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Abstract

The Chemical Biology of Siderophores from the
Bacterial Endosymbionts of Shipworms

By
Andrew Han
Doctor of Philosophy
Oregon Health & Science University
November 2011
Professor Margo Haygood, Advisor
Shipworms are marine bivalve mollusks (Family Teredinidae) that burrow
into wood for shelter and a source of food. They harbor a closely related, yet
phylogenetically distinct, group of bacterial endosymbionts in bacteriocytes located in
the gills. This endosymbiotic community is believed to support the host’s nutrition in
multiple ways. The symbionts have been shown to produce cellulolytic enzymes that
are believed to aid the host in the digestion of wood. They also provide a source of
fixed nitrogen through the process of nitrogen fixation to supplement the nitrogen-
poor diet of wood. In host systems, iron is tightly regulated and bound by host
proteins, limiting its availability to associated microbes. Due to their implicated role
in nitrogen fixation, shipworm symbionts may have an even higher demand for iron
in the host beyond those required for normal growth. One of the strategies utilized by
microbes in the acquisition of iron is through the production of low molecular weight
compounds with high affinity for Fe(l11) called siderophores.
This work presents the structures, biosynthesis, and possible roles for

siderophores in the shipworm system. One of the most well studied shipworm
symbiont is Teredinibacter turnerae. Chapter 2 presents the characterization of a

novel catecholate siderophore produced by T. turnerae T7901, called turnerbactin. In

addition, the biosynthetic pathway for turnerbactin is analyzed. Chapter 3 introduces

Xii



other members of the shipworm endosymbiotic community and addresses the
potential for siderophore production in these members through a mass spectrometry-
based survey and through bioinformatic analysis of genomic data. This overview of
the siderophore potential of symbionts suggests the predomination of catecholate-type
siderophores from this community of bacteria. Chapter 4 analyzes how siderophores
might be utilized by shipworm symbionts and presents the potential for siderophores
to mediate interactions between symbionts. The combined use of cross-streaking
experiments and disc-diffusion assays indicate that siderophores have the potential to
inhibit the growth of fellow symbionts. This suggests that the endosymbiotic
community of shipworms does not work as a cooperative unit in the acquisition of

iron.
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Introduction

1.1 Shipworms

Shipworms are marine bivalve mollusks of the family Teredinidae. They utilize
wood as both a source of shelter and food. They can be found in floating, sunken, or
living wood ranging from intertidal zones to depths of 150 m (Distel et al., 2011).
Shipworms are globally distributed and can be found in both tropical and temperate
waters over a broad range of salinities, with over 65 described species. The name
shipworm comes from their ability to cause major destruction to marine wood
structures, such as ships. It’s estimated that these organisms cause over one billion
dollars of damage in the marine environment annually (Distel et al., 2011).

By burrowing into wood, shipworms are able to protect themselves from the
external environment. They use relatively small, highly modified shells that cover only
the anterior tip of the body to mechanically grind the wood. As it excavates, the
shipworm lays down a calcareous lining in the burrow that forms a tube that opens to
the external environment. Calcified plates, called pallets, are used to seal off the
burrow during unfavorable fluctuations in the environment and are also used for species
identification. Reproductive strategies range from internal fertilization and brooding of
larvae to broadcast spawning (Distel, 2003).

The wood that is excavated can be digested by the shipworms as a source of
food. In shipworm genera such as Lyrodus and Bankia, the wood enters through the
mouth, passes through the stomach, and accumulates in the caecum, the primary site
for wood digestion. After digestion, the waste material is transported through the

1



intestine to the excurrent siphon where it is released into the environment. A

simplified schematic of the shipworm anatomy is shown in Figure 1.1.

stomach
adductor muscle

siphon

intestine caecum

Figure 1.1. Anatomy of the shipworm. Adapted from Meghan Betcher.

A symbiotic community of bacteria that resides in specialized host cells,
bacteriocytes, in the gills is believed to aid in the digestion of this wood by the
production of cellulolytic enzymes. Woody tissue has two major structural polymers,
lignin and cellulose, and is thus referred to as lignocellulose. Cellulose degradation
into soluble sugars requires the activity of three types of enzymes: endoglucanases,
exoglucanases, and B-glucosidases (Zhang et al., 2006). Most animals that
predominately utilize wood as a food source rely on microbially-produced enzymes to
solubilize and digest the woody substrate. Therefore it is believed that the
endosymbiotic community assists the shipworm in the digestion of lignocellulose.

The assistance by an associated microbial community in the degradation of
wood is not unique to the shipworm. A notable example of this type of system is the
termite. The termite harbors a mixed community of eukaryotes and prokaryotes in

the organ of wood digestion that work together to digest wood (Breznak and Brune,



1994; Ohkuma, 2008). However, in contrast to the termite, shipworms have been
reported to contain few microbes in their digestive systems (Greenfield and Lane,
1953; Betcher, 2011). The process of wood digestion in the shipworm is believed to
be carried out by cellulolytic enzymes produced by gill-localized symbionts that are
excreted into the digestive organs (pers. comm. Jennifer Fung and Dan Distel). The
reason for the scarcity of microbes in the digestive tract and the mechanism of
cellulolytic enzyme transport are still not fully understood, but these aspects form the
basis of a unique symbiont-host system.

Many shipworms are capable of filter feeding (Turner, 1966), but wood serves
as the primary source of food for most species (Distel, 2003). A challenge faced
when relying on wood as a main nutritional source is the poor source of nitrogen that
wood provides. The woody diet must be supplemented with a source of nitrogen.
Bacterial symbionts isolated from multiple species of shipworms show the capability
to fix nitrogen in laboratory cultures (Distel et al., 2002b). Lechene et al. (2007)
directly implicated gill symbionts in fixing nitrogen in host tissue of the shipworm
Lyrodus pedicellatus by using multiple-isotope imaging mass spectrometry (MIMS)
and °N,. Furthermore, Lechene et al. (2007) showed that the newly fixed nitrogen
was transferred to host cells and was believed to be metabolized by host cells.

The endosymbiotic community of shipworms, therefore, serves a valuable
nutritional role in the shipworm, by the production of cellulolytic enzymes and the
fixation of nitrogen. This community has been examined by culture-dependent and
independent means (Distel et al., 2002a; Distel et al., 2002b; Luyten et al., 2006),

beginning with the cultivation of Teredinibacter turnerae (Waterbury et al., 1983).



T. turnerae was once thought to be the only symbiont; however, it has since been
shown that T. turnerae is part of a group of closely related, yet distinct, gamma
proteobacteria inhabiting shipworm gills. The location of these symbionts, as
mentioned above, is in bacteriocytes within the gill. The gill spans a large percentage
of the length of the shipworm body. Bacteriocytes line the interlamellar junctions and

efferent branchial vein within the gills (Figure 1.2) (Distel et al., 1991).
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Figure 1.2. Representation of shipworm gill anatomy, adapted from Distel et al. (1991) and Turner
(1966). (A) Shipworm body. (B) Cross-section of gills and associated blood vessels. MC, mantle
cavity; 1, intralamellar junction; AV, afferent branchial vein; EV, effecrent branchial vein; EC,
epibranchial cavity. (C) Tangential sections of gills. GF, gill filament, BC; bacteriocyte.

1.2 Nitrogen fixation

Nitrogen is an essential element for all organisms because it is a component of
many biomolecules, including proteins and nucleic acids. The largest pool of

nitrogen in the biosphere is atmospheric dinitrogen (N5), but this form is unusable by

4



most organisms due to its inert nature. Biological nitrogen fixation is the enzymatic
conversion of atmospheric N, gas into ammonia, represented by the following
equation:

N, + 8H" + 8e” + 16ATP — 2NH; + H;, + 16ADP + 16P;.

The two ammonia molecules are subsequently converted into other usable forms of
nitrogen.

Nitrogen fixation is catalyzed by the nitrogenase enzyme. The most common
form of nitrogenase that exists in all diazotrophs is the molybdenum nitrogenase, but
some organisms also carry a vanadium and/or an iron-only nitrogenase (Bishop and
Joerger, 1990). The molybdenum nitrogenase enzyme contains a homodimeric
component (NifH) that contains an Fe4-S, metallocluster and a heterotetrameric
component (NifDK) that contains a Mo-Fe;-Sg cofactor and a Feg-S7 P cluster (Rubio
and Ludden, 2008). Thus, iron is considered a critical nutrient for the process of

nitrogen fixation.

1.3 lron limitation

Work with the diazotrophic cyanobacterium Trichodesmium estimates that the
requirements for iron under diazotrophic growth is five times higher than under
ammonium-supported growth (Kustka et al., 2003). Studies looking at oceanic
nitrogen fixation suggest that iron is the limiting nutrient in the distribution of this
process (Mills et al., 2004; Moore et al., 2009). The insolubility of Fe(l11) at
physiological pH and aerobic conditions severely limits its bioavailability. In

addition, 99% of the Fe(lll) in the ocean is bound by uncharacterized organic ligands



(Rue and Bruland, 1995; Wu and Luther, 1995). Similarly, iron is also a limiting
nutrient in the host, where it is often tightly bound to host proteins such as ferritin,
transferrin, and heme containing proteins (Ratledge and Dover, 2000; Chu et al.,
2010). Inthe mammalian host, it’s been estimated that the iron requirements of a
bacterium for various metabolic processes are ~10 to 10*® fold higher than the free
iron that is available in the host (Andrews et al., 2003; Raymond et al., 2003). The
ability to acquire iron by associated or infecting bacteria is critical in establishing a
presence within the host.

Several studies have identified iron acquisition systems as integral
components that allow bacteria to colonize their respective hosts. Studies with the
fish pathogen Vibrio anguillarum have shown that virulence is dependent upon the
presence of a plasmid-encoded iron-acquisition system (Crosa, 1980; Crosa et al.,
1980; Wolf and Crosa, 1986). In the symbiosis between the luminescent bacterium
Vibrio fischeri and the squid Euprymna scolopes, colonization by a mutant V. fischeri
strain, which was partially deficient in its ability to acquire iron, failed to persist (Graf
and Ruby, 2000). The addition of FeCls relieved this defect. Similarly, the addition
of FeCl; relieved the defect found in an iron uptake mutant of the nematode symbiont
Photorhabdus. The mutant Photorhabdus was found to be unable to support the
growth and development of its host (Watson et al., 2005). These studies highlight the
need to study the iron acquisition systems of symbionts such as the gill
endosymbionts of shipworms. Their implicated role in nitrogen fixation suggests that

they may have an even higher demand for iron in the host.



1.4 Siderophores

In response to iron limitation, many bacteria and some fungi produce low-
molecular weight compounds with a high affinity for Fe(l11) called siderophores.
Hundreds of siderophores have been characterized, the majority being from the
terrestrial environment (Raymond et al., 1984; Winkelmann, 2002; Sandy and Butler,
2009). The three major types of functional binding groups are catechols, hydroxamic

acids, and a-hydroxycarboxylic acids (Figure 1.3).
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Figure 1.3. Representative siderophore structures showing the three common iron binding motifs: the
catecholate siderophore enterobactin, the hydroxamate siderophore desferrioxamine E, the a-
hydroxycarboxylate siderophore achromobactin.

The number of siderophore structures from marine microorganisms is
relatively few compared to their terrestrial counterparts. However, from the studies
available, there are two major themes concerning marine-derived siderophores
(Butler, 2005; Vraspir and Butler, 2009). The first being the reporting of a class of

amphiphilic siderophores that contain a peptidic iron-binding headgroup appended



with a series of fatty acids (Martinez et al., 2000; Martinez et al., 2003; Ito and
Butler, 2005; Martin et al., 2006). The other major feature of marine siderophores is
the presence of a-hydroxycarboxylic acids moieties that, when coordinated to Fe(lll),
are photoreactive (Barbeau et al., 2001; Barbeau et al., 2002; Barbeau et al., 2003;
Kdpper et al., 2006).

The incorporation of ferric-siderophore complexes is via specific outer
membrane receptors in a process driven by the cytosolic membrane potential and
mediated by the energy-transducing TonB-ExbB-ExbD system (Andrews et al.,
2003). Periplasmic binding proteins shuttle the ferric-siderophore complex to
cytosolic membrane ABC-transporters, which deliver the ferric-siderophore complex
to the cytoplasm. There iron is released either by reduction of the ferric iron to
ferrous iron (Hallé and Meyer, 1992), or by cleavage of the siderophore (Brickman

and Mclntosh, 1992).

1.5 Coordination of Fe(l11) by siderophores

Siderophores exhibit a wide range of affinity for Fe(lll). The standard
convention for expressing the overall equilibria of metal-ligand stability constants is
Bmin for the reaction mM+IL+hH=MLHy, where M is metal, L is ligand, and H is
proton. One of the weakest siderophores described, aerobactin, containing both
hydroxamate and a-hydroxycarboxylate groups, has a stability constant (B110) of 10%%°
(Harris et al., 1979), while the strongest siderophore, enterobactin, containing three
catecholate groups, has a stability constant of 10* (Loomis and Raymond, 1991).

Another siderophore, petrobactin, that contains two catecholate and an a-



hydroxycarboxylate binding group, and has a stability constant of 10** (Zhang et al.,
2009). However, these stability constants do not account for the competitive reaction
between protons and the metal to the binding groups of the siderophore, necessitating
the need to take into account the pK, of donor groups when comparing siderophores’
effectiveness at complexing Fe(l11). A value that allows for a more convenient
comparison of binding affinities between siderophores is pM. The pM value
measures the logarithmic concentration of free iron for a defined set of experimental
conditions: pH 7.4, Fe(l111) concentration of 10° M, and ligand concentration of 10
M. The calculated pM values of enterobactin and petrobactin are 35.5 (Harris et al.,
1979) and 23.1 (Zhang et al., 2009), respectively. This comparison between
enterobactin and petrobactin highlights the effect of pK, of donor groups and the high
affinity for Fe(l11) of triscatecholate siderophore at physiological pH.

Enterobactin was originally isolated from the enteric bacteria Escherichia coli
(O’Brien and Gibson, 1970) and Salmonella typhimurium (Pollack and Neilands,
1970) and is composed of three units of 2,3-dihydroxybenzoate that are each amide-
linked to a trilactone backbone of L-serine. In addition to enterobactin, other
triscatechol amide siderophores have been reported. The glucosylated derivative of
enterobactin, salmochelin, was reported from Salmonella enterica (Hantke et al.,
2003; Bister et al. 2004). Bacillus spp. produce bacillibactin, a trilactone of 2,3-
dihydroxybenzoyl-glycyl-L-threonine (May et al., 2001). The calculate stability
constant of bacillibactin,10*"° (Dertz et al., 2006), is comparable to enterobactin but
the glycine spacer diminishes the overall stability of the ferric siderophore complex.

Until recently, these were the only known triscatechol amide siderophores. But



recent studies have reported additional members of this family of compounds. A
trilactone of 2,3-dihydroxybenzoyl-arginyl-threonine was proposed to be produced by
strains of Streptomyces (Patzer and Braun, 2009). A linear trimer of 2,3-
dihydroxybenzoyl-D-arginyl-L-serine was described from the open ocean bacterium
Vibrio sp. DS40M4, trivanchrobactin (Sandy et al., 2010). The plant pathogen
Dickeya chrysanthemi was reported to produce the trilactone of 2,3-

dihydroxybenzoyl-D-lysyl-L-serine, cyclic trichrysobactin (Sandy and Butler, 2011).

1.6 Siderophore biosynthesis

Many siderophores are produced by nonribosomal peptide synthetases
(NRPS). NRPS’s are multimodular enzymes that produce a broad range of complex
peptide secondary metabolites. In addition to the 20 proteinogenic amino acids,
NRPS’s can incorporate a large number of nonproteinogenic amino acids. The
products of NRPS’s have a wide range of biological activity for use in antibiotic and
therapeutic applications (Fischbach and Walsh, 2006; Mootz et al., 2002). Examples
include the antibiotic glycopeptides of the vancomycin family (van Wageningen et
al., 1998) and the precursors for the penicillin and cephalosporin families of

antibiotics (Martin, 1998) (Figure 1.4).
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Figure 1.4. Antibiotic compounds produced by NRPS’s.

NRPSs are composed of modules, with each module responsible for
incorporating one amino acid into the peptide product. There are three core domains
that make up a minimal module. An adenylation domain (A domain) selects and
activates an amino acid substrate by converting it to an aminoacyl adenylate via an
attack by ATP. The activated aminoacyl adenylate is transferred to the thiol moiety
of'a 4’-phosphopantetheine (P-pant) attached to a peptidyl carrier protein (PCP
domain) to form an aminoacyl-thioester (aminoacyl-S-PCP). The P-pant group of
each PCP domain is posttranslationally introduced onto the hydroxy group of a
conserved serine (Ser) residue within the PCP domain by a P-pant transferase
(Lambalot et al., 1996). The PCP domain serves to transport the aminoacyl and
peptidyl chains to the various catalytic domains of the NRPS. Condensation domains
(C domain) catalyze the formation of the peptide bond of the upstream peptidyl-S-
PCP to the downstream aminoacyl-S-PCP, thereby elongating the peptidyl chain by
one aminoacyl residue. Chain termination and peptide release is usually carried out

by a C-terminus thioesterase domain (TE domain). The peptide chain is transferred
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from the terminal PCP domain to a serine residue in the TE domain to form an acyl-
O-TE intermediate. The final peptide product can be released either by a hydrolytic
reaction or an intramolecular cyclization reaction. Alternatively, a C-terminal
reductase domain (Re domain) can catalyze peptide release by a reduction of the
thioester, resulting in the release of an aldehyde product.

Additional NRPS tailoring domains exist that modify substrates. Many
NRPS’s contain epimerase domains (E domain) that generate D-amino acids. The
domain organization in such modules would be C,-Ay-PCPr-En-Cr1-Ans1-PCPpy1,
where the E, domain converts the L-amino acid activated by the A, domain to its D
configuration and the Cn+; domain catalyzes the peptide bond between the D-amino
acid selected by the A, domain to the L-amino acid selected by the An+1 domain.
These C domains have thus been designated as °C, domains, for D-donor and L-
acceptor. This would be in contrast to “C, domains where there was no E domain
present. Recently, a new type of C domain was discovered that has dual
epimerization and condensation activity (Dual E/C domain) (Balibar et al., 2005),
which can be viewed as °C, domains with epimerase activity. The Dual E/C domain
catalyzes the epimerization of the upstream L-amino acid to a D configuration and
subsequently catalyzes the condensation of the upstream and downstream resides.
Another type of C domain is the heterocyclization domain (Cy domain). These
domains catalyze the peptide bond formation and the subsequent cyclization of
cysteine (Cys), Ser, or threonine (Thr) residue, resulting in a heterocyclic five-

membered ring. Another tailoring domain is the methyltransferase domain (MT
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domain), which catalyzes the transfer of the methyl group from S-adenosylmethionine
to the amino group of an aminoacyl-S-PCP intermediate in a C-A-MT-PCP module.

In addition to NRPS-dependent routes of siderophore biosynthesis, NRPS-
independent routes of siderophore biosynthesis exist, utilizing alternating
dicarboxylic acid and diamine or amino alcohol building blocks linked by amide or
ester linkages (Challis, 2005). The most notable example of this type of siderophore
is aerobactin, which utilizes four genes, iucABCD, for biosynthesis (de Lorenzo et al.,
1986). lucD begins catalyzing the N6-hydroxylation of lysine, to form N6-
hydroyllysine. Next, lucB catalyzes the N6-acetylation of N-6-hydroylysine with
acetyl CoA to form N6-acetyl-N6-hydroxylysine. Then, IucA catalyzes the
condensation of N6-acetyl-N6-hydroxylysine with one of the prochiral carboxyl
groups of citric acid. This product is then condensed with another unit of N6-acetyle-
N6-hydroxylysine by lucC to form aerobactin.

While it is important for bacteria to secure adequate supplies of iron required
for growth, it is equally important to maintain intracellular iron concentrations at safe
levels. Excess intracellular iron concentrations can have toxic effects by catalyzing
the formation of reactive oxygen species via Fenton reactions. Therefore, iron uptake
genes need to be carefully regulated. This regulation is mediated by the ferric uptake
regulator (Fur) protein (Andrews et al., 2003; Escolar et al., 1999). The Fur protein is
a homodimer made up of 17 kDa subunits that acts as a transcriptional regulator of
iron-regulated promoters. Fur binds ferrous iron and undergoes a conformational
change that allows it to bind to target DNA sequences, called Fur boxes. Upon

binding, transcription of the operon is inhibited. When iron in the cell is scarce, Fur
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is not bound to iron and, thus, the promoter is free allowing access to RNA
polymerase for gene transcription. Studies with Escherichia coli originally proposed
that Fur proteins recognize a 19-bp inverted repeat sequence,
GATAATGATAATCATTATC (de Lorenzo et al., 1987). However, more recently,
Baichoo and Helmann (2002) proposed a revised view of the Fur box, suggesting that
the Fur box is composed of two overlapping inverted repeats, each consisting of a 7-
1-7 motif and each capable of binding a Fur protein, with a consensus sequence of

TGATAAT-ATTATCA.

1.7 Overview of the current study

The shipworm presents a unique system in which to study microbial
community dynamics. The endosymbiotic community is integral in supporting the
nutrition of the shipworm host. However, the interactions between symbionts in
carrying out these processes are not well understood. The goal of this work is to
investigate how siderophores influence the microbial community dynamic in the
shipworm. This will be carried out by examining the biosyntheses, structures, and
mediation activities of siderophores by bacterial endosymbionts of the shipworm.
First, the model symbiont Teredinibacter turnerae will be presented along with the
structure and biosynthesis of its siderophore. Next, a profile of the siderophore
capacity of the shipworm symbionts as a whole will be presented. Finally, the
potential for siderophores to mediate interactions between symbionts will be

presented and discussed.
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This work is in conjunction with the work of the Philippine Mollusk Symbiont
International Conservation Biodiversity Group (PMS-ICBG) and the laboratory of
Dan Distel. The PMS-ICBG is part of an NSF-funded program that addresses the
interdependent issues of drug discovery, biodiversity conservation, and sustainable
economic growth. These two entities have provided valuable resources in the form of

genomic data and bacterial strains.
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2. The siderophore from model symbiont Teredinibacter turnerae T7901

2.1 Introduction

The shipworm symbiont Teredinibacter turnerae has been found in numerous
genera and species of teredinid bivalves from across the globe (Distel et al., 2002b).
T. turnerae was originally cultivated by Waterbury et al. (1983) and was formally
described by Distel et al. (2002b). Although it has been estimated that T. turnerae
makes up only about 10% of the bacterial community in the shipworm Lyrodus
pedicellatus (Luyten et al., 2006), it is believed to be an overall important member of
the endosymbiotic community due to its presence in a total of nine genera and 24
species of teredinid bivalves (Distel et al., 2002b).

The genome of T. turnerae T7901 was recently sequenced (Yang et al., 2009).
Although T. turnerae is an intracellular symbiont, its genome does not show the
typical modifications experienced by obligate endosymbionts, most notably reduced
genome size, higher A+T content, and loss of DNA repair and transcriptional
regulatory genes (Moya et al., 2008). Its genome size is 5.1 Mb, with a 50.8% G+C
content, and includes genes involved in almost all core metabolic functions, including
DNA repair (Yang et al., 2009). These observations suggest either T. turnerae is a
facultative symbiont, or is part of a recently established symbiosis. To date, T.
turnerae has not been detected outside of the shipworm host.

The genome of T. turnerae T7901, as well as extensive laboratory data, also
reveals its ability to fix nitrogen and produce cellulolytic enzymes, both important
functions that nutritionally support the host (Waterbury et al., 1983; Distel et al.,

2002Db; Distel, 2003; Lechene et al., 2007; Yang et al., 2009). The nif operon contains
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a complete set of genes for nitrogen fixation. The suite of cellulases present in the
genome suggests that T. turnerae is highly specialized at degrading woody plant
material, such as cellulose, xylan, mannan, galactorhamnan, and pectin (Yang et al.,
2009).

Analysis of T. turnerae’s genome also reveals nine gene clusters predicted to
code for secondary metabolites, constituting nearly 7% of its genome. The field of
natural products is constantly searching for new bioactive compounds with novel
activity, particularly from symbionts from marine invertebrates (Piel, 2006). The
production of these compounds may play a role in the symbiosis, either in
antimicrobial activity against unwanted microbes or chemical defense of the
shipworm and its progeny.

One of the nine gene clusters of the secondary metabolome putatively codes
for a siderophore biosynthetic gene cluster (Yang et al., 2009). Previous work with
this gene cluster examined the expression of this cluster under varying conditions and
showed upregulation in iron-limiting conditions (Fishman, 2010), supporting the role
of this gene cluster in iron acquisition.

This work describes a gene cluster responsible for the biosynthesis of a novel
siderophore, 2,3-dihydroxybenzoyl-L-ornithyl-L-serine, named turnerbactin, by
Teredinibacter turnerae T7901. The biosynthetic genes involved in turnerbactin
production are herein referred to as tnb, for turnerbactin biosynthesis. Turnerbactin is
structurally characterized and a model for its biosynthesis is proposed. Turnerbactin

represents the first described siderophore from a shipworm symbiont.
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2.2 Methods

2.2.1 Strain information

Teredinibacter turnerae T7901 was originally isolated from the shipworm
Bankia gouldi from a laboratory-reared shipworm culture maintained at the Woods
Hole Oceanographic Institute, MA. The original shipworm specimen was from Duke

University Marine Lab, Beaufort, NC (Distel et al., 2002b).

2.2.2 Culture conditions

T. turnerae T7901 was grown in a low-iron, modified version of shipworm
basal medium (SBM) (Distel et al., 2002b; Waterbury et al., 1983) containing 750 ml
artificial seawater (Kester et al., 1967), 250 ml distilled water, 0.1 mM KH,PQy,
0.094 mM Na,COg3, 0.01 mM Na,Mo00,.2H,0, 0.5% (w:Vv) sucrose, 5 mM NH,4CI, 20
mM HEPES buffer (pH 8.0), 0.1 uM EDTA-chelated ferric iron (Sigma), and 1 ml
A5+Co trace metal mix (Rippka et al., 1979). Cultures were grown in 2.8 L
Fernbach flasks with 2 L culture medium at 30° C on an orbital shaker at 110 rpm. A
pre-culture of T. turnerae was prepared by inoculating an iron-replete (10 uM EDTA-
chelated ferric iron) SBM liquid culture with a single colony from an iron-replete
SBM agar plate (1.5% agar, w:v). The 2 L cultures were inoculated with 1 mL of
overnight-grown pre-culture. Cultures were grown for 2 days, when chrome azurol
sulfonate (CAS) (Schwyn and Neiland, 1987) activity of culture supernatants reached
maximum activity. All growth measurements were recorded on a SpectraMax M2

Multidetection Reader (Molecular Devices) with absorbance measured at 600 nm.
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2.2.3 Compound isolation

Culture supernatant was harvested by centrifuging cultures at 10000 rpm for
25 min. Decanted supernatant was placed in new 2.8 L Fernbach flasks, ~20 g/L
Diaion HP20 resin was added to the flasks, and the flasks were then incubated at 4° C
on an orbital shaker at 110 rpm for 4 hrs. The mixture was poured into a column
allowing the spent supernatant to flow through. The HP20 resin was washed with
MilliQ water, followed by 25%, 50%, and finally 100% isopropanol. The
siderophores were eluted with the 25% isopropanol fraction as detected by the CAS
assay. CAS activity was not detected in the 50% or 100% fraction. The 25%
isopropanol fraction was concentrated by rotary evaporation in vacuo. The
siderophores were purified by reverse-phase high—performance liquid
chromatography (RP-HPLC) on a semi-preparative C1g column (10 mm internal
diameter x 25 cm length, 5 um particle size, Ascentis) using water with 0.05%
trifluoroacetic acid (TFA) and acetonitrile (ACN) with 0.05% TFA as mobile phases
at a flow-rate of 3 mL/min. The programmed run consisted of a gradient run of 10%
ACN to 15% ACN from 0-10 min, followed by an isocratic step of 15% ACN from
10-15 min, then a gradient from 15% to 25% ACN from 15-35 min, then a final
gradient from 25% to 100% methanol from 35-40 min. The eluent was continuously
monitored at 215 nm and 320 nm. Fractions were collected manually and
immediately tested for CAS and Arnow (Arnow, 1937) activity and then concentrated
under vacuum. Collected fractions were further purified on an analytical RP-Amide-
Ci6 cOlumn (4.6 mm internal diameter x 25 cm length, 5 um particle size, Ascentis)

using the same method as above at a flow-rate of 1 mL/min. Pure siderophores were
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Iyophilized. The approximate yields of siderophores from a 4 L culture are 1.2 mg
turnerbactin, 2.1 mg diturnerbactin, 2.7 mg triturnerbactin, 2.4 mg dehydrated
diturnerbactin, and 1.2 mg dehydrated triturnerbactin.

Mass spectra were obtained on a ThermoElectron LTQ-Orbitrap high
resolution mass spectrometer as part of the Portland State University Bioanalytical
Mass Spectrometry Facility. Samples were dissolved in 50% methanol and MS
analysis was taken in positive mode using electrospray ionization (ESI). All 1-D and
2-D NMR experiments were carried out on a Bruker Avance Il Ultrashield Plus 800
MHz instrument with a cryoprobe in ds-methanol (CD3;OH). The NMR instrument is
part of the NMR facility at the University of California Santa Barbara, made available

courtesy of Prof. Alison Butler with assistance from Moriah Sandy.

2.2.4 Amino acid analysis

A dried preparation of purified triturnerbactin (~1 mg) was hydrolyzed in 200
pL 6 M HCI for 17 hours at 110° C. The solution was brought to room temperature
and evaporated to dryness. The dried, hydrolyzed sample was redissolved in 100 pL
H.0, to which 200 pL ofa 1% (w:v) solution of Marfey’s reagent (1-fluoro-2-4-
dinitrophenyl-5-L-alanine amide) (Marfey and Ottesen, 1984) in acetone and 40 pL 1
M NaHCO; were added. The reaction was heated for 1 hour at 40° C, after which 20
pL 2 M HCI was added to stop the reaction. The derivatized sample was analyzed by
HPLC on an analytical YMC ODS-AQ Cig column (4.6 mm, i.d. x 250 mm L, Waters

Corp.) using a linear gradient from 90% triethylamine phosphate (TEAP) (50 mM;

pH 3.0)/10% CH3CN to 60% TEAP/40% CHs3CN over 45 min. The eluent was
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continuously monitored on a Waters UV-visible detector at 340 nm. The derivatized

sample was compared to chiral amino acid standards prepared the same way.

2.2.5 Chemical extraction of shipworms

A laboratory culture of Lyrodus pedicellatus was obtained from Dan Distel at
the Ocean Genome Legacy and was maintained at room temperature in an aerated
aquarium until further processed. L. pedicellatus specimens were removed from
wood using pliers, slowly peeling away layers of wood until shipworms were
exposed, careful to not damage the shipworms. Six L. pedicellatus shipworms were
removed from the wood, rinsed in filter-seawater, pooled, and lyophilized. The
resulting dry weight was 85.4 mg. The tissue was then homogenized with a plastic
pestle. The tissue was extracted three times with three volumes of methanol on a
rotary mixer for one hour. The methanolic extract was separated from the tissue by
centrifugation at 15,000 rpm for 3 min and subsequently dried. Approximately 1 mg
of the crude methanolic extract was dissolved in water and injected onto a
ThermoElectron LTQ-Orbitrap high resolution mass spectrometer with a dedicated
Accela HPLC system using a C1g column (2.1 mm internal diameter x 10 cm length, 3
um particle size, Ascentis). Mass spectra were recorded in positive mode using ESI.
The following gradient run was used at a flow rate of 200 ul/min: 10% methanol in
water to 50% methanol over 30 min, followed by an increase to 100% methanol over
5 min. Both solvents contained 0.1% formic acid. Pure turnerbactin (approximately

10 pg) was used as a standard using the same method. The L. pedicellatus extract
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was analyzed first, followed by washing of the column, a blank injection, and then the

pure turnerbactin standard.

2.2.6 Bioinformatic analysis of NRPS domains

Module identification and domain organization of the NRPS was carried out
by the online tools NRPS-PKS (Ansari et al., 2004) and the PKS/NRPS analysis
website (Bachmann and Ravel, 2009). Additional analysis utilized the software
package HMMer (Eddy, 1998) available from the website http://hmmer.org/.

Adenylation domain: The specificity-conferring code of tnbF A domains were
determined using three different online tools: NRPS-PKS (Ansari et al., 2004),
NRPSpredictor2 (Rottig et al., 2011), and the PKS/NRPS analysis website
(Bachmann and Ravel, 2009). Phylogenetic analysis of the specificity-conferring
codes of numerous A domains was also carried out. Protein sequences of A domains
in tnbF were retrieved using the PKS/NRPS analysis website (Bachmann and Ravel,
2009). Reference A domain protein sequences were compiled from a list of A
domains with annotated specificity supplied by Rausch et al. (2005). A multiple
sequence alignment was constructed using MUSCLE (Edgar, 2004). After extracting
approximately a 100 amino acid stretch between core motifs A4 and A5, the
alignment was manually edited, guided by the structural anchors of this region
identified by Stachelhaus et al. (1999) and Challis et al. (2000). The alignment was
manipulated and edited in Geneious v5.4 (Drummond et al., 2011). The eight residue
alignment was exported out of Geneious and into MEGAS (Tamura et al., 2011).

Phylogenetic trees were inferred using the unweighted pair group method arithmetic
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averages (UPGMA) (Sneath and Sokal, 1973) with the JTT (Jones et al., 1992) amino
acid substitution matrix. The rate variation among sites was modeled with a gamma
distribution.

Condensation domain: Protein sequences of condensation domains in tnbF
were retrieved using the PKS/NRPS analysis website (Bachmann and Ravel, 2009).
Aligned protein sequences of condensation domains were downloaded from Rausch
et al. (2007). The condensation domain from tnbF was added to the downloaded
condensation domain alignment using the multiple sequence alignment program
MUSCLE. The alignment was edited in Geneious v5.4. A maximum likelihood
(ML) tree of condensation domains was reconstructed using RAXML 7.2.7
(Stamatakis, 2006). The amino acid substitution matrix used in this analysis was the
JTT matrix (Jones et al., 1992), with the I" model of rate heterogeneity. RAXML’s
rapid bootstrap was performed with 100 replicates and the best scoring ML tree was
saved. This analysis was done using the facilities made available by the CIPRES
portal in San Diego, CA (Miller et al., 2010).

TE domain: The sequence of the TE domain was aligned with other annotated
NRPS TE domains using MUSCLE. The alignment was edited in Geneious v5.4.
The curation of the alignment was guided by the alignments presented in the work by
Bruner et al. (2002) and Samel et al. (2006), who reported the structures of SrfTE and

FenTE, respectively.
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2.2.7 Construction of tnbF plasmid insertion disruption mutant

For construction of the plasmids used for gene disruption, a region targeting
the first C domain within tnbF was amplified with specific PCR primers (Table 2.1)
and the high-fidelity Phusion DNA polymerase (Finnzymes). The addition of 3’ A-
overhangs for TA cloning was carried out by DyNAzyme 11 DNA polymerase
(Finnzymes) following the manufacturer’s protocol. The amplicon was purified using
the QIAquick PCR Purification Kit (Qiagen) and then cloned into pCR2.1
(Invitrogen). Plasmid DNA was isolated and double digested with Xhol and Sacl.
The resulting fragment was gel purified with the GENECLEAN 11 Kit (MP
Biomedicals) and then ligated with the Quick Ligation Kit (NEB) into suicide vector
pDM4, which had been double digested with the same restriction enzymes, resulting
in plasmid pDMtnbF. The plasmid pDMtnbF was transformed into E. coli S17-1
Apir. This plasmid was then conjugated into T. turnerae T7901, and plasmid
cointegrates were selected on SBM plates with Sigmacell cellulose Type 101 (Sigma)
as the sole carbon source and 10 pg/ml chlorampenicol (Cm). The location of
integration by pDMtnbF into the chromosome of T7901 was confirmed by PCR and

DNA sequencing.
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Table 2.1. Bacterial strains and plasmids used in this study.

Strain or plasmid Description Reference
Teredinibacter
turnerae strains

T7901 wit Distel et al., 2002b
TtAHO3 tnbF::Cm’ This study
Escherichia coli
strains
F- mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15
TOP10 AlacX74 recAl araD139 A(ara-leu)7697 galU galK  Invitrogen
rpsL (Str") endAl nupG
S17-1 hpir thi pro hsdR hsdM™ recA RP4-2-Tc::Mu-Km::Tn7Apir ~ Simon et al., 1983
Plasmids
pCR2.1 T-vector, Km', Amp' Invitrogen
pDM4 Suicide plasmid, sacB gene, R6K origin, Cm' Milton et al., 1996
pDMtnbF portion of tnbF gene cloned into pDM4 This study
2.3 Results

2.3.1 Biosynthetic gene cluster

Annotation of the genome of Teredinibacter turnerae T7901 revealed a
cluster of genes with similarity to siderophore biosynthesis and iron transport genes
(Yang et al., 2009). The organization of the gene cluster is shown in Figure 2.1.
Proteins with closest similarity to the gene products of this cluster are shown in Table
2.2 and suggest the production of an enterobactin-like catecholate siderophore. The
genes tnbCEBA are homologous to the entCEBA genes, responsible for the
biosynthesis and activation of 2,3-dihydroxybenzoate (DHB) via the shikimate
pathway (Walsh et al., 1990). The product of gene entC isomerizes chorismate into
isochorismate, then the N-terminal portion of entB hydrolyzes isochorismate into 2,3-
dihydro-DHB, which is oxidized into DHB by entA. Then entE activates and
transfers DHB to the aryl carrier C-terminal portion of entB. The gene tnbF codes for

a 2399 amino acid, two module NRPS. Each module contains a C, A, and PCP
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domain, followed by a C-terminus TE domain (Figure 2.1). A phosphopantetheinyl
(P-pant) transferase, which is required for NRPS biosynthesis, was not found at this
locus. The genome of T. turnerae T7901 codes for two P-pant transferases,
TERTU_1510 and TERTU_4652. Due to its homology to the entD gene of
enterobactin biosynthesis, it is believed that TERTU_1510 is the P-pant transferase
that posttranslationally attaches a P-pant moiety to a conserved serine residue of the

apo-PCP domains of tnbF. Further experiments are necessary to confirm this.

TERTU_403% TERTU_4063 TERTU_ 4065

TERTU_4053 | taibC mhE  mhE b | TERTU_4064 |TERT[I_-1U||0 T TERTU_4068

[ | TonB-dependent Receptor '
B Unknown

[ ] Siderophore Biosynthesis
B ~rPS

B 1on Transport

sk Putative Fur box sequence

1 kb

Figure 2.1. Organization of the turnerbactin biosynthetic gene cluster. Shown below tnbF is its
predicted NRPS domain organization. The red arrow below tnbF indicates the insertion site of the
chloramphenicol resistance marker for targeted mutagenesis (see section 2.3.4)
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Table 2.2. Proteins with similarity to the products of the turnerbactin biosynthetic gene cluster. S:
similarity, I: identity.

Locus Protein size Similarity ((V§//(!/c>)
TERTU 4055 648 TonB-dependent receptor (Acinetobacter 60/40
- calcoaceticus)
TERTU_4056 87 Methyl-accepting chemotaxis sensory transducer 50/37
(Shewanella amazonensis)
TERTU_4057 100 Hypothetical protein (Shewanella sp. ANA-3) 70/55
TERTU 4058 550 Response regulator receiver protein (Shewanella sp. 63/47
- ANA-3)
tnbC 394 DhbC (Brucella suis) 65/50
tnbE 538 EntE (Brucella ceti) 75/62
tnbB 292 DhbB (Photobacterium profundum) 72/53
tnbA 255 DhbA (Aeromonas hydrophila) 71/57
TERTU_4063 389 Secretion protein HIyD (Shewanella denitrificans) 65/44
TERTU_4064 1047 Cation/multidrug efflux pump (Hahella chejuensis) 75/60
TERTU_4065 445 Enterobactin esterase (Dickeya dadantii) 50/38
TERTU_4066 85 MbtH domain protein (Dickeya dadantii) 72/55
tnbF 2399 DhbF (Acinetobacter baumannii) 62/45
Enterobactin exporter entS (Acinetobacter sp.
TERTU_4068 417 P U262 4§ P 72/52

TERTU_4066 codes for an MbtH-like protein (Quadri et al., 1998), a protein
of unknown function that is found in many but not all NRPS gene clusters.
TERTU_4068 codes for a homologue of entS, a 12 trans-membrane domain-
containing efflux pump belonging to the Major Facilitator Superfamily (MFS) shown
to excrete enterobactin in Escherichia coli (Furrer et al., 2002). TERTU_4055 codes
for a putative TonB-dependent receptor, required for the recognition and uptake of
the ferric siderophore complex. TERTU_4065 has close homology to the
enterobactin esterase, fes. In E. coli, once ferric enterobactin has entered the cell, iron
is removed from the siderophore by hydrolyzing the ester bonds of the siderophore’s
backbone with the fes gene product.

This gene cluster also shows two putative Fur box sequences (Figure 2.1),

suggesting transcriptional regulation by one of the three Fur homologs found in the
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genome, TERTU_0053, TERTU_3299, and TERTU_3389. These sequences are
compared to the bacillibactin biosynthetic operon of Bacillus subtilis in Table 2.3,
whose Fur box matches exactly to the classic Fur box sequence proposed by de
Lorenzo et al. (1987). The Fur box sequences of turnerbactin’s biosynthetic gene
cluster show high similarity with the two overlapping 7-1-7 motifs proposed by
Baichoo and Helmann (2002). This suggests that the turnerbactin biosynthetic gene
cluster is composed of two iron-regulated operons: the first operon consisting of the
genes TERTU_4055-4058, and the second operon consisting of the genes tnbC-

TERTU_4068.

Table 2.3. Putative Fur box sequences of turnerbactin’s biosynthetic gene cluster compared to
the bacillibactin biosynthetic operon of Bacillus subtilis. Shaded bp’s match the revised view
of Fur box sequences consisting of two overlapping 7-1-7 motifs proposed by Baichoo and
Helmann (2002).

7-1-7 consensus sites
TGATAAT-ATTATCA

Operon TGATAAT-ATTATCA (L)
TGATAAT-ATTATCA (R)
dhbABCKF ATTGATAATGATAATCATTATCAATAGATTG
TERTU 4055-58 AATGATAATGCGAATAATTATCATATAGATT
tnbC-TERTU 4068 CACAATAATGCGAATCATTCTCATTATTGAT

2.3.2 NRPS domain specificities

The gene tnbF codes for a two module NRPS. Analysis of the catalytic
domains reveals their respective specificity and allows for a prediction of the
compound.

2.3.2.1 A domain. The crystal structure of the phenylalanine activating A

domain of gramicidin synthetase A (GrsA) by Conti et al. (1997) identified 10 residue
positions critical in substrate binding. Stachelhaus et al. (1999) and Challis et al.
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(2000) determined that these 10 residues correspond to similar residues in other A
domains and that these residues would form a “specificity-conferring code”. They
surmised that this code could be extracted from uncharacterized A domains and could
be compared to known A domains to infer specificity.

Three online tools were used to identify the specificity-conferring code of
tnbF’s A domains and predict specificity. The web-based software NRPS-PKS
(Ansari et al., 2004) is a knowledge-based tool based on a comprehensive analysis of
sequence and structural features of experimentally characterized biosynthetic gene
clusters. It uses a BLAST analysis to identify domains and uses an alignment with
structural templates to identify the specificity-conferring code of a given A domain.,
An updated version of the NRPS-PKS release from Ansari et al. (2004) is hosted on
the SBSPKS server (Anand et al., 2010). The NRPSpredictor2 (Rottig et al., 2011) is
an improved version of the program originally released by Rasuch et al. (2005). This
program uses a machine learning method, transductive support vector machines
(TSVM), based on the physico-chemical characteristics of the substrate binding
pocket to identify an A domain’s specificity-conferring code. The third online tool is
the PKS/NRPS analysis website described by Bachmann and Ravel (2009). The
PKS/NRPS analysis website relies on Hidden Markov Model (HMM) searches,
which are statistical representations of a group of proteins using a position-specific
scoring system.

The three online tools predicted the same specificity for the A domain of the
second module (M2) of tnbF: a specificity-conferring code of DVWHFSLV for the

activation of serine (Table 2.4). However, the prediction for the A domain of first
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module (M1) was inconclusive. The NRPS-PKS tool and PKS/NRPS analysis
website reported a similar specificity-conferring code for this A domain, while the
NRPSpredictor2 reported a different code (Table 2.4). More importantly, though, all

three programs failed to identify a reliably significant prediction for this A domain.

Table 2.4. Specificity codes of tnbF’s A domains predicted by three separate online tools. (-)
indicates an undetermined residue at that particular position.

Prediction tool
NRPS-PKS PKS/NRPS analysis website NRPSpredictor?2
M1 A domain D-WDIILV D-WDIILV DSDDGGLV
M2 A domain  DVWHFSLV DVWHFSLV DVWHFSLV

To further analyze the specificity prediction of thbF’s A domains, a
phylogenetic analysis of the specificity-conferring codes of tnbF’s A domains was
carried out with a selection of A domains with annotated specificity. The work by
Stachelhaus et al. (1999) and Challis et al. (2000) shows that phylogenetic analysis of
the specificity-conferring codes from A domains reveals that A domains group
according to substrate specificity. As reasoned by Challis et al. (2000), an eight
amino acid specificity code was used in the current analysis as opposed to the 10
amino acid code suggested by Stachlehaus et al. (1999). Briefly, Cys331 of GrsA
points away from the binding pocket and Lys517 is strictly conserved among A
domains. The results of the present analysis show that the M2 A domain groups with
other serine-activating A domains, as expected (Figure 2.2). The M1 A domain
groups with lysine, a hydrophilic amino acid with a long, positively charged side

chain.
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Figure 2.2. Phylogenetic clustering of A domains using the unweighted pair group method using
arithmetic averages (UPGMA). The A domains from tnbF are shown in purple. Each A domain is
labeled with its amino acid specificity, followed by its UniProtkB accession number, followed by the
module number of the NRPS from which the A domain is referring.

2.3.2.2 C domain. Rausch et al. (2007) demonstrated that the reconstructed

phylogeny of condensation domains shows a functional grouping of C domains,
rather than a species phylogeny or substrate specificity. A similar phylogenetic
analysis was carried out with the C domains from tnbF.

The results of the maximum likelihood analysis show an overall similar
phylogeny to that of Rausch et al. (2007), with Dual E/C and °C, domains grouping
closely together as well as Starter and “C,_ domains grouping together (Figure 2.3).
The M1 C domain from tnbF groups with other Starter domains, as expected from its
location in the NRPS. The M2 C domain of tnbF groups within the °C,_ functional
domains and this placement is strongly supported, evidenced by the high bootstrap
values at the base of the Dual E/C and °C, groups. In most cases, °C_ domains are
preceded by an E domain. However, no E domain was detected in tnbF through
pHMM analysis and no external racemase was detected in the gene cluster. This
suggests that the M2 C domain of tnbF has “C, activity as opposed to its predicted

PC, activity.
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Figure 2.3. Maximum likelihood tree of C domains, showing the grouping of different C domain
subtypes. The C domains of tnbF are in purple and underlined in red. tnbF’s M2 C domain groups
with the °C, functional group, while tnbF’s M2 C domain groups with the Starter functional group.
Each C domain is labeled with the organism name, followed by accession number, followed by the
module number from which the C domain is referring. Bootstrap values are based on 100 replicates
and are only shown for the basal branches of groups.

2.3.2.3 TE domain. The crystal structure of two NRPS TE domains have been
reported: the surfactin TE (SrfTE) (Bruner et al., 2002) and the fengycin TE (FenTE)
(Samel et al., 2006). Primary sequence data has been compared with structural data to
reveal locations and potential functions of key residues. One particular residue, a Pro
located near the oxyanion hole in the active site of the TE domain, Pro26 in SrfTE,
has been shown to influence peptide release (Tseng et al., 2002). When compared

with lipases, a family of ester/lactone hydrolyzing enzymes, the sequence alignment
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showed that this Pro residue was conserved among TE domains, while conserved as a
Gly in lipases. Mutation of this residue to a Gly in SrfTE led to a significant change
in product ratio, favoring hydrolysis over cyclization (Tseng et al., 2002). This
suggests that the Pro residue imposes a conformational constraint on the TE domain
that favors an active site protected from water, allowing for intramolecular
cyclization. The flexible Gly may allow water access to the active site and lead to
increased hydrolysis. The TE domain of tnbF was analyzed for the identity of this
key residue.

A multiple sequence alignment was constructed with the TE domain from
tnbF and other annotated TE domains. The results show that the tnbF TE domain
contains a Pro residue in the conserved location proposed to influence peptide release

from the NRPS (Figure 2.4). This suggests that tnbF produces a cyclic peptide

product.

—-__-_—_——__L__—_-_-__‘_-
fengycin ENLFCFPRISGFGIYFEDLALDLNHKAAVYGFHF
gurfactin QIIFAFPEFVLGYGLMYQNLSSEL-FSYELCAFDF
gramicidin RNVFLFAPIGAQGVFYKKLAEQI -PTASLYGFDF

bacillibactin PPLFCVHPAGGLSWCYAGLMTNIGTDYPIYGLOA
enterobactin PTLFCFHPASGFAWQFSVLSRYLDPOQWSIIGIQS
turnerbactin TPLFCVYPGSGFAW)Y SVLSRYLDNNMPIVGLYS
chrysobactin PVLFCLHPASGFAWQYAGLLERYLEGDYPIVGLOS
vanchrobactin PALFCVNSASGFAWOYTGLPEYLTGHYPIYGLOS
pyochelin VPRVLVHEGLGTLLFYRFLLRALGEGRFLLGLAV
yversiniabactin ETLFVFHASDGDISAWLPLASAL--NRRVFGLOA

Figure 2.4. Partial alignment of TE domains. TE domain sequences were extracted from annotated
NRPS’s. UniProtKB accession numbers of NRPS’s are as follows: fengycin, L42523; surfactin,
Q08787; gramicidin, POC064; bacillibactin, P45745; enterobactin, P11454; chrysobactin, Q8VUED5;
vanchrobactin, QOE7C4; pyochelin, O85740; yersiniabactin, Q9Z373. The residue highlighted in red
represents the conserved Pro26 in SrfTE, hypothesized to indicate an intramolecular cyclization
mechanism of release by TE domains.
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2.3.3 Chemical characterization of the siderophore

The structures of the siderophores isolated from T. turnerae T7901 are shown
in Figure 2.5. The siderophores from T. turnerae were purified from iron-deficient
liquid cultures of shipworm basal medium (SBM) by enriching siderophores from
culture supernatants on an HP20 column, followed by purification by RP-HPLC. The
CAS and Arnow assay were used to track the siderophores throughout the purification
process. RP-HPLC revealed five peaks displaying CAS and Arnow activity (Figure
2.6). High resolution electrospray ionization mass spectrometry (HRESIMS)
determined the mass of the molecular ion [M+H]": turnerbactin, m/z 356.1454,
corresponding to a molecular formula of C15H,,N30- (calculated 356.1458);
diturnerbactin, m/z 693.2736, corresponding to a molecular formula of C39H41NgO13
(calculated 693.6723); dehydrated diturnerbactin, m/z 675.2626, corresponding to a
molecular formula of C3oH39NsO12 (calculated 675.2627); triturnerbactin, m/z
1030.4003, corresponding to a molecular formula of C4sHgoNgO1 (calculated
1030.4007); dehydrated triturnerbactin, m/z 1012.3905, corresponding to a molecular

formula of C4sHsgNgO1s (calculated 1012.3902).
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Figure 2.5. Structures of siderophores isolated from T. turnerae T7901.

ESIMS/MS analysis of each of these compounds is summarized in Table 2.5.

All compounds exhibited similar fragmentation patterns, with overlap of fragments

36



when applicable. The masses of the fragments could be correlated with the loss of

various constituents of the siderophore, indicated in Table 2.5.
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Figure 2.6. HPLC trace of HP20 extract of T. turnerae T7901 culture supernatant, recorded at 215 nm.

Table 2.5. Molecular ions and common mass fragments of siderophore from T. turnerae T7901.
Fragment losses refer to the compound listed immediately above in the table.
Dehydrated Dehydrated

Triturnerbactin  Diturnerbactin  Turnerbactin

triturnerbactin  diturnerbactin Fragment
. 7 3) 2) ) ‘
5) (4)
1012.4 675.2 1030.4 693.3 356.1 P?;f]”t
Loss of
762.3 780.3 DB O
675.2 693.3 675.2 Loss of
Ser
Loss of
425.2 425.2 4432 4432 DHB O
338.1 338.1 356.1 356.1 LOSS:rOf
251.1 251.1 251.1 251.1 251.1 DHB-Orn
115.1 115.1 115.1 115.1 115.1 orn

The 1-D *H and **C NMR assignments of 1 were confirmed by a variety of 2-
D experiments *H-'H TOCSY, HSQC, and HMBC (Table 2.6). The **C NMR
spectrum shows 15 distinct C resonances corresponding to three carbonyl carbons (&
170.0 to 172.1), four methylene carbons (6 23.4 to 38.9 for ornithine, & 61.4 for
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serine), two methine carbons (6 52.3 for ornithine, 654.8 for serine), and six aromatic
carbons (8 116.0 to 147.8). The *H NMR spectrum shows 12 distinct resonances
corresponding to three aromatic protons (& 6.77 to 7.36), seven methylene protons (6
1.79 to 3.00 ornithine, 6 3.88, 3.98 for serine), and two methine protons ( 4.82 for
ornithine, & 4.55 for serine). The aromatic splitting pattern in the *H NMR spectrum
is indicative of 2, 3-DHB moiety. A HMBC correlation between the a-proton of
ornithine and the carbonyl carbon of DHB indicates that DHB is attached to the a-
amine group of ornithine. A HMBC correlation between the a-proton of serine and
the carbonyl carbon of ornithine confirms the ornithine-serine peptide bond.

The structures of 2 and 3 were inferred using MS, *H NMR, and 2-D NMR
experiments HSQC and HMBC. The NMR assignments for 3 are shown in Table 2.5,
the NMR assignments for 2 are shown in Appendix A. The *H NMR spectra of 2 and
3 are similar to that of 1, with the addition of a downfield shift of serine methylene
protons of 2 and 3 (6 4.43 to 4.75) compared to the serine methylene protons of 1 (&
3.88, 3.98), indicating the presence of serine ester linkages in 2 and 3.

The MS parent ion masses 5 suggested a cyclic trimer as the result of an
additional serine ester bond, leading to a triserine lactone backbone. However, *H
and *C NMR in addition to 2-D experiments *H-'H TOCSY, HSQC, and HMBC
revealed a dehydrated analogue of the linear trimer (Table 2.5). The dehydration of
the serine hydroxyl group resulted in an alkene, corresponding to a carbon resonance
of' 6 112.81 and proton resonances of & 6.12 and 5.80. Similar spectra were obtained
for 4. The NMR assignments for 4 are shown in Appendix A.

All NMR spectra for compounds 1-5 are shown in Appendix A.
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Table 2.6. NMR data for Turnerbactin, Triturnerbactin, and Dehydrated triturnerbactin (800 MHz) in

CD;0D.
Turnerbactin (1) Triturnerbactin (3)
Positon 6. du(JinHz _ TOCSY __ HMBC _ #,(JinHz HSQC _ HMBC
DHB
1,1,1"  169.98
2,2,2" 11601
3,3,3" 14781
44,4 14582
e 6.98, dd (L6,
55,5 11838 g Ol 6,7 2,3,4,6,7 697,m [3H] 1185 2,3,4,6,7
o 6.77, 1 (8.0), 1,2,3 4, 1,2,3 4
6,6,6" 11852 ) 5,7 23% erempHl 1187 23
. 7.36, dd (0.8, 1,2,3,4, 1,2,3 4
n7, 7 usa TG 5,6 coh 736m[sH 1186 =%
Ornithine
88,8 17212
4.82,dd (5.6,
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Dehydrated triturnerbactin
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Amino acid analysis by Marfey’s method established the presence of L-
ornithine and L-serine in 3. The HPLC trace of the hydrolysate of triturnerbactin
shows peaks with the same retention time as L-ornithine and L-serine. These peaks

were checked by MS to confirm their identity.
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Figure 2.7. HPLC chromatograms of FDAA amino acid derivatives. (A) Trace of the hydrolysate of
triturnerbactin in black, (B) trace of L-ornithine in red, (C) trace of bL-ornithine in blue, (D) trace of L-
serine in green. (1) elution of D-ornithineg, (2) elution of L-ornithine, (3) elution of L-serine, (4) elution
of Marfey’s reagent (FDAA).

2.3.4 Disruption of tnbF diminishes siderophore activity

In order to correlate the tnb gene cluster with the biosynthesis of turnerbactin,
a tnbF mutant was constructed by integrating a chloramphenicol (Cm) resistance
cassette into the M1 C domain of tnbF by a single crossover recombination (Figure
2.1). The resulting strain was named TtAHO3.

Wild-type T. turnerae T7901 grown in iron-deficient SBM medium produces

a yellow pigmentation of the medium, presumably the result of the excreted
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siderophore in culture supernatant as this color can be tracked with the siderophores
during the purification process. TtAHO03 grown in iron-deficient SBM medium does
not produce this yellow color (Figure 2.8). Growth of TtAHO3 in iron-deficient SBM
medium was inhibited (Figure 2.9) and siderophore production (measured by the CAS
assay) was severely reduced (Figure 2.10). The residual CAS activity shown for
TtAHO3 is presumably due to the DHB units produced by the genes tnbCEBA. These
results support the hypothesized role of the tnb gene cluster in the role of turnerbactin

biosynthesis.

Figure 2.8. Iron-deficient cultures of T7901 (left) and TtAHO02(right).
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Figure 2.9. Growth of T7901 (blue) and TtAHO3 (red) in iron-deficient SBM medium.
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Figure 2.10. Siderophore production of wild-type T7901 compared to tnbF mutant TtAHO3.
Disruption of tnbF leads to a significant decrease in siderophore activity. Siderophore
production was measured with the CAS assay and presented is CAS activity normalized to
OD600 measurements of each culture.

2.3.5 Detection of turnerbactin in shipworm samples

The presence of the turnerbactin biosynthetic gene cluster in the genome of T.
turnerae T7901 does not implicate its utility in symbiosis. Detection of the
compound in the shipworm host would provide evidence that the compound is
produced and utilized in the symbiosis. The presence of turnerbactin in the shipworm
host was investigated using MS. The shipworm, Lyrodus pedicellatus, is known to
contain the symbiont T. turnerae (Distel et al., 1991; Distel et al., 2002a). A crude,
methanolic extract of whole L. pedicellatus tissue samples was analyzed by LC-
HRMS/MS and compared to a pure turnerbactin standard. The method used in this
analysis shows pure turnerbactin eluting from the column over the span of
approximately 7.5 — 8.5 min. The HRESIMS m/z peak for this elution product was
356.1446. Tandem MS analysis shows the presence of two daughter ions with m/z
values of 338.2 and 251.1. Analysis of the L. pedicellatus extract shows a peak
eluting at 7.94 min with a m/z value of 356.1447. Tandem MS analysis of this peak

shows the presence of the two daughter ions at 338.2 and 251.1. These results
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provide strong evidence for the presence of turnerbactin in these samples of L.

pedicellatus and suggest that turnerbactin is produced in the symbiosis.

2.4 Discussion

This work presents the purification, structural characterization, and
biosynthesis genes for a novel siderophore, turnerbactin, from the shipworm symbiont
T. turnerae T7901. Turnerbactin was isolated as a monomer, dimer, dehydrated
dimer, linear trimer, and dehydrated trimer. The linear trimer, triturnerbactin, is most
likely produced by the NRPS encoded by tnbF in such a way that the modules are
used three consecutive times to assemble a trimer of 2,3-DHB-L-ornithyl-L-serine on
the M2 PCP domain, which is then hydrolyzed by the terminal TE domain to release
the linear peptide product. The proposed biosynthesis is shown in Figure 2.11. DHB
is activated by EntE and then transferred to the aryl carrier C-terminal portion of
EntB. L-ornithine is activated by the M1 A domain of TnbF and is condensed to
DHB by the M1 C domain, forming a DHB-Orn intermediate on the M1 PCP domain.
L-serine is activated by the M2 A domain and the M2 C domain condenses the Ser to
the DHB-Orn intermediate to form a monomer unit of DHB-Orn-Ser-S-PCP thioester
intermediate on the M2 PCP domain. A conserved Ser residue in the TE domain
mounts a nucleophilic attack of the PCP domain-bound thioester intermediate,
leading to a DHB-Orn-Ser-O-TE ester intermediate. After another round of DHB-
Orn-Ser biosynthesis, the serine side chain hydroxyl group of the DHB-Orn-Ser-O-
TE intermediate attacks the DHB-Orn-Ser-S-PCP to yield a (DHB-Orn-Ser),-S-PCP,

which is then transferred to the TE domain. A third consecutive round yields a
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(DHB-Orn-Ser);-O-TE intermediate, which is then hydrolyzed by water to yield the
linear trimer (DHB-Orn-Ser)s. It is uncertain whether the other compounds
discovered in this study are byproducts from regulated biosynthesis by the NRPS,
incomplete biosynthesis by the NRPS, enzymatic degradation by an esterase, or

hydrolysis products from either the purification process or culture conditions.
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Figure 2.11. Proposed biosynthesis of triturnerbactin by TnoCEBAF.



The cyclic trimer of turnerbactin was not found in this study. The cyclic
trimer may be produced by T. turnerae, as predicted by the TE domain analysis
suggesting the production of a cyclic compound, but not detected under these
conditions due to instability or degradation. On the other hand, the bioinformatic
prediction may be erroneous. The bioinformatic analyses of tnbF’s catalytic domains
suggest these domains elude accurate prediction. Predictive analysis of A domains by
three separate programs fail to suggest a specificity with reasonable cut-off scores.
Phylogenetic analysis groups the M2 A domain of tnbF with a substrate with similar
properties, Lys, but this A domain did not group with other Orn-activating A domains
even though the chemical analysis clearly shows Orn is present. C domain analysis
suggests a °C, acting domain, while chemical data suggest a “C, acting domain.
Thus, bioinformatic analysis of the TE domain may not accurately reflect the true
activity of the tnbF TE domain either. Taken all together, the addition of tnbF to the
databases of NRPS domains may help to improve the functional prediction of as-yet-
undiscovered NRPS domains.

The NRPS’s responsible for the production glycopeptides, found in
actinomycetes, also exhibit aberrant C domain prediction. All glycopeptides NRPS’s
contain seven modules. Rausch et al. (2007) showed that the 4™ module (M4) and
M7 C domains act as “C,_ domains while clustering in the °C_ group of C domains in
phylogenetic analysis. While the M2 C domain of tnbF does not cluster directly with
these glycopeptides C domains (Figure 2.3), a similar change of function is assumed
to have occurred, most likely a result of convergent evolution. Occasionally, an

external racemase can be found in a biosynthetic gene cluster, providing a D-amino
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acid for the NRPS. This is the case for cyclosporine, where an external racemase
provides D-Ala for the first module of the cyclosporine synthetase (Hoffmann et al.
1994). However, no external racemase was detected in the turnerbactin biosynthetic
gene cluster and no D-Orn was detected in amino acid analysis. It is possible that an
epimerase domain was once a part of the tunerbactin NRPS but was lost at some point
in time.

Nevertheless, turnerbactin represents a novel siderophore, structurally similar
to the catecholate siderophores vanchrobactin and chrysobactin. A catecholate
siderophore was partially characterized from the soil diazotroph, Azospirillum
brasilense, which contained equimolar amounts of 2,3-DHB, ornithine, and serine
(Bachhawat and Ghosh, 1987). However, a structure was never elucidated or
presented. Vanchrobactin, 2,3-DHB-D-arginyl-L-serine, was originally described
from the fish pathogen Vibrio anguillarum serotype O2 (Soengas et al., 2006).
Chrysobactin, 2,3-DHB-D-lysyl-L-serine, was originally described from the plant
pathogen Erwinia chrysanthemi 3937 (Persmark et al., 1989). Along with
turnerbactin, these three siderophores share a 2,3-DHB functional moiety, a
hydrophilic long, positively charged spacer amino acid, and a serine backbone.
However, the biosynthesis of turnerbactin differs from vanchrobactin and
chrysobactin in that the spacer amino acid is not epimerized to a D configuration, due
to the absence of an E domain in tnbF (Figure 2.12). The similarity of NRPS
modules and the finding of a °C_-like C domain for the M2 of tnbF suggest that an E

domain may have been lost at some point.
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Figure 2.12. NRPS organization for chrysobactin, vanchrobactin, and turnerbactin and their monomer
unit products. C: condensation domain, A: adenylation domain, PCP: peptidyl carrier protein, E:
epimerase domain, TE: thioesterase domain.

Until recently, only the monomer units of vanchrobatin and chrysobactin had
been reported. Sandy et al. discovered the trimeric form of vanchrobactin from an
open ocean bacterial isolate Vibrio sp. DS40M4 (Sandy et al., 2010), along with the
monomeric and dimeric vanchrobactin. The cyclic trimer was not found, and
bioinformatic analysis of the TE domain involved in vanchrobactin biosynthesis in
Vibrio sp. DS40M4 supports the release of a linear trimer (Appendix B). Soon
thereafter, Sandy and Butler (2011) reported the cyclic trimer of chrysobactin from
the plant pathogen Dickeya chrysanthemi EC16. These findings beg the question:
what determines whether an NRPS will act linearly, using its modules once to
produce a peptide product, or iteratively, using its modules in multiple subsequent
rounds to produce a single oligomeric peptide product. It has been proposed that the
C-terminal TE domain is the key to determining a linear versus iterative process, but
multiple sequence alignments (Mootz et al., 2002), structural analyses (Samel et al.,
2006), and in vitro experiments (Hoyer et al., 2007) have failed to explain the

mechanism behind this process.
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When comparing a cyclic compound to its linear counterpart, a cyclic
compound will likely have a higher stability constant, as the flexibility of the cyclic
ligand and its corresponding iron complex will be less than that of the linear ligand,
thereby decreasing the entropy difference. This is seen in the stability constants for
cyclic enterobactin and its linearized form, the linear trimer of DHB-serine (Scarrow
etal., 1991). The calculated stability constant of linear enterobactin is 10*,
compared to the calculated stability constant of 10*° for cyclic enterobactin.
However, the linear trimer still provides a siderophore with relatively strong affinity
for iron and the initial rates of uptake for both the linear trimer and linear dimer ferric
enterobactin complexes are essentially the same as the cyclic ferric enterobactin
complex (Scarrow et al., 1991).

The triscatecholate class of siderophores contains the highest stability
constants measured for siderophores to date, including enterobactin, 2,3-DHB-Ser
(10°) (Loomis and Raymond, 1991) and bacillibactin, 2,3-DHB-Gly-Thr (10*")
(Dertz et al., 2006). Both siderophores are three-fold symmetrical, hexadentate
catecholate ligands, but the major difference is the presence of a spacer unit
connecting the catecholate functional groups to the trilactone backbone in
bacillibactin. The spacer unit is slightly detrimental to the overall stability of the
ferric complex, as suggested by the lowered thermodynamic stability for bacillibactin
(Dertz et al., 2006). Therefore, the ability of the linear trimer of turnerbactin to bind
ferric iron may be slightly diminished when compared to enterobactin, due to the
presence of a spacer amino acid, and bacillibactin, due to its linear form.

Thermodynamic stability measurements of the ferric turnerbactin complex would
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more accurately allow for comparison of ferric binding abilities amongst these
triscatecholate siderophores.

A compound was detected in L. pedicellatus extracts that matches the MS and
tandem MS profile of turnerbactin. The compound detected in the shipworm shared
the same LC retention time, high resolution molecular ion mass, and daughter ions in
tandem MS fragmentation as pure turnerbactin. The detection of turnerbactin in a
shipworm sample suggests that the siderophore is utilized in some capacity in the
symbiosis. Since whole animal tissue was used in these experiments, it is not known
whether these siderophores are confined to the immediate vicinity of the symbionts in
the gills, or if they appear in other locations of the shipworm. The caecum is devoid
of microbes (Betcher, 2011) and siderophores may play a role in nutrient deprivation,
as found in plant models (Kloepper et al., 1980). By sequestering the iron in the
caecum, siderophores can make iron unavailable to competing microbes, thereby their
restricting growth. MS-based screening of dissected organs and tissues of shipworms
samples would test this theory. However, due to their small size, precise dissection of
L. pedicellatus samples was difficult without cross-tissue contamination. Larger
shipworm species such as Bankia setacea would be more amenable to such studies.

In addition, chemical localization studies using methods such as MS-imaging would
allow the detection of the location of the siderophore within host tissue. These types
of studies would be valuable in determining the extent to which siderophores are
utilized in the host and lend insight into their possible roles, such as intersymbiont

competition (Chapter 4) or suppressing competing microbes in the caecum.
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The novel catecholate siderophore, turnerbactin, has been characterized and
the biosynthesis has been analyzed by bioinformatic methods. Iron within the host
may be extremely limiting, and siderophore production may be relied upon for iron
acquisition. Support for its role in the symbiosis is provided by the detection of
turnerbactin in shipworm samples. Figure 2.13 presents the proposed role of various

proteins encoded in the biosynthetic pathway in the acquisition of iron.
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Figure 2.13. Proposed role of proteins in the biosynthetic pathway in the siderophore-mediated
acquisition of iron.
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3 A profile of siderophores from shipworm symbionts

3.1 Introduction

Although Teredinibacter turnerae has been found in numerous genera and
species of teredinid bivalves from across the globe (Distel et al., 2002b), it has been
estimated to make up only about 10% of the bacterial community in the shipworm
Lyrodus pedicellatus (Luyten et al., 2006). Shipworms actually harbor a consortium
of endosymbionts. This is in contrast to many other bivalve-endosymbiont
associations in which a single endosymbiont is detected, as reported by Eisen et al.
(1992), Distel et al. (1988), and Distel and Cavanaugh (1994).

Analysis of the 16S rRNA gene sequences from the community of shipworm
symbionts reveals a group of closely related, phylogenetically distinct
gammaproteobacteria (Distel et al., 2002a; Luyten et al., 2006; Betcher, 2011).
Furthermore, within this closely related group, these studies have found that
sequences group into discrete clusters.

This work presents a profile of the siderophores from shipworm symbionts. A
phylogenetic reconstruction of 16S rRNA gene sequences from shipworm symbionts
is presented. This analysis reveals the clustering of symbiont sequences into discrete
clades, supporting previous results. One clade was determined to be the T. turnerae
clade, comprised of multiple strains of T. turnerae. A survey of a number of different
T. turnerae strains was conducted to determine the extent of turnerbactin’s prevalence
within this clade. Also, representative sequences from other clades of shipworm

symbionts were examined for the potential for siderophore biosynthesis through
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genomic analysis. These results suggest that catecholate-type siderophores

predominate in shipworm symbionts.

3.2 Methods

3.2.1 Phylogenetic analysis of shipworm symbionts

Sequences of shipworm symbionts were provided by Meghan Betcher and
collaborators in the ICBG-PMS group. Sequences were aligned using ClustalX
(Larkin et al., 2007) and edited in Geneious v5.4 (Drummond et al., 2011).
Hypervariable regions were excluded from the analysis. Phylogenetic reconstruction
was performed with RAXML v. 7.2.8 using the General Time Reversible model of
nucleotide substitution (Tavare, 1986) under the I" model of rate heterogeneity
(GTRGAMMA) with 100 bootstrap replicates. The selected tree topology had the
highest likelihood score out of 100 heuristic tree searches, each search beginning with
a distinct randomized maximum parsimony starting tree. This analysis was done
using the facilities made available by the CIPRES portal in San Diego, CA (Miller et
al., 2010). A tree using the neighbor-joining method using the Jukes-Cantor genetic
distance model (Jukes and Cantor, 1969) was also constructed using the tree building

plugin found in Geneious v5.4.

3.2.2 Detection of siderophores from bacterial cultures

Various strains of T. turnerae were grown in a low-iron, modified version of
shipworm basal medium (SBM) (Distel et al., 2002b; Waterbury et al., 1983)

containing 750 ml artificial seawater (Kester et al., 1967), 250 ml distilled water, 0.1
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mM KH,POy,, 0.094 mM Na,COg3, 0.01 mM Na,Mo00,4.2H,0, 0.5% (w:v) sucrose, 5
mM NH,CI, 20 mM HEPES buffer (pH 8.0), 0.1 uM EDTA-chelated ferric iron
(Sigma), and 1 ml A5+Co trace metal mix (Rippka et al., 1979). Cultures were
grown in 125 mL flasks with 50 mL culture medium at 30° C on an orbital shaker at
120 rpm. Cultures were grown for 1-3 days, monitored twice a day for siderophore
production with the chrome azurol sulfonate (CAS) assay (Schwyn and Neiland,
1987). Cultures were harvested when CAS activity was detected in culture
supernatants. Strains 1162T.0a.2, Bs02, and Bs08 were also grown in iron-deficient
SBM for siderophore characterization.

A crude siderophore extract was collected from each strain of T. turnerae by
separating cells from supernatant using centrifugation at 20000 rpm for 25 min.
Decanted supernatant was placed in a new 125 mL flask, ~3 g Diaion HP20 resin was
added to the flasks, and the flasks were then incubated at 4° C on an orbital shaker at
110 rpm for 4 hrs. The mixture was poured into a column allowing the spent
supernatant to flow through. The HP20 resin was washed with MilliQ water and then
the siderophores were eluted with 25% isopropanol, detected by the CAS assay. The
25% isopropanol fraction was concentrated by rotary evaporation in vacuo.

The concentrated siderophore HP20 extract was directly injected onto a
ThermoElectron LTQ-Orbitrap high resolution mass spectrometer. Turnerbactins
were detected using positive mode high resolution electrospray ionization mass
spectrometry (HRESIMS) and tandem MS. Selected ion monitoring (SIM) was used

with HRESIMS, set to monitor the mass range 355.6-356.6, a range which brackets
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the m/z 356.1 peak of the molecular ion of turnerbactin. Purified turnerbactin was

used as a standard.

3.2.3 Bioinformatic analysis

Module identification and domain organization of the NRPS was carried out
by the online tools NRPS-PKS (Ansari et al., 2004) and the PKS/NRPS analysis
website (Bachmann and Ravel, 2009).

Adenylation domain: The specificity-conferring code of A domains were
determined using three different online tools: NRPS-PKS (Ansari et al., 2004),
NRPSpredictor2 (Rottig et al., 2011), and the PKS/NRPS analysis website
(Bachmann and Ravel, 2009). Phylogenetic analysis of the specificity-conferring
codes of A domains was also carried out. Protein sequences of A domains from the
NRPS’s putatively involved in siderophore production in Bs02, Bs08, and Bs12 were
retrieved using the PKS/NRPS analysis website (Bachmann and Ravel, 2009).
Reference A domain protein sequences were compiled from a list of A domains with
annotated specificity supplied by Rausch et al. (2005). A multiple sequence
alignment was constructed using MUSCLE (Edgar, 2004). After extracting
approximately a 100 amino acid stretch between core motifs A4 and A5, the
alignment was manually edited, guided by the structural anchors of this region
identified by Stachelhaus et al. (1999) and Challis et al. (2005). The alignment was
manipulated and edited in Geneious v5.4 (Drummond et al., 2011). The eight residue
alignment was exported out of Geneious and into MEGAS (Tamura et al., 2011).

Phylogenetic trees were inferred using the unweighted pair group method arithmetic
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averages (UPGMA) (Sneath and Sokal, 1973) with the JTT (Jones et al., 1992) amino
acid substitution matrix. The rate variation among sites was modeled with a gamma
distribution.

Condensation domain: Protein sequences of condensation domains were
retrieved using the PKS/NRPS analysis website (Bachmann and Ravel, 2009).
Aligned protein sequences of condensation domains were downloaded from Rausch
et al. (2007). The condensation domains from the NRPS’s identified to be putatively
involved in siderophore production in Bs02, Bs08, and Bs12 were added to the
downloaded condensation domain alignment using the multiple sequence alignment
program MUSCLE. The alignment was edited in Geneious v5.4. A maximum
likelihood (ML) tree of condensation domains was reconstructed using RAXML 7.2.8
(Stamatakis, 2006). The amino acid substitution matrix used in this analysis was the
JTT matrix (Jones et al., 1992), with the I" model of rate heterogeneity. RAXML’s
rapid bootstrap was performed with 100 replicates and the best scoring ML tree was
saved. This analysis was done using the facilities made available by the CIPRES
portal in San Diego, CA (Miller et al., 2010).

TE domain: The sequence of the TE domain was aligned with other annotated
NRPS TE domains using MUSCLE. The alignment was edited in Geneious v5.4.
The curation of the alignment was guided by the alignments presented in the work by
Bruner et al. (2002) and Samel et al. (2006), who reported the structures of SrfTE and
FenTE, respectively.

NRPS-independent siderophore biosynthetic gene clusters were searched for

using profile Hidden Markov Models (HMM), statistical models extracted from
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multiple sequence alignments, and the software package HMMer (Eddy, 1998)
available at http://hmmer.org. The profile HMM of NRPS-independent siderophore
biosynthetic genes (PF04183) was downloaded from the Pfam database and HMMer

was used to search selected genomes for the presence of these genes.

3.3 Results

3.3.1 Phylogenetic analysis of symbiont strains

A maximum likelihood phylogenetic reconstruction of shipworm symbiont
strains reveals the clustering of symbiont strains into discrete clades (Figure 3.1).
Similar results were found by Distel et al. (2002a) and Betcher (2011). Clades were
numbered in such a way as to maintain a consistent numbering scheme with Betcher
(2011). Bootstrap resampling was performed to determine the statistical significance
of these clades. The relatively high bootstrap values at the basal branch of each clade
support the observed clustering of symbionts according to 16S rRNA phylogeny. A
phylogenetic tree was also reconstructed using the neighbor-joining method and
supports the clustering pattern observed in the maximum likelihood analysis (data not
shown).

As reported by Betcher (2011), the clustering of symbionts can be host-
specific. Specifically, all strains isolated from the shipworm Bankia setacea, named
with the prefix Bs, group together in Clades 3, 4, and 5. No strains from B. setacea
group with any of the T. turnerae strains (Clade 1), consistent with the finding that T.
turnerae has never been found in B. setacea samples (D. Distel, personal

communication).
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3.3.2 MS survey of Teredinibacter turnerae strains

A survey of T. turnerae strains was carried out to determine the extent of
turnerbactins in Clade 1 of shipworm symbionts. Strains of T. turnerae were grown
in low-iron conditions to induce siderophore production and a HP20 crude extract of
culture supernatants was prepared for each strain. The crude extract was then directly
screened for the presence of turnerbactin using HRESIMS in the SIM mode set to
scan a one mass unit range centered on m/z 356.1, the [M+H]" of turnerbactin. If an
m/z peak was detected matching that of turnerbactin, tandem MS was also performed
to compare the fragmentation pattern of the compound with that of turnerbactin.
Tandem MS of turnerbactin yields three major m/z peaks: 338.2, 251.1, and 115.1. A
positive result for the presence of turnerbactin includes a matching high-resolution
m/z peak and a matching fragmentation pattern. The results of this analysis are
shown in Table 3.1. All tested strains of T. turnerae showed the presence of
turnerbactin. This result suggests that the turnerbactins are ubiquitous in Clade 1 of
the shipworm symbionts. The host of the strains from which turnerbactin was

detected span multiple genera and species of shipworms.
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Figure 3.1. Maximum likelihood tree of partial 16S rRNA gene sequences from shipworm symbiont
strains, showing the clustering of symbiont strain sequences into discrete clades. A strain without an
accession number represents a sequence provided by the PMS-ICBG. * indicates a shipworm
symbiont strain whose genome has been sequenced. Boostrap values over 70% are shown and are
based on 100 replicates. Scale bar represents 0.1 nucleotide substitutions per site.
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Table 3.1. List of T. turnerae strains, the respective host from which the strain was isolated, and the
result of MS/MS analysis of the presence of turnerbactin in the supernatants of iron-deficient cultures.

Presence of turnerbactin by MS/MS

Strain Host

(+/-)
T7901 Bankia gouldi +
T7902 Lyrodus pedicellatus +
T7903 Teredo navalis +
T8402 Teredora malleolus +
T8602 Dicyathifer manni +
T8201 Psiloteredo healdi +
T8302 Teredo furcifera +
T8303 Teredo bartschi +
CS30 Neoteredo reynei +

3.3.3 Bioinformatic survey of shipworm symbiont genomes

In addition to T. turnerae T7901, the genomes of three other shipworm
symbiont strains have been sequenced (draft status): Bs02, Bs08, and Bs12. These
genomes were screened for the presence of siderophore biosynthetic gene clusters and
detected gene clusters were analyzed for the type of siderophore produced.

3.3.3.1 Bs08. Bs08 contains a putative catecholate siderophore biosynthesis
pathway (Figure 3.2), evidenced by the presence of genes with homology to the
entCEBA genes responsible for the production and activation of 2,3-
dihydroxybenzoate (DHB) in the biosynthetic pathway of enterobactin (Walsh et al.,
1990). Table 3.2 shows proteins with closest similarity to the gene products of this
cluster, many of which are from T. turnerae T7901. Bs08orf2620 codes for a 2399
amino acid, two module NRPS, similar to that of T. turnerae T7901. Bs08orf2620
and tnbF share 58% identity and 72% similarity. Just as in tnbF, each module in

Bs080rf2620 has a C, A, and PCP domain, followed by a C-terminal TE domain.
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Figure 3.2. Organization of Bs08’s putative siderophore biosynthetic gene cluster, with the putative
domain organization of the NRPS modules.

Table 3.2. Proteins with similarity to the products of the putative Bs08 siderophore biosynthetic gene
cluster. S:similarity, I: identity.

I Lo S/
Locus Protein size Similarity (%/%)
orf2614 394 isochorismate synthase ??gglgTeredmlbacter turnerae 74/61
Enterobactin synthetase component E/2,3-
orf2615 544 dihydroxybenzoate-AMP ligase (Teredinibacter turnerae 77165
T7901)
orf2516 289 isochorismatase (Teredinibacter turnerae T7901) 78/66
2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase

orf2617 255 (Teredinibacter turnerae T7901) 77164

orf2618 423 Enterochelin esterase (Yersinia intermedia) 57143

orf2619 76 MbtH-like protein (Teredinibacter turnerae T7901) 69/51

Nonribosomal peptide synthetase TERTU_4067

orf2620 2399 (Teredinibacter turnerae T7901) 72158

orf2621 420 putative enterobactin exporter EntS (Teredinibacter 78/66
turnerae T7901)

orf2622 644 TonB-dependent receptor TERTU_4055 (Teredinibacter 81/66
turnerae T7901)

This gene cluster also shows a putative Fur box sequence (Figure 3.2),
suggesting transcriptional regulation by one of the three Fur homologs found in the
genome. This sequence is compared to the bacillibactin biosynthetic operon of
Bacillus subtilis in Table 3.3, whose Fur box matches exactly to the classic Fur box
sequence proposed by de Lorenzo et al. (1987), the Fur box sequences from the

turnerbactin biosynthetic gene cluster are also shown.
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Table 3.3. Putative Fur box sequences of Bs08 and Bs12’s putative siderophore biosynthetic gene
cluster compared to the bacillibactin biosynthetic operon of Bacillus subtilis and the putative Fur box
sequences of turnerbactin’s biosynthetic operon. Shaded bp’s match the revised view of Fur box
sequences consisting of two overlapping 7-1-7 motifs proposed by Baichoo and Helmann (2002).

7-1-7 consensus sites
TGATAAT-ATTATCA
TGATAAT-ATTATCA (L)

Operon TGATAAT-ATTATCA (R)

dhbABCKF ATTGATAATGATAATCATTATCAATAGATTG
TERTU 4055-58 AATGATAATGCGAATAATTATCATATAGATT
TERTU 4059-68 CACAATAATGCGAATCATTCTCATTATTGA

Bs08orf2614-2622 GATACAGTTGCGAACCGTTATCATTAGCATT
Bs120r2083-2074 ACTCTGATTGAGAATTGTTCTCAGTTGCATT

Bioinformatic analyses were carried out to predict the peptide product from
this gene cluster. Three online tools were used to identify the specificity-conferring
code of Bs080rf2620’s A domains and predict specificity: NRPS-PKS (Ansari et al.,
2004), the NRPSpredictor2 (Rottig et al., 2011), and the PKS/NRPS analysis website
(Bachmann and Ravel, 2009). The three online tools predicted the same specificity
for the A domain of the second module (M2) of Bs080rf2620 (Table 3.4). However,
the prediction for the A domain of first module (M1) was inconclusive. The NRPS-
PKS tool and PKS/NRPS analysis website reported a similar specificity-conferring
code for this A domain, while the NRPSpredictor2 reported a different code. Inall
cases, the specificity codes predicted for Bs080rf2620 were very similar to those
predicted for T. turnerae’s tnbF. Much like tnbF, all three programs failed to identify

a reliably significant prediction for the M1 A domain of Bs080rf2620.

Table 3.4. Specificity codes of Bs080rf2620°s A domains predicted by three separate online tools.
The specificity codes from tnbF’s A domain are shown for comparison. (-) indicates an undetermined
residue at that particular position.

Prediction tool
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NRPS-PKS PKS/NRPS analysis website NRPSpredictor?2

Bs08orf2620 M1

e DSWDIILV DSWDII-- DSADAGLV
tnbF M1 A D-WDIILV D-WDIILV DSDDGGLV
domain
Bs08orf2620 M2 1\ \vHESLY DVWHFSLV DVWHFSLV
A domain
t“goFm'\giznA DVWHESLV DVWHESLV DVWHESLV

To further analyze the specificity prediction of Bs080rf2620’s A domains, a
phylogenetic analysis of the specificity-conferring codes of Bs080rf2620°s A
domains was carried out with a selection of A domains with annotated specificity
(Figure 3.3). The results of the analysis show that the M2 A domain groups with
other serine-activating A domains, as expected. The M1 A domain groups tightly
with the M1 A domain from tnbF, with other lysine-activating A domains. The
results of the A domain specificity predictions suggest that the same amino acids are
activated by Bs080rf2620 as tnbF.

Rausch et al. (2007) demonstrated that the reconstructed phylogeny of
condensation domains shows a functional grouping of C domains. Phylogenetic
analysis of the C domains was carried out to determine the functional type of C
domains present in Bs080rf2620. As expected from its location in the NRPS, the M1
C domain groups strongly with the Starter condensation domains. The M2 C domain
of Bs080rf2620 grouped within the °C, condensation domains, grouping closely with

the M2 C domain from tnbF (Figure 3.4). This placement is strongly supported by
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Figure 3.3. Phylogenetic clustering of A domains using the unweighted pair group method using
arithmetic averages (UPGMA). The A domains from Bs08 are shown in yellow, Bs12 are shown in
orange, tnbF are shown in purple. Each A domain is labeled with its amino acid specificity followed

by its UniProtKB accession number followed by the module number of the NRPS from which the A
domain is referring.

the high bootstrap values at the base of the Dual E/C and °C,_groups. Similar to
tnbF, no epimerase domain was detected in Bs08orf2620 through pHMM analysis,
nor was an external racemase coded for in the biosynthetic gene cluster. This
suggests that the M2 C domain of Bs080rf2620, like the M2 C domain of tnbF, has

LC, activity as opposed to its predicted °Cy activity.
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Figure 3.4. Maximum likelihood tree of C domains, showing the grouping of different C domain
subtypes. The C domains of from the current study are underlined in red. Each C domain is labeled
with the organism name, followed by accession number, followed by the module number from which

the C domain is referring. Bootstrap values are based on 100 replicates and are only shown for the
basal branches of groups.

65



A multiple sequence alignment of the TE domain from Bs080rf2620 with other
annotated TE domains was constructed to identify the residue in the conserved Pro26
position, shown to influence peptide release from the TE domain of the surfactin
biosynthesis NRPS (Tseng et al., 2002). The alignment shows a Pro residue in this
conserved position, similar to tnbF and other cyclizing TE domains (Figure 3.5).

The results from the bioinformatic analyses of the catalytic domains of
Bs080rf2620 suggest that the siderophore produced by Bs08 is very similar, if not

exactly the same, as T. turnerae T7901.

— T m = ___L__—___- —

fengycin KNLFCFPPISGFGILYFKDLALQLNHKAAVYGFHF
surfactin QIIFAFPPVLGYGLMYQNLSSRL-PSYKLCAFDF
gramicidin RNVELFAPIGAQGVFYKKLAEQI -PTASLYGFDF

bacillibactin PPLFCVHEPAGGLSWCYAGLMTNIGTDYPIYGLOA
enterobactin PTLFCFHPASGFAWQFSVLSEYLDFOWSIIGIQS
turnerbactin TFLFCVYPGSGFAWQY SVLERYLDNNMPIVGLDS
B508 SPLICVYPGSGFAWQFSVLSEYLEIDMPIIGLYS
chrysobactin PYLFCLHPASGFAWQYAGLLEYLEGDYPIVGLYS
vanchrobactin PALFCVNSASGFAWDYTGLPEYLTGHYPIYGLOS
pyoc helin YPRVLVHEGLGTLLPYRPLLRALGEGRFLLGLAV
yers iniabactin ETLFVFHASDGDISAWLPLASAL--NRREVFGLOA

Figure 3.5. Partial alignment of TE domains. TE domain sequences were extracted from annotated
NRPS’s. UniProtKB accession numbers of NRPS’s are as follows: fengycin, L42523; surfactin,
Q08787; gramicidin, POC064; bacillibactin, P45745; enterobactin, P11454; chrysobactin, Q8VUEDS5;
vanchrobactin, QOE7C4; pyochelin, O85740; yersiniabactin, Q9Z373. The residue highlighted in red
represents the conserved Pro26 in SrfTE, hypothesized to indicate an intramolecular cyclization
mechanism of release by TE domains.

3.3.3.2 Bs12. Bs12 also contains a putative catecholate siderophore
biosynthetic gene cluster (Figure 3.6). Table 3.5 shows proteins with closest
homology to the gene products of this cluster. Homologues of entCEBA genes are
paired with two genes encoding for NRPS’s. The first NRPS, Bs120rf2076, is a 1055

amino acid, one module NRPS, while Bs120rf2074 is a 2080 amino acid, two module
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NRPS. It’s expected that the entCEBA-like genes and the two NRPS’s work in an

assembly line fashion to produce one peptide product.
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Figure 3.6. Organization of Bs12’s putative siderophore biosynthetic gene cluster, with the putative
domain organization of the NRPS modules.

Table 3.5. Proteins with similarity to the products of the putative Bs12 siderophore biosynthetic gene
cluster. S: similarity, I: identity.

Locus Protein size Similarity S/ (%/%)

Phosphopantetheinyl transferase component of

or2073 239 siderophore synthetase (Hahella chejuensis) 60/42

0r2074 2080 putative non—rlbosc_)mal peptide synthetase 63/46
(Pectobacterium carotovorum)

0r2075 250 2,3—d|hydroxybenz_oate—2,3—dehydrogenase 67/53
(Pectobacterium carotovorum)

0r2076 1055 enterobactin synthetase component F (Pectobacterium 66/49

atrosepticum)

or2077 305 Isochorismatase (Pectobacterium carotovorum) 72/56

or2078 543 enterobactin synthase subunit E (Halomonas elongata) 72/57

or2079 411 isochorismate synthase (Photobacterium profundum) 66/45

PepSY-associated TM helix domain protein

0r2080 554 (Teredinibacter turnerae T7901) 61/42

or2081 101 hypothetical protein (Shewanella sp. HN-41) 67/51

0r2082 89 hypothetical protein (Shewanella sp. HN-41) 56/35

0r2083 650 Outer membrane protein (Oceanospirillum sp. MED92) 53/35

This gene cluster also shows a putative Fur box sequence (Figure 3.6),
suggesting transcriptional regulation by one of the three Fur homologs found in the
genome. This sequence is compared to the bacillibactin biosynthetic operon of

Bacillus subtilis in Table 3.3, whose Fur box matches exactly to the classic Fur box
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sequence proposed by de Lorenzo et al. (1987), the Fur box sequences from the
turnerbactin biosynthetic gene cluster are also shown.

There are two atypical aspects to the NRPS, Bs120rf2074. The first atypical
feature is the presence of only one A domain for its two modules. This type of
organization has been reported in other NRPS systems, such as for the siderophore
yersiniabactin, whose biosynthetic machinery includes an NRPS with three modules
but only one A domain. Yersiniabactin’s sole A domain activates and supplies a Cys
residue to the PCP domain of each module (Keating et al., 2000). A similar mode of
biosynthesis is expected to be carried out by Bs120rf2074. The second feature of
Bs120rf2074 that is unique is that there is no detected TE domain. Aside from TE
domain peptide release, other chain release mechanisms known for NRPS’s include a
C-terminal reductase domain (Re domain), leading to an aldehyde product, or a C-
terminal C domain that release C-terminal amides (Keating et al., 2001). However,
these alternative peptide release domains were not detected in Bs120rf2074. Itis
possible that an external thioesterase acts to release the peptide product from the
NRPS, but a lone thioesterase domain was not found in this particular gene cluster.

Bioinformatic analyses were carried out to predict the peptide product from
this gene cluster. All three online A domain analysis tools report a specificity-
conferring code of DAEDIGTYV for Bs120rf2076. NRPS-PKS predicts a specificity
for Lys, the NRPSpredictor2 predicts a specificity for Glu, and the PKS/NRPS
analysis website predicts a specificity for Arg. While the predicted amino acid varies
between the three online tools, they commonly predict for a hydrophilic amino acid.

The specificity-conferring code reported by the three online A domain analysis tools
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for Bs120rf2074 is DAMVGGCYV, however, these tools were not able to predict a
consensus specificity of the A domain.

Phylogenetic analysis of the A domains from NRPS’s of Bs12’s putative
siderophore biosynthetic gene cluster was carried out to further analyze the predicted
specificity of its A domains. This analysis shows the clustering of Bs120rf2076’s A
domain with an Arg-specific A domain, while the A domain of Bs120rf2074 groups
with Ile-specific A domains (Figure 3.3).

Phylogenetic analysis of the C domains was carried out to determine the
functional type of C domains present in Bs12’s two NRPS’s (Figure 3.4). Also
included in the analysis was the detected E domain of Bs120rf2074. Unlike the
results from tnbF and Bs08’s siderophore NRPS C domain analysis, the C domains
from Bs12’s siderophore biosynthetic gene cluster group as expected according to the
observed NRPS domain organization. Bs120rf2076’s sole C domain groups strongly
with the Starter condensation domains, similar to the M1 C domains from tnbF and
Bs080rf2620. The M1 C domain from Bs120rf2074 groups with “C, functional
domains as expected due to the absence of an E domain in the upstream module. The
M2 C domain groups with other E domains as expected from its annotation as an E
domain. And the M3 C domain groups with °C, functional domain as expected from
the presence of an E domain immediately upstream.

3.3.3.3 Bs02. While Bs02 does code for putative secondary metabolite gene
clusters (data not shown), no siderophore biosynthetic gene cluster was identified
through this work. However, it should be noted that the genome is in draft status and

may not accurately reflect its true siderophore biosynthetic capability.
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3.3.4 Growth experiments to induce siderophore production

Available representative strains (outside of Clade 1) were grown in iron-
deficient SBM to induce siderophore production for isolation and characterization.
The following strains were grown: 1162T.0a.2 (Clade 2), Bs02 (Clade 3), and Bs08
(Clade 4). All three strains failed to show positive CAS assay results, even for Bs08
whose genome predicts the production of a catecholate siderophore. The particularly
poor growth of Bs08 in culture suggests that the current culture conditions are not
ideal and need to be optimized for efficient laboratory growth. The strain Bs12 was

not available for culture.

3.4 Discussion

This work presents a siderophore profile of shipworm symbionts through MS
screening and a bioinformatic survey. The sequence and phylogenetic analysis of the
16S rRNA genes of symbiont strains shows a group of closely related bacteria that
group into discrete clades. It has been suggested that these clades represent
ecological differentiation amongst the community (Luyten et al., 2006). It’s believed
that these clades are an accumulation of neutral diversity and the strains within each
clade occupy the same ecological niche. They persist because competitive
mechanisms are too weak to purge diversity from within the clusters (Acinas et al.,
2004). Therefore, representatives from each clade were chosen to represent the entire

clade’s niche within the shipworm system.
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Intraclade neutral diversity was supported by the MS survey of Teredinibacter
turnerae strains (Clade 1), which revealed the ubiquity of turnerbactin in this species
of bacteria. The strains of T. turnerae screened in this MS survey originate from a
wide range of shipworm hosts. With the finding of turnerbactin in samples of L.
pedicellatus, these results suggest turnerbactin may play a role in the symbiosis of a

wide range of teredinid bivalve mollusks (Figure 3.7).
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Figure 3.7. Proposed distribution of turnerbactin in shipworms. Phylogram of concatenated small and
large subunit nuclear rRNA genes from representative shipworms in the Family Teredinidae.
Turnerbactin was detected in strains of T. turnerae isolated from boxed shipworm species. Figure
adapted from Distel et al. (2011).

The bioinformatic survey of three genome-sequenced strains from three
different shipworm symbiont clades provides an expanded view of the potential for
siderophores from shipworm symbionts. Representatives from Clades 4 and 5 show

the potential to produce catecholate siderophores. Analysis of Bs08 (Clade 4) reveals
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the potential for a siderophore very similar to turnerbactin, while Bs12 (Clade 5)
reveals the potential for a catecholate siderophore most likely different in structure to
that of turnerbactin. The results of the siderophore survey are shown in Table 3.6,
along with relevant functional attributes of each clade. The results show the potential
for production of catecholate-type siderophores exclusively from shipworm
symbionts examined to this point. Due to the pK, of binding groups, catecholate
siderophores are able to outcompete other functional type of siderophores at
physiological pH, such as carboxylate-type siderophores (Miethke and Marahiel,
2007). A variety of other host-associated microbes (mostly pathogens) utilize
catecholate-type siderophores in their respective associations. The archetypical
catecholate siderophore, enterobactin, is utilized by a variety of enteric bacteria from
Escherichia coli (O’Brien and Gibson, 1970) to Salmonella typhimurium (Pollack and
Neilands, 1970). The fish pathogen Vibrio anguillarum relies on a plasmid-encoded
iron-acquisition system and the ability to produce the catecholate siderophore
anguibactin for virulence (Crosa, 1980; Crosa et al., 1980; Wolf and Crosa, 1986).
Similarly, the ability to produce the catecholate siderophore vulnibactin by Vibrio

vulnificus affects its virulence (Litwin et al., 1996).

Table 3.6. Summary of the symbiosis-contributing phenotypes and the siderophore potential of the five
clades of shipworm symbionts. A (+) cellulase production indicates the demonstrated ability to

degrade cellulose in laboratory cultures. ND: not detected.
(Ter(;tlj?gieb;cter Clade 2 Clade 3 Clade 4 Clade5
(1162T.0a.2) (Bs02) (Bs08) (Bs12)
turnerae)
N, fixation + - - + -
Cellulase
Production " " " " *
. . Turnerbactin- |  Catechol
Siderophore | Turnerbactin ND ND like siderophore
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Phylogenetic analysis of shipworm symbionts shows that B. setacea symbiont
sequences group separately from symbiont sequences from all other shipworm
species compiled in this and previous studies (Betcher, 2011). From the available
data, the symbionts from B. setacea can thus be treated as a separate community from
the rest of the symbionts. Bs08 in B. setacea seems to serve an analogous role as T.
turnerae does in other shipworm hosts, with its ability to fix nitrogen as well as
potentially producing a high-affinity siderophore. Growth under diazotrophic
conditions has been shown to require more iron than under non-diazotrophic growth
conditions (Kustka et al., 2003), therefore, nitrogen fixers such as T. turnerae and
Bs08 may have a higher demand of iron in the host compared to symbionts such as
1162T.0a.2 and Bs02.

One of the questions driving this siderophore survey of shipworm symbionts
is whether the symbionts work together as one cooperative unit in the acquisition of
iron or whether they work independently to find a source of iron. Regardless of their
ability to fix nitrogen, almost all microorganisms require iron to carry out basic
cellular functions. In the host, iron is tightly regulated by host iron-binding proteins
(Ratledge and Dover, 2000; Chu et al., 2010). Siderophores represent one route of
iron acquisition. The finding that turnerbactin is present in L. pedicellatus extracts
suggests that the siderophore is utilized in some form in the symbiosis. A structurally
diverse set of siderophores from different symbiont clades would suggest competition
amongst symbionts for iron, whereas a homogenous set of siderophores would
suggest cooperation. The results of the bioinformatic survey of genome-sequenced

strains suggest that shipworm symbionts have the potential to produce structurally
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different siderophores, as evidenced by Bs12’s biosynthetic gene cluster. However,
an important step in siderophore-based iron acquisition not addressed in this current
survey is the uptake of ferric-siderophore complexes. Siderophores are taken up by
specific outer membrane receptors. As a general rule, microbes are able to recognize
and take up natively produced siderophores. But examples of microbes to take up
heterologous siderophores are numerous (Baig et al., 1986; Simon et al., 1995; Loper
and Henkels, 1999; Cornelis and Matthijs, 2002). The ability to take up heterologous
siderophores would confer an evolutionary advantage, and this ability has not been
studied in shipworm symbionts. Bioassays with shipworm symbionts and their

siderophores will reveal the potential for these mechanisms.
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4 Role of siderophores in the interaction between symbionts

4.1 Introduction

Shipworms harbor a consortium of closely related endosymbionts. This is in
contrast to many other bivalve-endosymbiont associations in which a single
endosymbiont is detected, as reported by Eisen et al. (1992), Distel et al. (1988), and
Distel and Cavanaugh (1994). Exceptions to the maintenance of a single
endosymbiont have been reported. A hydrothermal vent mussel (family Mytilidae)
was shown to contain both methanotrophic and thioautotrophic endosymbionts in the
same bacteriocyte within the host gill (Distel et al., 1995). Analogously, the gutless
marine oligochaete Olavius algarvensis contains both sulfate-reducing and sulfide-
oxidizing endosymbionts within the same host cell (Dubilier et al., 2001). In the case
of the hydrothermal vent mussel and O. algarvensis, different symbiont types are
found to colonize the same host cell. However, studies investigating the habitation
patterns of shipworm symbionts suggest that different groups of symbionts do not
inhabit the same host cell. Phylogenetic analyses of shipworm symbionts reveal the
clustering of symbionts into discrete clades (Chapter 3; Distel et al., 2002a; Luyten et
al., 2006; Betcher, 2011). Localization studies suggest that these clades correlate
with a pattern of segregation within the gills (Distel et al., 2002; Betcher, 2011).

The mechanisms of segregation within the host are unclear. However, studies
on the microbial dynamics in plants suggest that siderophores might play a role in
controlling the growth of associated microbes. Kloepper et al. (1980) showed that
plant growth-promoting strains of Pseudomonas were able to repress the growth of a

plant pathogen. They propose that these plant growth-promoting strains colonize
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roots and sequester the limited iron available with siderophores, thereby making the
iron unavailable to other microorganisms. This mechanism of action occurs because
microbes are generally unable to take up foreign siderophores. Their siderophore
uptake receptors recognize and are specific for the siderophores that they produce.
Exceptions to this rule are numerous, however (Baig et al., 1986; Simon et al., 1995;
Loper and Henkels, 1999; Cornelis and Matthijs, 2002). Species from various genera
have shown the ability to take up heterologous siderophores, thereby conferring an
evolutionary advantage over those species that are able to only take up native
siderophores. Guan et al. (2001) used sponge-associated and seawater bacteria to
show the ability of exogenous siderophores to act as growth-promoting and signaling
factors. D’Onofrio et al. (2010) were able to culture previously uncultured organisms
with the help of exogenous siderophores. Regardless of a beneficial or antagonistic
nature, these studies show the potential for siderophores to affect the growth of other
members of its community.

The current work aims to understand how siderophores might play a role in
either growth-promotion or growth-inhibition of shipworm symbionts. In the
previous chapter, phylogenetic clustering of symbionts into clades was presented and
a siderophore profile was created to show the prevalence of catecholate siderophores
among these clades. However, the cross-utilization potential of these siderophores
among symbionts is unknown. By using cross-streaking and disc diffusion bioassays,
this work shows that symbiont-derived siderophores are capable of inhibiting the
growth of other symbionts, suggesting that there is not universal cross-utilization of

siderophores by shipworm symbionts.
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4.2 Methods

4.2.1 Bacterial strains and media

Shipworm strains were grown and assayed on a modified version of shipworm
basal medium (SBM) (Distel et al., 2002b; Waterbury et al., 1983) containing 750 ml
artificial seawater (Kester et al., 1967), 250 ml distilled water, 0.1 mM KH,PQy,
0.094 mM Na,COg3, 0.01 mM Na;Mo00,.2H,0, 0.5% (w:v) Sigmacell cellulose Type
101 (Sigma), 5 mM NH,CI, 20 mM HEPES buffer (pH 8.0), 10 uM EDTA-chelated
ferric iron (Sigma), 1 ml A5+Co trace metal mix (Rippka et al., 1979), and 1.5% agar

(w:v) for plates.

4.2.2 Cross-streaking of symbiont strains

The siderophore-production mutant strain of T. turnerae, TtAHO3, was used
in cross-streaking assays to determine the inhibition of this strain on other symbiont
strains. The construction of this mutant was described in Chapter 2. A test strain was
streaked down the center of a SBM plate. Then TtAHO03 was streaked perpendicular
to the test strain, as well as wild-type T. turnerae as a control (Figure 4.1). The
inhibition of growth by the test strain was measured and recorded. The mutant strain
contains a chloramphenicol resistance cassette inserted into the M1 C domain of tnbF
(Figure 2.1, Chapter 2). Inorder to carry out the cross-streaking experiment, the
medium could not contain Cm due to the sensitivity of the test strain. Therefore, the
presence of the Cm resistance cassette in TtAHO3 was checked by PCR after each

experiment.
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Figure 4.1. Depiction of cross-streaking assay. Red brackets indicate the measured growth inhibition
zone of the test strain. Adapted from Brian Fishman.
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4.2.3 Disc diffusion bioassays

Symbiont strains representing different shipworm symbiont clades were used
in disc diffusion bioassays. Strains used in bioassays were grown in liquid SBM
medium overnight and then spread onto an iron-replete SBM plate. Approximately
50 pg of triturnerbactin was applied to a 6-mm-diameter filter disc, which was then
placed onto the plate. A filter disc to which water was applied was used as a negative

control. The zone of inhibition around the filter disc was measured and recorded.

4.3 Results

4.3.1 Cross-streaking assay

Previous work with shipworm symbionts showed the ability of strains from
Clade 1 (T. turnerae clade) to inhibit the growth of strains from symbiont clades 2, 3,
and 4 (Betcher, 2011). A representative from Clade 5 was not available for the
previous study nor for the current study. Additionally, inhibition between any
combination of strains from only Clades 2, 3, or 4 was not observed. Recently, a

siderophore-producing mutant of T. turnerae T7901 was constructed called TtAHO3.
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The NRPS responsible for siderophore production is disrupted in TtAHO3, but this
strain maintains wild-type function of the genes responsible for the production of 2,3-
dihydroxybenzoate (DHB). This strain was used in cross-streaking assays to
determine the role of siderophores in the observed inhibition. The results of these
assays are shown in Table 4.1. TtAHO3 failed to completely remove inhibition
effects toward any of the tested strains. However when compared to cross-streaks
with the wild-type, 1162T.0a.2 and Bs08 exhibited a slight reduction in inhibition,
while Bs02 did not show any significant change. These results suggest that T.
turnerae inhibits other symbiont strains by a variety of mechanisms and are not solely

the result of siderophore production.

Table 4.1. Inhibition of symbiont strains as a result of cross-streaking and disc diffusion assays.
Approximated measured zones of inhibition are in mm.

Clade 2 Clade 3 Clade 4
(1162T.0a.2) (Bs02) (Bs08)
TtAHO3
(cross-streak) 45 > 4.75
wild-type
(cross-streak) > > >
Disc diffusion with 15 no inhibition 3
triturnerbactin

4.3.2 Disc diffusion assay

To ascertain the ability of siderophores alone to inhibit the growth of other
shipworm symbionts, a disc diffusion assay was carried out with pure triturnerbactin.
Triturnerbactin was used because it is most likely to be the native siderophore
produced by tnbF. Additionally, triturnerbactin is presumed to exhibit the strongest

affinity for iron of all the forms of turnerbactin isolated from T. turnerae T7901 based
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on the calculations by Scarrow et al. (1991) who calculated that the linear trimer of
enterobactin has a higher stability constant than that of the DHB-serine dimer. The
results of the disc diffusion assays are shown in Table 4.1.

Strain 1162T.0a.2 (Clade 2) shows inhibition by triturnerbactin. Presumably,
triturnerbactin diffuses into the medium and binds the available iron, depriving
1162T.0a.2 of iron immediately surrounding the disc. This suggests that 1162T.0a.2
does not have an outer-membrane receptor that is able to take up the ferric-
siderophore complex. This also suggests that 1162T.0a.2 does not produce a
siderophore that is able to outcompete triturnerbactin for iron. Siderophore
production could not be detected when 1162T.0a.2 was grown alone in iron-deficient
media.

Bs02 (Clade 3), on the other hand, does not show any inhibition by
triturnerbactin, suggesting that Bs02 has an outer-membrane receptor that is able to
take up the ferric-siderophore complex. Alternatively, Bs02 might produce a high-
affinity siderophore that is able to outcompete triturnerbactin for iron. However,
analysis of Bs02’s genome did not reveal any siderophore biosynthetic gene clusters
and siderophore production could not be detected when Bs02 was grown alone in
iron-deficient media. It should be noted though that this does not preclude the
possibility that a siderophore may be produced by Bs02, due to the possibility of an
incomplete genome and growth conditions not optimized for this organism.

The most perplexing result from the disc diffusion assays, however, is the
inhibition towards Bs08 (Clade 4) by triturnerbactin. Bs08 is predicted to produce a

siderophore very similar to that of turnerbactin based on analysis of its putative

80



siderophore biosynthetic gene cluster. It’s possible that BsO8 produces a very similar,
yet structurally different siderophore than turnerbactin and its cognate siderophore

receptor fails to take up the ferric turnerbactin complex.

4.4 Discussion

This work aimed to determine how siderophores mediate the interactions
between shipworm symbionts. Using both cross-streaking and disc diffusion
bioassays, heterologous siderophores were shown to affect growth of some
symbionts. Cross-streaking experiments with a T. turnerae T7901 siderophore-
producing mutant shows that this strain is able to inhibit the growth of other symbiont
strains, but in the case of 1162T.0a.2 (Clade 2) and Bs08 (Clade 4), the inhibition was
slightly decreased compared to wild-type. These results suggest that T. turnerae
inhibits the growth of other symbionts by multiple mechanisms, presumably by the
production of other antimicrobial compounds. This theory is plausible given the
presence of multiple putative bioactive metabolite biosynthesis pathways in the
genome of T. turnerae T7901 (Yang et al., 2009). Disc diffusion assays with
triturnerbactin show that the siderophore alone is able to inhibit the growth of
symbionts from Clades 2 and 4, presumably through an iron-deprivation mechanism.
These results are consistent with the cross-streaking experiments, which showed
slightly decreased inhibition by the siderophore-producing mutant.

Interestingly, the growth of Bs08 (Clade 4) was inhibited by triturnerbactin.
Bs08’s siderophore is predicted to be very similar, if not the same, as turnerbactin. It

may be that Bs08’s siderophore undergoes post-assembly line tailoring by enzymes
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not encoded in the siderophore biosynthetic gene cluster. Alternatively, the two
siderophores could be enantiomers, which could result in failed uptake by the
heterologous siderophore receptor. This is the case for pyochelin and enantio-
pyochelin from Pseudomonas aeruginosa and P. fluorescens, respectively. The two
siderophores are unable to promote growth in the heterologous species, indicating a
highly stereospecific siderophore-uptake system (Hoegy et al., 2009). An analogous
scenario exists for enterobactin in E. coli K-12, where the synthetic
enantioenterobactin does not promote growth of E. coli mutants (Neilands et al.,
1981). However, bioinformatic analysis suggests that Bs08’s siderophore has the
same stereochemistry as turnerbactin. Isolation and characterization of the
siderophore from Bs08 would help to resolve this issue, but as stated previously,
attempts to induce siderophore production in iron-deficient media were unsuccessful.
With the grouping of symbiont strains into discrete clades, we can separate the
results of this study by shipworm host: those found in Bankia setacea, and those
found in other shipworm hosts. For the sake of nomenclature moving forward, the
“other” group will be referred to as Lyrodus, since both Clade 1 and Clade 2
symbionts have been found in this genus of shipworm. First, the case of the Lyrodus
shipworm host: clearly, we see a demonstrated dominance of T. turnerae (Clade 1)
over strains such as 1162T.0a.2 (Clade 2), evidenced by both the cross-streaking and
disc diffusion assays. This suggests that if there were to be a battle for iron, T.
turnerae would win out. This would seem to be an advantage for the host: T.
turnerae is able to provide a source of fixed nitrogen through nitrogen fixation as well

as produce cellulolytic enzymes, while 1162T.0a.2 seemingly only provides the latter
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(evidenced by cellulose clearing on agar plates and the inability to grow in media
lacking a source of fixed nitrogen). Antagonistic interactions between symbionts
have also been seen between primary and secondary symbionts in the pea aphid
Acyrthosiphon pisum (Sakurai et al., 2005). Segregation within the host may be a
way to ensure sufficient access to resources, and in vitro experiments demonstrate T.
turnerae’s capacity to create this segregation. Whether the host aids in segregating T.
turnerae from 1162T.0a.2 or if T. turnerae accomplishes this on its own is unknown.
In the case of B. setacea, assuming for the moment that Bs08 (Clade 4)
produces a turnerbactin-like siderophore and that Bs02 (Clade 3) is able to utilize that
siderophore as in the case of triturnerbactin, there does not seem to be this dominance
of one clade over another. In fact, it seems that Bs02 is a social cheater. This strain
is able to utilize heterologous siderophores without expending the resources to
produce one on its own. Moreover, it does not contribute to the supply of fixed
nitrogen to the host. Meanwhile, Bs08 fixes nitrogen and produces siderophores.
Presumably, both clades provide cellulolytic enzymes to aid in wood digestion. In
this case, Bs08 would understandably attempt to segregate itself from strains such as
Bs02 who merely leaches off of others, at least in the case of iron. As opposed to the
case of T. turnerae, cross-streaking experiments suggest that Bs08 is unable to
segregate from Bs02 by its own means (Betcher, 2011). The B. setacea strain Bs12
was not able to be addressed in this study due to the strain’s unavailability. However,
this strain contains a putative catecholate siderophore biosynthetic gene cluster whose
product may play a role in the dynamics between B. setacea symbionts. Fluorescence

in situ hybridization studies with B. setacea show that a probe specific for Bs02
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produces segregated signal from a probe that targets Bs08 and Bs12 (Betcher, 2011).
There is not enough evidence to speculate that Bs12’s siderophore is involved in this
pattern of segregation, but the results from assays with this siderophore would prove
interesting.

Figure 4.2 presents a generalized scheme of the siderophore interplay between
shipworm symbionts, summarizing the results of the current set of experiments. The
figure shows a hypothetical environment in which different types of siderophore-
producing and siderophore-utilizing organisms must compete for a limited store of
iron. A high-affinity siderophore producing strain (Clade 1) is able to produce and
effectively scavenge for iron. This strain and its siderophore are able to restrict the
access of iron to other members in the community. Some members (Clade 2) have no
means of scavenging for iron and are unable to take up the high-affinity ferric
siderophore complex. Other members produce a low-affinity siderophore (possibly
Clade 5) that is outcompeted by the high-affinity siderophore. Then there are
members of the community who are considered social cheaters (Clade 3). Without
producing a siderophore of its own, this member is able to utilize the high-affinity
siderophore, thus reaping the benefits of others without exerting comparable effort.

In this scenario, organisms representing Clades 1 and 3 would successfully grow in
this localized environment, while the growth of organisms representing Clades 2 and

5 would be restricted.
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Figure 4.2. Generalized schematic of siderophore interplay between different siderophore-producing
and siderophore-utilizing organisms, representing the clades of shipworm symbionts used in the
current study. Dotted arrows with X’s indicate routes that are blocked. This figure is adapted from
Hibbing et al. (2010).

Most likely, the reason why shipworms carry multiple groups of symbionts is
that each group provides separate attributes that collectively support the host.
Evidence has been shown that the host may penalize symbionts that fail to provide
benefit to the host. Work with rhizobia and their legume host showed that symbionts
that failed to fix nitrogen were sanctioned by the host by cutting off oxygen supply to
non-nitrogen fixing nodules (Kiers et al., 2003). The host imposes a selective
environment which favors the stabilization of a mutualistic symbiosis.

Given their attributes discussed above, the different shipworm symbiont
groups may each provide a set of cellulolytic enzymes that, when taken all together,

allow sufficient digestion of wood by the host. A complementary nutritional role of
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symbionts is seen in the cedar aphid Cinara cedri. Two different endosymbionts,
Buchnera aphidicola BCc and Candidatus Serratia symbiotica SCc each carry a
partial tryptophan biosynthesis pathway when, taken together, produce the essential
amino acid tryptophan for the host (Gosalbes et al., 2008). The two endosymbionts,
in a necessary metabolic complementation, work together to form a stable symbiotic
relationship. Notably, these two endosymbionts occupy separate bacteriocytes within
the host (Gomez-Valero et al., 2004). In this example, two different symbionts work
in tandem to provide benefit to the entire system, yet still reside in separate
compartments.

As alluded to earlier, one advantage of keeping different groups of symbionts
segregated within the gill is that cohabitation of a bacteriocyte by different functional
symbionts may enhance competition. Competition within the bacteriocyte for space
and nutrients would divert attention away from host-beneficial actions such as
cellulase production and nitrogen fixation.

Understanding the mode of symbiont transfer from one generation to the next
in shipworms would provide insight into how this segregation might occur. One
report suggests a vertical mode of transmission in shipworms. Sipe et al. (2000)
detected symbiont 16S rRNA gene sequences through PCR from the gonads and
spawned eggs of the shipworm Bankia setacea. The inability to detect symbionts
outside of the host supports the vertical mode of transmission. On the other hand,
genomic analysis of T. turnerae suggests a facultative symbiosis (Yang et al., 2009).
More in depth localization studies, such as in situ hybridization or electron

microscopy in conjunction with PCR-based detection of developing eggs/larvae are
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needed. But a vertical mode of transmission suggests that segregation might occur
during the early stages of development of the shipworm. Experimental colonization
of aposymbiotic juveniles in the lucinid bivalve Codakia orbicularis might provide a
possible mechanism of bacteriocyte colonization in teredinid bivalves. In the lucinid
bivalve, symbionts enter into undifferentiated cells of gill filaments by endocytosis,
which progressively differentiate into bacteriocytes (Gros et al., 1998). As juveniles
develop, more bacteriocytes begin to appear. In the shipworm, this colonization
might be mediated by metabolites produced by symbionts such as T. turnerae (Clade
1), creating a zone of inhibition, as seen in in vitro experiments, allowing itself
exclusive access to developing bacteriocytes (Figure 4.3). Symbionts that are not
able to effectively compete with Clade 1 symbionts, due to either iron restriction by
Clade 1 siderophores or susceptibility to Clade 1 antimicrobials, are left to colonize
developing bacteriocytes that are “unprotected” by Clade 1’s zone of inhibition.
Studies such as that of Gros et al. (1998) need to be conducted in teredinid bivalves to

confirm a similar mechanism of bacteriocyte colonization.
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Figure 4.3. Proposed model of bacteriocyte colonization by symbionts.

Contained within bacteriocytes, symbionts are excluded from the surrounding
environment by the bacteriocyte membrane. Transfer of metabolites and proteins
seems to involve transport across these host membranes. Examination of aphid gene
expression showed the upregulation of multiple transporters in bacteriocytes,
suggesting these transporters are critical in metabolite exchange between the
symbiont Buchnera aphidicola and the host (Hansen and Moran, 2011). Work with
gills of the marine mussel Mytilus californianus show the use of a transporter to
mediate transport of the amino acid taurine between intracellular compartments of gill
cells and hemolymph (Neufeld and Wright, 1995). The packaging of symbiont
metabolites or proteins might occur through a blebbing process, or outer membrane
vesicle (OMV) formation, a process conserved among gram-negative bacteria (Kulp
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and Kuehn, 2010). OMV’s can differentially package select enzymes and receptors
that contribute to nutrient acquisition, including iron-transport outer membrane
proteins (Choi et al., 2011). Mashburn and Whitely (2005) showed that OMV’s were
critical to cell-to-cell communication and coordinated group behavior in the pathogen
Pseudomonas aeruginosa. Coordinated behavior is particularly important with
molecules that will diffuse away from cells, such as siderophores. Biosynthesis and
excretion of siderophores would be most useful when there are enough cells to
efficiently scavenge the metal (Keller and Surette, 2006). OMV’s were visualized
using electron microscopy by bacteriocyte-enclosed symbionts of the cockroach
Cryptocercus punctulatus (Bigliardi et al., 1995). OMV’s may play a critical role in
the shipworm symbiont community as well. Delivery of OMV’s to other
bacteriocytes or distant parts of the shipworm might utilize the circulatory system,
excreting OMV’s into the hemolymph of the proximal branchial vein (refer to Figure
1.2). Targeted delivery of OMV’s is possible through binding to host receptors (Kulp
and Kuehn, 2010) and the mechanism of delivery has been shown to occur by
endocytosis (Kesty et al., 2004).

The findings of this work suggest that universal cooperation between
endosymbionts of shipworms does not occur. Cross-streaking experiments show the
inhibition of multiple clades of symbionts by symbiont Clade 1, most likely the result
of multiple mechanisms. Disc-diffusion assays show that siderophores alone can
inhibit the growth of other symbionts. These results were used to propose a possible
mechanism of segregation found in the gills of the host. However, these experiments

also revealed the presence of social cheaters in the community. Bs02 is able to utilize
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the heterologous siderophore, triturnerbactin, while not producing a siderophore of its
own. This suggests that some symbiont members do not contribute equally to the

good of the community.
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5 Conclusions

Shipworms harbor a closely related group of endosymbionts that are believed
to supplement the host’s nutrition. The symbionts produce cellulolytic enzymes that
aid in the digestion of wood and supplement this carbon-rich diet of wood by
providing a source of nitrogen through nitrogen fixation. The burden of acquiring
iron within the host may be exacerbated by the additional iron requirements of
nitrogen fixation.

A strategy used by many microorganisms in the acquisition of iron is the
production of siderophores. The recent genome sequencing of the shipworm
symbiont T. turnerae T7901 revealed an extensive secondary metabolome that
includes a putative siderophore biosynthetic gene cluster. This work examined this
siderophore biosynthetic gene cluster and the resulting siderophore product. The
chemical isolation of the siderophore revealed a novel structure of 2,3-DHB-L-
ornithyl-L-serine, which is closely related to the previously described siderophores
vanchrobactin and chrysobactin. Together these siderophores form a catecholate
class of siderophores with a DHB binding group, a hydrophilic, positively charged
amino acid spacer, and serine backbone. The structure of the turnerbactin
biosynthetic gene cluster showed what appeared to be a relatively straightforward
biosynthesis scheme. But upon further examination, the catalytic domains of the
NRPS are not completely amenable to the current bioinformatic predictive
capabilities for NRPS’s. The addition of the analyses on turnerbactin biosynthesis

will aid future research in the predictive analyses of NRPS domains. NRPS’s have
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the potential to produce a wide array of medically relevant and therapeutic
compounds. The search for novel compounds is ongoing, and increasingly accurate
predictive capabilities allow for more efficient genomic-based screening of pathways
that might yield novel-acting compounds.

After the characterization of T. turnerae T7901’s siderophore, a siderophore
profile for the shipworm symbiont community was created. Multiple strains of T.
turnerae have been discovered from numerous genera and species of shipworms. A
survey of T. turnerae strains was carried out to determine turnerbactin production by
this species of shipworm symbiont. Turnerbactin was found in all strains of T.
turnerae examined. Additionally, the presence of turnerbactin was detected in
Lyrodus pedicellatus, a shipworm known to contain T. turnereae. Combined, these
results suggest that turnerbactin might be found in numerous shipworm species and
may play a role in the symbiosis. Other symbiont groups were also examined for
siderophores through genomic analysis. These findings suggest a theme of
catecholate siderophore amongst shipworm symbionts.

Finally, the potential for siderophores to affect community dynamics within
the symbiotic community was presented. These experiments show that siderophores
can have antagonistic actions towards other symbionts, but that they are most likely
part of a multiple-faceted mechanism of antagonism. A model of segregation within
the gill by different symbiont groups was proposed using these results. Also
discovered in these experiments was the presence of a social cheater in the
community. These symbionts seem to be benefitting from the other members of the

community without expending comparable resources.
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Future directions

This work provided an overview of the siderophore potential of shipworm
symbionts. The role of siderophores in the interactions between symbionts was
presented. In addition to symbiont interactions, siderophores may also play other key
roles in the shipworm system. The digestive organs of the shipworms are relatively
devoid of microbes (Greenfield and Lane, 1953; Betcher, 2011), which is in contrast
to other wood-digesting organisms. It is believed that symbiont-derived compounds
are transported into the digestive organs to aid in digestion. Siderophores may also
be exported to these areas and play a role in nutrient deprivation to prevent unwanted
microbes from colonizing these organs.

Much is unknown about the exchange of metabolites and proteins in the
shipworm system, both symbiont-host exchange as well as symbiont-symbiont
exchange. Localization studies such as the multiple-isotope imaging mass
spectrometry study of nitrogen fixation in the gills of Lyrodus pedicellatus (Lechene
et al., 2007) are valuable in determining the location and transport of symbiont-
derived substrates. Additional MS-imaging studies in the shipworm system will
reveal the fate of symbiont-derived compounds, such as siderophores, and lend
insight into the possible roles for these compounds.

While the siderophore biosynthetic gene cluster was examined in this work,
the genome of T. turnerae T7901 codes for eight other putative secondary metabolite

gene clusters, which include both polyketide synthases and NRPS’s. These
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compounds may play an integral role in the symbiosis and might also provide
interesting biological activity for biomedical applications. The genetic techniques
developed for T. turnerae T7901 in this work will prove valuable in assigning these
additional gene clusters to their isolated products.

Introduction of mutants into the shipworm system would provide valuable
information. For example, the effects of colonization and persistence by a
siderophore-production mutant could be monitored and analyzed to determine how
the production of this compound affects the relationship between symbiont and host.
However, the mechanism of transmission of symbionts has not yet been firmly
established, which leaves us uncertain as to how to introduce a strain of choice. In
addition, the curing of shipworms of any bacterial symbionts has never been carried
out, leaving any results of successful introduction of strains inconclusive, as natural
strains would still be present in the shipworm.

Transmission of the endosymbiontic community in teredinid bivalves requires
further study. Sipe et al. (2000) propose a vertical mode of transmission, but genomic
analysis of T. turnerae T7901 also suggests the potential for horizontal transmission
(Yang et al., 2009). A more in depth study involving microscopy along with PCR-
based detection would provide further evidence. Heavy focus should be on the
developmental stages of the shipworm, capturing the formation of bacteriocytes
within the gill. Once that is established, focus can be shifted toward the development
of bacteriocytes during the shipworm’s maturation process.

Through the current work, the mechanism of segregation of symbionts within

the gill is hypothesized to involve secondary metabolites produced by shipworm
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symbionts. The potential for such segregation was shown in vitro, but more studies
are needed to determine the exact mechanism of symbiont segregation in the gills.
Gene expression analysis of axenic cultures of T. turnerae has been examined
(Fishman, 2010). These studies can be extended to include gene expression analysis
of symbiont strains in co-culture with other symbionts to determine if expression of
secondary metabolite gene clusters is upregulated in the presence of other symbionts.

The catecholate-structural features of turnerbactin suggest that turnerbactin is
able to bind other metals aside from iron, such as molybdenum (Duhme-Kilair, 2009).
Similar catecholate siderophores were shown to scavenge molybdenum for the soil
diazotroph, Azotobacter vinelandii, and regulate toxicity in the presence of tungsten
(Bellenger et al., 2008; Wichard et al., 2008). Molybdenum is another cofactor of the
enzyme nitrogenase and similar roles for turnerbactin may occur with T. turnerae
during times of nitrogen fixation.

Uptake experiments with turnerbactins and other symbiont siderophores
would also be useful. The results of experiments such as radiolabeled uptake
experiments would provide compelling evidence for the uptake of exogenous
siderophores by gill symbionts, as well as the uptake of siderophore-bound trace

metals, such as iron and molybdenum.
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Appendix A. Supplementary NMR fiqures

Table A.1. NMR data for Diturnerbactin (2) and Dehydrated diturnerbactin (4) (800 MHz) in CD;0D.

Diturnerbactin (2)

Dehydrated diturnerbactin (4)

Position  dy(JinHz)  HSQC _ HMBC dc 3.(JinHz7) TOCSY HMBC
DHB
. 170.78
11 170.88
. 117.21
2,2 117.06
. 149.49
3,3 149.37
, 147.26
4,4 147.17
6.98, dd (L6, 6.99, dd (8.0, 2346
. 2.4), [1H] 119.93 1.6), [1H] 34
55 6.97.dd(Le, 86 23467 11996  Gosdd@go &7 2 2: 4
2.4), [1H] 1.6), [1H]
6.78, 1 (8.0),
, 6.77,1(8.0) 1,2,3,4, 12000 [2H] 2,3, 4,
6,6 [2H] 118.8 57 11989  672.t(8.0), > 5,7
[2H]
7.38, dd (L6, 7.37,dd (8.0, Laae
. 8.0), [1H] 119.71 1.6), [1H] 34
i 7agdde, 0t L3456 pge  731dd@o,  >° DY
8.0), [1H] 0.8), [1H]
Ornithine
. 173.67
88 172.27
9 479,m[H] 5193 181011 5437  4gmpm b 1510
. 1’8, 10, 10,11, 1,8,
9 476,m,[1H] 5253 o s394 4m3mpH N BT
8,9, 11,
. 2.05,m, [2H] 2089,  2.07,m[2H] 9,11,12 12
10,100 ygg mpH 288 891L12 0 o978 ToomH] 91112 8,911,
12
. 25.03,
11,11 18L,m[4H] 235 910,12 oy 182m[4H] 910,12 9,10,12
12,12 299, m[4H] 389 10,11 oS0 300m[H] 91011 10,11
Serine
13 164.44
13 172.23
4,58, t (4.0, 8, 13,
14 48 L] 5496 813,15 13302 488 m, [1H] o
14 480,m [1H] 5197 813,15  53.12
3.95, dd (4.8,
12.0), [1H] 13, 14 6.23, s, [1H] 15 13, 14
5 382.dd (48 OB 1314 257 5905 [1H] 15 13,14
11.2), [1H]
4.68,dd (11.2 13,13
4.75,m, [1H] . ' : , 13,
, 13,13, 14 6.4), [1H] 15 14
15 4'113’2)dd[1(;4—i?’ 6404 1313714 9009 4s3 12, 13 13,13
2) 6.4), [1H] 14
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Figure A.1. Turnerbactin (1) *"H NMR spectrum (800 MHz) in CD;0D.
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Figure A.27. Dehydrated diturnerbactin (4) *H-**C HMBC spectrum (800 MHz) in CD;0D, expanded

region.
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Appendix B. The phylogeny of Vibrio sp. DS40M4 and an analysis of its
siderophore biosynthetic machinery

B.1 Introduction

The open ocean isolate Vibrio sp. DS40M4 was found to produce a new
triscatechol amide siderophore trivanchrobactin, the related biscatecholamide
divanchrobactin, and the known siderophore vanchrobactin, as well as the known
siderophore anguibactin. The known siderophores, vanchrobactin and anguibactin,
had been previously described from strains of the fish pathogen Vibrio anguillarum
(Actis et al., 1986; Soengas et al., 2006). However, both siderophores had not been
previously isolated from the same strain, nor from a species other than V.
anguillarum.

This work presents a 16S rRNA gene phylogenetic analysis of Vibrio sp.
DS40M4. In addition, a bioinformatic analysis of the putative TE domain involved in
vanchrobactin biosynthesis in DS40M4 is presented that supports the release of a
linear peptide product. The phylogenetic analysis of DS40M4 appears in the
following publication: Sandy, M., A. Han, J. Blunt, M. Munro, M. Haygood, A.
Butler. 2010. Vanchrobactin and anguibactin siderophores produced by Vibrio sp.

DS40M4. J. Nat. Prod. 73, 1038-1043.
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B.2 Methods

B.2.1 Bacterial Strain

Vibrio sp. DS40M4 was isolated from an open ocean water sample which was
collected over the continental slope off the West Coast of Africa between the Cape

Verde and Canary Islands at 20° 41.1°N, 24° 13.7°W (Haygood et al., 1993).

B.2.2 Genomic DNA isolation

Vibrio sp. DS40M4 was grown in an artificial seawater medium (2 L)
containing 10 g/L casamino acids, 19 mM NH,4CI, 4.6 mM sodium glycerophosphate
hydrate, 50 mM MgSQ,, 10 mM CaCl,, 0.3 M NaCl, 10 mM KCI, 41 mM glycerol,
10 mM pH 7.4 HEPES buffer, 2 mM NaHCOg, 8.2 uM biotin, 1.6 uM niacin, 0.33
uM thiamin, 1.46 uM 4-aminobenzoic acid, 0.21 uM panthothenic acid, 5 uM
pyridoxine hydrochloride, 0.07 uM cyanocobalamin, 0.5 uM riboflavin, and 0.5 uM
folic acid. One mL of overnight culture was harvested by centrifugation at 11000
rpm for 3 min. Genomic DNA from the cell pellet was isolated using the DNeasy Kit

(Qiagen) following the bacterial DNA purification protocol.

B.2.3 Amplification of the PCP-TE domain of the vanchrobactin NRPS

Degenerate primer design: A multiple sequence alignment of PCP-TE
didomains from NRPS gene clusters related to V. anguillarum RV22’s vanchrobactin
biosynthesis NRPS was constructed. The following PCP-TE didomains were used: V.
anguillarum RV22 vabF (CAJ45639), Escherichia coli entF (ABV17231),

Salmonella enterica entF (ZP_03366305), Klebsiella pneumoniae entF (ACI111302),
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Erwinia chrysanthemi cbsF (AAL66867), Bacillus subtilis dhbF (CAB15186). PCP-
TE didomains were aligned using the protein multiple sequence alignment program,
MUSCLE (Edgar, 2004). This alignment was then imported into CODEHOP (Rose
et al., 2003) and degenerate primers were designed using the codon usage table for V.
cholera and V. fischeri. The following degenerate primers were designed and used in
this work: PCP-TEF: 5’-GCRAATGGTAAAYTRGATAARAARGCNYTNCC-3’,
and PCP-TER: 5’-CCACCRAAAGACTAACCYAAYAR-3’.

PCR amplification: PCR with degenerate PCP-TE didomain primers was performed
using genomic DNA as a template. In order to find a suitable annealing temperature,
gradient PCR was carried out from a range of 45° C to 60° C. The highest annealing
temperature at which bands were visualized on an agarose gel was used moving
forward. Subsequent amplifications were then carried with the following profile:
initial denaturation for 2 min at 94° C, 40 cycles of 1 min at 94° C, 1 min at 47° C,
and 1 min at 72° C, and a final extension step for 7 min at 72° C. PCR products were
analyzed by electrophoresis on a 1.2% agarose gel, and bands corresponding to the
expected size were cut out and purified using the GENECLEAN Il Kit (MP
Biomedicals). Purified PCR products were cloned into the pCR4 vector using the
TOPO TA Cloning Kit for Sequencing (Invitrogen). Plasmids were extracted using
the QlAprep Spin Miniprep Kit (Qiagen). Inserts were sequenced with two-fold
coverage using M13F and M13R primers on an ABI3700XL at the Molecular and
Cellular Biology Core on OHSU’s West Campus (Beaverton, OR). Sequences were
assembled in Sequencher 4.8 (GeneCodes Corp.). Corresponding amino acid

sequences were searched against the National Center for Biotechnology Information
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(NCBI) nonredundant protein database by using the Basic Local Alignment Search

Tool (BLAST).

B.2.4 Phylogenetic Analysis

General bacterial 16S rRNA gene primers 27F and 1492R (Lane, 1991) were
used to amplify the nearly full-length 16S rRNA gene from Vibrio sp. DS40M4
genomic DNA. PCR products were analyzed by electrophoresis on an agarose gel
(1.2%) to confirm size and specificity. PCR products were cleaned using the
QIAquick PCR purification kit (Qiagen) and then directly sequenced. Both strands of
the PCR product were fully sequenced using internal primers (Lane, 1991).
Sequencing was carried out on an ABI3700XL at the Molecular and Cellular Biology
Core on OHSU’s West Campus (Beaverton, OR). Sequences were compiled in
Bioedit (Hall, 1999) resulting in a sequence of 1437 bp in length. The GenBank
accession number is HM152762. The 16S rRNA gene sequence was compared to
those in the NCBI nucleotide collection and RDP databases. The 16S rRNA
sequence was aligned with the SINA Webaligner (SILVA) (Pruesse et al., 2007).
Aligned type strain reference sequences were downloaded from SILVA’s rRNA
database. The multiple sequence alignment was compiled and edited in Bioedit.
Hypervariable regions were excluded from the analysis. Phylogenetic reconstruction
was performed on unambiguously aligned nucleotide positions with RAXML v. 7.0.4
(Stamatakis 2006) using the General Time Reversible model of nucleotide
substitution under the I' model of rate heterogeneity (GTRGAMMA) with 100

bootstrap replicates. The selected tree topology had the highest likelihood score out of
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100 heuristic tree searches, each search beginning with a distinct randomized

maximum parsimony starting tree.

B.2.5 Evaluation of alternative phylogenetic hypotheses

Alternative phylogenetic hypotheses for Vibrio sp. DS40M4 were evaluated
by the approximately unbiased (AU) test (Shimodaira, 2002). Constraint trees were
constructed placing Vibrio sp. DS40M4 in various clades appearing in the original
unconstrained maximum likelihood tree. RAXML was used with the original data set
to infer maximum likelihood phylogenies for each constraint under the GTRGAMMA
model using the same parameters as the original search. Site-wise log likelihoods
were estimated by RAXML under the GTRGAMMA model for each constraint tree
topology. The AU test was implemented by CONSEL v. 0.1j (Shimodaira and

Hasegawa, 2001).

B.3 Results

B.3.1 Phylogenetic Analysis of the Bacterial Small Subunit (16S) rRNA Gene

A BLAST search of GenBank using the 16S rRNA gene from Vibrio sp.
DS40M4 revealed over 99% similarity to multiple previously described Vibrio
strains, including V. campbellii, V. rotiferianus, and V. harveyi; the relatively
conserved SSU rRNA gene has limited power for resolving this closely related group.
A phylogenetic tree created by maximum likelihood reveals that Vibrio sp. DS40M4

forms a cluster with these strains (Figure B.1). Vibrio sp. DS40M4 did not, however,
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cluster with Vibrio (Listonella) anguillarum, the only other bacterial species known to

produce vanchrobactin and anguibactin.
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Figure B.1. Maximum-likelihood phylogenetic tree showing the placement of Vibrio sp. DS40M4
relative to previously described Vibrio strains. Bootstrap values over 50% are shown. Scale bar

represents 0.01 nucleotide substitution per site.

B.3.2 Evaluation of Alternative Phylogenetic Hypotheses

Due to the low bootstrap values supporting the placement of Vibrio sp.

DS40M4 within the Vibrio subgroup shown in Figure B.1, alternative hypotheses

regarding its phylogenetic placement were tested using the AU test. Constraint trees

placing Vibrio sp. DS40M4 in neighboring clades were constructed, and the results of

that analysis are shown in Table B.1. In the original, best scoring likelihood

tree, Vibrio sp. DS40M4 was placed in Clade 1A (Figure B.1). Atopology
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placing Vibrio sp. DS40M4 in Clade 1B, a sister group to Clade 1A, did not differ
significantly from the most likely tree. However, alternative hypotheses

placing Vibrio sp. DS40M4 in Clade 2, a clade with V. anguillarum, were rejected.
These results show support for the placement of Vibrio sp. DS40M4 within Clade 1

and its exclusion from Clade 2.

Table B.1. Alternative Phylogenetic Hypotheses with Corresponding log-Likelihoods and P Values
Inferred from the AU Test. Statistically significantly worse trees (rejection of the hypothesis) are those
with a P value below 0.05 and are shown in bold.

Tree - In Likelihood Difference from best tree P value
Best Likelihood tree (unconstrained) 3103.685284 Best

Constraint:

Monophyly of DS40M4 with Clade 1B 3107.988337 4.303053 0.269
Monophyly DS40M4 with Clade 2 3151.702524 48.01724 0.005
Monophyly of DS40M4, V. ordalii, 4,54 795377 97.041093 <0.001

V. anguillarum
Monophyly of DS40M4 and V. 3214.060006 110.374722 <0.001
anguillarum

B.3.3 Screening for Ent F Thioesterase Homolog in Vibrio sp. DS40M4

Degenerate PCR primers were designed to amplify the vanchrobactin NRPS
PCP-TE didomain from Vibrio sp. DS40M4 based on conserved amino acid sequence
motifs, targeting the N-terminus of the PCP domain and the conserved GxSxG
signature motif of the TE domain. PCR with these primers resulted in a product of
expected size (~600 bp), as well as some non-specific products. The product of
expected size was cut out of agarose gels, purified, cloned and sequenced.

The deduced amino acid sequence was searched against the NCBI’s protein

database using their BLASTP algorithm. The sequence obtained from Vibrio sp.
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DS40M4 had high similarity to the NRPS responsible for vanchrobactin biosynthesis
from V. anguillarum serovar O2 (74% identity over 194 aligned amino acids).
Through o/B-hydrolase family sequence alignments and mutational analysis, a
conserved Pro residue near the oxyanion hole of the NRPS TE active site has been
shown to drive the mechanism of TE catalysis to cyclization over hydrolysis.
Alignment of the putative TE domain of Vibrio sp. DS40M4’s vanchrobactin
biosynthesis gene cluster to a multiple protein sequence alignment of other NRPS TE
domains shows that the putative TE domain of Vibrio sp. DS40M4 lacks this
particular Pro, suggesting that the TE domain catalyzes a hydrolytic release of its

product (Figure B.2).

126



PCP domain

Ds4EM4 ——-ANGKLDKKALPLPSDVWTGSCGRTARP GMETOLYSTFADVLGLDTLSAEDDFFALGGHS LMAMKLA
Vab PLSANGKLDKKALPRPNDVAVRVGRNAHP GLETOLVTLFAQVLAVETL FADDDFLTLGGHSLLAMKLA
Wbt mm e e
Pch  —mmmmmmmmmm e -
T o T e e ettt
Fen = —-mmmmm e e
GPS e e ——————
Dhb PLTPNGKLDRKALPAPDFAAANTGRGPRT POQEEILCOLFMEVLHLPRVGIDDRFFOLGGHSLLAYOLM
Ent PLSANGKLDREALPLPELKTOASGRAPKAGSETITAAAFASLLGCOVODADADF FALGGHSLLAMKLA
Cbs PLSANGKLDREALPAPAGQOAD-GRAPQTOVERTIAALFAELLTCETVSAEDDFFALGGHSLLAMRLA
PCP domain === | inker === s TE domain
DE4EM4 ADIRRILNVPVTIGQIMYNPTPEKLTALLLODEALNDPTLAGFGEVLPIR-AGSG-PALFCINSASGF
Vab ADIRRALNLPVTYGOIMYNPTVEKLASLLLDDDAFNDPTLAGFGEVLPIR-AGSG-PALFCYNSASGF
Yot 0 meemmm e QAATSGEDNPIPLC-QGDGEETLFVFHASDGD
Pth = mmmmmmm e LDPLVRLV-PGEG-VPRVLVHEGLGT
Srf e e GGSDGLODVTIMN-QDOE-QITIFAFPRYLGY
Fen = = el MARSOLSAAGEQHVIQLN-QQGLG-KNLFCFPRISGF
L1 o S T LLN-EETD-RNVFLFAPIGAQ
Dhb SRIREALGVELSIGNLFEAPTVAGLAERLE----- MGSSOSALDVLLPLRTSGDE-PPLFCYHPAGGL
Ent AQLSROFARQVTPCQYMIASTVAXLATITDGEE--DSSRRMGFETILPLR-EGNG-PTLFCFHPASGF
(bs AEIRROLORSLTVGOIMAARSVASIAALVEGD---TDGSQDGNGETLPLR-SGRG-PVLFCLHRASGF
TE domain
DS4amM4 ANQYTGLPKYLDGHYPVFGLOSPRPNGAT SAGROMEDAC- - DIHMKALKQLOPEGPYHLLGYSFG-
Vab ANQYTGLPKYLTGHYPIYGLOSPRPGGAMATSETMEEVC--DRLLPVLREIQPFGPYHLLGYSFGG
Yot ISANLPLASAL - -NRRVFGLQAKSPQR-- --FATLDQMI- - DEYVGCIRRQOPHGPYVLAGHWSYGA
Pch LLPYRPLLRALGEGRPLLGLAVHDSDAYLATPAEHLNACLGRRYAEALHRAGLR - EVDLLGYICSGG
Srf GLMYQMLSSRL-PSYKLCAFD---- ===~ -~ FIEEEDRL--DRYADLIQKLOQPEGPLTLFGYSAGC
Fen GIYFKDLALQLNHEAAVYGFH--- -~ - =~ -~ FIEEDSRI--EQYVSRITEIQPEGPYVLLGYSAGG
Grs GVFYKKLAEQI-PTASLYGFD-------~ -~ FIEDDDRI--QQYIESMIQTQSDGQYVLIGYSSGG
Dhb SHCYAGLMTNIGTDYPIYGLOQARGIGORE ELFKTLDDMA- - ADYIKQIRTVOPKGPYHLLGWSLGG
Ent ANQFSYLSRYLDPOWSIIGIQSPRPHGPMOTATNLDEYC--EAHLATLLEQOPHGPYYLLGYSLGG
Cbs ANQYAGLLRYLEGDYPTIVGLOSPRPDGVIARCESVAAMC--DRHLATIRRIQPOGPYFLLGYSLGG

Figure B.2. Sequence alignment of the putative TE domain from Vibrio sp. DS40M4’s siderophore
biosynthesis NRPS. Shaded regions in yellow represent sequence motifs targeted with degenerate
primers. Shaded region in red represents the site of the conserved Pro shown to influence cyclization.
The sequences of PCP domains used in degenerate primer design are shown. Abbreviations are as
follows, including corresponding accession numbers in parentheses: Vab, vanchrobactin, (CAJ45639);
Yht, yersiniabactin, (AAS61883); Pch, pyochelin, (AAG07613); Srf, surfactin, (2VSQ_A); Fen,
fengycin, (2CB9_A); Grs, gramicidin S, (BAA06146); Dhb, bacillibactin, (CAB15186); Ent,
enterobactin, (ABV17231); Cbs, chrysobactin, (AAL66867).

B.4 Discussion

Vanchrobactin and anguibactin are known siderophores produced by various
strains of Vibrio anguillarum, a fish pathogen causing vibriosis; however they have
never before been isolated from the same strain. Vanchrobactin has been isolated
from V. anguillarum serotype O2 strain RV22 (Soengas et al., 2006) whereas
anguibactin has been isolated from V. anguillarum serotype O1 strain 775 (pJM1)
(Actis et al., 1986). On the basis of phylogenetic analysis of the SSU rRNA gene,

DS40M4 is a Vibrio sp. strain that falls within the Vibrio campbellii group; it is
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clearly not a strain of V. anguillarum on the basis of the fact that its sequence does
not group with that of the V. anguillarum type strain (Figure B.1). This work expands
the distribution of both vanchrobactin and anguibactin to Vibrio species other than V.
anguillarum.

The TE domain homologue recovered from DS40M4 is likely to originate in
the vanchrobactin biosynthesis pathway, based on its high similarity to the
vanchrobactin TE of V. anguillarum serotype O2 strain RV22, and dissimilarity to
that of the anguibactin TE (Less than 20% identity over 94 aligned amino acids).
Sequence analysis of the putative TE domain of DS40M4’s vanchrobactin
biosynthesis gene cluster suggests that the siderophore should be a linear peptide
product, as opposed to a cyclic product. This bioinformatic support is based on the
absence of a conserved Pro that has been shown to drive catalysis by the TE domain
to cyclization over hydrolysis (Tseng et al., 2002). This Pro is thought to impose a
conformational constraint on the TE domain such that the peptidyl ester chain is
protected from hydrolytic attack by a water molecule, allowing for intramolecular
nucleophilic attack and cyclization. When this Pro was mutated to a Gly in SrfTE,
the purported flexibility allowed by the Gly residue resulted in a significant shift
towards hydrolytic release of the linear peptide product compared to the wild-type.
Support for this hypothesis came when the P26G mutant SrfTE yielded only the
cyclized product when the in vitro reaction took place in an organic solvent, N,N-
dimethylformamide, establishing that the P26G mutant retains wild-type function

when water is excluded from the reaction (Wagner et al., 2006).
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Oligomerization by NRPSs is not a novel concept as established, for example,
in the biosynthesis of enterobactin (Shaw-Reid et al., 1999; Frueh et al., 2008),
bacillibactin (May et al., 2001), gramicidin S (Hori et al., 1989). The synthesis of
oligomeric peptide products occurs through the action of iterative NRPS’s, whose
modules and/or domains are utilized more than once in the synthesis of a single
product (Mootz et al., 2002). In contrast, some NRPSs function linearly in which
modules are utilized only once during synthesis. Because we do not currently have
the entire biosynthetic pathway for the trivanchrobactin siderophore from DS40M4,
we cannot definitively state that the TE domain acts in an iterative manner. However,
the appearance of a trimer suggests an iterative mode of action. The current finding
of a linear trimer of a previously described monomer raises the question as to what
determines whether a TE acts iteratively or linearly. Multiple sequence alignments of
TE domains have not revealed any signature sequence motifs that will allow the
prediction of either mode of action (Mootz et al., 2002), in vitro experiments (Hoyer
et al., 2007) and structural analyses of TE domains (Samel et al., 2006) have explored

this issue, but the factors that lead to an iterative-acting TE domain remain unknown.
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Appendix C. The phylogenetic diversity of microbes associated with colonies of
Trichodesmium

C.1 Introduction

Trichodesmium is a globally important nitrogen fixing cyanobacterium,
contributing significant amounts of new nitrogen to the tropical and subtropical
oceans. Trichodesmium often exists in colonies, which can provide an inviting
habitat for marine microorganisms by providing a solid substrate and a source of
nitrogen and carbon. The associated microbial community of Trichodesmium has
been previously characterized, but a comparative community diversity survey of
Trichodesmium colonies from different geographic locations has not been carried out.

The overall goal of this work was to examine Trichodesmium colonies
collected from different geographic locations and identify the diversity of associated
microorganisms, particularly searching for potential mutualistic relationships between
Trichodesmium and its associated microorganisms. The results show the presence of
Alpha, Beta and Gammaproteobacteria as well as members of the Bacteroides
lineage associated with Trichodesmium colonies. A single highly related clade of
Alphaproteobacteria was detected in Trichodesmium colonies from the Sargasso Sea,
Pacific Ocean and Caribbean Sea that may represent a novel Order and have a
specific, perhaps mutualistic relationship with Trichodesmium colonies.

The current chapter presents a subset of work contributing to the overall goals
of the project mentioned above, led by Elizabeth Mann, currently an assistant
professor at the Skidaway Institute of Oceanography. This work includes the

phylogenetic analysis of Betaproteobacteria and Gammaproteobacteria associated
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with Trichodesmium colonies. Additionally, the abundance of the unique
Trichodesmium associated Alphaproteobacteria (TaA) clade is examined by a

quantitative PCR assay.

C.2 Methods

C.2.1 Sample and data collection

The collection of Trichodesmium samples, extraction of DNA, amplification
of 16S rRNA gene sequences, and DNA sequencing was performed by Elizabeth
Mann. Briefly, Trichodesmium colonies were collected from the Sargasso Sea, the
Caribbean Sea, and the Pacific Ocean using a 300 pm mesh plankton net. Samples
were not separated by species and some samples contained multiple species of
Trichodesmium. Colonies were rinsed five times with filter sterilized seawater and
then were stored in a high sucrose lysis buffer (0.75 M sucrose, 50 mM Tris, 40 mM
EDTA at pH 8.3). A differential lysis and DNA extraction protocol was developed in
order to separate Trichodesmium DNA from that of associated microbes.
Trichodesmium was mechanically lysed by pipetting and vortexing, then centrifuged
for 1.5 hours at 14000 rpm to separate the Trichodesmium DNA from the pellet of
intact associated bacterial cells. This pellet was rinsed, treated with DNase to remove
any residual Trichodesmium DNA, and then the pellet DNA was extracted using a
standard phenol/chloroform procedure with ethanol precipitation. 16S rRNA gene
sequences were amplified with two sets of primer sets: 27F and 1492R, 530F and
1392R. Amplicons were cloned using the TOPO TA cloning kit (Invitrogen) and

then sequenced. Sequences were checked for chimeras using the RDP Chimera
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Check program, Bellerophon, and Pintail. Operational taxonomic units (OTUs) and

diversity assessments were calculated using DOTUR.

C.2.2 Phylogenetic analysis

Trichodesmium-associated 16S rRNA gene sequences were aligned with the
SILVA’s SINA Webaligner (Pruesse et al., 2007). Aligned reference sequences were
downloaded from SILVA’s rRNA database project (http://www.arb-silva.de).
Sequence alignments were compiled and edited in Bioedit (Hall, 1999).
Hypervariable regions were removed from the analysis. Phylogenetic reconstructions
were performed using RAXML v. 7.0.4 (Stamatakis, 2006) using the General Time
Reversible model of nucleotide substitution under the I' model of rate heterogeneity
(GTRGAMMA) with 100 bootstrap replicates. The selected tree topology had the
highest likelihood score out of 100 heuristic tree searches, each search beginning with

a distinct randomized maximum parsimony starting tree.

C.2.3 DNA extraction for real-time PCR

Genomic DNA was extracted from wild, unwashed colonies of
Trichodesmium collected Aug 2003 in the North Pacific. Samples were stored at -
20°C in Delong Buffer (40 mM EDTA, 0.75M sucrose, 50 mM Tris-HCI, pH=8.3).
In preparation for DNA extraction, Trition X-100 (final concentration of 5%) and
lysozyme (10 mg/ml) were added to samples. Samples were then incubated at 37°C
for six hours, with occasional inverting of the tube. Proteinase K (final concentration

of 1Img/mL) was added to samples which were then incubated at 70°C for 40 min.
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DNA extraction and purification was carried out using a standard phenol-chloroform
procedure with ethanol precipitation. The purity of the extracted colony DNA was
high, Azso/ Azgo OF 1.94, but showed significant shearing when visualized by agarose

gel electrophoresis.

C.2.4 Primer design and real-time PCR

Primer sets for real-time PCR were designed using Primer Express software
version 3.0 (Applied Biosystems). The predicted specificity of the primers was
examined by checking against the Ribosomal Database Project |1 (RDP-I11) database
(Cole et al., 2007). The primer sequences designed for this study are as follows:
ST597F, 5°-GTG TAG GCG GAT ATACAAGTT T-3°; ST703R, 5’-CAC TAG
GAG TTC CAC ACT C-3’; Trich386F, 5’-GGA AGA AGA TCT GAC GGT ACC
AA-3’; Trich485R, 5’-CCC AAT CAT TCC GGA TAA CG-3’. Real-time PCR was
performed using the 7300 Real-Time PCR System and Sequence Detection Software
version 1.3.1 (Applied Biosystems). Extracted Trichodesmium colony DNA was
serially diluted (1:10), and each dilution was used as a template to ensure consistent
results. Three independent master mixes were prepared for each template dilution and
primer set, and each master mix was tested in duplicate. Standard DNA and negative-
control reactions were also performed, both tested in duplicate. Reactions were
performed in a volume of 25 pL, using Brilliant SYBR Green QPCR Master Mix
(Stratagene) and either the Trichodesmium spp.-specific set of primers or the TAA-
specific set of primers. All primers were used at a concentration of 0.2 uM. An initial

denaturing step at 95°C for 10 min was followed by 40 cycles of 95°C for 30 s, 60°C
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for 45 s, and 72°C for 45 s. A melt curve profile of the PCR products, run
immediately after amplification and carried out in a range of 60°C to 95°C, confirmed
the lack of nonspecific PCR products and primer dimers. Real-time PCR data was

analyzed using Microsoft Excel, version 10 for Mac.

C.3 Results

C.3.1 Diversity of Beta and Gammaproteobacteria

Gammaproteobacteria associated with Trichodesmium included
Vibrio/Photobacterium, Pseudomonas, Acinetobacter, Psychrobacter,
Alteromonas/Haliea and Pseudoalteromonas as well as two difficult to classify
sequences, EN530P15 and EN530P26 (Figure C.1). Some sequences grouped closely
with other sequences found associated with a marine-host: EN530T53 and
EN530Spnt5 grouped with a coral-associated clone, E8Altermonas grouped with a
dinoflagellate-associated isolate, Sar530Deep20 grouped with alga and marine
particle associated Psychrobacter isolates, and EN530P26 grouped with a sponge-
associated clone.

All Betaproteobacteria sequences were found in one OTU, SAR27TDS4,
which has a nearest-neighbor sequence in a metagenomic database from the Hawaii

Ocean Time series ALOHA station.
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Figure C.1. Maximum likelihood tree of partial 16S rRNA gene sequences from Trichodesmium-
associated Beta and Gammaproteobacteria and select reference sequences. Sequences associated with
Trichodesmium are shown in bold. Boostrap values over 60% are shown and are based on 100
replicates. Scale bar represents 0.1 nucleotide substitutions per site.



C.3.2 Abundance of TaA in Trichodesmium colonies

The relative abundance of 16S rRNA gene copy numbers of TaA and
Trichodesmium were compared within the same colonies using an absolute
quantitative real-time PCR assay. Standard curves of threshold cycle number as a
function of DNA concentration were generated from plasmid DNA containing a
fragment of either Trichodesmium or the TaA representative PAC530F63 16S rRNA
gene. Standard curves bracketed the cycle numbers observed in the colony assays.
The slope of the Trichodesmium plasmid standard curve was —3.552, the correlation
coefficient was >0.98, and the PCR amplification efficiency was 1.912, according to
the equation E = 10*"°") (Rasmussen, 2001). The slope of the TAA plasmid
standard curve was —3.324, the correlation coefficient was >0.99, and the PCR
amplification efficiency was 1.999.

Assays of colony DNA with Trichodesmium- and TaA-specific 16S rRNA
primers were compared with their respective standard curves in order to quantify the
relative amount of TaA DNA in Trichodesmium colonies. TaA 16S rRNA gene copy
numbers were 23-28 times more abundant than Trichodesmium 16S rRNA gene copy
numbers. This abundance was calculated as the ratio of the average TaA 16S rRNA
gene copy numbers obtained with TaA-specific primers and the average
Trichodesmium 16S rRNA gene copy numbers obtained with Trichodesmium-specific
primers, both using the same extracted colony genomic DNA as a template. One
nanogram of colony DNA contained approximately 3.57 x 10° copies of

Trichodesmium 16S rRNA gene and 1.01 x 10° copies of TaA 16S rRNA gene.
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C.4 Discussion

Analysis of 16S rRNA sequences associated with geographically diverse
Trichodesmium colonies shows a relatively diverse population of
Gammaproteobacteria and relatively few Betaproteobacteria. The goal of this work
was to discover potentially specific relationships between Trichodesmium and its
associated microbial community. The finding of sequences both in the surrounding
seawater and in Trichodesmium colonies would suggest that the sequences recovered
from Trichodesmium colonies are just a subset of free-living bacteria. Differences
between sequences recovered from Trichodesmium colonies to those found in the
surrounding seawater can be detected by examining the results of the Global Ocean
Survey (GOS), which collected over 6000 16S rRNA gene sequences from seawater
samples (Shaw et al., 2008). Filtration of samples excluded Trichodesmium from the
GOS dataset. Comparison of sequences from Trichodesmium colonies to GOS data
shows relatively few sequences with high similarity to GOS sequences, with the
exception of SAR27TDS4 and H2MediaKELM24Pseudo (Figure C.1). This suggests
a population associated with Trichodesmium that is relatively distinct from that found
in the surrounding seawater.

A recent metatranscriptomic study of Trichodesmium colonies also finds that
the Trichodesmium-associated community is different from free-living
bacterioplankton communities (Hewson et al., 2009). Comparison of sequences
retrieved in the current study with the dataset obtained in the metatransciptomic

dataset shows little overlap in the Beta and Gammaproteobacterial communities, with
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two sequences, SAR530SS10 and EN530T53, showing >99% identity with sequences
in the metatranscriptomic dataset. There are several factors that may explain the
differences found between the current study’s dataset and the metatransciptomic
dataset. Firstly, current study is a DNA analysis of community diversity, while the
latter is a gene expression analysis of the community. Therefore, more metabolically
active microbes may dominate sequences in the latter dataset. Also, the metabolic
status of colonies collected in both studies may not be comparable. Colonies in the
metatransciptomic study were gathered during a visible, high-biomass surface
Trichodesmium bloom (Hewson et al., 2009), while these conditions were not present
when surface colonies were collected in the current study (pers. comm. Elizabeth
Mann). Additionally, the handling of colonies at the time of collection differed in the
studies. Colonies were rinsed with filtered seawater before processing in the current
study, while colonies were not rinsed in the metatranscriptomic study.

Real-time gPCR was used in order to determine the abundance of the unique
TaA clade of bacteria within the Trichodesmium-associated community. Our results
show that TaA SSU rRNA gene copy numbers are more than 20-fold greater than
those of Trichodesmium in a wild colony. However, converting these gene copy
numbers to cell abundance is complicated by the fact that while Trichodesmium
erythraeum has two copies of the 16S rRNA genes, the number of 16S rRNA gene
copies and therefore the exact cell ratio of TaA to Trichodesmium is unknown.
Nevertheless, if TaA relies on Trichodesmium colonies to provide a nutrient-rich
habitat, a rRNA gene copy number of between one and three is a reasonable estimate

since symbionts and parasites inhabiting relatively stable environments typically have
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low copy numbers of rRNA operons (Klappenbach et al., 2000). This would yield a
cell ratio of TaA to Trichodesmium as high as 56 or as low as 15 to 16. Even if TaA is
a rapidly growing opportunist like E. coli, with seven rRNA operon copies, the ratio
would still be six or more TaA cells per Trichodesmium cell. Although there are
uncertainties involved in these estimates, the results do support the conclusion that
TaA is an abundant member of the Trichodesmium-associated community.

Examination of the metatransciptomic dataset reveals the opposite trend,
however, where the abundance of Trichodesmium 16S rRNA is orders of magnitude
higher than that of TaA. While this may indicate that TaA is less metabolically active
than Trichodesmium, a more rigorous study comparing gene expression and gene
abundance in the same sample needs to be carried out before a firm conclusion can be
reached. Nevertheless, the finding of TaA in the metatransciptomic dataset indicates
that this unique group of bacteria is metabolically active within Trichodesmium

colonies.
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Appendix D. The diversity and localization of archaea in the tropical sponge
Corticium sp.

D.1 Introduction

Marine sponges (phylum Porifera) are significant members of the benthic
community is terms of biomass and influence on biological processes (Taylor et al.,
2007). They are sessile, filter-feeding organisms, filtering dissolved organic matter,
particulates, and microorganisms from water through an extensive canal system.
Water enters through pores on the outer surface, ostia (Figure D.1). Specialized
flagellated cells, called choanocytes, form a series of chambers, called the
choanoderm, and function to pump water through the sponge and filter out food
particles. After filtration, water flows out through the osculum. Food particles are
transferred to the mesohyl, which is an extensive layer of connective tissue. The
mesohyl is also the location of a dense community of microorganisms, as well as the
location of embryo brooding. Embryos are brooded within the sponge, and then fully
developed larvae are released into the water column.

Sponges harbor diverse and abundant microbial communities (Taylor et al.,
2007). The precise roles of the microorganisms in the sponge is not entirely clear, but
some possible roles are to provide food, protect from ultraviolet light, and chemically
defend against predators (Holmes and Blanch, 2006). Considerable interest has been
paid to sponges because they are a prolific source of novel bioactive compounds
(Faulkner, 2001). However, more recently, sponges have gained attention for the
discovery of their specific associations with archaea, a group of microbes once

thought to predominately inhabit extreme environments. This specific association
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Figure D.1. Schematic representation of a cross-section of a marine sponge. Arrows indicate the flow
of water through the sponge.

was first reported between the sponge Axinella mexicana and its associated archaeon,
Cenarchaeum symbiosum (Preston et al., 1996). Since this initial discovery,
numerous reports of sponge-associated archaea have appeared (Webster et al., 2001;
Margot et al., 2002; Lee et al., 2003; Holmes and Blanch, 2006). The roles of these
archaea were initially unknown. Then with the report of mesophilic crenarchaeota
capable of ammonia oxidation (Treusch et al., 2005) combined with the finding of
ammonia monooxygenase (amo) gene homologs in the genome of C. symbiosum
(Hallam et al., 2006a; Hallam et al., 2006b), it was suggested that these sponge-
associated archaea may be involved in the cycling of nitrogen within the sponge host.
Previous work with the tropical sponge Corticium sp. revealed the vertical
transmission of both bacteria and archaea by localizing the microbial community in
developing embryos within the adult brood chambers (Sharp et al., 2006). While the
bacterial community was characterized using 16S rRNA gene sequences, the archaeal

community was not. This study presents the characterization of the archaeal
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community associated with the sponge Corticium sp. Specific probes were designed
and used to localize the archaeal community in embryos within host tissue,
suggesting the vertical transmission of these archaea. Additionally, potential
functions of the archaeal community are proposed through the detection of amoA

genes.

D.2 Methods

D.2.1 Sample collection

Corticium sp. samples were collected by scuba diving in the Republic of Palau
at depths ranging from 5 to 20 m in the May 2007. Samples were rinsed with filtered
seawater three times before processing. For DNA, samples were preserved in
RNAIlater (20 mM EDTA, 25 mM sodium citrate, 700 g/L ammonium sulfate, pH
5.2) and stored at -20°C until use. For FISH, samples were fixed in 4%
paraformaldehyde in phosphate buffer (15 mM Na;HPO,, 5 mM NaH,PO,,

0.5 M NaCl, pH 7.4) for 2 hrs at room temperature, then transferred to 70% ethanol
and stored at -20°C until use. The sample used for the current study, 07-085, was

collected from the site Big Dropoff in Palau.

D.2.2 Archaeal 16S rRNA gene clone library

Approximately 10 mg of sponge tissue was extracted for DNA. Sponge
sample was sliced into small pieces with a sterile razor blade and then homogenized
with a mortar and pestle in lysis buffer (20 mg/ml lysozyme, 20 mM Tris-Cl pH 8.0,

2 mM EDTA, 1.2% Triton X-100). This homogenate was incubated at 37°C
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overnight. Inthe morning, Proteinase K (final concentration of 1mg/mL) was added
to samples, which were then incubated at 70°C for 30 min. DNA extraction and
purification was carried out using a standard phenol-chloroform procedure with
ethanol precipitation. PCR with general archaeal 16S rRNA gene primers was
performed with the primers Arch21F and Arch958R (Table D.1) at the following
conditions: an initial denaturation step for 2 min at 94°C, followed by 35 cycles of 1
min at 94°C, 1 min at 55°C, and 1 min at 70°C, and then a final extension step for 7
min at 72°C. PCR products were analyzed by gel electrophoresis. PCR products
were purified using the QIAquick PCR Purification Kit (Qiagen). Purified PCR
products were cloned with the TOPO TA Cloning Kit (Invitrogen) with the pCR4
vector. Forty-one clones were chosen for plasmid extraction and sequencing.
Purified plasmids with archaeal 16S rRNA gene amplicons were sequenced with

M13F/R primers.

D.2.3 Phylogenetic analysis

Chimeras were checked for using Bellerophon (Huber et al., 2004). Diversity
assessment and operational taxonomic unit (OTU) assignments were performed by
the software package DOTUR (Schloss and Handelsman, 2005), using a 98% cutoff.
Corticium-associated archaeal sequences were aligned using SILVA’s SINA
webaligner (Pruesse et al., 2007). Aligned near-neighbors and reference sequences
were downloaded from SILVA’s rRNA database. The multiple sequence alignment
was edited in Bioedit (Hall, 1999). Phylogenetic reconstructions were performed

using RAXML v. 7.0.4 (Stamatakis, 2006) using the General Time Reversible model
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of nucleotide substitution under the I' model of rate heterogeneity (GTRGAMMA)
with 100 bootstrap replicates. The selected tree topology had the highest likelihood
score out of 100 heuristic tree searches, each search beginning with a distinct

randomized maximum parsimony starting tree.

D.2.4 Fluorescence in situ hybridization (FISH)

Specific probes were designed for the Corticium sp.-associated archaea
sequences produced in the clone library analysis using the ARB software package
(Ludwig et al., 2004). Probe specificity was checked against the Ribosomal Database
Project Il (RPD-I11) database using the Probe Match function (Cole et al., 2007).
Successful hybridization of specific-archaea probes required the use of unlabeled
helper probes as described by Fuchs et al. (2000). These unlabeled probes bind
adjacent to the fluorescent-probe binding site, allowing better access to the target site
by “opening” the rRNA molecule.

Samples were embedded in paraffin wax and cross-sectioned to 10 um.
Sections were deparaffinized with a 5 min treatment in xylene, followed by a 5 min
treatment in ethanol, and then rinsed in Milli-Q water. Slides were air-dried.
Sections were hybridized with 5 ng/uL probe (final concentration) in hybridization
buffer (35% formamide, 0.9 M NaCl, 20 mM Tris-HCI [pH 7.4], 0.01% sodium
dodecyl sulfate) for 2 hrs at 46°C. In the case of the specific archaeal probes, helper
probes were also used at a final concentration of 5 ng/uL.. Mismatch probes were also
used for negative controls. Sequences of all probes used in this study are listed in

Table D.1. After hybridization, the slides were incubated at 48°C in wash buffer (0.7
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M NaCl, 20 mM Tris-HCI [pH 7.4], 50 mM EDTA, 0.01% sodium dodecy! sulfate)
for 20 min. The wash buffer was rinsed off with Milli-Q water, slides were air dried,
and then mounted in a 4:1 Citifluor (Citifluor Ltd.):VectaShield (Vector Labs)
mounting medium. Slides were visualized on a Zeiss Axiolmager laser scanning

confocal microscope with LSM 5 Pascal Version 4.0 imaging software.

D.2.5 RT-PCR of amoA genes

The presence of both bacterial and archaeal amoA genes was checked by PCR
with DNA from Corticium sp. sample 07-085 using separate sets of bacterial-specific
and archaeal-specific amoA gene primers (Table D.1). Amplicons were sequenced to
ensure the presence of the expected product. RNA from Corticium sample 07-085
was extracted using the Tri Reagent (Sigma) according to manufacturer’s
instructions. The RNA was then further purified using the illustra RNAspin Mini Kit
(GE). Reverse-transcriptase PCR (RT-PCR) was carried out using the SuperScript
I11 One-step RT-PCR System with Platinum Tag DNA Polymerase (Invitrogen) with
the following PCR cycling conditions: a cDNA synthesis step for 30 min at 50°C,
followed by a denaturation step for 2 min at 94°C, followed by 30 cycles consisting
of 1 min at 94°C, 1 min at 55°C, 1 min at 72°C, and then a final extensions step for 7
min at 72°C. RT-PCR assays included negative controls for DNA and RNA
contamination. To check for the absence of contaminating genomic DNA in the RNA
preparation, a control PCR containing no reverse transcriptase enzyme was carried

out with the RNA preparation using the same primers and cycling conditions.
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Table D.1. List of oligonucleotide primers and probes used in this study.

Probe/primer Sequence (5'-3") Reference
Arch21F TTCCGGTTGATCCYGCCGGA Delong, 1992
Arch958R YCCGGCGTTGAMTCCAATT Delong, 1992
Arch915 GTGCTCCCCCGCCAATTCCT Stahl and Amann, 1991
Arch915NON GTGCTACCCCGCCAATTCCT Sharp et al., 2007
EUB338 GCTGCCTCCCGTAGGAGT Amann et al., 1990
EUBNON ACTCCTACGGGAGGCAGC Wallner et al., 1993
CArch758 GCATGGTTTACAGCTGGGA This study
CArch758NON GCATGGTCTACAGCTGGGA This study
CA758help740 CTACCCGGGTATCTAATC This study
CA758help777 CAARGCATCACTGAGTTT This study
Arch-amoAF STAATGGTCTGGCTTAGACG Francis et al., 2005
Arch-amoAR GCGGCCATCCATCTGTATGT Francis et al., 2005
Bac-amoA-1F GGGGTTTCTACTGGTGGT Rotthauwe et al., 1997

Bac-amoA-2R CCCCTCKGSAAAGCCTTCTTC Rotthauwe et al., 1997

D.3 Results

D.3.1 Phylogenetic analysis of archaea associated with Corticium sp.

The archaeal community of Corticium sp. was characterized by constructing a
clone library of archaeal 16S rRNA gene sequences amplified from whole adult
tissue. Forty-one clones were sequenced, returning 20 unigue sequences.

Operational taxonomic units (OTU) were determined by the software package
DOTUR, defining 2 distinct OTUs, Corticium associated clone 01 and Corticium
associated clone 03. Comparison to the GenBank (NCBI) database shows that clone
01 has 99% identity to an uncultivated marine crenarchaeote, while clone 03 has 97%
identity to the ammonia-oxidizing crenarchaeote Nitrosopumilus maritimus. These
results suggest that the archaeal community of Corticium sp. is relatively
homogenous, compared to the diverse group of bacteria found within this species

(Sharp et al., 2007).
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Figure D.1. Maximum likelihood tree of partial archaeal 16S rRNA gene sequences associated with the
marine sponge Corticium sp. and select reference sequences. Sequences associated with Corticium sp.
are shown in bold. Boostrap values over 60% are shown and are based on 100 replicates. Scale bar
represents 0.1 nucleotide substitutions per site.

D.3.2 Localization of the archaeal community

Corticium sp. sections were hybridized with a CY5-labeled general
eubacterial probe (EUB338) and a CY 3-labeled general archaeal probe (Arch915) by
FISH. The results were similar to those reported by Sharp et al. (2007). Clusters of
bacteria and archaea are found around the periphery of early-stage embryos (Figure
D.2B). In later developmental stage embryos, bacteria and archaea are found in the
central cavity (Figure D.2C). In both cases, bacteria far outnumber archaea and are

seen interspersed within bacterial clusters.
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Figure D.2. FISH images of bacteria labeled with CY3-EUB338 (green) and archaea labeled with
CY5-Arch915 (red) in developing Corticium sp. embryos. (A) Negative control of an early stage
embryo with probes CY3-EUBNON and CY5-Arch915NON showing no hybridization. (B) Early-
stage embryo showing clusters of bacteria and archaea (arrows) around the periphery of the developing
embryo. Archaea are severely outnumbered by bacteria, therefore, the archaeal signal is somewhat
drowned out in this image. The surrounding mesohyl, meanwhile, is densely packed with bacteria and
some archaea. (C) Later developmental stage embryo, showing the localization of bacteria and archaea
in the central cavities of the embryo (arrows). (D) Close up image of the area boxed in C. The archaea
are seen interspersed within the clusters of bacteria. Scale bars in each image are 10 pm.

A specific oligonucleotide probe was designed to target both archaeal OTU
sequences retrieved in the clone library analysis, CY3-CArch758. Unlabeled helper
oligonucleotide probes (Fuchs et al., 2000) were required for successful
hybridization. A one-base-mismatch probe was also designed and used to confirm
specificity. Hybridization with CY5-Arch915 and CY3-CArch758 resulted in

complete colocalization of both probe signals (Figure D.3), indicating that the
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archaeal community in Corticium sp. is well represented in the clone library analysis.
Localization of the specific probe in developing embryos supports the proposed

vertical transmission of this community of archaea.

Figure D.3. FISH images of CY5-Arch915 (red) and CY3-CArch758 (green) dual-labeled archaea in a
late developmental stage embryo. Colocalization of both probes results in a yellow signal. (A)
Colocalization of the general (Arch915) and specific (CArch758) probes in archaea located in the
central cavity of a late developmental stage embryo. (B) Close up image of the area boxed in A. (C)
Negative control image with probes CY5-Arch915NON and CY3-CArch758NON showing no
hybridization. Scale bars in each image are 10 um.

D.3.3 Expression of archaeal amoA gene

To determine the potential role of Corticium sp.-associated archaea, the
presence of archaeal amoA genes was examined. PCR of Corticium sp. DNA with

general archaeal amoA gene primers confirmed the presence of these genes in the
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sponge. PCR with general bacterial amoA gene primers did not produce a product
(data not shown). To determine if the archaeal amoA genes are actively expressed
within the host, reverse-transcriptase (RT) PCR was carried out. RNA was extracted
from whole adult tissue Corticium sp. A cDNA library was constructed and archaeal
amoA genes were amplified, indicating the active expression of these genes within the

sponge (Figure D.4).

ONA 1 2 3 4 5 i

marker (-)  DNA RNA () DNA RNA

1250 by
500 bp

reverse transcriptase  just Tag enzyme
amd Tag enzyvime

Figure D.4. RT-PCR assay of Corticium sp. RNA and controls. Lanes 1 and 4 show no template
negative controls. Lanes 2 and 5 show positive amplification of DNA from Corticium sp. with
archaeal amoA primers. Lane 3 shows the positive amplification of archaeal amoA genes after cDNA
synthesis. Lane 6 is a negative control showing the absence of DNA contamination in the RNA
template.

D.4 Discussion

Vertical transmission of associated microbes suggests a specific relationship
between the microbes and the host. In this work, the archaeal community associated
with the marine sponge Corticium sp. was characterized and evidence was shown for
the vertical transmission of this archaeal community. In contrast to the diverse group
of bacteria detected in this sponge (Sharp et al., 2007), the archaeal community is a

closely related group. Localization of archaea to developing embryos supports
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previous localization studies (Sharp et al., 2007). The vertical transmission of this
community suggests a specific relationship with the host.

The potential role of these archaea was explored through a RT-PCR assay.
Archaeal amoA gene transcripts were detected in Corticium sp., suggesting the active
oxidation of ammonia in the sponge. The association of ammonia-oxidizing archaea
with marine sponges has been reported previously (Hallam et al., 2006b; Steger et al.,
2008). However, these reports have not examined the expression of this gene in the
sponge. The accumulation of metabolic wastes such as ammonia may be detrimental
to the sponge. Therefore, the association with ammonia oxidizers may be beneficial
to the sponge. Bacterial amoA genes were not detected in this study. This suggests
that archaea, not bacteria, are the main contributors to nitrification in Corticium sp.,
which has been shown to be the case in other environments (Leininger et al., 2006;

Wuchter et al., 2006).
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