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ABSTRACT 

A molecular study of the green and brown algal endophytes associated with a 
population of Chondrus crispus Stackhouse (Rhodophyta) located at Lilstock beach, 
Somerset, revealed the following. Sequence data of the ribosomal DNA ITS2 non- 
coding region (274 bp) for five isolates of Acrochaete heteroclada, six of A. operculata 
and eight of A. viridis revealed that they were separated by 86 variable positions and 
that they formed a polyphyletic group closely related to Enteromorpha and Ulva 
species. Acrochaete viridis and A. operculata form a Glade, with A. heteroclada being 
more distantly related. This grouping is different from that derived from the 
morphological data, which suggest that A. heteroclada and A. viridis are the two more 
closely related species. The rDNA SSU coding region (278 bp) and ITS 1 non-coding 
region (109 bp) of the C. crispus-associated brown algae (Phaeophyta) revealed the 
presence of four different taxa, Streblonema maculans, Streblonema sp., Myrionema 
strangulans and a Chordaria sp., which were separated by 12 variable positions in the 
rDNA SSU, and the ITS1 regions were unalignable. These four taxa represent both 
endophytic and epiphytic forms, although all C. crispus-associated brown algae had 
been previously assigned to the endophytic genus Streblonema. The two taxa 
confirmed as the endophytic Streblonema species formed a polyphyletic group. It is 
suggested that further morphological and molecular characterisation, with referral to 
type specimens, should be employed to resolve the current taxonomic confusion 
regarding these endophytic algae. 

Oligonucleotide primers specific for Acrochaete heteroclada and A. viridis were 
successfully used in diagnostic PCRs to detect the presence of DNA derived from these 
organisms in bulk nucleic acids isolated from field-collected C. crispus. Levels of 
infection were greater than had been observed for any other study of this host as 99 % 
of all fronds examined were infected. Furthermore, 77 % of all fronds were infected 
with both endophytes. It is hypothesised that the presence of endophytes in both mature 
and immature fronds indicates a form of `controlled parasitism' and not a simple 
pathogenic relationship. The level of infection by the endophytes did not vary 
significantly throughout the year (p = 0.139), with height above Chart Datum (p = 
0.404) or with the life history phase of C. crispus (p = 0.998). The C crispus population 
had a gametophyte: tetrasporophyte life history phase ratio of approximately 1.4: 1.0 
which did not alter throughout the year (p = 0.424) or with height above CD (p = 
0.917). Gametophytes were larger than tetrasporophytes (p = <0.001) and they varied 
in size throughout the year (p = 0.006). These results are in agreement with previous 
studies of this population. 

The novel molecular method designed for the study of C. crispus-associated algal 
endophytes is sensitive, rapid, reliable and avoids the problems associated with 
endophyte isolation and microscopic examination of host fronds. 
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Chapter 1- General Introduction 

CHAPTER I 

General Introduction 

1- General Overview. 

This study is concerned with green and brown algal endophytes found within the red 

alga Chondrus crispus Stackhouse, a common component of the rocky shore flora in 

the North Atlantic (South and Tittley 1986). The rocky shore is a physio-chemically 

and competitively stressful environment where algae flourish by meeting the 

conflicting demands imposed by these stresses. Some algae, such as the algal 

endophytes, can reduce their exposure to these stresses by forming a symbiotic 

association with other algae that are capable of surviving in the intertidal. 

To date only two population-level studies have been conducted on C. crispus- 

associated algal endophytes (Correa et al. 1987, Plumb 1999). These studies have 

proved problematic due to the endosymbiotic nature of the association and the 

methods employed to examine the extent of endophytic infection, either (1) 

microscopic examination of the fronds, which does not allow species identification 

of the endophytes, or (2) endophyte isolation where identification is based on 

unreliable morphological characteristics and which may give an under- 

representation of numbers and diversity (Chapter 1, section 6.3). Due to the 

problems associated with endophyte isolation, it is desirable to study these algae 

without isolating them from their host. A number of investigations have used 

molecular techniques to study symbiotic organisms in situ where the identification 

of the symbiont is difficult or unreliable (e. g. Nazar et al. 1991, Van Tuinen et al. 

1998, Mello et al. 1999). Therefore this study was conceived to develop a method 

for studying algal endophytes without having to isolate them from their host, thus 

avoiding the problems associated with endophyte isolation. 

2- Life on rocky shores. 

The rocky shore is an erosive, intertidal environment that is neither fully terrestrial 

nor fully marine, being cyclically submerged by seawater and exposed to the air (see 



Chapter 1- General Introduction 

Dring 1992). Changes in tidal level ensure that intertidal organisms will be exposed 

to the air for at least a few tides per year and therefore they need mechanisms to deal 

with the physiological stresses involved. These stresses include temperature 

fluctuations, changes in the light environment and the effects of wave action (Barnes 

and Hughes 1988, Dring 1992, Tait 1992). 

Macroalgae are a prominent component of the intertidal environment. They can 

dominate rocky shores and be clearly seen growing in dense stands, especially in 

sheltered bays. Their success suggests that these macroalgal species are superbly 

adapted to cope with the inherent physiological stresses and biotic factors such as 

intense competition and grazing (Table 1.1). It has been suggested that the success 

of the seaweeds is due to the development of a workable compromise to meet the 

conflicting demands imposed by the stresses present in the environment and that the 

compromises required are site specific (Norton 1991). On exposed coasts, the water 

motion ensures that nutrients are readily available and wave splash reduces the 

likelihood of drying out during periods of emersion. Here, hydrodynamic 

requirements are paramount and a combination of flexibility, elasticity, rigidity or 

buoyancy allow the plants to adjust to the physical demands of the wave action. In 

more sheltered waters, unstreamlined thalli may survive, but nutrient supply may be 

limiting and desiccation can be a problem, which combine to favour species that can 

tolerate these conditions (Table 1.1). Organisms that are able to withstand different 

degrees and types of stress replace each other along the marine-terrestrial gradient 

(Barnes and Hughes 1988) creating the patterns of zonation that can be seen on 

rocky shores. 

To an appreciable degree, the presence of macroalgae in the intertidal plays an 

important role in determining the environmental conditions experienced by other 

shore-dwelling organisms. They provide a primary source of nutrition, and give 

shelter to many small animals which cannot tolerate complete exposure to the air 

and sun e. g. coelenterates, sponges, polyzoa and small crustacea (Norton 1991, Tait 

1992). They may also act as dispersal mechanisms in some systems, for example, 
detached clumps of Laurencia Nageli species have been shown to move up to 0.5 

km d"' dispersing associated fauna, and facilitating exchange of organisms between 

isolated seagrass patches (Holmquist 1994). Macroalgal beds also change the 
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Chapter 1- General Introduction 

velocity of water within the canopy providing habitat stability and allowing larval 

settlement due to reduced current velocities (Fonesca et al. 1982), although the 

abrasion of rock surfaces by algal fronds can prevent successful settlement of larvae 

such as those of the barnacle Semibalanus balanoides (L. ) (Leonard 1999). 

3- Symbiosis. 

Organisms can reduce their exposure to some of the stresses associated with life in 

the intertidal (Table 1.1) by living totally within, or partly embedded in, or on 

another organism. These types of association are described as symbiotic, sensu de 

Bary (1879), i. e. where his original definition of symbiosis includes parasitic, 

mutualistic and commensalistic associations (Table 1.2). Parasitic relationships can 

often result in damage to the host. If the damage becomes severe enough to give 
disease symptoms, parasites are then referred to as pathogens (Paracer and 

Ahmadjian 2000). Parasites within the algae can also be classified as 

adelphoparasites or alloparasites depending on whether their morphological features 

indicate that they are closely related, or distantly related to their host, respectively 

(Feldmann and Feldmann 1958). Symbiotic associations can also be classified as 
facultative (contingent) or obligate (necessary) depending on the physiological needs 

of the symbionts (Cooke 1977). Although the symbiotic associations can to some 

extent be separated into categories, it has to be made clear that the boundaries 

between them are not distinct and transitions can occur depending on the life history 

stages of the organisms involved (Goff 1982). 

There has been some debate as to whether parasitism should be included in the 

definition of symbiosis (Goff 1982, Lewin 1982) after biologists began to use the 

term to refer to associations that only confer mutual benefits on the organisms 
(Hertwig 1883). Current opinion agrees with the original definition of symbiosis 

which includes all the above mentioned associations (Table 1.2; Paracer and 
Ahmadjian 2000). This confusion means however, that care should be taken when 
interpreting the meaning of symbiosis in the literature. 

-5- 



Chapter 1- General Introduction 

Table 1.2. Symbiotic relationships and the effects on the organisms involved 
(Paracer and Ahmadjian 2000). 

Symbiotic Effects on the organisms involved 
relationship Symbiont 1 (Host) Symbiont 2 (Invasive) 
Parasitism Negative Positive 
Mutualism Positive Positive 
Commensalism Neutral Positive 

4- Algal symbiosis in the intertidal. 

Algae are known to form successful, intimate symbioses within every community 

that they inhabit including the rocky shore intertidal (Goff 1983). Although not the 

subject of this study, the lichens are the most widely studied symbiotic association 

involving algae in the shore environment (Richardson 1999). A lichen is a 

symbiotic association of a fungus (mycobiont) and a photosynthetic partner 

(photobiont) which can be an alga, a cyanobacterium or a combination of both. The 

fungal hyphae grow into the algal cells and determine the type of thallus that forms. 

There is evidence of movement of carbohydrates from the photobiont to the 

mycobiont, but it is not known if nutrients pass from the mycobiont to the 

photobiont (Ahmadjian 1993; Paracer and Ahmadjiam 2000). 

Examples of truly marine symbiotic relationships between algae and other 

organisms have been documented and the nature of the various relationships 

examined (Table 1.3). In cases where the alga is the invasive symbiont, they can be 

found on the surface as well as inside or partly embedded in the biotic substratum. 

Algae growing on the surface of animals and plants are described epizooic and 

epiphytic respectively, whereas those growing within animals and plants are 

described as endozooic and endophytic respectively (Dring 1992). The alga can also 

be described as an endosymbiont or ectosymbiont depending upon whether or not 

invasive algal filaments penetrate the host cells. There are examples in the intertidal 

of obligate symbioses between fungi and macroalgae called mycophycobioses 

where, unlike in the lichens, the alga is the dominant partner (Paracer and 

Ahmadjian 2000). 
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Chapter 1- General Introduction 

5- Endophytic algae in macroalgal hosts. 

This study is concerned with algal endophytes found in symbiotic association with 

macroalgal hosts. These endophytic algae can be either pigmented or non- 

pigmented. Pigmented algal endophytes include species belonging to the 

Chlorophyta, Rhodophyta and Phaeophyta (within the Heterokontophyta) and have 

been cultured apart from their hosts showing that they are capable of nutritional 

independence (e. g. Boney 1972, Nielsen 1979, Correa et al. 1988, Correa and 

McLachlan 1991,1993, Plumb 1999). Non-pigmented forms are restricted to the 

Rhodophyta where nearly 15% of all known genera occur as parasites within other 

red algae (Goff et al. 1996). A number of approaches have been employed to study 

endophytic algae including a range of taxonomic studies, both morphological and 

molecular, and population studies (Table 1.4). This study is restricted to the 

pigmented algal endophytes. 

Algal endophytes are difficult to study because they grow inside an algal host. 

Endophytes tend to have simple growth forms with relatively few reliable diagnostic 

characters, which makes their taxonomy problematic (Dixon 1963, White and Boney 

1969,1970, Woelkerling 1971). Positive identification depends on culturing living 

material to reveal valuable taxonomic characters that are not always apparent in 

field-collected or preserved material (Nielsen and McLachlan 1986, Correa and 

McLachlan 1991), such as branching form, cell shape, presence or absence of 

structures such as setae (hairs) and the morphology of sporangia. These 

morphological characteristics are especially important in delineating species when 

life history and developmental patterns are shared by several taxa, as is the case for 

Acrochaete Pringsheim, Endophyton Gardner and Entocladia Reinke (O'Kelly 

1983). However, reliance on characters such as hair and thallus morphology can also 

be problematic. Plumb and Brodie (1995) found that morphological features of a 

Streblonema sp. Derbes & Solier isolate were influenced by culture conditions; the 

addition of nutrients altered the shape of the vegetative cells and the production of 

hairs and sporangia. Yarish (1975) and O'Kelly and Yarish (1981) also 

demonstrated that Entocladia viridis Reinke produced hairs in older cultures and in 

media lacking nitrates and phosphates. This prompted Nielsen (1979) to propose the 
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Chapter 1- General Introduction 

inclusion of E. viridis in Acrochaete as the morphology of the diagnostic hairs were 

the same although O'Kelly and Yarish (1981) later claimed that the hair 

development was different in the two genera. Plumb (1999, Chapter 1, section 6.1) 

found that some Acrochaete isolates failed to produce hairs, which are characteristic 

of the genus, even under conditions of nutrient limitation, bringing into question the 

wisdom of using hair formation as a taxonomic character. Several studies have 

addressed the question of the taxonomic position of brown and red endophytic algae 

through the use of molecular techniques (Table 1.4) and in this way endophyte 

species have been placed within a genus and family. It is reassuring to observe that 

often the molecular and morphological taxonomic data produce congruent 

taxonomies. 

Population studies have been conducted on only a small number of algal endophyte 

species and these have simply involved the visual examination of the macroalgal 

host for symptoms of endophyte infection. Not surprisingly it was found that 

microscopic examination of the algal host revealed a greater prevalence of 

endophytes than was apparent by eye. In these studies endophytes were identified 

directly from microscopic examination of field material (Correa and Sanchez 1996, 

Correa et al. 1997), which was problematic due to the lack of distinguishing 

morphological characteristics, or they involved the isolation of endophytes into 

culture from small pieces of host thalli (Peters and Ellertsdöttir 1996, Ellertsdöttir 

and Peters 1997), which could result in a number of endophytes being missed if they 

were located in areas other than the segment excised from the host. There was also 

variation in the period over which such studies were conducted ranging from a one- 

off collection (Ellertsdöttir and Peters 1997) to repeated sampling over a period of 

27 months (Peters and Ellertsdottir 1996). 

6- Endophytic algae in Chondrus crispus. 

6.1 - Taxonomy of Chondrus crispus. 

Chondrus crispus Stackhouse (Figure 1.1) is a red alga (McLachlan 1991) that is 

widely distributed along both coasts of the North Atlantic (South and Tittley 1986), 
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Chapter 1- General Introduction 

from Newfoundland to Delaware in the western Atlantic, and from Norway to 

Portugal in the eastern Atlantic (Bird and McLachlan 1992). Numerous biological 

and ecological studies of C. crispus have been justified on the grounds that it can be 

the dominant alga on some shores and was economically important as a valuable 

source of carrageenan (Chapter 3, section 1.2, Harvey and McLachlan 1973, 

McLachlan 1991, Scrosati et al. 1994, Lindgren and Aberg 1996). 

Figure I. I. Diagrammatic illustration of Chondrus crispus Stackhouse showing 
erect vegetative fronds, in varying stages of development. Adapted from a line 
drawing by McLachlan (1991). 

Vegetative frond 
(ramet, thallus) 

The C. crispus 
plant 
(genet) 

ronds at different stages 
f development (see 
hapter 3, section 2.3.4) 

ldfast 

Chondrus crispus is a member of the Rhodophyta where it has been placed in the 

order Gigartinales and the family Gigartinaceae. The family Gigartinaceae includes 

four well established genera: Gigartina Stackhouse, Rhodoglossum J. Argardh, 

Iridaea Bory nom. cons. and Chondrus Stackhouse (Guiry and Garbary 1990). 

Hommersand et al. (1993) recognised a further three genera within the 

Gigartinaceae, Mazzaella G DeToni F., Chondracanthus Kützing and Sarcothalia 

Kützing, all legitimate names placed in synonymy under other genera. Key 

characteristics of Gigartinaceae species include the possession of a discoid or 

crustose holdfast, a Polysiphonia-type life-history, and isomorphic haploid and 
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Chapter 1- General Introduction 

diploid life-history phases (similar in size and morphology) that can co-exist in the 

field as independent generations (see Hommersand et al. 1993 for a fuller 

description of the family). 

The fronds are terete and non-branched early in development and later flatten and 

branch dichotomously (McLachlan et al. 1989). Fronds with at least two 

dichotomies are described as `mature' as this is the earliest stage of frond 

development where reproductive structures have been recorded (McLachlan et al. 

1988). The basal holdfast along with its associated fronds, both reproductive and 

vegetative, has been described by McLachlan et al. (1988) and Scrosati et al. (1994) 

as a `clump', whereas Lindgren and Eiberg (1996) would describe this as a C. 

crispus plant. In this study all vegetative and reproductive fronds associated with 

the same basal holdfast will be referred to as a C. crispus plant or individual. Within 

the field, plants of C. crispus can often produce dense bands or clumps where the 

recognition of individuals is impossible (Lazo et al. 1989). 

6.2 - Taxonomy of the Chondrits crisps-associated endophytic algae. 

A number of chlorophytic (green) and phaeophytic (brown) `endophytic' algae have 

been found associated with Chondrus crispus (Table 1.5). To date, there are no 

records of rhodophytic (red) algal endophytes associated with C. crispus, despite 

their presence in other rhodophyte hosts (Table 1.3, Table 1.4). The majority of the 

green and brown algae associated with C. crispus have been described as 

endophytic, although others have been found as epiphytic, free-living or endozooic 

e. g. Enteromorpha spp. (Dring 1992, Blomster et al. 1998, Tan et al. 1999), 

Pseudoendoclonium spp. (Nielsen 1984,1988, Burrows 1991) and Phaeophila 

dendroides (Nielsen and McLachlan 1986, Chappell et al. 1990, Burrows 1991). A 

number of these algae have been identified to species level on the basis of their 

morphology while others have been described only to genus level. Because the 

fronds of C. crispus are generally host to several brown and green endophytes 

simultaneously (Correa et al. 1987), their identification is almost impossible without 

parallel culture studies (Correa and McLachlan 1991). However, their identification 

has proved problematic even when cultures are available. 
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Chapter 1- General Introduction 

Chlorophytic C. crispus-associated endophytes were described when Nielsen and 
McLachlan (1986) identified Endophyton ramosum in a number of fronds. This 

endophyte had previously been reported associated with species of Iridaea Bory and 
Rhodoglossum affine (Harv. ) Kylin, but its identification in C. crispus remained 

unconfirmed, as Nielsen and McLachlan (1986) were unable to isolate the 

endophyte into culture. Subsequently Correa et al. (1987) identified E. ramosum in 

C. crispus populations from both the eastern and western Atlantic. However, a 

number of these filamentous algae were found to have translucent hairs consisting of 

a narrow terminal part and a swollen base that is separated from the underlying cell 

by a wall, unlike setae which are prolongations from vegetative cells (Whitton 

1988): such hairs are characteristic of Acrochaete spp (Pringsheim 1863, Nielsen 

1979) and not E. ramosum (O'Kelly 1982). 

The formation of these Acrochaete-type hairs can be induced in response to a variety 

of environmental conditions, for example, they are formed on plants that are grown 
in seawater without enrichments, especially nitrogen and phosphorus, for greater 

than two weeks (Yarish 1976, Nielsen 1979, Correa et al. 1988, Whitton 1988). 

These hairs are thought to increase nutrient uptake by increasing the surface area of 

the alga and in some cases are thought to play a role in the mobilisation of organic 

nitrogen or phosphorus (Whitton 1988). On the basis of the formation of these hairs 

the endophyte referred to as E. ramosum by Nielsen and McLachlan (1986) and 
Correa et al. (1987) was reclassified as A. operculata, a species new to science 
(Correa et al. 1988). Correa et al. (1988) also described a second new species, A. 

heteroclada, using the presence of Acrochaete hairs as the main taxonomic marker. 
Acrochaete repens and P. dendroides have been identified to species level on the 

basis of their morphology, mainly their characteristic hairs (Table 1.4), while 
Pseudendoclonium spp Wille and Enteromorpha spp have not. There has been some 
dispute as to the classification of A. viridis, which has been placed in both the 

Acrochaete and Entocladia on the basis of the hair/setae formation (Nielsen 1972, 

O'Kelly and Yarish 1981, Burrows 1991). The validity of hair formation as a 

taxonomic character has been questioned based on empirical evidence where the 

addition of nutrients has failed to induce hairs in Acrochaete species (Plumb 1999). 

Asexual reproduction has been observed in the Acrochaete with the production and 

germination of biflagellate and quadriflagellate zoospores (Nielsen 1979, Corr--a et 
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Chapter 1- General Introduction 

al. 1988, Plumb 1999). Sexual reproduction has rarely been observed in culture but 

observations by O'Kelly and Yarish (1981) on Entocladia viridis (A. viridis) has 

suggested an isomorphic alternation of generations, with monoecious gametophytes. 

Correa et al. (1987) were the first to record the presence of phaeophytic endophytes 

in C. crispus. These endophytes, assigned to the genus Streblonema, frequently 

formed extensive areas of infection in the C. crispus fronds. Plumb (1999) also 

isolated brown algal endophytes from C. crispus and again they were assigned to the 

genus Streblonema, although the determination of their precise taxonomic affinity 

was beyond the scope of his study. Streblonema species are common endophytes 

and most studies of brown algal endophytes have included reference to this genus 

(Setchell and Gardner 1922,1925, Andrews 1976,1977, Yoshida and Akiyama 

1979, Goff 1983, Peters 1991) but usually specimens are not identified to the species 

level (Correa et al. 1987, Burkhardt and Peters 1998, Peters and Burkhardt 1998, 

Plumb 1999) owing to the lack of distinctive morphological characters. All 

Streblonema species comprise branched filamentous thalli with diffuse growth, 

phaeophycean hairs and plastids with pyrenoids (Burkhardt and Peters 1998). The 

validity of hair formation as a taxonomic character has also been questioned in the 

Streblonema where there is evidence that the addition of nutrients alters the 

characteristic phaeophycean hair (Plumb and Brodie 1995). Other genera of brown 

algal endophytes, such as Laminarionema Kawai & Tokuyama and Laminariocolax 

(Ellertsdöttir and Peters 1997, Burkhardt and Peters 1998, Peters and Burkhardt 

1998), appear to be restricted to laminarian hosts. 

To date, no molecular taxonomic studies of the algal endophytes of C. crispus have 

been conducted, even though the difficulties involved in their identification using 

morphological techniques make them ideal subjects for such a study. Plumb and 

Brodie (1995) suggested that detailed morphological and molecular studies may be 

the only way to confirm the taxonomic position of these endophytic algae. 
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Chapter 1- General Introduction 

6.3 - Nature of the relationship between the algal endophytes and Chondrus 

crispu s. 

The nature of the relationship between algal endophytes and their hosts has been 

studied for a relatively small number of symbiotic associations (Table 1.6). These 

studies report that algal endophytes tend to form parasitic or pathogenic 

relationships with their algal hosts rather than commensalistic or mutualistic 

associations. Parasitic relationships are characterised by the alga (1) penetrating the 

host (2) living temporarily or permanently within or on the host, (3) deriving 

benefits from living within the host, and (4) causing the host harm (Goff 1976). 

Pathogenic relationships result when the endophytic infection causes disease 

symptoms in the host (Paracer and Ahmadjian 2000). The majority of studies 

concerned with the nature of the relationship between algal endophytes and C. 

crispus have focussed on A. operculata and A. heteroclada, the two most common 

green endophytes recorded for this host (Correa and McLachlan 1992,1993). These 

studies were concerned with endophyte penetration and growth, the effects on C. 

crispus and the host response to endophytic infection (Table 1.7). 

6.3.1 - Endophyte penetration. 

In order to establish the endophytic habit, the alga must utilise mechanical and/or 

enzymatic mechanisms to breach structurally and chemically diverse host barriers 

(Correa and McLachlan 1991). Correa et al. (1987) suggested that endophytes are 

transferred from frond to frond by spores discharged into the surrounding medium 

(Table 1.7). They assumed that spores entered into the cortical host-tissue near the 

frond apices, where the cuticle had been disrupted by growth. It has since been 

found, however, that zoospores settle evenly over the frond and that germlings are 

able to penetrate the host at any point on its surface and not only at the frond apices 

(Correa and McLachlan 1993), which is consistent with the observed spatial pattern 

of infection within the host frond (Chapter 1, section 6.3). This observation suggests 

that the cuticle is not an effective barrier to infection by pigmented algal endophytes 

(Correa et al. 1988). 

-17- 



0 
b 
9 

9.1 

b 

F 

N 
'en 

N O om v , i 
=aw ei "0 0 12 "0 li Gtr" Ili 

10 
rn 00 e ns ýö 

rn °, 
c, o 

-2 ce ei (A rn ö 

X V °'clý 
Cs e 

00c, rz .° 
ccr 

ö 

0 , 2 
U c; i 

Ü y 0Ö 
* Z: ý , rA U> 

t 

0 
0 o (U 

cd 
.C 

U"o U :LO 

M " 
cad 

"b 
U 

puu 
ce 0 

>O 
° ýA vC 

_ ^p 0 ai ._ 

cu 
r .ý j2 UU OC 

>, C 
s" 'C k 

-C pp Qp -C 
cv => 

aý r' bA 

s(1) 0. b4 
ur-=0 it +' ' 

34. w 
0 

c m>0' r. y° 
o y rn (U 

ýyÜ bUA UÜU 
U 

LC 
cu O c . O +' U 

- 
- Q 

01 - "' 51 
^p cri ý 

U 
ý+ y 

Ji Q 
L Rj 4r c 

a) 
wI t+. 

j 0. UrC. 

OV a ý % Qi 
OU 

V 
'Ü "ý 

N 
0O 

G% h+w 4ý 
G Ci >l 

'L ý' NU 

ca Er cu 0 'x yu= 
w+ i .O 

.w =Q2, eti .ýpU Uo ci C) f+ 4i 
c> 

Ci ... L2, C 0 aý 

W m J:: GA r- omo r r_ 
j2 

cc `*" ° `ý 
L cd 

Lý 0 Wv a" C) W ý. c3 L -- G) ,-4; 
EO 

IM U 
0 

U ^p O ON M 

G cý y L. cý 42 O U eý 

to -3 1 

ý S 
Gn 0 a-ý 

e2 0 
° -= ö f1'ß- 0 

+C C r a i = 
.C-. 

ý s0C "n u =U 

Z CU w cu 4- 0 M r- .0 cu b. CU 4. s, Z. c"0 U- o a... Z. C) .-o tn a on 

v o 

xQ z 
0 

z z 

. -1 Z 
Zt e 

,o0 Ihi öö CS 
Ö0 

ý 
z2 

x ors "a a¢ ýýýýaa 

, © >ýUU o O r >, S 

25 ý 
� 

L L .C 
äý L d c ZS 

-18- 



ä 

N ß 

(U (D C7N 
- 

aa) "M = Z '_' 

ý Q^ d wä 

ö ä 

0 ýl Ü Cý 
on -° 3 c) `. a 

"ý 
,ý vii U bUA U 

"IZ Ü r- = OU 

OO 
bA 

C 
3-" O 

c° oE vu v' 2 

UUO " 
y b4 

ý' y 
Q ý: + y 

(n o- 
V1 CCi 

y 

ý, V1 

'd 
Qv Uw Q Co 

U U U 
a) 

bi) 

rig ä ä, 

z z 

= z: 22 u 

(b Jtr ý; LV Ci C bA 

-1 h 2W zr äx4< 
_ 

" Z -4414 

(A , cs äo 
Q 

v 
öö 

0 0 
ci 

00 
" 

gi ei E3 

ö äý 

o o . 

ßr ý 
°' u 
ýC 

ö v) c 
00 ý 

eZ 
NöN 

of 
G 

"Ci 

CCS 
it 

.. r 

cC 
U 
U 

O 
U 
a-- 
b 
aý 

aý 

a4 

ýD 

-19- 



O 

V 

rn 
O 

.. O 

cl 
z 

F 

u oý 2"ý 
00 oo o0 

G, Ct ^d O e 'O O ý "C7 O ?ZbO C3 'O Cr 
ä r4) eu 2 Omi (U 

, Omi cu Z Omi M= C 
+"" Ca 
N Cd C c> Qý 

00 U( 
00 

ÜM N. 
uC 

M Ü UOC 
ÜM U4c 

Q 
6U) 

C . -. 

VV 
QN 0 

V0V 
0 C, 

V 
t, 

V Ü 
Oý 

r. r- 
U 

C 

y 

O .ß 
0 ý' cd UN vUi Uý "O 

te " '^ý 
UQC 

. .C ý+ a CC 

E 't 
d ýCC 

bA C cd C cý 
VOCC 

. . 

et 
oö 

.ýU rn .C 0. CU 
to wd 

u ý? 4) O0 °' v 
`ý N 

Ur o >, 
,ý° .ö -v 

000 
CO 

11 1 
y 

4 bA rn -O , &. Cy p vý 
M 

Ö, Q 

CA º- OC -' 
u 

(A OOX y E O "' VE Ci. 

CS `ý +' bN 
Gý -O 

ý' y r N cri y 'b yuj yOCö ý 
O p, y 

�, ., yU 
U 

i - to flfl 
O 

° 
a ' 

- 

Q' 
C. 

c2 W. 
= rj OL ObO 

ä Z r' CON. 1. - M 
"a cd h u .Ö A -M 

o 
00 c i ^o aý c c aý o 

++ Z .c 
O iN 

O 
=a aUOO to L7 y N cu Io 0OO OM +' i- 

rA . - 

- 
Vi f" 4- Qr " 

O 
Q" 

L7 4. - °' ö 
0 aý aw o ý, ýv . 

ý, o ' 
20 U> wN öö ö Cl- o ö 

°' ° LA 0 O ° O 
m 

Wvo NEaisce F-02 ºoý3 
3E -g0. Aw° 

u 
0 öV 

CU a) 

CwO 
y cci 4. +-+ 

CC L' N 

C oöÖ0 °. a0i 
n 

0 - 
'a a; 

J. s o 
> 

O bl) LA . a 
y i cti `+ý 'v -' CC Q) >+ N 41: = 

ÖÖ 

UO 'r- NNCm - aý+ CU ä u 
EcQä, r 

r- ö 
-v -Z äý 

G 
ÜpO 
0 ýN d 

Vi . NOu "Cl 
. 

i0. M LA - VUf 
i 

c 

,2U 

Wa E aai NL.. C aý: c iv Z º: U 

^= it 0 E 
U 

C O0 
Vý 

ä 
FO.. O 
L7 ý 

y 

x 
r 

el, ' -0 

-20- 



Chapter 1- General Introduction 

Studies of the C. crispus-associated endophytes, A. heteroclada and A. operculata, 
have revealed two different methods of host penetration. During penetration of the 

host by A. heteroclada, the cuticle displays an inward bending which is 

characteristic of mechanical penetration (Correa and McLachlan 1993). In contrast 

to this, it was concluded by Correa and McLachlan (1993) that the zoospores of A. 

operculata penetrated the host by enzymatic digestion as (a) the cuticle of the host 

showed no evidence of inward bending or compression, (b) distinct holes were left 

by the penetrating germlings and (c) caverns were formed in the host cortex adjacent 

to the germinating spores. 

Much less is known about the mechanisms used by other endophytic algae to 

establish an infection. P. dendroides filaments were found to penetrate the cuticle 

and grow into the cortex of C. crispus shortly after germination if the temperature 

was held at 20 °C: at 15 °C and 24 °C, P. dendroides was found to grow as an 

epiphyte (Correa et al. 1988). Apt (1988) examined the penetration of Streblonema 

filaments into Nereocystis luetkana and found that although in field-collected 

material there was no obvious association with wound sites or tissue damage, in the 

laboratory, Streblonema filaments were unable to penetrate mature thalli except via 

a wound site. Plumb (1999) also found brown algal endophytes to be associated 

with hosts infected with green endophytes, and he concluded that the brown algal 

endophytes may be secondary invaders. 

6.3.2 - Growth of the endophyte into the host. 

Correa et al. (1987) observed infections of C. crispus by green endophytes at all 

stages of development, ranging from settled zoospores, penetrating germlings among 
host cortical cells and, after transverse sections were made, consolidated filamentous 

plants deeply embedded within the medulla of the host often connecting opposite 

surfaces of the frond (Table 1.7). Correa et al. (1987) also stated that there were no 
differences apparent between the tetrasporophytic and gametophytic C. crispus 
fronds with respect to the occurrence of endophytes. However, at this stage they did 

not fully characterise the endophytic flora. Growth of endophytes within the host 

has since been seen to vary with the host life history phase. 
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Chapter 1- General Introduction 

Chondrus crispus follows a Polysiphonia-type life history (Figure 1.2) with 
isomorphic haploid (gametophyte) and diploid (tetrasporophyte) life history phases 
(Chen and McLachlan 1972). The gametophyte and tetrasporophyte life-history 

phases of C. crispus are indistinguishable in the vegetative state as are male and 
female gametophytes, however, the gametophyte phase is biochemically distinct 

from the tetrasporophyte phase due to the type of carrageenan present in the cell 

walls (McCandless et al. 1973). Cell wall extracts from gametophytes are rich in K- 

carrageenan, which is described as the gelling fraction and which is insoluble in the 

presence of KCI: cell wall extracts from tetrasporophytes are rich in the non-gelling 

A. -carrageenan, which is soluble in KCl (McCandless et al. 1973, Craigie and Leigh 

1978). The two life history phases can be distinguished, on the basis of the 

differences in their carrageenan content by a chemical test, using resorcinol (Chapter 

3, sections 1.2.1 and 2.1.4). 

Acrochaete heteroclada was shown by Correa et al. (1988) and Correa and 

McLachlan (1991) to infect both life history phases of C. crispus, with vegetative 

filaments growing inwards and spreading throughout the cortex (Table 1.7). 

Acrochaete operculata could also penetrate both life history phases of C. crispus and 

although the endophyte was able to spread throughout tetrasporophyte fronds its 

growth was restricted in gametophytes giving rise to discrete dark spots on the 

surface of the frond with each spot corresponding to a single invasive event. Also, 

unlike in tetrasporophytes, there was no evidence of digestion of the intercellular 

matrix of the host when A. operculata infected gametophytic fronds (Correa and 

McLachlan 1993). It was concluded that A. operculata's inability to spread through 

gametophytic fronds seemed not to be mediated by structural barriers to penetration, 

as A. operculata did not grow throughout gametophytic fronds even when they were 

damaged (Correa and McLachlan 1993). Although Correa and McLachlan (1988) 

observed that the tetrasporophytic fronds of C. crispus have a thinner outer wall with 
fewer lamellae, Correa and McLachlan (1991) concluded that it was the type of 

carrageenan in the cell walls that determined host specificity. This conclusion was 
based on the observation that A. operculata, although able to penetrate the surface 

and grow into the cortex of various carrageenophytes, only develops in plants or 

fronds of species containing %-carrageenan i. e. the tetrasporophytes of C. crispus 
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Chapter 1- General Introduction 

Figure 1.2. The Polysiphonia-type life history of the red alga Chondrus crispus. 
Adapted from the description of the life-history of C. crispus given by Chen and 
McLachlan (1972) and from a line drawing by Plumb (1999). 
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Carpospore (2n) 
0 

Cystocarp (2n) 

Tetrasporangial sori 

Tetraspoorre (In) 

Dioecious gametophytes 
Haploid (In) 

Male (In) 

Sp'rmatangia 
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Chondrus crispus has haploid (gametophyte) and diploid (tetrasporophyte) life-history phases. 
The gametophytes are generally dioecious (separate male and female gametophytes) although 
rarely they can be monoecious (Hommersand et al. 1993). Fertilization occurs in female plants 
where the carposporophyte life history phase develops. The zygote divides by mitosis and 
produces a gonimoblast from which diploid carpospores are produced; on release these 
carpospores develop into tetrasporophytes. Meiosis occurs in specialised cells of the 
tetrasporophyte to produce haploid tetraspores that germinate into either male or female 
gametophytes. A detailed account of the developmental morphology of vegetative and 
reproductive C. crispus plants collected from England and Ireland is given by Fredericq et al. 
(1992). Little is known about the abundance of male plants of C. crispus in natural populations. 
McLachlan et al. (1989) suggested that male plants were extremely rare in C. crispus 
populations, whereas the work of Tveter-Gallagher et al. (1980) and Brodie (pers. comm. ) 
indicated that male plants were as abundant as both female gametophytes with cystocarps and 
tetrasporophyte plants with sori. 
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and Iridaea cordata (Turner) Bory. In contrast, subsequent studies have shown A. 

heteroclada is more of a generalist and can be found in association with 

Mastocarpus stellatus (Stackh. ) Guiry and other red and brown algae. Acrochaete 

heteroclada was also shown to be a generalist in the laboratory, infecting a number 

of carrageenophyte and agarophyte hosts (Correa and McLachlan 1991). Brown 

algal endophytes have also been found to infect tetrasporophytes more frequently 

than gametophytes (Plumb 1999), although the reasons for this have not been 

investigated. 

6.3.3 - Chondrus crispus responses to endophytic infection. 

Correa et al. (1988) observed sloughing-off of the cuticle by C. crispus whether or 

not the frond was infected. This removal of the cuticular material would sometimes 

pull-out or fracture endophyte germlings at the one-celled stage (Correa and 

McLachlan 1993), but ultimately proved to be ineffective in preventing the 

establishment of the endophytes: sloughing of the cuticle eventually ceased when 

fronds became heavily infected (Correa et al. 1988). It seems that the rapid 

penetration of the endophytes is effective in overcoming host ̀ self-cleaning' (Correa 

and McLachlan 1991), so other defences must operate if endophyte establishment is 

to be prevented. 

Upon interaction with pathogenic or mutualistic organisms, or after wounding, a 

plant can react in different ways leading to a close association with, or defence 

against, the intruder. Defence mechanisms involve the production of chemicals, 

which are synthesized specifically or that are present as the end products of 

metabolism (Table 1.8, Baron and Zambryski 1995). 

Table 1.8. General plant defense responses to virulent pathogens. 

Origin of the Product Effect on the pathogen 
product 

End product of Phytoalexins Antimicrobial 
metabolism Lignin Reinforces cell walls 
Chemical synthesis Hydroxyproline-rich Formation of a structural 

glycoproteins (HRGPs) barrier 
Enzyme synthesis Chitinase Degradation of the cell walls of 

Pectinase invading pathogen (e. g. fungi) 
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A typical rapid reaction of a host plant to infection is the release of a burst of 

activated oxygen species (AOS), such as hydrogen peroxide, which are toxic to the 

pathogen and which can act as a secondary messenger in the host initiating rapid 

cross-linking of cell wall proteins which may hinder tissue invasion (Brisson et al. 

1994). This release of AOS is termed a `hypersensitive response' (HR). In 

summary, when challenged by an invasive organism the host can respond by a 

general defense response (Table 1.8), a hypersensitive response or a combination of 

both (Dixon et al. 1994). 

A recent study by Bouarab et al. (1999) has focussed on the chemical defence 

mechanisms used by C. crispus when challenged with the endophyte A. operculata. 

Tetrasporophytes, the susceptible life history phase, release low amounts of 

hydrogen peroxide (< 1.8 µM) when challenged with A. operculata extracts, 

whereas gametophytes will respond with a burst of hydrogen peroxide production at 

concentrations of approximately 16 µM. It was thought that the oligosaccharides 

within the host plant that are responsible for triggering the HR may, in the 

tetrasporophytes, act as a signal allowing the endophyte to avoid or quench the host 

defence reactions. This host defence avoidance could involve the enhanced 

synthesis of A. operculata-components that interfere with its recognition by the host, 

as observed in Rhizobia where the host produces phytoalexins at rates lower than in 

a typical pathogen response (Schmidt et al. 1992, see Baron and Zambryski 1995 for 

a full review). It also appeared that the tetrasporophytes lacked receptors involved 

in the perception of the A. operculata filaments as the filaments could invoke a rapid 

reaction in the gametophytic phase. However, unlike in Rhizobia, once A. 

operculata has invaded the tetrasporophytic frond rapid destruction of host occurs 

(Correa and McLachlan 1993) with the X-carrageenan, the cell wall polymer 

prevalent throughout the tetrasporophyte, inducing specific carrageenolytic enzyme 

production in the endophyte, thereby enhancing its pathogenicity. 

6.3.4 - Effects of the endophytes on the host. 

Effects on growth, regeneration and toughness of endophyte-infected C. crispus 
fronds have been determined in order to elucidate the nature of the symbiotic 
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relationship (Table 1.7, Andrews 1977, Correa and McLachlan 1992). Correa et al. 

(1987) noted that in field-collected material, germlings of green algal endophytes 

were often surrounded by a halo of pale host cortical cells, suggesting that some 

limited damage may result from host penetration. However, in advanced infections, 

the endophytes of C. crispus develop a network throughout the medulla and in some 

instances the cortical cells of the host were replaced by closely packed endophyte 

cells (Correa et al. 1987, Correa and McLachlan 1991). This replacement of host 

cells by endophytes has also been observed in other associations, especially those 

involving Streblonema species (Table 1.6, Andrews 1976, Yoshida and Akiyama 

1978). 

The damage to the host cells and the rupture of the frond surface required to 

facilitate endophyte zoospore release produces openings in the frond that are not 

repaired, possibly due to the damaged, non-functional surrounding cortical cells. 

The lack of wound healing allows bacteria to enter the host (Correa and McLachlan 

1993, Correa et al. 1994). It has been suggested that bacteria are secondary invaders 

as (1) they are unable to infect the host unless a wound exists in the cortex, and 

decaying, non-functional host cells are present, and (2) in field-collected and farmed 

fronds there is seldom evidence of bacterial damage without the co-occurrence of 

algal endophytes, even though heavy endophytic infections with no evidence of 

bacterial degradation are common (Correa and McLachlan 1993). Correa and 

McLachlan (1993) also showed, by scanning electron microscopy, that bacteria 

never preceded the infecting germlings into the host thallus, rather they remained 

outside in the vicinity of the penetration sites. 

Following bacterial secondary infections, decay of the cortex progresses more 

rapidly, apparently as the result of digestion of host cell walls and cellular remains 
by the bacteria. Bacterial infections progress from the collapsed cortex into the 

medulla, causing rapid digestion of cell walls and cellular remains, and completing 

the breakdown of the host tissue initiated by the endophyte (Correa and McLachlan 

1993, Correa et al. 1994): total destruction of cultured thalli was observed in 3-4 

months (Correa et al. 1994). 
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The destructive effect of endophytes on the host cells and tissue contributes to the 

weakening of the fronds. Lytic enzymes leaking from damaged host cells may cause 

additional softening of C. crispus tissues, acting synergistically with the endophyte- 

mediated disruption and contributing to the digestion of extensive areas of the cortex 

and medulla (Correa and McLachlan 1992). Even when little normal C. crispus 

tissue remains at the infection site, the infection is only detectable macroscopically 

by a greenish pigmentation and a slight softening of the frond (Correa and 

McLachlan 1992,1993). In the field, many heavily infected fronds of C. crispus are 

broken and this has been taken to indicate a role for endophyte-mediated softening 

in frond breakage (Figure 1.3). In these broken fronds the areas below fracture 

points were heavily infected by both brown and green endophytes and they were 

found to be softer than intact, lightly or non-infected fronds. The patterns of 

infection in broken fronds indicated that they probably developed prior to the 

fractures forming and were not secondary to them (Correa and McLachlan 1992). 

Figure 1.3. Damaged frond of Chondrus crispus showing endophytic infection 
(green-yellow pigmentation). Frond collected from Lilstock beach (24-11-00). 

Frond damage 

Frond damage 

Visible endophvtic infection 

10mm 

Correa and McLachlan (1992) also demonstrated that C. crispus fronds infected with 

endophytes were preferentially grazed by invertebrates such as Idotea baltica Pallas 

and Gammarus oceanicus Segersträle: infected hosts were consumed more rapidly 

than non-infected fronds and grazing marks were commonly found at frond fracture 

points. Correa et al. (1987) had previously suggested that intense grazing can 

remove the cortex of the host, exposing the medulla and offering a suitable means of 

entrance for new endophytic infections. 
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Both the softening of the fronds by the endophytic infection and any enhanced 

grazing damage are likely to facilitate fractures by wave action. The thinnest part of 
C. crispus plants is the stipe/holdfast interface yet in field collected plants up to 30% 

were broken above the first frond dichotomy, suggesting that if fractures occurred at 

the weakest point, then this point is not the thin holdfast/stipe interface, but within 

the frond where it may result from the softening of tissues, a flaw or both. When 

endophytic infections at the fracture site are heavy, regeneration is suppressed and 

the frond is lost from the population (Correa and McLachlan 1992). The loss of 

diseased fronds has also been observed in cultivated populations of C. crispus 

(Craigie and Correa 1996) and Ulva rigida (Del Campo et al. 1998), as well as for 

wild populations of Mazzaella laminarioides (Table 1.6, Correa and Sanchez 1996, 

Buschmann et al. 1997, Correa et al. 1997). Heavily infected fronds, if removed, 

will be replaced by new ones growing out from the holdfast (Correa and McLachlan 

1993). 

Correa and McLachlan (1992) concluded from the observations described above that 

A. heteroclada and A. operculata are pathogens of C. crispus. If it is assumed that a 
frond acts as an individual, independent of the holdfast, then the large areas of host 

frond tissue decay and destruction associated with A. heteroclada and A. operculata 
infections are more typical of a pathogenic infection (Table 1.6) than of a parasitic 

relationship where host death is rare. The softening and destruction of the C. crispus 
fronds is a characteristic of `green-spot' or `green-rotting' disease observed in other 

pathogenic symbiotic associations (Table 1.6). Correa and McLachlan (1992) also 
felt that by the time the endophyte penetrates the host cells, the cells have already 

undergone such extensive degradation that they would provide little, if any, nutrition 
for the endophyte. In contrast, both McLachlan et al. (1989) and Plumb (1999) 

proposed that the host-endophyte association in C. crispus is an example of 

mutualism, where pigmented endophytes are provided with a substratum and the 

host a self-purging mechanism to rid itself of old, infected fronds based on the 

observation that older, broken fronds are heavily infected with endophytes. 
However, the true relationship may be more complex because, for example, 

although A. operculata infections induce extensive decay in tetrasporophyte hosts 

(Table 7, Correa and McLachlan 1993), the gametophytes suffer little damage as a 

result of such infections and can co-exist with the endophyte for periods of at least 
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one year (Correa and McLachlan 1991). This stable host/endophyte association is 

more characteristic of a parasitic relationship, or controlled parasitism, where the 

endophyte benefits from using the host as a substratum in order to complete its life 

cycle and where damage to the host is minimal, possibly due to host defences 

(Chapter 1, section 6.2.3, Goff 1976, Paracer and Ahmadjian 2000). 

Nutritional dependence upon the host and dependence on the host for the completion 

of the endophyte life history has not been determined as has been the case for other 

relationships e. g. Harveyella mirabilis within Odonthalia floccosa (Goff 1976). 

Plumb (1999) observed asexual reproduction of A. heteroclada in culture, but the 

development of sporangia was never observed in cultures of A. operculata. Also, A. 

heteroclada would grow readily in culture while A. operculata filaments remained 

endophytic and were rarely observed except in association with host tissues. This 

suggests that A. operculata might be more dependent on C. crispus than A. 

heteroclada (Cooke 1977), although further studies are needed to determine the 

precise nature of the relationship between these endophytes and their host. 

6.4- Population studies. 

There have been two population-level studies of algae associated with Chondrus 

crispus (Correa et al. 1987, Plumb 1999, Table 1.5). In a comprehensive study of 

the endophytes associated with populations of C. crispus from the eastern and 

western Atlantic Ocean (Correa et al. 1987) both green and brown endophytes were 

found to form extensive areas of infection. The frequency of infection for mature 

fronds varied, but it could exceed 80% and more than one species of endophyte (`E. 

ramosum ; P. dendroides or Streblonema spp. ) could inhabit the same frond. The 

mid-region of the frond was shown to be the most commonly infected area, frond 

apices showing a low level of infection and no infection observed in the basal 

region. It was found that infection was not related to the vertical position of the host 

on the shore. Correa et al. (1987) concluded that endophytic infections are 

widespread throughout the populations of C. crispus from both sides of the Atlantic 

and that the species of endophytes appeared to be common to all populations 

studied. As no reliable specific species determinations were made in this study, 

their conclusions referred to endophytes in general and not individual taxa. 
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Plumb (1999) studied the endophytes associated with a population of C. crispus in 

the British Isles over a period of 33 months. Unlike Correa et al. (1987) he was able 

to identify a much larger number of endophytic species. At least seven algal taxa 

were identified as being associated with C. crispus: A. heteroclada, A. viridis, A. 

repens, A. operculata, Pseudoendoclonium sp., Enteromorpha sp. and Streblonema 

sp. with a maximum of four species isolated from the same frond. He found a 

fluctuating level of infection ranging from a minimum prevalence of 15 % to a 

maximum of 95 % of fronds. Infection by endophytic algae was found to be greatest 

during the summer and autumn, decreasing slightly during the winter months. 

Brown algal endophytes were usually found in association with green endophytes. 

Although P. dendroides was found associated with C. crispus by Correa et al. (1987, 

1988), it was not found to be associated with C. crispus populations around the 

British Isles (Plumb 1999). Despite an extensive study of the algal endophytes there 

were still questions as to the species level identification of the Streblonema spp., 

Pseudoendoclonium spp. and Enteromorpha spp. and some debate on the validity of 

the morphological characters previously used to delineate species (Chapter 1, section 

6.1). 

7- Problems and novel solutions in population-level studies. 

A major problem associated with the study of algal endophyte population dynamics 

occurs when it is necessary to isolate the endophytes into culture. It can take up to 

four months to isolate endophytes into culture, and even then they may only grow in 

the presence of host tissue, e. g. A. operculata tends to remain in close association 

with the host tissue even after 19 months in artificial medium (Plumb 1999). The 

endophyte isolation procedure itself (Correa et al. 1988, Plumb 1999) involves the 

use of excised segments of host tissue and it cannot be guaranteed that all the 

endophytes within the frond are represented in these sections. The endophyte 
isolation procedure also involves a surface sterilisation procedure, using sodium 
hypochlorite, and not all endophytes may survive this process. Finally, once 
isolated, the endophytes may be difficult to identify due to the lack of reliable 

morphological characteristics. 
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A way to avoid the above problems would be to develop a method that does not 

require endophyte isolation. There have been a number of studies that have 

successfully developed species-specific molecular probes to investigate populations 

of organisms are in a symbiotic association and/or which are difficult to identify 

using morphological techniques (Table 1.9). These molecular probes provide a 

rapid and reliable method for the screening and positive identification of individual 

taxa in large numbers of samples. 

8- General rationale and aim of this study. 

In view of all the above it is obvious that the taxonomic position of the endophytes 

associated with C. crispus remains unclear. Many of the morphological features 

used for the specific identification of the algal endophytes, such as formation of 

hairs and cell size, are unreliable (Plumb and Brodie 1995, Plumb 1999). The 

Streblonema spp isolated from C. crispus have such similar morphologies that they 

have not been identified to the species level. The major successes with 

identification of other algal endophytes have resulted from the use of molecular 

techniques (Goff et al. 1996, Burkhardt and Peters 1998, Peters and Burkhardt 1998) 

and similar techniques now need to be used to characterise the algae associated with 

C. crispus. 

There have been only two population-level studies of the algae associated with C. 

crispus (Correa et al. 1987, Plumb 1999) and only one that involved specific 
determinations of the isolated algal species from known life history phases of the 

host over a prolonged time series (Plumb 1999). Therefore, further comprehensive 

population-level studies are required to give a fuller understanding of the ecology of 

these endophytic algae. However, as there are many problems associated with the 

isolation and identification of the endophytes associated with C. crispus, a novel and 

reliable approach is required to study these algae. 

The aim of this study was to develop a method to examine the ecology of endophytic 

algae while avoiding the problems associated with endophyte isolation. From 

previous investigations it appeared that the development of species-specific 
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molecular probes would be necessary to address this aim thus providing a novel, 

reliable and rapid method for the study of algal endophytes. Therefore, in order to 

achieve the aim it was necessary to (1) isolate the endophytes associated with C. 

crispus into culture (2) determine the species present using molecular techniques (3) 

search for regions of DNA sequence variability (4) design species-specific 

molecular probes and (5) use the molecular probes to examine the ecology of the 

endophytic algae without having to isolate them from their host. 
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CHAPTER 2 

The diversity of Chondrus crispics-associated endophytic 
algae revealed by molecular sequencing studies. 

1- Introduction. 

To develop a PCR-based molecular method for the identification of C. crispus- 

associated endophytic algae without having to isolate them from their host, it was 
imperative to identify and sequence a region of the genome with enough variability 

to allow the design of species-specific molecular probes. In order to achieve this it 

was necessary to (1) isolate the endophytes into unialgal culture (2) determine their 

taxonomic status using established morphological criteria (3) identify a region of the 

genome with sufficient variability to allow the design of molecular probes (4) 

perfect a technique for the isolation of endophytic DNA and (5) amplify, sequence 

and analyse the selected region of the DNA. 

1.1 - Isolation and identification of the C. crispus-associated algal endophytes. 

At least eight algal taxa have been identified as being associated with C. crispus: 
Acrochaete heteroclada, A. operculata, A. viridis, A. repens, Phaeophila dendroides, 

Pseudoendoclonium spp, Enteromorpha spp and Streblonema spp (Correa et al. 
1987, Plumb 1999). A number of studies have described procedures for the isolation 

and culture of both chlorophytic and phaeophytic endophytes (e. g. Boney 1972, Apt 

1988, Correa et al. 1988, Plumb 1999). The initial stage of any endophytic isolation 

procedure involves freeing the host frond surface of epiphytes and other 

contaminants using either sterilised water (Bony. 1972), or a solution of sodium 
hypochlorite (Lewin 1984), or a combination of the two (Correa et al. 1988, del 

Campo et al. 1998, Plumb 1999). After the host frond surface has been freed of 

epiphytes and other contaminants, sections of infected frond are excised from the 
host and placed into culture medium (Boney 1972, Correa et al. 1988, Peters 1991, 

Peters and Ellertsdöttir 1996, del Campo et al. 1998, Plumb 1999), or, more rarely, 

the whole host frond is placed into culture medium (Lewin 1984): endophytes grow 

outwards from the frond or frond section. Filaments and/or spores of these 
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endophytes are then collected to obtain unialgal cultures (Boney 1972, Fletcher 

1983, Apt 1988, Correa et al. 1988, Chappell et al. 1990, Peters 1991, Peters and 
Ellertsdottir 1996, del Campo et al. 1998, Plumb 1999). Endophytes are kept under 

culture conditions where the incident irradiances range from 10 to 16 pmol photons 

m2 s" (Nielsen 1984 and del Campo et al. 1998 respectively) at a temperature of 

approximately 15 °C ±1 °C. Below this temperature, growth was found to be too 

slow and at temperatures above 20 °C bacterial degradation occurred (Correa and 
McLachlan 1991). In all of the above studies the endophytes were kept under 16: 8 

hour light: dark long days (LD). Germanium dioxide was used for the suppression of 
diatom growth by Nielsen (1979,1984), Peters (1991) and Plumb (1999), at a final 

concentration of 5 mg 1"1 to 10 mg 1-1. 

Of the algae associated with C. crispus from the British Isles, Acrochaete 

heteroclada, A. operculata, A. viridis and Streblonema spp were the most commonly 

encountered: the identification of these specimens was based on morphological 

characteristics (Table 2.1, Figures 2.1 and 2.2). The Streblonema species were 

identified by Plumb (1999) on the basis of their gross morphology in culture. He 

identified two growth forms (1) a diffuse, fluffy, pale brown, irregularly branched 

aggregate, between 0.5-3.0 (-10) mm wide and (2) a tufty, tightly packed, almost 

spherical, dark brown aggregate with few irregularly branched free erect filaments, 

0.5-1.0 mm in diameter. Growth form I grew initially as a solitary individual, but 

later spread throughout the dish to form a continuous brown filamentous mat. 

Growth form 2 remained as solitary spherical growths. The observations by Plumb 

(1999) suggest that at least two species of Streblonema were present in culture 

although specific determinations were not made. A single Streblonema isolate, 

isolate B6 (Figure 2.2, Table 2.1) was described in detail by Plumb (1999) but was 

not identified to species level. 

1.2 - Use of molecular methods in algal taxonomy. 

To date, all C. crispus-associated algal endophytes have been identified using 

unreliable morphological characteristics, such as hair formation and cell size, which 

can be altered in response to environmental conditions (Chapter 1, section 6.1). In 
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Figure 2.1. Morphology of the C. crispus-associated green algal endophytes. Ia. 
Acrochaete heteroclada unattached to the culture dish floor, pseudoparenchymatous 
cushion-like growth with free filaments around margin. 1 b. Vegetative filaments of A. 
heteroclada. lc. Full sporangium of A. heteroclada. 2. Unialgal culture of A. viridis, 
pseudoparenchymatous cushion-like growth, (1 ) emptied sporangium. 3a. Unialgal 
culture of A. operculata. 3b. Filament of A. operculata, irregularly swollen vegetative 
cell (-1, ). Photographs taken by Plumb (1999). 
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Figure 2.2. Morphology of the Streblonema isolate B6 (Table 2.3). A- Unbranched 
plurilocular sporangia, filled with zoospores (" -º ) and part empty (0 -º ). Cross 
walls of sporangium (-+ ) and zoospores (z -+ ). B-A phaeophycean hair with basal 
sheath (s -º) and meristem (m -) on a terminal cell of a filament. Photographs taken 
by Plumb (1999). 
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Chapter 2- Molecular investigation 

the case of the Streblonema spp the lack of distinctive morphological characteristics 
have, in a number of cases, prevented their identification below the genus level (e. g. 
Correa et al. 1987, Ellertsdöttir and Peters 1997, Plumb 1999). 

Several studies have utilised molecular methods to determine the taxonomic position 

of algae that are difficult to identify using morphological characters (see Manhart 

and McCourt 1992, Brodie et al. 1998, Table 1.4). The sequence of nucleotides in 

DNA molecules has proved to be such a useful tool in taxonomic and phylogenetic 

studies because it changes through time by mutation and recombination, but is 

largely insensitive to environmental and growth stage variables. Mutagens such as 
X-rays, ultraviolet (UV) radiation and heavy metals can trigger small, e. g. thymine 

dimer formation, or large-scale changes in the genome/sequence, e. g. cadmium ions 

will select for a genome rearrangement in cyanobacteria (Gupta et al. 1992). Some 

of the changes in an organism's DNA will have consequences for its overall fitness. 

A mutant allele may be deleterious to the extent that it is lethal and so is not passed 
down to further generations or, it becomes fixed in a population because of the 

selective advantage that it confers (Barker 1995). The majority of surviving 

mutations are likely to be neutral in their effect on fitness (Kimura 1983) either 
because they occur in non-coding regions of the genome, or at the third base position 

of a degenerate triplet codon, or because the corresponding change in amino acid or 

ribosomal RNA sequence does not significantly alter the function of the gene 

product. These mutations will accumulate steadily over time as long as the mutation 

rate and population size remains constant and does not pass through a bottleneck. 

Mutations can involve the substitution of one base for another, called point 

mutations. Point mutations can be placed in two categories, (i) transversions, when 

a pyrimidine (T or C) is substituted for a purine (G or A), or visa versa, or, (ii) 

transitions, when a purine is substituted for another purine, or a pyrimidine is 

replaced by another pyrimidine. Transitions are generally more common than 

transversions'as the creation of a transversion generates a transient state which the 

dimensions of the DNA double helix forbids on steric grounds i. e. a mismatch of 
bond pairs between the connecting bases (Suzuki et al. 1989). Mutations can also 
lead to insertions and deletions of nucleotides (Page and Holmes 1998). The 

-39- 



Chapter 2- Molecular investigation 

differences between the sequences allow relationships between individuals to be 

established. 

Provided that orthologous regions (similarity due to common evolutionary history) 

of DNA are compared, it is assumed that a pair of recently diverged taxa will share a 

greater number of nucleotide positions by common descent than a pair of distantly 

related organisms. Therefore it is important to choose the appropriate gene(s) and/or 

non-coding regions of the genome in order to provide the desired level of 
discrimination for any particular study (Olsen 1990). Orthology can usually be 

clearly established in the case of DNA coding regions, provided that the degree of 
base substitution is not so high as to hinder the unambiguous alignment of 

nucleotide positions (Barker 1995). Protein coding regions tend to be highly 

conserved and therefore may not show differences between closely related taxa. 

Conversely, the more variable, non-coding regions may not be useful even for 

comparisons between different species or genera because homoplasies (multiple 

mutations at a nucleotide position, and parallel mutations among different lineages) 

reduce the value of the data and unambiguous alignment soon becomes a problem 
(Chapman and Buchheim 1991, Goff et al. 1994). 

1.3 - Selecting a variable region of DNA. 

There are a number of factors that must be considered when choosing a region of 
DNA showing sufficient variation between species to allow the design of species- 

specific molecular probes. It is important to ensure that the DNA region selected (1) 

is present in all the organisms, (2) fulfils the same role in each, (3) is sufficiently 

conserved to allow unambiguous alignment between the sequences (Hillis and 

Moritz 1990), and (4) must also differ between species sufficiently to allow the 

design of the species-specific molecular probes. The region of DNA could also be 

useful in delineating taxonomic groupings where their identification using 

morphological techniques is difficult or uncertain. 

The ribosomal DNA (rDNA) region has often been targeted for phylogenetic 

studies, including within the algae, as it contains both highly conserved (functionally 

constrained) and highly variable regions (Olsen 1990, Coleman and Goff 1991, 
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Manhart and McCourt 1992). Furthermore, ribosomal RNA genes do not appear to 

undergo lateral gene transfer between species (Sogin and Gunderson 1987). 

1.3.1 - Ribosomal DNA. 

The eukaryotic rDNA is arranged in tandemly repeated clusters with each cluster 

containing the genes for the small subunit (SSU/18S), 5.8S and large subunit 

(LSU/23-25-26-28S, De Clerck, pers. comm. ) rRNA (reviewed in Gerbi 1985). 

Several spacer regions separate the genes, namely the intergenic spacer (IGS), the 

external transcribed spacer (ETS) and the internal transcribed spacer (ITS) regions. 

The IGS separates the different repeat units, the ETS lies between the promotor (P in 

Figure 2.3) and the SSU gene and the ITS lies between the SSU and LSU coding 

regions. The ITS can be further subdivided into ITS 1, which is located between the 

SSU and 5.8S genes, and ITS2 which separates the 5.8S and LSU genes (Figure 

2.3). 

IGS ETS ITSI ITS2 IGS 

Figure 2.3. Schematic map of the rDNA region. P= promotor. Not to scale. 

1.3.2 - The variability of the ribosomal DNA. 

Given the length of the rDNA SSU and rDNA LSU genes (ca. 1800 and 2600 bp 

respectively) and the associated spacer regions, there are literally thousands of 

characters (nucleotide positions) within the rDNA available for molecular analysis 
(Chapman and Buchheim 1991). 

The rDNA SSU has been widely used to draw molecular phylogenetic inferences 

among the algae and many other organisms, because like the rest of the rDNA, it 

comprises both highly conserved and more variable domains, which have been used 

to compare distant and closely related taxa respectively (Woese 1987, White et al. 
1990, Chapman and Buchheim 1991). rDNA SSU sequences have been used to infer 
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phylogenetic relationships of major algal lineages (Saunders and Kraft 1995, Tan 

and Druehl 1993,1994,1996), at and above the genus level (Saunders et al. 1995) 

and to resolve species-level relationships (Bird et al. 1994). 

Unlike the SSU rDNA coding region, the ITS regions are believed to have few 

functional constraints and so are free to accumulate mutations at a faster rate, 

although it should be noted that secondary structural elements in both ITS regions 

are known to play an important role in the processing of the pre-rRNA molecule 
(Musters et al. 1990, Bakker et al. 1992,1995, van der Sande et al. 1992). 

Sequences derived from the rDNA ITS regions have been used to analyse 

relationships between individuals within populations of a single species (Kooistra et 

al. 1992, Marks and Cummings 1996), between species (Goff et al. 1994, Pillman et 

al. 1997, Blomster et al. 1999) and occasionally between closely related genera 

(Burkhardt and Peters 1998, Ellertsdöttir and Peters 1997). Generally, however, the 

ITS sequences are so variable that only sequences of closely related taxa are 

alignable over the whole length of the spacers (Bakker et al. 1992, Peters and 

Burkhardt 1998), although their potential secondary structural elements and 

conserved motifs have occasionally been used as a guide to alignment of the ITS 

regions from widely divergent taxa (Coleman and Mai 1997, Iteman et al. 2000). 

1.4 - DNA isolation and the Polymerase Chain Reaction (PCR). 

The absence of reliable methods for DNA extraction has been a major hindrance to 

molecular studies in the algae (Olsen 1990). The main problems arise because algae 
have tough cell walls and they are rich in polysaccharides that can remain with the 

nucleic acids throughout the extraction and purification process. To facilitate DNA 

isolation, the cell wall must be broken, e. g. by grinding in liquid nitrogen, and the 

cell membranes must be disrupted. Furthermore, the DNA must be protected from 

endogenous nucleases, initially through the use of protein denaturants and chelating 

agents, but ultimately by deproteination. The polysaccharides also have to be 

removed as they can inhibit subsequent enzyme mediated procedures such as PCR 

(Rogers and Bendich 1994). The techniques to remove polysaccharides tend to 

involve the use of CTAB (cetyltrimethylammonium bromide) solutions in which 
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polysaccharides and nucleic acids are soluble to different degrees (e. g. Rogers and 
Bendich 1994, Lumaret et al. 1998). 

Many of the procedures that are employed to remove the polysaccharide material 
from cell lysates can also result in a considerable loss of DNA. Low yields of DNA 

were not a problem in this study because PCR-based analytical techniques have the 

advantage of being able to amplify target sequences from 0.1 to 10 ng of purified 
DNA template or a few microlitres of crude cell lysate (White et al. 1990, Baker 

2000). In theory PCR should enable the amplification of a target sequence from a 

single initial cell; in practice Goff et al. (1994) have succeeded in amplifying DNA 

from as few as two red algal spores. 

In view of the above, the most obvious method to determine the taxonomic status of 

the C. crispus-associated algal endophytes was to first isolate them into culture and 

then identify them using a combination of morphological and molecular techniques. 

The rDNA provides a range of variability as it is comprised of coding and non- 

coding regions and has previously been used to delineate algae at the genus and 

species level. Therefore the rDNA was likely to contain sufficient variability to 

allow the design of species-specific molecular probes. 
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2- Materials and Methods. 

2.1 - Study Site. 

This study was undertaken between February 1998 and July 1999, at Lilstock Beach, 

Somerset (Ordnance Sheet 181, grid reference 176453). Lilstock Beach is located 

on the southern coast of the Bristol Channel. The shore is north facing and is 

approximately 20 km east of Minehead in Bridgewater Bay (Figure 2.4). The study 

population of Chondrus crispus is located in the mid-shore region (2.39 m-3.35 m 

above Chart Datum). The substrate in the mid-shore region is friable flat shale with 
bedded limestone (Lias group) outcrops (Warrington and Ivimey-Cooke 1995) and 
is influenced by high silt levels (Figure 2.5). The salinity of the surface seawater at 
Lilstock fluctuates between 13 and 23 psu and the salinity of the shore drainage 

fluctuates between 6 and 16 psu (Plumb 1999). 

2.2 - Collection of plants for endophyte isolation. 

In February 1998, reproductively mature individuals of Chondrus crispus i. e. 

tetrasporophytes with sori and female gametophytes with cystocarps, were collected 

from the mid-shore population. The individuals were collected haphazardly by 

walking randomly and removing the first C. crispus with cystocarps or 

tetrasporangial sori that were seen until 20 individual genets of each life history 

phase were collected. Individuals, including the removal of the basal holdfast with 

all fronds along with any associated flora, fauna and bedrock, were removed by 

hand. The distinctive reproductive structures, cystocarps and tetrasporangial sori, 

allowed positive identification of the life-history phases in the field. Male 

gametophytes can only be identified following microscopic examination (Tveter- 

Gallagher et al. 1980) and so were not included in the collection of field material. 

Each individual was then placed in a separate plastic bag and stored in a cool box for 

transportation to the laboratory. 
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Figure 2.4. The British Isles showing the position of the study site. Insert 
(1cm = 10km) shows the position of Hinkley Point power station at 
Lilstock, on the southern coast of the Bristol Channel (Ordnance Sheet 181, 

grid reference 176453) += approximate position of the study site. 
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2.3 - Isolation of endophytic algae. 

On the same day that the C. crispus plants were collected, the longest fertile frond 

was selected, from each of the 40 individuals, for endophyte extraction. This frond 

was used because it was (a) an easily recognisable ramet from each plant, (b) easier 

to manipulate than smaller fronds and (c) was thought more likely to contain 

endophytes (Correa et al. 1987,1997). These fronds were washed under running tap 

water and scrubbed with a nylon pad to remove epiphytes. Following this procedure 

each frond was then examined using a Leica MS5 binocular microscope, x100 

magnification, in order to check that the surface was free of epiphytes. After 

cleaning, a4 mm cork-borer was used to remove 5 discs from the mid-frond region, 

the area suggested to be most commonly infected with endophytes (Correa et al. 

1987). 

Endophyte extraction was based on the procedure originally described by Correa et 

al. (1988) and modified by Plumb (1999). Prior to use, all glassware was sterilised 

at 200 °C for 2 hours. The seawater used in the extraction procedure and the culture 

of the algae (salinity - 33-34%o) was collected from Portsmouth University Institute 

of Marine Sciences and filtered using Whatman® glass microfibre filters pore size 

(2.7 µm) prior to storage in the dark at room temperature. Before use, the filtered 

seawater was pasteurised. Pasteurisation was achieved by heating the water in 4 

litre conical flasks capped with aluminium foil, to 89 °C, standing for 24 hours at 

room temperature and then re-heating to 89 °C. During pasteurisation any 

organisms that remain viable after the initial heating, such as spores, will germinate 

during the 24 hours at room temperature and then be destroyed during the second 

heating. 

Chondrus crispus discs were surface-sterilised by immersion in a fresh solution of 

sodium hypochlorite (1.0% v/v active chlorine) in deionised water for 60 seconds, 

followed by four rinses of two minutes each in pasteurised seawater. The 5 discs 

from each frond were then placed in Sterilin® single vented plastic petri-dishes, 18 

mm in height and 50 mm in diameter, containing 15.0 ml of pasteurised seawater 

enriched with Von Stosch nutrient medium, modified by Guiry and Cunningham 
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(1984), at 5.0 ml 1"1 seawater, i. e. VS5. The VS nutrient medium contained equal 

volumes of the stock solutions (listed in Table 2.2). 

Table 2.2. Stock solutions of the Von Stosch nutrient medium. 

Sodium nitrate 1 U. 63 
Disodium DL-beta-glycerophosphate 1.34 
Iron (II) sulphate 0.07 
Manganese chloride 0.49 
Disodium ethylenediamine tetra-acetate 0.93 
D-biotin 0.025 
Aneurine hydrochloride (thiamine, vitamin B1) 0.05 
Vitamin B12 0.001 

* deionised, autoclaved water. 

A further petri-dish excluding only the discs was incubated to ensure that the VS- 

enriched pasteurised seawater was free from contaminants. The cultures were 

maintained under standard incubation conditions in a L. M. S. cooled incubator at 15 

°C ±1 °C with a 16: 8 hour light: dark cycle, long day and an incident irradiance of 
between 6 and 21 pmol photons m-2 s'. Unless stated otherwise, all cultures were 

maintained under these conditions. 

Two drops of Penicillin-G at 50 mg 1" of deionised water and two drops of 

germanium dioxide at 1g 1'1 of deionised water were added to each of the crude 

cultures to suppress contamination by bacteria and diatoms respectively. 

Discs were checked every two weeks for outgrowths of green or brown algal 

filaments. After 3 to 4 months of incubation the C. crispus tissue appeared bleached, 

creating translucent discs and revealing the presence of both internal and emergent 

algae. Emergent algae or fully internal endophytes were removed and placed into 

culture as described below using fine forceps and needles sterilised in ethanol and 

then flamed. Emergent algae were transferred into culture by removing separate 

clumps of filaments, less than 2 mm in diameter, from the edge of the disc while 

internal endophytes were removed by pulling back layers of the bleached host 

material and picking off small clumps of filaments, less than 2 mm diameter. Unless 
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stated otherwise, these endophytic isolates were placed in sterile culture dishes, 950 

mm in diameter and 550 mm high, containing 200 ml of pasteurised seawater 

enriched with nutrient medium at 20 ml 1"1, i. e. VS20. Before use, the culture dishes 

were cleaned and sterilised by acid rinsing in IM hydrochloric acid, rinsing twice in 

tap water, once in distilled water and then baking at 200°C for 2 hours. Endophytic 

isolates were also kept under the standard incubation conditions in previously 

autoclaved universal glass bottles, 80 mm in height and 27 mm in diameter, 

containing 10 ml of pasteurised sea water enriched with VS20 nutrient medium. 
The isolates were sub-cultured every 2-3 months by transferring a small clump of 
filaments (less than 2 mm in diameter) to fresh media. 

Algal endophytic isolates were identified initially using morphological 

characteristics: fresh unstained material was mounted in seawater on a glass 

microscope slide for the determination of these characters. Green algae were 

identified to species level using descriptions by Nielsen (1979), Nielsen and 

McLachlan (1986), Correa et al. (1988), Nielsen (1988) and Burrows (1991), 

summarised by Plumb (1999, Table 2.1). An attempt was made to identify brown 

algae using the descriptions by Setchell and Gardner (1925), Yoshida and Akiyama 

(1979), Fletcher (1983,1987), Apt (1988) and Peters (1991). Photographs were 

taken with a Nikon Labophot-2® photomicroscope using Kodak® TMax 100 ASA 

black and white film. 

2.4 - Algal endophyte DNA isolation. 

Genomic DNA was isolated from approximately 50 mg (blotted wet weight) of 

cultured green and brown algal material (Table 2.3). The blotted material was 

ground under liquid nitrogen in 1.5 ml Eppendorf tubes using a glass pestle which 

was cleaned thoroughly between samples in sodium hypochlorite (10% v/v active 

chlorine) and Industrial Methylated Spirit (IMS). The DNA was then isolated from 

the' ground material using a proprietory kit: DneasyTM Plant Mini Kit (Qiagen(V). 

The manufacturer's protocol was modified to include an additional centrifugation of 

2 minutes at 11600 xg after the second wash with buffer AW (provided) to ensure 

removal of all residual buffer. 
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Table 2.3. Isolates of Acrochaete spp, Phaeophila dendroides and `Streblonema 
spp' used for DNA analysis. 

Species Isolate Phase of Date Site Collector 
Chondrus collected2 
crispus' 

Chlorophytic algae 
A. heteroclada AH2 G 01/1996 Lilstock J. Plumb 
A. heteroclada AH3 G 01/1996 Lilstock J. Plumb 
A. heteroclada AH4 G 01/1995 Lilstock J. Plumb 
A. heteroclada AH5 G 01/1995 Lilstock J. Plumb 
A. heteroclada AH6 G 01/1995 Lilstock J. Plumb 
A. viridis AV2 T 07/1995 Lilstock J. Plumb 
A. viridis GI T 04/1996 Lilstock J. Plumb 
A. viridis G4 T 04/1996 Lilstock J. Plumb 
A. viridis AV3 G 10/1994 Lilstock J. Plumb 
A. viridis AV4 G 07/1995 Lilstock J. Plumb 
A. viridis AVI G 09/1994 Lilstock J. Plumb 
A. viridis AV5 T 04/1996 Lilstock J. Plumb 
A. viridis G9 G 04/1996 Lilstock J. Plumb 
A. operculata A03 G 05/1994 Wembury (UK) J. Plumb 
A. operculata AO5 nd 04/1994 Aberystwyth (UK) J. Plumb 
A. operculata A06 G 07/1995 Lilstock J. Plumb 
A. operculata A07 nd na na J. Plumb 
A. operculata A08 nd 05/1986 Hirsholm, Denmark R. Nielsen 
A. operculata A09 nd 09/1994 Co. Clare, Ireland J. Brodie 
P. dendroides PHI nd na Hirsholm, Denmark R. Nielsen 
P. dendroides PH2 nd na Hirsholm, Denmark R. Nielsen 
Phaeophytic algae 
Unknown B4 T 04/1996 Lilstock J. Plumb 
Unknown B5 T 04/1996 Lilstock J. Plumb 
Unknown' B6 nd na na J. Plumb 
Unknown B8 G 04/1996 Lilstock J. Plumb 
Unknown B10 G 04/1996 Lilstock J Plumb 
Unknown2 1311 T 11/1997 Lilstock P. Bown 
Unknown2 B13 T 04/1996 Lilstock J. Plumb 
Unknown' B17 T 11/1997 Lilstock P. Bown 
Unknown2 B18 G 11/1997 Lilstock P. Bown 
Unknown B20 nd na na M. Raynor 
Unknown B21 G 04/1996 Lilstock J. Plumb 
Unknown2 B22 T 11/1997 Lilstock P. Bown 
Unknown2 B23 G 11/1997 Lilstock P. Bown 
Unknown B24 T 11/1997 Lilstock P. Bown 
Unknown2 B32 G 11/1997 Lilstock P. Bown 

1G= gametopyte; T= tetrasporophyte; nd = not determined; 
2 na = not available 
Unknown 1= `Streblonema sp. ' = growth form 1 
Unknown 2= `Streblonema sp. ' = growth form 2 
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2.5 - Polymerase Chain Reaction (PCR) amplification. 

PCR incubations (50 µl) contained 5 pl of 10 x Supertaq buffer (10 mM Tris-HCI 

(pH 9.0), 1.5 mM MgCl2,50 mM KCI, 0.1% (w/v) Triton x-100,0.01% (w/v) 

gelatin; (H. T. Biotechnology Ltd., Cambridge, UK)), 50 pmols of the universal 

primers TW81 and AB28 (Goff et al. 1994) for the green algal isolates and 50 pmols 

of the universal primer TW7 (White et al. 1990) and the specific primer DIC 1 

(Peters and Burkhardt 1998) for the brown algal isolates (Table 2.4), 200 µM dNTP, 

0.5 units of Taq DNA polymerase (Supertaq, H. T. Biotechnology Ltd. ) and 5 µl of 

template DNA. All amplifications were performed using undiluted endophyte DNA 

and samples of DNA diluted 1: 10 and 1: 100 in TE (10mM Tris, 1mM EDTA, pH 

8.0). 

Table 2.4. Oligonucleotide primers used for rDNA amplification and sequencing. 

Primer 
name 

Direction Sequence (5' -º 3') Position Accession 
number 

AB28 R GGGATCCATATGCTTAAGTTCAGCGGGT 761 ITS2 AF274235 
Prionitis 

lyallii 
TW81 F GGGATCCTTTCCGTAGGTGAAGGTGC 1739 Z14140 

SSU Chondrus 
crispus 

TW7 F GAGGCAATAACAGGTCTGTGATGC 1426 M97959 
SSU Fucus 

gardneri 
DICI R TTTGAGTTCAGATTCAGAGTTT 400ITS1 Z98577 

Chordaria 
linearis 

SSU - rDNA small subunit, ITS - Internal Transcribed Spacer, R- reverse, F- 
forward. 

The PCR reactions were overlaid with light mineral oil (Sigma) and amplified using 

an Omnigene thermocycler (Hybaid) as follows: 1 cycle of 94 °C for 3 min (initial 

denaturation); 30 cycles of 94 °C for 1 min (denaturation), 50 °C for I min 
(annealing) and 72 °C for 2 min (extension); 1 cycle of 72 °C for 5 min (final 

extension). A `no DNA' control was included in each set of PCR reactions to check 
for the presence of contaminating DNA in any of the reagents. After amplification 
5 µl of the PCR reaction was withdrawn from under the mineral oil and added to 1 

µl of 6x loading buffer (Promega). The amplification products were separated, 
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along with a sample of the no DNA control and a 100 base pair DNA size marker 
(Promega) in 2.0% (w/v) agarose gels cast in tris-acetate (TAE) buffer (0.04 M Tris 

pH 8.0,1mM EDTA pH 8.0), run at 90V for 50 min and viewed under UV light 

after staining for 15 minutes with ethidium bromide (2 µg ml-1). 

2.6 - Purification and sequencing of PCR products. 

For each endophyte isolate the products from at least 5 separate amplifications were 

pooled to compensate for possible misincorporation of nucleotides by Taq 

polymerase. PCR products were purified using a High Pure PCR product 

purification Kit (Boehringer Mannheim) following the manufacturer's protocol. The 

final elution was performed with 100 µl of elution buffer (provided). The DNA was 

precipitated by the addition of 0.1 vol of 3M sodium acetate and 2.5 vol of ethanol, 

mixed by inversion and left at -20 °C for 30 min. The precipitated DNA was 

recovered by centrifugation for 10 min at 11600 xg in 70% ethanol, dried under 

vacuum and dissolved in 50 µl of autoclaved deionised water. The purity of the 

PCR products was verified by gel electrophoresis. This procedure also allowed the 

concentration of the purified products to be estimated by observing band strength 

relative to samples of known concentration. 

Automated sequencing was performed commercially using an ABI-prism 377 

sequencer using 2 µl of each appropriate primer (1 µM) and approximately 4 µl of 

the pooled PCR products. Sequences were completed on both strands prior to 

further analysis. 

2.7 - Alignment of sequences. 

Sequence alignments were performed using Clustal X (Thompson et al. 1997), with 

a gap opening penalty of ten and a gap extension penalty of five; final alignments 

were produced manually were necessary. All subsequent analyses were performed 

using PHYLIP (Felsenstein 1989). A weighted alignment was produced in which 

missing characters and characters with uncertain homology were given zero 

weighting and thus excluded from subsequent analyses. Positively weighted 

characters were re-sampled 1000-fold using SEQBOOT and the resulting data used 
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as input for parsimony and neighbour joining analysis. Positively weighted 

characters were also re-sampled 100 fold using SEQBOOT, and the resulting data 

used as input for maximum likelihood analyses. For neighbour joining analysis the 

bootstrapped sequences were transformed into corrected distances using the Jukes- 

Cantor method in DNADIST. Majority rule consensus trees were produced using 

CONSENSE and viewed with TREEVIEW (Page 1996). A distance matrix was 

produced from the sequence alignment by calculating Jukes-Cantor distances. 
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3- Results. 

3.1 - Chloroph}tic algae isolated from Chondrus crispus. 

3.1.1 - Polymerise Chain Reaction and Chlorophyte Specific Primer Design. 

The universal primers TW81 and AB28 (Table 2.4) were used initially to amplify a 

section of rDNA, partial SSU, ITS 1.5.8S and partial l 1'S2, which produced a single 

band of approximately 700 bp on agarose gels (Figure 2.6). Sequence analysis of 

the amplified products revealed that in the majority of cases the primers were 

amplifying DNA from fungal contaminants. Dissection of material derived from 

culture A08 (Table 2.3) revealed the presence of fungal hyphae within `cushion- 

like' growths, as observed by Plumb (1999). An attempt to produce fungal-free 

cultures by establishing sub-cultures from a few isolated endophyte filaments was 

not successful. To overcome the PCR problem associated with fungal infection a 

new primer was designed that was specific to chlorophyte DNA. 

A 000 hp 

Figure 2.6. Amplification of the rDN: A products obtained t-r()Ill 'enýluphyte' DNA 
using primers AB28 and TW81. Numbers on gel correspond to lanes. Lane (1) 
Acrochaete viridis AVI, (2) no amplification product (3) A. viridis AV3, (4) AV3, 
(5) A. heteroclada AH3 (6) Al13 (7) A. operculata A03, (8) A03, (9) A. operculata 
A08, which was later revealed to be a fungal contaminant (10) A08 (fungal 
contaminant), (11) no DNA control (12) 100 base pair DNA size marker. 
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Four sequences were obtained for amplification products generated using primers 

AB28 and TW81, two from isolates of Acrochaete viridis (AV 1 and AV3), one for 

an isolate of A. operculata (A03) and one for an isolate of A. heteroclada (AH3) 

(Table 2.3), that were similar to sequences derived from other chlorophytic algae 

(Figure 2.7). The four Acrochaete sequences were aligned with sequences from 

Enteromorpha intestinalis (EMBL AF035330) and E. prolifera (Müller) Agardh 

(EMBL AF035354): these sequences correspond to part of the rDNA 5.8S 

(positions 65 to 164, EMBL AF035330). The Enteromorpha sequences were 

selected for display as they were the closest match in the database to the Acrochaete 

sequences. The green algal sequences were also aligned with a fungal rDNA 5.8S 

sequence from Phialophora gregata (Allington & Chamberlain) (EMBL - 
AF 132804). The seven sequences were separated by 49 variable sites with the 

majority of those sites at the 3' end (44 variable sites between positions 117 and 

164). A region was identified between positions 140 and 159 (139 to 158 of the 

5.8S rDNA of E. intestinalis, EMBL AF035330) which separated the Acrochaete 

and P. gregata sequences by 6 transitions (4 C-T, 2 A-G) and 10 transversions (5 G- 

C, 1 C-A, 2 T-G, 2 A-T) and which appeared specific to the green algae. A 

degenerate primer designed to anneal to the rDNA 5.8S, END1 

(5'CAYRYCTGCCTCAGCGTCGG3') was shown by database searching to be 

specific for chlorophytic algae (85-100% identity). END! was used in conjunction 

with the reverse primer ITS4 (5'TCCTCCGCTTATTGATATGC3', White et al. 

1990), which anneals to position 39 of the LSU rDNA, to amplify the rDNA ITS2 

region of Chondrus-associated green algal endophytes. 

3.1.2 - Sequence analysis. 

The chlorophyte specific primer (END1) together with the universal primer ITS4 

(White et al. 1990) produced an amplification product of approximately 250 bp 

spanning the nuclear rDNA ITS2 of the green endophyte isolates (Figure 2.8, for 

example). The amplified region included 188 bp from the rDNA ITS2 and 56 bp of 

the LSU region. The sequence of the amplified region was determined for two 

Phaeophila dendroides isolates (Table 2.3) and 19 Acrochaete isolates: five of A. 

heteroclada, six of A. operculata, eight of A. viridis. The sequences obtained for the 
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P. clc'Irclroic/es isolates were unalignahle mth the . 
1c"r0nc, secluencrs anti vvith 

each other and were not further analysed. 

Figure 2.8. ; Amplification cif' the rf)NA 11 S2 rc, -, 
ions derived from cultures of 

.: 
1ciochucic' he'lerocluclu using primers I. NI)l and IP S4. Lanes (1-5) . -1c"rne"hactc 

heleruc"luclu All) (6) no DNA control (7) 100 hase hair I)N: A sine marker. 

A total of 86 bases were found to separate the -ICTOchc 0C selluences, 82 of vvhich 

were located in the non-coding rDNA ITS? region and only COW- Of Which ere in 

the rINA LSU region (Figure 2.9). 01' these 86 variable nucleotide positions, 29 

were phvlogenetically informative. Within the rl)NA LS(1, three of the four 

variable sites separate .1 
hcterocluc/cu from the other tv o. I crochacte species. No 

sequence variation was found within the group of live 
. 
1. heterocluclu isolates. 

Thirteen nucleotide positions, lour transversions (three C'-A. one C-(i) and nine 

deletions/insertions separated the sequence group comprising : 1. nýýerctrlutu isolates 

AO8 and A0) From the other . -1. u/)erculutu isolates (AU). A05. A06 and A07). 

Eight nucleotide positions (one transversion (A-I ). two transitions (2 T-C) and live 

deletions/insertions) separated the sequence group comprising .. 
f virid/c isolates 

AV2, Gl, AV3, AV I and G4 from the other . 1. riricli. c isolates (AVG, AV4 and G9). 

The analysed sequences displayed similar base composition: 631. 
-oi) 

G+C liar 
.1 

heterochic/u, 61.8% G+C for 
.1 viric/i. c (AV? ), 62.1% G+C liar 

. 
1. viiiclis (AV4), 

67.3% G+C for. 1. operclilaia (A03) and 67.2% G+C for 
,t c)j)c'/'Cl1Iulu (A08). 
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Chapter 2- Molecular investigation 

One representative was chosen from each sequence group and aligned with 
homologous sequences from Enteromorpha, Ulva Linnaeus and Blidingia Kylin 

species (Table 2.5, Figure 2.10). Owing to the difficulty in aligning the 5'-end of 

the rDNA ITS2 green algal sequences, 13-18 bases from the 5'-end of the 

Acrochaete sequences were excluded from the alignment. Enteromorpha and Ulva 

species were chosen for the alignment as they are closely related to each other (Tan 

et al. 1999) and demonstrated partial sequence matches with the Acrochaete 

sequences under investigation. Blidingia minima (Nägeli ex Kützing) Kylin was 

used as the outgroup: it is a representative of a different genus from the Ulvales of 

which Ulva, Enteromorpha and the Acrochaete are all members. 

Table 2.5. Algal sequences used in the alignment and analysis of the Acrochaete 
sequences. 

Species Name EMBL accession 
number 

Enteromorpha compressa AF013981 
Ulva pseudocurvata Koeman & van den Hoek AJ234314 
U. lactuca Linnaeus AF153488 
U. scandinavica Bliding AF153486 
U fenestrata Postels & Ruprecht AJ234316 
E. linza (Linnaeus) Agardh AF153491 
E. prolifera AJ234305 
U pertusa Kjellman AJ234321 
U. taeniata (Setchell ex Collins) Setchell & Gardner AJ234320 
E. intestinalis AJ234299 
U. olivascens Dangeard AJ234322 
Blidingia minima AJ000206 

Once the sequences were aligned a weighting mask was applied such that characters 

with uncertain homology were given a zero weighting. The random samples for the 

subsequent bootstrap analysis were drawn from only those characters with a positive 

weighting. Of the positively weighted characters (156) there were 64 variable sites, 

of which 59 were in the non-coding rDNA ITS2 region and five in the rDNA LSU 

region. Of these variable sites, 43 were phylogenetically informative (at least two 

alternative character states, each possessed by at least two taxa): 39 were in the non- 

coding rDNA ITS2 region and four were in the rDNA LSU region. The zero 

weighted regions of the alignment included all the remaining intraspecific 

polymorphisms between the Acrochaete species. 
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Chapter 2- Molecular investigation 

The maximum likelihood tree (Figure 2.11) confirmed that the Acrochaete isolates 

fall into three groups based on their rDNA ITS2 sequences which correspond to the 

morphospecies A. heteroclada, A. operculata and A. viridis. The Acrochaete spp, 

Ulva spp and Enteromorpha spp form a well supported Glade (includes all 

descendants of an ancestral taxon) that is distinct from Blidingia minima. Within 

this Glade Acrochaete is polyphyletic (erroneously grouped on the basis of 

convergent characters), with A. heteroclada appearing distinct from A. viridis and A. 

operculata which between them form a sister group to the cluster of Ulva and 

Enteromorpha species. The sequences were not long enough and did not have 

enough variation to resolve species within the Ulva/Enteromorpha Glade, as their 

relative branching order was unstable when comparing the parsimony, neighbour- 

joining and maximum likelihood analyses. 

Jukes-Cantor distances were calculated from the sequence alignment and used to 

generate a distance matrix (Figure 2.12). Within the 

Acrochaete/Ulva/Enteromorpha Glade the distances between the Acrochaete 

operculata group (A08 and A03) and the A. viridis group (AV4 and AV2) are 

0.0671 and 0.0675 respectively while the distances between A. heteroclada and the 

aforementioned Acrochaete sequences are 0.1585 and 0.2234 respectively. The 

distance between A. heteroclada and A. viridis (0.2234) is greater than the maximum 

distance within the Enteromorpha/Ulva group (0.1996). The smallest recorded 

distances were between A03 and A08 (0.0052) and between AV4 and AV2 

(0.0000). The minimum distances between the Acrochaete and Enteromorpha/Ulva 

sequences were: Enteromorpha/Ulva and A. heteroclada 0.2021, 

Enteromorpha/Ulva and A. operculata 0.1802, and Enteromorpha/Ulva and A. 

viridis 0.1932. 

3.2 - Phaeophytic algae isolated from Chondrus crispns. 

3.2.1 - Sequence Analysis. 

The brown algal specific primer DIC1, together with the universal primer TW7 

(Table 2.4), primed the synthesis of an amplification product of approximately 950 

bp from the nuclear rDNA SSU and ITS! of the phaeophytic endophytes isolated 
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from C. cri. t'pu. c (Figure 2.1 3). The amplified region. including 278 hp from the 

rDN%1 SS( I and 109 bp from the rDNA ITS I was subjected to sequence analysis. 

Figure 2.13. Amplification ofthe rl)NA SSI' and III hrovvn endophvtic cultures 
using primers "I W7 and DIC'I. Lanes (1-4) culture 132) (5-8) culture 1324 (o)-12) 
culture 1131-2 (1 3) no DNA control (14) 100 base pair DNA size marker. 

The partial rt)Nr\ SSU and I FSI sequences ti)r fitteen brown algal isolates (fahle 

2.3) revealed the presence of' four sequence types (Figure 2.14): 134,135, B IS. 1322, 

1323,1324 and 1332 shared a common sequence. 138.1310.131 1.131 ; and 1321 shared a 

second sequence, B6 and 1120 shared a third sequence type and 1317 had a unique 

sequence. In the following analyses only one representative of each sequence group 

was included. 

3.2.2 -the 18S rDN. A of the phaeoph-vtic isolates. 

A total of 12 variable positions separated the brown algal rl)N'\ SSI. sequences, 

located between positions 744 and 779 and comprising 4311o of' the coding region 

(I i ore 114. Fable 2.6). Of these variable sites only one of the positions (position 

750. I iýgure ?. l4) was ph} logenetically informative. The brown algal rDNA SSI i 

sequences displayed no bias in base composition: 49.3% G+C' for 136.48. '° iý (. + (' 

for 1321,47.5% G+C for B23 and 47.5% G+C for B 17. 
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Chapter 2- Molecular investigation 

Table 2.6. Transitions and transversions separating the rDNA SSU sequences 
obtained from the brown algae isolated from Chondrus crispus. 

Sequence 1 Sequence 2 Transitions 
C-T A-G G-T 

Transversions 
A-T C-G A-C 

B6 B21 23- 12- 
B6 B23 - 24- 111 
B6 B17 422 --1 
B21 B23 -2- 2-- 
B21 B17 33- --- 
B23 B17 321 1-- 

The rDNA SSU sequences for the brown algae isolated from C. crispus were aligned 

with sequences obtained from the EMBL database and an unpublished sequence for 

Myrionema strangulans Carmichael ex Greville obtained from Peters (Figure 2.15, 

Table 2.7). Myrionema strangulans, Streblonema maculans (Dangeard) South & 

Tittley, Streblonema sp., and Chordaria linearis (Hooker and Harvey) Cotton were 

chosen for the alignment as their rDNA SSU sequences were identical to those of 

B21, B6, B17 and B23 respectively. Other sequences chosen for the alignment 

included Ectocarpus siliculosus (Dillwyn) Lyngbye, the kelp endophyte 

Laminariocolax tomentosoides, and Gononema pectinatum (Skottsberg) Kuckuck & 

Skottsberg, which has been described as a potential endophyte of Dictyosiphon 

hirsutus (Skottsberg) Pedersen by Burkhardt and Peters (1998). The selected 

outgroups were Tribonema aequale Pascher and Fucus gardneri Linneaus from the 

Xanthophyceae and Fucales respectively: all trees were rooted at T. aequale. 

Table 2.7. Codes and accession numbers of brown algae used in analysis of brown 
algal isolate SSU rDNA sequences. 

Species name EMBL accession number 

Chordaria linearis 
Myrionema strangulans 
Laminariocolax tomentosoides 
Gononema pectinatum 
Streblonema sp. 
Ectocarpus siliculosus 
Fucus gardneri 
Tribonema aequale 

Z99466 
Peters - unpublished 

Z98566 
Z99481 
Z99484 
L43062 
X53987 
M55286 
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Once aligned, the sequences were weighted so that regions where the data set was 
incomplete were given a zero weighting and thus excluded from subsequent 

analyses. There were 49 variable sites (23.1%) within the 212 positively weighted 

nucleotides. Of these 49 variable sites, 21 (9.9%) were phylogenetically 
informative. Not including the outgroups, the other sequences are separated by 19 

variable sites which comprise one deletion, 14 transitions, one transversion and three 

sites where the sequences are separated by both a transition and a transversion. 

The maximum likelihood tree (Figure 2.16) shows a clear separation of the 

sequences obtained from the C. crispus-associated brown algal isolates despite their 

morphological similarities. The deep separation of the `Streblonema' species 

(Streblonema sp. /B 17 and S. maculans/B6) is supported by bootstrap values of 97- 

100%. The group comprising G. pectinatum, C. linearis/B23, M. strangulans/B21, 

E. siliculosus is poorly resolved. These sequences were not sufficiently divergent to 

produce a stable branching order within this Glade; this instability is evident in the 

low bootstrap support for branches within this Glade. 

Jukes-Cantor distances were calculated from the weighted sequence alignment and 

used to generate a distance matrix (Figure 2.17). As expected, the largest distances 

were between the outgroups, Fucus gardneri and Tribonema aequale, and all other 

sequences. Also, as expected, the numbers in the distance matrix support the 

separation revealed in the maximum likelihood tree. A distance of 0.0437 separates 

S. maculansB6 from both the endophyte groups Streblonema sp. /B17 and L. 

tomentosoides, and the same distance separates S. maculansB6 from the 

macrophyte C. linearis. The two endophyte groups L. tomentosoides and 

Streblonema sp. / B17 are separated by a distance of only 0.0095. Streblonema 

sp. /B17 is closer to G. pectinatum, C. linearisB23 and M strangulansB21 (0.0240, 

0.0338,0.0338 and 0.0288 respectively) than to S. maculans/B6 (0.0437). 

3.2.3 -The rDNA ITS1 region of the phaeophytic isolates. 

The rDNA ITS1 regions of several phaeophytes were aligned using the rDNA ITS1 

sequence alignment of Peters and Burkhardt (1998) as a template (Figure 2.18, 

Table 2.8). Laminarionema elsbetiae, Dictyosiphon foeniculaceus (Hudson) 
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Greville, Gononema pectinatum, Chordaria linearis and Laminariocolax 

tomentosoides were all chosen for the alignment as they appear in the alignment of 
Peters and Burkhardt (1998). The sequences for Myrionema strangulans, Leathesia 

difformis (Linnaeus) Areschoug and the Streblonema sp. were all chosen for the 

alignment as they displayed sequence matches with the rDNA ITS1 regions of B21, 

B23 and B17 respectively: no match was found with the sequence B6. Of the 109 

positions obtained for the rDNA ITS I region of the brown algae, 91 (83.5%) were 

variable. The partial rDNA ITS I brown algal sequences displayed no bias in base 

composition: the G+C contents were 53.3% for B21,58.7% for B17 and 51.9% for 

B6 and B23. Due to the high variability of the sequences, there was no confidence 
in the quality of the alignment and thus no further global analyses were performed. 

Table 2.8. Codes and accession numbers of brown algae used in analysis of brown 
algal isolate ITSI rDNA sequences. 

Species name EMBL accession number 
Laminarionema elsbetiae Z98567 
Dictyosiphonfoeniculaceus Z98573 
Gononema pectinatum Z98575 
Chordaria linearis Z98577 
Laminariocolax tomentosoides Z98566 
Myrionema strangulans Peters - unpublished 
Leathesia difformis Peters - unpublished 
Streblonema sp. 1 Peters - unpublished 
Streblonema sp. 2 Z98579 
Streblonema radians Howe Z98581 

Of the 105 nucleotide positions obtained for B21 and M strangulans, nine 

nucleotide positions comprising insertions/deletions separated the two. Fifteen 

nucleotides out of 108 positions separated B23 and L. difformis, including two 

transversions (G-T) and 12 insertions/deletions. However, from the 109 nucleotide 

positions obtained for B17 within the rDNA ITS1 region, matches were shown with 

three other Streblonema species. B17 was identical to the Streblonema sp. 2 

identified by Peters and Burkhardt (1998) apart from a single deletion in the latter. 

The difference between the Streblonema sp. I isolated by Peters (unpubl. ) and B 17 

is a 39 nucleotide deletion followed by a single base deletion. B17 is also separated 
from Streblonema radians by a 29 nucleotide deletion, two further deletions and one 
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transversion (G-T). Due to the high degree of variability found in the ITS 1 rDNA 
region, a well-supported phylogenetic tree could not be produced. 
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4- Discussion. 

Representatives of phaeophytic and chlorophytic algae were successfully isolated 

from field-collected C. crispus. To date, no members of the Rhodophyta have been 

found in symbiotic association with the host C. crispus (Nielsen and McLachlan 

1986, Correa et al. 1987, Plumb 1999). 

4.1 - Ribosomal DNA variability in the algae associated with Chondrus crisp us. 

The rDNA ITS2 region of the C. crispus-associated green algae displayed enough 

similarity to allow a confident alignment with orthologous regions of other green 

algal species and sufficient variability to allow the design of species-specific 

molecular probes (Chapter 3, section 2.2). The minimum Jukes-Cantor distance 

separating the Acrochaete sequences from each other and other related green algal 

sequences (0.0671) was comparable to the variability found between Enteromorpha 

intestinalis and E. compressa (0.0825) for which species-specific primers could be 

designed (Blomster et al. 1998, Blomster et al. 2000). The choice of the Acrochaete 

spp for the design of species-specific molecular probes was also justified because 

the molecular groupings agreed with the morphological groupings, unlike the 

situation found for Streblonema spp (see following discussion). 

4.2 - Chlorophytic algae associated with Chondrus crispus. 

The assignment of individual green algal endophyte isolates to the species 
Acrochaete heteroclada, A. operculata and A. viridis was supported by the 

molecular data (Figure 2.11). The close relationship between A. viridis and A. 

operculata and their relative separation from A. heteroclada contrasts to groupings 
deduced from the interpretation of morphological data, which show a close 

relationship between A. heteroclada and A. viridis (pers. obs., R. Nielsen pers. 

comm. ). The molecular data also provide evidence of intraspecific variation within 
A. viridis and A. operculata (Figure 2.9). The intraspecific differences are within the 

unweighted regions of the sequence alignment and may warrant further investigation 

at the population level. 

-78- 



Chapter 2- Molecular investigation 

Furthermore, based on the rDNA ITS2 sequences, the maximum distances observed 

between Enteromorpha/Ulva and A. heteroclada (0.2434), EnteromorphalUlva and 

A. operculata (0.2239) and Enteromorpha/Ulva and A. viridis (0.2356) are within 

those observed for the same region of the genome within other green algal genera: 

maximum distance values for species within the genera Chlamydomonas Ehrenberg 

(EMBL U66945 - U66954) and Eudorina (EMBL AF098165 - AF098174) are 

0.4888 and 0.2236 respectively. This suggests that the Acrochaete species might 

represent endophytic relatives of the Enteromorpha species that are extremely 

common epiphytes on other algae and are known to attach by rhizoidal branches 

(Burrows 1991). The presence of some cells of Enteromorpha sp. within their algal 

substrate provides evidence for the potential for endophytic forms to develop, 

perhaps as a means of surviving during adverse climatic conditions or as a response 

to grazing pressure. 

A substantial revision of the taxonomy of Acrochaete will be necessary to resolve 

their status with respect to the Enteromorpha/Ulva group and other green algae. 

This could be achieved by further investigation of the rDNA. For example, in the 

green algae, rDNA sequences have been used to delimit species within the genera 

Enteromorpha (Blomster et al. 1998,1999,2000) and Cladophora Kützing (Marks 

and Cummings 1996). Sequence variation in the rDNA has also been used to 

determine biogeographical relationships in Cladophoropsis Borgensen (Kooistra et 

al. 1992) and Caulerpa Lamouroux species (Pillmann et al. 1997). 

4.3 - Phaeophytic algae associated with Chondrus crispus. 

The molecular analysis of the C. crispus-associated brown algae has revealed that 

the isolates can be separated into four distinct groups with no variation in either the 

rDNA SSU or ITS 1 within a group. The lack of intraspecific variation within the 

rDNA SSU and ITS1 sequences is as expected for brown algae with a small 

population such as that found at Lilstock (Saunders and Druehl 1993, Peters et al. 
1997). Individual isolates appear to be closely related to specimens assigned to a 

number of distinct genera (Figure 2.16). This suggests the need for a drastic 

revision of species currently included in the genus Streblonema. 
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The rDNA sequences obtained for isolate B 17 were identical to the Streblonema 

species 2 sequence (SSU and ITSI) obtained by Burkhardt and Peters (1998) with 

the exception of a single nucleotide deletion in the ITS I region of the latter (Figure 

2.18, base number 99). The sequence obtained for the ITS I rDNA region of B17 

was also alignable with two other sequences obtained from various Streblonema 

isolates, a Streblonema sp. identified to the genus level using morphological 

characteristics by Peters (pers. comm. ) and Streblonema radians (Burkhardt and 

Peters 1998). The start of the rDNA ITS I region is highly variable between 

different genera (Peters and Burkhardt 1998). Therefore, as the rDNA ITS I 

sequences of the three Streblonema species and B17 can be easily aligned, it would 

seem reasonable to conclude that isolate B17 is indeed the same species as the 

Streblonema isolated from Polysiphonia elongata (Burkhardt and Peters 1998). 

The rDNA SSU sequence obtained from B21 was identical to the SSU sequence 

obtained from Myrionema strangulans (Peters unpubl. ) The rDNA ITS 1 of B21 is 

also similar to the ITS1 sequence of M strangulans with 11 nucleotide positions 

from 145 separating the two. The M. strangulans sequence came from a free-living 

algal isolate collected from Argentina (Peters pers. comm. ). As the two isolates are 

geographically separated the variability of ITS 1 sequences is as expected (Saunders 

and Druehl 1993, Peters et al. 1997): the ITS 1 region displays a variability of 7.8% 

between geographically isolated Cladophoropsis membranacea (Hofman Bang ex C. 

Agardh) Borgensen isolates (Kooistra et al. 1992), and 14.7% between Cladophora 

vagabunda (L. ) van den Hoek isolates (Bakker et al. 1995). As there is only an 

8.6% variation between the ITS1 regions of isolate B21 and M strangulans, it seems 

safe to conclude that B21 is an isolate of M strangulans. 

The rDNA SSU sequence obtained from B23 was identical to the sequence obtained 

from a culture of free-living Chordaria linearis (Peters pers. comm. ). There were 

no ITSI sequences available for C. linearis. The ITS1 sequence of B23 matched 

that of Leathesia d fformis sequenced by Peters (pers. comm. ) with just 15 

nucleotide positions out of 108 separating the two (13.9% variability): unfortunately 

there is no rDNA SSU sequence available for L. difformis. The L. difformis 

sequence came from an isolate collected as a free-living alga from Argentina (Peters 

pers. comm. ) but the original identification of the isolate was uncertain as Peters 
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never obtained macrothalli in culture (pers. comm. ) and he stated that the culture of 
L. difformis could have been contaminated. Therefore due to the identical rDNA 
SSU sequence of B23 and the positively identified C. linearis, it is likely that B23 is 

a species of Chordaria and that the sequence of L. difformis obtained by Peters was, 
in fact, a contaminating Chordaria sp.. 

The partial rDNA SSU sequence obtained for B6 was identical to the SSU region of 

the endophyte Streblonema maculans: no rDNA ITS 1 sequence is available for S. 

maculans. Streblonema maculans found growing endophytically in Laminaria 

flexicaulis Le Jolis was first described as Ectocarpus maculans by Dangeard (1934) 

but was transferred to the genus Streblonema by South and Tittley (1986). Isolate 

B6 was described in detail by Plumb (1999) and was identified as a species of 
Streblonema on the basis of descriptions of the genus given by Setchell and Gardner 

(1925), Yoshida and Akiyama (1979), Fletcher (1983), Apt (1988) and Peters 

(1991), but due to the reduced morphology of the endophyte it would be necessary 

to conduct molecular studies on type material before definitive statements about 

taxonomy can be made. 

The molecular data from the rDNA SSU region suggested that the kelp endophyte, 
Laminariocolax tomentosoides, forms a Glade with Streblonema sp. /B17 as found by 

Burkhardt and Peters (1998) (Figure 2.16). However, the rDNA SSU sequence data 

place B 17/Streblonema sp. and L. tomentosoides (Ectocarpales) in a Glade which 

groups with G. pectinatum and E. siliculosus (Ectocarpales), and B23/C. linearis and 
B21/M. strangulans (Chordariales) rather than with the endophyte B6/S maculans 
(Ectocarpales). The distance between B6 and the other Streblonema species (B17) 

was 0.0437, which was greater than the distance observed between B17 and an alga 
in a different genus such as Chordaria linearis (0.0338) for the same sequence 

region. Burkhardt and Peters (1998) found that the two Streblonema species in their 

study had identical sequences over the last 270 nucleotide positions of the rDNA 
SSU region, unlike isolates B17 and B6 which differ by nine nucleotide positions in 

this region and which had unalignable rDNA ITS I sequences. Therefore, the 

sequence data indicate that B6/S maculans and B171Streblonema sp. may represent 
two different genera. Moreover, the genetic distance observed between isolate B6 

and Ectocarpus siliculosus (based on their partial SSU rDNA sequences) in the 
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current study (0.0643) is greater than that observed between E. siliculosus and an 

alga in a different genus such as L. tomentosoides (0.0540), therefore the molecular 

data confirm that isolate B6 and S. maculans are not species of Ectocarpus as 

originally described by Dangeard (1934). 

The divisions between the sequence group G. pectinatum, B23/C. linearis, B21/M. 

strangulans and E. siliculosus were not well supported in the maximum likelihood 

tree, due to the paucity of informative characters in the rDNA SSU region. 

The molecular analysis of C. crispus-associated brown algae isolates has indicated 

that they are similar to known endophytes (B17/Streblonema sp., B6/S. maculans), a 
known epiphyte (B21/M. strangulans), and a free-living alga (B231Chordaria 

linearis). Chordaria spp have been described as closest free-living relative of the 

endophytes Laminarionema elsbetiae and Laminariocolax tomentosoides, thus the 

results may indicate the presence of an epi-/endophytic form within the Chordaria 

genus (Fletcher 1987, Burkhardt and Peters 1998, Peters and Burkhardt 1998). 

Within the brown algae there has been some controversy as to the adequacy of the 

rDNA SSU or rDNA ITS regions to delineate species. It has been suggested by Tan 

and Druehl (1996) that the rDNA SSU appears to be highly conserved within the 

brown algae and is of limited value for phylogenetic inferences below the ordinal 

level. However, there are variable regions in the rDNA SSU, e. g. nucleotide 

positions 492-832, which have proved useful, in combination with the sequence data 

from the ITS rDNA regions, to determine the taxonomic affinity of endophytes such 

as Laminarionema elsbetiae and Streblonema spp (Burkhardt and Peters 1988, 

Peters and Burkhardt 1998), to determine phylogenetic relationships within the 

Fucales (Rousseau and de Reviers 1999) and to infer phylogenetic positions of other 

algae such as Adenocystis Hooker and Harvey, and Utriculidium Skottsberg 

(Rousseau et al. 2000). 

In the current study the rDNA SSU region has been used in conjuction with the 

rDNA ITS 1 data to identify, to genus and/or species level, the brown algae isolated 

from C. crispus. Phaeophytic endophytes such as species of Streblonema are 

notoriously difficult to identify using morphological characteristics as most are 
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similar in morphology with branched filamentous thalli showing diffuse growth, 

phaeophycean hairs and plastids with pyrenoids (Burkhardt and Peters 1998). When 

characteristic morphological structures, such as the development and structure of 

sporangia are not evident, these brown endophytes are usually for convenience 

included in the genus Streblonema (Peters and Ellertsdöttir 1996). The results 

demonstrate that this taxonomic `lumping' of such isolates into a single genus, 

possibly due to convergent morphology, is an error and it will no doubt give rise to 

confusion in the literature. 

Due to the lack of interspecific sequence variation in the SSU and the brevity of the 

ITS 1 sequence a more detailed examination of the brown algae including attempting 

to induce the expression of distinguishing morphological characteristics, a study of 

the life history cycles and a more complete analysis of the rDNA would be required 

to clarify their taxonomic status. Saunders and Druehl (1993) and Peters et al. 

(1997) suggested that the faster evolving rDNA ITS regions should be used to 

distinguish between brown algal taxa within families, genera and among 

geographical subpopulations of species. However, Burkhardt and Peters (1998) and 

Peters and Burkhardt (1998) found that large parts of the ITS region displayed too 

much sequence divergence for reliable alignment, although they did not attempt to 

use the secondary structure of the rDNA ITS regions as an aid to the alignment, 

which could be utilised in a further study. 
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CHAPTER 3 

Species-specific primer design and a temporal study of the 
algae associated with a population of Cliondrus crispus 

Stackh. 

1- Introduction. 

It is difficult to study the ecology of endophytic algae when there are uncertainties 

surrounding their identification in field populations. Previous studies have 

attempted to address such uncertainties through the establishment of clonal 

endophyte cultures, but this approach is less than ideal because (1) it cannot be 

guaranteed that all endophytes will grow in culture (2) identification still depends on 

unreliable morphological characters and (3) it is incredibly time-consuming to 

establish and maintain the larger number of cultures that are needed. These 

problems could be overcome by using molecular probes to determine the presence of 

the endophytes in field-collected material. The rDNA ITS2 region characterised for 

Acrochaete heteroclada, A. viridis and A. operculata displayed levels of sequence 

variability comparable to that found between Enteromorpha intestinalis and E. 

compressa, for which species-specific molecular probes are available (Blomster et 

al. 1998,2000). On this basis it was decided to design species-specific PCR primers 
for Acrochaete species that would allow their detection in bulk nucleic acids 

extracted from C. crispus plants harvested from natural populations. 

1.1 - Species-specific molecular probes. 

In order to determine the presence or absence of a symbiotic organism, from a bulk 

nucleic acid extraction, or to distinguish between species that are difficult to 

discriminate using morphological techniques, a number of molecular methods have 

been developed. These methods have included direct* amplification using species- 

specific primers and hybridisation with species-specific oligonucleotide probes, 

either labelled with fluorescent or radioactive labels (Table 1.9). As each of these 

techniques involves species-specific probes they are dependent a priori on sequence 
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information such as that obtained for the Acrochaete species associated with C. 

crispus. 

1.1.1- Application of species-specific molecular probes in population studies. 

Species-specific molecular probes have the advantage of allowing the screening of a 
large number of samples without DNA sequencing, which is time-consuming and 

relatively expensive. Hybridisation techniques tend to involve the amplification of a 

target region, such as the rDNA (e. g. Blomster et al. 2000), which is then blotted 

onto a membrane and hybridised with the respective probe (Schlötterer 1998). This 

technique has been successful in delimiting species that are difficult to distinguish 

due to overlapping morphological features, e. g. Enteromorpha intestinalis/E. 

compressa (Blomster et al. 2000) and Pseudo-nitzschia species (Parsons et al. 
1999). 

There are a large number of studies that have utilised species-specific 

oligonucleotide primers. Species-specific probes with fluorescent labels have been 

used in in situ hybridisations to discriminate successfully between the toxic Pseudo- 

nitzschia multiseries and the non-toxic P. pungens in water samples (Vrieling et al. 
1996) and to detect the bacterium Holospora obtusa (ex Hafkine) Gromov & 

Ossipov within the ciliate host Paramecium caudatum Ehrenberg (Amann et al. 
1991). In the latter case this technique goes beyond the simple detection of certain 

species and provides ecological information about the spatial distribution of the 

symbionts within the host. Direct amplification using species-specific primers has 

often been used to detect symbiotic organisms where their identification in the 

symbiotic phase is unreliable using morphological techniques e. g. Verticillium 

dahliae, V. albo-atrum and V. tricorpus (Nazar et al. 1991, Moukhamedov et al. 
1994), a suite of arbuscular mycorrhizal fungi from the genera Glomus Tulasne & 

Tulasne, Gigaspora Gerdeman & Trappe, Scutellospora Walker & Sanders (Van 

Tuinen et al. 1998) and Tuber magnatum and T. borchii (Mello et al. 1999). 

There are a number of advantages of using species-specific primers in the current 

study. Species-specific primers allow amplification and identification of the 

symbiont DNA in the presence of contaminating host DNA, thus eliminating the 
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need to establish axenic cultures (Gardes et al. 1991, Sipe et al. 2000). The primers 

can be designed not only to be species-specific, but also to give product lengths that 

are diagnostic for each species. This provides a powerful tool for the rapid 

screening of populations, especially if the primers can be multiplexed (using more 
than one primer pair to produce more than one product) thereby reducing the 

number of PCRs necessary to detect the target organisms. The other main advantage 

of this technique is that it is relatively simple as the PCR products do not need to be 

purified or digested in order to determine their identity (Hayes and Barker 1997). 

1.1.2 - Molecular techniques for species-specific primer design. 

To develop species-specific primers, regions of the genome that are characteristic 
for each of the target organisms have to be identified. Primers can then be designed 

that will anneal to these regions but not to homologous regions in any other 

organism. Primer sequences should be designed, where possible, following 

guidelines outlined by Saiki (1989) and Baker (2000). In outline these are to avoid 

primer sequences that (a) can have the potential to form a secondary structure or self 
hybridise, (b) have a sequence that is complementary to the other primer, (c) contain 

sequence repeats: primers within a pair should have similar melting temperatures. 

In general, species-specific primers are designed to be 17 to 30 bp with at least ten 

mismatches with non-target sequences (e. g. Nazar et al. 1991, Cullings 1992, 

Spalter et al. 1997), although species-specific primers have been used successfully 

where only four mismatches are included in a 19 to 20 bp region (Sipe et al. 2000). 

1.2 - Chondrus crispus population studies. 

A population is a group of organisms of the same species occupying a particular 

space at a particular time (Krebs 1972). Heterogeneity can exist within a population 

of red algae due to various factors including the age, sex (male and female 

gametophytes) and ploidy (haploid or diploid) of individuals (Doust and Doust 

1988). These and other factors have been investigated with respect to the structure 

of a number of C crispus populations. These studies have been justified because 

not only is C. crispus the dominant alga on some shores, it was also a valuable 

source of carrageenan, a polysaccharide that is used in food, pharmaceuticals, 
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cosmetics and other non-food products. Some previous studies on C. crispus have 

been purely demographic whereas others have investigated the potential and actual 
impact of commercial harvesting on populations. Today, it is estimated that 70-80 

% of carrageenan is produced from the red algae Kappaphycus cottonii (Weber-van 

Bosse) Doty ex P. C. Silva and Euchema denticulatum (N. L. Burman) Collins & 

Hervey, therefore the economic importance of C. crispus has declined (Philippines 

export 2001). 

Investigations that have focussed purely on the harvesting of C. crispus have yielded 
little information about the population structure by reporting solely on the `catch' 

characteristics (e. g. Sharp et al. 1986, Pringle et al. 1987) or by comparing only a 
limited number of parameters, such as frond size class, between drag-raked and non- 
drag-raked beds (e. g. Pringle and Semple 1988, Chopin et al. 1992). Other 

population studies have investigated a greater number of parameters that allow 

comparisons between the studies (Table 3.1). 

1.2.1 - Collection techniques and determination of life history phase. 

Previous studies of C. crispus population biology have employed a range of 

methodologies (Table 3.1). Some studies involved just a single collection, whereas 

others have involved multiple collections spread over several months allowing the 

characterisation of temporal changes in population structure. Some workers studied 

only plants with reproductive structures, whilst others have identifed the life-history 

phase of all fronds using the resorcinol-acetal test developed by Yaphe and 

Arsenault (1965) and modified by Craigie and Leigh (1978), Dyck et al. (1985) and 

Garbary and DeWreede (1988). This test distinguishes between life-history phases 

by detecting the presence of 3,6-anhydrogalactose, a component of x-carrageenan 

that comprises the majority of the carrageenan found in gametophyte fronds. Male 

and female fronds can not be distinguished except by examination of reproductive 

structures. 
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The relative abundance of the two life-history phases of C. crispus often differs 

significantly in populations (Table 3.1). This has resulted in the erection of 

conflicting hypothesises of ploidy dominance. Tetrasporophytes have occasionally 

been found to be dominant which agrees with the hypothesis that diploidy is 

superior to haploidy (Bhattacharya 1985, Doust and Doust 1988). Doust and Doust 

(1988) suggested that factors likely to result in tetrasporophyte dominance are (i) 

greater relative fitness, due to higher fecundity and survivorship (ii) production of 

adventitious thalli by tetrasporophytes and (iii) liberation of the entire contents of 

the sporangium (apomeiosis). Other studies have either reported a dominance of 

gametophytes or roughly equal numbers of the two life-history phases. It was 

proposed by McLachlan (1991) that gametophyte dominance may be due to an 

increased susceptibility of the tetrasporophytes to infection by green endophytic 

algae, in particular, A. operculata (Chapter 1, section 6.2.2). He went on to suggest 

that, in a habitat with a stable substratum, the gametophytes would maintain their 

dominance by regeneration from long-lived basal discs. In a habitat with a friable 

substratum whole genets including the holdfast can be removed as a result of 

turbulence, thus spores are thought to be the principle form of recruitment. In such 

an environment the gametophyte: tetrasporophyte ratio of a C. crispus population is 

determined by stochastic events, resulting in an overall equivalent ratio with high 

local variation. In contrast, Plumb (1999) found that the approximately equal ratio 

of gametophytes: tetrasporophytes observed at Lilstock was maintained by both 

recruitment from spores and frond regeneration from a stable long-lived core of 

plants. 

1.3 - Choice of utilising the Chondrus crispus ramet in endophyte population- 
level studies. 

Population studies of C. crispus have been based on either ramets and/or genets. 
Investigating genets will highlight the presence of mixed clumps in a population i. e. 
C. crispus plants that comprise both gametophytic and tetrasporophytic fronds. 

However, there are problems in recognising and removing separate genets intact 

(Tveter and Mathieson 1976) due to the crustose nature of the holdfast (McLachlan 

et al. 1989). In a study where separate plants are to be sampled over time, it is 

important to completely remove the holdfast to avoid re-sampling the same genet, as 
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removing just fronds can stimulate formation of erect shoots from the basal disc in 

only four weeks (Chen and McLachlan 1972). Where populations develop on a 
friable substratum it is possible to remove whole genets of C. crispus intact, 

including the complete holdfast (McLachlan et al. 1989). The studies by 

Bhattacharya (1985) and Lazo et al. (1989) have been based on ramets through 

necessity as genets were difficult to remove intact and virtually impossible to 

distinguish during underwater collections. 

The two temporal and spatial population studies of endophytic algae have utilised 

the longest frond of a genet to examine microscopically (Correa et al. 1987), or from 

which to isolate the endophytes (Plumb 1999). Chondrus crispus ramets are easy to 

manipulate and both McLachlan et al. (1989) and Correa et al. (1997) have 

demonstrated that larger fronds were most commonly infected with endophytes. 

In view of the above, it is clear that species-specific primers will provide a novel, 

reliable and rapid method to investigate the ecology of the endophytic algae when 

compared with the traditional method of the establishment of unialgal cultures 

(Plumb 1999). The longest frond of a genet should be utilised in the investigation to 

allow comparisons to be made between the current study and the population-level 

studies of C. crispus-associated endophytes conducted by Correa et al. (1987), and 

Plumb (1999). The initial characterisation of the C. crispus population is important 

in order to compare the population dynamics of the endophytes with that of their 

host population. 
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2- Materials and Methods. 

2.1 - Identification and collection of Chondrus crispus. 

2.1.1 - Identification of the study site. 

A 20 mx 30 m field site was selected at Lilstock beach, Somerset (Ordnance Sheet 

181, grid reference 176453 as described in Chapter 2, section 2.1, Figures 2.4 and 
2.5). The site was located on a shale platform and its position marked using zinc 

plated screws fastened into the rock. The 30 m side of the sampling site was parallel 
to the sea and the 20 m site perpendicular to the shore line (Figure 3.1). 

The height of the site above Chart Datum (CD) was determined as follows. The 

height of the low tidal level above CD (from the Admiralty Tide Tables) was 1.7 m 

at 1448 hr on 27.12.00. A ranging pole was positioned at the low tidal level and 

another at the `origin' of the study site (Figure 3.1). An Abney level was used to 

determine the equivalent heights on the_ two ranging poles and the difference was 

measured in cm using a metre ruler. Once the height above CD had been 

determined for the site origin the remainder of the site was levelled relative to this at 

every metre intersection. 

2.1.2 - The Chondrus crispus population. 

In order to determine approximately how many C. crispus plants (genets) were 

present in the study population a preliminary investigation was conducted where 

plants were counted in 100 randomly positioned 0.25 m2 quadrats within the 600 m2 

site. 

2.1.3 - Collection of Chondrus crispus for analysis of endophyte community 
structure. 

Collections of C. crispus from Lilstock were made monthly from July 1998 to June 

1999 at or close to spring tides (Table 3.2). Monthly samples taken on, or as close 
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Chapter 3- The algae associated with Chondrus crispus. 

as possible to, the day of the new moon provided standard times and tidal conditions 
for collections. 

Table 3.2. Dates, times and heights of low water at Port of Bristol (Bristol Channel, 
Avonmouth, Bristol) (Hydrographer of the Navy, Somerset 1998,1999). Low water 
at Lilstock was approximately one hour before low water at Avonmouth. 

Date Lilstock was visited Time of low water (GMT) Height of low water (m) 
23.07.98 1329 1.1 
22.08.98 1359 0.8 
24.09.98 1549 1.8 
23.10.98 1525 1.8 
21.11.98 1501 1.8 
21.12.98 1514 1.9 
15.01.99 1155 2.2 
17.02.99 1455 1.1 
17.03.99 1346 1.1 
15.04.99 1318 0.9 
15.05.99 1340 0.5 
15.06.99 1456 0.5 

One hundred plants were collected on each sampling occasion. For sampling, two 

tapes were laid out at right angles between the screws marking the horizontal (x) and 

vertical (y) axes of the site (Figure 3.1). The sampling strategy involved the 

production of a random whole number (Minitab®) between 0- 30 for the x-axis and 

between 0- 20 for the y-axis, i. e. x and y co-ordinates corresponded to a point in the 

600 m2 area: the closest individual of C. crispus to this point was collected. If no C. 

crispus plant was within a 30 cm radius, that point on the sampling grid was 

discarded and the next pair of random numbers selected. Each plant was collected 

by hand as a complete genet, removing the holdfast as well as all the fronds and any 

associated flora, fauna and bedrock in order to prevent resampling the same plant 

during the study. Most C. crispus plants occurred singly or in small groups where it 

was easy to distinguish between individuals, but in some areas, dense bands formed 

where it was less easy to distinguish individuals. Where the plants were 

indistinguishable from each other the point on the sampling grid was ignored and the 

next set of random numbers selected. Each sample plant was placed in a labelled 

bag (1-100) and a record made of its position within the study site (x and y co- 
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ordinates). The plants were then placed into a cool box and transferred to the 

laboratory where they were kept in a refrigerator at 4 °C for a maximum of 2 days. 

2.1.4 - Processing of Choudrus crispus plants. 

Each plant was washed free of seawater, silt and associated flora, fauna and bedrock 

under running tap water. The longest frond was separated from each plant, its length 

determined using a ruler, and its size development class noted (McLachlan et al. 
1988, Fernandez and Menendez 1991): class I fronds were single blades without 
dichotomies; class II fronds had one or two dichotomies; class III fronds had more 

than two dichotomies (Figure 3.2). Fronds were examined for reproductive 

structures, i. e. cystocarps or sori. Where reproductive structures were evident the 

life history phase was noted i. e. gametophytes with cystocarps, tetrasporophytes 

with sori: if reproductive structures were not evident or where life history 

identification was uncertain, this was noted. 

Size Class I Size Class II Size Class III 

Figure 3.2. Illustration of the size development classes (I, II and III) of the fronds 
(ramets) of Chondrus crispus. Adapted from the descriptions of McLachlan et al. 
(1988) and Fernandez and Menendez (1991), and a line drawing by Plumb (1999). 
Size class I- single blades without dichotomies, size class II - one or two 
dichotomies, size class III - more than two dichotomies. 

The longest fronds were then placed into separate plastic bags and both the plant it 

came from and the longest frond were labelled and stored together at -20°C in order 
to retard DNA degradation (Henry 1997). 
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Where the life-history phase was uncertain, the acetal resorcinol test (Craigie and 
Leigh 1978, modified by Dyck et al. 1985 and Garbary and DeWreede 1988) was 

used to assign the frond to either the gametophyte or tetrasporophyte generation. 

Acetal resorcinol reagent. 
The acetal resorcinol reagent was made by adding 1 ml of diluted acetal stock 
solution (2b) to the resorcinol stock solution (ib): 
1. Resorcinol stock solution. 

a. 150 mg resorcinol in 100 ml deionised water. 
b. 9 ml of resorcinol stock solution (la) in 100 ml concentrated hydrochloric 

acid. 
2. Acetal stock solution 

a. 0.1 ml of acetal in 10 ml deionised water. 
b. 1 ml of acetal stock solution (2a) in 2 ml deionised water. 

Where possible, a single dichotomy of dried material (<30 mg) or a frond tip, 1 cm 
in length, was carefully excised from a single frond and used in the test. Each tip 

was placed in a separate test-tube containing 2 ml of freshly prepared acetal 

resorcinol reagent (see box). The specimen in acetal resorcinol reagent was heated 

for 90 s to between 85 °C and 90 °C. Under these conditions tetrasporophytic 
fronds turned the test reagent a light brown or a very pale pink, becoming darker in 

colour after 4-5 minutes whereas gametophytic fronds turned the test reagent a deep 

red. Initially fronds of known life history phase, i. e. tetrasporophytes with sori or 

gametophytes with cystocarps were tested to provide control reactions to which the 

unknowns were compared. In cases of ambiguity, fronds were excluded from the 

current study. 

2.1.5 - Dry mass determination. 

Dry masses of plants and fronds were obtained by freeze-drying to a constant weight 
in a Modulyo 4K Freeze dryer (Edwards High Vacuum International). For freeze- 

drying, plants and fronds were removed from -their plastic bags and placed in 

labelled plastic weighing boats. The weighing boats were then placed in a- 70 °C 

freezer for 30 minutes and then moved to the freeze dryer where they were vacuum 
dried to a constant weight at - 40 °C. Freeze-dried plants and fronds were dried, 
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weighed (± 10 mg) and stored at room temperature. The plant mass comprised the 

whole of the plant including the mass of the longest frond. 

2.1.6 - Data analysis of the C. crispus population. 

Data were tested for normality using the Anderson-Darling method and where 

necessary were subjected to square-root, natural log +1, loglo +1 and arc-sine +1 

transformations, until they were normally, or close to normally distributed. 

Correlations between data were investigated using the Spearmans rank correlation 

co-efficient. Significance levels for the Spearmans rank correlation co-efficient 

were checked against significance tables (Sokal and Rohlf 1995). General linear 

models (GLM) with subsequent Tukeys pairwise comparisons, binary logistic 

regressions (BLR) and a paired t-test were used to analyse the data (Fowler and 
Cohen 1994, Sokal and Rohlf 1995, Dytham 1999). After performing a GLM test 

all residuals were tested for normality using the Anderson-Darling test. Significance 

in all tests was taken when p was :50.05 (95% confidence). Statistical analyses were 

conducted using Minitab® and SPSS®. Charts were produced in Microsoft® Excel. 

All charts use non-transformed data and standard error (S. E. ) bars for ease of 

comparison. 

2.2 - Species-specific primer design. 

From the sequence alignment of the Acrochaete rDNA ITS2 sequences, regions of 

variable sites were identified and three primers were designed specific for either A. 

heteroclada, A. operculata or A. viridis (Figure 3.3, Table 3.3) following the 

guidelines described by Saiki (1989) and Baker (2000) (Chapter 3, section 1.1.2). 

These primers were designed not only to be species-specific, but also to give product 
lengths that were diagnostic for each species. When used in PCRs in conjunction 

with the reverse primer ITS4 (White et al. 1990) the HETERO primer gives a 

product of 214 bp, the OPERC primer a product of 154 bp and the VIRID primer a 

product of 101 bp: products of DNA within this size range can easily be resolved by 

high resolution agarose gel electrophoresis. 
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Table 3.3. Species specific primers. 

Species Primer Primer sequence Position within the 
name (5' --º 3') rDNA ITS2 alignment 

A. heteroclada HETERO AGGACGGCGGTGGACCT 10-27 
A. operculata OPERC CCCGCACGGGCCCAGC 81-97 
A. viridis VIRID CTGGAGGCCGGGACGCT 136-155 

Primer sequences were checked against the GenBank, DDBJ and EMBL sequence 
databases and against sequences obtained for C. crispus DNA in the current study 
(Chapter 3, section 2.3), the main `contaminant' in the endophyte population study, 

to confirm they did not anneal to the rDNA regions of other characterised algal 

sequences. 

2.2.1 - Polymerase Chain Reaction amplification. 

The species-specific primers (Table 3.3) coupled with the universal primer ITS4 

(5'TCCTCCGCTTATTGATATGC3', White et al. 1990) were tested for specificity 

using DNA obtained from C. crispus (Table 3.12) and C. crispus-associated green 

algal isolates (Table 2.3). 

PCR incubations (50 µl) contained 5 pl of 10 x Supertaq buffer (10 mM Tris-HCl 

(pH 9.0), 1.5 mM MgC12,50 mM KCI, 0.1% (w/v) Triton x-100,0.01% (w/v) 

gelatin; (H. T. Biotechnology Ltd., Cambridge, UK)), 50 pmols of a species-specific 

primer and 50 pmols of the universal primer ITS4 (White et al. 1990), 200 µM 
dNTP, 0.5 units of Taq DNA polymerase (Supertaq, H. T. Biotechnology Ltd. ) and 5 

µl of template DNA. Amplifications were performed using undiluted (1) single 
isolate endophyte DNA (Table 2.3) (2) C. crispus DNA (Table 3.12) (3) mixed 
template DNA i. e. C. crispus DNA and up to four species of endophyte DNA. 

Attempts were made to multiplex the primers using the PCR incubation method 

outlined above except that 50 pmols of both species-specific primers were added to 

the reaction resulting in a final volume of 55 µl. 

The amplification reactions were performed and viewed as stated in Chapter 2, 

section 2.5 with the following changes. The PCR incubation method was as 
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follows: I cycle of 94 °C for 3 min (initial denaturation); 45 cycles of 94 °C for 1 

min (denaturation), 55 °C for 1 min (annealing) and 72 °C for 2 min (extension); 1 

cycle of 72 °C for 5 min (final extension). The annealing temperature was 

recalculated and raised to 55 °C to ensure primer specificity and the number of DNA 

replication cycles in the PCR was increased from 30 to 45 to improve band strength, 

which was noticeably fainter in mixed template reactions than in reactions 

containing unialgal templates. 

Owing to the small size of the PCR products produced using the species-specific 

primers, amplification products had to be separated on 2.0% (w/v) high resolution 

agarose gels run at 100V for 90 mins and viewed as stated in Chapter 2, section 2.5. 

A `no DNA' control was included in each set of PCR reactions to check for the 

presence of contaminating DNA in any of the reagents. 

2.3 - Obtaining Chondrus crispus rDNA sequences. 

2.3.1 - Collection of plants for Chondrus crispus cultures. 

In April 1999, reproductively mature C. crispus individuals were collected from 

Lilstock Beach, Somerset (Chapter 2, section 2.2) until ten tetrasporophytes with 

sori and ten female gametophytes with cystocarps had been obtained. Each 

individual was placed in a separate plastic bag and stored in a cool box for 

transportation to the laboratory. 

2.3.2 - Production of endophyte-free Chondrus crispus cultures. 

On the day of collection, the 20 reproductively mature C. crispus individuals were 

washed under running tap water and the reproductive tips, approximately 1.5 cm, 

were removed. These tips were examined under the Leica MS5 binocular 

microscope at a magnification of x100 to check for the presence of epiphytes and for 

any indication of the presence of endophytes, i. e. scattered or localised green spots 

on the surface of the frond (Correa et al. 1987). If there was no obvious epiphytic or 

endophytic infection, the gametophytic or tetrasporophytic tip was then placed in a 

Sterilin® single vented plastic petri-dish (Chapter 2, section 2.3) containing 15.0 ml 
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of pasteurised seawater enriched with VS5 nutrient medium. After a period of 2-4 

weeks under the standard incubation conditions tetraspores or carpospores were 

released onto the base of the dish. Spores were drawn up using a flame-sterilised 

pasteur pipette and then dropped onto a glass slide that had been placed in the base 

of a sterile culture dish containing 200 ml of pasteurised seawater enriched with 

VS20 nutrient medium. Culture dishes were maintained under standard incubation 

conditions (Chapter 2, section 2.3) for 6-7 weeks, during which time the germinated 

spores developed into a basal disc with one or more emergent fronds. A juvenile 

frond from each basal disc was removed, using forceps sterilised in ethanol and 

flamed, and placed in individual culture dishes. Culture dishes were incubated for a 

further 8 months and checked for the development of epiphytes and endophytes by 

examination under the Leica MS5 binocular microscope. If the fronds appeared free 

of infection the tips were used for DNA extraction. 

2.3.3 - Chondrus crispus DNA isolation, amplification and sequencing. 

Tips from cultured Chondrus crispus fronds weighing approximately 30 mg were 

taken from three isolates: two tetrasporophytes and one gametophyte. Trials using 

the DneasyTM Plant Mini Kit (Qiagen®) revealed that it was only possible to isolate 

DNA from the gametophytic fronds with this method. The CTAB DNA isolation 

method, which had previously been used to isolate DNA from algae (Rogers and 

Bendich (1994) and further modified in this study) allowed the isolation of DNA 

from both gametophytic and tetrasporophytic fronds. 

The CTAB DNA isolation method used was as follows. Each frond section was 

ground with a pestle in a mortar under liquid nitrogen to create a fine powder that 

was transferred to a2 ml thin walled Eppendorf tube. 400 µl of CTAB solution (0.1 

M Tris pH 8.0,1.4 M NaCl, 20 mM EDTA, 2% CTAB) was then added and the 

samples were first vortexed and then incubated at 60 °C for 15 min in a Sprint 

thermal cycler (1-lybaid). After incubation, samples were subjected to centrifugation 

at 11600 xg for 3 min and the supernatant from each sample transferred to a 1.5 ml 
Eppendorf tube. The volume of the supernatant for each sample was determined and 

an equal volume of chloroform: isoamyl alcohol (24: 1) added. The Eppendorf tubes 

were shaken for 10 s then subjected to a further centrifugation at 11600 xg for 2 
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min. The volume of the supernatant for each sample was determined, transferred to 

a clean 1.5 ml Eppendorf and 0.6 vol of cold isopropanol was added. The solutions 

were mixed by gentle inversion. Precipitation of the DNA occurred at -20 °C for 30 

min. The DNA was recovered by centrifugation at 11600 xg for 10 min. The 

supernatant from each sample was then poured off and the pellet rinsed with 150 µl 

of 100% ethanol. After centrifugation (1 min at 11600 x g) the ethanol was poured 

off and 150 µl of 70% ethanol added followed by a further spin of 11600 xg for 1 

min. The 70% ethanol was then poured off and the resulting pellets dried in a 

vacuum desiccator and resuspended in 50 µl of autoclaved deionised water. 

Between samples the pestles and mortars were washed in warm tap water, rinsed and 

then soaked in sodium hypochlorite (10% v/v active chlorine) overnight, washed in 

distilled water, rinsed with IMS and washed once again with distilled water. In 

order to test if this sterilisation procedure had been successful, one pestle and mortar 

was used as a `negative control' extraction in which all extraction procedures were 
followed but in the absence of any plant material. Any DNA left on the pestle or in 

the mortar, or present in any of the solutions would be evident in this negative 

control. 

The C. crispus rDNA was amplified using the primers AB28 and TW81 (Table 2.4, 

Goff et al. 1994), checked by agarose gel electrophoresis, purified and sequenced 
(Chapter 2, sections 2.5 and 2.6). 

2.4 - The endophytic algal community associated with the Chondrus crispus 

population. 

2.4.1 - Isolation of DNA from C. crispus and its associated algae. 

Total genomic DNA was isolated from washed, field-collected Chondrus crispus 

and its associated endophytes using the CTAB method as described above (Chapter 

3, section 2.3.3). Prior to DNA extraction the whole frond was ground under liquid 

nitrogen in a mortar with a pestle and approximately 50 mg transferred to a 2.0 ml 

thin walled Eppendorf tube. Grinding the entire ramet allowed all endophytes to be 

included in the DNA isolation whatever their location within the frond. 
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2.4.2 - Production of positive controls for amplification reactions. 

The rDNA ITS2 regions of the green endophytic isolates AH2, A08 and AV2 

(Table 2.3) were cloned and sequenced using the following method. Endophyte 

DNA was isolated and the rDNA ITS2 region amplified and viewed as described 

previously (Chapter 2, sections 2.4 and 2.5) using primers ITS4 (White et al. 1990) 

and END I (Chapter 2, section 3.1.1). For each isolate five replicate reactions were 

pooled, the amplified DNA precipitated (Chapter 2, section 2.6) and dissolved in 40 

µl of sterile water. PCR products were cloned into pCR 2.1 using a T. A. Cloning® 

Kit (Invitrogen®) following the manufacturer's protocol, except that the ligation 

reactions were held at 14 °C for at least 12 hours prior to transformation, an increase 

of eight hours compared to the recommended four hours. Recombinant plasmids 

were propagated in Escherichia coli TOP 10. 

The presence of the expected insert was checked using the PCR protocol described 

above (Chapter 3, section 2.2.1) and using the species-specific primers and ITS4 

(White et al. 1990). These cells were added directly to the PCR reaction mix using a 

sterilised wooden tooth-pick. Plasmid minipreps for use as positive controls were 

prepared from 5 ml L-broth overnight cultures using the Mini-Prep Spin Kit 

(Qiagen®) following the manufacturer's protocol. 

2.4.3 - PCR amplifications. 

For the two PCR reactions needed to amplify the DNA of the endophytes from the 

C. crispus/endophyte complex, the PCR protocol followed that described above 
(Chapter 3, section 2.2.1). The amplification of the endophyte DNA used 50 pmols 

each of the appropriate species-specific primer and ITS4 (White et al. 1990). For 

each endophyte species up to 105 PCRs were performed each month. This figure 

included negative controls (sterile water in place of template and water from a 
`cleaned' pestle and mortar in place of template) and positive controls (plasmid 

minipreps of cloned Acrochaete rDNA ITS2 sequences). 
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2.4.4 - Scoring the results. 

Products from all amplification reactions were size fractionated in 2.0% (w/v) high 

resolution agarose gels in 1x TAE buffer run at 100V for 90 minutes and viewed 

under UV light after staining for 15 minutes with ethidium bromide (2 µg ml"'). The 

presence of a band of the correct size indicated the presence of an endophyte in a C. 

crispus frond. 

2.4.5 - Data analysis of the algal community associated with C. crispus. 

Data were analysed using binary logistic regressions (BLR) (Sokal and Rohlf 1995) 

to look at the presence and/or absence of the endophytes in relation to the C. crispus 

population. Statistical analyses were conducted using Minitab®. Charts were 

produced in Microsoft® Excel. 
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3- Results. 

3.1 - Field site observations. 

During spring tides, the shale platform at Lilstock Beach was emersed for 4-5 hours 

depending on the tidal range. While the platform was uncovered, shore drainage 

water flowed north, down the shore, totally or partially submerging the platform 

along with its associated algal flora. The shale platform at Lilstock is influenced by 

high sediment levels. The sediment tends to vary in depth to between 0 cm and 15 

cm (Plumb 1999) across the site. 

3.1.1 - Algal flora. 

Chondrus crispus was dominant on the shale platform. Other species present 

included Ascophyllum nodosum with Polysiphonia lanosa, Cladophora rupestris 

(Linneaus) Kiitzing, Corallina officinalis, Fucus serratus, Fucus vesiculosus 

Linneaus, Polyides rotundus (Hudson) Greville, Porphyra purpurea (Roth) C. 

Agardh, Scytosiphon lomentaria (Lyngbye) Link, nom. cons., Ulva spp and 

Enteromorpha spp. 

3.1.2 - Height of the field site. 

The site origin, 0-0 m, was 304 cm above Chart Datum (CD) (Figure 3.4). The 

minimum height of the site was 239 cm above CD while the maximum height was 
335 cm above CD, a range of 96 cm. The site sloped downwards from the southeast 

towards the northwest. The height of the 651 points determined within the 600 m2 

site were sorted into 10 height classes (Table 3.4). The maximum number of points 

measured in a single height class within the site was 217 for heights 300-309 cm 

above CD. The minimum number of points measured in a height class was 4 for 

heights > 330 cm above CD. Categorisation of the height data was required for 

subsequent analysis of the C. crispus distribution data. There were no `extreme' 

high or low points within the site due to the gradually sloping nature of the shale 

platform. 
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Table 3.4. Number of points per height class in the field site. 

Height class 
(cm above CD) 

Number of points in the 
height class 

< 250 6 
>_ 250, < 260 7 
>_ 260, < 270 6 
>_ 270, < 280 26 
>_ 280, < 290 69 
>_ 290, < 300 169 

300, <310 217 
310, < 320 108 

>_ 320, < 330 39 
2330 4 

3.2 - Preliminary investigation. 

The number of Chondrus crispus individuals within the 100 random 0.25 m2 

quadrats ranged from 0 to 34 (Figure 3.5). Almost half the quadrats (45) contained 
0-5 individuals while the mean number of plants per quadrat was 9 (S. E. = 0.275). 

From the mean plant number per quadrat it was possible to calculate that there were 

up to approximately 2.16 x 104 C. crispus plants within the field site. Without 

considering the regeneration, recruitment or natural loss of C. crispus from the 

population, at the chosen sampling intensity, i. e. 100 plants per month over a period 

of one year, only 5.5% of the plants were removed as a result of this investigation. 

3.3 - Chondrus crispus population. 

From the 6th July 1998 to 15th June 1999 a total of 1195 individual Chondrus crispus 

plants were collected from the field site at Lilstock. Resorcinol-acetal testing of the 

longest fronds showed that 59% (706) were gametophytes and 41% (489) were 
tetrasporophytes. 
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Figure 3.5. Number of Chondrus crispus individuals in each of the one hundred 
0.25 m2 quadrats across the field site. 
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The distribution of plants between the various height classes is a simple reflection of 

the abundance of those height classes within the site (Table 3.5). A paired t-test 

between the proportion of sites in the height class and proportion of C. crispus 

collected in the height class showed that the paired data were not significantly 
different (t = -0.033, df = 9, p=0.975). 

Table 3.5. The numbers of Chondrus crispus individuals taken from areas classified 
under different height categories within the field site. 

Height class (cm above 
CD) 

Proportion of sites in the 
height class 

Proportion of C. crispus 
collected in the height 

class 
< 250 0.009 0.011 

250, < 260 0.011 0.008 
z 260, < 270 0.009 0.007 

270, < 280 0.040 0.028 
280, < 290 0.106 0.118 
290, < 300 0.260 0.254 

>_ 300, < 310 0.333 0.353 
> 310, < 320 0.166 0.156 

320, < 330 0.060 0.059 
>_ 330 0.006 0.007 

3.3.1 - Size of the collected Chondrus crispus. 

Dry mass of the plants ranged from <_ 0.02 g to 7.46 g: for the longest fronds the 

range was from 5 0.01 g to 1.16 g. The mean plant dry mass was 0.98 g (standard 

error SE = 0.029), mean frond dry mass was 0.15 g (SE = 0.005). The longest 

fronds ranged from 1.7 cm to 14.6 cm in length (Table 3.6) (the mean frond length 

was 7.63 cm (SE = 0.068)). 

The plant with the greatest dry mass was collected in June 1999 (7.46 g) while the 

fronds with the greatest dry mass were collected in July 1998, August 1998 and 
October 1998 (all 1.16 g). The longest frond was collected in May 1999 (14.6 cm). 

The smallest frond lengths were measured in September 1998 and January 1999 (1.7 

cm). The smallest range of plant dry masses were found for C. crispus collected in 

July 1998 (< 3.41 g) and the smallest range of frond dry masses were found for C. 

crispus collected in February 1999 (< 0.35 g) respectively. 
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Table 3.6. Ranges of C. crispus plant dry mass, longest frond dry mass and longest 
frond length for each month July 1998 - June 1999 inclusive. 

Month Range of plant dry mass 
(g) 

Range of frond dry 
mass (g) 

Range of frond 
length (cm) 

July 1998 0.03-3.41 5 0.01-1.16 2.5-11.6 
August 1998 0.05-6.96 S 0.01-1.16 3.1-12.3 
September 1998 0.03-7.15 < 0.01-1.05 1.7-12.5 
October 1998 < 0.02-6.06 S 0.01-1.16 2.7-14.4 
November 1998 < 0.02-5.46 <_ 0.01-0.76 2.8-14.2 
December 1998 < 0.02-5.32 _< 0.01-0.86 2.1-13.8 
January 1999 < 0.02-4.78 <_ 0.01-0.72 1.7-11.9 
February 1999 5 0.02-6.32 <_ 0.01-0.35 2.5-13.9 
March 1999 0.03-4.23 5 0.01-0.39 3.4-11.6 
April 1999 0.03-3.85 < 0.01-0.46 2.6-14.5 
May 1999 0.04-4.88 < 0.01-0.97 3.1-14.6 
June 1999 < 0.02-7.46 <_ 0.01-0.46 3.5-13.8 

The following data relating to the size of the C. crispus plants were not normally 
distributed: plant dry mass (A2 = 67.86, p= <0.001); frond dry mass (A2 = 89.86, p 

= <0.001); frond length (A2 = 2.40, p= <0.001). Transforming the data resulted in 

normality for the frond length data using a square-root transformation (A2 = 0.69, p 

= 0.072). Although after the natural log +1 transformation, the plant dry mass data 

(A2 = 19.93, p= <0.001) and the frond dry mass data (A2 = 68.79, p= <0.001) were 

still not normally distributed, it was decided to use the natural log +1 transformed 

plant and frond dry mass data in order to keep the data as close to normality as 

possible. The following analyses were performed using transformed data. 

As expected there was a significant positive correlation between frond length and 
dry mass (Figure 3.6, Spearmans 0.724, p= <0.001), plant dry mass and frond 

length (Figure 3.7, Spearmans 0.718, p= <0.001), and plant and frond dry mass data 

(Figure 3.8, Spearmans 0.726, p= <0.001). 

As the mass and length parameters of the C. crispus fronds and plants correlated, it 

was possible to use the length of the longest frond as an indication of plant size in 

the subsequent analyses. Frond length was chosen as an indicator of host size as it 

was less likely to be influenced by the presence of epiphytes. 
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3.3.2 - Length of the collected Chondrus crispus fronds. 

Of the 1195 fronds, a total of three (0.25%) were placed in Class I (no dichotomies), 

33 (2.76%) in Class II (one or two dichotomies) and 1159 (96.99%) in class III 

(more than two dichotomies, Figure 3.9). Due to the low numbers of individuals in 

size classes I and II, class division was not a major discriminator between longest 

fronds in the current study and was not considered in subsequent analyses. 

3.3.3 - Length and phase of the collected Chondrus crispus. 

The length of gametophyte fronds ranged from 1.7 cm to 14.6 cm and the lengths of 

the tetrasporophyte fronds ranged from 1.7 cm to 12.6 cm. The mean length of the 

gametophyte fronds, 8.0 cm (SE = 0.09) was significantly larger than the mean 

length of the tetrasporophyte fronds at 7.1 cm (S. E. = 0.09) (GLM -p= <0.001, 

residuals were normally distributed - A2 = 0.586, p=0.127). 

3.3.4 - Temporal changes in the longest fronds of the collected Chondrus 
crisp us. 

(a) Frond length. 

Frond length varied significantly throughout the year (Figure 3.10, GLM -p= 
<0.001, residuals were normally distributed - A2 = 0.586, p = 0.127). The minimum 

mean frond length, 6.8 cm was observed in January 1999 with a maximum mean 

frond length of 8.3 cm observed in June 1999. There were no significant changes in 

frond length between July 1998 and December 1998. Pairwise comparisons 

highlighted the significant differences between the mean frond lengths at different 

months (Table 3.7). 
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population of Chondrus crispus. 
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Table 3.7. Significant differences between mean frond lengths at different months. 
Tukeys pairwise comparisons. 

Months p- value 
November 1998 June 1999 0.026 
December 1998 January 1999 0.004 
December 1998 February 1999 0.019 
January 1999 May 1999 0.007 
January 1999 June 1999 <0.001 
February 1999 May 1999 0.031 
February 1999 June 1999 <0.001 

(b) Franc! length and life history phase. 

When the longest fronds are separated into the two life history phases the 

differences between the gametophytes and the tetrasporophytes across the year are 

apparent (Figure 3.11). The mean lengths of the gametophyte fronds were always 

greater than those for tetrasporophyte fronds (GLM -h= <0.001, residuals were 

normally distributed - A2 = 0.586, p=0.127) except in August 1998 when the mean 

lengths of the two life history phases were equal (7.7 cm). For individual months 

the differences in the mean lengths of the gametophytes and tetrasporophytes were 

significant in May 1998 (gametophytes = 8.9 cm, tetrasporophytes = 6.9 cm, p= 

0.004) and December 1998 (gametophytes = 8.8 cm, tetrasporophytes = 7.2 cm, p= 

0.025). 

Of the two life history phases the gametophytes show significant size variation over 

the course of a year (GLM -p=0.006, residuals were normally distributed A2 = 

0.353 and p=0.464). These significant differences occurred between January 1999 

(7.1 cm), and the months of December 1998 (8.8 cm p=0.015), May 1999 (8.9 cm 

p=0.005) and June 1999 (8.8 cm p=0.007). Significant differences also occurred 

between February 1999 (7.3 cm) and the months of May 1999 (8.9 cm p=0.04) and 

June 1999 (8.8 cm p=0.05). The tetrasporophyte fronds showed no such variation 

in size (GLM -p=0.056, residuals were normally distributed A` = 0.260 and p= 

0.709). 
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Figure 3.11. Mean frond length over the year, including standard error bars, 

separated into the two different life history phases. 
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Chapter 3- The algae associated with Chondrus crispus. 

(c) Life history phase. 

Gametophytes were more common than tetrasporophytes throughout the study 

period except in July 1998 (Table 3.8), although the observed changes in the ratio of 
life history phases proved not to be significant (BLR -p = 0.424). 

Table 3.8. The ratio of tetrasporophytes: gametophytes (T: G) in each monthly 
sample. 

Month Ratio of T: G 
July 1998 1.0: 0.5 
August 1998 1.0: 1.5 
September 1998 1.0: 1.6 
October 1998 1.0: 1.3 
November 1998 1.0: 1.5 
December 1998 1.0: 1.6 
January 1999 1.0: 1.3 
February 1999 1.0: 1.2 
March 1999 1.0: 1.5 
April 1999 1.0: 1.6 
May 1999 1.0: 1.2 
June 1999 1.0: 1.5 

3.3.5 - Spatial changes in the longest fronds of the collected Chondrus crispius. 

(a) Frond length and height above Chart Datum (CD). 

The general trend in the data indicated an increase in mean frond length with height 

above CD from 5.4 cm at < 250 cm to 10.3 cm at >- 330 cm (Figure 3.12). This 

trend was shown to be significant (GLM -p=0.001, residuals were normally 
distributed - A2 = 0.586, p=0.127). Pairwise comparisons highlighted the 

significant differences between the mean frond lengths at different heights above 
CD (Table 3.9). 
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Chapter 3- The algae associated with Chondrus crispus. 

Table 3.9. Significant differences between mean frond lengths at the different 
height above CD categories from Tukeys pairwise comparisons. 

Pairs of height categories with mean frond lengths that 
are significantly different. 

Height category I and Height category 2 and 
mean frond length (cm) mean frond length (cm) 

p value 

< 250 (5.4 cm) 280, < 290 (7.8 cm) 0.002 
< 250 (5.4 cm) 290, < 300 (7.7 cm) 0.002 
< 250 (5.4 cm) 300, < 310 (7.6 cm) 0.005 
< 250 (5.4 cm) 310, < 320 (7.8 cm) 0.003 
< 250 (5.4 cm) 320, < 330 (7.6 cm) 0.013 
< 250 (5.4 cm) >_ 330 (10.3 cm) <0.001 

260, < 270 (6.1 cm) >_ 330 (10.3 cm) 0.004 
270, < 280 (6.3 cm) 280, < 290 (7.8 cm) 0.003 
270, < 280 (6.3 cm) 290, < 300 (7.7 cm) 0.002 
270, < 280 (6.3 cm) 300, < 310 (7.6 cm) 0.008 
270, < 280 (6.3 cm) 310, < 320 (7.8 cm) 0.004 
270, < 280 (6.3 cm) 330 (10.3 cm) <0.001 

>_ 300, < 310 (7.6 cm) >_ 330 (10.3 cm) 0.042 
Parenthesis - mean frond length at that height category. 

(b) Frond life history phase and height above CD. 

Examination of the ratio of tetrasporophytes and gametophytes (Table 3.10) would 

appear to suggest that gametophytes are favoured at both the highest and lowest 

points above CD, however, the observed variation in the ratio was not significant 
(BLR -p=0.917). 

Table 3.10. Numbers of genets and ratios of tetrasporophytes: gametophytes at each 
height category above CD. 

Height category Number of genets from each 
height category 

Ratio of Tetrasporophytes: 
Gametophytes 

< 250 13 1.0: 5.5 
250, < 260 10 1.0: 1.0 

z 260, < 270 8 1.0: 1.7 
270, < 280 33 1.0: 2.1 
280, < 290 141 1.0: 1.2 
290, < 300 304 1.0: 1.5 

z 300, < 310 422 1.0: 1.4 
2: 3 10, < 320 186 1.0: 1.3 
z 320, < 330 70 1.0: 1.7 
>_ 330 8 1.0: 7.0 
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3.4 - Species-specific primer design. 

The species-specific primers for the Acrochaete species were designed to give the 

maximum number of mismatches between the primer and non-target sequences 

(Table 3.11). 

Table 3.11. Number of mismatches between species-specific primers and non- 
target sequences. 

Primers Acrochaete isolate Target/non-target sequences' M es 
A. heteroclada (AH2) AGGACGGCGGTGGACCCT 

QC A. viridis (AV2) GGAACGGGGCI'GGAACT 5 
A. viridis (AV4) CCTCGGGGGTTGGAACT 8 

A. operculata (A03) CCCAGGGGGCTGGACCT 6 
A. operculata (AO8) CGGGGGGGGCTGGACCT 5 

A. heteroclada (AH2) CGCGCCCGGGCCTGTA 6 

. =1. viridis (AV2) CCCGCACGACCCAATA 
A. viridis (AV4) CCCGCIýC( ACC C. ýýTA 5 

A. operculata (A03) CCCGCACGGGCCCAGC 0 
A. operculata (A08) CCCGCACGGGCCCAGC 0 

A. heteroclada (AH2) (C(: 9 
A. viridis (AV2) CTGGAGGCC GGG ACGCT 0 
A 

. viridis (AV4) CTGGAGGCC GGG ACGCT 0 
A. operculata (A03) 
A. operculata (AO8) CCGGAGGTC GGG CCGAG 5 

I Primer sequences are highlighted in grey. 

3.4.1 - Testing and optimisation of species-specific primers. 

The species-specific primers IIETERO, OPERC1 and VIRIU (Table . 
'). 11) did not 

match with any previously characterised algal rDNA ITS2 region or the rI)NA 

sequence of C. cr"ispus, determined in this study (Figure 3.17). 

Primers HETERO and VIRID (Table 3.11) were template-specific, amplifying the 

rDNA ITS2 region from only A. heterocluda and A. viridis respectively (Figure 

3.13A): the primers failed to prime synthesis on DNA isolated from C. crispus and 

from non-target green algae including Phaeophila dendroides ('f'able 2.3) and an 

isolate of Enteromorpha sp. (isolated from C. crispus collected from Lilstock by . 1. 

-120- 



Chapter : The algae associated ww ith ('hmicl"rrs c"rispus. 

Plumb. April 1996). Primers IIF, I'NRO and VIRI1), when used in separate P('Rs 

and coupled with the universal primer I1S4. were also template-specific, amplif ing, 

target-DNA in the presence of' mixed DNA templates. The products were of the 

expected size and were purified and sequenced to double check and confirm that the 

amplified products were from the expected . 
1cr cI uu'<<' sequence. 

Attempts to multiplex the primers i. e. perform a PCR using both prii»crs III' I Iý IN 

and VIRID in combination with ITS4 to produce two products in it single reaction 

were unsuccessful: the PCR generated three products rather than the expected two 

(Figure 3.13U). Two of the products were of- the expected size fier A. hc'Icruc/u /u 

(214 bp) and A. viridis (101 bp) whilst the third was of approximately )80 hp. Abis 

380 bp product could be a chimera resulting, from in interaction hemeen the mo 

expected products and the primers. To determine the true nature of this product. 

further experimentation is required. 

A 

: 1. heleruclcr 

I. riricli. r 
It\Pr. tCLI 

)IOduct 

liclo-uc'l kki 
%"irnliý 

Figure 3.13. A- Amplification products from three separate P('R reactions using 
template DNA obtained from cultures of green endoph) tic algae and mixed template 
DNA. Lanes 1-5 primer pair III: I'FRO + II'S4: I- 214 hp product from mixed 
DNA template (C. cri. s'pu. s'. Al I;. A05 and AV4 I)NA). 2 -. 1. helcrocluthi Al 11), 1) 
A. o/mrciIluta A05.4 -. 1. viriclis AV4.5 - no DNA control. Lanes 6-10 primer pair 
OPERC1 + FFS4: 6- mixed 1)NA template. 7 All'). 8 AO5.9 AV4. lU - no 
DNA control. Lanes 11-15 primer pair VIRI1) fII4: 11 101 bp product fron 

mixed I)NA template, 12 - Al 13,1) - AO>, 14 101 hp product from AV4.15 - no 
DNA control. Lane 16 - 100 hp DNA size marker. 13 - Amplification products from 
DNA obtained from field collected (7iond nies LI"i. c/ne. c using multiplexed primers 
III=. TIRO. VIRIL) and l'I'S4. Lanes: I- 100 hp DNA size marker: 2-6 - amplified 
products from 

. 
1. heterocluLhi.. 1. viridis and an unexpected product. Fluorescent 

areas in the gel running at a mobility of < 100 hp are due to primer artefacts. 
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The primer OPI: RC'i, intended to prime amplification from A. o1wrculu! (1 DNA. as 

found to be non-specific irrespective of' the annealing temperature used in the 11('R 

(Figure 3.13A). It appeared that OPIRG was binding to many regions ()I' the 

genome, acting like a RAPD-primer to produce multiple hands in agarose gels. 

After redesigning and further testing of a second A. operculuta species-specific 

primer. OPF. RC, (Figure 3.14), it still proved impossible toi ecnerate just the 

expected PCR-product. I)ue to a lack of other suitable sites in the rI)N1A IF S2 

region for further species-specific primers for A. opc'rcilIutu. no attempt vv, as made to 

identil, v this species in the subsequent endluphvte community stud . 

I'u"itlOI &I tltr 

L\ I, C"L tLJ pl du. t 

Figure 3.1-4. Amplification products 1,1-()Ill Cultures O1'. 1o/) 1L IflilIU (, I)t: iinL. t u, iii-1 

primers o Pt RU2 and II S4. Lanes: I-A. uperclllulu A03, - A09. I- At. )(, 4- 
A07.5 - no DNA control. 6- 100 bp DNA ladder. 

3.4.2 - Use of the species-specific primers. 

The species-specific primers III.. I'I: RO and VIRII) used in cOmhination with the 

universal primer ITS4, ývere able to detect successfultv the eindophy tes .. 1. 

heteroclada and A. vü"iulis respectively', within nucleic acids extracted from h elcl 

collected C'hondrus cr is/flL' fronds (Figure 3.15). 
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I hrrC (h loh / 
product 

Figure 3.15. Amplification products lrum DNA uhtaincd l'runi ( 'huiuhru ' ri oim, s 
fronds collected from Lilstock beach. A Products amplified using the species- 
specific primer HETERO, thus indicating the presence (+) or absence (-) of 
Acrochuele heleroclada. B- Products amplitied using the species-specific primer 
VIRID, thus indicating the presence (+) or absence (-) of A. viriclis. I. - 100 bp 
DNA ladder. 

3.5 - Chondrus crispus DNA. 

The universal primers AB28 and I-W81 (Got-Ccl ul. 1994) produced a nuclear rl)NA 

amplification product of approximately 900 bp in PCRs using, I)NA from three ('. 

cris/ us isolates as templates (Table 3.12, Figure 3.16). The amplified region had an 

overall G+C content of 43.2% and included 105 bp from the rlNA [TS 1.152 hp 

from the rDNA 5.8S and 217 bp from the rDNA I FS2 r[)NA regions (Figure 3.17). 

The precise length of the rDNA ITSI and II-S2 regions could not he determined 

from the incomplete sequences. The sequences determined for the three C. crisple. s 

isolates were identical (Figure 3.17). 

Table 3.12. ('honclrrrs cr"isprrs isolates used for DNA analysis. 

Code Species Phase Date collected site Collector 
A C. c"rispies T 04/1909 I, ilstock I. l omn 
B C. crispies T 04/1999 I. ilstOck 11. I3omn 
C C. crisprrs G 04/1999 I. ilstock I. 13own 

IG= gametophyte T= tetrasporophyte. 

ii. i; 

H 
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Figure 3.16. AmpliI c ition products Ihrorn DNA oht, link'J Iloin tIUCL. ( (I-/NI)IIN 
isolates ('I ahle 3.12) using primers AB28 and l WS 1. Lanes: I -I UO Nase pair I )N: A 
size marker- 2-4 - (Tonbus crispns isolates A. B. and C. 5-6 - No [)NA controls. 

3.6 - Chlorophvtic algal community associated with ('hondrº, s cri. cpus. 

PCR analysis of field-collected C. cri. lpros plants using the two species-sped le 

primers revealed that a total of 98.6 % plants were infected with the green aloal 

endophytes Acrochaete heteroclaclu and A. viriclis. Of the total number of collected 

C. cri. Spus. 77.0 % were infected with both A. heter"oclucla and A. riricli. v, 19.0 

with A. viricli. c alone and 2.6 % with A. heter-oclada alone. 

3.6.1 - Chlorophv tic algae and host frond length. 

Ac/OL hUCtr viric/is Evas found in association mth fronds in all site classes (1.7 14.6 

cm). Of the 4 fronds that were free of' infection by A. viri(li. s none ere greater 

than I2. () cm in length (13LR - j) 0.041). Assuming : 1. riricli. s' infiction is not 

related to frond length, a ratio of' 24: 1 inicetedf: uninfected individuals \\01.11d he 

expected across all frond lengths. Thus. at least mo of' the 53) fronds vvhich were 

greater than 12.0 cm should have been free of' infection. This as not the case. In 

contrast. it as found that the presence/absence of' . 
1.11c, -rocluclu does not 'arv 

si , niticantly 'vith frond length (ULR - /) 0.915). I'Ihose fronds free of, the 

endophyte ranged from 1.7 cm to 14.5 cm and those associated v ith 
.. 
I. hetc'roclatla 

ranged from 1.7 cm to 14.6 cm. 
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Chapter 3- The algae associated with Chondrus crispus. 

3.6.2 - Chlorophytic algae and host life history phase. 

Infection of C. crispus by both endophyte species does not vary significantly with 
the life history phase of the frond (BLR -p=0.998). When infection by the two 

endophytes is treated separately the presence of A. heteroclada and. A. viridis does 

not vary significantly with the life history phase of the frond (Figure 3.18, BLR -p = 
0.925 and 0.918 respectively). A. heteroclada was associated with 81% of the 

tetrasporophytes and 78% of the gametophytes while A. viridis was associated with 
96% of the tetrasporophytes and 96% of the gametophytes. 

3.6.3. - Temporal distribution of the chlorophytic algae associated with 
Chondrus crispus. 

Infection of C. crispus by both endophytes does not vary significantly throughout 

the year, with prevalence of infection ranging from 97 % to 100 % (BLR -p= 
0.139). When infection by the two endophytes is treated separately, the percentage 

of infection of C. crispus fronds appears to vary throughout the year (Figure 3.19), 

with variation being more pronounced for A. heteroclada (65% for June 1999 to 
92% for January 1999) than for A. viridis (90% for March 1999 to 99% for August, 

November and December 1998). There was no obvious seasonal trend and infection 

frequencies were not statistically significantly different throughout the year (BLR - 
p=0.808 and 0.294 respectively). 

3.6.4. - Spatial distribution of the chlorophytic algae associated with Chondrus 
crispus. 

Total infection of C. crispus does not vary significantly with height above CD, 

despite ranging from 98 % to 100 % for all heights z 250 cm to a low of 85 % of 
infection at < 250 cm (BLR -p = 0.404). 

When infection by the two endophytes is treated separately, the percentage infection 

of C. crispus fronds appears to vary with height (Figure 3.20), with A. heteroclada 

being more prevalent higher up the shore (63% at heights >_ 260, < 270 cm to 88% at 

>330 cm above CD). There was no obvious trend with height for A. viridis, although 

prevalence is at a minimum lower down the shore (80% at heights ý 250, < 260 cm 
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Figure 3.18. Percentage of infection of the different life history phases of ('hu u1, rr. ý 
cris/ms by "1cv Or17ticle heteroclcula and A. viriclis. 
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to a maximum of 100% at >_ 260, > 270 cm and >_ 330 cm above CD). The statistics 
indicated that the infection frequencies were not significantly different for A. 

heteroclada and A. viridis between each height (BLR -p=0.098 and 0.704 

respectively). 

I. 
-, 
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4- Discussion. 

4.1 -A novel approach to a population-level study of the algal endophytes 
associated with Chondrus crispus. 

Primers specific for Acrochaete heteroclada and A. viridis were used successfully in 

a PCR-based assay of these endophytes in symbiotic association with fronds of 
Chondrus crispus. This is the first time that species-specific primers have been 

designed to detect the presence of symbiotic algae and only the second study to use 

species-specific oligonucleotides for macroalgae (Blomster et al. 2000). The 

species-specific primers were designed to give product lengths that were diagnostic 

for each species. Although attempts to multiplex the primers, allowing for a 

reduced number of PCRs, were unsuccessful, this molecular method still has the 

advantage over others as the PCR products need no further characterisation e. g. 
hybridisation (e. g. Blomster et al. 2000, Sipe et al. 2000) or restriction fragment 

length polymorphism (RFLP) analysis of amplified sequences (e. g. Roth et al. 

2000). There are several advantages of this molecular technique over the existing 

morphological methods used to identify the endophytic algae within fronds of C. 

crispus (e. g. Correa et al. 1987, Plumb 1999) (Table 3.13). 

Table 3.13. Advantages of the molecular method developed in this study over the 
existing morphological method used to characterise the algal endophytes associated 
with Chondrus crispus. 

Parameter Molecular method Morphological method 
Time Numerous samples can be Up to 4 months to isolate endophytes into 

screened in one day depending on culture 
available equipment 

Reliability Whatever their position in the (1) Endophytes are isolated from an 
ramet, the endophytes could be excised portion of the host frond, thus 
included in the bulk nucleic acid endophytes could be missed (2) 
preparation Endophytes might not grow into culture 

Avoidance of No isolation procedure as the Endophytes may not survive surface 
the isolation endophytes are identified from a sterilisation procedure 
procedure bulk nucleic acid preparation 

from the frond 

Positive Positive identification of Unreliable morphological characteristics 
identification endophytes due to specific may result in misidentification or allow 

annealing of primers identification only to genus level 
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The primary advantage of the existing morphological method over the molecular 

method is the relative cost, as DNA manipulation requires expensive consumables. 

With the molecular technique it is important to be aware of the chances of 

contamination of samples and reactions. Contamination arises from the inadvertent 

introduction of unwanted DNA to reagent stocks or reaction tubes, or from carry- 

over of product from previous amplifications (Baker 2000). This contamination 

could result in the production of `false-positives' i. e. the contaminant produces a 

positive result despite the absence of the target DNA. Awareness of `false- 

positives' and ̀ false-negatives' (failure of the PCR to amplify the target DNA) can 

be increased by the use of appropriate controls: negative control reactions that 

generate a product indicate the presence of contaminating DNA; positive control 

reactions are used to confirm that primers are working as expected when provided 

with the correct template (Baker 2000). 

Another potential problem with the molecular technique could be the non-specific 

binding of the species-specific primers. The chances of non-specific binding are 

lessened by (1) extensive testing on various algal cultures, (2) checking the primers 

against sequences on the database and making sure they do not anneal to the rDNA 

of other algae in silica, (3) adjusting the PCR conditions until species-specific 

primer annealing is optimised and (4) having a specific length of DNA product 

produced from the primers. 

4.2 - Algal endophytes associated with a population of Chondrus crispus. 

The molecular technique developed in this study has revealed a higher mean 

prevalence of endophyte infection of C. crispus, and a higher mean prevalence of 

infection of A. heteroclada and A. viridis than observed in any other study of this 

host (Table 3.14). In contrast to the study by Plumb (1999), the nucleic acid 

extraction technique involved the use of an integrated sample of the ramet to look 

for the presence of endophytes rather than sections of host frond, therefore the algae 

would not be missed whatever their location in the host. Peters (1991) found that 

the two life-history phases of the endophyte Streblonema macrocystis Peters were 

located in different parts of the host Macrocystis pyrifera (Linnaeus) Agardh, thus 

using only sections excised from the mid-region of the frond (e. g. Plumb 1999) may 
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give an under-representation of endophyte numbers. Also, in the study by Plumb 

(1999), the fronds were surface sterilised with sodium hypochlorite which may be 

detrimental to some of the endophytes in the initial stages of development, 

especially as A. heteroclada has an epiphytic stage prior to penetration of the host 

(Correa et al. 1988) and A. viridis can be both epiphytic or endophytic on C. crispus 
(Nielsen 1979, Nielsen and McLachlan 1986). If these epiphytic stages are more 

prevalent at certain times of the year, the surface sterilisation procedure could result 
in their destruction and an under-representation of endophyte numbers. The 

molecular technique avoids this procedure. 

Table 3.14. Prevalence of endophyte infection within Chondrus crispus 
populations. 

Technique Host 
portion 

Endophyte(s) Sample 
number 

(n) 

Observed infection of 
host population (%) 
Min Max Mean 

Reference 

Temporal Studies 

Species- Ramet Acrochaete 1195 95 100 99 This study 
specific heteroclada and 
primers A. viridis (Total) 

A. heteroclada 1195 65 92 80 This study 
A. viridis 1195 90 99 96 This study 

Endophyte Excised Acrochaete repens, 280 0 95 50 Plumb 
isolation portion A. viridis, (1999) 

of the A. operculata, 
ramet A. heteroclada 

Enteromorpha sp. 
and Streblonema 
sp. 

A. heteroclada 280 0 40 20 Plumb 
(1999) 

A. viridis 280 3 50 23 Plumb 
(1999) 

Spatial Study 

Microscopic Ramet Green and brown 368 20 90 58 Correa et 
examination endophytic algae al. (1987) 

including 
Phaeophila 
dendroides, 
Endophyton 
ramosum and 
Streblonema sp. 

1 min, max and mean refer to monthly samples 
2 min, max and mean refer to samples taken from different locations 
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The molecular technique also revealed a higher mean prevalence of endophyte 
infection of C. crispus than was found using only microscopic examination of the 

fronds (Correa et al. 1987, Table 3.14). In the study by Correa et al. (1987) a frond 

was recorded as being infected only if microscopic examination revealed localised 

or scattered green or brown areas in surface view. When the presence of the 

endophyte is visible as `patches', it has already grown to a size where filaments have 

penetrated deep into the medulla. In theory, the species-specific PCR could amplify 

DNA from as little as one cell of the endophyte, thus indicating the presence of the 

endophyte at a much earlier stage of infection and is therefore a more sensitive 

method than microscopic examination. The molecular method will also result in the 

positive identification of the algae in association with the fronds unlike in the study 

by Correa et al. (1987) where A. operculata was erroneously identified as 

Endophyton ramosum (Correa et al. 1988). Using a combination of microscopic 

examination and isolation of endophytes from excised sections of host fronds 

endophytes brown algal endophytes have been found associated with 85 % of a 

community of Laminaria spp Lamouroux and 93 % of a population of Laminaria 

saccharina (Ellertsdöttir and Peters 1997, Peters and Ellertsd6ttir 1996). These 

estimates of the prevalence of infection of endophytes in hosts other than C. crispus 

are in the region of the mean value of 99 % observed in this study, which may 

reflect the sensitivity of the combination of techniques employed for their 

investigation. 

4.2.1 - Chlorophytic algae and host frond length. 

In the current study, fronds of sizes ranging from 1.7 cm to 14.6 cm were found to 

be infected with endophytic algae, with some fronds being immature i. e. size classes 

I and II. Fronds of all sizes were associated with Acrochaete heteroclada and A. 

viridis, with A. viridis found in all fronds over 12 cm in length. Correa et al. (1997) 

investigated disease expression in Mazzaella laminarioides when infected with E. 

ramösum, i. e. green patch disease, and found that the disease was only present in 

fronds greater than 4 cm. Two reasons were suggested as to why many of the M 

laminarioides plants in the Correa et al. (1997) investigation did not display full 

disease expression: (1) low virulence of E. ramosum allowed co-existence so only a 

minor proportion of the host population was terminally diseased and (2) infected 
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individuals were lost from the population. The results from the current study 

support the first hypothesis, as the endophytes A. heteroclada and A. viridis appear 
to be present at all stages of host frond growth. 

4.2.2 - Chlorophytic algae and host life history phase. 

The ability of A. heteroclada and A. viridis to infect C. crispus irrespective of the 

life history phase of the frond (Figure 3.18) is in agreement with the findings of 
Plumb (1999). Both A. heteroclada and A. viridis are generalists (Nielsen 1979, 

Correa and McLachlan 1991), therefore it is expected that they would be found 

associated with both life history phases in approximately equal numbers. 

4.2.3 - Temporal distribution of the chlorophytic algae associated with 

Chondrus crispus. 

The prevalence of C. crispus-associated A. heteroclada and A. viridis does not vary 

significantly over an annual cycle (Figure 3.19). The previous temporal study of 

endophytic infection of C. crispus has found both summer (July) and autumn 
(October) maxima for green and brown endophytes (Plumb 1999). Correa and 
Sanchez (1996) and Correa et al. (1997) have also observed autumn maxima for 

disease expression induced by Endophyton ramosum in Mazzaella laminarioides. 

Correa et al. (1997) found that seasonal patterns shifted with latitude. 

The absence of a seasonal trend in A. heteroclada and A. viridis prevalence in the 

Lilstock C. crispus population observed in the current study may be due to the 

sensitive molecular method, which would detect spores and minor infections that 

may be missed if looking for symptoms of infection (Correa and Sanchez 1996, 

Correa et al. 1997), and which avoids the surface sterilisation procedure. 

4.2.4 - Spatial distribution of the chlorophytic algae associated with Chondrus 

crispus. 

The prevalence of A. heteroclada and A. viridis infections did not vary significantly 

with height above CD. Correa et al. (1997) found Endophyton ramosum increased 
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in prevalence with height over a range of 180 cm starting at 0.4 m above CD. The 

height range in the current study was 96 cm, starting at 2.39 m above CD. 

Therefore, in the current study, (1) the height range may not have been large enough 

to display variation in the prevalence of endophytic infection, (2) infection may be 

greater above 2.39 m than below 2.2 m, and (3) the sensitive molecular method may 
detect infection that was missed in previous studies. Further investigation of 
infection of C. crispus by A. heteroclada and A. viridis over a greater height range 

would be necessary to test these hypotheses. 

4.3 - The Chondrus crispus population. 

The Chondrus crispus population at Lilstock beach, Somerset, has previously been 

well described by Plumb (1999). He found that the population was composed of 

plants which did not significantly deviate from a mean monthly 

gametophyte: tetrasporophyte ratio of 1.0: 1.0. This approximately equal ratio was 

maintained by a stable, long-lived core of plants, recruitment by spores and loss of 

plants from the population. Gametophyte plants had a significantly greater mass 

than tetrasporophyte plants. Gametophytes were also more abundant and showed a 

significant change in mass over time, between October 1994 to April 1996, when 

compared with the tetrasporophytes. These results are in concordance with the 

results obtained in the current study (Table 3.15). 

Table 3.15. A comparison of the results obtained from the studies of Chondrus 
crispus at Lilstock beach. 

Parameter Plumb (1999) This study 
Ratio of Anoroximately 1.0: 1.0 ADDroximately 1.4: 1.0 
gametophytes: tetrasporophytes 

Largest life history phase (frond 
only) 

Gametophytes' Gametophytes2 

Temporal change in the size of 
the different life history phases 

Mass of gametophyte 
genets varies 
significantly 

Length of 
gametophyte fronds 
varies significantly 

1 Mass of genet 2 Length of frond 
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4.3.1 - Mass and length of the collected Chondrus crispus. 

The frond and plant dry mass distribution of the Chondrus crispus population at 
Lilstock beach were heavily skewed, with the smaller fronds and plants (mean mass 

= 15 % and 13% respectively, of the maximum mass) being more numerous than the 

larger plants. The length distributions were also slightly skewed towards the 

presence of smaller fronds. McLachlan et al. (1989) stated that populations of C. 

crispus are comprised of many smaller fronds and relatively few larger ones, which 
is in agreement with the results of the current study. Larger fronds of C. crispus are 
likely to display disease symptoms due to infections by endophytes and subsequent 
infection by other invasive organisms such as bacteria and fungi (McLachlan et al. 
1989, Correa and McLachlan 1992, Correa et al. 1997). These infected individuals 

may be removed by wave action due to softening of the fronds and their increased 

attractiveness to grazers (Correa and McLachlan 1992). 

Gametophyte fronds were significantly larger than tetrasporophyte fronds which is 

in agreement with the findings of Scrosati et al. (1994) and Plumb (1999) who also 
found that field tetrasporophytes and gametophytes differed in plant size and mass. 
Gametophytes have also been found to be larger than tetrasporophytes in other 
Gigartinaceae such as Iridaea cordata (May 1986). Although male gametophytes 

are smaller and less branched than female gametophytes (Chen and McLachlan 

1972), they may either be (1) larger than the tetrasporophytes or (2) rare within the 

population (as found by McLachlan et al. 1989), hence the gametophytes were 
larger than tetrasporophytes overall. 

Lindgren and Aberg (1996) looked at dry mass of individuals (genets) at two 

different sites in Sweden (Table 3.1): (1) Site A- an area close to the border of the 

distribution of C. crispus with low salinity 0-10 psu and high pollution, and (2) site 
B-a more marine habitat with salinity of between 10 and 35 psu. Site A produced 

a mean dry mass Of individuals of 1.34 g but contained few fertile plants and no 

class I individuals. Site B produced a mean dry mass of individuals of 0.09 g 

comprised of smaller individuals, including class I fronds, and more 'fertile plants. 
Lindgren and Aberg (1996) hypothesised that the lower salinity and the high 

incidence of pollution might lower the density of both stages by having a direct 
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effect on reproduction and increasing the proportion of gametophytes (the larger 

proportion) respectively. The mean mass of plants in the current study was 0.98 g 

which is closer to the mean mass of individuals found at the more freshwater site 
(Site A) than those found at the more marine habitat (Site B) (Lindgren and Aberg 

1996). The salinity of the surface seawater at Lilstock was measured by Plumb 

(1999) and found to fluctuate between 13 and 23 psu, which is between the ranges 

observed at Sites A and B. However, the population at Lilstock can also be exposed 

to shore drainage, the salinity of which fluctuated between 6 and 16 psu (Plumb 

1999). Therefore the population at Lilstock is exposed to long-term (seasonal) and 

short-term (immersion-emmersion) fluctuations in salinity within the range from 0.5 

psu to 35 psu suggested by McLusky (1989) for estuarine waters, indicating that the 

population is exposed to a brackish intertidal environment and which is reflected by 

the mean mass of the plants. 

4.3.2 - Temporal changes in the longest fronds of the collected Chondrus 

crisp us. 

Between December 1998 and January 1999 mean frond length decreased markedly 
(Figure 3.11), but this was due solely to changes in the mean length of the 

gametophytic fronds. Female gametophytes with cystocarps have been observed to 

reach a seasonal maximum in size during the winter, peaking in December and 
January (Marshall et al. 1949, Pybus 1977, Scrosati et al. 1994, Plumb 1999). A 

high proportion of the gametophytic fronds found in December 1998 are therefore 
likely to be reproductive with the drop in frond size between December and January 

due to the loss of the larger reproductive fronds from the population by mechanical 
forces (McLachlan et al. 1989). As severe infections and ̀ increased prevalence' of 

endophytic algae have also been observed to reach a maximum in the autumn, 
during the winter the removal of the longest fronds from the population may be 
facilitated by their softening due to endophytic infection (Correa and McLachlan 

1992). Mean frond length increased from January 1999 to July 1999, indicating 

spring growth in the population (Mathieson and Burns 1975, Plumb 1999). 

The observed mean ratio of gametophytes to tetrasporophytes in the population at 
Lilstock was approximately 1.4: 1.0, which did not vary significantly between each 
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month: this is in agreement with the findings of Plumb (1999) and studies elsewhere 

(Bhattacharya 1985, Lazo et al. 1989 and Scrosati et al. 1994). Plumb (1999) found 

that recruitment of C. crispus into the population at Lilstock from spore arrival was 

not significantly different with regards to the two life-history phases and that there 

was no differential depletion of tetrasporophytes and gametophytes from the 

population. Plumb (1999) also determined that the population structure of C. 

crispus at Lilstock was maintained by recruitment by spores and frond regeneration 

from a long-lived stable core of plants and basal discs (of approximately a 1.0: 1.0 

ratio) which survived throughout the 2.5 year study comprising between one third 

and one half of the total monthly population. These factors all contribute to 

maintaining an equal life history phase ratio at Lilstock. The consistent and 

approximately equal ratio of gametophytes: tetrasporophytes at Lilstock from 1994 

to 1999 (Plumb 1999, this study) does not support the hypothesis by Lindgren and 

Aberg (1996) that variation of the ratio of gametophytes: tetrasporophytes probably 

exists in the scale of years. In other environments, e. g. Prince Edward Island, the 

equality of the gametophyte: tetrasporophyte ratio has been attributed to the soft 

friable substratum resulting in the extensive removal of both fronds and plants of C. 

crispus, therefore both generations have an equal chance to become established, 

with spores being the main means of maintaining the population structure (May 

1986 and Lazo et al. 1989). 

4.3.3 - Spatial changes in the longest fronds of the collected Chondrus crispus. 

The length of the Chondrus crispus fronds varied significantly with height above 

CD (Figure 3.12), with larger fronds found further up the shore and smaller fronds 

lower down the shore. One possible hypothesis to explain the observed differences 

is dependent on three factors; shore water, tidal range and estuary turbidity. Firstly, 

the site has shore water continually flowing across it, preventing desiccation of C. 

crispus during emersion, thus it is presumed that photosynthesis is not restricted by 

their tidal exposure. Secondly, the field site height range of 96 cm results in 

complete coverage of the field site by the advancing tide in approximately 37 

minutes (based on the range of the spring and neap tides). The third factor is the 

observed high turbidity of the estuarine water. These three factors suggest that the 

photosynthetic period of the plants further up the shore is longer (approximately 74 
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minutes) than those lower down the shore during one tidal cycle, due to an absence 

of desiccation further up the shore and the related physiological problems, and a 

reduced photosynthetic ability in the turbid water. 

In view of the above it can be seen that the population of C. crispus at Lilstock, 

described by Plumb (1999) and in the current study, is similar in structure to 

populations elsewhere. With this in mind, the high prevalence of endophytes in the 

Lilstock population of C. crispus could also be typical of C. crispus populations 

elsewhere. 
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CHAPTER 4 

Concluding Remarks 

The design and successful use of species-specific primers has enabled, for the first 

time, the rapid detection of the endophytic algae Acrochaete heteroclada and A. 

viridis in symbiotic association with their host, Chondrus crispus. The unique use of 

this reliable molecular approach for the study of algal endophytes has overcome 

problematic contemporary methods which (1) are time consuming (2) may give an 

under-representation of diversity and (3) the identification of the endophytes is often 

based on unreliable morphological characteristics, e. g. morphology of cells and hair 

formation (see Chapter 1, section 1.6). Furthermore, the sensitivity of this technique 

has revealed a frequency of infection that exceeds levels previously observed for C. 

crispus (Correa et al. 1987, Plumb 1999). This is the first study where species- 

specific primers have been designed to amplify signature genome fragments from 

algae associated with a host plant. The ability to detect and identify these 

endophytes quickly and reliably is a vital first step for their further study. 

1- Ribosomal DNA sequence heterogeneity. 

The molecular data have indicated that the C. crispus-associated algae are related to 

previously described epiphytic and endophytic algae. The close relationship 
between published Enteromorpha/Ulva sequences and the new Acrochaete 

sequences indicates that Acrochaete species represent endophytic relatives of the 

potential epiphytes Enteromorpha/Ulva species (Burrows 1991). The molecular 

sequence data for the brown algae indicated the presence of at least four different 

taxa that had previously been assigned to the genus Streblonema. All brown algal 
isolates fell within a suite of species and genera known to adopt both epiphytic (e. g. 
Myrionema strangulans) and endophytic (e. g. Streblonema sp. ) life-styles. 

Epiphytic forms such as Myrionema strangulans and the Chordaria sp. may have 

cells embedded within the host, which have survived the endophyte isolation 

procedure (Chapter 2, section 2.3). Enteromorpha species are known to attach to 
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their host by rhizoidal branches, thus the presence of some cells of these algae 

within the algal substrate may allow for the potential of endophytic forms to 

develop. Endophytic forms such as Acrochaete and Streblonema sp. could develop 

as a response to surviving adverse conditions such as the physio-chemical and biotic 

constraints experienced by organisms on rocky shores (Chapter 1, section 1). 

Analysis of nucleotide sequences of the rDNA ITS2 region of the genome for the 

green algae associated with C. crispus suggests that Acrochaete spp form a 

polyphyletic group: A. viridis and A. operculata form one Glade with A. heteroclada 

being more distantly related. This grouping is different from that derived from 

morphological data, which suggests that A. viridis and A. heteroclada are the two 

more closely related species (R. Nielsen, pers. comm. ). There is some intraspecific 

variation within the sequences obtained for the different `Acrochaete species'. The 

partial rDNA SSU and ITS1 sequences confirmed the identity of two Streblonema 

species, an unidentified Streblonema and S. maculans, which formed a polyphyletic 

group, and that Myrionema strangulans and a Chordaria sp. are also associated with 

C. crispus. Previously these four brown algal taxa were all placed within the genus 

Streblonema on the basis of their morphological characteristics. The molecular data 

have revealed that the species assigned to the genera Acrochaete and Streblonema 

are in need of revision. 

1.1 - Comparisons of molecular and morphological data. 

It is clear that the taxonomy of the green and brown algae associated with C crispus 

needs revision. Both morphological and molecular methods, with referral to type 

specimens, should be employed to resolve the current taxonomic confusion. 

Algal endophytes are notoriously difficult to identify due to their simple and often 

variable morphological characteristics (e. g. Boney 1972, Goff et al. 1994, Blomster 

et al. 1998, Plumb and Brodie 1995, Plumb 1999). Plumb (1999) noted that isolates 

of Acrochaete displayed variable morphology when cultured: certain isolates of A. 

operculata and A. heteroclada did not develop hairs, even when actively growing 

plants were placed in sterilised seawater; variable morphology of the vegetative cells 

was noted in both A. heteroclada and A. viridis. Failure to produce diagnostic 
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structures such as hairs could result in the Acrochaete cultures being misidentified as 
other similar green algae such as Endophyton sp. (O'Kelly 1982). Plumb and Brodie 
(1995) noted that the addition of fresh nutrient medium to the brown algal isolates 

resulted in an alteration of the size and shape of the vegetative cells and variation in 

the production of phaeophycean hairs and plurilocular sporangia. Also, Peters 

(1991) described S. macrocystis as having two heteromorphic life history phases, 
thus creating further problems with identification of these endophytic algae. 

The question of whether morphological similarities among taxa are the result of 

parallel evolution or of common descent is also difficult to address with classical 

methods (Burkhardt and Peters 1998). Often classical taxonomic approaches can 
lead to artificial phylogenies because of the heterogeneous collection of characters 

employed and also because of disagreement over the importance attached to each 

character by different authors (Tan and Druehl 1993). Many of the species 
identification problems in algae could be resolved by crossing experiments 
(Coleman and Mai 1997). These are not feasible however, where there are large 

numbers of samples and asexual forms. They are also laborious, require plants that 

are in a reproductive state (Blomster et al. 2000) and are difficult with monoecious 

species (Brodie, pers. comm. ). 

The analysis of macromolecular sequences provides an alternative method for 

delimiting taxonomic groupings (Coleman et al. 1994). DNA sequence data have 

been described as superior to morphological data because it is generally easier to 

establish orthology between genes and because they are thought to provide a good 
indication of taxonomic status when stable, distinguishing morphological 

characteristics are not available (Olsen 1990, Barker 1995). 

There is awareness that molecular sequence data alone does not necessarily define a 
`biological' species (e. g. Baum 1992, Manhart and McCourt 1992, Kraaijeveld 

2000, Taylor et al. 2000). The biological species concept (reviewed in Gosling 

1994, Medlin et al. 1995) focuses on the reproductive compatibility of organisms 
although in practice, in the absence of crossing experiments, many species are 
defined by morphological characteristics (Blomster et al. 2000). The problem comes 
in relating the molecular data to the biological species concept. Interbreeding 
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between species does not necessarily mean that they are closely related to each other 
(Baum 1992) and morphological data may not provide distinguishing characteristics, 

especially in algae with simple growth forms. Therefore, groups represented by a 
DNA sequence tree may not correlate with the current hierarchical groups of 

species, genus and higher level classification based on morphological and 

reproductive data. This creates the problem of how to interpret observed sequence 
divergence between organisms, i. e. how much sequence variation is indicative of 

separation at the species, generic or ordinal level. Thus it is important to consider 
both morphological and molecular data when determining taxonomic relationships. 

Sequence data derived from the rDNA region have often been used to support 

morphological data where the identification of algae using morphological techniques 

is either too difficult or uncertain (Manhart and McCourt 1992), e. g. between 

Skeletonema costatum and S. pseudocostatum (Medlin et al. 1991), among species 

of Gracilaria and Gracilariopsis (Goff et al. 1994), between Porphyra purpurea and 

P. dioica (as P. laciniata; Brodie et al. 1996) and between Enteromorpha intestinalis 

and E. compressa (Blomster et al. 1998). A substantial taxonomic revision of the C. 

crispus-associated algae is required to clarify their taxonomic status. To achieve 

this, a detailed study of their morphologies should be conducted along with the 

sequencing and comparison of their complete rDNA regions. The rDNA SSU 

region has been used in previous studies of algae to determine phylogenetic 

relationships at the ordinal level, e. g. Tan and Druehl (1996), with the rDNA ITS 

regions being used to determine species relationships e. g. Blomster et al. (1998, 

1999,2000), Peters and Burkhardt (1988). Between sequences that are separated at 

the genus level secondary structure of rDNA ITS regions could aid a confident 

alignment (Iteman et al. 2000). 

2- Species-specific primer design and future investigations. 

Species-specific oligonucleotide primers were successfully designed and used in 

diagnostic PCRs to detect the presence of A. heteroclada and A. viridis in 

association with their host, C. crispus. This molecular technique has a number of 

advantages over contemporary methods used to study endophytes i. e. the 
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microscopic examination of fronds for endophyte infection and the isolation of the 

endophytes into culture (Table 3.13; Chapter 4, section 2.1). This is the first time 

that species-specific primers have been designed to study the distribution of 

symbiotic algae and only the second time that species-specific primers have been 

designed for macroalgae (Blomster et al. 2000). 

The molecular methodology developed in this study provides a powerful tool that 

allows a reliable and quick screening of numerous samples. As the process involves 

a one-step PCR, the method is also quicker and cheaper than other molecular 

techniques that require the PCR products to be purified and/or subjected to further 

procedures i. e. hybridisation (Blomster et al. 2000, Sipe et al. 2000) or RFLP 

analysis of amplified sequences (Roth et al. 2000). 

The species-specific primers could now be applied in studies investigating the 

prevalence of A. heteroclada and A. viridis associated with C. crispus populations 

that are separated geographically to determine if their geographic range is related to 

the range of their host. Alternative hosts could also be investigated, especially if the 

alternative host would enable the endophytes to extend their geographic range. 

2.1 - Problems with the endophyte isolation procedure. 

Correa et al. (1988) and Plumb (1999) have previously used a lengthy procedure to 
isolate endophytes from C. crispus (Chapter 2, section 2.3). As the brown algae 
isolated from C. crispus included representatives of both endophytic and epiphytic 

taxa, the `endophyte' isolation procedure is called into question. It is possible that 
(1) the procedure does not surface sterilise the host fronds thereby allowing 

epiphytes to survive the process, or (2) the procedure surface sterilises the host 

adequately, but the epiphytes regenerate from cells or rhizoids embedded in the 

surface of the frond (e. g. Enteromorpha sp., Burrows 1991). Studies such as Peters 

and Ellertsdöttir (1996) provide a method for isolating endophytes by excising the 

medulla of the host material from the rest of the frond. This means that the cortex or 

cuticle is not involved in the endophyte isolation procedure, therefore the areas 

where epiphyte rhizoids maybe present are excluded. This procedure involves only 

a small section of the host frond, thus the endophytes isolated may be an under- 
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representation of the full diversity present. As the molecular method identifies A. 
heteroclada and A. viridis in homogenised fronds, the endophyte isolation 

techniques are avoided. 

3- Acrochaete heteroclada and A. viridis associated " with a 

population of Chondrus crispus. 

Acrochaete heteroclada and A. viridis were present in the Lilstock C. crispus 

population all year round with up to 99% of fronds infected. Acrochaete viridis was 

also found to be associated with all fronds greater than 12.0 cm in length. This level 

of infection was greater than that observed in other studies (Table 3.14). The 

molecular detection technique, unlike the methods involving endophyte isolation 

(e. g. Plumb 1999) or microscopic examination of fronds (e. g. Correa et al. 1987), is 

very sensitive, with the potential to amplify the DNA from the endophytic algae at 

any stage of development from newly settled spores to fully consolidated infections 

extending from one surface of the host to another. 

This is the first study to indicate the presence of endophytes in both mature and 
immature fronds. Acrochaete heteroclada is thought to be a pathogen of C. crispus 
infecting mature fronds, negatively affecting meristematic activity and inducing host 

death in culture within 4 months (Correa and McLachlan 1992, Correa et al. 1994). 

The association of the endophytes with immature fronds as well as mature fronds 

suggests that the relationship between C. crispus and the endophytes is not a simple 

pathogenic one. It may be possible that there is some regulatory mechanism 
between the host and endophyte that breaks down at frond maturation, e. g. a form of 
`controlled parasitism' (Ebert and Herre 1996). A regulatory mechanism may also 
help to explain why C. crispus holdfasts are susceptible to infection in the 
laboratory, although no infected holdfasts have been found in nature, using 

microscopic examination to look for endophytes (Correa et al. 1987). The 

molecular method could be used to search for infected holdfasts from the field. 

In contrast to the results of Plumb (1999), Correa and Sanchez (1996) and Correa et 

al. (1997), in the current study there was no seasonal variation in the prevalence of 
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endophyte infected fronds. This may suggest that at certain times of the year the 

endophytes are difficult to isolate into culture as spores and germlings are destroyed 

by the isolation procedure (Plumb 1999), that the infection is at a level that is 

difficult to observe by microscopic examination (Correa and Sanchez 1996, Correa 

et al. 1997), or that there is no true annual variation in endophyte numbers. The next 

step regarding the use of the species-specific primers would be to determine level of 

endophyte infection in each frond throughout the year using real-time PCR. It 

would then be possible to test if endophytes are more abundant in the autumn. The 

drop in endophyte numbers in the winter (Correa and Sanchez 1996, Correa et al. 

1997, Plumb 1999) could be correlated with the excision and loss of severe 

infections in the longest fronds of C. crispus, which have been softened by 

endophytes and secondary invasive organisms such as bacteria and fungi. These 

long fronds are probably reproductive (Marshall et al. 1949, Pybus 1977, Scrosati et 

al. 1994, Plumb 1999) and subsequent drifting of these fertile plant fragments could 

enhance dispersal of the propagules over distance (Hoffman 1987). McLachlan et 

al. (1989) and Plumb (1999) hypothesised that the host-endophyte association in C. 

crispus is an example of mutualism, where pigmented endophytes are provided with 

a substratum and the host a self-purging mechanism to rid itself of old, infected 

fronds. To this can be added the idea that endophytes aid dispersal of C. crispus 

(and themselves) by contributing to the weakening of larger, reproductive fronds 

which can then be removed by wave action. 

Chondrus crispus at Lilstock displayed population dynamics similar to those 

observed by Plumb (1999) and was in line with demographic studies performed on 

C. crispus elsewhere. The population was made up of mainly lighter plants with the 

larger fronds potentially being removed from the population after weakening by 

endophytic infection. The gametophyte: tetrasporophyte ratio in the population was 

approximately 1.4: 1.0, made up of a long-lived, stable core of plants, which is 

maintained by recruitment and depletion (Plumb 1999). 

3.1 - Implications for other molecular studies. 

The presence of algae in association with C. crispus has important implications 

concerning molecular studies of the host. For example, Donaldson et al. (1998, 
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2000) assessed an amplified fragment length polymorphism (AFLP) method for 

investigating population structure for C. crispus. They determined initially that 

conservative and variable markers were present among six C. crispus isolates 

(Donaldson et al. 1998). However, when the investigation was scaled up they 

determined that the method was not reproducible (Donaldson et al. 2000) and 

attributed this to low and inconsistent DNA quality. In the methods they state that 

epiphytes were removed, but there was no mention of the presumably numerous 

endophytes. Therefore it is likely that reproducibility of the experiments was 

prevented by the presence of endophyte DNA. Thus, endophytes have implications 

for molecular studies of all algae that are potential hosts. 
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