version 5.5 (Stoddard et al., 2015).

4.2.7 Chemical analyses
Glycerol, 1,3-PDO, 3-HPA, and microbial fermentation metabolites such succinate,
acetate, propionate and butyrate concentrations were determined by HPLC with
refractive index detector (HPLC-RI, Hitachi LaChrome, Merck, Dietikon, Switzerland)
on an Aminex HPX-87H column (300 × 7.8 mm, Bio-Rad, Reinach, Switzerland), as
previously described (0). Purification of 3-HPA used as standard was carried out as
previously described (Vollenweider et al., 2003).
Acrolein

and

3-HP

concentration

were

determined

using

ion-exclusion

chromatography with pulsed-amperometric detection (IC-PAD) (Engels et al., 2016b).
Commercial pure acrolein (>99%, stabilised with 0.2% hydroquinone) from SigmaAldrich GmbH (Buchs, Switzerland) was used as external standard. Due to the
overlapping of glycerol and lactate peaks in HPLC-RI chromatograms, total lactate in
the culture samples was enzymatically measured using D-/L-lactate (Rapid) Assay Kit
(Megazyme, Wicklow, Ireland), according to the manufacturers’ instruction.

4.2.8 Statistical analysis
Data are mean values with standard deviation of biological replicates. Statistical
comparison of metabolite productions, viable cell counts and qPCR data of mono137
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cultures and co-cultures with or without 28 mM glycerol was evaluated by Students ttest using IBM SPSS 24.0 (IBM SPSS Statistics for Windows, NY, USA). Significance
was set at P-value of less than 0.05 (two-tailed).
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4.3 Results
4.3.1 C. jejuni and C. coli strains are highly sensitive to reuterin
compared to E. coli K12 indicator.
The antimicrobial activity of reuterin expressed in acrolein concentration was tested
against a panel of 71 strains of C. jejuni and C. coli isolated from human stools (50)
and chicken GIT (19) and meat (2). The reuterin stock solution was produced using L.
reuteri PTA5_F13 and contained 402.9 mM 3-HPA, 51.2 mM 1.3-PDO and 8.5 mM
acrolein from 600 mM glycerol. All tested Campylobacter strains exhibited similar high
sensitivity to reuterin with very low MIC and MBC in the range of 1.5 to 5.8 µM, which
were approximately ten folds lower than for E. coli K12 (Table 4.1). As expected,
reuterin-producing L. reuteri isolated from chicken showed lower sensitivity to reuterin,
with MIC and MBC approximately tenfold and hundredfold higher than E. coli K12 and
Campylobacter strains, respectively.
Table 4.1: Activity of reuterin against a panel of Campylobacter spp., expressed in acrolein
concentration. A list of tested strains is presented in Table S4.1.
Number of strains

MICa (µM)

MBCa (µM)

Campylobacter jejuni

51

1.5 – 3.0

3.0 – 5.8

Campylobacter coli

20

1.5 – 3.0

1.5 – 5.8

Campylobacter jejuni ATCC 33560

1

3.0

5.8

Lactobacillus reuteri

5

150.0

450.3

Escherichia coli K12

1

16.5

50.1

Organism

aMIC

and MBC data are calculated from three independent repetitions for each species
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4.3.2 L. reuteri PTA5_F13 produces reuterin under microaerophilic
growth conditions
Prior to co-culture trials, the production of reuterin of the selected strain, L. reuteri
PTA5_F13, was tested in the microaerophilic conditions used for Campylobacter
growth, and the effect of glycerol was as tested during Campylobacter mono-cultures.
There was no significant difference (P > 0.05) in abundance (colony counts and 16S
rRNA gene copies) and metabolic activity of C. jejuni N16-1419 in bi-phasic CAMH
medium with or without 28 mM glycerol after 24 h incubation (Table 4.2 and Table
4.3). C. jejuni N16-1419 viable cell counts reached 8 log CFU/mL, and succinate (6
mM) and acetate (4 mM) were the main metabolites produced. However, the pH
remained similar to the initial pH of the well-buffered CAMH medium (Table 4.2). The
non-reuterin producing L. reuteri PTA8_1 did not grow under the microaerophilic
condition. Glycerol was not consumed, and there was no significant difference (P >
0.05) in abundance and metabolite concentrations after 24 h incubation in bi-phasic
CAMH medium with or without 28 mM glycerol (Table 4.2, and Table 4.3). In these
conditions, L. reuteri PTA8_1 produced acetate and lactate, and the pH decreased
from 7.3 for the non-inoculated CAMH medium to 6.8 after 24 h incubation (Table 4.2).
Similar to non-reuterin producing L. reuteri PTA8_1, we did not observe growth of the
reuterin-producing L. reuteri PTA5_F13 after 24 h incubation in CAMH medium under
microaerophilic condition for 24 h. However, L. reuteri PTA5_F13 converted
approximately 13 mM (54%) glycerol to produce 0.2 ± 0.0 mM acrolein, 5.3 ±0.3 mM
1,3-PDO and 4.4 ± 0.3 3-HP (Table 4.2). Besides, significantly (P < 0.05) higher levels
of acetate and lactate were produced in the presence of glycerol compared to without.
A significantly lower (P < 0.05) viable cell counts was measured after 24 h incubation
with glycerol (4.5 ± 0.4 CFU/mL) compare to without glycerol (6.7 ± 0.1 CFU/mL).
However, no difference (P > 0.05) was observed for the 16S rRNA gene abundance
(Table 4.3). Collectively, our data indicate that the reuterin-producing L. reuteri
PTA5_F13 was not able to grow in the conditions used for Campylobacter growth, but
was metabolically active and produced reuterin under microaerophilic culture
conditions
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Table 4.2: Glycerol utilisation and metabolite formation of single strain cultures and co-cultures after 24 h incubation with or without glycerol. pH,
glycerol, reuterin and metabolite concentrations of single strain and co-cultures with and without glycerol.
Substrate
Strains

C. jejuni N16-1419

Treatment

Glycerol
No glycerol

L. reuteri PTA8-1

Glycerol
No glycerol

pH1

7.2 ±

0.1A

7.3 ±

0.1A

6.8 ±

0.1A

6.8 ± 0.1

Metabolites formed

consumed
Glycerol2

Lactate

Acetate

Succinate

Acrolein

1,3-PDO

3-HP

(mM)

(mM)

(mM)

(mM)

0.0
0.0
-

<

0.1A

<

0.1A

0.2 ±

0.1A

0.3 ±

0.1A

0.7 ±

0.1A

0.2 ±

0.1B

(mM)

(mM)

(mM)

5.3 ±

0.4A

ND

ND

ND

6.2 ±

0.6A

ND

ND

ND

4.4 ±

0.5A

4.0 ±

0.3A

1.9 ±

0.1A

ND

ND

ND

ND

2.0 ±

0.1A

ND

ND

ND

ND

3.0 ±

0.1A

ND

0.2 ± 0.0

5.3 ± 0.3

4.4 ± 0.3

1.9 ±

0.1B

ND

ND

ND

ND

6.1 ±

0.1A

No glycerol

6.8 ±

0.1B

Glycerol

7.2 ± 0.1A

0.0

< 0.1A

6.8 ± 0.1A

5.4 ± 0.6A

ND

ND

ND

L. reuteri PTA8-1

No glycerol

7.3 ± 0.1A

-

< 0.1A

6.7 ± 0.4A

5.9 ± 0.8A

ND

ND

ND

C. jejuni N16-1419
+
L. reuteri PTA5-F13

Glycerol

5.8 ± 0.1A

25.4 ± 0.4

2.2 ± 0.1A

3.4 ± 0.1A

0.8 ± 0.1A

0.1 ± 0.0

6.2 ± 0.6

4.9 ± 0.8

No glycerol

7.3 ± 0.1B

-

< 0.1B

7.9 ± 0.5B

5.7 ± 1.3B

ND

ND

ND

L. reuteri PTA5-F13
C. jejuni N16-1419

Glycerol

12.9 ± 1.1
-

+

Data presented as the mean and standard deviation of three biological replicates. Mean values with different alphabetical superscript letters are significantly
different at P < 0.05.
ND; not detected with detection limits: 1.0 mM for glycerol, 0.4 mM for succinate, 0.3 mM for 1,3-PDO, 4.4 µM for acrolein and 1.5 mM for 3-HP.
1The pH of the original CAMH broth was 7.3.
2Initial glycerol concentration was 28 mM.
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Table 4.3: Viable cell counts and total 16S rRNA gene copies of mono-cultures and co-cultures after 24 h culture in cation adjusted Mueller
Hinton (CAMH) with or without 28 mM glycerol.

Strains

Viable cell counts
(Log CFU/mL)
Biphasic CAMH with
Biphasic CAMH
28 mM glycerol
without glycerol

Total 16S rRNA
(Log gene copies/mL)
Biphasic CAMH with
Biphasic CAMH
28 mM glycerol
without glycerol

Mono-cultures
C. jejuni N16-1419

8.1 ± 0.4A

8.4 ± 0.6A

9.6 ± 0.3a

9.8 ± 0.1a

L. reuteri PTA8_1

7.0 ± 0.2a

6.6 ± 0.1a

7.9 ± 0.1A

7.3 ± 0.4A

L. reuteri PTA5_F13

4.5 ± 0.4A

6.7 ± 0.1B

8.0 ± 0.2a

7.8 ± 0.2a

C.jejuni N16-1419 + L. reuteri PTA8_1

7.5 ± 0.4A

8.5 ± 0.8A

9.9 ± 0.2a

10.2 ± 0.1a

C.jejuni N16-1419 + L. reuteri PTA5_F13

BDLa

9.3 ± 0.1b

6.3 ± 0.1A

10.2 ± 0.1B

Co-cultures*

Data presented as the mean and standard deviation of three biological replicates. Mean values with different alphabetical superscript letters are significantly
different at P < 0.05.
*In co-cultures only C. jejuni cells were enumerated on selective plates (CampyFood ID Agar) and qPCR
BDL, below the detection limit, with a limit of detection 1 log CFU/mL.
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4.3.3 Reuterin produced by L. reuteri PTA5_F13 kills C. jejuni N161419 during co-cultures
In a next step, we tested the effect of in situ produced reuterin on Campylobacter during
co-cultures of reuterin-producing L. reuteri PTA5_F13 and C. jejuni N16-1419 with and
without glycerol. We observed an increase of the 16S rRNA gene copy number
indicating the growth of C. jejuni N16-1419 when co-cultured with L. reuteri PTA8_1 in
the presence or without glycerol (Table 4.3). Similarly, there was no significant
difference (P > 0.05) in the viable cell counts during incubation with glycerol or without
glycerol in the medium. Acetate and succinate were the main metabolites produced,
at similar levels to those found in C. jejuni N16-1419 mono-cultures. The final pH of
the co-cultures with L. reuteri PTA8_1 with or without glycerol was similar to the pH of
the non-inoculated CAMH media (Table 4.2).
During co-cultures with reuterin-producing L. reuteri PTA5_F13 in CAMH medium with
28 mM glycerol, the viable cell counts of C. jejuni N16-1419 drastically decreased
below the detection limit (1 log CFU/mL) after 24 h incubation, while the number of 16S
rRNA gene copies was reduced by 1.3 ± 0.4 log gene copies (Table 4.3). Succinate,
a key metabolite of C. jejuni N16-1419, was low produced, reaching final
concentrations of 0.8 ± 0.1 mM compare with 5.3 ± 0.4 mM during mono-cultures.
Glycerol was consumed (25.4 ± 0.4 mM, 93%) and acrolein (0.1 ± 0.0 mM), 1,3-PDO
(6.2 ± 0.6 mM) and 3-HP (4.9 ± 0.8 mM) were produced, and the pH dropped from 7.3
to 5.8 after 24 h of fermentation, while 2.2 mM lactate was also produced (Table 4.2).
In contrast, in the absence of glycerol, a significant growth C. jejuni N16-1419 was
observed during co-culture with L. reuteri PTA5_F13 (Table 4.3). This was reflected
by a higher metabolite production compared to co-cultures with glycerol, with a higher
yield of acetate (7.9 ± 0.5 mM) and succinate (5.7 ± 1.3 mM), while the pH was
maintained at 7.3. Altogether, these findings suggest that in the presence of 28 mM
glycerol, L. reuteri PTA5_F13 synthesised reuterin leading to the killing of C. jejuni.
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4.4 Discussion
The need for novel strategies to reduce Campylobacter in poultry and poultry products
becomes more urgent (Saint-Cyr et al., 2016). Biosecurity and hygiene procedures that
are implemented to prevent flock colonisation by Campylobacter are limited due to
uncontrolled environmental factors in organic flocks, and by difficulties to strictly
respect biosecurity rules in conventional flocks throughout the rearing stages (Robin
et al., 2011). Among alternative strategies to prevent Campylobacter occurrence in
poultry and poultry products, a particular attention has been shifted to biocontrol
approaches, involving the use of naturally-produced compounds and microbial
competitive exclusion (Johnson et al., 2017).
Reuterin is produced by certain strains of L. reuteri during anaerobic fermentation of
glycerol and has a broad-spectrum antimicrobial property against enteric pathogens
and intestinal bacteria (Cleusix et al., 2007). The combine antimicrobial effect of
reuterin and nisin was investigated on a single strain of C. jejuni in milk (Arqués et al.,
2004). However, the authors did not provide information on the effective concentration
of reuterin, and more specifically on acrolein. Our work reports for the first time the
sensitivity of a broad panel of C. jejuni and C. coli isolates to reuterin and also provides
a first clear evidence of the killing of C. jejuni. The chicken intestine is the main
reservoir of Campylobacter contaminated meat and human campylobacteriosis
(Griekspoor et al., 2015; Levesque et al., 2013). Therefore, our data also indicate high
activity of reuterin on chicken intestinal strains.
Campylobacter spp. exhibited higher sensitivity to reuterin than E. coli K12 which is
often used for its high susceptibility as an indicator strain for testing reuterin activity
(Cleusix et al., 2007). Recently, the antimicrobial activity of reuterin was suggested to
involve a reaction of the active compound, acrolein (Engels et al., 2016b) with thiol
groups of glutathione or redox-active proteins with subsequent inhibition of redox-base
defences causing oxidative stress (Schaefer et al., 2010; Vollenweider et al., 2010).
The addition of exogenous thiol groups was shown to suppress the antimicrobial effect
of reuterin (Engels et al., 2016b). Total intracellular thiol content in E. coli cells
decreased to about 20% of initial levels after exposure to acrolein (Nunoshiba and
Yamamoto, 1999), and GSH-deficient E. coli mutants were significantly more
susceptible to acrolein when compared to a wild type strain (Nunoshiba and
Yamamoto, 1999; Vollenweider et al., 2010). Genome analysis of several
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Campylobacter strains has suggested that this genus does not encode homologs of
the glutathione biosynthesis proteins (Fouts et al., 2005; Parkhill et al., 2000) and
might, therefore, lack detoxifying capacity against redox modifying compounds such
as acrolein. This characteristic likely explains the high sensitivity of Campylobacter
spp. to reuterin.
The production of reuterin by L. reuteri is a strain-specific characteristic (Walter et al.,
2011).

The ability of chicken-derived reuterin-producing L. reuteri PTA5_F13 to

synthesise reuterin, and inactivate C. jejuni in co-culture was evaluated and compared
with L. reuteri PTA8_1 which does not produce reuterin (Chapter 3). The phenotypic
similarity of L. reuteri PTA8_1 and L. reuteri PTA5_F13 was confirmed during monocultures without glycerol where there were no significant difference in cell growth and
main metabolite (lactate and acetate) production. However, as expected, glycerol was
not utilised by L. reuteri PTA8_1 during mono- and co-cultures, which lead to no
significant difference in the metabolite profile in the presence or absence of glycerol
and no reuterin formation. We confirmed reuterin synthesis by chicken-derived L.
reuteri PTA5_F13 with the formation of acrolein, 1,3-PDO and 3-HP in conditions of
the co-cultures, selected to promote the growth of Campylobacter spp. The
intermediate product of glycerol conversion 3-HPA was not detected, likely because it
can be converted to 1,3-PDO in the presence of glucose and also chemically reacts to
acrolein at the cultivation conditions used (Figure 4.1) (Engels et al., 2016b).
Our results show that C. jejuni N16-1419 was killed during co-cultures with L. reuteri
PTA5_F13 in the presence of glycerol. In the absence of glycerol, no antiCampylobacter activity was observed for both reuterin-producing and non-reuterin
producing L. reuteri strains. Kobierecka et al. (Kobierecka et al., 2017) reported that
oral administration of L. reuteri did not significantly reduce the level of Campylobacter
colonisation in chicken. It appears that L. reuteri PTA5_F13 adapts to the presence of
C. jejuni N16-1419 in co-culture by an increase in the production of lactate (2 mM)
which significantly reduced the pH of the culture medium to pH 5.8 when glycerol was
present. Neal-McKinney et al. (2012) showed that CAMH medium with 10 mM lactate
or pH 5.12 (by HCl) reduced the growth of C. jejuni by 1 log CFU/mL compared to the
untreated control. Also previous in vitro studies have shown that mildly acidic
conditions, such pH 5.0 at 42 oC in semisolid Brucella agar (Doyle and Roman, 1981)
and pH 5.5 at 37 oC in biphasic CAMH medium (Reid et al., 2008) do not affect the
growth (plate count and OD600 measurement) of C. jejuni after 24 h. Therefore, we
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assume that the observed drop of pH from 7.3 to 5.8 that occurred during the co-culture
with L. reuteri PTA5_F13 was not responsible for observed C. jejuni inactivation. Our
results indicate that reuterin production is the predominant mechanism of C. jejuni
killing by L. reuteri in vitro.

4.5 Conclusion
We identified reuterin as a potent antimicrobial with high activity against a broad panel
of C. jejuni and C. coli isolates. We also showed that in the presence of glycerol,
chicken-derived reuterin-producing L. reuteri PTA5_F13 has antimicrobial activity
against C. jejuni in vitro and reuterin production is required for this phenotype. The
strong anti-Campylobacter effect of reuterin may have the potential for use for
enhancing the decontamination of slaughter-house equipment. Furthermore, a future
direction of this research will focus on confirming our in vitro findings in Campylobacterpositive chicken gut microbiota, using both in vitro chicken cecum fermentation models
and animal experiments.
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4.9 Supplementary information
Table S4.1: Antimicrobial resistance profiles of Campylobacter spp. of chicken meat, human
stool and animal intestines used in this study. CIP, Ciprofloxacin; TET, tetracycline; ERY,
erythromycin; MDR, multidrug resistance. Red square, resistant to a specific antibiotic; green
squares, susceptible to a specific antibiotic; purple squares, multidrug resistance.
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Abstract
The health and performance of broiler chickens depend on the composition and
functions of their complex gut microbial community. Continuous in vitro fermentation
models provide a useful tool for a fast, reproducible and direct assessment of
treatment-related changes in microbiota metabolism and composition. Until now,
chicken gut microbiota models have been little investigated and applied. We developed
in this study a continuous in vitro fermentation model inoculated with immobilised
caecal microbiota, based on PolyFermS platform mimicking conditions of the chicken
caecum. The model is composed of a first-stage inoculum reactor (IR) seeded with
immobilised chicken caecal microbiota and used to inoculate constantly (5% v/v) four
second-stage reactors, with all reactors fed with fresh nutritive medium and set to
mimic conditions of the chicken caecum in vivo. Reactor effluents were analysed for
metabolite concentrations by HPLC while quantitative PCR and Illumina MiSeq
sequencing were used to assess bacterial composition and diversity. The model
featured stable microbial composition, diversity and metabolite production tested over
70 days of continuous culture, consistent with bacterial activity reported for healthy
chicken caeca in vivo. Conserved metabolic and functional KEGG pathways were
observed between in vitro microbiota and caecal inoculum microbiota as predicted by
functional metagenomics analysis. The continuous inoculation provided by the
inoculum reactor generated reproducible microbial ecosystems and metabolic profiles
in all second-stage reactors akin to the chicken donor caecum, allowing for the
simultaneous investigation and direct comparison of different treatments with a control.
Our model provides an accurate simulation of the chicken caecal microbiota. This
model can be used to investigate in vitro the effects of nutritional and environmental
factors on composition and activity of the microbiota, for mechanistic assessment
independent of the host.
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5.1 Introduction
The microbial community in the chicken gastrointestinal tract (GIT) plays an essential
role in shaping health and productive performance (Oakley et al., 2014; Stanley et al.,
2014). The most densely populated section within the chicken GIT is the caeca, a pair
of blind-ended sacs that opens off the large intestine (Clench and Mathias, 1995). The
caecum, due to its more extensive and diverse microbial population and longer transit
time of its digesta (12 – 24 h), is the main region for bacterial fermentation but also the
main site for the colonisation of pathogens (Sergeant et al., 2014; Stanley et al., 2015).
The caecal microbiota is dominated by the phyla Firmicutes, Bacteroidetes and
Proteobacteria (Wei et al., 2013). The chicken caecal microbiota has been implicated
in nitrogen recycling by the breakdown of uric acid (Karasawa, 1999), and the supply
of vitamins B and essential amino acids to the host (Sergeant et al., 2014). Short-chain
fatty acids (SCFAs), mainly acetate, propionate and butyrate, are produced by
microbial fermentation of undigested sugars reaching the caecum (Józefiak et al.,
2004). SCFAs contribute to the energy supply, improve mineral absorption, inhibit the
growth of acid-sensitive pathogens and have systemic health effects upon epithelial
absorption (Shang et al., 2018).
The main focus of microbiota research in chicken has been on understanding how the
microbiota is changing under defined feeding strategies and how this influences the
performances of broilers and laying hens (Stanley et al., 2012a, 2013; Torok et al.,
2011). Given the complexity of the interplay between diet and gut microbiota, it is
important to precisely evaluate and develop mechanistic understanding of the effect of
a specific nutritional component on the composition and functionality of the microbiota.
In vitro gut modelling systems are suitable for the study of non-host-associated factors
that shape bacterial interactions and metabolism in a specific niche, without ethical
constraints (Lacroix et al., 2015). Models are important components of multi-scale
strategies to investigate mechanisms or functions of dietary compounds on the gut
microbiota, health, and physiology of the host (Lacroix et al., 2015; Payne et al., 2012).
In vitro gut fermentation models aim to cultivate a complex intestinal microbiota under
controlled conditions, akin to the host, and to carry out microbial modulation and
metabolism studies.
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The general difficulties faced by in vitro culturing of gut microbiota includes the
requirement for strict anaerobic conditions, fastidious growth requirement of intestinal
microbiota and the need to accurately reproduce the complex microbial composition
and metabolic cross-feeding (Clavijo and Flórez, 2018; Stanley et al., 2014). A range
of systems have been developed to model fermentation of the GIT, from simple
anaerobic batch culture systems in flasks to multistage continuous flow models
(reviewed by Pham and Mohajeri (2018)). Most chicken in vitro microbiota models
relies on simple batch cultures with the aim to examine the fermentation capacity of
the intestinal ecosystem on a given substrate (Lan et al., 2007; Meimandipour et al.,
2009; Vermeulen et al., 2018). In contrast, continuous in vitro fermentation models with
microbiota immobilisation were developed to prevent rapid washout of less competitive
bacteria and operational time limit, and to reproduce both the planktonic (free-cell) and
sessile (biofilm-associated) states of bacterial populations (Payne et al., 2012).
Physiological parameters, including medium composition selected to mimic the chime,
dilution rate, retention time, pH, redox potential and temperature, are highly controlled
and facilitate the establishment of steady-state conditions. Immobilized microbiota
models mimicking the colon conditions of the modelled host were developed and used
for ecological and mechanistic studies of infant, adult and elderly human microbiota
(Dostal et al., 2015; Geirnaert et al., 2015; Lacroix et al., 2015; McDonald et al., 2015;
Zihler Berner et al., 2013), swine (Tanner et al., 2014a) and murine (Poeker et al.,
2019) gut microbiota.
Recently, a continuous-culture of the chicken caeca microbiota inoculated free-cell
suspension in single-stage chemostat fermentation was used to study the transfer of
multi-drug resistant plasmid from Salmonella (Card et al., 2017) and to formulate
caecal microbial consortia for inoculation of broiler chickens (Gong et al., 2019). The
challenge with the use of free-cell suspensions for inoculation is the loss of less
dominant or slow-growing bacteria species by rapid washout, and the low cell density
measured in the fermentation vessel compared to in vivo that can highly impact
competition and cross-feeding among bacteria. This was evident by the significant
difference in both the alpha and beta diversity over time in the model by Card et al.,
(2017). To overcome this challenge, microbiota can be immobilized in porous gel
beads, which prevents the washout of slow-growing bacteria and reproduce both the
sessile and planktonic states of the gut bacteria at high cell densities over long period
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of time (Fehlbaum et al., 2015; Poeker et al., 2019; Tanner et al., 2014a; Zihler Berner
et al., 2013). Besides stability requirement, the PolyFermS model inoculated with
immobilised microbiota showed reproducibility and enabled parallel testing of
treatments with the same gut microbiota (Fehlbaum et al., 2015).
In this study, we developed a continuous in vitro fermentation model of the chicken
caecal microbiota, based on the PolyFermS platform inoculated with immobilised
caecal microbiota of Cobb-500 broiler. To accomplish this, we started with obtaining in
vivo physiological parameters such as the pH, bacterial composition and SCFA profile
in the caeca of Cobb-500 broiler. Three nutritive media were formulated and evaluated
to mimic substrate conditions in the chicken caecum and to support the growth and
metabolic activity of the caecal bacterial akin to the donor caecum. The production of
SCFAs was used to monitor the metabolic activity and functional stability of the
microbiota in the reactor effluent and compared with that measured in the chicken
donor caecum. Microbiota composition was analysed by quantitative real-time PCR
(qPCR) and 16S rRNA amplicon sequencing. The ability to transfer the microbiota
composition and function from the first-stage immobilised inoculum reactor (IR) into
four second-stage reactors (SSR) mounted in parallel and operated under identical
conditions selected to mimic the caecum was assessed.

5.2 Materials and Methods
5.2.1 Caecal microbiota collection
Ten (10) complete GIT of freshly slaughtered Cobb-500 broiler chickens (35-days old)
were obtained from the slaughter plant of Bell Food Group (Zell, Switzerland) under
the supervision of a veterinary officer. Upon collection, the samples were kept chilled
(< 8 oC) and immediately transported to the laboratory for analysis. The caeca were
removed and placed on a sterile petri dish. The pH of the fresh caecal content in the
intact caecal pouch was immediately measured using a probe pre-calibrated pH meter
(Metrohm 744 pH meter, Metrohm AG, Herisau, Switzerland). The caecal content was
collected into DNAase-free tubes, immediately snap-frozen in liquid nitrogen, and
stored at -20 oC until DNA isolation and metabolite extraction.
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Figure 5.1. Experimental design of in vitro continuous PolyFermS fermentation model inoculated
with immobilised chicken caecal microbiota. Caecal microbiota were immobilised in gellan-xanthan
gel. (A, B) The immobilised caecal beads of chicken donor 1 was used to inoculate two bioreactors
(30% v/v); fermentation 1-A and fermentation 1-B and continuously fed with mVL-1 and mVL-2
fermentation medium, respectively. (C) Fermentation 2 consisted of an inoculum reactor containing 30
% (v/v) of caecal gel beads of chicken donor 2, connected to four second-stage reactors and
continuously fed with 5% fermentation effluent of IR and 95% fresh fermentation mVL-3 medium. All
reactors were flushed with pure CO2 to maintain anaerobiosis. The temperature was set at 41 oC, stirring
speed at 180 rpm and pH 6.0 was controlled automatically by addition of 2.5 M NaOH. All reactors have
a total volume of 200 mL.
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5.2.2 In vitro Fermentation Model
Nutritional medium
A nutritive medium was formulated, with modifications from the standard Viande
Levure (VL) medium that was previously used for in vitro fermentation of chicken gut
microbiota (Card et al., 2017; Genovese et al., 2003; Gong et al., 2019; Lei et al.,
2012). The VL medium contains mainly hydrolysed nitrogen and simple sugars with a
protein to carbohydrate ratio 7:1. This medium lacks minerals, trace elements and
soluble carbohydrates which are easily fermented by caecal microbiota. We
supplemented the VL medium with mucin, Tween 80, bile salts, minerals and vitamins
based on the validated human intestinal microbiota growth medium described by
Macfarlane, Macfarlane, & Gibson, (1998). Porcine mucin (2.0 g/L) was also added to
mimic the contribution of endogenous secretion. The composition of the modified
Viande Levure (mVL-1) medium used is presented in Table S5.1.
To support Bifidobacteriaceae mVL-1 medium was supplemented with 2.5 g/L of
fructooligosaccharides (FOS) (mVL-2). Based on the results obtained using mVL-1
and mVL-2 fermentation media, mVL-2 was further supplemented with pectin from
citrus (2.5 g/L) to promote the colonisation and proliferation of Firmicutes (mVL-3
medium). The protein:carbohydrate ratio was approximately 4:1, 3:1, and 2:1 for mVL1, mVL-2 and mVL-3, respectively.
All media constituents were dissolved in distilled water, adjusted with 5 M NaOH to pH
6, autoclaved at 121 oC for 20 min and stored at 4 oC under stirring until needed. After
sterilisation (20 min, 120 °C) and cooling to 4°C, 2.5 g/L sterile powdered FOS
(Fibrulose F97, Cosucra Group, Warcoing, Belgium) and 1 mL of a filter-sterilised (0.2
μm pore-size) vitamin solution (Michel et al., 1998) were added to the medium. For the
initial bead colonisation carried out in batch culture, the mVL media were
supplemented with a mixture of SCFAs, at a final concentration of acetate, 31 mM;
propionate, 9 mM; and butyrate 10 mM, based on concentration measured for the in
vivo caeca metabolite, to prevent the overgrowth of fast-growing bacteria.
All components were purchased from Sigma-Aldrich Chemie (Buchs, Switzerland),
except bile salts (Oxoid AG), yeast extract (Merck, Darmstadt, Germany), NaHCO3
(Fischer Scientific, Pittsburgh, USA), NaCl and KH2PO4 (VWR International AG,
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Dietikon, Switzerland), MgSO4·anhydrous (Acros Organics, Geel, Belgium) and
MnCl2·4H2O (Fluka, Buchs, Switzerland).

Caecal microbiota immobilization and bead colonization
Three caecal continuous fermentation experiments were performed as illustrated in
Figure 5.1. For each immobilisation procedure, fresh caeca from healthy twenty-oneday-old Cobb-500 broiler chicken were collected to prepare the inoculum. This age is
considered as the point of stable and fully developed microbiota in broiler chicken
caecum (Ijaz et al., 2018; Mohd Shaufi et al., 2015). Under anaerobic conditions (10
% CO2, 5 % H2 and 85 % N2) (Anaerobic chamber; Coy Laboratories, Ann Arbor, MI,
USA), the caecal content was squeezed into an empty sterile bottle and mixed with 0.1
M phosphate-buffered saline (PBS) (pH 7.2) to create a 10% (m/v) slurry. The caecal
microbiota was immobilised in gel beads using a double-phase dispersion process
(Cinquin et al., 2004).
The entire immobilisation procedure was carried out under anaerobic conditions.
Briefly, a 10% (m/v) caecal slurry was added to 500 mL of sterile polymer mix
consisting of gellan gum (2.5%, m/v), xanthan (0.25%, m/v) and sodium citrate (0.2%,
m/v). The inoculated polymer solution was added to sunflower oil at 40 oC under
agitation with magnetic stirrer set to target bead diameters in the 1-2 mm range, and
the resulting macro-emulsion was cooled down to 30 oC. The beads were washed and
soaked in a sterile solution containing 100 mM CaCl2 (Sigma-Aldrich, Buchs,
Switzerland). Beads with diameter 1-2 mm were selected by wet sieving under sterile
conditions.
The immobilised chicken caecal microbiota beads (60 mL) were immediately
transferred to a glass bioreactor (Sixfors, Ismatec, Glattbrugg, Switzerland) containing
140 mL of sterile and anaerobic mVL fermentation medium (Table 5.1 A). To ensure
initial bead colonisation, two consecutive batch-fermentations of 20 h and 6 h were
carried out in fully controlled reactors operated at a volume of 200 mL. After the first
batch incubation, 100 mL of the spent medium was exchanged with the same volume
of fresh medium. Anaerobiosis was generated by continuous flushing of the headspace
of the reactor and fermentation medium with pure CO2. The temperature was controlled
at 41°C, and the pH was maintained at 6.0 by automatic addition of 2.5 M NaOH. The
reactor stirring speed was set at 180 rpm.
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Table 5.1: Conditions of initial bead batch colonisation (A) and continuous fermentation (B)
for different continuous caecal microbiota fermentations. Fermentations 1-A and 1-B were
inoculated with the same batch of beads produced with donor 1 caecal microbiota while
fermentation 2 used beads produced with donor 2 microbiota as illustrated in Figure 5.1.
(A) Batch fermentation conditions for initial bead colonisation
Fermentation 1-A
Fermentation 1-B
Nutritive medium*
mVL-1
mVL-2
Supplementation
SCFA mix
SCFA mix
pH
6
6
Fed-batch times
Fed-Batch 1
20 h
20 h
Fed-Batch 2
6h
6h
(B) Continuous fermentation conditions
Fermentation 1-A
Fermentation 1-B
Nutritive medium*
mVL-1
mVL-2
pH
6
6
Retention time
24 h
24 h
Total fermentation time (days)
13
13
*Composition presented in Table S5.1
mVL-1: modified Viande Levure medium.
mVL-2: modified Viande Levure medium with 2.5 g/L fructooligosaccharide (FOS).
mVL-3: modified Viande Levure medium with 2.5 g/L FOS and 2.5 g/L citrus pectin.

157

Fermentation 2
mVL-3
SCFA mix
6
20 h
6h
Fermentation 2
mVL-3
6
24 h
70
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Continuous caecal microbiota fermentation
After the initial caecal beads colonisation, the reactors were switched to continuous
fermentation mode by the continuous supply of fresh, sterile and anaerobic nutritive
medium and the removal of an equivalent volume of fermented medium with peristaltic
pumps (Reglo, Ismatec, Glattbrugg, Switzerland) (Table 5.1 A). The stirring speed was
set at 180 rpm and working volume at 200 mL. The temperature and pH were controlled
at 41oC and 6.0 by the addition of 2.5 M NaOH, respectively. The continuous flow rate
of fresh and spent medium was set at 8.4 mL/h corresponding to a retention time of 24
h. Anaerobiosis was maintained by continuous flushing the reactor headspace with
pure CO2. Fermentation 1-A and 1-B were operated in continuous mode for 13 days
with mVL-1 and mVL-2 medium, respectively (Figure 5.1 A-B). In fermentation 2,
inoculum reactor was operated in continuous mode for a total period of 70 days to
evaluate the long-term stability of the in vitro model. Stability of the inoculum reactor
was defined as the period showing less than 10% variability in the daily metabolite
concentration. After an initial stabilisation of 20 days, IR was connected to four secondstage reactors (SSR). All the SSRs were continuously inoculated with 5% (v/v)
fermentation effluent from the IR and fed with 95% fresh mVL-3 medium and operated
in the continuous mode under the same conditions as the IR for 10 days (Figure 5.1
C).
Effluent samples were taken daily from each reactor and separated into bacterial pellet
(10 min at 14,000 x g at 4 oC) and supernatant, and stored at -20 oC until further
analysis. Stability of the fermentation was monitored by daily measurements of the
main fermentation metabolite concentrations in effluent samples supernatants.

5.2.3 HPLC-IR analysis of microbial metabolite
Short-chain fatty acids (SCFAs; acetate, propionate, butyrate, formate, valerate),
branched-chain fatty acids (BCFAs; iso-butyrate, and iso-valerate) and intermediate
metabolites (succinate and lactate) concentrations in caecal sample and fermentation
effluent samples from all reactors were determined by high-performance liquid
chromatography with refractive index detector (HPLC-RI) analysis. Analyses were
performed with an Accela Chromatography System and RI-detector (Thermo Fisher
Scientific Inc., Reinach, Switzerland), equipped with a Security Guard Carbo-H
cartridge (4 x 3.0 mm) and a Rezex ROA-Organic Acid H+ column (300 x 7.8 mm).
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The column was eluted with 10 mM H2SO4 (Fluka, Buchs, Switzerland) as a mobile
phase at a flow rate of 0.4 mL min−1 at 25 oC. Caecal samples (500 mg) were mixed
with 1 mL of 0.5 mM H2SO4, homogenised and centrifuged at 4 oC at 9000 x g for 20
min. The supernatant was filtered using 0.45 µm nylon membrane (Millipore AG, Zug,
Switzerland) into glass HPLC vials (Infochroma AG, Zug, Switzerland). Samples were
filtered into glass HPLC vials (Infochroma) through a 0.45 μm nylon membrane
(Millipore AG) and sealed with crimp-caps. The SCFAs, BCFAs and intermediate
metabolite concentrations were quantified using external standards (Sigma-Aldrich
Chemie (Buchs, Switzerland)).

5.2.4 Quantitative PCR analysis
Total genomic DNA was extracted from the 500 mg caecal sample and the pellet of 2
mL fermentation effluent using the FastDNA® SPIN Kit for Soil (MP Biomedicals,
Illkirch Cedex, France) and final elution volume of 100 µL according to the
manufacturer’s

instructions.

DNA

concentrations

were

determined

using

a

Nanodrop®ND-1000 Spectrophotometer (Wiltec AG, Littau, Switzerland), and samples
were stored at – 20°C until analysis.
qPCR analysis of selected bacterial groups commonly found in broiler cecum were
enumerated using specific primers (Table S5.2). All primers were synthesised by
Microsynth AG (Balgach, Switzerland). The specific bacterial targets included total
bacteria, Firmicutes, Bacteroidetes, Ruminococcaceae, Lactobacillus-LeuconostocPediococcus, Bifidobacteriaceae, and Enterobacteriaceae. Total undiluted DNA (1 µL)
was used for amplification in duplicate in 20 µL reaction solution, containing 10 μL of
SensiFAST SYBR No-ROX Kit (Bioline, Luckenwalde, Germany) and 10 pmol of each
primer. qPCR reactions were performed using a Roche LightCycler 480 II (Roche
Diagnostics AG, Rotkreuz, Switzerland). Reactions were pre-incubated in LightCycler
480 Multiwell plate 96 (Roche Diagnostics AG) at 95 oC for 3 min, followed by 45 cycles
at 95 oC for 5 s, 60 oC for 30 s. At the end of the qPCR cycles, melting curve analysis
was performed to validate the specific generation of the expected PCR products. Each
reaction was run in duplicate. For quantification, a dilution series of standard obtained
by amplification of the linearised plasmid containing the representative gene of the
target bacterial species were included in each run. qPCR data were analysed using
the LightCycler® 480 Software 1.5.1 (Roche Diagnostics AG). PCR efficiency (%) was
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calculated from the slope of the standard curve for each qPCR assay. Assays with an
efficiency of 80 – 110% (slope 3.2 – 3.9) were retained.

5.2.5 Microbiota profiling with 16S rRNA amplicon sequencing
Bacterial communities in caecal and fermentation effluent samples were determined
using the Illumina Miseq platform (Genetic Diversity Centre, ETH Zurich) using inhouse protocol. To amplify and sequence the V3 hypervariable region of the 16S rRNA,
the

388F

(5’-ACWCCTACGGGWGGCAGCAG-3’)

and

518R

(5’-

ATTACCGCGGCTGCTGG-3’) universal primers were used (Muyzer et al., 1993). PCR
reactions were carried out with 12 µL AccuPrime SuperMix II (ThermoFisher Scientific,
Basel, Switzerland), 0.5 µL of each primer (10 µM), 1 µL of genomic DNA (~ 20 ng/
µL), and 7 µL nuclease-free water to a total volume of 20 µL, and run on a SensoQuest
LabCycler Basic 96 (Witec AG, Sursee, Switzerland). Cycling conditions applied were:
denaturation at 95 oC for 2 min, 33 cycles of 95 oC for 15 s, 55 oC for 15 s and 68 oC
for 30 s; followed by final elongation of 68 oC for 4 min. To incorporate primers with
adapters, PCR reactions contained 12 µL AccuPrime Pfx SuperMix (ThermoFisher
Scientific), 2 µL corresponding adapter primers (Nextera Index Kit), 2 µLPCR product
and nuclease-free water to a total volume of 25 µL. Cycling conditions applied were:
denaturation at 95 oC for 2 min, 13 cycles of 95 oC for 15 s, 55 oC for 20 s and 68 oC
for 20 s; followed by final elongation of 68 oC for 5 min. The amplified fragment with
adapters was purified using AMPure XP beads (Beckman Coulter Genomics, CA,
USA). The prepared library was quantified using Qubit fluorometer (Invitrogen,
Carlsbad, CA, USA) and approximately equal concentrations were pooled together
using Liquid Handling Station (Brand, Hamburg, Germany).
Sequencing was performed with Illumina MiSeq with V2 reagent kit for 2 x 250 bp
paired-end Nextera chemistry supplemented with 20 % of PhiX.
The raw dataset containing pair-ended reads with corresponding quality scores were
merged and trimmed using fastq_mergepairs and fastq_filter scripts implemented in
the UPARSE pipeline (Edgar 2013). The minimum overlap length of trimmed reads
was set to 100 bp. The minimum length of merged reads was 120 bp, the max expected
error E was 2.0, and first truncating position with quality score N ≤ 4. Purging the
dataset from chimeric reads and constructing de novo Operational Taxonomic Units
(OTU) were conducted using the UPARSE pipeline (Edgar 2013). The Green genes
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16S rRNA gene collection (version 13.8) was used as a reference database (Werner
et al. 2012), and an OTU count table, including taxonomy, was generated. Quantitative
Insight Into Microbial Ecology (QIIME) open software package (1.8.0 and 1.9.0) was
used to process the raw 16S rRNA gene sequencing data and for subsequent analysis,
including alpha and beta diversity, and phylogenetic investigation of the communities
by reconstruction of unobserved states (PICRUSt) analysis (Langille et al. 2013). For
every individual and Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway,
PICRUSt estimates the total gene counts within that pathway (normalised to a relative
abundance per pathway).

5.2.6 Statistical analysis
All statistical analyses were performed using IBM SPSS 24.0 (IBM SPSS Statistics for
Windows, NY, USA) with significance set at a P-value of less than 0.05. Data were
visualised with GraphPad Prism 8.0 (GraphPad Software Inc. La Jolla California, USA).
Mean metabolites concentrations and quantitative microbiota composition in
fermentation 1-A and 1-B were calculated from daily measurements obtained after
initial stabilisation and were compared among fermentations by Student’s t-test after
evaluating normal distribution using Shapiro–Wilk test. Comparisons between IR and
SSRs measured parameters of fermentation 2 were performed using one-way analysis
of variance (Turkey’s test) after testing for normal distribution using the Shapiro–Wilk
test. Data were expressed as means ± standard deviation after initial stabilisation. To
assess if there were significant differences in taxa abundance between fermentation
1-A and 1-B microbiota, the DESeq2 method (Love et al., 2014) was used on nonnormalized summarised taxa count data as previously suggested by McMurdie and
Holmes (2014).
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5.3 Results
To establish the in vitro chicken caecal microbiota model, physiological parameters
such as pH, bacterial fermentation metabolites and bacterial composition were
analyzed in freshly collected caeca of Cobb-500 broiler chicken. Of particular interest
were the stress- and oxygen-sensitive families such as Ruminococcaceae and
Bifidobacteriaceae as marker for sample collection and processing. These bacterial
groups were quantified by qPCR and used as a marker for validating the model.
Overgrowth of Enterobacteriaceae was also monitored to detect a potential lack of
control of oxygen during the set-up and sampling of fermentation. Microbial
fermentation and ecology in the in vitro model were monitored daily for the stability of
the model and for the similarity of the fermentation process to donor caeca used for
the immobilisation and inoculation.

5.3.1 Composition of in vivo chicken caecal microbiota and
metabolites
Caecal pH in Cobb-500 broiler chicken (n = 10) ranged from 6.3 to 6.9 with a mean 6.7
± 0.2 (Figure 5.2 A). The SCFAs acetate, propionate and butyrate and the intermediate
fermentation metabolites succinate and lactate were detected in all broiler chicken
caeca (Figure 5.2 B), while formate was below detection limit of the HPLC method
(0.25 mM). Individual variations of total metabolite concentration (38.9 – 50.1 µM/g;
average 42.6 ± 4.3 µM/g), and of the major metabolites acetate (22.1 ± 4.5 µM/g),
butyrate (5.8 ± 0.9 µM/g) and propionate (3.0 ± 1.1 µM/g), succinate (7.8 ± 2.1 µM/g),
were observed while lactate (1.6 ± 0.5 µM/g) was detected at lower concentration.
BCFAs and valerate were not detected in the caecal samples. The average
acetate:propionate:butyrate ratio was 71:10:19. The caecal microbiota was largely
dominated by the bacterial phylum Firmicutes

(91.7 ± 4.3 %), but also harbour

Bacteroidetes (3.5 ± 2.9 %), Cyanobacteria (2.4 ± 2.0 %), and Proteobacteria (1.7 ±
0.9 %) (Figure 5.2 C). Within the Firmicutes phylum, Clostridiales, Lachnospiraceae,
Ruminococcaceae, Faecalibacterium and Oscillospira were the most abundant taxa.
Bacteroides and Rikenellaceae were the abundant taxa detected within the
Bacteroidetes phylum (Figure 5.2 D). The Proteobacteria phylum was dominated by
Enterobacteriaceae and Alphaproteobacteria. The α-diversity Shannon index (H)
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(bacterial community evenness) ranges from 5.7 to 7.0 (average 6.6 ± 0.4) and
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observed OTUs (bacterial species richness) was 425.9 ± 19.4 (data not shown).

Phylum level

Genus level (> 1%)

100

100

(C)

(D)

60

40

Others
Cyanobacteria
Proteobacteria
Bacteriodetes
Firmicutes

80

Relative abundance (%)

Relative abundance (%)

80

60

40

20

20

0

0

Others
o_YS2
f_Enterobacteriaceae
c_Alphaproteobacteria
g_Bacteroides
f_Rikenellaceae
g_[Eubacterium]
g_Ruminococcus
g_Oscillospira
g_Faecalibacterium
g_Roseburia
g_Dorea
g_Coprococcus
g_Blautia
g_Lactobacillus
f_Ruminococcaceae
f_Lachnospiraceae
o_Clostridiales

Cyanobacteria
Proteobacteria
Bacteriodetes

Firmicutes

Figure 5.2: Analysis of caecal content of Cobb-500 broiler chicken (mean ± standard deviation; n = 10).
(A) pH; (B) Metabolite concentrations (mM); (C) Microbial composition obtained by 16S rRNA gene
amplicon sequencing and expressed as relative abundance at phylum and (D) genus level. When
assignment at the genus was not possible, the highest-level taxonomy assignment was shown. Data
are mean ± SD. Values < 1% are summarised in the group “others”.
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5.3.2 Improving the nutritive medium for in vitro chicken caecal
fermentation
Different nutritive medium compositions were investigated to improve the similarity of
the modelled and donor caecal microbiota composition and activity (Table 5.1 and
Table S5.1).

Effect of fructooligosaccharide (FOS) supplementation
After two batch fermentation for bead colonisation and an initial period of continuous
culture, metabolite stability was observed after 6 days and 8 days for fermentation 1A and 1-B, respectively (Figure S5.1). Using mVL-1 in fermentation 1-A, we observed
a 1:1 ratio of propionate and butyrate, however inclusion of FOS resulted in a 1:3 ratio
in fermentation 1-B similar to the ratio of propionate and butyrate (1:4) in the caecal
inoculum (Table S5.3). Valerate and BCFAs which were not detected in the caecal
inoculum were significantly produced in fermentation 1-A (5.8 ± 1.5 mM and 13.4 ± 0.9
mM, respectively) and fermentation 1-B (6.0 ± 1.2 mM and 6.7 ± 3.6 mM). mLV-2
nutritive medium induced significant (P < 0.05) increased in acetate (70.9 ± 2.6 mM vs.
65.8 ± 4.9 mM) and butyrate (36.5 ± 2.2 mM vs. 24.2 ± 1.3 mM) production, but
decreased in propionate (11.9 ± 1.1 mM vs. 19.6 ± 1.8 mM) compared to mVL-1.
However, no significant difference in succinate, total metabolite production and total
carbon yield were detected between both fermentations (Figure 5.3 A and Figure
S5.1).
The total gene copy numbers measured in Fermentation 1-A and 1-B were very similar
(10.4 ± 0.1 and 10.4 ± 0.0 Log gene copies/mL, respectively) and about 1 Log lower
than in the donor chicken caecum (Figure 5.3 B). The addition of 2.5 g/L FOS in mVL2 in fermentation 1-B resulted in a significant (P < 0.05) enrichment of LactobacillusPediococcus-Leuconostoc spp. (+ 2 log gene copies) and Bifidobacteriaceae (+ 1 log
gene copies) compared to fermentation 1-A (Figure 5.3 B, Table S5.4). However,
there was no significant difference (P > 0.05) in the other bacterial groups tested by
qPCR in fermentation 1-A and 1-B. Compared to the caecum inoculum microbiota
composition, all bacterial groups tested with qPCR were decreased during in vitro fermentation except Bifidobacteriaceae. The largest decrease were observed for
Lactobacillus-Pediococcus-Leuconostoc

spp

(-

2

log

gene

copies)

and

Enterobacteriaceae (- 2 log gene copies) in fermentation 1-A and 1-B. In contrast,
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Bifidobacteriaceae were enriched by 1 log gene copies in vitro compared to in vivo.
(Table S5.4)
Significant differences were observed in the relative abundances of specific 16S rRNA
gene sequence at the different taxonomic levels between fermentation 1-A and 1-B,
which were in agreement with quantitative differences detected by qPCR (Figure 5.4
A-B, Table S5.5). The main phyla of fermentation 1-A, and 1-B were Firmicutes,
followed by Bacteroidetes and Proteobacteria (Figure 5.4 A). Inclusion of FOS in the
nutritive medium enhanced the maintenance of Firmicutes and Bacteroidetes in vitro.
In the absence of FOS (Fermentation 1-A), the Firmicutes:Bacteroidetes:
Proteobacteria ratio was 58:26:16 compared to 79:4:17 and 92:3:4 for Fermentation 1B and caecal inoculum, respectively (Table S5.6). For both fermentations, the
abundance of Firmicutes, specifically of the genus Faecalibacterium was decreased
and Proteobacteria was increased, especially of the genus Proteus in comparison to
the caecal inoculum. Specific genera and species were promoted with the inclusion of
FOS in the nutritive medium as illustrated using DeSeq2 analysis (Figure S5.2). In
particular, Ruminococcaceae, Pseudomonas, Lactobacillus, and Lachnospira were
enriched in fermentation 1-B with a Log2 fold change exceeding 2.0. However,
Clostridium,

Bacteroides,

unclassified

Ruminococcaceae,

Eubacterium,

Mogibacteriaceae and Adlercreutzia were at lower abundance or remained below the
detection limit (Figure S5.2).
Using principal-coordinate analysis on weighted UniFrac analysis that incorporates
relative abundance information, we observed that the bacterial diversity in fermentation
1-B significantly diverged from fermentation 1-A, but was more similar to the donor
caecal microbiota (Figure 5.4 C). In contrast, using unweighted UniFrac distance
analysis that compares microbial communities based on presence or absence of
members, microbial communities of fermentation 1-A and fermentation 1-B clustered
closely together and separated from the caecal inoculum (Figure 5.4 D). Similarly, αdiversity values, Shannon indexes and the number of observed OTUs were not
significantly different between fermentation 1-A (5.2 ± 0.1 and 226.6 ± 4.9,
respectively) and 1-B (5.3 ± 0.2 and 212.5 ± 2.8), but lower than in the caecal inoculum
(6.2 and 377.2) (Figure 5.4 E).
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Effect of FOS with citrus pectin supplementation
From fermentation 1-A and 1-B data, the fermentation medium mVL-2 was further
supplemented with 2.5 g/L of pectin from citrus to improve the colonisation and
maintenance of Firmicutes. Metabolic stability in the inoculum reactor IR of
fermentation 2 operated with mVL3 was reached after approximately 12 days of
fermentation as indicated by total metabolite production and carbon mole yield (Figure
5.5). A higher total metabolite production (174.5 ± 10.5 mM) and total carbon (512.1 ±
24.5 C-mM) were measured compared to fermentation 1-A and 1-B (Table S5.3).
However, the AA:PA:BA ratio of fermentation 2 (60:12:28) was comparable with the
ratios measured in fermentation 1-B (60:10:30). Similar to fermentations 1-A and 1-B,
higher levels of valerate and BCFAs were detected in fermentation 2 (4.2 ± 2.0 mM
and 16.0 ± 1.3 mM, respectively) compared to caecal inoculum 2 (0.6 mM and 1.1
mM). High and stable total gene copy numbers of 10.6 ± 0.1 were tested in
fermentation 2 (IR). Firmicutes (10.0 ± 0.1 log gene copies/mL vs 10.8 log gene
copies/g), Ruminococcaceae (10.0 ± 0.2 log gene copies/mL vs 10.5 log gene
copies/g), and Bacteroidetes (9.4 ± 0.1 log gene copies/mL vs 9.4 log gene copies/g)
were at comparable levels to the caecal inoculum (Table S5.4). An increase of
Enterobacteriaceae (+1.6 log gene copies) and Bifidobacteriaceae (+1.8 log gene
copies), and a decrease in Lactobacillus spp. (3.0 log gene copies) was also measured
compared to the donor caecum. The 16S rRNA gene sequence at different taxonomic
level data were in agreement with quantitative data of population groups measured by
qPCR, with increase Bifidobacterium (+ 2%), Enterococcus (+ 10%), and
Enterobacteriaceae (+ 3%) and a decrease in Faecalibacterium (- 22 %) in reactor
effluents compared to caecal inoculum (Figure 5.4 B, Table S5.5).
PCoA-biplot on weighted UniFrac distance analysis showed a close association of the
microbiota of fermentation 2 with fermentation 1-B (Figure 5.4 D). Clustering of the
microbiota from fermentation 2 was observed by PCoA on unweighted UniFrac
distance matrix, indicating a stable microbial profile, distinct from the corresponding
donor and fermentation 1-A and 1-B microbiota. The Shannon index and observed
OTUs of fermentation 2 (IR) (5.7 ± 0.3; 246.9 ± 11.4, respectively) were lower
compared to the caecal inoculum (6.3; 400.5) (Figure 5.4 E).
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Figure 5.3: Metabolite and microbial composition in the caecal inoculum and reactor effluents of
different caecal microbiota fermentations after initial stabilisation. (A) The concentration of metabolites
(mM) expressed as mean metabolite concentrations and standard deviation. (B, C) Quantification of
key bacterial populations by qPCR and expressed as mean ± SD log gene copies/g or mL.
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5.3.3 Comparison of microbiota composition and activity in inoculum
and second-stage reactors
The chicken PolyFermS model used for fermentation 2 was designed to allow
simultaneous testing of different conditions in four second-stage reactors (SSRs)
mounted in parallel and continuously inoculated with microbiota produced in IR.
Therefore, the transfer and repeatability of the microbial composition and activity
among the SSRs were evaluated and compared with IR (Period 1, Figure 5.5).
Metabolic stability of the SSRs was reached after 5 days of continuous fermentation
(Figure S5.6). The microbial activity and composition in SSRs and IR were tested in
reactor effluents sampled from day 6 to 10 (Figure 5.6).
Metabolite profiles in IR and SSRs were very similar after 5 days of stabilisation as
indicated by the concentrations of acetate (79.1 ± 1.6; 78.2 ± 1.6; 74.9 ± 1.6; 76.1 ±
1.9 mM) , butyrate (48.7 ± 1.4; 46.8 ± 1.6; 46.9 ± 0.8; 51.0 ± 0.9 mM), propionate (17.0
± 1.0; 14.4 ± 1.4; 21.6 ± 2.2; 11.8 ± 1.4 mM), succinate (7.3 ± 1.8; 7.6 ± 1.5; 8.7 ± 2.5;
6.6 ± 0.4 mM), valerate (3.9 ± 1.1; 4.4 ± 2.0; 2.3 ± 0.1; 4.5 ± 1.1 mM), and BCFA (16.7
± 0.4; 15.3 ± 1.5; 16.8 ± 0.2; 14.5 ± 1.1 mM) tested in ed for the four SSR-1, SSR-2,
SSR-3, and SSR-4, respectively, and compared to IR (86.9 ± 9.4; 40.0 ± 5.4; 18.0 ±
2.5; 8.6 ± 1.9; 4.2 ± 2.0; 16.0 ± 1.3 mM) (Figure 5.6 A). In accordance, comparable
AA:PA:BA ratios were also obtained for IR (56:12:32), SSR-1 (55:12:33), SSR-2
(56:10:34), SSR-3 (52:15:33), SSR-4 (55:9:38) (Table S5.3). The total gene copy
numbers were high (10.7 ± 0.1) and similar in all reactors. Moreover, qPCR analyses
for all targeted bacterial groups indicated very similar quantitative composition in IR
and SSRs, except for the family Enterobacteriaceae which was approximately one log
lower (P < 0.05) in SSRs compared to IR (Figure 5.6 B). From the sequencing data,
the Firmicutes was the main phylum in all reactors of fermentation 2, representing 78.4
± 11.3% of the total reads (Figure 5.7, Figure S5.7). The abundance of Proteobacteria
decreased in SSRs (representing 5% to 8%) compared to IR (24%), while
Bacteroidetes showed large variations among SSR reactors, representing between 1
to 31 % compared to 5% in IR which was confirmed by qPCR analysis (Table S5.4
and Table S5.6). In SSRs, the taxons with the highest relative abundance were
Ruminococcaceae (17 – 28%), Lachnospiraceae (17 – 21%), Oscillospira (7 – 11%),
Ruminococcus (5 – 11%) and Clostridiales (8 – 9%), with similar abondances to that
in IR data (16.1 ± 4.7 %,15.6 ± 4.2%, 4.1 ± 2.9%, 7.3 ± 3.5%, and 6.9 ± 1.4%,
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respectively). Remarkably, there was a lower relative abundance of Proteus and
Enterococcus in the SSRs (4 – 8%; 1 – 3%, respectively) compared to IR (22%; 10%)
(Table S5.6).
PCoA analysis on weighted UniFrac distance matrix of microbiota from the four SSRs
and IR showed separation based on the reactor type (Figure 5.7 C). However, PCoAbiplot on unweighted UniFrac distance analysis revealed divergence of the microbiota
of the fermentation 2 (IR) and the SSRs, confirmed by a ANOSIM index of 0.3 (Figure
5.7 D). No significant difference (P > 0.05) was observed in the α-diversity Shannon
indexes among SSRs (6.1 ± 0.2 for all) and IR (5.6 ± 0.3). Similarly, there were no
significant difference in the observed OTUs between the IR (314.7 ± 20.6) and the
SSRs (331.7 ± 7.6)
Functional similarity among all reactors was predicted using the metagenomics
imputation method PICRUSt (Langille et al., 2013). Conserved metabolic and
functional KEGG pathways were observed among IR and the four SSRs (Figure S5.8)
The model microbiota in fermentations (1-A, 1-B, 2 and SSRs) were compared with
chicken caecum micro iota from slaughterhouse (n = 10) and the two donors. PCoA on
unweighted UniFrac distance matrix (Figure 5.8 A) showed distinct clustering of
chicken microbiota with clear separation of the model microbiota from caecum
microbiota. Importantly, microbiota of fermentation 2 clustered together, indicating a
distinct and stable microbial profile between the IR and SSRs. In contrast, PCoA on
weighted UniFrac distance matrix (Figure 5.8 B) samples from fermentation 1-B and
fermentation 2 IRs and SSR (1, 2 and 4) of fermentation 2 clustered more closely
together and with the caecum samples than with fermentation 1-A IR and SSR-3 of
fermentation 2. the alpha diversity indices (observed OTUs) showed significant
difference (P < 0.05) between caecum and modelled microbiota (Figure 5.8 C).
However, except for SSR-3, there was no significant differences (P > 0.05) in Shannon
index of SSRs and IR of fermentation 2 compared to caecum microbiota (Figure 5.8
D).
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5.3.4 Long-term stability of the in vitro chicken caecal PolyFermS
fermentation model
The time stability of the chicken caecal model was tested in IR during 50 days of
continuous fermentation after an initial stabilisation period of 20 days. The total
metabolite production expressed in mM or carbon-mM showed high stability after 11
days of initial stabilisation, with means of 175.3 ± 9.9 mM and 514.4 ± 23.6 C-mM,
respectively (Figure 5.5). However, individual SCFA concentrations showed stable
values after the initial stabilization of 20 days. Between day 11 and 20, there was an
increase of butyrate production associated with a decrease of acetate. After day 20, a
significant (P < 0.05) trend towards increased acetate (from 74.8 mM at day 20 to 95.2
mM at day 70) and decreased butyrate (from 46.9 mM at day 20 to 37.6 mM at day 70)
was noted. In contrast, the other tested metabolite concentrations remained
remarkably stable over time (Figure 5.5).
From the quantitative qPCR analyses, all tested bacterial groups remained stable after
the initial stabilisation until day 20, except for a steady decrease of LactobacillusPediococcus-Leuconostoc spp. (from 7.7 to 5.8 log gene copies at day 20 and 70,
respectively) (Figure S5.3). A heatmap of log-transformed relative abundance of 16S
rRNA genes showed preservation of major bacterial groups of the caecum inoculum
during the 50 days stability period (Figure S5.4). Conserved metabolic and functional
KEGG pathways by PICRUSt prediction were also observed between day 20 and 70
of stable continuous fermentation indicating a similar microbial functional potential
between in vitro and caecal inoculum microbiota (Figure S5.5).
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Figure 5.4: Microbial composition and diversity in caecal inocula and reactor effluents of fermentation 1-

A, 1-B and fermentation 2. (A, B) Microbial composition by 16S rRNA gene amplicon sequencing
represented by relative abundance at phylum and genus levels, respectively. When assignment at the
genus was not possible, the highest-level taxonomy assignment was shown. Values < 1% are
summarised in the group “others”. (C, D) Principal Coordinate Analysis (PCoA) of caecal inoculum and
reactor microbiota based on unweighted (C) and weighted (D) UniFrac analysis matrix from rarefied
(25,000 reads/sample) OTU tables. R is the index of analysis of similarity (ANOSIM) that indicates the
similarity of comparison group pairs. R ranges from 0 to 1; the pair are more similar when R index is 0
and different from each other when the R index is 1. (E) Alpha diversity measured by Shannon index
and Observed OTUs.
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Figure 5.8: Individual variations among caecal samples from the abattoir, and in vitro cultured microbiota
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5.4 Discussion
There is a growing field of research evaluating the impact of nutritional ingredients and
supplements on chicken gut health and productivity (Ricke, 2018; Vermeulen et al.,
2018; Yang et al., 2008). This calls for a potent and valid chicken gut in vitro
fermentation model to screen and investigate the impact of nutrition-related factors on
gut microbial community and functionality in a reproducible setting. An important
requirement for in vitro studies is the rational selection of conditions, considering the
target host, and model characteristics and limits (Lacroix et al., 2015). In this study, we
report for the first time the development of a continuous caecal chicken model
inoculated with immobilised caecal microbiota obtained from healthy 21-day old Cobb500 broiler chicken and its validation using in-depth characterisation of microbial
metabolites and community. The nutritive medium composition was studied and
adjusted to enhance the similarity of microbial composition and activity between
modelled and chicken donor caecal microbiota.
A stable in vitro fermentation was achieved during continuous operation with acetate,
propionate and butyrate as the major end metabolites, which is in line with in vivo
measurement in this study and other studies reporting ratios of chicken caecal
microbial fermentation metabolites (Meimandipour et al., 2010; Walugembe et al.,
2015). Higher total metabolite concentrations were measured in vitro than in chicken
caecum, which was expected due to the lack of metabolite adsorption in the
fermentation model. The in vitro modelling reflects the total fermentation capacity of
the caeca microbiota without the host effect which is a beneficial feature for studying
the metabolism of the microbiota in a closed system. Fermentation 1-A and 1-B
showed limited fermentation capacity. Improvement of the nutritive medium
composition in fermentation 2, after adding 2.5 g/L of FOS resulted in an increase of
the total metabolite from 132 mM and 138 mM to 175 mM. Valerate and BCFAs (isobutyrate and iso-valerate) are products of protein and amino acid fermentation
(Apajalahti and Vienola, 2016; Ma et al., 2017; Macfarlane et al., 1992). Unlike many
other products of protein fermentation, valerate and BCFAs are not known to be toxic;
however, less is known regarding the role of gut-derived BCFAs (Apajalahti and
Vienola, 2016). In our in vitro models, valerate and BCFAs were detected in higher
significant levels compared to very low or no detection in the donor caecal inoculum.
We speculate the high level of protein in the nutritive medium to be responsible for the
176

Chapter 5
increase synthesis of valerate and BCFA in our in vitro chicken caecal microbiota
combined with lack of metabolite absorption by the host. Bacteria of the genus
Oscillospira are known for their potential to produce valerate (Gophna et al., 2017; Iino
et al., 2007). In our in vitro chicken caecal fermentation model, Oscillospira was
significantly enriched compared to the caecal inoculum, which might also contribute to
the increase synthesis of valerate.
Regarding bacterial diversity in the model, the in vitro caecal microbiota was mainly
composed of bacteria phyla Firmicutes, Bacteroidetes and Proteobacteria, in the range
of in vivo caecal microbiota compositions, previously reported (Oakley et al., 2014;
Stanley et al., 2015). However, there was a shift towards higher Proteobacteria and
Bacteroidetes levels in vitro compared to caecal inocula. Similar shifts were reported
when comparing in vitro human intestinal microbiota model with fecal donor microbiota
(Fehlbaum et al., 2015; Van Den Abbeele et al., 2010). Proteobacteria often bloom in
in vitro continuous gut models due to their competitive advantage during the initial
colonisation period and during equilibration of the microbial community and
metabolism (Tanner et al., 2014a; Van Den Abbeele et al., 2010). Several studies have
reported a significant enrichment of Bacteroidetes in protein rich fermentation
conditions (Apajalahti and Vienola, 2016; Singh et al., 2017). Therefore, the adjustment
of the composition of the nutritive media by the addition of FOS and citrus pectin helped
to control the in vitro levels of Proteobacteria and Bacteroidetes in the inoculum
reactors with immobilized caecal beads.
An overall decrease in the microbial composition and diversity in vitro compared to in
vivo caecal inoculum was observed, as measured by qPCR and 16S rRNA
sequencing. Such decrease was also reported in other in vitro fermentation models
from mice, humans (infants, adult and elderly) and swine, and may reflect a loss of
certain species and or a change in the abundances of dominant groups that could
prevent detection of minor taxa by sequencing (McDonald et al., 2015; Pham et al.,
2016; Poeker et al., 2019; Tanner et al., 2014a; Van Den Abbeele et al., 2010).
Although certain microbial taxa were reduced, taxa within the chicken caeca bacterial
families that were preserved in our in vitro model of the chicken caeca belongs to
relevant functional groups such as primary fibrolytic (Bacteroides, Roseburia,
Bifidobacteriaceae,

Ruminococcaceae),

glycolytic

(Enterococcus),

mucolytic

(Bacteroides), proteolytic (Bacteroides) and secondary butyrate-producing acetate177

Chapter 5
utilizing

and

propionate-producing

communities

(Coprococcus,

Dorea,

Lachnospiraceae) (Chassard and Lacroix, 2013; Medvecky et al., 2018). This
obaservation is supported by qualitative assessment of microbial function by PICRUSt
analysis which showed that despite reduced observed diversity, functional redundancy
preserved the relative abundance profile of major KEGG categories in the fermentation
model.
In vitro gut fermentation models can mimic in vivo conditions but are only proximate of
conditions of the donor gastrointestinal tract. In particular, models cannot exactly
simulate the specific physiological conditions encountered in the host, such as feed
intake, efficiency of the digestive and absorption processes, and environmental
contions (e.g. pH, transit time, secretion, etc.), which are not known, or microbiota-host
complex interactions that accounted in fermentation models, such as the immune
response, hormone and digestive secretions, adsorption and peristaltic movement, all
of which influences microbial diversity (Lacroix et al., 2015). Therefore, well-controlled
and steady in vitro conditions may lead to a loss of redundant species or species
thriving on specific host niches. This could partly explain why the prevalent chicken
caecal bacterial genus Faecalibacterium was decreased in our in vitro fermentation
model. Faecalibacterium spp. belongs the Firmicutes phylum and consumes acetate
to produce butyrate. This taxon is highly prevalent in chicken and was associated with
better feed conversion efficiency (Stanley et al., 2016). 16S rRNA sequencing of
mucosa-associated bacterial communities in the chicken GIT showed that
Faecalibacterium spp. are dominant in the mucosal lining of chicken caeca (Gong et
al., 2007). The chicken caecum is continuous inoculated with transient bacteria that
are shedded from the upper GIT and present in the feed and environment due to
coprophagic behaviour of chicken, which was not accounted for in our continuous. We
observed a progressive decrease in Lactobacillus spp. over time with both qPCR and
16s rRNA sequence analyses. Lactobacillus spp. are known colonizers of the chicken
upper GIT, specifically in the crop where they form a biofilm at the non-glandular
squamous epithelium. The high abundance of Lactobacillus spp. in the caeca has been
explained by shedding of the crop biofilm and transfer to the lower GIT (Abbas Hilmi
et al., 2007; Guan et al., 1974, 2003). This mechanism lacking in our model may
explain the progressive loss of Lactobacillus spp. observed in the reactor effluents.
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Reproducible microbiota composition and metabolic activity are needed to accurately
compare the effects of different conditions and treatments with the same microbiota,
and gain reliable information awhile avoiding false-positive conclusions related to
microbial adaptation to in vitro conditions (Possemiers et al., 2004; Van Den Abbeele
et al., 2010). In this study, we used a constant 5% inoculation from IR to second stage
SSR reactors. This allowed reproducing highly similar and parallel evolving selfcontained microbiota in IR and the second stage reactors. Furthermore, by using
caecal microbiota immobilisation, IR was characterised by stable and diversified
microbiota composition and metabolic activity, demonstrated for up to 70 days of
continuous operation. High cell density was reached in all reactors, with 10.7 ± 0.1 log
total 16S rRNA gene copy numbers (fermentation 2), which was approximately 3-fold
lower than in the caecum of the chicken donor. The lower density in the model can be
partly due to lack of host-related factors, including water and metabolite absorption
(Fehlbaum et al., 2015). We also observed variations in the microbiota diversity and
composition among the SSRs in comparison with the IR, in contrast with previous
PolyFermS models validated with human, pig and mouse microbiota (Dostal et al.,
2015; Tanner et al., 2014a and Poeker et al., 2019). We assume that this is due to the
very low rate of IR effluent transfer for inoculation at 5% of SSRs (corresponding to ca.
0.4 ml/h) that was difficult to control and reproduce. Nevertheless, the difference in the
microbiota composition only lead to small differences in metabolic functions and
activity in the SSRs and IR of the chicken PolyFermS model. The functional
redundancy of the microbiota may have contributed to the similarities observed for the
metabolite production in the SSRs and IR, as previously reported (Heintz-Buschart and
Wilmes, 2018; Moya and Ferrer, 2016).

5.5 Conclusion
The chicken caecal fermentation model developed with the PolyFermS platform
inoculated with immobilised fresh cecum microbiota enabled a close reproduction of
the composition and activity of the chicken caecal microbiota in vivo. The modified VL
medium supplemented with both FOS and citrus pectin sustained a high cell density,
as well as bacterial community profiles and metabolite productions reflecting those
reported in chicken caeca. This new continuous gut model may be particularly useful
for detailed functional characterisation of chicken caecal microbiota and screening the
impact of several environmental conditions, such as nutritional and, physiochemical
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factors, xenobiotics and drugs (on the chicken caeca microbiota composition and
activity, prior to in vivo testing.
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Fermentation 1-B versus Fermentation 1-A
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versus reactor effluent of fermentation 1-A as determined by differential abundance analysis (DESEQ). Each point represents individual taxa, and the Y-axis
indicates the Log2 fold change in relative abundance. The dashed line represents the statistical P-value of 0.05.

183

Chapter 5

Stable operation mode
Period 1

Log gene copies per mL

12
Total Bacteria
Firmicutes

10

Ruminococaceae
LactobacillusLeuconostocPediococcus spp.

8

Bacteroidetes
Bifidobacteriaceae
6

Enterobacteriaceae

Day 20
Day 21
Day 22
Day 23
Day 24
Day 25
Day 26
Day 27
Day 28
Day 29
Day 30
Day 31
Day 32
Day 33
Day 34
Day 35
Day 36
Day 37
Day 38
Day 39
Day 40
Day 41
Day 42
Day 43
Day 44
Day 45
Day 46
Day 47
Day 48
Day 49
Day 50
Day 51
Day 52
Day 53
Day 54
Day 55
Day 56
Day 57
Day 58
Day 59
Day 60
Day 61
Day 62
Day 63
Day 64
Day 65
Day 66
Day 67
Day 68
Day 69
Day 70

4

Figure S5.3: Quantification of key bacterial populations (16S rRNA gene copy numbers) in the effluent of fermentation 2 (IR) during 50 days of stable
operation by qPCR. Data were expressed as average from technical duplicates.
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Figure S5.4: Heat map depicting the log-transformed relative abundance of 16S rRNA genes at genus
level analysed in caecal inocula 2 and fermentation 2 (IR) effluent during stable operation mode using
Illumina MiSeq. When assignment at the genus level was not possible, the highest-level taxonomy
assignment was shown. Darker shades of blue represent higher relative abundance as indicated in the
legend; white colour represents the absence.
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Figure S5.5: Predictive functional profiling of microbial communities of caecal inoculum 2 and
fermentation effluent of fermentation 2 (IR) during the stability period by PICRUSt. Heatmap depicting
the log-transformed gene abundance of microbiota-associated predicted KEGG pathways. Numbers in
scale represent log range of gene abundance for this dataset. Darker shades of blue represent higher
relative abundance as indicated in the legend; white colour represents the absence.
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Figure S5.6: Daily fermentation metabolite concentrations in reactor effluents of fermentation 2 (IR) and the four second-stage reactors during period 1 measured
by HPLC-IR. End metabolites (acetate, butyrate, propionate and formate), intermediate metabolite (succinate), BCFAs (isovalerate and isobutyrate) and valerate.
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Figure S5.7: Heat map depicting the log-transformed relative abundance of 16S rRNA genes at genus
level analysed in caecal inoculum 2 and effluent of fermentation 2 (IR) and four second-stage reactors
(SSRs) after initial stabilisation in Period 1 using Illumina MiSeq. When assignment at the genus level
was not possible, the highest-level taxonomy assignment was shown. Darker shades of blue represent
higher relative abundance as indicated in the legend; white colour represents the absence.
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Figure S5.8: Predictive functional profiling of microbial communities of caecal inoculum 2 and effluent
of fermentation 2 (IR) and four second-stage reactors (SSRs) after initial stabilisation in Period 1 by
PICRUSt. Heatmap depicting the log-transformed gene abundance of microbiota-associated predicted
KEGG pathways. Numbers in scale represent log range of gene abundance for this dataset. Darker
shades of blue represent higher relative abundance as indicated in the legend; white colour represents
the absence.
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Table S5.1: Composition of modified Vainde Levure medium.
Medium 1
(mVL-1)
g/L

Medium 2
(mVL-2)
g/L

Medium 3
(mVL-3)
g/L

Fructooligosaccharides (FOS)

0

2.5

2.5

Pectin (Citrus)

0

0

2.5

Beef extract

2.4

2.4

2.4

Yeast extract

5.0

5.0

5.0

Maltodextrin

2.5

2.5

2.5

Tryptose

10.0

10.0

10.0

L-cysteine hydrochloride

0.8

0.8

0.8

NaCl

5.0

5.0

5.0

Mucin

2.0

2.0

2.0

Uric acid

0.7

0.7

0.7

Tween 80

1 mL

1 mL

1 mL

Bile salts

0.4

0.4

0.4

KH2PO4

0.5

0.5

0.5

NaHCO3

1.5

1.5

1.5

KCl

4.5

4.5

4.5

MgSO4 anhydrous

0.6

0.6

0.6

CaCl2 x 2H2O

0.1

0.1

0.1

MnCl2 x 4H2O

0.2

0.2

0.2

FeSO4 x 7H2O

0.005

0.005

0.005

Hemin solution

0.05

0.05

0.05

Vitamin solution

1 mL

1 mL

1 mL

Constituent
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Table S5.2: Primers for detection of specific bacterial groups.
Primer
Eub338F
Eub518R
Firm 934F
Firm 1060R
Bac303F
Bfr-Femrev
RumiF
RumiR
F_Lacto 05
R_Lacto 04

Sequence 5’ – 3’
ACT CCT ACG GGA GGC AGC AG
ATT ACC GCG GCTVGCT GG
GGA GYA TGT GGT TTA ATT CGA AGC A
AGC TGA CGA CAA CCA TGC AC
GAA GGT CCC CCA CAT TG
CGC KAC TTG GCT GGT TCA G
ACTGAGAGGTTGAACGGCCA
CCTTTACACCCAGTAAWTCCGGA
AGC AGT AGG GAA TCT TCC A
CGC CAC TGG TGT TCY TCC ATA TA

Bifi_F
Bifi_R
Eco1457F
Eco1652R
pduC_F
pduC_R

TCG CGT CYG GTG TGA AAG
CCA CAT CCA GCR TCC AC
CAT TGA CGT TAC CCG CAG AAG AAG CCTC TAC GAG ACT
CAA GCT TGC
CCTGAAGTAAAYCGCATCTT
GAAACYATTTCAGTTTATGG
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Target
Total bacteria

Reference
Guo et al. (2008)

Firmicutes

Guo et al. (2008)

Bacteroidetes

Ramirez-Farias et al.
(2009)
Garcia-Mazcorro et
al. (2012)
Furet et al. (2009)

Ruminococcaceae
LactobacillusLeuconostocPediococcus spp.
Bidfidobacteriaceae
Enterobacteriaceae
Reuterin-producing L.
reuteri

Meimandipour et al.
(2010)
Bartosch et al. (2004)
Walter et al. (2011)

Chapter 5

Table S5.3: Mean metabolite concentrations with standard deviation in reactor effluents after initial the stabilisation phase and in donor chicken
caecal content.

Concentration (mM)

Days
Caecal inoculum 1*

Ratios of Total SCTAs (%)

Acetate

Butyrate

Propionate

Succinate

Valerate

11.3

3.8

0.9

2.7

ND

4.9A

19.6 ±

1.8A

3.5 ±

0.4A

5.8 ±

1.5A

Total

BCFAs

metabolites

ND

18.6

13.4 ±

0.9A

131.8 ±

5.8A

Acetate

Propionate

Butyrate

70.6

5.6

23.8

59.6 ±

1.5A

18.0 ±

1.0A

22.3 ± 1.1A

Fermentation 1-A

D6-13

65.8 ±

Fermentation 1-B

D8-13

70.9 ± 2.6B

36.5 ± 2.2B

11.9 ± 1.1B

3.8 ± 1.2A

6.0 ± 1.2A

6.7 ± 3.6B

137.5 ± 5.9A

59.5 ± 1.2A

10.0 ± 0.8B

30.6 ± 1.8B

19.9

4.7

2.7

2.2

0.6

1.1

31.2

72.9

9.9

17.2

Caecal inoculum 2*

24.2 ±

1.3A

Total

Fermentation 2 (IR)

D20 - 70

86.9 ± 9.4

40.0 ± 5.4

18.0 ± 2.5

8.6 ± 1.9

4.2 ± 2.0

16.0 ± 1.3

174.5 ± 10.5

59.8 ± 3.8

12.4 ± 1.2

27.8 ± 4.6

Fermentation 2 (IR)

D25-29

78.2 ± 2.5AB

44.9 ± 3.6A

16.5 ± 0.4A

10.0 ± 0.5A

3.1 ± 0.5AB

15.1 ± 0.5 AB

168.2 ± 5.4AB

56.0 ± 1.6A

11.8 ± 0.5A

32.1 ± 1.7A

SSR-1

D6-10

79.1 ± 1.6A

48.7 ± 1.4BC

17.0 ± 1.0A

7.3 ± 1.8AB

3.9 ± 1.1AB

16.7 ± 0.4A

175.8 ± 2.8A

54.6 ± 0.5A

11.7 ± 0.7A

33.6 ± 0.7A

SSR-2

D6-10

78.2 ±

1.6AB

1.8AB

1.4AC

1.5AB

2.0AB

1.5AB

1.6AB

0.8A

1.1A

33.6 ± 1.2A

SSR-3

D6-10

74.9 ± 1.6B

46.9 ± 0.8AB

21.6 ± 2.2B

8.7 ± 2.5AB

2.3 ± 0.1A

16.8 ± 0.2A

171.3 ± 1.6AB

52.3 ± 1.9B

15.0 ± 1.4B

32.7 ± 0.3A

SSR-4

D6-10

76.1 ± 1.9AB

51.0 ± 0.9C

11.8 ± 1.4C

6.6 ± 0.4B

4.5 ± 1.1B

14.5 ± 1.1B

165.2 ± 4.4B

54.6 ± 1.2A

8.5 ± 1.0C

36.7 ± 0.2B

*extracted

46.8 ±

14.4 ±

7.6 ±

4.4 ±

15.3 ±

from 500 mg of caecal content

Values with different letters are significantly different from one another (P < 0.05). Grey shade: period 1.
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Table S5.4: 16S rRNA gene copy numbers of specific bacterial groups in reactor effluents after initial stabilisation phase and donor chicken
caecal content by qPCR.

Log10 16S rRNA gene copies of taxon/mL (mean ± SD)
Total bacteria

Firmicutes

Ruminococcaceae

11.2
10.2 ± 0.1A
10.2 ± 0.1A
10.8
10.0 ± 0.1

11.1
10.0 ± 0.1A
10.1 ± 0.1A
10.5
10.0 ± 0.2

LactobacillusLeuconostocPediococcus
spp
10.4
6.3 ± 0.1A
8.2 ± 0.3B
9.5
6.6 ± 0.7

Day

Bacteroidetes

Enterobacteriaceae

Bifidobacteriaceae

10.1
9.9 ± 0.1A
9.3 ± 0.1B
9.4
9.4 ± 0.2

9.6
7.5 ± 0.2A
7.6 ± 0.2A
7.4
8.0 ± 0.6

6.3
6.8 ± 0.8A
7.8 ± 0.5B
6.2
8.0 ± 0.7

Caecal inoculum 1*
Fermentation 1-A
Fermentation 1-B
Caecal inoculum 2*
Fermentation 2 (IR)

D20 – 70

11.5
10.4 ± 0.1A
10.4 ± 00A
11.3
10.6 ± 0.1

Fermentation 2 (IR)

D25-29

10.7 ± 0.1A

10.1 ± 0.1A

10.1 ± 0.1A

7.5 ± 0.2AB

9.5 ± 0.2A

7.9 ± 0.1A

7.1 ± 0.8A

SSR-1

D6-10

10.7 ± 0.1A

10.1 ± 0.0 A

10.2 ± 0.0A

7.4 ± 0.2AB

9.6 ± 0.0A

6.8 ± 0.1B

6.9 ± 0.2A

SSR-2

D6-10

10.7 ± 0.0A

10.1 ± 0.1 A

10.2 ± 0.1A

7.7 ± 0.1A

9.4 ± 0.1A

6.9 ± 0.2B

6.8 ± 0.3A

SSR-3

D6-10

10.7 ± 0.1A

10.1 ± 0.0 A

10.2 ± 0.0A

7.2 ± 0.3B

10.1 ± 0.1B

6.8 ± 0.1B

6.6 ± 0.3A

SSR-4

D6-10

10.6 ± 0.0A

10.1 ± 0.0 A

10.2 ± 0.0A

7.5 ± 0.3AB

8.3 ± 0.3c

6.9 ± 0.2B

7.2 ± 0.2A

*Data

D7 – 13
D7 – 13

are mean Log10 copies 16S rRNA gene g-1 of caecal inoculum used for fermentation

Values with different letters are significantly different from one another (P < 0.05). Grey shade: after initial stabilisation in period 1.
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Table S5.5: Summary microbial phyla and the most abundant (>1) bacterial genus obtained by V3 region 16S rRNA gene amplicon sequencing
in the caecal inoculum and reactor effluent samples of different fermentation after initial stabilisation. Values < 1 in all reactors are summarised
in the group “Others”.
Taxonomy*
Firmicutes
o_Clostridiales
f_Lachnospiraceae
f_Ruminococcaceae
g_Bacillaceae [UC]
g_Lactobacillus
g_Blautia
g_Coprococcus
g_Dorea
g_Faecalibacterium
g_Oscillospira
g_Clostridium
g_Pseudoramibacter_Eubacterium
g_Enterococcus
g_Ruminococcus
Bacteroidetes
g_Bacteroides
Proteobacteria
f_Enterobacteriaceae
g_Proteus
Actinobacteria
g_Bifidobacterium
Others

Caecal inoculum
1
92.0 ± 0.0
10.7 ± 0.0
14.7 ± 0.0
14.9 ± 0.0
0.6 ± 0.0
11.8 ± 0.0
2.7 ± 0.0
2.9 ± 0.0
2.5 ± 0.0
20.0 ± 0.0
2.9 ± 0.0
0.2 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
6.1 ± 0.0
2.8 ± 0.0
2.8 ± 0.0
3.6 ± 0.0
3.6 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
1.0 ± 0.0

Fermentation 1-A
(Day 7-13) (%)
58.4 ± 4.0a
9.8 ± 1.2A
14.4 ± 1.9A
4.2 ± 0.4A
0.0 ± 0.0
0.0 ± 0.0A
1.3 ± 0.2A
2.7 ± 0.3A
14.9 ± 1.5A
0.0 ± 0.0
5.1 ± 1.1A
1.3 ± 1.2A
0.1 ± 0.0
1.0 ± 0.2A
3.2 ± 0.8A
25.5 ± 3.8a
25.5 ± 3.8A
15.8 ± 5.8a
1.5 ± 0.5A
14.4 ± 5.4A
0.0 ± 0.0a
0.0 ± 0.0A
0.0 ± 0.0a

Fermentation 1-B
(Day 7-13) (%)
78.8 ± 5.8b
7.7 ± 1.9A
27.6 ± 9.7B
20.7 ± 13.3B
0.0 ± 0.0
0.5 ± 0.2B
2.8 ± 0.3B
2.3 ± 0.3A
9.6 ± 2.8B
0.0 ± 0.0
3.8 ± 0.6A
0.0 ± 0.0B
0.0 ± 0.0
1.7 ± 1.5A
2.1 ± 0.7B
4.2 ± 1.7b
4.2 ± 1.7B
16.6 ± 6.7a
1.5 ± 0.5A
14.0 ± 5.4A
0.2 ± 0.4a
0.3 ± 0.2B
0.0 ± 0.0a

*When assignment at the genus level was not possible, the highest-level taxonomy was presented.
Values with different letters are significantly different from one another (P < 0.05).
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Caecal inoculum 2
97.0 ± 0.0
9.1 ± 0.0
16.5 ± 0.0
18.5 ± 0.0
2.9 ± 0.0
6.2 ± 0.0
5.1 ± 0.0
2.6 ± 0.0
5.0 ± 0.0
22.1 ± 0.0
2.4 ± 0.0
0.2 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
3.8 ± 0.0
0.8 ± 0.0
0.8 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
4.4 ± 0.0

Fermentation 2
(Day 20-70) (%)
77.0 ± 7.3
5.5 ± 2.4
22.9 ± 7.7
21.8 ± 6.8
0.0 ± 0.0
0.0 ± 0.1
2.2 ± 0.5
1.7 ± 0.7
3.4 ± 0.9
0.0 ± 0.0
4.6 ± 1.7
0.1 ± 0.1
1.5 ± 1.6
9.5 ± 5.5
3.2 ± 0.7
7.8 ± 3.9
7.8 ± 3.9
12.8 ± 7.9
3.0 ± 2.3
9.9 ± 7.7
2.0 ± 2.3
2.0 ± 2.3
0.6 ± 0.6
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Table S5.6: Summary microbial phyla and the most abundant (>1) bacterial genus obtained by V3 region 16S rRNA gene amplicon sequencing
of samples from inoculum reactor (IR) and second-stage reactors (SSRs) of fermentation 2 after initial stabilisation in period 1. Values < 1 in all
reactors are summarised in the group “Others”.
Taxonomy*
Firmicutes
o_Clostridiales
f_Lachnospiraceae
f_Ruminococcaceae
g_Blautia
g_Coprococcus
g_Dorea
g_Roseburia
g_Oscillospira
g_Ruminococcus
g_Enterococcus
Bacteroidetes
g_Bacteroides
Proteobacteria
f_Enterobacteriaceae
g_Proteus
Actinobacteria
f_Actinosynnemataceae
g_Bifidobacterium
Others

Fermentation 2 (IR)
(Day 25-29) (%)
70.1 ± 10.8ab
6.9 ± 1.4A
15.6 ± 4.2A
16.1 ± 4.7A
3.3 ± 0.9AB
1.8 ± 0.9A
2.1 ± 0.8AB
1.7 ± 0.9B
4.1 ± 2.9A
7.3 ± 3.5AB
9.9 ± 4.9A
5.4 ± 2.2b
5.4 ± 2.2B
23.7 ± 11.9a
2.1 ± 0.7A
21.6 ± 11.3A
0.6 ± 0.9a
0.0 ± 0.0A
0.5 ± 0.9A
1.3 ± 0.3bc

SSR-1
(Day 6-10) (%)
79.5 ± 1.7bc
8.6 ± 1.2A
19.7 ± 0.8AB
21.5 ± 2.4B
3.8 ± 0.2A
2.9 ± 0.3B
1.8 ± 0.0AB
1.0 ± 0.2AB
9.8 ± 0.9BC
8.2 ± 1.4AB
1.4 ± 0.1B
11.1 ± 1.2c
11.1 ± 1.2C
8.2 ± 1.6b
0.6 ± 0.1B
7.6 ± 1.6B
0.9 ± 1.3a
0.9 ± 1.2A
0.0 ± 0.0A
0.9 ± 0.2ab

SSR-2
(Day 6-10) (%)
84.4 ± 2.0cd
8.5 ± 2.0A
20.5 ± 1.3B
21.9 ± 2.1B
3.9 ± 0.3A
3.1 ± 0.3B
1.8 ± 0.3AB
1.1 ± 0.3AB
10.2 ± 0.8C
10.5 ± 1.3B
2.0 ± 0.8B
7.4 ± 1.6bc
7.4 ± 1.6BC
7.7 ± 2.3b
0.6 ± 0.2B
7.1 ± 2.2B
0.1 ± 0.1a
0.0 ± 0.0A
0.1 ± 0.1A
1.2 ± 0.2abc

*When assignment at the genus level was not possible, the highest-level taxonomy was presented.
Values with different letters are significantly different from one another (P < 0.05).
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SSR-3
(Day 6-10) (%)
64.7 ± 3.6a
9.0 ± 0.5A
17.3 ± 1.7AB
17.4 ± 2.2AB
2.9 ± 0.4B
2.3 ± 0.4AB
1.3 ± 0.2A
0.8 ± 0.0A
6.6 ± 1.5AB
4.9 ± 0.8A
1.4 ± 0.3B
30.6 ± 4.0d
30.6 ± 4.0D
4.5 ± 1.9b
0.4 ± 0.1B
4.1 ± 1.8B
0.0 ± 0.0a
0.0 ± 0.0A
0.0 ± 0.0A
0.8 ± 0.1a

SSR-4
(Day 6-10) (%)
93.1 ± 1.4d
8.3 ± 1.4A
20.4 ± 1.4B
27.7 ± 1.7C
3.9 ± 0.4A
3.2 ± 0.4B
2.5 ± 0.2B
1.6 ± 0.1AB
10.9 ± 1.8C
11.1± 2.2B
2.7 ± 0.9B
0.6 ± 0.5a
0.6 ± 0.5A
5.4 ± 1.2b
0.4 ± 0.1B
4.9 ± 1.1B
0.3 ± 0.1a
0.0 ± 0.0A
0.2 ± 0.1A
1.4 ± 0.4c
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6.1 Abstract
Lactobacillus reuteri is a natural habitant of the chicken gastrointestinal tract with the
potential to synthesis the antimicrobial compound reuterin, in the presence of glycerol.
In situ reuterin synthesis may be used as an active natural mechanism to reduce
enteropathogens in the chicken gut. In this study, we used a new in vitro PolyFermS
model mimicking the chicken caecal microbiota to investigate the effect of glycerol and
chicken-derived reuterin-producing Lactobacillus reuteri PTA5_F13 on microbiota
composition and activity, independent of the host. We monitored the caecal microbiota
composition using quantitative PCR (qPCR), and 16S rRNA amplicon sequence
analysis and the production of the main metabolites by HPLC analysis. Glycerol
supplementation (100 mM) resulted in a reproducible and high specific increase of
butyrate production. We observed a concomitant increase in Bacteroidetes, and
several butyrate producers, including Clostridiales, Coprococcus, Roseburia and
Dorea spp. Furthermore, we demonstrated that daily spiking of L. reuteri PTA5_F13
resulted in a reduction of Enterobacteriaceae in the caecal microbiota, which was
further enhanced by glycerol supplementation associated with in situ reuterin
production. Our study highlights the potential of glycerol and L. reuteri supplementation
in promoting butyrate and in situ reuterin synthesis by the chicken caecal microbiota
with potential to promote chicken gut health.
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6.2 Introduction
The chicken caecum is a densely populated compartment in the chicken
gastrointestinal tract (GIT), mainly harbouring members of the Firmicutes,
Bacteroidetes and Proteobacteria bacterial phyla (Huang et al., 2018; Wei et al., 2013).
The chicken cecal microbiota has been shown to produce a broad range of
metabolites, including short-chain fatty acids (acetate, butyrate, propionate),
intermediate metabolites (lactate, formate, succinate), vitamins (vitamin K and B
groups) and antimicrobial compounds (bacteriocins) which provides nutrition and
protection for chicken (Rinttilä and Apajalahti, 2013; Sergeant et al., 2014; Shang et
al., 2018). On the other hand, the chicken caeca also harbour human pathogens, such
as Campylobacter jejuni and Salmonella enterica which can be disseminated to human
(EFSA, 2017). Hence, there is a growing interest in protective microbiota in the chicken
gut that can prevent the invasion and colonisation of enteropathogens (Sergeant et al.,
2014). Natural growth promoters (NGPs), such as probiotics (Bifidobacterium,
Lactobacillus), prebiotics and phytobiotics (essential oils, phytochemicals), have been
exploited as alternatives to antibiotics in poultry production (Huyghebaert et al., 2011;
Sethiya, 2016). However, their mechanisms in altering the chicken gut microbiota
remains unclear.
Lactobacillus reuteri is the most abundant Lactobacillus species in chicken, mainly
found in the crop and caecum (Abbas Hilmi et al., 2007; Wang et al., 2014). L. reuteri
has the ability to convert glycerol and secrete reuterin into the surrounding
microenvironment in sufficient amount to antagonise pathogenic microorganisms
(Casas and Dobrogosz, 2000; Vollenweider and Lacroix, 2004). Isolates of L. reuteri
from chicken gut frequently expressed the capacity to produce reuterin associated with
the presence of glycerol/diol dehydratase PduCDE (EC 4.2.1.30) operon (Chapter 3;
Walter et al., 2011a). Reuterin production and accumulation in vitro occurs during the
anaerobic metabolism of L. reuteri in the presence of glycerol and low concentrations
of glucose, under conditions of pH and reduction potential found in the gut (Cleusix et
al., 2008). Therefore, in vivo reuterin synthesis and accumulation may occur in the
chicken gut via reuterin-producing L. reuteri metabolism, when sufficient amount of
glycerol is available by exogenously supplied in feed or water, or luminal microbial
fermentation and digestion of fat (Casas and Dobrogosz, 2000). In the poultry industry,
glycerol is used as energy feedstuff (Dozier et al., 2011) and to improve feed pellet
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quality (Groesbeck et al., 2008). To date, glycerol metabolism and subsequent reuterin
production in the chicken gut and its effects on microbial ecology have been little
investigated. The assessment of impact of nutritional factors on chicken gut microbiota
in vivo is limited by access and ethical concerns and by restricted sampling and
heterogeneity of the chicken microbiota within a facility (Rollin, 2006; Stanley et al.,
2013).
Alternatively, in vitro gut fermentation models are useful technological platforms that
allow stable cultivation of gut microbiota in highly controlled environment to investigate
the effect of different exogenous factors on the microbial community and functionality,
without the host confounding factors (Payne et al., 2012). In vitro models allow the
strict control of physiologic parameters, such as retention time, pH, temperature and
anaerobiosis, and medium composition used to mimic the diet. Recently, we developed
and validated a novel in vitro PolyFermS continuous fermentation model mimicking the
chicken caeca microbiota using a two-stage system for parallel testing of treatments
on the same microbiota (Chapter 5). In this model, effluents of a first-stage reactor
inoculated with immobilised caecal microbiota are continuously transfered into five
second-stage reactors mounted in parallel and operated with conditions akin to the
chicken caecum and generating stable and reproducible microbial ecosystems in all
second-stage reactors. This model is particularly suitable for the accurate investigation
of dietary factors such as probiotics and prebiotics on the chicken caecal microbiota.
In this study, the capacity of chicken-derived reuterin-producing L. reuteri PTA5_F13
(Chapter 3) to produce reuterin from glycerol and impact the chicken caecal microbial
ecosystem was tested using the chicken caecal PolyFermS model. The effects of pure
glycerol and L. reuteri PTA5_F13 (in absence or presence of glycerol) on chicken
caecal microbiota were evaluated in two in vitro caecal microbiota continuous
fermentations. The quantification of compounds of the reuterin system, including 1,3propanediol (1,3-PDO), was used to estimate reuterin production (Vollenweider and
Lacroix, 2004). The microbiota composition and diversity were monitored with 16S
rRNA gene amplicon sequencing and quantitative PCR, and SCFA analysis by HPLC,
respectively.
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6.3 Materials and methods
6.3.1 L. reuteri PTA5_F13 growth conditions
The reuterin-producing L. reuteri strain (PTA5_F13; Laboratory of Food Biotechnology,
ETH Zurich, Zurich, Switzerland) was previously isolated from the faeces of a healthy
chicken (Chapter 3). The strain was activated from glycerol stock (30%, - 80 oC) and
routinely cultured under anaerobic conditions in an anaerobic jar supplied by gas
package (AnaeroGen, Thermo Fisher Diagnostics AG, Pratteln, Switzerland) overnight
at 37 oC in Man, Rogosa and Sharpe medium (MRS, Biolife, Milan, Italy). After 16 h
incubation, L. reuteri PTA5_F13 cultures (30 mL, with ca.

108 CFU/mL) were

centrifuged at 3000 x g for 3 min, the supernatant was discarded, and the bacterial
pellet was washed once with 0.1 M phosphate buffer saline (PBS) and resuspended
with PBS (3 mL) before being added to the corresponding test reactor.

6.3.2 Nutritive medium for in vitro chicken caecal microbiota
fermentation
The nutritive medium was previously designed to simulate the chicken caecal
microbiota and contained (g/L in distilled water): fructooligosaccharides (FOS) (2.5),
beef extract (2.4), yeast extract (5.0), maltodextrin (2.5), tryptose (10), L-cysteine HCl
(0.8), NaCl (5.0), mucin (2.0), uric acid (0.7), Tween 80 (1 mL), bile salts (0.4), KH2PO4
(0.5), NaHCO3 (1.5), KCl (4.5), MgSO4 anhydrous (0.6), CaCl2 x 2H2O (0.1), MnCl2 x
4H2O (0.2), FeSO4 x 7H2O (0.005), Hemin (0.05) (Chapter 5). This medium was used
in fermentation 1, whereas in fermentation 2, citrus pectin (2.5 g/L) was added to the
nutritive medium in order to improve the maintenance of the chicken caecal microbiota
in vitro. When required, glycerol at 50 mM or 100 mM was added to the nutritive
medium. The constituents were dissolved in distilled water, and the medium was
adjusted to pH 6.0 using 2.5 M HCl and autoclaved (121 oC, 20 min). After sterilisation
and cooling to 4°C, 2.5 g/L of sterile powdered FOS (Cosucra Group, Warcoing,
Belgium) and 1 mL of a filter-sterilised (0.2 μm pore-size) vitamin solution (Michel et
al., 1998) was added to the medium. All components were purchased from SigmaAldrich Chemie (Buchs, Switzerland), except bile salts (Oxoid AG), yeast extract
(Merck, Darmstadt, Germany), NaHCO3 (Fischer Scientific, Pittsburgh, USA), NaCl
and KH2PO4 (VWR International AG, Dietikon, Switzerland), MgSO4·anhydrous (Acros
Organics, Geel, Belgium) and MnCl2·4H2O (Fluka, Buchs, Switzerland).
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6.3.3 Caecal microbiota immobilisation
Two continuous in vitro chicken caecal fermentation experiments were performed
independently. For each immobilisation, the caecal content was recovered from the
carcass of a healthy twenty-one-day-old Cobb-500 broiler chicken obtained from a
local poultry farmer in Zurich, Switzerland, as described previously (Chapter 5). In an
anaerobic chamber (10% CO2, 5% H2, and 85% N2) (Coy Laboratories, Ann Arbor, MI,
Unites States), the caecal content was squeezed into an empty sterile bottle and mixed
with 0.1 M phosphate-buffered saline (PBS) (pH 7.2) 10% (w/v), to produce a slurry.
The caecal microbiota were immobilized in 1-2 mm diameter gel beads (gellan gum
(2.5%, m/v), xanthan (0.25%, m/v) and sodium citrate (0.2%, m/v)) under anaerobic
conditions as previously described (Chapter 5).

6.3.4 Experimental set-up and fermentation procedure
The in vitro chicken caecal PolyFermS model was previously reported (Chapter 5),
and the set-up was adapted for this study (Figure 6.1 A). Briefly, the fermentation
consisted of an inoculum reactor (IR) with a working volume of 200 mL inoculated with
60 mL (30%, v/v) caecal beads. The reactors were operated under conditions selected
to mimic the chicken caecum (pH 6.0, stirring at 180 rpm, 41 oC, retention time of 24
h). Anaerobiosis in the reactors was maintained by continuous flushing of the
headspace with CO2. Stability of the fermentation was measured by daily
measurement of the main fermentation metabolite concentrations in reactor effluent
samples. Stability of the inoculum reactor was defined as a period of less than 10%
variability in the daily metabolite concentrations.
In fermentation 1, after an initial stabilisation period (8 days) of the IR, a control reactor
(CR), and two test-reactors (TRs) were connected and inoculated with 5% (v/v)
fermentation effluent from the IR and additionally supplied with 95% sterile fresh
nutritive medium (Figure 6.1 A). Due to system failure and shut down of the IR, the
CR and the TRs were disconnected from the IR after 24 h of continuous fermentation
and operated under continuous operation mode for 3 days to ensure the establishment
of comparable microbial function and ecology before treatment. After the initial
stabilization period of 3 days, two concentrations of glycerol (50 mM and 100 mM) were
added in the respective TRs for 6 days to test their effect on caecal microbiota.
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In fermentation 2, after the initial stabilization of the IR (20 days), four second-stage
reactors (SSRs) were connected and continuously inoculated with 5% (v/v)
fermentation effluent from the IR and fed with 95% sterile fresh nutritive medium.
Stabilization of SSRs and comparison with IR and caecal inoculum composition were
previously reported in Chapter 5. The SSRs were used to test the effect of spiking the
reuterin-producing L. reuteri PTA5_F13 as well as the impact of combined application
of L. reuteri PTA5_F13 and glycerol on the chicken caecal microbiota. L. reuteri
PTA5_F13 was added daily to TR1, to a final cell number of 107 CFU/mL reactor, while
an equal volume of 0.1 M PBS was added to the CR. The fermentation medium of TR2
and TR3 were both supplemented with 100 mM glycerol, while L. reuteri PTA5_F13
(107 CFU/mL reactor effluent) was also added to TR3. Each treatment was performed
for 8 consecutive days and stabilisation was monitored daily by analyzing fermentation
metabolites (Figure 6.1 B).
Effluent samples were taken daily from each reactor, separated into bacterial pellet (10
min at 14, 000 x g at 4 oC) and supernatant, and stored at -20 oC until further analyses.
The supernatant samples were used for metabolite analysis, while the pellet were
processed for bacterial compositon analysis.
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Figure 6.1. (A) Experimental set-up and treatments tested in PolyFermS models designed to mimic
the chicken caecal microbiota. Test reactors (TRs) were continuously fed with 5% fermentation effluent
from the inoculum reactor (IR) and with 95% the nutritive medium during fermentation periods. All
reactors were constantly flushed with CO2 to maintain anaerobiosis. The temperature was set at 41 oC,
stirring speed at 180 rpm and pH was automatically controlled by the addition of 2.5 M NaOH. All
reactors had a total working volume of 200 mL. (B) Set-up of the experiment conditions at pre-treatment
and treatment periods. L. reuteri PTA5_F13 was added daily to TR1 of fermentation 2 to reach a
concentration of 107 cells/mL for 8 days.
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6.3.5 Microbial metabolite analysis
Short-chain fatty acids (SCFAs; acetate, propionate, butyrate, valerate), branchedchain fatty acids (BCFAs; iso-butyrate, and iso-valerate) and intermediate metabolites
(succinate and lactate) in the fermentation effluent samples from all reactors were
determined by HPLC with refractive index detector (HPLC-IR). Supernatant from
effluent samples was passed through 0.45 µm nylon HPLC filters (Infochroma AG, Zug,
Switzerland) before injection. HPLC-IR analyses were performed with an Accela
Chromatography System and RI-detector (Thermo Fisher Scientific Inc., Reinach,
Switzerland), equipped with a Security Guard Carbo-H cartridge (4 x 3.0 mm) and a
Rezex ROA-Organic Acid H+ column (300 x 7.8 mm). The column was eluted with 10
mM H2SO4 (Fluka, Buchs, Switzerland) as a mobile phase at a flow rate of 0.4 mL
min−1 at 25 oC. The SCFAs, BCFAs and intermediate metabolites were quantified using
external standards (Sigma-Aldrich Chemie (Buchs, Switzerland)). Data were
expressed as millimole per litre effluent (mM).

6.3.6 Microbial community analysis
Genome DNA extraction
Total genomic DNA was extracted from the pellet of 2 mL fermentation effluent using
the FastDNA® SPIN Kit for Soil (MP Biomedicals, Illkirch Cedex, France) and final
elution volume of 100 µL according to the manufacturer’s instructions. DNA
concentrations and quality were determined by absorbance measured at 260 nm using
a Nanodrop® ND-1000 Spectrophotometer (Wiltec AG, Littau, Switzerland). Samples
were stored at – 20°C before qPCR and Miseq sequence analysis.

Quantitative PCR analysis
qPCR analysis was performed using a Roche LightCycler 480 II (Roche Diagnostics
AG, Rotkreuz, Switzerland). Specific primers targeting predominant bacterial groups
of the chicken gut microbiota were used at a final concentration of 0.2 µM (Table S6.1).
Reuterin-producing L. reuteri was enumerated using primers targeting the glycerol
dehydratase gene (pduC) of L. reuteri, a gene required for reuterin synthesis. qPCR
amplification conditions and quantification were previously described (Chapter 5).
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Microbial profiling with 16S rRNA amplicon sequencing
Bacterial communities in the fermentation effluent were analysed using an Illumina
Miseq platform (Genetic Diversity Centre, ETH Zurich) with an in-house protocol. To
amplify and sequence the V3 hypervariable region of the 16S rRNA, the 388F (5’ACWCCTACGGGWGGCAGCAG-3’) and 518R (5’-ATTACCGCGGCTGCTGG-3’)
universal primers were used ((Muyzer et al., 1993). The sequence library preparation
and sequencing steps were conducted as previously described (Chapter 5).
The raw sequence dataset containing paired-ended reads with corresponding quality
scores were merged and trimmed using the fastq_mergepairs and fastq_filter scripts
implemented in the UPARSE pipeline. The minimum lengths of merged reads was 200
bp. The dataset was purged from chimeric reads and de novo operational taxonomic
units (OTUs) were constructed using the UPARSE pipeline (Edgar, 2013). The Green
genes database (version 13.8) was used as a reference database (Werner et al.,
2012). Quantitative Insight Into Microbial Ecology (QIIME) open-source software (1.8.0
and 1.9.0) was used for analysis (Caporaso et al., 2010).
Alpha and beta diversity analysis were performed as previously described (Krych et
al., 2013), using iterative subsampling (50,000 and 11,000 reads/sample for
fermentation 1 and fermentation 2, respectively). ANOSIM was used to evaluate group
differences using weighted, unweighted and generalised UniFrac distance matrices
analysis (Lozupone and Knight, 2005). All distances matrices were generated based
on rarefied OTU tables.

6.3.7 Statistical analysis
GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA) was used for
visualisation of the data. All statistical analysis was performed with IBM SPSS 24.0
(IBM SPSS Statistics for Windows, NY, USA), and P values less than 0.05 were
considered significant. qPCR (log10 transformed) and HPLC-IR data were expressed
as means ± standard deviations for the last 3 days of each fermentation period where
stable metabolite production was observed. Stability of the inoculum reactor was
defined as the period of less than 10% variability in the daily metabolite concentration.
Since metabolic stability was not observed in fermentation 1 before treatment, ANOVA
was used to compare between CR and TRs before and after treatment, after testing
for normal distribution using the Shapiro-Wilk test. For fermentation 2 data, statistical
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analysis was performed by pairwise comparison between the last 3 days of pretreatment and treatment period of the same reactor by Students t-test. To assess if
there were significant differences in taxa abundance between pre-treatment and
treatment microbiota, or with control reactor, linear discriminant analysis (LDA) effect
size (LEfSe) method for biomarker discovery was used (Segata et al., 2011). A
significance alpha of 0.05 and an effect size threshold of 3.0 were used for all
biomarkers presented in this study. Principal component analysis (PCA) and nonmetric multidimensional scaling (NMDS) were used to evaluate the differences among
microbial communities. Differences were considered significant at P-values less than
0.05. Analysis of similarity (ANOSIM) was used to test the variation in microbial
community composition.

6.4 Results
6.4.1 Impact of glycerol supplementation on metabolite formation
and microbial composition
The response of the caecal microbiota to different glycerol concentration was tested in
fermentation 1. Metabolite concentrations in CR and TRs were similar after 3 days of
colonization prior to treatment. The mean concentrations of acetate (62.2 ± 2.2; 56.0 ±
6.0; 59.1 ± 2.3 mM), butyrate (19.4 ± 6.0; 17.4 ± 4.1; 18.9 ± 4.6 mM), propionate (9.3
± 5.9; 9.5 ± 6.8; 9.4 ± 4.8 mM), succinate (6.4 ± 1.6; 5.8 ± 1.8; 6.7 ± 1.7 mM), valerate
(1.8 ± 0.2; 1.5 ± 0.3; 1.7 ± 0.1 mM), and BCFA (7.6 ± 4.4; 7.5 ± 3.9; 7.2 ± 2.6 mM)
were similar in CR, TR1 and TR2, respectively (Table 6.1). High total gene copy
numbers (10.7 ± 0.1 log gene copies/mL) were measured and similar in all reactors.
Moreover, qPCR analyses for all targeted bacterial groups indicated very similar
quantitative composition in CR and TRs (Table 6.3). From the 16S rRNA sequencing
data, Firmicutes, Proteobacteria and Bacteroidetes were the main phyla in all the CR
and TRs prior to treatment (Figure 6.2, Table S6.2). Except for a small but significant
reduction in the levels of Bacteroidetes in one TR, there were no significant difference
in the relative abundance of bacteria taxonomies in the CR and the TRs (Figure 6.2,
Table S6.2) before treatment.
Supplementation of glycerol (50 mM or 100 mM) in the nutritive medium resulted in a
change in the metabolite profile of chicken caecal microbiota fermentation in the TRs
compared to CR during the last 3 days of the test period applied for 8 days. Glycerol
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supplementation resulted in a significant (P < 0.05) increase in butyrate (+12 mM and
+11 mM for 50 mM and 100 glycerol, respectively) and total metabolite production (+11
mM and +50 mM) and a decrease in acetate (-12 mM and -17 mM) and propionate (5 mM and -6 mM) (Table 6.1, Figure S6.1). The average acetate:propionate:butyrate
(AA:PA:BA) ratio changed from 63:15:22 in the CR to 55:12:33 and 50:10:40 for 50
mM and 100 mM glycerol, respectively. A glycerol concentration-dependent formation
of 1,3-propanediol was also observed, with concentrations of 19.1 ± 0.3 mM and 49.4
± 0.8 mM during fermentation 1 when 50 mM and 100 mM glycerol were supplemented,
respectively.
No significant effect of glycerol supplementation on caecal microbiota composition was
detected by qPCR analysis (Table 6.3), except for a small but significant (0.6 log gene
copies/mL, P < 0.05) increase in Bacteroidetes when 100 mM glycerol was
supplemented that was confirmed by Miseq data (Figure 6.2 (A, B), Table S6.2). A
significant decrease of Enterobacteriaceae (0.6 log gene copies/mL, P < 0.05) was
also observed with 50 mM glycerol compared to CR. Lower Firmicutes, specifically of
the group Lachnospiraceae (- 3 %), Blautia (- 1 %) and Ruminococcus (- 5 %), were
measured by 16S rRNA gene sequencing when 100 mM glycerol was added. The αdiversity values, Shannon indexes (bacterial community evenness) and observed
OTUs (bacterial species richness) were not significantly different (P > 0.05) between
glycerol treated and control reactors (Figure S6.4 (A, B)). Linear discriminant analysis
effect size (LefSe) was used to determine taxa that most likely explain the differences
in the metabolic profile between glycerol supplemented microbiota and the control.
Differential abundances of members of Bacteroidetes phylum and butyrate-producing
bacteria such as unclassified Clostridiales, Roseburia, and Lachnospira, Anaerofutis,
Christensenellaceae, Erysipelotrichales, Eubacterium dolichum were associated with
glycerol supplementation (LDA score, ≥ 3.0) (Figure 6.4). In CR, LefSe highlights the
greater differential abundance of Firmicutes, Bacilli, Lactobacillales, Enterococcaceae,
Ruminococcaceae, and Blautia (LDA score, ≥ 3.0).
The effect of 100 mM glycerol was tested again in fermentation 2 inoculated with a
different chicken donor microbiota and operated without disconnection of IR (Figure
6.1). The effect of glycerol was tested by comparing to pre-treatment and treatment
periods within the same reactor, because significant variations in the metabolic profile
and microbial ecology were measured between the SSRs in fermentation 2 prior to
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treatment (Chapter 5). Similar to fermentation 1, a shift from acetate to butyrate
production during 100 mM glycerol supplementation was observed, compared to the
pre-treatment period (Table 6.2, Figure S6.2 C). The AA:PA:BA ratio changed from
44:11:45 during pre-treatment to 64:9:27 when 100 mM glycerol supplemented.
Production of 1,3-propanediol (23 ± 1.2 mM) was measured only during treatment with
100 mM glycerol. The metabolite concentrations in the control reactor also showed
good stability during the treatment period, with only a limited increase of acetate (+
4mM, P < 0.05) compared to the pre-treatment period. qPCR analysis revealed a
significant decrease (P > 0.05) of Bacteroidetes during the 100 mM glycerol treatment
(Table 6.4) that was confirmed by Miseq data (Figure 6.3, Table S6.3) and LefSe
analysis (Figure 6.5 B). However, no significant differences (P > 0.05) in alpha and
beta diversity indices were detected (Figure S6.5, and Figure S6.6 C). Major butyrateproducing bacteria, including Clostridiales, Coprococcus, Roseburia, and Dorea were
differentially enriched during the 100 mM glycerol treatment in fermentation 2 (Figure
6.5 C).
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Table 6.1: Effect of glycerol supplementation on the metabolic activity of chicken caecal microbiota during in vitro fermentation 1. Mean
metabolite concentrations with standard deviation of effluent samples in reactor effluents.
Concentration (mM)

Pre-treatment

Treatment

Total

Acetate

Butyrate

Propionate

Succinate

Valerate

1,3 – PDO

Total BCFAs

Control

62.2 ± 2.2A

19.4 ± 6.0A

9.3 ± 5.9A

6.4 ± 1.6A

1.8 ±0.2A

0.0 ± 0.0

7.6 ± 4.4A

111.2 ± 16.5A

50 mM Glycerol

56.0 ± 6.0A

17.4 ± 4.1A

9.5 ± 6.8A

5.8 ± 1.8A

1.5 ± 0.3A

0.0 ± 0.0

7.5 ± 3.9A

100.3 ± 18.4A

100 mM Glycerol

59.1 ± 2.3A

18.9 ± 4.6A

9.4 ± 4.8A

6.7 ± 1.7A

1.7 ± 0.1A

0.0 ± 0.0

7.2 ± 2.6A

107.5 ± 10.9A

Control

75.2 ± 0.9a

26.7 ± 2.6a

17.9 ± 0.3a

2.7 ± 0.6ab

3.5 ±1.3a

0.0 ± 0.0a

13.4 ± 0.1a

139.4 ± 4.4a

50 mM Glycerol

4.8b

5.1ab

1.3b

0.2a

0.9a

0.3b

0.3b

151.1 ± 2.9a

11.8 ± 0.4c

188.8 ± 7.4b

100 mM Glycerol

63.1 ±

58.5 ± 0.8b

38.5 ±

37.3 ± 9.6b

13.4 ±

11.6 ± 1.3b

1.8 ±

3.3 ± 2.0b

Values with different letters are significantly different from one another (P < 0.05) within each period.
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Table 6.2: Effect of glycerol supplementation and daily spike of L. reuteri PTA5_F13 on the metabolic activity of chicken caecal microbiota
during in vitro fermentation 2.

Mean metabolite concentration (mM) ± SD
Total

Acetate

Butyrate

Propionate

Succinate

Valerate

1,3 – PDO

Total BCFAs

Pre-treatment

91.2 ± 0.9a

28.8 ± 0.1a

23.1 ± 1.0a

7.1 ± 0.8a

8.3 ± 0.1a

0.0 ± 0.0

14.8 ± 0.2a

174.1 ± 1.9a

32 – 34

Treatment

95.9 ± 1.0b

27.2 ± 0.6b

21.9 ± 0.3a

6.8 ± 0.2a

7.1 ± 0.1b

0.0 ± 0.0

14.9 ± 0.2a

174.0 ± 1.3a

40 – 42

Pre-treatment

91.4 ± 1.5a

32.9 ± 0.3a

19.9 ± 0.5a

5.9 ± 0.4a

8.0 ± 0.2a

0.0 ± 0.0

15.4 ± 0.3a

173.6 ± 2.3a

32 – 34

Treatment

1.9a

1.2b

0.3b

0.3b

0.7a

0.0 ± 0.0

15.0 ±

0.6a

2.7a

40 – 42

metabolites

Days

Control

L. reuteri PTA5_F13

92.4 ±

36.1 ±

17.0 ±

4.0 ±

6.9 ±

171.5 ±

100 mM Glycerol
Pre-treatment

96.2 ± 2.6a

39.8 ± 0.9a

14.0 ± 0.7a

4.2 ± 0.4a

5.7 ± 0.9a

0.0 ± 0.0a

13.7 ± 0.2a

174.0 ± 1.9a

32 – 34

Treatment

1.7b

0.7b

1.1a

0.2a

0.3a

1.2b

0.2b

1.8b

40 – 42

61.4 ±

63.3 ±

14.7 ±

3.6 ±

4.8 ±

23.0 ±

12.1 ±

183.4 ±

L. reuteri PTA5_F13
+ 100 mM Glycerol
Pre-treatment

89.6 ± 2.1a

30.3 ± 0.9a

27.1 ± 0.6a

4.3 ± 0.5a

Treatment

2.4b

0.2b

0.3b

0.6b

74.0 ±

51.6 ±

22.8 ±

7.7 ±

5.4 ± 1.9a
10.4 ±

0.3b

0.0 ± 0.0a

14.9 ± 0.3a

171.7 ± 3.1a

32 – 34

0.3b

0.3b

3.1b

40 – 42

20.4 ±

13.2 ±

Data are means ± standard deviation for the last 3 days of each fermentation period.
Values with different letters are significantly different from pre-treatment and treatment period of the same reactor (P < 0.05).
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Figure 6.2. Effect of glycerol supplementation on microbial composition and diversity in fermentation
1. (A, B) Microbial composition in the effluent of reactors obtained by 16S rRNA amplicon sequencing
represented by relative abundance at phylum and genus levels, respectively. When assignment at the
genus was not possible, the highest-level taxonomy assignment was shown. Values < 1% are
summarised in the group “others”. Values are mean results ± standard deviation (n = 3).
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6.4.2 Impact of L. reuteri spiking on metabolite formation and
microbiota composition
Reuterin-producing L. reuteri PTA5_F13 isolated from chicken was selected for its high
reuterin prodcution (Chapter 3). qPCR analysis revealed that reuterin-producing L.
reuteri was not detected before the treatment (detection limit of 4.8 log gene
copies/mL). Upon daily spiking to final concentration of 7.0 log CFU/mL, L. reuteri
PTA5_F13 stabilised to 7.6 ± 0.1 log gene copies/mL during treatment (24 h after last
spike) (Table 6.4, Figure S6.3 C). Total metabolite production was not changed upon
spiking, with only a small but significant increase in butyrate (+ 3 mM, P < 0.05)
compared to the pre-treatment period (Table 6.2). Lactobacillus-LeuconostocPedicococcus spp. (+ 1.6 log gene copies/mL), and Bifidobacteriaceae (+ 0.5 log gene
copies/mL) significantly (P > 0.05) increased whereas Enterobacteriaceae (- 0.7 log
gene copies/mL) decreased during L. reuteri PTA5_F13 spiking (Table 6.4, Figure
S6.3 C). Miseq data confirmed the reduction of Enterobacteriaceae (Figure 6.3, Table
S6.3). Differential enrichment of Firmicutes, Lactobacillales, Bacilli, Enterococcaceae,
Lactobacillus reuteri and the depletion of bacteria of the phylum Bacteroidetes and
Enterobacteriaceae were observed during a daily spike of L. reuteri PTA5-F13 by
LefSe analysis (LDA ≥ 3.0) (Figure 6.5 B).

6.4.3 Impact of addition of reuterin-producing L. reuteri with glycerol
In situ production of reuterin was tested during addition of L. reuteri PTA5_F13 and
100 mM glycerol. L. reuteri PTA5_F13 was below detection in the pre-treatment period
and stabilised to 7.7 ± 0.1 log gene copies/mL in the test reactor upon daily spiking
(Table 6.4). Significant (P > 0.05) increase of total metabolite (+ 28 mM), butyrate (+
22 mM), succinate (+ 4 mM) and valerate (+ 5 mM) concentrations were measured
during the treatment period. In contrast acetate (- 16 mM), propionate (- 4 mM) and
total BCFAs (- 2 mM) decreased compared to pre-treatment period (Table 6.2, Figure
S6.2). 1,3-propanediol (20 mM) was also detected during this treatment. The treatment
with L. reuteri and 100 mM glycerol induced a significant (P > 0.05) increase of
Lactobacillus-Leutonostoc-Pediococcus spp. (+ 2.5 log gene copies/mL) and a
decrease Enterobacteriaceae (- 1.2 log gene copies/mL) compared to the pretreatment period (Table 6.4), that was confirmed by Miseq data (Table S6.3). The
alpha and beta diversity of the in vitro chicken caecal microbiota was not significantly
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(P > 0.05) changed (Figure S6.5, Figure S6.6 D). However, LefSe analysis showed
significant enrichment of Proteobacteria specifically of the genus Proteus, and
increased

Lactobacillaceae,

Clostridiales

and

Eubacteriaceae,

whereas,

Bacteroidetes, Lachnospiraceae and Blautia were depleted during this treatment
(Figure 6.5 D).
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Table 6.3: 16S rRNA gene copy numbers of specific bacterial groups in fermentation 1 enumerated by qPCR. Data are means ± standard
deviation for the last 3 days of effluent samples in reactor effluents.
Log10 16S rRNA gene copies of taxon/mL (mean ± SD)

Pre-treatment

Treatment

Days

Total bacteria

Firmicutes

Ruminococcaceae

LactobacillusLeuconostocPediococcus spp

Bacteriodetes

Enterobacteriaceae

Bifidobacteriaceae

Control

10.2 ± 0.2A

10.0 ± 0.1A

10.1 ± 0.1A

8.3 ± 1.1A

8.1 ± 1.1A

7.9 ± 0.4A

8.1 ± 0.2A

1–3

50 mM Glycerol

10.3 ± 0.3A

10.1 ± 0.2A

10.1 ± 0.1A

8.7 ± 1.1A

8.1 ± 0.9A

7.7 ± 0.8A

8.3 ± 0.3A

1–3

100 mM Glycerol

10.3 ± 0.2A

10.1 ± 0.2A

10.0 ± 0.1A

8.6 ± 0.9A

8.4 ± 0.9A

8.1 ± 0.3A

8.4 ± 0.2A

1–3

Control

10.3 ± 0.2A

10.1 ± 0.2A

10.1 ± 0.1A

6.6 ± 0.5A

9.1 ± 0.2A

7.5 ± 0.3A

7.7 ± 0.0A

7–9

50 mM Glycerol

10.3 ± 0.1A

10.1 ± 0.1A

10.1 ± 0.1A

6.9 ± 0.3A

9.2 ± 0.1A

6.9 ± 0.1B

7.3 ± 0.3A

7–9

100 mM Glycerol

0.1A

0.1A

0.1A

0.1A

0.1B

0.1A

0.5A

7–9

10.4 ±

10.1 ±

10.0 ±

7.1 ±

Values with different letters are significantly different from one another (P < 0.05) within each period.
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Table 6.4: 16S rRNA gene copy numbers of specific bacterial groups in fermentation 2 enumerated by qPCR.
Log10 16S rRNA gene copies of taxon/mL (mean ± SD)
Total
bacteria

Firmicutes

Ruminococcaceae

LactobacillusLeuconostocPediococcus spp.

Bacteriodetes

Enterobacteriaceae

Bifidobacteriaceae

L. reuteri
PTA5_F13

Pre-treatment

10.7 ± 0.0a

9.9± 0.1a

9.8 ± 0.0a

6.4 ± 0.1a

9.9 ± 0.1a

8.5 ± 0.3a

7.2 ± 0.1a

BDL

32 –34

Treatment

0.1a

0.1a

0.1a

0.0b

0.0a

0.2a

0.1a

BDL

40 – 42

BDL

32 –34

7.6 ± 0.1

40 – 42

Days

Control
10.6 ±

9.8 ±

9.8 ±

6.1 ±

9.9 ±

8.2 ±

7.2 ±

L. reuteri PTA5_F13
Pre-treatment

10.9 ± 0.1a

9.8 ± 0.0a

9.8 ± 0.1a

7.3 ± 0.3a

9.5 ± 0.2a

8.1 ± 0.1a

7.7 ± 0.2a

Treatment

0.3a

0.1b

0.0a

0.1b

0.1a

0.2b

0.1b

10.8 ±

9.9 ±

9.9 ±

8.9 ±

9.2 ±

7.4 ±

8.2 ±

100 mM Glycerol
Pre-treatment

10.8 ± 0.1a

9.9 ± 0.1a

9.9 ± 0.1a

7.8 ± 0.2a

8.9 ± 0.1a

7.4 ± 0.1a

8.4 ± 0.2a

BDL

32 –34

Treatment

10.8 ± 0.1a

10.0 ± 0.0a

10.0 ± 0.0a

8.1 ± 0.3a

8.5 ± 0.2b

7.3 ± 0.2a

8.4 ± 0.1a

BDL

40 – 42

L. reuteri PTA5_F13
+ 100 mM Glycerol
Pre-treatment

11.0 ± 0.1a

9.8 ± 0.0a

9.8 ± 0.1a

6.4 ± 0.2a

10.0 ± 0.1a

8.1 ± 0.1a

7.3 ± 0.0a

BDL

32 –34

Treatment

11.1 ± 0.1a

9.8 ± 0.1a

9.8 ± 0.1a

8.9 ± 0.1b

9.9 ± 0.1a

6.9 ± 0.1b

7.2 ± 0.1a

7.7 ± 0.1

40 – 42

Data are means ± standard deviation for the last 3 days of each fermentation period.
Values with different letters are significantly different from pre-treatment and treatment period of the same reactor (P < 0.05).
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Figure 6.3: The effect of glycerol supplementation and daily spiking of L. reuteri PTA5_F13 on
microbial composition and diversity of chicken caecal microbiota during in vitro fermentation 2. Microbial
composition in the effluent of reactors obtained by 16S rRNA amplicon sequencing represented by
relative abundance at phylum (A) and genus (B) levels. When assignment at the genus was not
possible, the highest-level taxonomy assignment was shown. Values < 1% are summarised in the group
“others”. Values are mean results ± standard deviation of the last three days of each fermentation period.
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Figure 6.4: Linear Discriminant Analysis (LDA) Effect Size (LEfSe) plot of taxonomic biomarkers
identified in glycerol supplemented reactors (A, 100 mM; B, 50 mM) and control reactor (0 mM glycerol).
The length of the histogram represents the LDA score; i.e., the degree of influence of species with a
significant difference between different groups. A Kruskal-Wallis test was employed at an alpha = 0.05
to identify significantly enriched taxa, whereas a pairwise Wilcoxon rank-sum test was utilised to test
biological consistency across all subgroups (alpha = 0.05). A linear discriminant analysis (LDA) was
calculated to determine effect size and all taxa that yielded an LDA score ≥ 3.0 are presented.
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Figure 6.5: Linear Discriminant Analysis (LDA) Effect Size (LEfSe) plot of taxonomic biomarkers
identified in pre-treatment and treatment of control reactor (A), daily spike of L. reuteri PTA5_F13 (B),
100 mM glycerol supplementation (C), and, daily spike of L. reuteri PTA5_F13 and 100 mM glycerol (D).
The length of the histogram represents the LDA score; i.e., the degree of influence of species with a
significant difference between pre-treatment and treatment. A Kruskal-Wallis test was employed at an
alpha = 0.05 to identify significantly enriched taxa, whereas a pairwise Wilcoxon rank-sum test was
utilised to test biological consistency across all subgroups (alpha = 0.05). A linear discriminant analysis
(LDA) was calculated to determine effect size and all taxa that yielded an LDA score ≥ 3 are presented.
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6.5 Discussion
Reuterin-producing L. reuteri are commensal in the chicken gastrointestinal tract and
can produce reuterin when glycerol is available. Reuterin is a broad-spectrum
antimicrobial that may play a role in the balance of the chicken gut microbiota, and
possibly protect from colonization by enteropathogens. In this study we report the
impact of daily spiking of L. reuteri PTA5_F13, mimicking continuous shedding from
the chicken crop biofilms, and its capacity to secrete reuterin in the presence or
absence of glycerol in conditions closely mimicking the chicken caeca.

6.5.1 Glycerol supplementation specifically enhanced butyrate
production by chicken caecal microbiota
Several studies have evaluated glycerol as feed ingredient and a source of energy for
poultry, and for the improvement of pellet quality (Groesbeck et al., 2008; Topal and
Ozdogan, 2013). Some beneficial effects were reported for glycerol inclusion in poultry
diets, such as an increase in body weight and improved feed conversion ratio,
associated with increased GIT weight and feed intake (Henz et al., 2014; Mandalawi
et al., 2014; Topal and Ozdogan, 2013; Wang et al., 2018). However, the effect of
glycerol on the composition and metabolism of the chicken gut microbiota, which may
partly explain the observed effects on poultry productivity was not thoroughly
investigated.
In this study, we observed that the addition of glycerol strongly altered the SCFA ratio
by mainly increasing butyrate production. Concordant with the increase in butyrate
production, we observed an increase in Bacteroidetes phylum in fermentation 1 (caeca
microbiota 1) and an increase in Clostridiales, Coprococcus, Roseburia and Dorea
spp. in fermentation 2 (caeca microbiota 2) during glycerol supplementation. Members
of the Clostridiales order, Coprococcus spp., Roseburia spp. and Dorea spp. uses the
butyryl-CoA:acetate CoA-transferase pathway to synthesis butyrate and frequently
found of the chicken gut (Eeckhaut et al., 2011). This is evident by the concomitant
decrease in acetate during butyrate synthesis, as these taxa use exogeneous
produced acetate to synthesise butyrate (Louis and Flint, 2009; Pryde et al., 2002).
However, there is still contention as to whether members of Bacteroidetes phylum are
butyrate producers as only a few studies have reported the butyrate production
capacity of Bacteroidetes (Eke et al., 1989; Sergeant et al., 2014; Touw et al., 1982;
220

Chapter 6
Vital et al., 2013). Nevertheless, recent studies by Zhao et al. (2019) and Chai et al.
(2019) showed that members of the Bacteroidetes phylum possess the genetic arsenal
(phosphate butyryltransferase (ptb) and butyrate kinase (buk)) necessary to produce
butyrate. Therefore, our data support the role of members of the Bacteroidetes phylum
for butyrate production in the chicken gut. Butyrate has been shown to be a highly
beneficial metabolite for gut health (Eeckhaut et al., 2011). In chicken, butyrate
influences a wide range of cellular functions such as anti-inflammatory, gut tissue
development and pathogen control which leads to increase in productive performance
of chicken (Bedford and Gong, 2018; Fernández-Rubio et al., 2009; Leeson et al.,
2005; Zhou et al., 2014).
In the field of poultry nutrition, butyrate has been supplied as a feed additive and can
be fed as an unprotected salt or in the form of butyrate glycerides or butyrate-loaded
matrices to prevent the rancid odour (Hu and Guo, 2007; Jerzsele et al., 2012; Yang
et al., 2018; Yin et al., 2016). However, a recent study suggested that butyrate when
present in the gastric region of poultry induces inflammation (Moquet et al., 2016,
2018). Hence, endogenous (microbial) production of butyrate may be a more effective
approach than supplementation the diet with butyrate (Onrust et al., 2015).
Interestingly our data showed that glycerol supplementation can specifically and
largely enhance endogenous production of butyrate by chicken gut microbiota which
may explain observed effects of glycerol in vivo.

6.5.2 Reuterin synthesised by L. reuteri PTA5_F13 in chicken caeca
reduced Enterobacteriaceae
L. reuteri is one of the most used probiotic bacteria in poultry nutrition with beneficial
effects on productive performance of poultry (Brisbin et al., 2011; Nakphaichit et al.,
2019; Yu et al., 2007). Several mechanisms have been associated to L. reuteri
probiotic potential, including the production of antimicrobial substances such as lactic
acid, hydrogen peroxide, reuterin and reutericycline (Ganzle et al., 2000; Greifová et
al., 2017; Morita et al., 2008). We evaluated the effect of in situ reuterin synthesis on
in vitro cultured chicken caecal microbiota, by supplementing reuterin producing L.
reuteri PTA5_F13 (with or without glycerol).
L. reuteri PTA5_F13 induced small changes in the fermentative capacity of the
microbiota with increased butyrate and decreased propionate concentrations. This is
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consistent with the heterofermentative pattern of L. reuteri, which produces lactate and
acetate as primary metabolites that can further be consumed by propionate-producing
species, such as Veillonella and Megasphaera (Reichardt et al., 2014) and butyrateproducing species, such as A. caccae and E. hallii (Duncan et al., 2004). The addition
of L. reuteri also resulted in a small (0.7 log gene copies /mL) but significant decrease
in Enterobacteriaceae which detected by qPCR and confirmed by 16S rRNA amplicon
sequencing. This data is in agreement with findings of Mulder et al. (1997) and
Nakphaichit et al. (2019) who reported that inoculation with a probiotic strain of L.
reuteri significantly reduced the number of Enterobacteriaceae (< 0.5 log gene copies
/g caecal content) in broiler chickens. Enterobacteriaceae are susceptible to the
antimicrobial effect of lactate and low pH (Olnood et al., 2015). However, no lactate
accumulation was detected in the fermentation effluent, and the pH of the PolyFermS
model was controlled at pH 6.0. Therefore, we speculate that the reduction of
Enterobacteriaceae by daily spike of L. reuteri PTA5_F13 in the chicken caecal may
be due to niche competition or other factors.
L. reuteri is unique by its ability to synthesise 3-hydroxypropionaldehyde (3-HPA) by
the enzyme glycerol/diol dehydratase PduCDE through glycerol metabolism, which
can further be reduced to 1,3-PDO by a 1,3-propanediol dehydrogenase in high
glucose environment (Luo et al., 2011; Morita et al., 2008). In low glucose environment,
3-HPA can be excreted into the medium where it forms together with the 3-HPA
hydrate, 3-HPA dimer and acrolein a dynamic multi-compound called reuterin (Engels
et al., 2016b; Vollenweider et al., 2003). We observed the production of 1,3-PDO when
L. reuteri PTA5_F13 and glycerol were supplemented to the in vitro chicken caecal
microbiota, although the fermentation medium did not contain glucose. However,
neither 3-HPA nor acrolein could be detected and quantified, which may be explained
by the high reactivity of these compounds and the conversion of 3-HPA to 1,3-PDO by
other microbes. Several bacteria of the chicken caecal microbiota including Klebsiella,
Enterobacter, Citrobacter, Clostridium, and Eubacterium hallii possess cobalamindependent glycerol/diol dehydratase and therefore have the genetic potential to
synthesise 3-HPA and 1,3-PDO from glycerol or using the 3-HPA intermediate (Engels
et al., 2016a; Stanley et al., 2016; Zhang et al., 2019). This was supported by the
production of 1,3-PDO by the chicken caecal microbiota when 100 mM glycerol was
supplemented without L. reuteri PTA5_F13. Therefore, when glycerol was
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supplemented to the in vitro chicken caecal microbiota harbouring reuterin-producing
L. reuteri, the glycerol was partly used for synthesising reuterin or 1,3-PDO. This could
indeed explain the observed low level of 1,3-PDO production when L. reuteri
PTA5_F13 and 100 mM glycerol were supplemented compared to only 100 mM
glycerol supplementation. Similarly, Cleusix et al. (2008) observed lower levels of 1,3PDO when 100 mM glycerol and human-derived reuterin-producing L. reuteri ATCC
55730 was supplemented to an in vitro fermentation of the human intestinal microbiota
compared to 100 mM glycerol only. Taken together, these data suggest that significant
reuterin production occurred when reuterin-producing L. reuteri was supplied to the
chicken caecal microbiota in the presence of glycerol.
The diversity (richness and evenness) of the chicken caecal microbiota remained
unaffected during the combined treatment. We observed a significant decrease in
Enterobacteriaceae (- 1.2 log gene copies/mL) during supplementation of glycerol and
L. reuteri PTA5_F13. Interestingly, the population of Enterobacteriaceae remained
unchanged when only 100 mM glycerol was supplemented to the caecal microbiota.
In 0, we reported that Enterobacteriaceae are highly sensitive to the antimicrobial effect
of reuterin. The Enterobacteriaceae family consist of many genera and strains that
colonise the gut and includes human pathogens, especially Campylobacter,
Escherichia coli, Salmonella, Klebsiella, and Shigella strains, hence in situ reuterin
synthesis might be a potential strategy to reduce Enterobacteriaceae population in the
chicken gut.
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6.6 Conclusion
Using the novel in vitro continuous PolyFermS model designed to mimic we measured
a stable and reproducible concentration-dependent butyrogenic effect of glycerol.
Furthermore, our data revealed that daily spiking of the reuterin-producing L. reuteri
PTA5_F13 reduced the number of Enterobacteriaceae. This effect was enhanced cosupplementation of glycerol that induced production of reuterin. Our data suggest a
potential of glycerol to promote butyrate production and in situ reuterin synthesis in the
chicken gut without detrimental effects on the commensal caecal microbiota.
Nonetheless, these findings should be repeated.

6.7 Acknowledgement
This work is funded by the COOP Research Program on “Sustainability in Food Value
Chains” of the ETH-Zurich World Food System Centre and the ETH Zurich and the
Swiss National Science Foundation (SNF) under the National Research Program (NRP
72) Antimicrobial Resistance. PTA is grateful for the Swiss Government Excellence
PhD Scholarships for foreign students (2015 to 2018).

6.8 Ethical approval
Chicken samples were taken under the close assistance of a professional veterinarian,
as per Swiss Ethical Regulation.

6.9 Conflict of interest
The authors have no conflict of interest.

224

Chapter 6

6.10 Supplementary information

225

Chapter 6
Table S6.1: Primers for detection of specific bacterial groups
Primer Name

Sequence 5’ – 3’

Eub338F

ACT CCT ACG GGA GGC AGC AG

Eub518R

ATT ACC GCG GCTVGCT GG

Firm 934F

GGA GYA TGT GGT TTA ATT CGA AGC A

Firm 1060R

AGC TGA CGA CAA CCA TGC AC

Bac303F

GAA GGT CCC CCA CAT TG

Bfr-Femrev

CGC KAC TTG GCT GGT TCA G

RumiF

ACTGAGAGGTTGAACGGCCA

RumiR

CCTTTACACCCAGTAAWTCCGGA

F_Lacto 05

AGC AGT AGG GAA TCT TCC A

R_Lacto 04

CGC CAC TGG TGT TCY TCC ATA TA

Bifi_F

TCG CGT CYG GTG TGA AAG

Bifi_R

CCA CAT CCA GCR TCC AC

Eco1457F

CAT TGA CGT TAC CCG CAG AAG AAG CCTC TAC GAG ACT

Eco1652R

CAA GCT TGC

pduC_F

CCTGAAGTAAAYCGCATCTT

Reuterin-producing L.

pduC_R

GAAACYATTTCAGTTTATGG

reuteri

Target

Reference

Total bacteria

Guo et al. (2008)

Firmicutes

Guo et al. (2008)

Bacteroidetes

Ramirez-Farias et al. (2009)

Ruminococcaceae

Garcia-Mazcorro et al. (2012)

LactobacillusLeuconostoc-

Furet et al. (2009)

Pediococcus spp.
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Bidfidobacteriaceae

Meimandipour et al. (2010)

Enterobacteriaceae

Bartosch et al. (2004)

Walter et al. (2011)
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Table S6.2: Summary microbial phyla and the most abundant (>1) bacterial genus obtained by V3 region 16S rRNA amplicon

sequencing within PolyFermS reactors before and during glycerol supplementation in fermentation 1. Values < 1 in all reactors are
summarised in the group “Others”.

Taxonomy*
Firmicutes
o_Clostridiales
f_Lachnospiraceae [UC]
f_Lachnospiraceae
g_Faecalibacterium
g_Ruminococcaceae
g_Blautia
g_Coprococcus
g_[Ruminococcus]
g_Oscillospira
g_Enterococcus
g_Lactobacillus
Bacteroidetes
g_Bacteroides
Proteobacteria
f_Enterobacteriaceae
g_Proteus
g_Pseudomonas
Others

Caecal
inoculum
(%)

Inoculum
reactor (IR)
(%)

92.5
10.3
3.0
11.9
22.5
14.9
2.4
5.3
5.5
2.9
0.0
10.9
2.9
2.9
3.6
3.4
0.2
0.0
0.98

79.6
12.0
10.0
13.9
0.0
7.1
1.9
15.4
10.3
3.9
3.8
0.4
6.2
6.2
14.1
0.9
13.2
0.1
1.19

Control
reactor
(%)
76.1 ± 3.8a
7.7 ± 3.5A
3.7 ± 1.4A
13.0 ± 5.2A
0.0 ± 0.0
6.2 ± 2.3A
2.4 ± 1.3A
5.2 ± 4.7A
8.6 ± 4.9A
1.8 ± 2.1A
17.9 ± 12.8A
7.8 ± 11.9 A
2.5 ± 4.1a
2.5 ± 4.1A
20.9 ± 7.9a
2.5 ± 0.7A
16.9 ± 7.7A
1.6 ± 2.6A
0.4 ± 0.1a

Pre-treatment*
50 mM
glycerol
(%)
73.4 ± 2.9a
8.5 ± 3.2A
3.9 ± 1.1A
11.3 ± 3.9A
0.0 ± 0.0
6.1 ± 1.8A
1.7 ± 0.9B
5.9 ± 3.7A
8.8 ± 2.9B
2.1 ± 1.7A
15.5 ± 10.1A
8.1 ± 11.6 A
3.6 ± 5.1a
3.6 ± 5.1A
21.9 ± 7.5a
2.9 ± 0.5A
18.1 ± 7.1A
0.9 ± 1.5A
0.9 ± 0.5ab

100 mM glycerol
(%)

Control reactor
(%)

Treatment*
50 mM glycerol
(%)

100 mM glycerol
(%)

74.4 ± 7.9b
8.4 ± 3.8A
3.2 ± 0.6A
13.0 ± 4.7B
0.0 ± 0.0
6.9 ± 1.9A
2.0 ± 0.9C
4.3 ± 2.7A
9.6 ± 5.0C
1.5 ± 1.5A
13.0 ± 7.39A
10.5 ± 16.5
0.8 ± 1.0b
0.8 ± 1.0B
24.1 ± 8.6a
2.5 ± 1.5A
21.6 ± 9.6A
0.0 ± 0.0A
0.7 ± 0.2b

77.3 ± 6.2a
14.2 ± 1.6A
4.0 ± 0.3A
10.6 ± 0.6A
0.0 ± 0.0
18.7 ± 1.9A
1.9 ± 0.1A
6.2 ± 1.9A
9.6 ± 0.7A
4.7 ± 0.5A
5.9 ± 2.1A
0.0 ± 0.0
3.6 ± 0.5a
3.6 ± 0.5A
18.7 ± 6.1a
1.4 ± 0.4A
16.9 ± 5.5A
1.6 ± 2.6A
2.1 ± 0.4a

72.8 ± 1.3a
12.5 ± 1.8A
6.4 ± 1.4A
9.8 ± 0.5A
0.0 ± 0.0
18.0 ± 2.7A
1.4 ± 0.0B
9.2 ± 2.3A
7.5 ± 0.9B
3.7 ± 0.5A
2.5 ± 0.6A
0.0 ± 0.0
4.4 ± 0.4a
4.4 ± 0.4A
22.7 ± 1.7a
1.0 ± 0.1A
21.6 ± 1.6A
1.6 ± 2.6A
1.7 ± 0.3ab

60.6 ± 3.2b
14.7 ± 1.6A
4.4 ± 1.6A
7.2 ± 0.6B
0.0 ± 0.0
13.8 ± 1.9A
0.9 ± 0.1C
5.4 ± 2.1A
4.6 ± 0.4C
3.8 ± 0.4A
4.0 ± 0.9A
0.0 ± 0.0
16.8 ± 3.2b
16.8 ± 3.2B
22.5 ± 1.9a
1.8 ± 0.3A
19.8 ± 1.0A
1.6 ± 2.6A
2.8 ± 0.6b

* Data are means ± SD of the last three days of fermentation period.
When assignment at the genus level was not possible, the highest-level taxonomy was presented.
Values with different letters are significantly different from one another (P < 0.05)
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Table S6.3: Summary microbial phyla and the most abundant (>1) bacterial genus obtained by V3 region 16S rRNA amplicon sequencing within
PolyFermS reactors before and during glycerol supplementation and daily spike L. reuteri PTA5_F13 in fermentation 2. Values < 1 in all reactors
are summarised in the group “Others”. Data are means ± SD of the last three days of fermentation

Inoculum reactor (IR)
Taxonomy*

Firmicutes
o_Clostridiales
f_Lachnospiraceae
f_Ruminococcaceae
g_Pseudoramibacter
g_Enterococcus
g_Lactobacillus
g_Blautia
g_Coprococcus
g_Dorea
g_Roseburia
g_ [Ruminococcus]
g_Oscillospira
g_Ruminococcus
Bacteroidetes
g_Bacteroides
Proteobacteria
f_Enterobacteriaceae
g_Proteus
Actinobacteria
f_Actinosynnemataceae
g_Bifidobacterium
Others

Pretreatment
(%)
79.3 ± 2.9a
8.7 ± 1.5A
20.5 ± 1.0A
20.6 ± 1.0A
0.7 ± 0.4A
5.2 ± 3.1A
0.0 ± 0.0A
3.1 ± 0.5A
1.9 ± 0.6A
1.1 ± 0.2A
3.9 ± 0.1A
4.2 ± 0.4A
7.0 ± 1.1A
2.0 ± 0.5A
10.6 ± 3.3A
10.6 ± 3.3A
8.7 ± 1.4A
2.4 ± 0.4A
6.3 ± 1.0A
1.3 ± 0.2A
0.0 ± 0.0A
1.3 ± 0.2A
0.1 ± 0.1A

Treatment
(%)
78.8 ± 6.0a
5.5 ± 1.4
24.1 ± 0.3A
20.7 ± 5.9A
0.4 ± 0.1A
6.3 ± 0.5A
0.0 ± 0.0A
3.2 ± 0.6A
2.3 ± 0.1A
1.5 ± 0.4A
2.4 ± 1.0A
5.0 ± 1.2A
4.8 ± 0.2A
2.1 ± 0.3A
10.6 ± 4.7A
10.6 ± 4.7A
8.2 ± 2.3A
2.5 ± 0.9A
5.7 ± 1.4A
2.2 ± 0.5A
0.0 ± 0.0A
2.2 ± 0.5A
0.2 ± 0.2A

Control reactor
Pretreatment
(%)
41.1 ± 1.2a
3.1 ± 1.2A
7.3 ± 0.6A
6.7 ± 0.5A
1.4 ± 0.1A
11.6 ± 2.7A
0.2 ± 0.0A
2.3 ± 0.4A
1.4 ± 0.3A
1.0 ± 0.2A
0.8 ± 0.0A
1.4 ± 1.1A
2.7 ± 0.7A
0.7 ± 0.1A
29.4 ± 4.8a
29.4 ± 4.8A
29.4 ± 5.2a
4.1 ± 0.8A
25.4 ± 4.5A
0.1 ± 0.0A
0.0 ± 0.0A
0.0 ± 0.0A
0.0 ± 0.0a

Treatment
(%)
47.2 ± 12.7a
4.2 ± 1.3A
9.4 ± 4.7A
9.1 ± 2.9A
1.3 ± 0.9A
9.2 ± 3.3A
0.1 ± 0.1A
2.8 ± 0.9A
1.2 ± 0.9A
1.5 ± 0.5A
1.6 ± 0.6A
1.3 ± 0.5A
3.7 ± 2.2A
1.1 ± 0.3A
31.2 ± 5.7a
31.1 ± 5.7A
21.5 ± 18.4a
3.5 ± 1.6A
18.1 ± 16.9A
0.0 ± 0.0A
0.0 ± 0.0A
0.0 ± 0.0A
0.0 ± 0.0a

L. reuteri PTA5_F13
Pretreatment
(%)
66.9 ± 5.9a
4.3 ± 0.9A
14.2 ± 1.7A
16.8 ± 3.1A
1.2 ± 0.5A
7.4 ± 3.3A
0.1 ± 0.1A
4.2 ± 0.6A
3.9 ± 0.8A
1.5 ± 0.2A
1.6 ± 0.2A
2.2 ± 0.5A
7.0 ± 1.5A
2.0 ± 0.2A
14.2 ± 6.8a
14.2 ± 6.8A
18.3 ± 3.2a
3.7 ± 0.9A
14.7 ± 2.8A
0.6 ± 0.1A
0.0 ± 0.0A
0.4 ± 0.2A
0.3 ± 0.8a

Treatment
(%)
81.0 ± 4.9b
3.8 ± 0.8A
12.8 ± 1.5A
20.5 ± 2.2A
2.4 ± 0.3B
16.3 ± 2.8B
6.5 ± 1.2B
2.8 ± 0.5B
1.4 ± 0.1B
1.9 ± 0.2B
2.2 ± 0.3B
1.2 ± 0.2B
6.9 ± 1.0A
1.8 ± 0.2A
5.0 ± 1.0a
5.0 ± 1.0A
12.7 ± 4.6a
1.1 ± 0.4B
11.7 ± 4.1A
1.0 ± 0.3B
0.0 ± 0.0A
1.0 ± 0.3B
0.1 ± 0.0a

100 mM glycerol
Pretreatment
(%)
70.5 ± 7.0a
6.2 ± 1.8A
12.1 ± 2.4A
20.3 ± 4.6A
0.3 ± 0.1A
7.1 ± 2.9A
0.3 ± 00.2A
4.7 ± 0.8A
2.2 ± 0.6A
1.6 ± 0.6A
1.8 ± 0.8A
2.2 ± 0.6A
7.7 ± 1.5A
3.2 ± 0.5A
2.8 ± 0.6a
2.8 ± 0.6A
22.2 ± 9.5a
1.8 ± 0.5A
20.4 ± 9.1A
3.7 ± 3.1A
2.2 ± 2.4A
1.4 ± 0.7A
0.6 ± 0.1a

Treatment
(%)
72.4 ± 12.7a
14.5 ± 3.1B
10.5 ± 2.1A
19.5 ± 5.9A
0.1 ± 0.1A
5.9± 2.6A
0.5 ± 0.2A
2.9 ± 0.7B
4.3 ± 1.6A
3.4 ± 0.9B
3.9 ± 0.7B
1.9 ± 0.4A
3.0 ± 0.8B
1.2 ± 0.4A
0.8 ± 0.3b
0.8 ± 0.3B
24.6 ± 13.1a
1.5 ± 0.8A
23.1 ± 12.2A
2.1 ± 0.9A
1.0 ± 0.7A
1.1 ± 0.5A
0.1 ± 0.1b

*When assignment at the genus level was not possible, the highest-level taxonomy was presented.
Values with different letters are significantly different from pre-treatment and treatment period of the same reactor (P < 0.05).
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L. reuteri PTA5_F13
+
100 mM glycerol
Pretreatment
Treatment
(%)
(%)
47.7 ± 2.6a
46.8 ± 3.4a
5.1 ± 0.8A
7.9 ± 1.1B
9.5 ± 0.9A
6.7 ± 1.1B
10.0 ± 1.5A
8.1 ± 1.1A
1.0 ± 0.3A
2.6 ± 0.4B
7.9 ± 2.0A
7.4 ± 2.0A
0.1 ± 0.0A
3.9 ± 0.5B
2.9 ± 0.0A
0.8 ± 0.1B
0.9 ± 0.1A
1.0 ± 0.3A
1.4 ± 0.1A
1.4 ± 0.2A
1.5 ± 0.5A
1.1 ± 0.2B
1.7 ± 0.0A
1.4 ± 0.2A
3.9 ± 0.9A
3.5 ± 0.7A
1.2 ± 0.2A
0.6 ± 0.1B
35.8 ± 5.3a
22.6 ± 6.7a
35.8 ± 5.3A
22.6 ± 6.7A
16.4 ± 3.2a
30.4 ± 7.0b
2.6 ± 0.1A
1.9 ± 0.6A
13.8 ± 3.3A
28.5 ± 6.4B
0.7 ± 1.0A
0.1 ± 0.0A
0.0 ± 0.0A
0.0 ± 0.0A
0.0 ± 0.0A
0.0 ± 0.0A
0.0 ± 0.0a
0.0 ± 0.0a
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Figure S6.1: Daily metabolite concentrations in the effluent of control reactor (A), 50 mM glycerol
supplementation (B), and 100 mM glycerol supplementation (C) during in vitro fermentation 1 measured by
HPLC-IR. End metabolites (acetate, propionate, butyrate), intermediate metabolite (succinate) and branchfatty acids (BCFA) (isobutyrate, isovalerate), valerate and 1,3-propanediol.
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Figure S6.2: Daily metabolite concentrations in the effluent of control reactor (A), a daily spike of L.
reuteri PTA5_F13 (B), 100 mM glycerol supplementation (C), and daily spike of L. reuteri PTA5_F13
and 100 mM glycerol (D), during in vitro fermentation 2 measured by HPLC-IR. End metabolites
(acetate, propionate, butyrate), intermediate metabolite (succinate) and branch-fatty acids (BCFA)
(isobutyrate, isovalerate), valerate and 1,3-propanediol.
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Figure S6.3: Quantification of key bacterial populations (16S rRNA gene copy numbers) in the effluent
of control reactor (A), a daily spike of L. reuteri PTA5_F13 (B), 100 mM glycerol supplementation (C),
and daily spike of L. reuteri PTA5_F13 and 100 mM glycerol (D) during in vitro fermentation 2. Data
were expressed as average from technical duplicates.
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7.1 General conclusions
Microbial contamination along the food chain poses serious risks for human health and
leads to important economic loss. Various synthetic chemical compounds are being
used to inhibit or inactivate pathogenic and spoilage microorganisms to improve safety
and extend food products shelf life. However, due to increasing public health concerns,
the use of synthetic chemicals in food are being discouraged. Among alternative
preservation technologies, particular attention has been given to naturally occurring
antimicrobials for decontamination and preservation of food and food products.
Naturally occurring or produced antimicrobials should inhibit a wide range of pathogens
and spoilage microbes, and be economical, non-toxic and effective at low
concentration.
A promising broad-spectrum antimicrobial agent is the bacterial metabolite reuterin
produced by L. reuteri during anaerobic fermentation of glycerol. Reuterin is watersoluble, active over a wide range of pH, resistant to proteolytic and lipolytic enzymes
and thus suitable for biopreservation and disinfection. However, the efficacy of reuterin
for inhibiting bacterial pathogens and spoilage microbes has not been tested so far in
complex matrices such as fresh vegetables and gut microbiota.
In Chapter 2, we presented the decontamination efficacy of reuterin in fresh-cut lettuce
during storage. Results of this chapter validated the predominant role of acrolein in the
antimicrobial property of reuterin, which was previously proposed by Engels et al.
(2016). Enterobacteriaceae, yeasts and moulds present on fresh-cut lettuce were
sensitive to the antimicrobial effect of acrolein. Unexpectedly, we observed a
pronounced discolouration of the fresh-cut lettuce washed with acrolein-containing
reuterin solution at the highest tested concentrations. We speculate acrolein oxidation
of the phenol compounds in the fresh-cut lettuce to be responsible for the observed
discolouration. The main highlights of these results are that conditions of the lettuce
matrix do not impede the broad-spectrum antimicrobial property of reuterin system
when applied at an equivalent concentration of acrolein of 12.1 mM and higher.
The application of L. reuteri as a microbial supplement in chicken requires the use of
commensal chicken isolates that are most likely to persist in the GIT. In chapter 3, we
presented the phenotypic and genotypic characterisation of novel reuterin-producing
L. reuteri strains isolated from the chicken gut. The whole-genome sequencing (WGS)
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and annotation of the chicken isolates have substantially enriched the public genomic
database, which will facilitate future attempts to characterise the phylogenetic
relationships of chicken-derived L. reuteri. We further selected the high reuterinproducing strain of L. reuteri PTA5_F13 as candidate strain based on phenotypic and
genotypic characteristics. The strain exhibited high reuterin production capacity,no
transferable antibiotic resistance genes and sensitivity to major antibiotics (cefotaxime,
erythromycin, penicillin, and tetracycline) of critical importance. We also observed
resistance of L. reuteri PTA5_F13 to vancomycin which is an intrinsic resistance
common to all strains of this species and is therefore not considered a safety concern.
This novel L. reuteri PTA5_F13 strain has the potential to be used for biotechnological
production of reuterin and to be applied as microbial supplement in chicken to stimulate
in situ reuterin synthesis and activity.
In Chapter 4, we demonstrated that reuterin produced by L. reuteri PTA5_F13 exhibits
a very high bactericidal activity on a broad panel of C. jejuni and C. coli isolates from
chicken meat and human stool samples. Unexpectedly, the sensitivity of
Campylobacter to reuterin was much higher than for E. coli K12, which is one of the
most sensitive strain to reuterin and used as indicator strain. We established the
effective MIC and MBC dose ranges of reuterin for Campylobacter inhibition.
Furthermore, we could report for the first time a strong inhibition of C. jejuni in cocultures with reuterin-producing L. reuteri PTA5_F13 associated with in situ reuterin
synthesis. The high sensitivity of C. jejuni implies that the amount of reuterin required
for inhibition of Campylobacter in vivo may not affect the composition of the commensal
microbiota associated with healthy chicken. Furthermore, less amount of exogenous
supplied glycerol (in feed or water) may be required for in situ synthesis of active
concentrations of reuterin. Our results highlight the potential of reuterin to reduce
Campylobacter contamination in chicken and the food chain.
To be able to investigate the effect of reuterin on a complex chicken gut microbiota
without the host confounding factors, in Chapter 5 we designed a novel in vitro
continuous fermentation model of the chicken caeca based on the PolyFermS platform
inoculated with immobilised caecal microbiota. We developed a suitable nutritive
medium to mimic substrate available in the chicken caecum in vivo. We further carefully
selected the environmental conditions, such as pH, temperature and retention time to
match chicken caecal conditions. We successfully implemented for the first time a
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stable continuous fermentation model closely mimicking the composition and activity
of the chicken caecum. Furthermore, we showed that the new fermentation model
exhibits high time stability tested for 70 days of continuous operation. This new chicken
caecal PolyFermS model is suitable for investigating the impact of several nutritional
factors (prebiotics, probiotics and other dietary additives), xenobiotics and various
environmental factors on the same chicken caecal microbiota by using second stage
reactors continuously seeded by effluent of the inoculum reactor, before employing in
vivo studies.
In Chapter 6, we presented the application of the novel in vitro continuous model of
chicken caecum fermentation for preliminary investigation of the effect of glycerol and
L. reuteri PTA5_F13. We showed for the first time a stable and reproducible
concentration-dependent butyrogenic property of glycerol. As butyrate is associated
with several health benefits in animals, this result holds potential for application, with
mechanistic link to chicken gut health leading to an increase in productivity. Our data
suggest that glycerol supplementation can enhance endogenous microbial production
of butyrate in the chicken gut. Furthermore, we showed that daily spiking of L. reuteri
PTA5_F13 resulted in a reduction of Enterobacteriaceae, which was further enhanced
by supplementation of glycerol supporting in situ reuterin production, without a change
in the overall composition and functionality of the caecal microbiota. The results of this
chapter highlighted the potential of glycerol to promote butyrate production and in situ
reuterin synthesis in the chicken gut without detrimental effects on the commensal
caecal microbiota.
Overall, the results obtained during this doctoral thesis highlight the potential of
reuterin, with the main role of acrolein, for decontamination and inhibition of pathogenic
bacteria in food and chicken as a source for food contamination. The reuterin-forming
chicken isolate, L. reuteri PTA5_F13, may be developed as a robust microbial
supplement with mechanistic basis (reuterin synthesis) to reduce Campylobacter in
chicken when applied together with glycerol supplementation in the water or the
chicken feed. The application of reuterin-producing L. reuteri PTA5_F13 and glycerol
as novel, natural, affordable, sustainable and potent anti-Campylobacter agent while
enhancing the production of the benefical butyrate should be further confirmed in in
vivo trials, with considerable potential impact on the production of chicken and for the
safety of chicken meat.
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7.2 Perspectives
Reuterin is a multi-component antimicrobial system, and we confirmed in this thesis
the predominant role of acrolein in the antimicrobial efficacy of reuterin. Based on
studies conducted primarily with laboratory animals, adverse health effects associated
with the exposure to acrolein are mostly confined to the tissue of first contact and are
concentration-dependent (Abraham et al., 2011; Fernández-Cruz et al., 2016). Our
approach of in situ reuterin synthesis in the chicken gut as an anti-Campylobacter
agent will be associated with the concurrent endogenous generation of acrolein and
the fact reactivity of the component which leads to activity on sensitive microbes
concurrently with rapid deactivation. However, there is currently no data on
endogenous production, accumulation and potential effects of acrolein in the gut. Our
data showed the absence of detectable 3-HPA and acrolein in the caecum
fermentation medium, with a detection limit of the HPLC method of 4.4 µM. However,
the extent of endogenous formation of acrolein and biological relevance upon in situ
reuterin synthesis in the chicken gut should be clarified. Furthermore, the direct
application of reuterin solution in food may be hindered by the toxicity concern of
acrolein, although acrolein could not be detected in the washed lettuce in this thesis.
Reuterin also has the potential use as an antimicrobial agent for sanitation, sterilisation
and other non-food applications. Further research is needed to explore those potential
applications and better characterise potential risks induced by acrolein.
We have observed a strong anti-Campylobacter effect of reuterin and reuterinproducing L. reuteri PTA5_F13 in vitro using simple antagonistic tests. However, to
fulfil the requirement of EFSA for assessment of microbial additives, one short-term
experiment of the probiotic activity has to be evaluated in the target host showing a
significant outcome (Rychen et al., 2018). Thus, to demonstrate anti-Campylobacter
efficacy of reuterin-producing L. reuteri PTA5_F13 strain with glycerol and to account
for the full complexity of the host environment, in vivo chicken trials should be
performed, in the absence and presence of Campylobacter in the experimental chicken
gut.
We made the first attempt to establish an in vitro continuous culture of the complex
microbiota of the chicken caeca with microbial ecosystems and metabolic profiles akin
to the chicken donor caecum using the PolyFermS platform. The metabolic function of
the caecal microbiota were successfully maintained with the conditions rationally
240

Chapter 7
selected for the model. However, a model is not reality and the specific factors of the
host that are not accurately known cannot be reproduced, Therefore, some differences
between in vitro preserved microbiota compared with caecal donor microbiota are
inevitable, as observed for a lost prevalent chicken intestinal bacterial family such as
Faecalibacterium and lower concentration of Lactobacillus spp. in the modelled
microbiota. Further improvement may be needed towards stability and caecal
microbiota reproduction in the second-stage reactors akin to the chicken donor
caecum.
Another important observation in this thesis is the strong butyrogenic effect measured
for glycerol during in vitro chicken caecal fermentation. From our observations, we
propose glycerol supplementation in chicken nutrition to stimulate endogenous
(microbial) production of butyrate and associated benefits for the promotion of chicken
development and health. The next step is the confirmation of the butyrogenic property
of glycerol by chicken caecal microbiota in vivo, to accurately determine the effects of
glycerol on feed efficiency and chicken health, and to develop nutritional solutions to
deliver suitable amounts of glycerol during chicken growth. The development of such
nutritional solutions combining glycerol and L. reuteri producing reuterin for chicken
may be providing a solution fulfilling the One Health Concept for the reduction of
Campylobacter and more generally enteropathogens in food animals, which implies
that health of people is connected to the health of animals and the environment.
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