A \ JACOBS N
UNIVERSITY Mmar mic

Identification of bacterial genes required for

diatom—bacteria interactions

by
Ingrid Torres—Monroy
A thesis submitted in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy
in Marine Microbiology

Approved Thesis Committee

Prof. Dr. Matthias Ullrich
Jacobs University Bremen

Prof. Dr. Frank—=Oliver Glockner
Jacobs University Bremen

Prof. Dr. Meinhard Simon
Carl-=von—0ssietzky—University Oldenburg

Date of defense: May 28, 2013

Jacobs University Bremen — School of Engineering and Science

International Max Planck Research School of Marine Microbiology (marmic)



SUMMARY

Aggregate formation in form of marine snow is an essential mechanism in the
oceans that mediates the sinking of organic carbon to depth. Interactions between
bacteria and diatom play an important role during this process by inducing secretion of
different polymers, which increase the size of marine aggregates. Not much is known
about the molecular mechanisms responsible for the diatom-—bacteria interaction. To
address this issue, a bilateral model system consisting of Marinobacter adhaerens HP15
and the diatom T7Thalassiosira weissflogiihas been established. This bacterium specifically
attaches to 7. weissflogii cells thereby increasing its aggregation and inducing an
increased formation of transparent exopolymeric particles. A genetic tool system was
developed for M. adhaerens HP15, in which successful expression of reporter genes
revealed useful tools for gene expression analyses. In addition, several bacterial genes
potentially important during the interaction have been investigated. However, genes
specifically expressed /n vivo are still unknown.

In this work we identified bacterial genes that are induced during the interaction
with 7. weissflogii by two different approaches. First, an /n vivo expression technology
(IVET) screening was conducted, constructing a promoter—trap vector containing a fusion
between a promoterless selection marker gene and a reporter gene. Generation of a
library of plasmids carrying genomic fragments upstream of the fusion and its
subsequent transformation into a selection marker mutant allowed the selection of
bacterial promoters specifically expressed during the interactions with 7. weissflogii.
Second, bacterial proteins expressed in response to the presence of 7. weissflogii were
identified by comparison of protein profiles of bacterial cultures incubated with or without
diatom cells and matrix-assisted laser desorption/ionization time—of-flight mass
spectrometry (MALDI-TOF-MS). By these approaches several genes expressed during
the co-—cultivation with diatoms were identified. Sequence analyses of these genes
showed that they are required for central intracellular metabolism, cell envelope structure,

nutrient scavenging, regulation, chemotaxis, secretion, stress response and DNA



transfer. These genes may play an important role during the interaction between M.
adhaerens HP15 and 7. weissflogii. The results obtained in this study contribute to a
better understanding of the molecular and biochemical mechanisms responsible for
diatom—bacteria interactions.

Additionally, the tight adherence (tad) gene locus present on the 187-kb HP15
plasmid and consisting of 9 genes (#lp, rcoCA, tadZABCDG), was analyzed. This locus is
found in several Gram—negative bacteria encoding for a type Vb fimbrial low—molecular-
weight (Flp) pilus, which plays a role in adherence and biofilm formation. The
identification of a constitutively active promoter upstream the fjp gene of M. adhaerens
HP15 suggested the fadlocus is transcribed. A flo—rcpCA deletion mutant was generated
and analyzed in terms of its motility and attachment to abiotic and biotic surfaces. Under
the experimental conditions tested, the mutant did neither show a phenotype in terms of
surface attachment nor motility. However, the preliminary results of the current study

encourage an in—depth analysis of the role of the tadlocus in M. adhaerens HP15.
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1. INTRODUCTION

1.1. The biological Pump

Through the process of the biological pump, which describes the fate of carbon in
the ocean, atmospheric CO, concentration is lowered by the sinking of organic carbon
from the surface water to the deep ocean (De la Rocha 2003), which then is important
for climate changes (Jahnke 1996, Raven & Falkowski 1999, Riebesell et al. 2007).
Photosynthesis decreases the concentration of dissolved CO, in surface waters and
enables more CO, to be absorbed from the atmosphere (De la Rocha 2003). In addition,
the biological pump impacts the cycling of other elements such as nitrogen,
phosphorous, or silicon as well as trace elements (De la Rocha 2003, Fowler & Knauer
1986). The biological pump is however not fully efficient. Not all nutrients present at the
surface are used during photosynthesis, due to the limitation of primary production by
imbalance in trace element concentrations (Sarmiento & Orr 1991, De la Rocha 2003).
For example, in high—nitrate, low—chlorophyll waters, iron—limitation affects the growth of
phytoplankton (Martin 1990, Martin & Fitzwater 1988, Boyd et al. 2000, Abraham et al.
2000, Takeda 2011). In addition, nutrient imbalance also plays a role; for example, low
concentrations of silica can limit growth of diatoms (Pichevin et al. 2009, Brzezinski &
Nelson 1996, Brzezinski et al. 2011).

The biological pump (Figure 1) can be divided in three steps (De la Rocha 2003):
firstly, organic matter and biominerals production; secondly, transport of organic
particles into the deep ocean; and thirdly, decomposition of sinking and settled particles.
In the first step, dissolved inorganic carbon (DIC) and other dissolved inorganic materials
(NOs~, PO,*", Si(OH),) in euphotic zones are fixed by phytoplankton during
photosynthesis into particulate organic matter (POM). The main components of the

produced organic matter are carbon, nitrogen and phosphorus; it also contains silica and



trace elements such as magnesium, cadmium, iron, calcium and barium (Fabiano et al.

1996, De la Rocha 2003).
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Figure 1. Principle components of the biological pump (Ducklow et al. 2001).

The organic matter produced in the upper waters can be immediately
decomposed thereby recycling the fixed CO, and generating DIC and dissolved organic
matter (DOM). Nevertheless, some of the organic matter is transported to deeper waters
in the form of aggregates, known as marine snow (Alldredge & Silver 1988, Alldredge &
Gotschalk 1989). The sinking rates depend on the density, shape and size of the
aggregates, ranging from <1 to >1,000 m day ' (Fowler & Knauer 1986). In the upper
waters and while sinking, marine snow experience processes like bacterial degradation
mediated by production of different enzymes (Smith et al. 1992, Bidle & Azam 1999,
Azam & Long 2001). In addition, zooplankton consumption reduces the sinking flux of
aggregates during grazing by decreasing the amount of POM and transforming large
aggregates into smaller particles (Kigrboe 2011, Dilling & Alldredge 2000). Eventually, a

relative small amount of fixed carbon reaches the sediments, less than 0.1 to 1.0%,



being sequestered over geologically long time spans (Lalonde et al. 2012, Ducklow et al.
2001, Hedges & Keil 1995, Raven & Falkowski 1999).

As part of the biological pump the microbial carbon pump, described originally by
Jiao et al. (2010) (Figure 2), plays a particular role in the fate of the carbon in the
oceans. During the export of carbon to deep ocean, bacteria and archaea mineralize
DOM and POM, producing DIC and recalcitrant dissolved organic matter (RDOM). RDOM
is resistant to biological decomposition thus persisting at any depth in the water column,
being important carbon storage in the ocean (Jiao & Azam 2011). The precise ways of
how RDOM is generated are still unknown, but RDOM contains wall-bound
macromolecules such as lipopolysaccharides and muramic acid suggesting a direct
exudation during bacterial growth, microbial viral lysis or by the degradation and
transformation of POM and DOM (Gruber et al. 2006, Weinbauer et al. 2011, Benner &
Kaiser 2003, Suttle 2007). The microbial carbon pump transforms organic carbon from
low concentrated reactive carbon to high concentrated RDOM thus changing the
chemical composition of the organic matter. RDOM has C:N:P ratios of ~3,511:202:1,
suggesting that the microbial carbon pump converts and keep more carbon than nitrogen
and phosphorus in the RDOM, therefore releasing inorganic nitrogen and phosphorus,
providing essential nutrients for primary production. Jiao et al. (2010) stated that the
connection between the biological pump and the microbial carbon pump is the microbial
loop, where heterotrophic bacteria use DOM and then exporting the energy to the grazing
food web.

The microbial loop (Figure 3) channels energy and carbon via bacteria to higher
trophic levels (Pomeroy et al. 2007) thereby accelerating mineralisation and recycling of
nutrients (Fenchel 2008). Bacteria use DOM produced by phytoplankton as an energy
source and multiply. Bacterial populations are then controlled by i.e., flagellates which in
turn are grazed by microzooplankton. Consequently, the energy stored in DOM is
transferred to the main food chain (Azam et al. 1983). The functional groups involved
apart from the previously mentioned include photosynthetic bacteria producing DOM
(Cambell & Vaulot 1993) and viruses which lyse bacterial and eukaryotic algae thereby
recycling DOM (Suttle 2007). In addition, due to the viral host-specificity, viruses control
the successional changes of the bacterial community in the microbial loop (Fenchel
2008). In this way, nutrients become available for the production of new POM through

photosynthesis or bacterial production (Verdugo et al. 2004).
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Figure 2. Main biological processes involved in carbon cycling in the ocean: The
biological pump, the microbial loop, the viral shunt and the microbial carbon
pump. POM: Particulate organic matter, DOC: Dissolved organic matter, RDOM:
Recalcitrant dissolved organic matter (Jiao et al. 2010).
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1.2. Marine snow

Marine snow (Figure 4) is defined as a diverse group of aggregates with diameters
greater than 0.5 mm of different origins, morphologies, and characteristics (Alldredge &
Silver 1988). The aggregates contain phytoplankton cells, bacteria, and diverse other
microorganisms, fecal pellets, inorganic particles, mucus, feeding structures of
foraminifera, appendicularians, and pteropods. These components of marine snow are
glued together in three—dimensional fractal patterns (Alldredge & Silver 1988, Fowler &
Knauer 1986, Kigrboe 2001). Marine snow can consist of about 20% carbon, is enriched
in nutrients like nitrogen and trace elements, and is colonized by diverse cells
communities at concentration higher than those found in the surrounding seawater. As
such, marine snow forms microbial hotspots of metabolic activity, where biological
processes like production, decomposition and recycling of nutrients take place (Alldredge
& Silver 1988, Kigrboe 2001). Aggregates function as attachment surfaces for
microorganisms, providing micro—niches and high concentration of nutrients, therefore
playing a major role in the maintenance of microbial diversity (Long & Azam 2001,
Verdugo et al. 2004). In addition, sinking of marine snow is the main mechanism for the
transport of organic matter to the deep ocean, thus playing a significant role in the
biological pump (Alldredge & Gotschalk 1990) and in determining the distribution of
elements in the oceans (Fowler & Knauer 1986).

The production of marine snow is mediated by either biological production or
physical aggregation, or a combination of both (Alldredge & Silver 1988). Marine snow is
biologically produced by mucus—producing organisms such as from feeding structures of
pteropods and larvaceans (Hansen et al. 1996, Kigrboe et al. 1996), transparent
exopolymers (TEP) from diatoms (Alldredge et al. 1993, Passow 2002), or fecal pellets
produced by zooplankton or small fishes (Kigrboe 2001, Fowler & Knauer 1986). Some
of these precursors are already carrying bacteria and other microorganisms as in case of
i.e. larvacean houses, since the later are use for filtrating water to collect food, while
those and other precursors sink they may collect more particles (Alldredge & Silver
1988).

Coagulation and flocculation of particles lead to formation of marine snow during
physical aggregation (Alldredge & Silver 1988). Coagulation is a two-step process.
Firstly, nano— and micro—particles collide by physical process such as Brownian motion,
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differences in sinking velocities, or fluid shear. Secondly, particles stick together after
collision by electrostatic interactions or their chemical stickiness which ultimately increase
attachment and collision probabilities (Kigrboe 1997, 2001 Alldredge & Silver 1988). The
size of aggregates increase by the increase in coalescence and collision of particles
(Jackson 2001). The sizes, concentrations and stickiness of particles, together with the
intensity of colliding process, determine the aggregation rate of the particles (Verdugo et
al. 2004). The sinking velocity of the aggregates also depends on the porosity, density,

and size of particles (De la Rocha & Passow 2007)

Figure 4. Different examples of marine snow. A. aggregate formed by the
flocculation of living diatoms; B. abandoned filter net from an appendicularian; C.
aggregate with a comet shape; D. aggregate containing macrocrustacean fecal
pellets. Scale bar for A: 1 cm, for B-D: 1 mm. (Alldredge & Silver 1988).

Another important factor during the formation of marine snow is the presence of
hydrogels in the oceans, which are three—dimensional networks of polymer imbedded in
water (Chin et al. 1998, Verdugo et al. 2004). Polymeric DOM can reach high
concentrations, which ultimately leads to the formation of nanogels, which in turn can
anneal with each other to form microgels. Polysaccharides, proteins, and nucleic acids
chains are the main components of microgels, which form non—covalently cross—linked
physical polymer networks stabilized by calcium ion bonds (Verdugo et al. 2004, Wells &
Goldberg 1994). Transparent exopolymeric particles (TEP) are larger macrogels, formed
by the alignment of dissolved polysaccharide chains by cation linking (Verdugo et al.

2004, Alldredge et al. 1993, Logan et al. 1995, Passow 2002). TEP are defined as
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Alcian Blue—stainable particles retained in filters (Figure 5), Alcian Blue stains negatively
charged polysaccharides (Alldredge et al. 1993). TEP are important in sedimentation
processes, during aggregation of diatoms blooms and marine snow formation, because
they form the “glue” that sticks aggregates components together (Alldredge et al. 1993,
Logan et al. 1995). In addition, TEP production leads to the transformation of DOC into
POC thus representing an important way to transform DOC and sequestering it by
sedimentation (Passow et al. 2001). Similarly, coomassie—stained particles (CSP) mainly

formed by proteinaceous particles are also abundant in seawater (Long & Azam 1996).

g .“.';7 L
ﬁi E A -
'»';"31"35}:"' e ? u ra
. B
\?& 5
e — \-, =
_ C

Alidredge et al. 1993)

Figure 5. Transparent exopolymeric particles (TEP), Scale bar: 100um. (

There are two major biological processes by which marine snow aggregates
change in size, composition, and characteristics: zooplankton or nekton grazing on them
and microbial decomposition of marine snow particles (Alldredge & Silver 1988, Kigrboe
2001). Additionally, physical processes also play a role; lateral advection, particle
settlement, fragmentation via turbulences and mixing (Alldredge & Silver 1988), or
fragmentation due shear forces (Dilling et al. 2000, Graham et al. 2000). All these
processes contribute to the rates of degradation, remineralizing, and recycling of
aggregated material in the upper ocean, and thus leaving just a small proportion
available for transport to the deep ocean (Kigrboe 2001).

Microorganisms carry out different processes during the decomposition of
aggregates: respiration, solubilization of POM, biomass production, hydrolysis and
uptake of substrate, or release of synthesized substrates (Simon et al. 2002). During
microbial decomposition, successional changes in the species composition and in the
physico—chemical microenvironment take place (Simon et al. 2002, Alldredge & Silver
1988). Firstly, bacteria colonize the aggregates and start enzymatic activities which
solubilise and remineralise the organic matter thereby increasing bacterial biomass

(Smith et al. 1992). Then, zooplankton such as copepods and microflagellates colonize
7



the aggregate to consume the bacterial cells and other particulate components of the
aggregate (Kigrboe 2010, Caron 1987, Tiselius & Kigrboe 1998). The remaining
aggregated fragment can then be populated by other microbial communities (Alldredge &
Silver 1988). Finally, zooplankton, fish and other higher order organisms either feed on
the constituents or on the aggregate itself (Steinberg et al. 1994, Kigrboe 2001, Larson &
Shanks 1996). Only minor amounts of marine snow continue to sink towards the bottom
of the seafloor.

Colonization of aggregates by bacteria can either be passive, where bacteria
randomly collide with an aggregate, or active, where mechanisms of aggregate detection
are used (Kigrboe 2001). Bacteria use chemotaxis to sense chemical gradients and then
swim towards areas of higher concentrations of the nutrient molecules (Mitchell et al.
1995, Grossart et al. 2001). Once close or attached to the aggregate, bacteria start
producing extracellular or cell wall-bound lytic enzymes to degrade organic matter into
DOM (Smith et al. 1992, Ziervogel & Arnosti 2008). The production of DOM is faster than
its recycling, therefore, it leaks out from marine snow particles forming a plume of
concentrated nutrients (Figure 6), which then readily attract other microorganisms to the

sinking aggregate (Azam & Long 2001).

Carbon flow
e

Bacterial response i /
e—

Dissolved organic matter
[

Figure 6. Carbon fluxes in marine snow during sinking, production of hydrolytic enzymes by
colonizing bacteria release DOM containing carbon (C), nitrogen (N) silicon (Si) and iron (Fe).
(Azam & Long 2001).

Bacteria associated with aggregates are usually bigger in size, more abundant
(Herndl 1988, Simon et al. 2002), and phylogenetically different from the free—living

bacteria in the surrounding water (Ploug et al. 1999, Simon et al. 2002, Delong et al.
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1993). For example, the bacterial Cytophaga-Flavobacterium cluster was found to be
usually more abundant on marine snow (Ploug et al. 1999, Delong et al. 1993,
Moeseneder et al. 2001) possibly due to their capacity to degrade biopolymers including
complex polysaccharides (Cottrell & Kirchman 2000, Simon et al. 2002, Verdugo et al.
2004). Another example is the ammonium-oxidizing Nitrosomonas cluster which was
found to be associated to particles while the cluster Mifrosospira was reported as free—

living bacteria (Phillips et al. 1999).

1.3. Diatom-—bacteria interactions

Marine bacteria are ubiquitous and can reach up to 10° cells mI™" (Fenchel 2008).
Some of them are heterotrophic bacteria playing a role during the remineralization of
organic matter (Cho & Azam 1988), hence influencing the biogeochemical cycles of
nutrients. Phytoplankton occur in abundances ranging from 10° to 10° cells mI™" (Cole
1982). Diatoms represent the most diverse group of phytoplankton and carry out
approximately 20% of photosynthesis on earth (Nelson et al. 1995). Diatoms are
unicellular, occur as solitary cells or in chains of cells, and are characterized by their
siliceous cell wall know as frustule (Armbrust 2009, 1999). The frustule can protect
diatoms from predation due to its strength (Hamm et al. 2003); furthermore it enables
the diatoms to sink and thus plays an important role in the sinking of organic carbon to
the deep ocean (Armbrust 2009).

The term phycosphere, in analogy to the rhizosphere, describes the zone
extending outward from a colony or algal cell to an undefined distance, in which the algal
extracellular products stimulate the growth of bacteria (Bell & Mitchell 1972). This region
has a high concentration of microbial products important for nutrient fluxes (Amin et al.
2012). The phycosphere is the zone where interactions between bacteria and
phytoplankton take place (Figure 7, Cole 1982). Bacteria can be free—living, be attached
or live inside algal cells (Cole 1982, Martinez et al. 1983, Kodama et al. 1990). To be
located in a close proximity to the phycosphere, bacteria can use chemotaxis and
motility to sense the high nutrient concentrations (Barbara & Mitchell 2003, Mitchell et al.
1995, Stocker et al. 2008), or they can attach to the algal surface (Gardes et al. 2011,
Mayali et al. 2008, Biegala et al. 2002). The attachment can be mediated by the



production of TEP by diatoms and EPS by bacteria (Amin et al. 2012). It has been
hypothesized that TEP produced by diatoms can be used as signal to attract bacteria, in
a similar way as, i.e. the flavonoids secreted by plants stimulate the production of Nod
factors in Sinorhizobium meliloti. (Gage 2004). Likewise, diatoms are observed to
produce pheromones and bacteria produce autoinducers, suggesting that these
compounds could be involved in signaling between these organisms and may play a role

during the attachment (Amin et al. 2012).
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Figure 7. Bacteria—phytoplankton interactions that occur in the phycosphere. The size of arrow
heads denote the predominate direction of the process (Cole 1982).

Many types of interaction between bacteria and diatoms have been described
(Figure 8) including indirect associations due to the ability of bacteria to use algal
exudates and remineralize organic matter produced by decaying diatoms, where the
bacteria acts as a saprophyte (Cole 1982). Some other bacteria interact with diatoms
through specific interactions (Grossart et al. 2005, Sapp et al. 2007). Several studies
using diatom isolates or sampling during diatom blooms have identified the phyla
Bacteroidetes and Proteobacteria as the most common phyla associated with diatoms,

including the genera Suffitobacter, Roseobacter, Alteromonas and Flavobacterium (Amin
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et al. 2012). The diatom Rhizosolenia stvliformis hosts the endophytic cyanobacterium,
Richelia intracelluiaris (Alldredge & Silver 1982, Martinez et al. 1983). These studies

indicate that there are specific relationships between bacteria and diatoms (Cole 1982).
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Figure 8. Schematic representation of bacterial interactions with diatoms, including competitive
(purple), synergistic (orange), and parasitic (blue). An example of horizontal gene transfer (HGT)
is also shown (green). The phycosphere is represented by background gradient and dashed line.
DOP: dissolved organic phosphorus, DOM: dissolved organic matter, EPA:! fatty acid
eicosapentaenoic (Amin et al. 2012).

Positive interactions like mutualism take place where both organisms benefit from
the excreted compounds of each other. For instance, diatoms require vitamins,
especially B vitamins, to grow (Croft et al. 2005), as such they benefit from the vitamins
produced by bacteria (Cole 1982). Accordingly, bacteria producing cobalamin (vitamin
B12) were observed to improve diatom yield (Haines & Guillard 1974). Similarly, iron is
limited in seawater; many marine bacteria produce siderophores which make iron
available to diatoms (Amin et al. 2007). Conversely, the polysaccharides produced by
diatoms can enhance the bioavailability of iron for bacteria (Hassler et al. 2011). In this
way, bacteria which do not produce siderophores, can access iron (Amin et al. 2012). In
addition, some other diatoms benefit from nitrogen—fixing bacteria (Fiore et al. 2010):

the diatoms Hemiaulus, Rhizosolenia and Chaetoceros host the filamentous
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heterocystous cyanobacteria Richelia intracellularis and Calothrix rhizosoleniae (Foster et
al. 2011). Besides, bacteria can help diatoms in the detoxification of reactive oxygen
species. The diatom Amphiprora kufferathii is associated to epiphytic bacteria from the
genera Sulfitobacter, Colwellia and Pibocella, which consume hydrogen peroxide
produced by the diatom (Htinken et al. 2008).

On the other hand, bacteria can also benefit from compounds produced by
diatoms during photosynthesis. For example, DOC produced by diatoms has been shown
to be used by heterotrophic bacteria (Bell et al. 1974, Grossart et al. 2006). Glycolate, a
2—-carbon molecule, is released by diatoms; some bacteria carry the gene gl/cD,
encoding the D—subunit of the enzyme glycolate oxidase, needed for glycolate utilization
(Lau & Armbrust 2006, Lau et al. 2007). In addition, the mucus produce by
phytoplankton, containing polysaccharides and proteoglycans, might provide protection
to bacteria (Azam & Malfatti 2007).

Not all the interactions are mutually beneficial, however. Some bacteria produce
algicidal compounds (Cole 1982, Imai et al. 1993, Paul & Pohnert 2011). The bacterium
Korida algicidal for example, produces a protease which has activity against
Thalassiosira, Skeletonema and Phaeodactylum. This protease is however not effective
against Chaetoceros suggesting that algicidal activity can be species—specific (Paul &
Pohnert 2011). The bacterium Saprospira sp. SS98-5 stimulates the aggregation of the
diatom Chaetoceros ceratosporum and then produces extracellular microtubule-like
structures which kill the diatoms by lysing the diatom cells (Furusawa et al. 2003).

Phytoplankton have on their side, evolved mechanisms against non—beneficial
bacteria, through the production of antibacterial compounds such as fatty acids and
esters (Sastry & Rao 1994, Lebeau & Robert 2003). The diatom Phaeodactylum
tricornutum for example, produces the fatty acids: palmitoleic acid, hexadecatrienoic
acid (HTA) and eicosapentaenoic acid (EPA), which inhibit bacterial growth (Desbois et
al. 2009). Furthermore, polyunsaturated aldehydes (PUA) produced by diatoms as a
defense against grazers, also have antibacterial effects (lanora et al. 2004). Interestingly,
the diatom—associated bacteria Su/fibacter, Paracoccus and Erythrobacter were found to
be PUA-resistant (Ribalet et al. 2008).

Competition has also been observed between bacteria and diatoms. The growth
of phytoplankton is limited by the availability of some nutrients such as nitrogen, iron, or

phosphorous (Rothhaupt & Gide 1992). In habitats where these nutrients are limited,
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competition between bacteria and algae can occur (Cole 1982, Rothhaupt & Giide 1992).
For example, under phosphate limitation, the diatom Cy/indrotheca fusiformis growing
with bacteria showed slower growth compared with the growth under normally balanced
phosphate conditions, suggesting that the bacteria were more efficiently taking up the
available phosphate (Guerrini et al. 1998). It is important to point out that the types of
interaction taking place between bacteria and diatoms are not constant and depend on
the environmental conditions, a mutualistic relationship can switch to a parasitic
relationship under stress conditions (Grossart 1999) or to a commensalism under

nutrient-limiting conditions (Gardes et al. 2012)

1.4. The /n vitro model system

So far, the biochemistry of the diatom—bacteria interactions has been poorly
understood (Azam & Malfatti 2007). Furthermore, the signaling processes between these
organisms during the initiation of the interaction are still unknown (Amin et al. 2012). In
addition, the molecular basis underlying diatom—bacteria interactions remains unclear. To
further our understanding of the cell-to—cell interaction between diatoms and bacteria, a
bilateral model system consisting of the diatom, T7halassiosira weissflogii, and the
bacterial strain, Marinobacter adhaerens HP15, was therefore established (Gardes et al.

2011, Sonnenschein et al. 2012).

1.4.1. Thalassiosira weissflogili

Thalassiosira is a genus belonging to the centric diatoms, which have a broad
distribution in all open water masses (Armbrust 1999). This genus is taxonomically
affiliated to the class of Coscinodiscophyceae and the phylum Bacillariophyta.
Approximately 180 marine species belong to this genus; 7. we/ssflogi and T.
pseudonana are two well-studied examples (Round et al.1990). The genome of T.
pseudonana is partially available making this genus important for understanding the
evolution of diatoms (Armbrust et al. 2004).

7. weissflogii (Figure 9) has a broad distribution, being isolated from the waters of
Europe, Southeast Asia, Australia, and other regions (Dassow et al. 2006). This diatom
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has a frustule composed of two thecae with diverse long thread-like strutures composed
of chitin (Durkin et al. 2009). 7. weissflogii grows as solitary cells having diameters
ranging from 12 to 22 um (Provasoli Guillard National Center for Culture of Marine
Phytoplankton (CCMP)). Diverse studies have used 7. weissflogii as a marine diatom
model system (Armbrust 1999, Gardes et al. 2011, Vrieling et al. 1999, Grossart 1999,
2005, Durkin et al. 2009, Bilde & Azam 1999, Passow 2002).

Figure 9. Scanning electron micrograph of the marine diatom
Thalassiosira weissflogii (Courtesy of F. Hinz, Alfred—Wegener Institute,
Bremerhaven, Germany).

1.4.2. Marinobacter adhaerens HP15

The ubiquitously distributed genus Marinobacter is taxonomically affiliated to the
phylum Proteobacteria, class Gamma—proteobacteria and family Alteromonadales. More
than 30 species isolated from a variety of environments are affiliated to this genus. For
instance, Marinobacter hydrocarbonoclasticus, the first strain described, was isolated
near a petroleum refinery in the French Mediterranean coast, and uses different
hydrocarbons as sole carbon source (Gauthier et al. 1992). Other species interact with
different organisms, such as M. bryozoorum, isolated from a Bryozoa specimen
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(Romanenko et al. 2005), M. algicola, isolated from dinoflagellate cultures (Green et al.
2006), and M. xestospongiae from a marine sponge (Lee et al. 2012).

M. adhaerens HP15 (K&ppel et al. 2012) was isolated from marine aggregates
collected from surface waters of the German Bight (Grossart et al. 2004). M. adhaerens
HP15 is a heterotrophic, aerobic, Gram—negative bacterium. Cells are rod—shaped (0.6—
0.8 x 1.7-2.4 ym) and motile by means of a polar flagellum (Figure 10A). lts optimal
growth temperature ranges from 28 to 37°C, and pH 7.0-9.0. On Marine-Broth (MB)
agar plates M. adhaerens HP15 grows in form of brownish mucoid colonies (Figure 10B)

(Kappel et al. 2012).

Figure 10.. .M. atha.ereﬁs: HP 15. A, colonies plated on MB medium. B, Transmission
electron microscopy picture (Sonnenschein et al. 2011).

M. adhaerens HP15 specifically attach to 7. weissflogii inducing TEP production
and aggregate formation (Figure 11, Gardes et al. 2011), suggesting that this bacterium
plays an important role during 7. weissflogii aggregation dynamics. For this reason, M.
adhaerens HP15 was selected for establishing an /n vifro model system together with 7.
weissflogii, to study aggregate formation during diatom—bacteria interactions at the
cellular and molecular level. In addition, its genome was sequenced and completely
annotated (Gardes et al. 2010). The genome comprises three replicons; a chromosome

of approximately 4.5 Mb, and two plasmids of ~187 and ~42 Kb, respectively. The
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genome sequence revealed some interesting features, supporting a role of this bacterium
during interactions with eukaryotic cells. For instance, the presence of several pili and
flagella—associated gene clusters, methyl-accepting chemotaxis proteins, chemotaxis
gene clusters, two—component regulatory systems, multi-drug efflux systems, a
siderophore receptor—encoding gene, exopolymer syntheses, and hydrolytic enzymes—
encoding genes, among others. Furthermore, the genetic accessibility of M. adhaerens
HP15 was comprehensively analyzed in the laboratory (Sonnenschein et al. 2011).
Transformation of M. adhaerens HP15 by electroporation and conjugation, random and
site—-mutagenesis, as well as expression of reporter genes such as enhanced green

fluorescent protein (egfv) and B—galactosidase (/ac2) were successfully conducted.

Lirayd 4

Figure 11. Scanning electron microscopy of M. adhaerens HP15 attached to 7. weissflogii
within 24 h of incubation. Scale bar: 1 ym (Gardes et al. 2012).

1.4.3. Interaction between 7. weissflogii and M. adhaerens HP15

The interaction between 7. weissflogii and M. adhaerens HP15 has been
characterized to some detail (Gardes et al. 2011, Géardes et al. 2012, Sonnenschein et
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al. 2012). As mentioned above, M. adhaerens HP15 induce TEP production and
aggregate formation of 7. weissflogii (Gardes et al. 2011). Cultures of photosynthetically
active and inactive 7. we/ssflogii either alone or in co—culture with M. adhaerens HP15
were analyzed in rolling tank experiments (Gardes et al. 2011). It was demonstrated that
M. adhaerens HP15 induce TEP production and aggregate formation only in
photosynthetically and metabolically active diatom cells (Gardes et al. 2011).

To evaluate the composition and amount of released polysaccharides and DOC
by 7. weissflogii under different nutrient conditions, the diatom was incubated in
phosphorous— or nitrogen—limited media with M. adhaerens HP15 added or not (Gardes
et al. 2012). Under nutrient-balanced conditions M. adhaerens HP15 induced TEP
formation, cell growth, and DOC accumulation of 7. weissflogii. These results and the
fact that the bacteria can grow only in sterile seawater in the presence of 7. weissflogii
using its exudates as sole carbon source suggested a rather mutualistic relationship
between these two organisms. On the other hand, under nutrient—deficient conditions the
bacterial effect on 7. weissflogii was dramatically impaired, suggesting a shift from
mutualism to commensalism between M. adhaerens HP15 and 7. weissflogii as a result
of nutrient stress. In addition, by the use of lectin staining of exopolymers it was shown
that the bilateral interaction may result in either modification or de novo synthesis of
exopolymers (Gardes et al. 2012).

The established genetic accessibility techniques (Sonnenschein et al. 2011)
allowed the analysis of genes, potentially important for the interaction of M. adhaerens
HP15 with diatom cells. For example, flagellum—deficient mutants /G- Tnb and A7/C,
were generated by transposon and site—directed mutagenesis, respectively (Figure 12).
As expected, the f/(G-Tn5 mutant was unable to form the flagellum, since this gene is
required for the hook formation as described in Sa/monella enterica (Thomas 2001)
(Figure 12B). In contrast, the A7/C mutant (Figure 12A) exhibited the flagellar hook but
was missing the flagellar filament. In addition, a type IV mannose-sensitive
haemagglutinin  (MSHA) pilus—deficient mutant was generated by gene-specific
mutagenesis lacking the mshB gene (Seebah 2012). To study the impact of the cellular
appendages during the interaction, the attachment behavior towards 7. weissflogii cells
was studied for the flagellum— and pili-deficient mutants (Af/C, fiG::Tn5 and AmshB)
compared to the wild—type strain. The mutant strains, showed a significant reduction in

attachment to diatom cells, suggesting that a functional flagellum and MSHA type-IV
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pilus are required for the attachment of M. adhaerens HP15 to T. weissflogii cells (Figure
13, Seebah 2012).

Chemotaxis is an important mechanism during the attraction of marine bacteria
by phytoplankton cells or exudates (Seymour et al. 2010, Paerl & Pinckney 1996, Willey
& Waterbury 1989, Bell & Mitchell 1972). Chemotaxis by M. adhaerens HP15 towards 7.
weissflogii was studied by the generation and analysis of chemotaxis—deficient M.
adhaerens HP15 mutants during the interaction with the diatom (Sonnenschein et al.
2012). Genes in two chemotaxis signaling cascades were mutagenized, cheA coding for
a central histidine kinase and c/ipB coding for a methyltransferase. The mutant strains
exhibited a decreased diatom attachment, microscopic analysis of bacterial and diatoms
stained with carbol fuchsin and TEP stained with alcian blue showed more wild—type cells
attached to diatoms or to TEP compared to those observed form the mutants (Figure
14). These results suggest that chemotaxis plays an important role during the interaction

(Sonnenschein et al. 2012)
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Figure 12. Phenotypic characterization of flagellum—deficient M. adhaerens
HP15 mutants by transmission electron microscopy: A, M. adhaerens HP15
mutant A//C; B, M. adhaerens HP15 mutant 7/.G..Tn5; C, M. adhaerens HP15

wild—type. (Sonnenschein et al. 2011).
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Figure 13. Percentage of M. adhaerens HP15 cells, wild—type and mutants A7/C,
fiG::Tn5, AmshB attached to 7. weissflogii after 48 hrs of incubation in f/2 medium
(Seebah 2012).
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Figure 14. Microscopic analysis of M. adhaerens wild—type or the mutants AcheA and
AchpB attached to 7. weissflogii cells after 24 h of incubation. Bacterial and diatom
cells were stained with carbol fuchsin and TEP with alcian blue. A. Bacterial cells
attached to diatom cells; B. alcian blue—stained aggregates populated by carbol
fuchsin—stained bacterial cells (Sonnenschein et al. 2012).
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1.5. Methods for the analysis of differential gene expression during

cell-to—cell interactions

Different methods have been established for the study of bacterial gene
expression in the last years. These can either focus on individual genes of interest, or in
the study of all the genes that are expressed under a particular condition. It can be done
for environmental samples or on an isolated organism. It is important to note that
bacteria growing under /n vitro conditions might not express genes in a similar manner as
they would under conditions of their natural environment. For this reason, it is important
to study the role of mixed communities in their natural environment. The “omics”
methods allow studies to be conducted at all biological levels including DNA, RNA,
proteins and metabolites in a mixed community (Raes & Bork 2008, Siggins et al. 2012).
A summary of the advantages and the disadvantages of the methods described here for
the analysis of differential gene expression during cell-to—cell interactions are shown in

Table 1.

1.5.1. Promoter trap techniques

The use of reporter genes has helped to study the expression of genes in bacteria
isolated and cultivated in the laboratory. Examples of these reporters genes are the /acZ,
encoding for B-galactosidase (Silhavy & Beckwith 1985), gusA, encoding for B-—
glucoronidase (Jefferson 1989), and gfp, encoding for the green fluorescent protein
(Chalfie et al. 1994). With the use of reporter genes, some techniques were developed to
study bacterial genes expressed during growth under specific conditions including the
so—called promoter—trapping techniques (Wilson et al. 1995 Chiang & Mekalanos 1998,
Ullrich et al. 2000, Goyer & Ullrich 2006). For example, in the transposon mutagenesis
coupled with reporter genes strategy, a genetic fusion between a promoterless reporter
gene and a transposon is generated. The transposon insertions allow the reporter gene to
be randomly placed into the genome. When the reporter gene has been inserted
downstream of a promoter involved in or influenced by the condition tested, this reporter

gene is then differentially expressed (Chiang & Mekalanos 1998, Ullrich et al. 2000,
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Goyer & Ullrich 2006). Other promoter—trapping techniques were progressively developed.
For example: differential fluorescence induction (DFI) (Valdivia & Falkow 1996) and the
so—called in vivo expression technology (IVET) (Mahan et al. 1993). DFI (Valdivia &
Falkow 1996) uses the green fluorescent protein (GFP) as a selection marker to study the
promoter activity. In this strategy, those genes that are specifically expressed under a

certain condition are screened with the help of fluorescent—activated cell sorting (FACS).

1.5.1.1 /n vivo expression technology (IVET)

The majority of bacterial virulence genes are induced during infection of the host
organism. In the laboratory certain host environmental parameters can be mimicked
inducing a subset of virulence genes including changes in temperature, oxidative stress
or pH (Rediers et al. 2005). However, the full combination of virulence genes is only
expressed /n vivo. In order to identify these genes a genetic system termed /n vivo
expression technology (IVET), was developed (Mahan et al. 1993). In this genetic
approach, a live host, with tissue barriers and immune system, is used to signal
induction of virulence genes. Briefly, IVET (Figure 15) is a promoter—trapping technique
used for the selection of bacterial promoters that are specifically induced /i vivo. The in
vivo—induced promoters are identified by the ability to drive expression of a promoterless
selection marker gene that is essential for survival. The expression /n vitro of a
promoterless reporter gene cloned downstream the selection marker allows the exclusion
of constitutive promoters (Rediers et al. 2005, Lee & Cooksey 2000). Therefore, this
strategy allows the identification of genes that are specifically expressed under the
conditions found in the host tissue but are minimally expressed under laboratory
conditions (Mahan et al. 1993).

This strategy was originally developed to identify virulence genes induced when
Salmonella typhimurium infects their host (Mahan et al. 1993). The puwrA gene was
mutated in S. typhimurium generating a purine auxotrophic mutant, which was not able to
survive in the host unless it was complemented /n frans. Random genomic fragments
were cloned upstream of a promoterless purA—iacZ operon present on a suicide vector.
This library was transformed into the S. fyphimurium ApurA mutant and was integrated by
homologous recombination into the chromosome. Once the entire pool of recombinant

mutant transformants was injected into the peritoneal cavity of mice, the bacterial growth
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in the mouse was used as a positive selection for strains, in which a promoter of a
virulence gene was driving expression of purA-/acZ. Strains expressing the gene fusion /n
vivo became prototrophic and survived, whereas strains not expressing the fusion
remained auxotrophic and died. Finally, after re—isolation of the bacterial population from
the mice a screen for /acZ expression was applied to discard constitutively active fusions
(Mahan et al. 1993). A total of 5 /n vivo-induced genes (/1) were identified by this
method, two of them showed no significant homology to previous reported sequences in
the GenBank, suggesting that the technique allowed the identification of new and thus far

uncharacterized genes specifically induced during infection (Mahan et al. 1993).
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Figure 15. Schematic representation of a typical IVET strategy.
MCS: multiclonal site. egf: essential growth factor (Reiney &
Preston 2000).

22



In the past years, this technique has been applied to study gene expression in a
wide range of microorganisms living in different environments (Rediers et al. 2005). IVET
has been successfully used for studying bacterial genes involved in different interactions.
For instance, plant pathogenic bacteria such as: Pseudomonas putida KT2440
(Fernandez et al. 2013), P. syringae pv tomato (Boch et al. 2002), Erwinia chrysanthemi
(Yang et al. 2004), and Ralstonia solanacearum (Brown & Allen 2004). Human
pathogenic bacteria that have been studied using IVET include Helicobacter pylori (Singh
et al. 2012), Staphylococcus aureus (Lowe et al. 1998), Klebsiella pneumoniae (Lai et al.
2001), Porphyromonas gingivalis (Wu et al. 2002), Shigella flexneri (Bartoleschi et al.
2002), Vibrio vuinificus (Lee et al. 2007), Burkholderia pseudomalle/ (Shalom et al.
2007), Streptococcus pneumonae (Meng et al. 2008), and Enterococcus faecalis (Hanin
et al. 2010). In addition, IVET was also applied to study environmental microorganisms
such as Rhizobium meliloti (Oke & Long 1999), Bacillus cereus (Brillard et al. 2010), A.
leguminosarum biovar viciae (Barr et al. 2008), P. putida, a biological control bacterium
(Lee & Cooksey 2000) and Lactobacillus lactis which is an important industrial bacterium
(Bachmann et al. 2008). The later studies principally demonstrated that IVET can be
applied to virtually any /7 vivo situation and that it shall not be restricted to virulence-

associated gene identification.

This strategy has many advantages: the selected genes are isolated during a
strong positive selection (Angelichio & Camilli 2002), the analysis can be carried out with
standard molecular techniques and has low costs, the genome information of the
organism is not required, and the approach can be applied to study a wide variety of
organisms under different conditions (Rediers et al. 2005). However, it also entails
disadvantages which include, for instance, the difficulty of generation of mutants in some
strains. However, modifications of the original IVET have been developed to overcome
such difficulties, for example the recombinase—based /n vivo expression technology
(RIVET) (Lee et al. 1999, Camilli & Mekalanos 1995). In addition, IVET cannot be used to
isolate weakly expressed or repressed promoters, the identified genes depend on the
strength of the selection /n vivo, proteins expressed in a constitutive manner that are just
activated /n vivo are not detected, and the genes identified depend on the /7 vifro growth

conditions (Rediers et al. 2005).
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1.5.2. Transcriptomics

The transcriptome is defined as the complete set of RNA molecules of a cell in a
specific stage or physiological condition (Cox & Mann 2011, Morozova et al. 2009, Wang
et al. 2009). It can change when external conditions are different, and reflects the genes
that are being actively expressed. The aim of transcriptomics is to quantify the
expression levels of genes and operons during growth under different conditions. The
transcriptome can be studied by different approaches; firstly, reverse—transcription
quantitative polymerase chain reaction (RT-gPCR) (Noonan et al. 1990, Saleh—Lakha et
al. 2011). Secondly, hybridization—based approaches such as microarrays (Schena et al.
1995, Schena 1996). Thirdly, tag-based methods such as cap analysis of gene
expression (CAGE, Kodzius et al. 2006), massively parallel signature sequencing (MPSS,
Brenner et al. 2000) and serial analysis of gene expression (SAGE, Velculescu et al.
1995). Finally, the most current technology is RNA sequencing (RNA-seq) with high—
throughput copyDNA sequencing (Wang et al. 2010).

1.5.2.1. Reverse—Transcription quantitative Polymerase Chain Reaction (RT-
gPCR)

RT-agPCR is a sensitive method that allows the guantification of the number of
mRNA copies of a gene, under different conditions (Saleh-Lakha et al. 2011). This
technigue involves the isolation and purification of RNA, its reverse transcription into
cDNA, which is used as a template during PCR amplification with specific probes. At the
end of every amplification cycle, the PCR product is quantified by fluorescent technology
(Trevors et al. 2012). RT-gPCR is a highly sensitive technique with a low detection limit

(Saleh—Lakha et al. 2011).

1.5.2.2. Microarrays

Microarrays is a chip—based technique in which gene-specific DNA probes are
immobilized on a surface by robotics, allowing the hybridization of fluorescent labeled
cDNA, the fluorescent intensity provides a measurement of the gene expression (Schena

1996, Watson et al. 1998, Westermann et al. 2012). Microarrays are used for the study
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of gene expression in a specific organism under different environmental conditions. With
this technigue the expression levels of many genes can be carried out simultaneously
(Schena 1996, Morozova et al. 2009, Trevors et al. 2012). In addition, microarrays are
sensitive and reproducible tools that have broad applicability (Trevors et al. 2012).
Nevertheless, this technigue has several limitations: the genome information of the
organism must be available (Wang et al. 2010), it is a non—quantitative approach where
the transcript abundance is obtained indirectly from the hybridization intensity (Cox &
Mann 2011, Morozova et al. 2009); background noise during hybridization, due to cross—
hybridization (Wang et al. 2010); poor or not signal for low abundant transcripts (Marioni

et al. 2008).

1.5.2.3. Tag—based sequencing approaches

Tag—based sequencing approaches are based in the sequencing of expressed
sequence tags (ESTs). For example the SAGE (Velculescu et al. 1995) is an approach
that uses short nucleotide sequence tag from 9 or 10 bp, these tags have enough
information to identify a transcript. The cDNA is cleaved with a restriction enzyme, the 3’
tags are isolated and anchored by the restriction site to linkers, and the tags are ligated
into a long serial molecule, which is cloned and sequenced (Velculescu et al. 1995).
These techniques provide a precise, high throughput data for gene expression levels,
having advantages over the microarrays, including the detection of novel transcripts
involved in specific biological processes, quantitative information of transcript
abundance, easy comparison between samples (Morozova et al. 2009). Nevertheless,
tag—based sequencing approaches are still expensive since they are based on Sanger
sequencing technology. In addition, some of the short tags (14 or 21 bp) are difficult to
map in the reference genome (Wang et al. 2010, Morozova et al. 2009). Some studies
have coupled these techniques with next-generation sequencing (NGS) technologies

(Cheung et al. 2008, Gowda et al. 2007, Eveland et al. 2008).

1.5.2.4. Next—generation sequencing — RNA sequencing (RNA-seq)

The use of next—generation sequencing (NGS) technologies has increased in the

last years. NGS techniques allow the generation of more sequence information in a
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shorter time, lower cost and higher resolution than Sanger sequencing, due to the
simultaneous sequencing of DNA fragments (MacLean et al. 2009, Heidelberg et al.
2010, Chee-Seng et al. 2010, Dunne et al. 2012). NGS technologies has been used for
genomic and diversity analysis (Dunne et al. 2012, MaclLean et al. 2009, Maccaferri et
al. 2011). Furthermore, NGS technologies can be also used in transcriptomics (Morovoza
et al. 2009, Wang et al. 2009, Westermann et al. 2012, Che-Seng et al. 2010), allowing
the acquisition of more data compared to transcriptomics based on Sanger sequencing.
In RNA-seq the mRNA of an organism is reverse transcribed into cDNA and
fragmented, then a library is created attaching adaptors to one or both fragments ends,
each fragment is then sequenced by NGS technology to obtain short sequences from the
ends. The resulting short sequences can be aligned to a reference genome to determine
the expression state of a transcript in the sample. RNA—seq is a quantitative approach,
which determines RNA expression levels in a more accurate and less expensive manner
than microarrays. Additionally, the transcriptome of an organism can be sequenced
during RNA-seq without having a genome available, it has low background signal and is
highly reproducible (Nagalakshmi et al. 2008, Cloonan et al. 2008, Westermann et al.
2012, Wang et al. 2010). However, this technique also presents some disadvantages:
during the generation of the cDNA library, a fragmentation step of the RNA is needed and
this tends to create biases. Since some of the short reads after sequencing might be
identical, they could be the result of RNA abundance or PCR artifacts. Furthermore, the
large amount of data demands efficient bioinformatic tools for accurate interpretation
(Wang et al. 2010). This technique has been suggested to be used as a so—called “dual
RNA-seq”, where the transcriptomes of two symbiotic organisms are analysed in parallel,
without the separation of the organism. This idea arises in order to provide new ways to

determine virulence factors /n vivo (Westermann et al. 2012).

1.5.3. Proteomics

Proteomics techniques reveal the entire set of proteins expressed in an organism
in a specific state (Cox & Mann 2011). Proteomics provides information on the expressed
proteins and not only on the presence of the genes. The differences in protein expression
can be evaluated under different conditions. However, to allow for better identification of

proteins, genome information should be available (Berlec 2012). Proteomics includes
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protein extraction via separation of proteins, their fragmentation into peptides, generation
of peptide profile and identification of the protein (Altelaar et al. 2013, Cox & Mann
2011). Several techniques are available in proteomics including reversed—phase liquid
chromatography coupled to mass spectrometry (LC-MS). In this approach the peptide
mixture is separated in a gradient of agueous/organic solvent during high—performance
liqguid chromatography (HPLC) coupled by mass spectrometry (MS). The resulting MS
spectra are compared to database search engines and the peptide sequence and the
protein is identified (Altelaar et al. 2013, Cox & Mann 2011). Similarly, the protein sample
can be separated using one—dimensional or two—dimensional gel electrophoresis (2-DE),
excision of protein and in—gel digestion into peptides followed by MS identification (Cox
& Mann 2011).

In 2—-DE (Figure 16) (Rabilloud et al. 2009) the proteins present in the samples are
separated in the first dimension by their isolectric points in gel strips with immobilized pH
gradients. During the second dimension, the proteins are separated based on their
molecular weights in a sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS—
PAGE) (Ong & Pandey 2001, Trevors et al. 2012). The gels can be stained with silver
nitrate or Coomassie Blue, proteins spots are excised then proteolytically digested
(Trevors et al. 2012) and analyzed by MS. 2-DE present some disadvantages, proteins
with extreme basic or acidic isoelectric points or large or small molecular weight are lost
during the analysis. In addition, low concentrated as well as lipophilic proteins are
excluded. Furthermore, the reproducibility can be difficult to achieve, normally there are
small number of differences between replicates (Ong & Pandey 2001, Siggins et al.
2012),

Matrix—assisted laser desorption/ionization (MALDI) time-of-flight (TOF) mass
spectrometry (MS) has become a widespread analytical tool for proteins, peptides and
other bio—-molecules, as well as for bacterial identification (Bonk & Humeny 2001, Lay
2001, Emami et al. 2012, Mazzeo et al. 2006). In summary, the sample is co-—
crystallized with a large molar excess of a matrix compound, such as a—cyano—4-
hydroxycinnamic acid (HCCA), 3,5-dimethoxy—4-hydroxycinnamic acid (sinapinic acid),
or 2,5—-dihydroxybenzoic acid. Laser radiation of the sample-matrix mixture results in
vaporization and thus the sample reaches a high energy state. This energy is transferred
from the matrix to the sample molecules, thus the sample is ionizated and desorpted.

After ionization and desorption, the ions are accelerated in a magnet—surrounded electric
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field towards a detector. Because these ions have the same energy but different masses,
they will reach the detector at different times (Time of flight). Smaller ions reach the
detector first because of their greater velocity while the larger ions take longer owing to
their larger masses. Subsequently, the time of flight is converted to a mass—to—charge
ratio and a mass spectrum is obtained (Lewis et al. 2000, Bonk & Humeny 2001).
Protein identification by MALDI-TOF is done after the protein samples have been treated
with proteolytic enzymes generating characteristic peptide fragments. These enzymes
specifically cleave the protein at certain amino acid residues in the sequence. The
different peptide fragments generated from the digestion result in a specific peptide
pattern. These peptide patterns can be used as fingerprints, which will be compared with
known protein sequences from genome sequence information by computer programs
and collected in databases (Lewis et al. 2000, Bonk & Humeny 2001). MALDI-TOF-MS
is a highly sensitive technique that is used also to study mixtures of peptides and
proteins. This technique exhibits a certain level of tolerance of to buffer or salt
contaminations in the sample. In comparison to other methods, low amount of sample

are needed for MALDI-TOF, which has short measure times (Aitken 2005).
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Figure 16. Schematic representation of the 2-DE approach (Modified from Pandey & Mann 2000).
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Table 1. Summary of advantages and disadvantages of the methods for the analysis of differential gene expression during cell-to—cell

interactions.

Promoter trap
techniques

Microarrays

Next generation
sequencing—based
transcriptomics

Proteomics (2-DE +
MALDI-TOF-MS)

Cost

Genome availability

RNA isolation biases

Bacterial genetic accessibility
Isolate weakly expressed or

repressed proteins
Reproducibility
Sensitiveness

Sequencing biases

Detection of low abundance

transcripts

cDNA library generation biases

Data handling/analysis

complexity

Post-translational modifications

Stability of the molecule use

Low, standard
molecular techniques
are used

Not needed

+

Low

Cannot be determined

DNA (very stable)

High, equipment is
expensive and
production of

microarrays

Needed
+

+

+

Low, analysis of signal
intensities

Cannot be determined
RNA (not stable)

Intermediate, less
expensive than
microarrays but more
than promoter trapping or
proteomics

Not needed
+

+ + + + 4+

+

High, complex
annotations and sorting
of many sequence reads

Cannot be determined
RNA (not stable)

Low, equipment is
expensive but a long
term the costs are lower

Not needed

Low

Determined

Proteins (not stable)




2. AIMS OF THIS STUDY

Our molecular knowledge on the bacterial model system, M. adhaerens HP15,
has increased in the last years and some of the diatom interaction—relevant genes were
studied. Specific genes required for and therefore induced during the interaction of this
organism with the diatom 7. weissflogii are, however, still remain unknown. Therefore,
the major objective of the thesis was the identification of diatom contact-induced genes
in M. adhaerens HP15 by two alternative approaches. Firstly, identification of M.
adhaerens HP15 genes required for the interaction with the diatom by /n vivo expression
technology (IVET). Secondly, identification of M. adhaerens HP15 proteins expressed
during the interaction with the diatom by comparison of protein profiles and identification
of relevant proteins by MALDI-TOF-MS.

In order to implement the IVET screening in M. adhaerens HP15, first the LacZ
reporter gene expression in this bacterium had to be tested; this experiment was carried
out in the context of generating a genetic accessible tool box for M. adhaerens HP15.

An additional aim was the description of the tight adherence (/ad) locus present in
the HP15-specific plasmid pHP187 and determination of its role in motility and biofilm

formation /n vitro; as well as during the attachment to 7. weissflogii.
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3. RESULTS

Results are represented by the following manuscripts originated during the PhD thesis

work:

3.1. Development of a genetic system for Marinobacter adhaerens HP15 involved
in marine aggregate formation by interacting with diatom cell

Eva C. Sonnenschein, Astrid Gardes, Shalin Seebah, Ingrid Torres—Monroy, Hans—Peter
Grossart, and Matthias S. Ullrich

(Published in the Journal of Microbiological Methods (2011) 87(2): 97-107)

3.2. |dentification of bacterial genes expressed during diatom—bacteria interactions

Ingrid Torres—Monroy, and Matthias S. Ullrich

(To be submitted)

3.3. Identification of Marinobacter adhaerens HP15 proteins expressed in response
to presence of the diatom 7halassiosira weissflogif

Ingrid Torres—Monroy, Antje Stahl, and Matthias S. Ullrich

(To be submitted)

3.4. l|dentification and possible function of the plasmid—borne fad locus in the
diatom—associated bacterium Marinobacter adhaerens HP15

Ingrid Torres—Monroy, Ania T. Deutscher, and Matthias S. Ullrich

(In preparation)
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3.1. Development of a genetic system for Marinobacter adhaerens
HP15 involved in marine aggregate formation by interacting with

diatom cells

(The following manuscript was published in the Journal of Microbiological Methods

(2011) 87(2): 97-107)
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ABSTRACT

Diatom aggregation is substantial for organic carbon flux from the photic zone to
deeper waters. Many heterotrophic bacteria ubiquitously found in diverse marine
environments interact with marine algae and thus impact organic matter and energy
cycling in the ocean. In particular, Marinobacter adhaerens HP15 induces aggregate
formation while interacting with the diatom, 7halassiosira weissflogii. To study this effect
at the molecular level, a genetic tool system was developed for strain HP15. The
antibiotics susceptibility spectrum of this organism was determined and electroporation
and conjugation protocols were established. Among various plasmids of different
incompatibility groups, only two were shown to replicate in M. adhaerens. 1.4 x 107°
transconjugants per recipient were obtained for a broad-host-range vector.
Electroporation efficiency corresponded to 1.1 x 10° CFU per pg of DNA. Transposon
and gene—specific mutageneses were conducted for flagellum biosynthetic genes.
Mutant phenotypes were confirmed by swimming assay and microscopy. Successful
expression of two reporter genes in strain HP15 revealed useful tools for gene expression
analyses, which will allow studying diverse bacteria—algae interactions at the molecular
level and hence to gain a mechanistic understanding of micro—scale processes
underlying ocean basin—scale processes. This study is the first report for the genetic
manipulation of a Marinobacter species which specifically interacts with marine diatoms
and serves as model to additionally analyze various previously reported Marinobacter-

algae interactions in depth.
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INTRODUCTION

Marine heterotrophic bacteria interacting with micro—algae play an important role
in the formation of marine snow particles and are thus important for the carbon cycling in
marine pelagic systems (Grossart et al. 2006a, Sapp et al. 2008, Geng & Belas 2010).
Besides their role in degradation of organic carbon and re—mineralization of nutrients
(Cole 1982), these bacteria promote aggregation of phytoplankton cells (Decho 1990)
and are thus important for the biological carbon pump (Longhurst & Harrison 1989).
Understanding their impact during the interaction with micro—algae is essential to gain
knowledge about the ecological relevance of these bacteria on the growth of algae in
natural habitats. Bacteria interacting with algal cells might feed on them or their
products, or support their growth by re-mineralization of nutrients (Grossart & Simon
2007). Since various scenarios can be envisioned, it remained to be determined whether
bacteria enhancing aggregate formation inhibit or promote the metabolism and growth of
algae and how they accomplish that. Most previous studies focused on bacterial
communities associated with phytoplankton at the ecological level (Grossart et al. 2006b,
Sapp et al. 2008), which did not allow to distinguish between the algal and bacterial
contribution to specific ecosystem processes. Consequently, very little is known about
the genetic characteristics and functional strategies that algae—associated bacteria have
adopted to cope with environmental parameters and phytoplankton cells.

The genus Marinobacteris one of the most ubiguitous in the oceans and assumed
to significantly impact various biogeochemical cycles (Singer et al. 2011, Gauthier et al.
1992, Rotani et al. 2003, Gorshkova et al. 2003). Due to their high functional diversity,
different Marinobacter species have gained intense attention by the research community.
Members of the Marinobacter genus were frequently isolated from algal samples,
corroborating the hypothesis that several species of Marinobacter are frequently
associated with phytoplankton (Green et al. 2006, Amin et al. 2009, Alavi et al. 2001,
Hold et al. 2001, Gardes et al. 2011). Genome data of algae—associated Marinobacter
species suggested tight relationships to their algal partners since a number of genes
coding for proteins and secretion systems typical for bacterial pathogens or symbionts

have been identified in M. algicola DG893 (Amin et al. 2009) and M. adhaernes HP15
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(Gardes et al. 2010) as well as in genomes of other algae—associated bacteria (Worden
et al. 2006).

For an in—depth molecular analysis of diatom—bacteria interactions and for
determining its actual nature and mechanism(s), a bilateral model system consisting of
the unicellular diatom, T7Thalassiosira weissflogii, and the bacterial strain, HP15, was
established recently (Gardes et al. 2011, Kaeppel et al. 2011). M. adhaerens HP15 had
been isolated from marine particles taken from surface water samples of the German
Wadden Sea (Grossart et al. 2004). Close and specific interaction of M. adhaerens HP15
and 7. weissflogii was demonstrated /n vitro by attachment and aggregate formation
assays as well as determination of transparent exopolymer particle (TEP) production
concluding that strain HP15 plays an important role in 7. weissflogii aggregation
dynamics (Gardes et al. 2011). Interestingly, this type of interaction required
photosynthetic activity of diatom cells and led to improved growth of both interaction
partners. This prompted the cautious assumption that the interaction might be symbiotic
and not purely saprophytic. Hence, the actual nature of this symbiosis still remains to be
elucidated. The genome sequence of M. adhaerens HP15 was determined exhibiting
interesting features known from other gram-negative bacteria interacting with eukaryotic
hosts (Gardes et al. 2010). M. adhaerens HP15 was taxonomically established as a novel
member of the Marinobacter genus (Kaeppel et al. 2011). Other members of the genus
Marinobacter were found in various marine habitats (Gauthier et al. 1992, Rotani et al.
2003, Gorshkova et al. 2003) as well as in interactions with eukaryotic organisms such as
Bryozoa or dinoflagellates (Green et al. 2006, Romanenko et al. 2005).

Genetic studies with M. adhaerens HP15 have the potential to dissect cell-to—cell
interactions of this organism as well as other Marinobacter species with phytoplankton
cells at the molecular level. This might lead to the identification of novel processes of
sensing, cellular communication, and nutrient exchange and might thus help us to better
understand globally important processes and biogeochemical cycles such as marine
aggregate formation. As previously shown for other environmentally important bacterial
species (Bakersmans et al. 2009, Piekarski et al. 2009, Wohlbrand & Rabus 2008),
establishment of the genetic accessibility of individual strains represents the pivotal base
for detailed and accelerated research on these organisms.

Herein, for the first time the genetic accessibility of a Marinobacter species was

comprehensively analyzed. The suitability of M. adhaerens HP15 for molecular studies
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was demonstrated by transfer of plasmids via electroporation and conjugation and by
two types of mutagenesis. As proof-of-principle, motility—deficient mutants were
generated by transposon insertion as well as by gene—specific mutagenesis using
homologous recombination. Expression of reporter genes such as enhanced green

fluorescent protein and B—galactosidase was successfully demonstrated for strain HP15.

MATERIALS AND METHODS

Bacterial strains, plasmids and media

The bacterial strains and plasmids used are listed in Table 1. Oligonucleotide
primers used are listed in Table 2. M. adhaerens HP15 was isolated from marine particles
collected from surface waters of the German Bight (Grossart et al. 2004). Marinobacter
cells were cultivated in marine broth (MB) medium (5 g peptone, 1 g yeast extract, 0.1 g
FePO,, 6 g agar in 750 ml of North Sea water and 250 m! of distilled water, pH 7.4). For
electroporation, cells were cultivated on MB agar medium overnight at 37°C. Escherichia
coli strains were maintained in Luria-Bertani (LB) agar medium. For conjugation, M.
adhaerens HP15 cells were grown in 100 ml MB liquid culture at 250 rpm overnight at
28°C. The donor strain £. co/i ST18 was grown in LB medium containing 50 uyg ml™ 5-
aminolevulinic acid (ALA). The following antibiotics were added to media when needed
(in ug mI™): chloramphenicol, 25; kanamycin, 500; and ampicillin, 50.

To analyze the antibiotics susceptibility as selection marker for transformation,
strain HP15 was grown in MB medium at 28°C to an ODeggo of 1, and 20 ul of cell
suspensions were spotted on MB agar medium containing various concentrations of
ampicillin, chloramphenicol, gentamycin, kanamycin, spectinomycin, or tetracycline. The
MICs for these antibiotics in MB were determined by the micro—dilution assay as

described previously (Burse et al. 2004).

DNA procedures

Plasmids were isolated using the NucleoSpin® Plasmid kit (Macherey—Nagel,
Duren, Germany). Restriction enzymes and DNA-modifying enzymes were used as

recommended by the manufacturer (Fermentas, St. Leon—Rot, Germany). DNA
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fragments were resolved in 1% agarose gel and extracted with NucleoSpin® Extract kit
(Macherey—Nagel). Preparation of genomic DNA was conducted with NucleoSpin® Tissue

kit (Macherey—Nagel).

Plasmid conjugation

Recombinant plasmids were introduced to the recipient M. adhaerens HP15 by
biparental conjugation with £. co/i ST18 as a donor. Additionally, triparental mating with
the plasmid—mobilizing helper strain £. co//f HB101 (pRK2013) was performed. Bacterial
strains were grown as described above overnight and the ODggo Was adjusted to 0.1 (~3
x 107 cells mI™). 10"-10° cells of donor and recipient were mixed in a ratio of 1:2. For
triparental mating, recipient, donor, and helper strain were mixed in a ratio of 3:1:1. For
both types of mating, cells were re—suspended in 500 pl of LB medium supplemented
with ALA, spotted on LB agar plates supplemented with ALA, and incubated for 24, 48,
or 72 h at 28°C. After incubation, the cell mass was scraped off the agar plates and re—
suspended in MB medium for subsequent dilution plating. Transconjugants were selected
on MB agar supplemented with chloramphenicol after incubation for 2-5 days at 28°C.

All experiments were conducted in triplicates.

Electroporation

Electro-competent M. adhaerens HP15 cells were prepared directly before
electroporation and kept on ice during all steps of the washing procedure. The cell mass
of two fully covered MB agar plates was re—suspended in 1 ml of pre-cooled 300 mM
sucrose and washed two times with 1 ml of cold 300 mM sucrose using centrifugations
at 13,000 rpom and 4°C for 3 min. The final pellet was re-suspended in 200 ul of 300 mM
sucrose to obtain a dense suspension (ODgy of ~30). 50 ul of cell suspension was
mixed with 0.3 to 1.5 yg of plasmid DNA for electroporation (cuvette width 0.2 cm,
resistance 200 Q, capacitance 25 uF, pulse 2.5 kV for ~5 ms). Immediately after the
pulse, 950 ml of Super Optimal Broth with Catabolite repression medium (SOC) medium
was added to the cuvette. The cell suspension was transferred to a sterile 1.5 ml tube
and incubated by shaking for 15-20 h at 37°C. 50 to 400 ul of suspensions were
subsequently plated on MB agar medium supplemented with the appropriate antibiotics

and incubated at 37°C. Electro—transformation of strain M. adhaerens HP15 was tested

38



in triplicates with the following plasmids: pBBR1MCS, pSUP106, pWeb—Cm, pGEM.Km,
pEx18Tc, pK18mob, pLAFR3, pKnock—Cm, pPH1JI, pRK415, and pSU18 (Table 3).

Transposon mutagenesis

Plasmids pBK-miniTn7—-gfp1, pEP4351, and pRL27 (Table 1) containing different
transposons were tested for transposon mutagenesis efficiency in M. adhaerens HP15
using electroporation. Resulting mutant colonies were grown in MB medium
supplemented with kanamycin in 96—well microtiter plates overnight, re—suspended in
15% glycerol, and stored at —80°C. For screening of flagellum—deficient mutants, mutant
cells were grown in MB medium containing kanamycin and picked on 10-fold diluted MB
soft agar plates (0.3% agar). Swimming—deficient mutants were identified by lack of the
typical motility pattern of the M. adhaerens HP15 wild—type. The genomic DNA of
promising mutants was extracted, treated with the restriction enzyme Ncol, re—ligated
with T7 DNA ligase, and introduced to £. co/f DH5a A—pir by electroporation. Nucleotide
sequencing of transposon—flanking regions was conducted with the primers TnF and
TnR. The obtained sequence data were aligned with the GenBank sequence database

entries using BlastX (Altschul et al. 1990).

Gene—specific mutagenesis by homologous recombination

As a candidate gene for gene—specific mutagenesis, the flagellin—encoding gene,
fliC, was selected using the M. adhaerens HP15 genome sequence (GenBank accession
no. CP001978) (Gardes et al. 2010), GenDB 2.2, and BlastN analysis (Altschul et al.
1990). 1,002 bp upstream and 1,236 bp downstream flanking regions of #/iC were
amplified using the primer pairs FliCupF/FliCupR and FliCdownF/FliCdownR, respectively.
Both fragments were sub-cloned to vector pGEM®-T Easy (Promega, Mannheim,
Germany) resulting in plasmids, pAS3 and pAS4. A chloramphenicol resistance cassette
was excised from pFCM1 with a Kpnl restriction digest and inserted into Kpril—treated
pAS3 vyielding plasmid pAS5. Plasmid pAS5 was treated with the restriction enzymes
BamH| and Spel, the fragment was purified, and ligated into the BamHI-Spel-treated
plasmid pAS4, resulting in plasmid pAS6, which contained the 6,338bp knock—out
fragment consisting of the chloramphenicol resistance gene flanked by 7/C upstream and
downstream fragments. The knock—out fragment was excised with enzyme EcoRIl and

ligated to the EcoRl-treated suicide vectors pEX18Ap and pK19mobsacB, respectively,
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generating pAS7 and pAS8 as mutagenic constructs. After biparental conjugation and
subsequent homologous recombination, correct insertion of knock—out fragments in the
M. adhaerens HP15 chromosome by double crossover was confirmed by antibiotics

selection and PCR with primer pairs FIiCF/FIICR and CmF/CmR, respectively.

Determination of mutant phenotype by swimming assay and transmission electron
microscopy

Flagellum—deficient mutants and the wild—type strain HP15 were grown overnight
in MB medium containing — when needed — kanamycin or chloramphenicol, respectively,
inoculated to 10-fold diluted MB soft agar plates (0.3% agar) with a sterile toothpick,
and incubated for 48 h. For transmission electron microscopy, cells were grown in MB
medium as described above. A 300-pm-mesh carbon—coated copper grid (Plano,
Wetzlar, Germany) was incubated for 30 s in 20 ul of cell suspension, excess liquid was
removed, and adhering cells were stained with 1% uranyl acetate, washed with distilled
water, and dried. The stained cells were visualized using an EM900 transmission electron

microscope (Zeiss, Jena, Germany).

Expression of enhanced green fluorescent protein and B—galactosidase in M.

adhaerens HP15

Plasmid pBBR.EGFP carries the egfo gene encoding enhanced green fluorescent
protein in pPBBR1MCS downstream of the promoter of /acZ”. pBBR.EGFP was introduced
to strain HP15 by electroporation. Expression of egfp in single cells was visualized using
a LSM510 META confocal laser scanning microscope (Zeiss). The wild-type of M.
adhaerens HP15 carrying the pBBR1MCS vector served as a negative control.

The E. coli lacZ gene was amplified from plasmid pMC1871 with primers LacZF
and LacZR, each containing a recognition site for Kprl. The resulting 3,057-bp fragment
was treated with Kprl and was ligated to Kprl-treated pBBR1MCS in both orientations
resulting in plasmids, pITM1 or pITM2. In pITM1, /acZis in opposite direction to the /acZ’
promoter, whereas in pITM2 it is under the control of the /acZ” promoter. Both plasmids
were introduced to M. adhaerens HP15 via electroporation. Transformants were selected

on MB agar plates containing chloramphenicol and X-Gal.
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RESULTS

Antibiotics susceptibility of M. adhaerens HP15

Growth of M. adhaerens HP15 was inhibited by a number of commonly used
antibiotics (Table 3). Minimal inhibitory concentrations (MIC) were generally higher on
agar than those observed in liquid medium. The highest susceptibility of strain HP15 on
agar medium with MICs of 25 ug mI™" was observed for ampicillin and chloramphenicol,
the later one being further used as selection marker for transformation. Furthermore,
dense M. adhaerens HP15 cell suspensions with an optical density at 600 nm (ODggo) Of
~30 were plated on MB agar plates supplemented with either 25 ug ml™"' of
chloramphenicol and ampicillin, respectively, or with 100 pg ml™ of kanamycin,
respectively. Not a single spontaneously resistant colony could be obtained (data not
shown) indicating that chloramphenicol, ampicillin, and kanamycin are suitable

resistance markers for strain HP15.

Transformation efficiency and expression of reporter genes

From various vectors tested, only plasmids pBBR1MCS and pSUP106 were found
to replicate in M. adhaerens HP15. Other plasmids, such as pWEB-Cm, pGEM-Km,
pLAFR3, pPH1JI, pRK415, and pSU18 (Table 1) could not be transformed or did not
replicate in strain HP15. Highest conjugation efficiencies were obtained via biparental
mating at a donor-to-recipient ratio of 1:2 and after 24 h of mating time (Table 4). For
plasmid pBBRIMCS, 1.4 x 107° transconjugants per number of recipients and for
plasmid pSUP106 2.7 x 107 transconjugants per number of recipients were obtained.
Using electroporation, transformation efficiencies of 5.1 x 107° transformants per number
of recipients for pBBRTMCS and 9.2 x 107 transformants per number of recipients for
pSUP106 were observed. These values corresponded to 1.1 x 10° CFU pg™ DNA for
pBBR1MCS and 1.6 x 10° CFU ug™' DNA for pSUP106 (Table 4).

When plasmid pBBR.EGFP carrying the egfp gene encoding enhanced green
fluorescent protein was introduced to strain HP15, transformants exhibited fluorescence
when excited at a wavelength of 488 nm, thus demonstrating that eg/po was expressed
(Figure 1A). In contrast, no fluorescence was observed for strain HP15 carrying vector
PBBR1MCS (Figure 1B) suggesting that egfpo is a suitable reporter gene for this

bacterium.
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Colonies of M. adhaerens HP15 wild—type were white—brownish on MB agar. M.
adhaerens HP15 transformants harboring plasmid pITM1, which contains the B-
galactosidase gene /acZin opposite direction to the Plac promoter, were white—brownish
on MB agar containing X-Gal similar to the wild—type (Figure 2B). However,
transformants containing pITM2, which harbors /acZ under control of the Plac promoter,
grew in form of blue—colored colonies on MB agar containing X—Gal thus expressing the
reporter gene /acZ (Figure 2A). Next, plasmid plTM2 was isolated from blue
transformants of strain HP15. Multiple restriction enzyme treatments of this plasmid

extract proved a correction orientation of /acZin the recovered plasmid.

Transposon and gene—specific mutagenesis of M. adhaerens HP15

Transposon—carrying plasmids pBK-miniTn7—gfp1, pEP4351, and pRL27 were
assayed for their potential to be used for transposon insertion mutagenesis of M.
adhaerens HP15 via electroporation. Transformation with pBK-miniTn7—gfp1 and
pEP4351 did not vyield in transposon mutants. In contrast, transformation of strain HP15
with plasmid pRL27 carrying transposon Tn5 resulted in an efficiency of 6.8 x 10° CFU
ug™' DNA (1.8 x 1077 mutants per number of recipients). A group of 18 randomly chosen
mutants was subjected to cloning of the transposon insertion regions. Subsequent
nucleotide sequencing of the transposon—flanking regions revealed 18 distinct and unique
insertion sites (data not shown) thus confirming the randomness of transposon
insertions. Testing a total of 768 transposon mutants by soft agar swimming assay
revealed two swimming—deficient mutants. For these M. adhaerens HP15 mutants,
nucleotide sequencing of the transposon—flanking DNA regions revealed that their
phenotype correlated to individual transposon insertions in the motility—associated genes
fiG and fliR (data not shown). A mutant with the transposon insertion in /G termed
HP15-7//G::tn5 was used for further phenotypic analysis.

Gene-specific mutagenesis was conducted by introducing the suicide plasmids
pAS7 and pASS8, respectively, harboring the 7#/C mutagenic construct by biparental
conjugation. Transconjugants were selected on MB agar plates supplemented with
chloramphenicol, and double crossover of the chloramphenicol resistance cassette in the
liC gene of strain HP15 was demonstrated by PCR with primers FIiCF and FIliCR vyielding
the expected 1,734-bp fragment. In contrast, PCR with the M. adhaerens HP15 wild-
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type using the same primer set yielded an intact //C amplification of 2,487 bp. Absence
of plasmids pAS7 and pAS8, respectively, was confirmed by lack of recombinant
plasmids in extractions from the transconjugants (data not shown). One of the mutants
was designated HP15-Af/iC. The results confirmed a successful gene-specific
mutagenesis using homologous recombination in M. adhaerens HP15. Conjugation of the
respective vectors, pEX18Ap and pKmobsaB, without insert DNA homologous to genes

of strain HP15 did not yield antibiotics—resistant HP15 transformants.

Phenotypic characterization of M. adhaerens HP15 mutants

In contrast to the HP15 wild—type, motility—deficient mutants HP15-4//C and
HP15-7/G::tn5 were not motile on soft agar demonstrating that genes #/C and f/iG were
essential for flagellar movement of HP15 (Figure 3). Furthermore, transmission electron
microscopy revealed that HP15 wild—type possessed one polar flagellum (Figure 4A)
while mutant HP15-A//C did not produce a visible flagellum but retained the flagellar
hook (Figure 4B) demonstrating the accurate gene—specific mutation. In contrast,
transposon insertion in the hook—associated 7//G gene led to a total loss of the flagellum

as seen for mutant HP15-//G::tn5 (Figure 4C).

DISCUSSION

In contrast to well-established bacterial model organisms in medical, veterinary or
plant pathology as well as in microbial biotechnology, environmentally important
microbes — particularly of marine origin — are often not readily accessible for molecular
laboratory work. However, in order to understand the molecular basis of microbial
processes in the oceans, genetically accessible model systems are needed. The current
study was part of a concerted action, in which the pivotal role of M. adhaerens in marine
aggregate formation was demonstrated (Gardes et al. 2011), its genome analyzed
(Gardes et al. 2010), and its taxonomic affiliation as a new species determined (Kaeppel
et al. 2011). For the first time, we show that a single marine bacterial species being
directly and specifically involved in marine aggregate formation (Géardes et al. 2011) is
genetically accessible in terms of transformation, transposon and gene-specific

mutagenesis, as well as reporter gene expression.
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This study is distinctive from that of Kato et al. (1998), who established a genetic
transformation system for algae—lysing A/teromonas strains. These bacteria were shown
to lyse different species of diatoms including 7halassiosira sp. In the future, a
comparative functional analysis of algae—aggregating and algae-lysing bacteria based
on mutagenic approaches and gene expression analyses might reveal important new
insights into the mechanisms of their interactions with diatoms.

The genus of Marinobacter is assumed to contribute significantly to different
marine biogeochemical cycles (Singer et al. 2011). Various ubiquitously distributed and
environmentally prominent representatives of the Marinobacter genus have been under
research for almost 20 years in terms of their oil-degrading capacity (Gauthier et al.
1992, Yakimov et al. 2007), wax ester production (Rontani et al. 2003), siderophores
(Barbeau et al. 2002, Martinez & Butler 2007), particle colonization (Grossart et al.
2003), and interactions with phytoplankton (Jasti et al. 2005, Sher et al. 2011, Gardes et
al. 2011). The currently available genome sequences of four Marinobacter species are
highly similar to each other (Gardes et al. 2010, Singer et al. 2011). Consequently, the
herein developed genetic tool box for M. adhaerens will assist researchers studying
specific functional traits in other Marinobacter species.

Essential methods to allow molecular analyses of a given bacterium are plasmid
transformation technigues, different types of mutagenesis, and reporter gene expression.
Herein, plasmid introduction to M. adhaerens HP15 by electroporation and conjugation,
random and gene—specific mutagenesis, as well as expression of reporter genes were
reported as a first proof—of—principle. With the established techniques, it is now possible
to identify the particular role of genes and to quantify gene products important for the
interaction of this bacterium with diatom cells. In turn, this might lead to the identification
of molecular signals and environmental patterns underlying this interaction.

The current study was conducted with a marine diatom—associated y—
proteobacterium and thus is complementary to but also clearly distinctive from very
impressive approaches with representatives of the Roseobacter clade of a-
proteobacteria, which are living in symbiosis with heterotrophic dinoflagellates, such as
Pfiesteria piscicida (Miller et al. 2006, Geng et al. 2008, Geng & Belas 2010). On the one
hand — to be highly effective — genetic tools and protocols need to be specific and need
to be optimized for bacteria phylogenetically belonging to different proteobacterial

sections, i.e. a— and y—proteobacteria (Davidson 2002). On the other hand, our future
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molecular analyses of M. adhaerens might reveal fundamentally novel mechanisms of
the biotrophic interaction of this bacterium with a photosynthetic marine eukaryote, 7.
weissilogi.

The determined antibiotics susceptibility spectrum of M. adhaerens HP15 allowed
selection of transformants or mutants by antibiotics resistance markers, i.e.
chloramphenicol, ampicillin, and kanamycin. The relative low susceptibility of strain HP15
to other antibiotics might be due to the high salt concentration in the used medium as
concluded previously for other marine organisms (Piekarski et al. 2009). Resistance to
different antibiotics was earlier claimed to be a suitable taxonomic marker for marine
bacteria (Gorshkova & Ivanova 2001). Herein obtained data are comparable to those for
M. aquaeolei (Huu et al. 1999) but not to those of M. vinifirmus and M. alkaliphilus
(Liebgott et al. 2006, Takai et al. 2005) and thus did not result in a clear genus—specific
pattern.

Recombinant plasmids of different incompatibility groups were tested for
replication in M. adhaerens HP15. Interestingly, transformation with plasmids of the
incompatibility group IncQ was successful whereas plasmids of incompatibility groups
IncP, IncX, colE1, or pMB1 did not replicate, could not be introduced to strain HP15, or
did not allow for the expression of the respective resistance gene. It remains to be
analyzed whether the two native plasmids of strain HP15 with molecular sizes of 42 and
187 kb (Gardes et al. 2010), respectively, possibly interfere with replication of the latter
plasmid groups.

The herein obtained electroporation efficiency was comparable to that of the
marine y—proteobacterium Pseudoalteromonas (Kurusu et al. 2001) but was lower than
that described for Alteromonas (Kato et al. 1998). Plasmid conjugation efficiency for
strain HP15 was found to be similar to those of other marine y—proteobacteria (Dahlberg
et al. 1998) or a-proteobacteria of the Roseobacter clade (Piekarski et al. 2009). The
reporter genes egfp and /acZ were introduced /n7 frans to strain HP15 and showed a clear
phenotypic expression making both genes suitable for /7 vivo labeling and for reporter
gene analyses in future studies.

The transposon delivery plasmid pRL27 (Larsen et al. 2002) was used to generate
a library of mutants of M. adhaerens HP15. Efficiency of mutagenesis was lower than
that for the close relative, Pseudomonas stutzeri (Larsen et al. 2002). However, it was

sufficient to readily generate a library characterized by a high degree of randomness. For
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homologous recombination, derivatives of the mobilizable vectors pEX18Ap and
pK18mobsacB were used due to their inability to replicate in non—enterobacterial species
(Hoang et al. 1998, Schafer et al. 1994). As expected, conjugation of these vectors
without insert DNA homologous to genes of strain HP15 did not yield HP15 transformants
indicating that they could be used as suicide vectors.

To demonstrate the ability to knock—out any specific gene, motility of obtained
transposon mutants was screened. The flagellum—deficient transposon mutants HP15-
fliG::tn5 and HP15-//R::tn5, as well as the gene—specific mutant HP15-A#/C were non-
motile in soft agar in contrast to the HP15 wild-type. As expected, in mutant HP15-
fliG::tn5 the flagellum was not formed at all since this gene is required for the flagellar
hook formation as described earlier for Sa/monella enterica (Thomas et al. 2001). In
contrast, mutant HP15-A//C exhibited the flagellar hook but was missing the flagellar
filament confirming previous data obtained for Heliobacter pylori and other bacteria
(Macnab 2003, Seong et al. 1999). These results demonstrated that the flagellar filament
of M. adhaerens HP15 is encoded by a flagellin gene. The flagellum—deficient mutants
will next be tested during their interaction with diatoms to study the role of bacterial

motility in chemotaxis and attachment.

CONCLUSIONS

An easy—to—work—with and powerful genetic toolbox for M. adhaerens HP15 was
established, which renders this bacterium a suitable model organism for molecular
analysis of diatom-—bacteria interactions. This genetic toolbox can be used for other
members of the Marinobacter clade involved in phytoplankton interactions and oceanic
biogeochemical cycles. Herein tested and established methods and procedures will be
applied to knock—out and functionally analyze genes involved in i.e. motility, surface
attachment, chemotaxis, biofilm formation, as well as nutrient sensing and acquisition.
Use of reporter genes will serve in differential gene expression studies and in a currently
being established /n vivo expression technology screen (Slauch et al. 1994) allowing the
identification of novel genes important for the biotrophic interaction of M. adhaerens with
its diatom host. As shown by previous studies, which established genetic systems for
other environmentally important bacteria (Bakersmans et al. 2009, Piekarski et al. 2009,

Wohlbrand & Rabus 2008), the current study has built the technical base for intense
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future research on a globally important process: bacteria—induced formation of diatom
aggregates and thus their sinking behavior in the ocean. Improving our understanding of
specific cell-to—cell interactions at the molecular level provides the basis for a
mechanistic understanding of the “biological carbon pump” and is crucial to identify
specific environmental parameters and cellular factors contributing to or triggering the

ecological consequences of a globally changing world.
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Table 1. Bacterial strains and plasmids used in this study.

Strain or plasmid Genotype or relevant characteristics

Source or reference

Bacterial strains

Escherichia coli
DH5a Apir

E. coli ST18

E. coliHB101

Marinobacter
adhaerens HP15

HP15-AfIC
HP15-7/G::Tnb
HP15-7/iR.:Tn5

Plasmids

pBBR1MCS
pSUP106

pWeb-Cm

PGEM.Km

pEX18Tc
pK18mob
pLAFR3
pPKNOCK-Cm
pPH1JI
pRK415
pSU18

pBK-miniTn7-
gfp1

pEP4351

pRL27

®80d/acZAM15 AlacZYA- argF) U169 recA1
hsdR17 deoR thi—1 supE44 gyrA96 relAl/Apir

Aoir AhemA pro thi hsdR Tpr Smr
chromosome::RP4-2 Tc::Mu—Kan::Tn7

carrying helper plasmid pRK2013

wild—type
f/iC deletion mutant of HP15

transposon insertion mutant in /G of HP15

transposon insertion mutant in 77/ of HP15

broad—host-range mob Ccm”
IncQ mob cos Cm" Tet"

colE1 cos Cm"; Cm resistance cassette from
pFCM1 cloned into Nhel site of pWEB™

colE1 Km™; Km resistance cassette from pMKm
cloned into Psi site of pGEM®—T Easy

pMB1 oriT sacB Tet"
pMB1 orT Km"

IncP cos Tet"

IncX oriT Cm"

IncP Cm" Gm"

IncP oriT Tet"

pMB1 Cm"

pMB1 mob Amp", miniTn7-gfol with Km® and
cmf

IncX oriT Cm®, Tn4351 with Em" and Tet®

IncX oriT, Tn5 with Km"®
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Larsen et al. 2002

Thoma & Schobert 2009

Figurski & Helinski 1979

Grossart et al. 2004
This study

This study

This study

Kovach et al. 1994
Priefer et al. 1985

This study

This study

Hoang et al. 1998
Schéfer et al. 1994
Staskawicz et al. 1987
Alexeyev 1999

Hirsch & Behringer 1984
Keen et al. 1988
Bartolome et al. 1991

Koch et al. 2001

Cooper et al. 1997

Larsen et al. 2002



pGEM®-T Easy

pFCM1
pK19mobsacB
pEX18Ap

pAS3
pAS4
pAS5
pAS6
pAS7
pAS8

pBBR.EGFP

pMC1871

pITM1

plTM2

colE1 /acZ Am pR

Am pR cmf
pMB1 oriT Km"
pMB1 oriT sacB AmpR

pGEM®—T Easy containing 1,002 bp upstream //iC
flanking region of HP15

pGEM®—T Easy containing 1,236 bp downstream
fliC flanking region of HP15

FRT sites and Cm" (1,135 bp) from pFCM1 ligated
into Kpnl site of pAS3

FRT sites, Cm" and upstream region (2,137 bp)
from pAS4 ligated with BamHlI/ Spel into pAS5

knock—out fragment (3,373 bp) from pAS6 ligated
with £coRl into pEX18Ap

knock—out fragment (3,373 bp) from pAS6 ligated
with £coRl into pk18mobsacB

derivative of pBBR1MCS with insertion of egfp by
Clall Xbal from pRc/CMV3.EGFP in direction of the
lacZ’ promoter

lacZ Tet"

derivative of pBBR1MCS with insertion of /acZ by
Kpnl in opposite direction to the /acZ’ promoter

derivative of pBBR1MCS with insertion of /acZ by
Konl under control of the /acZ’ promoter

Promega, Mannheim,
Germany

Choi & Schweizer 2005
Schafer et al. 1994
Hoang et al. 1998

This study

This study

This study

This study

This study

This study

H. Weingart, Jacobs
University Bremen,
Germany

Shapira et al. 1983

This study

This study
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Table 2. Oligonucleotide primers used in this study. The underline marks the restriction

enzyme recognition sites.

Primer name Sequence 5" - 3

TnF TAACGGCTGACATGGGGG

TnR GCATCTTCCCGACAACGC

FliCupF ATCTCTGTTTGCAGCGCG

FliCupR TAGGATCCCGGTACCCGCCGAACTCGTTGCTT
FliCdownF ACGGATCCACCTTCGGGTTCCGGTTT
FliCdownR TCGATAACGCCAGCGGAAA

FIiCF GATGCGCAGGCCGGAAGA

FIiCR GCCCGAGCCGGTGTTTGA

CmF AGATCACTACCGGGCGTA

CmR TGCCACTCATCGCAGTAC

LacZF AGTGGTACCCGTCGTTTTACAACGTC
LacZR AGTGGTACCTATTATTTTTGACACCA

Table 3. Minimal inhibitory concentration for strain HP15 on 1.2 % MB agar and in MB

medium.

Antibiotic 1.2% MB agar (g mi™")  MB medium (ug mI™)
Ampicillin 25 0.1

Chloramphenicol 25 2

Gentamycin 50 31.3

Kanamycin 100 62.5

Spectinomycin 100 15.6

Tetracycline 250 31.3

Table 4. Conjugation efficiencies for plasmids pBBR1MCS and pSUP106 in Marinobacter
adhaerens HP15.

Plasmid E. coli No. of transconjugants per recipient cell Recipient No. of
Donor to donor replicates

24 h 48 h 72 h ratio

Triparental conjugation

pBBRIMCS DH5a 2.0x107* 58x107° 56x107° 1:3 4
(£1.6x10°% (£2.1x107) (x7.6x107)

pSUP106 DH500 2.1 x107° 6.1x10° 2.5x10-5 1:3 3
(+1.0x10°% (£83x10°% (x2.3x10°

Biparental conjugation

pBBR1MCS ST18 1.3x107° 2.2x10™" 6.4x107* 1:2 2

(£2.0x107%) (+1.7x10%  (£3.6x107°9
pSUP106 ST18  2.6x107* 1.3x107" 1.2x107° 1:2 2

(£1.2x107%) (+50x10%  (+4.1x10
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Figure 1. Fluorescence microscopy photographs of M. adhaerens HP15 harboring the
reporter gene—carrying plasmid pBBR.EGFP (A) or the vector pBBR1MCS as control (B)

excited at 488 nm.

Figure 2. Colony phenotypes of M. adhaerens HP15 carrying pITM2 (A) and pITM1 (B) on
MB agar supplemented with X—-Gal.
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Figure 3. Phenotypic characterization of flagellum—deficient M. adhaerens HP15 mutants
by 0.3 % soft agar assay after 2 days of incubation: (A) HP15 wild—type; (B) HP15-A//iC;
and (C) HP15-//G::Tn5.

Figure 4. Phenotypic characterization of flagellum—deficient M. adhaerens HP15 mutants
by transmission electron microscopy: (A) HP15 wild—type showing a full flagellum; (B)
HP15-Af/iC carrying the flagellar hook only; and (C) HP15-/iG::Tn5 lacking both,

flagellar hook and flagellum.
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3.2. lIdentification of bacterial genes expressed during diatom-—

bacteria interactions
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ABSTRACT

Diatom—bacteria interactions play important roles during the aggregate formation
leading to the sinking of organic carbon in the oceans. To study diatom-bacteria
interactions, a bilateral /7 vitro model system consisting of the diatom T7halassiosira
weilssflogii and the proteobacterium Marinobacter adhaerens HP15 had been established.
The bacterium was previously shown to attach to 7. weissflogii cells, to induce
transparent exopolymeric particle formation, and to increase marine aggregation
formation. Several bacterial genes potentially important during the interaction are
currently being investigated. However, genes specifically expressed /n vivo are still
unknown. To identify bacterial genes specifically expressed during this interaction an /n
vivo expression technology (IVET) screen was employed. For that, a promoter—trap vector
containing a fusion between a promoterless selection marker gene and a reporter gene
was constructed. Construction of a library of plasmids carrying genomic fragments
upstream of the fusion and its subsequent transformation into a selection marker mutant
allowed the selection of bacterial promoters specifically expressed during the interactions
with 7. weissflogii. Thirty—four genes expressed during the co—cultivation with diatoms but
not expressed in culture media were identified. Sequence analyses of these genes
showed that they are required for i.e. central intracellular metabolism, cell envelope
structure, nutrient scavenging, regulation, chemotaxis, protein secretion, and DNA
transfer. These genes may play a role in the interaction between M. adhaerens HP15 and

7. weissflogii.
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INTRODUCTION

In the ocean, aggregate formation by living cells, organic matter, fecal pellets,
debris, etc, in form of marine snow is an essential mechanism that mediates the sinking
of organic carbon to depth (Alldredge & Silver 1988). This process is important for
marine biogeochemical cycles and the efficiency of the biological pump (Fowler &
Knauer 1986, Jahnke 1996). Diatom-bacteria interactions play an important role during
this process by secretion of different extra—cellular polysaccharides, which increase the
size of aggregates (Decho 1990, Alldredge et al. 1993, Logan et al. 1995, Passow
2002). To better understand the molecular basis of diatom-bacteria interactions, a
bilateral /n vifro model system was established, consisting of the diatom T7Thalassiosira
weissflogii and the marine proteobacterium Marinobacter adhaerens HP15. Strain HP15
(Kaeppel et al. 2012) was previously shown to specifically attach to 7. weissflogii cells,
to induce transparent exopolymeric particle (TEPs) production, and to increase
aggregation (Gardes et al. 2011). Its genome was fully sequenced and annotated
(Gardes et al. 2010). Furthermore, M. adhaerens HP15 has been shown to be a
genetically accessible bacterium and several genes potentially important during the
interaction have been investigated by mutagenesis (Sonnenschein et al. 2011). For
instance, chemotaxis—deficient mutants were generated to study the chemotactic
behavior of M. adhaerens HP15 towards 7. wejssflogii; corresponding mutants exhibited
a decreased diatom attachment suggesting that chemotaxis plays an important role
during the interaction (Sonnenschein et al. 2012). Bacterial genes that are specifically
induced during the interaction remained unknown. However, information about such
genes might shed light on the nature of the diatom—bacteria interaction and its underlying
biochemical and cellular mechanisms.

In this study an /n vivo expression technology (IVET) screen (Mahan et al. 1993)
was applied to identify bacterial genes that are specifically induced during the interaction
between M. adhaerens HP15 and 7. weissflogii. IWVET is a promoter—trapping technique
that allows the selection of genes that are specifically expressed /n vivo but not under
laboratory conditions (Angelichio & Camilli 2002, Rediers et al. 2005). This technique has
been applied to study gene expression in a wide range of microorganisms living in
different environments (Rediers et al. 2005). For the first time, the current approach
applied the IVET strategy to identify bacterial genes induced during diatom—-bacteria
interactions.
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For this, a promoterless selection marker gene of M. adhaerens HP15, pyrB,
which is essential for survival and is encoding aspartate transcarbamoylase (ATCase; EC
2.1.3.2) needed for biosynthesis of pyrimidines (Schurr et al. 1995), was cloned
upstream of a promoterless B-galactosidase gene (/ac2) to generate the IVET plasmid.
The availability of pyrimidines in many natural environments is limited, which made pyrB
a successful selection marker in previous studies (Lee & Cooksey 2000). Subsequently, a
herein generated auxotrophic pyrB mutant of M. adhaerens HP15 was complemented
with a library of IVET plasmids containing random genomic DNA fragments of WM.
adhaerens HP15 upstream of the pyrB—/acZ fusion. The transformant pool was co—
inoculated with 7. weissflogii thereby selecting for constitutive or /n vivo expressed
promoters which allowed pyrE expression and therefore survival. After cell recovery,
constitutive expression of the pyrB—/acZ fusion was tested on culture media containing a
pyrimidine source on which LacZ-negative (white) colonies indicated non-constitutive
promoter sequences active only during the interaction with the diatom cells (Figure 1). A
number of interesting genetic loci of M. adhaerens HP15 could be identified by this

approach and are discussed herein.

MATERIALS AND METHODS

Bacterial strains, plasmids and culture conditions

The bacterial strains and plasmids used are listed in Table 1. M. adhaerens HP15
was isolated from particles collected from surface waters of the German Bight (Grossart
et al. 2004). This bacterium was grown in marine broth (MB) medium (ZoBell 1941) (5 g
peptone, 1 g yeast extract, 0.1 g FePO,, 6 g agar in 750 ml of North Sea water and 250
ml of distilled water, pH 7.6) at 28°C. MB medium was supplemented with uracil (5 ug
ml™"), as a pyrimidine source, for growth of M. adhaerens HP15 pyrimidine—deficient
auxotrophs. During the /n vifro screening, MB medium was supplemented with 5—bromo-
4—chloro—3-indolyl-p-D—galactopyranoside (X-Gal) (50 ug ml™") allowing for blue/white
colony selection. f/2 GLUT medium was made with f/2 medium (Guillard & Ryther 1962)
supplemented with 5 g I glutamate and was used as minimal medium to confirm

auxotrophy of the M. adhaerens HP15 mutant ApyrB.
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Escherichia coli strains were maintained in Luria—Bertani (LB) agar medium
supplemented with the appropriate antibiotics. £. co/f DH5a was used for maintaining the
M. adhaerens HP15 genomic library generated in the IVET vector. £. co// ST18 (Thoma &
Schobert 2009) was used as a donor strain during biparental conjugation and was grown
in LB medium containing 50 pg/ml 5-aminolevulinic acid (ALA). £. coli HB101
(pRK2013) was used as a helper strain during triparental conjugation (Figurski & Helinski
1979). The following antibiotics were added to media when needed (in ug mi™):

chloramphenicol, 25; kanamycin, 500; and ampicillin, 50.

Diatom culture conditions

Axenic cultures of 7. weissflogii (CCMP 1336) were obtained from the Provasoli—
Guillard National Center for Culture of Marine Phytoplankton (Maine, USA). Diatom
cultures were grown at 16°C in f/2 medium, with a 12:12 h photoperiod at 115 pmol
photons m™2s™". Diatom cell numbers were determined by cell counts in a Sedgewick
Rafter Counting Chamber S50 (SPI Supplies, West Chester, PA). f/2 medium was

prepared with pre—filtered (0.2 ym pore size) and autoclaved North—Sea water.

DNA techniques

Plasmid preparation, total DNA extraction, agarose gel electrophoresis, PCR, and
other standard DNA techniques were performed as previously described (Sambrook et al.
1989). Restriction enzymes and DNA-modifying enzymes were used as recommended by
the manufacturer (Fermentas, St. Leon—Rot, Germany). DNA sequencing was carried out
at Eurofins MWG (Ebersberg, Germany). The DNA sequences analysis and
oligonucleotide primers were designed using the Vector NTI® Software 10.3.0 (Invitrogen
Corporation, Carlsbad, CA, USA) and DNA sequences analyzed using Basic Local
Alignment Search Tool BLAST provided by the National Center for Biotechnology
Information  (http://www.ncbi.nlm.nih.gov/BLAST/)  (Altschul et al. 1990) and
InterProScan Sequence Search provided by the European Bioinformatics Institute
(http://www.ebi.ac.uk/Tools/pfa/iprscan/)  (Zdobnov &  Apweiler ~ 2001).  The

oligonucleotides used in this study are listed in Table 2.

Creation of a pyrimidine auxotrophic mutant of M. adhaerens HP15
A gene—specific mutagenesis based on homologous recombination was conducted
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to generate a ApyrB mutant in M. adhaerens HP15 according to Hoang et al. (1998). A
mutagenic plasmid was constructed in which a chloramphenicol resistance (Cm")
cassette was flanked by DNA fragments obtained from upstream and downstream
regions of the pyrB gene as follows: 960 bp upstream and 984 bp downstream of the
oyrB gene were PCR amplified using the primers pyrB_upF/pyrB_upR and
pyrB_down2F/pyrB_down2R, respectively. Both flanking fragments were sub—cloned into
the vector pGEM®-T Easy (Promega, Mannheim, Germany) resulting in plasmids,
pGEM_pyrBup and pGEM_pyrBdown, respectively. A DNA fragment of 1,129 bp carrying
a Cm" cassette was amplified with the primers cm2R/cm2F from pFCM1. The fragment
was treated with NMgel and sub-cloned into Ndel-treated pGEM_pyrBdown resulting in
plasmid pGEM_pyrB_down_cm. From this plasmid, the 2,168-bp fragment containing
the downstream region and the Cm" cassette was obtained by restriction with Apnl and
Nhel and ligated into AKpnl/Nhel-treated pGEM_pyrB_up, resulting in plasmid
pGEM_pyrB_down_cm_up. From this plasmid, a 3,134-bp fragment containing both
flanking regions and the Cm" cassette was then excised with AHindlll and ligated into the
Hinalll-treated pEX18Tc generating the conjugable mutagenic construct pEX_pyrBcdu,
which was transformed into £. co/f ST18 and subsequently transferred to M. adhaerens
HP15 by conjugation. For this, both bacterial strains were grown overnight on LB ALA
and MB agar plates, respectively, and cell mass was scraped off the agar with the ODggg
adjusted to 1 (corresponds to ~3x107 cells mI™'). Cells of donor and recipient were
mixed in a ratio of 1:2, spotted on LB agar plates, and incubated for 24 h at 28°C. The
cell mass was then scraped off the agar plates and re—suspended in MB medium for
subsequent dilution plating. The resulting mutants were selected on chloramphenicol—-
containing MB agar plates. A successful double cross—over event for the ApyrB mutant
was confirmed by PCR using the primers mut_pyrBF/mut_pyrBR resulting in the expected
fragments for the wild—type (1,205 bp) and the mutated py7B gene (1,410 bp).

To confirm the auxothrophy of ApyrB, this mutant was grown in f/2 GLUT medium
with and without uracil. Subsequently, to determine whether the pyrB gene is a suitable
selection marker for promoters expressed during the interaction with 7. we/ssflogi,
mutant ApyrB and the wild—type were indep co—cultivated with the diatom in the absence
of uracil. Bacteria were grown overnight in MB liquid medium at 18°C and the cells were
harvested by centrifugation at 4,000 rom for 15 min. To avoid carrying over of nutrients

from MB medium the cells were washed twice with f/2 media. The cell numbers were
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adjusted to 1 x 10° CFU ml™" and mixed with 10,000 cells mI™" of 7. weissflogii in
exponential growth stage. The cultures were incubated for 6 days at 16°C, 12 h
photoperiod at 115 ymol photons m~2s™ and shaking at 50 rpm. Dilutions series were

done daily in appropriate media, and CFU numbers were determined.

IVET vector construction

The broad-host-range plasmid pBBR1TMCS-4 (Kovach et al. 1995) was used as
a backbone to construct the IVET vector (Figure 2). The full-sized £. coli promoterless
lacZ gene was amplified from plasmid pMC1871 with the primers LacZF/LacZR
(Smirnova & Ullrich 2004). The resulting 3.1-kb PCR fragment was treated with Konl and
ligated into Kpnl—treated pBBR1MCS-4 in opposite direction of the vector—borne lac
promoter resulting in plasmid pITM3. A second plasmid, pITM4, was generated with the
3.1-kb PCR fragment containing /acZ cloned in the same orientation as that of the lac
promoter of pBBR1MCS-4. Plasmid pITM3 and plTM4 were transformed into M.
adhaerens HP15 by biparental conjugation with £, co/i ST18 as donor strain.
Transconjugants were selected on MB agar supplemented with ampicillin and X-Gal after
incubation at 28°C for 2-3 days.

Primers pyrBF and pyrBR were designed to amplify the promoterless pyrBC locus
from M. adhaerens HP15. This 2,285-bp PCR product was restricted with Hindlll and
Xhol and cloned into Hindlll/ Xhol-treated pITM3 to generate plTM3_pyrB. Plasmid
pITM3_pyrB was transformed into M. adhaerens HP15 wild—type and ApyrB mutant by
biparental conjugation with £. co// ST18, as described above. The transconjugants were

selected in MB media containing X—Gal and ampicillin.

Complementation of the pyrB mutant

A functional native promoter from the M. adhaerens HP15 genome was cloned
upstream the pyrBC-/acZ fusion in pITM3_pyrB. Such a native promoter was selected by
partial restriction of the genomic DNA of M. adhaerens HP15 with Sauv3Al and cloning of
a pool of restriction fragments into BamHI-treated plasmid pITM1 (Sonnenschein et al.
2011). The resulting genomic library was transformed into M. adhaerens HP15 wild-type
by biparental conjugation. Five blue colonies were selected and the region upstream the

pyrBC—lacZ fusion from one of those clones (pITM1_Sau3A_3) was sequenced thereby
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identifying the native promoter. This DNA region was excised from pITM1_Sau3A_3 with
Xbal and Hindlll and cloned into Xbal/ Hindlll-treated pITM3_pyrB, resulting in the plasmid
pITM3_pyrB_prom, which was transformed into ApyrB M. adhaerens HP15 by biparental
conjugation with £. coli ST18. Transconjugants were selected on f/2 GLUT agar
supplemented with ampicillin and X-Gal without uracil after incubation at 28°C for 2-3

days.

M. adhaerens HP15 genomic IVET library construction

A genomic IVET library of HP15 was constructed in pITM3_pyrB as follows: total
genomic DNA of M. adhaerens HP15 was partially digested with Sau3Al. DNA fragments
with sizes ranging from 0.5 to 1.5 kb were selected and ligated into the BamHI site of
dephosphorylated vector pITM3_pyrB. The IVET library was then transformed into £. co//
DH5a. To verify the randomness of inserts, 24 clones of £. co/f DH5a were randomly
picked and the region upstream the pyrBC-/acZ fusion was amplified with the primers T7
and PyrB_out by colony PCR. The IVET library was then transferred into the mutant ApyrB
by triparental conjugation. Briefly, £. coli DH5a carrying the IVET library was used as a
donor and £. co/i HB101 (pRK2013) served as a helper strain. Bacterial strains were
grown overnight on plates, cell mass was scraped off the agar plates and the ODggg Was
adjusted to 10 (~1 x10'® CFU mI™"). Cells of donor, helper, and recipient were mixed in
a ratio of 1:1:2 and spotted on LB ALA agar plates and incubated for 24 h at 28°C. Cell
mass was scraped off the agar plates and re—suspended in MB medium for subsequent
dilution plating. The resulting mutants were selected on MB agar plates containing
chloramphenicol, ampicillin, uracil and X-Gal. To verify the randomness of plasmids
transformed into mutant ApyrB, 24 clones were randomly picked and subjected to colony

PCR as described above.

Screening of promoters expressed during interaction with 7. weissflogii

For /n vivo selection of promoters, co—cultivation of mutant ApyrB transconjugants
carrying the IVET library with diatom cells was conducted. Briefly, 10,000 cells mI™" of 7.
weissflogii in exponential growth stage were mixed with the transconjugants (1 x 10" CFU
mI™") in cell culture flasks with a final volume of 35 ml of f/2 media and incubated at
room light and temperature conditions for 24 h. Next, 5 ml of the co—cultures were

transferred to 30 ml fresh f/2 medium containing 7. weissflogii in exponential growth
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stage (10,000 cells mI™') and incubated at room temperature for additional 24 h. This
procedure was repeated five times in order to enrich for positive clones. After 6 days
transconjugants were recovered and subjected to /n wvifro selection. For this, cultures
initiated on day 4 and 5 were individually centrifuged at 4,000 rpom for 20 min and dilution
series were performed with recovered cells in MB agar plates containing
chloramphenicol, ampicillin, uracil and X-Gal at 28°C. After 3—4 days of incubation
brownish colonies (non-blue) were selected while blue colonies, indicating a constitutive
expression of /acZ, were discarded. Brownish (non-blue) colonies represented
transconjugants with IVET plasmids carrying an /7 vitro inactive promoter sequence.
However, since these transconjugants had survived five passages of diatom co—cultures,
their promoter sequences should have been active /n vivo. A control experiment was
performed to observe the growth pattern of the mutant ApyrB carrying plasmid
PITM3_pyrB without any insertion upstream the pyrBC—/acZ fusion (empty IVET vector).
10,000 cells mI™" of 7. weissflogii in exponential growth stage were mixed with ApyrB
transconjugants carrying pITM3_pyrB (1 x 10° CFU ml™) in cell culture flasks in f/2
medium and incubated at room temperature for 24 h for 5 days. Dilution series were

carried out daily from the culture and the number of CFU was calculated.

Identification of diatom—induced genes

Brownish colonies of ApyrB transconjugants were selected after co—inoculation
with 7. wejssflogii, and subjected to colony PCR with the primers T7/pyrB_out to check
for the presence of an insert upstream of the pyBC-/acZ fusion in plTM3_pyrB.
Transconjugants giving individually different PCR products of sizes larger than 570 bp
were selected and their PCR product sequences determined. The obtained sequences
were analyzed by BLAST and potential promoters regions as well as downstream located
genes identified. The positive transconjugants were individually co-inoculated with 7.
weissflogii to confirm their survival in presence of diatoms. For this, bacteria were grown
overnight in MB liquid cultures at 18°C, the cells were harvested by centrifugation at
4,000 rpm for 15 min, washed twice with /2 medium, their concentration adjusted to 1 x
10° CFU ml™', and mixed with 10.000 cells mI™" of 7. weissflogii in exponential growth
stage. The co—cultures were incubated for 8 days at 18°C, with a 2 h photoperiod.

Dilutions series were done in appropriate media and CFU numbers were determined.
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RESULTS

Pyrimidine auxotrophic mutant of M. adhaerens HP15

To verify the potential of the pyrBC locus as a selection marker, a pyrB deletion
mutant in HP15 was created. This mutant should be unable to grow in the absence of a
pyrimidine source. A mutagenic construct was transformed into HP15 wild—type and the
pyrB gene was replaced by a Cm” cassette via homologous recombination. Seventeen
Cm" clones were obtained, of which 10 had undergone a double crossover of the Cm"
cassette as demonstrated by PCR. Subsequently, the auxotrophy of the ApyrB mutant
was confirmed by testing its growth on agar minimal medium with or without uracil as the
sole pyrimidine source. Mutant ApyrB was not able to grow without uracil thus proving its
expected phenotype (data not shown). In addition, growth of the ApyrB mutant and the
M. adhaerens HP15 wild—type were indistinguishable from each other when uracil was
supplemented indicating that the mutation did not affect bacterial growth in general.

To determine whether lack of pyrB expression is a suitable selection criterion
during the interaction with 7. weissflogii and to test whether the diatom provides sufficient
pyrimidines to functionally complement the mutant’s genotype. The ApyrB mutant was
cultivated together with the diatom in f/2 medium without any uracil. ApyrB cell numbers
dramatically decrease during the incubation time when compared to the growth of the
wild—type under the same conditions (Figure 3). This result clearly demonstrated that the
diatom is not providing any source of pyrimidines proving pyrB's suitability as a selection

marker gene for this study.

Generation of the IVET library

The suitability of /acZ as an in vifro reporter gene in M. adhaerens HP15 had
previously been described (Sonnenschein et al. 2011) thus this gene was used for the
construction of the IVET vector. As /n vivo selection marker the promoterless pyrBC locus
of M. adhaerens HP15 was chosen since previous studies had shown that the pyrB gene
alone was not able to complement pyrB deletion mutants and that the pyrC gene located
downstream of pyrB was required for this purpose (Schurr et al. 1999, Lee & Cooksey
2000). The ApyrB mutant carrying the IVET plasmid pITM3_pyrB did not grow in f/2 GLUT

medium without uracil. In contrast, this transconjugant grew well in form of brownish
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colonies in f/2 GLUT medium supplemented with uracil and X-Gal (data not shown)
confirming that the pyrBC—-/acZ fusion present in pITM3_pyrB is not expressed.
Furthermore, the introduction of a functional promoter derived from the genome of M.
adhaerens HP15 into the IVET plasmid and its subsequent transformation into the ApyrB
mutant allowed its full complementation. Corresponding transformants grew on agar
medium without uracil and formed LacZ-expressing (blue) colonies when X-Gal was
provided (data not shown). In summary these tested parameters demonstrated that the
IVET plasmid and the ApyrB mutant were suitable tools for the identification of diatom
contact-induced genes of M. adhaerens HP15.

A genomic library of M. adhaerens HP15 was constructed in plTM3_pyrB and
transformed into £. co/i DH5a.. The randomness of inserts was confirmed by PCR
showing that 85% of the analyzed E£. co/i DH5a transformants had an insert in the IVET
plasmid. Importantly, all of the insert sizes were different from each other (data not
shown) demonstrating that the IVET library contained a random number of different DNA
fragments. After conjugation of the IVET library into mutant ApyrB, a total of 4.5 x 10°
CFU mL™" were obtained, with 40% of the transconjugants forming LacZ-positive blue
colonies on agar medium containing X-Gal. To demonstrate the randomness of IVET
plasmids in the transconjugant pool, a second round of PCR tests was done. In this case
82% of the analyzed clones had an insert, and all inserts had different sizes (data not
shown) suggesting that the roughly one fifth of all transferred IVET plasmids did not

contain an insert.

In vivo selection of promoters during interaction with 7. weissflogii

In order to test whether mutant transconjugants with empty IVET plasmids could
survive the /n vivo selection, a control experiment in which a ApyrB transconjugant
carrying an empty IVET plasmid was grown together with the diatom was conducted first.
From an initial inoculum of 1.2 x 10° CFU mI™ only 395 CFU mI™" were recovered after
two days and 22 CFU ml™' after three days; however after day 4 no colonies were
recovered. These results showed that ApysB (pITM3_pyrB) is not able to survive for more
that four days in the presence of the diatom.

Consequently, the following main diatom-bacteria co—cultures were performed in
such a way that positive clones were enriched while negative clones or clones with empty

IVET plasmids were eliminated. To achieve this, co—cultures of ApyrB mutant carrying the
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IVET library with diatom cells were diluted every 24 h by transferring 5 ml of the co—
culture into f/2 medium containing fresh diatom cells. Determination of CFUs was carried
out daily (data not shown), and randomly chosen brownish colonies were checked for
inserts by PCR. All analyzed brownish colonies from 4-— or 5-day-old cultures had an
insert thus proven the suitability of the selection regime. Co-cultures were repeated

several times to increase the number of positive clones.

Potential /n vivo induced promoters

In total, 148 brownish colonies were obtained which carried a DNA insert,
confirmed by PCR, of apparently variable sizes upstream of the pyrBC—/acZ fusion in
pITM3_pyrB. These transconjugants were subsequently cultivated in f/2 GLUT solid
medium without uracil to distinguish promoters solely active during the diatom co—culture
from those active /n vifro but not expressing /acZ. Surprisingly, 62 colonies were able to
grow under these conditions indicating that their cloned promoter sequences were active
irrespective of diatom cell presence. From the remaining 86 transconjugants carrying
IVET plasmids with potential diatom—induced promoter, PCR products for 74 were
sequenced. Nucleotide sequence analysis indicated that almost one third of the
sequences occurred in duplicates so that a total of 45 individual and unique insert DNAs
could be obtained. The corresponding IVET plasmids were isolated from the
transconjugants and used for further characterization.

Interestingly, from the 45 insert DNAs, 34 inserts were in the same 5-3
orientation in terms of their downstream reading frames and the pyrBC-/acZ fusion of the
IVET plasmid, while 11 were found in the opposite orientation suggesting that the later
cannot drive the reporter genes. However, this has been a common finding during
previous IVET screens (Jackson & Giddens 2006). In addition to the /n vivo induced
clones, a randomly chosen blue colony representing a constitutively expressed pyrBC-
lacZ phenotype was sequenced and used as a control in the following experiments. The
insert of this transconjugant showed sequence identities to the upstream sequence of a
gene encoding aldehyde dehydrogenase (Locus tag: HP15_943). Furthermore, 12
brownish colonies able to grow without uracil /n vitro were also sequenced since they
might represent ‘false—positive’ sequence loci — whose expression is required during but

not restricted to the diatom presence.
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To confirm that the 45 cloned insert sequences were specifically allowing
expression of pyrBC-/acZ during the interaction with 7. weissflogii, the growth patterns of
10 randomly chosen /n vitro uracil-deficient brown transconjugants (colonies 1, 10, 15,
22, 26, 30, 68, 100, 161 and 168), three brown colonies without uracil deficiency
(colonies 28, 90 and 194), and the blue transconjugant were analyzed in individual co—
cultures with the diatom in f/2 medium without uracil (Figure 4). A transconjugant carrying
the empty IVET plasmid was used as a negative control. All 10 positive and the three
false—positive transconjugants were able to survive the diatom co—incubation reaching
cell numbers comparable to that of the wild—type or the blue transconjugant, which
harbors a constitutively expressed promoter sequence. After 4 days of incubation there
was a more than three orders of magnitude difference between the growth of the positive
clones and the negative control demonstrating that the identified promoter sequences
were induced and enabled the ApyrB mutant to survive during the interaction with 7.
weisstlogiy.

The false—positive transconjugants had the following characteristics: i) they were
not able to express pyrBC-lacZ in medium containing uracil (brownish colonies); ii) they
must have been able to express pyrBC-/acZ under /n vivo conditions since they grew in
presence of the diatom but without uracil; and iii) they were able to grow in minimal
media without uracil. These results suggested that the corresponding IVET plasmids
could either contain a promoter sequence important during the interaction with the
diatom or during uracil deficiency in general, i.e. when pyrimidines are limited and

corresponding genes are expressed in response to this limitation.

DNA sequence analysis

M. adhaerens HP15 genes under the control of the promotes identified as
specifically induced during interaction with 7. weissflogii are listed in Table 3. The
possible functions of these genes were deducted by analysing its amino acid sequence
and determine presence of conserved domains or similarities with previous reported
proteins. These genes could be grouped depending on their function (Rediers et al.
2005) as follows: genes that encode enzymes required in i) central intracellular
metabolism; ii) cell envelope structure and modification; iii) nutrient scavenging; iv)

regulation; v) chemotaxis; vi) protein secretion; and vii) DNA transfer.
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The majority of identified genetic loci encode for functions in the central cellular
metabolism, six of which are associated with conversion or degradation of organic
compounds (colonies 15, 19, 26, 136, 238 and 239). Five other genetic loci are involved
in different biosynthetic pathways (col. 54, 96, 149, 165 and 207) and two further might
play a role in energy metabolism (col. 24 and 30). Finally, two of the identified genetic
loci encode for enzymes in intermediary metabolism and pathways such as glycolysis
(col. 205 and 211). In addition, four colonies contained cloned promoter sequences
associated with genes involved in cell envelope structure and modification (col. 1, 68,
100 and 161). Among the identified genetic loci involved in nutrient scavenging there
were genes for uptake of nucleobases (col. 10) and organic acids (col. 130).
Additionally, four promoters were associated with genes important for regulation (col. 33,
166, 168 and 204), two in secretion (col. 22 and 32), one in chemotaxis (col. 178), and
one in conjugative DNA transfer (col. 188). For the remaining four colonies
corresponding associated genetic loci in the M. adhaerens HP15 genome did not show
putative conserved domains or any significant homologies with any functionally known
proteins in the GenBank database (col. 13, 45, 74 and 198).

The functions of genetic loci associated with cloned promoter sequences found in
the “false positives” colonies or those where the cloned DNA inserts were in opposite
direction to the original gene are listed in Table 4. The functions of the genes found
associated with “false positives” colonies were involved in central metabolism (amino
acid synthesis, lipid/fatty acid degradation and nitrogen metabolism), cell envelope
structure, regulation, and unknown functions. For the opposite orientated, the majority
were found to be involved in central metabolism, cell envelope biogenesis, nutrient

scavenging, or nucleic acid metabolism.

DISCUSSION

Identifying bacterial genes expressed during diatom—bacteria interaction is a
fundamental pre—requisite for understanding the functional mechanisms governing
bacteria—associated algal aggregation and marine snow formation in the oceans.
Therefore, an IVET strategy was employed to identify M. adhaerens HP15 genes induced
during its interaction with 7. weissflogii. This strategy allowed the identification of M.

adhaerens HP15 genes encoding functions such as degradation and biosynthesis of
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organic compounds, nutrient scavenging, cell envelope, regulation, secretion and DNA
transfer. In addition, conserved hypothetical genes without known functions were found
to be expressed during the interaction. With this cultivation—based approach, for the first
time and without potential next—generation sequencing biases associated with high—
throughput cDNA generation, we suggest the potential importance of some of the

following genes for diatom—bacteria interaction.

Central intracellular metabolism

Sixteen of the 34 genes identified as expressed during diatom—bacteria interaction
appeared to play a role in central metabolism. This functional group has been previously
reported to be the most common class of genes identified by IVET (Rediers et al. 2005).
For example, some of these genes were found to be involved in energy metabolism (col.
24, 30, 205, and 211). M. adhaerens HP15 might have to adapt to the diatom—based
environment and thus might need to undergo physiological changes.

Uptake and degradation of organic compounds was another function found to be
potentially important during the interaction of M. adhaerens HP15 with 7. weissflogii. It is
known that diatoms secrete organic compounds in the form of dissolved organic carbon
(DOC) or extracellular polymeric substances (EPS) (Bhaskar et al. 2005, Grossart et al.
2006), which are then taken up by heterotrophic bacteria (Grossart et al. 2006). Organic
compounds released by 7. weissflogii could be recognized, (partially) degraded, and
used as a carbon or nitrogen source by M. adhaerens HP15. Accordingly, we identified
one genetic locus involved in uptake of organic acids (col. 130). Moreover, genes
associated with degradation of organic carbon compounds were also identified: needed
for degradation of amino acid (col. 238), protein (col. 239), lipid/fatty acid (col. 26), or
diverse compounds degradation processes (col. 15). Some diatom-borne organic
compounds degraded by M. adhaerens HP15 could then be used as precursors during
biosynthesis processes in the bacterial cell. Genes involved in biosyntheses of lipid and
fatty acids (col. 207), phospholipids (col. 19 and 136), amino acids (col. 31, 54, and
165), proteins (col. 96 and 149) were also identified.

Nutrient scavenging

Interestingly, a small operon consisting of three genes downstream the promoter

sequence found in col. 10 showed high sequence similarities to the codBA operon of E.

71



coli previously described to have a putative role in a salvage pathway for nucleobases
(Danielsen et al. 1992). The first gene of this operon encoding a purine—cytosine
permease (HP15_2770, 57% similarity in the amino acid level to codB in E. col) is
required for nucleobase transport into the cell (Danielsen et al. 1992); the second gene
encoding a purine catabolism regulatory protein (HP15_2771, 31% similarity to purA)
involved in the induction of the nucleobase degradation pathway (Andersen et al. 1989);
and finally a gene encoding cytosine deaminase (HP15_2772, 72% similarity to codA)
which catalyzes the deamination of cytosine, producing uracil and ammonia (Andersen et
al. 1989). The expression of the codBA operon is induced by nucleobases starvation
(Danielsen et al. 1992). Since M. adhaerens HP15 ApyrB mutant is deficient in
pyrimidines biosynthesis and there is no pyrimidine availability during its growth with 7.
weissflogil, this operon might be activated to allow the bacteria to survive under such
conditions. Consequently, this operon might not play a role for the diatom-bacteria
interaction.

The cloned promoter sequence of col. 130 is associated with a gene encoding a
Fe—S oxidoreductase, the last gene in a cluster consisting of four genes in M. adhaerens
HP15 (Figure 5A). This gene cluster resembles the //tABC operon (previously called yvrV,
wiW and yvbY) in Bacillus subtilis which is involved in lactate catabolism (Chai et al.
2009). In these bacteria, the operon is composed of three genes just as in the M.
adhaerens HP15 chromosome. However, a fourth gene encoding an iron—sulfur oxidase
is sometimes present in or near the wtABC operon (Chai et al. 2009). In M. adhaerens
HP15 the first gene encodes a Fe-S oxidoreductase (HP15_4088) and shared 59%
similarity in the amino acid level with /wtA from B. subtillis (YP_006631513.1). The
second gene is a 4Fe-4S ferredoxin—type protein (HP15_4089) sharing 59% similarity to
lutB (YP_006631512.1). The third gene is encoding a conserved hypothetical protein
(HP15_4090) with 32% similarity to /wtC (YP_006631511.1). The /utABC operon is
regulated by a transcriptional regulator of the GntR family, acting as a repressor when
lactate is absent in the media (Chai et al. 2009). The gene encoding for this regulator is
present upstream the operon in 5. subtilis. Interestingly, in the M. adhaerens HP15
genome such a regulatory gene is found downstream of the operon and in the opposite
orientation (HP15_4087). Even more interestingly, the promoter sequence driving the
expression of this GntR-like regulator was also found as one of the /n vivo expressed

genes in col. 33 (Figure 5A). It could be speculated that the function of the operon in M.
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adhaerens HP15 is related with lactate metabolism; however, this function has to be

further studied.

Cell envelope structure

Genes involved in cell envelope structure and modification were also found to be
expressed during diatom contact. Col. 161 is harboring a promoter sequence upstream
of pyrBC-lacZ with similarities to ybgC (HP15_2039) encoding a Tol-Pal system-—
associated acyl-CoA thioesterase, the first enzyme in the Tol-Pal system of E. col/
(Godlewska et al. 2009). The Tol-Pal system consists in five proteins (TolQ, TolR, TolA,
TolB and Pal) forming a membrane associated complex, which maintains outer
membrane integrity. In £. coli, mutations in these genes led to changes in motility and in
cell division as well as to the release of periplasmic proteins from the cell (Godlewska et
al. 2009). In addition, the operon shows similarity to that coding for the TonB system,
which is important for active transport of diverse substrates such as siderophores or
vitamin B12 (Moeck & Coulton 1998) and the MotAB proteins in the flagellar motor
(Cascales et al. 2001). These previous studies suggest that the system might have
different functions or that protein domains found in enzymes encoded by these operons
are shared by different processes. During the diatom—bacteria interaction this system
could be important for uptake of specific nutrients, motility or integrity of the membrane
system.

Additional genes involved in cell envelope structure and modification were found
in col. 1, 68, and 100. Col. 1 represents a sequence associated with a gene coding for a
putative lipoprotein. Lipoproteins can be structural components of the cell membrane
(Nelson & Cox 2000) or enzymes playing roles in nutrient acquisition, cell wall
metabolism, cell division, signal transduction and adhesion to host during infection
(Nakayama et al. 2012).

Breakdown of diatom products has been previously studied; showing that
heterotrophic bacteria associated to phytoplankton or aggregates, mediate the hydrolysis
(Arnosti 2011, Sapp et al. 2008, Grossart et al. 2007, Grossart & Simon 1998) or the
modification of algal products (Gardes et al. 2012). Accordingly, the promoter found in
col. 68 (Figure 5B) is driving the expression of an enzyme belonging to the
polysaccharide deacetylases from the carbohydrate esterase family 4 (CE4), which
includes chitin deacetylase, acetyl xylan esterase, peptidoglycan deacetylases among

others, as defined in the CAZy database (http://www.cazy.org/CE4.html; Cantarel et al.
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2008). Two polysaccharide deacetylases (BC1960, NP_831730 and BC3618,
NP_833348) were found to be important for protection against host lysozyme in Bacillus
anthracis (Psylinakis et al. 2005) the same observation was made for a peptidoglycan
deacetylase (PgdA) found in Helicobacter pylori (Wang et al. 2010). On the other hand,
the two polysaccharide deacetylases from B. anthracis were active deacetylating both
peptidoglycans and chitin substrates, since these two polymers have N-
acetylglucosamine residues (Psylinakis et al. 2005). In addition, chitin degradation has
been found to be common in the family Vibrionaceae, in this process N-
acetylglucosamine—6-phosphate deacetylase, a member of the CE4 family, is involved
(Hunt et al. 2008). Diatoms belonging to the genera Thalassiosira are known to produce
chitin as a component of the cell wall (Durkin et al. 2009, Hert 1979). For this reason,
the polysaccharide deacetylases of M. adhaerens HP15 identified here might also be
involved in the breakdown of chitin or other diatom-borne polysaccharides. Another
example is the gene encoding for a glycotransferase found associated to the promoter in
col. 100. This enzyme catalyze the synthesis of glycoconjugates, including glycolipids,
glycoproteins, and polysaccharides (Kapitonov & Yu 1999, Campbell et al. 1997). Just
as for almost any biosynthetic enzyme, the corresponding variant in M. adhaerens HP15
might conduct an opposite function, i.e. the breakdown of algal polysaccharides or
might be involved in modification of existing polysaccharides as suggested by Géardes et
al. (2012). The role of the genes identified under the control of the promoters in Col. 68

an 100 has to be verified by future studies.

Regulation

M. adhaerens HP15 encounters a novel environment, different from sea water,
when interacting with 7. weissflogii. Thus, the bacteria might need to tightly regulate its
gene expression. An example of a regulatory gene was found downstream of the cloned
DNA of col. 168 and encodes phosphoenolpyruvate:carbohydrate phosphotransferase
system (PTS) IIA-like nitrogen-regulatory protein (Cases et al. 2001). The PTS system
consists of a group of phosphotransfer proteins involved in the transport of
carbohydrates, in chemotaxis towards carbon sources, and in the regulation of other
metabolic pathways (Postma et al. 1993). N-Acetylglucosamine/galactosamine PTS lIA,
a protein belonging to the PTS system, was previously identified by IVET in Erwinia
chrysanthemi interacting with tomato plants (Yang et al. 2004). A subsequent mutation

of this gene affected the systematic invasion capability of the plant pathogenic
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bacterium. This former result indicated that PTS systems might be pivotal for interaction
of bacteria with photosynthetic eukaryotic cells.

Two—component signal transduction systems usually consisting of histidine
protein kinase and response regulator are used by bacteria to response to different
stimuli and to regulate diverse cellular processes (Capra & Laub 2012, Stock et al.
2000). Col. 204 represented a genetic locus encoding a response regulator containing a
receiver domain (HP15_3664) and a histidine kinase (HP15_3665). A similar situation
was found in the cloned DNA of the “false positive” col. 124. The specific regulatory
signals and functions of these gene products have to be elucidated. Likewise, the
promoter found in col. 166 is associated to a gene encoding a transcriptional regulator
of the LysR family. These regulators are ubiguitous amongst bacteria regulating a
diversity of genes involve in virulence, metabolism, quorum sensing, nitrogen fixing, and
motility (Maddocks & Oyston 2008). Examples of representatives of this family are £. coli
LysR regulating lysine metabolism and LrhA regulationg flagella, motility and chemotaxis,
and Rhizobium spp. NodD regulating nitrogen fixation/symbiosis (Stragier et al. 1983,
Lehnen et al. 2002, Schlaman et al. 1992).

Noteworthy, Tables 3 and 4 show only the first gene found downstream of the
promoter region identified in the corresponding IVET plasmid. However, other genes
further downstream and potentially co—transcribed could also be specifically expressed
by the identified promoter during the diatom—bacteria interaction. This might hold true for
colonies 1 and 205 for which the second gene downstream of both promoter sequences
might encode for MerR family transcriptional regulators, which mediate responses to
environmental stimuli such as heavy metals, drugs, antibiotics, or oxidative stress (Brown
et al. 2003). During photosynthesis many reactive oxygen species are released (Asada
2006) and it has been reported that certain bacteria interacting with diatoms detoxify
oxygen species (Hunken et al. 2008). M. adhaerens HP15 growing with 7. weissflogii
might also face high amounts of reactive oxygen species hence the expression of some

proteins countacting oxygen radicals might become necessary.

Protein secretion

The gene identified downstream of the cloned DNA of col. 22 encodes a
homologue of Type |l secretion system (T2SS) protein C. T2SS is one of several

secretory pathways used in bacteria to release proteins into the environment. In ~.
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aeruginosa T2SS genes are arranged as follows: xcpD, C, D, E, F, G, H, |, J, K, L, M,
and O, with xcpD in opposite direction to the rest of the gene cluster (Bleves et al. 2010).
The T2SS gene encoding protein C found expressed /in vivo in M. adhaerens HP15 is
flanked by the T2SS genes for protein N (upstream) and protein D (downstream).
Interestingly, no other genes of the T2SS were found in a close proximity suggesting a
non—classical gene arrangement (Figure 5C). The ‘remaining’ operon was found 746
locus tag apart in the M. adhaerens HP15 genome starting with locus tag HP15_1601
until HP15_1610 and consisted of the genes encoding for proteins C, E, F, G, H, |, J, K,
L, and M, with the gene for protein C in opposite orientation to the rest of the cluster. In
P. aeruginosa, two genes, xphA and xghA, homologous to the genes encoding for
proteins C and D of the T2SS, respectively, are located distant from the major T2SS
operon (Michel et al. 2007). This could be the case for M. adhaerens HP15, as well.

The gene associated with the cloned insert of col. 32 was annotated as a
conserved hypothetical protein with a putative conserved bacterial Ig—like domain.
Proteins carrying this domain are found to be important in host—pathogen interactions
(Kelly et al. 1999, Raman et al. 2010). For example, this domain is present in intimin, an
outer membrane adhesion protein present in enteropathogenic £. co/i EPEC or
enterohaemorrhagic £. col/i EHEC (Frankel et al. 2001). Together with the host cell
translocated intimin receptor (Tir), this protein mediates intimate attachment to the host
cells. Tir is secreted by the type lll secretion system into the plasma membrane of the
host cell, where it anchors and acts as a receptor for intimin (Kenny et al. 1997). The

function of this protein in M. adhaerens HP15 has to be further analyzed.

Chemotaxis

Chemotaxis is a mechanism that bacteria use to chemically sense the
environment and move towards attractants or away from repellents (Baker et al. 2005).
Chemoreceptors interact with those chemicals and together with CheA, a histidine
kinase, and CheW form a receptor—signaling complex, which in turn controls the activity
of CheY interacting with the flagellar motor thus controlling motility (Eisenbach 1996).
Chemoreceptors have a methyl-accepting chemotaxis domain, a homologue of which
was found in the putative M. adhaerens HP15 protein encoded by the gene downstream
of promoter sequence found in col. 178. Two other genes associated with cols. 124 and

204 could also encode for proteins involved in chemotaxis since they share similarities to
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CheY-like response regulators (Stock et al.1990). Therefore, our current results support
the previous finding that chemotaxis of M. adhaerens HP15 is important for the diatom-

bacteria interaction (Sonnenschein et al. 2012).

Conjugative DNA transfer

Two additional brownish colonies, 12 and 188, carried DNA sequences from the
native M. adhaerens HP15 plasmid, pHP-42, which were associated with genes #bG and
trbE, respectively, of the conjugative transfer operon Trb were identified. This operon
together with the Tra operon have been described in Agrobacterium tumefaciens as
genetic determinants of the system used for conjugal transfer between bacteria (Farrand
et al. 1996, Cook et al. 1997, Li et al. 1998). Noteworthy, M. adhaerens HP15 possess a
second, larger plasmid, pHP-187 without tra or trb operons suggesting that the system
from the smaller plasmid might control conjugative transfer of the bigger plasmid, which
in turn might encode for yet-to—be—determined function(s) important for the diatom—
bacteria interaction. Co-regulation of plasmid transfer functions with those involved in
host-microbe interactions have been described several times before (Backert & Meyer

2006, Chen et al. 2002, Zupan et al. 2000)

Putrescine metabolism

The second gene downstream of the promoter sequence found in col. 68 (Figure
5B) might encode a spermidine/putrescine—binding periplasmic protein. This finding
prompted the speculation that uptake and metabolism of putrescine might be important
during the interaction of M. adhaerens HP15 with 7. weissflogii. Putrescine (1,4-
diaminobutane) is a polyamine present in all kinds of biological materials. Interestingly,
diatom cell walls contain high amounts of long—chain polyamines which are organic
constituents of diatom biosilica (Kroger et al. 2000, Kroger & Poulsen 2008). In this
context, polyamines are a shunt product of silica frustule formation (Sumper & Kroger
2004). Previously, it had been shown that marine bacteria increased the dissolution of
silica from lysed diatoms (Bilde & Azam 1999). The bacteria were found to colonize
diatom detritus and carried out hydrolytic activities thereby removing the organic matrix
and solubilizing the silica. From these reports, we speculate that M. adhaerens HP15
might be using the putrescine present in the cell wall of the diatom and transporting it

inside the cell as a nitrogen source. Further experiments have to be carried out in order to
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test this hypothesis and to determine the actual role of putrescine transport during the

interaction.

Conclusion and perspectives

This study revealed an exciting array of genes potentially important during
diatom—bacteria interaction. The functions of the identified genes are usually based on
similarities or conserved domains found in the proteins encoded by them. However, the
true function(s) of such proteins still need to be systematically tested. This is particularly
applicable for conserved hypothetical proteins. Consequently, the potential involvement
of the identified genes in diatom—bacteria interaction will be thoroughly investigated by
site—directed mutagenesis (Sonnenschein et al. 2011) and analysis of the diatom—
attachment and marine aggregate formation phenotypes of mutants by attachment
assays and rolling tank experiments, respectively (Gardes et al. 2011). The
corresponding mutant analyses shall be done in time— and nutrient—dependent scenarios

in order to better understand the actual function of these /n vivo expressed genes.

Acknowledgments

We thank the members of the Microbiology Laboratory at Jacobs University for
technical support and discussions. This work was supported by Jacobs University Bremen,

the Max Planck Society and the Deutsche Forschungsgemeinschaft (UL169/6-1).

REFERENCES

Alldredge AL, Passow U, Logan BE (1993) The abundance and significance of a class of large,
transparent organic particles in the ocean. Deep—Sea Res | 40:1131-1140

Alldredge AL, Silver ML (1988) Characteristics, dynamics and significance of marine snow. Prog
Oceanogr 20:41-82

Altschul SF, Gish W, Miller W, Myers EW, Lipoman DJ (1990) Basic local alignment search tool. J Mol Biol
215:403-410

Andersen L, Kilstrup M, Neuhard J (1989) Pyrimidine, purine and nitrogen control of cytosine deaminase
synthesis in Escherichia coli K 12. Involvement of the g/hnLG and purR genes in the regulation of
codA expression. Arch Microbiol 152:115-118

Angelichio MJ, Camilli A (2002) In Vivo Expression Technology. Infect Immun 70:6518-6523

78



Arnosti C (2011) Microbial extracellular enzymes and the marine carbon cycle. Ann Rev Mar Sci 3:401-
425

Asada K (2006) Production and scavenging of reactive oxygen species in chloroplasts and their functions.
Plant Physiol 141:391-396

Backert S, Meyer TF (2006) Type IV secretion systems and their effectors in bacterial pathogenesis. Curr
Opin Microbiol 9:207-217

Baker MD, Wolanin PM, Stock JB (2005) Signal transduction in bacterial chemotaxis. BioEssays 28:9-22

Bhaskar PV, Grossart HP, Bhosle NB, Simon M (2005) Production of macroaggregates from dissolved
exopolymeric substances (EPS) of bacterial and diatom origin. FEMS Microbiol Ecol 53:255-264

Bidle KD, Azam F (1999) Accelerated dissolution of diatom silica by marine bacterial assemblages.
Nature 397:508-512

Bleves S, Viarre V, Salacha R, Michel GPF, Filloux A, Voulhoux R (2010) Protein secretion systems in
Pseudomonas aeruginosa. A wealth of pathogenic weapons. Int J Med Microbiol 300:534-543

Brown NL, Stoyanov JV, Kidd SP, Hobman JL (2003) The MerR family of transcriptional regulators. FEMS
Microbiol Rev 27:145-163

Campbell JA, Davies GJ, Bulone V, Henrissat B (1997) A classification of nucleotide—diphospho—sugar
glycosyltransferases based on amino acid sequence similarities. Biochem J 326:929-942

Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Henrissat B (2009) The Carbohydrate—
Active EnZymes database (CAZy): an expert resource for Glycogenomics. Nucleic Acids Res
37:D233-D238

Capra EJ, Laub MT (2012) Evolution of two—component signal transduction systems. Annu Rev Microbiol
66:325-347

Cascales E, Lloubés R, Sturgis JN (2001) The TolQ-TolR proteins energize TolA and share homologies
with the flagellar motor proteins MotA—MotB. Mol Microbiol 42:795-807

Cases |, Lopez JA, Albar JP, De Lorenzo V (2001) Evidence of Multiple Regulatory Functions for the PtsN
(11AN" Protein of Pseudomonas putida. J Bacteriol 183:1032-1037

Chai Y, Kolter R, Losick R (2009) A widely conserved gene cluster required for lactate utilization in
Bacillus subltilis and its involvement in biofilm formation. J Bacteriol 191:2423-2430

Chen L, Chen Y, Wood DW, Nester EW (2002) A new Type IV Secretion System Promotes conjugal
transfer in Agrobacterium tumefaciens. J Bacteriol 184:4838-4845

Cook DM, Li PL, Ruchaud F, Padden S, Farrand SK (1997) Ti plasmid conjugation is independent of vir:
Reconstitution of the #a functions from pTiC58 as a binary system. J Bacteriol 179:1291-1297

Danielsen S, Kilstrup M, Barilla K. Jochimsen B, Neuhard J (1992) Characterization of the Escherichia
coli codBA operon encoding cytosine permease and cytosine deaminase. Mol Microbiol 6:1335-
1344

De La Rocha CL (2003) The Biological Pump. Treatise on Geochemistry 6:83-111

Decho AW (1990) Microbial exopolymer secretions in ocean environments: their role(s) in food webs and
marine processes. In: H. Barnes (ed.), Oceanography and Marine Biology, vol. 28, Oabn, Argyll,
Scotland. p 73-153

Durkin CA, Mock T, Armbrust EV (2009) Chitin in diatoms and its association with the cell wall. Eukaryot
Cell 8:1038-1050

Eisenbach M (1996) Control of bacterial chemotaxis. Mol Microbiol 20:903-910

Farrand SK, Hwang |, Cook DM (1996) The tra region of the nopaline—type Ti plasmid is a chimera with
elements related to the transfer systems of RSF1010, RP4, and F. J Bacteriol 178:4233-4247

Figurski DH, Helinski DR (1979) Replication of an origin—containing derivative of plasmid RK2 dependent
on a plasmid function provided in trans. Proc Natl Acad Sci U S A 76:1648-1652

79



Fowler SW, Knauer GA (1986) Role of large particles in the transport of elements and organic
compounds through the oceanic water column. Prog Oceanog 16:147-194

Frankel G, Phillips AD, Trabulsi LR, Knutton S, Dougan G, Matthews S (2001) Intimin and the host cell -
is it bound to end in Tir(s)?. Trends Microbiol 9:214-218

Gardes A, Iversen MH, Grossart H-P, Passow U, Ullrich MS (2011) Diatom-associated bacteria are
required for aggregation of Thalassiosira weissflogii. ISME J 5:436-445

Gardes A, Kaeppel E, Shehzad A, Seebah S, Teeling H, Yarza P, Glockner FO, Grossart HP, Ullrich MS
(2010) Complete genome sequence of Marinobacter adhaerens type strain (HP15), a diatom-
interacting marine microorganism. Stand Genomic Sci 3:97-107

Gardes A, Ramaye Y, Grossart HP, Passow U, Ullrich MS (2012) Effects of Marinobacter adhaerens
HP15 on polymer exudation by 7halassiosira weissflogii at different N:P ratios. Mar Ecol Prog Ser
461:1-14

Godlewska R, Wisniewska K, Pietras Z, Jagusztyn—Krynicka EK (2009) Peptidoglycan—associated
lipoprotein (Pal) of Gram—negative bacteria: function, structure, role in pathogenesis and potential
application in immunoprophylaxis. FEMS Microbiol Lett 298:1-11

Grossart HP, Czub G, Simon M (2006) Algae—bacteria interactions and their effects on aggregation and
organic matter flux in the sea. Environ Microbiol 8:1074—1084

Grossart HP, Schlingloff A, Bernhard M, Simon M, Brinkhoff T (2004) Antagonistic activity of bacteria
isolated from organic aggregates of the German Wadden Sea. FEMS Microbiol Ecol 47:387-396

Grossart HP, Simon M (1998) Bacterial colonization and microbial decomposition of limnetic organic
aggregates (lake snow). Aquat Microb Ecol 15:127-140

Grossart HP, Tang KW, Kigrboe T, Ploug H (2007) Comparison of cell-specific activity between free—
living and attached bacteria using isolates and natural assemblages. FEMS Microbiol Lett 266:194-
200

Guillard RRL, Ryther JH (1962) Studies of marine planktonic diatoms. |. Cyclotella nana Hustedt and
Detonula confervacea Cleve. Can J Microbiol 8:229-239

Herth W (1979) The site of B—chitin fibril formation in centric diatoms. Il. The chitin—forming cytoplasmic
structures. J Ultrastruct Res 27:16-27

Hoang TT, Karkhoff-Schweizer RAR, Kutchma AJ, Schweizer HP. (1998) A broad—host-range Flp—FRT
recombination system for site—specific excision of chromosomally—located DNA sequences:
application for isolation of unmarked Pseudomonas aeruginosa mutants. Gene 212:77-86

Hiinken M, Harder J, Kirst GO (2008) Epiphytic bacteria on the Antarctic ice diatom Amphiprora
kufferathii Manguin cleave hydrogen peroxide produced during algal photosynthesis. Plant Biol
(Stuttg) 10:519-526

Hunt DE, Gevers D, Vahora NM, Polz MF (2008) Conservation of the chitin utilization pathway in the
Vibrionaceae. Appl Environ Microbiol 74:44-51

Jackson RW, Giddens SR (2006) Development and application of /n Vivo Expression Technology (IVET)
for analysing microbial gene expression in complex environments. Infect Disord Drug Targets
6:207-240

Jahnke RA (1996) The global ocean flux of particulate organic carbon: Areal distribution and magnitude.
Global Biogeochem Cycles 10:71-88.

Kaeppel EC, Gardes A, Seebah S, Grossart H-P, Ullrich MS (2012) Marinobacter adhaerens sp. nov.,
isolated from marine aggregates formed with the diatom T7halassiosira weissflogii. Int J Syst Evol
Microbiol 62:124-128

Kapitonov D, Yu RK (1999) Conserved domains of glycosyltransferases. Glycobiology 9:961-978

Kelly G, Prasannan S, Daniell S, Fleming S, Frankel G, Dougan G, Connerton |, Matthews S (1999)
Structure of the cell-adhesion fragment of intimin from enteropathogenic Escherichia coli Nat
Struct Mol Biol 6:313-318

80



Kenny B, DeVinney R, Stein M, Reinscheid DJ, Frey EA, Finlay BB (1997) Enteropathogenic E. coli
(EPEC) transfers its receptor for intimate adherence into mammalian cells. Cell 91:511-20

Kroger N, Deutzmann R, Bergsdorf C, Sumper M (2000) Species—specific polyamines from diatoms
control silica morphology. Proc Natl Acad Sci U S A 97:14133-14138

Kréger N, Poulsen N (2008) Diatoms—from cell wall biogenesis to nanotechnology. Annu Rev Genet
42:83-107

Lee SW, Cooksey DA (2000) Genes Expressed in Pseudomonas putida during Colonization of a Plant—
Pathogenic Fungus. Appl Environ Microbiol 66:2764-2772

Lehnen D, Blumer C, Polen T, Wackwitz B, Wendisch VF, Unden G (2002) LrhA as a new transcriptional
key regulator of flagella, motility and chemotaxis genes in Escherichia coli. Mol Microbiol 45:521-
532

Li PL, Everhart DM, Farrand SK (1998) Genetic and sequence analysis of the pTiC58 #b locus, encoding
a mating—pair formation system related to members of the Type IV Secretion Family J Bacteriol
180:6164-6172

Logan BE, Passow U, Alldredge AL, Grossart HP, Simon M (1995) Rapid Formation and Sedimentation
of Large Aggregates Is Predictable from Coagulation Rates (Half-Lives) of Transparent Exopolymer
Particles (TEP). Deep—Sea Res Il 42:203-214.

Maddocks SE, Oyston PCF (2008) Structure and function of the LysR-type transcriptional regulator
(LTTR) family proteins. Microbiology 154:3609-3623

Mahan MJ, Slauch JM, Mekalanos JJ (1993) Selection of bacterial virulence genes that are specifically
induced in host tissues. Science. 259:686-688

Michel GPF, Durand E, Filloux A (2007) XphA/XghA, a Novel GspCD Subunit for Type Il Secretion in
Pseudomonas aeruginosa. J Bacteriol 189:3776-3783

Moeck SG, Coulton JW (1998) TonB—dependent iron acquisition: mechanisms of siderophore—-mediated
active transport. Mol Microbiol 28:675-681

Nakayama H, Kurokawa K, Lee BL (2012) Lipoproteins in bacteria: structures and biosynthetic pathways.
FEBS J 279:4247-4268

Nelson DL, Cox MM (2000) Lehninger Principles of Biochemistry, 3rd Ed.Worth Publishers, NY

Passow U (2002) Production of transparent exopolymer particles (TEP) by phyto— and bacterioplankton.
Mar Ecol Prog Ser 236:1-12

Postma PW, Lengeler JW, Jacobson GR (1993) Phosphoenolpyruvate:Carbohydrate Phosphotransferase
Systems of Bacteria. Microbiol Rev 57:543-594

Psylinakis E, Boneca |G, Mavromatis K, Deli A, Hayhurst E, Foster SJ, Varum KM, Bouriotis V (2005)
Peptidoglycan N—acetylglucosamine deacetylases from Bacillus cereus, highly conserved proteins
in Bacillus anthracis. J Biol Chem 280:30856-30863

Raman R, Rajanikanth V, Palaniappan RUM, Lin YP, He H (2010) Big domains are novel Ca2+—binding
modules: Evidences from big domains of Leptospira immunoglobulin—Like (Lig) Proteins. PLoS
ONE 5:e14377

Rediers H, Rainey PB, Vanderleyden J, De Mot R (2005) Unraveling the secret lives of bacteria: use of in
Vivo Expression Technology and Differential Fluorescence Induction Promoter Traps as tools for
exploring niche—specific gene expression. Microbiol Mol Biol Rev 69:217-261

Sambrook J, Fritsch E, Maniatis T (1989) Molecular cloning: a laboratory manual, 2nd ed. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

Sapp M, Gerdts G, Wellinger M, Wichels A (2008) Consuming algal products: trophic interactions of
bacteria and a diatom species determined by RNA stable isotope probing. Helgol Mar Res 62:283-
287

Schlaman H, Okker R, Lugtenberg B (1992) Regulation of nodulation gene expression by NodD in
rhizobia. J Bacteriol 174:5177-5182

81



Schurr MJ, Vickrey JF, Kumar AP, Campbell AL, Cunin R, Benjamin RC, Shanley MS, O’Donovan GA
(1995) Aspartate transcarbamoylase genes of Pseudomonas putida: requirement for an inactive
dihydroorotase for assembly into the dodecameric holoenzyme. J Bacteriol 177:1751-1759

Smirnova AV, Ullrich MS (2004) Topological and deletion analysis of CorS, a Pseudomonas syringae
sensor kinase. Microbiology 150:2715-2726

Sonnenschein E, Gardes A, Seebah S, Torres—Monroy |, Grossart HP, Ullrich MS (2011) Development of
a genetic system for Marinobacter adhaerens HP15 involved in marine aggregate formation by
interacting with diatom cells. J Microbiol Methods 87:176—183

Sonnenschein EC, Abebew Syit D, Grossart HP, Ullrich MS (2012) Chemotaxis of Marinobacter
adhaerens and its impact on attachment to the diatom T7halassiosira weissflogii. Appl Environ
Microbiol 78:6900-6907

Stock AM, Robinson VL, Goudreau PN (2000) Two—component signal transduction. Annu Rev Biochem
69:183-215

Stock JB, Stock AM, Mottonen JM (1990) Signal transduction in bacteria. Nature 344:395-400

Stragier P, Richaud F, Borne F, Patte J (1983) Regulation of diaminopimelate decarboxylase synthesis in
Escherichia coli: |. |dentification of a /ysA gene encoding an activator of the /ysA gene. J Mol Biol
168:307-320

Sumper M, Kréger N (2004) Silica formation in diatoms: the function of long—chain polyamines and
silaffins. J Mater Chem 14:2059-2065

Thoma S, Schobert M (2009) An improved Escherichia coli donor strain for diparental mating. FEMS
Microbiol Lett 294:127-132

Wang G, Maier SE, Lo LF, Maier G, Dosi S, Maier RJ (2010) Peptidoglycan deacetylation in Helicobacter
pylori contributes to bacterial survival by mitigating host immune responses. Infect Immun
78:4660—-4666

Yang S, Perna NT, Cooksey DA, Okinaka Y, Lindow SE, Mark Ibekwe A, Keen NT, Yang CH (2004)
Genome-wide identification of plant—upregulated genes of Erwinia chrysanthemi 3937 using a
GFP-based IVET Leaf Array. Mol Plant Microbe Interact 17:999-1008

Zdobnov E, Apweiler R (2001) InterProScan—an integration platform for the signature—recognition
methods in InterPro. Bioinformatics 17:847-848

ZoBell CE (1941) Studies on marine bacteria. |. The cultural requirements of heterotrophic aerobes. J Mar
Res 4:42—-75

Zupan J, Muth TR, Draper O, Zambryski P (2000) The transfer of DNA from Agrobacterium tumefaciens
into plants: a feast of fundamental insights. Plant J 23:11-28

82



Table 1. Strains and plasmids used in this study.

Strain or plasmid

Genotype or relevant characteristics

Source or reference

E. coli

DH5a

ST18

HB101

M. adhaerens
HP15

ApyrB
Plasmids

pGEM®-T Easy
pGEM_pyrBup
pGEM_pyrBdown
pFCM1
pGEM_pyrB_down_cm

pGEM_pyrB_down_cm_up
pEX18Tc
pEX_pyrBcdu

pBBR1MCS-4
pMC1871

pITM3

plTM4
pITM3_pyrB
pITM1_Sau3A_3
pITM3_pyrB_prom

pITM1

®80dlacZAM15 AllacZYA— argF) U169 recA1 hsdR17 deoR thi-1 supE44 gyrA96 relA1/Apir
A\pir AhemA pro thi hsdR” Trp Smr
Carrying helper plasmid pRK2013 KmR

wild—type
ApyrBCm"

colE1 /Ez'cZAmpR

pGEM®-T Easy containing 960 bp upstream pyrB flanking region of HP15

pGEM®-T Easy containing 984 bp downstream pyrB flanking region of HP15

Amp" cm”

Cm™ (1129 bp) from pFCM1 ligated into Ndel site of pGEM_pyrBdown

Cm"™ and downstream region (2168 bp) from pGEM_pyrB_down_cm ligated with Kpnl/ Nhel
into pGEM_pyrBup

PMB1 oriT sacB Tet"

Knock—out fragment (3134 bp) from pGEM_pyrB_down_cm_up ligated with Airdlll into
pEX18Tc

broad—host-range mob Amp"

lacZ Tet”

derivative of pPBBR1MCS—-4 with insertion of /acZ by Kpnl in opposite direction to the lac
promoter

derivative of pPBBR1MCS—-4 with insertion of /acZ by Kpnl under control of the lac promotor
derivative of pITM3 with insertion of pyrBC of HP15 upstream /acZ

pITM1 carrying a HP15 native promoter upstream /acZ

derivative of pITM3_pyrB with insertion uppstream pyrBC-kacZ fussion of a promoter of HP15
derivative of pBBR1MCS with insertion of /acZby Kpnl in opposite direction to the lac
promoter

Miller & Mekalanos 1988
Thoma & Schobert 2009
Figurski & Helinski 1979

Grossart et al. 2004
This study

Promega, Mannheim, Germany

This study
This study
Choi & Schweizer 2005
This study

This study
Hoang et al. 1998
This study

Kovach et al. 1995
Shapira et al. 1983

This study

This study
This study
This study
This study

Sonnenschein et al. 2011




Table 2. List of primers used in this study

Primer Sequence 5" - 3° Rl
enzyme

pyrBup—F ATTGGGGTACCGCTAGCTCGTTCGCGGTCATGGGT Konl, Nhel

pyrBup—R ATTGGAAGCTTCGCGTCATGGCGTTCGAT Hindlll

pyrB_Down2-F ATTGGAAGCTTGGTACCCCTGCTTGGCGGCGGTAT Hindlll, Kpnl
pyrB_Down2-R AGGGGCCAGGCATGAGCA

Cm2F AGTGCCATATGGAGCTCGAATTGGGGATCTT Ndel
Cm2R AGTGCCATATGGCTAGCGAGCTCGAATTAGCTTCAAA Ndel, Nhel
lacZF AGT GGT ACC CGT CGT TTT ACA ACG TC Konl
lacZR AGT GGT ACC TAT TAT TTT TGA CAC CA Konl

pyrB F ATTGGCTCGAGCAGATTGCCGGCTTTGGC Xhol

pyrB mutF CGAATCAGCAGCGCGGTATT

pyrB mutR CCATCAACGCGTCAAACTGC

pyrB out CGAATCGTCAGCATATCC

T7 TAATACGACTCACTATAGGG
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Table 3. List of genes expressed during interaction with 7. weissflogii.

Colony

No Annotation

Locus tag

Possible role

Genes involved in central intracellular metabolism

15 HP15_3561 Haloacid dehalogenase, type |l

19 HP15_802 Glycerol-3—phosphate acyltransferase

24 HP15_1623 Putative NADH dehydrogenase

26 HP15_267 Acyl-CoA dehydrogenase

30 HP15_3716 Putative Na(+)-translocating NADH—-quinone
reductase subunit B

31 HP15_1399 Metal-dependent hydrolase—like protein

54 HP15_2599 3-isopropylmalate dehydratase, large subunit

96 HP15_397 30S ribosomal protein S5

136 HP15_1598
149 HP15_623

Glycerol-3—-phosphate dehydrogenase
RNA methyltransferase

165 HP15_480
205 HP15_4
207 HP15_449
211 HP15_3399
238 HP15_910
239 HP15_1315

3—dehydroquinate synthase

Zinc—dependent alcohol dehydrogenase
Lipid A biosynthesis lauroyl acyltransferase
Glyceraldehyde 3—phosphate dehydrogenase
3—hydroxyisobutyrate dehydrogenase

Leucyl aminopeptidase

Genes involved in nutrient scavenging

10 HP15_2770 Cytosine permease

130 HP15_4091 Putative D—lactate dehydrogenase (Fe—S
oxidoreductase)

Genes involved in cell envelope structure and modification

1 HP15_157 Putative lipoprotein

68 HP15_3542 Polysaccharide deacetylase

100 HP15_3966 Glycosyltransferase

161 HP15_2039 Tol-Pal system—associated acyl-CoA
thioesterase

Genes involved in regulation

33 HP15_4087 Transcriptional regulator, GntR family

166 HP15_2605 Putative regulatory protein, LysR-like

168 HP15_2444 PTS llA-like nitrogen—-regulatory protein PtsN
204 HP15_3664 Response regulator containing receiver domain

Genes involved in porotein secretion
22 HP15_2356 Type |l secretion system protein C
32 HP15_313 Protein containing bacterial Ig—like domain

Genes involved in chemotaxis
178 HP15_2157 Methyl—-accepting chemotaxis protein

Genes involved in DNA transference
188 HP15_p42g49 Conjugal transfer Trb operon

Genes of unknown function

13 HP15_1948 Hypothetical protein
45 HP15_2904 Conserved hypothetical protein
74 HP15_154 Hypothetical protein

198 HP15_p1879g86 hypothetical protein

Conversion of miscellaneous
compounds

Phospholipid metabolism
Energy metabolism
Lipid/fatty acid degradation
Energy metabolism

multiple funtions

Leucine biosynthesis

Protein synthesis / Ribosomal
synthesis

Phospholipid metabolism

Protein synthesis / ribosomal
structure

Aromatic amino acid biosynthesis
Intermediary metabolism

Lipid synthesis

Intermediary metabolism / Glycolysis

Amino acid degradation
Protein degradation

Uptake of nucelobases
Uptake of organic acids

Outer membrane protein
Peptidoglycan modification
Cell envelope biogenesis
Cell envelope integrity

Transcriptional regulators
Transcriptional regulators

Sugar uptake regulation
Two—component signal regulation

Secretion
Adhesion/invasion

Chemotaxis

Conjugation
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Table 4. List of genes found in “false positives”, and opposite orientated colonies.

Colony No Locus tag Annotation

Possible role

"FALSE POSITIVES" CLONES

Genes involved in central intracellular metabolism

28 HP15_3879 Nitrite reductase (NirD) family

90 HP15_3855 Diaminobutyrate——2-oxoglutarate
aminotransferase

94 HP15_2746 Nitroreductase family protein

117 HP15_3110 HNH endonuclease

118 HP15_1141 Enoyl-CoA hydratase/isomerase

Genes involved in cell envelope structure and modification
162 HP15_3186 Putative porin

Genes involved in regulation

97 HP15_3711 PAS domain and GGDEF domain

124 HP15_3981 Response regulator containing receiver
domain

135 HP15_4168 PAS domain and GGDEF domain

194 HP15_1022 EAL domain / GGDEF domain

Genes of unknown function
122 HP15_2818

128 HP15_3635

Conserved hypothetical protein
Conserved hypothetical protein

OPPOSITE ORIENTATED CLONES

Genes involved in central intracellular metabolism

3 HP15_3495 Haloacid Dehalogenase

5 HP15_802 Glycerol-3—phosphate acyltransferase

18 HP15_1479 Queuine tRNA-ribosyltransferase

25 HP15_541 Release Factor 3 protein

103 HP15_1330 Oxaloacetate decarboxylase gamma chain
154 HP15_1911 Beta—glucosidase

190 HP15_1242 Nudix_Hydrolase

Genes involved in nutrient scavenging
93 HP15_829 D-alanyl-D—alanine carboxypeptidase

Genes involved in nutrient scavenging
51 HP15_351 CIC chloride channels

Genes involved in nucleic acid metabolism
48 HP15_1202 Chromosome segregation protein SMC

Genes involved in DNA tranference
12 HP15_p42g47 Conjugal transfer Trb operon

Nitrogen metabolism
Salt tolerance

Nitrogen metabolism
DNA degradation
Lipid/fatty acid degradation

Outer membrane protein

Environmental sensing

Two—component signal
regulation

Environmental sensing
Environmental sensing

Conversion of miscellaneous
compounds
Lipid/fatty acid synthesis

Protein synthesis
Protein synthesis
Amino acid synthesis
Sugar metabolism
Several functions

Cell wall biosynthesis

lon acquisition

Cell division

Conjugation
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Figure 1. Schematic representation of IVET strategy.
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Figure 2. Construction of IVET vector pITM3_pyrB.

konl lacZ o Hindi VB oYC xpol
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8003 bp

rep Konl

Figure 3. Growth of ApyrB M. adhaerens HP15 in co—culture with 7. weissflogii in F/2

media without uracil. M. aadhaerens HP15 wild—type was used as a positive control.
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Figure 4. Growth curve of individual clones of M. aadhaerens HP15 ApyrB carrying
potential /n vivo induced promoters and 7. weissflogi. wild—type and a blue colored
mutant were used as a positive control. ApyrB HP15 (pITM3_pyrB) was used as a

negative control.
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Figure 5. Chromosomal location of the locus associated to the identified promoter for: A.
Col. 130 and 30; B. Col. 68; C. Col. 22 in the genome of M. adhaerens HP15. Purpul

arrows represent the DNA inserted upstream the /acZ-pyrBC fusion in the IVET vector.
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3.3. ldentification of WMarinobacter adhaerens HP15 proteins
expressed in response to presence of the diatom T7halassiosira

weissflogii
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ABSTRACT

Diatom—bacteria interactions play important roles during aggregate formation
leading to the sinking of organic carbon in the oceans. A bilateral /n vitro model system
is being used to study the molecular mechanisms underlying diatom—bacteria
interactions. This model consists of the marine gamma-—proteobacterium, Marinobacter
adhaerens HP15, and the diatom, T7halassiosira weissflogii. The bacterium specifically
attaches to 7. weissflogii cells thereby increasing its aggregation and inducing an
increased formation of transparent exopolymeric particles. The bacterial genes
specifically induce during the interaction with the diatom still unknown. In this work,
bacterial proteins expressed in response to the presence of 7. weissflogii were identified
by comparison of protein profiles of bacterial cultures incubated with or without diatom
cells and matrix—assisted laser desorption/ionization time—of—flight mass spectrometry.
Differential expression of M. adhaerens HP15 proteins involved in transport and
catabolism of different groups of organic compounds, as well as protein synthesis were
observed when 7. weissflogii cells were present. Some of these proteins may be
important for the proposed biochemical interaction between M. adhaerens HP15 and 7.

welsstlogil.
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INTRODUCTION

The sinking of organic carbon is an important process in marine biogeochemical
cycles and for the efficiency of the biological carbon pump (De La Rocha 2003, Fowler &
Knauer 1986, Jahnke 1996). The sinking of carbon is mainly mediated by marine
aggregates which consist of living cells, organic matter, fecal pellets, and inorganic
compounds. During aggregate formation, diatom—bacteria interactions play an important
role by inducing the secretion of different extra—cellular polysaccharides, which increase
the size and stickiness of aggregates (Decho 1990, Alldredge et al. 1993, Logan et al.
1995, Passow 2002). The molecular bases of diatom-bacteria interactions are still
unclear. Therefore a bilateral /n vifro model system consisting of the marine gamma-
proteobacterium Marinobacter adhaerens HP15 described by Kaeppel et al. (2012) and
the diatom T7halassiosira weissflogii has been established. An increase in aggregation of
7. weissflogii cells as well as an induction of transparent exopolymeric particles (TEP)
production was observed in co-cultures with M. adhaerens HP15 (Gardes et al. 2011,
2012). In addition, the genome sequence of M. adhaerens HP15 was determined
(Gardes et al. 2010) and the bacterium’s genetic accessibility has been optimized
(Sonnenschein et al. 2011). In combination, these findings and tools prompted and
allowed to study key genes potentially important during the interaction by site—directed
mutagenesis and comparative mutant analyses. For instance, M. adhaerens HP15
chemotaxis—deficient mutants exhibited a decrease in diatom attachment, suggesting
that chemotaxis may be an essential mechanism during the interaction (Sonnenschein et
al. 2012). Most other genes that might be specifically induced during the interaction of
M. adhaerens HP15 and diatom cells are however still unknown.

The aim of this study was to identify bacterial proteins expressed when M.
adhaerens HP15 was exposed to but not directly interacting with 7. weissflogii. The
identification was done by comparison of two—dimensional protein profiles combined with
matrix—assisted laser desorption/ionization time—of-flight mass spectrometry (MALDI-
TOF-MS). MALDI-TOF-MS analysis is a widespread analytical tool for identification of
proteins, peptides and other bio—molecules (Bonk & Humeny 2001, Lay 2001). Briefly,
the sample is co—crystallized with a large molar excess of a matrix compound, and laser
radiation of the sample-matrix mixture results in vaporization and the sample becomes
ionized. The ions are accelerated in a magnet—surrounded electric field towards a
detector, which they will reach at different times (time—of-flight). The smaller ions reach
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the detector first because of their greater velocity while the larger ions take longer owing
to their larger masses. Subsequently, the time of flight is converted to a mass—to—charge
ratio and a mass spectrum is obtained (Lewis et al. 2000, Bonk & Humeny 2001).

Protein identification by MALDI-TOF-MS is done after individual protein samples
have been treated with proteolytic enzymes, such as trypsin, generating characteristic
peptide fragments. These enzymes specifically cleave the protein at certain amino acid
residues in the sequence. The different peptide fragments generated from the digestion
result in a specific peptide pattern. These peptide patterns can be used as fingerprints,
which will be compared with known protein sequences from genome sequence
information by computer programs and collected in databases (Lewis et al. 2000, Bonk

& Humeny 2001).

MATERIALS AND METHODS

Organisms and culture conditions

M. adhaerens HP15 was isolated from particles collected from surface waters of
the German Wadden Sea (Grossart et al. 2004). This bacterium was grown in marine
broth (MB) agar medium (ZoBell 1941) at 28°C. Liquid cultures were made in MB
medium and incubated at 18°C by constant shaking at 250 rpm.

Axenic cultures of 7. weissflogii (CCMP 1336) were obtained from the Provasoli—
Guillard National Center for Culture of Marine Phytoplankton (Maine, USA). Diatom
cultures were grown at 16°C in f/2 medium (Guillard & Ryther 1962) prepared with pre—
filtered (0.2 um pore size) and autoclaved North Sea water, with a 12 h photoperiod and
115 pmol photons m™2s™". Diatom cell numbers were determined by cell counts in a

Sedgewick Rafter Counting Chamber S50 (SPI Supplies, West Chester, PA).

Co—cultivation of M. adhaerens HP15 and 7. weissflogii

To identify bacterial proteins, the following cultivation set-ups were applied:
Cultures of M. adhaerens HP15 alone and cultures of M. adhaerens HP15 with T.
weissflogii cells residing inside a dialysis hose were grown in f/2 medium. For this, a M.
adhaerens HP15 overnight pre—culture was prepared by growing the cells in 25 ml of MB

medium at 18°C with rotary aeration (250 rpm). Next, the main culture was started by
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adding 1 ml of the overnight pre—culture into 50 ml of fresh MB medium and incubated at
18°C until they reached the exponential phase (ODgypo~1.0). To avoid carry—over of
nutrients from MB medium, cells were subsequently washed twice with f/2 medium.
Simultaneously, 7. weissflogii was grown until they reached exponential growth (~80,000
cells mI™"). Diatom cell concentrations were adjusted to ~10,000 cells mI™', and cells
were placed inside a dialysis hose with a molecular weight cut—off of 12-14,000 KDa
(Spectra/Por, Spectrum Inc). The dialysis hose was placed into 150 ml of a M.
adhaerens HP15 cell suspension adjusted to a final ODggo of 0.05 in f/2 medium and
then incubated at 16°C, in a 12 h photoperiod at 115 umol photons m™s™" and 50 rpm
for 3—4 days. As a control, the same set up was used with M. adhaerens HP15 alone

and 15 ml of sterile f/2 medium placed inside the dialysis hose.

Protein isolation

For membrane—associated, periplasmic, or cytoplasmatic protein isolation, an
osmotic shock—based cell fractionation protocol was applied according to Boyd et al.
(1987) and Manoil & Beckith (1986) with modifications. Briefly, 150 ml cell cultures were
centrifuged for 20 min at 4,000 rpom and 4°C. The pellet was then resuspended in 150 pl
of cold spheroplast buffer (0.1 M Tris=HCI, pH 8.0, 0.5 mM EDTA and 0.5 mM sucrose)
and after incubation for 5 min on ice, the cell resuspension was centrifuged (10 min,
8,000 rpm, 4°C). 100 ul of ice—cold dionized water were added to the pellet and
incubated for 30 sec on ice, then 5 yl of 20 mM MgCl, were added. The osmotically
shocked cells were centrifuged (15 min, 8,000 rom, 4°C), and the supernatant,
containing the periplasmic fraction was collected. The pellet was resuspended in 150 pl
of cold spheroplast buffer, 15 pl of lysozyme (2 mg mI™), 1.26 ul of DNAse (2 mg mI™"),
150 ul of cold water, and incubated for 5 min on ice, followed by a centrifugation step
(10 min, 8,000 rpm, 4°C). The pellet was then resuspended in 1,000 ul of 50 mM Tris—
HCI, pH 7.5 and subjected to sonication 6 times for 15 sec. The lysed spheroplasts were
then centrifuged (30 min, 8,000 rpm, 4°C) resulting in the pellet containing the

membrane fraction, and the supernatant containing the cytoplasmic fraction.

Two—dimensional protein electrophoresis (2-DE) and analysis of expression patterns

Protein concentrations were measured spectrophotometrically by Nanodrop 2000c

(Thermo Scientific, Massachusetts, USA). Depending on the protein concentration a
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volume of <25 yl sample was mixed with rehydration buffer (ReadyPrep
Rehydration/Sample Buffer, BioRad, Hercules, USA) and applied to ReadyStrip IPG strips
(pH gradient of 4 to 7, 12 cm length; BioRad). The strips were incubated for ~16 h at
room temperature (RT). Samples were focused in an Iso—electric focusing Apparatus
(Multiphor II, Amersham—Pharmacia, Biotech Inc. NJ, USA) at 4°C by stepwise increase
of the voltage as follows: 35V for 10 min, 50 V for 1 h, 150 V for 20 min, 300 V for 15
min, 600 V for 15 min, 1,500 V for 30 min, and 3,000 V for 3.5 h. After isoelectric
focusing, strips were equilibrated first in 10 ml equilibration buffer (50 mM Tris—HCI (pH
8.8), 6 M urea, 30% glycerol and 2% SDS) containing 100 mg of dithiothreitol for 15
min, and secondly in 10 ml equilibration buffer with 0.4 g of iodoacetamide for 15 min.
Then the strips were subjected to 12.5% SDS-PAGE using a BioRad Mini-PROTEAN®
Tetra cell for 2 hours at 120 V. Gels were then stained with a silver staining kit (Pierce
Silver Stain Kit, Thermo Scientific, USA). The comparison of the protein profiles was

done visually.

Tryptic in—gel digestion

In-gel digestion was performed as described by Shevchenko et al. (2006),
Speicher et al. (2000), and Granvogl et al. (2007) with some modifications. The protease
used was modified porcine trypsin (Promega, Madison WI, USA). Nitrile gloves were worn
at all times to avoid contamination. Gels were washed in double—distilled water for 2 h
under slight agitation. Reaction cups (Nerbe plus, Winsen/Luhe, Germany) were
previously rinsed with 150 ul of 50% acetonitrile (ACN; v/v) containing 0.1% trifluoracetic
acid (TFA) by shaking ON at 37 °C. Cups were emptied and tried under clean bench
afterwards. Protein spots were excised and transferred to rinsed cups. 100 pl of 50 mM
ammonium bicarbonate (NH,HCO3) buffer containing 50% ACN (v/v) were added, and
incubated for 30 min at RT under frequent vortexing (washing step). 500 ul of ACN were
added and incubated at RT for 10 min (dehydration step). Supernatant was removed and
samples were place on ice and covered with 20-30 ul digestion buffer (13 ng pl™ trypsin
in 10 mM NH4HCOj3 solution containing 10% ACN (v/v)). For complete trypsin saturation,
samples were left on ice for 90 min and then covered with 5-20 uyl of 100 mM NH4HCO;3
buffer. The reaction cups were incubated for 12-16 h at 37°C, afterwards the

supernatant (peptide sample) was directly used for MALDI-TOF MS.
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MALDI-TOF MS

An Autoflex Il TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany)
equipped with a 337 nm nitrogen laser and operated with FlexControl version 3.0
software was used. a-cyano—4-hydroxycinnamic acid (HCCA; Bruker Daltonics) was
used as matrix. 1 pl peptide sample was acidified with 1 pl 0.5% TFA. The acidified
sample was again mixed with HCCA solution (0.33 mg mI™" in acetone, containing 66%
ethanol (v/v). Samples were loaded on a steel manufactured MTB AnchorChip™ target
with an anchor diameter of 600 um (Bruker Daltonics). Loads of 0.5 ul were spotted and
left for air—drying. For desalting, dried spots were rinsed twice with 2 uyl of 10 mM
monobasic ammonium phosphate solution (NH4H,PO,) for ~5 s, and then exposed to
MALDI-TOF MS. MS was operated in positive—ion reflection mode, laser offset was set to
67% with a range of 15%. Masses were detected in a range of 800-4,000 Da (m z).
lon source | was set to a voltage of 19.00 kV, iron source Il to 16,90 kV. The iron
extraction delay was set to 60 ns. Trypsin autodigestion peaks were used as calibrates.
As controls, a blank piece of polyacrylamide gel was used for identification of mass
artifacts resulting from sample preparation and bovine serum albumin fraction V
(AppliChem, Darmstadt, Germany) was used as a control protein. Data was processed
with FlexAnalysis, version 3.0. Peaks assignment used a signal-to—noise (S/N) ratio of 3,
peptide masses were derived from moniosotopic peaks. Peptide mass lists were
identified with the Mascot search engine (Perkins et al. 1999). Results were serached
against the ‘National Center of Biotechnology Information’ database. The restricting
taxonomy frame was set to ‘other proteobacteria’ for M. adhaerens HP15 proteins. A
score probability of <0.05 and a mass error of 50 ppm was chosen, accepted missed
trypsin cleavages were 1. As variable modifications oxidation of methionine (‘Oxidation
(M)’) was selected, global modifications were carbamidomethylations due to the staining

technigue applied.

Protein sequence analysis.

Protein sequence analysis, search for conserved domains and similar reported
proteins, was done using protein Basic Local Alignment Search Tool (BLASTP) provided

by the NCBI (http://www.ncbi.nim.nih.gov/BLAST/) (Altschul et al. 1990) and
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InterProScan Sequence Search provided by the European Bioinformatics Institute

(http://www.ebi.ac.uk/Tools/pfaliprscan/) (Zdobnov & Apweiler 2001).

RESULTS

M. adhaerens HP15 protein profiles

Cultures of M. adhaerens HP15 alone, cultures of M. adhaerens HP15 with 7.
weisstlogii cells residing inside a dialysis hose, and cultures of M. adhaerens HP15 with
an empty dialysis hose in f/2 medium were started. After 3 to 4 days of incubation the
bacterial cells were harvested and proteins were isolated. Membrane associated,
periplasmic and cytoplasmatic proteins were separated by osmotic shock fractionation
(Boyd et al. 1987, Manoil & Beckith 1986). The protein fractions were then separated by
2-DE, visualized with silver nitrate, and the protein profiles visually compared with each
other. Some of the protein fractions yielded low concentration of protein. Therefore, for
the appropriate visualization of low concentrated proteins, gels were stained with silver
nitrate allowing the detection of proteins with concentrations of 1 to 5 ng (Zhao et al.
2012).

There were no differences in the protein profiles obtained from M. adhaerens
HP15 cultures with or without the cell-free dialysis hose (data not shown) indicating that
M. adhaerens HP15 did not alter its protein profile in response to the dialysis hose
material. In contrast, protein fractions derived from cultures of M. adhaerens HP15 alone
and from those co—incubated with diatom cells embedded in the dialysis hose showed
slightly different protein patterns (Figure 1). Protein spots specific to one of the culture
conditions were sampled and processed for MADI-TOF MS. Interestingly, several of the
proteins designated as membrane—associated and expressed under both conditions were
actually cytoplasmic proteins indicating that the applied fractionation method did not
yield the expected results and that there was a cross contamination of fractions (data not

shown).

Protein identification and sequence analysis

Several bacterial proteins were visually recognized to be differentially expressed in

the presence or absence of diatom exudates (Figure 1). A total of 22 proteins were
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visually observed to be up-regulated (blue numbers in Figure 1) when M. adhaerens
HP15 were exposed to 7. weissflogii exudates while 26 other proteins seemed to be
down-regulated (red numbers). Some of the mentioned protein spots were excised from
the gels and subjected to MALDI-TOF-MS analysis. The possible functions of these
proteins were deducted by analysing the amino acid sequence and determine presence
of conserved domains or similarities with previous reported proteins in the GenBank
(Table 1).

We successfully identified four up—-regulated proteins (Table 1). Firstly, protein 88
in the M. adhaerens HP15 genome was annotated as a translation elongation factor TU,
which plays a role in protein synthesis (Andersen et al. 2003). In addition, this protein
shared 98% similarity with the ftranslation elongation factor TU in M. algicola
(ZP_01894447). These results suggested that protein 88 might be involved in protein
synthesis.

Secondly, protein 185  annotated as  methylmalonate—semialdehyde
dehydrogenase (MMSDH) and sharing 83% similarity to its homologue in P. aeruginosa
PAO1 (NP_252260.1). MMSDH is encoded by mmsA which belongs to the mmsAB
operon involved in valine metabolism (Steele et al. 1992). The gene mmsB encodes a 3-
hydroxyisobutyrate dehydrogenase and is located downstream mmsA, while mmsR
encodes a positive regulator and is located upstream oriented in opposite direction.
Homologous of all three genes are present in M. adhaerens HP15 (Figure 2B). However,
mmsA (locus tag: HP15_906) and mmsB (HP15_910) are separated from each other by
three genes involved in lipid and fatty acid degradation: acyl-coA dehydrogenase
(HP15_907) and two enoyl-CoA hydratase/isomerase (HP15_908 and 909). The amino
acid sequence of the protein encodes by M. adhaerens HP15 mmsB shared 79%
similarity and mmsA shared 62% with the genes found in P. aerugionosa PAO1, which
prompted to suggest that protein 185 is possibly involved in the catabolism of valine.

Thirdly, protein 218 annotated as a conserved hypothetical protein; however,
analysis of its amino acid sequence showed that it shared 51% similarity to a sigma E-
type regulatory protein, MucB/RseB of Pseudomonas sp. CHOI1 (ZP_11247052.1) and
52% to its homologue in Camamonas testosterone KF-1 (ZP_03544426.1), suggesting
that protein 218 might play a role in stress response (Alba & Gross 2003).

Finally, protein 219 annotated as a lipoprotein belonging to the NIpA family,

shared 89% similarity with a D—methionine—binding lipoprotein (MetQ) found in P. stutzeri
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CCUG 29243 (YP_006459889.1) and 66% to the corresponding homologue of £. coli K-
12 (NP_414739.1). The gene metQ@, encoding MetQ, is part of the metD locus (metN/Q)
of £. coli K-12 (Gél et al. 2002). Interestingly, genes homologous to metN and met/ are
also present in M. adhaerens HP15 (Figure 2A). M. adhaerens HP15 protein
YP_005887595.1 shared 66% similarity with MetN and YP_005887596.1 shared 68%
similarity with Metl from £E. co/i K-12. These results prompted to assume that this
lipoprotein might be involved in methionine transport.

Nine proteins (Proteins: 154, 179, 189, 190, 198, 200, 215, 216 and 217) down-
regulated in the presence of 7. weissflogii exudates were identified (Table 1). Protein 154
was annotated as an ATPase, F1 complex, delta subunit, and shared 93% similarity to
the ATP synthase delta chain in M. algicola DG893. ATPases are involved in energy
metabolism by producing ATP, and play diverse functions within the cell i.e. transport of
substances, cell motility (Cross & Muller 2004, Rappas et al. 2004)

Protein 179 was annotated as a tripartite ATP—independent periplasmic (TRAP)
dicarboxylate transporter (DctP subunit), a periplasmic C4—dicarboxylate—binding protein
essential for high—affinity transport of C4—dicarboxylates malate, succinate and fumarate
(Shaw et al. 1991). The gene dctP is part of the dctRSPQM locus described in
Rhodobacter capsulatus (Forward et al. 1997). A similar locus was found in M.
adhaerens HP15 with the following genes dctP (HP15_4076), dct@Q (HP15_4075), and
detM (HP15_4074), its amino acid sequence shared 47%, 45% and 54% similarity
respectively with the homologue found in A. capsulatus. However no homologous for the
genes dctR and dctS were found, these genes encode a two—component sensor—
regulator system for the control of the operon expression (Forward et al. 1997). The
results prompted to assume that protein 179 migth play a role in transport of C4-
carboxylates; however due to the absence of the genes dciA and dctS in M. adhaerens
HP15 chromosome the functionality of this locus has to be further analyzed.

Protein 189 was annotated as an aconitate hydratase 1, an iron—sulphur enzyme
that catalyzes the reversible isomerization of citrate and isocitrate in the citric acid and
glyoxylate cycles (Tang et al. 2004). In addition, this protein shared 62% and 60%
similarity with its homologous in £. coli K-12 (NP_414660.1) and P. aeruginosa PAOT
(NP_250253.1), suggesting that this protein plays a role in the citric acid and glyoxylate

cycles.
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Protein 190 was annotated as a dihydropicolinate synthase (DHDPS); furthermore
it shared 77% to the homologue found in P. aeruginosa PAO1 (NP_249701.1). These
results suggest that this protein might be involved in the lysine biosyntesis catalyzing a
key step with the condensation of aspartate beta—semialdehyde and pyruvate to
dihydrodipicolinate (Laber et al. 1992).

Protein 198 was annotated as a hypothetical protein; however, analysis of its
amino acid sequence demonstrated the presence of conserved domains found in a
lipid/polyisoprenoid—binding Ycel-like protein such as the lipid—binding protein Ycel found
in £. coli K-12 (Stancik et al. 2002) and the polyisoprenoid—binding protein TT1927b of
Thermus thermophilus (Handa et al. 2004). In addition, it shared 76% to the Ycel like—
family protein of Alcanivorax sp. DG881 (ZP_05041223.1). The function of the £. coli
protein is still unknown; however, TT1927b crystal structure studies suggest that Ycel-like
proteins play a role in the electron transport system by binding polyisoprenoid molecules,
a part of isoprenoid quinones (Handa et al. 2004). The function of protein 198 needs to
be further analyzed.

Protein 200 was annotated as an inorganic diphosphatase (PPase). This enzyme
is involved in the hydrolysis of inorganic pyrophosphate and in different biosynthetic
reactions such as amino acid, nucleotide, polysaccharide, and fatty acid biosynthesis
(Lahti 1983).

Protein 215 annotated as a TonB-dependent receptor, part of the TonB-
dependent regulatory systems which sense the environment and transmit signals leading
transcriptional activation of target genes (Koebnik 2005). The first TonB-dependent
receptor identified was the FhuA in £. co/f B834, which is a receptor for siderophore
ferrichrome (Locher et al. 1998). Subsequently, many FhuA homologues were described,
many of them involved in uptake of iron—-siderophore complexes and vitamin B12
(Koebnik 2005). In addition, protein 215 shared 44% similarity with FhuA found in £. co/i
K-12 (NP_414692.1), suggesting that this protein might play a role in the transport of
iron or vitamin B12.

Protein 216 annotated as an amino acid ATP-binding cassette (ABC) transponder
or periplasmic substrate—binding ABC transporter protein. Analysis of its amino acid
sequence confirmed the presence of conserved domains for a periplasmic solute—

binding protein part of an ABC transporter. However these transporters are involved in the
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transport of a variety of compounds such as amino acids, sugars, peptides or ions (Tam
& Saier 1993, Schneider & Hunke 1998).

Protein 217 was annotated as an electron transfer flavoprotein subunit alpha
(ETF). ETFs are divided in two subfamilies: Group | housekeeping ETF involved in the
oxidation of fatty acids; and some amino acids including lysine, an example is the ETF in
Paracoccus denitrificans (Husain & Steenkamp 1985). Group Il ETFs are required under
special environment conditions (Weidenhaupt et al. 1996), for example, 7ixB and fixA in
Rhizobium meliloti and other nitrogen fixers which play a role in a specific electron
transport essential for nitrogen fixation (Earl et al. 1987, Weidenhaupt et al. 1996).
Protein 217 shared 71% similarity to the ETF alpha subunit from AP. denitrificans
(AAA03072.1) and 51% to its homologue in A. meliloti fixB (AAK65104.1), suggesting

that protein 217 might play a role in the oxidation of fatty acids.

DISCUSSION

Identifying bacterial proteins needed for diatom—bacteria interaction is important
for understanding the mechanisms underlying aggregate and marine snow formation in
the oceans. In this study a number of proteins were identified which were expressed by
M. adhaerens HP15 during the interaction with 7. weissflogii exudates. These proteins are
listed in Table 1. The functions can be divided into: i) transport, biosynthesis or

catabolism of carbon compounds; ii) stress response; and iv) central metabolism.

Transport, biosynthesis or catabolism of carbon compounds

Two proteins (185 and 219) involved in transport and catabolism of organic
compounds were found to be up-regulated during the interaction. It is hypothesized that
7. weissflogii might release organic compounds, which are taken up by M. adhaerens
HP15 for subsequent use. Accordingly, protein 219 identified as a D—methionine—binding
lipoprotein (MetQ) which is part of the methionine transport system encoded by the metD
locus (metNIQ) of E. coliK-12 (Gal et al. 2002). Another example is the MMSDH (protein
185) involved in catabolism of valine (Steele et al. 1992). The gene encoding this protein
is part of the operon mmsAB. Interestingly, in a parallel study the promoter driving the

expression of the mmsB gene was found to be specifically induced in M. adhaerens
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HP15 during its interaction with 7. weissflogii (Torres—Monroy et al. in preparation),
suggesting that the bacterial utilization of valine produced by the diatom might play an
important role during diatom—bacteria interactions.

Two possible scenarios might explain the M. adhaerens HP15 proteins identified
as being down-regulated in the presence of 7. we/issflogii. Firstly, the expression of such
proteins could be inhibited by the presence of a diatom compound. For instance, the
activity of the purified DHDPS (protein 190), involved in lysine biosynthesis, was inhibit by
the end product of the pathway, lysine (Laber et al. 1992, Mirwaldt et al. 1995). Other
examples could be the aconitate hydratase (protein 189), the PPase (protein 200), and
the alpha subunit of the ETF (protein 217).

Secondly, these proteins might be expressed when M. adhaerens HP15 is growing
in the absence of diatoms compounds to efficiently scavenge the low concentrated
nutrients that might be present in the media. Although no carbon sources were added,
the minor concentrations of nutrients in the seawater used cannot be excluded. Some of
the proteins identified might support this hypothesis. The periplasmic C4—dicarboxylate—
binding protein (DctP, protein 179), essential for transport of C4-dicarboxylates malate,
succinate and fumarate (Shaw et al 1991). The periplasmic substrate—binding protein
(Protein 216) associated to an amino acid ABC transponder. Finally, the TonB-
dependent receptor (protein 215) possibly involved in uptake of iron—siderophore

complexes and vitamin B12 (Koebnik 2005).

Stress response

Protein 218 shared high sequence similarity to sigma E-like regulatory proteins
MucB/RseB of Pseudomonas sp. CHOI1 (Holert et al. 2013). This protein might play a
role during a stress response mechanism induced by unfolded proteins. To reduce the
accumulation of the later, chaperones and proteases are synthesized (Jin et al. 2008)
following a well-understood interplay between regulatory proteins such as MucA and
MucB with the alternative sigma factor E (De Las Pefias 1997, Alba & Gross 2003).
Relevant stressors include changes in temperature, pH or osmolarity, contact with
ethanol, heavy metals, or antibiotics, as well as carbon starvation or oxidative stress
(Bukau 1993). Whether or not there is a stress and if so which type of stress M.
adhaerens HP15 might be exposed to in presence of diatom exudates remains to be

elucidated. However, protein 218 might also play a role in the regulation of
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exopolysacchride synthesis of M. adhaerens HP15 as shown for its homologous in Vibrio
vulnificus (Brown & Gulig 2009) and P. aeruginosa (Damron & Goldberg 2012). It is
puzzling that mutations of the corresponding genes in V. winificus and P. aeruginosa,
respectively, result in dramatically opposing effects: Knock—out of mucB in P. aeruginosa
led to overproduction of the exopolysaccharide alginate and increased virulence (Martin
et al. 1993) while mutation of rseB of V. wuinificus resulted in decreased
exopolysaccharide synthesis and virulence (Brown & Gulig 2009). It remains to be
analyzed whether polysaccharide synthesis by M. adhaerens HP15 plays a role during

diatom—bacteria interactions.

Central metabolism

Protein 88 which was identified to be up-regulated in the presence of diatom
exudates is a homologue of the translation elongation factor TU (EF1A) that is
responsible for the correct placement of tRNA species into the ribosome (Andersen et al.
20083, Nilsson & Nissen 2005). It is hypothesized that M. adhaerens HP15 interacting with
7. weissflogii needs to coordinate the expression of novel proteins; therefore the up-—
regulation of an elongation factor might help to increase the accuracy of their translation.

The remaining proteins might play diverse roles within the cell, for example protein
154, identified as a subunit of the ATPase, and protein 198, identified as a protein of the
Ycel-like family. These proteins might play a role in the electron transport system.
However, the true function and the importance during the interaction of M. adhaerens
HP15 need to be determined. The same is true for the protein 189 identified as an
aconitate hydratase 1 playing a role in some important pathways including the Citric acid

cycle.

Conclusion and perspectives

This study revealed an interesting combination of proteins potentially important
during diatom—bacteria interaction. The functions of the identified proteins were based on
similarities with previously reported proteins, but the actual function(s) have to be
determined. For that reason the potential involvement of the identified proteins in
diatom—bacteria interaction will be confirmed in future experiments. The expression levels
of the identified genes in the presence or absence of 7. weissflogii will be determined

using i.e., reverse—transcription quantitative real-time PCR (RT—-gPCR). In addition, these
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genes will be mutagenized and the corresponding mutants analyzed for their diatom-
attachment phenotype by attachment assays and rolling tank experiments as described

by Gardes et al. (2011).
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Table 1. List of proteins expressed during interaction with 7. weissflogii.

Protein
No.

Accession No.

Annotation

Possible role

Up-regulated in presence of diatom exudates

88
185

218
219

YP_005884070.1
YP_005884598.1

YP_005886113.1
YP_005887597.1

Translation elongation factor TU

Methylmalonate—semialdehyde
dehydrogenase (MMSDH)
Putative sigma E regulatory protein

D-methionine—binding lipoprotein

(MetQ)

Down-regulated in presence of diatom exudates

154
179

189
190
198

200

215
216

217

YP_005887374.1
YP_005887768.1

YP_005885622.1
YP_005885719.1
YP_005886215.1

YP_005886908.1

YP_005885102.1
YP_005885888.1

YP_005885447.1

ATPase, F1 complex, delta subunit
TRAP dicarboxylate transporter, DctP

subunit
Aconitate hydratase 1

Dihydrodipicolinate synthase (DHDPS)
Putative lipid/polyisoprenoid-binding,

Ycel-like protein

Inorganic diphosphatase (PPase)
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Figure 1. Protein profiles of M. adhaerens HP15 grown in the presence of 7. weissflogii
residing inside a dialysis hose or alone in f/2 media. Proteins were separated by 2-DE
and visualized by Silver nitrate staining. Blue numbers symbolize bacterial proteins up—
regulated in the presence of 7. weissflogii and red numbers proteins down-regulated

under the same condition. The X symbolizes proteins that were not excised from the

gels.
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Figure 2. Chromosomal location of the genes identified (purple) encoding for proteins
185 and 219 in the genome of M. adhaerens HP15. A. locus mmsHRAB, mmsA encodes
MMSDH (prot 185); and B. Locus metN/Q, metQ encodes for MetQ (Prot. 219). The

purple arrow represents the promoter region identified by IVET.
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3.4. |dentification and possible function of the plasmid—borne fad
locus in the diatom—associated bacterium Marinobacter adhaerens

HP15
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ABSTRACT

Interactions between bacteria and phytoplankton play an important role in the
formation of marine snow leading to the sinking of organic carbon in the oceans. Not
much is known about the molecular mechanisms responsible for the diatom-bacteria
interaction. To address this issue, a bilateral model system consisting of Marinobacter
adhaerens HP15 and the diatom T7halassiosira weissflogii has been established. M.
adhaerens HP15 specifically attaches to 7. weissflogii cells increasing its aggregation
and inducing transparent exopolymeric particle formation. In this study, the #ight
adherence (tad) gene locus present on the 187-kb HP15 plasmid, pHP-187, was
analyzed. This locus consists of 9 genes (flp, rcoCA, tadZABCDG), which share high
sequence similarities to corresponding genes found in other Gram—negative bacteria. In
the later, this locus encodes for a type Vb fimbrial low—molecular-weight (Flp) pilus,
which plays a role in adherence and biofilm formation. A constitutively active promoter
upstream the /o gene of M. adhaerens HP15 was identified suggesting the ‘ad locus to
be transcribed. To test whether the /ad locus plays a role in adherence or motility in M.
adhaerens HP15, a flo-rcpCA deletion mutant was generated and analyzed in terms of
its attachment to abiotic and biotic surfaces. Under the experimental conditions used
herein, the mutant did neither show a phenotype in terms of surface attachment nor
motility. However, the preliminary results of the current study encourage an in—depth

analysis of the role of the fadlocus in M. adhaerens HP15.
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INTRODUCTION

In the oceans, the sinking of organic carbon, as described by the biological
pump, is mainly due to marine aggregates termed marine snow (De la Rocha 2003).
These aggregates consist of living cells, organic matter, fecal pellets, and inorganic
compounds (Alldredge & Silver 1988, Alldredge & Gotschalk 1989). Diatom—-bacteria
interactions play an important role during the formation of aggregates by inducing the
secretion of different extracellular polysaccharides, which increase the size of aggregates
(Decho 1990, Alldredge et al. 1993, Logan et al. 1995, Passow 2002). Currently little is
known about the molecular basis of diatom—bacteria interactions. For that reason, a
bilateral model system consisting of the marine proteobacterium Marinobacter acdhaerens
HP15 (Kaeppel et al. 2012) and the diatom T7halassosira weissflogii was established
(Gardes et al. 2011). M. adhaerens HP15 specifically attaches to 7. weissflogii
stimulating the aggregation of diatom cells as well as the production of transparent
exopolymeric particles (TEPs) (Gardes et al. 2011). In addition, M. adhaerens HP15 is a
genetic accessible bacterium (Sonnenschein et al. 2011), and its genome sequence is
available (Gardes et al. 2010). These tools have allowed the study of key genes
potentially important during the interaction (Sonnenschein et al. 2012). For example, a
type IV mannose-sensitive haemagglutinin (MSHA) pilus—deficient M. adhaerens HP15
mutant (Seebah 2012) and a flagellum—deficient mutant (Sonnenschein et al. 2011) were
generated. The biofilm formation capacities on propylene surfaces were impaired for
both mutants compare to those of the wild—type (Seebah 2012). In addition, both
mutants showed a statistically significant reduction in attachment to diatom cells,
suggesting that a functional flagellum and MSHA type-IV pilus are required for the
attachment of M. adhaerens HP15 to 7. weissflogii cells (Seebah 2012).

The tight adherence (7aa) locus encodes the type IVb fimbrial low-molecular—
weight (Flp) pili and was first identified in Aggregatibacter (Actinobacillus)
actinomycetemcomitans, a Gram—positive human periodontal pathogen by a transposon
mutagenesis approach (Kachlany et al. 2000). Since then tad loci have been described
in a wide variety of organisms, including pathogenic and non—pathogenic bacteria, as
well as archaea (Kachlany et al. 2000). In most analyzed organisms the 7ad locus plays
an important role in the colonization of respective environmental niches (Kachlany et al.
2001). In Pseudomonas aeruginosa, Flp pili contribute to adherence to abiotic surfaces
and surfaces of eukaryotic cells (de Bentzmann et al. 2006). A homologous locus was
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also identified in Caulobacter crescentus, a non—pathogenic aquatic bacterium, and
designated as cpa (Caulobacter pilus assembly). The cpa locus encodes PilA pili, which
are homologous to Flp, are present at the flagellar pole of the swarmer cells, and also
play a role in surface attachment (Bodenmiller et al. 2004). Due to its wide spread
distribution and presence on a mobile genomic island the fad locus has been considered
as the so-called Widespread Colonization Island (WCI) (Planet et al. 2003). In A.
actinomycetemcomitans this locus is composed of the genes flp7-flp2-tadV-rcoCAB-
tadZABCDEFG encoding proteins that constitute a fibril secretion system (Kachlany et al.
2000), which in turn is responsible for tight adherence, autoaggregation, biofilm
formation, and the production of bundled fimbria—like fibers of individual pili (Kachlany et
al. 2000, 2001, Planet et al. 2003, Perez et al. 2006, Tomich et al. 2007). In
comparison, transposon insertions in these genes resulted in smooth instead of rough
mutant colony morphology, lack of pili or fibrils, and impaired surface adherence and
cell-to—cell aggregation, respectively (Kachlany et al. 2000, 2001).

In this study we describe for the first time the presence of a tight adherence (tad)
locus in M. adhaerens HP15. Furthermore, the functionality of the locus and the possible

role during the interaction with 7. weissflogii was assessed using different /n vitro assays.

MATERIALS AND METHODS

Bacterial strains, plasmids and culture conditions

The bacterial strains and plasmids used in this study are listed in Table 1. M.
adhaerens HP15 was isolated from particles sampled in surface waters of the German
Bight (Grossart et al. 2004). This bacterium was grown in marine broth (MB) medium
(ZoBell 1941) (5 g peptone, 1 g yeast extract, 0.1 g FePQO,4, 6 g agar in 750 ml of North
Sea water and 250 ml of distilled water, pH 7.6) at 28°C. Escherichia coli strains were
maintained in Luria—Bertani (LB) agar medium supplemented with the appropriate
antibiotics. £. co/i DH5a (Larsen et al. 2002) was used for carrying intermediate
plasmids constructs, while £. co/i ST18 (Thoma & Schobert 2009) was used as a donor
strain during biparental conjugation and was grown in LB medium containing 50 ug ml™

5—aminolevulinic acid (ALA). Chloramphenicol, ampicillin and 5-bromo—4—-chloro—3-



indolyl-p—D—galactopyranoside (X-Gal) were added to media when needed at a
concentration of 25, 50 and 50 ug ml™", respectively.

Axenic cultures of 7. weissflogii (CCMP 1336), obtained from the Provasoli-Guillard
National Center for Culture of Marine Phytoplankton (Maine, USA), were grown at 16°C in
f/2 medium (Guillard & Ryther 1962), prepared with pre—filtered (0.2 um pore size) and
autoclaved North Sea water, with a 12:12 h photoperiod and light intensity of 115 pymol
photons m™s™". Diatom cell numbers were determined by cell counts in a Sedgewick

Rafter Counting Chamber S50 (SPI Supplies, West Chester, PA).

DNA techniques

Plasmid preparation, PCR, and other standard DNA techniques were performed
as previously described (Sambrook et al. 1989). Restriction enzymes and DNA-modifying
enzymes were used as recommended by the manufacturer (Fermentas, St. Leon—Rot,
Germany). Oligonucleotide primers were designed using the Vector NTI® Software 10.3.0
(Invitrogen Corporation, Carlsbad, USA) and synthesized by Eurofins MWG (Ebersberg,

Germany). The oligonucleotide primers used in this study are listed in Table 2.

In silico description of the tad locus in M. adhaerens HP15

The complete M. adhaerens HP15 plasmid pHP-187 sequence deposited at
GenBank under accession number CP001980.1 (Gaerdes et al. 2010), was searched for
genes encoding for fad locus proteins using Basic Local Alignment Search Tool (BLAST)
provided by the National Center for Biotechnology Information  (NCBI)
(http://www.ncbi.nlm.nih.gov/BLAST/) (Altschul et al. 1990). To determine sequence
similarities of the fad locus of M. adhaerens HP15, the amino acid sequences of the
encoded proteins were compared to those encoded by the genes of the fad loci of A.
actinomycetemcomitans D11S-1, Pseudomonas aeruginosa PAO1, and Caulobacter

crescentus CB15.

Identification of promoter region

To determine whether the DNA region separating genes HP15_p187g3 and fjpin M.
adhaerens HP15 contains a functional promoter, this region was scanned for putative

SigmaA binding sites using Prokaryotic Promoter Prediction (PPP)
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(http://bioinformatics.biol.rug.nl/websoftware/ppp) (Zomer er al. 2007). Additionally, a
335-bp region upstream of the coding sequence of flp was PCR amplified using the
primer pair tad_promF/tad_promR. The PCR fragment was restricted with Xbal and
Hindlll and cloned into the Xbal/ Hindlll-treated vector pITM3_pyrB (Torres—Monroy et al.
in preparation) thereby generating the plasmid pITM3_pyrB_tad_prom. This plasmid was
transformed into £. co/f ST18 and next introduced to the pyrimidine—auxotroph mutant of
M. adhaerens HP15, ApyrB, by conjugation. For this, both bacterial strains were grown
overnight on LB and MB agar plates, respectively, and cell mass was scraped off the
agar with an ODgg adjusted to 1 (corresponded to ~1x10° cells mI™"). Cells of donor
and recipient were mixed in a ratio of 1:2, spotted on LB ALA agar plates, and incubated
for 24 h at 28 °C. The cell mass was then scraped off the agar plates and re—suspended
in MB medium for subsequent dilution plating. The transconjugants were selected on MB

agar plate containing ampicillin, chloramphenicol and X-Gal.

Creation of tadlocus mutants in M. adhaerens HP15

Gene-specific mutagenesis based on homologous recombination according to
the procedure of Zumaquero et al. (2010) was used to knock—out the fp—g5—rcoCA
genes within the fad locus on the 187-Kb plasmid of M. adhaerens HP15 thereby
generating the M. adhaerens HP15 Atad mutant (Figure 1). Plasmids were constructed,
in which a chloramphenicol resistance (Cm®) cassette was flanked by DNA fragments
obtained from upstream and downstream of the flo—gb-rcpCA gene region. Briefly, a
652-bp fragment from upstream of the flp gene and a 698-bp fragment from
downstream of the rcpA gene were PCR-amplified using the primer pairs
tad_upF/tad_upR and tad_down2F/tad_down2R, respectively. The primers tad_upR and
tad_down2F included a complementary sequence (5’ -GACTCACTATAGGG-3’) at their 5’
end followed by a BamHlI restriction site in such a manner as to provide homology and a
cloning site between the fragments. The PCR products were fused together by a
polymerization step conducted at 94°C for 2 min followed by 12 cylces of 94°C for 30
sec, 55°C for 60 sec and 72°C for 30 sec, and 5 min finally at 72°C. The resulting PCR
product was gel purified and used as a template for a second PCR with the primers
tad_upF/tad_down2R. The PCR product was then sub—cloned into the pJET1.2/blunt
Cloning Vector (CloneJET PCR Cloning Kit, Thermo Scientific, USA), according to

manufacturer’s instructions, resulting in the plasmid pJET_tad_down_up_2. A DNA
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fragment of 1,153 bp carrying a Cm" cassette was excised with BamHI from the plasmid
pFCM1 and then sub-cloned into BamHl-treated pJET_tad_down_up_2 resulting in
plasmid pJET_tad_down_cm_up_2. From this plasmid, a 2,529-bp fragment comprising
the regions flanking flo-g5-rcpCA and the Cm” cassette was excised with Hinalll and
ligated into the Hindll-treated pEX18Tc generating the conjugable mutagenic construct
pEX_taddcu_2. This construct was transformed into £. co/i ST18 and subsequently
transferred to M. adhaerens HP15 by conjugation as described above. A successful
double cross—over event was confiimed by PCRs performed with the primers
In_tad_smallF/In_tad_smallR resulting in no amplified PCR products in the mutant
compared to the presence of a PCR product in the wild-type (~800 bp), and with the
primers Tad_mut_smallF/cat_out2 and cat_out5/in_tad_bigR specific for the mutant.
Primers Tad_mut_smallF and in_tad_bigR anneal outside the mutated area, whereas

cat_out2 and cat_out5 inside the Cm" cassette.

Mutant characterization by swarming, swimming and twitching

Colony morphologies of the mutant M. adhaerens Atad and the wild—-type were
compared by growth on MB agar plates. To determine whether the fad locus gene
products are involved in the motility of M. adhaerens HP15, swimming, swarming, and
twitching motility of the wild—type and 4fad mutant were compared by soft—agar assays
with 0.25%, 0.5% and 1% agar, respectively. M. adhaerens HP15 Af/iC, impaired in the
production of the flagellum (Sonnenschein et al. 2011), was used as a control. Wild—type
and mutant strains were grown overnight in MB liquid medium at 18°C with constant
shaking (250 rpm). Subsequently, bacterial concentrations were adjusted to an optical
density (ODgoo) of 0.1 and 2 ul were spotted in soft—agar plates in triplicates of each
incubated at two different temperatures, 18 and 28°C. The level of motility was
determined by quantitative estimation of the obtained diameters of bacterial growth.

One—tailed Student’s t test was applied to assess the significance of differences.

Biofilm assays

In vitro biofilm assays were performed according to O'Toole (2011). Briefly, M.
adhaerens HP15 wild—type and its mutants A//C and Atad were grown overnight as
described above. Then, 600 ul of bacterial culture with an ODgoo of 0.1 were added to

1.5 ml polypropylene tubes (Nerbe, Winsen/Luhe, Germany) and incubated at 37°C for
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24 h without shaking. To remove non—attached cells, the microtubes were washed in
distilled water, air—dried, and attached cells were subsequently stained with 700 ul of
0.1% crystal violet for 20 min. After staining, tubes were washed in distilled water, air—-
dried and 900 ul of 95% ethanol were added. The thereby stained biofilm cells were
quantified spectrophotometricaly at 600 nm. The assay was performed 3 times with 4
replicates each. One-tailed Student’s t test was applied to assess the significance of

differences between the biofilms formed by wild-type versus mutants.

Attachment assay with 7. weissflogii

To determine the attachment of M. adhaerens HP15 wild—-type and its Adfad
mutant to 7. weissflogii cells, attachment assays were performed according to
Sonenschein et al. (2012). Briefly, diatom cells were grown in f/2 medium until stationary
growth phase. Diatoms at a final concentration of 5,000 cells mI™" were incubated with
approximately 1 x 10° CFU mI™" in a final volume of 20 ml f/2 medium. Triplicates co-
cultures were incubated for 24 h at room—temperature in darkness without shaking. The
diatom—attached and non-attached bacterial cell fractions were separated by passing
the co—culture through a 10 um pore size sieve (Sefar, Heiden, Switzerland). Diatom—
attached and non-attached bacterial cells were collected and bacterial colony forming
units (CFU mlI™") were determined by dilution plating on MB agar plates. One-tailed

Student’s t test was applied to assess the significance of differences.

RESULTS

Bioinformatic analysis of the fad locus of M. adhaerens HP15

The tad locus in M. adhaerens HP15 is present on one of the indigenous
plasmids, pHp-187, starting with the gene HP15_p187g4 and ending with gene
HP15_p1879g13. BLASTP searches with the proteins encoded by these genes against the
ones in A. actinomycetemcomitans D11S-1, C. crescentus CB15 and P. aeruginosa
PAO1 (Table 4) suggested that the tad locus in M. adhaerens HP15 consists of 7
followed by a gene that does not show significant similarity (gene HP15_p187g5) to any
tad locus proteins and then rcpC/cpaB, rcpA/cpaC, tadZABCDG (Figure 2). Interestingly,
the protein encoded by gene HP15_p187g5 share high sequence similarity (50%) with a
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TadE-like protein in Alcanivorax sp. DG881, which was isolated from a dinoflagellate
(http://www.ncbi.nIm.nih.gov/bioproject/PRINA19279).  Unfortunately, the genome
sequence of this bacterium is not fully available with only some genes and not their
location being annotated. Consequently, it is unknown as to whether the matching genes
of this bacterium are found within a locus. No homologous proteins in M. adhaerens
HP15 were found for the proteins RcpB, TadV, TadE or TadF. In A
actinomycetemcomitans RcpB is an outer membrane protein possibly required for the
stability of the Tad secretion system (Perez et al. 2006), TadV functions as a prepilin—
specific peptidase which removes the leader peptide from the prepilin necessary for pilus
assembly, whereas TadE and TadF are pseudopilins (Tomich et al. 2006). Even after
performing BLASTP searches with the prepilin—specific peptidase sequences from A.
actinomycetemcomitans (TadV) or P. aeruginosa (FppA) or C. crescentus (CpaA), we
did not find a homologue within, up or downstream of M. adhaerens HP15 fad locus.
Sequence analysis of Flp from M. adhaerens HP15 indicated that the conserved
G | XXXXEY amino acid sequence cleavage motif characteristic for Flp prepilins is present
within the protein (Tomich et al. 2007). The gene upstream or downstream of /o,
HP15_p18793, and HP15_p187g5, respectively, did not show any significant similarity to

proteins of known fad loci.

Functional analysis of the fad locus promoter region

A promoter was identified upstream the fjp gene in the /ad locus of M. adhaerens
HP15 as previously demonstrated for A. actinomycetemcomitans (Haase et al. 2003).
The region upstream f/jp was searched for promoter—specific sequences by the program
PPP. This tool predicted two promoter regions 5-TTGCTTAACAAACTTTTGCAATCTAAT-
3" and 5’-TTTACGGTGTAAGCTATCAAAGACAAAAT-3’, with expected values (E-value)
of 0.12 and 0.95, respectively. To test whether the region indeed exhibits promoter
activity, the region upstream 7jp was PCR amplified and cloned upstream a /acZ~pyrBC
fusion in the vector pITM3_pyrB. This vector was designed in a parallel study to establish
an in vivo expression technology (IVET) assay for M. adhaerens HP15 (Torres—Monroy et
al. in preparation). The thereby generated plasmid, pITM3_pyrB_tad_prom, allowed the
determination of promoter activity based on the 7o upstream sequence. The plasmid was
subsequently transformed into M. adhaerens HP15 ApyrB, an auxotroph strain unable to

grow without a pyrimidine source (uracil). The transconjugants obtained grew in medium
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lacking uracil and exhibited a blue (LacZ-positive) phenotype in medium containing XGal.
These results indicated that the region upstream of fjp contained a functional promoter.
In addition, the identified promoter is expressed /n vitro and thus might mediate a

constitutive expression of the fad locus genes.

Mutagenesis of the genes flo—rcpCA from the tad locus in M. adhaerens HP15

To investigate the role of the fad locus of M. adhaerens HP15 in bacterial motility
and attachment to abiotic and biotic surfaces, a flo—g5—rcpCA deletion mutant of M.
adhaerens HP15 was created (4tad). For this, the flo—g5-rcpCA genes were replaced by
a Cm" cassette via homologous recombination. Fifteen transformants were obtained on
MB agar plates supplemented with chloramphenicol. Two of the transformants had
undergone a double crossover of the Cm" cassette as confirmed by PCR: The primer pair
In_tad_F/In_tad_R amplified a 800-bp region in the to—be—deleted region only in the
wild—type of M. adhaerens HP15. As expected, no PCR product was obtained with the
mutant. To further confirm the mutation event, primers annealing outside the mutated
area (Tad_mut_smallF and in_tad_bigR) and inside the Cm" cassette (cat_out2 and
cat_out5) were combined in subsequent PCRs. Only in a successful double cross over
event these two PCR reactions should yield corresponding products in contrast to no
products to be obtained with cell samples of the wild—-type. As expected, primers
Tad_mut_smallF/cat_out2 amplified a 1,299-bp product in the Atad mutant but not in the
wild—type. Similarily, primer pair cat_out5/in_tad_bigR allowed amplification of a 2,288-
bp fragment in the mutant but not in the wild—type. The results indicated a successful

generation of the M. adhaerens HP15 Atad mutant.

Phenotypic characterization of 4fad mutant

Analysis of colony morphology of the Afad mutant was carried out by plating the
strain in MB agar plates. The colony morphology of the 4/ad mutant was not differing
from that of the wild—type (data not shown). Light microscopic analysis furthermore
showed that mutant cells were indistinguishable from wild-type cells (data not shown).
Subsequently, the swimming ability of Afad, Af/iC and the wild—-type, were analyzed on
MB agar plates with soft agar (0.25% agar). As expected, the swimming ability of the
Atad mutant was not affected and resembled that of the wild—type while swimming

behavior of Af/C was dramatically reduced (data not shown). In addition, the swarming
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and twitching motility were analyzed on MB agar plates with 0.5% and 1% agar,
respectively. However, under none of the conditions tested these types of motility were
observed for the wild—type or mutant.

Moreover, /n vitro biofilm assays were carried out for M. adhaerens HP15 the wild—
type of and its mutants A7ad and A7/C using polypropylene tubes as abiotic surfaces
(Figure 3A). The biofilm formation capacity of the Azad was slightly lower than that of the
wild—type but this difference was not statistically significant. In contrast, mutant A//C
showed a dramatically lower biofilm formation compared to the wild—type. When biofilm
formation was quantified by staining of attached cells with crystal violet and subsequent
spectrophotometry (Figure 3B) the attachment of the three bacterial samples was
significantly different from the stain resulting from MB medium (p < 0.01). Aside of this,
the results of quantification confirmed the previous visual observations. The wild—type
was attaching slightly more to the surface than the Afad mutant without statistically
significant differences (p > 0.01). In contrast and as expected, Af/C biofilm formation

was significantly lower as compared to the wild—type (p < 0.01) (Figure 3B).

Interaction of the Afad mutant with 7. weissflogii

To study the potential role of gene products encoded by the /ad locus during the
interaction with 7. weissflogii, the attachment of M. adhaerens HP15 Atad to diatom cells
was tested. M. adhaerens HP15 Atad and the wild—type were separately incubated with
7. weissflogii cells for 24 h. The CFU values for the mutant and wild-type did not
statistically differ at the start of the experiment (t=0) (Table 3). After the incubation time
of 24 h the diatom-attached and non—attached bacterial cells were fractionated and
quantified by dilution plating. M. adhaerens HP15 Afad showed an increase in the
attachment towards diatom cells (30.8 £ 16.3%) compared to the attachment observed
for the wild—type (10.1 £ 8.2%). However, the differences between the attachment of

Atad and the wild—type were not statistically significant with a P > 0.01.

DISCUSSION

In this study the presence of the tight adherence (tad) gene locus, known for

encoding type IVb fimbrial low—molecular-weight (Flp) pili, was demonstrated for the
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indigenous plasmid pHP-187 of M. adhaerens HP15. The fad locus was found in other
bacteria that interact with protozoa like diatoms or dinoflagellates, such as a-
proteobacteria belonging the Roseobacter clade or Vibrio cholerae (Geng & Belas 2010,
Slightom & Buchan 2009, Tomich et al. 2007), although no study had characterized or
investigated the function of the fad locus within these species. BLASTp searches with the
amino acid sequences of the Flp pilin, FIp1 from A. actinomycetemcomitans, PilA from
C. crescentus and Flp from P. aeruginosa against the Marinobacter protein sequences
available in the NCBI protein database did not identify a homologue of similar size other
than in M. adhaerens HP15.

The numbers of genes that constitute a fad locus, as well as the amino acid
sequecuence of the protein encoded by them, differ between species suggesting that the
functional role of the fad locus may differ between species as well. In A.
actinomycetemcomitans D11S-1 the tad locus is composed by 13 genes (flo—7—tadV/~
repCAB-tadZABCDEFG). The flp—1 gene encodes the Flp1 prepilin and is post-
translationally modified by a prepilin protease (TadV) (Perez et al. 2006). In C.
crescentus the cpa locus consists of a gene encoding the pilin subunit PilA, a Flp prepilin
homologue, cpaA encoding a prepilin peptidase, and five adjacent genes cpaBF required
for PilA pili assembly, with cpaABCEF being homologous to the A.
actinomycetemcomitans tadV-rcoCA-tadZA genes (Skerker & Shapiro 2000, Tomich et
al. 2007). In contrast to the tad and cpa loci in A. actinomycetemcomitans and C.
crescentus, respectively, the arrangement of the genes within the /ad locus is different in
P. aeruginosa. Here the gene encoding the prepilin protease FppA is transcribed in the
opposite direction to all other genes of the fad locus apart from fjp and is found at that
C-terminal end of the locus (Bernard et al. 2009). In M. adhaerens HP15 the tad locus
consists of 7jp followed by a gene that does not show significant similarity to any /fad loci
genes and then rcoCA, tadZABCDG, tadZABCDG (Table 4). Interestingly, no prepilin
peptidase homologue was found up or downstream of M. adhaerens HP15 (ad locus.
Identification of such a prepilin protease in the M. adhaerens HP15 fad locus requires
further investigation.

A promoter region was /n siico predicted and experimentally identified to be
present upstream the fjo gene (HP15_p187g4). The region upstream fjp was sufficient to
express a /acZ reporter gene under laboratory conditions suggesting that this promoter

activity is rather constitutive. This functional promoter might furthermore indicate that the
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tad locus is actually expressed and its gene products used in M. adhaerens HP15. For
this reason, to determine the functionality and possible role of the fad locus in M.
adhaerens HP15 a mutant lacking the genes flo—g5-rcoCA (Ataad) was constructed.

Several experiments were carried out to characterize potential mutant phenotypes.
However, under none of the conditions used here could we demonstrate a differential
phenotype for the mutant compared to the wild—type. For example, the ability to form a
biofilm on a propylene surface did not show significant differences compared to the
significantly lower level of surface attachment observed for mutant A//C lacking the
flagellum (Sonnenschein et al. 2011). These results suggested that experiments
performed in this study were not suitable to demonstrate a potential function of gene
products encoded by the Zad locus. Interestingly, Schilling et al. (2010) created a Aflp
mutant in Yersinia enterocolitica and showed that the attachment capacities of the Afjp
mutant to plastic surfaces as well as to eukaryotic cells were not impaired. However, the
Y. enterocolitica Aflp mutant was impaired in microcolony formation compared to the
wild—type. For this reason, experiments to assess the microcolony formation in M.
adhaerens Atad and wild—type will have to be performed in the future. Additionally, the
conditions to assess twitching motility have to be standardized and then tested under
different growth conditions and in different media. Furthermore, to test the biofilm
formation on abiotic surfaces, the assays should be repeated with different other surface
materials and with different bacterial concentrations.

Another potential explanation for the lack of a mutant phenotype could be a lack
of expression of the genes forming the fad locus in M. adhaerens HP15, maybe due to
the lack of some of the genes reported in other organisms such as the prepilin
peptidase. Demonstration of an active promoter sequence upstream of fjp counter—
argues here, but future experiments have to be carried out to determine if the Flp pili are
actually being formed in M. adhaerens HP15. This will be analyzed by transmission
electron microscopy of cells incubated under pilus—inducing conditions and by
quantification of fjp expression using RT-gPCR.

The Afad mutant was used to determine a possible role during the interaction of
M. adhaerens HP15 with the diatom 7. weissflogii. For that, the attachment of the
bacterial mutant cells towards diatom cells was compared to that of the wild-type.
Surprisingly, some yet-to—-be further analyzed differences were observed between the

mutant and the wild—type with the mutant showing a better attachment. A repetition of
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the assay and certain modifications of the experimental conditions might reveal whether
the Flp pilus actually impacts attachment or not.

Even though the experimental conditions used in this study were not suitable for
determine the role of the fad locus in M. adhaerens HP15, the results shown here
represent a good basis for further experiments to better understand and characterize the

role of this locus in M. adhaerens HP15.
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Table 1. Strains and plasmids used in this study.

Strain or plasmid Genotype or relevant characteristics Source or reference
E. coli
DH5a ®80d/acZAM15 AllacZYA—- argF) U169 Larsen et al. 2002
recA1 hsdR17 deoR thi-1 supE44 gyrA96
relA1/\pir
ST18 S17 Apir AhemA Thoma & Schobert 2009
M. adhaerens
HP15 wild—-type Grossart et al. 2004
ATIiC AfliC Cm" Sonnenschein et al. 2011
Atad Aflp—g5-rcpCA Cm" This study
ApyrB ApyrB CmR Torres—Monroy, in
preparation
Plasmids
PJET1.2/blunt Cloning Eco47IR, Am pR Thermo Scientific
Vector
pJET_tad_down_up_2 pJET1.2/blunt Cloning Vector containing This study
1376 bp of the polymerized downstream
and upstream flpo—g5-rcpCA flanking region
of HP15
pFCM1 Amp" Cm" Choi & Schweizer 2005

pJET_tad_down_cm_up_2 CmR (1153 bp) from pFCM1 ligated into This study
BamH]| site of pJET_tad_down_up_2
PEX18Tc pMB1 oriT sacB Tet" Hoang et al. 1998
pEX_taddcu_2 Knock-out fragment (2529 bp) from This study
pJET_tad_down_cm_up_2 ligated with
Hindlll into pEX18Tc

pITM3_pyrB derivative of pBBR1MCS with insertion of Torres—Monroy et al. in
lacZ gene from E. coli and pyrBC from preparation
HP15

pITM3_pyrB_tad_prom derivative of pITM3_pyrB with insertion This study

upstream pyrBC—/acZ fusion of a 335 bp
upstream the gene 7jp in tad locus of HP15
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Table 2. List of primers used in this study

Primer Sequence 5" - 3’ Restriction
enzyme
Tad_down2_F GGATCCGACTCACTATAGGGCGAGGGGACGATTGGTAA BamHI
Tad_down2_R ATTGGAAGCTTAAACGCCTCACTGGATGC Hindlll
Tad_prom_F ATTGGTICTAGAGAGCAAATCAAGACCACA Xbal
Tad_prom_R ATTGGAAGCTTCATTTGCTTCATTTTTCA Hirdlll
tad_mut_F CGCATTCTTTCGCTCAGA
tad_mut_R CGTTGATGCGATCGTCAG

tad_mut_small_LF GGTCACTGTCCGTTTCCT

tad_mut_big_F  TTACACGCTTGCGGAACC
in_tad_small_F  TTCGTAAGCGTCCTAGCC
in_tad_small_LR  TCCCGACAACGCTTCAAG
in_tad_big_R CGGCACATACTGGCTCAA
cat_out2 CTTACGTGCCGATCAACG
cat_out5 GTGATGGCTTCCATGTCG

Table 3. Cell dynamics of M. adhaerens HP15 wild-type and Atfad mutant in the 7.
weissflogii attachment assay observed after dilution plating and quantification of bacterial
cells, at the start of the experiment (t=0), after 24 h (t=1), and those attached to diatom

cells or free-living.

Bacteria cell abundance M. adhaerens HP15
(x 10° CFU mI™) wild—type Atad
t=0 1.26 £ 0.27 2.29 + 0.27
t=1 3.58 £ 2.27 1.55 £ 0.29
Attached 0.25 £ 0.03 0.45 £ 0.21
Free—living 3.34 £ 2.27 1,1 £0.47

% attached 10,1 £ 16.3% 30,8 £ 8.2%
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Table 4. Similarity of M. adhaerens HP15 tad locus proteins to proteins of homologous tad loci in 2. aeruginosa PAO1, C. crescentus CB15

and A. actinomycetemcomitans D11S— 1. In brackets are the tag locus numbers.

M. adhaerens HP15 Putative A. actinomycetemcomitans Query Similarity Query Similarity P. aeruginosa Query Similarity
e () Protein  D11S-1 Cover (%) C. crescentus CB15  Cover (%) PAO1 Cover (%)
(%) (%) (%)

HP15_p187-g4 Flp Flp1 (ACX82161.1) 67 56 PilA (CC_2948) 73 58 Flp (PA4306) 35 83
HP15_p187-g5 ? -

HP15_p187-g6 RcpC - cpaB (CC_2946) 34 50 RcpC (PA4305) 59 44
HP15_p187-g7 RcpA RcpA (ACX82158.1) 64 49 cpaC (CC_2945) 45 61 RcpA (PA4304) 87 60
HP15_p187-g8 TadZ - TadZ (PA4303) 65 40
HP15_p187-9g9 TadA TadA (ACX82155.1) 89 69 CpaF (CC_2942) 91 68 TadA (PA4302) 98 73
HP15_p187-g10 TadB TadB (ACX82154.1) 63 39 TadB (CC_2941) 69 40 TadB (PA4301) 59 53
HP15_p187-g11 TadC TadC ( ACX82153.1) 43 53 H. prot. (CC_2940) 63 46 TadC (PA4300) 57 50
HP15_p187—-g12 TadD - - TadD (PA4299) 80 47
HP15_p187-g13 TadG - - TadG (PA4297) 69 40

two—component
HP15_p187-g14 ? - - response regulator 28 43

(PprB) (PA2798)




Figure 1. Schematic presentation of the strategy applied for the generation of a gene—
specific fad locus mutant in M. adhaerens HP15. A. Upstream and downstream flanking
regions were PCR amplified with primers A1 and B1 (small black arrows) which had a
homologous sequence (white rectangles). B. A polymerization step was done to linked the
two previous PCR products. C. A second PCR with primers A2 and B2 was carried out. D.
The PCR product containing the polymerized upstream and downstream flanking regions
was cloned in a high copy number vector. E. A chloramphenicol resistance (Cm") cassette
was cloned into the previous vector using BamHIl. F. the fragment containing the up,

downstream and the chloramphenicol resistance cassette was cloned into a conjugable

plasmid.
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Figure 2. Schematic diagram of the fad/cpa loci from selected Gram-negative bacteria.
Arrows indicate the open reading frames (ORFs) and the direction of transcription. ORFs that
encode homologous products are shaded in the same color. Shaded in grey are genes that

encode proteins with no homology to fad/cpa gene products. From BLASTP searches (Table

4) the predicted products of M. adhaerens tad genes were determined.
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Figure 3. /n vitro biofilm formation of M. adhaerens HP15 wild—type, Atad and Af/iC
mutants. MB medium was used as a negative control. A. Visualization of bacterial cells
attached to polypropylene surface stained with 0.1% crystal violet. B. Quantification of
crystal violet stained attached cells dissolved in 95% ethanol by absorbance at a 600 nm

wavelength. Data are from the average of 8 samples from two independent experiments.

Bars represent standard errors.
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4. DISCUSSION

4.1. Identification of genes specifically expressed during the

interaction between M. adhaerens HP15 and 7. weissflogii

Identifying bacterial genes expressed during diatom—bacteria interaction is
essential for understanding the functional mechanisms governing algal aggregation and
marine snow formation in the oceans. Therefore, the /n vitro model system consisting of
M. adhaerens HP15 and 7. weissflogii was used to identify bacterial genes specifically
induced during the interaction of M. adhaerens HP15 with 7. weissflogii. For this, two
different strategies were used, firstly, genes were identified by /7 vivo expression
technology (IVET), and secondly, proteins were identified by comparison of proteins
profiles and identification by MALDI-TOF-MS. These strategies allowed the identification
of genes encoding functions such as degradation and biosynthesis of organic
compounds, central intracellular metabolism, nutrient scavenging, cell envelope
structure, regulation, chemotaxis, secretion, stress response, and DNA transfer. For the
purpose of this discussion the genes and proteins identified by the independent methods

will be mixed and generally be named as proteins (Table 2).

4.1.1. Uptake, degradation and biosynthesis of organic compounds

We hypothesized that M. adhaerens HP15 induces genes to recognize, (partially)
degrade, and use organic compounds secreted by 7. weissflogii as carbon and nitrogen
source. Once inside the cell, this carbon and nitrogen can be used to synthesize cellular

compounds. Previously it has been shown that diatoms excrete organic carbon in the



form of DOC or EPS (Bhaskar et al. 2005, Grossart et al. 2006). In addition, it has been
observed that heterotrophic bacteria can use these compounds (Grossart et al. 2006).
This hypothesis is supported by a combination of proteins identified during this study.

Firstly, proteins involved in the transport of substances were identified. We found
two lipoproteins; one putative lipoprotein, whose function is still not defined; and one D-
methionine—binding lipoprotein, which is part of the methionine transport system (metD
locus: metNIQ) (Gal et al. 2002). On the other hand, a protein down regulated, when M.
adhaerens HP15 was exposed to but not directly interacting with 7. weissflogii, a
dihydropicolinate synthase (DHDPS) which is involved in lysine biosynthesis was
identified. The activity of the purified DHDPS, was inhibit by the end product of the
pathway, lysine (Laber et al. 1992, Mirwaldt et al. 1995), which prompts us to
hypothesize that the availability of new organic carbon sources produced by 7.
weisstlogii, might inhibit the expression of certain genes, as in this case. In contrast,
other transport systems in M. adhaerens HP15 might be expressed in the absence of 7.
weissflogii, as a strategy to efficiently scavenge the low concentrated nutrients that might
be present in the media. Although no carbon sources were added in the media when the
diatom was absent, the minor concentrations of nutrients in the seawater used during the
media preparation cannot be excluded. Three of the proteins identified here might
support this hypothesis. Firstly, a protein of the TRAP dicarboxylate transporter (DctP),
which a periplasmic C4-dicarboxylate—binding protein essential for high—affinity transport
of C4-dicarboxylates malate, succinate and fumarate (Shaw et al. 1991). Secondly, a
periplasmic substrate—binding protein associated to an amino acid ABC transponder
(Tam & Saier 1993, Schneider & Hunke 1998). Finally, a TonB-dependent receptor,
which might be involved in uptake of iron—siderophore complexes or vitamin B12
(Koebnik 2005).

Secondly, we identified enzymes involved in the degradation of organic
compounds including amino acids (3-hydroxyisobutyrate dehydrogenase, and
methylmalonate-semialdehyde dehydrogenase), proteins (leucyl aminopeptidase)
lipid/fatty acid (acyl-CoA dehydrogenase), or diverse compounds degradation processes
(haloacid dehalogenase, type Il). An interesting example is the one for the enzymes
involved in amino acid degradation; the two genes encoding for these enzymes are part
of a locus (mmsAB) involved in the catabolism of valine (Figure 17A). This locus is

comprised of the mmsA gene which encodes a methylmalonate—semialdehyde
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dehydrogenase, mmsB gene, encoding for 3-hydroxyisobutyrate dehydrogenase and
mmsR which encodes for a positive regulator (Steele et al. 1992). mmsB was found to
be specifically induced in the presence of diatoms by the IVET screening strategy,
whereas the mmsA was found to be an up-regulated protein when M. adhaerens HP15
was growing in contact of diatom exudates during the protein approach. These results
strongly suggest that the catabolism of valine might play an important role during
diatom—bacteria interactions. In addition, we identified a Fe—-S oxidoreductase present in
a genetic locus involved in lactate utilization, with homology to the one present in the
IutABC operon of Bacillus subtilis (Chai et al. 2009). The /utABC operon is regulated by a
transcriptional regulator of the GntR family, acting as a repressor when lactate is absent
in the media (Chai et al. 2009). The promoter sequence driving the expression of such a
regulator was also found as one of the /in vivo expressed genes (Figure 17B), suggesting
that this locus is indeed used during the interaction of M. adhaerens HP15 with T.
weisstlogil.

Finally, enzymes for biosynthesis processes were also identified, involved in
biosyntheses of lipids and fatty acids (lipid A biosynthesis lauroyl acyltransferase),
phospholipids  (glycerol-3-phosphate  acyltransferase and  glycerol-3—-phosphate
dehydrogenase), amino acids (metal-dependent hydrolase-like protein, 3-
isopropylmalate dehydratase, large subunit, and 3-dehydroquinate synthase) and
proteins (308 ribosomal protein 5S, RNA methyltrasnferase and translational elongation
factor TU). On the other hand, three other proteins (aconitate hydratase 1), an inorganic
diphosphatase (PPase), and the alpha subunit of an electron transfer flavoprotein were
expressed in the absence of 7. weissflogii. These proteins might be inhibited by the

presence of a 7. weissflogii by—product.

4.1.2. Breakdown or modification of algal products

Heterotrophic bacteria associated to phytoplankton or aggregates mediate the
hydrolysis or the modification of algal products (Arnosti 2011, Sapp et al. 2008, Grossart
et al. 2007, Grossart & Simon 1998, Gardes et al. 2012, Bilde & Azam 1999).
Consequently, we found three proteins that might support these observations. Firstly, a

polysaccharide deacetylase from the carbohydrate esterase family 4 (CE4) was
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identified. This enzyme could be involved in the breakdown of chitin or other diatom-
borne polysaccharides, since this family of proteins also includes chitin deacetylases
(http://www.cazy.org/CE4.html; Cantarel et al. 2008). The genera Thalassiosira is known
for producing chitin as a component of the cell wall (Durkin et al. 2009, Hert 1979),
being a perfect target for the action of this enzyme. Secondly, a glycotransferase, which
catalyzes the synthesis of glycoconjugates including glycolipids, glycoproteins, and
polysaccharides (Kapitonov & Yu 1999, Campbell et al. 1997). Just as for almost any
biosynthetic enzyme, the corresponding variant in M. adhaerens HP15 might conduct an
opposite function, i.e. the breakdown of algal polysaccharides or might be involved in
modification of existing polysaccharides as suggested by Gardes et al. (2012). Thirdly, a
spermidine/putrescine—binding periplasmic protein was also identified, which prompted
us to speculate that uptake and metabolism of putrescine might be important during the
interaction of M. adhaerens HP15 with 7. weissflogii. The cell wall of diatoms contains
high amounts of long—chain polyamines as part of the biosilica (Kroger et al. 2000,
Kroger & Poulsen 2008) and putrescine (1, 4-diaminobutane) is a kind of polyamine.
Previously, it had been shown that marine bacteria increased the dissolution of silica
from lysed diatoms (Bilde & Azam 1999). The bacteria were found to colonize diatom
detritus and carried out hydrolytic activities thereby removing the organic matrix and
solubilizing silica. Therefore, we hypothesised that M. adhaerens HP15 might be using
and transporting the polyamines present in the diatom cell wall inside the cell and use

them as nitrogen source.

4.1.3. Proteins involved in other processes

Some proteins were identified to play roles in other processes of the central
metabolism, including proteins involved in energy metabolism (putative NADH
dehydrogenase, putative Na(+)-translocating NADH-quinone reductase subunit B, zinc—
dependent alcohol dehydrogenase, and glyceraldehyde 3-phosphate dehydrogenase).
M. adhaerens HP15 might have to adapt to the diatom—-based environment and thus
might need to undergo physiological changes. In addition, proteins involved in
ribosom/protein synthesis were identified, such as a translation elongation factor TU

(EF1A), a 30S ribosomal protein S5 and a RNA methyltransferase. It is hypothesized that

139



M. adhaerens HP15 interacting with 7. weissflogii needs to coordinate the expression of

novel proteins.

A
methvimalonate—semialdehvde dehvdroaenase (mmsA)
Regulator (mmsA) 3—-hydroxyisobutyrate dehydrogenase (mmsB)
A
Promoter region
B 4Fe—-4S ferredoxin—type protein (/utB)
ype p v hvbothetical protein (/utC)
Fe—S oxidoreductase (/utA) iron—sulfur oxidoreductase
transcriptional regulator, GntR l l
Promoter region Promoter reaion
C

conserved hypothetical protein

Haloacid dehalogenase (HAD)
formamidopyrimidine—DNA glycosylase

RNA-binding S4 domain

S

Promoter reaion

Figure 17. Chromosomal location of the genes encoding for the identified proteins in the genome of M.
aahaerens HP15. The purple thin arrows represent HP15 genomic DNA inserts found upstream the /acZ—
pyrB fusion by IVET. A. locus involved in the catabolism of valine; B. locus involved in lactate utilization;
and C. an example for transcriptional fusions that are orientated in the antisense strand.

A Tol-Pal system—associated acyl-CoA thioesterase was identified, this protein is
part of the Tol-Pal system which forms a membrane associated complex that maintains
outer membrane integrity (Godlewska et al. 2009). However, this system has been
reported to play other roles, for example in £. coli is involved in motility, cell division as
well as in the release of periplasmic proteins from the cell (Godlewska et al. 2009). In
addition, the operon shows similarity to that coding for the TonB system, which is

important for active transport of diverse substrates such as siderophores or vitamin B12
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(Moeck & Coulton 1998) and the MotAB proteins in the flagellar motor (Cascales et al.
2001). These previous studies suggest that the system might have different functions or
that protein domains found in the enzymes encoded by these operons are shared by
different processes. During the diatom—bacteria interaction this system could be
important for uptake of specific nutrients, motility or integrity of the membrane system.

From the proteins identified to be involved in regulation, we speculate that M.
adhaerens HP15 encounters a novel environment, different from the sea water, when
interacting with 7. we/ssflogii. Therefore, under these new conditions, the bacteria might
need to regulate its gene expression. A PTS IlIA-like nitrogen—-regulatory protein, PTS
system consists of a group of phosphotransfer proteins involved in the transport of
carbohydrates, chemotaxis towards carbon sources, and in the regulation of other
metabolic pathways (Postma et al. 1993). Secondly, a genetic locus consisting of two
genes, a response regulator containing a receiver domain and a histidine kinase were
identified. Thirdly, a transcriptional regulator of the LysR family was identified. This family
of regulators is ubiguitous amongst bacteria regulating a diversity of genes involved in
virulence, metabolism, quorum sensing, nitrogen fixing, and motility (Maddocks & Oyston
2008). Examples of representatives of this family are the £. co/i LysR regulating lysine
metabolism and LrhA regulating flagella, motility and chemotaxis, and Ahizobium spp.
NodD regulating nitrogen fixation/symbiosis (Stragier et al. 1983, Lehnen et al. 2002,
Schlaman et al. 1992). Fourthly, a putative MerR transcriptional regulator, which
mediates responses to environmental stimuli such as heavy metals, drugs, antibiotics, or
oxidative stress was identified (Brown et al. 2003). During photosynthesis many reactive
oxygen species are released (Asada 2006) and it has been reported that certain bacteria
interacting with diatoms detoxify oxygen species (Hunken et al. 2008). M. adhaerens
HP15 growing with 7. weissflogii might also face high amounts of reactive oxygen
species hence the expression of some proteins counteracting oxygen radicals might
become necessary.

A homologue of Type Il secretion system (T2SS) protein C was identified to be
expressed in M. adhaerens HP15 interacting with diatom cells. T2SS is a secretory
pathway used in bacteria to release proteins into the environment. The gene encoding
protein C is flanked by the T2SS genes for protein N (upstream) and protein D
(downstream) in the chromosome of M. adhaerens HP15. Interestingly, the ‘remaining’

operon was found 746 locus tag apart in the M. adhaerens HP15 chromosome. A similar
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scenario is found in P. aeruginosa, where two genes, xphA and xghA, homologous to the
ones encoding proteins C and D, respectively, are located distant from the major T2SS
operon (Michel et al. 2007).

Chemotaxis has been shown to be important in the marine ecosystem as a
bacterial strategy to reach the phycosphere (Barbara & Mitchell 2003, Mitchell et al.
1995, Stocker et al. 2008). In addition, M. adhaerens HP15 mutants in the genes cheA,
coding for a central histidine kinase, and cApB, coding for a methyltransferase, exhibited
a decreased diatom attachment (Sonnenschein et al. 2012). A protein containing a
methyl-accepting chemotaxis domain was identified in this study. Additionaly, the
response regulator containing a receiver domain mentioned in the regulation section
above might be also involved in chemotaxis since it shares similarities to CheY-like
response regulators (Stock et al. 1990). Therefore, our current results support the
previous finding that chemotaxis of M. adhaerens HP15 is important for the diatom-
bacteria interaction.

Additionally proteins (encoded by the genes #bG and #bE) in the conjugative
transfer operon Trb found in the native plasmid of M. adhaerens HP15 (pHP-42) were
identified. This operon together with the Tra operon have been described in
Agrobacterium tumefaciens as genetic determinants of the system used for conjugal
transfer between bacteria (Farrand et al. 1996, Cook et al. 1997, Li et al. 1998).
Noteworthy, M. adhaerens HP15 possess a second, larger plasmid, pHP—187 without tra
or trb operons suggesting that the system from the smaller plasmid might control
conjugative transfer of the bigger plasmid. Co-regulation of plasmid transfer functions
with those involved in host—-microbe interactions have been described several times
before (Backert & Meyer 2006, Chen et al. 2002, Zupan et al. 2000). Furthermore, it has
been observed the existence of diatom genes with bacterial origin in the genome of the
diatoms Phaeodactylum tricornutum (Bowler et al. 2008) and Thalassiosira pseudonana
(Armbrust et al. 2004), indicating that the transfer of genes from bacteria to diatoms is a
recognized mechanism.

A homologue sigma E-like regulatory protein was identified. This protein might
play a role during a stress response mechanism induced by unfolded proteins. Relevant
stressors include changes in temperature, pH or osmolarity, contact with ethanol, heavy
metals, or antibiotics, as well as carbon starvation or oxidative stress (Bukau 1993).

Whether or not there is a stress and if so which type of stress M. adhaerens HP15 might
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be exposed to in presence of diatom exudates remains to be elucidated. However, this

protein might also play a role in the regulation of exopolysacchride synthesis of M.

adhaerens HP15 as shown for its homologous in Vibrio vuinificus (Brown & Gulig 2009)

and P. aeruginosa (Damron & Goldberg 2012) both involved in exopolysaccharide

synthesis important for virulence. It remains to be analyzed whether polysaccharide

synthesis by M. adhaerens HP15 plays a role during diatom—bacteria interactions.

Table 2. List of proteins identified in this study, black proteins were identified by IVET

screening, the blue proteins by the protein approach.

Identified proteins

Possible role

Central intracellular metabolism

Haloacid dehalogenase, type Il
Glycerol-3—phosphate acyltransferase
Putative NADH dehydrogenase

Acyl-CoA dehydrogenase

Putative Na(+)-translocating NADH-quinone reductase
Metal-dependent hydrolase—like protein
3—-isopropylmalate dehydratase, large subunit
30S ribosomal protein S5
Glycerol-3—phosphate dehydrogenase

RNA methyltransferase

3—dehydroquinate synthase

Zinc—dependent alcohol dehydrogenase

Lipid A biosynthesis lauroyl acyltransferase
Glyceraldehyde 3—phosphate dehydrogenase
3—hydroxyisobutyrate dehydrogenase

Leucyl aminopeptidase

Translation elongation factor TU
Methylmalonate—semialdehyde dehydrogenase

Nutrient scavenging
D—methionine—binding lipoprotein (DHDPS)
Putative lipoprotein
Cytosine permease

Putative D—lactate dehydrogenase (Fe—S oxidoreductase)

Cell envelope structure and modification
Polysaccharide deacetylase

Glycosyltransferase
Spermidine/putrescine—binding periplasmic protein
Tol-Pal system—associated acyl-CoA thioesterase

Regulation

Transcriptional regulator, GntR family

Putative regulatory protein, LysR-like

PTS lIA-like nitrogen—regulatory protein PtsN
Response regulator containing receiver domain
MerR transcriptional regulator
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Conversion of miscellaneous compounds
Phospholipid metabolism

Energy metabolism

Lipid/fatty acid degradation

Energy metabolism

Multiple funtions

Leucine biosynthesis
Protein/ribosomal synthesis
Phospholipid metabolism
Protein/ribosomal synthesis
Aromatic amino acid biosynthesis
Intermediary metabolism

Lipid synthesis

Intermediary metabolism / Glycolysis
Valine catabolism

Protein degradation

Protein synthesis

Valine catabolism

Methionine transport
Outer membrane protein
Uptake of nucelobases
Lactate utilization

Peptidoglycan modification

Cell envelope biogenesis
Spermidine/putrescine transport
Cell envelope integrity

Transcriptional regulators
Transcriptional regulators

Sugar uptake regulation
Two—component signal regulation
Transcriptional regulators



Protein secretion

Type Il secretion system protein C Secretion

Protein containing bacterial Ig—like domain Adhesion/invasion
Chemotaxis

Methyl-accepting chemotaxis protein Chemotaxis

DNA transfer

Conjugal transfer Trb operon Conjugation

Stress response
Putative sigma E regulatory protein Stress response

Down-regulated in presence of diatom exudates

ATPase, F1 complex, delta subunit Energy metabolism
Dihydrodipicolinate synthase Amino acid synthesis / lysine
Lipid/polyisoprenoid—binding Ycel-like protein Energy metabolism

Inorganic diphosphatase (PPase) Central metabolism

TRAP dicarboxylate transporter, DctP subunit Transport of C4—dicarboxylates
Aconitate hydratase 1 TCA cycle

TonB—-dependent receptor Iron and vitamin B12 uptake

Amino acid ABC transporter, periplasmic
substrate—binding protein
Electron transfer flavoprotein (ETF) subunit alpha Oxidation of fatty acids

Transport of amino acids

During the IVET screening, four conserved hypothetical proteins were identified;
for them a possible role could not be defined, since they share no significant similarities
with any previously reported protein in the GenBank, additionally no putative conserved
protein domain could be indentified. These proteins might play an important role during
diatom—bacteria interactions, and its role should be elucidated in the future. In addition,
we identified 11 transcriptional fusions that are orientated in the wrong direction, on the
antisense strand of an annotated coding region, an example is shown in Figure 18C. The
proteins associated to these transcriptional fusions are listed in Table 3. Such antisense
transcripts are commonly identified during IVET screens (Silby et al. 2004, Reiders et al.
2005, Jackson & Giddens 2006), they could be artifacts of the IVET screening. However,
the amount of these kind of transcripts found in different IVET systems and studies
suggest that they are indeed positive hits and not just artifacts derived from the
technique. They might drive the expression of small non—coding RNA molecules which
are important during adaptation to the environment, by regulation of protein synthesis
affecting transcription, translation and stability or altering protein activity by protein
binding (Repoila et al. 2003).

The diverse functions of the identified genes or proteins were postulated based on

their similarities to previously reported genes or proteins or by the presence of individual
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conserved protein domains. However, the actual functions of such proteins and their
potential roles during the diatom—bacteria interaction still need to be determined
experimentally. This particularly applies to the so—called ‘conserved hypothetical proteins’
and to transcripts which showed the wrong orientation. Therefore, the expression levels
of the identified genetic loci or bacterial proteins should be determined by culturing M.
adhaerens HP15 in presence and absence of 7. wejssflogii cells, followed by isolation of
mRNA and quantification of expression levels by RT-gPCR with individual and specific
primers. Once expression levels are determined, the differential expressed proteins can
then be studied further. Ultimately, the potential involvement of the those genetic traits in
diatom—bacteria interaction should be systematically investigated by knocking out the
corresponding gene(s) by site-directed mutagenesis (Sonnenschein et al. 2011) and
analysing the phenotypes of mutants in terms of attachment to diatom cells and marine
aggregate formation using attachment assays and rolling tank experiments, respectively
(Gardes et al. 2011). Simultaneously, the potential role postulated in this work for
proteins involved in uptake, transport and degradation of organic compounds could be
analysed by growing the corresponding mutants in media containing such organic
compounds. For example, a mutant strain unable to synthesise the D—methionine—
binding lipoprotein is expected to be impaired in growth on D—methionine—containing

media.

Table 3. List of proteins identified during IVET screening, with transcriptional fusions that are
orientated in the antisense strand.

Identified proteins Possible role

Central intracellular metabolism

Haloacid Dehalogenase (HAD) Conversion of miscellaneous compounds
Glycerol-3—phosphate acyltransferase Lipid/fatty acid metabolism
Queuine tRNA-ribosyltransferase Protein synthesis

Release Factor 3 (RF3) protein Protein synthesis
Oxaloacetate decarboxylase gamma chain Amino acid synthesis
Beta—glucosidase Sugar metabolism
Nudix_Hydrolase Several functions

Cell envelope structure and modification

D-alanyl-D-alanine carboxypeptidase Cell wall biogenesis
Nutrient scavenging

CIC chloride channels lon acquisition

Nucleic acid metabolism

Chromosome segregation protein SMC Cell division

DNA transfer

Conjugal transfer Trb operon Conjugation
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Over all, it is important to exactly define the type of interaction between 7.
weissflogii and M. adhaerens HP15. In previous studies it has been shown that M.
adhaerens HP15 together with 7. weissflogii show a synergistic association, in which the
growth of both organisms is enhanced (Géardes et al. 2010). In addition, the results
obtained during this work indicated that M. adhaerens HP15 might benefit from
compounds released by diatoms, which the later produced during photosynthesis or
needed during cell wall synthesis. However, the benefit that the diatom cells botains
during the interaction is still unknown. For this reason, the type of interaction between
these organisms has to be further analyzed. Specifical studies on the molecular response
of 7. weilssflogii towards the co—inoculation with M. adhaerens HP15, have to be carried
out. Microscopic observations of 7. weissflogii at different growth stages, i.e.
exponential, early and late stationary grown with different concentrations of M. adhaerens
HP15 cells can help to see changes in diatom morphology. Furthermore, expression
analysis on the genes induced in 7. weissflogii while interacting with M. adhaerens HP15
will further help to elucidate the mechanisms behind this interaction. The current study
provided a number of interesting hypotheses for novel experimental approaches and

thoughts.

4.2. |dentification of the fad locus in M. adhaerens HP15

The tight adherence (taa) gene locus, found in several bacteria and archaea, and
known for encoding type IVb fimbrial low—molecular-weight (Flp) pili, was demonstrated
to be present in the native plasmid pHP-187 of M. adhaerens HP15. In most organisms
the fad locus plays an important role in the colonization of environmental niches. It was
first identified in Aggregatibacter actinomycetemcomitans, a Gram-—positive human
periodontal pathogen, being responsible for tight adherence, autoaggregation, biofilm
formation, and the production of bundled fimbria-like fibers of individual pili (Kachlany et
al. 2000, 2001, Planet et al. 2003, Perez et al. 2006, Tomich et al. 2007). In this
bacterium the #ad locus is composed by 13 genes (flo—7-tadV-rcpCAB-tadZABCDEFG).
The flp—7 gene encodes the Flp1 prepilin and is post-translationally modified by a

prepilin protease (TadV) (Perez et al. 2006). In contrast, the fad locus present in M.
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adhaerens HP15 consists of 9 genes, starting with the 7o followed by a gene with non
significant similarity to any /ad loci genes and then the genes repoCA and fadZABCDG.
The proteins encode by these genes share high amino acid similarities to the ones found
in A. actinomycetemcomitans D11S-1, Caulobacter crescentus CB15 and Pseudomonas
aeruginosa PAO1. Interestingly, no homologous proteins in M. adhaerens HP15 were
found for the proteins RcpB, TadV, TadE or TadF. In A. actinomycetemcomitans RcpB is
an outer membrane protein possibly required for the stability of the Tad secretion system
(Perez et al. 2006), TadV functions as a prepilin—specific peptidase which removes the
leader peptide from the prepilin necessary for pilus assembly, whereas TadE and TadF
are pseudopilins (Tomich et al. 2006).

A promoter region upstream the fjo gene in M. adhaerens HP15 was in silico
predicted and experimentally identified. This region was able to express a /acZ reporter
gene under laboratory conditions, suggesting a constitutive activity. This functional
promoter might indicate that the fad locus is being expressed in M. adhaerens HP15.
Consequently, a M. adhaerens HP15 mutant lacking the genes flo—g5-rcpCA (Atad) was
constructed to determine the functionality and possible role of the fad locus. Different
experiments, such as colony morphology, motility, /n wviro biofilm formation, attachment
to diatom cells, were carried out to characterize potential mutant phenotypes. However,
under none of the conditions tested a differential phenotype for the mutant compared to
the wild—type could be verified. For example, the ability to form biofilm on abiotic surface
did not show significant differences compared to the wild-type strain. A similar
observation was done during the attachment of M. adhaerens HP15 Atad mutant to
diatom cells, where the wild—type showed better attachment; however, not statistically
significant. These results might suggest; first, that performed experiments were not
suitable to demonstrate a potential function of the ‘Zad locus; or second, a lack of
expression of the genes forming the fad locus, maybe due to the absence of some of
the genes previously reported to be essential for pilus assembly, such as the prepilin
peptidase. However, a Aflp mutant in Yersinia enterocolitica showed no differences in the
biotic or abiotic attachment capacities compared to the wild-type. However, this mutant
was impaired in microcolony formation (Schilling et al. 2010). For this reason,
experiments to assess the microcolony formation in M. adhaerens Atad and wild—type will
have to be performed in the future. In addition, the conditions of the experiments carried

out here have to standardize. Furthermore, further experiments have to be carried out to

147



determine whether the FIp pili are actually being formed in M. adhaerens HP15. For
example by transmission electron microscopy of cells incubated under pilus—inducing
conditions and by quantification of /o expression using RT-gPCR.

The results shown in this study represent a good basis for further experiments to

better understand and characterize the role of the fadlocus in M. adhaerens HP15.

148



5. REFERENCES

Abraham ER, Law CS, Boyd PW, Lavender SJ, Maldonado MT, Bowie AR (2000) Importance of stirring
in the development of an iron—fertilized phytoplankton bloom. Nature 407:727-730

Aitken A (2005) Identification of Proteins by MALDI-TOF MS. In: Walker JM (Ed) The Proteomics
Protocols Handbook, NJ, p 319-324

Alavi M, MillerT, Erlandson K, Schneider R, Belas R (2001) Bacterial community associated with
Pfiesteria—like dinoflagellate cultures. Environ Microbiol 3:380—-396

Alba BM, Gross CA (2003) Regulation of the Escherichia coli sigamE-dependent envelope stress
response. Mol Microbiol 52:613-619

Alexeyev MF (1999) The pKNOCK series of broad—host-range mobilizable suicide vectors for gene
knockout and targeted DNA insertion into the chromosome of gram-—negative bacteria.
Biotechniques 26:824-826

Alldredge A, Silver M (1982) Abundance and production rates of floating diatom mats (Rhizosolenia
castracanei and R. imbricata var. shrubsolel) in the eastern Pacific Ocean. Mar Biol 88:83-88

Alldredge AL, Silver ML (1988) Characteristics, dynamics and significance of marine snow. Prog
Oceanogr 20:41-82

Alldredge AL, Gotschalk CC (1989) Direct observations of the mass flocculation of diatoms blooms:
characteristics, settling velocities and formation of diatom aggregates. Deep—Sea Res 36:159-171

Alldredge AL, Passow U, Logan BE (1993) The abundance and significance of a class of large,
transparent organic particles in the ocean. Deep—Sea Res | 40:1131-1140

Altelaar AFM, Munoz J, Heck AJR (2013) Next—generation proteomics: towards an integrative view of
proteome dynamics. Nat Rev Genet 14:35-48

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search tool. J Mol Biol
215:403-410

Amin SA, Kipper FC, Green DH, Harris WR, Carrano CJ (2007) Boron binding by a siderophore isolated
from marine bacteria associated with the toxic dinoflagellate Gymnodinium catenatum. J Am Chem
Soc 129:478-479

Amin SA, Green DH, Hart MC, Kipper FC, Sunda WG, Carrano CJ (2009) Photolysis of iron—siderophore
chelates promotes bacterial-algal mutualism. PNAS 106:17071-17076

Amin SA, Parker MS, Armbrust EV (2012) Interactions between diatoms and bacteria. Microbiol Mol Biol
Rev 76:667-684

Andersen GR, Nissen P, Nyborg J (2003) Elongation factors in protein biosynthesis. Trends Biochem Sci
28:434-441

Andersen L, Kilstrup M, Neuhard J (1989) Pyrimidine, purine and nitrogen control of cytosine deaminase
synthesis in Escherichia coli K 12. Involvement of the g/nLG and purR genes in the regulation of
codA expression. Arch Microbiol 152:115-118

Angelichio MJ, Camilli A (2002) In Vivo Expression Technology. Infect Immun 70:6518-6523

Armbrust EV (1999) Identification of a new gene family expressed during the onset of sexual reproduction
in the centric diatom 7halassiosira weisst ‘on Microbiol 65:3121-3128



Armbrust EV, Berges JA, Bowler C, Green BR, Martinez D, Putnam NH, Zhou S, Allen AE, Apt KE,
Bechner M, Brzezinski MA, Chaal BK, Chiovitti A, Davis AK, Demarest MS, Detter JC, Glavina T,
Goodstein D, Hadi MZ, Hellsten U, Hildebrand M, Jenkins BD, Jurka J, Kapitonov V V, Kroger N,
Lau WWY, Lane TW, Larimer FW, Lippmeier JC, Lucas S, Medina M, Montsant A, Obornik M,
Parker MS, Palenik B, Pazour GJ, Richardson PM, Rynearson TA, Saito MA, Schwartz DC,
Thamatrakoln K, Valentin K, Vardi A, Wilkerson FP, Rokhsar DS (2004) The genome of the diatom
Thalassiosira pseudonana: ecology, evolution, and metabolism. Science 306:79-86

Armbrust EV (2009) The life of diatoms in the world’s oceans. Nature 459:185-192

Arnosti C (2011) Microbial extracellular enzymes and the marine carbon cycle. Ann Rev Mar Sci 3:401-
425

Asada K (2006) Production and scavenging of reactive oxygen species in chloroplasts and their functions.
Plant Physiol 141:391-396

Azam F, Fenchel T, Gray JS, Meyer—Reil LA, Thingstad F (1983) The ecological role of water—-column
microbes in the sea. Mar Ecol Prog Ser 10:257-263

Azam F, Long RA (2001) Sea snow microcosms. Nature 414:2-4
Azam F, Malfatti F (2007) Microbial structuring of marine ecosystems. Nat Rev Microbiol 5:782-791

Bachmann H, Kleerebezem M, Hylckama Vlieg JET van (2008) High—throughput identification and
validation of in situ—expressed genes of Lactococcus lactis. Appl Environ Microbiol 74:4727-4736

Backert S, Meyer TF (2006) Type IV secretion systems and their effectors in bacterial pathogenesis. Curr
Opin Microbiol 9:207-217

Baker MD, Wolanin PM, Stock JB (2005) Signal transduction in bacterial chemotaxis. BioEssays 28:9-22

Bakermans C, Sloup RE, Zarka DG, Tiedje JM, Thomashow MF (2009) Development and use of genetic
system to identify genes required for efficient low—temperature growth of Psychrobacter arcticus
273-4. Extremophiles 13:21-30

Barbara GM, Mitchell JG (2003) Bacterial tracking of motile algae. FEMS Microbiol Ecol 44:79-87

Barbeau K, Zhang G, Live DH, Butler A (2002) Petrobactin, a photoreactive siderophore produced by the
oil-degrading marine bacterium Marinobacter hydrocarbonoclasticus. J Am Chem Soc 124:378-
379

Barr M, East AK, Leonard M, Mauchline TH, Poole PS (2008) In vivo expression technology (IVET)
selection of genes of ARhizobium leguminosarum biovar viciae A34 expressed in the rhizosphere.
FEMS Microbiol Lett 282:219-227

Bartoleschi C, Pardini MC, Scaringi C, Martino MC, Pazzani C, Bernardini ML (2002) Selection of
Shigella flexneri candidate virulence genes specifically induced in bacteria resident in host cell
cytoplasm. Cell Microbiol 4:613-626

Bartolome B, Jubete Y, Martinez E, de la Cruz F (1991) Construction and properties of a family of
pACYC184—derived cloning vectors compatible with pBR322 and its derivatives. Gene 102:75-78

Bell W, Mitchell R (1972) Chemotactic and growht responses of marine bacteria to algal extracellular
products. Biol Bull 143:265-277

Bell WH, Lang JM, Mitchell R, (1974) Selective stimulation of marine bacteria by algal extracellular
products. Limnol Oceanogr 19:833-839

Benner R, Kaiser K (2003) Abundance of amino sugars and peptidoglycan in marine particulate and
dissolved organic matter. Limnol Oceanogr 48:118-128

Bentzmann S de, Aurouze M, Ball G, Filloux A (2006) FppA, a novel Pseudomonas aeruginosa prepilin
peptidase involved in assembly of type IVb pili. J Bacteriol 188:4851-4860

Berlec A (2012) Novel techniques and findings in the study of plant microbiota: search for plant
probiotics. Plant Sci 193-194:96-102

150



Bernard CS, Bordi C, Termine E, Filloux A, Bentzmann S de (2009) Organization and PprB-dependent
control of the Pseudomonas aeruginosa tad Locus, involved in Flp pilus biology. J Bacteriol
191:1961-1973

Bhaskar PV, Grossart HP, Bhosle NB, Simon M (2005) Production of macroaggregates from dissolved
exopolymeric substances (EPS) of bacterial and diatom origin. FEMS Microbiol Ecol 53:255-264

Bidle KD, Azam F (1999) Accelerated dissolution of diatom silica by marine bacterial assemblages.
Nature 397:508-512

Biegala |, Kennaway G, Alverca E (2002) Bacteria associated with dinoflagellates (dinophyceae)
alexandrium spp. using tyramide signal amplification—fluorescent /n situ. J Phycol 38:404-411

Bleves S, Viarre V, Salacha R, Michel GPF, Filloux A, Voulhoux R (2010) Protein secretion systems in
Pseudomonas aeruginosa. A wealth of pathogenic weapons. Int J Med Microbiol 300:534-543

Boch J, Joardar V, Gao L, Robertson TL, Lim M, Kunkel BN (2002) Identification of Pseudomonas
syringae pv. tomato genes induced during infection of Arabidopsis thaliana. Mol Microbiol 44:73-88

Bodenmiller D, Toh E, Brun YV (2004) Development of surface adhesion in Caulobacter crescentus. J
Bacteriol 186:1438-1447

Bonk T, Humeny A. (2001) MALDI-TOF-MS Analysis of Protein and DNA. Neuroscientist 7:6-12

Bowler C, Allen A, Badger J, Grimwood J, Jabbari K, Kuo A, Maheswari U, Martens C, Maumus F,
Otillar RP, Rayco E, Salamov A, Vzndepoele K, Besxteri B, Gruber A, Heijde M, Katinka M, Mochk
T, Valentin K, Verret F, Berges JA, Brownlee C, CadoretJ—P, Chivitti A, Choi CJ, Coesel S, De
Martino A, Detter JC, Durkin C, Falciatore A, Fournet J, Haruta M, Huysman MJJ, Jenkins BD,
Jiroutova K, Jorgensen RE, Joubert Y, Kaplan A, Kroger N, Kroth PG, La Roche J, Lindquist E,
Lommer M, Martin—Jézéquel V, Lopez PJ, Lucas S, Mangogna M, McGinnis K, Medlin LK,
Montsant A, Oudot-Le Secg M—P, Napoli C, Obornik M, Schnitzler Parker M, Petit J-L, Porcel BM,
Poulsen N, Robison M, Rychlewski L, Rynearson TA, Schmutz J, Shapiro H, Siaut M, Stanley M,
Sussman MR, Taylor AR, Vardi A, Dassow P von, Vyverman W, Willis A, Wyrwicz LS, Rokhsar DS,
Weissenbach J, Armbrust EV, Green BR, Van de Peer Y, Grigoriev IV (2008) The Phaeodactylum
genome reveals the evolutionary history of diatom genomes. Nature 456:239-244

Boyd D, Manoil C, Beckwith J (1987) Determinants of membrane protein topology. Proc Natl Acad Sci U
S A 84:8525-8529

Boyd PW, Watson AJ, Law CS, Abraham ER, Trull T, Murdoch R, Bakker DCE, Bowie AR, Buesseler KO,
Chang H, Charette M, Croot P, Downing K, Frew R, Gall M, Hadfield M, Hall J, Harvey M,
Jameson G, Laroche J, Liddicoat M, Ling R, Maldonado MT, Mckay RM, Nodder S, Pickmere S,
Pridmore R, Rintoul S, Safi K, Sutton P, Strzepek R, Tanneberger K, Turner S, Waite A, Zeldis J
(2000) A mesoscale phytoplankton bloom in the polar Southern Ocean stimulated by iron
fertilization. Nature 407:695-702

Brenner S, Johnson M, Bridgham J, Golda G, Lloyd DH, Johnson D, Luo S, McCurdy S, Foy M, Ewan
M, Roth R, George D, Eletr S, Albrecht G, Vermaas E, Williams SR, Moon K, Burcham T, Pallas
M, DuBridge RB, Kirchner J, Fearon K, Mao J, Corcoran K (2000) Gene expression analysis by
massively parallel signature sequencing (MPSS) on microbead arrays. Nat Biotechnol 18:630-634

Brillard J, Jéhanno |, Dargaignaratz C, Barbosa |, Ginies C, Carlin F, Fedhila S, Nguyen—-the C,
Broussolle V, Sanchis V (2010) Identification of Bacillus cereus genes specifically expressed during
growth at low temperatures. Appl Environ Microbiol 76:2562-2573

Brown DG, Allen C (2004) Ralstonia solanacearum genes induced during growth in tomato: an inside view
of bacterial wilt. Mol Microbiol 53:1641-1660

Brown NL, Stoyanov JV, Kidd SP, Hobman JL (2003) The MerR family of transcriptional regulators. FEMS
Microbiol Rev 27:145-163

Brown RN, Gulig PA (2009) Roles of RseB, oE, and DegP in virulence and phase variation of colony
morphotype of Vibrio vuinificus. Infect Immun 77:3768-3781

151



Brzezinski MA, Nelson DM (1996) Chronic substrate limitation of silicic acid uptake rates in the western
Sargasso Sea. Deep Sea Res Part 2 Top Stud Oceanogr 43:437-453

Brzezinski MA, Krause JW, Church MJ, Karl DM, Li B, Jones JL, Updyke B (2011) The annual silica cycle
of the North Pacific subtropical gyre. Deep Sea Res Part 1 Oceanogr Res Pap 58:988-1001

Bukau B (1993) Regulation of the Escherichia coli heat—schock response. Mol Microbiol 9:671-680

Burse A, Weingart H, Ullrich MS (2004). NorM, an Erwinia amylovora multidrug efflux pump involved in in
vitro competition with other epiphytic bacteria. Appl Environ Microbiol 70:693-703

Cambell L, Vaulot D (1993) Photosynthetic picoplankton community structure in the subtropical North
Pacific near Hawaii (Station ALOHA). Deep—Sea Res 40:2043-2060

Camilli A, Mekalanos JJ (1995) Use of recombinase gene fusions to identify Vibrio cholerae genes
induced during infection. Mol Microbiol 18:671-683

Campbell JA, Davies GJ, Bulone V, Henrissat B (1997) A classification of nucleotide—diphospho—sugar
glycosyltransferases based on amino acid sequence similarities. Biochem J 326:929-942

Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Henrissat B (2009) The Carbohydrate—
Active EnZymes database (CAZy): an expert resource for Glycogenomics. Nucleic Acids Res
37:D233-D238

Capra EJ, Laub MT (2012) Evolution of two—component signal transduction systems. Annu Rev Microbiol
66:325-347

Caron DA (1987) Grazing of Attached Bacteria by Heterotrophic Microflagellates Isolation of
Microflagellates. Microb Ecol 13:203-218

Cascales E, Lloubés R, Sturgis JN (2001) The TolQ-TolR proteins energize TolA and share homologies
with the flagellar motor proteins MotA-MotB. Mol Microbiol 42:795-807

Cases |, Lopez JA, Albar JP, De Lorenzo V (2001) Evidence of Multiple Regulatory Functions for the PtsN
(I1ANY) Protein of Pseudomonas putida. J Bacteriol 183:1032-1037

Chai Y, Kolter R, Losick R (2009) A widely conserved gene cluster required for lactate utilization in
Bacillus subltilis and its involvement in biofilm formation. J Bacteriol 191:2423-2430

Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC (1994) Green fluorescent protein as a marker for
gene expression. Science 263:802-805

Chee—Seng K, Yun LE, Yudi P, Kee—=Seng C (2010) Next Generation Sequencing Technologies and their
Applications. In: eLS: John Wiley & Sons Ltd, Chichester 1-12

Chen L, Chen Y, Wood DW, Nester EW (2002) A new Type IV Secretion System Promotes conjugal
transfer in Agrobacterium tumefaciens. J Bacteriol 184:4838-4845

Cheung F, Win J, Lang JM, Hamilton J, Vuong H, Leach JE, Kamoun S, André Lévesque C, Tisserat N,
Buell CR (2008) Analysis of the Pythium ultimum transcriptome using Sanger and Pyrosequencing
approaches. BMC genomics 9:542

Chiang SL, Mekalanos JJ (1998) Use of signature-tagged transposon mutagenesis to identify Vibrio
cholerae genes critical for colonization. Mol Microbiol 27:797-805

Chin W, Orellana M, Verdugo P (1998) Spontaneous assembly of marine dissolved organic matter into
polymer gels. Nature 391:568-572

Cho B, Azam F (1988) Major role of bacteria in biogeochemical fluxes in the ocean’s interior. Nature
332:441-443

Choi KH, Schweizer HP (2005) An improved method for rapid generation of unmarked Pseudomonas
aeruginosa deletion mutants. BMC Microbiol 23:30.

Cloonan N, Forrest A, Kolle G, Gardiner B, Faulkner GJ, Brown M, Taylor D, Steptoe A, Wani S, Bethel
G, Robertson A, Perkins A, Bruce S, Lee C, Ranade S, Peckham H, Manning J, McKernan K,
Grimmond S (2008) Stem cell transcriptome profiling via massive—scale mRNA sequencing. Nat
Methods 5:613-619

152



Cole JJ (1982) Interactions between bacteria and algae in aquatic ecosystems. Annu Rev Ecol Syst
13:291-314

Cook DM, Li PL, Ruchaud F, Padden S, Farrand SK (1997) Ti plasmid conjugation is independent of vir:
Reconstitution of the #a functions from pTiC58 as a binary system. J Bacteriol 179:1291-1297

Cooper AJ, Kalinowski AP, Shoemaker NB, Salyers AA (1997) Construction and characterization of a
Bacteroides thetaiotaomicron recA mutant: transfer of Bacteroides integrated conjugative elements
is RecA independent. J Bacteriol 179:6221-6227

Cottrell MT, Kirchman DL (2000) Natural assemblages of marine proteobacteria and members of the
Cytophaga—Flavobacter cluster consuming low— and high—-molecular-weight dissolved organic
matter. Appl Environ Microbiol 66:1692-1697

Cox J, Mann M (2011) Quantitative, high—-resolution proteomics for data—driven systems biology. Annu
Rev Biochem 80:273-299

Croft MT, Lawrence AD, Raux—Deery E, Warren MJ, Smith AG (2005) Algae acquire vitamin B12 through
a symbiotic relationship with bacteria. Nature 438:90-93

Cross RL, Miller V (2004) The evolution of A—, F—, and V—-type ATP synthases and ATPases: reversals in
function and changes in the H+/ATP coupling ratio. FEBS Lett 576:1-4

Dahlberg C, Bergstrom M, Andreasen M, Christensen BB, Molin S, Hermansson M (1998) Interspecies
bacterial conjugation by plasmids from marine environments visualized by gfo expression. Mol Biol
Evol 15:385-390

Damron FH, Goldber JB (2012) Proteolytic regulation of alginate overproduction in Pseudomonas
aeruginosa. Mol Microbiol 84:595-607

Danielsen S, Kilstrup M, Barilla K. Jochimsen B, Neuhard J (1992) Characterization of the Escherichia
coli codBA operon encoding cytosine permease and cytosine deaminase. Mol Microbiol 6:1335-
1344

Dassow P von, Chepurnov VA, Armbrust EV (2006) Relationships between growth rate, cell size, and
induction of spermatogenesis in the centric diatom T7halassiosira weissflogii (Bacillariophyta). J
Phycol 42:887-899

Davison J (2002) Genetic tools for pseudomonads, rhizobia, and other gram—negative bacteria. Biotechn
32:386—388

De La Rocha CL (2003) The Biological Pump. Treatise on Geochemistry 6:83-111

De La Rocha CL, Passow U (2007) Factors influencing the sinking of POC and the efficiency of the
biological carbon pump. Deep Sea Res Part 2 Top Stud Oceanogr 54:639-658

De Las Pefas A, Connolly L, Gross CA (1997) The oE—mediated response to extracytoplasmic stress in
Escherichia coli is transduced by RseA and RseB, two negative regulators of oE. Mol Microbiol
42:373-385

Decho AW (1990) Microbial exopolymer secretions in ocean environments: their role(s) in food webs and
marine processes. In: H. Barnes (Ed), Oceanography and Marine Biology, vol. 28, Oabn, Argyll,
Scotland. p 73-153

Delong EF, Franks DG, Alldredge AL (1993) Phylogenetic diversity of aggregate—attached vs. free—living
marine bacterial assemblages. Limnol Oceanogr 38:924-934

Desbois AP, Mearns—Spragg A, Smith VJ (2009) A fatty acid from the diatom Phaeodactylum tricormutum
is antibacterial against diverse bacteria including multi-resistant Staphylococcus aureus (MRSA).
Mar Biotechnol (NY) 11:45-52

Dilling L, Alldredge AL (2000) Fragmentation of marine snow by swimming macrozooplankton: A new
process impacting carbon cycling in the sea. Deep—Sea Res | 47:1227-1245

Ducklow H, Steinberg D, Buesseler K (2001) Upper ocean carbon export and the biological pump.
Oceanography 14:50-58

153



Dunne WM, Westblade LF, Ford B (2012) Next—generation and whole—-genome sequencing in the
diagnostic clinical microbiology laboratory. Eur J Clin Microbiol Infect Dis 31:1719-1726

Durkin CA, Mock T, Armbrust EV (2009) Chitin in diatoms and its association with the cell wall. Eukaryot
Cell 8:1038-1050

Earl CD, Ronson CW, Ausubel FM (1987) Genetic and structural analysis of the Rhizobium meliloti fixA,
fixB, fixC, and fixX genes. J Bacteriol 169:1127-1136

Eisenbach M (1996) Control of bacterial chemotaxis. Mol Microbiol 20:903-910

Emami K, Askari V, Ullrich M, Mohinudeen K, Anil AC, Khandeparker L, Burgess JG, Mesbahi E (2012)
Characterization of bacteria in ballast water using MALDI-TOF mass spectrometry. PloS One
7:€38515

Eveland AL, McCarty DR, Koch KE (2008) Transcript profiling by 3’-untranslated region sequencing
resolves expression of gene families. Plant Physiol 146:32-44

Fabiano M, Povero P, Danovaro R (1996) Particulate organic matter composition in Terra Nova Bay
(Ross Sea, Antarctica) during summer 1990. Antarct Sci 8:7-13

Farrand SK, Hwang I, Cook DM (1996) The tra region of the nopaline—type Ti plasmid is a chimera with
elements related to the transfer systems of RSF1010, RP4, and F. J Bacteriol 178:4233-4247

Fenchel T (2008) The microbial loop — 25 years later. J Exp Mar Bio Ecol 366:99-103

Fernandez M, Conde S, Duque E, Ramos J-L (2013) In vivo gene expression of Pseudomonas putida
KT2440 in the rhizosphere of different plants. Microb Biotechnol 6:307-313

Figurski DH, Helinski DR (1979) Replication of an origin—containing derivative of plasmid RK2 dependent
on a plasmid function provided in trans. Proc Natl Acad Sci U S A 76:1648-1652

Fiore CL, Jarett JK, Olson ND, Lesser MP (2010) Nitrogen fixation and nitrogen transformations in marine
symbioses. Trends Microbiol 18:455-463

Forward JA, Behrendt MC, Wyborn NR, Cross R, Kelly DJ (1997) TRAP transporters: a new family of
periplasmic solute transport systems encoded by the dctPOM genes of Rhodobacter capsulatus
and by homologs in diverse gram—negative bacteria. J Bacteriol 179:5482-5493

Foster R a, Kuypers MMM, Vagner T, Paerl RW, Musat N, Zehr JP (2011) Nitrogen fixation and transfer in
open ocean diatom—cyanobacterial symbioses. ISME J 5:1484-1493

Fowler SW, Knauer GA (1986) Role of large particles in the transport of elements and organic
compounds through the oceanic water column. Prog Oceanog 16:147-194

Frankel G, Phillips AD, Trabulsi LR, Knutton S, Dougan G, Matthews S (2001) Intimin and the host cell —
is it bound to end in Tir(s)?. Trends Microbiol 9:214-218

Furusawa G, Yoshikawa T, Yasuda A, Sakata T (2003) Algicidal activity and gliding motility of Saprospira
sp. SS98-5. Can J Microbiol 49:92-100

Gage DJ (2004) Infection and invasion of roots by symbiotic, nitrogen— fixing rhizobia during nodulation
of temperate legumes. Microbiol Mol Biol Rev 68:280-300

Gal J, Szvetnik A, Schnell R, Kalman M (2002) The metD D—methionine transporter locus of Escherichia
coliis an ABC transporter gene cluster. J Bacteriol 184:4930-4932

Gardes A, Iversen MH, Grossart HP, Passow U, Ullrich MS (2011) Diatom—associated bacteria are
required for aggregation of Thalassiosira weissflogii. ISME J 5:436-445

Gardes A, Kaeppel E, Shehzad A, Seebah S, Teeling H, Yarza P, Gloéckner FO, Grossart HP, Ullrich MS
(2010) Complete genome sequence of Marinobacter adhaerens type strain (HP15), a diatom-—
interacting marine microorganism. Stand Genomic Sci 3:97-107

Gardes A, Ramaye Y, Grossart HP, Passow U, Ullrich MS (2012) Effects of Marinobacter adhaerens
HP15 on polymer exudation by 7halassiosira weissflogii at different N:P ratios. Mar Ecol Prog Ser
461:1-14

154



Gauthier M, Lafay B, Christen R, Fernandez L, Acquaviva M, Bonin P, Bertrand J-C (1992) Marinobacter
hydrocarbonociasticus gen. nov., sp. nov., a new, extremely halotolerant, hydrocarbon—degrading
marine bacterium. Int J Syst Bacteriol 42:568-576

Geng H, Bartholin Bruhn J, Nielsen KF, Gram L, Belas R (2008) Genetic dissection of tropodithietic acid
biosynthesis by marine roseobacters. Appl Environ Microbiol 74:1535-1545

Geng H, Belas R (2010) Molecular mechanisms underlying roseobacter—phytoplankton symbioses. Curr
Opin Biotech 21:332-338

Godlewska R, Wisniewska K, Pietras Z, Jagusztyn—Krynicka EK (2009) Peptidoglycan—associated
lipoprotein (Pal) of Gram—negative bacteria: function, structure, role in pathogenesis and potential
application in immunoprophylaxis. FEMS Microbiol Lett 298:1-11

Gorshkova NM, Ivanova EP (2001) Antibiotic Susceptibility as a Taxonomic Characteristic of
Proteobacteria of the Genera Alteromonas, Pseudoalteromonas, Marinomonas, and Marinobacter.
Russ J Mar Biol 27:116-120

Gorshkova NM, lvanova EP, Sergeev AF, Zhukova, NV, Alexeeva Y, Wright JP, Nicolau DV, Mikhailov VV,
Christen R (2003) Marinobacter excellens sp. nov., isolated from sediments of the Sea of Japan.
Int J Syst Evol Microbiol 53:2073-2078

Gowda M, Li H, Wang G-L (2007) Robust analysis of 5’-transcript ends: a high—throughput protocol for
characterization of sequence diversity of transcription start sites. Nat Protoc 2:1622-1632

Goyer C, Ullrich MS (2006) Identification of low-temperature-regulated genes in the fire blight pathogen
Erwinia amylovora. Can J Microbiol 52:468-475

Graham WM, Maclntyre S, Alldredge AL (2000) Diel variations of marine snow concentration in surface
waters and implications for particle flux in the sea. Deep—Sea Res | 47:367-395

Granvogl B, Pléscher M, Eichacker LA (2007) Sample preparation by in—gel digestion for mass
spectrometry—based proteomics. Anal Bioanal Chem 389:991-1002

Green DH, Bowman JP, Smith EA, Gutierrez T, Bolch CJS (2006) Marinobacter algicola sp. nov.,
isolated from laboratory cultures of paralytic shellfish toxin producing dinoflagellates. Int J Syst Evol
Micr 56:523-527

Grossart HP (1999) Interactions between marine bacteria and axenic diatoms (Cviindrotheca fusiformis,
Nitzscha laevis, and Thalassiosira weissflogil) incubated under various conditions in the lab. Aquat
Microb Ecol 19:1-11

Grossart HP, Simon M (1998) Bacterial colonization and microbial decomposition of limnetic organic
aggregates (lake snow). Aquat Microb Ecol 15:127-140

Grossart HP, Riemann L, Azam F (2001) Bacterial motility in the sea and its ecological implications.
Aqguat Microb Ecol 25:247-258

Grossart HP, Kigerboe T, Tang K, Ploug H (2003) Bacterial colonization of particles: growth and
interactions. Appl Environ Microbiol 69:3500—-3509

Grossart HP, Schlingloff A, Bernhard M, Simon M, Brinkhoff T (2004) Antagonistic activity of bacteria
isolated from organic aggregates of the German Wadden Sea. FEMS Microbiol Ecol 47:387-396

Grossart HP, Levold F, Allgaier M, Simon M, Brinkhoff T (2005) Marine diatom species harbour distinct
bacterial communities. Environ Microbiol 7:860-873

Grossart HP, Czub G, Simon M (2006) Algae—bacteria interactions and their effects on aggregation and
organic matter flux in the sea. Environ Microbiol 8:1074-1084

Grossart HP, Kigerboe T, Tang K.W, (2006b) Interactions between marine snow and heterotrophic
bacteria: aggregate formation and microbial dynamics. Aquat Microb Ecol 42:19-26

Grossart HP, Simon M (2007) Interactions of planktonic algae and bacteria: effects on algal growth and
organic matter dynamics. Aquat Microb Ecol 47:163-176

155



Grossart HP, Tang KW, Kigrboe T, Ploug H (2007) Comparison of cell-specific activity between free—
living and attached bacteria using isolates and natural assemblages. FEMS Microbiol Lett 266:194~
200

Gruber DF, Simjouw J-P, Seitzinger SP, Taghon GL (2006) Dynamics and characterization of refractory
dissolved organic matter produced by a pure bacterial culture in an experimental predator-prey
system. Appl Environ Microbiol 72:4184-4191

Guerrini F, Mazzotti A, Boni L, Pistocchi R (1998) Bacterial-algal interactions in polysaccharide
production. Aquat Microb Ecol 247:247-253

Guillard RRL, Ryther JH (1962) Studies of marine planktonic diatoms. |. Cyclotella nana Hustedt and
Detonula confervacea Cleve. Can J Microbiol 8:229-239

Haase E, Stream J, Scannapieco F (2003) Transcriptional analysis of the 5’ terminus of the fjp fimbrial
gene cluster from Actinobacillus actinomycetemcomitans. Microbiology 149:205-215

Haines KC, Guillard RRL (1974) Growth of vitamin B12 requiring marine diatoms with vitamin B12
producing marine bacteria. J Phycol 10:245-255

Hamm CE, Merkel R, Springer O, Jurkojc P, Maier C, Prechtel K, Smetacek V (2003) Architecture and
material properties of diatom shells provide effective mechanical protection. Nature 421:841-843

Handa N, Terada T, Doi-Katayama Y, Hirota H, Tame JRH, Park SY, Kuramitsu S, Shirouzu M,
Yocoyama S (2004) Crystal structure of a novel polyisoprenoid-binding protein from Thermus
thermophilus HB8. Protein Sci 14:1004-1010

Hanin A, Sava |, Bao Y, Huebner J, Hartke A, Auffray Y, Sauvageot N (2010) Screening of in vivo
activated genes in Enterococcus faecalis during insect and mouse infections and growth in urine.
PloS One 5:¢11879

Hansen J, Kigrboe T, Alldredge A (1996) Marine snow derived from abandoned larvacean houses:
Sinking rates, particle content and mechanisms of aggregate formation. Mar Ecol Prog Ser
141:205-215

Hassler CS, Schoemann V, Nichols CM, Butler EC V, Boyd PW (2011) Saccharides enhance iron
bioavailability to Southern Ocean phytoplankton. Proc Natl Acad Sci U S A 108:1076-1081

Hedges JI, Keil RG (1995) Sedimentary organic matter preservation: an assessment and speculative
synthesis. Mar Chem 49:81-115

Heidelberg KB, Gilbert J a, Joint | (2010) Marine genomics: at the interface of marine microbial ecology
and biodiscovery. Microb Biotechnol 3:531-543

Herndl G (1988) Ecology of amorphous aggregations (marine snow) in the northern Adriatic Sea. 2.
Microbial density and activity in marine snow and its implication to overall. Mar Ecol Prog Ser
48:265-275

Herth W (1979) The site of B—chitin fibril formation in centric diatoms. Il. The chitin—forming cytoplasmic
structures. J Ultrastruct Res 27:16-27

Hirsch PR, Beringer JE (1984) A physical map of pPH1Jl and pJB4Jl. Plasmid 12:139-141

Hoang TT, Karkhoff-Schweizer RAR, Kutchma AJ, Schweizer HP, (1998) A broad—host-range Flp—FRT
recombination system for site—specific excision of chromosomally—located DNA sequences:
application for isolation of unmarked Pseudomonas aeruginosa mutants. Gene 212:77-86

Hold GL, Smith EA, Rappe MS, Maas EW, Moore ERB, Stroempl C, Stephen JR, Prosser JI, Birkbeck
TH, Gallacher S (2001) Characterisation of bacterial communities associated with toxic and non—
toxic dinofagellates: Alexandrium spp. and Scrippsiella trochoidea. FEMS Microbiol Ecol 37:161—
173

Holert J, Alam |, Larsen M, Antunes A, Bajic VB, Stingl U, Philipp B (2013) Genome sequence of
Pseudomonas sp. strain Chol1, a model organism for the degradation of bile salts and other steroid
compounds. Genome Announc 1:2012-2013

156



Hiinken M, Harder J, Kirst GO (2008) Epiphytic bacteria on the Antarctic ice diatom Amphiprora
kufferathii Manguin cleave hydrogen peroxide produced during algal photosynthesis. Plant Biol
(Stuttg) 10:519-526

Hunt DE, Gevers D, Vahora NM, Polz MF (2008) Conservation of the chitin utilization pathway in the
Vibrionaceae. Appl Environ Microbiol 74:44-51

Husain M, Steenkamp DJ (1985) Partial purification and characterization of glutaryl-coenzyme A
dehydrogenase, electron transfer flavoprotein, and electron transfer flavoprotein—Q oxidoreductase
from Paracoccus denitrificans. J Bacteriol 163:709-715

Huu NB, Denner EBM, Ha Dang TC, Wanner G, Stan-Lotter H (1999) Marinobacter aquaeolei sp. nov., a
halophilic bacterium isolated from a Vietnamese oil-producing well. Int J Syst Evol Microbiol
49:367-375

lanora A, Miralto A, Poulet S, Carotenuto Y, Buttino |, Romano G, Casotti R, Pohnert G, Wichard T,
Colucci-D’Amato L, Terrazzano G, Smetacek V (2004) Aldehyde suppression of copepod
recruitment in blooms of a ubiquitous planktonic diatom. Nature 429:403-407

Imai I, Ishida Y, Hata Y (1993) Killing of marine phytoplankton by a gliding bacterium Cytophaga sp.,
isolated from the coastal sea of Japan. Mar Biol 532:527-532

Jackson GA. 2001. Effect of coagulation on a model planktonic food web. Deep—Sea Res. | 48:95-123

Jackson RW, Giddens SR (2006) Development and application of /n Vivo Expression Technology (IVET)
for analysing microbial gene expression in complex environments. Infect Disord Drug Targets
6:207-240

Jahnke RA (1996) The global ocean flux of particulate organic carbon: Areal distribution and magnitude.
Global Biogeochem Cycles 10:71-88

Jasti S, Sieracki ME, Poulton NJ, Giewat MW, Rooney-Varga JN (2005) Phylogenetic diversity and
specificity of bacteria closely associated with Alexandrium spp. and other phytoplankton. Appl
Environ Microbiol 71:3483-3494

Jefferson R (1989) The GUS reporter gene system. Nature 342:837-838

Jiao N, Herndl GJ, Hansell D a, Benner R, Kattner G, Wilhelm SW, Kirchman DL, Weinbauer MG, Luo T,
Chen F, Azam F (2010) Microbial production of recalcitrant dissolved organic matter: long—term
carbon storage in the global ocean. Nat Rev Microbiol 8:593-599

Jiao N, Azam F (2011) Microbial Carbon Pump and its Significance for Carbon Sequestration in the
Ocean. In: Jiao N, Azam F, Sanders S (Eds) Microbial Carbon Pump in the Ocean. Science, p 43—
45

Jin KS, Kim DY, Rho Y, Le VB, Kwon E, Kim KK, Ree M (2008) Solution structures od RseA and its
complex with RseB. J Synchrotron Radiat 15:219-222

Kachlany SC, Planet PJ, Bhattacharjee MK, Kollia E, DeSalle R, Fine DH, Figurski DH (2000)
Nonspecific adherence by Actinobacillus actinomycetemcomitans requires genes widespread in
bacteria and archaea. J Bacteriol 182:6169-6176

Kachlany S, Planet P, DeSalle R (2001) Genes for tight adherence of Actinobacillus
actinomycetemcomitans: from plaque to plague to pond scum. Trends Microbiol 9:429-437

Kaeppel EC, Gardes A, Seebah S, Grossart HP, Ullrich MS (2012) Marinobacter adhaerens sp. nov.,
isolated from marine aggregates formed with the diatom 7halassiosira weissflogii. Int J Syst Evol
Microbiol 62:124-128

Kapitonov D, Yu RK (1999) Conserved domains of glycosyltransferases. Glycobiology 9:961-978

Kato J, Amie J, Murata Y, Kuroda A, Mitsutani A, Ohtake H (1998) Development of a genetic
transformation system for an alga—-lysing bacterium. Appl Environ Microbiol 64:2061-2064

Keen NT, Tamaki S, Kobayashi D, Trollinger D (1988) Improved broad—host-range plasmids for DNA
cloning in gram—negative bacteria. Gene 70:191-197

157



Kelly G, Prasannan S, Daniell S, Fleming S, Frankel G, Dougan G, Connerton |, Matthews S (1999)
Structure of the cell-adhesion fragment of intimin from enteropathogenic Escherichia colii Nat
Struct Mol Biol 6:313-318

Kenny B, DeVinney R, Stein M, Reinscheid DJ, Frey EA, Finlay BB (1997) Enteropathogenic E. coli
(EPEC) transfers its receptor for intimate adherence into mammalian cells. Cell 91:511-520

Kigrooe T (1997) Small-scale turbulence, marine snow formation, and planktivorous feeding. Sci Mar
61:141-158

Kigrboe T (2001) Formation and fate of marine snow: small-scale processes with large—scale
implications. Sci Mar 65:57-71

Kigrboe T (2011) How zooplankton feed: mechanisms, traits and trade—offs. Biol Rev Camb Philos Soc
86:311-339

Kigrboe T, Hansen J, Alldredge A, Jackson G, Passow U, Dann H, Drapeau D, Waite A, Garcia C
(1996) Sedimentation of phytoplankton during a diatom bloom: rates and mechanisms. J Mar Res
54:1123-1148

Koch B, Jensen LE, Nybroe O (2001) A panel of Tn7-based vectors for insertion of the gfp marker gene
or for delivery of cloned DNA into Gram—-negative bacteria at a neutral chromosomal site. J
Microbiol Methods 45:187-195

Kodama M, Ogata T, Sato S, Sakamoto S (1990) Possible association of marine bacteria with paralytic
shellfish toxicity of bivalves. Mar Ecol Prog Ser 61:203-206

Kodzius R, Kojima M, Nishiyori H, Nakamura M, Fukuda S, Tagami M, Sasaki D, Imamura K, Kai C,
Harbers M, Hayashizaki Y, Carninci P (2006) CAGE: Cap Analysis of Gene Expression. Nat
Methods 3:211-22

Koebnik R (2005) TonB-dependent trans—envelope signalling: the exception or the rule?. Trends Microbiol
13:343-347

Kovach ME, Phillips RW, Elzer PH, Roop RM, Peterson KM (1994) pBBR1MCS: a broad—host-range
cloning vector. Biotechniques 16:800-802

Kroger N, Deutzmann R, Bergsdorf C, Sumper M (2000) Species—specific polyamines from diatoms
control silica morphology. Proc Natl Acad Sci U S A 97:14133-14138

Kréger N, Poulsen N (2008) Diatoms—from cell wall biogenesis to nanotechnology. Annu Rev Genet
42:83-107

Kurusu Y, Yoshimura S, Tanaka M, Nakamura T, Maruyama A, Higashihara T (2001) Genetic
transformation system for a psychrotrophic deep—sea bacterium: isolation and characterization of a
psychrotrophic plasmid. Mar Biotechnol 3:96-99

Laber B, Gomis—Rith FX, Romao MJ, Huber R (1992) Escherichia coli dihydrodipicolinate synthase,
identification of the active site and crystallization. Bichem J 288:691-695

Lahti R (1983) Microbial inorganic pyrophosphatases. Microbiol Rev 47:169-179

Lai Y, Peng H, Chang H (2001) Identification of genes induced in vivo during Klebsiella pneumoniae
CG43 Infection. Infect Immun 69:7140-7145

Lalonde K, Mucci A, Ouellet A, Gélinas Y (2012) Preservation of organic matter in sediments promoted
by iron. Nature 483:198-200

Larsen RA, Wilson MM, Guss AM, Metcalf WW (2002) Genetic analysis of pigment biosynthesis in
Xanthobacter autotrophicus Py2 using a new, highly efficient transposon mutagenesis system that
is functional in a wide variety of bacteria. Arch Microbiol 178:193-201

Larson E, Shanks A (1996) Consumption of marine snow by two species of juvenile mullet and its
contribution to their growth. Mar Ecol Prog Ser 130:19-28

Lau WWY, Armbrust EV (2006) Detection of glycolate oxidase gene g/cD diversity among cultured and
environmental marine bacteria. Environ Microbiol 8:1688-1702

158



Lau WWY, Keil RG, Armbrust EV (2007) Succession and diel transcriptional response of the glycolate—
utilizing component of the bacterial community during a spring phytoplankton bloom. Appl Environ
Microbiol 73:2440-2450

Lay JO (2001) MALDI-TOF mass spectrometry of bacteria. Mass Spectrom Rev 20:172-194

Lebeau T, Robert J-M (2003) Diatom cultivation and biotechnologically relevant products. Part I:
cultivation at various scales. Appl Microbiol Biotechnol60:612-23

Lee K, Bang J, Baek C, Park D (2007) IVET-based identification of virulence factors in Vibrio vuinflcus
MO6-24/0. J Microbiol Biotechnol 17:234-243

Lee OO0, Lai PY, Wu H-X, Zhou X—j, Miao L, Wang H and Qian P-J (2012) Marinobacter xestospongiae
sp. nov., a novel bacterium isolated from the marine sponge Xesifospongia testudinaria collected
from the Red Sea. Int J Syst Evol Micr 62:1980-1985

Lee SW, Cooksey DA (2000) Genes expressed in Pseudomonas putida during colonization of a plant-
pathogenic fungus. Appl Environ Microbiol 66:2764-2772

Lehnen D, Blumer C, Polen T, Wackwitz B, Wendisch VF, Unden G (2002) LrhA as a new transcriptional
key regulator of flagella, motility and chemotaxis genes in Escherichia coli. Mol Microbiol 45:521-
532

Lewis JK, Wei J, Siuzdak G (2000) Matrix—assisted Laser Desorption / lonization Mass Spectrometry in
peptide and protein analysis. In: Mayers RA (eds) Encyclopedia of Analytical Chemistry,
Chichester, p 5880-5894

Li PL, Everhart DM, Farrand SK (1998) Genetic and sequence analysis of the pTiC58 #b locus, encoding
a mating—pair formation system related to members of the Type IV Secretion Family J Bacteriol
180:6164-6172

Liebgott PP, Casalot L, Paillard S, Lorquin J, Labat M (2006) Marinobacter vinifirnus sp. nov., a
moderately halophilic bacterium isolated from a wine—barrel-decalcification wastewater. Int J Syst
Evol Microbiol 56:2511-2516

Locher KP, Rees B, Koebnik R, Mitschler A, Moulinier L, Rosenbusch JP, Moras D (1998)
Transmembrane signaling across the ligand—gated FhuA receptor: crystal structures of free and
ferrichrome—bound states reveal allosteric changes. Cell 96:771-778

Logan BE, Passow U, Alldredge AL, Grossart HP, Simon M (1995) Rapid formation and sedimentation of
large aggregates is predictable from coagulation rates (half-lives) of Transparent Exopolymer
Particles (TEP). Deep—Sea Res Il 42:203-214

Long R, Azam F (2001) Microscale patchiness of bacterioplankton assemblage richness in seawater.
Aqguat Microb Ecol 26:103-113

Longhurst AR, Harrison WG (1989) The biological pump: Profiles of plankton production and
consumption in the upper ocean. Prog Oceanogr 22:47-123

Lowe AM, Beattie DT, Deresiewicz RL (1998) Identification of novel staphylococcal virulence genes by in
vivo expression technology. Mol Microbiol 27:967-76

Maccaferri S, Biagi E, Brigidi P (2011) Metagenomics: key to human gut microbiota. Dig Dis 29:525-30

Maclean D, Jones JDG, Studholme DJ (2009) Application of “next—generation” sequencing technologies
to microbial genetics. Nat Rev Microbiol 7:287-296

Macnab RM (2003) How bacteria assemble flagella. Annu Rev Microbiol 5:77-100

Maddocks SE, Oyston PCF (2008) Structure and function of the LysR-type transcriptional regulator
(LTTR) family proteins. Microbiology 154:3609-3623

Mahan MJ, Slauch JM, Mekalanos JJ (1993) Selection of bacterial virulence genes that are specifically
induced in host tissues. Science 259:686-688

Manoil C, Beckith J (1986) A genetic approach to analyzing membrane protein topology. Science
233:1403-1407

159



Marioni J, Mason C, Mane S (2008) RNA-seq: an assessment of technical reproducibility and
comparison with gene expression arrays. Genome Res 18:1509-1517

Martin DW, Schurr MJ, Mudd MH, Deretic V (1993) Differentiation of Pseudomonas aeruginosa into the
alginate—producing form: inactivation of mucB causes conversion to mucoidy. Mol Microbiol
9:497-506

Martin JH, Fitzwater SF (1988) Iron deficiency limits phytoplankton growth in the north—east Pacific
subartic. Nat Biotechnol 331:341-343

Martin JH (1990) Glacial-Intergacial CO» change: the iron hypothesis. Paleoceanography 5:1-13

Martinez JS, Butler A (2007) Marine amphiphilic siderophores: marinobactin structure, uptake, and
microbial partitioning. J Inorg Biochem 101:1692-1698

Martinez L, Silver MW, King JM, Alldredge AL (1983) Nitrogen fixation by floating diatom mats: a source
of new nitrogen to oligotrophic ocean waters. Science 221:152-154

Mayali X, Franks PJS, Azam F (2008) Cultivation and ecosystem role of a marine roseobacter clade—
affiliated cluster bacterium. Appl Environ Microbiol 74:2595-2603

Mazzeo MF, Sorrentino A, Gaita M, Cacace G, Di Stasio M, Facchiano A, Comi G, Malorni A, Siciliano
RA (2006) Matrix—assisted laser desorption ionization-time of flight mass spectrometry for the
discrimination of food—borne microorganisms. Appl Environ Microbiol 72:1180-1189.

Meng J, Yin Y, Zhang X, Huang Y, Lan K, Cui F, Xu S (2008) Identification of Streptococcus pneumoniae
genes specifically induced in mouse lung tissues. Can J Microbiol 65:58-65

Michel GPF, Durand E, Filloux A (2007) XphA/XghA, a Novel GspCD Subunit for Type Il Secretion in
Pseudomonas aeruginosa. J Bacteriol 189:3776-3783

Miller TR, Belas R (2006) Motility is involved in Silicibacter sp. TM1040 interaction with dinoflagellates.
Env Microbiol 8:1648-1659

Mirwaldt C, Korndérfer I, Huber R (1995) The crystal structure of sihydrodipicolinate synthase from
Escherichia coli at 2.5 A Resolution. J Mol Biol 246:227-239

Mitchell J, Pearson L, Dillon S, Kantali K (1995) Natural assemblages of marine bacteria exhibiting high—
speed motility and large accelerations. Appl Environ Microbiol 61:4436-4440

Moeck SG, Coulton JW (1998) TonB—dependent iron acquisition: mechanisms of siderophore—-mediated
active transport. Mol Microbiol 28:675-681

Moeseneder MM, Winter C, Herndl GJ (2001) Horizontal and vertical complexity of attached and free—
living bacteria of the eastern Mediterranean Sea, determined by 16S rDNA and 16S rRNA
fingerprints. Limnol Oceanogr 46:95-107

Morozova O, Hirst M, Marra MA (2009) Applications of new sequencing technologies for transcriptome
analysis. Annu Rev Genomics Hum Genet 10:135-151

Nagalakshmi U, Wang Z, Waern K, Shou C, Raha D, Gerstein M, Snyder M (2008) The transcriptional
landscape of the yeast genome defined by RNA sequencing. Science 320:1344-1349

Nakayama H, Kurokawa K, Lee BL (2012) Lipoproteins in bacteria: structures and biosynthetic pathways.
FEBS J 279:4247-4268

Nelson D, Tréguer P, Brzezinski MA, Leynaert A, Quéguiner B (1995) Production and dissolution of
biogenic silica in the ocean: Revised global estimates, comparison with regional data and
relationship to biogenic sedimentation. Global Biogeochem Cycles 9:359-372

Nelson DL, Cox MM (2000) Lehninger Principles of Biochemistry, 3rd Ed.Worth Publishers, NY
Nilsson J, Nissen P (2005) Elongation factors on the ribosome. Curr Opin Struct Biol 15:349-354

Noonan KE, Beck C, Holzmayer TA, Chin JE, Wunder JS, Andrulis IL, Gazdar AF, Willman CL, Griffith B,
Hoff DD Von (1990) Quantitative analysis of MDR1 (multidrug resistance) gene expression in human
tumors by polymerase chain reaction. Proc Natl Acad Sci U S A 87:7160-7164

160



Oke V, Long SR (1999) Bacterial genes induced within the nodule during the Rhizobium—-legume
symbiosis. Mol Microbiol 32:837-849

Ong SE, Pandey A (2001) An evaluation of the use of two—dimensional gel electrophoresis in proteomics.
Biomol Eng 18:195-205

O'Toole GA (2011) Microtiter dish biofilm formation assay. J Vis Exp e2437 DOI:10.3791/2437

Paerl H, Pinckney J (1996) A mini-review of microbial consortia: their roles in aquatic production and
biogeochemical cycling. Microb Ecol 31:225-247

Pandey A, Mann M (2000) Proteomics to study genes and genomes. Nature 405:837-846

Passow U (2002) Production of transparent exopolymer particles (TEP) by phyto— and bacterioplankton.
Mar Ecol Prog Ser 236:1-12

Passow U, Shipe RF, Murray A, Pak D, Brzezinski MA, Alldredge AL (2001) The origin of transparent
exopolymer particles (TEP) and their role in the sedimentation of particulate matter. Cont Shelf Res
21:327-346.

Paul C, Pohnert G (2011) Interactions of the algicidal bacterium Kordia algicida with diatoms: regulated
protease excretion for specific algal lysis. PloS One 6:¢21032

Perez B, Planet P, Kachlany S (2006) Genetic analysis of the requirement for flp-2, tadV, and rcpB in
Actinobacillus actinomycetemcomitans biofilm formation. J Bacteriol 188:6361-6375

Perkins DN, Pappin DJC, Creasy DM, Cottrell JS (1999) Probability-based protein identification by
searching sequence databases using mass spectrometry data. Electrophoresis 20: 3551-3567

Phillips CJ, Smith Z, Embley TM, Prosser JI (1999) Phylogenetic differences between particle-associated
and planktonic ammonia—oxidizing bacteria of the B—subdivision of the class Proteobacteria in the
northwestern Mediterranean Sea. Appl Environ Microbiol 65:779-786

Pichevin LE, Reynolds BC, Ganeshram RS, Cacho |, Pena L, Keefe K, Ellam RM (2009) Enhanced
carbon pump inferred from relaxation of nutrient limitation in the glacial ocean. Nature 459:1114-
1117

Piekarski T, Buchholz I, Drepper T, Schobert M, Wagner—Doebler |, Tielen P, Jahn D (2009) Genetic
tools for the investigation of Roseobacter clade bacteria. BMC Microbiol 9:265-272

Planet PJ, Kachlany SC, Fine DH, DeSalle R, Figurski DH (2003) The Widespread Colonization Island of
Actinobacillus actinomycetemcomitans. Nat Genet 34:193-198

Ploug H, Grossart H, Azam F, BB Jorgensen (1999) Photosynthesis, respiration, and carbon turnover in
sinking marine snow from surface waters of Southern California Bight: implications for the carbon
cycle in the. Mar Ecol Prog Ser 179:1-11

Pomeroy LR, Williams PJ, Azam F, Hobbie JE (2007) The Microbial Loop. Oceanography 20:28-33

Postma PW, Lengeler JW, Jacobson GR (1993) Phosphoenolpyruvate:Carbohydrate Phosphotransferase
Systems of Bacteria. Microbiol Rev 57:543-594

Priefer UB, Simon R, Puhler A (1985) Extension of the host range of Escherichia coli vectors by
incorporation of RSF1010 replication and mobilization functions. J Bacteriol 163:324-329

Psylinakis E, Boneca IG, Mavromatis K, Deli A, Hayhurst E, Foster SJ, Varum KM, Bouriotis V (2005)
Peptidoglycan N—acetylglucosamine deacetylases from Bacillus cereus, highly conserved proteins
in Bacillus anthracis. J Biol Chem 280:30856-30863

Rabilloud T, Vaezzadeh A, Potier N, Lelong C, Leize-Wagner E, Chevallet M (2009) Power and
limitations of electrophoretic separations in proteomics strategies. Mass Spectrom Rev 28:816-843

Raes J, Bork P (2008) Molecular ecosystems biology: towards an understanding of community function.
Nat Rev Microbiol 6:693-699

Rainey PB, Preston GM (2000) In vivo expression technology strategies: valuable tools for biotechnology.
CurrOpin Biotechnol 11:440-444

161



Raman R, Rajanikanth V, Palaniappan RUM, Lin YP, He H (2010) Big domains are novel Ca2+—binding
modules: Evidences from big domains of Leptospira immunoglobulin—Like (Lig) Proteins. PLoS
ONE 5:e14377

Rappas M, Niwa H, Zhang X (2004) Mechanisms of ATPases—a multi-disciplinary approach. Curr Protein
Pept Sci 5:89-105

Raven JA, Falkowski PG (1999) Oceanic sinks for atmospheric COz. Plant Cell Environ 22:741-755

Rediers H, Rainey PB, Vanderleyden J, De Mot R (2005) Unraveling the secret lives of bacteria: use of in
Vivo Expression Technology and Differential Fluorescence Induction Promoter Traps as tools for
exploring niche—specific gene expression. Microbiol Mol Biol Rev 69:217-261

Repoila F, Majdalani N, Gottesman S (2003) Small non—coding RNAs, co-ordinators of adaptation
processes in Escherichia coli. the RpoS paradigm. Molecular microbiology 48:855-61

Rainey PB, Preston GM (2000) /n vivo expression technology strategies: valuable tools for biotechnology.
Curr Opin Biotechnol 11:440-444

Ribalet F, Intertaglia L, Lebaron P, Casotti R (2008) Differential effect of three polyunsaturated aldehydes
on marine bacterial isolates. Aquat Toxicol 86:249-55

Riebesell U, Schulz KG, Bellerby RGJ, Botros M, Fritsche P, Meyerhdfer M, Neil C, Nondal G, Oschlies
A, Wohlers J, Zoliner E (2007) Enhanced biological carbon consumption in a high CO2 ocean.
Nature 450:545-549

Romanenko LA, Schumann P, Rohde M, Zhukova NV, Mikhailov VV, Stackebrandt E (2005) Marinobacter
bryozoorum sp. nov. and Marinobacter sediminum sp. nov., novel bacteria from the marine
environment. Int J Syst Evol Micr 55: 143-148

Rontani JF, Mouzdahir A, Michotey V, Caumette P, Bonin P (2003) Production of a polyunsaturated
isoprenoid wax ester during aerobic metabolism of squalene by Marinobacter squalenivorans sp.
nov. Appl Environ Microbiol 69:4167-4176

Rothhaupt K, Giide H (1992) The influence of spatial and temporal concentration gradients on phosphate
partitioning between different size fractions of plankton: further evidence and possible causes.
Limnol Oceanogr 37:739-749

Round FE, Crawford DG, Mann DG (1990) The Diatoms: Biology and Morphology of the Genera.
Cambridge University Press, Cambridge, UK, 747 pp.

Saleh—-Lakha S, Shannon KE, Goyer C, Trevors JT (2011) Challenges in quantifying microbial gene
expression in soil using quantitative reverse transcription real-time PCR. J Microbiol Methods
85:239-243

Sambrook J, Fritsch E, Maniatis T (1989) Molecular cloning: a laboratory manual, 2nd ed. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

Sapp M, Schwaderer AS, Wiltshire KH, Hoppe HG, Gerdis G, Wichels A (2007) Species—specific
bacterial communities in the phycosphere of microalgae?. Microb Ecol 53:683-699

Sapp M, Gerdts G, Wellinger M, Wichels A (2008) Consuming algal products: trophic interactions of
bacteria and a diatom species determined by RNA stable isotope probing. Helgol Mar Res 62:283-
287

Sarmiento JL, Orr JC (1991) Three—dimensional simulations of the impact of Southern Ocean nutrient
depletion on atmospheric CO2 and ocean chemistry. Limnol Oceanogr 36:1928-1950

Sastry V, Rao G (1994) Antibacterial substances from marine algae: successive extraction using benzene,
chloroform and methanol. Botanica Marina 37:357-360

Schéfer A, Tauch A, Jager W, Kalinowski J, Thierbach G, Pihler A (1994) Small mobilizable multi—
purpose cloning vectors derived from the Escherichia coli plasmids pK18 and pK19: selection of
defined deletions in the chromosome of Corynebacterium glutamicum. Gene 145:69-73

162



Shalom G, Shaw JG, Thomas MS (2007) In vivo expression technology identifies a type VI secretion
system locus in Burkholderia pseudomallei that is induced upon invasion of macrophages.
Microbiology 153:2689-2699

Schena M, Shalon D, Davis RW, Brown O (1995) Quantitative monitoring of gene expression patterns
with a complementary DNA microarray. Science 270:467-470

Schena M (1996) Genome analysis with gene expression microarrays. Bioessays 18:427-431

Schilling J, Wagner K, Seekircher S, Greune L, Humberg V, Schmidt MA, Heusipp G (2010)
Transcriptional activation of the fad type IVb pilus operon by PypB in Yersinia enterocolitica. J
Bacteriol 192:3809-3821

Schlaman H, Okker R, Lugtenberg B (1992) Regulation of nodulation gene expression by NodD in
rhizobia. J Bacteriol 174:5177-5182

Schneider E, Hunke S (1998) ATP-binding—cassette (ABC) transport systems: functional and structural
aspects of the ATP—-hydrolyzing subunits/domains. FEMS Microbiol Rev 22:1-20

Schurr MJ, Vickrey JF, Kumar AP, Campbell AL, Cunin R, Benjamin RC, Shanley MS, O’Donovan GA
(1995) Aspartate transcarbamoylase genes of Pseudomonas putida: requirement for an inactive
dihydroorotase for assembly into the dodecameric holoenzyme. J Bacteriol 177:1751-1759.

Seebah S (2012) Molecular and ecological analysis of cellular attachment and induction of transparent
exopolymeric particle formation in diatom—bacteria interactions. PhD dissertation, Jacobs
University Bremen, Germany

Seong KJ, Hoon Chang J, Il Chung S, Sun Yum J (1999) Molecular cloning and characterization of the
Helicobacter pylori fliD gene, an essential factor in flagellar structure and motility. J Bacteriol
181:6969-6976

Seymour JR, Ahmed T, Durham WM, Stocker R (2010). Chemotactic response of marine bacteria to the
extracellular products of Synechococcus and Prochlorococcus. Aquat. Microb. Ecol. 59:161-168

Shalom G, Shaw JG, Thomas MS (2007) In vivo expression technology identifies a type VI secretion
system locus in Burkholderia pseudomallei that is induced upon invasion of macrophages.
Microbiology 153:2689-2699

Shapira SK, Chou J, Richaud FV, Casadaban MJ (1983) New versatile plasmid vectors for expression of
hybrid proteins coded by a cloned gene fused to /acA gene sequences encoding an enzymatically
active carboxy—-terminal portion of B—galactosidase. Gene 25:71-82

Shaw JG, Hamblin MJ, Kelly DJ (1991) Purification, characterization and nucleotide sequence of the
periplasmic C4—dicarboxylate—binding protein (DctP) from Rhodobacter capsulatus. Mol Microbiol
5:3055-3062

Sher D, Thompson JW, Kashtan N, Croal L, Chisholm SW, 2011. Response of Prochlorococcus
ecotypes to co—culture with diverse marine bacteria. ISME J 5:1125-1132

Shevchenko A, Tomas H, Havlis J, Olsen JV and Mann M (2006) In—gel digestion for mass spectrometric
characterization of proteins and proteomes. Nat Protoc 1:2856-2860

Siggins A, Gunnigle E, Abram F (2012) Exploring mixed microbial community functioning: recent
advances in metaproteomics. FEMS Microbiol Ecol 80:265-80

Silby MW, Rainey PB, Levy SB (2004) IVET experiments in Pseudomonas fluorescens reveal cryptic
promoters at loci associated with recognizable overlapping genes. Microbiology 150:518-520

Silhavy TJ, Beckwith JR (1985) Uses of lac fusions for the study of biological problems. Microbiol Rev
49:398-418

Simon M, Grossart H, Schweitzer B, Ploug H (2002) Microbial ecology of organic aggregates in aquatic
ecosystems. Aquat Microb Ecol 28:175-211

Singer E, Webb EA, Nelson WC, Heidelberg JF, Ivanova N, Pati A, Edwards KJ (2011) Genomic
potential of Marinobacter aquaeolei, a biogeochemical 'opportunitroph'. App Environ Microbiol
77:2763-2771

163



Singh A, Hodgson N, Yan M, Joo J, Gu L, Sang H, Gregory—Bryson E, Wood WG, Ni Y, Smith K,
Jackson SH, Coleman WG (2012) Screening Helicobacter pylor genes induced during infection of
mouse stomachs. World J Gastroenterol 18:4323-4334

Siqueira JF, Fouad AF, Récas IN (2012) Pyrosequencing as a tool for better understanding of human
microbiomes. J Oral Microbiol 4:1-15

Skerker JM, Shapiro L (2000) Identification and cell cycle control of a novel pilus system in Caulobacter
crescentus. EMBO J 19:3223-3234

Slauch JM, Mahan MJ, Mekalanos JJ (1994) /n vivo expression technology for selection of bacterial genes
specifically induced in host tissues. Meth Enzymol 235:481-492

Slightom RN, Buchan A (2009) Surface colonization by marine roseobacters: integrating genotype and
phenotype. Appl Environ Microbiol 75:6027-6037

Smirnova AV, Ullrich MS (2004) Topological and deletion analysis of CorS, a Pseudomonas syringae
sensor kinase. Microbiology 150:2715-2726

Smith DD, Simon M, Alldredge AL, Azam F (1992) Intense hydrolytic enzyme activity on marine
aggregates and implications for rapid particle dissolution. Nature 359:139-142

Sonnenschein E, Gardes A, Seebah S, Torres—Monroy |, Grossart HP, Ullrich MS (2011) Development of
a genetic system for Marinobacter adhaerens HP15 involved in marine aggregate formation by
interacting with diatom cells. J Microbiol Methods 87:176—183

Sonnenschein EC, Abebew Syit D, Grossart HP, Ullrich MS (2012) Chemotaxis of Marinobacter
adhaerens and its impact on attachment to the diatom T7halassiosira weissflogii. Appl Environ
Microbiol 78:6900-6907

Speicher KD, Kolbas O, Harper S and Speicher DW (2000) Systematic analysis of peptide recoveries
from in—gel digestions for protein identifications in proteome studies. J Biomol Tech 11:74-86

Stancik LM, Stancik DM, Schmidt B, Barnhart DM, Yoncheva YN, Slonczewski JL (2002) pH-dependent
expression of periplasmic proteins and amino acid catabolism in Escherichia coli. J Bacteriol
184:4246-4258

Staskawicz B, Dahlbeck D, Keen N, Napoli C (1987) Molecular characterization of cloned avirulence
genes from race 0 and race 1 of Pseudomonas syringae pv. glycinea. J Bacteriol 169:5789-5794

Steele MI, Lorenz D, Hatter K, Park A, Sokatch JR (1992) Characterization of the mmsAB operon of
Pseudomonas aeruginosa PAO encoding methylmalonate—semyaldehyde dehydrogenase and 3—
hydroxyisobutyrate dehydrogenase. J Biol Chem 267:13585-13592

Steinberg DK, Silver MW, Pilskaln CH, Coale SL, Paduan JB (1994) Midwater zooplankton communities
on pelagic detritus (giant larvacean houses) in Monterey Bay, California. Limnol Oceanogr 39:1606-
1620

Stock AM, Robinson VL, Goudreau PN (2000) Two—component signal transduction. Annu Rev Biochem
69:183-215

Stock JB, Stock AM, Mottonen JM (1990) Signal transduction in bacteria. Nature 344:395-400

Stocker R, Seymour JR, Samadani A, Hunt DE, Polz MF (2008) Rapid chemotactic response enables
marine bacteria to exploit ephemeral microscale nutrient patches. Proc Natl Acad Sci U S A
105:4209-4214

Stragier P, Richaud F, Borne F, Patte J (1983) Regulation of diaminopimelate decarboxylase synthesis in
Escherichia coli: |. |dentification of a /ysA gene encoding an activator of the /ysA gene. J Mol Biol
168:307-320

Sumper M, Kréger N (2004) Silica formation in diatoms: the function of long—chain polyamines and
silaffins. J Mater Chem 14:2059-2065

Suttle CA (2007) Marine viruses—major players in the global ecosystem. Nat Rev Microbiol 5:801-812

164



Takai K, Moyer CL, Miyazaki M, Nogi Y, Hirayama H, Nealson KH, Horikoshi K (2005) Marinobacter
alkaliphilus sp. nov., a novel alkaliphilic bacterium isolated from subseafloor alkaline serpentine
mud from Ocean Driling Program Site 1200 at South Chamorro Seamount, Mariana Forearc.
Extremophiles 9:17-27

Takeda S (2011) Iron and Phytoplankton Growth in the Subarctic North Pacific. Aqua—BioScience
Monographs 4:41-93

Tam R, Saier MH (1993) Structural, functional, and evolutionary relationships among extracellular
solute.binding receptors of bacteria. Microbiol Rev 57:320-346

Tang Y, Guest JR, Artymiuk PJ, Read RC, Green J (2004) Post-transcriptional regulation of bacterial
motility by aconitase proteins. Mol Microbiol 51:1817-1826

Thoma S, Schobert M (2009) An improved Escherichia coli donor strain for diparental mating. FEMS
Microbiol Lett 294:127-132

Thomas D, Morgan DG, DeRosier DJ (2001) Structures of bacterial flagellar motors from two FliF-FIiG
gene fusion mutants. J Bacteriol 183:6404-6412

Tiselius P, Kigrboe T (1998) Colonization of diatom aggregates by the dinoflagellate Noctiluca scintillans.
Limnol Oceanogr 43:154-159

Tomich M, Planet PJ, Figurski DH (2007) The fad locus: postcards from the widespread colonization
island. Nat Rev Microbiol 5:363-375

Trevors JT, Bej AK, Mojib N, Elsas JD van, Overbeek L Van (2012) Bacterial gene expression at low
temperatures. Extremophiles 16:167-176

Ullrich MS, Schergaut M, Boch J, Ullrich B (2000) Temperature—responsive genetic loci in the plant
pathogen Pseudomonas syringae pv. glycinea. Microbiology 146:2457-2468

Valdivia RH, Falkow S (1996) Bacterial genetics by flow cytometry: rapid isolation of Sal/monella
typhimurium acid—inducible promoters by differential fluorescence induction. Mol Microbiol 22:367-
378

Velculescu VE, Zhang L, Vogelstein B, Kinzler KW (1995) Serial analysis of gene expression. Science
270:484-487

Verdugo P, Alldredge AL, Azam F, Kirchman DL, Passow U, Santschi PH (2004) The oceanic gel phase:
a bridge in the DOM-POM continuum. Mar Chem 92:67-85

Vrieling E, Poort L, Beelen T, Gieskes W (1999) Growth and silica content of the diatoms Thalassiosira
weissflogii and Navicula salinarum at different salinities and enrichments with aluminium. European
J Phycol 34:307-316

Wang G, Maier SE, Lo LF, Maier G, Dosi S, Maier RJ (2010) Peptidoglycan deacetylation in Helicobacter
pylori contributes to bacterial survival by mitigating host immune responses. Infect Immun
78:4660—-4666

Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary tool for transcriptomics. Nat Rev Genet
10:57-63

Watson A, Mazumder A, Stewart M, Balasubramanian S (1998) Technology for microarray analysis of
gene expression. Curr Opin Biotechnol 9:609-614

Weidenhaupt M, Rossi P, Beck C, Fischer HM, Hennecke H (1996) Bradyrhizobium japonicum possesses
two discrete sets of electron transfer flavoprotein genes: fix4, fixB and etfS, etfL. Arch Microbiol
165:169-178

Weinbauer MG, Chen F, Wilhelm SW (2011) Virus—Mediated Redistribution and Partitioning of Carbon in
the Global Oceans. In: Jiao N, Azam F, Sanders S (Eds) Microbial Carbon Pump in the Ocean.
Science, p 54-56

Wells M, Goldberg E (1994) The distribution of colloids in the North Atlantic and Southern Oceans. Limnol
Oceanogr 39:286-302

165



Westermann AJ, Gorski SA, Vogel J (2012) Dual RNA-seq of pathogen and host. Nat Rev Microbiol
10:618-630

Willey J, Waterbury J (1989) Chemotaxis toward nitrogenous compounds by swimming strains of marine
Synechococcus spp. Appl Environ Microbiol 55:1888-1894

Wilson KJ, Sessitsch A, Corbo JC, Giller KE, Akkermans ADL, Jefferson RA (1995) B-Glucuronidase
(GUS) transposons for ecological and genetic studies of rhizobia and other Gram-negative
bacteria. Microbiology 141:1691-1705

Wohlbrand L, Rabus R (2008) Development of a Genetic System for the Denitrifying Bacterium
‘Aromatoleumn aromaticum’ Strain EbN1. J Mol Microbiol Biotechnol 17:41-52

Worden AZ, Cuvelier ML, Bartlett DH (2006) In—-depth analyses of marine microbial community genomics.
Trends Microbiol 14:331-336

Wu Y, Lee SW, Hillman JD, Progulske-Fox A (2002) Identification and testing of Porphyromonas
gingivalis virulence genes with a pPGIVET system. Infect Immun 70:928-937

Yakimov MM, Timmis KN, Golyshin PN (2007) Obligate oil-degrading marine bacteria. Curr Opin
Biotechnol 18:257-266

Yang S, Perna NT, Cooksey DA, Okinaka Y, Lindow SE, Ibekwe AM, Keen NT, Yang C-H (2004)
Genome-wide identification of plant-upregulated genes of Ewinia chrysanthemi 3937 using a GFP-
based IVET leaf array. Mol Plant Microbe Interact 17:999-1008

Zdobnov E, Apweiler R (2001) InterProScan—an integration platform for the signature—recognition
methods in InterPro. Bioinformatics 17:847-848

Zhao L, Liu C, Sun Y, Ban L (2012) A rapid and simplified method for protein silver staining in
polyacrylamide gels. Electrophoresis 33:2143-2144

Ziervogel K, Arnosti C (2008) Polysaccharide hydrolysis in aggregates and free enzyme activity in
aggregate—free seawater from the north—eastern Gulf of Mexico. Environ Microbiol 10:289-299

ZoBell CE (1941) Studies on marine bacteria. |. The cultural requirements of heterotrophic aerobes. J Mar
Res 4:42—-75

Zomer AL, Buist G, Larsen R, Kok J, Kuipers OP (2007) Time-resolved determination of the CcpA
regulon of Lactococcus lactis subsp. cremoris MG1363. J Bacteriol 189:1366—1381

Zumaquero A, Macho AP, Rufian JS, Beuzdon CR (2010) Analysis of the role of the type Il effector
inventory of Pseudomonas syringae pv. phaseolicola 1448a in interaction with the plant. J Bacteriol
192:4474-4488

Zupan J, Muth TR, Draper O, Zambryski P (2000) The transfer of DNA from Agrobacterium tumefaciens
into plants: a feast of fundamental insights. Plant J 23:11-28

166



