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Abstract

Species within the brown algal genus Durvillaea are major ecosystem engineers throughout the
sub-antarctic and cold-temperature Southern Hemisphere. Many provide habitat and sustenance
for a range of organisms, and food and fibre for human communities. Any large-scale pathogenic
outbreaks could prove devastating on this keystone genus, particularly as species are placed under
increased stress in a changing climate. Maullinia is a genus of protistan parasites recently found
infecting Durvillaea antarctica in Chile, however little is known about interactions between these
parasites and their hosts. This study examined the biogeography and infection dynamics of the
Durvillaea-Maullinia (DM) pathosystem, through sampling of intertidal populations of
Durvillaea sp. nov and D. potatorum in Australia (-36°S to -38’S), and D. antarctica in Chile (-
32’S to -42’S) during austral Spring/ Summer 2015-2016. As previous research suggested
Maullinia is able to infect a range of algal hosts, it was hypothesised that the parasite would be
found infecting Durvillaea species throughout the sampling range. It was expected that infection
incidence would be highest at northern range limits due to increased physiological stress, and
infected hosts would show reduced length due to detrimental pathogen effects. Durvillaea
antarctica is known to disperse through rafting across the Pacific, and so it was hypothesised that
connectivity between distant parasite populations would be reflected in genetic similarity of

Maullinia samples.

Using genetic, ecological, and morphological approaches, | confirmed for the first time that this
parasite genus infects Australian Durvillaea species. Phylogenetic analyses based on 18S rRNA
data indicated the parasite may have undergone a host shift in Australia and may contain host-
specific lineages. No evidence for long-distance dispersal with Durvillaea hosts was found,
although short-distance dispersal was inferred based on limited phylogeographic structure along
Australian and Chilean coasts. Generalised linear modelling showed a consistent trend of
increasing infection prevalence towards higher latitudes, which did not support my inference that
range-limit stress would increase infection intensity towards hosts’ northern range limits.
Alternative variables such as host density, temperature, or ecotypes were instead proposed as
factors likely to be shaping trends. While infection was not found to relate to host length, seasonal
differences in infection incidence and qualitative observations of gall morphology indicate that
this parasite has important impacts on Durvillaea populations, increasing frond breakage and
dispersal into the marine environment. The findings of this research have broad implications, as
Durvillaea populations will likely be forced southwards in a warming climate and be less able to
resist infection. Future research should use a combination of morphological and molecular
approaches to determine the temporal dynamics and patterns of contemporary connectivity for

the DM pathosystem.




Table of Contents

LT LESEOF FIQUIES et 7
1.2 LISt OF TADIES ...t 8
1.3 Glossary, ACronyms and TEIMS .......ccueieiriiirierieienieeees ettt see e 8
(O gF=T o) (= A ) o oo [ Tox £ o o ISP 1
L S V(o T (=] Sy (=T o ST 1
HOSE. o 1
PAFASITE. ...t 2

1.2 RESAICN GIMBCLION ...t 3
1.3 HYPOTNESES ..ottt bbbttt 4

1.3.1  Based on the buoyant nature of the host Durvillaea antarctica and its ability to
raft long-distance, Maullinia sp. will show a broad distribution across the Southern Ocean.

................................................................................................................................. 5
1.3.2  Due to the high dispersal capacity of D. antarctica, populations of Maullinia spp.
will be connected and show genetic similarity over large distances. .........c.ccoccevveviveierinannn, 6

1.3.3 Infection incidence will increase towards host range limits due to increased host
PRYSIOIOGICAL SLIESS......eecvieiii ittt b et e s re et e besteeseesreeseesrenneas 7

1.34 Infected and uninfected hosts will show differences in size due to stress from

PAtNOGEN INTEIACTION. ...t 7
1.4 TRESIS SEIUCTUIE. .....euiiiietisie sttt bbbttt 8
Chapter 2: LIterature REVIEW ........civ ittt sttt be e st sne e nesre e 9

2.1 The development and spread of pathogens: host biology and environmental parameters

.......................................................................................................................................... 9
2.1.1  BIOUC FACIOIS ...t 9
2.1.2  Abiotic factors: the role of the environment...........cccccoveiiiiiiiiiiiciccs 13

2.2 Patterns within patterns: variability in biogeography..........cccccovviviviiiiieieiicecee 14
2.2.1  RANGE SIESS ..ottt 14
2.2.2  Latitude and ParasitiSM.........ccceiiiiieriiieie e 16
2.2.3  DISPErSal CAPACITY.......eoiriiriiieicieeees e 16

2.3 Bull-kelp and their pathogens: understanding the DM pathosystem..............cc.cceenee. 17
2.3.1  The genus DUINVITIAEA ..........ccceeieiiiicc e 17
2.3.2  The genus MaulliNI@.........ccooeiieiiiiiiii e 19

2.4 Literature reView CONCIUSION .........coouiiiiiiiiiiicisce s 23

Chapter 3: METNOGUS ..ot 24




31 FHEId WOTK. .o 24
311 Site SEIECTION. ...t e 24
3.1.2  Data CONEBCTION ...t 30

3.2 LADOTALONY WOTK ... 32
3.2.1  Sample selection: FSES Durvillaea spp. gall collection..........c...ccccevevviiernnnnenn, 32
3.2.2  Sample extraction, amplification, SEQUENCING.........ccouriririreirereisese e 32
3.2.3  Alternative primer deSigN.....ccciviieieie e 34

3.3 SHAtISICAI ANAIYSES ..ot 37
3.3.1  PhylOgEnetiC @NalYSES ......cveiveieiieiieiiiiisiesie e e 37
3.3.2  Morphological and ecological analyses ..........c.cccvveveiveieiieciese e 38

Chapter 41 RESUITS.......c.oiiiiic s 39

O N 101 =Tot o] a0 = oo | -] | SRRSO 39

4.2 Infection MOIPNOIOGY .....ccveiviiieiiiie e 39

4.3 GENELIC ANAIYSES ...t e 42
4.3.1  HaplOtype AnalYSES .....cc.ooviieiiiciiere e 42
4.3.2  PhylOgenetiC SIIUCLUIE.......ccecieie ettt sttt ra e e e 47

4.4 Latitudinal fFECES........ooiiiiiie e 49
441 AUSTFANIA. ..o 49
A.A.2  CRILE o 49
4.4.3  Countries COMDINEA .......ccveiiiiiiiiiierie e 49

4.5 HOSEIBNGEN .o 52
451  Latitude and 1eNGEN ........coveiiiii 52
45.2  Infection and [ENQLh...........cov i 53

4.6 Seasonal effects: Chile ..o 54

Chapter 5: DISCUSSION .......eciiiticie sttt sttt et st esbe e st e s te e e enbesteeaenreanee 55

5.1  Genetic data indicate differences between Maullinia species on Durvillaea hosts in

AUSEralia VErsuS Chile. .........coiiiiiiiiiiii e 55

5.2 Infection incidence increases towards hosts’ southern latitudinal range limits............ 62

5.3  Infection morphology suggests ecological implications and a need for further research

........................................................................................................................................ 67

5.4  Limitations, implications, and future research ............ccoooioiieiiiiiene e 69

Chapter 6: CONCIUSIONS ......c.iiiiiiiiit et 72
RETEIEICES ...ttt 73

Appendix 1: Australian Research PErmits ........cocooiiiiiiiiiiie e 83




Appendix 2: Infection identification guIdelings. ... 91
Appendix 3: Example of sampling environmMent............c.cccocviieieieiie s 92
AppendiX 4: IMPOFT PEIMIT.......ciiiieice e be e e sbesreeeesre e 93
Electronic Appendix 1: Sample listing..........c.ocoovi i see attached CD
Electronic Appendix 2: Pictures of infected tissue................cccoveeienii. see attached CD
Electronic Appendix 3: Statistical outputs from Genstat...................... see attached CD

1.1 List of Figures

Figure 1 (a) Durvillaea antarctica growing in southern Chile; (b) ‘Cochayuyo’ for sale in a
supermarket in Coquimbo, Chile. .........ccooiiiii e 2
Figure 2: A- Infection of M. ectocarpii on gametophytes of Macrocystis pyrifera under
laboratory conditions, showing a range of developmental stages (arrows). Scale bar=
25um (Maier et al., 2000); B- Gall formed by Maullinia sp. infection on beach-cast
Durvillaea antarctica in central Chile. ...........cccooiiiiiiiiie s 3
Figure 3 lllustration of vicariance and dispersal effects leading to speciation (Stigall, 2012) .... 5
Figure 4 lllustration of some of the complex host-parasite-environment interactions affecting

the prevalence and impacts of infection in an algal pathosystem.. ...........cccccvvveiieinnnns 10
Figure 5 Geographic ranges of Durvillaea species (Fraser et al., 2010).........cccccvvvrvrinenennenn 18
Figure 6 Ranges of Durvillaea potatorum and Durvillaea sp. nov in Southern Australia, based
off Weber (2015) (Google Earth, 2015D)........ccooviieiiiiicececece e 18
Figure 7 Diagrammatic representation of the life cycle of phytomyxids such as Maullinia
ectocarpii (Neuhauser et al., 2011D) .....cccoviiiieiicecc e 21
Figure 8 Map of known distribution of Phytomyxean parasites (Neuhauser et al., 2011b)...... 22
Figure 9 Map of locations for intertidal sampling and visual surveying in Australia................ 25
Figure 10 Map of intertidal and beach sampling locations in Chile ...........ccccoovieviiiicieinen, 29
Figure 11 Diagram of ‘typical’ kelp showing length measured...........c.ccccooeiiiiiiinciieieinees 31
Figure 12 “Typical’ infections amplifying positively for Maullinia sp. on D.antarctica in Chile
........................................................................................................................................ 40
Figure 13 Typical’ infections amplifying positively for M. ectocarpii on Durvillaea species in
AUSEFAITA ...ttt 40
Figure 14 Proposed progression of infections of Maullinia sp. on Durvillaea antarctica in
(O 0] =TSSR PR PP 41
Figure 15 Maullinia sp. haplotypes in Chile..........ccccvoviiiiieie i 44
Figure 16 Maullinia ectocarpii haplotypes in Australia. ...........ccoooevoviiiiiiiiiee e 45
Figure 17 Linear regression of haplotype diversity (number of sequences) vs. number of
SAMPIES SEAUENCET ..ottt ettt sttt st e st esaesaeeneeseeeneeneenneas 46
Figure 18 Phylogeny of Maullinia spp. samples collected in Australia and Chile. ................... 48
Figure 19 Generalised Linear Modelling of latitudinal effect on infection incidence................ 50
Figure 20 Linear regression with groups of log10(length) for infected (D, red) and healthy (H,
green) intertidal kelp along latitudinal gradients in A) Australia and B) Chile. ............ 52
Figure 21 Boxplots of log10(length) for infected (D) and uninfected (H) intertidal kelp in A)
Chile, B) Australia, and C) Chilean beaches..........ccocoviiiiiiiiiiieece e 53
Figure 22 Percentage of infected kelp per beach sampling site along the Chilean coast for
Winter/ Summer 2014/15 and 2015/16 (figure provided by Boris Lopez, UCN).......... 54

Figure 23 Current systems acting along the Chilean coast (Silva etal., 2009)...........cccccevuennee. 57




Figure 24 Map of Southeastern Australia showing the Zeehan (ZC) and East Australian (EAC)
currents, historical coastlines of the Bassian Isthmus, and the proposed biogeographical

break at Wilson’s Promontory (star) (Fraser et al., 2009D).........ccccooeviienieniriieie e 58
Figure 25 Illustration of the processes of a) host-parasite co-evolution, and b) host shift genetic
differentiation (de Vienne et al., 2013) ....c.cooveieiiiicecicece e 60

Figure 26 Multi-gene maximum likelihood phylogeny of Durvillaea species (adapted from
Fraser et al., 2010b), and 18S phylogeny of Maullinia samples showing congruence in

hoSt-parasite geNEtiC SITUCTUNE. ........ooi i 61
Figure 27 Maps of Australia (Google Earth, 2015b) and Chile (Google Earth, 2015a) showing

geographical ranges of Durvillaea species and sampling ranges of this thesis.............. 63
Figure 28 Annual mean sea-surface temperature in the Southern Hemisphere, showing

decreasing temperature with increasing latitude (adapted from Voelker, 2002)............ 65
Figure 29 Evidence of kelp harvest at Mar Brava............ccccceveieeieiiiieeneseese e 67
Figure 30 Evidence of tissue breakage on infected Kelp.........coooeiiiiiniiiiiie e 68

1.2 List of Tables

Table 1 Summary of literature related to Maullinia spp. infections...........cc.ccecvviveieieivcienneen, 22
Table 2 Site desCriptions: AUSLIAlIA. .........ccoviiiiiiiee e 24
Table 3 Individuals contacted to establish sampling locations and request sample collection .. 26
Table 4 Site desCriptions: Chile .........c.ooiiiiiie e 27
Table 5 Alternative primer design and teStING ........ccooveriieeieri e 35
Table 6 Percentage sequence diVErgenCe VAIUES.........c.covieeieieieeie et 47
Table 7 Significant (p<0.05) GLM output SEAtISTICS.........cccveieiirieeieee e 51

1.3 Glossary, Acronyms and Terms

e Biogeography: the study of factors shaping the distribution of an organism over spatial
and temporal scales.

e Dispersal: the movement of an organism from a place of origin to a new environment,
through either passive or active abilities.

o Genetic marker: a length of DNA (usually a gene) analysed to identify and describe
whether differences between organisms suggest population or species level relationships.

o Haplotype: set of genetic characteristics passed through successive generations.
Individuals with the same haplotype are closely related. This thesis uses ‘haplotype’ to
refer to unique genetic lineages for the 18S rRNA marker.

o Infection dynamics: the study of factors shaping infections (i.e. environmental variables,
biotic characteristics).

e Intertidal: denotes the coastal area between high and low tides, where organisms are
periodically exposed to a range of environmental conditions (i.e. desiccation at low tide).

o Keystone species: an organism with disproportionately significant importance for the
maintenance of ecosystem structure and function.
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Parasite: an organism that lives on a host and requires the host for some aspect food or
shelter. A non-mutualistic symbiotic relationship where one organism benefits to the
detriment of the other.

Pathogen: an organism or agent that causes damage or illness.

Pathosystem: refers to multiple organisms within their environment. DM pathosystem
refers to Durvillaea-Maullinia interactions within the host species’ ranges.

PCR: polymerase chain reaction, a standard method used to copy segments of DNA for
sequencing.

Phylogenetic: analyses of the evolutionary dynamics of organisms using molecular
(genetic) information.

Phylogeography (phylogeographical): the analysis of spatial patterning of genetic
information

Protist(an): a range of largely unicellular eukaryotic organisms from kingdom Protista.
Raft(ing): long-distance dispersal of floating individuals on ocean surfaces.
Sp.: used when the species-level classification of an organism is unknown.

Sp. nov: new species. Used in this thesis as one species of Durvillaea has been described
in recent research, but its taxonomy has not yet been published.

Spp.: refers to multiple species within a genus.




Chapter 1: Introduction

In the face of a changing climate, ecologists predict significant global shifts in the
abundances and distributions of species. Parasitic organisms are anticipated to increase their
infection intensities and geographic ranges with changing environmental conditions (Eggert et
al., 2010; Gleason et al., 2013). These increases may prove devastating where infections affect
species in lower trophic levels, on whom disease can, in extreme cases, lead to ecosystem collapse
(see Mouritsen et al., 2005; Collinge et al., 2008). Despite this, the spatial extent of many parasitic
species, and the environmental and biological elements shaping their patterns of infection, remain

largely unexplored.

Parasitic protists represent one of the least understood groups of infective organisms, despite
their potential for large-scale outbreaks and detrimental impacts on organisms of economic,
ecological, and social significance (Foissner, 2006). Such parasites have the ability to disturb
entire ecosystems by infecting keystone species (Collinge et al., 2008). This is of serious concern
as recent increases in rates of global marine disease are disproportionately affecting kelps
(Buschmann et al., 2014; Wernberg et al., 2010), which are central to the structure and nutrient

cycling of coastal ecosystems, and the survival of a broad range of species (Pereira et al., 2015).

In this research 1 used molecular, morphological, and ecological data to analyse the
biogeography and infection dynamics of the protistan parasite genus Maullinia on its kelp host
genus Durvillaea, with the complex referred to as the Durvillaea-Maullinia (DM) pathosystem.
The term pathosystem is used as this study seeks to understand interactions between a parasite,
host, and their environment (see Robinson, 1977), rather than describing simple morphological
characters such as infection pathways, which have dominated historical parasite research (Eggert
et al., 2010).

1.1 Model system

Host

Species within the genus Durvillaea provide significant ecological and economic benefits
through the provision of habitat and food for a variety of organisms, as well as food and fibre for
human communities (Abbott, 1996). They are the key determinants of intertidal community
structure in the sub-antarctic and cold-temperate Southern Hemisphere (Smith, 2002) (Figure 1a).
Durvillaea antarctica has cultural and economic significance for the indigenous peoples of New
Zealand and Chile (locally referred to as ‘rimu’ and ‘cochayuyo’ respectively) (Figure 1b), and
is a component of Chile’s substantial contributions to the world’s brown seaweed products
industry (Saavedra, 2011). Until recently, Durvillaea potatorum was considered the sole member
of the genus found in Australia, being described as a key determinant of the structure, composition

and patchiness of population assemblages of rocky intertidal zones on the continent’s south-



eastern coast (Underwood and Kennelly, 1990). The closely related and newly described
Durvillaea sp. nov, while morphologically similar to D. potatorum, occurs in slightly deeper
water in south-eastern Australia. It is thought to have diverged from its sister species through
separation during geological and oceanic changes in the Pliocene and Pleistocene (Weber, 2015).
The genus is being placed under increasing stress with a changing environment (Millar, 2007),
and increases in rates of infection for pathogens such as Maullinia could prove devastating under
future climate scenarios. Impacts may be heightened as parasites are known to disperse long
distances on Durvillaea hosts (see Fraser and Waters, 2013), suggesting increases in infections in

one location could spread to others across vast distances.

Figure 1 (a) Durvillaea antarctica growing in southern Chile; (b) *Cochayuyo’

for sale in a supermarket in Coquimbo, Chile.

Parasite

Maullinia is a genus of protistan parasites (class Phytomyxea) with an obligate intracellular
lifestyle, meaning aside from dispersive zoosporic stages they can only survive and reproduce
within host cells (Figure 2a). Described on the seaweed Ectocarpus siliculosus by Maier et al.
(2000), Maullinia ectocarpii is the only recognised species within the genus, and thus most data
are representative of interactions within the Ectocarpus-Maullinia pathosystem. The parasite is
assumed to have a broad distribution (Neuhauser et al., 2011b), however few data have been
collected to confirm this. Previous research has suggested that infections on Durvillaea antarctica
in southern Chile may be another species (Maullinia sp.) (Goecke et al., 2012), presenting as
warty, gall-like growths (Figure 2b). Such growths have been implicated in alterations to the

metabolic processes, reproductive structures, and mechanical strength and flexibility of a range



of algal hosts (Neuhauser et al., 2011b), suggesting possible detrimental impacts for Durvillaea

populations.

Previous research by Jahnke (1978) and James et al (1987) (in Aguilera, 1988) suggested
the presence of an unnamed gall-forming parasite similar to Maullinia sp. on Durvillaea
potatorum in Victoria, Australia. As M. ectocarpii has been confirmed on E. siliculosus in
Australian waters (Saavedra, 2011), it may be infecting a range of other kelp species in local

coastal environments.

Figure 2: A- Infection of M. ectocarpii on gametophytes of Macrocystis pyrifera
under laboratory conditions, showing a range of developmental stages (arrows). Scale
bar= 25um (Maier et al., 2000); B- Gall formed by Maullinia sp. infection on beach-cast
Durvillaea antarctica in central Chile.

1.2 Research direction
Despite the potential for significant impacts, no research has, to date, sought to analyse the
distribution and interactions between Maullinia species and Durvillaea hosts. This study set out

to address the questions:

- What is the geographical distribution of Maullinia spp. on Durvillaea hosts?



- Do infection trends suggest a relationship to environment or host characteristics?

The aim was to examine the infection dynamics, distribution and dispersal characteristics of these

two genera, as a model for understanding host-parasite-environmental interactions. A pressing

need exists to analyse marine algal-protist interactions, moving away from the historical bias of

characterising simple morphological aspects to more broad-scale research (Eggert et al., 2010).

As such, the objectives were:

a) To ascertain whether Maullinia sp. occurs across the distributional range of its host,

b) To assess whether Maullinia sp. is dispersing long-distance on kelp rafts based on

population genetic characteristics,

c) To assess whether physiological stress in host populations determines infection incidence

along two latitudinal gradients, and

d) To determine whether Maullinia infections can be reliably identified in the field based on

infection morphology for future monitoring programs.

Objectives were addressed through a trans-continental study of kelp populations across

approximately 2000 km of coastline in central and southern Chile, and approximately 500 km of

coastline in south-eastern continental Australia. Samples and data originated from two sources:

1.

Intertidal and beach fieldwork: field sampling occurred at sites accessible for
shore-based intertidal work in southern Australia, representative of the continental
populations of Durvillaea potatorum and Durvillaea sp. nov. Sites visited in Chile
represented populations of Durvillaea antarctica from the “central’ region described
by Fraser et al. (2010a).

FSES Durvillaea spp. tissue collection: gall-like samples from sub-antarctic
locations in the Molecular Ecology laboratory of the Fenner School of Environment
and Society (FSES) at the Australian National University (ANU) were used to test
the large-scale distribution of Maullinia spp. They were hoped to be supplemented
through collections made by researchers in other sub-antarctic locales. Samples
consisted of infected tissue from Durvillaea species that did not amplify as the algal
parasite Herpodiscus durvillaea from the work of Fraser and Waters (2013), and

might thus have been from Maullinia.

1.3 Hypotheses

Data were used to address the hypotheses proposed and justified in the following sections.



1.3.1 Based on the buoyant nature of the host Durvillaea antarctica
and its ability to raft long-distance, Maullinia sp. will show a
broad distribution across the Southern Ocean.

This hypothesis explores the biogeography of the DM pathosystem. Biogeographical
methodologies are appropriate for pathosystem analyses as they use genetic, morphological, and
ecological data to study interactions between organisms (Gleason et al., 2013) and explain
patterns of biodiversity over spatial and temporal scales. Applications of biogeographic principles
in pathosystem research remain limited however, as many have argued that the distribution of a
parasite is by definition limited to the distribution of its host (Hoberg and Klassen, 2002; Poulin
et al., 2011b). This fails to recognise the role of the environment, which interacts with the

distribution of species through two primary mechanisms: dispersal and vicariance.

Dispersal biogeography concerns itself with how organisms move from a point of origin
to new environments through intrinsic active abilities or the passive use of vectors (Gillespie et
al., 2012). Vicariance analyses look at how species’ biogeographies are shaped by separation due
to physical environmental factors (e.g. mountains) (Stigall, 2012). With time, both mechanisms
can alter the genetic composition of populations and communities, such that speciation may occur

if the flow of genetic material is significantly reduced or blocked (Figure 3) (Stigall, 2012).

Vicariance

Species A =p> SpeciesW§ Species ':>
Al A" B

Dispersal Specles A’ Species B

‘R .
Species A l=> Species A . '=> Species A .

Ancestral population Geographic Isolation Speciation

Figure 3 Illustration of vicariance and dispersal effects
leading to speciation (Stigall, 2012)

Organisms with poor intrinsic dispersal capacities may passively disperse on highly-
mobile organisms (“‘vectors’) (Thiel and Gutow, 2005; Smith, 2002; Johannesson, 1988; Nikula
et al., 2011). This suggests a need to consider how factors external to the life-history of a species

shape its biogeography. While historical marine research characterised organisms’ distributions



as depending on dispersal in larval stages, increasing evidence suggests alternative forces may be
at work (Hedgecock, 1986; Nikula et al., 2011; Bradbury et al., 2008; Cowen and Sponaugle,
2009; Johannesson, 1988). Vectors for trans-oceanic dispersal include wind, currents, birds
(Gillespie et al., 2012), human activity (e.g. shipping vessels) (Padilla et al., 1996), and floating
algae including Durvillaea antarctica (Thiel and Gutow, 2005). As such, epibiota found on this

kelp species may be transported to new environments through passive dispersal events.

1.3.2 Due to the high dispersal capacity of D. antarctica, populations of
Maullinia spp. will be connected and show genetic similarity over
large distances.

Dispersal events may be ‘read’ through genetic analyses in order to understand
biogeographical processes (Avise, 2009), as information collected from existing populations can
be interpreted to infer past phenomena. For instance, genetic dissimilarity between populations
may suggest long-term separation of organisms across a range of distances (Figure 3). While few
morphological characters are comparable between all living organisms, a number of genes can be

found across all species and sequenced for comparison (Hillis and Dixon, 1991).

DNA barcoding through Polymerase Chain Reaction (PCR), a widely used method in
biogeographical research, compares short genetic sequences from the same genomic region and
can be used to identify organisms based on the idea that genetic variation between species exceeds
that within species (Hajibabaei et al., 2007). Sequencing a known gene and comparing it to a
library of similar genetic information allows researchers to positively identify an organism, detect
new species, and occasionally reveal co-speciation, colonisation or invasion events (Hajibabaei
et al., 2007; Criscione et al., 2005; Emerson and Hewitt, 2005; Blakeslee et al., 2008). While the
approach has caused tension between ecologists and taxonomists (Moritz and Cicero, 2004;
Weisse, 2008), it has generated a wealth of information regarding species delineations,
distributions, and phylogenetic processes. This is particularly important for the study of protist
organisms, whose genetic variability, size and morphology often make it difficult to distinguish

between species (Sogin and Silberman, 1998; Foissner, 2006; Cumming et al., 2014).

A lack of distributional data for microorganisms such as Maullinia has led to the use of
two descriptive terms in protist biogeography. ‘Cosmopolitan’ is used to describe microbes that
should be found everywhere one would find suitable habitat, due to their small sizes, high
numbers, and high dispersal ability (Foissner, 2006). Moderate endemicity, in contrast,
conceptualises protist species as having limited ranges like other organisms. Of the 300,000 extant
species of protists, it is believed up to a third have restricted distributions (Foissner, 2008), and
genetic data have begun to support this idea (Lara et al., 2011). These data have, however,

remained largely constrained to terrestrial species, despite recognition that distributions and



infection dynamics on land may not accurately represent patterns seen in the world’s oceans
(Eggert et al., 2010).

Maullinia is widely described as a cosmopolite, however few data have been collected to
support this proposed distribution. DNA barcoding of samples of diseased host tissue may assist
in understanding the genus’ biogeography. ‘Cosmopolitan’ fails to recognise that variability is
often seen in species abundance within their distribution, which is largely shaped by

environmental factors.

1.3.3 Infection incidence will increase towards host range limits due to
increased host physiological stress.

Several factors have been implicated in shaping patterns of infection for pathosystems,
most notably related to spatio-temporal variations in climatic features (Eggert et al., 2010). This
hypothesis seeks to analyse the infection dynamics of the DM pathosystem, examining the role
of the environment in shaping species distributions and intensities. While the seasonality of
infectious disease has received significant attention, particularly in light of fluctuations in
temperature (Andrews, 1976), the impact of non-seasonal climate variation throughout species’
ranges remains less well understood. Within the range of an organism, variations in environmental
conditions affect rates of survival and reproduction, with changes in latitude associated with
alterations in climatic factors (Tuya et al., 2012), species taxonomy, and even rates of parasitism
(Poulin et al., 2011b). At the extremes of a species’ latitudinal range, physiological stress is often

highest, making it more susceptible to infection by pathogens (Hopper et al., 2014).

Range effects are well-recognised for algal organisms (Peters and Breeman, 1993), and
variation in environmental conditions is known to affect the survival of Durvillaea species (Tala
et al., 2013; Cruces et al., 2012). As such, the DM pathosystem represents an ideal model for

understanding latitudinal infection dynamics and their impacts on component species.

1.3.4 Infected and uninfected hosts will show differences in size due to
stress from pathogen interaction.

Morphological impacts often result from pathogenic interactions. Parasites can affect the
metabolism of their hosts (Neuhauser et al., 2011b), leading to changes in growth rates,
reproductive potential, and dispersal. Maullinia causes hypertrophies of host tissue (‘galls’) which
may lead to a reduction in growth potential as nutrients are preferentially distributed to infected

tissue.



1.4 Thesis structure

Acknowledging the aims and hypotheses of this research, Chapter 2 reviews literature
relevant to the distribution and infection dynamics of parasites including protists in order to
develop a theoretical understanding of the biogeography of the DM pathosystem. Range stress
literature is analysed to explore the relationships between pathogens, hosts, and their
environment; and previous research related to the DM pathosystem is summarised to
contextualise this thesis’ contribution to marine pathosystem research. Chapter 3 describes the
methods used in field, laboratory, and statistical work, with results presented in Chapter 4. The
findings of this thesis are discussed in Chapter 5, with conclusions drawn and suggestions for

future research summarised in Chapter 6.



Chapter 2: Literature Review

This chapter will review how biotic and abiotic factors interact to shape the intensity and
distribution of parasitic infections, and how understanding these factors may assist in predicting
the biogeography of a pathosystem. How these elements change within species ranges will be
explored, with particular emphasis placed on the relationship between range stress and latitude.
Finally, current findings related to components of the DM pathosystem will be described to

illustrate how species-specific characteristics interact with factors of interest in this research.

2.1 The development and spread of pathogens: host

biology and environmental parameters

Patterns of infection within a given pathosystem depend on two elements: characteristics
of the host and pathogen, and the characteristics of the environment in which they operate.
Anderson and Gordon (1982) describe these elements as ‘demographic stochasticity’, where
chance factors act to shape population growth, and ‘environmental stochasticity’, where
parameters such as climate alter rate processes (deaths/ births/ infections) over temporal or spatial
scales. The interactions of a wide range of biotic and abiotic ecological factors influence parasite

distributions (Kennedy and Bush, 1994) (Figure 4), as outlined in the following sections.

2.1.1 Biotic factors

Interactions within pathosystems are complex, with hosts and parasites affecting, and
being affected by, each another (Figure 4). The factors shaping these systems are dynamic and
represent opposing forces over time (Anderson and Gordon, 1982). The ‘biological arms race’
between parasites and hosts constitutes a co-evolving system where each organism’s prevalence
is dependent on the other. Biotic control of pathosystem distribution is defined by two factors:

parasite virulence and host resistance.
Parasite virulence

A parasite’s virulence (i.e. infection potential) can be understood through its host range
and specificity, with heterogeneity in virulence considered a key factor contributing to the

spectrum of disease severity seen across the globe (Gupta et al., 1994).
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Host specificity

Host specificity is the prevalence or intensity of infection of a parasite for a particular
host type (Rohde, 2002) or the genetic lineages able to infect specific hosts (Poulin et al., 2011a)
(i.e. whether a parasite species can infect only one, or several host species). The concept has
received significant academic attention, particularly with regard to how it affects species’
geographical ranges. As a general trend, parasites with lower host specificity show broader ranges
(Krasnov et al., 2008), however this trend is complicated by various characteristics of parasite

and host.

While several studies have examined marine algal pathosystem dynamics, a substantial body of
literature has analysed the host specificity of Eurychasma dicksonii, a ‘cosmopolitan’ oomycete
affecting a range of seaweeds and kelp including species of Ectocarpus. The parasite exhibited
differential rates of development between hosts from differing geographical locations (Muller et
al., 1999), with the strong possibility of host genetic factors affecting rates of infection (Gachon
etal., 2009). Variability in infection trends on differing hosts supported the notion that a parasite’s
host specificity is based on a range of biological and environmental factors (Rohde, 2002), which

proved of particular interest considering its broad distribution and large host range.
Host range

The host range of a parasite refers to the variety of organisms it is able to infect (Rohde,
2002). The broad host range of E. dicksonii (Muller et al., 1999; Kupper et al., 2006) is often
proposed as a reason for its broad geographical distribution, based on a widely accepted paradigm
that organisms infecting a range of hosts show greater geographical spread. Simply analysing a
parasite’s host specificity may not accurately predict its distribution, however, as ‘rare’ infections

in a particular host may act as a bridge to species more suited to the pathogen’s proliferation.

Parasites with large host ranges may create linkages between populations of common hosts
through other host species. Research on Kudoa thyrsites, a myxozoan parasite of marine fishes
(Whipps and Kent, 2006), provides insight into how a pathogen’s host range and specificity can
influence its biogeography. While most species within this genus are highly host specific,
infecting fishes of a particular family or even species, K. thyrsites has been identified on 37
different hosts from 18 different families in largely similar intensities. Findings suggest that this
broad host range and low host specificity promoted the species’ broad geographical distribution,
homogenising populations within, but not between, oceanic regions (Whipps and Kent, 2006). It
remains possible for species exhibiting high host specificity to increase their geographical range,
as primary hosts are supplemented by low-intensity infections in persistent alternatives

(Neuhauser et al., 2014). As such, predicting the potential impacts and distribution of parasitic
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organisms based on their host range and specificity is often inadequate as organismal

interconnectivity has impacts on virulence in pathosystems.

For instance, hyperparasites, or organisms that parasitise parasites, have been implicated
in controlling pathogen virulence, population size and diversity (Gleason et al., 2014), altering
pathosystem trends. Debate continues as to whether organisms associated with parasites decrease
virulence or increase rates of infection (Neuhauser et al., 2014; Maier et al., 2000; Parodi et al.,
2010), particularly for organisms such as the Phytomyxea, which are known to transmit viruses
that may weaken hosts and facilitate further infection (Parodi et al., 2010). The multiple scales
on which parasitism occurs may complicate patterns of infection, particularly when hosts present

some capacity to resist pathogenic attack.
Host resistance

The ability of an organism to resist infection depends on a range of morphological and
genetic characteristics, and these characteristics shape pathosystem distribution. Several factors
are considered of particular importance to host resistance in marine algal pathology, including
damage to tissue (wounds), population density (crowding), and life stage or genetic lineage
(Andrews, 1976).

For systems in which primary producers such as kelp act as hosts for a pathogen, resistance is
often decreased due to other biota existing within the system. Faunal grazing of algae has been
described as a key factor determining primary producers’ abilities to survive in high energy wave
environments, as algal species break at sites of grazing damage (Koehl, 1979). It has long been
assumed that the structure, health and composition of Australian kelp assemblages are primarily
shaped by grazing pressure (Underwood and Kennelly, 1990), with fully developed, non-damaged
algal individuals believed to be most resistant to infection in populations where crowding does
not promote the transmission of disease. Despite this, data have indicated that pathogens can
infect hosts with a range of morphological characteristics, suggesting genetic factors may act in
concert with morphological and ecological factors to drive patterns of infection for a range of
pathosystems (Miiller et al., 1999).

Analyses of kelp pathosystems have revealed strong evidence for a molecular basis to host
resistance, supporting the idea that particular species or lineages of marine algae may have an
ability to resist infection based on genetic composition (Gachon et al., 2009; Gachon et al., 2010;
Carius et al., 2001). The possibility of Eurychasma dicksonii presenting differential rates of
infection on brown algal hosts based on their lineage (Gachon et al., 2009), has been inferred to
indicate that host-pathogen coevolution may have shaped patterns of infection. As such,
knowledge regarding the spatial distribution of genetic information between host populations is

12



crucial to conserving kelp biodiversity, as genetic determinism is increasingly seen as a key driver
of pathology patterns (Hoberg and Klassen, 2002; Alberto et al., 2010).

When analysing infection trends in a given pathosystem, it must be recognised that
morphological differences between system components may interact with underlying genetic
factors. All of these factors are in turn shaped by the environment in which they operate, affecting

the distribution and intensity of infection on a range of scales.

2.1.2 Abiotic factors: the role of the environment

Recognition of the critical role of the environment in shaping pathosystem trends has led
many to assume that a pathogen found in a particular environment will be found in all areas with
similar conditions, resulting in inaccurate descriptions of species distributions (Hoberg and
Klassen, 2002; Weisse, 2008). Abiotic factors operate on a number of scales, with localised
factors such as pollution or mechanical damage interacting with broader conditions, such as

climate, to shape marine algal pathosystem trends.

A number of population-scale environmental parameters affect host susceptibility and
pathogen virulence, including pollutants, mechanical habitat alterations, and fishery practices
(Lafferty and Kuris, 1999; Crowe et al., 2000). Environmental factors are a ‘balancing act’, in
that the same parameter may improve conditions for a parasite or host, or lead to its decline. For
instance, habitat alterations from the removal of biomass may alter ecosystem structure in such a
way as to reduce or increase the prevalence of hosts implicated in a particular pathosystem, with
flow-on effects on the prevalence of parasites and organisms in other trophic levels. While marine
pollution has been implicated in a reduction in fitness for a range of algae (Li et al., 2010) and is
expected to increase in importance into the future, further research is needed to understand the
implications of pollution for the prevalence of disease. Temperature remains the most studied

abiotic factor implicated in marine parasite dynamics.
Temperature effects

Temperature plays an important role in determining how infections develop on local and
regional scales. Both host and parasite have ‘optimal’ temperatures in which they can exist, with
the overlap of these representing the ideal temperature range for a pathosystem. While it is widely
proposed that the requirements for obligate, endobiotic organisms follow those of their host, this

concept lacks empirical support and requires further research (Neuhauser et al., 2011b).

Temperature effects have been found for patterns of larval development and dispersal in parasites
and hosts, suggesting broad implications for long distance population connectivity in a range of
taxonomic groups (Bradbury et al., 2008). Thermal effects on the long-term survival of planktonic
larvae suggest the survival of organisms with cysts disseminated into the marine environment is

highly dependent on the temperatures they experience (Cowen and Sponaugle, 2009). A large
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body of literature has analysed kelp susceptibility to heat stress, suggesting that responses can
vary both between and within species, having direct impacts on organismal distributions and rates
of colonisation (Pereira et al., 2015). Responses also vary over different temporal scales, as
seasonal changes alter distributions of infection over periods of months, while broader climatic
changes may impact over years (Andrews, 1976). For instance, seasonal fluctuations measured
in densities of diseased thalli for the alga Iridaea laminarioides infected with an endophytic
bacterium were linked to temperature effects and the dislodgement of kelp during winter storms
(Correa et al., 1993), suggesting climate and weather may both interact to shape pathosystem

trends.

On broader temporal scales, a changing climate has received significant attention
regarding possible impacts on pathosystem development. While numerous predictions have been
made about how terrestrial pathogen systems will respond to a changing climate, their marine
counterparts remain less well understood (Eggert et al., 2010). Predictions based on existing data
suggest more frequent and intense disease outbreaks as pathogens’ growth rates accelerate, more
survive winter seasonal changes, and hosts become stressed due to shifts in their ‘optimum’ ranges
(Eggert et al., 2010). It has been suggested that currently under-studied parasites, including the
Phytomyxea, may develop into “‘devastating’ future diseases with a warming marine environment
(Gleason et al., 2013; Neuhauser et al., 2014), suggesting a need to understand what factors shape

infection trends to control outbreaks.

Environmental variables may interact with host and pathogen biotic factors to shape
patterns of infection. Research has shown anthropogenic and natural elements act in concert to
determine the intensity of pathogen infection, with broader environmental factors implicated in
where pathosystems are found. Understanding how the variability of such factors alters infection
trends is key to determining the relative contribution of biotic and abiotic elements in pathosystem

research.

2.2 Patterns within patterns: variability in biogeography

Population-level patterns of infection reveal important characteristics that shape the broad-
scale distribution of a pathosystem. Rohde (2002), in reviewing the biogeography of marine
parasites, identified that infections may be shaped along gradients and indicate dispersal routes,
biogeographical regions, and barriers. Understanding variability of infection intensities within the
distribution of the DM pathosystem may help us to discover how environmental effects structure

the biogeography of both host and parasite.

2.2.1 Range stress
Environmental parameters change along gradients, having direct effects on the

distribution of a species. Range stress, the physiological stress increasingly experienced by an
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organism towards its distributional limit, operates on a number of scales, and is known to play a
role in shaping organismal biogeography. For instance, range stress is known to operate in the
zonation of rocky shorelines, with the community composition of shallow intertidal areas being
vastly different to those submerged for most of the day due to differential ability to survive
desiccation (Pereira et al., 2015). Similarly, changing distributional characteristics within species
ranges reflect different abilities to cope with environmental conditions. Central Abundance
Theory, which states that species are most abundant at the centre of their geographic range and
rarer towards their range limits, is empirically well-supported for a large number of organisms
(Samis and Eckert, 2007) although exceptions do exist (Hochberg and Ives, 1999). This concept
aligns with Range Limit Theory, which conceptualises an organisms range limit as the expression
of its ecological niche in space, beyond which no living individuals occur due to increasing
ecological stress (Sexton et al., 2009). Its effect on a host’s resistance to infection is of particular
interest, as hosts at their latitudinal range limit may be more susceptible to infection (Gleason et
al., 2014).

Many studies have supported the notion that species inhabiting areas near their climatic pessimal
may be more susceptible to pathogen infection, drawing direct links between range limits and
bioclimatic suitability (Rddder et al., 2008). For instance, increasing sea temperature towards an
algal species’ range limit in Western Australia was directly linked to the resilience of kelp beds,
with impacts on the species’ responsiveness to perturbation, canopy recovery, and juvenile
recruitment (Wernberg et al., 2010). Similarly, research exploring how habitat structure
transitions along a latitudinal gradient on the Portuguese coast showed abrupt changes in kelp
composition related to sea surface temperature (Tuya et al., 2012), suggesting susceptibility to
local conditions. This susceptibility to conditions within species ranges would suggest parasite

infection incidence would increase in areas under highest stress.

Despite this, Levins (1968) (in Sexton et al., 2009) postulated that organisms at their range limit
may have an increased capacity to resist infection due to the natural selection of individuals with
greater adaptive plasticity. ‘Ecotype’ effects, whereby organisms existing in adverse conditions
show behavioural, morphological, or genetic adaptations to survive (Gao et al., 2012), have been
shown for a range of organisms (e.g. Mitchell et al., 2005). This further supports the concept of
‘parasite escape’, whereby organisms at their range limits may show reduced pathogen loads due
to intrinsic abilities to resist infection or conditions adverse to the survival of the parasite (Hopper
et al., 2014). In fact, as species’ ranges change with a changing climate, research has suggested
that certain hosts may be able to ‘escape’ their pathogens as the movement of parasites may occur
at a different speed (Hopper et al., 2014). Factors shaping pathogen infections within species
ranges are a ‘balancing act’ (Lafferty and Kuris, 1999), and research must recognise that variables
including range stress may act to promote or suppress the spread of a pathosystem by acting on

both host and parasite. A growing body of research has also shown numbers and diversity of

15



marine parasites fluctuate based on gradients of depth, longitude, and latitude. As such, there
exists a need for further large-scale research into geographical variation in pathosystem infection
trends (Rohde, 2002).

2.2.2 Latitude and parasitism

While much research has analysed the role of latitudinal gradients in shaping parasite
biodiversity, showing species richness increasing towards lower latitudes (Lindenfors et al.,
2007), less has considered how the same gradient may influence the distribution and intensity of
infections. Rapaport’s rule, which relates niche breadth with latitude, proposes species have
broader geographic ranges at higher latitudes, and has been supported in some parasitic systems
(Krasnov et al., 2008). Its application to parasitic species has suggested those at higher latitudes
may show less host specificity, and as such broader ranges and greater infection intensity, than
their equatorial counterparts. However, variability is still often seen in the incidence of parasite
infections across species ranges, suggesting interactions with local conditions (Poulin et al.,
2012). Parasites with little variation in abundance along environmental gradients may have lower
rates of local extinction (Poulin et al., 2012), and as such identifying and seeking to explain

variability in infection trends is highly important.

It has been suggested that parasitism may directly shape the distribution of hosts (Correa, 1996),
however data support competition and abiotic factors being of greater importance in promoting
latitudinal trends (Sexton et al., 2009). Parasites and predators have also been proposed as factors
implicated in expanding the range of their prey by pushing them to colonise new areas to survive
(Holt and Barfield, 2009), suggesting the dispersal of host and parasite are particularly important
in determining their survival as range limits shift in a changing climate (Eggert et al., 2010). With
the distribution of some species shrinking and others expanding, further data are needed to

understand how dispersal events shape pathosystem biogeography.

2.2.3 Dispersal capacity

Dispersal is central to variability in the emergence of disease (Suzuki et al., 2015), with
the dispersal ability of both host and parasite interacting to shape the broad-scale distribution of
infections. High dispersal capacities may lead to the homogenisation of parasite communities
along host ranges (Poulin et al., 2011b). It remains unclear whether hosts with large dispersal
abilities are able to escape parasites from within their range or rather transport pathogens to new
populations, increasing the geographical spread of the pathosystem (e.g. Fraser and Waters,
2013). It has been argued that dispersal can both increase the persistence of pathogenic species
through supplementing infections in areas of low abundance, or lead to a parasitic species’ decline
as homogenised populations are more likely to be uniformly adversely affected by stochastic
processes (Abbott, 2011). As such, model systems are needed to analyse the factors involved in

shaping parasite dynamics.
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2.3 Bull-kelp and their pathogens: understanding the
DM pathosystem
The DM pathosystem represents an ideal model for understanding biogeographic and
parasitological processes. The host genus Durvillaea has a large distribution across the southern
hemisphere, and its ecological and economic significance has prompted much research into
factors such as the role of rafting in dispersal. Maullinia remains a largely understudied genus of
protists, with previous research concentrated on understanding infection pathways rather than

broader geographical trends.

2.3.1 The genus Durvillaea
The genus Durvillaea, commonly referred to as ‘southern bull-kelp’, has been the focus
of a number of research projects seeking to understand how kelp systems allow complex

ecological communities to persist (Kennelly, 1987).

Species ranges

Fraser et al. (2010b) described nine distinct evolutionary lineages within the genus, with
several clades existing within the five species recognised by Hay (1994) (in Fraser et al., 2010b).
Several species, such as Durvillaea potatorum and Durvillaea sp. nov, have restricted continental
distributions within Australasia, with the latter species found along the south-eastern coast of New
South Wales, Victoria, and Tasmania (Weber, 2015), and the former western Victoria and
Tasmania (Figures 5 and 6). The ranges of these species are believed to be shrinking due to
warming ocean temperatures, with the current northernmost limit of Durvillaea sp. nov occurring
at Tathra in southern New South Wales (Weber, 2015). Conversely, Durvillaea antarctica has a
broad, circum-polar distribution containing five distinct clades (Fraser et al., 2010b). For further
detail regarding the phylogenetic placement and geographical range of species and clades within

the genus, see Fraser et al. (2010Db).

Based on the broad geographical range of the genus Durvillaea, a Southern-Hemispherical, cold-
temperate distribution may be expected for the DM pathosystem if Maullinia species are able to
reach disjunct populations and infect a range of species. Connectivity may be promoted through
some species in the host genus being able to raft long-distance (Fraser et al., 2010b), allowing the

dispersal of epibiota (including parasites) able to survive rafting events.
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Rafting ability
Molecular and ecological data have suggested that Durvillaea antarctica is capable of
rafting long distances over extended periods of time due to the “honeycombed’ structure found in
the tissues of certain clades (Smith, 2002; Fraser et al., 2009b).

The wide geographic distributions of a range of organisms with limited ability for autonomous
dispersal have supported the importance of marine algal rafts in shaping species distributions
(Thiel and Gutow, 2005). Cumming et al. (2014) describe long-distance genetic similarity
between populations of kelp-associated biota as evidence of the role of rafting in the marine
environment. They implicate rafting on macroalgae such as Durvillaea in the connectivity and
gene-flow of populations of kelp-associated organisms such as chitons, adding to existing
knowledge regarding the role of rafting in the re-colonisation of sub-antarctic areas by Durvillaea
species post glaciation (Fraser and Waters, 2013). Rafts of Durvillaea antarctica have, on rare
occasions, also been found on the Australian coast where the species does not grow (Moore and

Cribb, 1952), suggesting long-distance population connectivity.

Pathology

This is particularly interesting considering several factors are known to affect the
structure and health of Durvillaea populations. As the primary producer in a number of marine
ecosystems, the genus experiences significant grazing pressure which may damage tissue and
weaken individuals, altering the structure of communities (Underwood and Kennelly, 1990) and
producing a greater number of rafts. The high energy wave environment in which the genus exists
both suppresses competition through whiplash effects (Taylor and Schiel, 2005) and removes
individuals weakened by damage (Kennelly, 1987). Like other macroalgae, the growth and
reproductive status of Durvillaea species are linked to seasonal conditions such as temperature

and solar radiation, both when attached to the shore and when rafting (Tala et al., 2013).

Few parasites are allied with the genus, with most pathological investigations to date
concentrating on highly conspicuous infections of the algal parasite Herpodiscus durvillaeae
(Saavedra, 2011). Molecular research on this parasite supports the notion of D. antarctica
transporting epibionts long-distance in the pacific (Fraser and Waters, 2013). As such, the
possibility exists for other parasites, such as the recently identified Maullinia sp., to disperse long-

distance on D. antarctica rafts.

2.3.2 The genus Maullinia

Infection dynamics
Host range and specificity

The broad host ranges of Maullinia and other Phytomyxids on marine algae have been

proposed to promote increased infection severity under future climate scenarios (Neuhauser et al.,
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2014). A large range of filamentous brown algae are susceptible to infections of Maullinia (Maier
et al., 2000; Goecke et al., 2012), leading to proposals of a broad geographical distribution on
southern-hemispherical cold-temperate coasts. The organism’s two types of zoospores and
complex life cycle have the potential to infect different host tissues at different times (Parodi et
al., 2010), suggesting host specificity may change over time. The relative severity of infection

within and between hosts, however, remains to be quantified.

Infection pathway

The genus Maullinia presents similar infection characteristics to other phytomyxids,
with a complex life cycle and association with viruses (see Maier et al., 2000; Parodi et al.,
2010). It produces motile zoospores which disperse and infect new hosts (Neuhauser et al.,
2011Db) (Figure 7), where infections cause gall-like hypertrophies in host tissue. The production
of resting spores suggests the parasite may be able to passively disperse long-distance and
survive adverse conditions (Neuhauser et al., 2011b). While some research has described
Phytomyxids- including Maullinia- as parasites that infect hosts without directly leading to
mortality (Neuhauser et al., 2014), on flexible species such as Durvillaea antarctica the
formation of galls has been hypothesised to reduce the host’s ability to survive in high-energy
wave environments (Eggert et al., 2010). M. ectocarpii has been shown to heavily infect the
gametophytes of algal species such as Macrocystis pyrifera (Maier et al., 2000), which may
have implications for the reproductive potential of its host. The virulence of M. ectocarpii may
also relate to its association with a range of viruses, much like other Phytomyxids (Neuhauser et
al., 2014), however previous infections on filamentous algae have been shown to be
independent of viral infection, suggesting viral association to be of limited importance (Maier et
al., 2000).

While data regarding the host range, life cycle, and infection pathway of M. ectocarpii
are well characterised, little is known about the factors that shape its virulence in natural
populations. Aguilera (1988) found differences in infection characteristics for an unclassified
organism likely to be Maullinia sp. between adult and juvenile kelp in Chile, suggesting adult
plants are infected to a greater severity than their younger counterparts. The author further
suggested rates of infection increase towards southern latitudes, calling for more research to

determine how the parasite acts on broad scales.
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Figure 7 Diagrammatic representation of the life cycle of
phytomyxids such as Maullinia ectocarpii, showing dispersive
zoosporic stages: (a) release of primary zoospore from resting

spore, (b) dispersal of zoospore, and (f) secondary zoospore
(Neuhauser et al., 2011b)

Distribution

While several studies have analysed the phylogenetic placement and lifecycle of
Maullinia ectocarpii, the samples have originated from few geographical locations. The parasite
found on Durvillaea antarctica hosts has received less attention than that associated with
Ectocarpus siliculosus, which has been confirmed in single areas in Australia and Chile (Figure
8). Academic literature discussing areas in which Maullinia organisms have been confirmed are
presented alongside highly likely sightings in Table 1, providing a baseline description of the
organism’s distribution. Although Durvillaea species occur from 36°S southwards in Australia,
and 30’S southwards in Chile, to date infections on this genus have only been recorded at 38’S
(Australia) and around 41°S (Chile).



Figure 8 Map of known distribution of Phytomyxean parasites

(M=Maullinia ectocarpii; B= Phagomyxa bellerochae; A= Phagomyxa

algarum; O= Phagomyxa odontellae) (Neuhauser et al., 2011b)

Table 1 Summary of literature related to Maullinia spp. infections

Reference Discipline/ Sample origin Host Confirmed /
approach highly likely
Jahncke (1978) Microscopy Sorrento, Victoria, Durvillaea Highly likely
Australia potatorum
James et al. (1987) n/a Australia Durvillaea Highly likely
(unpublished- in Aguilera potatorum
et al, 1988)
Aguilera et al. (1988) Ecology/ Valdivia, Chile Durvillaea Highly likely
microbiology  Concepcion, Chile antarctica
Mehuin, Chile
Maier et al. (2000) Microscopy La Pasada, Chile Ectocarpus  Confirmed
and siliculosus
description of ~ Flinders, Victoria,
life cycle Australia
Parodi et al. (2010) Microscopy, Maullin city/ river, Ectocarpus  Confirmed.
analysis of Chile siliculosus
ultrastructure
Goecke et al. (2012) Phylogenetics/ Coliumo bay, Chile Durvillaea  Confirmed
ecology antarctica
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Genetic diversity

Goecke et al. (2012), who first described Maullinia sp. infections on D. antarctica in
Chile, suggested the possibility of the organism representing a novel species. Such a claim is
difficult to confirm, however, as the genotypic diversity for a range of protists- including
Phytomyxea- remain largely unknown (Weisse, 2008). Phytomyxean organisms are severely
under-represented in genetic databases and environmental samplings (Bulman et al., 2007;
Neuhauser et al., 2014; Burki et al., 2010), and organisms closely related to Maullinia such as
Plasmodiophora brassicae are known to present high numbers of introns that complicate genetic
analyses (Bulman et al., 2007). As a result, it has been difficult to determine whether distinct
species occupy geographical areas, as levels of genetic variation within and between species are

largely unknown.

2.4 Literature review conclusion

The biogeography and infection dynamics of an organism or pathosystem are shaped by
a number of factors. Morphological, behavioural and genetic factors interact with the environment
to shape infections on local scales, with changes in these conditions along gradients shaping the
distribution and intensity of infection. These trends may be analysed through both ecological and
genetic data, providing insight into contemporary and historical events shaping where the
organisms are found today, and allowing predictions as to where they may be found in the future.
Despite the potentially devastating effects of large-scale Maullinia infections on the keystone
genus Durvillaea, many of these data remain lacking for components of the DM pathosystem,

pointing to the need for contemporary research.
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Chapter 3: Methods
3.1 Field work

Sampling for this research was undertaken in Australia and Chile to replicate latitudinal
effects on three closely-related species from continents within the same ocean basin, seeking to

analyse the dynamics of the DM pathosystem.

3.1.1 Site selection

Australia

Based on the distribution of Durvillaea potatorum as described in Millar (2007),
Cheshire and Hallam (1988), and the Atlas of Life in the Coastal Wilderness (Atlas of Life in the
Coastal Wilderness, 2014), several areas were identified for potential sampling. Millar (2007)
describes the northern range limit of the species existing at Tathra (NSW), and this was selected
as the first sampling location. Jahnke (1978) discussed infections likely to be Maullinia spp. on

D. potatorum at Sorrento (Vic) (Table 1), and this was designated as the final sampling location.

Sites were selected using Google Earth, to locate rocky platforms exposed to high wave
energy. Visual examinations were conducted in situ at low tide to determine the presence or
absence of accessible kelp beds at ten sites: Tathra, Merimbula, Green Cape, Mallacoota, Cape
Conran, Cape Liptrap, Wilson’s Promontory, Cape Paterson, Cape Schanck, and Sorrento back
beach (latitudinal range: -36.72 to -38.49) (Figure 9). No kelp beds were visible from the shore at
Merimbula, Cape Liptrap, Wilson’s Promontory, and Cape Paterson, and sampling was not
feasible at Sorrento back beach due to large swell. As such, intertidal sampling was limited to

Tathra, Green Cape, Mallacoota, Cape Conran and Cape Schanck (Table 2; Figure 9).

Table 2 Site descriptions: Australia

Site State | Latitude | Longitude | Description
Tathra NSW | -36.72 149.99 Flat, rocky platform below Tathra Hotel- high wave
exposure.

City Rock NSW | -37.25 150.014 Flat rocky platform along edge of large bay.

Mallacoota Vic -37.57 149.764 Series of rocky reefs near boat ramp- more exposed
towards point/ outer edge.

Cape Vic -37.8 148.743 Series of parallel rocky reefs- moderate wave
Conran exposure.
Cape Vic -38.49 144.889 Large flat rocky platform with gulley, moderate wave

Schanck exposure.
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Research permit conditions

Site selection was constrained by conditions set out in research permits for NSW and
Victoria (Appendix 1). These included sampling outside marine protected areas, proper
sterilisation of equipment to reduce risk of transferring pathogens between sites, and prompt and
proper notification of fieldwork commencement dates to local regulatory authorities. Delays in
receiving the permit for Victoria forced sampling to occur at sites outside marine protected areas
and below the low tide mark of terrestrial parks, where permits are not required for tissue
collection (Appendix 1) (Hadden, S., 2015, personal communication, 15/10/2015).

Engagement of citizen scientists

In an effort to increase the efficiency of site selection, and due to the lack of information
on the presence of Maullinia spp. in Australia, citizen scientists were engaged to identify areas
with galls on D. potatorum and Durvillaea sp.nov. A description of the characteristics of
Maullinia spp. infections, based on the work of Goecke et al. (2012), was posted in an article on
the Atlas of Life in the Coastal Wilderness, requesting anyone who had seen similar infections on

Australian bull-kelp to report a sighting (see Hepburn, 2015).

Complementary to this, a radio interview was conducted on ABC South East NSW (10/8/15), in
which listeners on the NSW south-coast were requested to read the article posted online and report
possible infections. The SCUBA divers federation of Victoria was also contacted via the DiveOz
forums (Blake, 2015) in order to identify potential sites accessible for sampling, and to determine

if any members had noticed infections on populations of bull-kelp.

Several researchers from a range of other geographic locales including the sub-antarctic region
were also contacted and asked to report infections and collect samples if they suspected the

parasite was infecting local Durvillaea populations (Table 3).

Table 3 Individuals contacted to establish sampling locations and request sample

collection
Name Geographical area | Affiliation
Simon New Zealand Scientist, The New Zealand Institute for Plant & Food Research,
Bulman Ltd.
Norman Tristan da Cunha/ Data manager/ observer, Tristan Da Cunha Fisheries Department.
Glass Gough Islands
Dr. Sigrid Austria Researcher, Institute of Microbiology, University of Innsbruck.
Neuhauser Note: not asked to sample, contacted to determine areas where

other researchers may be able to sample.

Libby NSW Atlas of Life in the Coastal Wilderness region coordinator.
Hepburn

n/a Victoria, Australia SCUBA divers federation of Victoria
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Chile

Intertidal sampling

Sites for intertidal sampling in Chile were selected based on the incidence of Maullinia
sp. infections in the literature (see Table 1), and positive amplification of samples of diseased
tissue from beach-cast kelp collected in Chile by Professor Martin Thiel and colleagues prior to

this thesis’ sampling period.

DNA barcoding of 90 samples collected in 2014/15, including sequencing of several samples,
confirmed the presence of Maullinia sp. infections on beach-cast kelp at Mar Brava, Quidico,
Queule, Itata Norte, Pucatrihue, Chaihuin, San Pedro de la Paz, Cucao, Carelmapu, Hua-Huar,
and Curinanco (Electronic Appendix 1). It was assumed they represented infections from local

populations for further sampling.

Sites were selected based on three criteria: latitudinal spread, safety and accessibility of samples,
and prior identification of potential Maullinia sp. infections. Intertidal sampling occurred at
Pichicuy, Quintay, Pichilemu, Curanipe, Queule, Chaihuin, Hua Huar and Mar Brava (Table 4;
Figure 10). While a visit to a site between Curanipe and Queule had been planned, time constraints

resulted in a gap between the latitudes of -36°S and -39°S (Figure 10).

Table 4 Site descriptions: Chile
Site Latitude | Longitude | Description

Pichicuy -32.3263 | -71.4718 Small bay with lots of rocky reefs. Evidence of seaweed
harvest (Macrocystis). Lots of isopod damage.

Quintay -33.2049 | -71.7008 Recreational area- lots of people. Small bay with central reef.

Pichilemu | -34.3937 | -72.0266 Site with evidence of kelp harvest

Curanipe | -35.8956 | -72.6880 Rock platform approx. 10m. off beach.

Queule -39.3132 | -73.2273 Small bay accessible by dirt path. Rocky platforms along bay
edge and in centre.

Chaihuin | -39.8901 | -73.4837 Rocky reefs running parallel to shore. Evidence of kelp harvest

Hua Huar | -41.3117 | -73.8401 Series of rocky platforms. Isopod damage; ‘spotty’ disease on
kelp.

Mar -41.9458 | -74.0399 Remote (dirt road). Evidence of kelp harvest- Macrocystis and
Brava Cochayuyo.
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Research conditions

Where possible samples were collected in areas outside of traditional management zones
(“Parcelas de Cochayuyo’) where the harvest of bull-kelp is locally regulated. Where sampling
did occur in such zones, Chaihuin and Pichicuy, the work was verbally agreed upon with members

of the traditional management groups.

Beach sampling

Beach sampling occurred at sites pre-designated in the project of Prof. Martin Thiel. In

total, 34 beaches were sampled (Figure 10).

28



-
Meeryplias

e el

Fzeaqitiel Ramag.
Mexia ReseTvolr g

b .Euﬁu Ehﬂqu'i{-:m_?__‘f'f‘__-"- y,

~  HuaHuar
& - .

“ Py Lo Mool

Figure 10 Map of intertidal and beach sampling locations in Chile

32’S

33’S

34’S

35’S

36’S

37’S

38’S

39’S

40'S

41'S

42'S

43’S



3.1.2 Data collection
Sampling period

To reduce the risk of seasonality influencing results, all intertidal sampling occurred in
late spring and summer 2015/16. | collected Australian data over seven days in November and
December 2015. | travelled to Chile to collect data over two two-week periods in December 2015

and January 2016.

Complementary to the work of this thesis, data from summer and winter 2014-2016 on
the proportion of infected beach-cast kelp at all sites were made available by the research group
of Prof. Martin Thiel.

Infection identification

Morphological characteristics considered likely to represent Maullinia spp. infections on
Durvillaea spp. hosts were based on descriptions in Aguilera (1988), Jahnke (1978) and Goecke
et al. (2012). Infections were recorded in the field by sighting ‘Discoloured, yellowish warty
tissue, forming circular or elliptical raised galls, or holes surrounded by such tissue’ (Appendix
2), and photographs were taken to determine variability in size, colour, and texture of infected

tissue (Electronic Appendix 2).
Intertidal sampling

Sampling sought to quantify elements of importance for algal infectious diseases as
described in Correa and Sanchez (1996): the incidence of disease, population affected (age or size

of host), differential susceptibility between hosts, and severity of the disease.

Infection incidence was quantified along a series of 10m transects. While three transects
were measured per site in Australia, the number of transects varied from three to five between
sites in Chile based on the extent of kelp beds, safety considerations, and the availability of
researchers. As this research was concerned with proportional incidences of infection per
population, variability in number of transects does not affect the representativeness of data as

sampling along each transect remained consistent.

Transects were laid on rocky platforms partially or completely emergent at low tide. As
Durvillaea species often inhabit fragmented rocky platforms composed of a number of reefs
separated by water, it was not always possible to lay transects parallel to one another. Rather, they
were laid on the edges of such platforms, separated by at least two metres if on the same platform,

where kelp are likely to experience similar exposure between sites (Appendix 3).

The number of healthy and diseased kelp were counted on each transect, with stipe

intercepts considered an individual hit. Morphological measurements were limited to length as
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this was the fastest and safest characteristic able to be measured in high wave energy
environments without harvesting entire kelps. As a method of randomisation, length
measurements were taken for every fifth healthy individual, and every third diseased individual,
as it was assumed the prevalence of the latter would prove lower than the former. Length was
measured from the base of the holdfast to the end of the longest frond. Multiple stipes from the

same holdfast were considered multiple intercepts, as these likely represent distinct individuals
(Figure 11).
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For each diseased individual measured, a sample of infected tissue was excised and
placed in a 50ml Eppendorf tube and labelled with the site name and an individual code to match
samples with field-recorded morphological characteristics. Tubes were filled with 70% ethanol,
with the alcohol replaced once after several hours. After 24-48 hours, samples were either air-
dried on clean paper towel or in an oven at 60°C for several hours, then placed in sealed and
labelled sample bags with silica gel as desiccation is considered effective for preserving algal

tissue for molecular work.

Approximately 1700 kelp individuals were visually surveyed across Chile and Australia.
Tissue samples and length measurements were taken from 149 diseased individuals, and length

measurement from 256 healthy individuals.
Beach sampling

As beach-cast sampling was a component of the larger project of Professor Martin Thiel,
methods were adjusted to fit into the project’s research design. The length of infected beach-cast
kelp with their holdfast attached were measured, and diseased tissue excised, preserved, and
labelled for laboratory extraction as per the method used for intertidal sampling. Diseased tissue
was sampled on kelp showing little signs of decomposition, as DNA from decomposed

individuals would likely not amplify.

Approximately 50 samples were collected from 67 beach-cast kelp individuals, alongside

morphological measurements of 1170 healthy individuals.

3.2 Laboratory work

3.2.1 Sample selection: FSES Durvillaea spp. gall collection

Samples of diseased Durvillaea spp. tissue from the FSES collection were selected for
DNA barcoding based on the characteristics of Maullinia sp. infections described in section 3.1.2.
Holes with smooth edges, or evidence of “furry’ growths, were not extracted as they were likely

to represent infections of Herpodiscus sp. or other epiphytic algae.

Approximately 200 samples were visually checked, with 38 of these- from Gough, Marion and
Kerguelen islands (Electronic Appendix 1)- tested via DNA barcoding (using Maullinia-specific

primers: see below).

3.2.2 Sample extraction, amplification, sequencing
Extraction protocol

Samples were extracted following the Chelex® protocol of Walsh et al. (1991). Small
(<2mm) pieces of tissue were excised using a scalpel and tweezers (sterilised between samples

with 70% ethanol and flame) and placed in 800ul of 5% Chelex® solution (Bio-Rad Laboratories,
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Hercules, USA). Extractions also included 1pl of 10mg mL* proteinase K for Australian samples,
however this reagent proved unavailable in Professor Thiel’s laboratory in Chile and solutions
there thus contained only Chelex® resin. Extractions of Chilean samples could not be performed

in Australia due to import restrictions (see Appendix 4).

Samples were incubated at 60°C overnight, raised to 90°C for 8 minutes for those containing
Proteinase K in order to denature the enzyme before Polymerase Chain Reaction (PCR). Samples
were finally centrifuged for 3 minutes at 13,000 rpm, and the supernatant diluted 1:100 in MilliQ

water to reduce the possibility of alginates blocking PCR processes (see Wilson et al., 2016).
PCR protocol

Sample amplification was conducted in a 20ul PerfectTaqg solution, comprising 12.5pul
MilliQ water, 0.2l each of forward and reverse 10mM primers, 2l of PerfectTaq buffer (5Prime
GmbH, Hilden, Germany), 4ul of ImMol dNTPS, 0.1ul of PerfectTaq polymerase (5Prime
GmbH, Hilden, Germany) and 1pl of 1:100 sample supernatant.

PCRs were run with an Eppendorf Mastercycler (Epgradient S, Hamburg, Germany) using the
Maullinia Touchdown protocol of Goecke et al. (2012), comprising: 96°C for 4 minutes, two
cycles of 96°C for 25 seconds, 65°C for 25s and 72°C for 1.5 minutes, two cycles each with an
annealing temperature of 60°C and 58°C, and 30 cycles with an annealing temperature of 54°C
and then 72°C for 10 minutes. Total PCR length was 2 hours 17 minutes.

This research used the genus-specific primers Mau2F
(5’ACGGGTACGAGGGACGTGGG) and Mau9R (TGCATCAGTGTAGCGAGCGT) (Goecke
et al., 2012). Primers amplified the 18S nuclear ribosomal gene, which is of particular use for the
taxonomic classification of organisms (DNA barcoding), descriptions of variation between
populations of differing geographical origin, and analyses of protist phylogenetic relationships
(Hadziavdic et al., 2014; Wang et al., 2014; Pawlowski et al., 2012). This marker is regularly
used for protist research, being easily amplified through PCR and relatively robust in forming
single-gene phylogenies (Boenigk et al., 2012). | designed new primers for a range of alternative

molecular markers, but none proved effective (see section 3.2.3).
Gel electrophoresis

In order to establish which samples had successfully amplified, PCR products were run
on a 1% agarose gel at 100 volts for approximately 25 minutes. Gel electrophoreses included PCR
and extraction negatives for each sample batch, in order to confirm no contamination from
procedures or reagents had caused sample amplification. Bands of the right length (approx.

1800bp) were considered a ‘positive hit’ for the organism of interest.
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DNA purification and sequencing

PCR products showing signs of positive amplification were purified using a QIAQuick
PCR Purification Kit (QIAGEN, Venlo, Netherlands) to be sent for sequencing at the University
of Otago’s Genetic Analysis Services (Otago, New Zealand), using an Applied Biosystems
3730xI capillary sequencer (Thermo Fisher Scientific, Inc., Waltham, USA). Samples were sent
with approximately 18ng of DNA (1ng per 100 bp of product) and 1l of 3.2mM forward primer

(Mau2F) in a total volume of 5ul/ sample.

3.2.3 Alternative primer design

Several other primers were developed following the method of Fraser and Waters (2013)
in order to sequence the Cox3, COI, and 5.8s markers, as analyses of multiple nuclear and
mitochondrial genes provide a greater understanding of biogeographic and phylogenetic
processes (Tian et al., 2013). Iterative testing of primers with various alterations to procedures
and reagents did not lead to successful amplification (Table 5), and due to time and budget
restraints the remainder of this research project concentrated on the use of the existing primers
Mau2F/ Mau9R.

It is highly likely that new primers failed to amplify Maullinia sequences due to the limited
availability of Maullinia and closely related organism sequences for other markers in Genbank.

As a result, new primers were developed using information from quite distantly related taxa.
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3.3 Statistical analyses

3.3.1 Phylogenetic analyses

Sequences were aligned, trimmed, and ambiguities were corrected in Geneious 6.1.8
(Kearse et al., 2012) using, where possible, IUPAC ambiguity codes for base-call ambiguities
(two possible nucleotides at a locus). The alignment of 58 sequences, including two outgroups of
related organisms and two published sequences of M ectocarpii and Maullinia sp. was exported

to MEGAWG6.06 (Tamura et al., 2013) for preliminary examination of phylogenetic relationships.

Haplotype networks were developed in TCS1.21 (Clement et al., 2000), with one
representative from each unique sequence used to construct phylogenetic trees. Haplotype
diversity was analysed using a simple linear regression of number of sequences vs. number of

unique sequences in Chile and Australia.

The most appropriate model of DNA evolution was determined using jModeltest2
(Darriba et al., 2012) according to Akaike’s Information Criterion (AlCc). Model parameters
were: TrN+G (gamma shape 0.4240, proportion inv sites 0). The Maximum Likelihood (ML)
phylogenetic tree was constructed in PhyML 3.0 (Guindon et al., 2010) with support for nodes
determined using 1000 bootstrap iterations. The Bayesian phylogenetic tree was constructed in
MrBayes 3.2.0 (Ronquist and Huelsenbeck, 2003) with Markov Chain Monte Carlo (MCMC)
searches of four chains and burn-in of 10,000 trees. Trees were sampled every 100 generations

for a total of 5000000 generations.

Box 1: Phylogenetic analyses

Maximum likelihood (ML) and Bayesian analyses: phylogenetic trees, constructed
using ML and Bayesian techniques, are widely used to test evolutionary relationships. ML
analyses seek to quantify how likely it is that the relationships observed are ‘true’ based on
iterative testing (bootstrapping), with larger results showing greater support for relationships.
Bayesian analyses produce posterior probability values for nodes in phylogenetic trees by
combining tree likelihood measures and prior phylogeny probability (Douady et al., 2003).
Using the two techniques in concert can provide greater confidence in estimated phylogenetic
relationships.

Haplotype analysis: determines the number of, and relationships between, unique genetic
lineages at a population-scale (Clement et al., 2000). Haplotype networks represent prevalence,
connectivity, and difference between haplotypes, using visual cues such as nodes to represent
missing haplotypes or evolutionary steps between groups.
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3.3.2 Morphological and ecological analyses

Analyses of ecological and morphological data were carried out in Genstat 18.1 (VSNi,
2011). Latitudinal effect on infection incidence, as well as effect of infection status on host length,
were tested for using Generalised Linear Modelling (GLM), while the effect of latitude on host
length was quantified using grouped linear regression. A two-sample binomial test was used to
compare infection incidence between seasons in Chilean beach-cast kelp. For all analyses p values

<0.05 was considered significant.

Testing for latitudinal effects in infection incidence using a binomial model showed over-
dispersion, suggesting the distribution was inappropriate or possible data clustering. A negative
binomial distribution with a logarithm link function was used instead, as such models are of
particular use for count data and are able to deal with over-dispersion (Lawless, 1987). Modelling
used number of infected kelp per transect per latitudinal group, offset by the natural log of total
kelp due to large variability in total numbers of kelp per transect. Data from each country were
tested individually, and in a single model using Wald tests to determine the effect of dropping

terms, to determine if any country-level effects altered results.

Length difference based on host infection status was modelled for intertidal data with a binomial
distribution and logit link function. Due to the large difference in numbers of infected and non-
infected beach-cast kelp, a binomial GLM proved inappropriate and a two-sample t-test was used.

Large variability in length measurements was accounted for using log10(length) in analyses.

Latitudinal effect on host length was tested for using a linear regression grouped by
infection status. Seasonal effects were tested for using a two-sample binomial analysis of numbers

of infected and non-infected kelp in beach sampling for summer/ winter 2014/15 and 2015/16.

Box 2: Statistical analyses

Linear regression: tests the relationship between variables and the strength of this
relationship; concerned with dependence (Weisberg, 2005) and primarily used for continuous
data.

Generalised Linear Modelling (GLM): GLMs are a robust method for analysing a range
of data types, including categorical or binary. They are able to cope with non-normal
distributions, and can point to the relative contribution of variables on an outcome (Dunteman
and Ho, 2006). Binomial modelling is often used to determine how factors affect the number
of ‘successes’ in a dataset (i.e. number of infected kelp).
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Chapter 4: Results

4.1 Infection geography

Samples collected in this research indicate the presence of Maullinia spp. infections at all
intertidal sites visited, and a majority of beaches (Electronic Appendix 1). DNA barcoding
confirms, for the first time, infections of Maullinia ectocarpii on populations of Durvillaea
potatorum and Durvillaea sp. nov in south-eastern continental Australia. Infections of Maullinia
sp. were also confirmed throughout central Chile on Durvillaea antarctica. No infections were

identified by other scientists (Table 3) or confirmed on samples from sub-antarctic locales.

4.2 Infection morphology

Qualitative observations of samples collected in this research showed several
morphological characteristics were shared between infections in Australia and Chile, with some
differences evident between hosts. Novel data emerged regarding the possible progression of

infections in the DM pathosystem.

While some infections of Maullinia sp. in Chile were similar in shape, size, and colour to
those in Goecke et al. (2012) and Aguilera (1988), infected tissue showed a broader range of
characteristics than previously described. Diameter of galls ranged from 2cm to 15cm. Galls were
found from the centre (Figure 12a) to the edges (Figure 12b) of kelp fronds, with rarer infections
occurring on the stipe (Figure 12c). Infected tissue had a warty appearance, being raised and

tougher than surrounding areas and often showing concentric rings of discolouration (Figure 12a).

Reviewing images of infected tissue in Chile cast doubt over the accuracy of gall identification
by researchers in Quintay (site 2), being one of the earlier sites visited during sampling where
methodology was still under development (Electronic Appendix 2). As other organisms are
known to produce gall-like structures on D. antarctica in Chile (Saavedra, 2011), quantitative
data were omitted for this site in analyses to reduce the risk of trends being skewed by alternative

species.
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Figure 12 “Typical’ infections amplifying positively for Maullinia sp. on D.antarctica
in Chile (paper length: 5¢cm) showing A) a gall with concentric rings, B) an infected frond
edge, C) an infection spread along the stipe and lower frond

Infections in Australia were smaller than their Chilean counterparts, ranging in size from
1cm to 5cm. Tissue showed a more uniform yellow colour, being warty and tough, similar to
infections found in Chile (Figure 13). Infections along the edges of kelp fronds were less common
than in Chilean populations, being more often identified as warty holes and small raised galls in

central tissue.

Figure 13 Typical’ infections amplifying positively for M. ectocarpii on Durvillaea

species in Australia (scale bar: 2cm) (A and B: Mallacoota; C: Cape Conran)
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Tissue infected by Maullinia spp. in both locales suggested similar infection progression.
Galls begin relatively small, and can grow to substantial size. At a certain point, tissue in the
centre of the gall begins to slough away, likely due to necrosis, eventually forming a hole in the
infected frond. Once large enough, this hole appeared to break open, either becoming the new

edge of the frond, or leading to the infected tissue breaking off (Figure 14).
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Figure 14 Proposed progression of infections of Maullinia sp. on Durvillaea
antarctica in Chile, from left to right: gall formation, gall enlargement, necrosis, gall
rupture and new edge formation (paper length: 5cm).




4.3 Genetic analyses

Samples from Australia and Chile showed similar rates of amplification from single-
attempt PCRs (approx. 60%), with sequenced products being a similar length (approx. 800bp).
Amplification failure rates are often high for Polymerase Chain Reactions (PCRs), particularly
for those using tissue from kelp and seaweed (Wilson et al., 2016). Acknowledging this, and the
similarity of infection morphology between sites (omitting Quintay, see section 4.1), it was
assumed all samples collected represented the organism of interest and all quantitative field data

could be analysed with relative certainty of representing DM pathosystem trends.

4.3.1 Haplotype analyses

Sequencing of 54 samples from eight intertidal sites in Chile and four intertidal sites in
Australia yielded 12 new, unique sequences. No sequences were shared between countries,
although the published M. ectocarpii sequence of Maier et al. (2000), from Chile, was resolved

as closely-related to Australian Maullinia.
Chile

Eight unique sequences were identified in the 31 samples sequenced. While a greater
number of samples per site may have provided a better understanding of the distribution of genetic
variation, preliminary findings suggest little geographic patterning of Maullinia sp. lineages along
the Chilean coast (Figure 15). The most abundant sequence, MC1, occurred from the
southernmost site to the second northernmost locale. The least abundant and most genetically
distinct, MC8, appeared at only one site (Pichilemu) (Figure 15). Sequence MC4, which matched
the published sequence from Maullinia sp. (Goecke et al., 2012), was found from the

southernmost to northernmost site (Figure 15).

Haplotype diversity appeared to relate to number of sequences obtained at each site (Figure 17a),
i.e. where more samples were sequenced, more unique sequences were found, suggesting high
genetic diversity within Maullinia sp. along the Chilean coast. This raises the possibility that the
sampling regime of this research could not give a full picture of genetic diversity in Chilean

Maullinia, however it was not a goal of the study to do so.
Australia

Four unique sequences were found in the 22 samples sequenced for Australian sites
(Figure 16). Preliminary findings from the small number of samples appeared to show separation
into eastern and western groups, with sequence MA1 being present at all eastern sites and MA4
being most abundant at Cape Schanck (Figure 16). No sequences were shared between eastern

and western areas, corresponding to the break in host species as described by Weber (2015) (see
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section 2.3, Figure 6), with groups showing dissimilarity from each other and published sequences

for M. ectocarpii.

There was no relationship between the number of samples sequenced and the number of

unique sequences obtained in Australia (Figure 17b).
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Figure 17 Linear regression of haplotype diversity (number of sequences)
vs. number of samples sequenced in A) Chile and B) Australia.95% confidence
intervals are represented in blue.



4.3.2 Phylogenetic structure

The 18S ML and Bayesian phylogenetic trees showed strong consistency in overall
topology and branch support (Figure 18). Samples were separated into clades representing
continental groups (Australia and Chile) with strong bootstrap and Bayesian PP support, and

robust separation from related outgroups.

Australian samples showed similarity to published sequences of M. ectocarpii (Table 6),
and likely represent individuals of this species. The separation of samples into ‘eastern’ (MAL,
MAZ2) and ‘western’ (MA3, MA4) groups was strongly supported (Figure 18, 0.3% divergence
Table 6), with ‘western’ individuals at Cape Schanck showing greater similarity to M. ectocarpii.
Little phylogeographic structure was evident in the Chilean samples (Figure 18), with samples

showing strong similarity to the Maullinia sp. sequence of Goecke et al (2012) (Table 6).

Table 6 Percentage sequence divergence values

Chilean Australian Maullinia Maullinia sp.
samples Samples ectocarpii (Goecke et al.,
(Maier et al., 2012)
2000)
Chilean 0.1%-0.3% 2.4%-2.6% 2.5-2.7% 0.1%
samples
Australian 2.4%-2.6% 0.3% 0.1%-0.4% 2.3%-2.5%

samples
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Figure 18 Phylogeny of Maullinia spp. samples collected in Australia and Chile. Coloured
rectangles represent unigue sequences. Percentage maximum likelihood scores above 75% are
shown above branches and Bayesian posterior probability below. Outgroups have been trimmed

for clarity. Included are two previously published sequences from Maier et al. (2000) and
Goecke et al. (2012)



4.4 Latitudinal effects

4.4.1 Australia

Generalised linear modelling for Australia supported latitude being a significant predictor
of infection incidence (p=0.015) (Table 7), showing numbers of infected kelp increasing towards
higher latitudes (Figure 19a). High numbers of infected kelp were recorded at sites towards the
centre of the sampling range, corresponding to Mallacoota and Cape Conran. The lowest numbers
of infected kelp were recorded at site two (City Rock), with next lowest incidence occurring at

the host’s range limit and the northernmost site, Tathra (Figure 19a).

4.4.2 Chile

Generalised linear modelling for Chile did not support latitude being a significant
predictor of infection incidence when data for Quintay were included in analyses (p=0.130)
(Electronic Appendix 3). Omitting these data, due to the possibility of inaccurate sampling (see
section 4.1), showed latitude being a significant predictor of infection incidence in Chile
(p<0.001) (Figure 19b; Table 7).

Much like Australia, the linear trend showed numbers of infected individuals increasing towards
higher latitudes with both the inclusion and exclusion of data from Quintay. Variability was
evident within the dataset, with southern sites such as Queule (site 4, Figure 19b) showing low

incidences. Infection incidence did not increase towards the host’s northern latitudinal range limit.

4.4.3 Countries combined

Testing for country effects using grouped country data showed country and latitude were
significant predictors of infection incidence (country: p=0.011; Latitude: p<0.001) (Table 7), with
Australian data showing a steeper trend in infection incidences (Figure 19c), likely due to the

smaller latitudinal range.
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4.5 Host length
4.5.1 Latitude and length

Regression analysis showed that kelp length (both infected and uninfected) increased with
increasing latitude in Australia (R?=0.34; p=0.003) (Figure 20a). No significant effect was found
in Chile (R?=0.03; p=0.102) (Figure 20Db).
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Figure 20 Linear regression with groups of log10(length) for
infected (D, red) and healthy (H, green) intertidal kelp along
latitudinal gradients in A) Australia and B) Chile.



4.5.2 Infection and length

Generalised linear modelling for intertidal data in Chile and Australia found infection status was
not a significant predictor of length (Ch: p=0.605; Au: p=0.076). (Figure 21a, b). No significant
length difference was found between healthy and diseased beach-cast kelp along the Chilean coast

using a two—sample two-tailed t-test (t (1232=-1.77; p=0.077) (Figure 21c).
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Figure 21 Boxplots of log10(length) for infected (D) and uninfected (H) intertidal kelp in
A) Chile, B) Australia, and C) Chilean beaches.
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4.6 Seasonal effects: Chile

Two-sample binomial testing of numbers of infected kelp in summer and winter for
2014/15 and 2015/16 showed a significant probability of season affecting infection incidence on
beach-cast kelp (p=0.026). Winter appeared to show a greater proportion of infected kelp across
years. Variability was evident between seasons and years, however, with number of infections
proving particularly low in Summer 2014/15 (Figure 22).
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Figure 22 Percentage of infected kelp per beach sampling site along the Chilean coast
for Winter/ Summer 2014/15 and 2015/16 (figure provided by Boris Lopez, UCN)


http://dx.doi.org/10.1371%2Fjournal.pone.0045358
http://www.sciencedirect.com/science/article/pii/S1434461004700218

Chapter 5: Discussion

This research provides novel insights into the biogeography and infection dynamics of a
marine algal pathosystem in Australia and Chile. Genetic data confirm, for the first time, the
presence of Maullinia ectocarpii on populations of Durvillaea potatorum and Durvillaea sp. hov
in south-eastern Australia, as well as extensive infections of Maullinia sp. on Durvillaea
antarctica along the central and southern Chilean coast. Despite the presence of a rafting host (D.
antarctica) in the Durvillaea-Maullinia (DM) pathosystem, trans-continental Maullinia sp.
connectivity was not inferred from the results of this study. Similarity of M. ectocarpii
populations between countries, however, indicates the possibility of connectivity outside
pathosystem boundaries. Parasite genetic differentiation between the three host species in this
research suggests an element of host specificity, while increasing host stress towards northern
range limits does not appear to promote greater infection incidence. Rather, a consistent pattern
of increased parasite prevalence towards higher latitudes in Chile and Australia suggests
alternative processes shape pathosystem trends. While infections do not appear to relate to host
size, understanding the seasonality and morphology of infections may assist in monitoring and
managing this parasite into the future as Durvillaea spp. are placed under increasing stress from

anthropogenic and environmental influences.

5.1 Genetic data indicate differences between Maullinia species

on Durvillaea hosts in Australia versus Chile.

Australian and Chilean parasite populations were consistently separated into two deeply
divergent clades within the genus Maullinia, with the 18S phylogeny showing strong Bayesian
and ML support (Figure 18). Continental sample divergence ranged from 2.4-2.6%, aligning with
the between-organism results of Kupper et al. (2006) and Goecke et al. (2012). While this marker
has been used for protist species delineation before, similarities around 95% are believed to
represent congeneric species for Cercozoan organisms such as the Phytomyxea (Pawlowski et al.,
2012), and further analyses of a range of genetic and morphological characters are needed to
confirm species classification (Boenigk et al., 2012; Pawlowski et al., 2012). Within-country
divergence ranged from 0.1%-0.3% in Chile and was 0.3% in Australia, with genetic diversity
appearing to relate to host species (Table 6, Figures 15 & 16). Genetic analyses in this thesis are
relatively simple compared to the complex phylogenetic and phylogeographical approaches
available to modern biogeographers, however they provide preliminary insights into a range of
dynamics potentially shaping DM pathosystem trends. Differences within and between species
point to the potential role of large and small-scale dispersal, host shifts, and host specificity in

maintaining or eroding genetic stratification within this parasite genus.
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Dispersal in the DM pathosystem

The strong separation of Maullinia sequences between countries in this research (Figure
18) does not appear to support the hypothesis that the dispersal ability of D. antarctica promotes
the genetic homogenisation of parasite populations across the Southern Ocean. While infections
were confirmed through DNA barcoding of samples in Australia and Chile, none were found in
samples collected in other sub-antarctic locales. A more directed sampling effort in those regions
may reveal infections into the future, as the presence of this parasite on beach-cast kelp shows it
is able to disperse at least small distances on rafting hosts. While analyses of the slowly-evolving
18S marker do not allow robust conclusions regarding contemporary connectivity (Hillis and
Dixon, 1991), these data suggest the possibility of interesting dispersal trends. Differentiation
between countries may point to population connectivity outside of pathosystem boundaries, and
patterning of haplotypes within country may point to small-scale dispersal dynamics shaping the

biogeography of the DM pathosystem.

The similarity of samples from the western Pacific to that obtained from Ectocarpus
siliculosus in Chile by Maier et al. (2000) (0.1%-0.4% divergence) (Table 6, Figure 18) suggests
that connectivity may be maintained by alternative processes than rafting on D. antarctica. While
E. siliculosus is not recognised as a species able to disperse over long distances through rafting,
long-term survival of floating individuals has been shown close to shore (Macaya et al., 2005).
The species is considered a ‘cosmopolitan’ alga, with an extremely broad distribution in a wide
range of environments (Charrier et al., 2008). Several species within the genus grow epiphytically
on other rafting algal species (Macaya et al., 2016), while others are known to grow as free-
floating organisms (Macaya et al., 2005), suggesting infected individuals may show a passive
ability to transport pathogens long-distance. | propose that connectivity of populations of M.
ectocarpii may be promoted through dispersal on vectors outside the DM pathosystem, such as
other algae or anthropogenic elements (e.g. ship ballast), or through zoospores produced on such

vectors. Such “cryptic’ linkages highlight the complexity inherent in pathosystem analyses.

The high genetic diversity and lack of phylogeographic structure along the Chilean coast
(Figure 15) may point to the role of short-distance dispersal and coastal current systems in shaping
connectivity. Geographic separation would lead to particular sequences becoming ‘fixed’ in
certain locations, yet sequences in this research are largely spread across the entire sampling range
(Figure 15). As this parasite’s dispersal likely occurs through both rafting of infected tissue and
larval/ zoosporic stages (Neuhauser et al., 2011b), marine transport systems such as currents may
promote genetic exchange between populations. The Chilean coast is affected by a number of
such systems, in particular the Humboldt Current, which transports cool water towards the
equator, and the Peru Countercurrent, which transports warmer subtropical water to the south

(Silvaet al., 2009) (Figure 23). These currents are known to affect a range of organisms along the

56



Chilean coast (Peters and Breeman, 1993) including kelp rafts (Roth& usler et al., 2011), with
similar currents affecting organismal larval stages (Gaylord et al., 2000). As such, the broad
geographical spread of genotypes seen across sites in Chile (Figure 15) may be attributable to

local genetic mixing through passive dispersal mechanisms.

o0e TOTW

Figure 23 Current systems acting along the
Chilean coast (HC: Humboldt Current, PCU: Peru
Chile Underercurrent, ACC: Antarctic
Circumpolar Current, PC:Peru Countercurrent,
CHC: Cape Horn Current). (Silva et al., 2009)

In contrast, coastal current systems in south-eastern Australia are likely to maintain the
separation of pathogen populations to the east and west of southern Victoria, leading to the genetic
differentiation seen in the results of this research (0.3% divergence) (Table 6, Figure 16). Genetic
and morphological differences have been shown for a range of biota across the biogeographical
break at Wilson’s Promontory in southern Victoria (O'Hara and Poore, 2000; Waters, 2008),
including for the genus Durvillaea (Fraser et al., 2009b; Weber, 2015). While this differentiation
is broadly understood to be an historical outcome of vicariant processes related to the Bassian
Isthmus land bridge during the last glacial maximum (Fraser et al., 2009b) (Figure 24), it has been
maintained due to modern oceanographic processes. The East Australian (EAC) and Zeehan (ZC)
currents are implicated in the separation of highly dispersive organisms such as Nerita species
across an east-west disjunction at Wilson’s Promontory (Waters et al., 2005), leading to genetic
and morphological differences between populations. The EAC, which runs down the eastern
Australian coast, forms currents and eddies towards southern NSW that may trap organisms in

local areas or limit dispersal down the south-eastern coasts of the mainland and Tasmania (Smith
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et al., 2015). The ZC runs southward down the western side of Tasmania, transporting water and
organisms around the southern edge of the island (Weber, 2015). As such, differences seen in the
genetic composition of M. ectocarpii populations across the break at Wilsons Promontory in
Australia (Figure 16), and the lack of any sequences shared across the break, suggest dispersal
remains constrained to within eastern and western areas, with isolation promoting ongoing
molecular differentiation. This study examined five sites, with only one site west of Wilson’s
Promontory and less than ten sequences per site, suggesting further analyses of a greater number

of samples may confirm whether this pattern reflects ecological reality.
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Figure 24 Map of Southeastern Australia showing the Zeehan (ZC) and East
Australian (EAC) currents, historical coastlines of the Bassian Isthmus, and the
proposed biogeographical break at Wilson’s Promontory (star) (adapted from Fraser et
al., 2009Db).

Host range and host shifting

The separation of M. ectocarpii and Maullinia sp. haplotypes between hosts in south-
eastern Australia and Chile (Figures 15 & 16) also suggest important implications for host ranges,

shifting, and specificity within this protist genus.

It is highly likely that M. ectocarpii underwent a host shift in Australia, rather than
arriving on Durvillaea spp. material from another locale, as infections have been recorded on E.
siliculosis in previous research (Maier et al., 2000). Species within the same genus often show
differential host ranges and specificity (Staats et al., 2005), from highly specialised to generalist
interactions, and so it is possible that the organism found in Chile has specialised to its Durvillaea

host, whereas that in Australia transferred from an alternative host. Host shifting may allow
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parasites to survive long-term in environments with ephemeral hosts or adverse environmental
conditions (Neuhauser et al., 2014), as infections on one species supplement those on another.
This research did not seek to understand how infections on multiple hosts alter infection trends
for the DM pathosystem. These preliminary findings provide a tantalising glimpse, however, of
how host-shifting may affect the emergence of host-specific genetic lineages in Australia and
Chile.

Host specificity: co-evolution vs. host shift differentiation

Congruence in host and parasite phylogeographic structure can reveal the molecular
implications of symbiotic interactions over a range of timescales. Host species-scale congruence
was found for sequences obtained in this research (Figures 15 & 16), suggesting possible

implications regarding the molecular specialisation of parasites.

Due to the often obligate nature of parasitic interactions, evidence has shown that host
speciation events may lead to concurrent speciation of pathogens (co-evolution) due to the
‘evolutionary arms race’ necessary for hosts to resist, and parasites to promote, infection (Carius
et al., 2001). Alternative pathways for genetic differentiation arise from novel host-parasite
interactions, such as the movement of pathogens onto new hosts and subsequent biotic and
behavioural specialisation (host-shift differentiation) (de Vienne et al., 2013) (Figure 25). While
the concept of host-parasite co-speciation has long been of interest to parasitologists, increasing
evidence has suggested the incidence of such events has been overestimated and that host shifts
more regularly shape patterns of parasite genetic specificity (de Vienne et al., 2013). For example,
comparisons of phylogenies for the plant pathogenic genus Botrytis and a range of angiosperms
revealed differences in divergence times that indicated host-shifting as the primary factor shaping
molecular host specificity (Staats et al., 2005). Research on Eurychasma dicksonii suggested algal
host genetic factors have a strong impact on infection success (Gachon et al., 2009), confirming
pathogens need to adapt to specific hosts for pathosystem proliferation.

The relatively simple molecular approaches of this research do not allow phylogenetic
tracking of Durvillaea and Maullinia species to look for long-term congruence. Furthermore,
difficulties in the molecular dating of protist species due to a lack of fossil records and a poor
understanding of baseline levels of genetic differentiation (Weisse, 2008) make it difficult to draw
conclusions regarding molecular links between parasite and host clades. The host-tracking of
parasite sequences in the DM pathosystem (Figure 26) suggest, however, that molecular

characteristics of parasites may act to shape infection trends.
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5.2 Infection incidence increases towards hosts’ southern

latitudinal range limits.

My hypothesis that infection incidence would increase towards hosts’ northern latitudinal
range limit due to increasing physiological stress was not supported, with infection incidence
instead found to increase towards higher latitudes (Figure 19). This result supports the postulation
of Aguilera (1988) that infections within this pathosystem intensify towards the south in Chile.
Variability in infection incidence suggests parasite susceptibility to local conditions (Poulinetal.,
2012), and as latitude was found to be a significant factor shaping the distribution of infections
(Figure 19, Table 7), it likely represents an element of the environment implicated in pathosystem

dynamics.

Central abundance supporting infection

Pathogen transmission is known to increase with higher densities and greater connectivity
between hosts (Izhar and Ben-Ami, 2015; Poulin et al., 2012). Central Abundance Theory, which
postulates an organism will be found in greatest numbers and densities at the centre of its
geographical range (Samis and Eckert, 2007), would thus suggest greater risk of infection towards

the centre of species’ latitudinal ranges (Figure 27).

Durvillaea species in Australia are known to show strong morphological relationships to latitude
and wave exposure (Cheshire and Hallam, 1989), transitioning from a relatively rare intertidal
element at Tathra to a dominant habitat forming species on rocky intertidal platforms in Tasmania
(Millar, 2007). While kelp density was not quantified in this research, morphological data
indicated a significant increase in the length of Australian Durvillaea spp. with increasing latitude
(Figure 20), suggesting greater environmental suitability. While no sampling was undertaken in
the true centre of host species’ ranges in Australia (northern Tasmania) (Figure 27), this trend
supports the concept of greater density and connectivity between populations occurring at higher

latitudes.

D. antarctica in Chile experiences competition from other algal species including Lessonia spp.
towards its northern latitudinal range limit, reducing its density and prevalence (Santelices et al.,
1980). Throughout the centre of its distribution in both Chile and other sub-antarctic locales, it
reaches high densities and biomass, becoming a major component of most rocky intertidal zones
(Taylor and Schiel, 2005). While genetic data have suggested low connectivity between coastal
areas from rafting (see Fraser et al., 2010a), organisms able to disperse through zoospores and on
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algal rafts may show greater connectivity with the greater abundance of hosts. This trend may be

further strengthened through the directionality of dispersal in coastal current systems.

D. potatorum ==
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Figure 27 Maps of Australia (Google Earth, 2015b) and Chile (Google Earth,
2015a) showing geographical ranges of Durvillaea species and sampling ranges of this
thesis. In both cases sampling was undertaken to the approximate centre of host ranges.
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Coastal current systems

The ZC and EAC run in a primarily southern direction (Figure 24), promoting the
dispersal of rafting and larval stages of organisms down the south-eastern coast of mainland
Australia, and the western and eastern coasts of Tasmania. While the EAC has been shown to
promote small-scale northward mixing of some species along the southern NSW coast due to
seasonal eddy formation (Smith et al., 2015), its flow throughout the rest of the year likely
transports organisms southward. This would also explain the genetic mixing seen within the NSW
and eastern Victorian coastlines (Figure 16) as eddies transport small numbers of dispersive

organisms between regional populations.

The Humboldt Current runs primarily northward along the Chilean coast (Figure 23). Along with
westerly winds, is believed to transport organisms to lower latitudes; however, research has shown
patterns of dispersal and accumulation can operate in a range of directions due to interactions
between wind, oceanographic features, coastal geomorphology, and dispersal mechanism (i.e.
floating on kelp) (Hinojosa et al., 2011). Preferential transport and accumulation of a greater
number of infected hosts or parasite larval stages to higher latitudes (central abundance) would
increase the connectivity of southerly hosts, intensifying infection incidence away from northern
latitudinal range limits. If a parasite were able to arrive at such northern populations, the
possibility also exists that underlying characteristics of hosts such as resistant ecotypes may

reduce risk of infection.
Ecotype effects

While it was originally hypothesised hosts would prove most susceptible to infection
towards their range limits due to higher physiological stress, a contrasting body of literature
explored the possibility of these hosts showing greater resistance due to their ability to survive in
marginal conditions. As data for the DM pathosystem do not support highest infection incidences
occurring towards host range limits (Figure 19), it is possible that Durvillaea ecotypes show

differential abilities to resist infection along the latitudinal gradients sampled.

Ecotypes remain a factor of particular interest to pathosystem research, as it is increasingly
suggested that genotype-by-environment interactions shape broad-scale parasite trends (Wolinska
and King, 2009). Host and parasite fitness (i.e. resistance and virulence) are differentially affected
by the environment in which they operate (Wolinska and King, 2009), with intraspecific genetic
differentiation often reflecting the response of an organism to its local conditions (Kaltz and
Shykoff, 1998). Durvillaea ecotypes able to survive at range limits may, due to underlying genetic
or morphological characters, prove more resistant to pathogenic infection than those under
comparatively less stress towards the centre of their range. Ecotype effects have been shown for

other algal species including Undaria pinnitifida (Gao et al., 2012), whose populations varied in
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temperature resistance depending on the latitude from which samples were extracted. Individuals
at range limits often show genetic and morphological differences allowing them to resist adverse
environmental and biological interactions (e.g. Pereira et al., 2015), suggesting genotype-by-
environment interactions may shape Durvillaea spp. pathogen infection rates. Such ecotypes
often develop due to strong environmental patterns, the most pervasive of which being

temperature gradients in the marine intertidal realm (Cruces et al., 2012).
Temperature effects

The relationship between latitude and water temperature is a well-recognised
phenomenon along a range of coastlines (Tuya et al., 2012), with both Australia and Chile
showing a steady decrease in mean water temperature towards higher latitudes (Figure 28).
Temperature effects have been shown in a range of terrestrial and marine pathosystems (Case et
al., 2011), acting on both host and parasite. Thermal properties are well-recognised for Durvillaea
species, with increasing temperature associated with increased physiological stress (Cruces et al.,
2012), and while such effects remain unquantified for Maullinia species (Neuhauser et al.,
2011b), data from this research suggest the possibility of thermal factors playing a role in the DM

pathosystem.

Pentad mean SST (°C) Annual mean

Figure 28 Annual mean sea-surface temperature in the Southern Hemisphere,
showing decreasing temperature with increasing latitude (adapted from Voelker, 2002)

Similarity in the temperature requirements of host and parasite have been found in previous
pathosystem research (Molina et al.; Studer et al., 2010), suggesting moderate temperatures in
which hosts grow best may also support greater virulence, and higher infection incidence, for
parasites. A greater body of literature, however, has supported temperature extremes (often at
species range limits) being fundamental to increased infection incidence (Mitchell et al., 2005;
Granke and Hausbeck, 2009; Eggert et al., 2010), particularly when the thermal tolerance of

parasitic species is larger than that of its host. Consistency in latitudinal trends for this research
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would suggest the DM pathosystem may be most active in “moderate’ temperatures towards the
centre of the host species’ latitudinal range. Thermal tolerance depends on a species’ life history,
as larvae have been found to persist for shorter periods at sea when exposed to heat (Bradbury et
al., 2008; Cowen and Sponaugle, 2009), limiting ability to disperse and, in the case of parasites,
infect new hosts. As such, the possibility exists that temperature effects for the DM pathosystem
act on a number of scales. Cooler temperatures towards higher latitudes may hasten the
development of parasites on their host, or may promote the dispersal and long-term survival of

larval stages.

The consistency of the southward infection intensification between countries (Figure 19) and over
time (see Aguilera, 1988), despite differing host and parasite species, would suggest large-scale
environmental characteristics such as temperature may be shaping the pathosystem trend. While
a reduction in temperature towards higher latitudes would support the linear trend of the GLMs,
outliers in infection incidence point to how alternative factors may shape variability in

pathosystem trends.
Alternative environmental variables

Analysing outliers for infection incidence alongside qualitative observations reveals how
alternative factors may shape DM pathosystem infection dynamics. While this research was not
concerned with small-scale variables involved in infection incidence along latitudinal gradients,
previous data have suggested the possibility of anthropogenic impacts such as pollutants (Lafferty
and Kuris, 1999) and kelp harvesting (Bustamante and Castilla, 1990; Castilla and Bustamante,
1989; Castilla et al., 2007) shaping overall trends.

Pollution is a factor increasingly implicated in outbreaks of marine disease (Li et al.,
2010; Saavedra, 2011), including on species of algae (Buschmann et al., 2014). Pollutants may
be considered as having greatest impacts closest to large population centres or areas of industry,
and being least impactful in zones that experience ‘flushing’ from water movement or are at a
distance from dense population centres. The lowest infection incidence in Australia was measured
at City Rock (site 2, Figure 19a), an area proximate to the Ben Boyd terrestrial National Park and
approximately 15km from the closest town. Water quality is likely to be higher here than sites
such as Cape Schanck, the site closest to Melbourne and other towns along the Mornington
Peninsula, where large numbers of infected kelp were encountered (site 5, Figure 19a). While
data from Quintay were omitted from quantitative analyses due to uncertainty regarding infection
identification (see section 4.1), this sampling location is the most proximate site to Valparaiso
and Santiago de Chile, the most densely populated areas in Chile. Anthropogenic impacts at this
site may therefore be highest, leading to greater disease incidence on local kelp populations.

66



Another element that was unaccounted for in research and analytical design was the
cultural and economic significance of D. antarctica in Chile, and the implications of kelp
harvesting on overall parasite loads. Cochayuyo (D. antarctica) is heavily harvested along the
southern-Chilean coast, more so than in central/ northern locales. As such, healthy individuals
may be preferentially removed for sale, leaving a greater number of infected individuals on rocky
intertidal platforms in the south, and altering incidence measures. While kelp harvest was evident
at a number of sites (see Table 4, Figure 29), visual surveying of removed individuals at such sites
suggested infected and uninfected kelp were collected equally, without clear avoidance of those
with galls.

Figure 29 Evidence of kelp harvest at Mar Brava

5.3 Infection morphology suggests ecological implications and a
need for further research

Infection morphology remained largely consistent between hosts (Figures 12 & 13). Rates
of amplification for DNA barcoding suggests field-based identification of this parasite based on
morphology may be undertaken with relatively high confidence (see section 4.3), allowing long-
term monitoring of infection trends. The infection progression of this parasite on Durvillaea hosts
described in Figure 14 adds to the conjecture of Neuhauser et al. (2011b) and Goecke et al. (2012)
regarding the potential impacts of Maullinia and other Phytomyxean parasites in marine
environments. Analyses of the relationship between host length and infection, while revealing no
pattern for this pathosystem (Figure 21), may suggest host genus characteristics swamp out
morphological impacts of infection. Seasonal fluctuation in numbers of infected kelp (Figure 22)

would suggest a need for continued research on the dynamics of the DM system, and monitoring
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of infections over short (seasonal) and long (yearly/ decadal) timescales in light of predicted
increases in infection intensity under future climate scenarios (Eggert et al., 2010).

Infection morphology and impacts

The hypothesis that infected kelp would show decreased length due to resource
partitioning in galls was not supported in this research (Figure 21). This is likely to be an outcome
of the morphological plasticity of the host genus, whose variability in length is already affected
by a number of factors including wave exposure, age and stress (Cheshire and Hallam, 1989;
Fraser et al., 2009a; Weber, 2015). The morphology of Maullinia spp. galls on Durvillaea hosts
suggest alternative impacts, however, as infected tissue is prone to necrotic breakage, leading to

potentially large numbers of infected fronds entering the marine environment.

Neuhauser et al. (2011b), Gleason et al. (2014) and Goecke et al. (2012) propose broad-scale
impacts for parasites including Phytomyxea in marine food webs. These impacts operate on a
range of scales, with dispersing larvae providing food for low trophic levels (Sime-Ngando and
Niquil, 2011), and alterations to the metabolism and reproductive potential of hosts through tissue
hypertrophy increasing organic matter entering food webs (Neuhauser et al., 2011a). Frond
damage by Maullinia spp. infections was previously only hypothetically linked to increases in
tissue breakage, and beach-cast data for this research confirm this trend. Large numbers of entire
kelp and fragments showed signs of infection and evidence of breakage at the site of galls (Figure
30), supporting the postulation that infections of organisms such as Maullinia spp. input large
volumes of host tissue into the environment. Data suggest, however, that the impacts of this input

may vary throughout the year.

Figure 30 Evidence of tissue breakage on infected kelp
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Infection seasonality

The significant effect of season on infection incidence for beach cast kelp (Figure 22)
suggests two possibilities for temporal change in the DM pathosystem: firstly, infection incidence
increases in cooler months, and secondly, a greater proportion of infected kelp are detached and
transported during winter. While temperature effects were discussed as possible factors shaping
infection trends in the DM pathosystem (section 5.2), | propose preferential winter detachment is

most likely, due to well-known patterns of seasonal intertidal pathogen shedding in Chile.

Winter storms along the Chilean coast are a seasonal occurrence known to dislodge and
deposit intertidal organisms, including kelp, on beaches. The high frequency and violence of such
storms has been linked to the preferential removal of dead or diseased organisms (Correa et al.,
1993), and proposed as a factor acting to control pathogen population size. Seasonal fluctuations
in the incidence of bacterial infections were found on Iridaea laminarioides, and linked to
temperature effects and winter dislodgement of kelp during storms (Correa et al., 1993). As such,
it is highly likely that hosts weakened by Maullinia spp. or other gall-forming parasites are
removed in greater numbers during winter months, as healthy individuals show greater structural
resistance. This would suggest the parasites dispersal on host tissue spikes during such events,
which may have implications for between-population connectivity as dispersal is promoted during
winter months on diseased D. antarctica tissue. The seasonality of this pathosystem will need to
be determined through similar long-term sampling in Australia to determine if this represents a
large-scale trend.

Much previous research regarding Maullinia spp. in marine intertidal zones has
hypothesised broad-scale impacts on algal assemblages. This thesis confirms these suspicions,
showing impacts from infections on intertidal and beach-cast kelp. The reduction in frond
structural integrity from gall formation and necrosis, and associated increase in frond detachment,
combined with the prevalence of winter storms along the Chilean coast would suggest this
pathosystem experiences cyclical dispersal spikes. Determining any temporal patterns in the
Australian DM pathosystem may provide interesting insights into how the organisms of interest

react to environmental change, and the quantitative impacts of tissue loss from infections.

5.4 Limitations, implications, and future research

Limitations
This research did not aim to collect comprehensive phylogenetic and ecological data, but
rather describe broad trends for the DM pathosystem over a large geographical area. The
unexpected molecular findings of this thesis suggest a need for more complex phylogeographical
analyses. The small number of sequences obtained provide a tantalising glimpse into molecular

interactions between the organisms of interest. However, the rigour of molecular work would be
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improved through analyses more samples, and sequencing of a greater range of markers, to

confirm genetic trends.

Similarly, approaches used to understand environmental trends limit the scope of
conclusions. As latitude can be considered a proxy for a range of environmental variables, a
number of factors may affect the proposed trend of increased infection incidence with increasing
latitude. Further, the large difference in latitudinal ranges between continents (two degrees in
Australia vs. nine degrees in Chile), and associated difference in numbers of sampling sites, may
have contributed to the significant effect found for latitude between-countries. This is particularly
true as Australian latitudes fit within the sampling gap in Chile (see Figure 19c). The overall trend

from these data is of greater interest, however, than the significance found through modelling.

For the purposes of this thesis it was assumed field-based identification of Maullinia
infections was rigorous due to similar morphology and amplification rates for samples collected
(section 4.3). While randomisation of gall sampling improved the rigour of conclusions, the
possibility exists that trends represent the dynamics of a range of gall-forming diseases, rather
than just Maullinia, as not every gall was able to be collected. Further, multiple pathogens may

infect a single host, suggesting several samples may need to be taken for DNA barcoding.

While seasonal information suggests interesting implications for temporal patterns in
infection incidence, the paucity of data (i.e. only two seasons) limits the strength of conclusions
regarding long-term trends. These data do, however, represent a first step towards developing a

system for monitoring the effects of this pathosystem interaction into the future.

Implications
Any disease on keystone organisms such as Durvillaea species will inevitably have flow-
on effects to other trophic levels. This thesis has shown infections of Maullinia are common on
this algal genus in Australia and Chile, supporting its description as a cosmopolite. Damage
caused to hosts may not directly lead to mortality, but affect the distribution of algal matter in the
marine environment. If predictions are correct and infections increase into the future, this may
have implications for the population structure and harvest of the genus in sub-antarctic and cold-

temperate regions.

Future research
More research will be needed to quantify long-term effects. Due to time and budget
restraints, attempts to develop primers for alternative molecular markers were abandoned. Such
data will be integral to elucidating the genetic interactions between Maullinia spp. and Durvillaea
spp. hosts. Determining contemporary patterns of connectivity will require concurrent studies of

host and parasite, using molecular approaches such as microsatellite analyses.
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Extending sample collection to the coasts of Tasmania, Patagonia (Chile), and sub-antarctic
locales will be central to confirming whether host-specific sequences are an exception or a rule
for the parasite genus, and whether infection incidence continues with the same trend south of
continental Australia and central Chile. More complex environmental analyses, including
measurements of variables such as water quality, and modelling of factors such as temperature

over time, may reveal the link between latitude and infection incidence.

Qualitative observations of gall morphology are inherently subjective, and marking infected kelp
and monitoring the progression of gall size, shape, and necrosis over time (similar to Aguilera,

1988) may provide greater insight into how infections develop.
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Chapter 6: Conclusions

Understanding the factors implicated in outbreaks of marine disease is essential to
appropriate monitoring and management of marine ecosystems into the future. This research has
shown the importance of combining molecular and ecological approaches in order to describe
pathosystem dynamics, particularly when the system includes a micro-organism whose
identification can prove challenging. Analysing the Durvillaea-Maullinia (DM) pathosystem has
provided insights into marine protist parasitology and algal pathology, increasing knowledge

regarding the biogeography and infection dynamics of component species.

Previous research limited the distribution of Maullinia spp. on Durvillaea spp. hosts to
central Chile. This thesis has shown that the parasitic genus is infecting Australian populations of
Durvillaea potatorum and Durvillaea sp. nov, and has probably been doing so since the 1970s
(see Jahnke, 1978). The existence of this parasite on brown algal hosts across the Pacific would
suggest a high likelihood of the pathosystem extending to other locales. While long-distance
rafting on D. antarctica was not supported by data in this study, alternative dispersal vectors
outside pathosystem boundaries may explain genetic similarity between M. ectocarpii in Australia
and Chile. The presence of the parasite on beach-cast kelp, and low genetic structure along the
Chilean coast, suggest rafting on D. antarctica is possible, and likely occurs over short distances
alongside dispersal through zoospores. The molecular differentiation found between Australia
and Chile suggest two species within this parasite genus may infect Durvillaea hosts, with one,
Maullinia ectocarpii, proposed to have undergone a host shift in the western Pacific.

Alongside suggestions of host shifting, genetic data point to the possibility of unique lineages
infecting Durvillaea species. This specificity may increase virulence on different hosts, affecting
infection trends, however further research will be needed to confirm such effects. Overall,
ecological data from this research show a similar infection trend along the two latitudinal
gradients sampled. Infection incidence increased towards higher latitudes, going against
ecological theory regarding the effects of range stress on host resistance. Several possibilities may
explain this phenomenon, including interactions between biotic and environmental factors such

as ecotypes and temperature.

Further research will be needed to determine what factors shape infection trends. This thesis
provides a preliminary description of interactions between organisms in the DM pathosystem.
More complex phylogenetic and environmental analyses will enable researchers to tease out what
elements of the organisms and environment in which they operate alter infection incidence.
Molecular analyses using a greater number of markers, and modelling of a range of environmental
factors will be crucial to understanding the impacts of Maullinia spp., the “‘Sinister Southerners’,

on Durvillaea spp. populations under future climate scenarios.
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Appendix 1: Australian Research Permits

Wik
NSW Department of
sovemenr | Primary Industries

Mr Callum Blake

Australian National University
GEOO02.07, Building 48A
CANBERRA ACT 2600

Our Reference: P15/0097-1.0 & OUT15/27876
21 October 2015
Dear Mr Callum Blake

| refer to your request for a scientific collection permit to count and excise samples of
diseased tissue (galls) on Bull Kelp.

| am pleased to advise that your request has been approved. The permit is enclosed and is
subject to the conditions as specified therein. Please note that the permit will expire on 21
October 2018.

The permit authorises activities under the Fisheries Management Act 1994 only and does not
in any way affect your obligations under the Animal Research Act 1985. You are advised that
if you are using animals for research then you may require accreditation and/or licensing. It is
your responsibility to ensure that you are not in breach of the Animal Research Act 1985, and
this permit is conditional on that requirement. For further information you should contact the
Licensing Clerk, Animal Welfare Unit, NSW DPI on 02 6391 3725 or fax 02 6391 3570.

The Director, Aquaculture & Aquatic Environment reserves the right to request information of
the activities conducted under this permit either during or at the expiry of the permit.

Please be advised that if you wish to amend your permit, an amendment request must be
submitted in writing or via email. Also note that any amendments will incur an amendment
fee.

Should you wish to renew an existing permit or apply for a new permit, please submit a
completed application, REF, maps and relevant fee, as well as any required information
listed above. Please allow approximately 4-6 weeks for assessment. The latest application
forms and fee schedule are available on the department's website www.dpi.nsw.gov.au

Should you have any further enquiries regarding this matter please do not hesitate to contact
me on (02) 4916 3824.

Yours sincerely

N

Ryan Jefferson
Aquaculture Officer

Fisheries NSW
Port Stephens Fisheries Institute
Locked Bag 1, NELSON BAY NSW 2315
Tel: 02 4982 1232 Fax: 02 4982 1107
ABN 72 189 919 072 www.dpi.nsw.gov.au
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SCIENTIFIC COLLECTION PERMIT
Section 37 Fisheries Management Act 1994
Part Il of the Marine Estate Management Regulation 2009

PERMIT HOLDER DETAILS

Mr Callum Blake Permit No: P15/0097-1.0
Australian National University Issued Date: 21/10/2015
GEOO02.07, Building 48A Expiry Date: 21/10/2018
CANBERRA ACT 2600

Additional People:
Any personnel under the direct authority of the permit holder.

In accordance with the Fisheries Management Act 1994 the permit holder listed
on this permit and additional people are hereby authorised to:

» Count and excise samples of diseased tissue (galls) on Bull Kelp.
The specimens must only be taken from waters at the following locations:
» Coastal waters within NSW (excluding Marine Parks and Aquatic Reserves)

Methods

 Hand Collection

Species (total numbers/amounts to be collected over the term of the permit unless
otherwise specified)

 BullKelp Durvillea potatorum 50 individual galls (~2cm? each)

Subject to the following conditions:

1. Specimens must only be taken in accordance with research being undertaken
by the permit holder, the information provided by the permit holder in their
application, and the conditions of this permit. In the event of an inconsistency
between the conditions of this permit and any information provided by the permit
holder, the conditions of this permit shall prevail to the extent of the
inconsistency.

2. Unless otherwise specified within this permit, all restrictions (collecting, fishing
and otherwise) under the Fisheries Management Act 1994 apply and must be
complied with.

Fisheries NSW
Port Stephens Fisheries Institute
Locked Bag 1, NELSON BAY NSW 2315
Tel: 02 4982 1232 Fax: 02 4982 1107
ABN 72 189 919 072 www.dpi.nsw.gov.au
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10.

No activity other than the collection activity specified in this permit, may be
carried out by the permit holder or other nominated person/s when engaged in
any collection activity authorised by this permit.

The permit holder or any additional person/s operating under this permit must
display a clearly visible sign, in letters at least 15cm high, at the location of the
activity during all collecting and field activities, identifying the name of the
organisation conducting the research the permit number and the word
'Research'.

The permit holder must contact the local District Fisheries Officer, in the area
where collecting is to be undertaken, at least 72 hours prior_to the
commencement of any collection activities (unless the District Fisheries Officer
agrees to a local arrangement). The DFO should also be contacted when an
activity relating to this permit (even if not physically collecting) is conducted in
an area of public concern (i.e. Aquatic Reserve or Intertidal Protected Area).
The following information must be provided: details of the permit number;
collecting methods; specific locations and accurate times for any proposed
activities; where vessels are to be utilised, registration details and descriptions,
including boat ramps being used. Details of the person coordinating the field
work, including their contact details for in the field, must also be provided. This
person will be responsible for supervising all collecting activities.

For contact details see: http://www.dpi.nsw.gov.au/fisheries/recreational/contact

The permit holder must if required by a Fisheries Officer or Marine Park Officer
to do so, immediately provide the name, address, date of birth and contact
number for any or all additional people that have been nominated by the permit
holder to carry out collection activities associated with this permit.

The permit holder and any additional person/s listed under this permit must
carry this permit (or a copy thereof) at all times during collecting activities and
must be produced to a Fisheries Officer or Marine Park Ranger on demand.

The permit holder must ensure that any additional person/s operating under the
authority of this permit reads and understands all conditions relating to the
permit.

This permit does not authorise collection activities from Marine Parks declared
under Section 6 of the Marine Estate Management Act 2014, Aquatic Reserves
declared under the Section 57(2)(b) of the Marine Estate Management Act 2014
or the taking of fish from the waters of Lord Howe Island, unless otherwise
specified within this permit.

No fish or invertebrate taken under this permit may be used for personal
consumption, sale or public exhibition by any person, unless approved in writing
by the Minister or a person who has the delegated authority of the Minister to

issue this permit.
Fisheries NSW
Port Stephens Fisheries Institute
Locked Bag 1, NELSON BAY NSW 2315
Tel: 024982 1232 Fax: 02 4982 1107
ABN 72 189 919 072 www.dpi.nsw.gov.au
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11.

12.

13.

14.

15.

16.

17.

18.

The permit holder and any additional person/s operating under this permit must
behave in a professional, reasonable and lawful manner that is not likely to
generate conflict and criticism with other waterway users.

The permit holder must implement one of the following actions to prevent the

translocation of aquatic pests and diseases between waterways, either;

* clean and disinfect all aquatic fieldwork equipment and vessels at the
conclusion of field operations in each waterway and dry any equipment that
has biofouling (such as oyster trays, moorings, other infrastructure) for at
least 30 days or;

* use separate equipment in each waterway

The permit holder must clean, disinfect and where possible dry all vehicles,
boats, trailers and equipment (including PPE and clothing) at the conclusion of
field operations in each waterway before moving to a new waterway.

The permit holder must not intentionally or inadvertently translocate any
biological material and/or water between waterways unless authorised in this
permit.

The permit holder must destroy any noxious fish, noxious marine vegetation or
pests or parasites listed as Class B diseases (under Schedule 6B of the
Fisheries Management Act 1994) collected, sampled or taken as by-catch in a
humane manner and not return it to any waterway unless authorised in this
permit. See Schedule 6B and 6C of the Fisheries Management Act 1994 and
www.dpi.nsw.gov.au/biosecurity/aquatic

The permit holder must avoid disturbing or interfering with any noxious fish,
noxious marine vegetation or pests or parasites listed as Class B diseases
(under Schedule 6B of the Fisheries Management Act 1994) during research
and collection activities unless authorised in this permit. See Schedule 6B and
6C of the Fisheries Management Act 1994 and
www.dpi.nsw.gov.au/biosecurity/aguatic

The permit holder must notify a Fisheries Officer or the Aquatic Biosecurity and
Risk Management unit (02 4982 1232) if they know or reasonably suspect that a
declared disease (within the meaning of Division 4 , Part 6 of the Fisheries
Management Act 1994) or new location of an aquatic pest is present or may be
present.

See
http://www.legislation.nsw.gov.au/maintop/view/inforce/act+38+1994+cd+0+N

This permit does not authorise the taking of protected fish or threatened
species, populations or ecological communities listed under the Fisheries
Management Act 1994 unless otherwise specified within this permit. For
information see http://www.dpi.nsw.gov.au/fisheries/species-protection

Fisheries NSW
Port Stephens Fisheries Institute
Locked Bag 1, NELSON BAY NSW 2315
Tel: 02 4982 1232 Fax: 02 4982 1107
ABN 72 189 919 072 www.dpi.nsw.gov.au
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This permit does not give the right of entry to private property. Permission to
enter private property must be obtained from the owner or occupier.

The Director Aquaculture & Aquatic Environment reserves the right to request
information of the activities conducted under this permit during the life of the
permit, at or after the expiry of the permit.

This permit is valid only if the permit holder has complied with the requirements
of the Animal Research Act 1985 in respect of the activities proposed. This
permit only authorises activities under the Fisheries Management Act 1994 and
does not in any way negate your obligations under the Animal Research Act
1985.

This permit may be cancelled or suspended at any time prior to the expiry date
for any reason.

/_——

Bob Creese
Director Fisheries Research

Fisheries NSW
Port Stephens Fisheries Institute
Locked Bag 1, NELSON BAY NSW 2315
Tel: 02 4982 1232 Fax: 02 4982 1107
ABN 72 189 919 072 www.dpi.nsw.gov.au
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File No: FF383428

Department of Environment, Land, Water and Planning

NATIONAL PARKS ACT 1975
RESEARCH PERMIT

Permit No:10007771

Pursuant to the provisions of tNetional Parks Act 1975, permission is hereby granted to:

Mr Callum Blake
Fenner School of Environment and Society
Australian National University
Building 141, Linnaeus Way
Canberra 2601

And Alisdair Blake in order to
i) excise small tissue samples, equivalent to the size of a fish bite (approx. 2cm2) from diseased kelps using a knife
removed from the site for sequencing. Tissue samples will be collected for every 10th gall;
within Cape Liptrap Coastal Park, Mornington Peninsula National Park, Wilsons Promontory National Park, Wilsons Promontory Mari
National Park, Wilsons Promontory Marine Park and Wilsons Promontory Marine Reserve for the purpose of investigating infection dynan
of Maullinia sp onDurvillaea potatorum (Southern Bull-kelp) in Australian waters.

Permission is given subject to the following particular conditions:

1. Arrangementsfor access and authorisation to conduct research on land managed by Parks Victoria must be made at least five days
in advance with the Area Chief Ranger or local delegate. He/ she is to be advised, in advance, of each visit to the park made in
connection with the provisions of this per mit. The permit holder should contact the Parks Victoria Information Centre on 13 19 63
and ask for the contact number of the Area Chief Ranger for the park where the research is to be undertaken. This contact is

critical to:
a. determinejointly, where necessary, specific fieldwork locationsthat do not overlap with existing resear ch proj ects,
b. ensuretracksareaccessible and that track conditions are safe for vehicle access,
c. establish emergency procedures and communications proceduresin the event of an emer gency,
d. confirm thereareno prescribed burns scheduled for your specific fieldwork location and any access pointsto that

specific location,

e. confirm thereareno bush firescurrently burning in or near your specific fieldwork location and any access pointsto
that specific fieldwork location, and

f. allow for an on-siteinduction by Parks Victoria staff if required.

2. This permit does not allow for any taking of wildlife, plants or invertebrates from the Marine National Parks and Marine Sanctuari
Species listed under tlkdora and Fauna Guarantee Act 1988 must not be collected.

3. The direction of any authorised officer of Parks Victoria or Fisheries Victoria, in relation to the application of this permit on land manag
by Parks Victoria, must be followed.

4. At all times personnel should be easily recognisable as researchefsugtithlian National University. This must include boats and all
other research equipment.

5. The researchers are required to notify the local Biodiversity officer of their proposed activities at least three days in advance. He/she
be advised, in advance, of each visit made in connection with the provisions of this permit. Contact the Department of Environment, L
Water and Planning (DELWP) Customer Service Centre on 136 186 and ask for the contact number for the Biodiversity officer of
nearest DELWP office where the research is to be undertaken.

6. Adherence to the Code of Practice for collecting diseased tissue sampl&sifrditaea potatorumin Victorian waters must be followed.

7. All equipment (including knives used for excisidg)ST be thoroughly cleaned with household bleach. If thearebeinvolves the use of
boats, to avoid the spread of marine pests ensure the correct procedures for boat cleaning are followed. Please refer to "Aquatic Pests
‘'em mean - keep your boat clean", available from DELWP by calling 136 186 or via www.delwp.vic.gov.au/marinepests. Any equipm
that has been left in the water for an extended period should also be doused with a dilute solution of household bleach in order to kil
attached marine biota.

8. During the course of research, if a suspected new marine pest for that area is collected or sighted, you must report the incident to DE
by calling 136 186 or online or viaww.delwp.vic.gov.au/marinepests

Bryan Welch
Acting Environment and Natural Resources, Regional Manager
(Delegate of the Secretary).../2
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Vehicle access past locked gates requires prior approval on each occasion. It is preferable that work requiring access past locke
and/or walking off track is conducted between Monday and Friday. Weekends should be avoided wherever possible. Access behind
gates on public holidays may not be possible.

It is essential that researchers ensure that vehicles travelling on management vehicle tracks are free of soil, gravel and plant material
travel/entry to the park. They must also ensure that when going off-track all boots and any tools used are free of soil, gravel and
material, and must be disinfected. This can be done with either Phytoclean mixed 1 part Phytoclean to 10 parts water, or with dol
bleach mixed 1 part bleach to 4 parts water.

Vehicles must remain on existing public roads and tracks and, subject to agreement with local Parks Victoria staff, Management Ve
Only roads and tracks. Applicant’s vehicles and research equipment should be clearly identifiable as belonging to the research organ
The associated project and permit number should also be identifiable to avoid misunderstanding by Rangers and the public.

Research activities anot permitted within Parks on Fire Danger Rating daysG®DE RED wherethe safest option is to leave the
night before, or early in the morning. Notify the relevant Parks Victoria Office of your departure. It is the researchers' responsibility
to keep themselves aware of fire danger forecasts at all times during field work.

Provisions of th&lational Parks Act 1975 and the National Parks Regulations 2013 are to be fully observed, except where exemptior
specifically provided for in this permit. All signage in National Parks must be complied with, except where exemption is specific
provided for in this permit.

Any sites or artefacts or Aboriginal cultural significance located in the course of this research must not be disturbed. In additior
location of any sites and/ or artefacts must be recorded and reported immediately to the Area Chief Ranger of the park in which they
and to Aboriginal Affairs Victoria (ph 1800 762 003) to be recorded on the Victorian Aboriginal Heritage Register (VAHR). For mc
information on Aboriginal artefacts, please view the Aboriginal Affairs Victoria website.

The permit holder must provide specific reports and data identified and requested by the Environment and Natural Resources, Rt
Manager, Department of Environment, Land, Water and Planning, within 7 working days of the request in both hard copy and elec
format.

A written report of all scientific work conducted is to be forwarded to the Environmental Research Co-ordinator Departmen
Environment, Land, Water and Planning within 30 days of the expiration of this permit. This report should include details of all specir
collected.

The data must be entered into to the Victorian Biodiversity Atlas (VBA). Your data may remain in the system as 'Draft' for up to 12 mc
from the date of expiration of this permit, at which point it must be submitted for expert review and subsequent publication. Ther:
mandatory fields required to make a VBA record. Information about how to enter data into the VBA can be obtained from the DEL
website, Biodiversity pages at: http://www.delwp.vic.gov.au/environment-and-wildlife/biodiversity/victorian-biodiversity-atlas

A short research summary of results outlining the key findings and completed on the attached template must be provided to both

the Environmental Research Co-ordinator, DELWP, PO Box 137, Heidelberg, 3084 abd John Wright, Parks Victoria, Level 10,

5353 Bourke St, Melbourne VI C 3000 (john.wright @parks.vic.gov.au), within 30 days of the expiration of thisresear ch permit. The
publication of any results in connection with this research permit must refer to the fact that they were collected or obtained under the
of this permit and copies of any reports, theses or published articles must also be provided.

Where any rare or threatened species, as listed Fidheand Fauna Guarantee Act 1988, or listed on the DELWP website advisory lists
(www.delwp.vic.gov.a)y are identified, the exact location should be noted and reported liotheersity.info@delwp.vic.gov.aas well

as the relevant Biodiversity Officer of the Department of Environment, Land, Water and Planning, and the Ranger In Charge of the P«
the earliest possible convenience.

Theresearch permit must be carried by the permit holder whilst undertaking any work in any area named on the permit and shown or
demand to any Authorised Officer of the Department of Environment, Land, Water and Planning or any Authorised Officer of P
Victoria.

Failure to comply with any condition of this permit may result in its cancellation, at the discretion of the Environment and Nat
Resources, Regional Manager.

Requestsfor the renewal of aresearch permit will be considered only after all other permit requirements are met.

This permit shall, unless revoked, remain in force @@iune 2016.

Bryan Welch

Acting Environment and Natural Resources, Regional Manager
(Delegate of the Secretary) Date of issue: 1/12/15

I, the permit holder (as named above) have read and fully understand the conditions of this permit.

........................................................................... Date of signature:
Permit holder

** This permit is only valid when signed and dated by the permit holder




90

Department of Environment, Land,  roeoxis7 Heidelberg

. ictoria ustralia
Water and Pl anni ng th/v.del?/\(/)sjiégotv.au

ABN 90 719 052 204

File: FF383428

Mr Callum Blake

Fenner School of Environment and Society
Australian National University

Building 141, Linnaeus Way

Canberra 2601

Dear Callum

| refer to your application for a research permit underNbgonal Parks Act 1975 to undertake
research in Cape Liptrap Coastal Park,Mornington Peninsula National Park,Wilsons Promontory
National Park. Permit numb&0007771 (expiry date30 June 2016) has been granted. If this project

is to continue after that date please write to me at the address below requesting a renewal. You are
required to submit a copy of your final report. The permit was referred to Parks Victoria to ensure that
this project is consistent with park management objectives.

The granting of this research permit is based on the premise that the work will potentially
contribute to scientific knowledge, is supported by both the Department of Environment, Land,
Water and Planning and broadly by the community. Researchers should note that the issue of
this permit is a privilege not available to the general community and therefore the probity
reflected in this research permit indicates the responsbility researchers have to properly
undertake their authorised work. Close attention must be paid to all conditions on the permit,
failureto do so can result in non-compliance.

You are reminded that yaaust contact the Area Chief Ranger or delegate (contactable via 13 19 63)
atleast five days prior to commencing any research in parks.

Please note this permit is only valid when signed and dated by the permit holder (seefinal page
of permit).

Should you require further information, please emailvironmental.research@delwp.vic.gov@u
telephone 9450 8746. Please quote the file number and permit number in all correspondence relating
to this permit.

Yours sincerely,

Dr Sue Hadden
Environmental Research Co-ordinator

Privacy Statement

Any personal information about you or a third party in your correspondence will be protected under the provisions of the e
Information Privacy Act 2000. It will only be used or disclosed to appropriate Ministerial, Statutory Authority, or Y
departmental staff in regard to the purpose for which it was provided, unless required or authorised by law. Enquiries .
about access to information about you held by the Department should be directed to the Manager Privacy, Department of V]Ctorla
Environment, Land, Water and Planning, PO Box 500, East Melbourne, 8002

*
State Government
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Appendix 3: Example of sampling
environment

Durvillaea species tend to grow on a series of rocky platforms separated by water, and as

such transect placement was not always parallel or continuous. In the above image a transect was
laid along the platform edge with the two researchers, and continued along to the same edge of
the reef in the background to a total of 10m. In some areas transects were laid parallel to each

other, separated by at least two meters, on either side of similar platforms.
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Appendix 4: Import permit

Permit to Import Quarantine Material
This permit is issued under Quarantine Act 1908 Section 13(2AA)

Permit: 0000259546

Valid For: multiple consignments
between 29 January 2016 and 29 January 2018

This permit is issued to: Mr Callum James Blake
34 Sturdee Cres
Monash ACT 2904
Australia

Attention: Mr Callum James Blake

This permit is issued for the import of Plant and Plant Products (Non-standard goods).

Exporter details: Various exporters
Country of export: Chile

This permit includes the following commodity (or commodities). Refer to the indicated page for
details of the permit conditions:

1. Plant pathogens (preserved or extracted) Description: Parasitic protozoan - Maullinia sp.
(DNA only)
Country of origin: Chile
Permit Conditions(s): Genetic material, purified and derived from microorganisms
and viruses Page 3

NOTE: Where a commodity has more than one set of permit conditions please read each set to
determine which set of permit conditions applies to a specific consignment.

End of Commodity List

This Permit is granted subject to the condition that fees determined under Section 86E are paid.

Jutta Tuerck
Delegate of Director of Quarantine Date: 29 January 2016
T +612 6272 3933 18 Marcus Clarke Street GPO Box 858 agriculture.gov.au

F+612 62725161 Canberra City ACT 2601 Canberra ACT 2601 ABN 24 113 085 695
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Permit: 0000259546 Page 2 of 4

Important Information about this Permit and the Import of
Commodities

Note: This permit covers Department of Agriculture quarantine requirements. It is your responsibility to ensure all legal
requirements relating to the commodities described in this Import Permit are met. While you should rely on your own inquiries
regarding your legal obligations, the following information is provided to assist you in meeting your legal obligations in relation to
the importation of the commodities described in this Import Permit.

Authority to Import
You are authorised to import the commodities described in this import permit under the listed conditions.
Compliance with Permit Conditions and Freedom from Contamination

All imports may be subject to quarantine inspection on arrival to determine compliance with the listed permit conditions
and freedom from contamination. Imports not in compliance or not appropriately identified or packaged and labelled in
accordance with the import conditions they represent may be subject to seizure, treatment, re-export or destruction at the
importer’s expense.

Compliance with Other Regulatory Provisions

Additionally, all foods imported into Australia must comply with the provisions of the Imported Food Control Act 1992,
and may be inspected and/or analysed against the requirements of the Australia New Zealand Food Standards Code.

All imports containing or derived from Genetically Modified material must comply with the Gene Technology Act 2000.

It is the importer’s responsibility to identify, and to ensure it has complied with, all requirements of any other regulatory
organisations and advisory bodies prior to and after importation including The Department of Immigration and Border
Protection, The Department of Health, Therapeutic Goods Administration, Australian Pesticides and Veterinary Medicines
Authority, Department of the Environment, Food Standards Australia New Zealand and any state agencies such as
Departments of Agriculture and Health and Environmental Protection authorities. Importers should note that this list is not
exhaustive.

Change of Import Conditions

Import conditions are subject to change at the discretion of the Director of Quarantine. This permit may be revoked without
notice.

Notification of Import

Notification of the import must be provided to Department of Agriculture for all imported goods other than goods imported
as accompanied baggage or goods imported via the mail and not prescribed under the Customs Act 1901. Notification must
be consistent with Quarantine Regulations 2000 (examples include a Quarantine Entry or a Quarantine declaration).

Valid Import Permit
The importer must hold a valid permit to import quarantine material for the goods being presented for clearance.

The importer must verify that an import permit has been issued in relation to the consignment by one of the following
means:

i.  The positive identification of the permit to Department of Agriculture at the time that the goods are being
processed for quarantine clearance, such as by presenting the import permit.

OR

ii. Any form of physical, digital or verbal correspondence presented with information that allows an import permit to
be identified.

Provision of Required Documentation

All required documentation must accompany each consignment. Alternatively, necessary documentation will need to be
presented to Department of Agriculture at the time of clearance. In order to facilitate clearance, airfreight or mail shipments
should have all documentation securely attached to the outside of the package, and clearly marked "Attention Quarantine".
Documentation may include import permit (or import permit number), government certification and invoice.

If the product description on the import permit varies from the identifying documentation provided for clearance, the
importer is responsible for providing evidence to the quarantine officer that the Import Permit covers the products in the
consignment.

Any documentation provided must comply with the Department of Agriculture’s Minimum Documentation Requirements
Policy.

Delegate of Director of Quarantine
Jutta Tuerck Date: 29 January 2016
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Permit: 0000259546 Page 3 of 4

Permit Conditions

It is the Importer’s responsibility to ensure that the following permit conditions are met in relation to
each consignment. Where more than one set of permit conditions is shown for a commodity please
read each set of conditions to determine which applies to a specific consignment.

1. Genetic material, purified and derived from microorganisms
and viruses

This section contains permit conditions for the following commodity (or commodities):

1. Plant pathogens (preserved or extracted)
Product Description: Parasitic protozoan - Maullinia sp. (DNA only)

1.1. Biosecurity Pathway

a. This permit allows for the import of purified genetic material from Maullinia sp. (DNA
only)

The material must be preserved in at least 70% or greater alcohol (e.g. ethanol, propanol),
prior DNA extraction using a standard laboratory procedure that lyses cells, and/or removes
lipids, proteins and other molecules from the solution and results in a purified DNA or RNA
product. A declaration demonstrating this process must be presented to Quarantine at the
time of clearance.

b. The goods must be clearly labelled with the name of the source microorganism or virus.
c. Post entry/end use conditions

1. These conditions allow for the importation of goods for in vitro laboratory studies (or in
vivo use in laboratory organisms) only.

2. Laboratory organisms are those defined in the following list and must be contained
under laboratory or animal house conditions: guinea pigs, hamsters, mice, rats, rabbits or
microorganisms. Work in all other animals and plants is not permitted.

3. For all uses in non-laboratory organisms (e.g. chickens, sheep, cattle, etc.) or plants a
separate application for in vivo use must be lodged with, and approved by the
Department of Agriculture. This also applies if the product is to be used in veterinary
vaccine or veterinary therapeutic manufacture.

4. These conditions do not permit the direct or indirect exposure of the imported materials
or derivatives to non-laboratory organisms or plants.

5. These conditions do not permit the use of the samples for microbiological cultures or
viral isolation.

6. It is the importer’s responsibility to ensure that the goods are labelled "in vitro use or in
vivo use in laboratory organisms only" on the smallest packaged unit prior to
distribution.

7. It is the importer’s responsibility to ensure compliance with all international (e.g.
International Air Transport Association) and domestic requirements concerning the safe
handling, transport and labelling of biological material.

8. It is the end user’s responsibility to ensure that all laboratory products are used in

accordance with the current AS/NZS 2243 Safety in Laboratories standards and Office

Delegate of Director of Quarantine

Jutta Tuerck

Date: 29 January 2016
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Permit: 0000259546 Page 4 of 4

of the Gene Technology Regulator (OGTR) requirements.

d. If the consignment meets all documentation requirements at the time of clearance, it may be
released from quarantine.

€. Conditions of Administration
1. Documents must be provided with each consignment which:

1.1. identify the consignment e.g. entry number.

1.2. identify all goods being imported as part of this consignment e.g. invoice or waybill
or importer’s manifest.

1.3. describe the goods being imported (where not clear). Example 1: Product XRab =
Purified protein derived from rabbits. Example 2: Product AX = Synthetic antibiotic.
Example 3: Comte = Cheese.

For further information please contact:

Regional - Clearance assistance:
http://www.agriculture.gov.au/about/contactus/phone/regional

Canberra - Administrative assistance or technical assistance: email
imports@agriculture.gov.au (See Attachments) or phone 1800 900 090

It is the importer’s responsibility to provide any additional information which is
requested in order to demonstrate that the import permit covers all goods being
imported.

f. Under the Quarantine Service Fees Determination 2005, fees are payable to the Department
of Agriculture for all services. A list of all quarantine & export fees is available on the
Department of Agriculture's website.

g. Non-commodity information requirements for imported cargo also apply, please refer to the
BICON case Non-Commodity Cargo Clearance.

Timber packaging, pallets or dunnage associated with the consignment may be subject
to inspection and treatment on arrival, unless sufficient evidence of a Department of
Agriculture approved treatment is provided.

All documentation presented to the department to assist in determining the level of
biosecurity risk posed by transportation pathways and packaging must also meet the
requirements of the non-commodity case.

End of Permit Conditions

Delegate of Director of Quarantine

Jutta Tuerck

Date: 29 January 2016
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Import Services Team contact details

Import Services Team
Phone: 1800 900 090

Email: imports@agriculture.gov.au
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