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Summary
Bacteria belonging to the genus of Listeria are Gram-positive, rod-shaped, non-sporeforming cells. They can be found ubiquitously in nature. Within this genus two species, L.
monocytogenes and L. ivanovii, are of particular interest since they are described to be
pathogenic to humans and animals, respectively. Frequent signs of a listeriosis, the disease
caused by Listeria infection, are general flu-like symptoms and in severe cases, meningitis,
encephalitis, septicaemia or stillbirth in pregnant women. With 30 to 40% the disease’s
mortality rate is high, although listeriosis has a rather low incidence in human. The disease
especially threatens young, old, pregnant and immunocompromised people. Ingestion of
contaminated food products is the main route of infection by Listeria. In many European
countries human listeriosis is reported to be a disease of increasing relevance that is
becoming, due to its high mortality rate, one of the most perilous food-related infectious
diseases.
According to literature, L. monocytogenes can be found in several environmental systems
like soil, plant material or water. Nonetheless, only little is known about the pathogen’s life in
nature, and consequently, the relevance of such environmental niches remains unclear.
Especially the role of freshwater systems, as such potential vectors for distribution of
Listeria, is hitherto not well investigated. To learn more about the survival and the transfer
routes of L. monocytogenes it is very crucial to reveal potential environmental niches and to
gain a better insight into the growth under such conditions.
In the first part of this thesis surface water from different origins, i.e., creeks, rivers, ponds
and lakes were screened for the occurrence of Listeria. From 96 freshwater samples
screened 73% were found to be positive for Listeria spp.. In total, 12% of all isolates were
identified as the human pathogen L. monocytogenes. The strain most abundantly isolated
was L. seeligeri, which was identified in 42% of all Listeria isolates. Furthermore, the two
species L. ivanovii (24%) and L. innocua (19%) were often isolated. However, evidence on
the occurrence of an organism in water alone is a poor criterion to judge if surface waters
are real reservoirs for Listeria, without knowing whether the organism grows, survives or
dies within such an environment. Therefore, the ability of L. monocytogenes to multiply in
the freshwater systems was investigated.
V
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Freshwater samples with different concentrations of organic carbon within a range of 0.21 to
10.4 mg L-1 dissolved organic carbon (DOC), and 0.015 to 1.19 mg L-1 assimilable organic
carbon (AOC), respectively, were tested for their potential to support growth of L.
monocytogenes. These in vitro growth analyses demonstrated growth of pathogenic Listeria
in about 30% of all surface waters tested, with final cell concentrations reaching of up to
1.27 * 105 Listeria mL-1. With these findings we provided new general information about
growth and nutrient requirements of this organism in the aquatic environment.
In contrast to surface waters with low nutrient concentrations, we additionally investigated
wastewater treatment plants, as representatives of nutrient-rich aquatic systems. The growth
ability of various Listeria species, and particularly of L. monocytogenes strains, was studied.
In raw wastewater L. monocytogenes grew strikingly fast and high cell numbers were
reached. Interestingly, a big fraction of the total organic carbon could be used for growth by
the pathogen. Thereby, it became obvious that not all Listeria strains showed the same
potential to grow. Some strains exhibited high specific growth rates (µmax = 0.6 h-1) with high
final cell concentrations (4.5 * 107 cells mL-1), while others showed no or only poor growth.
However, growth of pathogenic Listeria was observed in all types of wastewater (WW)
tested, i.e., in high nutrient raw WW, but also in the final treated WW effluent that contained
low concentrations of assimilable organic carbon compared to the raw WW. Interestingly, L.
monocytogenes was well able to compete in WW when co-cultured with other, fast growing
microorganism, even though the final cell concentration reached by the pathogen was
significantly reduced in mixed cultures. Furthermore, it became obvious that the growth
potential of Listeria decreased disproportional strongly, compared to natural bacterial
consortia, when WW was diluted with nutrient-poor water. To conclude, it was shown that
biological WW treatment processes removed a significant amount of nutrients, which
otherwise would be an optimal growth substrate for the pathogen.
A challenge in studies on bacterial growth under environmental conditions is the complex,
mostly unknown composition of waters sampled at different points of time. Furthermore,
water quality and composition of substrates is constantly changing due to various influences,
e.g., season, daytime, rainfall events, or also sampling procedure. However, it is crucial to
study an organism under reproducible and known nutritional regimes in order to obtain
reproducible results and to draw significant conclusions. Therefore, a growth medium with
defined composition should be available, in which basic growth properties, kinetics,
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physiology and substrate demands of a bacterium can be studied under consistent
conditions. Ideally, adaptions to more environmental-like conditions can be made later by
using a well-defined medium and findings can further be used to understand an organism’s
lifestyle under environment-like conditions.
However, most mineral media published for Listeria are either not properly supporting
growth, or are rather unbalanced in their elemental composition. For this purpose a carbonlimited mineral medium was designed based on data of bacterial elemental dry-weight
composition. The influence on the growth performance of selected ingredients, like amino
acids or trace elements was investigated. The growth properties of different, commonly
used, Listeria strains were studied and general data, e.g., on the organisms efficiency to use
glucose for biosynthesis (yield data) or maximal specific growth rates are shown. This new
mineral medium allows unrestricted, carbon-limited growth of L. monocytogenes and should
be the future medium of choice for investigation wherever controlled Listeria growth under
defined conditions is required, particularly in ‘omic-studies’.
In conclusion the results of this study shall provide basic insights in understanding the role of
Listeria in the aquatic and similar environments, also with low-nutrient conditions. This study
shows that Listeria are growing and not only persisting in waters, particularly when nutrients
are available at elevated concentrations.
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Zusammenfassung

Zusammenfassung
Bei Bakterien der Gattung Listeria handelt es sich um Gram-positive, stäbchenförmige, nicht
sporenbildende Zellen. Listerien kommen in der Natur ubiquitär vor. Innerhalb dieser
Gattung sind vor allem die beiden Arten L. monocytogenes, als Krankheitserreger für
Menschen und L. ivanovii, als Tierpathogene von Bedeutung. Häufige Symptome einer
Listeriose, der durch Listerien verursachten Krankheit, sind Grippe-ähnliche Symptome, in
schweren Fällen Meningitis, Enzephalitis, oder auch Totgeburten bei Schwangeren. Obwohl
die Inzidenz der humanen Listeriose gering ist, ist die Sterblichkeitsrate mit 30 bis 40% sehr
hoch. Junge, Alte, Schwangere und Menschen mit geschwächtem Immunsystem sind
besonders von der Krankheit betroffen.
Die Einnahme von mit Listerien kontaminierten Lebensmitteln ist die häufigste Ursache
einer Infektion. Interessanterweise wird in vielen Europäischen Ländern von einer Häufung
der jährlichen Listeriosefälle berichtet; folglich gewinnt diese Krankheit zunehmend an
Relevanz. Aufgrund dieser Tatsache und ihrer hohen Sterblichkeitsrate gehört Listeriose in
vielen Ländern zu einer der gefährlichsten lebensmittelassoziierten Infektionskrankheiten.
In der Literatur wird beschrieben, dass L. monocytogenes in verschiedensten UmweltSystemen, wie Böden, Pflanzen oder auch in Wasser gefunden werden kann. Es ist aber
nur sehr wenig über das Leben des Erregers in der Natur bekannt, und folglich bleibt die
Relevanz solcher potentieller ökologischer Nischen unbekannt. Insbesondere die Rolle von
Süsswasser, das theoretisch als Verbreitungsvektor von Listerien innerhalb natürlicher
Systeme

dienen

kann, ist

bisher

kaum

untersucht.

Um

mehr

über

potentielle

Übertragungswege und das Überleben humanpathogener L. monocytogenes in der Natur
herauszufinden, ist es sehr wichtig, potenziellen ökologische Nischen aufzuspüren und
einen besseren Einblick in das Leben des Bakteriums unter solchen Bedingungen zu
gewinnen.
Im ersten Teil der vorliegenden Arbeit wurden verschiedene Oberflächengewässer, wie
Bäche, Flüsse, Teiche oder Seen auf das Vorkommen von Listerien untersucht. In 73% von
insgesamt 96 untersuchten Wasserproben wurden Listerien spp. gefunden. Insbesondere
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konnte aus 12% aller getesteten Wasserproben der Erreger der humanen Listeriose, L.
monocytogenes, isoliert werden. L. seeligeri war mit 42% aller Listerien-Isolate die am
häufigsten gefunden Listerien-Spezies. Darüber hinaus wurden die beiden Arten L. ivanovii
(24%) und L. innocua (19%) ebenfalls häufig isoliert.
Es ist bei den vorliegenden Daten wichtig zu betonen, dass die blossen Zahlen über
Auftreten oder Nichtauftreten spezifischer Listerien-Arten nur ein schwaches Kriterium sind,
um beurteilen zu können, ob dieser Organismus natürlicherweise wirklich in den einzelnen
Oberflächengewässern lebt und wächst. Folglich wurde eingehender untersucht, ob L.
monocytogenes in solchen Süsswassersystemen tatsächlich überlebt und sich vermehren
kann. Daher wurde das Wachstumspotenzial von L. monocytogenes in verschiedenen
Süsswasserproben mit organischen Kohlenstoffkonzentrationen in einem Bereich von 0.21
bis 10.4 mg L-1 gelöstem organischen Kohlenstoff (DOC) untersucht, was etwa einer
assimilierbaren organischen Kohlenstoffkonzentration (AOC) von 0.015 bis 1.19 mg L-1 in
diesen Gewässern entspricht. In diesen in vitro Wachstums-Analysen wuchsen Listerien in
etwa 30% aller getesteten Oberflächengewässerproben, wobei Bakterienkonzentrationen
von bis zu 1.27 * 105 Listerien pro mL erreicht wurden. Unsere Ergebnisse liefern bisher
nicht bekannte Informationen über das Wachstum und den Nährstoffbedarf von diesem
Organismus in der Gewässerumwelt.
Im Gegensatz zu Oberflächengewässern mit niedrigen Nährstoffkonzentrationen haben wir
im Weiteren Wasser aus Kläranlagen untersucht, als Beispiel von nährstoffreichen
Gewässern. In diesem System wurde das Wachstumspotential verschiedener ListerienArten, insbesondere von L. monocytogenes Stämmen untersucht. In unbehandeltem
Abwasser wuchs L. monocytogenes erstaunlich schnell und hohe Bakterienzahlen wurden
erreicht. Interessanterweise waren die Listerien fähig einen grossen Anteil des insgesamt
vorhandenen organischen Kohlenstoffs für ihr Wachstum zu verwenden. Es wurde jedoch
deutlich, dass nicht alle untersuchten Listerien-Stämme gleich gut in diesem Abwasser
wachsen konnten. Während einige Stämme gutes Wachstum mit hohen spezifischen
Wachstumsraten (μmax = 0.6 h-1) und grossen Zellkonzentrationen (4.5 * 107 Bakterien pro
mL) erreichten, wiesen andere Stämme nur sehr geringes oder gar kein Wachstum auf. Das
Wachstumspotential von pathogenen Listerien wurde in verschiedenen Arten von Abwasser
(AW) getestet. So wurde nicht nur unbehandeltes AW mit hohem Nährstoffgehalt, aber auch
behandeltes, nährstoffarmes Abwasser-Effluent (mit geringen Konzentrationen von
X
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assimilierbarem

organischem

Kohlenstoff)

untersucht.

Dieses

Effluent

wird

in

Abwasserreinigungsanlagen üblicherweise wieder in das natürliche Wassersystem geleitet.
Erstaunlicherweise war L. monocytogenes auch in der Lage sich in Konkurrenz mit anderen,
schnell wachsenden Mikroorganismen im AW zu vermehren, obwohl die erreichte ListerienKonzentration in der bakteriellen Mischkultur signifikant verringert war. Es wurde jedoch
deutlich, dass das Wachstumspotenzial von Listerien, im Vergleich zu natürlichen
bakteriellen Konsortien, in verdünntem AW überproportional stark abnimmt. Abschliessend,
wurde in dieser Studies gezeigt, dass die biologischen Abwasserbehandlungsschritte eine
erhebliche Menge von Nährstoffen aus dem AW entziehen, die sonst als optimales
Wachstumssubstrat von dem Krankheitserreger L. monocytogenes genutzt werden könnten.
Eine

Herausforderung

bei

Untersuchungen

von

bakteriellem

Wachstum

unter

Umweltbedingungen ist die komplexe, meist unbekannte Zusammensetzung der Nährstoffe
eines Wassers, die sich von Probenahme zu Probenahme verändern kann. Die
Wasserqualität, insbesondere die Substratzusammensetzung, ist ständigem Wechsel
unterworfen und wird von verschiedenen Faktoren wie Saison, Tageszeit, Niederschlägen,
oder auch Stichprobenverfahren beeinflusst.
Es ist jedoch von entscheidender Bedeutung einen Organismus unter bekannten und
kontrollierbaren Substratbedingungen zu studieren, um reproduzierbare Erkenntnisse zu
erhalten und aussagekräftige Schlussfolgerungen ziehen zu können. Grundsätzliche
Parameter wie Wachstumseigenschaften, Kinetik, Physiologie und Substratanforderungen
eines Bakteriums sollten daher in einem Wachstumsmedium untersucht werden, dessen
Zusammensetzung wohlbekannt und definiert ist. Idealerweise können unter Verwendung
eines gut definierten Mediums Anpassungen gemacht werden, um umweltähnlichere
Bedingungen

zu

simulieren;

somit

kann

ein

Organismus

unter

umweltähnlichen

Bedingungen studiert werden, die gut reproduzierbar und definiert sind. Allerdings wachsen
in den meisten bis heute veröffentlichten mineralischen Medien einige Listerien-Stämme
nicht gut oder die elementare Zusammensetzung des Medium Rezeptes ist unausgewogen.
Daher haben wir ein kohlenstofflimitiertes, mineralisches Medium entwickelt, das basierend
auf Daten der elementaren Zusammensetzung von bakteriellem Trockengewicht entwickelt
wurde. In der Folge wurde der Einfluss von einzelnen Inhaltsstoffen wie Aminosäuren und
Spurenelementen auf das Wachstum von

Listerien untersucht. Die Wachstums-

eigenschaften von unterschiedlichen, häufig verwendeten Listerien-Stämmen wurden
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erforscht und die allgemeinen Angaben, wie Glukose-Ausbeute oder maximale spezifische
Wachstumsraten,

wurden

zusammengetragen.

Dieses

neue

mineralische

Medium

ermöglicht uneingeschränktes Wachstum von L. monocytogenes unter kohlenstoffbegrenzten Bedingungen. Es empfiehlt sich unser Mineralmedium in zukünftigen Studien zu
verwenden, in denen Bakterien unter kontrollierten, reproduzierbaren und definierten
Nährstoffbedingungen gezüchtet werden müssen, etwa für 'omics‘-Studien.
Zusammenfassend eröffnen die Ergebnisse dieser Arbeit Einblicke in die Rolle von Listerien
in dem Umweltsystem Wasser und in ähnlichen nährstoffarmen Systemen. Diese Studie
zeigt, dass Listerien nicht nur in Gewässern überdauern, sondern darin auch wachsen
können, besonders in Gewässern mit hohem Nährstoffgehalt.
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List of Abbreviations

µ

Specific growth rate

µmax

Maximum specific growth rate

AA

Amino acid

AOC

Assimilable organic carbon

ATCC

American type culture collection

aw

Water activity
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Brain heart infusion (medium)

C

Cytosine

C

Carbon

cfu

Colony-forming unit

D

Dilution rate

DNA
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DOC
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DSM
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et al.

And others (lat. et alia)

FC
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Flow cytometer

G

Guanine

GFP

Green fluorescence protein

kDa
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KS
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LB

Lysogeny broth (medium)

M

Molar concentration [mol L-1]

MM
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NBC

Natural bacterial consortium

OD

Optical density

PCR
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POC

Particulate organic carbon
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Primary sedimentation effluent

rRNA

Ribosomal ribonucleic acid

RWW

Raw wastewater

spp.
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SSC

Side scatter
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TE
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WW
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The following parts of this thesis are in preparation for publication:
Schneebeli R., Emter A., Egli T. Occurrence and growth of Listeria spp. in Swiss surface
waters.
(Chapter 2)
Schneebeli R., Egli T. Growth of Listeria spp. in wastewater culture and in competition with
bacterial flora from wastewater.
(Chapter 3)
Schneebeli R., Egli T. A defined, glucose-limited mineral medium for the cultivation of
Listeria.
(Chapter 4)
XIV

General Introduction

1. General Introduction
History
First reports about infections that most probably were caused by Listeria date back to the
year 1891 when Gram-positive rods were found in tissue sections of deceased persons
(HAYEM, 1891). In the year 1926, a report written by Murray and colleagues (1926)
describes the infection of blood monocytes in rabbits and guinea pigs by a hitherto
undescribed organism termed Bacterium monocytogenes. Infection by such bacteria led to
the sudden death of afflicted animals (MURRAY et al., 1926). Almost at the same time, in
Johannesburg, Pirie (1927) isolated an organism that was found to be responsible for the
death of gerbils, small desert rodents, which were named Listerella hepatolytica in honour of
Lord Lister, a British physician and pioneer in antiseptic surgery. Both scientists described
the same organism. Later, in 1940, Pirie proposed to change the name of this genus of
catalase-positive,

Gram-positive,

rod-shaped

bacteria

into

Listeria

(PIRIE,

1940).

Remarkably, it took another four decades until the interest in L. monocytogenes, as this
species was named henceforth, grew rapidly. In the 1980’s reports about severe food-borne
outbreaks of listeriosis, which is the term for the disease caused by Listeria, attracted
attention to public health institutions as well as scientists. During the last 30 years of
research the knowledge about Listeria increased continuously; however, many aspects,
such as the pathogen’s ecology, potential natural reservoirs, or transfer routes in
contamination processes, are still little explored.

Listeria: Taxonomy and characteristics
Bacteria belonging to the genus Listeria are Gram-positive, rod-shaped (length from 1-2 µm
and a diameter of 0.4-0.5 µm), non-spore-forming, facultative anaerobic bacteria with a low
DNA G+C content ranging from 36 to 42 percent (FERESU and JONES, 1988; GLASER et al.,
2001). Listeria are closely related to the genera Bacillus, Staphylococcus and Brochothrix
(COLLINS et al., 1991). Presently, the genus contains six Listeria species (Fig. 1.1) that
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comprise pathogenic and non-pathogenic species. Among the non-pathogenic species, the
following are most frequently mentioned in literature: L. innocua , L. seeligeri, L. welshimeri,
L. grayi. The two species L. monocytogenes and L. ivanovii are described to be
opportunistically pathogenic (SCHMID et al., 2005; SCHUPPLER and LOESSNER, 2010). Beside
these six species, researchers have also described other species such as L. rocourtiae
(LECLERCQ et al., 2009), L. marthii (GRAVES et al., 2010), L. weihenstephanensis (HALTER et
al., 2012), and L. fleischmannii (BERTSCH et al., 2012). Although the variety of species is
quite broad, L. monocytogenes is of cardinal scientific interest because of its opportunistic
pathogenicity to humans, where it causes an infectious disease called listeriosis. Likewise,
L. ivanovii is described to be harmful. Even though it is primarily considered to be
pathogenic for ruminants, there are also reports about listeriosis in humans caused by L.
ivanovii (CUMMINS et al., 1994; SNAPIR et al., 2006; GUILLET et al., 2010).

Figure 1.1: A phylogenetic tree of the genus Listeria reconstructed with 16 rDNA sequences of different selected
strains. Bootstrap analysis with numbers in the tree indicating the significance. The length of the bar represents 1
percent of difference in nucleotide sequence (Source: Paillard et al. (2003)).
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The species of L. monocytogenes can be clustered into specific serovars, 1/2a, 1/2b, 1/2c,
3a, 3b, 3c, 4a, 4b, 4c, 4d, 4e, and 7, respectively. This categorization is based on
serological reactions with somatic (O- factor) and flagellar (H- factor) antigens of the
bacterium. Following to this classification, more than 95 percent of the strains isolated from
food and patients belong to the serovars 1/2a, 1/2b, 1/2c, and 4b, respectively (DOUMITH et
al., 2004). Additionally, based on phenotypic and genotypic methods, L. monocytogenes can
be grouped into at least four evolutionary lineages I, II, III and IV, respectively (ORSI et al.,
2011). Growth of Listeria was reported to occur under a wide range of different conditions,
such as at temperatures ranging from -2 °C to 42 °C (BAJARD et al., 1996), in aerobic or
microaerobic conditions, at salt concentrations up to 13%, at pHs ranging from pH 4.5 to pH
9, and at very low water activity levels, a w, up to 0.92, which corresponds to a solution with
39.4% sucrose (PETRAN and ZOTTOLA, 1989). When cultured at 20 °C to 25 °C, Listeria
have the ability to move with their few peritrichous flagella, however, this ability to move is
lost or very weak when cultured at 37 °C (GALSWORTHY et al., 1990).

Listeriosis
Listeriosis, the disease caused by pathogenic Listeria, is currently known as one of the most
deadly bacterial infections with a human mortality rate ranging from 20–30% or even higher,
and without adequate antimicrobial treatment (SWAMINATHAN and GERNER-SMIDT, 2007).
Generally, two basic forms of human listeriosis can be distinguished: I) the perinatal
listeriosis and II) the adult listeriosis. The perinatal listeriosis leads to abortion or stillbirth of
the foetus, can cause fever, meningitis, gastroenteritis, or pneumonia in neonates. However,
this infection proceeds usually asymptomatic in the mother or leads to mild flu-like
symptoms (VAZQUEZ-BOLAND et al., 2001). The second, listeriosis in adults (55 to 70% of all
cases), is mostly affecting the central nervous system of elderly or immunocompromised
persons (VAZQUEZ-BOLAND et al., 2001). The infections normally develop as a
meningoencephalitis with symptoms like movement disorders and severe changes in
consciousness. Today, infection by L. monocytogenes is the fourth most frequent cause of
bacterial meningitis (SCHUCHAT et al., 1997; VAZQUEZ-BOLAND et al., 2001). Beside this,
other frequent symptoms of listeriosis are bacteraemia or septicaemia (15 to 50% of cases)
(VAZQUEZ-BOLAND et al., 2001). Additionally, gastrointestinal symptoms like diarrhoea and
vomiting accompanied by fever (SALAMINA et al., 1996) are also reported. However, the
17
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incidence of human listeriosis is, despite of the ubiquity of its agent, rather low with a rate
between 2 to 8 cases per million per year in Europe and the United States of America
(GOULET et al., 2008; ALLERBERGER and WAGNER, 2010). Nonetheless, because of its high
case-fatality rate, listeriosis is beside Salmonella one of most frequent causes of death
related to food-borne infection in Europe (ALLERBERGER and WAGNER, 2010) and estimated
to be responsible for 28% of food-borne pathogen-caused deaths in the United States
(MEAD et al., 1999).

Two lifestyles: from environmental saprophyte to intracellular
pathogen
Gray and colleagues (GRAY et al., 2006) described L. monocytogenes as an organisms with
the ability to switch between two different lifestyles (‘personalities’), similar to the famous
story of Dr. Jekyll and Mr. Hide (STEVENSON, 1886). One part of the ‘personality’ is
described as the harmless saprophyte in the environment (Dr. Jekyll), and the other part as
an intracellular pathogen that causes infections in humans and animals, often with a fatal
progress of infection (Mr. Hyde) (VAZQUEZ-BOLAND et al., 2001; DUSSURGET et al., 2004;
FREITAG et al., 2009). The life as an intracellular pathogen has been investigated fairly well
while comparatively little is known about the pathogen’s ecology in the environment.
Indications that Listeria is a hardy environmental organisms with a ubiquitous environmental
distribution are supported by genomic data, which show that a cascade of the bacterial gene
products enable the consumption of a variety of carbon sources, including sugars like
cellobiose that can be found in plants but not in animals (GLASER et al., 2001; NELSON et al.,
2004). Furthermore, Listeria can stand a variety of environmental stresses like low
temperatures, a wide pH-range, or high osmolarity (RYSER and MARTH, 2007). Beside the
environmental habitat and the life within mammalian cells, interactions of Listeria with, e.g.,
eukaryotic organisms have been described. While early studies reported that L.
monocytogenes can survive and replicate inside amoeba (LY and MÜLLER, 1990), recent
data do not confirm these observations (HUWS et al., 2008; AKYA et al., 2009; ALISHA et al.,
2009; DOYSCHER et al., 2012). The latter rather suggest an interactive behaviour between
Listeria and amoeba, described as a backpack formation of Listeria on the uroid of
Acanthamoeba where the bacterial cells subsequently are phagosytosed and digested
(DOYSCHER, 2011; DOYSCHER et al., 2012). Furthermore, Mansfield and colleagues reported
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L. monocytogenes to be an efficient pathogen of insect species like Drosophila
melanogaster (MANSFIELD et al., 2003). However, the majority of published studies focus on
the infection of mammalian cells by L. monocytogenes. Thereby, specific conditions within
the host cell, like increase of temperature (JOHANSSON et al., 2002), phosphorylated sugars
(CHICO-CALERO et al., 2002), reduced pH in the stomach, and low free iron levels within the
mammalian host cell cytosol (COWART and FOSTER, 1985; LITWIN and CALDERWOOD, 1993;
CONTE et al., 2000) are described to switch on a transcriptional activator protein, known as
the positive regulatory factor A (PrfA), which regulates gene expression of a set of virulence
factors responsible for Listeria’s pathogenicity within the host organism (GRAY et al., 2006;
FREITAG et al., 2009).

Listeria infection and persistence
In most of the incidents, listeriosis is the consequence of the ingestion of contaminated food
products. Once ingested, the pathogen penetrates the intestinal epithelium (VAZQUEZBOLAND et al., 2001). Thus, L. monocytogenes invades, after arriving in the host, different
cell types. Amongst others, macrophages and nonprofessional phagocytes (PORTNOY et al.,
1992; VAZQUEZ-BOLAND et al., 2001) are cell types that are affected. After entry in the
bloodstream, most of the Listeria end up in the liver and spleen transported by infected
macrophages (FREITAG et al., 2009).
Surface proteins of L. monocytogenes, namely the proteins internalin A and B (InlA and
InlB), mediate the internalisation of the pathogen at the hosts epithelial cells. Binding of
Listeria internalins to surface receptor molecules, such as E-cadherin (cell adhesion
molecule), gC1q (complement component), and Met (hepatocyte growth factor) induces
activation

of

phosphoinisitide-3-kinases.

Subsequently,

this

leads

to

cytoskeletal

rearrangements of the host cells. Upon these initial steps the formation of phagosomes
allows the pathogens to enter into the host cells. The succeeding processes of escaping the
phagosome and spreading within the host organism are orchestrated by genes that are all
located on a single genome region, or pathogenicity island, of Listeria (CHAKRABORTY et al.,
1992; ROBERTS and WIEDMANN, 2003). A number of bacterial gene products facilitate
survival and replication within the host during later stages of invasion (Fig. 2). In detail, first,
L. monocytogenes escapes from the phagosome upon the formation of a hly-encoded
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cholesterol-dependent cytolysin listeriolysin O (LLO) and the synergistic action of a
phosphatidylinositol-specific phospholipase C (PlcA) that hydrolyses phosphatidylinositol.
Within the host cytosol the pathogen moves via actin-based motility that is driven by the
actin-polymerizing protein (ActA). This mechanism is crucial for dispersal within a cell and,
even more important, for spreading from cell to cell (SCHUPPLER and LOESSNER, 2010). By
spreading from one cell to another, Listeria is inducing protrusions of the host-cell, and
consequently, the bacterium enters into the neighbouring cell within a double membrane
vacuole. Listeria can escape from this newly formed vacuole via phosphatidylcholinespecific phospholipase C (PlcB). The previously mentioned virulence genes, except for the
internalins, which are induced prior of infection, are all under control of the thermo-regulated
transcriptional activator PrfA (CHAKRABORTY et al., 1992; LEIMEISTER-WACHTER et al., 1992;
JOHANSSON et al., 2002). Since this activator is regulated on the 5’ untranslated region
(UTR) of the prfA RNA via a temperature-dependent secondary structure, a temperature
shift from 30 to 37 °C leads to a drastic increase of virulence gene expression (LEIMEISTERWACHTER et al., 1992; RYSER and MARTH, 2007). Nevertheless, expression of specific
virulence determinants are also documented at 25 °C (MANSFIELD et al., 2003).
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humans are well described today. In contrast, the knowledge about the transmission and
spreading between different natural environments is very limited. Listeria is often described
as a ubiquitous microorganism, despite the fact that close to nothing is known about its
ability to grow or maintain population size in natural environments. Thus, it is not clearly
elucidated yet, which preliminaries define a potential reservoir for pathogenic Listeria in the
environment. A reservoir was defined by Haydon et al. (2002) as ‘one or more
epidemiologically connected populations or environments in which the pathogen can be
permanently maintained and from which infection is transmitted to the defined target
population’. Although it is widely recognised that human listeriosis is mostly a consequence
of ingesting contaminated food there are rare publications about human infections in farm
environments (SCHLECH III et al., 1983; MCLAUCHLIN and LOW, 1994). Interestingly, despite
food preservation processes such as thermal inactivation, food products are frequently
found to be contaminated post-processing (TOMPKIN et al., 1999; BERESFORD et al., 2001;
ZHU et al., 2005). Therefore, secondary Listeria contamination within the processing plants
(contamination sources are often unknown) may be an issue as important as contamination
(pre-processing) within the farm-environment.

Cycling between habitats
Many potential habitats, which are reported to host Listeria, are connected directly or
indirectly to the human population. As Listeria can be found in nearly every habitat shown in
Figure 1.3 (reviewed by IVANEK et al. (2006)), the basic question rises whether these
environments are reservoirs for the pathogen (is it dying, surviving or growing) and whether
these reservoirs are playing a role in the transmission route to man. As illustrated in Fig. 1.3
the water environment plays an imminent role within the network. Both, surface water as
well as wastewater systems serve as potential linkers between the anthropogenic and the
natural environment. Therefore, these systems could play a major role in the distribution of
pathogenic bacteria such as Listeria. While most of the publications report about the
occurrence of pathogens in the individual habitats, only limited data are available about the
survival or growth potential in such environments. Therefore, it is a key question for
understanding the ecology of Listeria, whether the pathogen is only surviving when it is
cycling from one environment to another, or if a habitat is actively supporting the growth,
and thereby the spreading of an organism. Furthermore, not only information about growth
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Listeria in water
Beside the commonly reported environmental habitats, such as soil, plant material and food
(RYSER and MARTH, 2007), there are also reports about the occurrence of Listeria in a wide
range of waters, including river water, lake water, lakes, ponds, seawater, wastewater and
brine (WATKINS and SLEATH, 1981; DIJKSTRA, 1982; COLBURN et al., 1990; RENTERGHEM et
al., 1991; FENLON et al., 1996; ARVANITIDOU et al., 1997; BUZOLEVA and TEREKHOVA, 2002;
SCHAFFTER and PARRIAUX, 2002; LYAUTEY et al., 2007). Among these studies, the number of
Listeria-positive samples varies considerably. Dijkstra found 21% of the tested surface water
samples in the northern Netherlands positive for L. monocytogenes (DIJKSTRA, 1982), and a
study from north-eastern Scotland reported between 42-53% of all positive samples from the
River Don, UK, to be positive (FENLON et al., 1996). In contrast, out of 15 groundwater
samples tested by Renterghem and colleagues in Belgium only one was found to be positive
for L. monocytogenes (RENTERGHEM et al., 1991). Also in a Greek survey including 128
water samples only a small fraction of 4% was positive (ARVANITIDOU et al., 1997). In a
recent large Canadian study where 314 water samples were tested for L. monocytogenes,
32 (10%) were found to contain this pathogen (LYAUTEY et al., 2007). A few studies not only
examined the occurrence of L. monocytogenes but they also tested the incidence of other
Listeria species beside L. monocytogenes (BERNAGOZZI et al., 1994; SCHAFFTER and
PARRIAUX, 2002; FRANCES et al., 2009). Schaffter and Parriaux reported a study with seven
sampling sites in the western part of Switzerland where a total of 148 samples were
analysed. From these 148 samples 7.4% (11 samples) were tested positive for L. ivanovii
and 12% (18 of 148) of all water samples contained L. monocytogenes (SCHAFFTER and
PARRIAUX, 2002).
Since the simple information about occurrence of pathogenic Listeria in water is a poor
criterion for a real risk-assessment Fenlon and co-workers (1996) tried to quantify Listeria
and thereby they found numbers of L. monocytogenes between 10 and 350 cfu L-1 in nine
positive of a total of 19 samples in the River Don. However, most of the studies performed
relied on enrichment cultures before plating, and thus after this procedure no conclusion
about the initial bacterial number in the samples before enrichment can be made. Hence,
not many data are available about realistic bacterial loads of L. monocytogenes in such
environments. However, the available numbers seem to be rather low to serve as a direct
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source of human infection when taking into account that infectious doses of 10 3 and 108
Listeria cells for immune-compromised and normal mice, respectively, were reported
(FARBER and PETERKIN, 1991). No studies about minimal infectious doses in humans exist,
because of obvious ethical reasons. But food contaminated with numbers of 102 to 104 L.
monocytogenes g-1 has been associated with human listeriosis outbreaks (FARBER and
PETERKIN, 1991; MCLAUCHLIN, 1991). Taking these reports into account, contaminated water
might serve as an indirect source of human listeriosis, e.g., through vegetables irrigated with
contaminated water or through seafood grown in water polluted with Listeria.

Oligotrophs versus copiotrophs
In ecology, two groups of microorganisms with respect to their growth under distinct nutrient
concentrations are recognised (SCHUT et al., 1997). Some microorganisms can be found in
environments with very low nutrient concentrations and are readily able to survive and to
grow under these nutritionally deprived conditions. These organisms are therefore called
‘oligotrophs’ (oligos from Greek meaning ‘few’, and trophikos meaning ‘feeding’). Contrarily,
organisms able to grow under conditions in abundance of nutrients are called ‘copiotrophs’
(copio meaning ‘plenty’, ‘abundantly provided’). Since surviving in a nutritionally deprived
environment needs physiological adaption to cope with such conditions, both oligotrophs
and copiotrophs can principally survive under poor nutrient availability, but only the
oligotrophs can grow and persist for a long time period in chronic low nutrient environments
(SCHUT et al., 1997; KOCH, 2001). Nevertheless, obligate oligotrophs cannot (by definition)
be cultivated in rich medium. Contrarily, there are oligotrophic microorganisms with a more
generalist-like character, which are also able to grow at high nutrient concentrations. These
species are called facultative oligotrophs (SCHUT et al., 1997). And, vice versa, there exist
copiotrophic bacteria that grow within an oligotrophic system, here analogously named
‘facultative copiotrophs’. A variety of different definitions of ‘oligotrophic bacteria’ have been
published in the past that are often somewhat confusing (YANAGITA et al., 1978; KUZNETSOV
et al., 1979; ISHIDA and KADOTA, 1981; MORITA, 1997) reviewed by Schut and colleagues
(1997). E.g., researchers defined oligotrophs as organisms able to grow at nutrient
concentrations of 5 mg C L-1 but not at 7.5 g C L-1 (YANAGITA et al., 1978), as those bacteria
in media with carbon concentrations from 1 to 15 mg L -1 (KUZNETSOV et al., 1979), or,
contrarily, obligate oligotrophs were defined as bacteria not able to grow above 0.3 g C L -1
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(ISHIDA et al., 1986). Summarising all the former definitions, Schut and co-workers finally
defined oligotrophs as bacteria able to grow at carbon concentrations from 0.2 to 16.8 mg C
L-1 (SCHUT et al., 1997). However, classifying an organisms to be an oligotroph or a
copiotroph seem often to be dependent on the nature of nutrient sources tested in the
experiments, in other words, a particular organism might be an oligotroph with respect to
some nutrients but not to others (SCHUT et al., 1997).
Since L. monocytogenes is by definition rather a copiotrophic microorganism, or a facultative
copiotroph that can hypothetically live in oligotrophic systems, the theoretical reasons for
oligotrophs to succumb at high nutrient conditions shall not further be discussed here.
However, more significant for the here presented work, hypothetical reasons for copiotrophs
to withhold under low nutrient conditions are given, e.g., by Schut and colleagues (1997),
suggesting that copiotrophic and oligotrophic bacteria can coexist in an oligotrophic
environment within micro-niches, which are the result of fluctuations in the nutrient
availability. In contrast, Listeria could be also brought into oligotrophic systems as shown for
other bacteria, e.g., via faecal pollution by humans and ruminant animals (REISCHER et al.,
2008) without being able to reproduce within these environments. Since not much is
investigated of the ecology of Listeria and its nutritional needs, the investigation whether L.
monocytogenes is an obligate copiotroph or rather a generalist, namely a facultative
copiotrophic organisms, can help to define the importance of environmental reservoirs for
this organism and to understand the pathogen’s role in the environment.

Nutrient availability in water environments
The total organic carbon matter (TOC) of a medium, such as water, can be divided into a
dissolved organic carbon (DOC) fraction and a particulate organic carbon (POC) part. DOC
is by definition the fraction of the TOC which passes a Whatman GF/C 0.45 µm glass-fiber
filter, whereas the POC is retained by the filter (MORITA, 1997) (Fig. 1.4). DOC can easily be
determined by the amount of carbon that undergoes oxidation to carbon dioxide, which is
subsequently measured by infrared spectrometry. Although the quantification of the DOC
content of waters is routinely made in microbial ecology, this parameter gives no information
about the bioavailability of the carbon components for microorganisms. Thus, Van der Kooij
and colleagues (VAN DER KOOIJ et al., 1982) proposed a bioassay to determine the
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be found in effluents of WWTP, which finally end up in the oligotrophic aquatic environment
that comes after the sewer. Katsoyiannis and Samara (2007) found in their study on DOC
concentrations and removal rates at different stations of a WWTP process an average DOC
level of ~70 mg L-1 (ranging from 140 to 18 mg L-1) in the first two treatment steps (i.e., in the
raw water influent, and in the primary sedimentation effluent) and ~19 mg L-1 (ranging from
38 to 1.5 mg L-1) in the effluent of secondary sedimentation effluent. Thereby, they found
DOC removal rates of about 69% in the overall treatment (KATSOYIANNIS and SAMARA,
2007). These data indicate that WWTP systems are copiotrophic environments that finally
end with the sewer where still a nutrient-rich effluent is released into a low nutrient water
system. In the interphase between effluent release and the dilution process with natural
surface waters, conditions can be found that theoretically allow existence of a variety of
different types of bacteria, such as cell types of oligo- and copiotrophs. Theoretically, it is
also possible that pathogens that are originating from WWTP and that are subsequently
released to the natural aquatic environment, are not able to multiply but that they rather
endure or survive the starvation phase within the surface water. Such a phase in which
bacteria persevere in starvation potentially lasts until they are transported to environments
(e.g., soil, irrigated plants, food processing plants) where the conditions are more favourable
and the organisms can start to engross its new territory.
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Competition between microorganisms
In liquid bacterial community systems heterotrophic but also autotrophic bacteria are often
competing for scarce resources. Competition between microorganisms includes complex
processes influenced by both, kinetic and stoichiometric factors. Therefore, competition is
not only controlled by maximum specific growth rates (µmax) but also by parameters such as
substrate affinity constants (Ks), environmental factors such as availability and nature of
limiting nutrients. A lack of an essential nutrient or inferior kinetic parameters, compared to
the competitor, limits the growth of organisms in an environment that has plenty of nutrients
otherwise. MORITA (1997), e.g., states in his book a carbon-limitation for heterotrophs in
most aquatic environments. Consequently, an organism not well adapted to such conditions
grows at very low rates or alternatively, is not able to compete for the available energy,
which finally leads to starvation or death (MORITA, 1997). Moreover, bacterial production of
diffusible antimicrobial agents, e.g., bacteriocins, peroxides or acids can influence the
outcome of bacterial competition (BUCHANAN and BAGI, 1999; MELLEFONT et al., 2008).
L. monocytogenes, as Gray and colleagues (2006) conclude in their review, has most
probably not a quiet and sedate lifestyle but rather a constant territorial battle with other
organisms that are lurking nearby. However, not much is known so far about the explicit
competitive behaviour of L. monocytogenes in mixed bacterial communities (BUCHANAN and
BAGI, 1999; MELLEFONT et al., 2008).
Hitherto, some general concepts for the growth competition in mixed bacterial populations
have been discussed (GOTTSCHAL, 1993). Among these, one of the most conclusive
concepts is describing an opportunist- and gleaner-type interaction of microbes when
competition is occurring for a common substrate (VELDKAMP and JANNASCH, 1972; GROVER,
1997). This concept was recently discussed in a study where the competition behaviour
between E. coli O157 (‘opportunist’) and a bacterial community (‘gleaner’) was investigated
experimentally (VITAL et al., 2012) (Figure 1.5). Opportunists are described as fast growing
organisms (high maximum specific growth rate, µmax) with a low affinity for substrates (high
Ks). In contrast, the gleaner-type is adapted to poor nutrient conditions, which has a
comparably lower µmax but a high substrate affinity (low Ks). The opportunist’s growth
properties are superior to the gleaner’s when nutrient sources are abundantly available and
29

Chapter 1

consequently, the gleaner is outcompeted under environmental conditions where nutrients
are suddenly available. On the other hand, the gleaner is privileged under oligotrophic
conditions w ith scarce nutrient sources due to the gleaner's economical lifestyle that is
characterised by an efficient metabolism and high effectiveness at assimilation of nutrients.
Under such conditions, the competition for the common single growth-limiting substrate w ill
result in the exclusion of one species (VELDKAMP and JANNASCH, 1972; Gon scHAL, 1993).
Under more realistic conditions, where different organisms utilise different individual
substrates for growth, which is most probably in many natural systems rather the rule than
the exception, coexistence w ill occur, where microorganisms occupy different ecological
niches.

A

B

Figure 1.5: A typical opportunist versus gleaner relationship of two competitor organisms A and B grown at
different dilutions of wastewater in batch culture at 30 °C. The nutrient concentrations at the different dilutions are
indicated as consumable DOC (cDOC). The opportunist A (E. coli 0 157) has a high µmax and a high Ks. whereas
the gleaner B (a drinking water bacterial community), adapted to nutrient-poor conditions, exhibits a low µmax and
a low Ks. Under low nutrient conditions the gleaner B is outcompeting the opportunist A, whereas under high
nutrient conditions the opportunist A is outcompeting the gleaner B. From: VITAL (2010).
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Objectives of this thesis
The role of Listeria in the environment and specifically under oligotrophic conditions and the
interphase between copiotrophic and low nutrient systems, such as the aqueous
environment has mostly been neglected by research so far. Previous studies have
investigated the occurrence of Listeria in the aqueous environment, but none of them
studied the growth under these conditions. Neither in surface water systems nor in
wastewater treatment systems the growth and survival capacity of Listeria have been
analysed in detail. For potential future risk assessments of Listeria contaminations it is
essential to gain knowledge about both the occurrence and the extent to which the pathogen
is able to grow; furthermore knowledge about the pathogen’s growth physiology and
competition behaviour with other microorganisms under the conditions described above are
important steps toward a better understanding of the role of Listeria in the environment.
These considerations have let us to the following objectives for this thesis:

I)

To analyse the occurrence and incidence of Listeria in surface waters.

II)

If Listeria occur in surface waters, to which extent are they able to grow under
these conditions?

III)

To define the basic nutritional conditions which the pathogen needs to replicate
or survive.

IV)

To characterise the growth and survival of pathogenic Listeria in man-made
water systems such as wastewater treatment plants.

V)

To characterise the general growth physiological properties of Listeria under welldefined reproducible conditions.

VI)

To elucidate whether L. monocytogenes is able to compete with other bacteria
such as E. coli, or the autochthonous microbial flora.

Based on these objectives, we developed concepts and obtained results that will contribute
to a throughout understanding of nutritional needs of Listeria in general, the role of Listeria
in the aquatic ecosystem and the role of anthropogenic aquatic environments, such as water
treatment plants.
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Abstract
Listeria monocytogenes is the causative agent of the human disease called listeriosis that
can result in meningitis, meningoencephalitis, septicaemia or in pregnant women infection of
the foetus and abortion. Frequently, Listeria can be isolated from food products, animal food
and environmental samples. However, the routes of transmission among the different
environments where Listeria are found remain unclear.
The aquatic environment is discussed as potential reservoir amongst the different
ecosystems and, therefore, it could serve as a vector of transmission. Although there are
reports about Listeria in surface- and groundwater, the growth of Listeria in surface waters
has not yet been investigated in detail.
Thus, 96 samples from flowing and stagnant waters, such as rivers, lakes, and ponds have
been screened for the presence of Listeria spp.. Furthermore, the potential of Listeria to
grow in these environments was assessed. Freshwater samples (n = 36) were tested for
supporting the growth of Listeria monocytogenes. In total 73% of all samples were found to
be positive for Listeria species and L. monocytogenes was isolated from 12% of all tested
waters. Moreover, it was shown that L. monocytogenes is potentially able to grow
substantially in 11 of 36 tested water samples. This demonstrates that surface waters are a
reservoir for pathogenic L. monocytogenes where they can potentially grow and
subsequently may spread within the aqueous environment.
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Introduction
Listeria monocytogenes is a ubiquitous pathogen of high impact in both public health and
food safety issues. Furthermore, L. ivanovii, primarily described as an animal pathogen, was
also reported to cause human disease (CUMMINS et al., 1994; SNAPIR et al., 2006; GUILLET
et al., 2010). Ingestion of L. monocytogenes a Gram-positive, non-spore-forming bacterium
can cause a disease called listeriosis with symptoms like headache, nausea, septicaemia,
meningoencephalitis, and abortion or stillbirth in pregnant women (VAZQUEZ-BOLAND et al.,
2001). Although the incidence of this disease is rather low with 2 up to 8 cases/million per
year in Europe (KOCH and STARK, 2006; ALLERBERGER and WAGNER, 2010) the case
fatality-rate ranges between 20 and 30% (SWAMINATHAN and GERNER-SMIDT, 2007). No data
about the infectious dose in human exist but in animal experiments infectious doses of 103
and 108 Listeria cells for immune-compromised and normal mice, respectively, were
reported (FARBER and PETERKIN, 1991). Furthermore, contaminated food with 102 to 104 L.
monocytogenes cells g-1 has already been associated with listeriosis outbreaks (FARBER and
PETERKIN, 1991). Food contaminated with Listeria is the most common source of a human
infection. Since 2001 an increase of listeriosis cases has been observed in many European
countries and the reasons for this increase remain unclear (LITTLE et al., 2010).
Compared to the abundance of knowledge concerning the growth of pathogenic Listeria in
food little is known about the occurrence, growth properties and nutrient requirements of this
pathogen under low nutrient growth conditions, such as the aquatic environment. The
presence of Listeria in surface waters was reported from the UK (WATKINS and SLEATH,
1981; FRANCES et al., 1991), the South Nation River watershed, Canada (LYAUTEY et al.,
2007), Northern Italy (BERNAGOZZI et al., 1994), Northern Greece (ARVANITIDOU et al., 1997),
and from surface and groundwater in mountainous and sub-mountainous regions in the
western part of Switzerland (SCHAFFTER and PARRIAUX, 2002; SCHAFFTER et al., 2004).
Additionally, Listeria were found in terrestrial and other environments from where the
pathogen potentially could have been brought into the water system due to, e.g., run-off
after rainfall events (WEIS and SEELIGER, 1975; SAUDERS et al., 2012). However, apart from
the numerous reports of Listeria occurrence in different surface waters, growth was never
demonstrated.
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Revealing potential environmental niches of Listeria monocytogenes, in which this organism
can survive or multiply in the environment, helps to unravel the strategies of survival and
transfer routes of this pathogen.
In this study we present results on the occurrence of Listeria in samples of surface waters
collected from the Canton of Zurich, Switzerland. In addition, the potential of water samples
from aqueous, low nutrient environments such as rivers, ponds, creeks, and lakes, to
support growth of pathogenic Listeria was evaluated. Cultivation of Listeria in AOC-free
batch cultures under well-defined nutrient conditions provided new insights into growth
requirements and physiological state of this organism.
New general information on occurrence and growth characteristics of Listeria under low
nutrient regimes is presented. Listeria is not only found in the majority of tested surface
waters, it was also shown that some of the tested waters are supporting growth of
pathogenic Listeria. The data provide important information for the understanding of how
this pathogen can spread in natural environments and, furthermore, interesting features are
reported that may support risk assessment analyses concerning water usage, e.g., for
agricultural purposes.
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Material & Methods
Sampling sites and water samples
All surface water-sampling sites were located in the Canton of Zurich, Switzerland. A
number of 96 surface water samples (listed in supplementary Table S2.1) were screened for
the occurrence of Listeria and 36 surface water samples from stagnant and flowing waters,
including one mineral drinking water sample (Evian, France) (Table 2.2), were used in the
present study to assess the Listeria Growth Potential (LGP) (see Scheme 2.1). All water
samples were collected in sterile, assimilable organic carbon (AOC)-free, pre-rinsed Schott
bottles (see ‘Preparation of carbon-free materials’).

Listeria spp. isolation and enrichment from water samples
All water samples were processed within 12 h after sampling and treated as shown in
Scheme 2.1 (left branch). Portions of 500 mL of water were filtered through sterile 0.4 µmpore-size, 47 mm polycarbonate membrane filters (Sterlitech Corporation, Kent, USA).
Subsequently, the filters were aseptically transferred into 10 mL of half Fraser broth (Oxoid,
Pratteln, Switzerland) and incubated for 24 to 48 h at 30 °C. At 24 and 48 h the enriched
cultures were streaked onto chromogenic Listeria agar plates (OCLA) (Oxoid, Pratteln,
Switzerland) and incubated for 24 hours at 37 °C. Well isolated presumptive Listeria
colonies on OCLA-plates were transferred onto brain heart infusion broth (BHI) agar plates
(Biolife Italiana, Milano, Italy) and incubated for 12 to 24 h at 37 °C.
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Listeria identified as L. monocytogenes by genus PCR were additionally confirmed by PCR
according to Ennaji and colleagues (2009). Isolates of L. monocytogenes were further
analysed by a multiplex PCR assay allowing discrimination of the most abundant serovars
1/2a, 1/2b, 1/2c and 4b (DOUMITH et al., 2004). All primers (purchased from Microsynth AG,
Balgach, Switzerland) for PCR assays used in this study are listed in the supplementary
Table S2.2.
Bacterial strains and precultivation
The Listeria monocytogenes strains WSLC 1042 (serovar 4b) and L. monocytogenes
‘environmental isolate’ (serovar 1/2a, isolated from Luppmen, Pfäffikon (see Tab. 2.2; Nr.
18)) were kept at -80 °C before use. For the experiments, the cryocultures were streaked
onto BHI agar plates and incubated for 24 h at 37 °C. Subsequently, a colony was
transferred into 10-times diluted BHI broth (BD BactoTM Brain Heart Infusion, Becton,
Dickinson and Company, Sparks MD, US) and the culture was incubated overnight at 37 °C.
Cells from this overnight culture were transferred into BHI medium (5 * 103 cells mL-1) diluted
1000-times in pasteurised (45 min at 60 °C) Evian mineral water (Evian, France), incubated
for 4 days at 30 °C until the cells had reached stationary phase; these stationary phase cells
were used as inoculum. For each experiment inocula were prepared freshly.
Preparation of carbon-free materials
Carbon-free bottles (Schott, Mainz, Germany) and vials (Supelco Inc, Bellefonte PA, US)
were prepared according to Hammes and Egli (2005). In detail, all glassware was soaked
for 24 h in HCl (2 M), rinsed three-times with deionised water and then, air-dried. Finally, the
glass containers were heated to 500 °C for 3 hours in a Muffle furnace to get rid of residual
organic carbon compounds. Teflon-coated caps for the glassware were washed and treated
with HCl (2 M). Subsequently, the caps were flushed in a 10% sodium persulfate solution
(60 °C, 1 h), rinsed three-times with deionised water, and air-dried.
Sampling and sterilisation of water samples for LGP
All taken water samples (500 mL) were collected in a carbon-free glass flask (Schott, Mainz,
Germany) equipped with carbon-free Teflon caps. Triplicates of water samples were filtered
(0.22-µm Millex syringe filter (Millipore, Billerica, MA)) and aliquoted (20 mL) into 40-mL
carbon-free glass vials (Supelco, Bellefonte, PA) and then pasteurised (60 °C, 45 min)
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(procedure adapted from Vital and co-workers (2008)) to prevent regrowth of bacteria that
passed through the 0.22-µm filter (WANG et al., 2007). To eliminate residual organic carbon
all plastic equipment (syringes and syringe filters) was flushed with carbon-free water before
use.
Listeria growth potential (LGP) assay
Listeria were precultivated as described above and inoculated in each vial separately in
triplicate. The 40 mL vials with the pasteurised test water were inoculated with 5 * 103
bacteria mL-1. In parallel, some vials were not inoculated and used as sterile controls. These
vials also served as negative controls to assess possible AOC contamination from
processing. After inoculation all water samples were incubated in the dark at 30 °C until
bacterial stationary phase was reached. The final cell concentration (cells mL -1) in the LGPassays was measured by flow cytometry. To test if Listeria were forming biofilms in the glass
vials the LGP was measured before and after a sonication treatment in a water bath for 20
minutes at 35 kHz (Bandelin Sonorex, Berlin, Germany).
Flow cytometric measurements
Cells in samples of 1 mL were stained with 10 µL SYBR green I (Invitrogen, Molecular
Probes, Lucerne, Switzerland) diluted 100-times in dimethyl sulfoxide (Fluka Chemie AG,
Buchs, Switzerland). Subsequently, the stained samples were incubated for 15 minutes at
37 °C in the dark. After incubation the cell concentration was measured on a flow cytometer
(CyFlow Space, Partec, Münster, Germany) equipped with a 200 mW solid-state laser
emitting at a wavelength of 488 nm. The signals on the combined 520-nm/630-nm dot plot
were collected for the total cell count (TCC) with the trigger set on the 520 nm channel. The
samples were diluted with 0.22 µm-filtered mineral water (Evian, France) if the TCC
exceeded the instrument’s quantification-limit of 1000 cells sec-1. The average standard
deviation was less than 5% (HAMMES et al., 2008).
AOC determination
The determination of the AOC was performed according to Hammes and Egli (2005). The
water samples were treated similar as samples for the LGP. In short, water samples were
filtered using 0.22 µm filters, pasteurised for 45 min at 60 °C and subsequently inoculated
with 1 * 103 bacteria mL-1 from an Evian water bacterial community. The final cell
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concentration was measured after reaching the stationary phase by flow cytometry and AOC
concentration was calculated using the calibration factor 1 * 107 cells µg-1 AOC -1 (HAMMES
and EGLI, 2005).
DOC determination
The dissolved organic carbon (DOC0.22µm) was determined after filtering samples (pre-rinsed
0.22 µm Millex GP filter unit syringe filters) and subsequent analysis of the total organic
carbon (TOC) based on the combustion catalytic oxidation/NDIR method (TOC-VCPH;
Shimadzu, Duisburg, Germany). The machine’s coefficient of variation (CV) was 1.5% max.
with a detection limit of 4 µg L-1 TOC.
Data analysis and presentation
Listeria growth potential (LGP): net growth of Listeria. The growth potential in a water
sample was measured as the final cell concentration in stationary phase after inoculation
with a cell concentration of 5 * 103 Listeria mL-1. A minimum increase of 5 * 103 cells mL-1
was required for a result to be judged positive for growth. The presented results are
expressed as net growth where the inoculum cell concentration was subtracted from the
final cell concentrations of individual water samples. For statistical calculations the IBM®
SPSS® Statistics version 19 (2010) was used.
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Results
Screened water samples
In this study we tested I) a number of 96 water samples (Table S2.1) for the occurrence of
Listeria in surface waters (Table 2.1), and II) in the LGP-assay, 35 of these waters were
screened for the ability of Listeria to grow in surface water (Table 2.2).
Occurrence and characterisation of Listeria spp.
From the 96 surface water samples tested, 70 (73%) samples were found to be positive for
Listeria species (Table 2.1). Only about a third of all waters was free of any Listeria. In a
total of 11 samples L. monocytogenes was isolated, which corresponds to 12% of all the
Listeria isolates. L. seeligeri was the most abundant species and was isolated from 42% of
all positive samples, L. ivanovii was found in 21 water samples (24%), and L. innocua was
present in 17 samples (19%). Listeria belonging to the species L. welshimeri or L. grayi were
not found in this study. In the majority of the samples that were positively tested for Listeria
(n = 51, 53.1%) only isolates of one particular species were found. In 19 samples (21% of all
positive waters) two different species were isolated from one surface water sample. Finally,
three isolates identified as members of the Listeria genus by PCR (PAILLARD et al., 2003)
could not be further specified by tested PCR-approaches. However, it has to be noted that
from the present data no inference can be made on either the number of different species
present or the initial Listeria concentration in sampled water since all samples underwent a
pre-enrichment procedure before the isolation step using selective Listeria enrichment broth.
The serotypes distribution of the 11 L. monocytogenes isolates determined by multiplexPCR (DOUMITH et al., 2004) was the following: six isolates were characterised as serovar 4b,
and five as serovar 1/2a.
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Table 2.1: Occurrence study of Listeria monocytogenes and the other Listeria species in the tested
surface waters. A total of n = 96 waters were screened for the occurrence of Listeria spp.. Percentage
values in the upper section indicate the proportion of ‘Listeria positive waters’ vs. ‘Listeria negative
waters’. In the lower section numbers of bacterial isolates assigned to specific Listeria species are
listed in the column ‘Number of isolates’. Percentage values in the lower table show the relative
distribution of Listeria species with respect to the 89 Listeria spp. totally isolated.

Number of waters

Percent

Listeria spp. positive waters

70

73%

No Listeria isolated

26

27%

Total water samples

96

100%

Listeria species

Number of isolates

Percent

Listeria monocytogenes

11

12%

Listeria seeligeri

37

42%

Listeria ivanovii

21

24%

Listeria innocua

17

19%

Listeria grayi

0

0%

Listeria welshimeri

0

0%

unknown

3

3%

Total Listeria isolates

89

100%
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Sample

Month of collection

Apr
May
Sep
May
Jun
Jun
Sep
Jun
Jun
Jul
Jul
Aug
Aug
Aug
Sep
Aug
Aug
May
May
May
Jun
Sep
Jun
Jul
Jul
Jul
Jul
Jul
Jul
Aug
Aug
Sep
Aug
Aug
Aug

Type of water

Control
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
stagnant
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing
flowing

pH

7 32
na
na
6 92
na
na
na
7 52
na
na
8 19
7 94
8 21
76
8 17
7 46
8 21
7 96
na
na
na
na
7 84
na
7 77
7 95
8 04
7 53
8 15
81
8 32
8 07
7 79
8 27
8 38
8 45

38
na
na
< 0 24
na
na
na
< 0 24
na
na
< 0 24
19
31
06
04
03
05
21
na
na
na
na
43
na
34
23
< 0 24
< 0 24
18
22
09
23
23
09
13
34

0 21
7 79
10 4
8 25
10 1
1 48
6 25
6 47
4 32
8
6 98
6 99
3 43
3 96
3 12
4 07
3 45
1 49
3 67
3 57
2 66
1 72
2 38
3 12
4 21
5 73
7 09
2 57
4 67
1 67
22
2 07
1 69
2 21
2 86
3 26

NH4 (µg N/L) NO3- (mg N/L) DOC (mg/L)a

na
na
na
18
na
na
na
100
na
na
71
23 1
45 9
37 1
17 7
40
19 1
15 7
na
na
na
na
20 6
na
13 9
18 9
11
23 1
42
24 5
56
75
13 8
56
63 1
10 7

± 62
± 54
± 19
±100
±42
±100
±3
±34
±61
±52
±19
±39
±34
±45
±18
±8
±6
±20
±5
±5
±21
±4
±5
± 15
± 11
± 18
±4
±2
± 32
± 23
± 68
±6
± 27
± 30
± 15

AOC (µg/L)b

15
770
318
159
353
246
1'187
248
200
232
257
240
173
144
299
351
95
110
191
245
218
172
128
204
123
128
213
75
90
158
175
144
67
101
145
101

0 00E+00
1 27E+05
4 47E+04
4 74E+04
3 96E+04
3 93E+04
6 16E+04
3 98E+04
0 00E+00
0 00E+00
0 00E+00
8 20E+03
1 30E+03
2 30E+03
3 14E+04
3 46E+04
1 10E+03
3 70E+03
0 00E+00
1 50E+03
0 00E+00
1 10E+03
6 29E+03
3 40E+03
1 90E+03
1 60E+03
0 00E+00
1 50E+03
3 90E+03
2 20E+03
0 00E+00
0 00E+00
0 00E+00
0 00E+00
0 00E+00
0 00E+00

L. monocytogenes
net growth

SD

9 61E+03
9 34E+03
5 62E+03
1 12E+04
6 65E+03
1 26E+04
1 34E+04
7 00E+01
1 68E+02
1 44E+02
4 59E+03
5 08E+02
9 25E+02
4 61E+03
1 88E+04
8 50E+01
1 22E+03
1 22E+02
4 31E+02
6 50E+01
9 73E+02
3 20E+03
5 19E+02
2 02E+02
1 09E+02
7 60E+01
7 38E+02
1 02E+03
4 83E+02
2 49E+02
1 88E+02
5 29E+02
8 60E+01
2 27E+02
1 53E+02

0
1 65 (1 53 - 1 79)
1 41 (1 12 - 1 70)
2 98 (2 48 - 3 28)
1 12 (0 67 - 1 57)
1 60 (1 22 - 1 98)
0 52 (0 41 - 0 63)
1 61 (1 07 - 2 15)
0
0
0
0 34 (0 15 - 0 53)
0 08 (0 05 - 0 11)
0 16 (0 09 - 0 23)
1 05 (0 83 - 1 27)
0 99 (0 45 - 1 53)
0 12 (0 11 - 0 13)
0 34 (0 23 - 0 45)
0
0 06 (0 04 - 0 08)
0
0 06 (0 01 - 0 12)
0 49 (0 24 - 0 74)
0 17 (0 14 - 0 20)
0 15 (0 12 - 0 18)
0 13 (0 12 - 0 14)
0
0 20 (0 10 - 0 30)
0 43 (0 32 - 0 54)
0 14 (0 10 - 0 18)
0
0
0
0
0
0

-1

Fraction of AOC
consumed by
L. monocytogenes (%)c

Table 2.2: Surface water samples used for the growth potential assay of L. monocytogenes and selected parameters. Waters were inoculated with a starting concentration of 5.000 Listeria mL and
incubated at 30° C until reaching stationary phase. All tests were performed in triplicate. As a control mineral drinking water (Evian, France) was used (sample Nr. 1).

Nr

Evian
Pond, Eawag 1, Dübendorf
Pond, Eawag 2, Dübendorf
Pond, Eawag 3, Dübendorf
Rainwater basin, Eawag, Dübendorf
Stadtweiher, Bülach
Neeracher Riedt, Neerach (1)
Neeracher Riedt, Neerach (2)
Haslisee, Niederhasli (public bath)
Unterer Katzensee, Zurich (public bath)
Lützelsee, Hombrechtikon (public bath)
Egelsee, Bubikon (public bath)
Stadtweiher, Uster
Aa-Weiher, Wetzikon
Stockrüti-Weiher, Bäretswil (1)
Stockrüti-Weiher, Bäretswil (2)
Luppmenweiher, Oberhittnau
Tobelweiher, above Pfäffikon (Luppmen)
Glatt, Dübendorf
Breitibach, Dübendorf (tributary of Glatt)
Chriesbach, Dübendorf (tributary of Glatt)
Furtbach, Adlikon (1)
Furtbach, Adlikon (2)
Limmat, Zürich (downstream WWTP)
Aabach, Mönchaltdorf (downstream WWTP)
Aabach, Gossau (upstream Gossauerbach)
Tobelbach, Hombrechtikon (effluent Lützelsee)
Neugutbach, Bubikon (influent Egelsee)
Schwarz, Rüti
Jona, Rüti
Chämtnerbach, Auslikon (near lake)
Ländenbach, Ettenhausen (1)
Ländenbach, Ettenhausen (2)
Töss, Bauma (downstream WWTP)
Rohrbach, Russikon
Kempt, Illnau

DOC, dissolved organic carbon. The standard deviation for DOC measurements was always <0.05.

Total samples

a

AOC, assimable organic carbon. The means ± standard devia ions are shown.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

b

pH, NH₄⁺, and NO₃⁻ was measured by the AuA-laboratory of Eawag (Dübendorf, Switzerland).

N =36

c
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Potential of L. monocytogenes to grow in surface waters (LGP)
In total, 35 pasteurised surface water samples from different sampling dates and different
locations were screened for their potential to support growth of Listeria. Among the 35
surface water samples tested, 17 samples were collected from stagnant waters (ponds, lake,
artificial basins) and 18 samples derived from flowing waters (rivers, streams, ditches) (Tab.
2.2 & Fig. 2.2); additionally, bottled drinking water (Evian, France) was used as a control.
DOC and AOC concentrations were determined in all water samples and their values were
in the range of 1.483 to 10.4 mg L-1 of DOC (Evian 0.212 mg L-1 DOC); AOC concentrations
were in the range of 67 to 1,187 µg L-1 (Evian 15 µg L-1 AOC) (Table 2.2).
As expected, absolutely no growth was observed in the bottled drinking water used as a
control. The growth potential of L. monocytogenes in the surface water samples ranged from
0 to 1.27 * 105 cells mL-1; the latter corresponds to a more than twenty-fold increase in cellconcentration compared to the inoculated cell number of Listeria. Overall 11 samples (31%)
supported net growth of Listeria above the limit of 5 * 103 cells mL-1 (corresponding to one
doubling of the initial cell number) under the given conditions (samples Nr. 2, 3, 4, 5, 6, 7, 8,
12, 15, 16, and 23 (see Tab. 2.2)) whereas in the remaining 25 water samples the final LGP
did either not increase during the time of the experiment or was even below the initial
inoculated cell concentration of 5 * 103 cells mL-1. In total, nine water samples (25%)
reached a Listeria cell count above the level of 2 * 104 Listeria mL-1. This indicates that the
pathogen was able to perform more than two bacterial generation cycles in a fourth of all
samples.
No difference was observed in the bacterial cell count when measured by FCM before and
after a sonication treatment in any water sample with a positive LGP. Thus, significant
Listeria biofilm formation was not being observed in our assay (CHAE and SCHRAFT, 2000;
BORUCKI et al., 2003).
Batch-growth curves of ten selected samples depicted in Fig. 2.1 represent two different
growth patterns. In samples Nr. 3, 4, 5, 6, 7, and 12 growth curves of L. monocytogenes
show no lag-phase, whereas L. monocytogenes in water samples Nr. 8, 15, and 16 only
grew after lag-phases between approximately 84 h (Nr. 15) and 156 h (Nr. 16). Table 2.3
presents values for maximum specific growth rate µmax and generation time g that were
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estimated from L. monocytogenes in waters showing substantial growth. Growth was
characterised by analysing semi-logarithmic scaled growth curves. The maximum specific
growth rate (µmax) and the generation time (g) was estimated from cell numbers (N) between
segments with the highest slope (if there was more than one linear segment) using the
following equations:
µmax = (ln Nt2 – ln Nt1)/ (t2 - t1)
g = (t2 – t1)/(3.3 * (log N2 – log N1))

Table 2.3: Estimates of average maximum specific growth rate µmax (h-1) and average generation time
g (h) at 30 °C in surface waters that were found to support growth of L. monocytogenes substantially.
Two different strains of L. monocytogenes were used for growth studies: * an environmental isolate
from river (serovar 1/2a) and ** the strain WSLC 1042 (serovar 4b).
sample

g (h)

~µmax (h-1)

Neeracher Riedt, Neerach (1), Nr. 7 **
Stadtweiher, Bülach, Nr. 6 **
Pond, Dübendorf 2, Nr. 3 **
Pond, Dübendorf 3, Nr. 4 *
Stockrüti-Weiher, Bäretswil (2), Nr. 15 **
Stockrüti-Weiher, Bäretswil (1), Nr. 16 **
Neeracher Riedt, Neerach (2), Nr. 8 **
Rainwater basin, Dübendorf, Nr. 5 *

19.0
25.0
29.5
32.0
42.0
47.5
55.5
53.0

0.037
0.028
0.024
0.022
0.017
0.015
0.013
0.013

Two different strains of L. monocytogenes were used for the growth studies in selected
waters to compare the LGP between two strains of different origin and serovars, the
laboratory strain WSLC 1042 (serovar 4b, indicated with **) and an environmental isolate
from river water (serovar 1/2 a, indicated with *), respectively (Fig. 2.2). Interestingly, where
waters were tested for both strains, the laboratory strain WSLC 1042 performed better,
except in sample Nr. 24. However, no final conclusion about potential differences in the LGP
of the two strains can be made since not all waters were tested for both strains and most of
the waters showing a positive LGP were only tested for one strain.
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Figure 2.1: Graph showing the growth curves of pathogenic L. monocytogenes (* environmental
strain, ** strain WSLC 1042) in samples of surface waters from different catchment areas with an
1

initial inoculum cell number of 5,000 Listeria ml- at 30 °C. Only water samples from stagnant waters
supported cell growth . None of the water samples from flowing waters supported substantial growth
of Listeria (compare Fig. 2.2). Water sample numbers given in the legend correspond to numbers of
water in Table 2.2. (Growth curve of sample Nr. 2 is not included in graph due to lack of data during
exponential growth phase.)
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Figure 2.2: Listeria growth potential in n = 17 tested stagnant waters (plus control sample: Nr. 1), and
n = 18 tested flowing water samples. The LGP values (net growth (cells mL-1), inoculum cell number
deducted) of two different strains, L. monocytogenes WSLC 1042 (blue circles) and an environmental
L. monocytogenes isolate (red diamonds) are shown. Error bars indicate the standard deviation of
triplicate samples. Note the different scaling for net growth axes in the two plots.
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Growth potential of Listeria spp. in relation to carbon concentrations
It is well known that microbial growth is dependent on the availability of assimilable organic
carbon (RICE et al., 1990). Interestingly, a substantial LGP was found almost exclusively in
waters with AOC concentrations above 245 µg L-1. Therefore, it was tested whether the
AOC and DOC levels of all samples are reliable indicators for predicting the LGP (Figure 2.3
& 2.4). The parameter DOC seems to be an unreliable indicator for predicting the LGP (R2 =
0.259, n = 36) and only a weak correlation was found between the LGP and AOCconcentration (R2 = 0.3299, n = 34; two ‘outliers’ with highest LGP not included). However, a
correlation between AOC levels and Listeria growth potential becomes obvious (Figure 2.3).
No significant correlation to the LGP was found for other parameters measured, such as pH,
NH4+, or NO3-.

Figure 2.3: Correlation between AOC and Listeria growth potential in flowing waters (white dots) and
stagnant waters (black dots). Left plot is showing the correlation between AOC and growth potential
of Listeria monocytogenes, correlation coefficient (R2) = 0.5459. Plot on right side: correlation
between AOC and the growth potential of Listeria monocytogenes without taking into account two
outlying values (surrounded by dashed circle on left plot), correlation coefficient R2 = 0.3299.

57

Chapter 2

Figure 2.4: Left plot showing the correlation between DOC and the Listeria growth potential (LGP),
correlation coefficient (R2) = 0.259. Right side plot: correlation between DOC and AOC values of all
surface water samples tested in the LGP-assay, R2 = 0.1848. Types of waters are distinguished by
white (flowing waters) and black dots (stagnant waters).

Estimated fraction of consumed AOC
A natural consortium, such as bacteria from bottled mineral water (Evian), is considered to
biodegrade a major fraction of the assimilable carbon pool available in a water sample
(BUCHELI-WITSCHEL et al., 2012). This natural consortium’s total cell count was taken to
calculate the AOC values (HAMMES and EGLI, 2005). By comparing the growth performance
of Listeria with the growth performance of the natural consortium the fraction of AOC
available for Listeria can be estimated. For this estimation it was assumed that the yield (cell
yield per AOC consumed) is comparable in a L. monocytogenes cell and a natural bacterial
consortium (see also Chapter 3). Based on this assumption the range of AOC consumed in
our LGP assay was between 0% to 2.98 (2.48 – 3.28) % (Table 2.2). These values indicate
that only a small fraction of the potentially biodegradable organic carbon is accessible for
Listeria in the tested surface waters. Since only a minor fraction of the total AOC is
consumed by Listeria during growth it becomes obvious that the AOC value alone (or the
DOC) is not sufficient a parameter to predict the LGP reliably in the tested surface waters.
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Growth differences between water samples and Listeria species
In our study the species L. innocua, L. ivanovii and L. seeligeri, respectively, were isolated
more frequently than the human pathogen L. monocytogenes (Table 2.1). Since this pattern
of distribution could reflect a general higher potential of species other than L.
monocytogenes to grow in surface waters the growth potential of the four species most
frequently isolated (L. monocytogenes, L. seeligeri, L. ivanovii and, L. innocua (see Table
2.1)) was compared in five selected surface waters. Surprisingly, in all samples the growth
potential of the human pathogen L. monocytogenes was at least two-fold higher than those
of the other abundant species (data not shown).
Within the surface water samples, in which L. monocytogenes was able to grow, major
differences between the duration of the lag-phase durations were observed. Whilst for half
of the waters no lag-phase was visible, the other group of waters were showing lag-phases
ranging from ~80 h up to 156 h (Fig. 2.1).
Viability and plating control
To confirm the viability of L. monocytogenes in waters showing a positive LGP, a selection
of three triplicates was plated on BHI-agar plates after 17 d of incubation (two samples with
a long lag-phase and one sample with a short lag-phase). Subsequently, the CFUs were
determined and the colonies were verified to be L. monocytogenes by PCR. The plating
efficiency (Flow cytometry TCC vs. plating CFU) was 69%, 70%, and 78% in the tree
samples. This confirms that those Listeria that show a growth potential are surviving over a
long period of time under the growth conditions tested and do not enter into a putative
‘viable but not culturable’ (VBNC) state.
Correlation between occurrence of Listeria spp. and LGP
It was analysed whether surface waters tested positive for the occurrence of Listeria in
general, and L. monocytogenes in particular, showed a better regrowth potential in the LGP
assay compared to waters from which no Listeria could be isolated. However, from the data
it was not possible to recognise that the growth potential of L. monocytogenes in a specific
water sample was significantly correlated with a Listeria-positive- or a Listeria-negativeisolation result, respectively.
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Discussion
To our knowledge, the present study is the first report that combines findings of a Listeria
isolation study with a detailed growth analysis of L. monocytogenes in the surface water
environment. Our observations give new insights into the ecology of the important food
pathogen L. monocytogenes and at the same time the data help to evaluate the risk of
waters serving as potential transmission routes of Listeria for either contamination of food or
infection processes in animals or humans.
The data of this study show that about three-quarter of all tested surface water samples
contained Listeria, and in 11.5% of the analysed waters the human pathogen L.
monocytogenes was present. These findings are in agreement with similar studies, like a
Canadian report where 10% of tested surface waters were positive for the presence of L.
monocytogenes (LYAUTEY et al., 2007), in a Swiss study the pathogen was isolated in 15%
of brook water samples (SCHAFFTER et al., 2004). Interestingly, in our analysis the species L.
ivanovii, mainly known as a pathogen that infects ruminants, but also humans in rare cases
(GUILLET et al., 2010), was isolated in 22% of all samples. According to the literature this
appears to be a rather high incidence of L. ivanovii in water, e.g., Schaffter and colleagues
detected L. ivanovii only in six of totally 196 tested water samples (BERNAGOZZI et al., 1994;
SCHAFFTER et al., 2004).
However, it should be pointed out that the here presented data only provide a qualitative
information on the occurrence of Listeria spp. in waters but no conclusion on the actual
Listeria concentration in waters can be drawn. In preliminary experiments no Listeria could
be detected in tested waters using quantitative approaches such as real-time PCR following
the protocol of Rodríguez-Lázaro and co-workers (RODRÍGUEZ-LÁZARO et al., 2004), or
immuno-magnetic pathogen screening (FÜCHSLIN et al., 2010; KESERUE et al., 2012) by the
use of fluorescent phage endolysin cell wall binding domains, so called CBDs (LOESSNER et
al., 2002), linked to magnetic beads (KRETZER et al., 2007; SCHMELCHER et al., 2010).
Therefore, the non-quantitative approach had to be applied and all samples were enriched
in selective Listeria broth prior to analysis.
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None of the former studies addressed in detail the question whether or not waters in which
Listeria species were found also supported growth of Listeria under the given environmental
conditions. Although Botzler and co-workers studied the survival of L. monocytogenes in
pond water they did not find evidence for cell proliferation (BOTZLER et al., 1974). The here
presented flow-cytometry based approach in which surface water samples were inoculated
after sterilisation (pasteurisation) with a defined low number of bacteria allowed detection of
Listeria growth even at very low cell concentrations. In comparable previous studies that
investigate growth of pathogenic bacteria in waters, samples were mostly inoculated with
high cell concentrations, e.g., with > 106 E. coli cells mL-1 (SCHEUERMAN et al., 1988;
BOGOSIAN et al., 1996; RAVVA and KORN, 2007) or with L. monocytogenes concentrations
between ~5 * 105 and 5 * 106 cells mL-1 (BESNARD et al., 2000). However, in natural surface
waters bacterial cell concentrations are typically in the range between 104 to 106 cells mL-1
(BERNINGER et al., 1991) and available nutrient concentrations do not allow higher cell
densities, consequently rather ‘die-off’ than growth will be observed when the inoculated cell
concentration is too high (VITAL et al., 2008).
Summarising, significant differences in the potential of surface waters to support growth of
Listeria became obvious. LGP data were ranging from zero up to a more than 25-fold
increase of the Listeria cell number, depending on the type of water and the AOC content in
the particular sample (Fig. 2.3 & 2.4). The results from the LGP assays of L. monocytogenes
in water samples can be sub-grouped into 3 cluster: I) samples not supporting listerial
growth, II) a cluster of waters that supported the growth of Listeria for 2-3 generations and III)
a cluster with waters showing a massive potential to support growth of the pathogen (Fig.
2.3). Interestingly, significant differences in the lag-phases of Listeria growing in those
waters were observed. This indicates that Listeria seem to adapt differently under varying
nutritional conditions (Fig. 2.1). Interestingly, two of the three samples in which a long lagphase was observed (Nr. 15 & 16) were sampled at the same location but at different time
points. However, no significant difference in either the AOC, or DOC concentrations or pH
was observed between samples with long- and short lag-phases.
While no significant difference for the occurrence of Listeria was found between stagnant
and flowing waters, substantial growth of L. monocytogenes was found almost exclusively in
stagnant waters. Parameters such as DOC concentration, pH, ammonium or nitrate
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concentrations were found to be weak indicators for predicting Listeria growth. Likewise, the
AOC concentration, albeit showing the highest correlation among all parameters measured,
is also not enough to predict the LGP reliably.
When comparing the final Listeria cell number with the high bacterial regrowth potential of
the mineral water consortium (i.e., the parameter AOC (HAMMES and EGLI, 2005; BUCHELIWITSCHEL et al., 2012)), it becomes evident that Listeria are either very fastidious growers or
their metabolism is highly inefficient compared to the natural AOC consortium tested. In this
study the highest concentration of L. monocytogenes measured in a water sample never
exceeded 3% of the cell concentration reached with the mineral water consortium.
Interestingly, data on cell yields from L. monocytogenes grown in co-culture with either E.
coli or a natural bacterial consortium suggest that the pathogen has a comparable cell yield
(number of cells formed per DOC consumed), but the total fraction of DOC which is
accessible for Listeria is rather small compared to other microorganisms (see Chapter 3). In
comparison, L. monocytogenes performed worse to other waterborne pathogens when
looking to the growth potential of comparable studies, e.g., in water of a drinking water plant
where V. cholerae was able to use more than 70% and P. aeruginosa approximately 20% of
the available AOC (VITAL et al., 2007; VITAL et al., 2008; VITAL et al., 2010).
Furthermore, the question was addressed if an environmental L. monocytogenes strain from
a surface water (isolated in this study, serovar 1/2a) would perform better in the LGP assay
compared to the reference strain (L. monocytogenes WSLC 1042, serovar 4b) since it can
be hypothesised that the environmental isolate should be better adapted to the low nutrient
conditions. From the present result, however, no significant difference in the growth
performance between the laboratory strain and the environmental isolate was observed (Fig.
2.2). With regard to this result it has to be taken into account that the environmental strain
was isolated using selective enrichment broth and later was subcultured in high nutrient
media over several bacterial generations. Such an intensive procedure may lead to not only
selective enrichment but also an adaptation of the environmental isolate during the isolation
process resulting in growth properties that are not specialised to low nutrient conditions
anymore.
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Our data suggest that surface waters, especially stagnant waters with high AOC
concentrations, are potential niches for Listeria. Therefore, such waters have to be taken
into consideration as potential risks factors and can serve as sources for Listeria
contamination or infection. Nevertheless, it has to be pointed out that much further effort has
to be done to elucidate the growth behaviour of this pathogen, e.g., in competition with the
autochthonous water microorganisms, as well as different water temperatures should be
tested in future investigations. Furthermore, it was described (BARBOSA et al., 1994; LIANOU
et al., 2006) and has also been observed in the present work, that the growth behaviour of
Listeria is differing significantly between strains (see also Chapter 3 & 4). Thus, future LGP
studies should investigate the differences between the growth ability of different strains in
more detail.
The here presented data do not allow to draw a conclusion on whether the isolated Listeria
were deriving from bacterial populations growing in the sampled waters or whether they
originated from external sources such as faeces, soil or wastewater effluent. Especially,
since no correlation between the waters sampled positive for Listeria spp. and waters that
supported growth of L. monocytogenes was found. Recent modern approaches such as
microbial source tracking (MST) methods, published for various faecal bacteria in water, e.g.,
PCR-based denaturing-gradient gel electrophoresis (PCR-DGGE), quantitative real-time
PCR, pulse-field gel electrophoresis (PFGE) etc. (FARNLEITNER et al., 2000; MEAYS et al.,
2004; REISCHER et al., 2008; REISCHER et al., 2011), could be promising tools to elucidate
the ecology and cycling behaviour of Listeria within the natural environment in more detail
(SAUDERS et al., 2012).
It is a big challenge to understand the dynamics, the transport, and the factors determining
the viability of pathogens such as Listeria in the environment. We here provide evidence that
Listeria have to be considered as a relevant waterborne pathogen, albeit they are showing a
substantially lower growth potential than other waterborne pathogenic bacteria such as
Pseudomonas aeruginosa, Vibrio cholera, or Escherichia coli O157 (VITAL et al., 2010).
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Conclusion
The aquatic environment is a potential reservoir for Listeria and, therefore, can serve as a
link in the cycle of Listeria from the environment to the human host, either indirectly via farm
and food processing facilities, or directly from exposure to contaminated water. It was not
only shown in the present study that Listeria spp. are existing in such aquatic environments
but that L. monocytogenes test strains are also able to grow on the naturally available
substrates in these habitats. Not only a high occurrence of the two pathogenic species L.
monocytogenes and L. ivanovii was found but also about a third of all tested waters
supported L. monocytogenes regrowth. However, no correlation was found between the
occurrence of Listeria in a particular sample and the ability of this sample to support Listeria
regrowth. Neither the AOC nor the DOC concentration alone was good indicators to predict
the growth potential of pathogenic Listeria in the tested waters.
Our data on the occurrence of Listeria spp. in surface waters and the findings from the
growth potential studies help to evaluate the risk potential for a potential Listeria
contamination originating in surface waters. Our assay unravels the to date open question if
Listeria are able to reproduce under the given conditions per se or if they only persisted in
the tested waters and were ultimately brought in such environments, e.g., via wildlife or soil
contamination. The here presented data demonstrate that L. monocytogenes is not only
persisting in surface waters but that the pathogen is potentially able to grow under
favourable conditions without inhibiting biotic background factors such as, e.g., bacterial
competitors.
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Supplementary data
Table S2.1: List of surface waters screened for the occurrence of Listeria spp.. All sampling sites
were located in the Region of Zurich, Switzerland. Listeria species isolated from the stagnant and
flowing waters are indicated. Isolates of unknown species are designated as L. spp..
Nr.

Sample

Sampling Date

Type of water

Species isolated

1

Chriesbach, Eawag, Dübendorf

Sep 2009

Flowing

L. ivanovii, L. seeligeri

2

Pond, Eawag, Dübendorf

Sep 2009

Stagnant

none

3

Glatt, Dübendorf

Sep 2009

Flowing

none

4

Rainwater basin, Eawag 1, Dübendorf

Sep2009

Stagnant

L. seeligeri

5

Rainwater basin, Eawag 2, Dübendorf

Sep 2009

Stagnant

none

6

Chriesbach, Eawag, Dübendorf

Oct 2009

Flowing

L. seeligeri

7

Chriesbach, upstream Eawag, Dübendorf

Jan 2010

Flowing

none

8

Chriesbach, downstream Eawag, Dübendorf

Jan2010

Flowing

none

9

Chriesbach, Eawag, Dübendorf

Apr 2010

Flowing

none

10

Sihl, Zürich

Apr 2010

Flowing

L. seeligeri

11

Pond, Eawag, Dübendorf

Apr 2010

Stagnant

none

12

Glatt, Dübendorf

Apr 2010

Flowing

L. seeligeri

13

Rainwater basin, Eawag, Dübendorf

Apr 2010

Stagnant

none

14

Schanzengraben, Zürich

Apr 2010

Flowing

none

15

Chriesbach, Dübendorf

Jun 2010

Flowing

16

Sihl, Zürich

Jun 2010

Flowing

L. seeligeri
L. innocua, L. spp., L. monocytogenes

17

Pond, Eawag, Dübendorf

Jun 2010

Stagnant

L. seeligeri, L. monocytogenes

18

Chriesbach, Eawag, Dübendorf

Jun 2010

Flowing

L. innocua

19

Pond, Eawag, Dübendorf

Jun 2010

Stagnant

none

20

Eichweg Pond, Kloten

Jul 2010

Stagnant

L. seeligeri

21

Altbach, Dietlikon

Jul 2010

Flowing

22

Altbach Eich, Bassersdorf

Jul 2010

Flowing

L. seeligeri
L. monocytogenes, L. seeligeri

23

Guntenbach, Volketswil

Jul 2010

Flowing

L. seeligeri

24

Dorfbach, Greifensee

Jul 2010

Flowing

L. seeligeri, L. innocua

25

Aa, Niederuster

Jul 2010

Flowing

none

26

Greifensee, Niederuster

Jul 2010

Stagnant

L. ivanovii

27

Greifensee, Greifensee

Jul 2010

Stagnant

none

28

Glatt, effluent Greifensee, Dübendorf

Jul 2010

Flowing

L. seeligeri

29

Chimlibach, Schwerzenbach

Sep 2010

Flowing

30

Dorfbach, Fällanden

Sep 2010

Flowing

L. ivanovii
L. monocytogenes, L .ivanovii

31

Glatt, after WWTP, Fällanden

Sep 2010

Flowing

L. innocua

32

Glatt, Fällanden

Sep 2010

Flowing

none

33

Greifensee, Niederuster

Sep 2010

Stagnant

L. ivanovii

34

Aabach, Niederuster

Sep 2010

Flowing

L. seeligeri

35

Aa, Aathal

Sep 2010

Flowing

L. seeligeri

36

Wildbach, Bossikon

Sep 2010

Flowing

37

Luppmen, Pfäffikon

Sep 2010

Flowing

none
L. seeligeri, L. monocytogenes

38

Päffikersee, Pfäff kon

Sep 2010

Stagnant

none

39

Chriesbach, Dübendorf

Sep 2010

Flowing

L. innocua

40

Sihl, Zurich

Sep 2010

Flowing

L. innocua, L. monocytogenes

41

Pond, Eawag, Dübendorf

Sep 2010

Stagnant

L. seeligeri

42

Glatt, Stettbach

Sep 2010

Flowing

L. innocua

43

Rainwater basin, Eawag, Dübendorf

Sep 2010

Stagnant

L. seeligeri, L. spp.
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44

Seerosenteich, Eawag, Dübendorf

Sep 2010

Stagnant

none

45

Chriesbach, Eawag, Dübendorf

May 2011

Flowing

L. seeligeri

46

Breitibach, Dübendorf

May 2011

Flowing

47

Pond, Eawag, Dübendorf

May 2011

Stagnant

L. seeligeri, L. ivanovii
L. spp.

48

Glatt, Dübendorf

May 2011

Flowing

none

49

Rainwater basin, Eawag, Dübendorf

May 2011

Stagnant

L. ivanovii

50

Stadtweiher, Bülach

Jun 2011

Stagnant

L. seeligeri

51

Neeracher Riedt, Neerach

Jun 2011

Stagnant

L. seeligeri

52

Haslisee, Mettmenhasli

Jun 2011

Stagnant

none

53

Katzensee, Regensdorf

Jun 2011

Stagnant

54

Furtbach Trockenloo, Adlikon

Jun 2011

Flowing

L. ivanovii
L. seeligeri, L. monocytogenes

55

Limmat, Zurich

Jun 2011

Flowing

none

56

Aabach, Mönchaltdorf

Jul 2011

Flowing

L. innocua

57

Aabach, ARA, Mönchaltdorf

Jul 2011

Flowing

L. seeligeri, L. ivanovii

58

Aabach, Mönchaltdorf

Jul 2011

Flowing

L. innocua

59

Aabach, before Gossauerbach, Gossau

Jul 2011

Flowing

L. innocua

60

Gossauerbach, Gossau

Jul 2011

Flowing

L. seeligeri, L. ivanovii

61

Effluent WWTP, Gossau

Jul 2011

Flowing

none

62

Gossauerbach, Gossau

Jul 2011

Flowing

L. seeligeri

63

Lützelsee, Hombrechtikon

Jul 2011

Stagnant

none

64

Tobelbach, Hombrecht kon (Lützelsee effl.)

Jul 2011

Flowing

L. seeligeri

65

Neugutbach, Bubikon (Egelsee influent)

Jul 2011

Flowing

L. seeligeri, L. innocua

66

Egelsee, Bubikon

Jul 2011

Stagnant

L. seeligeri

67

Schwarz, Rüti

Jul 2011

Flowing

L. seeligeri, L. ivanovii

68

Jona, Rapperswil-Jona

Jul 2011

Flowing

L. ivanovii

69

Stadtweiher, Uster

Aug 2011

Stagnant

L. ivanovii

70

Pond Aa, Wetzikon

Aug 2011

Stagnant

L. seeligeri

71

Chämtnerbach, Wetzikon

Aug 2011

Flowing

L. innocua

72

Ländenbach, Ettenhausen

Aug 2011

Flowing

L. ivanovii, L. innocua

73

Stockrüti, Bäretswil

Aug 2011

Stagnant

none

74

Töss after WWTP, Bauma

Aug 2011

Flowing

none

75

Töss before WWTP, Bauma

Aug 2011

Flowing

L. seeligeri

76

Luppmenweiher, Hittnau

Aug 2011

Stagnant

77

Tobelweiher, Pfäffikon

Aug 2011

Stagnant

none
L. monocytogenes

78

Rohrbach, Russikon

Aug 2011

Flowing

L. innocua

79

Kempt, Illnau Industrie

Aug 2011

Flowing

L. ivanovii

80

Auslikerbach, Auslikon

Aug 2011

Flowing

81

Hinterbach, Oberhittnau (Forest)

Aug 2011

Flowing

L. innocua, L. ivanovii
L. monocytogenes

82

Schürlibach, Bäretswil

Sep 2011

Flowing

L. ivanovii

83

Humbelweiher, Oberhittnau

Sep 2011

Stagnant

84

Hinterbach Schafweide, Wilen

Sep 2011

Flowing

none
L. monocytogenes

85

Hinterbach, end of water channel, Wilen

Sep 2011

Flowing

L. seeligeri

86

Brandtobelbach Oberhittnau, Wilen

Sep 2011

Flowing

L. innocua

87

Luppmen, Hittnau Centre

Sep 2011

Flowing

L. innocua, L. ivanovii

88

Pond Weiherholz, Pfäffikon ZH

Sep 2011

Stagnant

none

89

Furtbach, effluent Katzensee, Regensdorf

Sep 2011

Flowing

none

90

Oberer Katzensee, Regensdorf

Sep 2011

Stagnant

91

Chatzenbach, Unteraffoltern Zurich

Sep 2011

Flowing

L. seeligeri
L. monocytogenes

92

Ländenbach, Ettenhausen

Sep 2011

Flowing

L. ivanovii

93

Stockrüti, Bäretswil

Sep 2011

Stagnant

L. ivanovii

94

Neeracher Riedt, Neerach

Sep 2011

Stagnant

L. seeligeri

95

Furtbach Trockenloo, Adlikon

Sep 2011

Flowing

L. seeligeri, L. ivanovii

96

Pond, Eawag, Dübendorf

Sep 2011

Stagnant

L. seeligeri

66

67

AGTCGGATAGTATCCTTAC
GGCTCTAACTACTTGTAGGC
CGGAGGTTCCGCAAAAGATG
CCTCCAGAGTGATCGATGTT
CGCAAGAAGAAATTGCCATC
TCCGCGTTAGAAAAATTCCA
(N)15CGAATTCCTTATTCACTTGAGC
(N)15GGTGCTGCGAACTTAACTCA
TTGCTACTGAAGAAAAAGCA
TCTGTTTTTGCTTCTGTAGC
CGCGACGGCTAAAGTACTAA
ATTGCTCGCTTTGAAGTCGT
CTGCACGATCAAGGTCAATC
CGTATTGCGCACCAGTGATA
TCCCACCATTGGTGCTACTCA
TTGGCGTACCAAAGAAATACG
AGGGCTTCAAGGACTTACCC
ACGATTTCTGCTTGCCATTC
AGGGGTCTTAAATCCTGGAA
CGGCTTGTTCGGCATACTTA
AGCAAAATGCCAAAACTCGT
CATCACTAAAGCCTCCCATTG
AGTGGACAATTGATTGGTGAA
CATCCATCCCTTACTTTGGAC
GCTGAAGAGATTGCGAAAGAAG
CAAAGAAACCTTGGATTTGCGG

S1F
S1R
hly 1
hly 2
lmoF
lmoR
livFN

livRN

linF2
linR2
lseF
lseR
lgrF
lgrR
lweR
lweF
lmo0737-F
lmo0737-R
lmo1118-F
lmo1118-R
ORF2819-F
ORF2819-R
ORF2110-F
ORF2110-R
prs-F
prs-R

N, random nucleotide

Sequence (5' → 3')

Primer

420 bp
608 bp
691 bp
906 bp
471 bp
597 bp
370 bp

Oxidoreductase gene of L. grayi
scrA of L. welshimeri
Serovars 1/2a, 1/2c, 3a, and 3c
Serovars 1/2c and 3c
Serovars 1/2b, 3b, 4b, 4d, and 4e
Serovars 4b, 4d, and 4e
Phosphoribosyl phyrophosphate synthetase gene

493 bp

N- acetylmuramidase gene of L. ivanovii

375 bp

453 bp

lmo0733 gene of L. monocytogenes

Internalin gene of L. seeligeri

234 bp

Listeriolysin O gene of L. monocytogenes

250 bp

460 bp

23S rRNA gene of Listeria

iap of L. innocua

DNA fragment length

Target

Doumith et al. 2004

Doumith et al. 2004

Doumith et al. 2004

Doumith et al. 2004

Doumith et al. 2004

Huang et al. 2007

Huang et al. 2007

Huang et al. 2007

Huang et al. 2007

Huang et al. 2007

Huang et al. 2007

Ennaji et al. 2009

Paillard et al. 2003

Reference
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Table S2.2: Primer used for PCR assays in this study.
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Abstract
L. monocytogenes is ubiquitously distributed in the aqueous environment. However, oligo- to
mesotrophic natural water systems that are generally low in nutrients are supporting growth
of the pathogen only poorly. This suggests that other reservoirs exist, which provide more
nutrients and better conditions for growth of the pathogen. Recently, Listeria was reported to
occur in wastewater (WW) and to survive WW treatment. Consequently, wastewater
treatment plants (WWTP) are a potential reservoir for the pathogen.
It was tested whether or not different types of WW are a growth substrate for Listeria
because a fraction of the Listeria might find its way from WWTPs into nutritionally more
limited systems such as surface waters. In this study the growth potential of pathogenic L.
monocytogenes in wastewater was tested in raw wastewater (RWW), primary sedimentation
effluent (PSE), and the effluent of the secondary sedimentation tank effluent (SSE),
respectively. Furthermore, the growth potential of seven different Listeria strains in raw WW
was compared. Mimicking quasi-realistic conditions, we investigated the competitionbehaviour of L. monocytogenes in mixed bacterial wastewater cultures. Data suggest that
WWTP have to be taken into account as serious reservoirs for Listeria, in which this
bacterium is readily able to grow also in competition with the autochthonous bacterial WW
community. Interestingly, growth behaviour within this reservoir is very heterogeneous
among the tested Listeria strains.

74

Growth of Listeria spp. in wastewater culture and in competition with bacterial flora from wastewater

Introduction
The pathogenic bacterium Listeria monocytogenes is the causative agent of the disease
listeriosis whose incidence is reported to increase in many European countries (GOULET et
al., 2008; KHATAMZAS et al., 2010). Listeriosis is caused mainly by ingestion of contaminated
food. Beside this, Listeria are frequently found in the farm environment (RENTERGHEM et al.,
1991), in surface waters (WATKINS and SLEATH, 1981; DIJKSTRA, 1982; FRANCES et al., 1991;
BERNAGOZZI et al., 1994; ARVANITIDOU et al., 1997; SCHAFFTER and PARRIAUX, 2002;
SCHAFFTER et al., 2004; LYAUTEY et al., 2007), in humans and animals as (healthy) carriers
(MACGOWAN et al., 1994), and in wastewater (WATKINS and SLEATH, 1981; GEUENICH et al.,
1985; AL-GHAZALI and AL-AZAWI, 1986; MACGOWAN et al., 1994; KARPISCAK et al., 2001;
CZESZEJKO et al., 2003; GARREC et al., 2003; PAILLARD et al., 2005; ODJADJARE and OKOH,
2010; MORENO et al., 2011). Although Listeria species are reported to occur ubiquitously in
the environment (GRAY et al., 2006; SWAMINATHAN and GERNER-SMIDT, 2007), water is an
element of special interest since it can serve as a vector that disseminates waterborne
pathogens from manmade, copiotrophic systems with high bacterial load into the natural,
oligotrophic aqueous environment.
Knowledge of Listeria reservoirs and their ecology within the aqueous environment is fairly
limited. In an earlier study we reported the high occurrence of Listeria species and an
incidence of 12% for the pathogen L. monocytogenes in Swiss surface waters, such as
rivers, ponds and lakes (see chapter 2). However, we found that the growth potential in such
environments is rather low. This suggests that pathogenic Listeria are most probably
growing in copiotrophic reservoirs outside the surface water system, e.g., in soil or in
anthropogenic systems, such as in WWTPs during treatment, before they are disseminated
into the surface waters. Several reports indicate that wastewater and activated sludge are
potential reservoirs and vectors for Listeria (GARREC et al., 2003; PAILLARD et al., 2005;
ODJADJARE and OKOH, 2010; MORENO et al., 2011). Also, Odjadjare and Okoh concluded in
their recent study that wastewater effluents from South African WWTPs are a potential
source of pathogenic Listeria in the aquatic milieu (ODJADJARE and OKOH, 2010).
Furthermore, a number of studies reported that Listeria occur in high concentrations and
readily survive wastewater treatment, and are consequently released into the environment
(CZESZEJKO et al., 2003; PAILLARD et al., 2005; MORENO et al., 2011). Together, these data
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confirm the potential of WWTPs to serve as transient habitats for pathogens, such as
Listeria, where they re-enter into the human food chain via the aqueous environment.
To date, most studies published focus either on the incidence of Listeria in the wastewater
environment or on survival rate of Listeria during specific treatment steps (GEUENICH et al.,
1985; CZESZEJKO et al., 2003; GARREC et al., 2003; PAILLARD et al., 2005; ODJADJARE and
OKOH, 2010). More precise data that elucidate whether Listeria grow or only survive in this
milieu are not available. Therefore, in the present study the growth potential of Listeria was
evaluated at different stages of the aerobic wastewater treatment process and the fraction of
assimilable carbon available in WW for growth of Listeria was analysed. Furthermore, the
growth potential of selected L. monocytogenes strains and other Listeria species was
compared.
Under natural conditions Listeria occur within mixed bacterial communities and have to
compete with the microbial flora in WW. Therefore, a co-culture assay was developed to
study listerial growth in competition with other microbes. These assays enabled us to
simulate the growth of Listeria under realistic conditions such as the WWTP environment.
Overall, this study delivers novel data on growth of Listeria within WWTPs that are valuable
indicators for risk assessment studies for processes in WWTPs. Furthermore, our findings
contribute to a better understanding of the principles how Listeria can grow in coexistence
with a natural bacterial WW consortium. This is especially important, since natural consortia
are growing on a broad spectrum of nutrients and are, therefore, considered to inhibit other
microorganisms by occupying the nutritional niches of pathogens (VITAL et al., 2012). It is
shown that Listeria can grow in wastewater and that they even can compete with the
wastewater bacterial flora, hence WWTPs can be central vectors for pathogen dissemination
into the aquatic environment.
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Material & Methods
Bacterial strains
For the growth potential studies in WW the strains Listeria monocytogenes WSLC 1042
(ATCC 23074, serovar 4b) (FLEMING et al., 1985; BRIERS et al.), and a Listeria
monocytogenes environmental isolate (E. Lm, isolated from surface water (see chapter 2),
serovar 1/2a) were used. Further strains used for the comparison were: L. monocytogenes
strain Scott A (serovar 4b) wildtype, L. monocytogenes WSLC 1042, L. monocytogenes
ATCC 19115, L. monocytogenes ATCC 19112, L. innocua DSM 20649, L. ivanovii DSM
20750, and L. seeligeri DSM 20751. Listeria monocytogenes strain Scott A (serovar 4b)
wild-type, a GFP-labelled strain Listeria monocytogenes strain Scott A::gfp (gfp integrated
via pPL3-gfp, constitutive expression) (LAUER et al., 2002; DELL'ERA et al., 2009), and wildtype Escherichia coli K12 MG 1655 (ATCC 700926) were the bacterial strains used for the
co-culture experiments. All strains were stored in glycerol at -80 °C before use. Prior to each
experiment, strains were resuscitated from cryogenic stock by plating onto BHI agar plates
(Biolife, Milan, Italy) and incubation at 37 °C for 24 h. Listeria strains, except environmental
isolate, were kindly provided by the Institute of Food, Nutrition and Health from ETH Zurich
(Group Prof. Dr. M. J. Loessner, IFNH, ETHZ).
Sampling and sterilisation of wastewater samples
Wastewater samples were obtained from a pilot WWTP operated at Eawag, Switzerland
(Eawag wastewater treatment plant, Dübendorf, Switzerland), which receives real
wastewater from Dübendorf and surrounding communities. Samples were collected at three
different steps of treatment (Scheme 3.1), namely I) from the raw WW influent (RWW), II)
from the primary sedimentation effluent (PSE), III) and from the secondary sedimentation
effluent (SSE) that is released to the sewer system (or normally into surface water).
Wastewater samples (1000 mL) were collected in muffled carbon-free flasks (Schott, Mainz,
Germany). To sterilise the water without influencing its composition too much a mild
sterilisation procedure was applied. First, the WW was cleaned using a 20 kDa filtration step
with a capillary dialyzer (FX 80 capillary dialyzer, Fresenius Medical Care AG & Co., Bad
Homburg, Germany), subsequently the water was pasteurised in a water bath at 65 °C for
60 minutes to kill organisms potentially passing through the filtration step or still present for
other reasons. After cooling down the treated WW was used immediately as a medium for
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Batch growth analysis of Listeria spp. in wastewater
Batch growth experiments of Listeria strains in WW samples were performed in AOC-free
glass vials (40 mL) with 15 mL culture volume for AOC and DOC assays. For growth curves
Listeria strains were cultured in 125 mL Erlenmeyer flasks using 25 mL of culture volume
under continuous stirring at 30 °C. The WW was always treated as described above and
inoculated with the Listeria strains previously precultured in WW. Growth of Listeria was
recorded by collecting 1 mL samples at regular intervals and the cell number was
determined after staining with SYBR Green I using flow cytometry (FCM, see section on
FCM analysis). Based on the cell concentration increase the specific growth rate (µ) was
determined using the following equation:
µmax = (ln (Nt) – ln (N0))/∆t
Where Nt and N0 are the cell concentrations (cell number mL-1) after distinct time points and
∆t corresponds to the time interval between these two points.
Growth potential in diluted wastewater
Sterilised RWW (see above) was serially diluted with filtered (0.22µm) and sterilised (60 °C,
45 min) mineral water (Evian). The dilution series prepared from undiluted to 1000-times
diluted RWW was used to study the batch growth potential of L. monocytogenes WSLC
1042 at different levels of DOC and AOC concentrations. For this, 15 mL of diluted RWW
was transferred into muffled AOC-free glass vials (40 mL), inoculated with 1 * 103 Listeria
cells mL-1 and incubated at 30 °C. The inoculum was adapted to low-nutrient conditions as
described above. All tests were made in triplicate and measured by FCM to determine the
final cell concentration reached.
Flow cytometric analysis
Bacterial cell number was measured using a Partec CyFlow ML/space flow cytometer
(Partec, Münster, Germany) equipped with a 200mW argon laser emitting light at 488 nm
wavelength. Samples (1 mL) were collected and stained with 10 µL mL-1 SYBR green I
(Invitrogen, Molecular Probes, Lucerne, Switzerland), 100-times diluted in DMSO (SigmaAldrich, Buchs, Switzerland), and incubated in the dark for at least 15 min at 37 °C before
measuring. The samples were diluted with 0.22 µm-filtered mineral water if the cell number
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exceeded the machine’s quantification limit of 1000 cell counts sec-1. Below this limit a
standard deviation of less than 5% was obtained (HAMMES et al., 2008). Data were analysed
with the FlowMax software (Partec, Münster, Germany).
The GFP signal emitted by L. monocytogenes Scott A::gfp was detected and measured by
FCM specifically without staining. Results were confirmed by comparing the TCC values of L.
monocytogenes Scott A::gfp with and without additional nucleic staining (SYBR green).
Co-cultures
For specific FCM detection of Listeria cells in mixed bacterial cultures the strain L.
monocytogenes Scott A::gfp, constitutively expressing green fluorescent protein (GFP), was
selected (DELL'ERA et al., 2009). Competitive growth of L. monocytogenes Scott A::gfp in
co-culture was studied with either E. coli K12 or an autochthonous wastewater natural
bacterial consortium (WW NBC, isolated from the WWTP from the SSE step). E. coli and
Listeria precultures were prepared using the same procedure and they were inoculated at
ratios indicated in the individual experiments. The WW NBC was inoculated immediately
after isolation (freshly collected SSE bacteria) without any precultivation-treatment since this
WW NBC was supposed to be already optimally adapted to the WW milieu. All cell
concentrations were determined by FCM. Combined cell signals in co-culture of E. coli
stained with SYBR green I and the GFP signal of L. monocytogenes Scott A::gfp detected
by FCM is shown in Figure 3.1. The E. coli cell concentration, or the WW NBC TCC, was
calculated by subtracting the number of Listeria (GFP cell signal from sample measured
without additional nucleic acid staining) from the total bacterial cell concentration (TCC) in
the sample measured:
Competitor cell number (cells mL-1) = TCC* – ‘Listeria-GFP signal’
*TCC = Listeria plus E. coli, or TCC = Listeria plus WW NBC
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A)

B)
Figure 3.1: A) Plot of a bacterial co-culture sample (L. monocytogenes Scott A::gfp and E. coli K12)
stained with SYBR green I and measured by FCM, subsequently. Cell signal clusters from the two
subpopulations; E. coli (R1) and L. monocytogenes (R2) can be measured simultaneously and be
discriminated from each other in the plot 630 nm vs. 520 nm. The cell subpopulations are also
distinguishable in the side scatter (SSC) vs. 520 nm plot when using the ‘logical gating’ function. Gate
R3 is integrating cell signals (TCC) from E. coli and L. monocytogenes. B) Plot B is depicting the
FCM signal of GFP-tagged L. monocytogenes (R4) without additional SYBR-Green I staining of the
co-culture, thus with this arrangement E. coli cells are not detected by FCM. The cell count, recorded
by detecting the GFP-fluorescence only (R4, Plot B) without SYBR green I-staining, corresponds to
R2 in Plot A.
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Competitive growth analysis of co-cultures in the chemostat
Competitive growth of L. monocytogenes and E. coli in co-cultures was studied in
continuous culture reactors (200 mL Schott flasks) at 37 °C with a working volume of 50 mL
fed with sterilised WW from a pump-driven medium reservoir (5 L glass flask). The reactors
were continuously stirred with magnetic stirrers and aerated with 0.22 µm pore size filtersterilised air. The reactors were inoculated with the indicated starting concentration of the
specific organisms run in batch-mode until the culture reached the early stationary phase.
Then the reactor was switched to continuous mode by setting the specific dilution rates (D)
tested with a peristaltic pumping system under constant aeration of the reactor. The growth
in co-culture was monitored taking 1mL samples at regular time intervals. Samples were
analysed by FCM as described above. Compared to the competition experiments in batch
culture (30°C) the experiments in the chemostat were performed at 37 °C. By using
accelerated cultivation conditions a possible microbial regrowth in the WW-medium, when
stored at room temperature for longer than 4-5 days, was circumvented.
DOC analysis
Dissolved organic carbon (DOC0 22µm) concentration was measured on a TOC-VCPH analyser
(Shimadzu, Duisburg, Germany). Water samples were previously filtered with pre-rinsed
0.22 µm Millex GP syringe filters (Merck Millipore, Zug, Switzerland) into muffled, organic
carbon-free glassware. The machine’s detection limit was 4 µg L-1 TOC with a coefficient of
variation (CV) of max.1.5%.
DOC consumption analysis (DOC∆)
To obtain the amount of DOC that is consumed (DOC∆) by L. monocytogenes during growth
in WW, samples were analysed before and after listerial growth. Samples were filtered using
sterile and pre-rinsed 0.22 µm Millex GP syringe filters and filled directly into muffled, AOCfree 40 mL glass vials for DOC analysis. The amount of DOC∆ was calculated as the
difference between the initial DOC concentration before inoculation of the pathogen and the
DOC concentration after growth of L. monocytogenes when stationary phase had been
reached.
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AOC analysis
Assimilable organic carbon (AOC) was determined with a bioassay as described previously
(HAMMES and EGLI, 2005; HAMMES et al., 2006). In short, samples of treated (filtered and
pasteurised) wastewater were inoculated with 1 * 103 bacteria mL-1 from a bacterial
community from bottled drinking water (Evian, France) and incubated at 30 °C until
stationary phase was reached (measured by FCM). The AOC concentration (µg mL -1) was
calculated from the final cell concentration (cells mL-1) reached by the Evian community with
a theoretical calibration factor of 107 cells formed per µg of AOC (HAMMES and EGLI, 2005).
Note: the ratio of AOC to DOC can be different between the single experiments due to a
changed substrate composition in the WW samples, which were collected freshly for each
experiment.
AOC consumption analysis (AOC∆)
Samples for the consumed AOC analysis (AOC∆) were treated as DOC∆-samples (see
above). Instead of measuring the samples in the DOC analyser, the filtered WW samples
were re-inoculated with 1,000 cells mL-1 of a mineral drinking water bacterial community
(AOC community, Evian) and AOC was determined in the following as in the method
described above. The amount of AOC∆ was calculated as the difference from the initial AOC
concentration (AOC1) before inoculation with Listeria and the AOC concentration after
growth of L. monocytogenes when the stationary phase was reached (AOC2). In short, a set
of WW samples was inoculated with the AOC community directly after sterilisation the WW
(AOC1), AOC2 was determined by removing all Listeria cells by filtration (0.22 µm) that had
grown into stationary phase, and reinoculating the samples with the AOC community. The
difference between the finally reached cell concentration of the AOC community (AOC1))
and after growth of L. monocytogenes (AOC2) was referred to AOC consumed by Listeria.
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Results
Growth performance of two L. monocytogenes strains in different types of
wastewater
In former publications L. monocytogenes has been reported to occur in WW (PAILLARD et al.,
2005; ODJADJARE and OKOH, 2010). However, little is known about the pathogen’s grow
potential at the different levels of a WW treatment process. Thus, the growth of two strains
of Listeria in domestic WW treated to different degrees in the pilot WWTP at Eawag
(Scheme 3.1) was investigated. For this I) raw, unprocessed wastewater (RWW), II) primary
sedimentation

wastewater

(PSE),

and

III)

secondary

sedimentation

wastewater

(SSE/effluent), which was ready for release into the surface water, was used. Paillard and
co-workers (2005) reported significant differences in the incidence of Listeria belonging to
serovars 4b/e, 1/2a and 1/2b. Therefore, two strains with different serovars, 4b and 1/2a,
respectively, were compared. The strains selected were L. monocytogenes WSLC 1042
(‘laboratory’ strain, serovar 4b) and an environmental L. monocytogenes (‘E. Lm’, serovar
1/2a) isolated by our laboratory from river water. Growth of both L. monocytogenes strains,
initially inoculated with 5 * 103 cells mL-1, was observed in all three types of wastewater (Fig.
3.2).
In the RWW both Listeria strains exhibited a high growth potential of 8.44 * 106 cells mL-1
testing the E. Lm strain, and of 9.84 * 106 cells mL-1 for the RWW inoculated with strain
WSLC 1042. In the very same RWW the AOC inoculum, a bacterial mineral water
consortium, reached a cell concentration of 1.74 * 108 cells mL-1, this is corresponding to
17.40 mg L-1 of AOC (HAMMES and EGLI, 2005; BUCHELI-WITSCHEL et al., 2012). In the
primary treated WW, the PSE (AOC = 13.43 mg L-1), the growth potential of both Listeria
strains was reduced by 30% (laboratory strain, WSLC 1042) and by 37% (E. Lm),
respectively. Although the growth potential of both strains was comparable, the laboratory
strain (serovar 4b) performed better in both types of WW. In the WW effluent (SSE) cell
levels of strain E. Lm (serovar 1/2 a) reached 2.76 * 105 cells mL-1, which was 1.08% of its
growth potential in RWW. The laboratory strain performed slightly better with 1.07 * 105 cells
mL-1 (3.3% of its growth potential in RWW) compared to E. Lm. DOC values of the tested
waters highly correlated in all three wastewater types (R2 = 0.9891), and the growth potential
of L. monocytogenes highly correlated with the corresponding AOC value (R2 = 0.9736),
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even though reached final cell concentrations of the AOC inoculum were one to two orders
of magnitude higher.
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Figure 3.2: Growth potential of two L. monocytogenes strains (fair grey: environmental isolate E. Lm;
dark grey: laboratory strain L. m. WSLC 1042) in raw and treated WW in batch culture (inoculum cell
concentration deducted). Samples from RWW (DOC = 105.8 mg L-1 ) and water from two different
treatment steps (PSE (DOC = 93.24 mg L-

1

)

and SSE (DOC = 8.60 mg L-1 )) were tested . AOC values

were determined for every type of WW (black diamonds). Standard deviations of triplicate batch
cultures in WW inoculated with 5 * 103 Listeria cells mL-1 at 30 °C are indicated with error bars.

Growth differences of Listeria spp. in wastewater
Studies performed in mineral medium revealed significant differences in the growth
behaviour of different strains of Listeria (see chapter 4 ). Therefore, the performance of
seven Listeria strains was examined in a wastewater sample with a DOC concentration of
49.6 mg L-1 , and an AOC concentration of 23. 1 mg L-1 (Fig. 3.3). The seven strains (four L.
monocy togenes strains, L. ivanovii, L. seeligeri, and L. innocua) exhibited quite different

growth patterns (Fig. 3.3). The maximum specific growth rates (µmax) and highest cell
concentration (Y) reached by the individual strains are presented in Table 3.1.
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The strains examined can be grouped into three different categories: I) the fast growing
strains, that reached high final cell concentrations with lag phases from approximately 1 to
9.5 hours (L. monocytogenes Scott A (serovar 4b), L. innocua DSM 20649, L.
monocytogenes WSLC 1042 (serovar 4b), L. ivanovii DSM 20750) II), strains that show no

or only very short lag-phases with low growth rates reaching intermediate final cell
concentrations (L. monocytogenes ATCC 191 15 (serovar 1/2 b), L. monocytogenes ATCC
19112 (serovar 1/2 c), and Ill) one strain that did not grow in the tested wastewater (L.
seeligeri DSM 20751 ).
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Figure 3.3: Batch growth curves of seven different Listeria strains cultured in RWW at 30 °C with
4

1

starting cell concentration of 5 * 10 cells mL- . The WW was previously filtered and pasteurised. Cell
concentrations were determined by FCM using SYBR-green I-staining. Each growth curve was
performed in duplicate; the line between two data points represents the average value.
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Table 3.1: Selected growth parameters from batch growth curves in RWW at 30 °C (Fig. 3.3).
Maximum specific growth rate (µmax) and highest reached total cell concentrations (TCC, cells mL-1) of
seven Listeria strains, four different L. monocytogenes strains and three other Listeria species (L.
innocua, L. ivanovii, and L. seeligeri) are listed.

µmax (h-1)

maximum TCC (cells mL-1)

L. monocytogenes Scott A

0.597

4.46E+07

L. monocytogenes WSLC 1042

0.580

2.62E+07

L. innocua DSM 20649

0.553

2.97E+07

L. ivanovii DSM 20750

0.375

1.78E+07

L. seeligeri DSM 20751

n.g.

n.g.

L. monocytogenes , ATCC 19115

0.212

1.46E+06

L. monocytogenes, ATCC 19112

0.128

3.04E+05

strain

n.g. = no growth
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Consumption of DOC
Bacteria can only use a fraction of the total DOC for growth within a nutrient pool; this
fraction, (theoretically) equivalent to the consumed AOC by a specific microorganism, was
determined in the following. The amount of DOC consumed by L. monocytogenes strains
during batch growth in RWW, PSE, and SSE was determined for strains WSLC 1042 and E.
Lm in WW after the cultures had reached stationary phase (Fig. 3.4). Defined as the
difference in DOC before and after growth of Listeria the DOC consumed (DOCΔ) was
calculated.

Figure 3.4: DOC consumed in WW during growth by L. monocytogenes WSLC 1042 and the
environmental isolate L. monocytogenes (E. Lm) batch cultured at 30 °C. Black columns are
indicating the initial DOC concentration (DOCbefore). DOCafter was measured after bacterial growth,
when cells had reached the stationary phase. Fair grey columns are depicting the DOC concentration
after growth of WSLC 1042, dark grey bars are showing the DOC concentrations after growth of E.
Lm. DOC∆ values are given in the text below (amount of DOC consumed by a specific strain).
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Approximately 13.5% of the DOC was consumed in RWW by strain WSLC 1042 (DOCΔ =
15.4 mg L-1) and 14.0% by E. Lm (DOCΔ = 14.84 mg L-1). In the PSE sample (DOCΔ = 13.34
mg L-1) Listeria WSLC 1042 consumed 14.31% of the total DOC compared to a fraction of
13.3% by E. Lm (DOCΔ = 12.44 mg L-1). In both waters the consumable DOC fraction was
comparable and both strains performed equally well. However, in the processed
wastewater, namely the SSE, the E. Lm only used up 7.4% of DOC (DOCΔ = 0.585 mg L-1),
whereas for WSLC 1042 the consumption was -0.0194 mg L-1 DOC. This increase of DOC
after growth of the pathogen is theoretically not feasible and may be explained by DOC
contamination during experimental handling, e.g., filtering procedure.
Individual yields per µg consumed DOC (Y, in cells (µg DOC)-1) were calculated for the two
strains and listed in Table 3.2. Yields were approximately the same for all types of WW and
both strains (4.3 - 6.4 * 105 cells (µg DOC)-1).

Table 3.2: Numerical cell yield (Y, cells formed per µg DOC consumed) of two Listeria strains WSLC
1042 and E. Lm, grown in different sterile WW samples: RWW, PSE and SSE. Cells were cultured in
batch at 30 °C.

water source
RW
PSE
SSE

*

L. monocytogenes WSLC 1042
(cells (µg DOC)-1)

L. monocytogenes E. Lm
(cells (µg DOC)-1)

6.39E+05 ± 10.8%
5.20E+05 ± 19.5%
*

5.69E+05 ± 10.8%
4.29E+05 ± 9.5%
4.71E+05 ± 5.1%

no consumption of DOC detectable
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Consumption of AOC

Determining the amount of AOC that is remaining after growth of Listeria supplies
information about the fraction of organic nutrients that is readily available for the pathogen.
This puts the AOC consumed by Listeria into relation with the amount of carbon available for
microbial communities as a whole such as the natural drinking water consortium (Evian)
used in our AOC assay. The amount of AOC consumed should be equal to the value of
DOCLI.. AOC concentration was determined in the original sample before inoculation with L.
monocytogenes, and after growth of L. monocytogenes (after removing the produced
Listeria (2.51 E+0.5 cells mL-1 ) by filtration and inoculating with the Evian bacterial flora).
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Figure 3.5: AOC consumption of L. monocytogenes in WW (SSE). An AOC concentration was
measured before and after growth of Listeria in the SSE sample to stationary phase. MOC is

= 1.78 mg L-1:
average value of two measurements; AOC 2 = 1.30 mg L-1 : triplicate measurement. AOC 1 - AOC2 =
tiAOC =0.48 mg L-1 , corresponding to -27% consumed AOC by L. monocytogenes.
indicating the amount of AOC consumed by L. monocytogenes during growth. AOC1
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This biological assay was performed in secondary sedimentation effluent (SSE) in which the
determination of the consumed DOC (∆DOC) with the TOC-VCPH analyser gave inconsistent
results (see Fig. 3.4, SSE). The amount of AOC consumed by Listeria in the WW ranged
between 14% and 27% of the total AOC available (see Fig. 3.5) and, therefore, was similar
to the DOCΔ values found for L. monocytogenes in RWW and in PSE (see Figure 3.4). The
estimated yield (# of Listeria formed per µg AOC consumed) varied between ~ 5.23E+05
and 1.05E+06 cells (µg AOC)-1. This values correspond well to the yield data found for the
consumed DOC in Table 3.2 and 3.4.
Growth study in serial diluted WW
Former findings in low nutrient surface water samples showed that L. monocytogenes was
poorly performing compared to other pathogens (see Chapter 2), while its growth under high
nutrient conditions seems to be comparable to that of other bacteria. This apparent
disproportionality of available nutrients to final cell yields observed in other media was
investigated in the following. High nutrient RWW (initial DOC concentration of 164.35 mg L-1
and AOC of 30.0 mg L-1) was serially diluted (~1:10 each step) with pasteurised mineral
water (Evian), containing little DOC (~ 0.2 mg L-1) and virtually no AOC (<50µg L-1), to study
growth of Listeria in the same WW over a broad range of nutrient concentrations. The
results obtained for the Listeria growth potential (LGP) in WW with different nutrient
concentrations over four orders of magnitude are shown in Figure 3.6. Growth of L.
monocytogenes was detected in RWW and in 10-times diluted RWW with a DOC
concentration of 14.98 mg L-1 (note: because of handling the dilution factor was only
approximately one to ten; all calculations made are based on actual measured DOCconcentrations of corresponding dilutions). In the 100-times diluted RWW no growth of the
pathogen was observed anymore, the cell concentration remained at the initial inoculation
level of ~1 * 103 cells mL-1 (9.78 102 cells mL-1, STDEV 1.79 * 102). This contrasts strongly
with the natural (Evian) community for which the cell yield was proportional to the
concentration of DOC (R2 = 0.992), whereas for Listeria the cell yield was already much
reduced after the first dilution compared to the theoretically expected value. According to the
dilution factor and carbon concentrations, the expected cell concentration at 10 mg L-1 DOC
should have reached approximately 4 * 106 cells mL-1 (based on the cell concentration
reached in undiluted RWW).
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This is in contrast to the find ings in Chapter 4 where L. monocytogenes Scott A was grown
in buffered mineral medium with serially diluted glucose concentrations (Fig. 4.3). In this MM
with nutrient concentrations from 2.5 g L-1 to 25 µg L-1 glucose the final Listeria numbers
were linear to the availability of glucose even at the lowest substrate concentration.

1.00E+09

-

1.00E+08

~
E

1.00E+07

Gi

1.00E+OS

(ij
;

1.00E+OS

~

..!:..
c

QI

0Q.

-

~

l0

Cl

=;
(,,)

1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+OO

0.1

10

1

100

COC (mgL-1)

• Listeria
• Listeria expected

+ Nat. consortium

Figure 3.6 : Final cell concentrations reached by L monocytogenes WSLC 1042 grown at four distinct
concentrations of a serially diluted RWW (DOC concentration on x-axis). Cultures were inoculated
with a starting cell concentration of 1 * 103 cells ml-1 . Black dots are depicting the final reached cell
number by L monocytogenes at corresponding nutrient concentrations. Dark grey diamonds are
showing the growth potential of a natural drinking water consortium (Evian); the correlation coefficient
R2 between the natural consortium cell concentration and the DOC is indicated. In comparison, the
grey dots connected with the dashed line depict the expected Listeria concentration with respect to
the dilution factor of WW and measured DOC concentrations. Total cell concentrations of Listeria and
the natural consortium were measured by FCM after reaching the stationary phase. All experiments
were performed in batch culture at 30 °C; error bars are indicating the standard deviation of triplicate
samples.

92

Growth of Listeria spp. in wastewater culture and in competition with bacterial flora from wastewater

Co-culture of Listeria with E. coli and WW NBC
In natural systems bacteria normally co-exist in mixed bacterial communities. Therefore, it is
more realistic to investigate the growth of L. monocytogenes in co-culture systems. Because
wastewater is considered a habitat for Listeria we examined the competitive ability of L.
monocytogenes when competing with on one hand, a pure culture of a bacterium commonly
present in large numbers in WW, namely E. coli and, on the other hand, with an undefined
natural microbial community obtained from WW (WW NBC). The strain L. monocytogenes
Scott A::gfp was cocultured (starting concentration: 5000 cells mL-1) with either 5000 cells
mL-1 of E. coli K12 or the WW NBC. For comparison, pure cultures of L. monocytogenes
Scott A::gfp were also grown in the same wastewater samples. Using the constantly GFPexpressing L. monocytogenes strain allowed us to monitor the growth of this organism in the
presence of other competitors. The influence of competitor bacteria on the growth of L.
monocytogenes was investigated in WW batch culture using raw WW and PSE. The data
depicted in Fig. 3.7 clearly demonstrate a lowered growth potential of Listeria when the
pathogen is grown in co-culture with other microorganisms.
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Figure 3.7: L. monocytogenes Scott A::gfp in batch co-culture with either E. coli K12 or a natural
bacterial consortium isolated from WW (WW NBC). Shown is the development of individual cell
numbers from inoculation (t = 0) to stationary phase at three different time points through the batch
growth cycle. The bacteria were grown in two different WW at 30 °C (RWW and PSE). White columns
are depicting the Listeria concentration in co-culture with a competitor organism, either E. coli or the
WW NBC (indicated above); grey columns are showing the competitor microorganism (cells mL-1) in
co-culture with Listeria; black columns show reached Listeria concentration in pure culture without
competitor. Bacterial cell concentration was measured by FCM. Error bars indicate the standard
deviation of triplicate samples.
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In all observed cases, in the RWW and in PSE, Listeria reached the highest cell
concentration in pure culture without competing bacteria. As expected, growth of L.
monocytogenes was significantly reduced when co-cultured with the WW NBC and also with
E. coli, even though to a lesser extent. Remarkably, L. monocytogenes was also able to
establish a subpopulation within the co-culture with E. coli K12 of 1.79% Listeria cells at time
point h = 23 and 4.05% after 41 h of the TCC in RWW. When Listeria was co-cultured with a
WW NBC 0.35% Listeria (after 23 h) and 0.11% after 41h was detected. In the PSE a similar
pattern was observed, when co-cultured with E. coli K12 Listeria made 8.41% of the total
population at time point h = 23 and after 41 h 5.37% of the total population were Listeria.
When co-cultured with the second competitor, the WW NBC, the percentage of Listeria was
3.65% after 23 h, and 0.94% after 41 h, respectively.

Table 3.3: Percent of growth reduction of L. monocytogenes when co-cultured with E. coli or the WW
NBC in batch co-culture. Cell concentrations of the different competitor bacteria were measured after
23h and 41h. The values listed show the percentage of Listeria reduction compared to L.
monocytogenes cell concentrations reached without co-cultured competitor bacteria. Growth
reduction has been studied in I) RWW and II) PSE.

RWW:
PSE:
% growth reduction of L. monocytogenes in co-culture
with:
Time after
inoculation (h)

E. coli

WW NBC

E. coli

WW NBC

23
41

59.61%
87.36%

89.43%
99.58%

81.96%
83.33%

92.17%
97.08%
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In Table 3.3 the percentage of Listeria suppression when co-cultured with competitor
microorganisms (E. coli and WW NBC) compared to the Listeria growth in pure culture (no
competition) in either RWW or PSE is listed (for total Listeria cell numbers please consult
Fig. 3.7). Data from time point h = 69 were omitted since the cell concentrations were
observed to decrease, most probably a consequence of cell-lysis. In both types of WW the
WW NBC inhibited the growth of Listeria more than E. coli. This effect of growth inhibition
demonstrates that both, E. coli and the WW NBC are both competing with L.
monocytogenes for the same carbon fraction within the assimilable carbon pool. When
assuming that E. coli and Listeria would grow on separated pools of substrate within the
consumable DOC pool, theoretically no growth inhibition should be observed. Especially,
since neither E. coli nor Listeria are known to secret bactericidal compounds (MELLEFONT et
al., 2008).
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To assess the cellular growth yields in competition experiments, the DOC consumption
(∆DOC) of the bacterial communities during the experiment (69 h) was measured (Table
3.4).
Table 3.4: DOC consumption and yield values of L. monocytogenes Scott A::gfp (L.m.::gfp) alone
and when competing with WW NBC or E. coli at 30 °C. Batch cultures were inoculated with 5000 cells
mL-1 of each bacterial population. The cell yield was determined flow cytometrically after growth in
batch culture and is given as cell number per µg consumed carbon in WW samples (RWW and PSE).
DOC concentrations after growth DOC1 were measured and listed below. The amount of DOC
consumed by the specific microorganisms (∆DOC) and the corresponding value indicating the fraction
of total DOC consumed (% DOC) is listed in the table.

In RWW
DOC0 = 135. 40 mg L

-1

L.m.::gfp & WW NBC
L.m.::gfp & E. coli K12
L.m.::gfp

In PSE
DOC0 = 98.71 mg L

-1

L.m.::gfp & WW NBC
L.m.::gfp & E.coli K12
L.m.::gfp

DOC1a

∆DOCb

-1

-1

% DOC

(mg L )

(mg L )

consumed

23.03
86.85
115.65

112.37
48.55
19.75

82.99
35.86
14.59

DOC1a

∆DOCb

% DOC

-1

-1

(mg L )

(mg L )

consumed

19.27
60.58
84.60

79.44
38.13
14.11

80.48
38.63
14.29

a

DOC value of medium after growth to stationary phase

b

Amount of DOC consumed, ∆DOC = DOC0 - DOC1

c

Percentage of DOC consumed
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cell yield
c

cells (µg DOC)-1
1.50E+06
2.49E+06
2.05E+06

cell yield
c

cells (µg DOC)-1
2.21E+06
2.11E+06
3.21E+06
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By calculating the fraction of DOC used for growth in the three different types of co-culture:
I) L. monocytogenes pure culture, II) L. monocytogenes plus E. coli, and III) L.
monocytogenes plus WW NBC, respectively, massive differences in the values showing the
consumed fraction of the total DOC became obvious. The findings in both types of WW
(RWW and PSE) were very similar. L. monocytogenes in pure culture consumed only ca.
15% of the DOC present in RWW or PSE. The L. monocytogenes and E. coli co-culture
used roughly 40% of the initial amount of DOC in both raw and purified WW. The highest
fraction of DOC was consumed by the co-culture L. monocytogenes and the WW NBC,
namely some 80%. The vast majority of this fraction has to be attributed to the WW NBC,
since its competitor within the co-culture (L. monocytogenes) made up only a small fraction
(see above) of the whole community; the fraction of carbon consumed by the pathogen is
therefore negligible.
Competition in continuous culture
In batch culture the Listeria subpopulation seemed to decrease with prolonged incubation
time. However, environments such as WWTP are not closed but rather flow-through
systems with constant in- and outflow of nutrients. Therefore, continuous culture conditions
seem to be more adequate to simulate real competition conditions. Consequently, the
competition of L. monocytogenes with E. coli K12 was studied by cultivating the two
competitors in continuous culture using PSE as the growth medium (DOC = 76.375 mg L-1)
(Fig. 3.8). Competition of L. monocytogenes (µmax ~ 0.16 h-1) with E. coli (µmax ~ 0.27 h-1)
was examined for 855 min at a dilution rate of D = 0.15 h -1, corresponding to 2.1 volume
changes, and for 1680 min at a dilution rate of D= 0.08 h-1, corresponding to 2.24 volume
changes, respectively. As mentioned earlier, the experiments had to be performed over a
short time period because of potential contaminations of the sterilised wastewater in the
feed reservoir. Therefore, we decided not to wait until steady-states were established but to
proceed as quickly as possible after seeing the trend.
It became evident that L. monocytogenes established a stable subpopulation within the coculture during the whole time of 41h in continuous culture. Interestingly, in batch and in
continuous culture (CC) at high dilution rates (D = 0.15 h-1) L. monocytogenes could
compete better with E. coli (ratio of Listeria to E. coli cell concentration approximately 1/10)
than at a low growth rate (D = 0.08h-1, Listeria to E. coli cell concentration approximately
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1/100). This would be in line with the observed opportunistic kinetic properties of Listeria
spp ..
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Figure 3.8: L. monocytogenes Scott A: :gfp (initial cell concentration: 5000 cells mL·1, µmax1) grown in
1

co-culture with E. coli K12 (initial cell concentration : 5000 cells ml- , µmax1) in a continuous culture at

37 °C with different rates of dilution (D) in PSE with DOC value of 76.375 mg L-1 • Initial cell
concentrations: E. coli K12 = 5 * 103 cells mL-1, L. monocytogenes Scott A::gfp = 5 * 103 cells ml-1 .
The initial batch culture was set to continuous-culture mode (CC) after 30 h 30 min with D = 0.15 h-1 ,
another 14 h 15 min later (44.45 h after t

=0) the dilution rate was set to D =0.08 h-1 • Black diamond

points indicate the cell concentration of L. monocytogenes (GFP-signal measured by FCM). The grey
triangle points show the cell number of E. coli stained with SYBR green I. Fair grey squares indicate
the total bacterial concentration in the reactor.
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Discussion
The data presented in this study demonstrate that growth of L. monocytogenes is possible in
WW samples at all levels of the treatment process. Growth was even observed in fully
treated wastewater, i.e., effluent from the secondary sedimentation tank; WW treated to this
level is typically discharged to surface waters. The demonstration of growth in WW
complement the current knowledge of earlier studies that reported a high potential for
survival of the pathogen in conventional WWTP (CZESZEJKO et al., 2003; PAILLARD et al.,
2005), based on which WW was considered as possible sources of pathogenic Listeria
(ODJADJARE and OKOH, 2010). In summary, all these findings indicate that WWTP are
indeed a potential source of dispersal of Listeria into the environment, especially into
surface waters directly linked to WWTP inlets such as rivers, lakes etc., and adjacent
ecosystems, such as soil, agricultural lands, or the plant environment. Consequently, food
production systems might be affected through irrigation by surface water containing treated
wastewater.
The growth of Listeria strains in WW treated to different degrees was studied mainly with
two different strains, the laboratory strain L. monocytogenes WSLC 1042 and with a strain
isolated from river water (E. Lm). The growth potential of both strains was similar (Fig. 3.2).
However, analysis of the growth performance of seven different Listeria strains in RWW
gave a broader view (Fig. 3.3). Comparing the maximum specific growth rates and final cell
concentrations (Table 3.1) revealed significant differences between the seven Listeria
strains tested. Most interestingly, differences between L. monocytogenes strains were as
pronounced as the difference between the species tested. The two basic growth parameters,
i.e., the maximum specific growth rates and cell yield, were very heterogeneous when
comparing the seven strains selected for this study. Similar findings have already been
described by others researchers concerning differences in maximum growth rates, cell
yields, and stress resistance among the different Listeria species, and also between L.
monocytogenes strains grown in tryptic soy broth with yeast extract (BARBOSA et al., 1994;
LIANOU et al., 2006). Our data emphasise once more that observations made with one
particular Listeria strain can only be used with caution for assumptions on general aspects
of the growth behaviour of Listeria (see also growth data in Chapter 4). In particular,
choosing an appropriate indicator strain has to be considered carefully for assessment of a
potential risk deriving from Listeria within such systems.
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The data obtained from experiments testing the growth potential in serially diluted WW
demonstrated nicely that the pathogen L. monocytogenes is quite susceptible to conditions
of restricted nutrient availability or to the low buffering capacity of the medium. This fact
becomes most obvious when comparing the Listeria final cell concentrations reached at the
different dilution steps with those of a mineral water bacterial consortium (Evian). While the
mineral water consortium reached final cell concentrations proportional to the carbon
concentrations available in the diluted wastewaters, this was not the case for Listeria. No
growth of Listeria was observed anymore at AOC concentrations of 596 µg mL-1 (DOC =
1.329 mg L-1) and below. These experiments indicate that regrowth of Listeria is mainly
favoured under conditions of high nutrient concentrations as found mainly in the first steps of
the WW treatment process (i.e., in RWW and PSE). Furthermore, a massive removal of
organic carbon components from WW (measured as DOC) by the biological treatment steps
between the PSE and SSE, which otherwise could be used by L. monocytogenes for growth,
became evident. However, high levels of Listeria due to their high growth potential in the first
phases of treatment, combined with potentially high survival rates of 6-8 weeks in the
subsequent processing steps as reported in earlier studies (BOTZLER et al., 1974; NOLAN et
al., 1992; BESNARD et al., 2000), can lead to high levels of contamination of environmental
aquatic systems. Consequently, the pathogen can spread in the adjacent environmental
compartments after being released by the WWTP effluent sewer.
The authors of this study are well aware of the fact that the presented data were gathered
from sterilised (waste) water samples, which served here as medium for the study of Listeria
in pure cultures. Hence, the data do not allow an absolutely realistic prediction of the growth
potential under environmental conditions for several reasons; first, data vary because of the
variability of the WW collected and used in this study; second, because growth might have
been influenced by a change of nutritional conditions by the pasteurisation step; and third,
because growth in natural systems occurs always in competition with other microbes. To
study the latter point in some detail a competition assay was elaborated to investigate the
potential of regrowth in co-culture with a natural bacterial flora derived from WW, and
additionally, with E. coli as a model organism that is present in significant numbers in each
wastewater. This assay was an attempt to mimic more accurately real conditions that can be
found in a WWTP. These co-culture experiments demonstrated that Listeria have the
potential to reach considerably high cell concentrations, even though they had to compete
with fast growing bacterial competitors. In all tested scenarios L. monocytogenes was able
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to compete with natural bacterial flora and E. coli in WW and sustained as a subpopulation.
However, as earlier studies also showed, it was confirmed that growth and final population
size of L. monocytogenes was suppressed by the accompanying bacteria (BUCHANAN and
BAGI, 1999; NILSSON et al., 2005; MELLEFONT et al., 2008). Also the results from co-culture
experiments performed in continuous culture indicate that L. monocytogenes is mainly able
to compete well in flow-through systems at high dilution rates.
In the environment, heterotrophic growth of bacteria is usually carbon-limited (MORITA, 1997)
and competition between microorganisms occurs when they compete for the same source of
nutrients (BODDY and WIMPENNY, 1992; MELLEFONT et al., 2008). Some bacteria, such as E.
coli or of course also natural communities, consume a broader spectrum of these nutrients
whereas others, more fastidious bacteria such as L. monocytogenes, seem to grow on a
considerably smaller spectrum of carbonaceous compounds.
Most interestingly, the here presented co-culture data showed that Listeria were consuming
only a minor fraction of the total DOC. This becomes most obvious when comparing the
fraction of DOC consumed by Listeria to that used by either the NBC, or E. coli (to a lower
extent). It becomes evident from the data presented here that the WW NBC was able to use
a much bigger portion of the total DOC spectrum for growth and biosynthesis when
compared that consumed by E. coli and L. monocytogenes, respectively. This is a clear
indication that Listeria are, certainly when compared to WW NBC but also to E. coli, very
fastidious with regard the fraction of total DOC that can serve as nutrients for growth. It
should be pointed out that the numerical cell yield (cell number produced (µg DOC
consumed)-1) of L. monocytogenes was similar to the yield factor of the other
microorganisms tested in this study. This leads to the conclusion that L. monocytogenes,
although only able to use only a small spectrum of the DOC present, can convert their part
of accessible DOC with a similar efficiency as the other bacteria did in the co-culture (Table
3.4). The data of DOC consumable by Listeria (DOC∆) were confirmed by the results
obtained for the consumption of AOC; also here, L. monocytogenes was able only to
consume 14-27% of the total available AOC. Overall, these findings confirmed that Listeria
are rather fastidious nutrient consumers compared to other microorganisms, including E. coli.
With regard to the reproducibility of experiments with wastewater, it has to be noted that
massive differences in the yield Y of L. monocytogenes were observed, when data were
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compared for experiments performed in WW sampled at different dates, e.g., compare data
between Table 3.2 and Table 3.4. Although, the values of numerical cell yields of L.
monocytogenes grown in WW were consistent within individual experiments, the values
between the experiments differed about a factor of 4 to 7. This, most probably, must be
explained by the variation of the quality of the WW between the sampling events. The
quality of carbon components available for growth can vary with respect to degree of
oxidation, or range and complexity of the compounds, as well as the size of individual
Listeria cells, depending on growth conditions, can be reasons for differing values of yield
(EGLI, 2009). Furthermore, it is known that the growth rate has an influence on the yield of
cells (PIRT, 1975). Since growth rates were not recorded and no clear judgement about
differences in the cell size from the FCM-plots can be made, we conclude that differing
nutrient composition led to a diminished yield in the experiment presented in Table 3.2. In
general, however, it can be concluded that the values for the numerical yield between the
three groups of batches (L.m.::gfp & WW NBC, L.m.::gfp & E. coli and L.m.::gfp alone) are
not significantly different. This suggests that the studied L. monocytogenes strain is able to
convert carbon compounds into biomass with similar efficiency as the other types of
microorganisms, e.g., E. coli or the WW bacterial consortium used here.
Overall, this study demonstrates the potential of WW to support growth of the pathogen not
only with tested pure cultures but also under mixed co-culture conditions. The growth
potential of Listeria dropped drastically in the SSE samples. However, studies on survival
abilities and duration even after tertiary treatment (CZESZEJKO et al., 2003; PAILLARD et al.,
2005) demonstrate that L. monocytogenes can pass through the whole WWTP process and,
therefore, might be able to contaminate the environment after the WW sewer. These
findings are in agreement with Odjadjare and Okoh, who pointed to the potential of WWTP
to serve as contamination sources in South Africa (ODJADJARE and OKOH, 2010). Since in
Switzerland application of sludge from WWTP as a fertiliser for agricultural use is legally
banned since 2006 (KUPPER, 2008), the effluent sewer system is the only potential source
for a contamination of environment with pathogens deriving from WWTPs. This might have
further ecological relevance, since it is known that WW contains antibiotics, and, therefore,
effluent sewer systems may be a source of antibiotic-resistant Listeria (KIM and AGA, 2007).
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Conclusion


Listeria spp., and L. monocytogenes in special, have the potential to grow at all
levels of wastewater treatment tested: raw wastewater, primary sedimentation
effluent and secondary sedimentation effluent.



Growth potential and growth parameters are unique for each Listeria strain.



The growth potential of Listeria is much reduced at low nutrient concentrations as
tested in serially diluted WW. Whereas the growth potential of natural bacterial flora
is proportional to the DOC down to low concentrations, this is not the case for
Listeria.



L. monocytogenes is able to grow in co-culture with E. coli and WW NBC. Its growth
is reduced but not inhibited when competing with other microbes.



The numerical yield (cells/µg DOC) of L. monocytogenes is comparable to the values
of E. coli and the WW NBC.



The fraction of DOC (DOC∆) with respect to the total DOC that can be consumed by
a specific type of bacteria has been found to be: DOC∆ Listeria < DOC∆ E. coli <
DOC∆ WW NBC.
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Abstract
Members of the genus Listeria are fastidious bacteria with respect to their nutritional
requirements and several minimal media described in the literature fail to support growth of
all Listeria spp.. Furthermore, for none of the published minimal media the strict limitation by
a single particular nutrient, e.g., by the carbon source, was demonstrated. This is an
important prerequisite for defined studies of growth and physiology, including ‘omics’.
Based on a theoretical analysis of previously published mineral media for Listeria an
improved, well-balanced growth medium was designed. It supports not only growth of all
tested L. monocytogenes strains but of all other Listeria species, with exception of L.
ivanovii. The influence of the different medium components, such as glucose, which is the
main source of carbon and energy, buffers, trace elements, vitamins, and amino acids on
the growth performance of Listeria spp. was studied. Furthermore, we monitored the specific
growth rates of various Listeria strains cultivated in the designed mineral medium and
compared them to growth in complex medium (BHI). The novel mineral medium was
optimized for the commonly used strain L. monocytogenes Scott A to achieve optimum cell
yields and maximum specific growth rates. This mineral medium is the first synthetic
medium for Listeria published that has been shown to be strictly carbon (glucose)-limited.
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Introduction
In general, nutritionally rich media such as Brain Heart Infusion broth (BHI) satisfactorily
support the growth of most known strains of Listeria. However, for controlled scientific
investigations including growth studies, transcriptome and proteome analyses (STOLL et al.,
2008), or metabolomics (FRIEDMAN and ALM, 1962), the use of an undefined complex
medium is not optimal. In such media knowledge about elemental composition and proteinor carbohydrate-derived ingredients is mostly poor and, furthermore, the medium
composition can change from batch to batch (PHAN-THANH and GORMON, 1997; SLAGHUIS et
al., 2007). Several defined mineral media for Listeria reported to support more or less good
growth of various strains of Listeria have been published in the past (FRIEDMAN and
ROESSLER, 1961; WELSHIMER, 1963; TRIVETT and MEYER, 1971; SIDDIQI and KHAN, 1989;
PREMARATNE et al., 1991; PHAN-THANH and GORMON, 1997; TSAI and HODGSON, 2003).
Nonetheless, Premaratne and co-workers and others complain that most chemically defined
media fail to support growth of the frequently used strains of L. monocytogenes strains,
including Scott A or ATCC 19115 (PREMARATNE et al., 1991; TSAI and HODGSON, 2003).
Despite the fact that several mineral media for cultivating Listeria have been published, only
limited and incomplete data on the growth in these media are available (JONES et al., 1995;
PHAN-THANH and GORMON, 1997). Most importantly, none of these media using glucose as
the principal carbon and energy source have been reported to be strictly glucose-limited,
which is a prerequisite to study bacterial growth physiology under defined growth conditions.
In the present study mineral media published for the cultivation of Listeria were analysed for
their elemental composition, and based on theoretical growth yield factors and theoretical
nutrient excess factors (PIRT, 1975) were calculated with respect to the carbon source.
Based on this analysis an improved mineral medium was designed with the goal to obtain a
medium that supports clearly carbon-limited growth of different Listeria strains.
Subsequently, data were collected for the growth of a selection of Listeria strains including
maximum specific growth rates. This allowed to compare growth characteristics for a range
of Listeria spp.. Moreover, the influence of trace elements, amino acids (AA) and buffers on
bacterial growth was examined. To our knowledge this is the first published defined mineral
medium for Listeria shown to be strictly carbon-limited.
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Material & Methods
Bacterial strains
All bacterial strains used in this study were stored in cryoculture at -80 °C before use. Before
each experiment the required cryoculture was streaked onto BHI agar plates and incubated
for 24 h at 37 °C. Subsequently, the different strains used were precultivated in liquid batch
culture using media indicated later in the individual experiments. Precultures were prepared
freshly for each experiment.
The medium was optimised for the growth of L. monocytogenes Scott A (serotype 4b,
clinical isolate), which is frequently used as a reference strain in Listeria research; recently,
its genome has been sequenced (BRIERS et al., 2011). Additionally, the following strains
were used: Listeria monocytogenes WSLC 1042 (serotype 4b); L. monocytogenes ATCC
19112 (serotype 1/2c); L. monocytogenes EGDe (serotype 1/2a); Listeria ivanovii subsp.
ivanovii DSM 20751; Listeria innocua DSM 20649; Listeria seeligeri DSM 20751; Listeria
grayi DSM 20601, and Listeria welshimeri DSM 20650.
Medium preparation
To prevent precipitation or denaturation of components the medium was prepared as follows
(according to recipe given in Table 4.1): Stock solutions of autoclaved KH2PO4 (100-fold
concentrated) , Na2HPO4*H2O (100x), MgSO4*7H2O (100x), and (NH4)2SO4 (50x) were
mixed in 500 mL MiliQ-water, according to their stock concentrations. Subsequently,
autoclaved ethylenediaminetetraacetate (EDTA), as a chelating agent (EGLI, 2009), and 3(N-morpholino)propanesulfonic acid-buffer (MOPS), as a buffering agent (TSAI and
HODGSON, 2003), were added. Glucose, prepared as a stock solution (0.555M) and
autoclaved separately, was added afterwards to the mixture. Also the trace element stock
solution (100x), prepared according to the recipe in Table 4.2 (KÖTZSCH, 2010), was added
to the medium mixture. Finally, the vitamins and amino acids were added. Vitamins were
made as a 1000x stock solution (EGLI et al., 1988), filter sterilised and kept refrigerated. The
amino acids stock solutions (100x) were prepared freshly prior to each experiment; Lcysteine and L-glutamine were prepared separately from the other amino acids. After mixing
all components the volume was brought up to 1000 mL and the medium was sterilised by
filtering through sterile 0.22 µm membrane filters.
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Table 4.1: Composition of the glucose-limited mineral medium E for the cultivation of Listeria.
Compound

Conc.

EDTA
KH2PO4
Na2HPO4*H2O
MgSO4 * 7H2O
(NH4)2SO4
Glucose
MOPS

1.4612
0.656
2.047
1.55
7.07
2.5
20.93

g L-1
g L-1
g L-1
g L-1
g L-1
g L-1
g L-1

5.00
4.82
12.80
6.29
53.50
13.88
100.01

mM
mM
mM
mM
mM
mM
mM

Trace elements *
CaCO3
FeCl3*6H2O
MnCl2*4H2O
CuSO4*5H2O
CoCl2*6H2O
ZnO
H3BO3
EDTA*Na4*2H2O
MgCl2*6H2O
Na2MoO4*2H2O

80
38.7
5.75
0.73
0.65
2
0.62
396
67.1
5.2

mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1

0.40
143.18
29.05
2.92
2.73
24.57
10.03
0.94
0.33
21.49

mM
µM
µM
µM
µM
µM
µM
mM
mM
µM

Vitamins **
Biotin
Folic acid
Pyridoxine
Thiamine
Riboflavin
Niacin
Cobalamin
Pantothenic acid
4-Aminobenzoic acid
Lipoic acid
Nicotinamide

20
20
100
50
50
50
50
50
50
50
50

µg L-1
µg L-1
µg L-1
µg L-1
µg L-1
µg L-1
µg L-1
µg L-1
µg L-1
µg L-1
µg L-1

81.86
45.31
591.09
166.22
132.85
406.14
36.89
228.07
364.60
242.34
409.42

pM
pM
pM
pM
pM
pM
pM
pM
pM
pM
pM

Amino acids *
Cysteine
Glutamine
Methionine
Histidine
Tryptophan
Leucine
Isoleucine
Valine
Arginine*HCl

100
600
100
100
100
100
100
100
120.9

mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1

825.37
4105.53
670.19
644.52
489.66
762.35
762.35
853.63
573.91

µM
µM
µM
µM
µM
µM
µM
µM
µM

* added from 100x stock solution, ** added from 1000x stock solution
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For growth on solid nutrient agar, the mineral medium was prepared in only 900 mL MiliQwater. Subsequently, mineral medium and agar (10 x concentrated (150 g L -1) (SigmaAldrich Chemie GmbH, Germany)), both pre-warmed to 60 °C, were mixed and poured into
culture dishes.

Element

Conc.

Comment
Mix 400 mL ddH2O and 20 mL HCl (32 %)
and add the following chemicals

CaCO3

8 g L-1

FeCl3*6H2O

7.74 g L-1

MnCl2*4H2O

1.15 g L-1

CuSO4*5H2O

0.146 g L-1

CoCl2*6H2O
ZnO

0.130 g L-1
0.4 g L-1

H3BO3

0.124 g L-1
Fill up to 900 mL with ddH2O add
-1

EDTA*Na4*2H2O

79.2 g L

MgCl2*6H2O

13.42 g L-1

Na2MoO4*2H2O

1.04 g L-1
Fill up to 1000 mL with ddH2O and
autoclave

Table 4.2: Recipe for trace element (TE) stock-solution, 100x concentrated (adapted from Kötzsch,
(2010)).

Calculation of elemental excess factors and nutrient concentrations
Mineral media for Listeria were analysed based on average growth yield factors (YX/E = g dry
weight cells per g element) deduced from composition of bacterial and yeast dry biomass
from data published in literature (PIRT, 1975; EGLI and FIECHTER, 1981; EGLI, 2009). Using
these growth yields for the published media theoretical excess factors (F c), with respect to
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carbon as the limiting nutrient, were calculated for the different individual elements based on
the equation (EGLI and FIECHTER, 1981):
FC = (YX/E x cE)/(YX/C x cC)
Where FC is the theoretical excess factor with respect to carbon, YX/E is the average growth
yield for element E [g cell dry weight (g element)-1], YX/C is the average growth yield for
carbon [g cell dry weight (g carbon)-1], cE is the concentration of element E [(g element) L-1],
and cC is the concentration of carbon [(g carbon) L-1], respectively.
Based on this analysis, the new glucose-limited mineral medium was designed according to
Egli and Fiechter (1981) and Egli (2009).
Bacterial cultivation in MM
Listeria were cultivated in batch culture at 37 °C in either Erlenmeyer flasks (medium- to
flask-volume ≤ 20%) under constant magnetic stirring, or in 24-well plates (Multiwell 24 well,
Becton Dickinson and Co., Franklin Lakes, NJ USA, 1mL MM per well) for cultivation in an
automated microplate reader (SynergyTM Mx, Bio Tek-Instruments) under medium shaking.
For each experiment MM was prepared freshly, sterilised by filtration and prewarmed to
37 °C before inoculation with a defined number of Listeria (see individual experiment
descriptions). All Listeria strains were precultivated in MM to adapt cells to medium
conditions prior to each experiment.
Optical density measurement
Cell growth was determined by measuring optical density (OD). All OD measurements of
Listeria in batch cultures were performed at a wavelength of 600 nm either in the automated
microplate reader (SynergyTM Mx, Bio Tek-Instruments) or using an Uvikon 860
spectrophotometer (Kontron Instruments, Switzerland). OD600-values from the microplate
reader corresponded to OD600-values from the Uvikon spectrometer divided by a factor of
three.
Flow cytometric analysis
Cell number in Listeria cultures was determined flow cytometrically using a CyFlow® Space
instrument (Partec, Münster, Germany). Cells were counted by staining 1 mL of the culture
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with 10 µL SYBR green I (Molecular Probes, Basel, Switzerland), diluted 100-times in
dimethyl sulfoxide (Fluka Chemie AG, Buchs, Switzerland). Stained cells were measured
using a 200 mW solid-state laser emitting at a wavelength of 488 nm. Cell signals were
detected at the combined 520 nm/630 nm dot plot with the trigger set on the 520 nm
channel (for more information consult Hammes et al. (2008)). If the cell concentration
exceeded the machine’s quantification limit of 1000 cell counts sec-1 (standard deviation of
less than 5%) the samples were diluted appropriately using 0.22 µm filtered Evian mineral
water.
Determination of the biomass growth yield
For the calculation of the biomass growth yield 20 mL of sample from a culture was
harvested and filtered through a pre-weighed membrane filter with a pore size of 0.22 µm
(Durapore® PVDF hydrophilic filters, Merck Millipore, USA). Subsequently, the filters with the
bacterial pellets were washed with 20 mL demineralised water to remove medium residues.
After drying the filters at 105 °C for 24 h and cooling down in a desiccator the dry weight of
the filtered cells was measured. Yields were determined in triplicates.
Residual glucose determination
Glucose concentrations were determined using an enzymatic assay based on glucose
oxidase (Glucose oxidase from Aspergillus niger, Sigma-Aldrich, Buchs, Switzerland) and
horseradish peroxidase (Peroxidase from horseradish, Sigma-Aldrich, Buchs, Switzerland)
utilising

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic

acid)

(ABTS,

Sigma-Aldrich,

Buchs, Switzerland) as a chromogenic substrate (BRUSS and BLACK, 1978; BATEMAN JR and
EVANS, 1995). In short, 20 µL of sample were mixed with 80 µL sodium phosphate buffer
(0.1M, pH 7), subsequently, 40 µL glucose oxidase solution (100U mL-1 buffer) was added.
After adding 840 µL ABTS-solution (1mM) and 40 µL peroxidase (20U mL-1 buffer) the assay
was incubated for 20 min at 37 °C. Extinction was measured at 415 nm and glucose
concentration in samples were calculated from a standard curve.
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Results
Theoretical excess factors of different media for Listeria
The media described by Welshimer et al. (1963) (WB, medium A); Premaratne et al. (1991)
(MWB, medium B); Phan-Thanh and Gormon (1997) (IMM, medium C); and Tsai and
Hodgson (2003) (HTM, medium D) were analysed with respect to their theoretical excess
factors, assuming that carbon was the limiting element. FC-values obtained are listed in
Table 4.3. Values higher than 1 indicate a theoretical excess of the particular element,
whereas FC-values below 1 are suggesting a theoretical lack of an element. When
comparing the FC-values for the former media the difference in their relative elemental
composition becomes evident. Most clearly three of them, except Phan-Thanh and
Gormon’s medium (medium C), are theoretically limited by nitrogen. Furthermore, excess
factors for sulphur and magnesium in the media are close to 1 and, therefore, may easily
become limiting factors. Interestingly, the FC-values of iron are below optimal levels in all
tested recipes: medium A contains no iron, while the authors of media B and C used the
same concentrations of ferric citrate. In medium C the authors also tested higher
concentrations of ferric citrate and hemin, but they concluded that higher concentrations of
hemin have a toxic effect on Listeria (TSAI and HODGSON, 2003). However, in medium E the
concentration of ferric chloride was increased to get a FC-value of 2.0 without any adverse
effect observable for Listeria. Since no trace elements were added in media A, B and C, the
FC-values for these mostly essential nutrients for microorganisms (PIRT, 1975; EGLI, 2009),
namely Ca, Mn, Zn, Cu and Co, were zero. Only Tsai and Hodgson (medium D) tested the
addition of some trace elements, but omitted them after they found, surprisingly, no
improvement on growth (TSAI and HODGSON, 2003).
Design of an improved carbon limited balanced growth media for Listeria
Based on the existing mineral media, theoretical assumed excess factors, and the F C-values
computed from Listeria media we designed an improved medium (medium E) considering
that all nutrients, trace elements and vitamins essential for growth should be available in
excess with respect to carbon allowing an unrestricted, controllable and well balanced
growth that is strictly carbon-limited.
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The assumed excess factors used for this calculation were suggested by Egli (2009); they
are based on the elemental composition of microbial dry mass (PIRT, 1975; EGLI and
FIECHTER, 1981). First, EDTA (1.46 g L-1) was added to the medium to avoid formation of
insoluble precipitates due to mixing of mineral salts and trace metals (EGLI, 2009). Trace
elements were added to the medium to supply Listeria with nutrients known to be mostly
essential for bacteria (PIRT, 1975). Furthermore, a mixture of vitamins, already used in other
studies (FÜCHSLIN et al., 2011), was given to the medium. Even though only four of these
vitamins namely biotin, lipoic acid, riboflavin, and thiamine, have been reported to be
essential for Listeria in some studies (WELSHIMER, 1963; RALOVICH et al., 1977;
PREMARATNE et al., 1991; TSAI and HODGSON, 2003), a slight or no adverse effect of the
additional components was observed by others (PHAN-THANH and GORMON, 1997). With
respect to earlier reports on Listeria media the most-often listed nine amino acids (Cys, Gln,
Met, His, Trp, Leu, Ile, Val, Arg) were integrated in the new recipe (WELSHIMER, 1963;
RALOVICH et al., 1977; PREMARATNE et al., 1991). Although it is known that only some of
these amino acids are essential for some strains (RALOVICH et al., 1977; TSAI and HODGSON,
2003), all nine amino acids were chosen, which potentially support a broad range of different
Listeria species. The elemental composition of our medium and theoretical excess factors
FC of our improved medium are listed in Table 4.3.
Carbon limitation
The medium presented in Tab. 4.1, designed to support glucose-limited growth of Listeria up
to 10 g L-1, was tested in batch culture experiments amended with increasing glucose
concentrations from 0 to 12.5 g L-1 by determining the finally reached biomass in stationary
phase. Since, the medium was intended to be strictly glucose-limited, in a plot of the
maximum biomass reached (xm), or final OD600, respectively, a linear correlation between
biomass and initial glucose concentration (S0) should exist with a slope which gives the
growth yield Y (PIRT, 1975). From Figure 4.1 it becomes evident that the linear correlation
between OD600 and S0 is only given for glucose concentrations in the range from 0 to 2.5 g
L-1 in this mineral medium (corresponding to 0 to 1 g carbon L-1 from glucose). At higher
glucose concentrations the linear relationship between biomass and glucose breaks down.
This is nicely demonstrated in Figure 4.1 in the range of glucose concentrations between 3
to 5 g L-1 (grey dashed lines) where the slope of the growth yield starts to decrease slowly
and glucose is obviously not the only limiting factor anymore. Thus, in this range the growth
of Listeria must be influenced by other factors than the pure carbon source availability.
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Consequently, the here presented synthetic medium is strictly limited for glucose in the
range from 0 to 2.5 g L-1 and should, therefore, not be used with higher levels of glucose,
unless all the other medium component concentrations are altered proportionally to the
increased glucose-concentration.
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Figure 4.1: Plot showing the final 00600 of L. monocytogenes batch-cultured in carbon concentrations
from 0-12.5 g glucose L-

1
.

A linear correlation between the final 00600 and the available carbon-

concentration in the medium is only given between 0 to 2.5 g glucose L-1 (linear correlation showed
by dashed line). This indicates that the mineral medium is only glucose-limited for concentrations up
to 2.5 g L-1 . The grey curve (right axis) is presenting the residual carbon after the bacteria reached the
stationary phase. Error bars indicate the standard deviation of triplicate samples.
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Alternative carbon sources than glucose
Potentially, other components than glucose contained in our medium, such as the amino
acids, MOPS buffer, or chelators, such as EDTA (WITSCHEL et al., 1997), can serve as
potential sources of carbon supporting bacterial growth. Therefore, it was tested whether
these carbonaceous components can be used as sole C-sources for growth by the Listeria.
This was tested by omitting glucose from the growth medium. The results shown in Table
4.4 clearly demonstrate that neither the added amino acids, nor ETDA or MOPS were used
by L. monocytogenes as an alternative C-source for growth. Therefore, the here presented
medium is strictly glucose-limited and only carbon from glucose is used for growth. When
the MOPS-buffer was abolished from the synthetic medium only minor differences in the
early growth phase of L. monocytogenes were observed. However, in the later exponential
phase cultures with MOPS grew better and reached cell numbers 22% higher than those
without buffer (Table 4.4), which is most probably an effect of a pH change in the medium
due to missing buffer capacity (TSAI and HODGSON, 2003).
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Table 4.4: L. monocytogenes Scott A in batch culture at 37 °C grown mineral medium omitting
selected components (left column). 1) Final cell concentrations reached. 2) Growth potential: final cell
concentration of L. monocytogenes measured minus initial cell number inoculated. 3) Maximum
specific growth rate measured in the exponential phase.

1) final cell-concentration

2) growth potential

3) max. sp. growth rate

(cells mL-1)

(cells mL-1)

µmax (h-1)

MM complete *

3.86E+09

3.86E+09

0.509

MM - MOPS **

3.02E+09

3.02E+09

0.397

MM with Cys, Met ‡

1.01E+06

9.55E+05

0.121

MM with AA -Cys, Met ‡‡

1.00E+06

9.52E+05

0.108

MM -AA †

7.98E+05

7.48E+05

0.144

MM - Gluc +AA ††

5.66E+04

0

0

MM - Gluc +Cys, Met Δ

5.00E+04

0

0

medium

*

Medium according to recipe Table 4.1

**

Medium without MOPS-buffer

‡

Medium without AA L-Gln, L-His, L-Trp, L-Leu, L-Ile, L-Val, L-Arg

‡‡

Medium without AA L-Cys, L-Met

†

Medium without AA

††

Medium with AA L-Cys, L-Met L-Gln, L-His, L-Trp, L-Leu, L-Ile, L-Val, L-Arg, without glucose

Δ

Medium with AA L-Cys, L-Met, without glucose
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Yield of L. monocytogenes in mineral medium E
L. monocytogenes Scott A was batch-cultured in mineral medium with increasing glucose
concentrations from 2.5 to 7.5 g glucose L-1. After the cells entered the stationary phase the
growth yield of each batch at the distinct levels of glucose was determined and calculated
either as the yield of biomass (g cells per g glucose) or as the yield of cell number (number
of cells per g glucose) (Fig. 4.2). The highest yield was reached at a glucose concentration
of 2.5 g L-1, and at 3.75 g glucose L-1 whereas the yield for both cell number and dry
biomass were decreasing at glucose concentrations of 5.0, 6.25 and 7.5 g glucose L-1,
respectively.

Figure 4.2: Growth yields of L. monocytogenes Scott A cultivated in batch culture at 37 °C in mineral
medium E, as a function of initial glucose concentrations. Left axis, black circles: Numerical cell yield
of L. monocytogenes Scott A ((number of cells)(g glucose)-1) grown in mineral medium with
increasing glucose concentrations from 1.25 g L-1 up to 12.5 g L-1 in triplicate samples. Right axis,
blue diamonds: Biomass yield ((g dry weight cells)(g glucose)-1) of cells (L. monocytogenes Scott A)
grown in mineral medium with different concentrations of glucose (2.5, 3.75, 5.0, 6.25 and 7.5 g L -1).
The values derive from bacteria grown at 37 °C until reaching the stationary phase, in the later the
cells were filtered and their dry weight was determined. The yield-values at glucose-concentrations of
1.25 g L-1, 2.5 g L-1 and 3.75 g L-1 are comparable with 35.1%, 33.8% and 33.5% glucose that is
transformed into biomass, while the yield-factors are decreasing for higher nutrient concentrations.
The dry weight samples were determined in triplicates.
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Growth of L. monocytogenes in MM at low concentrations of substrate
A good correlation between the cell yield and the substrate concentration in MM E for L.
monocytogenes was demonstrated for high glucose concentrations up to ~2.5 g L-1 (see
Figure 4.1). However, for investigations concerning growth of L. monocytogenes under lownutrient concentrations, resembling environmental conditions (see Chapter 2), it is more
relevant to know about the growth performance of Listeria cultivated at low concentrations of
glucose or similar substrates. In Figure 4.3 the final cell concentration of L. monocytogenes
Scott A batch cultured in MM at different glucose concentrations from 25 µg L-1
(corresponding to 0.01 mg L-1 carbon) to 2.5 g L-1 (1000 mg L-1 carbon) is shown. These
data demonstrate that the new MM is well suited to study bacterial growth under lowsubstrate concentration without any loss in cell yield or other restrictions. The linearity
between glucose derived carbon and the TCC of Listeria reached is given also at very low
concentrations of 0.01 mg L-1 carbon. Additionally, it is shown that no growth of L.
monocytogenes is possible in MM E without addition of glucose (or other carbohydrates).
Thus, glucose is the only carbon source available for Listeria within this medium. This
demonstrates that L. monocytogenes is also able to grow under oligotrophic concentrations
with respect to the only accessible growth substrate (glucose).

1.00E+10

TCC (Cells mL-1)

1.00E+09
1.00E+08

1.00E+07
1.00E+06
1.00E+05

1.00E+04
1.00E+03

1000 mg/l

100 mg/l

10 mg/l

1 mg/l

0.1 mg/l

0.01 mg/l

0 mg/l

carbon conc. (glucose derived carbon)

Figure 4.3: L. monocytogenes Scott A growth in mineral medium with serially diluted glucose concentrations at
30 °C. Batch cultures were inoculated with an initial cell conc. of 5000 cells mL-1 (see zero mg L-1 carbon, circle).
Final cell number (TCC) was measured by FCM and recorded after Listeria reached stationary phase. Error bars
indicate standard deviations of triplicate batch cultures.
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Influence of trace elements on the growth rate and yield of L. monocytogenes
According to the stoichiometric excess factor analysis (Table 4.3) the relatively low FC
values for Fe and Ca in our medium might constrain the growth of Listeria. Since both
elements are incorporated in the trace element solution (TE), which was added to the
medium, we tested the effect of increased TE-concentration on the yield and growth
performance of L. monocytogenes Scott A. The following concentrations of TE contained in
the mineral medium were tested (when assuming the concentration for TE in the recipe
(Table 4.1) as 1x TE): no addition of TE (0xTE), 1x TE (normal recipe), 2x TE, and 4x TE,
respectively. As presented in Table 4.5, the final cell yields (OD600) were marginally
increased with increasing trace element concentrations. In contrast, when looking at µ max as
a kinetic parameter, an influence of elevated TE concentrations can be observed: The
highest maximum specific growth rate was reached with single concentrated trace elements
(1x TE), this value has decreased by 38.4% when using the 4x TE concentration. No growth
was observed when omitting the trace elements, which shows that TEs are an essential part
of a minimal medium to assure proper bacterial growth. Since the highest specific growth
rate µmax was reached with 1x TE and the cell yield (OD600) only increased negligible, the
standard TE concentration in our medium was set as written in Table 4.1 (corresponding to
1x TE).
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Table 4.5: Influence of trace elements (TE) on the growth performance of L. monocytogenes Scott A
showing maximum specific growth rate and the final optical density when grown in batch culture with
mineral medium using concentrations of trace elements from 0- to 4-times concentrated TE. The
presented values are mean values of triplicates.

µmax (h-1)

final OD600 (Platereader)

final OD600

0 x conc. TE

0.002 ± 0.008

n.d.*

0.015

1 x conc. TE

0.516 ± 0.05

0.510 ± 0.005

1.539

2 x conc. TE

0.438 ± 0.02

0.532 ± 0.006

1.626

4 x conc. TE

0.318 ± 0.04

0.554 ± 0.003

1.707

trace elements

* n.d.: not detectable

Growth of various strains of Listeria in the mineral medium
Since none of the hitherto published media was tested whether or not it supports growth of
all Listeria strains (TSAI and HODGSON, 2003) the medium presented here was tested with a
number of different strains of Listeria. In Table 4.6 the maximum specific growth rates (µmax)
are listed that were reached with the particular strains in medium E. Significant differences
of µmax between the different L. monocytogenes strains become evident. The species L.
ivanovii (strain DSM 20750) did not grow in our medium and L. seeligeri showed a very poor
specific growth rate.
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Table 4.6: Maximum specific growth rates (µmax) (+/- 0.03) of Listeria strains in mineral medium with
2.5 g glucose L-1, batch cultured at 37 °C. Values are listed for 1) Listeria grown in the mineral
medium as given in Table 4.1. 2) Listeria grown in MM with additional amino acids. 3) Listeria
cultivated in half concentrated BHI medium (0.5 x BHI). All values are mean values of triplicates.

strain

1) µmax (h-1),
MM* 9 AA

2) µmax (h-1),
MM** 19 AA

3) µmax (h-1),
0.5 x BHI

0.52
0.44
0.22
0.47
0.46
0.15
0.32
0.34

0.52
0.62
0.47
0.50
0.35
0.17
0.50
0.17

1.03
1.13
0.84
0.77
0.97
1.14
0.96
0.74
0.91

L. monocytogenes Scott A
L. monocytogenes WSLC 1042
L. monocytogenes ATCC 19112
L. monocytogenes EGDe
L. ivanovii DSM 20750
L. innocua DSM 20649
L. seeligeri DSM 20751
L. grayi DSM 20601
L. welshimeri DSM 20650

MM*: 9 amino acids added: L-Cys, L-Gln, L-Met, L-His, L-Trp, L-Leu, L-Ile, L-Val, L-Arg
MM**: 19 amino acids: L-Ala, L-Arg, L-Asp, L-Cys, L-Gln, L-Glu, Gly, L-His, L-Ile, L-Leu, L-Lys, L-Met,
L-Phe, L-Pro, L-Ser, L-Thr, L-Trp, L-Tyr, L-Val
- no growth observed

Influence of amino acids on the growth performance of Listeria strains
Tsai and Hodgson (2003) found only the two amino acids cysteine (Cys) and methionine
(Met) to be essential for growth of L. monocytogenes strain 10403. Accordingly, the effect of
amino acids on the growth of our strain Scott A was tested. As depicted in Table 4.4 L.
monocytogenes Scott A only grew poorly on mineral medium with Cys and Met as the only
amino acids added. The yield in this medium was reduced by more than a factor of 4000
compared to a yield in the complete medium. Also the maximum specific growth rate was
markedly reduced in the medium with Cys and Met only. Similar findings were made when
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all other seven amino acids were added while omitting Cys and Met, in this medium the
numerical cell yield was reduced over three orders of magnitude with a slow µmax = 0.108 h-1.
When all amino acids were omitted from the mineral medium slight growth was still possible.
When all amino acids but no glucose was added to the mineral medium no growth of Listeria
was observed (also visible in Fig 4.3).
The absence of potentially essential amino acids could be an explanation for the poor
growth of some Listeria strains. Therefore, we added 19 amino acids to the mineral medium
and compared the growth performance of Listeria in this mineral medium. The missing 20th
amino acid asparagine (Asn) was not found to be essential for any Listeria strain in former
studies (RALOVICH et al., 1977; SIDDIQI and KHAN, 1989) and, therefore, was concluded to
be not relevant in this experiment. As presented in Table 4.6 the addition of the amino acids
had not the same unequivocal effect on µmax for all the Listeria strains tested. Whereas the
additional amino acids had no influence on strain L. monocytogenes Scott A, the extra
amino acids had a stimulating effect on the strains L. monocytogenes strains WSLC 1042,
and strain ATCC 19112 with respect to their maximum specific growth rates. The strains L.
innocua DSM 20649 and L. welshimeri DSM showed a decrease of their µmax when extra
amino acids were added. The two strains L. seeligeri DSM 20751 and L. grayi DSM 20601
showed equal (for L. seeligeri) or better growth performance when extra amino acids were
added. Most evidently, the strain L. ivanovii (DSM 20750) did not start to grow even after
adding the extra amino acids, which was indicating that this strain is strictly dependent on
substances from different nutritional groups than amino acids, which are not present in our
medium. Growth of L. ivanovii could not be stimulated by adding traces of BHI to the MM
(final BHI concentrations 1:1000). Thus, it can be assumed that other essential nutrients
than trace elements or vitamins (normally needed only in small amounts) are lacking in the
MM to stimulate growth of L. ivanovii. However, the differences in the growth performance
between the different strains were becoming much more distinctive under the mineral
medium conditions than in BHI medium (0.5x concentrated) where most strains reached
similar values for µmax.
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Growth of Listeria spp. on solid mineral medium
According to Tsai and Hodgson growing Listeria in liquid medium is a poor criterion for
definition of a minimal medium, since some mineral media, such as MWB (PREMARATNE et
al., 1991), support growth of Listeria in liquid but not in solid state (TSAI and HODGSON,
2003). Hence, the here presented mineral medium was solidified and used as mineral
medium agar. A colony of each of the Listeria strains listed in Table 4.7 was streaked out
onto a prepared mineral medium agar plate and subsequently incubated at 37 °C for 24 h up
to 48 h. In agreement with the findings of the culturing in liquid mineral medium all strains
grew, and formed well-visible colonies on the mineral medium agar with exception of the
strain L. seeligeri DSM 20751, which grew only very slowly, and of strain L. ivanovii DSM
20750 where no formation of colonies was visible at all, even after 48 h of incubation (see
Figure S 4.1). All strains showing growth on the agar were forming colonies after a second
consecutive sub-culturing on mineral medium agar.

Table 4.7: Colony formation of Listeria strains on agar plates with solidified mineral medium after two
consecutive plating steps. Strains were streaked out onto MM-agar and incubated at 37 °C for 24 h.

strain

plateability

L. monocytogenes Scott A
L. monocytogenes WSLC 1042
L. monocytogenes EGDe
L. monocytogenes ATCC 19112
L. monocytogenes ATCC 19115
L. ivanovii DSM 20750
L. innocua DSM 20649
L. seeligeri DSM 20751
L. grayi DSM 20601
L. welshimeri DSM 20650

++
++
++
++
++
++
+
+
+/++

++ normal colonies
+ small colonies
- no colonies visible
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Discussion
With this publication we present a balanced synthetic mineral medium for L. monocytogenes,
which is strictly glucose-limited for concentrations up to 2.5 g L-1, and in which good values
for the maximum specific growth rate and high yields can be achieved. The importance of
having a mineral medium for Listeria in which I) the composition is entirely known, and II)
where the limiting nutrient for the growth is defined, has been highlighted in former
publications, such as that from Stoll and co-workers (2008), where they are pointing out the
immense influence of the type of selected growth medium on the outcome of a research
question. Also Slaghuis and colleagues (2007) are underlining in their article the importance
of knowing the nutritional conditions and their influence on the physiology of Listeria. As Pirt
stated in his comprehensive book about microbe and cell cultivation (PIRT, 1975) ‘probably
the most common first cause of failure to maintain constant exponential growth is a change
in the environment’. Such changes can include physical factors such as pH, temperature,
and availability of oxygen or nutrients. Amongst other things a change in the environment
can be caused by a limitation of an essential nutrients, such as glucose, during growth. In
case of ignoring this important prerequisites the organism may grow under conditions that
are not controllable, and processes are taking place the complexity of which exceed the
investigators intention (KOVÁROVÁ-KOVAR and EGLI, 1998). Several mineral medium recipes
have been published for Listeria (FRIEDMAN and ROESSLER, 1961; WELSHIMER, 1963;
TRIVETT and MEYER, 1971; SIDDIQI and KHAN, 1989; PREMARATNE et al., 1991; PHAN-THANH
and GORMON, 1997; TSAI and HODGSON, 2003) but none of them has been shown to be
strictly growth-limiting for one specific nutrient, e.g., usually it is the carbon source. Typically,
media for heterotrophic microbes are designed to be carbon-limited, as carbon is the
constituent consumed in the largest amount (EGLI et al., 1993). Under the nutritional
conditions presented in this report, with glucose as the only grow-limiting substrate, the
growth of L. monocytogenes can be examined under well-balanced, highly controllable and
predictable growth conditions.
In the theoretical excess factor analysis (Table 4.3) of four former published mineral media
we demonstrated that they are differing substantially with respect to their elemental
composition. Especially, the role of trace elements has been neglected in most of the
previously reported media. Our medium composition (Table 4.1) deviates most from older
media, in the addition of trace elements and having adapted the glucose concentrations to a
value where true glucose-limiting conditions during Listeria growth were achieved (Fig. 4.1).
132

A defined, glucose-limited mineral medium for the cultivation of Listeria

Since the glucose concentrations of older mineral media (e.g., media A-D) are usually set to
10 g L-1, i.e., four-times higher than in our medium, a corresponding higher cell crop in older
media should be expected. However, none of the available data on either optical densities
or cell numbers reached in the older media overtop our findings. Therefore, we conclude
that glucose concentration in older mineral media is generally too high, and one must
conclude that glucose is not the limiting growth factor in these media. A striking evidence for
the fact that the older media are not well-balanced is demonstrated in Phan-Thanh and
Gormon’s publication (PHAN-THANH and GORMON, 1997) where they show growth curves of
L. monocytogenes EGD in medium B (PREMARATNE et al., 1991) and their own improved
medium C (PHAN-THANH and GORMON, 1997). Compared to the growth curve of L.
monocytogenes Scott A depicted in the present study (Fig. 4.4) the growth patterns in
medium B (PREMARATNE et al., 1991) and C (PHAN-THANH and GORMON, 1997) in PhanThanh and Gormon’s report (1997) exhibited no extended exponential growth phases but
rather long and rather undefined transitions from exponential to stationary phase. In the here
presented medium the three typical phases of bacterial growth (lag-phase, exponentialphase and stationary-phase) are clearly distinguishable from each other, and, furthermore,
the residual glucose levels measured during growth indicate that the bacterial growth is
limited due to glucose levels being depleted (Fig. 4.4). Remarkably, the doubling time
reported in medium C is not much different with 88 min (PHAN-THANH and GORMON, 1997)
(corresponding to a µmax of 0.47 h-1) compared to our reported µmax (medium E) of 0.51 h-1 (±
0.03) and the finally reached cell numbers are comparable between the two media. This
example demonstrates clearly that for the choice of an optimal medium it is not only
important to compare specific growth rates and yields but also growth patterns/curves as
well. We conclude that, although previous media have been published to be optimal for
culturing Listeria under defined conditions, most media are not suitable to be used for
growth studies where constant and well-balanced growth is required.
In order to improve the present medium we tried to adjust potential compositional
bottlenecks in the recipe, such as the trace element stock solution containing the two
elements Fe and Ca, according to our elemental analysis those that have a high chance of
being limiting (Table 4.3). Higher concentrations of TE were found to be unfavourable for the
maximum specific growth rates for Listeria while the cell yield only marginally increased.
However, we demonstrated that the trace elements are an indispensable part of the minimal
media and their concentration has an essential influence on the growth.
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Figure 4.4: Representative growth curve of L. monocytogenes Scott A grown in mineral medium at
37 °C in batch culture, the residual glucose concentration (g L-1, right axis) was measured during the
experiment and depicted in the plot by circles. Using cell number as a growth parameter allows
demonstrating exponential growth over more than five orders of magnitude.

Furthermore, the vitamin concentration of biotin, thiamine and riboflavin were distinctively
reduced in our medium compared to earlier reports, except for the lipoic acid concentration,
which was increased. The adaption of these four vitamins, which were found to be essential
in earlier studies (WELSHIMER, 1963; PREMARATNE et al., 1991; TSAI and HODGSON, 2003),
did not seemed to influence the quality of our medium. The vitamins additionally added (see
recipe Table 4.1) were not tested to be essential in this study. However, in earlier reports
observations concerning the benefit of some vitamins are contradictory and obviously not
applicable for all strains of Listeria. Therefore, we did not attempt to reduce the list of
vitamins added, especially since none of them seemed to influence the bacterial growth
negatively. Various studies have shown a massive influence of sugars, alternative carbon
sources and other factors on the gene expression and physiology of Listeria in liquid culture
(BECKER et al., 1998; GILBRETH et al., 2004; LARSEN et al., 2006). These data demonstrate
that it is extremely important to know the exact composition in a given medium with respect
to carbon sources that Listeria is able to use alternatively. Therefore, we examined if in our
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medium other components than glucose could be used for biosynthesis. This study
demonstrates that L. monocytogenes Scott A is not able to grow on carbon from amino
acids, as already stated by Premaratne and co-workers (1991), in the absence of a carbon
source in the form of, e.g., a carbohydrate, such as glucose. Also medium additives, such as
the MOPS buffer, were not used as a carbon source, however, a beneficial influence of the
buffer, and the need to control pH, especially during the late exponential growth phase,
became obvious.
The data on the maximum specific growth rates of different Listeria strains (Table 4.6)
demonstrate the heterogeneity of the genus Listeria. The mineral medium, still when
completed with 19 amino acids, shows inconsistent results and once again emphasizes the
heterogeneity. Since not all strains showed good growth, most evidently L. ivanovii DSM
20750, other components than amino acids are essential for their growth. As demonstrated
by supplementing the MM with BHI-traces it can be assumed that other substances than TE
or vitamins, e.g., other principal carbon sources than glucose or increased concentrations of
amino acids, are essential to stimulate growth of L. ivanovii.
The presented data demonstrate that the species of Listeria are fastidious bacteria with
respect to their nutrient requirement, and furthermore, the data for maximum specific growth
rates and yields are differing significantly among the different strains. This demonstrates that
the selection of the appropriate strain to study Listeria under defined conditions is a very
crucial point and should be considered carefully. However, due to different growth
physiologies influenced by different requirements for nutrients, the replacement of
pathogenic L. monocytogenes by apathogenic Listeria species, such as L. innocua
(HOUTSMA et al., 1994), as a model organism could lead to data that are neither comparable
nor representative.
In conclusion, our minimal medium supports good growth of L. monocytogenes, particularly
for the strain Scott A, and other strains of the genus Listeria, and enables well-balanced
growth. It can be recommended as a viable alternative for complex media such as BHI or
Lysogeny broth (LB), where the exact nutritional composition is essentially unknown, and
therefore, a change in the growth environment due to effects such as limitation of essential
nutrients, cannot be avoided (BAEV et al., 2006).
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Conclusions


The glucose concentrations used in the older media seems generally to be too high,
compared with the glucose concentration we found to be optimal.



Mineral media published before do not enable unrestricted growth of L.
monocytogenes.



Our medium is only strictly glucose-limited for glucose concentrations ≤ 2.5 g L-1.



Yields are highest for 2.5 g L-1 glucose and are decreasing at higher concentrations.



L. monocytogenes is not able to grow without glucose as the sole source of carbon in
our medium.



Trace elements are essential for growth but increased trace element concentrations
have no stimulatory effect on the growth rate.



Growth performance of the Listeria strains is varying significantly in mineral medium.
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Supplementary data

Figure S 4.1: Growth of a selection of different Listeria strains streaked onto solidified mineralmedium agar (MM E). A) L. monocytogenes Scott A, B) L. monocytogenes WSLC 1042, C) L.
monocytogenes EGDe, D) L. monocytogenes ATCC 1911 2, E) L. monocytogenes ATCC 19115, F) L.
ivanovii DSM 20750, G) L. innocua DSM 20649, H) L. see/igeri DSM 20751, I) L. grayi DSM 20650

(No picture shown of L. welshimeri DSM 20650). All strains were twice, consecutively streaked out
and incubated at 37 °C for 24 h (L. ivanovii for 48 h).
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5. Concluding remarks and outlook
The debatable tenet ‘everything is everywhere, but, the environment selects’ formulated in
1934 by Baas Becking (BECKING, 1934) seems to fit astonishingly well for the species of
Listeria. In literature this organism is described to occur in food, environmental
compartments as well as intracellular in eukaryotic hosts. Despite its wide distribution in
nature Listeria seem to occur mostly in rather low numbers (RYSER and MARTH, 2007) and
considerably little is known about Listeria’s lifecycle in the environment. Interestingly, there
is a broad spectrum of physical conditions, i.e., temperature, pH, and salt-concentrations,
under which the pathogen L. monocytogenes is proliferating. Within the meaning of ‘the
environment selects’ a considerable effort has been made to study Listeria in food, and
therefore to find suitable conditions under which regrowth of Listeria can be prevented,
especially in ready-to-eat foods (reviewed in RYSER and MARTH (2007)). In contrast,
attempts to find defined mineral medium conditions that allow cultivation of all Listeria
strains did not succeeded so far (TSAI and HODGSON, 2003) and only very little is known
about the growth behaviour of Listeria in nature.

Experimental design
In this thesis a stepwise approach was chosen to evaluate the role of Listeria in the aquatic
environment (Fig. 5.1). Surface waters were analysed with regard to their role in the
pathogen’s dissemination to neighbouring environments. Hence, knowledge about the
organism’s occurrence in waters (see step 1 ‘Presence of pathogen’) was the first
fundamental issue when considering the aquatic environment as a potential reservoir of
Listeria. If an organism is known to occur in a certain environmental compartment its
potential to grow within this environment should also be investigated (see step 2 ‘Growth
potential’). To study the pathogen under different conditions, waters from various sources
and with a broad range of nutrient concentrations were chosen in the present thesis. In
particular, we investigated drinking water with low, oligotrophic nutritional conditions, and
additionally a range of different surface waters from low- to medium nutrient content and
samples from the WWTP that can be considered as copiotrophic. However, it has to be
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taken into account that natural
growth environments are mostly
milieus with a complex nutrient
composition, which is in addition
under constant change. To gather
reliable data on bacterial ecology
the experimental conditions should
first

be

simplified

and

may

subsequently be further deduced to
more complex systems. Therefore,
it is essential to collect information
on the bacterial physiology and
nutritional

requirements

under

defined conditions, such as in a
carbon-limited

mineral

medium

(Chapter 4). Valuable information
on the bacterial growth potential
and growth properties can be
collected when
studies

to

extending

growth

at

such
low,

environmental concentrations and
‘natural’ media such as sterilised
water. The gathered data about
growth potential of pure cultures of
Figure 5.1: Schematic representation illustrating the

Listeria can be considered as a

multistep approach to assess the potential of an

worst-case

environment to be a source of pathogens. On the right

Although pure culture studies can

side central issues are listed that are linked to this step

be

(left).

criticised

scenario
as

analysis.

representing

artificial growth conditions and do
not describe in situ conditions they

allow obtaining basic information on the growth properties of a strain. In natural systems it is
the rule rather than the exception that bacterial strains co-exist in mixed communities where
they have to continuously compete for the available nutrients. Therefore, as a next step, an
assessment was made in cultures with mixed bacterial consortia, hence trying to mimic real
144

Concluding remarks and outlook

conditions (see step 3 ‘Growth under competition’). Growth of the pathogen in mixed
bacterial cultures can theoretically end up in three different ways: Exclusion of the pathogen,
coexistence of the pathogen with other strains, or overgrowth and estimation of the
pathogen. All three scenarios can be investigated in the laboratory. Taken together, the
knowledge obtained from this stepwise approach allows estimating a hypothetical risk
deriving from these systems (see step 4 ‘Bacterial load’).

Methods used
Screening of surface waters to get information about the abundance of Listeria spp. was
performed with conventional enrichment cultures and selective growth media approaches.
Other techniques for screening of microorganisms have been applied for similar questions,
e.g., real-time PCR detection (RODRÍGUEZ-LÁZARO et al., 2004), Fluorescence in situ
hybridization (FISH) detection (WAGNER et al., 1998), detection by use of fluorescent phage
endolysin cell wall binding domains, so called CBDs (KRETZER et al., 2007; SCHMELCHER et
al., 2010), or immunomagnetic pathogen screening with flow cytometry (FÜCHSLIN et al.;
KESERUE et al., 2011). However, most of them had, beside advantages, also major
drawbacks for the here-described application.
The FCM-based immunomagnetic pathogen screening technique (FÜCHSLIN et al., 2010)
combined with GFP-labelled CBDs (LOESSNER et al., 2002) was tested in this study (data
not shown). This promising combination of the highly specific Listeria markers (LOESSNER et
al., 2002) and immunomagnetic separation with a subsequent detection by FCM,
successfully applied in our lab for other pathogens (FÜCHSLIN et al.; KESERUE et al., 2011;
KESERUE et al., 2012), was unfortunately not suitable. This was mainly due to the apparently
low Listeria concentrations in surface waters, which are most likely below 1000 cells L -1. In
control-experiments spiking water with known, low amounts of standard strains led to bad
recoveries and, additionally, to false positive results.
Screening of waters using real-time PCR technique was disadvantageous because of
technical issues with handling big sample volumes (500-1000 mL) in combination with low
Listeria concentrations. Similar observations were recently reported in a comparison of
Giardia detection testing different screening methods under field conditions where PCR was
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giving mostly negative results because of inhibition by (probably) humic acids (KESERUE et
al., 2011). Exclusively using the conventional selective cultivation approach allowed us to
compare results with previous studies, performed under similar conditions. Furthermore,
using this approach isolated colonies could be stored for a later detailed analysis. However,
this technique depends on the cultivability of the different Listeria species and does not
allow proper quantification of initial cell-numbers (RYSER and MARTH, 2007).
Realistic estimations of ‘worst case’ Listeria concentrations can be made from the results
obtained for the growth potential in different waters. For these analyses Listeria that were
first well adapted to poor nutrient conditions, and then inoculated initial at low cell
concentrations, were cultured in batch assays using pasteurised natural water samples as
the growth medium in AOC-free glass containers (the flasks were first muffled).
Subsequently, flow cytometry was used to quantify bacterial growth with high precision at
low but also at high bacterial cell concentrations (HAMMES et al., 2008). This technique also
allowed the detection of bacteria in a viable but not-culturable (VBNC) state, which may
potentially occur in Listeria under low nutrient conditions (BESNARD et al., 2000; BESNARD et
al., 2000; VALÉRIE et al., 2002). Furthermore, FCM permits the investigation of bacteria on a
single cell level, and it is, therefore, well suited to study individual cells in mixed bacterial
cultures (e.g., as done here with GFP-tagged Listeria populations).
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I) Occurrence of Listeria in surface water
For this study, first of all, it was crucial to know if Swiss fresh waters are containing Listeria
per se.

Listeria incidence in tested surface waters was relatively high.
The screening of waters for the occurrence of Listeria spp. in the region of Zurich,
Switzerland, revealed that about three quarters of all surface waters tested contained
Listeria. In total 12% of all surface waters (rivers, ponds and lakes) were found to be positive
for the pathogenic species L. monocytogenes. Our data on the incidence of L.
monocytogenes correspond well with data published earlier (SCHAFFTER and PARRIAUX,
2002; LYAUTEY et al., 2007).

About 12 percent of all tested surface waters were positive for L. monocytogenes.
The most frequently isolated species was L. seeligeri. Interestingly, L. seeligeri DSM 20751,
a representative laboratory strain, was unable to grow in raw wastewater (see Chapter 3)
and it grew rather slowly in mineral medium, despite high available glucose concentrations
(see Chapter 4). These observations were also made with other isolates of this species
(data not shown). Furthermore, L. ivanovii, which is known to be pathogenic for ruminants,
and associated especially with infection of sheep (DOMÍNGUEZ-BERNAL et al., 2006), was
also frequently isolated. However, no correlation between agricultural land use with sheep
and positive water samples was found. Remarkably, L. ivanovii and L. seeligeri have been
described elsewhere to be the most commonly isolated Listeria spp. from soils (MACGOWAN
et al., 1994); therefore, it is likely that these two species are brought into water via a run-off
contamination with soil. However, for risk assessment, it would be important to have more
detailed information about actual Listeria cell concentrations present in the waters
containing Listeria. Methods such as quantitative real-time PCR (RODRÍGUEZ-LÁZARO et al.,
2004), fluorescent in situ hybridisation (FISH) (WAGNER et al., 1998), catalysed reporter
deposition FISH (CARD-FISH) (KIRSCHNER et al., 2012) or FCM-based immunomagnetic
pathogen screening techniques (FÜCHSLIN et al., 2010; KESERUE et al., 2012) are under
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constant improvement and would clearly be the methods of choice to reveal this issue in
future investigations.
Representative strains were isolated in pure culture for further investigations, e.g., for
comparing the growth potential of environmental isolates with laboratory strains of L.
monocytogenes (see following sections II and III).
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II) Growth potential of Listeria spp. in surface water
After having elucidated the fundamental question whether or not fresh waters are containing
Listeria per se, a second question was asked, namely, whether Listeria strains isolated are a
‘contamination’ from external sources, or whether these waters serve as growth
environments in which representative L. monocytogenes strains can readily grow. The
Listeria growth potential (LGP) assay demonstrated that L. monocytogenes is indeed able to
grow in about 30% of the fresh waters tested. The examined waters had nutrient
concentrations in the range of 67 to 1.187 mg L-1 of AOC and 0.21 to 10.1 mg L-1 of DOC,
respectively. Nevertheless, in the majority of waters that supported growth, Listeria were
able to produce in batch assays two to four cycles of divisions until nutrients were depleted
and the stationary phase was reached. In comparison, Vital and co-workers found final cell
concentrations between 0.82 to 4.07 * 105 cells mL-1 of, e.g., the pathogen E. coli O157 after
growth in similar environments (VITAL et al., 2008). Vibrio cholera even grew to a level of 1.6
* 106 cells mL-1 in surface water. Both, E. coli O157 and V. cholera grew even at very low
concentrations DOC and AOC, respectively (VITAL et al., 2007), where in this study no
growth of L. monocytogenes was observed at corresponding nutrient levels in freshwater.
This comparison elucidates that Listeria are rather reluctantly growing under poor nutrient
conditions where other bacterial pathogens are still growing well.

L. monocytogenes is able to grow in selected surface waters, but compared to other
bacterial enteric pathogens, its growth potential is low.
Peculiarly, Listeria seems to be able to consume only a small fraction of the AOC that is
present (around 3% compared to a mixed community from mineral water bacteria that serve
as a standard inoculum for AOC determination (BUCHELI-WITSCHEL et al., 2012)). Since the
fraction of utilised AOC is very small it becomes clear why the correlations observed
between either AOC, or DOC levels, and the LGP values are only weak.
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III) Growth of Listeria in wastewater
Within freshwater systems the highest concentrations of nutrients can be found in
wastewater

(WW).

Wastewater

treatment

plants

(WTTP)

are

linking

man-made

environments, potentially containing Listeria (e.g., originating from domestic, agricultural and
food-related systems) with the natural water environment and connected systems (e.g., soil,
plant and agricultural land). Several properties argue for the WW environment to be an
excellent candidate to serve as a niche for pathogenic bacteria. Firstly, big volumes of
temperate WW with high nutrient concentrations serve as a good growth environment for
microorganisms. Secondly, influent of fresh raw WW ensures constant supply with nutrients.
Finally, in most WWTP the influent is coming from sources described in literature to contain
Listeria, e.g., human faeces (MÜLLER, 1990; MACGOWAN et al., 1994), agricultural discharge
or food processing effluents (e.g., slaughterhouses (BOERLIN and PIFFARETTI, 1991)).
Although various studies reported on the incidence of Listeria in WW (PAILLARD et al., 2005;
ODJADJARE and OKOH, 2010), to our knowledge no studies focused on the growth of the
pathogen in WW. Therefore, we investigated growth of different Listeria spp. and found that
most of them, including the pathogenic L. monocytogenes, were able to grow in all types of
WW, before and also after the WW treatment process.

WW is a reservoir of Listeria in which they grow readily.
Our growth data on the growth potential of Listeria within WWTPs, together with findings
from other studies, provide convincing evidence that Listeria not only readily survive WW
treatment processes (MORENO et al., 2011) but can also grow, and demonstrate that a
dispersal of pathogenic Listeria from WWTP into nature is a realistic scenario. Therefore,
this should clearly be integrated into future risk considerations. Furthermore, data from this
thesis deliver detailed information on growth properties and parameters of Listeria spp. in
WW. However, information such as maximum specific growth rates or highest reached cell
concentrations is to be considered as ‘worst case’ scenarios. The µmax found for the fastest
growing L. monocytogenes strain in WW at 30 °C corresponded to a doubling time of 70 min
in the pathogen’s cell number, notabene in pure culture. It might be argued that 30 °C is far
from real temperatures in many countries, but WW can easily reach temperatures of 25 °C
(ODJADJARE et al., 2010) or even higher in temperate climatic regions (CHIEMCHAISRI and
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YAMAMOTO, 1994). Furthermore, it has to be pointed out that the growth parameters of
individual Listeria strains were strain specific and varied considerably under identical test
conditions.

The growth properties between different strains varied significantly.
These observed strain differences demonstrate that findings made with one strain cannot be
easily extrapolated to other strains, or even to be assumed as general properties of
members of the genus Listeria. Furthermore, these findings were made in WW, a medium
that varies a lot with regard to its nutrient composition, depending on, e.g., daytime, season
or origin; therefore, growth data will be influenced by the actual nutritional composition and
the quality of the assimilable compounds. Nonetheless, the fraction of DOC that was
consumable (DOC∆) for L. monocytogenes was determined and the data were compared to
results within the same experiment obtained for other bacteria, i.e., E. coli and a WW natural
bacterial consortium (WW NBC). Interestingly, the cellular yield (i.e., the cell number
produced per unit of consumed carbon) for the pathogen was very similar to that of other
bacteria. However, Listeria could only use small fraction of the total DOC compared to the
other strains or bacterial communities. Therefore, we conclude that L. monocytogenes is a
fastidious organism that can grow with efficiency comparable to other, fast growing bacterial
strains, as soon as favourable conditions are encountered.

L. monocytogenes is a fastidious organism compared to other bacteria.
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IV) Growth of Listeria in mixed bacterial cultures
Data obtained from pure monoculture studies can be criticised as produced in artificial
systems with no relevance for the understanding of the bacteria’s behaviour under natural
conditions. Therefore, studies were made under mixed bacterial conditions, mimicking
quasi-real conditions (Chapter 3). Growth experiments performed in co-culture with E. coli
and the WW NBC, respectively, demonstrated that L. monocytogenes is well able to co-exist
in competition with the other organisms for a time period of several days. Notabene, the
here described co-culture experiments were always inoculated with a starting cell ratio of
50 : 50, i.e., with a probably very high proportion of the pathogen; therefore, these
experiments should be regarded as worst-case scenario simulations.

L. monocytogenes can establish a stable community within mixed bacterial cultures.
FCM proved to be a reliable tool for investigating interactions in mixed bacterial cultures;
especially in combination with molecular-biological tools such as the use of modified, GFPexpressing L. monocytogenes strains (DELL'ERA et al., 2009), which can be separated from
other cells and detected without further staining. This approach allows straightforward
studies of hitherto unknown issues, such as population dynamics or strain interactions. As
recently pointed out by Vital and co-workers (VITAL, 2010; VITAL et al., 2012), the AOC
availability, or correspondingly, the fraction of DOC that is consumable, is one of the key
factors influencing bacterial competition during growth. In the competition experiments it
became clear that not all examined microorganisms had access to the same pool of nutrient,
or as formulated elsewhere ‘not all nutrients are available for everybody’ (VITAL, 2010).
However, three scenarios, which hypothetically determine the outcome of bacterial
competition, can be investigated:
A) Scenario A is describing two bacterial communities that grow on not-overlapping
substrate pools. Since both populations eat from different ‘pots’, no competition effect
should be observed in this scenario (see Fig. 5.2 A).
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entirely depending on growth kinetic parameters specific for each individual subpopulation.
In theory, the one population (symbolised by red circle, Fig. 5.2) can outcompete the other
population if its values of µmax and Ks are inferior compared to those of the competitor. On
the contrary, the red organism would lose a substantial fraction of the commonly accessible
nutrients in the case of inferior kinetic properties.
Of course, these scenarios are very simplified and physical parameters (e.g., temperature,
pH etc.) should be taken into consideration. Nevertheless, data presented in this thesis
suggest that scenario B is the most plausible scenario with respect to the co-culture
experiments performed here. It was demonstrated that the final cell concentration of L.
monocytogenes in co-culture was drastically reduced. Furthermore, the fraction of DOC∆,
which was accessible for the pathogen, was very small compared to that of E. coli and the
natural consortium. Nevertheless, L. monocytogenes still was able to co-exist in co-culture
under the conditions tested.

154

Concluding remarks and outlook

V) A well-defined carbon-limited mineral medium for the cultivation
of Listeria
In contrast to bacterial growth studies in environmental systems, where growth substrates
can hardly be identified, cultivation in a well-defined mineral medium allows control of all
parameters. Unfortunately, most of the Listeria mineral media available to date - although
simple in composition - appear not to be suitable for defined studies.

A new carbon-limited mineral medium for Listeria was developed.
Therefore, an improved mineral medium (MM) was designed that is, to our knowledge, the
first strictly glucose-limited minimal medium for the cultivation of Listeria strains. This
medium, designed on the basis of general elemental composition data of microbial cells
(PIRT, 1975; EGLI, 2009), was shown to be superior to older media with regard to growth
parameters such as maximum specific growth rates or numerical cell yields. Growth studies
in the improved mineral medium delivered new basic data on growth properties of Listeria
strains. Hence, information such as maximum specific growth rates, cell yield values and the
influence of medium ingredients, e.g., of trace elements is presented in this thesis for
different, commonly used, Listeria strains.

The designed MM is suited to study basic physiological growth parameters of Listeria.
Based on this improved mineral medium growth physiological studies can be performed in
future under well-controlled nutritional conditions. Investigations of Listeria in continuous
culture using our MM could be used to gather data about the organisms’ metabolism, and
genetic regulation mechanisms under specific nutritional regimes, e.g., by testing different
carbohydrates as carbon sources, under different nutrient, e.g., nitrogen or phosphorus
limitation. Furthermore, basic kinetic information such as maximum specific growth rates,
yields or substrate affinity data is not available in the literature. Also, the investigation on
potential maintenance energy (PIRT, 1987), which could potentially explain the bacteria’s
bad yield under nutrient depleted conditions, would provide a profound understanding of the
pathogens ecology. Data gathered under defined and nutritional reproducible conditions
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elucidating questions about genomic expression important for pathogenicity, ecology, or
stress response would substantially contribute to a better understanding of Listeria.
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What has this study contributed to the knowledge about the
ecology of Listeria in the environment?
In summary, the data presented here help to narrow down the number of potential reservoirs
for Listeria in nature and to localise hot spots where further research should be done for an
improved understanding of the pathogen’s ecology. While former studies mostly
concentrated on the incidence of pathogenic Listeria we focused on growth within the
described potential reservoirs. The work allows drawing some general conclusions on the
pathogen’s role in the aqueous environment. First of all, in comparison to other human
pathogens studied in our laboratory, i.e., Escherichia coli O157, Vibrio cholera O1, and
Pseudomonas aeruginosa, L. monocytogenes turned out to be the pathogen with clearly the
lowest potential to grow in freshwater (VITAL et al., 2010). Nevertheless, L. monocytogenes
is to be classified as a pathogen able to grow in water, especially in meso- and eutrophic
waters (< ~ 4-6 mg L-1 DOC/ ~300 µg L-1 AOC). However, it has to be pointed out that only a
weak correlation between AOC and PGP, and between DOC and PGP, was found.
Interestingly, in buffered mineral medium (MM E) growth of L. monocytogenes was even
demonstrated under very low glucose concentrations growth of 25 µg L-1. Therefore, these
data suggest that rather a combination of different parameters (e.g., the nature of essential
nutrients, pH, temperature, osmolality) determines - or has at least strong influence - on the
growth potential of Listeria. Importantly, in no case we found growth of L. monocytogenes in
drinking water, therefore, regrowth in and direct exposition of humans via drinking water
seems highly unlikely (Figure 3). In surface waters providing intermediate nutrient
concentrations, a potential risk deriving from (re)growth of Listeria has to be considered and
should be discussed and studied in more detail. Strikingly, L. monocytogenes was mostly
found to be growing in stagnant waters (e.g., ponds), whereas flowing waters only supported
growth poorly. In this context, it has to be mentioned that the stagnant waters tested here
were in general higher in nutrients than flowing waters. Within the WW environment, the
system with highest nutrient concentrations tested in this study, L. monocytogenes was
readily growing in the nutrient-rich raw wastewater and in the primary sedimentation effluent.
Under these conditions the pathogen L. monocytogenes was growing fast and even
competed with the autochthonous bacterial flora and, therefore, appears to be well adapted
to this environment. Interestingly, even though to a lower extent, L. monocytogenes was
able to grow in WWTP effluent.
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Concluding remarks
The overall picture of Listeria spp. assembled from the experiments done during this thesis
is one of a heterogeneous group of microorganisms dispersed widely in the water
environment that is quite fastidious with respect to nutrients. However, L. monocytogenes is
able to persist for a long time under adverse conditions and it reproduces fast and yields
high cell numbers as soon the bacterium encounters optimal growth conditions. Such
conditions can be found in various aquatic water environments, e.g., in wastewater
treatment plants or in natural surface waters with relatively high organic carbon
concentrations. Furthermore, the pathogen does not constitute a big fraction in mixed
bacterial communities, but it is still forming a stable fraction within the community that is not
easily overgrown by less fastidious or faster growing bacteria. Listeria spp. is a generalist in
physical terms (temperature, pH, salt concentrations) but appears to be a specialist with
respect to nutritional requirements.
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