Algal-bacterial interactions:

a study of Gymnodinium catenatum
and its associated bacteria

Maria Elisabeth Albinsson
M.Sc. Biology

Submitted in fulfilment of the requirement for the degree of

DOCTOR OF PHILOSOPHY

UNIVERSITY OF TASMANIA
Hobart, Australia

March, 2011



Declarations

This is to certify that this thesis contains no material that has been ac-
cepted for the award of any other degree or diploma in any tertiary in-
stitution. To the best of my knowledge this thesis does not contain any
material published or written by another person, except when due ref-

erence is made in the text.

This thesis may be made available for loan. Copying of any part of this
thesis is prohibited for two years from the date this statement was

signed; after that time limited copying is permitted in accordance with

the Copyright Act of 1968.

Maria Elisabeth Albinsson

1% March, 2011



Abstract

Over the last decades, harmful algal blooms (HABs) have increased globally in both
frequency and extent, leading to intensified efforts to determine the primary factors
that are controlling the population and toxin dynamics of bloom-forming algal spe-

cies. One poorly understood factor in HAB ecology, yet shown to be of great impor-

tance, is that of algal-bacterial interactions.

Efforts to investigate the relationships and mechanisms of interaction are often hin-
dered by the complex composition of the algal-associated bacterial communities,
wherefore this present study used simplified algal-bacterial experimental model sys-
tems. The model systems are based on the toxin producing dinoflagstratedin-

ium catenatunmand two of its associated bactemarinobactersp. DG879 and\I-
canivoraxsp. DG881, both known to support growth and surviv& ofatenatunin
culture. Using the experimental model systems, the work presented in this thesis ex-
amined the growth dynamics Gf. catenatunand its associated bacteria, and studied
the effect of bacteria on the toxicity Gf catenatum. The abundanceAd€anivorax

and Marinobactergenotypes associated with natural populations.ofatenatumn

the Derwent Estuary and D’Entrecasteaux Channel, south-east Tasmania was also
investigated.

This thesis demonstrates that the bacterial community is important for gro@th of
catenatum and showed that different bacteria, in partidbldaimobactersp. DG879,

have a significant effect on the growth dynamics and toxicit§.ofatenatumabo-

ratory cultures. When growwith Marinobactersp. DG879G. catenatunwas found

to remain viable in culture for a period longer than ever recorded, suggesting that
Marinobactersp. DG879 produce a compound inducing a positive growth response
in G. catenatumor that it plays a role in carbon recycling or nitrogen fixation. Toxin
analysis of theG. catenatum’ Marinobacter sp. DG879 cultures revealed a toxin
profile significantly different to other analysed treatments containing different bacte-
ria. As the experimental design of the study sought to minimise genetic variation
among treatments, and with biotransformation generally operating on extracellular

toxins (this study focussed on intracellular toxins), the differing toxin profile seen in



the G. catenatunwith Marinobactersp. DG879 is most likely a responseMarino-
bacter sp. DG879 influencing toxin synthesis indirectly through its effect on
dinoflagellate physiology. The field studies also suggestMaainobactersp. may
have an important role in natural populationsGfcatenatumprecedingG. cate-
natumblooms.

With the use of molecular detection methods becoming more widespread, and with
more research on naturally occurring blooms, there is potential that specific elements
of the bacterial population, such arinobactersp. DG879 could be employed as
indicator species o5. catenatumand other algal blooms, ultimately allowing for

early detection and management of potentially harmful blooms.
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1.1 Introduction

The global increase in abundance and distribution of harmful algal blooms (HABS)
ove the past few decades (e.g. Hallegraeff, 1993; Anderson et al., 2002) has lead to
intensified efforts to determine the primary causes controlling population and toxin
dynamics of the bloom-forming algal species. The frequency, duration, and intensity
of algal blooms are related to a number of chemical, physical, and biological factors.
These factorsnclude nutrient availability, light, mixing conditins and temperature,

as well as competition and predation between algal species (Granéli et al., 2008), and
interactions between algae and organisms of different trophic levels (Granéli and
Turner 2006).

Phytoplankton dynamics are influenced by abiotic (bottom-up) and biotic (top-down)
factors, where top-down control refers to a top predator controlling the structure and
population dynamics of the ecosystem, and bottom-up control refers to how nutrient
supply, productivity and type of primary producers control the ecosystem structure
(Hoekman et al., 2009). The traditional view of top-down/bottom-up control is
limiting in terms of assessing phytoplankton population dynamics. There is currently
a reasonably good understanding of the factors behind bottom-up control (e.g. Azam
et al., 1987; Fasham et al., 1990; Anderson et al., 2002; Thompson et al., 2008). Due
to the difficulty of studying interactions between microorganisms, and studying the
microorganisms themselves quantitatively, the biological factors and their signifi-
cance in top-down control are more poorly understood. Research over the last dec-
ades has uncovered a range of biological factors influencing phytoplankton growth
dynamics, with virus-, parasite-, and bacterial interactions all shown to play impor-
tant roles (Doucette et al., 1998; Thyrhaug et al., 2003; Park et al., 2004).

The interaction between algae and bacteria has emerged as an important factor influ-
encing HABs (for reviews see Doucette, 1995 and Doucette et al., 1998), and it is
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today a well-accepted fact that phytoplankton and bacteria, which are ubiquitous in
the aquatic environment, form part of highly complex microbial food webs (Azam et
al., 1983). The traditional view of marine microbes divided bacteria and microalgae
into separate ecosystem compartments, with the interactions between the two either
ignored or simplified to that of competition for nutrients. However, there is a
considerable body of research over the past few decades that has established the
existence of complex and sometimes highly specific relationships among the bacteria
and phytoplankton (review Doucette et al. 1998).

1.2  Algal-Bacterial interactions

1.2.1 The Phycosphere

As early as 1972, the micro-environment surrounding the phytoplankton cell was
recognized as a zone where bacteria and phytoplankton may interact. Bell and
Mitchell (1972) coined the term “phycosphere” (Fig. 1.1), as analogous to the terres-
trial “rhizosphere”; the area of soil immediately surrounding and influenced by plant
roots. Hence, the “phycosphere” is the zone where any associated bacteria, free-
living or attached, are influenced by the algal cell. Bell and Mitchell (1972) sug-
gested that the phycosphere community would be formed by chemotaxis of the bac-
teria toward the algal cell, but did not consider more complex two-way interactions
such as symbioses between the organisms. Despite this, the final words of their arti-
cle anticipated the existence of such complex interactions of what might be found
next: “It would appear that the phycosphere is a region of interactions that have only
begun to be evaluated” (Bell and Mitchell, 1972, p. 276).
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Figure 1.1 A schematic diagram of some of the interactions that occur within the Phycosphere. Ar-
rows with a large head are showing the predominant direction of a process. Based on the review by
Cole, 1982.
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Ten years after Bell and Mitchell's (1972) description of the phycosphere, Cole
(1982) gathered laboratory evidence which strongly suggested that a zone existed
within which bacteria and algae closely interact in both stimulatory and inhibitory
ways. The major driving force of the dynamics in the phycosphere was considered to
be bacterial chemotaxis, with the size of the phycosphere dependent on the concen-
tration of released matter, as well as on the degree of turbulence in the water (Cole,
1982). Following the work by Cole (1982), Azam et al. (1983) demonstrated that
bacteria show kinesis (i.e. movement towards an increasing intensity of stimulus) in

a field 10-100um from algal cells, just close enough to take advantage of the DOC.

1.2.2 Algal-Bacterial associations and interactions

The physical relationship between algae and bacteria can range from intracellular
(Silva, 1982, 1990; Seibold et al., 2001; Schweikert, 2003) to extracellular. The in-
tracellular bacteria have been observed in several phytoplankton speci€re/g.
aulax tamarensi¢Silva, 1990) Noctiluca scintillangSeibold et al., 2001), anslex-
andrium tamarenséSchweikert, 2003). The relationship between the bacteria and
the phytoplankton appears mutually beneficial, where the intracellular bacteria syn-
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thesize nutrients (for example, by photosynthesis, nitrogen fixation or an increase in
enzyme activity) for the host, while the host supplies the bacteria with optimal habi-
tats (Seibold et al., 2001). As for the extracellular bacteria, surface colonisation pro-
vides several advantages, for example enhanced access to released nutrients, or, in
some cases, shelter from predation or protection from ultra-violet radiation (UV)
(Dang and Lovell, 2000). Living, senescent and dead phytoplankton exudes soluble
compounds (Wolter, 1982); for example, grazing, excretion, lysis, and autolysis are
all responsible for release of algal dissolved organic carbon (Cole, 1982). Phyto-
plankton are known to release up to 25% of the total amount of organic carbon (fixed
by photosynthesis) into the phycosphere (Doucette, 1995), and this dissolved organic
matter (DOC) has been found to be rapidly remineralised by the bacterial community
(Wolter, 1982; Rooney-Varga et al., 2005).

Phytoplankton and bacteria have been shown to influence each other on a range of
different levels (for review see Doucette, 1995; Doucette et al., 1998). Algae produce
organic compounds that can be used as a substrates for bacterial growth (Bell et al.,
1972 & 1974) and also provide an increased surface area for bacterial attachment
(Cole, 1982). Algal cells may also produce anti-bacterial compounds that select for
particular bacterial groups (Romalde et al., 1990; Fukami et al., 1997). In turn, the
bacterial community can also affect algal cells by the production of compounds that
promote or inhibit algal growth, substances that are algicidal (Furuki and Kobayashi,
1991; Fukami et al., 1997; Stewart et al., 1997; Lovejoy et al., 1998; Croft et al.,
2005), alter cell toxicity (Hold et al., 2001a; Bolch et al., 2001), or promote or inter-
fere with sexual reproduction and cyst production (Adachi et al., 1999; 2001; Uribe
and Espejo, 2003).

Algal-bacterial interactions are also influencing the microbial communities on a lar-
ger scale. There is a general trend for increasing bacterial abundance with increasing
primary productivity (Azam et al., 1983; Linley and Newell, 1984), and, as composi-
tion of the microbial communities is dynamic over time, depth, and season, bacterial
diversity and abundance is also affecting algal bloom development (Fukami et al.,
1991; Rehnstam et al., 1993; Giovannoni et al., 1996). Shifts in bacterial communi-
ties are commonly seen, and research suggests that they occur when there is a change

in the molecular organic compounds exuded by the phytoplankton: as the high mo-
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lecular organic compounds (such as proteins or polysaccharides) are being decom-
posed to low molecular organic compounds, there also tends to be a shift in the bac-

terial communities (Fukami et al. 1981; Romalde et al., 1990; Riemann et al., 2000).

On the surface of fresh particulate organic matter (POM), where large amounts of
high molecular organic compounds are present, the bacterial community with the
ability to decompose such organic substrates becomes dominant, whereas, on the sur-
face of old POM or in surrounding seawater where high molecular organic com-
pounds are scarce, the community would instead be shifted towards that of low abil-
ity for organic compound decomposition (Fukami et al., 1981; van Hannen et al.,
1999). A study on a bloom dingulodinium polyedrunfrom Californian waters by
Fandino et al. (2001) found that the free living bacteria utilising low molecular or-
ganic compounds were numerically dominant, comprising more than 90 % of the to-
tal count and responsible for >70 % of the bacterial production. This group of bacte-
ria is often dominated biroseobacterbelonging to thei-Proteobacteria (DelLong et

a., 1993; Gonzalez and Moran, 1997).

1.2.3 Experimental model systems of algal and bacterial interactions

Naturally occurring phytoplankton communities commonly co-exist with 10s to 100s
of different bacterial types (Groben et al., 2000; Alavi, et al., 2001; Green et al.,
2004), leading to complex interactions between the algal and bacterial communities.
This generates the potential for millions of phytoplankton-phytoplankton interac-
tions, bacteria-phytoplankton interactions, and bacteria-bacteria interactions, making

it close to impossible to control and study these complex relations.

Simplified experimental model systems of the algal-bacterial associations enable
clarification of the mechanisms behind algal-bacterial interactions, and the signifi-
cance of their importance in HAB dynamics. So far, experimental model systems
have been developed for three dinoflagellate speGigsinodinium catenatuiiGra-

ham) Scrippsiella trochoidedStein)and Lingulodinium polyedra (Stein) (Bolch et

al. 2004, Green and Bolch, unpublished). The model systems use surface-sterilised
resting cysts or resting cells of the dinoflagellates to which either a single or a mix-

ture of bacterial strains are added before germination of the cysts (Fig. 1.2). The ef-
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fects of bacteria on the dinoflagellate are then determined by the growth responses of

the algal-bacterial cultures established from the cysts

> 5
Bacterial
“ culture
e @ - s
\_—/

Cysts + bacteria
105 bacterial cells mlt

Isolation of cysts using Sterilization of cysts
micropipetting using H,0,

Formation of cysts in
GSeN-P

Figure 1.2 Diagram of the establishment of unibactef®@imnodinium catenatumultures. GSe-N-P
is GSe medium (Blackburn et al., 2001) without nitrate and phosphate.

A library of culturable bacteria has also been isolafrom cultures of these
dinoflagellates that can be used in bacterial re-addition experiments with each spe-
cies (Green and Bolch, unpublWork with these model systems have indicated
three main growth responses shown by the dinoflagsllafter the addition of com-
munities: 1) Algicidal response: found with members of@yéophaga Flexibacter
group causing death of the alga at or just after germinai@rSlow algal growth
responses: typically caused by communities composedRadeobactersp. and
Rhodobacteisp. (3) Enhanced algal growth resporSecatenatunshowed growth
similar to or greater than normal (i.e. grown with bacteria present at isolation of the
alga into culture) when grown with communities composedAleanivorax sp.
DG881 orMarinobactersp. DG879 (Bolch et al., 2001; Vincent, 2003; Bolch et al.,
2004; Green et al., 2004; Subramanian, 2008).

For the work conducted in this stud@gymnodinium catenaturwas chosen as the
model species for experimentation due to: (a) its well-known and easily manipulated
life-cycle; (b) its relatively short resting cyst dormancy period (14-21 days) allowing
comparatively rapid cycles of experimentation (Blackburn et al., 1989; 2001); (c) its
relevance to increasing HAB events in the past decades (Hallegraeff 1993; Halle-
graeff and Fraga 1998); and (d) because since its apparent introduction to Australian
waters in the 1970s, the economic impacts on the aquaculture industry has classified
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the dinoflagellate as a significant HAB species (Hallegraeff and Sumner, 1986; Hal-
legraeff et al., 1989, 1995).

1.3  Gymnodinium catenatunbiology and ecology

1.3.1 Species description

Gymnodinium catenatuns a marine, planktonic, dinoflagellate species associated
with red tide paralytic shellfish poisoning (PSP) events all over the world (Halle-
graeff et al.,, 1989). It is an athecate (i.e. without thecal plates), chain forming
dinoflagellate (Fig. 1.3A and C) commonly seen in chain formations with up to 64
cells (Blackburn et al., 1989). The cells show differing morphology between single
cells compared to when in chains, with single cells usually elongate-ovoid, 48-65 um
long and 30-43 pm wide (Fig. 1.3B), while chain formers tend to be smaller (31-40
um long and 36-42 um wide) and have a squarish-ovoid shape (Fig. 1.3C). Cell
shape is shown to be strain depandant (Graham, 1943; Yuki and Yoshimatsu, 1987;
Blackburn et al. 1989).
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Figure 1.3 LM micrographs ofGymnodinium catenatun{A) 28-cell chain, scale bar 100pum. (B)
Single cell ofG. catenatunshowing slightly elongated shape in comparison to the chain-forming cells
seen in (C).

The resting cyst o6. catenatumwhich is produced by sexual reproduction (Black-
burn et al., 1989), has a very distinct morphology. It is spherical, brown, and with the
surface covered with microreticulate ornamentation, showing patterns reflecting the
apical groove and cingulum of the vegetative cell (Anderson et al., 1988) (Fig. 1.4).

Figure 1.4 Light micrographs of a&Gymnodinium catenatumesting cyst going through germina-
tion/excystment. (A) The characteristic brown cyst with the red accumulation body (ab); (B) the cyst
starting to rupture, displaying a fully forméal catenatunvegetative cell within the cyst; (C) The
empty cyst; (D) The vegetativ@. catenatuneell still within a protective membrane.
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1.3.2 Life cycle of Gymnodinium catenatum

Gymnodinium catenaturhisplays both sexual (fusion of gametes) and asexual (vege-
tative division of cells) reproduction (Fig. 1.5). Blackburn et al. (1989) and Black-
burn and Parker (2005) showed tlaat catenatungametes formed by asexual cell
division are isogamous (morphologically identical to each other), and these gametes
fuse to form a diploid planozygote. The planozygote is biflagellated, and much larger
in size than both the vegetative cells and the gametes. The flagella are eventually
lost, the planozygote loses its swimming ability and the cell attains a more rounded
shape, with the sulcus and cingulum that were clearly visible before, fading away.
The planozygote then transforms into a hypnozygote, the resting stage of the life cy-
cle. After as little as two weeks of dormancy, the hypnozygote is able to undergo ex-
cystment, forming a biflagellated planomeiocyte (Fig. 1.4 a-d). This, in turn, divides

to form haploid vegetative cells.

10
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Figure 1.5Life cycle of Gymnodinium catenatulais described by Blackburn et al. (1989) and Black-
burn and Parker (2005).
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1.3.3 Habitat, location and distribution

Gymnodinium catenatumvas first discovered and described by HerbertGhaham
(Graham, 1943) following a bloom in Californian waters, and has since been re-
ported from most continents, with an alarming global spread over the last two dec-
ades (Fig. 1.6). Vegetative cells are found in both tropical and temperate waters (Hal-
legraeff and Fraga 1989) and at least some of the increased global distribution is
thought to have been a result of transfer in ships’ ballast water (McMinn et al.,
1997).

In Tasmania, Australia, analyses of historic plankton samples and cysts in sediment
depth cores strongly support that catenatums not indigenous to Tasmania but
was introduced in the region after 1973 (Hallegraeff and Bolch, 1992; McMinn et al.,
1997). Blooms have since then been recurring events from January to June (late
summer to early winter) in the Huon and Derwent estuaries of south-eastern Tasma-
nia. However, spatial distribution, duration and magnitude exhibit significant inter-

annual variability (Hallegraeff et al., 1995; Volkman et al., 2009).

12
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Figure 1.6Known global (A) and Tasmanian (B) distribution@mnodinium catenatunafter Bolch
and Reynolds (2002).

1.3.4 Toxicology of Gymnodinium catenatum

Gymnodinium catenatuns a well known paralytic shellfish toxin (PST) producer

(Table 1.1), and is the only unarmoured dinoflagellate known to produce these tox-
ins. PSTs are the most acutely neurotoxic compounds produced by marine and
freshwater microalgae, and there are currently over 20 different PSTs known, all
based on the same basic alkaloid, tetrahydropurine compound, saxitoxin (STX)

13
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(Negri et al., 2003a) STX blocks sodium channels in nerve cells, thus causing their
neurotoxic effects (Negri et al., 2003a). The structures of the PSTs are formed from
substitutions at four distinct positions around the basic PST structure (Fig. 1.7). The
first chemical confirmation of the toxin production By catenatumwvas achieved
using samples from Tasmania by Oshima et al. (1987) who detected saxitoxin (STX),
decarbamoyl saxitoxin (dcSTX), the N-sulfocarbamoyl gonyautoxins (GTX1-GTX5)
and the less toxic N-sulfocarbamoyl-11-hydroxysulfate C toxins (C1-C4). Later,
during a study by Oshima et al. (1993), Tasmanian strains revealed the presence of
deoxy-decarbamoyl saxitoxin (doSTX) and deoxy-decarbamoyl gonyautoxin 3
(doGTX3), and recently during a survey of the paralytic shellfish poisoning (PSP)
toxins, Negri et al. (2003b) found three novel saxitoxin analogues GC1, GC2, and
GC3 in the G. catenaturstrain GCDEOQ9 (see summary in Table 1.1).

Table 1.1 Toxins produced bymnodinium catenatum

. Common name /
Toxin . Ref.
abbreviation

N-sulfocarbamoyl-11-hydroxy-sulfate toxins Cl-C4 1,2
Gonyautoxin / 11-hydroxysulfate toxins GTX1- GTX6 1,2
Decarbamoyl-11-hydroxysulfate toxins dcGTX1 - dcGTX4 3
Decarbamoylgonyautoxin 2 dcGTX2 2
Decarbamoylgonyautoxin 3 dcGTX3 2
Decarbamoylsaxitoxins dcSTX 1,2,3
Neosaxitoxin NEO / neoSTX 1,2,3
13-Deoxydecarbamoylgonyautoxin 2 doGTX2 1,2
13-Deoxydecarbamoylgonyautoxin 3 doGTX3 1,2
13-Deoxydecarbamoyl saxitoxins doSTX 1,3
G. catenatuntoxins

Epimeric 11-hydroxysulphate derivative of GC3 GC1 3,4
Epimeric 11-hydroxysulphate derivative of GC3 GC2 3,4
4-hydroxybenzoate ester derivative of dcSTX GC3 3,4

1. Oshima et al., 1993; 2. Negri et al., 2001; 3. Negri et al., 2003b; 4. Negri et al., 2007

14
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NEO / neoSTX OH H H CONH,
doGTX2 H 0SO;y H CHs
doGTX3 H H 0SO; CHs
doSTX H H H CHs

GC1 H 0SO;y H CgHgO5
GC2 H H 0SO;y CgHgOs5
GC3 H H H CgHgOs3

Figure 1.7 General structure of saxitoxin with the four positions for substitutions of compounds that
determine the particular paralytic shellfish toxin.
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1.3.5 Gymnodinium catenaturrassociated bacteria

In a recent study by Green et al. (2004) the cultivable bacterial community of labora-
tory grownGymnodinium catenatumvas investigated, identifying the bacteria as be-
longing to three main phyla, the Proteobacteria (70%), Bacteroidetes (26%) and Ac-
tinobacteria (3%). Of the Proteobacteria, 21% were indentifiegpasteobacteria

while 49% asu-proteobacteria, of which the Rhodobacteria group mgdef more

than 30 %, always being the most numerically abundant bacterium present in each
culture (Table 1.2).

Table 1.2The cultivable bacteria associated to laboratory-grown culturégmhodiniuncatenatum
compiled from Green et al. (2004)

Phyla Class Family No of isolates
Proteobacteria Alpha (0. ) proteobacteria Rhodobacteraceae 21
Rhodospirillaceae 3
Sphingomonadaceae 3
Phyllobacteriaceae 2
Rhodobiaceae 1
Gamma ) proteobacteria ~ Alteromonadaceae 8
Alcanivoraxaceae 3
Oceanospirillaceae 1
Moraxellaceae 1
Bacteroidetes Flavobacteriales Flavobacteriaceae 10
Sphingobacteriales Flexibacteraceae 6
Actinobacteria Actinomycetales Micrococcaceae 1
Nocardioidaceae 1
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Green et al. (2004) isolated two members of the Gam)nadteobacteria with close
phylogenetic relationships to eithAicanivorax borkumensiéSK2) orMarinobacter
hydrocarbonoclasticu§ATCC 27132), from 6 out of 7 cultures &. catenatum.

Two bacterial strainsAlcanivoraxsp. DG881 andvarinobacter sp. DG879 were
isolated from the Tasmanida. catenatunstrains GCDEO8 and GCHU11 (Austra-

lian National Algae Culture Collection), respectively (Green et al., 2004). Both bac-
teria are gram-negative, aerobic, and hydrocarbon degrading, and have been shown
to be essential for germination and cell growtlGofcatenatumWithout the bacte-

ria, the host cell dies within days of germination (Bolch et al., 2001; Vincent, 2003;
Bolch et al., 2004; Green et al., 2004).

This work laid the foundation for subsequent studies aimed at understanding the in-
fluence of bacteria on toxicity, growth and physiology. The influence of these hydro-
carbon-degrading bacteria on the growtiz. catenatunwas further investigated by
Vincent (2003) who studied host-range specificity, and Subramanian (2008) who
showed that the bacterial community has a significant effect on the growth rate and
dynamics ofG. catenatumand that the bacterial community appear to be a more im-

portant factor than any variation associated with the individual’'s genotype.

Although algal-bacterial interactions have received an increasing amount of attention
over the last decade (e.g. Hold et al., 2001a; Uribe and Espejo, 2003; Croft et al.,
2005) the underlying mechanisms of the complex interactions between the organisms
are far from determined. The interactions are highly specific and stimulation or inhi-
bition of algal growth or survival by bacteria may vary greatly depending on the as-
sociated bacterial taxa (Doucette et al., 1998; 1995). In teri@s adtenatunand its

close association to the twpproteobacteriaMarinobacter sp. DG879 andAl-
canivoraxsp. DG881 there are still a number of unanswered questions. The absolute
requirement for the bacteria 6y. catenaturmhas so far only been demonstrated in
laboratory-grownG. catenatumcultures. The underlying mechanisms behind the
close relationships are also unknown. By studying the growth dynamics of the bacte-
ria and algae while in association with one another, it may be possible to determine
whether growth fluctuations depend on the culture life stage or whether one of the
organisms is driving growth of the other. Furthermore it is not known whether the

relationship between these bacteria may be importa@.foatenatunblooms in the
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natural environment, and whethitarinobacter sp. and/orAlcanivoraxsp. play a

role in G. catenaturbloom formation.

1.4 Thesis aims and Outline

The overall aim of this thesis is to investigate the influence of the growth-
stimulating marine bacteridarinobactersp. DG879 andlcanivoraxsp. DG881 on
the growth dynamics and toxicity of the toxic, HAB forming dinoflagellaemno-
dinium catenatunin bacteria-dinoflagellate model culture systems and natural Tas-

manian G. catenatupopulations. Specifically this thesis aims to:

1. Establish theG. catenatumalgal-bacterial model with differer®. catenatum
mating strains to test for consistent behaviour of the model system with different

G. catenatunstrains.

2. Develop a quantitative molecular detection method for the growth-promoting
bacteriaAlcanivoraxsp. DG881 and Marinobactep. DG879.

3. Examine the growth dynamics Bfcanivoraxsp. DG881 andlarinobactersp.
DG879 in single- and mixed-bacterial G. catenataodel cultures.

4. Examine the abundance and dynamicélganivoraxandMarinobacterassoci-

ated with naturally occurring G. catenatympulations.

5. Investigate the influence of bacterial community composition on saxitoxin pro-

duction by G. catenatum.

The information that will emerge from the studies of this thesis will shed light on as-
pects of the complex interactions of the microbial loop, and particularly increase the

current knowledge of the interactions between algae and bacteria.
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Chapter 2: Establishment of uni-bacterialGymnodinium catenatum
model systems: reproductive compatibility ofG. catenatumstrains,

resting cyst production and germination

2.1 Introduction

It is well-known that bacteria play an important role in oceanic processes. Bacteria is
involved in nutrient regeneration where the bacteria decompose organic material and
returns nutrients such as phosphates and nitrates for reuse by primary producers; as
part of the carbon cycle, where the bacteria produce CO2 by fermentation of organic
matter, and in the microbial loop, where the bacteria utilize DOC and are then in turn
taken up by ciliates and heterotrophic flagellates (Wolter, 1982; Azam et al., 1983
and Doucette et al., 1998). The interactions that occur between the trophic levels in
the natural environment are however highly complex, and in terms of algae and bac-
teria, algal communities have been known to interact with sometimes tens to hun-
dreds of bacterial types (Groben et al., 2000; Alavi et al., 2001). As a result, studying
the interactions between the two organisms in nature is very difficult, in turn having
lead to algal-bacterial interactions being poorly understood, and with research of the
interactions mostly confined to laboratory cultures.

Simplified experimental model systems (Chapter 1), which use surface-sterilised
resting cysts of the algae to which either a single or a mixture of bacterial strains are
added before cyst germination, can enable clarification of the mechanisms behind
algal-bacterial interactions (Bolch et al. 2004, Green and Bolch, unpublished). The
systems can allow for studies on, for example, algal toxicology, algal physiology,
and algal growth dynamics, thereby demonstrating the potential significance of the
algal-bacterial interactions. To date, experimental model systems have been devel-
oped for three dinoflagellate speci€grippsiella trochoidedStein), Lingulodinium
polyedra (Stein), an@ymnodinium catenaturfGraham) (Green and Bolch, unpub-
lished).
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Gymnodinium catenatuims a cosmopolitan dinoflagellate species that produces para-
lytic shellfish toxins (PSTs) potentially lethal to humans (Hallegraeff et al., 1989).
There is evidence suggesting tatcatenatunhas been introduced into Tasmanian
waters by ships’ ballast water (Hallegraeff and Bolch, 1992; McMinn et al., 1997),
likely assisted by the resistant resting-cyst stage of its life cycle (see Chapter 1).
Resting cysts are produced as part of the sexual life cycle, and aid in both long-term
and short-term survival of some dinoflagellates, includhgatenatun(Blackburn

et al., 1989; Blackburn and Parker, 2005). By producing a resistant cyst when condi-
tions are less then favourablg, catenatumhas the ability to survive periods of
darkness or low nutrient levels, undergoing excystment to form new vegetative cells
when surrounding environmental conditions are more suitable for growth (Blackburn
et al., 1989).

Resting cysts ofs. catenatuntan be created in laboratory cultures, and after ma-
nipulation of the cyst-associated bacteria, the effects of bacterial community on the
algal growth dynamics can be studied. Typicdlly catenatumcultures contain a
range of bacterial species (Green et al., 2004). However, by manipulating the bacte-
rial community of resting cysts @. catenatumgultures with specific bacterial as-
semblages can be generated, producing uni-bacterial or mixed-bacterial G. catenatum
experimental model systems (Bolch et al., 2001; 2004). Using the experimental
model systems, the underlying mechanisms and interactions between algae and bac-
teria can be investigated alongside each other (Bolch et al., 2001; 2004). A similar
approach was also used by Alavi et al. (2001P&asteria sp. In this earlier study,
axenic Pfiesteria sp. had bacteria, which was originally isolated from a bacterized
Pfiesteria culture, added back to the dinoflagellate cells in order to study how and if

a bacterial association could benefit dinoflagellate growth and physiology.

The experimental model systems wih catenatunwere initially developed by Drs
David Green and Christopher Bolch, at the Scottish Association of Marine Science
(Dunstaffnage Marine Laboratory, Scotland) (Bolch et al., 2001) by germinating sur-
face-sterilised resting cysts and adding uni-bacterial strains to form a dinoflagellate-
bacterium co-culture. The first step in this process is successful product®n of
catenatum resting cysts, while the second step is to add known bacteria (cultivable

unibacterial strains) to surface-sterilised cysts.
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In this study, two bacterial speciddarinobactersp. DG879 andAlcanivorax sp.

DG881 that both have been shown to be growth-promotirgg. twatenatun{Bolch

et al., 2001; Bolch et al., 2004) were used as the bacterial species in the G. catenatum
unibacterial model system¥heseG. catenatunmodel systems were then used for
testing and validation of quantitative PCR detection methods for bacteria, prior to use

in later chapters of this thesis.

This chapter details investigations of the reproductive compatibili§y. afatenatum

strains and their capacity to produce resting cysts as an essential first step in estab-
lishing theG. catenatunexperimental model systems. Model systems developed to
date have used resting cysts generated by crosgesaatenatunstrains GCDEO8

and GCHUL11 (see Appendix 3). However, as strain GCDEO8 has been shown to be
homothallic (self-crossing) and generally of low viability (see section 2.3.1) this
chapter aims to establish model cultures using different crossing strains, and assess
their germination, growth and survival. Studies by Blackburn et al. (1989; 2001),
Parker (2002) and Vincent (2003) show that reproductive compatibili§y. afate-
natumcan vary over time in long-term culturing. As a result, this study repeated the
reproductive compatibility experiments, using the same strains as these four previous
studies (to the extent possible as some strains are no longer held in culture) to asses
the ability to sexually reproduce and form resting cysts. To determine the most suc-
cessful cyst-producing strain crosses, ten diffeGntatenatunstrains were crossed

in pair-wise combinations. The successful crosses were then used for large-scale
production of cysts, which in turn were used to establishGheatenatunexperi-

mental model systems.

2.2 Materials and Methods

2.2.1 Algal strains

All Gymnodinium catenatustrains were obtained from the Australian National Al-
gae Culture Collection (ANACC, Formerly CSIRO Collection of Living Microalgae;
www.marine.csiro.au/microalgae). Tke catenatunstrains (Table 2.1; Appendix 3)
were cultured in 50 mL Erlenmeyer flasks in GSe medium (Blackburn et al., 2001,
Appendix 1) at 18°C, 65 pmol PARTsec', with an 18:6 h light: dark light regime
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from cool-white fluorescent lighting. All cultures were handled aseptically to prevent

algal cross-contamination and bacterial contamination of the cultures.

Table 2.1 Culture strains ofsymnodinium catenatumased for the reproductive compatibility trial.
The CS-code is a uniqgue CSIRO numerical code for each strain held in the collection (further details
available on www.marine.csiro.au/microalgae and Appendix 3)

Culture strain  =5.code -gﬂrl%ri?laman gsrztioofn
GCDEO05 CS-301/05 Derwent River 8/1 1987
GCDE06 CS-301/06 Derwent River o'+ 1987
GCDEOS CS-301/08 Derwent River ~ +210 1987
GCDEQ09 CS-301/09 Derwent River n/a
GCHU02 CS-302/02 Huon River 6/6 1986
GCHU11 CS-302/11 Huon River 20/6 1988
GCHU20 CS-302/20 Huon River 4/4 1990
GCHAO1 CS-304/01 Hastings Bay 200 1990
GCVS04 CS-799 Verona Sands /12002
GCLVO1 CS-800 Louisville 171 2002

2.2.2 Cyst production

To establish cyst production of compatible strains, 1 mL of each of two straihs of

catenatum (pair-wise combinations of all strains) as well as 1 mL of each strain on its

own (self-crossing) in late logarithmic phase was transferred to a 35 mm diameter

plastic Petri dish containing 10 mL of GSe medium without added nitrate or phos-

phate (GS&™; a method used to enhance resting cyst formation (Blackburn et al.,
1989) Petri dishes were incubated at 21 °C + 2 °C, 80 pmol PARen’, on an
186 h light/dark regime. Cyst counts were conducted using a Sedgwick-Rafter

counting chamber every 4 days for 5 weeks, and simultaneously, presence of differ-

ent sexual life-stages of tii& catenatuncells (i.e. gamete swarming, gamete fusion,

planozygotes and empty shells from hatched planozygotes) were noted.
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2.2.3 Measurement of reproductive success

Cyst production and reproductive successhyatenatuntrosses was scored in all
crosses according to the criteria of Blackburn et al. (2001) (Table 2.2).

Table 2.2 Scoring criteria and equivalent cyst concentrations for cyst producti@ynmnodinium
catenatuncrosses. (From Blackburn et al. 2001)

Score Cysts per cross Cyst concentration (cysts').
0 <4 0 — 3.0x16

1 4-24 >3.0x 16 -2.0x 16

2 25-124 >2.0x16-1.0x 14

3 1251200 >1.0x1¢ - 1.0x 18

4 >1200 >1.0x16

In order to assess the variation in mating among strains in all crosses, three measures
of reproductive success (Blackburn et al., 2001) were calculated from the scores in

the crossing matrix.

«  Compatibility index (C4): which is the number of compatible pairings re-
sulting in a score of 1, divided by the total number of possible crosses
(other than self crosses), it is regarded as a measurement of ‘willingness to
cross’ with other strains. €(max) =1

« Average vigour (A\): The average of the scores (0-4) for maximum cyst
production for all successful crosses involving a particular strain, i.e. an av-
erage measure of the number of cysts produced per cross in successful
crosses. A¥ (max) = 4

« Strain reproductive compatibility (Rfwas calculated as the product of the
strain’s Cl and AV in all crosses (i.e. RE Clsx AVg). RGs (max) = 4.
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- A total compatibility index (TCI) was calculated among all strains as the
percentage of all pair-wise crosses (including self-crosses) that produced

viable resting cysts. TCI (max) = 100%

2.2.4 Bacterial strain maintenance and preparation

Both bacterial speciedarinobactersp. DG879 andlcanivoraxsp. DG881 were
initially isolated from the Tasmaniag@ymnodinium catenatursirain CGDEO08/CS-
301/08 (Green et al., 2004; Appendix 3) and maintained on Zobell's Marine (ZM1)
agar (Zobell, 1941; Appendix 2) at 20 °C in total darkness. Bacterial strains were
prepared for use in model systems as follows: strains were aseptically transferred
into ZM1 broth and incubated with shaking (70 rpm) at 20 °C in total darkness for 3
days. After incubation, 1 mL of dense suspension was transferred to 1.5 mL centri-
fuge tubes and centrifuged for 10 minutes at 1500 rpm. In order to remove the ZM1
broth, the supernatant was replaced with GSe medium and the centrifugation/wash
step repeated three times. The ‘cleaned’ bacterial cells in 1 mL GSe medium were
transferred into sterile McCartney bottles containing 20 mL sterile GSe medium. The
bottles were incubated at 20 °C for 24 hours for acclimation of bacteria to algal

growth medium.
2.2.5 Surface sterilization of cysts and cyst germination

From the studies of strain compatibility the cross GCHU11 x GCHAOQO1 was chosen
for large-scale cyst production as this was the cross producing the largest amount of
cysts in the shortest amount of time. Cysts from crosses were harvested approxi-
mately 2 weeks after crossing using a manual micropipette, washed several times in
fresh GSe medium, and placed in sterile 1.5 mL centrifuge tubes containing 0.5 mL
GSe medium. Ten to fifteen cysts were added to each centrifuge tube, and 50 pL 6 %
H,O, (final conc. 0.5 %) was added to the tubes (Bolch and Hallegraeff, 1993).
Tubes were wrapped in aluminium folil to limit photodegradation @dtdnd left for

45 minutes at room temperature. Aftep®3 incubation the tubes were centrifuged

and 500 pL of the supernatant replaced with fresh GSe medium. This process was
repeated 3 times in order to remove residugDi4d Successful surface-sterilisation

was checked by spread-plating 10 pL of the sterilised sample onto ZM1 agar which
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was incubated at 24 °C for 4 days. If bacterial growth was seen after incubation, the

media and cysts were discarded.

The sterilised cysts were then placed in 35 mm diameter polystyrene Petri dishes
containing 10 mL GSe medium. Ten to fifteen cysts were placed in each Petri dish,
and cleaned bacterial cultures were added at a concentration @glisOmL?*. The
different treatments were: (1) sterile cysts ahchnivoraxsp. DG881 in sterile GSe;

(2) sterile cysts aniarinobactersp. DG879 in sterile GSe; (3) a positive control
containing non-sterilised cysts with 1 mL of a 5 um filtrate from the GCHU11 x
GCHAOL1 culture and sterile GSe, and (4) a negative control containing sterile cysts
and sterile filtered (0.2 pungeawaterAll treatments were carried out in triplicate.
Petri dishes were incubated at 21 °C + 2 °C, 80 [RA® m’ se¢', on an 18:6 h
light/dark regime, and studied every 4 days over a 35 day period to determine germi-
nation of the cysts. Germination success was determined by counts of empty cysts

left after cyst germination by surveying the bottom of the petridish by microscopy.

2.2.6 Establishment of Gymnodinium catenatutvacterial model systems

To establish clonal culture§. catenatuncells were isolated from the Petri dishes
containing eitherG. catenatumand Alcanivorax sp. DG881 orG. catenatumand
Marinobacter sp. DG879 using a dilution isolation method. Cultures were diluted
with sterile GSe medium to a concentration of approximately 1 cell or a single chain
(2-8 cells long) of cells mit and 1 mL transferred to each of the wells of a 24-
multiwell plate containing 2 mL GSe medium. Wells containing only one cell or cell
chain (cell counts determined by microscopy) were labelled and the plate incubated
under the culture conditions previously described for 1 week. Clonal cultures were
established from the labelled wells, transferred into 50 mL Erlenmeyer flasks con-
taining 25 mL fresh GSe medium and when sufficient cell concentration was

achieved these were transferred to 50 mL flasks containing 40 mL GSe medium

2.2.7 Statistical analysis

Differences between treatments (i.e. sterile cysts Mlithnivoraxsp. or sterile cysts
with Marinobacter sp. DG879) and controls (positive control containing non-
sterilised cysts and negative control containing sterile cysts and sterile seawater) in
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terms of the cyst germination success and cells per germinated cyst (at day 36) were

compared using one-way ANOVA, pG05 (Microsoft Excel).

2.3 Results

2.3.1 Reproductive compatibility ofGymnodinium catenatum

Nine of the ten strains crossed were heterothallic (i.e. out-crossing; can only undergo
sexual reproduction with a genetically different strain; Blackburn et al., 1989), and
one, GCDEO8 was also homothallic (able to produce resting cysts in self-crosses)
(Blackburn and Parker, 2001) (Table 2.3). All strains produced cysts with at least one
other strain, although GCDEO05, GCHU20 and GCHUO2 were only compatible with

one other strain. The remaining strains were compatible with 2 or more strains.

Table 2.3Compatibility matrix of Gymnodinium catenatum strains. Scores (0-4) indicating the num-
ber of cysts produced per cross (cyst concentration), (scoring criteria as Blackburn et al., 2001, Table
2.2). * = crosses producing < 4 cysts and scored as unsuccessful. Original strain names have been
shortened from GCDEOS5 to DEO5 etc.

Strain | DEO5 | DEO6 | DEO8 | DE0O9 | HUO2 | HU11 | HU20 | HAO1 | VS04 | LVO1
DEO5 0 0* 0 0 1 o* 0 0 0
DE06 0* 0 0* 2 1 0 0 1
DEO8 3 0 2 0* 3 2 2
DE09 0* 1 0* 0 0 0
HU02 1 0 0 0 0
HU11 0 2 0 0*
HU20 0 0 0
HAO1 0 0
VS04 1
LVOo1

The total compatibility index (TCI) for all strains was 31%, indicating that almost
one third of all crosses were capable of producing viable resting cysts. The mean
RCs was low (0.52, Table 2.4), and highly variable between strains. GCDEO8 and
GCHU11 showed the highest reproductive compatibility (1.44 and 1.22 respec-
tively), but considering the ability of GCDEO8 to self-cross it is not possible to de-
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termine whether the cysts formed are from homothallic or heterothallic reproduction.

The time to appearance of the first cysts ranged from 12 to 52 days (Table 2.5).

Table 2.4Summary of the overall reproductive compatibility of e@&jmnodinium catenatustrain
measured by compatibility index (CIS), average vigour (AVS), and reproductive compatibility (RCS)

Strain Clg AVs RCs

DE 05 0.11 1.00 0.11
DE 06 0.33 1.33 0.44
DE 08 0.67 2.17 1.44
DE 09 0.22 2.00 0.44
HU 02 0.11 1.00 0.11
HU 11 0.67 1.83 1.22
HU 20 0.11 1.00 0.11
HA 01 0.22 2.50 0.55
VS 04 0.22 1.50 0.33
LV 01 0.33 1.33 0.44
Mean 0.30 1.57 0.52

Table 2.5Summary of the time (days) for the first resting cyst to appear in the cross. Original strain
names have been shortened from GCDEO5 to DEOQ5 etc.

Strain | DEO5 | DE0O6 | DE08 | DE09 | HUO2 | HU11 | HU20 | HAO1 | vso04 | Lvo1
DEO5 | -- -- - — -- 52 -- -- -- --
DE06 ~ ~ ~ ~ 28 | 24 | - - 32
DEOS 36 |40 | -- 20 | -- 20 | 52 | 40
DE09 - - 32 - - - -
HUO02 - 12 - - - -
HU11 - - 12 - ~
HU20 - - - -
HAO1 - - -
VS04 -- 12
LVO1 -

As GCDEO8 was shown to be homothallic, and produce non-viable offspring, the
strain cross chosen for further use in large-scale cyst production was GCHU11 x
GCHAOL. The strain cross produced the highest amount of cysts over the shortest
period of time, on average 4.0 x*1&ysts ' in a 4 week period, and with the first
cysts appearing after 12 dayfter GCDEO08, GCHU11 showed the highest com-
paibility index of 0.67 and the highest reproductive compatibility of 1.22, while
GCHAO1 showed the highest average vigour of 2.50.
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2.3.2 Gymnodinium catenatunresting cyst germination success

Statistical analysis (one-way ANOVA) showed no statistical difference in germina-
tion success between the treatments (p = 0.17, df = 15, F = 1.99) (Fig. 2.1). The first
germination of cysts was observed in the two controls at Day 4, and after 8 days

cysts had germinated in all treatments.
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Alcanivorax Marinobacter Positive Negative
sp. sp. control control

Figure 2.1 The percentage of germination succes&wgimnodinium catenaturoysts with differing
bacterial treatment. Error bars + SD, n=4

The mean number of vegetati@e catenatuncells produced per resting cyst by Day

36 (i.e. the number of vegetative cells produced from cell division of the planomeio-
cyte; see Figure 1.5), is shown in Figure 2.2. Alwmnivoraxsp. DG881 treate.
catenatum cysts produced an average of 5 cell§ cifst Marinobactersp. DG879
treated cysts produced on average 1.5 cells'cyse positive control reached the
highest number of 8.5 cells cysivhile the negative control, in which the cells were
placed in sterile seawater, never reached above one célldyshg the entire time
period. This is a presumed planomeiocyte (Blackburn et al., 1989). Statistical analy-
sis (one-way ANOVA) showed no statistical difference between the treatments at
Day 36 (p = 0.16, df = 11, F = 2.25). The analysis is however limited due to the small
sample sizeVegetative cells produced in tiAdcanivoraxsp. DG881Marinobacter

sp. DG879, and positive control treatments demonstrated viable progeny (as per
Blackburn et al., 2001: germinated cells viable beyond the 8-cell stage), while the
germling cell (planomeiocyte) germinated from the negative control were unable to

reproduce following germination.
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35 - Alcanivorax sp. DG881
Marinobacter sp. DG879

30 | Positive control T
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Days after excystment

Figure 2.2 Gymnodinium catenaturvegetative reproduction following germination: mean cate-
natumvegetative cells produced per resting cyst. Error bars +SE, n=3

Cysts in the negative control (sterilised cysts without added bacteria) germinated but
did not produce viable progeny. Planomeiocytes produced in the negative control
were non-motile, and had low levels of pigmentation in comparison to normal vege-

tative cells.

2.3.3 Establishment of Gymnodinium catenatuvacterial model systems

All replicates of the clonal cultures established from Meeinobactersp. DG879

and Alcanivorax sp. DG881 treatments survived although they displayed slow
growth for the first three weeks. During this period the cells showed limited motility
(direct observation by microscopy) and were mostly confined to the bottom of the
flasks. However, the established cultures grew into dense highly motile cultures over
a period of approximately six weeks (two transfers). Three cultur€s chtenatum

with Marinobactersp. DG879 and five cultures @. catenatunmwith Alcanivorax
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sp. DG881 have currently been maintained for approximately 3 years. All replicates
of the cultures established from the positive control treatment (non-sterilised cysts
with added 5 pm filtrate from the GCHU11 x GCHAOL1 culture in sterile GSe) also
survived, though they were only kept alive for a period of 4 weeks.

2.4 Discussion

2.4.1 Reproductive compatibility of Gymnodinium catenatum

In the present study, nine of the ten strains tested were heterothallic, with the excep-
tion of strain GCDEO8 which was homothallic as well as heterothallic (also shown
by Parker, 2002 and Vincent, 2003). Blackburn et al. (2001) provided evidence of a
multiple group mating system i@. catenatumwith varying levels of compatibility
between the different mating groups. Although Blackburn et al. (2001) did not find
GCDEO8 to be homothallic, another Tasmanian strain, GCHUO5, was shown to be. It
produced viable offspring, and thereby proving that mating is possible between sib-
ling clones of somé&. catenatunstrains. Sibling clones are clones from the same
parental cross, they are ‘brothers and sisters’; this in comparison to a clone, which is
a genetically identical individual derived from a single cell by repeated sexual divi-

sion.

In regards to the GCDEO8 self-cross, it appears that the homothallism has evolved
over time in culture. Neither of the studies by Blackburn et al. (1989 and 2001) re-
ported that strain GCDEO8 was homothallic, whereas this study found a cysts pro-
duction of 3.0 x 16— 2.0 x 18cysts I*. Parker (2002) also found a production of 2.0

x 10° — 1.0 x 16 cysts 1, and Vincent (2003), showed a cyst yield between 4.2 x
10°— 8.3 x 18 I'Y. Note that the crosses published by Blackburn et al. (2001) were
conducted in the early 1990s (S. Blackburn, Pers. Comm.). Progeny produced by
GCDEDOS8 self-crosses in this study were non-viable (i.e. progeny not surviving be-
yond the 8-cell stage; Blackburn et al., 2001). This was also demonstrated by Vin-
cent (2003). One suggested reason for homothallism has been that it is derived from
heterothallism in response to the problems caused when a compatible mating type is

unavailable (Goodenough, 1985), or as a result of limited parthenogenesis (reproduc-
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tion from a female gamete without fertilization by a male gamete), as was suggested
by Pfiester and Anderson (1987). While studyiigxandrium tamarens®estombe

and Cembella (1990) suggested that long-term culturing of clonal strains could result
in mating type mutations, which could cause strains that were originally unable to
form resting cysts without the presence of another stain, to be able to do so. It is pos-
sible that this is the case for GCDEO8 which have been found to not be able to self-
cross in older studies but is now known to do so. In terms of use in strain crosses for
experimental model cultures, self-crossing strains as GCDEOQ8 can still be used, how-
ever, one must take into account that the self-cross is generally of lower viability,
and cysts can have been be produced from either homothallic or heterothallic repro-

duction depending on the gametes’ origin.

An interesting observation was that inter-crosses between GCDEO8 and any other
strain (except GCHUO2 and GCHUZ20) gave a cyst production up to two magnitudes
higher than the GCDEO8 self—cross. Theoretically, if the cell concentration of the
inocula was the main factor controlling the mating response, then cyst production
should have been relatively similar as an equal amount of vegetative cells from both
original cultures initially were added together, which could suggest a combined het-
ero- and homothallism. Combined hetero- and homothallism within the same species
has been shown in other dinoflagellates, d&lgxandrium tamarens@Anderson,

1980; Destombe and Cembella, 1990) #madenia brevis(Walker, 1982). Some of

the GCDEO8 inter-crosses (with GCDEQ9, GCLV01, and GCVS04), as well as the
self-cross) gave rise to cysts of an irregular appearance with a slightly oblong shape.
This irregular resting cyst appearance has previously also been seen in Spanish
strains ofG. catenatun(Figueroa, 2005), although no remarks were made as to the

significance of this appearance.

Overall, the results ofs. catenatunreproductive compatibility found in this study
show similarities to those found by Blackburn et al. (2001) (Table 2.6). Although
Blackburn et al. (2001) did not find GCDEO8 to be self-crossing, several of the other
crosses are comparable with respect to their cyst-production capacity. Of the 14
crosses in this study that did not produce cysts, only one (GCDEO5xGCDEOQS8) pro-
duced cysts in Blackburn et al’s (2001) study. The cyst production of
GCDE08xGCHU11l, GCDEO08xGCDEO0O8, GCDE05xGCHU11 and GCDEQ9x
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GCHU11 are an order of magnitude higher than reported in Blackburn et al. (2001)
and the cross between GCDEO8 and GCDEQ9 show 3 orders of magnitude greater
cyst production, this despite the fact that the studies used the same crossing methods
and culture strains. Changes in reproductive compatibility over time has also been
found by Destombe and Cembella (1990) and was also studied by Blackburn et al.
(2001), suggesting that long-term culturing of a strain and undetected environmental

factors may affect the ability to sexually reproduce.

Table 2.6 Comparison of cyst production between present study (first number) and Blackburn et al.
(2001) (second number). Numbers indicating level of cyst production as described in Table 2.2.
Original strain names have been shortened from GCDEOQ5 to DEOQ5 etc.

Strain | DE05 DE06 DEOS8 DE09 HUO02 HU11
DEO5 0/0 0/0 0/1 0/0 0/0 1/0
DEO06 0/0 0/0 0/0 0/0 213
DEOS8 1/0 3/0 0/0 2/1
DE09 0/0 0/0 1/0
HUO02 0/0 1/2
HU11 0/0

Studies have shown that long-term culturing appears to have an effect on the repro-
ductive compatibility of bothAlexandrium minutumand G. catenatum(Parker,
2002). While Parker (2002) repeated a strain-crossing study withAfominutum
strains, using the same strains that were originally used by Blackburn seven years
earlier (unpublished data), Parker found only one of the strains to be reproductively
compatible within the culture, in comparison to the results from Blackburn where
three of the four cultures were reproductively compatible. Observations of sexual
reproduction within cyst-derived strains suggest that the strains can contain multiple
mating types, as observed fGeratium cornutunandAlexandrium catenella (Beam

and Himes, 1984; Yoshimatsu, 1984). The apparent loss of reproductive compatibil-
ity within the A. minutumgerminated resting cyst strains (after 7 years in culture)
seen by Parker (2002), may therefore suggest that a genetic selection is acting within
the culture to favour one mating type over another. In term@ o&tenatumloss of

reproductive compatibilitcan however not be due to the selection of one mating
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type over the other (as seenAn minutumdescribed above). In contrast to the
minutum study, all th&. catenatunstrains used in the studies were clonal cultures,
thus suggests that the change in reproductive compatibility is instead a result of an
actual shift in reproductive compatibility rather than the selection for one mating
type over the other within the strain (Parker, 2002). Loss of sexual viability has also
been observed in Chlorophytegsdnium pectorale; Coleman et al., 1994), where it
appears that mating types in complex mating systems are not particularly stable in

long-term culture.

Some of the strains used in this study have been isolated for more than 20 years
which theoretically can lead to a greater opportunity for selection of particular bacte-
rial associations, and subsequently influence the results. However, despite being iso-
lated as early as 1987, GCDEO8 (from whhharinobactersp. DG879 was origi-

nally isolated) have been found to have a bacterial composition remarkably similar to
that of other cultured dinoflagellates (Green et al., 2004), suggesting that the estab-

lished algal-bacterial arrangement may remain even after long-term culturing.

In a previousG. catenatumgrowth study, Vincent (2003) measured reproductive
compatibility on some of the strains that were also used in the present study. As dif-
ferent scoring criteria were used it is only possible to compare presence/absence of
resting cysts (Table 2.7). Despite using the same strains and the same culturing con-
ditions, 9 of the 27 crosses (Vincent did not cross GCLVO01) varied between the two
studies, again indicating that compatibility and cyst production can vary between
studies, and cannot be assured. Vincent (2003) found these 9 crosses to be cyst-
producing while in this current study, they were not. This suggests that the crosses in
this study are either false negatives (i.e. the crosses are able to produce cysts, al-
though it could not be confirmed in this study) or alternatively, that there has been a
consistent breakdown of compatibility over time.
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Table 2.7 Comparison of cyst production between current study (first symbol) and Vincent (2003)
(second symbol). (+) indicates cysts production, (-) indicates no cysts productiemot attempted
cross Original strain names have been shortened from GCDEOQG6 to DE06 etc.

Strain DEO6 | DEO8 DE09 HU11 H 01 VS04 LV01
DEO06 -/- -+ -/ - +/+ -+ -/ - +/n.a
DEO8 +/+ +/+ +/+ +/+ +/+ 4/ +
DEO09 -/ - -+ -/ - -/ - -+
HU11 -/- +/+ -+ -1+
HAO1 -/ - -/ + -+
VS04 -/- -/ +
Lvo1 -/-

The variation in the period of time from crossing to cyst production (ranging between
12 to 52 days) could be due to a number of factors including prior culture history and
also that in early stationary phase batch cultures, a number of different life-history
stages may be present in different proportions (Cembella et al., 1990). This in turn

could influence the rate at which cysts were being produced.

2.4.2 Gymnodinium catenatunresting cyst germination success

The short dormancy period demonstratedGycatenatumn this study (approxi-
mately two weeks) is similar to that shown in other studies (Blackburn et al., 1989;
2001; Figueroa, 2005), and equally short dormancy periods have also been found for
some other dinoflagellates, for exam@erippsiella trochoidea (Binder and Ander-

son, 1987) and\lexandrium monilatunf=Gonyaulax monilataYWalker and Steid-

inger, 1979). The short dormancy period is a great advantage in establishment of uni-

bacterial algal model systems.

The germination success of 74% in the positive cbrftron-sterilised cysts with a
5um filtrate) found in this study is comparable to an earlier study showing the cross
GCDEO08xGCHU11 to have a germination success of 60-80% (Vincent, 2003). Con-
sidering the two bacterial treatmen@, catenatuncysts incubated with eithekl-
canivoraxsp. DG881 oMarinobactersp. DG879 cultures showed comparable ger-
mination success to that found by Vincent (2003), with 59 + 7.1 % and 82 % respec-

tively for theAlcanivoraxsp. DG881 treatment, and 38 % + 19.6 % in comparison to
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50 % found by Vincent (2003) for th®. catenatuncells treated wittMarinobacter
sp. DG879.

Production of vegetative cells from germinated cgst®ay 36 (Day 40 in Vincent,
2003) was lower in the current study compared to results from Vincent (2003). In the
current study théilcanivoraxsp. DG881 treatment gave rise to 6 times less cells
than the same treatment in Vincent (2003), Mainobactersp. DG879 treatment
yielded less cells while the positive controls were comparatively similar. It is likely
that the lower cell per cyst production could be a demonstration of the overall health
of the GCHU11 and GCHAOL1 strains used in the crosselated to different envi-
ronmental factors between the two studies. The complex mating system that is found
in G. catenatummay also be an explanation of the slow growth of the cells post ger-
mination, as there is considerable variation between cyst production and viability of
progeny depending on the strain cross (Blackburn et al., 2001). Although the resting
cysts germinate readily, they appear to not be able to vegetatively reproduce to the
same extent as the GCDEO8 x GCHU11 cross used by Vincent (2003). However,
this slow initial growth did not affect long-term maintenance and vigour (see chapter

4) of the G. catenatum / bacterial experimental model systems.

2.4.3 Establishment of Gymnodinium catenaturbacterial model systems

The initial slow growth of the isolated clonal uni-bacte@Galcatenatuncultures was

not unexpected aS. catenatums known to grow slowly when densities are below
10 cells L* (S. Blackburn, pers. comm.). A similar pattern has been fourRy-in
rodinium bahamens&here the inoculum size was found to be critical in culture
maintenance (Blackburn and Oshima, 1989). Initially, Oshima et al. (1985) showed
that when using an inoculum of 1000 cells WlP. bahamensear. compressum
could grow well even under suboptimal conditions, while later, Blackburn and
Oshima (1989) found that an initial density of at least 700 cell$ wés necessary

in order to establish a vigorous culture. This may possibly have to do with ‘growth
factors’ (e.g. bacterial exudates or growth enhancing compounds produced by the
algae itself) in the medium transferred from the parent culture. Seliger (in Blackburn
and Oshima, 1989) also found that isolation success and promotion of cell division

was algal density dependent, with the creation of a microenvironment (i.e. single
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cells placed in glass capillary tubes immersed in Petri dishes with growth media) be-
ing more successful in promoting cell division than when using a Petri dish alone .

These results suggest that there may be a production of growth enhancing com-
pounds released by the algal cell, with cell division rate dependent on the concentra-

tion of the compound.

Despite the low level of cells produced by the cysts inMaenobactersp. DG879
treatment, the isolated clon@l. catenatunctells proved to be resilient and cultures
subsequently grew well. Developed uni-bacte@akatenatuntultures were used in
studies examining algal-bacterial interactions using molecular probes (Chapters 3
and 4). In this study, the on-going growth of the uni-bact&iatatenatuncultures,
compared with the failure of the negative control (cysts without bacterial addition),
demonstrate an essential interaction between the bacteri&.aodtenatum with

growth of G. catenatunonly achievable in the presence of the bacteidainobacter

sp. DG879 orAlcanivoraxsp. DG881. The mechanisms of interaction betw@en
catenatum and the bacteria have not been fully elucidated; however a recent study by
Amin et al. (2009) demonstrates that a groupafinobacter(includingMarinobac-

ter sp. DG879) produce an unusual dicitrate siderophore called Vibrioferrin. Vibrio-
ferrin is a small organic molecule that binds iron and thereby increases the iron solu-
bility, which in turn allows the bacteria to take up the iron-siderophore complex.
Their results suggest that Vibrioferrin facilitates photochemical redox-cycling of
iron, promoting algal absorption of iron by >20-fold. Additionally, these culture ex-
periments suggested that algal cells release organic molecules utilised by bacteria for
growth byMarinobactersp. (Amin et al., 2009).

Conclusion

This study investigated reproductive compatibility of Tasmarancatenatum
strains, identified the best strain inter-cross for resting cyst production, established
uni-bacterial G. catenatumcultures with eitherMarinobacter sp. DG879 orAl-
canivorax sp. DG881, and demonstrated the obligate requirement for the specific
bacteria for survival and growth @. catenatumThe established uni-bacterial cul-
tures formed the basis of further investigations of algal-bacterial interactidds in

catenatum, including development of bacterial quantitative PCR detection methods.
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Chapter 3: Development of and validation of a quantitative Real-
time PCR assay forMarinobactersp. and Alcanivoraxsp. associated

with Gymnodiniumcatenatum

3.1 Introduction

Algal-bacterial interactions are considered to be of greater importance to the ecosys-
tem than previously believed (Doucette et al., 1998). Complex algal-bacterial interac-
tions have been identified at several stages of algal life cycles, affecting sexual re-
production and cysts formation (Adachi et al., 2001), inhibiting or promoting growth
(e.g. Fukami et al., 1997; Ferrier et al., 2002), or involved in toxin production (e.g.
Bates et al., 2004). Algal-bacterial interactions can potentially also act as a major
factor influencing algal bloom formation for example by bacterial production of
growth factors such as cytokinins (plant hormones) that promote proliferation of al-
gae (e.g Fukami et al. 1991; Furuki and Kobayashi, 1991; Maruyama and Simidu,
1986; Iwasaki, 1979), by bacterial selection for particular algal species (Ishio, et al.,
1989), or by bacterial production of VitaminBor algal utilisation (Nishijima and
Hata, 1989).

Since its introduction via ballast water in the mid 1970s (Hallegraeff and Bolch,
1992; McMinn et al., 1997), the toxic dinoflagella@ymnodinium catenaturhas
formed re-occurring blooms in southeast Tasmanian waters, affecting the local aqua-
culture industry. A shellfish quality assurance program has been in place since the
1980s (Brown and Turnbull, 2006) and from a whole of ecosystem perspective,
monitoring of G. catenaturhas been identified as a critical part of ecosystem man-

agement (Volkman et al., 2009).

Two bacterial strainsMarinobactersp. DG879 andhlcanivoraxsp. DG881, both
initially isolated from a cultured Tasmanid&. catenatunstrain (GCDEO8 / CS-
301/08), have individually been shown to be essential for growth and survi@al of

catenatum in laboratory-grown cultures (Vincent, 2003; Bolch et al., 2004; Green et
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al., 2004). Subsequent research also showed that the bacterial community composi-
tion has a significant effect on the growth rate and the dynamiGs cditenatumn
laboratory cultures (Subramanian, 2008). Considering the impact these bacteria have
in laboratory cultures, it is possible that the same bacteria may also play a significant
role in regulating populations in the natural environment. Several other examples of
the stimulative effect of bacteria have been demonstrated. For example Fukami et al.
(1997) found that some diatoms showed biomass increase after addition of specific
bacteria, while Ferrier et al. (2002) found growthAdéxandriumfundyenseo be
‘dramatically’ stimulated by a bacterial assemblage dominated by a member of the

Alteromonadaceae family.

The classic way to enumerate bacteria in water samples is to do counts of colony
forming units on solid media or direct counts (Fuchsluger et al., 2010). However,
plate counts are based on the ability of the bacteria to grow on a defined nutrient me-
dium, and underestimates of bacterial numbers can be caused by clumps of bacteria
forming only one colony, while overestimates can be caused by bacteria originally
being in a starved state and therefore unable to grow on rich nutrient media. Also,
only 1% of all bacteria are culturable (Sharma et al., 2005). Plate counts are also
time-consuming as it may take several days to yield resDit®ct count techniques

have shown to be more reliable (including non-viable and viable but non-culturable),
but the differences in numbers of bacteria observed depend on the staining technique
and physicochemical characteristics of the samples, as well as individual investigator
bias (Kepner and Pratt, 1994). Molecular detection and quantification by Real-time
PCR has been shown to be a fast and reliable method to identify and enumerate bac-
terial species without having to culture, and has been used as a tool for quantifying
bacteria in environmental samples (Huijsdehsl, 2002; Harmset al, 2003) and

various other bacteria (Luo et al., 2004; Rousselon et al., 2004).

Real-time PCR uses two general approaches to obtain a fluorescent signal from the
synthesis of PCR product. The first depends on the property of fluorescent dyes such
as SYBR Green to bind to double stranded DNA, while the second approach use
fluorescent resonance energy transfer (FRET). This second approach use a variety of
means to alter the relative spatial arrangement of photon donor and acceptor mole-

cules (the donor molecule is the dye or chromophore that initially absorbs the energy
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and the acceptor is the chromophore to which the energy is subsequently trans-
ferred); these molecules can be attached to probes, primers or the PCR product and
are usually selected so that amplification of a specific DNA sequence brings about an
increase in fluorescence at a particular wavelength (Edwards et al., 2004) One of
these approaches is the TagMaprobe with the 5’-3' exonuclease activity of the

Taq polymerase, which was developed by Holland et al. (1991). It is a technique that
uses not only two primers (like conventional PCR), but a third fluorogenic oligonu-
cleotide probe designed to hybridize within the sequence that is targeted by the prim-
ers, making the assay more specific and reliable than conventional PCR, and allows

for real-time detection of the amplified DNA.

The use of real-time PCR detection based on 16S rDNA or 16-23S rDNA-ITS se-
quences has become an increasingly routine technique over the last years (e.g.
Syutsubo et al., 2001; Nadkarni et al., 2002; Park et al., 2007). As mentioned, this
type of analysis circumvents the restrictions of traditional microscopy and culturing
techniques in the quantification of microbial communities, allowing for rapid detec-
tion of species-specific growth dynamics. This chapter describes the development
and validation of a quantitative PCR approach to detect and quAltigivoraxsp.
DG881 andMarinobactersp. DG879 associated with the toxic dinoflagell@iem-
nodinium catenatumThis approach will allow the investigation of the growth dy-
namics of the two bacterial species &dcatenatumn controlled uni-bacterial and
mixed-bacterialG. catenatuncultures as well as complex natural marine microbial

communities.

3.2 Materials and Methods

3.2.1 Bacterial cultures

The strains used in this study are listed in Table 3.1. Bacterial strains were gener-
ously provided by Dr. David H. Green of the Scottish Association Marine Science
(SAMS). TheAlcanivoraxcultures were maintained on ZM1 agar with an addition of
sodium acetate (NaAc, 10g*Lmedia; Green et al., 2004; Appendix 2), while all
other cultures were maintained on ZM1 agar (Zobell, 1941; Appendix 2). All cul-

tures were held at 20°C in total darkness, with regular transfers every 7 days.
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Table 3.1Bacterial strains used in this study

Microalgal strain

. . . o ) Bacterial Origin of
Bacterial Species Strain code originally isolated
Isolator algal host
from

Marinobactersp. DG 879 G. catenatunGCDEO8 D.H.Green Derwent Estuary,
Tasmania, 1987

Alcanivoraxsp. DG 881 G. catenatunGCDEOS8 D.H. Green Derwent Estuary,
Tasmania, 1987

Roseobactesp. DG 874 G. catenatunGCDEO8 D.H. Green Derwent Estuary,
Tasmania, 1987

Brachybacteriunsp. N/A G. catenatunGCHU11 E. Albinsson  Huon Estuary,
Tasmania, 1988

Janibactersp. N/A G. catenatunGCDEO6  E. Albinsson  Huon Estuary,

Tasmania, 1988

3.2.2 DNA extraction

Extraction of bacterial DNA was conducted using cetyltrimethylammonium bromide
(CTAB) purification method (Wilson, 1987) on both pure bacterial cultures and on
uni-bacterialG. catenatuncultures (see section 3.2.9) with the following minor al-
terations. From the pure bacterial cultures, 2-3 colonies were emulsified in 1 mL ster-
ile demineralised water, pelleted by centrifugation at 13000 rpm for 2 min and su-
pernatant replaced with 1 mL TE Buffer (10 mM Tris HCI pH 8.0, 1 mM EDTA).
From the uni-bacterials. catenatuncultures, 5 mL samples were filtered through
10um Nucleopor® polycarbonate filters to remove algal cells and the bacteria then
collected onto 0.2 um cellulose acetate filters. Both bacterial pellets and filters con-

taining bacteria were frozen at -20 °C until DNA extraction could be conducted.

At the time of extraction, bacterial pellets were thawed and centrifuged at 13 000
rpm for 2 min, and the supernatant was replaced with 507 pL fresh TE Buffer before
following the protocol below. Filters containing bacteria were cut into strips, placed
in microcentrifuge tubes and like the bacterial cell pellets, extracted using 507 uL TE
Buffer and 30 pL Lysozyme (50 mg/ml; Amresco, USA), followed by incubation at
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37 °C for 20 min. After incubation, 30 puL of 10 % sodium dodecyphate(SDS),

and 3 pL Proteinase K (20 mg/ml; Roche Applied Science, Germany) was added and
incubated at 56 °C for 30 min. 100 pL of 5 M NaCl and 80 uL CTAB/NaCl (0.7 M
NaCl, 10 % CTAB) were then added and incubated for 20 min at 65 °C. The result-
ing cell lysates were extracted by phenol/chloroform precipitathamequal volume

(750 pL) of chloroform: isoamyl alcohol (24:1) was added to the microcentrifuge
tubes and centrifuged for 5 minutes at 13 000 rpm. The upper layer of the super-
natant was removed to a new microcentrifuge tube and an equal volume of phenol:
chloroform: isoamyl alcohol (25:24:1) was added, after which a centrifugation step
(13 000 rpm, 5 minutes) followed. The supernatant containing the DNA was again
transferred to a new 1.5 mL microcentrifuge tube and precipitated with an equal vol-
ume of 100 % Isopropanol. Tubes were centrifuged at 13 000 rpm for 15 minutes,
supernatant carefully removed and the pelleted DNA washed with 200 pL 70 %
ethanol, dried at room temperature for 10 minutes and re-suspended in 50 pL TE-
Buffer. All extracted DNA was stored at -20 °C until analysis.

3.2.3 Design of TagMan probe and primer sets

DNA sequences of the 16-23S rDNA-ITS region of six algal-assocfetzhivorax
species (includinAlcanivoraxsp. DG881) and siMarinobacter species (not in-
cluding Marinobactersp. DG879) (Table 3.2)yere provided by Mr. Steven Myers
(National Centre for Marine Resources and Sustainability, NCMCRS, University of

Tasmania).
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Table 3.2 Detail of bacterial strains from which 16-23S rDNA ITS sequences were used-for
canivoraxandMarinobacterprimers and probe design.

Bacterial Strain o ) ) ] .
) Origin Micro-algal species of isolation
species code
Alcanivorax DG 881 Tasmania, Australia Gymnodinium catenatum
DG 813 Yellow Sea, Korea Gymnodinium catenatum

DG 1190 Plymouth, United Kingdom Gymnodinium simplex

DG 1404 Unknown Emiliania huxleyi
DG 1592 West coast of New ZealandEmiliania huxleyi
MBIC )
Noroshi, Japan Seawater
4348
SK2 North Sea Oil spill from sea water
Marinobacter DG 879 Tasmania, Australia Gymnodinium catenatum

DG 1194 Tamar, United Kingdom  Alexandrium tamarense
DG 1197 Portugal Gymnodinium microreticulatum

DG 1239 Plymouth, United Kingdom Scrippsiella trochoidea

DG 1402 unknown Emiliania huxleyi

MH125a Millport, Scotland Achnanthesp.

MCBI5591 Sendai Port, Japan Free-living (Sediment)
Roseobacter DG 874  Tasmania, Australia Gymnodinium catenatum
Flexibacter DG 1129 Tasmania, Australia Gymnodinium catenatum

The 16-23S rDNA-ITS region foMarinobacter sp. DG879 was attained by PCR
amplification of the region in both directions using the primer set G1 5'-
GAAGTCGTAACAAGG-3 and L1 5-CAAGGCATCCACCGT-3'(Jensen et al.,
1993) Following amplification, the DNA was sequenagsing ABI-Prism ‘BigDye’
terminator chemistry (Applied Biosystems, USA) according to manufacturer’s stan-
dard protocols. The resulting Marinobacter sp. DG879 sequences were aligned
with each other and base-calls manually checked using BioEdit Sequence Alignment
Editor V.7.0.5.3 (Hall, 1999).

As real time PCR assays can be made more specific with the use of Tapidhas,

TaqMan” Minor Groove Binding (MGB) probes and primers were designed for the
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Alcanivorax sp. DG881 andViarinobacter sp. DG879 strains using ABI PRISM
Primer Express 2.0 software (Applied Biosystems, USA). The fluorescent dyeé FAM
was used as the reporter dye at the 5'end of the probe, coupled with a non-
fluorescent quencher at the 3’ end of the probe.

For the Alcanivoraxsp. DG881 assays (Fig. 3.1 shows a graphic diagram of the
primer and probe location), the 16-23S rDNA-ITS sequence from DG881 was used
as a reference sequence and aligned with sequences of the Alocdineroraxstrains
(Table 3.2) together witiMarinobacter sp. DG879,Roseobactersp. DG874, and
Flexibactersp. DG1129 (Fig. 3.2), which are all known to be associated with labora-
tory-grown cultures ofG. catenatum using BioEdit Sequence Alignment Editor
V.7.0.5.3 (Hall, 1999). The predicted total length of the product was 60 base pairs
(Fig. 3.1).

0 bp | | 300 bp
][
/ ™
Alc308F Alc368R
Alc330P

L

00 bp

Figure 3.1 Graphic diagram of thAlcanivoraxsp. DG881 primer and probe positions on the 16-23S
rDNA ITS sequence.
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Forward Primer 5 3
Al c308F TCTTGCTTGCTTCTGGCTTTT
Al cani vorax sp. DG 881  «:rrviviiieiiiinnn
Al cani vorax sp. DG 813 e A

Al cani vorax sp. DG 1190 G-GAC-G-TTGCT-CTGAC:--
Al cani vorax sp. DG 1404 TGATT:--:--- GCT---GAC

Al cani vorax sp. DGL592 AT-ATT-GTT-C-G-TT----

Al cani vorax sp. SK2 AGCA: - -veeenens

Al cani vorax sp. MBI C4348 GGA-TA--TG--TCC-G:---
Mari nobacter sp. DG 879 -AAGTAA-AAAC.-CTTA.-
Roseobacter sp. DG 874 G-AA--C--A-CTA-C-A-GC

Fl exi bacter sp. DGL129 GAGA--C--AAC-A-C-A-GC

Reverse Primer 5’ 3’
Al c368R TTTATGATTCGGCCAGCTCTTT

Al cani vorax sp. DG 881 rrreeieeiiiieinnn

Al cani vorax sp. DG 813 CATG e

Al cani vorax sp. DG 1190 CG---CGGA.C-G--TG--C--

Al cani vorax sp. DG 1404  --eeeeeeee TTeweeeen

Al cani vorax sp. DGL592 GA-GGT:--AA-AAGCT:-T-AA
Al cani vorax sp. SK2 e Teeennen

Al cani vorax sp. MBI C4348 GC-GAT--AA-AAGCT:-T-AA
Mari nobacter sp. DG 879 -A-T-A--ATAAGA-TTC-AA.
Roseobacter sp. DG 874 C.----GG:--TAA-------

Fl exi bacter sp. DGL129 ---C---G-T-TAA-CTG::--

TagMan MGB Probe 5 3

Al c330P AGTCAGGTGCCGGAAT
Al cani vor ax sp. DG 881  ----iiieeiiennns

Al cani vorax sp. DG 813 -eeeeee T

Al cani vorax sp. DG 1190 G- C--T-C.G:

Al cani vorax sp. DG 1404 ----G-ACA:---A---

Al cani vorax sp. DG 1592 ‘TCGGTC-TATATCTG
Al cani vorax sp. SK2 o GATT

Al cani vorax sp. MBI C4348 ‘TCGGTC-TATATCTG
Mari nobacter sp. DG 879 TA-TTTC-A--A-G-G
Roseobacter sp. DG 874 GCGTGA---AT-A-GG

Fl exi bacter sp. DG 1129 GCGTGCAG-AA-AC-G

Figure 3.2 Sequence alignment of partial 16-23S rDNA witltanivoraxsp. DG881-specific real-

time PCR primers (Alc308F and Alc368R) and probe (Alc330P). Sequences of the primers and probe
based orAlcanivoraxsp. DG881 were aligned with 4 closely related strains, togetherMetino-
bactersp. DG879Roseobactesp. DG874 andrlexibactersp. DG1129. GenBank accession numbers
are: Roseobactesp. DG 874 -AY258075 anHlexibactersp. DG1129 —AY258133. Dots indicate
similarities between the aligned sequences.
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For development of th&arinobacter sp. DG879-specific primers and probe (Fig.
3.3), a consensus sequence attained from sequencing and alignmafdraigbac-

ter sp. DG879 cultures (the aligned region of the 4 sequences showed 100% similar-
ity) was aligned with @ther Marinobactersequences (Table 3.2) together with
canivoraxsp. DG881,Roseobactesp. DG874, andrlexibactersp. DG1129 (Fig.

3.4) using BioEdit Sequence Alignment Editor V.7.0.5.3 (Hall, 1999). The total

length of product is 63 base pairs.

0 bp 125 bp 250 bp 375 by 500 by
11

|
]
/ ~
Mar1G0OF har2Z23R
bar181 P

Figure 3.3 Graphic diagrams of thiglarinobactersp. DG879 primer and probe positions on the 16-
23S rDNA ITS sequence.
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Forward Primer 5 3
Mar 160F ACCCAGACCCACCAAAATTG
Mari nobacter sp. DG 879 rrrrviriiiiiinnns
Mari nobacter sp. DG 1194 --v-eiveeenens G-
Mari nobacter sp. DG 1197 -voeieveenens Teens
Mari nobacter sp. DG 1239 -voeieeeenns G-
Mari nobacter sp. DG 1402 -v-eieveeeens G-
Mari nobacter sp. MHL25a --eeeeeeneee G-
Mari nobacter sp. MBI C5591  --vvrevviiennnn. oF

Al cani vorax sp. DG 881 G- T----TTT-C
Roseobacter sp. DG 874 -T-T--C-ATG:--GCGTGA.-
FIl exi bacter sp. DGl1129 CA:--AGT-AG-G-TGTC-A

Reverse Primer 5 3

Mar 223R TTTGAGGTAGCTTAAATGGGGC

Mar i nobact er sp. DG 879 iiiiiiiiiiiin,

Mari nobacter sp. DG 1194 --CTT-TA-ATGGCTT-TA--G
Mari nobacter sp. DG 1197 --CTT-TA-ATAGCTT-TA--G
Mari nobacter sp. DG 1239 --CTT-TA-ATAGCTT-TA--G
Mari nobacter sp. DG 1402 --CT-TAGCTGAGGTTGAATTG
Mari nobacter sp. MH125a --CTT-A----- T-TATT--G

Mari nobacter sp. MBI C5591 AA.--CT-GCG-AC-GGCTACG
Al cani vorax sp. DG 881 --CAGCA-T-TAA-TGG:-CC-
Roseobacter sp. DG 874 GGGA-TC-TAGAC:-TG:-C-C

FI exi bacter sp. DGl129 GGGA-TA-T-G-C--TG--C-A

TagMan MGB Probe 5 3

Mar 181P TCAACTCCTGGAGTTGAA
Mari nobacter sp. DG 879 rrverieiiiins

Mari nobacter sp. DG 1194 GT-G:--G-C-TTG--TC
Mari nobacter sp. DG 1197 GT:-G:--G-C-TTG--TC
Mari nobacter sp. DG 1239 GT:-G:--G-C-TTG--TC
Mari nobacter sp. DG 1402 GTGG:--G-C-TTGCTTC
Mari nobacter sp. MH125a GT-G---G-C-TTG--TC
Mari nobacter sp. MBIC5591 ---G---AGC-TTA-CG-
Al cani vorax sp. DG 881 A-C-T-TTCA:-CA.--T:
Roseobacter sp. DG 874 CTGGT-TTA-AG-A--AT
Fl exi bacter sp. DGl129 GGGTTCTGA-AG-A---T

Figure 3.4 Sequence alignment of partial 16-23S rDNA withrinobactersp. DG879-specific real-

time PCR primers (Marl60F and Mar223R) and probe (Marl81P). Sequences of the primers and
probe based oMarinobactersp. DG879 were aligned with 5 closely related species, together with
Alcanivoraxsp. DG 881Roseobactesp. DG 874 andrlexibactersp. DG1129 who are all known to

be present in laboratory cultures @ymnodinium catenatumGenBank accession numbers are:
Roseobactesp. DG 874 -AY258075 anHlexibactersp. DG1129 —AY258133. Dots indicate simi-
larities between aligned sequenses.
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The primers and probes developed in this study are shown in Table 3.3.

Table 3.3 Primers and probes developed fdarinobactersp. DG879 andhlcanivoraxsp. DG881
detection and quantification in this study. FP = Forward primer, RP = Reverse primer, and P = Probe

Bacterial DNA Primer or
) o Sequence (5'- 3)
strains Origin Probe
FP Alc308F TCTTGCTTGCTTCTGGCTTTT
Alcanivoraxsp. 16-23 rDNA
RP Alc368R AAAGAGCTGGCCGAATCATAAA
DG 881 ITS
P Alc330P FAM-AGTCAGGTGCCGGAAT-MGBNFQ
FP Mar160F ACCCAGACCCACCAAAATTG
Marinobactersp. 16-23 rDNA
RP Mar 223R GCCCCATTTAAGCTACCTCAAA
DG 879 ITS

P Mar181P FAM-TCAACTCCTGGAGTTGAA-MGBNFQ

3.2.4 Specificity of TagMan® probes and primers

The specificity of the designed primers and probes in Table 3.3 was tested as de-

scribed below.

1. Cross-reactivity with other bacterial sequences

Potential cross-reactivity with other bacterial sequences was examined by comparing
the sequences of the probes and primers to bacterial sequences available in NCBI's
(National Center for Biotechnology Information) GenBank using the Basic Local
Alignment Search Tool (BLAST, http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2. Real-time PCR using SYBR Green
A real-time PCR was developed using SYBR Green, without the dual-labeled MGB

TagMan probe to test the specificity of the primers alone. The gPCR was performed
using template DNA fronRoseobactesp. DG874,Janibactersp.,Brachybacterium
sp., and the target straiMarinobactersp. DG879 andlcanivoraxsp. DG881 (Figs
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3.5a, b; 3.7 a, b). When using SYBR Green in a real-time PCR system, any double
stranded (ds) DNA, including non-specific real-time PCR products such as primer-
dimers, or amplification of non-target DNA will be detected, thereby giving inaccu-
rate fluorescence readings, and in turn inaccurate results. However, when using
SYBR Green, the produced PCR products can be melted as a final step in the PCR
reaction, in a so called ‘melt curve analysis’. As each specific PCR product produces
a specific melt curve, non-specific PCR products such as primer-dimers or amplifica-
tion of non-target DNA can be detected. The SYBR Green gPCR was performed on a
7500 Real time PCR systems (Applied Biosystems) using a Quantifast SYBR Green
PCR Kit (QIAGEN, www.giagen.com). Reactions used 12.5 pL Quantifast SYBR
Green PCR Master Mix (containing HotStarfRtys DNA Polymerase, QuantiFast
SYBR Green PCR Buffer, dNTP mix, and ROX passive reference dye), 0.2 uL of
both forward and reverse primers [100 uM], DNA template to a concentration of
<100 ng per reaction, and RNase-free water to 25 foermial cycling was per-
formed on a ABI7500 Real time PCR systems (Applied Biosystems) using two-step
thermal cycling as follows: 1 cycle of 95 °C for 5 min (HotSta’Rigs DNA po-
lymerase activation), 40 cycles of combined 95 °C for 10 s (denaturation) followed
by 32 s at 60 °C (annealing/extension). A dissociation step of 1 cycle of 95 °C - 15 s,
60 °C-1 min, and 95 °C - 15 s was added to the run to generate a melting curve analy-

sis of the amplified fragments.

3. Screening of specific bacterial species

Specificity of the developed TagMan primer/probes were tested by screening 4 bac-
terial strains:Roseobactesp. DG874 Janibactersp., Brachybacteriunsp., and ei-
ther Marinobactersp. DG879 oAlcanivoraxsp. DG881 depending on probe being

tested.

4. Screening of bacteria isolated from G. catenatum

A total of 31 bacterial strains isolated fragn catenatunculture CGDEO8 (Appen-

dix 3) were screened using the developed TagMan assays. The bacterial strains were
isolated using a dilution series ranging fron? i®10° spread plated onto ZM1 agar
(Zobell, 1941) incubated at 28 °C for 7 days in total darkness. Isolated colonies were
re-streaked onto ZM1 agar and grown for 7 days and DNA extracted and screened

with the TagMan primer/probe combinations as described above (section 3.2.2).
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DNA from the bacterial isolates that gave a positive result using the real-time gPCR
was sequenced (as explained in 3.2.3) using universal bacterial 16s rDNA primers
(Weisburg et al., 1991) and identified by comparison with bacterial rDNA sequences
available on the NCBI GenBank database.

5. Screening of bacteria isolated from whole water

A total of 62 bacterial strains were isolated from a surface (1 m depth) whole water
sampled from the CSIRO wharf, Derwent Estuary, Hobart, Tasmania (42°53'12 S:
147°20°21 E). The bacterial strains were isolated and maintained as described above
in number 4, and DNA was extracted and screened with the TagMan primer/probe
combinations as described in section 3.2.2. As for the bacterial isolates from cul-
tured G. catenatum, DNA from the whole water isolates that gave a positive result
using the real-time gPCR was sequenced using universal bacterial 16s rDNA primers
(Weisburg et al., 1991) and identified by comparison with bacterial rDNA sequences

available on the NCBI GenBank database.

6. Trial on uni-bacterial and multi-bacterial culture€ofcatenatum

Finally, the assays were trialed with uni-bacterial culture&.ofatenatuntontain-

ing eitherMarinobactersp. DG879 oAlcanivoraxsp. DG881 in order to determine
whether the presence &. catenatumwould affect the specificity of the PCR (see
section 3.2.9 for uni-bacterial culture development). For each primer/probe set, a
total of 6 cultures (three uni-bacterial catenatunctultures and thre&. catenatum
cultures with mixed bacterial flora) were screened. Bacterial DNA from the uni-
bacterial cultures was extracted as described in section 3.2.2, while DNA fr@n the
catenatum cultures was extracted first after@eatenatuncells had been collected

on 10um Nucleopofepolycarbonate filters (1 mL of culture onto each filter) and
rinsed three times with sterile GSe medium to remove the majority db tloate-
natumassociated bacteria.
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3.2.5 Real time PCR assay conditions

Quantitative PCR (gPCR) assays were performed on a 7500 Real time PCR systems
(Applied Biosystems) and reactions for the Tagman gPCR assays were set up accord-
ing to manufacturer’s instructions (Table 3.4). Conditions for SYBR Green assays

were set up as described in section 3.2.4.

Table 3.4Reagents and concentration for use in Real-time PCR assays

Concentration Concentration in Volume (L) to
Reagent of stock thermal cycling be used in reac-
reaction tion

TaqMar"l'?J Universal PCR

) 2X 1x 25
Master Mix
Primer (Forward) ImM 0.9 mM 5
Primer (Reverse) ImM 0.9mM 5
TagMarf Probe 2.5mM 0.25mM 5
DNA template 100ng/ul 10ng 5
Demineralisedb? - e 5
Total 50

Thermal cycling conditions consisted of 1 cycle at 50 °C for 2 min, 1 cycle at 95 °C
for 10 min (AmpliTag Gold Polymerase activation), then 40 cycles of 15 s each at
95 °C followed by 1 min at 60 °C for annealing and extension. Fluorescence data
were collected at the end of each cycle and determination of the cycle threshold line

was calculated automatically by the instrument.

3.2.6 Construction of standard curves

Standard curves were constructed to examine the relationship between cell concen-
tration of Marinobacter sp. DG879 orAlcanivoraxsp. DG881 and concentrations
estimated by the gPCR method. The concentration of bacterial cells was estimated by
triplicate haemocytometer counts (Neubauer) using a light-microscope before har-
vesting of cells and subsequent genomic DNA extraction (as explained in section
3.2.2). Ten-fold serial dilutions of the extracted bacterial DNA were then quantified

by real-time PCR. €values were determined by the threshold line, which intersec-
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tion with the amplification plot determines the value ef(Eigs 3.10, 3.12). l.e. the
Cy value is the number of PCR cycles that elapse before the threshold is reached, and
Is a measure of the amount of input nucleic acid. Target bacterial cell concentration

in experimental samples was estimated by comparison with the standard curve.

3.2.7 Detection limits

Serial 10-fold dilutions of extracted bacterial DNA from cultures of known cell con-
centration were used. Detection of bacterial DNA was tested over a wide range of
dilutions, ranging between 600 ng ftand 6.0x18 ng pL* for the Alcanivoraxas-

say, and 150 ng jitto 1.5x1ng pL* for the Marinobacteessay.

3.2.8 Algal cultures

The G. catenatuncultures used in the study (GCDEO6 and GCHU11; Appendix 3)
were obtained from the Australian National Algae Culture Collection, ANACC (for-
merly CSIRO Collection of Living Microalgae (www.marine.csiro.au/microalgae).
Cultures were maintained at 20 °C (x 2 °C) in 50 mL Erlenmeyer flasks containing
40 mL GSe medium (Blackburn et al., 2001, Appendixwifh a light regime of
12:12 h light/dark using cool white fluorescent light at a light intensity of 65 pmol
PAR m? se¢'. Establishment of the uni-bacteri@. catenatumcultures used was

conducted as described in Chapter 2, sections 2.2.2, and 2.2.4 to 2.2.6.

3.3 Results

3.3.1 Specificity of TagMarf probes and primers

1. Goss-reactivity with other bacterial sequences

The result from the comparison of the primer and probe sequences to the NCBI
GenBank is shown in Table 3.5. Tivarinobacter assay (Marl60F/ Mar223R/
Marl81P) showed the three closest matches to the primers and probe toMbar-of a
inobacterclone (100 % match) while the probe sequence showed to have a 100%

match with sequences from chimpanzee and human, and a 94 % sequence identity to
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a deep-sea bacterium. Thcanivorax sp. DG881 assay (Alc308F/ Alc368R/
Alc330P) showed a more varied result, with both primers and the probe showing se-
guence identity to an uncultured bacterium (forward primer 100 % sequence identity,
reverse primer 100 % and probe 97 % sequence identity respectively) aAld the
canivorax borkumensiSK2 (90 %, 100 % and 93 % respectively). Forward primer
and probe also resembled strainsSghechococcu®0 %) andRhodococcug93 %)

respectively.

Table 3.5 Comparison of probe and primer sequences with GenBank sequences, showing the 3 clos-
est matches identified using BLAST.

. %
Primer / Nearest sequence identified by BLAST search Sequence

Probe identity

Uncult. Marinobactersp. clone I3K-289ITS8 16S-23S rRNA 100 %
FP Marl60F Uncult. Marinobactersp. clone I3K-289ITS7 16S-23S rRNA 100 %

Uncult. Marinobactersp. clone 13K-2891TS4 16S-23S rRNA 100 %

Uncult. Marinobactersp. clone I3K-289ITS8 16S-23S rRNA 100 %

Marinobactersp. RP Mar )
Uncult. Marinobactersp. clone I3K-289ITS7 16S-23S rRNA 100 %
DG 879 223R
Uncult. Marinobactersp. clone 13K-2891TS4 16S-23S rRNA 100 %
Pan troglodytegchimpanzee) 100 %
P Mar181P  Homo sapienghuman) 100 %
Oceanobacillus iheyensfdeep-sea bacterium) 94 %
Uncult. Bacterium AD203-H6 genomic sequence 100 %
FP AIc308F  Alcanivorax borkumensiSK2, complete genome 90 %
Synechococcusp. RCC307 genomic DNA sequence 90 %
Alcanivorax borkumensiSK2 100 %
Alcanivoraxsp. . )
RP Alc368R  Alcanivorax borkumensiSK2 100 %
DG 881
Uncult. Bacterium AD203-H6 genomic sequence 100 %
Uncult. Bacterium AD203-H6 genomic sequence 97 %
P Alc330P Rhodococcus erythropolRR4 DNA 93 %
Alcanivorax borkumensiSK2 93 %
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2. Real-time PCR using SYBR Green

Primer specificity testing using SYBRGreen gPCR assays showed that primer pairs

for each bacterial species were not species-specific unless used in conjunction with
the species specific respective probe. The primer pair Marl60F / Mar223R amplified
the Marinobactertarget DNA, but was also able to amplRpseobactesp. DG874,
Brachybacteriunsp., andAlcanivoraxsp. DG881 (Fig. 3.5), this despite a total of 24

mismatches between the DNA sequences of the three bacteria (Fig. 3.4)

However, amplification oMarinobactersp. DG879 started after 11 cycles, whereas
amplification of non-target species started only after 31 cycles (Fig. 3.6a). The melt-
ing curve showed high similarities between most bacterial strains (Fig 3.6b), and al-
thoughMarinobactersp. DG879 showed the highest melting temperature of 78.5 °C
there was no distinct difference betweédarinobactersp. DG879 and the other bac-

teria which melting curves followed on temperatures shortly below.

2-Log .
Ladder - Sk
5 N Ros Bra Alc Jan Mar Pos. Neg.
cont. cont.
—
2 s e

Figure 3.5 Specificity of Marinobacter SYBR green gPCR with primer pairs Marl160F / Mar 223R
resolved by agarose gel electrophoresis. Primers tested against extracted DNA from pure cultures of
Ros =Roseobactesp. DG874, BraBrachybacteriunsp., Alc=Alcanivoraxsp. DG881, Jan3dani-
bactersp., and Mar-Marinobactersp. DG879. Paositive controlMarinobactersp. DG879

62



Chapter 3:Development of real-time qPCR probes

0.8

0.6 1

0.4 4

0.2 4

Rn

-0.2 4

0.4

-0.6

x\
\

>
\ A\

Mar

Bra

Jan

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

Cycle number

Derivative

ar
R \
Ros
, A\
Alc
1 /
| Bra\
] / Jan
| J \ W\
— \

M

QAR AL AR AR PY P FEE RSP

Temperature (C)

Figure 3.6 Specificity of the SYBR Green-bas#tarinobactergPCR using primers Mar160F and
Mar223R. (a) Primers tested against extracted DNA from pure cultufdarafobactersp. DG879
(Mar), Alcanivoraxsp. DG881 (Alc)Roseobactesp. DG874 (Ros)Brachybacteriunsp. (Bra) and
Janibactersp. (Jan) (b) melting curve analysis of the PCR products.

The primer-pair Alc308F / Alc368R showed to amplify the target DNA filbim

canivoraxsp.

DG881, however, non-target species amplification was also found dis-

played as bands of DNA in the electrophoresis of all the other tested species (Fig.

3.7). However, amplification oflcanivoraxsp. DG881 started after 12 cycles and

amplification

of the other tested bacteria started only after approximately 30 cycles

(Fig. 3.8a). Melting temperatures for the different amplicons were different Alvith
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canivoraxsp. DG881 having a melting temperature of 78°C compared to 73-74°C
for the other tested species (Fig. 3.8b).

Ladder

Ale Mar Jan Fos  Bra Pos.  HNeg

cont.  cont.

2000p M I W ——

Figure 3.7 Specificity of the primer pair Alc308F / Alc368R resolved by agarose gel electrophoresis.
Primers tested against extracted DNA from pure cultures of Alcanivoraxsp. DG881, MarMar-

inobactersp. DG879, Jan3danibactersp., Ros sRoseobactesp. DG874, BraBrachybacteriunsp.,
and. Positive control Alcanivoraxsp. DG881
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Figure 3.8 Specificity of the primers Marl60F and Mar223R using SYBR Green based system. (a)
Primers tested against extracted DNA from pure culturdsasinobactersp. DG879Alcanivoraxsp.
DG881,Roseobactesp. DG874 Brachybacteriunsp. andlanibactersp. (b) Melting curve analysis

of the PCR products

3. Sreening of specific bacterial species

Both TagMan" probe assays were able to detect and amplify the bacterial species
for which they were designed and did not amplify product from DNA from pure cul-
tures of the other non-target bacteria tested. The primer/probe set
Marl60F/Mar223R/ Marl181P was shown to be species-specifitatmobactersp.
DG879, and did not amplify any of the other tested species (Fig. 3.9a), as was the
case for the primer-probe set developed Adcanivorax sp. DG881, Alc308F/
Alc368R/ Alc330P (Fig. 3.9b).
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Figure 3.9 TagMan gPCR probe specificity. (A) The amplification curve fromMlaginobacteras-

say Marl60F/Mar223R/ Mar181P showing fluorescence in relation to cycle nulhaenobacter

sp. DG879 is the only amplified species (brown and dark blue liA&sinivoraxsp. DG881 = light

blue and light brownBrachybacteriunsp. = purple and lime greeRpseobactesp. DG874 = dark

red and orangelanibactersp. = green and light green, negative control = blue and red; (B) The am-
plification curve from theAlcanivorax assay Alc308F/Alc368R/AIc330P showing fluorescence in
relation to cycle numberAlcanivoraxsp. DG881 (brown and dark blue line) is the only amplified
speciesMarinobactersp. DG879= yellow and light bluBrachybacteriunsp. = dark red and orange,
Roseobactesp. DG874 = light green and dark yella¥gnibactersp. = blue and grey-blue, negative
control = red and lime green. The green arrow illustrates the Threshold, i.e. the line which intersection
with the amplification plot determines the Galue.
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4. Screening of bacteria isolated from G. catenatum

Of the 31 bacterial strains isolated from tGe catenatumGCDEOQ8 culture and
screened with the developed probes, only 4 were amplified (Table 3.6): 2 by the
Marinobacter-specific assay (Fig. 3.10a) and 2 by Abeanivoraxspecific assay

(Fig. 3.10b), while the remaining 27 did not amplify. The non-specific amplification
only started after approximately 30 cycles, while target amplification started after
approximately 18 cycles. In comparison to the developed standard curves (Figs 3.13
and 3.15) this would correspond to approximatel§/cElls for the non-target organ-

ism and 1Bcells for the target despite equal concentrations of template DNA.

Table 3.6 Putative identity of four bacterial isolates amplified Alganivoraxspecific andMarino-
bacterspecific TagMan MGB assays. Nearest matching sequence identified by BLAST comparison
of 16S rRNA sequences published sequences available in GenBank.

%
Nearest 16S rRNA sequence of bacterial isolate 0

Primer-probe set identified by BLAST search Sequence
identity
Alc308F/368R/330P Alcanivorax borkumensis SK2 99 %
Roseobactesp. DG 888 96 %
Mar 160F/223R/181P Roseobactesp. DG 874 98 %
Uncult. Marinobactersp. clone I13K-289ITS7 99 %

5. Screening of bacteria isolated from whole water

Of the 62 bacterial strains isolated from the whole water sample (Derwent Estuary)
and screened with the developed probes, 13 were amplified by real-time PCR, which
after sequencing were demonstrated to belong to 5 different genera (Table 3.7), all
being marine organisms. Non-specific amplification started after approximately 35
cycles, while target amplification started after 18 cycles. In comparison to standard
curves (Figs 3.13 and 3.15) this would correspond to approximatetell®for the
nontarget organism and i@ells for the target at equal concentrations of template
DNA.
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Table 3.7 Putative identity of 13 bacterial isolates amplifiedMganivoraxspecific andMarinobac-
ter-specific TagMan MGB assays. Nearest matching sequence identified by BLAST comparison of
16S rRNA sequences published sequences available in GenBank. The names of the assays have been
shortened to Alc set (Alc308F/368R/330P) and Mar set (Mar160F/223R/181P), + signifies amplifica-
tion.

Primer-probe set

amplyng bacteral  \EICS M e oot % setuence
Alc set Mar set Alc set Mar set
+ + Planococcusp. 96 % 95 %
+ + Exiguobacteriunsp. 90 % 89 %
+ + Exiguobacteriunsp. 95 % 94 %
+ + Planococcusp. 97 % 97 %
+ + Planococcusp. 95 % 95 %
+ + Exiguobacteriunsp. 96 % 96 %
+ + Marinomonassp. 97 % 95 %
+ + Exiguobacteriunsp. 91 % 89 %
+ - Exiguobacteriunsp. 95 % -
+ - Uncultured Rhodobacteraceae 95 % -
+ - Unculturthnococcusp. 96 % -
+ - Bacillussp. 95 % -
- + Exiguobacteriunsp. - 96 %

6. Trial on uni-bacterial and multi-bacterial culture€ofcatenatum

When trialed on bacterial DNA extracted from uni-bacte@alcatenatuncultures

and on algal DNA extracted from multi-bacterial culture§$sotatenatumneither of

the primer probe pairs were strongly inhibited by the presenGe cditenatum(Figs

3.10 a and b). In addition, DNA extracted fr@n catenatunwas not amplified in

any of the tests. The amplification curves from the bacterial DNA extracted from the
uni-bacterialG. catenatuntultures showed similar fluorescence to the amplification
curves created when amplifying pure bacterial cultures (Figs 3.9 a and b), but in
terms of the onset of logarithmic amplification, the DNA extracted fAdcanivorax
originating from uni-bacterias. catenatuncultures, started amplifyinglogarithmi-
cally approximately 5 cycles later than in comparison to DNA extracted from pure
Alcanivoraxcultures. This would lead to an approximate 20-fold under-estimation in
cell concentration. This difference was not evident between theMarmobacter

DNA extracts.
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Figure 3.10Probe specificity on bacterial DNA extracted from uni-bact&@iahnodinium catenatum
cultures and algal DNA extracted from multi-bacteftalcatenatuncultures. (a) The amplification
curve from of theMarinobacterassay Mar160F/Mar223R/ Mar181P showing fluorescence in relation
to cycle numberMarinobactersp. DG879 is the only amplified species. (b) The amplification curve
from the Alcanivorax assay Alc308F/ Alc368R/AIc330P showing fluorescence in relation to cycle
number;Alcanivoraxsp. DG881 is the only amplified species. The green arrow illustrates the Thresh-
old, i.e. the line which intersection with the amplification plot determines the CT value.
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3.3.2 Standard curves

After real-time PCR quantification of serial dilutions of bacterial genomic DNA from

a known concentration of lab cultivated bacterial cells, a linear relationship between
absolute bacterial cell numbers and concentration of bacterial DNA was established
(Fig. 3.11).

4  Marinobacter sp. DG879

10* - .
m  Alcanivorax sp. DG881

10° A ”
a "
=1 =
2 7
= =
=
e P = B
g 10 - =
3 =
S 4
< 107 /| ¥ 5
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10 10° 10° 10’ 10°

Bacterial cell numbers

Figure 3.11The linear relationship between the concentration of bacterial DNA and bacterial cell
numbers shown for bothlcanivoraxsp. DG881 and#larinobactersp. DG879.

Standard curves were constructed with extracted DNA from pure culturéds- of
canivoraxsp. DG881 (Fig. 3.12) andarinobactersp. DG879 (Fig. 3.14). The pure
cultures, ranging from £0o 1 cells mL*, were initially created by 10-fold serial
dilutions of bacterial cell cultures. A linear relationship between the Ct and the log of
starting cell concentration was evident fdicanivoraxsp. DG881 ¢=0.999: Fig.
3.13)and forMarinobactersp. DG879 (¢ =0.998; Fig. 3.15).
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Figure 3.12 Amplification of 10-fold serial dilutions oAlcanivoraxsp. DG881 genomic DNA, ini-
tially extracted from 10-fold serial dilutions #icanivoraxsp. DG881 cells. Initial cell concentration
rangied from 18to 1F cells mL*. Amplification curves show fluorescence signal generated by the
specified PCR conditions depending on the cycle number of the PCR. The green arrow illustrates the
Threshold, i.e. the line which intersection with the amplification plot determinestradu@.
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Figure 3.13Linear relationship between threshold cycles (Ct) and cell numbektcanivorax sp.
DGB881. Correlation coefficient R2= 0.999 and standard deviation from three measurements shown as
error bars.
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Figure 3.14 Amplification of 10-fold serial dilutions oMarinobacter sp. DG879 genomic DNA,
ranging from 3.4x 1%to 3.4x 16 ng pL*. Amplification curves show fluorescence signal generated

by the specified PCR conditions depending on the cycle nhumber of the PCR. The green arrow illus-
trates the Threshold.
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Figure 3.15Linear relationship between threshold cycles (CT) and cell numbafsaiiobactersp.
DGB879. Correlation coefficient R2= 0.998 and standard deviation from three measurements are shown
as error bars
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3.3.3 Detection limits

The Alcanivoraxsp. DG881 assay Alc308F/Alc368R/Alc330P detected DNA con-
centrations down to 6.0x¥0ng pL* while the Marinobacter sp. DG879 assay,
Mar160F/ Mar223R/Mar181P, detected DNA concentrations down to 1%rg0

uL™. Using the standard curves generated for the two bacterial strains, these values
correlate to approximately 20 cells for tidcanivoraxassay, and 5 cells for the
Marinobacter assay.

34 Discussion

3.4.1 Comparison of TagMan vs. SYBR Green

While screening the bacterial assays using SYBR Green, both primer sets were able
to amplify some of the other tested species, however, when the primers were used in
conjunction with the specific probes on the same bacterial species, the assays were
shown to be strain-specific fdfarinobactersp. DG879 andlcanivoraxsp. DG881.

This demonstrates the higher specificity of the TagMan assays; where the specific

hybridization between probe and target is required to generate a fluorescence signal
and thereby reduce false positives. The enhanced specificity attained when using

TagMan assays have also previously been reported by a number of studies (e.g.
Maeda et al., 2003; Malinen et al., 2003; Gunson and Carman, 2005).

3.4.2 qPCR sensitivity

The detection limit for the two primer/probe pa#k$c308F/Alc368R/Alc330P and
Marl60F/Mar223R/Mar181F20 and 5cells respectively), is comparable to that of
other studies using real-time PCR assays (e.g. Suzuki et al., 2000; Harms et al.,
2003). As similar to studies on uni-bactefal catenatuntultures (containing either
Marinobactersp. DG879 or Alcanivoragp. DG881; Chapter 4), show that the bacte-
rial abundance ranges betweeridd 10 cells mL* over the course of th®. cate-
natumlife cycle, these assays should theoretically be able to detect the bacteria from

water samples as small as one microlitre.
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The sensitivity of the primer/probe pair would also be adequate for detection of bac-
teria in ‘normal’ multi-bacterial cultures @. catenatunwhere the gamma proteo-
bacteria (i.eMarinobactersp. andAlcanivoraxsp.) average at about 5 % of the bac-
terial community (Green et al., 2004). Naturally occurring bacterial communities in
marine waters have been estimated to range betwéea 10 cells mL* (Maier et

al., 2009; Venter et al., 2004), but as the proportiorMafinobacter sp. andAl-
canivoraxsp. to the total bacteria is unknown, the sensitivity of these assays on en-
vironmental samples is yet to be determined. The broad detection range for the
primer-probe pairs, with both pair covering 7 orders of magnitude, is also compara-

tive to other studies (e.g. Lyons et al., 2000; Suzuki et al., 2000).

3.4.3 (gPCR specificity

The higher DNA sequence variability of the 16-23S rDNA-ITS region compared to
the 16S rDNA, has allowed this region to be used to distinguish bacterial species
down to sub-species level (e.g. Navarro et al., 1992; Houpikian and Raoult, 2001).
The real-time PCR assagisveloped in this study provide strain-specific detection of
either Marinobactersp. DG879 oAlcanivoraxsp. DG881 in laboratory-grown cul-

tures of uni-bacterial G. catenatum

However, both SYBR Green and Taqrifaassays also detected similar genotypes
(closely resemblind\lcanivorax borkumensiSK2 and unculturetlarinobactersp.

clone 13K-289ITS7) andRoseobactespecies most closely resembliRgseobacter

sp. DG 874 (by thélcanivoraxassay)and Roseobactesp. DG 888 (amplified by

the Marinobacterassay).This non-target amplification did not start until considera-
bly later in the process (after a minimum of 30 cycles) in comparison to the amplifi-
cation of the target DNA (after approximately 18 cycles) despite equal concentra-
tions of template DNA. In this case, the secondary product was detected at a cell
concentration of 1cells mL* while the targets were detected af d€lls mL*. The
results from the Tagman assay of bacteria extracted from whole water showed equal
sensitivity, with non-specific amplification within the amplification reaction not
starting until after 35 cycles. In this case, the effect of the non-specific secondary

products (generated within the amplification reaction) on the total cell concentration
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would therefore theoretically be minimal. However, in the event of non-specific am-
plification, the only way to confirm that it is the target that is being detected is to se-
guence the PCR product produced by the assay, and compare it to known sequences
of the target DNA.

The assays developed are capable of reliably detecting and amplifying the target bac-
terial strains in uni-bacterial cultures®f catenatumbut, considering their ability to

also amplify non-target bacterial strains, the primer/probe pairs were regarded as in-
adequate for use on environmental samples. The main factor influencing the gPCR
performance of both assays is primer/probe design. The primers and probes were de-
veloped using specific software (ABI PRISM Primer Express 2.0) and within guide-
lines of GC content, melting temperature, and sequence length of both primers,
probes, and amplicons. However, smaller details in the primer/probe design could be
the cause of the non-specific PCR products, such as repeated runs of identical nu-
cleotides, having a probe sequence containing more G than C bases, or having two G
bases within the last five bases at the 3’ end of the probe. As the primers and probes
were developed for specific thermal cycling conditions using predetermined concen-
trations of each component, these conditions were kept in accordance with the manu-
facturer’s instructions. It is however possible that altered annealing temperatures may
exclude non-specific PCR product (Vandesompele et al., 2002), and trials could be
performed on these assays. For use on environmental samples however, the assays

should be redesigned.

As mentioned earlier, insufficient assay specificity can also result from the presence
of unknown related species with similar sequences to the primer/ probe sites. As the
number of 16-23S ITS rDNA sequences in the NCBI GenBank is limited, sequence

comparisons and determination of potential cross reactivity are made very difficult.

A way around non-specific amplification while using SYBR Green chemistry is to

collect the amplification data at a temperature where the non-specific products have
melted, but the specific products have not (the target products have a higher melting
temperature than non-targets), in this case, the non-specific amplification would not

contribute to the fluorescence recorded during amplification (Ririe et al., 1997).
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3.4.4 gPCR validation of quantification

Although not undertaken in this study, the effect of filtration must be taken into ac-
count when quantifying bacterial samples that have been filtered in order to remove
phytoplankton or larger cells. Bacterial attachment to phytoplankton has been docu-
mented for decades (e.g. Kogure et al., 1982; Albright et al., 1986), and, in a recent
study using uni-bacterial model systemssofcatenatumSubramanian (2008) found

that approximately 10 %f the bacterial communityA{canivoraxsp. orMarinobac-

ter sp.) was attached to the algal cell during the death phase of the algal culture. Con-
sequently, bacterial enumeration on filtered samples may underestimate the bacterial

abundance as filtration excludes the bacteria attached to the algal cells.

Conclusion

Real-time PCR, with accurately developed probes and primers, is more rapid and ac-
curate than direct bacterial counts and can be used to estimate bacterial cell density
and bacterial presence in studies on algal/bacterial growth dynamics. Although the
primer/probe pairs developed in this study were able to detect non-target species,
they are capable of detecting and quantifying the target bactésiadatenatununi-
bacterial experimental model systems where the bacterial diversity is known, making
them utilizable for studies on tl&. catenaturunibacterial systems. The two bacte-

rial species on which the assays were developed are known growth-promoters of the
toxic dinoflagellateG. catenatun{Bolch et al., 2004), and by deciphering the com-
plex relationship betwee@. catenatumand these bacteria, we can start to form an

understanding of the ongoing interactions.
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Chapter 4: Use of real-time qPCR to track bacterial growth in uni-

bacterial cultures of Gymnodinium catenatum

4.1 Introduction

Phytoplankton and bacteria are ubiquitous in the aquatic environment and studies
have shown that they influence each other on several aspects of both their existence
(See review by Doucette, 1995; 1998). Just to mention a few examples, algae have
been shown to affect bacteria by production of growth substrates for bacterial utiliza-
tion (Bell et al., 1972 & 1974), and provide increased surface area for bacterial at-
tachment (Cole, 1982); while in turn, bacteria are known to produce algal growth
promoters (Stewart et al., 1997; Croft et al., 2005), Cytokinins (plant hormones) that
promote proliferation of algae (e.g Fukami et al. 1991; Furuki and Kobayashi, 1991;
Maruyama and Simidu, 1986; Iwasaki, 1979), Vitamiffior algal utilization (Croft

et al., 2005), algal growth inhibitors (Fukami et al., 1997); and algicidal substances
selecting for particular algal species (Furuki and Kobayashi, 1991; Lovejoy et al.,
1998; Holmstréom and Kjelleberg, 1999).

Gymnodinium catenatuns a toxic dinoflagellate species that has formed recurrent
blooms in southeast Tasmanian waters since the 1980s, with blooms affecting local
aquaculture industry (Hallegraeff et al., 1989). The driver&.otatenatunbloom
dynamics are currently unknown, yet studies on the bacterial community of labora-
tory-grown G. catenatuncultures have reveled that two bacterial spedvss;ino-
bactersp. DG879 and\lcanivoraxsp. DG881, are required for survival and growth

of G. catenatunin culture (Bolch et al., 2004).

Using experimental model systems wi@ catenatum(uni-bacterial or mixed-
bacterial cultures; see Chapter 3) Bolch et al. (2004) found botiMdratobacter
sp. DG879 and\canivoraxsp. DG881 were essential for growth and survivabof

catenatum. As the bacteria appear to be of such importargedatenatumthe re-
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sults suggest that the bacterial species may play a r@edatenatunbloom forma-

tion in the natural environment.

In order to better understand population growth dynamics of bacteria and its interac-
tions with phytoplankton, it is essential to correctly identify and quantify the specific
organisms. Real-time PCR (see page 47 for more information) is an important tool in
several fields including diagnostic and forensic medicine (e.g. Lyons et al., 2000;
Nicklas and Buel, 2003), molecular biology (e.g. Hosoi-Tanabe and Sako, 2005), and
within microbiology (e.g. Nadkarni et al., 2002; Harms et al., 2003; Torben et al.,
2004). In microbiology, this tool is often used to detect pathogenic bacteria such as
Salmonella in food (Malorny et al., 2004) or applied to identify or detect microscopic
cells whose morphologic identification is impossible (e.g. Harms et al., 2003). With
carefully validated probes, qPCR can allow for unambiguous counts of particular
species in mixed bacterial and algal communities (e.g. Hermanson and Lindgren,
2001; Maeda et al., 2003; Handy et al., 2005), making it possible to study each or-
ganism of a community in terms of growth dynamics, and in turn determine eventual

competition within that same community.

Competition for limiting resources has long been considered an important factor for
regulating bacterial community structure (Grover, 2000; Fox, 2002), where resource
competition in its simplest form predicts that the organism that captures most of the
limiting resource to the lowest level will exclude its competitors (Fox, 2002). The
importance of a single environmental factor was recognized as long ago as 1840 by
Justus von Liebig, with “Liebig's Law of the Minimurstating that the growth of a

plant will be limited by whichever requisite factor is the most deficient in the local
environment (Brock, 1997). In aquatic systems, bacteria and algae are competitors
for limiting nutrients (Currie and Kalff 1984, Harte and Kinzig 1993), which in turn
affects the growth dynamics of the two organisms (Hulot et al. 2001).

The aim of this chapter is to examine growth dynamidS.afatenatunand the bac-
teria Alcanivorax sp. DG881 andMarinobacter sp. DG879 in uni- and mixed-
bacterial cultures 06G. catenatumThis was conducted over a batch-culture cycle

using real-time gPCR assays developed for the two bacterial strains (Chapter 3).
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4.2 Materials and methods

4.2.1 Algal and bacterial cultures

Two strains of the dinoflagella®ymnodinium catenatufGCDEO6 and GCHU11;
Appendix 3) were kindly provided by the Australian National Algae Culture Collec-
tion (www.cmar.csiro.au/microalgae). These cultures were maintained at 20 °C with
a 12:12 h light/dark cycle using white fluorescent lights at 65 pmol PARed" in

50 mL Erlenmeyer flasks containing 40 mL GSe medium (Blackburn et al., 2001,
Appendix 1). Bacterial cultures were generously provided by Dr. David H. Green of
the Scottish Association Marine Science (SAMS). Mainobactersp. DG879 cul-

ture was maintained on ZM1 agar (Zobell, 1941; Appendix 2) wkidanivoraxsp.
DG881 was maintained on ZM1 agar with an addition of Sodium acetate (NaAc, 10
g/L media). Both cultures were held at 20 °C in total darkness, with weekly transfers.

The experimentalG. catenatum cultures, either uni-bacterial (grown witAl-
canivoraxsp. DG881 omMarinobactersp. DG879) or mixed-bacterial (grown with
both bacteria), were established as described in section 3.2.1. These cultures were
grown to mid-logarithmic phase in 50 mL Erlenmeyer flasks and inoculated (10 ml)
into triplicate Erlenmeyer flasks containing 300 mL of GSe medium. The experimen-
tal cultures were grown at 20 °C with a 12:12 h light/dark cycle using white fluores-
cent lights at 65 umol PAR frsec'. Cultures were sub-sampled weekly for enu-
meration of bacteria (5 mL volume) and algae (2 mL volume).@heatenatuncell
concentration was determined by triplicate cell counts from Lugol’s lodine solution
(1 %) fixed samples using a Sedgwick Rafter counting chamber (Throndsen, 1995)
and a Leitz Labovert FS microscope (200 x magnification).

Bacterial cell concentration was determined using the TagMan gPCR detection ap-
proach described in Chapter 3, and briefly described here: The 5 mL sample was fil-
tered through a 10pm NucleopBrBolycarbonate filter (Whatman) to remove algal

cells and retain bacteria attached on the algae, followed by collection of un-attached
bacterial cells on a 0.2 um cellulose acetate (Whatman) membrane filter. Collection

of cell-associated bacteria was only conducted on the mixed-ba@ertaitenatum
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cultures. Filters were frozen at -20 °C until DNA extraction. Growth interactions
were measured for a total of 230 days for the uni-bact@riahtenatuncultures and
100 days for the mixed-bacteri@l catenatuncultures, tracking the different growth
phases (Fig 4.1).

1- Lag phase
2- Logarithmic phase

Growth

3- Stationary phase

Time

Figure 4.1 Schematic drawing of the 3 growth phase&otatenatum

4.2.2 Calculations and statistical analysis

Specific growth ratespy) of the cultures were calculated over the different growth

phases using the equation:

b =Ln (N2 /N1)/ (2 - t1)

whereN1 andN2 = cell abundabce at timetlL)and time 2tQ) respectively (Levas-
seur et al., 1993). Growth rate expressed as divisionSwlase calculated from spe-
cific growth rate using:

Div. day' = p / Ln2
Regression statistics were used to investigate the relationship between algal and bac-
terial cells, and significant differences between treatments and controls for growth

rates were compared using one-way ANOVA with Tukey’s post hoc tests in the sta-

tistical software R, Version 2.9.0.
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4.2.3 Real time PCR quantification of bacteria

Extraction of bacterial DNA from the filters was carried out as described in Chapter
3 section 3.2.2. The gPCR detection was performed on an ABI 7500 Real time PCR
system (Applied Biosystems, CA, USA). Reactions were carried out using the
TagMarf Universal PCR Master Mix (Applied Biosystems, CA, USA) in 25 pL vol-
umes according to manufacturer’s instructions, containing the components listed in
Table 4.1 below, with primers and probes developed from sequences listed in Table
4.2.

Table 4.1Reagents and concentrations for use in Real-time PCR assays

Concentration in Volume (uL) to be

Reagent Concentration Thermal cycling ; X

. used in reaction
reaction

TagMar? Universal PCR 2 x 1x 125

Master Mix

Primer (Forward) 9 mM 0.9 mM 2.5

Primer (Reverse) 9 mM 0.9 mM 2.5

TagMarf Probe 2.5 mM 0.25 mM 2.5

DNA template 100 ng/ul 10 ng 2.5

Demineralised KD - - 2.5

Total 25

The conditions for thermal cycling consisted of 1 cycle at 50 °C for 2 min, 1 cycle at
95 °C for 10 min (AmpliTaq Gofdjactivation), 40 cycles of 15 s at 95 °C followed

by 1 min at 60 °C for annealing and extension. At the end of each PCR cycle, fluo-
rescence data was collected, and cycle threshaldlif@ was automatically calcu-

lated by the instrument. Bacterial DNA concentrations were determined by compari-
son of the threshold cycle number to the standard curves developed in Chapter 3
(sections 3.2.6 and 3.3.3).
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Table 4.2 Primers and TagMan MGB probes used in this study for detection and quantification of
Marinobactersp. DG879 and\lcanivoraxsp. DG881. FP = Forward primer, RP = Reverse primer,
and P = Probe. Probes labelled with FAM at 5’-end and a minor groove binding non fluorescent
quencher (MGBNFQ) at the 3’-end.

Bacterial DNA Primer / Probe Sequence (5- 3)
Species target name q
FP Marl160F ACCCAGACCCACCAAAATTG

Marinobactersp. 16-23 rDNA
RP Mar 223R GCCCCATTTAAGCTACCTCAAA

DG 879 ITS
P Mar181P FAM-TCAACTCCTGGAGTTGAA-MGBNFQ
FP Alc308F TCTTGCTTGCTTCTGGCTTTT
Alcanivoraxsp. 16-23 rDNA
RP Alc368R AAAGAGCTGGCCGAATCATAAA
DG 881 ITS
P Alc330P FAM-AGTCAGGTGCCGGAAT-MGBNFQ
4.3  Results

4.3.1 Growth dynamics

Uni-bacterial cultures

The two bacterial species had different growth-responses in the uni-baGerial
catenatum cultures. THg&. catenatum cultures grown witMarinobactersp. DG879
sustained liveG. catenatunmandMarinobactercells over the entire 230 day experi-
ment (Fig. 4.2).
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Figure 4.2 Growth of uni-bacteriaGymnodinium catenaturoultures grown wittMarinobacter sp.
DG879 over 230 days. Error bars= +SD, n=3. Red line repre€ertatenatunand blue line repre-
sentsMarinobactersp. DG879.

G. catenatumdemonstrated an exponential growth phase which appeared to be di-
vided in two stages; one with rapid growth between days 1 and 11 with a growth rate
of 0.39 div. day, followed by a period of slower growth (0.18 div. dapetween

days 11-25. The growth rate for the entire exponential growth phase (days 1- 25) av-
eraged 0.28 div. ddy G. catenatunthen entered a prolonged two-staged stationary
growth phase. Between days 25 and 1@5,catenatumwent through a period of
negative growth, followed by a period of cell density increase (0.05 div*) deey

tween days 125 to 160. From day 160 until the end of the experiment at day. 230,
catenatumcell concentratiordeclined. All three cultures remained viable after the
termination of data collection at day 230; and after more than 420 days in culture
without any addition of nutrient§;. catenatuncell concentrations with 4, 1700, and

2200 cells mL* in each of the three cultures.

In comparison, Marinobactap. DG879 demonstrated a relatively stable exponential
growth phase between days 1 and 29 with approx. 0.53 di, daljowed by a

rapid decrease in cell abundance over a 3 day period. The stationary growth phase of
Marinobactersp. DG879 varied, creating an increase in cell density between days 32
and 50 (0.17 div.da}) while G. catenatunremained stable, then showed a decline in
bacterial cell abundance between days 50 and 97 which also followed a de@ine in

catenatum cell abundance. This was followed by a rapid increase in bacterial cell
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abundance between days 97 to 146 (0.19 difaand after day 146 tharino-
bactersp. DG879 appeared to be entering a death phase. The increase in cell abun-
dance was also apparent @ catenatumwhich subsequently entered its decline
phase alongside the bacterium. Despite the oscillatidlasinobacter sp. DG879
abundance, there is no statistical significance (p = 0.72, F = 0.14, df =5) between
days 25 and 125, the period during whiéh catenatumwent through negative
growth.

G. catenatungrown with Alcanivoraxsp. DG881 showed a growth curve typical of
non-axenicG. catenatuncultures grown with a mixed-bacterial community (com-
pare Blackburn et al., 1989) following the three classic growth stages; exponential
(days 1 -22) with a growth rate of 0.19 div.day slightly declining stationary
growth phase (days 22-53) and death phase (days 53-97) (Fig 4.3). During the death
phase, dea®. catenatuntells were accumulating on the bottom of the culture ves-

sel.

Between days 1 and 23Alcanivorax sp. DG881 initially went though a slow-
growing lag phase (growth rate 0.24 div.dppefore entering exponential growth at

day 22 reaching a growth rate of approx. 0.79 div:dajhe exponential growth

phase ofAlcanivoraxsp. DG881 lasted until day 39, and was shortly followed by a
decline in G. catenaturnell numbers. The stationary growth phase extended from
day 39 to 230, showing limited growth with a growth rate of 0.02 div'dakere is

no obvious death phase, although a drop of cell abundance can be seen from day 209

onwards (Fig. 4.3).
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Figure 4.3 Growth of uni-bacterialGymnodinium catenaturaultures grown withAlcanivorax sp.
DG881 over the 230 day study period. +SD, n=3. Red line repreGentatenatumand blue line
representd\lcanivoraxsp. DG881.

Mixed-bacterial cultures

Alcanivoraxsp. DG881 displayed a growth curve with an initial peak in cell abun-
dance between days 7-18 (Fig. 4.4), and although fluctuating, the growth curve
shows a general trend of increasing cell numbers throughout the 100 day<sin the

catenatum mixed-bacterial cultures.

In contrast to Alcanivoragp. DG881, the Marinobactep. DG879 showed no initial
peak in cell abundance during the first 20 days in culture, and with smaller fluctua-
tions in cell numbers between the time points. The general trend of the growth curve
Is one of constant increase in cell numbers up until day 74, after which a slow decline
can be noted (Fig. 4.4).
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Figure 4.4 Growth of Marinobactersp. DG879 and\lcanivoraxsp. DG881 in mixed bacteri@ym-
nodinium catenaturoultures. Error bars displaying £SD with n = 3. Red line repre§antatenatum
blue line representlcanivoraxsp. DG881 and green line represévitginobactersp. DG879.

4.3.2 Bacterial proportions

The proportion ofAlcanivoraxsp. DG881 taViarinobactersp. DG879 in the mixed-
bacterialG. catenatuntultures over the course of the mixed bacterial culture cycle is
shown in Figure 4.5. Bacterial types were initially added at equal concentrations at
the time of cyst germination (approximately 4 weeks prior to start of experiment). At
the start of experiment (inoculation of cultures- dayM3grinobactersp. DG879 was

the dominant species in the cultures and showed a higher proportiorAthan
canivoraxsp. DG881 over the first 7 days in culture. After the initial decline in rela-
tive abundanceilcanivoraxsp. DG881 increased proportionally by day 11 to be the
dominant type over a 7 day period, (Days 7-18; Figure 4.5). With the exception of
days 56 and 74Alcanivoraxsp. DG881 was the numerically dominant bacterial type

over the course of the experiment.
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Figure 4.5 Proportion ofMarinobactersp. DG879 andilcanivoraxsp. DG881 in mixed-bacterial
Gymnodinium catenaturoultures over the 100 day study. Dark blue represafdanivorax sp.
DG881 and light blue represemf&rinobactersp. DG879.

The proportion ofG. catenaturrcell associated and non cell-associated bacteria was
studied in both bacterial species in the mixed-bact&iatatenatuncultures. Con-
sideringAlcanivoraxsp. DG881 (Fig. 4.6), after an initial 5 day period with the non
algal-associated cells being in highest proportion in the mixed-bacterial culture
(~97%),Alcanivoraxsp. DG881 displayed a rapid increase in cell association, show-
ing close to 100%. catenatuntell association between days 11-18. Gscate-
natumnumbers were increasing after day 18, and following the rapid increase in bac-
terial attraction taG. catenatumthe proportion ofs. catenaturrcell associated and

non cell-associated bacteria changes, increasing the proportion of non cell-associated
bacteria up to 98 % during days 28 to 35, and coinciding with the temporarily halted
growth of G. catenatum Following the initial large peak of attachment are two
smaller peaks, the first starting at day 39, and the second at day 67, during which the
percentage 0. catenaturrcell associated bacteria reached approx. 30 % of the total

amount of bacteria (Fig. 4.6).

The Marinobactersp. DG879 in the mixed-bacteri@l. catenatuncultures shows a
much higher proportion of non cell-associated bacteri@.toatenaturcell associ-
ated bacteria (Fig. 4.6). Cell-associatiorMa&rinobactersp. DG879 tds. catenatum
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appears to be occurring only at two separate occasions ®.tbatenatungrowth
cycle, first at early exponential phase (days 1-18), then at early decline phase (day
67).

O  Non cell-associated bacteria
[@ Cell-associated bacteria

—A-  G. catenatum

Alcanivorax sp. DG881 Marinobacter sp. DG879
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Figure 4.6 Proportion of Gymnodinium catenatuncell-associated and non cell-associatld
canivorax sp. DG881 andviarinobactersp. DG879 in the mixed-bacteri@. catenatumcultures.
Blue represents cell-associated bacteria, light green represents non cell-associatecbddteribne
represents the average growth curv&otatenatum

4.3.3 Cell concentration correlations
Uni-bacterial cultures — Treatment with Marinobactersp. DG879

Bacterial and algal growth in the uni-bactel@l catenatuncultures withMarino-
bactersp. DG879 showed a correlation over the exponential and decline phase (Figs
4.7a and c), while the cell abundances showed little correlation in the stationary

growth phase (Fig. 4.7b). For statistical summary see Table 4.3.
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Table 4.3Regression statistics for algal and bacterial cell correlation in unibacterial cultures.

G. catenatunwith Marinobactersp. DG879 G. catenatunwith Alcanivoraxsp. DG881

Logarithmic

Stationary Death Logarithmic  Stationary Death
phase phase Phase Phase Phase Phase
(days 1-25) (days 25-160) (days 160-230) (days 1-22) (days 22-53) (days 53-90)

r 0.77 0.077 0.43 0.12 0.11 -0.48
R? 0.82 0.08 0.25 0.22 0.024 0.28
df 23.0 71.0 26.0 17.0 26.0 20.0

32.88 0.42 5.63 0.24 0.29 5.56
<0.001 0.52 0.026 0.63 0.58 0.03

Uni-bacterial cultures — Treatment with Alcanivorax sp. DG881

Bacterial and algal growth in the uni-bacterf@ catenatumcultures with Al-

canivoraxsp. DG881 show close to no correlation over the logarithmic and station-

ary growth phase R 0.015 and 0.012 respectively; Table 4.3) (Figs 4.8 a and c),

while the cell abundances in the death phase showed a negative correlation (R

0.23: Table 4.3) (Fig. 4.8 b).
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Mixed-bacterial cultures —Treatment with both Marinobacter sp. DG879 and

Alcanivorax sp. DG881

Only a slight correlation between algal and bacterial cells can be seen durfag the
catenatum exponential phase fdarinobactersp. DG879 (R= 0.27) (Fig. 4.9 a;
Table 4.4), while thélcanivoraxsp. DG881 cell abundances during the same time
showed close to no correlation at all with tBe catenatumcell numbers (R
=0.0006) (Fig. 4.9 a). During the stationary growth phas&.ofatenatum, both
Marinobactersp. DG879 andlcanivoraxsp. DG881 show close to no correlation to

the alga, with Rvalues of 0.06 and 0.19 respectively (Fig. 4.9 b).
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Table 4.4Regression statistics for algal and bacterial cell correlation in mixed-bacterial cultures

G. catenatunwith Alcanivoraxsp.

G. catenatunwith Marinobactersp. DG879 DG881

Exponential phase  Stationary phase = Exponential phase Stationary phase

(days 1-25) (days 25-86) (days 1-25) (days 25-86)
r 0.52 0.25 0.023 0.43
R? 0.27 0.06 0.0006 0.19
P 0.009 0.13 0.91 0.005
F 8.15 2.35 0.012 8.63
df 23 38 23 38

4.3.4 Growth rates

Growth rates of G. catenatunin the different treatments

Figure 4.10 shows a summary of the growth rateS.afatenatunfrom all cultures.

The mixed-bacteri&. catenatuncultures displayed an average exponential growth
rate slightly below that of the uni-bacterial cultures (0.18 div’day the mixed bac-

terial cultures compared to 0.28 div.dafpr the Marinobactersp. DG879 cultures

and 0.19 div.day for the Alcanivoraxsp. DG881 cultures, between days 1-25 (See
Fig. 4.10) There was a significant difference between the exponential growth rate of
the cultures treated witMarinobactersp. DG879 in comparison to the two other
treatments, while there was no significant difference betwee tleatenatunsta-
tionary growth rates of the different treatments. The death phase of the different
treatments showed to vary, again with Marinobactersp. DG879 treatment being
significantly different to the other two treatments.
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Figure 4.10Growth rates (div da¥) of Gymnodinium catenatumrowth phases across the three stud-
ies. Significantly different means are indicated by letters on the right of figure; the same letter indi-
cates not significantly different.

Growth rates of the bacteria in the different treatments

Statistical analysis of the bacterial growth rates in the different cultures showed that
significant differences were only found in the exponential growth phases (Fig. 4.11).
For the exponential growth rates, no significant difference was found in the between
Marinobactersp. DG879 in mixed-bacterial culture aldrinobactersp. DG879 in
uni-bacterial culture (p = 0.07, F = 5.55, Df = 5), along wiltanivoraxsp. DG881

in the uni-bacterial cultures aridarinobactersp. DG879 in the uni-bacterial cul-
tures (p = 0.07, F = 6.14, Df = 5). All others were significantly different. Table 4.5

shows a summary of the statistical values from all cultures.
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Figure 4.11Growth rates (div da$) of Marinobactersp. DG879 and\lcanivoraxsp. DG881 across
the different growth phases in the three studies. Significantly different means are indicated by letters
on the right of figure; the same letter indicates not significantly different.

Table 4.5Comparison of statistical values for the bacterial (exponential) growth rates in the different
uni-bacterial and mixed-bacteri@ymnodinium catenatugultures.

Marinobacter sp  Alcanivorax sp Marinobacter sp  Alcanivorax sp
in uni-bacterial in uni-bacterial in mixed-bacterial in mixed-bacterial
culture culture culture culture
Marinobacter spin p =0.07 P =0.07 p = 0.006
i i _ _ _
uni-bacterial culture F=6.14 F=5.55 F=28.9
Df=5 Df=5 Df=5

P =0.0004 p =0.008

Alcanivorax spin F=119.3 F=23.9
uni-bacterial culture Df=5 Df=5

p = 0.0008
Marinobacter spin F=827
mixed-bacterial culture Df=5

Alcanivorax spin
mixed-bacterial culture
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4.4 Discussion

4.4.1 Growth dynamics of Marinobactesp. DG879

The growth dynamics of the two bacteria when grown in uni-bacterial cultures of
Gymnodinium catenatumere substantially different. This suggests that the nature or
mechanism of the interaction wit. catenatunmay be fundamentally different, and
could have been related to the type of direct or indirect interaction (in terms of being

cell-associated or free-living.

In uni-bacterialG. catenatuncultures, Marinobactesp.DG879 show a growth pat-

tern closely linked to that ofs. catenatumsuggesting that the two organisms have
close interactions. How the connection between the two works is yet to be deter-
mined, however recent research (Amin et al., 2009) using experimental model sys-
tems withScrippsiella trochoidea founiflarinobactersp. DG879 to produce Vibrio-

ferrin, a siderophore (compound that binds iron and increases its solubility) which
can promote algal assimilation of iron used for photosynthesis and respiration. Other
research, however, based on field populations, suggests that there is potentially a re-
lease of algal growth-promoting compounds by the bacteria (e.g. Furuki and Ko-
boyashi, 1991, Liu et al., 2008). It is well documented that phytoplankton DOC
which serves as an energy source for microheterotrophic organisms (Larsson and
Hagstrom, 1979). Mgller-Jensen (1983) found that EOC (such as amino acids, mono-
saccharides, polyalcohols and volatile organic acids) released from phytoplankton
are predominantly of a low molecular weight (<900 Daltons), and that bacteria show
a distinct selectivity for uptake and utilisation of these small moleculebakso-
bacter sp. DG879 is a hydrocarbon degrader (Green et al., 2004) able to survive
solely on hydrocarbons such as tetra-decane (Green et al., 2006), it is possible that
production of hydrocarbons Ify. catenatun{Hallegraeff et al., 1991) is stimulating

Marinobactersp. DG879 growth.

Research by Subramanian (2008) showed that re-addition of bacterial clMares (
inobactersp. DG879 andrachybacteriunsp.) to 32 weeks ol&k. catenatuncul-
tures enhanced algal growth with a 47-90 % increase in cell numbers, suggesting that

there is a gradual loss of growth stimulating capacity of the bacteria over time, possi-
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bly as a response to a loss of production of dissolved products. Similarly, Bolch et
al. (unpubl. data) have found that excystment and grow. chtenatuntysts was
stimulated when a 0.2 pm culture filtrate Md&rinobactersp. DG879 was added to

G. catenatuntysts on a regular defined basis, allowing cyst germination and subse-
quent vegetative division to be ongoing for as long as the filtrate was regularly
added. Results from pilot studies (results not shdvawe shown that a single addi-

tion of 0.2 um culture filtrate from a culture Mfarinobactersp. DG879, added to

the resting cysts immediately after sterilisation, is adequate for the excystment of the
resting cysts, whereas continued growth of the produced vegetative cells is not possi-
ble without it. This suggests that the growth-compound produced by the bacteria is
either used or degraded I&y. catenatumor the bacterium, or possibly degrades
through some other non-biological mechanisms (e.g. light or chemical degradation,

see Amin et al., 2009) and if not re-added, G. catenatiinnot survive.

In this study, the two populations bfarinobactersp. DG879 and. catenatunap-

pear to be positively influenced by one another, allowthgcatenatumo sustain
growth in batch cultures beyond the typical batch culture life span. Blackburn et al.
(1989) found batch cultures &. catenatunto remain viable for up to 80 days (60
mL cultures maintained at 150 pmol PAR sec¢’ at 17.5 °C), wherea$arinobac-

ter uni-bacterialG. catenatuncultures remained viable for > 230 days in this study.
The maximumG. catenatuncell densities (~ 2.0 x fccells mL?Y) found in this
study while cultured witiMarinobactersp. DG879 are higher in comparison to those
found in the Blackburn et al. (1989) study (2.0 % @¢élls mLY). One reason behind

the higherG. catenatuncell densities found in this study could be due to the lack of
antagonistic bacteria found in typical non-axe@iccatenatuncultures (Skerratt et

al., 2002; Green et al., 2004), that are absent in the uni-bacterial culture systems used
here.This is to our knowledge the first time t@atcatenatunhas been shown to re-
main as a viable culture for a period of >420 days without the addition of any nutri-

ents after the initial inoculation.

4.4.2 Growth dynamics of Alcanivorax sp. DG881

The G. catenatuntultures grown withAlcanivoraxsp. DG881 show similar station-

ary- and death-phase dynamics to non-axenic cultures with complex bacterial com-
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munities (Blackburn et al., 1989) and also reaching maximum cell densities compa-
rable to those found by Blackburn et al. (1989). The mechanism of interaction be-
tweenG. catenatumand Alcanivoraxsp. DG881 in comparison to that Gf cate-
natum and Marinobacter sp. DG879 is different, suggesting thatanivorax sp.
DG881 does not produce growth-substances similar to those produdddrio-
bactersp. DG879. HowevelAlcanivoraxsp. DG881 is still, on its own, capable of
stimulating cyst germination and vegetative divisioliottatenatumiesembling that

of a ‘normal’ mixed bacterial culture. In comparison to the axenic control cultures
which were incapable of cyst germination, results suggest Altanivorax sp.
DG881 produce a growth factor which is stimulat@agcatenatuncell division and
growth.

Considering the growth oAlcanivoraxsp. DG881 in the uni-bacterial cultures; hy-
pothetically, as th&. catenatuntells die, an increase in particulate matter could be-
come available in the culture (Danovaro et al., 2003; Pinhassi et al., 2004). This in-
crease may have allowed the bacteria to maintain the slowly increasing cell numbers
for some time, but it appears unlikely that it would sustain growth for a period of
more than 130 days, which is the case in this study. Mi&enobactersp. DG879,
Alcanivoraxsp. DG881 is a known hydrocarbon degrader (Green et al, 2004); and it
Is possible that production of such compound<Ghycatenatun{Hallegraeff et al.,

1991) is stimulating bacterial growtbnfortunately no measurements were taken to

establish hydrocarbon production in the cultures during the experiment.

It is possible that the nature of the interaction betweecatenatunandAlcanivorax

sp. DG881 changes onEe catenatunenters stationary phase. Figure 4.3 shalws
canivorax sp. DG881 in a lag phase coinciding wih catenatumexponential
growth phase, and &. catenatunthen enters stationary growth pha&ksanivorax

sp. DG881 follows, entering its exponential growth phase. The same lag phase of
Alcanivorax sp. DG881 can be seen in the mixed-bactéghalcatenatumculture
(Figure 8), although in this case, the exponential growtAlcdnivoraxsp. DG881

starts simultaneously to the exponential growth phasg ehtenatum This change

in behaviour ofAlcanivoraxsp. DG881 could be due to a change in behaviour and /
or the metabolism oAlcanivoraxsp. DG881. Concentration-dependent changes in

gene expression by bacteria are well known. Quorum sensing is used by bacteria to
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coordinate certain behaviors based on the local density of the bacterial population,
and can regulate a host of different processes, basically serving as a communication
network (Miller and Bassler, 2001). Particularly among thetBobacteria (gram-
negative bacteria), cell-cell communication uses hormone-like molecules called auto
inducers, which are released externally and act as messengers between cells (Zhang
& Dong 2004). As the concentration of auto inducers grow due to population growth,
bacteria are able to detect whidne signals reach critical level. Bacteria are then
stimulated by these signals to take action, usually by inducing or repressing certain
genes (Waters and Bassler, 2005; Whitehead et al., 2001). N-acyl-homoserine lac-
tone (AHL) signals is one of the known mechanisms by which the bacteria can
communicate with each other (Fuqua and Greenberg, 2002; Daniels et al., 2004) and
AHL has also been found in dinoflagellate-associated bacteriaN@kgshimeet al.,

2006) It may be that production of specific compounds produce.bgatenatum

after entering the stationary growth phase in turn affét&tanivoraxsp. DG881,

which then send off chemical signals for increased bacterial growth.

It may also be that by the tim&lcanivoraxsp. DG881 enters exponential growth
phase, there is a change in the bacterial gene expression, which then may alter the
bacterial metabolism in a way that no longer can sugpodatenatungrowth. Al-
canivoraxsp. DG881 is therefore no longer stimulatoryGocatenatunthroughout

the whole batch culture cycle, possibly even becoming inhibitory at higher concen-
trations. Parallels can be found in other studies where bacteria have been shown to
be capable of losing or switching off their algicidal ability, suggesting that a pre-
sumed non-algicidal bacterial species could become algicidal once the bacteria reach
a specific cell density (Skerratt et al., 2002). Skerratt et al. (2002) found that many
bacteria did not have the AHL mechanism or communication, but instead used an
alternative pathway, the Al-2, (Schauder et al., 2001) which may play a role in
switching on algicidal activity in gram-negative bacteria.

4.4.3 Growth dynamics of G. catenatum

G. catenatunshowed different growth dynamics in the uni-bacterial systems com-
pared to the mixed-bacterial systems. This has also been found by Subramanian
(2008), indicating that the composition of the bacterial community has an influence
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on the growth of the algae. Similar to the results from Subramanian (2008), the con-
trolled mixed-bacterialc. catenatuntultures show an intermediate growth pattern of
G. catenatumsuggesting that the different bacterial types can influence the growth

pattern of the algae even in the presence of other bacteria.

In the case o6. catenatunmand its relationship tMarinobactersp. DG879 and\l-
canivoraxsp. DG881, further studies are required to determine the physical distribu-
tion of bacteria, perhaps using laser-scanning confocal microscopy. Research by
Rooney-Varga et al. (2005) indicated that a higher intensity of interaction was found
between algae and attached bacteria than between algae and free-living bacteria, and
several studies have proposed that the spatial proximity between bacteria and algae
may play a role in toxin production (e.g. Franca et al., 1996; Gallacher et al., 1997).
Consequently, an understanding of the spatial relationship between the two may
show to be useful in determining the complex nature of the interaction between algae

and bacteria.

To our knowledge, research on the bacterial composition of naturally occ@ring
catenatum blooms has not been done; however research on the bacterial community
of laboratory-growr(s. catenatunhas shown a remarkable similarity to the bacterial
communities of other laboratory-grown marine dinoflagellates (Alavi, et al., 2001,
Hold et al., 2001; Green et al., 2004). Among the most notable members of these
communities were bacteria phylogenetically affiliated with Raseobacteor the
Marinobacterclade (Kodama et al., 2006) and a recent study (Amin et al., 2009) de-
tectedMarinobacterspp. in 83% of the 18 dinoflagellate cultures examined. There is
only a limited amount of research on algal-bacterial interactions in naturally occur-
ring blooms, howevemarinobactersp. has been found in association with blooms

of Alexandrium fundyens@asegawa et al., 2007), and the evidencklafinobac-

ter spp. co-occurring with a range of laboratory-grown dinoflagellates suggests that
other dinoflagellates may also have an obligate growth requirement for a certain bac-

teria, and possibly associated with these bacteria in the natural environment.
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4.4.4 Nature of bacterial interactions with G. catenatum

The higher proportion oAlcanivoraxsp. DG881 associated with the dinoflagellate
cell may be due télcanivoraxsp. being a non-motile bacterium that uses “twitching
motility”, a special kind of bacterial surface translocation using the fimbriae to attach
and colonise surfaces (Henrichsen, 1983; Yakimov et al., 1998). The initial increase
of attachment shown b4lcanivoraxsp. DG881 could be a response to increa§ing
catenatum numbers, but most likely as a response to the inoculation of the culture.
The bacterial cells were transferred from a potentially nutrient-rich environment with
a sufficient amount of organics from G. catenafgnowing in late logarithmic phase,

to a system where the organics are diluted andstheatenatuntoncentration is an
order of magnitude lower. Bacterial chemotaxis similar to this, when bacteria are be-
ing subjected to low organic nutrient availability, has been found in several other
bacterial species; e.gRseudoalteromonasp. attracted tdHeterosigma akashiwo
(Seymour et al., 2009) andseudoalteromonas haloplanktshowing chemotaxis
towardsDunaliella tertiolecta (Stocker, et al., 200@)lcanivoraxsp. tend to congre-

gate at the oil/water interfaces (Martins dos Santos et al., 280@)appears likely

tha possible exopolysaccarides produceddycatenatunctreates a surface suitable

for Alcanivoraxsp., in which a higher concentration of hydrocarbons are available
for bacterial utilisationAs the concentration of organics in the experimetuéures
theoretically increase over timA|canivoraxsp. DG881 appear to be reverting to a
more pelagic existence, no longer closely associated G.tbatenatuncells. This

could be as a response to the now more sufficient concentration of organic com-

pounds available in the culture media.

Marinobactersp. DG879 has a flagellum for motility (Gauthier et al., 1992), which
may be an explanation for the generally high number of non cell-assolatet-
bactersp. DG879 seen in Figure 4.7. Likécanivoraxsp. DG881Marinobactersp.

DG879 show an increase in attachment at the beginning of the experiment, but in
comparison tcAlcanivoraxsp. DG881, the amount of cell-associated cells is much
less and the period during which attachment is seen is much shorter. The early-on
attachment seen in both bacterial species could be a response to low production and

release of DOM by the algae, necessitating the bacteria to come in close and attach.
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Alternatively, it might be that the algae encourage the bacteria to attach, similar to
the process observed in leguRbizobium symbiosis during initiation of root nodule
formation (Garg and Garg, 2007). Although it might not be signalling, the algal cell
may limit release of certain DOC fractions in order to bring the bacteria closer, al-
lowing the algal cell to benefit from bacterial siderophore production (Amin et al.,
2009). After the period of close to no cell-associated bacterial cells, a slow increase
in attachment is notable, starting at day 53. This could perhaps be a response to a re-
duced release of compounds essential tdthanobactersp. DG879 cells (like in
Alcanivoraxsp. DG881), forcingiarinobactersp. DG879 to come in closer. &
catenatum enters the declining growth phase, lysis of the cells release organic com-
pounds into the media, allowing for an increase in the non cell-associated bacteria
(Cole, 1982), while a loss of surface areas also lead to less algal cell-associated bac-

teria.

4.4.5 Algal and bacterial cell concentration correlations

In the uni-bacterial cultures, there was a correlation between the concentradion of
catenatum andvarinobactersp. DG879 cells at the exponential and death growth
phases. This could indicate that the bacterial growth is reliant upon something pro-
duced by living, intacG. catenatuncells, rather than some constituent that is re-
leased during cell lysis and death (like fdcanivoraxsp. DG881). Exudates from
actively growing phytoplankton are often dominated by a wide range of low molecu-
lar weight compounds, including amino acids with high amounts of nitrogen (Mague
et al., 1980; Sgndergaard and Schierup, 1982), so it seems likely that a production of
these compounds could be what stimulates growtasfnobactersp. DG879 (Huu

et al., 1999; Shieh et al., 2003). The gradient of the slopes of the correlation graphs
are indicative of the magnitude of the impact between the algae and bacteria, where a
larger gradient indicate a higher bacterial to algal density ratio. Bacterial density cor-
relating to algal density has previously been shown by other studies (e.g. Gurung et
al., 1999), in which they found the ratio to be substantially changed depending on
light and nutrient availability, with bacterial: algal ratio increasing with increasing
light intensity. These results are comparable to the logarithmic and stationary growth

phases 0G. catenatungrown withMarinobactersp. DG879, where we see a higher
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bacterial: algal ratio in the non light-limited logarithmic cultures, in comparison to

the possibly light-limited cultures in stationary growth phase.

Contrary to theMarinobactersp. DG879 treatment, the G. catenattuttures treated

with Alcanivoraxsp. DG881 show a negative correlation in the death phase, indicat-
ing that bacterial growth is supported by something produced or exuded during cell
lysis. This trend of a peak in microbial activity occurring during the death-phase of
an algal bloom or culture has been known for decades (e.g. Cole, 1982) and has been
found between several organisms, for example the cisodinium rubrumand

Vibrio sp. (Romalde et al., 1990). Studies @n catenatumwith Alcanivorax sp.

DG881 (Subramanian, 2008) showed the same trend of increasing bacterial biomass
with decreasing algal concentration in stationary phase. The increase of bacterial
growth leading to a decline of phytoplankton cells could be associated with bacteria

competing with the algal cells for nutrients (Bratbak and Thingstad, 1985).
4.4.6 Growth rates of G. catenatunand bacteria

The exponential growth rates & catenatumin all three treatments were slightly
higher than what was reported earlier by Subramanian (2008). This studyMaunnd
inobactersp. DG879 treate®. catenatuntio reach a growth rate of on average 0.28
day’, G. catenatuntreated withAlcanivoraxsp. DG88L1 to reach approx. 0.19 day

and the mixed bacterial treatment approx. 0.18"dthjis in comparison to the previ-
ousstudy were growth rates were 0.18, 0.12, &ntb day’ respectively. The meth-

ods of the two studies were close to identical, although Subramanian (2008) used a
G. catenatunstrain cross between GCDEO8 and GCHU11 and maintained cultures
at a light intensity of 90 + 10 pmol PARTs?, while this study used GCDE06 and
GCHU11 and 65 pmol PAR tsec', which may possibly explain the differing
growth rates. The growth rate of tMarinobactersp. DG879 treated cultures is also
comparable to that found by Blackburn et al. (1989) of approx. 0.25-0.3 diV, alay
optimal growth, for the GCDEOQ6 culture.

Both the exponential growth rate and the death rate diirenobactersp. DG879
treatedG. catenatumwas significantly different in comparison to the other two

treatments, again demonstrating th&rinobactersp. DG879 have a clear effect on

109



Chapter 4: Tracking algal bacterial growth

the growth dynamics of. catenatumThe high rates of the death phase of Ghe
catenatum cultures, particularly in the mixed bacterial cultures, could be a result of
the high amount of bacteria in the cultures, possibly reaching levels were they be-
come toxic, or simply outcompetin@. catenatumn terms of nutrients. Bratbak and
Thingstad (1985) found that a mineral nutrient limitation stimulated the excretion of
extracellular organic carbon (EOC) by the algae, and that the subsequent bacterial
growth on the excreted EOC in turn required an additional uptake of mineral nutri-
ents by the bacteria. As a result, the algae being stressed by lack of mineral nutrients
responded in a manner whereby they stimulated their competitors for the lacking nu-
trients. Possibly, in the mixed - bacter@l catenatuncultures, the sheer amount of
bacteria is utilising the remaining available mineral nutrients at a very high rate,

thereby causing the rapid death of G. catenatum

Bacterial growth rates in this study were shown to vary greatly in comparison to the
growth rates found by Subramanian (2008). The lag growth phase of Alcarsporax
DG881 that was seen in both the uni-bacterial and mixed-bacterial cultures in both
studies reached a rate of 0.02 - 0.05 Hdéyetween days 1-28) in the study by
Subramanian, while this study found a rate of 0.13 - 0.24 @lagtween days 1-22 in

the uni-bacterial cultures, and days 1-7 in the mixed-bacterial cultures). Also the ex-
ponential growth rates differed, with Subramanian finding rates between 0.16 - 0.23
day® across all her treatments, while this study displayed a larger variation between
treatments, showing exponential growth rates between 0.24 and 1:34Ttheydif-

fering growth rates between the two studies could possibly be explained by a range
of factors; 1) Bacterial concentration was in this study determined by real-time PCR
while Subramanian (2008) estimated bacterial numbers (CFU) fibm serial-
dilution plating, 2) The cell concentrations®f catenatunwere different in the two
experiments, likely affecting both the bacterial and algal growth rates; and 3) This
study used theG. catenatumstrain GCDEO6 while Subramanian (2008) used
GCDEDO0S8, suggesting that the two algal strains are affecting the bacterial growth in

different ways.

110



Chapter 4: Tracking algal bacterial growth

Conclusion

This study found a considerable variation in the growth dynami¢s. afatenatum
depending on the associated bacterial species, and sihtavetbbactersp. DG879

to be supportings. catenatunsingle batch culture growth for what | believe to be
the longest period of time on record. Because of the tight linkage between growth
and cell concentration @. catenatumand Marinobactersp. DG879, and the abso-
lute requirement foMarinobactersp. DG879 folG. catenatungrowth in the labora-

tory (Bolch et al., 2004), it is possible that detectiootatenaturassociated bac-
teria such adarinobactersp. may facilitate early detection @f catenatunblooms.

The next step will be to confirm the presence and dynamiddaninobacter sp.
DG879 andAlcanivoraxsp. DG881 associated with naturally occurring bloon's.of

catenatum (Chapter 5).
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Chapter 5: Use of real-time PCR assays for detection @ymnodin-

ium catenatumgrowth-promoting bacteria in field samples

51 Introduction

Blooms of the paralytic shellfish toxin (PST) producing dinoflagel@ennodinium
catenatum have been occurring in Tasmanian waters since the 1980s (Hallegraeff et
al., 1989), and since then, the local shellfish industry has undergone a Shellfish Qual-
ity Assurance Program with farm closures due to elevated toxin levels in the shellfish

meat, causing financial loss to the industry.

Studies of bloom dynamics along with the discovery of extensive cyst beds in the
Derwent and Huon Estuaries (Bolch and Hallegraeff, 18a@yests that blooms are
autochthonous, i.e originating from within the area (Hallegraeff et al., 1BRE)ns

of G. catenatunhave beerassociated with a range of environmental variables, and
the study by Hallegraeff et al. (1995) suggests that blooms can only develop within
certain environmental constraints. These constraints include: 1) a seasonal tempera-
ture window from January to June where water temperatures must exceed 14°C for
initation and development of blooms; 2) extended periods of low wind stress main-
taining a calm stable water column; 3) the incidence of freshwater input after rainfall
contributing organic and inorganic growth factors, and; 4) the capaciB; ohte-
natumto vertically migrate. The relationship between wind data and water column
stability leading to bloom formation is however complex. Contrary to Hallegraeff et
al. (1995), the CSIRO Huon Estuary Study Team (2000) instead suggested that
strong winds may resuspend sediments from shallow regions of the estuaries and
thereby enhance resting cyst germination and subsequent blooms by increasing the
oxygen levels they are exposed to. Nevertheless, neither the findings of the CSIRO
Huon Estuary Study Team, nor those of Hallegraeff et al. (1995) were able to deter-
mine the factors or conditions that in some years sporadically appeared to be prohib-

iting the G. catenaturblooms.
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Successful prediction of algal blooms, in terms of location, magniture and duration,
would greatly assist in mitigating their effect on aquaculture industry; and by using
biogeochemical modeling, which examines the physical circulation of water coupled
with biotic and abiotic elements in the specific ecosystem, prediction of algal blooms
can be achieved to a certain degree (Wild-Allen et al., 2010). However, research has
shown that interactions between algae and bacteria play a significant role in the life
cycles of the algae (for reviews see Doucette, 1995; Doucette et al., 1998), but due to
the limited knowledge of these complex biological interactions, they are not yet be-
ing incorporated into models. By studying the relationship between algae and bacte-
ria, both in natural and laboratory systems, it should be possible to decipher the in-
teractions, making the biological models more robust, and, in turn, enhance the pre-
dictability of approaching bloom events.

Laboratory-grown cultures db. catenatum, initially isolated from Tasmanian wa-
ters, co-exist with complex marine bacterial communities that appear to support
growth of the dinoflagellate (Bolch et al., 2004). Within this community, two par-
ticular strains of bacteriadarinobactersp. DG879 and\canivoraxsp. DG881 are
capable of supporting the growth of the dinoflagellate in the absence of other bacteria
(Bolch et al., 2004; Green et al., 2004) suggesting that these bacteria may also play a
potentially important role in the naturally occurrid catenatumpopulations of
southeastern Tasmania. Using the qPCR approaches developed in Chapter 3, this
study examined the abundanceAdtanivoraxandMarinobactergenotypes associ-

ated with natural G. catenatupopulations in southern Tasmania.

5.2 Materials and methods

5.2.1 Field sampling

Water samples were collected from five different locations (Fig. 5.1). Hobart CSIRO
Wharf station in the Derwent Estuary was sampled weekly from October 2008 to
March 2009, then again between May 2009 and July 2009. Three replicates of both
surface water and net samples were taken at each sampling. Four other locations in
the D’Entrecasteaux Channel and Huon Estuary were sampled once (triplicate sam-
ples) (Port Esperancéd”May 2008, Deep Bay i6May 2008, Fleurtys Point 4
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May 2008, and Woodbridge 9May 2008), following notification ofs. catenatum
blooms from the Tasmanian Shellfish Quality Assurance Program (TSQAP) (Figs
5.1). Woodbridge was not part of the TSQAP sampling regime, but was sampled si-
multaneously with the Fleurtys Point station &S.acatenatunbloom was known to
move northwards through the D’Entrecasteaux Channel at the time (A. Turnbull,

Pers. comm.)

Woodbridge
Fleurtys Point

Derwent
Estuary

[ 43720

D’Entrecasteaux Channel

Huon Estuary

L 5 1% 15

| | 1
Kilometers

147°00" 1477 20" 147°40°

Figure 5.1 Sites sampled in southeastern Tasmania, Australia used in the current study

At each site, water samples for general algal species identification were collected us-
ing both a 10um mesh, 22 cm diameter plankton net with attached 50 mL collection
container from approx. 5 metres depth, while whole water samples for algal and as-
sociated bacterial enumeration were taken from the surface (top 2 meters) using a
bucket. All samples were collected at between 10 and 11am. The samples collected
by TSQAP (Fig 5.3), were all collected as 10m integrated samples, giving 3 repli-
cates each of 1.5 L, and all collected between 10am and 3pm.
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5.2.2 Sample preparation and filtration and cell counts

To get a general overview of the dominant species compaosition, triplicate plankton
net samples (10 um mesh size) were scanned in 10 mL Petri dishes using a Leitz
Labovert FS microscope (200x magnification). Cell counts on the whole water sam-
ples were carried out in triplicates on 10 mL Lugol’s iodine preserved whole water
samples (Throndsen, 1978) which had previously been concentrated to 1 mL volume
using the Utermohl settling method (Uterméhl 1931). Counts were carried out using
a Sedgwick-Rafter counting chamber and examined with a Leitz Labovert FS micro-
scope at 200x magnification. Samples from TSQAP were analysed by Analytical
Services Tasmania (AST). Two samples were taken from each site, one was fixed
with Lugol’s iodine solution and one was untreated. The untreated sample was exam-
ined for species identification while the samples fixed with Lugol’s iodine solution
was concentrated ten times by settling using the Utermohl settling method then
counted at either 100x or 400x magnification, depending on what algal species were

present.

For bacterial enumeration, triplicate samples of 250 mL of whole water, was filtered
through 10 pm Nucleopotepolycarbonate filters to remove the algae, and the fil-
trate collected onto 0.2 um cellulose acetate filters (Whatjnand frozen at -20°C

untl DNA extraction.
5.2.3 DNA extraction, Real time PCR assay conditions and sequencing

Extraction of bacterial DNA from 0.2 um filters was carried out as described in
Chapter 3 section 3.2.2 and stored at -20 °C until the samples were prepared for
gPCR. Real time PCR assays were performed on an ABI 7500 Real time PCR system
(Applied Biosystems). The gPCR reactions were carried out in duplicates in 25 pL
volumes with reagents and concentration, including primer and probe sequences, as

described in Chapter 4, section 4.2.3.

The conditions for thermal cycling consisted of 1 cycle at 50 °C for 2 min, 1 cycle at
95 °Cfor 10 min, 40 cycles of 15 s at 95 °C followed by 1 min at 60 °C for annealing
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and extension. At the end of each gPCR cycle, fluorescence data was collected, and
the cycle threshold (€ line automatically calculated by the instrument. Bacterial
DNA concentrations were determined by comparison of the threshold cycle number
to the standard curves developed in Chapter 3 (sections 3.2.6 and 3.3.3).

In order to determine the dominant sequences in the bacterial abundance peaks, posi-
tive gPCR products were sequenced using primers described in Chapter 3, section
3.2.3, andABI-Prism ‘BigDye’ terminator chemistry (Applied Bsgstems, USA)
according to manufacturer’s standard protocols. The sequences werdethiged

by comparison with bacterial DNA sequences available on the NCBI GenBank da-

tabase.

5.2.4 Statistical analysis

Regression statistics (Microsoft Excel) were used to investigate the correlation be-
tween algal and bacterial cells. Significant differences between sampling sites were
compared using one-way ANOVA with Tukey’s post hoc tests in the statistical soft-

ware R, Version 2.9.0.

53 Results

5.3.1 Samples from CSIRO Whrf Station

Figure 5.2 shows the abundanceMdrinobactersp. andAlcanivoraxsp. (detected
by the qPCR assays) in comparison to total phytoplankton, dinoflagellates, diatoms

and G. catenaturabundance from samples collected at the CSIRO Wharf Station.
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Figure 5.2 MarinobacterandAlcanivoraxabundance detected by the gPCR assays in comparison to
total phytoplankton, dinoflagellates, diatoms @gmnodinium catenaturmbundance from samples
collected at the Hobart CSIRO Wharf Station in October 2008 and July 2009. Error bars showing
standard error, n = 3

There was no clear correlation between bacterial and total phytoplankton numbers
over the study period (Fig. 5.2). Total phytoplankton abundance declined from late
October 2008 until mid January 2009 (from an average of 290 to 50 cefiover

the period, dominated by dinoflagellates) after which a peak in cell abundance
(dominated by diatoms) was found between mid January and early March 2009,
reaching peak densities of approximately 1200 cell§-.nflhe phytoplankton com-
postion was dominated by either dinoflagellates or diatoms depending on the time of
sampling. Dinoflagellates showed highest abundance (approx 250 céljsonisist-

ing mainly ofCeratium tripos C. furca, andC. fusu$ in late October 2008, which

was followed by a slow decrease over the following 3 months, and with a smaller
peak (of approximately 20 cells nfLmainly Gymnodinium catenatummoted on the

3 of June 2009. From mid January 2009, diatoms increased from close to zero to a
peak of 1100 cells mt in late February 2009, and this was followed by a 3 month

decline in cell numbers, bringing the diatoms down to <5 cells' mter the follow-
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ingmonths. The diatom population consisted almost entireBkeietonema spp. and

Pseudonitzschia spp., with a smaller amount (<5%) of Chaetosppos

Starting on the "8 of March 2009G. catenaturmumbers increased from 0 to 17 000
cells L%, reaching the peak density on theé"2f May, which was followed by a
rapid decline. A second increaseGf catenatuncells (approx. 10 000 cells*) also
started shortly after the end of this study in late July (I. Jameson, pers. comm.). The
bacteria detected by thcanivoraxsp. probe slowly increased (as calculated from
the probe detection) over the course of almost 3 months, from late November 2008
until mid February 2009, peaking at approximatel§ délls mL* between 2 of
February to 10 of March 2009, and followed by a second increasaléanivorax

sp. cell abundance in mid July 2009. The bacteria detected bjatieobactersp.

probe showed a peak in cell abundance between mid May and early June 2009, dur-
ing which, the bacterial abundance increased from ~6.6 x200 x18 cells mL™.

This was followed by a smaller peak betweel! 48d 24' of June and another start-

ing on the 8 of July.

Sequencing of gPCR products from the bacterial abundance peaks off' thieh2gy

and 16" of July showed the DNA to be dominated by a bacterium closely resembling
the unculturedMarinobactersp. clone I3K-289ITS4 (99 % sequence resemblance in
the NCBI GenBank), followed by othévarinobacter sp. clone strains. The PCR
products from the 18 of February were dominated by bacteria resembRogeo-
bactersp. DG794 (98 % sequence resemblance) @wyhachococcusp. (98 % se-
guence resemblance). This demonstrated that the probe was not species-specific to
Alcanivoraxsp. DG881. The use of the gPCR assay for detectidicahivoraxsp.

was therefore terminated from this point on.

5.3.2 Bloom samples

The TSQAP sampling regime followed the changes in cell concentrati@n ¢ate-
natumbetween the 23 of March to 11 of July 2008 at Deep Bay, Fleurtys Point,
and Port Esperance (Fig. 5.3). TBe catenatunblooms from the three sites showed
different profiles in terms of cell abundance and life spans. The Deep Bay site dem-

onstrated both a slow increase and decrea&e oétenatuntasting from early April
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G. catenatum cells L™

to mid June with a maximum of 3400 cell$.IThe bloom at Fleurtys Point was only
established between $2and 27 of May reaching 3700 cell't, while the Port Es-
perance bloom reached cell densities of 27 000 céllsand covered the period mid
April to mid June (Fig. 5.3).

30000 -
—eo— Deep Bay
25000 - —.— FIeUrtyS Point
—a— Port Esperance
20000 -
Port Espegrance
4 May
15000 - l
10000 -
Deep Bay
16 May Fleurtys Point
24 May A
5000 -
0{e Be : :
23Mar  2Apr 12Apr 22Apr  2May 12May 22May 1Jun 11Jun  21Jun 1Jul 123ul

Figure 5.3 Changes in cell concentration @ymnodinium catenaturat the three sites Deep Bay,
Fleurtys Point, and Port Esperance between tffeo23varch to 11 of July 2008. Arrows indicate
when the samples for qPCR were collected from each site.

Figure 5.4 shows the correlation between all bloom samples (including the samples
from the Hobart CSIRO Wharf Station) with stage of the bloom cycle indicated by a
m for proliferating bloom orA for declining. No clear correlation was found be-
tween theG. catenatumand the bacteria (p=0.241, F=1.426=M.044, Df = 31).
When the blooms are plotted in regards to their stage of the bloom cycle (as prolifer-
ating or declining; Fig. 5.4) proliferating blooms appear to be associated to higher

bacterial numbers, however this is not significant (p= 0.099, F= 2.93, Df =24).
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Figure 5.4 Correlation of bacterial an@ymnodinium catenatumumbers detected by tivarinobac-

ter sp. gPCR assay from all sampling stations: Hobart CSIRO Wharf Station, Woodbridge, Fleurtys
Point, Deep Bay and Port Esperance. The colour of the marker indicates the locatiom, wwbile

cates proliferating and indicates declining bloom

The amount oMarinobactersp. cells peG. catenatuncell is plotted for all sam-

pling sites in Figure 5.5. There is no significant difference in bacterial abundance be-
tween the proliferating and declinifi® catenatuncells by the Hobart CSIRO Wharf
Station (p= 0.053581, F= 4.784228, Df = 11), but the bacterial abundance at the
Hobart CSIRO Wharf Station is significantly different to the rest of the sampling
sites. The three sampling sites in the D’Entrecasteaux Channel (Woodbridge,
Fleurtys Point, and Port Esperance) were not significantly different from each other
(p= 0.15, F= 2.14, Df = 17), while the Deep Bay site in the Huon Estuary was sig-
nificantly different from the rest of the D’Entrecasteaux sampling sites (p= 0.046, F=
5.17, Df= 23)
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Figure 5.5 Comparison of the amount ®arinobactersp. perGymnodinium catenaturcell* be-

tween proliferating and declining blooms at the different sampling stations. Subscripts indicate sig-
nificant differences; superscripts with the same letter are not significantly different. Error bars indicate
SE,n=6.

5.4 Discussion

Detection and enumeration of bacteria from field samples can be challenging. The
pure complexity of the natural environment, where naturally occurring phytoplank-
ton communities commonly co-exist with 10s to 100s of different bacterial types
(e.g. Groben et al., 2000; Alavi, et al., 2001; Green et al., 2004), create a situation
where the detection and enumeration of a single species requires highly specific real-
time PCR probes. The probes used in this study were originally developed for detec-
tion of Marinobacter sp. DG879 andilcanivoraxsp. DG881 in laboratory-grown
cultures ofGymnodinium catenatunbut were shown to be capable of non-specific
amplification (Chapter 3). This non-specific amplification, however, only occurred
very late in the qPCR cycles (around cycle 30), so was therefore only going to be
significant if the target group was at very low abundance (i.e. when the Ct ap-
proaches cycle 30), and the effect of the non-specific secondary products on the total

cell concentration would theoretically be very small. However, after sequencing
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analysis of the positive qPCR products from the two bacterial ‘peaks’ on thef 16
February Alcanivoraxsp. assay) and 20of May (Marinobactersp. assay) thal-
canivoraxsp. assay was shown to be amplifying non-target organisms, rendering it
inadequate for detection éficanivoraxsp. in field samples, and demonstrating the

importance of accurate validation of the assays before use.
5.4.1 Samples from Hobart CSIRO Wharf Station

The peaks irMarinobacter sp. abundance appearing just prior to the bloor.of
catenatum at the Hoabrt CSIRO Wharf Station on thedMay, and then again on

the 16" of July, suggested thaarinobactersp. possibly could be involved in the
onset of the twds. catenatunblooms. Other studies have fouli&rinobactersp. to

be part of the bacterial community associated with dinoflagellate blooms: analysis of
the bacterial population associated with a bloonhin§ulodinium polyedrundem-
onstrated the presenceMarinobactersp. in the free-living fraction of the bacterial
population (Fandino et al., 2001), and an early study by Ogata et al. (1989) found a
bacterium, PCOB-2, was associated with a bloorAlekandrium cohorticula. This
strain was subsequently recognized as belonging tM#nmobactersp. (M. hydro-
carbonoclasticusgroup, GenBank accession AJ000647). So far, studies on algal-
Marinobacter associations from dinoflagellate blooms are limited, while investiga-
tions from laboratory cultures are more frequent. Jasti et al. (2005) showed a close
relative of Marinobacter sp. PCOB-2 (100% sequence similarity) be associated

with a range of phytoplankton suchAgxandrium tamarensé. fundyenseScripp-

siella sp. and’seudopedinella elastica, while Hold et al. (2001) found a relative of
Marinobacter aquaeolein A. tamarensgA. lucitanicum and S. trochoidea(Fig.

5.6). Another culture study, by Alavi et al. (2001), suggests that a relatMe lof-
drocarbonoclasticusfound to be in association withRfiesteria piscicida, may be
mediating the toxicity of these dinoflagellates based on the assumptidvighao-

bacter sp. can utilise dinoflagellate secondary metabolites as carbon and energy
sources, while these metabolites also can serve as chemical precursors of certain

dinoflagellate toxins.
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57 AF 190218 (Alavi et al., 2001)
F{M&n’nobacter hydrocarbonociasticls

Warinohacter aquasolel

L{AF 173969 (Hold et al., 2001)
36 1 A) 000R47 (Strain from Ogata et al., 1983)

Alcanivarax sp. SK2

0.z

Figure 5.6 Phylogenetic tree of 16S rRNA gene sequences fromigramobacter hydrocarbonoclas-
ticus and M. aquaeoleiwith their related strains. Distances were calculated using the maximum-
likelihood method, and the tree was constructed using the neighbour-joining nmstitendvoraxsp.

SK2 was used as out-group.

Population dynamics of phytoplankton blooms are governed by a range of complex
interactions, and in the case of bacterial effect on these dynamics, growth rate and
mortality of the algae may be affected by the interactions between the algae and bac-
teria. Similar to this study, Furuki and Kobayashi (1991) presented data suggesting
that the presence of a bacterial assemblage was promoting the gradthtmnella
antiqua on regular 5-year intervals, and earlier work by Riquelme et al. (1987; in Fu-
kami et al., 1997) observed that high densities of the bacté&ssmdomonasp. 022
appeared just prior to a bloom of the diatdsterionella glacialisIn the case oA.
glacialis, further studies (Riquelme et al., 1988 in Fukami et al., 1997) revealed that
the growth factor produced by Pseudomosias022 was a glycoprotein. The identity

of the growth stimulant is in most cases unknown, although a few suggestions have
been brought forward. Iwasaki (1979) found that kinetin, one of the hormones of the
cytokinin group accelerated growth @f antiqua, and later studies by Takahashi and
Fukazawa (1982) and Maruyama et al. (1986) suggested cytokinin to be a possible
growth-promoting substance after studies on formation of red tides in Tanigawa har-

bour, Japan.

5.4.2 Gymnodinium catenatunbloom samples

The lack of correlation betwedB. catenatumand Marinobacter sp. abundance in

the G. catenatumbloom samples could be a result of numerous factors. Shifts in
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composition and abundance of the bacterial community over the progression of
phytoplankton blooms are well documented (e.g. Fukami et al., 1981; Romalde et al.,
1990; Fukami et al., 1991; Fandino et al., 2001). The bloom samples examined in
this study were taken at different phases of bloom development and decline. The bac-
terial community composition may have changed, however, and as total bacterial
abundance was not measured it is difficult to ascertain whbtagnobactersp. is

simply increasing in abundance along with total bacterial abundance, or is increasing

or decreasing as a proportion of the total bacterial abundance.

Although no significant difference was found between proliferating and declining
blooms in terms of bacterial numbers, the high bacterial load per G. cateretum

the samples Hobart CSIRO Wharf Station makes for an interesting observation. A
possible explanation could be the proximity to sewage and run off from the city of
Hobart (population of 204 000 people including large industrial areas) in comparison
to the other four sites which are only affected by rural communities. However, nutri-
ent data from previous studies of the areas suggest that there is little variation be-
tween the sites in terms of nitrates and phosphates. The Derwent Estuary Program
(Whitehead et al., 2010) found phosphate and nitrate, in June 2004, to reach concen-
trations of 12ug/L and 30ug/L, respectively, adjacent to the Hobart CSIROistat

while during the same time, the D’Entrecasteaux Channel showed an average con-
centration of 13ug/L phosphate and 4@g/L nitrate (Volkman et al., 2009). Addi-
tionally to nitrates and phosphates, there is a large possibility that other macro- or
micro nutrients are involved in controlling the bacterial growth dynamics, although
as research on these have been made at different times of the year, they cannot be

compared.

Studies on hydrocarbons have not been made in either of the Huon Estuary, the
D’Entrecasteaux Channel, or the Derwent Estuary, thereby not making a comparison
possible between the sites. However, it appears likely that there would be a higher
amount of hydrocarbons in the Derwent Estuary, considering the highly boat-
trafficated region and land run-off (E. Butler, pers. comm.), suggesting that the
higher Marinobactersp. load could be a result of hydrocarbon pollution in the re-
gion. The Huon Estuary (Deep Bay) has a higher level of dissolved organic carbon
(DOC 10-15 mg [}) in comparison to the Derwent Estuary (Hobart CSIRO Wharf
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Station; DOC 2-8 mg t) (Butler et al., 2000), suggesting that, contrary to the results

from this study, the Deep Bay station would have a higher bacterial load.

The diversity of the blooms could also possibly play a role. The blooms in the Huon
Estuary and in the D’Entrecasteaux Channel were monospecific; while duri@g the
catenatum bloom at the Hobart CSIRO Wharf Station, there were also other
dinoflagellates Ceratiumfurca, C. triposandC. fusu$ present. Dinoflagellates are
known to have a similar composition of associated bacteria (e.g. Alavi et al., 2001;
Hold et al., 2001; Green et al., 2004); possibly suggesting that the higher bacterial
load at the Hobart CSIRO Wharf Station could be a result of the higher number of
dinoflagellates at the location. The phytoplankton species composition of the Der-
went Estuary is also more diverse than the Huon Estuary (Hallegraeff and West-
wood, 1994; Jameson and Hallegraeff, 1994), hypothetically allowing for a larger

bacterial population.

Conclusion

Although more research is required in order to establish the relationships, the close
interactions found in laboratory cultures Gf catenatumand Marinobacter sp.
DG879 (Chapter 4), coupled with the primary results from this environmental study,
suggest thamarinobactersp. DG879 possibly can serve as indicator-specie& for
catenatum in Tasmanian waters. This study folMtagtinobactersp. at all sites ex-
periencingG. catenatunblooms, and th&arinobacterabundance peak seen prior to
the G. catenatunbloom at the CSIRO wharf station, suggédesinobactercould be

a pre-requisite fos. catenatunbloom formation. By deciphering the complex web

of interactions that are occurring in the marine environment, biological models can
then consecutively be made more robust, and in turn enhance predictability of bloom

events.
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Chapter 6: The effect of bacteria on the toxin production ofSymno-

dinium catenatum

6.1 Introduction

Algal-bacterial interactions can influence micro&lgbpom dynamics in a variety of
ways (for review see Doucette, 1998). One facet of the association is the role played
by bacteria in the production of phycotoxins usually attributed to harmful microalgal
species. The theory of a bacterial origin of paralytic shellfish toxins (PSTs) was first
suggested by Silva (1982) due primarily to the occurrence of bacteria-like particles
within dinoflagellate cells. Subsequently, a PST-producing intracellular bacterium
Moraxella sp. was isolated frodlexandriumtamarensg Kodama et al, 1988) and
bacteria were later observed within the dinoflagellate nucleus (Kodama et al.,
1990a).

There is evidence to suggest a role of bacteria in phycotoxin production. This in-
cludes: (1) the ability of bacteria to either enhance or decrease toxin production of
dinoflagellates (e.g. Hold et al., 2001), (2) phylogenetically diverse organisms have
been shown to produce the same toxic compounds (Gallacher and Smith, 1999), (3)
there can be a substantial variation in toxicity within an algal species (Kim et al.,
1993), (4) the occurrence of toxic events in the apparent absence of algal blooms
(Kodama et al, 1990b), and (5), the production of phycotoxin-like compounds (e.g.
tetrodotoxin) by bacteria occurring in organisms previously considered to be the
source of the toxin (Gallacher et al., 1996).

On the other hand, several studies have indicated that axenic dinoflagellate cultures
can retain the ability to produce toxins at levels similar to those of non-axenic cul-
tures (e.g. Kim et al., 1993; Dantzer and Levin, 1997, and Uribe and Espejo, 2003).
In fact, some axenic cultures are more prolific producer of PSTs, Singh et al. (1982)
demonstrating that bacteria may not be influencing toxin production. There is also

evidence suggesting that bacteria can be indirectly involved in phycotoxin produc-
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tion. For example, indirect enhancement of algal toxin yields by bacteria that them-
selves are not considered to be toxigenic, has been demonstrated in the domoic acid
(DA) producing diatonPseudo-nitzschia multiseri¢Bates et al., 1995), suggesting

that bacteria, although not essential for the synthesis of DA production, profoundly
influences the production by the algae. Since the effects were observed with bacteria
isolated from a non-toxic diatom, and none of the bacteria were shown to be able to
produce DA, the enhanced toxicity likely results from a more indirect contribution
such as DA precursor molecules. A similar case of positive influence of bacteria on
phycotoxin production was shown by Tosteson et al. (1986), where peak toxicities in
cultures of the ciguatoxic dinoflagella@streopsis lenticularisvere positively re-

lated to the abundance of the non-toxic bacteriNimeardia sp. Bacterial biotrans-
formation of PSTs is another potential mechanism by which these organisms may
influence dinoflagellate toxicity. PST consists of saxitoxin (STX) and at least 22 de-
rivatives (See Chapter 1, section 1.3.4), where each derivative has its own potency,
with some being more toxic than others (Shimizu, 1993). In early reports by Kotaki
et al. (1985a and b), marine bacteria were demonstrated to be capable of inter-
converting the PST neurotoxins, and more recently Smith et al. (2001) demonstrated
that bacteria isolated from a variety of shellfish possess the capacity to carry out

side-chain modifications of PST.

Gymnodinium catenatuims a well-known PST producer, and is the only unarmoured
dinoflagellate known to produce these toxins. Dinoflagellates can have bacteria tran-
siently present (fleeting association) or persistently associated (assumed symbionts),
where the persistently associated bacteria that are specific to dinoflagellates would be
the most likely candidates to be either toxin producers or to have an effect on the
toxin production of the dinoflagellate (Pérez-Guzman et al., 2008%.Amtenatum

has been shown to have very close interactions withytmmteobacteriaMarino-
bactersp. DG879 andlcanivoraxsp. DG881, each of which have been shown to be
essential for survival and growth (Bolch et al., 2004). The strict requirement of these
strains forG. catenatunraises the possibility that the two bacteria may also influ-

ence aspects of toxin production by G. catenatum

This study aimed to investigate the potential effect8lafinobactersp. DG879 and

Alcanivoraxsp. DG881 on the toxin production @f catenatumin order to achieve

137



Chapter 6: Effect of bacteria on G. catenatum toxicity

this, uni-bacterial cultures @b. catenatunwere first established from resting cysts
with different bacteria added, then the toxicity of the cultures was established using
high pressure liquid chromatography (HPLC). The uni-bacterial cultures were then
compared with the two non-axenic par€htcatenatunstrains with mixed-bacterial

communities.

6.2 Materials and Methods

6.2.1 Algal and bacterial cultures

The pre-experimentdb. catenatunctultures (Table 6.1) were maintained in 50 mL
Erlenmeyer flasks in approx. 40 mL GSe medium (Blackburn et al., 2001, Appendix
1) at 18 °C, 65 pmol PAR frsec', and with an 18:6h light: dark light regime from
cool-white fluorescent lights. All cultures were transferred at three week intervals,
and handled aseptically to prevent cross-contamination and bacterial contamination
of the cultures. Both bacterial specibarinobactersp. DG879 andlcanivoraxsp.
DG881 were maintained on ZoBell Marine (ZM1) agar (Zobell, 1941; Appendix 2)
at 20 °C in total darkness. Transfers were made every 2 weeks.

The experimentals. catenatuntultures (see section 6.2.3) were maintained in 175
mL Erlenmeyer flasks under the same light and temperature conditions as outlined
above.

6.2.2 Production of resting cysts and unibacterial cultures

In order to produce resting cysts ®f catenatumthe two toxin-producing, Tasma-

nian strains, GCDEO6 and GCLVO01 (see Appendix 3 for more information), pro-
vided by the Australian National Algae Culture Collection (ANACC- formerly
known as the CSIRO Collection of Living Microalgae, www.cmar.csiro.au/ microal-
gae) were crossed. Cyst production was based on the techniques described in section
2.2.2. Resting cysts were harvested by micropipetting after approximately 3 weeks,
and were then washed and surface-sterilised usui@ Bolch and Hallegraeff,

1993) (refer to section2.2.5 of Chapter 2). Successful surface-sterilisati@s
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checked by spread-plating 10 pL of the sterilised sample onto ZM1 agar which was
incubated at 24 °C for 4 days. If bacterial growth was seen after incubation, the me-

dia and cysts were discarded.

Ten to fifteen sterilised cysts were placed using micropipette in 35 mm diameter ster-
ile polystyrene Petri dishes containing 10 mL GSe medium, and to which different
bacterial communities were aseptically added: (1) RMagnobactersp. DG879 (1

mL of 1C cells mLY); (2) pureAlcanivoraxsp. DG881 (1 ml of 1cells mLY); (3) 1

mL of a 5 um bacterial filtrate from th®. catenatum culture DEO6; (4) 1 mL of a 5

um bacterial filtrate from th&. catenatum culture LVO1; and (5) a positive control
with cysts unsterilized and allowed to excyst with a ‘normal’ multi-bacterial commu-
nity. A negative control contained sterile cysts and sterile filtered (0.2spawater
without bacteria added. A3. catenatuntannot be grown axenically, axenic cultures

were not included in the study.

After the excystment of resting cysts, cultures of either uni-bacterial or multi-
bacterialG. catenatunwere established from single cells or chains to produce clonal
cultures. The original cultures were diluted with sterile GSe medium to a concentra-
tion of approximately 1 cell or a single chain of cellst{R-8 cells long), and from
there, 1 mL was transferred to each of the wells of a 24-multiwell plate containing 2
mL sterile GSe medium. By using a Leitz Labovert FS inverted microscope (200x
magnification), wells shown to contain only one cell or cell chain were labelled and
the plate incubated under the culture conditions previously described for 1 week.
Clonal cultures were established from the labelled wells, transferred into 50 mL Er-
lenmeyer flasks containing 25 mL fresh GSe medium and when sufficient cell con-
centration was achieved these were transferred to 50 mL flasks containing 40 mL
GSe medium Five clonal cultures from each bacterial treatmegether with 5
clonal cultures of each of the two paréhtcatenatuncultures made up the 7 treat-
ments used in this study (Table 6.1).

To determine the period of logarithmic-phase growth under experimental conditions,

all cultures were grown under identical conditions for 50 days prior to the experi-

ment, and growth examined using cell counts (Fig. 6.1). All cultures were subse-
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quently harvested at Day 0 and at Day 25 which corresponded to late-logarithmic

phase.

Table 6.1Summary of establishgdymnodinium catenaturbacterial cultures used in this study

Culture name G. catenatundetails Bacterial addition
DEO06 G. catenatunstrain GCDEO06 ---
LvOo1 G. catenatunstrain GCLVO01 ---
Gc/Mar Cyst derived from DEO06 x LVOL1 strain cross Marinobactersp. DG879
Gc/Alc Cyst derived from DE06 x LVOL1 strain cross Alcanivoraxsp. DG881
DEOG filtrate Cyst derived from DE06 x LVO1 strain cross Bacterial filtrate from DEO6
LVO1 filtrate Cyst derived from DE06 x LVO1 strain cross Bacterial filtrate from LV01
Positive control Cyst derived from DE06 x LVO1 strain cross Non-sterilised, natural

bacterial assemblage

6.2.3 Sample preparation for toxin analysis

At the initiation of the experiment (Day 0), 10 mL of the established cultures in late
logarithmic growth phase were each inoculated into 150 mL of sterile GSe medium,
5 replicates of each. Cell counts were conducted on the inoculum culture (Leitz
Labovert FS microscope, 200x magnification) and 100 mL of the culture filtered
through precombusted (400 °C, 4 h) 47 mm GF/C (Whatman) filters, placed in 15
mL screw-cap polycarbonate centrifuge tubes containing 5 mL of 0.05 M acetic acid,
and frozen at -20 °C until toxin analysis could be completed. At late-logarithmic
phase, (Day 25, determined from earlier studies), a 5 mL cell count sample was taken
from each culture and 100 mL of culture filtered as described above and frozen at -20

°C until toxin analysis was carried out.
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6.2.4 Calculations and statistics

Specific growth rategu) of the cultures from Day 0 to Day 25 were calculated over

the exponential growth phase (Day 0 to Day 25) using the equation:

b=1In (N2 /N1)/ (2 - t1) (1)

whereN1 andN2 = cell concentration at time fil} and time 2t@) respectively (Le-
vasseur et al.,, 1993), divisions per day can then be calculated once the specific

growth rate is known using:
Div. day p / Ln2 (2)

The specific toxin production rajg.x beween Day 0 and 25 was calculated using
similar equations as described by Anderson et al. (1990). STX content of cells was
determined at Day 0 and at Day 25 using HPLC analysis (fmaf)aeiid multiplied

by N (cell concentration at time to yield T, the total toxin concentration (fmol STX
mL™ culture) at timet. Toxin concentrations (fmol STX mti) at Day 0 were calcu-
lated from the STX content (fmol c¢&)lof the inocula and included a correction for a

10 nL into 160 mL dilution after inoculation.

Values ofT were then used instead of cell concentratims equation 1 to calculate

HioxOVer each interval:

M= 1IN (T2 / To) 1 (- 1) 3

The net toxin production ratex (fmol toxin cell* d*) was determined using the
equation:
ol (T2 = To) 1 (\') (41)) 4)

where N' is thén average of the cell concentration:

NN(= Np) / (In Np) — (In Ny) )

141



Chapter 6: Effect of bacteria on G. catenatum toxicity

and4t (=t —t;) the interval between Day 0 and Day 25. It is necessary to use the
average concentrations because the dinoflagellate is growing exponentially between
to and t, andln therefore accounts for the fact that more cells will produce toxin at a higher

rate (Anderson et al., 1990).

Regression statistics were used to investigate the correlation between the specific
toxin production rate and algal growth rate, and significant differences between toxin
production of the treatments and controls were compared using one-way ANOVA
with Tukey’s post hoc tests in the statistical software R, Version 2.9.0. Cluster analy-
sis and subsequent similarity analysfsthe toxin profiles was based on Euclidean
distance resemblance calculated on standardised data, with a UPGMA algorithm
(unweighted pair-grouping averaging), using Primer Version 6. Primer-E (Plymouth,
UK). The toxin profile data was standardised because the variances of GTX1+4 and
GTX2+3 are much smaller than the other toxin fractions, and would have almost no
influence on the cluster analysis. By standardising the data all toxin fractions are al-

lowed to make an equal contribution to the cluster analysis.

6.2.5 HPLC analysis

While still in the tubes containing 5 mL of 0.05 M Acetic acid, the filters were soni-
cated for 30s on ice several times using an ultrasonic cell disruptor (150W, 5 mm
probe). The tubes were then centrifuged at 5000 x g for 5 min and the supernatants
filtered to 0.45 um then frozen at -20°C until analysis. PSTs including C-toxins,
gonyautoxins (GTX) and the hydroxybenzoate (GC) toxins were analysed by HPLC
using the methods of Negri and Jones (1995) and Negri et al. (2003). Briefly, toxins
were separated using a Waters 600 HPLC, with post-column reactor (Pickering PCX
5100) using a 5 pm, 250 mm x 4.6 mm Alltima ODS column (Alltech, IL, USA)
with a flow rate of 0.8 mL minh. Post-column oxidation was performed according to
the method of Oshima et al. (1993). Derivative PST fluorescence was detected with a
Linear LC305 spectrofluorometric detector (excitation at 330 nm and emission at 290
nm). The retention times and fluorescent intensity of the PSTs were compared with
PST standards (NRC, Canada) and identity of PST compounds confirmed by sample
spiking experiments and removing post-column oxidation and observing the disap-

pearance of peaks. The quantification of toxins was achieved by comparing peak ar-
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eas with those of authentic standards and combining this data with cell counts from

the time of harvest then converting to total PSTs (fmol) per cell.

6.3 Results

6.3.1 Growth of cultures

All cultures, with the exception of LVO1, showed growth curves typicdb.otate-
natumover the 50 day growth period (Blackburn et al., 1989; 2001) (Fig. 6.1). LVO1
grew more slowly than the other cultures with a slow increase in cell numbers be-
tween days 5 and 45 only declining slightly on the last day of sampling. There was
however no significant difference between the different growth rates (p = 0.092, F =
1.96, Df = 6). The inoculum of LVO1 was one order of magnitude lower then the rest
of the cultures, a result of a pre-experimental culture in poor health. These results of
slow growth are also reflected in the rate of divisions'd@able 6.2) where LVO1

has the lowest rate (0.10 div. d3y while G. catenatunwith addedAlcanivoraxsp.
DG881 (Gc/Alc) reached the highest rate of 0.18 div:'day

——DEO06
100000 -
—=— V01
—a— Gc/Mar
— -
E 10000 —a— Gc/Alc
© s »— DEOS filtrate
[}
o 1000 - —e— LVOL1 filtrate
S —e— Positive control
©
c 100 -
g
©
o
O 10 A
1 T T T T T
0 10 20 30 40 50

Time (days)

Figure 6.1 Growth of the establishe@ymnodinium catenaturcultures over a 50 day period. N = 5
+/- SE
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Table 6.2 Mean logarithmic growth rate and divisions dayf Gymnodinium catenaturtbetween
Day 0 and 25) when grown with different microbial communities. Standard error shown in brackets.

Culture Growth rate (K) Divisions day"
=In (N2 /N1) / (2 - t1) = K'/In2
(+SE) (+SE)

DEO6

LVvO1
Gc/Mar
Gcl/Alc
DEOG filtrate
LVO1 filtrate

Positive control

0.11(+0.005)
0.07( +0.006)
0.09(+0.004)
0.13( +0.008)
0.10( +0.005)
0.08( +0.004)
0.08( +0.006)

0.16( +0.008)
0.10( +0.010)
0.13( £0.006)
0.18(+0.012)
0.15( +0.007)
0.12( +0.005)
0.11( £0.009)

6.3.2 Toxin analysis

The analyses of total toxin content per cell at day O (inoculation) and day 25 (har-
vest) showed some variation between the treatments, however, in 5 of 7 treatments,
toxin content per cell increased during the study (Fig. 6.2). Table 6.3 provides a
summary of the statistical analysis with the significant differences (p < 0.05) in bold.
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Figure 6.2 Changes in toxicity from inoculation at Day O to harvest at Day 25. Superscripts indicate
significant differences (p<0.05), means with the same letter are not significantly different. Error bars

+/- SE, n=5

Table 6.3Summary of pair wise significant differences in toxin content'a@llGymnodinium cate-
natum cultures grown with different microbial communities among treatments (one-way ANOVA
with Tukey’s Post hoc test), from inoculation at Day 0 to harvest at Day 25. Upper number = Day 0,
bottom number = Day 25. F = 5.19 and Df = 6 for all samples at Day 0. F = 4.05 and Df = 6 for all
samples at Day 25. Significant differences (p < 0.05) between treatments in bold.

DEO6

LvO1

Gc/Mar

Gc/Alc

DEOG6 filtrate

LVO1 filtrate

Positive control

DEO6 LVO01 Positive
DEO6 LVO1 Gc/Mar Gc/Alc - -
filtrate filtrate control
0.915 0.016 0.377 0.999 0.985 0.995
0.475 0.013 0.057 0.998 0.194 0.043
0.192 0.954 0.797 0.495 0.591
0.559 0.898 0.771 0.997 0.849
0.723 0.008 0.002 0.003
0.995 0.042 0.878 0.998
0.243 0.093 0.128
0.157 0.996 1.000
0.998 0.999
0.422 0.124
0.999
0.991
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There was no significant overall correlation of cellular toxin content (fmof)catid
the growth rates of thé. catenatuntultures (R = 0.10, p = 0.06, F = 3.68, Df = 34)
(Fig. 6.3); however, clustering due to strain type was evident.

300 -
& DEO6
o 250 - ° o = LVO01
(:\ ®e A Gc/Mar
®©
o ~ 200 - L X ’0 . ¢ A A Gc/Ale
© = .
- O A A ¢ DEO6 filtrate
% 10 . &Ko |
2 g AA e LVO1 filtrate
S £ 100 A ® ACA # Positive control
c
=
o
= 50 -
0 T T T T 1
0 0.05 0.1 0.15 0.2 0.25

Growth rate (Div. day™)

Figure 6.3 Correlation between toxin content per cell at Day 25 (fmol‘galhd growth rate (div.day
Y in each of the 35 cultures.

The specific toxin production rates (fmol dyaried both between the treatments
and within the treatments, with the rate of toxin production varying between 0.004
and 0.165 fmol day (Fig. 6.4). ANOVA showed significant differences between the
different treatments (p = 0.0003, F = 6.35, Df =34), and a summary of the Tukey’s
post hoc test is shown in Table 6.4.
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Figure 6.4 Specific toxin production rate (fmol day-1) between Day 0 and Day ZByofnodinium
catenatumgrown with different bacterial communities. Superscripts indicate significant differences
(p<0.05), means with the same letter are not significantly different.

Table 6.4Summary of pair wise significant differences in sfied¢dxin production ofGymnodinium
catenatunrcultures grown with different microbial communities among treatments (one-way ANOVA
with Tukey’s Post hoc test), from inoculation at Day 0 to harvest at Day 25. Significant differences (p
< 0.05) between treatments in bold. P = 8.11 and Df = 9 for all samples.

DEO6  LVO1  GcMar  Gc/Alc DEO0S Lvo1 Positive
filtrate filtrate control

DEOG <0.001 0.199 0.521 <0.001 0.300 0.003
LvO1 0.146 0.003 0.961 0.046 0.508
Ge/Mar 0.129 0.121 0.709 0.088
Gcl/Alc 0.001 0.184 0.004
DEOG filtrate 0.029 0.440
LVO1 filtrate 0.033
Positive control
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There is a clear correlation between the specific rates of toxin production and the
growth rates of the cultures between days 0 and 25 R82, p = <0.001, Df = 34).

The highest mean growth rate and highest mean specific toxin production rate was
shown by theG. catenatuncultures grown withAlcanivoraxsp. DG881 (Gc/Alc),
although not significantly different from cultures DE06, G¢/Mar and LVO1 filtrate
(Fig. 6.5).

R?=0.82
& DEO6
0.3 -
| LV01l
® A A Gc/Mar
= 0.25 | A egata A Ge/Ale
S Y A © DEO6 filtrate
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80 0.2 1 = o @ Positive control
c © L] )
= £ 3 A ©
8=
2 = °
S 0.15 M
o
)
0.1 T T T T 1
0 0.05 0.1 0.15 0.2 0.25

Grow th rate (Div. day™?)

Figure 6.5 The relationship between growth rate (div. day-1) and specific toxin production rate (fmol
day-1) of 35 cultures cdBymnodinium catenatuiin comparison to measured between day 0 and day
25.

The net rates of toxin production (fmol toxin ceflay®) and the growth rates of the
cultures showed a random pattern with no distinct correlations (Fig V@igjn the

same treatment, between Day 0 and Day 25, some cultures showed a positive per cell
toxin production while others were negative. Thecatenatuncultures grown with
Alcanivoraxsp. DG881, and cultures with mixed bacterial communities (DE06 and
LVO01), all had a positive net toxin production across all five replicates. One of the
five replicates grown with mixed bacterial filtrate from LVO1 showed negative toxin
production, while cultures grown witMarinobactersp. DG879 and DE06 mixed
bacterial filtrate had two of five replicates showing negative net toxin production.

Four of the five replicates grown with the bacteria associated with unsterilised rest-
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ing cysts (positive control), displayed a negative net toxin production over the time
period. There was no significant difference between the net production rates of the
different cultures (p=0.064, f = 2.44, Df = 6).

0.006 - #DE06
= mLVOl
0.004 A Gc/Mar
' E o ¢ A A Gc/Alc
o ¢
© DEOG filtrate
o 0.002 - ¢ o
g a . & A& e LVOL1 filtrate
= > 7] A L 4 .
53 SCA A ¢ Positive control
ST 0 ‘ o AT o ‘
g & 0.05 01 ®0.15 0.2 0.25
a £ @
£ 8 -0.002- o °
< =
S ©
g £
b4 -0.004 -
¢
-0.006 - ©
-0.008 - Growth rate (Div. day™)

Figure 6.6 The relationship between net toxin production rate per cell (fmol toxin cell-1 day-1) and
growth rate (div. day-1) for each of the 35 culturesGginnodinium catenaturim comparison to
measured between day 0 and day 25.

The toxin profiles for all treatments are shown in Figure 6.7 as means of triplicates.
As the proportion ofi-epimers often is very small and some interconverscex-
pected, the concentrations of epimer pairs were combined (an epimer is one of two
molecules that differ only in the spatial arrangement around a single carbon atom).
Toxin analysis revealed that tifieepimers (C2, C4, dcGTX3 and GC2) were the
dominant toxin species (Fig. 6.7a-d), and none of the analysed cultures contained de-
tectable concentrations of dcSTX, STX or GC3. The parent strains (DE06 and
LVO1) used for cyst production and to establish the cultures with different bacterial
communities, possessed different toxin profiles. Strain DE06 produced higher pro-
portions of C1+2 and GC1+2, while LVO1 produced a higher proportion of C3+4
(Figs 6.7a-c). The cultures of the four treatments Gc/Alc, DEO6 filtrate, LVO1 fil-

trate, and the positive control all showed similar toxin composition (Figs 6.7a-f),
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however Gc/Mar exhibited a lower proportion of C1+2 and C3+4 (Figs 6.7a, b), and
greater proportions of dcGTX2 + dcGTX3 at Day 25 (harvest) (Figs 6.7a, b, d and
6.8).

a b
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50 - 50 - b
a ad d d d
40 40 -
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20 - c 20
10 ~ 10 4 c
0 T 0 h I I - I I I I
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filtrate filtrate control filtrate filtrate control
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c d dcGTX 243
50 c
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30 1
b
20 ab a a a
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m B nnal
DEO6 LVOl Gc/Mar Gc/Alc DEO06  LVO1 Positve 0 ! ! ‘ ‘ ‘ ‘
filtrate filtrate control DEO6 LVO1 Gc/Mar Gc/Alc DE06  LVO1 Positive
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Figure 6.7 Profiles (mol %) of each toxin group identified from HPLC analysis on cultures at Day 25
(harvest), Error bars + SD. Superscripts indicate significant differences (p<0.05), means with the same
letter are not significantly different.

The different toxin composition of the cultures treated W#rinobactersp. DG879
(Gc/Mar) is clearly demonstrated in the chromatogram of the toxins of the positive
control cultures (that have a mixed natural bacterial assemblage) and Gc/Mar (Fig.
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6.8). The toxin C2 dominates the positive control cultures; however this toxin is only

a minor component in the Gec/Mar treatment (Fig. 6.8 b). The trend is reversed for

dcGTX3, a minor component of the positive control cultures but a major contributor

to the profiles of Ge/Mar cultures.
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Figure 6.8 HPLC chromatograms of (alymnodinium catenaturpositive control (DE06 x LVO01
cross with natural bacterial assemblage) and (b) with the additioviaohobacter sp. DG879

(Gc/Mar).

The similarity among the toxin profiles of the different treatments based on cluster

analysis of Euclidean distances show that cultures grown witManmobactersp.
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DG879 (Gc/Mar) and also parent culture LVO1 cluster as two separate groups, while

the remaining 25 cultures are interspersed (Fig. 6.9).
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Figure 6.9 Cluster analysis of toxin profiles of 3Bymnodinium catenatumultures grown with dif-
ferent microbial communities. Clustering based on Euclidean distances calculated from standardised
data of the PST fractions. For codes see Table 6.1.
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6.4 Discussion

6.4.1 Total amount of toxins in G. catenatum

In this study, across all analysed cultures, the total cellular toxin content varied be-
tween approximately 95 and 205 fmole ¢ellalues comparable to previous research
which indicated that the toxicity of vegetative cell¥fcatenatuntan vary consid-
erably, usually ranging between 10 — 250 fmole t@lg. Oshima et al., 1993; Negri

et al., 2001; 2007), depending on cell physiology, growth medium, isolation methods
and bloom location (e.g. Flynn et al., 1996; Negri et al., 2007).

This study also found that cyst-derived cultures produced a similar amount of cellu-
lar toxin to the non cyst-derived cultures. This is contrary to earlier studies which
have reported that cyst-derived cultures produce less toxin (Negri et al., 2001; Bolch
et al., 2001). The lower toxin content has been considered a response to the removal
of biological factors that are prevalent in the natural environment (i.e. bacteria, vi-
ruses and their biochemical influences) which may affect algal cell physiology and
PST production (e.g. Bolch et al., 2001; Uribe and Espejo, 2003). A possible reason
to why the cyst-derived cultures in this study (all but the DE06 and LVO1 parent cul-
tures) did not show a difference in total toxin content in comparison to the non-cyst
derived DEO6 and LVO1 may be because of the added bacterial cultures and the re-
sulting influence of this interaction on algal biochemistry (including toxin produc-
tion). This however does not explain why the positive control attained similar
amounts of total toxin per cell as there were no additional bacterial cultures or fil-
trates added to the cysts, and the only bacteria present would theoretically be the bac-
teria still attached to the outer cyst wall after washing. Bolch et al. (2001) found that
germination of washed cysts in the laboratory, resulted in strains with a significantly
reduced PST content (>40-fold reduction in STX Helind PST profile, however,

Bolch et al. (2001) used sonication as a step in the cyst isolation process, possibly
increasing the effectiveness of this washing step. The most likely reason behind the
comparably high toxin content of the positive control in the present study would
therefore be that surface-attached bacteria have persisted through germination and

early culture development, facilitating “normal” toxin biosynthesis.
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Another factor to consider is genetic variation. The positive control has, in theory,
the same kind of genetic combination of strains as the other treatments, so assuming
that genotype plays a role, the experimental cultures with the different bacterial as-
semblages could be expected to be more similar to each other, than to the two parent
strains (DEO6 and LV01). A study by Subramanian (2008) found that the bacterial
community can to some degree select the bacterial types that establish in a culture. In
which case, it would not be surprising if the genotypes established from the mixed
bacterial communities would be rather similar to each other, and quite distinct from
either DEO6 or LVO1. In terms of toxin content, the fact that there was not a lot of
difference among the treatments could indicate that the genotype is a stronger factor

in toxin production in comparison to the composition of the bacterial community.
6.4.2 Toxin production rate

Specific toxin production rates have not previously been reportefaratenatum
however, the values attained in this study are comparable to those found for another
dinoflagellate,Alexandrium fundyens@Anderson et al., 1990) where, like in this
study, a growth rate of 0.15 div. dagorresponds to a specific toxin production rate

of 0.10 fmol day.

This study found a strong linear correlation of specific toxin productionugteith
specific growth rate comparable to findings by Anderson et al. (1990Al&@an-

drium fundyenseThe poor correlation between the net toxin productionRgteand

the specific growth rate is also similar Anderson et al. (1990), showing that toxin
synthesis in batch-cultures may be un-coupled from cell division (possibly as a result
of nutritional deficiencies), leading to highly variable rates of toxin accumulation. In
the present study, nutritional limitation was minimised by harvesting the cultures
while still in their logarithmic growth phase. The lack of correlation may instead re-
sult from differences in cell physiology which varies with the age of the cells. While
toxins are being synthesised from low molecular weight metabolites (Cembella,
1998), cell growth is a more complex process depending on factors such as tempera-
ture, light, salinity, nutrient concentrations along with accumulation of allelochemi-
cal (bio-chemicals that influence the growth and development of other organisms)
and autoinhibitory metabolites (Cembella, 1998; Cembella and John, 2006). Another
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factor influencing toxin biosynthesis is genetic regulation (Cembella, 1998). While in
this study | attempted to control for genetic influences by using clonal cultures, each
replicate is potentially containing a different combination of discrete genotypes. This
is derived from the fact that the progeny cultures (i.e. the experimental cultures with
altered bacterial assemblage) are populations of related genotypes; equivalent to a
collection of ‘brothers and sisters’ from a single set of parents. As Subramanian
(2008) found the bacterial community to select for particular genotypes, it may be
possible that the genotypes selected by the specific bacterial assemblages in this

study have an influence on the toxin production.

6.4.3 Toxin profile

The toxin profiles of all treatments were dominated by the C-toxins together with
GC1+2, which has also previously been described for strains from the Derwent Estu-
ary by Oshima et al. (1993) and Negri et al. (2003). The lack of dcSTX, STX or
GC3 detected in this study differs from the findings of Negri et al. (2007) where all
three toxin species were minor components detected in cultures of DEOpossI-

ble that the presence of toxins without the 11-hydroxysulfate residues may due to

specific bacterial associations and/or culture conditions.

Results from the analysis of the DEOQ6 cultures at day 25 (late logarithmic growth
phase) are comparable to those found by Negri et al. (2007) and Oshima et al. (1993)
who also performed the toxin analysis on DEOG6 at late logarithmic growth phase. All
three studies found C1+2 and C3+4 to be the dominating toxin species, while Negri
et al. (2007) and this current study also considered the hydroxybenzoate containing
GC1+2. A comparison of the STX profile of strain DEO6 with previous studies is
shown in Table 6.5.
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Table 6.5 Comparison of DEO6 toxin composition (mol %) between this study (mean of cultures),
Negri et al. (2007) and Oshima et al. (1993). ND = Not Detected, NT = Not Tested.

Toxin composition (mol%) of DEO6

Cl+2 C3+4 GC1+2 GC3 GTX1+4 GTX2+43 GTX5+6 dcGTX2+3 dcSTX STX

This study 39.7 184 293 ND 2.6 2.9 ND 7.1 ND ND
Negri et al. 107 274 405 142 0.03 0.1 1.2 41 1.7 01
2007

Oshima et al. 209 703 NT NT 0.1 0 75 0.1 1.2 NT

1993

Although toxin composition (i.e. PST profile) of G. catenaiargenerally stable and
consistent within a population, different global populations commonly exhibit minor
differences in the profiles (Oshima et al., 1990, 1993; Negri et al., 2007). Past analy-
ses of DEOG6 revealed similar toxin profiles to this study, although in this study we
detected GTX1+4 whereas in the past, GTX5+6 were detected. However, these tox-
ins were minor toxins in all cases. These variations in toxin chemistry may again be
due to nutrient limitation and aging of dinoflagellate cultures, something earlier
shown by Boyer et al. (1986\nderson et al. (1990), Taroncher-Oldenburg, (1997),
and Lippemeier et al. (2003).

The composition of the microbial communities had no significant effect on toxin
composition of the cyst-derived cultures @f catenatumexcept for the cultures
treated withMarinobactersp. DG 879. These cultures exhibited significantly lower
C1+2 and C3+4 and greater dcGTX2+3 and GC1+2. This change in profile may be
due to either direct transformation of the toxins by the bacteria, or to the presence of
the bacteria affecting the toxin synthesis. Other studies have shown bacteria to be
capable of transforming PSTs by enzymatic reactions. Kotaki et al. (1985a, 1985Db,
1989) focussed on the conversion of the gonyautoxins GTX1 and GTX4 and the
highly toxic saxitoxins by marine invertebrates, while other studies focussed on spe-
cific bacterial groups capable of degrading PSTs (Donovan et al., 2009). In the case
of the Marinobactersp. DG879 treate®. catenatuncultures (Gc/Mar); it is possi-

ble that the shift in toxin composition is dueMarinobactersp. DG879 converting

the C1+2 into their corresponding decarbamoyl derivatives dcGTX2+3. This type of
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bacterial bio-conversion has previously been shown by both Choi et al. (2003) and
Sullivan (1983) from studies on bacteria associated to bivalves, and Smith et al.
(2002) found dinoflagellate-associated bacteria to be able to transform PST using
both oxidase and reductase activity.

The reason for the elevated levels of GC1+2 inMaginobactersp. DG879 treat-
ment (Gc/Mar), i.e. the pathway leading to biosynthesis of GC-toxins, is unknown.
However, Negri et al. (2003) showed GC1 and GC2 tp-bgdroxybenzoate ana-
logues of the carbamate toxins GTX2 and GTX3, respectively. All cultures tested in
this study, including those treated witkarinobactersp. DG879, however, showed
equally low proportions of GTX2 and GTX3 (2-7 mol %) indicating that the elevated
levels of GC1 and GC2 (approx. 45 mol %) in Marinobactersp. DG879 treat-
ment, were unlikely to have been converted by the available GTX2 and GTX3 in the
cultures as this in limited supply for biosynthesis of GC1 and GC2. However, the
C2-toxins can be converted to GTX3 in the presence of natural reductants (Laycock
et al., 1995) and/or by enzymatic transformations (Cembella et al., 1993; 1994).
Conversely, the{e&pimers C2 and GTX3 can be easily converted irgartbre stable
a-epimers C1 and GTX2, by epimerization at the C-1drdwysulfate at neutral pH
(Oshima, 1995) thereby allowing production of GC1 and GC2 from the GTX2 and
GTX3 derived from C1 and C2.

Bacterial influences on toxin synthesis have been found in several microalgal species
e.g. Ostreopsis lenticularigPérez-Guzman et al., 200&)lexandriumspp. (Jasti et

al., (2005), andHeterosigma cartera¢Carrasquero-Verde, 1999), and several stud-
ies have suggested autonomous production of PST toxins by bacteria (e.g. Gallacher
et al., 1996; 1997; and Tdbe et al., 2001). How®darinobactersp. DG879 is not
capable of autonomous production of any PST-like toxins (Green et al., 2004), indi-
cating that if it is the bacteria causing the differing toxin composition in the Gc/Mar
cultures, then it may instead be a result of biochemical interactions between the alga
and the bacteria, rather than autonomous production of any PSP-like toxins. How-
ever, as this study only focussed on intracellular PST content, biotransformation of
the PSTs seems unlikely unlédarinobactersp. DG879 (or the biological agent of

the biotransformation activity) could be expressed within the G. catercailsn

157



Chapter 6: Effect of bacteria on G. catenatum toxicity

Alternatively there could be other indirect physiological mechanisms, like a bacterial
production of compounds influencing the phycotoxin production of the algae. Bates
et al. (1995) found that when bacterial strains, isolated from two non-a&Xemal-
tiseriesclones, were reintroduced individually into cultures of three axenmultis-
eriesstrains, the bacteria caused a 2- to 115-fold enhancement of domoic acid (DA)
production (per cell basis) relative to axenic cultures. As none of the isolated bacteria
were capable of autonomous production of DA, it suggests that the bacteria instead
may produce precursors that are used directly in DA synthesis, regenerate nutrients,
provide essential dissolved organic matter (e.g. elicitors such as polysaccharides,
small proteins, or lipids), or increase the carbon dioxide content of the growth me-
dium, which would provide carbon for the DA synthesis. A similar study was per-
formed using an initially axenic non-toxic strain ldéterosigma cartergan which
toxicity was induced by addition d&fibrio natriegensor Alteromanas haloplanktis

(both non-toxic marine bacteria) (Carrasquero-Verde, 1999). As on their own, both
H. carteraeand the bacteria were non-toxic, Carrasquero-Verde suggested that the
bacteria could providel. carteraewith both some kind of stressor element and/or a

precursor molecule which would triggers toxin synthesis.

The GC-toxins have to date only been foundsincatenatumand represent an im-
portant contribution of the toxin profile found in strains from a range of countries
such as Australia, Portugal, China and Sp@legri et al., 2007; Vale, 2008a;
2008b), suggesting that production of toxins might be genetically driven (Flynn et
al., 1996). Earlier studies have also showed genetically driven toxin production.
Sako et al. (1992) and Ishida et al. (1993) reported on a chromosomal localisation of
the saxitoxin biosynthetic genes where the F1 progeny (Mendelian inheritance) sepa-
rated 2:2 with respect to the parental toxin phenotype. One parental strain produced
gonyutoxin 4 and C4, while the other produced neosaxitoxin and saxitoxin. The F1
progeny showed one parental toxin composition and segregated independently with
the mating type.

Results from this study suggest that the genotygehe genetic constitutiof the al-
gae is a sbng factor in toxin production. The study found tta@ STX content and the toxin
profile of the cyst-derived offspringoth appeato predominantly be an average be-

tween the parental rangéslicating that the STX content and the establishment of the toxin pro-
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file is genetically driven However, considering that all cultures contgiopulations of related
genotypes, this igot an unlikelyoutcome Bacterial communities have been shown to
select for particular genotypes @. catenatun{Subramanian, 2008), and this in turn
suggests that the genotypes selected by the specific bacterial assemblages in this
study could have an influence on the toxin production. Although this indicates that
the genotype is a stronger factor in toxin production than the bacterial community
composition, the results from the STX profile dat&ofcatenatunwith Marinobac-

ter sp. DG879 still demonstrate that the bacterial community can have a significant
effect on the profile of the STX produced.

Conclusion

The results of this study indicate thdarinobactersp. DG879 may play a role in
PST production of5. catenatummost likely as a result of biochemical interactions
between the alga and the bactefikcanivoraxsp. DG881 did not appear to have an
effect on toxin production, showing total amounts of toxin per cell and toxin profiles
similar to both multi-bacterial parental strains and uni-bacterial cultures (excluding
Marinobacter sp. DG879). However, the results also suggest that comparing PST
production and content on its own may be misleading, as growth rates and physio-
logical stress may strongly influence toxin production. There is still much scope for
further investigations into the specific relationships of bacteria and dinoflagellates in
G. catenatuntoxin production, particularly in terms of determining the genetic and

environmental factors that are involved.
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Chapter 7: Summary and conclusion

The increased frequency and global expansion of harmful algal blooms (HABS),
coupled with the growing economic impacts, are the large driving forces behind the
desire to understand the factors that influence algal blooms. Although both abiotic
and biotic factors are known to influence HABs, the effect of microbial interactions,
including algal-bacterial interactions, although recognized as important factors since
the 1980s, has had limited investigation. The results from this thesis have added to
the current knowledge on algal-bacterial interactions, showing growth enhancement
and altered toxicity of algae as a result of bacterial involvement, thereby playing a
potentially significant role in controlling the algal bloom dynamics. Below is a
conceptual diagram based on the review by Cole (1982), modified with red arrows
indicating the areas where this thesis has contributed new data and understanding to

the interactions of algae and bacteria (Fig. 7.1).
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Figure 7.1 The phycosphere and some of the interactions that occur within it (based on review by
Cole, 1982). Red arrows indicate the areas where this thesis has contributed with new data.

The specific outcomes of each chapter are summarised in the following sections.

7.1 Reproductive compatibility and the requirement for bacteria

The toxic HAB dinoflagellateGymnodinium catenatunmas been cultured and

studied in the laboratory since the 1980s, with a number of strains having been
cultured for more than two decades, and with sexual reproduction and resting cyst
production reasonably readily achieved in culture (Blackburn et al., 1989). As long-

term culturing has been shown to influence sexual reproduction (Destombe and
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Cembella, 1990) a trial was set up where ten TasmdBiazatenatunstrains were
pair-wise crossed (intercrosses testing for heterothallism) as well as self-crosses
(testing for homothallism) in order to determine the reproductive compatibility
between the strains. The most successful strain cross was shown to be between the
heterothallic strains GCHU11 and GCHAO1, which showed the highest production of
cysts in the shortest timeframe. This study demonstrated that GCDEO8 is both
homothallic and heterothallic, i.e. capable of producing cysts in both self-crosses and
inter-crosses. It appears that GCDEO8 homothallism has evolved over time in culture
as studies by Blackburn et al. (1989; 2001) did not find GCDEOS to self-cross while
it did in later studies by Parker (2002) and Vincent (2003). The progeny produced by
the GCDEO8 self-cross were, however, non-viable, not surviving beyond the 8-cell
stage (Blackburn et al., 2001). The successful strain-cross GCHU11 x GCHAO1 was
used for large-scale cyst production, with the cysts in turn being used to establish
experimental model systems & catenatumwith specific bacterial assemblages.
The experimental model systems developed in this thesis were established with two
bacterial straindylarinobactersp. DG879 andlcanivoraxsp. DG881, either as uni-

bacterial or mixed-bacterial cultures®f catenatum

7.2 Real-time PCR assays for bacterial enumeration

In order to study the interactions betwe&n catenatumand its two growth-
promoting bacterial associate®jarinobacter sp. DG879 andAlcanivorax sp.
DG881, quantitative real-time PCR probes (TagMan MGB format) were developed
from the 16-23S rDNA Intergenic Transcribed Spacer region (ITS). The ITS region
has been frequently used to discriminate bacterial strains at the species and intraspe-
cies levels (e.g. Syutsubo et al., 2001; Lee et al., 2002; Fuhrman et al., 2008), allow-
ing for a more rapid detection and enumeration in comparison to traditional methods
of microscopy and culturing. Probes and primers were validated in a variety of ways;
(1) Assessing cross-reactivity by comparison of the primer and probe sequences to
bacterial sequences available in the NCBI GenBank; (2) Trialling primers against
five bacterial strainsRoseobactesp. DG874 Janibactersp., Brachybacteriunsp.,

Marinobactersp. DG879 and Alcanivorasp. DG881 using SYBR Green Chemistry;
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(3) Trialling developed qPCR assays against five bacterial stiroseobactesp.
DG874, Janibacter sp., Brachybacteriumsp., Marinobacter sp. DG879 andAl-
canivoraxsp. DG881; (4) Screening 45 bacterial isolates fdnctatenatunusing

the developed TagMan gPCR assays; (5) Screening 61 bacterial strains isolated from
whole water using the qPCR assays, and; (6) Trialling uni-bacterial and multi-
bacterial cultures ofs. catenatumn order to determine whether the presenc& of
catenatum would affect the specificity of the PCR. The developed assays were
shown to be capable of non-specific amplification, although the non-specific amplifi-
cation occurred very late in the PCR (only after >30 cycles), while target organisms
were amplified at 15-18 cycles (using equal DNA concentrations of target and non-
target organisms). The non-specific amplification would therefore be significant only
when the target DNA was at low abundance. The gPCR assays developed were able
to distinguish betweeMarinobactersp. DG879 and\canivoraxsp. DG881 in uni-
bacterial or mixed bacterial systems containing only the two bacteria, allowing the
assays to be used in further investigations of the interactions be@Gvemtenatum

and the two bacterial strains in the experimental model systems used in this research.

7.3 Bacterial influence on growth dynamics

By using the developed molecular detection probes described in the former chapter,
growth dynamics ofMarinobacter sp. DG879 andAlcanivorax sp. DG881 were
studied in the experimental model systems where the bacteria are in close interaction
with G. catenatum either on their own or in a mixed bacterial community. The
results illustrate that, although both bacteria are shown to be growth promoting, they
affect G. catenatumgrowth in entirely different ways. Th&. catenatum/
Marinobactersp. DG879 model system show thdrinobactersp. DG879 was able

to sustain growth ofs. catenatumwithout any addition of nutrients beyond what
was in the initial culture medium, over a period longer then ever recorded (>420
days). The two organisms have a close growth correlation to one another, with
Marinobactersp. DG879 cell abundance closely matching the growth phases of the
alga. Alcanivoraxsp. DG88L1 did not have the ability to maintain prolonGedate-
natumgrowth like Marinobactersp. DG879. Howeveilcanivoraxsp. DG881 was

still capable of maintaining a growth pattern &f catenatumcomparable to that
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which is seen in ‘normal’ non-axenf8. catenatuncultures (i.e.G. catenatumas
isolated from the natural environment with its natural microbial consorti@n).
catenatum grown with Alcanivorasp. DG881 displayed three distinct growth phases
and a culture life span of approximately 90 days. This is in agreement with earlier
studies thatlcanivoraxsp. DG881, in its own right, can act as a growth promoter
for G. catenatun{Bolch et al., 2004). Whe@. catenatunwas grown in the mixed-
bacterial model systems, the resulting growth curve did not display the clear growth
phases seen in the uni-bacterial model systemsAldtinivoraxsp. DG881, but in-

stead a prolonged 2-step logarithmic growth phase, followed by a rapid death phase.

The results from the uni-bacterial model systems suggest Mlaainobacter sp.
DG879 produces a compound which influences a significant positive growth re-
sponse inG. catenatumAdditionally, it is also possible that the bacteria may be a
factor in carbon recycling or nitrogen fixation, in turn allowing for the prolonged
growth of the culturesThe presence oAlcanivoraxsp. DG881 withG. catenatum
supported excystment and vegetative cell divisioiGoicatenatumbut lacked the
ability to sustain prolonged growth &f. catenatunfas was the case ftarinobac-

ter sp. DG879).This could be due to changes in the bacterial gepeesssion, for
example, possibly brought on by an increasing bacterial cell concentration or
changes in the surrounding media. A change in gene expression couldAtause
canivorax sp. DG881 to change from growth stimulating to growth inhibitory,
thereby no longer stimulatinG. catenatungrowth. The different growth dynamics

of G. catenatunfound in the mixed bacterial systems may be due to changing bacte-
rial dynamics and a competition between different bacteria. Ghecatenatum
growth in the mixed bacterial systems were found to be an intermediate between the
two uni-bacterial systems, suggesting that the bacteria may individually influence the
alga even in the presence of the other bacterium.

Bacterial chemotaxis was found in both the uni-bacterial model systems, and could

be a response to low production and release of DOM by the algae, necessitating the
bacteria to draw near and attach (Garg and Garg, 2007). Alternatively, the algae
could be encouraging bacteria to approach by limiting the release of certain DOM

fractions, thereby possibly allowing the algal cell to benefit from bacterial

siderophore production (Amin et al., 2009).
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7.4  Growth-promoting bacteria in field samples

As the bacterial species have been found to be of such importance to laboratory-
grown cultures ofs. catenatumthere was reason to consider that they would be sig-
nificant in the growth dynamics of naturally occurring G. catenatum

The developed qPCR assays were applied to a range of field water samples in order
to detect bacterial presence@ catenatunbloom and non-bloom conditions. The
samples originated from four locally occurri@® catenatumblooms in southeast
Tasmania (Deep Bay, Fleurtys Point, Port Esperance and Woodbridge) together with
samples taken over a 6 month period between October -08 to March -09, from an
area commonly affected by blooms during some parts of the year (Hobart CSIRO
Wharf station - Derwent Estuary). The gPCR assay developed for detechtariof
nobactersp. DG879 detected an increadédrinobacterabundance just prior to the
onset of aG. catenatumbloom in the Derwent Estuary (CSIRO Wharf station),
whereas from mid February to mid May 2008arinobacterabundance (as calcu-
lated from the probe detection) increased from>~1a@ cells mL*, whilst during

the same timeG. catenatunabundance increased from 0 to 17 000 celisAlso, in

the Derwent Estuary, the gPCR assay developedléanivoraxsp. DG881 detected
elevated levels of bacteria which were followed by a diatom bloo8kefetonema

spp. andPseudonitzschia spp. However; gene sequencing of representative qPCR
products indicated that the qPCR assay was detectihgsaobactespecies rather

than the Alcanivoratarget, and use of the Alcanivorsp. assay was terminated.

With regards to th&. catenatunbloom sampledylarinobactersp. was detected at

all bloom sites, but there did not appear to be a clear correlation beeegbac-

ter sp. andG. catenatunabundance. This could be a result of numerous factors in-
fluencing the bloom, in particular biological factors, such as the stage of develop-
ment and the age of the bloom, and also physical factors, the location and currents,
and also depending on the development, specificity and the detection limits of the
gPCR assay. As the total bacterial abundance was not measured during the study,
the effects of bacterial fluctuations are difficult to determine but could be an influ-
encing factorwhen comparing blooms from all the sites no sigaificdifference in

the Marinobacter sp. abundance was found between proliferating and declining
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blooms, although the proliferating blooms showed a slightly hijfamobactersp.
abundance. In the case Bfarinobacter sp. the bacteria reached higher numbers
prior to the onset o6. catenatunblooms (results from the CSIRO Wharf station),
thereby suggesting thdarinobactersp. could possibly play a role in the initiation

of G. catenatunblooms.

7.5  The effect of bacteria on toxin production

The type of bacteria associated with toxic dinoflagellates has been shown to play a
role in dinoflagellate toxicity (Gallacher and Smith, 1999; Hold et al., 2001; Uribe
and Espejo, 2003). Considering the very close relationship between laboratory-grown
G. catenatunand the bacteridarinobactersp. DG879 andlcanivoraxsp. DG881,

I hypothesised that these two bacteria could influ€ceatenatumoxin production

and composition. By using the uni-bacterial model systems | set out to determine
whether there could be a differenceGn catenatunbetween uni-bacterial (contain-

ing eitherMarinobactersp. DG879 oAlcanivoraxsp. DG881) and ‘normal’ multi-
bacterialG. catenatuncultures (i.e. as isolated from the natural environment). HPLC

analysis was used to determine toxin species and content of the different treatments.

The study compared seven differéhtcatenatuncultures, out of which two strains,

(1) GCDEO6 and (2) GCLVO01, were used as clonal (independent) controls. The ex-
perimental model system approach was then employed to generate genetically simi-
lar non-clonalG. catenatunctultures (by crossing GCDEO6 and GCLVO01) to which
specific bacterial assemblages were added in order to study the effect of bacteria.
The remaining five cultures were made up of: (3) cyst-derived culturesvaitimo-
bactersp. DG879; (4) Cyst-derived cultures whlcanivoraxsp. DG881; (5) Cyst-
derived cultures with a bacterial filtrate from GCDEOQG6; (6) Cyst-derived cultures
with a bacterial filtrate from GCLVO01; and (7) acting as a positive control, a cyst-
derived culture with a natural bacterial assemblage from the GCDEO6 x GCLV01

inter-cross culture.

Analyses found toxin content cél(at harvest, Day 25) to be within the range of
what has been found in previous studies and the rate of saxitoxin (STX) production
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was not significantly altered by the bacterial community composition. However, the
proportions of the different STX compounds differed significantly. Thecate-
natum cultures containingMarinobacter sp. DG879 exhibited lower amounts of
C1+C2 and C3+C4 and greater amounts of dcGTX2+dcGTX3 and GC1+GC2 than
the other treatments and the positive control. This differing toxin composition could
be due taMarinobactersp. DG879 influencing toxin synthesis indirectly through its
effect on dinoflagellate physiology, or perhaps by biotransformation of the PST
compounds. However, because this study focussed on intracasiilas, and as bio-
transformation most commonly operate on extracellular STX, in this case biotrans-
formation would seem unlikely. The experimental design tried to minimise genetic
variation among treatments. Nevertheless, different clones may have been advan-
taged by the different bacterial communities selecting for particular genotypes in
each treatment, in turn leading to changes in the toxin préfitaough the exact
cause of the altered toxin profile in tli& catenaturhMarinobactersp. DG879 cul-

ture systems is unclear, that there is a significant alteration is clear, with the most
likely explanation appear to be the oneév#drinobactersp. DG879 influencing toxin
synthesis through its effect on G. catenajpimysiology.

7.6 Conclusions and aspects for future research

As we are facing an ever growing problem of algalobts affecting not only the
natural environment and its inhabitants but also aquaculture and recreational activi-
ties, there is a need to assess, understand, and monitor the factors that are influencing
the harmful algal blooms. The factors that trigger bloom formation are poorly known
for most phytoplankton species, predominantly because most blooms are infrequent
and sufficient data on pre-bloom conditions are usually not obtainable (Walch et al.,
2001). Given the lack of such significant information, Cembella (1998, p. 650) de-
scribed the challenges of modeling bloom predictions: “Attempts at dynamic model-
ing using conventional input parameters (nutrient uptake kinetics, grazing rates, spe-
cific growth rates, etc.), and based upon a simple trophic structure paradigm...have
been of little utility”. On the whole, progress towards reliable predictions of blooms
continues to be made, with factors like self-shading, intraspecific competition for nu-

trients, bloom maintenance, senescence, and dispersion now being better understood
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(Smayda, 1997). Nevertheless, despite their evident importance, the limited knowl-
edge of factors such as microbial interactions, mixotrophy, and allelopathy, cause

these complex biological features to not yet being incorporated into models.

This thesis addressed the issue of microbial interactions, and particularly focussed on
growth responses of bacterial interaction on phytoplankton. By using experimental
model system in conjunction with qPCR assays, this thesis has demonstrated that
Gymnodinium catenaturexpress distinctive growth responses depending on the
associated bacterial species, and demonstrated that some bacteria are capable of
enhancing growth and longevity of laboratory grown algae. Nonetheless, the com-
pounds or pathways that mediate the interactions bet@eeatenatunand the bac-

teria are still unidentified, but could, as also suggested by Cole (1982), include

remineralisation of inorganic nutrients, and/or a production of organic co-factors.

Furthermore, this thesis showed that specific bacteria can play a role in biotoxin
production ofG. catenatumsignificantly influencing the toxin profile of the algae
through their effect on dinoflagellate physiology. The field studies also suggest that
bacteria may have a role in natural population&otatenatumwith Marinobacter

sp. DG879 possibly functioning as an indicator-specie$facatenatumn Tasma-

nian waters.

Nevertheless, in terms of the algal-bacterial interactions more research is still re-
quired in order to establish mechanisms of interaction and their significance in natu-
ral populations ofs. catenatunand other dinoflagellates. Even considerigcate-
natum and its interactions witiMarinobacter sp. DG879 andAlcanivorax sp.
DG881, there is much to discover in terms of how this relationship is mediated and
whether the interactions are important in natural blooms. In order to fully understand

their connection, there are several questions that remain to be answered, for example:

o What compounds, signalling processes and/or pathways mediate the interac-
tions betweerG. catenatumand Alcanivorax or Marinobactef? By using a
combination of methods such as liquid chromatography-mass spectrometry
(LC-MS), nuclear magnetic resonance spectroscopy (NMR), and polymerase

chain reaction (PCR); chemicals can be detected and identified, structures of
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organic compounds can be determined, and functional genes can be

recognized.

o How are the compounds and signals transduced in both the dinoflagellate and
bacterial cells? By tracking stable isotope signatures, in both algal and bacte-
rial cultures, the pathways of compounds such as carbon and nitrogen can be
identified.

o What specific physiological effects do the interactions have on the dinoflagel-
late, the bacterium? If the specific compounds involved in the interactions
can be determined, there is a possibility for further manipulation of the ex-
perimental culture systems, in turn likely establishing the physiological ef-

fects.

o What environmental prerequisites are required for algal-bacterial interac-
tions? By analysing the dissolved organic carbon and available nutrients in
the environment their correlation with bacterial and algal abundance can be

established

Finding the answers could ultimately allow science to tackle one of the most impor-

tance questions we are currently facing in terms of algal/bacterial interactions, i.e. are
bacteria the driving force behind algal bloom development and control the extent and
the decline of the bloom?
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Appendix 1: Preparation of GSe culture medium for dinoflagellates

(Blackburn, S. I. Bolch C. J. S. Haskard K. A. and Hallegraeff G. M. (2001) Reproductive
compatibility among four global populations of the toxic dinoflagellate Gymnodinium cate-
natum(Dinophyceae). 40(1): 78-87)

GSe is a variation of G medium (Loeblich, 1975) with the addition of Selenium.

Preparation method

1. Sea water

Sea water is collected from 10 m depth the east of Maria Island on the east coast of
Tasmania (lat. 42 deg. 36 min. S, long. 148 deg. 14 min. E). The water is then puri-
fied using a filter system consisting of (1) a prefilter (Millipore Rogard) to remove
particulate matter, (2) an activated charcoal filter (Cuno-Pacific AqQuapure AP117)
to eliminate soluble organics, and (3) a 0.45 um filter (Millipore Durapore) for final
purification. The seawater is then transferred to 1L screw-cap Teflon bottles and
autoclaved (30 min at 121 °C).

2. Stock solutions

(1) KNO; 100 gr*H,0

(2) K.HPO, 34.8 g* H,0

(3) Vitamins B 0.1 mg 100mt* H,O
Thiamine HCI 100 mg 100mLH,0
Biotine 0.2 mg 100mt H,0

(4) Pll Metal Mix ~ NaEDTA 6.0 gL't H,O
FeCk x 6 H,O 0.29 gC* H,0
HsBO,4 6.85 gL H,0
MnClx 4 H,O 0.86 gL* H,O
ZnChb 0.06 gL* H,0
CoCb x 6 H,0 0.026 g* H,O

(5) Selenium KSeQ 1.29 mgL* H,O

(6) Soil Extract (See below)
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3. GSe concentrated nutrient solutior(excluding Soil extract)
A nutrient solution is made up in distilled water; for a 2100mL mix:

10 mL Nitrate (KNQ) stock

5 mL Phosphate (#1PQO,) stock
5 mL Vitamin stock

25 mL PII Metal Mix

5 mL Selenium (KSeQ) stock
50 mL distilled water

The mixed solution is filter-sterilized under aseptic conditions using a 0.22 pum dis-
posable filter unit.
4. Soil extract solution

Solil is collected from a natural, sandy bushland, uncultivated environment were no
fungicides, insecticides or garden fertilizers have been present.

(1) Dry soil is sifted once through a coarse sieve and twice through a finer
(Imm mesh) sieve

(2) 1 kg of soil is mixed into 2 litres of distilled water.
(3) Soil mix is the autoclaved for 60 minutes at 121°C and cooled overnight.

(4) Filter the soil mix through absorbent cotton wool packed into the stem of a glass
filter funnel.

(5) Centrifuge fluid at 5000 rpm for 20 minutes in 250 mL polyethylene centrifuge
tubes and after, collect the brown supernatant.

(6) Filter the liquid again through absorbent cotton wool.

(7) Dispense the supernatant into 100 mL glass bottles (50 mL aliquots)
(8) Autoclave the bottles for 15 minutes at 121 °C

(9) After cooling, wrap the caps with Parafilm to prevent contaminations.

(10) Store soil extract at 4 °C.
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5. Distilled water/MilliQ
Distilled water was autoclaved in 2L Schott bottles and allowed to cool before it was
used to prepare media.
6. To prepare final media
In sterile Schott bottles, the following was added aseptically
800 mL Sterile sea water (1)
200 mL Sterile water/ MilliQ (5)

20 mL GSe concentrated nutrient solution (3)
5 mL Soil Extract (4)

Modifications

A modification of GSe was used in the cyst production experiments. This modifica-
tion was GSé&'"P media, in which Nitrate and Phosphate were removed from the GSe con-
centrated nutrient solution and replaced by sterile MilliQ water.
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Appendix 2: Preparation of ZoBell marine agar for bacteria

(Zobell, C. E. (1941). Studies on marine bacteria. I. The cultural requirements of het-
erotrophic aerobeslournal of Marine Research 4, 42-J5

To prepare 1 L

1000 mL MilliQ water

33 g Sea salts (for 28%. salinity)
5 g Bacto Peptone

1 g Yeast Extract

15 g Bacto-Agar

5 mL 100x Marine Supplement (see below)

Dissolve all ingredients in the MilliQ water, and for ease of handling, split the mix-
ture into two 1 litre Schott bottles. Autoclave for 30 minutes at 121°C and pour the
plates when the agar has cooled to 55 °C.

100 x Marine Supplement

1 mL 10 x Trace elements (see below)
10 mL 2 mg/L NaSeQ
84 mL MilliQ water

Prepare and autoclave the above stock. Store at 4°C.

10 x Trace Elements

4.36 g NaEDTA

3.15 gFeCkx 6 H,O
0.022 gZnSQy x 7 HLO
0.01 gCoChL x 6 H,O

0.18 gMnCl; x 4 H,O
0.0063 gN&yM0oOy4 x 2 H,O

Combine all above and filter sterilize. Store at 4°C.
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Appendix 3: Gymnodinium catenatumand bacterial strain list

Culture CS-code Tasmanian Strain history/ Isolation Isolator Culture Toxicology
strain # Origin clonal date media
GCDE 05 CS-301/05 Derwent River n/a 8/1 1987 S. Blackburn GSe Toxic

Chain of 10 cells

GCDE 06 CS-301/06 Derwent River 8/1 1987 S. Blackburn GSe Toxic
GCDE 08 (CS-301/08 Derwent River n/a 15/6 1987 S. Blackburn GSe Toxic
GCDE 09 CS-301/09 Derwent River ~ Cnain of 4 cells n/a S.Blackbum  GSe Toxic
GCHU 02 CS-302/02  Huon River Chain of 8 cells 6/6 1986 S.Blackbum  GSe Toxic
. 4-cell chain, produced .
GCHU 11 CS-302/11  Huon River from wild resting cyst 20/6 1988 S. Blackburn GSe Toxic
GCHU 20 CS-302/20 Huon River n/a 4/4 1990 S. Blackburn GSe Toxic
Chain, product of C.Bolch/ S
GCHA 01 CS-304/01 Hastings Bay wild resting cyst 29/6 1990 . ’ GSe Toxic
Blackburn
Presumed
GCVS 04 CS-799 Verona Sands  Single chain 1/1 2002 C. Bolch GSe toxic
Presumed
GCLV 01 CsS-800 Louisville Single chain 1/1 2002 C. Bolch GSe toxic
Bacterial strains
Effect on
Culture Bacterial Growth G. cate-
. . Isolated from Isolator :
strain # species media natum
growth
DG 874 Roseobactelike G. catenatunDE 08 David Green ZM 1 +
DG 879 Marinobactersp. G. catenatunDE 08 David Green ZM 1 +
DG881 Alcanivoraxsp. G. catenatunDE 08 David Green ZM 1 +
+ Na-acetate
N/A Brachybacteriunsp.  G. catenatunDE06 Elisabeth Albinsson M 1 unknown
N/A Janibacter sp. G. catenatunDEO6 Elisabeth Albinsson M1 unknown

+ = always giving positive growth @ymnodinium catenatuigerminants.
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