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Abstract

ABSTRACT

The aims of this study were to find endophytic brown algae in marine macroalgae from New
Zealand, isolate them into culture and identify them using morphological as well as molecular
markers, to study the prevalence of pigmented endophytes in a representative host-endophyte
relationship, and to reveal the ultrastructure of the interface between the obligate parasite
Herpodiscus durvillaeae (LINDAUER) SOUTH and its host Durvillaca antarctica (CHAMISSO) HARRIOT.

Three species of pigmented endophytic Phacophyceae were isolated from New Zealand
macrophytes. They were distinguished based on morphological characters in culture, in
combination with their distribution among different host species and symptoms associated with
the infection of hosts. ITS1 ntDNA sequences confirmed the identity of two of the species as
Laminariocolaxc macrocystis (PETERS) PETERS in BURKHARDT & PETERS and Microsponginm
temuissimum (HAUCK) PETERS. A new genus and species, Xiphophorocolax aotearoae gen. et sp. ined.,
is suggested for the third group of endophytic Phaecophyceae. Three genetic varieties of
L. macrocystis as well as two varieties each of M. tenuissimum and X. aotearoae were present among
the isolates. L. macrocystis and X. aotearoae constitute new records for the marine flora of the New
Zealand archipelago, on genus and species level. The red algal endophyte Mekrosyphar pachymeniae
LINDAUER previously described from New Zealand is possibly synonymous with Microspongium
Lenuissimum.

The prevalence of infection by Laminariocolax macrocystis was investigated in three
populations of Macrocystis pyrifera along the Otago coast. Two of the populations situated inside
and at the entrance of Otago Harbour showed high infection rates (average between 95 and
100%), while an offshore population was less infected (average of 35%).

The phylogenetic affinities of the parasitic brown alga Herpodiscus durvillaeae, an obligate
endophyte of Durvillaea antarctica (Fucales, Phacophyceae) in New Zealand, were investigated.
Analyses combined nuclear encoded ribosomal and plastid encoded RuBisCO genes. Results
from parsimony, distance and likelihood methods suggest a placement of this species within the
order Sphacelariales. Even though H. durvillaeae shows a reduced morphology, molecular data
were supported by two morphological features characteristic for the Sphacelariales: the putative
presence of apical cells and the transistory blackening of the cell wall with 'Eau de Javelle'.

Ultrastructural sections showed evidence for a symplastic contact between the cells of

the parasite H. durvillaeae and its host D. antarctica. Within the host cortex, parasite cells attack
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the fields of plasmodesmata connecting host cells. In these areas, parasite cells squeeze between
the host cells and form secondary plasmodesmata connecting the primary plasmodesmata of the
host cells with the cytoplasma of the parasite cell.

Moreover, despite being described as lacking pigments, H. durvillaeae possesses a rbcl.
gene, and its plastids show red autofluorescence in UV light, suggesting the presence of a
possibly reduced, but functional photosynthetic apparatus. Vestigial walls between developing
spores in the 'secondary uniloculat sporangia' of H. durvillaeae confirm the identity of these
sporangia as plurilocular gametangia, derived from reduced gametophytes which were entirely

transformed into gametangia.
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1 INTRODUCTION

1.1 Endophytic algae: definitions

As part of marine benthic communities, macroalgae form the habitat for a variety of other
organisms, ranging from bacteria and protozoans to ctustaceans, molluscs and vertebrates.
Macroalgae may, for example, serve as food source, but also provide hiding places or hatching
grounds for juvenile fish (DAYTON 1985; SCHIEL & FOSTER 1986; HURD ¢z o/ 2004). They also
form a habitat for smaller algae, which live as epiphytes on the sutface of macroalgae or which
gtow inside algal thalli. The latter are termed endophytes, i. e. "organisms living within a host
plant” (greek: éndon = inside; phytén = plant; WOMERSLEY 1987).

Parasites, in contrast to endophytes, are defined as organisms which benefit to the
detriment of their host organism. Usually, this means a physiological dependance, 1. e. parasitic
algae are unpigmented and thus, as heterotrophic organisms, rely at least to some extent on their
host for nutrition, especially carbohydrates (GOFF 1983; CORREA 1994, 1997). Endophytic algae
may but need not be parasitic, while not all parasites live inside the tissue of their host.
Nevertheless, both endophytes and parasites live with their hosts in a close relationship, a
symbiosis. Nowadays, the latter term is often used to describe a relationship in which both
partners benefit from each other, as the opposite to parasitism. However, in this context,
'symbiosis' will be used sezs# DE BARY (1879), meaning "...a phenomenon in which dissimilar
organisms live together..." (DE BARY 1879, cited in PARACER & AHMADJIAN 2000; GOFF 1983;
CORREA 1994).

Whether parasitic or not, the presence of an endophyte may have a negative effect on its
host organism. In this case, the endophyte acts as a pathogen causing a disease, which is defined
as "... the abnormal, injurious and continuous interference with physiological activities of the
host" or "...as disturbance of the normal appearance and function of a plant" (ANDREWS 19792,
page 429, and 1979b, page 448; CORREA 1994). A disease caused by another organism, such as
an endophyte, is called an 'infectious disease', in contrast to physiological diseases which are
caused by abiotic factors such as UV light, high or low temperatute, or by dehydration
(GAUMANN 1951; ANDREWS 1976). In the present study, the terms 'infection' and 'infectious
disease' are used synonymously, even though, in a strict sense, the infection only describes the
stage from entering of the host by the pathogen until a stable host-pathogen relationship is

established (GAUMANN 1951).
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1.2 Pigmented endophytic Phaeophyceae

Endophytic representatives ate found among all major macroalgal groups. In the red algae, most
of the endophytic species are strictly parasitic, while in the green algae only pigmented
endophytes are known (LONING 1985). In the brown algae, a single patasitic endophyte is
desctibed, the New Zealand endemic Herpodiscus durvillaeae (LINDAUER) SOUTH (SOUTH 1974).
All other known brown endophytes are pigmented.

Pigmented endophytic Phaeophyceae have been known since the 19" centuty (e. g
DERBES & SOLIER 1851; PRINGSHEIM 1863; KNY 1873; SAUVAGEAU 1892; ROSENVINGE 1893;
KucKkuck 1894), however, their classification has always been difficult due to theit simple,
possibly reduced, morphologies. The possession of plastids with pyrenoids and a filamentous
thallus structure place most of them within the Ectocarpales s. / (BURKHARDT & PETERS 1998).
However, additional distinguishing features ate usually limited, thus creating problems for a
further classification in sub-ordinal taxa.

DERBES & SOLIER wete the first to propose the genus Streblonera DERBES & SOLIER
(CASTAGNE 1851) to accommodate an endophyte they found in Lzebmannia leveille: J. AGARDH at
Marseille. The type species of this genus, S. volubilis, was formally desctibed by PRINGSHEIM
(1863). However, the introduction of a special genus for endophytes did not help to solve the
taxonomic problems, as most of the brown endophyte species possess uniseriate plurilocular
sporangia, while S. vo/ubilis PRINGSHEIM has plutiseriate plurilocular sporangia. Despite this
discrepancy (and in some cases probably due to a lack of accompanying morphological studies)
pigmented brown endophytes have been, and still are, conveniently referred to as Streblonema sp.
(e. g. SETCHELL & GARDNER 1925; ANDREWS 1977; GOFF 1983; APT 1988a; LEIN ef a/. 1991),
even though a number of other genera have been described in which endophytic brown algae
may be accommodated. These include Cylndrocarpus CROUAN & CROUAN, Entonerna REINSCH,
Phycocelis STROEMFELDT, Mikrosyphar KUCKUCK, Myrionema GREVILLE, Gononema KUCKUCK &
SKOTTSBERG, Pilocladus KUCKUCK emend. KORNMANN, Onslowia SEARLE, Verosphaela HENRY,
and most recently Laminarionema KAWAI & TOKUYAMA, Ascoseirophila PETERS and _Austroftlum
PETERS. ZINOVA even created the family Streblonemataceae to accomodate endophyte genera
(ZINOVA 1953, cited in BURKHARDT & PETERS 1998). 4

Ounslowia endophytica SEARLES and Verosphacela ebrachia HENRY are separated from all other
endophytes by their propagules and the lack of pyrenoids, which in combination with apical

growth and partially biseriate filaments suggest a close relationship to members of the order
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Sphacelariales (SEARLES & LEISTER 1980; HENRY 1987b). Characters distinguishing the
remaining genera include the morphology of sporangia, cell sizes, and the presence vs. absence
of certain features such as erect filaments or basal pseudoparenchyma. However, little is known
about the phenotypic plasticity of endophytic species. Even though pigmented endophytes may
be cultivated in absence of their host, in seawater with inorganic nutrients, they still may not
teveal many chatacters in culture. Moreover, some existing distinctions, e. g. the presence of
Phaeophycean haits, have been shown to depend on environmental conditions (PEDERSEN
1984) and thus their absence does not allow a reliable classification.

Moteover, PEDERSEN (1984) emphasized the similarity of the motphology of brown
endophytes with descriptions of microthalli of free living macroalgae, and therefore suggested
that endophytes are stages in the life history of macroalgae. 'Streblonematoid' stages have indeed
been discovered in many cultures of members of the Ectocarpales s. Z, for example, in Seytosiphon
sp. (LOISEAUX 1970). PEDERSEN's suggestion was supported by the recent discovery of
gametophytes of a member of the Desmarestiales and of some Laminariales growing
endophytically in red macroalgae (MOE & SILVA 1989; GARBARY ef a/. 1999). However, algae
belonging to these orders lack pyrenoids (DE REVIERS & ROUSSEAU 1999) and thus are
distinguished from most of the endophyte taxa mentioned above. Moreover, culture studies
revealed complete life cycles, including sexual reproduction, in two endophyte species,
Streblonema macrocystis PETERS, an endophyte from Macrocystis pyrifera (I..) C. AGARDH of Chile,
and Laminarionema elsbetiae KAWAI & TOKUYAMA, an endophyte in Lamznaria spp. from North
West Europe and Japan. These endophytes have hetermorphic life histories with slightly
different gametophytes and sporophytes, which are both microscopic, confirming these taxa as
distinct entities (PETERS 1991; KAWAI & TOKUYAMA 1995; PETERS & ELLERTSDOTTIR 1996).

The advances in molecular techniques in recent years have provided taxonomists with
genetic markers which are fast and reliable tools to identify and classify organisms based on
characters independent from environmental conditions. Two gene regions, whose sequences are
most widely used to solve taxonomic and phylogenetic affiliations in the Phacophyceae are the
nuclear encoded ribosomal DNA (ntDNA) and the plastid-encoded RuBisCO genes (DE
REVIERS & ROUSSEAU 1999; ROUSSEAU ez /. 2001; DRAISMA ef a/. 2001, 2003).

The ntDNA codes for the three ribosomal RNA molecules which, together with
proteins, form the two sub-units of ribosomes. In the Phaeophyceae, the small sub-unit (SSU)
contains an 18S tRINA molecule, and the large sub-unit (LSU) the 5S tRNA and a 28S tRNA

molecule. The latter consists of linked 26S + 5.8S tRNA molecules, howevet, for convenience,
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in this context the term 'LSU' refers to the 26S tRNA. Within the nuclear DNA, the genes
coding for 18S, 5.8S and 26S tRNA are located together in an operon (Figure 2.7). This operon
exists in multiple copies in tandem repeats, which undetgo concetted evolution resulting in the
homogenisation of all gene copies (e. g. ARNHEIM ef a/. 1980, cited in SOLTIS & KUZOFF 1993;
DOVER 1982, cited in BHATTACHARYA 1997; BALDWIN 1992). In most eukaryotes, the gene
coding for the 55 RNA is found elsewhere in the nuclear DNA, however, in the brown alga
Scytosiphon lomentaria (LYNGBYE) LINK, it is located downstream from the 26S coding region, and
is considered to be linked to the ntDNA repeating unit (IKCAWAI ez 4/. 1995, 1997).

Ribosomes play a key role in protein assemblage in eukaryotic cells, thus the coding
regions of the ntDNA are highly conserved among all eukaryotes. Generally, the SSU region is
more conserved than the LSU region and is thus used to separate kingdoms, phyla and orders
(HWANG & KM 1999), however, the level may depend on the phylogenetic age of a group. For
example, in phylogenetically old groups such as the Rhodophyta, SSU sequences may even be
used in some genera to separate species (e. g. in Porphyra, Bangiales; BROOM ef al. 1999, 2002),
while in other red algae they ate too consetrvative to separate taxa at the family or ordinal level
(HARPER & SAUNDERS 2001). The Phaeophyceae, in contrast to the red algae, is a comparatively
young group: most taxa of this class are considered to have evolved within a comparatively
short time, duting the so-called 'crown radiation of the brown algae' (DE REVIERS & ROUSSEAU
1999; DRAISMA ¢# a/. 2003). Thus, among the brown algae, the taxonomic value of the coding
regions of the ntDNA is limited mainly to separate taxa at the ordinal level or above (SAUNDERS
& DRUEHL 1992; SAUNDERS & KRAFT 1995; TAN & DRUEHL 1994). However, variable regions,
e. g. the D1 and D2 regions in the LSU gene, may allow a sepatration of taxa also below the
ordinal level (ROUSSEAU et al. 1997).

The internal transcribed spacer (ITS) regions, separating the three conservative coding
regions of the ntDNA. (Figure 2.7), are spliced duting the further processing of the tDNA. Thus
the ITS sequences are under less functional constraint and evolve much faster than the coding
tDNA regions (BALDWIN 1992; GOFF ¢z al. 1994). Generally, due to their comparatively high
variability, ITS sequences may only be alignable between closely related taxa, but not between
members of different families (DRAISMA ¢ a/. 2002). Thus they atre used to solve phylogenetic
questions on the genus and species level, or to solve biogeographical questions on the
population level, e. g. in higher plants and macroalgae (BALDWIN 1992; BAKKER ez 4/ 1992,
1995; SoLTIs & KUZOFF 1993; VAN OPPEN e/ al. 1993; GOFF ef al. 1994; STACHE-CRAIN e¢f al.

1997, PILLMANN ef al. 1997; BLOMSTER ¢z al. 1998). In the Ectocatpales, taxa that are not
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alignable over most of the ITS1 (separating 18S and 5.8S genes) are consideted to belong to
different genera (PETERS 2003).

DRAISMA ef al. (2001) listed molecular phylogenetic studies since 1993, which included at
least three or more phacophycean orders. Most of these studies were based on partial ntDNA
alone (e.g. DE REVIERS & ROUSSEAU 1999; ROUSSEAU e¢f 4/ 2001) and failed to resolve
relationships among brown algal orders within the 'crown'. In their own study, DRAISMA ez 4/.
(2001) combmed partial ntDNA with 75 sequences in a data set with a comparatively high
number of brown algae and outgroup taxa. Their results, in the same way as others with similar
combined data sets (e. g. PETERS & RAMIREZ 2001) showed an improved phylogenetic signal and
thus emphazised the benefits of combining genetic information from the nucleus with those
from other compartments, i. e. the plastids or the mitochondria.

The rbcl. gene is part of the plastom, encoding for the large sub-unit of Ribulose-1,5-
Bisphosphate Catboxylase/Oxygenase (RuBisCO), which is the most important enzyme by
weight in photosynthetic organisms (MOHR & SCHOPFER 1992). In red and brown algae, the
genes coding for the large and the small (#4S) RuBisCO sub-units are located in an operon and
ate separated by the RuBisCO spacer (Figure 2.8). The rbcl. and &S genes, in contrast to the
nrDNA genes, are protein encoding regions, i. e. sequences comprise base pair ttiplets coding
for amino acids. Among the three positions of each codon, the first and the second are under
more functional constraint than the third, as substitutions in the latter may be silent (not
resulting in an amino acid change; VIS & ENTWISTLE 2000). Mutational saturation in the third
codon position may affect the phylogenetic signal of a data set, however, recent phylogenetic
studies have shown that in the Phaeophyceae, third codon positions in the 7bcL. gene either do
not have a negative influence (DRAISMA ¢z /. 2001), or may even increase the phylogenetic signal
(SIEMER ez 2/. 1998). In these studies, a combination of rbcL and RuBisCO spacer sequences has
been successfully employed to reveal phylogenetic affiliations within the Ectocatpales . / and in
the Sphacelariales (SIEMER e7 2/ 1998; DRAISMA ef a/. 2001), while other studies use only the
more variable RuBisCO spacer region to distinguish taxa at the family level (e. g in the
Alariaceae, Laminariales; YOON & BOO 1999) or at the species level (e. g. in the red algal genus
Porphyra; BRODIE et al. 1996).

Among the pigmented endophytic brown algae, however, the spacer regions of the
ntDNA gene have been shown to be the most useful sequences to delineate taxa (BURKHARDT
& PETERS 1998; PETERS & BURKHARDT 1998; PETERS 2003). ITS1 sequences revealed, for

example, the taxonomic positions of the Macrogystis endophyte from Chile and some other
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species formetly accomodated in the genus Streblonema: 8. macrocystis and S. aecidioides
(ROSENVINGE) FOSLIE in DE TONI, an endophyte from Laminaria spp. of Northwest Europe,
together with another kelp endophyte of South Africa, form a group of closely related taxa with
the type species of the genus Laminariocolax XYLIN, L. fomentosoides (FARLOW) KYLIN
(BURKHARDT & PETERS 1998), while two endophytes isolated from red algae, S. tenuissipmum
HAUCK and §. radians HOWE represent a sister clade to Laminariocolax and are accomodated in
the genus Microsponginm REINKE (PETERS 2003). Both Laminariocolax and Microsponginm species
share their closest free-living relative, Chordaria sp., while they ate not closely related to the kelp
endophyte Laminarionema elsbetiae (BURKHARDT & PETERS 1998; PETERS & BURKHARDT 1998).
This result together with the even more distant taxonomic positions of Ouslowia endophytica and
Verosphacela ebrachia showed that endophytism has evolved separately several times in the brown
algae (BURKHARDT & PETERS 1998; PETERS & BURKHARDT 1998; DRAISMA & PRUD'HOMME

VAN REINE 2001; DRAISMA ef a/. 2002; PETERS 2003).

1.3 Endophytic Phaeophyceae in New Zealand

Endophytic Phaeophyceae are known from temperate coasts of Pacific and Atlantic, for example
on the Northern Hemisphere from Japan, North America, Greenland and a number of
European coasts (e. g. ROSENVINGE 1893; SETCHELL & GARDNER 1925; KYLIN 1947; TAYLOR
1957, ABBOTT & HOLLENBERG 1976; YOSHIDA & AKIYAMA 1979; SOUTH & TITTLEY 1986;
APT 1988a, 1988b; KAwAl & TOKUYAMA 1995; BURKHART & PETERS 1998; PETERS &
BURKHARDT 1998). In the Southern Hemisphete, endophytes have been repotted from South
Africa, Chile, the Antarctic Peninsula, Australia and New Zealand (LINDAUER 1947, 1960;
WOMERSLEY 1987; PETERS 1991, 2003; BURKHART & PETERS 1998; E. BURKHARDT, petsonal
communication).

New Zealand is located in the South West Pacific on a major active transcutrent fault
between the Pacific plate and the Australian-Indian plate (SUGGATE 1978). It is an archipelago
comprising three main islands, North Is., South Is. and Stewart Is., plus over 600 additional
islands and islets. These stretch over 13 degtee latitudes, from the subtropical Kermadec Islands
to the subantarctic Campbell Islands (MOLLOY & DINGWALL 1990, cited in NELSON 1994).
Since the separation of New Zealand from Gondwanaland ca. 80 million years ago (CHESHIRE
et al. 1995), a diverse flora and fauna has evolved on land and in the sea, comptising many

endemic species (FLEMING 1978). For the marine flora, mote than 600 mactoalgal species ate
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recorded (ADAMS 1994). However, among these are only two species of endophytic brown
algae: Herpodiscus durvillaeae (LINDAUER) SOUTH is an obligate parasite of the 'Southern bull kelp'
Durvillaca antarctica (CHAMISSO) HARIOT, while the pigmented Mikrosyphar pachymeniae LINDAUER
is hosted by the red alga Pachymenia lusoria (GREVILLE) J. AGARDH (as P. himanthophora
J. AGARDH). Both endophytes are endemic to New Zealand (LINDAUER 1947, 1960; SOUTH
1974).

It is surprising that endophytes have not been reported from other macroalgae, even
though algal communities along New Zealand's coasts contain a numbet of species that may be
potential hosts. The marine flora of New Zealand shares many elements with other Southern
Hemisphere floras (HOMMERSAND 1986; NELSON 1994). HOMMERSAND proposed that over
60% of red algal species of the west coast of southern Africa have closest relationships with
species from South America, the Antarctic Peninsula and temperate waters of Australia and New
Zealand. In South Africa and Chile, large kelps and red algae are known to host endophytic
brown algae, such as Macrocystis pyrifera, Ecklonia maxima (OSBECK) PAPENFUSS and .Aeodes sp.
(PETERS 1991; BURKHARDT & PETERS 1998; E. BURKHARDT, petsonal communication). The
same species, or close relatives thereof, occur also in New Zealand.

Despite their wide distribution, infections by endophytic Phaeophyceae have been
quantified only in few kelp populations from the Northern Hemisphere. In Europe and Canada,
prevalences of infection by endophytic Phaeophyceae are generally high: in Nereocystis luetkeana
(MERTENS) POSTELS & RUPRECHT from British Columbia, up to 90% of the thalli are infected
(ANDREWS 1977), while in Lanznaria spp. from Norway and Germany, infection rates range
from 75-100% (LEIN ez 4/ 1991; PETERS & SCHAFFELKE 1996; ELLERTSDOTTIR & PETERS
1997). Host algae may show a variety of symptoms associated with an infection by pigmented
brown endophytes, such as dark spots, lesions, galls and morphological changes. Endophytes
may even influence the mortality and thus the population structure of their hosts: in Lamzinaria
saccharina (L.) LAMOUROUX for example, endophytes are known to cause severe distortions
which may lead to the death of the infected host thallus: When the stipe contains endophytes, it
becomes brittle and breaks during heavy wave action, thus the phylloid is lost (ELLERTSDOTTIR
& PETERS 1997; PETERS & SCHAFFELKE 1996). Moreover, the presence of endophytic algae
may reduce the commercial value of industrially cultivated and/or harvested algae, e. g. in
japanese Undaria pinnatifida (FHARVEY) SURINGAR which is used for human consumption

(YOSHIDA & AKIYAMA 1979).
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In New Zealand, mariculture is a growing business, with the matine flora including a
numbet of native or introduced macroalgae which ate, or in future may be, of economical value
(SCHIEL & NELSON 1990; ZEMKE-WHITE ef a/. 1999; HURD ef o/. 2004). Brown and red algae
are of special interest, as their cell walls contain phycocolloids such as alginates, catrageenans and
agars, which serve as important basic materials for many industrial products (LUNING 1985;
McHuGH 2003).

In New Zealand, seaweeds are mostly harvested from natural populations, and those
which are grown in mariculture are mainly used as food for farmed marine animals (ZEMKE-
WHITE e al. 1999; HURD ez al. 2004). Among the wild harvested algae are the large Phaeophytes
Durvillaea antarctica, which hosts the parasite Herpodiscus durvillacae, and Macrocystis pyrifera, which is
a potential host for pigmented endophytic brown algae. Due to their high alginate contents,
both species may be of potential interest for commercial hatvest and cultivation. Studies on
their diseases as part of the ecology of these commercially interesting mactoalgae are required for
the sustainable management of natural and cultured populations (CORREA & CRAIGIE 1991).

Endophytes may not only affect the yield of commercially intetesting algae. They also
constitute a part of marine algal diversity in New Zealand, which scientists are only just
beginning to understand (HURD ez a/. 2004). The present thesis provides base-line data on the
infection of New Zealand macrocalgae by endophytes and thus adds to the ongoing research on

macroalgal diversity.

1.4 The parasite Herpodiscus durvillacae

Taxonomic affiliations

Taxonomic placements have been problematical not only for the pigmented endophytic brown
algae, but also for Herpodiscus durvillaeae. "This monospecific parasite is only found as an obligate
epi-endophyte growing on the surface and inside the tissue of Durvillaea antarctica. Even though
the host species has a citcum-antarctic distribution (HAY 1978; CHESHIRE ef a/. 1995), Herpodiscus
is confined to host populations in New Zealand (LINDAUER efa/ 1961). The thallus of
Herpodiscus is filamentous, consisting of a perennial endophytic portion and seasonal epiphytic
filaments emerging from the internal hyphae. The external phase of the parasite only occurs in
autumn and winter, forming characteristic circular, red-brown patches with a velvet-like texture
on the host surface (Plate 4.1, Figure C-F). Reproductive structures ate limited to this emergent

part, with unilocular sporangia sitting terminally on short erect filaments between longet
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vegetative filaments (Plate 4.1, Figure G). The cells of Herpodiscus ate described as being
unpigmented, thus a parasitic life style is assumed (SOUTH 1974; PETERS 1990). In fact, as no
other unpigmented brown alga has been discovered so far, H. durvillaeae is the only known
parasitic brown alga worldwide (LUNING 1985).

Its parasitic life style makes H. durvillaeae unique, but it also generates some problems for
studying its morphology: attempts to cultivate this species have been unsuccessful to date
(E. C. HENRY, personal communication; unpublished results). No direct information is
therefore available on some morphological characters such as growth patterns and the formation
of filaments. Additionally, the perennial part of the thallus is literally hidden within the tissue of
its host Durvillaca antarctica: the apparent lack of phaecophycean pigments in the Herpodiscus cells
makes its internal filaments difficult to distinguish from the likewise colourless internal host cells
(SoutH 1974). Moreover, as a result of its parasitic life style, Hermpodiscus is likely to have a
reduced and/or specialized morphology (PETERS 1990). Consequently, classifying H. durvillaeae
has always been tentative (LINDAUER 1947, 1949; SOUTH 1974; JOHN & LAWSON 1974; PETERS
1990).

Originally, the parasite was assigned to the genus Herponema J. AGARDH (LINDAUER
1947) and thus placed in the family Ralfsiaceae FARLOW (formerly Chordariales SETCHELL &
GARDNER 1925; now either Ectocarpales s. /; NELSON 1982; WOMERSLEY 1987; or Ralfsiales
nomen nudums; SILVA et al. 1996, cited in DE REVIERS & ROUSSEAU 1999). The Ralfsiaceae
comptises ctustose, usually epilithic brown algae, that are constructed of a discoid base, from
which short errect, coherent filaments arise (FLETCHER 1978; WOMERSLEY 1987). LINDAUER
later transferred the parasite within the Ralfsiaceae to the genus Hapalospongidion SAUNDERS and
described it as the new species H. durvilleae LINDAUER 1949.

In 1974, JOHN & LAWSON moved the two Hapalospongidion species from New Zealand
(including the parasite) to a new genus Basipora, based on discrepancies in the plastid
morphology: while members of Basispora have several small plastids per cell, the type species of
the genus Hapalospongidion, H. gelatinosum as well as other members of the Ralfsiaceae usually have
a single or few plate-like chloroplasts — this would also exclude the genus Basipora from the
order Ralfsiales sensn NAKAMURA (JOHN & LAWSON 1974; NELSON 1982). However, JOHN &
LAWSON made the remark that the parasitic life style and the basal penetrating filaments of
B. durvillaeae comb. nov. differed markedly from the other two Basispora species which are

epilithic and crustose.
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SOUTH (1974) studied the motphology of the parasite in detail. He showed that the
spotes freleased from the unilocular sporangia settle in and on the sporangium, or on neatby
filaments, and turn completely into so-called secondaty unilocular sporangia, as he did not see
cell walls between the four developing spores. SOUTH (1974) erected the monotypic Herpodiscus
gen. nov. to accommodate the parasite as H. durvilleae (LINDAUER) comb nov.. He found some
resemblance of the secondaty uniloculat sporangia of Herpodiscus to unilocular sporangia of some
Elachista species (FRITSCH 1945) and also considered the growth pattern of the parasite to be less
similar to members of the Ralfsiaceae than to members of the Elachistaceae KJELLMAN (either
Chordariales; LEE e al. 2002; or Ectocarpales sensu lato; ROUSSEAU & DE REViERS 1999; PETERS
& RAMIREZ 2001). Consequently, SOUTH (1974) included the genus Herpodiscus in the
Elachistaceae, where it is still officially placed.

The Elachistaceae ate small pulvinate to tufted epiphytes. Their thalli consist of long
unbranched assimilatory filaments and shorter branched filaments which either form a
pseudopatenchymatous, cushion-like medulla, ot are free, with rhizoids sometimes penetrating
into the host surface (FLETCHER 1987; WOMERSLEY 1987). Supetficially, the morphology of
Herpodisens resembles that of some members of the Elachistaceae without cushion-like medulla,
such as Leptonematella sp. or Neoleptonema yongpilii E.-Y. LEE & 1. K. LEE (FLETCHER 1987;
WOMERSLEY 1987; LEE e al. 2002). For example, branching in Herpodiscus only occurs in the
internal filaments or near the base of the external filaments just below the host surface, thus its
erect filaments appeat similatr to the unbranched assimilators of the Elachistaceae (SOUTH 1974).
Additionally, unilocular and plurilocular sporangia of Leplonematells and Neolptonema ate
positioned at a distinct height on the branched filaments above the host surface, forming a row,
like the primary unilocular sporangia of Herpodiscus do.

However, PETERS (1990) pointed out that the unilocular sporangia in Elachistaceae are
borne laterally, while in Herpodiscus they have a terminal position (Figure 1.1, 1), a feature
unknown for the Elachistaceae. Additionally, the Elachistaceae are reported to have a partially
pseudoparenchymatous thallus (CLAYTON 1981), while in Herpodiscus thete is no evidence for
either external or internal filaments being compacted in any way (SOUTH 1974; PETERS 1990).
Plastid morphology distinguishes the parasite from its proposed telatives:  plastids in
Elachistaceae, as in other Chotdatiales/Ectocatpales s. /, are usually equipped with pedunculated
pyrenoids (WOMERSLEY 1987; LEE ef a/. 2002), while pyrenoids appear to be absent in cells of
Herpodiscus (SOUTH 1974; PETERS 1990).
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The peculiar secondary unilocular sporangia of Herpodiseus do not resemble any structure
in the other Elachistaceae. Therefore SOUTH (1974) emphasized that the inclusion of Herpodiscus
in the Elachistaceae should only be tentative and concluded that the placement of the parasite
within the brown algae would continue to be problematical until its life-history and mode of
reproduction were revealed.

The missing detail of the life history of Herpodiscus durvillaeae was discovered by PETERS
(1990): he found that the zooids developing in SOUTH's secondary unilocular spotangia are
actually gametes, which after release display isogamous plasmogamy. Although PETERS, like
SOUTH (1974), failed to see cell walls between the zooids, he concluded that the secondary
unilocular sporangia are in fact gametophytes which are completely transformed into gametangia,
and proposed that Herpodiscus has a heteromorphic life cycle, with a macroscopic sporophyte and
a strongly reduced gametophyte (Figure 1.1,1; PETERS 1990).

This life history cleatly separates Herpodiscus from both the Ralfsiaceae and Elachistaceae
(PETERS 1990): in the Ralfsiaceae, gametophytes and sporophytes are either isomorphic or the
gametophyte is the macroscopic generation. In the Elachistaceae, sexuality and terminal
unilocular sporangia are unknown. Additionally, in Chordariales (or Chordariaceae, Ectocarpales
s. ) other than Elachistaceae, where sexuality is known, gametophytes are microscopic but they
are not reduced to the degree observed in Herpodiscus (PETERS 1987, 1990). Pigmented
endophytic brown algae classified in the Ectocarpales s. Z, such as Laminariocolax species or
Laminarionema elsbetiae, have isomorphic or only slightly heteromorphic life histories (PETERS
1991; KAWAI & TOKUYAMA 1995; PETERS & ELLERTSDOTTIR 1996).

The life history of Herpodiseus durvillaeae rather resembles the life history of Syringoderma
floridana HENRY, a member of the Syringodermatales (Figure 1.1, 2), which has a macroscopic
sporophyte as well as a reduced gametophyte settling on the sporophyte and turning completely
into a gametangium (HENRY 1984). Consequently, HENRY (E.C. HENRY, personal
communication; PETERS 1990) suggested Herpodiscus should be placed in the neighbourhood of
the Syringodermatales. The morphology of the Herpodiscus sporophyte, however, is very
different from the sporophytes of the Syringodermatales, which are fan-shaped and composed
of appressed filaments. The thallus of Herpodiscus is formed by single fillaments, which i the
external phase, like a lawn, rise separately from the prostrate internal phase (SOUTH 1974).
PETERS (1990) concluded that the morphology of Herpodiscus durvillaeae is too distinct from

Syringoderma species for a close relationship.
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Figure 1.1: Diagrammatic life histoties of Herpodiscus durvillaeae (1; PETERS 1990) and Syringoderma floridana
(2; HENRY 1984). - A to D: stages in the life cycle of H. durvillacae on its host Durvillaca antarctica;
US: unilocular  sporangium; GA and G, respectively: gametophyte; S:spore; g: gamete;
Fu: isogamous fusion; Z: zygote.

But where else are relatives of the parasite to be found? In the Rhodophyceae, for a
compatison, 85% of all parasites are closely related to their hosts: they belong to the same otrder
or even family as the host species and ate therefore referred to as "adelphopatasites” (adelphos:
greek for "brother"), in contrast to "allopatasites” (dllos: greek for "different"), which appeat to
be not related to their hosts. Adelphopatasites are assumed to have evolved from stages of the
life cycle of their host which germinated on the thallus of the parent and became mote and more
dependent of their host, while alloparasites might have evolved from obligate epiphytes (EVANS
et al. 1978; GOFF 1982; GOFF & ZUCCARELLO 1994; GOFF ef al. 1996). A recent molecular
systematic study, however, presents evidence that some alloparasites may have evolved from
their hosts as well, but are much older taxa, compated to the newly evolved adelphoparasites
(ZUCCARELLO et al. 2004).

The only other brown alga considered to be at least partially parasitic, Nozheia anomala
HARVEY & BAILEY, a species endemic in Australasia, is indeed related to its obligate hosts,
Hormosira banksii (TURNER) DECAISNE and Xiphophora chondrophylla (R. BROWN ex TURNER)
MONTAGNE ex HARVEY, which both belong to the Fucales. Motphological and molecular

studies place N. anomala in its own family (Notheiaceae SCHMIDT), either in its own order
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(Notheiales WOMERSLEY 1987) or at the base of the Fucales (GIBSON & CLAYTON 1987,
SAUNDERS & KRAFT 1995; ADAMS 1994; DE REVIERS & ROUSSEAU 1999).

The host of Herpodiscus durvillaeae, Durvillaca antarctica, has a similatr position as Notheia
anomala, being placed in a separate family (Durvillaeaceae (OLTMANNS) DE TONI) either in its
own order (Durvillaeales PETROV; WOMERSLEY 1987; ADAMS 1994) or within the Fucales (DE
REVIERS & ROUSSEAU 1999). But unlike N. anomala and its hosts, H. durvillacae and D. antarctica
are not closely related: even though the genus Duwmwillaea is characterised by a largely
haplostichous construction, in contrast to other Fucales, its thallus 1s nevertheless compact and
highly differentiated (WOMERSLEY 1987). This morphology, in addition to a diplontic oogamous
life history, appears to clearly separate D. antarctica from the filamentous parasite H. durvillaeae
with its diplo-haplontic isogamous life history.

The question remains, of where H. durvillacae is to be placed within the Phaeophyceae, as
the cutrent accommodation of Herpodiscns in the Elachistaceae can no longer be justified
(PETERS 1990). Considering the scarcity of morphological characters in parasitic organisms, the

systematic position of H. durvillaeae should be investigated using molecular markers.

Ultrastructure of Herpodiscus

Not only do the unresolved taxonomic affiliations of Herpodiscus durvillaeae require attention, but
also certain aspects of its morphology and physiology. Studies of Hernpodiscus have focused
mainly on the morphology of the external phase, due to the difficulties in observing the internal
phase in the absence of any discriminating stains (LINDAUER ez 4/ 1961; SOUTH 1974; PETERS
1990).

Herpodiscus is a parasite (LINDAUER ef /. 1961; SOUTH 1974; PETERS 1990): its external
cells are pootly pigmented and contain only a few grey plastids, while plastids are described to be
absent from the internal phase. Due to this apparent lack of pigments, Herpodiscus is assumed to
be unable to use photosynthetic energy to synthesize its carbohydrates. As an obligate
heterotrophic endophyte, it ultimately relies on assimilates provided by its host Duwrvillaca
antarctica. But how does Herpodiscus gain nutrition from Duwrvillaea, 1. e. how are assimilates
transferred from the host to the parasite?

The perennial phase of the parasite is situated within the unpigmented inner tissue of the
thallus of Durvillaca, which, like other large algae, is differentiated into a photosynthetically active
layer of pigmented cells enclosing an inactive internal tissue (HAY 1994). Thus any putative

transfer of metabolites to the parasite has to be preceeded by transportation within the thallus of
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the host. This transfer of assimilates, from the metabolic 'soutces' (i. e. regions where more
carbohydrates are produced, ot mobilised, than ate metabolized, such as photosynthetically
active tissue ot cotyledons in the Streptophyta) to the metabolic 'sinks' (i. e. regions whete more
carbohydrates ate metabolized than produced, or where they are stored, such as the colourless
mnternal tissue of algae and storage tissue; MOHR & SCHOPFER 1992) is well studied in highet
plants. Carbohydrates are transferred along a decreasing gradient of assimilate concentrations
from the source to the sink, either via the symplast, the continuum of the cytoplasm of all cells
of the plant or algal thallus linked by cytoplasmatic connections, ot via the apoplast, outside of
this continuum (KLEINIG & SITTE 1992). Accordingly, direct cytoplasmatic contacts, i. e.
plasrﬁodesmata, between the cells of the soutce and of the sink are a requitement for a
symplastic transfer.

In higher plants, the symplastic transfer of assimilates over great distances within the
plant is facilitated by the perforated sieve plates in the phloem which represent fields of
specialized plasmodesmata between adjacent sieve tube cells (KLEINIG & SITTE 1992). Similar
cell connections are found in certain brown algal ordets (VAN DEN HOEK ¢ a/. 1995), suggesting
an effective translocation of assimilates between patts of their thalli The so-called 'trumpet
hyphae' in the medulla of members of the Laminariales, for example, display plates with potes
which, in old filaments, are plugged by callose, similar to the sieve plates of higher plants
(SCHMITZ & SRIVASTAVA 1974). The thalli of the Fucales such as Durvillaea sp. do not possess a
specialized tissue for the translocation of assimilates, however, the concenttation of
plasmodesmata in fields very much tessembles the sieve plates of higher plant phloem and of
Laminarialean trumpet hyphae (CLAYTON e a/. 1987; VAN DEN HOEK ez a/. 1995).

For an apoplastic transfer, in contrast to the symplastic transfer, assimilates must cross at
least two membranes, those of the source and the sink cells, in additional to the extracellular
apoplast. Membrane-bound proteins may be involved in the transfer of substances through the
membranes, allowing the transit to be selective (KKLEINIG & SITTE 1992).

Regardless of the path assimilates take inside a plant or an algal thallus, not only may its
own tissue act as a metabolic sink, but also other organisms, i. e. mutualistic and parasitic
symbionts (FARRAR 1995; HARRISON 1999). The holopatasitic phanetogam Cuscuta reflexca ROXB.
(Convolvulaceae), for example, is estimated to take as much as 80% of the photosynthate of its
host Lupinus albus L. (JESCHKE ez al. 1994), while the biomass of biotrophic fungi infecting leaves
may add up to 50% of the leaf dty weight (HALL & WILLIAMS 2000), demonstrating the

importance biotrophic symbionts may have as sinks for higher plant assimilates.
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In most symbioses between biotrophic fungi and higher plants, the parasites scavenge
substances from the apoplast of the host (SMITH & SMITH 1990; Lucas 1998). Hyphae of
downy mildew and rust fungi, for example, are suggested to grow towards high concentrations
of sugar in the host apoplast (JACOBS 1990). Upon reaching the vascular tissue, they insert
haustoria (organs of nutrient absorption) into the host cells, presumably to intercept assimilates
from the host's phloem (transfer intercept strategy'; SPENCER-PHILLIPS 1997). The haustoria do
not enter the cytoplasm of the host, though, but remain outside the host membrane and thus the
host symplast. Therefore, as no direct plasmatic connections exist at the interface between the
cells of the two symbionts, assimilates have to be transferred from the host to the parasite via
the apoplast, i. e. through the host cell membrane, the extrahaustorial matrix, the haustotial wall
and the fungal plasma membrane (SPENCER-PHILLIPS 1997; LUCAS 1998).

Symbiotic interfaces have also been studied in macroalgal hosts and their obligate
epiphytes and parasites. For example, ultrastructural studies on the symbiosis of Notheia anomala
and Hormosira banksi (HALLAM ef al. 1980) have shown that direct cytoplasmatic connections are
absent between the endophytic tissue of Notheis and its host. However, Notheia does not grow
well in culture without extracts from Hommosira (HALLAM et al. 1980). Therefore, even though
Notheia is fully pigmented, this species appears to be at least partially parasitic. Accordingly,
assimilates or any other substances putatively requited by Nozbeza may be transferred via the
apoplast, even though the existance of a transfer of substances between both symbionts has yet
to be verified.

An apoplastic transfer may also be assumed for the symbiosis of the epiphyte Polysiphonia
lanosa (L.) TANDY (Rhodophyta) with its obligate basiphyte Ascophyllun nodosum (L.) LE JOLIS
(Phaeophyceae, Fucales): a translocation of metabolites from the host to the epiphyte has been
demonstrated using radioactive markers (CITHAREL 1972), even though the epiphyte does not
seem to depend on host assimilates alone (HARLIN & CRAIGIE 1975). Again, cytoplasmatic
connections appear to be absent from the interface between both partners, even though, upon
penetration of the host tissue, single host cells may be enclosed and digested by the epiphyte
rhizoid (RAWLENCE 1972).

Green algae endophytic in red algae usually grow in the interstices of their hosts without
cytoplasmatic contact between both symbionts, but they can still cause deteriorations in their
host thalli (e. g. Correa efal 1994). However, occasionally green endophytes have also been
observed to directly penetrate the cells of their hosts and destroy them, for example, Acrochaete

operclata CORREA & NIELSEN infecting Chondrus crispus STACKHOUSE (CORREA & MCLACHLAN
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1994). Nevertheless, all known endophytic green algae are pigmented (LUNING 1985) and can
usually be cultivated in absence of their hosts (CORREA & MCLACHLAN 1991; Correa ef al. 1988,
1994; DEL CAMPO ez al. 1998). Thetefore, until a biotrophic or necrotrophic relationship has
been demonstrated between both symbionts, these endophytes should be regarded as pathogens
rather than parasites of their hosts (CORREA 1994).

Parasitic red algae only infect other Rhodophyceae, following a strategy different from
other endophytic algae ot biotrophic fungi. Ultrasttuctural studies have revealed that especially
mn adelphoparasites (but to a lesser degree also in allopatasites), parasite cells fuse with host cells.
By transfering their nuclei into the host cells, they transform them into a heterokaryotic
syncytium within the host tissue (GOFF & COLEMAN 1984, 1985, 1995; GOFF & ZUCCARELLO
1994). I e., the patasite gains access to the assimilates of its host by becoming part of the host
symplast. Striking similarities of the behaviour of adelphoparasites with that of
carposporophytes which develop on the female gametophyte of the host and depend on
nutrients from it, have led to the suggestion that the patasites evolved from stages of the life
history of their host taxa (GOFF & ZUCCARELLO 1994). A transfer of carbohydrates from red
algal hosts to theit parasites has, for example, been demonstrated for the alloparasite Harveyella
mirabilis (REINSCH) REINKE infecting Odonthalia floccosa (ESPER) FALKENBERG (GOFF 1979) and
Rhodomela confervoides (HUDSON) SILVA (KREMER 1983), but also for some adelphoparasites
(GOFF 1982).

The vatiety of approaches of known parasites and putative biotropic symbionts to access
metabolites of their hosts leads back to the question of how the parasite Herpodiscus durvillaeae
gains nuttition from Durvillaea antarctica. From light microscopic studies, SOUTH concluded that
"Circumstantial evidence of penetration of host cells by H. durvillaea has been obtamned, but
requires substantiation." (SOUTH 1974, page 458). However, he did not provide any details with
this statement, nor has any further investigatidn followed. Considering the limitations of light
microscopic observations on the internal phase of Herpodiscus, ultrastructural investigations using
transmission electron microscopy are needed to clatify the nature of the interface between host
and parasite. Presence vs absence of cytoplasmatic connections between Herpodiscus and
Durvillaea may indicate whether assimilates are transferred to the parasite via the apoplast or the
symplast of the host.

Ultrastructural studies are moteover required to clarify whether vestigial walls are formed
duting the development of the gametophytes of H. durvillaeae (thus confirming the identity of the

sporangia as gametophytes-turned gametangia at the ultrastructural level; PETERS 1990), or
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whether the lack of walls observed undet the light mictoscope by eatliet authors (SOUTH 1974;
PETERS 1990) is also evident in the electron microscope. Taxonomically, the level of reduction
in the gametophytes is only of limited value, e. g. in distinguishing Herpodiscus from members of
the Elachistaceaec and Ralfsiaceae. However, an absence of internal walls in the gametangia
would separate the parasite from some phaeophycean taxa with reduced gametophytes, which
may be relatives, such as the Syringodermatales (HENRY 1984; PETERS 1990), while gametangial
walls are also absent in groups that are unlikely to be related to Herpodiscus, for example in some

members of the Fucales (MCCULLY 1968).

1.5 Obijectives

In the present study, four aspects of endophytic brown algae from New Zealand were
investigated. The objectives were to reveal the diversity of pigmented endophytic brown algae
from New Zealand and to study their prevalence in a representative host-endophyte symbiosis.
Moreover, the taxonomic affinities of the endemic parasite Herpodiscus durvillaeae and the
ultrastructute of the interface between this obligate parasite and its host Durvillaca antarctica were
studied.

Macroalgal communities around New Zealand were examined for the presence of
pigmented endophytic brown algae. The prevalence of infection of the kelp Macrogystis pyrifera by
pigmented endophytic brown algae was studied in three host populations along the Otago coast
during the year 2000. To identify the pigmented endophytes present in M. pyrifera as well as in
other macroalgae, endophytes were 1solated from their hosts and cultivated as unialgal strains in
the laboratory. Morphological data were combined with molecular matkers to address the
following questions:

» Which species of pigmented endophytic Phaeophyceae are present in New Zealand?

» What is the relationship of the pigmented endophytes from New Zealand to species
from other parts of the world?

»  What is the prevalence of infection by endophytic brown algae in the representative host

species Macrocystis pyrifera?

Another aim of the study was to reveal the taxonomic affinities of the parasitic brown alga
H. durvillaeae based on molecular markers. By combining results inferred from DNA sequence

compatisons with morphological observations, the following questions were investigated:
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» What is the natutal phylogenetic position of Herpodiscus durvillacae?
> Is the systematic position infetred from DNA sequences matched by motphology and

other chatactets of the patasite's closest relatives?

Finally, ultrastructural studies on H. durvillaeae and its host D. antarctica, accompanied by
observations in the field and by light microscopy, focused on these questions:
» What is the nature of the interface between Herpodiscus durvillaeae and Durvillaea antarctica,
regarding a putative transfer of assimilates from the host to the parasite?
» Are Veétigial walls present in the 'secondary unilocular sporangia’ of Herpodiscus durvillaeae,
confirming their identity as gametophyte-turned gametangia, or is their apparent absence

verified at the ultrastructural level?

Chapter 2 focuses on the study sites and macroalgae investigated, and on the methods employed
to study the various aspects of the endophyte biology. Results for the two groups of
endophytes, i. e. for the pigmented endophytes and for the patasite Herpodiscus durvillaeae, are
presented and discussed separately: the taxonomy of the pigmented endophytes from New
Zealand based on motphological and molecular obsetvations as well as the base-line study on
the infection by pigmented endophytes of Macrocystis pyrifera ate presented in Chapter 3. Chapter
4 describes the molecular and morphological taxonofny and the ultrastructure of the parasite
Herpodiscus durvillaeae. Chapter 5 presents aspects of the endophyte biology which need to be

addressed in future studies.

18



2 Materials and methods

2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Collection sites

From June 1997 until October 2000, algal communities at various sites around New Zealand
(Figure 2.1) were visited and examined for the presence of endophytic brown algae. Sites on the
southern South Island, primarily in the Otago region around Dunedin, were frequently visited,
while sites outside this area were sampled only on single occasioﬁs. The latter include the
Doubtful Sound system in Fiordland, the southern part of the North Island around Wellington,
and the Chatham Islands.

2.1.1.1 Otago Region
The hydrography of the south-eastern coast of the South Island is mainly influenced by the

Southland Current. This current, derived from the Tasman Sea, carries relatively warm, high
salinity water along the coast in north-eastern direction. Its waters are modified by freshwater
mmput from the Clutha and Taieri Rivers, which also add large sediment loads to the Watef
(JILLET 1969; HAWKE 1989; MURDOCH e¢7 a/. 1990).

The Otago Harbour near Dunedin (Figure 2.2) is a drowned volcanic valley (GRAY
1991). In the late Miocene, around 10-13 million years ago, the Dunedin Volcano errupted and
left behind the Otago Peninsula as the main outcrop, consisting of igneous rocks (WATTERS
1978a). Two islands, Goat Island and Quarantine Island, separate the Upper Harbour basin
from the Lower Harbour basin. The Harbour is fed by the Southland Current, with an
additional input of freshwater to the Upper Hatbour by the Leith stream resulting in a slightly
depressed salinity compared to the marine water outside the Harbour (29-34 PSU in the Upper
Harbour, 33-34 PSU in the Lower Harbour; JILLET 1969; SMITH 1991; GROVE & PROBERT

1999). Mean sutface temperatures range from 6.4 °C to 16 °C (ROPER & JILLET 1981).

19



2 Materials and methods

35°5 1 =
Tasman Sea
40°S - i
Pacific Ocean
45°S1 p -
%Pammon Inlet , km .
Stewart Island 0 200 400
170°E 175°F

Figure 2.1: Map of the main islands of New Zealand. Arrows indicate major currents; dots indicate sites
visited during the course of this study from 1997-2001. Details of locations marked with small
frames are shown in Figures 2.2-2.5. The Chatham Islands (Figure 2.5) are located outside the
range of this map, atround 860 km east of South Island.
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Otago Harbour forms a shallow inlet with an aproximate total length of 23 km, a width between
2 and 4km and an average depth of 4.5m. The entrance at Taiaroa Head is 0.4 km wide
(RAINER 1981; COURNANE 1991; GROVE & PROBERT 1999). At low tide (mean sping tide at
Dunedin: 1.8 m; SMITH 1991), extensive sediment flats are exposed, covering nearly 30 % of the
sutface of the Harbour (HEATH 1974). These flats are fed by the sediments carried in the
Southland Current. In sheltered bays such as at Quarantine Point, subtidal sediments are fine
and muddy, with a high content of organic detritus, while the exposed banks display sandy
sediments. Modifications of the Otago Harbour that began in 1862 also included the
construction of a mole of circa 1 km length at Aramoana to keep the entrance of the Harbour
free from sediment deposits (SMITH 1991; LAUDER 1991). A habitat structure comparable with
the Otago Harbour is found in the two smaller inlets on the Otago Peninsula, Papanui Inlet and
Hoopers Inlet (ROPER & JILLET 1981).

On the sediment flats inside Otago Harbour, the seagrass Zostera novazelandica SETCHELL
forms extensive meadows (FYFE ez 4/ 1999). Macroalgae are mainly found on hard substrates,
on some stretches of rocky shore (e. g. near Portobello), on shells and boulders in the soft
sediments (e. g. at Quarantine Point), on the artificial walls along the fringe of the Harbour (e. g.
at Wellers Rock) and at Aramoana Mole. The subtidal algal communities of Otago Harbour
include conspicuous inhabitants such as the Laminarialean kelps Macrocystis pyrifera (at Aramoana
Mole; Plate 3.1, Figure B) and Ecklonia radiata (C. AGARDH) J. AGARDH, and increasingly, the
recently introduced species Undaria pinnatifida (HAY 1990a, 1990b; STUART 1998), but also a
variety of smaller Phaeophyceae, Rhodophyceae (for example Lenormandia chanvinii HARVEY in
the subtidal or Pachymenia lusoria in the intertidal) and Chlorophyceae (such as Uka spp., incl.
Enteromorpha spp.). Members of the Fucales, e. g. Hormosira banksit and Cystophora species, are
limited to intertidal rocky shores (NAYLOR 1954; BATHAM 1956, 1958; MORTON & MILLER
1968; RAINER 1981; JANKE 1989; PROBERT 1991).
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Figure 2.2: Map of the Greater Dunedin area, South Island. Dots indicate sites along the Otago
coastline visited during this study from 1997-2001. Numbers relate to following sites: 1:
Aramoana mole; 2: Pilots Beach; 3: Harington Point; 4: Wellers Rock; 5: Quatantine Point; 6:
Hoopers Inlet; 7: Seal Point; *: Portobello Marine Laboratory. - The insert shows the location
(small frame) within New Zealand.
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Outside the Harbour, along the Otago coast and southwards, long sandy beaches alternate with
exposed rocky shores. " Brighton Beach presents an exarnf)légézf a very wave-exposed intertidal
rock platform, displaying a macrophyte zonation typical for south New Zealand rocky shores
(MORTON & MILLER 1968): the horizontal zones are dominated by large brown algae of the
order Fucales (including Durvillacales) and Laminariales. Durvillaea species in particular form
conspicuous belts from the lower intertidal (D. antarctica) to the upper subtidal (D. willana
LINDAUER 1949). The zone above the Durvillaea belt is occupied by smaller Fucales such as
Xiphophora gladiata (LABILLARDIERE) MONTAGNE and Hormmosira banksii, while the upper most
intertidal zone is inhabited by the red algae Stictosiphonia arbuscula (HARVEY) KING et PUTTOCK,
together with Porphyra spp., Apophlaea lyalli HOOK. f. et HARVEY and the brown alga Seytothannus
australis (J. AGARDH) HOOK. f. et HARVEY.

In the lower intertidal and upper subtidal, a vatiety of smaller Rhodophyta 1s found,
including Gigartina spp. as well as the foliose Pachymenia lusoria, which forms a band among the
Durvillaea holdfasts. Gratelonpia intestinalis (HOOK. f. et HARVEY) SETCHELL ex PARKINSON, in
contrast, prefers mote sheltered sites. Othet conspicuous algae include green algae such as
Canlerpa brownii (C. AGARDH) ENDLICHER, Ulva spp. ot the brown alga Splachnidinm rugosum (1..)
GREVILLE. |

In contrast to the Fucales, kelps of the order Laminariales are restricted to the subtidal.
Lessonia variegata for example, gtows below D. willana on exposed coasts, while the larger thalli of
the giant kelp Macrocystis pyrifera form extensive forests in deeper water offshore, such as the kelp
bed off Cornish Head (Plate 3.1, Figure A; FYFE ef a/. 1999). M. pyrifera grows in calmer bays,
but smaller specimens (up to a few metres long) can also survive in large rockpools at Brighton
Beach (Plate 3.1, Figure D). Ecklonia radiata tolerates more wave exposure than M. pyrifera, but is
also found growing among populations of Macrogystis, e. g. at Cornish Head (MORTON & MILLER
1968; ADAMS 1994; author, personal observation).

NAYLOR (1954) listed a total of 223 marine algae species for the Dunedin District. This
area comptises the coast stretching from Brighton up to Puketeraki (45° 39' S; 170° 39' E). Most
sites visited during the course of this study are situated in the Otago region near Dunedin, along
the coastlines of the Otago Peninsula (Seal Point, Hoopers Inlet) and the Otago Harbour
(Aramoana mole, Pilots Beach, Harington Point, Wellers Rock, Quarantine Point; Figure 2.2).
Other sites (Figure 2.1) included Brighton, Graybrook and Riverton/Southland south of the
Otago Peninsula. Sites sampled north of the Otago Harbour entrance were Waikouaiti, the
offshore kelp bed off Cornish Head close to Waikouaiti, and Kakanui Beach.

23



2 Matertals and methods

2.1.1.2 Doubtful Sound

The south-western coast of the South Island, Fiordland, is characterized by several fiords and
fiord systems. Shaped by glaciers some 20 000 yeats ago, the fiords are drowned valleys
consisting of narrow deep basins, open to the Tasman Sea via shallow entrance sills and
surrounded by steep, high-rising mountains (HEATH 1985). Doubtful Sound is one of the largest
fiords, with an approximate length of 40 km, an average width of 1.2 km, a maximum depth of
421 m, and an entrance sill at a depth of 100 m (STANTON & PICKARD 1981; BOYLE ez a/. 2001;
KM et al, in preparation). It is connected to two other sounds, Thompson and Bradshaw.
Together, they form the Doubtful Sound system (Figure 2.3).

The marine environment inside the fiords is charactetized by steep vettical gradients of
salinity and light (GRANGE e /. 1981; GRANGE & SINGLETON 1988; BOYLE ez 2/ 2001). The
fiords are fed with high salinity marine water by the Tasman Curtrent, which moves in an eastern
direction along the Subtropical Convergence (HEATH 1985). High annual rainfall throughout
Fiordland (average in Doubtful Sound: 465 mm month™) causes heavy loads of freshwatet to run
down into the fiords from the sutrounding mountains. Doubtful Sound receives an additional
anthropogenic freshwater inflow from the discharge of the Manapouri hydroelectric power
station at Deep Cove, which is several times higher than the natural catchment runoff. Thus, a
steep gradient is created between a quasi-permanent warm, low-salinity layer at the surface (5-
10 PSU, 9-17 °C) above a cold seawatet layer with oceanic salinity values (up to 35 PSU,
12-13 °C), sepatated by a halocline. The low-salinity layer in Doubtful Sound reaches an average
depth of circa 9 m at the innermost site decreasing towards the entrance of the fiord (LAMARE
1998; GIBBS ez a/. 2000; GIBBS 2001; MILLER 2003). An additional thermocline between 50-75 m
varies depending on seasons (PEAKE ef /. 2001).

Additional to creating a brackish surface layer, the catchment runoff carries large
amounts of tannins from the surrounding forests into the fiords. These tannins cause a yellow
colouration of the sutface layer that reduces the amount and quality of light available to
submerged algae (GRANGE ez a/. 1981; GRANGE & SINGLETON 1988). Light conditions in the
photic zone atre further influenced by the shading from the sutrounding steep mountains, i. e.
the amount of light reaching the algae can vary extremely, depending on the geographic

otientation of a site (BATHAM 1965; BOYLE ef a/. 2001).
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Figure 2.3: Map of the Doubtful Sound system, Fiordland, South Island. Dots indicate sites mentioned
in this secdon (S. M. MILLER, personal communication). The insert shows the location (small
frame) within New Zealand.
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Most shores within the Doubtful Sound system consist of steep rocky walls, with a tidal range in
Doubtful Sound between 1 and 2 m (BOYLE ez 4/ 2001). During a sutvey in October 2000,
around 130 intertidal and subtidal algae species wete recorded from the Doubtful Sound system
(W. A. NELSON, personal communication). The shotes within Doubtful Sound are
comparatively sheltered from wind and waves, thetefore Durvillaea species are restricted to the
exposed shores near the entrance (for example the western and southern coast of Bauza Island)
and outside the fiord. Inside the sound, large kelps are mainly represented by Ecklonia radiata,
while Macrocystis pyrifera only occurs at a moderately shelteted site on the northetn coast of Bauza
Island, close to the entrance of the fiord (BATHAM 1965; MORTON & MILLER 1968; HAY 1990a;
BOYLE ez /. 2001; MILLER 2003; S. M. MILLER, petsonal communication).

Macroalgae from the following sites were examined for the presence of endophytic
Phaeophyceae during the expedition in 2000: Deep Cove, Elisabeth Island, Causet Cove (Bauza
Island), Bradshaw Sound and Outer Thompson Sound (Figure 2.3). Additional specimens of
Ecklonia radiata were collected by S.M. MILLER at Causet Cove (May 1999) and at Outet
Thompson Sound (November 1999).

2.1.1.3 Wellington

The area around Wellington including its harbour, Port Nicholson (Figute 2.4), is mainly
mfluenced by two cutrents, the colder Cantetbury Current from the south and the warmer
D'Ugville Current from the west (BRODIE 1960; ADAMS 1972). Wellington is situated on a major
active fault stretching in northeast-southwestetn ditection, between the Australian-Indian and
the Pacific plates (SUGGATE 1978). The coastline around Wellington comprises rocky shores
alternating with sandy beaches. Sites inside Wellington Harbour are moderately sheltered from
wind and waves; the mean tidal range is 1.4 m (ADAMS 1972).

ADAMS (1972) listed a total of 370 species of mactoalgae from the Wellington atea
(stretching from Kapiti Island on the West Coast to Mataikona on the East Coast). Large brown
algae that are abundant include Laminariales such as Macrogystis pyrifera, Ecklonia radiata and
Lessonia variegata, as well as Fucalean genera such as Durvillaea, Xiphophora and Marginariella
(ADAMS 1972). Castle Point, a promontoty with limestone reefs and sandy beaches on the East
Coast (Figure 2.1), marks the northern most boundary of several large seaweed species in New

Zealand waters, such as Macrogystis pyrifera and Marginariella spp. (HAY 1990a2; ADAMS 1994).
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Figure 2.4: Map of Wellington and surrounding areas, North Island. Dots indicate sites visited in
March/April 1998. The insert shows the location (small frame) within New Zealand.
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The field trip to the Wellington atea in March/April 1998 concentrated on sites inside and
outside Port Nicholson and included Oriental Bay, Mahanga Bay and Arthut's Nose at Lyall Bay
(Figure 2.4). Additionally, a visit was paid to Castle Point and Mataikona on the eastern coast.

2.1.1.4 Chatham Island
Chatham Island belongs to the Chatham Islands atchipelago situated around 860 km east of

South Island (Figute 2.5). The Chathams were separated from mainland New Zealand some
70 million years ago and are connected to the South Island by the Chatham Rise, an underwater
ridge with banks reaching up to 50 m below sea level (HAY e /. 1970; NELSON 1994).

The matine life around the Chathams is mainly influenced by an oceanic convergence,
which 1s fed by warm waters from the subtropical East Cape Current and by cold waters from
the Southland and Canterbury Currents. Depending on the season, the Subtropical Convergence
lies either north or south of the Chatham Rise, creating a mild climate with mean monthly sea
temperatures not exceeding 9-18 °C (GARNER 1959; HEATH 1985; SCHIEL 1996). Due to these
environmental conditions, marine communities include warm-temperate northern species as well
as cold-temperate southern species (KNOX 1954). Additionally, the long time of separation,
together with the distance to the main islands of New Zealand, led to the evolution of several
endemic species in the terrestrial as well as in the marine environment (WARDLE 1991; NELSON
et al. 1991; ATKINSON 1996). The 235 species recorded for the marine flora of the Chatham
Islands include seven endemic macroalgal species (NELSON ez @/. 1991; SCHIEL 1996).

Chatham Island is a flat island, with the peaks of some extinct volcanoes raising above
the plain in the north (WATTERS 1978b). They give testimony to the active geological history of
the Chathams, as do, for example, the basalt columns at Ohira Bay (CAMPBELL 1996). Along the
coast line of Chatham Island, long stteches of sandy beaches at sheltered sites (e. g. Petre Bay,
Waitangi West) alternate with rocky promontories. Tidal amplitudes are small compared to
mainland New Zealand, e. g. 0.4-0.6 m at Waitangi (INELSON ez a/. 1991).

The rocky shores of Chatham Island show a macroalgal zonation similar to beaches on
mainland New Zealand.  Durillaea species, especially D. antarctica, are the predominant
macroalgae in the intertidal and upper subtidal of exposed coasts. D. willana, however, is
replaced by the endemic D. chathamensis HAY 1979 (INELSON e al. 1991). Other endemic brown
algae include the subtidal Lessonia tholiformis HAY 1989 (Laminariales) and Landsburgia myricifolia ].

AGARDH (Fucales).
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Figute 2.5: Map of the Chatham Islands (only the main islands are presented). Dots indicate sites
visited in May 1999. Numbers relate to following sites: 1: Port Hutt; 2: Wangatete Inlet; 3: Ohira
Bay. The insert shows the position of the Chatham Islands archipelago (small frame) in relation

to mainland New Zealand.
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Offshore, in the deepet water of sheltered sites, Macrogystis pyrifera forms extensive kelp forests,
similar to those on the coast of mainland New Zealand (SCHIEL e¢f /. 1995; SCHIEL 1996).
Ecklonia radiata, however, is conspicuously absent from the Chatham Islands. Even though it
was recorded in late 19" and eatly 20" century, respectively (REINBOLD 1899; LEMMERMANN
1906), it has not been found since (NELSON ez 2/ 1991).

During a field trip in May 1999, several sites were visited on Chatham Island (Figure 2.5).
These included Point Dutham, Waitangi, Ohira Bay, Wangatete Inlet, Port Hutt, Waitangi West,
Wharekauri (with a well developed platform reef), Kaingaroa Harbour, and three sites around

Owenga in the south east (T'e One Creek, Owenga Harbout, "Tom Solomon's Grave").

2.1.2 Host algae

Mactrophytes examined for endophytic Phaeophyceae included all major macroalgal groups, the
Phaeophyceae (especially large seaweeds of the orders Laminariales and Fucales, including
Dutvillaeaceae), as well as Rhodophyta and Chlorophyta. The following sections present short
desciptions of the biology of the eleven macroalgae found to be hosts to endophytic brown algae
in New Zealand (Table 2.1). Photographs of selected host algae are included in the
photographic plates in sections 3.1 and 4.1.2

2.1.2.1 Laminariales

Members of the order Laminariales have a diplontic-haplontic heteromorphic life cycle. A
macroscopic, morphologically complex diploid sporophyte generation alternates with a
microscopic, haploid gametophyte generation of filamentous thalli. The sporophytes are sub-
divided into phylloids (blades), cauloids (stipes) and a basal system of rthizoids (holdfast)
anchoring the thallus to the substrate (VAN DEN HOEK ez 4/. 1995). The parenchymatic tissue of
the sporophyte is differentiated into a meristoderm at the surface, a thick and solid cortex and, as
the inner-most tissue, a less firmly consttucted medulla. Plastids are mainly located in the
metistoderm and the outer cottex, while the inner cortex and the medulla are almost
unpigmented. Large mucilage ducts (cavities) may run through the cortex. Due to the trumpet
hyphae, which, analogous to the sieve tubes of higher plants, conduct assimilates to distribute
them through the thallus, the Laminariales is considered to be one of the most highly

differentiated algal orders (VAN DEN HOEK e a/. 1995).
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Table 2.1:  Macroalgae from New Zealand, from which endophytic Phaeophyceae were isolated.
Systematics after ADAMS 1994; WOMERSLEY 1987, ROUSSEAU & DE REVIERS 1999;
L. RUSSELL, personal communication. *: W. A. NELSON, personal communication.
division/class order family species
Heterokontophyta/ Laminariales Lessoniaceae Macrocystis pyrifera
Phaecophyceae (LINNAEUS) C. AGARDH
Lessonia tholiformis
C.H. HAay
Alariaceae Ecklonia radiata
(C. AGARDH) ]. AGARDH
Undaria pinnatifida
(HARVEY) SURINGAR
Fucales Fucaceae Xiphophora gladiata
(LABILLARDIERE) MONTAGNE
$5p. novae-gelandia RICE
Seirococcaceae | Marginariella nrvilliana
(A. RICHARD) TANDY
Durvillacaceae Durvillaea antarctica
(CHAMISSO) HARIOT

Durvillaea willana

LINDAUER
Rhodophyta/ Cryptonemiales Halymeniaceae | Pachymenia lusoria
Rhodophyceae (GREVILLE) ]. AGARDH

Grateloupia intestinalis

(HOOK. f. et HARVEY) SETCHEIL ex
PARKINSON

Kallymeniaceae undescribed species*

Reproductive tissue is formed in specific areas of the sporophyte thallus, in so-called sori, on the
surface either of the phylloids or of specialized sporophylls. Sori consist of unilocular sporangia,
containing meiospores, and paraphyses. The rneiospores are motile, settle on suitable substrate
and, upon germination, grow into the microscopic filamentous gametophytes (VAN DEN HOEK
et al. 1995).

The gametophytes are usually dioecious, with the larger female and the smaller male
thalli having similar morphologies among species. The female gametangia produce eggs which
on release excrete pheromones that trigger the discharge of the male gametangia and attract the
motile spermatozoids to the eggs (MAIER 1995). The fertilized eggs (zygotes), which often stick
to the end of oogonia, develop into the macroscopic sporophytes. Growth in the sporophyte is
mitiated from an intercalary meristematic zone that is located either sub-apically or at the base of
the phylloids (VAN DEN HOEK e# 4/. 1995).

For New Zealand, eight species of Laminariales are recorded. Apart from the single
representatives of the genera Macrocystis (M. pyrifera) and Undaria (U. pinnatifida), these comprise

four species of Lessonia and two species of Ecklonia (ADAMS 1994).
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2.1.2.1.1 Macrocystis pyrifera

The sporophyte thallus of Macrocystis pyrifera consists of a number of fronds arising from a single
holdfast. ~ Along each cauloid, phylloids are regulatly attached via hollow, air-filled
pneumatocysts (bladders), which keep the frond upright, with the apical parts floating on the
watet sutface (Section 2.2.2, Figure 2.6; Plate 3.1, Figure D). Growth occuts with a sub-apical
metistem located neat the tip of the fronds, at the base of the youngest phylloid (apical scimitar).
Thalli are perennial and can survive for a few to several years (LEVRING ez 2/ 1969; LOBBAN
1978; DAYTON ef af. 1984; SCHIEL & FOSTER 1986), but when the apical part with the meristem
is removed, fronds start decaying and become senescent. Sori are located on specialized
spotophylls at the base of each frond (for a review on Macrocystis biology see NORTH 1971,
1994).

M. pyrifera is found on tempetate Pacific shores of both the Southern and the Northern
Hemisphere, forming extended offshore kelp forests (NORTH 1994). In New Zealand,
M. pyrifera is distributed on all main islands as well as the Chatham Is. and the subantarctic
islands, except The Snares. It occurs along the eastern coast of the South and up to Castle Point
on the southern North Island (ADAMS 1972, 1994; HAY ez al 1985; HAY 1990a). The
distribution 1 New Zealand is mainly influenced by average surface temperatures, as Macrocystis
spotophytes do not sutvive for long in areas with water tempetatures exceeding 22°C for short
periods of time. At greater water temperatutes, thalli deteriorate (HAY 1990a).

M. pyrifera is the latgest alga known, with individuals reported to grow up to a length of
50-70 m in kelp forests along the Californian coast, USA (LEVRING ez a/. 1969), thus earning it its
common name "Giant Kelp". Its fronds can grow very fast, reaching elongation rates of up to
10% or 30 cm per day, respectively (NORTH 1971; WILSON ez 2/ 1977, cited in LUNING 1985).
The length of the New Zealand thalli range from fronds as short as 1 m (sometimes found in
sheltered tidal pools along the coast, e. g. Katiki Beach, Otago: Plate 3.1, Figure D) up to a
maximal length of 20 m in offshore beds (such as Cotrnish Head, Otago — Plate 3.1, Figure A;
ADAMS 1994).

2.1.2.1.2 Lessonia tholiformis

Four Lessonia species are recorded for the New Zealand archipelago, of which only L. variggata J.
AGARDH is widespread on the main islands of New Zealand (ADAMS 1994). Two species
(L. brevifolia J. AGARDH and L. adamsiae C. H. HAY; HAY 1987) are endemic to the subantarctic

islands, while L. zholformis is testricted to the Chatham Islands (HAY 1989; ADAMS 1994).
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Lessonia species are usually limited to the subtidal of rocky shores and are only exposed kat
extremly low tides (e. g. L. tho/iformis; Plate 3.5, Figure B).

The thallus of the perennial Lessonia sporophyte is comparatively tough and does not
float. The thizoids (haptera) forming the holdfast are either fused ot not, depending on the
species. Several short, dichotomously branched cauloids arise from the holdfast, topped by
phylloids which soon split and form strap-like blades. The fronds grow by an intercalary
meristem at the base of the phylloids. The sori are located on the phylloids (EDDING e? a/.
1994).

L. tholsfornis 1s distinguished from the other New Zealand species by its solid holdfast
consisting of fused haptera. Its cauloids are rigid and terete at the base, in contrast, for example,
to L. variegata which has rather flexible, flattened cauloids. Additionally, the phylloids of
L. tholiformis are rugose when young and smooth when matute, while the other New Zealand
Lessonia species dispay either only smooth (L. variggata and L. brevifolia) ot only corrugated blades
(L. adamsiae), irrespectively of their age (HAY 1989). |

L. tholiformis teaches a height of 1.5m. On the Chatham Islands, it dominates the
subtidal algal communities at many localities by forming dense kelp forests. It is reported from

waters up to 13 m deep (HAY 1989; NELSON ez #/. 1991).

2.1.2.1.3 Ecklonia radiata
Ecklonia radiata is widely distributed in the Southern hemisphere. The morphology of the

sporophyte is variable, leading to a number of different synonyms for this species (BOLTON &
ANDERSON 1994). A single stipe with an unsplit phylloid arises from the rhizoidal holdfast
(Plate 3.2, Figure E). The phylloid can be rather spiny. Secondary blades along the matgin of
the primary blade are formed by the intercalary meristem and develop while the primary blade
grows. Sori are located on the distal part of the phylloid (ADAMS 1994; BOLTON & ANDERSON
1994).

In the New Zealand archipelago, Ecklonia radiata is widespread around nearly all islands,
apart from the Chathams and some subantarctic 1slands. It forms dense stands in the subtidal,
especially in water depths of 10-17 m, but has also been observed mn 60 m depth at Three King
Islands. Thalli can reach thallus lengths of 1 m or more (CHOAT & SCHIEL 1982; ADAMS 1994).

A second Ecklonia species, E. brevipes ]. AGARDH, is reported from a few sites around
New Zealand. Whether it represents a true distinct species ot is a modification of E. radiata

adapted unfavourable environmental conditions, it requires further studies (ADAMS 1994).
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2.1.2.1.4 Undaria pinnatifida

As for Ecklonia radiata, the thizoidal holdfast of Undaria pinnatifida gives rise to a single stipe with
a single phylloid. The phylloid itself is deeply lobed and has a conspicuous midrib. Thalli grow
with an intercalar meristem at the base of the phylloid. In conttast to E. radiata, the sori of
U. pinnatifida ate located on specialized sporophylls fringing the base of the stipe like a collar of
frills (ADAMS 1994; ANONYMOUS 1999). The sporophyte of U. piunatifida grows to a length of 1-
2 m (HAY 1990b).

U. pinnatifida is an annual species native to the northwest Pacific. In Japan and Korea, it
is traditionally cultivated as "Wakame" for human consumption, with a high commercial value
(YOSHIDA & AKIYAMA 1979). It was accidentally introduced to New Zealand, presumably in the
eatly 1980s. The first official record in New Zealand is from Oriental Bay/Wellington Harbout
in 1987 (HAY & LUCKENS 1987). U. pinnatifida is a highly invasive species, which was distributed
along the New Zealand coasts by ships, catrying the fouling sporophytes and gametophytes on
their hull from hatbour to hatbour. Since its introduction to New Zealand, U. pinnatifida is
spreading along the coast lines of North and South Island. It is now found at many sites along
the East coast, from Gisborne in the Nozrth Island to Paterson Inlet on Stewart Island, mainly in
harbours, but also on adjacent beaches, such as Moeraki, North Otago (ANONYMOUS 1999;

FORREST ez a/. 2000).

2.1.2.2 Fucales

The Fucales have a life cycle similar to that of higher plants: the gametophyte generation is
almost completely reduced and the sporophytes directly release eggs and sperm. Apart from one
species (INotheia anomala; GIBSON & CLAYTON 1987), the reproduction is oogamous, 1. e. female
reproductive cells are comparatively large and non-motile (VAN DEN HOEXK e /. 1995).
Gametangia develop in cavities (conceptacles) on the thallus, which are usually
concentrated in specific areas (receptacles), often at the tips of the fronds. Eggs and sperm are
either produced in the same (= bisexual) conceptacle ot in different (= unisexual) ones, which
either develop on the same thallus (monoecious) or on two separate thalli (dioecious;
WOMERSLEY 1987). The three walls surrounding the female gametes and some vestigial cells in
the oogonia of some Fucalean species are thought to be remnants of the reduced gametophyte
and gametangia (CLAYTON 1984). In some species, reproduction is synchronized by the tidal
cycle, with gametes being released at high tides (CLAYTON 1981). The non-motile eggs attract the

male gametes with genus-specific pheromones (MULLER 1989; MAIER 1995).
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Fucales have thalli that are quite tough, thus enabling them to gtow in the intertidal and
survive wave action as well as periods of dessiccation (DRING 1992). Some species display
hollow bladders (vesicles), which enable the thallus to float (VAN DEN HOEK ¢z 4/. 1995). Like in
the Laminariales, the tissue of the Fucalean thallus is differentiated into a surface layer containing
highly pigmented cells and a more or less unpigmented cortex and medulla, the latter forming
the innermost tissue (CLAYTON 1981).

The thalli of most Fucalean genera (Fucales s. 5., e. g. members of the Fucaceae and
Seirococcaceae; ROUSSEAU & DE REVIERS 1999) grow with apical cells and are parenchymatous
(CLAYTON 1981). Durvillaea species (Fucales s. L, Dutvillacaceae; ROUSSEAU & DE REVIERS
1999), however, have a pseudo-parenchymatous, haplostichous thallus construction, growing
with a meristoderm covering the entire thallus surface (HAY 1994). This character, among .
others such as the development of conceptacles and embryos, led to the placement of the genus
Durvillaea by most authors into a separate order, the Durvillacales PETROV. (WOMERSLEY 1987),
before molecular systematics gave support to the present classification (ROUSSEAU & DE
REVIERS 1999).

In New Zealand, the otrder Fucales s / 1s represented by nine genera with 29 species.
Apart from the genera presented in the following section, these include Sargassum, Cystophora, the
Australasian Notheia and Hommosira as well as the New Zealand endemic Landsburgia and

Carpaphylium (ADAMS 1994).

2.1.2.2.1 Xiphophora gladiata
In New Zealand, the Australasian endemic species Xiphophora gladiata is represented by X. gladiata
ssp. novae-gelandiae. Its perennial thallus consists of several fronds, which arise from a small, solid
holdfast, and each of whom can be = 50 centimeters long and up to 1 cm wide (Plate 3.5,
Figure A). The fronds are compressed, fan-shaped and frequently sub-dichotomously branched
(ADAMS 1994; WOMERSLEY 1987). X. gladiata is monoecious and has unisexual conceptacles.
The thalli of X. gladiata grow in the lower intertidal of exposed rocky shores, but are also
found subtidally. The species occurs on all main islands of the New Zealand archipelago,
mcluding the sub-antarctic islands and the Chatham Islands, but mostly in the south, while the
second Xiphophora species known from New Zealand, X. chondrophylla, is restricted to the far
north (ADAMS 1994).
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2.1.2.2.2 Marginariella urvilliana

The genus Marginariella is endemic to New Zealand. Two of the three species, M. boryana
(A. RICHARD) TANDY and M. wrilliana, are distributed from Castle Point to the south of New
Zealand as well as on the Chatham, Snares and Auckland Islands. A putative third species found
on sub-antarctic islands has not been further identified (ADAMS 1994).

Both M. wrvilliana and M. boryana form perennial thalli up to 2 m Jong. They consist of a
single flat stem that arises from a holdfast and carties several flat fronds on the margin. The
fronds are usually 1-3 cm wide and have alternately toothed margins. The receptacles develop
on the inner side of the lower fronds. Both species are mainly distinguished by their vesicles,
which ate round in M. urvilliana and oval in M. boryana. They usually grow in the subtidal of

exposed coasts, with M. urvilliana extending into more sheltered areas (ADAMS 1994).

2.1.2.2.3 Daurvillaea antarctica and D. willana

The petrennial thallus of Durvillaea species consists of a solid holdfast giving rise to a single terete
cauloid and a broad, flattened phylloid (HAY 1994). The holdfasts of closely growing specimens
can coalesce in such way that they appear as a single holdfast supporting several stipes.
D. willana, in contrast to all other Durvillaea species, develops secondary blades on its cauloid
(Plate 3.5, Figure D).

The shape of the Durvillaea phylloid depends on the habitat. In D. antarctica, for example,
to withstand the wave forces at very exposed sites, its phylloid is split into a mass of thin stripes
(so-called 'thonged' form of D. antarctica), while phylloids in more sheltered sites are rathet split
into large lobes (cape' form; Plate 4.1, Figure A; HAY 1994).  D. anmtarctica is furthermore
distinguished from all other Durvillaea species by its "honeycomb tissue", hollow, ait-filled
cavities in the medulla, which enable the phylloid to float. Due to its buoyancy, D. antarctica has
a citcum-antarctic distribution (HAY 1978; CHESHIRE ef 4/ 1995), while the othet, solid-bladed
species are restricted to certain islands, e. g. D. willana to the main islands of New Zealand and
D. chathamensis to the Chatham and Antipodes Islands (HAY 1979; ADAMS 1994).

D. antarctica is one of the largest seaweeds wotldwide. Individuals on South Island, New
Zealand, may reach 10m length and a freshweight of 100kg (C.L. HURD, petsonal
communication), while specimens on the Chathams ate recotded to grow up to 20 m long
(SCHIEL 1996). On very wave-exposed rocky shotes of New Zealand, D. antarctica forms dense
stands and dominates the whole intertidal. D. willana occupies the zone below D. antarctica in the

lower intertidal and upper subtidal (HAY 1994).
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2.1.2.3 Rhodophyta

The three red host algae, Pachymenia lusoria, Gratelonpia intestinalis and a so far undescribed species
tentatively placed in the family Kallymeniaceae, belong to the order Cryptonemiales (ADAMS
1994; L. RUSSELL, personal communication). Their thalli are pseudoparenchymatous, with a
multiaxial construction composed of branched filaments growing by apical cells.

All three species have a triphasic life-history with isomorphic gametophytes and
tetrasporophytes (WOMERSLEY 1994). The free-living gametophytes ate either dioecious or
monoecious. Both female and male gametes are non-motile. The male spermatia are released,
while the eggs remain in the oogonium on the gametophyte. The spermatium is caught by the
trichogyne, a cell protuberance on the oogonium, and the male nucleus is led to the egg. After
fertilisation, the oogonium develops into the carposporophyte, a diploid tissue which remains on
the haploid gametophyte and physiologically depends on it. Via mitosis, the carposporophyte
produces diploid carpospores. Upon release these germinate and grow into the second
independent generation, the diploid tetrasporophyte. Meiosis occurs on the tetrasporophyte,
leading to the formation of tetrasporangia. The haploid tetraspores germinate into the

gametophytes (VAN DEN HOEK ez a/ 1995).

2.1.2.3.1 Pachymenia lusoria
The thallus of Pachymenta lusoria consists of a discoid holdfast giving rise to several foliose and
irregularly lobed fronds (Plate 3.4, Figure A; ADAMS 1994; L.RUSSELL, petsonal
communication). At the thallus surface, the cells are arranged in dense layers while the filaments
in the innermost patts form a loose net, giving the thallus the appearance of having a strongly
pigmented outer cortex and a less pigmented medulla. The gametophytes are dioecious (ADAMS
1994; WOMERSLEY 1994). The thick outer cortex of P. /usoria makes its thallus cartilaginous and
very robust.

P. lusoria is found in a distinct band in the intertidal of exposed rocky coasts throughout
New Zealand, often growing in clumps of coalescent individuals between the holdfasts of
Daurvillaea antarctica (ADAMS 1994).  Apart from this species, two other Pachymenia species ate
currently described from New Zealand. P. laciniata ]. AGARDH, like P. /usoria, is a foliose etrect
species, occuring at the intertidal-sublittoral fringe on rocky shores. P. ¢rassa LINDAUER, a
prostrate species from the subtidal, has so far only been found on the Three King Islands

(ADAMS 1994; L. RUSSELL, personal communication).
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21.2.3.2 Grateloupia intestinalis
The dioecious gametophytes and the tetrasporophyte of G. zntestinalis consist of a small discoid
holdfast that gives rise to an erect branched tube. Its outer cortex comprises small and well
pigmented cells which are densely packed, while the inner cortex consists of stellate cells forming
a loose net. The medulla consists of a mote or less hollow central cavity filled with mucilage.
The thallus is soft and slippery and can reach a length of 50 cm.

Grateloupia intestinalis is found throughout New Zealand. It grows on rocks in the
intertidal ot in rockpools in sheltered sites, but it can also withstand some sand cover (ADAMS

1994; WOMERSLEY 1994).

2.1.2.3.3 Undescribed species

The specimen hosting brown endophytes was collected on a subtidal rocky substrate at Causet
Cove, Doubtful Sound in 15 m depth (S. M. MILLER, personal communication). It had an erect
foliose thallus which was irregulatly lobed and had an internal structure similar to the other red
algal hosts. It was tentatively placed in the family Kallymeniaceae (W. A. NELSON, personal
communication). Details of its biology and its geographical distribution are unknown to date.
Even though the systematic placement was only tentative, for convenience this alga is treated as

a true member of the Kallymeniaceae throughout the following sections.

2.1.3 Collection of endophytes
2.1.3.1 Pigmented endophytes

For the isolation of pigmented endophytic Phacophyceae (section 2.2.1.1), natural populations of
macroalgae were visited and examined. During the qualitative collection of potential host thalli,
preference was given to specimens with an overall unhealthy appearance, including obvious
macroscopical aberrations such as distortions, galls, discolourations or rough surface areas.
Throughout this study, the term 'gall' is used in a broad sense, i. e. for all types of abnormal
protuberances from the host surface, regardless of the degree of differentiation of host tissues
involved in their formation. This definition also includes any amorphous, undifferentiated

tumours of unlimited growth.
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Host algae were collected either at low tide in the intertidal or by SCUBA divers in the
subtidal. Whole thalli or pieces of collected macroalgae were either wrapped in seawater-soaked
newspaper or put into seawater-filled plastic bags, placed into a chill bin on ice, and were

transported directly to the laboratory within a few hours.

2.1.3.2 Herpodiscus durvillaeae

Samples of Durvillaea antarctica infected with Herpodiscus durvillaeae were collected in the intertidal
at Brighton Beach, or St. Kilda Beach in South Dunedin, on the day of preparation. D. antarctica
is a desiccation-resistant alga of the lower intertidal. However, to reduce any deterioration of the
material prior to processing, thallus pieces were kept moist and cool by wrapping them into
seawater-soaked newspaper and transporting them back to the laboratory in a chill bin. At the
laboratory, the wrapped samples were stored in a refrigerator (at 4 °C).

For DNA extractions (section 2.2.3.1), field material of Durvillaca antarctica infected with
Herpodiscus durvillaeae was collected in September 1997 and in June 2000. Thallus pieces taken
from three host individuals were brought back to the laboratory and were macroscopically
examined for the presence of epiphytes. From each Duwrvillaea individual, small fragments
(2-5 cm®) with patches of Herpodiscus durvillaeae without any macroscopically visible epiphytes
were chosen. The thallus fragments were rinsed twice with sterile seawater and freeze-dried for
3 to 6 days. Material from the Herpodiscus patches was then harvested by scraping filaments from
the surface with a sterile razor blade. The material was transferred into sterilized (autoclaved)
Eppendotf tubes. The tubes were stored in plastic bags filled with dessicated silica gel at RT
until DNA extraction.

To classify possible contaminants prior to extracting DNA, material from the Herpodiscus
patches collected in June 2000 (containing parasite filaments and putative epiphytes) was
removed before freeze-drying and was cultivated: from each of the three patches of H.
durvillaeae, surface material was scraped off with a sterilized razor blade, and inoculated into ten
separate sterile petri dishes (polysterole, 10 mL; NUNC, Denmark) filled with sterile, PROVASOLI
enriched seawater (after STARR & ZEIKUS 1993). Germanium dioxide was added to the cultures
to supptess the growth of diatoms (section 2.2.1.2.1). The total of 30 petri dishes were placed
into a growth cabinet and cultivated in the culture conditions described in section 2.2.1.2. After
three to four weeks, the petri dishes were examined for the presence of epiphytic algae.
Representatives of all brown epiphyte types found were sub-isolated by pipetting into separate
petri dishes and cultivated until morphological details such as the type of sporangia, shape and
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number of chloroplasts, and presence/absence of pyrenoids allowed their classification and
enough material for DNA extractions could be harvested.

Samples of D. antarctica infected with H. durvillaeae collected for electron microscopy
studies (section 2.2.4) wete treated in the same way as samples for DNA extractions (section
2.2.3.1). Immersing samples of D. antarctica into the fixation medium directly on the beach did
not appeat to improve the quality of fixation, therefore the thalli were transported back to the

laboratory before further processing.

2.2 Methods
2.2.1 Morphology of pigmented endophytes

2.2.1.1 Isolation

In the laboratory, potential host algae were macto- and microscopically examined for the
presence of endophytes (see section 2.2.1.3.1 for specifications of the microscope used).
Pigmented endophytic brown algae were isolated from their hosts under a dissecting microscope
(Olympus SZ-ST, Japan, magnification 0.67—4x, eyepiece GSWH 10x). The interior parts of
infected hosts, outer and inner cortex, were cut into small fragments (cubes of citca 0.5 mm
length) with a sterilized tazor blade (see section 2.2.1.2.3 for sterile conditions). To avoid
contamination with epiphytes, the thallus fragments were mechanically cleaned of any surface
material by removing the outer cell layers with the razor blade and then washing vigorously in
sterile seawater several times. Contaminations with the brown alga Herpodiscus durvillaeae (1. e. in
the case of endophyte isolate No. 24) were not problematical as this patasite does not grow in
culture.

The tissue fragments containing endophyte filaments wete placed mto sterile polysterene
petri dishes (NUNC, Denmark) containing culture medium. The petri dishes were then placed
mnto the culture conditions desctibed below (section 2.2.1.2). After four to eight weeks in
culture, depending on the isolate, endophyte filaments grew out of the host tissue fragments and
produced sporangia. The released spotes settled down on all available sutfaces and grew to
young thalli which were sub-isolated by pipetting into clonal cultures.

Shortened names used to refer to isolates were of the following principle: After the
letter "E" ("endophyte of") came an abridgement of the host species name (e. g. "Ma" for

Macrocystis pyrifera, ot "Dwil" for Durvillaea willana). The abbteviation for the collection site (e. g.

40



2 Materials and methods

"BB" for Brighton Beach, or "Waki" for Waikouait) was followed by the month and year of
collection (e. g. "10/00" for October of the year 2000).

2.2.1.2 Cultivation

2.2.1.2.1 Culture medium

All cultures were uni-algal and non-axenic. They wete cultivated in sterilized natural sutrface
seawater (30-35 PSU) enriched with nutrients. The seawater was collected from the Otago coast,
cither from Cornish Head, Brighton Beach or Harington Point (Otago Harbour). The sutface
seawater used for cultivation in Germany originated from the Skagerrak, North Sea, north of
Denmark.

The water was filtered through glass microfibre filters (GF/C, Whatman, England; pore
size 45 um) in a glass microanalysis filter holder assembly (Advantec, USA), filled into 1 L glass
bottles (Schott, Germany) and sterilized in an autoclave (TOMY autoclave SS-325, Alphatech,
Auckland) at 1.2 bar, 121 °C for 30 minutes. PROVASOLI's enrichment (after STARR & ZEIKUS
1993, see Appendix A 1.1) was used as a source of nutrients, metals and vitamins. Twenty mL
of enrichment were added to 1L of seawater to make up the culture medium (PES,
“PROVASOLI-enriched seawater”). In some cultures, half of the recommended amount of
PROVASOLI's enrichment, 10 mL per litre culture medium, was added to control an excessive
growth of bacteria developing in TRIS buffer. The enrichment was sterilized separately prior to
addition to the seawater to avoid a reaction between the contents of both solutions (precipitation
of metals in seawater) while autoclaving.

The culture medium was changed every one to three weeks in the endophyte cultures,
and every one to two months in the kelp gametophyte cultures. To suppress the growth of
diatoms in new cultures, GeO, (6 mg/1L) was added to all fresh cultures and at the first medium

changes (LEWIN 1966; see Appendix A 1.2).
2.2.1.2.2 Light and temperature conditions

At the Botany Department of the University of Otago, Dunedin, the cultivation was done in two
different growth cabinets (Table 2.2).
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Table 2.2: Culture conditions in growth cabinets, Botany Department, University of Otago.

growth cabinet artificial light temperature daylength photon flux density
source | [umol photons m™ s71]
Contherm Phillips TLD 10x1°C shott: 25
Phytotron Climate 36W/33 | 10:14 hours
Simulator cool white light:darkness
15+1°C long: 25
16:8 hours
light:darkness
Sanyo growth (as above) 12+ 05°C neutral: 40-60
cabinet I 12:12 hours light:
| darkness

Cultures isolated in Wellington in March/April 1998 were maintained for 1-5 days in a growth
cabinet in the laboratory of Dr. W. NELSON at the Museum of New Zealand Te Papa
Tongarewa (temperature 10 °C; photoperiod: 10 hours light, 14 hours darkness (short day);
fluorescence light; further details unknown). From June 1998 until February 1999, all cultures
isolated in New Zealand during 1997 and 1998 were maintained in a walk-in growth cabinet at
the Matine Science Institute, Christian-Albrechts-University, Kiel/Getmany, at the available
settings (temperature 14 °C; photoperiod: 10 hours light, 14 hours darkness (short day); light
source: fluorescence light, Osram, colour 21, 20-40 umol photons m™2s71). The cultures isolated
on Chatham Island in May 1999 were kept in a household refrigerator (temperature: 4 °C; no
illumination) until transporting them back to Dunedin. For transportation from one laboratory

to another, the cultures were kept in a chill bin with frozen cooling elements or ice.

2.2.1.2.3 Sterile conditions
New endophyte cultutes were either placed in sterile polysterene growth chambers (brand
unknown) ot sterilized Eppendotf tubes. All other cultutes were cultivated in sterile non-aerated
petri dishes (10 mL polysterole petri dishes, NUNC, Denmark), or in 300 mL glass jars, or in 1 L
preserving glasses ('Agee jars') with one half of a glass petti dish setving as a lid. Culture vessels
wete sealed with Parafilm®. All glassware and heatproof plasticware that came into contact with
the cultures had been stetilized by autoclaving (121 °C, 1.5 bar for 15 minutes) ptior to use.
Heat sensitive plasticware and all surfaces (table tops and metalware) were sterilized with 70%
ethanol.

To enhance the growth of cultures in the large culture vessels, these wete stitred with

airbubbles using pasteur glass pipettes connected to an aquatium pump via silicon tubes and
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sterile filters (cellulose-nitrate-filter; Sartorius; 0.2 um pore size). The glass pipettes and tubes
were sterilized by autoclaving (121 °C, 1.5 bar for 15 minutes) prior to use.

The cultures isolated in New Zealand between June 1997 and June 1998 were taken to
Germany in June 1998. They were reimported to New Zealand in March 1999 under the
Biosecurity Act 1993, permit no. 35744 (Ministry of Agriculture and Fisheries 19.8.98), and were
treated as potentially bio-hazardous to the environment. The following precautions were taken
to avoid a contamination of the New Zealand flora: Live cultures were only handled in
especially secured (‘'PC2") laboratories. Culture vessels were labeled with biohazard stickers and
were kept in closed containers away from non-biohazardardous cultures. All material that was in
contact with the cultures was sterilized after use by autoclaving (121 °C, 1.5 bar for 15 minutes)
or wiped with 70% ethanol (surfaces such as table tops and metalware). All waste (solid and

liquid) was autoclaved before disposal.

2.2.1.3 Morphological classification
2.2.1.3.1 Light microscopy

Mictroscopic obsetvations were made using an Olympus CH2 laboratory microscope, fitted with
the following objectives: EA x4/0.10, EA x10/0.25, EA x40/0.65 and EA x100/0.1.25 Oil.
Cells were measured using a scaled eyepiece (x10, Olympus) and an ocular #hicrometer.

Light microscope photographs were taken either using a Leitz Research Microscope
equipped with bright field (Marine Science Institute, Kiel, Germany) or using an Olympus AX70
Research Microscope equipped with bright field and epi-fluorescence (South Campus Electron
Microscopy Unit, Anatomy and Physiology Department of the Medical School, University of
Otago, Dunedin, New Zealand). Specimens were examined using the following objectives:
UplanF1x4/0.13, UplanF1x10/0.30 Phl, UplanF1x20/0.50 Phl, UplanFlx40/0.75,
PlanApo x60/1.40 Oil and PlanApo x100/1.40 Oil (for details on the photographic

documentation see section 3.2.5).

2.2.1.3.2 Motrphological data collected

For a gross classification of the endophyte isolates, the following morphological characters were
recorded: type of filaments (uni-/pluriseriate), cell size, plastid shape and number per cell,
ptesence/absence of pyrenoids, uptight filaments and true phaeophycean hairs (with or without
basal sheath), type and size of reproductive structures (uni-/plurilocular sporangia) and type of

germination (with/without narrow germination tube, with /without emptying of embryospore).
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For statistical comparisons of the cell and sporangia sizes, ten cells and ten sporangia
were measured as replicates for each isolate. Cells and sporangia were chosen haphazardly
among several thalli. Data were combined for species and subspecies of endophytes confirmed
by DNA analyses. To compate the data among groups, the numbers of replicates were reduced
to the minimal number occuring in any of the groups using random numbers. Statistical analyses
including post-hoc tests (Tukey-Kramer; SACHS 1984) were performed using the program
SuperANOVA (ABACUS Concepts Inc). Significance levels were set at p = 0.05 (for further

details on the statistics see section 2.2.2).

2.2.2 Endophyte prevalence in Macrocystis pyrifera
2.2.2.1 Sampling

The prevalence of infections by pigmented endophytic brown algae in Macrocystis pyrifera was
determined in three populations along the Otago coast. The sampling was designed to test the
null-hypothesis of no difference in prevalence or severity of infection among sites and seasons.
During the year 2000, Macrocystis thalli were collected from Quarantine Point in the lower Otago
Harbour, from Aramoana mole at the Harbour entrance and from an offshote kelp bed
northeast of Cornish Head, south of Pleasant River (Figure 2.2; photographs of the sites in
Plate 3.1, Figures A-C).

The Macrocystis population at Quarantine Point grows in a sheltered bay on the eastern
side of the promontory that separates the upper from the lower Otago Hatbour, outside the
main shipping channel. The thalli were collected in circa 2 m depth (below mean low water)
close to an intertidal mudbed. Along the Aramoana Mole, Macrogystis thalli occur in 1-5 m depth,
and thalli were collected at the lower distribution limit. In contrast to Quarantine Point, this
population is exposed to strong tidal currents, even though the site is partly sheltered from wind
and waves by the promontory of Taiaroa Head on the other side of the Harbour entrance. The
Macrocystis population sampled off Cornish Head comprises the southern most part of a large
off-shore kelp bed stretching over ca. 300 ha northeast of Waikouaiti (FYFE ez 2/ 1999), with
thalli growing in 10-12 m water depth. This site 1s fully exposed to wind and waves from south-
eastern directions.

At the two Harbour sites, thalli were collected every thtee months, in January (summer),
April (autumn), July (winter) and November (spring). The population off Cornish Head was

sampled twice, in January and July, as collections were not possible in autumn 2000 due to
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continuing bad weather conditions and in spring 2000 due to a substantial decline of the
population during the preceding winter. Additionally, Macrocystis thalli were collected at the same
three sites, prior to the field study in 2000, on the follwing dates: at Aramoana: 03.12.1997 (15
thalli), 05.03.1998 (ten thalli), 05.10.1999 (seven thalli); at Quarantine Point: 11.10.1999 (five
thalli); at Cornish Head: 07.10.1999 (five thalli).

Duting the study in 2000, at each sampling date nine entire Macrocystis thalli (i e. three
subsamples which each consisted of three thalli that were in 2-3 m distance from one-another)
were haphazardly collected from each site by SCUBA divers. Thalli were transported back to
the laboratory and stored m plastic bags until further processing took place (usually the day
following collection). The bags were kept in the shadow outside the laboratory, as cooling
facilities were not available for the large amount of material collected.

For each thallus, its overall length (cm), fresh weight (kg), size of the holdfast
(length*width*height) as well as the frond composition, 1 e. the number and age group of
fronds, wete recorded. Age groups were determined as follows: according to the length of its
longest fronds (henceforth called canopy fonds), each thallus was divided into three equal parts
(base, middle, and top). Canopy fronds were those reaching the top. Sub-canopy fronds were
those reaching between one third and two thirds of the overall thallus length. Juvenile fronds
attained less than one third of the thallus length. Fronds which had lost their apical scimitar
were considered senescent, irrespective of their length.

Depending on the presence of endophytes and the severity of the symptoms associated
with the infection, each thallus was classified into one of four arbitrary disease categories (DC,
Table 2.3; after PETERS & SCHAFFELKE 1996), relative to the highest DC found in any of its
fronds. The entire thallus was first macroscopically examined for the presence or absence of
infection symptoms. Parts displaying symptoms were hand-sectioned, and the sections were
viewed under a compound microscope (for details see section 2.2.1.3.1).

Obsetvations on specimens collected before 2000 suggested that the infection of New
Zealand Macrocystis pyrifera with brown endophytes was mainly located in the stipes. Additionally,
cauloids persisted longer on the thallus than the phylloids. For example, most senescent fronds
consisted only of the cauloid, with a few bladders still attached, while the phylloids had already
decayed.  Therefore, to classify thalli without visible disease symptoms, examinations

concentrated on the cauloids of the fronds.

45



2 Materials and methods

Table 2.3: Arbitrary disease categories for infection with endophytic brown algae (after PETERS &
SCHAFFELKE 1996).

disease category description

0 healthy, no endophytes detected under the microscope

1 endophytes detected by microscopy, but no macroscopic symptoms associated
with the infection

2 endophytes present; thallus displays moderate macroscopic symptoms
(such as dark patches, warts or galls, but no thallus deformations)

3 endophytes present; thallus displays severe macroscopic symptoms (morphological
changes, such as cauloid distortions or a stunted appearance)

Each unsympfomatic thallus was sampled as follows (Figure 2.6): from each basal, mid and top
part of every frond, three cauloid pieces 4-5 cm long were sampled by using a random number
table, giving nine pieces for a canopy frond. The pieces were transferred to small plastic bags
and were stored at —20 °C until further processing. Fotr microscopic examination, three thin
sections were cut by hand with a razor blade from evety cauloid piece while still frozen. The
sections were then examined under a compound microscope (10x and 40x magnification; for
details see section 2.2.1.3), and the presence or absence of endophyte filaments was recorded.
Thus, depending on the frond length, between three (juvenile and short senescent fronds) and
up to 27 (canopy fronds) sections were examined for each frond. If at least one of the sections
examined displayed endophyte filaments, the frond was considered infected, and thus the thallus
was classified in DC 1.

Some individuals with heavy infection symptoms in the cauloids also possessed affected
pneumatocysts (e. g. in a thallus from Aramoana Mole, collected in November 2000; Plate 3.1,
Figure I), while the vegetative phylloids rarely showed galls (e. g. on a thallus from Pilots Beach,
collected in June 1997). However, no macroscopic infection symptoms (including dark patches)
were observed on any of the sporophylls examined during this study. To confitm this
observation by microscopy, additional thalli were collected at Harington Point (27.04.1999: nine
thall) and at Aramoana Mole (01.02.2001: ten thalli and sutveyed for the presence of
endophytes in phylloids and sporophylls.

From every thallus collected at Hatington Point in 1999, three fronds and a sporophyll
were haphazardly chosen. From each frond, three pieces of cauloid with attached pneumatocyst
and phylloid were taken. Three sections wete hand-cut from each of these organs as well as

from the sporophyll, and were examined for the presence of endophytic Phacophyceae.
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Figure 2.6: Sampling scheme to determine the endophyte prevalence in thalli of Maeroeystis pyrifera. A:
Thallus of M. pyrifera in its habitat, with terms mentioned in the text. B-F: Steps of processing,
for example, of a piece (D) of the middle part (C) of a canopy frond (B). Single sections (E) of
the piece were examined under a compound microscope (F). The part of the thallus cut off and
further processed is highlighted (dark grey). Figures are not scale.

From each thallus collected at Aramoana Mole in February 2001, a sporophyll and two mature
vegetative fronds were sampled, one appearing healthy (DC 0 or 1) and the other one showing
moderate macroscopic infection symptoms (DC 2). Three cross sections were taken from each
sporophyll. From each frond (healthy or infected), three cauloid pieces with attached bladder
and phylloid were sectioned. All sections were examined for endophyte filaments under a

compound microscope.

2.2.2.2 Statistical analyses

To test the H, of no difference in the prevalence or severity of infection with L. macrocystis
among host populations or seasons sampled, analyses of variance (ANOVAs) or Chi-square tests
were performed, using the programs SuperANOVA and StatView SE+ GraphicsTM (both Abacus
Concepts Inc., Berkeley, California, USA), respectively, on a Power Macintosh G3 computer.
Dependent variables were continuous (e. g. length or fresh weight of thalli) or discrete (e. g.
number of mfected thalli). The latter were transformed into continuous variables, with the
prevalence of infection expressed as percentage of infected thalli in sub-samples, or the severity

of infection expressed as average disease category of a sub-sample, respectively.
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Three conditions have to be met to allow an ANOVA (REUSCH 1995): independent and
randomised sampling, normal disttibution of the data, and homogeneity of variances. Thalli
were not sampled randomly, but haphazardly, whereas sampling within each thallus was based
on random numbers. Biological data rately show a normal distribution, however, the test value
I of the ANOVA is moderately robust against a violation of normal distribution if the variances
are homogeneous, and if the sampling design is balanced (REUSCH 1995). The sampling design
was balanced by excluding the Cornish Head population from analyses comparing all four
seasons, and by excluding spring and autumn data from analyses comparing all three sites. Data
were subjected to nested ANOVAs to test whether the three sub-samples (of three thalli) for
every site and season contributed to the residual variance. In cases where these were markedly
insignificant (p > 0.2) for the sites as well as for the seasons (i. e. the vatriances within the sub-
samples were not significantly larger than the variances among the sub-samples), the nine thalli
could be regarded as true replicates (UNDERWOOD 1981, cited in REUSCH 1995). Post-hoc tests
after TUKEY-KRAMER were performed in SupetANOVA, to identify any levels of factors
contributing to signifcant differences (REUSCH 1995).

Homogeneities of vatiances wete tested after COCHRAN (according to SACHS 1984). In
cases where variances were heterogenous even after transformation (e. g. Arcsine-square-root
transformed percentage values), data were tested for significant differences using Chi-square
tests (SACHS 1984). No variances could, for example, be calculated for the prevalences of
infection when all thalli were infected in sub-samples (i. e. at a prevalence of 100%). For the
assessment of these data, especially in compatisons of prevalences of infection among the thrée
sites, the disease category was included as a factor, to enhance differences by accentuating the

severity of infections.

2.2.3 Molecular systematics

2.2.3.1 DNA extraction

The DNA of cultutes isolated in 1997 and 1998 was extracted in a laboratory in the Institute for
Marine Science in Kiel, Germany. All DNA extractions from cultures isolated after February
1999 were performed in a laboratory at the Biochemistry Department of the University of

Otago, New Zealand.
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2.2.3.1.1 Extraction after VAN OPPEN e# 4/. (1993)

DNA from freeze-dried material of Herpodiscus durvillaeae collected at Brighton Beach in
September 1997 was extracted following a modified method after VAN OPPEN ez 4/ (1993).

All instruments and reaction vessels that came in contact with the alga material were
sterilised prior to use to avoid a contamination with alien DNA. Heat stable glass- and
plasticware (such as Eppendorf tubes and extraction tubes) and sea sand for grinding were
autoclaved (121 °C, 1.5 bar, 20 min), volumetric glassware was heat sterilised (5 hours at 150 °C),
mortars and pestels were wiped with 70% ethanol.

Extraction buffer was freshly prepared on the day of the extraction. For one sample, it
contained 0.3975 mI. NaCl (4 M; Merck, Germany), 0.237 mL EDTA (0.5 M; Metck, Germany),
0.3945 mL Tris-HCl (1 M, pH 8; Boehringer, Merck, both Germany), 6.471 ml. dd H:O and
0.4875 mg dithiotreitol (Bio-Rad, USA).

To bteak down cell walls, 5-20 mg of dried material were ground with sea sand and
liquid nitrogen to a fine powder, using a pre-frozen (at —20 °C) porcelain mortar and pestle. The
powdet was transferred into a 50 mL sterilised extraction tube (“Oak Ridge” tubes, Nalgene,
USA), and 7.5 mL extraction buffer, 100 pL. mercaptoethanol solution (Merck, Germany) and
300 pl. Triton-X-100 (Boehtinger, Germany) were added. After vortexing the mixture for
1 minute, 2.25mL phenol (Tris-EDTA saturated; Metck, Germany), 2.25 ml. chloroform
(Merck, Germany) and 1 ml isoamylalcohol were added one after another, with gentle mixing
after every addition. Centrifugation at 1800 g (table-top centrifuge, Hettich Universal 16A)
separated the contents into four layers.

The water phase on top containing the DNA was transferred into a new tube; the other
phases (denatured proteins, pigments in chloroform, sand) were discarded. To remove more
protein from the water phase, an equal amount of CIA (chloroform-isoamylalcohol in a ratio of
24:1) was added, and the mixture was centrifuged. To precipitate polysaccharides, the water
phase was transferred to a new tube, and 1/10 volume of potassium acetate (5M; Merck,
Germany), 1/4 volume of 100% ethanol (Merck, Germany) and one volume of CIA were added,
taking the new resulting volume in account for each following step and mixing gently after each
addition. After centrifuging (1800 ¢) and transferring the water phase again, the DNA was
ptecipitated by adding 1/10 volume of sodium acetate (4 M; Merck, Germany) and the same
volume ice cold (-20 °C) isopropanol (Merck, Germany), and leaving the samples at —20 °C

overnight.
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On the following day, the sample was centrifuged with 20,000 ¢ for 20 minutes at 4 °C
(Hetaeus, Cryofuge 20-3). The supernatant was discarded. The DNA pellet was washed three
times with 0.5 mIL 70% ice cold (-20 °C) ethanol to remove salts and isopropanol, vacuum dried
in an exsiccator for 10 minutes and then resuspended in 0.5 mlL. dd H.O.

To digest RNA, 55 u. RNAse (0.087 units uL.'; RNAse A, Qiagen, Germany) were
added and the sample was then incubated for 30 minutes at 37 °C. Thereafter, contaminations
were removed by filtering the sample through a Qiagen 100 column (Qiagen, Germany): to

~prepare the column, it was equilibrated three times with equilibration buffer (Table 2.4). The
DNA solution was mixed with loading buffer and dd H.O, and then loaded onto the column.
After washing the column two times with wash buffer, the DNA was eluted with two elution
buffers of different pHs (pH 7.5 and 8), into a reaction tube filled with 10 ml ice-cold (-20 °C)
isopropanol.

All buffers used in this cleaning step contained MOPS (3-(N-morpholino) propane
sulfonic acid; Sigma, Germany). For 1 M MOPS solution, 20.93 g of MOPS wete solved in ca
70 mL dd H:O. The pH was adjusted with NaOH, and the solution was made up to 100 mL
with dd H.O.

Table 2.4: Solutions for cleaning DNA with Qiagen 100 columns. All volumes ate in mL. *: volume
includes DNA solution.

NaCl MOPS MOPS MOPS Ethanol | dd H2O total
pH 7.0 pH 7.5 pH 8.0 volume

equilibration buffer 0.47 0.15 - - 0.375 1.53 25
loading solution (buffer 0.55 0.15 - - - 2.3% 3
with DNA and water) '
wash buffer 2.5 0.5 - - 1.5 5.5 10
elution buffer 1 (pH 7.5) 0.94 - 0.125 - 0.375 1.06 25
elution buffer 2 (pH 8.0) 0.94 - - 0.125 0.375 1.06 2.5

After precipitating the DNA over night at —20 °C, the sample was centrifuged at 20,000 ¢ for
20 minutes at 4 °C. The supetnatant was temoved, and the pellet was catefully rinsed once with
0.5 mL ice-cold (-20 °C) 70% ethanol. After removing the ethanol, the pellet was vacuum-dried
in a desiccator for 10 minutes and then resuspended in 100 pl. TE buffer (0.1% 1 M Tris, 0.02%
0.5M EDTA; pH 8; Metrck, Germany). The dissolved DNA was transferred into an Eppendorf
tube and an aliquot was diluted with TE buffer to reach the working concentration of 1:10 and
1:100 for subsequent amplifications. DNA solutions were stored at —20 °C.

The success of the extraction was controlled on a submerged horizontal agarose gel (1%

SeaKem® LE agarose in Tris-acetate-EDTA (TAE) buffer) stained with 0.015% ethidium
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bromide (Bio-Rad, USA). Five uL of undiluted DNA sample were mixed with 2 pL loading dye
(Orange-G + Ficoll; Merck, Germany) and loaded into a well of the gel. Gel apparatus and
power Pack were supplied by Biometra, Germany. A 20 mL gel (20 mL TAE buffer, 0.2 g
agarose, 3 uL. ethidium bromide solution (10 mg mL™)) was run at 50 V (40 mA) for 20 minutes.
After the run, the gel was placed on top of a UV transilluminator (Biometra, Germany), and a
photogtaph was taken with a direct screen instant camera (Polaroid, USA) to document the

results.

2.2.3.1.2 Extraction with Qiagen Plant DNAeasy Kit

Freeze-dried DNA from Herpodiscus durvillaeae collected at Brighton Beach in June 2000, and
DNA from living culture material of endophytic brown algae were extracted using the Qiagen
DNeasy Plant Mini Kit (Qiagen, Germany). All centrifugation steps were performed using a
table-top centifuge (Eppendorf 5415C or SIGMA 1-15 laboratory centrifuge).

The cultute medium was removed by filtration through a sterilised (autoclaved) glass
fibre filter (GF/C; Whatman, England), washing the filter and any adhering alga matetial two
times with Millipore® water and pat-drying the filter. Between 10 and 60 mg of the fresh algal
material or 20 mg of the dried H. durvillaeae material were then ground in liquid nitrogen in a
porcelain mottar and pestle (sterilised with 70% ethanol and pre-frozen at —20 °C). DNA was
extracted from the resulting fine powder with the Qiagen kit, following the manufacturer’s
instructions (ANONYMOUS 1997). As marine algae produce large amounts of precipitates after
adding the precipitation buffer (AP2, step 4), samples were always centrifuged for 5 minutes at
14,000 rpm before removing contaminants with the QIAshredder columns.

After the extraction, the resulting DNA solutions were diluted with TE buffer (buffer
AE of the Qiagen kit) to reach the working concentration of 1:10 and 1:100 for subsequent
amplifications. DNA solutions were stored at —20 °C.

The success of the extractions was monitored on 1% agarose gels as described in section
2.2.3.1.1. At the Biochemistry Department, University of Otago, the gel was run on a Bio-Rad
MiniSUB cell GT, powered by a Bio-Rad Power Pack 300. The samples loaded onto the gel
each contained 1 ul DNA solution and 4 ul loading dye (10-20 mg mL"' bromophenol blue).
Ethidium bromide to stain the DNA was added to the TAE buffer running the cell, instead of
adding it to the gel itself. A 150 mL gel (150 mL TAE buffer, 1.5 g agarose) was run at 120 V
for 40 minutes. For photographic documentation, the gels were exposed to UV light, and the

images were captured by an imaging system linked to a personal computer.
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2.2.3.1.3 Extraction after P. LOCKHART (personal communication)

High molecular weight DNA was obtained from fresh Herpodiscns samples collected in May 2001
using a modified recipe for CTAB extraction (P. LOCKHART, petsonal communication). The
procedure excluded any pelleting step to avoid shearing of the DNA.

Around 20 mg of fresh material of Herpodiscus were filled into a sterilised Eppendorf
tube. Four hundred pl. CTAB buffer (without mercaptoethanol; RT; Table 2.5) were added. To
break open cell walls, the sample was first cooled by dipping the tube into liquid nitrogen. Then
the tissue was ground with a sterilised glass Pasteur pipette. The sample was placed into a
waterbath at 65 °C, and while extracting, was flipped and mixed several times. After 10 to
15 minutes in the waterbath, an equal amount of chloroform (400 uL, at toom temperature) was
added, the tube flipped to mix and left at room temperature for 10 minutes. |

A short spin in a table-top centrifuge separated cell debris from the liquid. The
supernatant was transferred into a new sterilised Eppendozrf tube (pre-cooled on ice). For this

transfer, the tip of the pipette was cut off to avoid sheating of the DNA.

Table 2.5: CTAB extraction buffer for DNA extraction (without mercaptoethanol, modified after
P. LOCKHART, personal communication).

ingredient amount
2% CTAB 40 mg
_(hexadecyltrimethyl-ammonium-bromide) |
1% PVP (polyvinylpolypyrrolidone) | 20 mg
NaCl 163,6 mg
0.02 M EDTA 11,6 mg
0.1 M Tris-HCl pH 8 24,2 mg
dd H.O 2mL

An equal amount of 100% isopropanol (toom temperature) was added to the mixture. The tube
was carefully inverted once and then left to stand on ice for 10 to 15 minutes. This step resulted
in the DNA forming a fluffy buoyant mass in the middle of the tube. The precipitated DNA
was then washed by transferring it into 1 mL of 80% ethanol (at room temperature) and carefully
turning. After repeating this step once ot twice, depending on the amount of pigments carried
over, most ethanol was removed, and the sample was ait-dtied at room temperature. The dried
DNA was resuspended in 20 uL. TE buffer and diluted (1:10 and 1:100) for subsequent PCR

teactions. DNA solutions were stored at —20 °C.
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2.2.3.2 Polymerase chain reaction

The oligonucleotide primers used for amplification (Table 2.6) were designed for brown algae in
general or were specific for brown endophytes (PETERS & BURKHARDT 1998; BURKHARDT &
PETERS 1998; A. F. PETERS, personal communication), or were general primers for eukaryotes
(SAUNDERS & KRAFT 1994; BROOM e al. 1999). Apart from G04 and J04, all oligonucleotide
primers were manufactured by Tib Molbiol, Betlin, Germany. The primers G04 and J04 were
supplied by Life Technologies (Auckland, New Zealand). The dry primers were first solved in
sterilised water (dd H.O or Millipore® water), in the volume stated by the manufacturer
(dependant on the amount of primer) to obtain a stock solution with a concentration of
100 pmol pL", then the stock solutions were diluted to a working solution with a concentration

of 20 pmol pL.".

Table 2.6: Oligonucleotide primers used in the present study. References: 1: A. F. PETERS, unpublished;
2; PETERS & BURKHARDT 1998; 3: PETERS & RAMIREZ 2001; 4 SAUNDERS & KRAFT 1994;
5: BROOM ez /. 1999.

primer sequence (5'-3") direction opposite region specific for
ptimer
Lcolax2(I)! AGTAACGTCTTACAGCATTG forward 5.851(R) 1TS1 Lanminariocolax sp.
Streblo2(F)! AAACTGCGCGAAAGAATCTC forward 5.852(R) 1TS1 Microspongium sp.
AFP2(F)? AGCTCTTTCTTGATTCTATG forward 5.851(R) 1TS1 brown algae
LSU-115(R) 185-26S brown algae
5.851(R)? TGATGATTCACTGGATICTG reverse L’colax2(F) ITS1 brown algae
AFP2(F) ITS1 brown algae
5.852(R)3 CAACAGACAATACGACAAGC reverse Streblo2(F) ITS1 brown algae
- LSU-16(F)3 CCGATCAAGCAAGAGGACC forward LSU-115(R) 268 brown algae
LSU-115(R)3 CTCTCCAGACTACAATTCGG reverse LSU-16(F) 265 brown algae
AFP2(F) 265-18S brown algae
LSU1046(R)3 TGGCCCACTAGCAACCTTC reverse LSU-16(1) 268 brown algae
G044 CAGAGGTGAAATTCTTGGAT forward ]04 185 eukaryotes
Jo45 AAACCTTGTTACGACTTCTCC revetse G04 188 cukatyotes
1bcL95F3 ATGGGATATTGGGATGCTGA forward tbcL10875R bl ; plastids
rbelL1087SR3 CCATATCAAAGAATAAACCTTC reverse rbcl.95F rhel. ! plastids

The oligonucleotide primers for amplifying nuclear encoded ribosomal DNA are positioned on
various sites on the gene (Figure 2.7). A test with the genus-specific forward primers for
endophytic brown algae, L'colax2(F) and Streblo2(F), allowed a tentative classification of the
isolates. The 3' end of the 18S subunit gene and the whole ITS1 region were amplified with the
primer pair AFP2(F)-5.851(R) specific for brown algae. The primer pair AFP2(F)-LSU115(R)
was used to amplify the whole ITS region (end of 185-ITS1-5.85-ITS2-start of 26S).
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AFP2(F) LSU115(R)
AFP2(F) 5.8S1(R)

Dl D2

T 18s ITS 1 58S mS2 o |

Laminariocolax
L’colax2(F) 5.8S1(R)
Streblo2(F) 5.851(R)

Microspongium

Figure 2.7: Diagramm of a repeat of the nuclear-encoded ribosomal gene showing positions of
oligonucleotide primers and regions amplified with them. ITS: internal transcibed spacer; D1
and D2: variable domains within the 26S (ROUSSEAU eral 1997); (F). forward primer; (R):
reverse primer. Lengths are not propozrtional.

Within the 5'-end of the 26S, there are two regions with a relatively high vatiability in brown
algae, D1 and D2 (ROUSSEAU ¢ 4/ 1997), which were amplified using the primer pair LSU16(F)-
LSU1046(R). The gene for the large subunit of the chloroplast encoded ribulose-1,5-
bisphosphate catboxylase/ oxygenase (RuBisCO), rbd, was amplified with the primer pair
tbcL.95F and rbclL1087SR (Figure 2.8).

rbcL95F rbcL1087SR

— rbcl. S L pbeS

Figure 2.8: Diagram of the plastid-encoded RuBisCO operon showing positions of oligonucleotide
primers used for amplifying the partial rbel.. rbcl: large subunit coding gene; #4S: small subunit
coding gene. Lengths are not proportional.

A change of equipment (e. g. thermocycler) and providers for ingredients in the laboratory at the
University of Otago, compared to the laboratory in Germany, made adjustments to the recipes
for the PCR master mixture and the reaction mixture necessaty. The final recipe for the master

mixture already contained all water. Compared to the initially used master mixture, the
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magnesium concentration was reduced to 2.5 mM and the primer concentration was raised to
1 pmol uL.™ for each primér (Table 2.7).

The enzyme, recombinant Tag DNA polymerase (1 U ML'l), the PCR buffer (10x:
750 mM Tris-HCL, 200 mM (NH,),SO,, 0.1% Tween® 20), magnesium chloride (25 mM MgCl,)
and desoxynucleotides were purchased from MBI Fermentas, Germany. The dried ANTPs were
solved in dd FLO or Millipore® water to a stock concentration of 100 mM. To obtain a working
solution containing all ANTPs in a concentration of 200 uM each (= 10x dNTPs), 20 uL. of each
dNTP stock solution were mixed together with 920 ul. dd H.O or Millipore® water. All

chemicals and solutions were kept at —20 °C.

Table 2.7: Master mixtures for polymerase chain reactions. ' dd H.O; 2 Millipore® water; 3: not
determined, as primers varied in their molecular weigths depending on composition and length.

.................... initial recipe final recipe
amount per final amount per final
10 uL reaction concentration 10 uL reaction concentration
ingredient in reaction in reaction
sterilised H,0 0.8 uL! 5.25 uL.2
MgCly 1.6 uL 4 mM 1 uL 2.5 mM
10x buffer 1uL 1x 1ul 1x
10x dNTPs 1uL 20 uM 1 L 20 uM
for each ANTP for each ANTP
forward primer 0.2 pL. n.dJ3 0.5 uL 1 pmol pL-!
(50 ng pL-1) (20 pmol pL. -1
reverse primer 0.2 uL n. d.3 0.5 uL 1 pmol uL-
(50 ng uL -1 (20 pmol puL -1
Tag polymerase 0.4 uL 0.04 U ulLA 0.25 uL 0.025 U uLA
(1U ulh

Diagnostic PCRs (Table 2.8) had a reaction volume of 10 or 20 uL (initial/final recipe,
respectively). Preparative PCR reactions for subsequent sequencing had a volume of 20-40 ul.
reaction volume for the automatic sequencing or 100 uL for the manual sequence reaction.
Every PCR run included a negative control containing only the master mix to detect any
DNA contamination of the reaction mixture. Positive controls wete included after the first

successful PCRs; these consisted of DNA that was previously successfully amplified with the

respective primer pait.
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Table 2.8: Reaction mixtures for diagnostic polymerase chain reactions. For preparative PCR reactions a

40 or 100 pL reaction mix was used. DNA was added in a 1:10 or 1:100 dilution. *: dd H:O.

ingredient initial recipe final recipe
 Master mix 10 uL. 19 uL.
H,O 8 uL* (alteady contained in Master mix)
DNA 2 pL 1 uL
total volume 20 nL 20 nL

The PCR protocol was as follows (Table 2.9): an initial denaturation of the double stranded

DNA at 94 °C was followed by 32 to 35 cycles of denaturation, annealing of the ptimers at

55 °C, and extension of the complementary DNA by the DNA polymerase at 72 °C. After an

additional final extension, the samples were kept on a cold block at the “stop” tempetature

before removing them to a household refrigerator (4 °C).

Table 2.9: PCR protocols. Temperatures and duration of steps during PCR.

steps during one cycle

initial 1. 3. no. of cycles final cooling stop
denaturation | denaturation | annealing | extension (step 1-3) extension down
initial 94 °C 94 °C 55 °C 72 °C 32 72 °C 15°C 4°C
_protocol 3 min 1 min 0.5 min 1.5 min 3.5 min 1.5 min
final 94 °C 94 °C 55 °C 72 °C 32 or 35 72 °C 6°C
protocol 3 min 1 min 1 min 1.5 min | 3.5 min

Initially, PCRs were performed on a thermocycler (PTC 100, MJ Research, USA) using the

program stated in Table 2.9.

From March 1998, a robocyclet (Robocycler Gradient 96,

Stratagene Corporation, La Jolla, California) was employed. The success of amplifications was

monitored on 1% agarose gels as described in section 2.2.3.1. The lengths of the gene fragments

were compated to a DNA marker (0.5 pug uL", GeneRuler™ 100 bp DNA Ladder plus, MBI

Fermentas, Germany).

2.2.3.3 Purification of PCR products

To remove reaction ingredients such as primers, enzyme and dNTPs, the PCR products wete

purified before subsequent sequencing reactions.

Initially, the QIAquick Purification Kit

(Qiagen, Germany) was used following the instructions of the manufacturer. The purified DNA

was resuspended in 55 pl. dd H:O, enough for five sequence reactions.

From March 1998 onwards, PCR products were purified by a polyethylene glycol

precipitation (J. E. BROOM, personal communication): the PCR product was transferred to a

sterile Eppendorf tube. An equal amount of polyethylene glycol-NaCl solution containing 20%
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polyethylene glycol (PEG 8000) and 2.5 M NaCl was added. After gently mixing the contents,
the mixture was incubated for 15 minutes at 37 °C to precipitate the DNA. The precipitate was
spun down at 14,000 rpm (25 minutes), and the supernatant was removed. The DNA pellet was
washed by adding 200 uL. 75% ice-cold (-20 °C) ethanol, followed by another centrifugation for
15 minutes at 14,000 rpm. The supernatant was discarded. After repeating this washing step
once, the pellet was air dried in a drying oven at 30 °C for at least an hour.

The dried DNA pellet was resuspended in 20 ul. sterilised Millipore® water. The
concentration of the DNA in the solution was estimated by applying 1 uL of the DNA solution
to an 1% agarose gel (see section 2.2.3.1) and comparing the brightness of the band with the
known concentration of a DNA marker (BioMarker Low) containing 10 ng DNA pL". Cleaned
PCR products were stored at —20 °C.

2.2.3.4 Sequencing

Sequences were obtained with the Dideoxy Chain Termination method after SANGER e7 4l
(1977):  in addition to deoxy nucleotide triphosphates (dNTPs), dideoxy nucleotide
triphosphates (ddNTPs) are present in the reaction mix. The second deoxy group in the ddNTP
prevents a reaction at the 3’-end of the newly forming DNA, thus in cases when the polymerase
appends a ddNTP instead of a dNTP to the DNA, the chain is terminated.

After synthesis of the DNA, fragments are separated electrophoretically on a
polyactylamide gel, which can discriminate between fragments with length differences down to
one base pair. Radioactive or fluorescence labeling of the DNA enables the visualisation of the

DNA. The resulting band pattern on the gel is translated directly into the DNA sequence

2.2.3.4.1 Manual sequencing

Initially, sequences were obtained manually by using radioactively labeled **S-dATP in the
sequencing reaction. S emits B radiation, with a half-life of 87.4 to 90 days. For visualisation,
X-ray film (Kodak X-OMAT) was exposed to dried gels. All work with radioactive material was
catried out in the isotope laboratory of the Marine Science Institute in Kiel, Germany.

The entite sequencing process consisted of four steps: the sequencing reaction, the
production of the polyacrylamide gel, the loading and running of the gel and the exposure of
photographic film to the radioactively labeled gel. Sequences were read by eye from the
developed films.
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Sequence reaction
The "Sequencing Kit of Pharmacia, Getmany, was used for the sequencing reaction. For each
reaction, two solutions were prepared: the “annealing mix” contained 2 pul annealing buffer
(supplied in the kit), 2 pL primer (120 ng pI."), and 10 pI. template DNA. The “labeling mix”
contained 2.5 uL enzyme dilution buffer, 1.5 uL labeling mix A, 1.0 pL. of the radioactively
labeled *S-dATP (Hartmann, Germany; 1:1 diluted with dd H.0), and 0.5 ul. T-7 DNA
polymerase. Apatt from the **S-dATP, all ingredients of the labeling mix were part of the kit.
The primers used were different from the PCR primers and annealed to conservative sequences
within the PCR products. For the control reaction, a separate annealing mix with 2 pL universal
primer, 3 uL. template DNA from the kit and 7 pL. dd H:O was prepared. For each reaction,
2.5 uL. of each of the four ddNTPs was pipetted into a separate, differently coloured Eppendorf
tube and pre-heated to 37 °C in a heating block. |

In the first step of each reaction, the annealing mix was heated up to 95 °C for 3 minutes
to denaturate the double stranded DNA. The solution was then snap-cooled in ice-water for
30 seconds and kept on ice for the addition of 5.5 uL labeling mix. The contents were mixed,
spun down, and 4.5 puL. of this mixture wete pipetted into each of the coloured tubes containing
the ddNTPs. After 5 seconds of centrifugation, the reaction tubes were placed into a heating
block at 37 °C. The reaction was incubated for 5 minutes before addition of 3.5 uL stop
solution (from the kit) terminated the enzyme activity. The reactions wete stored at —20 °C till

the gel run.

Preparation of the polyacrylamide gel
The DNA fragments resulting from the sequence reaction were separated 1 an 8%
polyactylamide 'top gel' sitting on top of a 'bottom gel' which contained suctose to slow down
the fragments’ movements. Before prepating the gel solutions, the gel sandwich (Life
Technologies, England) was assembled: two glass plates (38 x 38 cm) were washed with ethanol,
siliconised with Sigmacote (Merck, Germany) and washed again with ethanol. Two plastic
spacers cleaned with ethanol were placed between the glass plates, holding them 0.4 mm apatt.
The sandwich of glass plates and plastic spacets was sealed on three sides with tape and fixed
mnto a tubber holder.

Acryl stock solution was prepared from Actylamide/Bis 19:1 ctystals (Bio-Rad, USA), by
adding 23.7 mL. dd H.O to 15 g crystals. Both gels were freshly ptepated from stock solutions
(Table 2.10) on the day of use. The stock solutions, 55 mL for the top gel and 5 mL for the
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bottom gel, were degased mn a vacuum prior to use. Then tetramethylene diamine (TEMED;
Sigma, Germany) and ammonium persulfate (25 mg APS in 100 uL. dd H.O) were added to each
solution: 44 u. TEMED and 88 uL. APS for the top gel and 1.7 uL TEMED and 8.3 uL. APS

for the bottom gel.

Table 2.10: Stock solutions for the sequencing gels. The solutions were stored at 4 °C.

ingredient top gel stock bottom gel stock
acryl stock solution 15 mL 15ml
urea 42 420
buffer 10 mL 50 mL
(10 x Tris-boric acid- EDTA)
sucrose - 10g
bromphenol blue dye - 1-2 ml,
(10-20 mg ml! stock solution)
add to 100 mL with dd H,O add to 100 mL with dd H,O

To seal the bottom of the gel, 5 mL of the top gel solution were mixed with the bottom
gel solution and filled into the gel chamber first, before adding the top gel solution. To obtain a
smooth upper end of the gel, a shark-tooth comb was placed on top of the gel with the straight
side down. Metal clamps were added to the sandwich to allow the gel to polymerise in an evenly
thickness. Wet sponges were added to the top‘ of the gel to keep it moist while polymerising

over night.

Gel loading and run
After removing the metal clamps, the wet sponge, the rubber holder and the tape, the
polymerized gel, sandwiched between the two glass plates, was positioned into the bottom
trough of an electrophoresis apparatus (Model S2, Life Technologies, England). To create a
contact between electrodes and gel, around 400 mL. of 1x TBE buffer were filled into both
troughs. The shark-tooth comb was turned upside down and placed on top of the gel. The
resulting wells were washed with buffer to remove any urea. To test the quality of the gel, every
second well was filled with stop solution (from the "'Sequencing kit) diluted 1:3 with TBE
buffer, and the gel was run at 1.9 V (circa 70 mA) for about 30 to 45 minutes, resulting in a gel
temperature of 50 °C.

Prior to applying the DNA samples, these were denatured for 3 minutes at 85 °C to
separate the two strands. After washing the gel wells again with buffer to remove any urea,

1.6 pLL sample were pipetted into each well. After pipetting 6x4 samples, the gel was run for
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10 minutes to reduce the diffusion of the samples intoadjacents wells, before pipetting the next
samples. '

After applying a maximum of 20x4 samples, the gel was run at the same settings as the
test run, i e. 1.9 V. The running time, two to five houts, depended on the length of the DNA
fragments to be separated.

After the run, the gel was taken out of the electrophoresis and briefly cooled under
running tap water. Then the top glass plate was removed, and the gel was fixed in a bath of 10%
acetic acid, 10% methanol and 80% deionisised water for 10 minutes. After carefully levelling
out its surface and removing air bubbles, the gel was transferred onto a sheet of

chromatographic paper and vacuum-dried at 90 °C for around two hours.

Autoradiography

The dried gel was placed onto a sheet of X-ray film into a metal case. The film was exposed to
the radioactivity of the DNA in the gel for about a week. The film was then developed in an X-
ray developer solution (Kodak LX 24, 1:5 diluted) for 10 minutes, rinsed in water, fixed for

10 minutes in X-ray fixation solution (KKodak AL 4), rinsed again and air-dried.

2.2.3.4.2 Automatic sequencing

From March 1998 onwards, the DNA samples were sequenced automatically using fluorescence
labeled dNTPs. Around 5 to 6 ng DNA per 100 bp of the amplification product were used in
the sequencing reaction. In 10 uL (13 uL) reactions, 4 pL. (5.5 uL) of a pre-mix (containing Tayg
polymerase, ANTPS, fluotescence labeled ddN'TPS, buffer and MgCl,; supplied by the Centre for
Gene Research CGR, Department of Microbiology, University of Otago), 0.5 uL. of sequencing
ptimer (10 pmol) and 5.5 ul. (7 ul) of DNA + water (sterilised Millipore® water) were gently
mixed together. In the amplification protocol for the sequencing, the denaturation at 96 °C for
30 seconds was followed by an annealing at 50 °C for 15 seconds and an elongation at 60 °C for
4 minutes. Each cycle was repeated 30 times.

After the cycle sequencing reaction, the products were cleaned with an ethanol + salt
precipitation: 1/10 volume of the sequence teaction of 3 M sodium acetate (1.0 uL. ot 1.3 pL,
respectively) and 2-2.5 times the volume of 95% ethanol (25 uL ot 32.5 pL, respectively) wete
added to the reaction mix. After gently mixing the solution, it was incubated for 30 minutes at
RT. The precipitated DNA was spun down at 14,000 rpm for 30 minutes. The pellets were
washed twice by adding 100 uL 75% ice-cold (-20 °C) ethanol and centrifugation at 14,000 rpm
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for 15 min. After the last washing step, the pellets were spun at 12,000 tpm for another
5 minutes, and all ethanol was removed. The pellets were dried at 30 °C 1n a drying oven for at
least an hour. The dried products were resuspended, electrophoresed, and the sequence data
were automatically read by an ABI 377 DNA Sequencer (Petkin Elmer Applied Biosystems
Foster City, California) at the CGR, Department of Microbiology, University of Otago. The
rbel. sequences of Herpodiscus durvillaeae were commercially sequenced on an ABI PRISM 3700
(MWG-Biotech, Munich, Germany).

2.2.3.5 Data analyses

All data analyses were performed using Apple Macintosh computers (I-Mac or Power Macintosh

G3).

2.2.3.5.1 Alignment of sequences

Reading of sequences

Bands from manually produced sequences were read from the film material by eye (on a
transluminent table) and were directly written into the text editor of PAUP 4.0b.10 (SWOFFORD
2002). Automatically produced sequences were checked in the sequence chromatograms, viewed

in the progtam SEQED (ABI) and then transferred into the PAUP text editor.

Published sequences
Published sequences of endophytic and free-living brown algae, and of Xanthophyceae were
obtained  from  the EMBL/GenBank/DDBJ  Nucleotide  Sequence  database

(www.nebinlm.nih.gov/Web/GenBank) or via personal communication (A.F. PETERS).

GenBank accession numbers are provided in Appendix D, Table D 1.1.

Outgroups
The Xanthophyceae are considered to be one of the sister taxa to the brown algae and are
commonly used as an outgroup for phylogenetic analyses of conserved, protein-coding genes,
such as the subunits of ribosomal and the RuBisCO genes (e. g. DAUGBJERG & ANDERSEN
1997; POTTER et al. 1997; SAUNDERS ¢# a/. 1997). The xanthophycean species Tribonema aequnale
PASCHER was sclected as an outgroup for the Herpodiscus alignments.

Within the alignment analysing the phylogenetic relationships of Herpodiscns durvillacae

with othet Sphacelariales, six phaeophyceaen species were referred to the outgroup (following
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DRAISMA et al. 2002): Dictyota dichotoma (HUDSON) J. V. LAMOURROUX, D. cervicornis KUTZING
(both Dictyotales), Syringoderma phinneyi E. C. HENRY & D. G. MULLER (Syringodermatales),
Ounslowia endophytica SEARLES in SEARLES & LEISTER, Verosphacela ebrachia HENRY (both
Onslowiaceae; DRAISMA & PRUD'HOMME VAN REINE 2001) and Choristocarpus tenellus (IKUTZING)
ZANARDINI (Choristocarpaceae). Onslowiaceae and Chortistocarpaceae ate considered either
Sphacelariales sensu lato ot incertae sedis, depending on authors (WOMERSLEY 1987; DRAISMA &
PRUD'HOMME VAN REINE 2001; DRAISMA ez a/. 2001).

For the phylogenetic analysis of the ITS1 region of the pigmented endophytes from New
Zealand, the type species of the family Chordariaceae (Chordariales or Ectocarpales sensu lato;
PETERS & RAMIREZ 2001), Chordaria flagelliformis (O. F. MULLER) C. AGARDH, was chosen as an
outgroup. This species is not as closely related to the endophytes as for example Dictyosiphon
Joeniculacens (HUDSON) GREVILLE and Ascosezrophila violodora PETERS (BURKHARDT & PETERS
1998; PETERS 2003), but in contrast to the latter, C. flage/lzformis has a very short ITS1 sequence
(291 bp) and thus is alignable with the endophytes ovet most of this region. Usually, only taxa
belonging to the same species ot genus can be aligned over most of the highly vatiable ITS1

region, while taxa of different geneta cannot (PETERS 2003).

Aligning

Sequences were either pre-aligned with the program CLUSTAL W (THOMPSON ¢f a/. 1994), then
checked by eye and manually adjusted using HOMED (STOCKWELL & PETERSEN 1987) ot wete
directly edited in the text editor of PAUP 4.0b.10 (SWOFFORD 2002). Complementary strands
were aligned manually compating the chromatograms, or automatically using AutoAssembler

(ABI, version 2.0) before aligning in HOMED.

2.2.3.5.2 Phylogenetic analyses
Analyses of molecular data wete petformed with PAUP vetsion 4.0b10 (SWOFFORD 2002). Data
were analysed with heuristic search methods, using maximum patsimony (MP) ot maximum
likelihood (ML) as optimality criteria. Distance trees wete also constructed using the neighbout-
joining (NJ) tree building algotithm.

Maximum parsimony analyses wete performed by stepwise random sequence addition
(10 replicates) followed by branch swapping using the tree-bisection-reconnection (TBR) branch
swapping algorithm.  All nucleotides were unordered and weighted equally. Ambiguous

nucleotides and gaps were treated as missing data (with the exception of one modified data set,
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see below). Maximum likelihood analyses employed a HKY85 model of sequence evolution
with empirical base frequencies and transversions weighted 2:1 over transitions. Sequence
addition was randomly (10 replicates). MaxTrees were set to "automatically increase by 100" for
MP and ML analyses. A Kimura-2-parameter model was used to calculate mean distance values
as a base for neighbour-joining analyses (KIMURA 1980). Saturation of alignments was tested
using transition/transversion (#/#) ratios, with saturation indicated by values < 1 (HOLMQUIST
1983; BAKKER ez a/. 1995).

Confidence of branching points was estimated by bootstrapping (1000 replicates in
patsimony and neighbour-joining analyses and 100 replicates in likelihood analyses). Decay
indices of parsimony trees were ptoduced "manually" by re-running MP analyses and computing
strict consensus from all trees within six additional steps (score + 6; MORGAN 1997), filtered
down to two additional steps. From these consensus trees, the numbers of additional steps
necessaty to let nodes collapse were determined.

The congtruence of combined datasets (RuBisCO and ribosomal subunit genes) was
tested with the partition homogeneity test (PHT; FARRIS of o/ 1995; CUNNINGHAM 1997) in
PAUP. The optimality critetion was set to maximum parsimony (1000 replications and simple
addition of taxa), with uninformative positions deleted before analysis. Data sets are considered
to be congruent if p > 0.05, 1. e. combining the data sets improves the phylogenetic accuracy
(FARRIS ez a/. 1995; CUNNINGHAM 1997).

Differences between sequences of isolates in all three groups of pigmented endophytes
were mainly due to indels, rather than to single nucleotide substitutions. In analyses treating
deletions as missing data, these do not contribute to the resulting phylogenetic tree. To
accommodate these differences, additional MP analyses were run with a modified data set:
Within every indel comprised of two or more missing nucleotides, all but one positions were
recoded to question marks ("?" = missing data). In cases whete sequences showed various
differences in length of the indel, the number of gaps within was atranged accordingly. The
ptogtam was then set to "treat deletions as fifth base" before analysis, thus counting every indel
(rather than every missing nucleotide) as a single evolutionary event (J. E. BROOM, personal
communication; BROOM ez a/. 2002; PILLMANN ¢z a/. 1997).

Several isolates of pigmented endophytes had identical or very similar ITS1 sequences,
resulting in long computing times and poor resolution of the phylogenetic trees. To avoid these
problems, data sets were reduced, and analyses were run with single representatives of clades of

identical taxa (SERRAO ef al. 1999).
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2.2.4 Ultrastructure of Herpodiscus durvillacae

All prepatations and electron microscopic study of the ultrastructure of the infection of
Durvillaea antarctica with Herpodiscus durvillaeae were performed in the laboratory of the South
Campus Electron Microscopy Unit, Anatomy and Physiology Department of the Medical
School, University of Otago, Dunedin, New Zealand.  Dwmvillaca antarctica infected with
Herpodiseus durvillacae was collected eithet at Brighton Beach or at St. Kilda. Thalli were wrapped
in seawatet-soaked newspaper, placed in a chill bin, and immediately transported back to the
laboratory. Collection data of specimens sampled for electron microscopy are included in Table

E 1 (Appendix E).

2.2.4.1 Light microscopy

Hand-sectioned fresh material of Durvillaea antarctica infected with Herpodiscus durvillaeae and
freeze-dried material of Herpodiscus durvillaeae (prepared for DNA extractions; see section 2.2.3.1)
were transferred into filtered seawater and examined with an Olympus AX70 Research
Microscope (for details on the microscope see section 2.2.1.3.1). For the autofluorescence
microscopy, hand-cut sections of field collected matetial were exposed to the ultraviolet light
emitted by a Xenon lamp (soutce unknown). A yellow FITC (fluorescein isothiocyanate) filter
was used to limit the range of wavelengths to ultraviolet light (excitation maximum at 490 nm,
emission from 500-550 nm). Excitation maxima of autofluotrescent objects wete not recorded.
Details on the photographic documentation are compiled in section 2.2.5.

Fresh material of Durvillaea antarctica with patches of Herpodiscus durvillaeae and
Ectocarpalean epiphytes (collected at St. Kilda Beach, Dunedin, on 15.03.2001) and freeze-dried
material of H. durvillaeae wete exposed to 'Eau de Javelle' (citca 5% aqueous sodium hypochlorite
solution, DE REVIERS & ROUSSEAU 1999) and immediately observed with the light microscope.
Cells of members of the order Sphacelariales, in contrast to all other brown algae, show a
transistory blackening when exposed to 'Eau de Javelle' (REINKE 1890; MIGULA 1909).
Therefore, as a positive control for the reaction, fresh material of Halgpteris sp. (Sphacelariales,
Stypocaulaceae, collected at St. Clait Beach, Dunedin, on 15.03.2001) was treated in a similar
way. 'Bau de Javelle' was freshly prepared from common household bleach (brand “White
Magic”, containing 42 g/L sodium hypochlorite) by 1:10 dilution with Millipore® water (final

concentration of sodium hypochlorite: 4.2 g/L).
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2.2.4.2 Scanning electron microscopy

Specimen preparation for scanning electron microscopy (SEM) followed a procedure after
MAIER & WOLFF (S. WOLFF, personal communication). Exact recipes for the solutions atre
compiled in Appendix A 3.1.

2.2.4.2.1 Fixation

The whole preparation took place in a fume hood. All media (i. e. fixative and wash buffer) were
made fresh on the day of preparation from stock solutions kept at 4°C. The fixative contained
4% glutardialdehyde in a 0.1 M sodium cacodylate buffer with salts added to reduce osmotic
stress (146 mM NaCl, 3.4 mM KCl, 17 mM CaCl)). Solutions were transferred to small glass
vials. Depending on the desired fixation temperature, solutions were allowed to reach room
temperature or wete pre-cooled in the refrigerator.

Pieces of the Durvillaea thallus (collected at Brighton Beach on 09.09.1997, 22.09.1997
and on 25.08.1999) were transferred to a petri dish containing filtered seawater. Sections of the
thallus surface (1 mm thick) wete cut with a razor blade and chopped into smaller fragments.
These were then immersed into the fixative. Vials with fixative and samples were placed in a
rotator (TAAB Laboratories, UK), thus samples were constantly agitated during the fixation.
Samples wete fixed over-night (17-19h) at either at RT or at 4°C. On the following day, the
samples were washed with pre-cooled wash buffer (six times for 10 minutes each). During the

washing process, cooled solutions reached room temperature.

2.2.4.2.2 Dehydration
Samples were dehydrated in an increasing ethanol gradient, i. e. 25%, 50%, two times 70%, 85%,
95%, two times 100%, 100% (extra dry ethanol). Each step took 15 minutes. In some cases,

samples were kept in 70 % ethanol till the preparation was continued.

2.2.4.2.3 Critical point drying and coating

Samples were dried in a Critical Point Dryer (Balzer CPD 030), by exchanging the ethanol with
liquid CO, (thtee times) and then, at its critical point, transforming the liquid carbon dioxide to
gas without passing the phase boundary. The dry samples were mounted on mushroom-shaped
stubs using colloidal silver paste (EMS cat. 12640; Washington, USA) and carbon tape (STR
Tape, Shinto Paint Co. Ltd). Stubs were transferred to a sputter unit (BioRad SEM Coating
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System) and wete coated with gold/palladium in an argon atmosphete for 120 seconds, resulting
in a 60 to 80 nm thick coating. Stubs with samples were removed from the sputter unit and

were transferred to a tied-closed box with silica gel to keep the samples dry and free from dust.

2.2.4.2.4 Electron microscopy

Samples were viewed 1n a scanning electron microscope (Cambridge Stereo Scan 360).

2.2.4.3 Transmission electron microscopy

Specimens of Durvillaea antarctica infected with Herpodiscus durvillaea wete prepated for
transmission electron microscopy (TEM) using chemical fixation techniques as well as
cryofixation combined with cryosubstitution: Samples wete fixed, dehydrated and embedded in
resin. The resin was hardened and sectioned. Sections were stained to enhance the contrast, and
were examined in the electron beam of 2 TEM.

The preparation followed standard protocols adapted for brown algae (e. g. MAIER &
WOLFF, personal communication; CLAYTON & ASHBURNER 1994; SCHOENWALDER &
CLAYTON 1998a, 1998b). Procedures were tested and modified to enhance the quality of the
samples, especially of the inner tissue of the host, as cellular contacts between host and parasite
wete found to be concentrated in this area. Exact recipes are given in Appendix A 3.2, protocols

for all samples processed ate compiled in Appendix E.

2.2.4.3.1 Chemical fixation
Fixatives contained aldehydes to link proteins, either glutardialdehyde ot a mixtute of
glutardialdehyde and paraformaldehyde (after KARNOVSKY 1965). Pataformaldehyde penectrates
tissue faster than glutardialdehyde but provides a less stable fixation of proteins, thus a
combination of both was used.

The media were buffered with sodium cacodylate in a pH range of 7.2 to 7.5 (according
to the respective recipe). Seawater ot a solution of chlotide salts (either NaCl and CaCl,, ot a
combination of NaCl, KCl and CaCl) wete added to all media to reduce any osmotic shock to
the tissue, i. e. in order to reduce shrinking or swelling of the cells and their compartments. The
osmolarity of the media was monitored using a osmometer (5500 Vapor Pressure Osmometet,
WesCor). Caffeine was added to fixatives and wash buffer solutions to stabilize physodes which

are a common feature of brown alga cells (CLAYTON & BEAKES 1983). Membranes and other
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lipid containing tissue were fixed in a separate process by exposute to the heavy metal osmium
(as osmium tetroxide). An additional step of 'en bloc' staining with uranyl acetate was used to

enhance the contrast in the sections (STEMPAK & WARD 1964).

Initial protocol

Various combinations of conditions and concentrations of chemicals were tried to improve the
fixation of the tissue. In the initial recipe after MAIER & WOLFF, Universitit Konstanz,
Germany (S. WOLFF, personal communication), the samples were fixed in a solution containing
2.5% glutardialdehyde in 70% seawater, buffered with 0.05M sodium cacodylate at pH 7.4-7.5,
either at RT or at 4°C. Caffeine (0.2%) was only added to the fixative but not to the washing
buffer. Also, fixatives were tried containing 4% glutardialdehyde and 4% paraformaldehyde
(KARNOVSKY 1965), or in which the amount of seawater was reduced or was replaced by sodium

salts.

Final protocol
Better results were obtained with a fixative containing 2% glutardialdehyde, 1%

paraformaldehyde, and 1% caffeine in cacodylate buffer (0.1M sodium cacodylate, 2% NaCl,
0.1% CaCl,, pH 7.2; modified KARNOVSKY mixture after CLAYTON & ASHBURNER 1994 and
SCHOENWAELDER & CLAYTON 1998a, 1998b). Pieces of tissue were immersed into the fixative
solution and were cut into small cubes (300 to 500 um length) with razor blades. The tissue was
transferred to vials containing fresh fixative. Samples were fixed over-night, at 4°C or at RT. A
long fixation time was found to enhance the quality of the fixation in the centre of the cubes.
To aid the penetration, the tissue blocks were constantly agitated in the fixative by moving the
vials on a rotator.

After fixation, the tissue blocks were rinsed three times (each 15 minutes) in cacodylate
buffer with 1% caffeine and were then post-fixed for two hours with 1% osmiumtetroxid (in
cacodylate buffer without caffeine) at RT, before rinsing the samples in three steps (1: 100%
cacodylate buffer (without caffeine); 2: 50% buffer/50% dd H,O; 3: 100% dd H,O; each step 15
minutes). 'En bloc' staining in 1% uranyl acetate in dd H,O for one hour, which was part of the
initial protocol, was omitted from later preparations to reduce the high contrast in the samples

(M. N. CLAYTON, personal communication).
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Microwaving

Microwaving was tried as a means to enhance the quality of fixation (by achieving a faster
penetration of the chemicals into the tissue; BOON & KOK 1992). A laboratory microwave oven
(A20, Electron Microscopy Science, maximal power: 780 Watt) was pre-warmed with 500 mL of
dd H,O in a 2L glass beaket (two minutes on 100%). The samples were placed into fresh
fixative, in a glass petti dish with a liquid crystal thermometer in the bottom to observe the
development of the temperature of the fixative. The petri dish was placed in the middle of the
microwave. A 250 mL glass beaker filled with dd H,O was placed in the back of the microwave
to avoid any overheating of the samples. The samples were heated with mictowave zaps of eight

seconds length (at 100%), until the temperature of the fixative reached a maximum of 30 °C.

2.2.4.3.2 Dehydration

To embed the samples into resin, first all water had to be removed from the tissue by replacing it
with 2 medium mixable with the resins, such as ethanol. Dehydration took place at RT.

Initially, a standard procedure was employed which was used in the host laboratory for
animal and human tissue. Samples were dehydrated in a steep gradient from of 100% dd H,O,
25% ethanol, 50%, 75%, 85%, 90%, 95% up to three times 100% ethanol (each step taking
15 minutes). This gradient was found to be insufficient to completely dehydrate the tissue of

Durvillaea antarctica.

Alternative protocols were adopted which contained more and longer steps of
dehydration, with each step taking between 12 minutes and 2.5 hout, depending on the protocol.
Best results were obtained with a gradient starting at 1% ethanol in dd H,O, going up in small
steps (3% ethanol, 6%, 10%, 15%, 20%, 25%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%) and
finishing with three times 100% ethanol (each step taking 20 minutes). An automatic tissue
processor (Lynx, Biomedical Corporation Europe Ltd.) was employed to provide reproducible
results. Tissue blocks were transferred into porous Teflon baskets and immersed into the first
solution. By moving the baskets up and down in the solution, the samples wetre continuously

stitred. At set times, the tissue processot automatically moved the baskets into the next solution.

2.2.4.3.3 Infiltration and embedding

The dehydrated tissue was slowly infiltrated with tresin. The resin was then cured to provide

blocks which could be sectioned with an ultra microtome.
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Resins

One of the problems encoutered with preparing Durvillaea antarctica for TEM was a poor
dehydration and subsequent poor infiltration of the tissue, as resins tend to be hydrophobic.
Three resins with different hydrophobic properties were tested: the low-viscosity epoxy resins
"SPURR’s" (SPURR 1969) and "Quetol 651" (KUSHIDA 1974) as well as the actylic resin "LR
White" (London Resin Company; NEWMAN ¢z /. 1983). SPURR's is not mixable with water at all,
while Quetol is considered to be mote tolerant to small amounts of water in the tissue
(R. LANDER, personal communication). LR White is mixable with water up to 12% (ROLAND &
VIAN 1991), but has the disadvantage of being less stable in the electron beam of the TEM than
epoxy resins (DYKSTRA 1993).

The epoxy resins were prepared on the day of use from four stock solutions provided by
the supplier (Appendix A, A 2.2.2). Stock solutions were stored at RT, with the exception. of
Quetol 651 which was kept at 4°C. The resin base was mixed with the hardener and the
flexibilizer and stirred for 1 min. After adding the accelerator, the resin was stirred for another
5 minutes. SPURR’s resin was used in the standard grade (SPURR 1969) and was degased with a
vacuum pump prior to use.

LR White resin was prepared by adding a catalyst (provided by the supplier) and stitring
the mixture for 24 hours on a shaker table at RT. The solution was stored at 4 °C and could be
used straight from the bottle. Even though LR White is mixable with water to a certain degree,
the resin was allowed to reach RT before use to avoid an excess of water precipitation on the
cold resin surface. All chemicals needed for the preparation of the resins wete supplied by Pro

Sci Tech, Australia.

Infiltration

Quetol and LR White resins are mixable with ethanol, while SPURR's is not. Therefore before
infiltration with SPURR's, ethanol had to be replaced with a hydrophobic solvent, propylene oxide
(1,2-epoxypropan; 100%, two times for 20 min).

The recipe used imitially (after MAIER & WOLFF, S. WOLFF, petsonal communication)
included an infiltration gradient from 100% solvent, 25% tesin in solvent, 50%, 75% and three
times 100% resin. Infiltration times were 4 to 16 hours, except at 75% (over night). This
gradient was found to be msufficient to completely infiltrate the tissue blocks of D. antarctica.
Therefore infiltration times at the 100% resin step were increased (up to 14 days, with daily
change of resin). Additionally, a slower infiltration gradient was adopted (M. N. CLAYTON,
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petsonal communication). The gradient was divided in similar steps as the dehydration (100%
ethanol, 1% tesin in ethanol, 3%, 6%, 10%, 15%, 20%, 25%, 30%, 40%, 50%, 60%, 70%, 80%,
90%, 95%, thtee to five times 100% resin). Each step took between 2 and 12h (see
Appendix F). Infiltration was either done by hand, with samples constantly rotating in glass vials
on a rotator and 12 hout to daily change of freshly prepared resin, or by employing the

automatic tissue processoz.

Microwaving
Microwaving was tried as means to enhance the quality of infiltration by speeding up the

penetration by resin molecules. In a procedute similar to microwave-enhanced fixation (section
2.2.4.3.1), the vials, containing the samples in 100% fresh resin, were placed into the pre-heated
laboratory microwave oven. The samples were heated up with four to five 8-second-microwave

zaps (at 100% power), to avoid temperatures in the resin exceeding 25 °C.

Embedding
Before embedding, the samples were immersed in freshly prepared resin for another four hours.

Epoxy resin samples were embedded either in clean silicon rubber moulds ot in Beem® capsules.
Epoxy resins were polymerized in an embedding oven (TAAB) at 60 £ 1 °C for 48 to 60 hours.
LR White does not polymerize in the presence of oxygen, therefore the LR White samples were
embedded in gelatine capsules placed in Eppendozf tubes. The resin was polymerized on a heat

plate at 55-60 °C for a maximum of 24 hours.

2.2.4.3.4 Cryoprepatation
Cryofixation and cryosubstitution were tested as an alternative to standard chemical fixation.
Samples were physically presetved, i. e. they were suddenly exposed to vetry low temperatures to
immobilize cellular components, by freezing any water contained in the sample without the
formation of large ice crystals. The ice was then subsequently replaced by a substitution medium
containing fixatives to chemically stabilize structures, before thawing the sample.

Durvillaea antarctica infected with Herpodiscus durvillaeae were collected at Brighton Beach
on three occasions (20.04.2000, 21.06.2000 and 04.07.2000). In June and July 2000,
ctyofixation/ctyosubstitution was used simultanously with chemical fixation protocols. The
cryopreparation followed standard protocols (GALWAY e¢zal 1995; R. LANDER, personal

communication). For the cryofixation, an automatic unit was used (Reichert KF80). Small
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hand-sectioned blocks of the host tissue (<0.3 mm) were plunge-frozen in liquid propane at
-180°C, and were then transferred to liquid nittogen (-80 °C) in an automatic freeze-substitution
unit (Reichert AFS). = The substitution medium was prepared from three stock solutions
(HUMBEL ef al. 1983; R. LANDER, personal communication). For stock solution1 (9%
glutardialdehyde in methanol), 5 mL of 70% glutardialdehyde were mixed with 33 mL. methanol.
Stock solution 2 contained 3% OsO, in methanol, made up from 1 g OsO, dissolved in 33 mL
methanol. Stock solution 3 contained 1.5% uranyl acetate in methanol, for which 0.5 g uranyl
acetate was dissolved in 33 mL methanol. All stock solutions wete cooled to -20° C priot to use.
Then 10 mL of each stock solution 1, 2 and 3 were thoroughly mixed and cooled to the desired
temperature in an automatic freeze substitution unit (AFS). Caffeine was omitted from the
substitution medium as it was found to precipitate in methanol at -20°C.

The substitution medium, containing 3% giutardialdehyde, 1% OsO, and 0.5% uranyl
acetate in 100% methanol, was pre-cooled to —80 °C in the AFS. Samples wete tranfetred from
the liquid nitrogen to the substitution medium, where they wete held at —80 °C for 306 houts.
The medium was replaced with pre-cooled fixative once a day.

After six days, the temperature was slowly raised (10°C per hout) and held at -20°C fot
48 hours. During this time the samples were rinsed twice with 100% methanol. After another
temperature rise (5°C pet hout), the samples were held at 10°C for 48 hours before raising the
temperature to RT and removing the samples from the AFS. Samples were infiltrated in a
methanol/resin gradient (Quetol; Appendix E) using the Lynx tissue processor (see section

2.2.4.3.2). The blocks were cuted at 60°C for 48 houts.

2.2.4.3.5 Sectioning

Polymerized and cooled resin blocks with embedded tissue were roughly trimmed with a
razorblade. Semi-thin sections (200 to 300 nm thick) were cut from the block face with a glass
knife mounted on an ultramicrotome (Leica-Reichert-Jung Ultracut E, Vienna, Austria). Glass
knifes with an angle of 45° were prepared from glass strips with a Reichert-Jung knife maker
(Leica UK Ltd., England). Semi-thin sections were heat-mounted onto glass slides (10 to
30 seconds at 60°C) and stained with Methylen Blue-Azute-II stain (Appendix A, A 2.2.3) for
1-6 minutes at 60°C (until the drop of stain started to dry at the matgins). Slides were then
rinsed in water and dried at 60°C. The stained semi-thin sections wete examined with a standard
light microscope to select areas of interest for ultra-thin sections, before re-trimming the block

for ultramicrotomy.
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Ultra-thin sections of silvety colout (70-80 nm thick) wete cut with a diamond knife
(Microstar, 2mm, 45°) mounted on the ultramicrotome. Sections were collected from the watet-
filled trough of the diamond knife on single slot copper grids (slot 1000%2000) and air-dried.
Prior to use, grids wete coated with a support film: Grids were washed in acetone to remove any
dust and fatty residues, and were then ait-dried. Cleaned glass slides were immersed in a
0.6% solution of Fotmvar (polyvinyl formal resin) in chloroform for 30 seconds, and were then
air-dried for one minute. By cutting around the edges of the glass slide, breathing onto the slide
and immersing it into dd H.O, the Formvar film was lifted from the glass slide and floated on
the water surface. The clean copper grids wete placed onto the film. The film with adhering
grids was then attached to a glass slide coated with Parafilm®. Coated grids were stored away

from dust mn a petrdish at 4 °C.

2.2.4.3.6 Ultrastaining

Sections were stained in an automatic stainer (Ultrostainer 2168, Catlsberg System, LKB
Bromma). The program contained the following steps: washing (6 minutes 5 seconds at RT),
staining in uranyl acetate (30 minutes at 40°C), washing (4 minutes 30 seconds at RT), staining in
lead citrate (WATSON 1958; 1 minute 20 seconds at 20°C), washing (5 minutes at RT). Standard
solutions for uranyl acetate and lead citrate wete provided by the manufacturer. After staining,

the grids were carefully dried with filter paper and stored in grid boxes.

2.2.4.3.7 Electron microscopy
The stained sections wetre examined using either a Philips EM 410 transmission electron
microscope or an Akashi EM 002A transmission electron microscope, at 80 and 100 kV

tespectively.

2.2.5 Photographic documentation

Photographs of the collection sites and of host plants in the field were taken with an automatic
camera (Riva 115 mm, Minolta, Japan) on print film (Kodak Gold 200, Australia). Light
microscopical photographs were taken on slide film (Tungsten 64 or Agfa RSX IT Professional
daylight slide film, ISO 100, Germany). Slides and colour print positives wete developed by
professional laboratories (slides: University Photographic Services, Otago University; print

positives: K-mart, Dunedin). Photographs from the transmission electron mictoscope wete
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taken on sheet or 35 mm print negative films (Agfa or Kodak black and white film). Negatives
were developed in standard developer and fixative (Agfa, Germany) and air-dried. Pictures taken
in the scanning electron microscope were digitalised directly.

Slides and print negatives were scanned with a slide scanner (Microtek ScanMaker 35t
plus), print positives were scanned with flat-bed scanners (Microtek ScanMaker E6 or Umax
Astra 2000P). Scannets were opetated using ScanWizard™ Mictotek 3.0.7 ot Vista Scan (Umax
Data Systems, Inc.), respectively. Digitalised photographs were processed and assembled to

photographic plates using Adobe Photoshop® version 5.0.
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3 PIGMENTED ENDOPHYTES
— RESULTS AND DISCUSSION

3.1 Results
3.1.1 Morphology

3.1.1.1 Host algae and their infection symptoms

Most host algae colonized by endophytic Phaecophyceac displayed a variety of symptoms
associated with the infection. These ranged from dark spots, warts and galls up to massive
distortions of the thallus.  Occasionally, endophytes were found without causing any
macroscopically visible symptoms.

If present, endophyte cells wete easily detectable under the microscope, due to the large
size of their plastids, especially if they grew in the inner host tissue. In all infected host algae,
pigmented endophytic Phaeophyceae were found invading the intercellular space of the host
tissue. No endophyte cells were observed to penetrate host cells. Furthermore, endophyte
filaments were not associated with necrotic tissue in any of the examined host algae.

Pigmented endophytic brown algae were found in eleven macrophyte species, eight
members of the Phaeophyceae, and three members of the Rhodophyta (Table2.1). The
collection data of the strains of pigmented endophytes isolated from New Zealand macrophytes
are compiled in Table 3.1.

All but one of the Laminariales species examined for the presence of pigmented
endophytes were infected. However, no endophytes were found in sporophytes of Lessonia
variggata J. AGARDH from Castle Point, North Island, and from Seal Point, Otago Peninsula.
Members of the Fucales which were examined but did not display any endophyte infection
included Marginariella boryana, Hormosira banksiz, Carpophyllum maschalocarpum (I'URNER) GREVILLE,
and Cystophora scalaris . AGARDH. Other Phacophyceae that were examined, but also did not
contain endophytes, were Scylothamnus australis, Splachnidium rmgosum (both Scytothamnales) and
Adenocystis utricularis (BORY) SKOTTSBERG (Ectocarpales).

Potential red algal hosts which upon examination proved to be uninfected by
endophytes included mainly large, broad-bladed species such as Sarcothalia lanceata (J. AGARDH)
HOMMERSAND. No infections were found in any member of the Chlorophyta that wete
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examined for the presence of brown endophytes (e. g. Codium fragile (SURINGAR) HARRIOT, Ulva

spp. incl. Enteromorpha spp.).

3.1.1.1.1 Laminarialean hosts

Macrocystis pyrifera

Macrocystis pyrifera was frequently colonized by endophytic brown algae. All populations from
around New Zealand, that wetre examined for their presence, contained infected specimens. A
total of 14 strains of endophytic brown algae were isolated from M. pyrifera (T'able 3.1, isolates
no. 1-6 and no. 11-18).

Microscopic cross-sections through infected host tissue showed that endophyte
filaments grew mainly in the cottex, often in a radial ditection. In heavily infected host
specimens, they were also encountered in the medulla. Often, endophyte filaments crossed the
cavities formed by the mucilage ducts. Filaments grew in the intercellular space criss-crossing
the tissue, following the outlines of the host cells.

Macroscopically, most infected M. pyrifera thalli displayed symptoms of the infection
visible to the naked eye, such as spots or galls (Plate 3.1, Figure E). Infected ateas, including the
galls, usually had a darker pigmentation than the surrounding healthy tissue. Additionally, their
surface was rough and uneven, in contrast to the smooth sutface of unifected host tissue.

The endophyte-associated galls in M. pyrifera were irregularly shaped. They ranged from
small conical-shaped warts, hardly visible to the naked eye, to larger, slightly raised areas, or to
conspicuous tumour-like outgrowths of the host surface (e. g. Plate 3.1, Figure F). The latter
galls reached diameters up to 5-6 mm, while the raised ateas sometimes stretched over several
centimetres, with a width of 3-5 mm.

In cross-sections, the galls appeared to have resulted from abnotmal proliferations
(hyperplasia) of the cortex cells into unorganised cell clumps rather than from an abnormal
growth (hypertrophy) of the cells of the involved tissue. Transverse sections through some galls,
however, revealed that the protuberances on the host surface were not only associated with a
hyperplasia of the cells alone, but also with large cavities in the inner cortex tissue underneath
(Plate 3.2, Figure A). These cavities were situated in the same tissue layer as the mucilage ducts
and appeared to have evolved from an enlargement of the latter.

Not all infections with endophytic Phaeophyceae tesulted in mactoscopically detectable
symptoms. During the field study conducted on three Macrocystis populations of the Otago

region (section 2.2.2), single endophyte filaments were often found in cauloid sections that
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macroscopically appeared to be healthy. On the other hand, distorted M. pyrifera thalli were
frequently found, which wete not associated with any endophytic Phaophyceae. However, while
distortions signaling a heavy infection with endophytes were always accompanied by a rough,
uneven surface and dark pigmentation, the crippled fronds without endophytes never displayed
the surface typical for the endophyte-associated galls.

In M. pyrifera, galls were mainly found on the cauloids. In heavily infected thalli, they
sometimes grew in rows on the stipe, following the spiral arrangement of the pneumatocysts and
phylloids along the cauloid due to nutation (LOBBAN 1978; Plate 3.1, Figure F). If the cauloids
were heavily infected, sometimes the neighbouring pneumatocysts and, for example in a thallus
from Aramoana (collected 15.10.1997), also the phylloids displayed galls. A few times, fronds
were infected close to the apex. Most endophytes, however, appeared to grow in the basal parts
of senescent and mature fronds.

In addition to the specimens used for the isolation of endophytes (Table 3.1), two thalli
of M. pyrifera were macroscopically examined for endophyte infections: one collected at Paterson
Inlet, Stewart Island, in spring 1997 (Source: M. STUART) and the other from Kakanui near
Oamaru (January 1998). Both specimens had galls with a rough surface typical of infections with
endophytic brown algae. In the Stewart Island thallus, the infection was confirmed by light
microscopy. No endophyte culture could be isolated from this specimen, though, as it had been

salt-preserved prior to examination (M. STUART, petrsonal communication).

Lessonia tholiformis

‘T'wo specimens of Lessonia tholiformis from Chatham Island were infected with endophytic brown
algae. In both cases, the endophytes were found in the cauloid of the infected thallus. The
specimen from Wharekauri had a large, conspicuous gall associated with endophytes (Plate 3.5,
Figure C): it resembled a button, was solid, had a diameter of 18 mm and a height of 4 mm. It
was slightly more darkly pigmented than the surrounding tissue, and had a rough sutrface. The
other host thallus, from Te One Creek near Owenga, displayed dark brown stripes along the
cauloid, with a rough surface similar to that of the gall from the specimen from Wharekauri.

Endophyte strains wete isolated from both infected host thalli (Table 3.1, isolates no. 28 and 29).
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3 Pigmented endophytes — results and discussion

Plate 3.1: The endophyte Laninariocolax macrocystis ins the field.
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A-C: Populations of the host Macrocystis pyrifera examined during the field study in 2000.
A: Offshore kelp bed at Cornish Head, Otago. B: Population along Aramoana Mole, Otago
Harbour (background: Aramoana Spit and Otago Peninsula). C: Population at Quarantine Point,
Otago Harbour. D: Specimen in rockpool at Brighton Beach, Otago. E-G:Host species
Macrocystis pyrifera.  Symptoms associated with endophyte infections. E: Basal part of M. pyrifera
with galls (arrows; Aramoana; 05.03.1998; isolate no. 1). F: Row of galls (arrows) following the
spiral arrangement of pneumatocysts along the Macrogystis cauloid. Phylloids are decayed
(Aramoana; 06.11.2000). G:Base of host thallus with distorted stipe of disease category 3
(arrow; Aramoana, 05.03.1998).
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3 Pigmented endophytes ~ results and discussion

Ecklonia radiata

Thalli of Ecklonia radiata, like those of Macrocysizs pyrifera, were frequently colonized by
endophytic brown algae. Five stramns of endophytic brown algae were isolated from this host
species (Table 3.1, isolates no. 7-10 and no. 26).

Infected specimens of Ecklonia radiata did not show uniform symptoms. In the thalli
from Karitane and from the two sites in Fiotrdland, which all had infections in the cauloid, the
presence of endophytic brown algae was only indicated by a dark patch, which, in the case of the
Fiordland specimens, had a slightly rough surface. The infections in the two specimens from
Waikouaiti/South Island and from Wellington/North Island, however, were associated with
conspicuous, conical-shaped galls. Similar to the endophyte galls of Macrocystis pyrifera, these had
a rough surface, and were of a dark brown pigmentation.

The infected E. radiata from Waikouaiti displayed a single gall on its phylloid, with a
length of ca. 1 cm and a height of ca. 5 mm (Plate 3.2, Figure G). Apart from the gall, it
appeared to be healthy. In the specimen from Lyall Bay/Wellington, in contrast, the whole
phylloid was covered with dark spots and a large number of galls ranging from 1 to 7 mm in
length (Plate 3.2, Figure F). Dark spots and stripes were also found on its cauloid. Overall, the
thallus of this heavily infected specimen had a stunted appearance and reduced pigmentation,
compared to a healthy specimen collected on the same day from the same location (Plate 3.2,
Figure E). It was not determined whether the E. radiata galls were solid, or hollow like some of

the galls found on Macrocystis pyrifera.

Undaria pinnatifida

In Undaria pinnatifida, endophytic brown algae were only found once, in the meristem of a thallus
collected in Oriental Bay/Wellington Hatbour in April 1998 (Table 3.1, isolate no. 25). The
infected area did not display any macroscopic infection symptoms: neither were any galls visible,
nor did the surface show any changes in smoothness or pigmentation.

No mfection was detected in any specimens from the Otago Harbour, where
U. pinnatifida was infrequently collected and examined for the presence of brown endophytes

from July 1997 till the beginning of 2001. The number of thalli examined was not quantified.
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" Plate 3.2: The endophyte Laminariocolax macrocystis in the field (continued).
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A-D: Host species Macrogystis pyrifera. Microscopic sections of endophyte galls. A: Transverse
section through a gall displaying internal cavities (arrows; Aramoana, 06.11.2000). B: Radial
section through gall with endophyte filaments (arrow). C: Detail with endophyte filament
creeping in the host interstice. Endophyte cells contain several large, discoid plastids with
pytenoids (arrows), in contrast to host cells with small plastids lacking pyrenoids (arrowhead).
D: Developing endophyte sporangia (arrows) close to the host sutface (B-D: Quarantine Point,
25.07.2000). E-H: Host species Ecklonia radiata.  Symptoms associated with endophyte
infections. E: Infected (left) and non-infected (right) specimen (E-F: Arthur's Nose, Lyall Bay,
Wellington, 30.03.1998; isolate no. 7). F: Detail of the infected specimen with phylloid galls
(arrows).  G: Phylloid gall (atrow; G-H: Waikouaiti/Otago; 20.10.2000; isolate no. 9).
H: Microscopic section through the same gall displaying an endophyte filament (arrow) inside a
mucilage duct.
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3.1.1.1.2 Fucalean hosts

Xiphophora gladiata ssp. novae-zelandiae

Two strains of endophytic brown algae were isolated from Xiphophora gladiata, both from the
same population from Brighton Beach/Otago, but from subsequent years (T'able 3.1, isolates no.
30 and 31). Both infected specimens of X. gladiata displayed galls on the base of their cauloids
close to the holdfast (Plate 3.5, Figure A), but apart from the galls they appeared healthy. The
galls were 4 and 5 mm in diameter and 3 and 5 mm high, respectively. Their surface was rough
and had the same dark pigmentation as the surrounding host tissue. It was not determined
whether the galls were hollow or solid. Apart from the galls, no other infection symptoms (such

as morphological changes) were visible.

Marginariella urvilliana

The specimen of Marginariella urvilliana hosting an endophytic brown alga was found at
Wharekauri on Chatham Island. Large numbers of endophyte filaments criss-crossed the cortex
of the infected cauloid displaying some brown spots, but no warts or galls. Apart from this
affected area, the thallus appeated healthy. A single endophyte strain was isolated from this host

(Table 3.1, 1solate no. 32).

Duryillaca antarctica

The infection of a Durvillaea antarctica specimen from Brighton Beach/Otago with a pigmented
endophyte was discovered underneath a fertile patch of the epi-endophytic parasite Herpodiscus
durvillaeae. No macroscopic symptoms indicating the presence of the pigmented endophyte were
observed — if any were present, they wetre possibly obscured by the much more conspicuous
symptoms of the Herpodiscus infection. The pigmented endophyte was isolated from underneath

the parasite patch (Table 3.1, 1solate no. 33).

Durvillaca willana

Durvillaea willana displayed an infection symptom different from all other macroalgae hosting
pigmented endophytic brown algae. In this host species, the surface of the part of the phylloid
where the endophytes were present appeared to be less pigmented than the surrounding tissue
(Plate 3.5, Figure E). The pale patch had a diameter of circa 7cm. Even though

macroscopically the surface seemed to be rough and possibly damaged by grazers, microscopic
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sections did not teveal any cellular damage or necrotic tissue. Instead, the cells at the surface
including their cuticle appeared to be intact (Plate 3.5, Figure F).

The infected specimen was found at Brighton Beach, at the same site as the infected
D. antarctica. 'The endophytic brown alga from Durvillaca willana was isolated as strain no. 34

(Table 3.1).

3.1.1.1.3 Rhodophycean hosts

All three red algal hosts, Pachymenia lusoria, Grateloupia intestinalis and the undescribed species of
the Kallymeniaceae, showed similar infection symptoms. They did not display any
morphological changes, such as galls, or watts, as did the Phaeophyceae hosting brown
endophytes. Instead, infections of the rthodophycean hosts with endophytic brown algae only
became conspicuous as dark brown, round patches or brown colouration, when the host thalli
were held against a bright background or a light soutce. No obvious surface alterations were
associated with the endophyte patches.

In P. /usoria and G. intestinalis, the endophytes were mainly located in the distal parts of
the host phylloids. Their thalli reached diameters of up to 5mm in P. /usoria (Plate 3.4,
Figure A), while the ones in G. intestinalis were smaller (2-3 mm). In the member of the
Kallymeniaceae, endophytes were distributed over the entite phylloid causing a brown
colouration.

In all three host algae, the endophytes grew transversely through the whole host thallus,
but wetre most conspicuous in the internal parts where the host appeared less pigmented. In case
of G. intestinalis, many endophyte filaments were found inside the mucilage-filled central cavity of
the tubular thallus.

Five strains of endophytic brown algae were isolated from Pachymenia lusoria (Table 3.1,
isolates no. 19-22 and no. 27). The other two red algal hosts, Grateloupia intestinalis and the
undescribed species, however, were each collected only once during the course of this study (at
Graybrook/Otago and at Causet Cove, Doubtful Sound/Fjotdland, tespectively). Thetefote
only a single endophyte strain resulted from each of these two species (G. intestinalis: isolate
no. 23; undescribed species: isolate no. 24; both Table 3.1). In none of the red algae species was

it determined whether the endophytes were isolated from host gameto- ot sporophytes.
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Table 3.1: Collection details of isolated endophytic brown algae. !: according to section 3.1.3; 2. collectors (SH: S. HEESCH; CH: CH. HEPBURN; GK: G.
KNIGHT; SM: S. M. MILLER; KN: K. NEILL; JP: J. PHILLIPS; MS & JF: M. STUART & ]. FYFE); 3: underneath a patch of Herpodiscus durvillaeae; *: taxon

ined..
no. species! variety isolate host species location coordinates date collected part of symptoms of
(group)! (abbreviation) by 2 the host infection
infected
1 Laminariocolax radiatae® EMa A 3/98 Macrocystis pyrifera Aramoana Mole, Otago Harbour 45°46°417S 170°42°20"E 06.03.1998 MS & JF cauloid gall
2 macrocystis (group Li) EMa HP 5/98 Macrogystis pyrifera Harington Point, Otago Harbour 45°47°15”S 170°43’5"E 16.05.1998 CH cauloid gall
3 EMa HP 4/99 Macrogystis pyrifera Harington Point, Otago Harbour 45°47°15”S 170°43°5"E 27.04.1999 CH cauloid gall
4 EMa SP 5/98 Macrocystis pyrifera Seal Point, Otago Peninsula 45°54'19”S 170°37°41”’E 21.05.1998 CH cauloid gall
5 EMa WW 5/99 Macrocystis pyrifera Waitangi West, Chatham Island (drift) 43°47°0”S 176°48°37°W 17.05.1999 SH cauloid gall
6 EMa HI 10/99 Macrogystis pyrifera Hoopers Inlet, Otago Peninsula 45°529”S 170°39’36”E. 28.10.1999 SH cauloid dark patch
7 EEck W 3/98 Ecklonia radiata Lyall Bay, Wellington 41°20°45”S 174°47°45”E 30.03.1998 SH phylloid gall
8 EEck DS 5/99 Ecklonia radiata Causet Cove, Doubtful Sound, Fiordland 45°16°55”S 160°53°52”E 24,05.1999 SM cauloid datk patch
9 EBEck Waki 10/00 Ecklonia radiata Waikouait, Otago 45°37°7°S 170°41’18”E 20.10.2000 CH phylloid gall
10 EEck OTS 11/99 Ecklonia radiata Quter Thompson Sound, Fiordland 45°09°29”S 166°59°06”E 15.11.1999 SM cauloid dark patch
11 macrocystis EMa A 10/97 Macrocystis pyrifera Aramoana Mole, Otago Harbour 45°46°417S 170°42°20"E 15.10.1997 CH cauloid gall
12 (group Ly) EMa QP 7/97 Macrogystis pyrifera Quarantine Point, Otago Harbour 45°49°417S 170°3821”E 28.07.1997 CH cauloid gall
13 novae- EMa PB 6/97 Macrogystis pyrifera Pilots Beach, Otago Harbour (drift) 45°46°47”S 170°43°'16”E 19.06.1997 SH cauloid gall
14 gelandiae* EMa BB 10/97 Macrogystis pyrifera Biighton Beach, Otago 45°57°117S 170°20°9”E 01.10.1997 SH cauloid gall
15 (group Ls) EMa CH 5/98 Macrocystis pyrifera Cornish Head, Otago 45°37°16”S 170°41°52”E, 21.05.1998 MS & JF cauloid gall
16 EMa W 3/98 Macrogystis pyrifera Mahanga Bay, Wellington 41°17°49”S 174°50'12”E, 30.03.1998 SH cauloid gall
17 EMa OW 5/99 Macrogystis pyrifera Owenga Harbour, Chatham Island 44°1728”S 176°227"W 15.05.1999 SH cauloid gall
18 EMa WR 4/00 Macrogystis pyrifera Wellers Rock, Otago Harbour 45°47°58”S 170°42’33"E 17.04.2000 CH cauloid gall
19 Microsponginm renuissimum EPa A 10/97 Pachymenia lusoria Aramoana Mole, Otago Harbour 45°46°41°S 170°42°20”E 15.10.1997 SH phylloid brown patch
20 tenuissimunt (group My) EPa Riv 9/99 P, ja lusoria Riverton, Southland 46°22’42”S 168°1’44”E, 02.09.1999 SH phylloid brown patch
21 EPa BB 4/99 Pachymenia lusoria Brighton Beach, Otago 45°57°11”S 170°20°9"E 26.04.1999 SH phylloid brown patch
22 EPa BS 10/00 Pachymenia lusoria Bradshaw Sound, Fiordland 46°17°29”S 167°1’50°E 03.10.2000 KN phylloid brown patch
23 EGra BB 2/98 Gratehupia intestinalis Graybrook, Otago 45°58°417S 170°16’53”E 11.02.1998 SH phylloid brown patch
24 EXal CC 10/00 (Fam. Kallymeniaceae) Causet Cove, Doubtful Sound, Fiordland 46°17°47”°S 166°53’51”E 03.10.2000 P phylloid brown area
25 EUpi W 4/98 Undaria pinnatifida Oriental Bay, Wellington 41°17°52”S 174°47°39”E 01.04.1998 SH cauloid no symptoms
26 EEck Kari 5/99 Ecklonia radiata Cornish Head, Otago 45°37°16”S 170°41°’52”°E 24.05.1999 SH cauloid brown patch
27 radians EPa OW 5/99 Pachymenia lusoria Tom Solomon’s Grave, Owenga, Chatham | 44°1°28”S 176°22'7"W 15.05.1999 SH phylloid brown patch
(group Mz) Island
28 Xiphophorocolax aolearoae® ELes OW 5/99 Lessonia tholiformis Te One Creek, Owenga, Chatham Is. 44°1°28”S 176°22°7"W 15.05.1999 GK cauloid brown stripes
29 aotearoac® (group Xi) ELes Wk 5/99 Lessonia tholiformis Wharekauri, Chatham Island 43°4(9447S 176°3427°W 16.05.1999 SH cauloid gall
30 EXiBB 11/97 Xiphophora gladiata Brighton Beach, Otago 45°57°117S 170°20'9"E 15.11.1997 SH canloid gall
31 EXiBB8/99 Xiphophora gladiata Brighton Beach, Otago 45°57°117S 170°20°9”’E, 10.08.1999 SH cauloid gall
32 EMu Wk 5/99 Marginariella urvilliana Wharekauri, Chatham Island 43°400447S 176°34°27°W 16.05.1999 SH cauloid brown spot
33 EDan BB 4/99 Durvillaea antarctica Brighton Beach, Otago 45°57°117S 170°20°9°E 21.04.1999 SH phylloid no
symptoms?
34 willanae* EDwil BB 8/00 Durvillaca willana Brighton Beach, Otago 45°57°117S 170°20'9"E 04.08.2000 SH phylloid pale patch,
(group X») no gall
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3 Pigmented endophyres — resules and discussion

3.1.1.2 Isolated endophytes and their morphologies

A total of 34 strains of endophytic Phacophyceae were isolated from New Zealand macroalgae.
Collection data for all isolates are compiled in Table 3.1, characteristics in Table 3.2.
Appendix B includes cell and sporangia sizes (Table B 1.1), the results of statistical comparisons
of cell and sporangia sizes (ANOVA Tables, Tables B 1.2-1.6), as well as distribution maps
(Figures B 2.1 - B 2.3).

The morphological characters of the isolated endophytes allowed their separation into
three groups. According to DNA analyses (section 3.1.3) they represented three different
species: Laminariocolax macrocystis (PETERS) PETERS in BURKHARDT & PETERS 1998, Microsponginm
tenuissimum (HAUCK) PETERS 2003 and a so-far undescribed taxon, for which the new genus and

species Xephophorocolax aotearoae gen. et sp. ined. will be proposed.

3.1.1.2.1 Laminariocolax macrocystis

All of the isolates from Macrocystis pyrifera and all but one of the Ecklonia radiata strains (Table 3.1,
isolates no. 1-19) were classified as Laminariocolax macrocystis. 'Their morphological features ate
documented m Plate 3.3.

The L. macrocystis isolates had microscopic thalli which wete constructed from unisetiate,
irregularly branched filaments (Plate 3.3, Figure A). The overall appearance of the thalli varied,
from prostrate, compact agglomerates to rather loose tufts, however, these growth forms wete
not distinguishable by cell and sporangia sizes. Erect filaments were obsetved in some isolates
(no.1-3, 5 and 10). Additionally, several isolates (no. 1, 2, 7-9, 13, 15-17) displayed true
phaeophycean hairs without basal sheaths (Plate 3.3, Figure C). In field matetial, however,
neither filaments rising over the host surface not haits were observed.

' In culture, cells were round to cylindrical, with lengths of 18.1 £ 7.5 um and widths of
7% 23 um (S.D., n=180; Table B 1.1). Usually, most cells of a thallus displayed several (in
some 1solates up to nine or 10) plastids per cell (Table 3.2). Occasionally, single cells had only

two to three plastids. Plastids were discoid and had stalked pytrenoids (Plate 3.3, Figure D).
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Table 3.2: Morphological data and ITS1 lengths of isolated endophytic brown algae. !: according to section 3.1.3; 2 + standard deviation, number of cells or

sporangia measured in brackets; 3: type 1 with germination tube and emptying of embryospore, type 2 without these characters; % complete ITS
sequence not known; 3 rarely slightly lobed plastids; *: taxon ined.; + : present; - : absent; n/a: not applicable; n. d.: not determined; n. o.: not
obsetved. No unilocular sporangia wete observed in any of the isolates.

no. species! variety isolate thallus organisation uprights true hairs cell size plastids plurilocular sporangia germination length of
(group)! (abbseviation) type? ITS1
Ppresent present basal length x width no. shape pyrenoid type length x width [bp]
? ? sheath {mum]? per cell [wm], loculi per sp.?2
1 Laninariocolax radiatae* (group EMa A 3/98 uniserdate filaments + + - 21+4 x 92 several discoid + uniseriate, 120434 x 711, 1 679
miacrogystis L) (n=10) (2-6) simple 33+7 loculi (n=10)
2 EMaHP 5/98 uniserate filaments + + - 14£5x 813 several discoid® + uniseriate, 44124 x 7%1, n.d. 678
(n=10) (4-9) simple 148 loculi (n=10)
3 EMa HP 4/99 uniseriate filaments + n, o, n/a 103 x 741 several discoid + uniseriate, 4316 x 8+1, n.d. 678
(0=10) -5 simple 1424 loculi (0=10)
4 EMa SP 5/98 uniseriate filaments n.o, n.o. n/a 21%10x9%2 several discoid’® + uniseriate, 8115 x 7£1, 1 679
(@=10) @9 simple 2046 loculi (1=10)
5 EMa WW 5/99 uniseriate filaments + n.o. n/a 1945 x 742 several discoid + uniseriate, 79422 x 81, 1 679
@=10) @3 simple 268 loculi (0=10)
6 EMa HI 10/99 uniseriate filaments n.o. n.o. n/a 1446 x 813 several discoid + unisertate, 40£15x 71, n.d. 678
(n=10) “-7 simple 145 loculi (n=10)
7 EEck W 3/98 uniseriate filaments no. + n.d. 21+7x8%3 several discoid + uniseriate, n.d. n.d. 678
(n=10) -10) simple
8 EEck DS 5/99 uniseriate filaments n.o. + n.d. 20+10x 612 several discoid + uniserate, n.d n.d. n.d.#4
n=10) 2-4) simple
9 EEck Waki uniseriate filaments n.o. + - 25410 x 812 several discoid + unisedate, n.d. 1 684
10/00 (n=10) (2-5) simple
10 EEck OTS uniseriate filaments + n.o. n/a 1416 x 531 several discoid + uniseriate, 59123 x5%1, n.d. 677
11/99 (0=10) @5 simple 18:+6 loculi (4=10)
1 macrogystis (group | EMa A 10/97 unisetiate filaments n.o. n.o. n/a 135 x 741 several discoid® + uniseriate, 58+20 x 81, 1 507
L) ‘ (@=10) -8 simple 1826 loculi (0=10)
12 EMa QP 7/97 uniseriate filaments no. + n.d. 23+7x 61 several discoid + uniseriate, 64115 x 711, 1 511
(n=10) (3-6) simple 1724 loculi (n=10)
13 novae-elandiae™ EMa PB 6/97 uniseriate filaments n.o. + - 1946 x 61 several discoid + uniserate, 64111 x6+1, 1,2 n.d.4
(n=10) @5 simple 224 Joculi (2=10)
14 (group L3) EMa BB 10/97 uniseriate filaments no. + - 165 x6+2 several discoid + uniseriate, 25+7 x 711, 1 479
(n=10) (3-6) simple 912 loculi (n=10)
15 EMa CH 5/98 uniseriate filaments n.o. + n.d. 1814 x 912 several discoid + uniseriate, 56423 x 812, 1 481
n=10) 2-5) simple 1418 loculi (n=10)
16 EMa W 3/98 uniseriate filaments n.o. + - 1613 x4+1 several discoid + uniseriate, n.d. 1 476
(©=10) (n.d) simple .
17 EMa OW 5/99 uniseriate filaments n.o. + - 16+3 x 61 several discoid + uniseriate, 431 11x 631, 1 481
@©=10) {n.d) simple 14+5 loculi (n=10)
18 EMa WR 4/00 uniseriate filaments n.o. n.o. n/a 2819 x 71 several discoid + uniseriate, 23+10x 7%1 1 478
n=10) (2-5) simple (n=10)
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Table 3.2 (continued): Morphological data and ITS1 lengths of isolated endophytic brown algae. 1: according to section 3.1.3; 2 * standard deviation, number

of cells or sporangia measured in brackets; 3: type 1 with germination tube and emptying of embryospote, type 2 without these characters; 4 complete
ITS sequence not known; *: taxon ined.; + : present; - : absent; n/a: not applicable; n. d.: not determined; n. o.: not observed. No uniloculat sporangia
were obsetved in any of the isolates.

no. species! variety isolate thallus organisation uptights true hairs cell size plastids plurilocular sporangia germination length of
(group)! (abbreviation) type? 1181
present present basal iength x width no. shape pyrenoid type length x width {bp]
? ? sheath {pem] 2 per cell [wm], loculi per sp. 2
19 Microg jssi EPa A 10/97 uniseriate fillaments, n o + n.d. 912 x5%1 n.d. discoid n.d. unisetiate, n.d. n.d. 288
tennissimunt (group M} partly pectinate (n=10) pectinate
20 EPa Riv 9/99 uniseriate filaments, n o + n.d 74 x5+1 1-2 discoid + uniserate, 24+5x5%1, n.d. 288
partly pectinate n=10) pectinate 641 loculi (n1=10)
21 EPa BB 4/99 uniseriate filaments, + n. o. nfa 612 x4%1 2(1-3) discoid + unisetiate, 16£5 x 441, 2 288
partly pectinate n=10) pectinate 631 loculi (n=10)
22 EPaBS 10/00 uniseriate filaments, + + n.d. 5+2 x3+1 1-2 discoid + uniseriate, 165 x4%£1, 2 288
partly pectinate (n=10) pectinate 512 loculi (n=10)
23 EGra BB 2/98 unisedate filaments + + n.d. 1743 x5%2 1-2 discoid + n.d. n.d. 2 288
(n=10)
24 EKal CC 10/00 unisedate filaments, + + n.d. 8+3 x5+1 2 discoid + uniseriate, 41111 x4%1, 2 288
partly pectinate (n=10) pectinate + 1414 Joculi (n=10)
simple
25 EUpi W 4/98 unisedate filaments + + n.d. 2237 x 712 2 discoid + uniseriate, 70424 x 61, n.d. 288
(n=20) simple 18::7 loculi (n=10)
26 EEck Kar 5/99 uniseriate filaments + + + 18+4 x 41 1-2 discoid + unisetiate, 56114 x 410.5, n.d. 288
(n=10) simple 204 loculi (n=10)
27 radians EPa OW 5/99 uniseriate filaments; + no. n/a 12+4 x 411 2-3 discoid + uniseriate, 316 x 51, n.d. 258
{group M2} prostrate pseudo- (n=10) simple 812 loculi (n=10)
_parenchymatous base
28 Niphaphorocolax: avtearoae® ELes OW 5/99 uniseriate fillaments - n, o. n/a 9+3x 8x1 2 discoid + n.d. n.d nd 582
aotearoae® (group Xi) 0=10)
29 ELes Wk 5/99 unisedate filaments - no. n/a 1132 x 541 2-3 discoid + n.d. n.d. 2 583
(0=10)
30 EXiBB 11/97 uniseriate filaments n, o, n, o. n/a 7E2x6%1 1-2 discoid + n.d. n.d, nd. n.d4
n=10)
31 EXi BB 8/99 uniseriate filaments - n.o. n/a 7H3x5%1 1-2 discoid + uniseriate, n.d. nd. 581
(=10 simple
32 EMu Wk 5/99 uniseriate filaments - + + 10£3x5%1 1-2 discoid + uniseriate, 38+8x 61, n.d. 583
(0=10) simple 143 loculi (n=10)
33 EDan BB 4/99 uniseriate filaments - n. o, n/a 9+3x 541 2 discoid + unisetiate, 1849 x 6%, 2 583
®©=10) simple 613 loculi (n=10)
34 willanae® EDwil BB 8/00 uniseriate filaments + n.o. n/a 7+2x 631 1-2 discoid + uniseriate, n.d. 2 553
(group X3) (n=10) simple
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3 Pigmented endophytes — results and discussion

Most L. macrocystis isolates showed a direct life cycle m culture, reproducing via plurilocular
sporangia (Plate 3.3, Figure E). The sporangia were always unisetiate, 57.2 £ 30.5 um long,
6.9 £ 1.2 um wide (n = 125) and had 19 £ 9 loculi (S.D., n = 116; Table B 1.1). Mitospores
were released from the plurilocular sporangia through an apical pore. In all but one isolate, there
was no evidence of whether gametophytes and/or sporophytes were present in the cultutes, as
no unilocular sporangia were observed m any of the isolates. Spotes usually settled and
germinated without fusing with other spores.

Upon germination, the so-called embryospore usually formed a narrow germ tube (circa
2 um diameter) with a swelling developing at the tip. The contents of the embryospore then
migrated into this swelling. A cell wall developed separating it from the germ tube, and thus
turned it into the first cell of the thallus, leaving the empty embryospore and germ tube behind
(germination type 1: Table 3.2; micrograph: Plate 3.3, Figure FF). Alternatively, spores could
germinate without the narrow germ tube and emptying of the embryospore. This germination
type (type 2) was, for example, observed in isolate no. 13, early after the start of the culture.

DNA sequence analyses (section 3.1.3.3.2) revealed the presence of three genetically
different groups among the Laminariocolax isolates: group L, (isolates no. 1-10), group L, (isolates
no. 11 and 12) and group L, (isolates no. 13-18). These, however, could not be sufficiently
separated by morphological characters. Cell and sporangia sizes, for example, wete not
significantly different among the groups (Tukey-Kramer test; n = 10; Table B 1.3). The only
character separating groups in culture was the formation of uprights, which were obsetved in
some of the isolates of group L, (Plate 3.3, Figure G), but appeared to be absent in group L, and
L;. The latter two groups did not show morphological differences from each other under the set

culture conditions.

87



5 Pigmented endophytes — results and discussion

Plate 3.3: The endophyte Laminariocolax macrocystis in culture (micrographs).
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A: Example for a loose, fluffy habit (isolate no. 13). B:Young thalli showing compact
agglomerate-like habit with short uniseriate plurilocular sporangia (arrows; isolate no. 3).
C: Phaeophyceaen hair without sheath, with basal meristem (arrow; isolate no. 17). D: Cells with
several plastids, some in the process of division, displaying stalked pyrenoids (arrow; isolate no.
12). E:Long uniseriate plurilocular sporangia (arrow; isolate no. 17). F:Young thallus
displaying empty embryospore (arrow) with narrow germination tube (isolate no. 12). G: Thallus
of L. macrocystis vat. eckloniae (group Li) with erect filaments (arrow) and uniseriate plurilocular
sporangia (isolate no. 2).









3 Pigmented endophytes — results and discussion

3.1.1.2.2 Microsponginm tenunissimum
A single isolate from Ecklonia radiata (from Karitane; Table 3.1, isolate no. 26) together with the
endophyte from Undaria pinnatifida (isolate no. 25) and all strains isolated from red algal hosts
(isolates no. 19-24, no. 27) fell into the second group identified as Microsponginm tenuissimun.
Their morphology is documented in Plate 3.4.

As in the former species, the thallus of M. fenuissimnm was microscopic and consisted of
uniseriate filaments. Also, two different types of thalli appeared in the cultures, fluffy loose ones
and compact prostrate ones. In the prostrate thalli (type 1, e. g. observed in isolates no. 20-22),
along the filaments, short laterals often developed from every cell to one side (or even in two
oppositing directions), giving the thallus a pectinate appearance (Plate 3.4, Figure D). The loose
thalli (type 2, e. g. observed in isolates no. 24-26), on the other hand, usually displayed simple,
irregulatly branched filaments (Plate 3.4, Figutes B and C). Hairs with sheaths (Plate 3.4,
Figure G) and uniseriate erect filaments were present in most isolates. In the endophyte isolated
from Pachymenia lusoria on Chatham Island (isolate no. 27), the uprights arose from a
pseudoparenchymatic disc constructed from a single layer of closely lying filaments. Cells in the
disc had irregular contours, with some of the cells at the margin being y-shaped (Plate 3.4,
Figure I).

With the data of all isolates combined, M. tenuissimum cells reached an average length of
11.6 £ 6.5 um and width of 4.6 = 1.3 um (S.D., n = 90; Table B 1.1), and thus were significantly
smaller than those of the L. macrocystis isolates (Tukey-Kramer test; n = 70; Table B 1.2). The
length to width ratio, however, was of the same range in both species (2.9 * 1.5 in L. macrocystss,
2.6 £ 1.5 in M. tenuissimmums; S.D.; Table B 1.2). Between the two thallus types of M. tenuissinum,
cells of type 1 were significantly smaller than those of type 2 (Tukey-Kramer test; n = 10;
Table B 1.5). Plastids in M. senuissimum were discoid with pyrenoids, with usually only two
plastids present in each cell (Plate 3.4, Figure C), m contrast to the L. macrogystis isolates.
Occasionally, M. tenuissimum cells displayed one or three plastids.

ANl M. tenuissimum isolates showed a direct life cycle. Only uniseriate plurdocular
sporangia were obsetved in culture (average length: 35 & 21.2; width: 4.4 = 0.7; no. of loculi:
11 £7; SD.; n between 65 and 70; Table B 1.1). On the prostrate thalli (including isolate
no. 27), sporangia were comparatively short (Plate 3.4, Figure H), with the erect filaments
producing apical sporangia, while pectinate filaments had sporangia which also involved the
shott branches (semi-intercalary sporangia; Plate 3.4, Figure F). The loose thalli, however, only

displayed apical sporangia which were similar to those found in the L. macrocystis isolates. They
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5 Pigmented endophytes ~ results and discussion

Plate 3.4: The endophyte Microsponginm tenuissimum in the field and in culture.
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A: Specimen of the host Pachymenia lusoria displaying round brown patches associated with
M. tenuissimum (arrow; collected at Brighton Beach, Otago, 26.04.1999; isolate no. 21).

B-H: Micrographs of culture material. B: Habit of a fluff-like growing thallus (isolate no. 25).
C: Detail of fluff-like growing thallus. Cells contain 1-2 plastids (arrow) with a pyrenoid
(arrowhead; isolate no. 25). D:Young thallus with pectinate appearance (isolate no. 24).
E: Young thallus showing agglomerate-like growth (isolate no. 20). F: Young thallus with a
pectinate filament that turned into a plurilocular sporangium. The irregularly shaped loculi give
the sporangium a partly biseriate appearance (arrow). Unreleased mature spores display eyespots
(atrowhead). The double arrowhead points to an emptied sporangium (isolate no. 21).
G: Thallus displaying a phaeophycean hair with a sheath at the base (arrow) and part of a long
plurilocular sporangium (atrowhead; isolate no. 26). H: Thallus with short plurilocular sporangia
(arrow) showing regulatly shaped loculi. Unreleased mature spores display eyespots (arrowhead;
isolate no. 27). I: An erect filament (atrow) arises above a prostrate base in a thallus of
M. tenuissimum vax. radians (group Mp, isolate no. 27). The margin of the base displays y-shaped
cells (arrowheads).
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had many more loculi and thus were significantly longer than the apical sporangia of the
prostrate thalli (Tukey-Kramer test; n = 30; Table B 1.5). Whether the two thallus types with
their different plurilocular sporangia represented the two generations of M. zenuissimum in culture
was not determined as neither fusions of spores nor unilocular sporangia were observed in any
of the isolates. Spores from any of the sporangia germinated without a particularly narrow germ
tube or evacuation of the embryospore.

DNA sequence analyses (section 3.1.3.3.3) revealed the presence of two genetically
different groups, group M, (isolates no. 19-26) and group M, (isolate no. 27). In culture, these
could only be separated by the pseudoparenchymatic discs which were frequently formed by
isolate no. 27 but were not observed in any of the isolates of group M,. The absence of
phaeophycean hairs in cultures of isolate no. 27, on the other hand, could not be used as a
distinguishing character, as hairs were also missing in an isolate of group M, (isolate no. 21).
Additionally, average cell and sporangia sizes were not significantly different between the two
sub-species (Tukey-Kramer test; n = 10; Table B 1.4). Cell sizes of 1solate no. 27 took a medium
position between the two thallus types present in group M,. However, cells of the prostrate

base were not included in the data set.

3.1.1.2.3 Xiphophorocolax aotearoae sp. et gen. ined.

The last group comptised seven strains, the two isolates from Lessonia tholiformis and all isolates
from members of the Fucales s. . (Table 3.1, isolates no. 28-34). Morphologies of these isolates
classified as Xzphophorocolax: aotearoae gen. et sp. ined. are documented in Plate 3.6.

The Xiphophorocolax isolates had microscopic thalli consisting of uniseriate filaments, like
in the other two endophyte species. Pectinate filaments with short laterals from every other cell
to one side formed a (pigmented) prostrate base which was compact but not
pseudoparenchymatous like the basal disc in Microspongium tennissimum radians. From this base,
short, irregularly branched filaments arose giving the thallus the appearance of a dense, globular—
shaped tuft (Plate 3.6, Figure A). A single strain, the endophyte from Marginariella urvilliana,
displayed phaeophycean hairs, which were 54.8 £ 16.4 um long and 3 * 0.5 um wide (S.D.,,
n = 10; data not shown) and had inconspicuous basal sheaths (Plate 3.6, Figure B). Exrect

filaments were only observed in the isolate from Durvillaea willana (isolate no. 34; Plate 3.6,

Figure E).

91



3 Pigmented endophytes — results and discussion

Plate 3.5: The endophyte Xiphophorocolax aotearoae gen. et sp. ined. in the field.
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A: Host species Xiphophora gladiata ssp. novae-zelandiae. Hetbarium specimen displaying a gall
(arrow) associated with endophytes (collected at Brighton Beach, Otago, 10.08.1999; isolate no.
31). B-C: Host species Lessonia tholiformis. B: Host population at spring low tide near Kaingaroa,
Chatham, May 1999. C: Gall (arrow) and dark spots (arrowheads) on cauloid associated with
X. aotearoae (collected at Wharekauti, Chatham, 16.05.1999; isolate no. 29). D-F: Host species
Durvillaca willana. D: Habit of the host (Brighton Beach, Otago, January 1999). E: Pale patch on
the host lamina associated with X aofearoae. F: Micrograph of endophyte filaments (arrows)
inside the host tissue. The cuticle at the host sutface appears to be intact (arrowhead; E-F:
collected at Brighton Beach, 04.08.2000; isolate no. 34).
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3 Pigmented endophytes — results and discussion

Like the cells of the M. tenuissimum isolates, cells of X. aotearoae were comparatively small. Each
cell displayed two (1-3) discoid plastids with pyrenoids (Plate 3.6, Figure C). With lengths of
8.3 £ 2.9 um and widths of 5.8 £ 1.3 um (S.D., n = 70; Table B 1.1), the X. aofearoae cells were
slightly shorter but wider than the M. fenuissimum cells. Even though these differences between
the two species were not significant, they resulted in a significantly smaller length to width ratio
in X. aotearoae cells (1.5 * 0.7) than in all M. zenuissimum cells combined (Tukey-Kramer test; n =
70; Table B 1.1). The X. aofearoae ratio, however, was in the same range as the ratio of M.
tenuissimum tenuissimmum cells of thallus type 1.

Xiphophorocolax cultures reproduced in a direct life cycle, 1. e. spores developed into new
tufts with a morphology similar to the parent thallus. When a thallus became fertile, the distal
parts of filaments turned into short, uniseriate plurilocular sporangia (Plate 3.6, Figure F).
Sometimes entire sections of a filament were involved and thus developed into a branched
sporangium. In two isolates, sporangia reached 27.6 = 13.5 pum in length, 5.5 + 0.6 um in width
and consisted of 10 & 5 loculi (S.D., n = 20; Table B 1.1).

Sporte release was observed in the endophyte isolated from Marginariella nrvilliana (isolate
no. 32). Spores left the plurilocular sporangia via an apical pore (Plate 3.6, Figure F). They
displayed the morphology typical for brown algal swarmers, were motile, had an eyespot and
showed positive phototaxis. They settled on every available surface of the culture vessel and
germinated unipolarly, without the narrow germination tube or evacuation of the embryospore
observed in most Lamznariocolax isolates (Plate 3.6, Figure D). The generations present in the
cultures were not determined as no fusion of spores was observed nor did unilocular sporangia
appear in any of the X. aotearoae isolates.

Under the set culture conditions, X. aofearoae showed the slowest growth and/ot
reproduction rates among the three pigmented endophyte species found in New Zealand. In the
X. aotearoae isolates, it took a few months to produce the amount of algal material necessary for
DNA extractions (10-60 mg), compared to a few weeks in the isolates of L. macrocystis and
M. tenuissimum (section 2.2.3.1.2). This observation, however, was not quantified.

DNA sequence analyses (section 3.1.3.3.4) revealed the presence of two genetically
different groups, group X, (isolates no. 28-33) and group X, (isolate no. 34). Morphologically,
these were distinguishable by the presence of uprights in isolate no. 34 which were not observed
mn group X 1solates. Cell sizes, however, did not significantly differ between the groups (Tukey-
Kramer test; n = 10; Table B 1.6). The size of plurilocular sporangia was not recorded for

isolate no. 34.
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3 Pigmented endophytes — resulis and discussion

Plate 3.6: The endophyte Xiphophorocolas: aotearoae gen. et sp. ined. in culture (micrographs).
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A: Thalli showing a compact, agglomerate-like habit, with phaeophyceaen hairs (arrow; isolate
32). B: Base of a phaeophyceaen hair with small cells forming the gtowth zone and a small
sheath (atrow; isolate 32). C: Young thalli showing compact growth, with cells displaying 1-2
plastids with pyrenoids (atrow; isolate 31). D: Germling (5-celled) on a small piece of glass,
without an embryospore and a narrow germination tube (isolate 29). E: Thallus of X. aofearoae
vat. willanae (group Xp) with a developing branched erect filament (arrow; isolate 34).
F: Uniseriate plurilocular sporangium (arrow). In another sporangium, the last spore is being
released through an apical pore (arrowhead; isolate 32).









3.1.2 Endophyte prevalence in Macrocystis pyrifera

Endophytic brown algae were found in all three populations of Macrocystis pyrifera studied during
2000. Table 3.3 lists the results of all examinations, including those of additional collections
during 1997, 1998 and 1999. The data for all thalli examined and ANOVA Tables are compiled
m Appendix D 2.

The Macrocystis populations at Aramoana Mole and Quarantine Point showed high
prevalences of infection: more than 95% of the thalli collected at both sites between 1997 and
2001 hosted endophytic Phaeophyceae. At Aramoana, all thalli examined during 2000 were
infected (Table 3.3). Of these, around 78% displayed moderate disease symptoms (DC 2),
another 14% had fronds with distortions (DC 3). Only once, duting a preliminary collection in
autumn 1998, was a thallus found in Aramoana without any macro- or microscopic signs of
mfection (DC 0). The season in which thalli were collected in 2000 did not have any impact on
the severity of symptoms (}* = 0.008, p = 0.9998). However, thalli collected in winter were
longer than thalli from summer or autumn (ANOVA: F = 6.259, p = 0.0171), even though their
fresh weight did not differ from those of the thalli collected in other seasons () test: p > 0.05).
Summer thalli, on the other hand, had significantly more canopy fronds than thalli from the
following winter (ANOVA: F=4.163, p = 0.0474). The overall number of fronds, or the
number of senescent fronds, did not change among seasons.

At Quarantine Point, more than 80% of the thalli from 2000 showed moderate infection
symptoms (DC 2) and around 6% were severily affected by endophytes (DC 3). Only one of the
36 thalli collected during 2000 was uninfected (DC 0), which resulted in the 90% prevalence of
mnfection in the summer thalli (Table 3.3). There were no seasonal differences detectable in the
frond composition or the length of the thalli collected at Quarantine Pomnt (ANOVAs or
%’ tests, respectively: p > 0.05).

The populations from Quarantine Point and Aramoana did not show significant
differences in the prevalence of infection (four seasons; x° = 0.007, p = 0.9329) or the severity
of symptoms (four seasons; ANOVA: F= 1565, p=02289) from each other, while they
displayed significantly higher prevalences of mfection (two seasons; ANOVA: F= 185,
p = 0.0002) and higher disease categories (two seasons; ANOVA: FF'=29.913, p = 0.0001) than
the off-shore population at Cornish Head. Here, only 35% (39% in 2000) of the collected thalli
hosted endophytes, and of all 24 thalli collected at Cotnish Head between 1999 and 2000, only

two (8.7%) displayed macroscopic mfection symptoms (DC 2), and none of the thalli examined
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fell into DC 3. Thalli from the off-shote population were significantly longer than those
collected in the Harbour (ANOVA: length: F = 49.172, p = 0.0001), and thalli from Aramoana
were longer than those from Quarantine Point (ANOVA: F= 85212, p = 0.0001). Frond
numbers did not differ among the three populations (ANOVA: F = 3.414, p = 0.067).

Table 3.3: Prevalence of endophyte infection in populations of Macrogystis pyrifera along the Otago coast.
Data included in the main field study in 2000 ate shaded, data summarizing collections from a
single site ate set in bold. DC: disease category (see section 2.2.2 for details on arbitrary disease
categoties).

site date season | no. of thalli | infected thalli disease category [%]
examined [%] DCO | DC1 | DC2 | DC3
Aramoana | 03.12.1997 | summer 15 | 100 0 | 40 | 533 67
Mole | 05.03.1998 | autumn 10 90 10 10 70 10
05101999 | spting | 7 |\ 100 | O | 143 | 87 0
19.01.2000 | summer 9 | 100 | 0 | 222 | 444 | 333
12042000 | awtuma | 9 | 100 | 0 | 0 | 100 | 0
19.07.2000 | winter 2 w0 0 w0
06.11.2000 | spting 9 100 0 111 66.7 1 222
year 2000 36 100 0 8.3 778 . 139
01.02.2001 | summer 10 100 0 0 100 0
1997-2001 78 98.7 1.3 14.1 75.6 9
Quarantine | 11.10.1999 | spring | 5 | 80 20 | 0 | 60 | 20
Point 19.01.2000 | summer | 9 | 89 11.1 333 | 556 0
12.042000 | avtumn | 9 100 0 o 10 1 0
2507.2000 | winter | 9 | 100 | 0 0 | 78 | 22
01.11.2000 | spting | 9 | 10 | 0 } 111 | 89 | 0
year 2000 36 97.2 2.8 11 . 8.6 : 5.6
1999-2000 41 95.1 49 | 98 = 78 | 13
Cotnish ) 07.10.1999 | spting | 5 | 20 80 . 20 0 0
Head 14.01.2000 | summer 9 556 | 444 333 | 222 0
25072000 | winter | 9 |\ 222 | 778 . 222 . 0 0
year 2000 18 38.9 611 27.8 1.1 0
1999-2000 23 34.8 65.2 26.1 8.7 0
Hatington | 27.04.1999 | autumn 9 77.8 22.2 33.3 44.4 0
Point

At Cornish Head, season appeared to have some influence on the thallus size and the
infection in Macrocystss, although differences were not significant, possibly due to the low numbet
and small size of the samples. For example, the prevalence of infection appeared to be 33.3%
lower in the thalli collected in winter 2000, compated to the thalli from summer, and the average
disease category was reduced from DC 0.77 to DC 0.22, as none of the winter thalli displayed
macroscopic symptoms. By combining prevalences on infection with the factor disease
category, winter thalli collected at Cornish Head showed significantly less sevete infections than

the Hatbour thalli (two seasons; % = 11.066, p = 0.004), while in summer no difference was
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detectable among the three sites (two seasons; %> = 2.094, p = 0.351). Also, the average wintetr
thallus at Cornish Head appeared to possess less canopy fronds but slightly more senescent
fronds (1. e. fronds without an apical scimitar). Furthermore, the winter thalli showed greater
overall lengths but less weight than thalli from the previous summer. However, only the fresh
weight (but none of the other variables; ANOVAs or ytests, respectively: p > 0.05) was
significantly different between seasons (ANOVA: FF = 13.391, p = 0.0216).

Phylloids and sporophylls of Macrocystis pyrifera were systematically checked for
endophytes on two occasions: of the nine thalli collected at Harington Point in April 1999,
seven were infected with endophytes. In one of these thalli, endophytes were found in a
pneumatocyst neighbouring an infected cauloid section, but not in the phylloid. Howevet, no
infections were detected in any of the other pneumatocysts, phylloids or sporophylls examined.
The thalli from Harington Pomt appeared to be less infected than the other Harbour
populations, as less than 80% tested positive for endophytes. However, only nine thalli were
examined in total.

In the infected thalli collected at Aramoana in February 2001, none of the sporophylls
examined hosted endophytes. Of the infected fronds, one displayed an infection in the stipe and
the attached pneumatocyst as well as the phylloid, but none of the other nine fronds had
infected bladders or blades. In the fronds without macroscopic infection symptoms, endophytes
were found once in a cauloid and once in a pneumatocyst (attached to a healthy stipe), but none

were observed in any of the phylloids.

3.1.3 Molecular systematics

The highly variable ITS1 region and adjacent coding SSU and 5.8S regions of the ntDNA gene
wete used to resolve the phylogenetic affinities of the pigmented endophytic Phaeophyceae
isolated in New Zealand. The boundaries between regions within the ntDNA gene were set as
follows: between SSU and ITS1 at the pattern "gatcattaCCGAA" (after position 2216 of the
sequence of Seytosiphon lomentariay KAWAI ef al. 1995), and between ITS1 and the 5.8S unit at the
pattern "CGTTGTAAaactttcag" (after position 2709 of the S. lmentaria sequence; KAWALI ef al.
1995). Thus in the alighment (Appendix D, D 3.1), the ITS1 region comprised the positions
562-1452.

The region from the end of the SSU to the beginning of the 5.8S unit was sequenced in
two to three parts, depending on the length of the sequence. The primer AFP2(F) started at the
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3" end of the small subunit gene (aftet position 1656 of the sequence of S. lomentaria; KAWAI et al.
1995). The partial SSU and complete ITS 1 were sequenced for most, the partial 26S region was
sequenced only for a selected isolate (isolate no. 29). Alignments are presented in Appendix D
(D 3.1 and D 3.3), sequence statistics for all isolates in Appendix D 2 (Tables D 2.1 and D 2.2).
The distance matrices (absolute and Kimura-2-parameter distances) ate presented in Appendix
D 4 (Tables D 4.1.1-D 4.1.6).

3.1.3.1 General results

According to their ITS1 sequences, the 34 strains of endophytic brown algae isolated from New
Zealand formed three clades. The isolates within each clade had neatly identical ITS1 sequences.
Comparisons with published sequences showed that two of these clades comprised brown
endophytes of the geneta Laminariocolax (18 isolates) and Microspongium (nine isolates), of the
order Ectocarpales 5. /. (ROUSSEAU & DE REVIERS 1999; PETERS & RAMIREZ 2001). The third
clade contained seven isolates with ITS1 sequences that were markedly different from those of
the other isolates. A BLAST search in GenBank (20.03.2003) revealed that the ITS1 as well as
SSU and partial LSU sequences of this clade were different from all other sequences submitted
up to that date, thus Xiphophorocolax gen. ined. and X. aotearoae sp. ined. will be proposed to

accommodate endophytes of the third clade.

3.1.3.2 Alignment properties
3.1.3.2.1 All endophytes

Differences between the three clades did not allow an unambigous alignment of sequences ovet
the entire length of the ITS1 region. Oanly the beginning and the end of ITS1 with adjacent
coding regions (partial SSU and 5.8 unit) could be aligned for all isolates, over a length of
186 bp (positions 559-648 and 1257-1353 of the alignment; Appendix D 3.1). Within these
alignable regions, most members of the three clades had identical sequences, thus only a few
representatives of each clade were included in the phylogenetic analyses comprising a total of
15 taxa. Parsimony analyses were run twice, with gaps either treated as missing or as a fifth base.
Average transition/transversion ratios were /= 1.00874 including the outgroup and
#/tv = 1.02575 without the outgroup indicating satutation was not reached. The average base
composition was A: 0.26553, C: 0.26002, G: 0.26389, and T: 0.20996.
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3.1.3.2.2 Laminariocolax clade

Most Laninariocolax isolates had very similar ITS1 sequences and, due to some indels, differed
mainly in the length of the region (Figure 3.1). Therefore, affinities within the clade were
resolved using the re-coded alignment, and parsimony analyses were run twice, with gaps either
treated as missing or as fifth base. To avoid long computing times and unresolved branches due
to the presence of identical sequences, only three sequences of New Zealand isolates each
representing ITS1 regions of different lengths (endophytes of M. pyrifera from Aramoana,
Quarantine Point and Brighton Beach, i. e. isolates no. 1, 12 and 14) were among the seven taxa

analysed.

ITS1

pos. 780 pos. 1250

1 EMa A 3/98
2 EMa HP 5/98
3EMaH 4/99

4 EMasP 5/98 ‘ . 2
$ ENia W 519 radiatae
6 EMr HI 10/99
7 EEck W 3/98
9 EEck Waki 10/00
10 EEck OTS 11/99
Laminariocolax eckloniae South Africa " . "
eckloniae

Laminariocolax eckloniae Antarctica

11 EMs A 1097
12EMaQr 7/97

“macrocystis”

Laminariocolax macrocystis Chile |:

14 EMa BB 10/97
15 EMa CH 5/9%
16 EMa W3/98
17 EMa OW 5/99
18 EMa WR 4/00

“novae-zelandiae”

Laminariocolax tomentosoides Helgoland

Laminariocolax tomentosoides deformans France
Laminariocolax accidioides Kicl
Laminariocolax aecidioides Maine
Laminariocolax aecidivides Bretagne

Figure 3.1: Distribution of main indels within the alignment of ITS 1 sequences of the Laminariocolax
clade. Presented are positions 780-1250 of the 18S-ITS1-5.8S alignment of Laminariocolax
species compared to Laminariocolax isolates from New Zealand (isolates no. 1-18, excl. no. 8 and
13). Bozxed parts symbolise regions present in the ITS1 sequence. Identical or neatly identical
sequences are hatched in the same way. Distances are not to scale.

To enable analyses of almost the complete ITS1 region, the outgroup species Chordaria
flagelliformis was excluded from the data set. The parts of the alignment analysed comprised
795bp (positions 559-1353 of the alignment; Appendix D 3.1). The average
transition/transversion ratio of #/fy = 1.368 indicate that saturation was not reached. The

average base composition was A: 0.23202, C: 0.25223, G: 0.28039, and T: 0.23536.
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3 Prigmented endophytes — results and discussion

3.1.3.2.3 Microsponginm clade

For the analyses of the Microspongium clade, the re-coded ITS 1 alignhment was reduced to six taxa,
with three endophytes of Pachymenia lusoria from Aramoana/Otago, Brighton Beach/Otago and
Owenga/Chatham Island (isolates no. 19, 21 and 27) representing the New Zealand isolates. To
allow almost the complete ITS1 region to be analysed, outgroup species were again omitted from
the data set. MP analyses were run twice, with gaps either treated as missing or as fifth base.
The alignment comprised 276 bp (positions 559-691 and 1257-1400 of the alignment; Appendix
D 3.1), with an average transition/transversion ratio of #/fv = 1.10462 indicating that saturation
was not reached. The average base composition was A: 0.26252, C: 0.28827, G: 0.26252, and
T: 0.18670.

3.1.3.2.4 Xiphophorocolax clade

Internal Transcribed Spacer 1
For the analyses of this clade, the data set was reduced to the six Xiphophorocolax isolates, as the

outgroup species Chordaria flagelliformis as well as other close relatives, for example Dictyosiphon
Joeniculacens, were unalignable over the whole ITS1 region. MP analyses were again run twice,
with gaps treated either as missing or as fifth base. The analysed region of the re-coded
alignment had a length of 596 bp comprising the complete ITS1 region (positions 559-962 and
1257-1448 of the alignment; Appendix D 3.1), with an average transition/transversion ratio of
#i/tv = 0.33308 indicating saturation of the alignment. The average base composition was

A:0.21634, C: 0.29340, G: 0.27304 and T: 0.21722.

Coding regions of the ntDNA and rbcL
To tesolve the phylogenetic affinities of Xiphophorocolax gen. ined. within the brown algae, partial

26S sequences from a representative isolate of the Xiphophorocolax: clade (isolate no. 29) as well as
partial 26S and r4cl. sequences of additional ectocarpalean taxa wete included in a re-run of the
second combined Herpodiscus data set (rbel. + LSU; see section 4.1.1.2.3; alignment in Appendix
D 3.4). This analysis included 7L data to stabilize branches between Ectocarpalean taxa, even
though 7bcL sequences were not determined for Xiphophorocolax aotearoae. Omitting the 26S
sequence of X. aofearoae prior to the analysis did not contradict the results inferred from the
combined data set (results not shown).

The data set comprised a total of 31 species (see distance matrix for taxa included;

Appendix D, D 4.1.5 and D 4.1.6) over a length of 1866 bp (positions 1-1255 of the 74
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alignment (alignment in Appendix D, D 3.4) and positions 42-653 of the 26S alignment
(alignment in Appendix D, D 3.4). Average transition/transversion ratio of all included
sequences was #/fr = 1.07520 (including outgroup) and #/m» = 1.10305 (without outgtoup)
indicated that saturation was not reached. The average base composition was A: 0.27312,

C: 0.17954, G: 0.25089, and T: 0.29646.

3.1.3.3 Phylogenetic analyses

The properties of all alignments and the statistics for the most parsimonious trees ate
summarized in Table 3.4. In the following sections, "MP,_" will refer to maximum patsimony
based on gaps treated as missing and "MP;," to maximum patsimony based on gaps treated as
fifth base. Treating gaps as fifth base instead of as missing increased the number of informative

characters in all MP analyses at least by 30%.

Table 3.4: Summary of properties of the endophyte alignments and of tree statistics for parsimony
analyses. CI: consistency index; RI: retention index; RC: rescaled consistency index.

analysed Internal Transcribed Spacer 1 rbd. and

gene regions partial 265

endophytes representatives of all Laminariocolax clade Microgponginm clade Xiphaphorocolax clade Xiphaphorocolax:

included endophyte clades aoltearoae

sp. ined.

gaps treated as missing fifth base missing fifth base missing fifth base missing fifth base missing

No. of 15 15 7 7 6 6 6 6 31

taxa/isolates

Length of 187 187 795 795 276 276 596 596 1866

alignment .

Variable positions 63 82 50 92 22 33 6 11 801
(33.7%) (43.9%) (6.3%) (11.6%) (8.0%) (12.0%) (1.0%) (1.8%) (42.9%)

Informative sites 45 59 21 33 2 5 2 } 3 554
(24.1%) (31.6%) (2.6%) (4.2%) ©0.7%) (1.8%) (0.3%) ©5% | (@01%)

No. of most 44 35 5 1 2 3 1 1 8

parsimonious

trees

No. of trees 1100 184 15 8 19 11 6 11 20

within one step of

MP trees

Length of most 87 125 53 103 23 35 6 5 TTTTT2939

parsimonious

trees [steps]

CI 0.920 0.896 0.981 0.942 1.0 0.971 1.0 1.0 0436

RI 0.943 0.925 0.953 0.842 1.0 0.880 1.0 1.0 0414

RC 0.867 0.829 0.937 0.793 1.0 0.777 1.0 1.0 0.198

Tree topology not shown | Figure 3.2 not shown Figure 3.4 not shown Figure 3.5 not shown Figure 3.6 Figure 3.7

3.1.3.3.1 All endophytes
Maximum parsimony analyses lead to 44 MP_, trees and 35 MP;, trees, with a length of 87 and
125 steps, respectively. Treating gaps as fifth base resulted in a slightly better resolution of the
relationships of the joined taxa.

In the MP;,, trees (one presented in Figure 3.2), the three clades of endophytes were

strongly supported, with the Microspongium and the Xiphophorocolax clades both receiving 100%
gly supp sporng 1plaop. g
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3 Pigmented endophyies = results and discussion

bootstrap support (same in the MP_ tree). With 92% (MP,: 90%) bootstrap support, the
Laminariocolax clade was less stable: this node collapsed after additionally two steps mn the MP
analysis, while the other two clades persisted with a decay index of five.

The 35 MP;,, trees (and 44 MP,, trees, respectively) differed regarding the arrangement
of nodes within the Laminariocolax and Microsponginm clades: in the MPy,, trees, there was only
moderate to low support for two branches in the Lawminariocolax clade, one connecting L. eckloniae
PETERS in BURKHARDT & PETERS 1998 and L. macrocystis (71%), the other one grouping the
three New Zealand isolates (62%). In the MP analysis, only the node including all these five
taxa received some support (62%). However, all branches within the Lamznariocolax clade
collapsed within one further step in both MP analyses. In the Microspongium clade, similarly
unresolved affinities were observed: only one node was supported in the MPy, tree, relating
M. radians to the endophyte from Pachymenia lusoria from Owenga/Chatham Island (isolate
no. 27; 61%,), while in the MP,, tree a relationship of the isolate from Pachymenia lusoria from
Aramona/Otago (isolate no. 19) with M. tenuissimum had low suppott (57%). However, in both
analyses, these branches collapsed after one further step.

Both distance and maximum likelihood analyses resulted in the same over-all tree
topology as the MP analyses, with all three clades receiving high bootstrap support (98-100%),
except for the Laminariocolax clade in the ML tree which had only moderate support (76%).
Affinities within the clades wete again not well resolved: In the ML tree, for example, only two
other nodes received a bootstrap support above 50%: Microspongium alariae was basal to the other
Microspongium taxa, which formed a well supported clade (90%), while the separation of the
southern hemisphere Laminariocolax taxa from the northern hemisphere species (L. fomentosoides
and L. aecidioides) had only low support (60%).

In the neighbout-joining tree, however, these two Laminariocolax species formed a
moderately supported clade (81%), while relationships between the other taxa were unresolved -
New Zealand isolates were separated from L. eckloniae and L. macrocystis in only 53% of all most
patsimonious trees. In the Microspongium clade, the endophyte from Pachymenia lusoria from
Aramoana/Otago (isolate no. 19) formed a well supported clade (97%) with M. fenuissimum,
similar to the MP,, consensus tree. The remaining taxa wete resolved in the following order:

M. alariae (bootstrap support 60%)] isolate no. 27 (59%)] M. radians).
p supp
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Xiphophorocolax clade

Microspongium radians

Microspongium tenuissimum

100/5

isolate no. 19

Microspongium clade

Microspongium alariae

Chordaria flagelliformis

— 5 changes

Figure 3.2: Phylogenetic tree for representative endophytic Phacophyceae of New Zealand, inferred
from ITS1 and adjacent partial 18S and 5.8S sequences. One of 35 most parsimonious trees in
phylogram style, with gaps treated as fifth base (MPs,). Numbers indicate bootstrap values (left)
and decay indices (right). Dashes indicate that branches received a bootstrap support of 50% ot
less, or collapsed within one further step. Isolates from New Zealand are set in bold.

3.1.3.3.2 Laminariocolax clade
The genus-specific primer L’colax2(F) could be used as a fast method of identifying whether
1solates belonged to the Laminariocolax: clade or not. However, for sequence analyses, the ITS1

was amplified with the the forward primer AFP2(F) rather than with I’colax2(F) as a second site
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5 Pigmented endophyies — results and discussion

was found in the ITS 1 of some of the isolates nearly identical with the primer site (1% site:
positions 698-720, 2" site: positions 970-988 of Alignment D 3.1, Appendix D).

Al Laminariocolax isolates from New Zealand had almost identical ITS1 sequences.
Howevet, three different groups were distinguishable, varying markedly in the stze of their ITS1
region (Table 3.5) due to a large indel (Figure 3.3). By the length of their ITS1 sequence, all

isolates of the Laminariocolax clade could be identified as belonging to one of these three groups.

Figure 3.3: Size differences in the ITS1 region of vatieties of Laminariocolaxc macrocystis:  results of
L. macrogystis from Chie (PETERS 1991; BURKHARDT & PETERS 1998) compared to
representatives of the L. macroeystis isolates from New Zealand. Letters above lanes refer to the
following groups and isolates, respectively: A-B: group Ly (A: isolate no. 7; B: isolate no. 4); C-D,
H-I: group Ls (C: isolate no.15; D: isolate no.13; H: isolate no.16; I isolate no. 14);
E: L. macrocystis from Chile; F-G: group I, (F: isolate no. 12; G: isolate no. 11); m: marker.
Sequences were amplified with the primer pair L'colax2F-5.851R (specifications of the gel: 2%
agarose gel (GEA, KEM Agarose, FUC, Rockland, USA); running time: 280 minutes at 36 mA).
The "smiling" of the gel is an artifact.

The first group L, comprised isolates with an ITS1 region of a length of ca. 680 bp. Isolates
belonging to this group wete endophytes from Ecklonia radiata from Wellington (isolate no. 7),
Doubtful Sound (Causet Cove: isolate no. 8; Outer Thompson Sound: isolate no. 10) and
Waikouaiti/Otago (isolate no. 9), as well as endophytes from Macrogystis pyrifera from Waitangi
West/Chatham Island (isolate no. 5), and from around the Otago Peninsula (Aramoana: isolate
no. 1; Seal Point: isolate no. 4; Harington Point: isolates no. 2and 3; Hoopets Inlet: isolate no. 6).
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Apart from a large indel (positions 800-933; Appendix D, Alignment D 3.1) and some additional
smaller indels, all group L, sequences were very similar to the ITS1 sequence of Laminariocolax
eckloniae from Antarctica (and South Africa), which is 789 bp in length. The ITS1 regions of the
Northern Hemisphere species L. fomentosoides and L. aecidioides, in contrast, were of a similar
length as the group L, isolates, but had different sequences.

Two isolates, endophytes from Macrocystis pyrifera from Aramoana (isolate no. 11) and
from Quarantine Pomt (isolate no. 12), both Otago Harbour, had an almost identical ITS1
region with an even larger indel (positions 828-1157) than group L, 1solates: The ITS1 regions
from these isolates were ca. 174 bp shorter than those of most members of L, (507 bp and 511
bp, respectively; group L,) and thus were of almost the same length as the ITS1 of Laminariocolax
macrocystis from Chile. The two strains isolated from Aramoana mole from two consecutive years
belonged to two different groups: the ITS1 of 1solate no. 1 had a length of 679 bp, in contrast to
isolate no. 11 with 507 bp. Apart from this length difference, the sequences were almost

identical.

Table 3.5: Comparison of lengths of ITS1 region (excluding indels) of described endophytic brown algae
with different clades of pigmented endophytes from New Zealand (shaded background). For a
detailed list: see Table 3.2. For GenBank accession number of described species: see Appendix

D, Table D 1.1.
genus species or isolate group (present number of bp in the ITS1 region
study), respectively [bp]
Laminariocolasx j L. eckloniae 7%
L. aecidioides 679
L. tomentosoides 674
L. macrocystis 503
group Ly 677-684
group L, 507-511
group L 476-4381
Microsponginm M. tenstissimum 284
M. radians 263
M. alariae 304
group My 288
group Mz 258
Xiphophorocolax: group Xj 581-583
gen. nov. group Xa 553

Isolates of group L, had the largest indel (positions 811-1163) and thus the shortest ITS1
sequences, between 476 and 481 bp. Endophytes belonging to this group were all isolates from
Macrocystis pyrifera, from the Otago Coast (Pilots Beach: isolate no. 13; Brighton Beach: isolate
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3 Pigmented endophytes — resules and discussion

no. 14; off Cornish Head: isolate no. 15; Wellers Rock: isolate no. 18), from Wellington (isolate
no. 16) and from Owenga, Chatham Island (isolate no. 17).

With only one isolate from each group included in the phylogenetic analyses, five MP,
trees (53 steps long) and a single MP;,, tree (score 103, Figure 3.4) were inferred from the re-
coded data set. Two main clades wete recovered in the maximum patsimony trees as well as
neighbout-joining and maximum likelihood trees (not shown): the first comprised all Southern
Hemisphere taxa and formed a sister clade to the second, which consisted of the two Northern
Hemisphere species L. tomentosoides and L. aecidioides. 'The separation of both clades had a
bootstrap support of 100% in the MP;, and MP,, trees as well as the neighbour-joining and ML

tree.

Laminariocolax aecidioides Maine

Laminariocolax tomentosoides Helgoland

100/>5

57 Laminariocolax macrocystis Chile
59/

Laminariocolax eckloniae South Africa .
isolate no. 12

isolate no. 14 isolate no. 1

—— 5 changes

Figure 3.4: Phylogenetic tree for representatives of the Laminariocolaxe clade. Single most parsimonious
tree in phylogram style (unrooted) inferred from ITS1 sequences, with gaps treated as fifth base.
Numbers indicate bootstrap values (left) and decay indices (right). Dashes indicate that branches
received a bootstrap support of 50% or less, or collapsed within one further step. Top box:
Northern Hemisphere taxa; basal box: Southern Hemisphete taxa with New Zealand isolates

(bold).
However, the affinities within the Southern Hemisphere clade wete not completely resolved in

any of the analyses. L. eckloniae was resolved as basal to the rest of this clade, but this node was

either not well supported (MPs,,: 57%; D: 75%) or collapsed in the bootstrap tree (MP,,, ML
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analyses). The close relationship of the endophyte from Macrocystis pyrifera from Quarantine
Point/Otago Harbour (isolate no. 12, group L,) with L. zacrocystis received good suppott in most
analyses (MP_: 84%, NJ: 86%, ML: 85%), although this node did not appear in the MP;, tree.

In conclusion, apart from the indels, sequences of the New Zealand isolates and other
Southern Hemisphere species were very similar. Therefore, even with the gaps included in the
analysis as fifth base, the differences in the lengths of the I'TS1 region between the three groups

of isolates did not lead to a marked separation in the phylogenetic trees.

3.1.3.3.3 Microspongium clade

This clade comprised isolates from New Zealand grouping with Mzcrospongium species from both
the Northern and Southern Hemisphere. As in the Laminariocolax clade, all New Zealand
Microsponginm isolates displayed nearly identical ITS1 sequences separated mainly by small indels.

Most isolates had an ITS1 region comprised of 288 bp that was almost identical to that
of Microspongium tenuissimum (HAUCK) PETERS 2003. These strains belonged to group M,
(Table 3.5): the endophytes isolates from the kelps Undaria pinnatifida from Wellington (isolate
no. 25) and Ecklonia radiata from Karitane (isolate no. 26) as well as strains whose hosts were the
red algae Pachymenia lusoria (from Aramoana/Otago: isolate no. 19; Riverton/Southland: isolate
no. 20; Brighton Beach/Otago: isolate no.21; Bradshaw Sound/Fiotrdland: isolate no. 22),
Gratelonpia intestinalis (from Greybrook: isolate no. 23) and an undesribed species of the family
Kallymeniaceae (from Causet Cove, Doubtful Sound: isolate no.24). The sequences of the
isolates no. 19, 23 and 25 were identical over the whole length of the ITS1, as were isolates
no. 20 and 22, or were isolates no. 24 and 26.

The last isolate of this clade, an endophyte from Pachymenia lusoria from
Owenga/Chatham Island (isolate no. 27) was distinctly different from all other isolates and was
therefore given its own designation M, (Table 3.5): it had an indel of 29 bp similar to that
separating Microspongium radians (HOWE) PETERS 2003 from M. tenuissimum (positions 636-667;
Appendix D, Alignment D 3.1) The sequence of Microspongium alariae (PEDERSEN) PETERS 2003
was slightly different from both M. zenuissinmum and M. radians. No sequences absolutely identical
to that of M. alariae were found among the isolates from New Zealand, even though this species

shared some identical positions exclusively with the isolates no. 20-22.
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isolate no. 27  Microspongium tenuissimum
82/1

isolate no. 19
Microspongium radians

isolate no. 21

Microspongium alariae

5 changes

Figure 3.5: Phylogenetic tree for representatives of the Microspongium clade. One of 11 most
parsimonious trees in phylogtam style (unrooted) inferred from ITS1 sequences, with gaps
treated as fifth base. Numbers indicate bootstrap values (left) and decay indices (right). Dashes
indicate that branches received a bootstrap support of 50% or less, or collapsed within one
further step. New Zealand isolates are set in bold.

Representatives of both groups (isolates no. 19, 21 and 27) were included in the phylogenetic
analyses. Two MP_ and three MP5,, trees (one shown in Figutre 3.5) were inferted from the data
set, with a length of 23 and 35 steps, respectively. Trees resulting from both MP analyses as well
as the neighbout-joining and ML trees (not shown) had similar ovet-all topologies, with
Microspongium  alariae opposing a little resolved clade comptised of the rest of the taxa
(M. tenuissimum, M. radians and the New Zealand isolates). In the MPs,, tree, only the gtouping of
M. radians with the isolate no. 27 was well supported (82%; MP,, tree: 55%), but within the next
two steps, even this node collapsed. Overall, the resolution of all phylogenetic trees was poor,

due to the very similar sequences of the taxa.
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3.1.3.3.4 Xiphophorocolax clade

Internal Transcribed Spacer 1
The Xiphophorocolax clade comprised seven isolates, which all had almost identical ITS1

sequences. In six of the isolates, the ITS1 had a length of ca. 583 bp. Isolates belonging to this
group (group X; Table 3.5) were the two endophytes of Xiphophora gladiata from Brighton
Beach, Otago (isolate no. 30 (not included in the analyses) and no. 31), the three isolates from
Chatham Island, from Lessonia tholiformis (isolates no. 28 and 29) and from Marginariella urvilliana
(isolate no. 32) as well as the endophyte of Durvillaea antarctica from Brighton Beach/Otago
(isolate no. 33). The latter differed from the other isolates at three positions (576, 631 and 1442;
Alignment D 3.1 in Appendix D).

isolate no. 34

isolate no. 31

isolate no. 29

isolate no. 28 isolate no. 32

1 change
isolate no. 33

Figure 3.6: Phylogenetic tree for representatives of the Xiphophorocolax clade. Single most parsimonious
tree in phylogram style (unrooted) inferred from ITS1 sequences, with gaps treated as fifth base.
Numbers indicate bootstrap values (left) and decay indices (right). The dash indicates that the
branch received a bootstrap support of 50% or less, or collapsed within one further step. All
isolates are from New Zealand.
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The ITS1 sequence of the endophyte of Dumillaea willana from Brighton Beach (isolate no. 34,
group X,; Table 3.5) was slightly shorter than all other sequences, with an indel comprising a
total of 29 bp (positions 624-652; Alignment D 3.1 in Appendix D) unique to this isolate as well
as a gap and a base change shared with the isolate(s) of Xiphophora gladiata (isolate no. 30 and 31,
at positions 734 and 612 respectively).

With only three (MPy,,) and two (MP,) informative sites (Table 3.4) available, due to the
very similar sequences included in the data set, the resolution mn both single MP trees (with
scores of 11 and six steps, respectively) was very poor. The unrooted MP trees (one presented
in Figure 3.6) had over-all topologies identical to the neighbout-joining and ML trees (not
shown): A relationship of the endophyte of Dumvillaea willana (isolate no. 34) with the isolate
from Xiphophora gladiata from 1999 (isolate no. 31) had some support in all trees (MPg,: 88% ;
MP,: 64%; NJ: 70%; ML: 61%), as well as the branch separating these two isolates and the
endophyte of Marginariella urvilliana (isolate no. 32) from the other three isolates (MPs,: 63% ;
MP,: 63%; NJ: 77%; ML: 63%). Distances were the largest between the endophyte isolated
from Durvillaea antarctica (isolate no. 33) versus the rest of the Xzphophorocolax isolates, thus in all

trees, this strain stood the furthest away from all others.

Coding regions of ntDNA and rbcL.
The parsimony analysis of the combined rbcl. +26S sequences including Xsphophorocolax aotearoae

sp. ined. led to eight MP trees with a length of 2939 steps each (one of them presented in
Figure 3.7). A partition homogeneity test revealed the two data sets to be congruent (p = 0.474;
FARRIS ez al. 1995; CUNNINGHAM 1997). Regarding the arrangement of the Phaeophycean orders
in the base and the crown, the ovet-all topologies of MP consensus, neighbour-joining and ML
trees were similar to those of the trees inferred from the 2™ combined data set in section
4.1.1.3.3.

Within the Ectocatpales, three clades were recovered. Ectocarpus silicnlosus (DILLWYN)
LYNGB. (Ectocarpaceae) formed a moderately supported clade (MP: 76%; NJ: 66%; ML: 76%)
with Seytosiphon lomentaria (Scytosiphonaceae). The Adenocystacecae with Adenocystis utricularis
(BORY) SKOTTSBERG and Caepidium antarcticum J. AGARDH was highly supported (MP: 99%; NJ:
92%; ML: 100%), as was the Chordatiaceae (MP: 99%; ML: 98%; moderate suppozt in NJ: 81%).
Pylaiella littoralis (L.) KJELLM. as a member of the Acinetosporaceae took a position between
Chordariaceae and the other two clades (all family affiliations according to PETERS & RAMIREZ
2001).
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The endophyte Xiphophorocolasc aotearoae sp. ined. unambigously clustered with the various
members of the Chordatiaceae. However, apatt from the moderately supported grouping of
Laminariocolax with Ascoseirophila (MP: 75%; NJ: 80%; ML: 80%), branches within this clade did
not receive any bootstrap support of = 50%. Thus affinities between Xiphophorocolax and any of
the other endopyhtic geneta included, Laminariocolax, Microsponginm ox Ascoseirophila, or

relationships with free-living members of the Chordariaceae remained unresolved.

3.2 Discussion

Pigmented endophytic Phaeophyceae wete frequent among macroalgae of the New Zealand
archipelago. Their distribution among host species and the specific symptoms associated with
their presence, combined with the morphological characters that the isolated endophytes
displayed in culture, allowed a gross classification into three groups. By DNA sequence
comparisons with known endophytes from other parts of the wotld, these groups were identified
as Laminariocolax macrocystis (PETERS) PETERS in BURKHARDT & PETERS 1998, Microsponginm
tenstissinanm (HAUCK) PETERS 2003, and a previously unknown genus and species, Xsphophorocolax
aotearoge gen. et sp. ined.. All three taxa constitute new records for the marine flora of the New

Zealand archipelago, at genus and species level.

3.2.1 Quality of data

In small and ctyptic organisms such as the endophytic brown algae, there 1s always an imminent
danger of contamination of isolates and subsequent cultures and thus invalidation of results.
Howevet, the results discussed in the following sections are based not on single observations,
but on tepeated isolations of all three endophyte species minimising the problem of
contamination. Thus the consistent morphological data and nearly identical DNA sequences
among isolates confirm the status of each of the three groups. Differences within nearly
identical ITS1 sequences among various isolates belonging to one species in the range of
4-5 base pairs (Appendix D, Tables D 4.1.2-4) may be PCR artifacts, as single and not pooled

PCR reactions were used for the sequencing.
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3.2.2 Laminariocolax macrocystis

3.2.2.1 The genus Laminariocolax KYLIN

All strains isolated from Macrocystis pyrifera as well as some of the isolates from Fcklonia radiata
(isolates no. 1-19) belonged to the species Laminariocolax macrocystis. The genus Laminariocolasx
KYLIN is known from temperate coasts wotldwide (BURKHARDT & PETERS 1998). Its members
mainly infect kelps, such as Laminaria spp., Undaria pinnatifida, Hedophyllum sessile (ARESCHOUG)
SETCHELL, Ecklonia maxima and Macrocystis pyrifera, but have also been reported from a member
of the Desmarestiales, Himanthothallus grandifolius (GEPP) ZINOVA from Antarctica as well as from
red algae, such as Palmaria palmata (L.) KUNTZE and Grateloupia doryphora (MONTAGNE) HOWE
(SETCHELL & GARDNER 1922; YOSHIDA & AKIYAMA 1979; PETERS 1991; BURKHARDT &
PETERS 1998; VILLALARD-BOHNSACK & HARLIN 2001; PETERS 2003).

The genus Laminariocolax was erected by KYLIN to accommodate a northern hemisphere
species originally described by FARLOW (1889, cited in KYLIN 1947) as Ectocarpus tomentosoides.
L. tomentosoides (FARLOW) KYLIN is characterised by erect filaments which are up to 1 cm long,
entwined and carry short laterals. Its plurilocular sporangia are uniseriate, while unilocs have not
been observed so far. L. fomentosoides is an epi-endophyte, with most of its thallus arising over
the host surface, while L. aecidivides (ROSENVINGE) PETERS in BURKHARDT & PETERS 1998,
another species of the northern hemisphere, grows endophytically, with only the fertile parts
penetrating the host surface. In Laminaria saccharina (L.) LAMOUROUX, the endophyte forms
characteristic lesions similar to the fruiting bodies of some pathogenic fungi, so-called aecidia.
However, these aecidium-like structures are not observed in all infected host specimens. Erect
filaments are absent in this species, however, unlike the type species, it forms phaeophycean
hairs (ROSENVINGE 1893; PETERS 1991).

From the southern hemisphere, only the two species Laminariocolax macrocystis and
L. eckloniae PETERS are known (PETERS 1991; BURKHARDT & PETERS 1998). L. macrocystis, an
endophyte growing in Macrocystis pyrifera from Chile, South America, was originally described as
Streblonema macrocystis PETERS. Molecular systematic studies (BURKHARDT & PETERS 1998)
revealed this endophyte to be closely related to L. tomentosoides and L. aecidioides. Moteover, the
uniseriate plurtlocular sporangia found i S. macrocystis disagreed with the pluriseriate and
branched sporangia described for the type species of the genus Szreblonema, S. volubilis
(PRINGSHEIM 1863). As the structure of the sporangia is considered a conservative trait, this

species was moved to the genus Laminariocolax (BURKHARDT & PETERS 1998).
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Additionally, PETERS desctibed anothet endophyte, L. ecklonize PETERS in BURKHARDT &
PETERS 1998, isolated from Bcklonia maxima (OSBECK) PAPENFUSS in South Africa. According
to molecular systematics, this species is closely related to L. zacrocystis. Both species share neatly
identical ITS1 sequences, which differ mainly in their length, due to a large indel (positions 828-
1157 of Alignment D 3.1, Appendix D). The ITS1 of L. macrocystis is much shorter, comprising
only 501 bp, compared to 789 bp in L. ecklonize.

Morphologically, L. eckloniae and L. macrocystis are also similar, apart from a character used
to distinguish the two species: In contrast to L. macrocystis, South African L. eckloniae failed to
form true phaeophycean hairs in culture (BURKHARDT & PETERS 1998; PETERS 1991). The
absence vs. presence of hairs in algae may constitute a good character but méy in some cases
depend on the nutritional status of cultures. In red algae, for example, hairs are considered to be
produced in nuttient-poor environment as a means to increase the absorptive surface area of the
thallus (IKAIN & NORTON 1990). Also for brown algae, the formation of hairs can be stimulated
by cultivation without sufficient nuttient supply (PEDERSEN 1981a). In the holotype material of
L. tomentosoides, true hairs are absent, but they have been observed in the sub-species,
L. tomentosoides deformans (PETERS 2003). Indeed, PETERS recently found hairs in another
L. eckloniae strain, which had grown endophytically in Antarctic Himantothallus grandifolins (GEPP)
ZINOVA, a member of the Desmatestiales (PETERS 2003). Thus the only morphological
chatacter to distinguish South African L. eckloniae from Chilean L. macrogystis is problematical.
And even though both species are separated geographically and are distinct in their ITS1
sequences, the New Zealand isolates literally fill these gaps, geographically as well as genetically.

3.2.2.2 L. macrocystis in New Zealand

The ITS1 sequences of the New Zealand Laminariocolax isolates were neatly identical to those of
L. macrocystis and L. eckloniae, but included three length variations of the large indel leading to
their separation into three groups (groups L,-L,), which were classified accordingly: The strains
of group L, (isolates no. 1-10) presented ITS1 sequences with a length between L. eckloniae and
L. macrocystis sequences (677-679 bp). These strains are teferred to as 'radiatae’ isolates, as this
group contained all the Laminariocolax strains isolated from Ecklonia radiata, apart from some
isolates from Macrocystis pyrifera. The two isolates from Muacrocystis populations from the Otago
Harbour of group L, (isolates no. 11 and 12) shared identical ITS1 sequences mcluding the
length of the large indel with L. macrocystis and ate henceforth refetred to as 'macrocystis' isolates.

The third group of isolates (isolates no. 13-18, group L), found only in M. pyrifera, had an even
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shorter ITS1 sequence (circa 481 bp) than L. macrocystzs and the 'macrocystis’ isolates. To
acknowledge the fact that this short sequence has so far only been observed in strains from New
Zealand, members of group L, are referred to as 'movae-gelandiae’ isolates.

Morphologically, the New Zealand Laminariocolax isolates agreed well with the
descriptions given for L. macrocystis and L. eckloniae, respectively (PETERS 1991; BURKHARDT &
PETERS 1998). For example, the average cell and sporangia sizes measutred in the isolates of all
three groups did not show significant differences, but were all in the range of sizes given for
L. macrocystis sporophytes (PETERS 1991). L. macrocystis is known to have slightly heteromorphic
generations, with gametophytes displaying smaller cells, but longer plurilocular sporangia,
compared to the sporophyte (PETERS 1991). In one of the strains (isolate no. 1; Table 3.2),
however, sporangia were of the length given for gametophytes, while the vegetative cells were
even wider than described for sporophyte cells. Whether this culture or any of the others
contained sporophytes or gametophytes, could not be determined from the morphological data,
as unilocular sporangia were not observed mn any of the strains, either, PETERS (1991), who also
did not find any unilocular sporangia in his sporophyte cultures from Chile, suggested that their
formation might depend on host-endophyte interactions. Erect filaments, which are known
from both sporo- and gametophytes (PETERS 1991), appeared only in the strains of the radiatae’

group, while phacophycean hairs were displayed by isolates of all three groups.

3.2.2.3 Taxonomic consequences

With the New Zealand isolates 'filling the gaps', a separation between L. macrocystis and
L. eckloniae based on molecular genetics alone seems futile. Indeed, when indels are excluded
from phylogenetic analyses, both taxa have more than 99% of positions of the entite ITS1 in
common. Levels of inter- and intra-specific variations of ITS (i. e. ITS1+ITS2) sequences vary
among and even within eukaryote groups, therefore they cannot be used uniformly for all
organisms to define species boundaries. In the Compositae, for example, ITS sequence
divergences between species show values from 0.4% up to 15-18%, depending on the respective
genus (BALDWIN 1992). In red algae, 0-4% of intra-specific and 0.35-31% of inter-specific
variations have been recorded (GOFF ef 2/ 1994; VAN OPPEN ez a/. 1995; CHOPIN ez al. 1996),
while in green algae, sequences divergences even within species range from 0.5% to 21%, with
the latter observed in inter-oceanic populations of Cladophora albida (HUDSON) KUTZING (VAN
OPPEN ¢z al. 1993; BAKKER ef /. 1992). Other groups, e. g. fungi also show wide ranges of intra-
specific variations: In the oomycete Phytophthora, variations in the ITS can be low or
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undetectable within species, while in the ascomycete Fusarium sambucinnm, intra-specific
divergence reach values of up to 15% (LEE & TAYLOR 1991; O'DONNELL 1992).

In the brown algae, intra-specific variations in the ITS are similarly variable. The species
complex Desmarestia viridis/ willii, for example, shows very low sequences divergences, i. e. a single
base change m ITS2 (VAN OPPEN et al. 1993), while in Macrocystis pyrifera variations in ITS1 can
reach up to 6.8% between individuals from geographically different populations, and up to 4.6%
were observed between clones from the same individual (COYER ef o/ 2001). In Ectocarpus
species, populations from sites around the world display not only considerable sequence
variations, but also different genome sizes and biochemical characters, resulting in interfertility
barriers. With distinguishing morphological characters lacking, these genetically distinct races are
nevertheless regarded as belonging to the same taxonomic species, i. e. indels are not recognized
as species-specific, but as intra-specific variations (STACHE-CRAIN ez a/. 1997).

Consequently, L. macrocystis and L. eckloniae, including the New Zealand isolates, should
be regarded as a single taxonomic species, under the name Laminariocolax macrocystis PETERS in
BURKHARDT & PETERS 1998, as Streblonema macrocystis PETERS 1991 has priority over L. eckloniae
PETERS in BURKHARDT & PETERS 1998. Whether they form a biological species as well, i. e.
whether they share a geﬁe pool common enough to produce fertile off-spring (MAYR 2000),
would have to be tested in cross-breeding experiments between sexually reproducing strains of
all entities.

With three genetically different groups of L. macrocystis present, New Zealand superficially
appeats to be a "hot-spot" of endophyte evolution. However, within New Zealand, no
geogtaphical distribution pattetn was detectable among the three groups of isolates. Moreover,
the most small-scaled vatriations were observed in the Otago region, in an area that was also
most frequently visited (see disttibution map, Appendix B, Figure B 2.1). At the entrance of
Otago Harbour, for example, members of all three groups were detected within a few
kilometers: On the southern shore of the harbour, at Hatington Point, radiatae’ was isolated
twice, while the host population at Wellers Rock, southwest of Harington Point, hosted 'novae-
Relandiae’.  Another 'novae-zelandiae strain was found in a drifting Macrocystis specimen at Pilots
Beach, east of Harington Point. Finally, at the Aramoana Mole, both ‘macrocystis’ and 'radiatae’
strains were isolated from the same Macrocystis population within five months. Thus, the
detection of this high level of intra-specific variation among L. zacrogystis populations within the
New Zealand archipelago is most likely the result of repeated isolations and sequence

comparisons.
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As members of the different groups of New Zealand isolates were neither
morphologically, geographically nor temporally separated from each other, all entities should
therefore be regarded as cryptic genetic varieties within the L. macrocystis complex, rather than as
sub-species (SCHUBERT & WAGNER 1993). Thus, the members of groups L; and L; would be
distinguished from Chilean L. macrocystis (including the ‘'macrocystis’ isolates, group L,) as
L. macrocystis var. radiatae var. ined. (group L,) and L. macrocystis var. novae-gelandiae var. ined.
(group L,). Consequently, this complex should also include L. eckloniae as another genetic

variety, L. macrocystis var. eckloniae comb. ined..

3.2.2.4 Biogeographical considerations

In contrast to New Zealand, only single isolates of L. macrocystis were sequenced from Chile and
South Africa. Additional sampling in these ateas may reveal more genetic variation as well, 1. e.
show whether the varieties observed in New Zealand are also present. This may provide further
information about the origin of the genetic vatiations, whether they are specific to New Zealand
as by-product of a speciation-in-progress, or whether they are the result of gene flow and
hybridisation among populations from the whole Southern Hemisphere.

Members of the genus Macrogystis have a wide distribution around the Southern
Hemisphere (cited in RICKER 1987; cited in NORTH 1994; COYER e a/. 2001). Like other large
buoyant brown algae, they are used by a variety of epiphytic organisms not only as a habitat, but
also as means of transport. So-called 'kelp rafts', floating masses of detached brown algae
travelling in open ocean cutrents, are considered a source for long-distance dispersal not only for
the brown algae themself, but also for the associated epiphytes such as red algae and many
mvertebrates (HOMMERSAND 1986; EDGAR 1987; HELMUTH ¢ a/. 1994; HOBDAY 2000a, 2000b).
Similarly, infected host thalli may allow the distribution and thus gene flow for endophytic algae
such as L. macrocystis.

In the genus Macrocystis, four species are currently recognized (NORTH 1994). However,
a lack of genetic diversity among populations from vatious sites around the Southern
Hemisphere suggests the presence of only a single species, Macrocystis pyrifera (COYER e al. 2001).
Moreover, identical ITS1 sequences in populations from Chile, South Africa, Marion Island and
New Zealand suggest that this species has been distributed quite recently, or that a gene flow
may still be ongoing between South America, South Africa and the southeastern Pacific (COYER
et al. 2001).
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The West Wind Drift, catrtying Sub-antatctic Surface Water eastward along the Antarctic
Convergence, is consideted to be one of the main pathways for long-distance dispersal of
seaweeds in the Southern Ocean (HOMMERSAND 1986; JOHN ef o/ 1994; SMITH 2002). Within
its path lay numerous islands, which are populated by M. pyrifera, such as the Falkland Is., Gough
Is., Tles Crozet, Tles Kerguelen ot Macquatie Is,, including the subantarctic islands south and
southeast of New Zealand, Auckland Is., Campbell Is., Antipodes Is. and Bounty Is.. Macrocystis
populations are moteover found south of the Antarctic Convergence, on South Georgia and
South Sandwich Is., as well as north of the Sub-tropical Convergence, on Tristan da Cunha and
St. Paul (HAY ez a/. 1985; RICKER 1987; cited in NORTH 1994). A survey on these putative host
populations for L. macrocystis tmay provide information about a tentative gene flow between
endophyte populations in the Southern Ocean. It is noteworthy, that Macrocystis thalli from Cape
Town, South Africa, share identical ITS1 sequences with populations from sites within the West
Wind Drift, even though, generally, the marine flora of the western coast of South Africa is
considered somewhat distinct from most other marine floras of the Southern Ocean, due to its
separation by the Subtropical Convergence (HOMMERSAND 1986; NELSON 1994; HOMMERSAND
& FREDERICQ 2002). Nevertheless, Sub-antarctic Surface Water may occasionally reach the
western coast of South Aftica (DIETRICH ef /. 1975). New Zealand is also located north of this
front, but hete the Subtropical Convergence (as the Southland Front) surrounds the South
Island relatively close to the coast following the continental shelf, whete waters carried in the
Southland Current may be mixed with the Sub-antarctic Surface Water (HEATH 1985). Thus,
kelp rafts transported in the West Wind Drift may reach the coasts of Stewatt Island and South
Island.

Although South Africa and Antarctica seem to be geographically separated by the two
circumantarctic convergences, the L macrocystis isolates from both regions shate neatly identical
ITS1 sequences indicating the presence of some genetic flow between them, probably via natural
dispersal mechanisms, such as drift, or by man. Furthermore, their long ITS1 sequences
distinguish them from isolates from Chile or New Zealand, suggesting that the origin of
Southern Hemisphere Laminariocolax may be found in South Africa or Antarctica. However,
additional isolates from other Southern Hemisphere populations will be requited to clarify this
question.

Additional sampling in search for cryptic genetic vatieties of L. macrocystis should also
include other potential host species to provide information about the range of possible hosts of

L. macrocystis. In Antarctica, for example, it was found in a member of the Desmarestiales. In
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South Africa, in contrast, L. macrocystis has so far only been isolated from Ecklonia maxima, but
not from M. pyrifera (BURKHARDT & PETERS 1998; PETERS 2003; A.F.PETERS, personal
communication), even though it is possible that Macrocystis populations in South Africa are
infected as well. In New Zealand, L. macrocystis has only been observed in the two kelp species
M. pyrifera and E. radiata. While M. pyrifera hosted all three vatieties of L. macrocystis, only vat.
radiatae was isolated from E. radiata. Whether this is the result of some level of host specifity
among the varieties, or whether this is due to insufficient numbers of isolates from Ecklonia,

requires further sampling to answet.

3.2.2.5 Infection symptoms associated with L. macrocystis

Host populations in Chile, South Africa and New Zealand showed differences in the infection
by L. macrocystis, especially in the expression of macroscopic infection symptoms. The presence
of conspicuous protuberances from the host surface, so-called galls, associated with the
endophytes, separate New Zealand L. macrocystis from strains isolated in Chile and South Africa.

At the type locality of L. macrocystis in Chile, the thalli of Macrocystis pyrifera display
infections mainly in their sporophylls, but also in the basal parts of the stipe, representing
different habitats occupied by the heteromorphic generations of L. macrocystis in the field: The
gametophyte grows epi-endophytically on the basal part of the host, while the sporophyte grows
endophytically in the host sporophylls (PETERS 1991). Here, the endophyte can be detected
macroscopically by dark patches which may include the whole lamina and the adjacent stipes.
Infected cauloids can be twisted and, like the sporophylls, appear less flexible, with a rough
surface. However, conspicuous protuberances from the host surface were not observed in
Chilean Macrocystis infected with L. macrocystis (PETERS 1991). In South African Ecklonia masima,
L. macrogystis vax. eckloniae, occurs mainly in the lamina and is associated with dark spots, but no
galls were observed (BURKHARDT & PETERS 1998).

In New Zealand, while in some individuals of M. pyrifera hosting L. macrocystis an
infection could only be detected microscopically, most thalli showed macroscopically visible
symptoms, 1. e. at least a rough dark surface i the infected atea, similar to Chilean Macrocystis
hosting L. macrocystis. However, the New Zealand thalli frequently displayed conspicuous galls
and distortions. Moreover, these galls were almost always restricted to the cauloids of M. pyrifera,
while infections were rarely observed on phylloids including pneumatocysts and never in

sporophylls. In E. radiata from New Zealand, the presence of the endophytes was often
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associated with motphological alterations comparable to those in Macrogystis, e. g. rough, datk
surfaces, and in severely affected specimens, galls and thallus distortions.

Additionally, most New Zealand isolates appeared to reproduce asexually: Upon
microscopic examination of field material prior to isolation, plurilocular sporangia were
obsetved, but not unilocular ones. Moteover, in the field, endophytes lacked epiphytic or
projecting filaments, which are characteristic for Chilean gametophytes.

Even though they ate absent in South American and South African host thalli, galls
similar to those observed on M. pyrifera and E. radiata from New Zealand ate also reported from
kelps infected with pigmented endophytic Phaecophyceae growing along the North American
west coast: M. integrifolia BORY, Nereocystis lnetkeana and Laminaria spp. (ANDREWS 1976, 1977,
APT 1988a, 1988b). In Nereocystis, protrusions from the surface of the cauloid form ridges
running spirally around the stipe (APT 19882, 1988b). A similar spiral arrangement of galls
following nutation of the cauloid was detected in some M. pyrifera individuals from New Zealand
(for example, see Plate 3.1, Figure F), suggesting that the infection took place in the apical part
of the developing frond befote nutation and internode elongation started.

The endophyte associated with the galls in Nereoystis was classified as Streblonema sp., but
information regarding the structure of its plutilocular sporangia (i. e. plutiseriate vs. uniseriate)
are lacking. The phylogenetic relationship of this endophyte is not known, i. e. whether it
belongs to the genus Streblonema, or 1s more closely related to L. macrogystis. In re-infection
studies, the endophyte was identified as the causal agent of the gall formation: In bialgal cultures
with endophytes, host spotophytes developed galls similar to those observed in the field.
Endophytes 1solated frorn these galls had a morphology similar to those isolated from the field,
thus KOCH's postulates for proving causality in diseases (ANDREWS 1977; ANDREWS & GOFF
1985) were fulfilled (APT 1988a).

Until recently, it was unknown how the endophyte infection spreads between host
mndividuals. Vegetative endophyte filaments were suggested as the infective agent, possibly
entering the host thallus via wounds (APT 1988a; ROUND 1991). However, SEM studies on
bialgal cultutes of the kelp Laminaria saccharina with its natural endophytes Laminariocolax
aecidioides or Laminarionema elsbetiae showed that in these endophyte species, zoids from
plurilocular sporangia act as the infection agents. Upon germination, germination tubes
developing from settled spores penetrate the intact surface of their host thallus, apparently using
an enzymatic rather than a mechanical penetration mechanism (HEESCH & PETERS 1999). The

biochemistry of this initial stage of development of the host-endophyte relationship has been
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studied in the association of Laminaria digitata with Laminariocolax tomentosoides, where a complex
cascade of action vs. reaction between host and endophyte is observed (KUPPER e a/. 2001,
2002): normally, degradation products of the host cell wall (oligo-guluronates), which may be
released during a putative enzymatic digestion by an attacking pathogen, act as elicitors that
trigger an active defense reaction in Laminaria, 1. e. the host surface cells release activated oxygen
species cytotoxic to pathogens. Laminariocolax tomentosoides, however, 1s capable of quenching this
oxidative burst and this may be the reason why it can successfully infect its host. Elicitation with
synthetic oligo-guluronates, on the other hand, leads to some kind of immunity in the host alga
against Laminariocolax building up slowly and lasting up to eight days. Apparently, only sutface
cells of the host are involved in the oxidative burst, as the first line of defence in an endophyte
attack (KUPPER ez a/. 2002).

However, most of what happens, once the endophyte has successfully entered the host,
is unknown, 1. e. the further development of the symbiosis on a cellular and sub-cellular level.
On the surface, the host cells are able to recognize endophyte spores, so is a similar
"communication" (i. e. a system of chemical action and reaction) established between both
species with the endophyte mnside? And what leads to the formation of galls in the host tissue,
1. e. how do the endophytes manage to disrupt ordered cell divisions within the host tissue?

So far only the morphology of the galls caused by endophytic Phacophyceae has been
studied. In Nereocystis, meristoderm and cortex of the cauloid are mvolved in the formation of
galls, which are the result of hyperplasia (proliferation) rather than hypertrophy (enlargement) of
the cells (APT 1988a, 1988b). A similar process is assumed for the galls displayed by Macrocystis
from New Zealand. Large cavities, such as those associated with galls in Macrocystis, were not
observed in Nereocystis galls, though. In M. pyrifera, these cavities possibly have developed from
enlarged mucilage ducts. However, the way they were formed remains unclear.

In higher plants, bacteria or virus infections may lead to a transfer of genetic material
(1. e. plasmids) from the pathogen into host cells, resulting in amorphous, undifferentiated
heterokaryotic tissue with unlimited growth, 1. e. tumours (BEIDERBECK 1977). In contrast,
plant galls in a strict sense comprise localised anomalies consisting of differentiated tissue with
limited growth, which may develop under the influence of substances acting as growth
regulators, e. g. phytohormone-like substances released by pathogens such as insect larvae using
the gall as a sheltered habitat (STOCKER & DIETRICH 1986). Galls in marine macroalgae ate
associated with a vatiety of organisms, e. g. fungi, nematodes, copepods or other algae, but can

also be caused by bacteria or pollution (AGUILERA ef /. 1988; review in APT 1988b). In some
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red algae parasitised by adelphopatasites, callus-like growth has been obsetved, e. g. in
Sarcodiotheca gandichandii (ABBOTT & HOLLENBERG) GABIELSON infected by Gardneriella tuberifera
KyLIN (GOFF & ZUCCARELLO 1994). Host-parasite relationships are well studied in the red
algae (e. g. GOFF 1982; GOFF & COLEMAN 1984, 1985, 1995; GOFF & ZUCCARELLO 1994; GOFF
et al. 1994, 1996). Most parasitic red algae transfer genetic material into cells of their host via
specialized plasmodesmata, so-called secondary pit connections. The transformed host cells may
grow into masses of heterokatyotic cells forming the parasite thallus (GOFF & COLEMAN 1984,
1985, 1995, GOFF & ZUCCARELLO 1994). Gardneriella moreover induces the host cells to
proliferate and form a callus prior to the transfer of genetic material (GOFF & ZUCCARELLO
1994). Likewise, callus growth has been observed in a related species, Agardbiella subulata, treated
with substances regulating the growth in higher plants (BRADLEY & CHENEY 1990), suggesting
that the patasite Gardnerzella may also release substances acting as growth regulators.

In the pigmented endophytic brown algae, a transfer of genetic material into the host
cells resulting in heterokaryotic gall tissue seems unlikely, as neither secondary plasmodesmata
not any other means of invasion into host cells, e. g. haustoria, have been observed between
endophytes and host cells, even though secondary infections with potentially tumour-causing
agents such as bacteria and viruses cannot be ruled out. Instead, it appears to be more likely
that, similar to higher plants or in the Gardneriella-Sarcodiotheca symbiosis, in infections by
endophytic brown algae the formation of galls may be triggered by the presence of
phytohormone-like substances. Substances acting as phytohormones are not only known
stimulate reactions in red algae (BRADLEY & CHENEY 1990), but also in Phaeophyceae. For
example, cytokinin-like substances have been reported to enhance growth i M. pyrifera (DE NYS
et al. 1990, 1991).

Such substances could be released by the endophytes, however, a putative increase of
hormone-like substances in the host tissue could also be a reaction of the host itself, e. g. as an
attempt to encapsulate and thus isolate the intruder. Nevertheless, the physiology of the
symbiosis between pigmented brown alge and their hosts has not been studied beyond the first
stage of infection, and it is not known whether any substances acting as growth regulators are
mvolved. As the presence of endophytes is not always associated with galls in the host, their

formation may, for example, depend on the number of endophyte filaments mvolved.
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3.2.2.6 Prevalence of infection in M. pyrifera from New Zealand

Laminariocolax macrocystis was the only endophyte isolated from Macrogystis pyrifera duting the
present study. This endophyte appears to be wide-spread within the New Zealand atchipelago,
as all populations of Macrocystis examined for the presence of endophytes contained infected host
specimens. In the three populations on the Otago coast quantitatively examined for infections
with L. macrocystis, endophytes were present throughout the year. In the two populations inside
and at the entrance of Otago Harbour, Quarantine Point and Aramoana, prevalences were high,
with 95-99% (97-100% in 2000) of all thalli collected hosting endophytes. In the off-shore
population at Cornish Head, in contrast, only one third of all thalli examined hosted endophytes.
The values found in the Harbour populations are consistent with high infection rates observed
mn kelp populations from other parts of the world, e. g. British Columbia or North West Europe
(ANDREWS 1977, LEIN ¢f a/. 1991; PETERS & SCHAFFELKE 1996; ELLERTSDOTTIR & PETERS
1997). In M. pyrifera from Chile, the frequency of infection with L. zacrocystis was estimated from
the time required to find specimens with macroscopic symptoms, distinguishing among a 'rare’,
'frequent' or 'very frequent' occurrence of endophytes (PETERS 1991). However, further
quantitative data from the Southern Hemisphere are lacking, not only from Chile, but also from
L. macrocystis mfecting South African Ecklonia maxima.

In Chile, infection symptoms of M. pyrifera such as‘dark patches on the sporophylls were
present throughout the year, but were most frequently found in autumn, winter and early spring
(PETERS 1991). Similarly, ELLERTSDOTTIR & PETERS (1997) found a weak seasonality in the
infection rates of Laminaria spp. from the German Bight, with a drop in late spring. In the New
Zealand populations, in contrast, seasonal influences on the prevalence of infection or the
severity of symptoms, if detectable, were statistically insignificant. However, the study of
ELLERTSDOTTIR & PETERS (1997) had three times the number of thalli examined than in the
present study. In the present study, a higher number of samples would be required to
statistically support any apparent seasonal differences at the three sites. Larger sub-samples
would also be preferable to avoid the factor 'sub-sample' becoming significant in nested
ANOVAs (as was observed in some analyses in the present study; see Appendix C 2). However,
larger collections are difficult to process because of the size and complexity of the Macrocystis
thalli. Also, there was a possible danger of eradicating smaller populations such as the one at
Quarantine Point by a destructive sampling design. A selective sampling of single fronds was
not feasible either, as the fronds of single and coalescing Macrocystis thalli are usually heavily
entangled with each other and thus are difficult to separate under water.
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The Macrogystss thalli in the off-shore population at Cotnish Head were significantly less
infected than the populations inside the Harbour. However, these differences in the prevalence
of infection and severity of symptoms are difficult to relate to specific environmental conditions,
as many abiotic factors, such as temperature, salinity, wave-exposure, water depth and turbidity,
naturally co-varied at the three study sites. M. pyrifera is adaptable to a variety of conditions, e. g.
it grows in clear and turbid waters, along open coasts as well as in sheltered harbours (HAY
1990a). However, sub-optimal environmental conditions may reduce the health of a species and
thus may be responsible for a greater susceptibility to infections and, subsequently, more severe
infection symptoms. Macrogystis sporophytes, for example, appear to be adversly affected by
elevated water temperatures (HAY 1990a). Within the shallow Otago Harbour, water exchange is
slow (SMITH 1991), and thus temperature and salinity may show a greater mean monthly range
than outside the Harbour (ANONYMOUS 1991). Near the two islands separating the two paits of
the Hatbour, temperature changes are the steepest. In the Upper Otago Hatbout, the long
flushing time (27.5 tidal cycles, 1. e. circa 14 days; QUINN 1978, cited in PROBERT 1991) and the
additional fresh water input by the Leith stream result in a stratified water column in summer
with reduced salinity and elevated temperatutes at the surface (ANONYMOUS 1991). Based on
these observations, Macrocystis populations inside the Upper Harbour are considered to grow
under sub-optimal conditions as they are closet to their upper temperature limit and ate exposed
to a reduced salinity and high loads of sediments in the water, compated to open-coast
populations (J. FYFE, personal communication).

The water inside the Lower Harbout, in contrast, has only a short residence time of
approximately 1.2 tidal cycles (14-15 hours; QUINN 1978, cited in PROBERT 1991), and is
completely mixed (ANONYMOUS 1991). Accordingly, temperature and salinity of the Lower
Harbour are similar to values measured outside the Harbour (RAINER 1981), although, at its far
end, at Quarantine Point, the surface water may show a slightly depressed salinity and a greatet
range of sea surface temperatures (Appendix C 3, Table C 1 and Figure C 3.1, respectively).
Thus it is possible that the temperature and salinity at Quarantine Point adversly affected the
health of Macrocystis, compared to the other sites.

In contrast to small differences in temperature and salinity, the wave-exposure and watetr
depth differed markedly among the three populations. The Quarantine Point site is wave-
sheltered and shallow. Low water velocities and the close intertidal mudbeds result in thalli that
were often covered by a layer of fine sediments. At Aramoana, in contrast, the thalli grow in

water up to 5 m deep, and experience tidal currents and some wave action. The Cotnish Head
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site 1s fully wave-exposed, and the Muacrocystis population grows in 10-12 m depth. At the
populations at Aramoana and at Cornish Head, the strong currents and wave action appeared to
prevent any sedimentation on the Macrocysizs phylloids. A slower flow may also explain the
higher number of bryozoan colonies settling on the phylloids at Quarantine Point, compared to
the thalli from Aramoana and Cornish Head (observation not quantified). However, this
apparently did not influence the settlement of endophyte spores because the thalli at Aramoana
had endophyte infection rates similar to Quarantine Point thalli.

Because of the exposure at Cornish Head, the canopy cover of the Macrocystis population
is extremely variable over time, as fronds may break in heavy wave action and storm events,
especially in autumn and winter, and drift to the nearby shores, where they form piles of
decaying biomass (FYFE ¢z 4/ 1999). In spring 2000, for example, the population had suffered
substantial loss in population density, which prevented more sampling in the area. Such a
petiodical decline appears to be part of a natural cycle of renewal in this off-shore population
(FYFE et al. 1999). In Californian kelp beds, a periodic break-down of populations is speculated
to be due to self-fertilization and subsequent inbreeding depression which may result in the
senescence of populations (RAIMONDI ¢z /. 2004). However, it is possible that infection by
endophytic brown algae may also be involved.

The thalli collected from Cotnish Head in winter 2000 weighed significantly less than the
thalli from the pteceeding summer. There was also a non-significant trend of winter thalli being
longer and containing less canopy fronds but more senescent fronds than the thalli collected in
summer. However, larger numbers of samples will be required for statistical support.
Nevertheless, if these trends were supported by statistics, it would indicate that the winter thalli
may have grown in length, but may have lost some apical scimitars. Considering that infection
symptoms such as galls are persistent but that the winter thalli still seemed to be less infected,
infected fronds or upper parts of these fronds may have been removed to a greater extent than
non-infected ones. Galls on the stipes possibly change the biomechanic and hydrodymamic
propetties of the Macrocystis fronds, so that they may become more susceptible to drag. This idea
is supported by observations in other algae: in Laminaria spp., for example, the presence of
endophytes appears to reduce the flexibility of the fronds, thus mnfected thalli are considered to
be less capable of withstanding strong wave action, compared to healthy thalli (LEIN ez 2/ 1991;
SCHAFFELKE ¢f a/. 1996; ELLERTSDOTTIR & PETERS 1997). Likewise, in the red alga Mazzaella
laminarioides (BORY) FREDERICQ, fronds infected with green algal endophytes appear to be

selectively rtemoved by storms (CORREA & SANCHEZ 1996; CORREA ef al. 1997). Laminaria
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populations from Helgoland, German Bight, nevertheless showed higher percentages of
infection and more severe disease symptoms at the more wave-exposed site, in contrast to
Macrocystis in New Zealand. However, population parameters, e. g. host densities, may have
differed between the sites investigated on Helgoland (ELLERTSDOTTIR & PETERS 1997).

The presence of endophytes may have a similar effect on the flexibility of Macrocystis
thalli, but the consequences could differ from other host species. I. e., a brittle stipe may have a
much more severe impact on the sutvival in single-phylloid thalli such as Laminaria spp.,
compared to the multi-frond thalli of Macrocystzs. In Macrogystis, the thallus may replace lost
fronds, as long as the holdfast and the frond initials persist. In Laminaria, the meristem is located
at the base of the phylloid, and thus, once the cauloid breaks, the phylloid including the
meristem is ripped off and the thallus cannot regenerate. In Macrocystis, endophytes may reduce
the life span of single fronds. Thus, a putative regular seasonal removal of infected fronds in the
exposed Cornish Head may reduce the overall prevalence of infection, in comparison to more
sheltered populations such as those in Otago Harbout.

Alternatively, the same environmental factors that adversely affect the host species, may
have a different effect on the endophytes, for example elevated water temperatutes.
Obsetvations of Laminaria species along the German coast show that despite constant rates of
infections with endophytic brown algae, the associated symptoms ate mote sevete in summer
and/or in thalli growing in shallower water (SCHAFFELKE e¢f a/. 1996; ELLERTSDOTTIR & PETERS
1997). Mozeover, in laboratory experiments, the respective endophytes, Laminariocolax: aecidioides
and L. fomentosoides, show maximum growth under summer conditions, suggesting that theit
growth may be temperature limited in winter and light limited in greater water depths (HEESCH
1996). Their Laminarialean hosts, in contrast, display maximum growth in winter, due to
endogenous circannual rhythms (LONING 1993; SCHAFFELKE & LUNING 1994). Thus the deeper
subtidal, where endophyte growth is light limited, may provide a refuge from endophyte disease
(HEESCH 1996; HEESCH & PETERS 1996). Likewise, the high prevalences of infection and
severities of symptoms observed in thalli from Quarantine Point and Aramoana may have
reflected better environmental conditions for the growth of Laminariocolax: macrocystis at the
Harbour sites, in comparison to Cornish Head.

Similar to the Laminaria spp. at Helgoland, a decline of the growth rate was observed in
Macroystis from Otago Harbour duting summer (BROWN ez /. 1997). Howevet, not all other
Southern Hemisphere populations show a seasonal growth pattern (reviewed in BROWN ez a/.

1997), thus there is no evidence to suggest that the growth thythm of Macrocystis pyrifera could be
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endogenous rather than driven by abiotic factors. Endogenous circannual growth thythms with
a lag phase in summer have been reported from kelps belonging to the Laminariaceae and
Alariaceae, e. g. Laminaria digitata, L. hyperborea and Pterygophora californica (LOUNING 1991, 1993;
SCHAFFELKE & LUNING 1994). However, members of the Lessoniaceae have so far not been
examined for the presence of endogenous growth rhythms.

BROWN ez al. (1997) suggested that, in accordance with studies on Californian Macrocystis
populations (NORTH & ZIMMERMAN 1984; ZIMMERMAN & KREMER 1986), the growth of the
thalli in Otago Harbour may be limited by the low nutrient concentrations accompanying the
clevated water temperatures in summer, instead of by the temperatures themselves. However,
their generalisation on "Seasonal growth in the giant kelp Macrocystis pyrifera in New Zealand"
(BROWN et al. 1997) seems problematical without any comparative data from off-shore
populations supporting their observations.

In short, elevated temperatures and reduced salinities may affect the host thalli inside the
Harbour, while the offshotre population appeared to be mainly affected by the wave-exposure.
The differences of environmental conditions for Harbour and off-shore populations are
reflected by the morphologies of Macrocystis fronds, which differ between sites inside (i. e. at
Aquarium Point, near Quarantine Point) and outside the Otago Harbour (KAIN 1982). They
may also explain the variation in the prevalence of infection and severity of symptoms between
the Harbour populations and the off-shore population. Future studies may show whether the
morphology of thalli growing at Aramoana is closer to that of thalli from off-shore or from
Harbour populations. According to infection rates and severity of symptoms, both the Harbour
populations had more in common with each other than with the off-shore population.

To explain the differences in the infection rates, not only abiotic but also biotic factors
must be taken into account which may have had some influence on the infection, such as the
population density and the distrtbution of age groups, or the mortality and the biomass
production. Finally, all three populations hosted different genetic varieties of L. macrocystis,
which may show differences in their success to infect Macrocystis and to cause infection
symptoms: at Cornish Head, L. macrocystis var. novae-gelandiae was isolated, while at Quarantine
Point, Macrocystis hosted L. macrocystis var. macrocystis.  The latter variety was also found imn
Aramoana, together with L. zacrocystis var. radiatae.

In conclusion, this study presents the first quantitative observation on endophytic brown
algae in New Zealand. By recording the prevalence of infection and severity of symptoms, it

provides base-line information on the infection of Macrocystis by L. macrocystis. However, in order
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to relate these results to single biotic or abiotic factors, or to interactions of factors, further
studies will be needed that focus on epidemiological aspects and therefore include the
quantification of a range of environmental conditions as well as the population genetics of the
host populations. Also, additional host populations in other inlets and in the open ocean need
to be studied, to verify the differences obsetved among the Otago Harbour and the Cornish
Head populations. Populations of Ecklbnia radiata which grow in various environmental
conditions and ate infected by Laminariocolax macrocystis should also be examined quantitatively,
to evaluate the effect of the factor 'host species'.

The present study emphasizes the importance of including populations from various
habitats to allow for some genetalization. Likewise, BROWN and co-workers admit at the end of
theit discussion in which they generalize the growth pattern of New Zealand Macrocystis based on
data from a single population inside the Otago Harbour: "It would be of interest to determine
whether the pattern of seasonal growth in adjacent open-coast populations differ from that

desctibed hete." (BROWN ez a/. 1997, pages 423-424).

3.2.3 Microsponginm tenuissimum

3.2.3.1 The genus Microspongium REINKE

All New Zealand endophytes isolated from red algae as well as two isolates from kelps belonged
to the species Murosponginm tenuissimum. This endophyte was orginally described as Streblonema
tenuissinanm by HAUCK (1885) who discovered it in Newalion helminthoides (VELLEY) BATTERS from
the Meditetranean Sea. By studying the molecular systematics of the so-called 'simple' brown
algae using rbcL sequences, SIEMER (1998) found S. fenuissinum to be closely related to the type
species of the genus Microsponginm REINKE, M. gelatinosum REINKE, rather than to the type species
of the genus Streblonema, S. volubilis PRINGSHEIM. Moteover, similar to the Laminariocolax species,
plurilocular sporangia in S. zemuissmum are uniseriate, unlike the pluriseriate sporangia in
S. volubilis. Therefore PETERS (2003) removed S. Zenuissimum as well as the closely related species
S. radians HOWE from the genus Streblonema, and placed them, together with another endophyte
(Gononema alariae PEDERSEN), in the genus Microspongium.

This genus was erected by REINKE (1889) to accommodate two epiphytes he described
from the western Baltic Sea: Microsponginm gelatinosum, growing on Fucus spp., and M. globosum,
growing on Zostera marina L. and on some filamentous green and red algae. Their thallus is

characterised by a prostrate pseudoparenchymatous base from which erect filaments arise
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(REINKE 1888, 1889). The status of the genus as a separate taxon has been the subject of some
controversies as the morphology of the prostrate base is similar to that of the microscopic
sporophyte, the so-called "Microsponginm" stage, of Scytosiphon lomentaria (LYNGBYE) LINK. Some
authors (e.g. LUND 1966; MCLACHLAN efal. 1971; KOGAME 1998; PARENTE e¢f al. 2003)
therefore treat Microspongium gelatinosum as the microstage of Seytosiphon. There are, however,
some morphological differences between both taxa: the number of plastids per cell, the number
of cell layers in the prostrate base, and the presence of plurilocular sporangia in thalli of
Microsponginm spp., which are supposed to be absent in the microscopic sporophyte of Scytosiphon
lomentaria (REINKE 1888; KRISTIANSEN & PEDERSEN 1979; VAN DEN HOEK e¢f 4l 1995).
Nowadays, it is generally accepted that REINKE's material, collected in two consecutive years
from different substrata, was actually heterogenous (IKYLIN 1947; KRISTIANSEN & PEDERSEN
1979; FLETCHER 1987; SIEMER 1998; A. F. PETERS, personal communication). Accordingly, the
matetial from 1888 (with 1-4 plastids per cell, only plurilocular sporangia and a single stromatic
layer; REINKE 1889, Plate 7) represents the true M. gelatinosum, while the material from 1889
(REINKE 1889, Plate 8, characterised by a single parietal plastid per cell, the presence of
unilocular sporangia and two stromatic layers) was most likely the sporophyte of Scytosiphon
lomentaria. In this study, to avoid any confusion with the latter, the genus is referred to as

Microsponguim REINKE sensu KRISTIANSEN & PEDERSEN 1979.

3.2.3.2 M. tenuissimum in New Zealand

In the New Zealand isolates, most strains of the Microspongium clade (isolates no. 19-26, group
M;) had ITS1 sequences which were nearly identical to that of M. zenuissimum isolated from
Polysiphonia elongata (HUDS.) SPENG. from the Baltic Sea (as Streblonema sp.; later 1dentified as
S. tenutissimum; BURKHARDT & PETERS 1998; PETERS 2003). The isolates of group M, were
classified accordingly and are henceforth referred to as 'tenuissimum’ isolates.
The average size of the vegetative cells of the 'Zenuissimum’ isolates was within the range
for Mediterranean M. fenuissimum, although at the lower end of the range given by HAUCK (1885).
HAUCK's observations, however, were based on field material and therefore some disctepancies
are to be expected compared to data from cultures. For example, in the New Zealand isolates,
the average width of the plurilocular sporangia was smaller than that of the sporangia of the type
material. Some of the isolates, however, displayed slightly larger sporangia, e. g. cultures of the
endophyte from Undaria pinnatifida (isolate no. 25; Appendix B, Table B 1.1). There is no
information in HAUCK (1885) regarding the length of the plurilocular sporangia or the number
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of loculi observed in the type material. He also did not provide a figute from which this
information could be derived. A figure of field material of M. tenuissimum (as Phycocelis lenuissima
(HAauck) KUCKUCK comb. nov.) was provided by KUCKUCK (11954: page 105), with the
endophyte displaying mostly short sporangia with a few loculi (and only a single longer
sporangium), similar to the shott spotangia observed in the New Zealand isolates. An example
of different sized sporangia in field collected vs. cultured material is Laminariocolax macrocystis. In
field material of gametophytes, sporangia appeat to be relatively short, compared to those from

cultured thalli with various lengths (as Streblonema macrocystis; PETERS 1991).

3.2.3.3 Morphological variations observed in culture

Two morphologically different growth types wete obsetved in the 'tenuissimurn' isolates from New
Zealand. The compact growth type encountered in some cultures is different from the
filamentous habit of HAUCK's type specimen. However, the species description was based on
endophytically growing material, not on thalli grown in unialgal cultures. The morphologically
different growth types obsetved in the 'femuissimum' isolates from New Zealand are most likely
the result of phenotypic plasticity due to environmental (i e. culture) conditions, rather than
heteroblasty or heteromorphic generations.

A heteromorphic life cycle is known from some endophytic brown algae, e. g
Laminariocolax macrocystis (PETERS 1991) or Laminarionema elsbetiae (PETERS & ELLERTSDOTTIR
1996). For example, in a sporophyte culture of Laminariocolax aecidioides, from Helgoland,
German Bight, displaying both unilocular and plurilocular sporangia, spores germinated in two
ways (with or without forming a narrow germtube and evacuation of the embzryospore), resulting
mn two growth types (fluffy open vs. compact ones) with differences in their attachment to the
sutface they grew on. They were suggested to represent slightly dimorphic gametophytes and
sporophytes, with different habitats (endophytes vs. epiphytes), respectively (HEESCH 1996). In
the New Zealand 'fenuissimum' cultures, however, only plutilocular sporangia were observed,
suggesting that all cultures had the same ploidy and reproduced only directly via mitospores.

Variations in growth forms are not himited to thalli of different levels of ploidy. They
can also be displayed by spores which originate from a single soutce (e. g. a plurilocular
sporangium). Heteroblasty means that spores of the same sporangium type of one parent thallus
behave differently from the beginning, upon germination. This phenomenon has been observed
in various members of the Ectocarpales s. 4, for example, in the Myrionemataceae (LOISEAUX

1968). In cultures of Cladosiphon zosterae (J. AG.) KYLIN, a member of the Chordariaceae
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(LOCKHART 1979), spores produced asexually in plurilocular sporangia could germinate in two
ways, similar to L. aecidioides (HEESCH 1996), and grow into filamentous or disc-shaped thalli,
respectively. The variations were linked to different nitrogen sources in the culture medium or
the presence of certain bacteria (LOCKHART 1979). However, a single germination type was
observed in the 'fenuissimum' cultutes, thus heteroblasty is an unlikely explanation of the growth
types.

The habit of small brown algae can be highly dependent on envitonmental conditions
such as the nutritional status, as shown in cultures of a related species, M. alariae (PEDERSEN)
PETERS, an endophyte known e. g. from Fucus spp. in the Baltic Sea (PETERS 2003). The thalli of
M. alarige display a habit similar to the compact growth form found in some 'tenuissimum’
isolates.  They consist of '"uniseriate, branched filaments which may form pseudo-
parenchymatous masses of rounded cells mn the central part of the horizontal system" (as
Gononema alariae; PEDERSEN 1981a, page 264; PETERS 2003). But M. alarige also forms long
filaments, whose apical parts can turn into long uniseriate plurilocular sporangia. Under certain
conditions (i. e. nutrient deficiency), the thalli even develop long filaments with pectinate laterals.
In the New Zealand 'fenuissimum' isolates, strains differed morphologically even when measured
on the same day, 1. e. they would have been cultivated in similar vessels for the same period of
time and under the same conditions prior to measuring. Some cultures, however, were rather
crowded, possibly resulting in local nutrient deficiencies.

Also, the substrata upon which individual thalli grew could have influenced their habit.
Surface energy effects by the substratum have, for example, been discussed as another reason to
cause heteroblasty (FLETCHER ez 4/ 1985). The example of the epi-endophyte Mikrosyphar
polysiphoniae KUCKUCK (1895a) shows how morphology can depend on the substratum: When
growing in unialgal cultures, with no firm attachment to the abiotic substrate, this species forms
Tumpy' thalli, while conspicuous pseudoparenchymatous discs appear when the endophytes
grow on the thalli of their host m mixed cultures with Polysiphonia stricta (DILLWYN) GREVILLE
(as P. urceolata (LIGHTF. ex DILLWYN) GREVILLE; PEDERSEN 1984). Spores of the 'tenuissimum’
isolates from New Zealand settled on all available surfaces within the culture vessels and thus
grew on diverse materials, such as polysterene (in Petri dishes) or glass (either in glass vessels or
on glass fragments floating in the culture medium as a result of the reaction of seawater with the
surface of the Schott® bottles during autoclaving), or floated freely in the culture medium.
Spores also settled on each other, resulting in lumps of possibly coalescing individuals, which

might have influenced their thallus morpholgy as well.

131



Discs similar to the ones observed by PEDERSEN (1984) in Mzkrosyphar polysiphoniae were
lacking in the cultures of the 'femuissimum' isolates from New Zealand, even though a basal
pseudoparenchyma is one of the characteristics of the genus Microspongium (REINKE 1889).
Neither HAUCK (1885) nor later authors dealing with this species mention such a basal disc (e. g.
Kuckuck emend. KORNMANN 1954; PANKOW 1990; BURKHARDT & PETERS 1998). Even
PETERS who proposed the new combination M. tenuissinum did not observe this character, but
instead based his decision on molecular data alone (PETERS 2003; A.F. PETERS, petsonal
communication). Furthermore, although PEDERSEN (1981a) referred to the agglomerates of
rounded cells in the centre of the thalli of M. alariae (as Gononema alariae), similar to the compact
forms of the 'femuissimum' isolates, as 'pseudoparenchymatous', they are different from the
pseudoparenchyma displayed by epiphytic Microsponginm. According to REINKE (1889), epiphytic
thalli of Microspongium form a prostrate disc constructed of a monostromatic layer of closely lying
cells of itregular shapes.

However, a basal layer agreeing with the description by REINKE (1889) was obsetved in
one Microspongium strain from New Zealand, the endophyte of Pachymenia lusoria from Owenga,
Chatham Island (isolate no. 27; compare present study, Plate 3.4, Figure I, with REINKE 1889,
Plate 7, Figures 4-6). In contrast to M. gelatinosum and M. globosum, 1 which many erect filaments
form a dense carpet (REINKE 1888, 1889), isolate no. 27 only displayed a few erect filaments
rising above the basal disc (Plate 3.4, Figure I). The ITS1 sequence of isolate no. 27 was similar
to those of the 'tenuissimum' isolates but differed in a small indel of 27 bp that is missing in the
endophyte from Owenga. An identical ITS1 sequence, with the same indel missing, had
previously been found in M. radians (as S. radians HOWE) isolated from Grateloupia doryphora
(MONTAGNE) HOWE from Chile (BURKHARDT & PETERS 1998). Thetefote the New Zealand
isolate no. 27 was classified accordingly and is henceforth referted to as the "radians’ isolate.

HOWE (1914) described Streblonema radians as an endophyte of Gratelonpia sp. from Peru.
He separated it from M. fenuissimum (HAUCK) PETERS (as Streblonema tenuissimum HAUCK) based
on its "very short, reduced, sometimes branched, plurilocular sporangia" which he considered
"different from the somewhat thicker 'fadenformig' (filamentous) sporangia" of M. fensuissimum
(HowE 1914, p. 47). In the 'radians’ isolate from Chatham Island, the cell sizes and the width of
the plurilocular sporangia were in agreement with the sizes given by HOWE for the type matetial
from Peru, even though at the minimum level. The length of the sporangia of the isolate from
New Zealand, however, exeeded those measured in HOWE's specimens: The Peruvian spotrangia

were 11-15 wm long and had 1-6 (usually 3-5) loculi (HOWE 1914), while in the New Zealand
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isolate, they were 31 £ 6 um long, with 8 * 2 loculi and thus were in the range of the sporangia
measured in the “enuissimmum' isolates. As HAUCK (1885) did not measure the length of the
sporangia he observed in M. Zenuissimurnz, HOWE (1914) could only use the size and shape of the
plutilocular sporangia — which he states were "inferred 'from HAUCK's brief description'"
(HOWE 1914, page 47) — to separate his endophyte from HAUCK's species. In fact, in the figure
given by KUCKUCK of M. tenuissimum (as Phycocelis tenuissima (HAUCK) KUCKUCK, KUCKUCK
11954, page 105, Figure 1), the sporangia (apart from the single long one) are similar to the ones
in HOWE's figure of M. radians (1914, plate 11, Figute 8). Moteover, there were no significant
differences in average cell and sporangium sizes between the ‘radians’ isolate and the "fenuissimum’
cultures.

The prostrate disc observed in the New Zealand radians’ isolate seems to appear only
under culture conditions - it is not mentioned by HOWE (1914), who, like HAUCK (1885), studied
only material from the field. A similar discrepancy between field and culture material was
reported for another Microspongium species, M. immersurm (LEVRING) PEDERSEN 1984, also a
former member of the genus Streblonerra. From this red algal endophyte originally only field
material with simple uniseriate filaments was described (LEVRING 1937). In cultures of this
species, however, PEDERSEN (1984) observed conspicuous pseudoparenchymatous discs. As
heterotrichous thalli are unknown i the genus Streblonema, he moved the species to the genus
Microsponginm.

The discs in the New Zealand ‘radians’ isolate were similar to those described for
M. zmmersum. Indeed both taxa appear to be closely related, if not synonymous. The only
distiguishing feature 1s the presence of true phaeophycean hairs in M. zmmersum, while they
appeared to be absent in the New Zealand radians' isolate. However, as discussed above, the
formation of hairs often depends on the nutritional status of a culture, and hairs have moreover
been observed in Peruvian M. radians (HOWE 1914). And even though the cells of M. immersum
are smaller than those of Peruvian M. radians, they are in the range of those measured in the
'radians' isolate from New Zealand, while the size of sporangia in M. immersum take a medium
position between M. radians from Peru and the 'radians’ isolate (HOWE 1914; LEVRING 1937;
PEDERSEN 1984; this study).

The question remains as to why a basal pseudoparenchyma is absent in the “tenuissimum’
isolates from New Zealand. Are they genetically incapable of forming a 'propetr Microsponginm
disc', or were their culture requirements just not met, 1. e. is this a case of phenotypic plasticity?

Or could the presence vs. absence of a basal disc be a result of heteroblasty or even of
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heteromorphic generations, i. e. a sign of epiphytism in one of the two putative generations?
Even though unilocular sporangia or different germination types wete not observed in any of the
Microspongium isolates, cultures wete not undet constant sutveillance. To address these questions,
further observations will be required, including a determination of the ploidy status of the

isolates in question.

3.2.3.4 Taxonomic consequences

Whatever the cause of the absence of the basal discs in the "fenuissimum' isolates may be, both
tennissimmm' and 'radians' isolates are mote ot less in accordance with the measutes given for the
type material of M. zenuissimum and moreover share neatly identical ITS1 sequences. Following
the argument in the case of Laminariocolax macrocystis and L. eckloniae, a séparation of both taxa on
the species level does not seem justified, and both entities of Microsponginm should instead be
merged under the older name Microsponginm tenuissimum (HAUCK) PETERS 2003. Any differences
have to be regarded as variations within the general morphological capabilities of this species.
The 'radians’ strain was the only isolate obtained from a ted algal host from Chatham Island,
while it was not found on mainland New Zealand. Thus enuissimum' and 'radians’ may be
geographically separated in New Zealand. Howevet, in southetn Chile and in South Aftica, both
entities co-occur (PETERS 2003). When taxa ate not geographically separated, though, then a
single morphological difference such as the presence vs. absence of the basal pseudoparenchyma
is not sufficient enough to distinguish between taxa on the sub-species level (SCHUBERT &
WAGNER 1993).  Therefore, M. radians should be ranked as a taxonomic variety of

M. tenuissimum, 1. e. as M. tenuissimum vax. radians comb. ined..

3.2.3.5 M. tenuissimum vs. Mikrosyphar pachymeniae

In DNA sequence compatisons endophytes isolated from red algae in New Zealand were similar
to Microsponginm isolates from other patts of the world. But what is their relationship to
Mikrogyphar pachymeniae, another red algal endophyte from New Zealand? M. pachymeniae, the only
pigmented endophytic brown alga known from New Zealand prior to this study, was originally
desctibed as an endophyte from Pachymenia lusoria found in Russell, Bay of Islands, North Island
(LINDAUER 1960). According to ADAMS (1994), it is found throughout New Zealand's main
islands (North Is., SouthIs. and Stewart Is.), but has not been observed on Chatham Is.

(NELSON ez al. 1991).
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During the present study, however, the only endophyte isolated from specimens of
Pachymenia lusoria (and other red algae) was Microsponginm tenuissimum. It was frequently found
among host populations in the south of South Island and on Chatham Island. However, no sites
further north than Wellington were visited during this study. Two different scenarios could
explain these observations: First, both endophyte species could be present in New Zealand,
with LINDAUER'S Mikrosyphar pachymeniae in the north and Microsponginm tenuissimum in the south
and on Chatham Island. This would mean that until now the (southern) populations of
Microsponginm tenuissimum have apparently been mistaken for Mikrosyphar pachymeniae. Secondly,
Mikrosyphar pachymeniae could be synonymous with Microsponginm tennissimum (HAUCK) PETERS
2003 and could occur throughout New Zealand.

The genus Mikrosyphar, with the type species, Mikrosyphar g0s5terae KUCKUCK (1895a), an
endophyte from Zostera marina L. from the Baltic Sea, was erected by KUCKUCK to accommodate
three epi-endophytes he found on seagrass and red algae (KUCKUCK 1895a, 1897a, b). The
genus is charaterised by plutilocular sporangia that develop directly from cells of short vegetative
filaments, thus the sporangia are very short, only displaying one to few loculi. The thalli consist
of wuniseriate irregularly branched creeping filaments which sometimes can form a
pseudoparenchymatous disc (KUCKUCK 1895a; KUCKUCK, in contrast to other early
phycologists such as HAUCK (1885) and HOWE (1914), gained many of his descriptions from
observing cultures). The cells of Mikrsyphar contain 1-3 plastids. At this pomnt KUCKUCK
(18972) remarks on the similarity, for example, to Microspongium gelatinosum, even though, unlike in
Microspongium, he did not see any pyrenoids occuring in the plastids of Mikrosyphar. However, the
main difference between Microsponginm and Mikrosyphar seems to be the absence of erect
filaments in the latter (IKUCKUCK 18952, 1897a, b; REINKE 1888, 1889).

Considering the description of the genus by KUCKUCK, LINDAUER'S placement of his
endophyte in Mikrosyphar seems problematical. For example, there is some inconsistency in
LINDAUER's original description regarding the plurilocular sporangia of M. pachymeniae
(LINDAUER 1960): In the text he states that he did not obsetve any in the material he examined.
The figure accompanying the description, however, shows plurilocular sporangia, which have an
unusual shape and are moreover pluriseriate (LINDAUER 1960, page 165 vs. page 166, Figure 3.2
- see present study, Figure 3.8 B). Thus, they are very different from the typically uniseriate
plurilocular sporangia described for the genus Mikrsyphar (KUCKUCK 1897a; PEDERSEN 1984,
present study, Figure 3.8 A).
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Fig. 3 =~ Mikroseyphar parhgmeniar @ 1, unilocular sporangiaz 2, plurilo-
tar aporangin iboth X 600).

Figure 3.8: Plurilocular sporangia in Mikrosyphar species. A: Mikrosyphar porphyrae KUCKUCK in its host
Porphyra sp.; e:cuticle of the Porphyra tissue; p:cell of Porphyra; s:mature (plutilocular)
sporangium of the endophyte (one of them emptied); b: sterile endophyte cell; figure from
KUCKUCK 1897a (Plate IX, Figure 8). B: Mikrogyphar pachymeniae 1INDAUER; figure from
LINDAUER 1960 accompanying the original description (page 166). Lengths ate not to scales.

Additionally, the question atises, if the filaments of M. pachymentae, which LINDAUER desctibed as
"somewhat loosely to densely compact" (LINDAUER 1960, page 165) could form a
pseudoparenchyma, another typical feature of the genus Mikrosyphar (KUCKUCK 1895a). For
example, samples of M. pachymeniae taken from the type specimen, a thallus of Pachymenia lusoria
(as P. himanthophora . AGARDH), show an endophyte thallus consisting of filaments which are not
compact (personal observation). However, LINDAUER appeats to have studied only field
material, and his specimen was, moreovet, a sporophyte. This could account for some
differences to the descriptions of other, only asexuelly reproducing, Mikrosyphar species
(Kuckuck 1895a, 1897a, b), e. g. the absence of the pseudoparenchymtous filaments. Still,
because of the enigmatic plutilocular sporangia, the placement of LINDAUER's endophyte in the
genus Mikrosyphar requires confirmation.

As morphological compatisons cannot give satisfactory answers regarding the

relationship of LINDAUER's endophyte to other endophytic Phaeophyceae, molecular systematics
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will be required to investigate the relationship of M. pachymeniae to other members of the genus
Mikrosyphar and to Microspongium tenuissimum. According to molecular analyses, the genera
Microsponginm and Mikrosyphar both belong to the Ectocarpales s. /, but are not closely related to
each other. Moreover, the genus Mikrosyphar appeats to be polyphyletic (SIEMER 1998).

DNA sequence comparisons would requite genetic material of LINDAUER's endophyte,
which ideally originates from the type specimen or at least from a specimen from the type
locality. DNA from herbarium specimens has been successfully used in molecular studies before
(e. g BRUNS eral 1990; MAYES efal 1992; GOFF & MOON 1993; BRODIE efal 1996).
Unfortunately, LINDAUER seems to have stained the type specimen of Mikrosyphar pachymeniae
and any other herbarium material available (personal observation), therefore, it seems unlikely
that intact DNA suitable for genetic analyses could be extracted from these specimens.
Furthermore, using new material from the type locality of M. pachymeniae is not an option, as the
host alga Pachymenia lusoria was not present at the locality in a recent survey of Pachymenia in the
North Island (1. RUSSELL, personal communication). Therefore, at present testing the molecular
systematics of M. pachymeniae seems hardly possible.

Future collections from the North Island might reveal whether indeed two separate
species of endophytes are present in New Zealand red algae. Meanwhile, it has to be considered
that all brown endophytes isolated from red algae during this study have been without any doubt
identified as Microspongium tenuissimum. Moreovet, apart from its problematical plurilocular
sporangia, Mikrosyphar pachymeniae shares the host species and a similar morphology with
Microsponginm tenuissimum. Therefore, it is possible that LINDAUER's endophyte is synonymous
with M. tenuissimum after all. The valid name of this taxon would be Microsponginm tenuissimum
(HAUCK) PETERS 2003, as Streblonema tenuissimum HAUCK (HAUCK 1885) would have priority

over Mikrosyphar pachymeniae LINDAUER (LINDAUER 1960).

3.2.3.6 M. tenuissimum and its host algae

M. tenuissimum was originally described as an endophyte of Nemalion helminthoides from the
Mediterranean Sea (HAUCK 1885) and has since been found mn red algae not only from other
European coasts (for example the Baltic Sea), but also other continents, e. g. in Aeodes orbitosa
(SUHR) SCHMITZ from South Africa and in Grateloupia spp. from Chile and the Canary Islands
(KYLIN 1944; PANKOW 1990; BURKHARDT & PETERS 1998; PETERS 2003). In New Zealand,
M. tenuissimum also mainly infects red algae. However, the isolates from the kelps Undaria
pinnatifida and Ecklonia radiata show that this species is also capable of infecting brown algae,
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confirming a statement by PETERS (2003, page 298): "Endophytes of the genus Microspongium are
found in hosts from different algal phyla". M. alariae (PEDERSEN) PETERS 2003, for example, is
mainly found in large brown algae, in members of the Laminariales such as Alaria esculenta (L.)
GREVILLE and Laminaria saccharina (L) LAMOUROUX, ot in Fucales such as Fucus vesiculosus L.
from the Eastern Baltic Sea (JAASUND 1963; PEDERSEN 1981a; PETERS 2003).

Whether M. tennissimum is capable of infecting other kelps ot members of the Fucales, is
not known. However, the infections of macroalgae with this endophyte ate much less severe,
and thus less conspicuous than those with Laminariocolax macrocystis. Especially in the infected
kelps, no warts, galls, or morphological changes were detected in association with the presence
of M. tenuissimum. Instead, similar to the red algal hosts, they displayed dark circular patches
which might easily be obscured by the pigments of a phaeophycean host.

Studies on endophytic Phacophyceae in red algae have so far concentrated on taxonomic
descriptions of the endophytes, but further information about the association is lacking, possibly
because infections are less severe and conspicuous than, for example, those of commercially
mmportant Rhodophyceae by green algal endophytes (e. g. CORREA ef a/. 1987, 1988; CORREA &
MCLACHLAN 1991, 1992, 1994; CRAIGIE & CORREA 1996). Quantitative data of infections of
red algae by endophytic brown algae are scarce (e. g. CORREA ¢z al 1987). New Zealand,
however, would provide ideal conditions for an epidemiological field study, for example, on the
host-endophyte system Pachymenia lusoria/ M. tenuissimum:.  The endophyte appeats to be
widespread in populations of its host, which are found on all 1slands of New Zealand (ADAMS
1994) and atre easily accessible at low tide. Additionally, an infection of the host with the
endophyte 1s easy to recognize in the field.

Apart from the prevalence and the severity of an infection with M. fenuissintum, such an
epidemiological study would also need to address possible differences in the susceptibility to an
infection between host generations, 1. e. gametophytes and tetrasporophytes, and thus the effects
on the population structure of the host (ANDREWS 1979; CORREA & SANCHEZ 1996). In
Chilean populations of the red alga Chondrus crispus, for example, gametophytes appeared to be
less susceptible to an invasion by the endophytic green alga Acrochaete operculata than sporophytes.
It was suggested that cell wall components, e. g. different forms of carrageenan found in
gametophytes and sporophytes, might influence the capability of the endophyte to develop
inside the host (CORREA & MCLACHLAN 1991). However, in BEuropean Chondrus populations,

infection levels were found to be similar in both gametophytes and sporophytes (J. BRODIE,
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petsonal communication). In Pachymenia lusoria, the polysaccharides at least of females and

tetrasporophytes are identical (MILLER ef a/. 1997).

3.2.4 Xiphophorocolax aotearoae gen. et sp. ined.
3.2.4.1 The genus Xiphophorocolax gen. ined.

In addition to Laminariocolasx macrocystis and Microspongium tenuissimum, a third group of endophytes
was isolated from New Zealand macrophytes comprising the strains from the kelp Lessonia
tholiformis and from members of the Fucales s. /. For these endophytes, due to their unique ITS]
sequences, the new genus and species Xiphophorocolax aotearoae gen. et sp. ined. will be proposed.
The simple filamentous thallus structure of X. aofearoae and its plastids possessing pyrenoids
place this species in the Ectocarpales s. /. (ROUSSEAU & DE REVIERS 1999). Comparisons of
ntDNA sequences moreover revealed that within the order Ectocarpales, X. aofearoqe, like
L. macrocystis and M. tenuissimum, belongs to the family Chordariaceae (sensu PETERS & RAMIREZ
2001). Its closest free living-relative among the taxa included appear to be Chordaria flagelliformis
and Dictyosiphon foeniculacens, however, relationships within the family were not sufficiently
resolved. Non-alignable large sections or indels of ITS1 sequences indicate that X. aofearoae is
separated on the generic level not only from C. flagelliformis, D. foeniculacens and the other New
Zealand endophytes L. macrocystis and M. tenuissimum, but also from other endophytic brown
algae, such as Laminarionema elsbetiae KKAWAI & TOKUYAMA, Ascoseirophila violodora PETERS, and
Austrofilum itncommodum (SKOTTSBERG) PETERS (data not presented).

A separation of Xiphophorocolax from other endophytes based on morphological
characters is not that easy, as X. aofearoae shares its simple morphology with many endophyte
genera described. However, even though only a limited number of characters are available to
distinguish taxa, the difficulty to align ITS1 sequences with those of other endophytes agrees
with certain morphological differences: Xiphophorocolax is, for example, distinguished from
Laminariocolax and  Laminarionema by average cell sizes or the number of plastids. In
Xiphophorocolax, three discoid plastids was the maximum observed in any cell, while the other two
genera possess either several discoid plastids (Lamznarionema: IKAWAI & TOKUYAMA 1995; some
Lapninariocolax species: e. g. this study, Plate 3.3, Figure D) or two band-shaped ones
(Laninariocolax: tomentosoides: KYLIN 1947). Additionally, Laminarionema is characterized by the
presence of micro- and macrosporangia, a feature unique to this endophyte (KAWAI &

TOKUYAMA 1995). Motphologically, X. aotearoae is very similar to Microspongium tenuissimun,
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however, both species are distinguished by a combination of characters, such as average cell sizes
in culture, speed of growth and/or reproduction, respectively, and host range. The latter also
sepatates Xiphophorocolax from the genera Ascoseirophila and Austrofilum, which grow in Ascoseira
mirabilis ot Adenocystis and similar species, respectively (PETERS 2003). However, both
Ascoseirophila and _Austrofilum shate a simple morphology with Xiphophorocolax, and thus have
mote in common with the New Zealand species than some other Phaeophycean genera from
which endophytes have been described: Plurilocular sporangia, for example, are uniseriate in
Xiphophorocolax, in contrast to the pluriseriate plurilocular sporangia of Streblonerna (DERBES et
SOLIER in CASTAGNE 1851). Mozeover, Xiphophorocolax has erect filaments, which are absent in
Streblonema, as well as in other endophyte genera such as Phycocels, Myrionema and Entonema
(REINSCH 1875; PEDERSEN 1981a). The genus Pilocladus has been described with short erect
filaments, however, its cells contain several plastids each (IKUCKUCK emend. KORNMANN 1954),
similat to Laminariocolax and Laminarionema, but different from Xiphophorocolax.

Xiphophorocolax is moreover distinguished from the genera Cylindrocarpus and Gononema:
Epi-endophytic Cylindrocarpus species display thalli with densely pigmented assimilators and a less
pigmented medulla (CROUAN & CROUAN 1851; KUCKUCK 1899; SKOTTSBERG 1921; FLETCHER
1987), while in Gononema pectinatum, a coloutless basal pseudoparenchyma 1s present (PEDERSEN
1981a). In Xiphophorocolax, neither a less pigmented medulla nor basal pseudoparenchyma have
been observed so far, the latter a feature separating the new genus also from Microspongium and
Mikrosyphar (IKUCKUCK 1895a). Mikrosyphar 1s moreover different from Xiphophorocolax because
of its typical short, few-celled plurilocular sporangia.

3.2.4.2 Morphology vs. molecular systematics in Xzphophorocolax

All Xiphophorocolax isolates were neatly identical in theit ITS1 sequences, but there wete slight
morphological differences in two of the strains. For example, true phaeophycean hairs were
only observed in cultures of the isolate from Marginariella urvilliana (1solate no. 32), while the
endophyte from Durvillaea willana (isolate no. 34) was the only one to display erect filaments in
culture. Isolate no. 34 could be distinguished from the othets by a small indel of 29 bp missing
at positions 624-652 in the ITS1, while isolate no. 32 did not display any marked differences to
the other strains, 1. e. isolates no.28-31. The greatest genetic dissimilarities, however, wete
found in the isolate from D. antarctica (isolate no. 33); these may have been at least pattially PCR
artifacts, as the morphology of isolate no. 33 was nevertheless in accordance with the other

strains.
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Phaeophycean hairs, such as found in the endophyte from Marginariella, can be attributed
to phenotypic plasticity, as they may be produced in tresponse to nutrient deficiency in this
culture (see section 3.2.2; PEDERSEN 1981a). The presence vs. absence of erect filaments in
culture, however, is regarded as sufficient to distinguish between taxa on the level of sub-species,
e. g. in genetically identical strains in Laminariocolax tomentosoides from Helgoland, German Bight,
and Brittany, France (PETERS 2003). These strains were geographically separated, though, while
in the New Zealand Xzphophorocolax, isolate no. 34 originated from the same site, Brighton Beach,
as the endophyte from D. antarctica and the two 1solates from Xiphophora gladiata (isolates no. 30
and 31). Thus, the endophyte from D. willana was neither temporally nor geographically
separated from the other strains, and, following the argument for Laminariocolax macrocystis and
Microsponginm tenuissimume, should be treated as a cryptic genetic variety of X. aotearoae rather than

a sub-species, 1. e. X. aofearoae vat. willanae var. ined..

3.2.4.3 Host-endophyte relationships in infections by X. aotearoae

Xiphophorocolax appears to occupy a niche different from that of the other two New Zealand
endophytes, even though all three endophyte species infect members of the Laminariales.
X. aotearoae has been isolated from Lessonia tholiformis, but also from members of the order
Fucales. Cross-infection expetiments would be useful to determine whether X. aofearoae,
Laminariocolax macrocystis and Microsponginm tenuissimum would generally be capable of infecting
each others hosts, and if so, whether the apparent limitation of X. aotearoae to its hosts might be
due to a competition between the endophyte species. Compared to the other two species,
X. aotearoae grows and/or reproduces more slowly, thus it could be less successful in infecting
fast growing host species such as Macrogystis pyrifera. L. macrocystis and M. tenuissimum, on the
other hand, may be less successful in attacking the macroalgae hosting X. aotearoae. Interestingly,
all five host species of X. aotearoae, regardless of their taxonomic position, possess perennial thalli
which are conspicuously tough and leathery allowing them to grow at exposed coasts.
Moreover, some members of the Fucales are known to regularly slough their epidermis. This
renewal of the surface is suggested to be a means to successfully remove most epiphytes in
perennial algae such as Ascophyllum nodosum (L.) LE JOLIS (FILION-MYKLEBUST& NORTON 1981)
or Halydris silignosa (I.) LYNGB. (MOsS 1982). Shedding of the surface has also been observed in
Durvillaea species (CLAYTON 1990b; HAY 1994; present study) and Lessonia spp. from Chile
(MARTINEZ & CORREA 1993). However, similar information regarding other members of the
Laminariales is lacking. Macrocystis fronds are less persistent than Lessomia fronds: they only
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sutvive for up to nine months (NORTH 1994), thus surface shedding may not be necessary in
Macrocystis. Whether the surface shedding contributes to a possible formation of niches among
the New Zealand endophytes, remains to be resolved. If X. aotearoae was the only endophyte
capable of infecting its host species in New Zealand, its slow growth/teproduction rates could
be the result of a lack in competition. On the other hand, the host range of X. aotearoae could be
due to its slow growth/reproduction rates, as a niche to avoid competition with faster growing
endophyte species. Thus, re-infection studies may also provide information about the way
X. aotearoae attacks its host algae and possibly avoids being sloughed off.

Most likely, spores ate mnvolved in carrying the Xgphophorocolax infection from host to
host, as was shown for Laminariocolax aecidioides and Laminarionema elshetiae. Both of these
endophyte species do not require openings in the host sutface to enter their host: their spotes
settle on the intact surface and upon germination penetrate the host surface with a narrow germ
tube through which the content of the embryospore migrates into the first cell developing inside
the host (HEESCH & PETERS 1999). Spores with narrow germ tubes or emptying of the
embryospore were not observed in X. aofearoae cultures, though, thus it is not known if its
infection mechanism is similar to the one, for example, of Laminariocolax spp.. Howevet, the
absence of specialised natrow germ tubes in culture does not necessary imply that X. aotearoae is
incapable of forming them. The formation of germ tubes could, fot example, depend on the
availability of a suitable substrate, such as the surface of a potential host (see discussion on
heteroblasty in section 3.2.2). Ot germ tubes could be limited to spotes of a cettain stage in the
life cycle. In Xiphophorocolax, only a direct development was obsetved, i e. neither unilocular
sporangia nor zoid fusions appeated in the culture conditions examined. It is not known
whether this species possess sexuality at all and which generation was present in the cultures. In
L. macrocystis, where sexual reproduction was obsetved in field material, unilocular sporangia were
not formed in culture, possibly because their formation depends on host presence (PETERS
1991). Similatly, sexual reproduction in X. aotearoae could be dependent on the presence of a
potential host thallus.

On the other hand, spores may also be able to penetrate the host sutface without a
specialised narrow germ tube, or Xiphophorocolax tmay require preformed openings in the host
sutface, similat, for example, to the red alga Harveyella mirabilis. Spores of this patasite depend on
wounds caused e. g. by herbivores to entet the host Odonthalia floccosa (GOFF & COLE 19764,
1976b). In both infected Duwrvillaca specimens, the thallus surface in the region of the

Xiphophorocolax infection indeed showed some kind of damage. In D. antarctica, X. aotearoae was

142



3 Pigmented endophytes — resulis and discussion

found underneath a large patch of Herpodiscus durvillaeae whose fertile epiphytic filaments
seriously disturb the integrity of the host surface. The size of the parasite patch in contrast to
the presence of only few filaments of X. avotearvae suggests that Herpodiscus might have been the
primary infectant, followed by Xiphophorocolax, which could have used the disturbance of the
host sutface by the parasite as a port of entry.

The endophyte from Durvillaea willana, on the other hand, was detected in a pale patch,
that superficially looked like grazing marks left by herbivores, even though microscopically the
cuticle on the sutface appeared to be largely intact, and necrotic tissue was absent. Howevert, the
host cells were unusually pale, i. e. they appeared to have lost their pigmentation. The question
is whether this was caused by the presence of X. aofearoae, or by other pathogens, e. g. bacteria or
fungi, which either could have provided a way for the endophytic brown alga to enter, or may
have infected the host following Xiphophorocolax. In the red alga Chondrus crispus, for example, the
primary damage to the host is caused by the green endophyte Acrochaete sp., followed by a
secondary bacterial infection leading to the deterioration of the host tissue (CORREA & CRAIGIE
1991).

Genetally, the pale patch in D. willana appears to be unusual for an infection with
endophytic Phacophyceae. Similar to the host algae of Laminariocolax macrocystis, most of the
macroalgae infected by X. aotearoae, i. e. Lessonia tholtformis, Xiphophora gladiata and Marginariella
urvilliana, displayed galls and or at least dark patches associated with the infection, whereas in
Durvillaea antarctica, any macroscopic symptoms associated with Xzphophorocolax may have been

obscured by the much more conspicuous Herpodiscus infection.

3.2.4.4 Distribution of X. aotearoae

Xiphophorocolax aotearoae has so far only been found in New Zeland, in host species of which
most are endemic to New Zealand or Australasia, 1. e. Lessonia tholiformis, Marginariella urvilliana,
Durvillaea willana and Xiphophora gladiata. Moreover, these macroalgae carry host-specific
epiphytes which are also restricted to New Zealand waters (LINDAUER ez /. 1961; ADAMS 1994):
Lessonia tholiformis, for example, is the basiphyte of the endemic red alga Pyrophyllon cameronii
(W. A. NELSON) W. A. NELSON (INELSON 1993; NELSON ez a/. 2003), while the brown epiphyte
Herponema maculaeformis (J. AGARDH) LLAING has so far only been found on Xiphophora gladiata in
New Zealand. Another Herponema species, H. hormosirae LINDAUER & CHAPMAN, gtows only on
Hormosira banksiz, which as a member of the Fucales may also be a potential host species for
Xiphophorocolax. Other epiphytes have wider host ranges, but are still restricted to New Zealand,
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e. g. Hecatonema stewartensis CHAPMAN, an epiphyte of Marginariella nrvilliana, also grows on
members of the Laminariales (ADAMS 1994).  Another Pymphyllon species, P. subtumens
(J. AGARDH) NELSON ef al. 2003 is only found on the stipes of New Zealand Durvillaca spp.
(D. antarctica, D. willana and D. chathamensiss NELSON ef al. 2003).  Xiphophorocolax has so far not
been obsetved in D. chathamensis, howevet, considering the lack of uniform infection symptoms
in the othet two Durvillaea species, an infection may have been overlooked. This also applies to
other Lessonia spp. and to the remaining members of the Fucales, 1. e. not only Homuosira banksiz,
but also Xaphophora chondrophylla as well as Cystophora, Landsburgia, Carpophyllum and Sargassum
species.

The apparent limitation of Xzphophorocolax to mostly endemic host species suggests that
the endophyte may be endemic as well. Indeed, most of the host species do not float, thus its
chance for a long-distance distribution appears to be small. D. antarctica is the only one of the
host species of Xiphophorocolax with a buoyant thallus, which is frequently obsetved rafting off-
shore (SMITH 2002). The wide disttibution of D. antarctica comptising most of the Southern
Hemisphere is considered to be a result of the buoyant thallus (HAY 1978; CHESHIRE ez a/. 1995)
and may also be a means of distributing Xsphophorocolax. However, the other endophytic brown
alga occuring in D. antarctica, namely its specific parasite Herpodiscus durvillaeae, has not been
distributed with its host, but is endemic to the New Zealand archipelago. Infections of Durvillaea
spp. by Plasmodiophorales, on the other hand, are not only known from host populations in
Australia and New Zealand (Durvillaca potatorum and D. antarctica, respectively), but also from
Chilean D. antarctica (AGUILERA ¢f /. 1988). It has not been examined so far, though, whether
the myxomycetes from both sides of the Pacific are closely related or even identical, which may

be a clue for a recent gene flow between myxomycete and host populations, respectively.

3.2.4.5 Putative relatives of X. aotearoac

Assuming that Xiphophorocolax is endemic, which brown algae in New Zealand would be its
closest relatives? X, aofearvae appears to be more closely related to free-living genera than to
other endophytes, including those present in New Zealand. Recent molecular systematic studies
revealed that within the Phacophyceae, endophytism must have evolved sevetal times, e. g. in
Laminarionema elsbetiae and Ounslowia endophytica (PETERS & BURKHARDT 1998; DRAISMA &
PRUD'HOMME VAN REINE 2001; DRAISMA ef 2. 2001). Moteover, the close relationship of
endophytic brown algae with epiphytic species show that the endophytes are most likely detived

from epiphytes. For example, the genus Microsponginm comprises both epiphytic and endophytic
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species (e. g. M. gelatinosum vs. M. tenuissimuns), while the type species of the genus Laminariocolax,
L. tomentosoides, is an epi-endophyte (BURKHARDT & PETERS 1998). Likewise, the closest
relatives of Xzphophorocolax may be found among epiphytic brown algae. Xiphophorocolax displays
a relatively simple thallus structure, which may represent a reduced morphology. However, it
could also be a stage in the life cycle of another, possibly epiphytic alga, such as the species
growing on its host algae, i. e. the endemic Herponema and Hecatonema spp..

The genus Hecatonerna SAUVAGEAU with its type species H. maculans (COLLINS)
SAUVAGEAU is characterised by a disc-shaped prostrate base, however, culture studies have
shown that the presence vs. absence of this base may be influenced by the substratum (i e.
heteroblasty; PEDERSEN 1984).  Similarly, in the genus Microspongium, a prostrate base is
characteristic for the epiphytic members, but appears to be absent in the endophytic
M. tenuissimnm ~var. fenuissmum (present study). In Hecatonema, plurilocular sporangia are
nevertheless pluriseriate (KKYLIN 1947), thus excluding this genus from a close relationship to
Xiphophorocolax.

The genus Herponerna J. AGARDH is also described to have monostromatic basal layers,
such as in H. maculaeformis, a species, which, moreover, has pluxisgriate plurilocular sporangia
(LINDAUER 1949). However, the type species of the genus, H. velutinum (R. K. GREVILLE)
J. G. AGARDH, lacks a distinct basal layer which led LINDAUER (1949) to question its legitimacy
as type species. Instead, H. velutinum forms vertical filaments which penetrate its basiphyte, and
thus it has been termed 'parasitic' (LINDAUER 1949). Prostrate bases ate motreover absent in two
other species, H. hormosirae from New Zealand and H. desmarestize (GRAN) CARDINAL from
Europe (as Feldmannia desmarestiae (GRAN) KYLIN, KYLIN 1947; NIELSEN ef a/. 1995). The latter,
like H. velutinum, grows partly endophytic in its basiphyte, Desmarestia viridis (O. F. MULLER) J. V.
LAMOUROUX. Plurilocular sporangia have not been observed in any of these three species thus
their structure is unknown (IKYLIN 1947; LINDAUER 1949; LINDAUER ¢z 4/ 1961). Also, no
information exists about the number of plastids in their cells.

Based on morphological characters, both Herponema and Hecatonerna have been placed in
various families, including the Myrionemataceae (Chordariales) and the Punctariaceae
(Dictyosiphonales; LINDAUER ¢ /. 1961; WOMERSLEY 1987; FLETCHER 1987). The taxonomic
positions of the New Zealand species are still unresolved (ADAMS 1994). According to recent
molecular systematic studies, brown algae with stalked pyrenoids, i. e. members of the
Ectocatrpales, Chordariales, Scytosiphonales, Punctariales and Dictyosiphonales, ate closely

related to each other, but are distant from all other brown algae and thus should be merged in an
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- extended ordet Ectocatpales (TAN & DRUEHL 1993; ROUSSEAU & DE REVIERS 1999). Within
the Ectocatpales s /, five families can be distinguished, of which one, the extended
Chordariaceae, includes former members of the Dictyosiphonales, e. g. the former families
Myriotrichaceae, Punctariaceae, Striatiaceae, but also the type species of the former
Mytionemataceae, Myrionema strangulans GREVILLE (PETERS & RAMIREZ 2001). Accordingly,
Herponema and Hecatonena would be included in the same family as Xiphophorocolax, the
Chordariaceae. However, SIEMER (1998) showed that, according to rbdl. sequences, the genus
Hecatonema is polyphyletic, possibly due to mis-identifications, as some members of the former
Punctariaceae (Chordariaceae s £) have heteromorphic life cycles with Hecatonema-like
microstages (PEDERSEN 1984). One of the isolates included in her analyses, tentatively called
H. maculans (COLLINS) SAUVAGEAU, had nearly identical sequences with Punctaria tenuissima
(J. AGARDH) GREVILLE, while the other isolate, Hecatonerna sp. from Leigh, North Island, New
Zealand, was not closely related to members of the Chordariaceae s. /. (SIEMER 1998). Whethet
this is generally true for members of the genus Hecatonema in New Zealand, and thus what their
relationship is to epiphyte species from other parts of the wotld or even to X. aofearoae, remains
to be investigated. Neither type material of H. maculans nor other isolates from the type locality
have been studied with molecular genetic methods. Similarly, no Herponema species has been
subjected to phylogenetic studies.

So far X aotearose has been isolated mainly from single host specimens showing
~ conspicuous macroscopic symptoms, however, the endophyte may be further distributed among
its various host species. Most host individuals were collected at their upper distribution limits,
L e. in the lower intertidal (e. g. Xiphophora gladiata and Durvillaca antarctica) ot the upper subtidal
zone (e. g. Lessonia tholiformis and D. willana), but the endophyte may also occur in host specimens
growing in greater water depths. Further investigations studying the epidemics of mfections by
Xiphophorocolax may reveal not only the prevalence in natural host populations, but also an
influence of the endophyte infection on the population structures of its host species.
Furthermore, this may also shed some light on whether the presence of Xiphophorocolax in

D. antarctica already infected by Herpodiscus was a single event ot is a common featute.

3.2.5 Conclusions

The present study emphazises the importance of combining different approaches, in otder to

reliably classify pigmented endophytic brown algae. Field obsetvations, i. e. of host species and
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associated symptoms, may provide preliminary information about the identity of an endophyte.
To distinguish entities, however, microscopic observations are needed in order to record basic
features of the endophyte morphology, even though it may be restricted by the physical
confinement within the host tissue.

Accompanying culture studies may reveal more characters to allow a gross classification
of the endophytes, and also determine whether or not the endophyte is a stage in the life history
of another macroscopic alga. However, observations in cultures have their limitations, especially
m groups such as the Phaeophycean endophytes with simple morphologies and a high
phenotypic plasticity. Consequently, PEDERSEN states: "The results obtained by the study of
unialgal cultures must preferably be compared with observations from nature, because results
from culture studies can always be refuted as being products of artificial conditions" (PEDERSEN
1981b, page 208).

Genetic markers, in contrast, are independent of environmental conditions and
moreover contain very detailed information, thus DNA sequence comparisons appear to be the
most accurate way to reliably identify taxa on all levels. However, based on the detail gained
from DNA sequences it may be tempting to separate entities that are otherwise not
distinguishable. In fact, one of the problems arising from the comparison of morphological and
molecular characters of the pigmented endophytes found in New Zealand was the question of
species boundaries. . e., on what taxonomic level should entities be recognized, if they are
distinguished only by molecular markers within a comparatively vatiable gene region, but which
are neither sufficiently separable by their morphology, host specifity nor associated infection
symptoms, and which are, moreover, not isolated in space or time? Does, for example, the
genotypic plasticity discovered in the Southern Hemisphere Laminariocolax complex justify a
separation at species level?

The position of species as the central taxonomic entities in biological studies has
triggered many discussions among biologists. The most widely considered concepts are
Biological, Phylogenetic and Evolutionary Species Concepts (CRACRAFT 2000). Biological
species concepts such as semsu MAYR (2000) or the Hennigian Species Concept (MEIER &
WILLMANN 2000) are based on the reproductive isolation of populations ot groups of
populations delimiting a species from another. However, these concepts cannot, per definitionerm,
be applied to asexual organisms and thus cause problems in classifying groups in which sexuality

may be rare or lacking, such as the endophytic brown algae.
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Phylogenetic Species Concepts (e.-g. sezs# WHEELER & PLATNIK 2000 ot sezsu MISHLER
& THERIOT 2000) as well as the Evolutinary Species Concept (WILEY & MAYDEN 2000), on the
other hand, emphasize common lineages of descendancy as the most important criterion, but
with different approaches on how to apply this criterion to delimit species, e. g. by shared
mozrphological characters, monophyly and/ot apomorphy. Some of these concepts (1. e. those
sensu MISHLER & THERIOT 2000 or WILEY & MAYDEN 2000) are criticised (by defenders of
biologial species concepts) for not using objective criteria (such as the ability vs. inability to
interbreed). Instead they use subjective and thus potentially artificial delimitations to define
species boundaries, and by this, essentially return to the out-of-date Morphological or
Typological Species Concepts. These state that entities should be regarded as separate species,
as long as they are sufficiently morphologically different, or "a species is what a competent
taxonomist says it is" (REGAN 1926, cited in MEIER & WILLMANN 2000, page 36). The
Phylogenetic Species Concept sensu WHEELER & PLATNICK avoids this by considering species as
"diagnosable by a unique combination of character states" (NIXON & WHEELER 1990, cited in
MEIER & WILLMANN 2000), however, this may tesult in exploding numbers of species, when,
for example, any genetic mutations are consideted unique character states. Accordingly, in
applying this concept to the endophytes from New Zealand, evetry variety would have to be
considered as a sepatate species. This would make generalizations problematical, for example,
regarding the prevalences of infection in Macrocystis populations, which contain more than one
Laminariocolax 'species'.

Consequently, as no agreement on a single species concept exists among biologists,
decisions have to be made on a case to case basis. Which species concept is applicable, may
depend on the aims of a study, upon what level groups of organisms need to be united, in order
to allow generalizations without having to study every single sub-unit ot even every individual of
a group. Objectives may, for example, be to record the number of different entities of a certain
group in order to describe the diversity in a certain area, or to describe an ecological niche
organisms occupy in their environment.

For the purposes of the present study, the Phylogenetic Species Concept sezs# MISHLER
& THERIOT, using monophyly and apomorphies as criteria to distinguish species (MISHLER &
THERIOT 2000), was considered to provide the most practicable approach, to deal for example
with ecological questions, even though the proposed species boundaries ate subjective and thus
may be artificial. In order to apply this broader species concept, results based on molecular

markers need to be put into petspective; to do so, field and cultute obsetvations should
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accompany molecular systematic studies and vice versa, in an extension of PEDERSEN's
statement (PEDERSEN 1981b).

Thus, based on the present study, some assumptions can be made for macroscopic
observations in the field, to aid the identification of endophytic brown algal species in New
Zealand: Macrocystis pyrifera is most likely infected by Laminariocolax: macrocystis, while members of
the Fucales as well as Lessonia tholtformis typically host Xiphophorocolax aotearoae. Additional
microscopic observations in Ecklonia radiata (i. e. recording the number of plastids per endophyte
cell) may reveal whether a specimen is infected by L. macrocystis or Microspongium tenuissimun.
However, even though M. fenuissimum was the only endophyte isolated from red algal hosts
during the present study, this cannot be generalizised, until the taxonomic status of Mzkrosyphar
pachymeniae has been revealed. Moreover, all three endophyte species have been shown to infect
hosts belonging to different orders or even phyla (PETERS 2003; present study). Thus, further
generalizations should be avoided, until host preferences have been confirmed in cross-infection
studies.

Regardless of the taxonomical level at which they are recognized, endophytic brown
algae displayed a high diversity in New Zealand. Moreover, they were frequently encountered in
all macroalgal communities examined. Most host species are widely distributed among New
Zealands islands, thus endophytic brown algae are expected to occur throughout the whole New
Zealand archipelago. New Zealand's sub-antarctic islands, for example, share their marine flora
with the south of South Island (FINERAN 1969; HAY ez o/ 1985; HAY 1987), therefore, the
endophytes are likely to be found thetre as well. On the other side, the geographical range of
D. antarctica includes the Three King Islands, while Ecklbwia radiata is even found on the
Kermadec Islands (NELSON & ADAMS 1984; ADAMS & NELSON 1985), thus providing a
potential habitat for Laminariocolax macrocystis and Microsponginm tennissimum in the most northern
part of New Zealand. Here, the marine flora shows a slightly different species composition,
which includes mote subtropical taxa (ADAMS & NELSON 1985; NELSON & ADAMS 1987;
ADAMS 1994), among which additional endophyte species or varieties may be discovered.

Furthermore, the New Zealand kelp species which have not, or only on single occasions,
been examined, may also to a certain degree be infected by pigmented endophytic brown algae.
In case of Lessonia variegata, only some drift material from Castle Point (North Island) and a few
specimens from a rock pool at Seal Point (Otago Peninsula) was examined, but these did not
show any macro- or microscopical signs of infection. Specimens of Ecklonia brevipes, L. adamsiae

and L. brevifolia were not available for examination.
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Interestingly, the introduced kelp Undaria pinnatifida was only infected by M. tenuissinium
and may not be susceptible to the New Zealand kelp endophyte L. macrocystis. U. pinnatifida is a
highly invasive species and thus is consideted a threat to native kelp communities (ANONYMOUS
1999). 1In Japan and in Europe, it is frequently attacked and severely affected by another
Laminariocolax species, L. aecidioides (YOSHIDA & AKIYAMA 1979; VEIGA et al. 1997). Cross-
infection studies may reveal whether L. macrocystis is capable of infecting Undaria at all.
Moteover, in New Zealand U. pinnatifida is an annual species, in contrast to the petennial native
kelps. As pigmented endophytic brown algae only invade the intetstices of their host tissue but
not the cells, endophytes cannot infect the filamentous kelp gametophytes, but only the
sporophytes. Accordingly, the longevity of the Macrocystis and Ecklonia sporophytes may allow
the endophytes to firmly establish themselves in the host, Whﬂe in the oppottunistic Undaria,
sporophytes only persist for a few months (HAY & VILLOUTA 1993) and thus may give the
endophytes less opportunities to settle and to sevetily affect their health. Thetefore, even if
Laminariocolas macrocystis was able to infect Undaria, it seems unlikely that the endophyte may

serve as a means to control this invasive species.

150



4 Flespodiseus dyroiffaear — results and discussion

4 HERPODISCUS DURVILILAEAE

— RESULTS AND DISCUSSION

4.1 Results

4.1.1 Molecular systematics

4.1.1.1 Sequence statistics

Sequence statistics of Herpodiscus durvillaeae are compiled in Table 4.1. GC contents for amplified
partial genes were: 18S: 51.60%; I'TS1: 53.33%; 26S: 57.98%; rbcL: 37.51%.

Table 4.1: Statistics for amplified parts of nuclear encoded tDNA and of plastid encoded RuBisCO
DNA sequences of Herpodiscus durvillacae.

RuBisCO gene nuclear encoded ribosomal gene
gene partial 75cL. partial 18S ITS 1 partial 265
length [bp] 981 533 300 595
base frequencies [%] | A 29.867 21.764 23.860 23.529
C 15.189 23.265 25.965 25.714
G 22.324 28.330 27.368 32.269
T 32.620 26.642 22.807 18.487

4.1.1.2 Alignment properties

Subunits of ntDNA and RuBisCO genes were analysed separately and in combined data sets.
Alignments for 7bc, 185 and 26S of ntDNA are given in Appendix D (D 3.2-D 3.4), the
properties of the alignments (separate and combined data sets) are summarized in Table 4.2.
Pairwise comparisons of distances of included sequences for 74 and ntDNA subunits (absolute
and Kimura-2-parameter distances) are provided in Appendix D (D 4.2).

As far as possible, alignments comprised representatives of all Phacophycean orders
currently recognized. At the time of writing, no 74 sequences were available for the
Ascoseirales, Ralfsiales and Cutleriales, and for some other brown algae included in the ntDNA
analyses. Some species of doubtful phylogentic affinities within the Phaeophyceae were
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excluded from the analyses, such as Bachelotia antillarnm (GRUNOW) GERLOFF and Halosiphon
tomentosum (LYNGB.) JAASUND.

Even though Choristocarpus tenellus appeared to be related to Herpodiscus durvillaeae when
analysing ntDNA data (section 4.1.1.3), this species was excluded from the analyses combining
nuclear and plastid encoded genes: partition homogeneity tests revealed that including C. fenellus
led to nrDNA and rbcL, data being incongruent. Removing this species from the combined data
sets on the othet hand resulted in p-values well above 0.05 (Table 4.2), meaning data sets wete
no longer significantly different (FARRIS ez a/. 1995).

Neither of the species omitted from the data sets were identical with or were closely
related to Herpodiscus durvillaeae. A BLAST search on the 20.3.2003 confirmed that sequences of

H. durvillaeae were not identical to any other sequences submitted up to that date.

4.1.1.2.1 18S nrDNA

The alighment of the ribosomal small subunit gene (Appendix D, D 3.2) had a length of 543
base paits. The partial sequences comptised positions 1285-1818 of the 3'-end of the complete
18S sequence of Seytosiphon lomentaria (length: 1818 base paits; IKAWAI ef 2/ 1995). Thirty six
phacophacean taxa and the outgroup species Trbonema aequale were aligned. For several of these
sequences, some positions at one ot both ends were unknown. Before analysing, the data set
was therefore teduced to 268 base paits (positions 1494-1754 of KAWAI's S. lomentaria sequence)
to avoid too many ambiguities.

The average transition/transvetsion ratio including the outgtoup was #/w = 1.42937,
without outgroup #/fv = 1.46181. These values indicate that saturation was not reached as
values were well above %/ =1 (HOLMQUIST 1983; BAKKER ef /. 1995). The avetage base
composition for this alignment was: A: 0.22002, C: 0.24936, G: 0.25681, and T 0.27381.

41.1.2.2 26S ntDNA

With sequences from 39 Phaeophyceae plus outgroup species aligned, this alignment of partial
26S sequences (Appendix D, D 3.3) contained the highest number of species. It was 648 base
pairs i length, comprising positions 66-612 of the 5-end of the complete 26S sequence of
Scytosiphon lomentaria (length: 4245 base pairs; KAWAI ¢z a/. 1995). This included the variable D1
and D2 regions (ID1: positions 45-216 and D2: positions 381-629 of the alighment; ROUSSEAU

et al. 1997). The alignment was not completely unambiguous. Some ambiguities were due to
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problems to align the outgroup species, Tribonema aequale, e. g. leading to some gaps at the 3'-end
of the alignment (for example positions 580-617 of the alignment).

Average transition/transversion ratios of #/tv = 0.96 (including outgroup) and
7/ tv = 0.98 (without outgroup) indicated some degtee of saturation. Average base composition
was A: 0.22369, C: 0.23433, G: 0.32650, and T: 0.21548.

4.1.1.2.3 rbcL gene (Phaeophyceae)

With a length of 1255 base pairs, the partial alignment of the r6dL (Appendix D, D 3.4)
comprised ca. 85.5% of the complete Phacophycean RuBisCO large subunit gene sequence
(1467 bp; SIEMER ef al. 1998; DRAISMA e al. 2002). Compared to ntDNA, fewer rbcl. sequences
were available for brown algae. Only 27 taxa were therefore joined in this alignment, including
26 Phaeophyceae and T. aeguale as the outgroup.

Some ambiguities were due to a few sequences not covering the whole length of the
alignment: Reglons of unidentified bases started in Herpodiscus durvillaeae from position 865 of
the alignment onwards, m Alaria esculenta (L.) GREVILLE from position 1018 onwards, in
Desmarestia aculeata (L) LAMOUROUX from position 1159 onwards, in _Asterocladon lobatum
MULLER ¢/ a/. from position 1220 onwards and in Tribonema aequale from position 1241 onwards.
Average transition/transvetsion ratios of #/# =098 (including outgroup) and #/v= 1.0
(without outgroup) indicate some saturation for this alignment. The average base composition

was: A: 0.29741, C: 0.15510, G: 0.21807, and T: 0.32942.

4.1.1.2.4 rbcL gene (Sphacelariales only)
This rbel, alignment was based on the previous one (Appendix D, D 3.4), but with a modified
taxon sampling, closely following DRAISMA ezl (2002): For analysing the affinities of
Herpodiscus durvillaeae within the Sphacelariales, taxa other than Sphacelatiales semsu /ato were
reduced to two Dictyota species. Instead, 15 additional species of Sphacelariales were included.
Three of the 27 sequences included contained regions of unidentified bases: Sphacelaria
radicans (DILLWYN) C. AGARDH (positions 478-1065), Herpodiscus durvillacae (from position 865
onwards) and Halopteris filicina (GRATELOUP) KUTZING (no. 1; first 15 positions). These
unidentified characters caused some ambiguities during the phylogenetic analyses.
Even though the rbd. alignment showed some saturation when representatives of the
whole class of Phaeophyceae were included, no saturation was found aligning the Sphacelariales:
the average transition/transversion ratio was #/# = 1.24 including the outgroup and 7/t = 1.52
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for the ingtoup only. The average base composition was: A: 0.29936, C: 0.15039, G: 0.21677,
and T: 0.33347.

4.1.1.2.5 Internal transcribed spacer 1 of ntDNA

ITS1 sequences of Herpodiscus durvillaeae and of species of the order Sphacelatiales available in
GenBank wete unalignable over most positions. This made any phylogenetic analyses of the

ITS1 gene for this group impossible.

4.1.1.3 Phylogenetic analyses

The properties of all alignments and the statistics for the most parsimonious trees are

summatized in Table 4.2.

Table 4.2: Summary of propetties of the Herpodiscus alignments and combinations of them, and of tree
statistics for parsimony analyses. CI: consistency index; RI: retention index; RC: rescaled
consistency index; n/a: not applicable; n. d.: not determined; *: inferred from 100 replicates.

! 1=t combined 2nd combined 34 combined Sphacelariales
{ data set . data set data set only
gene 188 265 rhcl. 18§ + 268 26S + rbl 18S + 268 + rbl bl
No. of taxa 37 40 27 37 26 24 27
Tength of alignment 368 a7 1355 915 502 2170 1255 |
p-value (PHT) n/a n/a n/a 0.66* 0.113 0.323 n/a
Variable positions 84 309 533 392 786 858 484
(13%) 47.8%) (42.5%) (42.8%) (41.3%) (39.5%) (38.6%)
Informative sites 59 202 397 258 531 560 320
(22.0%) (31.2%) (31.6%) (28.2%) (27.9%) (25.8%) (25.5%)
1 tv tatio with/ 1.42937/ | 0.96920/ 0.98416/ 0.99411/ 0.96942/ 1.00431/ 1.23519/
without outgroup 1.46181 0.99563 1.00489 1.01217 0.99312 1.03178 1.52000
No. of most 17874 2 4 4 8 3 1
parsimonious trees . |
No. of trees within n.d. 51 18 23 22 7 37
one step of MP trees :
Length of most 237 1178 1948 1388 2697 [’ 2668 1362
patsimonious trees ; | ‘
[steps] i :
Cl 0.570 0.458 0.402 0.483 0.446 0.485 0.486
RI 0.664 0.537 0.425 0.542 0.442 0.465 0.519
RC 0.378 0.246 0171 0.262 0.197 0.225 0.252
Tree topology notshown | Figure 4.1 Figure 4.3 Figure 4.2 Figure 4.4 Figure 4.5 Figure 4.6

4.1.1.3.1 18S ntDNA

The partial sequences of the 18S gene proved to be very conservative. Only a comparatively
small percentage of informative sites among the joined brown algal taxa, around 22%, was
tfound, resulting in long computing times and poor resolution of phylogenetic trees.

Maximum patsimony analyses led to 17874 equally parsimonious trees. In the strict
consensus of MP trees (not shown), only three monophyletic clusters wete recovered,
Ectocatpales s. Z, Dictyotales and a subset of Fucales, consisting of three species (Ascophyllum
nodosum (L) LEJOLIS, Fucus wvesiculosus L., Xiphophora chondrophylla (R. BROWN ex TURNER)
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MONTAGNE ex HARVEY) clustering together. The other Fucales (sezs# DE REVIERS & ROUSSEAU
1999), 1. e. Sargassum muticurn (YENDO) FENSHOLT, Notheia anomala and Durvillaea antarctica, wete
not separated from the rest of the brown algae. None of the other Phacophycean orders were
recovered under MP analyses.

The three clusters were also represented mn the neighbour-joining tree (not shown), with
branches receiving high bootstrap support (Ectocatpales . /: 99%; Dictyotales: 90%; subset of
Fucales: 99%; 700 replicates). Additionally, in this analysis, other groups such as the
Laminariales (together with Sporochnuns  pedunculatus (HUDSON) C. AGARDH) and the
Scytothamnales were also recovered, although these groups received only low to moderate
supportt (Scytothamnales: 55%; Laminariales + Sporochnus: 73%).

Herpodiscus durvillaeae clustered with the Sphacelariales s. 5., Syringoderma phinneyi HENRY &
MULLER and Owslowia endophytica, but this clade was also only moderately supported (65%).
Apart from poorly supported Stypocaulaceae (comprising Alethocladus corymbosus (DICKIE)
SAUVAGEAU and Stypocanton scoparinm (L.) KUTZING; 54%), relationships were not further
resolved within this group.

No bootstrap analyses were performed on the 185 data set using maximum parsimony as
optimality criterion - the large size of the data set in combination with the low number of
informative chatacters did not allow a sufficient number of replicates without the computer
running out of memory. For the same reason, maximum likelihood analyses were not performed
eithet. Owerall, the 185 data set was not informative enough to effectively resolve relationships
within the Phaeophyceae. For analyses, it had to be combined with 26S, or 26S and rbcL

sequence data.

4.1.1.3.2 26S ntDNA

Two equally parsimonious trees were inferred from the 26S data set, with a length of 1178 steps
(Figure 4.1). In both trees, Dictyotales was the most basal group. This monophyletic order had
high bootstrap support, but the branch separating it from the other brown algae was only
moderately supported. ~ Above this clade, two species branched off, Ouslowia endophytica and
Verosphacela ebrachia (Onslowiaceae, Sphacelariales s. /. or Incertae sedis, depending on authors;
HENRY 1987a; DRAISMA e¢f /. 2002). The two MP trees differed in their positions; in one tree,
these two species grouped together, while in the other tree, they stood in hierachial order (in
which case O. endophytica took the upper position). While the Onslowiaceac had moderate

bootstrap support (68%), this branch collapsed at one further step in decay analysis.
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Figure 4.1: Phylogenetic tree for the Phaeophyceae inferred from 26S sequences. One of two most
patsimonious trees in phylogram style. Numbers indicate bootstrap values (left) and decay
indices (right). Dashes indicate that branches received a bootstrap support of 50% ot less, or

collapsed within one further step.
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Herpodiscus durvillaeae clustered with the Sphacelariales in a well supported monophyletic
clade (97%), that branched off above Onslowiaceae. Within this clade, H. durvillaeae formed a
group together with Cladostephus spongiosus (HUDSON) C. AGARDH and Sphacelaria cirrosa (ROTH)
C. AGARDH.  Choristocarpns ltenellus (Sphacelariales s. /. ot Incertae sedss, depending on authors)
stood at the base of the Stypocaulaceae. Branches separating these two groups had only a
moderate bootstrap support of 61% and 65 %, respectively.

Above Sphacelariales, most taxa clustered in monophyletic clades representing the
currently recognized Phaeophycean orders, e. g., Laminariales, Scytothamnales, Desmarestiales,
Tilopteridales, and Ectocarpales s. /. The brown algal orders themselves were well supported,
the relationships between the clades did not have any support, though: the inner topology of the
MP tree collapsed during bootstrap analysis.

Within the Fucales, there was only poor support (54%) for a clade of three species,
Ascophyllum nodosum, Fucus vesiculosus and Xiphophora chondrophylla, while the positions of Sargassum
muticum, Notheia anomala and Durvillaca antarctica on the base of this clade were not supported at
all.  Syringoderma phinneyi and Ascoseira mirabilis SKOTTSBERG as single representatives of their
orders (Syringodermatales and Ascoseirales, respectively) stood between Sphacelariales and
Laminariales, while Nemoderma tingitanum SCHOUSBOE 7z BORNET (Ralfsiales) grouped with the
Fucales. Sporochnales formed a sister taxon to the Laminariales, but positions of both
Sporochnus pedunculatus and IN. tingitanum had bootstrap values of less than 50%.

Neighbour-joining and maximum likelihood trees showed a topology similar to the MP
tree, with Dictyotales as first diverging branch, followed by Onslowiaceae and Sphacelariales s. s.
(ncluding Choristocarpus tenellus) and, in the 'crown', the rest of Phaeophyceae. While these
branches were moderately supported in the NJ tree, all branches between monophyletic orders
in the ML tree collapsed during bootstrapping, at the base as well as within the crown.

In the crown of the NJ tree, in comparison, branches wete more strongly supported than
in the MP trees. For example, Sporochnales as a sister taxon to the Laminatiales, or Durvillaea
antarctica, Sargassum muticum, and Notheia anomala belonging to the Fucales (positioned at the base
of the crown) had some moderate support. But most branches in the crown still collapsed in
bootstrap analysis.

Despite differences between MP, distance and ML trees (i. e. in the topology of the
crown), with all three methods Hempodiscus durvillaeae unambigously clustered with the
Sphacelariales s. 5. In all three analyses, this order was monophyletic and had strong bootstrap

suppott (97% in MP tree, 98% in NJ tree, 96% in ML tree).
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First combined data set; 18S + 26S

By combining the18S and 26S alignments, the number of joined taxa had to be reduced to 37 as

18S sequences were not available for Tilopteris mertensii (TURNER in SMITH) KUTZING, Verosphacela
ebrachia and Undaria pinnatifida. A partition homogeneity test before maximum patsimony
analysis revealed 18S and 26S data to be congruent (p = 0.66; 100 replicates).

Four equally parsimonious trees with a length of 1388 steps were inferred from the
combined data set (one tree shown in Figure 4.2). Differences between MP trees lay in the
branching order of Ascoseirales, Scytothamnales and Laminatiales + Sporochnales within the
crown. Apart from this, the analysis led to a similar tree topology as analysing 26S sequences
alone, but with stabilised branches.

In contrast, the Sphacelariales s. s. (incl. Choristocarpus tenellus) received less, but still strong
bootstrap support. By adding 18S sequences to the analysis, this order, together with the
Syringodermatales, was sepatrated from the 'ctown' group of Phaeophyceae and placed with
Omnslowia endophytica near to the base of the tree, above Dictyotales.

Within the crown, branches received slightly higher bootstrap and decay values
compared to 26S analyses alone. An inclusion of Durvillaca antartica, Notheia anomala and
Sargassum  muticum into the Fucales was moderately supported, as was the grouping of
Ectocarpales with Asterocladon + Asteronerna and Laminariales with Sporochnales. However,
support was still too low to stabilize branches between orders, which collapsed during bootstrap
analysis.

The maximum likelihood tree was basically the same as the MP trees, apart from the
relative arrangement of orders within the crown. As for parsimony analyses, branches collapsed
during bootstrtap analysis (e. g. positions of Aswsezra mirabilks or Cutleriales), leveling out
differences between trees. In ML as well as MP trees, Dictyotales wete the first diverging brown
algae. But in contrast to the patsimony trees, in the ML tree this branch received no bootstrap
support at all, leaving the relationships between Dictyotales, Onslowia endophytica and
Sphacelariales s. 5. (including Choristocarpus tenellus) unresolved.

In the neighbour-joining tree, monophyletic orders received slightly higher bootstrap
suppott as in MP and ML analyses, but again, relationships between the orders within the crown
were not resolved: all but one branch collapsed during bootstrap analysis. Only the Fucales

were separated, but this branch had only low suppozt (56%).
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Figure 4.2: Phylogenetic tree for the Phacophyceae inferred from 185 + 268 sequences. One of four
most parsimonious trees in phylogram style. Numbers indicate bootstrap values (left) and decay
indices (right). Dashes indicate that branches received a bootstrap support of 50% or less, or

collapsed within one further step.
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In all three analyses, the Sphacelatiales were stronly supported (MP: 94%; ML: 83%; NJ: 98%).
These included Choristocarpus tenellus as well as Herpodiscus durvillaeae, which clustered with

Cladostephus spongiosus and Sphacelaria cirrosa.

4.1.1.3.3 rbcl. gene (Phaeophyceae)

Maximum patsimony analysis of the 74 alignment led to four MP trees of a length of 1948
steps (of which two ate presented in Figure 4.3). In contrast to the ntDNA analyses, the most
basic brown alga was Choristocarpus tenellus (Sphacelatiales s. /. or zncertae seds).

The family Onslowiaceae (Sphacelariales 5. L or zncertae sedis), positioned above Dictyota
dichotoma, was moderately supported, but like the Sphacelariales s. 5. and Syringoderma phinneyi,
branches did not receive significant bootstrap support. They collapsed within one or two further
steps.

Within the ctrown, a weakly suppotrted clade was formed by Asterocladon lobatum with the
well supported orders Ectocarpales . / and Laminariales. Fucales grouped with T7lopteris mertensii
(Tiopteridales), while the positions of the monophyletic Desmarestiales and Scytothamnales
were not recovered in the bootstrap analysis. The position of Sporochnus scoparius HARVEY (either
between Desmarestiales and Fucales or above the latter) was not resolved either, causing some
of the variation among the four MP trees.

Like in ntDNA analyses, Herpodiscus durvillaeae clustered with Sphacelatiales s. 5.. Within
this ordet, Akthocladus corymbosns and Stypocanlon scoparinm formed a well supported clade, but the
exact positions of H. durvillaeae and Cladastephus spongiosus were not resolved (Figure 4.3: tree A
and B, respectively). All together, Sphacelariales s. 5. only had low bootstrap suppozrt (56%),
when analysing the 74cL data alone.

Differences between maximum parsimony, maximum likelihood and neighbour-joining
trees were mainly located within the ctown, regarding the branching order of monophyletic
gtoups such as Desmarestiales, Fucales etc.. As most branches within the crown collapsed
during bootstrapping with all three methods, all differences but two vanished: in contrast to NJ
and ML trees, in the MP tree the Laminariales were incorporated in a cluster with Ectocarpales
5. L. and Asterocladon lobatum. Moteover, while in likelihood and parsimony trees, Onslowiaceae,
Sphacelatiales s. 5. and Syringoderma phinneyi diverged in hierachial order, in the NJ tree they

clustered together, but without bootstrap support.
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Figure 4.3: Phylogenetic tree for the Phacophyceae inferred from rbd. sequences. A: One of four most
parsimonious trees shown in phylogram style. B: Showing different arrangement within
Sphacelariales s. 5. in two of the four MP trees. Numbers indicate bootstrap values (left) and
decay indices (right). Dashes indicate that branches received a bootstrap support of 50% or less,

or collapsed within one further step.

Sphacelariales . 5. (including Herpodiscus durvillaeae) themselves received a higher support in

likelihood (83%) and distance analyses (78%) than in parsimony analyses.

Apart from the

strongly supported Stypocaulaceae however, relationships within the Sphacelatiales were not

resolved in distance and likelithood trees, cither.
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Second combined data set: 26S + rbcL

For the combined data set, the number of joined taxa was reduced, as 75l sequences were not
available for all species of the 26S alignment. Additionally, Choristocarpus tenellus was removed
ptior to analysis (section 4.1.1.2): a partition homogeneity test revealed 26S and b data
including this species to be significantly different (p = 0.001), while without C. zenellus, the PHT
resulted in p = 0.113, meaning data sets were congruent (FARRIS ¢f 4/ 1995; CUNNINGHAM
1997). The combined data set therefore only included 26 taxa.

Over all, the tree topology resulting from the combined data set was very similar to the
maximum parsimony trees of the 7bcl. alignment, as this gene contributed almost twice as many
informative sites as the 26S gene. Differences between separate and combined analyses were
reflected in the eight most parsimonious trees (2697 steps) inferred from the combined data set
(one of them shown in Figure 4.4). The differences mainly concerned the exact arrangement of
phacophyceaen otders within the crown: Ectocatpales + _Asterocladon lobatum and Laminariales
either formed a monophyletic cluster, that was positioned on top of the tree, or were separated,
with Ectocarpales branching off just above Desmatestiales. Scytothamnales + Sporochnus sp., and
Fucales + Tilopteris mertensii were either sister taxa or stood in hierachial order.

Other branches in the crown which also existed in the 7bcL. tree were strengthened by the
addition of 26S data. But, concerning the phylogenetic affinities between orders, most nodes
still did not receive any bootstrap suppotrt and collapsed within the next step, as in the analyses
above.

In the base of the MP trees, there was less support for the Onslowiaceae in the
combined tree (57%) than in separate analyses. Sphacelariales s. 5., on the other hand received a
much higher support due to the addition of 26S data (97%), than in 7bcl. analyses alone (56%).
Within the Sphacelariales, only Stypocaulaceae were well supported (99%), while relationships
within the second cluster consisting of Herpodiscus durvillaeae, Sphacelaria cirrosa and Cladostephus
spongiosus wete again not tesolved.

Like in the separate 26S tree, the first brown alga to branch off was Dictyota dichotoma.
When Choristocarpus tenellus was included into the combined data set, despite incongruence, this
species took the position of the first diverging alga above the outgroup species, but the node
separating it from the other Phaeaophyceae was only pootly supported (51%; results not

presented).
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Figure 4.4: Phylogenetic tree for the Phacophyceae combining rbcl. and 26S data. One of eight most
Numbers indicate bootstrap values (left) and decay

parsimonious trees in phylogram style

indices (right). Dashes indicate that branches received a bootstrap support of 50% or less, or

collapsed within one further step.

The topology of the maximum likelihood tree was identical to the one of the MP tree presented

in Figure 4.4, but with slightly better support for relationships: within the crown, for example,

the branch separating Ectocarpales + Asterocladon and Laminariales from the other orders and

the cluster comprising Scytothamnales + Sporochnus both

nodes were only poorly supported (55%), though.

still existed after boostrapping. These
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The NJ tree presented a different arrangement of the highly supported monophyletic
orders within the crown, but again, most differences disappeared after bootstrapping as branches
collapsed, e. g. affinities of Sporochnus and Tilopteris were not resolved. Only the cluster
containing the Ectocapales, Asterocladon and Laminariales had moderate support (70%). In the
base, the NJ tree was similar to MP and ML trees, apart from Syringoderma phinneyi, which
grouped, moderately supported (68%), with the Sphacelariales . s..

Like m separate analyses of ntDNA and rbd. data sets, Henpodiscus durvillaeae ~wras
unambiguously part of the Sphacelatiales s. 5., which formed a highly suppotted cluster (97% in
the MP tree, 99% in the ML tree, and 100% in the NJ tree). Within this order, Stypocaulaceae
again were well supported in all three trees, while relationships between the othet three species
were only resolved in the distance tree. Hete, Sphacelaria was the first species to branch off,
while Henpodiscus + Cladostephus formed a well supported clade (82%), opposite to Stypocaulaceae
(100%).

Third combined data set: 18S + 26S + rbcL

This combined data set contained only 24 taxa as SSU sequences wete not available for
Verosphacela ebrachia and Tilopteris mertensiz.  Like in the second combined data set, pattition
homogeneity tests revealed the three data sets to be significantly different (p = 0.001) if
Choristocarpus tenellus was included in the analyses. Again, a removal of this species markedly
mproved the congruence between data sets (p = 0.323).

The maximum parsimony analysis resulted in three equally parsimonious trees with a
length of 2668 steps. They differed only in the topology within the crown: positions of the
Fucales and Scytothamnales were exchanged, and the Ectocarpales s. / branched off either at the
base of the ctown or above Desmatestiales (shown in Figute 4.5).

The topology of the crown was also the only difference to the MP trees inferred from
the second data set: based on the third data set, Laminariales and Sporochnales together with
Scytothamnales were positioned on top of the tree, while Ectocarpales s. / branched off before
the Fucales. But again, branches separating orders in the crown collapsed duting bootstrap
analyses, resulting in similar bootstrap consensus trees infetred from either the second ot the

third combined data set. Bootstrap values wete of a similar ordet.
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Figure 4.5: Phylogenetic tree for the Phaeophyceae combining 7L and ntDNA data. One of three most
parsimonious trees in phylogram style. Numbers indicate bootstrap values (left) and decay
indices (tright). Dashes indicate that branches received a bootstrap support of 50% or less, or
collapsed within one further step.

The ML tree inferred from the third combined data set was similar to the one based on the
second data set, but the relationships within the crown wete less supported, e. g. regarding the
clusters of Scytothamnales with Sporochnus, or Laminariales with Ectocarpales s. /. + Asterocladon.

In the NJ tree based on the third data set, this last node collapsed during bootstrapping as well,
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in conttast to the tree infetred from the second data set. Additionally, the NJ trees differed in
the position of the Fucales, which, according to the third combined data set, stood at the base of
the crown. This separation of the Fucales from the other orders of the crown received strong
suppott (95%).

In the base of the NJ tree, omitting I erosphacela ebrachia from the data set led to inclusion
of Ounslowia endophytica in a moderately supported cluster (68%) with the Sphacelariales s. 5. and
Syringoderma phinngyr. Within the Sphacelariales cluster, adding 18S sequences to the combined
26S and bl data did not markedly improve the resolution of relationships. Like in the other
data sets, there was strong support for Stypocaulaceae, and again, Herpodiscus durvillaeae was part
of the Sphacelariales s. 5. But the close affinities of the parasite were not resolved: in the most
parsimonious and maximum likelhood trees, it clustered with Sphacelaria cirrosa, but this branch
did not have any bootstrap suppott in both consensus trees nor did it exist within the next step
of the MP analysis. In distance analyses, on the other hand, H. durvillaeae grouped in a
moderately supported cluster (83%) with Cladostephus spongiosus.

4.1.1.3.4 rbcL gene (Sphacelariales)

In prior analyses including 26S and 7bcl. sequences (sections 4.1.1.3.2 and 4.1.1.3.3), Herpodiscus
durvillacae was revealed to be part of a well supported monophyletic group, the order
Sphacelariales s 5. In these analyses including representatives of all brown algal orders,
howevet, the inner topology of the Sphacelariales was not resolved. Additional analyses were
therefore run with a r&cl. data set comprising an ingroup of 21 species of Sphacelariales s. s.
mcluding H. durvillaeae, and an outgroup consisting of six species, which, like the Sphacelariales,
were positioned at the base of the Phacophyceaen tree: Dictyota dichotorna, D. cervicornis (both
Dictyotales), Syringoderma phinneyi (Syringodermatales) Ounslowia endophytica, Verosphacela ebrachia
(both Onslowiaceae) and Choristocarpus tenellus (incertae sedys).

A single most parsimonious tree was inferred from the data set, with a length of 1362
steps (Figure 4.6), while omitting Choristocarpus tenellus from the data set led to six MP trees
(length: 1238 steps; not shown). Bootstrap consensus trees from both analyses (with or without
C. tenellus) showed identical topologies, and bootstrap values were of the same order.

Over all, the topology of the MP tree (including C. tenellus) was very similar to the NJ
tree. Within the outgroup, C. fenel/us took the position of the earliest diverging taxon, followed
by the well supported Dictyotales (Dictyota dichotoma and D. cervicornis, 99%). Syringoderma phinneyi

clustered with Onslowiaceae, but this relationship did not have any bootstrap suppott, in
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contrast to the distance tree, where it was moderately supported (60%). In the ML tree,
S. phinneyi took a position between the other outgroup members and the ingroup. Apatt from

this branch, the bases of MP, ML and NJ trees were identical.

Halopteris filicina 1 | Stypocaulaceae
Halopteris filicina 2
Stypocaulon scoparium
Alethocladus corymbosus
Stypocaulon durum
Sphacelaria radicans Sphacelariaceae
subgenus
Sphacelaria caespitula Sphacelaria
N Sphacelaria arctica Sphacelariaceae
Sphacelari subgenus
phacetaria racemosa Pseudochaetopteris
0 Sphacelaria plumigera
- 613 Sphacelaria plumosa
Cladostephus spongiosus Cladostephaceae
- 52/ Sphacelari Sphacelariaceae
7 prdcetaria nana subgenus Sphacelaria
Sphacella subtilissima Sphacelariaceae
Herpodiscus durvillaeae (new family required)
89/4 sor-— Sphacelaria divaricata Sphacelariales
L subgenus
Sphacelaria rigidula Propagulifera
Sphacelaria californica
Sphacelaria yamadae
95/>5 o8/4
Sphacelaria tribuloides
—— Sphacelaria cirrosa
EOnslowia endophytica Onslowiaceae
Verosphacela ebrachia
52/~
Syringoderma phinneyi Syringodermatales
ops [ Dictyota dichotoma Dictyotales
l . . :
Dictyota cervicornis
Choristocarpus tenellus Choristocarpaceae
50 changes

Figure 4.6: Phylogenetic tree for the Sphacelariales inferred from r&l. sequences. Single most
parsimonious tree in phylogram style. Numbers indicate bootstrap values (left) and decay indices
(tight). Dashes indicate that branches received bootstrap support of 50% or less, or collapsed
within one further step. Systematic affinities after DRAISMA ef a/. 2002.

Within the ingroup of Sphacelariales . 5., three monophyletic clusters were recovered which
appeared in the distance and the maximum likelihood tree as well: Sphacelaria species of the sub-

genus Propagulifera formed a well supported group, which branched off first. Another sub-genus
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of Sphacelaria, Pseundochaetopterss, gtouped with Cladostephus spongiosus and Sphacelaria nana (of sub-
genus Sphacelaria). This cluster had only moderate bootstrap support, though. Two other
species of the sub-genus Sphacelaria, S. radicans and S. caespitula, grouped with members of the
family Stypocaulaceae which were positioned on top of the tree. This relationship was not
suppotted at all in the MP tree as branches collapsed during the bootstrap analysis. In the ML
tree this cluster was the first to branch off in the ingroup, but the branch collapsed during
bootstrapping as well. In the distance tree, in contrast, the relationship between Stypocaulaceae
and the two Sphacelaria species was well supported (89%).

The phylogenetic affinities of the last two species, Henpodiscus durvillaeae and Sphacella
subtilissima REINKE were not completely resolved with any of the three methods: in the MP and
the NJ tree, H. durvillaeae took a position between the Propagulifera- and the Psendochaetopteris +
Cladostephus-cluster, but the branch collapsed after a further step or during bootstrapping. In
both trees, S. subtilissima branched off just above H. durvillaeae. In the MP tree this branch was
not supported, while in the NJ tree, the relationship to the Pseudochaetopteris + Cladostephus clade
had some support (65%), as distances (absolute and Kimuta-2-parameter values; Appendix D,
Table D 4.2.4) of H. durvillaeae and S. subtilissima to Sphacelaria arctica HARVEY, S. racemosa
GREVILLE and . plumosa LYNGBYE wete slightly lower than to all other Sphacelariales.

In the maximum likelihood tree, both H. durvillaeae and S. subtilissima stood above this
clade and instead clustered with Sphacelaria species of the sub-genus Propagulifera, which formed

the top of the tree. But again, this relationship did not have any bootstrap support.

4.1.2 Ultrastructure

4.1.2.1 Ultrastructure of Durvillaea antarctica

Longitudinal sections through the host thallus showed the typical haplostichous structure of the
meristoderm, while cells in the cortex formed a net-like parenchyma of interwoven hyphae
(Plate 4.2, Figure A; Plate 4.5, Figure A), indicated by the occasional presence of the product of
longitudinal cell divisions (Plate 4.7, Figure C). The Durvillaca cells had massive cell walls, up to
3.5 um wide (Plate 4.2, Figute C), and/ot were sutrounded by large amounts of intercellular

matrix, forming a solid tissue without any cavities between cells. Plasmodesmata connecting two

168



4 Hespodiseus dimvitlaear — results and discussion

cells were concentrated in one plane, in a 'field of plasmodesmata' (Plate 4.2, Figute B). In this
area, the cell walls were the thinnest (citca 90 nm). Plasmodesmata had a diameter of circa
50 nm and lacked a core.

The most prominent feature of the host cells was the presence of large numbers of
physodes (e. g. Plate 4.2, Figure A). These vesicles, which are characteristic for brown algal cells,
contain polyphenolics visible in the TEM as electron-dense material.  Other cellular
compartments and organelles observed included nuclei, plastids, mitochondria and, occasionally,
dictyosomes (Plate 4.2, Figure D). In the plastids, thylakoids were atranged in stacks of three
(Plate 4.2, Figure E) typical for the lamellae of brown algal cells (DODGE 1973). The thallus
surface was enclosed by a cuticle consisting of the outer-most layers of the surface cell walls
(Plate 4.2, Figure A).

In late winter and early spring, the Durvillaea thallus shed its surface, however this process
became macroscopically evident only in those ateas displaying external patches of Herpodiscus
durvillaeae (Plate 4.1, Figure F). In healthy areas of the host, only the cuticle was sloughed off in
large flakes, with no surface cells attached (Plate 4.3, Figure A). In infected areas, the basal parts
of the parasite filaments appeared to be embedded in a dense layer consisting of host surface
cells (Plate 4.3, Figures B and D), from which the unbranched external filaments arose. This
whole layer was shed, 1. e. all external parts of Herpodiscus were removed together with the outer-
most cells of the host sutface (Plate 4.3, Figures B and D). The base of the peeled layer as well
as the cleared host sutrface displayed a brown-reddish colouring (Plate 4.3, Figure C). This was
possibly due to the accumulation of electron-dense material, putative polyphenolics, not only
mnside but also outside the cell membranes, e.g. as deposits on the cell walls (Plate 4.3,
Figure D). Moreover, a yellowish autofluorescence in UV light was observed underneath the
external Herpodiscus patches, prior to the surface renewal, and on the undersurface of the shedded

flakes (results not shown).

4.1.2.2 Ultrastructure of Herpodiscus durvillacae

Differences between the seasonal external and the perennial internal cells of the heterotrichous
thallus of Herpodiscus durvillaeae were not only noticable macroscopically, but also on the

ultrastructural level.

169



4 Herpodivony durvifloege — results and discussion

Plate 4.1: Herpodiscus durvillaeae in the field.
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A: Sheltered population of the host Durvillaca antarctica at low tide (Brighton Beach, Otago,
October 2000). B: Habit of D. antarctica (Brighton Beach, June 1999). C: Infected phylloid at the
beginning of wintet showing parasite patches with external filaments (H). Infected areas display
a yellow margin. ‘This margin is also apparent in ateas where parasite filaments have not yet
penetrated the host surface (arrow; Brighton Beach, April 1998). D: Heavily infected specimen
with parasite patches (H) covering large proportions of the phylloid (Brighton Beach, August
1997). E: Phylloid of a fertile female of D. antarctica. Oogonia ate released over its whole surface
(De), but not in the area of the parasite patch (H) and the margin surrounding it (arrow;
Brighton Beach, June 1998). F: Infected host phylloid in late winter showing reduced parasite
patches. Areas where external parasite filaments have disappeared ate lighter in colour (arrow;
Brighton Beach, September 1997). G: Light micrograph of a section through a Herpodiscus patch
showing the external thallus of the patrasite. Above the host sutface (arrowhead), a row of long
assimilatory filaments (Ha) and a row of short filaments (Hs) arise, the former densely covered
with microalgae (arrow), the latter cartying terminal unilocular sporangia (fresh material,
Brighton Beach, July 2000).
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4.1.2.2.1 External phase

The external phase of the parasite (Plate 4.1, Figure G) was present at the Otago coast from end
of March until early October (Plate 4.1, Figures C-F), when the host thalli had completely
renewed their surfaces. In March, i e. at the beginning of the growth season of the parasite,
infected areas were macroscopically recognizable on the host surface due to an apparently
reduced pigmentation of the host tissue (Plate 4.1, Figure C). In these areas, parasite cells
occurred directly at the surface between host cells (Plate 4.3, Figure E). The cytoplasma and
organelles of these parasite cells appeared to be concentrated in the apical portion, suggesting
that they were apical cells.

External filaments were free, i e. they did not adhere to each other, apart from their
base, and were unbranched. Vegetative filaments were up to 15 um wide and 800 um long, and
consisted of regular, cylindrical cells. Apart from the usual cellular compartments such as nuclei,
dictyosomes and mitochondria, the external cells also displayed physodes. The physodes of the
parasite were smaller (ca. 1-1.5 um diameter) and less numerous, and appeared less dense than
those of the host (Plate 4.5, Figures A and A"). Cell walls wete layered, sometimes with a more
electron-dense layer on the inside and a less dense layer on the outside (Plate 4.4, Figure E).
Additionally, the cell walls often carried irregular deposits of electron-dense material on their
inside and among the cell wall layers. Cells of the filament were connected with plasmodesmata
(Plate 4.4, Figure E), however, these appeared to be less numerous and more unevenly
distributed at the site of contact between two cells, compared to the fields of plasmodesmata of
Durvillaea.

External filaments were teminated by elongated cells, which often had swollen tips and
displayed central large nuclei (Plate 4.6, Figure G). Some vegetative filaments displayed terminal
cells without a swollen tip which in the light microscope were of a slightly darker brown colour
than subsequent cells (Plate 4.6, Figure A). In UV light, these cells exibited a bright yellowish
autofluorescence (Plate 4.6, Figure A") which seemed to be located in the cytoplasm and
comprised the whole cell lumen. They did not seem to contain any cell organelles, such as the
large nuclet observed i the non-fluorescing terminal cells. Instead, they wete filled with an
accumulation of material, which in TEM sections (Plate 4.6, Figure B) appeared more electron-
dense than the cytoplasma of normal parasite cells and which was apparently not enclosed by

membranes.
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Plate 4.2:  Durvillaea antarctica:  Ultrastructure of the host.  The protocol numbers in this and the
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following plates relate to TEM protocols listed in Table 1 (Appendix E), if not stated otherwise.
Additional details on the fixation ate given for protocols, that included vatying conditions. A-
E: Transmission electron micrographs (phy: physode; pl: plastid).

A: Longitudinal section showing the haplostichous consttuction of the meristoderm and outet
cortex. Cells contain large numbers of electron-dense physodes and are connected to each other
via 'fields of plasmodesmata’ (arrow). The sutface is formed by a cuticle (arrowhead) consisting
of the outer-most layers of the walls of surface cells. The shrinkage of the cell contents and the
extraction of cell wall materials are artifacts (Brighton Beach, 08.03.1998; protocol no. 3; fixation
at 4°C). B: T'wo cells of the outer cortex ate connected via plasmodesmata (atrow), which are
arranged in a field (Brighton Beach, 07.04.1998; protocol no. 4; microwave enhanced fixation).
C: Section parallel to the surface showing the dimensions of the cell walls of cells of the outer
cortex (arrow: border between two cells; Brighton Beach, 03.08.1998; protocol no. 3; fixation at
RT). D:Cross section through a dictyosome with four cisternae (arrow; Brighton Beach,
13.12.2000; protocol no. 12/2, fixation for 24 hours). E: Cross section through a plastid
showing numerous lamellae (including the girdle lamella; arrow), each consisting of stacks of
three thylakoids. Their 'negative staining' is an artifact. The number of membranes surrounding
the plastid was not determined (Brighton Beach, 07.04.1998; protocol no. 4; microwave
enhanced fixation).
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The autofluorescing terminal cells were separated from the subterminal cell by a thick vaulted
wall, which was not transversed by plasmodesmata. It appeared to have been formed by the
subterminal cell, and adhered to the sidewall as an additional layer (Plate 4.6, Figure B).

A similarly strong, but rather greenish autofluorescence was observed in some unilocular
sporangia (Plate 4.6, Figure E) comprising the whole content of these sporangia, while other
sporangia displayed only small greenish dots (Plate 4.6, Figure E) or no greenish
autofluorescence at all (Plate 4.6, Figure C'). Apart from occasionally autofluorescing settled
spotes (tesult not shown), all other Herpodiscus cell walls showed only a weak autofluorescence in
their cell walls.

Furthermore, in nearly all cells of the external parasite filaments including some
unilocular sporangia and attached gametophytes, numerous small organelles were observed
which showed a weak red autofluorescence similar to the characteristic autofluorescence of
chlorophyll (Plate 4.6, Figures A', C-D"). The identity of these organelles as plastids was
confirmed by TEM. The plastids were discoid and had a diameter of ca. 1.5-2 um. Their stroma
contained a girdle lamella and few to several thylakoids, which appeared to be single or arranged
in lamellae consisting of two thylakoids (vegetative cell: Plate 4.5, Figure A"; gametophyte:
Plate 4.5, Figure F). No pyrenoids were associated with the plastids. In sporangia displaying a
greenish autofluorescence, plastid autofluorescence was obscured.

Meiospores settled and developed into four-celled gametophytes either inside the
unilocular sporangium (Plate 4.5, Figure D) or outside the sporangium on neighbouring
filaments. Gametophytes completely transformed into plurilocular gametangia, with one gamete
developing in each of the four loculi. Gametes displayed nuclei, plastids and mitochondria
(Plate 4.5, Figure E), as well as dictyosomes (not shown). Loculi were separated from each other
by thin cell walls which were at least 80 nm wide (Plate 4.5, Figures E and F). The walls became
visible in the light microscope during treatment with 'Eau de Javelle' (see below; Plate 4.6,
Figure G). The cell wall of the gametophyte-turned-gametangium was ca. 0.3 um wide. It
appeared to consist of two dark fibrillous layers, of which the inner layer formed the loculus
enclosing the developing zoid (Plate 4.5, Figure F). After gametes were released, only the
outside wall of the gametangium remained, while the walls separating the loculi inside were gone

(results not presented).
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Plate 4.3: Durvillaca antarctica: Shedding of the host surface.
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A-B: Scanning electron micrographs; C: Light micrograph; D-E: Transmission electron
mictrographs (h: host tissue; n: nucleus; p: parasite filaments or cells, respectively; phy: physodes).

A: Surface shedding in an uninfected area. The cuticle is sloughed off in flakes (arrow), with no
surface cells attached (Brighton Beach, 09.09.1997). B-D: Surface of an infected host specimen.
B: Extetnal Herpodiscus filaments are shed together with host surface cells (Brighton Beach,
09.09.1997). C: A dense layer consisting of the base of the parasite filaments is sloughed off
together with host sutface cells. The atea of incision shows a brown-reddish colouring (arrow;
Brighton Beach, 23.08.2000). D: Longitudinal section through the host surface, with a layer just
peeling off. This layer consists mainly of host cells containing physodes and single parasite cells,
distinguishable by their smaller width (arrow). Some cells show deposits of electron-dense
material outside their tonoplasts (arrowheads; Brighton Beach, 14.09.1999; protocol no. 8, LR
White resin). E: Longitudinal section through the meristoderm at the end of the host's growth
season showing two putative apical cells of Herpodiscus (p) among host cells at the Daurvillaca
surface. Their cell contents (including a reduced plastid, arrowhead) seem to be concentrated at
the apical part. The shrinkage of the host cells and the loss of most of the physodes are artifacts
(Brighton Beach, 08.03.2000; protocol no. 11/3).
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Test with 'Eau de Javelle'

Tissue of the host Durvillaea antarctica (fresh and freeze-dried) as well as field and culture material
of ectocarpalean epiphytes isolated from Herpodiscus patches were rapidly and completely
bleached by 'Eau de Javelle', without changing their colout. External filaments of H. durvillacae
and material from Halopteris sp, in contrast, showed the characteristic transitory blue-black
colouring of all cell walls when exposed to 'Eau de Javelle' (Plate 4.6, Figures F-H), before being
completely bleached. There was no difference noticeable in reactions of fresh vetsus freeze-
dried material of Herpodiscus. The reaction was also observed in gametophytes settled on the
external filaments (Plate 4.6, Figure F)

In the external filaments of Herpodiscus, some terminal cells still displayed a slightly
blueish 'colour’ for another couple of seconds (Plate 4.6, Figure H) while adjacent cells might
have bleached completely. This ‘colour' seemed to be located in the cytoplasm or the innermost
layer of the cell wall. In some terminal cells it was evident as a blue band just below the tip of
the cell (Plate 4.6, Figure G). Attempts to observe the reaction in the internal filaments of
Herpodiscus were unsuccessful. Parasite filaments were apparently too rare and unevenly spread
within the host tissue to locate them within the short time frame before the chlorine bleached

the whole tissue.

4.1.2.2.2 Internal phase

Internal filaments of the parasite grew in close proximity to the host cells, inside their cell walls
ot in the intercellular matrix, but did not appeat to push the host cells aside by their presence.
For example, the arrangment columns of host cells in the outer cortex seemed not to be altered
mn mnfected tissue, compared to healthy Durvillaea.

In contrast to the external cells with their regular cylindrical outlines, the parasite cells of
the internal phase were of variable shape, i. e. their length and width seemed to depend on the
tissue the cells grew in. Cells in the meristoderm, for example, were rather long and thin, with a
cylindrical form approaching that of the external cells, but narrower (up to 10 pm; Plate 4.4,
Figures C and D). The parasite cells growing in the host cortex, in contrast, did not show a
specific form at all: Their shapes wete highly irregular. The parasite cells were thus easily
recognizable within the rather ordered structure of the host meristoderm and cortex (e. g

Plate 4.4, Figure A; Plate 4.7, Figures C and D).
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Plate 4.4: Herpodiseus durvillaeae: Filaments at the host surface and inside the host.
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A-E: Transmission electron micrographs (h: host cell; n: nucleus; m: mitochondria; p: parasite

cell; pl: plastid).

A: Longitudinal section through an infected thallus of Durvillaca antarctica. Numerous parasite
cells (e. g. arrows) grow among host cells, distinguished from the latter by their irregular shapes.
Cells of the host show a haplostichous arrangements in the meristoderm and outer cortex, and a
loose, net-like structure embedded in intetcellular matrix in the cortex (Brighton Beach,
29.08.2000; protocol no. 14/2; detail in Plate 4.7, Figure B). B: Longitudinal section through the
base of a parasite patch. The integrity of the host surface is severed within the parasite patch
(arrow). Parasite filaments show acroblastic branching (atrowhead; Brighton Beach, 04.07.2000;
protocol no. 13/2). C-D: Longitudinal sections through the meristoderm and outer cortex of the
host, respectively, showing internal parasite filaments. C:Close to the host surface, three
parasite filaments are within the cell walls and/or intercellular matrix of the host, without any
direct contact to each other or to the host cells. One filament shows 'simple' branching (arrow).
Parasite cells display large interphase nuclei with nucleoli. The host cells contain densely packed
holes where physode contents have been lost during preparation (arrowhead; Brighton Beach,
24.2.2000; protocol no. 10/4, fast dehydration). D: An internal parasite cell showing some
mitochondria and possibly reduced plastids, but no physodes. A field of plasmodesmata
connects this cell to another one (arrow; St. Kilda, 04.08.1999; protocol no. 6). E: Detail of the
base of a parasite filament among host meristoderm cells. Parasite cells display plasmodesmata
(arrow), a nucleus, reduced plastids, mitochondria and some small physodes. Cell walls show
two layers, a darker inner and a lighter outer one (St. Kilda, 04.08.1999; protocol no. 6).
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This made the parasite cells also mote conspicuous in the light microscope (Plate 4.7, Figure A
and Plate 4.8, Figure A). Here, parasite cells were otherwise difficult to observe due to their lack
of conspicuous cellular markers, e. g. pigmentation.

Internal parasite cells were not only distinguishable from the host cells by their irregular
shapes, but also by their cell walls which often appeared to be more electron-dense than the
surrounding host matrix (e. g. Plate 4.7, Figure B). Additionally, parasite cells in the cortex were
often slightly retracted from the host matrix (possibly an artifact of the preparation), thus a thin
halo seemed to surround the cells, further enhancing the contrast (Plate 4.8, Figure D). Often,
the intercellular matrix of the host close to the parasite cells appeared to be more affected by
extraction during the preparation of samples than other areas (Plate 4.8, Figure D), possibly
mndicating digestion of host intercellular material by the parasite.

Parasite cells growing in the inner-most cortex did not display many organelles. For
example, physodes appeared to be lacking in most of them (e. g. Plate 4.4, Figures C and D).
Not once were they observed in cells growing in the host cortex (e. g. Plate 4.7, Figures B-D),
howevert, this could be an artifact due to msufficient preparation. Occasionally, physodes wete
ptesent in cells close to the host surface, which were markedly smaller than the host physodes
(results not shown).

Mitochondria were frequently present in parasite cells of the outer host cortex (e. g.
Plate 4.4, Figure D). Sometimes plastids were also observed. These were of a similar size to
those of the external cells, and also displayed few thylakoids which were single or appeared to be
assembled to lamellae in stacks of two. The number of membranes surrounding the plastids was
not determined. Also a girdle lamella, if present, could not be distinguished from other thylacoid
stacks, due to the insufficient fixation of membranes. Occasionally, the plastid sttoma contained
opaque inclusions, possibly storage products (Plate 4.5, Figure B').

Moreover, organelles were observed which may represent reduced plastids. They had a
dumb-bell shape, and were ca. 1.5-2 um long and 0.3-1 um wide (Plate 4.3, Figure E; Plate 4.5,
Figure C). However, apart from a membranous structure in their middle section, they did not
show any sign of thylakoids. Electron-transparent regions at each end might have been
genophores containing the plastom (Plate 4.5, Figure C), but this may also have been 2
preparation artifact. No plastid autofluorescence was observed in any internal parasite cells,
howevet, it may have been obscured by the stronger chlorophyll autofluorescence of the host

plastids surrounding them.
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Plate 4.5: Herpodiscus durvillaeae: Plastids and gametophytes.
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A-F: Transmission electron micrographs (cw: cell wall; h: host cell; m: mitochondtia; n: nucleus;

p: parasite cell; phy: physode; pl: plastid).

A-A": Longitudinal section through a cell of an external filament (Brighton Beach, 29.08.2000;
protocol no. 14/4). A: Overview. A'": Detail of A, showing the nucleus, plastids, physodes and
mitochondsria. The nucleus displays slightly condensed chromatin. Cell walls carry deposits of
electron dense material on the inside (atrows): A': Detail of A, displaying a plastid with a few
'negatively stained' thylakoids and a girdle lamella (arrowhead). B-B': An internal parasite cell
between two host cells (Brighton Beach, 29.08.2000; protocol no. 14/2). B: Overview.
B': Detail of B, showing a plastid with a few 'negatively stained' thylakoids and round globular
inclusions (atrow), possibly storage products. Thylakoids are single or arranged in stacks of two
(arrowhead). C: Detail of a parasite cell growing in the inner cortex of the host, showing a
possibly reduced dumbbell-shaped plastid with electron-transparent regions at each end, possibly
the genophore (atrow). The structure in the middle (arrowhead) may represent a reduced
thylakoid. The membranes are dissolved at each end, possibly a preparation artifact (Brighton
Beach, 08.03.2000; protocol no. 11/2, no microwaving). D: Longitudinal section through a
unilocular sporangium with several gametophytes which develop inside the sporangium
(Brighton Beach, 04.07.2000; protocol no. 13/2). E: Detail of gametophytes developing inside a
unilocular sporangium. Cell walls between loculi are comparatively thin (arrow; Brighton Beach,
04.07.2000; protocol no. 13/3). F:Detail of a gametophyte developing inside a unilocular
sporangium. In the cell on the right, the nucleus, two mitochondria and a plastid are visible.
The outer cell wall consists of two dark layers (arrow), with the inner Jayer also enclosing the
developing zoid. The shrinkage of the cell content is an artifact (Brighton Beach, 04.07.2000;
protocol no. 13/2).
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Like the host cells, internal parasite cells were connected to each other via numerous
plasmodesmata assembled in fields (Plate 4.4, Figure D). The fields of plasmodesmata between
mnternal parasite cells appeared to be more pronounced than those between external cells.
Branching of the Herpodiscus thallus was restricted to the internal phase. Most filaments showed
an irregular branching pattern (Plate 4.4, Figure C). On a single occasion, an acroblastic

branching mode was obsetved in cells at the host surface (Plate 4.4, Figure B).

4.1.2.2.3 Parasite /host interaction

In the meristoderm, long thin parasite cells grew among the rows of host cells, without close
contact between both species (Plate 4.4, Figures C and D). In the inner cortex, in contrast,
rregular-shaped parasite cells were often observed close to the fields of plasmodesmata between
host cells (Plate 4.7, Figure A), i. e. they seemed to attack the host cells especially at the fields of
plasmodesmata.

Sections displayed various levels of contact to the host cells. Serial sections showed, for
example, a parasite cell which appeared to 'throttle’ the host cell in one section and displayed a
dumb-bell shape lying over the connection of the host cells in the next section (Plate 4.7, Figures
C' and D"), indicating that this parasite cell laid like a collar around the field of plasmodesmata
between the host cells. Other parasite cells, by forming claw-like protrusions, encircled host cells
(Plate 4.7, Figures A and B) and thus were in direct contact with at least one of the fields of
plasmodesmata (Plate 4.7, Figure B).

In the light microscope, some Herpodiscus cells formed a conical-shaped protrusion
pomting at the field of plasmodesmata between two Duwrvillaca cells (Plate 4.8, Figure A). In
TEM sections, a similarly shaped parasite cell appeared to have squeezed between the host cell
walls within the fields of plasmodesmata (Plate 4.8, Figures B and B'). In this way, the host cells
were separated somewhere within one cell wall, thus revealing the fibrillous structure of the walls
(Plate 4.8, Figures B' and C'). Host cells appeared to be mechanically forced apart (Plate 4.8,
Figure C), exposing the fibrillous cell wall material to the apoplastic space between the two walls
(Plate 4.8, Figure C"). The wall of the parasite cell squeezing between the host cells displayed
many small perforations, presumably plasmodesmata (Plate 4.8, Figure B"), which at that stage

did not show any connection to the host plasmodesmata.
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Plate 4.6: Herpodiscus durvillaeae: Epi-fluorescence and reaction with 'Eau de Javelle'.
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A, C-G: Light micrographs: B: Transmission electron micrograph.

A, C-D: Micrographs of parasite filaments showing the same object in bright field optics (left)
and in UV light (right). A: Terminal cell of a vegetative external filament of H. durvillacae,
displaying a yellowish autofluorescence in UV light. This cell is separated from the adjacent cell
by a vaulted wall (arrow). The cell below contains red autofluorescing plastids (arrowhead).
B: Terminal cell, displaying a vaulted wall without plasmodesmata (arrow) and an accumulation
of electron-dense material (arrowhead), but no obvious cell compartments (Brighton Beach,
04.07.2000; protocol no. 13/3). C: Vegetative filaments and unilocular sporangia (atrow)
containing red autofluorescing plastids. D: Spores, settled on an assimilatory filament, each
displaying several small red autofluorescing plastids (A, C-D: fresh material; Brighton Beach,
Otago, May 2001). E:Section through a fertile parasite patch (displaying many unilocular
sporangia) in UV light, with the host surface in the lower right corner (double arrowhead). The
sporangia are filled either with a greenish-yellow autofluorescencing material (arrowhead), or
with spores containing red autofluorescing plastids (arrow; fresh material, Brighton Beach, June
2000). F-H: Reaction of H. durvillaeae with 'Eau de Javelle'. F: Immediately after contact with
the bleach, external filaments show the typical black-brown colouring (arrow). Gametangia-
turned gametophytes display coloured internal walls (arrowhead). G: Front of bleach moving
through the tips of external filaments. Some terminal cells are completely bleached (double
arrohead), while others display blue bands of colouring just below their apical hemisphere
(arrows). Terminal cells show swollen tips and contain large nuclei (arrowheads). H: Parasite
filaments on the host surface: surrounding cells are already bleached, while a terminal cell
(arrow) shows a blueish 'colout’ for a few more seconds (F: dried material, scraped from the
sutface of a parasite patch, Brighton Beach, June 2000; G-H: fresh material, Brighton Beach,
March 2001).
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A direct continuity of the Herpodiscus plasmodesmata with those of the Durvillaea cell,
however, was observed in another section (Plate 4.8, Figure D'), thus presenting evidence for a
symplastic connection between host and parasite. Ditect cellular contacts between both species
seemed to be limited to the fields of plasmodesmata. Invasions of the lumen of host cells, for
example by haustoria, were not observed. The interconnecting plasmodesmata lacked cores on

both the parasite's and the host's side.

4.2 Discussion

4.2.1 Molecular systematics

4.2.1.1 Quality of data

The phylogenetic trees presented in this study were in general accordance with trees published
by other authors (e. g. DE REVIERS & ROUSSEAU 1999; ROUSSEAU ez a/. 2001; DRAISMA ef al.
2001, 2003). Based on similar data sets but individual alignments, the addition of sequences of
Herpodiscus durvillaeae did not alter the topologies of trees, but supported the phylogeny of the
Phaeophyceae cutrently recognized (DE REVIERS & ROUSSEAU 1999; ROUSSEAU ez al. 2001;
DRAISMA ez a/. 2001, 2003).

The present study combined genes from separate compartments within the cell (1. e. 7hcL
and nrDNA), in order to improve the validity of the results. Moteover, representatives from
some smaller Phacophycean orders such as Tilopteridales, Sporochnales and Cutleriales were
included in the data sets. Combining sequences from different genes stabilized the nodes within
clusters, however, the branches between clusters still collapsed during bootstrap analyses, thus
leveling out most differences between trees obtained with Maximum Parsimony or Maximum
Likelihood methods or inferred from distance analyses. Therefore, the analyses failed to resolve
relationships between monophyletic orders within the crown of the Phaeophycean tree, as did
the other studies before (DE REVIERS & ROUSSEAU 1999; ROUSSEAU ef 4/ 2001; DRAISMA ef .

2001, 2003).
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Plate 4.7: Herpodiscus durvillacae: ‘The parasite/host interaction.
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A: Light micrograph; B-D": Transmission electton micrographs (h: host cell; n: nucleus;
p: parasite cell; phy: physodes; pl: plastid; v: vacuole).

A: Longitudinal section through the outer cottex of D. antarctica, showing parasite cells (arrows)
surrounding a host cell (atrowhead) in a claw-like manner (Brighton Beach, 17.03.2001).
B: Longitudinal section displaying a similar situation to A. The upper parasite cell is in direct
contact with the field of plasmodesmata between the (attacked ) host cell and the adjacent host
cell (arrow; Brighton Beach, 29.08.2000; protocol no. 14/2; overview in Plate 4.4 Figure A).
C, D: Serial sections from the inner cortex of the host, with numerous parasite cells present (e. g.
arrows). Connections of a host cell to four other host cells (arrowhead in C) indicate the
presence of intercalary longitudinal cell divisions in the cottex of D. antarctica (Brighton Beach,
29.08.2000; protocol no. 14/4). C', D": Details of C and D, respectively, showing two layers of
the same parasite cell This cell appears to surround the field of plasmodesmata between two
host cells like a collar (resulting in the 'dumb-bell' shape in D'). Host cells show a nucleus,
plastids and large vacuoles. The physodes in D' are only partially fixed (artifact).
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In contrast to the affinities within the crown, the relationships below the crown were
well resolved in combined data sets: Dictyotales, Sphacelariales and Syringodermatales, together
with Choristocarpus fenellus and Onslowiaceae, formed the base of the Phaeophycean tree, with
Sytingodermatales being the closest to the 'higher Phaeophyceae' and C. fenellus apparently being
the most basal brown alga. Some authors even propose the Sphacelariales, Dictyotales and
Syringodermatales to be closely related, as the 'SDS' group, as all three share apical growth, even
though they do not form a monophyletic group (SAUNDERS & KRAFT 1995, cited by DE
REVIERS & ROUSSEAU 1999).

DRAISMA ez al. (2002) analysed rbel. sequences of all these taxa included in the base of the
Phaeophyceaen tree, in order to reveal the phylogeny within the Sphacelariales. In the present
study, Herpodiscus sequences were added to a 7bcl. data set comprising essentially the same taxon
sampling as DRAISMA e /. (2002). The addition did not change the overall clustering of taxa
within the Sphacelariales, and among the more basal brown algae, indicating that the Herpodiscus
sequence was in accordance with the findings by DRAISMA and co-workers.

Generally, the inclusion of sequences of Herpodiscus durvillaeae did not affect the
homogeneity between data sets in analyses of combined 74d. and ntDNA data, in contrast to
Choristocarpus tenellus sequences. Originally, C. zenellus was considered to have an intermediate
position between Ectocarpaceae and Sphacelariales or Tilopteridales (KKUCKUCK 1895b;
OLTMANNS 1922). It was later placed in the Sphacelariales, taking into account the apical growth
and the presence of propagules, even though the latter lack the small lenticular apical cells found
in propagules of Sphacelariales s. 5. (PRUD'HOMME VAN REINE 1993). KJELLMAN (1891) created
its own family, Choristocarpaceae, which also included Discosporangium mesarthrocarpum
(MENEGHINI) HAUCK. However, neither C. fenellus nor D. mesarthrocarpum show the transistory
blackening with Eau de Javelle (WOMERSLEY 1987), which is characteristic of the order
Sphacelariales MIGULA 1909 (REINKE 1890; MIGULA 1909). The Choristocarpaceae are
therefore sometimesreferred to as Sphacelariales s. Z, but their placement remains doubtful

(PRUD'HOMME VAN REINE 1982, 1993; DE REVIERS & ROUSSEAU 1999).
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Plate 4.8: Herpodiscus durvillaeae: The parasite/host interaction (continued).
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A: Light micrograph; B-D": Transmission electron micrographs (a: apoplast; h: host cell;
hew: host cell wall; n: nucleus; p: parasite cell; pcw: parasite cell wall; phy: physode; pl: plastid).

A: Longitudinal section through infected D. antarctica. Parasite cells (e. g. arrowheads) grow in
close proximity to host cells. A parasite cell seems to point at the field of plasmodesmata
between two host cells (atrow; Brighton Beach, 17.03.2001). B: Section though an infected host
cortex showing a similarly 'pointing' patasite cell between two host cells. The parasite cell has
squeezed halfway though the field of plasmodesmata connecting the host cells. B': Detail. The
host cell walls seem to be slightly forced apart by the parasite cell (end indicated by the arrow).
The parasite cell wall shows perforations, possibly small plasmodesmata. Cell contents of both
host and parasite are not well preserved (B-B'": Brighton Beach, 22.11.1999; protocol no. 9/2,
microwave enhanced fixation). C: Section though an infected host cortex showing a similar
situation to that in B. In the field of plasmodesmata, the host cell walls are widely forced apart.
The parasite cell appears to be retracted, leaving a large apoplastic space between the two host
cells. C" Detail of the apoplastic space (a). Fibrillar material (arrows) of the host cell walls
stretch through the opening. The myelin figure in one of the host cells is an artifact (C-C"
Brighton Beach, 14.09.1999; protocol no. 8, LR White resin). D: Section through infected host
cortex. A parasite cell has direct contact with the field of plasmodesmata of a host cell. The
nature of the dark (i e. electron-dense) material in the upper host cell in D is not known. The
intercellular matrix sutrounding the patasite cell shows signs of extraction (arrows). D" Detail of
the field of plasmodesmata at the interface of host and parasite. Some plasmodesmata of the
host stop at the parasite cell wall, and may form a median cavity (arrowhead), while others
continue on the parasite side. Thin strands of cytoplasma seem to stretch through these
'secondary plasmodesmata' (atrows), apparently forming a symplastic bridge between the host
and the parasite (D-D": Brighton Beach, 29.08.2000; protocol no. 14/2).
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DRAISMA ef al. (2001) were the first to present molecular data for Choristocarpus tenellus.
In trees based on ntDNA data, this species appears as patt of a well supported cluster otherwise
comprised of Sphacelariales s. s, while Dictyotales form the earliest divergence in the
Phacophyceae. In analyses of plastid-encoded 7bcl. sequences, m contrast, C. zenel/us takes the
position of the most basal brown alga, below Dictyotales. This basal position of C. fenellus is also
retrieved in combined ntDNA and rbcl. data sets, presumably because the rbcl. data contribute
many more informative sites to the analyses as the nrDNA data. However, in partition
homogeneity tests, DRAISMA ¢fal (2001) found their data sets to be incongruent. They
nevertheless proposed Choristocarpus fenellus to be the most basal of all brown alga and therefore
separated the Choristocarpaceae from the order Sphacelariales.

The present study, based on a similar combined data set as DRAISMA ef /. (2001) but
with a slightly different taxon sampling, reached similar conclusions. This study further revealed
that the incongruence between nuclear encoded ribosomal and plastid encoded RuBisCo genes,
detected by DRAISMA and co-authors, was indeed due to the differences in the position of
Choristocarpus tenellus. Thus, excluding C. tenellus from separate and combined data sets markedly
improved the stability of branches. In these analyses the Dictyotales took the position of the
most basal brown alga, and the Sphacelariales s. 5. were well separated from the other brown
algae.

In a recent molecular systematic study, BURROWES ¢z 2/ (2003) presented a different 26S
sequence which has confirmed Choristocarpus as the most basal brown alga. Therefore, the 26S
sequence, which was published by DRAISMA and co-workers (2001) and was also included in the

nrDNA analyses of the present study, appears to have been mis-attributed to this species.

4.2.1.2 Phylogenetic affinities of Herpodiscus durvillacae

The present study is the first to investigate the phylogenetic relationships of the only described
fully parasitic brown alga worldwide, the New Zealand endemic Herpodiscus durvillaeae. The
analyses of the molecular data revealed that H. durvillaeae i1s neither closely related to the
Ralfsiaceae (Ralfsiales nomen nudum, formerly Chordariales; SILVA ezal 1996, cited in
DE REVIERS & ROUSSEAU 1999), where it was originally placed (LINDAUER 1949; JOHN &
LAWSON 1974), nor to members of the family Elachistaceae (or Chordariaceae respectively,
Ectocarpales sensu lato, formerly Chordariales; ROUSSEAU & DE REVIERS 1999; PETERS &
RAMIREZ 2001), in which H. durvillaeae is currently placed (SOUTH 1974), and which includes
other endophytic genera, such as Laminariocolax and Microsponginm (BURKHARDT & PETERS 1998,;
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PETERS 2003). H. durvillaeae is also not closely related to the order Fucales, which compzises its
host, Durvillaea antarctica and the other brown alga known to be at least partially parasitic, Nozheia
anomala (formetly Dutvillaeales and Notheiales, respectively; DE REVIERS & ROUSSEAU 1999).
Instead, Herpodiscus durvillaeae unambigously clustered with members of the order Sphacelariales
MiGuLA 1909.

These results inferred from molecular data confirm the findings of PETERS (1990), that
the morphology and life history of Herpodiscus durvillaeae are too distinct for a close relationship
with the brown algal orders and families it was associated with by various authors before
(LINDAUER 1949; JOHN & LAWSON 1974; SOUTH 1974; E. C. HENRY, personal communication,
and m PETERS 1990). But these results, however, lead to the question if the placement of the
parasite in the Sphacelariales would also be justified given the morphological features

characteristic for this order.

4.2.1.2.1 Placement of Herpodiscus durvillaeae in the order Sphacelariales

Reaction with 'Eau de Javelle!

Two main features charactetise the order Sphacelatiales: the growth with prominent apical cells
and a positive reaction with 'Eau de Javelle' (MIGULA 1909). While apical growth is shared by
several other Phacophycean orders, such as the Syringodermatales, Dictyotales, Scytothamnales,
Cutleriales and Fucales (HENRY 1984; VAN DEN HOEK ¢7 2/ 1995; DE REVIERS & ROUSSEAU
1999), the positive reaction with 'Eau de Javelle' is a feature that distinguishes members of the
Sphacelatiales from all other brown algae: treatment with clorine bleach (Eau de Javelle: 5%
aqueous solution of sodium hypochlorite) leads to a charactetistic transitory blackening of the
cell walls (REINKE 1890; MIGULA 1909; PRUD'HOMME VAN REINE 1982; DE REVIERS &
ROUSSEAU 1999). Members of the families Choristocarpacecae and Onslowiaceae (DRAISMA &
PRUD'HOMME VAN REINE 2001), for example, ate commonly placed in the Sphacelariales s. /
(HENRY 19872, 1987b; WOMERSLEY 1987), but their systematic position has always been
doubtful, as they, unlike the other members of the Sphacelariales, do not show the positive
reaction with 'Eau de Javelle' (PRUD'HOMME VAN REINE 1982, 1993). Recent molecular
systematic studies suppott an exclusion of both families from the Sphacelariales . 5. (DRAISMA
et al., 2001; DRAISMA & PRUD'HOMME VAN REINE, 2001; present study). In Herpodiscus
durvillaeae, however, a positive reaction with 'Eau de Javelle' was observed: when treated with
bleach, external filaments always showed the typical black-brown "colouring" (Plate 4.6, Figures
F-H).
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Even though the phenomenon of the transitory blackening of Sphacelariales cells treated
with bleach has been known since the 19" century (REINKE 1890), the underlying chemistry is
still unknown (W. PRUD'HOMME VAN REINE, petsonal communication). The stained substance
is thought to be localised in the cell walls, in the middle lamella (REINKE 1890). After contact
with the bleach, cells at first turn dark brown to black, then they bleach and thus become
coloutless. In Herpodiscus durvillaeae, even the usual brownish colour of the cell walls desctibed by
SOUTH (1974) disappeared after treatment with the bleach (Plate 4.6, Figure I).

The positive reaction of Herpodiscus durvillaeae with 'Eau de Javelle' presents a strong
argument against a possible contamination of the samples used for phylogenetic analyses with
epiphytic Sphacelariales. Additionally, three independant samples (spring 1997, winter 1998,
autumn 2001) gave identical DNA sequences. Test runs of PCR products of Herpodiscus samples
on agarose gels confirmed their purity, as only single bands were visible in the gels. Moreover,
phaeophyceaen epiphytes that were commonly found growing on Herpodicus patches showed a
negative reaction with 'Eau de Javelle' (results not presented), as did the tissue of the host,
Durvillaea antarctica. An epiphytic brown alga isolated from a Herpodiscus patch, from which some
of the extracted DNA originated (section 2.2.3.1), was not related to the parasite, but instead

proved to be a member of the Ectocarpales s. / (results not shown).

Evidence for apical growth
Only indirect evidence could be found for growth by apical cells in Herpodiscus durvillaeae, due to

difficulties observing growth pattemns in this obligate parasite. Filaments of Herpodiscus are
uniseriate, with a single cell terminating each unbranched filament in the external phase. The
evidence for apical growth was based on the strong reaction of terminal cells of the external
filaments with 'Eau de Javelle', and on ultrastructural observations of the internal phase.

In young parasite patches, the external filaments displayed prominent, elongated terminal
cells, which showed a stronger reaction with 'Eau de Javelle', compared to other cells.
Apparently, the substance reacting with the bleach occured at elevated levels in these cells. All
cells of the parasite reacted with 'Eau de Javelle', therefore the substance appears to be a
constant part of the cell wall. Accordingly, a higher concentration may indicate the new
formation of cell walls, suggesting that the terminal cells are actively growing apical cells.

The cell walls of Sphacelariales are multi-layered (KARYOPHYLLIS ¢7 2/ 2000). In the
apical cells of Sphacelaria rigidula IKUTZING, the cell wall is thinnest at the apical hemisphere, 1. e.

in the area where the cell grows. The deposition of additional layers of wall material appears to
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be limited to the atea just below the apical hemisphetre where the cell wall reaches its final width
(KARYOPHYLLIS ef a/. 2000). Similarly, in the putative apical cells of Herpodiscus treated with "Eau
de Javelle', a blue band was observed just below the apical hemisphere, which persisted slightly
longer than the 'colouring' of the rest of the cell. This blue band possibly indicated the site of
fresh deposition of wall material, 1. e. the site of growth.

In the internal phase of Herpodiscus, observations of terminal cells were difficult, due to
the endophytic natute of the parasite. However, cells that were observed with TEM close to the
host surface in March 2000, at the beginning of the external season of the parasite, showed a
concentration of compartments and cell plasma in their apical portions. A similar polarization
was obsetved in apical cells of Sphacelaria tribuloides MENEGH. (ICATSAROS ef al. 1983), suggesting
that the cells of Herpodiscus wete also apical cells, about to break through the surface and to
develop into external filaments.

Based on the above findings, it is likely that apical growth also occures in those parts of
endophytic phase that are deeply immetsed in the host tissue. Apical growth appears to be more
suitable to penetrate the very though thallus of Durwillaea antarctica than intercalary growth. TEM
studies (section 4.1.2.4) present evidence that, presumably to get photosynthetic products from
its host, parasite filaments squeeze between plasmodesmata of connected host cells and
physically force these apart. Likewise, LUCAS assumes for parasitic fungi: "The apical mode of
growth of most fungi is the key to the success of these otganisms ... as ... parasites." (LUCAS

1998, page 30).

4.21.2.2 Placement of Herpodiscus durvillaeae within the Sphacelariales

The positive reaction with 'Eau de Javelle' and the (tentative) presence of apical cells as well as its
DNA sequences identify Herpodiscus durvillaeae as a true member of the order Sphacelariales sezsu
MIGULA 1909 (Sphacelariales s. 5.; DRAISMA ef o/ 2002). This raises the question, where the

parasite is to be placed within the ordert, in which family in particular.

Molecular classification of Herpodiscus durvillaeae

Within the Sphacelariales s. 5., three families are currently recognized, based on morphological
characters: the Sphacelariaceae, Stypocaulaceae and Cladostephaceae (OLTMANNS 1922;
PRUD'HOMME VAN REINE 1982, 1993). A recent molecular study, howevet, revealed that the
systematics within this order are in need of revision: by using partial RuBisCO gene sequences

(rbel + spacer), DRAISMA e al. (2002) showed that the family Sphacelariaceae is paraphyletic,
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with the monotypic Cladostephaceae embedded within. Only the Stypocaulaceae forms a well
supported clade. Not all five genera of the Stypocaulaceae were represented in the study,
though, as none of the three Phlviocaulon species or Ptilopogon botrycladus (HOOKER & HARVEY)
REINKE 1890 have been sequenced so far. Furthermore, by comparing their molecular results
with morphological data, DRAISMA and co-workers (2002) found that most diagnostic characters
separating families and genera within the Sphacelariales are not very useful, due to high
petcentages of homoplasy, phenotypic plasticity and/or polymorphisms of these characters.

To accommodate for these findings, DRAISMA e /. (2002) suggest different options of
rearranging families and genera within the Sphacelariales: the most radical option would be to
metge all genera of the order into a single genus, which would be either Cladostephus (as this
name is older and according to the International Code of Botanical Nomenclature (GREUTER
2000) would have priority) or Sphacelaria (as this name is more widely known and could be
conserved). The other options are based on keeping the families Stypocaulaceae and
Sphacelariaceae (including Cladostephaceae). These could be comprised of a single genus each.
Or, in the most divisive option, the currently recognized genera could be kept, in which case new
genera would have to be created in the Sphacelariaceae for the various clusters within the
pataphyletic genus Sphacelaria.

None of the options presented was given preference by the authors, though, as all of
them would requite some adjustments (DRAISMA eza/ 2002). For example, to retain
Stypocaulaceae and Sphacelariaceae would not be without problems, as the type species of the
genus Sphacelaria, S. reticulata LYNGBYE in HORNEMANN, is possibly extinct, and its putatively
closest relative, S. radicans (PRUD'HOMME VAN REINE 1982) clusters with the Stypocaulaceae
rather than other Sphacelaria species. It has to be noted, though, that the branch separating
S. radjcans and the Stypocaulaceae from the other Sphacelariales does not have any bootstrap
support (DRAISMA ez al. 2002).

DRAISMA ez a/. (2002) found that including the 7bcl. spacer region into the analyses did
not significantly influence the resulting phylogenetic trees. The present study, with a taxon
sampling closely following DRAISMA and co-workers, but based on /2L sequences only, indeed
led to comparable results. However, the addition of sequences of Herpodiscus durvillaeae to the
data set resulted in a slightly different phylogenetic tree, producing rather more confusion than
clatifying the picture: like in the trees of DRAISMA e¢f al., Stypocaulaceae as well as the Sphacelaria-
subgeneta Propagulifera and Pseudochaetopterss (incl. Cladostephus) were well supported clades, but in

the ingroup of Sphacelariales s. 5., not Stypocaulaceae, but members of the Propagulifera were the
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first to branch off.  Sphacelaria radicans and S. caespitula together took a basal position to the
Stypocaulaceae on top of the tree, but these branches did not recetve bootstrap support.
Herpodiscus durvillaeae, as well as Sphacella subtilissima, stood on an unsuppozrted position between
the Propagulifera and Pseudochaetopteris clusters, thus, from a molecular systematic point of view,

leaving the affinities of the patasite within the order unresolved.

Morphological classification of Herpodiscns durvillaeae

Ignoring the confusion within the order caused by the paraphyly of Sphacelariaceae for a
moment and trying to classify Herpodiscus durvillaeae based on motphological characters instead
bears its own problems. The families of the Sphacelariales (incl. the paraphyletic
Sphacelariaceae) are mainly separated by two features, their different branching patterns and the
presence or absence of secondary growth in the segments (PRUD'HOMME VAN REINE 1982). The
branching mode was difficult to observe in Herpodiscus, as the only branched part of the parasite
is the intetnal phase, which is hidden within the tissue of its host. Internal filaments showed
mostly itregular branching modes, but at a single occasion, also an acroblastic branching pattern
was observed. Evidence for the presence of secondary growth in the segments of Herpodiscus
was sparse, as most cells in the external filaments had the same length as the apical cells.
Occastonally, shorter cells were observed, or single intercalary cells at the beginning of the
mitosis. However, whether they indicated rare events of secondary segment formation, or
whether secondary segments were formed regulatly in the external filaments and most of them
had secondarily grown, could not be determined.

Moreover, external filament cells of Herpodiscus do not enlarge in diameter, which
suggests a leptocaulous (i. e. no further enlargement of segments) rather than an auxocaulous
(i e. segments can enlatge in either length and/or diameter) growth pattern (PRUD'HOMME VAN
REINE 1993). The difference in diameter noticeable between internal and external filament cells
(section 4.1.2.2) was presumably caused by the pressure put on mternal cells by adjacent host
cells, due to the tight structute of the host cortex. Auxocaulous growth, however, is
characteristic for the Cladostephaceae, as well as for some members of the Stypocaulaceae.

Another feature, that distinguishes, for example, members of the Stypocaulaceae from all
other Sphacelariales (including Herpodiscus) is the presence of axillary zoidangia and their either
aniso- or oogamous reproduction (DRAISMA ef 2/ 2002; WOMERSLEY 1987). Additionally,
Cladostephaceae and Stypocaulaceae are clearly separated from Sphacelariaceae - and Herpodiscus

- by the strong cortication of the former two. Sphacelariaceae display only basal cortication, if
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any at all (PRUD'HOMME VAN REINE 1982), while Herpodiscus is uncotticated. One has to keep in
mind, though, that in a parasite like Herpodiscus, a feature such as a lack in cortication could also
be the result of a reduction of the thallus in adaptation to the patasitic and/or endophytic life
style rather than a character inherited from a free-living ancestor.

’ Nevertheless, based on these observations and the currently used morphological
classification, Herpodiscus would have to be placed into the neighbourhood of the Sphacelariaceae
— under the assumption that this family was monophyletic and therefore its description was still
valid. A comparison of distances between DNA sequences (Appendix D, Table D 4.2.4) indeed
shows that Herpodiscus appears to be most closely related to some Sphacelaria species of the
Propagulifera-cluster, while an even closer distance of Herpodiscus to S. radicans is most likely due to
the high number of unidentified bases at the 3'-end of both sequences.

The family Sphacelariaceae furthermore includes the monotypic Sphacella subtilissima
REINKE 1890, which in the maximum parsimony and maximum likelihood trees, took a similar
untesolved position between the Propagulifera- and the Psendochactopteris-clusters as Herpodiscus.
And even though Sphacella and Herpodiscus are no more closely related to each other than to the
average member of the Sphacelariales, judged from their distances, both species apparently share
some motphological characters which separate them not only from the other members of the

Sphacelariacae, but also from all other Sphacelariales (Table 4.3).

Absence of longitudinal walls

Sphacella, for example, only rarely forms longitudinal walls, which are also absent in Herpodiscus.
The thalli of Herpodiscus and Sphacella therefore appear to be less complex, in contrast to the
other members of the Sphacelariales with their at least partially parenchymatic thalli
(WOMERSLEY 1987).

DRAISMA ez al. (2002) pointed out that this lack of longitudinal walls is the only character
that really separates the genus Sphacella from Sphacelaria, as the absence of some other features in
the former genus are a consequence of it, e. g. the absence of a cortex or a hypacroblastic
branching mode. They concluded that these differences were therefore not a good basis for the
recognition of Sphacella as a separate genus, as, in their phylogenetic trees, S. subtilissima 1s nested
within the genus Sphacelaria.

In the MP and ML trees of the present study, both Herpodiscus and Sphacella, 1. e. both
representatives lacking longitudinal walls, were separated from the monophyletic clades

containing Sphacelaria species. However, these results did not receive any bootstrap support, and
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were moreovet sensitive to the number of taxa included in the analyses, as omitting other species

from the data set (e. g. Choristocarpus tenellus) led again to a grouping of Sphacella with Sphacelaria

species (tesults not shown).

Table 4.3: Compatison of the morphology of Herpodiscus durvillaeae and of members of families of the
Sphacelariales s 5. cutrently recognized. References: PRUD'HOMME VAN REINE 1982, 1993;

WOMERSLEY 1987, PETERS 1990; present study.

applicable; n. d.: no data.

* based on indirect evidence; n/a: not

epi-endophytic

o Sphacelariaceae Stypocaulaceae Cladostephaceae
genera, species Sphacelaria sp. Sphacella Alethocladus corymbosus, Cladostephus spongiosus Herpodiscus
L subtilissima Halopteris sp., Phloiocaston sp., durvillaeae
i Piilopogon botrycladus,
Stypocanion sp.

__growth modus leptocaulous leptocaulous leptocaulous or auxocaulous auxocaulous possibly leptocaulous
subdivision of present not regularly present present present
subapical cells present i

secondary growth absent absent present present n. d.
of scgments (possibly only
enlargement in

. cell length)

longitudinal walls present absent present present absent

. thallus structure | polystichous haplostichous polysticho polystichous aplostichous

cortication only basal absent present present absent
I thizoidal : (heavily corticated) (heavily corticated) S
propagules present, with 2-4 absent absent absent absent

R lobes,orabsent |

" formation of hypacroblastic, | hypacroblastic, | mostly acroblastic,m;r'rcgularly, (simultaneous occurence | irregular, rarely

laterals irregularly, radial | irregularly radial or distichous of several different acroblastic
or distichous | branching modes) (branching only
main axis: hypacroblastic, | present in the internal

e e e laterals: acroblastic | phase)
phacophycean present absent in axillary clusters or absent present absent

hairs
life history isomorphic or n. d. isomorphic isomorphic heteromorphic with
slightly very reduced

o) heteromorphic gametophyte
reproduction | iso- or n. d. aniso- or oog;‘x:nous isogamous isogamous
1 terminal or lateral | adllary | lateral terminal N

unilocular
sporangia
position of lateral n.d. axillary or n/a lateral n/a (gametophyte
plurilocular completely turns into a
sporangia four-celled
) gametangiumy
natural habitat epilithic, obligate usually epilithic epilithic (rarely epiphytic) obligate
epiphytic, epi-endophytic epi-endophytic

To further investigate whether a separation of Sphacella from Sphacelaria would be justified on

molecular grounds or not, and what the affinities to Herpodiscus are, sequences of other 'simple'

Sphacelariaceae should be included in the phylogentic analyses, such as Sphacelaria pulvinata

HOOKER & HARVEY, an epiphyte of Carpophyllum maschalocarpum (TURNER) GREVILLE endemic

m New Zealand (ADAMS 1994). REINKE (1891) considered this species to be morphologically

the least complex form of Sphacelaria and thus very similar to Sphacella subtilissima.

192

Its erect



4 Hespodiscns durviflacae — results and discussion

filaments ate strictly uniseriate, only in the upper patts pluriseriate, and are rarely branched

(REINKE 1891). So far, no molecular data are available from this species.

Absence of secondary growth of segments

Another feature present in all Sphacelariales except Sphace/la is the formation of secondary
segments by the subdivision of subapical cells. In Sphacella, secondary transverse walls bare not
completely lacking, as proposed by SAUVAGEAU (cited in PRUD'HOMME VAN REINE 1982), but
are also not regularly observed (PRUD'HOMME VAN REINE 1982). On the other hand, what is
completely absent in Sphacella, like in all other members of the Sphacelariaceae, is the secondary
growth of segments, 1. e. Sphacella cells are supposed to remain the same size they wete at the
time of the cell division. Thus, an occasional presence of transverse cell walls is indicated by
cells half the length of usual ones.

A similar pattern is assumed for the external filaments of Herpodiscus, suggesting that the
parasite possibly shates these characters with Sphacella as well, 1. e. an only occasional formation
of secondary segments in combination with a lack in secondary growth. No data are available
regarding the internal hyphae of Herpodiscus, though. If present at all, a secondary growth of
segments might be restricted to the endophytic part of the parasite thallus.

In conclusion, Herpodiscus durvillaeae shares some features with Sphacella subtilissima.
Nevertheless, there are two characters that still distinguish H. durvillaeae from Sphacella as well as

all other members of the Sphacelariales: its parasitic life style and its heteromorphic life history.

Parasitism
The presence of a partially endophytic thallus, such as in Herpodiscus, is not an unusual feature for
the Sphacelariaceae, in contrast to the Stypocaulaceae and Cladostephaceae which usually grow
epilithically (WOMERSLEY 1987). REINKE (1891) presented Sphacelaria species with basal parts
anchored in the tissue of their phacophycean hosts, e.g. S. bornetii HARIOT on Cystophora
subfarcinata (MERTENS) J. AGARDH. He even used the presence or absence of this character as a
criterion to distinguish between groups of Sphacelaria species by calling taxa with an endophytic
base 'Sphacelatiae parasiticae', in contrast to 'Sphacelariae autonomae' without (REINKE 1890),
thus using the terms 'endophytic' and 'parasitic’ as synonyms.

SAUVAGEAU considered this separation to be artificial, as he found the formation of
endophytic filaments to be dependent on the substratum, rather than indicating a physiologcial

dependance from the host (SAUVAGEAU 1900, cited in PRUD'HOMME VAN REINE 1982). But
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despite these observations, other authots continued to use the terms "endophytic" and
"patasitic” synonymously for algae which ate at least partially embedded into host tissue, possibly
assuming that this includes a dependance on photosynthetic products from the host as well (e. g.
OLTMANNS 1922). In the partly endophytic S. bipinnata (KUTZING) SAUVAGEAU, however, no
physiologcial dependance from its host Halidrys siliguosa (L) LYNGBYE could be detected
(GOODBAND 1973). Moreover, some European Sphacelaria species with endophytic base, such as
S. caespitula LYNGBYE, . rigidula KUTZING ot 8. cirrosa (ROTH) C. AGARDH, are indeed capable of
growing either epiphytically or epilithically (PRUD'HOMME VAN REINE 1982).

Sphacella subtilissima, on the other hand, has been found only as an epi-endophyte growing
on some members of the Sporochnales on the Balearic Islands (Mediterranean) and in Southern
Australia. It forms an extensive endophytic base, which can consist either of a parenchymatic
disc up to several cell layers thick, or of filaments which deeply penetrate into the host tissue
(REINKE 1891; PRUD'HOMME VAN REINE 1982; WOMERSLEY 1987). But despite being
considered an obligate epi-endophyte in the field, this species is nevertheless pigmented and
apparently can be cultivated without its host (D.G. MULLER, petsonal communication;
DRAISMA ¢7 al. 2001).

In Herpodiscus durvillaeae, in contrast, there is evidence for genuine parasitism, in a
physiological sense: apart from being an obligate epi-endophyte of its host Durvillaea antarctica, it
1s neatly unpigmented and so far has not been successfully cultivated under laboratory
conditions, either with or without its host (SOUTH 1974; PETERS 1990; E. C. HENRY personal
communication). And even though no study has proven the existence of a transport of
assimilates from the host to the patasite, there is indirect evidence for this as the presence of a
symplastic contact between the parasite and its host Durvillaea antarctica was demonstrated in
ultrastructual studies (section 4.1.2.4). Nevertheless, as Herpodiscus is the only known obligately
parasitic brown alga, physiological dependence from a host, to whatever degree, 1s not a useful

character for classifying this species, neither within the Phacophyceae nor the Sphacelariales.

Heteromorphic life history

Members of the Sphacelatiales usually have a diplohaplontic life history with isomotphic or only
slightly heteromorphic generations, even though, in some species sexuality might be reduced or
is unknown (CLAYTON 1981; PRUD'HOMME VAN REINE 1982, 1993; WOMERSLEY 1987;

DRAISMA ez al. 2002).  Herpodiscus durvillaeae has a diplohaplontic life history as well, but in
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contrast to the other Sphacelariales, its sporophyte and gametophyte are heteromorphic, with the
gametophyte and gametangia being extremely reduced (PETERS 1990; section 4.2.2.2).

In the Phaeophyceae, the life history - isomorphic versus heteromorphic - is generally
considered a character with a strong taxonomic signal: together with other features, such as
thallus structure and sexual reproduction, it is traditionally used to characterise orders (CLAYTON
1981, 1990a; VAN DEN HOEK ¢ 4/. 1995; GRAHAM & WILCOX 2000). This character has led to
the suggestion to place Herpodiscus in close neighbourhood of the order Syringodermales (E. C.
HENRY, personal communication, and in PETERS 1990). However, since the advent of
molecular studies, systematics in the Phacophyceae are in revision resulting not only in the
creation of new orders, such as the Scytothamnales (PETERS & CLAYT.ON 1998), but also m the
merging of formerly well defined orders, thus re-evaluating the taxonomic value of certain
morphological characters.

An example is the order Ectocarpales: it has been controversially discussed by various
authors, based on morphological characters, whether this order should be recognized either in a
narrow or rather in a broad sense, with suggestions differing which groups other than
Ectocatpales s. s5. should be included (e. g. FRITSCH 1945; RUSSELL & FLETCHER 1975; CLAYTON
1981, 19902; WOMERSLEY 1987; VAN DEN HOEK ¢ 4/. 1995; review in ROUSSEAU & DE REVIERS
1999). Molecular genetic studies have presented evidence that the Ectocarpales sensu stricto are
closely related to the Chordariales, Dictyosiphonales and Scytosiphonales (TAN & DRUEHL 1993;
DRUEHL ezal. 1997). Supported by morphological characters, such as the presence of
pedunculate pyrenoids, which are absent in all other Phacophyceae, these four orders were
proposed to be merged to the Ectocarpales sensu /lato (SIEMER ¢f al. 1998; ROUSSEAU & DE
REVIERS 1999; DE REVIERS & ROUSSEAU 1999). As a result, the Ectocatpales s. /4 comprises taxa
with vatious diplohaplontic life histories, the difference between generations being one of the
characters used to separate the five families within the Ectocarpales s. / proposed by PETERS &
RAMIREZ (2001). The Ectocarpales thus show that life-history patterns may evolve rapidly
within the brown algae.

In the Sphacelariales, the original description does not mention the life history of its
members (MIGULA 1909), rendering the inclusion of Herpodiscus in this order unproblematical,
and instead emphazising the importance of biochemical characters for taxonomic purposes, such
as the positive reaction with 'Eau de Javelle'. Still its life history with an extremely reduced
gametophyte separates Herpodiscus durvillaeae from families with isomorphic generations, not only,

as argued before (PETERS 1990), from the Ralfsiaceae and Chordariaceae, but also from the
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vatious families of the Sphacelatiales. Consequently, to accommodate Herpodiscus durvillaeae
within this otdet, it should be placed in its own monotypic family, the Herpodiscaceae fam.

ined..

Taxonomic consequences

This proposal requites the most divisive option presented by DRAISMA ez al (2002) of
rearranging taxa within the Sphacelatiales s. 5.: by keeping the Stypocaulaceae with its genera, the
subgeneta of Sphacelaria will have to be split into different families, as the Stypocaulaceae would
otherwise be embedded within a paraphyletic Sphacelatiaceae. A new family will have to be
erected, for example, for the Propagulifera cluster (with Propagulifera gen. ined.). Cladostephaceae
will include Cladostephus as well as some new genera for former Sphacelaria species, e. g. for the
Pseudochaetopteris cluster or Sphacelaria nana. Sphacelariaceae with the single genus Sphacelaria will
only comptise S. radicans and S. c&espz'z‘%/a.

The position of Sphacella subtilissima, however, remains doubtful. As its affinities proved
to be sensitive to the number of sequences included in the analysis (results not presented), more
sequences of Sphacelaria species as well as sequences of Australian isolates of Sphacella should be
added to the data set. This might improve the stability of its position sepatate from the vatious
groups comptised of former Sphacelaria species and might resolve its relationship to Herpodiscus
durvillaeae.

The closest relatives of Herpodiscus may be expected within the Sphacelariales of New
Zealand. However, until the phylogenetic affinities of Herpodiscus with Sphacells and other
members of the Sphacelariales are fully discovered, other questions will remain unsolved: is the
simple motphology of Herpodiscus and Sphacella ancient or the result of reduction, i. e. are these
two species to be placed at the base of the Sphacelariales, or are they derived from a (possibly
common) heterotﬁchous ancestor with typical Sphacelatialean morphology? Additionally, the
position of the Sphacelariales at the base of the Phaeophycean tree below the crown radiation
suggests this order to be rather old. So whete is the origin of the Sphacelariales to be found,
north or south of the equator?

Answers to all these questions will require the inclusion of Southern Hemisphere taxa
into future phylogenetic analyses, especially of species from the Australasian region. Following
Europe, New Zealand and Australia are considered to be the main centres of distribution of the
Sphacelatiales (PRUD'HOMME VAN REINE 1982): WOMERSLEY (1987) recotrded a total of 25

species for Australia: Sphacella subtilissima, 15 species of Sphacelaria (both genera family
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Sphacelariaceae), six species of Halopreris (of which two species were moved to Stypocaulon;
DRAISMA ef a/. 2002), two species of Phloiocanlon (family Stypocaulaceae) and the monospecific
Cladostephus spongiosus (family Cladostephaceae). The only Sphacelarialean genera not present in
the Australian flora belong to the Stypocaulaceae: Althocladus (which is restricted to antarctic
and sub-antarctic regions; PRUD'HOMME VAN REINE 1993) and Prilopogon.

The genus Prilopogon, however, is found in New Zeland. For the New Zealand marine
flora, ADAMS (1994) lists a total of 17 species of Sphacelariales: apart from Prilopogon botryocladus,
thete are eight species of Halgpteris, and Cladostephus spongiosus as well as seven species of
Sphacelaria. Only two of the Sphacelaria species ate cosmopolitan, 5. cirrosa and S. tribuloides. One
of the other five occurs only in New Zealand and South Australia, the other four are endemic to
New Zealand.

Thus all current and tentatively new families are tepresented in Australasia
(PRUD'HOMME VAN REINE 1993); Hetpodiscaceae fam. ined. is even endemic in New Zealand.
However, apart from the present study, the phylogenetic affinities of members of the
Sphacelariales of New Zealand have not been subject to any research. For example, none of
New Zealand's four endemic Sphacelaria species has been part of genetic investigations. In
general, there is no comprehensive study on Southern Hemisphere Sphacelariales (DRAISMA ¢7 4.
2002).

Thetefote, future molecular systematic studies in the order Sphacelariales should not
only generally include more species, but should especially focus on representatives from the
whole Southern Hemisphere. A detailed (morphological and molecular genetic) study on New
Zealand and Australian species may solve the phylogenetic affinites of Herpodiscus durvillaeae to
other members of the Sphacelariales, e. g. to Australian Sphacella subtilissima. Additionally, by
including species from South Africa and South America, some interesting new concepts may
arise regarding the phylogenetic affinities within the whole order and its geographical origin.

Furthermore, it should be clarified whether Herpodiscus durvillaeae represents a genetically
uniform taxon, or possibly comprises a complex of cryptic entities. For this, DNA samples
from specimens covering the whole geographical range of the parasite in New Zealand need to
be analysed, which may also reveal the age of this parasite species, and thus the probable age of
the symbiosis of Herpodiscus and Daurvillaea.

The genus Durvillaea is thought to have evolved in the Southern Hemisphere, with
currently four species being distributed in Australasia, South America and the subantarctic

islands (CHESHIRE ef 4l 1995). Studies on the biogeography of the species in Australasia
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suggests that the genus Durvillaea was established before the separation of Australia and New
Zealand from Gondwanaland around 80 million yeats ago (CHESHIRE e a/. 1995). At the same
time, around 70-80 million years ago, the Chatham Islands were split from mainland New
Zealand (cited in NELSON 1994), thus an endemic Durvillaea species could evolve, D. chathamensis
HAY 1979, as a sistet species of D. antarctica.

The patasite Herpodiscus durvillaeae mainly infects Durvillaca antarctica, and has only rarely
been observed on D. willana (E. C. HENRY, personal communication), suggesting that the host-
parasite relationship may have evolved after the speciation of the genus Durvillaea took place.
Moreover, only host populations on mainland New Zealand are infected - the parasite is absent
from the Chatham Islands, in contrast to its host (NELSON ef al, 1991; author, personal
observation) - thus Herpodiscus possibly evolved well after the establishment of the circum-
Antarctic distribution of Durvillaea antarctica.

Comparisons of the genetic diversity of populations of the parasite and of the host may
reveal whether the symbiosis between Herpodiscus and Durvillaea is another case to support the
Red Queen hypothesis' (BELL 1982). This hypothesis suggests that sexuality is maintained to
reach a high level of genetic diversity in a host population, and so prevent fast-evolving patasites
adapting themselves to host genotypes by optimizing their infection mechanisms (BELL 1982).
Similar to its host Durvillaea antarctica, but in contrast to the pigmented endophytic brown algae,
Herpodiscus durvillaeae shows regular sexual reproduction. Its meiospores do not swim far, but
settle nearby, on neighbouting sporophyte filaments ot even remain in the sporangium, where
they develop into very reduced and short-lived gametophytes. The fate of the gametes has not
been observed, but they may be distributed further away from their parent thallus and, upon
spore fusion and zygote germination, infect their host. In this way, the parasite may ensute that
only genetically recombinant offspring act as means to carty the infection to other host
mndividuals. In his famous book "Through the Looking Glass', LEWIS CARROLL lets the Red
Queen say to Alice: "Now, bere, you see, it takes all the running yox can do, to keep in the same
place." (CARROLL ez /. 2000, page 174). Evidence for a genetic 'tace of arms' between Durvillaca
and Herpodiscus, may be obtained, for example, using AFLP (Amplified Fragment Length
Polymorphism) which gives reliable results at a high resolution to test for genetic vatiation

within populations (P. LOCKHART, personal communication; DE BRUIN ez a/. 2004).
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4.2.2 Ultrastructure
4.2.2.1 Methods

The sample preparation for light and scanning electron microscopy of Durvillaea antarciica
mfected with Herpodiscus durvillaeae readily produced suitable sections. Problems were, however,
frequently encountered with the preparation of specimens for transmission electron microscopy.
Large brown algae are notorious for causing difficulties in preparations for TEM (HALLAM &
LUFF 1988). Durvillaca antarctica was no exception. This species has very thick cell walls and large
amounts of intercellular material which give the thallus a leathery appearance and help it survive
in the surf of exposed coasts. However, this also slows down the penetration by chemicals
necessary to immobilize cellular structures. Most of the common artifacts mentioned by
HALLAM & LUFF (1988) were also encountered in the present study, including the shrinkage and
extraction of cell contents as well as wall materials, the loss of physodes, negatively contrasted
membranes e. g. of thylakoids, and the presence of myelin figures. Additionally, ice crystal
damage was evident in samples subjected to cryofixation and cryosubstitution (GALWAY ef al.
1995).

Tissue samples had to be comparatively large, in order to find areas of interest, as cellular
connections between parasite and host cells appeared to occur only in the cortex and were,
moreover, unevenly spread over sections. These large samples consisted mostly of extracellular
material. Together with mucopolysacchatides exuded by the Dwurvillaca tissue acting as an
additional barrier, the incomplete penetration by chemicals resulted in a poor fixation and
dehydration, and subsequent poor infiltration with hydrophobic resins, producing brittle blocs
with holes in the middle of sections.

The present study did not manage to optimize the preparation of tissue of Durvillaca
antartica for TEM. Due to persistent problems with the infiltration, for example, the effects of
different concentrations of aldehydes, cacodylate buffer and salt solutions were not determined.
However, comparatively good results were achieved with a chemical fixation using a modified
KARNOVSKY mixture (after CLAYTON & ASHBURNER 1994 and SCHOENWAELDER & CLAYTON
1'998a, 1998b), which took place at low temperatures overnight. For D. antartica, longer times of
fixation were required so that chemicals could reach the areas of interest, even though other
studies show that a fixation for longer than four hours may lead to deterioration of the tissue,

e. g. in Xzphophora (S. LUFF, unpublished script).
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A matked improvement of dehydration and infiltration was observed when longer steps
were used in combination with gentle gradients of solvents. The step length, however, proved to
be critical because prolonged contact with solvents in high concentrations of solvents could
result in extraction of cell contents and wall material. The problem of extraction was solved by
using Quetol resin, which is less hydrophobic than SPURR's resin, and thus the replacement of
ethanol before infiltration with the highly volatile intermedium propylenoxide could be omitted
from the protocol.

The shrinkage of cell contents in prepatations of Durvillaea sp. is a common problem
(HALLAM & LUFF 1988). It may have been caused by high osmolarities of fixatives and wash
buffers. Alternatively, shrinkage could have occured during dehydration and mnfiltration (as
suggested by HALLAM & LUFF 1988). The 'negative image' of thylakoids in plastids was due to a
fixation of the plastid plasma and an extraction of the thylakoid membrane material which
appeats to be a common artifact of the chemical fixation (SCHMID 2003).

The addition of caffeine to fixation media and wash-buffers was essential for stabilizing
physodes. Omitting this substance from the solutions inevitably resulted in the partial or
complete loss of physode contents. This was especially evident in cryofixed/cryosubstituted
material, as the caffeine precipitated in methanol at -20°C. However, even if physodes were
sufficiently stabilized during chemical fixation, they wete still sometimes lost duting sectioning,
due to being harder than the surrounding tissue. In this case, smooth round holes were left in
the cells. Often, cutting marks were visible especially i the physodes.

Microwave-enhanced fixation and infiltration did not seem to influence the quality of the
preparation. However, this method was only employed in the beginning of the present study,
thus any differences might have been obscured by other artifacts caused by insufficient fixation
and infiltration. Physically immobilizing structures by cryofixation and subsequent
cryosubstitution, on the other hand, had a matkedly negative effect on the samples. With this
method, only the outer-most 10-20 pm of a sample can be sufficiently fixed without causing
damage to cellular structures by the formation of ice crystals (GALWAY ez 4/ 1995). Thus
cryofixation only allows the preservation of very small samples. The Durvillaea cells showed ice
crystal damage, however, this was expected to happen because of the large size of the samples.
But even the external filaments of Herpodiscus displayed signs of slight ice crystal damage,
indicating that the procedure was not sufficiently optimized for these samples (results not
presented). High-pressure freezing, a technique to immobilize samples up to 200 pm thick

(GALWAY et a/. 1995; TIEDEMANN ez al. 1997), was not available in the host laboratory or
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elsewhere in New Zealand (staff of South Campus Flectron Microscopy Unit, personal

communication).

4.2.2.2 Ultrastructure of Herpodiscus durvillacae

The present study is the first to investigate the ultrastructure of Herpodiscus durvillaeae and of its

interactions with its obligate host Durvillaea antarctica.

4.2.2.2.1 The interface between Herpodiscus and Durvillaca

At the interface between Herpodiscus and D. antarctica, no evidence was found for parasite cells
entering host cells as proposed by SOUTH (1974). Also, neither intracellular phases such as
haustotia nor fusions of parasite cells with host cells were observed. The former are a common
feature, for example, of biotrophic fungi infecting higher plants (SMITH & SMITH 1990) and the
latter typical for infections of red algae by Rhodophycean parasites (GOFF & ZUCCARELLO
1994). The interaction between Herpodiscus and Durvillaea cells also did not show similarities to
the Nozheia/ Hormosira symbiosis, in which the lack of cytoplasmatic connections between
epiphyte and host suggest an apoplastic transfer of assimilates. Instead, ultrastructural evidence
has been found for a unique symplastic contact between the cells of Herpodiscus and D. antarctica,
which, however, in some aspects ressembles the interaction of the holoparasitic phanerogam
genus Cuscuta L. (Convolvulaceae) with their higher plant hosts.

Members of the genus Cuscuta (commonly called 'dodder) parasitize a large range of
higher plants (KUugT 1969). Like biotrophic fungi, they attack the vascular tissue of their hosts,
in order to intercept the transfer of assimilates and thus to form a metabolic sink (BIRSCHWILKS
2003). However, in contrast to the fungi, Cusenta may form symplastic contacts to its hosts
(DORR 1969, 1990; BIRSCHWILKS 2003). Cuscuta species insert multicellular haustoria into the
tissue of their hosts. From the tips of these haustoria, inter- and intracellular 'search hyphae'
grow in all directions, apparently in search for the hosts' vascular tissue. As soon as a 'search
hypha' comes into contact with a sieve element of the host phloem, it differentiates into an
'absorption hypha' (DORR 1969, 1972): The parasite cell forms protusions, which like the fingers
of a hand, surround the sieve element. Moreover, its nucleolus, tonoplast, ribosomes and
dictyosomes degenerate, giving the 'absorption hypha' the appearance of a sieve element itself.
At the same time, the part of the plasmamembrane that is in direct contact with the host sieve
element forms protuberances to enlarge the surface area, thus the 'absorption hypha' also shows

characters of a transfer cell (DORR 1972). In Cuscuta odorata parasitising on Pelargonium onale,
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symplastic connections wete obsetved between search hyphae and host cells (DORR 1969, 1990).
BIRSCHWILKS (2003) verified the presence of plasmodesmata between the contact hyphae of
Cuscnta reflexca ROXB. and cells of the tissue surrounding the sieve elements of its host, e. g. Vicia
Jfaba L.. The plasmodesmata at the interface between another holoparasitc phanerogam species,
Orobranche crenata FORSK., and its host V7ca narbonensis L. may even develop mnto sieve potes
(DORR & KOLLMANN 1995).

Analogous to these higher plant parasites, Herpodiscus durvillaeae appeared to interfere with
the transfer of assimilates within the thallus of D. anfarctica, by forming direct cytoplasmatic
connections to host cells. Interactions were observed anywhere within the cortex, as the
Durvillaea thallus lacks a differentiated transport tissue (CLAYTON 1990b). However, the fields of
plasmodesmata appeared to be the prime target, presumably because they represent the sites of
transfer of substances between adjacent cells. Moreover, here the host cell walls are the thinnest.
Therefore, parasite cells may have been attracted to them, possibly by increasing concentrations
of substances leaking into the apoplast. Likewise, biotrophic fungi (JACOBS 1990; SPENCER-
PHILLIPS 1997) or Cuscuta cells (DORR 1972; BIRSCHWILKS 2003) appear to grow towards the
phloem of their phanerogam hosts.

In a way resembling the behaviour of the 'absorption hyphae' of Cuscuta species,
Herpodisens filaments surrounded the host fields of plasmodesmata like 'single fingers' or hooks'.
However, the 'fingers' of the higher plant parasite cell cover the length of the host sieve tube and
form cytoplasmatic connections to the host anywhere. Herpodiscus, n contrast, squeezed
between the host cells within the field of plasmodesmata and established a symplastic contact by
forming plasmodesmata connecting to the plasmodesmata of the host cells.

In Cuscuta, the growth inside the host is suggested to be a combination of mechanical and
enzymatic processes (KUIT 1969). That enzymes are invoved, is indicated by a high activity of
enzymes in the affected tissue and the presence of partly dissolved cell walls (NAGAR ez a/. 1984;
SRIVASTAVA ez al. 1994). Likewise, the extracellular matrix of Durvillaea often appeared to be
loosened around Herpodiscus cells. Motreover, host cells did not appear to be relocated by the
presence of the parasite cells, suggesting an enzymatic mode of growth for the parasite.
However, a putative presence of cell wall degrading enzymes in internal cells of Herpodiscus
requites verification.

Entering the interstices of the fields of plasmodesmata between host cells, on the other
hand, and forcing these apart seems to be a mainly mechanical process, by which the fibrillar

structure of the host cell walls may be exposed and the cytoplasmatic bridges between host cells
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may rupture. It is not clear, though, how this is accomplished. For example, do the TEM
sections in Plates 4.7 and 4.8 showing attacks on the Durvillaca fields of plasmodesmata display a
succession of the development of the cellular contact between parasite and host cells, or do they
represent sections through different parts or even different modes of attacks? Three-
dimensional pictures based on setial sections documenting single attacks may provide furthet
information not only about the anatomy of the interface between both species, but also about
their development.

The plasmodesmata, by which the Herpodiscus cells were connected to their host cells,
developed independently of cytokinesis, connecting non-sibling cells. Therefore they should be
termed 'secondary plasmodesmata’, in contrast to 'primary plasmodesmata’ which are the result
of cytokinesis (EHLERS & KOLLMANN 2001) and thus connect sibling cells. During cytokinesis
in higher plants, primary plasmodesmata are formed along strands of the endoplasmatic
reticulum (ER) trapped in the developing cell plate. Later, the constricted ER cisternae become
the cores (desmotubuli) of the plasmodesmata (EHLERS & KOLLMANN 2001).

The plasmodesmata of brown algae, in contrast, are simple plasma membrane-lined tubes
which are considered to lack a core (LA CLAIR 1981; LUCAS ¢z al 1993). Their formation,
however, is not well undetstood (LUCAS ef a/. 1993). In Cutleria cylindrica OKAMURA, the cell wall
between separating cells is formed by centripetal infurrowing of the plasmalemma. Precursors
of plasmodesmata can be observed as plasmalemma-lined channels within this nascent furrow.
ER cisternae seem not to be involved in their formation (LA CLAIR 1981). However, a central
cote of electron-dense material or even desmotubuli are reported from plasmodesmata of
Sphacelaria tribuloides MENEGH. (GALATIS ez al. 1977) or from sieve plates of Laminaria groenlandica
ROSENV. (SCHMITZ & SRIVASTAVA 1974, according to MARCHANT 1976), respectively. In
contrast, the plasmodesmata between of Durvillaea cells, or between cells of Herpodiscns and
Durvillaea, appeared to have a simple structure lacking a core, similar to those described from
Cutleria. However, the absence of constricted ER cisternae may have been a preparation artifact.

Secondary plasmodesmata may occur between cells of the same organism, cells of
different organisms belonging to the same species and between cells of organisms belonging to
different species (review in EHLERS & IKOLLMANN 2001). The latter, interspecific secondary
plasmodesmata are known from parasites and also from heterografts (KKOLLMANN &
GLOCKMANN 1985, 1990, 1991; KOLLMANN e 2. 1985). Whether inter- or intraspecific, the
formation of secondary plasmodesmata in higher plants follows a similar scheme: At the

interfacing cell walls, ER cisternae of both involved cells, e. g. of both stock and scion of graft

203



4 Herpoddisens

sottiaeae — results and discussion

unions, become closely associated with the plasmalemma. Upon further loosening of the cell
wall material, the membranes of both cells come into contact and fuse, thus producing a single
ER strand transversing the wall (EHLERS & KOLLMANN 2001). Thinning of the cell walls,
possibly by cell wall lysis (JONES 1976), appears to be a pre-requisite of this process. Moreover,
some coordination and thus communication between the cells is required, in order to exactly
match theit ER cisternae. Both partners form so-called 'half plasmodesmata’.  Half
plasmodesmata that display dead endings halfway through the intetfacing cell wall are considered
the result of mismatches between both cells. Usually, secondary plasmodesmata are branched as
continuous strands of ER are involved in theit formation (EHLERS & KOLLMANN 2001).

In graft unions, phytohormones leaking out of the wounded vascular tissue may induce a
dedifferentiation of cells of the stock and the scion (JKOLLMANN & GLOCKMANN 1990), thus
these may be at the same stage of development and develop secondaty plasmodesmata
synchronously. Most continuous secondary plasmodesmata are, moreovet, found in areas where
tissues of stock and scion match, i e. where both are of the same type of tissue (JCOLLMANN
et al. 1985). Parasites, on the other hand, face the problem of having to form secondary
plasmodesmata to already differentiated host cells of non-matching tissue. Nevertheless, even in
the symbioses between Cuseuta and its hosts, like in other higher plant parasites, both partners
seem to be involved in the formation of the secondary plasmodesmata (EHLERS & KOLLMANN
2001; BIRSCHWILKS 2003). In the Herpodiscus/Durvillaca symbiosis, in contrast, the host
plasmodesmata already existed, therefore only the parasite cell was required to form new, outer-
wall plasmodesmata on its side of the interface. These secondaty 'half plasmodesmata' may then
have fused with the primary 'half plasmodesmata’ of the host.

Primary symplastic connections that turn into secondary ones ate also known from
patasitic red algae and theit hosts, howevet, the 'secondaty plasmodesmata' of Herpodiscus are
different from them. In multicellular Rhodophyta, cells ate in contact via so-called 'pit
connections', complex structutes derived from plasmodesmata which are plugged by electron-
dense material consisting of polysaccharides and proteins. The structure of the plugs is used as a
chatacter to distinguish taxonomic groups (VAN DEN HOEK era/ 1995).  Similar to
plasmodesmata, primary pit connections connect sibling cells derived from a cell division, while
secondaty pit connections are those found between non-sibling cells. Most of the latter are the
result of cell fusions which are a common feature of red algal cells. For example, in parasitic red
algae, upon cell fusion between the host and the parasite cell, former primary pit connections

between the parasite cell and its sibling cells become secondary pit connections between the
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sibling cells and the newly formed heterokaryotic cell. In this way, a cytoplasmatic continuity is
reached between the host and the parasite tissue, allowing the symplastic transport of assimilates
to the parasite (GOFF & COLEMAN 1985; GOFF & ZUCCARELLO 1994).

Secondary pit connections in red algae may also be formed directly between adjacent
host and parasite cells: interspecific secondary pit connections to which both cells have
contributed may display differently structured pit plugs on each side, according to the otigin of
the involved membranes (GOFF 1982). Such 'true secondarily formed' secondary pit
connections have, for example, been reported from the interface of the allopatasite Holmsella
pachyderma (REINSCH) STURCH and its host Gracilaria verrucosa (HUDS.) PAPENFUSS (QUIRK &
WETHERBEE 1980).

Regardless of how secondary pit connections are formed, the term is generally restricted
to the complex secondary cell connections established between red algal cells (G. ZUCCARELLO,
personal communication). Therefore, the term 'pit fields' given by HALLAM & LUFF (1988) for
the fields of plasmodesmata between Duwrvillaea cells should be avoided. Otherwise, the
'secondary plasmodesmata’ between Herpodiscus and Durvillaea would have to be termed
'secondary pit connections', despite their simple structure.

The presence of symplastic connections between Herpodiscus and Durvillaea, however
simple they may appear, raises a number of questions. For example, how are these 'secondary
plasmodesmata’ formed? Putatively, the internal filaments, like those of the external phase, grow
with apical cells. These, like in other Sphacelariales (ICARYOPHYLLIS ¢z a/. 2000), may have a very
thin cell wall at their tip. This tip may come into close contact with the host cell wall at the fields
of plasmodesmata. However, what happens after a contact with the host cell wall is established
remains to be investigated. How, for example, do Herpodiscus cells actually manage to develop
channels through the parasite cell wall that exactly match those of the host plasmodesmata? Like
in the secondary plasmodesmata of higher plants, this process would require some coordination
by the parasite, i e. the parasite would need to somehow locate the host plasmodesmata.
Moreover, the parasite half plasmodesmata appeared to be straight and simple, and not branched
like the secondary plasmodesmata in higher plants, leading back to the question of how simple
brown algal plasmodesmata are generally formed (LUCAS ez 4l 1993), in cases where the ER
appears to not be involved in this process. SCHMITZ & SRIVASTAVA (1974) found evidence for
secondatily formed plasmodesmata in neighbouting cells of Lawznaria groenlandica, which they

considered to be formed by enzymatic digestion of the cell walls. Accordingly, Herpodiscus may
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also be able to form its secondaty half-plasmodesmata by digestion of the cell wall, provided, cell
wall degrading enzymes were indeed present.

In addition to the morphological questions, a number of physiological questions are also
raised. For example, the putative transfer of substances to the patasite requires confirmation.
Physiological studies using trace markers may, for example, reveal the nature and the direction of
a metabolite transport between host and parasite. In Cuscuta reflexa, the presence of a directed
symplastic transport from the host phloem to the parasite phloem was demonstrated by
fluorescence markers (BIRSCHWILKS 2003) which show a similar distribution as assimilates, such
as jellyfish green fluorescent protein (GFP; IMLAU ez a/. 1999) or carboxyfluorescin (CF; WRIGHT
& OPARKA 1996).

Also, it is not clear what else Herpodiscus may gain from its host, apart from the proposed
assimilates. For example, where do the polyphenolics in the Herpodiscus physodes otiginate
from? And how does the putative drainage of metabolites affects the host cells? Host cells, for
example may show signs of senescence, while parasite cells involved in the intetface may indicate
high metabolic activity by elevated numbers of mitochondtia, dictyosomes and ribosomes
(DORR 1969). However, in the present study cells of Durvillaea and Herpodiscus were not
preserved well enough to show marked alterations between attacked and unattacked host cells,
ot between attacking and 'normal’ internal parasite cells, respectively.

Last but not least, the metabolic sink which Herpodiscus represents for its host needs to be
quantified, 1. e. the amount of assimilates or othet metabolites drained from the host should be
estimated in order to assess the impact the infection may have on the host. However, for a
calculation of the net uptake of Herpodiscus, the assimilation of the patasite itself also has to be
taken into account, because the present study showed that the plastids of the parasite may be less

reduced than previously thought (PETERS 1990).

4.2.2.2.2 Plastids in Herpodiscus durvillacae

The plastids of Herpodiscus were relatively small, but showed characteristic featutes of brown algal
plastids, e. g. a girdle lamella and thylakoids. The latter, however, wete scatce and were not
assembled in stacks of three which is typical of brown algal lamellae (DODGE 1973; see also
Plate 4.2, Figure E). Instead, lamellae were in stacks of two, or thylakoids were single, indicating
some reduction in the plastids. Moteover, some plastids seemed to be even more reduced: they
were dumbbell-shaped and did not show any developed thylakoids, but nevertheless displayed

electron-transparent areas at each end, which may represent the genophore (BISALPUTRA &
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BISALPUTRA 1969). Fixation artifacts cannot be ruled out as cause for these oddly structured
plastids. However, similar small plastids with only few or no lamellae were also observed in
apical cells of Sphacelaria tribuloides (KATSAROS e al. 1983). The plastids in non-dividing cells of
Sphacelariales, in contrast, are larger and display numerous thylakoids (BISALPUTRA &
BISALPUTRA 1969; KKATSAROS ef al. 1983). Likewise, holoparasitic angiosperms such as Cuscuta
sp. have plastids which may be reduced in size and contain only few thylakoids, compared to
those of non-parasitic species (BIRSCHWILKS 2003). The dumbbell-shaped plastids moreover
ressembled the shape of vestigial plastids of apicomplexan patasites such as Toxoplasma gondii
NICOLLE & MANCEAUX. Here, the dumbbell shape is suggested to mark a stage in the plastid
division prior to cytokinesis (MCFADDEN ef a/. 1997). Whether this is also true for Herpodiscus
plastids remains to be investigated. Generally, there was no pattern evident for the distribution
of dumbbell-shaped plastids or plastids displaying thylakoids, as both types occured in external
as well as internal cells. In the internal phase, plastids with thylakoids were even observed in
parasite cells attacking Durvillaea cells.

The plastids of Herpodiscus may to some degree be reduced, however, in UV light the
plastids of external parasite cells displayed a weak red autofluorescence similar to the
characteristic autofluorescence of chlorophyll. This was surprising, as Herpodiscus was desctibed
as having grey plastids lacking pigments (PETERS 1990). Additionally, Herpodiscus durvillaeae
apparently possesses an intact 7oL gene: even though not all positions have been determined,
the 5'-end sequenced in the present study did not display any indels or major base changes, thus
making the rbd. sequence of Herpodiscus unambiguously alignable to those of the other
Phaeophycean sequences.

Intact RuBisCO subunit genes may be present in non-photosynthetic species: a
functional 7L gene was, for example, obsetved in the heterotrophic euglenoid flagellate Astasia
longa (GOCKEL & HACHTEL 2000). In parasitic higher plants, in contrast, the plastid genome is
usually reduced, compared to non-parasitic relatives: as the parasite relies on photosynthetic
products from its host, the genes coding for photosynthetic enzymes are under relaxed
functional constraint. In some species of the genus Ormbanche, the rbcL. gene has degenerated to a
pseudogene, while some Cuscuta species have retained a potentially functioning gene (WOLFE &
DE PAMPHILIS 1997; HIBBERD ¢z a/. 1998). The Orobanche species are holoparasites completely
lacking chlorophyll, thus the presence of a potentilly functioning rbcl. gene m some of these
patasitic plants as well as in Astasia longa may reflect a relatively recent loss of photosynthetic

abilities, ot the gene might setve some other, so far unknown, function (WOLFE & DEPAMPHILIS
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1997). The latter is also assumed for apicomplexan patasites such as Toxoplasma gondii or
Plasmodium falciparum WELCH, the pathogen causing Malaria, which contain plastid genes on a
circular 35kb DNA (MCFADDEN ¢z a/. 1997).

In Herpodiscus, the apparently intact 7bcl. gene in combination with autofluorescence that
indicates the presence of chlorophyll suggests the presence of a functional RuBisCO, in contrast
to the parasites mentioned above, and a low level of photoautottophic carbon fixation. PETERS
(1990) stated that the term 'assimilatot’ for the vegetative external filaments suggested by SOUTH
(1974) should be avoided, due to the lack of evidence for photosynthetic activity; however, the
results of the present study confirm that this term is approptiate. Even though the 'assimilators'
may not produce enough assimilates to support the parasite, they nevertheless seem to be able to
photosynthetize.

Furthermore, the round opaque inclusions observed in some Herpodiscus plastids may
represent storage products, possibly the hatrvest from the parasite's own photosynthetic activity.
However, higher plant parasites are known to stote any catbohydrate taken from the host, which
1s not immediately used, in their plastids, transforming them into amyloplasts (SINGH ¢z a/. 1968,;
BARCKHAUS & WEINERT 1974; cited m BIRSCHWILKS 2003). Therefore, the origin of the
putative storage products in the plastids of Herpodiscus needs to be clarified, particularly, as
Phaeophycean accessory pigments such as fucoxanthin appear to be absent. Pigment extracts to
prove their presence or absence, however, will be difficult to obtain from the parasite, as material
from the field will most likely be contaminated with fully pigmented epiphytes such as pennate
diatoms and other brown algae.

In higher plant physiology, those parasites which are still able to photosynthetize to a
certain degree, and may partly support themselves, ate considered hemiparasites, while those
which totally depend on their hosts for assimilates and nutrients are termed holopatasites
(SCHUBERT & WAGNER 1993). Herpodiscus as an obligate endophyte, which appatently has only
reduced photosynthetic abilities and cannot be cultivated without its host, seems to belong to the
holoparasites. However, the inability of a parasite to grow in absence of its host could also be

"...the term obligate is also a measute

due to inappropriate culture conditions. As GOFF states:
of our culturing abilities." (GOFF 1982, page 363). Accotdingly, further attempts to cultivate
Herpodiscus may reveal whether this patasite could live saprophytically on some medium
containing, for example, carbohydrates, or whether it depends on more from its host than just

assimilates, e. g. a structural habitat.
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4.2.2.2.3 Gametophytes of Herpodiscus durvillacae

The gametophytes and the gametes of Herpodiscus, like its vegetative cells, appear to possess
'functioning' plastids with thylakoids and chlorophyll autofluorescence. Moreover, some
gametophytes showed a slight green colouring that was evident even in bright field light. Thus,
the gametophytes also appear to be less reduced than PETERS (1990) suggested and may rely on
their own photosynthesis for the short duration of their existance. Eyespots, however, were not
observed in the developing gametes, thus confirming PETERS' observations. Eyespots are also
lacking in meiospores of Halopteris filicina (JKATSAROS & GALATIS 1986), but have, for example,
been observed in gametes of Sphacelaria furcigera KUTZING (VAN DEN HOEK & FLINTERMAN
1968).

The presence of vestigial walls between the developing spores in the 'secondary
unilocular sporangia’' of Herpodisens (SOUTH 1974) confirms, on the ultrastructural level, their
identity as reduced gametophytes transforming completely into plurilocular gametangia, as
suggested by PETERS (1990). The cell walls between loculi in the gametophyte-turned
gametangia also showed the transistory blackening with 'Eau de Javelle' and became visible even
under the light microscope.

The outer cell wall of the gametophyte-turned gametangium consisted of two layers. In
some members of the Fucales, the presence of three distinct layers in the cell walls of the
oogonia are considered remnants of the cell walls of the unilocular sporangium, the very reduced
gametophyte and the gametangium (CLAYTON 1984).  Accordingly, in the Herpodiscus
gametophyte, the outer layer may be a remnant of the zooid that was transformed into the
gametophyte without germinating. The inner layer, which, moreover, encloses the gametes and
thus forms the loculi, may represent the wall of the plurilocular gametangium.

No remnants of the inner walls separating the loculi were observed in emptied
gametangia, however. In other brown algae, for example, Sphacelaria furcigera, Ectocarpus siliculosus
or Xiphophorocolax aotearoae, regardless of whether their plurilocular sporangia are uni- or
pluriseriate, spores ate released through an apical pore that belongs to a row of underlying loculi.
Accordingly, the walls in the middle and at the apex have to disintegrate before spores atre
liberated through the pore (VAN DEN HOEK & FLINTERMAN 1968; VAN DEN HOEK 1995;
present study, Plate 3.6, Figure F). In Herpodiscus, gametes are also liberated through a single
pore and are, moreover, not enclosed in a walled tetrad (PETERS 1990). Therefore the inner walls

must have completely disintegrated prior to gamete release.
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Generally, the reduced Herpodiscus gametophytes ressemble those of Syringoderma species
(E. C. HENRY, petsonal communication) which show a succession of reduction (HENRY 1984):
S. phinneyi still features a free living gametophyte generation, while in 5. floridana, meiospores are
released which upon settling, ditectly turn into two-celled gametophytes releasing two gametes
(see Figure 1.1, 2). In S. abyssicols (SETCHELL & GARDNER) LEVRING, the meiospores do not
leave the unilocular sporangia, but develop inside. Gametes are released from the unilocular
sporangium in tetrads, still surrounded by the gametangium wall.  Herpodiscus meiospores
released from the unilocular sporangia settled on filaments neatby, like the spores of S. floridana,
ot even remained inside the sporangium, like those of S. abyssicola (HENRY 1984). Thus, gametes
released from the gametophytes of Herpodiscus, which developed inside the unilocular
sporangium, may supetficially appear to have been directly released from that unilocular

sporangium.

4.2.2.2.4 Autofluorescence of unilocular sporangia and terminal cells
Developing unilocular sporangia and some terminal cells exibited a bright autofluorescence,
while the other cells of the filaments showed only a weak autofluorescence. In higher plants,
autofluorescence in UV light is used as an indicator for phenolic compounds (SMITH & O'BRIEN
1979; PETERSON 1991). In some brown algal species, e. g Hormosira banksii (Fucales,
Phaeophyceae), eggs and zygotes exibit autofluorescence, due to the presence of phenolics
(SCHOENWAELDER & CLAYTON 1999). In the Fucales, this phenomenon seems to be species-
specific: for example in Durvillaea potatorum eggs and zygotes do not autofluoresce (except for
pigments; CLAYTON & ASHBURNER 1994), while in Durvillaea antarctica, the eggs show a greenish
autofluorescence, which is different from the red colour usually exibited by pigmented cells
(HEESCH, unpublished data).

Phenolics are a common component of brown algal cells. They are concentrated in
small, membrane-bound organelles known as physodes (e. g. RAGAN 1976; PELLEGRINI 1980),
and are considered to be part of the defense against herbivores (HAY & FENICAL 1988; VAN
ALTENA & STEINBERG 1992). Furthermore, physodes play an important role in the formation
of cell walls, for example in zygotes of the Fucales (SCHOENWAELDER & CLAYTON 1998a,
1998b). By the physodes releasing their contents into the developing wall, the phenolics
eventually become part of the cell wall. Their function could probably be to cross-link othet
components such as alginates and cellulose, and thus to stabilize the walls (SCHOENWAELDER &

CLAYTON 1999), as phenolics do in higher plant cells (SMITH & O'BRIEN 1979).
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As for the Fucales, the autofluorescence of Herpodiscus durvillaeae may also be due to
phenolics concentrated in the growing cells, which are involved in the formation of cell walls. In
the unilocular sporangia, for example, the presence of a greenish autofluorescence seemed to
indicate certain stages of spore formation: In some developing sporangia, the autofluorescence
comprised the whole lumen, while in others it was reduced to small bodies within the developing
spores, or it had completely vanished. In Halopteris filicina, the centre of unilocular sporangia is
filled with storage bodies, while multiplied nuclei, organelles and physodes are concentrated at
the periphery of the sporangium, before they are distributed among the developing spores
(KATSAROS & GALATIS 1986). Likewise, organelles or vesicles putatively containing the
autofluorescent substance may first be concentrated in the periphery of the Herpodiscus sporangia.
Upon spore formation, their contents may either be included in the developing spotes, or they
may be metabolized, e. g. during wall formation. No greenish autofluorescence was observed in
the cytoplasm of settled spores and gametophytes, however, the walls of the former occasionally
displayed a slight autofluorescence, possibly at the site of the attachment.

In contrast, the autofluorescence observed in some terminal cells of external filaments
most likely did not indicate growth, but appeared to be due to large accumulations of material,
possibly polyphenolics. These were not enclosed in physodes, but formed a more or less
compact matrix filling most of the lumen of the terminal cells, while organelles and the
plasmalemma seemed to be reduced or absent. Moreover, the autofluorescing areas were
separated from the adjacent cells by vaulted and enforced cell walls without plasmodesmata,
suggesting that the subterminal cells had retracted from the terminal cells. The latter possibly
served as disposal sites for these substances which were either of no further use to the parasite,
or which originated from the host and could not be metabolised by Herpodzscus. Cuscuta species,
for example, do not only receive assimilates from their hosts, but also other substances which
are not beneficial to the parasite or may even be toxic, such as alkaloids, glycosides or herbicides
(review in BIRSCHWILKS 2003).

However, these putative deposits of polyphenolics could also serve another purpose:
they may, for example, deter herbivores from the external parasite filaments. Indeed, the
Herpodiscus patches seemed to be largely untouched by grazers such as herbivore molluscs which
are otherwise frequently observed on macroalgae displaying 'lawns' of epiphyte growth.

Future studies focusing on the chemical composition of contents of the cytoplasm and
cell walls in Herpodiscus durvillaeae may clarified whether indeed phenolics or another class of

substances are the cause for the autofluorescence of the terminal cells and unilocular sporangia
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of Herpodiscus, and possibly other Sphacelariales as well. Examining the excitation spectrum
could, for example, be used for a first charactetisation of the substance(s) in question
(fluorescence spectroscopy; JAKUBKE & JESCHKEIT 1987). Furthermore, these studies may
identify the substance causing the 'Eau de Javelle' reaction and study its function in the
Sphacelariales cells, e. g. regarding its possible involvement in the growth of cells and formation

of cell walls.

4.2.2.2.5 Shedding of the D#rvillaca surface

Surface shedding in perennial algae as a means to remove epiphytes has been reported from a
number of large brown algae, such as Durvillaea potatorum (LABILLARDIERE) ARESCH. (CLAYTON
1990b), Ascophyllum nodosum (FILION-MYKLEBUST& NORTON 1981), Halydris silignosa (1) LYNGB.
(Moss 1982) and Lessonia spp. (MARTINEZ & CORREA 1993). In these mactophytes, the
sloughing of the sutface is described to be a continuous process, in which either outer wall layers
or even the outer-most cell layer are regulatly removed. Likewise, healthy Durvillaca antarctica
shed only the outer-most layers of the surface cell walls. An accumulation, presumably of
polyphenolics, was obsetved to preceed this process. It was evident in UV light as an
autofluorescent layer displaying a yellowish autofluorescence similar to the terminal cells. In
healthy Durvillaea, this autofluorescent layer was very thin and appeared on the surface, while in
areas infected with Herpodiscus, it was situated inside the host tissue underneath the parasite
patch. Here, the larger width of the autofluorescent layer and its brown-reddish colour displayed
in bright field light may indicate the formation of necrotic host tissue at the sites where cell
layers wetre later disconnected.

In Durvillaea antarctica, in contrast to the other brown algae, shedding of the surface
seemed to follow a seasonal pattern. In areas infected by Herpodiscus, it became macroscopically
evident in late winter and early spring, when the emergent phase of Henpodiscus durvillaeae
disappeared with the sloughed surface. Accotrding to SOUTH (1974), the erosion of the external
phase of Herpodiscus in spring follows the completion of the reproductive process of the patasite,
1 e. as a natural part of its annual growth cycle. This would mean, that the shedding of the host
is hindered by the presence of the parasite and occurs in the infected ateas only when the
external Herpodiscus filaments themselves start to be eroded. However, it seems mote likely that
the erosion of the external phase of Herpodiscus in spring may instead be dictated by the start of
the annual growth cycle of its host. I e., the shedding of D. antarctica may be testricted to its

growth season from spring until autumn, in order to allow an unhindered release of gametes
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during the reproductive winter months. An occasional peeling of the sutface of (healthy)
D. antarctica during summer has indeed been observed by HAY (1994), however, in this case, the
complete sutface meristoderm comprising 4-5 cell layers is sloughed off, possibly to get rid of
old conceptacles. With the meristoderm gone, growth is assumed by the underlying cortex cells
becoming meristematic again (HAY 1994).

While the presence of the parasite may not hinder the shedding of the host surface, it
certainly hinders the release of the host gametes during winter (SOUTH 1974; present study).
This was not only observed for the external filaments, but also for the internal phase, whose
extension became visible as a rim around the external patches in which no gametes were released
(Plate 4.1, Figure E). SOUTH reports that eggs and sperm from underneath parasite patches are
released only after the external parasite filaments are eroded in spring (SOUTH 1974).
Accordingly, heavily parasitised specimens (such as the one displayed in Plate 4.1, Figure D) may
release fewer gametes or reproduce later; thus the infection may affect the reproductive success
of these host individuals. Moreover, considering that up to half of the Durvillaea adults may be
infected by Herpodiscus (HEESCH, unpublished data), also the genetic structure and diversity of
the host population may be influenced by the presence of the parasite. Epidemiological studies
are needed to reveal the impact of the infection by Herpodiscus durvillaeae on the physiological

perfomance, reproduction and mortality of its host Darvillaea antarctica.

4.2.3 Conclusions

Based on the observations of SOUTH (1974), of PETERS (1990) and from the present study, the
infection of Durvillaca antarctica by Herpodiscus durvillaeae is proposed to develop in the following
sequence: During winter, the infection may be carried to a healthy host specimen via gametes.
After an isogamous cell fusion on the host surface, the zygote may, upon germination, enter the
host by penetrating its surface and thus start the endophytic phase of the parasite.

In spring, all external parts of the parasite are removed when the host sheds its surface.
Thus, during the growth season of the host in summer, the parasite thallus is limited to the
internal phase which may establish contact with the host cells. In the cortex of the host, the
endophytic filaments grow towards the host plasmodesmata, putatively with apical cells and by
enzymatic digestion of the host imntercellular matrix, and possibly following a gradient of
substances leaking into the apoplast. Single filaments surround the fields of plasmodesmata,
squeeze inbetween and mechanically force the host cell walls apart. Once the tip of the parasite

cell wall comes mto contact with the host cell wall, it may form secondary half-plasmodesmata
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matching those of the host. As soon as a symplastic contact is established, the parasite cell may
function for sink metabolites transferted from the host cells and by this may sustain the
development of the parasite thallus.

Once the host meristoderm ceases growth in autumn, parasite filaments growing among
host metistoderm cells may emerge from the host sutface and develop into the external phase,
by forming assimilators and unilocular sporangia. Meiospores released from the latter settle on
nearby filaments and first transform into gametophytes and then into gametangia. The gametes
released from these may carry the infection to other host thalli, thus closing the infection citcle.

Many aspects of this infection cycle are still hypothetical. For example, nothing is
known about the conditions under which Herpodiscus infects D. antarctica, and floutishes in its
host. For example, is the infection process influenced by abiotic factors such as temperature,
and exposure at low tides, or 1s it dependent on wounds suggested for other endophytic brown
algae (ROUND 1991). Clarifying the way Herpodiscus infects D. antarctica may also shed some light
on the apparent host specifity of this parasite.

Finally, the question remains as to why Herpodiscus is confined to host populations from
New Zealand. As an obligate parasite, the geographical distribution of Herpodiscus is closely
linked to that of its host Durvillaea antarctica. Therefore, the restriction to New Zealand host
populations is surprising as the parasite could well be distributed along with its floating host. In
contrast, the other patasite of D. antarctica, a plasmodiophoral fungus, occurs in host populations
from Chile, and also in New Zealand (AGUILERA ef a/. 1988; personal observation). Considering
that Herpodiscus is also absent from host populations on the Chatham Islands, which are only 800
km away from mainland New Zealand and provide a similar marine environment, specific
envitonmental conditions, which may be only met in New Zealand but not i Chile, may be
ruled out as a selective factor. The parasite may, on the other hand, require a healthy and
attached host thallus in order to complete its teproduction cycle and thus its infection cycle.
However, once a Durvillaea thallus is detached and floats, it is constantly submerged, and its
sutface may start to desintegrate, which may in turn adversely affect the reproductive external
patasite phase. Or the parasite possibly requires a tidal cue to reproduce. Further studies on the
interaction between host and parasite may shed some light on the conditions, which are to be
met for the infection cycle to be completed, and thus may help to explain the limitation of

Herpodiscus to D. antarctica populations in New Zealand.
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Despite their small size, endophytes may have considerable influence on the life of some of the
largest macroalgae known worldwide. However, even though endophytic brown algae appear to
be a common feature of marine algal communities along temperate coasts worldwide, the
mteractions of the endophytes with their macroalgal hosts are not well understood. Two areas in
particular lack fundamental knowledge: the epidemiology of endophyte-related infectious
diseases and the interaction of endophytes and hosts on a cellular and sub-cellular level.

Following terrestrial plant pathology, CORREA (1997) proposed three main stages of
studying infectious diseases in macroalgae: 1. the description of the causing agent and the
symptoms associated with the disease, 2. the demonstration of causality by fulfilling KOCH's
postulates, and 3. the assessment of the ecological importance of the disease. The epidemiology
of diseases related to the presence of endophytic algae have been studied in detail in
Rhodophyceae infected by green endophytes (e.g. CORREA efal 1987, 1988, 1994, 1997,
CORREA & MCLACHLAN 1991, 1992, 1994; CORREA & SANCHEZ 1996). Studies on diseases
associated with endophytic Phaeophyceae, in contrast, are scarce: few studies provide
quantitative data on these symbioses (LEIN ¢z 4/ 1991; PETERS 1991; PETERS & SCHAFFELKE
1996; ELLERTSDOTTIR & PETERS 1997; present study), while causality of an infectious disease in
macroalgae infected by brown algal endophytes has been strictly demonstrated only once (APT
1988a).

Epidemiological studies should not only record the prevalence and severity of infections
within temporal and spatial patterns, but also need to comprise data, for example, on generations
and/or age groups mostly susceptible to a given disease, or the thallus parts mostly affected, i e.
vegetative or fertile parts (CORREA & SANCHEZ 1996). An assessment of how endophytes
affect the overall performance, reproductive success and mortality of host individuals may allow
the prediction of any potential influence of the endophytes on the host population and,
subsequently, on the structure of the whole macroalgal community, including the associated
fauna.

Also, genetics of host and endophyte populations need to be studied m detail, as spatial
patchiness of infection in a given population may not only be due to variations in the
microenvironment affecting the health of the host individuals, but could also be caused by a
varation in susceptibilty (SORCI ez 4/ 1997). The presence of more than one potential host

species within a community may, moreover, influence competition among these species if they
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show different susceptibilities to an endophyte species. However, even within the population of
a single host species differences in susceptibility or resistance may lead to the selection of certain
haplotypes, 1. e., by dtiving the structute of host populations, endophyte diseases may change the
genetic diversity in a given host population. On the other hand, the ability to infect may differ
among endophyte strains. Thetrefore, similar to parasitic relationships (SORCI ef al. 1997),
information on the spatial genetic structures of both host and endophyte populations have to
form an important part of epidemiological studies. They may allow insight into the possible
mechanisms of how endophytes affect the overall performance of host individuals.

However, the mfluence of genes on the varying susceptibility may be fully understood
only when the factors involved in cell-cell recognition between host and endophyte have been
identified. This leads to the second research atea which is of interest in studying endophyte
symbioses: the cellular and sub-cellular aspects of host/endophyte interactions.

Recent studies (WEINBERGER ef a/. 1999; KUPPER ez a/. 2001, 2002; review in BOUARAB
et al. 2001) have provided first insights i the biochemical processes at the surface of the host,
i.e. the host/endophyte recognition and subsequent signal transduction. The release of
activated oxygen species observed in some members of the Phaeophyceae and of the
Rhodophyceae when challenged with degradation products of their own cell wall polysaccharides
appears to be similar to the reaction of higher plant cells (IKUPPER ez 2/ 2001, 2002; BOUARAB
et al. 1999). However, the biochemistry behind it has yet to be identified for algal cells, such as
proteins recognizing elicitors on the host surface as well as enzymes and transmitters involved in
subsequent signal transduction. Morte detailed studies on the pathways of signal transduction
within the host cell may also reveal how the kelp epi-endophyte Laminariocolax tomentosoides is
capable of quenching the response of its host Laminaria digitata or how the host, on the other
hand, manages to build up an induced resistance against the endophyte (ICUPPER e a/. 2000,
2002). Future studies need to focus in particular on the processes beyond the point of entrance,
as nothing is known, apart from the findings of the present study regarding Herpodiscus durvillacae,
of the fate of endophytes once they have successfully entered the host. I.e. how do host and
endophyte cells interact in the phase from the penetration of the host surface by the endophyte
to the stage when the symbiosis, may it be parasitic, pathogenic or just endophytic, 1s fully
established? Studying the biochemical mteractions between the two symbionts within the host
tissue may shed light on the mechanisms leading to twisting of cauloids or the formation of galls
in kelps infected by endophyte genera such as Lamznariocolax and Xiphophorocolax. Such studies

may provide information about the processes involved in growth or tissue development of the
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host algae themselves.

The present study, as the first to focus on endophytic Phacophyceae in New Zealand,
provides some answers to basic questions such as: How diverse are brown endophytes in New
Zealand? What is their identity? How abundant ate they? And what do they do inside their host
algae? However, this is only the beginning of unveiling their biology.
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A MEDIA AND SOLUTIONS

A1 Cultivation of pigmented endophytes

A 1.1 PROVASOLTI’s enriched seawater (PES)

"PROVASOLI's enriched sea watet' or PES consists of marine natural seawater enriched with
nutrients, metals and vitamins after PROVASOLI (STARR & ZEIKUS 1993). For three litres

enrichment, the following four solutions were prepared separately, each in 500 mL dd H,O ot

millipore water:
Solution I (iron mixture)
0.3510g  ferrous ammonium sulphate hexahydrate (NH,),Fe(SO,), x 6 H,0O

0.3000g  Titriplex ITT (EDTA)

Solution IT (metal mixture)
0.5700 g boric acid H,BO,
0.0147 g ferric chloride anhydrate FeCl,
0.1081 ¢ manganese sulphate tetrahydrate MnSO, x 4 H,0
0.0110 g zinc sulphate heptahydrate ZnSO, x 7 H,0
0.0024 ¢ cobalt-II-sulphate heptahydrate CoSO, x TH,0

05000 ¢  Titriplex III (EDTA)

This solution needed to be heated up to solve the boric acid.

Solution IIT  (vitamin mixture)
0.0002¢g  Vitamin B,,
0.0100 g Thiamine
0.0001 g  Biotin
10g  Tris(hydroxy methyl)methylamine

For the vitamin mixture, 1% solutions of Vitamin B,, and Biotin (10 mg in 10 mL) were made

up. Together with Thiamine and Tris, 0.2 mL of the Vitamin B, and 0.1 mL of the Biotin
solution wete added to 500 ml dd H,O or Millipore water.
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Solution IV (nutrient mixture)
7g  sodium nitrate NaNO,
1g  sodium-f-glycerophosphate C,H,Na,OP x 5 H,0O

All four solutions were mixed together. The pH was brought to 7.8 by adding 1 M HCL The
volume was made up to three litres with dd H,O or Mﬂlipore water. The enrichment was
transferred to 20 mL glass scintillation vials (Whatman, England) with metal lids (source
unknown) and sterilised in an autoclave (121°C, 1.5 bat, 15 minutes). Enrichment was stored in
datkness, at RT. Fort the culture medium, 10 mIL Provasoli-entichment were added to one litre

sterilised natural seawater (‘half-strength PES').

A 1.2 Germanium dioxide solution

60 mg of GeO, were dissolved in 200 mI. dd H,O or Millipore water and sterilized by
autoclaving (121°C, 1.5 bar, 25 mins). One drop of this solution was added to each millilitre

PES to reach a final concentration of approximately 6 mg GeO, L' in the culture medium.

A 2 Electron microscopy

A 2.1 Scanning electron microscopy

Fixation after I. MAIER (S. WOLFF, Uni Konstanz, Germany, personal communication)

Stock solutions:

Stock solutions were stored at 4 °C.

buffer stock

substance molecular weight amount concentration in
[g m1] [g] stock solution
sodium cacodylate 160 2.0 125mM
C,HAsO,Na water free;
dd H,O made up to 100 mL
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salt stock solution

substance molecular weight amount concentration in
[g m1] lg] stock solution
NaCl 58.44 21.3 3.65M
KCl 74.55 0.63 85 mM
CaCl, x 2 H,O 147.02 625g 425 mM
dd H,O made up to 100 mL

solutions:
fixative: 4 % glutardialdehyde with 100 mM Na-cacodylate, containing 146 mM NaCl, 3.4 mM
KCl and 17 mM CaCl,

volume 1 mL 625 ml | 12.5mL 25 mL 50 mL
substance
buffer stock 5 10 20 40
salt stock 1 2 4 8
glutardialdehyde 25 % 0.25 0.5 1 2

To remove polymerised glutardialdehyde, the solution was transferred to a disposable syringe (20
mL volume) and pressed through a filter (Schleicher & Schiill, Einweg-Filter Rotrand, pore size
0,2 pm). The pH was adjusted from ca. pH 7.1 to pH 7.7 using concentrated NaOH.

wash buffer: 100mM Na-cacodylate, containing 313.9 mM NaCl, 7.3 mM KCI and 36.6 mM

CaCl, (osmolality: ca 950 mmol kg™)

volume | 1mL | 10mL |20mL | 40mL 60 mL
substance
buffer stock 0.8 8 16 32 48
salt stock 0.086 0.86 1.72 3.44 5.16
ddH.O 0.114 1.14 2.28 4.56 6.84

The pH was adjusted from ca. pH 8.1 to pH 7.7 using concentrated HCL

A 2.2 Transmission electron microscopy

A 2.2.1 Standard chemical fixation recipes

A 2.2.1.1 Fixative I

A 2.2.1.1.1 Fixative Ia
Fixation in 2.5% glutardialdehyde, in 0.05 M sodium cacodylate buffered seawater (70%), 0.2%

caffeine (I. MAIER & S. WOLFF, University of Konstanz, Germany, personal communication).
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Stock solutions (stote at 4°C)

fixation buffer stock: 250 mM sodium cacodylate (214.02 g m™) + 1% caffeine in dd H,O; pH

7.5
volume 50 mL 1 100 mL
substance !
sodium cacodylate 2.65¢ 53¢
caffeine (CgH;(N,O,) 05¢g 10g
made up with dd H,O to 50 mL 100 ml.

wash buffer stock: 250 mM sodium cacodylate in dd H,O (no caffeine); pH 7.5

volume 50 mL 100 mL
substance
sodium cacodylate 2.65¢ 53¢
made up with dd H,O to 50 mL 100 mL

post fixation buffer stock: 66 mM sodium cacodylate in seawater (diluted with OsO, solution

=> 50 mM)
volume 40 mL 80 mL
substance |
sodium cacodylate 053¢ : 1.06 ¢
_________ seawater (steril filtrered) 37.5mL 75 mL
dd H,O 2.5ml 5 mL

'en bloc' staining: 2% uranyl acetate in dd H,O (diluted 1:1 with wash buffer)

Solutions

fixation buffer (2.5% glutardialdehyde and 0.2% caffeine in 70% sterile filtered seawater
buffered with 50 mM sodium cacodylate, pH 7.4 - 7.5; 2 mL solution were required per sample)

volume 1mL 4ml. | 10mL

substance ‘
25% glutardialdehyde 0.1 mL 0.4 mL, 1.0 mL
seawater 0.7 mL 2.8 mL 7.0 mL
fix buffer stock 0.2 mL 0.8 mL 2.0 mL
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A Media and solutions

wash buffer (70% seawater buffered with 50 mM sodium cacodylate, pH 7.4 - 7.5; 5*2 mL =

10 mL solution were required per sample)

volume | 1mL 10mL | 20mL |30mL |40 mL 50 mL
substance
dd H.O 01mL | 1mL 2 mlL 3 ml. 4 ml. 5 mlL
seawater 0.7mlL | 7mL 14ml. |21 ml |28 mL 35 ml,
wash buffer stock | 0.2mlL | 2mL 4 ml 6 mL 8 mL 110 mL

post fix buffer (1% osmiumtetroxide in 70% seawatet buffered with 50 mM sodium cacodylate;

4 mlL solution were required per sample)

volume 1ml. 4 ml. 8 ml

substance
4% osmiumtetroxide 0.25 mL 1 mL 2 ml.
__post fix buffer stock 0.75 mL 3 mL 6 mL

A 2.2.1.1.2 Fixative Ib
Fixation in 2.5% glutardialdehyde, in 0.05M sodium cacodylate buffered seawater (50%), 0.2%

caffeine (modified after I. MAIER & S. WOLFF, with a reduced seawater concentration).

buffer stock solution (0.1 M sodium cacodylate buffered seawater)

For 100 mL stock solution, 2.14 g sodium cacodylate (water free; 160 g m™) were dissolved in
80 mL seawater. Seawater was added to make up 100 mL. The pH was adjust to pH 7.2 using
1 N HCL

fixative
For 50 ml solution, 5 ml glutaraldehyde stock solution (25%) wete mixed with 20 ml dd H,O and
25 ml buffer stock solution. Additionally, 0.1 g caffeine was added and dissolved by stiring and

heating up the solution (final concentration: 50% seawater, 0.05M Na-cacodylate).
wash buffer

The buffer stock solution was diluted 1:1 with dd H,O. 1 g caffeine was added to 100 mL buffer

and solved by stiring and heating up.

261



A Media and solutions

postfixation
The buffer stock solution was diluted 2:1:1 with dd H,O and OsO. stock (4%).

A 2.2.1.2 Fixative I1
Fixation in 4% paraformaldehyde and 4% glutaraldehyde in 0.05 M sodium cacodylate buffered

seawatet (50%; osmolality 20.6.1999: 971 mmol kg) + 1% caffeine (modified after KARNOVSKY
1965).

buffer stock solution (0.1 M sodium cacodylate buffered seawater; osmolality 20.6.1999:1182
mmol kg"). For 100 mL solution, 2.14 g sodium cacodylate were dissolved in 80 mL seawater.
The pH was adjust to pH 7.2 using 1 N HCL. Seawater was added to make up 100 mL, before
checking the final pH.

fixative (50% SW in 0.05 M sodium cacodylate; osmolality 20.6.1999: 1243 mmol kg"). For
100 mL solution, 4 g patraformaldehyde were dissolved in 34 mL dd H,O by heating the solution
up to 60°C and addition of NaOH (ca. 10 drops). The solution was then filtered. 16 mL
glutaraldehyde stock solution (25%) and 1 g caffeine were and dissolved by stiring and warming.
Buffer stock solution was added to make up to 100 mL. The solution was then allowed to cool
to RT, before checking the final pH.

wash buffer
The buffer stock solution was diluted 1:1 with dd H,O. 1 g caffeine was added to 100 mL buffer

and solved by stiring and warming.

postfixation

The buffer stock solution was diluted 2:1:1 with dd H,O and OsO, stock (4%).

A 2.2.1.3 Fixative III

Fixation in 2% glutardialdehyde and 1% formaldehyde in 0.IM sodium cacodylate buffer
(fixative IIIb: 0.05M sodium cacodylate) containing 2% NaCl and 0.1% CaCl, + 1% caffeine

(after CLAYTON & ASHBURNER 1994; SCHOENWAELDER & CLAYTON 1998a, 1998b).
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A Media and solutions

buffer stock (4% NaCl and 0.2% CaCl, in 0.2 M sodium cacodylate in dd H,0). For 200 mL
solution, 8.56 g of sodium cacodylate were dissolved in 160 ml. ddH,O. Eight gram NaCl and
0.4 g CaCl, were added and dissolved. The pH was adjusted to pH 7.2 by adding 1 N HCL.
The volume was made up to 200 mL with dd H,O, before checking the final pH. For a reduced
buffer concentration (i. e. 4% NaCl and 0.2% CaCl, in 0.1M sodium cacodylate in ddH,O;
fixative IIIb), the amount of sodium cacodylate was reduced to 4.28 g dissolved in 160 mL
ddH,O.

fixative (2% glutardialdehyde, 1% formaldehyde, 1% caffeine). For 100 mL solution, 1 g of
pataformaldehyde was dissolved in 34 mI, ddH,O by heating up to 60°C and adding some drops
of 1 N NaOH. The solution was stirred and filtered, before adding 8 mlL. glutardialdehyde
solution (25%). The volume was brought to 50 mL by adding ddH,O. One gram caffeine was
dissolved by stitring and warming. Then buffer stock was added to make up 100 ml solution.
The solution was allowed to reach RT before checking the final pH. For 100 ml. fixative
containing 4% glutardialdehyde, 4% formaldehyde, 4 g of paraformaldehyde and 16 mL
glutardialdehyde solution (25%) were added.

wash buffer (before postfixation). For 100 mL wash buffer, 50 mI buffer stock were diluted
with 50 mI. ddH,O. One gram of caffeine was added and dissolved by stitring and warming the

solution.

postfixation buffer. For 4 mL buffer, 2 mL buffer stock were diluted with 1 mI. ddH,O and
1 mL 4% OsO, (in watet).

wash buffer (after postfixation). For 100 mL wash buffer, 50 mL buffer stock were diluted with
50 mI. ddH,0.

Suppliers of chemicals

Chemicals for electron microscopy were obtained from the following suppliers (for suppliers of
chemicals used in molecular systematics see Section 2.2.3):  Agar Scientific, UK
(paraformaldehyde), Alltech, Auckland (sodium cacodylate), BDH Ltd. England (CaCly; KCl;

NaCl; ethanol; aceton; propylene oxide), Electronmicroscopy Science (glutardialdehyde, 70%

263



A Media and solunions

EM grade; Quetol 651), Pro Sci Tech, Australia (Formvar; glutardialdehyde, 25% EM grade; LR
White; ERT.-4206, DER-732; NSA; DMAE; NMA; DMP-30).

A 2.2.2 Recipes for epoxy resins

| component function chemical description amount B
SPURR’s Low-Viscosity Resin, standard grade (SPURR 1969)
ERI-4206 resin base vinylcyclohexene dioxide 10¢g
NSA hardener nonenylsuccinic anhydride 26 ¢
DER-732 flexibilizer diglycidylether of polypropylene glycol 6g
DMAE accelerator dimethylaminoethanol 04¢g
Quetol 651 resin (IKUSHIDA 1974)
Quetol 651 | resin base ethyleneglycoldiglycidyl ether 10¢
NSA hardener nonenylsuccinic anhydride 10g
NMA flexibilizer nadicmethyl anhydride 10g
DMP-30 accelerator 2,4,8-tridimethylaminoethyl phenol 045¢

A 2.2.3 Stain for semi-thin sections

Methylen Blue-Azure-II stain

1.6 g Methylen Blue, 1 g Azure II, 17 g Na,HPO, and 5.6 g KH,PO, were dissolved in dd H,O.

Destilled water was added to make up 1000 mL solution.
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B MORPHOLOGICAL DATA OF

PIGMENTED ENDOPHYTES
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B 1 Cell sizes of isolates

Table B 1.1: Cell and sporangia sizes of the New Zealand endophyte isolates. Data combined for species and vatieties confirmed by DNA analyses. Lengths

and widths are given in wm * standard deviation. ‘The numbers of cells or sporangia measured are set in brackets. *: taxon ined.; n. d.: not

determined.
isolate classification cells sporangia
no. species variety length [pum] width [um] length/width ratio length [um] width [um] no. of loculi
1-18 Laminariocolax (all) 181 % 7.5 (n = 180) 7¥23(n = 180) 20X 15(n=180) | 572%305(@n=126 | 69+12(m=126) | 19+9 (=115
1-10 macrogystis radiatac* 17.8 % 7.8 (n = 100) 7.4 % 2.5 (n = 100) 2.7% 1.6 (n = 100) 67 £ 347 (n = 64) 72%1(n=64) 20 % 10 (o = 64)
11,12 macrocystis* 182+ 8(n=20) 6.5 1.3 (n = 20) 3% 1.6(n=20) 61+ 17.1 (n = 20) 721 0.8 (n=20) 18 + 5 (n = 20)
13-18 novae-gelandiac* 18.6 £ 6.9 (n = 60) 6.4 %2 (n=60) 3.1 % 1.4 (n = 60) 405 + 203 (n = 42) 65%15(n = 42) 15 £ 7 (n = 40)
1927 Microsponginm (all) 116 £ 6.5 (n = 90) 46% 1.3 (m = 90) 2615 (n = 90) 35+ 21.2 (n = 70) 44 %07 (0 = 70) 1Z7@=65
19-26 tenuissimum tenuissimum 11.6 £ 6.8 (n = 80) 4.7+ 1.4 (n= 80) 251 1.5 (n = 80) 36.7 £ 22.7 (n = 60) 4.4 % 0.7 (n = 60) 11+ 7 (n=60)
(20-22) (tennissimmnt type 1) 62% 2.8(n = 30) 3.9% 0.8 (n = 30) 1.6 £ 0.6 (n = 30) 186 £ 6 (0 = 30) 43 %07 (n = 30) 6% 2 (n=30)
(24-26) (enissimmm type 2) 16 £ 7.2 (n = 30) 5+ 1.5 (n = 30) 35% 1.8 (n = 30) 548 % 183 (n=230) | 44038 =230 17 % 6 (n = 30)
27 radians 11.7 £ 42 (n = 10) 42109 (n=10 3131 =10) 31.1 £ 6.4 (n=10) 4.6 0.7 (n = 10) 8t2(n=275)
2834 Xiphaophorocolax (all) 83+ 2.9 (n=70) 58+ 1.3 (n = 70) 15£ 0.7 (n = 70) n.d. o d. n.d.
28-33 aotearoae* aotearoae* 8.6 £ 2.9 (n = 60) 5.8 % 1.4 (n = 60) 1.6 + 0.8 (n = 60) 27.6+13.5 (n=20) 551 0.6 (n=20) 10 £ 5 (n = 20)
34 willanae* 6.8+ 1.8 (n=10) 56+ 0.9 (n=10) 1.3+ 0.5 @n = 10) n.d n.d. n.d.
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B Morphological data of pigmented endophytes

Table B 1.2: New Zealand endophyte isolates. Cell and sporangia size compatisons between species.
Results of 1 way-ANOVAs (per species: ficels = 70; Dsporangia = 20).

dependent soutce df sum of squares | mean square |F-value |[p-value

cell length species 2 3555.268 1777.634 48.165 0.0001
residual 207 7639.837 36.907

cell width species 2 245.003 122.501 36.908 0.0001
residual 207 687.064 3.319

celllength to | species 2 61.772 30.886 19.427 0.0001

cell width ratio | residual 207 329.091 1.590

sporangia species 2 9297.835 4648917 8.230 0.0007

length
residual 57 32198.459 564.885

sporangia width | species 2 51.749 25.874 27.470 0.0001
residual 57 53.689 0.942

Table B 1.3: Laminariocolax macrocystis: Cell and sporangia size comparisons between varieties.

Results of 1 way-ANOVAs (per variety: n = 10).

dependent source df sum of squares | mean square |F-value p-value

cell length variety 2 44.164 22.082 0.374 0.6913
residual 27 1592.869 58.995

cell width variety 2 14.960 7.480 1.720 0.1982
residual 27 117.442 4.350

sporangia variety 2 2520.214 1260.257 3.300 0.0522

length
residual 27 10312.608 381.948

sporangia width | variety 2 3.702 1.851 1.595 0.2215
residual 27 31.336 1.161
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B Morphological data of prgmented endophytes

Table B 1.4: Microspongium tenuissimum: Cell and sporangia size comparisons between varieties.
Results of 1 way-ANOVAs (per variety: n = 10).

dependent source df sum of squates | mean squate |F-value |p-value

cell length variety 1 99.681 99.681 4.843 0.0411
residual 18 370.510 20.584

cell width variety 1 0.677 0.677 0471 0.5015
residual 18 25.899 1.439

sporangia variety 1 194.002 194.002 0.928 0.3482

length
residual 18 3763.658 209.092

sporangia width | variety 1 1.250E-4 1.250E-4 2.568E-4 [0.9874
residual 18 8.762 0.487

Table B 1.5: Microspongium tenuissimum: ~ Cell and sporangia size compartisons between types of
Microsponginm tenuissimum var. tenuissimum (group Mp). Results of 1 way-ANOVAs (per type:

dep ender;t = source df sum of squates | mean square |F-value |p-value

cell length type 1 1443.120 1443.120 48.035 0.0001
residual 58 1742.493 30.043

cell width type 1 16.452 16.452 11.349 0.0013
residual 58 84.078 1.450

sporangia type 1 19640.379 19640.379 106.133  |0.0001

length
residual 58 10733.171 185.055

sporangia width | type 1 0.362 0.362 0.643 0.4259
residual 58 32.660 0.563

Table B 1.6: Xiphophorocolax: aotearoae gen. et sp. ined.: Cell size comparisons between varieties.
Results of 1 way-ANOVAs (per variety: n = 10).

dependent source df sum of squares | mean square |F-value p-value

cell length vatiety 1 23.526 23.526 5.408 0.3190
residual 18 78.307 4.350

cell width vatiety 1 0.543 0.543 0.458 0.5073
residual 18 21.362 1.187
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B 2 Distribution maps
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Figure B 2.1: Map of New Zealand showing sites where Laminariocolax: macrocystis was found growing in
macroalgae. ® L. macrocystis var. radiatae® (group Li); @ L macrocystis var. macroeystis (group Lz); ®
L. macrocystis var. novae-gelandiae* (group Ls). Taxa ined. are marked with *. A: New Zealand; B:

Wellington area; C: Greater Dunedin area; D: Chatham Island.
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My). % type locality of Mikrosyphar pachymeniae LINDAUER (1960). A: New Zealand; B: Greater
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C FIELD DATA

C 1 Collection data

Table C1.1.1: D

ata of Macrocys,

ti5 pyrifera coll

ected at Aramoana in 2000,
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4 5 |8 flg & f = |&|¢ d1¢ 18 gi¢8 ¢
Aramoana summer 19.01.00 | 1 1 3 .24 18 4%10%2 2 2 1 0 0 0 0 1 0
surface temperature: 21 5 2730 9*14%6 2 3 2 0 0 0 0 2 0
17.2°C 31 2 4 + 25 12%7*4 1 2 2 0 0 0 0 0 0
salinity: mean} 3.3 3.0 24 1.7 23 1.7 0 0 1 0
312 PSU SDf 1.5 09 06 06 1 06 06 1
214110 4 . 6.6 9*10*16 3 6 4 3 0 1 1 0 0
51 5 ;45 39 . 6*22*16 3 4 3 0 0 1 0 0 0
6 8 i 48 | 139 19*%5*%13 2 4 3 4 1 0 0 0 0
mean} 7.7 44 8.1 27 4.7 33 23 0.3 0.7 0.3 0
SDi 25 0.4 5.2 0.6 1.2 0.6 2.1 0.6 0.6 0.6
3171 6 ;41 71 8*10*23 1 4 3 0 0 1 1 1 0
8 13 6 8.9 20%8%5 3 3 3 3 0 4 4 3 0
9 10 5 5.2 | 10*¥16*26 2 2 2 3 1 3 3 2 0
mean| 97 50 71 2 3 271 2 03 | 27 271 2 0
sDf 35 10 18 1 1 06} 17 o061 15 15 1
mean! 6.9 @ 42 59 211 33 14 1.1 1
SD| 36 1.1 38 081 13 1.7 1.5 1.1
percentage infected 100 76.7 154 90 0
autumn  12.0400 | 1} 1 46 ¢ 3.0 20*4*5 2 3 2 0 0 0 0 3 0
surface temperaturc: 21 4 45116 3*9%6 2 1 1 0 0 1 1 2 0
nd. 3 44 34 11*¥13%18 | 2 3 3 1 0 4 0 0
mean} 6.0 4.5 27 2 23 2 0.3 ] 1.7 1.7 17 0
SD| 20 01 09 0 1.2 1 0.6 21 21} 15
2141 4 1065 25 8*9*3 2 2 1 1 0 0 0 1 0
51 3 6 27 12%6*3 2 2 2 1 0 0 0 1 0
6 6 541 39 7*9*11 2 4 3 0 0 0 0 2 0
mean| 43 60 31 2 27 2 0.7 0 0 13- 0
SDI 1.5 06 07 0 1.2 1 0.6 0.6
3417 4 21 16 4*5%9 2 2 2 1 0 1 1 0 0
81 5 37 16 4*10*10 2 2 1 1 1 0 0 1 0
91 4 161,25 4¥7%8 2 2 2 2 1 0 0 0 0
meanf 4.3 4.0 1.9 2 2 1.7 1.3 0.7 0.3 0.3 0.3 0
Dl 06 20 05 0 0 06 1 06 06| 06 06 ] 06
mean| 49 ; 48 @ 25 2 123 0.8 0.7 1.1
SDj 151 14 08 0109 0.7 1.3 1.1
percentage infected 100 81 28.6 100 0

273



C VField data

Table C 1.1.1: Data of Macrocystis pyrifera collected at Aramoana in 2000 (continued).
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Aramoana winter 17.07.00 | 11 1 7 1731 43 6%¥14*18 2 1 1 3 2 2 1 1 0
surface temperature: 21 9 {77 34 T*19*18 2 2 2 1 0 3 1 3 0
10.5°C 3 5 95 | 32 2¥0*12 2 2 2 0 0 1 1 2 0
mean| 7.0 8.2 37 2 1.7 1.7 1.3 07 2 1 2 0
SD} 2.0 1.2 0.6 0 0.6 0.6 1.5 1.2 1 0 1
2141 5363 271 5%13¥16 2 1 1 2 2 0 0 2 0
5 5 9423 3¥7*11 2 1 1 1 1 2 0 1 0
61 7 | 88 34 12*¥14*% 2 1 1 2 2 2 2 2 0
meanj 5.7 8.2 28 2 1 1 1.7 1.7 1.3 0.7 1.7 0
SD| 1.2 1.6 0.6 0 0 0 0.6 0.6 1.2 1.2 0.6
2607.00§ 31 71 7 {71 39 14¥10*% 2 2 2 2 0 1 1 2 0
8 5 6.8 3.0 18*17*5 2 2 2 0 0 2 1 1 0
9 8 141 30 10*12*3 2 1 1 5 2 0 0 2 0
mean| 67 60 33 2 |17 1723 o7{ 1t 07|17 0
SDj 15 17 05 0 Jos 06l 25 1211 1 1 06
mean} 64 . 74 . 33 2 114 1.8 1.4 1.8
SDj{ 151 1.7 . 06 0 105 1.6 1 0.7
percentage infected 100 100 56.3 53.8 0
spring 0611004 1 1 5 611 39 12¥10% 2 2 2 1 0 2 2 0 0
suface temperature: 2 8 52 57 12%*16 1 3 1 1 0 3 3 1 0
13.8°C 3 7 137 34 13*16% 2 2 1 0 0 4 4 1 0
meanj 6.7 5.0 4.3 1.7 23 1.3 0.7 0 3 3 0.7 0
SDj 15 12 12 06 | 06 06 | 06 1 1 | 06
2141 5 64 43 17%15% 2 2 2 1 0 1 1 1 0
5 3 173 62 18*9*7 3 1 1 2 2 0 0 0 0
6 7 3252 141710 ] 3 3 2 1 0 3 3 0 0
mean] 5.0 56 52 2.7 2.0 1.7 13 0.7 13 13 03 0
SD| 20 22 09 06 | 1.0 06 ] 06 12| 15 151 06
3171 4 55 43 11*154 2 1 1 1 1 0 0 2 0
8 5 52,48 9*13%4 2 3 3 2 0 0 0 0 0
9 4 34 21 11*13%5 2 1 1 0 0 1 1 2 0
mean] 4.3 4.7 3.7 2 1.7 1.7 1.0 03 0.3 0.3 13 0
SDi 0.6 1.1 1.5 0 1.2 12 1.0 0.6 0.6 0.6 1.2
mean| 53 . 51 44 2141 2 1 1.6 0.8
SD} 1.7 1 14 ' 1.2 0.6 ;1 0.9 0.7 1.5 0.8
percentage infected 100 77.8 33.3 100 0




C Freld data

Table C 1.1.2: Data of Macrocystis pyrifera collected at Quarantine Point in 2000.
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Quarantine summer 19.01.00§ 1 1 4 35 30 . 4%¥28%19 2 1 0 0 0 0 0 3 0
Point surface temperature: 2 3 0.9 1.2 5*21*11 1 1 1 2 1 0 0 0 0
169°C 315 5 157110M516] 2] 21 1] 1. 010, 0] 20
salinity: mean] 4.0 341 33 1.7 1.3 0.7 1 03 0 1.7 0
29.1 PSU SD; 1.0 2.1 23 0.6 0.6 0.6 1 0.6 1.5
214 5 12{303 159176 | 11 2 1111} 0, 01| 2 o0
51 3 (41 23, 928131 2 11 111, 110! 0110
61 5 65:43 18248 | 2 1 1 [ 110, 011 1}]3 0
mean] 4.3 39 32 1.7 13 1.0 0.7 0.7 0.3 03 20 0.0
SDj 1.2 27 1.0 0.6 0.6 0.0 0.6 1 0.6 0.6 1.0 0.0
3171 6 1205/ 167 1% | 212 01 1. 112 211 0
81 3 2516, 1852 1 1 {1 111+ 0}10 0} 1 0
91 3 24:301 12¢9% | 0] 1 1 0l 110100} 110
mean] 4.0 23 21 1 1.3 0.3 1.0 0.3 0.7 0.7 1.0 0.0
SD} 1.7 0.2 0.8 1 0.6 0.6 0.0 0.6 1.2 1.2 0.0 0.0
mean| 41 | 31 2.8 14113 0.9 0.3 1.6
SD} 1.2 1 1.8 | 14 07105 0.6 0.7 1
percentage infected 89.9 50 50 100 0
autumn 120400 1| 1] 5 11416 714 | 2| 21 2 2 1,1 0}{01i0
surface temperature: 2 5 2.2 30 4*27*15 2 2 2 1 0 2 2 O O
nd. 30 5 11618, 10%09%10 | 2 1 3 310 011/ 1111
mean{ 5.0 1.7 21 2 23 23 1 0.3 1.3 1 0.3 03
SDi 0.0 0.4 0.7 [} 0.6 0.6 1 0.6 0.6 1 0.6 0.6
2141 5 125 16, 5%9%4 21272010 012 11111
51 5 161237 #8911 | 211 1411113310, 0
61 3 119,25 1722477 21,111, 11 1100
meani 4.3 20 21 2 13 1.3 0.7 0.7 2 1.7 0.3 0.3
SDi 1.2 0.5 0.5 ] 0.6 0.6 0.6 0.6 1 1.2 0.6 0.6
31714 381 25.10%6%7] 2] 1. 11212111 1]0 0
81 6 | 251 21  8%6*3 212 210/ 011111310
91 5 126 21, 98151 2] 2 2|10, 011 1}]2i1
meanj 5.0 3.0 22 2 1.7 1.7 07 0.7 1 1 1.7 0.3
SDi 1.0 0.7 0.3 0 0.6 0.6 1.2 1.2 0 0 1.5 0.6
mean| 4.8 | 22 | 22 2 118 0.8 1.4 0.8 |
SD} 0.8 07 05 0107 0.8 0.7 1.1
percentage infected 100 100 71.4 84.6 429
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C Field data

Table C L.1.2: Data of Macrocystis pyrifera collected at Quarantine Point in 2000 (continued).
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Quarantine winter 1207.00 | 11 11 2 : 1.9 | nd. ; 13%0%4 2 2 1 0 0 0 0 0 0
Point surface temperature: 2 5 2.8 | nd 12*8*2 2 1 1 1 1 1 1 2 0
10.0°C 31 6 123 nd  15%0%¢ 2 1 1 2 1 1 1 2 0
mean; 4.3 23 2 13 1 1 0.7 0.7 0.7 13 0
SD! 21 05 0o | 06 0 1 06 | 06 06 1 12
2141 4 22 nd . 20%20*8 3 2 2 1 1 0 0 1 0
51 4 14 :nd : 7*6%7 2 2 2 1 1 0 0 1 0
26.07.00 6 5 1.6 2.1 12¥14*7 3 1 1 0 0 3 3 1 0
mean{ 4.3 1.7 27 1.7 1.7 0.7 0.7 1 1 1 0
SD} 0.6 0.4 0.6 0.6 0.6 0.6 0.6 1.7 1.7 0
31374101 21 48 : 9*18% 2 1 1 3 2 2 1 4 0
81 2 118 16 9*10*4 2 1 1 0 0 0 0 1 1
941 8 41 75 18*15%5 2 2 1 4 0 0 0 210
mean| 6.7 27 4.6 2 13 1 2.3 0.7 0.7 0.3 23 0.3
SD| 4.2 13 3.0 0 0.6 0 21 1.2 1.2 0.6 1.5 0.6
mean| 51 1 22 | 40 22114 1.3 0.8 1.6
SD} 261 0.8 ¢ 27 0.4 05 1.4 1.1 1.1
percentage infected 100 84.6 50.0 85.7 7.1
spring 011100y 1 1 3 2.1 . 3.9 @ 11*21*20 2 2 2 0 0 1 1 0 0
surface temperature: 21 3 17 25 13%7+3 2 2 1 0 0 0 0 1 0
14.0°C 31 5 2 16 14%7%4 2 1 1 1 1 1 0 2 0
meanj 3.7 19 27 2 1.7 1.3 0.3 0.3 0.7 03 1 0
SDj 12 02 11 0 1 06 061 06 06] 06 061 1
2341 5 111 0217 10x15%22 | 2 4 2 0 0 1 1 0 0
51 6 113, 34 97§ 1 3 0 2 0 1 1 0 0
61 5 113 30 13*12% 2 2 0 0 0 3 1 0 0
mean] 53 1.2 2.8 1.7 3 0.7 0.7 0 1.7 1 0 [
SD{ 0.6 0.1 0.7 0.6 1 1.2 1.2 0 1.2 0 0
3171 3 1221 6*3*10 2 1 0 0 1 1 1 0
8§11 4 25 39 19%¥22%5 2 1 0 1 0 0 0 1 0
9 5 13 25 11%4*2 2 1 0 1 1 0 0 3 0
mean] 4.0 1.7 2.8 2 1 ] 0.7 0.3 0.3 0.3 1.7 0
SDj 10 07 09 0 0 06 07 1 06 06 | 12
mean| 43 1 1.6 28 19119 0.6 0.9 0.9
SDi{ 1.1 . 05 038 031 1.1 0.7 0.9 1.1
percentage infected 100 1353 40 62.5 0




C Field data

Table C 1.1.3: Data of Macrocystis pyrifera collected at Cornish Head in 2000.
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Cornish Head; summer 1401007 1§ 1 2 8 1 43 1 20%21%23 | 0 1 0 1 0 0 0 0 0
surface temperature: 21 5 1103 139 16¥23*17 | 2 3 1 0 0 1 1 1 0
16.2°C 3 4 1112, 71 18%20%22 1 2 2 1 0 0 0 1 0
salinity: mean} 3.7 9.8 84 1 2 1 0.7 0 0.3 03 0.7 0
31.6 PSU SD} 1.5 1.7 4.9 1 1 1 0.6 0.6 0.6 0.6
2141107 8 | 37 13*¥25%21 | 0 5 0 2 0 1 0 0
4 85 84 17FI1*15| 2 3 0 1 0 0 0 0 0
61 4 153 43 11%¥25%20 ] 1 4 1 0 0 0 0 0
meanj 6.0 73 55 1 4 0.3 1 0 03 4] 0.7 0
SD{ 3.5 1.7 2.6 1 1 0.6 1 0.6 1.2
3070 7 087 111 18%15%25 1 1 3 0 1 0 1 1 2 0
81 2 17743 10%¥18*12 | 0 2 0 0 0 0 0 0 0
91 4 1105:11.6; 14%28%26 | 0 3 0 0 0 1 0 0 0
mean] 4.3 9.0 9.0 0.3 27 0 03 0 0.7 0.3 0.7 0
SD{ 2.5 14 4.1 0.6 0.6 0.6 0.6 0.6 1.2
mean| 4.7 ; 87 ' 7.6 08129 0.7 0.4 0.7
SDj 25 1.8 1 38 08112 0.7 0.5 0.9
percentage infected 55.6 15.4 0 50 0
winter 25700 f 1111 8 136 57 16%25%20{ 0O 2 0 1 0 2 0 3 0
surface temperature: 21 4 598134 9*15%20 1 0 2 0 0 0 1 0 1 0
10.5°C 31 3 1112 25 8*6*3 0 1 0 0 0 0 0 2.0
meanj 5 11.5 3.9 0 1.7 0 0.3 0 1 0 2 0
SD} 26 1.9 1.6 0.6 0.6 1 1
2141 4 1109 37 10%18*21 | 0 1 0 1 0 2 0 0 0
51 2 1128 34  10*¥15*351 0 1 0 1 0 0 0 0 0
61 5 1134 39 | 10*16*10 | 0O 1 0 1 0 3 0 0 0
meanj 3.7 124 3.7 0 1 0 1 0 1.7 0 0 0
SD} 1.5 1.3 0.2 0 0 1.5
3171 5 66 21 11*12%5 1 3 1 1 0 0 0 1 0
8 6 111 39  10%15*35 1 0 1 0 2 0 1 0 2 0
9] 4 :nd | nd  10*16*10§ 1 1 1 1 0 1 0 1 0
mean 5 5.9 2 0.7 1.7 0.7 13 0 0.7 0 13 0
SD 1 32 1.3 0.6 1.2 0.6 0.6 0.6 0.6
mean] 4.6 1127 3.6 02414 0.9 1.1 1.1
SDf 1.7 231 1.1 04107 0.6 1.1 1.1
percentage infected 222 15.4 0 0 0
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Table C 1.2.1: Data of Macrocystis pyrifera collected at sites along the Otago Coast between 1997

and 1999.
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Aramoana summer 03.12.97; 1 9 4 3.0 18%3*7 | 2 4 nd.. 4 1
21 5 5  13;: 15M4*5 | 1 3 ndi 2 0
313 21 03 533 3 1 indi 2 0
41 2 126 10 12114 | 1 2 ndi 0 0
51 8 4838 20M2*7 | 1 5 ind. 3 0
61 5 3 03 7644 2 2 ndi 1 2
71 7 54 25: 14174 1 5 ndi 1 1
81 1114628 197185 | 1 8 nd: 2 1
91 5 34 18, 2055 1 4 ind. 0 1
10 8 11508 21*158 | 2 5 nd. 1 2
11 5 12 03: 12*6*15 | 2 3 nd: 1 1
12 8 1 45.3.0 27720°5| 2 7 ind.i 0O 1
131 6 1913 14*15*8 | 2 5 nd. 1 0
141 6 15 05: 11*9*6 2 3 ndi 1 2
151 3 11, 0.2 8'6*4 2 2 ind. 0 1
autumn 50398 | 1| 11 31:23: 26927 1 O 5 nd.: 5 1
21 4 3 1.0 14*5*7 2 3 indi 1 0
31 4 3 .10 16%4*11 | 2 4 ind. 0 0
416 29,10 18714 2 5 nd. 0 1
51 6 34 25:12*23*12]| 2 2 ind.: 3 1
6116 33 3.0 15%18*12] 2 4 nd.: 2 10
719 2915 16*1811} 1 7 nd. 1 1
8! 4 38 23 104*14 | 2 2 ndi 2 0
91 4 2605, 20'5*8 2 2 ind: 2 0
10 3 47 05 13411 | 3 0 ndi 2 1
spring 051099 11 7 17 2.1 6*7*7 1 1 2 3 2
211 38 55 7*16*8 2 3 1 3 4
317 172:39 2593 | 2 2 2 1 2
4110 :32:25 6*6*"M1 1 2 1 3 1 4
51 65 372112156 | 2 2 0 2 1
61 7 4 481 13*8*4 2 1 2 2 2
7110 6.2 84 15"M3*7 | 2 3 2 2 3
Quarantine Point | spring 11.10.99] 1| 12 174 3.0 16*0*7 | 2 2 1 8 1
21 5 11:16 17*6*4 2 2 0 2 1
31 9 34:62 16'8*8 3 3 1 2 3
41 5 1 121 15*7*3 0 2 0 2 1
51 7 47 :52:28*15"7| 2 1 0 3 3
Cornish Head spring 07.1099; 1] 9 { 14152 13*14'6 | O 2 3 3 1
21 6 11393 13157 | 1 2 2 0 2
3719 15 107 15'8*3 0 2 3 1 3
41 6 57 66 151141 O 1 1 2 2
51 9 1|15 157 14*12*4 | 0 4 2 1 2
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Table C 1.3.1: Data of Macrocystis pyrifera collected at Harington Point on 27.04.1999.
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C Field data

Table C 1.3.2: Data of Macroeystis pyrifera collected Aramoana on 01.02.2001.
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C Field data

C 2 Statistical tables

Tables present sums of squates of nested ANOVAs and results of tests for vatiance
homogeneity after COCHRAN (SACHS 1984). Significant factors are indicated by an asterix.

Critical values for G, o5 ) 2re according to SACHS (1984, Table 152 on page 383).

C 2.1 Aramoana
Soutrce df Sum of Squares Mean Square F-value p-value
season 3 55.170 18.390 6.259 0.0171*
sub-sample (season) 8 23.507 2.938 1.731 0.1422
residual 24 40.733 1.697

Dependent variable: thallus length

Test after COCHRAN: G, = 0.2281 < G, 05129 = 0.3924

Source df Sum of Squares Mean Square F-value p-value
season 3 23.556 7.852 0.779 0.5381

sub-sample (season) 8 80.667 10.083 2.975 0.0183*
residual 24 81.333 3.389

Dependent variable: number of fronds

Test after COCHRAN: G, = 0.3032 < G - 005 12z = 0-3924

Source df Sum of Squares Mean Square F-value p-value
seasof 3 17.000 5.667 4.163 0.0474*

sub-sample (season) 8 10.889 1.361 1.885 0.1099
residual 24 17.333 0.722

Dependent variable: number of canopy fronds

Test after COCHRAN: G, = 0.1539 < G, 05 29 = 0-3924

Source df Sum of Squares Mean Square F-value p-value
season 3 4.306 1.435 0.401 0.7566

sub-sample (season) 8 28.667 3.583 3.0 0.0176%*
residual 24 28.667 1.194

Dependent variable: number of senescent fronds

Test after COCHRAN: G, = 0.3023 < G, o052y = 0.3924
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C 2.2 Quarantine Point

Source df Sum of Squares Mean Square F-value p-value
seasof 3 10.505 3.502 3.281 0.0795
sub-sample (season) 8 8.538 1.067 0.864 0.5593
residual 24 29.658 1.236
Dependent variable: thallus length
Test after COCHRAN: G, = 0.1979 < G g05 2y = 0.3924
Source df Sum of Squates Mean Square Fvalue p-value
season 3 1.889 0.630 0.630 0.6161
sub-sample (season) 8 8.0 1.0 2.769 0.0254*
residual 24 8.667 0.361
Dependent variable: number of canopy fronds
Test after COCHRAN: G, = 0.2310 < G 405 oy = 0.3924
Soutrce df Sum of Squates Mean Square F-value p-value
season 3 5.639 1.880 2.819 0.1072
sub-sample (season) 8 5.333 0.667 0.828 0.5869
residual 24 19.333 0.806
Dependent variable: number of senescent fronds
Test after COCHRAN: G, = 0.3103 < G 05 (129 = 0.3924
C 2.3 Cornish Head
Source df Sum of Squates Mean Square F-value p-value
season 1 1.389 1.389 3.125 0.1518
sub-sample (season) 4 1.778 0.444 1.0 0.4449
residual 12 5.333 0.444

Dependent variable: disease category

Test after COCHRAN: G,,,,, = 0.3751 < G, o5 p = 0.6161
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Soutrce df Sum of Squares Mean Square F-value p-value
season 1 0.058 0.058 1.8 0.2508
sub-sample (season) 4 0.128 0.032 1.25 0.3420
residual 12 0.308 0.026
Dependent variable: arcsine of squareroot of infection rate
Test aftet COCHRAN: G, = 0.25 < G, g5 p = 0.6161
Source df Sum of Squares Mean Square F-value p-value
season 1 20.480 20.480 2.398 0.1964
sub-sample (season) 4 34.164 8.541 2.785 0.0756
residual 12 36.8 3.067
Dependent variable: thallus length
Test after COCHRAN: G,,,, = 0.2813 < G, 05 pq = 0.6161
Source df Sum of Squares Mean Square F-value p-value
season 1 760467 76.467 13.391 0.0216*
sub-sample (season) 4 22.842 5.711 0.67 0.6252
residual 12 102.287 8.524
Dependent variable: fresh weight
Test after COCHRAN: G,,,,, = 0.4766 < G, o5 p,q = 0.6161
Source df Sum of Squares Mean Square F-value p-value
season 1 0.056 0.056 0.018 0.8993
sub-sample (season) 4 12.222 3.056 0.591 0.6754
residual 12 62.0 5.167

Dependent variable: number of fronds

Test after COCHRAN: G, = 03870 < G 005 g = 0-6161
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Source df Sum of Squares Mean Square Fovalue p-value
season 1 9.389 9.389 5.281 0.0831
sub-sample (season) 4 7.111 1.778 2.667 0.0842
residual 12 8.0 0.667
Dependent vatiable: number of canopy fronds
Test after COCHRAN: G, = 0.3335 < G, o5 2 = 0.6161
Soutce df Sum of Squares Mean Squate F-value p-value
season 1 2.0 2.0 4.5 0.1012
sub-sample (season) 4 1.778 0.444 0.571 0.6885
residual 12 9.333 0.778
Dependent variable: number of senescent fronds
Test after COCHRAN: G, = 0.5003 < G . 05 2. = 0.6161
C 2.4 Comparisons among sites
C 2.1.2 Quarantine Point vs. Aramoana (four seasons)
Source df Sum of Squares Mean Squate F-value p-value
site 1 0.5 0.5 1.565 0.2289
season 3 1.056 0.352 1.101 0.3774
site*season 3 1.944 0.648 2.029 0.1504
sub-sample 16 5.111 0.319 1.643 0.0934
(site*season)
residual 48 9.333 0.194

Dependent variable: disease category

Test after COCHRAN: G, = 0.2144 < G 405 pay = 0.2354
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Source df Sum of Squares Mean Square F-value p-value
site 1 170.663 170.663 85.212 0.0001*
season 3 24.774 8.258 4123 0.0241*
site¥season 3 40.901 13.634 6.807 0.0036%*
sub-sample 16 32.045 2.003 1.366 0.1994
(site*season)
residual 48 70.392 1.466
Dependent variable: thallus length
Test after COCHRAN: G, = 0.2002 < G, 05 pagy = 0.2354
C 2.1.1 Quarantine Point vs. Aramoana vs. Cornish Head (two seasons)
Source df Sum of Squares Mean Square Fovalue p-value
site 2 0.474 0.237 18.5 0.0002*
season 1 0.009 0.009 0.667 0.4301
site*season 2 0.056 0.028 2.167 0.1573
sub-sample 12 0.154 0.013 1.2 0.3203
(site*season)
residual 36 0.385 0.011
Dependent variable: arcsine squareroot of infection rate
Test after COCHRAN: G, = 0.2 < G, 05 gy = 0.29614
Source df Sum of Squares Mean Square F-value p-value
site 2 25.481 12,741 29.913 0.0001*
season 1 0.019 0.019 0.043 0.8383
site¥season 2 4.148 2.074 4.870 0.0283*
sub-sample 12 5.111 0.426 1.211 0.3135
(site*season)
residual 36 12.667 0.352

Dependent variable: disease category

Test aftert COCHRAN: G, = 0.1580 < G, o5 sy = 0.29614
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Source df Sum of Squates Mean Square Fovalue p-value
site 2 451.863 225.931 49.172 0.0001*
season 1 30.751 30.751 6.693 0.0238*
site*season 2 41.587 20.794 4.526 0.0343*
sub-sample 12 55.136 4.595 2.050 0.0480*
(site*season)
residual 36 80.678 2.241
Dependent vatiable: thallus length
Test aftet COCHRAN: G,,, = 0.1746 < G, 005 13 = 0.29614
Source df Sum of Squares Mean Square F-value p-value
site 2 65.534 32.767 4.155 0.0426*
season 1 66.667 66.667 8.453 0.0131*
site*season 2 41.041 20.521 2.602 0.1152
sub-sample 12 94.644 7.887 1.446 0.1907
(site*season)
residual 36 196.307 5.453
Dependent variable: fresh weight
Test aftet COCHRAN: G, = 0.2726 < G, 05 psy = 029614
Source df Sum of Squares Mean Square F-value p-value
site 2 50.704 25.352 3.414 0.0670
season 1 0.296 0.296 0.040 0.8450
site*season 2 5.148 2.574 0.347 0.7139
sub-sample 12 89.111 7.426 1.536 0.1563
(site*season)
residual 36 174.000 4.833
Dependent vatiable: number of fronds
Test aftet COCHRAN: G, = 0.1992 < G 05132 = 0.29614
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C 3 Environmental data
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Figure C 3.1: Sea surface temperatures at the Otago coast in 2000. Mean monthly surface temperatures
at Portobello Marine Laboratory (courtesy of Dr. J. JILLETT, Matine Science Department, Otago
University), and surface temperatures measured on single dates 4.5 km outside the Harbour
entrance, off Taiaroa Head (courtesy of Dr. K. CURRIE, NIWA, Dunedin) in comparison to
surface temperatures measured at the three study sites on the respective sampling dates.
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D Molecular data

D Molecular data

D 1 Accession numbers for published sequences

Table D 1.1: GenBank accession numbers and references for sequences used in the present study.

n/a: not applicable.

GenBank accession number

class/order family species
nDNA
188 [ s ] 265 rbcL
Xanthophyceae
Tribonematales | Tribonemataceae Tribonema aequale M55286 n/a Y07979 AF084611
PASCHER
Phaeophyceae
Ascoseirales Ascoseiraceae Ascoseira mirabilis AJ229125 n/a AJ229141 n/a
SKOTTSBERG
Cutleriales Cutleriaceae Cutleria multifida AF073326 n/a AF053119 n/a
(. E. SMITH) GREVILLE
Desmarestiales | Desmarestiaceae Desmarestia aculeata 799451 n/a AJ229143 AJ287847
(L) LAMOUROUX
Himantothallus grandsfolins AJ287432 n/a AJ287433 AJ287850
(A. GEPP & E. GEPP) ZINOVA
Phacurus antarcticus AJ229111 n/a AJ229146 n/a
C. SKOTTSBERG
Dictyotales Dictyotaceae Dictyota dichotoma AF130702 n/a AF130715 AJ287852
(HUDSON) LAMOUROUX
Dictyota cervicornis n/a n/a n/a AJ287851
KUTZING
Taonia atomaria L17021 n/a AF130714 n/a
(WOODWARD) J. AGARDH
Ectocarpales Acinetosporaceae Pylaiella littoralis n/a n/a AF071782 X55372
(L) KIELLMAN
Adenocystaceae Adenocystis ntricslaris n/a n/a AF071779 AJ295823
(BORY) SKOTTSBERG
Caepidium antarcticum n/a n/a AJ295827 AJ295826
J. AGARDH
Chozrdariaceae Ascoserrophila violodora n/a n/a AJ439834 AJ439835
PETERS
Chardaria flagellfformis AJ229129 | AJ229129 | AJ229120 | AF207798
(MULLER) C. AGARDH
Dictyosiphon foenicnlacens 799463 n/a AJ229137 AF055397
(HUDSON) GREVILLE
Laminariocolax tomentosoides n/a 798566 (A. F. PETERS, AF055404
(FARLOW) KYLIN pers. com))
Laminariocolasc tomentosoides ssp. n/a AJ439852 n/a n/a
deformans (IDANGEARD) PETERS
Laminariocolax aecidioides n/a AJ002353 n/a n/a
(ROSENVINGE) PETERS (Kiel)
Laminariocolax: aecidioides n/a AJ439850 n/a n/a
(ROSENVINGE) PETERS (Maine)
Laminariocolax aecidioides n/a AJ439851 n/a n/a
(ROSENVINGE) PETERS (France)
Laminariocolasc macrogystis n/a AJ002359 n/a n/a
(PETERS) PETERS
Laminariocolax eckloniae n/a AJ002357 n/a n/a
(PETERS) PETERS (South Africa)
Laminariocolux eckloniae n/a AJ439842 n/a n/a
(PETERS) PETERS (Antarctica) :
Laminarionema elsbetiae n/a n/a 798567 AJ439858
KAWAT & TOKUYAMA
Microspongium alariae n/a AJ439843 n/a n/a
(PEDERSEN) PETERS
Microspongium radians n/a 798581 n/a n/a
(HOWE) PETERS
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Table D 1.1: GenBank accession numbers and references for sequences used in the present study

(continued). n/a: not applicable.

GenBank accession number

class/order family species
nrDNA
185 ITS 265 rbcL
Ectocarpales Chordariaceae Microsponginm tennissimum n/a AJ439848 n/a n/a
(HAUCK) PETERS
Myrionema strangulans n/a n/a AJ439857 AF055407
GREVILLE
DPunctaria lntifolia AF115432 n/a AF115429 n/a
GREVILLE
Punctaria plantaginea n/a n/a n/a AF055410
(ROTH) GREVILLE
Ectocarpaceac Ectocarpus siliculosus L43062 n/a U38776 X52503
(DILLWYN) LYNGBYE
Scytosiphonaceae Seytosiphon lomentaria 143066 n/a AF071159 AB022238
(LYNGBYE) LINK
Fucales Durvillaeaceae Durvillaca antarctica AF130706 n/a AF130719 n/a
(CHAMISSO) HARIOT
Fucaceae Ascophyllum nodosum AF091297 n/a ATI*053106 AJ287853
(L) LEJOLIS
Futcus vesiculosus AF091296 n/a AF053105 n/a
L.
Xiphophora chondrophylla AF091289 n/a AF091271 n/a
(R. BROWN ex TURNER)
MONTAGNE ex HARVEY
Notheiaceae Notheia anomala (SAUNDERS & n/a AF091282 n/a
HARVEY & BAILEY KRrAFT 1995)
Sargassaceae Sargassum muticum AF091295 n/a AF053109 AJ287854
(YENDO) FENSHOLT
Laminariales Alariaceae Alaria esculenta AF115427 n/a AF071151 AF064745
(L) GREVILLE
Undaria pinnatifida n/a n/a AF071152 n/a
(HARVEY) SURINGAR
Laminariaceae Laminaria digitata AF091286 n/a AF071153 n/a
(L.) STACKHOUSE
Lessoniaceac Macrocystis pyrifera AF115430 n/a AF053116 AJ287856
(L) C. AGARDH
Ralfsiales Ralfsiacecae Nemoderma tingitanum AF130709 n/a AF130722 n/a
SCHOUSBOE ## BORNET
Scythotham- Scytothamnaccae Scytothamnus australis AF073325 n/a AF071780 AJ295833
nales (J. AGARDH) HOOKER &
HARVEY
Splachnidiaceae Splachuidinm rugosum AF073327 n/a AJ229133 AJ295834
(L) GREVILLE
Sphacelariales Cladostephaceae Cladostephus spongiosns AF091298 n/a AT*053115 AJ287836
(HUDSON) C. AGARDH
Sphacelariaceae Sphacelaria arctica n/a n/a n/a AJ287881
HARVEY
Sphacelaria caespitula n/a n/a n/a AJ287870
LYNGBYE
Sphacelaria californica n/a n/a n/a AJ287893
SAUVAGEAU ex SETCHELL &
GARDNER
Sphacelaria cirrosa AF115428 n/a AF071150 AJ287865
(RoTH) C. AGARDH
Sphacelaria divaricata n/a n/a n/a AJ287889
MONTAGNE
Sphacelaria nana n/a n/a n/a AJ287875
NAEGELI ex KUTZING
Sphacelaria plumosa n/a n/a n/a AJ287879
LYNGBYE
Sphacelaria plumigera n/a n/a n/a AJ287878
HOLMES
Sphacelaria racemosa n/a n/a n/a AJ287880
GREVILLE
Sphacelaria radicans n/a n/a n/a AJ287874
(DILLWYN) C. AGARDH
Sphacelaria rigidula n/a n/a n/a AJ287883
KUTZING

290




D Molecular data

Table D 1.1: GenBank accession numbers and references for sequences used in the present study
(continued). n/a: not applicable.

class/order family species GenBank accession number
niDNA
188 ITS 265 rbcL
Sphacelariales Sphacelariaceae Sphacelaria tribuloides n/a n/a n/a AJ287891
MENEGHINI
Sphacelaria yamadae n/a n/a n/a AJ287890
SEWAGA
Sphacella subtillisima n/a n/a n/a AJ287931
REINKE
Stypocaulaceae Alethocladus corymbosus AJ287439 n/a AJ287440 AJ287860
(DICKIE) SAUVAGEAU
Halopteris filicina n/a nfa n/a AJ287894
GRATELOUP) KUTZING (1)
Halopteris filicina n/a n/a n/a AJ287895
(GRATELOUP) KUTZING (2)
Stypocanlon durnm n/a n/a n/a AJ287897
UPRECHT) OKAMURA
Stypocanton scoparium AF091299 n/a AF091285 AJ287866
(L) KUTZING
Sporochnales Sporochnaceae Sporochnus peduncutatus AF130711 n/a AF130723 n/a
FIUDSON) C. AGARDH
Sporochnus scoparius n/a n/a n/a AB037142
HARVEY
Haplospora globosa AF130712 n/a AF130724 n/a
KJELLM.
Syringoderma- Syringodermata- Syringoderma phinneyi L17017 n/a AJ243782 AJ287868
tales ceae HENRY & MULLER
Tilopteridales Tilopteridaceae Tiélopteris mertensii n/a n/a AF130726 AB045260
(T'URNER in SMITH) KUTZING
Incertae sedis Choristocarpaceae | Choristocarpus tenellus AJ287441 n/a AJ287442 AJ287861
KUTZING) ZANARDINI
Incertae sedis Onslowiaceae Onslowia endophytica AJ287443 n/a AJ287444 AJ287864
SEARLES in SEARLES & LEISTER
Verosphacela ebrachia n/a n/a AJ287445 AJ287867
HeNRY
Incertae sedis Asteronema rbodochertonoides AJ229117 n/a AJ229135 n/a
(BOERGESEN) MULLER &
PARODI
Incertae sedis Asterocladon lobatum AJ229120 n/a AJ229136 AJ295824
MULLER ¢/ al.
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D Molecular data

D 2 Sequence statistics

Table D 2.1: Statistics for ITS1 sequences of pigmented endophytic Phaeophyceae. *: partial sequence.

isolate base frequencies {%0] E

no. abbreviation length [bp] A C G T
1 EMa A 3/98 679 0.22907 0.25698 0.27313 10.24082
2 EMa HP 5/98 678 0.22941 0.25735 0.27353 10.23971
3 EMa H 4/99 678 0.22963 0.25630 0.27407 10.24000
4 EMa SP 5/98 679 0.22874 0.25806 0.27273 1 0.24047
5 EMa WW 5/99 679 0.22633 0.25888 0.27515 10.23964
6 EMa HI 10/99 678 0.22669 0.25723 0.26849 10.24759
7 EEck W 3/98 678 0.22614 0.26285 10.27313 10.23789
8 EEck DS 5/99 171%* 0.18966 0.26437 0.24713 10.29885
9 EEck Waki 10/00 684 0.22482 1 0.25839 10.27445 | 0.24234
10 EEck OTS 11/99 677 0.22794 0.25735 0.27206 | 0.24265
11 EMa A 10/97 507 0.24951 0.26523 0.26326 | 0.22200
12 EMa QP 7/97 511 0.24902 0.26667 0.26275 | 0.22157
13 EMa PB 7 6/97 190* 0.20000 0.25405 0.25405 | 0.29189
14 EMa BB 10/97 479 0.24532 0.26611 0.25780 1 0.23077
15 EMa CH 5/98 481 0.24431 0.26708 0.25673 10.23188
16 EMa W 3/98 476 0.24274 0.25066 0.27704 10.22955
17 EMa OW 5/99 481 0.24587 0.26860 0.25413 10.23140
18 EMa WR 4/00 478 0.24792 0.26667 0.25417 10.23125
19 EPa A 10/97 288 0.24742 0.30241 0.25086 10.19931
20 EPa Riv 9/99 288 0.25086 0.30241 0.25086 |0.19588
21 EPa BB 4/99 288 0.25086 0.30241 0.25086 10.19588
22 EPa BS 10/00 288 0.25086 0.30584 0.25086 10.19244
23 EGra BB 2/98 288 0.24742 0.30241 0.25086 10.19931
24 EXKal CC 10/00 288 0.24742 0.30584 0.25086  0.19588
25 EUpi W 4/98 288 0.24742 0.30241 0.25086 10.19931
26 EEck Kati 5/99 288 0.24742 0.30584 0.25086 0.19588
27 EPa OW 5/99 258 0.26054 0.29502 0.24521 10.19923
28 Eles OW 5/99 582 0.21784 0.28988 0.27101 10.22127
29 Eles Wk 5/99 583 0.21672 0.29010 0.27133 10.22184
30 EXiBB 11/97 182%* 0.17391 0.27174 0.25000 | 0.30435
31 EXiBB 8/99 581 0.21747 0.29110 0.27226  0.21918
32 EMu Wk 5/99 583 0.21843 0.29181 0.26962 10.22014
33 EDan BB 4/99 583 0.22014 0.29010 0.27304 10.21672
34 EDwil BB 8/00 553 0.22302 0.29676 0.27158 10.20863

Table D 2.2: Statistics fot the partial ntDNA sequence of Xiphophorocolax: avtearoae (isolate no. 29).
base frequencies [%0] |

sequence length [bp] A C G T
18S 394 0.23333 0.22353 0.26607 |0.27647
26S 502 0.22400 0.23200 0.31600 | 0.22800
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D Molecular data

D 3 Alignments

Alignments are numbered as follows:

D 3.1: ITS1 of the ntDNA gene (185-5.85), pigmented endophytes

D 3.2: 18S ntDNA gene

D 3.3: 26S nrDNA gene

D 3.4: rbdL gene.

Within the alignments, dots indicate the same base as in the first line, and dashes indicate
missing bases. Unidentified bases are indicated by a 'N', unidentified positions by a question

mark.
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3.1i: ITS1 alignment
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

ordaria flagelliformis
EMa A 398
EMa HP 598
EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile

EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland
tomentosoides deformans Bretagne
aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

ERal CC 1000

EUpi W 498

EEck Kari 599
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded
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hkdkhkkkhkkkhdhhhdhdkdkkhhkkbhkdhhhkhkhd kb kdkkhhdhhkkk kb hkdkkkkhhhhhkdhhhhh A hhhdhdhdhkhdrhhhhdhhhdhhhdkrhhhhkkdhkd
hkkhkkkkkkhkdkhkhkhkhhhkhhbdhhkhhdhddh kb kb hkkkdkh ke dkhhhhkhrdhhhdhhkhdhhdhhhkhhkhhkhdrhhhdhhhkhhhkhkhhhhrhkhkhik
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ceceereervenresssanressescssaancssessses s CTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
« s GGTGGTGCATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGT TAATTCCGTTAACGAARCGAGACCCCCGCCTGCT

«s e GGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
eeeeesses  CTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
«ATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGT TAATTCCGTTAACGAACGAGACCCCCGCCTGCT
sesenrensss  TAGTTGGNGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
esssesssssean ATGGCCGTTCTTAGTTGGCTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
+++ + CATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGET
tevecsasseannnesasssss  AGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT

« « « GCATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAAT TCCGTTAACGAACGAGACCCCCGCCTGCT
ceerecsesensseseesGEGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT

tdcerccesvsaanssssnsenseessees s ATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
ceeseressvenancsssssesssessess  ATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTARCGAACGAGACCCCCGCCTGCT
AGCTCTTTCTTGATTCTATGGGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT

. CTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
AGCTCTTTCTTGATTCTATGGGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT

«TGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
.GGTGGTGCATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
cesseresresvansassasesssnsses GCATGGCCGTTCNTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
«GGTGGTGCATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGT TAATTCCGTTAACGAACGAGACCCCCGCCTGCT
vesecsesssnsnssess CITAGTTGGNGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
«ATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
. ATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
«+uens« TAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT

ceseeaesesses  ATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT

ciestsecenrenreassansasancsses s ATGGCCGTTCTTAGTTGGTCGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
eonsvess  CTTAGTTGNTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
+ TGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
e s«  CGTTCTTAGTTGGTGGAGTGATTTGTCTGGT TAATTCCGTTAACGAACGAGACCCCCGCCTGCT
cesesnens e s GGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
« « « TGGCCGTTCTTAGTTGGNGGAGTGATTTGTCTGGTTAAT TCCGTTAACGAACGAGACCCCCGCCTGCT
sreescessenesssseeesss GGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCT
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3.1: ITS1 alignment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

Chordaria flagelliformis
1 EMa A 398

FHMHEROVLONOU & WN
By o+ O

=
nN

L.
19
20
21
22
23
24
25
26
Mi
27
Mi
Mi
28
29
30
31
32
33
34

EMa HP 598
EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile
EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland
tomentosoides deformans Bretagne
aecidioides Riel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

EKal CC 1000

EUpi W 498

EEck Kari 599
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded
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PPPRRP2222222222222222722°29222272 222 T TCTTAGAGGGACTTCTGGT-ACTAA-CAGAG-AAGTTGGGGGCAATAACAGGTCTGTGATGCC
ARAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC . v v v enreennnsrnmaaaBGenr e iCineeiBoeenrannrerrrsnrranesssscsansns
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC. [ T ¢
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
AARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
?

2

AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
P L R T e X S X X3 ?? 2222222222222
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC. -
B R I R T e 4 1
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC. - PPN ¢ DU

AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC P ¢ e & Y ¢

?

AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC .
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
Peeesseresneteavsateocrsrcanereesenn?

AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.

ABATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC .
AAATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC.
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC

ABATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC. cvesesrensancsneaBGesen.Cost
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC . v vt v ennesnsoansnneBGuire i eCornnaGoncnnernnnersveecencnasnnnonss
ARATAGTGTGGCTTACGCTTTTGCGTAGGTGCTCGC. v v v v veveeane-Nur oGt eCutnneBennnncvnnnrrrorerncnceonncssnns
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3.1:

ITS1 alignment (continued)

all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

Chordaria flagelliformis
1 EMa A 398

WO WwN

Mi
27
M
Mi
28
29
30
31
32
33
34

EMa HP 598
EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1189
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile
EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 598

EMa WR 400
tomentosoides Helgoland

tomentosoides deformans Bretagne

aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

EKal CC 1000

EUpi W 498

EEck Kari 599
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599 )
ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 4993

EDwil BB 800

positions excluded
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FhkkhkhkkkhkkhhkAhhhhkhkhhhhhkhkkhhhhhhhkhhhdhhhhdhdhhhkhhkhkhdhhkhkdhkhkkhdekhkhkkkkdekkkkhkkk kb kdhkkkdhdkkkkkkkkk &
Khkkkkkkkkkkkdhkkkdokkhhakhhhhdhhkhhhkkhdbhkkkhkaddhkkkhkhhkhkdkhkhh ke dkkhkhdhkhkhhkkkhhkkhhdkhhkhkkdokkdkdkkkdkk
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CTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATGCAACGAGT TTTTTTTCCTGGGTCGAGAGGCCCGGGTAATCTGTTGAACGTGCATCGTGA
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3.1: ITS1 alignment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

Chordaria flagelliformis

HERO®@aOU s W
o

26
Mi
27

EMa A 398

EMa HP 598

EMa H 499

EMa SP 598

EMa WW 599

EMa HI 1099

EEck W 398

EEck DS 599

EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile

EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland
tomentosoides deformans Bretagne
aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

ERal cC 1000

EUpi W 498

EEck Kari 599
crospongium tenuissimum
EPa OW 599

Microspongium radians
Microspongium alariae

28
29
30
31
32
33
34

L6T

ELes OW 599
ELes Wk 599
EXi BB 1197
EXi BB 899
EMu Wk 599
EDan BB 499
EDwil BB 800

positions excluded
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AGGGATAGATCATTGCAATTATTGATCTTGAARCGAGGAATTCCTAGTARACGCGAGTCATCAGCTCGCATTGATTACGTCCCTGCCCTTTGTACACACT
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3.1: ITS1 alignment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

Chordaria flagelliformis

WAL AW

26
Mi
27
Mi
M1
28
29
30
31
32
33
34

EMa A 398

EMa HP 598

EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099

EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile
EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland
tomentosoides deformans Bretagne
aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa Bs 1000

EGra BB 298

EKal CC 1000

EUpi W 498

EEck Kari 599
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded
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Kk k kA AR AR AR AR AR R AR AR A A IR A IR IR ke Ak Ak Ak ko kA k ko ko ko kR h kR Ak ko khhh Ak hkhhkh bk kdkh ok k
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GCCCGTCGCACCTACCGATTGAATCATTCGGTGAGGATTCCGGATTCTGTAGCTTACGCTTTACGGCGTTTTTTACGAAAGAAGTTATCCAAACCTCATG
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3.1: ITS1 alignment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

Chordaria flagelliformis

WOV WN

10
L.
L.
11
12
L.
13
14
15
16
17
18
L.
L.
L.
L.
L.
19
20
21
22
23
24
25
26
M
27
Mi
Mi
28
29
30
31
32
33
34

EMa A 398

EMa HP 598

EMa H 499

EMa SP 598

EMa WW 599

EMa HI 1099

EBEck W 398

EEck bsS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile
EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa oW 599

EMa WR 400
tomentosoides Helgoland
tomentosoides deformans Bretagne
aecidioides Kiel
aecidioides maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

EKal cC 1000

EUpi W 498

EEck Rari 599
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded

hhkkkkhkhkkkkhkAhhkhkhkhhkkhkhhkokkkhkdkkdhk kA hkkhhhh kb kkrhkhhkkddk*
hhkkikhkkhkhkhhhhkkhkkddh b kdkhk kb kA bk khbhhhhk kb hhhkkdhkhkhhhkkdkkxk
kkdkkkkkdkhhkhdhkkkkdddhhkhhdhh b kkhhhhddkdkhdhhkkhkkhhhkhkkhhhh®
kkdkhkhhhhkkkdhhdkdrhddhhdbkdbhdkhbdbbdkhhkhkdkhdhkhkkhhdhkdkkhkhdkhkdk
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SSU/I1TS1

ATTTAGAGGAAGGTGAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTACCGAA-TTTGG-CCGC~-GCC~-AGGTTANAAACCG-~—~

P U ¢ [ J ) PRI -V IRy W i

.T.
.T.
.T.
LT
.T.

.T...ATC..A...
-ATCN.A...
JATC..A...
.ATC..A...

-ATC..A.
-.ATC..A.
.ATC..A.
JATC..A.....
.ATC..A.
.ATC..A.

LATC.
-ATC.
-ATC.
-ATC.
.ATC.
.ATC.
ATC.
ATC.

ALT. ..

..A.

.CT.TC.GG.G.A..TA.
.CT.TC.GG.G.A..TA.
.CT.TC.GG.G.A..TA.
.CT.TC.GG.G.A..TA.
.CT.TC.GG.G.A..TA.
.CT.TA.GG.G.A..TA.
.CT.TC.GG.G.A..TA.

.GT .AATG
.GT.AATG
.GT.AATG
.GT.AATG
.GT.AATG
.GT.AATG
.GT.AATG
.GT .AATG
-GT.AATG
.GT.AATG
.GT.AATG
.GT.AATG
.GT.AATG
.GT.AATG
.GT .AATG
.GT.AATG
.GT.AATG
.GT .AATG
.GT.AATG
.GT.AATG
.GT.AATG
-GT.AATG
.GT.AATG
-GT .AATG
.GT .AATG
.GT.AATG
«.T...CG
.. T...CG
S A ale
..T...CG
..T...CG
..T...CG
«.T...CG
«.T...CG
..T...CG
..T...CG
«.T...CG
«.T...CG
.GT.AATG
.GT.ARTG
.GT.AATG
.GT.AATG
.GT.AATG
.GT.AATG
-GT.AATG
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3.1: ITS] alignment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

ordaria flagelliformis
EMa A 398
EMa HP 598
EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile

EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland
tomentosoides deformans Bretagne
aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

ERal CC 1000

EUpi W 498

EEck Kari 599
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599 .

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded

Ikkkkhkkhkhkkkkkkkkkkhkhkkkkkkkkkkkkokkkkkhkkhkhhkkk k&

kkk ok ok k ok ok ok

6666666666666666666666666666666666666666666666666666666666666666666666666666666666666666666666666667
0000000001111111111222222222233333333334444444444555555555566666666667777777777888888888899999999990
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890

————— CGAACARACAA---A--GCGCCCCG--CC---—-G-CC-—=——————CCCCGTTTTCTT-GT-CT
TGTTAG...A.G.G.....CT..CAG.T....GTTT...T...GCTATT......C.c....C.Cuuo.
TGTTAG...A.G.G.....CT..CAG.T....GTTT...T...GCTATT..~-...C......C.C...
TGTTAG...A.G.G.....CT..CAG.T....GTTT...T...GCTATT..~...C......C.C...
TGTTAG...A.G.G.....CT..CAG.T....GTTT...T...GCTATT......C......C.C...
TGTTAG...A.G.G.....CN..CAG.T....GTTT...T...GCTATT......C......C.C...
TGTTAG...A.G.G ..CT..CAG.T....GTTT...TN.CGCTATT. sesssC.C..
TGTTAG...A.G.G ..CT..CAG.T....GTTT...T..CGCTATT. .C.C...
TGTTAG...A.G.G ..CT..CAG.T....GTTT...T...GCTATTT.... .C.C...
TGTTAG...A.G.G.....CT..CAG.T....GTTT...T...GCTATTTT... .C.C...
TGTTAG...A.G.G.....CT..CAG.T....GTTT...T...GCTATTT.~. . .C.C...
CGTTAG...A.-.G.....CT..CAG.T....GTTT...T...GCTATT......C......C.C...
TGTTAG...A.G.G.....CT..CAG.T....GTTT...T...GCTATT......C......C.C...
TGTTAG...A.G.G.....CT..CAG.T....GTTT...T...GCTATT. ..CC.C.

TGTTAN...A.G.G.....CT..CAG.T..
CGTTAG...A.-.G.....CT..CAG.T..
TGTTAGA. .A-G.G.....CT.NCNG.T..
TGTTAG...A.G.G.....CT..CAG.T..
TGTTAG...A.G.G.....CT..CAG.T..
TGTTAG...A.G.G.....CT..CAG.T..
TGTTAG...A.G.G.....CT..CAG.T..
TGTTAG...A.G.G.....CT..CAG.T..
CGTTAG...A.G.. ..CT..CAG.T..
CGTTAG...A.G.......CT..CAG.T..
CGTTAG...A.G.......CT..CAG.T..

CGTTAG...A.G.......CT..CAG.T..
CGTTAG...A.G.......CT..CAG.T..
CG...AA.GA.T. LICT..C...
CG...AR.GA.T. .TTT..C...
CG...AA.GA.T. LTTT..C...
CG...AR.GA.T.--...TTT..C....
CG...AA.GA.T.-=...TCT..C...
CG...AA.GA.T. .TCT..C......
CG...AA.GA.T. LICT..Convnns
CG...AA.GA.T. .TCT..C..
CG...AR.GA.T. .TCT..C..
CG...AA.GA.T. .TCT..C..
CG...AA.GA.T. .TCT..C...==.

-GTT...
«=GTT.. ===

.GTTT...N...GCTATT.
.GTTT...T...GCTATT. ..
.GTTT...T...GCTATTT.~
.GTTT...T...GCTATT....
.GTTT...T..CGCTATT....
.GTTT...T...GCTATT....
.GTTT...T..CGCTATT.
.GTTT...T...GCTAT..
.GTTT..AT...GCTATT.
.GTTT..AT...GCTATT......C...
.GTTT...T...GCTATT.C....C...

..C.C.C..CCTCCTATG

/L'colax2(F)

_________ CTTTTT----ATAGAGACAGAC

.GGAG.......TCTGGC..AGGTAGT
.GGAG.......NCTGGC..AGGTAGT
.GGAG.......NNTGGC..AGGTANN
.GGAG.......TCTGGC..AGGTAGT
«GGAN.......NCTGGC..NGGTAGT
.GGAG. .. .TCTGGC. .AGGTAGT
.GGAG... .TCTGGC . .AGGTAGT
.GTAG. .. » TCTGGC. . AGGTAGT
.GGAG.......TCTGGC. .AGGTNGT
.GTAG.......TCTGGC..AGGTAGT

+.GGAG. .G....TCTGGC. .AGGTAGT
.GGAG.......TCTGGC. .AGGTAGT

.GGAG.... - +CTGGC. .AGGTAGT
.GGAG. .. TTCTGGC. .AGGTAGT
.GGAG... .TCTGGC. .AGGTAGT
.GGAG. .. -AGGNAGT
.GGAG. .. -AGGTAGT

-GGAG.......TCTGGC. .AGGTAGT
.GGAG.......TCTGGC. .AGGTAGT
.. TCTGGC. .AGGTAGT
+AGGTAGT
.A.GGAGT
A.GGAGT
.CTGGGT.A.GGAGT

.GTTT...T...GCTATT.C....C......C.C.C..CCTCCTATG...+....CTGGGT.A.GGAGT

.GTTT...T...GCTATT.C....C......C.C.C..CCTCCTATG........CTGGGT.A.GGAGT
.GTTCA..G. .TCCGTT. .TAT.G.--GG.ACGT.TGGGGCGGA. . - GCGTTCG.
.GTTCA..G. .TCCGTT. .CAT.G.--GG.ACGT.TGGGGCGGA. . .~ GCGTTCG. -
.GTTCA..G..TCCGTT. .CAT.G.--GG.ACGT.TGGGGCGGA. . .————= GCGTTCG. —————————
.GTTCA..G. .TCCGTT. .CAT.G.--GG.ACGT.TGGGGCGGA. .. GCGTTCG.
.GTTCA..G..TCCGTT. .TAT.G.-~GG.ACGT.TGGGGCGGA. .. GCGTTCG.
.GTTCA..G..TCCGTT. .CAT.G.--GG.ACGT.TGGGGCGGA. . . GCGTTCG.
.GTTCA..G. .TCCGTT. .TAT.G.--GG.ACGT.TGGGGCGGA. . . GCGTTCG.
.GTTCA..G..TCCGTT. .CAT.G.~~GG.ACGT.TGGGGCGGA. .. GCGTTCG.
.GTTCA..G..TCCGTT. .CAT.G.--GG.ACGT.TGGGGCGGA. . . CGTTCG. -

GCGITCG. mmmm—————
GCGTTCG.

CG...AA.GA.T.——...TCT..C........GTTCAT.C.ATGCCTTGCC.T.G. CGGCGGCCCCTGGGCGGGAGGGGCGGAGTGTTTG. —————————
TTTTGT..TT.T.TCGGG.CT.ARG..T.G. .GTTTTTTT . GAGTTTCTGGAGT . TGGAAGGAC. . GTGATGTCTACTAC. . . .CGTCGCTCC.C..CT.
TTTTGT..TT.T.TCGGG.CT.AAG..T.G. .GTTTTTTT . GAGTTTCTGGAGT . TGGAAGGAC. . GTGATGTCTACTAC. . . .CGTCGCTCC.C..CT.

TTTTGT..TT.G.TCGGG.CT.AAG..T.G. .GTTTTTTT. GAGTTTCTGGAGT . TGGAAGGAC. . GTGATGTCTACTAC. .

. -CCTCGCTCC.C..CT.

TTTTGT. .TT.G.TCGGG.CT.AAG. .T.G. .GTTTTTTT . GAGTTTCTGGAGT . TGGAAGGAC. . GTGATGTCTACTAC. . . .CCTCGCTCC.C..CT.
TTTTGT..TT.T.TCGGG.CT.RAG..T.G..GTTTTTTT. GAGTTTCTGGAGT . TGGAAGGAC. . GTGATGTCTACTAC. . . .CCTCGCTCC.C..CT.
TTTTGT..TT.T.TCGGG.CT.AAG..T.GG.GTTTTTTT . GAGTTTCTGGAGT . TGGAAGGAC. .GTGATGTCTACTAC. . . .CGTCGCTCC.C..CT.
TTTTGT..TT.G.TCGGG.CT . Ammvmvmm femmeeeiame==c e es .. ~GT.TGGAAGGAC. . GTGATGTCTACTAC. . . .CCTCGCTCC.C..CT.

I'ed
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D 3.1: ITS1 alignment (continued)

all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

Chordaria flagelliformis
EMa A 398 .
EMa HP 598

EMa H 499

EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile

EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland

MRRHMEBOONOU & WN
SNRY O

aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

ERKal CC 1000

EUpi W 498

26 EEck Kari 599
Microspongium tenuissimum
27 EPa OW 599
Microspongium radians
Microspongium alariae
28 ELes OW 599

29 ELes Wk 599

30 EXi BB 1197

31 EXi BB 899

32 EMu Wk 599

33 EDan BB 499

34 EDwil BB 800

NNNNONNNHEBREBEEBRHR RSS2
MBWNHOWY v+ ¢ v v ®IOU AW

tomentosoides deformans Bretagne

positions excluded
KkFhhokkkkkk Ak h kA kA k ko kAT A Ak Ak hk bk ke bk k kA ko ko k ok ko dkhh ok ko d ke hdh kR kA A Ak kkkkkk %

ddkdkkk ok kokk ok ok ok ok deddokkk ok ok ke ko k ko ko ko d e KAk ko k hhhh Rk bk ko kkk ko k e hhhhhkkkk ko dkk ok hhkh ko ddk ek ko kkkk ke ko k

7777777777777777777777177777777777777777777777771777777777777777717777171777777777777777777777777777778
0000000001111111111222222222233333333334444444444555555555566666666667777777777888888888899999995990
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890

L'colax2(F) /
GAACGAGAGGCAGCATGGTGCG
A.-..TCTTA......=~++.=: .GCTGTGCGATCACC.GTCGGTCT . . CGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. .+ v veu.....CAAC,

A.-..TCTTA...
N.-..TCTTA...
A.-..TCTTA...
A.-..TCTTA...
A.~-..TCTTN...
A.-..TCTTA...
A.-..TCTTA...
N.-..TCITA... -GCTGTGCGATCACC.GTCGGTCT. . CGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. .
A.-..TCTTA......=~...=. .GCTGTGCGATCACC.GTCGGTCT. . CGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. .
-..TCTTA... ~. .GCTGTGCGATCACC.GACGGTCT. . CGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. .
.TCTTA... -+ +GCTGTGCGATCACC.GTCGGTCT. . CGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. .
A.-..TCTTA... .C.GCTGTNCGATCACC.GTCGGGAT . . CGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. .
A.-..TCTTA... «CCGCTGTGCGANCACCCGTCGGGAT . . CGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. ..
A.-..TCTTA... —=+..C.,.GCTGTGCGATCACC.GTCGGGAT. . CGCGACCTGACTGTGTTCTCTTCGACGAGA.AAC. ..
NN-..TCNTA... -—..N-..GCTGTGCGA . AACC.GGCGGTCT. . TGCGACCTGGCTGTGTTC .CTTTG.C.AGAARAC. ..
A.~. .TCTTA......=—. .. —..GCTGTGCGATCACC.GTCGGTCTCTCGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC . . .
A.N..TCTTA......=—...-..GCTGTGCGATCACC.GTCGGTCTCTCGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. v+ ovs o ... .CARCG
A.-..TCTTA... - . .GCTGTGCGATCACC .GTCGGTCTCTCGCGACCTGACTGTGTTCTCTTTGACGAGA .AAC . ..
A.C..TCTTA... -+ .GCTGTGCGATCACC . GTCGGTCTCTCGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. ..
A.~-..TCTTA... e e+ . GCTGTGCGATCACC. GTCGGTCTCTCGCGACCTGACTGTGITCTCTTTGACGAGA.AAC. v 20 vv s s .. - .CARCG
C.-..TCTTA......-—C..~-..GCTGTGCGATCACC.GTCGGTCT. . CGCCGACCTGACTGTGTTCCCTTTGACAAGA . AACTTGACTAGAATCCGATG
C.-..TCTTA......-—C..~..GCTGTGC.ATCACC.GTCGGTCT. . CGCGACCTGACTGTGTTCCCTTTGACAAGA . ARCTTGACTAGAATCCGATG
«TCTTA....G.—— -+ .GCTGTGCGATCACC.GTCGGTCT. . CGCGACCTGACTGTGTTCCCTTTGACAAGA . AACTTGACTAGAATCCGACG
C.-..TCTTA....G.-— -. .GCTGTGCGATCACC.GTCGGTCT . . CGCGACCTGACTGTGTTCCCTTTGACAAGA . AACTTGACTAGAATCCGACG
C.-..TCTTA....G.-—...=. .GCTGTGCGATCACC.GTCGGTCT. . CGCGACCTGACTGTGTTCCCTTTGACAAGA . AACTTGACTAGAATCCGACG

ve==...=. .GCTGTGCGATCACC.GTCGGTCT . . CGCGACCTGACTGTGTTCTCTTTGACGAGA.ARC. ... ..., ....CAAC.
»GCTGTGCGATCACC.GTCGGTCT. . CGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. .
«GCTGTGCGATCACC.GTCGGTCT . . CGCGACCTGACTGTGTTCTCTTTGACGAGA . AAC. .
- GCTGTGCGATCACC . GTCGGTCT . . CGCGACCTGACCGTGTTCTCTTTGACGAGAR .AAC. .
» GCTGTGNGATCACC. GTCGGGCT . . NGCGACCTGNCTGNGTTCTNTTNNANNANA . ANC .. .
»GCTGTGCGATCACC.GTCGGTCT . . CGCGACCTGACTGTGTTCTCTTTGACGAGA.AAC. .

C.T.CGC....C.TTCTCC.G.GGCCTCTAACCCTCCGACTTCTTTACNGARAGTCCCGGGGGCGAGCCCGGACCAAGAATCTGATCTCCATACGTTGCGA
C.T.CGC....C.TTCTCC.G.GGCCTCTAACCCTCCGACTTCTTTACCGAAGTCCCGGGGGCGAGCCCGGACCAAGRATCTGATCTCCATACGTTGCGA
C.T.CGC....C.TTCTCC.G.GGCCTCTAACC. TNCGACTTCTTTACC?2222222222222222222222222222222222222222222222222?2
C.T.CGC....C.TTCTCC.G.GGCCTCTAACC . TCCGACTTCTTTACCGAAGTCCCGGGGGCGAGCCCGEGACCAAGAATCTGATCTCCATACGTTGCGA
C.T.CGC....C.TTCTCC.G.GGCCTCTAACCCTCCGACTTCTTTACCGAAGTCCCGGGGGCGAGCCCGGACCAAGAATCTGATCTCCATACGTTGCGA
C.T.CGC....C.TTCTCC.G.GGCCTCTAACCCTCCGACTTCTTTACCGAAGTCCCGGGGGCGAGCCCGGACCAAGAATCTGATCTCCATACGTTGCGA
C.T.CGC....C.TTCTCC.G.GGCCTCTAACC . PCCGACTTCTTTACCGAAGTCCCGGGGGCGAGCCCGGACCAAGAATCTGATCTCCATACGTTGCGA
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3.1: ITS1 alignment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

ordaria flagelliformis
EMa A 398
EMa HP 598
EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile

EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland
tomentosoides deformans Bretagne
aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

EXal CC 1000

EUpi W 498

EEck Kari 59%
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded
FddekkkkkkkkkkkhkhhhdkkkdhhhhdhdhhhkdddkkhddddbhhhhAkdbdhhhdbdkhhhkhkhhkhAaddhhdhdbhkdhkkhddbhhhhhhdbhdhhddhbdhhhkhhhk

Tk dkkkkhde e dedk ok ko ko k kb ok ko k ko kk ok kK k sk dedok ok ko gk ko deded ke kR Ak kk ok kkkkkkk kkkkkhkhhhd kX

888888888888888868883888888888888888888888888888888885888888888888888888885888888688883888888858888888889
0000000001111111111222222222233333333334444444444555555555566666666667777777777888888888899999999990
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890

CTAGCCGTGT CATGTTCAACGGGCCCTTTCATTCTTTACGCAGGTACGGCGGTCCCGTCTTCGGTGGCGGGTGGCCAGAGCACCGATT. - . GGTGTACG
CTAGCCGNNNNNNNNNNCAACGGGCCCTTTCATTCTTTACGCAGGTACAGCGGTCCCGTCTTGGTTGGCGGGTCGGCCAGAGCACCGATTCGCGGTGTACG
CTAGCCGTGT.CATGT TCAACGGGCCC s t e s s e s eseaoasasvanumessanosnersnssessenaacesnnanassnannosssesassonsossonss
CTAGCCGTGT.CATGTTCAACGGGCC . it e nntnenaanans
CTAGCCGTGT .CATGTTCAACGGGCCC. v v vt ttineccennnnnns

ke E e R A A A A N kA ke N A A A e N N A A A A A A N Y]

........ ?222222222222222222222222222222222272 2222222

CTAGCCGTGT. ..

CTAGCCGTGT... .
CTAGCCGTGT....
CTAGCCGTGT.ev v v v vsn
CTAGCCGTGG.eeerenvrs

CTAGCCGTGTTTATGTTCAACGGGCCCTTTCTTTCTTTACGCAGGTAC. .«
CTAGCCGTGTTTATGTTCAACGGGCCCTTTCTTTCTTTACGCAGGTAC. .«
CTRAGCCGTG. -ttt seesvorranssssssssrenassnssnsans

CGCCGACTTCTTCACCNAAGGCGGCGGGGCGCGTTCGGAGCAGGCCTGAGACGGACCGAGTGGGCGTTTGCGACGGCCGAGTAGAGCTCTGCGGCAGGGG
CGCCGACTTCTTCACCGAAGGCGGCGGGGCGCGTTCGGAGCAGCCCTGAGACGGACCGAGTGGGCGTTTGCGACGGCCGAGTAGAGCTCTGCGGCAGGGG

CGCCGACTTCTTCACCGAAGGCGGCGGGGCGCGTTCGGAGCAGGCCTGAGACGGACCGAGTGGGCGTTTGCGACGGCCGAGTAGAGCTCTGCGGCAGGGG
CGCCGACTTCTTCACCGAAGGCGGCGGGGCGCGTTCGGAGCAGGCCTGAGACGGACCGAGTGGGCGTTTGCGACGGCCGAGTAGAGCTCTGCGGCAGGGG
CGCCGACTTCTTCACCGAAGGCGGCGGGGCGCGTTCGGAGCAGGCCTGAGACGGACCGAGTGGGCGTTTGCGACGGCCGAGTAGAGC TCTGCGGCAGGGG
CGCCGACTTCTTCACCGAAGGCGGCGGGGCGCGTTCGGAGCAGGCCTGAGACGGACCGAGTGGGCGTTTGCGACGGCCGAGTAGAGCTCTGCGGCAGGGG
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D 3.1: ITS1 alignment (continued)

all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

Chordaria flagelliformis

WO WUBWNH

28
29

EMa
EMa
EMa
EMa
EMa
EMa

A 398
HP 598
H 499
SP 598
WW 599
HI 1099

EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile
EMa PB 697

EMa BB 1097

EMa

CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland

tomentosoides deformans Bretagne

aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

EKal cC 1000

EUpi W 498

EEck Kari 599
Microspongium tenuissimum
27 EPa OW 599
Microspongium radians
Microspongium alariae
ELes OW 599

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded
LR RS R R E R RS s R R RS T x )

FAK KK AR AT AR A AR R R AT AT AT A T AT Ak kA hk kA Ak kA Ak kA Ak ok k ko kkkkkd ok sk kdkdhhhkdok ko k ko ok dkkkk hkdd ok k ks

hkde Ak h kA b bk dhhkkkhkhdkdkhkhdbhkhkkhkhk &
9999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999990
00000000011111111112222222222333333333344444444445555555555666666666677777777778888888888999995999990
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/ L'colax2 (F) /

ceseccarasescnrrsantnnsnaanseess s GGCGTGCATCTGCTAGGCAGG. . TACTAAGG. . .AAGTAACGTCTTACAGTATTGTACTGTGCGATC
« « GGCGTGCATCTGCTAGGCAGG. . TACTRAAGG. . . AAGTAACGTCTTACAGTATTGTACTGTGCGATC
« . GGCGTGCATCTGCTAGGCAGG. . TACTAAGG. . . AAGTAACGTCTTACAGTATTGTACTGTGCGATC
cetrecearstresnscensan . GGCGTGCATCTGCTAGGCAGG. . TACTAAGG. . . AAGTAACGTCTTACAGTATTGTACTGTGCGATC
it recseecasenseenasns s GGCGTGCGTCTGCTAGGCAGG. . TACTAAGG. . . AAGTAARCGTCTTACAGTATTGTACTGTGCGATC
cessesensesaasroscesss  NGNGTGCATNTGNTAGGCAGG. . TACTAAGG. . . AAGTAANGTCTTNCAGTATTGTCCNGNGCNNTC

..GGCGTGCATCTGCTAGGCAGG..TACTAAGGAGGAAGTAACGTCTTACAGTATTGTACTGTGCGATC
cetcersrsacccnnanaansnrsasnsesn..GGCCTGCATCTGCTAGGCAGG. . TACTAAGG. . . AAGTAACGTCTTACAGTATTGTACTGTGCGATC
. . TACCTGTTATATCAGCAGAARGGGAACGGAGGGCGTGCATCTGCTAGGCAGG. . TACTAAGG. . . AAGTAACGTCTTACAGTATTGTACTGTGCGATC
« . TACNTGTTATATCAGCAGAAAGGGAACGGAGGGCGTGCATCTGCTAGGCAGG. . TACTAAGG. . . AAGTAACGTCTTACAGTATTGTACTGTGCGATC

?22722227272?2°?

CGTACCTG. TATATCAGAAGAAAGGGAACGGAGGGCGTACATCTGCTAGGCAGGTATACTAAGG. . - AAGTAACGTCTTACAGTATTGTGCTGTGCGATC
CGTACCTGCTATATCAGRAGAAAGGGAACGGAGGGCGTACATCTGCTAGGCAGGTATACTAAGG. - - AAGTAACGTCTTACAGTATTGTGCTGTGCGATC
tesassesssesctcacsranannssannessnnsesssCATCTGCTAGGCAGG. . TACTGAGG. - . AAGTAACGTCTTACAGCATTGTGCTGTGCGATC
cecsiseesscssracsssaansssensessnseesss s CATCTGCTAGGCAGG. . TACTGAGG. . . AAGTARCGTCTTACAGCATTGTGCTGTGCGATC
ceecassescnnnseressasnrasrnsescanssasss CATCTGCTAGGCAGG. . TACTGAGG. . . AAGTAARCGTCTTACAGCATTGTGCTGTGCGATC

TCTCCAGAAATATCATTCGTCCAGGACGGTTGAACTACCCCGTTGGGTTACCCGAGTGTTT...
ATCTCCAGAAATATCATTCGTCCAGGACGGTTGAACTACCCCGTTGGGTTACCCGAGTGTTT. - -

ATCTCCAGAAATATCATTCGTCCAGGACGGTTGAACTACCCCGTTGGGTTACCCGAGTGTTT.........
ATCTCCAGAAATATCATTCGTCCAGGACGGTTGAACTACCCCGTTGCGTTACCCGAGTGTTT e v v v v v a s s
ATCTCCAGAAATATCATTCGTCCAGGACGGTTGAACTACCCCGTTGEGTTACCCGAGTETT T . c v v v evencrnrsoacacnnne
ATCTCCAGARATATCATTCGTCCAGGACGGTTGAACTACCCCGTTGGGTTACCCGAGTGTTT . v v v v v ee v
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3.1: ITS1 alignment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

Chordaria flagelliformis

HEHEWO®OIOU B WN =

Mi
27
Mi
Mi
28
29
30
31
32
33
34

EMa A 398

EMa HP 598

EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599

EBck Waki 1000

EEck OTs 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile
EMa PB 697

EMa BB 10897

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland
tomentosoides deformans Bretagne
aecidioides Riel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

EKal cC 1000

EUpi W 498

EEck Kari 599
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded
Kk kk kA Ak ko kAR kAR AR AR A AR R AR A Ak A A A Ak h ke kk ok ko h ok ok kb k ok ok h ok hhkh ok hkh ok kb hkhh ke hkkkhkkhkkkkhkded sk

ek ok ok ok ek kst R R R K Rk ke k ket ko ok ok ok kR R R R Rk ek ek K Rk Ak KRR KR AR ARk KR ARk h ok ko kK Rk Rk Kk
ek ek ok ok ok ke gk e K R Rk R ek ke R e ok e K Kk kR R R R R R ARk R R KRRk kKRR E AR AR AR AR AR I F AR I AR R AR R T kKX
11111111111111111331211111111231111211121123111111111111211133323113112111113121112333111111111111111111
0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000001
0000000001111111111222222222233333333334444444444555555555566666666667777777777888888888899999999990
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890

. AGCGGTTGGTTGCGTGGGGGTCGTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
« AGCGGTTGGTTGCGTGGGGGTCGTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
GATCACGGCG.CGGAGTCTC. .CTTC. .. . .AGCGGTTGGTTGCGTGGGGGTCGTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
GATCACGGCG.CGGAGTCTC. .CTTC. .. . . AGCGGTTGGTTGCGTGGGGETCGTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
GATCACGGCG.CGGAGTCTCTCCTTC. . . . . AGCGGTTGGTTGCGTGGGGGTCCTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
NATCNCGGCN.NGNAGTCTC. .CTTC. .. ..AGCGGTTGGTTGCGTGNNGNTCGNTGATCGNTAGGATTGCCTGCNNCAGCGTCTCCCTCGNGTGATCNA
GACCACGGCG.CGGAGTCTC. .CTTC. .. . .AGCGGTTCCTTGCGTGGGGGTCGTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA

GATCACGGCG.CGGAGTCTC. .CTTC. .
GATCACGGCG.CGGAGTCTC. .CTTC. .

GATCACGGCG.CGGAGTCTCTCCTTC. . . . . AGCGGTTGGTTGCGTGGGEGTCGTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
GATCACGGCG.CGGAGTCTC. .CTTC. . . . .AGCGGTTGGTTGCGTGGGGETCGTTGATCGT TAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
GATCACGGCG.CGGAGTCTC. .CTTC. .. ..AGCG. TTGGTTGCNTGGGNNTCGTCGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
GATCACGGCG.CGGAGTCTC. .CTTC. .. ..AGCGGTTGCTTGCGTGGGGGTCGTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA

GATCACNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
GATCACGGCG.CGGAGTCT. . . CCTCCAGCTAGG. .. ...TAGCGTGGGGGTCGTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATTGA
GATCACGGCGACGGAGTCT. . . CTTCCATCCAGCGGT . CGTTGCGTGGGGGTCGTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
GATCACGGCG.CGGAGTCT. . . CTTCCATCCAGCGGTCGGTTGCGTGGGGGTCGTTGATCGTTAGGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
GATCACGGCG.CGGAGTCT. . . CTTCCATCCAGCGGTCGGTTGCGTGGGEGTCGTTGATCGTTAGEGATCGACTGCCCCAGCGTCTCCCTCGGCTGATCGA
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3.1: ITS1 alignment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

Chordaria flagelliformis

WO W

26
Mi
27
Mi
Mi
28
29
30
31
32
33
34

EMa A 398
EMa HP 598
EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile
EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland
tomentosoides deformans Bretagne
aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

EKal CC 1000

EUpi W 498

EEck Rari 599
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded
kkkkkhkhhkhrhhhhhhhkhhhhkhh bk kb hkkhkk bk ok khhhhhhkhhhhhhh ok kkr ke kkkkhhhhhhkh kb dhhkkkkkkkkkkkkk ke kkkk ks k &

Hkk Ak kkkk kR Rk kAR E R KA AR ARk kkkk ko ko ke ke hkkkk ok kR ok ko ke kk ok ok hk ko k kA Ak kk ARk kh ke khk ok Ak kk ok ko kkkokk ok
Hk kR R Rk kR AR KAk kAR ARk Ak kk ok k ko h ke k ko ko kAR AR AR hk ok ok ks dekdk ko kb kk ok kk ko khhk ok k ok ok kkkk kk ko ko kk &
111111111111111131311111111311111111111111111211111111213311111112311121113111111111111111111111111111111
111111111111121223211111311111111111111111111312111133111211111112111133133113112131112112111331111111111112
0000000001111111111222222222233333333334444444444555555555566666666667777777777888888888899999999990
12345678901234567890123456785901234567890123456789012345678901234567890123456789012345678901234567890

GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGARACCATCAATCTACCTGC. « . TA. TAGTGGCTCGGCTGGCCGCGCTCGGARAGAAGAA .GCA. ... .
GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGAAACCATCAATCTACCTGC. . . TA. TAGTGGCTCGGCTGGCCGCGCTCCGGAAAGAAGAA .GCA.,
GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGAAACCATCAATCTACCTGC. . . TA. TAGTGGCTCGGCTGGCCGCGCTCGGAAAGAAGRA .GCA. .
GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGAAACCATCAATCTACCTGC. . . TA. TAGTGGCTCGGCTGGCCGCGCTCGGAAAGAAGAA .GCA. .
GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGARACCATCAATCTACCTGC. « - . . . TAGTGGCTCGGCTGGCCGCGCTCGGAAAGAAGAA.GCA. .
NAGACCGGGCTGTGCGCGTTNTCTNTGNCNNGNANCCANCNNTCTACNNGC. . . . . . TAGTGGNTCGGCNGTCCGNGNTNNGAAACAANAA . NCA.
GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGAAACCATCARTCTACCTGC. -

- TAGTGGCTCGGCTGGCCGCGCTCGGARAGARGAR .GCA. .

A S R A R A R A R R AR S R A R A S S F A A A I S S R A R A R R AR R A A A A RS A A S R A A R A R R A R R R A L S

GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGARACCATCAATCTACCTGC .
GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGARRCCATCAATCTACCTGC. «
GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGAAACCATCAATCTACCTAC. « » TAGTGGCTCGGCTGGCCG. . CTCGGAAAGAAGAAGGCA . . . .
GAGACCGGGCTGTGCGCGTTCACTT TGACGGGAAACCATCAATCTACCTAC. .« . TAGTGGCTCGGCTGGCCGCGCTCGGAAAGAAGAA.GCA. . ..\
sessesssessassessertctattensasntseessearsesvrasssreseensesss TAGTGGCTCGGCTGGCCGCGCTCGGARAGAAGAA .GCAGARAGA
sreesesesecaccttsettsnssseatssaccannssrossnseesssas TAGTGGCTCGGCTGGCCGCGCTCCGARAAGAAGAR . GCAGAAGA
« TAGTGGCTCGGCTGGCCGCGCTCGGAAAGARGAAGGCAGAAGA

» « TAGTGGCTCGGCTGGCCGCGCTCGGAAAGAAGRA.GCA. . .. .-
+« TAGTGGCTCGGCTGGCCGCGCTCGGAAAGAAGAA.GCA . ... .

?? P2P2227229222222222222222°9°22222229°22922222°2

.. B » + + CTCGGCTGGCCGCGCTCGGARAGAAGAA.GCG. .. .

ceeseceas cecrstnseeanass CTCGGCTGGCCGCGCTCGGAARGARGAA.GCGven s

R R T tessasneceansss CTCGGCTGGCCGCGCTCGGARAAGAAGAA.GCA. ...
ceerrsesaaeenann neseessrssertessecnesrrarecneassnsnnnneenssns  CTCGGCTGGCCGCGCTCGGARAAGAAGAA.GCA.. ...
eeeessauineeuansseneansstsssasatearanrascasnsssanoranensnassss CTCGGCTTGCCGCGCTCGGAAAGAATAA.GCA. ...

NNNNNNNNNNNNNNNGAGTTCTCTT .GACGG.AA . CCATCAATCTACCTAC. . CTACTAGTGGCTCGGCTGGCCG. . CTCGGAAGCTTG. . . GGAGAA. .
GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGAAACCATCAATCTACCTAC . . CTACTAGTGGCTCGGCTGGCCG. . CTCGGAAGCTTG. . . GCAGAA. .
GAGACCGG. . TGTG.GCGTTCTCTTTGACGGGAACCCAT. . . TGTACCTAC. . . TACTAGTGGCTCGGCTGGCCG. . CTCGGAAGCTTG. . .GCAGAA., .
GAGACCGGGCTGTGCGGGTTCTCTTTGACGGGAACCCAT. . . TGTACCTACTACTACTAGTGGCTCGGCTGGCCG. . CTCGGAAGCTTG. . .GCAGAA. .
GAGACCGGGCTGTGCGCGTTCTCTTTGACGGGAACCCAT. . . TGTACCTAC. . . TACTAGTGGCTCGGCTGGCCG. . CTCGGAAGCTTG. . .GCAGRA. .

PPP279222°2222°22727°?
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3.1: ITS1 alignment {(continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

Chordaria flagelliformis

O WU W N e

Mi
27
Mi
Mi
28
29
30
31
32
33
34

EMa A 398
EMa HP 598
EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile
EMa PB 6%7

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland
tomentosoides deformans Bretagne
aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

ERal CC 1000

EUpi W 498

EEck Kari 599
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded
hkkkdkdekkkdkkkkkhkkhhhkhdhhkhhhhdhddbhhhrAddbkhkkhhkkkkdhhhhxk

dkkkkkhkhkkkk ke ok hkhhhkdkhkdkk ke k ke kkkkhh ke kA kkkkkkk
hokkhk ok kA Ak kkkkkk Ak kk ke hk ok ok ko k ok dek kR kR bk khhhdkkk ok ke kk kk ok

1111111111111113111111111121221311111111111111113113111111111311113111111131111211111121121121113111111111
2222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222223
0000000001111111111222222222233333333334444444444555555555566666666667777777777888888888899999999390
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890

——--CGATGAACCCCGTGAAAGA-AT-TGCGTTATGCGATGTCGGGC

. . GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA.
. .GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAR.GA.
. .GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA. GA.
. « GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA.,
« « GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA. .. .
. . GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA. .. .«

2222 2R PP R PR PR PR 2P 2R222222222°222220222272°2°27222222°22
- -GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA. ...
- - GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA..
+ +GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA -
- « GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA .
GCGAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA. . . .
GCGAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA. . . .
GCGAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA. ...

..GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA.
« . GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA .
. . GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA. ...
. .GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAA.GA. ...
« . GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTCGTAATATGGAR.GA. . .«
- - GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTTGTAATATGGAA.GA..
- - GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTTGTAATATGGAA.GA

- + GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTTGTAATATGGAA.GA .. .
+GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTTGTAATATGGAA.GA.
. - GAAGAGAGAAGGCGGAGTACCGAGGACGAACCCGGAATGGCTATTTGTAACATGGAA. . GA.

<. .BAGA.....
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D 3.1: ITS1 alignment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:

Xiphophorocolax clade:

Chordaria flagelliformis
EMa A 398
EMa HP 598
EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599
EEck Waki 1000
EEck OTS 1199
eckloniae south Africa
. eckloniae Antarctica
11 EMa A 1097
12 EMa QP 797
L. macrocystis Chile
13 EMa PB 697
14 EMa BB 1097
15 EMa CH 598
16 EMa W 398
17 EMa OW 599
18 EMa WR 400
L. tomentosoides Helgoland

HE VDI U S WN e
o

L. tomentosoides deformans Bretagne

L. aecidioides Kiel
L. aecidioides Maine
L. aecidioides Bretagne
19 EPa A 1097

20 EPa Riv 999

21 EPa BB 499

22 EPa BS 1000

23 EGra BB 298

24 EKal cCC 1000

25 EUpi W 498

26 EEck Kari 599
Microspongium tenuissimum
27 EPa OW 599
Microspongium radians
Microspongium alariae
28 ELes OW 599

29 ELes Wk 599

30 EXi BB 1197

31 EXi BB 899

32 EMu Wk 599

33 EDPan BB 499

34 EDwil BB 800

positions excluded
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3.1: ITS1 allgnment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:
Xiphophorocolax clade:

ordaria flagelliformis
EMa A 398
EMa HP 598
EMa H 499
EMa SP 598
EMa WW 599
EMa HI 1099
EEck W 398
EEck DS 599
EEck Waki 1000

EEck OTS 1199
eckloniae South Africa
eckloniae Antarctica
EMa A 1097

EMa QP 797
macrocystis Chile

EMa PB 697

EMa BB 1097

EMa CH 598

EMa W 398

EMa OW 599

EMa WR 400
tomentosoides Helgoland
tomentoscoides deformans Bretagne
aecidioides Kiel
aecidioides Maine
aecidioides Bretagne
EPa A 1097

EPa Riv 999

EPa BB 499

EPa BS 1000

EGra BB 298

EKal CC 1000

EUpi W 498

EEck Rari 599
crospongium tenuissimum
EPa OW 599
crospongium radians
crospongium alariae
ELes OW 599

ELes Wk 599

EXi BB 1197

EXi BB 899

EMu Wk 599

EDan BB 499

EDwil BB 800

positions excluded
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D 3.1: ITS1 alignment (continued)
all endophytes:
Laminariocolax clade:
Microspongium clade:

Xiphophorocolax clade:

Chordaria flagelliformis
EMa A 398

EMa HP 598

EMa H 499

EMa SP 598

EMa WW 599

EMa HI 1099

EEck W 398

EEck DS 599

EEck Waki 1000

10 EEck 0TS 1199

L. eckloniae South Africa
L. eckloniae Antarctica
11 EMa A 1097

12 EMa QP 797

L. macrocystis Chile

13 EMa PB 697

14 EMa BB 1097

15 EMa CH 598

16 EMa W 398

17 EMa OW 599

18 EMa WR 400

L. tomentosoides Helgoland

0N WN

w

L. tomentosocides deformans Bretagne

L. aecidicides Kiel
L. aecidioides Maine
L. aecidioides Bretagne
19 EPa A 1097

20 EPa Riv 999

21 EPa BB 499

22 EPa BS 1000

23 EGra BB 298

24 ERal CC 1000

25 EUpi W 498

26 EEck Kari 599
Microspongium tenuissimum
27 EPa OW 599
Microspongium radians
Microspongium alariae
28 ELes OW 599

29 ELes Wk 599

30 EXi BB 1197

31 EXi BB 899

32 EMu Wk 599

33 EDan BB 499

34 EDwil BB 800

positions excluded
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D 3.2: 18S alignment
positions excluded:

Tribonema aequale
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Punctaria sp.

Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Sporochnus pedunculatus
Haplospora globosa
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
Cutleria multifida
Ascophyllum nodosum
Durvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Dictyota dichotoma

Taonia atomaria
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GTGCATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGTTAACGAACGAGACCCCCGCCTGCTARATAGCTCCCCGCACGCATTTGCGTG
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D 3.2: 18S alignment (continued)
positions excluded:

Tribonema aequale
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Punctaria sp.

Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Sporochnus pedunculatus
Haplospora globosa
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
Cutleria multifida
Ascophyllum nodosum
Durvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Dictyota dichotoma

Taonia atomaria
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ACGGGCGGCGCTTCTTAGAGGGACTTTCAGTGAT TAACTGAAGGAAGTTGGGGGCAATAACAGGTCTGTGATGCCCTTAGATG-TCCTGGGCCGCACGCG
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D 3.2: 18S alignment (continued)
positions excluded:

Tribonema aequale
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Punctaria sp.

Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Sporochnus pedunculatus
Haplospora globosa
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
Cutleria multifida
Ascophyllum nodosum
burvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Dictyota dichotoma

Taonia atomaria
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CGCTACACTGACACCTGCAACGAG~-CGT-~-AGAACCTTGGCCGAGAGGCCCGGGTAATCTTTTG~AACGGGTGTCGTGATAGGGACAGATTATTGCAAT
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D 3.2: 18S alignment (continued)
positions excluded:

Tribonema aequale
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Punctaria sp.

Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Sporochnus pedunculatus
Haplospora globosa
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
Cutleria multifida
Ascophyllum nodosum
Durvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Dictyota dichotoma

Taonia atomaria
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TATTAATCTCGAACGAGGAATTCCTAGTAAACGCGAATCATCAGTTCGCATTGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCACCTACCGATT
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D 3.2: 18S alignment (continued)
positions excluded:

Tribonema aequale
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Punctaria sp.

Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Sporochnus pedunculatus
Haplospora globosa
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
Cutleria multifida
Ascophyllum nodosum
Durvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Dictyota dichotoma

Taonia atomaria
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GAATGATTCGGTGAAGATTCGGGACCGTGCC~—AGCTCCGTTCACGCGGCGCT-GGC-GTGGGAACTTGTCTGAACCTCATCATTTAGAGGAAGGTGAAG

veeeCeivenneenaG....C...TTC..TA.

FRPIIE o DU ¢ SE C...TTCC.TA..GCT.A..C.TTGCG.CGTT.TTTAT.ARA...G..A..CA....

ceeCieineeee.G,..CTC. .. TTT. . TT.
[ G.....C...TTCC.TA.
ceseCuviaiaG...CTC, .. TTT. .TT.
ceeresranssessGaal..C. . TTCC.TA.

Tl .Ga
.T...G..
.Ta..G.
LToe.Ga
ereaaGa.
[ € PN
.G..
..... TeeeeeossssnsaaCanannnsGe.
veerseaaCiu .G..
......... eesssCaun .G..
.......... PPN o N
....... «.C.....ACAA..
seananas Covennnnn T..
............ C....T.GAA..

.GCT.A..C.TTACG.CGTT.TTTAC.AAA.. .

.=...TACG.TCACG.CGTT.TC.AC.A.A...
.GCT.A..C.TCACG.CGTT.TTTAC.AAA...
.TTT.A..C.TCACG.CGTT.CA.AC.A.A...
.GCT.A..C.TCACG.CGTT.TTTAT.ARA...
.GT.AT..C.TCACG.CG.TCTT.AC.......
«.TGATT.C.TT..G.CGA.GTT.TT-C.. ...
.TCGCGT.C.TCACG.CGCTCTT+.Civ v vns
.TPCGCGT.C.TCACG.CGCTCCT..Cov v vn
-.TCGCGT.C.TCACG.CGCNCCT..C.......
-TCGCG..C.TCACG.CGCTCCT..C.ucnnn ™
.TCGCG..C.TTACG.CGCTCTT..C.......
.TTGCG..C.TCACG.CGCTCTT..C.......
.TTGCG..C.TCACG.CGCTCTT..C..uuuu
.TTGCG..C.TCACG.CG.TCTT..C.auaun
.TCGC.G.C.TCACG.CGCTCTT..C.auuun™
.TCGGG..C.TCACG.CGCTCTT. .Cuauveunn
.TCGCG. .C.TCACG.CGCTCTT..Cuauuunn
.TTGCG. .C.TCACG.CGCTCTC..C.Cuu v
-GATCG..C.TCACG.CGCTGTC.TT..vs v
-TTGGG. .C.TCACG.CGCT.G..GGAAA. ...

cecasenaan C......C.A.GCCAGAG..C.TCACG.CGC.CT..TC.......

seeesssesCoil T AL

I o L

T CoveeaenaGa
vesseesaConnan «s.Tu.

«.AGCG. .C.TCACT.CGCTCTC.TC. ... ...
.TTGCG. .C.TCACG.CGCTCT..TC..vauan
.G.GAG..C.TCACG.CGCTCTT..C.vuusu.

.TCGCG..C.TCACG.CGCTCTT..C.evn v
.TCG.G..C.TCACG.CGCTCTT..C.......
.TCG.G..C.TCACG.CGCGCTT..Ceuvuunn
.TCG.G..C.TCACG.CGCGCTC..C...... .
.TCG.G..C.TCACG.CGCGCTT..C.......

.TCG.G..C.TCACG.CGCTCTT..C.euuuan
.TCG.G..C.TCACG.CGT.CT~-..C...
.TTGGGG.C.TCGCG.C...CGC..C.. .
.TCG.G..C.TCACG.CGCTCTT..C.vvuun
.=TGCG..C.TCACG.CGCGCT...C...

. .TAGCG..C.TCACG.CGCTCT...C...... .

G..A..CA. . it eeGirnnnnnnnnnans cean

G.CA..CA....
G..A..CA....
G.CA..CA....
G..A..CA...vtinnnrans

G..A...A...
(€ P
G..A...A...
G..A...A...
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D 3.2: Alignment of the 185 nrDNA gene (continued).
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D 3.3: 26S alignment
positions excluded:

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

Pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Undaria pinnatifida
Sporochnus pedunculatus
Haplospora globosa
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
Cutleria multifida
Ascophyllum nodosum
burvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Verosphacela ebrachia
Dictyota dichotoma

Taonia atomaria
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CTAACCAGGATTCCCCTAGTAACGGCGAGTGAAGCGGGARGAGCCCACGATGGTAATCGATGCGCCCCTGCGG-~CCACCGAATTGTAGTCTGTAGAGGG

TNNNNT..TA...
Te...T..TA....
vee.Teuo..T..TA. ..
..T..TA...

- TGGC-——
» « TGGC———
.« TGGC———

T..T....TA..C.CGGC—~=-...
T...AT..TA...TTG.C--A.AA.
T...AC..TA....C.C.==—-,T.
T....T..TA....TGGC-----T.
T....T..TA....CGCC~=.T.T.
Tess.T..TA....TGGC—
-«..T..TA....TGGC———-...
«eTee..T..AR... . TGGC—==w, ..
T....T..TA....TGGC- .
T....T..TA....TGGC~——-.T.
T....T..TA....TGGC~~—~TT.
eesT..TG....CG.C~
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D 3.3: 26S alignment (continued)
positions excluded:

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon . foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

pPylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearcae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Undaria pinnatifida
Sporochnus pedunculatus
Haplospora globosa
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
cutleria multifida
Ascophyllum nodosum
burvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Verosphacela ebrachia
Dictyota dichotoma

Taonia atomaria
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TCG-TCC-ACTGCGCACCGCCGA~-CTCAAGTCC-C-TTGGAAGAGGGCGCCAGGGAGGGTGACAGCCCCGTCCATGGTTGGCA-~~~-GCGTGT-GCG-GA
GT..A....GC-T.G.GTCGG.G.GCG.....-T........A..A..AT..A....uuv.. . .AT,....T.T.CCCCC..G....-.TCCA.~-..C.T
GT..A....GC-T.GGGACGG.G.GCG.....~T........A..A..AT..A.c.uvvvera AT, ....T.T..CCCCCAC....T.CCCA.~..C.T
GT..A....GC-T.G.G.CGG.G.GCG... .A..A..,AT..A...........AT.....T.T..CCCCCGT....C.TCCA.~..C.T
GT..A....GC-T.G.GACGG.G.GCG... .AT..A.... .AT.....T.T..CCCCCAC....T.TCCA.~..C.T
GA..A....GC-T.GGGACGG.G.GCG... .AT..A. .T.T..CCCCCAC....T.CCCA.~-..C.T
GT..A....GC-T.G.GACGG.G.GCG. .. .AT..A. .T.T..CCCCCGC....TTTCCA.
GT..A....GC-T.GGGACGG.G.GCG... .AT..A. .T.T..CCCCCAC....T.CCCA.
GT..A....GC-T.G.GGCGG.G.GCG. .. AT..A...e00vvse AT.....T.T..CCCCCAC....C.TCCA.
GT..A....GC-T.G.GACGG.G.GCG. .. AT..A..veveerss AT.....T.T..CCCCCAC....T.TCCA.
GT..A....GC-T.GGGACGG.G.GCG. . «.A..A..AT..A. vt e. AT ....T.T. .CCCCTAG....T.CCCA.

GT..A....GC-T.G.G.CGG.G.GCG.. ..A..A..AT. «..AT.....T.T..CCCCCG.....T.TCCA.
GT..A....GC-T.G.GTCGG.G.GCG. . -.A..A..AT. .. .T.T..CC.CCGC...
GT..A....GC-T.GGGACGG.G.GCG. . - +«A..A,.AT. .. .T.T..CCCCCAC...
GT..A....GC-..G.GGCGGAG.GCG. . . +A..A..AT. .o .T.T..CCCCCGC. ..
GT..A....GC-..G.GGTGG.G.G.G.. «+A..A..AT. .o .T.T..CCCCCGC. ..
G...G....GC~-...TG.C.G.G.GCG.. «+A..A..AT. .. .T.T..CCCCAGG. .
G...A....GC-..TGG.CGG.G.GCG. «+A..A..AT. «+.AT.....T.T..CCCCCAC......CGCG.~-..C.T

GA..G....GC~-...GG.CGG.G.GCG.
G...G....GC~...TG.C.G.G.GCG
GA.CG....GC~. .TCGGCGG.G.GCG

e+sA. A, AT..A et JAT. ... . T.T..CCCCCAC......CGTG.-..C.T
..A..A..AT. .T.T..CCCCA.G..
..A..A..AT. .T.C..CCCCCTCC. .
GA..G....GC-..TCGGCGG.G.GCG. ..A..A..AT. .T.T..CCCCCTGATT.T..GCG.
GA..G....GC~..TCGGCGG.G.GCG. . v A..A AT, A veeverea s JAT. ... T.T. .CCCCCTGATT.T. .GCG.
GA..G....GC~..GCAGCGG.G.GCG--...-T.ee.....A..A..AT..A.vccvrrs...AT.....T.T. .CCCCCAG.TT.CT.CCG.
GA..G....GC=. .GCAGCGG.G.GCG. +.A..A..AT..A.cecevess AT ... . T.T. .CCCCCAGCTT.CT.CCG.
GA..G....GC-..GCAGCGG.G.GCG «sA..A..AT..A.vevvvees e AT ... . T.T. .CCCCCAGC. ..CT.CCG.~..C.T
GA..G....GC-..GCGGAGG.G.GCG. ..A..A..AT. .T.T..CCCCCATG...TT..CG.-..C.T

GA..A....GC-..GCGGCGG.G.GCG. ..A..A..AT. .T.T..CCCCCATC...T...CG.-..C.T
GA..A....GC-..GCGGCGG.G.GCG. «.A..A..AT, .T.T..CCCCCTGATT.T...CG.~..C.T
AG..G..C.GC-A.ACGA.GT..TTCG. «-...A..AT. wese.. AT......G.ACACC.TA.....TT..C..~T.C.T

GT..A....GC-..TCGGCGA.G.GCG. ..

.+.A..A..AT..A. - .. +GAT. .CCCCCGC....TT.ACG.~..C.T
AG..A..C.GC-A.ACGA.GT.CTTCG. . -+A..A..AT..A, -«..TG.ACACC.CA.....T...C.,-T.C.T
GTT.G....GC-. .GCGGCGG.G.TCG. .. .+A..A..AT..A. +...T.CG.TCCCCGC....T...TG.-T.C.T
GA..A....GC~G.ATGA.AT.~.GCT... +«+A..A..AT.... +ee4..G6CT..T.T.C....ACCAA.~-G.C.T
GT..G....GC-. .TCGGCGGAG.AA. ... «.A..A..AT..T. +...AT...TCCCCGC...... . ACG.-T.C.T
GT..G....GC-..TTGGCGG.G.GCG. «.A..A..AT..A. «+..T.T..CCCCCG.C...T.T.CG.~..C.T
GA..G....GC-..GCG.TG..G.GCG. .. ..A..A..AT..A. esesT.T..CCCCCA........CCG.-..C.T
GT..G....GC-. .GCGAC.GAG.GCG... ..A..A..AT.GA. ess.T.T. .CCCC.GTT...T..CCG.~-..C.T
GT..G....GC-..GCGAC.GAG.GCG. «.A..A..AT..A.....ve0...AT.....T.T..CCCC.GCC...C..CCG.~..C.T
GA..G....GC-..GTGAC.GAG.GCG. «.+A..A..AT..A. .AT.....T.T..CCCC.GCC...C..CCG.~..C.C
GT..G .GC~..GCG.C.GAG.GCG. -+.A..A..AT.GA, .T.T..CCCC.GCA......CCG.-..C.T
GT..G....GC~..GCGAT.GAG.G.G.. . ..A..A..AT..A. .T.T..CCCC.GT......AGTG.~-..C.T
GA..G....GC-..TTGTC.G.G.GCG... «.A..A..AT..A. .T.T..CCCC.GTATTGTATCAGC.T.C.T
GAT.G....GC-...CGGC.G.G.GGT... «..G.A..AT.GT. .T.G.TCCCC.GC.....TCGCGC. ..C.T
GT..G .GC-...CG.C.G.G.GCG.....~T..-.....A..A..AT..T. W.T.T..CC.C.GT......CG.CG~..C.G
G...G...TGC-.A.CGGC.G.G.GCG.e.o.-Tuevvven A .A..AT..A. .. .0vv. AT, ....T.T..CCCC.GC.....GIC.GT...C.T
GT..G....GC~...TGTC.GCG.GC. «.-TGA......AT.A..AT..A..ccveevee.BTerenn....CCGC.GTACCGATCA.CG-..C.T
GA..G...TGC~-...TGTC.GTG.GC......-TGA......AT.A..AT-.T.....0...T.AT.....T.G..CCGC.GTAT.C.ATCAGC. . .CAG
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D 3.3: 265 alignment (continued)
positions excluded:

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violedora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp-

Pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Undaria pinnatifida
Sporochnus pedunculatus
Haplospora globosa
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
Cutleria multifida
Ascophyllum nodosum
Durvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulen scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Verosphacela ebrachia
Dictyota dichotoma

Taonia atomaria

2222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222223
0000000001111111111222222222233333333334444444444555555555566666666667777777777888888888839999999990
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890

TCGGTCGGGCCTCGACGAGTCGAGTTGCTTGGGATTGCAGCTCARAGCGGGTGGTAAATTCCATCCARGGCTAAATATGGGTGGGAGACCGATAGCGAAC
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D 3.3: 26S alignment (continued)
positions excluded:

Tribonema aequale
Adenocystis utricularis
Ascoseirophila vioclodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

Pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Undaria pinnatifida
Sporochnus pedunculatus
Haplospora globosa
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
cutleria multifida
Ascophyllum nodosum
Durvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
onslowia endophytica
Verosphacela ebrachia
Dictyota dichotoma

Taonia atomaria
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AAGTACCGTGAGGGAAAGATGAAAAGAACTTTGGAAAGAGAGTTAAA~AGTGCTTGAAATTGCTGAAAGGGAACCGAAGGG~AGGCAGTG-CTGGTTCAG
T....CGGTT
T...A.AGTT
T....CGGTT
T...ACAGTT
T...ACAGTT
T...-CGGTT
. . +ACAGTT

ve..CG.TT

- ... CGTC.
....CGTC.
TA...CGTC.
T....CGGT.
T...TCAG.T

.. TCAG.T

.JAC...T

. .ACATCT
« . +ACNTCA
T....CGGCT
T....CGTTT

-.TCA.GT
- ++«CGGTT
.+ « TCGGTT

+.TGC....GCC
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D 3.3: 265 alignment (continued)
positions excluded:

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

Pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearocae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Undaria pinnatifida
Sporochnus pedunculatus
Haplospora globosa
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Seytothamnus australis
Splachnidium rugosum
Cutleria multifida
Ascophyllum nodosum
Durvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Verosphacela ebrachia
Dictyota dichotoma

Taonia atomaria
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D 3.3: 26S alignment (continued)
positions excluded:

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

pPylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Asteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Undaria pinnatifida
Sporochnus pedunculatus
Haplospora globosa
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
cutleria multifida
Ascophyllum nodosum
Durvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
oOnslowia endophytica
Verosphacela ebrachia
Dictyota dichotoma

Taonia atomaria
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-+++CAC.A.C- cereeanaCGLL ..G.C. -
ve++CTT.C.C—- . ..G.C. —-——

esesCTT.A.C- . .+GAC...CGCG.C.GC..
eeeeCCT.CCmueninnnerarnnsanensssCGL.... . AGGG.. ..G.C...CGCGACTG...
eevsCCT.CaCmuvvnnnronernnsenssCaCG.. ... .AGGCG.....T..CG..G....G.C...CGCGACTG...
seeCCT.=.C- ..CC.CGG.....A.GG.....TG.CG..G....G.C...CGCGACTG...
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++++.CGT.T.C- . .ATTCT..TTGGT...A.CG.... . .CGCGA.AGG. . -
sres—aue=.C— . seeesee T, ... TA.GA.... - .CGCGACTG. . . —————————— e ——————
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D 3.3: 265 alignment (continued)
positions excluded:

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
punctaria sp.

pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Aasteronema rhodochortonoides
Alaria esculenta
Laminaria digitata
Macrocystis pyrifera
Undaria pinnatifida
sporochnus pedunculatus
Haplospora globosa
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Phaeurus antarcticus
Scytothamnus australis
Splachnidium rugosum
cutleria multifida
Ascophyllum nodosum
purvillaea antarctica
Fucus vesiculosus
Sargassum muticum
Xiphophora chondrophylla
Notheia anomala

Ascoseira mirabilis
Nemoderma tingitanum
Alethocladus corymbosus
cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria cirrosa
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
onslowia endophytica
Verosphacela ebrachia
Dictyota dichotoma
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D 3.4: rbcL alignment

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

Pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Alaria esculenta
Macrocystis pyrifera
Sporochnus pedunculatus
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Scytothamnus australis
Splachnidium rugosum
Ascophyllum nodosum
Sargassum muticum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria arctica
Sphacelaria caespitula
Sphacelaria californica
Sphacelaria cirrosa
Sphacelaria divaricata
Sphacelaria nana
Sphacelaria plumosa
Sphacelaria plumigera
Sphacelaria racemosa
Sphacelaria radicans
Sphacelaria rigidula
Sphacelaria tribuloides
Sphacelaria yamadae
Sphacella subtilissima
Halopteris filicina 1
Halopteris filicina 2
Stypocaulon durum
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
oOnslowia endophytica
Verosphacela ebrachia
Dictyota cervicornis
Dictyota dichotoma
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AGTAGTATGGACGGATTTATTAACAGCTTGTGATATC TACCGTGCGAAAGCATACCGTGTAGATCCTGTACCTGGTACAACTGATCAATTCTTCGCTTAC
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D 3.4: rbcL alignment (continued)

Tribonema aegquale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

pPylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Alaria esculenta
Macrocystis pyrifera
Sporochnus pedunculatus
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Scytothamnus australis
Splachnidium rugosum
Ascophyllum nodosum
Sargassum muticum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria arctica
Sphacelaria caespitula
Sphacelaria californica
Sphacelaria cirrosa
Sphacelaria divaricata
Sphacelaria nana
Sphacelaria plumosa
Sphacelaria plumigera
Sphacelaria racemosa
Sphacelaria radicans
Sphacelaria rigidula
Sphacelaria tribuloides
Sphacelaria yamadae
Sphacella subtilissima
Halopteris filicina 1
Halopteris filicina 2
Stypocaulon durum
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
onslowia endophytica
Verosphacela ebrachia
Dictyota cervicornis
Dictyota dichotoma
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ATTGCATACCAATGTGAATTATTTGAAGAAGGTTCAATCGCARACTTAACTGCATCTATTATTGGTAACGTTTTCGGCTTCAAAGCTGTTAAAGCGTTAC
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D 3.4: rbcl alignment (continued)

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
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Tilopteris mertensii
Desmarestia aculeata
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Dictyota cervicornis
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D 3.4: rbel alignment (continued)
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D 3.4: rbcL alignment (continued)
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D 3.4: rbcL alignment (continued)

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

Pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Alaria esculenta
Macrocystis pyrifera
Sporochnus pedunculatus
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Seytothamnus australis
Splachnidium rugosum
Ascophyllum nodosum
Sargassum muticum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria arctica
Sphacelaria caespitula
Sphacelaria californica
Sphacelaria cirrosa
Sphacelaria divaricata
Sphacelaria nana
Sphacelaria plumosa
Sphacelaria plumigera
Sphacelaria racemosa
Sphacelaria radicans
Sphacelaria rigidula
Sphacelaria tribuloides
Sphacelaria yamadae
Sphacella subtilissima
Halopteris filicina 1
Halopteris filicina 2
Stypocaulon durum
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Verosphacela ebrachia
Dictyota cervicornis
Dictyota dichotoma
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D 3.4: rbcl alignment (continued)

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

Pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearocae
Asterocladon lobatum
Alaria esculenta
Macrocystis pyrifera
Sporochnus pedunculatus
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Scytothamnus australis
Splachnidium rugosum
Ascophyllum nodosum
Sargassum muticum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria arctica
Sphacelaria caespitula
Sphacelaria californica
Sphacelaria cirrosa
Sphacelaria divaricata
Sphacelaria nana
Sphacelaria plumosa
Sphacelaria plumigera
Sphacelaria racemosa
Sphacelaria radicans
Sphacelaria rigidula
Sphacelaria tribuloides
Sphacelaria yamadae
Sphacella subtilissima
Halopteris filicina 1
Halopteris filicina 2
Stypocaulon durum
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Verosphacela ebrachia
Dictyota cervicornis
Dictyota dichotoma
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D 3.4: rbcL alignment (continued)

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Alaria esculenta
Macrocystis pyrifera
Sporochnus pedunculatus
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Scytothamnus australis
Splachnidium rugosum
Ascophyllum nodosum
Sargassum muticum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria arctica
Sphacelaria caespitula
Sphacelaria californica
Sphacelaria cirrosa
Sphacelaria divaricata
Sphacelaria nana
Sphacelaria plumosa
Sphacelaria plumigera
Sphacelaria racemosa
Sphacelaria radicans
Sphacelaria rigidula
Sphacelaria tribuloides
Sphacelaria yamadae
Sphacella subtilissima
Halopteris filicina 1
Halopteris filicina 2
Stypocaulon durum
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Verosphacela ebrachia
Dictyota cervicornis
Dictyota dichotoma
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GGCTCTTTTACGTAAAACTGTACCAGTAGCTTCTGGTGGTATCCACTGTGGTCAAATGCACCAATTACTTTACTACTTAGGTGATGACGTAGTTCTTCAA
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D 3.4: rbcL alignment (continued)

Tribonema aeguale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosocides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

Pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Alaria esculenta
Macrocystis pyrifera
Sporochnus pedunculatus
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Scytothamnus australis
Splachnidium rugosum
Ascophyllum nodosum
Sargassum muticum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria arctica
Sphacelaria caespitula
Sphacelaria californica
Sphacelaria cirrosa
Sphacelaria divaricata
Sphacelaria nana
Sphacelaria plumosa
Sphacelaria plumigera
Sphacelaria racemosa
Sphacelaria radicans
Sphacelaria rigidula
Sphacelaria tribuloides
Sphacelaria yamadae
Sphacella subtilissima
Halopteris filicina 1
Halopteris filicina 2
Stypocaulon durum
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
onslowia endophytica
Verosphacela ebrachia
Dictyota cervicornis’
Dictyota dichotoma
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D 3.4: rbcL alignment (continued)

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Ectocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

Pylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearoae
Asterocladon lobatum
Alaria esculenta
Macrocystis pyrifera
Sporochnus pedunculatus
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Scytothamnus australis
Splachnidium rugosum
Ascophyllum nodosum
Sargassum muticum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria arctica
Sphacelaria caespitula
Sphacelaria californica
Sphacelaria cirrosa
Sphacelaria divaricata
Sphacelaria nana
Sphacelaria plumosa
Sphacelaria plumigera
Sphacelaria racemosa
Sphacelaria radicans
Sphacelaria rigidula
Sphacelaria tribuloides
Sphacelaria yamadae
Sphacella subtilissima
Halopteris filicina 1
Halopteris filicina 2
Stypocaulon durum
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Verosphacela ebrachia
Dictyota cervicornis
Dictyota dichotoma
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GTGACTACTTAAACGAAGGACCTCAAATCTTACGTGATGCTGCTAAAATGTGTGGACCACTAAARRACAGCATTAGATTTATGGARAGATATTACTTTTGA
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D 3.4: rbclL alignment (continued)

Tribonema aequale
Adenocystis utricularis
Ascoseirophila violodora
Caepidium antarcticum
Chordaria flagelliformis
Dictyosiphon foeniculaceus
Fctocarpus siliculosus
Laminariocolax tomentosoides
Laminarionema elsbetiae
Myrionema strangulans
Punctaria sp.

pPylaiella littoralis
Scytosiphon lomentaria
Xiphophorocolax aotearocae
Asterocladon lobatum
Alaria esculenta
Macrocystis pyrifera
Sporochnus pedunculatus
Tilopteris mertensii
Desmarestia aculeata
Himantothallus grandifolius
Scytothamnus australis
Splachnidium rugosum
Ascophyllum nodosum
Sargassum muticum
Alethocladus corymbosus
Cladostephus spongiosus
Herpodiscus durvillaeae
Sphacelaria arctica
Sphacelaria caespitula
Sphacelaria californica
Sphacelaria cirrosa
Sphacelaria divaricata
Sphacelaria nana
Sphacelaria plumosa
Sphacelaria plumigera
Sphacelaria racemosa
Sphacelaria radicans
Sphacelaria rigidula
Sphacelaria tribuloides
Sphacelaria yamadae
Sphacella subtilissima
Halopteris filicina 1
Halopteris filicina 2
Stypocaulon durum
Stypocaulon scoparium
Syringoderma phinneyi
Choristocarpus tenellus
Onslowia endophytica
Verosphacela ebrachia
Dictyota cervicornis
Dictyota dichotoma
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seeTiv.ALT.. . ALLT. .. +«.C...GT....ACAGAAAGTAGATAA

-« Tev.. A Teo. AT «..T...GT....ACAGAAAGTAGATAA
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e.:Tevee.A..Te. AL Teeenee. T WGT. . . .ACAGAAAGTAGATAA
evreeeen AT, + .ACAGATATGAGATAA
«.Al.... . .ACAGAAAGTAGATAA
«JALLT.. . .ACAGAAAGTAGATAA
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-ACTGAAAGTAACTAA
.ACTGAAAGCAATTAA
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JALLT. .. .ACTGAAAGTAACTARA
JALLT. .. . .ACTGAABATSSTTAG
AL . .ACTGAAAGTAATTAA
JALLT «GACTGAARAGTAATTAA

+ . ACTGAAAGTAATTAA
. .ACTGAAAGTAACTAA
« .ACTGGAAGTAACTAA
<« .ACTCAAAGTAACTAA
.GT....ACTGGAAGTAACTAA
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P L .T.. +ACAGAAAGTAARTAA

AT AL Te el W T . +ACAGAAAGTAAATAA

Al TeeecAreeeee e Toenne e .C. . ACAGGTAGTRAGTAR
Al ieeeeen e Teel . Ty G.. . WA, . TACARCTAATCCATAR
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D Molecular data

D 4 Distance matrices

The following tables show pairwise distance comparisons of sequences (upper set: Kimura-2-

parameter distances; lower set: absolute distances).

D 4.1 Pigmented endophytes

In the distance matrices presented in Tables D 4.1.1 - D 4.1.4, sequences included in the
respective analyses are set in bold. Distance matrices are numbered as follows:

Table D 4.1.1: TTS1 with adjacent 185-5.8S: All endophytes (partial ITS1)

Table D 4.1.2: ITS1 with adjacent 18S-5.8S: Laminariocolax clade (complete ITS1)

Table D 4.1.3: TTS1 with adjacent 18S-5.8S: Mzcrospongium clade (complete ITST)

Table D 4.1.4: TTS1 with adjacent 185-5.8S: Xiphophorocolax clade (complete ITS1)

Table D 4.1.5: Partial rbcl. (including Xzphophorocolax aotearoae)

Table D 4.1.6: Partial 26S ntDNA (including Xiphophorocolax aotearoae).

D 4.2 Herpodiscus durvillaeae

Distance matrices are numbered as follows:
Table D 4.2.1: Pattial 18S ntDNA
Table D 4.2.2: Partial 26S ntDNA
Table D 4.2.3: Partial 74cL. (Phacophyceace)
Table D 4.2.4: Partial 7bcL. (Sphacelatiales).
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D Molecular data

Table D 4.1.1 7 |z 1 3] a1 sT el 7T 8l 9 [0l nl]ie
e o i
@ =) © o o
@ N 13 o | H
w21 SIS 1S |3l sls |E& |&8 |8
0 e =z - © o e <
g o ¥ o = B4 = 19 <
N < I | I ] = T % PR =
L «© a @ 0®© « u « % i &0 S [
= > s = | = = > fiv] w Cw D [ &
g [m] o - W | o ] o] w w & X Lox
& - T T w © N e = 8813
) 2 . d ) L < 5 . £ 1 «
s | s g ¢ | | ¢ | | ¢ ¢ | |8E|LE
B ] g g | 2 8 2 e legisg|dcs |88
S 5 = ke 5 & = = 82 82  EE | E S
S 2 2 k3 8 2 kS 2 182181381325
1| Chordaria flagelliformis » 0.182 0.182 | 0.184 0.182 | 0.193 | 0.184  0.182 | 0.182 0.182  0.176 = 0.188
2 lisolate no. 1 EMaA3/98 = 0 o | 0 10006 0 | 0 0 o | 0
3 isolate no. 2 EMa HP 5/98 0 0 0 | 0.006 i 0 0 | O 0 0
4 lisolate no. 3 EMa HP 4/99 23 0 0 @ @ 0 0.006 . 0 0 0 0 0
S :isolate no. 4 EMa SP 5/98 53 o 0 0 : - 0.006 ! 0 0o i 0 0 i 0
6 ol no. 5 EMa WW 5/99 24 1 | 0.006 | 0.006 | 0.006 | 0.006 0.012 | 0.006
7 |so|ate no. 6 EMaHI 10/99 23 0 0 0 0.006 ! 0
8 isolate no. 7 EEck W 3/98 9% 0 0 0 0 0.006 0
9 ‘isolate no. 9 EEck Waki 10/00 23 o 0 0 0
1o isolate no. 10 EEck OTS 11/99 23 o 0 . 0
*Laminariocolax eckioniae South :
” Africa ,,22 1 - 1 . ,1V ik 1 % I 1. 07006
121 Laminariocolax eckloniae .
_Antarctica 23 . 0 - 0 o — .O 0 0 = o
13 isolate no. 11 EMaA 10/97 24 1 1 1 1 1 2 1
'|4 |so|ate no. 12 EMa QP 7/97 23 1 1 1 \| 1 2 1
'IS Lamlnanacalax macrocystis Chlle 22 2 2 2 2 2 2 2 1 2
'|6 isolate no. 14 EMa BB 10/97 23 0 o 0 0 0 0 0 0 1 0
17 isolate no. 15 EMa CH 5/98 23 0 0 0 0 0 0 0 0 1 0
18 lsclate no. 16 EMa W 3/98 23 0 ' 0 0 0 | 0 0 0 1 0
19 |solate no. 17 EMa OW 5/99 23 0 ! 0 0 0 | 0 0 0 1 0
20 iisolate no. 18 EMa WR 4/00 23 0 0 0 0 0O : O ; 0 1 0
| Laminariocolax tomentosoides | ST O Sy M- Y R K i o
Helgoland C S . RO SN W OO WL B SO [ N (0. N NG S R
22 Laminariocolax tomentosoides
ssp. deformans Bretagne | 24 | 5. ) T T PO S LS PR N L
23 | Laminariocolax aecidioides Kiel 21 3 3 i 3 3 3 3 2 3
24 Laminariocolax aecidioides Maine 24 5 5 5 5 5 5 4 5
‘w‘:/l.é‘minariot':alax aecidioides . — - . o N i h S R ’ i
'Bretagne 19 3 3 L 3 3 3 3 g 3
26 |lciats ha. 19 EPa.A 10757 20 23 23 23 | 23 | 24 24 | 24 23 | 23 | 21 | 23
27 isolate no. 20 EPaRiv 9/99 21 o5 25 25 25 25 23 25
28 isolate no. 21 EPa BB 4/99 22 26 26 26 26 26 24 26
29 lisolate no. 22 EPa BS 10/00 21 25 i 25 23 25
30 kisolate no. 23 EGra BB 2/98 20 23 423 21 ‘23
31 |isolate no. 24 EKal CC 10/00 20 23 24 24 ‘ K 24 ! 23 23‘ Lk
32 isolate no. 25 EUpl w 4/98 20 23 24 24 ; 24 23 23
33 isolate no. 26 EEck Kari 5/99 20 23 24 24 | 24 23 23‘
34 Mlcmsponglum tenuissimum 20 23 24 24 - 24 23 23 21 23
35 isolate no. 27 EPa OW 5/99 20 17 18 17 17 17 17 | 15 17
36 M'crosponglummﬂﬂns 20 17 18 17 17 17 17 | 15 17
37  Microspongium alariae 22 25 26 26 26 25 25 23 25
38 isolate no. 28 ELes OW 5/99 34 36 36 35 36 37 37 + 37 36 36
39 |olate n0. 29 ELes Wk 5/99 34 36 | 36 35 36 37 37 37 36 36
40 lsolate no. 31 EXiBB 8/99 34 35 35 34 35 36 36 36 36 35
41 iisola‘ttjr?‘n 32 EMu Wk 5/99 | 34 36 ; 36 | 35 36 37 37 | 37 36 36 36 V 36
42 isolate no. 33 EDéj'f? o0 34 | 36 36 | 35 36 37 37 37 | 36 | 36 36 36
43 isolate no. 34 EDwil BB 8/00 28 27 27 | 26 27 28 27 27 1 27 27 28 27
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Table D 4.1.1 (cont.) 13 14 15 16 17 | 18 19 20 | 21 22 23 | 24
e ~ o = © 3 8
3| € |8 | 5 12 » |3 i § §
- H o = =
< | g |8 8 S = g g | 3 o 3 3
@ i = Q @ @ @ © @ i % g c! g g
5 uz_, E E uzJ E 5 uEJ i b ol ﬁ g)\ [ @
- o~ 3 < 0 © ~ ) I8 332 3J 3
— - S - - — — - 38 T XD 3 S
5 s 18 ; ; ; 5 5 88 882 8 8
g | 2 IR 2 2 2 2 2 28 838§ = =
g | o |8 T 9 o 9 o (. EE’Bc Ej® g .
k- 5 [feo &2 5 & 5 5 |EEISEE8S| 8 | EL
8.1 B | 8§51 882 2 8 2 2 13815881 3¢138
1 |Chordaria:flageliformis 1 0.191 | 0.185 0.182 | 0.182 | 0.191 | 0.182 | 0.182 | 0.191 | 0.191 | 0.178 | 0.191
2 |isclateno. 1 EMaA3/98 | 0,006 | 0.006 0 ] ' 0 0 0 | 0.025 0.031 0018 0.030
3 |lsolateno.2 EMaHP5/98 | 0,006 | 0.006 | 0.012 | 0 0 0 0 0 10025 0.031 0018 0030
4 Jidteno.3 eMa P 4/99 | 0.006 | 0.006  0.012 . 0 0 0O ! 0 | 0 0025 0031 0019 0.031
5. [selte 1.4 £ 7 /98 .| 0006 | 0006 0012 0 | 0 | 0 | 0 | 0 | 0025 0031 0018 0.030
6 |isolateno. 5 EMaWWS/99 | 0012 | 0,012 | 0.018 | 0.006 | 0.006 | 0.006 | 0.006 | 0.006 | 0.031 | 0.037 | 0.025 | 0.037
: N i 5;0:‘?9‘? \0-005»; 0013, 0O 0.0 o | o 0.025 0.031 | 0.019 | 0.031
B [saateino.7 EE°'<W3/93 0.006 | 0.006 | 0.012 0 0 0 0 0 | 0025 0.030 0.018 0.030
9 ot o 9}??" waki10/00 | 0.006 | 0.006 | 0.012 0 0 0O . 0 | 0 0025 0031 0018 0030
10 ~i5"?éfé o110 FELKOTS ‘”‘/‘99 | 0.006 | 0.006 | 0.012| 0 o 0 o 0 | 0025 0031 0018 0.030
- Laminariocolax eckloniae South i . ’ bl oy i r §
11 | africa 0.012 | 0.012 | 0.006 ' 0.006 | 0.006 0.006 = 0.006 ' 0.006 | 0.018 ' 0.024  0.012 | 0.025
VZ Laminariocolax eckloniae i Gl i ‘ i G i 1 ) — i i & o
12 | antarctica | 0.006 | 0.006 | 0013 ©0 | © 0 | 0 | 0 10025 0031 0019 0031
13 [soliero. 11 EMaAT0/S7 | 0 10019 0006 0006 0006 0006 0006 0032 0037 0025 0037
14, fleclate no. ‘“M" QF/87 0 0.019 | 0.006 | 0.006 = 0.007 | 0.006 j 0.006 | 0.032 | 0.037 | 0.026 | 0.037
15 Lam'"a""w’""mf“yﬂfsC’"'? 3 3 | 00120012 0013|0012 0012 | 0.019 0031 0012 0032
y ?6 isolate no. 14 EMa BB 10/97 1‘\ 1 ‘2 i 0 ,.0 0 i, 9 i 0.025 | 0_031 i O.Q'IS 0_039
17 ;lso[ate no. 15 EMa CH 5/98 1 1 4.2 1 0o 0 0 | 0025 0_030.; 0.018 | 0.030
"|8 isolate no. 16 EMa W 3/98 - -Lh 1 i 4”2 : i 0 ‘ 0 - : O 0.025 .0_932“; 0.019 Q'032
>19 isolate no. 17 EMa OW 5/99 ~ ‘E‘ -| ,2, 0« ,,.,0 ) ‘0 0‘ 0025 i 0.030 { 0.018 9‘030
0 ;'S°’a“* S e s 1 2 0 0 0 0 0.025 | 0.031 | 0.018  0.030
21 Laminariocolax tomentosoides o i § - B
. Helgoland 4.5 4.5 13 B 4 14 4 0.006 | 0.006 | 0.019
22 Laminariocolax tomentosoides : ¥
—....ssp. deformans Bretagne .5 6. 5 5. 5. 5. S S 1 0.013 | 0.024
2‘3 Lamilfariocola)f aecidioidgs Kiel 4 ) 4 1 2 3 3 3 3 3 ) 1 2 0.013
24 | Laminariocolax aecidioides Maine 6 6 5 5 5 5 5 5 3 4 2
25 Laminariocolax aecidioides o iy % i il ) . B N )
Bretagne 4 4 2 | 3 3 3 3 3 1 1 0 0
25 [Eohte ol 9o e 10/97) 24 | 22 22 | 23 24 23 24 | 23 | 23 | 24 22 24
42}7 Lisola(é no. 20 EPa Riv 9/99 26 24 “24 \ 25 (25 ) ‘2.5 26 25 i - 2‘5‘ 26 24 . 26’
28 scte .21 €725 419 27 | 25 | 25 | 26 | 27 | 26 | 27 | 26 | 26 | 27 | 25 | 27
29 [mcte .22 E7405 1010 26 | 24 | 24 | 25 | 26 | 25 | 26 | 25 | 25 | 26 | 24 | 26
30 [somemozswnms | a4 | 22 | 22 | 2 | 2e | 23 | 20 | 2| @ | 2 | 2 | 2
31 [Bofate ;24 [EKal cc 10/00 24 22 | 22 | 23 24 23 | 24 23 23 | 24 22 | 24
32 lisolate no. gs EUp|W4/98 24 | 22 22 23 24 | 23 24 23 23 2 | 22 24
33 ‘isolate rfo. 26 EEck Kari 5/99 2.4h 22\ 22 ‘ 23 \24 23 24 v 23 23 24 22 24
34 v M'f"’“"’"g‘“'""’""‘”""“'" 24 22 22 23 24 23 24 23 23 | 24 | 22 . 24
35 {isolate no. 27 EPa OW 5/99 VE 18 ‘ 17 16 17 1’7 ’17’ 17 ‘f ]7 16 ‘17 \16 i ’ 1§
36 Merosprgomadars 18 | vz | ove |z vz |z | a7 o1z | 16 | 17 | 16 | 18
37 Microspongium alarie 26 24 24 25 26 25 26 25 25 26 24 26
‘38 lisolate no. 28 ELes OW 5/99 37 36‘ ) 37‘ | 36 37 36’ 37 36 | @y “37 ‘ 37 \39
‘3‘9 |sola!e no. 29 ELes Wk S/Ei? 3{7 3§ 37 36 37 3,6 37 y '36 P 3? N 37‘ 37 39
40 |sola(e no. 31 EX: BB 8/99 3‘6 35 ’37 35 36 ‘ 35 ) 36 35 ‘ 36 36 36 38
41 isoléte !10 32 EMu Wk 5/99 37 364 | 37 36 37 36 37 3’6 ) 37‘ ] 37 37 39
42 isclafe no. 33 EDan BB 4/99ﬂ 37 36 ) 37 36 37 360 ”37 4« i §6 ,,4"37 . 37 N 37 39 \
43 | olate no. 34 EDwi B8 8/00 28 27 29 27 27 27 27 27 28 28 28 30
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Table D 4.1.1 (cont.) 25 26 27 | 28 | 29 30 31 32 | 33 34 | 35 36
o © H (o2
g 518131881 ¢2| g S 1 ¢
3 S| s | § || ] S s E | s
3 =2 o 19} G @ =z %)
3 < 2 2 2 @ |G R g 5 5
> i
3 o |2 | s | 8|8 |% 29 silm ik
kS I ¢ ¢ S s g s | g S ¢ S
£ 0 € < < < € i e = T} e 8_ < 8.
g9 2 2 2 2 2 221 2 2 3 2 3
g ks k- k] & 5 55 & '@ 8 K 8
sl 8 1818 | 8 | 3 182] 8 8515 | 8 | S
1 | Chordaria flageliiformis 0262 | 0.157 | 0.166 | 0.175 | 0.166 | | 0157 | 0.159 | 0.164  0.168
2 [isclataino: 11 EMaA3/98 0.027 | 0.163 1 0.186 | 0.179 | | 0.163 | 0.164 | 0.128 | 0.129
3 |solate no. 2 EMa HP 5/98 0.027 | 0.163 | : 0.1 86  0.179 01 63 in-164 ] 0142’8 0:]2»9'
4 fnsolate no. 3 EMa HP 4/99 0.027 | 0.164 | 0.180 | 0.188 0.180 | 4 | 0]64 i 0.166 | | 0129 | 0.131
‘ 5 isolate no. 4 EMa SP 5/98 0.027 | 0.163 | 0.179 | 0.186 | 0.179 | i 0.1 63 o 164 0.128 | 0.129
6 isolate no. 5 EMa WW 5/99 Q{OZB 0_1 72V | 0.189 ] Q:1 9? 0.1 89 i \0_1 72 0.1 73 ] 01»38h 0140
7 isolate no. GHEMa " 10/99 | 0.027 | 0171 | 0186 EMO-‘.94, 0.186 10171 | 0172 | 0.128 | 0.129
8 |isolate no. 7 EEck W 3/98 0.027 | 0.169 | 0.185 | 0.193 | 0.185 ) | 0.169 | 0-170A.: 0.128 | 0.129
9 |solate no. 9 EEck Waki 10/00 0.027 | 0.163 | 0.179 0.186 | 0.179 163 3| 0.163 0.164 | 0.128 | 0.129
10 lsolate no. 10 EEck OTS 11/99 0.027 | 0.163 0.179 0.186 = 0.179 , 1 0.163 ,O-1§ﬁ 1 0.128 i,0'129.
""" Laminariocolax eckloniae South S el 3 N N i Il [ »
11 africa 0.018 | 0.151 | 0.167 | 0.175 | 0.167 | 10151 1 0153 1 0.115 | 0.116
Laminariocolax eckloniae” i g e
»12 Antarctica 0.027 - 01467 i 0154 . 0.192 011 84, . - 0 167 0. ]69 Q'1 32 o 134\
13 fisolatema 1 EMa A 10/97 0.037 | 0.171 | 0.187 | 0.195  0.187 | ¢ 710171 0172 | 0.136 | 0.138
'|4w isolate no. 12 EMa QP 7/97 | 0038 | 0156 i 0.172 | 0.180 | 0.172 { H 0.156 H 0.157 | 0128 0.130
15 ) Lammanocolaxmacrocystls Chile | 0.019 [ 0.161 | 77 0.185 | 0.177 | 6 | 0.161 0.162 ' 0.124 0.125
16 isolate no. 14 EMa BB 10/97 0.027 | 0.163 1 0.186 | 0.179 .16 0.163 0164~ 0.128 | 0.129
17 isolate no. 15 EMa CH 5/98 0.027 | 0.169 i 0.193 | 0.185 " 0.169 O'I 70 0.128 : 0.129
18‘ {isolate no. 16 EMa W 3/98 0.027 | 0.169 10194 0.186 | O. 0.169 | 0.169 1 0133 1 0.133
19 futem 17 BaWS/s5 | o007 | o169 | 0185 | 0193 | 0185 | 0170 | 0128 0129
20 isolate no. 18 EMa WR 4/00 0.027 | 0.163 ¢ 01]79 1 0.186 0.179 0.163 | 0.164 1‘0.128 i 0 129
" Laminariocolax tomentosoides | o B e | i i S
21 Helgoland 0.008 | 0.168 | 0.185 | 0.193 | 0.185 | 0.168 | 0.168 | 0.169 | 0.124 | 0.124
""" Laminariocolax tomentosoides o : e ——— ;i H 3
22 _'ssp. deformans Bretagne 0008 0'1,?0 0-1846 40-19_4 i 9} 89,},_9" 70 ¢ ok 0170 0'171. @0:1\2,7, £ 01 2.9
23 j\Lraminarfocolaxéecidioides K‘iell ‘0 03]64 0-189 ] 011 584 0180 Q'\1.64 : o:j y64,l,,0'165 0.127 . 0.128
24 | Laminariocolax aecidioides Maine 0 | 0169 0185 0193 0.185 0.169 . 0.169 0.169 | 0.171 | 0.135 | 0.137
2 " Laminariocolax aecidioides . e ) H i i ) SRR ;
2 Bretagne 0.224 | 0.250 ° 0.263 = 0.250 : 0.224 . 0.224 . 0.224 A 0.170 | 0.170
26 lisolate no. 19 EPa A 10/97 20 0.012 : 0.018 | 0.012 0 o | 0 i 0 0 i Q 0
27 (lolateino: 20 EPARVS/9Y 22 [ 2 0.006 | 0 | 0012 0012 0012 0.012 | 0012 | 0013 | 0.013
25 Jsawrott smassuss | 3 | 3 | 1 0006 | 0018 | 0018 | 0018 | 0018 0018 | 0020 | 0.020
29 [moena 22 BaBS10/00 | 22 | 2 | 0 | 1 ... . 0012 0012 0012|0012 0012 0013 0013
30 isolate no. 23 EGra BB 2/98 20 0 2 3 2 | | 0
31 isolate no. 24 EKal CC 10/00 20 0 2 3 2 ; 0
32 L|so|ate no. 25 EUpi W 4/98 20 0 2 3 2 i 0
33 isolate no. 26 EEck Kari 5/99 20 0 2 3 2 0
34 M/crospcnglum tenuissimum 20 0 2 3 2 i 0
35 tso!ate no. 27 EPa OW 5/99 14 0 2 3 2 0
36 Mlcraspong/um mdlans 14 0 2 3
37  Microspongium a/artae 22 6 6 74 6 2
38 isolate no. 28 ELes OW 5/99 33 43 43 44 43 43 43 43 | 43 43 32 1 32
39 4i§olite no. ,2?. ELes Wk 5/99 1 33 ‘ \4/3 ] 43 44 43 43 43 4% V ) 43 = 43. 1 32 32
40 jsomteno st 06m0/95 | 3 | as | a4 | 45 | as | a4 | 44 | as | a4 44 | 33 33
4 fmeroz uwksss | 33 | 43 | a3 | 4 | 3 | a3 | 43 3 w3 4 | 3
2 omeeneommyss | 33 | 3 | 43 a4 | @3 4 @ | @ | @ s w2 | %
43  isolate no. 34 EDwil BB /00 24 31 31 32 31 0 31 . 31 31 31 31 | 3 31
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Table D 4.1.1 (cont.) 37 | 38 39 | 40 | 4 42 | 43
>
g 3
o g 'z z S o A
2 g o @ s | 5 H
s @ & & |2 |8
§ © Lo — I [} ]
H 1N N ™ ™ ™ )
g ¢ g g s | g g
8 < £ < < = <
Bl g, 2] 8 Baile
] RCAR=A s =§ &5
$ /83/85! 38 | 8 185185
1.1 |Ghorddtia flageiirormi 0.299 | 0.299 | 0.297 | 0.299 | 0.299 | 0.250
23 jmoteno 1 EMa 000 $ 0.253 o'.zss‘iuo.24s | 0.253 | 0.254 | 0.211
3 isolate no. 2 EMa HFTE/98 {,,,95253 1 0.253 | 0_245 i 0253 0.2“54 i 9_21 '|
4 [solieros v sy | 0.247 | 0.247 | 0238 0247 | 0.247 0.203
5. " lsohateno. 4 EMa S? s 10253 | 0.253 | 0.245 | 0.253 | 0.254 | 0.211
(6 [lsolateno. 5 EMaWW5/99 | 0,190 | 0.264 | 0.264 | 0.255 | 0.264 | 0.264 | 0223
7 [Jsolteing: 6/EMa tW10/9%50 - | 0.262 | 0.262 | 0.253 | 0.262 | 0.262 | 0.211
81 fieolate,nox7, EECIOW 3/98 0.260 | 0.260 | 0.252 | 0.260 | 0.261 | 0211
9 isolate no. 9 EEck Waki 10/00 0.189 510.253 ‘0:‘253” »0.2‘45‘; 0253 ,0'256,;,0'21 1‘
10 islae no. 10 EEck OTS 11/99 0.180 | 0.253 | 0.253 | 0.245 | 0.253  0.254 | 0.211
" Laminariocolax eckloniae South | T ) | I s
11 africa 0.260 | 0.260 | 0.259 | 0.260 | 0.260 ' 0.227
""" Laminariocolax eckloniae i L X H
12 L ntarctica 0.185 | 0.261 | 0.261 | 0.252 | 0.261 | 0.261 | 0218
L8, e\ EMaA‘°/97 0.188 | 0.262 | 0.262 | 0.253  0.262  0.263  0.221
14 ot no. 12 EMa QP 7/97 Y 0.258 | 0.258 0249 0258 0.259  0.213
15 Lam'"a"“"/“'""f’“”"sCh"e 0178 | 0.272 | 0.272 | 0.272 | 0.272 | 0.272 | 0.239
1@ isolate no. 14 EMa BB10/97 3 0.1’80 | 0.253 jPQ.4253 0.245 »0.253 ;‘01254 L 0.211
‘1 7‘ isolate no. 15 EMa CH 5/98 Q.?GO i 40260 0252 | 0.260 | 0.261 | 0.21 1
18” lholatamo: 16 EMaW3/98h ““““ 7| 0.263 | 0.263 | 0.254 | 0.263 0.26359.221
19 soate no. 17 EMa OW 5/99 | o187 0260 0260 0252 0.260 0.261 | 0.211
201 fisclateinc. 1B, Bt Wff‘f’°9 0.180 | 0.253 | 0.253 | 0.245 | 0.253 | 0.254 | 0.211
"+ Laminariocolax tomentosoides j ! PR S L
21 Helgoland it 0.263 | 0.272 | 0.272 | 0.230
> Laminariocolax tomentosoides e
22 |ssp. deformans Bretagne 0.188 | 0.262 | 0.262 | 0.253 | 0.262 | 0.262 | 0.220
23 | Laminariocolax aecidioides Kiel | 0,181 | 0.279 | 0.279 | 0.270 | 0.279 | 0.279 | 0.237
24, Laminariocla aecidoides Maie 0.186 | 0.281 | 0.281 | 0.272 | 0.281 | 0.282  0.241
= Laminariocolax aecidioides 5 s i ’ A ’
25 |gretagne 0.377 | 0.377 | 0.362 | 0.377 | 0.376 | 0.325
42bfiboateno 19,k AJ0/07 0.330 | 0.330 | 0.339 | 0.330 | 0.330 | 0.268
21, |ibolateing. 20, EPaRiv 9/97 0.037 | 0.329 | 0.329 | 0.339 | 0.329 | 0.330  0.268
28 fisclate o 21 EParBB/99 | 0338 | 0.338 | 0.348  0.338 0339 0.279
297 flecldteino. 22, ERIBS 10/00 0.037 | 0329 | 0.329 | 0.339 | 0.329 | 0.330 | 0.268
30 [fscltere, 23 B BB 298 ] 00870330 0.330 | 0.339 | 0.330 | 0.330 | 0.268
31 isf)late TlO. 2\4 EKal CC 10/00 0037 9'339 9_339 ~0.339 0.330 ‘0_33'9 | 0268
32, Jlsolate 15,25 EUP'W“/% 0.037 | 0330 0330 0.339 | 0.330 0.330 0.268
33 jlsclatelno, 26, EEckkan 5/98 | 0.037 0330 0330 0339 0330 0.330 0.268
34 : Mlcrospongmm tenuissimum ‘01‘037‘ 0:334 i 0334 i Qj344 ‘0_334 i 0.334 \\0.272
35/ fleolatena, 27 EPaOW,5/93 0.013 | 0.263 | 0.263 | 0.274 | 0.263 ' 0.264 | 0.266
36 Mirosporgmradans | 0.013 | 0.269 | 0269 | 0279 | 0.269 | 0.269 | 0272
31 [Microspongium slariae 0.309 | 0.309 | 0.318 | 0.309 | 0.310 | 0.258
38 isolate no. 28 ELes OW 5/99 41 ! 0 0.006 0 | 0.006 0.008
39 isolate no. 29 ELes Wk 5/99 a1 o o ooosf o 1ooos b ooos
40 isolate no. 31 EXl BB 8/99 1 0.006 | 0.011 - 0
41 isolate no. 32 EMu Wk 5/99 0 1 L 0.006 | O.Ooé
42 |isolate no. 33 EDan BB 4/99 ] 2 1 0013
43 lisolate no. 34 EDwa BB 8/00 1 0 "I B 2




Table D 4.1.2 2 3 4 5 6 7 8 9t 10l v jp12i13f 1415t 16 17 i 181 191201 211 22} 231 241 25
g & g g &8 g g 8 g 2y Zy 8 g 2% B €8 B 8 8 sy BN EF SN
o o o ) ) o ) o D a3is3 o 5 a3 [T ) D D g i@3i- 3 3 5’3 i 3
- = -] P bl = = b 8 5igS5] o - S5 = e = = + S5 oF § 5 Q5
®© | o | © o @ © o | o o 8iS 8 @® @ g2i @ o o© © ® 888 B .98
3 % 3} = = =} 3+ 2 i 3 & 3 2 F 3 3 i 3 3 3 o) 3 2 2 ISEE B
5 1 8 | ?® o 3 5 5 | ® ° . 8% ° 3 S ° 5 5 © 2% %% 3§ 3:®3
§ b Q i Q H Q Q H 3 Q i Q Q Q
=fmtwlsjaolali~jeol 2] B Sl ig] Bdzsiglializsias] EIERIE ] B &
2 2 2 2 2 2 m m i m % i | m oo g | m m m moom | =18 3 : : :
@ =z £ ~ G [~ ¢
- < 5 T 2 o s o S 3] = % si B 2] = 2 S S1 51 § si &
slel 219l agioifdi=]g 3 B N BN g 2 w § =212 5§ 8 7 § g
> S < o S = < = @ @ 4 ~ q: 5 o =0 [ s Q Qi @& i @ @
@ © @ [} Lo @ o = (7 S © ;i 2 < © N = Q. S %) 7]
© e S = 2 N ~ ale ® @ T 3 g g 5
i S P s ~ © = o O
o 8 =13 « 0 e
2 eote ) VAl f o o o 0005001 o 0| 0 0009 0 001100110017 0.01 001 0 | 0 | 001 0.060 0.055 0.050 0.055 0.057
B e it 0 . 0 | 0 1000500 0 0 0 0008 0 001100110017 001 001 0 | 0 | 001 0.060 0055 0050
4, {lsolatenc.3 EMaHP4/33. =~ | g | 0 10005001 0 0 0 . 0 1001100110017 001001 0 . 0 | 001 ‘0058 0053,
5] gisolate novd EMaioP 5498, .= o IR | 0 | 0 10009 O 001100110017 001,001 0 0 00 10,060  0.055  0.05
6 e EME WW 5/99 ' 3 3 0201 0.009 ooos‘ 0.007, 0014/ 0.009 0.017| 0.017 0.023 0.011. 0.011  0.009  0.00  0.014 0.068 0.061' 0.0
© eMan 10/99 LA T 2 . 002 001 002 0024 002 0015 | 001 001 001 002 0064 0.065
il 2 222 5|9 i olon onz oo oc 1| 001 001 001 001 0.065 0,059 0.054.C
09 BEckWak10/0 | o | o} ofofs|7] 2 S oloosl o oom 01/ 001 0 | 0 001 0058 0053 0050
10 EEck 0TS 11/99 ] 5 1 1 4 - 8 3 1 0.010. 0.01 0.014 0.01 | 0.01 0.01  0.01 0.060' 0.055 0.050: 0.055' 0.057
Laminariocolax eckloniae South - - ) AR G T AR N P S i
1 Africa ST ST W B el f4 s 16 100121 0.018; 0 310013 0011 0.011 0.019 0.056 0.056/ 0.051 0.056 0.058
12 Lam/nanoco/ax eck/onlaeAntarctnca ) 2 ] 5 9 4 i 243 i . ‘; 10.011 0.0 1001 0 0 '0.0531‘ 0.049 0.054: 0.056

‘n

6.0.016 0.013 0.013 0.021‘o.o7sfo.o74ho;g)§] 0.071: 0.080

14 ;'lsolate no. 12 EMa QP 7/97

1 0.016 o.o14vo.o13r0.0221o.o7e(oo74§o.os7§o.o72 0.081

i Lam/nar/ocolax macrocyst/s Chxle

12

0.019 0.027 0.072 0.074 0.064 0.072 0.077

v o in

16 |isolate no. 14 EMa B8 10/97

443

0 0 0 001 0071 0.069 0.062 0.067 0.075

o oo u»n O

17 ~|solate no. 15 EMa CH 5/98

0 | 0 001 00710069 0.062 0.067 0.075

solate no. 16 EMa W 3/98

19 ‘isolate no

:

| 0.068  0.067  0.060 0.065 0.072
10 L oot o067

17 EMa OW 5/99

[ENEE FNER V]
~nN

i

20 isolate no. 18 EMa WR 4/00

. 138 4133 | 0.0760.075,
"~ Laminariocolax tomentosoides H : S | : :
21 iHelqo | 6 |26 29 28 i 251 241 24 1 27 © 0.005
4 ",Lam/nar/ocolax tomentosoides ssp. | ..o o i DR I 3 & 7 8
3 | 303020 3] 33]3 33 | 28 | 28 | 28 | 251 25| 24 i 24 { 27} 3 {4
jLa'"’”a”OCO’aXaec’d’o’des'('e' 27 {271 261 271 301 28 27 1 241 241 23t 221 221 211213 231 121 18
24 |baminariocolax aecidloidesMaine | 30 1 30 ¥ 29° | 30 { 33 | 31 i 311 30 26} 26 | 26| 24 | 24| 23! 23| 25| 14 | 21
25 | Laminariocolax aecidioidesBretagne | 28 | 28 | 27 | 28 | 30 | 29 | 30 i 28 { 28 | 29 | 28 i 25§ 251 24 i 23§ 23 22} 22 | 241 13| 18

lﬂ)ﬂ{(){\ d

>

vIED Jv
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Table D 4.1.3 28 2T 29 : .30 1 31 ) 32 ; 33 1 34 ° 36137

ElglElelelele els (53

8 2 = 2 = ] 2 2 3 3 3 S

[} (o] [} (o] @ @ (] [ %] o ] ]

3 - 3 3 = 2 3 = s g po- E g

3] ° o ° ° ° o ° 3 o 3 S

[ o - ~N w EN w o S ~ 5 5

S8 13I8 BRI imig!Bia 8

sid|F S| glF| 38

> 2 818 gl8|=1z7|8]28|3]|°¢?

o &} > i | i » =5 I

Y ~ > o N S S % i

< [t} < ~ o oS % I ~ i

< 3 ) S < § ® 2 3 g :
26 lisolate no. 19 EPa A 10/97 0.013:0.017:0.013: 0 : 0 ' O 0 i 0 0.01: 0 0.083
27 ‘isolate no. 20 EPa Riv 9/99 3 0.004: 0 :$0.013 0.008 0.013:0.008: 0.008 0.019:0.014:0.079
28 s EPa BB 4/99 L4 1 e 0.004: 0.017 . 0.013' 0.017: 0.013:0.013  0.024: 0.019  0.083
.29 jisolate no. 22 EPa BS 10/00 S0 Bl 0.0131 0.0081 0,013 .08 0.01 E
30 isolateno.23 EGraB82/98  f 0 = 3 . 4 3 . 0 0 0 0 001 0 0083
31 isolate no. 24 EKal CC 10/00 1 2 3 2 1 0 0 0 0.01: 0 0.078
32 iisolate no. 25 EUpi W 4/98 0. 314 S T INE .0 0 001 0 10083
33 isolate no. 26 EEck Kari 5/99 1 2 3 2 1 0 1 . 0 0.01 0 $0.078
34 Microspongium tenuissimum b 2 1 .3 1 2 1 0 1 0 i 0.01 0 10.076
35 ‘isolate no. 27 EPa OW 5/99 2 4 5 4 2 2 2 2 1 2 @i 0 10.038
36 | Microspongium radians 1 3 T 3 1- ¢ 1 1 i A (S0 [T . 0.034
37 | Microspongium alariae 19 18 19 18 19 18 19 18 17 ¢ 8 7 &
Table D 4.1.4 38 0 39 40 | 41 @ 42 43

I~y I~y I~y =y o I~y

o o @ B @ @

3 3 = = =3 3

S ° S o [ S

~n ~n w w w w

[e:] w ki nN w »

P P 2 2 B B

818 1g|2|8]|%L

2 z ® = & 2

w w [%:) = > o]

~ = © =~ N

s 8 © '8 8

38 lisolate no. 28 ELes OW 5/99

39 isolate no. 29 ELes Wk 5/99

40 isolate no. 31 EXi BB 8/99

41 isolate no. 32 EMu Wk 5/99
42 isolate no. 33 EDan BB 4/99
43 isolate no. 34 EDwil BB 8/00

N Wi N -

0.002: 0 ©0.003 0.002

0
0.003. 0 0.004 0.003
3 0.001:0.004 0
2 1" 0.0044 0.001
4 s 4 0.005
3 0 11 5

p .Hi[ﬂ,)‘.)[()"{\' (1

¥l
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Table D 4.1.5 1 2 3 4 5 6 7 8. 9 10 11 13 14 15 16 17
3 > > ) Q S] m 5 > %) > > » ]
s | & | & (s 18]l 18181315188 ig18 |88
3 s 3 S Ry T S S 3 = o Ny a Py S 8
s |28 |s @ s|a]s|8 |88 |&|5|8|8]|s
2 = 1.8 {8319 w3 &4 8 S s | § | 51 381% |8 =
N S s 3 S 8 g S 3 & 3 S & 3 g g
& g g e S 3 3 S < 2 2 e 8 g
2 ] g 3 g2 2 @ Ry g S L 2 =
& S 3 & ) oy 3 3 3 oy
2 g A &
“ E. ‘ i
1 Tribonema aequale : 0.223 | 0.202 | 0.218 | 0.209 | 0.210 ' 0.222 ' 0.207 . 0.208 | 0.207 | 0.228 | 0.215 |
2 Adenocystis utricularis 239 0.088 | 0.080 : 0.094 ' 0.096 | 0.099 | 0.096 | 0.096 | 0.098 ' 0.097 | 0.128 ]
3 ! Ascoseirophila VIoIodora 220 104 - 0.087 : 0.041 ' 0.038 | 0.072 : ( 0035 + 0.039 0.0/69"' 0.078 | 0.111
4 Caepidium antarcticum 235 94 | 102 0.088 | 0.088 ; 0.099 | 0.091 | 0.091  0.101  0.100 | 0.126
5 Chordaria ﬂage/llformls 226 | 110 f 50 | 103 i 0.042 0.081 | 0044 0.052 | 0.077 ' 0.086 : 0.111 =
6 ' Dictyosiphon foen/culaceus 227 112 | 46 103 51 0.077 | 0.036 ' 0.042 . 0.074 ' 0.080 0.1_1_9 |
7 Ectocarpus siliculosus 238 | 116 | 86 | 115 96 0.083 | 0,079 0.080 0.071 0114 0.0
8 | Laminariocolax tomentosoides | 224 113 1 43 107 - 0.045 | 0.078 0083 |
9 Myrionema strangulans 225 112 & 47 107 ¢ 10.079 0. 086“‘” 116
10 . Pylaiella littoralis 224 | 114 0 0090012
11 Scytosiphon lomentaria_____| 244 | 113 '
13 ! Asterocladon lobatum 227 | 143 39 ¢
14 A/ana esculenta 188 | 104 98 . 84 1 0.084
15 | Macrocystis pyrifera 230 | 132 127 | 112 | 129 . 0.099 | 0.087
16 Sporochnus pedunculatus 237 | 149 | 12 140 137 | 144 0.087
17  Desmarestia aculeata 202 | 126 i 122 114 | 95
18 | Himantothallus grandifolius 221 | 145 134 | 124 | 130 | 82 | 101 | 94 | 30
19 ' Scytothamnus australe | 254 177 i 172 1 159 4 162 114 | 145 | 146 | 133
20  Splachnidium rugosum 250 | 153 1143 i 157 | 146 | 100 ¢ 129 § 117 | 111
21 | Ascophyllum nodosum 256 167 i 163 120 | 155 | 143 | 133
22 ' Sargassum muticum 259 | 202 | 186 144 ¢+ 175 | 163 | 157
23 | Alethocladus corymbosus 226 173 : 117 1 150 | 142 | 117
24  Cladostephus spongiosus 234 | 174 118 | 149 | 141 | 117
25 ' Herpodiscus durvillacae 185 140 128 130 127 119
26 : Sphacelaria cirosa_ | 226 | 170 | 154 113 151 § 147 1 130
27  Stypocaulon scopar/um 236 192 ¢ 130 | 163 | 142 | 129
28 Syringoderma phinneyi 239 | 179 [ | 120 | 147 | 128 | 107
29 | Onslowia endophytica 241 192 142 | 168 | 149 i 152
30 : Verosphacela ebrachia 233 189 | 129 | 162 154 ¢ 151
31 . Dictyota dichotoma 246 198 158 198 | 186 | 167
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Table D 4.1.5 (continued) 18 19 20 21 22 23 24 25 26 27 28 29 30 31
3 g | g S | 3 & 3 g S S 2 3 g
gl Vs e iele PREVE VT L& LS BLEE
=. = ® @ o Iy Y
Salm Lo P Lot g ied ree et L b LB L
Q D <Q Q. I S b S I (s} S 3> sy S
sl E gl bR B R R RIS 'S RS
2 | 5 g g 3 g |@e R g 3 g | 2 o
3 Ly 3 3 2 8 2 S < 8 R
= 5 %
2 !
1 _| Tribonema aequale 0.204. 0.240! 0.235. 0.242' 0.246! 0.209' 0.218' 0.256; 0.210. 0.220. 0.223| 0.226! 0.216  0.232
2 ' Adenocystis utricularis 0126/ 0.157 0.133' 0.147 0.182' 0.153' 0.154! 0.184! 0.150: 0.172' 0.159! 0.172' 0.168! 0.178
3 Ascoseirophila violodora 0.097 0.137 0.124 0.143 0.165 0.135' 0.136. 0.178 0.134. 0.146. 0.129  0.157 0.145 0.168
4 Caepidium antarctlcum 0130 0.153| 0.142 0.151 0.179 0 158 0.164 0.195 0.145 0.168: 0. 160 0. 155 0.167| 0.179
5 | Chordaria ﬂage/llform/s ] 0.106 0.141 0.120. 0.135 MO 164 O 141 0.142' 0.178! 0.139' i o 164; 0.148 0.165
6 D/ctyosmhon foen/cu/aceus 0.097' 0.130 0.120: 0.135 O. 155 0. 139 0.143 0.173 0.138 ] 0.161 0.153  0.168
7 Ectocarpuss:llcu/osus 0105, 0.130. 0.109. 0.135 0. 156; 0. 1,3,4 0.142. 0.171, 0.129. 0.142 0.156. 0.150. 0.167
8 ' Laminariocolax tomentosoides | 0.106. 0.143' 0.132 0.140, 0.153 0.144  0.145 0.179  0.146: 0. 10.165 0.149 0.167
10  Myrionema strangulans 0103 0.141 0.130 0.143 0.169 0.148 0.147 0.192 0.144 0.157 0.139 0.164 O. 1_61': 0.180
12 | Pylaiella littoralis 0.116 0.152 0.137 0.143 0.175 0.146 0.145 0.176 0.142. 0.147. 0.152 0.157 0.159 0.167
13 | Scytosiphon lomentaria 0.107. 0.139/ 0.127' 0.136 0.168 0.139 0.140. 0.180 0.141: 0.157. 0.139 0.168: 0.152, 0.172
15 | Asterocladon lobatum 0.116 0.147 0.140. 0.157 0.165 0.147 0.153: 0.194 0.140. 0.151/ 0.148 0.167 0.172 0.167
16 Alana esculenta . 0.086] 0.122! 0.106: 0. 129 0.157 0.125' 0.126; 0.166 0.121 0.141' 0.129 0.155 0.140 0.175
7 1Macrocystlspyrlfera ol 0.085 0.126, 0.111 0. 136, 0.155 0.131 0.130 0.170. 0.132. 0.143 0.128 0.148 0.142  0.178
18 Sporochnus pedunculatus 0. 079 ~0.127' 0.100 0.124 0.143 0.123. 0. 122 0.164 0.128 _0.123¢ 0. 1 10 0. 130 0.1 34 0.166
20  Desmarestia aculeata 0.026/ 0.125 0.103 0.125 0.150/ 0.109' 0.109' 0.153 0.122. 0.121 0.099 0.145 0.144 0.162
215 H/mantotha//us grand/follus ““““““ . 0.929 0.107 0.122 0.148 0.102: 0.105/ 0.155' 0.124' 0.114 0.097 0.138 0.143 0.167
22 Scytothamnus australe 148" 0104 0.155 0.168. 0.163 0.166 0.192 0.160. 0.172. 0.157. 0.165 0.169 0.192
23 | Splachnidium rugosum 124; - 121 0.132' 0.154 0.141. 0.145 0.170. 0.144. 0.149 0.136. 0.148 O. 153 0.170
24 | Ascophyllum nodosum 141 175 152§ 0.111, 0.144 0.140 0.161 0.151 0.161 0.146 0.170 O. 156 0.175
25 | Sargassum muticum 168, 189 174 129 0.174. 0.180 0.188! 0.169: 0.189 0.169 0.188 0.173 0.180
26 Alethocladus corymbosus 1200 183 161 164! 195] 0.062 0.110 0.096  0.053 0.094 0.132° 0.132' 0.158
27  Cladostephus spongiosus 123 186 165 160 200 74 0.105: 0.092: 0.081° 0.107 0.139. 0.144 0.154
28 | Herpodiscus durvillacae 120 145 131: 125 1431 88 84 0.131 0.117 0.144! 0.176 0.175 0.156
29 | Sphacelaria cirrosa 143 180 164 171 189 113 108 103 0.109| 0.128 0.130 0.150 0.161
30 | Stypocaulon scoparium 1327  192¢ 169 181 209} . 64 96 .93 127 0.110, 0.133, 0.153  0.167
31 | Syringoderma phinneyi 114 177/ 156} 166{ 190} 111} 125/ 113] 147; 1285 ¢ 0.126] 0.129{ 0.161
32  Onslowia endophytica 158, 185 168 190i 208{ 151 158 135 149 152 145 0.132 0.174
33  Verosphacela ebrachia 1631 190 173i 176] 194! 152: 164; 134: 170{ 173 149 151 0.162
34 Dictyota dichotoma 1871 211 190 195{ 199 178f  174{ 121} 180i 187f 181 193, 182
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Table D 4.1.6 1 2 3 4 5 6 7 8 9 10 1 N 12 13 14 15
~ > > S Q o m = < ) N S > > <
s (& | & &£/ 8|8 /8 8 /38 | s5|]&/% 8 |g &
s b S 3 ¥ g B ) 3 = s 5] & @ S
2 3 = 3 & 8 5 3 3 3 g g g
8 e g 3 & s e g 8 | 3 . 8 S g 5
Q g o N [ T 5 x s 8 9 5y s N <
S % <. 3 = ! ® IS ~+ =1 i @ 3 % IS8 N %
S 2 S S £ | & ) 3 g | 3 3 2 g
S-S - - S - O O O : | & | B 3
s | 1§ | 8| §8| % | 3|3 5 | &8 | 3
B . 8 s
G ) 3
| s |
i 2Rl |
1 i Tribonema aequale ‘ 0.311 0.329 : 0.322 | 0.315 | 0.329 | 0.334 i
{ Adenocystis utricularis | . 0.062 : 0.026 : 0.058 | 0.069 : 0.025 |
3" Ascoseirophila violodora 32 G 0. 064 1 )36 | 0.057
"4 | Caepidium antarcticum 141 33 8 : ) 0.030  0.06¢
'S Chordaria fiagelliformis ) 30 | 23 1 34 170.049 . 0.04(
6 | Dictyosiphon foeniculaceus 35 119 | 36 ~70.059 |
7 ocarpus siliculosus [ 13 | 29 1 16 g .05 i
"8 Laminariocolax tomentosoides 30 7 127 337 26 0.038  0.086  0.114
9 Myrionema strangulans ‘ 25 2326 24 23 | 0.040  0.082 | 0.097 .091
10 Pilayelia littoralis , ) 26 | 28 | 26 24 29 1 0.057  0.076 | 0.105 |
11 Scytosiphon lomentaria 17 1 34 20 31 0.062  0.086  0.103
12 29 18 26 20 21 29 32 ~ 0.090 0.108
13 41 a6 35 T H T Az TT39 44 ] 45 Bl 0120 |
14 Alaria esculenta N - 57 V49T S3T 57 154 1 60
15 Macrocystis pyrifera L 50 | 58 | "S55 | 46 | 56 1 54 | 49 | 50 | 2/ (EHEE
16 Sporochnus pedunculatus 45 54 142 1 54 ) 47 1 ] {46 |
17 Desmarestia aculeata 34 a4 i
18 Himantothallus grandifolius_ 39139
197 Scytothamnus australe L
0 Splachnidium rugosum ) 43
21 Ascophyilum nodosum 77 188
22 Sargassum muticum !
23 ‘Alethoc/adus ‘corymbosus
24 Cladostephus spongiosus
25 | Herpodiscus durwl/aeae
’26 Sphacelar/a cirrosa__

‘29/Ons/ow13 endophytica e
30 Verosphacela ebrachia
371 Dictyota dichotoma




143

Table D 4.1.6 (continued)

16 17 18 19 20 21 22 23 24 25 26 27 28 | 29 30 31
(%) o] = [ (%) > ) > (@) (%) %) (%) ]
g8 5191l |l slzs {21218 |51818]|s¢8
‘SR NN SR SN TR N AR SR SRR SR RE EE EE AR
s 3 g 2 2 < g S 3 & T S <Y S S iy
3 3 5 & = 3 2 . & a g @ 5 § & g
sl PR a8 e B E e i e B e ek psee el 8
] L 3 < @ @ 3 3 N = 2 S < 3 3
-3 PR T B R O S B o s | & | % |8
g S @ @ @

G = & @
)

1_| Tribonema aequale 0.327 : 0.318 ' 0.340 | 0.337 : 0.348 | 0.361 ' 0.327 | 0.315 | 0.333 | 0.328 _ 0.330 | 0.338 | 0.325 | 0.317 | 0.382
2 ' Adenocystis utricularis 0.089 | 0.067 | 0.076 ! 0.083 . 0.159 © 0.158 1 0.120 | 0.116 ! 0.116 ' 0.121 | 0.120 : 0.128 | 0.130 | 0.148 ' 0.279
"3 Ascoseirophila violodora 0.108 | 0.081 | 0.076 | 0.104 [ 0.185 [ 0.174  0.146  0.128  0.144 | 0.151 | 0.156 | 0.138 | 0.140 | 0.156 = 0.279
4 i 0.083 .080 | 0.087 0.178 | 0.158  0.116 114 0.114 0719 0.134 | 0.132 | 0.155_

5 flagelliformis 0.108 | 0.077 0. [ 0.104 | ~0.180  0.169 = 0.138 0. 0.135‘ 770.144" 0.145 1 0.150 | 0.140 | 0.152 = 0.274
6 Dictyosiphon foeniculaceus 0.104 | 0.084 ' 0.087 0.103 5 0174 1 0.175 | 0.150 | 0.129 | 0.137 | 0.145 0.153 0.146  0.149 | 0.153 ' 0.27:
7 Ectocarpus siliculosus 0.087 | 0.066 0.073 | 0.086 . 0.155 7°0.140 1 0.119 ' 0.111 0.114 = 0.121 = 0.125 | 0.128 : 0.130  0.147 | 0.278
8 | Laminariocolax tomentosoides 0.101 | 0.079 | 0.080 | 0.095 0.187 | 0.174 | 0.140 . 0.137 | 0.142 0.149 | 0.150 0.140 ' 0.138 | 0.154 ' 0.280
10 | Myrionema strangulans” 0.093 | 0.071 | 0.080 = 0.091 1 0.1770 70173 0.144 0.135 | 0.135 | 0.142 0.147 0.138" 0.147  0.163 | 0.280
12 Pilayella littoralis 0.089 + '0.075 | 0.074 0.102 0164 0.161  0.120 0.127 | 0.135 | 0.140 | 0.135  0.124 = 0.125 0.148 | 0.283
13 Scytosiphon lomentaria 0.089 | 0.075  0.084 ' 0.093 : 0. 0.170 1 0.162 : 0.109  0.111 | 0.115  0.118 | 0.115 0.121 ' 0.116 = 0.141 | 0.284
14 : Xiphophorocolax aotearoae 0.109  '0.084 | 0.083  0.092 | 0.068  0.187  0.178 0.148 0.120  0.134 0.134 0.149  0.142 = 0.135 0.158 0.276
15 Asterocladon lobatum 0.102 " 0.081 | 0.083 | 0.119 : 0.093  0.180 0.162 = 0.133 0.126 . 0.129 0.127 0.140 _ 0.148 | 0.129 ' 0.132 0.285
16 Alaria esculenta 0.097 ' 0.102 1 0.099  0.116  0.105 ' 0.197 | 0.175 = 0.138 | 0.124 | 0.129 | 0.133 | 0.150 ' 0.135 0.141 ' 0.156 0.252
17 | Macrocystis pyrifera 0.081 | 0.099 | '0.097 | 0.097 = 0.097  0.185 ' 0.167 | 0.133 | 0.121 | 0.122 | 0.122 | 0.133 | 0.149 : 0.136 0.140 ' 0.272
18 Sporochnus pedunculatus ~ . 0.074 1 0.070 | 0.095 | 0.087 ' 0.169 | 0.141 0.126 0.118 ' 0.138 | 0.140 = 0.144 = 0.134  0.127 @ 0.257
20 | Desmarestia aculeata ' 0.021 1 0.069 | 0.057 0.163 | 0.154  0.118 | 1701141 0.127 1 0.135 1 0.129 | 0.132 | 0.136 | 0.269
21 Himantothallus grandifolius ' 0.072  -0.056 | 0.171 | 0.161 | 0.119 = 70113 0137 1 0.140  0.122 1 0.129 | 0.138 | 0.282
22 Scyt 37 0.058 | 0.158 | 0.169 | 0.131 701729 1 0.138 | 0.145 ' 0.156 ' 0.137 | 0.153 | 0.281
234 S 29" 30 0.169 | 0.158 ' 0.137 70.1337 0.140  0.143 | 0.141  0.134  0.157 | 0.300
24 Ascophyllum nodosum’ 82 76 81 , 0.185 1 0.203 | 0.194  0.184 | 0.206 & 0.216 | 0.237 | 0.209 | 0.211 ' 0.346

~ Sargassum muticum 77 80 76 88 0.173 0.154 ' 0.161 | 0.182 | 0.204 = 0.189 | 0.182 = 0.301

3 sus 60 65 68 96 83 " 0.060 0.069 | 0.052  0.141  0.127  0.147 | 0.274
27 | Cladostephus spongiosus 61 68 63 90 76 29 0.043  0.061 0.074  0.153 | 0.122  0.142 | 0.270
28 | Herpodiscus durvillaeae 57 64 66 88 1 7> i 32 F 22 0.063 | 0.077  0.148 0.118  0.125 | 0.261
29 | Sphacelaria cirrosa 68 68 69 97 78 36 31 33 0.086  0.161 ' 0.126 = 0.145 | 0.281
30 | Stypocaulon scoparium 67 69 68 98 | 84 27 37 39 43 0.132 + 0.131 | 0.157 @ 0.302
31 ' Syringoderma phinneyi 61175 69 | 109 | 95 69 72 72 1 78 1 63 . 0.148 1 0.180 = 0.284
32  Onslowia endophytica 64 67 66 98 90 63 59 597 63 | 63 | 72 0.701 | 0.251
33 Verosphacela ebrachia 5 68 74 76 99 187 72 68 62 71 74 85 511 ~0.244
34 Dictyota dichotoma 115 118 125 123 130 146 1317 123 118 | 118 {§ 125 129 126 113 1 111
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Table D 4.2.1 1 2 3 4 5 6 8 | 9 10 11 12 13 14 15 16 | 17 18 0 19 ¢ 20
= S > 3 H 5
s |3 8% % e | 83 g 83| & 1 8 | RE| 3 2 5% s s | §F | 3
8 | ™ & 3 2 ® s § 1§ ¢ g S T Y 5 Elo8 | B 3 g
S I g - g § | 3 S 8 I - o g
Y s g g | F | S s b | &
% ] | I w Poa g g I & | !
§ | , g g z | ;
1 . Tribonema aequale 0.226 | 0.228 | 0.225 | 0.232 | 0.232 | 0.176 : 0.192 | 0.190 | 0.190 !
2 Chordaria flagelliformis 45 . 0013 | 0066 | 0.008 | 0.062 | 0.085 | 0.124 | 0.094 | 0.099 !
3 Dictyosiphon foeniculaceus| 45 [ 3 =~ 0085 | 0.013 = 0.081 | 0104 ' 0123 0104 | 0.109 |
4 Ectocarpus siliculosus | 45 ‘ 0066 | 0052 0085 0129 0113 | 0118 & 0.1
5 Punctaria sp. 46 0062 | 0.085 | 0.129 | 0.094 1,0099
6 : Scytosiphon Iomentar/a 46 { 14 & . 0.104 0.149 | 0118 {1 0.113 } v
8 ' Asterocladon lobatum 36 W‘ 19 4 J ('” 0.066 | 0.071 i
9 ' A. rhodochortonoides | 39 28 0.098 | 0.103 |
39 | 21 . 0.004
39 | 22 1
38 22 el o
14 Haplospora globobosa___| 37 28 | 23 | e ke
15 | Desmarestia aculeata 37 25 22 3
16 ‘H.grandifolius | 37 | 3
L .36 S
; 39 5
19 <Splachn/dlu 39 S i
20 : Cutleria multifida 37 4 Wﬁ
21 Ascophy/lum nodosum 45 i )
22 »Durwl/aea antarctica 39
23 | Fucus vesiculosus 46
24 : Sargassum muticum 39 i
25 ' X. chondrophylla 41 ! 20 2
40, 8 .14 13
27 : Ascoseira mirabil 39 i 8. 8 . ! I TR 7
28 Nemoderma tingitanum 5 36 Z - 5 e 6 3 -3 4 . 8 .
29 Alethocladus corymbosus | 37 8 9 8 6 6 | 8 7 15 1 7
30 Cladostephus spongiosus | 36 8 9. .8 ‘ : 6 6 8 | B ’ 5 o
31 H. durvillaeae 36 ¥ 9 0 | 9 7 7 9 8 6 8
32 | Sphacelaria cirrosa 37 0 T 9 7 7 1 9 8 6 | 8
33 Stypocaulon scoparlum 36 7. 8 7 ‘ S 5 § 7 6 4 » 6
34 Syringoderma phinneyi | 35 10 | 1 0 8 8 s L i 8. 3.8
'35 _ Choristocarpus tenellus 34 16 16 16 13 13 12 15 14 15
36  Onslowia endophytica | 36 9o | 10 ST R SO T T
37 Dictyota dichotoma 37| 30 | 33 | 32 16 | 17 16 | 12 | 12 14 | 16 15 15
38 ! Taonia atomaria 39 16 4 17 16 13 13 14 15 14 15

vIEP JMMOW (]
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Table D 4.2.1 (cont.) 21 22 23 24 25 26 27 28 29 | 30 | 31 _32 33 34 35 36 37 38
i~ m Q 7 % Q L) i %) ~
2 N @ $3 3 g g3 g S 9 %g_ 2 53 & £ S &
3 2 g 3 3 § 3 s 55 7F & > S 3 3 3 g 3

g 8 5 3 & 3 9 3 3 3

g 5 g 5 < 8 S g

8 g ? H > g o

H O

1_| Tribonema aequale 0.222 | 0.190 | 0.227 | 0.189 | 0.200 . 0.195 | 0.189 | 0.173 | 0179 | 0173 | 0172 | 0.178 | 0.173 | 0.169 | 0.163 | 0.173 | 0.178 | 0.191
2 | Chordaria flagelliformis 0.188 ~ 0.104 | 0181 | 0.139 | 0171 ' 0.119 | 0.088 | 0.104 . 0.094 | 0.094 | 0.099 | 0.099 = 0.089 | 0.099 | 0139 | 0.099 | 0.139 | 0.144
3 | Dictyosiphon foeniculaceus| 0.194 | 0.109 | 1 0139 | 0187 | 0.134 | 0.103 | {0113 | 0113 | 0118 | 0119 = 0.109 = 0.119 | 0.148 | 0.119 | 0.155 = 0.165
4 | Ectocarpus siliculosus 0.186 | 0.123 | 0.196 . 0.159 | 0.169 ' 0.132 | 0.103 | 0114 . 0.114 0109 | 0.119  0.109 | 0.114 = 0.144 . 0.109 | 0.150 | 0.155
5 | Punctariasp. 0177 . 0104 | 0175 ; 0.128 0171 | 0119 | 0.089 = 0.104 = 0.094 = 0.094 | 0099 ' 0.099 = 0.8 ' 0099 | 0139 | 0099 | 0.139 & 0.144
6 Scytosiphon lomentaria 0.183 | 0128 | 0182 | 0155 ' 0.165 0.128 | 0.118 & 0.118 | 0.114 | 0.114 | 0114 0120 0109 | 0114 0139 | 0120 | 0152 & 0.147
8 | Asterocladon lobatum 0.134 | 0071 | 0159 | 0094 ' 0.23 | 0075 0057 | 0066 0057 . 0057 . 0062 0062 0053 ' 0067 A 0.080 A 0.053 | 0072 | 0.086
9 | A. rhodochortonoides 0.159 | 0.103 | 0.175 | 0.113 = 0.153 | 0.103 | 0.103 | 0.108 0.093 | 0.089 ' 0.093  0.094 = 0.089 | 0.094 @ 0.108 & 0.0 0.118 | 0.133
1O jAlaria esculenta 0.114 | 0056 | 0137 | 0070 | 0098 | 0.048 | 0.034 | 0021 | 0034 | 0.034 | 0039 0030 | 0044 ' 0070 | 0039 0071 0.071
11 Laminaria digitata 0.119 | 0.061 | 0.137 | 0075 | 0.103 | 0.052 | 0.038 | 0.025 | 0.039 @ 0039 | 0.043 | 0.044 0034 0048 0070 0043 0.076 . 0.075
12 Macrocystis pyrifera | 0.120 . 0.061 | 0.138 . 0.071 | 0.103 = 0.052 | 0.039 ' 0.026 | 0.039 ' 0.035 | 0039 & 0039 0035 0.044 | 0066 0.044 0.072 | 0.076
13 | Sporochnus pedunculatus | 0.114 | 0.061 | 0.132 | 0.075 = 0.098 & 0.052 | 0.034 @ 0.025 0039 ' 0.039 0043 . 0.043 | 0.034 0.048 & 0.075 A 0.034 0071 0071
14 | Haplospora globobosa 0.104 | 0047 | 0137 0061 | 0098 | 0039 & 0034 0013 & 0034 | 0034 = 0039 | 0039 0030 | 0044 0070 | 0039 | 0071 | 0.071
15 | Desmarestia aculeata 0.095 = 0.043 0128 0061 & 0094 0030 & 0034 = 0013 A 0026 0026 0.030 0030 0021 . 0035 0057 | 0030 A 0.053 0057
16 H. grandifolius _ 0.094 = 0.048 = 0127 | 0061  0.093 ' 0.034 = 0034 0017 | 0026 0026 . 0.030 @ 0030 0021 0039 0057 | 0.030 | 0053 | 0.057
17 | Phaeurus antarctica 0.100 | 0.048 0133 & 0066 A 0089 & 0.034 / 0039 0017 0035 0034 | 0.039 . 0039 = 0030 0039 0052 0039 0062  0.062
18 | Scytothamnus australe 0114 0070 0138 ' 0.089 = 0.098 & 0.061  0.038 ' 0.034 @ 0030 | 0.030 0.034 A 0035 0026 | 0.043 & 0.066 0.026 | 0.071 | 0.066
19  Splachnidium rugosum 0.110 | 0.066 = 0.123 | 0.080 . 0.093 ' 0.057 | 0.030 | 0.030 0021 : 0.021 . 0.026 0026 0017 A 0035 0061 & 0017 0067 | 0.062
20  Cutleria multifida. 0.099 ' 0.038 | 0132 | 0061 | 0093 | 0.030 | 0.034 0004 A 0030 ' 0030 0034 0.034 | 0026 0039 | 0.065 0.034 0066 0.066
21 Ascophylium nodosum . 0112 | 0052 | 0118 | 0061 | 0.098 & 0118 0.094 @ 0109 | 0109 | 0.104 | 0.114 | 0.104 A 0115  0.138 | 0109  0.100 0.095
22 Durvillaea antarctica 25 0.136 | 0.070 = 0.098 | 0047 ' 0.061 | 0.043 @ 0070 A 0.070 | 0066 ' 0.075 | 0.66 A 0.071 | 0093 | 0.075 | 0.084 0.094
23 | Fucus vesiculosus 12 30 0143 0083 0122 0137 . 0127 | 0138 & 0138 | 0.138 | 0.143 0.133 | 0144 0158 0138 0129 | 0.124
24  Sargassum muticum 26 16 1 31 Lo 0.103 | 0.052 | ! | 0080 ' 0075 | 0075 | 0080 ' 0075 | 0.075 | 0.098 | 0.089 ' 0.093 | 0.095
25 | X. chondrophyila 14 22 19 23 0.088 ' 0.103 | 0.103 | 0.098 | 0108 @ 0098 | 0.109 ' 0.137 | 0.103 | 0.104 | 0.090
26 | Notheia anomala_ 22 11 27 J2_§ 20 0.061 ;| 0061 ; 0.061 | 0.066 | 0.057 | 0.066 A 0084 | 0.066 | 0076 ; 0.080
27 | Ascoseira mirabilis 26 14 30 16 22 14 0.047 | 0047 | 0.052 0052 & 0.043 . 0057 & 0079 & 0047 & 0080 | 0.075
28 | Nemoderma tingitanum | 21 10 28 13 20 8 0.034 | 0.034 | 0.039 = 0039 = 0030 @ 0043 = 0070 & 0.039 | 0.071 | 0.062
:29 Alethocladus corymbosus 24 16 30 18 23 14 0.008 | 0.013 0.013 0.004 @ 0.021 0.065 ‘ 0.057
30 | Cladostephus spongiosus | 24 | 16 30 LILANONS B 14 2 0.004 | 0004 0004 ' 0017 = 0061 .0056,
31 H. durvillaeae 23 15 30 17 1 22 14 3 1 . 0008 0008 | 0017 0.056 | 0.057
32  Sphacelaria cirrosa 25 17 31 18 24 15 3 1 52 0.008 | 0.021 | 0.065 | 0.061
33 | Stypocaulon scoparium 23 _ 15 29. 17 22 13 al! 1 2 2 0.017 0.061 1 0.052
34  Syringoderma phinneyi 25 16 31 17 24 15 i 5 4 4.0 S A ; 0.061 | | 0.066
35 | Choristocarpus tenellus 30 21 34 22 30 19 15 14 13 15 14 14 0.089
36 |Onsiowia endophytica 24 17 30 20 1 23 15 3 =i 3 3 2 LN L 0.053
37 | Dictyota dichotoma 22 19 28 21 23 17 14 12 12 12 13 15 21 0.035
38 | Taonia atomaria 21 21 27 21 20 18 13 13 13 14 12 15 20
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Table D 4.2.2

Ity 153 Ay s g 153 16 18 i 21 B O T W <R 728 29
3 §y &% 5 ERS TS} g | ® §3 L& Y8 I 53 %S 5 g 0
g3 F Pl 1 8] gs g | 57 R E 5 ¥
i 3 )
1_| Tribonema aequale : 0.345 | 0.362 | 0.366_ 0.351 | 0.336 | 0.367_ 0.359 | 0.333 | 0.343 0.350 | 0.374 | 0.448  0.363 | 0.363
S Chordaria flagelliformis 133 0.037 | 0.053 ; 0.033 . 0.069 ' 0.089 : 0.092 : 0.129 | 0.108 i 0.091 i
6 D/ctyoszphon foen/culaceus a3z | 18 ¢ 0.064 | 0.035 . 0.081 ..0.104 ' 0.111 : 0.118 : 0.092 0092
"7 | Ectocarpus siliculosus 136 | 25 30 0053 0042 0076 0.077  0.105  0.102  O.
10 {Punctanasp. |3 ) e | 17 25 T 0065 0085 0087 0.115| 0.098 0.106 0.1
13 Scytosiphon lomentaria_ 130 [ 33 20 | 31 3 © 0.094 | 0.092 | 0112 0.103 | 0.114  0.109
15  Asterocladon lobatum | 139 | 42 | 35 | 40 | 44 | . 0.052 | 0.131 | 0.115
16 | Asteronema rhodochortonoides| 136 | 43 | 51 | 36 | 41 . 43 25 0124 0.110
17 Aariaesculenta | 129 | 59 | 48 | 53 | s2 | 60 | s7 CEE 0.035
18 ;L‘amlnar/a dlg/tata 1132 ] 50 1§ 47' i -46 5 48 | 53 | 51 17 :
19 Macrocystlspyr/fera . 127 | 54 51 ! 49 . 53 i .58 i 55 | 26
20 | Undaria pinnatifida | 127 | se 50 | S0 § s1 | §7 | 57 6 |
21 Sporochnuspedunculatus 1 134 54 § 52 ! 43 | 51 45 51 i 49 | 46 | 40

| Haplospora globobosa 136 | 45 | 40 | 35 | 39 A 44 40 | a7 M

zﬂlopteﬁslmenens(i Y 1?8 43 , 39 w3 . 36 ) 40 M4‘5n H '41 47 ot 41
Desmarestia aculeata 131 39 | 42 36 38 | 41 4 51 47
lmantothallus grand/follus” 141 | 40 44 37 43 1 42 41 E 50 | 42
26 Phaeurus antarctica | 32| a0 | 42 34 37 39 | 38 | 39 44 | 43
27_ Scytothamnus australe sz [ se1 511 a3 ] 45 1 a7 | 55 1 53 | 58 | o
28 Splachnidium rugosum 138 | 43 43 36 | 40 | 39 47 | 41 | 53 44
29 |Cutleriamultifida | 140 [ 46 i 44 | 35 | 41 . 42 39 | 38 | 48 | 43 |
30 ‘Ascophylumnodosum | 144 | 86 83 74 | 82 8 91 87§ 87 1
31 Duvilseaantarctica | 136 | 58 | 62 | 57 | 57 6 60 | 70 | 64 | 68 |
> | Fucus vesiculosus 145 | 82 1 79 71 | 79 [ 82 | 90 | 83
33 Sargassum muticum | 148 81 ) 83 i 67 i 78 1 75 1 8& 82, 1
34 Xiphophora chondrophylla 148 | 83 81 70 | 80 75 | 89 | 84 = 88 | 84
35 Notheiaanomala | 136 | 93 92 | 8 | 90 | %0 | 8 | 8 | 8 | 80
36  Ascoseira mirabilis 136 | 34 38 | 26 | 31 | 33 36 | 37 | 44 | 42
37 Nemodermatingitanum | 134 | 54 | 54 . 44 49 47 | 57 56
38 Alethocladus corymbosus 137 | 67 | 72 | 57 | 62 | 54 | 65 7 66
39 | Cladostephus spongiosus | 130 | 62 ' 62 | 53 | 56 | 54 | 61 | | 60 |
40 Herpodiscus durvilaeae | 138 | 67 67 | 56 | 63 58 | 64 G
41  Sphacelaria cirrosa 137 [ 71 | 71 | 59 | 67 | 59 | 63 64
m42 Stypocaulon SCoparlum 132 68 71 58 i 63 55 §{ 66 68
43 _ Syringoderma phinneyi B R ] (W (i Tl R B e 7 68 7
44 Choristocarpus tenellus 137 | 104 | 105 | 104 | 107 . 101 | 114 114 | 98 97 | ¢
45 Onslowia endophytica 136 | 69 63 | 65 § ! 65 | 69 ] o
46 Verosphacela ebrachia _ 184 )2 L ;.68 | 70 : 67 | 63 ATl Wit 1 66 1.73 i 61 1 i 67 ; 64 | 66 | 64 | 72 | | L
D/ctyotadlchotoma e 154 ] 120 | 119 | 119 121 | 124 | 124 | 127 | 112 | 116 119 | 113 | 114 i 12571 125 F 17 | 1A 7k 122 b 129 ,1’127 g ;
T8 ol atomaria 161 | 120 | 126 | 120.] 124-; 118+ 123 | 126 1 116 § 119 | 117 | 135 | 112 | 122 | 122 | 116 ] 118 § 113 | 121 | 127 | 121 =
g
s

oy
o
=
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Table D 4.2.2 (cont.) 30, 1 31 32 33 34 35 36,1137 38 39 40 41 | 42 43 44 45 46 47 48
EE S B 2§ 8% B BB 8% §r §% § | 3% B¢ ooy i%oRgi%riogE o ouv
BE 2B 5" | §F | % EE BRI SR 3E GE0 @ | %i |G (8% |FE | %3333 &cd
SR B N IS BE e B | §FF BRIl OE %Y i 7
1 Tribonema aequale 0383 0.392 | 0.387 | 0.397 | 0.395 | 0.353 | 0.357 | 0.347 | 0.358 | 0.346 0.363 | 0.360 | 0.358  0.372 | 0.337 __0.356 | 0.348
S| Chordaria flageliformis | 0.197 | 0.136 | 0.186 | 0.185 0.188 | 0.217 | 0.071 | 0.117  0.148 | 0.140 | 0.148 | 0.158 | 0.156 | 0.164 | 0.253 | 0.153 | 0.161
6 | Dictyosiphon foeniculaceus 0.191 | 0.147 | 0.180 | 0.191 | 0.185  0.216 | 0.081 | 0.117 | 0.161 | 0.141 0.149 | 0.159  0.165 = 0.160 | 0.259 0.162 | 0.162
7 Ectocarpus siliculosus 0.170 | 0.136 | 0.161 | 0.153 | 0.158 . 0.200 | 0.055 . 0.096  0.127 | 0.122  0.124 0132 | 0.134 . 0139 | 0.261 | 0.142 | 0.156 |
11 | Punctaria sp. 0186 0.133 | 0178 | 0.177 | 0.180 | 0.209 | 0.065 | 0.105 | 0.135 | 0.125  0.138 | 0.147 | 0.143  0.146 | 0.261 | 0.143  0.156
13| Scytosiphon lomentaria 0.186  0.141 | 0181 | 0177 | 0.168 | 0.208 | 0.069 | 0.101 | 0.116 | 0.121 | 0.125 | 0.128 | 0.123 | 0.132 | 0.243 | 0.126 | 0.149
15 | Asterocladon lobatum 0.197 | 0.136 | 0.191 | 0.178 | 0.205 | 0.185 | 0.076 | 0.124 | 0.143 | 0.138 | 0.141  0.138 | 0.150 | 0.162 | 0.282 | 0.141 | 0.139
16 | Asteronema rhodochortonoides | 0.197 | 0.141 : 0.186 | 0.170 | 0.192  0.183  0.078  0.115 . 0.136 | 0.143 | 0.141 | 0.134 : 0.130  0.156 | 0.284 | 0.144 : 0.156
17 | Alaria esculenta_ 0.209 | 0.168 | 0.206 | 0.192 | 0.202 | 0.195 | 0.094 : 0.134 | 0.148 | 0.136  0.141 ' 0.146 | 0.162 | 0.147 | 0.236 | 0.154 | 0.165
18 | Laminaria digitata 0.199 | 0.151{ 0188 | 0.187 | 0.192 : 0.182 | 0.089 | 0.122 | 0.145 | 0.135 0.133 | 0.141 | 0.156 | 0.152 | 0.233 | 0.151 | 0.156
19 | Macrocystis pyrifera 0.199 | 0.162 | 0.194 | 0.180 | 0.198 | 0.185: 0.096 = 0.125 | 0.140 | 0.130 | 0.131 | 0.131 | 0.140  0.160 = 0.226 | 0.146 | 0.146
20 | Undaria pinnatifida 0.214 | 0173 1 0211 | 0.205 | 0.205 | 0.200 | 0.094 | 0.134 | 0.150 : 0.133 | 0.145 | 0.143 | 0.158 | 0.155: 0.233 = 0.154 ; 0.163
21 Sporochnus pedunculatus 0.185 | 0.154 | 0177 | 0.154 | 0.208 | 0.193 | 0.067 ' 0.101 : 0.135 ' 0.140 | 0.128 | 0.150 | 0.150 | 0.157 | 0.244 | 0.146 . 0.134
22 | Haplospora globobosa 0.186 | 0.143 | 0.178 | 0.167 | 0.194 | 0.206  0.050 | 0.087 | 0.140 | 0.137 | 0.126  0.140 | 0.140 | 0.130 | 0.250  0.146 | 0.141 |
23 | Tilopteris mertensii 0.178 | 0.138 | 0.170 | 0.161 | 0.194 0.203 | 0.049 | 0.085 | 0.137 | 0.135 0.123  0.140 | 0.140 | 0.123 | 0.252  0.138 | 0.148 |
24 | Desmarestia aculeata 0179 0.144 0179  0.168 | 0.184 | 0.191  0.050 | 0.093  0.126 | 0.139 | 0.125 | 0.139 | 0.145 | 0.141 | 0.251 0.144 | 0.144 | 0.29
25 | Himantothallus grandifolius 0.187 | 0.146 | 0.184 | 0176 | 0.197  0.196 | 0.054 | 0.092  0.128  0.137 . 0.123 | 0.150 ' 0.150 | 0.133 | 0.253 | 0.141 | 0.146  0.3(
6 | Phaeurus antarctica 0.231 | 0191 0230 0.208 0.240 | 0.249  0.068  0.115 | 0.152 | 0.157 | 0154  0.178 | 0.183 | 0.164  0.287 0.162 | 0.177 | (
27 | Scytothamnus australe 0.172 | 0.154  0.167 | 0.185  0.192 | 0.217 ' 0.078 ' 0.106 | 0.141 | 0.155  0.141  0.150 | 0.157 ' 0170  0.235  0.149 | 0.162 |
28 | Splachnidium rugosum 0.185 | 0.149 | 0.166 . 0.173 | 0.189 | 0.202  0.067 | 0.105 . 0.148 . 0.143 ' 0.145  0.153 ' 0.153 | 0.154  0.260 0.146 . 0.167
29 | Cutleria multifida 0178 | 0.151  0.162 | 0199 | 0.203 | 0.067 | 0.092  0.137 | 0.125 0.118 ' 0.133  0.145 | 0.140 | 0.272 | 0.136 | 0.153
30 | Ascophyllum nodosum 0168 | 0.037 31 0.152 | 0.224  0.174 | 0.174 | 0.220 | 0.213 | 0.201 | 0.225 | 0.235 | 0.261 0.332 | 0.229  0.226
31 | Durvillaea antarctica_ 70 0152 0185 0173 | 0.170 | 0.135 ' 0.131 : 0.170 | 0.173 | 0.174  0.179 | 0167 | 0.213  0.272  0.179 | 0.170
32 | Fucus vesiculosus 18 64 . 0198 0150 0.202  0.166  0.151  0.217 A 0.205 | 0.201  0.230 | 0.229 ' 0.260 0341  0.223 0.221
33 | Sargassum muticum 88 | 76 . 86 02220186 0.147 | 0.156  0.186  0.177 | 0.169 = 0.176 | 0.198 | 0.224 ' 0.287 | 0.207 | 0.194
34 | Xiphophora chondrophylla 69 | 72 68 . 95 02080181 0170 0.214  0.220 | 0.208 0.228 A 0219  0.243 . 0.309 | 0.201 | 0.232
35 | Notheia anomala 96 | 70 . 88 81 90 0193 0176 0.182 0.193 0203 0.196 | 0.202 A 0.239  0.282 | 0.214  0.222 | 0339 0.
36 | Ascoseira mirabilis 77 | 58 74 | 66 | 80 . 84 0.082 | 0.130 | 0.133 | 0.123 . 0.138 | 0.141 | 0.122 | 0.250 ' 0.127 | 0.134 | 0.284 . 0.281
37 | Nemoderma tingitanum 77 | 56 | 68 | 70 | 76 | 78 | 39 0 0.140 | 0.143 | 0.136 | 0.147 | 0256 | 0.148 | 0.159 | 0.321 | 0.300
38 | Alethocladus corymbosus _ 95 | 71 94 82 93 80 | 60 64 0.061 | 0.063 | 0.073 0.224 | 0.136 | 0.158  0.302 | 0.284
39 | Cladostephus spongiosus 90 | 72 | 87 | 76 | 93 | 82 . 59 ' 63 | 28 0.046 = 0.066 3 | 0.223 | 0.133 | 0.150 | 0.296  0.277
40 | Herpodiscus durvillaeae _ 88 73 88 75 | 91 88 57 . 62 | 31 0.069 | 0.227 | 0128 0.131 | 0.285 | 0.259
41 | Sphacelaria cirrosa 97 74 | 99 | 78 | 98 . 86 63 | 67 | 35 3 0.208 | 0.137 | 0.153 | 0.307 | 0.270
42 ' Stypocaulon scoparium 97 70 : 95 i 83 92 85 62 61 27 38 42  0.249 | 0.141 ' 0.169 : 0.334 0295
43 | Syringoderma phinneyi 109 | 86 109 | 95 | 103 101 | 56 . 73 | 68 72 | 78 0259  0.161  0.192 0311 | 0.287
44 | Choristocarpus tenellus 130 . 103 133 | 116 | 123 113 . 103 106 | 95 9 | 89 | 0.236 | 0.229 | 0.301 = 0.303
45 ' Onslowia endophytica 98 ¢ 74 96 90 : 88 : 92 | S8 i 67 62 i 59 63 991 0.106 | 0.273 . 0.265
46  Verosphacela ebrachia _ 97 1 71 | 95 | 85 1 99 | 95 I ®1 | 71 71 60 | 69 , 197 1 49 ¢ 0.265 | 0.258
47  Dictyota dichotoma 145 | 122 | 145 | 130 | 140 133 | 115 . 127 | 123 | 17 124 | 129 | 125 124 112 110 0.168
48 | Taonia atomaria 156 | 127 | 153 | 135 | 144 | 137 | 15 | 121 | 118 | 112 | 109 | 112 | 117 | 117 i 127 110 | 108 | 77
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Table D 4.2.3

Iy 5 6 7 11 13 15 16 17 18 19 20 21 22 23 24
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11 Tribonema aequale 0.209 | 0.210 | 0.222 | 0.198 | 0.228 | 0.215 | 0.213 | 0.213 | 0.221 | 0.215 | 0.199 | 0.204 | 0.240 | 0.235 | 0.242
5! Chordaria flagelliformis 226 0.042 | 0.081 | 0.041  0.086 | 0.111 yo 099 | 0.104 | 0.104 | 0.119 | 0.101 | 0.106 | 0.141 | 0.120 | 0.135
6 Dictyosiphon foeniculaceus 227 51 " 0077 0037 0080 0.119 0087 0.089 0.108  0.118 ' 0.094 | 0.097 = 0.130 ' 0.120 ' 0.135
7. Ectocarpus siliculosus 238 96 91 0.074 | 0.071  0.114 | 0.093  0.094  0.117 0.126 0.107 A 0.105 0.130 | 0.109 = 0.135
11! Punctaria sp 216 | 50 45 88 0.079 | 0.108 | 0.088 @ 0.090 0.102 @ 0.119 ' 0.094 | 0.098 0.133 ' 0.117 = 0.135
13 Scytosiphon lomentaria 244 | 101 | 95 85 94 0724 0088 0.96  0.119 0.127 | 0.106 A 0.107 0.139 | 0.127 0.136
15! Asterocladon lobatum 227 125 134 128 122 | 139 & 0.125 | 0.115 | 0.129 | 0.138 | 0.124 A 0.116 | 0.147  0.140 = 0.157
16 Alaria esculenta 188 94 83 89 84 84 | 116 0.030 | 0.100 | 0.112 0.084 = 0.086 0.122 0.106 = 0.129
17 Macrocystis pyrifera 230 | 121 105 |~ 110 | 106 112 | 129 30 ~ 0.099 | 0.109 | 0.087  0.085 @ 0.126 @ 0.111 | 0.136
18  Sporochnus pedunculatus 237 122 126 136 | 119 137 144 95 116 _ 0.088 | 0.087 ' 0.079 | 0.127  0.100 @ 0.124
19  Tilopteris mertensii 232 | 138 137 | 145 138 146 153 105 | 127 | 104 ~  0.092 | 0.087 0.130 | 0.117 | 0.108
20 Desmarestia aculeata 202 109 102 115 102 | 114 132 | 81 95 95 100 &= 0.026 0.125 | 0.103 | 0.125
21 Himantothallus grandifolius 221 123 | 114 | 122 | 115 | 124 | 130 | 82 | 101 94 103 @ 0129 | 0.107 | 0.122
22 Scytothamnus australe 254 | 161 149 149 153 159 162 = 114 = 145 146 149 148 _ 0.104 | 0.155
23 Splachnidium rugosum 250 139 139, 1127 136 146 155 100 ' 129 117 135 124 121 ... 0.132
24 Ascophyllum nodosum 256 155 | 154 = 155 155 156 | 172 | 120 | 155 | 143 126 141 | 175 | 152 |
25 Sargassum muticum 259 | 185 176 127 -1 187 188 | 180 @ 144 | 175 = 163 | 137 168 189 174 | 129
26 Alethocladus corymbosus 226 161 | 159 | 154 | 158 | 159 | 162 117 150 142 140 | 120 = 183 161 164
27 Cladostephus spongiosus 234 | 162 163 162 166 160 . 168 | 118 = 149 141 | 142 123 186 | 165 | 160
28 Herpodiscus durvillaeae 185 | 136 133 132 136 = 137 146 128 @ 130 127 = 126 120 145 | 131 125
32 Sphacelaria cirrosa 226 | 159 | 158 | 148 @ 158 161 155 113 151 147 147 143 180 164 171
46 Stypocaulon scopanum 236 169 | 171 | 162 | 167 177 ;& 166 130 163 142 150 i 132 192 1 169 181
47 Syringoderma phinneyi 239 | 151 149 | 153 | 151 159 163 120 147 128 | 134 114 177 156 166
48| Choristocarpus tenellus 228 | 203 | 205 | 205 | 200 | 212 | 204 | 160 | 207 188 188 193 | 206 197 | 200
49 Onslowia endophyt/ca 241 184 181 176 176 188 182 142 168 149 166 158 185 168 190
50 Verosphacela ebrachia 233 168 173 171 168 172 187 129 | 162 154 | 161 163 190" 173 176
52 Dictyota dichotoma 246 185 188 187 177 192 | 181 158 198 186 181 187 | 211 190 | 195
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Table D 4.2.3 (continued) 25 26 27 28 32 46 | 47 48 49 50 | 52
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1 | Tribonema aequale 0.246 - 0.209 @ 0.218 ' 0.256 '@ 0.210 | 0.220 @ 0.223 ' 0.212 | 0.226 '@ 0.216 | 0.232
S5 Chordaria flagelliformis 0.164 : 0.141 | 0.142 | 0.178 | 0.139 ' 0.149 | 0.132 | 0.183 ' 0.164 ' 0.148 ' 0.165
6 | Dictyosiphon foeniculaceus 0.155 © 0.139 | 0.143 ' 0.173 | 0.138 . 0.151 ' 0.130 ' 0.185 | 0.161 | 0.153 ' 0.168
7 | Ectocarpus siliculosus 0.156 { 0.134 { 0.142 | 0.171 | 0.129 { 0.142 | 0.133 | 0.185 i 0.156 { 0.150 | 0.167
11 | Punctaria sp 0.160 | 0.138 | 0.146 @ 0.177 | 0.138 | 0.147 = 0.131  0.180 . 0.156 ' 0.148 | 0.157
13 | Scytosiphon lomentaria 0.168 : 0.139 ' 0.140 = 0.180 ' 0.141 & 0.157 = 0.139 ' 0.192 . 0.168 . 0.152 | 0.172
15 | Asterocladon lobatum 0.165 @ 0.147 | 0.153 ' 0.194  0.140 0.151 | 0.148 | 0.189 ' 0.167 ' 0.172 ' 0.167
16  Alaria esculenta 0.157 | 0.125 | 0.126 | 0.166 | 0.121 : 0.141 { 0.129 | 0.177 { 0.155 { 0.140 | 0.175
17 ' Macrocystis pyrifera 0.155 { 0.131 } 0.130 { 0.170 ;| 0.132 { 0.143 | 0.128 { 0.187 { 0.148 | 0.142 | 0.178
18 | Sporochnus pedunculatus 0.143 | 0.123 | 0.122 | 0.164 | 0.128 : 0.123 | 0.110 | 0.168 | 0.130 | 0.134 | 0.166
19 ' Tilopteris mertensii 0.118 | 0.121 | 0.123 | 0.163 = 0.128 . 0.130 | 0.115 ' 0.168 ' 0.146 . 0.141 | 0.161
20 Desmarestia aculeata 0.150 { 0.109 | 0.109 } 0.153 { 0.122 { 0.121 | 0.099 | 0.174 : 0.145 i 0.144 ;| 0.162
21 | Himantothallus grandifolius 0.148 : 0.102 | 0.105 ' 0.155 | 0.124 ' 0.114 ' 0.097 A 0.173 | 0.138 ' 0.143 ' 0.167
22  Scytothamnus australe 0.168 . 0.163 ' 0.166 : 0.192 | 0.160 @ 0.172 = 0.157 | 0.186 @ 0.165 | 0.169 @ 0.192
23 | Splachnidium rugosum 0.154 | 0.141 | 0.145 | 0.170 . 0.144 ' 0.149 = 0.136 = 0.176 . 0.148 = 0.153 | 0.170
24 | Ascophyllum nodosum 0.111 © 0.144 | 0.140 | 0.161 : 0.151 ' 0.161 ' 0.146 | 0.180 . 0.170 : 0.156 ' 0.175
25 | Sargassum muticum = 0.174 | 0180  0.188 | 0.169 | 0.189 @ 0.169 ' 0.193 | 0.188 : 0.173 | 0.180
26 ' Alethocladus corymbosus 195 0.062 | 0.110 ' 0.096 @ 0.053 ' 0.094 @ 0.172  0.132  0.132 ' 0.158
27 | Cladostephus spongiosus 200 74 _ 0.105 = 0.092 ' 0.081 ' 0.107 @ 0.180 ' 0.139 = 0.144 = 0.154
28 | Herpodiscus durvillacae 143 88 84 0.131 < 0.117 ' 0.144 0.177 A 0.176 : 0.175 @ 0.156
32 | Sphacelaria cirrosa 189 113 108 103 0.109 @ 0.128 @ 0.158 : 0.130 : 0.150 : 0.161
46 | Stypocaulon scoparium 209 64 96 93 127 . 0.110 © 0.181 ' 0.133 | 0.153 ' 0.167
47 | Syringoderma phinneyi 190 111 125 113 147 128 0.172 : 0.126 - 0.129 | 0.161
48 | Choristocarpus tenellus 213 192 200 136 178 201 192 > 0192 1 0.176 ; 0.173
49  Onslowia endophytica 208 151 158 135 149 152 145 212 0.132 . 0.174
50 : Verosphacela ebrachia 194 152 164 134 170 173 149 197 151 - 0.162
52 | Dictyota dichotoma 199 178 174 121 180 187 181 193 193 182
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26 | Alethocladus corymbosus ~ 0.062 | 0.110 | 0.055 & 0.040 | 0.090 | 0.096 | 0.090 | 0.068 0.057 | 0.067 | 0.057 | 0.094 | 0.090
27  Cladostephus spongiosus 74 ' 0.05 0.040 0.54 0.78 | 0.092 0.73  0.046 0.036 | 0.050  0.070  0.086 0.078 | 0.079
28  Herpodiscus durvillaeae 88 84 ~ 0.093  0.109  0.108 0.131  0.108 0.102 0.098 | 0.095 L0111 | 0115
29  Sphacelaria arctica 66 48 | 75 0.046 | 0.073 = 0.091 = 0.075  0.045 3 0.032 | 0.083 | 0.080
30 | Sphacelaria caespitula 49 65 | 87 | 56 0.080 . 0.085 | 0.084 0.057  C ) | 0.056 0050 | 0.087 | | 0.085
31  Sphacelaria californica 106 93 | ®6.| 87 95 | 0.058 | 0.025 | 0.087 | 0.08 | 0.079 | 0.103  0.033 4 | 0.033
32  Sphacelaria cirrosa 113 | 108 | 103 | 107 | 101 | 70 {58 0.061 | 0.104 | 0.092 | 0.099 = 0.087 & 0.069 @ ( | 0.063
33 | Sphacelaria divaricata 106 87 | 86 89 .f 994 31- | i, | 00881 0078 1 .0.081  0.102 | 0.027 ’*,\0.033,&
34 | Sphacelaria nana 81 . 56 | 82 | 54 69 | 102 103 {0 0.049 | 0.053 | 0.077 | 0.092 | | 0.092
35 ' Sphacelaria plumigera 69 | 44 ' 79 34 | 62 | 96 i 92 1 59 { 0.042 | 0.069 @ 0.090 0.086
36 | Sphacelaria plumosa 80 59 | 85 40 72 101 102 65 44 0.041 | 0.065 = 0.094 | 0.094
37 | Sphacelaria racemosa 80 . 60 | 77 39 68 94 96 | 64 | 51 50 0.087 | 0.084 10.087
38 | Sphacelaria radicans 36 44 | 47 40 | 32 | 63 62 | 48 43 41 | 54 (0 '0.110; . 0101
39 | Sphacelaria rigidula ) 110‘ 100 88 97 102 40 § 33 107 | 105 { 109 | 98 | 67 ¢ . . 0.041
40 ' Sphacelaria tribuloides 110 | 93 94 96 | 102 | 42 108 99 | 105 | 99 60 49 - 0.028
41 | Sphacelaria yamadae 106 94 92 | 95 101 | ’5 | 40 | 108 | 101 | 110 | 103 62 49 .
42 | Sphacella subtilissima 91 80 | 8 | 73 . 81 107 99 92 76 85 | 82 61 106 104
43 Halopteris filicina1 66 23 86 96 | 83 | T24 | 125 | o7 | 96 | 105 | 105 | 49 | 121 | g 124
44 Halopteris filicina 2. 68 98 93 97 86 | 131 126 104 99 = 108 106 42 | 128 | 125 129
45 Stypocaulon durum 42 85 i 92 | 95 | 60 | | 114 | 116 | 87 | 77 90 | 92 | 35 | 117 117
46 _| Stypocaulon scoparium 64 96 93 93 77| [ 127 {2 102 94 103 103 43 | 127 124
47 ' Syringoderma phinneyi 111 3 125 113 117 1 107 147 . 140 134 4 1218 127 | 127 64 : 142 139
48 | Choristocarpus tenellus 192 1 200 | 136 | 192 | 188 | 178 . 186 | 206 . 198 . 200 = 197 | 100 & 184 170
49  Onslowia endophytica 151 158 . 135 15§ 140 @ 16 149 | 167 ]67 156 ¢ 159 | 165 74 167 159
50 ' Verosphacela ebrachia 152 164 | 134 167 144 170 172 174 | 158 165 173 .~ 86 169 161
51 Dictyota cervicornis. 174 | 179 | 124 | 176 | 167 | 1 191 | 180 | 182 | 181 187 | 178 104 | 176 185
52_ Dictyota dichotoma 178 | 174 | 121 182 | 172 180 181 184 | 181 188 | 182 | 116 177 174
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26  Alethocladus corymbosus 0.077 | 0.056 = 0.056 ' 0.034 ' 0.053 | 0.094 ' 0.172 | 0.132 ' 0.132 | 0.154 | 0.158
27  Cladostephus spongiosus 0.067 | 0.080 0.083 = 0.071  O. 081 0.107 © 0.180 ' 0.139 = 0.144 = 0.159 @ O. 154
28  Herpodiscus durvillaeae 0.107 = 0.110 0.117  0.116 0.117 | 0.144 0.177 | 0176  0.175  0.159 0.156
29 | Sphacelaria arctica 0.061 ' 0.082 | 0.082 ' 0.062 ! 0078 0.100 | 0.172 | 0.135 | 0. 147V . 0.156 | 0.162_
30 ' Sphacelaria caespitula 0.068 & 0.071 0.072 0.049 0.064 | 0.091  0.167 0. 121 | 0125  0.147 | 0152
31 | Sphacelaria californica 0.087  0.107  0.103 = 0.097  0.108 0.114 0 159 | 0.140 = 0.153 0.155 | 0.154
32 Sphacelaria cirrosa 0091 . 0.108  0.113 0097 0.109 0.128 0.158 . 0.130 | 0.150 ' 0.171 - 0.161
33 | Sphacelaria d/var/cata QO‘84 . 0.109 | 0.108 0.099 0.104 [ 0.121 | 0.166 | 0.147 | 0.152 ' i 0.161
34 | Sphacelaria nana 0.078 | 0.083 ' 0.088 @ 0.073 | 0.086 | 0.118 . 0.186 0.147 @ 0.154 . 0.165
35 | Sphacelaria plumigera 0.064 = 0.082 0.084 0.064 0.079 | 0.103  0.178 0.136 0.138 0.161
36  Sphacelaria plumosa 0.072 = 0.091 0.092 0.076  0.087 | 0.109 | 0.180 @ 0.139 = 0.145 . 0.168
37 | Sphacelaria racemosa 0.069 | 0.091 | 0.090 | 0.077 | 0.087 | 0.109 | 0177 | 0.145 | 0.153 | | 0163
38 | Sphacelaria radicans 0.100 | 0.081 | 0.067 ' 0.055 @ 0.069 | 0.104 @ 0.168 = 0.122 | 0.143 . 0.201
39  Sphacelaria rigidula 0. 091 . 0.107 ¢ 0.1711 | 0.101 = 0.110 [ 0.124 ' 0.165 | 0.149 | 0. 150W 0.157 | 0.159
40  Sphacelaria tr/bu/O/des 0.087 0111 | 0.107 § 0.102 ' 0.107 | 0.120 | 0.162 0144 0.148 0.157
41 “,Sphace/ar/ayamadae 0.089 ' 0.108 | 0.111 | 0.100 | 0.106 | 0.120 0. 150 . O. 1%9, 0.141 i 0.154
42  Sphacella subtilissima : - 0.096 ,O 096 0.086 @ 0.095 | 0.126 ! 0.180 0.144 | 0.152 @ . 0.168
43 | Halopteris f///cma1 111 0.048 = 0.064 = 0.070 0.114  0.166  0.147 70147 0.155
44  Halopteris filicina 2 112 57 0.058 | 0.070 | 0.113 ' 0.174 = 0.149 0.155 : 0.170
45 | Stypocaulon durum 101 75 70 0.060 | 0.106 = 0.174 = 0.136 | O. 141‘ - 0.167 | 0.168
46 Stypocau/onscoparlum 111 82 84 72 0.110 = 0.181 = 0.133 | 0.153 . 0.167
47 _ Syringoderma phinneyi 145 130 131 124.- 1 128 0.172 | 0.126 | 0.129 | 0.148 | 0.161
48 : Choristocarpus tenellus 199 183 194 194 201 192 0.192 | 0.176 : i 0.173
49  Onslowia endophytica 163 164 169 = 156 152 | 145 = 212 0.132 | 0.183 | 0.174
50 Verosphacela ebrachia 172 164 175 161 173 149 197 | 151 . 0.161 | 0.162
51 ' Dictyota cervicornis 184 176 | 187 187 182 | 168 206 203 181 0.127
52  Dictyota dichotoma 187 172 190 188 187 181 193 193 182 145
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FTEM protocols

E TEM PROTOCOLS

Table E 1. TEM protocols for chemical fixation.

protocol no. 1 2 3 4 5 6
] date 21.10.97 17.11.97 8.3.98 7.498 21.6.99 4.8.99
species| D.antarctica | D.antarctica | D.antarctica | D. antarctica | D.antarctica | D. antarctica
site | Brighton Beach | Brighton Beach | Brighton Beach | Brighton Breach St. Kilda St. Kilda
step substance
fixation glutardialdehyde 2.5% 2.5% 2.5% 2.5% 4% 4%
paraformaldehyde 4% 4%
sodium cacodylate 0.05M 0.05 M 0.05 M 0.05 M 0.05 M 0.05 M
seawater 70% 70% 70% 70% 50% 100%
NaCl
CaCl, 0.02%
KCI
caffeine 0.2% 0.2% 0.2% 0.2% 1% 1%
temperature 4°C RT RT/4°C RT/4°C RT/4°C RT
time 19h overnight overnight overnight overnight overnight
osmolarity 1267,1219
pH 7.4 7.4 7.4 7.4 7.2 7.2
microwave? one batch MW one batch MW
1. wash sodium cacodylate 0.05 M 0.05 M 0.05 M 0.05 M 0.1 M 0.05 M
seawater 70% 70% 70% 70% 50% 100%
NaCl
CaCl, 0.02%
KCI
caffeine 1%
no. and duration of steps 3*15min 3*15min 3*15min 3*15min 3*15min 3*15min
osmolarity 1171, 1192
pH 7.4 7.4 7.4 7.4 7.2 7.2
break in buffer
temperature
postfixation osmium tetroxide 1% 1% 1% 1% 1% 1%
sodium cacodylate 0.05 M 0.05 M 0.05 M 0.05 M 0.05 M 0.05 M
seawater 70% 70% 70% 70% 50% 100%
NaCl
CaCl, 0.02%
KCI
time 2h 2h 2h 2h 2h 2h
2. Wash sodium cacodylate 0.05 M 0.05M 0.05M 0.05 M 0.05 M 0.05 M
(buffer, 1:1, seawater 70% 70% 70% 70% 100% 100%
dd H20) NaCl
CaCl, 0.02%
KCI
no. and duration of steps 3 *15min 3*15min 3 *15 min 3 *15min 3 *30 min 3 *30 min
addit. Wash maleate buffer 0.05M
no. and duration of steps 3* 15 min
en bloc stain. |uranyl acetate 1% 1% 1% 1% in buffer 1% 1%
time 1h 1h 1h 1h 1h 1h
3. Wash ddH,0 ddH,0 ddH,0 0.05M buffer ddH,0 ddH,0
no. and duration of steps 3*15min 3*15min 3*15min 3 * 15 min 3*15min 3* 15 min
dehydration |solvent ethanol ethanol ethanol ethanol ethanol acetone
no. and duration of steps 1%
3%
6%
10%
15%
20%
25% 1*15min 1*15 min 1*15min 1*15min 1*20 min 1*20 min
30%
40%
50% 1*15 min 1*15 min 1*15 min 1*15 min 1 *20 min 1 *20 min
60%
70% 1*15min overnight (4°C) | overnight (4°C) | overnight (4°C) | overnight (4°C) | overnight (4°C)
75%
80% 1*20 min 1*20 min
85% 1*15min 1*15min 1*15 min 1*15min
90% 1*20 min 1 *20 min
95% 1*15min 1*15 min 1*15 min 1*15min 1*20 min 1 *20 min
100% 3*10 min 3*10 min 3 *10 min 3*10 min 3 *20 min 3 * 20 min
propylene oxide (PO) 2 *20 min 2*20 min 2*20 min 2*20 min 2*20 min

tissue processor
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Table E 1: TEM protocols for chemical fixation (continued).
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protocol no.

1

2

3

4

5

6

date

21.10.97

17.11.97

8.3.98

7.4.98

21.6.99

4.8.99

species

D. antarctica

D. antarctica

D. antarctica

D. antarctica

D. antarctica

D. antarctica

site

Brighton Beach

Brighton Beach

Brighton Beach

Brighton Breach

St. Kilda

St. Kilda

step substance

embedding resin

Spurr's

Spurr's

Spurr's

Quetol

Spurr's

Spurr's

solvent

PO

PO

PO

PO

PO

PO

steps/changes

1%

3%

6%

10%

15%

20%

25%

overnight

4h

over night

over night

over night

overnight

30%

40%

50%

overnight or 1 h

overnight

3 days

over night

over night

60%

70%

75%

4horlh

overnight

overnight

over night

over night

2 days

80%

85%

90%

95%

100%

overnight

4 *1 day

7 *1 day

8 *1 day

8 *1 day

7 or 14 *1 day

days

gradient

tissue processor

microwaving

one batch MW

1 x per day




Table E 1: TEM protocols for chemical fixation (continued).

protocol no. 7 8 9 10
date 25.8.99 14.9.99 22.11.99 24.2.2000
species| D. antarctica | D. antarctica |D. antarctica D. antarctica
site| Brighton Beach | Brighton Beach | Brighton Beach Brighton Beach
step substance 1 2 3 1
fixation glutardialdehyde 2.5% 4% 2.50% 4% 4% 4%
paraformaldehyde 4% 4% 4% 4%
sodium cacodylate 0.05M 0.05M 0.08 M 0.05M 0.05M 0,05 M
seawater 70% 70% 70% 70% 50% 50%
NaCl
CaCl, 0.1%
KCI
caffeine 0.2% 1% 0.2% 1% 1% 1%
temperature RT/4°C RT/4°C RT/4°C RT/4°C RT/4°C RT
time overnight overnight overnight (18 for MW, 20:30 h for no MW) overnight
osmolarity 1058, 1042 1658, 1621 1275, 1268
pH 7.2 7.2 7.2 7.2 7.2 7.2
microwave? X MW, noMW MW, noMW MW, noMW MW, noMW
1. wash sodium cacodylate 0.05M 0.05 M 0.08 M 0.05M 0.05M 0,05 M
seawater 70% 70% 70% 70% 50% 50%
NaCl
CaCl 0.1%
KCI
caffeine 0.2% 1% 1% 1%
no. and duration of steps 3*15min 3*15min 3 *20 min 3*20 min 3 * 20 min 3*12min
osmolarity 811, 807 1153, 1166 575, 564
pH 7.2 7.1 (stock) 7.2 72 7.2 7.2
break in buffer 6 days
temperature fridge fridge
postfixation osmium tetroxide 1% 1% 1% 1% 1% 1%
sodium cacodylate 0.05 M 0.05 M 0.08 M 0.05M 0.05M 0.05M
seawater 70% 70% 70% 70% 50% 50%
NaCl
CaCl, 0.1%
KCI
time 2:15h 2h 2:15h 2:15h 2:15h 2h
2. Wash sodium cacodylate 0.05M 0.05 M 0.08 M 0.05M 0.05M 0.05 M
(buffer, 1:1, seawater 50%
dd H20) NaCl
CaCl, 0.10%
KCI
no. and duration of steps 3*15min 3*15min 3*15 min 3*15min 3* 15 min 3*15min
addit. Wash maleate buffer
no. and duration of steps
en bloc stain. |uranyl acetate 1% 1% 1% 1% 1%
time 1h 1h 1h 1h 1h
3. Wash ddH,0 ddH,0 ddH,0 ddH,0 ddH,0
no. and duration of steps 3*15min 3* 15 min 3*15min 3*15min 3*15min
dehydration |solvent ethanol ethanol ethanol ethanol ethanol ethanol
no. and duration of steps 1% 12 min
3% 12 min
6% 12 min
10% 12 min
15% 12 min
20% 12 min
25% 1*15min 1*15 min 1*15 min 15 min 15 min 12 min
30% 12 min
40% 12 min
50% 1*15 min 1*15min 1*15 min 15 min 15 min 12 min
60% 12 min
70% | overnight (4°C) | overnight (4°C) 1*15min 15 min 15 min 12 min
75% 12 min
80% 12 min
85% 1*15min 1*15 min 1*15 min 15 min 15 min 12 min
90% 12 min
95% 1*15 min 1*15min 1*15 min 15 min 15 min 12 min
100% 3 *10 min 3 *10 min 3 *10 min 3*10 min 3*10 min 3*10 min
propylene oxide (PO) 2 *20 min (for Q.2 * 20 min (for Q.)

tissue processor

I
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Table E 1: TEM protocols for chemical fixation (continued).
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protocol no. 7 8 9 10
date 25.8.99 14.9.99 22.11.99 24.2.2000
species| D. antarctica | D. antarctica |D. antarctica D. antarctica
site | Brighton Beach | Brighton Beach |Brighton Beach Brighton Beach)
step substance 1 2 3 1
embedding resin Quetol/LRWhite | Quetol/LRWhite LR White LR White LR White LR White
solvent PO/Ethanol PO/Ethanol Ethanol Ethanol Ethanol Ethanol
steps/changes 1% 1 day
3% 1 day
6% 1 day
10% 1 day
15% 1 day
20% 1 day
25% 4h 4h overnight, fridge 1 day
30% 1 day
40% 1 day
50% 4h 4h 7 h, RT 1 day
60% 1 day
70% 1 day
75% overnight, fridge 1 day
80% 1 day
85% 1 day
90% 1 day
95% 1 day
100% [Quetol: 17 *1 day 14-17 *1 day 7* 1 day
days LRWhite: 21*1 da

gradient

tissue processor

microwaving
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Table E 1: TEM protocols for chemical fixation (continued).

protocol no. 10 11
date|  24.2.2000 8.3.2000
species |D. antarctica D. antarctica
site | Brighton Beach Brighton Beach|
step substance 2 3 4 1 2 3
fixation glutardialdehyde 4% 4% 4% 4% 4% 4%
paraformaldehyde 4% 4% 4% 4% 4% 4%
sodium cacodylate 0,05 M 0,05 M 0,05 M 0,05 M 0,05 M 0,05 M
seawater 50% 50% 50% 50% 50% 50%
NaCl
CaCly 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
caffeine 1% 1% 1% 1% 1% 1%
temperature RT RT RT RT RT RT
time overnight 4h 4h overnight overnight 4h
osmolarity
pH 7.2 7.2 72 7.2 7.2 7.2
microwave? MW, noMW MW, noMW MW, noMW |all four batches: half of samples 5x MW, half no
1. wash sodium cacodylate 0,05 M 0,05 M 0,05 M 0,05 M 0,05 M 0,05 M
seawater 50% 50% 50% 50% 50% 50%
NaCl
CaCl 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
caffeine 1% 1% 1% 1% 1% 1%
no. and duration of steps 3*12min 3*12 min 3*12min 3*12min 3 *12 min 3*12min
osmolarity
pH 7.2 7.2 7.2 7.2 7.2 7.2
break in buffer
temperature
postfixation osmium tetroxide 1% 1% 1% 1% 1% 1%
sodium cacodylate 0.05M 0.05M 0.05M 0.05M 0.05M 0.05M
seawater 50% 50% 50% 50% 50% 50%
NaCl
CaCl, 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
time 2h 2h 2h 2h 2h 2h
2. Wash sodium cacodylate 0.05 M 0.05 M 0.05 M 0.05 M 0.05 M 0.05 M
(buffer, 1:1, seawater 50% 50% 50% 50% 50% 50%
dd H20) NaCl
CaClp 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
no. and duration of steps 3*15min 3*15min 3*15min 3*15min 3*15min 3*15min
addit. Wash maleate buffer
no. and duration of steps
en bloc stain. |uranyl acetate
time
3. Wash
no. and duration of steps
dehydration |solvent ethanol ethanol ethanol ethanol ethanol ethanol
no. and duration of steps 1% 12 min 12 min 12 min
3% 12 min 12 min 12 min
6% 12 min 12 min 12 min
10% 12 min 12 min 12 min
15% 12 min 12 min 12 min
20% 12 min 12 min 12 min
25% 15 min 12 min 15 min 12 min 15 min 12 min
30% 12 min 12 min 12 min
40% 12 min 12 min 12 min
50% 15 min 12 min 15 min 12 min 15 min 12 min
60% 12 min 12 min 12 min
70% 15 min overnight (4°C) 15 min 12 min 15 min overnight (4°C)|
75% 12 min 12 min 12 min
80% 12 min 12 min 12 min
85% 15 min 12 min 15 min 12 min 15 min 12 min
90% 12 min 12 min 12 min
95% 15 min 12 min 15 min 12 min 15 min 12 min
100%| 3*10min 3*10 min 3*10 min 3 *10 min 3*10 min 3*10 min
propylene oxide (PO) 2 *20 min 2*20 min 2*20 min
tissue processor
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Table E 1: TEM protocols for chemical fixation (continued).
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protocol no. 10 1
[ date[ 2422000 8.3.2000
species |D. antarctica D. antarctica
site | Brighton Beach Brighton Beach
step substance 2 3 4 1 2 3
embedding |resin LR White LR White LR White Quetol Quetol Quetol
solvent Ethanol Ethanol Ethanol PO PO PO
steps/changes 1% 1 day 1 day 1 day 1 day 1 day 1 day
3% 1 day 1 day 1 day 1 day 1 day 1 day
6% 1 day 1 day 1 day 1 day 1 day 1 day
10% 1 day 1 day 1 day 1 day 1 day 1 day
15% 1 day 1 day 1 day 1 day 1 day 1 day
20% 1 day 1 day 1 day 1 day 1 day 1 day
25% 1 day 1 day 1 day 1 day 1 day 1 day
30% 1 day 1 day 1 day 1 day 1 day 1 day
40% 1 day 1 day 1 day 1 day 1 day 1 day
50% 1 day 1 day 1 day 1 day 1 day 1 day
60% 1 day 1 day 1 day 1 day 1 day 1 day
70% 1 day 1 day 1 day 1 day 1 day 1 day
75% 1 day 1 day 1 day 1 day 1 day 1 day
80% 1 day 1 day 1 day 1 day 1 day 1 day
85% 1 day 1 day 1 day 1 day 1 day 1 day
90% 1 day 1 day 1 day 1 day 1 day 1 day
95% 1 day 1 day 1 day 1 day 1 day 1 day
100% 7 * 1 day 7 * 1 day 7 * 1 day 5*1 day 5*1 day 5*1 day
days

gradient

tissue processor

microwaving




Table E 1: TEM protocols for chemical fixation (continued).

protocol no. 11 12 13
date 8.3.2000 21.6.2000 4.7.2000
species|D. antarctica |D. antarctica D. antarctica
site | Brighton Beach|Brighton Beach Brighton Beach
step substance 4 1 2 3 1 2
fixation glutardialdehyde 4% 4% 4% 2% 4% 4%
paraformaldehyde 4% 4% 4% 1% 4% 4%
sodium cacodylate 0,05 M 0.05 M 0.1 M 0.1 M 0.05 M 0.1 M
seawater 50% 50% 50%
NaCl 2% 2% 2%
CaCl, 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KClI
caffeine 1% 1% 1% 1% 1% 1%
temperature RT RT/4°C RT/4°C RT/4°C 4°C 4°C
time 4h overnight overnight overnight overnight overnight
osmolarity 1234, 1228
pH 7.2 7.2 7.2 7.2 7.2 72
microwave?
1. wash sodium cacodylate 0,05 M 0.05 M 0.1 M 0.1 M 0.05 M 0.1 M
seawater 50% 50% 50%
NaCl 2% 2% 2%
CaCl, 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
caffeine 1% 1% 1% 1% 1% 1%
no. and duration of steps 3*12min 3*15min 3*15min 3*15min 3*15min 3*15min
osmolarity
pH 7:2 7.2 7.2 72 7.2 7.2
break in buffer
temperature
postfixation osmium tetroxide 1% 1% 1% 1% 1% 1%
sodium cacodylate 0.05M 0.05 M 0.1 M 0.1 M 0.05M 0.1 M
seawater 50% 50% 50%
NaCl 2% 2% 2%
CaCl, 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
time 2h 2h 2h 2h 2h 2h
2. Wash sodium cacodylate 0.05 M 0.05 M 0.1 M
(buffer, 1:1, seawater 50% 50%
dd H20) NaCl 2%
CaClp 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
no. and duration of steps 3*15 min 3 *20 min 3 *20 min 3 *20 min 3 *15min 3*15min
addit. Wash | maleate buffer
no. and duration of steps
en bloc stain. |uranyl acetate
time
3. Wash
no. and duration of steps
dehydration |solvent ethanol ethanol ethanol ethanol ethanol ethanol
no. and duration of steps 1% 2:30 h 2:30 h 2:30 h 1h 1h
3% 2:30 h 2:30 h 2:30 h 1h 1h
6% 2:30 h 2:30 h 2:30 h 1h 1h
10% 2:30 h 2:30 h 2:30 h 1h 1h
15% 2:30 h 2:30 h 2:30 h 1h 1h
20% 2:30 h 2:30 h 2:30 h 1h 1h
25% 15 min 2:30 h 2:30 h 2:30 h 1h 1h
30% 2:30 h 2:30 h 2:30 h 1h 1h
40% 2:30 h 2:30 h 2:30 h 1h 1h
50% 15 min 2:30 h 2:30 h 2:30 h 1h 1h
60% 2:30 h 2:30 h 2:30 h 1h 1h
70% 15 min 2:30 h 2:30 h 2:30 h 1h 1h
75% 2:30 h 2:30 h 2:30 h 1h 1h
80% 2:30 h 2:30 h 2:30 h 1h 1h
85% 15 min 2:30 h 2:30 h 2:30 h 1h 1h
90% 2:30 h 2:30 h 2:30 h 1h 1h
95% 15 min 2:30 h 2:30 h 2:30 h 1h 1h
100%| 3*10 min 3*2:30h 3*2:30h 3*2:30 h 1h 1h
propylene oxide (PO) 2* 20 min 2 *20 min 2*20 min 2 *20 min
tissue processor X X X X X

FE TEM Pi’l)u_wc(ﬂf
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Table E 1: TEM protocols for chemical fixation (continued).
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protocol no. 11 12 13
J date 8.3.2000 21.6.2000 4.7.2000
species|D. antarctica |D. antarctica D. antarctica
site | Brighton Beach|Brighton Beach| Brighton Beach
step substance 4 1 2 3 1 2
embedding |resin Quetol Quetol Quetol Quetol Quetol Quetol
solvent PO PO PO PO ethanol ethanol
steps/changes 1% 1 day 12 h 12h 12h 12h 12h
3% 1 day 12h 12h 12h 12h 12h
6% 1 day 12h 12h 12h 12h 12h
10% 1 day 12 h 12h 12h 12h 12h
15% 1 day 12h 12h 12h 12h 12h
20% 1 day 12h 12h 12h 12h 12h
25% 1 day 12h 12h 12h 12h 12h
30% 1 day 12h 12h 12h 12h 12 h
40% 1 day 12h 12h 12h 12h 12h
50% 1 day 12h 12h 12h 12h 12 h
60% 1 day 12h 12h 12h 12h 12h
70% 1 day 12h 12h 12h 12h 12h
75% 1 day 12h 12h 12h 12h 12h
80% 1 day 12h 12h 12h 12 h 12 h
85% 1 day 12 h 12h 12h 12h 12h
90% 1 day 12h 12h 12h 12h 12h
95% 1 day 12h 12h 12h 12h 12h
100% 5*1 day 12 h 12h 12h 12h 12h
days

gradient

tissue processor X X X X X

microwaving
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Table E 1. TEM protocols for chemical fixation (continued).

protocol no. 11 12 13
date 8.3.2000 21.6.2000 4.7.2000
species |D. antarctica |D. antarctica D. antarctica
site | Brighton Beach| Brighton Beach| Brighton Beach|
step substance 4 1 2 3 1 2
fixation glutardialdehyde 4% 4% 4% 2% 4% 4%
paraformaldehyde 4% 4% 4% 1% 4% 4%
sodium cacodylate 0,05 M 0.05 M 0.1 M 0.1 M 0.05 M 0.1 M
seawater 50% 50% 50%
NaCl 2% 2% 2%
CaClp 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
caffeine 1% 1% 1% 1% 1% 1%
temperature RT RT/4°C RT/4°C RT/4°C 4°C 4°C
time 4 h overnight overnight overnight overnight overnight
osmolarity 1234, 1228
pH T2 7:2 7.2 7.2 7.2 7.2
microwave?
1. wash sodium cacodylate 0,05 M 0.05 M 0.1 M 0.1 M 0.05 M 0.1 M
seawater 50% 50% 50%
NaCl 2% 2% 2%
CaCl, 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
caffeine 1% 1% 1% 1% 1% 1%
no. and duration of steps 3*12min 3*15 min 3*15 min 3*15min 3*15min 3*15min
osmolarity
pH 7.2 7.2 72 7.2 7.2 7.2
break in buffer
temperature
postfixation osmium tetroxide 1% 1% 1% 1% 1% 1%
sodium cacodylate 0.05M 0.05M 0.1 M 0.1 M 0.05M 0.1 M
seawater 50% 50% 50%
NaCl 2% 2% 2%
CaCly 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
time 2h 2h 2h 2h 2h 2h
2. Wash sodium cacodylate 0.05 M 0.05 M 0.1 M
(buffer, 1:1, seawater 50% 50%
dd H20) NaCl 2%
CaClp 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
no. and duration of steps 3*15min 3 *20 min 3 *20 min 3 *20 min 3*15min 3*15min
addit. Wash maleate buffer
no. and duration of steps
en bloc stain. |uranyl acetate
time
3. Wash
no. and duration of steps
dehydration |solvent ethanol ethanol ethanol ethanol ethanol ethanol
no. and duration of steps 1% 2:30 h 2:30 h 2:30 h 1h 1h
3% 2:30 h 2:30 h 2:30 h 1h 1h
6% 2:30 h 2:30 h 2:30 h 1h 1h
10% 2:30 h 2:30 h 2:30 h 1h 1h
15% 2:30 h 2:30 h 2:30 h 1h 1h
20% 2:30 h 2:30 h 2:30 h 1h 1h
25% 15 min 2:30 h 2:30 h 2:30 h 1h 1h
30% 230 h 2:30 h 2:30 h 1h 1h
40% 2:30 h 2:30 h 2:30 h 1h 1h
50% 15 min 2:30 h 2:30 h 2:30 h 1h 1h
60% 2:30 h 2:30 h 2:30 h 1h 1h
70% 15 min 2:30 h 2:30 h 2:30 h 1h 1h
75% 2:30 h 2:30 h 2:30 h 1h 1h
80% 2:30 h 2:30 h 2:30 h 1h 1h
85% 15 min 2:30 h 2:30 h 2:30 h 1h 1h
90% 2:30 h 2:30 h 2:30 h 1h 1h
95% 15 min 2:30 h 2:30 h 2:30 h 1h 1h
100%| 3*10 min 3*2:30h 3*2:30h 3*2:30 h 1h 1h
propylene oxide (PO) 2 *20 min 2*20 min 2 *20 min 2 *20 min
tissue processor X X X X X
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Table E 1: TEM protocols for chemical fixation (continued).
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protocol no. 11 12 13
date 8.3.2000 21.6.2000 4.7.2000
species|D. antarctica |D. antarctica D. antarctica
site | Brighton Beach|Brighton Beach Brighton Beach|
step substance 4 1 2 3 1 2
embedding |[resin Quetol Quetol Quetol Quetol Quetol Quetol
solvent PO PO PO PO ethanol ethanol
steps/changes 1% 1 day 12h 12h 12h 12h 12h
3% 1 day 12h 12h 12h 12h 12h
6% 1 day 12h 12h 12 h 12 h 12 h
10% 1 day 12h 12h 12h 12h 12h
15% 1 day 12h 12h 12 h 12h 12h
20% 1 day 12h 12h 12 h 12h 12h
25% 1 day 12h 12h 12h 12h 12h
30% 1 day 12h 12h 12h 12h 12h
40% 1 day 12h 12h 12h 12h 12h
50% 1 day 12h 12h 12h 12h 12h
60% 1 day 12h 12h 12h 12h 12h
70% 1 day 12h 12h 12 h 12h 12h
75% 1 day 12h 12h 12 h 12h 12h
80% 1 day 12h 12h 12h 12h 12h
85% 1 day 12h 12h 12h 12h 12h
90% 1 day 12h 12h 12h 12h 12h
95% 1 day 12h 12h 12h 12h 12h
100% 5*1 day 12h 12h 12h 12h 12 h
days

gradient

tissue processor X X X X X

microwaving
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Table E 1: TEM protocols for chemical fixation (continued).

protocol no. 13 14 15
date 4.7.2000 29.8.2000 13.12.2000
species|D. antarctica |D. antarctica D. antarctica
site | Brighton Beach |Brighton Beach Brighton Beach
step substance 3 1 2 3 4 1 2
fixation glutardialdehyde 2% 2.5% 2% 4% 2% 2% 2%
paraformaldehyde 1% 1% 1% 1% 1%
sodium cacodylate 0.1 M 0.05 M 0.05 M 0.05M 0.05 M 0.1 M 0.05 M
seawater 50%
NaCl 2% 2% 146 mM 146 mM 2% 2%
CaCl 0.1% 0.1% 17 mM 17 mM 0.1% 0.1%
KCI 3.4mM 3.4 mM
caffeine 1% 0.2% 1% 1% 1% 1% 1%
temperature 4°C 4°C 4°C 4°C 4°C 4°C 4°C
time overnight 18 h 18 h 18 h 18 h 2,4,80r24h| 2,4,80r24h
osmolarity 1068, 1102 850, 834 1083, 1079 1172,1176 1071, 1070 1184, 1181 1049, 1048
pH 7.2 7.2 7.2 7.2 7.2 7.2 7.2
microwave?
1. wash sodium cacodylate 0.1 M 0.05 M 0.05M 0.05 M 0.05 M 0.1M 0.1 M
seawater 50%
NaCl 2% 2% 313.9 mM 313.9 mM 2% 2%
CaCl 0.1% 0.1% 36.6 mM 36.6 mM 0.10% 0.10%
KClI 7.3mM 7.3mM
caffeine 1% 1% 1%
no. and duration of steps 3*15min 3*15min 3*15min 3*15min 3*15min 3*15min 3*15min
osmolarity 569, 584 712,700 724,732 724,732 871, 892 786, 785
pH 7.2 7.2 7.2 7.2 7.2 7.2 7.2
break in buffer
temperature
postfixation  |osmium tetroxide 1% 1% 1% 1% 1% 1% 1%
sodium cacodylate 0.1 M 0.05M 0.05M 0.05M 0.05M 0.1 M 0.1 M
seawater
NaCl 2% 2% 2% 2% 2% 2% 2%
CaCly 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
KCI
time 2h 2h 2h 2h 2h 2h 2h
2. Wash sodium cacodylate 0.1 M 0.05 M 0.05M 0.05 M 0.05 M 0.1 M 0.1 M
(buffer, 1:1, seawater 50%
dd H20) NaCl 2% 2% 313.9 mM 313.9 mM 2% 2%
CaCl, 0.1% 0.1% 36.6 mM 36.6 mM 0.10% 0.10%
KCI 7.3mM 7.3 mM
no. and duration of steps 3*15min 3*15min 3*15min 3 *15min 3*15min 3*15min 3 *15 min
addit. Wash [ maleate buffer
no. and duration of steps
en bloc stain. |uranyl acetate
time
3. Wash
no. and duration of steps
dehydration |solvent ethanol ethanol ethanol ethanol ethanol ethanol ethanol
no. and duration of steps 1% 1h 1h 1h 1h 1h 30 min 30 min
3% 1h 1h 1h 1h 1h 30 min 30 min
6% 1h 1h 1h 1h 1h 30 min 30 min
10% 1h 1h 1h 1h 1h 30 min 30 min
15% 1h 1h 1h 1h 1h 30 min 30 min
20% 1h 1h 1h 1h 1h 30 min 30 min
25% 1h 1h 1h 1h 1h 30 min 30 min
30% 1h 1h 1h 1h 1h 30 min 30 min
40% 1h 1h 1h 1h 1h 30 min 30 min
50% 1h 1h 1h 1h 1h 30 min 30 min
60% 1h 1h 1h 1h 1h 30 min 30 min
70% 1h 1h 1h 1h 1h 13h 13h
75% 1h 1h 1h 1h 1h 20 min 20 min
80% 1h 1h 1h 1h 1h 20 min 20 min
85% 1h 1h 1h 1h 1h 20 min 20 min
90% 1h 1h 1h 1h 1h 20 min 20 min
95% 1h 1h 1h 1h 1h 20 min 20 min
100% 1h 3*1h 3*1h 3*0h 3*1 h 3 *20 min 3 *20 min
propylene oxide (PO)
tissue processor X X X X X X X
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Table E 1: TEM protocols for chemical fixation (continued).
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protocol no. 13 14 15
date 4.7.2000 29.8.2000 13.12.2000
species |D. antarctica  |D. antarctica D. antarctica
site | Brighton Beach | Brighton Beach Brighton Beach
step substance 3 1 2 3 4 1 2
embedding |resin Quetol Quetol Quetol Quetol Quetol Quetol Quetol
solvent ethanol ethanol ethanol ethanol ethanol ethanol ethanol
steps/changes 1% 12h 12h 12h 12h 12h 0.5h 0.5h
3% 12h 12h 12h 12h 12h 1h 1h
6% 12h 12h 12h 12h 12h 1.5h 1.5h
10% 12h 12h 12h 12h 12h 2h 2h
15% 12h 12h 12h 12h 12h 2.5h 2.5h
20% 12 h 12h 12h 12h 12h 2.5h 2.5h
25% 12h 12h 12h 12h 12 h
30% 12h 12h 12h 12h 12h 5h 5h
40% 12h 12 h 12h 12h 12 h 5h 5h
50% 12h 12h 12h 12h 12h 5h 5h
60% 12h 12h 12 h 12h 12h 5h 5h
70% 12h 12h 12h 12h 12h 5h 5h
75% 12h 12h 12h 12h 12h 5h 5h
80% 12h 12h 12h 12h 12h 5h 5h
85% 12h 12h 12h 12h 12h 5h 5h
90% 12h 12h 12h 12h 12h 5h 5h
95% 12h 12h 12h 12h 12h 2.5h 2.5h
100% 12h 12h 12h 12h 12h 3x5h 3x5h
days
gradient 2% per hour 2% per hour
fissue processor X X X X X X X
microwaving
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Table E 2: Protocol for cryosubstitution.

Embedding of cryo samples protocol no. 1 2 3
date|20.4.2000 21.6.2000 4.7.2000
species|D. antarctica D. antarctica D. antarctica
site |Brighton Beach |Brighton Beach [Brighton Beach
step substance
embedding |resin Quetol Quetol Quetol
solvent methanol methanol methanol
steps/changes 1% 1 day 12h 12h

3% 1 day 12 h 12h
6% 1 day 12 h 12 h
10% 1 day 12h 12h
15% 1 day 12h 12h
20% 1 day 12h 12h
25% 1 day 12 h 12 h
30% 1 day 12h 12h
40% 1 day 12h 12h
50% 1 day 12h 12h
60% 1 day 12 h 12h
70% 1 day 12h 12h
75% 1 day 12h 12h
80% 1 day 12h 12h
85% 1 day 12h 12h
20% 1 day 12h 12h
95% 1 day 12h 12h
100% 5* 1 day 12h 12h

tissue processor X X X
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