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Summary
The marine bacterium Vibrio harveyi is a model organism with a complex quorum sensing system. This
molecular system includes three autoinducers, each having its own synthase and sensor hybrid kinase.
The information sensed by the kinases is channeled via phosphorylation of two proteins (LuxU and LuxO)
to reach the master regulators (AphA and LuxR) which induce or repress genes for bioluminescence, type
III secretion, and, among others biofilm formation.
Biofilms are found in every niche of every environment, and are often considered as a source of disease.
Biofilms can be comprised of single or multiple bacterial species. The formation of biofilms is a complex
process that involves many genes and also involves signaling in concert with the environment and with
neighbouring cells.
In this study, interest centered on the formation of biofilms of V. harveyi and how biofilm formation is
affected by quorum sensing. Therefore, a flow system for biofilm formation was established in order to
perform a time scale biofilm experiment of Vibrio harveyi wildtype.
As is the case for other bacteria, it was shown that autoinducers influence biofilm formation by V.
harveyi. Therefore, first the wild type was compared to a quorum sensing ON mutant and a quorum
sensing OFF mutant. It was found that the quorum sensing system must be intact for complete biofilm
formation, because both mutants showed severe defects in their biofilm structures and biomass volumes
compared to the wildtype. Further, a comparision of macrocolonies among these three strains was
performed.
As a quorum sensing OFF mutant formed no biofilm, it was of interest to determine which autoinducer
has the greatest effect on biofilm formation. In this thesis, it is shown that AI-2 is essential for the initial
attachment of the cells to the surface, and also it is inferred that microcolonies start to build when all
three autoinducers are produced. The AI-2 synthase deletion mutant was complemented using in trans
and chromosomal integrated copies. These complemented strains were able to fully restore
bioluminescence to wildtype levels and partially restore biofilm formation to wildtype levels.
An additional line of research in this thesis involves the importance of exopolysaccharides for biofilm
formation and structure. Various phenotypes were characterized generating novel deletion mutants of
genes coding for putative proteins involved in polysaccharide production. Exopolysaccharide levels were
determined by glucose quantification and the mutants showed decreased glucose levels compared to the
wildtype. Also, the biofilms formed by the mutant strains showed only monolayers. Chromosomal
integration of the missing gene(s) in the respective deletion mutants showed increased biofilm volume
and structure as well as increased glucose levels compared to deletion mutant copies only.
Furthermore, colony morphology using biofilm macrocolony formation of specific strains was analysed.
Additionally, the wildtype, quorum sensing ON and Off mutant strains were analysed on single cell level
using Scanning Electron Microscopy. Interestingly, the wild type cells are filamentous on the edge of each
macrocolony while this was not the case for the other mutants. This implies that the elongation of the
wild type cells on the macrocolony edge is triggered via quorum sensing.
In conclusion, all deletions resulted in severe defects in biofilm formation compared to the wildtype
biofilm. Most notably, lack of AI-2 had the greatest effect on biofilm formation by V. harveyi.
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Introduction

1.1 Bacterial communities
Antoni van Leewenhoek was the first person to describe bacteria using a microscope in 1673
(Leewenhoeck and Graaf, 1673). Bacteria were or are used in many ways for purposes useful for
humanity. For instance, some bacteria have been used or are still in use for food and drink
fermentation, e.g. alcoholic fermentation dating back to the Egyptian era (Messing and Metz, 2006).
However, bacteria can harm us in one way or another. They can also cause corrosion of metals or
cause diseases by contaminating food and water (Messing and Metz, 2006).
Robert Koch isolated the species corresponding to outbreaks of tuberculosis and cholera. On the
other hand, Max von Pettenkofer found that the environment or personal health status contributes
to a pathogen´s outbreak or not (Messing and Metz, 2006). Nearly every niche is populated by
bacteria (Young, 2006, Stoodley et al., 2002), the soil (Bacillus subtilis, Bassler, 2002), water (Vibrio
cholerae, Blokesch and Schoolnik, 2007) and even in the air are bacteria (Actinobacteria, Bowers et
al., 2011). Bacteria may live sessile or free in the environment. Partly this choice is made via signaling
with other cells and/or the environment (Karatan and Watnick, 2009).

1.2 Cell-cell communication by QS
There are various cell-cell communication systems, one of them is termed quorum sensing (QS)
which is based on sensing of cell density (Bassler and Losick, 2006). It involves the production of
chemical molecules termed autoinducers (AIs) by a synthase, their export or diffusion through the
cell membrane, binding and import of the AI by other proteins as well as a response by a regulator
within the bacterial cell. The regulator switches genes on or off depending on the amount of sensed
AIs (proportinonal to the number of bacteria). The AIs can be produced and recognized by the same
species or by other species (Kaper and Sperandio, 2005; Surette et al., 1999, Ng et al., 2012, Bassler,
2002, Bassler and Losick, 2006). Bacteria can adapt quickly via QS to a changing environment, e.g.
when entering a host, the bacterial mixture needs to be tested by the one entering (Bassler and
Losick, 2006, Bassler, 2002, Geier et al., 2008, Gibbs and Greenberg, 2011). QS results in collective
behavior of bacteria, e.g. including bioluminescence, biofilm formation, virulent gene expression and
sporulation (Ng et al., 2012, Bassler and Losick, 2006). With the QS mechanism bacteria can alter
their phenotypic status in a population-sensitive manner (Pérez and Hagen, 2010).
Nealson et al. (1970) described the first QS phenomena in Aliivibrio fischeri, finding that there is an
autoinduction causing bioluminescence during the growth of the bacteria. This is also the simplest
form of QS: having one synthase LuxI (inducer of lux) producing an AI (acyl-homoserine lactone, AHL)
which diffuses through the cell membrane, it can be taken up by the same cell again and binds to the
response regulator LuxR (regulator of lux). At high cell densities, the AI is detected in sufficient
amounts, to cause a luciferase enzyme to be produced and so bioluminescence to occur (Kaper and
Sperandio, 2005). Greenberg et al. (1979) described the production of bioluminescence in Vibrio
harveyi. Furthermore, they found that bioluminescence in V. harveyi but not in A. fischerii can be
induced by the secretion of AIs of other marine bacteria. They concluded that A. fischerii´s
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autoinduction system is species-specific while the V. harveyi´s autoinduction system is not. This
indicated that QS in a bacterium can be a very complex protein-protein interaction system involving
more than one synthase and receptor pair (Pérez and Hagen, 2010).
On the whole, there are three systems of QS found to date: the AHL/LuxI-LuxR system in Gramnegative bacteria, the oligopeptide signaling system in Gram-positive bacteria (autoinducer
oligopeptides, AIP) and the universal AI-2 signaling system in both. Each signal is detected by sensor
hybrid kinases and the signal is transferred via phosphorylation cascades to the master regulator,
then transcription of target genes are regulated (Bassler, 2002, Bassler and Losick, 2006, Henke and
Bassler, 2004b). There is a great structural diversity when it comes to AIs (Fig.1, Ryan and Dow,
2008).

Fig. 1: Chemical structures of autoinducers
(a) N-AHLs, (b) AIP, (c) AI-2 (modified from Ryan and Dow, 2008).

Since the 1970s, the mechanism of QS has been found to regulate various processes in different
bacteria, to name a few:
-

in Erwinia carotovora production of antibiotics,
in Pseudomonas aeruginosa formation of biofilms and expression of virulent genes;
in Escherichia coli, Staphylococcus aureus and among other Vibrio cholerae expression of
virulent genes (Kaper and Sperandio, 2005).

It was shown that Pseudomonas aeruginosa uses QS to trigger group behaviour of its own kind but
that the signals are fatal to others. Furthermore, some groups of Staphylococcus aureus produce
oligopeptides which inhibit QS in other S. aureus groups (Bassler, 2002, Bassler and Losick, 2006).

1.3 Vibrio harveyi, its quorum sensing system and bioluminescence
In 2010, the QS model organism Vibrio harveyi ATCC-BAA1116 was reclassified to Vibrio campbellii
ATCC-BAA1116 by Lin et al., however in this thesis the name Vibrio harveyi is still used. In the
appendix a family tree is shown (Fig. 54). Vibrio harveyi is found in the gut of marine animals and

also free-living in tropical marine waters or adhered to surfaces (Farmer and Janda, 2005, Henares et
al., 2012, Henke and Bassler, 2004a, Bassler et al., 1997, Suginata et al., 2013, Lin et al., 2010). It
belongs to the ɣ-Proteobacteria to the family of Vibrionaceae (Farmer and Janda, 2005, Thompson et
al., 2004, Suginata et al., 2013). It is a Gram-negative bacterium and facultatively anaerobic (Fig. 2,
Farmer and Janda, 2005, Annous et al., 2009, Henares et al., 2012, Henke and Bassler, 2004a, Bassler
et al., 1997, Suginata et al., 2013, Lin et al., 2010). They are straight rods ranging through 0.5-0.8 µm
x 1.4-2.6 µm. The bacteria are motile, having one polar flagellum (Farmer and Janda, 2005). The
Vibrionaceae rods convert to coccoids when starved on nutrients, filaments are formed when
starved on nitrogen; and phosphorus starvation leads to swollen large rods (Farmer and Janda,
2005).

Fig. 2: Scanning electron microscopy of V. harveyi WT
The bacteria were grown in AB media to exponential phase, image taken by Axel Müller and Professor Dr. Gerhard Wanner
in 2011.
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Fig. 3: Overnight cultivation of V. harveyi WT in shaking flasks grown in AB media
Image taken with a Canon powerShot A650 IS and an exposure time of 15 s by Matthias Reiger and Axel Müller in 2011.

Many marine bacteria of the class of Vibrios share an outstanding characteristic: bioluminescence
(Fig. 3, Gode-Potratz and McCarter, 2011, Henke and Bassler, 2004b, Farmer and Janda, 2005). The
luxCDABEGH operon is responsible for bioluminescence. The enzyme luciferase is a heterodimer, the
genes luxA and luxB encode for the α and β subunits, respectively. Depicted in Fig. 4 is the luciferase
catalyzed reaction using the substrates: oxygen, a long chain aldehyde (RCOH) and a flavin
mononucleotide (FMNH2). Light of 490 nm wavelength is the energy output from oxidation
(Miyashiro and Ruby, 2012; Nijvipakul et al., 2008).

Fig. 4: Chemical and enzymatic reactions of bioluminescence (Miyashiro and Ruby, 2012)

Vibrio harveyi is an opportunistic pathogen of marine animals causing vibriosis, a lethal disease in
aquatic and marine fish and shrimp farming (Suginata et al., 2013). Therefore, virulence factors are

important study topics. Recently, QS was found to positively regulate virulence genes coding for
caseinase and gelatinase while it negatively regulates phospholipase activity. Hemolysin and lipase
were found to be regulated independently from QS (Natrah et al., 2011).
In the model organism V. harveyi, the acyl homoserine-lactone (AHL) HAI-1 (harveyi autoinducer 1),
a N-(3-hydroxybutyryl)-homoserinelactone, was the first to be discovered in 1970 by Nealson et al..
In 1979, AI-2 (autoinducer 2), a (2S,4S)-2-methyl-2,3,4-tetrahydroxytetrahydrofuran-borate, was
discovered by Greenberg et al.. CAI-1 (cholera autoinducer 1), a (Z)-3-aminoundec-2-en-4-one (EaC8-CAI-1), was discovered in 2004 (a) by Henke and Bassler. In 2012, Henares et al. discovered the
intracellular nitric oxide (NO) dependent H-NOX (heme-nitric oxide/oxygen) sensor which binds the
soluble kinase HqsK (H-NOX-associated quorum sensing kinase) in presence of NO. The chemical
structures were discovered later: HAI-1 in 1989 by Cao and Meighen, AI-2 in 2002 by Chen et al. and
CAI-1 in 2011 by Ng et al. (Fig. 5).

Fig. 5: Chemical structures of AIs produced and recognized by V. harveyi WT (modified from NG et al., 2011)

HAI-1 is an intra-species AI while CAI-1 is an intra-genius AI and AI-2 is an inter-species AI
(Anetzberger et al., 2012, Henke and Bassler 2004a, Henke and Bassler, 2004b). All three are
products of the in the S-adenosyl-methionine (SAM) pathway (Yajima, 2011, Wei et al., 2011,
Vendeville et al., 2005, Pereira et al., 2012).
SAM and either acylated acyl carriers or acyl-coA thioesters are substrates for the LuxI (A. fischerii)
or LuxM (V. harveyi) synthases in production of AHLs (Fig. 6, Wei et al., 2011, Pereira et al., 2012).
Fig. 6 shows conversion of SAM to S-adenosyl-homocysteine (SAH) which is detoxified by the enzyme
Pfs (5’-methylthioadenosine/S-adenosylhomocysteine nucleosidase) to adenine and S-ribosylhomocysteine (SRH). LuxS hydrolyses SRH to homocysteine (HCY) and the precursor of AI-2: 4,5dihydroxy-2,3-pentanedione (DPD). DPD is converted to R-THMF or to S-THMF-borate. The first is
bound by LsrB proteins (E. coli, S. typhimurium and others) and the latter by LuxP proteins (Vibrio
spp.). Interconvertion between the two forms of AI-2 with the addition of boric acid is possible
(Vendeville et al., 2005, Rui et al., 2012, Pereira et al., 2012).
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CAI-1 is also produced by the SAM pathway (Fig. 6). CqsA ligates SAM and in V. harveyi otcanoyl
Coezyme A by cleaving (S)-methyl-5’-thioadenine (MTA) and the coenzymeA off to forme 3aminotridec-2-4-one (Ea-CAI-1). This molecule reacts to form CAI-1, catalysed by the enzyme VC1059
in Vibrio cholerae. V. harveyi uses the intermediate Ea-C8-CAI-1 but not the final product of the
above described reaction, CAI-1 (Wei et al., 2011, Pereira et al., 2012). Vibrio cholerae can detect all
three CAI-1 molecules while V. harveyi can only detect Ea-CAI-1 and Ea-C8-CAI-1 (Ng et al., 2011,
Pereira et al., 2012).

Fig. 6: SAM pathway
Here the synthesis of AIs is shown. a) S-adenosylhomocysteine (SAH) is generated by the transfer of a methyl group from Sadenosylmethionine (SAM) to an acceptor molecule. b) SAH is converted to homocysteine (HCY) via the enzyme SahH. c)
Pfs generates SRH and adenine from SAH while LuxS converts SRH to HCY and DPD (AI-2). d) HCY and methionine are
regenerated into SAM. e) AHLs are generated using SAM and acyl carrier proteins. f) SAM, CqsA, decanoyl Coenzyme A, a
pyridoxal phosphatase aminotransferase like enzyme and in V. cholerae VC1059 generate via multiple steps CAI-1, V.
harveyi has an octanoyl CoA producing Z-3-aminoundec-2-en-4-one (Pereira et al., 2012).

V. harveyi lacks the LuxI/LuxR system common to A. fischeri and instead has a more complex system:
The AIs HAI-1, AI-2 and CAI-1 are produced by the synthases LuxM, LuxS and CqsA, respectively, and
these are secreted through the membrane. The kinase LuxN detects HAI-1. AI-2 is bound to the
periplasmic binding protein LuxP which triggers the signal to LuxQ. CqsS detects CAI-1 (Fig. 7,
Anetzberger et al., 2012, Henke and Bassler, 2004a, Henares et al., 2012).
At low cell densities, no AIs are detected by the sensor kinases and the phosphate is transferred to
the histidine phosphotransferase LuxU which in turn phosphorylates the σ54-dependent response
regulator LuxO. Phospho-LuxO activates 4 small RNAs out of 5 (Quorum regulatory small RNAs, Qrr
1-5) and together with the chaperone Hfq, the transcript of the master regulator LuxR is degraded.
This results in a basal level of luxR transcription, a dark phenotype, type III secretion and among
other siderophore production (Henke and Bassler, 2004a, Fenley et al., 2011, Kessel et al., 2013a,
Henke and Bassler, 2004b, Anetzberger et al., 2009, Defoirdt et al., 2008, Gode-Potratz and
McCarter, 2011, Henares et al., 2012). While luxR is only lowly transcribed, aphA, another QS master
regulator, is transcribed at a maximally high level and is responsible for the fine tuning of the target
genes at low cell density (Kessel et al., 2013a). Quorum regulatory RNAs 1-5 act additively in the QS
pathway of V. harveyi (Fig. 7, Fenley et al., 2011).
At high cell densities, a threshold concentration of AIs is detected by the kinases and thereafter, the
kinases act as phosphatases as LuxU and LuxO are dephosphorylated, and luxR is transcribed
(Anetzberger et al., 2009, Henke and Bassler, 2004a, Fenley et al., 2011, Gode-Potratz and McCarter,
2011, Henares et al., 2012). This means, that with increasing cell density and therefore increasing AI
concentration, the small RNAs Qrr1-4 are repressed in a graded manner with the result of the
increasing transcription of luxR. LuxR regulates nearly 100 genes, e.g. bioluminescence production,
biofilm formation and proteolysis occur at high cell density (Pereira et al., 2012, Fenley et al., 2011,
Gode-Potratz and McCarter, 2011). Transcription of AphA is repressed at high cell density (Fig. 7,
Kessel et al., 2013). There are genes regulated by both QS master regulators, as the expression and
repression patterns of both overlap (Kessel et al., 2013a).
The content of luxR in the cells is regulated by several feedback loops: the autorepression of luxR
and luxO; repression of the LuxR´s antagonist aphA; repression of the translation of LuxO and downregulation of the translation of LuxMN by the Qrr; as well as the activation of the transcription of qrr
2-4 by LuxR (Fig. 7, Anetzberger et al., 2012).
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Fig. 7: The QS circuit of V. harveyi WT
The AIs HAI-1, AI-2 and CAI-1 are produced by the synthases LuxM, LuxS and CqsA, respectively. At low cell densities, the
AIs are hardly available and therefore, can not be recognized by the kinases LuxN, LuxP-LuxQ and CqsS resulting in the
54
phosphorylation of the histidine phosphotransferase LuxU and the σ -dependent response regulator LuxO. P-LuxO
together with the Qrr sRNAs and the chaperone Hfq destabilize the transcript of luxR while aphA is transcribed resulting in
a dark phenotype with type III secretion. At high cell densities, the AIs are detected at a sufficient threshold concentration,
dephosphorylation of LuxU and LuxO occurs, the Qrr are repressed, aphA is repressed and luxR is transcribed resulting in a
bright phenotype with biofilm formation and proteolysis. The Qrr repress LuxN and LuxO; LuxO, LuxR and AphA can
autorepress themselves. NO binds H-NOX which binds HqsK leading to dephosphorylation of LuxU and therefore, leading to
luxR expression. In the absence of NO, H-NOX is not bound but HqsK is transfering phosphate to LuxU resulting in aphA
expression (Anetzberger et al., 2012, Henke and Bassler, 2004a, Henares et al., 2012).

Anetzberger et al. (2012) described that the processes in V. harveyi´s QS system to work in a timedependent manner, as AI-2 is the only AI present in the early exponential growth phase, then HAI-1
is detectable and in stationary growth phase CAI-1 reaches its maximal level and remains constant.
Meanwhile, AI-2 and HAI-1 arrive at the same molar level (5 µM) and stay constant over the
remaining time of the experiment (16 h, Fig. 8). It was shown that AI-2 solely induces the activation
of bioluminescence and that HAI-1 increases the level of bioluminescence. It is also shown that with
each AI present in the culture, the luxR levels increase. All this indicates that V. harveyi could use AI2 synthesised by other bacteria during infections for bioluminescence production as it enhances the
metabolisation of oxygen among other beneficial aspects rather than wait for the cell density usually
required for bioluminescence production.

Fig. 8: Growth, bioluminescence and AI levels of V. harveyi WT
OD 600 nm (black dots) was measured over 16 h of growth of V. harveyi WT in AB medium starting at the OD 600 nm of 0.02 up
to an OD 600 nm of 2. AI-2 (green triangles) was measured via a LuxP-GST-binding bioassay, HAI-1 (red dots) was measured
using UPLC-MS and CAI-1 (purple dots) was determined from cell-free culture supernatants using a V. cholerae MM920
reporter assay and GC-TOF-MS analysis. Bioluminescence (turquoise squares) was performed in microtiter plates using a
Centro LB960 from Berthold Technology, modified from Anetzberger et al., 2012.

Defoirdt et al. (2008) reported that the combination of CAI-1 and AI-2 causes virulence of V. harveyi
in brine shrimp, while HAI-1 and AI-2 signaling is necessary to infect rotifers such as Brachionus
plicatilis. The authors´ hypothesis is that V. harveyi uses different AIs and different combinations of
AIs for a range of purposes and this hypothesis was confirmed by Anetzberger et al. (2012). In V.
fluvialis, an AHL-type QS system was found as well as AI-2 and CAI-1 systems. The QS system
positively controls virulence factors such as an extracellular protease (Wang et al., 2013).
Bassler et al. (1997) constructed various V. harveyi reporter strains (WT, HAI-1 negative and AI-2
negative) to test cell-free culture supernatants from terrestrial and marine bacteria. They showed
that many bacteria produce AI-2 but only a few produce HAI-1. As AI-2 seems to play a significant
role in the QS systems of bacteria, it was of interest to investigate further.

1.4 The global autoinducer AI-2
Surette et al. (1999) showed that AI-2 is produced by the synthase LuxS in E. coli, V. harveyi and S.
typhimurium. They showed via a luxS deletion mutant that V. harveyi can detect AI-2 from all
organisms tested except E. coli DH5α as it has a frame shift mutation in the luxS gene. However, E.
coli DH5α can be complemented by LuxSV.h. or LuxSE.c., indicating that LuxS is highly homologous in
the tested organisms. The induction of bioluminescence in V. harveyi by AI-2 of other bacteria was
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also described by Bassler et al. (1997). However, as mentioned above, Vendevielle et al. (2005) and
Rui et al. (2012) described that there are two isomeric forms of AI-2: THMF-3-borate and THMF(R)-2
(Fig. 9). AI-2 forms are spontaneously rearranged from 4,5-dihydroxy-2,3-pentanedione (DPD), both
are interconvertible and are in equilibrium in a given solution (Rickard et al., 2006). The Vibrio genus
has a different receptor (LuxPQ) for AI-2 binding than the other bacteria (LsrB) (Vendevielle et al.,
2005, Rui et al., 2012, Ryan and Dow, 2008). THMF-3-borate is only recognized by Vibrio species and
the THMF(R)-2 is recognized by many bacteria, such as E. coli, and S. typhimurium.

Fig. 9: Scheme of both forms of AI-2
DPD(S)-1 converts to either THMF(R)-2 or THMF-borate 3 (Rui et al., 2011).

In an AI-2 rich environment, some bacteria like e.g. E. coli increase production of AI-2 importer
proteins. In doing so, they change the environment´s AI-2 level by taking up their own and other´s
AI-2, resulting in an advantage for these E. coli cells as the other bacteria might get confused about
the actual amount and mixture of bacteria in the current environment (Bassler and Losick, 2006).
Further, some bacteria have receptor proteins similar to LuxRA.f. but lack LuxS, meaning they can take
up AI-2 but not produce it, e.g. P. aeruginosa (Ryan and Dow, 2008).
AI-2 functions in metabolism in some bacteria (e.g. S.typhimurium) while it serves as an interspecies
signaling molecule in others, e.g. V. harveyi (Vendevielle et al., 2005). At the interspecies level, AI-2
controls the production of pathogenicity factors in Streptococcus pyogenes, toxin production in
Clostridium perfringens and mixed biofilm formation of Streptococcus gordonii and Porphyromonas
gingivalis (Auger et al., 2006).
In Bacillus cereus, Vibrio cholerae and Eikenella corrodens AI-2 inhibits biofilm formation while in
Mycobacterium avium, E. coli, Streptococcus mutans and Aggregatibacter actinomycetemcomitans it
enhances biofilm formation (Geier et al., 2008). On the other hand, a luxS mutant of H. pylori shows
stronger initial attachment to surfaces than the wildtype (WT), while Salmonella enterica serovar
Thyphimurium needs LuxS for initial attachment. Similarly, a luxS mutant of Streptococcus mutans
produces a biofilm with less biomass and a different architecture than the WT (Parsek and

Greenberg, 2005). If genes for the AI-2 import in E. coli are deleted, only flat biofilms are formed
(Karatan and Watnick, 2009). Additional effects of luxS deletion on bacteria are described in Tab. 2.

Tab. 2: Effects of luxS deletion

Organims
Campylobacter jejuni, C.
perfingens, Porphyromonas
gingivalis, Streptococcus
pneumonia, Streptococcus
mutans, Streptococcus
pyrogenes, V. vulnificus
EHEC, EPEC, H. pylori, C. jejuni
Klebsiella pneumonia, P.
gingivalis, S. enterica, S.
gordonii, S. mutans, H. pylori
EPEC

Defect
Virulence

Reference
Doherty et al., 2006

Motility
biofilm formation

Doherty et al., 2006
Doherty et al., 2006

Vendevielle et al., 2005

C. jejuni
S. aureus

type III secretion
decreased adhesion to epithelial cells
biofilm formation
Growth

Lactobacillus rhamnosus GG
probiotic
S. pyogenes

biofilm formation
growth
Growth

Annous et al., 2009
Doherty et al., 2006
Lebeer et al., 2007
Lebeer et al., 2007
Lebeer et al., 2007

Cuadra-Saenz et al. (2012) were able to show that a S. gondii luxS mutant forms a distinctly different
biofilm than the WT. They also showed that AI-2 influences dual-species biofilms in termes of
composition and structure. Bassler and Henke (2004b) described that when luxS mutants of both S.
gondii and P. gingivalis are grown together on a glass plate, P. gingivalis does not form a biofilm.
Furthermore, they showed that P. aeruginosa was able to detect AI-2 but not able to produce it, and
that AI-2 stimulates virulence factors in P. aeruginosa.
Rickard et al. (2006) described a similar effect on dual-species biofilms: the luxS mutant of
Streptococcus ovalis 34 together with the Actinomyces neaslundii T14V WT produced a thin biofilm
with less biomass than their WT dual-species biofilm. Meanwhile, both WTs were able to only form a
minimal monospecies biofilm, thus demonstrating the importantance of AI-2 for bacterial biofilm
formation in natural environments.

1.5 Biofilms
In natural, medical and engineered systems, the biofilm is the common growth mode of bacteria
(Kavita et al., 2013, Stoodley et al., 2002). A biofilm is mostly composed of various bacterial species
attached to each other and attached to biotic or abiotic surfaces while being embedded in a matrix
consisting of various extracellular substances (Davey and O´Toole, 2000, Bassler and Losick, 2006,
Fong et al., 2010, Karatan and Watnick, 2009, Jiang et al., 2011, Rickard et al., 2006, Nakhamchik et
al., 2008).
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Biofilms are found everywhere in the environment (Davey and O´Toole, 2000, Stoodley et al., 2002).
To name a few examples, the opportunistic pathogen Mycobacterium avium forms biofilms in
drinking water pipes and water distribution systems (Geier et al., 2008), Proteus mirabilis is found on
catheter walls (Gibbs and Greenberg, 2011), cyanobacterial biofilms that occur in thermal springs are
being studied (Davey and O´Toole, 2000), mixed biofilms consisting of S. gondii and P. gingivalis are
found on dental plaque (Bassler and Henke, 2004b), V. harveyi exists in mixed biofilms on marine
animals (Henares et al., 2012), V. vulnificus is found on surfaces of algae, fish, eels and plankton
(Nakhamchik et al., 2008), Lactobacillus lactei grows as biofilms on food surfaces (Pérez-Núñez et al.,
2011), streptococcal and actinomycete biofilms grow on dental plaque (Rickard et al., 2006), and
even in agriculture and bioremediation situations biofilms are found (Nilsson et al., 2011).
For V. cholerae, as a case point, it was shown that stool samples from patients contain both
planktonic and biofilm-aggregates and the aggregates showed higher infectivity (Huq et al., 2008,
Fong et al., 2010). It is very common that different species of bacteria live in symbiosis or
competition within a biofilm (Davey and O´Toole, 2000, Stoodley et al., 2002, Nadell et al., 2009),
e.g. P. putida exploits Acinetobacter sp. C6 within a mixed biofilm (Nadell et al., 2009).
A biofilm is initially formed by bacterial cells attaching to a surface and beginning to colonize it.
Microcolonies start forming and with further growth a mature biofilm emerges. The formation of
pillars or mushroom-like structures is characteristic. These pillars or mushrooms are surrounded by
fluid-channels. Detachment can occur e.g. due to environmental stresses and the cells enter the
planktonic stage again (Fig. 10, Davey and O´Toole, 2000, Stoodley et al., 2002, Fong and Yildiz, 2007,
Nadell et al., 2010, Parsek and Greenberg, 2005, Aguilar et al., 2010).
The structural basis or matrix of biofilms includes proteins, nucleic acids, lipids and
exopolysaccharides (EPS, Guttenplan and Kearns, 2013, Stoodley et al., 2002, Nilsson et al., 2011,
Kavita et al., 2013, Karatan and Watnick, 2009). Biofilms protect bacteria from stresses like cold,
heat, antibiotics and also from immune responses by hosts (Davey and O´Toole, 2000, Fong and
Yildiz, 2007, Jiang et al., 2011, Nakhamchik et al., 2008, Stoodley et al., 2002, Karatan and Watnick,
2009).
Biofilms are complex multicellular, structured, co-ordinated, common supracellular life form of
different communicating bacteria (Davey and O´Toole, 2000, Stoodley et al., 2002). Biofilm
formation in many bacteria is associated with QS as this means the neighboring cells can
communicate over short distances: the messages are sent and received quickly which can lead to
advantages for a monospecies or multispecies population (Guttenplan and Kearns, 2013, Davey and
O´Toole, 2000, Henares et al., 2013, Karatan and Watnick, 2009). The involvement of QS in biofilm
formation is summarized in Fig. 10. Some bacterial QS systems trigger the expression of motility and
adhesion genes which are necessary for adhesion to surfaces and aggregation of microcolonies,
while in other bacteria QS controls the expression of extrapolymeric substances like polysaccharides
which are necessary for the maturation of the biofilm (Karatan and Watnick, 2009, Aguilar et al.,
2010).
QS controls microcolony structures in P. aeruginosa, B. cepacia and A. hydrophila. A QS mutant of P.
putida forms heterogenous microcolony biofilms while the WT shows a homogenous biofilm. Here,
QS affects the architecture (Labbate et al., 2004). Without the 3OC12-AHL gene of P. aeruginosa,

only flat biofilms are formed and without pillars, water-channels and polymeric substances (Davey
and O´Toole, 2000, Karatan and Watnick, 2009, Stoodley et al., 2002).

Fig. 10: Biofilm formation showing the involvement of QS
QS triggers the expression of different genes being involved in the different steps of biofilm formation. Motility and
adhesins are necessary for the formation of the monolayer and microcolonies while eDNA (extracellular DNA), NO3
(nitrate) respiration and EPS (extrapolymeric substances) production are used for the maturation and biosurfactants for
the detachment of cells (Aguilar et al., 2010).

The presence of EPS in biofilms has been demonstrated and analysed in experiments using Vibrios,
Escherichias, Pseudomonas, Salmonella, Staphylococci and Bacilli (Guttenplan and Kearns, 2013,
Stoodley et al., 2002, Nilsson et al., 2011, Kavita et al., 2013, Karatan and Watnick, 2009).

1.6

QS-regulated phenotypes

1.6.1 Exopolysaccharides
As mentioned above biofilm formation is associated with the production of exopolysaccharides
(Serra et al., 2013). EPS are carbohydrate polymers consisting of various sugar molecules, e.g.
arabinose, galactose, glucose, N-acetyl-galactosamine and rhamnose (Hildago-Cantabrana et al.,
2014, Dogsa et al., 2013, Kavita et al., 2013, Karata and Watnick, 2009). They are secreted by many
bacteria, wether as virulence factors or to protect them from the environment or from host immune
systems (Hildago-Cantabrana et al., 2014). Over 30 different polysaccharides have been
characterized from biofilm matrices of P. aeruginosa, E. coli, S. aureus, Burkholderia spp., Bordetella
spp., Salmonella spp., S. mutans and others (Rendueles et al., 2013).
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EPS production in some bacteria is necessary for adhesion to surfaces (Karatan and Watnick, 2009,
Güvener and McCarter, 2003, Jiang et al., 2011). Stoodley et al. (2002) showed that S. epidermis uses
a polysaccharide for the formation of biofilms. Similarly, it was shown that EPS are responsible for
the attachment to surfaces and cell aggregation of V. cholerae (Parsek and Greenberg, 2005).
Specifically, V. cholerae uses chitin polymers for attachment to crustacean shells (Nadell et al., 2009)
Also, P. aeruginosa binds disaccharides to the mucus of the human lung (Nadell et al., 2009),
especially P. aeruginosa´s polysaccharide synthesis locus psl is reported to be essential for the
adhesion to surfaces and other cells (Guttenplan and Kearns, 2013, Ryder et al., 2007, Karatan and
Watnick, 2009). In E. coli, the polysaccharide Penicillin G acylase (PGA) is responsible for permanent
attachment of the cell to a surface (Karatan and Watnick, 2009). Stoodley et al. (2002) reported
alginate, an exopolysaccharide from P. aeruginosa, to be controlled by AIs and furthermore that it is
present as soon as attachment of cells to surfaces occurs. On the other hand, Ryder et al. (2007)
reported alginate was unimportant for the structure but was important for resistance of P.
aeruginosa biofilms to stress. In contrast, Xiao et al. (2012) showed that EPS fills the fluid channels
between the microcolonies and also covers and surrounds the bacteria.
Watnick and Kolter (2000), Jiang et al. (2011) and Karatan and Watnick (2009) showed that EPS
determine the structure and stability of the pillars of biofilms. In P. putida, the exopolysaccharide
gene clusters pea and peb cause stability of the biofilm (Nilsson et al., 2011). Fig. 11 depicts the EPS
levan from B. subtilis which is also found in P. syringae and S. mutans. In B.subtilis, levan is not
essential for biofilm formation but it is part of the biofilm matrix in sucrose-rich media contributing
to the biofilm´s robustness (Dogsa et al., 2013).

Fig. 11: Repeating units of levan which is produced by bacteria such as B. subtilis (Manandhar et al., 2009)

In various bacteria, the results of lacking EPS genes include: decreased adhesion, deformation of the
biofilm, and increased sensitivity to biocides and to host defences. On the other hand, some bacteria
show increased biofilm formation when lacking EPS, so leading to the conclusion that some bacterial
EPS inhibit or destabilize biofilms (Rendueles et al., 2013). One example is described by Jiang et al.
(2011) who found that an EPS from Vibrio sp. QY101 inhibited biofilm formation of Gram-positive
and Gram-negative bacteria and disrupted already existing biofilms of P. aeruginosa. Also, biofilms
of E. coli MG1655, E. faecalis, K. pneumoniae, S. aureus, S. epidermis and P. aeruginosa were

inhibited when cultured in mixed biofilms with uropathogenic E. coli strain CFT073. Furthermore, S.
aureus biofilms were disrupted by P. aeruginosa´s polysaccharides Psl and Pel (Rendueles et al.,
2013).
It has been reported that biofilm formation is also influenced by QS (Stoodley et al., 2002, Karatan
and Watnick, 2009). So called “Stewartan EPS”, an acidic polymer of glucose, galactose and
glucuronic acid, is regulated by the QS EsaI/EsaR system of the corn pathogen P. stewartii ssp.
stewartii, and in particular its production is repressed at low cell density because it is required in the
structure only of mature biofilms. esaR mutants cannot attach to surfaces while esaI mutants form
only flat biofilms (Aguilar et al., 2010). Also, Vibrio polysaccharide gene clusters I and II from V.
cholerae are necessary for each step of the biofilm formation and are repressed at high cell density
in order to disper the biofilm (Guttenplan and Kearns, 2013, Annous et al., 2009, Seper et al., 2014,
Huq et al., 2008).

1.6.2 Colony morphology
Some bacterial species like V. cholerae show two distinct phenotypic colony morphology states:
rugose and smooth (Guttenplan and Kearns, 2013, Huq et al., 2008, Farmer and Janda, 2005). Vps
(Vibrio polysaccharide) gene expression leads to the rugose phenotype of V. cholerae which is
associated with biofilm formation (Guttenplan and Kearns, 2013, Karatan and Watnick, 2009). A
switch from translucent to opaque colonies has also been described for N. gonorrhoeae, V. vulnificus
and V. parahaemolyticus (Farmer and Janda, 2005, McCarter, 1998). Capsular polysaccharide
production, virulence and biofilm formation have been associated with opacity (McCarter, 1998).
Rugose colony morphology is also seen in Pseudomonas spp. which are called wrinkly spreader and
also in E. coli which colonies become dry and rough (Karatan and Watnick, 2009). Colony
morphology in Pseudomonas spp. and E. coli is associated with high amounts of EPS and robust
biofilms (Karatan and Watnick, 2009).
The outgrowth of macrocolonies on agar plates has been described as biofilm formation for E. coli in
order to investigate the structure and physiology of the colony as well as on single cell level (Serra et
al., 2013). Single and multispecies biofilms exhibit different cell morphologies (Davey and O´Toole,
2000). C. jejuni e.g. can co-exist in the same population as coccoid cells and filaments (Young, 2006).
Furthermore, it was shown that Serratia liquefaciens biofilms can consist of cell aggregates, cell
chains and filamentous cells unlike E. coli or P. aeruginosa biofilms (Labbate et al., 2004, Parsek and
Greenberg, 2005).
Bacteria need to adapt to changing environments and this can occur by changing their cell
morphology, e.g. filamentation, sporulation, extrusion of appendages and also, rod-shaped bacteria
turn coccoid or vise-versa. The major determinants of cell shape are the cell wall and the bacterial
cytoskeleton. In both E. coli and Bacillus, model Gram-negative and Gram-positive organisms
respectively, two systems exist for cell wall synthesis: one for septation and one for elongation
(Pérez-Núñez et al., 2011).
Being able to change shape provides advantages for the attachment of the bacteria to surfaces in
the presence of influences from: nutrient flow, neigbouring cells and shear forces. In the stationary
phase, it is common for rod-shaped bacteria to turn coccoid due to decreased division. This behavior
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is genetically regulated. In the case of nutrient depletion, the population achieves a greater survival
rate if the cells are smaller and therefore, the nutrients can be shared by more bacteria (Stoodley et
al., 2002, Davey and O´Toole, 2000, Young, 2006). However, cells also enlarge into filaments in the
stationary phase or when nutrients are limiting in order to increase their surface area without
changing the surface-to-volume ratio or in order to outgrow competitors (Stoodley et al., 2002,
Davey and O´Toole, 2000, Young, 2006).

1.7 Aims of this thesis
Vibrio harveyi was used in this thesis as it is an established model organism with a complex QS
system. Biofilms are a common way of life for bacteria. Biofilm formation is a serious threat to plant,
animal and human life as biofilms have been established regarding every niche.
As there is only little known about biofilm formation of V. harveyi, the first aim of this thesis is to
establish a flow system in the laboratory and determine the perfect time point for later experiments.
QS has a major effect on bacterial life. The impact of QS on biofilm formation of V. harveyi will be
determined and therefore, as the second aim, the biofilm structure of the WT will be compared to a
QS ON and QS OFF mutant. Also, it will be necessary to determine within the QS system which AI has
the most significant effect on biofilm formation. Here, the biofilms of single AI deletion mutants will
be analysed in comparision with the WT as aim 3.
In addition, in biofilm formation studies exopolysaccharides have been greatly discussed and as EPS
can function either way, promoting or inhibiting biofilms, it is necessary to study bacterial EPS in
order to understand biofilms effectively. As the fourth aim of this thesis, a search for genes possibly
coding for exoploysaccharides will be undertaken. Knock-out mutants will be generated and
characterized for their EPS production and biofilm formation.
Finally, another possibility for biofilm formation is the outgrowth of macrocolonies on agar plates.
Here, knock out mutants will be compared to the WT for their colony morphology and structure.
Also, Scanning Electron Microscopy will determine differences of the macrocolonies on single cell
level of the WT, the QS ON and the QS OFF mutant (aim 5).

2

Materials and methods

2.1 Materials
All chemicals (Tab. 3), enzymes (Tab. 4), kits (Tab. 5), bacterial growth media recipes (Tab. 6),
antibiotics (Tab. 7), strains (Tab. 8), plasmids (Tab. 9) and oligonucleotides (Tab. 10) used in this
thesis are listed below and referenced.

2.1.1

Chemicals
Tab. 3: Chemicals

Designation
Agar Agar
Agarose
Acetone
Bromophenol blue
Caseine
CaCl2

Reference
Otto Nordwald (Hamburg, Germany)
Serva (Heidelberg, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)

Cacodylate
DAP
DNA-Standard (2-Log DNA-Ladder)
dNTPs

Glycerol
HCl
H2SO4

Roth (Karlsruhe, Germany)
Sigma-Aldrich (Munich, Germany)
New England Biolabs (Frankfurt, Germany)
Fermentas/ Thermo Fisher Scientific (Schwerte,
Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Electron Microscopy Sciences, Science Services,
Munich, Germany
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)

KCl
KOH
K2HPO4

Roth (Karlsruhe, Germany)
Merck Millipore (Darmstadt, Germany)
Roth (Karlsruhe, Germany)

KH2PO4

Roth (Karlsruhe, Germany)

L-Arginine
MgCl2

Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)

MgSO4

Roth (Karlsruhe, Germany)

NaH2PO4

Roth (Karlsruhe, Germany)

Na2HPO4

Roth (Karlsruhe, Germany)

EDTA
Ethidium bromide
EtOH
glacial acetic acid
Glucose
Glutaraldehyde
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Designation
NaCl
NaClO
NaOH
Nitrogen, liquid
OsO4

Reference
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Linde (Munich, Germany)
Electron Microscopy Sciences, Science Services,
Munich, Germany
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Otto Nordwald (Hamburg, Germany)

PIPES
Phenol
Saccharose
SDS
Tris
Tryptone
Yeast extract

2.1.2

Enzymes
Tab. 4: Enzymes

Designation
DNaseI
RnaseA
Proteinase K
Taq-DNA-Polymerase

T4 DNA Ligase

Reference
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich (Munich, Germany)
self-made by laboratory technician Sabine
Scheu
Finnzymes (Espoo, Finnland)
self-made by Dr. Jürgen Lassak
New England Biolabs (NEB, Frankfurt,
Germany)
NEB(Frankfurt, Germany)

Restriction enzymes

NEB (Frankfurt, Germany)

Phusion-DNA-Polymerase
Phusion-DNA-Polymerase
Q5-DNA-Polymerase

2.1.3

Kits
Tab. 5: Kits

Designation
HiYield Gel Extraktion Kit
HiYield Plasmid Mini-Kit
Ultra Clean-Microbial DNA Isolation Kit
Removal of genomic DNA from RNA
preparations
RevertAid H Minus First Strand cDNA
Synthesis Kit

Reference
SLG (Gauting, Germany)
SLG (Gauting, Germany)
MO-BIO Laboratories Inc. (California,USA)
Fermentas/ Thermo Fisher Scientific
(Schwerte, Germany)
Fermentas/ Thermo Fisher Scientific
(Schwerte, Germany)

2.1.4

Bacterial growth media
Tab. 6: Bacterial growth media

Designation
AB media

LB media
Glycerol
media

2.1.5

Composition

Reference

1.75% (w/v) NaCl, 1.23% (w/v) MgSO4, 0.2%
(w/v) Casein hydrolysate, pH was adjusted to
7.5 using KOH, after autoclaving 1 mM
Potassium phosphate-buffer, 10% glycerol and
1 mM Arginine was added
1% (w/v) NaCl, 1% (w/v) Trypton, 0.5% (w/v)
yeast extract
freezing 16 mM KCl, 16 mM NaCl2, 0.4 mM MgSO4,
87% glycerol

Miller, 1972

Greenberg, et al. 1979
Modified
from
Sambrook and Russell
(2001)

Antibiotics
Tab. 7: Antibiotics

Designation
Ampicillin
Carbenicillin
Chloramphenicol
Kanamycin

2.1.6

final concentration
100 μg/ml
100 μg/ml
34 μg/ml
100 μg/ml

Reference
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (Munich, Germany)
Roth (Karlsruhe, Germany)

Strains
Tab. 8: Strains

Strain
Escherichia coli
DH5αλpir

Reference
Miller and Mekalanos,
1988

Vibrio harveyi BB120

Genotype
Φ80dlacZΔM15 Δ(lacZYA-argF) U196
recA1 hsdR17 deoR thi-l supE44
gyrA96 relA1/ëpir
BW29427 ThrB1004 pro thi rpsL hsdS
lacZΔM15 RP4-1360 Δ(araBAD)567
ΔdapA1341::[erm pir(wt)]
Wildtype

Vibrio harveyi BB120gfp

Wildtype-'Tn7T:eGFP-Cam

Lassak, unpublished

Vibrio harveyi JMH634

ΔluxM ΔluxS cqsA::cam

Henke and Bassler, 2004a

Vibrio harveyi MR3

BB120 ΔluxS

Reiger, 2014

Vibrio harveyi MR3gfp

BB120 ΔluxS-'Tn7T:eGFP-Cam

Current thesis

Vibrio harveyi MR13

BB120 ΔcqsS

Reiger, 2014

Vibrio harveyi MR13gfp

BB120 ΔcqsS-'Tn7T:eGFP-Cam

Current thesis

Vibrio harveyi MR15

BB120 ΔluxS ΔluxM ΔcqsS

Reiger, 2014

Escherichia coli
WM6034
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Metacalf, University of
Illinois, Urbana,
unpublished
Bassler, et al., 1997

Elaine Marie Rabener

Strain
Vibrio harveyi MR15gfp

Reference
Current thesis

Vibrio harveyi MR18

Genotype
BB120 ΔluxS ΔluxM ΔcqsS-'Tn7T:eGFPCam
BB120 ΔluxM

Vibrio harveyi MR18gfp

BB120 ΔluxM-'Tn7T:eGFP-Cam

Current thesis

Vibrio harveyi ΔluxO

BB120 ΔluxO

Reiger, 2014

Vibrio harveyi ΔluxOgfp

BB120 ΔluxO-'Tn7T:eGFP-Cam

Current thesis

Vibrio harveyi EMR2

BB120 ∆VIBHAR_05206-05205

Current thesis

Vibrio harveyi EMR2gfp

BB120 ∆VIBHAR_05206-05205'Tn7T:eGFP-Cam
BB120 ∆VIBHAR_06667

Current thesis

Current thesis

Vibrio harveyi EMR8

BB120 ∆VIBHAR_06667-'Tn7T:eGFPCam
BB120-pVIBHAR_05206:GFP

Vibrio harveyi EMR9

BB120-pVIBHAR_06667:GFP

Current thesis

Vibrio harveyi EMR12

BB120-VIBHAR_05207:GFP

Current thesis

Vibrio harveyi EMR14

MR3-pBBR1-MSC2-BAD-KLuxS

Current thesis

Vibrio harveyi EMR3
Vibrio harveyi EMR3gfp

Reiger, 2014

Current thesis

Current thesis

Vibrio harveyi EMR14gfp MR3-pBBR1-MSC2-BAD-KLuxS 'Tn7T:eGFP-Cam
Vibrio harveyi EMR16
BB120-VIBHAR_06667:GFP

Current thesis

Vibrio harveyi EMR17

EMR2 reinserted with VIBHAR_0520605205
Vibrio harveyi EMR17gfp EMR2 reinserted with VIBHAR_0520605205 -'Tn7T:eGFP-Cam
Vibrio harveyi EMR18
EMR3 reinserted with VIBHAR_06667

Current thesis

Vibrio harveyi EMR18gfp EMR3 reinserted with VIBHAR_06667 'Tn7T:eGFP-Cam
Vibrio harveyi EMR19
MR3 reinserted with LuxS

Current thesis

Current thesis

Current thesis
Current thesis

Current thesis

Vibrio harveyi EMR19gfp MR3 reinserted with LuxS -'Tn7T:eGFP- Current thesis
Cam
Vibrio harveyi EMR20
BB120 ∆VIBHAR_02222-02221
Current thesis
Vibrio harveyi EMR20gfp BB120 ∆VIBHAR_02222-02221'Tn7T:eGFP-Cam
Vibrio harveyi EMR21
EMR20 reinserted with
VIBHAR_02222-02221
Vibrio harveyi EMR21gfp EMR20 reinserted with
VIBHAR_02222-02221 -'Tn7T:eGFPCam
Vibrio harveyi EMR22
BB120 ∆VIBHAR_02222-02221
∆VIBHAR_05206-05205
∆VIBHAR_06667
Vibrio harveyi EMR22gfp BB120 ∆VIBHAR_02222-02221

Current thesis
Current thesis
Current thesis

Current thesis

Current thesis

Strain

Vibrio harveyi EMR23

Genotype
∆VIBHAR_05206-05205
∆VIBHAR_06667 -'Tn7T:eGFP-Cam
BB120 ∆VIBHAR_01320

Vibrio harveyi EMR23gfp BB120 ∆VIBHAR_01320-'Tn7T:eGFPCam

2.1.7

Reference

Current thesis
Current thesis

Plasmids
Tab. 9: Plasmids

Plasmid
pNPTS138-R6KT
pUC18R6KTminiTn7t-eGFPcm
pTNS2
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Resistence Function
KanR
mobRP4+ori-R6K sacB; suicide plasmid for inframe deletions; KanR
R
Cam
NotI-egfp-CamR-NotI fragment from pBKminiTn7-gfp3 in pUC18-R6KT-miniTn7T

Reference
Lassak et al.
(2010)
Gödeke et al.
(2011)

AmpR

ori-R6K; encodes the TnsABC+D specific
transposition pathway, AmpR
Broad-host range cloning vector by Kovach
et al. (1995), Para and araC were cloned with
NsiI and BamHI sites
mobRP4+ori-R6K sacB; eGFP was inserted
into the multiple cloning site; KanR
Deletion of VIBHAR_02222-02221 using
BamHI and NheI
Deletion of VIBHAR_05206-05205 using SpeI
and BamHI
Deletion of VIBHAR_06667 using BamHI and
NheI
Deletion of VIBHAR_01320 using BamHI and
NheI
Knock-in of LuxS using SpeI and NheI

Choi et al.
(2005)
Reiger, 2014

Knock-in of VIBHAR_02222-02221 using
BamHI and NheI
Knock-in of VIBHAR_05206-05205 using SpeI
and BamHI
Knock-in of VIBHAR_06667 using BamHI and
NheI
Complementation in trans of LuxS using
SpeI and XmaI
Complementation in trans of
VIBHAR_05206-05205 using SpeI and XmaI
Complementation in trans of
VIBHAR_06667 using SpeI and XmaI
GFP-Promoter fusion of VIBHAR_05206
using BamHI and PspOMI
GFP-Promoter fusion of VIBHAR_06667

this study

pBBR1-MSC2BAD

KanR

pNPTS138-R6KTeGFP
pNPTS138R6KT∆2222-1
pNPTS138R6KT∆5206-5
pNPTS138R6KT∆6667
pNPTS138R6KT∆1320
pNPTS138R6KTUpluxSdown
pNPTS138R6KTUp2222-1down
pNPTS138R6KTUp5206-5down
pNPTS138R6KTUp6667down
pBBR1_MCS2BAD-KluxS
pBBR1_MCS2BAD-K5206-5
pBBR1_MCS2BAD-K6667
pNPTS138-R6KTeGFP_5206
pNPTS138-R6KT-

KanR
KanR
KanR
KanR
KanR
KanR
KanR
KanR
KanR
KanR
KanR
KanR
KanR
KanR

Lassak,
unpublished
this study
this study
this study
this study
this study

this study
this study
this study
this study
this study
this study
this study
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Plasmid
eGFP_6667
pNPTS138-R6KTeGFP_H5207
pNPTS138-R6KTeGFP-H6667

Resistence Function
using BamHI and PspOMI
KanR
GFP-hybrid protein of VIBHAR_05207 using
BamHI and PspOMI
KanR
GFP-hybrid protein of VIBHAR_06667 using
BamHI and PspOMI

Reference
this study
this study

2.1.8 Oligonucleotides
All oligonucleotides (Tab. 10) used in this thesis were designed using Clone Manager9 Professional
Edition by Scientific & Educational Software (Cary, NC, USA) and ordered by Sigma-Aldrich (Munich,
Germany).
Tab. 10: Oligonucleotides

Oligonucleotide
Sequence 5‘-3‘
a) Primers for the generation of deletion mutants
UP5206_RE_s
TGATTTACTAGTTACTTCTAGCTATTTCCCTC
Up_5206_New_OL_as
GCCTGTCATATGATGGACTCAGTACGCAT
Down_5205_new_OL_s
GTCCATCATATGACAGGCAATTCAATGAACG
Down5205_RE_as
ATATCCGGATCCCTCTTGAATGTTTGAAGTGC
Check5206_up
GGGTAAAACGCTTAGAAGACA
Check5205_down
GGATCGGTAGAGCGAAAACGA
UP6667_RE_s
GGGCTTGGATCCCAGAAGCTCTTTCCAATAGTG
UP6667_OL_as
TTCAACGGGCAGATGAACTTATAGTGTGGTTAGCCAT
Down6667_OL_s
TTCATCTGC CCGTTGAAGTGAAAAGCCAA
Down6667_RE_as
TACTTGAGCTAGCCTTGCTCGAAGAAAAAACGCGCCT
Check6667_up_s
AAGGTGTTCTACGCGTTAGAA
Check6667_down_as
TTGTCTCGCGAGGTGGCAAAT
Up2222_RE_s
AAATGGGGATCCACAACCCATTAACCGGCGTA
UP2222_OL_as
AACGAGGTCATCGTTCTCTCCTCGAGCC
Down2221_OL_s
AGAACGATG ACCTCGTTTTTTGGCTAACC
Down2221_RE_as
CATTTAGCTAGCTCAACTTAGCGCTCAAAGCT
Check2222_s_new
TTGATGCCTCTGCAATGGGCCG
Check2221_as_new
CATTAAGCCGTGCGGCGATGCC
Up1320_RE_s
CATTTCGGATCCCATTGGCACTAGATAGAAC
UP1320_OL_as
GATTCACATTATAGTCGTTAACCG
Down1320_OL_s
ATAATGTGAATCATAAGGCTCACGA
Down1320_RE_as
GTCTGTGCTAGCTTCTAGCGCGAACTTTGA
Check1320_up_s
CGGCATTCTTATAGAAGCTCA
Check1320_down_as
TTCGATCAATGCTACCTTGAT
SpeI_6667_s
GGCTTACTAGTCAGAAGCTCTTTCCAATAGTG
Upstream_LuxS_SpeI_s
ACCAAAACTAGTCATTCTTGGCTTTATTCCATGGGGG
Downstream_LuxS_NheI_as
CAACGCGCTAGCCAGCGTATCGGCTTAATTGTCGATG
LuxS_chk_s
AGTAGCTTTCGCCACGACGCT
LuxS_chk_as
CACCTCTGAACGTGCAAATGTTGAAG
6667_XmaI_as
TTTCACCCGGGCGGGGAGTTAGATTATTCAC

Oligonucleotide
Sequence 5‘-3‘
SpeI_LuxS_up_s
AACGTACTAGTGGCGATCATTAAGCAAGAAAG
LuxS_XmaI_as
CTAAAACCCGGGTTAGTCGATGCGTAGCTCTCTC
SpeI_5206_s
CTAGCTATTACTAGTGGAATCAAACTGACCTCCAAA
5205_XmaI_as
ATTGCCCCGGGTTAGAAGAAGCTCTGATCGAT
M13_uni-sense-21
TGTAAAACGACGGCCAGT
M13_reverse-29
CAGGAAACAGCTATGACCATG
b) qRT-PCR primers
LuxR_118_s
GCG GAT ATT GCA GAG ATC GCT CA
LuxR_266_s
GCG TGG ATG TCT AAG TCG ATG TTA TC
recAq_ER_s
GAT ATC GCT TTG GGT GCT GGT
recAq_ER_as
TGC CTT CAC GTT GCG CAG CA
2222q_s
CTC TGC ATG GGC ACG TAG AG
2222q_as
ATC CAC GGC AGT CGG AAG TGA
5206q_s
GCGTGTTCTACGAAGGTGATG
5206q_as
GTT CAA TTT TAG CCA ACA GGG CAG
6667q_s
TTG CCG TTG CGT TGC TAT CGA
6667q_as
TCA GCA GCA AAA AGG TCG CC
c) Primers for GFP-promoter fusions
Up5206_gfptag_s
CTAGCTATT GGATCC GGA ATC AAA CTG ACC TCC AAA
Up5206_gfptag_as
TTA TGA GGGCCC CAG TAC GCA TTT GAG CCT GTA
Up6667_gfptag_s
GGCTT GGATCC CAG AAG CTC TTT CCA ATA GTG
Up6667_gfptag_as
ATA GTGGGCCC AGC CAT TAT TTT TAT GTT TCG CCA AG
d) Primers for GFP-hybrid proteins
Up5207_BamHI_s
CGTGCAGGATCCGATTCATGGATACGAAGAGCT
Down5207_PspOMI_as
GATGGAGGGCCCACGCATTTGAGCCTGTAAATC
new6667_PspOMI_as
TTAGATGGGCCCCTTTTGTAAGCGTAGTTGTAA

M13_uni-sense-21 and M13_reverse-29 are primers annealing just outside of the multiple cloning
site of pNPTS138-R6KT and were designed by Lassak (unpublished). The primers LuxR_118_s and
LuxR_266_as were designed by Reiger (2014). Up6667_gfptag_s was also used for the generation of
the VIBHAR_06667:GFP hybrid protein.

2.2

2.2.1

Methods

Cultivation techniques

2.2.1.1 Cultivation of Escherichia coli and Vibrio harveyi
E. coli was cultured in LB media at 37°C aerobically on the turning wheel TC-7 from New Brunswick
Scientific (Edison, USA) while V. harveyi was cultured aerobically in AB media for experiments and in
LB for mating at 30°C on the same turning wheel.
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V. harveyi bioassays were performed by cultivation in 96 well plates aerobically on a Titramax1000
from Heidolph (Schwabach, Germany) at 1,050 rpm at 30°C.
Mating was carried out on 1.5% LB-agar plates supplemented with specific antibiotics or other
supplements such as DAP or saccharose o/n or for 2 days.

2.2.1.2 Stock cultures
E. coli cells were mixed with 10% glycerol and stored at -20°C. V. harveyi strains were mixed with
75% glycerol freezing media, shock frozen with liquid nitrogen and stored at -80°C.

2.2.2

Molecular biology and genetics

2.2.2.1 Modification of DNA
Standard DNA Techniques were performed if not otherwise mentioned according to Sambrook and
Russell (2001). Restrictions and ligations were performed as the manufacturer indicated. Linearized
vectors were treated with alkaline phosphatase (NEB, Frankfurt, Germany) to inhibit relegation.

2.2.2.2 Isolation of plasmids
The E. coli strain containing the plasmid of interest was cultivated o/n aerobically in test tubes at
37°C on the turning wheel TC-7 and 3 ml were used for plasmid extraction using the HiYield plasmid
mini-kit from SLG (Gauting, Germany). Elution was either done with 30-50 µl elution buffer or
ddH2O. The concentration of extracted plasmids was measured using a Nanodrop® Spectrometer
ND-1000 UV/vis. Extracted plasmids were stored at -20°C.

2.2.2.3 Isolation of genomic DNA
Genomic DNA was extracted out of 5 ml o/n aerobically grown strains using the Ultra Clean
Microbial DNA Isolation-Kit from MO BIO Laboratories Inc. (California, USA) as indicated by the
manufacturer. The concentration was measured using a Nanodrop® Spectrometer ND-1000 UV/vis
(Peqlab Biotechnologie GmbH, Erlangen, Germany). Extracted DNA was stored at -20°C.

2.2.2.4 Polymerase chain reaction
DNA fragments were amplified using the polymerase chain reaction (Mullis and Faloona, 1987) in
vitro. The reaction was performed with either Phusion or Q5 polymerase (New England Biolabs,
Frankfurt, Germany) using the primer pairs in Tab. 10 in either the Mastercycler nexus or
Mastercycler personal from Eppendorf (Hamburg, Germany), for the concentration used in the
mastermix see Tab. 10. The protocol was carried out starting with an initial denaturing cycle of 5 min
at 98°C, followed by 35-40 cycles of 30 s denaturing at 98°C, 30 s annealing at 50-60°C (depending on
the primers) and between 30 s and 6 min elongation at 72°C (depending on the size of the fragment
(1 kb per 30 s)), the final step was 10 min elongation at 72°C. The reaction was cooled to 14°C until it
was stopped and the PCR reactions were used for gel electrophoresis in either a Mini Sub DNA Cell

GT-agarose gel-running device or a Wide Mini Sub DNA Cell GT-agarose gel-running device in the
Power-PacTM basic system from Biorad (Munich, Germany).

Tab. 11: Mastermix of PCR reactions

Components
ddH2O
5x Phusion GC Buffer (F-519) or Q5 Standard Buffer
10 mM dNTPs
Primer_sense (10 µM)
Primer_antisense (10 µM)
Template
Phusion or Q5 Polymerase

50 µl volume
31.5 µl
10 µl
1 µl
2.5 µl
2.5 µl
2 µl
0.5 µl

Final concentration

200 µM each
0.5 µM
0.5 µM
0.02 U/µl

2.2.2.5 Colony polymerase-chain reaction
The master mix was set up using a mixture of self-made Taq and Phusion polymerase (1:1 ratio) and
the check primer pairs in Tab. 10, and distributed into PCR tubes (for the mastermix see Tab. 11).
Genomic DNA from either WT or a mutant strain was used as negative or positive control and
colonies were picked from LB plates with specific antibiotics with a toothpick and transferred into
the PCR tubes as well as a new LB plate supplemented with the specific antibiotic. The PCR was
carried out in the Mastercycler nexus or Mastercycler personal. The protocol started with an initial
denaturing cycle of 5 min at 95°C, followed by 35-40 cycles of 30 s denaturing at 95°C, 30 s annealing
at 50-60°C (depending on the primers) and between 1 and 6 min. elongation at 72°C (depending on
the size of the fragment (1 kb per 30 s)), the final step was 10 min. elongation at 72°C. The reaction
was cooled to 14°C until it was stopped and the PCR reactions were used for gel electrophoresis in
either a Mini Sub DNA Cell GT-agarose gel-running device or a Wide Mini Sub DNA Cell GT-agarose
gel-running device in the Power-PacTM basic system.
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Tab. 12: Mastermix for colony-PCR

Components
ddH2O
10x Taq buffer
10 mM dNTPs
Check primer sense (10 µM)
Check primer antisense (10 µM)
Template
Phusion:Taq 1:1

20 µl
13.5 µl
2.5 µl
0.5 µl
1 µl
1 µl
1 µl
0.5 µl

Final concentration

250 µM each
0.5 µM
0.5 µM
0.02 U/µl

2.2.2.6 Electrophoretic separation of DNA-fragments
PCR or restricted fragments or plasmids were analysed and separated by gel electrophoresis for 35
min at 120 V. TAE buffer (40 mM Tris; 40 mM glacial acetic acid; 1 mM EDTA) was used for the
preparation of the gels and as running buffer. The samples were mixed with loading dye (50% (v/v)
Glycerol; 0.1 M EDTA; 1% (w/v) SDS; 0.1% (w/v) Bromophenol blue) and then placed into the wells of
a 0.2 µg/ml ethidium bromide stained 2% (w/v) agarose gel. The gels were run in either a Mini Sub
DNA Cell GT-agarose gel- running device or a Wide Mini Sub DNA Cell GT-agarose gel-running device
in the Power-PacTM basic system.
Purification of the bands was done using the HiYield Gel extraction kit from SLG (Gauting, Germany)
as indicated by the manufacturer.

2.2.2.7 Determination of DNA or plasmid concentration
The concentration of DNA fragments or plasmids from a PCR, a plasmid extraction or after restriction
was determined using a Nanodrop® Spectrometer ND-1000 UV/vis. Nucleic acids absorb light at a
wavelength between 250-270 nm, however the absorption maximum is at 260 nm.

2.2.2.8 DNA-sequence analysis
The Service Unit in the institute of Genetics at the LMU performed all sequencing experiments. DNA
or plasmids were sequenced using an ABI 3730 DNA Analyzer from Applied Biosystems and Hitachi
(Foster City, CA, USA) with 50 cm capillary length providing excellent fragment separation and
sensitivity. Usually, sequencing was performed via a clean, cycle and run protocol, this is in detail:
Between 50-150 ng DNA or 150 – 300 ng plasmid were mixed with a sense or antisense primer (2-10
pmol, see primer Tab. 9) and 10 mM Tris/HCl (pH 8.5). Sequences were analysed using Clone
Manager9 Professional Edition by Scientific & Educational Software (Cary, NC, USA) or Chromas Lite
2.1.1 by Technelysium Pty Ltd (South Brisbane, QLD, Australia).

2.2.2.9 qRT-PCR
Cultivation of strains V. harveyi WT and JMH634 and RNA extraction at differet time points were
performed by Reiger (2014) following the protocol by Wei (2012). The primers were tested in a
primer efficiency test using gDNA from the WT in the iQ5 Detectionssystem by Bio-Rad.

The RNA samples were treated with DNaseI following the protocol of the kit “removal of genomic
DNA in RNA preparations” by Fermentas/ Thermo Fisher Scientific. This step was controlled by
agarose gel electrophoresis. Then, cDNA from the treated RNA samples was synthesized using the
“RevertAid H Minus First Strand cDNA Synthesis Kit” Fermentas/ Thermo Fisher Scientific.All samples
were adjusted to a concentration of 13 ng/µl using DEPC-treated water by Fermentas/ Thermo
Fisher Scientific. A quantitative Real-Time PCR (qRT-PCR) using the specific primer combinations
(Tab. 10) was performed with the iQ SYBR® Green Supermix by Bio-Rad in a iQ5 Detectionssystem by
Bio-Rad. As controls RNA samples were used for the recA primer combination and DEPC-treated
water for all primer combinations were used.
After 40 repeats in a 2-step-cycle, the CT values were determined by the iQ software by Bio-Rad.
Relative expression patterns of the specific genes were normalized with a non-regulated gene which
is constitutively expressed, in our case recA, and calcuted using the ΔCT method (Livak and
Schmittgen, 2001).

2.2.2.10 Competent cells and transformation
Two different protocols were used for competent cells, the first transcribed here, was for E. coli
DH5αλpir cells and the second one described is for E. coli WM3064 cells.
First the method of Inoue et al. (1990) was modified according to our laboratory standards: E. coli
DH5αλpir cells were grown o/n in LB media aerobically at 37°C. The cells were diluted in the morning
1:70 into 200 ml fresh LB media and cultivated aerobically at 37°C and 200 rpm for 2 h on a
Certomat® from Sartorius (Göttingen, Germany) until an OD 600 nm of 0.6 was reached. Then the cells
were put on ice for 10 min, followed by centrifugation at 4°C and 5,000 rpm in pre-cooled falcon
tubes for 10 min. The cells were resuspended in 100 ml transformation buffer (50 mM CaCl2, 10 mM
PIPES, 15% glycerol, pH 6.6) and left for incubation on ice for 20 min. The cells were then centrifuged
at 4°C and 5,000 rpm for 10 min in a Centrifuge 5804R using the A-4-44 rotor and resuspended in 10
ml transformation buffer. This suspension was distributed into pre-cooled 15 ml Eppendorf tubes
each containing 200 µl competent cells, shock frozen with liquid nitrogen and stored at -80°C.
Transformation according to the protocol of Sambrook and Russell (2001) with competent E. coli
DH5αλpir cells was performed as follows: The cells were mixed with either the o/n ligation or 2 µl of
a plasmid (100 – 200 ng) and left on ice for 10 – 30 min. Heat shock was performed at 42°C for 90 s
and then the cells were cooled on ice for another 2 min. 880 µl LB media was added to the cells and
then the cells were aerobically shaken on a ThermoMixer comfort by Eppendorf (Hamburg,
Germany) at 37°C, 1,050 rpm for 1 h to 90 min. The cells were then centrifuged at 13,200 rpm in a
Centrifuge 5415R with a F45-24-11 rotor from Eppendorf (Hamburg, Germany) and resuspended in
100 µl fresh LB media. These cells were then plated on LB plates with specific antibiotics.
Secondly, according to the method of Dagert and Ehrlich (1979), E. coli WM3064 cells were grown
o/n aerobically in LB-DAP media and diluted 1:100 in 50 ml fresh LB-DAP media in the morning. The
cells were grown aerobically at 37°C until the OD 600 nm of 0.3 – 1 was reached. The cells were left on
ice for 15 min and centrifuged in a Centrifuge 5804R using the A-4-44 rotor at 4°C and 800 g for 20
min and then resuspended in 0.1 M CaCl2, followed by an incubation on ice for 20 – 30 min. The cells
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were centrifuged again in the Centrifuge 5804R using the A-4-44 rotor at 4°C and 800 g for 20 min
and resuspended in 2 ml 0.1 M CaCl2. The cells were stored at 4°C for a max. of 4 weeks.
Transformation according to the protocol of Inoue et al. (1990) with competent E. coli WM3064 was
adjusted as follows: The cells were mixed with either the o/n ligation or 2 µl of a plasmid (100 – 200
ng) and left on ice for 30 min. Heat shock was performed at 42°C for 30 s and 800 µl LB-DAP media
was added to the cells and then the cells were aerobically shaken on a ThermoMixer Comfort at
37°C, 1,050 rpm for 60 to 90 min. The cells were then centrifuged at 13,200 rpm in with Centrifuge
5415R with the F45-24-11 rotor and resuspended in 100 µl fresh LB media. These cells were then
plated on LB-DAP plates with specific antibiotics.

2.2.2.11 Generation of deletion mutants
To delete a gene in the V. harveyi WT, the Up-RE-sense and Up-OL-antisense primers (Tab. 10) were
used in a PCR with WT genomic DNA and Q5 or Phusion Polymerase to amplify the 500 bp upstream
fragment of the specific gene. The same was done with the Down-OL-sense and Down-RE-antisense
primers (Tab. 10) to generate the downstream fragment. Both fragments were fused in an overlapPCR. The fused fragment and the empty pNPTS138R6KT plasmid were restricted with the specific
restriction enzymes listed in Tab. 4 and ligated in a vector:insert ratio of 1:6 with T4 DNA ligase o/n
in a water bath starting at 0°C. The competent DH5αλpir cells were transformed with the ligation
and plated on LB plates supplemented with kanamycin for outgrowth o/n at 37°C or for 48 h at RT.
The plasmid was extracted using HiYield plasmid mini-kit from SLG (Gauting, Germany) and was
control restricted with the restriction enzymes priorly used. If no band was visible after gel
electrophoresis, either sequencing and/or PCR was performed with the universal primers M13_unisense-21 or M13_reverse-29 or the primers listed in Tab. 10.
Competent E. coli WM3064 cells were transformed with the correct plasmids and plated on LB plates
supplemented with kanamycin and DAP for cultivation aerobically o/n at 37°C. A single colony was
picked and used for mating.
V. harveyi WT was cultivated in LB media with ampicillin o/n at 30°C aerobically and E. coli WM3064
pNPTS138R6KT with the fused up and down fragments were cultivated o/n aerobically at 37°C in LB
media with kanamycin and DAP. In the morning, all strains were diluted to an OD600 nm of 2 measured
with a Bio-Photometer from Eppendorf (Hamburg) and washed twice in fresh LB media. The pellet of
E. coli WM3064 pNPTS138R6KT with the fused up and down fragments was first resuspended in 200
µl fresh LB media. This suspension was used to resuspend the pellet of the V. harveyi cells. The mix
was then plated on a LB-DAP plate and left for a minimum of 3 h at 30°C. The dried mixture was
resuspended with 1 ml fresh LB media and diluted up to 1:1,000 and 100 µl of each dilution was
plated on LB plates supplemented with Kanamycin. On the next day, 50 colonies were picked and
transferred each on a LB plate with kanamycin and secondly on a LB plate with saccharose. On the
next day, 2 colonies grown on kanamycin but not on saccharose were transferred to test tubes
containing liquid LB media but no antibiotics and grown o/n at 30°C aerobically. From these cultures,
a dilution series up to 1:1,000 was performed and from each dilution 100 µl were plated on LB plates
containing saccharose. These plates were left at RT to grow for 2 days.

At least 50 cells were then transferred to first a LB plate with carbenicillin and secondly a LB plate
with kanamycin. Through this process, the plasmid was removed from the bacterial cells. The cells
grown o/n at 30°C on carbenicillin but not kanamycin plates were used in a colony-PCR using the
gene-specific check primers (Tab. 10). WT genomic DNA was used as negative control.
The correct clone was grown o/n at 30°C, on the next day mixed with 75% glycerol freezing media,
shock frozen with liquid nitrogen and stored at -80°C.
In order to generate double or triple mutants, the specific V. harveyi single or double mutant strains
were used for mating process instead of the WT.

2.2.2.12 Complementation in trans
In order to complement in trans, the deletion mutants V. harveyi EMR2 (ΔVIBHAR_05206VIBHAR_05205), EMR3 (ΔVIBHAR_06667) and MR3 (ΔluxS), new primers were designed using SpeI
and XmaI as restriction enzymes (Tab. 4, Tab. 10). The specific genes were amplified using Q5
polymerase and WT DNA. After restriction of the PCR fragments and the plasmid pBBR1-MCS2-BAD,
the fragments were ligated to the vector using a vector to insert ratio of 1 to 6 in a water bath
starting at 0°C o/n. Competent E. coli DH5αλpir cells were transformed with the ligation and plated
on LB plates supplemented with kanamycin for outgrowth o/n at 37°C or for 48 h at RT.
The plasmid was extracted using the HiYield plasmid mini-kit and was control restricted with the
restriction enzymes priorly used. If no band was visible after gel electrophoresis, either sequencing
and/or PCR were performed with the specific primers (Tab. 10).
Competent E. coli WM3064 cells were transformed with correct plasmids and plated on LB plates
supplemented with kanamycin and DAP for cultivation o/n at 37°C. A single colony was picked and
used for mating with the deletion mutant strains and its GFP-tagged copy (for details see chapter
2.2.2.14).
Therefore, the strain was cultivated in LB media with ampicillin o/n at 30°C aerobically and E. coli
WM3064 pBBR1-MSC2-BAD with the fragment were cultivated overnight aerobically o/n at 37°C in
LB media with kanamycin and DAP. In the morning, all strains were diluted to an OD 600 nm of 2
measured with a Bio-Photometer and washed twice in fresh LB media. The pellet of E. coli WM3064
pBBR1-MSC2-BAD with the fragment was first resuspended in 200 µl fresh LB media, this suspension
was used to resuspend the pellet of the V. harveyi cells. This mix was plated on a LB-DAP plate and
left for a minimum of 3 h at 30°C. The dried mixture was resuspended with 1 ml fresh LB media and
diluted up to 1:1,000. 100 µl of each dilution was plated on LB plates supplemented with kanamycin.
Colony-PCR was performed using single colonies grown on these LB-kanamycin plates. Genomic DNA
of the specific mutant strain was used as negative control while genomic DNA of the WT was used as
positive control. The correct strain was mixed with glycerol freezing media, shock frozen with liquid
nitrogen and stored at -80°C.

2.2.2.13 Chromosomal complementation
To complement a deleted gene chromosomally, the Up-RE-sense and the Down-RE-antisense
primers prior used for the deletion were used in a PCR with WT genomic DNA and Q5 or Phusion
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Polymerase to amplify the target fragment. This fragment and the pNPTS138R6KT plasmid were
restricted with the specific restriction enzymes and and ligated using a vector: insert ratio of 1:6 with
T4 DNA ligase o/n in a water bath starting with 0°C. Competent E. coli DH5αλpir cells were
transformed with the ligation and plated on LB plates supplemented with kanamycin for outgrowth
o/n at 37°C or for 48 h at RT.
The plasmid was extracted using the HiYield plasmid mini-kit and was control restricted with the
restriction enzymes priorly used for the deletion. If no band was visible after gel electrophoresis,
either sequencing and/or PCR was performed with the specific primers (Tab. 10).
Competent E. coli WM3064 cells were transformed with correct plasmids and plated on LB plates
supplemented with kanamycin and DAP for cultivation o/n at 37°C. A single colony was picked and
used for mating and homologous recombination of the deletion mutant strains (for details see
chapter 2.2.3.10).
The correct strain was mixed with glycerol freezing media, shock frozen with liquid nitrogen and
stored at -80°C.

2.2.2.14 Constitutive green fluorescent protein tagging of strains
In order to scan biofilms using the CLSM, either fluorescent strains or staining the strains with a Dye
are necessary. For the simplicity, we chose to integrate GFP into the Tn7 site within V. harveyi. Here,
GFP can be constitutively expressed.
For this procedure, E. coli WM3064 pUC18R6KT-miniTn7T-eGFP-cm and E. coli WM3064 pTNS2 were
cultivated aerobically o/n at 37°C in LB media with the specific antibiotics and DAP, while the specific
V. harveyi strain was cultivated in LB media with ampicillin o/n at 30°C aerobically. In the morning,
all strains were diluted to an OD600 nm of 2 measured with a Bio-Photometer and washed twice in
fresh LB media. The pellet of E. coli WM3064 pUC18R6KT-miniTn7T-eGFP-cm was first resuspended
in 200 µl fresh LB media, this suspension was used to resuspend the pellet of E. coli WM3064 pTNS2
and then finally the V. harveyi pellet was resuspended with the E. coli suspension. This mix was
plated on a LB-DAP plate and left for a minimum of 3 h at 30°C. The dried mixture was resuspended
with 1 ml fresh LB media and diluted up to 1:1,000 and 100 µl of each dilution was plated on LB
plates supplemented with chloramphenicol. After a maximum of 48 h single colonies were
transferred into tubes containing LB media with chloramphenicol and grown aerobically o/n at 30°C.
On the next day, microscopy was performed to check for fluorescence using a Leica DMI6000B
microscope with a HXP R120W/45C VIS fluorescence lamp from Leica Microsystems GmbH (Solms,
Germany). Correct strains were mixed with glycerol freezing media, shock frozen with liquid nitrogen
and stored at -80°C. These strains were used for the creation of 3D biofilms using the flow system
and the confocal laser scanning microscope (CLSM, for details see chapter 2.2.5.1).

2.2.2.15 GFP-promoter fusions and GFP-Hybrid proteins
The GFP-promoterfusions were generated using the genes VIBHAR_05206 and VIBHAR_06667 and
and GFP-hybrid proteins were generated for the genes VIBHAR_05207 and VIBHAR_06667, for both
systems the plasmid pNPTS138-R6KT-eGFP (Lassak, unpublished) was used. For the promoterfusion,

500 bp upstream before the start codon were amplified while for generation of the GFPhybridproteins, 500 bp upstream before the start codon and the gene without the stop codon were
amplified. All fragments were restricted and ligated with the plasmid.
Competent DH5αλpir cells were transformed with the ligated plasmid and plated on LB plates
supplemented with kanamycin for outgrowth o/n at 37°C or for 48 h at RT. The plasmid was
extracted using HiYield plasmid mini-kit from SLG (Gauting, Germany) and was control restricted
with the restriction enzymes priorly used. If no band was visible after gel electrophoresis, either
sequencing and/or PCR was performed with the universal primers M13_uni-sense-21 or
M13_reverse-29 or the primers listed in Tab. 10.
Competent E. coli WM3064 cells were transformed with the correct plasmids and plated on LB plates
supplemented with kanamycin and DAP for cultivation aerobically o/n at 37°C. A single colony was
picked and used for mating.
V. harveyi WT was cultivated in LB media with ampicillin o/n at 30°C aerobically and E. coli WM3064
pNPTS138R6KT-eGFP with the specific fragments were cultivated o/n aerobically at 37°C in LB media
with kanamycin and DAP. In the morning, all strains were diluted to an OD 600 nm of 2 measured with
a Bio-Photometer from Eppendorf (Hamburg) and washed twice in fresh LB media. The pellet of E.
coli WM3064 pNPTS138R6KT-eGFP with the specific fragments was first resuspended in 200 µl fresh
LB media. This suspension was used to resuspend the pellet of the V. harveyi cells. The mix was then
plated on a LB-DAP plate and left for a minimum of 3 h at 30°C. The dried mixture was resuspended
with 1 ml fresh LB media and diluted up to 1:1,000 and 100 µl of each dilution was plated on LB
plates supplemented with Kanamycin. On the next day, 50 colonies were picked and transferred
each on a LB plate with kanamycin and secondly on a LB plate with saccharose. On the next day,
colonies grown on kanamycin but not on saccharose were used in a colony-PCR using the genespecific check primers (Tab. 10). WT genomic DNA was used as negative control. The correct clone
was grown o/n at 30°C, on the next day mixed with 75% glycerol freezing media, shock frozen with
liquid nitrogen and stored at -80°C.
V. harveyi cells were cultivated o/n at 30°C aerobically and either diluted 1:5,000 into fresh ABmedia supplemented with kanamycin and 5 µl were placed on 1.5% AB-agar plates supplemented
with kanamycin. Plates and non-shaking flaskes were incubated over a period of 24 h at 30°C. At
different time points, 5 µl of each flasks were placed on AB-slides (5% agarose) and a small fraction
of the colony from the plates was streaked onto an AB-slide for microscopy using the Leica
DMI6000B microscope with a HXP R120W/45C VIS fluorescence lamp from Leica Microsystems
GmbH. V. harveyi WT was used as control.

2.2.3 Bioluminescence assays
V. harveyi bioluminescence bioassays were carried out by cultivating in 96 well Costar-plates
aerobically on a Titramax1000 from Heidolph (Schwabach, Germany) at 1,050 rpm at 30°C.
Overnight cultures of the created strains were diluted into fresh AB media with a start-OD 600 nm of
0.002, AB media was used as a blank. The WT and MR15 strains were used as positive and negative
control, respectively. Measurements were carried out every hour from 0 - 9 h and after 24 h. Strains
were analysed in triplicates. OD600 nm was measured using Tecan Infinite F500pro (Crailsheim,
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Germany) with an integration time of 0.1 s and bioluminescence was measured with the Berthold
plate reader Centro LB 960 (Bad Wildbad, Germany) with shaking for 1 s. The analysis was
performed using the MikroWin2000 software from Mikrotek (Overath, Germany). The relative light
units (RLU/s) were normalized by dividing the RLU value per OD600 nm value (RLU/OD 600 nm) in Excel
(Microsoft Office 2010, Redmond, WA, USA).

2.2.4 Measurements of exopolysaccharide production
Sugars change their colour to yellow or orange if mixed with phenol and sulfuric acid, this can be
measured photometrically. This sensitive quantitative method was adapted to our laboratory
procedures from the original protocol established by DuBois et al. (1956) and Enos-Berlage and
McCarter (2000), here in detail:
The strains used in this test were grown in AB media o/n aerobically at 30°C and diluted to an OD 600
nm of 1 using a Bio-photometer in fresh AB media. 100 µl of this dilution was plated on AB plates and
left for 24 h at 30°C. Then the cells were scraped from the plates using pipette tips and resuspended
in 5 ml PBS buffer (0.801% (w/v) NaCl, 0.02% (w/v) KCl, 0.178% (w/v) Na2HPO4 · 2 H2O, 0.027% (w/v)
KH2PO4). The suspension was diluted to an OD 600 nm of 0.5 in PBS and vortexed using a Vortex Genie
from Scientific Industries (Bohemia, NY, USA) for 1 min before shaking at 1,050 rpm at 30°C for 1 h
on a Titramax1000. The cells were centrifuged at 10,000 g in a Sorval® Evolution RC from Kendro
Laboratory Products (Langenselbold, Germany) at 4°C for 15 min and the SN was transferred to 50
ml Falcon tubes. 50 µg/ml RNaseA, 50 µg/ml DNaseI and 10 mM MgCl2 were added and the tubes
were slewed at 30 rpm for 90 min. Then, 200 µg/ml Proteinase K were added and the tubes were
slewed at 30 rpm for 90 min. Precipitation was done by adding 12.5 ml EtOH and centrifugation at
5,000 rpm for 20 min at 4°C in a Centrifuge 5804R using a A-4-44 rotor. The pellet was resuspended
in 1 ml ddH2O and to each tube 25 ml 80% Phenol and 2.5 ml concentrated H2SO4 were added and
incubated at RT for 10 min. Then, the tubes were put into a water bath at 25 – 30°C until the colour
was stable. A D-Glucose gradient (0 – 100 µg/ml) was prepared as standard curve and treated also
with phenol and sulfuric acid. Absorption of 1 ml sample was measured at 488 nm in an Ultraspec
2100 pro UV/vis from Amersham Biosciences (GE Healthcare, Little Chalfront, UK).

2.2.5

Biofilm formation

2.2.5.1 Flow systems using confocal laser scanning microscopy
To create biofilms, we established the flow system in our laboratory (Fig. 12). It is made up of media
(5 L Schott bottle, Mainz, Germany), a peristaltic pump (Watson Marlow 205S by Th.Geyer,
Renningen, Germany), a battery (APC Smart-UPS by 3KV GmbH, Krailing, Germany), bubble traps
(Sören Molin, DTU, Denmark), flow chambers (Sören Molin, DTU, Denmark), kitchen and aquarium
silicone (Praktiker, Munich, Germany), cover classes 24 x 50 mm (Carl Roth GmbH, Karlsruhe,
Germany), a waste container (5 L Schott bottle, Mainz, Germany), silicone tubes 1.5 x 3 mm (VWR,
Ismaning, Germany), pump tubes “tygon® 3350 with stopper” 1.65 x 3.35 mm (VWR, Ismaning,
Germany), tube connections “Miniadapter” 1.6 mm (VWR, Ismaning, Germany) and silicone tubes 1
x 1 mm (GM GmbH, Munich, Germany).

Fig. 12: Experimental set up oft the flow system (Nielsen et al., 2011).

According to the method of Weiss Nielsen et al. (2011), the flow system was set up and flushed using
ddH2O for 24 h at a flow rate of 750 rpm (750 µl/min). The system was then rinsed with AB media
supplemented with ampicillin for 24 h at the same flow rate. The flow was stopped and the o/n
cultures were diluted to an OD 600 nm of 0.5 in fresh AB media. Each cell chamber of the flow channels
was inoculated with 3 ml of the specific strain and turned up-side-down w/o flow for 30 min at 30°C.
Finally, the flow channels were turned again and the flow was set to 750 rpm and left at 30°C for 18
h.
Scanning of the biofilms was carried out using the Leica TCS SP5 MP (Ti:Sapphire laser) spectral FLIM
(2 FLIM detectors) CLSM (Leica DM6000 CS, upright), a 20x magnification lens and an argon-laser at
488 nm wavelength.
After scanning, the flow system was rinsed with 0.5% (v/v) NaClO at 90 rpm for 10 min and dried for
storage at RT until the next run.
3D imaging and volume rendering was done using Imaris 7.2 by Bitplane (Zurich, Switzerland).

2.2.5.2 Macrocolonies and Scanning Electron Microscopy
V. harveyi strains were cultivated o/n at 30°C aerobically in AB media in test tubes, the o/n culture
was diluted 1:5,000 in fresh AB media and after 6 h 5 µl of each strain were placed on a single 2%
AB-Agar plates supplemented with carbenicillin. These plates were stored at 30°C for 8 days in a box
together with a beaker filled with ddH2O to avoid dehydration of the plates. Pictures were taken of
the plates daily with a Fusion-SL 3,500 WL from peqlab GmbH (Erlangen, Germany) with light and
w/o light and an exposure time of 5 s to check the bioluminescence. Additionally, Professor Gerhard
Wanner (collobaration) took pictures of the colonies with a Canon 5D Mark II with a 100 mm macro
lens from Canon (Tokio, Japan) to document the formation of the colony.
On the 8th day, the plates were fixed and analysed using a Zeiss Aurega workstation from Carl Zeiss
Microscopy GmbH (Munich, Germany) by Professor Wanner and his team. Here, the fixation
protocol in detail: First, the samples were overlayed with fixans (2.5% glutaraldehyde in fixans
buffer, containing 50 mM Cacodylate, 250 mM NaCl, 100 mM MgSO4, pH 7.5) o/n. Washing was
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performed in the morning with fresh fixans buffer for 5, 25 and then for 30 min and finally the
samples were washed o/n. On the next day, the samples were put in 1% OsO4 in fixans buffer for 75
min and then washed in fixans buffer for 5 min, followed by washing in ddH2O for 5, 25 and then for
90 min. Dehydration was performed with acetone as follows: 10% acetone for 20 min, 20% acetone
for 15 min, 40% acetone for 75 min, 60% acetone for 15 min, 80% acetone for 25 min, 100% acetone
for 30, 70 min and then o/n. Critical point desiccation was then performed for approximately two
hours. The colonies were cut in half, placed on aluminium stubs and were sputtered with platinum.

3
3.1

Results
Effect of quorum sensing on bioluminescence and biofilm formation

3.1.1 Time-dependent biofilm formation of V.harveyi
Biofilm formation of the V. harveyi WTgfp is shown at different times of incubation (Fig. 13) in order
to determine the ideal time point for comparison of the biofilms of the WT to the mutants for later
experiments. It is visible that within the first 6 h complete adhesion to the surface occurs
(monolayer) and then tower-like structures are formed (12 to 18 h). After 18 h, the biofilm is mature
as at this time point the largest volume was measured (Fig. 13and Fig. 14, Tab. 15). This is also the
time point when the biofilm appears to be smooth. Disintegration starts between 18 and 24 h as the
volume (Fig. 13 and Fig. 14, Tab. 15) decreases and the towers were smaller than at 18 h. This
experiment was performed in duplicates.
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Fig. 13: Time-dependent biofilm formation of V. harveyi BB120gfp
After 1 h (scale bar 50 µm), 6 h (scale bar 100 µm), 12 h (scale bar 50 µm), 18 h (scale bar 150 µm) and 24 h (scale bar 150
µm).

As pictured in Fig. 14 (Tab. 15), the largest volume of biomass was measured at 18 h, so this time
point was chosen for all other biofilm experiments. The volume of V. harveyi WTgfp biofilm after 18
h of incubation was set to 100% for comparison with the biofilms of the mutants.
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Fig. 14: Volumes of V. harveyi BB120gfp biofilms
Volumes of biofilm formation of the WTgfp are shown after different times of incubation. The WTgfp biofilm at 18 h was
set to 100%. The experiments were performed in duplicates.

3.1.2 Bioluminescence production and biofilm formation are influenced by QS
As QS has a great effect on biofilm formation, we compared the biofilm of the WTgfp with those of
V. harveyi ΔluxOgfp and V. harveyi MR15gfp (ΔluxS ΔcqsA ΔluxM). The deletion of luxO results in a
constitutive QS ON mutant and has a bright phenotype while the triple synthase deletion mutant
MR15 is a QS OFF mutant and has a dark phenotype. First, we performed a bioluminescence assay,
bioluminescence production of WT was set to 100% for comparision. The strain ΔluxO showed 103%
of the WT bioluminescence level while MR15 showed 0% (Fig. 15).
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Fig. 15: Bioluminescence assay of WT, ΔluxO and MR15
Results are shown after 5 h of cultivation in AB media in a 96-well plate. Measurements were performed in triplicates: V.
harveyi WT BB120 (positive control), ΔluxO and MR15. WT bioluminescence level was set to 100%.

Afterwards, 3D biofilm formation was performed using the flow system. The biofilm of the WTgfp
consisted of a monolayer with tower-like structures; mutant strain ΔluxOgfp had a monolayer with a
few small hill-like structures but only one unstructured tower and strain MR15gfp did not build a
monolayer and only a few cells were attached to each other (Fig. 16). These differences are also
visible in the volume of the biofilms. The biofilm volume of V. harveyi ΔluxOgfp was determined to
be 37% of the WTgfp biofilm and MR15gfp biofilm volume was determined to be 7% of the WT
biofilm (Fig. 17, Tab. 15).

BB120

ΔluxO

MR15

Fig. 16: Biofilm formation of V. harveyi strains WTgfp, ΔluxOgfp and MR15gfp
Biofilms of BB120gfp (scale bar 150 µm), ΔluxOgfp (scale bar 100 µm) and MR15gfp (scale bar 150 µm) are shown after 18
h of incubation.
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Fig. 17: Volumes of the biofilms of V. harveyi strains WTgfp, ΔluxOgfp and MR15gfp
Volumes of biofilms of WTgfp, ΔluxOgfp and MR15gfp are shown. The experiment was performed in triplicates after 18 h of
incubation. The amount of the WT biofilm was set to 100%.
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Therefore, it can be concluded that an intact and functioning QS system is required for the formation
of a mature biofilm by V. harveyi. As a next step, the QS system needed to be investigated in order
to determine the AI having the greatest effect on biofilm formation.

3.1.3 Influence of single autoinducers on biofilm formation
V. harveyi WT produces three autoinducers (Fig. 8). AI-2 is produced first, afterwards HAI-1 and CAI1 are detectable in the supernatant of the WT in batch cultivation.
In the case of a deletion of luxS which produces no AI-2 (V. harveyi MR3gfp), biofilm formation was
completely disrupted and adhesion to the surface was prevented. The effects of the deletion of HAI1 synthase luxM (V. harveyi MR18gfp) or CAI-1 synthase cqsA (V. harveyi MR13gfp) were not as
severe as the deletion of luxS. The monolayer and also some tower-like structures were still built
while this was not the case for the MR3gfp biofilm. However, the overall structure of the biofilms of
strains MR13gfp and MR18gfp lack structure and are only show small mushroom shaped towers.
Furthermore, the surface appears rougher than the one of the WTgfp biofilm. The triple synthase
mutant MR15gfp shows the same effect as strain MR3gfp: no monolayer and no tower-like
structures were built (Fig. 18).

MR3

BB120

MR13

MR18

MR15

Fig. 18: Biofilm formation of different GFP-tagged V. harveyi strains
Biofilms of strains BB120gfp (scale bar 150 µm), MR3gfp, MR13gfp, MR18gfp (scale bars 100 µm) and MR15gfp (scale bar
150 µm) are shown after 18 h of incubation.

All three single deletion mutants showed structural differences (Fig. 18) and differences in volume
compared to the WT biofilm (Fig. 19). According to its volume determination, the biofilm of the WT
after 18 h was set to 100%. The biofilm of V. harveyi MR3gfp (ΔluxS) measured only 4% of the WT
biofilm volume while V. harveyi MR18gfp (ΔluxM) volume was 43% of the WT biofilm and V. harveyi
MR13gfp (ΔcqsA) was measured at 70% of the WT biofilm (Fig. 20, Tab. 15). These observations
made clear that the deletion of cqsA was not significantly influencing biofilm formation.
As described above, lacking all three AI (strain MR15gfp) leads to no biofilm like the biofilm of
MR3gfp mutant. Only a few cells were able to adhere to the surface but there are no real cell
clusters visible (Fig. 16 and Fig. 18). This is also shown in the volume determination as the biofilm
MR15gfp measured only 7% of the WTgfp biomass (Fig. 17 and Fig. 19, Tab. 15).
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Fig. 19: Volumes of the biofilm of different GFP-tagged V. harveyi strains
Biofilm volumes of WTgfp, single synthase deletion mutants V. harveyi MR3gfp, MR18gfp and MR13gfp and triple synthase
deletion mutant V. harveyi MR15gfp are shown after 18 h of incubation, WTgfp biofilm was set to 100%. Experiments were
performed in triplicates.

As V. harveyi MR3gfp showed the greatest differences compared to the V. harveyi WTgfp biofilm, it
was necessary to see if complementation in trans and/or chromosomal integration could restore
WTgfp levels in both: bioluminescence and biofilm formation. Therefore, MR3 strain was in trans
complementated (V. harveyi EMR14) and chromosomally integrated (V. harveyi EMR19).
First, complementation in trans using the plasmid pBBR1-MSC2-BAD (EMR14) and chromosomal
integration (EMR19) of luxS in mutant MR3 were compared to the WT for their bioluminescence
levels and then 3D biofilm formation via the flow system was performed.
Strain EMR14 (luxS in trans complementation) showed 81% of WT bioluminescence (Fig. 20, Tab. 15)
and 36% of the WT biofilm level (Fig. 22). The structure of the EMR14gfp strain biofilm is still
disrupted but partly a monolayer was build and adhesion of the cells to each other in 3D clearly
occurred (Fig. 20).
Strain EMR19 (luxS chromosomal integration) showed 76% of WT bioluminescence (Fig. 20, Tab. 15)
and 29% of the WT biofilm level (Fig. 22). The biofilm of strain EMR19gfp build partly a monolayer
and one unstructured tower (Fig. 21).
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Fig. 20: Bioluminescence assay of V. harveyi strains WT, MR15, MR3, EMR14 and EMR19
Results are shown after 5 h of cultivation in AB media in a 96-well plate. Measurements were performed in triplicates of V.
harveyi strains: WT BB120 (positive control), MR15 (negative control), MR3, EMR14 and EMR19. WT bioluminescence level
was set to 100%.
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MR3
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Fig. 21: Biofilm formation of V. harveyi strains WTgfp, MR3gfp, EMR14gfp and EMR19gfp
Biofilms of strains WTgfp (scale bar 150 µm), MR3gfp, EMR14gfp and EMR19gfp (scale bars 100 µm) are shown after 18 h
of incubation.
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Fig. 22: Volumes of the biofilms of V. harveyi strains WTgfp, MR3gfp, EMR14gfp and EMR19gfp
Shown are the different strains after 18 h of incubation. WTgfp biofilm was set at 100% and the experiments were
performed in triplicate.

Altogether, AI-2 has the greatest effect on biofilm formation as the lack of it prevents biofilm
formation. The other deletion mutants (ΔluxOgfp, MR13gfp and MR18gfp) show severe defects,
however, each biofilm consists of a monolayer and at least one tower-like structure was built.
Furthermore, in trans complementation (strain EMR14) and chromosomal integration (strain
EMR19) of luxS in mutant strain MR3 showed WT levels in bioluminescence assays and increased
biofilm volume and structure when compared to MR3gfp strain.

3.2

Identification of genes involved in the production of biofilms

3.2.1 Bioinformatics: analysis of homology
As detailed in the introduction, exopolysaccharides are used for adhesion to surfaces and affect
biofilm formation. Therefore, using www.microbesonline.org (Dehal et al., 2009) for
exopolysaccharides synthases and related genes in V. harveyi two operons VIBHAR_02222-02221
and VIBHAR_05207-05204 as well as one single gene VIBHAR_06667 were found. Furthermore, a
potential nucleoside-diphosphate sugar epimerase (VIBHAR_01320) was found. The protein
structures of these genes were compared (pBLAST) with known exopolysaccharides of Vibrio spp.
using the NCBI website (Rockville Pike, Bethesda, MD, USA).
The pBLAST alignment of each protein to the homologue and a family tree of the harveyi group
within the family Vibrionaceae are shown in the Appendix (Fig. 46 - Fig. 54). The results of homology
are shown in Tab. 13.

Tab. 13: Homology studies of putative exopolysaccharide producing proteins found in V. harveyi WT

Gene

Function

Homologue

VIBHAR_01320

V. sp. EX25: cell division inhibitor

VIBHAR_02222

Predicted nucleosidediphosphate sugar
epimerase
hypothetical protein

VIBHAR_02221

Glycosyltransferase

VIBHAR_05207

undecaprenylphosphategalactosephos
photransferase
uncharacterised protein

VIBHAR_05206
VIBHAR_05205

VIBHAR_05204

VIBHAR_06667

periplasmic protein
involved in
polysaccharide export
exopolysaccharide
biosynthesis protein
Uncharacterized protein
involved in
exopolysaccharide
biosynthesis

Identity [%]
based on
protein
sequence
87

V. parahaemolyticus NIHCB0757:
glycosyl transferases group 1 family
protein
V. alginolyticus NBRC 15630: putative
polysaccharide export protein
V. parahaemolyticus BB220P: capsular
polysaccharide synthesis enzyme CpsA
sugar transferase
V. parahaemolyticus BB220P: capsular
polysaccharide biosynthesis CpsB
V. parahaemolyticus RIMD 2210633:
capsular polysaccharid biosynthesis
CpsC polysaccharide export
V. parahaemolyticus BB220P: capsular
polysaccharid synthesis enzyme CpsD
exopolysaccharide synthesis
V. parahaemolyticus 50: capsular
exopolysaccharide family domain
protein

72

84
86

72
88

86

87

The sequence identities show that most of the proteins have not been characterized towards their
function but suggests involvement in the polysaccharide production. The sequences of
VIBHAR_01320, VIBHAR_02221 and VIBHAR_05207 show predicted functions within polysaccharide
production and modification. Bourne and Henrissat (2001) reported a bacterial UDP-Nacteylglucosamine 2-epimerase belonging to the family of glycosyltransferases (Wakarchuk et al.,
1996). Glycosyltransferases are necessary for the activation of the synthesis of N-acetylglucosamine
polymers (Karatan and Watnick, 2009) and also for the transfer of sugars to target molecules
(Shiabata et al., 2012). Epimerases are involved in the production of carbohydrate polymers; sugars
and carbohydrates protect bacteria when located on the cell surface (Allard et al., 2001).
For the first operon (VIBHAR_02222-02221) and the single genes (VIBHAR_01320 and
VIBHAR_06667) knock-out mutants were generated. For the second operon the middle genes
(VIBHAR_05206-05205, 1.773 bp) were used for deletion as it was not possible to delete the whole
operon (VIBHAR_05207-05204, 5.358 bp).
The knock-out mutants ΔVIBHAR_05206-05205 (V. harveyi EMR2), ΔVIBHAR_06667 (V. harveyi
EMR3), ΔVIBHAR_02222-02221 (V. harveyi EMR20) and ΔVIBHAR_01320 (V. harveyi EMR23) were
compared to the WT and MR15 (ΔluxS ΔcqsA ΔluxM) for their bioluminescence levels, their ability for
exopolysaccharide (EPS) production and their biofilm formation. This gave an insight in how far the
phenotypes are altered when the specific genes were knocked out.

58

Elaine Marie Rabener

3.2.2

Phenotypic characterization of the deletion mutants

3.2.2.1 Bioluminescence and exopolysaccharide production
For the bioluminescence assay, V. harveyi MR15 was used as negative control (0% of the WT
bioluminescence level) while BB120 served as positive control and its mean volume was set to 100%.
Bioluminescence was not affected by the specified deletions as all knock-out mutants show between
90 and 104% WT bioluminescence levels (Fig. 23, Tab. 14).

100%

0%

97%

90%

99%

MR15

EMR2

EMR3

EMR20

104%

97%

EMR22

EMR23

3,000,000

2,000,000

RLU/OD (600)

1,000,000

0
BB120

Fig. 23: Bioluminescence assay of different V. harveyi strains
Tests were done with the deletion mutants after 5 h of cultivation in AB media in a 96 well plate. Measurements were
performed in triplicates. The assayed strains are V. harveyi WT BB120 (positive control), MR15 (negative control), EMR2,
EMR3, EMR20, EMR22 and EMR23. WT bioluminescence level was set to 100%.

The production of EPS was assayed in triplicate using hydrolysation and measurement of glucose. V.
harveyi MR15 (38% of the WT glucose level) was used as negative control while BB120 was the
positive control and its mean volume was set to 100%. Glucose levels were determined to be
severely reduced in the deletion mutants V. harveyi EMR2, EMR3 and EMR20 (39 to 44% of the WT
glucose level, Fig. 23). The triple exopolysaccharide deletion mutant V. harveyi EMR22 showed 48%
of the WT glucose level (Fig. 24, Tab. 16). Deletion mutant EMR23 was included in this experiment
due to time restriction.
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EMR22

Glucose [µg/ml]
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Fig. 24: EPS determination via glucose hydrolysation of different V. harveyi strains
The experiment was measured after 24 h in triplicate. Assayed strains are V. harveyi WT BB120 (positive control), MR15
(negative control), EMR2, EMR3, EMR20 and EMR22. WT glucose level was set at 100%.

The data concludes that the selected genes for knock-out mutants are involved in EPS production
but bioluminescence production is not affected by the gene deletions.

3.2.2.2 Impact of putative EPS genes on biofilm formation
Biofilm formation experiments were performed using the flow system. The deletion of
VIBHAR_02222-02221 (EMR20gfp), VIBHAR_05206-05205 (EMR2gfp) and VIBHAR_01320
(EMR23gfp) resulted in a flat biofilm as only the formation of a monolayer occurred. The greatest
effect was seen by the deletion of VIBHAR_02222-VIBHAR_02221 (EMR20gfp) as even the
monolayer is disrupted and not constantly spread over the whole surface. Also, the deletion of
VIBHAR_06667 (EMR3gfp) resulted in a destructured biofilm, such that elevated structures were
built but were deformed and low, the biofilm appears to be like waves. This is also correlated with
the volume determinations (Fig. 26, Tab. 15). The triple exopolysaccharide deletion mutant
(EMR22gfp) showed a flat biofilm as the mutants EMR2gfp and EMR23gfp (Fig. 25). These results are
clearly reflected by the volumes. The deletion mutants only showed volumes between 15% and 23%
of the WTgfp biofilm volume (Fig. 26, Tab. 15).
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Fig. 25: Biofilm formation of different V. harveyi strains
Biofilms of strains BB120gfp (scale bar 150 µm), EMR2gfp (scale bar 100 µm), EMR3gfp (scale bar 200 µm), EMR20gfp
(scale bar 150 µm), EMR22gfp and EMR23gfp (scale bars 100 µm) are shown after 18 h of incubation.
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Fig. 26: Volumes of the biofilms of different V. harveyi strains
Volumes of the biofilms of strains BB120gfp, EMR2gfp, EMR3gfp, EMR20gfp, EMR22gfp and EMR23gfp are shown after 18
h of incubation. The WT biofilm was set to 100%, experiments were performed in triplicate.

This data suggests that the selected genes for the generation of knock-out mutants are involved in
EPS production within V. harveyi. All mutants show similar phenotypes: no effect on
bioluminescence production but severely reduced glucose levels and severely reduced biofilm
formation in biomass and structure when compared to WT.

3.2.2.3 Phenotypic characterization of the knock-in mutant strains
As all three single deletion mutants show severely reduced biofilms, single deletion mutants were
chromosomal integrated (knock-in) with their missing genes (VIBHAR_05206-05205 into V. harveyi
EMR2, EMR17; VIBHAR_06667 into V. harveyi EMR3, EMR18; VIBHAR_02222-02221 into V. harveyi
EMR20, EMR21). Bioluminescence assays, exopolysaccharide measurements and biofilm formation
experiments were performed in triplicate with the new strain set: EMR17, EMR18 and EMR21.
Bioluminescence production was not affected by the integration of the deleted genes (88 - 95% of
the WT bioluminescence, Tab. 14), glucose levels could be restored by the integrated strains (95 103% of WT glucose level, Fig. 27, Tab. 16) and biofilm formation could be partially restored (Fig. 28).
The volume of the biofilms of the knock-in strains was more than doubled compared to the biofilm
of the deletion mutants (38 - 63% WT biofilm volume, Fig. 29, Tab. 15). Also, knock-in strains showed
more structure and build up mostly small and flat towers, however the towers have the appearance
of small mushrooms (Fig. 28). The biofilm of EMR18gfp appears to be similar to the biofilms of
MR13gfp (ΔcqsA) and MR18gfp (ΔluxM, Fig. 18).
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Fig. 27: EPS determination via glucose hydrolysation of V. harveyi WT, knock-out and knock-in mutants
Results measured after 24 h in triplicate of nine strains: V.harveyi WT BB120 (positive control), MR15 (negative control),
EMR2, EMR17, EMR3, EMR18, EMR20, EMR21 and EMR22. The WT glucose production was set to 100%.
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Fig. 28: Biofilm formation of V. harveyi WT, knock-out and knock-in mutant strains
Biofilms of BB120gfp (scale bar 150 µm), EMR2gfp, EMR17gfp (scale bars 100 µm), EMR3gfp (scale bar 200 µm), EMR18gfp
(scale bar 100 µm), EMR20gfp and EMR21gfp (scale bar 150 µm) are shownafter 18 h of incubation.
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Fig. 29: Volumes of the biofilms of V. harveyi WT, knock-out and knock-in mutant strains
Volumes of biofilms of WT BB120gfp, EMR2gfp, EMR17gfp, EMR3gfp, EMR18gfp, EMR20gfp, EMR21gfp and EMR22gfp
were measured after 18 h of incubation. The WT biofilm was set to 100% and all experiments were performed in
triplicates.

To summarize, the genes selected for the knock-out mutants showed severe defects in EPS
production and biofilm formation which could be restored fully towards EPS production and partially
in biofilm formation when the genes were knocked in again.

3.2.2.4 Transcriptional and translational expression of putative exopolysaccharide genes
V. vulnificus has a lipopolysaccharide and three exopolysaccharides involved in biofilm formation. All
of these are expressed at different time points within the biofilm formation (Lee et al., 2013). In
order to determine, if QS has an influence on gene expression; RNA extraction, cDNA synthase and
qRT-PCR were performed on the potential exopolysaccharide genes comparing V. harveyi WT with
strain JMH634 (QS OFF mutant, ΔluxS ΔluxM cqsA:cmr). All expression profiles were below 10% of
the house keeping gene recA at all time points tested (exponential growth phase - OD 600 nm of 0.6,
early stationary growth phase - OD 600 nm of 1.3 and late stationary growth phase - OD 600 nm of 2,
(Tab. 17).
However, the data obtained from the RNA extraction in the late stationary growth phase is depicted
below as an example (Fig. 30, Tab. 17). Expression of VIBHAR_06667 shows the greatest difference
between the WT (9.15% recA) and the QS OFF mutant (0% recA). The blue columns show WT gene
expression and the red columns show gene expression obtained from strain JMH634 (Fig. 30, Tab.
17).

gen expression in % recA

15

10

5

0
VIBHAR_2222

VIBHAR_05206

VIBHAR_06667

Fig. 30: Transcriptional expression of the putative exopolysaccharide genes comparing WT (blue columns) and JMH634 (red
columns)

Furthermore, GFP-promoter fusions and GFP-hybrid proteins of the potential exopolysaccharide
genes VIBHAR_05206 and VIBHAR_06667 were generated and microscopy at different time points
using cultivation in non-shaking flakes and on plates was performed. The expression profiles were
really low as can be seen below in an example of V. harveyi EMR8 (BB120-pVIBHAR_05206:gfp) after
18 h of cultivation on an AB-agar plate (Fig. 31).

Fig. 31: Microscopy of EMR8 after 18 h of cultivation on an AB-agar plate was performed. Black circles indicated GFPexpression
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In conclusion, transcriptional and translational expression profiles were too low in all performed
experiments to investigate this matter further.

3.2.3 Putative LuxR binding sites
LuxR is one of two master regulators within the QS ascade of V. harveyi (Kessel et al., 2013a). As
described above LuxR can activate or repress gene expression and also influence gene expression
directly or indirectly (Kessel et al., 2013b). luxR is maximally transcribed at high cell density (Kessel et
al., 2013a). Pompeani et al. (2008) described a 21 bp consensus (Fig. 32) to be a luxR binding site and
Kessel et al. (2013b) identified 1,165 luxR binding sites.
The genes selected within this thesis for knock-out mutants were manually checked for this
consensus and upstream of VIBHAR_05207, VIBHAR_01320 and luxS possible luxR binding sites were
discovered.

Fig. 32: LuxR binding site consensus (Pompeani et al., 2008)

Here, are the putative luxR binding sites manually found:
•

TATTGAGATATGACACTCAAT is located 32 bp upstream of VIBHAR_05207 (start of operon
VIBHAR_05207 to VIBHAR_05204),

•

CATTGATATGATCATGCAAGA is located 15 bp upstream of VIBHAR_01320 and

•

AATTGACTTTTAGGTGAGGGA is located 61 bp upstream of luxS.

This data suggests that the genes above are directly regulated by LuxR. However, in this thesis, it was
not established in which way the genes are regulated (active expression or repression at LCD or
HCD).

3.3 Colony morphology of macrocolonies
Biofilms are most often grown in flow systems (Serra et al., 2013), however, another possibility for
biofilm formation is the outgrowth of macrocolonies on agar plates. This technique of macrocolony
biofilms allows the analysis on macro level (colony structure and formation patterns) and also on
micro level as single cells can be viewed under microscopes (Serra et al., 2013; Serra and Hengge,
2014).

3.3.1 Bioluminescence and structure of macrocolonies
First, the formation of rings, the structure and the bioluminescence appearance of the
macrocolonies were compared to each other. Therefore, the following strains were used: V. harveyi
WT BB120, V. harveyi ΔluxO, V. harveyi MR15 (ΔluxS ΔcqsA ΔluxM), V. harveyi MR3 (ΔluxS), V.
harveyi MR13 (ΔcqsA), V. harveyi MR18 (ΔluxM), V. harveyi EMR14 (ΔluxS – pBBR1-MSC2-BAD-luxS)
V. harveyi EMR19 (chromosomal integrated luxS in ΔluxS), V. harveyi EMR2 (ΔVIBHAR_05206-05205),
V. harveyi EMR3 (ΔVIBHAR_06667), V. harveyi EMR20 (ΔVIBHAR_02222-02221) and V. harveyi
EMR23 (ΔVIBHAR_01320).
The colonies formed so called ring-structures from the center to the edge (Fig. 33). Visible, is that
the ring formation of each strain is present from day 1 and with each day the number of rings
increases. Furthermore, the structure of the macrocolonies changes shape: the edge of the
macrocolonies of WT and strain ΔluxO change from round (day 1 to 3) to radial and bloomy (day 5
and 8), respectively. MR15 strain remains a round colony although on day 5 and 8 the edge of the
colony appears to be fuzzy (Fig. 33).

Fig. 33: Timeline of the macrocolonies of V. harveyi strains WT (top row), V. harveyi ΔluxO (middle row) and V. harveyi
MR15 (bottom row)
Images were taken with a Canon 5D Mark II and a 100 mm macro lens from Canon (Tokio, Japan) by Prof. Wanner.
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Furthermore, after 8 days of cultivation on AB-agar plates, pictures were taken with a Samsung
galaxy S4 mobile phone GT-I950 from 2013 (panel A, Fig. 34 - Fig. 37) and also with a Fusion-SL 3.500
WL by peqlab GmbH (Erlangen, Germany) with light exposure to visualize colony morphology (panel
B, Fig. 34 - Fig. 37) and without light exposure to visualize bioluminescence production (panel C, Fig.
34 - Fig. 37).
Below, BB120 shows the formation of 4 rings while ΔluxO strain shows 6 rings and MR15 shows 3
rings. The shape of ΔluxO strain is bloomy and the WT colony is rather radial while MR15 strain
appears to be round (panel A-C, Fig. 34). Also, clearly visible is the lack of bioluminescence of MR15
compared to WT and ΔluxO strain, however, also parts of the macrocolony of ΔluxO strain lack
bioluminescence (panel C, Fig. 34).

Fig. 34: Macrocolonies of V. harveyi strains WT (top row), ΔluxO (middle row) and MR15 (bottom row) after 8 days of
cultivation
Panel A: Images were taken with a Samsung galaxy S4 mobile phone, Panel B: Images were taken with a Fusion-SL 3.500
WL to visualize bioluminescence production by V. harveyi strains after 8 days light and panel c shows the image from Panel
B without light, exposure time was 5 s. Images of panel A are not the same as in panel B and C.

Next, the WT was compared to the single synthase deletion mutants: V. harveyi MR3 (ΔluxS), V.
harveyi MR13 (ΔcqsA) and V. harveyi MR18 (ΔluxM). The colonies of strains MR13 and MR18 have a
round shape while BB120 and MR3 colonies are rather radial of shape. MR13 and MR18 display the
formation of 4 and 5 rings, respectively, while WT colony shows 4 rings and MR3 shows the
formation of 2 rings (panel A-C, Fig. 35). The bioluminescence of MR13 strain is weaker in the center
of the colony which is not the case for MR18 strain, MR3 colony is only bioluminescent on the edge
of the colony and all strains show a greater bioluminescence on the edge of the colony than in the
center (panel C, Fig. 35).

Fig. 35: Macrocolonies of V. harveyi strains WT (top row), MR3 (second to top row), MR13 (second to bottom row) and
MR18 (bottom row) after 8 days of cultivation
Panel A: Images were taken with a Samsung galaxy S4 mobile phone, Panel B: Images were taken with a Fusion-SL 3.500
WL to visualize bioluminescence production by V. harveyi strains after 8 days light and panel c shows the image from Panel
B without light, exposure time was 5 s. Images of panel A are not the same as in panel B and C..

Below, are the in trans complementation (EMR14) and chromosomal integration of luxS (EMR19) in
MR3 strain (ΔluxS) shown in comparision with the WT. The macrocolony of the WT shows the
formation of 4 rings, MR3 shows 2 rings while EMR14 and EMR19 show each 5 rings and radial
structures on the edge of the colony (panel A-C, Fig. 36). Clearly, MR3 strain only displays
bioluminescence on the the edge of the colony while EMR14 and EMR19 nearly show WT
bioluminescence levels (panel C, Fig. 36). Also, all mutant strains depicted below show a similar
colony shape: a round shape which becomes fuzzy on the edge of the colony while the WT and MR3
colony are of a rather radial shape (panel A-C, Fig. 36).
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Fig. 36: Macrocolonies of V. harveyi strains WT (top row), MR3 (second to top row), EMR14 (second to bottom row)and
EMR19 (bottom row) after 8 days of cultivation
Panel A: Images were taken with a Samsung galaxy S4 mobile phone, Panel B: Images were taken with a Fusion-SL 3.500
WL to visualize bioluminescence production by V. harveyi strains after 8 days light and panel c shows the image from Panel
B without light, exposure time was 5 s. Images of panel A are not the same as in panel B and C.

Also, the colony morphologies and the ring formation of the macrocolonies of the putative
exopolysaccharide deletion mutants were compared to the WT macrocolony (panel A-C, Fig. 37). WT
shows 4 rings and EMR2 shows 7 while EMR3, EMR20 and EMR23 show the formation of 4 rings. All
strains including the WT show a greater bioluminescence at the edge of the colony (panel C, Fig. 37).
Also, EMR2 has a round shape of the colony while WT is of a radial shape and the other mutant
strains show a bloomy shape (panel A-C, Fig. 37).

Fig. 37: Macrocolonies of V. harveyi strains WT (top row), EMR2 (second to top row), EMR3 (middle row), EMR20 (second
to bottom row) and EMR23 (bottom row) after 8 days of cultivation
Panel A: Images were taken with a Samsung galaxy S4 mobile phone, Panel B: Images were taken with a Fusion-SL 3.500
WL to visualize bioluminescence production by V. harveyi strains after 8 days light and panel c shows the image from Panel
B without light, exposure time was 5 s. Images of panel A are not the same as in panel B and C.

In conclusion, MR15 strain lacks the bioluminescence completely while MR3 strain shows a strongly
reduced bioluminescence which was restored to WT levels by in trans complementation (EMR14)
and knock-in mutant EMR19. The other mutant strains show WT bioluminescence levels. The
colonies of the WT and the mutants display different ring formation patterns: minimal 2 rings were
formed and maximal 7. Also, different shapes of the macrocolony were visible while the WT and
MR3 colonies rather show a radial shape, the colonies of strains MR15, MR13, MR18, EMR14,
EMR19 and EMR2 are round and ΔluxO, EMR3, EMR20 and EMR23 formed colonies of a bloomy
shape.

3.3.2 Analysing of the macrocolonies via Scanning Electron Micrsocopy
Additionally, V. harveyi WT was compared to the strains ΔluxO and MR15 using Scanning electron
Microscopy to analyse the macrocolony on single cell level. After the process of fixation, the ring
structures are even better to be seen. On macrocolony of MR15 strain, 14 rings can be counted (left
part of picture) now (Fig. 38).
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Fig. 38: Macrocolony of strain MR15 before (right image) and after (left image) fixation
Fused image shown after (left) and before (right) fixation of a 8 day old V. harveyi MR15 macrocolony. Images were taken
with a Canon 5D Mark II and a 100 mm macro lens from Canon (Tokio, Japan) by Prof. Wanner.

Here, an overview of the center of a 8 day cultivated V. harveyi WT macrocolony is shown (Fig. 39). It
can be assumed that the wave-like structures depicted below are due to the growth of the colony.
The parts of the colony which are thicker than the parts next to it on the colony are what we
determined as rings.

Fig. 39: Overview of a V. harveyi WT macrocolony, blue arrows indicate rings and red arrow indicates the center

Below are images shown from the center and the edge of the WT macrocolony and visible is an
elongation of the cells on the edge compared to the center (Fig. 40).

Fig. 40: Left side shows the center of the WT macrocolony and right side shows the right edge of the macrocolony

Single cells from the colony are round and rod-shaped from the center of the colony to the rings but
on the edge enlarged rod-shaped cells were visible (Fig. 41).

Fig. 41: WT macrocolony from the center to the first left ring and right edge (left to right images)
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Below, are the center and the edge shown of a macrocolony formed by V. harveyi ΔluxO.The edge is
broken due to the fixation process. It appears that the cells all have the same shape (Fig. 42).

Fig. 42: Center (left image) and left edge (right image) of a ΔluxO strain macroyolony

The center, a ring as well as the edge of a ΔluxO macrocolony shows that the cells have all the same
shape: round and rod-shaped, however, more cells seem to be rod-shaped (Fig. 43).

Fig. 43: Macroyolony of a ΔluxO strain from the center to the second ring left and the left edge (left to right images)

The center and the edge of a MR15 strain macrocolony indicate the same cell shape (Fig. 44).

Fig. 44: Center (left image) and left edge (right image) of a MR15 strain macrocolony, red arrow indicates agar
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The cells in the center, a ring and on the edge of a MR15 macrocolony appear to be mostly rodshaped and a smaller amount of the cells is round (Fig. 45).

Fig. 45: MR15 strain macrocolony from the center, the second ring right and the left edge (left to right images)

The images above show that only the edge of the WT macrocolony displays elongated cells but
neither the ΔluxO nor MR15 cells show this phenotype. It is assumed that this phenotype is
influenced by QS.

4

Discussion

4.1 The influence of QS on bioluminescence and biofilm formation in V. harveyi
In order to determine V. harveyi´s ability to form biofilms, biofilm formation of the WT in a flow
system was analysed. After 18 h of cultivation, the highest level of biomass was measured and
therefore, biomass at this time point was set as 100%. The bacteria showed the common steps of
biofilm formation within 24 h (Davey and O´Toole, 2000, Stoodley et al., 2002, Fong and Yildiz, 2007,
Nadell et al., 2010, Parsek and Greenberg, 2005, Aguilar et al., 2010): Initial attachment after 1 h (5%
biomass level), microcolony formation after 6 h (8% biomass level), maturation after 18 h of
cultivation (100% biomass level) and detachment began to occur between 18 and 24 h (90% biomass
level, Fig. 13 and Fig. 14). The detachment step within the biofilm usually occurs due to nutrient
depletion or via QS, e.g. V. cholerae upregulates enzymes via QS in order to disperse the cells from
the biofilm at high cell density (Nadell et al., 2010). Within our system, QS is the likely reason for
detachment since nutrient availability was guaranteed through the constant flow rate, and also
along with the constant flow rate the AI concentration within the system is diluted.

4.1.1 QS affects bioluminescence and biofilm formation
The constitutive QS ON mutant ΔluxO showed a flat biofilm with various clusters of microcolonies
and one unstructured tower, producing 37% biomass of the WT (Fig. 16 and Fig. 17). One reason for
this result could be that because QS is switched on constitutively, it can only use its energy to
produce slightly more bioluminescence (103% WT level, Fig. 15, Tab. 14) but it is unable to
overproduce all WT phenotypes. The data described above is consistent with data shown in
Anetzberger et al. (2009), however, in that publication a luxO:camr strain was used instead of a luxO
knock-out mutant.
The QS OFF mutant MR15 showed no bioluminescence at all (Tab. 14, 0% WT Level). Furthermore,
the QS OFF mutant MR15 was unable to form a surface coated biofilm. Instead this mutant showed
only minorly attachment of cells to the surface, and was able to produce a biomass of only 7% of the
WT level (Fig. 16 and Fig. 17, Tab. 15). Therefore, it can be concluded that a complete and intact QS
is necessary for the formation of a mature biofilm of V. harveyi.

4.1.2 AI-2 influences the adhesion of Vibrio harveyi on surfaces
As described above, AI-2 is the first AI produced within V. harveyi during batch cultivation (Fig. 8). In
the time scale biofilm formation by the WT (Fig. 13 and Fig. 14), adhesion to a surface takes place in
the time frame when only AI-2 is detectable in the supernatant. When HAI-1 and CAI-1 are
detectable in the supernatant during batch cultivation, microcolonies start to develop in the
biofilms. Therefore, cells lacking AI-2 production (MR3, ΔluxS) lead to decreased attachment on
surfaces and no biofilm is detected (4% WT level, Fig. 18 and Fig. 19, Tab. 15). Lacking HAI-1 results
still in 43% of the WT level (MR18, ΔluxM), so there is a severe decrease in biomass while lacking
CAI-1 (MR13, ΔcqsA) causes the least difference in biofilm formation with respect to WT biofilms, as
this mutant still made 70% of the WT biomass. The MR13 and MR18 biofilms seem to be off less
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structure than the WT biofilm but still built up small mushroom shaped towers (Fig. 18 and Fig. 19,
Tab. 15).
As reviewed in Tab. 2, lack of AI-2 causes severe defects in normal bacterial lives. In view of the
results in this thesis, for V. harveyi, it is clear that AI-2 is the most important AI for V. harveyi´s
biofilm formation as it affects the adhesion of the cells to the surface which is the starting point of
biofilm formation.
Methodologies not yet tested include the effect of AI-2 in supernatant and the effect of artificial AI-2
added in the flow systems. However, the addition of DPD, SAM, cysteine or methionine could not
restore biofilm formation in a luxS mutant of S. enterica serovar Typhimurium (Doherty et al., 2006).
Similarly, Lebeer et al. (2007) reported that AI-2 conditioned media fails to restore the WT biofilm
level of a luxS mutant of Lactobacillus reuteri strain 100-23.
Also, Auger et al. (2006) found that addition of AI-2 (1 to 6.8 µM) to the cultures inhibits biofilm
formation of B. cereus. So, one possibility could be that complemented in trans MR3 (EMR14) and
chromosomal integrated MR3 (EMR19) mutants produce too much AI-2 to be able to form a WT
biofilm. Both show similar bioluminescence levels as the WT (76 to 81% of the WT bioluminescence
level, Fig. 20, Tab. 14). Further, biofilms increased in biomass and structure compared to their knock
out copies, however, compared to WT biofilm, there are still severe differences in the structures of
the knock in biofilms (36 and 29% of the WT biomass level, respectively, Fig. 21 and Fig. 22). A LuxPFRET-Reporter assay (Rajamani et al., 2007) could determine the AI-2 levels compared to the WT to
ensure that the production is sufficient. Furthermore, both strains could be tested with qRT-PCR on
luxS expression and also a Western Blot could show the protein levels of LuxS of these strains.

4.2 Identification of EPS genes involved in the production of biofilms
Adhering to biotic or abiotic surfaces is promoted by the extracellular polysaccharides present on
bacterial cell surfaces (Shibata et al., 2012). In this context, Vibrio harveyi´s polysaccharides were
investigated. Genes found contributing to extracellular polysaccharide formation were: a gene
coding for an epimerase (VIBHAR_01320, EMR23); an operon coding for a glycosyltransferase and a
hypothetical protein coding for a glycosyltransferase in V. parahaemolyticus (VIBHAR_02222VIBHAR_02221, EMR20); an operon containing a galactosephosphotransferase and three
uncharacterized proteins all coding for genes being involved in the capsular polysaccharide synthesis
within V. parahaemolyticus (VIBHAR_05206-VIBHAR_05205, EMR2); and a single uncharacterized
gene coding for a protein involved in polysaccharide synthesis (VIBHAR_06667, EMR3) were
identified by homology search (Tab. 13). For all these genes, novel deletion mutants were generated
and their phenotypes for bioluminescence, EPS production and biofilm formation were characterized
and compared to the WT.
Bioluminescence levels were not affected by the deletions (90 to 104% of the WT bioluminescence
level, Fig. 23, Tab. 14). The EPS production of the mutants EMR2, EMR3, EMR20 and their triple
deletion mutant EMR21 was done by glucose determination after hydrolysation, the mutants
showed between 39% and 48% of the WT glucose production (Fig. 24, Tab. 16). The WT equivalent
glucose level could be restored by chromosomal integration (95 to 103% of the WT level, Fig. 27,
Tab. 16).

As a first inquiry into biofilm formation of the mutants generated in this thesis, biofilm formation via
crystal violet staining was performed on all mutants (results not shown). These mutants were then
later used in the CLSM experiments with the flow systems.
Deletion of the predicted nucleoside-diphosphate sugar epimerase (EMR23, ΔVIBHAR_01320)
resulted in a flat monolayered biofilm with no tower or hill structures and a biomass of 26% of the
WT level (Fig. 25 and Fig. 26). Therefore, it was shown that this epimerase is essential for the
maturation of the biofilm. Epimerases are involved in the production of carbohydrate polymers,
sugars and carbohydrates to protect bacteria when located on the cell surface (Allard et al., 2001).
Sialic acid, which also serves as a carbon source and is found outside on bacterial cells, is used to
mask the pathogens from the host immune systems. H. influenzae among other pathogens and
commensals uses the epimerase NanE for the biosynthesis of sialic acid (Almagro-Moreno and Boyd,
2009) which is a component of H. influenzae biofilms (Greiner et al., 2004). Within V. vulnificus the
gne gene coding for an UDP-N-acetylgalactosamine 4-epimerase is involved in the biosynthesis of Oantigen within lipopolysaccharides. A V. vulnificus gne mutant lacks the O-antigen on the surface
which resulted in decreased biofilm formation in gill mucus of eels, this has also been described for
V. cholerae. Furthermore, the O-antigen is required for swarming, swimming and colony expansion
(Valiente et al., 2008). As the predicted epimerase is not characterized, it would be necessary in
order to determine its function to better understand the phenotype of the deletion mutant.
Bourne and Henrissat (2001) reported a bacterial UDP-N-acteylglucosamine 2-epimerase belonging
to the family of glycosyltransferases. Furthermore, meningococcal lipopolysaccharide biosynthesis
requires UDP-glucose-4-epimerase and three glycosyltransferases: two galactosyltransferases, lgtB
and lgtE, and one N-acetylglucosaminyltransferase, lgtA (Wakarchuk et al., 1996).
The deletion mutants EMR2 (ΔVIBHAR_05206-VIBHAR_05205), EMR20 (ΔVIBHAR_02222VIBHAR_02221) and EMR22 (ΔVIBHAR_05206-VIBHAR_05205 ΔVIBHAR_06667 ΔVIBHAR_02222VIBHAR_02221) developed only flat biofilms with volumes of 21%, 15% and 22% of the WT biofilm
level, respectively (Fig. 25 and Fig. 26). The biofilm of the deletion mutant EMR3 (ΔVIBHAR_06667)
resulted in 19% of the WT biofilm volume and showed an unstructured monolayer biofilm. A flat
biofilm was also found by deleting the glycosyltransferases gftB and gftC in S. mutans (Xiao et al.,
2012). Also, Shibata et al. (2012) found six genes coding for glycosyltransferases and six genes partly
being involved in polysaccharide modification, among others, within the symbiosis polysaccharide
(syp) locus of A. fischeri. This locus is required for biofilm formation and the structural proteins are
involved in polysaccharide production and export. Mutations in the predicted glycosyltransferase
genes resulted in defect biofilms. A mutation in sypR gene in A. fischeri is predicted to have the same
function as VIBHAR_05207 (operon includes genes VIBHAR_05207 to VIBHAR_05204) and resulted in
a severely reduced biofilm compared to the WT. Furthermore, Xiao et al. (2012) compared single to
mixed species biofilms and found increased glycosyltransferase activity in biofilms of mixed species.
Glycosyltransferases were increasingly expressed during the steps of microcolonisation of the
surface. A biofilm of S. oralis with S. mutans, having double deletions of the glycosyltransferase
genes gftB and gftC, was rather flat without clear 3D structure (Xiao et al., 2012). A mutation in the
undecaprenyl-phosphate-α-N-acetyl-glucosaminyltransferase (wecA) of H. influenzae resulted in
little or no biofilm. wecA is homologous to E. coli´s wecA, which is involved in polysaccharide
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synthesis (Greiner et al., 2004). The characterization of the proteins would be necessary to fully
understand their function and role in biofilm formation of V. harveyi.
Furthermore, all the biofilms mentioned above show a monolayered biofilm. Lee et al. (2013)
described that EPS in V. vulnificus enhance maturation of biofilms as the cells attach to each other
like glue. Thus, some polysaccharides are necessary for the attachment on surfaces and between the
cells. In view of the fluid flow experiment performed EPS may stabilize cell aggreagates into 3D
structures and pillar formations to resist shear forces (Young, 2006). Which exact gene is deleted,
may be a key factor for bacteria to remain attached to each other, and the specific gene product
may play a role of a different magnitude than other factors. Key protein RbmA of V. cholerae is
coded by a gene located within the vps locus and this protein coats cell surfaces, thereby promoting
cell-cell adhesion (Guttenplan and Kearns, 2013). Stodley et al. (2002) replaced this type of function
by using a polysaccharide intercellular adhesin to form S. epidermidis microcolonies and mature a
biofilm, so adhering cells together. In order to determine similar functions for the genes studied in
this thesis, localization studies of their coded proteins should be performed.
As the mutants showed severe reduction of glucose levels and only monolayered biofilms,
chromosomal integration (knock in) of the mutants EMR2, EMR3 and EMR20 was performed and EPS
production and biofilm formation experiments were performed. The WT glucose levels could be
restored by the knock in mutant strains (95 to 103% of the WT glucose level, Fig. 27, Tab. 15) and as
expected, there was no change in bioluminescence levels (88 - 95% of the WT bioluminescence, Tab.
14). However, it was not possible to restore WT biofilm formation but there was a great increase in
biofilm formation compared to the deletion mutants. The mutants showed biofilms with biomass
ranging from 15 to 21% of the WT level while their complemented counterparts grew biofilms from
38 to 63% of the WT level (Fig. 28 and Fig. 29). The biofilms of the complemented strains also
showed more tower-like structures (Fig. 28).
In addition, V. vulnificus has a lipopolysaccharide and three exopolysaccharides involved in biofilm
formation. All of these are expressed at different time points within the biofilm formation (Lee et al.,
2013). Therefore, qRT-PCR on VIBHAR_02222, VIBHAR_05206 and VIBHAR_06667 was performed
and also GFP-Promoter fusions for VIBHAR_05206 and VIBHAR_06667 and GFP-hybrid proteins were
generated for VIBHAR_05207 and VIBHAR_06667. Neither transcriptional nor translational
expression gave further insights on the genes tested as all data obtained from these experiments
were too low (Fig. 30, Fig. 31 and Tab. 17). One explanation for the qRT-PCR data could be that
incorrect cultivation methods have been chosen as the RNA extraction was performed during batch
cultivation. However, the harvest of biofilm cells currently presents technical difficulties to be
overcome. As the fusion and hybrid mutant strains were tested using non-shaking flakes and plate
cultivation, it can be only assumed that alternative cultivation methods or different time points then
selected here need to be explored. Also, there is the possibility that the gene expression for each
gene is only active at a very distinct time point during cultivation and time lapse experiments were
not performed in this study.
In conclusion, the deletion of the putative exopolysaccharide genes resulted all in decreased EPS
production and only in monolayered biofilms. Knock in mutants could restore WT glucose levels fully
and partially WT biomass levels and showed similar to WT biofilm structures. However, there was no

information for transcriptional or translational expression profiles for the selected genes and
proteins gained.

4.3 Colony morphology is affected by QS and EPS production
Biofilm formation can also occur when colonies are grown on agar plates over a long period of time
(Serra et al., 2013). This is the first description to date of colony formation using macrocolony
biofilms of V. harveyi. Macrocolonies of the WT were compared with the different mutant strains
ΔluxO, MR15 (ΔluxS ΔcqsA ΔluxM), MR3 (ΔluxS), MR13 (ΔcqsA), MR18 (ΔluxM), EMR14 (ΔluxS –
pBBR1-MSC2-BAD-luxS), EMR19 (knock in of luxS in ΔluxS), EMR2 (ΔVIBHAR_05206-05205), EMR3
(ΔVIBHAR_06667), EMR20 (ΔVIBHAR_02222-02221) and EMR23 (ΔVIBHAR_01320) for their colony
morphology and ring pattern formation.
First, as in batch cultivation (Fig. 15), MR15 macrocolony lacks bioluminescence completely while
MR3 strain shows reduced bioluminescence on the edges of the macrocolony after 8 days of
cultivation on agar plates. The bioluminescence of MR3 could be restored by luxS in trans
complementation (EMR14) and knock in of luxS (EMR19). The other mutant strains show similar to
WT bioluminescence levels (Fig. 34 to Fig. 37).
Secondly, colony morphology varies when the WT macrocolony is compared with the other mutant
strains. Ring formation is reduced from 4 rings (WT) to 2 and 3 rings for MR3 and MR15, respectively
(Fig. 33, Fig. 34 and Fig. 35). MR13, EMR3, EMR20 and EMR23 each formed 4 visible rings which is
constitent to the WT ring formation (Fig. 33, Fig. 35, Fig. 36 and Fig. 37). Macrocolonies of strains
MR18, EMR14 and EMR19 show each the formation of 5 rings while ΔluxO macrocolony formed 6
rings and EMR2 macrocolony displays 7 rings (Fig. 33, Fig. 34 to Fig. 37). However, after fixation the
ring patterns are stronger visible and MR15 macrocolony displays 14 rings after fixation (Fig. 38).
Currently, to fully categorize ring pattern formation, all strains need fixation. Even if E. coli
macrocolonies displayed by Serra et al. (2013) showed different ring formations when E. coli WT
macrocolonies are compared to mutant strains, the ring formations were not further described.
Therefore, it can only be assumed that ring formation is a mode of growth of the colony.
Furthermore, the colonies grown on agar plates vary in their shape: WT and MR3 macrocolonies
form rather radial colonies (Fig. 33, Fig. 35) while macrocolonies of strains MR15, MR13, MR18 and
EMR2 (Fig. 33, Fig. 34, Fig. 35 and Fig. 37) show round colonies and EMR14 and EMR19
macrocolonies show round colonies with fuzzy edges (Fig. 36). Also, the shapes of the macrocolonies
of strains ΔluxO, EMR3, EMR 20 and EMR23 are bloomy (Fig. 33, Fig. 34 and Fig. 37). These colony
morphologies have not been described for other bacteria to date. It would be necessary to analyse
colony shape of other mutant strains for a full conclusion. However, it appears that with a gene
deletion in either the QS cascade or putative EPS production, a different mode of growth is
triggered.
Wrinkled structures being determined as swarming were observed when V. parahaemolyticus WT
was grown on agar plates (Linda et al., 1998). However, none of the distinct swarming structures
were seen, that were described by Kearns (2010). Also, E. coli macrocolonies of all strains displayed
by Serra et al. (2013) are of a round shape.
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On day 8, the macrocolonies of strains ΔluxO and MR15 were compared with the WT macrocolony
on single cell level using Scanning Electron Micrsocopy (Fig. 33). The data gained here suggests a QS
triggered morphological change in cell shape as only WT macrocolonies show long filamentous cells
on the edge of the macrocolonies while the cells of the QS ON and OFF mutants were rod-shaped
and coccoid on the edge of the colonies (Fig. 39 and Fig. 45).
Serra and Hengge (2014) describe the rod-shaped cells to be in exponential growth phase and the
ovoid cells to be in stationary growth phase when cells in macrocolony biofilms are compared with
cells in batch culture. Furthermore, Serra et al. (2013) also described E. coli cells on the top of a
macrocolony to be ovoid and rod-shaped and elongated cells are visible on the edge of the
macrocolony. However, Boles and McCarter (2002) found that expression of an operon affected
swarming ability in V. parahaemolyticus. They suggested that there is an advantage for elongated
cells on the edge of a colony and advantages for normal-sized cells during colonization. This may also
be the case for V. harveyi as this elongation is affected by QS.
In contrast, Farmer and Janda (2005) reported that Vibrio rods convert to coccoids when starved on
nutrients, form filaments when starved of nitrogen, and form large swollen rods during phosphorus
starvation. Nutrient depletion could be occurring internally within the colony, but there must be
another reason for filamentation of rods on the edge of macrocolonies as nitrogen and phosphorus
starvation are not likely to be occurring. Notably also, the filamentation occurred only in the WT and
therefore, the change of cell shape is QS triggered.
In conclusion, the ring patterns and colony shapes visible can not be determined as swarming but it
can be assumed that QS and putative EPS production influence ring pattern formation and colony
shape. Bioluminescence production is consistant with the bioluminescence assays in batch
cultivation. However, it can be assumed that the elongation of the cells on the edge of the WT
macrocolony is affected by QS.

4.4 Outlook
WT levels of biofilm formation via luxS in trans complementation or luxS knock in the luxS deletion
mutant were not to fully restored, it might be possible tofully complement WT biofilms levels by
directly using catalytic products of luxS downstream activity, or analogues of these products. It has
shown that only genetic recombination of luxS could restore WT phenotypes in Listeria
monocytogenes and Lactobacillus reuteri but not addition of synthetic AI-2 (Choudhary and SchmidtDannert, 2010). Hypothetically, in V. harveyi it could be vice-versa.
Additionally, exopolysaccharides from V. harveyi could be purified and and tested for their ability to
inhibit or disrupt the formation of biofilms by bacteria. As precedents, each of the following: an
exopolysaccharide from Vibrio sp. QY101 (Jiang et al., 2011); an exopolysaccharide of B.
licheniformis; a polysaccharide of Vibrio sp. (Lee et al., 2013) and a group II CPS of E. coli were able
to inhibit formation of biofilmy by other species (Lee et al., 2013, Jiang et al., 2011).
For the predicted epimerase gene, it would be desirable to construct a fluorescent hybrid protein
and/ or fluorescent promoter fusion and monitor its activity by a time lapse experiment. Also, it
would be interesting if WT biofilm formation could be restored via complementation of the
epimerase gene as this was not completely possible with the other genes used in this study.

Characterisation of all the proteins coding for putative exopolysaccharide genes used in this study
could lead to new conclusions on biofilm formation.
In order to determine if the behavior observed in the macrocolony formation is actual swarming, it
would be necessary to monitor the cells on single cell level closely over time, not only in the late
stage. Swarming behavior is defined as vegetative rods that elongate being aseptate and
multinucleate. Also, swarmer cells can initiate biofilm formation (Young, 2006). Macrocolony
formation was examined over a time frame of 8 days but colonies were only analysed on single cell
level using Scanning Electron Microscopy on day 8. On that day, the WT showed long filamentous
cells on the edges of the colony but neither ΔluxO nor MR15 showed this behavior. In order to
determine when this morphological change begins, it would be necessary to examine the colonies
with the Scanning Electron Microscope each day.
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6
6.1

Appendix
pBLAST results of all proteins analysed in this thesis

Fig. 46: pBLAST of VIBHAR_02222

Fig. 47: pBLAST of VIBHAR_02221

Fig. 48: pBLAST of VIBHAR_05207
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Fig. 49: pBLAST of VIBHAR_05206

Fig. 50: pBLAST of VIBHAR_05205

Fig. 51: pBLAST of VIBHAR_05204
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Fig. 52: pBLAST of VIBHAR_06667

Fig. 53: pBLAST of VIBHAR_01320

Fig. 54: Phylogenetic tree
Image was modified from Thompson et al. (2007) to visualize relation between V. alginolyticus, V. campbelli, V. harveyi and
V. parahaemolyticus
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6.2

Mean values of bioluminescence production, biofilm formation as well as glucose
production of all strains used as well as the qRT-PCR data

Tab. 14: Bioluminescence data [RLU/OD (600)] of all strains at 5 h of cultivation in AB media used in this thesis

Strain
BB120
ΔluxO
EMR2
EMR3
EMR14
EMR17
EMR18
EMR19
EMR20
EMR21
EMR22
EMR23
MR3
MR15

Mean Value of RLU/OD (600)
Standard deviation
2,320,580
2,380,516
2,259,396
2,095,085
1,886,597
2,033,776
2,209,034
1,758,685
2,302,163
2,197,519
2,404,959
2,248,808
412,150
652

% WT
578,016
209,036
655,338
805,694
194,751
131,364
434,529
355,712
268,227
350,735
185,861
351,209
62,247
112

100
103
97
90
81
88
95
76
99
95
104
97
18
0

Tab. 15: Mean value of biofilm volumes [µm³] of all strains used in this thesis

Strain
BB120
∆luxO
EMR2
EMR3
EMR14
EMR17
EMR18
EMR19
EMR20
EMR21
EMR22
EMR23
MR3
MR13
MR15
MR18

Mean value of volume [µm³]
Standard deviation
% WT
34,170,271
1,820,018
12,730,870
787,366
8,621,743
1,374,659
6,718,098
1,648,717
12,197,519
2,685,074
21,027,057
3,499,653
15,142,780
3,713,487
9,765,498
401,649
5,330,152
1,783,600
12,686,974
2,747,880
8,369,286
1,552,866
8,879,307
929,292
1,326,131
317,687
23,805,703
4,117,337
2,403,190
470,264
14,830,138
3,849,701

100
37
25
20
36
62
44
29
16
37
24
26
4
70
7
43

Tab. 16: Mean value of glucose [µg/ml] detected in all strains used in this thesis

Strain
BB120

Mean Value of glucose [µg/ml]

Standard deviation

% WT

3.99

0.27

100

EMR2

1.76

0.33

44

EMR3

1.63

0.11

41

EMR17

4.12

0.30

103

EMR18

3.97

0.27

100

EMR20

1.55

0.10

39

EMR21

3.80

0.37

95

EMR22

1.93

0.26

48

MR15

1.53

0.33

38

Tab. 17: qRT-PCR data of putative exopolsaccharide genes
OD 600 nm at
RNA
extraction

0,6
1,3
2

100

genexpression
in %recA /
strain

BB120
JMH634
BB120
JMH634
BB120
JMH634

VIBHAR_02222

standard
deviation

VIBHAR_05206

0.63
0.23
1.32
0.34
2.41
0.84

0.74
0.23
0.13
0.28
1.94
0.21

2.11
0.44
2.09
0.32
3.38
1.14

standard
deviation

2.54
0.12
0.59
0.22
2.40
0.38

VIBHAR_06667

standard
deviation

0.48
0.00
3.67
0.00
9.15
0.00

0.82
0.00
2.74
0.00
4.48
0.00
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