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Abstract 

The taxonomy and species diversity of the green algal endophyte genus 
Acrochaete (Ulvophyceae, Chlorophyta) were analysed using two gene loci, the 

rDNA operon internal transcribed spacer region 2 (ITS2) and the gene encoding 
the translation elongation factor TU (tufA), and morphology. The genus formed a 
monophyletic Glade, sister to Ulva, within the Ulvales, Ulvophyceae, which 
suggests that Acrochaete should be transferred to the Ulvaceae from the 
Ulvellaceae (Ulvales). Species diversity, both specifically within Acrochaete, and 
for green algal epi-/endophytes overall, proved greater than previously thought for 
the British Isles. Phylogenetic analyses resolved eleven species of Acrochaete, 
but analysis of their morphology showed this number to include two groups of 
cryptic species. One of these cryptic groups included isolates identified 
morphologically as A. repens, the type species of the genus. Acrochaete species 
have previously been recorded in association with a wide range of hosts or 
substrata, from other algae to mollusc shells or wood, with some species showing 
host specificity. New data show host specificity, or host preference, for five 
Acrochaete species, and indicate host specificity for other green algal epi- 
/endophytes. Species of Acrochaete were confirmed as part of the flora of the 
North Atlantic and Britain, with wide distributions indicated for a number of 
species: A. heteroclada was found to have been under-recorded for Britain. 
Accurate identification of Acrochaete species, and other green algal epi- 
/endophytes, requires a combination of molecular and morphological analyses. 
Consistent mis-identification using morphology alone suggests that a review of 
global distribution and host associations should be undertaken, particularly for 
records of A. viridis. Further studies are needed to both confirm the identification 
and classification of other green algal epi-/endophytes and to explore the 
biological consequences, for both host and endophyte, of these commonly 
encountered associations. 
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Chapter 1 Introduction. 

Included in the rocky shore algal flora are a hidden diversity of small red, green and 

brown algae found growing on and in larger algal species otherwise known as seaweeds 

(Section 1.1.1). Species belonging to the genus Acrochaete (Chlorophyta) are globally 

distributed, small, green, filamentous marine and freshwater algae found growing 

endophytically (in other plants), epi-endophytically (wholly or partially with other 

plants), endozoically (in animals) and endolithically (in rocks) (Nielsen & McLachlan, 

1986a; Nielsen & Gunnarsson, 2001; O'Kelly et al., 2004a, 2004b) in association with a 

number of different hosts and substrata (Sears, 2002). Species of Acrochaete are 

recorded in associations with host species from the upper reaches of the intertidal zone 

(e. g. Fucus spiralis Linnaeus) extending down to sublittoral species (e. g. Laminaria spp 

& Turnerella pennyi (Harvey) F. Schmitz) (Dring, 1992; Nybakken, 2001; Table 1.8). 

Until recently the genus comprised nine current species, three synonyms, three 

provisional entries and one unconfirmed record (Algaebase - Guiry (1996-2007) - 

accessed October 2003). The genus was established by Pringsheim (1862) based on A. 

repens Pringsheim, and was characterised by the presence of Acrochaete-type hairs, i. e. 

hyaline cells with hairs extending from them (Fig. 1.1) (Pringsheim, 1862; Nielsen, 

1979). The inclusion of other species in the genus has been based on morphological 

observations, and a number of species have been transferred to Acrochaete from 

different genera (Table 1.2), notably Entocladia following a recommendation by 

Nielsen (1979), although this work has still not been wholly accepted. Initially, 

Pringsheim (1862) placed Acrochaete within the Chaetophorales. The genus was 

reclassified as a member of the Ulvales on the basis of their ultrastructure by Mattox & 

Stewart (1984), who identified similarities in the basal body of motile cell between 

species of Acrochaete and members of the Ulvales. The move has been supported by 

1 



Floyd & O' Kelly (1984) and O' Kelly & Floyd (1984) who also examined ultra- 

structural features of the cells. 

Figure 1.1 Original drawings of Acrochaete repens from Pringsheim (1862) showing 
filament morphology, sporangial development and Acrochaete-type hairs (-* ). 
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In situ morphological identification of species of Acrochaete and their taxonomic 

placement has always been problematic due to the lack of distinguishing characters 

observed in plants in nature (Nielsen, 1988). Many characteristic features that allow 

positive identification of species are only apparent when samples are in culture and 

growing under particular conditions (Nielsen & McLachlan, 1986a, 1986b; Nielsen, 

1988; Correa & McLachlan, 1991; Bown et al., 2003). Even in culture, differentiation 

between species can be difficult as cell dimensions, or features such as pyrenoid 

numbers, sporangial position, creeping marginal filaments and hair position 

(Pringsheim, 1862; Hubar, 1892a, 1892b; South, 1968; Nielsen, 1979; Nielsen & 

McLachlan, 1986a, 1986b; Burrows, 1991) can be similar among different species 

within the genus. Much of the distinction in modern keys has been based as much on 
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host association as on morphology, and study of cultured material was recommended 

for identification (Sears, 2002; Gabrielson et al., 2006). 

The introduction of molecular analysis to taxonomic classification has highlighted 

problems at species, genus and order level within the Chlorophyta. For Acrochaete, 

molecular data have supported both the recommended transfer of Acrochaete to the 

Ulvales (Bown et al., 2003; Hayden et al., 2003) and the assimilation of species from 

other genera (e. g. Nielsen, 1979), as well as highlighting new taxonomic problems 

within the genus (Bown et al., 2003; O'Kelly et al., 2004a, 2004b). The work by Bown 

et al. (2003) utilized the Internal Transcribed Spacer 2 (ITS2) nuclear marker and in the 

resulting analysis A. viridis (Reinke) R. Nielsen and A. operculata J. A. Correa & R. 

Nielsen were grouped together as a sister Glade to the genus Ulva, but A. heteroclada 

J. A. Correa & R. Nielsen occurred outside of this grouping. The study concluded that 

A. heteroclada had been incorrectly classified and recommended further work on the 

taxonomy of the genus Acrochaete. Phylogenetic analyses conducted by O'Kelly et al. 

(2004a, 2004b) grouped Endophyton ramosum N. L. Gardner with Acrochaete species 

using data derived from the nuclear-encoded Small Subunit (SSU) rDNA and the 

plastid-encoded Translation Elongation Factor TU (tufA). The original separation of 

the two genera was based on morphological character differences, most notably the lack 

of Acrochaete-type hairs produced by the species of Endophyton. The conclusion of 

O'Kelly et al. (2004a) was that the Acrochaete Glade was poly- or paraphyletic. 

Following the work of O'Kelly et al. (2004a, 2004b), Gabrielson et al. (2006) 

recommended the transfer of six species ( two from Entocladia, one from Epicladia, 

one from Endophyton, one from Ectochaete and one from Pseudopringsheimia) into 

Acrochaete, bringing the total number of species within the genus to 22. 
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Molecular analyses have shown that the Chlorophyta as a whole requires taxonomic 

revision. For example, species level analyses by Pröschold et al. (2001) of 

Chlamydomonas revealed eight monophyletic lineages rather than the single genus of 

800 previously described species. At the genus level, the fusing of Ulva and 

Enteromorpha was recommended following molecular phylogenetic analyses showing 

that species within the genera formed a single Glade (Tan et al., 1999; Hayden et al., 

2003). As mentioned previously, O'Kelly et al. (2004a, 2004b) identified continuing 

problems with the higher taxonomic placement of genera. At a higher taxonomic level, 

molecular studies have been used to examine the structure of the Chlorophyta. Based 

on combined morphological and ultrastructure observations, the Chlorophyta was 

separated into seven classes, which were later regrouped into the Steptophyta and the 

Chlorophyta (Pröschold & Leliaert, 2007 and refs. therein). The introduction of 

molecular data favours a division into five lineages, but further work is required for 

confirmation of this arrangement (Pröschold & Leliaert, 2007 and refs. therein). 

1.1 Introduction to the Chlorophyta. 

Algae are an extremely diverse group of photosynthetic microscopic and macroscopic 

thallophytes (plants lacking roots, stems and leaves) numbering one to ten million 

species typically found in marine, brackish and freshwater, but also terrestrially and 

sub-aerially (van den Hoek et al., 1995; Lee, 1999; Barsanti & Gualtieri, 2006). There 

are an estimated 10,000 - 15,000 known species of Chlorophyta (green algae) assigned 

to approximately 600 genera (van den Hoek et al., 1995; Norton et al., 1996; John & 

Maggs, 1997; Lee, 1999; Pröschold & Leliaert, 2007). Chlorophyta species are globally 

distributed and make up approximately 10% of the marine flora worldwide, although 

this will vary depending on region of study (Dring, 1992; Pröschold & Leliaert, 2007). 

Species assemblages found within the tropical or semi-tropical waters are reported to be 
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similar, but the colder waters of the northern and southern hemispheres support different 

species assemblages, with the tropics acting as the barrier between the two (Lee, 1999). 

Colour has been used as a distinguishing character for algae since the 1800s and 

pigments are still used as a primary character in identification (Dring, 1992; Brodie & 

Zuccarello, 2007 and refs. therein). Species belonging to the Chlorophyta contain the 

pigments chlorophyll a and b (similar to higher plants), ß-carotene, lutein, violaxanthin 

and neoxanthin (Silva, 1982; Dring, 1992; Lee 1999; van den Hoek et al. 1995; Lewis 

& McCourt, 2004; Barsanti & Gualtieri, 2006). The Chlorophyta encompasses a wide 

diversity of morphology: motile and non-motile unicells, colonies, branched and 

unbranched filamentous entities, siphonous, blade and multinucleate macrophytes 

(Lewis & McCourt, 2004; Barsanti & Gualtieri, 2006; Pröschold & Leliaert, 2007). 

Another defining character for the group is the type of storage carbohydrate. Similar to 

higher plants, Chlorophyta species contain starch, in the form of amylose and 

amylopectin, usually stored as granules, often surrounding pyrenoids, within the 

chloroplast (Boney, 1966; Silva, 1982; Dring, 1992; Lee 1999; van den Hoek et al., 

1995; Lewis & McCourt, 2004; Barsand & Gualtieri, 2006). 

Phenotypic characteristics used to assign species to the Chlorophyta include the 

presence of cellulose in the cell walls, morphology of organelles, presence/absence of 

flagellate cells and the insertion of flagella at the anterior apex of the cell, mitosis and 

cytokinesis, presence/absence of an endoplasmic reticulum envelope around 

chloroplasts, and connection between envelope and nuclear membranes (Dring, 1992; 

van den Hoek et al., 1995; Lee 1999; Lewis & McCourt, 2004; Barsanti & Gualtieri, 

2006). Life histories are also important in the identification of algal species (van den 

Hoek et al., 1995; Lee 1999). The majority of species within the Chlorophyta can 
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reproduce both asexually and sexually, with evidence suggesting the occurrence of 

haplobiontic or diplobiontic life histories, with plants of some species having 

isomorphic (similar) or heteromorphic (different) morphologies during the life history 

cycle (Bold & Wynne, 1978; Dring, 1992; van den Hoek et al., 1995; Lee, 1999; 

Barsanti & Gualtieri, 2006). 

1.1.1 The habitat of marine Chlorophyta and adaptations to living in the intertidal 
zone. 

Species of Chlorophyta are generally found among the flora of the intertidal zone, often 

dominating the upper regions (e. g. Ulva species) (van den Hoek et al., 1995). Species 

have also been identified extending into the sublittoral regions (e. g. Caulerpa), 

particularly in lagoons and on soft sediment shores (mud or sand) (Burrows, 1991; van 

den Hoek et al., 1995). Species of algal living within the intertidal zone have to tolerate 

stresses imposed by factors such as wave action, immersion, desiccation, salinity 

fluctuation and grazing. Algal species that occupy this habitat have adapted in a 

number of ways to cope with these stresses (Bold & Wynne, 1978; Barnes & Hughes, 

1988; Dring, 1992; Levinton, 2001; Nybakken, 2001). A remarkable feature identified 

for some Chlorophyta species, and species of other algal groups, is the ability to form 

close associations with other organisms (Goff, 1983; Lewis & McCourt, 2004). These 

species can be found living symbiotically with hosts, for example as epi-endophytes or 

endophytes, partially or wholly, within the tissues of larger algal species, where they 

gain protection from their hosts from grazing by animals (e. g. Littorina) and the other 

hazards of free living (e. g. wave action, desiccation and excessive light exposure) 

(Lewin, 1982; Douglas & Smith, 1989; Correa, 1997; Plumb, 1999: p. 25; Sussmann et 

al., 2005). The organisms will, however, have to contend with a spatially constrained 

habitat which will limit their size, methods of reproduction and dispersal of spores. The 

term endophyte implies symptomless infection of the host algae by the other plant 
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(Wilson, 1995; Lewis & McCourt, 2004), although there is evidence of mechanical 

effects of endophytes on their hosts, including cell compression and assisting in the 

destruction of thalli via penetration of the outer cortex (Correa, 1997). 

Although rarely reported since Fritsch (1935 and refs. therein), it is not uncommon for 

epiphytic algae also to have endophytic tendencies. Plumb (1999: p. 178) made 

reference to species of Enteromorpha (now Ulva) having endophytic anchoring 

rhizoidal filaments within the host alga cortex. Species of Ectocarpus, Stigeclonium 

and Chantransia all have prostrate systems that are endophytic within the superficial 

tissue of other larger algae (Fritsch, 1935: p. 24). Species of green algae have also been 

identified with an endophytic alternate life history phase (Burrows, 1991; Sussmann et 

al., 1999; Sussmann & DeWreede, 2001). For example, endophytes originally 

identified as species of Chlorochytrium or Codiolum, when cultured, were found to 

represent the alternate phase of species of Acrosiphonia or Urospora species (Burrows, 

1991; Sussmann et al., 1999; Sussmann & DeWreede, 2001 and refs. therein). The 

`codiolum phase' (O'Kelly et al., 2004c) represents the endophytic or free-living cryptic 

sporophyte phase for species of Ulotrichales, part of their heteromorphic life-history. 

Species residing as endophytes within larger algal hosts are generally pigmented and, 

although some may derive nourishment from their host, generally they appear to be 

casual intruders deriving nothing from the relationship other than protection from the 

external environment (Fritsch, 1935: p. 25; Correa, 1997). Within the Chlorophyta 

there are endophytic species (e. g. species of Rhodochytrium and Phyllosiphon) lacking 

photosynthetic pigment, which are therefore regarded as parasites rather than casual 

intruders (Fritsch, 1935: p. 27; Joubert & Rijkenberg, 1971). 
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1.1.2 Symbiosis. 

Symbiosis, the living together of two heterospecific organisms (belonging to different 

species) without implying any type of mutual dependency on the part of either member 

of the association, was first defined by De Bary (1879) using the relationship between 

fungi and algae as the example. Of the many symbiotic relationships defined there are 

four main types: (i) commensalism, where one partner benefits (usually food (e. g. 

silverfish and army ant) or protection (e. g. a bryozoan on a mussel)), and the other 

neither benefits nor is harmed, (ii) mutualism, a beneficial relationship where both gain 

(e. g. the algae and fungi of lichens), (iii) parasitism, where one receives nutrients to the 

detriment of the other and cannot survive without the host, and (iv) pathogenism, where 

the symbiont disrupts/impairs one or more vital functions within the host (in strict terms 

- cellular irritants that induce abnormal cell physiology and metabolism which can be 

isolated to one area) and may cause disease (Smith et al., 1969; Cheng, 1970; Lewis 

1973; Hall, 1974; Stanier et al., 1977; Ahmadjian & Paracer, 1986; Smith and Douglas, 

1987; Douglas & Smith, 1989; Paracer & Ahmadjian, 2000). Symbiosis between algae 

and other organisms is common. Relationships in the marine environment, including 

the intertidal zone, have been identified between algae and other algae (epiphytic or 

endophytic), with reef-building coral, giant clams, sponges and flatworms (epizoic, 

endozoic), and with fungi (lichens) (Price, 1990; Dring, 1992; Sussmann & DeWreede, 

2002). 

Symbioses can be obligate, i. e. the organism cannot survive without its partner, or 

facultative, i. e. the organisms have no absolute mutual dependence (Smith & Douglas, 

1987). Brian (1967) showed ecological obligacy in some relationships where one of the 

symbionts was unable to survive in isolation in nature without a partner, but could in 

laboratory culture. The concept of ecological obligacy is difficult to prove as failure to 
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culture may be due to inappropriate techniques rather than the inability of a species to 

survive without its host (Brian, 1967). Acrochaete and Entocladia species (Correa et 

al., 1988; Correa, 1994) can be successfully grown away from their algal hosts. Other 

endophytic species e. g. red algal parasites such as Harveyella (Goff, 1982b) are 

dependent on their host both in nature and under laboratory conditions indicating 

physiological obligacy (Correa, 1994). Goff (1982a, 1982b, 1983) concluded that some 

epi-endophytic relationships were opportunistic, e. g. algae with particular substrata, and 

others were obligate, with symbionts occurring only in situ on a limited number of hosts 

e. g. parasitic reds. Goff (1982a, 1982b, 1983) hypothesised that the limited host range 

was a result of biochemical requirements that could only be met by particular host 

organisms. 

Co-existence with pigmented algal endophytes is a common phenomenon affecting 

most seaweeds (Goff 1983; Correa et al., 1987,1988; del Campo et al., 1998). Many of 

these relationships are formed by small, multicellular, filamentous species occupying 

intercellular spaces of larger hosts, and have no negative impact on the host, at least 

during early stages of colonisation (Correa et al., 1987; 1988; del Campo et al., 1998; 

Correa, 1997). However, some may progress to cause severe changes in the host, e. g. 

deformation, lesions or necrosis (Oltmanns, 1894; Correa et al., 1987,1988; del Campo 

et al., 1998; Craigie & Correa, 1996; Buschmann et al., 1997; Bouarab et al., 2001). 

Much of the published data on the effects of endophytes on their hosts has been 

obtained using species of Acrochaete. The conclusion reached was that these species are 

primary pathogens to the host species Chondrus crispus Stackhouse and Mazzaella 

laminarioides (Bory de Saint-Vincent) Fredericq (Andrews, 1976; Correa & Craigie, 

1991; Correa & McLachlan, 1992,1994). Damage caused by the endophyte leads to 
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secondary bacterial infections, and within C. crispus under laboratory conditions, the 

presence of cultured, free living endophytes (i. e. independent of host) were shown to 

inhibit regeneration of plants, to reduce carrageen production, and to increase the 

susceptibility to crustacean grazers (e. g. Tegula atra Lesson & Hyale hirtipalma Dana) 

(Correa & McLachlan, 1992,1994; Buschmann et al., 1997; Correa, 1997). Green rot 

disease (in C. crispus) and green patch disease (in M. laminariodes) have been 

attributed to the presence of A. heteroclada, A. operculata (green rot) or A. ramosa 

(N. L. Gardner) O'Kelly in Gabrielson, Widdowson & Lindstrom 2006 (green patch) 

(see Correa et al., 1988; Correa & McLachlan 1992,1994; Correa 1994). Surveys of 

C. crispus, known to host a range of algal endophytes including filamentous brown and 

green species, have shown that up to 95% of plants can be infected and, although 

pathogenesis has been implied by previous work, the precise nature of the relationship 

between the host and endophyte remains unknown (McLachlan et al., 1989; Correa & 

McLachlan, 1992; Plumb, 1999: p. 133; Bown et al., 2003). 

Chemical defence against invasive organisms and grazing is well known within the 

marine environment, although the mechanisms and their regulation have still to be 

determined (Potin et al., 1999; Toth & Pvia, 2000; Bouarab et al., 2001; Köpper et al., 

2001). Both red and brown algal hosts have chemical defences, which include the 

release of powerful oxidants, such as hydrogen peroxide, as seen with C. crispus in the 

presence of A. operculata (Bouarab et al., 1999,2001; Weinberger et al., 2002; Bouarab 

et al., 2004). The hydrogen peroxide levels found within Laminaria have also been 

interpreted as defence against pathogens (Bouarab et al., 2001). There is little known 

about the genes responsible for controlling defences within marine algae, with only a 

few preliminary investigations undertaken (Bouarab et al., 2001), although the 

availability of whole genome sequences might allow rapid advances in this area. 
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There is also little information about how endophytes enter their hosts. There have been 

two studies that have looked directly into this: cultured spores of A. ramosa (as 

Endophyton ramosum) were released at the same time as host spores thus allowing the 

endophyte to become established in the spore and germling walls (O' Kelly, 1980); 

investigations using A. operculata suggested the use of enzymes to digest the outer cell 

wall of the host C. crispus (Correa & McLachlan, 1994; Craigie & Correa, 1996). A 

further study examining the ecological aspects of algal infection (Correa & Sanchez, 

1996) revealed a possible link between host reproduction and infection. 

1.1.3 Taxonomy of the Chlorophyta. 

Chlorophyta belong to the Eukaryotes within the Plantae, sub-group Viridiplantae (or 

Primoplantae, sub-group Green Algae dependent on literature studied) (John & Maggs, 

1997; Cavalier-Smith, 1998; Wattier & Maggs, 2001; Cavalier-Smith, 2004; Keeling, 

2004; Palmer et al., 2004). Based on morphological features, van den Hoek et al., 

(1995) listed nine lineages for the Chlorophyta (Table 1.1) and Lee (1999) considered 

three of these to be important along with the Micromonadophyceae, a group containing 

primitive green algal flagellates thought to give rise to the other Chlorophyta lineages 

(Table 1.1). 

Recently Barsanti & Gualtieri (2006) listed one additional lineage, Dasycladophyceae, 

based on morphology and containing calcium carbonate-encrusted, siphonous species 

(Table 1.1). Molecular phylogenies, reviewed by Pröschold & Leliaert (2007) (Table 

1.1), supported seven of the lineages based on morphology, and they recommend the 

inclusion of the class Trebouxiophyceae and a new class containing the Streptophyte 

algae. Analyses of mitochondrial DNA sequences supported four lineages 

(Prasinophyceae, Trebouxiophyceae, Chlorophyceae, Ulvophyceae) within the 
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Chlorophyta and a separate grouping for the Streptophyte algae (Streptophyta) (Pombert 

et al., 2004). 

Table 1.1 Summary of lineages within the Chlorophyta based on morphological and 
molecular data. 

Classification based on morphological studies, including 
ultrastructure features 

Classification 
supported by 

molecular analyses 
van den Hoek et al., 
1995 

Lee, 1999 Barsanti & Gualtieri, 
2006 

Pröschold & Leliaert, 
2007 and references 
therein 

Micromonado h ceae 
Prasino h ceae Prasino h ceae Prasino h ceae 
Chloro h ceae Chloro h ceae Chloro h ceae Chloro h ceae 
Ulvo h ceae Ulvo h ceae Ulvo h ceae Ulvo h ceae 
Clado horo h ceae Clado horo h ceae Clado horo h ceae 
Bo sido h ceae Bryopsidop h ceae Bo sido h ceae 
Z nemato h ceae Z nemato h ceae 
Trente ohlio h ceae Trente ohlio h ceae Trente ohlio h ceae 
Klebsormidio h ceae Klebsormidio h ceae 
Charo h ceae Charo h ceae Charo h ceae 

Das clado h ceae Das clado h ceae 
Stre to he algae 
Trebouxio h ceae 

Two of the lineages supported by molecular analysis include the majority of marine 

species. The Ulvophyceae contains species found in fresh, brackish and marine 

environments and includes the Ulotrichales, Ulvales, Cladophorales, Dasycladales, 

Caulerpales and Siphonocladales (Lee, 1999). These groups contain both microscopic 

filamentous species and macroalgae that all have walled vegetative cells, and display a 

diverse range of morphologies (Barsanti & Gualtieri, 2006). The Chlorophyceae 

contains flagellated species found across a range of habitats and includes the 

Volvocales, Tetrasporales, Schizogoniales, Chlorococcales, Sphaeroplales, 

Chlorosarcinales, Chaetophorales and Oedogoniales (Lee, 1999; Barsanti & Gualtieri, 

2006). 
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1.1.4 Using molecular markers to establish taxonomy. 

The increased number of characters available through using molecular data for 

taxonomy was cited, by Hillis (1987), as its advantage over morphology. This was 

especially true when few homologous morphological characters existed to enable 

taxonomic placement (Hillis, 1987; Hillis & Dixon, 1991). The use of molecular data to 

establish a phylogenetic taxonomy for the algae started in the 1990s (Pröschold & 

Leliaert, 2007). The key principle of phylogenetic systematics is that naturally related 

organisms form a monophyletic group (Hennig, 1965; Theriot, 1992). The definition of 

a monophyletic taxon is a group containing all descendent species from a common 

ancestor plus the ancestor (Hennig, 1965,1966; Theriot, 1992). Hierarchical trees 

(cladograms) are used to show species relationships in the form of clades (branches of 

the tree) (Theriot, 1992). Within the green algae, molecular data have consistently 

provided well-supported terminal branches but there has been poor support for internal 

branches, indicating that more data, for an increased number of molecular regions, are 

required to resolve the evolutionary relationships within the group (Lewis & McCourt, 

2004). 

Both nuclear and plastid gene sequences can be used to attempt to resolve taxonomic 

uncertainty, where morphological observation has failed to provide resolution (John & 

Maggs, 1997). A general review of regions used for phylogenetic analyses can be 

found in Proven et al. (2004). Nuclear markers previously used include the small and 

large subunit (SSU & LSU), along with 5.8S and the internal transcribed spacer units 

ITS 1 and ITS2 of the ribosomal RNA operons (Fig. 1.2). 

These loci have been used to examine lower level taxonomy (genus/species level) as 

well as class level phylogeny (examples Zechman et al., 1990; Baldwin et al., 1995; 

Coleman & Mai, 1997; Tan et al., 1999; Woolcott et al., 2000 and refs. therein; O'Kelly 
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Figure 1.2 Position of the ITS2 region (marked in bold) within the nuclear ribosomal 
operon (White et al., 1990). 

SSU 0 8S) 
ITSI 

5.8 S 
ITS2 

LSU (28S) 

et al., 2004a, 2004b; Sanchez-Puerta et al., 2006). The rDNA ITS regions are rapidly 

evolving and therefore suitable for phylogenetic investigation at the species level or 

between closely related genera, whereas the SSU rRNA is highly conserved and 

therefore also suitable for family level studies (Peters & Burkhardt, 1998; Soltis et al., 

1998). 

ITS sequences have also been used to examine intra- and inter-species polymorphism 

and genetic variation (Pillmann et al., 1997; Fama et al., 2000). The rDNA ITS2 

nuclear locus has been utilised for a number of species-level molecular studies, 

including within the genus Acrochaete (Bown et al., 2003), so a large dataset is 

available for cross-study comparisons. Alvarez & Wendel (2003) estimated that 66 % 

of papers examining genus level or below phylogenetics from the previous five years, 

include rDNA ITS data, and over a third were based solely on ITS sequences. This 

review advocated the use of multiple nuclear genes for phylogenetics. 

Plastid DNA (ptDNA) can also be used to establish interspecific phylogenies and assess 

intraspecific variations, and to establish lower level taxonomies (Michaud et al., 1995 

and refs. therein; Soltis et al., 1998; Wattier & Maggs, 2001; O'Kelly et al., 2004a, 

2004b). Several loci have been used to examine algal phylogenies including the large 

(rbcL) and small (rbcS) subunits of rubisco (ribulose biphosphate carboxylase 

/oxygenase) and the encoding translation elongation factor Tu (tufA) (Wattier & Maggs, 

2001; O'Kelly et al., 2004a, 2004b). The tufA locus was used by O'Kelly et al. 
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(2004a, 2004b) to examine the position of the green algal endophytes Bolbocoleon 

piliferum Pringsheim and Phaeophila dendroides (P. L. Crouan & H. M. Crouan) Batters, 

and the dataset produced, included a number of species belonging to the genus 

Acrochaete. Within the Chlorophyta the whole chloroplast genome has been sequenced 

for several species including Chlamydomonas reinhardtii P. A. Dangeard (Maul et al., 

2002), Chlorella vulgaris Beijerinck (Wakasugi et al., 1997), Pseudendoclonium 

akinetum Tupa (Pombert et al., 2005) and Scenedesmus obliquus Turpin (de Cambiaire 

et al., 2006). 

Analysis of combined datasets, using both nuclear and plastid markers, can provide 

robust phylogenies at genus level; for example Hayden et al. (2003) used ITS rDNA 

and rbcL to establish that Chlorophyta genera Ulva and Enteromorpha were incorrectly 

separated into two genera and recommended their combination. Combinations of 

nuclear and plastid data have also been used to confirm the phylogenetic position of the 

Ulvaceae (Hayden & Waaland, 2002). The use of molecular sequences for taxonomy 

should, however, not mean the abandonment of the use of morphological characters for 

systematics, and the most comprehensive results use both molecular and morphological 

characters, the so called polyphasic approach (Mishler & Churchill, 1985; Manhart & 

McCourt, 1992; Moritz & Hillis, 1996; John & Maggs, 1997; Scotland et al., 2003; 

Jenner, 2004; Wiens, 2004). 

1.2 Species belonging to the genus Acrochaete. 

As previously mentioned, the genus Acrochaete comprises species of filamentous green 

algae, typically found growing endophytically or epi-endophytically (Pringsheim, 1862; 

Nielsen, 1979; Burrows, 1991). The uniseriate filaments are irregular and often richly 

branched (Pringsheim, 1862; Nielsen, 1979; Burrows, 1991). Species may mature into 
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pseudoparenchyma with free filaments at the margins (Pringsheim, 1862; Nielsen, 

1979; Burrows, 1991). Acrochaete species have been described as having a life history 

similar to that described for species belonging to the genus Ulva, with an isomorphic, 

diplohaplontic life history (Fig. 1.3) (Kornmann, 1993; van den Hoek et al., 1995). 

Figure 1.3 Life history of Acrochaete wittrockii taken from Kornmann (1993). 

A&B- isomorphic, dioecious, asexual epiphytic stages preceding the gametophytic stage. Propagation 
by zoospores (triflagellar A; quadriflagellar B) in summer. 

C- male and female gametophytic stage culminating in release of biflagellate gametes (late 
summer/Autumn). 

D- anisogamous biflagellar gametes form a unicellular sporophyte with presumed meiosis (M). 
Triflagellate zoospores are released and form stage A. 
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The higher taxonomic placement of the genus Acrochaete has yet to be fully resolved. 

In Burrows (1991) the genus was placed within the Chlorophyceae, Ulotrichales 

(including Chaetophorales), as a member of the Chaetophoraceae. However, studies of 

motile cell ultrastructure resulted in the recommendation that five genera (Acrochaete, 

Endophyton, Entocladia, Ochlochaete, Pringsheimiella) should be transferred to the 

Ulvophyceae, with Acrochaete placed in the Ulvales, Ulvellaceae (0'Kelly & Floyd, 

1983; Floyd & O'Kelly, 1990). Recent distribution records for Britain and Ireland 
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followed the taxonomic arrangement of Silva et al. (1996) for the green algae placing 

Acrochaete within the Ulvales, Ulvellaceae, with Entocladia leptochaete (Huber) 

Burrows, a species considered a synonymy of A. leptochaete (Huber) R. Nielsen, within 

the Chaetophoraceae (Hardy & Guiry, 2003,2006). Molecular analyses, placing 

Acrochaete as a sister Glade to the genus Ulva, supported the placement of Acrochaete 

into the Ulvales and the division of Ulva and Acrochaete into the Ulvaceae and 

Ulvellaceae (Bown et al., 2003; O'Kelly et al., 2004a, 2004b). 

Of the species of Acrochaete currently listed (Table 1.2), fifteen have current name 

status, three are regarded as synonyms, three are provisional entries and one is 

unconfirmed. Of these, six are transfers from other genera suggested by Gabrielson et 

al. (2006), based on recommendations by O' Kelly. One transfer moves the type species 

of the genus Endophyton, Endophyton ramosum N. L. Gardner, creating A. ramosa. 

There are two further species assigned to the genus Endophyton, E. laurenciae Cribb 

(found in Australia with species of Laurencia) and E. atroviridis O'Kelly ex Ricker 

(identified in the Antarctic flora within host species Iridaea cordata (Turner) Bory de 

Saint-Vincent) (Ricker, 1987; Cribb, 1995; Wiencke & Clayton, 2002) and further work 

is now required to confirm their taxonomic status. 

Acrochaete species have been found associated with red, brown and green species of 

macroalgae, and with species of Anthophyta, Bryozoa, Cnidaria, Chordata, 

Ctenostomata, Cyanophyta and Tracheophyta, along with a number of other substrata 

(e. g. wood shavings, calcareous stone, a variety of shells and the carapace of crabs and 

turtles) (Table 1.8). The majority of the species assigned to the genus are marine, with 

only one, Acrochaete cladophorae (Hornby) R. Nielsen, associated with freshwater 

habitats (Hornby, 1918). 
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1.2.1. Acrochaete species host associations and specificity. 

The review of host associations (Section 1.3) indicates that some Acrochaete species are 

host generalists (A. leptochaete, A. viridis), and others are more host specific (A. 

codicola (Setchell & N. L. Gardner) O'Kelly in Gabrielson, Widdowson & Lindstrom 

(2006) with species of Codium, and A. operculata with Chondrus crispus). Studies of 

the host specificity of A. operculata with Chondrus crispus (Correa & McLachlan, 

1991) revealed that host cell-wall composition was a factor in host selection. The 

sporophytic life-history phase plants with more X-carrageenan in the cell walls were 

more readily infected and host plants had a weaker chemical response to endophyte 

infection, than the gametophytic phase plants with more K-carrageenan, where infection 

was less and chemical response stronger (McCandless et al., 1973; Correa & 

McLachlan, 1991; Bouarab et al., 1999,2001). The same studies concluded 

A. heteroclada was a host generalist and hypothesised that this was due to the epiphytic 

nature of the initial germination stage, a character not exhibited by A. operculata 

(Correa & McLachlan, 1991,1994; Correa, 1997). Life-history phase specificity, 

suggested by Correa et al. (1991), was apparent in the studies of Plumb (1999), where 

both gametophyte and tetrasporophyte plants were infected equally by A. operculata. 

There are no published records of associations between A. operculata and host species 

other than C. crispus (Table 1.8), but Correa & McLachlan (1991) speculated that the 

species would form associations with other hosts in the Gigartinaceae, following 

laboratory experiments in which sporophytic Iridaea cordata was found to be as 

susceptible to infection as C. crispus. 

Further studies of host specificity in species of Acrochaete by Sanchez et al. (1996) 

showed that, under laboratory conditions, A. ramosa (as Endophyton ramosum), thought 

to be host specific to Mazzaella laminarioides, was capable of infecting a wider range 
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of hosts than was reported in nature, although research has revealed associations 

recorded with a number of red and brown algal hosts (Table 1.8). Investigations have 

also shown that, even though no direct host specificity was displayed, this species 

discriminated between carrageenophytes and agarophytes, infecting the former more 

readily (Sanchez et al., 1996; Correa, 1997). Within the genus, other reported host 

specific associations occur: A. apiculata (Setchell & N. L Gardner) O'Kelly in 

Gabrielson, Widdowson & Lindstrom 2006 - Phaeophyceae; A. cladophora (Hornby) 

R. Nielsen - Chlorophyta; A. endozoica (Goldberg, Makemson & Colley) M. J. Wynne - 

Cnidaria; and A. inflata (Ercegovic) Gallardo et al. - Rhodophyta. No work has been 

undertaken to confirm host specificity further within these species. 

1.2.2. Distribution of Acrochaete. 

Six species of Acrochaete were reported to have global distributions (Tables 1.3 & 1.9), 

of which A. viridis was recorded most widely, occurring in both hemispheres from the 

Arctic to the Antarctic. In contrast, nine species have been recorded with more limited 

distributions: A. apiculata - Pacific coast of North America; A. cingens (Setchell & 

N. L. Gardner) O'Kelly in Gabrielson, Widdowson & Lindstrom 2006 and A. codicola - 

Pacific coast of North America and Mexico; A. endostraca Nielsen - New Zealand; 

A. endozoica - tropical/subtropical areas of the Atlantic; A. major (Feldmann) Perret- 

Boudouresque & Seridi - Mediterranean and NW Africa, A. inflata - Atlantic Europe 

and Mediterranean regions; and A. heteroclada and A. operculata - Atlantic. (Table 1.9). 
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1.2.3 Acrochaete species distribution in relation to host association. 

When the distribution of Acrochaete species was examined with reference to host 

association, northern hemisphere records showed a wider host range for a number of 

species (Table 1.3). Three examples of this were; (i) A. flustrae, found occurring 

globally with Bryozoans, has recorded associations with other algal species for Europe, 

the Mediterranean and the Adriatic sea, (ii) A. leptochaete, globally associated with 

other algae, was found in association with Cyanophyta, Anthophyta, Tracheophyta and 

other substrata e. g. shells in the North Atlantic, and (iii) A. polymorpha (L. Moewus) R. 

Nielsen, globally associated with other algae and other substrata, but only recorded with 

Anthophyta species in Atlantic Europe. These apparent distribution trends are, in all 

likelihood, a reflection of sampling intensity and it is probable that host generalist 

species are under-recorded with regard to host association. With the exception of Correa 

et al. (1997), who examined the effects of season, locality and location upon the 

infection of Mazzaella laminarioides, no studies have been undertaken into the effects 

of location on host selection. 

Seasonal synchrony, as exhibited by the highly host specific green algal endophytes of 

Acrosiphonia with their red algal hosts (Sussmann et al., 2005), has not been widely 

studied for species of Acrochaete, but Correa & Sanchez (1996) and Correa et al. (1997) 

showed lower values of frequency (number of plants), density (spatial distribution) and 

intensity (percentage of plant) of infection by A. ramosa on M. laminarioides in winter 

and early spring. Correa & Sanchez (1996) also recorded a link between host 

reproduction and infection, although no further work has been undertaken to determine 

the basis for this. 
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1.2.4 Distribution of Acrochaete species for Britain and Ireland. 

The British and Irish marine flora distribution records for species now considered 

members of the genus Acrochaete (Table 1.4) have consistently included four species, 

either as Acrochaete or as one of the species synonyms (Table 1.2). Acrochaete 

parasitica Oltmanns, listed in the flora check-lists of 1931 and 1976, was recorded as 

synonymous with A. repens by Burrows (1991), following Nielsen (1979). Acrochaete 

heteroclada and A. operculata were recorded for Britain by Plumb (1999: pg 143), 

Bown (2001: p. 50) and Bown et al. (2003), bringing the number of species found 

occurring around Britain and Ireland to six (Hardy & Guiry, 2003,2006). 

Table 1.4 Species of Acrochaete (or synonyms) included in the marine flora for Britain 
and Ireland from 1931 to 2006. 

Newton (1931) Parke & Dixon (1976) Burrows (1991) Hardy & Guiry 
(2003,2 06 

Acrochaete re ens A. re ens A. re ens A. re ens 
Acrochaete parasitica A. parasitica A. parasitica (now 

synonymous with A. 
re ens) 

Endoderma le tochaete Phaeophila le tochaete Entocladia le tochaete Entocladia le tochaete 
Endoderma viridie P. viridis Entocladia viridis A. viridis 
Endoderma wittrockii P. wittrockii Entocladia wittrockii A. wittrockii 

A. heteroclada 
A. operculata 

A review of global distribution (Table 1.9) revealed records for two other species 

among the algal flora. Acrochaete inflata was identified in the marine flora of the 

Shetland Islands (Tittley et al., 2005) and in freshwater A. cladophora [as Endoderma 

cladophorae Hornby (Homby, 1918; West & Fritsch, 1927) or Entocladia cladophorae 

(Hornby) G. S. West et F. E. Fritsch (John et al., 2002)] has been recorded. Should the 

transfer of Epicladiaflustrae Reinke to Acrochaete (Gabrielson et al., 2006) be 

confirmed, the number of Acrochaete species recognised in Britain and Ireland 

increases to nine with the addition of A. flustrae (Reinke) O'Kelly in Gabrielson, 

Widdowson & Lindstrom (2006) (Table 1.9). 

26 



1.2.5 Identification of species of Acrochaete. 

Morphological characters for the filamentous species assigned to the genus Acrochaete 

include hairs produced from the upper cell wall or at ends of the apical cells 

(Pringsheim, 1862; Burrows, 1991). Chloroplasts are parietal, disc or plate-like, often 

reticulate, across a variable area which often covers the cell wall, and contain one to 

several pyrenoids (one sometimes larger than the others), occasionally with internal 

projections (Pringsheim, 1862; Burrows, 1991). Reproduction has been observed via 

bi- and quadriflagellar swarmers that are expelled from sporangia found terminating 

erect filaments, occasionally within a mucilage envelope (Pringsheim, 1862; Burrows, 

1991). Many of the characters have been described from cultured material and are not 

visible when the plants are in situ. A summary of features for the species currently 

assigned to the genus is given in Table 1.5. Diagnostic characters used to identify 

species include filament morphology, pyrenoid number, hair production, the habit of the 

species (i. e. endozoic, epi-endozoic, epiphytic, epi-endophytic, endophytic) and host 

species associations (Tables 1.5,1.6,1.7). 

Of the diagnostic generic characters for the genus, the production of Acrochaete-type 

hairs in particular has been questioned (O'Kelly & Yarish, 1981; O'Kelly, 1982). The 

inclusion of reportedly non-hair producing species A. flustrae and A. ramosa 

(Gabrielson et al., 2006) raises a further question about the validity of using the 

observation of Acrochaete-type hairs for identification. Hairs previously recorded for 

other species of the genus are not always observed during culturing, and some species 

only express the character under particular conditions (Table 1.5), which may explain 

the lack of hairs reported for A. ramosa and A. flustrae. 
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For in situ identification, keys developed for use with North American species by 

R. Nielsen in Sears (2002) and O'Kelly in Gabrielson et al. (2006), use morphological 

characters in conjunction with host association, habit and collection location (Table 

1.6). Taking into account the extensive host ranges recorded for many species (Table 

1.8), the lack of knowledge of how all of the species present within their host, and 

morphological similarities (Table 1.5), these keys should be used with caution. The 

morphology of thalli, filaments and cell dimensions of Acrochaete species are generally 

similar with some distinctions made to thalli shape (A. apiculata, A. marchantiae 

(Setchell & N. L. Gardner) R. Nielsen & McLachlan, A. polymorpha) or position within 

host, i. e. not penetrating medulla (A. geniculata (N. L. Gardner) O'Kelly) or wholly 

within the host (A. operculata). Neither of the keys to Acrochaete (Sears, 2002, 

Gabrielson et al., 2006) cover all of the species within the genus. Some features are 

highlighted as specific to particular species: in A. operculata brown lids occur as part of 

the sporangial morphology; A. wittrockii (Wille) R. Nielsen has triflagellar zoospores; 

A. inflata branches are described as occurring at a 90 ° angle to the prostrate filament; 

and A. heteroclada and A. repens were both observed with broader upright branches 

than the prostrate filaments (Table 1.5). 

Other features, such as sporangial shape and pyrenoid count, are less exact. For 

example four different sporangial shapes have been described for A. ramosa and A. 

repens with 1-3 up to 6 pyrenoids per chloroplast (Table 1.5). O'Kelly (1980) 

suggested that there were eight morphotypes of A. ramosa. Each of the morphotypes 

was associated with a different host species with the morphology for each 
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species being driven by the host (O'Kelly, 1980). The existence of these morphotypes 

could explain the variety of sporangial cell shapes described by other authors. The 

species most distinctive morphologically in the genus is A. endozoica, which O'Kelly 

has suggested may belong in a separate genus (O'Kelly pers. comm. ). 

Nielsen (in Sears, 2002) recommended confirmation of species identification using 

features of cultured isolates and included an identification key based on observations 

made on five species (Table 1.7). The main defining character (narrow prostrate 

filaments with broader uprights observed in A. repens and A. heteroclada) divided the 

species into 2 groups. Separation to species level was then made on filament branching, 

pyrenoid count, cell dimensions and flagella numbers. The study of cultures also allows 

discrimination between A. repens and Bolbocoleon piliferum, two species that have 

been confused in the past when observed in situ (South, 1968,1974): in culture 

B. piliferum has specialised hair cells, which if absent makes the species difficult to 

identify, and up to 10 pyrenoids per cell (Fig. 1.4) (Setchell & Gardner, 1920b; South, 

1968; Moestrup, 1969; South, 1974). 

The key developed by Gabrielson et al. (2006), for the Pacific coasts of North America, 

identifies six Acrochaete species that have yet to be named. One, Acrochaete sp. 1, was 

defined as epizoic on shells of Calliostoma (topshell), with no further morphological 

details. The remaining species were all filamentous endophytic algae which formed no 

particular orientation with the host thalloid algae, and none of the species formed 

swollen tips at the branch ends. None were associated with species of kelp. Acrochaete 

sp. 2 was associated with Sargassum muticum (Yendo) Fensholt and formed free 
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branching filaments aligned with the meristoderm of host cells. Two species were 

found to cause discolouration 

Figure 1.4 Original drawings of Bolbocoleon piliferum by Pringsheim (1862) showing 
specialised hairs cells (-*) and numerous pyrenoids within the cell chloroplast (JJ ). 

o ti: 

\ ýý 
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with the host: Acrochaete sp. 3, caused irregular dark red discolouration within the 

cortex of hosts Callophyllis and Gastroclonium; Acrochaete sp. 4 created rounded 

discolouration within its host Constantinea. Acrochaete sp. 5 was associated with 

Sarcodiotheca and Acrochaete sp. 6 with Schizymenia pacifica (Kylin) Kylin; both 

species Acrochaete sp. 5 and Acrochaete sp. 6 had 1-2 pyrenoids per cell, but no more. 

No further details for these species were provided. 
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1.3 Review of Acrochaete species host associations. 

As previously discussed, Acrochaete species have been found associated with a variety 

of red (Rhodophyta), green (Chlorophyta) and brown (Phaeophyceae) algae, as well as 

with a number of other types of host or substrata, such as bryozoans, wood, coral and 

shells (Table 1.8). Acrochaete viridis had the most diverse host range, with hosts 

recorded among red, brown and green algae, cyanobacteria, seagrasses, as well as other 

substrata (e. g. wood). Current records indicate some degree of host specificity for the 

majority of Acrochaete species. As well as A. apiculata, three other species (A. 

geniculata, A. repens and A. wittrockii) are mainly reported with Phaeophyceae species. 

However, unlike A. apiculata, the other three are all recorded with Rhodophyta, with 

the latter two also recorded with Anthophyta and Chlorophyta respectively. Host 

specificity to larger Chlorophtya species are reported for A. cladophora and A. codicola, 

with the latter showing specificity to genus level (Codium). Specificity to Rhodophyta 

species are indicated for Acrochaete heteroclada, A. inflata and A. operculata with A. 

heteroclada and A. operculata solely recorded with Chondus crispus. Acrochaete 

ramosa also shows a preference for red algal host species, but has been recorded with 

brown algae. As indicated previously, in contrast to studies showing A. ramosa as host 

specific (O'Kelly, 1982; Sanchez et al., 1996), published records show a broader host 

range. The two endozoic species, A. endostraca and A. endozoica, are recorded as 

having limited host associations, the former within calcareous shells only and the latter 

within Pseudoplexaura spp (Gorgonian Coral). 
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1.4 Review of the global distribution for Acrochaete species. 

As stated previously Acrochaete species occur globally with A. viridis having the 

broadest distribution (Table 1.9). Records show that A. flustrae, A. leptochaete, 

A. repens and A. wittrockii, are distributed within the northern hemisphere from the 

Arctic to the equator. Records for the southern hemisphere for these species were less 

frequent. Three species, A. apiculata, A. cingens and A. codicola appear to be limited to 

the Pacific North America and the latter two to Pacific Central America. There are four 

species, A. cladophorae, A. heteroclada, A. inflata and A. operculata that have been 

recorded in the Atlantic only. Acrochaete major is limited to locations within the 

Mediterranean and the North African coast. The two species in the genus identified as 

growing endozoically have limited distribution according to published records. 

Acrochaete endostraca has only been recorded in New Zealand (Nielsen, 1987), and 

Acrochaete endozoica was recorded for tropical and sub-tropical regions of the Atlantic 

ocean only. 

Table 1.9 Full global distribution list for Acrochaete species, and their synonyms. 

Species Global Records 
Acrochaete apiculata North America 

British Columbia (Gabrielson et at, 2006); Oregon (Gabrielson et at, 2006); 
Southeast Alaska (Gabrielson et at, 2006); Washington (Gabrielson er at. 2(x16 . As Pseudopringsheimia apiculata North America 
British Columbia (Scagel eta!.. 1986,1989; Gabrielson eta!.. 2000); California 
(Smith, 1944; Setchell & Gardner, 1920b; Smith, 1969; Goff. 1983; Scagel et at, 
1986; Gabrielson et at, 2004); Oregon (Hansen, 1997; Gabrielson eº at. 2000.2004); 
Southeast Alaska (Gabrielson et at, 2000); Washington (Scagel et at.. 1989; 
Gabrielson et at, 2000). 

Acrochaete cingens North America 
British Columbia (Gabrielson et at, 2006); Oregon (Gabrielson eta!., 2006); 
Southeast Alaska (Gabrielson et at, 2006), Washington (Gabrielson et(i!., 2016). 

As Entocladia cingens North America 
British Columbia (Scagel et aL, 1986; Gabrielson et at. 1987,1989; Scagcl et at, 1989; Gabrielson et at. 2000); California (Hollenberg. 197 1; Abbott & llollenberg. 
1976; Goff, 1983; Scagel et a!.. 1986.1989; Stewart. 199 1; Gabrielson et at. 2004) - San Francisco Bay (Josselyn & West, 1985); Oregon (Gabrielson eta!.. 1987,1989; 
2000,2004); Pacific coast N. America (Setchell & Gardner. 1920a. 1920b, O'Kelly & 
Yarish, 198 1); Southeast Alaska (Gabrielson et at, 1987,1989.2000); Washington 
(Gabrielson et at, 1987,1989,2000). 
Central America 
Mexico (Gonzalez-Gonzalez er at, 1996). 

Acrochaete cladophora Atlantic Europe - (Guiry, 2001) 
Baltic Sea (Nielsen et at, 1995). 
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Table 1.9 cont. 

S ep_cies 
As Endoderma cladophorea 

As Ectochaete cladophorea 

As Entocladia cladophorea 

Acrochaete codicola 

As Entocladia codicola 

Acrochaete endostraca 

Acrochaete endozoica 
As Entocladia endozoica 

Acrochaete Jlustrae 

As Epicladiaflustrae 

Global Records 
Atlantic Europe 
Britain - Warwickshire (Homby, 1918), Midlands (West & Fritsch, 1927). 
Asia 
The Japan Sea (Noda, 1987). 
Atlantic Europe 
Britain (John er al., 2003). 
North America 
Atlantic Canada (South, 1974). 
Atlantic Europe 
Britain (John er al., 2002). 
Asia 
Japan (Yoshida et al., 1985,1990). 
North America 
British Columbia (Gabrielson et al.. 2006); Oregon (Gabrielson et al., 2006); 
Southeast Alaska (Gabrielson et al. 2006); Washington (Gabrielson et A, 2006). 
North America 
British Columbia (Scagel et at., 1986,1989); California (Smith, 1944,1969; Abbott & 

Hollenberg, 1976; Scagel et at, 1986,1989; Gabrielson et at, 2004); Pacific coast N. 
America (Setchell & Gardner, 1920a. 1920b; O'Kelly & Yarish, 1981; Goff, 1983); 
Oregon (Gabrielson et at., 1987,1989; Hansen, 1997; Gabrielson et at., 2000,2004); 
Southeast Alaska (Gabrielson et at., 1987,1989,2000); Washington (Gabrielson et at., 
1987,1989,2000). 
Central America 
Mexico (Gonzalez-Gonzalez er at., 1996). 
Australia & New Zealand 
New Zealand (Nielsen. 1987). 
No data found under this name. 
Tropical & Subtropical Western Atlantic - (Wynne. 1998.2005). 
North America 
Florida keys (Goldberg et a!., 1984). 
North America 
British Columbia (Gabrielson et al., 2006); Oregon (Gabrielson et al., 2006); 
Southeast Alaska (Gabrielson et al., 2006); Washington (Gabrielson et al., 2006). 

Italy - Sicily & adjacent islands (Gallardo et al.. 1993); Linosa Island - Straits of Sicily 
(Serio et al., 2006) 
Sardinia (Gallardo et al., 1993); Spain (Gallardo et al.. 1993) - Almerfa (Soto & 
Conde, 1989). 
Africa 
Algeria (Perret-Boudouresque & Seridi, 1989; Gallardo et al., 1993). 
North America 
Atlantic N. America (Borgensen & J6nsson, 1905; South, 1974; Sears. 1998,2002); 
British Columbia (Scagel et al., 1986; Gabrielson et aL, 1989; Scagel eta!., 1989, 
Gabrielson et al., 2000); Oregon (Gabrielson et al., 1989,2000); Pacific coast N. 
America (O'Kelly & Yarish, 1991); Southeast Alaska (Gabrielson et aL, 1989,2000); 
Washington (Gabrielson et al.. 1989,2000). 

Selivanova, 2002) - Commander Island (Selivanova & Zhigadlova, 1997); Britain 
(Reinke, 1889b; Parke & Dixon, 1976; Hardy & Guiry, 2003,2006) - Scotland 
(BOrgensen & J6nsson, 1905), Shetland and Orkney Islands (Tittley et al., 2005); 
Denmark (Nielsen. 1984; Christensen et al., 1985); Ireland (Reinke, 18891,; Parke & 
Dixon, 1976; Hardy & Guiry, 2003,2006) - Antrim (Adams, 1907; Guiry, 1978), 
Belfast Lough (Johnson & Hensman, 1896); Burren, Co. Clare (De Valera et al., 
1979), Clare Island, County Mayo (Rindi et al., 2002; Rindi & Guiry. 2004), Cork 
(Guiry, 1978), Down (Guiry, 1978), Galloway (Wilkinson, 1980). Waterford (Guiry, 
1978); Norway (Jaasund, 1965; Rueness et al., 1997; Lein et al.. 1999); Spain - 
Galician Islands (Barbara et al., 2005), Iberian Penisula (Atlantic) (Pedersen, 1963) 
Mediterranean Europe & The Adriatic " (Feldmann, 1938b; Gallardo er al., 1985; 
Guiry, 2001). 
Balearic Islands (Ribera Siguän et at., 1982; Ribera Siguan & G6mez Garreta, 1985; 
Gallardo et al., 1993); Corsica (Gallardo et at., 1993); France (Gallardo et al.. 1993); 

Arctic (Scagel et at., 1989). 
Canada (Lee, 1980). 
North Atlantic - (South & Tittley. 1986; Scagel et al., 1989). 
North Atlantic Islands 
Farces (Nielsen & Gunnarsson, 2001; Tittley et al.. 2005); Greenland (Roscnvingc, 
1899) - West (BOrgensen & J6nsson, 1905), East (Lund, 1959), South (Pedersen. 
1976); Iceland (Caram & J6nsson, 1972; Tittley et al., 2005); Maderia - Funchal 
(Pedersen, 1963; John et al.. 2004). 
Tropical & Subtropical Western Atlantic - (Wynne, 1998,2005). 
Atlantic Europe " (Feldmann, 1938b; Kylin, 1938; Guiry, 2001). 
Baltic Sea (Nielsen et al., 1995); Bering Sea (Selivanova & Zhigadlova, 1997; 
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Table 1.9 cont. 

Species 
As Endodernw jlustrae 

As Entodadia fIustrae 

Acrochaete geniculala 

As Pseudodictyon geniculatum 

Acrochaete heteroclada 

Global Records 
Atlantic Europe 
Britain - England, South Scotland (Newton, 1931); France - Tatihou, St-Malo, Roscoff 
(Hamel, 1930-32); Ireland (Johnson & Hensman. 1896 (Belfast Lough); Adams, 1902; 
Cotton, 1912; Newton. 1931) - Dublin (Adams 1908). 
Arctic 
Canada (Burrows. 1991). 
North Atlantic Islands 
Greenland (Burrows, 1991). 
Atlantic Europe - (Yarish, 1976; Burrows. 1991: Cribb, 1995). 
Bering Sea (Vinogradova, 1978; Vinogradova et a!., 1978); Britian (Burrows. 1991); 
Ireland (Burrows, 1991) - Co. Down, Co. Antrim (Morton, 1994); Norway to France 
(Burrows, 1991); Spain - Northwest (Valenzuela Miranda. 2002); 
Mediterranean Europe & The Adriatic - (Yarish, 1976; Burrows, 1991; Cribb, 
1995). 
Maderia (Neto et aL, 2001). 
Africa and surrounding islands 
Namibia (Selivanova & Zhigadlova, 1997). 
Asia 
The Japan Sea (Klochkova, 1994,1995). 
Australia & New Zealand 
Heron Island Reef & adjacent Reefs (Yarish, 1976; Burrows, 1991; Cribb, 1995). 
North America 
Atlantic N. America (Yarish, 1976; Burrows, 1991; Cribb, 1995); Canada - Eastern 
(South, 1984); Connecticut (Taylor, 1937,1957); Florida (Yarish, 1975); Gulf of 
Mexico (Dawes, 1974) 
New York (Taylor, 1937,1957); Maine (Taylor, 1937,1957); Texas (Yarish, 1975). 
Arctic (Scagel er at, 1989). 
North Atlantic - (South & Tittley, 1986. Scagel eta!., 1989). 
Atlantic Europe - (Guiry, 2001). 
Mediterranean Europe & The Adriatic " (Guiry, 2001). 
Adriatic coast (including Albania & Gulf Taranto) (0' Kelly. 1982; Gallardo et at. 
1993); Italy - West (O'Kelly, 1982; Gallardo et at. 1993), Sicily & adjacent islands 
(O'Kelly. 1982; Gallardo et at, 1993). Tuscany (Rindi et at, 2002). 
Africa and surrounding Islands 
Canary Islands (O'Kelly, 1982; Gallardo eta!.. 1993; Carrillo & Sanlon, 1999; 
Haroun et at. 2002; John et at. 2004). 
North America 
British Columbia (O'Kelly. 1982,1983; Scagel et at, 1986; Gabriclson et al., 1987. 
1989; Scagel et at. 1989; Gabrielson et at, 2000,2006); California (O'Kelly, 1982; 
1983; Scagel et at. 1986,1989; Gabrielson et at. 2004); Oregon (O'Kelly, 1982; 
1983; Gabrielson et at, 1987.1989.2000,2004.2006); Southeast Alaska (Gabrielson 
et at. 1987,1989,2000.2006); Washington (O'Kelly. 1982; 1983; Scagel et at. 1986; 
Gabrielson et at. 1987,1989; Scagel et aL, 1989; Gabrielson eta!. 2000 2006). 
Atlantic Europe 
France (Feldmann & Magne 1964); Russia - Western seas (Vinogradova, 1979). 
Mediterranean Europe & The Adriatic 
Adriatic (Giaccone, 1978) - Gulf of Trieste (Furnari et at 1999). 
Asia 
The Japan Sea (Klochkova, 1994,1995). 
North America 
Oregon (Day, 1947; Hansen, 1997); California (Gardner, 1909; Smith, 1944; Setchcll 
& Gardner, 1920b; Smith. 1969; Hollenberg, 1971; Abbott & Hollenberg, 1976) - Trinidad Bay (Dawson, 1965); Washington - San Juan Island (Norris & West, 1967). 
North Atlantic Islands 
Fames (Nielsen & Gunnarsson, 2001; Tittley et at. 2005); Iceland (Tittley era!.. 2005). 
Atlantic Europe - (Guiry, 2001). 
Baltic Sea (Nielsen et at, 1995); Britain - Somerset (Bown et at. 2003; Hardy & 
Guiry, 2003,2006); Denmark (Correa et al.. 1988); Norway (Lein et at. 1999); 
Sweden (Correa et at, 1988). 
North America 
Northeast coast of North America (Sears, 2002) 
Canada - East coast (Correa eta!.. 1988) 
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Table 1.9 cont. 

Species 
Acrochaete injJata 

As Pseudodictyon inflatum 

Acrochaete leptochaete 

As Ectochaete leptochaete 

As Endoderma leptochaete 

As Phaeophila leptochaete 

Global Records 
Atlantic Europe - (Guiry, 2001). 
Britain - Shetland Islands (Tittley et at, 2005).; Norway (Rueness et a!.. 1997; Lein et 

at, 1999) 
Mediterranean Europe & The Adriatic " (Guiry, 2001). 
Adriatic coast - including Albania & Gulf Taranto (Gallardo et at, 1993); Balearic 
Islands (Gallardo et at, 1993); Corsica (Gallardo et at, 1993); France (Gallardo et at. 
1993, Verlaque, 1976; 2001); Greece (Gallardo et at. 1993); Sardinia (Gallardo et at. 
1993); Spain (Gallardo et at, 1993); Italy - Western (Gallardo et at, 1993), Sicily & 

adjacent islands (Gallardo et at, 1993). 
Africa 
Mauritania (John et at. 2004). 
Mediterranean Europe & The Adriatic 
Adriatic Sea - Gulf of Trieste (Fumari et al., 1999); Balearic Islands (Ribera Siguän & 

Gdmez Garreta. 1985); Croatia - Jabuka (Ercegovid, 1957); Spain - Iberian Penisula 
(Mediterranean) (Gallardo et aL, 1985); Valencia (Barceld & Boisset. 1986). 
Africa and surrounding islands 
Mauritania - Inc Tidra (Marcot-Coqueugniot 1991). 
North Atlantic - (South & Tittley, 1986). 
North Atlantic Islands 
Maderia (Neto er at. 2001; John et al., 2004) - Funchal (Pedersen, 1963); West Indies 

- St Lucia (Nielsen & McLachlan. 1986a). 
Atlantic Europe - (Guiry, 2001). 
Baltic Sea (Nielsen et at, 1995); Britain - Channel Islands (Nielsen, 1983). Shetland 

and Orkney Islands (Tinley et at, 2005); Denmark (Nielsen, 1983; Christensen et al., 
1985); Norway (Rueness et at. 1997). 
Mediterranean Europe & The Adriatic - (Guiry, 2001). 
Greece (Nielsen, 1983); Italy (Nielsen, 1983). 
Africa and surrounding Islands 
Namibia (John et at, 2004). 
North America 
Atlantic N. America (Nielsen & McLachlan, 1986b; O'Kelly et at, 2004a); British 
Columbia (Gabrielson et at. 2006); Northeast coast of North America (Sears, 2002); 
Oregon (Gabrielson et at. 2006); Southeast Alaska (Gabrielson et at. 2006); 
Washington (Gabrielson et at, 2006). 
Arctic 
Canada (Lee, 1980). 
Atlantic Europe 
Black & Azov Seas (Gallardo eta[.. 1993) - Bulgaria (Dimitrova-Konaklieva, 1981); 
Britain - Devon (Thivy. 1942); France- Croisic. Bretagne. Cap du Roc, L'Etag de 
Tau, Tatihou (Hamel. 1930-32; Thivy, 1942). Germany (Moewus, 1949), Sweden - 
West coast (Kylin. 1938). 
Mediterranean Europe & The Adriatic 
Adriatic coast (including Albania & Gulf Taranto) (Gallardo et al.. 1993) - Valli di 
Comacchio (Fumari et a1., 1999); Corsica (Gallardo et a!.. 1993); Croatia - Jabuka 
(Ercegovid, 1957); France (Gallardo er a!.. 1993) - La Cote des Albercs (Feldmann, 
1937,1938a); Greece (Gallardo et at.. 1993); Italy - Linosa Island (Cinelli et at.. 
1976), Straits of Sicily & adjacent islands (Giaccone et al., 1972); Maltese Islands 
(Giaccone et al., 1972; Cormaci et at., 1997); Sardinia (Gallardo eta!., 1993); Spain 
(Gallardo et al., 1993). 
Asia 
India - Gujarat (Sahoo eta!.. 2004). 
North America 
Canada - Atlantic (South, 1974); Massachusetts (Thivy, 1942). 
Atlantic Europe 
France - Bretagne (Huber, 1892a); Britain (Newton, 1931) - Devon (Batters. 1902). 
Asia 
India - Dwarka (Borgensen, 1934; Krishnamurthy & Joshi. 1970; Sahoo et at., 2004). 
Atlantic Europe 
Spain - Iberian Penisula (Atlantic) (Gallardo et af., 1985); Britain (Parke & Dixon, 
1976). 
Mediterranean Europe & The Adriatic 
Spain - Almeria (Soto & Conde, 1989). Iberian Penisula (Mediterranean) (Gallardo et 
a1., 1985). 

62 



Table 1.9 cont. 

Species 
As Entocladia leptochaete 

Acrochaete major 

As Endoderma majus 

As Enarcladia majus 
As Entocladia major 

Acrochaete marchantiae 

As Entocladia marchantiae 

As Pringsheimiella marchanfae 

As Pringsheimia marchantae 

Acrochaete operculata 

Acrochaete polymorpha 

As Phaeophila polymorpha 

As Enºocladia moewusiae 
As Ectochaete polymorpha 

Acrochaete raurosa 

Global Records 
Atlantic Europe - (Burrows, 1991; Guiry. 2001). 
Britain -Channel Islands, Dorset, North Uist (Burrows, 1991); South Sweden to 
France (Burrows. 1991). 
Mediterranean Europe & The Adriatic - (Burrows, 1991; Guiry, 2001). 
France - Thau Lagoon (Verlaque, 2001); Unosa Island - Straits of Sicily (Serio et at.. 
2006). 
Africa and surrounding islands 
Nambia (Rull Uuch & G6mez Garreta, 2001; Rull Uuch, 2002). 
Asia 
India (Silva et at., 1996). 
Africa and surrounding islands 
Algeria (Perret-Boudouresque & Seridi, 1989); Mauritania (John er a1., 2004). 
Mediterranean Europe & The Adriatic - (Feldmann, 1935,1937,1938a) 
Adriatic Sea - Valli di Comacchio & The Tremiti Islands (Fumari of at., 1999); 
Balearic Islands (Ballesteros, 1989); Spain - Costa Brava. Catalonia (Ballesteros, 
1983), Gerona (Ballesteros, 1988), Iberian Penisula (Mediterranean) (Gallardo of al., 
1985). 
Mediterranean Europe & The Adriatic " (Guiry. 2001). 
Mediterranean Europe & The Adriatic - (Guiry, 2001). 
Adriatic coast (including Albania & Gulf Taranto) (Gallardo et aL, 1993); Balearic 
Islands (Gallardo er al., 1993); Corsica (Gallardo et al., 1993); France (Gallardo et aL, 
1993); Sardinia (Gallardo et al., 1993); Italy - Western (Gallardo et aL, 1993), Sicily & 
adjacent islands (Gallardo et aL, 1993), Tuscany (Rindi er aL. 2002); Spain (Gallardo 
etaL, 1993) 
Africa and surrounding islands; Algeria (Gallardo et aL, 1993); Mauritania - Louik 
(Marcot-Coqueugniot, 1991). 
Atlantic islands 
South - West Indies - St Lucia (Nielsen & McLachlan, 1986a). 
Tropical & Subtropical Western Atlantic - (Wynne, 1998,2005). 
Australia & New Zealand 
Heron Island Reef (Cribb, 1995); Queensland (Phillips, 1997,2002). 
North America 
Atlantic & Pacific N. America (Cribb, 1995). 
Central America 
Mexico (Secretarfa de medio ambience, recursos naturales y pesca, Comisi6n nacional 
de Areas naturales protegidas, 2000). 
North America 
California (Setchell & Gardner, 1924). 
Atlantic Islands 
Farces (Nielsen & Gunnarsson, 2001; Tinley et aL, 2005); Iceland (Tittley et aL. 
2005). 
Atlantic Europe " (Guiry, 2001). 
Baltic Sea (Nielsen er al.. 1995); Denmark (Correa et aL. 1988; Bown et aL, 2003); 
Britain - Aberystwyth (Bown et aL. 2003). Somerset (gown et al.. 2003; Hardy & 
Guiry. 2003,2006). Wembury (Bown et aL, 2003); Ireland (Bown er al., 2003). 
North America 
Canada - East coast (Coma et aL. 1988). Northeast coast of North America (Sears, 
1998,2002). 
Atlantic Europe - (Guiry, 2001). 
Baltic Sea (Nielsen, 1988; Nielsen er a1., 1995). 
Atlantic Europe " (Cribb, 1995). 
Mediterranean Europe & The Adriatic . (Cribb, 1995). 
Asia 
Japan (Cribb, 1995). 
Australia 
Heron Island Reef & adjacent reefs (Cribb, 1995). 
North America 
Atlantic N. America (Cribb, 1995); British Columbia & North Washington (Scagel, 
1957). 
North Atlantic - (South & Tinley, 1986). 
Atlantic Europe 
Germany (Moewus, 1949). 
North America 
British Columbia (Gabrielson et at, 2006); Oregon (Gabrietson et al., 2006); 
Southeast Alaska (Gabrielson et al., 2006); Washington (Gabrielson et al., 2006). 
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Table 1.9 cont. 

Species 
As Endophymn ranwsum 

Acrochaete repens 

As Pilinia endophytica 

Global Records 
Atlantic Europe 
Bering Sea (Vinogradova, 1979; O'Kelly, 1982; Scagel et a!., 1986,1989; Selivanova, 
2002). 
Mediterranean Europe & The Adriatic " (Giaconne et at, 1985). 
Asia 
Taiwan (Scagel et at. 1989); The Japan Sea (Klochkova. 1994,1995). 
North America 
Atlantic N. America (Nielsen & McLachlan, 1986b; O'Kelly et at. 2004a); British 
Columbia (Scagel eta!., 1986; Gabrielson eta!.. 1987,1989; Scagel et at. 1989; 
Gabrielson et at, 2000) 
California (Gardner, 1909; Smith, 1944; Setchell & Gardner, 1920b; Smith, 1969; 
Hollenberg, 1971; Abbott & Hollenberg. 1976; Scagel eta!.. 1986; Gabrielson et at. 
1987; 1989; Scagel et at. 1989; Gabrielson et at. 2000,2004) - San Francisco Bay 
(Josselyn & West, 1985); Oregon (Doty, 1947; Gabrielson et at, 1987,1989; Hansen. 
1997; Gabrielson et at, 2000,2004); Pacific N. America (Dawson. 1965; O' Kelly, 
1982; Leonardi er at, 1997 and refs. therein); Southeast Alaska (Gabrielson et at. 
1987,1989,2000); Washington (Gabrielson et at. 1987,1989,2000). 
South America 
Peru (Ramirez & Santelices, 1991); Chile (Correa et a1., 1997; Leonardi et at, 1997; 
Faugeron er at. 2000). 

Farces (BOrgensen, 1902-1903; Borgensen & J6nsson, 1905; Irvine, 1982; Nielsen & 
Gunnarsson, 2001; Tittley et aL, 2005); Greenland (Burrows, 199 1); Iceland (Caram & 
J6nsson, 1972; Tittley et al., 2005) - South West (Borgensen & J6nsson, 1905), 
Isfjorden, Spitsbergen (Vinogradova, 1995), North West (J6nsson, 1903). 
Atlantic Europe - (Burrows, 1991; Guiry, 2001). 
Baltic Sea (Nielsen, 1988; Burrows, 1991; Nielsen et al., 1995); Britain (Newton, 
1931; South, 1968; Parke & Dixon, 1976; Burrows, 1991; Hardy & Guiry, 2003,2006) 
- Dorset (Batters, 1902), Grampian region of Scotland (Wilkinson 1979). Scotland 
(BOrgensen & J6nsson, 1905); Denmark (Nielsen, 1983; Christensen et al., 1985); 
France - Tatihou, Croisic (Huber, 1892b; Hamel. 1930-32); Germany - Helgoland 
(recorded prior to 1935) (Pringsheim, 1962; Burrows, 1991; Batsch & Kulenkamp, 
2000); Ireland (Guiry, 1978; Hardy & Guiry, 2003,2006) - County Wexford (Norton, 
1970; Guiry, 1978; Burrows, 1991); Netherlands (van Goor, 1923; Stegenga & Mol, 
1983); Norway (Rueness et al.. 1997; Lein et al., 1999); Spain - Galician Islands 
(Barbara et al., 2005). Iberian Penisula (Atlantic) (Gallardo er al., 1985). 
Mediterranean Europe & The Adriatic - (Burrows. 1991; Guiry, 2001). 
Italy - Sicily & adjacent islands (Gallardo et aL, 1993); Syria, Lebanon, Israel 
(Gallardo et al., 1993). 
Africa and surrounding Islands 
Canary Islands (Haroun et al., 2002; John et al., 2004). 
Asia 
The Japan Sea (Klochkova. 1995). 
North Pacific Ocean 
Russia - Peter the Great Bay (Perestenko, 1980). 
North America 
Atlantic N. America (South, 1968; 1974; Nielsen & McLachlan, 1986b; Burrows, 
1991; Sears, 1998,2002; O'Kelly et al., 2004a); British Columbia (Scagel et al., 1986, 
Gabrielson et al., 1987,1989; Scagel et al., 1989, Gabrielson et al., 2000,2006); 
Canada - Eastern (South, 1984) 
Oregon (Gabrielson et al., 1997,1989,2000,2006); Southeast Alaska (Gabrielson et 
al., 1987,1989,2000,2006); South Massachusetts (Taylor, 1937,1957); Washington 
(Scagel et al., 1986; Gabrielson et al., 1987,1989; Scagel et al., 1989; Gabrielson et 
al., 2000,2006). 

Arctic 
Canada (Lee, 1980); North America (BOrgensen & J6nsson, 1905). 
North Atlantic - (South & Tittley, 1986; Scagel et aL, 1989). 
North Atlantic Islands 

Arctic 
Canada (Lee, 1980). 
North Atlantic - (South & Tittley, 1986). 
Africa and surrounding islands 
Morocco (Dangaerd, 1949). 
North America 
Canada (Lee. 1980); Connecticut, Maine (Taylor, 1937,1957). 
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Table 1.9 cont. 

Species 
As Acrochaete parasitica 

Acrochaete taylorii 

As Entocladia taylorii 

As Ectochaete taylorii 

Acrochaete viridis 

Global Records 
North Atlantic Islands 
Greenland (Oltmanns, 1894; Rosenvinge. 1899; South, 1974)- East (Bprgensen & 
J6nsson, 1905; Lund, 1959), West (Bprgensen & J6nsson, 1905); Iceland (Ceram & 
36nsson, 1972) - South West (BOrgensen & J6nsson, 1905), North West (J6nsson, 
1903). 
Atlantic Europe 
Britain and Ireland (Newton, 1931) - Northumberland, Sidmouth (Batters, 1894,1902; 
Parke & Dixon, 1976). 
North America 
Atlantic coast N. America (South, 1974). 
North America 
British Columbia (Gabrielson et al., 2006); Oregon (Gabrielson et al., 2006); 
Southeast Alaska (Gabrielson et al., 2006); Washington (Gabrielson et al., 2006). 
Tropical & Subtropical Western Atlantic - (Wynne, 1998,2005). 
North America 
Pacific coast N. America (O'Kelly & Yarish, 1981); British Columbia (Gabrielson et 
aL, 1987,1989,2000); California (Gabrielson eta!., 1987.1989,2000); Oregon 
(Gabrielson et aL. 1987,1989,2000); Southeast Alaska (Gabrielson eta!., 1987,1989, 
2000); Washington (Scagel et al., 1986,1989). 
North Atlantic - (South & Tittley, 1986). 
North America 
Massachusetts (Thivy, 1942); Florida (Yarish. 1975,1976); Pacific coast N. America 
(O'Kelly & Yarish, 1981). 
North Atlantic - (South & Tittley, 1986). 
North Atlantic Islands 
North 
Azores (Neto, 1994; Tittley & Neto, 1994); Cape Verde Islands (John er at., 2004, 
Prud'homme van Reine et al., 2005); Farces (Nielsen & Gunnarsson, 2001; Tittley et 
al., 2005); Madeira (John et al., 2004); Iceland (Tittley et al., 2005); Salvage Islands 
(John et al., 2004). 
South 
St. Helena (John er al., 2004). 
Atlantic Europe " (Guiry, 2001). 
Baltic Sea (Nielsen, 1988; Nielsen er al., 1995); Britain (Bown et al., 2003; Hardy & 
Guiry, 2003,2006) - Shetland and Orkney Islands (Tittley et at., 2005); Denmark 
(Christensen et al., 1985); Ireland (Hardy & Guiry, 2003,2006) - Clare Island, County 
Mayo (Rindi et at., 2002; Rindi & Guiry, 2004); Netherlands (Stegenga & Mol, 1983); 
Norway (Rueness et al., 1997; Lein er al., 1999); Romania (Caraus, 2002). 
Mediterranean Europe & The Adriatic " (Guiry, 2001). 
Greece (Athanasiadis, 1985) - Zakynthos (Tsirika & Haritonidis, 2005); Italy - Naples 
(Nielsen, 1979). 
Africa and surrounding islands 
Algeria (Perret-Boudouresque & Seridi, 1989); Angola (John et al., 2004); Canary 
Islands (John et al., 2004); Ghana (John er al.. 2004); Mauritania (John et at., 2004) - He d'Arel, Ile Tidra (Marcot-Coqueugniot, 1991); Sierra Leone (John et al., 2004); 
Tunisia (Ben Maiz ei al., 1987). 
South Pacific Ocean 
Fiji (Garbary et al., 1991; N'Yeurt eral., 1996) 
North America 
Atlantic N. America (Nielsen & McLachlan, 1986b; Sears, 1998.2002; O'Kelly et at., 20(4a). 
South America 
Venezuela (Ganesan, 1990). 
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Table 1.9 cont. 

Species 
As Entocladia viridis 

c 

6 

Global Records 

Algeria (Boudouresque, 1969; Gallardo et al., 1993); Angola (Lawson & Price, 1969); 
Cap Blanc Penisula (Lawson & John, 1977); Cape Verde Islands (Otero-Schmitt, 
1994); Canary Islands (Borgesen, 1925; Miranda. 1931; Donze, 1968; Lawson & 
Price, 1969; Niell, 1970; Perez-Cirera, 1975; Granja et a!., 1992; Carrillo & Sangon, 
1999; Calvo & Barbara, 2002; Haroun et at. 2002) - Gran Canaria (Weisscher, 1983), 
Tenerife (Weisscher, 1983); Egypt (Aleem, 1993; Gallardo er a!., 1993) ; Ghana (John 
& Lawson, 1972; Aleem, 1978; Lawson & John, 1987; John et at, 2003); Morocco 
(Weisscher, 1983; Benhissoune et at, 2001); Namibia (Rull Uuch, 2002); Sierra 
Leone (John & Lawson, 1972; Aleem, 1978; Lawson & John. 1987; John et at, 2003); 
Somalia (Silva et at, 1996); South Africa (Silva eta!., 1996); Tunisia (Gallardo er at, 1993). 
Asia 
India - Tamilnadu (Untawale et al.. 1983; Sahoo et al., 2004), Indian Coast (Silva et 
at, 1996; Sahoo et a!., 2004); Indonesia (Silva et al., 1996); Iran (Silva er at, 1996); 
Israel (Gallardo eta!., 1993); Kuwait (Silva et at, 1996); Lebanon (Gallardo et at. 1993); Micronesia (Tsuda & Wray, 1977) - Guam (Lobban & Tsuda, 2003; Lobban & 
N'Yeurt, 2006); Pakistan (Silva et at, 1996); South Vietnam (Pham-Hoang, 1969; 
Scagel et al., 1989); Sri Lanka (Silva et at. 1996) 
Syria (Gallardo et at, 1993); The Japan Sea (Klochkova, 1994; 1995); Gulf of Asia - Bahrain (Silva et at, 1996), Gulf Coast (Humm & Hildebrand, 1962). 
Indian Ocean 
Iles Crozet (Papenfuss, 1964); Iles Kerguelen (Papenfuss, 1964); Maldives (Silva et 
at, 1996); Mauritius (Silva et at, 1996). 

1997); Black & Azov seas (Gallardo et al., 1993); Black Sea, Bulgaria (Dimitrova- 
Konaklieva, 1981); France (Huber 1892b; Feldmann, 1954) - Boulogne to Cap Gris- 
Nez (Coppejans, 1995), North (Coppejans, 1982); Germany - Helgoland (Batsch & 
Kulenkamp, 2000); Ireland (Burrows. 1991) - County Wexford (Norton, 1970), Co. 
Down, Co. Antrim (Morton, 1994); Netherlands (Weber-van Bosse, 1887; Huber 
1892a); North European coast (Burrows, 1991); Norway - Portugal (Schneider & 
Searles, 1991); Portugal (Andre, 1970); Romania (Caraus, 2002); Britain - including 
Channel Islands (Burrows, 1991); Spain (BOrgesen, 1925; Miranda, 1931; Donze, 
1968; Niell, 1970; Perez-Cirera, 1975; Granja et al.. 1992; Calvo & Barbara, 2002) - Galician Islands (Barbara et al., 2005), NW Iberian Penisula (Barbara & Cremades, 
1996). 
Mediterranean Europe & The Adriatic - (Coppenjans, 1983; Burrows, 1991; Cribb, 
1995; Cecere eta!., 1996). 
Adriatic Sea (Hauck, 1885; Huber 1892a; Burrows, 1991) - North (Furnari et al., 
1999), Adriatic coast (including Albania & Gulf Taranto) (Gallardo eta!., 1993); 
Balearic Islands (Gallardo et al., 1993); Corsica (Coppejans, 1979; Gallardo et al., 
1993); France (Huber 1892b; Gallardo et al.. 1993) - lie de Port-Cros (Augier & 
Boudouresque, 1967; Augier et al., 1971), Thau Lagoon (Verlaque, 2001); Greece 
(Gerloff & Geissler, 1974; Gallardo et a!., 1993) - Rhodes Island (Diapoulis et al., 
1986); Italy (Fumari er al., 1999; Serio et al., 2006) - Cheradi Islands - Gulf of 
Taranto (Taylor, 1960), Linosa Island - Straits of Sicily (Serio et al., 2006), Naples 
(Reinke, 1879; Huber, 1892a; South, 1974), Sicily & adjacent islands (Giaccone er al., 1972; Gallardo era!., 1993), Tuscany (Rindi et al.. 2002). Western coast (Gallardo et 
a!., 1993); Malta (Cormaci et al., 1997); Porto do Moniz (Levring, 1974); Sardinia 
(Gallardo et al.. 1993); Spain (Gallardo eta!.. 1993) - Basque Coast (Gorostiaga er al.. 2004); Turkey - Aegean Sea (Ganer et al., 1985). 
Africa and surrounding islands 

Arctic (Scagel et at., 1989; Schneider & Searles, 1991). 
Canada (Lee, 1980). 
Atlantic Islands 
North 
Azores - Sao Miguel Faial (Weisscher, 1983); Bermuda (Taylor, 1937,1957,1960; 
South, 1974; Burrows, 1991; Cribb, 1995); Greenland - South (Pedersen, 1973,1976); 
Maderia (Neto et al., 2001) - Funchal, Ponta de S. Lourenco (Coppenjans, 1983; 
Cribb, 1995; Cecere et al., 1996); West Indies - Carribean (Schneider & Searles, 
1991); Salvage Islands (Selvagem Pequena) (Weisscher, 1983; Neto et al., 2001); 
Jamaica (Chapman, 1961), Virgin Isles (Taylor, 1960). 
South 
Deception I (South Shetland Islands) (Wiencke & Clayton, 2002); Falkland Islands 
(Wiencke & Clayton, 2002); St Helena (Lawson et al., 1993); Tristan Da Cunha 
(Baardseth, 1946). 
Tropical & Subtropical Western Atlantic (Wynne, 1998,2005). 
Atlantic Europe - (Kylin, 1938; Cribb, 1995). 
Baltic Sea (Burrows, 1991); Belgium (Coppejans, 1982); Bering Sea (Selivanova & 
Zhigadlova, 1997; Selivanova, 2002) - Commander Island (Selivanova & Zhigadlova, 
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Table 1.9 cont. 

Species Global Records 
As Entocladia viridis cont. Australia & New Zealand 

Campbell Island (Papenfuss, 1964); Heron Island Reef & adjacent reefs (Cribb, 1995); 
Lord Howe Island (Kraft, 2000); New Zealand (South & Adams, 1976; Burrows, 
1991); Southern Australia (Womersley, 1984; Scagel et al., 1989); Macguarie Island 
(Wiencke & Clayton, 2002); Queensland (Phillips, 1997,2002). 
Pacific Ocean 
North - Marshall Islands (Dawson, 1957). 
South - Fiji (South & Skelton, 2003). 
North America 
Atlantic N. America (South, 1974; Burrows, 1991; Cribb, 1995); British Columbia & 
North Washington (Scagel 1957; Scagel et at, 1986; Gabrielson eta!., 1987,1989; 
Scagel eta!., 1989; Gabrielson et at, 2000); California (Smith, 1944,1969; Abbott & 
Hollenberg, 1976; Scagel et a!., 1986; Gabrielson et at, 1987,1989; Scagel eta!., 
1989; Gabrielson et at, 2000,2004) - San Francisco Bay (Josselyn & West, 1985); 
Canada - Eastern (South, 1984); Canada to Virginia (Schneider & Searles, 1991); 
Florida (Taylor, 1937,1957,1960; Dawes, 1974) - North East (Schneider & Searles, 
1991); Hawaii (Abbott & Huisman, 2004); Massachusetts (Taylor, 1937,1957,1960); 
North Carolina (Taylor, 1937,1957,1960; Kapraun, 1984; Schneider & Searles, 
1991); Oregon (Gabrielson et at, 1987,1989; Hansen, 1997; Gabrielson et at. 2000, 
2004); Pacific coast N. America (Scagel, 1957; O'Kelly & Yarish, 1981; Burrows, 
1991; Cribb, 1995); Texas (Humm & Hildebrand, 1962) - Corpus Christi Bay 
(Lehman, 1999), Port Aransas (Edwards & Kapraun, 1973; Edwards, 1976); Virginia 
(Humm, 1979); Washington (Gabrielson et al., 1987,1989,2000). 
Gulf of Mexico (Kim, 1964). 
Central America 
Mexico (Humm & Hildebrand, 1962) - Isla Cozumel (Mendoza-Gonzalez et al.. 2000). 
South America 
Brazil (Möbius, 1889; Huber 1892a; Taylor, 1960; Burrows, 1991; Schneider & 
Searles, 1991) - Vera Cruz (Humm & Hildebrand, 1962); Chile (Etcheverry, 1986; 
Ramirez & Santelices, 1991); Galapagos Islands (Burrows, 1991); Peru (Ramirez & 
Santelices, 1991); Uruguay (Coll & Oliveira, 1999). 
Antarctic 
Antarctic Peninsula (Papenfuss, 1964; Wiencke & Clayton, 2002); Antarctic & 
Subantarctic (Papenfuss, 1964; Scagel et al., 1989). 

As Entocladia aff. viridis North America 
Pacific coast N. America O'Kell & Yarish, 1981). 

As Phaeophila viridis North Atlantic Islands 
Azores (Audiffred & Weisscher, 1984); Maderia (Audiffred & Weisscher, 1984) - Ilha 
do Porto Santo (Audiffred & Prud'Home van Reine, 1985); West Indies - Salvage 
Islands (Selvagem Grande) (Audiffred & Weisscher, 1984). 
Atlantic Europe 
Britain (Parke & Dixon, 1976) - Grampian region of Scotland (Wilkinson 1979); 
Ireland (Parke & Dixon, 1976; Guiry, 1978) - Burren, Co. Clare (De Valdra et at, 1979), Galloway (Wilkinson, 1980); Spain - North East (Ballesteros & Romero, 1982), 
Iberian Penisula (Atlantic) (Gallardo et at, 1985). 
Mediterranean Europe & The Adriatic 
Balearic Islands (Ribera Siguän er at, 1982; Ribera Siguän & G6mez Garreta, 1985); 
Spain - Almeria (Soto & Conde. 1989). 
Africa and surrounding islands 
Canary Islands (Gil-Rodriguez & Alfonzo-Canelaria, 1980; Audiffred & Weisseher, 
1984); Cap Blanc (Lawson & John, 1977); Mauritania - Cansado (Lawson & John 
1977); Morocco (Audiffred & Weisscher, 1984). 
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Species 
As Endoderma viride 

As Endodernw minuta 

Acrochaete wittrockii 

As Chlorophilum ephemerum 

As Ectochaete wittrockii 

Global Records 
North Atlantic Islands 
Bermuda (Collins & Hervey, 1917); West Indies - St Jan (Bßrgensen, 1911,1913). 
Atlantic Europe 
Britain (Newton, 1931) - Devon, Scotland, Channel Islands - Guernsey (Hamel, 1930- 
32); Croatia - Jabuka (Ercegovid, 1957); France - Boulogne, St-Malo, Ouessant, 
Quiberon (Hamel, 1930-32); Ireland (Adams, 1902; Batters, 1902; Cotton, 1912; 
Newton, 1931); Netherlands (van Goor, 1923). 
Mediterranean Europe & The Adriatic 
Adriatic Sea - Gulf of Trieste, Gulf of Venice. Lagoon of Venice, Valli di Comacchio, 
The Tremiti Islands, Pianosa Island, Gargano, Brindisi (Furnari et at.. 1999); France - 
La Cote des Alberes (Feldmann, 1937,1938a), Nice (Hamel, 1930-32); Italy - Linosa 
(Cinelli et al., 1976), Italian continental shelf (Giaccone, 1969); Maltese Islands 
(Giaccone er al., 1972; Cormaci et a!., 1997). 
Africa and surrounding islands 
Algeria (Feldmann, 1931); Canary Islands - Tenerife, Gran Canaria (BOrgensen, 
1925); Morroco (Dangeard, 1949); Red Sea (Pagenfuss, 1968). 
Asia 
Borneo (de Wildeman, 1897); Sri Lanka (Ceylon) (Durairatnam, 1961) - Galle 
(Börgensen, 1936); India - Madras (Krishnamurthy & Joshi, 1970; Sahoo et al., 20(4); 
Indonesia (de Wildeman, 1897); Java (de Wildeman, 1900). 
Indian Ocean 
Mauritius (Bßrgensen, 1946). 
Pacific Ocean 
Easter Island (BOrgensen. 1924b; Santelices & Abbott, 1987). 
South America 
Brazil (MSbius, 1889) 
North Atlantic - (South & Tittley, 1986). 
North Atlantic Islands 
Farces (Nielsen & Gunnarsson, 2001; Tittley et al., 2005); Greenland (Nielsen, 1983); 
Iceland (Tinley et al., 2005). 
Atlantic Europe - (Guiry, 2001). 
Baltic Sea (Nielsen, 1988; Nielsen et al. 1995); Britain - Scotland, southeast and west 
England (Hardy & Guiry, 2003,2006), Channel Islands (Nielsen, 1983); Shetland 
Islands (Tinley et al., 2005); Denmark (Nielsen, 1983; Christensen et al., 1985); 
Finland (Nielsen, 1983); Germany - Helgoland (Batsch & Kulenkamp, 2000) , Sylt 
(Kornmann, 1993); Ireland (Hardy & Guiry, 2003,2006) - Clare Island, County Mayo 
(Rindi et al., 2002; Rindi & Guiry, 2004); Norway (Rueness et at., 1997; Lein et al., 
1999). 
North Amercia 
Atlantic N. America (Nielsen & McLachlan, 1986b; Sears, 1998.2002); British 
Columbia (Gabrielson et al., 2006); Oregon (Gabrielson et al., 2006); Southeast 
Alaska (Gabrielson et al., 2006); Washington (Gabriel son et al., 2006). 
Atlantic Europe 
France - Cap-Ferrat (Bassin d'Arcachon) (Dangeard, 1965). 
Arctic 
Canada (Lee, 1980). 
North Atlantic Islands 
Iceland (Caram & Jönsson, 1972). 
Atlantic Europe 
Croatia - Jabuka (Ercegovid, 1957); France (Feldmann, 1954); Germany (Moewus, 
1949); Ireland - West Cork (Cullinane, 1973); Norway (Jaasund, 1965); Sweden - West coast (Kylin, 1938). 
Mediterranean Europe & The Adriatic 
Turkey - Aegean Sea (GÜner et al., 1985). 
North America 
Atlantic N. America (South, 1974). 
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Species 
As Entoderma wittrockii 

As Endoderma wittrockii 

As Entocladia wittrockii 

As Phaeophila wittrockii 

Global Records 
North Atlantic Islands 
Farces (Borgensen & J6nsson, 1905); Greenland (Rosenvinge, 1894,1899) - South 
(Pedersen, 1976), West (Borgensen & J6nsson, 1905); Iceland (J6nsson, 1903) - North 
East & South West (Borgensen & J6nsson, 1905). 
Atlantic Europe 
Amerlik (Rosenvinge, 1893); Finmark (Rosenvinge, 1893; BOrgensen & J6nsson, 
1905); Kattegat (Rosenvinge, 1893); Nordsoen (Rosenvinge, 1893); Osters0en 
(Rosenvinge, 1893); Skagerrak (Rosenvinge, 1893); Britain - Shetland. Scotland 
(B¢rgensen & J6nsson, 1905). 
North America 
Atlantic N America (Borgensen & J6nsson, 1905). 
North Atlantic Islands 
Farces (BOrgensen, 1902-1903). 
Atlantic Europe 
Britain - Northumberland, Wales - Puffin Island, Scotland (Batters, 1902), 
Northumberland, North Wales, South West Scotland (Newton, 1931); France - 
Tatihou (Hamel, 1930-32); Ireland (Adams, 1902; Cotton, 1912); Netherlands (van 
Goor, 1923). 
North Atlantic Islands 
Greenland (Burrows, 1991). 
Tropical & Subtropical Western Atlantic (Wynne, 1998,2005). 
Atlantic Europe (Burrows, 1991). 
Baltic Sea (Huber, 1892a; Reinke, 1889b; Burrows, 1991; Bärbara et at, 2005); Black 
& Azov seas (Gallardo et at. 1993); Britain - (Burrows, 1991); Ireland - Co. Down, 
Co. Antrim, Londonderry (Morton, 1994) 
Netherlands (Weber-van Bosse, 1887; Huber 1892a); North Sea (Huber, 1892a; 
Reinke, 1889b) Kalldgat (Huber, 1892a; Reinke, 1889b); Norway (Wille, 1880); 
Scandinavia south to France (Bärbara et at, 2005); Spain - Galician Islands (B ibara 
eta!., 2005). 
Mediterranean Europe & The Adriatic 
Adriatic coast (including Albania & Gulf Taranto) (Hauck, 1885; Huber 1892a; 
Gallardo et at, 1993); Italy - Sicily & adjacent islands (Gallardo eº at. 1993); Spain 
(Gallardo et at, 1993). 
Africa and surrounding Islands 
Tunisia (Gallardo eta!., 1993). 
Asia 
Pakistan (Silva el at. 1996). 
North America 
Atlantic coast N. America (Burrows, 1991); British Columbia (Scagel et at, 1986; 
Gabrielson et at, 1987,1989; Scagel et al., 1989; Gabrielson et at, 2000); 
Connecticut (Taylor, 1937,1957) 
Eastern Canada (South, 1984); Florida - Pinellas County (Phillips & Springer, 1960); 
Gulf of Mexico (Burrows, 1991); Maine (Taylor, 1937,1957) Massachusetts (Taylor, 
1937; 1957); Oregon (Gabrielson eta!., 1987,1989.2000); Pacific coast N. America 
(O'Kelly & Yarish, 1981; Burrows, 1991); Texas (Humm & Hildebrand, 1962) - Corpus Christi Bay (Lehman. 1999); Southeast Alaska (Gabrielson et at. 1987,1989, 
2000); Virginia (Humm, 1979); Washington (Gabrielson et al. 1987,1989,2000). 
North Atlantic Islands 
Farces (Irvine, 1982). 
Atlantic Europe 
Britain (Parke & Dixon, 1976); Ireland (Parke & Dixon, 1976; Guiry, 1978); 
Netherlands (Stegenga & Mol, 1983); Spain - Iberian Penisula (Atlantic) (Gallardo et 
at. 1985). 
Mediterranean Europe & The Adriatic 
Spain - Almerfa (Soto & Conde, 1989). 
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Project Aims 

This project was undertaken with the aim of meeting the following primary objectives: 

(i) to provide a robust taxonomy for the genus Acrochaete using both molecular and 

morphological characters; (ii) to provide means, both morphological and molecular, for 

the identification of members of the genus to species level. The incorrect taxonomic 

placement of Acrochaete heteroclada (Bown et al., 2003) and continuing lack of formal 

confirmation for the inclusion of A. viridis and A. leptochaete within the genus 

Acrochaete provided the initial impetus for a full taxonomic revision. Additionally, a 

review of the diagnostic morphological characters for the genus was thought necessary 

following the proposed inclusion/exclusion of species in previous studies (Bown et al., 

2003; O'Kelly et al., 2004a, 2004b; and latterly Gabrielson et al., 2006). In pursuing 

the primary objectives the recommendation that comprehensive taxonomic revisions 

require both molecular and morphological data (Mishler & Churchill, 1985; Manhart & 

McCourt, 1992; Moritz & Hillis, 1996; John & Maggs, 1997; Scotland et al., 2003; 

Jenner, 2004; Wiens, 2004) was followed. 

Previous studies suggested that species diversity, host specificity and distribution, and 

higher level evolutionary relationships have yet to be fully characterised for green algal 

epi-/endophytes (e. g. O'Kelly, 1980; Correa & McLachlan, 1991; Hardy & Guiry, 

2003; Gabrielson et al., 2006; Hardy & Guiry, 2006). To address these points, three 

subsidiary aims were incorporated into the current study: (i) to identify whether any of 

the identified species of Acrochaete show host or host life-history phase specificity; (ii) 

to assess the diversity and possible distribution of Acrochaete species around Britain; 

(iii) to ascertain the position of Acrochaete within the Chlorophyta and to confirm the 

higher taxonomic classification of the genus. 
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Chapter 2 Materials and Methods. 

2.1 Selection of green endophyte host species. 

A range of red and brown host algal species were selected from which to isolate green 

algal endophytes (Table 2.1). The choice of host was based on (i) their widespread 

distribution around the British Isles, (ii) their previously recorded association with 

Acrochaete species (Table 1.8), and (iii) observation of mottling within the thallus 

thought to show the presence of algal endophytes (Dilsea carnosa (Schmidel) Kuntze, 

Dumontia contorta (S. G. Gmelin) Ruprecht, and Dictyota dichotoma (Hudson) J. V. 

Lamouroux). From the fucoid species Fucus serratus Linnaeus was selected for 

investigation as previous studies had shown it to form associations with four species of 

Acrochaete, possibly including Acrochaete wittrockii (Lee, 1980; Nielsen, 1983). 

Table 2.1 List of host species and their distribution for Britain and Ireland. 

Host Species Distribution for Britain and Ireland 
(Hardy & Guiry, 2003,2006) 

Rhodophyta 

Chondrus crispus Stackhouse Common to widespread. 

Dilsea carnosa (Schmidel) Kuntze Common to widespread. 
Dumontia contorta (S. G. Gmelin) Ruprecht Common to widespread. 
Mastocarpus stellatus (Stackhouse) Guiry Common to widespread. 

Osmundea hybrida (A. P. de Candolle) K. W. Nam Widespread. 

Osmundea osmunda (S. G. Gmelin) K. W. Nam & Maggs Under-recorded probably due to confusion of 
this species with O. pinnatifida. 

Osmundea pinnatifida (Hudson) Stackhouse Common to widespread. 
Heterokontophyta/Phaeophyceae 

Chorda filum Stackhouse Summer annual; common to widespread. 
Dictyota dichotoma (Hudson) J. V. Lamouroux Common to widespread. 
Fucus serratus Linnaeus Found on most shores. 
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2.2 Collection of host material. 

Host material was collected from the intertidal zone of 53 rocky seashores with varying 

exposure levels (for examples see Fig. 2.1). Forty-four were from Britain, two in the 

Channel Islands, five in Iceland, one in Northern Ireland and one in Norway (Table 2.2). 

Britain applies to sites located around mainland Britain, the Isle of Wight and Lundy 

Island (Fig. 2.2). The sites from around Britain are listed (Table 2.2) with their 

appropriate vice-county (boundaries unaffected by political change and therefore stable 

for comparison over time: The Ray Society, 1969; NBN Trust (2004)). Distributions of 

host species collected around Britain are shown in Figs 2.3-2.12. 

Host species were located by walking haphazardly within the mid and lower shore areas 

and, depending on their presence/absence, 1-10 individuals of each were collected and 

stored in labelled plastic bags. Samples of Osmundea spp, Chorda filum Stackhouse 

and Dumontia contorta were processed as soon after collection as possible; for the other 

hosts, samples were stored in a cool-box containing an ice block, for transport to the 

laboratory, and then stored at 4 °C prior to processing. All material was processed 

within two weeks of collection. 

Four samples of green algal species morphologically resembling Blidingia spp/Ulva spp 

found growing epilithically (on rocks), were collected and retained in culture under the 

same conditions as the isolated epi/endophytes: two of the samples were collected from 

A'Chleit (Kintyre Peninsula, Westerness) and two from Smoo Cave (Durness, West 

Sutherland). 
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Figure 2.1 Examples of rocky shore collection sites from around Britain and the 
Channel Islands, with vice-county and collection date information. 
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Figure 2.1 cont. 
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Figure 2.2 Map showing all collection sites around Britain. 
(Ordnance survey 100029625") 
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Figure 2.3 Collection sites for Chondrus crispus. Figure 2.4 Collection sites for Chorda frlum. 

(Ordnance survey 100029625") (Ordnance survey 100029625" ) 
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Figure 2.5 Collection site for Dictyota dichotoma. Figure 2.6 Collection site for Dilsea carnosa. 
(Ordnance survey (0)029625") (Ordnance survey 100029625')) 
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Figure 2.7 Collection sites for Dumontia contorta. 
(Ordnance survey 100029625") 
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Figure 2.8 Collection sites for Fucus serrates. Figure 2.9 Collection sites for Mastocarpus stellatus. 
(Ordnance survey 100029625') (Ordnance survey 100029625')) 
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Figure 2.10 Collection sites for Osmundea hybrida. Figure 2.11 Collection sites for O. osmunda. 
(Ordnance survey 100029625"') (Ordnance survey 100029625'") 
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Figure 2.12 Collection sites for 0. pinnawifida. 
(Ordnance survey 100029625") 
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2.3 Host material preparation for green algal epi-/endophyte isolation. 

Following collection, samples were selected for epi-/endophyte isolation (Table 2.3) 

and, where possible, the life-history phase of the host sample was determined. Frond 

selection was based upon size, and section length was dependent on frond length (Table 

2.4). The samples were washed either under running tap water or in distilled water 

(Table 2.4), treated with a sodium hypochlorite solution (0.06 % v/v active chlorine) 

and rinsed with distilled water, using methods based on Correa et al. (1988) and Bown 

et al. (2003) and adapted specifically for each host species (Table 2.4). For Chondrus 

crispus and Mastocarpus stellatus (Stackhouse) Guiry, a tip from each selected frond 

was taken to conduct a life-history phase test (Section 2.4). 

Samples of Chorda filum, Dumontia contorta and Osmundea spp were processed as 

soon as possible after collection. The reason for this was the rapid degradation of the 

material (pers. obs. ) and, in the case of Osmundea spp, the production of what were 

thought to be bromine compounds (Philippe Potin, pers. comm. ) when stored for any 

length of time. For samples of Chorda filum and Dumontia contorta, sections (Table 

2.4) were taken from along the length of the frond using a scalpel: these sections were 

selected by eye, where discolouration was seen. For samples of Osmundea spp the 

whole frond was used. 

Samples of other hosts, i. e. Chondrus crispus, Mastocarpus stellatus, Fucus serralus, 

Dilsea carnosa and Dictyota dichotoma, were processed on return to the algal culture 

laboratory [Natural History Museum, London (NHM)j. For each host frond selected, up 

to five samples were taken, using a cork-borer or scalpel, from the central frond area, as 

this was the region thought most likely to contain endophytes (Correa et al., 1987). 
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Table 2.3 Numbers of host plants processed for each site. 
CC - Chondrus crispus, CF - Chorda filum, DiC - Dilsea carnosa, DuC - Dumontia contorta, DD - Diciyora dichotoma, FS - Fucus serrarus, 
MS - Mastocarpus srellatus, OP - Osmundea pinnarifida, 00 - O. osmunda, OH - O. hybrida, 0. spp - Osmundea spp 

Host Species 

Rhodophyta Heterokonto 
(Phaeo h 

phyta 
ceae 

Site CC DiC DuC MS OH 00 OP O. spp CF DD FS 
Britain 
Berwick-upon-Tweed 5 1 5 3 1 3 2 
Cresswell 4 - 1 4 2 1 - - 
Whitburn Bay 4 1 4 4 
West Runton 6 - - 5 - - 2 4 
Sheerness 4 - - - - 
Minster 4 - - - - - 
Herne Bay I - - 
Westgate-on-Sea 15 - 4 9 3 
Hayling Island 15 - - 5 
Bembridge 4 2 2 
Lyme Regis 2 
Sidmouth 28 19 15 10 1 
Hannafore Point, L. ooe 2 - 4 5 3 3 
Poldhu Cove, The Lizard 5 2 5 
Sennen Cove 2 2 2 
Polzeath 4 3 - - 
Ponsense 4 2 
Greenaway - - 5 - - - 
Westward Ho! 6 
Combe Martin Bay 13 9 13 
Blue Anchor Bay 5 
Eilstock 12 - 1 - 3 
Black Rock, Dale village 6 6 8 
Castle Beach 12 7 2 8 6 
St Brides 5 6 5 3 
Rhosneigr 5 5 - 5 3 
St Bees 8 3 6 
West Port, Kintyre Peninsula I 
A'Chldit, Kintyre Peninsula 1 
Easdale I 
Morar & Traigh 4 1 6 I 
Gortenachullish/Eilean Ighe 4 2 10 I 2 
Smoo Cave, Durness 4 2 
Talmine 3 1 3 4 I 1 
Portskerra Harbour, Melvich 4 1 3 2 
Dunnet Bay 3 3 2 1 1 I 
Tang Head 3 4 5 
Balintore 4 
Shandwick Bay 5 1 3 1 2 2 I 
Rosehearty I 2 5 1 2 
Sea greens 4 - 3 2 3 1 
Arbroath 5 1 3 1 3 3 1 2 
Channel Islands F- 
Bouley Bay, Jersey 5 _ 
Greve de L. ec , Jersey 4 
Iceland 
Manuhorn by Grunnavik I 
Bo arfordur, Head, S, Pier - 1 
Alftafordur 2 - Sudar-Bar 3 - - 5 

abotnar 1 - Ireland 
lendrumanin 4 

Norway 

Bergen: 0 arden, Ormhilleren - - - 4 2 
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Following the removal of the sections, the remaining host material was pressed onto 

herbarium paper and given a unique label, as a voucher specimen, to be held in the 

NHM cryptogamic herbarium (BM) for future reference. For samples of Osmundea 

spp, where the whole frond was used, samples of remaining material were pressed for 

reference. 

The cleaned sections, or entire frond, were placed into labelled plastic Sterilin Petri- 

dishes, 50 mm diameter by 20 nun high, containing 30 ml VS20 (see below). Two 

drops (40-80 µl) of penicillin-G solution (at 13 µM penicillin-G stock concentration) 

and two drops (40-80 µl) of germanium (IV) dioxide solution (at 0.96 mM germanium 

dioxide stock concentration) were added to the medium to suppress bacterial and diatom 

growth respectively (Bown et al., 2003). The samples were then incubated at 15 °C on 

a 16: 8 h, light: dark, long-day cycle, with an incident irradiance, from two 

30Watts/35Amps Phillips Coolwhite floresecent tubes (Supplier Phillips, UK), of 

between 6 and 20 µmol photons m2 s'1. 

2.4 Methods for assessing the life-history phase of host samples. 

2.4.1 The resorcinol test for species of Gigartinaceae. 

For samples of Chondrus crispus the life-history phase was determined, and for 

Mastocarpus stellatus confirmed, using the resorcinol test (Garbary & DeWeede, 1988) 

on frond tips. The gametophyte and tetrasporophyte phases of Gigartinaceae species 

can be differentiated using the type of carrageenan produced by each: x-carrageenan in 

gametophytes and ?. -carrageenan in tetrasporophytes (McCandless et al., 1973). The 

chemical method of identifying the carrageenans was developed by Craigie & Leigh 
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(1978) and simplified by Dyck et al. (1985): gametophyte samples show a dark pink or 

red colouration when treated and tetrasporophyte samples are colourless or pale pink. 

Each tip from the selected fronds of C. crispus and M. stellatus was placed into a well 

of a repli-dish and left to air-dry to enable batch processing. To conduct the test, the 

frond tip was placed into a glass test tube and 2 ml of Resorcinol reagent (Table 2.5) 

was added. 

Table 2.5 Resorcinol life-history phase test reagents (Plumb, 1999 p. 38; Bown, 2001 

p. 95). 

Resorcinol stock 

Acetal stock 

Resorcinol reagent 

Solution a. 1.36 mM Resorcinol Sigma- 
ultra (supplied by Sigma-Aldrich 
Company Ltd). 
Solution b. 9 ml Resorcinol solution 
(solution a) in 100 ml concentrated HCI. 
Solution c. 1% solution 
acetaldehydrethylactal 99 % (supplied by 
Sigma-Aldrich Company Ltd) in 10 ml 
deionised water. 
Solution d. 1 ml Acetal stock (solution c) 
in 2 ml deionised water. 
9 ml resorcinol stock (solution b) +1 ml 
Acetal stock (solution d) 

The test tube was placed in a water bath for 90 seconds at 85-90 °C, after which it was 

removed and left for 4-5 minutes at room temperature to allow the colour to develop. 

Following this, sample colouration was assessed against the colour of a tip of known 

life-history phase, based on the presence of cystocarps (gametophyte) or developing 

tetrasporangia (tetrasporophytes). 

2.4.2 Methods for assessing host sample life-history phase using morphology. 

For samples of Osmundea spp, Dilsea carnosa, Dictyota dichotoma and Dumontia 

contorta, a section of host material was taken from the tip of each frond and placed on 
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a microscope slide with a few drops of seawater. A glass coverslip was placed over the 

material and the section examined using a binocular microscope (Zeiss Axioskop 2) for 

the occurrence of tetrasporophyte or gametophyte reproductive features. Species of 

Fucales are known to produce only gametophytic thallus during their life history, with 

plants developing into either male or female (van den Hoek et al., 1995). To assess 

whether the collected Fucus serratus material was reproductive and either male or 

female, a tip of the frond was removed and transverse sections examined by light 

microscopy. Assessment of Chorda filum life-history phase was not necessary as the 

macrothallus is known to be sporophytic (van den Hoek et al., 1995). 

2.5 Isolation and culturing of green algal epiphytes, epi-endophytes and 
endophytes. 

Green algae isolated from samples of host material were grown in sterilized glassware 

or Sterilin Petri-dishes, using pasteurised seawater containing Von Stosch nutrient 

medium as modified by Guiry & Cunningham (1984) (Table 2.6). Prior to use, all 

glassware was soaked in an acid bath (0.25 M hydrochloric acid) for at least 12 hours 

and then washed either by hand twice with hot water and twice with distilled water, or 

using a Camlab cub GW 3050 glasswasher and then rinsed with distilled water prior to 

air-drying. Screw caps, whether metal or plastic, were washed by hand, first in hot 

water, then rinsed with distilled water and left to air-dry. All glassware with no metallic 

or plastic parts was heat sterilized at 200 °C in a Binder oven (VWR, UK) for 2-2 1 

hours. Screw-capped bottles were sterilised using a Midas 56 autoclave (Priorclave, 

UK) at 120 °C for 2 hours. 

The seawater used for the nutrient medium was collected from Portsmouth University 

Institute of Marine Sciences, Portsea Island, in high-density polyethylene carboys. The 

86 



seawater was left to stand in darkness for a minimum of 1 week and was then double 

filtered, first through a funnel containing a 15 cm2 pad of cotton wool (Boots) and a 

2.7 µm pore size GF/D Whatman® glass microfibre filter (98 % particle retention 

rating), and second through a 2.7 µm pore size GF/D Whatman' glass microfibre filter 

only. When needed, the seawater (salinity 35 %o (+/- 1 %c), measured using a Digit 

ATC Salinity pocket refractometer (Medline, UK)) was pasteurised in 4 litre conical 

flasks by heating to 89 °C, cooling to room temperature for 24 hours and then reheating 

to 89 °C. 

The Von Stosch enriched seawater medium was prepared using the protocol outlined by 

Guiry & Cunningham (1984) at 20 ml 1-1 seawater (VS20). Stocks of each of the 

nutrients (Table 2.6) were prepared in sterilised bottles: a final mixed stock solution was 

produced using equal volumes of each individual nutrient stock. 

Table 2.6 Von Stosch medium nutrient stocks as modified by Guiry and Cunningham 
(1984). 

Chemical nutrient Molarity in final mix 
Sodium Nitrate (NaNO3) 0.5 M 

-1 cero hos hate (disodium salt) 25 mM 
Iron (II) sulphate (FeSO4) 0.1 mm 
Manganese chloride (MnC12) 0.99 mm 
Sodium EDTA (Na2 EDTA) 1 mm 
D-biotin 0.41 mM 
Aneurine hydrochloride (vitamin B 1) 0.06 mM 
Cyanocobalamin (vitamin B 12) 3M 

2.5.1 Isolation procedure. 

The incubated samples of host material were checked once a week over a period of 2-4 

months for signs of green algal out-growths using an Olympus CK2 inverted 

microscope. When out-growths were found, these were extracted using ethanol 

sterilised, fine-tipped forceps, and placed in a labelled well (20 x 20 x 18 mm) of a 
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25-compartment repli-dish (100 x 100 x 18 mm) containing 4 ml VS20 and 1 drop 

penicillin-G solution (as above). The repli-dish was then incubated, under the same 

conditions as before, for a further 2 weeks. During this period the samples were 

examined every 3-4 days using a binocular dissecting microscope for any sign of 

contamination by cyanobacteria, brown algae, protozoa or fungi: infected samples were 

discarded. 

2.5.2 Culturing of isolated green algae. 

Extracted endophytes and epi-endophytes, when found to be clear of visible 

contaminants, were transferred to 50 mm diameter x 20 mm high Sterlin plastic Petri- 

dishes containing 30 ml VS20, and labelled with the date and a unique identifier. The 

samples were incubated under the same conditions as before. Once there was sufficient 

biomass (-- 20 mg wet weight) of material, the sample was transferred to a screw top 

glass universal bottle containing 20 - 30 ml VS20: sub-cultures of these samples were 

transferred to fresh medium every 3-4 months. 

2.5.3 Isolation and culturing of Ulva species. 

During the initial 2-4 month incubation period green algal isolates morphologically 

resembling species of the genus Ulva, found growing endo-epiphytically on the host 

material, were haphazardly selected and cultured as described for other green algal 

out-growths. Samples were placed in Sterlin plastic Petri-dishes as described 

previously, labelled with the date and a unique identifier, and incubated under the same 

conditions as before. After a 2-week period samples were examined by binocular 

microscope for signs of contamination e. g. brown algae. Samples found clear of 
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contaminants were transferred into universal bottles and sub-cultured every 3-4 months 

as described above. 

2.6 Analysis of morphology. 

2.6.1 Morphological identification of endophytes. 

A species key for Acrochaete developed by R. Nielsen based on culture material (Sears, 

2002) and published species morphologies (Table 1.5) was used during sample 

identification. A small sample, 1-4 mm in diameter, was taken from the stock culture 

and placed onto a glass slide with a few drops of VS20 medium. Using fine forceps, the 

filaments were gently teased apart. Using one of the microscope/camera combinations 

listed in Table 2.7, each sample was examined at 40,100,200 and 400-times 

magnification. Filament lengths, where these consisted of more than one cell, and cell 

dimensions were determined using a stage micrometer at 400-times magnification. 

Digital images of sample features were taken at 100-times and 400-times magnification. 

Pyrenoids were counted following staining of the surrounding starch grains with 

Lugol's iodine solution (0.039 M iodine, 0.12 M potassium iodide). 

Table 2.7 Microscope and camera details. 

Microscope Camera Short 
name 

Olympus CK2 inverted light microscope Nikon Cool ix 4500 with ocular adaptor. Came 
Zeiss Axioskop 2 Nikon Cool ix 4500 with ocular adaptor. Cam2 
Olympus provis Olympus AX70 / DP70 Cam3 
Zeiss Universal 11 Kodak DCS ProSLR/c Cam4 

2.6.2 Comparison of cultures with type/neotype material. 

Thirty-one cultured isolates from the UK collection were taken to the Botanical 

Museum, Copenhagen for comparison against type specimens held by R. Nielsen (Table 

2.8) and against photographic images of type material. The cultures were examined on 
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four separate occasions during a two-week period and morphological features noted. 

Images were taken using Cam3 (Table 2.7). Samples were stained with iodine (as 

supplied by the Botanical Museum, Copenhagen) to facilitate pyrenoid counts. 

Table 2.8 Samples of type material used for species comparisons. 

Species name and Copenhagen Sample collection information 
culture ID 
Acrochaete repens Material collected from 
RN090704-1 Type host - Chordafilum 

Type. locality - Helgoland, Germany 
Acrochaete leptochaete Material collected from 
RN041878 Host - Chaetomorpha linum (O. F. Müller) Kützing 

Locality - Channel Islands (sample point close to tlocality in Brittany) 
Acrochaete operculata Isolate maintained from type material 
K8 Type host Chondrus crispus Stackhouse 

Type localit , Pubnico Point, Nova Scotia, Canada 
Acrochaete heteroclada Isolate maintained from type material 
K219 Type host Chondrus crispus Stackhouse 

Type locality, Pe 's Cove, Nova Scotia, Canada 
Acrochaete viridis Isolate maintained from type material 
K407 Type host Derbesia balbisiana (Lamouroux) Hamel 

Type localit Naples, Italy 
Acrochaete viridis Isolate maintained from type material 
K338 Type host Derbesia balbisiana (Lamouroux) Hamel 

Type locality Naples, Italy 

2.7 Molecular analyses. 

From the culture collection, 205 samples of green filamentous and blade forming 

species (Table 2.9) were characterised using molecular markers. Part of each sample 

held in storage was removed from its universal bottle using ethanol-sterilized forceps or 

a narrow spatula, and placed into a 90 mm diameter, 60 mm high, sterilised glass 

culture dish containing 150 ml VS20, and incubated on a 16: 8 h light: dark long-day 

cycle, as before, for up to 4 months to increase biomass. 
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Table 2.9 Details of samples used in the molecular analysis. 

Isolate No. Site Collection 
date 

Principle 
Collector 

Host 

Live UK Cult ure collection 
BRIa Eilstock, South Somerset, UK 30.01.95 J . Plumb Chondru. s cris u. s 
BR lb Eilstock, South Somerset, UK 19.05.03 J . Brodie C. cris us 
BRIG Eistock, South Somerset, UK 19.01.96 J. Plumb C. cris us 
BRId Lundy, South Somerset, UK 19.05.03 unknown C. cris pus 
B3sn2 Sheerness, East Kent, UK 22.10.03 J. Brodie C. cris us 
B3sn2a Sheerness, East Kent, UK 22.10.03 J. Brodie C. cris pus 
B5mr2 Minster, East Kent, UK 22.10.03 J. Brodie C. cris pus 
B6mr2 Minster, East Kent, UK 22.10.03 J. Brodie C. cris pus 

list Eilstock, South Somerset, UK 27.10.03 B. Rinkel C. cris pus 
B111s2 Eilstock, South Somerset, UK 27.10.03 B. Rinkel C. cris pus 
B121s2 Eilstock, South Somerset, UK 27.10.03 B. Rinkel C. cris pus 
B13sm2 Sidmouth, South Devon, UK 28.10.03 B. Rinkel Chords slum 
Bl3sm3a Sidmouth, South Devon, UK 28.10.03 B. Rinkel C. slum 
Bl4bala Blue Anchor Bay, South Somerset, UK 27.10.03 B. Kinkel Chondru. s cris pus 

BI4balb Blue Anchor Bay, South Somerset, UK 27.10.03 B. Kinkel C. cris pus 
B14ba2 Blue Anchor Bay, South Somerset, UK 27.10.03 B. Rinkel C. cris us 
B l5bal Blue Anchor Bay, South Somerset, UK 27.10.03 B. Rinkel C. cris pus 
B17ba2 Blue Anchor Bay, South Somerset, UK 27.10.03 B. Kinkel C. cris pus 
B25sm12 Sidmouth, South Devon, UK 28.10.03 B. Rinkel C. cris us 
B28sm21 Sidmouth, South Devon, UK 28.10.03 B. Rinkel C. cris us 
B28sm22 Sidmouth, South Devon, UK 28.10.03 B. Rinkel C. cris pus 
B31sm21 Sidmouth, South Devon, UK 28.10.03 B. Rinkel C. cris us 
B32cml Combe Martin Bay, North Devon, UK 27.10.03 B. Rinkel Ma. stoca u. s srellatuss 
B32cm2 Combe Martin Bay, North Devon, UK 27.10.03 B. Rinkel M. srellarus 
B33cml Combe Martin Bay, North Devon, UK 27.10.03 B. Rinkel Al. srelfarus 
B33cm3 Combe Martin Bay, North Devon, UK 27.10.03 B. Rinkel M. stellarus 
B35cm2 Combe Martin Bay, North Devon, UK 27.10.03 B. Rinkel M. srellaruss 
B36cml Combe Martin Bay, North Devon, UK 27.10.03 B. Rinkel M. srellarus 
B37smI2 Sidmouth, South Devon, UK 28.10.03 B. Rinkel Al. srellarus 
B42sm2l Sidmouth, South Devon, UK 28.10.03 B. Rinkel M. srellarus 
B43sm21 Sidmouth, South Devon, UK 28.10.03 B. Rinkel M. srellarus 
B52cm2 Combe Martin Bay, North Devon, UK 27.10.03 B. Rinkel O. cmundea s p. 
B56sml l Sidmouth, South Devon, UK 27.10.03 B. Rinkel Osmundea s p. 
B63sm11 Sidmouth, South Devon, UK 28.10.03 B. Rinkel O. smundea s p. 
B67sm21 Sidmouth, South Devon, UK 28.10.03 B. Rinkel Osmundea s p. 
B751s1 Lilstock, South Somerset, UK 27.10.03 B. Rinkel Fucu. s serraru. s 

1si Eilstock, South Somerset, UK 27.10.03 B. Rinkel C. cris u. s 
cml Combe Martin Bay, North Devon, UK 27.10.03 B. Rinkel Al. stellarus 
cm1 Combe Martin Ba , North Devon, UK 27.10.03 B. Rinkel M. srellaruss 
cmI Combe Martin Ba , North Devon. UK 27.10.03 B. Rinkel Al. srellaruss 
6sm21 Sidmouth, South Devon, UK 28.10.03 B. Rinkel O. cmundea osmunda 
6sm2la 

I 

Sidmouth, South Devon, UK 28.10.03 B. Rinkel O. osmunda 
4hi3 Ha lin Island, South Ham shire, UK 05.02.04 B. Rinkel C. cris u. s 
5hil Ha lin Island, South Ham shire, UK 05.02.04 B. Rinkel O. smundea. s . 5cb22 Castle Beach, Pembrokeshire, UK 09.03.04 B. Rinkel M. srellarus 

14 0sb2 St Brides, Pembrokeshire, UK 08.03.04 B. Rinkel C. cris pus 
B140sb3 St Brides, Pembrokeshire, UK 08.03.04 B. Rinkel C. cris pus 
B146cb15 Castle Beach, Pembrokeshire, UK 09.03.04 B. Rinkel At. srelfarus 
B 151cb23 Castle Beach, Pembrokeshire, UK 09.03.04 B. Rinkel C. cris us 
B152621 Castle Beach, Pembrokeshire, UK 09.03.04 B. Rinkel C. cris u. s 
B I59br1 Black Rock, Dale village, Pembrokeshire, UK 10.03.04 B. Rinkel Al. srellarus 
B I62br3 Black Rock, Dale village, Pembrokeshire, UK 10.03.04 B. Rinkel C. cris u. s 
B 165br1 Black Rock, Dale village, Pembrokeshire, UK 10.03.04 B. Rinkel C. cris us 
BI85br1 Black Rock, Dale village, Pembrokeshire, UK 10.03.04 B. Rinkel O. cmundea s p. 
e001cw Cresswell, South Northumberland, UK 08.06.04 B. Rinkel O. cmundea r p. 
e002wb Whitburn Bay, South Northumberland, UK 08.06.04 B. Rinkel C. cris pus 
eOO5cw Cresswell, South Northumberland, UK 08.06.04 B. Rinkel O. smundea s p. 
M wb Whitburn Bay, South Northumberland, UK 08.06.04 B. Rinkel C. cris us 

wb Whitburn Bay, South Northumberland, UK 

4 

08.06.04 B. Rinkel C. cris us 
eOO9wb Whitbum Bay, South Northumberland, UK 08.06.04 B. Rinkel Al. srellarus 
e0l5wbl Whitburn Bay, South Northumberland, UK 08.06.04 B. Rinkel At.. sºellatus 
e017cw Cresswell, South Northumberland, UK 08.06.04 B. Rinkel Af. srellarus 
eOl9cw Cresswell, South Northumberland, UK 08.06.04 B. Rinkel Al. srellarus 
e02lcw Cresswell, South Northumberland, UK 08.06.04 B. Rinkel Al, srellarus 
e025 z Polzeath, East Cornwall, UK 19.06.04 M. J. Holmes C, cris us 
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Isolate No1 Site Collection 
date 

Principle 
Collector 

Host 

Live UK Cult ure collection 
e028 Greenaway, East Cornwall, UK 19.06.04 M. J. Holmes M. stellarus 
e029 Greenaway, East Cornwall, UK 19.06.04 M. J. Holmes M. stellarus 
e034N O arden, Ormhilleren, nr Bergen, Norway 23.06.04 1. Brodie M. stellarus 
e038N 0 arden, Ormhilleren, nr Bergen. Norway 23.06.04 J. Brodie Chords lum 

e039 s Portskerra, West Sutherland, UK 13.07.04 B. Rinkel Chondru.. s cris us 
e042mt Morar and Traigh, Westerness, UK 10.07.04 B. Rinkel C. cris us 
eO44gh Gortenachullish(Eilean Ighe, Westemess. UK 11.07.04 B. Rinkel C. cris us 
eO48tm Talmine, West Sutherland, UK 13.07.04 B. Rinkel C. cris us 
eO49db Dunnet Bay, Caithness, UK 14.07.04 B. Rinkel C. cris us 
e05lth Tan Head, Keiss, Caithness, UK 14.07.04 B. Rinkel C. crisp us 
e054s Sea ens, Kincardineshire, UK 16.07.04 B. Rinkel C. cris ur 
eO58bt Berwick-upon-Tweed, North Northumberland, UK 18.07.04 B. Rinkel C. cris us 
eO62 h Gortenachullish(Eilean Ighe, Westemess, UK 11.07.04 B. Rinkel M. stellarus 
e067sca moo Cave, Dueness, West Sutherland, UK 13.07.04 B. Rinkel M. stellarus 
eO68sc moo Cave, Dueness, West Sutherland, UK 13.07.04 B. Rinkel M. stellarus 
e07 s Portskerra, West Sutherland, UK 13.07.04 B. Rinkel M. stellarus 
e071th Tang Head, Keiss, Caithness, UK 14.07.04 B. Rinkel M. stellarus 
e073th Tan Head, Keiss, Caithness, UK 14.07.04 B. Rinkel M. stellarus 
e076ab Arbroath, Anus, UK 17.07.04 B. Rinkel M.. ttellarus 
e078s Sea ens, Kincardineshire, UK 16.07.04 B. Rinkel F. serrarus 
e079w West Port, Kintyre Peninsula, Westerness, UK 10.07.04 B. Rinkel Chords lum 

e080ac A'ChlBit, Kintyre Peninsula, Westemess, UK 10.07.04 B. Rinkel C. glum 

e085 h GortenachullishlEilean Ighe, Westeress, UK 11.07.04 B. Rinkel O. innari da 
e089sw Shandwick Bay, East Ross, UK 12.07.04 B. Rinkel Dumontia contorra 
eO92tm Talmine. West Sutherland, UK 13.07.04 B. Rinkel C. rlum 

eO93db Dunnet t Bay, Caithness, UK 14.07.04 B. Rinkel C. glum 
eO94rh Rosehearty, North Aberdeenshire, UK 15.07.04 B. Rinkel C. slum 
eO99rh Rosehearty. North Aberdeenshire, UK 15.07.04 B. Rinkel O. pinnarilida 
e100ab Arbroath, Angus, UK 17.07.04 B. Rinkel O, innari ida 
el0lbt Berwick-upon-Tweed. North Northumberland, UK 18.07.04 B. Rinkel D. conrorra 
el03wp West Port, Kintyre Peninsula. Westerness, UK 10.07.04 B. Rinkel C. rlum 
e104mt Morar and Traigh, Westeress. UK 10.07.04 B. Rinkel O. innari ida 
e105 h Gortenachullish/Eilean 1 he, Westemess. UK 11.07.04 B. Rinkel O. innari rda 
el07sw Shandwick Bay, East Ross, UK 12.07.04 B. Rinkel C. ilium 

el09tm Talmine, West Sutherland, UK 13.07.04 B. Rinkel C. rlum 
e110db Dunnet Bay, Caithness, UK 14.07.04 B. Rinkel O. hvbrida 
e111th 
e 126th 
ei29gh 
e 134bt 
et39ac 
el4lmt 
e 145th 
e146db 
e148tm 
e151sg 
e156sw 
e160y_h 
e168ab 
e17ft 
e 172sg 
e174ab 
ei77r_h 
e1 ß2bi 
e185sw 
el88db 
eI 89mt 
e 192tm 
e 194th 
e196db 
e197sw 
e 199rh 
e205sw 
e207db 
e209bt 

Tang Head, Keiss, Caithness, UK 
Tang Head, Keiss, Caithness, UK 
Gortenachullish/Eilean Ighe, Westemess, UK 
Berwick-upon-Tweed. North Northumberland, UK 
A'Chlr it, Kintyre Peninsula, Westerness. UK 
Morar and Traigh, Westemess, UK 
Tang Head, Keiss, Caithness, UK 
Dunnet Bay, Caithness, UK 
Talmine, West Sutherland, UK 
Sea ens, Kincardineshire, UK 
Shandwick Bay, East Ross, UK 
Gortenachullish/Eilean Ighe, Westemess, UK 
Arbroath, Angus, UK 
Seagreens, Kincardineshire, UK 
Seagreens, Kincardineshire, UK 
Arbroath, Angus, UK 
Gortenachullish/Eilean Ighe, Westemess, UK 
Balintore, West Ross, UK 
Shandwick Bay, East Ross. UK 
Dunnet Bay, 

_Caithness, 
UK 

Morar and Traigh, Westerness, UK 
Talmine, West Sutherland, UK 
Tang Head. Keiss, Caithness, UK 
Dunnet Bay, Caithness, UK 
Shandwich Bay, East Ross, UK 
Rosehearty, North Aberdeenshire, UK 
Shandwich Bay, East Ross, UK 
Dunnet Bay, Caithness, UK 
Berwick-upon-Tweed, North Northumberland, UK 

14.07.04 
14.07.04 
11.07.04 
18.07.04 
10.07.04 
10.07.04 
14.0 7.04 
14.07.04 
13.07.04 
16.07.04 
12.07.04 
11.07.04 
1 7.07.04 
16.07.04 
16.07.04 
1 7.07.04 
ii. o7.04 
12.07.04 
12.07.04 
14.07.04 
10.07.04 
13.07.04 
14.07.04 
14.07.04 
12.07.04 
1 5.07.04 
12.07.04 
14.07.04 
18.07.04 

B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 
B. Rinkel 

O. pinnaºiJida 
M. sºellatu. t 
F. strratus 
O. pinnarifda 
C. ilum 
C. filum 
O. pinn an riAq 

e211sv ISennen Cove. West Cornwall with Scilly, UK JI5.09.04 M. Spencer 
1C cricpuc 

0. pinnallida 
Al. srellarus 
M. sºellatus 
D, cnnrortu 
Al. sºellaºus 
O. pinn ari idn 
O. o. cmunAa 
O. hvhrida 
D. rnnurrta 
O. innuýi idq 
M. stellutus 
bf. slellalus 
O. 

_ 
hybrida 

Chnndrut crisu. t 
C. rrisrus 
Al. altllaru. e 
Al. stellarus 
C. crisrus 
D. contorta 
At. sltllatus 
F. serraiu. e 
M. . stellalu. s 
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9 cont 
Isolate No. Site Collection 

date 
Principle 
Collector 

Host 

Live UK Cult ure collection 
e2l2 eP onsense Cove, West Cornwall with Scilly, UK 1 6.09.04 M. Spence r C. cris us 
e2l4pc Ponsense Cove, West Cornwall with Scilly, UK 1 6.09.04 M. Spence r C. cris us 
e22Idb Dunnet Bay, Caithness, UK 14.07.04 B. Rinkel O. hvbrida 

e228sg Sea Teens, Kincardineshire, UK 16.07.04 B. Rinkel O. osmunda 
e231s Sea ens, Kincardineshire, UK 16.07.04 B. Rinkel O. h brida 

e232ab Arbroath, Angus, UK 17.07.04 B. Rinkel O. innari ida 
e233ab Arbroath, Angus, UK 17.07.04 B. Rinkel O. innari da 

e247mt Morar and Traigh, Westerness, UK 10.07.04 B. Rinkel M. stellarus 
e251 sc Smoo Cave, Durness, West Sutherland, UK 13.07.04 B. Rinkel M. stellatus 
e252wg Westgate-on-Sea. East Kent, UK 27.10.04 B. Rinkel O. osmunda 

e253wg West gate-on -Sea, East Kent, UK 27.10.04 B. Rinkel O. innari Ida 

e255bt Berwick-upon-Tweed, North Northumberland, UK 18.07.04 B. Rinkel C. cris us 
e256bt Berwick-upon-Tweed, North Northumberland, UK 18.07.04 B. Rinkel C. cris u. s 
e258b1 Balintore, West Ross, UK 12.07.04 B. Rinkel M. srellarus 
e261 sc Smoo Cave, Durness, West Sutherland, UK 13.07.04 B. Rinkel M. stellatus 
e262tm Talmine, West Sutherland, UK 13.07.04 B. Rinkel Al. stellatus 
e266rh Rosehearty, North Aberdeenshire, UK 15.07.04 B. Rinkel M. stellarus 
e27 I bt Berwick-upon-Tweed, North Northumberland, UK 18.07.04 B. Rinkel F. serrarus 
e274aba Arbroath, Angus, UK 17.07.04 B. Rinkel O. innari ida 
e278tm Talmine, West Sutherland, UK 13.07.04 B. Rinkel C. cris us 
e28 Portskerra, West Sutherland, UK 13.07.04 B. Rinkel C. cris pus 
e282rh Rosehearty, North Aberdeenshire, UK 15.07.04 B. Rinkel C. cris us 
e288ab Arbroath, Angus, UK 17.07.04 B. Rinkel C. cris us 
e289m Rhosneigr, Anglesey, UK 12.10.04 B. Rinkel C. cris us 
e292ssh St Bees Head, Cumberland, UK 13.10.04 B. Rinkel C. cris pus 
e294sv Sennen Cove, West Cornwall with Scilly, UK 15.09.04 M. Spencer C. cris u. s 
e298 b Ponsense Cove, West Cornwall with Scilly, UK 16.09.04 M. Spencer C. cris us 
e302wr West Runton, East Norfolk, UK 28.09.04 B. Rinkel Dic ora dichotnma 
e303wr West Runton, East Norfolk, UK 28.09.04 B. Rinkel D. dichotoma 
e317w Westgate-on-Sea, East Kent, UK 27.10.04 B. Rinkel C. cris u. c 
e321t)c Ponsense Cove, West Cornwall with Scilly, UK 16.09 M. Spencer C. cris pus 
e324wr West Runton, East Norfolk, UK 28.09.04 B. Rinkel C. cris u. s 
e325wr West Runton, East Norfolk, UK 28.09.04 B. Rinkel F. serraru. s 
e327wr West Runton, East Norfolk, UK 28.09.04 B. Rinkel F. serraru. s 
e328 d County Down, Ireland 21.09.04 C. Maggs C. cris us 
e330w Westgate-on-Sea, East Kent, UK 27.10.04 B. Rinkel O. innari ida 
e331w Westgate-on-Sea. East Kent, UK 27.10.04 B. Rinkel O. pinnatifida 
e334w Westgate-on-Sea, East Kent, UK 27.10.04 B. Rinkel O. innari ida 
e336w Westgate-on-Sea, East Kent, UK 27.10.04 B. Rinkel O. innari ida 
e344 Ponsense Cove, West Cornwall with Scilly. UK 16.09.04 M. Spencer C. cris u. c 
e347wr West Runton, East Norfolk, UK 28.09.04 B. Rinkel C. cris u. s 
e348wr West Runton, East Norfolk, UK 28.09.04 B. Kinkel Al. stellatuc 

e352bm Rhosnei , Anglesey, UK 12.10.04 B. Rinkel C. cris pus 
e356wg Westgate-on-Sea, East Kent, UK 27.10.04 B. Rinkel C. cris pus 
e375J Greve de Lec , Jersey, Channel Islands, UK 14.03.05 B. Rinkel C. erst us 
e383J Bouley Bay, Jersey, Channel Islands, UK 13.03.05 B. Rinkel C. crs us 
e39liw Bernbridge, Isle of Wight, UK 12.04.05 J. Brodie C. erst us 
e4091s Eilstock, South Somerset, UK 24.04.05 B. Rinkel C. erst use 
e418J Greve de Le , ferse ersey, ChIslands, UK 14.03.05 B. Kinkel C. cris uc 
e425cm Combe Martin Bay. North Devon, UK 24.04.05 B. Rinkel C. crc us 
e426cm Combe Martin Bay, North Devon, UK 24.04.05 B. Rinkel C. cris use 
e4351o Hannafore Point, Looe, East Cornwall, UK 08.05.05 J. Brodie O. hvbrida 
e4361o Hannafore Point, Looe, East Cornwall, UK 08.05.05 J. Brodie O. innari ida 
e4391o Hannafore Point, Looe, East Cornwall, UK 08.05.05 J. Brodie O. osmunda 
e4451o Hannafore Point, Looe, East Cornwall, UK 08.05.05 J. Brodie O. innari ida 
e4541o Hannafore Point, Looe, East Cornwall, UK 08.05.05 J. Brodie O. innari ida 
e461 lo Hannafore Point, Looe, East Cornwall, UK 08.05.05 J. Brodie At. stellatus 
e464pd Poldhu, West Cornwall with Scilly, UK 26.05.05 S. Attwood C. cris pus 
e469tm Talmine, West Sutherland, UK 13.07.04 B. Rinkel O. innari +da 
e470ab Arbroath, Angus, UK 17.07.04 B. Rinkel Chordafilum 
e4761o Hannafore Point, Looe, East Cornwall, UK 08.05.05 J. Brodie O. osntunda 
e4951o Hannafore Point, Looe, East Cornwall, UK 08.05.05 J. Brodie Al. stellatus 
e4971 Alftafordur, West Coast, Iceland 06.07.05 1. Brodie C. filum 
e4981 Sudar-Bar, West Coast, Iceland 07.07.05 J. Brodie Chondru. c cols pus 

e5001 Sudar-Bar, West Coast, Iceland 07.07.05 J. Brodie C. erst u. c 
e5011 Sudar-Bar, West Coast, Iceland 07.07.05 J. Brodie Al. stellaru. s 
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Table 2.9 cont. 
Isolate No. Site Collection 

date 
Principle 
Collector 

Host 

Live UK Cult ure collection 
e5031 Sudar-Bar, West Coast, Iceland 07.07.05 J. Brodie M. srellaru. c 
LTE10/3 St Brides, Pembrokeshire, UK 08.03.04 B. Rinkel O. cmundea s p. 
LTE22a/I Castle Beach. Pembrokeshire, UK 09.03.04 B. Rinkel C. cri c us 
LTE22c/1 Castle Beach, Pembrokeshire, UK 09.03.04 B. Rinkel C. cris pus 
LTE22c/2 Castle Beach, Pembrokeshire, UK 09.03.04 B. Rinkel C. cric us 
LTE25d/1 St Brides, Pembrokeshire, UK 08.03.04 B. Rinkel M.. ctellatus 
1124ac A'ChlEit, Kintyre Peninsula. Westerness, UK 10.07.04 B. Rinkel Free living 
1127sc Smoo Cave, Durness, West Sutherland, UK 13.07.04 B. Rinkel Free livin 

Herbarium I silica gel samples 
Eflustra St Os h, Kent, UK 05/05 1. Tittle Bryzoan (Flustra sp. ) 
Proliferbr Alftafordur, West Coast. Iceland 06.07.05 K. Gunnarsson Free living 

2.7.1 DNA extraction. 

30-50 mg blotted wet weight of live material was placed into a labelled 1.5 ml 

Eppendorf tube with 0.1 g acid-washed sand, and ground under liquid nitrogen with a 

clean, sterilized plastic grinding rod. The freezing process was repeated three times per 

sample. The following nucleic acid extraction method was adapted from Rogers & 

Bendich (1994). 500 µl CTAB buffer (2% CTAB (hexadecyltri-methylammonium 

bromide) in 100 mM Tris HCl pH 8.0,1.4 M NaCl, 20 mM EDTA), 50 µl Sarkosyl 

buffer (10% N-lauryl sarcosine, 100 mM Tris-HC1 pH 8.0,20 mM EDTA) and 10 µl 

proteinase K (20 mg ml"; BDH Laboratory Supplies, Poole, UK) were added and mixed 

using a vortex. Samples were incubated at approximately 60 °C for 60 minutes and 

mixed frequently. 500 µl chloroform: isoamyl alcohol (24: 1 v/v) was then added and the 

solution mixed using the vortex before centrifuging for 3 min at 16,100 x g. The 

supernatant was re-extracted with chloroform: isoamyl alcohol until the supernatant was 

clear. 100% iso-propanol was added, at a ratio of 2: 3 iso-propanol: supernatant (v/v), 

and the samples left on ice for 30 minutes. After centrifuging at 16,100 xg for 3 

minutes the iso-propanol was carefully removed leaving the nuclei acid pellet. The 

pellet was dissolved in 100 pl ultra-pure molecular grade H2O (Eppendorf, UK) and the 

sample cleaned using a GFXTM PCR DNA & Gel Band Purification Kit (Amersham 

Biosciences, Buckinghamshire, UK), following the manufacturer's protocol, modified 
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by replacing 50 µl elution buffer with 20 µl ultra-pure molecular grade H2O to recover 

the purified DNA from the GFX column. 

Sub-samples, comprising 4 µl DNA template mixed with 2 µl bromophenol blue 

(0.25 % bromophenol blue in 40 % (w/v) sucrose in water (Sambrook et al., 1989)), 

were analysed through 0.7 % (w/v) agarose gels (agarose (Seakem®)/iris-acetate (40 

mM Tris-acetate, 1 mM EDTA (Sambrook et al., 1989), 2 mM ethidium bromide 

(10 mg ml" H2O)), at 60 volts for 20 minutes. DNA bands were visualised using ultra- 

violet light. 

DNA extraction was also completed for two dried samples, one from herbarium 

material the other stored in silica gel (Table 2.9). A section of the dried material, 

approximately 0.5 cm2, was taken using ethanol sterilized forceps and placed into a 

labelled 1.5 ml Eppendorf tube. Extraction was then completed using the protocols 

outlined for live material. 

2.7.2 PCR protocols. 

2.7.2.1 For the rDNA ITS2 nuclear marker. 

A region comprising 250 - 350 bp of the rDNA ITS2 region was amplified by PCR 

using the forward primer END1(5' CAYRYCTGCCTCAGCGTCGG 3') and the 

reverse primer ITS4 (5' TCCTCCGC TATTGATATGC 3') (Bown et al., 2003; White 

et al., 1990), (Proligo). PCR products were amplified in 25 µl volumes in labelled 

0.5 ml Eppendorf tubes. The PCR mix contained 1 µ1 extracted DNA, 17.5 µl ultra-pure 

molecular grade H2O, 1x PCR buffer (x10 reaction buffer; Bioline), 2.5 mM MgCl2 

(Bioline), 200 pM dNTP, 1 µM each primer and 0.5 U TAQ polymerase (Bioline). The 
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solution was overlaid with 25 µl light mineral oil and incubated in a Techgene 

touchdown thermocycler (ramp rate of heating 3.6 °C / second; cooling 2.0 °C /second; 

VWR, UK) and amplified using the protocol outlined by Bown et al. (2003): 1 cycle of 

94°C for 3 minutes (initial denaturation); 30 cycles of 94 °C for 1 minute 

(denaturation); 50 °C for 1 minute (annealing) and 72 °C for 2 minutes (extension); 

1 cycle of 72 °C for 5 minutes (final extension). A negative control sample, without 

template DNA, was included to monitor for contamination of reagents. 

2.7.2.2 For the tufA plastid marker. 

A region comprising 750 bp - 980 bp of the plastid marker tufA was amplified using the 

forward primer tufAF (5' TGAAACAGAAMAWCGTCATTATGC 3') and reverse 

primer tufAR (5' CCTTCNCGAATMGCRAAWCGC 3') (Fama et al., 2002) (Proligo). 

The PCR mix was assembled as described for the ITS2 marker and PCR product 

amplified using the touchdown PCR protocol described by O'Kelly et al. (20(4a): 

initial denaturation of 1 cycle at 94°C for 3 minutes; 8 cycles of 94°C for 30 seconds 

(denaturation), 60°C for 30 seconds (annealing) and 72°C for 90 seconds (extension); 2 

cycles of 94°C for 30 seconds (denaturation), 58°C for 30 seconds (annealing) and 72°C 

for 90 seconds (extension); 2 cycles of 94°C for 30 seconds (denaturation), 56°C for 30 

seconds (annealing) and 72°C for 90 seconds (extension); 2 cycles of 94°C for 30 

seconds (denaturation), 53°C for 30 seconds (annealing) and 72°C for 90 seconds 

(extension); 32 cycles of 94°C for 30 seconds (denaturation), 50°C for 30 seconds 

(annealing) and 72°C for 90 seconds (extension); final extension at 72°C for 7 minutes. 

A negative control sample, without template DNA, was included to monitor for 

contamination of reagents. 
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The reaction products were analysed by agarose gel electrophoresis (as above). The 

samples were cleaned using the GFXTM PCR DNA & Gel Band Purification Kit (as 

above) or sent to the DNA sequencing facility (the Natural History Museum, London, 

UK - NHM) for clean-up. When available, samples were checked for product 

concentration using a NanoDrop ND 1000 Spectrophotometer (Labtech, UK), following 

clean-up by the DNA sequencing facility (NHM): the amount of DNA in a 1.3 gl 

sample was assessed using the program ND-1000 V3.2.1 (Coleman Technologies Inc., 

1998). 

2.7.3 Sequencing protocol. 

For each sample a forward and reverse sequencing reaction was performed using the 

following protocol. For samples where concentration was assessed by gel 

electrophoresis: 2 gl undiluted PCR amplified product was pipetted into a 0.5 ml 

Eppendorf tube and 3 gl ultra-pure H2O added. 5 gl SR master mix [1 µl primer (either 

END1 (ITS2 forward reation), ITS4 (ITS2 reverse reaction), tufAF (tufA forward 

reaction) or tufAR (tufA reverse reaction)) plus 1/4 reactions: 2 gl buffer (2.5 x dil 

buffer (200 mM TrisHCl, 5 mM MgCl2, pH 9.0)1,2 µl BigDye (v1.1 Applied 

Biosystems) or '/a reactions: 3 µl buffer, 1 µl BigDye, were added and the samples 

placed on ice. If the PCR product showed a low concentration, ascertained from the 

brightness of the amplified fragment in the agarose gel, the amount of PCR product 

used was increased to 5 gl and the ultra-pure H2O omitted from the mixture. 

Calculation of the amount of DNA required for samples assessed by NanoDrop was 

based on 3 ng per 100 bp: 1TS2 (350 bp) = 10.5 / (ng / µl); and tufA (900 bp) = 27 / (ng 

/ µl). The appropriate amount of undiluted PCR amplified product was pipetted into a 
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0.5 ml Eppendorf tube. For volume <5 µl, H2O was added to bring the total amount up 

to 5 µl: where the volume was <1 µl, a dilution mix of 1: 10 (PCR product: ultra-pure 

H2O v/v) was prepared and the values of PCR amplified product and ultra-pure H2O 

required for the sequence reaction recalculated accordingly. 5 µl SR master mix (as 

above) was then added to each reaction. 

The sequencing reactions were then performed using a thermocycler set to the following 

protocol: 1 cycle at 96°C for 5 min; 30 cycles of 96°C for 25 seconds, 50°C for 15 

seconds, 60°C for 4 minutes (J. Llewellyn-Hughes, pers. comms. ). Sequence reaction 

products were cleaned using a standard ethanol-sodium acetate precipitation to remove 

excess dye-labelled nucleotides and then re-suspended and analysed through a Perkin 

Elmer (UK) ABI 377 DNA Sequencer. 

2.8 Data Analysis. 

2.8.1 Alignment and analysis of sequence data. 

Forward and reverse sequences were assembled using SeqMan (DNAStar Inc., 2005) 

and then input into alignment files in BioEdit Sequence Alignment Editor v6.0.5 (Hall, 

1999-2004). Additional sequences were recovered from GenBank (Table 2.10) and 

included in alignments when relevant. BioEdit (Hall, 1999-2004) was then used to 

align sequences using ClustalW (Thompson et al., 1994) and final alignments of all data 

files produced were completed by manual adjustment. Once aligned, sequence 

similarity was assessed and sequence identity matrices were produced using BioEdit 

(Hall, 1999-2004). Calculation of sequence similarity averages and standard deviations 

were completed using MS Excel 2000 (Microsoft, 2000b). 
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All aligned sequence datasets were analysed using PAUP* 4.0 (Swofford, 2002). 

Maximum parsimony analysis was conducted for each of the datasets using a full 

heuristic search based on Bown et al. (2003). The analysis was conducted for 1000 

random-additional sequence replicates with the settings: tree bisection reconnection 

branch-swapping (TBR); MULTrees option on; collapse branching on if maximum 

length equals zero; saving one tree scoring >_ 5 each replicate tree. Resulting 

phylogenetic trees were saved rooted against the one or more of the selected outgroups 

(Ulothrix zonata (Weber & Mohr) Kützing, Bolbocoleon piliferum, Blidingia minima 

(Nägeli ex Kützing) Kylin, Chlamydomonas reinhardtit). 

Table 2.10 Species information for sequences recovered from GenBank. 

ITS2 
Species Name GenBank 

Accession 
Number 

Acrochaete heteroclada Correa & Nielsen AJ437659 
A. operculata Correa & Nielsen AJ437662 

A1417661 
A. viridis (Reinke) Nielsen AJ437660 

AJ437661 
Acrosiphonia arcta (Dillwyn) Gain AF0192. i6 
A. coalita (Ruprecht) Scagel, Garbary, Golden & M. W. Hawkes AY455943 
Astre homene gubemaculifera Pocock AhD54422 
Blidin ia chaudefaudii (Feldmann) Bliding A1012309 
B. dawsonii Hollenbe & I. A. Abbott) S. C. Lindstrom, L. A. Hanic & L. Golden I x)1139 
B. minima Nä eli ex Kützin ) Kylin AJ(XX)206 
Bulbochaete retangularis Wittrock AY962677 
Chiamydomonas debarvana Goroschankin AJ749627 
C. reinhardtii P. A. Dangeard AJ749638 
Chlorella vulgaris Beijerinck A13162910 
Desmode. smus as mmetricus Schr(ider E. Hegewald D Q417377 
D. cuneatus A. P. Skabichevski' E. Hegewald 110417567 
DiclosteracuatusC. C. Jao, Y. S. Wei & H. C. Hu AJ237963 
Did y rti. s inermis (Fott) Fott AJ237962 
Dunaliella tertiolecta Butcher U66956 
Enallax acuti ormis (B. Schröder F. Hindäk A1237951 
Eudorina lindrica Pocock AF182439 
E. ele ans F. hrenbe AFI R2437 
E. illinoisensis (Kofoid) Pascher AFI82438 
Gloeotilo sis ucicellularis Vischer) Friedl 7A7997 
G. lanctonica I en ar & Philipose 7.28970 
Gonium multicoccum Pocock A13246192 
G. ectorale OF. Müller AKO54440 
Haematococcus droebakensis Wollenweber U66981 
Kornmannia le ºodernw (Kjellman) Bliding AF4I5168 
Laurencia c. e orata (Bory de Saint"Vineent Montagne ARO82344 
Laurencia th rsi era J. Agardh AF082343 
Oedogonium subdissimile C. C. Jan )78101 
O. undulatum BrEbisson A. Braun D Q178023 
Pandorina charkowien. sis Korschikov U66984 
P. morum O. F. Müller) Bo de Saint-Vincent AR)98191 
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Table 2.10 cont. 
ITS2 cont. 
Species Name Genftank 

Accession 
Number 

P. unicocca W. R. Rayburn & R. C. Starr U66999 
Parachlorella kessleri (Fott & Noväkovä) Krientz, E. H. Hegewald, Hepperle, V. Huss, T. Roth & M. 
Wolf 

AB 162911 

Paulschulzia pseudovolvox (Schultz) Skuja AF182428 
Pleodorina indica (1 en ar H. Nozaki U67004 
P. japonica H. Nozaki U67005 
Pmtoderma sarcinoidea (Groover & Bold) Tu pa Z47998 
Pseudendoclonium basiliense Visher Z47996 
Scenedesemus basiliensis Chodat AJ400489 
S. obli uu. s Tu in K(Itzing AJ249507 
S. pectinatus Me en AJ237955 
Sre hanos haera pluvialis Cohen U67006 
Terradesmus wi. sconsianensr. s G. M. Smith AJ237951 
Trebouxia arboricola De Puymaly AM 159216 
T. decolorans Ahmadjian AM 159503 
Ulothrix zonata (Weber & Mohr) Kützin Z47999 
Ulva arasakii Chidara AB097650 
U. armoricana P. Dion, B. de Riviers & G. Coat AB097662 
U. californica Wille AJ234315 
U. clathrata (Roth) C. Agardh (as E. clathrata (Roth) Greville) AFI53492 
U. cvm ressa Linnaeus (as E. compressa (Linnaeus) Nees) AFOI3981 
U. ir. sciata S. F. Cray AB097664 
U. fenestrara Postels & Ruprecht AJ234316 
U. exuo. sa Wulfen AB097647 
U. inresrinalis Linnaeus (as E. intestinalis (Linnaeus) Nees) AJ234299 
U. lactuca Linnaeus AF153488 
U. linza Linnaeus (as E. linza (Linnaeus) J. Agardh) AF153491 
U. muscoides Clement Rubio (as E. muscoides (Clement y Rubio) Cremades) AJ234307 
U. ohnoi Hiraoka & Shimada AB 116034 
U. pertusa K'ellman AJ214121 
U. procera (K. Ahlner) Hayden, Blomster, Maggs, P. C. Silva, M. J. Stanhope & J. R. Waaland (as 
Entemmo ha ahlneriana Bliding) 

AJ012276 

U. roli era OF. Müller (as E. prolifera (O. F. Müller) J. A ardh AJ234305 
U. pseudocurvara Koeman & Van den Hoek AJ234314 
U. reticulata Forssk'el AB097663 
U. ri ida C. Agardh AJ234319 
U. scandinavica Bliding AFI334R6 
U. s inulosa Okamura & Segawa AB097666 
U. raeniara (Setchell ex Collins) Setchell & Gardner A1234320 
Ulvaria . sca Ruprecht A H097637 
Umbraulva amamiensis (Tanaka) Bak & 1. K. Lee AB097640 
U. japonica (Holmes) A6097639 
U. olivescens (Dangeard) Bae & 1. K. Lee AJ234322 
Uro. c ora ne lecta (Kornmann) Lokhorst & Trask AY653741 
U. penirillifornfis Roth) Areschoug AY4768I 1 
U. worm. skioldii (Mertens ex Homemann Rosenvinge AY476819 
Vitreochlamvs ordinata H. Skuja) A. Nakazawa A1749611 
Volvox mu. s. seletii G. S. West U67(>"25 
V. powersii (Shaw) Printz U67024 
Volvulina sreinee Playfair U67036 
V. pringsheimii Starr U67032 
Yama ishiella unicocca W. R. Rayburn & R. C. Starr) H. Nozaki AFO98181 
tufA 
Acrochaete endozoica W. M. Golbe , 1. C. Makemson & S. B. Colley) W. J. W nne AY434412 
A. le tochaete (Huber) Nielsen AY4S4409 
A. ranwsa (N. L Gardner) O'Kelly in Gabrielson, Widdowson & Lindstrom 2006 (as Endophyton 
ramosum N. L. Gardner) AY454410 

A. re pens Pringsheim AY4544) I A. viridis (Reinke) Nielsen AY454407 
Acro. ci honia arcra (Dillwyn) Gain AY454423 
Avrainvillea rawsonü (Dickie) M. A. Howe AM049968 
Bolbocoleon ili erum Pringsheim AY454418 
Bo . sis lumo. sa (Hudson) C. Agardh U09424 
Caulerpa a. shmeadii Harvey 
C. brachv u. s Harvey 52370 

52355 
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Table 2.10 cont. 
TufA cont. 
Species Name GenBank 

Accession 
Number 

C. cacroides (Turner) C. Agardh AJ417969 
C. cu ressoides Vahl C. Agardh 52344 
C. disticho hvlla Sonder AJ417940 
C. ili ormis (Suhr) K. Hering A1417964 
C. exilis J. V. Lamouroux ex C. Agardh 52532 
C. geminata Harvey AJ417968 
C. lanuginosa J. Agardh DQ652498 
C. mexicana Sonder ex Kützin 52464 
C. micro h sa (Weber-van Bosse) J. Feldmann DQ652524 
C. as aloides (Bo de Saint-Vincent) Greville 52510 
C. prolifera (Forsskfil) J. V. Lamouroux 52391 
C. racemosa (ForsskAl) J. Agardh DQ652495 
C. sca/ elli ormis R. Brown ex Turner) C. Agardh A1417972 
C. sela o Turner C. Agardh AJ417973 
C. serrulata ForsskAl J. Agardh DQ632352 
C. sertularioides (S. G. Gmelin M. Howe DQ652419 
C. subserrata Okamura AJ417935 
C. taxi olia M. Vahl) C. Agardh 52361 
C. verticillata J. Agardh DQ632531 
C. webbiana Montagne AJ417966 
Chlam domonas humicola Lucksch AF352838 
C. reinhardtii P. A. Dangeard NC 005353 
Chlorella vulgaris Bei'erinck NC OO1865 
Chlorella s p. U09426 
Codium fragile Suria ar Hariot U09427 
Derbesia marina Lbe K'ellman U09431 
Dra rnaldia lumosa (Vaucher) C. Agardh U09432 
Gonium pectorale O. F. Müller U09433 
Halimeda borneensis W. R. Taylor AM049953 
H. cuneata K. Hering AY826357 
H. lindracea Decaisne AM049956 
H. discoidea Decaisne AY826361 
H. discoidea Decaisne AY826362 
H. gracilis Harvey ex J. Agardh AM049965 
H. incrassata (J. Ellis) 1. V. Lamouroux AM049959 
H. lacunalis W. R. Taylor AY826363 
H. macroh sa Askenasy AM049989 
H. ma nidisca 1. M. Noble AY826364 
H. melanesica Valet AM049961 
H. micronesica Yamada AM049964 
H. monile (J. Ellis & Solander) J. V. Lamouroux AM049962 
H. opuntia (Linnaeus) J. V. Lamouroux AM049967 
H, simulans M. A. Howe AM049963 
H. taenicola W. R. Taylor AY826365 
H. tuna J. Ellis & Solander) J. V. Lamouroux AY826368 
Halochlorococcum moorei N. L. Gardner) Kommann & Sahling AY454417 
Helicosporidium s p. D Q198104 
Helicos oridium s p. AY498714 
Mantoniella s uamata I. Manton & M. Parke) T. V. Desikachary U09438 
Ne hroselmis olivacea F. Stein AFI37379 
Ochlochaete hystrix Twaites ex Harvey AY4S44(l6 
Oltmannsiello si. s viridis (P. E. Hargraves & R. L Steele) M. Chihara & 1. Inouye NC (1)$099 
Ostreococcus tauri C. Courties & M. -J. Chrfitiennot-Dinet NC (x)$289 
Pandorina morum O. F. Müller Bory de Saint-Vincent U09442 
Percursaria perrursa C. A ardh Rosenvinge AY454403 
Phaeo hila dendroides (P. L Crouan & H. M. Crouan) Batters AY454415 
Pol toma ovi ornte nom. nud (Pringsheim, 1962) AF: 352840 
Prorotheca wickerhamii Tubaki & Soneda AJ245645 
Pseudendoclonium akinetum Tu pa AY835431 
Pseudoneochloris marina S. Watanabe, A. Himizu. L. A. Lewis, G. L Floyd & P. A. Fuerst AY454422 
Raphidonema lon i. seta Vischer U09446 
Ruthnielsenia tenuis (Kylin) C. J. O'Kell , B. Wysor, & W. K. Bellows AY454404 
Scenedesmus obli uus Tu in K(itzing I396873 
Sti eoclonium helveticum Vischer 30521 
Tydernania ex ediºionis Weber-van Bosse AM049971 
Udotea orienºalis A. Gepp & E. S. Ge AM049970 
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Table 2.10 cont. 
Tu A cont. 
Species Name GenBank 

Accession 
Number 

Ulothrix zonata (Weber & Mohr) Kützin AY454424 
Ulva call ornica Wille AY434401 
U. inrestinalis Linnaeus AY454399 
Ulva s. AY454400 
Ulvaria obscure var. bl rtii Q. E. Areschoug) Bliding AY454402 

Bootstrap analysis was then used to estimate Glade support with 100 replicates retaining 

group frequencies of > 50 %, with a full heuristic search of 1000 random-additional 

sequence replicates. The combined data matrix was then analysed using ModelTest 3.7 

(Posanda & Crandell, 1998) to obtain appropriate settings for maximum likelihood and 

Bayesian analysis. Maximum likelihood AS-IS analysis was completed for 100 

replicates with 1000 additional replicates using default settings for GTR+G+I in PAUP* 

4.0 (Swofford, 2002) on the combined data matrix and for 10 replicates with 100 

additional reps (GTR+G+I) for the analysis of the Chlorophyta as a whole. Bayesian 

analysis was run for the combined data matrix using Mr Bayes v3.1.1 (Ronquist & 

Heulsenbeck, 2003) for 2,000,000 replicates, and a 95 % majority tree produced. 

2.9 Method for examining host specificity. 

Host and phase specificity for species of Acrochaete, confirmed by the molecular and 

morphological analyses, were examined using McClade version 4.08 (Maddison & 

Maddison, 2005). The combined molecular dataset, including duplicate sequences, host 

species and life history phase data, were imported into McClade and plotted onto 

phylogenetic trees. 

102 



2.10 Method for morphological characterisation of species following phylogenetic 
analyses. 

The morphological characterisation of isolates was completed using methods outlined in 

2.6.1. 

2.11 Method for mapping indications of species distribution. 

To map the occurrences of Acrochaete and non-Acrochaete green algal endophyte 

species, confirmed by the molecular and morphological analysis, around Britain, 

collection site name, site code and ordnance survey grid reference for samples were 

input into an MS Access 2000 (Microsoft, 2000a) and imported into ArcMAPTM 9.0 

(ESRI, 1999-2004) for plotting. 
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Chapter 3 Results. 

3.1 Isolation of green algal epi-/endophytes and their initial morphological 
identification. 

3.1.1 Collection of host material. 

Green algal epi-/endophytes were found growing in association with all potential host 

species collected. A higher number were isolated from red algal host species than from 

the brown hosts (Table 3.1.1). For all but one of the red hosts, approximately 50 % of 

individuals were associated with green algal species. In contrast, species were found to 

be associated with > 70 % of samples for two brown algal host species (Table 3.1.1). 

Although the quantity of red algal host material collected was ten times that of the 

brown host species, there was little difference (2 %) between the percentage associated 

with green epi-/endophytes (Table 3.1.1). 

Table 3.1.1 Frequency of host species supporting green algal epi-/endophytes. 

Host Total number 
of host plants 

collected 

Proportion of 
hosts from 

which isolates 
were 

obtained 

Total number 
of isolates 
obtained 

Red algal host species 
Chondrus Cris us 235 50 259 
Dilsea carnosa 2 50 1 
Dumontia contorta 8 50 6 
Mastocarpus stellatus 140 51 140 
Osmundea hybrida 16 25 8 
O. osmunda 35 49 27 
O. innati ida 89 51 69 
Osmundea s 36 11 7 
Mean overall % containing epi-/endophytes 23 
Brown algal host species 
Chorda slum 14 71 28 
Dic ota dichotoma 2 100 5 
Fucus serratus 36 22 12 
Mean overall % containing epi-/endophytes 21 
Totals 613 23 563 
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When examined by life-history phase (Table 3.1.2), the total Chondrus crispus material 

showed a1% difference between the frequency of association of epi-/endophytes with 

gametophyte C. crispus than with tetrasporophyte plants. When analysed by site, 

gametophyte plants from eleven sites had a higher percentage than tetrasporophyte 

material and seven sites showed the reverse, with tetrasporophyte plants showing the 

higher frequency (Table 3.1.2). Of the other species where gametophyte and 

tetrasporophyte plants were identified, 50 % of gametophyte plants for all Osmundea 

species were associated with epi-/endophytes and the same proportion or lower were 

isolated from tetrasporophyte plants (Table 3.1.2). Of the four sites where material for 

both life-history phases were collected, two revealed a higher frequency of association 

for tetrasporophyte plants (Table 3.1.2). Non-reproductive Osmundea material either 

failed to yield isolates (0. hybrida) or isolates were found with < 50 % of plants 

(0. osmunda 47 %, O. pinnatifida 33 %) (Table 3.1.2). The single gametophytic 

Dumontia contorta plant was associated with epi-/endophytes, as were 43 % of the 

tetrasporophyte plants (Table 3.1.2). No site comparison could be made for this species 

as material for both life-history phases was not obtained from the same site. For the 

remaining species collected, non-reproductive plants of Fucus serratus revealed a 

higher percentage frequency of association than reproductive plants, as did gametophyte 

Mastocarpus stellatus plants from those where life-history was not determined (rabic 

3.1.2). All Dilsea carnosa and Dictyota dichotoma material yielded isolates, as did 

71 % of Chorda filum collected (Table 3.1.2). 

Four sites revealed that 100 % of host material collected was associated with epi- 

/endophytes (Minster (southeast (SE)), West Port and A'Chleit (northwest (NW)) and 

Sudar-Bar, Iceland (Table 3.1.2). In contrast, there were seven sites where no isolates 
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were obtained (Table 3.1.2). Of these, four were located around Britain (Herne Bay, 

Lyme Regis, Westward Ho!, Easdale). At two of these, Herne Bay and Easdale, only 

one host plant was collected and processed. At Herne Bay the low number of plants 

was attributed to type of shore (pebble beach), and the sample collected, although 

attached to a pebble, may have been drift. At Easdale the low number of host 

specimens collected was due to the limited occurrence of the host species among the 

sparse flora found at the site. For shores where epi-/endophytes were isolated the 

frequency of association with host material ranged from 6% (St Bees, (NW) to 80 % 

(Blue Anchor Bay, southwest Britain (SW) & Greve de Lecq, Jersey, the Channel 

Islands) (Table 3.1.2). The site where the greatest number of host plants were collected 

and that yielded the highest number of isolates (Sidmouth, south coast (S)) did not have 

the highest frequency of association (56 % overall) (Table 3.1.2). 

For sites where more than one host was collected, ten yielded isolates from all host 

species collected (West Runton (east (E)), Sidmouth, Hannafore Point and Poldhu Cove 

(S), Combe Martin Bay and St Brides (SW), Morar & Traigh (NW), Dunnet Bay (north 

(N)), Tang Head and Seagreens (northeast (NE)) and Sudar-Bar (Iceland)) (Table 3.1.2). 

Sites around Britain showed that green epi-/endophytes were present within host 

material collected throughout the year and sites where frequency was > 50 % were 

located in all coast regions of Britain (e. g. N- Dunnet Bay 64 X10, NE - Seagreens 77 rlo, 

SE - Minster 100 %, S- Ponsense 67 %, SW - Blue Anchor Bay 80 %, NW - 

Gortenachullish/Eilean Ighe 53 %) (Tables 2.2 & 3.1.2). 

Two collections were made (October 2003 and April 2004) at Sidmouth and Combe 

Martin Bay (Table 2.2). The April 2004 collections comprised Chondrus crispus plants 

only. When the April collection figures were removed from the totals for the two sites, 
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the overall percentage frequency for Sidmouth (S) increased (from 56 % to 67 %), with 

78 % of gametophyte C. crispus plants yielding isolates and 80 % of tetrasporophyte 

plants. The removal has the opposite effect for Combe Martin Bay (SW) with the 

overall frequency falling to 65 % (from 71%) and the frequency of association for 

tetrasporophyte C. crispus falls to 33 % (from 57 %). Sixty percent of the material 

collected in April at Combe Martin Bay was associated with green algal epi- 

/endophytes and 20 % (13 % gametophyte, 50 % tetrasporophyte C. crispus) of material 

collected at Sidmouth. 

During the 3-year research period, 21 % of the 563 initial isolates either died (cells 

became transparent and growth ceased) or were lost through contamination with 

cyanobacteria, brown algal species or fungi. 

3.1.2 Isolation of Ulva species. 

Fifty-five isolates of Ulva were brought into culture. The samples, found growing 

epiphytically on host material, were collected from 17 sites located around Britain and 

from Glendrumanin, Ireland (Table 3.1.3). The Ulva isolates were obtained from all 

host species with the exception of Dilsea carnosa and Dictyota dichotoma. The greatest 

numbers of samples were isolated from C. crispus, followed by M. stellatus and 

0. pinnatifida. Sidmouth and Combe Martin Bay gave the highest number of samples. 

During the 3-year research period, 11 % of the Ulva isolates were lost through 

contamination with cyanobacteria, brown algal species or fungi. 
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3.1.3 Initial identification using morphological characters. 

Of all isolates, most were identified to genus level, and where possible species level 

(Table 3.1.4). Of the 563 isolates, 445 were identified as Acrochaete species and the 

remainder were identified as Bolbocoleon piliferum, Blidingia, Epicladia and 

Pseudendoclonium species. With the exception of two isolates, thought to be 

P. fucicola (Rosenvinge) Nielsen, those for the latter three genera could only be 

identified to genus level, as no species-specific characteristics were observed. There 

were forty-five isolates that could not be assigned to a genus, of which eight were 

unicellular flagellates. Within Acrochaete, the greatest number of isolates were 

identified as A. viridis (194 samples) or showed morphological characteristics of both A. 

viridis and one other Acrochaete species (67 samples). Morphological analyses 

suggested that six species of Acrochaete were represented within the culture collection. 

Comparison of thirty-one isolates with material held in the Botanical Museum, 

Copenhagen revealed that twenty-two had morphological characters identified for 

Acrochaete species. Of these, four were considered to be A. heteroclada, one A. 

leptochaete, four A. repens, nine A. viridis, and four were identified to genus level only. 

None of the samples had the characteristics expected for A. operculata or A. wittrockii. 

The remaining nine isolates were identified as species belonging to other genera 

including Epicladia or Pseudendoclonium. One of the isolates taken to Denmark was 

identified as A. heteroclada J. Plumb (PhD Student, University of the West of England) 

(Bown, 2001: p. 50). Morphological comparison against the type material for the 

species revealed that this isolate displayed none of the characteristics of A. heteroclada, 

suggesting that the original identification was incorrect. Morphologically, this isolate 

showed closer resemblance to species of Epicladia. The new identification as Epicladia 

was confirmed by R. Nielsen (Algal curator, Botanical museum, Copenhagen) (pers. 

comm. ). 
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3.2 Molecular characterisation of green algal epi-/endophyte isolates. 

3.2.1 Results of DNA extraction, PCR and sequencing. 

From a total of 207 isolates, DNA extraction and PCR amplification were successful for 

93 % (192 isolates). For 89 % (170 isolates) of those where PCR product had been 

obtained approximately 300 basepairs (bp) of sequence were obtained for the nuclear 

marker, ITS2 plus flanking regions. Of these 170 isolates, 80 % also yielded a tufA 

sequence of approximately 850 bp. 

3.2.2. Occurrence of identical sequences within the rDNA ITS2 and tufA datasets. 

The sequences obtained for the ITS2 and tufA markers were compared in order to 

identify isolates sharing identical sequences. A sequence was considered identical if 

there were no differences within the sequence length and, for ITS2 sequences, there was 

no more than 5 bp of missing data at the beginning or end of the sequence. These bp 

differences in the ITS2 data were a result of sequence trimming to remove unclear 

sequence data and were not found following the trimming of tufA data. From each 

group of identical sequences recognised, one isolate sequence was included in the 

alignment and the remainder listed as duplicates in the resulting trees. The ITS2 dataset 

yielded 22 groups of identical sequences and as a consequence 44 were excluded from 

the alignment (Table 3.2.1). Seven groups of identical sequences were found for tufA 

(Table 3.2.1) and 29 isolates were excluded from the analysis. Twenty-six isolates were 

identified with identical sequence data to other isolates for both loci (Table 3.2.1). Of 

these six (e006wb, eOO8wb, e062gh, a 197sw, e280ps, e418J) were identical to isolate 

e 151 sg, and two sequences (eO44gh, e5001) were identical to isolate LTE22c2 for both 

datasets. 
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Table 3.2.1 List of sequence isolate numbers included in the rDNA ITS2 and tufA 
alignments with numbers for excluded isolates. Isolates found in both datasets are 
marked in bold. 

Isolate number for 
sequence used in alignment 

Isolate number for identical sequence(s) 

ITS2 
Blllsl e100ab 
B28sm21 B 15ba1 
B43sm21 e289rn, e324wr, e348wr 
B116sm21 B28sm22 
e002wb e258b1 
e034N e247mt, e261 sc 
e067sca e017cw 
e068sc B 159br 1, e262tm 

____e079wp 
e092tm, e109tm 

eO85gh B185br1, e0olcw, el34bt, LTE10/3 
elOl bt e038N, e094rh, e 141 mt 
ell0db e188db 
e 126th e4971 , 603I 
e146db e278tm 
e151sg B 135cb2, B 1466 15, e006wb, e008wb, eO62gh, 

e073th, e197sw, e280 s, e418J, e425cm 
el96db e282rh 
e292ssh B31sm21 
e356wgb e 104mt 
e383J e192tm 
e4351o e4361s, e4541o 
e4981 e231s 
LTE22c2 e044 h, e500I 

tufA 
B31sm21 e327wr 
B85cm12 B35cm2 
B116sm21a B43sm21 
e093db e092tm, e109tm 
el l lth B63sm11, e134bt 
e151sg e006wb, e008wb, e028gw, e034N, e062gh, eO68sc, 

e197sw, e258b1, e262tm, e280ps, e418J, e497I, 
e501 I, e5031 

e344pc e038N 
e356w a el74ab 
LTE22c2 B28sm21, e042mt, e044gh, eO58bt, e211 sv, e383J, 

e500I 
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3.2.3 Details of the isolates where no molecular data could be obtained. 

Fifteen extracted DNA isolates failed to yield any PCR products during the molecular 

analyses (Table 3.2.2). The isolates were from both red and brown algal host species 

collected from around the coast of Britain (Table 3.2.1). Twelve of the 15 isolates had 

been morphologically identified as Acrochaete species. 

Table 3.2.2 List of isolates, with identification and collection details, where PCR 

amplification failed following DNA extraction. 

Isolate 
number 

Morphological 
identification 

Host species Collection site 

BI 21s2 Epicladia s p. ? Chondrus cris us Lilstock 
B42sm21 Acrochaete s p. Mastocarpus stellatus Sidmouth 
BI 40sb2 not Acrochaete C. cris us St Brides 

B165br1 A. viridis/Endo h yton s p. C. cris us Black Rock 
e07 I th A. viridis/A. heteroclada M. stellatus Tang Head 
eO8Oac A. repenslA. viridis Chordafilum A'Chl& 
e148tm A. viridis/Endo h yton s p. M. stellatus Talmine 
e172s A. viridis Osmundea hybrida Sea greens 
e221db Unicellular flagellate O. hybrida Dunnet Bay 
e232ab A. viridis/Endo h yton s p. O. innati Ada Arbroath 

e302wr A. viridis Dim ota dichotoma West Runton 

e334wg A. heteroclada O. innati tda West ate-on-Sea 
e426cm A. viridis Chondrus cris us Combe Martin Bay 
e4391o A. heteroclada O. osmunda Hannafore point, Looe 
e4451o A. re ens O. pinnatifida Hannafore point, Looe 

3.2.4 Details of the isolates where sequence data could not be obtained for the ITS2 
or tufA markers. 

Twenty-two isolates failed to produce ITS2 sequence data following PCR amplification 

and 29 failed to yield sequence data from the tufA amplification products (Table 3.2.3). 

All of the isolates that failed to produce tufA data had previously yielded ITS2 data. 

For both loci the greatest number of failures were isolates from Chondrus crispus (55 % 

ITS2,30 % tufA). Morphologically 59 % of the ITS2 isolates, that had failed to yield 

sequence data, had been identified as Acrochaete species, as had 38 % of the tufA 
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Table 3.2.3 List of isolates, with initial morphological identification, host species and 
collection site information, which failed to produce sequence data for either the ITS2 or 
tufA markers. 

Isolate 
number 

Morphological --i 

identification 

ii' species Collection site 

ITS2 
B3sn2a not Acrochaete Chondrus cris us Sheerness 
B14bala A. viridis C. cris us Blue Anchor Bay 
B 17ba2 Pseudendoclonium s P. ? C. cris us Blue Anchor Bay 
B81cml Pseudendoclonium s p. ? C. cris us Combe Martin Bay 
B 140sb3 not Acrochaete C. cris us St Brides 
B 152cb21 A. viridis C. cris us Castle Beach 
e025 z A. heteroclada C. cris us Polzeath 
e048tm A. heteroclada C. cris us Talmine 
e105 h not Acrochaete Osmundea pinnatifida Gortenachullish/Eilean Ighe 
e145th Acrochaete s p. O. pinnatifida Tang Head 

el56sw B. ili erum Dumontia contorta Shandwick Bay 

e182b1 A. viridis Mastocarpus stellatus Balintore 
el85sw B. ili erum M. stellatus Shandwick Bay 

e189mt B. piliferum. C. cris us Morar and Traigh 
e205sw A. re ens M. stellatus Shandwick Bay 

e207db A. heteroclada Fucus serratus Dunnet Bay 
e256bt not Acrochaete C. cris us Berwick-upon-Tweed 
e274aba A. re ens 0. innati Ada Arbroath 
e294sv A. viridis C. cris us Sennen Cove 
e303wr A. viridislA. leprochaere Diavota dichotoma West Runton 

e336wg A. viridis O. innati ida Westgate-on-Sea 
e4091s A. viridis C. cris us Lilstock 
tufA 
B162br3 A. viridis C. cris us Black Rock 
e009wb Blidingia s p. ? M. stellatus Whitburn Bay 

e067sca Pseudendoclonium s p. ? M. stellatus Smoo Cave 
e079w A. re ens Chordafilum West Port 

eO89sw B. ili erum Dumontia contorta Shandwick Bay 
e094rh B. pili erum C. ilum Rosehearty 

B. ili erum D. contorta Berwick-upon-Tweed 
el lOdb Unicellular flagellate O. hybrida Dunnet Bay 
e139ac B. ili erum C. alum A'Chldit 
e141mt B. ili erum C. rlum Morar and Traigh 
e188db Unicellular flagellate 0. hybrida Dunnet Bay 
e199rh B. piliferum D. contorta Rosehearty 
e2l2 c not Acrochaete Chondrus cris us Ponsense Cove 
e2I4 c A. repenslA. leptochaete C. cris us Ponsense Cove 
e228sg Acrochaete s p. 0. osmunda Sea greens 
e282rh B. ili erum C. cris us Roseheart 
e288ab A. viridis C. cris us Arbroath 
e292ssh A. viridis/A. heteroclada C. cris us St Bees 
e298pcb Acrochaete s p. C. cris us Ponsense Cove 
e321 A. viridis C. cris us Ponsense Cove 

e330w not Acrochaete O. innati ida Westgate-on-Sea 
e4351o Acrochaete s p. 0. hybrida Hannafore Point, Looe 
e4541o not Acrochaete O. pinnatifida Hannafore Point, Looc 
e461lo A. viridislA. heteroclada M. stellatus Hannafore Point, Lone 
e470ab U. prolifera Chordafilum Arbroath 
LTE25d/1 A. heteroclada M. stellatus St Brides 
I127sc Blidin is s . /Ulva s. - Smoo Cave 
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isolates. The failures that occurred for either loci were attributed to one of the 

following: (i) problems with the chemistry used during the PCR process e. g. age of the 

TAQ used or degenerated primers, (ii) high polysaccharide content of the DNA extract, 

(iii) human error during the preparation of the PCR reactions, (iv) error during the 

sequencing process. 

3.2.5 Sequence similarity and maximum parsimony analyses conducted on the 
initial datasets for ITS2 and tufA. 

3.2.5.1 Summary of sequence alignment and analysis results. 

The initial sequence dataset for the ITS2 marker (Appendix 1) consisted of one hundred 

and twenty-six newly obtained sequences aligned with twenty-nine GenBank sequences 

of filamentous or blade-forming Ulvophyceae and Chlorophyceae species including 

those previously identified as Acrochaete species. Parsimony analysis revealed 203 

parsimony-informative characters and produced 54 trees with length 1457, consistency 

index (CI) 0.431 and retention index (RI) 0.881. The initial tufA analysis was 

conducted on a dataset (Appendix 1) that comprised sixty-eight newly obtained 

sequences and eighteen sequences from GenBank. As with the ITS2 dataset, the 

GenBank sequences belonged to filamentous or blade-forming species of Ulvophyceae 

and Chlorophyceae or isolates identified as Acrochaete species. Analysis revealed 333 

parsimony-informative characters and produced 154 trees with length 2131, CI 0.384 

and RI 0.75. 

The resulting strict consensus trees, both rooted against the outgroup Ulothrix zonala, 

showed seven main clades for the ITS2 dataset (Fig. 3.2.1) and six clades for the tufA 

dataset (Fig. 3.2.2). Some congruence was apparent between the two datasets. For both 
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analyses, Clade 1 (Figs. 3.2.1 & 3.2.2) contained the majority of isolates 

morphologically identified as Acrochaete spp, and most previously published sequences 

for Acrochaete species. The ITS2 sequence identified as A. heteroclada (AJ437659) by 

J. Plumb (Bown, 2001: P. 113), fell outside of this main Acrochaete Glade in Clade 4 

(Fig. 3.2.1 C4-4). Clade 2, for both loci (Figs. 3.2.1,3.2.2), contained newly obtained 

and previously published sequences identified as Ulva. The analyses placed these two 

clades as sisters within a larger well supported Glade (91 % bootstrap ITS2 and 98 % 

bootstrap tufA). The division of the two clades had low (Fig. 3.2.170 % bootstrap) or 

no support in 1TS2, but tufA (Fig. 3.2.2) showed strong support, with' Clade 1 fully 

supported (100 % bootstrap) and Clade 2 having high support (89 % bootstrap). The 

relationships of groupings within Clade 1 are examined in Section 3.2.6. Groupings of 

isolates within Clade 2 of the ITS2 and tufA analyses were consistent (Figs. 3.2.1, 

3.2.2). Three main groupings, including newly obtained sequence data, were well 

supported in the ITS2 dataset (UI - 100 % bootstrap, UP - 80 % bootstrap, UL - 98 % 

bootstrap), and two in the tufA analysis (UI - 100 % bootstrap, UP - 99 % bootstrap). 

The groupings included previously published sequences for U. intestinalis Linnaeus 

(both ITS2 (AJ234299) and tufA (AY454399)), U. prolifera OF. Muller (AJ234305 

ITS2 only) and U. linza Linnaeus (AF153491 ITS2 only). The newly obtained 

sequence for U. prolifera aligned closely with the reference sequence included for the 

species, and the sequence for Epicladia f lustrae fell within Clade 2, in a sister Glade to 

U. intestinalis (AJ234299 (ITS2) and AY454399 (tufA)). This sister Glade included 

U. compressa (AF013981) and U. pseudocurvata (AJ234314) in the ITS2 analysis (Fig. 

3.2.1), and the separation from U. intestinalis was well supported by both analyses (Fig. 

3.2.1: 98 % bootstrap (ITS2), Fig. 3.2.2: 100 % bootstrap (tufA)). The results suggested 
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Figure 3.2.1 Strict consensus tree compiled from 54 trees produced by maximum 
parsimony analysis of the initial ITS2 dataset. Numbers show bootstrap support for 

clades, > 50 %. 
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Figure 3.2.2 Strict consensus tree compiled from 154 trees produced by maximum 
parsimony analysis of the initial tufA dataset. Numbers show bootstrap support for 

clades, > 50 %. 
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that isolate a 160gh, previously identified morphologically as belonging to either Ulva or 

Blidingia, was U. prolifera. 

Further congruence between the two datasets was shown in the grouping of isolates 

morphologically identified as Bolbocoleon (Fig. 3.2.1 Clade 3& Fig. 3.2.2 Clade 5: 

100 % bootstrap) and the well supported grouping of isolates identified as Blidingia 

species (ITS2 Clade 7-1,96 % bootstrap / tufA Clade 6-2,100 % bootstrap). However, 

there was some incongruence within ITS2 Clade 3 (Fig. 3.2.1), where a second fully 

supported (100 % bootstrap) sister Glade to the isolates identified as Bolbocoleon 

piliferum (AY454418), was not supported by the tufA analysis. 

Incongruence was shown between isolates falling within ITS2 Clades 4 and 5 (Fig. 

3.2.1), and tufA dataset groupings (Fig. 3.2.2). 1TS2 Clade 4 contained six fully or well 

supported groupings (C4-1 94 % bootstrap, C4-2 97 % bootstrap, C4-3 94 % bootstrap, 

C4-4 100 % bootstrap, KL - 100 % bootstrap, BD/BC - 99 % bootstrap). The tufA 

analysis (Fig. 3.2.2) revealed three of the same groupings as the ITS2 results (Fig. 3.2.1) 

(C3-2 = C4-1: 100 % bootstrap, C3-1 = C4-3, C4-1 = C4-4: 100 % bootstrap). The 

differences were shown by the fully supported groupings containing isolates BRIa and 

B751s1, and, eOl7cw and e209bt. The first pair of isolates were placed within a larger 

Glade (Fig. 3.2.1 Clade 4) by the ITS2 analysis, but formed their own Glade (Fig. 3.2.2 

Clade 5) with Halochlorococcum moorei (AY454417), when analysed using the tufA 

marker. The second isolate pair formed a sister Glade with the unicellular species 

sequence data within ITS2 Clade 5 (Fig. 3.2.1), but tufA analysis (Fig. 3.2.2) placed the 

isolates as a fully support group (100 % bootstrap), sister to the group containing 
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isolates BR1d and B37sm12 (Fig. 3.2.2 Clade 3), a group falling within Clade 3 (Fig. 

3.2.1) for ITS2. 

Three inconsistencies were revealed by the analysis. Isolates B761s1, e4981 and 

e00Scw, all morphologically identified as Acrochaete species, fell within ITS2 Clade 1 

(Fig. 3.2.1), but the tufA data (Fig. 3.2.2) placed them within Clade 4 or Clade 6. Based 

on the ITS2 results and morphological analysis, particularly for e4981 where an 

identical sequence was obtained for a second isolate (Table 3.2.1), this inconsistency in 

the tufA data may indicate an error during the sequencing reactions. The cause of the 

error was thought to be due to sample contamination or mis-labelling. 

3.2.5.2 Sequence similarity comparisons. 

There was reasonable support for the grouping of isolates within 1TS2 Clade 1 (Fig. 

3.2.1) from the sequence similarity (Table 3.2.4: average similarity 0.758 t 0.080 

standard deviation (SD)) and strong support (Table 3.2.5: average similarity 0.928 t 

0.124 SD) for their grouping in tufA Clade 1 (Fig. 3.2.2). The sequence similarity 

matrices (Appendix 2) revealed that the following isolates were identical (similarity 

1.000) in Clade 1 of the tufA dataset (Fig. 3.2.2): (i) B52cm2, e253wga and ell lth, (ii) 

e464pd with A. viridis (AY454407), (iii) e093db with A. repens (AY454411). No 

sequences were recorded as identical within ITS2 Clade 1 (Fig. 3.2.1), but nine out of 

the twelve groupings within the Glade had high sequence similarity (> 0.900). 

Sequence similarities within Clade 2 showed values similar to those recorded for Clade 

1 (Tables 3.2.4 & 3.2.5) supporting the parsimony analysis results (Figs. 3.2.1 & 3.2.2). 

In Clade 2 of the ITS2 dataset (Fig. 3.2.1) U. compressa Linnaeus (AF013981) was 
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identical to U. pseudocurvata Koeman & Hoek (AJ234314) and U. lactuca Linnaeus 

(AF153488) to U. scandinavica Bliding (AF153486) in the sequence similarity matrices 

(Appendix 2). For isolates of Clade 2 of the tufA dataset (Fig. 3.2.2) BR1b and e328gd 

were identical, as were B125hi1 and B25sm12. Three further groups had identical 

sequence similarities in the tufA dataset: (i) BRId, 1124ac and B37sm21; (ii) e209bt and 

eOl9cw; (iii) B86cm1, B5mr2. Average sequence similarity between Clades 1 and 2 

was 0.487 ± 0.066 SD (ITS2 dataset) and 0.863 ± 0.018 SD (tufA dataset). For other 

well supported Glade groupings in both datasets (Figs. 3.2.1 & 3.2.2) sequence similarity 

between isolates was consistently high, however, sequences within one tufA group 

(C6-1: Table 3.2.8) showed a low similarity between isolates (0.665). This group 

contained sequences for B761s1, e4981 and e005cw, three isolates found within Clade 1 

in the ITS2 analysis. 

3.2.5.3 Identification of cultured isolates using molecular data. 

Phylogenetic analysis of sequences for two gene loci, supported by the sequence 

identity matrices and bootstrap analyses, confirmed the presence of Acrochaete species 

in the culture collection and these data have been further analysed (section 3.2.6). The 

initial results also confirmed the presence of Ulva species, in particular the presence of 

isolates of Ulva intestinalis and U. prolifera. In both datasets, isolates identified as 

U. intestinalis formed a fully supported group with the published sequence data and 

revealed an average sequence similarity > 0.970 (Figs. 3.2.1 & 3.2.2, Tables 3.2.4 & 

3.2.5). Isolates identified as U. prolifera formed a reasonably well supported group in 

the ITS2 analysis (Fig. 3.2.1: 80 % bootstrap) and a highly supported group (Fig. 3.2.2: 

99 9 bootstrap) in the tufA analysis. The identification was supported by the sequence 

similarity results (Tables 3.2.4 & 3.2.5) and, in the ITS2 dataset, by grouping with the 

previously published sequence for the species. The identification of two culture isolates 
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(e029gw, e470ab) as U. linza was well supported in both the ITS2 (Fig. 3.2.1) and 

sequence similarity analyses (Tables 3.2.4 & 3.2.5) and in the well supported separation 

of e029gw from U. prolifera species in the tufA analysis (Fig. 3.2.2). 

Sequences obtained from isolates morphologically identified as Epicladia or 

Pseudendoclonium for both datasets did not align with previously published sequences 

(Figs. 3.2.1 & 3.2.2). The sample included for Epicladia flustrae grouped with Ulva, 

and isolates identified as Pseudendoclonium did not align with any reference sequences 

in the datasets. Within the ITS2 analysis (Fig. 3.2.1) one isolate was shown to be 

related, with full bootstrap support (100 % bootstrap), to Kornmannia through its 

alignment with the published sequence for K. leptoderma (Kjellman) Bliding, but the 

sequence similarity was low (Table 3.2.4: 0.760). In both datasets, Acrosiphonia 

sequences aligned with isolates identified as Blidingia species, although support for 

these groupings was low (Fig. 3.2.1: 57 % bootstrap, Fig. 3.2.2: 70 % bootstrap). The 

ITS2 analysis (Fig. 3.2.1) also grouped Urospora sequences with these isolates. 

Identification of one isolate of Blidingia was well supported, with 92 % bootstrap 

support for its grouping with B. minima in the ITS2 analysis (Fig. 3.2.1). Within the 

tufA analysis (Fig. 3.2.2) the grouping of isolate sequences with Phaeophila dendroides 

was well supported (89 % bootstrap) with moderate sequence similarity (< 0.860). The 

grouping of isolate sequences with Halochlorococcum moorei (N. L. Gardner) 

Kornmann & Sahling (Fig. 3.2.2) received no parsimony support and the separation of 

the isolate sequences from the published sequence was fully supported: the sequence 

similarity for the group was 0.822 (Table 3.2.5). 
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3.2.6 Relationships within the Acrochaete Glade, Clade 1. 

To refine the groupings within the Acrochaete Glade, maximum parsimony analysis was 

repeated using eighty-seven ITS2 sequences (Appendix 1): eighty-one from Clade 1, 

two from Clade 2, one Bolbocoleon piliferum (Clade 3), two from Clade 6 and Ulothrix 

zonata (Fig. 3.2.1). The analysis revealed 145 parsimony-informative characters within 

17 informative regions, and produced 609 trees with length 684, CI 0.577 and RI 0.811. 

The resulting strict consensus tree (Fig. 3.2.3) showed the eighty-one Acrochaete 

isolates forming a well supported (95 % bootstrap) monophyletic Glade, containing 

twelve main groupings, which was consistent with initial results (Fig. 3.2.1). The tufA 

analysis (Appendix 1) contained forty-five sequences: forty from Clade 1, one from 

Clade 2, two from Clade 5, one from Clade 6 and Ulothrix zonata (Fig. 3.2.4). The 

analysis revealed 200 parsimony-informative characters from the 976 characters 

included, and regions of interest were only 1-2 bp in length. A total of 767 trees were 

found with length 686, CI 0.673 and RI 0737. As with the 1TS2 analysis, the forty 

Acrochaete isolates formed a fully supported (100 % bootstrap) monophyletic Glade 

(Fig. 3.2.4). The Glade contained ten major groupings, one less than those revealed by 

the initial data analysis (Fig. 3.2.2). 

The new analyses provided some improvement in the resolution within the Acrochaete 

Glade (Figs. 3.2.3 & 3.2.4). Both datasets showed a high degree of congruence with 

seven identical groupings of isolates (Acrochaete sp. 1, Acrochaete sp. 4, Acrochaete 

sp. 5, Acrochaete sp. 6, A. heteroclada, A. leptochaete, and A. viridis). Acrochaete sp. 

2/3 (Fig. 3.2.4) was separated into Acrochaete sp. 2 and Acrochaete sp. 3 in the ITS2 

analysis (Fig. 3.2.3): the separation had high support in the ITS2 (85 % bootstrap 

Acrochaete sp. 2,88 % bootstrap Acrochaete sp. 3), but the combination of Acrochaete 

sp. 2/3 in tufA was fully supported (100 % bootstrap). 
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Figure 3.2.3 Maximum parsimony analysis of Acrochaete ITS2 sequences (Clade 1: 
Fig. 3.2.1), rooted against outgroups Ulothrix zonata, Bolbocoleon piliferum and 
Blidingia minima. Numbers show bootstrap support for clades, > 50 %. 
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Figure 3.2.4 Maximum parsimony analysis of Acrochaete tufA sequences (Clade 1: 
Fig. 3.2.2), rooted against outgroups Ulothrix zonata, Bolbocoleon piliferum and 
Blidingia minima (B36cm1). Numbers show bootstrap support for clades, > 50 %. 
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Acrochaete repens was separated into A. repens (1) and (2) in the 1TS2 analysis with the 

separation of A. repens (2) receiving high bootstrap support (Fig. 3.2.3: 95 % bootstrap). 

Within the tufA analysis (Fig. 3.2.4), A. repens formed a single unsupported group, but 

there was fully supported separation within the group into two main clades containing 

the isolates identified as A. repens (1) and A. repens (2) in the ITS2 dataset. Isolate 

e129gh, within the tufA A. repens group (Fig. 3.2.4), fell outside of the two main clades 

and may represent another species: the sequence did not align closely with any other 

isolates in the ITS2 analysis (Fig. 3.2.3). 

A closer relationship was shown to occur between four groups, Acrochaete sp. 1, 

Acrochaete sp. 2/3, Acrochaete sp. 4, Acrochaete sp. 5, in both analyses, than with other 

species (Figs. 3.2.3 & 3.2.4). Unlike the tufA data, the ITS2 analysis suggested a close 

relationship between A. heteroclada, A. viridis and A. repens (1), but with no bootstrap 

support (Fig. 3.2.3). High bootstrap support for their separation was provided in the 

tufA results (Fig. 3.2.4: A. heteroclada 100 % bootstrap, A. viridis 84 % bootstrap). The 

separation of Acrochaete from its sister Glade, Ulva had high bootstrap support (Fig. 

3.2.3: 95 % bootstrap, Fig. 3.2.4: 100 % bootstrap) and separation from the outgroups 

was well supported in both analyses (Fig. 3.2.3: 91 % bootstrap, Fig. 3.2.4: 97 % 

bootstrap). 

As mentioned previously, identification of two isolates (e093db as Acrochaete repens 

and e464pd as A. viridis) was supported by the tufA sequence similarity results 

(Appendix 2). The tufA phylogenetic analysis (Fig. 3.2.4) contained a further three 

previously published sequences for Acrochaete that were found to be closely aligned 

with newly obtained sequence data: (i) A. ramosa (AY454410) formed a close 

relationship with Acrochaete sp. 2/3 and Acrochaete sp. 4 (75 % bootstrap support), (ii) 
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Acrochaete leptochaete (AY454409) formed a very highly supported group (99 % 

bootstrap) with a morphologically identified isolate of A. leptochaete (B 13sm3a), and 

(iii) A. endozoica (AY454412) was distinct from the other sequences within the 

Acrochaete Glade, with high support for the separation from the main group (99 % 

bootstrap). The previously published sequences for A. operculata (AJ437662, 

AJ437663), included in the ITS2 dataset (Fig. 3.2.3), formed a fully supported group 

within the main Acrochaete Glade, but none of the newly obtained isolates closely 

aligned with them. 

3.2.7 Analysis of the combined ITS2 and tufA dataset. 

For one hundred and fourteen isolates both ITS2 and tufA were sequenced. As with the 

initial datasets, the combined data were examined to eliminate identical sequences. 

Sequences were considered identical when there were <S bp difference in both data 

strings. Ten groups of identical sequences were identified and, as a consequence, 

twenty-four sequences excluded from further analysis (Table 3.2.6). 

Table 3.2.6 List of identical sequence groups identified in the combined dataset. 

Isolate number for sequence 
used in alignment 

Isolate number for identical sequence(s) 

B31sm21 e327wr 
e034N e068sc, e251sc, e262tm 
e092tm e109tm 
e151sg eOO6wb, e008wb, e062 h, e197sw, e28 s, e4181, e425cm 
e209bt e019cw 
e253wga e134bt 
e344pc e038N 
e469tm e328gd 
e5031 e4971 
LTE22c2 B28sm21, B124hi3, e042mt, e044 h, e058ht. e383J, e5001 
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3.2.7.1 Analysis of the combined dataset. 

The analysis of the ninety unique sequences (Appendix 1) found 520 parsimony- 

informative characters and produced a total of 667 trees each with a length of 2125, 

CI 0.529 and RI 0.826. The strict consensus tree revealed four main clades (Fig. 3.2.5) 

consistent with the results shown in the previous analyses and provided high statistical 

support for species and genus level identification. The separation of these four clades 

from the two selected outgroups was fully supported (Fig. 3.2.5: 100 % MP, ML & B). 

As previously, Acrochaete isolates formed a fully supported monophyletic Glade. 

Within the Glade there were 11 identifiable terminal taxa, possibly representing 

Acrochaete species. 

Acrochaete repens formed two distinct, well supported groupings (Fig. 3.2.5: A. repens 

(1) - 100 % MP, ML & B; A. repens (2) - 99 % MP, 100 % ML & B). The group 

identified as A. heteroclada was fully supported (Fig. 3.2.5: 100 % MP, ML & B), but 

only the Bayesian analysis fully supported the grouping for A. viridis (Fig. 3.2.5: 52 % 

MP, 78 % ML and 100 % B). Acrochaete leptochaete, represented by only one isolate, 

formed a sister group to all other Acrochaete species. 

The presence of six unidentified species, shown previously by the ITS2 data (Figs. 3.2.1 

& 3.2.3) and, to some extent by the tufA data (Figs. 3.2.2 & 3.2.4), was supported by 

the analysis (Fig. 3.2.5). The combined data (Fig. 3.2.5) fully supported (100 % MP, 

ML & B) Acrochaete sp. 1 and the grouping of Acrochaete sp. 2 and Acrochaete sp. 3 

and there was almost full support for Acrochaete sp. 4 (97 % MP, 100 % ML & B). 

Within the grouping of Acrochaete sp. 2 and sp. 3 there was good-to-full support for 
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Figure 3.2.5 Strict consensus tree derived from the combined analysis of ITS2 and tufA 
data, rooted against Ulothrix zonata and isolate B36cml (Blidingia). Numbers represent 
maximum parsimony (MP) and maximum likelihood (ML) bootstrap analysis (> 50 %) 
and Bayesian analysis (B) (see legend). 
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their separation into two distinct groups (Acrochaete sp. 3- 82 % MP, 67 % ML, 100 % 

B; Acrochaete sp. 2- 90 % MP, 100 % MP & B). These four species formed a fully 

supported sister Glade to Acrochaete sp. 5 (Fig. 3.2.5: 99 % MP, 100 % ML & B), and 

in turn these five species grouped together to form a Glade closely related to 

A. repens (1) (Fig. 3.2.5: 97 % MP, 100 % ML & B). These six species were grouped 

with isolate a 129gh as a Glade separated from the remaining Acrochaete species with 

mixed support (Fig. 3.2.5: 56 % MP, 56 % ML, 100 % B). The sixth unidentified 

species formed a well supported group (Fig. 3.2.5: 92 % MP, 100 % ML & B) within 

the main Acrochaete Glade. 

There was congruence between the combined and previous analyses with the fully 

supported occurrence of Acrochaete as a sister Glade to Ulva (Fig. 3.2.5: 100 % MP, ML 

& B). Within the Ulva Glade (Fig. 3.2.5) there were two main groupings, one 

containing U. prolifera (Prolifbr) and the other isolates previously shown to represent 

U. intestinalis (Figs. 3.2.1 & 3.2.2). Further congruence between analyses was revealed 

within the fully supported grouping of two isolates (B 125hi1, B25sm12) with the 

previously determined Epicladiaflustrae (Eflustra) sequence (Fig. 3.2.5: 100 % MP, 

ML & B). 

The isolates of Bolbocoleon, included within the combined analysis, formed a Glade 

with mixed support (Fig. 3.2.5: 63 % MP, 89 % ML, 100 % B) whose separation from 

the Acrochaete and Ulva Glades was fully supported (Fig. 3.2.5: 100 % MP, ML & B). 

The fourth main Glade revealed by the results contained the remaining isolates which, in 

previous analyses, had formed Clades 4&5 in the 1TS2 dataset (Fig. 3.2.1) and Clades 

3&4 in the tufA dataset (Fig. 3.2.2). The Glade had mixed support (Fig. 3.2.5: 58 % 

MP, 100 % ML & B) and was separated into five fully supported groupings (Fig. 3.2.5: 
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100 MP, ML & B), consistent with the previous analyses, possibly representing terminal 

taxa. 

3.2.8 Analysis of phylogenetic relationships within the Chlorophyta. 

One hundred and seven ITS2 sequences (Appendix 1) were included in the analysis of 

the Chlorophyta as a whole (twenty-one newly determined sequences and eighty-six 

from GenBank). A single tree was obtained of length 2858, CI 0.290 and RI 0.700. 

The tufA dataset (Appendix 1) comprised one hundred and three sequences (twenty-one 

newly determined sequences and eighty-two from GenBank), the analysis of which 

revealed five trees of length 5003, CI 0.226 and RI 0.685. 

The resulting consensus trees (Figs. 3.2.6 & 3.2.7) showed Acrochaete isolates as a 

monophyletic Glade, sister to Ulva, fully supported in the tufA analysis, but with low 

support in the ITS2 dataset. The position of the Ulvophyceae within the trees differed 

between the analyses. Congruence between the datasets was apparent with the 

grouping together of species belonging to the Ulvophyceae, with one inconsistency in 

the tufA analysis (Fig. 3.2.7): Pseudoneochloris marina Watanabe, A. Himizu, L. A. 

Lewis, G. L. Floyd & P. A. Fuerst occurred separately from the Ulvophyceae falling 

between members of the Chlorophyceae. The ITS2 analysis (Fig. 3.2.6) revealed three 

groupings consistent with the Ulvophyceae, Trebouxiophyceae and Chlorophyceae 

represented within the data. The tufA dataset (Fig. 3.2.7) revealed uninterrupted 

groupings for the Bryopsidophyceae and Prasinophyceae sequences but the 

Trebouxiophyceae and Chlorophyceae sequences were not resolved. 

The tufA tree (Fig. 3.2.7) showed sequences from species of the Bryopsidales and 

Ulvales forming two distinct groupings. In both analyses the Ulvales and Ulotrichales 
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Figure 3.2.6 ITS2 Chlorophyta strict consensus tree, rooted against Chlanp"domonas reinhardtii. 
Numbers represent maximum parsimony (MP) and maximum likelihood (ML) bootstrap analysis (> 50 
%). Higher taxonomic placement, based on Pröschold & Leliaert (2007) and references therein. Clades 

containing filamentous/blade forming species and/or found endophytically or epiphytically are marked in 

with green lines. 
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Figure 3.2.7 TufA Chlorophyta strict consensus tree, rooted against Chlamvdomonas reinhardtii. 
Number represent maximum parsimony (MP) maximum likelihood (ML) bootstrap analysis (> 50 IX0. 
Higher taxonomic placement, based on Pröschold & Leliaert (2007) and references therein. Clades 

containing filamentous/blade forming species and/or found endophytically or epiphytically are marked in 

with green lines. 
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formed sister relationships, but neither grouped all of the sequences representing each 

lineage together (Figs. 3.2.6 & 3.2.7). The tufA dataset (Fig. 3.2.7) grouped all Ulvales 

species sequences together but the 1TS2 analysis (Fig. 3.2.6) showed one inconsistency 

(e344pc B. piliferum). The Trebouxiales, Chlorellales, Oedogoniales, Chlorococcales, 

Volvocales and Tetrasporales lineages, represented in the ITS2 analysis (Fig. 3.2.6), 

formed individual, identifiable groups. In the tufA dataset (Fig. 3.2.7), however, there 

was not as much resolution at this taxonomic level with sequences of species 

representing the Chlorellales and Volvocales not grouping together. Again, no 

significant MP or ML bootstrap values supported the separation of sequences. 

Sequences representing Chlamydomonas (AJ749627 & AJ49638), Eudorina 

(AF237953, AF182439 & AF182437 ), Gonium (AB246192 & AF054440), Pleodorina 

(U67004 &U67005) and Volvox (U67025 & U67024) in the ITS tree (Fig. 3.2.6) did not 

form clades representing these genera. Within the tufA analysis (Fig. 3.2.7) 

Chlamydomonas sequences (AF352838 & NC_005353) failed to group together. In 

both datasets (Figs. 3.2.6 & 3.2.7) Ulva and Ulvaria species sequences were grouped 

together and, within the ITS2 analysis, Umbraulva grouped with the other two genera. 

One Umbraulva sequence (AB097639), however, was found more closely aligned with 

Acrochaete species. The unidentified sequence samples from this project fell within the 

Ulvophyceae as part of either the Ulvales or Ulotrichales (Figs. 3.2.6 & 3.2.7). The 

analyses grouped together the filamentous and blade forming algal species (marked in 

green) and/or species that reside wholly or partly endophytically or endozoically. The 

tufA dataset, however, revealed two exceptions, the entomopathogen Helicosporidium 

(DQ398104 & AY498714), and the sequence of Pseudoneochloris marina (AY454422). 

The Charophyta sequence (U09446) included in the tufA analysis formed a group with 

sequences of species from the Prasinophyceae, Trebouxiophyceae and Chlorophyceae. 
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3.3 Identification of species following the phylogenetic analyses. 

The molecular analyses supported the identification of green algal epi-/endophyte 

belonging to Acrochaete and Bolbocoleon, as well as Ulva isolates, to genus level using 

morphological characters (Tables 3.3.1 and 3.3.2) with > 90 % of Acrochaete and Ulva 

being correctly identified, and 82 % confirmed as Bolbocoleon. The lack of 

confirmation for samples initially identified as Epicladia and Pseudendoclonium may 

reflect the availability of sequence data, rather than problems with morphological 

identification. All of the 22 isolates identified as Acrochaete species following 

comparison with type/neotype material in Copenhagen were correctly identified to 

genus level. 

Table 3.3.1 The percentage success of species identification by morphology for 
isolates, as revealed by phylogenetic analyses. 

Genus/Species Number 
identified 
prior to 

molecular 
analysis 

Number 
confirmed 

by molecular 
analyses 

% 
Acrochaete 112 96 

A. heteroclada 16 25 
A. leptochaete 2 100 
A. ramosa 1 0 
A. repens 11 82 
A. viridis 60 17 

Bolbocoleon 11 82 
B. piliferum 11 82 

Blidingia 6 17 
Epicladia 4 0 
Pseudendoclonium 6 0 
Ulva 11 91 

Confirmation for morphological identification to species level was mixed. The analyses 

confirmed that A. leptochaete, A. repens and Bolbocoleon piliferum isolates could be 

morphologically identified reasonably successfully (Table 3.3.1: 100 X10,82 % and 82 % 

respectively) but A. heteroclada and A. viridis isolates were more problematical (Table 

3.3.1: 25 % and 17 % respectively). Morphology had not divided the A. repens isolates 
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Table 3.3.2 List of samples with species identification following molecular analyses 
together with details of initial morphologically determined identification. 

Species identification 
following molecular 

work 

Isolate 
No. 

Species identification 
prior to molecular work 

Sequence data 
GenBank Accession 

Numbers 
Acrochaete ITS2 tufA 

Acrochaete sp. I 

B15ba1 A. viridis/A. ramosa EF595378 

B28sm21 A. viridis EF595368 EF595251 

B761s1 A. heteroclada EF595370 

B124hi3 A. viridis EF595367 EF595258 

B151cb23 A. viridislA. leptochaete EF595375 
B162br3 A. viridis EF595365 EF595249 

eO42mt Acrochaete sp. EF595371 EF595252 

eO44gh A. viridis EF595379 EF595253 

eO49db A. viridis EF595374 EF595259 
e05ith A. viridis EF595376 - 
e058bt A. viridis EF595372 EF595254 

el92tm A. viridis EF595382 - 
e211sv A. heteroclada/A. ramosa EF595373 EF595255 

e383J A. heteroclada EF595369 EF595256 
e4351o A. ratnosa. EF595377 

e4361o Acrochaete sp. EF595381 

e4541o not Acrochaete EF595383 - 
e5001 Acrochaete sp. EF595380 EF595257 
LTE22a/1 A. viridis EF595366 EF595250 
LTE22c/2 A. viridis EF595344 EF595321 
e347wr A. viridis EF595348 EF595325 

Acrochaete sp. 2 

B32cm1 A. viridis EF595389 
B159br1 A. heteroclada EF595393 
eO28gw A. viridislA. ramosa EF595384 EF595264 
e034N A. viridis EF595385 EF595265 
eO68sc A. viridis EF595388 EF595267 
e126th A. viridis EF595390 
e247mt A. viridis EF595396 

e251 sc A. viridis EF595387 EF595276 
e261sc A. viridis EF595395 - 
e262tm A. viridis EF595394 EF595270 
e4971 A. viridis EF595392 EF595273 
e5011 A. viridis EF595386 EF595274 
e5031 A. viridis EF595391 EF595275 
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Table 3.3.2 cont. 

Species identification 
following molecular 

work 

Isolate 
No. 

Species identification 
prior to molecular work 

Sequence data 
GenBank Accession 

Numbers 
Acrochaete cont. ITS2 tufA 

Acrochaete sp. 3 

B 135cb22 A. viridislA. heteroclada EF595409 

B146cb15 A. viridis/A. heºeroclada EF595413 " 

e002wb A. viridis EFS95400 

e006wb A. viridis EF595415 EF595262 

e008wb A. viridis EF595416 EF595263 

e039ps A. viridis EF595403 

e062gh A. heteroclada EF595410 EF595266 

e073th A. heteroclada EF595411 EF595260 

e151sg A. viridis EF595345 EF595322 

e194th A. viridis EF595397 

e197sw A. viridis EF595408 EF595268 

e252wg A. viridis EF595399 - 
e258b1 A. viridis EF595405 EF595269 

e266rh A. viridis EF595402 - 
e280ps A. viridis EF595412 EF595271 

e288ab A. viridis EF595406 - 
e352mb B. piliferum EF595401 

e3751 A. viridis/A. heteroclada EF595398 

e418] A. viridis EF595417 EF595272 

e425cm A. viridis EF595414 EF595261 

e4611o A. viridis/A. hereroclada EF595404 " 
e4951o A. viridis EF595407 

Acrochaete sp. 4 
B52cm2 Acrochaete sp. EF595423 EF595277 
B63sm11 A. viridis EF595426 EF595281 
B67sm21 Acrochaete sp. EF59542I - 
B 185br1 A. heteroclada EF5954I8 - 
e001cw A. viridislA. ramosa EF595430 " 
e005cw A. viridis EF595420 

eO85gh A. heteroclada EF595346 EF595323 

e099rh A. viridis EF595424 EF595283 

el l Ith A. viridis EF595422 EF595280 

el34bt A. heteroclada EF595429 EF595282 
e2l4pc A. repenslA. leptochaete EF595428 
e233ab A. heteroclada EFS95419 

e253wga A. viridis EF595347 EF595324 
e331 wg A. heteroclada EF595425 
e4761o Acrochaete sp. EF595427 EF595278 
LTE10/3 A. viridis EF595431 EF595279 

Acrochaete sp. 5 
B31sm21 A. heteroclada EF595433 EF595326 
e292ssh A. viridislA. heteroclada EF595432 - 
e327wr A. viridis EF595434 EF595299 

Acrochaete sp. 6 
B33cm1 Acrochaete sp. EF595451 EF595291 
e168ab A. viridis EF595452 EF595290 
LTE22c/1 A. viridis EF595352 EF595330 
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Table 3.3.2 cont. 

Species identification 
following molecular 

work 

Isolate 
No. 

Species identification 
prior to molecular work 

Sequence data 
GenBank Accession 

Numbers 
Acrochaete cont. ITS2 tufA 

A. heteroclada 
B28sm22 A . viridis EF595446 - 
B43sm21 A . heteroclada EF595441 EF595293 

B 116sm21 aA . heteroclada EF595353 EF595331 

e289m A. heteroclada EF595444 EF595292 

e298pcb Acrochaete sp. EF595442 

e324wr A. repens EF595445 - 

e348wr A. viridis EF595443 

e391iw A. heteroclada EF595447 EF595294 

A. leptochaete 

B13sm2 A. leptochaete EF595464 - 
B13sm3a A. leptochaete EF595355 EF595333 

A. repens (1) 
B14balb A. repens EF595449 EF595298 

e076ab A. repens EF595354 EF595332 

e078sg A. repens EF595448 EF595295 

MIN A. repens EF595450 

A. repens (2) 

e079wp A. repens EF595435 - 
eO92tm A. repens EF595439 EF595297 

eO93db A. repens EF595349 EF595327 

e103wp B. piliferum EF595436 

e109tm A. repens EF595438 EF595296 

e196db A. repens EF595440 EF595289 

e282rh B. piliferum EF595437 
A. repens ? 

e129gh A. repenslA. leptochaete EF595350 EF595328 
A. viridis 

B6mr2 Acrochaete sp. EF595453 - 
e104mt A. viridis EF595462 - 
e107sw A. viridis EF595463 EF595288 
e170sg A. viridis EF595455 EF595285 

e174ab A. viridis EF595456 EF595287 

e177gh A. viridis EF595458 - 
e231sg A. viridis EF595460 
e317wga A. viridis/A. heteroclada EF595454 EF595286 
e32Ipc A. viridis EF595461 
e356wgb A. viridis EF595351 EF595329 
e464pd A. viridis EF595457 EF595284 
e4981 A. viridis EF595459 

Blidingia 
Blidingia minima 1B36cml 

Blidingia sp. ? EF595512 EF595343 
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Table 3.3.2 cont. 

Species identification 
following molecular 

work 

Isolate 
No. 

Species identification 
prior to molecular work 

Sequence data 
GenBank Accession 

Numbers 
Bolbocoleon ITS2 tufA 

B. piliferum 
e038N B. piliferum EF595479 EF595313 

e089sw B. piliferum EF595478 - 

eO94rh B. piliferum EF595481 

elOlbt B. piliferum EF595476 - 

e139ac B. piliferum EF595477 - 

e141mt B. piliferum EF595480 

e199rh B. piliferum EF595475 

e255bt B. piliferum EF595482 EF595314 

e344pc B. piliferum EF595359 EF595337 

Bolbocoleon sp. 
B14ba2 not Acrochaete EF595484 EF595315 

e330wg not Acrochaete EF595483 

Kornmannia 
K. leptoderma 

eO7Ops not Acrochaete EF595513 

Ulva 
U. intestinalis 

e328gd U. intestinalis EF595465 EF595304 
e469tm U. intestinalis EF595467 EF595303 
1127sc Blidingia spJUlva sp. EF595466 - 
BRIb U. intestinalis EF595357 EF595335 

U. linza 
e470ab U. pro lifera EF595473 

e029gw U. flexuosa EF595474 EF595300 
U. prolifera 

Prolitbr U. prolifera EF595356 EF595334 
B32cm2 U. intestinalis EF595471 EF595302 
e160gh Ulva spJBlidingia sp. EF595472 EF595301 

Ova sp. 
B25sm12 U. lactuca EF595469 EF595306 
B 125hi 1 U. ralfsii EF595468 EF595305 
B116sm21 U. intestinalis EF595470 " 
Eflustra Epiciadia flustrae EF595358 EF595336 

Unknown species 
Unknown sp. I 

BRIa Pseudendocloniumfucicola? EF595360 EF595338 
BR1c Epicladia sp. ? EF595485 - 
B111s2 Ulva sp. EF595486 
B751s1 Pseudendoclonium fucicola ? EF595488 EF595312 

e325wr not Acrochaete EF595487 - 
Unknown sp. 2 

B35cm2 not Acrochaete EF595489 EF595317 
B85cm12 A. viridis EF595361 EF595339 
LTE25d/1 A. heteroclada EFS95490 
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Table 3.3.2 cont. 

Species identification 
following molecular 

work 
Unknown species cont. 

Unknown sp. 3 

Unknown sp. 4 

Unknown sp. 5 

Isolate 
No. 

BRId 

B33cm3 

B37sm12 

eOl5wbl 

e2l2pcc 
I124ac 

Blllsl 
eO54sg 
el00ab 
e228sg 

e0l7cw 
e019cw 

Species identification 
prior to molecular work 

Epicladia sp. 7 

not Acrochaete 

not Acrochaete 
Epicladia sp. ? 

not Acrochaeie 

Blidingia spJUlva sp. 

Epicladia sp. 7 

.ý 

Epicladia sp. ? 

Pseudendoclonium sp. ? 

Acrochaete sp. 

Pseudendoclonium sp. ? 

Pseudendoclonium sp. ? 

Sequence data 
GenBank Accession 

Numbers 
ITS2 

EF595362 

EF595495 
EF595492 

EF595493 
EF595494 

EF595491 

tufA 

EF595340 

EF595307 
EF595309 

EF595308 

EF595363 
EF595496 

EF595498 

EF595497 

EF595499 
EF595500 

EF595341 

EFS9S311 
EF595310 

e021cw not Acrochaete EF595502 - 

e067sca Pseudendoclonium sp. ? EF595501 

e209bt Pseudendoclonium sp. ? EF595364 EF595342 

Unknown sp. 6 
B3sn2 Blidingia sp. ? EFS95508 EF595320 

B5mt2 Blidingia sp. ? EF595510 EF595319 

B56sm11 Blidingia sp. ? EF595511 

B86cm1 Blidingia sp. ? EF595507 EF595318 

eOO9wb Blidingia sp. ? EF595509 

Unicellular species 
e110db Unicellular sp. EF595506 - 
el46db Unicellular sp. EF595503 - 
e188db Unicellular sp. EF595505 - 
e278tm Unicellular sp. EF595504 EF595316 

into more than one group, although isolate e129gh had been considered either A. repens 

or A. leptochaete prior to the phylogenetic analyses. The isolate considered to be A. 

ramosa had been incorrectly identified, although it did fall within one of the clades 

closely related to this species in the tufA phylogenetic analysis (Fig. 3.2.2). Ten of the 

twenty-two isolates compared with type/neotype material were successfully identified to 

species level. 

Of the remaining isolates identified to genus level, one of the six identified as Blidingia 

was confirmed as belonging to this genus, with none confirmed as belonging to 
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Epicladia or Pseudendoclonium. The results supported the morphological identification 

of the herbarium sample of Ulva prolifera, but raised questions over the identification, 

and taxonomic placement, of the Epicladiaflustrae sample by placing it within Ulva 

and not Acrochaete. 

Examination of each Acrochaete species group (Table 3.3.2) showed that the two mis- 

identified isolates within A. repens had both been identified as B. piliferum and those 

falling into the A. heteroclada group had either been considered to be A. repens or A. 

viridis. The majority of the seventy-eight isolates revealed as new Acrochaete species 

had been identified morphologically as A. viridis, with the exception of two samples, 

where the identification was thought to be one of two species (e. g. A. viridislA. 

heteroclada). Only two, of the seventy-eight isolates, had been previously identified as 

not belonging to the genus. 

For genera and species other than Acrochaete (Table 3.3.2), phylogenetic analyses has 

identified three samples that had been incorrectly identified as Acrochaete species. 

These isolates were placed within Unknown sp. 2 and Unknown sp. 4. The analyses 

also confirmed that two out of three isolates, identified on the basis of their morphology 

as either Ulva or Blidingia species, belonged to the genus Ulva, with the remaining 

isolate identified as Unknown sp. 4. 

3.4 The analysis of host and phase specificity for Acrochaete species. 

3.4.1 Host specificity analysis. 

Mapping of host species onto the combined ITS2 and tufA phylogenetic analysis for 

Acrochaete species showed some species that exhibited narrow host specificity and 

other that were host generalists (Fig. 3.4.1). Samples of Acrochaete sp. 1 were 
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exclusively isolated from Chondrus crispus. Acrochaete sp. 2 samples were all isolated 

from Mastocarpus stellatus, with the exception of one from Iceland (e4971), which was 

isolated from Chorda fclum. Acrochaete sp. 3 samples were isolated from C. crispus 

and M. stellatus only and Acrochaete sp. 4 was limited to species of Osmundea. There 

was one exception among the isolates of the latter species (e347wr). This isolate was 

associated with C. crispus, and was placed on a separate terminal branch within the 

Acrochaete sp. 4 Glade. Specificity was also exhibited by A. repens (2), with four out of 

five samples isolated from Chordafilum. Acrochaete heteroclada and Acrochaete sp. 6 

were only isolated from red algal host species, with samples obtained from C. crispus, 

M. stellatus and Osmundea spp. Samples of Acrochaete viridis, Acrochaete sp. 5 and A. 

repens (1) were isolated from both red and brown algal hosts suggesting that these 

species are host generalists. The single sample of A. leptochaete included in the 

analysis precluded any determination as to host specificity. 

Examination of isolates identified by ITS2 analysis alone (Table 3.4.1) revealed isolates 

of Acrochaete sp. 1 associated with Osmundea species. The data also showed 

Acrochaete sp. 3 associated with Osmundea osmunda and A. repens (2) isolated from 

Chondrus crispus. 

The host specificity was reflected in the proportion of host material containing green 

algal epi-/endophyte species (Table 3.4.1). Chondrus crispus, proportionally, had the 

highest percentage of plants affected by Acrochaete sp. 1. The same was true for 

Mastocarpus stellatus with Acrochaete sp. 2, Osmundea species with Acrochaete sp. 4 

and Chordafilum with A. repens (2). Acrochaete sp. 3, though specific to either 

Chondrus crispus or M. stellatus was found within a greater proportion of the 

M. stellatus plants collected. During the project analyses C. crispus, M. stellatus and 
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Figure 3.4.1 Acrochaetelhost associations visualised using McClade. The figure 

includes samples identified as identical sequences for both ITS2 and tufA. 
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Osmundea sp. were all shown to host two green algal endophytes at one time: 

A. heteroclada with Acrochaete sp. 1 or Acrochaete sp. 4, Acrochaete sp. I with 

Acrochaete sp. 6 Unknown sp. 1 and Unknown sp. 4 in C. crispus; Acrochaete sp. 4 

with Bolbocoleon sp. in O. osmunda; Unknown sp. 3 and sp. 6 in M. stellatus. 

3.4.2 Host life-history phase specificity analysis. 

For five species, a greater number of isolates were obtained from host gametophytes 

than host tetrasporophytes (Fig. 3.4.2). For Acrochaete sp. 1, Acrochaete sp. 3 and 

A. heteroclada the analysis revealed that a greater percentage of isolates was obtained 

from C. crispus gametophytes (Table 3.4.1). In contrast, Acrochaete sp. 5 and A. viridis 

were proportionally more commonly found in C. crispus tetrasporophytes (Fig. 3.4.2, 

Table 3.4.1). Acrochaete sp. 4 was isolated from more tetrasporophyte plants than 

gametophytes of Osmundea, but was also found within non-reproductive plants (Fig. 

3.4.2, Table 3.4.1). All isolates of A. viridis obtained from Dumontia contorta were 

from tetrasporophytes, with just over 14 % of plants found to be host to the endophyte 

(Table 3.4.1). 

3.4.3 Host and life-history phase specificity displayed by non Acrochaete species. 

The non-Acrochaete green algal endophyte species found during the project were a 

mixture of host generalists and host specialists (Table 3.4.2). Bolbocoleon piliferum 

was identified as a host generalist, found within both red and brown hosts. The species 

was found in 29 % of Chorda filum and 29 % tetrasporophtye Dumontia contorta plants 

collected (Table 3.4.2). The single D. contorta gametophyte plant collected was also 

found to host the endophyte species (Table 3.4.2). The second Bolbocoleon species was 

isolated from Chondrus crispus and Osmundea pinnatifida, suggesting that this too was 
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Figure 3.4.2 Acrochaetelhost life-history phase associations visualised using McClade. 
The figure includes samples identified as identical sequences for both ITS2 and tufA. 
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a host generalist, but further samples are required to confirm this. Of the six unknown 

species, two were thought to be host specific. Unknown sp. 2 and Unknown sp. 5 were 

both isolated solely from Mastocarpus stellatus. Analyses suggested that Unknown 

sp. 1 was a host generalist, with both red and brown algal hosts. Results indicated that 

Unknown sp. 4 and Unknown sp. 6 may be restricted to red algal hosts. Unknown sp. 3 

was the only species found free-living during the current project. The species was also 

identified in association with red algal host species, particularly M. stellatus. The 

unicellular species were associated with two red algal host species. 

There were mixed results from the non-Acrochaete species with host life-history phase 

analysis (Table 3.4.2). Three of the unknown species were isolated solely from 

gametophytes and proportionally, the results showed that three species (Bolbocoleon 

piliferum, Unknown sp. 4 and the unicellular species) may have a bias to E 

tetrasporophytes, but the dataset is too small to allow any trends to be identified with 

confidence. 

3.5 Revised morphological characterisation for Acrochaete and non Acrochaete 
species of green algal epi-/endophyte. 

3.5.1 Generic description for the genus Acrochaete. 

In culture, species formed a central filamentous mass comprised of sparse to richly 

branched uniseriate filaments and free filaments at the margins. Species formed 

cushions, irregular masses or sometimes pseudoparenchymatous sheets. Chloroplasts 

were parietal (around the cell wall), sometimes distal (to one end), and often appeared 

reticulated (net-like form) or perforated (containing holes). Within the central cells of 

some species the chloroplast appeared plate-like (circular disc filling the cell). One to 

several pyrenoids were present within the chloroplast. Flask-shaped sporangia occurred 

155 



apically, sub-apically or in an intercalary position. Apical and sub-apical sporangia 

were observed singly or in groups. Apical and sub-apical sporangia often produced exit 

tubes extending from the top of the cell, to expel zoospores, whereas intercalary 

sporangia developed side exit tubes or an exit hole in the side cell wall. Two sizes of 

zoospore and biflagellate swarmers were observed. The occurrence of triflagellar or 

quadriflagellar zoospores reported in the genus description could not be confirmed for 

any of the isolates. Under particular culture conditions, such as nutrient depletion, 

Acrochaete - type hairs with a bulbous end formed as previously described, although, 

this character was not seen for all isolates. 

3.5.2 Morphological description for Acrochaete sp. 1. 

Plants presented as a central mass with filaments at the margins which, in culture, 

developed into either cushions up to 4 mm in diameter or a pseudoparenchymatous 

sheet. The central area of cushions sometimes appeared translucent. The dark olive 

green, occasionally golden, uniseriate filaments were mutually free, irregular, 

alternately branching systems of prostrate filaments with upright branches of 1-2 cells, 

occasionally 1-2 x wider than the prostrate filament (Fig 3.5.1 A, Cl). Some marginal 

filaments appeared chain-like (Fig. 3.5.1 D, H1). At the periphery of the central mass 

narrow, sparsely branched, creeping filaments (1-4 tm diameter) similar to those 

described for published descriptions of A. heteroclada (Fig. 3.5.1 E2), were observed. 

Filaments were observed with swollen cells within the filament length (approx. 2 times 

as broad as the filament) similar to those described for A. operculata. Swollen cells 

were also observed at the tips of filaments suggesting sporangial development or 

vegetative growth. Parietal chloroplasts were sometimes reticulated/perforated, and 

contained 1-2 pyrenoids (Fig. 3.5.1 B, E). Chloroplasts appeared plate-like within 

central cells. 
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Figure 3.5.1 Morphological features of Acrochaete sp. 1. 

A- Prostrate filament system with uprights of 1-3 cells (eO44gh CAM2). 
B- Filament with cells containing chloroplasts with I or 2 pyrenoids (e21I sv CAM4). 
Cl - Prostrate filaments with uprights. C2 -Acrochaete-type hairs (e058bt CAM2). 
D- Chain-like marginal filament comprised of globular cells separated by transparent elongated cells (B76cml 

CAM 1). 
El - Filaments contain reticulated/perforated parietal chloroplasts; E2 - Narrow peripheral filament (eO58b( CAM2). 
F- Two empty apical/semi-apical sporangia with exit tubes (eO49db CAM2). 
G- Biflagellar/quadriflagellar zoospore with posterior chloroplast and eyespot (e2l Isv CAMS). 
H1 - Chain-like marginal filament; H2 - Sporangia containing 16 zoospores (e2I I sv CAM4). 
I- Prostrate filament with developing upright branches and apical sporangia (ell Isv CAMS). 
J- Sporangium expelling 3 zoospores from a short exit tube with cell walls narrower than the sporangial cell 

(ell I sv CAM4). 
K- Acrochaete-type hair with bulbous end (eO49db CAM2) 
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Globular and cylindrical cells were (7-) 10-15 µm in diameter and cylindrical cells were 

1-3 times long as broad. Elongated cells were 2.5-7 µm in diameter and 2-10 times long 

as broad. Apical and sub-apical, flask-shaped sporangia were observed, often with a top 

exit tube, containing 12-16 biflagellar/quadriflagellar zoospores, 2-3 µm diameter, with 

posterior chloroplast (Fig. 3.5.1 F, G, H2, I, J). The exit tube of the sporangia appeared 

to have narrower cell walls than the sporangial cell (Fig. 3.5.1 J). Occasionally 

intercalary sporangia with side exit tubes were observed similar to those in Acrochaete 

sp. 5 (Fig. 3.5.5 B). Apical sporangia were observed both in groups (Fig. 3.5.1 F) and 

singly. Acrochaete - type hairs were observed extending from apical cells (Fig 3.5.1 

C2, K). 

3.5.3 Morphological description for Acrochaete sp. 2. 

Plants comprised mutually free, irregular, alternate richly-branching dark olive green 

uniseriate filaments making up a central mass with peripheral filaments (Fig. 3.5.2 A, E) 

which sometimes appeared sparsely branched and were <5 µm in diameter. In culture 

the isolates formed loose to compact clumps up to 1 mm diameter. The prostrate 

filaments that had upright branches radiating from them appeared narrow, with the 

uprights 1-2 times broader than the prostrate filament (Fig. 3.5.2 A). Chloroplasts were 

parietal and sometimes reticulated (Fig. 3.5.2 D). Within each chloroplast were 1 (-2) 

pyrenoids (Fig. 3.5.2 B). Within the central mass, cell chloroplasts appeared plate-like. 

Globular cells were 5-10 (-15) µm in diameter. Elongated cells were 4-6 µm in 

diameter and 2-10 times longer than broad. Apical, sub-apical and intercalary, flask- 

shaped sporangia occurred singly or in groups and often developed an exit tube (Fig. 

3.5.2 C, F, G). As with other Acrochaete species, the cell wall of the exit tube appeared 

narrower than that of the sporangial cell (Fig. 3.5.2 G). Biflagellar zoospores, 2-3 pm 
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Figure 3.5.2 Morphological features of Acrochaete sp. 2. 

A- Prostrate filaments with branching uprights of similar dimensions (e251sc CAM]). 
B- Cells containing single pyrenoids (e028gw CAM2). 
C- Sporangium containing 12 zoospores (e028gw CAM2). 
D- Cell containing parietal perforated chloroplast (e028gw CAM2). 
E- Young plant consisting of a central mass with peripheral filaments (e4971 CAM2). 
F- Zoospore being expelled from a short exit tube at the top of a sporangium forming a pair with an 

empty sporangium (e028gw CAM4). 
G-2 sporangia forming a pair. One contains a zoospore being expelled the other appears immature. 

The exit tube of the mature sporangia has cell walls narrower than the sporangial cell (e028gw 
CAM2). 
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in diameter, with posterior chloroplast and eye-spot were observed. Acrochaete-type 

hairs, < 1.5 µm in diameter and up to 135 µm long, were observed in isolates grown in 

unenriched seawater and both the hairs and zoospores resembled those pictured for 

Acrochaete sp. 1 (Fig. 3.5.1 H2, I, J, K). 

3.5.4 Morphological description for Acrochaete sp. 3. 

Plants were observed as a central mass with filaments radiating from them. Culture 

isolates of the species formed cushions or soft clumps measuring up to 4 mm in 

diameter or occasionally a pseudoparenchymatous sheet. Cushions were sometimes 

observed with a central translucent area. The bright to dark olive green, uniseriate 

filaments were mutually free, irregular, alternate branching with some branching 

occurring at a 90° angle to the prostrate filament (Fig 3.5.3 B, D). The colour of the 

filaments occasionally appeared golden. Narrow, sparsely branched, peripheral 

filaments, <5 pm wide, were observed for some isolates (Fig. 3.5.3 Q. Chloroplasts 

were parietal, or occasionally distal, containing 1-2 pyrenoids with a maximum of 3 

counted on occasion (Fig. 3.5.3 Al, D). Within the central mass, the chloroplasts 

appeared plate-like. Globular cells, mostly located within the central mass, were 7.5-10 

pm in diameter and oblong-elongated cells were 3-10 pm wide and 2-10 times longer 

than broad. Both apical and intercalary sporangia were observed. Apical sporangia 

were flask-shaped or elongated and had an apical or lateral exit tube (Fig. 3.5.3 A2). 

Observed zoospores were biflagellate with posterior chloroplasts. Apical Acrochaete - 

type hairs were observed in isolates growing in low nutrient medium and resembled 

those pictured for Acrochaete sp. 1(Fig. 3.5.1 C2, K). Club-shaped apical cells were 

observed possibly indicating sporangial development or vegetative growth. 
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Figure 3.5.3 Morphological features of Acrochaete sp. 3. 

Al - Central mass of globular and elongated cells containing parietal chloroplasts with I pyrenoid; 
A2 - Empty cell with top exit possibly indicating an empty sporangia (e 15 1 sg CAM2). 
B- Narrow 90° branched filament with equal diameter cells (e258hl CAM2). 
C- Narrow peripheral filament extending from the central mass (e062gh CAM2) 
D- Cell containing one pyrenoid making a 90° branched narrow peripheral filament (e425cm CAMS). 
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3.5.5 Morphological description for Acrochaete sp. 4. 

Plants consisted of mutually free, irregular, alternately branching uniseriate filaments 

forming a central mass with filaments at the margins. In culture, isolates were dark 

olive green and formed cushions measuring up to 3 mm in diameter with an area of 

transparent cells observed in the central mass. Branching was sparse to frequent; no 

differences were observed between the diameters of the prostrate filaments and upright 

branches. Transparent cells were sometimes observed within the filaments. Some of 

the peripheral filaments resembled those described for A. heteroclada and were <5 µm 

in diameter. Unlike other species of Acrochaete, filaments occasionally appeared 

kinked or twisted (Fig. 3.5.4 B, G). Chloroplasts were parietal and often distal. Within 

the central mass, chloroplasts appeared plate-like. 1-2 (-3) pyrenoids were observed 
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within the chloroplasts (Fig. 3.5.4 A, Q. Globular cells were 2.5-5 (-10) µm in 

diameter and elongated cells were 2.5-7.5 hum wide and 2-3 times longer than broad. 

Sporangia were apical, flask-shaped cells with elongated exit tube and contained 12-16 

zoospores (Fig. 3.5.4 F). The beginnings of Acrochaete-type hairs were observed in 

some isolates extending from the end or side of cells (Fig. 3.5.4 D, E). As with other 

species during culturing, swollen apical cells were observed, suggestive of vegetative 

growth or sporangial development. 

Figure 3.5.4 Morphological features of Acrochaete sp. 4. 

A- Cells containing parietal chloroplasts with I pyrenoid (e III CAM4). 
B- Filaments forming kinks along their length (e085 CAM2). 
C- Elongated and rounded cells containing single pyrenoids within parietal chloroplasts (e III CAM2). 
D- Beginning of a hair forming on an apical cell (e253wga CAMS). 
E- Beginning of a hair forming on an intercalary cell (e253wga CAMS). 
F- Elongated sporangia contain 12-16 zoospores (e III th CAM3). 
G- Elongated filament cell forming a spiral (e253wga CAM2). 
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3.5.6 Morphological description for Acrochaete sp. 5. 

Plants presented as a loosely woven central mass with free filaments extending from 

them. In culture cushions of up to 2 mm in diameter formed with translucent central 
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areas. Pseudoparenchymatous sheets were also observed in some isolates. The dark 

olive green, uniseriate, filaments were mutually free, irregular, alternate, rich to sparsely 

branching and exhibited a prostrate filament system with uprights (Fig. 3.5.5 Q. 

Figure 3.5.5 Morphological features of Acrochaete sp. 5. 

A- Cells containing parietal chloroplasts with I pyrenoid (e327wr CAM2). 
B- Intercalary sporangia with exit tube (B31sm2l CAM2). 
C- Prostrate filament with upright branches of elongated cells at 90° angle (e292ss CAM 1). 
D- Emptying sporangium (e327wr CAM2). 
E- Acrochaete-type hair with bulbous end (B31 sm21 CAMS). 
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Cells of the prostrate and upright system were similar in diameter. Some filaments 

comprised elongated cells of equal diameter for both the prostrate filament and upright 

branches, sometimes extending at a 90° angle (Fig. 3.5.5 Q. Chloroplasts were parietal, 

occasionally distal, and sometimes reticulated or perforated, containing 1 (-3) pyrenoids 
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(Fig. 3.5.5 A). The chloroplasts of the central mass cells appeared plate-like. Globular 

cells were 8-12 gm in diameter and sometimes elliptical. Elongated cells were 3-10 gm 

wide and 2-4 times longer than broad. Sporangia were flask-shaped when apical but 

also formed from intercalary cells, and expelled zoospores from a top or side exit (Fig. 

3.5.5 B, D). As with Acrochaete sp. 4 and sp. 1,12-16 zoospores were observed within 

apical sporangia. Apical Acrochaete - type hairs were observed occurring in some 

isolates (Fig. 3.5.5 E). 

3.5.7 Morphological description for Acrochaete sp. 6. 

Isolates formed a central mass with filaments at margins. In culture, small cushions or 

clumps formed measuring up to 1 mm in diameter. The plants comprised dark olive 

green, richly branching, mutually free, prostrate filaments. Branches were alternate, 

irregular uprights of 1-2 cells occurring at right-angles to the prostrate filament (Fig. 

3.5.6 B). There was no distinction between the diameters of the prostrate filaments or 

upright branches. Cells contained parietal chloroplasts, often distal, sometimes 

reticulate/perforated, containing 1-2 (rarely 3) pyrenoids (Fig. 3.5.6 A, B). Globular 

cells were 5-15 µm in diameter with elongated cells measuring 2.5-5 (7.5) µm wide and 

1-3 times (max 10 times) longer than broad. Brown crosswalls and brown coloration 

were observed in two isolates, similar to those described for A. operculata (Correa et al. 

1988; Plumb, 1999: p. 120-122; Bown, 2001: p. 36) (Fig. 3.5.6 D). Tips of filaments 

were sometimes swollen possibly representing vegetative reproduction. Sporangia were 

apical, rounded flask-shaped cells with zoospore exit from the tip (Fig. 3.5.6 G). No 

exit tubes were observed but the extension of the sporangial cell tip suggests that these 

may develop apically (Fig. 3.5.6 E). Swollen cells were observed within the filament 

length (Fig. 3.5.6 Q. These may represent a gametangium containing male gametes, 

based on morphological observation of cell content. The cell contents appeared to be 
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paler than surrounding cells and contained numerous identical small circular discs 

consistent with the formation of male gametes by cleavage as described for 

A. geniculata by O'Kelly (1983). Alternatively, the swollen cell may be an artefact of 

culturing as seen with A. viridis (Yarish, 1975; O'Kelly & Yarish, 1981). Hairs were not 

observed on any of the isolates during the morphological study. 

Figure 3.5.6 Morphological features of Acrochaete sp. 6. 

A- Cells containing parietal chloroplasts with I pyrenoid (e 168ab CAM4). 
B- Richly branched filament comprised of cells containing I pyrenoid (e 168ab CAMS). 
C- Swollen cell, possibly representing a developing gametangia (e l68ab CAMS). 
D- Brown cell colouration observed within the central mass (e168ab CAM3). 
E- Young bottle/flask shaped sporangium with elongated tip (LTE22c/l CAMS). 
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3.5.8 Morphological description for Acrochaete heteroclada. 

Isolates within this group displayed characteristics consistent with published 

descriptions for the species. Plants consisted of a mutually free, tangled mass of 

prostrate, irregularly branched filaments with 1-2 times broader uprights of 1-2 cells 

(Fig. 3.5.7 A). Filaments were uniseriate, dark olive green and richly to sparsely 

branched. Cushions formed in culture were up to 5 mm in diameter and the central cells 

were sometimes translucent. Pseudoparenchymatous sheets were also observed. 

Creeping filaments observed at the edge of the central mass measuring <5 µm in 

diameter (Fig. 3.5.7 D) were morphologically similar to those found in isolates of 

ýý 
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Acrochaete sp. 1, Acrochaete sp. 3 and Acrochaete sp. 5. Chloroplasts were parietal, 

sometimes reticulate/perforated, containing 1 (-3) pyrenoids (Fig. 3.5.7 B2). 

Chloroplasts were occasionally distal within cells. Globular cells were (7.5-) 10-15 pm 

in diameter and generally found only within the central mass. Elongated cells were 2.5- 

5 (-10) pm wide and 2-3 (up to 7) times longer than broad. Sporangia were apical or 

sub-apical flask-shaped cells (7.5 pm diameter tapering to 5 pm diameter) with long top 

exit tube (35-40 p. m long) (Fig. 3.5.7 B 1, C, E). The exit tube walls appear narrower 

than in the sporangial cell (Fig. 3.5.7 B 1, E). Biflagellar zoospores were observed. 

Acrochaete - type hairs extending from apical cells were observed in some isolates. 

Figure 3.5.7 Morphological features of A. heteroclada. 

A- Young plant showing a prostrate filament with developing broader upright branches of I -2 cells 
(B 1 l6sm2l CAMS) 

B1 - Empty sporangium with exit tube; B2 - Cell containing one pyrenoid (B43sm21 CAMS). 
C- Group of apical sporangia (B 1 16sm21 CAMS). 
D- Narrow creeping filament at the periphery of the central mass (e324wr CAM 1). 
E- Empty sporangium with elongated exit tube (B 116sm2I CAMS). 
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3.5.9 Morphological description for Acrochaete leptochaete. 

Two isolates grouped with A. leptochaete and fitted previously published descriptions 

for the species. In culture, isolates formed cushions measuring up to 4 mm in diameter. 

Filaments were hard to discern, but at the periphery they were uniseriate, irregular and 

sparsely branching. Within the central mass, translucent cells were observed. Cell 

colouration was dark olive green. Distal and parietal chloroplasts were observed 

containing 1-3 pyrenoids (Fig. 3.5.8 Al, A2). The majority of the plants consisted of 

globular/irregular rounded cells that measured 7.5-15 (-30) µm diameter. Elongated 

cells, found occurring occasionally at the margins, were 5-10 µm diameter and 2-4 

times longer than broad. No sporangia were observed but apical cells were observed 

tapering suggesting the formation of flask-shaped sporangia (10-13 µm diameter 

tapering to 6-7 ltm diameter). Acrochaete - type hairs with bulbous ends were observed 

extending from apical cells (Fig. 3.5.8 B). 

Figure 3.5.8 Morphological features of A. leptochaete. 

Al - Globular cell measuring 15 µm containing a parietal chloroplast with 2 pyrenoids, A2 - Cell 
containing a distal chloroplast (B I3sm3a CAM2). 

B -A crochaete-type hair with bulbous end (B 13sm3a CAM2). 

20 µm 
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3.5.10 Morphological description for Acrochaete repens (1), A. repens (2) and 
isolate e129gh. 

The morphologies for both A. repens (1) and A. repens (2) were consistent with 

published descriptions for A. repens. In culture, many of the isolates formed balls of 

filaments up to 10 mm in diameter. Filaments were uniseriate and dark olive green in 

colour. Translucent cells were observed within the central mass of some cushions. The 

plants consisted of a prostrate filament system with alternate branching broader (1-2 

times) uprights of 1-3 cells (Fig. 3.5.9 A). Cells contained parietal chloroplasts, 

sometimes reticulate/perforated, containing (rarely 1) 2-4 pyrenoids, with one pyrenoid 

often more prominent than the others. The pyrenoid number made these species distinct 

from other species of Acrochaete (Fig. 3.5.9 B). Chloroplasts were occasionally distal. 

Cell dimensions for A. repens (1) and (2) were generally larger than other Acrochaete 

species, with globular cells measuring 10-17.5 µm in diameter, and elongated cells 

measuring (5-) 10-12.5 (-17.5) µm wide and 2-3 (-10) times longer than broad. 

Sporangia were apical, elongated or flask-shaped, cells with elongated exit tubes (Fig. 

3.5.9 Cl, E1-2, F2). The cell walls of the sporangial tube appeared thicker than those of 

the exit tube (Fig. 3.5.9 C2). Apical cells were also observed as swollen club-shaped 

cells possibly indicating vegetative growth or the development of sporangia. 

Biflagellar/quadriflagellar zoospores were observed (Fig. 3.5.9 E3, F1). Acrochaete- 

type hairs with bulbous ends, when observed, were seen extending from apical cells 

(Fig. 3.5.9 D). 
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Figure 3.5.9 Morphological features of A. repens (1) & (2) and isolate e 129gh. 
A- Prostrate filament with upright branched (e076ab CAM2). 
B- Cells containing 2-4 pyrenoids (e093db CAM3). 
Cl - Young elongated apical sporangium with developing zoospores moving away from the sporangial 

cell along the elongating exit tube. C2 - Elongated exit tube with narrower cells walls than the 

sporangial cell (e093db CAMS). 
D- Acrochaete type hair (B l4bal b CAMS). 
El - Elongated exit tube from a spent sporangium, E2 - Elongated sporangium starting to release 

zoospores, E3 - recently released zoospore (B 14a lb CAM4). 
F1 - Recently released zoospores, F2 - Elongated sporangia within the central mass (B l4balb CAM4). 
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3.5.11 Morphological description for Acrochaete viridis. 

In culture, isolates formed irregular grainy clumps up to 2 mm in diameter, consisting of 

a tangled mass of mutually free, irregular branched dark olive green filaments, and were 

morphologically consistent with published descriptions for the species. Filaments were 

sparse to richly branched and consisted of a prostrate system with uprights of 1-3 cells 

(Fig. 3.5.10 B). There was no distinction between the dimension of the prostrate 

filament and upright branch cells as seen with A. heteroclada and A. repens, and the 

isolates resembled isolates now classified as species Acrochaete sp. 1, Acrochaete sp. 2, 

Acrochaete sp. 3, Acrochaete sp. 4 and Acrochaete sp. 5. The cells contained parietal or 

distal chloroplasts, sometimes reticulate, containing 1 (rarely 2) pyrenoids (Fig. 3.5.10 

A, B). Where two pyrenoids were observed, one appeared more prominent than the 
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other. In some isolates the chloroplasts were granular in appearance. Central cells 

were observed with plate-like chloroplasts filling the cell. Filaments consisted of 

globular/ovoid cells, 5-15 (-20) µm in diameter and cylindrical cells 3-5 µm in diameter 

and 2-3 (-10) times longer than broad. Flask-shaped sporangia formed from apical, sub- 

apical and intercalary cells and were observed with exit tubes, occasionally elongated 

(Fig. 3.5.10 Q. Sporangia were observed containing 8 zoospores. Acrochaete-type 

hairs, i. e. hairs with bulbous ends, were observed extending from some apical cells. 

Filaments with club-shaped ends were observed, possibly indicating vegetative growth 

or the development of sporangial cells. 

Figure 3.5.10 Morphological features of A. viridis. 

A- Vegetative cells containing one pyrenoid (e356wgb CAMS). 
B- Branching filaments of globular and elongated cells containing I pyrenoid (e464pd CAM2). 
C- Young developing apical/sub-apical sporangia (e l70sg CAM2). 
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3.5.12 Morphological description for Bolbocoleon species. 

3.5.12.1 Bolbocoleon piliferum. 

Isolates formed soft spherical balls measuring 5-10 mm diameter, with translucent 

central areas. The plants consisted of irregularly branched prostrate dark olive green 

filaments with upright branches (Fig. 3.5.11 A 1). Branching was occasionally observed 

occurring at 90° angles (Fig. 3.5.11 Al). The morphology of isolates in this genus were 

distinct from species of Acrochaete when cultured in cell dimensions, pyrenoid count 
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and hair development. The majority of cells were elongated, measuring 10-20 µm, and 

2-10 times longer than broad. Occasionally there were swollen cells within the filament 

length measuring 15-20 µm in diameter (Fig. 3.5.11 A3). The cell walls of the isolates 

were well defined and cells were often observed without contents within the length of 

the filament (Fig. 3.5.11 A5, B3). Chloroplasts were either parietal or filled the cell and 

contained (1-) 4-10 pyrenoids (Fig. 3.6.1 A2, A3, A4). Apical elongated cells and 

intercalary rounded cells were observed transforming into sporangia, sometimes with 

elongated exit tubes (Fig. 3.6.1 B2). Hairs were produced from upright branches by 

forming a separate hair-bearing cell containing a chloroplast, and the translucent hair 

then extended apically, directly from the cell (Fig. 3.5.11 B 1). There was no formation 

of a bulbous end, or separation from the cell, as seen in Acrochaete species (e. g. Fig. 

3.5.9 D). 

Figure 3.5.11 Morphological features of Bolbocoleon piliferum. 

Al - Branched filament of elongated cells with upright branch at a 90° angle, A2 - Parietal chloroplast, 
A3 - swollen cell within filament length with chloroplast filling the cell, containing 4 pyrenoids, 

A4 - vegetative cell containing 4 pyrenoids, A5 - well defined cell wall (e344pc CAM2). 
B1 - Hair-bearing cells containing chloroplasts, with apical hairs, B2 - Empty rounded sporangial cell 

with elongated exit tube, B3 - well defined cell walls of empty elongated filament cells (e344pc 
CAM 2). 

Al 
BI 

20 µm 

, 11ý ., 
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3.5.12.2 Bolbocoleon sp. 

Cultured isolates formed dark olive green irregular lightly meshed to solid lumps up to 

3 mm in diameter. Cells were narrower than those observed in B. piliferum isolates 

with circular cells measuring 4-10 µm in diameter and elongated cells measuring 

3-8 µm in diameter and 2-10 times longer than broad. Chloroplasts were parietal and 

sometimes plate-like containing one to several pyrenoids. 

3.5.13 Morphological description for the unicellular, flagellate species. 

The isolates comprised bright green, motile circular or ellipsoidal cells measuring 

6-13 [u. m diameter and were 1-2 times longer than broad (Fig. 3.5.12 A, B, C). Plate- 

like chloroplasts filled the cells, no eyespot or pyrenoid was visible. The cells were 

motile and possessed 2-4 flagella extending from one end of the cell (Fig. 3.5.12 Q. 

Unicells were observed to lose their flagella and become sessile during the culture 

period (Fig. 3.5.12 A, B). A number of cells were observed with a transparent strip 

occupying part of the cell. 

Figure 3.5.12 Morphological features of the unicellular flagellates. 
A- Circular flagellate minus tlagellar (e 146db CAM 1). 
B- Ellipsoidal flagellate minus flagella (e 1 10db CAM I). 
C- Flagellate with 3-4 flagella extending from one end (e278tm CAM 1). 
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3.5.14 Morphological description for Unknown species 1. 

Isolates were dark olive green, closely packed clumps measuring up to 1 mm in 

diameter, with exposed filaments at the periphery of the central mass (Fig. 3.5.13 A2, 

B 1, C3). The peripheral filaments were typically 2-3 cells long, although longer 

irregular sparsely branched filaments were observed (Fig. 3.5.13 C3). Cells were 

globular to irregular, or elongated and contained a plate-like chloroplast, which filled 

the cell, containing 1 (-3) pyrenoid (Fig. 3.5.13 A2, C3). Globular to irregular cells 

were 3-10 (-12.5) µm diameter, and elongated cells were 2.5-7 . tm diameter and 2-5 

times longer than broad. Elongated or bottle-shaped sporangia, 3-5 µm in diameter, 

developed from apical cells and were sometimes observed with an elongated exit tube 

(Fig. 3.5.13 Al, B2, Cl-2). The tube wall appeared narrower than the wall of the 

sporangial cell (Fig. 3.5.13 C2). Zoospores were 1-2 tm diameter and expelled or 

released through the top of the sporangial cell (Fig. 3.5.13 A 1). No hairs were observed 

in the culture. 

Figure 3.5.13 Morphological features of Unknown sp. 1. 
A1- Sporangium expelling/releasing zoospores, A2 - Closely packed cells containing at least I pyrenoid 

within plate-like chloroplast filling the cell (BR Ia CAM 1). 
B1 - Central mass of closely packed cells, B2 - Empty sporangia with thicker walls to the cells than the 

exit tube (B751s 1 CAM2). 
C1- Young apical sporangium, C2 - Empty sporangium with thicker walls around the cell than the exit 

tube, C3 - Filament comprising 3 cells at the periphery of the central mass containing I pyrenoid per 
cell (B751s1 - CAM2). 
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3.5.15 Morphological description for Unknown species 2. 

In culture, isolates formed lightly meshed to solid irregular clumps of filaments up to 1 

mm in diameter. Bright to dark olive green, uniseriate filaments comprising globular 

and elongated cells with short upright branches of 1-3 cells which were not easily 

discernable (Fig. 3.5.14 A 1-2, B 1, C 1). Parietal chloroplasts were observed sometimes 

perforated/reticulated with 1-2 (-4) pyrenoids (Fig. 3.5.14 Al, B2, C2). Some cells 

within the length of the filament were translucent. Globular cells were 3-10 µm 

diameter, and elongated cells were 3-7 µm diameter and 2-3 times longer than broad. 

Apical and semi-apical, circular and elongated, sporangia were observed containing two 

sizes of zoospores, with circular sporangia containing the larger of the two. Exit tubes 

were occasionally observed. No assessment of the number of zoospores or flagella 

number could be made as no release, or expulsion, of zoospores was seen. Hairs were 

not observed. Club-shaped apical cells possibly denoted vegetative growth or 

sporangial development. 

Figure 3.5.14 Morphological features of Unknown sp. 2. 
A1- Perforated/reticulated parietal chloroplast, A2 - Twisted/kinked filament (B85cm I CAM2). 
B1 - Globular cells forming a peripheral filament, B2 - Cell containing a parietal chloroplast with a 

single pyrenoid (B85cml CAM2). 
C1- Globular cells forming a filament, C2 - Cell with a chloroplast containing 2 pyrenoids (B85cm 

CAM2). 
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3.5.16 Morphological description for Unknown species 3. 

Lightly meshed or tightly packed, crumbly clumps of bright green filaments measuring 

up to 5 mm in diameter formed in culture. Occasionally pseudoparenchymatous sheets 

formed. Uniseriate filaments were irregular, sometimes sparsely, branched and 

comprised elongated and globular cells (Fig. 3.5.15 D). Translucent cells were 

observed within the length of some filaments. Peripheral elongated, colourless 

filaments were observed tipped with a small slightly swollen cell (up to 2 times broader 

than the filament diameter) containing a chloroplast (Fig. 3.5.15. A, B). The apical cell 

of the peripheral filaments sometimes appeared skittle-shaped, thought to represent 

vegetative growth (Fig. 3.5.15 Q. Chloroplasts were parietal and sometimes 

perforated/reticulated occasionally occurring towards one end of the cell (Fig. 3.5.15 D, 

E). Within the chloroplast, 1 to several pyrenoids were observed (Fig. 3.5.15 D). 

Globular cells were 3-8 µm diameter, and elongated cells were 2-4 µm diameter and 

2-30 times longer than broad. Apical and intercalary sporangia were observed with 

lateral and apical exit points. Some club-shaped sporangia were observed with an exit 

tube but no zoospores were seen. No hairs were observed, but when in nutrient- 

depleted media, isolates extended elongated filaments comprising one elongated 

transparent cell (2 µm diameter 15-20 times long as broad) and a small slightly swollen 

apical cell. The apical cells of the transparent filament were 2-3 µm diameter and 

appeared to contained a single chloroplast, occasionally perforated/reticulate, with 1-2 

pyrenoids (Fig. 3.5.15 G, H). The elongated, transparent filaments were also observed 

occasionally with a small globular cell, containing a chloroplast, creating a side branch 

(Fig. 3.5.15 F). 
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Figure 3.5.15 Morphological features of Unknown sp. 3. 
A -Cell empty of contents leading to an apical cell containing chlorophyll denoting the growing end 

(e0I 5wb 1 CAM2). 
B- Apical chloroplast filled cells with preceding elongated transparent cell (B33cm2 CAM2). 
C- Rounded/skittle-shaped cell possibly forming a sporangium (BR Id CAM 1). 
D- Branched filament comprised of elongated and globular cells with parietal chloroplasts, many 

positioned to one end of the cell (BRId CAM2). 
E- Cells containing parietal chloroplasts with i pyrenoid (B33cm2 CAM2). 
F- Single swollen cell containing chloroplast creating a branch on elongated filaments produced during 

nutrient depletion (BRId CAM 1). 
G- Elongated filament with swollen end containing a chloroplast extended during nutrient depletion 

(BRId CAM I). 
H- Elongated filament end containing perforated chloroplast and 2 pyrenoids (B33cm3 CAM 1). 
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3.5.17 Morphological description for Unknown species 4. 

Closely packed bright-dark green filaments formed central clumps or cushions up to 

2 mm in diameter (Fig. 3.5.16 A2). Cushions were occasionally observed with a 

translucent area within the mass and translucent cells were observed within filaments. 

Filaments were uniseriate with irregular, alternate branching and comprised globular 

and elongated cells (Fig. 3.5.16 Q. Narrower filaments, approx 2.5 µm diameter were 

sometimes observed at the periphery of the central mass. Globular cells were 6-13 µm 

diameter and elongated cells were 3-8 tm diameter 2-20 times longer than broad. Cells 

contained parietal or distal chloroplasts sometimes perforated/reticulate with 1-2 

pyrenoids (Fig. 3.5.16 B, C, Dl-2). Apical club-shaped sporangia were observed with 

exit tubes (Fig. 3.5.16 Al). Hairs were not observed during culturing. 

Figure 3.5.16 Morphological features of Unknown sp. 4. 
A1- Young sporangia developing from apical cells, A2 - Closely packed filaments (e054sg CAM: ). 
B- Parietal chloroplast within a slightly elongated intercalary cell (B II Is I CAM2). 
C- Filaments comprised of elongated and globular cells containing parietal chloroplasts (eO54sg 

CAM2). 
D1- Cells containing 1-2 pyrenoids, D2 - Reticulated chloroplast (B II Is I CAM2). 
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3.5.18 Morphological description for Unknown species 5. 

Isolates formed a light to dark green central mass up to 1 mm in diameter, or 

pseudoparenchymatous sheets, with sparsely branched filaments exposed at the 

periphery. The central mass displayed a distinctive `pleurococcus'-like growth form 

where cells appeared to form colonies created by cruciate (cross-like) division (Fig. 

3.5.17 A1, B1). Globular cells were 4-6 (-13) µm in diameter whilst elongated cells 

were 2-6 µm diameter and were 2-6 times longer than broad. Cells contained parietal 

chloroplasts sometimes reticulated/perforated with 1 (-2) pyrenoids (Fig. 3.5.17 A2, B2- 

3). In the central mass chloroplasts appeared plate-like, filling the cell (Fig. 3.5.17 A2). 

Apical and intercalary, bottle-shaped, sporangia were observed with exit tubes. 

Released/expelled zoospores were observed measuring 1-2 µm diameter. 

Figure 3.5.17 Morphological features of Unknown sp. 5. 
Al - Pleurococcus like growth, A2 - Cell containing a plate-like chloroplast containing I pyrenoid (e209 

CAMS). 
B1- Pleurococcus-like growth, B2 - Unhranched filament comprised of cells with parietal chloroplasts 

with a single pyrenoid, B3 - Cells containing perforated/reticulated chi ri pla. t,, (cO I 7cw CAM2). 

3.5.19 Morphological description for Unknown species 6. 

Cultured isolates formed pseudoparenchymatous sheets or solid grainy clumps, up to I 

mm in diameter. Dark olive green filaments comprising elongated cells were observed 

very occasionally at the edges of the central mass. The majority of the plant consisted 
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of cells closely grouped together, with the central mass sometimes consisting of 

translucent cells (Fig. 3.5.18 Cl). Globular cells were 3-13 µm diameter, and elongated 

cells were 4-6 tm diameter and 2-4 times longer than broad. Chloroplasts filled the 

cells and contained 1 (-2) pyrenoid (Fig. 3.5.18 C2, C3), but were sometimes parietal 

within the cell. Cruciate growth was observed in the cultures (Fig. 3.5.18 A, B). Apical 

sporangia with top exit via a tube were observed in one isolate. No hairs were observed 

during the morphological investigation. 

Figure 3.5.18 Morphological features of Unknown sp. 6. 
A -Cruciate growth (B56sm 1I CAM 1). 
B- Cruciate growth (B56sm 1I CAM 1). 
C1- Cells forming clumps, C2 - Cells containing a single pyrenoid, C3 - Plate-like chloroplasts filling 

the cell (B5mr2 CAM 1). 
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3.6 Geographical distribution of Acrochaete and non Acrochaete species. 

Geographical distributions were derived from the molecular species definitions. The 

presence of Acrochaete species in the flora was confirmed for thirty-five collection sites 

around mainland Britain, two sites in the Channel Islands, two sites in Iceland and also 

in Norway (Tables 3.6.1,3.6.2,3.6.3). Three species of Acrochaete were only found 

south of the Scottish border. In contrast, one species, A. repens, was primarily found in 

northern collection sites with one exception in the southwest. 

Table 3.6.1 Summary of Acrochaete and non-Acrochaete species distribution. 

Species Location 
Acrochaete sp. 1 All coastal regions of Britain 

Bouley Bay, Jersey, Channel Islands 
Sudar-Bar, Iceland 

Acrochaete sp. 2 North and southwest Britain 
Alftafjordur & Sudar-Bar, Iceland 
0 arden, Ormhilleren, Norway 

Acrochaete sp. 3 All coastal regions of Britain 
Greve de Lac q, Jersey, Channel Islands 

Acrochaete s p. 4 All coastal regions of Britain 
Acrochaete s p. 5 All coastal regions south of Scotland 
Acrochaete s p. 6 East coast Scotland, southwest England and Wales 
A. heteroclada South of Scotland and the Isle of Man 
A. le tochaete Single site (Sidmouth) south coast Britain 
A. re ens (1) & (2) Northern Britain and northwest Wales 
A. viridis All coastal regions of Britain 

Sudar-Bar, Iceland 
Bolbocoleon piliferum Northern Britain and the south coast 

Oö arden, Ormhilleren, Norway 
Bolbocoleon s p. West and east coasts of southern Britain 
Unicellular s p. Northern Scotland 
Unknown s. I West and east coasts of Britain 
Unknown s. 2 West coast Britain 
Unknown s. 3 South, west and east coasts Britain 
Unknown s. 4 Southwest England and east Scotland 
Unknown s. 5 Northern Britain 
Unknown s. 6 South, west and east coasts Britain 

The presence of non Acrochaete species were confirmed for all coastal regions of 

Britain (Tables 3.6.1,3.6.4). In addition Bolbocoleon piliferunt was found in Norway. 

Of the six undescribed species identified from around Britain, five were found on the 

west coast, with Unknown sp. 2 only identified for sites located on this coastline. In 

addition to the west coast, the four other species were identified for east coast sites. 
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Two, Unknown sp. 3 and Unknown sp. 6, were also obtained from the south coast. 

Unknown sp. 5 was the exception with collection limited to north of Newcastle. The 

unicellular species was only identified for the north of the mainland. 

3.6.1 Distribution of Acrochaete species. 

Analyses showed that Acrochaete sp. 1, Acrochaete sp. 2 and Acrochaete sp. 3 were 

widely distributed around Britain (Table 3.6.2; Figs. 3.6.1 A, B, Q. Acrochaete sp. I 

and Acrochaete sp. 3 were also recorded for the Channel Islands and the former was 

additionally found in Iceland. Acrochaete sp. 1 was confirmed in the flora of fourteen 

sites around Britain (Table 3.6.2; Fig. 3.6.1 A). The association of this species with 

Chondrus crispus gametophytes was apparent for the majority of recorded sites but was 

only found with tetrasporophytes at four. This species was isolated for more than one 

host species at one site, Hannafore Point (Looe), but both isolates were from Osmundea 

species. The mapping of mainland distribution sites for both Acrochaete sp. 1 (Figs. 

3.6.1 A) suggests two regions of distribution, one in the north of the mainland and one 

in the south and southwest. Acrochaete sp. 1 was recorded throughout the year for 

Britain, with isolates obtained from collections made in October 2003, February, March, 

July and September 2004, March (the Channel Islands) and May 2005. 

Acrochaete sp. 2 was identified for seven sites around Britain located either on the north 

or south/southwest coasts (Table 3.6.2; Fig. 3.6.1 B). Within Britain and Norway the 

species was solely associated with M. stellatus, but it was found with both M. stellatus 

and Chordafilum in the Icelandic flora. This species appeared to be found around 

Britain all year round with collections in October 2003, March and July 2004. 
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Table 3.6.2 Confirmed occurrences for previously undescribed Acrochaete species 
around Britain and the North Atlantic by host species, site, host and life-history phase. 

CC - Chondrus crispus, MS - Mastocarpus stellatus, OH - Osmundea hybrida, OO - O. osmunda, OP - O. pinnatifida, 
0. spp - Osmundea species, CF - Chorda frlum, FS - Fucus serratus. 
g- gametophyte, t- tetrasporophyte, nd - not determined, nr - not reproductive. 
+= present, -= no record for the current project. 

Host CC MS OH 00 OP 0. sp, p CF FS 
Collection Site Phase gt g t nd nr gt nr t nd t nr 

Acrochaete sp. 1 
Britain Berwick-upon-Tweed + 

Hayling Island + 
Sidmouth + 
Hannafore point. Looe + + 
Sennen Cove + 
Blue Anchor Bay t 
Eilstock + 
Castle Beach + 
Black Rock. Dale Village + 
Moran & Traigh + 
Gortenachullish/Eilean Ighe + 
Talmine + 
Dunnet Bay + 
Tang Head + 

Channel Islands Bouley Bay, Jersey + 
Iceland Sudar-Bar + 

Acrochaete s p. 2 
Britain Greenaway + 

Combe Martin Bay + 
Black Rock + 
Morar & Traigh + 
Smoo Cave + 
Talmine + 
Tang Head + 

Iceland Alftafjordur 
Sudar-Bar + 

Norwa 0ygarden, Ormhilleren + 
Acrochaete s i). 3 

Britain Whitburn Bay + 
Westgate-on-Sea + 
Hannaforepoint. Looe + 
Combe Marlin Bay + 
Castle Beach + 
Rhosneigr + 
Gortenachullish/Eilean Ighe + 
Portskerra Harbour + 
Tang Head + 
Balintore + 
Shandwick Bay + 
Roseheany + 
Seagreens + 
Arbroath + 

Channel Islands Greve de Lacq, Jersey + 
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Table 3.6.2 cont. 

Host CC MS OH 00 OP 0.5 CF FS 

Collection Site Phase gt g t nd nr gt nr t nd t nr 

Acrochaete s p. 4 
Britain Berwick-upon-Tweed + 

Cresswell + 

Westgate-on-sea + 

Sidmouth + 

Hannafore Point, Looe + 

Ponsense Cove + 
Combe Martin Bay + 

Black Rock + 

St. Brides + 

Gortenachullish/Etlean Igle + 

Tang Head + 

Rosehearty + 

Arbroath + 

Acrochaete s p. 5 
Britain West Runton est + 

uth Si + 
St Bees + 

Acroehaete s p. 6 
Britain Combe Martin Bay + 

Castle Beach + 

Arbroath + 

Acrochaete sp. 3 had the widest indicated distribution of the species in the genus with 

fourteen locations around mainland Britain (Table 3.6.2; Fig. 3.6.3). The species was 

associated with three red algal host species, C. crispus, M. stellatus and O. osniunda, 

but it was not isolated from more than one host per site, although it should be noted that 

Balintore and Shandwick Bay are extremely close (- 300 m apart) and samples were 

isolated at these sites from M. stellatus and C. crispus respectively. The species 

occurred on all coasts around the mainland (Fig. 3.6.3). The majority of samples 

collected from C. crispus were located at more northerly sites, with Rhosneigr the most 

southerly site recorded. Samples from M. stellatus had a more general distribution. 

Samples were collected for Britain throughout the year, with collections in October 

(2003), March, May, June, July and October (2004) and March (2005 - the Channel 

Islands). 

The distribution for Acrochaete sp. 4 was limited to sites around Britain with 

individuals collected from thirteen sites (Table 3.6.2). The distribution around Britain 

was widespread with heavier concentrations in the southwest and northeast (Fig. 3.6.4). 
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Samples collected from all sites were associated with Osmundea species with one 

exception, Ponsense Cove on the south coast, where it was associated with C. crispus. 

No Osmundea specimens were collected from this site to enable confirmation of species 

association, but further along the coast at Hannafore Point a sample was isolated from 

0. osmunda. The analyses revealed isolate e347wr, isolated from C. crispus, may be 

Acrochaete sp. 4 and this would add West Runton on the east coast to the distribution 

map. The species occurs year round with collections in October (2003), March, June, 

July and September (2004), and May (2005). 

Acrochaete sp. 5 was only found in three host samples collected from sites around 

Britain all located south of the Scottish boarder. The most northerly site was located in 

Cumbria (Table 3.6.2; Fig. 3.6.5), with the other two sites located on the east and south 

coasts (Fig. 3.6.5). The species was found with tetrasporophytes and gametophytes of 

C. crispus on the northwest and south coasts respectively, with the remaining sample 

isolated from non-reproductive F. serratus on the east coast. All samples of this species 

were collected during October 2003 and 2004 and September 2004. 

There were only three samples identified as belonging to Acrochaete sp. 6 and these 

were located at three sites around Britain (Table 3.6.2; Fig. 3.6.6). The species was 

confirmed from the east coast of Scotland and southwest England and Wales, with 

samples isolated from a different host at each site. Samples of this species were 

collected during October 2003, March and July 2004 suggesting that it occurs 

throughout the year. 
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Figure 3.6.1 Sites from which new Acrochaete species were isolated and confirmed by 

molecular analysis. For a full distribution of collection sites see Fig. 2.1. Sites where 
species were present are indicated by a red dot (9). 

A- Distribution map for Acroehaete sp. 1. 
(Ordnance survey 100029625°) 

.4 

C- Distribution map for Acroehaete sp. 3. 
(Ordnance survey 100029625') 

.4 

E- Distribution map for Acrochaete sp. 5. 
(Ordnance survey 100029625") 

f 

B- Distribution map for Aerocchaete sp. 2. 

(Ordnance survey I (X)029625" ) 

D- Distribution map for Ac"rocfiuete sp. 4. 
(Ordnance survey 100029625' ) 

F- Distribution map for Acru(haete sp. 6. 
(Ordnance survey I(XX)29625") 

.4 
I 
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Acrochaete heteroclada was collected from five sites located in central and southern 

Britain (Table 3.6.3; Fig. 3.6.2 A). The species was identified associated with three red 

algal host species and was isolated from more than one host at two sites. Sidmouth, on 

the south coast was the only site where the species was associated with all three hosts. 

Acrochaete heteroclada was isolated from host material collected during October 2003, 

September and October 2004, and April 2005. 

The distribution for A. leptochaete was only confirmed for one south coast site 

(Sidmouth) (Table 3.6.3, Fig. 3.6.2 B). Isolated from Chordafilum, the two isolates 

were collected in October 2003. 

Acrochaete repens (1) was present at four sites and A. repens (2) at a further four 

around Britain (Table 3.6.3; Fig. 3.6.2 Q. The distribution of A. repens (1) 

encompassed the north coast of Scotland, northeast and southeast England and 

A. repens (2) was located on the northwest and north coast of Scotland only (Fig. 3.6.2 

Q. Dunnet Bay, on the north coast, was the only site where either species was 

collected from more than one host (A. repens (2)). Also included within the A. repens 

species group was isolate e129gh found associated with Fucus serratus on the 

northwest coast of Scotland at Gortenachullish/Eilean Ighe. The majority of the 

samples of A. repens were collected during July 2004, but one sample was also obtaincd 

in October 2003. 

Acrochaete viridis was present at nine sites distributed around Britain and one in 

Iceland (Table 3.6.3). The mapped distribution for Britain showed samples in the north, 

and on the southeast and south coasts (Fig. 3.6.2 D). Although the species was 
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associated with six different host species, it only occurred in association with more than 

one host at Seagreens, northeast Scotland. Association with Chondrus crispus appeared 

limited to the southerly collection sites. At northern sites the species was associated 

with both red and brown hosts but not C. crispus. Isolates of A. viridis were collected 

thoughout the year around Britain with collections in October 2003, July, September 

and October 2004 and May 2005 . 

Table 3.6.3 Confirmed occurrences for previously described Acrochaete species around 
Britain and the North Atlantic by species, site, host species and life-history phase. 

CC - Chondrus crispus, DuC - Dumontia contorta, MS - Mastocarpus stellatus, OH - Osmundea hybrida, 
00 - 0. osmunda, OP - O. pinnatifida, CF - Chordafilum, FS - Fucus serratus 
g- gametophyte, t- tetrasporophyte, nr - not reproductive. 
+= present, -= no record for the current project. 

I Host CC DuC MS OH 00 OP CF FS 
Collection Site Phase gt t g t g nr g nr t g ne 

A. heteroclada 
Britain West Runton + + 

Bernbridge, Isle of Wight + 
Sidmouth + 
Ponsense Cove + 
Rhosneigr + 

A. le toehaete 
Britain Sidmouth + 

A. re ens 
A. re ens (1) Britain Berwick-upon-Tweed 

Blue Anchor Bay + 
Seagreens 
Arbroath + 

A. re ens (2) Britain West Port 
Talmine + 
Dunnet Bay + + 
Rosehearty + 

e129 h Britain Gortenachullish/EileanIghe + 
A. viridis 

Britain Minster + 
Westgate-on-Sea + 
Ponsense Cove + 
Poldhu Cove + 
Morar & Traigh + 
Gortenachullish/Eilean Ighe + 
Shandwick bay 

,F 
Seagreens + + 
Arbroath + 

Iceland Sudar-Bar + 
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Figure 3.6.2 Sites from which previously described Acrochaete species were isolated 
and confirmed by molecular analysis. For a full distribution of collection sites see 
Fig. 2.1. Sites where species were present are indicated by a red dot (0) unless 
otherwise indicated. 

A- Distribution map for A. heteroclada. 
(Ordnance survey 100029625°') 

C- Distribution map for A. repens. 
(Ordnance survey I00029625") 

LEGEND 

= presence ol'A. repens (1) 
= presence of A. repens (2) 

0= presence of iwiate c 129gh 

B- Distribution map for A. leptoehaete. 
(Ordnance survey 100029625") 

D- Distribution map for A. viridis. 
(Ordnance survey 100029625") 
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3.6.2 Distribution of non Acrochaete species. 

Bolbocoleon piliferum was found mainly in the north of Britain as well as being 

identified in Norway (Table 3.6.4; Fig. 3.6.3 A). Rosehearty was the only site where 

the species was found in association with two host species (Dumontia contorta and 

Chorda filum). Association of this species with O. pinnatifida was limited to the south 

of the country, and for D. contorta and C. filum it was limited to Scotland and northeast 

England. The species was found with Chondrus crispus on both the south and northeast 

coasts. Isolates were mostly collected in July 2004. The second species of Bolbocoleon 

was collected from the southerly sites of Blue Anchor Bay (southwest England) in 

October 2003 and Westgate-on-Sea (southeast England) in October 2004 (Table 3.6.4; 

Fig. 3.6.3 A). 

All of the unicellular species samples were collected from the north coast of Scotland 

(Table 3.6.4, Fig. 3.6.3 B). This suggests a restricted northerly distribution with hosts 

belonging to the red algae. All of the material was collected during July 2004. 

There were two confirmed distribution records for Unknown sp. 1, one located in 

southwest England, the other on the east coast (Table 3.6.4; Fig. 3.6.3 Q. The species 

was associated with red and brown algal host species in the southwest, but just with the 

brown host, Fucus serratus, on the east coast. Samples were collected in January 1995 

and 1996, and October 2003 and 2004. 

Unknown sp. 2 was limited to the southwest Britain, with the sites falling on either side 

of the beginnings of the Bristol channel, where it was found associated with 

Mastocarpus stellatus (Table 3.6.4; Fig. 3.6.3 D). Samples were collected in October 

2003 and March 2004. 
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Unknown sp. 3 was recorded from six sites located on the south, west and east coasts of 

Britain suggesting a general distribution (Table 3.6.4, Fig. 3.6.3 E). The species was 

found free living at the most northerly site, on the west coast of Scotland. For the other 

sites, of which the majority were grouped in the southwest and western end of the south 

coast, all of the isolates were associated with red algal hosts. Isolates were obtained 

from host material collected in October 2003, and June, July and September 2004. The 

collection time for one isolates was unknown (Lundy Island). 

Unknown sp. 4 was confirmed for three sites around Britain, one in southwest England 

with the other two in northeast Scotland (Table 3.6.4, Fig. 3.6.3 F). The species was 

found associated with gametophyte C. crispus in the southwest and tetrasporophyte 

Osmundea species and C. crispus at the Scottish sites. Isolates were obtained from host 

material collected in October 2003 and July 2004. 

The isolates of Unknown sp. 5 were all found associated with Mastocarpus stellatus 

collected from sites north of Newcastle. The most northerly site was on the north coast 

of Scotland near Durness with the other two located on the northeast coast of England 

(Table 3.6.4; Fig. 3.6.3 G). All of the M. stellatus material was collected in July 2004. 

Unknown sp. 6 was isolated from red algal host material collected from sites on the 

south, west and east coasts of Britain, with the most northerly site located in Anglesey, 

Wales (Table 3.6.4; Fig. 3.6.3 H). Host material for this species was mainly collected in 

October 2003 with only one sample collected in June 2004. 
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Table 3.6.4 Confirmed occurrences for non-Acrochaete species around Britain and the 
North Atlantic by species, site, host species and life-history phase. 

CC - Chondrus crispus, DuC - Dumontia contorta, MS - Mastocarpus stellatus, OH - Osmundea hybrida, 
00 - O. osmunda, OP - O. pinnatifida, 0. spp - Osmundea spp, CF - Chorda filum, FS - Fucus serratus 
g- gametophyte, t- tetrasporophyte, nd - not determined, nr - not reproductive, ?- unknown. 
+= present, -= no record for the current project. 

Host CC DuC MS OH 00 OP O. CF n F" ree 
in 

Col lection site Phase g t? g t g g t t nr nd t 
Bolbocoleon piliferum 

Britain Berwick-upon-Tweed + - - + - - - - - - - - 
Ponsense Cove + - - - - - - - - - - - - 
A'Chldit + - - 
Morar & Traigh - - + 

Shandwick bay - - - - + - - - - - - - - - 
Rosehearty - - - + - - - - - - + - - 

Norway Oygarden, Ormhtlleren - + 

Bolbocoleon sp. 
Britain Westgate-on-Sea + 

Blue Anchor Bay - + 

Unicellular sp. 
Britain Talmine - + 

Dunnet Bay - - - - - - + - + - - - - 
Unknown sp. l 

Britain Lilstock + + - + 
West Runton 

Unknown sp. 2 
Britain Combe Martin Bay - - - - - + 

St. Brides - - - - + _ - - _ _ 
Unknown sp. 3 

Britain Whitburn Bay - - - - - + _ 
Sidmouth + 
Ponsense Cove + _ 
Combe Martin Bay + 
Lundy Island - + 
A'Chlt'it 

Unknown sp. 4 
Britain Lilstock + 

Seagreens + - - - - - + - - - - 
Arbroath + 

Unknown sp. 5 
Britain Berwick-upon-Tweed + 

Cresswell + 
Smoo Cave, Durness + - - - - - - 

Unknown sp. 6 
Britain Whitburn Bay - - _ - + - . 

Sheerness + 

Minster + 

Sidmouth 

Combe Martin Bay - - - - - + 
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Figure 3.6.3 Sites from which non-Acrochaete species were isolated and confirmed by 
molecular analysis. For a full distribution of collection sites see Fig. 2.1. Sites where 
species were present are indicated by a red dot (*)unless otherwise indicated. 

A- Distribution map for B. piliferum. 
(Ordnance survey 100029625") 

.4 
LEGEND 
0= prc. xnce ol B. piliJrnun 
0= prexrncc ol Brrll,. rinlrnn sp. 

C- Distribution map for Unknown sp. 1. 
(Ordnance survey 100029625") 

B- Distribution map for the unicellular species. 
(Ordnance survey I(XX)29625') 

.4 

D- Distribution map for Unknown sp. 2. 
(Ordnance survey 1(XX)29625" ) 
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Figure 3.6.3 cont. 

E- Distribution map for Unknown sp. 3. 
(Ordnance survey I(X)029625`°) 

G- Distribution map for Unknown sp. 5. 
(Ordnance survey 100029625") 

F- Distribution map for Unknown sp. 4. 
(Ordnance survey 100029625`) 

H- Distribution map for Unknown sp. 6. 
(Ordnance survey 1((x)29625") 
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Chapter 4 Discussion. 

The results of this study have confirmed that the genus Acrochaete forms a 

monophyletic Glade for species collected from Britain and other sites in the North 

Atlantic and provide improved resolution of the taxonomic position of the genus within 

the Chlorophyta. Comparison of molecular- and phenotypic-based methods 

demonstrated that both Acrochaete and non Acrochaete green algal endophytic species 

can only be identified with any certainty using molecular analysis. Morphological 

characters, however, enable genus-level identification for species of Acrochaete and 

Bolbocoleon. The hypothesis that Acrochaete has a wider species diversity than 

previously recorded was verified for both the British flora and also for Iceland, the 

Channel Islands and Norway. Previously undescribed green epi-/endophyte diversity 

was revealed through the discovery of six species of Acrochaete new to Britain, together 

with the identification of a second species of Bolbocoleon not reported previously and 

six novel species of green algal epi-/endophtyes. For the first time, a genuinely cryptic 

group of Acrochaete species was distinguished by molecular analyses with indications 

of further cryptic species within the genus. In addition, a number of green epi- 

/endophyte species, in particular for species of Acrochaete, showed some host 

specificity or preference. In contrast, other species were host generalists and able to live 

with a wide range of host species. The specificity shown by Acrochaete species within 

the limited range of hosts included in this study, points to still greater diversity within 

the genus, as many potential hosts have yet to be explored. Finally, the results have 

provided an indication of the distribution for both Acrochaete and non-Acrochaete 

species, extending knowledge of where these green algal endophytes can be found. 
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4.1 Algal hosts for green algal epi-/endophyte. 

All of the potential host species selected for the current project were associated with 

green algal epi-/endophytes (Table 3.1.1). These green algae were found at all sample 

sites, establishing them as part of the British and North Atlantic floras and indicating 

that they are generally widespread on rocky shores (Table 3.1.2). Their widespread 

occurrence was supported by the identification of species from collections in Iceland 

and Norway, and by previously published distribution records (Table 1.8). 

Given that the majority of the selection of host species was based on previously 

recorded associations with Acrochaete species, it is not surprising all host species were 

found to yield Acrochaete isolates. In this study about 50 % of host plants were 

associated with host species, although, this result may be an artefact of the isolation 

process, and the percentage could be higher, as shown for Chorda filum (Table 3.1.1). 

Isolation of epi-/endophytes from all host species selected by identification of mottled 

areas within the frond (Dilsea carnosa, Dumontia contorta, and Dictyota dichotoma) 

suggests that mottling is a reliable indicator for the presence of one (or more) algal 

endophyte species. The isolated endophytes are often green algae, but some can be 

brown algal species (pers. obs. ). The identification of a number of green algal isolates 

as Acrochaete extends our present knowledge of host associations for this genus (Tables 

3.1.1 & 3.1.4). The successful isolation of Ulva species (Table 3.1.3) after surface 

cleaning and bleaching of host material, supported the findings of Fritsch (1935: p. 24) 

and latterly Plumb (1999: p. 178), that, species belonging to this genus can be found 

growing wholly or partly endophytically. 
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4.2 Taxonomy 

There is continuing debate as to which of the many species concepts (e. g. biological, 

Hennigian, phylogenetic, evolutionary) are appropriate for taxonomic studies (Wheeler 

& Meier, 2000). For this study the phylogenetic species concept has been used, where 

phylogenetic monophyly represents lineages and species are defined as the smallest 

diagnosable monophyletic group of samples with recognisable ancestry and descent 

(Cracraft, 1983; Baum, 1992; Wheeler & Platnick, 2000; Wattier & Maggs, 2001). This 

concept incorporates the Linnaean ranking system to enable naming of lineages and the 

identification of families as groupings of related genera within an order (Lawrence, 

2000; Wheeler & Platnick, 2000). 

4.2.1 The phylogenetic taxonomy for the genus Acrochaete. 

The taxonomic placement of Acrochaete within the Ulvophyceae, and the Ulvales, was 

confirmed by phylogenetic analyses. The congruence displayed in the analysis of two 

independent gene loci, the high statistical support (Figs. 3.2.1 to 3.2.5) and the high 

level of intra-group sequence similarity (Tables 3.2.4 & 3.2.5) are all consistent with the 

results of O'Kelly et al. (2004a, 2004b) and Bown et al. (2003). The finding that the 

genus was monophyletic differs from O'Kelly et al. (2004a, 2004b), who, based on 

North American species, considered Acrochaete to be para- or polyphyletic. Gabrielson 

et al. (2006), however, found that species of Acrochaete isolated from the Pacific coast 

of North America formed a monophyletic Glade, which is in agreement with the findings 

reported here. Support for phylogenetic identification of genera using morphology is an 

important factor until such a time as the statistical processes of phylogenetic 

reconstruction can be completed without error (Doyle, 1992; Wiens, 2004), and support 

was found for the current analyses through the morphological investigation. 
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Morphological characters, observed in isolates grouped within the Acrochaete, as well 

as Bolbocoleon and Ulva clades, were consistent with generic descriptions (Pringsheim, 

1862; Burrows, 1991). 

Previous studies have separated Ulva and Acrochaete into the Ulvaceae and Ulvellaceae 

respectively, both within the Ulvales (O'Kelly & Floyd, 1983; Hayden & Waaland, 

2002; O'Kelly et al., 2004a, 2004b). This separation was based on: (i) the filamentous 

vegetative morphology of species, (ii) the occurrence of anisogamy, and (iii) two 

ultrastructural features observed in motile cells (the absence of rhizoplasts and the 

presence of a stacked rootlet configurations, the latter a feature also observed in 

Ulvaria, a member of the Ulvaceae) (Hoops et al., 1982; O'Kelly & Floyd, 1983 and 

refs. therein). The results reported here do not support this separation, and it is 

proposed that Ulvellaceae and Ulvaceae be merged into a single family (Ulvaceae). The 

basis for suggesting this merger are, (i) the close Acrochaete-Ulva relationship 

identified by phylogenetic analyses (Figs. 3.2.1 to 3.2.5) and supported by the high 

average sequence similarity (Tables 3.2.4 & 3.2.5), (ii) the confirmation in current and 

previous work (Nielsen, 1979; O'Kelly et al., 2004a, 2004b) of the transfers of two 

Ulvellaceae species, Endophyton and Entocladia, to Acrochaete, creating a single 

genus, and the move of other Ulvellaceae species (e. g. Pseudendoclonium) to the 

Ulotrichales (O'Kelly et al., 2004a, 2004b), (iii) the high support for the single 

monophyletic grouping of genera belonging to either Ulvaceae and Ulvalleceae 

(Percursaria, Ulvaria, Ruthnielsenia and Ochlochaete) in the tufA analysis (Fig. 3.2.7) 

and the congruence shown for the grouping by the ITS2 phylogenetic analysis (Fig. 

3.2.6), and (iv) the identification of shared growth patterns and morphology following 

identification of Ulva species growing partly or wholly endophytically and the 
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observation noted previously of the shared ultrastructure character with Ulvaria 

(Ulvaceae) originally used in the separation (O'Kelly & Floyd, 1983 and refs. therein). 

4.2.2 The phylogenetic taxonomy for non Acrochaete species. 

Both initial phylogenetic analyses (Figs. 3.2.1 & 3.2.2) supported the findings of 

O'Kelly et al. (2004a), who found that Bolbocoleon forms a distinct `Bolbocoleon' 

lineage within the Ulvales, Ulvophyceae. The extended ITS2 analysis of the 

Chlorophyta (Fig. 3.2.6), however, found that the Bolbocoleon isolate formed an 

unsupported grouping with Kornmannia, a member of the Ulotrichales, raising 

questions about its correct taxonomic placement. The grouping with the newly 

identified non-Acrochaete species with Bolbocoleon in the tufA analysis (Fig. 3.2.7) 

may indicate that they belong to the same lineage, although there was no support for 

this in the ITS2 results. 

The taxonomic placement of the novel non Acrochaete species and unicellular species 

still requires further study. The results presented here confirm that these species belong 

to the Ulvophyceae, but the tufA and ITS2 analyses are not consistent beyond this. On 

the basis of the phylogenetic analyses (Figs 3.2.5,3.2.6 & 3.2.7), all of these species 

belong within the same lineage. There was strong support for their placement within 

the Ulvales, but the close relationship with members of the Ulotrichales, revealed by the 

ITS2 analysis (Fig 3.2.6) suggests that this may be incorrect. The Ulotrichales are 

differentiated from the Ulvales by ultrastructural features of their motile cells, e. g. 

scales, reproductive structure differences and life history patterns, including the 

occurrence of a Codiolum-phase (Kornmann, 1963,1973; Floyd & O'Kelly, 1984). The 

association, in the current project, of the unicellular species with Unknown sp. 5 and 

Acrosiphonia arcta (Dillwyn) Gain (Figs 3.2.1 & 3.2.2), and the tentative identification 
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of these isolates as an alternate life-history phase of green algal species such as 

Acrosiphonia or Urospora, supports placement of the species in the Ulotrichales. 

As with Bolbocoleon, O'Kelly et al. (2004b) placed Phaeophila dendroides within the 

Ulvophyceae as a separate ̀Phaeophila' lineage and stated that further work was 

required to confirm the higher taxonomic placement. This separation from other 

Ulvophyceae lineages had previously been shown by Chappell et al. (1990) using 

electron microscopy evidence (zoospore flagella architecture). The current data support 

the placement of the genus within the Ulvophyceae. The placement of the genus within 

a separate lineage, however, was less clear. Assuming that the P. dendroides sequence 

of O'Kelly et al. (2004b) is definitely representative of the genus, the current 

Chlorophyta tufA analysis (Fig. 3.2.7) places Phaeophila with Halochlorococcum as a 

separate grouping to the Ulvales and Ulotrichales. However, there is no statistical 

support for the grouping and these findings were not supported in the initial tufA 

analysis (Fig 3.2.2), where the two genera were aligned within separate groups. 

The taxonomic position of Epicladiaflustrae remains in question. The genus is 

currently placed within the Ulvophyceae as a member of the Ulvellaceae in the Ulvales 

(Silva et al., 1996; Hardy & Guiry, 2003,2006). Identification of the current E. flustrae 

sample was based on in situ morphological observation. The placement of the sample 

sequence within Ulva, may indicate mis-identification of the species, but it could 

indicate the presence of other green algae within the dried Bryozoan host material, 

leading to molecular sample contamination. Based on this single sequence, the current 

study confirmed the placement of the genus within the Ulvales, but does not support its 

placement in the Ulvellaceae. 
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4.2.3 The phylogenetic taxonomy of the Chlorophyta. 

The results (Figs 3.2.6 & 3.2.7) support the presence of five previously described 

lineages as presented by Pröschold & Leliaert (2007): Ulvophyceae; Chlorophyceae; 

Prasinophyceae; Trebouxiophyceae; Bryopsidophyceae. The ITS2 analysis (Fig. 3.2.6) 

supported the tree structure for the Chlorophyta outlined by Lopez-Bautista & Chapman 

(2003) and Lewis & McCourt (2004), although the lineages within the phylogenetic tree 

were reversed, with Chlorophyceae, as opposed to Ulvophyceae, occupying the basal 

position. The positioning of Prasinophyceae as the basal lineage (Pombert et al., 2004, 

2006), was not supported by the current tufA results. Sister relationships revealed by 

the both ITS2 and tufA were not consistent with those previously recorded. The 

Ulvophyceae and Chlorophyceae relationship, identified by mitochondrial and complete 

chloroplast DNA analysis (Friedl & O'Kelly, 2002; Pombert et al., 2004,2006) was not 

supported by the current analyses. The ITS2 tree (Fig. 3.2.6) showed the two lineages 

separated by sequences of species belonging to Trebouxiophyceae; however, this may 

be an artefact of the low number of sequences for Trebouxiophyceae included or the 

outgroup selection of Chlamydomonas reinhardtii (Chlorophyceae) or both. In the tufA 

analysis (Fig. 3.2.7) the two lineages were separated by the majority of the other 

lineages included, and again, this was thought to be a result of the sequences included or 

outgroup selection. A previously unreported relationship between the Ulvophyceae and 

Bryopsidophyceae was revealed by the current tufA analysis (Fig. 3.2.7). With no 

supporting evidence for this relationship in previous studies, and no statistical support 

from the current analysis, further study is required into this result. As previously 

mentioned, some of the taxonomic inconsistencies between the current analyses and 

those previously published are attributed to the lack of directly comparable data or 

availability of sequences for lineages of Chlorophyta, for the gene loci selected. The 
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differences may also be gene specific and therefore support the need for combined 

analyses where possible. 

All filamentous and blade forming species were found to belong in the Ulvophyceae, 

with the exception of Pseudoneocloris marina, which fell between a species of 

Volvocales (NC 008099) and one of Chlorococcales (DQ396875) (Fig. 3.2.7). All of 

the species known to form symbiotic relationships with host species, with one 

exception, Helicosporidium (an entomopathogen), occurred within this lineage. The 

presence of endophytic or epi-endophytic genera (Acrochaete, Bolbocoleon, 

Phaeophila) throughout the Ulvophyceae, and the indications that species of Ulva 

occasionally have endophytic cells or basal structures, suggest that living partially or 

wholly endophytically provides selective advantages. These advantages could include 

protection from grazing, for example, by Littorina or desiccation. The ability to grow 

endophytically, based on the number of species that exhibit the characteristic could be 

an ancestral trait for the lineage, and may be something that can either be turned on or 

off when needed, or it may have been lost by some species during evolution. 

Alternatively, this growth habit may have developed on multiple occasions throughout 

the evolutionary history of the Ulvophyceae. 

The ITS2 and tufA phylogenetic analyses have highlighted problems with species 

identification for sequences held in GenBank. The unexpected alignment of a 

charophyte, Raphidonema longiseta Vischer, with species of the Mamiellales and the 

inclusion of a sequence representing Umbraulvajaponica (Holmes) Bae & I. K. Lee 

with species of Acrochaete indicate that misidentification of samples has occurred prior 

to sequence analysis. Further problems were highlighted by results of an NCBI BLAST 
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search (Appendix 4a & b), using sequences from the unknown, non-Acrochaete species, 

which indicated a close match with sequences of the red alga Osmundea. This type of 

problem was identified previously by Bown et al. (2003) in relation to Laurencia. In 

these particular cases amplification and sequencing of the rDNA of green algal 

endophytes present in the red algal host material may have been the source of the 

taxonomic confusion. 

4.3 Species diversity within the genus Acrochaete. 

The identification of six previously undescribed Acrochaete species, the separation of 

A. repens into at least two distinct species, the confirmation of four previously described 

species within the genus, and the six new species identified in Gabrielson et al. (2006), 

all support the hypothesis that there is much greater species diversity within the genus 

Acrochaete than previously thought. Of the six new species identified in the current 

study, five formed a closely related group with A. ramosa, a species specific to the host 

Mazzaella species. Morphologically these five species were extremely similar. 

O'Kelly (1980) hypothesised that A. ramosa had several morphotypes, each distinct and 

each associated with particular host species. The analyses presented here suggest that 

these species form a cluster of cryptic species rather than a collection of morphotypes. 

The term `cryptic species' applies to `species indistinguishable by morphological means 

alone' (Kim et al., 2004; Saunders & Lehmkuhl, 2005; Verbruggen et al., 2005 and 

refs. therein; Wilson et al., 2005). The high support for these species in the 

phylogenetic analyses and the lack of consistent diagnostic morphological characters, 

supports the suggestion that these species are genuinely cryptic. Morphological 

analysis did reveal differences between the five species and published descriptions of 

A. ramosa. In contrast to A. ramosa, which has been described as having a single 
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pyrenoid and to lack hairs (Setchell & Gardner, 1920b; O'Kelly, 1982), isolates of the 

five new species were occasionally observed with two pyrenoids (e. g. Fig. 3.5.1 B) or 

they developed Acrochaete-type hairs (e. g. Figs 3.5.1 C2, K; 3.5.4 D, E; 3.5.5 E), but 

neither of these characters was always observed amongst isolates of the same species. 

Isolates of Acrochaete sp. 4 were observed with twists and kinks within the filament, a 

morphological character that may prove characteristic for the species. Confirmation of 

this, however, is required since kinks were also observed in the filaments of isolate 

e347wr, an isolate still requiring positive identification following its placement by 

phylogenetic analysis as either Acrochaete sp. 1 or 4 (Figs. 3.2.1 & 3.2.2), and irregular 

bends and curves have previously been observed in filaments of A. heteroclada (Correa 

et al., 1988). The results obtained in the current study also called into doubt other 

morphological characters used in identification, in particular the narrow creeping 

filaments and filaments with broader uprights considered diagnostic for A. heteroclada 

(Table 1.5). Both of these characters were observed in isolated of the newly identified 

Acrochaete species (e. g. Figs. 3.5.1 E2,3.5.3 Q. Morphological comparison of 

Acrochaete sp. 1, sp. 2, sp. 3, sp. 4 and sp. 5 against previously published Acrochaete 

species, including the new species outlined for North America by Gabrielson et al. 

(2006), revealed no immediate similarities. 

There was sufficient morphological evidence to suggest that Acrochaete sp. 6 was a new 

species, although there were morphological similarities with four previously described 

Acrochaete species: A. geniculata, A. inflata, A. marchantiae and A. polymorpha. 

Acrochaete sp. 6 showed similar cell dimensions and pyrenoid count to A. geniculata, 

but the brown cell colouration and distinctive cross-walls observed in the former have 

not been recorded for the latter. Further evidence differentiating the new species from 
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A. geniculata is known host association (Table 1.8). Its association with red algal host 

species reported by Hollenberg (1971) was doubted by O'Kelly (1983), who thought the 

species was specific to brown algal hosts. However, Klochkova (1995) found it with a 

red algal host, Nienburgia angusta A. D. Zinova. The perpendicular branching 

exhibited by isolates of Acrochaete sp. 6 was similar to that found in A. inflata and A. 

polymorpha (Table 1.5). Acrochaete inflata has been previously recorded for Britain in 

the Shetland islands (Tittley et al., 2005); however, the species is thought host specific 

to Chylocladia verticillata (Lightfoot) Bliding (Brodie, pers. comms. ), and no brown 

colouration of cells has been recorded. Known host association excludes 

A. polymorpha at present, as records limit the species to green or coralline algae, or 

Anthophyta (Scagel, 1957; Nielsen, 1988; Cribb, 1995). Acrochaete marchantiae was 

also considered, but currently excluded as this entity has not been found outside warmer 

waters (Table 1.9). 

The morphology of the six undescribed Acrochaete species was also compared with the 

morphological descriptions for Endophyton species provided in Ricker (1987) and 

Cribb (1995). The first, Endophyton laurenciae Cribb, recorded for Heron Island Reef 

and North Reef (Australia), was separated from E. ramosum (now A. ramosa), 

following the observation of (3-) 5-9 (-10) pyrenoids within the chloroplasts and the 

association of the species with the red algal host Laurencia mariannensis Yamada 

(Cribb, 1995). The second species, E. atroviridis O'Kelly ex Ricker, recorded from 

Antarctica, was identified by sporangial measurements and the formation of green to red 

patches within the host (Ricker, 1987). Current isolates are excluded from both these 

species because none were observed with a pyrenoid count of greater than three and 

because of the limited distribution reported for each Endophyton species. 
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The inclusion of A. ramosa (submitted to GenBank as Endophyton ramosum) within 

the Acrochaete Glade was consistent with O'Kelly (2004a, 2004b) and supported the 

transfer of E. ramosum to Acrochaete recommended in Gabrielson et at. (2006). In 

contrast, the recommended transfer of Epicladia f lustrae (Gabrielson et al., 2006) to 

A. flustrae, was also not supported (Figs. 3.2.1,3.2.2,3.2.6,3.2.7), upholding concerns 

held by C. O'Kelly (pers. comm. ) over this move. As mentioned previously, the current 

E. flustrae sample may have been misidentified or the sequence may be of an Ulva 

species also growing within the same host. 

The phylogenetic analyses confirmed the validity of A. heteroclada, A. leptochaete, 

A. repens and A. viridis and this was supported by morphological comparison with 

type/neotype material. With the exception of A. heteroclada, these results corresponded 

with those reported by Bown et al. (2003) and O'Kelly et al. (2004a, 2004b). In 

contrast to the current findings, Bown et al. (2003) placed A. heteroclada outside the 

main Acrochaete Glade. Initial morphological investigation and molecular analysis 

confirmed that isolates used by Bown et al. (2003), previously morphologically 

identified as A. heteroclada, did not belong to the genus Acrochaete. The close 

alignment of the new non-Acrochaete isolate sequences (Unknown sp. 1 and Unknown 

sp. 3) with the A. heteroclada sequences from Bown et al. (2003) suggests that her 

isolates were either contaminated by a second green algal endophyte that has since out- 

competed the original isolate, or they were misidentified. The transfer of A. leptochaete 

from Entocladia, recommended by Nielsen (1979), but not wholly recognised (Silva et 

al., 1996; Hardy & Guiry, 2003,2006) was supported by O'Kelly (2004a, 2004b) and 

confirmed by this study. 
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The molecularly distinct, but morphologically indistinguishable groupings identified for 

A. repens isolates were unexpected. The analyses suggested that A. repens represents a 

group of genuinely cryptic taxa containing at least two species (A. repens (1) and 

A. repens (2)) and possibly a third i. e. isolate e129gh that fell within the A. repens group 

in tufA analysis (Fig 3.2.4) but separately in all other analyses. The sequence similarity 

of isolates within A. repens (2) with the previously published sequence for A. repens by 

O'Kelly et al. (2004a), along with the Chordafilum host association, suggest that this 

group may represent A. repens sensu stricto. However, in view of the loss of type 

material (South, 1968) this hypothesis cannot be tested and the establishment of a 

neotype (material preferably collected from the same host species and location), 

including sequence data, is required. In contrast, A. repens (1) was identified in 

association with three different hosts species, including Fucus serratus but not Chorda 

filum. Fucus species have previously been associated with A. parasitica, a species now 

synonymous with A. repens (Oltmanns, 1894; Nielsen, 1979). 

The lack of isolates of A. operculata and A. wittrockii was also unexpected. Acrochaete 

operculata was thought to be restricted to Chondrus crispus, particularly to 

tetrasporophyte plants (Correa & McLachlan, 1991). With tetrasporophyte and 

gametophyte C. crispus plants being the most widely collected hosts, it is unlikely that 

lack of suitable host material was responsible for the lack of A. operculata isolates. 

Collection site selection was also considered as a factor that might have contributed to 

the failure to isolate A. operculata, but was dismissed as two separate collections were 

made from Lilstock, a previously recorded site for this species (Plumb, 1999: p. 143). 

Other possible reasons for failure to isolate this species are: i) the habitat of the species 

growing deep within the medulla of the host may have prevented isolation; ii) 

206 



contamination that occurred during the culturing process led to the loss of all isolates 

prior to molecular analysis; iii) the level of association within C. crispus is reduced in 

high temperatures, as revealed by Plumb (1999: p 141), who showed a drop in 

endophyte presence following surface seawater temperature of 21.8 °C and shore 

drainage water temperatures of 28.8 ° C, temperatures almost lethal to the host species 

(Simpson & Shacklock, 1979; Lüning, 1990); iv) the species is no longer found within 

the British flora, although this is considered unlikely. Further investigation is required. 

The lack of A. wittrockii was most likely to be due to the selection of host species for 

the project. Although reported to occur with a number of brown algal species (Table 

1.8), it has been recorded most commonly with filamentous browns, e. g. Elachista spp 

or Ectocarpus spp (Table 1.8), neither of which were collected for this study. It should 

also be noted that Acrochaete wittrockii has proved difficult to culture (R. Nielsen, pers. 

comm. ) and so the lack of isolates of this species in the collection may also be due to 

loss following isolation. 

4.4 Species diversity of non-Acrochaete species. 

4.4.1 Green algal endophytes. 

Two species of Bolbocoleon were identified in the phylogenetic analyses (Figs 3.2.1, 

3.2.2,3.2.5). The results supported the identification of Bolbocoleon species to genus 

level, and for B. piliferum to species level, using the previously published descriptions 

(Burrows, 1991), provided culturing was undertaken (Table 3.3.1). Morphological 

characterisation indicated that the second species was distinct from B. jolyi Yamaguishi- 

Tomita (Yamaguishi-Tonvita, 1970) but may prove to be B. endophytum M. Möbius (a 

synonym of Phaeophila endophytum (M. Möbius) R. Nielsen), (Möbius, 1891; Nielsen, 
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1972). Bolbocoleon jolyi has been described with cell diameters in excess of 45 µm and 

pyrenoids occurring as a mesh within the chloroplast (Yamaguishi-Tomita, 1970). This 

species was discounted as the current project isolates measured 4-10 µm wide and no 

pyrenoid mesh was observed. Bolbocoleon endophytum was recorded with cells 

measuring 8-15 µm wide and 13-26 µm long and 2-5 pyrenoids (Möbius, 1891). 

Although the cell dimensions in current isolates (4-10 µm wide, 2-10 times long) are 

smaller in diameter and more elongated than B. endophytum there was enough 

similarity, when combined with the similar pyrenoid count (1-several), for this species 

to be considered and further work is recommended. 

The ITS2 analysis (Fig. 3.2.1) provided evidence for the first recorded occurrence of 

Kornmannia in the British flora. Kornmannia leptoderma has previously been recorded 

for Atlantic Europe in Norway (Bliding, 1968; Rueness et al., 1997), the Faroes 

(Nielsen & Gunnarsson, 2001) and Greenland (Pedersen, 1976), as well as North 

America (Lee, 1980; Scagel et al., 1989; Hansen, 1997) and Asia (Yoshida et al., 1990; 

Selivanova & Zhigadlova, 1997). The identification of the current isolate as belonging 

to Kornmannia was fully supported in the ITS2 molecular analysis but sequence 

similarity support was low (62 % identity). The current isolate was thought to be 

K. leptoderma as there were only 5 bp differences between the sequence strings where 

there was comparable data available, but the newly obtained sequence was 48 bp longer 

than the published K. leptoderma sequence (Appendix 2a) suggesting that the reference 

sequence was incomplete when submitted. However, the 48 bp difference between the 

two sequences could reflect biogeographical difference between distinct forms, as the 

reference sequence was obtained from material collected in Asia (Appendix 3). No 

morphological similarity was observed for the new isolate in comparison with 
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descriptions of the mature sporophyte phase of K. leptoderma, but there was some 

resemblance to the filamentous stage described in Bliding (1968) and Golden & Cole 

(1986). It is thought that the isolate may represent an endophytic stage for the species, 

or that part of the plant can be found growing endophytically, as observed for species of 

Ulva (Fritsch, 1935: p. 214; Plumb, 1999: p. 178). The lack of development along the 

lines seen in nature may be attributed to environmental conditions within the culture. 

As mentioned previously, the reference sequence may have been mis-identified prior to 

submission to GenBank or be of an endophyte found residing within the specimen 

rather than the species itself. 

The identification of six new species revealed by the sequence analyses, and an 

unidentified endophytic unicellular species indicates that the diversity of green algal 

endophytes is greater than previously recorded. The results from the morphological 

observations completed on the isolates of the six novel species differed from the 

phylogenetic analyses results. Initial morphological observations on isolates placed 

three species within the genera Epicladia (Unknown sp. 2, sp. 3 and sp. 4), two within 

Pseudendoclonium (Unknown sp. 1 and sp. 5) and one within Blidingia (Unknown sp. 

6). There was no support from the phylogenetic analyses (Figs. 3.2.1 & 3.2.2) for these 

identifications, with sequences for each genera (Epicladia - Eflusta (both loci); 

Pseudendoclonium - Z47996 (ITS2), AY835431 (tufA); Blidingia - DQ001139, 

AJ012309, AJ000206 (ITS2), B36cm1 (tufA)) failing to align with any of the new epi- 

/endophyte species. 

Phylogenetic analyses suggest that the unknown species belonged to the genera 

Halochlorococcum or Phaeophila (Figs 3.2.1 & 3.2.2). The grouping of Unknown sp. 1 
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with Halochlorococcum, was suggested in the tufA analysis (Fig 3.2.2), but received no 

support from statistical analysis, sequence similarity (Table 3.2.5), or analysis of the 

extended Chlorophyta dataset (Fig. 3.2.7). The fully supported separation of H. moorei 

from Unknown sp. 1 and the lack of morphological similarity (H. moorei comprises 

individual globular cells (Kornmann & Sahling, 1983) rather than a central mass with 

peripheral filaments observed in the newly obtained isolates) confirmed that it was 

extremely unlikely that the isolates belong to this genus. The reasonably well supported 

grouping in the tufA analysis (Fig. 3.2.2) of four new green epi-/endophyte species 

(Unknown sp. 2, sp. 3, sp. 4 and sp. 5) with Phaeophila dendroides received no 

sequence similarity support (Table 3.2.5) and the grouping was not repeated in analysis 

of the Chlorophyta dataset (Fig. 3.2.7). Morphological evidence also suggested that the 

new species were not members of the Phaeophila genus, as the twisted hairs 

characteristic of the genus (South, 1974; O'Kelly & Yarish, 1980) were not observed. 

The identification of Unknown sp. 6 as a closely related species to Acrosiphonia and 

Urospora was confirmed by the analysis of both gene loci. The close relationship 

between the two described genera was previously reported by Hanic (2005) and 

Lindstrom & Hanic (2005) and is supported by the results presented here. However, 

culture isolates were not found to be morphologically similar to species belonging to 

either genus, based on descriptions in Burrows (1991). The isolates belonging to 

Unknown sp. 6 had previously been morphologically identified as Blidingia, but this 

was not supported by the phylogenetic analyses, although as with other sequences 

deposited in GenBank, the samples may have been misidentified prior to sequencing. 

With no supporting evidence that these species belong to an existing genus, they are 

currently considered undescribed members of one or more novel genera. 
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The results supported the identification of one isolate, B36cm1, as Blidingia (Fig. 

3.2.1). The culture isolate, however, did not form blades or tubular fronds as expected 

for species within this genus (Tatewaki & lima, 1984). The lack of blade formation 

may be attributed to the environmental conditions in the culture, i. e. the lack of 

particular environmental factors, such as bacteria, that are required to promote particular 

morphological features in Ulva (Hayden et al., 2003). The unexpected separation of 

previously published sequences for Blidingia within the analyses (Figs 3.2.1 & 3.2.6) 

shows that further study of this genus is required. 

Isolates of the unidentified unicellular species collected during the current project were 

thought to be representatives of an alternate life-history phase of a filamentous green 

alga. Placement of the ITS2 sequences of these unicells with other filamentous algae 

(Fig. 3.2.1) was not consistent with the identification of these isolates as planktonic 

marine algae found occurring around the coast of Britain, e. g. Tetraselmis suecica 

(Kylin) Butcher (Butcher, 1959; Throndsen, 1997). An endophytic alternate life-history 

phase, Codiolum-phase, has been identified for at least six genera of green algae 

(Acrosiphonia, Urospora, Collinsiella, Eugomontia, Gomontia, Monostroma) (Sussman 

& DeWreede, 2001; O'Kelly et al., 2004c; Hanic, 2005; Lindstrom & Hanic, 2005) 

with one these, Acrosiphonia (as Chlorochytrium or Codiolum), associated with foliose 

red algae (Sussman & DeWreede, 2001). The tufA analysis (Fig. 3.2.2) revealed a 

relationship between the unicellular species Acrosiphonia. However, the ITS2 analysis 

(Fig. 3.2.1) did not support the relationship with Acrosiphonia or reveal a relationship 

with Urospora. Instead the analysis showed the unicell isolates forming a fully 

supported grouping closely related to isolates of Unknown sp. 5. No ITS2 or tufA 

sequence data for the other species of green algae that have a Codiolum-phase 
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(Collinsiella, Eugomontia, Gomontia, Monostroma) was available to allow comparison. 

Morphologically, isolates were not consistent with published descriptions of the 

Codiolum-phase of Acrosiphonia or Urospora, but gametes of the latter are recorded as 

exhibiting high plasticity (Hanic, 2005), which may explain this lack of similarity. 

4.4.2 Species belonging to the genus Ulva. 

The phylogenetic analyses confirmed the taxonomic placement of twelve isolates within 

the genus Ulva. The topology of the genus in the ITS2 analysis was similar to that 

revealed by Tan et al. (1999) and Hayden et al. (2003) and was supported by the tufA 

analysis. No new species were identified during the course of the project but results 

indicated that U. intestinalis, U. prolifera and U. linza can all be found, at least in part, 

residing within algal hosts. As mentioned previously, this ability to exploit the 

endophytic niche, suggested by Fritsch (1935: p. 214) and Plumb (1999: p. 178), 

requires further investigation. 

4.5 The host specificity of Acrochaete and non Acrochaete species. 

The phylogenetic analyses revealed strong evidence of host specificity, or at least host 

preference, for four of the newly identified Acrochaete species. All of the specific 

associations identified were between the green algal endophytes and red algal hosts 

(Chondrus crispus, Mastocarpus stellatus and Osmundea spp). In two cases the 

analyses suggested that specificity was not absolute. Acrochaete sp. 2, largely confined 

to M. stellatus, included one isolate (e4971) from Chordafilum (Fig. 3.4.1). The isolate 

was obtained from a collection site in Iceland and therefore may represent a 

biogeographical host variant. The alignment could also represent an error in the data, 

although this was considered unlikely as the ITS2 sequence for the isolate was identical 
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to two others (e 126th, e5031), both isolated from M. stellatus, and the isolate was 

morphologically similar to other Acrochaete sp. 2 isolates. An isolate (e347wr) of 

Acrochaete sp. 4, mainly found with Osmundea spp, was isolated from Chondrus 

crispus (Fig. 3.4.1), although this may represent an error in the dataset rather than a 

wider host association for the species, as ITS2 analysis placed the isolate within 

Acrochaete sp. 1, which is specific to C. crispus rather than Acrochaete sp. 4. The 

morphological observation of twists and kinks within the filaments of isolate e347wr, 

however, supports the placement of the isolate within Acrochaete sp. 4, as the 

characteristic was only observed in isolates of this species. In both cases, the 

exploitation of an alternative host may be an example of opportunism. Should 

environmental and physiological conditions be suitable, species may be able to 

associate with a range of hosts. This theory has partial support from laboratory 

experiments with A. operculata and A. ramosa, which both showed the ability to infect 

a greater number of hosts under controlled conditions, where in nature the host range 

appeared more restricted (Correa & McLachlan, 1991; Sanchez et al. 1996). There was 

also evidence supporting the occurrence of host opportunism for Acrochaete sp. 1. 

ITS2 data (Fig. 3.2.1) identifying three isolates (e4351o, e4361o & e4541o), obtained 

from O. hybrida and O. pinnatifida material collected from Looe, Cornwall, as 

Acrochaete sp. 1. However, no supporting evidence could be obtained from the tufA 

analysis so further investigation is required. 

Acrochaete repens (2) was the only other species to display any host preference (Fig. 

3.4.1). The specificity for Chordaflum, in this case may not be absolute, however, as 

the one isolate (el96db) from an alternative host, M. stellatus, was obtained from the 

same site and at the same time of year as an isolate from C. filum. Again, this may 
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represent opportunism by this species. All other Acrochaete species in the current 

project appeared to be host generalists, although A. heteroclada showed a preference for 

red algal host species. 

Host specificity restricted to red algal species, in particular M. stellatus, was identified 

in four non-Acrochaete species. This is the first report of Acrochaete or non- 

Acrochaete species showing host specificity with M. stellatus. The results indicated 

previously unrecorded diversity within green algal endophyte host associations. The 

discovery of one species, Unknown sp. 3, free-living as well as growing epi- 

/endophytically was unexpected. This finding indicates the need for further 

investigation as no reference could be found where algal endophytes have previously 

been recorded as free-living in nature. It is possible that Unknown sp. 3 is similar to 

Ulva species and has the ability to grow either wholly or partially endophytically or as 

blades, although no blades were observed in the species isolates. Alternatively, the 

sequence may prove to belong to a green algal endophyte growing within the blade of 

the collected species, however, no conclusion could be reached during this project 

Although a higher number of isolates for some species (Acrochaete sp. 1/ Acrochaete 

sp. 2/ Acrochaete sp. 3) were obtained from gametophyte phase host plants, no 

apparent host life-history phase preference was shown by any of the species identified 

within the current project. This was consistent with the findings of Sussmann & 

DeWreede (2002), who found no evidence in support of host life-history phases being 

more or less susceptible to endophyte colonisation. However, Correa & McLachlan 

(1991) and Bouarab et al. (1999,2001) found that A. operculata was highly specific to 

sporophytic Chondrus crispus. Bouarab et al. (1999,2001) concluded that this close 
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association was linked to biochemical signals. This high level of specificity may be 

limited to A. operculata. The specificity of A. operculata to one particular host phase, 

however, was not supported by Plumb (1999: p. 175). During the current study, the 

higher level of isolates obtained from gametophytes was considered to be due to the 

higher number of gametophytes than tetrasporophytes collected (Table 3.1.2). The 

isolation of unicellular species from both gametophyte and tetrasporophyte hosts 

supports the findings of Sussmann & DeWreede (2002), who found both phases heavily 

colonised. 

4.6 Morphological identification of Acrochaete species. 

When in culture, morphology alone was enough to identify species of Acrochaete to 

genus level (Table 3.3.1). The generic description applied equally to both the 

previously described species and all of the newly identified species. Morphological 

identification to genus level was further supported by the comparison of isolates with 

type/neotype culture samples in Copenhagen. One hundred percent of isolates thought 

to belong to Acrochaete were confirmed, by phylogenetic analysis, to be members of 

the genus. Acrochaete leptochaete was the only species identifiable solely on the basis 

of morphological characters. The current data set supports the use of combined 

molecular and morphological analyses in identifying isolates to the species level for 

taxonomic certainty. The hypothesis that morphology alone cannot differentiate these 

microscopic green algal species was supported with evidence including (i) the 

separation of morphologically indistinguishable A. repens isolates into two genetically 

distinct groups, (ii) the identification of five genetically distinct species with few 

morphologically identifiable differences, (iii) the identification of novel non-Acrochaete 

green algal species residing with the same hosts and exhibiting some morphological 
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similarity to Acrochaete, and (iv) only 45 % of Acrochaete isolates compared with 

type/neotype material in Copenhagen were successfully identified to species level. 

Further evidence supporting the use of combined analyses was the unexpected 

identification of Bown et al. 's (2003) A. viridis ITS2 sequences as Acrochaete sp. 1 

(Figs. 3.2.1 & 3.2.3). The frequency of morphological misidentification of isolates 

belonging to Acrochaete sp. 1 as A. viridis during the current project (Table 3.3.1) 

showed that identification errors in the previous project could easily have been made. 

Identification of A. heteroclada and A. viridis provided the strongest support for the 

need to use molecular data in species level-identification. Although isolates were 

successfully identified using morphological descriptions, the incorrect assignment of 

other isolates to these taxa was high (Tables 3.3.1 & 3.3.2). Morphological similarity of 

other Acrochaete species isolates to A. viridis might be expected, as this has been noted 

previously in the descriptions of A. cingens and A. codicola (for references see Table 

1.4), but the occurrence, in isolates of Acrochaete species other than A. heteroclada, of 

narrow creeping filaments at the periphery of the central mass, a feature thought 

diagnostic to A. heteroclada (Nielsen, pers. comm. ), was unexpected. The low level of 

correct morphological identification of A. viridis supported an argument for verification, 

by molecular analysis, of the current global distribution and host association for this 

species. 

The difficulty in distinguishing A. repens and Bolbocoleon piliferum, a problem 

mentioned in previous work (South, 1968; 1974) and one that also occurred during the 

course of this study (Table 3.3.2), illustrates the continuing need for culturing as part of 

morphological studies. This need was also supported by several other factors 

highlighted during the current study: (i) by the taxonomic placement of the herbarium 
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sample of E. flustrae with Ulva instead of isolates morphologically identified as 

Epicladia species; (ii) the requirement for sufficient material to conduct molecular 

analyses for taxonomic surety identified during this project; (iii) the present lack of 

characters available for in situ identification (Sears, 2002; Bown et al., 2003; 

Gabrielson et al., 2006); (iv) the implication that host species can contain more than one 

green algal endophyte at any one time (pers. obs.; Plumb, 1999: p. 167). 

The use of host species as reliable characters in the identification of epi-/endophyte 

species requires verification. Keys by Gabrielson et al. (2006) and Sears (2002) use 

host species as part of the identification process, but no evidence supporting restriction 

to specific hosts is provided. The specificity revealed by the current study indicates 

that host species could be used for identification purposes, but, as hosts have been found 

associated with more than one epi-/endophyte species, other indicators are also required. 

Work into this area should be extended to include the effects on the host, including 

surrounding cell colouration and necrosis (Oltmanns, 1894; Gabrielson et al., 2006), 

and the position within the hosts (medulla or cortex: Table 1.5), as these may assist in 

situ identification of Acrochaete species in field material. 

4.6.1 Identification of morphological diagnostic characters. 

The search for diagnostic morphological characters for each genetically distinct species 

of Acrochaete identified during the study was unsuccessful. The morphological 

descriptions of previously described species, with those newly identified during the 

project (Table 1.5; Table 4.1) show a high degree of similarity. Within the newly 

discovered species, only Acrochaete sp. 4, which displayed kinks or twists within 

filament lengths, and Acrochaete sp. 6, with the brown crosswalls and cell colouration, 

exhibited morphological characters that may prove to be diagnostic. 
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4.6.2 The use of Acrochaete-type hairs as a diagnostic character. 

From this study the use of the Acrochaete-type hairs as a diagnostic character for the 

genus has shown to be problematic. The transfer of Endophyton ramosum to 

Acrochaete, supported by current and previous analyses (O'Kelly, 2004a, 2004b; 

Gabrielson et al., 2006), suggests that not all species of Acrochaete develop hairs, as 

E. ramosum was originally described as lacking hairs (Gardner, 1909) and no 

observation of their development was recorded in O'Kelly's (1982) study of the species. 

In the current study, hairs did not always occur in isolates of the same species. 

Particular environmental conditions are often required, such as nutrient depletion, for 

their occurrence (Plumb, 1999: p. 125). Salinity may be a key element since hairs were 

readily produced by samples held in Copenhagen (salinity 18 %o R. Nielsen pers. 

comm. ) but not in cultures held in the UK (salinity 35-37 %c, pers. obs. ). Further 

investigation is required into the environmental conditions required for this feature to be 

manifest, which may provide further information to aid in the identification of members 

of the genus. 

4.7 Morphological identification of non Acrochaete green algal endophyte species. 

The morphology of isolates of Bolbocoleon piliferum was consistent with previously 

published descriptions for the species (South, 1968; Burrows, 1991), and the use of 

these for identification of culture material was reasonably robust. Culturing is required 

to discriminate isolates of B. piliferum from A. repens, but identification of B. piliferum 

by morphology alone proved possible. The lack of morphological similarity with other 

Bolbocoleon species, particularly B. piliferum, raises questions as to the validity of the 

grouping of these isolates within a single genus. 

222 



No distinguishing characteristics visible using light microscopy were able to assist with 

species identification for the unicellular isolates. It is thought that ultrastructural 

features may assist with this, along with work into the morphology of alternate life- 

history phases of green algal species mentioned earlier (e. g. Monostroma (O'Kelly et 

al., 2004c). 

In contrast to the phylogenetic analysis results, morphological observations made on the 

new green algal endophytes provided support for their identification as species of 

Epicladia and Pseudendoclonium. Unknown sp. 1 had sporangia, growth form and cell 

dimensions similar to P. fucicola, as described by Nielsen (1980,1988) and Unknown 

sp. 5 had similar cell dimensions and the `Pleurococcus'-like growth form associated 

with P. akinetum Tupa (Tupa, 1974), P. dynamenae Nielsen (Nielsen, 1984) and P. 

basiliense var. brandii Vischer (Nielsen, 1988). Previously recorded host associations 

supported the identification of Unknown sp. 1 as P. fucicola (Nielsen, 1980), and 

Unknown sp. 5 as P. basiliense or P. akinetum (Tupa, 1974; Nielsen, 1988), but not P. 

dynamenae, which has only been recorded associated with the hydroid Dynarnena 

pumila Linnaeus (Nielsen, 1984). Similarity in sporangial shape, cell dimensions and 

growth form of Unknown sp. 2, Unknown sp. 3 and Unknown sp. 4 supports their 

identification as species of Epicladia as described by Nielsen (1980,1984). The current 

phylogenetic analyses supported the grouping of these three species within the same 

genus, but do not support the grouping of Unknown sp. 1 and Unknown sp. 5 into the 

same genus to the exclusion of the other three. As discussed previously, the assignment 

of these species to the genera suggested above currently receives no support in the 

molecular analyses. No distinguishing characteristics were identified within isolates of 

Unknown sp. 6 to assist with identification and further study into this, and the other five 

species are required. 

223 



4.8 Distribution patterns of species belonging to the genus Acrochaete and other 
green algal endophytes. 

The scope of the project, concentrated mainly around Britain, prevented any 

conclusions with regard to global distribution of green algal epi-/endophytes identified, 

but support for the occurrence of Acrochaete species in Atlantic Europe was obtained. 

In addition to the British flora (including the Channel Islands), the project data has 

extended our knowledge of the Icelandic and Norwegian floras, through records of 

Acrochaete sp. 1 in Iceland and Acrochaete sp. 2 in both Iceland and Norway. The low 

number of Acrochaete species confirmed for Norway and Iceland was considered a 

consequence of the limited collections made rather than their absence from the flora. 

The single, green algal endophyte isolate obtained from Glendrumanin, Ireland 

confirmed the presence of green epi-/endophyte species in the Irish flora and further 

study is recommended. 

According to the present study and previous records, potentially thirteen Acrochaete 

species occur within the British flora (Table 4.2) with the identity of eleven of these 

confirmed by the molecular analyses. Results also confirm that species of Acrochaete 

are generally distributed around Britain, in association with a number of host algal 

species (Tables 3.6.2,3.6.3; Figs 3.6.1 to 3.6.10). The project analyses confirmed the 

occurrence of A. repens, A. heteroclada, A. viridis and A. leptochaete in the British flora 

(Burrows, 1991; Hardy & Guiry, 2003,2006). 

The results found no discernable biogeographical distribution patterns for the majority 

of Acrochaete species. The separation of the distribution points for Acrochaete sp. 1 

and sp. 2 into two groupings, one in the north and one in the south of Britain, were 

attributed to the lack of collections made in the central regions of the west and east 

coastal regions and were not considered representative for each species. The limitation 
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of Acrochaete sp. 5 to south of Scotland may suggest that the species is confined to 

more southerly regions, but a larger dataset is required to confirm this. Unexpectedly, 

both A. leptochaete and A. heteroclada exhibited southerly distributions. Both species 

have previously been recorded for sites north of Scotland (see Table 1.9). The 

distributions may be a reflection of the small number of isolates identified for each 

species, particularly for A. leptochaete where only two isolates from the same locality 

were confirmed. 

Burrows (1991) previously identified Bolbocoleon piliferum in association with Chorda 

filum and Dumontia contorta within the British flora. The current project extended the 

host range for this endophyte to include Chondrus crispus. The results (Table 3.6.4, 

Fig. 3.6.11) support the current thinking that the species is widely distributed (Hardy & 

Guiry, 2003,2006). The analyses also revealed the presence of a second species of 

Bolbocoleon within the British flora, but further confirmation is required. As expected, 

the presence of Ulva intestinalis, U. linza and U. prolifera were confirmed (Burrows, 

1991; Hardy & Guiry, 2003,2006), but, as discussed previously, confirmation of the 

presence of Epicladia f lustrae still requires investigation. 

The presence within the British flora of the unicellular species and six novel species 

indicates that our knowledge of endophytic and epi-endophytic species is still not fully 

developed. The restricted distribution of the unicellular species isolates to North 

Scotland (Fig. 3.8.12) is thought to be an artefact of collection times. The collection of 

the unicellular species during the summer supports the hypothesis that they may 

represent an alternate life history phase for a green algal species such as Acrosiplionia 

or Urospora. The work in southern British Columbia by Sussman et al. (2005) showed 

an abundance peak of Codiolum between June and August, which may explain the 
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collection of the unicellular isolates only during July 2004, but the difference in 

geographical location between the current study and the work of Sussman et al. (2005) 

needs to be taken into account. For the six new filamentous species, the results showed 

scattered distributions (Figs. 3.6.13 to 3.6.18). The widespread distribution of host 

species indicates, potentially, that these epi-/endophyte species are also widespread. 

The distribution shown for all of the species, both Acrochaete and non-Acrochaete, by 

the current project can only be considered an indication, as the collection regime 

followed could easily explain the lack of isolates for species on some shores. 

4.9 Algal host species and their associated green algal endophytes. 

The project data has confirmed green algal endophytes association with eight of the ten 

host species collected (Tables 3.4.1 & 3.4.2) and indicated associations for the other two 

(Table 3.1.4). The analysis confirmed the presence of Acrochaete with previously 

recorded hosts (Table 1.8), and also revealed previously unrecorded associations (Table 

3.4.1). Chondrus crispus and Mastocarpus stellatus were found to host a wide range of 

green algal endophytes. This was expected for C. crispus (Bown et al., 2003 and refs. 

therein) but was a new finding for M. stellatus, which was previously only recorded 

associated with A. heteroclada (Correa & McLachlan, 1991). However, other species 

belonging to Mastocarpus have previously been associated with Acrochaete and other 

green algal endophytes (Sussman et al., 1999,2005; Table 1.8). 

All the species of Osmundea collected were associated with A. viridis; this was 

expected for O. pinnatifida, as an association was previously recognised by Perez- 

Cirera (1975). The association of A. leptochaete with Osmundea recorded by 

Gabrielson et al. (2006), and as Laurencia by Nielsen (1983) and Nielsen & McLachlan 

(1986a), could not be confirmed. As with C. crispus and M. stellatus, previously 
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unrecorded associations of green algal species with Osmundea species were identified, 

suggesting species of the genus may host a wide range of epi-/endophytes. Dilsea 

carnosa was the only red algal host collected where no green endophyte species 

associations could be confirmed. The single isolate obtained from the material collected 

was not included in the molecular data. This was due to lack of sufficient material 

biomass at the time of DNA extraction. 

For the brown algal hosts, the current study confirmed the presence of A. repens (1) 

within Fucus serratus, an association previously recorded by Nielsen & McLachlan 

(1986b). This confirmation supports the association of Acrochaete species with the 

genus Fucus, reported by Oltmanns (1894), Batters (1894), Newton (1931) and South 

(1974). The well-documented association of A. repens with Chorda filum (Table 1.8) 

was also supported in the current project. The study revealed that C. filum hosts a wider 

range of Acrochaete species than previously recorded and as expected, also forms an 

association with Bolbocoleon piliferum (South, 1968,1974; Burrows, 1991). Fucus 

serratus was also shown to have a wider range of endophyte associations than 

previously thought (Table 1.8). 

4.10 Host specificity and co-evolution. 

The host specificity exhibited by epi-/endophyte species identified during the project 

may suggest co-evolution of hosts and their symbiotic green algal endophytes. The 

current data support the hypothesis of host-specific species rather than morphotypes 

(O'Kelly, 1980) and implies that individuals have developed in conjunction with their 

host, adapting to suit their selected environment. Data from the current project and 

previously published work (Correa & McLachlan, 1991; Gabrielson et al., 2006) 

indicate specificity to either red or brown algal species. 
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Co-evolutionary relationships have previously been identified by Sussmann & 

DeWreede (2001) and Sussmann et al. (2005). These studies revealed that the 

endophyte life history phase of Acrosiphonia had developed a life history strategy 

synchronised with the seasonality of the host species Mazzaella splendens. The 

collection of the unicellular species in July 2005 may represent a similar strategy. 

Endophyte species will have developed methods of avoiding or tolerating defences 

exhibited by hosts (e. g. Chondrus crispus Bouarab et al., 1999,2001) when subject to 

invasion. Work on characterising these adaptations and into seasonal influences should 

give a better understanding of host specificity of green algal endophytes and may 

provide insight into host selection and their ability to be opportunistic (host generalists) 

or allow host variability (host specifists), both of which are indicated in the current data. 

4.11 Critique of the projects material and methods. 

Protocols selected to investigate one of the main aims of the project, the taxonomy of 

the genus Acrochaete, proved robust. As had been expected, the data provided for each 

gene locus were directly comparable with previous studies (Bown et al., 2003; O'Kelly 

et al., 2004a, 2004b). Both loci proved suitable for species-level taxonomic 

investigation, but each gave a different degree of resolution. The data from the more 

conserved and longer plastid gene (tufA) gave better resolution at species, order and 

family levels than data from the more rapidly evolving nuclear locus (rDNA ITS2). The 

improved resolution between terminal taxa (e. g. Acrochaete sp. 2/3 Fig. 3.2.2) obtained 

from including the ITS2 region in the combined analysis support the recommendations 

of Baldwin et al. (1995) and Coleman & Mai (1997) that this locus was useful in 

differentiating closely related species. The lower resolution of ITS2 data, when 

analysed singly, than tufA data and alignment difficulties (pers. obs. and a problem 

highlighted by Alvarez & Wendel (2003)), confirm that the marker needs to be used in 
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conjunction with other more conserved regions (Provan et al., 2004) and the selection of 

its use in phylogenetics needs to be considered on the basis of the level of taxonomy 

being investigated. The inclusion of the ITS 1 region into data analysis may improve 

resolution further, as found by Mai & Coleman (1997). 

Data presented here support the arguments advocated by Mishler & Churchill (1985), 

Manhart & McCourt (1992) and Moritz & Hillis (1996), that morphology and molecular 

data should be used together to provide robust identification and taxonomy. The strong 

host specificity shown by some species indicates that host association is important in 

species identification and this supports the utilization of this character in the most recent 

identification keys (Sears, 2002; Gabrielson et al., 2006). The effects on the hosts, such 

as host cell discolouration and necrosis, and host maturity also need to be taken into 

account (Oltmanns, 1894; Sears, 2002; Gabrielson et al., 2006). 

The study highlighted three problematic areas within the methods selected. Although 

the isolation procedures followed during the study proved successful, monitoring of 

isolates following isolation from the host required a higher degree of vigilance to reduce 

isolate loss (21 % over 3 years). In addition, loss through the presence of 

cyanobacteria, thought to be due to the use of old chemicals (i. e. out of date Penicillin- 

G), would be eliminated by using newly purchased products. Computational restrictions 

prevented the inclusion of more of the available sequences for ITS2 into the dataset, and 

this may have influenced the results of the analysis and also precluded more extensive 

maximum likelihood analysis being completed. The third minor issue was with host 

species selection. The range needed to include species from either Elachista or 

Ectocarpus to enable the isolation of A. wittrockii. 

230 



Chapter 5 Conclusions and Recommendations. 

The five aims outlined at the beginning of the project have been met, at least in part. 

The genus Acrochaete proved to be monophyletic and to belong to the Ulvales within 

the Ulvophyceae, one of the five confirmed lineages of the Chlorophyta. It is 

recommended that Acrochaete is transferred from the Ulvellaceae to the Ulvaceae 

within the Ulvales. The use of two molecular markers, one plastid and one nuclear 

provided a robust taxonomy for the genus and support for the generic morphological 

description for members of the genus. In addition the results presented here suggest that 

the taxonomy of the Chlorophyta presently outlined by Pröschold & Leliaert (2007) is 

correct, but further studies are needed to provide confirmation.. 

The molecular analyses resolved eleven species of Acrochaete, six of which were 

previously undescribed. Several of the species were identified as morphologically 

cryptic, but genetically distinct. The new data, combined with Gabrielson et al. (2006), 

support the hypothesis that the genus has greater species diversity than previously 

supposed. Both molecular analysis, including sequence information from type species, 

and detailed descriptions of reproductive characteristics, hair production and 

morphology, and ultrastructural features, are needed to define the new species. 

Molecular analyses are still required to identify A. repens sensu stricto and also to 

obtain sequences for type material for all Acrochaete species. Some of this work is 

currently being undertaken in the Botanical Museum, Copenhagen (R. Nielsen, pers. 

comm. ). Where no type material is available, neotypes need to be established using 

samples obtained from the type locality and the original host species. 

Within the flora of mainland British it was confirmed that nine species of Acrochaete 

were present around the coast and that species were present at all times of year: an 
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additional two species, A. operculata and A. wittrockii, have recorded in the British 

flora in previous studies (Table 4.2). There was some evidence that two species, 

A. heteroclada and Acrochaete sp. 5, were limited in their distribution, with neither 

occurring around the coasts of Scotland. 

The species diversity revealed using molecular techniques has demonstrated that species 

of Acrochaete can be misidentified when using only morphological characters. The 

possibility of misidentification in previous studies suggests that the global distribution 

and host associations for A. heteroclada, A. repens and particularly A. viridis all require 

confirmation using molecular characters. It has not been possible to identify diagnostic 

morphological characters for each species, therefore other features of the phenotype, 

such as effects on the host or growth habit within the host, need exploring to try and 

provide unique identifying features for field study. Alternatively, the identification of 

taxon-specific sequences for each species could be utilised to develop tools, such as 

species-specific primers or probes, to confirm identification. 

Determination of the full extent of species diversity within Acrochaete requires 

examination of a greater range of hosts and the ongoing study of those hosts already 

examined to identify species that are more difficult to isolate (i. e. living deep within the 

medulla) or that are rarer within the flora. Collections over one or more annual cycles, 

both locally and worldwide, are needed to identify the full distribution of species and to 

enable identification of seasonality and differences in molecular sequences related to 

biogeography. Characterisation of the non-Acrochaete green algal endophyte diversity, 

including the identification of a possible alternate life-history phase for a green algal 

species and the ability of Ulva species to reside endophytically, all require further 

investigation. Ultrastructural studies are also necessary to resolve taxonomic problems 
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identified for the new green algal species. The work into species diversity should 

encompass host specificity, method of entry into the host and effects of the host once 

present. 

The characterisation of further gene loci to enhance the current dataset, or the 

completion of whole genome studies for representative genera of Chlorophyta would 

allow taxonomic and phylogenetic resolution within the group. If possible this work 

should include mitochondrial loci, e. g. cytochrome c oxidase subunit I (coil), currently 

being employed in the barcoding of red algae (Robba et al., 2006). Problems have been 

identified, however, with the production of successful primers for this particular gene 

locus (G. Saunders, pers. comm.; pers. obs. ) so alternatives need to be considered e. g. 

cytochrome b (cytb), which has been used previously for species level taxonomy 

(Hajibabaei et al., 2007). Continued work on methods of identification for green algal 

epi-/endophyte species are required, especially in situ characters. The use of molecular 

array technology, transmission and scanning electron microscopy could be useful for 

identification both in situ and in culture. 

Further work on these green epi-/endophytes would provide us with increased 

understanding of the hidden flora of our rocky shores. The identification of methods of 

invasion and host specificity would assist the commercial seaweed industry as a follow- 

on to previous studies of diseases affecting seaweed crops (e. g. Craigie & Correa, 

(1996) on the effects of endophytes within Chondrus crispus). There may also be 

application for these green algal epi-/endophytes in the study of our changing 

environment, expanding on Plumb (1999) and the effects of temperature on host species 

and therefore endophyte presence and recovery. 
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