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This study employs mo lecular and field sampling techniques to understand the complex 

Life history of the filamentous green alga, Acrosiphonia, in southem British Columbia, Canada. 

The DNA sequences of the nuclear nbosomai intemal transcribed spacer (ITS) regions 

conclusively identiQ the unicellular green dgal endophytes, tChi~r~chytnum inclusumt and 

'Codiolum petrocelidis', as the altemate Me history phases of one or more Acrosiphonia species. 

'Chlorochytrium inclusum', a spherical unicell, was found abundantly in the foliose red aiga 

ManaeiZa splendens, whereas 'Codiolum petrocelidis', a stalked unicell, densely colonises 

Tetrocelis hciscana' (= cmtose tetrasporophytic phase of Mmtocarpus papillauts). The DNA 

sequence data supported previous culture studies and Kommann's hypothesis that the two 

morphologically different endophytes are aitemate phenotypes of the sporophyte of a single 

Acrosiphonia species. The relationship of Acrosiphonia's endophytic sporophyte and 

filamentous, free-living gametophyte in nature reveded similar dynamics for three 

environrnentally variable field sites. Filamentous Acrosiphonia plants were seasonaily abundant 

(spring and summer) with fertile cells developing aimost immediately after Amosiphonia's 

appearance in the rocky intertidal zone. The unicellular sporophytes colonised M. splendens and 

'Petrocelist one to three months later, and showed higher tolerance to abiotic factors than 

Acrosiphonia's game top hyte: high surnmer temperatures (whic h correlated wi th death of the 

filamentous kee-living plants) were h v e d  and they overwintered in their hosts. Endophytes 

matured primarily in winter, zoospore release occurred throughout winter and spring and 

Acrosiphunia's life cycle is completed with subsequent zoospore germination and establishment 

of filamentous gametophytic plants. The two red algal hasts, M. splendens and Tetmcelis', were 

abundantly available for endophyte colonisation in spring and summer. A number of factors, 

e.g. herbivory, winter storms and senescence, however, were identified to produce fluctuating 

seasonal abundance patterns of the hosts, thus potentially aKecting endophyte survival. 1 suggest 

the endophytes have evolved a strategy whereby duiahon in the host is synchronised with 

seasonality of the host. An investigation of possible hosts for Amosiphonia's sporophyte 

established a wide range of hosts. However, 'Codiolum' showed a pater  affinity for Tetroceiist 

than for other crus&, and 'Chlorochytrium' coionised foliose red aigae charactensed by lwsely 

compacted cells in the cortex and meduiia and carrageenansand carragars as ceiï waU 



constiîuents e.g. M. splendens. M. heterocarpa and Schùymenia paccfica, more readily than 

others. 

A bet-hedging strategy is proposed for Acros@honia's iife history. Not oniy have two 

morphologically different phases adapted to a seasonally variable environment, but the 

sporophytic phase of at least one AcrosZphonia species can colonise two altemate hosts (crustose 

and foliose red algae), and low host specificity is evident for both endophytes. 



TABLE OF CONTENTS 

Absûact 

Table of Contents 

List of Tables 

List of Figures 

Acbwledgements 

THESIS INTRODUCTION 

CHAPTER 1. Identification of 'Chlorochytnum' and 'Codiolurn' as the alternate phase 
of Acrosiphonia using ITS 1 and ITS2 ribosomal DNA sequence data 

INTRODUCTION 

MATERIALS AND METHODS 

Sample collection and DNA exîraction 

PCR amplificnion and sequencing 

Alignment and anaiysis of sequences 

RESULTS 

DNA extraction and PCR amplification 

DNA sequences 

P hylogen etic reco~~~tructions 

DISCUSSION 

REFERENCES 

CHAPTER 2. Life history of Acrosiphonia in southwestern British Columbia: 
a baseline study 

INTRODUCTION 

Desmption of Acrosiphonia's phases in nature 

Environmental requirementr for gametophyte and sporophyte 

MATERIALS AND METHODS 

Field sampling 

Data anaiysU 

RESULTS 

Acrosiphonia identifcation 

. . 
U 

iv 

vii 

ix 

xiii 

1 

11 

11 

14 

14 

17 

18 

19 

19 

20 

23 

23 

29 

33 

32 

33 

35 

36 

36 

39 

39 

39 



Acrosiphonia dam-bution and seusonal abundance 

'Chlorochytnwn ' morphology and location in host 

'Chlorochytrium ' seosonal abundance 

'Chlorochytrium ' sise 

'Codiolurn ' morpholugy and Iocation in host 

'Codiolum ' seasonal abundance 

'Codiolum ' sue 

DISCUSSION 

Acrosip honia iden rifiation in the field 

Acrosiphonia seasonality 

Factors affecting Acrosiphonia seasonal abundance and dktribution 

Acrosiphonia arcta and A. coalita dif/ences in thefield 

Endophyte colonisation 

Endophyte growth. fmility and duration in host 

Endophyte abundance variabiliiy 

Selection of hetemmorphy in Acrosiphonia 

REFERENCES 

CHAPTER 3 Host Availability for Colonisation and Suwival of 'Chiorochytrium' 
and 'Codiolum' 

INTRODUCTION 

MATERIALS AND METHODS 

'Pettocelis' surf ce area 

'Ch Ior~chy~um'  m i v a l  in dnfi Mavaella splendens blades 

Data annlysis 

RESULTS 

'Petrocelis' seasonal abundance 

Cmst dynamicr and invertebrate observations 

Health of m t s  

Cmt remitment 

MazzaeLia splendens semonal abundmce and condition of bladks 

'~lorochyrntrrum' SunriYai in dnfi M-lia splendens blades 

DISCUSSION 



Mechanism for seasonal pattern ofMazzaella spiendens abundance 99 

Implications for 'Codiolum ' sunival and duration in host 101 

MazzaeIla splendens dynamics 102 

Implications for 'Chlorochytrïum ' sunival 103 

CHAPTER 4 Host speci ficity of Acrosiphonia's sporophyte, 'ChIoroc hytnum' and 108 
'Codio lm' 

MATERlALS AND METHODS 110 

Putative host species for 'Chlorochyrrium ' and 'Cudiolum ' 110 

Chlorochytrium ' aflnity for life hhisrory phase 113 

Data analysis 

RESULTS 

'Chlorochynium ' hosts 114 

Identity of endophytes within foliose red algue 

Mean densifies of 'Chlorochytrium' 

'Codiolum ' hosts 

'Chlorochytrium ' colonisution of gametophytic vs- tetrasporophytic 
phase 117 

DISCUSSION 119 

REFERENCES 

GENERAL CONCLUSIONS 

Suggested future research 134 

APPENDIX A: Acrosiphonia percent cover Means 

APPENDIX B: 'Chlorochytrium ' DmettStîy Means 

APPEMIIX C: 'Codiokum ' Density Means 140 

APPENDrX D: Su face area of individual 'Petrocelis' m t s  at Bunard Inlet for one yem 142 

APPEND M E: Surface area of individual 'Petroce1hPr crurts at Sooke from sulllmer 
1997 to fa21 1998 143 



LIST OF TABLES 

Page 

Table 1.1 S pecies names, CO llection sites and abbreviations and GenBank accession 15 
numbers for isolate sequences in phylogenetic analysis. Note: host m e s  for 
endophytes are given. isolates with ambiguities have not been included. 

Table 2.1 Distinguishing characters for Acrosiphonia arcta and Acrosiphonia coalita 
in southwestern British Columbia. 42 

Table 2.2 Amosiplionia percent cover. Results of one-way ANOVA on data shown in 
Figures 2.4A-2.6A and Figures 2.1 1 A-2.1 3A. The significant F value indicates 
a statistically significant difference among two or more sarnpling dates. 49 

Table 2.3 Chlorochytrium' density. Results of one-way ANOVA on data shown in 
Figures 2.4B-2.6B. The significant F value indicates a statistically significant 
difference arnong two or more sampling dates. 52 

Table 2.4 'Codiolum' density. Results of one-way ANOVA on data shown in 
figures 2.1 1B-2.13B. The significant F value indicates a statisticdly significant 
différence arnong two or more sampiing dates. 60 

Table 3.1 Seasonal differences of Tetroceiis' crust surface area. Results of 
independent sarnples t-test performed on pairs of maximum and minimum 
data points show in Figures 3 .lA and 3.2A. The significant t value indicates a 
statistically significant difference arnong maximum and minimum d a c e  area 
values. Note that pain of points correspond to (1) (summer) fdl and winter 
and (2) winter and summer. 

Table 3.2 Seasonal condition of Mapaella splendens thaili. 

Table 4.1 Red algal hosts reported for 'Chlorochytrium'. Note ail herbarium specirnens 
were examined by me for the presence of 'Chlorochytrium'. 

Table 4.2 Coiiection dates for putative host species for 'Chlorochytrium' at Burrard 
Met, Sooke and Barnfield and their relative abundance. A (-) indicates the 
species may have been present but was not coiiected. 

Table 4.3. 'Chiorochytrium' presence in putative host species. Note the much Iower 
sample &es of ail species compared to MazzoeiIa spiendm. 

Table 4.4 Mean densities of %hlorochytriumt. Note the lower sample sizes of species 
compared to M(lpae1liz splendens. 



Table 4.5 'Chlomchytrium' densities in tetrasporophytic and gametophytic MmzaelZa 
splendens blades. Resdts of independent samples t-tests performed for 
Burrard Idet, Soo ke and Barnfield and al1 t h e  sites combined The significant 
t value (*) indicates a statistically significant dinerence among endophyte 
densities in tetrasporophytic and garnetophytic blades. 118 

Table 4.6 CeU wall composition of dgal species examined for the presence of 
mdophytes. Note dl are members of the Rhodophyta, except Ralfsia pacifca, 
a brown alga. 125 



LIST OF FIGURES 

Figure 0.1 Acrosiphonia coaiitu in the low intertidal zone at Sooke, Vancouver Island. 

Figure 0.2 Life cycle of Acrosiphonio. 

Figure 0 3  Location of the three study sites. 

Figure 1.1 A summary of results nom culture studies involving 'Chiorochytrïum 
inclusum' and 'Codiolum petrocelidis'. Note that the northeast Pacific 
workers found 'Codiolum' to give rise to more than one Acrosiphonia 
species, whereas 'Chlorochytrium' oniy p roduced A. arcta. Bo th endophytes 
were shown to give rise to Spongomorpha lanosa in Europe. 

Figure 1.2 Map showing primer positions within nuclear ribosomal DNA cistron. 
Primer pairs ITS LIS; ITS4 and ITSZ;ITS3 were used to ampli& and sequence 
the ITS1,5.8s, ITS2 and a short segment of the 26s gene. The pair MOI; 
ITS4 was used to isolate endophyte fiom host DNA. 

Figure 1.3% Ethidiurn bromide stained agarose gel of PCR amplified ITSI, 5.8S, ITS2 
and partial 26s regions fiom 'Petrocelis' crust colonised by 'Codiolum 
petrocelidis'. Note that the 0.5 kb fiagrnent is 'Codiolurn' and the 0.75 kb 
fÏagment is 'Petrocelis'. b. Agamse gel of 'Chlorochytrium' and 'Codiolum' 
PCR product re-amplified with MOI and KS4 primes. 

Page 

2 

3 

6 

13 

18 

20 

Figure 1.4 Sequence variation among 'Chîomchytrium', 'Codiolum' and Acrosiphonia 
isolates. Six variable sites occur within the iTS regions of four of the five 
distinct genotype groups. Group 1 differs fiom group 2 by a single bp change 
at position 48; group 3 varies fiom groups 1 and 2 by 4 or 5 bp changes; group 
4 ciiffers fiom group 2 by 2 bp changes and group 5 shows 5 new variable sites 
in the ITS. The * 'Chlorochytrium' is the oniy endophyte isolate which does 
not match an Acrosiphonia isolate. 22 

Figure 1.5 Maximum Iikeiihood tree fiom ES1 and KS2 sequences. Monostroma 
urcticum was used as the outgroup. Numben above the branches are 
neighbour-joining bootstrap values (1000 replicates) using a Jukes-Cantor 
mode1 of nucleotide substitution; numbers below the branches are booistrap 
proportions using parsimony (200 replicatw). The branch to Monostroma is 
not proportionai to its length of 0.765. Otherwise, the scale bar on the tree 
indicates the maximum IikeIihood distance. See Table 1.1 for detailed 
information on species, collection sites and abbreviations. 

Figure 2.1. Establishg the timing of events of Acrosiphonia's W e  history in nature. 36 



Figure 2.2 A Acrosiphonia arcta at Burrard Inlet. B. Acrosiphonia arcta and 
A. coalita at Bamfield. Co E. A. coalita at Sooke. F. A. arcta at Sooke. 
D. A. arcta and A. coalita at Sooke. Scale bar is 5 cm. arc =A. arcta; 
CO = A. coalita. 

Figure 2.3 A. Acrosiphonia coalita habit. B o  Acrosiphonia arcta habit. 
Co Fertile celis. D. Empty gametaagium with pore for garnete release. 
E o  Compound hook of A. coaliro. F. Simple hook. Ga Many cells fertile 
in a series, A. arcta. H. Single cells fertile in A. c o a h  branches. Scale bar 
is 200 pm. Py = pyrenoids; gm = gametangium 

Figure 2.4 A Acrosiphonia % cover at Burrard Iniet over two years. Data are means 
t S.E. from 30 quadrats placed dong transect lines. The S.E. are missing for two 
data points, due to misshg data (theft of field notes). B. 'Chlorochytrium' 
densities at Bmard Inlet. Data are means k S.E. fiom ceils counted in 30 
MaaeIZa splendens b lades. 44 

Figure 2.5 A Acrosiphonia % cover at Soo ke over two years. Data are means f S.E. 
from 30 quadrats placed along transect Lines. The S.E. are missing for three data 
points, due to missing data (thefi of field notes). B. ' ~ h l o r o c h ~ u m '  densities 
at Sooke. Data are means & S.E. fiom cells counted in 30 Manaella 
splendens blades. 

Figure 2.6 A. Acrosiphonia % cover at Barnfield over two years. Data are means 
k S.E. from 30 quadrats placed along one or two transect lines. B. 
'ChIorochytnum' densities at Badeld. Data are means t S.E. Eom cells 
counted in 30 Moraella splendens blades. 

Figure 2.7 A. Surface view of 'Chlorochytrium inclusum' cells (80-160 pm) in 
Manaella spiendens. B. Transverse section showing 'Chlorochyüium ' 
in cortex region of M. splendenr. Co De E. Vegetative 'Chlorochytnum' 
cells. F e  'Chlorochytrium' ce11 near maturity. G a  'Chlorochyüium' 
ce11 releasing > 800 zoospores. Scale bar is 50 p. py = pyrenoids. 

Figure. 2.8 'Chlorochytrium' life history schematic based on Sooke ce11 size 
observations over two years. The soiid line represents average ce11 size and 
the dotted h e  maximum cell size. 

Figure 2 9  Polymorphism of 'Codiolum petrocelidis'. A. B. C. E. show cells arnong 
'PetroceIis' filaments. Note both fertile 'Codiolum' and fertile 'Petrocelis' 
in A. Cens with long stalks are shown in D and E. Juvenile 'Codiolum' are 
represented by G and 1. Large, fertile ceiis are shown in A C. H. Scaie 
bar is 50 Fm. Tet = tetrasporangium. 

Figure 2.10 Polymorphism of 'Codiolum petroceiidis'. Note the large, fat fertile ceiis 
filled with zoospores in the thkd row. The 1st ceU in the first row is believed 
to represent the youngest celis. 



Figure 2.11 A. Acrosiphonia % cover at Bmard Idet over two years. Data are means 
k S.E. from 30 quadrats placed along transect iines. The S.E. are misshg for t h e  
data points, due to missing data (theft of field notes). B. 'Codiolum' densities 
at Burrard Iniet. Data are means It S.E. fiom cei3s counted in 30 'Petrocelis' 
patches. 57 

Figure 2.12 A. Acrosiphonia % cover at Sooke over two years. Data are means I SE. 
fiom 30 quadrats placed along transect lines. The S.E. are missing for three data 
points, due to misshg data (theft of field notes). B. 'Codiolum' densities 
at Sooke. Data are means f S.E. from cells counted in 30 'Petrocelis' patches. 58 

Figure 2.13 A Acrosiphonia % cover at Baxdïeld over two years. Data are means 
& S.E. fkom 30 quadrats placed dong one or two transect lhes. B. 'Codiolum' 
densities at Bamfield. Data are means f S.E. fiom cells counted in 30 
'Petrocelist patches. 60 

Figure 2.14 'Codiolurn' life history schematic based on observations of ce11 size and 
reproductive state of cells over two yean at Burrard Met, Sooke and 
Barnfield. 61 

Figure 2.15 Timing of events of Acrosiphonia's life history in nature. 62 

Figure 2.16 Generalised life history schematic of Acrosiphonia's sporophyte. 
* 'Chlorochytrium' colonisation occurs earlier than 'Codiolum' 
colonisation. 71 

Figure 3.1 A Surface area of 'Petrocelis' crut  at Burrard Met over 1 year. Data are 
means * S.E. fiom 26 crusts. Surface area values of zero were omitted fiom the 
calculation of the mean. B. ' Codiolurn' densities at Burrard Inlet. Data are 
means k S.E. from cells counted in 30 'Petrocelis' patches. 85 

Figure 3.2 A Suface atea of 'Petrocelis' cnist at Sooke over 18 months. Data are 
means 3t: S.E. fhm 30 cntsts. Surface area values of zero were omitted h m  
the calcuIation of the mean. B. ' Codiolum' densities at Sooke. Data are 
means * S.E. from cells counted in 30 'Petrocelis' patches. 

Figure 3 3  Surface area of 'Petrocelis' cmst patches at Bunard Idet (A) and Sooke (B). 
Series 1 illustrates change in surface area of cnists where values of zero were 
omitted. Series 2 includes zen, sirrface area values, i.e. crusts which 
disappeared during the observation period, to illustrate cnist survivorship. 
Data are means I S.E. nom 26 (A) and 3 0 (B) cnists. 

Figure 3.4 k Bamacle settlement on 'Petrocelis' at Burrard Inlet B. Intricate trust 
pattern at Sooke. C. D. Limpet abundance and notable tissue loss h m  ûctoba 
to November. E. Fragmentation of single crust? F. G. H. Green, mucilaginous 
tissue. 1. J. "Vein" pattern on Manaella splendens blades. 89 

Figure 3.5 Time series of two 'Petrocelis' crusts at Sooke. 90 



Fipre 3.6 A M o ~ a e l u  splendens density k S.E. at Bunard Met over two years. The 
point-quartet method of density estimation was based on locatuig 8 random points 
along a transect. B. 'ChIorochytriumr densities at Sooke. Data are means i S.E. 
from ceiis counted in 30 M. splendens blades. 93 

Figure 3.7 A. Mmaella splendens density t S.E. at Sooke over two years. The point 
quarter method of density estimation was based on locating 8 random points dong 
a tmsect. B. %hlorochytnum' densities at Sooke. Data are means t S.E. fiom 
cells counted in 30 Manaella splendens blades. 94 

Figure 3.8 A. Mauaeila spiendem density t S.E. at Bamfïeld over two years. The point 
-quarter method of density estimation was based on locating 8 randorn points along 
a transect. B. 'Chlomchytrium' densities at Bamfield. Data are means t S.E. nom 
cells counted in 30 Manaeh splendens blades. 95 

Figure 4.1 'Chlorochytrium' density in Moaoella splendem and in Schizymenia 
pac$ca at Sooke for 1998. Data are means t S.E. nom cells counted in 30 
M. splendens blades and in 2-12 S. pacifca blades. 

Figure 4.2 A cornparison of blade cross-sections: Sparlingà pertusa (A) is 
characterised by a medulla comprised of large, compacted cuboidal cells, 
whereas Ma~aella splendens (B)  exhibits a meduila consisting of loosely 
interwoven filaments. 



1 wish to acknowledge my supervisor, Robert DeWreede, for his Ullfailing support and 
guidance throughout the duration of my graduate work. Also, many thanks to my cornmittee 
members, Mary Berbee and Jeannette Whittoa, for their constructive suggestions and comments 
on this thesis. In addition, I thank Mary Berbee for the use of her laboratory for the molecular 
study, and for her expertise with molecular techniques. Mona Pirseyedi and Barbara Mable 
deserve acknowledgement for their help with the molecular work. The foiiowing people wen 
invaluable for their help in the field, ofien in rain or snow, sometimes in the early hours of the 
rnorning: Tania Thenu, Helga Sussmann, Diane Orihel, Ricardo Scrosati, Tamara M e n ,  Reza 
Shahidi, Tracy Stevens, Frank and Christcl Shaughnessy, Sherri Rodgers and CamlAnn Borden. 
Diane Orihel assisted me with the tedious task of counting endophytes in red algal blades. This 
thesis was primarily fîmded by operating gants fiom the NaturaI Sciences and Engineering 
Research Council of Canada to Robert DeWreede and to Mary Berbee. 1 am also gratefùi for the 
NSERC scholarships and University Graduate Fellowship 1 was awarded as a PhD. candidate. 
Finally, special thanks to my dear fiends and pers, Tania Thenu, Tamara Allen and Tracy 
Stevens, for their steady support, encouragement, discussions both academic and not and many 
laughs dong the way. 



THESIS INTRODUCTION 

The genus Acrosiphonia was established by  J. G. Agardh in 1846 for a group of marine 

green algae composed of branched unisenate fiIaments, each cell having a reticuiate chloroplast. 

Filaments of plants tend to be bound together b y hooked branchlets or b y rhizoids to form large 

tangied masses, and are abundant on rocks in the low to mid intertidd zone (Fig. 0.1). DifEculty 

in separating the genus fiom Spongomorpha has long existed (Wiile 1900. Collins 1909, 

Kornmann 1965. l97Oa; Scagel1966, Jbnsson 1991). Agardh (1 846) oripinaily delimiteci the 

two genera on the bais of ce11 length to width ratios. Later Wille (1900) suggested that 

mdtinucfeate plants be called Acrosiphonio and uninucleate ones Spongomorplio. Since cul- 

studies of Acrosiphoniu reveded extmne polyrnorphism in response to temperature and light 

intensity, Kommann (1 965, L WOa) proposed that reproductive behaviour rather than vegetative 

characteristics such as length of cells be used for separation of the two genera. Based on his 

shidies, Acrosiphonia was characterised by vegetative reproduction and Spongomorpha by a 

heteromorp hic li fe history. Jhsson (1 959% 1 962), however, claimed that Acrosiphonia in 

France is heteromorphic, and pointed out that Komrnann's failure to obtain 'Codiolum' h m  

zygotes of A. arcta (Dillwyn) J.G. Agardh [= Acrosiphoniu spinescens (Kutzing) Kjellman 

according to Hudson (1974) and Jbnsson (1986)] may have been due to a complete failure of 

karyogamy (J6nsson reported that karyogamy in A. arcta is facultative). In the northeast Pacific 

culture studies (HoUenberg 1958, Fan 1959. Chihara 1969, Hudson 1974) also suggested a 

heteromorphic life history for Acrosiphonia. Both Kommann (1962a) and Jdnsson (1959a) 

agreed that the presence of opercula on the gametangia is a distinctive feature of Acrosiphonia. 

Scagel(1966) questioned the value of Wille's separation into uninucleate and multinucleate 

genera and Collins (1909) believed that such a delimitation de-emphasised the sirnilarities in 

M u s  structure, other cytoiogical characteristics and reproductive behaviour. Nonetheless, 

despite these criticisms. Wille's proposal is widely accepted by taxonomists today. 

Spongomotpha is absent fiom the northeast Pacific, having o d y  been reported in Scandinavia, 

Iceland, the Arctic Ocean, Germany and France. 

There is aiso a fack of agreement on species delimitation of Acrosiphonia. ScageI (1966) 

reported five species of Ac~osiphonia present in northern Washington and British Columbia 

Kowever, Hudson's (1974) intensive culture and taxonomie studies h m  the Puget Sound region 



Figure 0.1 Acrosiphonia coafita in the low intertidal zone at Sooke, Vancouver 
Island. 

suggest that ody two well-defined entities, A. couLita (Ruprecht) Scagel, Garbary, Golden & 

Hawkes and A. arcta are represented on our coast Amsiphonia coalita appears to be present 

only in the northeast Pacific, whereas A. arcta has been recorded in both the northern and 

southem hemispheres* including the Northwest Atlantic, the northeast Pacific, the North Sea, 

Greenland, southern Chile and Antarctica Other Acrosiphonia species, apparentiy not present in 

North America, have been identifzed ocçurring in Japan, Germany, France, Scandinavia and 

Greenland Critena commody used to distinguish species ofAcrosipionia are primarily 

vegetative characteristics (Setcheu & Gardner 1920, ScageI 1966), many of which are variable 

and responsive to environmental conditions (Konimann 1965,1970a; Hudson 1974). 

In addition to taxonomie uacertainties, the life history of Acrosiphonia is poorly 

nnderstood, Extensive culture studies conducted phnariiy in the 1960s and 1970s (HoUenberg 

1958, Fan 1959, Jonson 1959% 1959b, 1962,1963.I966,1970; K o m m  1961a, 1964,1970a, 

19n; Chihara 1969, Hudson 1974, Miyaji & Kurogi 1976, Miyaji 1984,1996) impiicated 
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unicellular green endophytes of the ChIorococcales in the Mie histories ofrlcrosiphonia and 

Spongomorpha. Endophytic algae are those which are found within the tissues or ceik of 

other algae / plants, but do no t elicit symptoms of disease (Wilson 1995). Chlorochytrium 

inclusum Kjeliman, endophytic in foliose red algae and Codiolum petrocelidis Kuckuck, fouml 

within red aigal cnists, are suspected to be the sporophytic aitemate life history phases of the 

gametophytic Acrosiphonia. (Fig. 0.2). For this reason, ail reference to the CodioIum and 

Chlorochytnum phases appean in single quotes in this thesis. 

Acrosiphonia 
Phase 

Garnetes 

Fusion 

1 
Zygote 

k 

'ChlorochyCnum' 'Codiolum' 

Figure 0.2 Life cycle of Acrosiphonia. 
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Several alternative life histories (other than a heteromorphic alternation of 

generations) have been reported for Acrosiphonia in culture. In A. grandis Kjehan (type 

locality Norway) the zygote develops into a 'Codiolum' or 'Chlorochytrium' phase which p w s  

directly into a filamentous plant without formation of zoospores (Kornmann 1970b). Meiosis 

has not been observed, but Kornmam (1970a) suggested it might occur within the 'Codiolum' 

vesicle. la A. sonderi (Kützing) Kommann (type locality Helgoland, Gennany) and A. arcta 

filamentous plants of unknown ploidy were found to recycle by means of biflagellate zoospores, 

sexual reproduction not havhg been observed (Kornmann 1962a). Filamentous plants of 

unlaiown ploidy of A. arcta were also found to recycle by means of isogametes (Kornmann 

1962a). Meiosis was not observed, but was suggested to occur during germination of the zygote 

or possibly in gametogenesis. No evidence exists that any of these altemate life histones occm 

in nature. 

'Chlorochytnum inclusum' is a spherical to subspherical unicell, generaily found among 

the cells of the cortex of foliose red algai hosts such as Schizymenia, Constantinea, Manaella, 

NeodiLea and Dilsea (Scagel 1966, Chihara 1969, Hudson 1974). It is reported to measurc 80 - 
100 pm in diameter at maturity and contains one parietal chloroplast with many pyrmoids. 

'Codiolum petrocelidis', on the other hami, is differentiated into an ovoid vesicle with a 

colourless stalk, and is commonly found embedded in the filamentous system of the red algd 

crust 'Petrocelis' [= tetrasporophytic phase of Ma~rocnrpur (Hollenberg 1958, Fan 1959, J6nsson 

1959a)l. The ce11 contains a single dense chloroplast and many pyrenoids, and is 125-175 pm in 

length and 25-50 p in diameter in the pigmented region. I6nsson (19594 1966) and Konmiann 

(1961% 1964) observed that when these morphologicaiIy different endophytes develop in 

culture, h e  of theu host, 'Chlorochytriumr cells retain a stalk characteristic of 'Codiolum'. 

Kornmann (1964) thus proposed that phenotypic responses, dictated by the diflierent nature of 

the two hosts, accounted for the differences in morphology of 'Codiolum' and 'Chiorochytrium', 

i.e. the morphologicaiIy distinct endophytes represent the sporophytic phase of the same 

organism. 

'Chlomchytnum' / 'Codiolum' phases are not, however, restncted to A&phonia and 

Spongomorpia. Representatives of the genera Urospora, ZnorhmE and Monostroma (present in 

southwestern British Columbia) dso possess a unicellular sporophytic phase @Commami 1961b, 

1962b, 1963) that deveIops simiIarLy to the A&phoniu- and Spongomotpha-related 'Codiolum' 

phase mence aiI are members of the Codiolales sensu van den Hoek et al. 1995). Aithough the 
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pst culture studies suggest that 'Chlorochytrium Uiciusum' and 'Codio l m  petrocelidis' are 

likely to be a part of the heteromorphic life cycle ofAcrosiplionia, verification is needed for 

which genera are most closely related to the endophytes present within an area 

The focus of my thesis is on understanding the complex life history of Acrosiphonia in 

southem British Columbia It is comprised of two major studies: one utilising molecular work 

to determine whether endophytes present in an area are an altemate life history phase of 

Acrosiphonia, and the other employing field sampling techniques to investigate the naturd 

dynamics of Acrosiphonia along the coast of British Columbia . 
The initial objective of my research was to establish the identity of 'Chlorochytxium' 

and 'Codiolum' cells found in Manaelln splendens (Setchell & Gardner) Fredericq blades and in 

the crust 'Petroceh franciscana' Setchell & Gardner [= tetrasporophytic phase of Mastoca~ur 

papillatus (Agardh) Kützing], respectively fiom Vancouver Island and Burrard Idet. Rather 

than culturing the endophytes (in the past fraught with poor survival rates and the inability to 

reproduce natural conditions resulting in morphological or reproductive ambiguities in plants), 

molecular studies were chosen to investigate whether the endophytes and Acros@honia 

constitute altemating phases in the life history of a single alga The study in Chapter 1 uses 

DNA sequence data from the ï ï S  regions of the nuclear ribosomal DNA cistron to provide a 

phylogenetic cornparison of the endophytes, 'Chlorochytrium' and 'Codiolum', and free-living 

genera of the Codiolaies found in the region. Pairwise sequence cornparisons and a proposesi 

p hylo geny O f relationships among endop hytes and fiee-living Codiolaies genera establish that 

the endophytes are more closely associated with Acrosiphonia than with any of the other genera, 

i.e. the endophytes are identified as the sporophytic phase of Acrosiphonia. in addition, the 

study supports Kommann's hypothesis that 'Chiorochytrium' and 'Codiolum' are alternate 

phenotypes of the sporophyte of a single Ac~osiphoniu species. 

Chapters 2 to 4 focus on understanding the natural dynamics of the life history of 

Acrosiphonia elucidated in Chapter 1. More specifïcaily, gametophyte I sporophyte and host / 

endophyte associations, as wel1 as the timing of Me history events in nature are investigated at 

Uuee different sites in southem British Columbia: Burrard Met (Brockton Point) 49' 34' N, 

123" 10' W in Vancouver on mainiand British Columbia, and Sooke (Whifnn Spit) 47' 42' N, 

123' 48' W and Bamfield (-sioIa Point) 48' 49' N, 125' 10' W on Vancouver Island (Fig. 

0.3). The sites selected Vary in envitonmental factors such as wave exposure (Bunard Inla is 

relatively sheltered, B a d e l d  wave-exposed and Sooke of intemediate wavesxposure), 



Figure 0.2 Location of the three study sites. 

occumnce of summer Iow tides (afternoons at Burrard Met; early moniing on Vancouver Island 

sites), salinity, temperature and precipitation. Burrard Iniet aiso diffets in that human 

disturbance is comrnon and can be quite destructive, e.g. people ovemiming rocks and digging in 

the sand for marine organisms. The effect of environmental conditions on the natural dyaamics 

of Amos@honia is addressed. 
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Acrosipltonia was fond gxowing abundantly on boulders or epiphytic on Fucus 

spp. or seagrass in the low to mid intertïdal zone at al1 three sites, where it is the dominant 

filamentous green aiga in spring and summer. At Burrard Inlet only one morphologicai species, 

Acrosiphonia arcta was present, whereas at Sooke and Bamfield the two morphologicai species, 

A. arcta and A. coalita comprised the rnajority of Acrosiphonia plants. 

The algal communities of the three sites were observed to be dominated by Fucur spp. , 

Lnva spp., Enteromopha spp., M~ocarpus  papillatus and a number of filamentous red algae 

such as Polysiphonia spp. and Microcladia spp. in the mid interiidal zone and by Mnnoella 

splendens and kelps in the low intertidal zone. Generally a pater  diversity of algd species 

were found at Sooke and Bamfield than at Burrard Met; species absent at Burrard Met included 

Halosaccion glandifonne (Grnelui) Ruprecht, Màzzaella heterocarpa (Postels & Ruprecht) 

Hommersand , Schizymenia pucifica (Kylin) Kylin, Hedophyllum sessile (Agardh) Setchell, 

Cladophora spp. and Palniaria mollis (Setchell & Gardner) van der Meer & Bird (= Rhodjmenia 

palmata var. mollis Setchell & Gardner). Constantinea subulifea Setchell was cornmon only at 

Burrard Met. llrospora sp ., Lnothrk sp. and Monostroma sp. of the Codiolales were identifiai 

from Sooke and Bamfield. The encrushg algae, 'Petrocelis fianciscanat, Hildenbrandia 

occidentalis Setchell and Raysia pacifca Hollenberg coexisted throughout the intertidal zone at 

ali tbree sites. 'Chloroc hytrium inclusum' and 'Codio lum petrocelidist had already been observed 

w i t h  M. splendens blades nom Sooke and 'Petrocelis' crusts nom Sooke and Burrard Inlet, 

respectively, prior to the field study. It was not known if the endophytes were present in other 

algae. 

At the Sooke and Barnfieid study sites the gastropods, Thais spp. and Tectwa spp., 

and the chiton, Katharina tunicata Wood, were observed to be the most abundant invertebrates. 

Littorulid mails of the genus Linonna were found on Mmzaelh splendens blades at Burrard 

Idet and Bamfield. At Burrard Met the predorninant invertebrates were the mussels, M@IICT 

trrrssulw Gould, and barnacles (the dominant species being Balanus glandula Darwin); 

sometimes, especiaily in the spring, so abundant that dense 'mats' of juvenile mussels and 

barnacles covered boulders. Lbpets present at Burrard Inlet and Sooke were primarily Tectum 

scutum hthke. 

The studies detailed in Chapters 2 to 4 were conducted at the three sites descriied, 

Burrard Met, Sooke and Bauxfield, and utfiseci field sampling techniques. The main objectives 

of Chapter 2 are to identify the filamentous gametophytes and endophytic sporophytes of 
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AcrosQhonia in nature @NA sequences nom Chapter 1 aid in the identincation), and to 

establish the relationship of the life history phases, primarily the timing of life hiaory 

events, in southwestern British Columbia This is the fint study to examine the relationship of 

Acrosiphonia's sporophyte and gametophyte in nature. 1 dso briefly speculate on the factors 

responsible for selection of this cornplex heteromorphic life history. 

Host availability for colonisation and sunrival of Acrosiphonia's sporophytic phase (the 

endophytes, 'Chlorochytrium' and 'Codiolum') is addressed in Chapter 3. The two red algai 

hosts, Mmraella splendenr and 'Petrocelis hciscana', were abundant at my three study sites, 

and thus seerned to represent ideal hosts for 'Chiorochytrium' and 'Codiolum', respectively. 

Seasonai abundance of M. splendens and 'Petroceiis' was determined (no study has examined 

seasonality of 'Petmcelis' on boulder strewn shores), and 'Chlorochytrium' and 'Codiolum' 

sumival, as well as endophyte duration in host, assessed in relation to availability of the hosts. 

Chapter 4 investigates the degree of specificity of the host / endophyte relationship for 

Acrosiphonia's sporophytic phase. Al1 foliose Rhodophyte species and crustose species found in 

the interticid zone at Burrard Inlet, Sooke and Barnfield were examined to compare endophyte 

densities. A number of mechanisms and strategies are discussed for the relatively low host 

specificity, but differential colonisation of hosts, observed in this study. These include the role 

of structurai and chernical characten of the host, and a bet-hedging strategy for Acrosipiionia's 

sporophytic life history phase. 
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IDENTTFTCATION OF 'CBLOROCHYTRIUM' AND 'CODIOLUM' AS TEE 
ALTERNATE PHASE OF ACROSIPHONIA USING 1TSl AND ITS2 

RiBOSOMAL DNA SEQUENCE DATA 

INTRODUCTION 

The morp hologicall y di fferent endop hytes, 'Chloroc hytnum inclusum' and 'Codiolum 

petrocelidis' fkom southwestern British Columbia were suspected to be the sporophytic altemate 

life history phases of fiee-living garnetophytic algae in the Codiolales (sensu van den Hoek et al. 

1995). In this study DNA sequence data were used to investigate whether these endophytes are 

the sporophytes of species beionging to Acrosiphonia. 

Evidence for the implication of 'Chlorochyûiumr and 'Codiolum' cells in the life histories 

of Acrosipiionia and Spongomorpho was established through culture studies conducted largely in 

the 1960s and 1970s. For exarnple, in Europe, Kornmann (196 la, 1964) demonstrated that both 

'C. inclusum' and 'C. petrocelidis' give rise to Spongomorpha ionosa (Roth.) Kützing [= 

Spongomorpha aeruginosa (L.) Hoek] in culture. This, and the similar appearance of the two 

endophyte types free-living in culture, led Konimann (1 964) to propose that the two 

morphologically distinct endophytes are aitemate phenotypes of the sporophyte of a single 

Acrosiphonia or Spongomorpha species, i.e. the morphologicai variation is solely attributed to 

the different nature of the two hosts. J6nsson (1959b, 1962,1966) showed zoospores of 'C. 

inclusum' produce S. lanosa, and zoospores of 'C. petrocelidis' give rise to Acrosiphonia mcta. 

Spongomorpha is not found in the northeast Pacinc, but workers dong the coasts of Washington 

and California have shown that 'C. inclusurn' produces A. arcta in culture (Chihara 1969, Hudson 

1 974), while %. petrocelidis' gives rise to both A. arcta and Acrosiphonia coalita (Hollenberg 

1958, Fan 1959, Hudson 1974). Similarly, in Japan, culture work by Miyaji and Kurogi (1976) 

and Miyaji (1984, 1996) revealed that 'C. inciusum' and 'C. petrocelidis' may be the sporophytic 

phase of several Acrosiphonia species. Figure 1.1 provides a summary of the still rather 

confûsed picme of the associations between Anosiphonia / Spongomorpha and 'Codiolum' / 

fChîorochytrium' that have been established through culture studies. 

The 'Codiolum' phases are not, however, restncted to Acrosiphonia and Spongomorpha. 

Representatives of îhe genera Urosporu, U~lohrùr and Monostroma also possess a uniceIluIar 

sporophytic 'Codiolum' phase Qommaun 1961b, 1962,1963) that develops similarly to the 
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Acrosiphonia and Spongomorpha related 'Coâiolum' phase. Codiolum greganum Braun, a 

fiee-living macroscopic (1-2mm at rnaturity) unicell, has been associated with the life 

history of Urapora (Hanic, 1965). Kommann (1973) even suggested a new class, 

Codiolophyceae, to unite al1 genera with a 'Codiolum' phase. Although it is possible that one or 

more of the 'Codiolum' phases of Urospoa, Lnothrii and Monostroma invades red algal crusts 

a d o r  blades, none is known to exist endophytically. 

While the cuiture work described suggests that Codiolum petrocelidis' and 

'Chiorochytrium incIusurnl are likely to be a part of the life cycle of one or more species of 

Acrosiphonia, it would be helpfbl to establish genotypic relatedness via phylogenetic aualysis to 

verify which genera are most closely related to the endophytes present within an area. 

Being multinucleate, the genus Acrosiphonia is clearly separated fkom uninucleate 

Spongomorpha (Wille, 1900). However, there is a lack of agreement on species boundaries 

within Acrosiphonia. Criteria commonly used to distinguish species of Acrosiphonia are 

primarily vegetative characteristics such as diameter of the filaments, length to width ratios of 

the cells, presence or absence of simple or compound hooks, branching patterns of the plants, 

shape of the tip celis and number of fertile gametangia cells in a senes (Setchell and 

Gardner 1920, Scagel 1966). Many of these characteristics are very variable when 

environmental factors such as light intensity, day length and temperature differ (Kommann 1965, 

1970, Hudson 1974), making species delimitation difficult. 

Due to the taxonomie uncertainty withui the genus Acrosiphonia, the focus of this 

study is to establish whether the endophytes found in the northwestem Pacific region are more 

closely related to Acrosiphonia thaa to one of the other genera of Codiolales found in the region, 

rather than to predict which species of Acrosiphonia most Wrely represent the alternate phase of 

the endophyte We cycle. A phylogenetic cornparison of the sporophytic endophytes 

'Chlorochytnum' and 'Codiolum' and the gdmetophytes in the Codiolaies, using sequcnces 

h m  the ITS regions of the nuclear niosorna1 DNA cistron is provided in this study. Unlike the 

18S, 5.8s and 26s ribosomai genes, which have beai strongly conserved thugh tirne, the ITS 

regions @TS1 and ITS2) provide a level of sequence variation suitable for comp~sons at the 

genus and species level in algae (Peters et al. 1997, Burkhardt and Peters 1998, Blomster et al. 

1999, Serra0 et al. 1999) and more specifically in green algae (Baker et al. 1995, van 

ûppen et al. 1993, Pillmann et al. 1997). Based on pairwise sequence cornparisons and a 

proposed phylogeny of relationships among endophytes and âee-living genera within the 
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1999, Sem20 et al. 1999) and more specifically in green dgae (Bakker et al. 1995, 

van Oppen et al. 1993, Pillmann et al. 1997). Based on painvise sequence compatisons and 

a proposed phylogeny of relationships among endophytes and fiee-living genera within the 

'Chlomdiytrium indusum' 
(endophyüc in foliose rads) 

'Codiolum petrocelidis' 1 endophyüc h red cwts  I 

Figure 1.1 A nimmary of redts fiom culture studies involving 'Chlorochytrium inclusum' and 
Codiolum petroce1idis1. Note that the northeast Pacific workers found 'Codiolumr to give rise to 
more than one Acrosiplionia species, whereas 'ChIorochynium' ody produced A. arcta. Both 
endophytes were shown to give nse to Spongomorpha lanosa in Europe. 

Codiolales, this study 1) identifies the two morphoIogicaIIy different endophytes as  the 

sporophytic phase ofthe free-living green ai@ genus Acros@honia, (2) supports Kornmannrs 

hypothesis that 'Chlorochytnum' and 'CodioIumt are dternate phenotypes of the sporophyte of a 



MATERIALS AND METHODS 

Sumple colfectrOn and DNA extraction. Mazzaeila splendens blades, 'Petrocelis' crust and 

Acrosiphonia plants were collected at Sooke (Whifnn Spit) and Badield (Prasiola Point) on 

Vancouver Island, and Burrard Met (Brockton Point) in Vancouver on mainland British 

Columbia Acrosiphonia species were collected in the spring of 1997 and 1998 when the plants 

had just appeared and were relatively free of epiphytes. Initial attempts to extract DNA from 

Acrosiphonia collected in the summer were unsuccessful due to interference from heavy 

epiphytisation Van Oppen et ai. (1993) and van Oppen (1995) w d  only cultured materiai, 

considering Acrosiplioniu fmom the field too difficult for use in extractions. Mbzzueilu splendens 

blades and 'Petrocelis' cmts were collected in the summer of 1997 and 1998, when endophyte 

density tended to be highest (A. V. Sussmann, personal observation). In total, six 'Codiolum' 

isolates (two from each site), 21 'Chlorochytrium' isolates (representatives fiom al1 sites), and 34 

Acrosiphonia isolates (dso from dl sites) were sequenced in this study. Ai1 'Codiolum' isolates 

sequenced were h m  1997 collections, whereas %hlorochytriumf and Acrosiphonia isolata h m  
1997 (3 and 19, respectively) and 1998 (1 8 and 14, respectively) were sequenced. Two 

additionai sequences were obtained nom Acrosiphonia isolates which were collected at Amalga 

Harbor 58' 29' N, 134O 47' W, Alaska and St. Lawrence Island 63' 48' N, 171' 43' W, Alaska 

by S. C. Lindstrom. Isolates fiom a particular site were assigned a number, and collection 

location is indicated by an abbreviated site name (Table 1.1). 

Algal host specimens were refrigerated for Iess than 24 h, and examined for the presence 

of endophytic green algal unicells. Acrosiphonia specimens (approximately 0.1 g nom euh 

plant) coilected in 1997 were lyophilised in 1.5 mL microcentrifuge tubes. The DNA h m  

Acroszjdïonia plants which were collected in 1998 was obtained fiom herbarium specimens, and 

the Alaskan isolates had been dried and stored in silica gel. DifEerent protocois were initiaiiy 

used to extract DNA fiom 'Chiorochyîrium' and 'Codiolum' celis due to the d i f f m t  nature of 

the host-endophyte associations. Acrosiphoniu DNA extraction foliowed the protocol used for 

'CodioIum'. 

tCMorocfiyirium' cefls. In 1997 between 30 and 100 'Chlorochytrium' ceh were 

dissected h m  the M i a e h  splendenr blades and transferred to 100 pL of 5% Chelex@ 100 

[Biotechnology grade, Bio-Radm, Hercules, CA (Walsh et al. 1991)] wlv in dHtO with a ~ W I I -  

out pipette. Cenagation at 16,500 x g for ca 30 s pelieted the ceh. The pellet was ground 



TABLE kl Species names, collecrion sites and abbreviations and GenBank accession numbers for isolate 
sequences ut phyhgenetic analysk Note: host names for endophytes are @en. hiates witii arnbiguities 
have not been included 

Species Host Colletion site' GenBank 
accession no? 

'Chiorochyûium incIusum' Maxcrella splendens 

M. spiendens 

M. splendens 

M. splendens 

M. splendens 

M. splendens 

M. splendens 

'Petrocelis fiiinciscana' 

'P. fianciscana' 

'P. firanciscana' 

'P. hciscana' 

Acrosiphonia coalita 

Acrosiphonia arcta 

Sooke, B.C. (Skl) 

Sooke, B.C. (SWSk4) 

Sooke, B.C. (Sk5) 

Sooke, B.C. Sk6-Sk9)) 

Barnfield, B.C. (Bml) 

Bunard Met, B.C. (BILBI4) 

Barnfield, B.CI (Bm2-Bd) 

Sooke, B.C. (Skl/Skll) 

Bamfield, B.C. (Bml) 

Barntield, B.C. (Bm2) 

Bumd Met, B.C. (BIUBL!) 

Monterey Bay, California (MB) 

Friday Harbor, Washington (FH) 

BamfieId, BC. (Bmi-BmS) 

Sooke, B.C. (Skl-Sk3) 

HclgoIand, Germany (Hg) 

Roscoff, Brittany, France (Ro) 

Faeroe IsIands (Fa) 

Kalifiut, Nova Scotia, Canada (Ha) 

Grotta, Icciand (Ic) 

Disko Island, Gredand (Di) 

Palmer Station, Antarctica (PS) 

King George Id,, Antarctica (KG) 

Fnday EIarbor, Washington (FH) 

Putrto Wi?liams, Southern Chile (SC) 

Burrard Met, B.C- (Ml-BIIO) AF019256 

Sooke, B.C. (Sk1-SL6) AFO 19256 

Sooke, B.C. (Sk7-Sk9) AF04768 1 

Bamfield, B.C- @ml-Br&) AF04768 1 

HeIgoland, G-Y (ng) 

DisEGo IsIand, Grecniand (Di) 

m e  Harbor, hW=) MO19255 
Sti Lawrence Isiand, Baing Sea (BS) Mû19255 



TABLE 1.1 continued 

Acrosiphonia sp. 

Spongomorpha lanosa 

Urospora penicii2fonnt;r (Roth) Asesc houg 

Ulothrix implexa (Kiitzing) KUtzing 

Monostroma arcticum sensu Bliding 

Sooke, B.C. (Sic) 

Grotta, Iceiand (Ic) 

Helgoland, Germany (Hg) 

Disko Island, Greeniand (Di) 

Otago Peninsula, New Zealand (Ot) 

Dunedin, New Zeaiand (Du) 

King George Isl., Antarctica (KG) 

King George hl., Antarctica (KG) 

Spitsbergen (Sp) 

'Abbrtviatcd site names and isolate numbers assigned for a particular site appear in bracketç. 

Sequences without accession numbers iue al1 fiom van Oppen (1995); dl those with accession numbers are new 
sequences. 

with a sterile pestle for approximately 10 s or until green colouration indicated lysis. Samples 

were heated to 95-100' C for 15 min and fiozen at -20' C. The samples were thawed, 

centrifuged again at 16,500 x g for 5 min, and then a 1 :2 dilution of Chelex extract in dm was 

used as template for PCR reactions. In 1998 the DNA extraction protocoi used for 'Codiolum' 

was successfully applied to fChlorochytrium'. Several 10-25 mm2 pieces of M. splendens 

colonised by 'Chlorochytrium' were lyophilised and ground up. Grinding endophyte and host 

tissue was considerably faster than dissecting individual 'Chlorochytrium' cells fkom M. 

splendens. The PCR product was, however, always Serior, resulting in weaker signais h m  

sequencing resuits. 

'Codtolunz ' ceils and Acrosiphonia. Due to the obvious difficulty in dissecting 

'Codiolum' ceUs nom filaments of the 'Petmelis' cnist, host tissue colonised by endophytic c e b  

was used for DNA extraction. Smdl patches (approxhately 25 mm2) of c m t  were lyophitised 

and then ground to a fine consistency in sterile sand with a Teflon pestie-dnll assembly, and 800 

pL CTAB extraction buffer [0.7 M NaCl, 1% CTAB(w/v), 50 m M  Tris (8.0 pH), 10 mM ESTA, 

1% P-mercaptoethanol (v/v)] added. Sarnples were then incubated at 65' C for 1 h and extracteci 

twice with one volume of chlorofonn. The DNA was precipitated with isopmpanol and 

centrifugeci at 16,500 x g for 10 min. The DNA pellet was washed with ice-cold 70% ethanoz 
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re-sqended in 100-150 pL TE b e e r  and fiozen at -20' C. A 1:2 dilution was performed 

pnor to PCR amplification. For a more detailed account of this protocol refer to 

McDermott et al. (1989). 

PCR amplification and sequencing. PCR amplifications were performed in a Perkin- 

Elme? DNA thermal cycler. The initial denahiration step (95' C for 2 min) was foiIowed by 

30 cycles with a reaction profile of 1 rnin at 95' C, 1 rnin at 48" C, and 45 s at 72' C. With each 

successive cycle the polymerisation step was increased by 4 S. The terminal extension step was 

7 min at 72' C. For each amplification 25 pL reactions were comprised of 12.5 pL of the diluted 

genomic DNA, 0.2 mM dNTP mixture, 2.5 pL 10x reaction buf3er (UltratherrnTM, Bio/Can 

Scientific Inc., Canada), 1.5 rnM MgCC, 2.5 pL 50% glycerol, 0.9 pL dH20, 5 units Taq 

Polyrnerase (Ultrathemi) and 0.5 FM of each primer. The primer pairs, ITS I and E S 4  or ï ïSS 

and LTS4 (White et al. 1990) were used to ampli@ the ITSl and ES2 regions and the 

intervening 5.8s rDNA, as well as a short segment of the 26s gene. PCR products were 

analysed b y electrophoresis of 5 pL of reaction mixture through 1-2% agarose and visuaiised by 

ethidium bromide staining. 

To target only Acrosiphonia sequences, an Acrosiphonia-specific primer, MOI, 

designed by van Oppen et al. (1993) was used in a second PCR reaction for 'Chlorochytrium' and 

'CodioIum' DNA. This primer is located within the ITS 1 region, 45 bp fiom the 5' end (Fig. 1.2), 

and has the following sequence (5' to 3'): AGGTCTGACTTGTTGGGCGGC. In the case of 

the 'Chlorochytnum' DNA, the prhary PCR product was diluted 100 fold and then re-amplineci 

with the primer pair MO1 and ITS4 using the above reaction conditions but with an annealing 

temperature of 5 3 O  C. For the 'Codiolurn' DNA, bands of appropriate length (as cornparrd with 

Acros@honia arcta) were purified from the primary PCR products by electrophoresis through 

1.5% agarose and ethidium bromide staining. DNA was recovered from agamse gel blocks by 

incubation at 65O C for 15 min in 100 pL TE. Mer a 100 fold dilution, re-amplification with 

prirners MO1 and ITS4 was perfonned as above with an annealhg temperature of 56" C. 

PCR products used as templates for sequencing in 1997 were gel purified accordmg to 

Qian and Wilkinson (1991). In 1998 purification of PCR products was accomplished with an 

ethanol spin precipitation following Applied Biosystems Inc. instructions. The DNA nucleotide 

sequence of the ES1 @&al sequence due to MOI'S position), ITS2 and 5.8s gene regions was 

determineci usmg the AmpliTaq@ Dye Tenninator CycIe Sequencing kit and the 373 DNA 



Figure 13 Map showing primer positions within nuclear ribosomal DNA cistron. Primer 
pairs ITSl(5) / ITS4 and ITS2 I ITS3 were used to ampli@ and sequence the rTSlY5.8s, 
ITS2 and a short segment of the 26s gene. The pair MO1 I ES4 was used to isolate 
endophyte f5om host DNA. 

Sequencer (Applied Biosystems Inc.). The primer pairs MO 1 / ITS4 (for the endophyte 

sequences), ITS 1 I ITS4 (for Acrosiphonia sequences) and ITS2 I ITS3 (Fig. 1.2), were used so 

that this entire region could be sequenced nom both ends. 

Aligntnent and anaiysis of sepences. Clusta1 V (Higgins et al. 1992) was used to align 

the 'Chlorochytnum', 'Codiolum' and Anosiphonia sequences to a previously published 

alignment of Acrosiphonia species ftom other geographic locations, and species of Urospora, 

ü2otht-i~ and Monostroma (van Oppen, 1995; see Table 1.1 for species names and collection 

sites). Thm kinds of phylogenetic analyses were conducted using PAUP* (Swofford, 1998). 

Monostroma was shown as the outgroup because it differed fiom the other species at about 44% 

of the sites in the &goment (without correcthg for multiple hits). Other pairs of sequences in 

the data set aU differed at fewer than 10% of the sites in the alignment. Ten heuristic searches, 

emp!oying the tree bisection reconnection option and random addition of ail 21 taxa, were used 

to h d  the most likely reconstructions h m  the data set; a branch and bound search was used to 

h d  aU of the most pafsimonious trees and a neighbour joinmg tree was found using the Jukes- 

Cantor mode1 of nucleotide substitution (Jukes and Cantor, 1969). Two bootstrapping 

approaches were used to estimate samphg variation and support for branches: 1 0  neighbour 
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joining bootstrap replicates with a Jukes-Cantor mode1 of nucleotide substitution and 200 

bootstrap replicates using parsimony. The number of parsirnony bootstrap replicates was 

restricted, because the program ran out of memory when a particular bootstrap samp le missed 

the few informative sites and generated a very high number of possible trees. 

To evaiuate the relative signal to noise ratio in the data set, the length of the most 

parsimonious tree found using parshony was compared to the tree-length distrihtion generated 

fiom searches based on random permutations of the data by using the permutation-tailed- 

probability (PTP) test option in PAUP*. 

RESULTS 

DNA extraction and PCR amplifcation. In Coleman and Goff s (1 99 1) review of 

available molecular techniques pedormed on algal matend, it is evident that no one method for 

the isolation of DNA consistently yields good results. In this study the extraction and 

amplification of DNA from unicellular endophytes obtained from the field was especially 

difficult and required the use of two different methods for the two morphologically distinct 

endophytes. The use of 30-100 'Chlorochytrium' cells (from Masuiella splendenï blades) as 

starting material for the Chelex extraction protocol was successful for Sooke isolates. Difficulty 

in obtaining genomic DNA fiom 'Chlorochytrium' cells nom Bamfield M. splendens blades, 

however, redted in sequencing only one isolate fiom this site. This and the fact that dissection 

of individual celIs h m  host tissue was very tirne consuming, prompted the use of the CTAB I 

chlorofonn extraction method for 'Chlorochytriumr I M. sp1enden.s tissue (25-75 'Chlorochytriumr 

cells present). Nonetheless, obtaining adequate amounts of DNA nom PCR amplification 

continueci to be somewhat problematic. The CTAB/chloroform extraction method was 

success fùl for 'Codio lmr /  'Petrocelis' sarnples (200-1 000 'Codiolum' cells present) h m  a i i  sites. 

Goff and Moon (1993) have shown that, with red dgae, it is possible to ampli@ DNA h m  as 

little as 2 pL of extraction supernatant of spores, which translates to c a  two spores. However, 

attempts to ampli& DNA fiom a single unicell of %hlorochytriumr or 'Codiolum' were 

unsuccessfid. 

'Chiorochytnum' and 'Codiolum' DNA was successfidiy PCR amplincd dong with host 

DNA, tdt ing in two hgments of estimateci size 0.5 kb and 0.75 kb (Fig. 1.3a). The host DNA 

was suspectai to be the 0.75 kb fiagrnent based on ITS sizes in other red aigae (Steane et al. 
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1991). Upon agarose purification of the 'Codiolum' fragments and 100-fold dilution of 

'Chlorochytriuml primary PCR product, re-amplincation with the Acrosiphonia specific 

primer MOI, resulted in a single bright band of fragments for each endophyte (Fig.l.3b). 

Figure 13a. Ethidium bromide stained agarose gel of PCR amplified KSI, 5.8S, ïïS2 and 
partial 26s regions fiom 'Petrocelis' crut colonised by %odiolurn petrocelidis'. Note that the 0.5 
kb fhgment is 'Codiolurn' and the 0.75 kb hgment is Tetrocelis'. b. Agarose gel of 
'Chiorochytrium' and 'Codiolum' PCR product re-amplified with MO1 and î ï S 4  primem. 

DNA Sequences. The total length of the ITS 1, ES2  and 5.8s regions consists of 471 

nucIeotides, and it begins 66 bp fiom the 5' end of the ITSl region and ends 23 bp into the 26s 

gme. AU sequence variation was found in the KS1 and 2 regiom; 5.8s and the partiai 26s 

seqyences were identicai. AU ~ambiguous endophyte sequaices (22 of the 27 isolates) were 

100% identicai to either Acrosiphonia arcta, Acrosiphonia cwlila or Acrosiphonia sp. h m  

Alaska and h m  Sooke. Among these 'Codiolum', 'Chiorochytrîuml and Aaa9phonia isolates 

five distinct genotypes were foimd (Fig. 1.4). Six variable sites are present, with the exception 
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of the two isolates, A. sp. fiom Sooke and its tChlorochyûium' match, which show 

additional variable sites. The 'Codiolrrm' isolates separated into t h e  genotypes, identicai to 

A. arcta (genotype groups 1 and 2) and A. coalita (genotype group 3) isolates. Among the 

'Chlorochytrium' isolates, four distinct genotypes were present : (1) identical to A. arcta isolates 

(genotype groups 1 and 2) (2) identical to A. sp. isolates h m  Alaska (genotype group 4) and (3) 

one 'Chlorochyûium' isolate fiom Sooke ('Chlorochytrium' SU) corresponded to a unique 

Acrosiphonia isolate fiom Sooke (genotype group 5). This sequence is interesthg in that four 

new nucleotide changes were found within the ITSl and ITS2 regions and one new change 

within the 5.8s region. An ambiguous 'Chtorochytnum' sequence obtained fiom a Sooke isolate 

(Sk2) did not match any other sequences. It should be noted here that on occasion, ammg 

'Chlorochytrium', heterogeneity was evident at some of the sites, i.e. chrornatogmns sornetimes 

nvealed strong signal from a mixture of two nucleutides at the same position. This was the case 

for position 6 of the Chlorochyûium' Sk2 sequence and position 303 of the Bm5, Bm6, SklO, 

Skl 1 sequences, where both T and C were indicated (Fig. 1.4). Among the Acrosiphonia 

isolates sequenced there were two genotypes for A. arcta (varying by 1 bp at position 48). a 

single A. cuulita genotype (different fiom A. arcta by nucleotide changes occurring at four or 

five of the six variable sites) and two additionai genotypes for unknown Acrosiphonia species 

h m  Alaska and Sooke. The isolates h m  Alaska 

differed fiom A. coalitu by 4 bp and h m  A. arcta by 2 or 3 bp. The Acrosiphonia sp. isolate 

fkom Sooke was quite distinct for this geographical region, characterised by five new nucleotide 

changes. It did, however, show close similady to an Acrosiplronia isolate fiom Helgoland (10 

of the 11 informative sites were identical; data not shown). 

The largest amount of variation among endophyte and Acrosiphoniu sequences was seen 

at Sooke, where al1 five genotypes were present. A. coalita isolates sequenced h m  Barnfield 

and Sooke were 100% identicai to isolates h m  Fnday Harbor (Washington) and Monterey Bay 

(California), and A. arctu isolates h m  Burrard Inlet and six of the nine A. arcta isolates h m  

Sooke were identical to isolates h m  Friday Harbor. 

Pkylogenetic recons#r~ctLons. Maximum likelihood analysis of the rDNA sequences 

fiom the endophytes and h m  40 isolates belonging to the Codiolaies (Acrosiphonia, 

Spongomorpho, Urospora, LIlothmc and Monostroma species) fomd a single reconstruction 



Nucleotide position 

121 7R4 471 

ITS 1 1 5.8s 1 ITS 2 
6 48 303 333 335 371 Genatypic Groups 

Barnfield: 
A, arcta Bml-Bm4 C G 
'Codialuml Bm2 C G 
'Chlorochytrium' Bm l C G 
A, coalita Bml -BmS T G 
'Codiolum' Bm 1 T G 
'Chlorochytrium' Bm2-Bm4 C G 
'Chlorochyûium' BmS/Bm6 C G 

Sooke: 
A. arcta Skl-Sk6 
'CodioIum' SkVSk2 
'Chlorochyaium' Sk 1 
A, coalita Sk 1 -Sk3 
* 'Chloroc hytrium' Sk2 
A, arcta Sk7-Sk9 
'Chlorochytrium' Sk3/Sk4 
A, sp, Sk 
'Chlorochytriun~~ Sk5 
'Chlorochytrium' S k6-S k9 
'Chlarochytrium' Sk l O/Sk I l  

Alaska: 
A, sp. AH/BS 

C A 
C A 
C A 
T G 
Y G 
C G 
C G 
C G T T G  
C G T T G  
C O 
C G 

Rgure 1.4 Sequence variation among 'Chlorochytnum', 'Codiolum' and Acrosiphonia isolates. Six variable sites occur within the ITS 
regions of four of the five distinct genotype groups. Group 1 differs from group 2 by a single bp change at position 48; group 3 varies 
fiom groups 1 and 2 by 4 or 5 bp changes; group 4 differs fkom group 2 by 2 bp changes and group 5 shows 5 new variable sites in the ITS. 
The * 'Chlorochytnum' is the only endophyte isolate which does not match an Acrosiphonia isolate. 
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(shown in Fig. 1.5). Six equally parsimonious trees were found with the branch and bound 

search, and a neighbour joining tree was found using the Jukes-Cantor mode1 o f  nucleotide 

substitution (data not shown). The maximum likeiihood, parsimony and neighbour joining 

reconstructions differed in the arrangement of the nearly identical species in the Acrosiphonia 

clade, for branches where bootstmp support was never more than 50%. AU analyses, including 

the neighbour jolliing and parsimony bootstrap consensus, showed that the endophytes cluster in 

the Acrosiphonia clade with high bootstrap support (80% - 91%). Al1 of the reconstructions also 

show Spongomorpha as the sister genus to the Acrosiphonia clade. In the maximum likeühood 

trees IllothrU. appears as the sister taxon to Urospora (Fig. 1.5). In the parsimoty and distance 

trees, however, U'2otlit-i~ diverges after Monostroma, at the base of the tree. 

A significant difference (p 5 0.01, PTP test) was found between trees generated using 

pmimony and those generated fiom random permutations of the data, suggesting that 

phylogenetic signal in the data could be disthguished fiom random noise. A PTP test conducted 

using oniy sequences within the Acrosiplionia clade also showed a significant difference @ 5 

0.01), suggesting that aithough resolution within the clade was iimited there was phylogenetic 

signal in the data. 

The strong support for the Acrosiphonia clade, and its low intemal resolution [except 

for the hi& bootstrap support relating Acrosiplionia sp. (Sk) to A. sonderi (Kützing) Kornmann 

(Hg)], was due to the low sequence variation between the taxa included in this clade (Figs. 1.4 

and 1 S). The relative1 y long branch lengths between the Acrosiphonia / Spongomorpha clade 

and the clade including Urospora and LnothrUr species (Fig. 1.5) clearly show that the 

endophytes sequenced are unambiguously more closely associated with the former group. 

DISCUSSION 

The 100% identity of nucleotide sequences of endophyte / Acros@honia pairs provides 

conclusive evidence ihat the unicelfs present within Maaoella @endm and 'Petrocelis 

bciscana' in southern British Columbia are sporophytes of Acrosiphonia. Each unambiguous 

471-bp sequence of the ITS regions of the 'Chlorochytriumt and tCodiolumr isolates 

conesponded to the sequence of at Ieast one of the Acrosiphonia isolates (Fig. 1.4). 

Phylogenetic clustering of the Codiolaies (genera which are reportai to exhibit 'Codiolum' 

phases in theU life histones) establishes the f i t  that t C h î o ~ ~ h y t r i ~ t  and 'CodioIumr, 



Figure 1.5 Maximm likeiihood tree fiom ï ï S  1 and ïîS2 sequences. Monostroma arctictan 
was used as the outgroup. Numbers above the branches are neighboin-joining bootstrap values 
(1000 replicates) using a Jukes-Cantor mode1 of nucleotide substitution; numbers below the 
branches are bootstrap proportions using parsmiony (200 replicates). The bmch to Monosaorna 
is not proportional to its Iength of 0.765. Otherwise, the scale bar on the tree indicates the 
maximum iikelihood distance. See Table 1 -1 for detded information on species, collection sites 
and abbreviations. 
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sequenced fiom southem British Columbia, were not the sporophytes of Urospora. 

Lnothrir or Monostroma (Spongomorpha is not present in the northeast Pacifie). AU 

'Chlorochytriuml and 'Codiolum' isolates were placed within the clade including al l  of the 

Acrosiphonia isolates sequenced (Fig. 1 S). All O ther genera, including Spongomorpha, whose 

'Codiolum' and 'Chlorochytnum' phases are reported to be endophytic in Haemescharia 

hennedyi (Harvey) Vinogradova and Yakoleva and Polyides rotundus (Huds.) GreviUe, 

respectively (Kornmann 1964) were distinguished as separate well-resolved clades, separated by 

relatively long branch lengths (Fig. 1.5) compared to those withh the Acrosiphonia clade. 

Based on charactenstics described by Hudson (1 974), only two morphological species of 

Acrosiphonia, A. coalita and A. arcta, are believed to be present dong the British Columbia 

coast. The iTS sequence data revealed five genotypes present among Acrosiphonia and 

endophyte isolates h m  British Columbia. Low bootstrap support and limited resolution within 

the Acrosiphonia clade of the Codiolaies phylogenetic tree do not, however, dlow interpretation 

of (1) whether it is likely that the Acrosiphonia "species" sequenced represent separate 

biological entities or a single bioiogical entitr, or (2) whether the rate of nucleotide substitution 

in the ITS region is insufficient to resolve relationships at this scale of relatedness. Nonetheless, 

A. arcta and A. coalita do not appear to be conspecific based on the fact that consistent RS 

sequence variation is conelated with morphological differences. Both A. arctu and A. coalita are 

present at Friday Harbor, Sooke and Barnfield; at each site their ITS sequences consistently 

differ at four or five nucleotide positions (Fig. 1 S). In the ï ï S  trees the A. arcta isolates do not 

form a monophyletic clade, but this probably results h m  Iack of idonnation in the ITS 

sequence data, and possibly reflects problems with species delimitation. 

Acrosiphonia spechnens fiom Alaska were difficult to identify based on morphology. 

Yet, shared similarities (absence of hooked branchiets, filament cell diameter and habit) with 

UBC herbarhm specimens identified as Acrosiphonia hystrix (SWmfelt) Jonaason, and ITS 

sequences that differed h m  ail other Acrosiphonia, suggest consideration as a separate species. 

The 'Chlorochytrium' isolates fiorn Sooke, Bamfïeld and Burrard Inlet with identical sequences 

to A. sp. (Alaska) would then represent its sporophyte (by implication, Acrosiphonia with the 

Alaskan ITS genotype should also be present at alI three study sites). Likewise, a single 

Amosiphonio sample obtained higher up in the intertidd zone at Sooke (on a massive boulda) is 

characterked by a different genotype. It aIso cannot be identifid morphoIogically (and attempts 

to coiIect and sequence more isolates of this genotype were unsuccessf'ul), but w m t s  
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consideration as a separate species, since its sequence is almost identical to that of an 

isolate of Acrosiphonia sonderi (Fig. 1 -5). A. sonderi, type locality Helgoland, has not been 

reported for the Pacific, and sexual reproduction has never been observed for this "species" 

(Kommann 1962). This points to the need for resolution within the Acrosiphonia species 

cornplex. Further studies, perhaps taking a multiallelic population levei approach, mi@ cl* 

the breeding patterns of these algae, and also better iink the endophytes with individual 

Acrosiphonia species. 

Regardless of how many Acrosiphonia species are recognised, the ITS sequence data 

suggest that the morphologically distinct endophytes, 'Chlorochytrium' and 'Codiolum', can be 

produced by the same Acrosiphonia species, Le. A. arcta's sporophyte cm colonise both blade 

and c m t  'Chlorochytrium' and 'Codiolum' isolates fkom Barnfield and fiom Sooke revealed 

100% sequence identity to an A. arcta genotype (Fig. 1.4). This supports Konunann's (1964) 

longstanding hypothesis that 'Chlorochyhium' and 'Codiolum' represent altemate phenotypes of 

the same sporophyte. However, no 'Chlorochytnumt I 'Codiolum' matches with A. arcta were 

found at Burrard Met, and oni y 'Codio lum' sequences were found to share a genotype with A. 

coalita . 
Among 13 unambiguous sequences of 'Chlorochytrium' isolates, 9 were 100% identicai 

to A. sp. fkom Alaska, three matched A. arcta sequences and one was 100% identical to the 

Sooke A. sp. None were found to share a genotype with A. coalifa. This is consistent with 

previous culture studies where only 'Chlorochytriumr gave rise to A. arcta (Fig. 1.1). indicating 

that Acrosiphonin coalita may produce sporophytes which ody colonise red algal crusts. More 

generaily, the sporophytes of Acrosiphonia species rnay exhibit variable host specificity. 

And yet, consideration of sequence ambiguity provides an alternative interpretatioa The 

sequence ambiguity found in a number of 'Chlorochycrium' isolates, suggests that a 

heterogeneous group of endophytes may have been praent in singie DNA extractions (recaîi that 

DNA extracts consisted of patches of Tetrocelis' and MnaeIIa splendenr colonised by > 30 

cek). TheoreticaiIy the uniceUs in one DNA sample could have been dexived h m  différent 

sources, i.e. sporophytes h m  different Acrosiphonia species or h m  different genera could 

cohabit the same host wya j i  and Kurogi (1976) reported obtaining three species of 

Acrosiphonia in culture h m  'Chlorochytriumr endophytic in the same host plant b r n  Japan] or 

some endophytes may represent independent species not associated with the life history of 

mother aiga However, since a i i  sequence ambiguity was fond at the six variable sites, and feu 
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within the range of variation observed among Acrosphonia sequences, it seems evident 

that ai i  uniceils were most closeiy related to Acrosiphonia. Verification of this assumption 

would require screening of multiple clones fiom each isolate. Regardless, in instances of 

unambiguous sequences where possibly only the dominant sequence was ampiified, it can 

dennitely be concluded that this predominant endophyte type was related to Acrosiphonia. 

With regard to the implication that a mixhve of endophytic sporophytes h m  different 

Acrosiphonia species rnay have comprised some DNA extracts, i-e. ambiguous sites suggested 

neither sequence was dominant, 'Chlorochytrium' ( S U )  may represent such a sample. This is 

the Chlorochytrium' isolate h m  Sooke which did not show 100% sequence identity with any 

Acrosiphonia sequences. Based on the sites which show heterogeneity, this isolate would 

consist of sporophytic endophytes 60m A. coaiita, A. arcta andior A. sp. (Alaska). Screening of 

multiple cbnes fiom this isolate could then substantiate whether 'Chlorochytrium' is in fact 

associated with A. coalifa, contrary to culture study results. In California, where A. arctu is not 

known to occur, 'Chlorochyuiurn' cells were reported in Mmaelka splendens blades (Smith, 

1944), suggesting A. coalita's sporophyte rnay not be confined to crus&, at least not in that 

region. Wtimately, though, it seems that utilisation of a sequence region more variable than the 

ITS 1 and ITSZ, and DNA extracts from individuals ( d e r  than > 30ceils), would enable better 

understanding of host / endophyte relationships. 

The fact that DNA sequences of '~omchytnum'  isolates share the genotype of an 

Acrosiphonia "species" from Alaska is particularly interesting, because no Acrosiphonia 

specimens collected from southern British Columbia in both 1997 and 1998 matched the 

Alaskan isolate sequences. Absence of the genotype in Acrosiphonia isolates sequenced may 

simply be due to mal1 sample size or low numbers of the genotype present in Acrosiphonia 

populations. The hi& proportion of %hlorochytrium' isolates with 100% identity to A. sp. 

(Alaska), as well as the failure to detect 1) 'Codiolum' with an A. sp. match and 2) 

'Chlorochytriumt at Burrard Met with the Acrosiphonia genotype found at Burrard Met, is a h  

surprising. P d a p s  the sporophyte of Awosiphonia characterwd by the Alaskan ï ï S  genotype 

is host specific (colonising only red algai blades and so not assaciated with 'CodioIum'), and is 

more successf'ul than the sporophyte of A. arcta in colonising M d l u  splendens. Oo, the other 

hami, the fdure to detect 'CodioIum' sharing a genotype with A. sp. (Alaska) may simply be a 

hction of low numbers of isolates sequenced Again, a study taking a population genetics 
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approach or examining a more variable sequence region and more isolates, might shed light 

ou these intriguing questions. 

As already mentioned, Acrosiphonia KS sequence variation was found to be highest at 

Sooke, where di five genotypes are present (two genotypes present at Bamfield and only one at 

Burrard Met). This is interesthg because the three geographic sites represent enviro~llllentaiîy 

different areas with regard to factors such as wave exposure and salinity. It is perha3>s not 

surprishg to find Iow sequence variation at Burrard Inlet because this is the most wave-sheltered 

and homogenous site. Acrosiphonia isolates fiom Sooke were collected nom a number of 

different habitats, i.e. fiom different heights in the intedidal zone. Possibly, the degree of habitat 

heterogeneity present at a site may play a role (among other factors) in determining the degree of 

Uifuagenesic variation present. 

DNA amplification and sequencing have proven to be powerful tools in the identification 

of unicellular green aigae endophytic in red algal hosts dong southwestern British Columbia, 

Canada. The staked unicell present in the crut 'Petrocelis fÏanciscanat and the sphericai uniceii 

within the blade Moanella splendens, cohtute  the altemate phase of the fÎee-living 

filamentous alga Acrosiplionia. Regardles of how many Acrosiphonia species are recognised, 

the ITS sequence data has shown that the morphologicaiiy different endophytes, 

'Chlorochytriumf and 'Codiolum', can be produced by the same Acrosiphonia species, A. arcta. 

The sporophyte of A. coalitu, on the other hand, has not been shown to be associated with 

'Chlorochytriumr, suggesting it is host specific, only colonising cnists. These results support 

previous cuIture studies (Hollenberg 1958, Fan 1959, Chihara 1969, Hudson 1 974) and 

Kommann's hypothesis that, at least in some cases (e.g. A. arcta), 'Chlorochytnum' and 

'Codiolum' represent altemate phenotypes of the same sporophyte. 

Chapter 2 will examine Awosiphonia's altemaiion of a filamentous gametophyte with a 

unicellular, endophytic sporophyte in nature. 
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CHAPTER 2 

LIFE HISTORY OF ACROSLPHONIA IN SOUTHWESTERN 
BRITISH COLUMBIA: A BASELINE STUDY 

INTRODUCTION 

Extensive shidies, prirnarily in the 1960s and 1970s (Holienberg 1958, Fan 1959, J6osson 

1959a 1959b 2962 1963 1966 1970, Kornmann 1961 1964 1970a 1972, Chihara 1969, Hudson 

1974, Miyaji and Kurogi 1 976, Miyaji 1984 1996) examined the Acrosiphonia - Spongomorphn 

complex in culture with the aim of elucidating the life cycle. However, no study to date has 

focused on the natural dynamics of Acrosiphonia, i.e. seasonal abundance and reproductive 

phenology of the filamentous gametophyte and endophytic sporophyte in nature. Lack of 

fundamentai ecological studies rnay, in part, be due to the microscopie nature of the endophytic 

sporophytes of Acrosiphonia. This study establishes the relationship of Acrosiphonia and 

'Chlorochytrium' and 'Codio lm' in the field, as well as the timing of Iife history events. 

Acrosiphonia's alternation of heteromorphic generations (Fig. 0.1, Thesis Introduction) 

established through the culture studies noted and the molecular study in Chapter 1 is not unique 

arnong algae. Heterornorphic M e  histories occur in ail three major groups of macroalgae 

(Rhodophyta, Chlorophyta, Phaeophyta). Examples include the green algal genera already 

discussed in Chapter L (Urospora, Lnothrir and Munostroma), as well as the red aigae, 

Mastocarpus, Porphyra and Schirymenia @eCew et al. 1992) and the brown dgae, Petaionin, 

Scytosiphon and al1 kelps. Each of these algae have two separate ecologically distinct phases 

which are so dissimilar in morphology that they had been classined as separate species (*th the 

exception of kelp gametophytes) and, in some cases, placed in separate families or orders. This 

is the case for Acrosiphonia, whose 'Chlorochyûium' and 'Codiolum' sporophytic phases were 

initially considered independent genera and placed, separate nom Acrosi'onia, in the Order 

Chlorococcaies. These algae also exhibit a seasonal or amuai upright phase and a non-upright 

cnistose, boring, endophytic or epilithic phase (some kelp sporophytes are perenniai; not ail 

genera dispIay obligatory altemations of gmerations). Kelp gametophytes have recentiy beai 

f m d  as endophytes in foliose and fiiamentous red algae (Garbary et al. 1999% b). 



Descripion ofAcrosiphoniaPph~ses in nature. Much taxonomic work has been 

carried out for both separation of Acrosiphonia and Spongomorpha (Agardh 1846, Wille 1900, 

C o h  1909, Kommann 1965 1970b, Scagel1966, J h s o n  1991) and the delineation of 

Acrosiphonia and Spongomorpha species (Setchell & Gardner 1920, Kornmann 1962, J6nsson 

1962 1971, Scagel 1966, Hudson 1974). Spongomorpha is absent fiom the northeast Pacific, as 

are the foliowing Acrosiphonia species: A. grandis and A. sonderi reported kom Europe and A. 

spzralis Sakai and A. heterocladia Sakai reported fiom lapan. Acrosiphonia hytnk and A. 

dtcriuscz(2a (Ruprecht) Collins , dthough present in the northeast Pacinc, have not been reporteci 

south of Alaska. Scagel(1966) described five species of Acrosiphonia for northem Washington 

State and British Columbia. However, Hudson (1974) reported variability of morphological 

characters on which the species were based when plants were subjected to different 

environmental conditions in the laboratory. Furthemore, a number of plants collected in the 

Puget Sound region, Washington State, of different "species", were found to intergrade in al1 

diagnostic characters. Nonetheless, allowing for broad range of variation, Hudson selected 

characters conservatively to establish two morphological species, A. arctu and A. coah'ta (she 

actuaily chose to accept A. spinescens in favour of A. arcta, because the tme characteristics of A. 

arcta type specimens were unclear to her, but A. arcta has taxonomic priorisr). Her conc~usions 

were based on 1) specimens collected h m  the Puget Sound Region, Washington State 2) 

descriptions of the type specimens of A. coalzla, A. mertenrii (Ruprecht) Setchell & Gardner, A. 

sonatiik (Ruprecht) Collins, A. arcta and A. spinescenï and 3) specimens collected and identified 

by Collins, Setchell and Gardner, Scagel and Jhsson. For a more detailed account of the 

taxonomic work on Acrosiphonia refer to Hudson (1974). Acrosiphonia coalita appears to be 

present only in the northeast Pacific, whereas A. arcta has been recorded in both the northern and 

southem hemispheres, including the northeast Pacific, the Northwest Atlantic, the Noah Sea, 

Greenland, southem Chile and Antarctica Seasonal abundance and reproductive phenology of 

Aeros@honia are poorly undentood. 

Similarly, no studies have descrïbed 'Chlorochytrium1 seasonal abundance and 

reproductive phenology in the norîheast Pacific. 'Chiorochytrium incIusumY was fint describeci 

by Kjellman (1 883) in Sarcophy?Iis arctica Kjeban, an Arctic, foliose, red aigal species. In its 

vegetative state 'Chlorochytriumt was observed to be almost sphericaI, 80-100 in diameter, 

anaining diameters of up to 275 pm when mature. Other tesearchers reparted 'ChIorochytrium' 



with maximum diameter of 75-1 00 pm fiom a number of foliose red algae nom the Pacinc 

northeast (Chihara 1969 fiom Schizymenia, Setchell & Gardner 1920 fiom Weekia, 

Constantinea and MazzueiIa), Europe (J6nsson 1959b 1962 1966, Kornmanu 1961,1964 Eom 

Polyides and Dilsea) and Japan (Miyaji and Kurogi, 1976 nom Farlowia). The altemate phase 

of sorne of these has been identified in culture shidies. For example, 'Chlorochytrium' fiom 

Europe gave rise to Spongomorpha lanosa, while 'Chlorochytrium' from Japan gave rise to 

Acrosiphonia spiralis, A. heterociadia and A. duriuscula. Two studies on Arctic and European 

'C. inclusum' have found it to be fertile in winter (Kjeihan 1883, Konimann 1964). 

Seasonal abundance and reproductive phenology of 'Codiolum' is also poorly understood, 

and is based on a handful of studies (none kom the northeast Pacifie). 'Codiolum petrocelidis' 

was fint described by Kuckuck (1894) fiom specimens growing in the c r u t  Haemescharia 

hennedyi in Helgoland, Germany. These cells were reported as having a vesicle portion 125-175 

p in length and 25-50 pm in diameter and a colourless stalk. A number of workers (Setchell & 

Gardner 1920, Jonsson 1958, Kornmann 1972) have noted polymorphisrn (with regard to vesicle 

and staik size and shape) exhibited by 'Codiolum' cells. This phenomenon undoubtedly 

intederes with the ability to follow cell growth and development fiom specimens collected in the 

field. The filamentous plants that developed in culture fÎom the zoospores of 'C. petroceiidis' 

(collected nom K. henned' in Helgoland) were identified as Spongomorpho ianosa (Kornmann 

1961, 1964). Other culture studies suggested that 'Codiolum' represents a phase in the life 

history of a number of Acrosiphonia species. J6nsson's (1959a, 1962) 'Codiolum' found within 

'Petrocelis cruenta' J. Agardh [= tetraspomphytic phase ofMatucarpur stellatus (Stackhouse) 

Guiry] collected at Roscoff, France, were assaciated with Acrosiphonia arcta. In Japan Miyaji 

(1 984) cultured zoospores of 'Codiolum' , endophytic in 'Petroceiis' crusts of Mamcaipus 

pacificscp (Kjelhan) Perestenko, which developed into filamentous gametophytes identified as 

A. saxatilis [which may be synonymous with A. arcta according to Hudson (1974)l. On the 

Pacifie Coast of North Amerka 'Codiolum' reported in 'Petrocelis franciscana' gave nse to both 

A. arcta and A. coaiitu in culture (Hollenberg 1958, Fan 1959, Hudson 1974). 

The only study to examine 'Codiolum' development in the field is that of Kommann 

(1961). Based on cefl sizes and fertiIty of specimens coliected in the winter of 1963 and spring 

and summer of 1964, K o m m a ~  suggested the youngest stages found within Tetrocelis' in M y  

pass the foUowing winter m a vegetative state and become fertile the subsequent winter. In the 

northeast Pacinc 'Codiolum' has been coliected h m  'Petroceiis fianciScana' h m  Feb~ary to 
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November (Setchell & Gardner 1920, Hollenberg 1958, Fan 1959, Hudson 1974. Dethier 1987). 

and Dethier (1 987) no ted dense colonisation in summer in Washington S tate. 

Environmental requirements for gametophyte and sporophyte. Hanic (1 965) 

established that Codiolum gregarium', the macroscopic (1-2 mm in length at maturity), Eee- 

living 'Codiolum' phase of Urospora is abundant and fertile in the winter. fertility being induced 

by cold temperatmes. He observed that Urospora is present year round, but dies off substantially 

in the summer months. It is 'Codiolum gregariurn' which presumably better survives high 

summer temperatures and desiccation (L. Hanic, pers. comm.). Experimentai studies have not 

identified environmental requirements for the production and growth of Acrosiphonia's 

sporophytes, 'Chiorochytrium' and 'CodioIumY . Nonetheless, Hudson (1974) and Miyaji (1996) 

have shown that Acrosiphonia arcta and A. spirulis, respectively, did not produce zoospores at 

temperatures 215 OC (but did at 5 O C  and 10 OC). With regard to Acrosiphonia's gametophyte, 

Hudson (1974) found that growth of plants in culture was inhibited at 15-20 OC, and long-day (16 

hrs light:8 hrs dark photoregime) conditions were required for the germination of Acrosiphonia 

filaments. This implies seasonality of Acrosiphonia, and is supported by the fact plants have 

never been collected in the winter. Collections nom the northeast Pacific (Hollenberg 1958, Fan 

1959, Hudson 1974), Europe (J6nsson 1959a 1964 1986, Kornmm 1970a 1970b) and Japan 

(Miyaji 1996) were al1 carried out in spring and summer. 

Urospora's suspected bet-hedging strategy, whereby filamentous and unicellular 

'Codiolum' phases are adapted to a seasonaily variable environment, may dso apply to 

Acrosiphonia's life history. Acrosiphonia's endophytic sporophytes, 'Chlorochytrium' and 

'CodioIum', are expected to demonstrate greater tolerance of extrerne values of environmental 

factors such as temperature and photoperiod (keeping in mind that femlity of the endophytes may 

be tnggered by cold temperatures in winter) than the filamentous gametophyte. 

The purpose of the study detailed in this chapter is to establish the timing of events, 

i1Iustrated in Figure 2. 1, in AuosIphonia's We history in southwestern British Columbia, and to 

gain insights into the factors responsible for selection of this cornplex heteromorphic Iife history. 

More specificaiiy, this study 1) identifies the filamentous gametophytes and endophytic 

sporophytes of Acrosiphonia in nature, 2) illustrates the seasod abundance of Acrosiphonia 

(gametophyte) and its sporophytes, 'Codiolinn' and 'Chlorochytnum', 3) determines 



reproductive phenology of both phases and 4) examines endophyte ce11 size as an indication of 

age and growth in the field. 

Endop hyîe 
colonisation 

Acrosiphonia 
establishment 

Figure 2.1. Establishing the timing of events of Acrosiphonia's life history in nature. 

When ? 

MATERIALS AND METHODS 

Field sampling. Field studies conducted over two years, 1996-1998, at Sooke, Barnfield 

and B u m d  Met monitored seasonal abundance and reproductive phenology of Acrosiphonia, 

'Chiorochytriumt and 'Codiolum'. Notable changes in morphology, colour and / or size of 

organisrns were recorded. Due to difficuities with sampling aii three sites within a 3-5 &y low 

tide series, Barnfield was sampled much less fiequently than Sooke and Burrard Idet. 

Acrosiphonia. Green filamentous algae were collected f?om the low to hi& interticid 

zone at ail three sites for identification to genus (Acrosiphonia) and to species, based on 

morphologicalI microscopic characters. Position in the intertidal zone and substratum type were 

noted. Sampling for percent cover and reproductive phenoIogy of Awosiphonicr commenced 

with the appearance of plants in the q h g  of 1997. 

Every 2-6, weeks (depending on whether Acraiiphonia was present) a 20 m m e c t  line 

was placed paralie1 to the water iine in the Acrosiphonia zone. The same area was sampled on 



consecutive samphg dates and ranged fiom 0.1 to 2.0 m above zero tidal level (Canadian Chart 

Datum). A random number table was used to generate 3 0 sites for placement of a 20 cm x 20 cm 

quadrat along the transect. Quadrats were always centred on the transect line. Monofilament 

divided the quadrat into 400 squares. Where both A. arcta and A. coalita were recognisable, 

percent cover was noted for each species. When Acrosiphonia appeared in new areas, additional 

transects were established. This was the case at Sooke where tramects needed to be placed in 

three different intertidal zones (as described in Thesis Introduction) to ensure representative 

sampling of the entire area colonised by Acrosiphonia. At B a d e l d  one additional transect was 

sampled in an adjacent area at the same tidal height. 

To determine reproductive phenology for Acrosiphonia arcta and A. coalito at Sooke, 

Barnfield and Burrard Inlet, 10 thalli of each species were haphazardly collected fiom each 

Acrosiphonia zone on each sampling date, and brought back to the laboratory for rnicroscopic 

examination. Microscopie characters used for distinguishing between the two species were 

usehl in coannning the identity of individuai plants, especiaily in juveniies. These thalfi were 

then prepared as herbarium specimens for future reference, and some were later used for DNA 

extraction (Chap ter 1). 

tChlorochytri~m '. 'Chlorochytrium' cells were identified in M d l a  splendem, the 

predominant foliose red alga at the three study sites. Seasonai abundance of 'Ch~orochytrium' at 

Sooke, Barn field and Burrard Inlet was based on density estimates of cells within M. splendens 

blades. A 12 m transect Iine for determinhg M. spiendenr density using the point-quarter 

method (see Chapter 3, Methods), was also used for the random collection of 32 blades per 

transect. Blades were collected, alternathg between the largest and srnailest (> 5 cm) blade per 

p e t ,  fiom each quadrant of 8 points along the transect. Collection occumd approximately 

monthly, except on samphg dates where tides were not low enough to expose M. splendem or 

scarcity precluded collecting 30 blades. 

MonaelIa splendens blades fiom Sooke, Bamiield and Burrard Inlet were eitha 

examined immediately or kept in the refXgerator for 2-3 days. Dryhg of blades was not feasibIe, 

since shninken 'Cblorochytrium' c e k  did not adequately rehydrate, and were dEcu i t  to Iocate 

and identify; frozen blades ofien deteriorateci considerably. 

Although Iarger cens of %hIorochyüiuml (1 120 p) could be seen in the field by holding 

thin blades of M W l a  splendenr that were not epiphytised up to the iight, mapnincaîion was 



usuaily requked to detect the bright green endophytic ceils. This often rneant scraping off 

patches of bryozoans and I or diatom f i h s  from the M. splendenr blades, especially Iate in the 

summer and fall. Furthemore, both sides of the blade requircd inspection under the dissecting 

microscope, since the endophyte was found to reside in both the upper and lower cortex region. 

For blades with < 100 cells (or where single cells were scatteced), individual celis could 

be counted, but densely colonised patches of endophytes needed to be estimated. Estimates were 

carried out by counting groups of approximately 100 cells (groups were based on the area 

occupied by 100 cells). Estimates were checked by actually comting five groups of 100 

estimated cells fiom a blade where 2 1000 cells and 2 10,000 cells were estimated. This 

procedure was replicated £ive times. Absolute numbers of 'Chlorochytrium' cells were recorded 

per blade, as were frequency and range of ce11 size and location of endophyte patches. To 

calculate 'Chlorochytnum' densities cmQ, M. splendens blades were photocopied and the surface 

area determined as a percentage of the weight of a sheet of paper of known area 

'Chiorochytrium' cells were dissected tiom several blades after each sampling trip to check for 

fertile cells, and to record variation in morphology. Cross-sectioned Manciella tissue enableci 

cells to be examined within their host. 

cCodi~ i~m' .  'Codiolum' cells were present in 'Petrocelis hciscana' ,  a conspicuous red 

algal crust at a11 three study sites. Seasonai abundance of 'Codiolum' was determined by 

counting numbers of cells present in patches of 'Petrocelis' roughly every month. Thirty mail 

patches of approximately 5 x 5 mm were randomiy scraped by razor blade fkom 'Petrocelis' 

growing on boulders or consolidated rock w i t h  the low to high intertidai zone (hm 0.1 to 5.1 

m above zero tidd level, Canadian Chart Datum). About 10 patches were collected h m  each 

zone. 'Petroceiis' patches with 'Cociiolumr could be kept in the refiigerator for a few days prior 

to examination. 'Codiolum' cells were detected by squashing the 5 x 5mm 'Petrocelis' patch 

onto a microscope slide. Demity, 'Codiolum' ce11 size, polyrnorphism among cells and 

reproductive state were recorded. In the summer and fall when densities at Sooke and Bunard 

Inlet exceeded 10,000 cells cm-2, it was necessary to estimate numbers present in the field of 

view under the 10x objective lem. This method of estimation was established b y actuaiiy 

counting the cells visible in a field of view for 10 diffierent fields of view for five individuai aust 

patches, i.e. the average ceii count per fieid of view was used for the estimatioa 



Datu Anafysis. Acrosiphonia, 'Chlorochytrium' and 'Codiolum' data sets are comprised 

of percent cover and density values (sample size ranged nom 30 to 90 for Acrosiphonia; 

approximately 30 for 'Chlomchytrium' and 'Codiolum') for 15 - 23 samplhg dates. Statisticai 

analyses were performed using SPSSQ 9.0 for Windows (1999). The Levene test showed that 

the assmption of homogeneous variances was violated Although transformations reduced the 

Levene statistic, heterogeneity was not reduced to nonsignificant levels. Consequently, the data 

sets were also checked for normality, since tlie processes that produce nomnormal distributions 

may also result in variance heterogeneity (Day & Quinn, 1989). The data satisfied the 

Kolmogorov-Smimov Test for nomality. Since standard non-parametric tests are uiherentîy less 

powerfùl than parametric tests (Zar, 1996). and should not be used as a simple means to avoid 

the problem of unequal variances (Day & Quinn, 1989), ANOVAs (which are generally robust to 

variance heterogeneity, Zar 1996) were used in SPSSQ 9.0 for Windows (1999). One-way 

ANûVAs and the Games-Howell post hoc test were performed on square-root transformeci data 

to test for sigrdlcant differences in Acrosiphonia, 'Chlorochytrium' aad 'Codiolum' abundance 

over tirne. The Games-Howell test is more powerfbl than otherpost hoc tests for unquai 

variances (Games et al., 1983), and is recommended when number of treatments is smaii and 

sample size 1 7 @ay & Quinn, 1989). It aiso does not require equai sample sizes. which is 

important for Barnfield 'Codiolum' data where sample size was variable (7-30) due to the 

occasionai misidentification of Tetrocelis' in the field. 

RESULTS 

Acrosiphonia ideniiflcution. Two morphological species, Acrosiphonia arcta and A. 

coulira (Figs. 2.2,2.3), comprise the majority of Acros@honia plants in southwestern British 

Columbia. Species identification was based on a number of morphological / mimscopic 

chasacters studied by Hudson (1974) for plants in the Puget Sound region and commonly used 

by other workers (Kjeliman 1893, Coilins 1909, Setchell and Gardner 1920, ScageI 1966). 

Those criteria I deemed dependable for distinguishing between species are thaiius morphology, 

nlament diameter, hooked bmchlet type and number of f d e  c e b  in a branch Uable 2.1). The 

DNA sequences of the ES regions of specimens identified as A. arctu and A. coaiitu showed 



Figure 2 3  A. Acrosiphonia mcta at Burrard Met B. Acrosiphonia arcta and A. coalita at 
Bamfield C. E. A. coaliro at Sooke. E A. arcta at Sooke. D. A. mcta and A. coalila at Sooke. 
Scaie bar is 5 cm. arc = A. arcta CO =A. malita. 



Figrire 2.3 A Amosiphonia coalita habit B. Acrosiphonia urcta habit. C. Fertile cells. D. 
Empty gametangium with pore for gmete release- E. Compound hook of A. cwlita F. 
Simple hook G. Many ceiis fertile in a series, A. mcta. E Single cells fertile in A- coalita 
branches. Scaie bar is 200 W. Py = pyrenoids; grn = garnetangium. 



consistent base pair differences, thus supporthg their statu as distinct molecular / 

morphological species (see Chapter 1 Fig. 1.4). Juveniies were difficdt to distinguish both in 

the field and Iaboratory, because the branching pattern of A. arcta was generaily not evident 

until plants were greater than 2 cm in height, and compound hooks (a hooked branchlet upon 

another hooked branchlet) tended not to be developed on very young A. coalita. 

Table 2.1 Distinguishuig characters for Acrosiphonia arcta and Acrosiphonia coaiiia in 
southwestern British Columbia 

Thailus length 

Habit 

Texnire 

Hooked branches 

Filament diameter 

# ceiis fertile in series 

Reproductive phenology 

3-6-(1 O )  cm 

very bushy; much 
branc hed; forming 
hemispherical to 
globose tufts 

soft 

simple; rarely 
compound 

3 - 5 - (entire branch) 

April (les common) - 
May 

A. coalita 

12-20-(35) cm 

tends to form long 
rope-like branches 

simple and 
compound 

1 - 2 (less common) 

March - April (less 
common) 

The Acrosiphonia specimens fmm Alaska, whose E S  DNA sequences were 100 percent 

identical to a nimiber of 'ChIorochytriumt isolates (see Chapter 1, Fig. 1.4), shared similar 

characters (absence of hooked branchlets and filament diameter of 160-200 )un) with UBC 

herbarium specimen A83088 obtained h m  Prince William Sound, Alaska and identified as A. 



hystrix. Although the A. sp- (Alaska) / 'Chlorochytrium' DNA matches found in the molecdar 

study suggest the presence of A. sp. (Alaska) in southwestern British Columbia, no Acrosiphonia 

plants with this combination of characters were found at Burrard Inlet, Sooke or Bamfïeld. 

InterestinGy, A. hysrrix is not reported to occur south of Alaska (Setchell and Gardner, 1920), 

and was in fact not included in the five Acrosighonia species originaüy identified by Scagel 

(1966) for British Columbia* 

One of the Acrosiphonia specimens coilected at Sooke, which was very closely related to 

A. sonderi based on ITS sequences (see Chapter 1, Fig. 1 S), was not morphologicaliy 

distinguishable as a separate species, nor are descriptions by Kommann (1962) adequate for 

identification. 

Acrosiphonia distribution and seasonal abundance- At Bunard Met only Acrosiphonia 

arcta was present. This was supported by ITS DNA sequences (see Chapter 1 Fig. 1.4). Plants 

were found on boulden and as epiphytes on F u m  in the low and mid-intertidal zone (Fig. 

2.2A). Smaller plants grew on the base of the Stanley Park seawall(5.1 m above zero tidai level 

(Canadian Chart Datum) where freshwater runo ff provided a moist habitat. Distribution was 

patchy at all tidd heights. Bright green Acrosiphonia juveniies £ k t  appeared spanely 

distnbuted in early Mach 1997 (sampiing day 100 fiom start, Fig. 2.4A). Although growth rate 

was not measured, the average size and abundance of plants present on consecutive sarnpling 

dates suggests rapid growth. Abundance peaked in April at 12.7 percent cover, with a srnail 

proportion of the thalli fertile at this tirne. ui Acrosiphonia vegetative intercaiary cells located 

either in side branches or in the main filament of the plant differentiate into gametangia These 

gametaagia change fiom dark green to brown as they reach maîurity (Figs. 2.3C, F-H), and 

evidence of gamete release is seen by empty gametangia (Fig. 2.3D). Here 1 refer to fertile thalii 

as those where brown gametangia were visibie. in April some plants were already covered with 

diatoms and darker green; others were bleached. By late May 1 June most plants were heavily 

epiphytised and bleached, and fifty percent of plants sampled were fd le .  On severaI occasions 

iittoruiid mails were observed on Acrosiphonia plants. In Iate Iune (sampiing day 209 h m  

staa, Fig. 2.4A) Acros@honia was absent h m  the intertidal zone and seawaii, having been 

replaced by Enteromorpha and Cnva as the predominant aigae. In 1998 Acrosiphonia peak 

percent cover was twice as high as in 1997. 
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A crosiphonia 

O 100 200 300 400 500 600 700 800 

spring '97 fa11 '97 spring '98 faIib98 

O Io0 200 300 400 500 600 700 800 

sphg  '97 fallb97 spring '98 f i  '98 

Samphg Day nom Start 

Figure 2.4 A. Acrosiphonia percent cover at Burrard Met over two years. Data are 
means f S.E. h m  30 quacirats placed dong transect lines. The SE. are rnissuig for two 
data points, due to missing data (theft of field notes). B. 'Chiorochytriumr densities at 
Burrard Inln Data are means f S.E. h m  cek counted in 30 Mapaella qimdndenr 
blades. 



At Sooke and Bamfield both Acrosiphonia arcta and A. coalitu were present, and showed 

patchy distribution (Fig. 2.2B-D). Examination of total Acrosiphonia percent cover at Sooke 

(nom d l  three transects) revealed a pattern of seasonai abundance similar to Burrard Met (Figs. 

2-44 2.5A). Acrosiphonia plants at Sooke, however, persisted much longer than at Burrard 

Met. Iuvenile plants were present early March (sampling days 1 17 and 480 nom start), percent 

cover peaked in April (approximately 9 percent) and by July / September Acrosiphonia was no 

longer present. In 1997 a number of healthy thaili were collected at Sooke in mid August, 

whereas Burrard Inlet plants had disappeared two months eariier. This difference was much less 

pronounced in 1998. By late July oniy a few badly detenorated remnants were found at Sooke. 

Aiso observed at Sooke was the occurrence of a second pulse of Acrosiphonia establishment. In 

both sampling years by mid May mature Acrosiphonia percent cover was drastically reduced and 

replaced by UIva and Microcladia, but juvenile Acrosiphonia of 2-3 percent cover was present. 

A second percent cover peak of Acrosiphonia adults was observed in JuIy 1997 and to a much 

lesser extent in June i 998. 

Overaii, Acrosiphonia arcta and A. coalita showed the same pattern of seasonal 

abundance. The two species did, however, differ in seasonal abundance and dominance among 

the three different intertidal heights. Nonetheless, lack of clear patterns over the two year study, 

compounded by the difficulty of distinguishing arnong species in the field, makes it virmally 

impossible to separate Acrosiphonia natural dynarnics for each species. It was noted, though, 

that A. coalita and A. arcta initially occupied different interticid zones: A. c o a h  was found on 

boulden and sand and epiphytic on eelpss in the low intertidal zone; A. arcta was found on the 

same substrats higher in the intertidal zone. Withh one month the two species were observed to 

coexist throughout the intertidal zone (Fig. 2.2D). Yet A. arcta aiways remained the dominant 

species in the high intertidai zone, even though it became more abuudant in the low intertidd 

zone later in the summer. Reproductive phenology was also different for A. arcta and A. coulita. 

Twenty percent of A. coalita plants were fertile in eariy March, with 100 percent reproductive 

plants sampled in mid April (and variable nimibers through to July I August). Fertile A. arcta 

plants (approximately 30 percent), on the other han& were not found until the end of ApriI 

(variable percent reproductive plants were recorded through to Juiy I August). 

Acrosiphoniiz at Sooke was also observed on a large boulder (about 2 m in height), 

Iocated in the low intertidal zone. This boulder showed distinct zonation: the rniddle zone 
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Figure 2.5 A Acrosfphonia percent cover at Sooke over two yean. Data are meam f 
SB. h m  30 quadrats placed dong transect Iines. The SB. are missing for three data 
points, due to missing data (thefi of field notes). B. 'Chiorochytrîum' densities at Sooke. 
Data are means I S.E. fiom ceiis counted in 30 MaPMIu splendens blades. 



containhg Acrosiphonia; the upper dominated by mussels and bamacles and the lower by 

Mnaefla splendens and kelps such as Alaria, Costario and Hedophyllum. The plants resembled 

A. arcta morphologically, but did not become established until rnid May, and also seemed to 

remain bnght green with few epip hytes longer than O ther A. arcta. The ïïS DNA sequences of 

several isolates indicated the majority of the plants on the boulder were A. arcta. One specimen, 

however, yielded a unique DNA sequence (see Chapter 1, Fig.l.4). 

Although fewer data are available for Barnfield, it is evident that seasonal abundance of 

Acrosiphonia (Fig. 2.6A) follows the pattern elucidated for Sooke and Burrard Inlet. Samphg 

in 1997 failed to detect recruitment of Acrosiphonia, but the following year revealed 

establishment at the end of March (sampling day 5 15 fiom start), some 3-4 weeks later than at 

Sooke. A. arcta and A. coaliîa were found growing together on consolidated rock (Fig. 2.2B). 

Their distribution was much patchier than at Sooke and Burrard idet with peak percent cover 

oniy reaching 4.1 percent in 1997. In 1998, however, as was seen at B m d  Met, Acrosiphonia 

increased in abundance, with peak abundance at 8.4 percent. Peak abundance may have occumd 

later than at Burrard Inlet and Sooke. Since no sampling was carried out between March 26 and 

May 26 in both years (for logistical reasons), it is difficult to ascertain whether higher abundance 

may have been observed at an earlier date. Seasoual dominance of one species over anotha was 

variable; as at Sooke no clear pattern was illustrated. Penistence of healthy plants was observed 

well into July (no sampling was conducted in August) for both 1997 and 1998, unlike at Sooke 

where 1998 plants disappeared earlier. A. arcta and A. coolita becme reproductive later than at 

Sooke (A. coaiita becoming mature fmt). Aiso, similady to the large boulder at Sooke, a rock 

wall at Barnfield showed later establishment and longer presence of plants. Rather than A. arcta, 

though, it was primarily A. coalita which occupied this rock waIL As Acrosiphonia piants 

disappeared fiom the intertidal zone, Cladophora visibly dominated. 

BioIogrèai or stutisticai signifcance? Figures 2.4A-2.6A portray the seasonality of 

Acrosiphonia at Burrard Inlet, Sooke aud Bamfïeld: early March to June / Juiy (August). This 

seasonaiity is statistically signincant (p c .OS, Table 2.2). However, statisticaily signincant 

différences among the data points are not easily detectable by the Games-Howeiipost hm test. 

At aii sites, though, for both 1997 and 1998, one or more spring I SuILlIller peak percent covas 

are sipnincantiy higher @ < 0.05) than percent covers during the period of Acros@honia 

establishment or disappearance. Srnalier ciifferences in percent cover such as increased 



Sampling Day fkom Start 

Figure 2.6 A. Acrosiphonia percent cover at Barnfield over two years. Data are meam * 
S.E. fiom 30 quadrats placed dong one or two transect lines. B. 'Chiorochytrium' 
densities at Bamfïeld. Data are means r S.E. h m  ce& counted in 30 Mnaceilla 
splendens blades. 



abundance of Acrosiphonia nom one year to another (Figs. 2.4A, 2.6A) or a second pulse of 

Acrosiphonia establishment at Sooke (Fig. 2.5A) were, however, not c o n h e d  by thepost hoc 

test. These phenornena are visible in the graphs and were very noticeable in the field, suggesting 

that the extreme patchiness of Acrosiphonia, and hence hi& variance in the data, may have 

resulted in failure to detect such differences. In any case, dcrosiphonia's seasonality has clearly 

been established. 

Table 2.2 Acrosiphonia percent cover. Results of one-way ANOVA on data show in Figures 
2.4A-2.6A and Figures 2.1 LA-2.13A. The signifiant F value indicates a statistically sipificant 
difference among two or more sampling dates. 

Percent cover SS d f MS F 

Burrard Inlet 352.638 9 39.182 19.963 

Sooke 214.75 1 1 1  19.523 9.403 

Barnfield 76.030 6 12.672 8 -909 

'Chforociryrium ' rnorphology and location in host. 'Chlorochytnum' c elIs were found 

embedded among the cells oFManaello splendens fiom Burrard Met, Sooke and B d e l d .  In 

transverse section they were consistentiy located in the cortical layer of the blade (Fig. 2.78). 

CeIl morphology ranged fiom spherical to ovoid to unusuaiiy elongated (Fig. 2.7 C,DJi), 

evidently due to the m u n d i n g  host tissue differentially hpeding growth. These unusually 

elongate ceUs were found in very thin tetrasporophytic blades collected f?om Sooke in January, 

February and November 1998. Spherical cells comprised the majority of cells and were grouped 

into the following six size classes: 40-80 pm, 80-120 pm, 120-160 pm, 160-200 pm, 20-240 

pm and > 240 pm diameters. The largest cens observeci were 300 m. The u a d y  elongate 

cek  were 10-20 percent longer than the diameter of the largest sphericai c e k  observe& A net- 

like chloroplast and numerous pyrenoids were visible in vegetative cells (Fig. 2.7). Based on a 

smaîi number of observations in blades collectai h m  Sooke late Febniary 1998 and November 



1998 blades (also h m  Sooke) maintained in a seawater tank for observation, fertile cells tended 

to (1) fom protuberances which extended toward the surface of the host (Fig. 2.7F), (2) darken 

at the apex, (3) change from bnght green to olive coloured, and (4) became homogeneous and 

bumpy with chloroplasts and pyrenoids no longer distinguishable. A single 'Chlorochytrium' 

cell, 160 pn in diameter, from material collected late Febntary was observed releasing > 800 

zoospores (Fig. 2.7G). The zoospores were approximately 5 pm in diameter, possessing red 

eyespots and four equal length flagella 

Other than the fact that large 'Chlorochytxium' cells tended to be concentrated at the base 

of numerous M. splendenr blades collected Eom late August to January, no distinct pattern of 

distribution on blades was detectable. Ceiis were either scattered over the entire blade d a c e ,  

grouped in patches along biade margins or at the apex or base of the blade or some combination 

of patches and scattenng of individual cells. 

'Chlorochytrium ' seasonal abtindance. 'Chlorochytrium' seasonality (Figs. 2.4B-2.6B) 

is statisticaily significant (Table 2.3). At Sooke 'Chlorochyûium' abundance peaked in May 

(sampluig days 1 77 and 545 fiom start, Fig. 2.5B), approxirnately one month after estabiishment 

of Acrosiphonia. 'Chlorochytrium' densoties fiom September to late March are signincantly 

lower (p c 0.05) than densities in April / May 1997 (sampling days 177 1 204 nom start) and 

Iune 1998 (sampling day 576), and coincide with Acrosiphonia absence. No other significant 

differences were detected when the post hoc test was performed on square root transformeci &ta. 

At Burrard Met and Bamfield peak densîties in 1998 of 0.70 cells cm-2 or 8 1.62 celis per 

blade and 14 cells or 2060 cells per blade, respectively, were lower than at Sooke (53 ceils 

cm" or 5573 cells per blade). Very few 'Chlorochytrium' ceils were found in Ma~aello 

splendens at Burrard Idet in 1997 (Fig. 2.4B). The following year, however, a significaatly 

higher number of cells @ < 0.05) were present h m  Iime to August (samphg days 563-623), six 

weeks after Amosiphonia establishment. Abundance of 'Chlorochytrium' at Bamiïeld was aiso 

extremely Iow in 1997 (Fig. 2.6B). The three sampling dates Octob w 27/96 (day l), JuIy 21/98 

(day 632) and October 6/98 (day 710) show s ign i f idy  higher densities (4th mot 

transformations of data, p < .05) than a i I  other samphg days. It is interestmg to note that 

'Chlorochytrium' peak density at Bamfïeid (at least for 1998) occurred much later than at Burrard 

Met or Sooke, 



Figure 2.7 A. Surtàce view of 'Chlorochytnum inclusum' ceiis (80-160 p) in Mnae ih  
splenden. B. Transverse section showing 'Chlorochytrium' in cortex region of kt splendem 
C. D. E. Vegetative 'Chiorochytrium' cells. F. 'Chforochytrium'ceii near matunty. G. 
'Chlorochytmnn' ce11 releasing > 800 zoospores. S d e  bar is 50 p. py = pyrenoids. 



Table 2 3  'Chiorochytnum1 density. Resdts of one-way ANOVA on data shown in Figures 
2.4B-2.6B. The significant F value indicates a statistically significant ciifference among two or 
more sampling dates. 

B m d  Inlet 19.890 10 
Sooke 633.455 19 

* 4th root transformations were canied out 

When abso lute nurnbers, rather than densities of lChlorochytrium', were used to generate 

data points, the same seasonal abundance patterns resulted for al1 three study sites. 

'Chlorochytrium ' size. Average and maximum 'Chlorochytnum' ce11 sizes recorded for 

each sampling date were used to generate a 'Chlorochytrium' Iife history schematic (Fig. 2.8). 

The schematic is based on Sooke data since it is the most cornpiete (fiequent sarnpling and 

occurrence of high Chlorochytrium' densities). Srnallest cells (average 40 pxn) were observed in 

greatest abundance in early spring. Throughout the spring and surnmer average ceiI size 

graduaily increased to 200 Pm, evidently due to growth of cells. Average ce11 size decreased in 

late summer with the observation of a large number of smail cells, and then increased again in 

the fa11 and winter as cells grew. The following spring only maiI cells were present with the 

kgest cells 120 Pm. During ail other seasons maximum ce11 size was > 120 jm, and reniained 

> 280 pn nom June (sampling &y 239 fiom start) to February (samphg day 480). 

Schematics for Bunard Met and Bamtield wouid diner nom the Sooke schematic, 

because high densities of the smallest cells were not observed in late summer. The average ceii 

size c iwe would therefore not decrease in late summer (Fig. 2.8), but instead remain fairly level 

until s p ~ g ,  at which point the c w e  would again coincide with the Sooke schematic. 

An mteresting phenornenon not evident in the schematic is the presence of small celis 

still observed in December 1997 and Jauuary 1998 at Sooke and Barnfieid, long der 

Acros@honia has disappeared. 



Sarnpling Date p a y s  fiom Start) 

Figure. 2.8. 'Chlorochytrium' life history schernatic based on Sooke ce11 size 
observations over two years. The solid line represents average ce11 size and the doned 
line maximum ceil size. 

'CodioIum ' morplr ology and location in host. 'Codiolumt cells were found attached to 

and completely embedded in the filamentous system of 'Petrocelis franciscana' (Fig. 2.9). They 

are generaliy distinguished fkom 'Chlorochytrium1 by their differentiation into an ovoid vesicle 

and colourless staik. However, extreme polymorphism exhibited b y individual celIs included 

Codiolum' cells where the staik was Iacking. In general the ovoid vesicle was slender (120-160 

pmx 3 O p ,  50-80 p m x  15 p) orfat(100 pmx60 ~ i m ,  80 p x 4 O  pm,50 p x 3 0  p); the 

staik relativeiy long (70-100 p), short (20-50 pm) or non-existent (Figs. 2.9,2.10). 

Innequentiy 'Codiolumt ceUs were seeu where a secondary stalk was developing h m  the 

primary stalk (Fig. 2.10). Vegetative cells varied h m  yeiiow-green to bright green. The 

presence of oïl droplets obscured any internai structures, e.g. chloroplast and pyrenoids. 

Aithough no fertiIe ceUs were observed discharging zoospom, mature 'Codiolum' wen 



Fi yn 2.9 Polymorphism of 'CodioIum petrocelidis'. A B. C. E. show ceils among 'Petrocetis' 
filaments- Note both fertile 'Codiolum' and fertiIe 'Petmelis' in A Cefls with long stalks are 
show in D and E. Iwenile 'Codiolum' are represented by G and L Large fertile celis are show11 
in A C. H. Scale bar is 50 p. Tet = tetrasp0rangiu.m 



Figure 2.10 Polymorphism of 'Cod ioI~  petrocelidis'. Note the large, fatile ceh  
filIed with zoospores in the thkd row. The last ceîi in the first row is believed to 
represent the yomgest ceus. 



identified by darkening of the cell and division of the entire contents of the ce11 into spores 

approximately 5 pm in length. Fertile ce11 vesicles were generally 2 80 pm in Iength and 40 jun 

in width (Figs. 2.9,2.10). Reproductive phenology of 'Codiolum' coincided with that of 

'Petrocelis', fiom late faIl to spring (Fig. 2.9A). 

K'odiolum ' seasonai abundance. 'Codio lum' density curves for Burrard Inlet (Fig. 

2.1 1B) and Sooke (Fig. 2.12B) show clear patterns of seasonality supported by ANOVAs (Table 

2.4) andpost hoc tests (Figs. 2.1 lB, 2.12B). Unlike 'Chlorochyûiumt abundance, 'Codiolum' 

densities at Sooke and Burrard Inlet peaked late June in 1997 (sampling days 234 and 209 h m  

start, respectively) and in July of 1998 (days 619 and 593, respectively). This is approximately 

one to two months later than 'Chlorochytriurn' peaked and two to three months aiter 

Acros@honia establishment. At Sooke peak 'Codiolum densities were 17,900 cells cni2 of 

'Petrocelis' in 1997 and 22,400 cells crf2 of 'Petrocelis' in 1998; there was no significant 

difference @ > 0.05) between the two years. At Burrard Inlet, however, 'Codiolum' peak density 

of 16,500 cells of 'Petmce1ist in 1997 (comparable to Sooke peak densities) was 

significantly lower than the 1 998 peak density of 99,100 cells cm-2. 

At Bamfield the pattern of 'Codiolum' seasonality is not clearly elucidated (Fig. 2.13B), 

and few significant differences in densities were detected. This may in part be due to less 

sampling and smaller sarnple sizes for some data points (Tetrocelis' at Bamfield was often 

difncult to distinguish fiom other algal cnists, because they tended to exist together, overlapping 

with one another.) Yet, it is evident that rnuch lower densities of 'CodioIum' colonised 

'Petroceiis' at Bamfield than at Sooke and Burrard Idet. Even peak density in October 1998 (last 

sampling day), which is significantly higher than any other sarnpling day for Bamfield, is aimost 

10 times lower thaa peak densities at the other study sites. Furthemore, peak density in 1997 

does not exceed 255 cells cm*2, and. due to high variance, the mean is not statisticaliy different 

h m  zero. The October 1998 peak density occurs at least four months after Acrosiplionia 

establishment and three months later than Codiolum' peak densities at Sooke and Burrard Inlet, 

Endophyte density c w e s  suggest 'Codiolum' peak densities were maintained much longer than 

'Chiorochytrium' peak densities (Figs. 2SB, 2.1 1B, 2.12B). 
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Figure 2.11 A Acrosiphonia percent cover at B u r d  Iniet over two years. Data are 
means t S.E. fiom 30 quadfats placed dong transect Lines. The S.E. are missing for three 
&ta points, due to missing data (theft of field notes). B. 'Codiolum' densities at Burrard 
Met. Data are means + SE. fiom celis counted in 30 Tetrocelis' patches. 



Sooke 

Acros@honia 

O 100 200 MO 400 500 600 700 800 

spring '97 faH '97 spring '98 fa11 '98 

O 100 200 300 400 500 600 700 800 
s p ~ g  '97 faII '97 spring '98 fail ‘98 

Samphg Day fiam Start 

Figure 2.12 A Acrosiphonia percent cover at Sooke over two years. Data are means f 
S.E. h m  30 quacirats placed dong ûansect Liaes. The S.E. are missing for three data 
points, due to missing data (theft of field notes). B. 'Codiolum' densities at Sooke. Data 
are means k S.E. nom cens counted in 30 'Petmceiis' patches. 



Barnfield 
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Figure 2.13 A. Acrosiphonia percent cover at B d e l d  over two years. Data are means * S.E. fiom 30 quacirats placeci dong one or two transect iines. B. 'Codiolum' densities 
at Barnfieid. Data are means I SE. h m  ceils counted in 30 Tetrocelis' patches. 



Table 2.4 'Codiolum' density. Results of one-way ANOVA on data s h o w  in figures 2.1 1B- 
2.138. The significant F value indicates a statistically sipifkant difference among two or more 
sampling dates. 

B m d  Met 37069 16.3 22 168496. 194 44.246 
Sooke 1145984.4 22 52090.202 44,846 
Barnfield 53047.159 15 3536.477 34,687 

Sample sizes, means. standard deviations and standard errors for untransformed 

Acrosiphonia, 'Chlorochytnurn' and %odiolum' data are provided in Appendices A, B and C. 

'Codiolum ' size. Due to the extreme polyrnorphism exhibited by 'Codioium' cens, it was 

not possible to monitor ce11 size changes the same way as for 'Chiorochytrium' ceils. Instead, 

ce11 size for each sampiing date was based on vesicle size oniy and recorded as either large ( 2 80 

pm in length) or mal1 (c 80 prn in length). The 'Codioiumr life history schematic in Figure 2.14 

was generated fkom data kom al1 three study sites, and shows that large cells (many of 

them fertile) were consistently most abundant during fa11 and winter, whereas only mal1 ceiis 

were found in 'Petrocelis' patches in the spring. Sumner sampling revealed variable aumbers of 

large and srnail ceils, but no fertile cells. Surpnsingly, as was the case for 'Chlomchytrium' h m  

Sooke and Barnfield, many small 'Codiolum' cells were observed in the winter of 1997 at Sooke 

and Burrard Idet, long after Acrosiphonia's disappearance. 
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Figure 2.14 'Codiolum' Iife history schernatic based on observations of cell size and 
reproductive state of cells over two years at B m d  Met, Sooke and Barnfieid. 

DISCUSSION 

The relationship between Acrosiphonia's gametophyte and sporophyte in nature is 

iiiustrated in Figure 2.15. Filamentous Acrosiphonia plants are relatively short-lived, abundant 

during spring and summer (Figs. 2.4& 2.6A). Growth is rapid and fertile ceils develop ahost 

immediately a e r  Acrosiphonia is established Observation of empty gametangia indicates 

release of gametes throughout the spring and summer. The uniceIidar endophytic sporophytes, 

%hlorochytriuml and 'Codiolurn', colonise Mmzaeila splendm and 'Petrocelis', respectively one 

to three months after Acrosiphonia establishment (Figs. 2.4B-2.6', 2. l lB-2.13 B). Colonisation 

inferred h m  ceII size may occur primady as two major events (in spring and summer, Fig.2.8) 

correspondhg to two Acrosiphonia puIses or continuously over the s p ~ g  and summer. Gmwth 

of %hlorochytnumr and 'Codiolum' appears to be rapid during this tirne. Endophytes mature 

primarily in winter, and zoospore release mnst occur in winter and / or spring: large fertile 



'Codiolum' cells were consistently found in falll winter, but were no longer present the following 

spring (Fig. 2.14); several fertile 'Chlorochytrium' cells were observed in Febmary, and 

maximum 'Chlorochytrium' ceii size decreased substantially 60m winter to spring (Fig. 2.8). 

Germination of zoospores in spring and summer gives rise to the filamentous gametophytic 

plants and completes Acrosiphonia's life cycle. 

Early spting / Summer Spring I Summer 

Figure 2.15 Timing of events of Acrosiphonia's life history in nature. 

Acrosiphoaia iden tifcation in the field* Distinguishing among Acrosip honia species in 

the field is problematic. As aiready mentioned, it is proposed that the two morphologicai species 

A. arcta and A. coulita (which consistently show 4 or 5 bp dineremes in their ITS DNA 

sequences, Chapter 1) comprise the majority of plants at the three study sites. However, as aiso 

previously noted, juvenile plants are difficdt to identiQ in the field Furthemore, some maaire 

A. mcia plants were found without any hooked bratlchlets. ûthers were found wÏth short 

branchIets beginning to fom on simple hooked branchie& and so tesembleci compound hwks, a 

diagnostic character of A. coalita. Hudson ( 1  974) concluded that the presence or absence of 

hooked bmchiets is a character which shouid not be given a great deai of weight in 

distinguishing among plauts with 0th-se sinrilar appearance. She suggested that the presence 



or absence of hooks on plants growing in apparently the same conditions may be due to 1) the 

plants being geneticaily the same but growth conditions actually sufnciently different to produce 

a morphological difference or 2) formation of hooks being sporadic. Furthemore, light intensity 

and day length were found to affect such characters as ceIl diameter, length to width ratios and 

amount of branching (Komxnann 1965, Hudson 1974). The Alaskan Acrosiphonia specimens, 

found to lack hooked branchlets and have large ceIl diameters, may then not be distinct fiom A. 

arcta (with small ceil diameter). indeed, Setchell & Gardner (1920) claimed A. hystrix, 

resembling the Alaskan specimens, to be a high northem species of the arcta group, differing 

primarily from A. arcta in the greater diameter of filaments. 

The Acrariphonia specimen similar to A. sonderi based on ITS sequences (see Chapter 

1). was indistinguishable morphologicaily, again suggesting the diagnostic morphological 

characters on which species are defined are too variable and responsive to environmental 

conditions to adequately diagnose Acrosiphonia species. The iTS DNA sequences supporteci the 

recognition of A. arcta and A. coalita as species, but too few informative sites were present in the 

iTS region to resolve any m e r  infhgeneric relationships within Acrosiphonia. 1 wili reiterate 

that there is great need for a molecular study utilking a more variable region to resolve the 

taxonomie conhision plaguing the genus Acrosiphonia. Furthexmore, clarification of the number 

of Acrosiphonia species and identification of their sporophytes at a given site, dong with 

documentation of seasonal abundance and reproductive phenology, may make a more detaiIed 

account of Acrosiphonia's life history in the field possible. 

Acrosiphonia seasonality. Seasonal abundance of Acrosiplionia differed among A. 

coaiita and A. arcta and among the thtee study sites, but seasonaiity was consistent with 

collections reported in the literature. Hudson (1974) obtained fertile A. arcta and A. coalilo 

plants from the Puget Sound region, Washington State throughout the spring and Summer of 

1970-73, and Fan (1959) found A. coalita at Moss Beach, California fiom April to October in 

1957. In Europe Kornmann (1970% 1970b) collecteci A. arcta and A. grandi$ (not reported h m  

North Amerka) h m  Helgoland, Germany in the spring and summer of 1969 and 1970, and 

J6nsson (1959a, 1964,1986) obtained A. arcta h m  Brittany, France in the spring of 1958,1964 

and 1986. 1t is not musuai that A. c o a h  pIants were found in October in Califomia, because 

specimens were aIso found during this study in early October 1997 h m  Seppings Lsiand ( n a  

Badield), BarkIey Sound. 



Factors affecting Acrosiphonia seasond abundance and d&tribution. Temperature and 

photoperiod are important factors in the germination and growth of Acrosiphonia. Hudson 

(1974) found that in culture upright filaments of Acrosiphonia sprouted fiom rhizoid pieces 

under long-day (1 6:8 p hotoregime) conditions, but not undet short-day (8: 16) conditions at the 

same temperatures. Also, at 15 O C  A. arcta plants grew less well than at 5 O C  and 10 O C  under the 

same photoregime, and sporophytes (%hlorochyûium' or Codiolurn') died before division into 

zoospores could occur. Miyaji (1996) found this to also be true for A. spiralis plants collected in 

Japan. Vegetative growth of A. coalita, on the other hand, was only inhibited at 20 OC. 

Furthemore, when both A. arcta and A. coalita plants were grown under low Light intensity 
-2 -1 (below 9.2 m o l  rn s ), motile gametes were not produced. These studies suggest longer days 

in the spring trigger germination of Acrosiphonia, increased light intensity play a role in the 

production of viable gametes and the effects of high summer temperatures contribute to the 

mortaiity of Acrosiphonia. 

It aiso seems reasonable to conclude that aftemoon low tides in summer, resulting in 

additional effects of heat and desiccation, are responsible for the carlier disappearance of 

Acrosiphonia plants at Burrard Inlet than at Sooke and Bamiield (Figs. 2.4A-2.6A) where low 

tides occur in the moming. in 1999, after sampling had ceased, Acrosiphonia was seen at 

Burrard Iniet (aithough at a new site) several weeks later than its disappearance in 1997 aud 

1998. This may be attributed, at Ieast in part, to the lack of sunny days in June and July 1999 

(pers. observ.), and so would imply local weather conditions also a e c t  Acrosiphonia's seasonal 

abundance. It may then not be surprishg that Acrosiphonia disappeared at Sooke almost a full 

month earlier in 1998 than the previous year (Fig. 2.5A), since considerably less rainfa than 

usual was recorded (Environment Canada, Climate Data Services) the surnmer of 1998 (an El 

Niao year). Yet, that same year Acrosiphonia at B a ~ e l d  did persist as in the previous year, 

and, as mentioned, specimens were collected nom Seppings Idand (near Barnfield) in early 

October. This and the fact variable abundance of Acrosiphonia occumd h m  one year to the 

next among study sites, e-g. increased abundance at Bumd Inlet and Bamfield in 1998, but no 

Merence recorded for Sooke between 1997 and 1998 (Figs. 2.4A - 2.6A) suggests micro-habitat 

factors such as salioity, nutrient Ievels and herbivore species and abundance ais0 pIay a 

si@cant d e  in Acrosiphonids seasonal abundance. 

The greater abundance of Amosiphoniiz observeci at Bunani Idet and BamfïeId in 1998 

may be explained by I )  ïncreased stuvivorship of endophytes (but not necessarily high densities, 



since low numbers of both 'Codiolum' and 'Chlorochytrium' were recorded for Badïeld in 

1997) 2) increased dispersal of endophytes and drift reproductive Acrosiphonia thalli and 3) 

increased survivorship of overwintering rhizoids of Acrosiphonia. As suggested by Scagel 

(1966), it is still unproven whether Acrosiphonia gametophytes can overwinter by means of 

rhizoids and, if they do, how important this is to the maintenance of Acrosiphonia's population. 

Purely vegetative propagation by rhizoids was shown under short-day conditions in culture 

(Hudson, 1974), yet the following observations lead me to speculate that overwintering via 

rhizoids may not be very important in Acrosiphonia's life history at my study sites: 1) 

establishment of Acrosiphonia in new areas b r n  year to year at dl three study sites, 2) O percent 

cover of Acrmiphonia found in preliminary 20 cm x 20 cm marked areas formerly noted with 75 

- 80 percent cover at Bamfield and 3) the inability to detect rhizoids after disappearance of the 

upright plant. 

Dispersal patterns of garnetes, reproductive spores or propagules of marine algae have 

been little studied (Anderson & North 1 966, Arnsler & Searles 1 980, Reed et al. 1 988, Kendnck 

& Waiker 1991, 1995). Acrosiphonia arcta plants (though lacking hooked branchlets) were 

found on Kitsilano Beach, Vancouver, B.C. in May 1997, despite the fact that Ma~aella 

spiendens and 'Petrocelis' were absent. In fact, the only foliose aigae present were Laminaria 

saccharina (L.) Lamouroux and Lnva, neither of which were found to be colonised by 

'Chlorochytrium', and no crustose algae were found. This finding supports the idea that 

dispersal of unicellular sporophytes, zoospores or reproductive Acrosiphonia thalli rnay be long 

range, e.g. fiom Burrard Met (approximately 6 km). This also impiies the survivd and 

overwintering of fiee-living sporophytes, perhaps in rock mvices. A number of researchers 

(J6nsson 1959a 1959b 1962 1966, Kommann 196 1 1964, Chihara 1969, Hudson 1974, Miyaji 

1996) demonstrated the ability of 'Chlorochytrium' and 'Codiolum' to suMve ke-living in 

culture. The epilithic existence of Acrosiphonia's sporophyte in the field could be tested 

experimentaliy by piacing sterilised plates in tht intertidal zone among fertile Acrosiplionia in 

the m e r ,  and examining these for setuement and growth of the unicellular sporophyte later ui 

the year. Furthemore, &e at my study sites where hosts are abundant for the Survivai of 

Anosïphonia's sporophyte, vegetative propagation of Acrosiphonia by ovemintering rhizoids 

may be important in maintenance of populations in habitats (such as at Kitsfiano Beach, 

Vancouver) devoid of hosts for 'Chiorochyûium' and 'Codiolum'. 



Although not statistically significant, both Acrosiphonia arcta and A. coalita showed a 

second puise at Sooke in both samphg years, i.e. after Acrosiphonia abundance dropped off, 

percent cover peaked a second time. This was much less pronounced in 1998 (an El Nino year), 

perhaps due to lower than normal precipitation (Environment Canada, Climate Data S e ~ c e s  

1998) resulting in increased desiccation and hastening mortaiity of plants. Possible explanations 

for two Acrosiphonia pulses at Sooke include: 1) delayed germination of zoospores of another 

'species' of Acrosiphonia, 2) differential maturity of sporophytes resulting in differentiai release 

of zoospores, 3) paahenogenesis of unfused gametes germinating directly into gametophytes, 4) 

zoosporrs developing within Acrosip honia filaments and gemiinating direct ly into gametophytes 

and 5) vegetative propagation fiom rhizoids of old plants. 1 was unable to determine whether a 

second pulse occuned at Barnfield and at other locations where Acrosiphonia seasonaiity extends 

beyond July. Parthenogenesis (Jbnsson 1 963, Miyaj i 1 996) and recycling of filamentous plants 

by zoospores ( K o ~ ~ M ,  1962) has been observed in A. arcta, A. sonderi and A. spiralis Ui 

culture. However, sexual reproduction was by far the dominant mode of propagation, and 

whether parthenogenesis and asexuai reproduction occw in nature remains to be demonstrated 

Acrosiphonia arcta and A. coalita dvferences in thefidd* The two Acrosiphonia 

species, A. arcta and A. coulita, occupy the same habitat, but showed variable patterns of 

abundance and reproductive p heno logy at Sooke and Bamfield. Amosiphonia coalita was absent 

kom Burrard Inlet. Hudson's culture work (1 974) showed different effects of environmental 

factors such as temperature on the two species: A. coalita seems to have a higher tolerance for 

high temperatmes. Hudson (1 974)noted that A. coalita persisted longer than A. arcta in the 

intertidd zone of the Puget Sound region, Washington State, and that A. arcta had not been 

reported south of Washington State. Although A. arcta did not consiaently disappear fhm the 

intertidal zone earlier than A. coalita at Sooke and Bamfieki, A. arcta's abundance decrea~ed at 

Sooke in the hi& intertidal zone and increased in the low intertidal zone as the summer 

pmgressed. However, A. arctu was aiways the dominant species higher in the i n t d d a  zone, 

suggesting that in southwestern British Columbia temperature tolerance alone does not detamine 

species distniution and abundance, 

The absence of A. coalita h m  Burrard Idet may be due to a lack of unidentified micro- 

habitat requirements. On the other hanci, A. coalita may simply have never becorne estabfished 

Ow way to test for this is to plant A. coalita in the intertidal zone at Burrard Inld Identification 



of micro-habitat requirements may best be undertaken in the laboratory with more extensive 

culture studies. 

Contrary to observations in the field, in culture A. arctu became fertile before A. coalitu 

(Hudson, 1974). At both Sooke and Bamfield fertile A. coalita plants were found almost 

immediately after establishment of plants, whereas fertile A. arctu (also at Burrard Inlet) were 

not detected until the following sampling date, about one month later. Since sampling only 

occurred monthly, it is possible that A. arcta may actually have become reproductive less than 

one month after A. coaliin. Furthemore, the percentage of reproductive plants was higher for A. 

coalila throughout the sampling period. More detailed studies are necessary to pin-point 

differential reproductive pheno logy. 

EndopMe colonisation. Colonisation of the sporophytic endophytes was deduced by 

examining both ceIl density and ce11 size over tirne. An important assumption is that the smallest 

cells represent the youngest cells. Polymorphism of 'Codiolum' cells comp licates this 

assumption, and so cells were categorised on the basis of fertility and vesicle length (greater or 

less than 80 p) regardless of staik length. Based on ce11 density increase (and the monthly 

sampling regime), the onset of 'Chlorochytrium' colonisation occurred in late April about one 

month after Acrosiphoniu establishment (Figs. 2.4B-2.6B), and one month earlier than for 

'Codiolum' (Figs. 2.1 18-2.13B) at al1 three study sites. This is somewhat counter-intuitive, 

since A. coalita became fertile before A. arcta, and its sporophyte appears to be 'Codiolum' 

based on culture and molecular work (see Chapter 1). 

The omet of endophyte colonisation was also irnplied by the occurrence of the greatest 

abundance of smallest cells (Figs. 2.8 and 2.14). Konimann's (1 964) hdings (within 

Haemeschuria hennedyi fiom G e m y )  agree with the present study in that the greatest 

abundance of young 'Codiolum' celis occurred in late spring, four to six weeks d e r  

reproductive Spongomorpha lanosa plants were detected. The presence of smallest ceiis h m  

spring to early fa in the present study implies colonisation is continuous and synchronised with 

Acro.szphoniu gamete release. Dethids (1987) finding of high densities of 'Codiolum' within 

'Petroceh' fkom Washington State in summer supports spring 1 summer colonisation. The t h e  

required and the mechanism for zygote I endophyte penetration of MaaaeIZa spsplendenr and 

'Petrocelis' remains poorly understood. More detaiîed culture and mimscopy studies are 



needed to shed light on these events, and to better understand the tirne-lag between Acrosiphonia 

gamete release and endophyte establishment. 

It was possible to detect two major colonisation events by endophyies at Sooke (Fig. 2.8), 

which coincide with the two Acrosiphonia pulses observed at Sooke (Fig. 2.5A). However, due 

to an inability to obtain average 'Codiolum' ce11 size (categories were simply large or smaii) and 

the difficulty in distinguishing relative densities of newly colonised ce& fkom older ceiis 

because of polymorphism, it is unlikely that two events for 'Codiolum' colonisation at Sooke 

could have been detected. An added complication is the fact that no experimental data are 

available for endophyte growth rates. 

Colonisation of 'ChIorochytrium', and especially 'Codiolum', at Barnfield occurred 

considerably later than at Burrard Met or Sooke. This may in part be explained by the fact that 

Acrosiphonia percent cover peaked later and plants persisted longer. 

Endopkyte growth, ferfifi@ and duration in host. Growth of 'Chlorochyîrium' and 

'Codiolum' is believed to be rapid, judging by the range of ce11 sizes observed fiom one 

sampling date to the next. Note the steepness of the "maximum sue" curve and "growth" portion 

of the 'ChIorochytriurn' Iife history schematic curve Qig. 2.8). Most 'Chlorochytrium' cells fïrst 

observed in abundance at Sooke in early spring were 40 pm in diameter, but cells up to 120 pm 

were also already present. Less than two months later ceils of 200 - 240 pm were commoniy 

found. SetchelI & Gardner (1 gZO), Scage1(1966), Chihara (1 969) and Hudson (1 974) descriied 

'Chlorochytrium inclusun' cells from the northeast Pacific of sUe range 75 - 100 Pm. Many of 

the co1Iections were, however, made early in the spring. 'Chlorochytrium inclusum', endophytic 

in Forlowio (Rhodophyta) nom lapan, and associated with three Acrosiphonia species unknown 

to southwestern British Columbia, was aiso reported to be 1; 100 pm in diameter (Miyaji and 

Kurogi, 1976). Kjelhan's (1883) description of 'C. inclusum' within the arctic alga 

Sarcophyllis arciica Kjelhan (Rhodophyta) is the only case 1 have found where 

'Chlorochytnum' cells are noted to reach 275 p, in agreement with the size attained by 

fChlorochyeium' cells in Monaella splendens in this study. 

Chihara (1969) detected larger 'Chiomchytrium' cells closer to the base of the foliose 

host, whereas Kjellman (1883) noted individuais in the central part of the blade to be Iargest. 

Hudson (1974) observed the gceatest concentration of ceiis toward the base. None of these 

observations were substantiated in my study, but might be explained by the much smaller sample 



size of blades examined by the other researchers and the fact they collected blades primarily in 

spring and summer. In late August to January a large number of M. splendens blades nom Sooke 

and Banfield were found with large 'Chlorochytnum' cells (160 - 300 pm) concentrated at the 

base of the blade. A possible explanation is that 1) the oldest (largest) cells are positioned closer 

to the base (the oldest part) of the blade and 2) newly colonised ceils are sparsely scattered over 

the entire blade (the disappearance of Acrosiphonia Unplies gradua1 cessation of zygote 

settlement), and are growing slower than in the summer due to decreased light in the fa11 and 

winter months. 

'Chlorochyûium' fertility and zoospore release occur in winter / early spring (Fig. 2.8) 

coinciding with Mmaella splendens reproductive p henolo gy (90 - 100 percent M. splendens 

blades collected &om al1 three sites fiom October to Febniary were reproductive). Kjeliman 

(1 8 83) found 'Chlorochytrium' fertile within SarcophyIlis arctica in winter, but did not observe 

zoospore release (uniike this study, however, he noted that 'Chlorochytrium' was most abundant 

in winter). Kornmann (1964) also collected femle 'Chlorochytrium' (fiom Pobides, a foliose red 

seaweed, in Helgoland, Germany) in the winter, just months before Spongomorpha lanosu 

establishment. 'Chlorochytriumt of 80-1 00 pm in diameter, ob tained from Sciiiqmenia (a bladed 

red seaweed) in Washington S tate, became fertile in culture and gave rise to 32,64 or more 

zoospores 10 p long (Chihara, 1 969). Unlike Chihara's fertile 'Chlorochytrium', the few fertile 

cells detected in material collected h m  Sooke were much larger, 160-200 pm , and more than 

800 zoospores, 5 pn long, were released fiom one mature sporophyte. 

The absence of large cells in spring, after zoospore release, leads me to believe 

'Chlorochytrium' cells vend less than one year in their hoa  However, it is unknown whether 

cells colonising M. splendens late in the summer remain smdl during the winter, e.g. 120 pu., to 

become reproductive the following winter, as was proposed by Kommaan (1964) for 'Codio1um' 

in Helgoland, Germany. Chapter 3 will investigate thïs possibiIity. 

Juveoile celis of 'Codiolum', fint detected in 'Petroceiis' in spring were 40 - 50 pm x 10 

- 20 Pm, apparentiy without stalle, and densely entangied among 'Petroceiis' filaments. It was 

difficult to detect st& of newly colonised 'Codiolum' ceils, but this does not mean the ceiis 

lacked them. Culture studies (Fan 1959, Jcjnsson 1970, Kommann 1972, Miyaji 1984) 

demollstfated that gerdings of 'Codiolum', oniy 10 - 15 p in length, were capable of 

becoming differentiated into vesicle and stalk within 5 - 15 days. A number of researchers 

(Setcheli & Gardner 1920, JOnsson 1958, Kommaun 1972) have reported polymorphism among 



'Codiolum' celis. This polymorphism was evident in specimens collected fiom al1 three study 

sites thughout the year, except in spring when juvenile celis were more uniforni and distinct 

f?om older cells. The secondary stalk observed on some specimens (Fig. 2.10) was also 

descnbed by other investigaton (Printz 1926, Kommann 1961, Hanic 1965) and referred to as a 

laterai stipe appendage. 

Fertile 'Codiolum' cells observed in the present study were generaliy 1 80 ~.UII in vesicle 

length and tended to have a proportionately large diameter (Figs. 2.9,2.10). They were detected 

in 'Petrocelis' samples collected fiom fall through early spring, coinciding with the reproductive 

phenology of their host (tetrasporangia were present in 'Petrocelis' from October / November to 

February / March). Hanic (1 965) found fertile 'C. petrocelidis' in tetrasponc 'Petrocelis 

hciscana' collected fkom Sooke in December 1963, and Kommann (1 96 1, L 964) reported 

fertile 'Codiolum' associated with Spongomorpha lanosa in tetrasporophytic fiemescharia 

hennedyi, a cmtose red alga, fiom Helgoland in December 1963 and February 1964. As with 

'Chlorochytrium', zoospore release of 'Codiolum' generdly occurs in the winter (Fig. 2.14), and 

the detection of only small juvenile ceils the following spring suggests 'Codiolum' cells spend 

less than one year in their host. This is in contrast with Kommann's (1 96 1, 1964) finding: a 

mixture of 'Codiolum' ce11 sizes were found together in Huemescharia hennedyi at the time of 

'Codiolum' colonisation, indicating some cells may spend about 18 months in their host, not 

releasing zoospores until the second winter. It seerns unlikely to me that the very srnall cells 

observed in my study in greatest abundance in the spring and summer were comprised of both 

newly colonised cells and cells which had colonised the cnist the previous spring or summer. 

Duration of 'Codiolum' in 'Petrocelis' will be examined M e r  in the next chapter. 

A simplifieci sporophyte life history schematic, illustrated in Figure 2.16, inteptes the 

dynamics of %hlorochytriumt and 'Codiolum' in Acrosiphonia's life history Large, fertile ce& 

are present in fall and winter, following zoospore release endophyte colonisation and growth take 

place throughout the spring and summer. 'Chîorochytxium' colonisation occurs before %odiolum' 

colonisation. 
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Figure 2.16 Generalised life history schematic of Acrosiphonia's sporophyte. 
* 'Chlorochytnum' colonisation occurs earlier than 'Codiolum' colonisation. 

Many 'srnallest' cells of both 'Chiorochytrium' and 'Codiolum' were observed in Jmuary 

1998 at the study sites where relatively high densities of endophytes were present Since 

Acrosiphonia plants are long gone by this t h e ,  what is the origin of these putative juvenile 

'Chiorochytriurn' and 'Codiolum'? Perhaps they represent zygotes I sporophytes which 

colonised their host late in the season, and grow slowly durllig the fdl and winter. They may 

grow quickly in the spring and still become reproductive for spring zoospore release, or remain 

vegetative until the winter or foliowing s p ~ g ?  in which case Kornmann's hypothesis would be 

supported. Yet, this scenario does not explain the fact that a large number of such mail celis 

was not detected in the faIl of 1997. Furthemore, in the spring, prior to Acrosiphonia 

establishment, some juvenile Monaela splmdens blades and 'Petrocelis' patches of new p w t h  

were found to be colonised by endophytes. One possible exphnation, dthough never obsmed 

in culture, is that 'Chlorochytrium' and 'Codiolum' cells reproduce themselves. i.e. zoospores 

are reIeased within the hoa or zoospores of free-living 'Chlorochytrium' and 'Codiolumr colonise 

M. spiendens or 'Petrocelis'. An alternative expianation is that these mail celis, aithough 

morphologicaily resembling 'Chiorochytrium' and 'Codiolum', are not in fact the sporophytes of 

Acros@honia. However, this se- rather unlikely, since PCR and DNA seqpencing did not 



detect any bp ambiguities which would indicate the presence of cens not associated with 

Acrosiphonia (see Chapter 1 ) .  

Endoplcyie abundance variabüity. Higher abundance of Acrosiphonia in 1998 than in 

1997 at Burrard Met and Bamfield is correlated with significantly higher endophyte densîties in 

1998 for both study sites (Figs. 2.4,2.6,2.11,2.13). The significaatly lower abundance of 

'Chlorochytrium' and 'Codiolum' at Bamfield in 1997 (Figs. 2.6,2.13), however, can not be 

explained in terms of lower 1997 Acrosiphonia abundance. 

Barnfield's much lower endophyte colonisation than Sookets, over the entire sampling 

period, may be due to ceils having more difficulty in senling on and penetrating their hosts at 

wave-exposed sites. At Burrard Inlet the discrepancy between low numbers of 'Chlorochytrium' 

in 1997 and much higher densities in 1998 [(Fig. 2.4B) more than would be expected simply 

h m  a doubling of Acrosiphonia percent cover] may result Eom zygotes fiom Acrosiphonia sp. 

(Alaska) exhibithg higher colonisation success than A. arcfa. The four 1998 %hlorochytrium' 

DNA sequences from Bunard Inlet isolates were 100 percent identicai to the Alaskan 

Acrosiphonia isolates (Chapter 1 ) .  

Endophyte abundance in 1997 at Bade ld  showed no correlation with 1998 

Acrosiphonia abundance, i.e. low endophyte densities did not result in low Acrosiphonia percent 

cover. Endophyte swivonhip (discussed in Chapter 3), however, may have been hi&. 

Furthemore, some Acrosiphoniu populations may not be solely dependent on endophyte 

abundance and swivorship, i.e. vegetative propagation or dispersa1 as discussed earlier may 

affect the distribution and abundance of derosipltunia. 

Endophyte densities, particdarly %hlorochytnuml densities, unexpectedly decreased aiter 

onset of colonisation (Figs. 2SB, 2.6B, 2.1 lB, 2.128). Two possible expianations are 1) 

Mazzaeila spiendens blades increase in size as the summer progresses causing endophyte 

densities to decrease correspondingly, and 2) excessive crowding of 'lhlorochytriumf ce& 

results in the mortality of some ceus. The f h t  explanation can be ruied out, because seasonal 

abundance patterns generated fiom absolute nurnbers of 'ChlorochytRum' and h m  densities of 

'Chlorochytriumt were simiIar, ie. %hlorochytnuml abundance actuaUy decreased in suxnmer. 1 

therefore propose that the decrease in 'Chlorochytnum' ceiis may be due to mortality of cek 

camed by crowding of neighbowing ceiis. Diiring the Summer, especially at Sooke, 

'Chlorochytrium' ceUs were often seen touching one another Fig. 2.7A). High densities of 



'Codiolum' were also observed (Fig. 2.9B), but more space seems to be available among the 

filaments of 'Petrocelis' than among the cells of the cortex region of M. splendens. Greater 

knowledge of M. splendens growth rate, and isolation of other factors which may affect 

endophyte sdvorship are fundamental to a better understanding of 'Chlorochytrium' and 

'Codiolum' sunrival. 

Sefection ofheteromorphy in Acrosiphonia. Speculation on selective mechanisms for 

maintenance of heteromorphy in haplodiploid life cycles (Stebbins & Hill 1980, Valero et al. 

1992, Klinger 1993) has resulted in two hypotheses. The fint proposes that the two 

morphologically distinct phases differ with respect to their tolerance of environmental conditions 

(Conway et al. 1976). The second suggests that the phases represent mutually exclusive 

adaptations to fluctuations in grazing pressure, i.e. the upright phase is adapted to counter 

increased cornpetition (growth and reproduction) when grazing pressure is low, and the non- 

upright phase is adapted to suMve high grazing pressure by being grazer resistant or exploiting 

micro-habitats which offer protection fiom herbivory (L,ubchenko & Cubit 1980, Slocum 1980, 

Littler & Littler 1980). 

This study, carried out in the field at three environmentally different sites, has clearly 

shown that the morphologicaily different gametophytic and spomphytic phases of Acrosiphonia 

occur in different environmental conditions. The filamentous garnetophyte is seasonally 

abundant p a r c h  - Iune 1 July (October)]. Based on culture results, Acrosiphoniars seasonality 

may be dependent on abiotic factors such as photoperiod, light intensity, desiccation and 

temperature. The endophytes, 'Chlorochytrium' and 'Codiolum' show high tolerance to 

environmental extremes. They survive high summer temperatures (w hich appear to ultirnately 

kiil the fiIamentous Acrosiphonia plants), and spend the winter @ossiMy too adverse for 

Amosiphonia, which seems to requke high Iight intensity for garnete production and long-day 

conditions for optimal growth) w i t h  Mancrella spiendenr and 'Petroceiis hciscana' .  The 

host may offer protection h m  the physical environment, as weii as fiom herbivores and 

cornpetition fbm other dgal species. 

With regard to Awos@honiars Life history representing an adaptation to variable grazing 

pressure, i.e. during high herbivore pressure the filamentous gametophyte has disappeared, whiie 

the endophytes are protected within their hosts, no empincal data are avaiIable on differential 

srisceptiiility of Acrosiphonia, M. splendens and 'Petrocelis' to m g .  Labotatory feeding 



experiments and / or herbivore exclusion experiments rnay help to deterxnine whether 1) 

herbivory is a factor in the seasonal distriiution and abundance of Acrosiphonia and 2) grazing 

pressure is an evolutionary force in the maintenance of Acrosiphonia's heteromorphic üfe 

history. 

This study also demonstrates Acrosiphonia's success (and adaptability) in different 

environments. Present at three study sites, characterised by differences such as wave exposure, 

salinity and timing of summer low tides, Acrosiphonia plants showed variable seasonaiity (e.g. 

persisted over a longer period in more wave-exposed environments) and abundance (dependent 

on factors such as local weather, micro-habitat factors and survivorship of endophytes). In 

addition, variable abundance of the two rnorphological species, A. arcta and A. coalita, at 

different tidal heights, and A. coalitu's absence at Burrard Met, suggests adaptations at the 

species level, and Acrosiphonia ' s appearance in new areas from year to year imp lies its ability to 

successfully colonise new habitats I sites. 'Chiorochytrium' DNA sequences which shared a 

genotype with Acrosiphonia sp. (Alaska), and the unique Acrosiphonia sequence (specimen 

collected fiom the large boulder at Sooke, see Chapter 1), hint at colonisation of Acrosiphonia 

"species" other than A. urcta and A. coalitu, e.g. A. sp. (Alaska) and /or A. sp. (SB), and / or 

adaptability of Acrosiphonia to new habitats. 

The role the endophytic sporophytes play in Acros@iionia's unique iife history is still 

poorly understood, and many fundamental questions remain unanswered. For example, it is 

unknown whether the sporophyte phase is actually required for the maintenance of Acrosiphonia 

populations in southwestern British Columbia Perhaps A~osiphonia can successfully recycle 

through rhizoid overwintering of gametophytic plants or by gametophytic plants giWig rise to 

haploid zoospores (oniy shown in culture) which survive the winter. Ifso, the relative 

contrïïution of sexual reproduction (and the role of sporophytes) may be l a s  sigpiiicant 

compared to asexuai reproduction and I or vegetative propagation in Acros@honia's life history. 

In some algae, e.g. the brown alga, Anulipur japonim (Harvey) Wynne, and the coralline alga, 

Lithoth& aspmgiIlum Gray, loss of sexual reproduction rnay actuaiiy occur at the northem range 

of the species (Nelson 198% DeWreede & Vandermeden 1988). Also of interest is the cpestion 

of whether the uniceMar sporophytes can nirvive epilithicaily or planktonically. Given the 

evolution and maintenance of this alternation of heteromorphic generations, what is the adaptive 

signiscance of sporophytes evolvhg an endophytic condition? To experimentaly test in natme 

w h e k  the sporophyte phase (endophytic or fiee-living) is required for the maintenance of 



Acrosiphonia populations, patches in the intertidal zone could be cleared / steritised in the fall. 

The appearance of juveniIe Acrosiphonia plants in the s p ~ g  would suggest they are derived 

fiom zoospores of the unicellular sporophyte (provided al1 putative rtiizoids were removed and 

disregardkg the possibility of asexual reproduction in the field). Of course, should no juvenile 

Acrosiphonia appear, this would not mean the sporophyte phase is insignificant in 

Acrosiphonia's life history, since patchy distribution of Acrosiphonia in the present study 

suggests patchy zoospore dispersai. 

The presence of 'Chlomchyüium' and 'Codiolum' at d l  three stuciy sites, although 

variable in abundance fiom year to year, suggests to me the endophytes are successfûl at 

colonisation. At Barnfield much lower endophyte densities imply lower success - it may be more 

difficult to colonise blades or crusts in a more wave-exposed environment - such that asexual or 

vegetative means of reproduction rnay contribute (more) to maintenance of Acrosiphonia. 

Consequently, and considering the lack of evidence to support altemate life histones for A. arcta 

and A. coalita in the field [e.g. Kommann (1962) has shown sexual reproduction in cultureci A. 

sonderi to be absent, and the 'Codiolum' phase of A. grandis in culture to develop dllectiy into 

the filamentous garnetophyte ( 1970a)], success of this heteromorphic life history seems apparent. 

Heteromorphy cm be seen as  a bet-hedging strategy, whereby different phases are adapted 

to a seasonally variable environment or variable grazing pressure. With regard to Acrosiphonia, 

not only have two phases evolved, but molecular data (Chapter 1) have now shown that the 

sporophytic phase of at lest A. arcta can colonise two altemate hosts (cnistose and foliose red 

dgae). The availability of these hosts is another important factor in Acrosiphonia's life history, 

and will be explored in the following chapter. 
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HOST AVAILABILITY FOR COLONISATION AND SURVINAL OF 
'CHLOROCBYTIUUM' AND 'CODIOLIIM' 

INTRODUCTION 

Two red aigal hosts commonly provide a habitat for the unicellular sporophytes 

'Chlorochytnum' and 'Codioium' in British Columbia One is the foliose aiga, MazzaeIIa 

splendens, conspicuous on rocky shores in the low intertidal of the northeast Pacific; the othet 

the cnistose aiga, 'Petrocelis Franciscana', predominant throughout the inteaida1 of the southern 

British Columbia coast. in generai, the host organism provides the specific ecologicd niche 

required by the endophyte. Benefits to the endophyte may include providing colonisable 

substrate, ensuring its exposure to Iight and nutrients and escape nom harsh environmental 

conditions and potential herbivores. M=ael[a splendem and 'P. franciscana' appear to be ideal 

hosts: they are present in high abundance presumably year round [pers. observation and Paine et 

al.3 ( 1  979) study on the longevity of 'Petrocelis'], providing relatively high surface area for 

maximum colonisation, exposure to light and nutrients and swivai. But are they in fact ided 

hosts? What is known about variation in host abundance fiom year to year or month to month? 

And cm variable host abundance play a role in endophyte swival? 

Since many algae exhibit marked seasonal changes in abundance, it is important to 

estabiish whether host seasonai patterns exist. Some work has documented seasonai changes in 

Ma~aella spLendens density (Dyck and DeWreede 1995, F. Shaughnessy pers. comm.) dong the 

coast of southwestern British Columbia, but little is known about the ecology of 'Petrocelis'. 

Paine et al.3 (1979) extensive study examined growth patterns and longevity of 'Petrocelis' 

found on a sandstone wall in Washington, but no studies have closely examined 'Petmcelis' 

seasonal abundance on boulder strewn shores. My study quantifies monthly abundance of M. 

splendens (over two years) and of 'Petrocelis' (over 12 and 18 month periods at different sites) 

in order to elucidate any seasonai patterns, and considers possible factors in producing such 

pattems. Findly, 'Chlorochytrium' and 'Codioium' survivai are assessed in relation to 

avdability of M. splendens and 'Petroceiis', and 1 speculate on the length of the  the endophytes 

remain in their hosts and why this strategy may have evolved. 



MATERIALS AND METHODS 

Host availability for 'Chlorochyhium' and 'Codiolum' was examined at Burrard Inlet, 

Sooke and Bamfield. As mentioned in Chapter 2, Bamfield was sampled less intensively. Two 

investigations using seawater tanks were carried out to examine 'Chlorochytrïum' swival in 

dislodged Mazaella splendens blades. 

'Petrocelis' surface area. 'Petmcelis' cmsts were sampled at Sooke fiom May 1997 to 

November 1998 and at Bunard Inlet fkom August 1997 to August 1998. Sampling occurred 

approximately monthly within the low to high intertidal (between 0.2 to 5.1 m above the 

Canadian Chart Datum). Thirty granite boulders were haphazardly chosen (10 each fiom the 

low, mid and high intertidal) fiom the total number occupied by 'Petrocelis' crust. Each boulder 

was marked with West S ystemo epoxy (Gougeon Brothers Inc., Bay City, MI) after an area had 

been cleared and dried with a propane Barne torch. Within each epoxy patch (variable in size but 

on average 5 cm in diameter) a numbered D p o @  LD.TM Rbbon was embedded. In this way it 

was possible to identiw each of the 30 'Petrocelis' cnists. W e a t h e ~ g  by water motion, 

however, resulted in ribbon numben not being legible over time, so that cnists were then only 

identitiable by the unique shape of the epoxy marker. Repeated sampling of known cnists was 

chosen rather than random sampiing as with M. splendens blades, because 1 wished to determine 

the pmistence and performance of specific cnists, ie. are changes in patch size consistent for alI 

cmts? To facilitate Iocating boulders, especially when low tides occurred after dark, K inch 

rebar marked with flagging tape was pounded into the ground at each corner of the sampling area 

at Sooke. The total area measured approximately 20m x 20m. At Burrard Met the area sampled 

was bounded by the seawall and measured about 10m x 20m. 

Sampling at Burrard Inlet began Iater than at Sooke, because dense overgrowth of 

boulders by juvenile bamacles. mussels and colonial diatoms made it difficult to locate 30 

bouiders with 'Petrocelis' patches fiom May to August 1997. 

On each sarnpling day ail 'Petrocelis' cnists were photographed with 100 ASA Kodak 

film (Eastman Kodak Co., Rochester, NY); fi ash photography was used at night . A five cm 

d e r  was placed next to the crust for scaie. Care was taken to photograph perpendicular to the 

crust and to select cnists with as little parallax as possible. It was not aiways possible to Iocate 

and photograph ail 30 cmsts, since boulders became overgrown with other algae and sesde 

invertebrates (especiaily Lnva and Fucus and juvenile bamacles and mussels in spring and 



summer) making it difficult to locate the epoxy markers. In addition, with time epoxy markers 

deteriorated to the point where by November 1998 (after 20 months of monitoring) oniy 23 

markers could still be found at Sooke. This was particulariy true at Burrard Inlet, where 

overgrowth b y juvenile barnacles contributed to the loss of epoxy markers: oniy one year after 

boulders had been marked, ten epoxy markers could no longer be located. 

The photographie senes also permitted examination of h p e t  abundance, bamacle and 

musse1 settlement and the establishment of new cmsts. Twelve Tectura snrtum limpets were 

collected h m  Sooke in Febniary 1997 for gut anaiysis as possible evidence for herbivory. 

'Petrocelis' cmts could not be adequately monitored at the Barnfield site, because rocky 

land masses rather than boulders comprise the shore, and the 'Petrocelis' usually overlaps with 

both RaIfsia and Hildenbrandia, making it difficult to mark and identiQ individual 'Petrocelis' 

patches. Instead, the condition of the cmsts was monitored, noting evidence ofnew growth 

(thickness and colour) and the presence of green colouration and unhealthy-looking tissue. The 

presence or absence of limpets on 'Petrocelis' was also recorded. 

Mamaella splendens dense. Sampling of Maaaella splendens occurred over a two 

year period from October f November 1996 to October / November 1998, and was rnonthly 

except during those penods where tides were not low enough to expose Maaaella or blades 

were very scarce. Both the condition. i-e- health and degree of epiphytisation, and density of M. 

spienderu was monitored. At each site a 12 m transeet line was randomly placed, paralle1 to the 

sea, in an area where M. splendens was present. The same area, between 0.2 and 1.0 m above 

zero tidai b e l  (Canadian Chart Datum), was sampled each time. A random number table was 

used to choose eight points along the length of the iransect. These points were permanentiy 

marked with fiagging tape, and served as points for the point-quarter distance method of density 

estimation (Krebs, 1999). 

'Chlorochytrium ' survival in drift MazzaeUa splendens &fades. Drift M~onaella 

splendenî blades collected at Bamfïeld were found to be colonised by 'Chlorochytrium', 

prompthg the question of 'Chlorochytrium' SuNival in dislodged blades. The followhg two 

investigations were conducted (1) Twelve M. splendens blades colonised by rChiorochytriumt 

(average size 120-160 pm) were coIlected fiom the Iow intertidai at Sooke in November 1998. 

The blades were Ieft in a laboratory seawater tank with constant flow at 1 1°C under 12 pn01 mZ 



s*' of cool white light and examined every 7-10 days for two months to detemine 

'Chlorochytnumt condition, i. e. average size, health and w hether fertile. Observations were not 

made beyond two months due to disintegration of algai blades. (2) MmaeiZu splendens blades 

were collected fiom the low intertidal at Bamfield in Decernber 1998. Those blades colonised 

by 'Chlorochytrium' were placed in an outdoor tank (approximately 1.5 m x 1.5 m; steady flow, 

water temperature fiom 64°C and natural light). Plexiglas plates (approximately 20 cm x 20 

cm) were positioned on the bonom of the tank to establish whether zoospores would be teleased 

and settle on the plates. A neighbouring tank lacking M. splendens blades served as a control 

tank. The tanks were checked one and two months later. 

Data analysis. All 'Petrocelis' cmst photographs were scanned and enhanced (painted 

black or white to contrast with the background) in Adobe Photoshop@ 5.02 for Windows (1998). 

The imaging program SigrnaScan Pro@ 5.0 for Windows (1999) was then used to calculate the 

surface areas of cnists for each sampling date. Images were calibrated with the 5 cm d e r  

present in each image. For each time period an average value was caicuiated for 'Petioceiis' 

c m t  surface area Seasonal di fferences in mean cnist d a c e  area were determined b y locating 

maximum (highest surface area) and minimum (Iowest surface area) points nom the graphed 

data. These points corresponded to summer 1 fa11 (maxima) and winter (minima). Significance 

of differences between pain of maximum / minimum points was tested using an independent 

samples t test. Transformations of some of the data did not reduce heterogeneity of variances to 

nonsignificant Ievels [Levene Test, SPSS@ 9.0 for Windows (1999)], but the Kolmogorov- 

Smirnov Test showed normality. Furthexmore, the t test is generaiIy robust to variance 

heterogeneity (Zar, 1996), and the independent samples t test in SPSSB 9.0 for Windows (1999) 

includes an option for unequal variances which I used. SeasonaIity of 'Petroceiis' abundance and 

'Codiolum' density were compared. 

Mean densities of Manoella spiendem were plotted against tirne, and significance of 

seasonai differences determined by checking for overiap of 95% confidence intervals. M. 

splendens seasonaiity was compared to seasonal densities of '~orochytrîwn' to assess 

avaiIabiIity as a host. 



RESULTS 

'Petrocelrs ' seasonal abundance, Marked seasond fluctuations in 'Petrocelis' abundance 

were evident both at Sooke and Burrard Inlet. 'Petrocelis' abundance peaked in summer 1 early 

fil ,  and was at its lowest in the winter at both sites. This seasonal change was visible both nom 

the photographie tixne series and 50m ptotting mean surface areas against tirne (zero values for 

surface area were omitted fiom calculations). From October 1997 to January / Febniary 1998 

mean crust surface area decreased b y 43 % at Burrard Met (Fig. 3.1 A) and b y 58 % at Sooke 

(Fig. 3.2A); during the 6 month period fiom January / February 1998 to July / August 1998 crut 

surface area increased by 45 % at Burrard Met and 61 % at Sooke. These represent significant 

differences (al1 p's S .05, Table 3.1). 

Burrard Inlet crusts. 'PetroceIis' crusts at Burrard Met at the start of observation 

ranged fiom 1.95 to 20.49 cm' with a mean surface area of 6.29 (1 S.E. = 1.15) cm'. Crut 

distribution was much patchier than at Sooke, and in general 'Petrocelis' abundance was notably 

lower. Wichin one year 39% of the crusts for which epoxy markers could still be found had 

disappeared. The mean net change in surface area in one year was - 20%. reflecting this high 

mortality (Fig. 3.3A). This may in part be attniuted to dense settlement of juvenile bamacles 

on crusts (9118 m t s  in August 1998 were pdaiIy or totally covered by bamacles) as shown in 

Figure 3.4A. It is not clear if cmst tissues can persist beneath bamacle settlement, because 

barnacles were not removed €tom crusts. Among the 61% of cnists which sunived during the 

observation period, mean net change in nuface area in one year was + 30%. Change in surface 

area of individual crusts could not be examined, due to the thefi of field notes which identified 

the individuals, 

Sooke crusts. Crust patches at Sooke were larger, fiom 2.58 to 46.4 cm2 with a mean 

surface area of 14.3 1 (1 S.E. = 1.75) cm2. At Bamfield 'Petroceiis' crust size was difficuit to 

interpret due to overiapping with other cnists. Nonetheless, on average, patches were much 

Iarger than at Sooke, reaching sizes greater than 100 cm2. After 18 months, of those crusts stül  

identifiable at Sooke, 55% showed a net increase, 17% a net decrease and 28% had disappeared. 

This traasiates to a mean net change in surface area of - 24%, again refiecting the mortality of 

individual crust patches (Fig 3.3B) as was the case for Burrard Met. However, ammg the cnist 

individds which did not go extinct, the mean net change in surface area is +2L%. Although a 

considerable amount of variation exists ammg the individual crust patches (variances are high), 
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Figure 3.1 A Surface area of 'Petrocelis' cnist at Burrard Met over 1 year. Data are 
meam * S.E. from 26 crusts. Surface area values of zero were omitted nom the 
cdcuiation of the mean. B. ' CodioIum' densities at Bumd Idet. Data are meam 
* S.E. fiom cells counted in 30 'Petrocelis' patches. 
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Figure 3.2 A. Surface area of 'Petrocelis' crut at Soo ke over 18 months. Data are 
means S.E. h m  30 cxusts. Surface area values of zero were omitted h m  the 
caIcuiation of the mean. B. ' Codiolum' densities at Sooke. Data are means * S.E. 
h m  ceiIs counted in 30 'PetmceIis' patches. 



Table 3.1 Seasonal differences of 'Petrocelis' crut surface area. Results of independent 
samples t-test performed on pain of maximum and minimum data points shown in Figures 3.1A 
and 3.2A. The significant r value indicates a statistically significant difference amoag maximum 
and minimum d a c e  area values. Note that pairs of points correspond ta (1) (summer) fall and 
wuiter and (2) winter and summer. 

Oct. 1997 
Feb. 1998 

Feb. 1998 
Aug. 1998 

Sooke 

Oct. 1997 
Jan. 1998 

Jan. 1998 
Iuly 1998 

S.E. t P 

S.E. t P 

on average 'Petrocelis' crust surface area decreases significantiy in winter and increases 

significantly in summer (Fig. 3.2A). NO definitive relationship berneen crust size and change in 

d a c e  area was noted, excep t that the smallest individuais (2.5-3.5 c d )  tended to undergo 

iittle fluctuation in surface area, uistead exhibithg slow and steady growth in size. 

Crust dynmics and invertebrute observutions. On average cnists both at Sooke and at 

Burrard Met gew during the summer and early fall of 1997 as iiiustrated in the time series in 

Figure 3 .S. New growth of 'Petrocelis' was also apparent at Barnfield in the summer. In the 

field older parts of the crut were observed to be lighter in colour and thuiner- Limpets were 

rarely present in cnia photographs, nor observeci in any abundance m the field during the 

summer at ai i  three sites- 
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Figure 3.3 Surface area of 'Petroceiis' cmst patches at Burrard Met (A) and Sooke 
(B). Series 1 illustrates change in surface area of crusts where vdues of zero were 
omitted Series 2 uicludes zero surface area values, Le. cnists which disappeared 
during the observation period, to ihstrate crust survivorship. Data are means * S.E. 
h m  26 (A) and 30 (B) crusts. 







FolIowing this growth period, in the *ter, 80% of individuais at Sooke decreased in 

crut surface area or experienced patch hgmentation. This was also the pattern for the average 

of 30 crusts at Sooke and Burrard Met. In general, it took patches a minimum of 6 - 8 moaths to 

begin to disintepte, but loss of c ru t  tissue could easily be seen nom one 

month to another. At Sooke prirnarily central tissue seemed to be lost, with perimeter tissue 

more persistent. This was not as evident at Bunard Met where cnists were smailer and barnacle 

overgrowth made it di fficult to assess growth patterns. The limpets Tecntra scutum and Tectuta 

persona Rathke were found in abundance at Sooke and Burrard Met, and often observed on 

'Petrocelis' crust, fiom October to January and during this time photographs often revealed loss 

of cmst tissue Eom one rnonth to the next (Fig. 3.4C,D). Densities of 160 limpets m*2 were 

estimated nom Sooke cnist photographs taken in October and November 1997. C m t  patches 

with intricate patterns such as illustrated in Figure 3.4B were not uncornmon at Sooke. Gut 

analyses of Tectura scuturn limpets reveaied a muititude of diatoms, filamentous red and green 

algal fragments, foramini ferans and possibly cnist cellular components. No distinctive 

'Petrocelis' filaments could be identified. Limpets, as well as the chiton, Katharina tunicata 

were cornmonly seen on the rocky shores at Barnfield during the winter. 

Some fiagmented cmst patches began to regenerate lost tissue (most had not hilly 

regenerated by the end of the monitoring period) in the spring and summer. Other hgmented 

patches continued to lose tissue, decaying until eventually none of the original patch remained. 

New growth of cmst tissues was also obsenred. On a few occasions at Sooke it was difficult to 

assess whether the original marked crust had actually been a remnant of an older larger, 

continuous patch, parts of which still existed on a different area of the boulder (Fig. 3.4E). At 

Burrard Met difficulty in determinhg c r u t  mortality stemmed fiom dense overgrowth by 

barnacles obscurhg crust patches. Of those mts at Sooke which underwent another growth 

period in the spring and summer of 1998 (64%), a few produced intriguing time series patterns as 

a result of variable Ioss and regmwth of tissues. Often intemal spaces (loss of central tissue of a 

cru t )  became filled in with new tissue and subsequent loss of tissues resuited in a negative- 

image effect Fig. 3.5 (4,5)]. 

Eealtfi of crusts. Green-coloured, mucilagînous surface tissue (Fig. 3.4F,G,H) was 

noted for a number of crusts in July and August of 1998 at all three sites. Most individuals 

appeared hedthy-looking again by f a  1998, but a few seemed to continue to decay. This was 



less evident at Barnfield, because individuals could not be identified. The phenornenon had also 

been recorded (to an even greater extent with many cnists disintegrating) in the winter of 1996 

prior to the photographie time senes. Smallest individuals, however, were never observed as 

greenish or mucilaginous. 

At Bamfield olive-green c m t  existed interrningied with the darker red/brown 'Petrocelis'. 

Unlike the green mucilaginous c ru t  this c m t  ap peared healthy-loo king, and upon examination, 

revealed the same tissue structure as 'Petrocelis franciscana'. It has been suggested (R. Scrosati, 

pers. comm.) that this "healthy" cmst may be the tetrasporophytic phase of Martocarpur ~ardinii 

West; in culture it strongly resembles 'Petrocelis hciscana'  (West et ai. 1978). 

Crust recruitment. During the sampling penod only three crust recniits were detected, 

two of these a Burrard Inlet in Iuly 1998, the other at Sooke in June 1998. One occupied the 

area on a boulder where a known cmst had disappeared and the other two were observed in the 

vicinity of a known cmst which was still present. From the photograph of the Sooke cnist in 

question, it seems the new cnist may be a resunected cnist, i.e. it may have been present at an 

earlier time and have been part of a larger continuous cmst, since many hgments were still 

present on the boulder (Fig. 3.4E). In the spring and summer of 1997 pnor to sampling, several 

new c r u t  patches were noted on the base of the seawall at B u m d  Inlet. 

Figures 3.1 and 3.2 show that Tetrocelis' seasonal abundance, i. e. highest and lowest 

mean surface area, corresponds to highest and lowest 'Codioluml densities in these crusts at 

Sooke and at Burrard inlet. 

Mazzaella splendens serrsonu~ abundance and condition ufblades. Seasonal changes 

in density of M. sp[endens were similar for Burrard Idet, Sooke and Bamtield sites (Figs 3.6, 

3.7,3.8). The highest densities occuned in the summer months, corresponding to the highest 

'ChIorochyüium' densities in these bIades for Sooke, Burrard Met (summer 1998 only) and 

Bamfield (summer 1998 only). This pattern was less evident for Barnfield. Durhg the wiater 

months M. splendens densities were lowest (and sigaificantly lower than summer densities based 

on 95% confidence intervais not overlapping). In fact at Sooke and Barnfield, densities of < 

0.1/m2 and absence of blades in the intertidal were recorded; at Burrard Met blades appeared to 

persist year round, aithough markedly decreased in number. 'Chlomchytrium' dendies were 
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Figure 3.6 A. MruraelZa spiendenî density t S.E at Burrard Idet over two years. The 
pointquarter method of density estimation was based on Iocating 8 random points dong 
a transect. B. 'Chlorochytrium' densities at Burrard Inlet, Data are means I S.E. fkom 
ceIIs counted in 30 M. splendens blades. 
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Figure 3.7 A Mizzzae&Za splendens density & S.E. at Sooke over two years. The point- 
quarter method of density esthnation was based on locatîng 8 mdom points dong a 
transect. B. 'Chlorochytnum' densities at Sooke. Data are means t S.E. h m  ceiis 
counted in 30 Mmraella splendens blades. 



A, Mazraella spiendens 

Figure 3.8 A. MctzzaeIh splendenr denaty + S.E. at B d e I d  over two years. The point- 
quarter method of density estimation was based on Iocatuig 8 mdom points dong a 
transect. B. 'ChIorochytriumi densities at Bamfield. Data are means 2 S.E. fiom ceils 
counted in 30 Mozzaeik spimdens blades. 



lowest late fd to early spnng. 

A total of 1840 Mauaella splendens blades were microscopically exaxnined over two 

years, and a number of observations regarding the seasonal condition of thalli was recorded (see 

Table 3.2 for a detailed account). 

Table 3.2 Seasonal condition of Mnzzaella splendens thaili. 

Site Blade condition Epiphyted-zoans Littorinids Other 

Burrard Met bleached blades 
(May '96/'97ft98, 
July/Aug. '98) 
taîtered 1 
"chewed" blades 
(Aug - Jan) 

Sooke bleached b t ades 
(AprJAug.98) 
taîtered / 
'2 hewed" 
blades (Aug-Jan) 
few b tades Dec- 
Jan 

Barnfield bleached bIades 
(MayIJun '98) 
tatteredl 
"chewed" 
blades (Aug-Jan) 
few blades Dec- 
Jan 

Microcladia 
Enteromorpitu 
bryozoans 
diatoms 
juvenile musseis 

Enteromorpha 
bryozoans 
diatoms 

Microcladia 
(150 % Ju-Oct) 
Enteromorpha 
bryozoans 
diatoms 
Porphyra 

'teins"' 
+ 30-70 % 

Apr - Nov '98 

''vein~''~ 
- 20-30 % 

Apr - Nov '98 

Endodictyon 
1996 

- - - 

see Fig. 3.4 1, J 



rChlorochytrium ' survivai in drift MazzaeUa splendens blades. M e r  7-10 days 50% of 

the 'Chlorochytriumr cells examined (about 50 cells) from the 12 "drift" M. splendens blades 

fkom Sooke had darkened at the apex and become olivetoloured with a more uniform texture. 

Some had developed a protuberance at the apex; pyrenoids were no longer visible and a few cells 

showed red pigment suggesting the presence of eyespots, as was observed in fertile cells 

releasing zoospores. None released zoospores. M e r  one month 'Chlorochytrium' celis were 

still heaithy-loo king and most had acquired the fertile-looking condition; only two M. splendens 

blades remained healthy-looking. B y mid-January (two months in laboratory seawater tank) host 

blades were in very poor shape, but average 'Chlorochytnum' size had increased to 180-200 p 

(nom 120-160 pm), cells looked fertile and healthy and zoospores could be seen within ceiis. 

The M~naella spienderu blades colonised b y 'Chiorochytrium' which had been placed 

in an outdoor tank at Bamfleld in December 1998 were found dead a month later. When the tank 

was checked in early Febmary green filaments (1-2 cm long) growing in the tank were identifiai 

as Acrosiphonia arcta. No green filaments were present in the control tank. 

DISCUSSION 

'Petrocelis' dynamics. Conspicuous seasonal changes in Tetrocelis' abundance occur in 

habitats such as those examined a? Sooke and Burrard Inlet, contrary to work conducted by Paine 

et al. (1979) at the entrance to the Strait of Juan de Fuca, near Neah Bay, Washington State, and 

Dethier (1994) in the San Juan Islands, Washington State. Since TetroceIisl has the capacity for 

rapid growth and regeneration (as shown in the photographie time series, Fig. 3 3 ,  it is necessary 

to monitor abundance over short time intervals, i.e. if individual crusts are only samplcd once or 

twice a year, it may appear to the observer as though crust patches are static, when indeed they 

may not be. Mean crut  surface area at Sooke and Burrard Idet peaked in summer / eariy fd 

1997 and summer 1998 with the lowest surface area occuning in winter 1997. On average 

'Petrocelis' crusts experienced as much as -58% surface area change over the winter and +61% 

in summer / fall; hence surface area is clearly not static. The net change of +21/3O% over 12/18 

months for patches which mrvived the obsemation period refiects 'Petrocelis' ability for rapid 

regeneration and vegetative growth. Dethier (1994) fotmd 'Petrocelis' ta have the fastest growth 



rate (sorne individuals doubling in size over two years) among cnists sampled in the San Juan 

Islands, but she did not detect seasonal changes in Tetmcelist abundance, perhaps due to 

infiequent sampling (twice yeariy) . 
Paine et al. (1979) followed the fate of individual cnists at 1 to 6 month intervals over 6- 

7 years. Uuiike my study, crusts exarnined by Paine and CO-workers (1979) in general grew 

much more slow iy (4% y*' increase in surface area) and on average experienced a period of 

variable growth (about 3 years), a penod of size stability (3-4 years) and a terminal period of 

patch tiagrnentation. In the present study 'Petrocelis' patches at Sooke and Burrard Met 

h p e n t e d  within 6-8 months. Major dineremes between the NO studies which may account 

for differences in crust performance are habitat type and crut patch size: the average size of 

patches was much greater (2 100 cm') at the San Juan Islands site where the habitat consisted of 

a sandstone wall (occupied by few macroalgae) with 'Petrocelis' found 2.3-2.4 m above the zero 

tidai datum. At Sooke and Burrard Inlet 'Petrocelis' grew on granite boulders covered by a high 

diversity of macroalgae (absent in the winter), and was present throughout the intertidal. Paine 

et al. (1979) did, however, note that patches fiom closely neighbouring sites tended to behave 

differently, with some patches showing a seasonal change in percent cover. Furthemore, they 

were surprised by the microtopographic variability in individual c m t  performance (some 

increasing in size while others fragmented). This is consistent with results from Sooke: 

dthough the average of 30 individuals shows the pattern in Figure 3.2, large variation was 

evident among individuals. Had it been feasible to follow discrete cma patches at Bamfieid, 

where crut  size of individuals was comparable to San Juan Islands crusts, but substratum 

consisted of consolidated rock, it is possible that patches wouid have been observed to be more 

static. 

Aithough individuai crust patches were much smailer at Sooke and Burrard Met than in 

the San Iuan IsIands and Bamfield, severai bouiders observed at Sooke were covered in cnist 

fhgments (Fig. 3.4E). This observation suggests patches on the same bouider may have once 

made up a single large continuous patch. There are of course other explmations such as habitat 

type and age of crut patches which may account for smaiier patch size at Sooke and Bunard 

Met. "Resurrections" were suggested by this and the study of Paine et ai. (1979). and are 

thought to occur as a resuIt of aIgal tissue remaining among the rock matrix at3er cwt patch 

disintegration (Paine et al. 1979, Kitting 1980). 



The relatively low survivorship (61.72%) of crusts followed for up to 18 rnonths has also 

not been reported previousl y. Paine et al. (1 979) found 70% survivorship over 6-7 years, with 

many prtches requiring a minimum of 4 yem before undergoing fragmentation, and mortality 

being confined to the smaller individuals. In my study individuai mts began to break up 

within 6-8 months, and the smallest individuals (2.5-3.5 cm2) did not seem any more susceptible 

to mortality than larger patches. ui light of the phenomenon of crut resurrection, mortaiity of 

individual cmts  can only be ascertained with confidence over a much longer time period. 

Furthemore, juvenile bamacle overgrowth at Burrard Met may account for the apparent 

mortaiity of many of the patches. The question of whether 'Petrocelis' really lives for decades 

(Paine et al. 1979) on boulder strewn shores therefore rernains unanswered. 

Recniitrnent is then also diffîcult to assess (recniit or resurrected crut?), especially when 

cru t  patches exist nearby. A h .  the basal system of gametophytic Mastocnrpus is 

indistinguishable fiom the crustose tetrasporophyte in the field (Dethier 1987). Misidentification 

of new cnists could occur either early in the spring when garnetophytes are becoming newly 

established or when herbivore pressure is high and removes the upright portion of Mc~stocarpw. 

Nonetheless, considering only three new c m t  patches were observed while monitoring 60 cmts 

at two sites over 12-18 months, it seems recruitment is low as concluded by Dethier (1994) and 

Paine et al. (1979). Furthemore, in the northem part of the latitudinai distribution range in the 

northem hemisphere, direct deveiopment of the bladed phase of M&ocalpus fiom carpospores 

is believed to predominate over a heteromorphic aiternation of generations (Polanshek and West 

1977, Guiry and West 1983, Zupan and West 1988). Accordingly, m t o s e  tetrasporophytes 

would not be expected to become established with any great Eequency. With such low 

recruitment it seerns pwzling that high rates of mortality would be the nom. Perhaps many of 

the crut patches which disappeared at Sooke and Burrard Iniet are still to be "resurrected" with 

time. 

MechaniSm for seasonalputtern of 'Petrucelis' abundance. It seems intuitive that 

sprhg and summer represent favourable periocis for growth ofcrusts at Sooke and Burrard Inla 

Other macroalgae, such as Cnvu, Fucus, the bladed phase of Mmtocu~pus, Porphyra and 

nlamentous reds present on bouiders, aIso experienced growth at this tirne. Paine et al. (1979), 

unlüre this study, documented an increase in percent cover (for those crusts exhibithg a seasonai 

paneni) h m  roughiy October to May wÎth lowest percent cover o c c ~  in the summer- This 



sumrner decrease is purported to be due ta the annual sloughing of central tissues. Dethier 

(1 987) found some reproductive crusts to be greenish and mucilaginous, and believed Uiis to be a 

resuit of the sloughing of loose filaments with tetraspores. Since fertile 'Petrocelist has only been 

found in late October to January (pers. observation, Dethier 1987). this phenomenoo does not 

coincide with the systematic sloughkig of tissue observed by Paine et al. (1979) in the summer. 

In my study green mucilaginous tissue that appeared to be disintegrating was noted in centrai 

portions of some crut  patches only in the fall of 1996 (these crusts were reproductive) and in 

August 1998. Consequently, decreases in crut  surface area and hgmentation at Sooke and 

Burrard Idet can not be attnauted to annual episodes of sloughing of reproductive tissue or 

senescing intemal tissues. 

Tectura scuturn. the predominant limpet at Sooke and Burrard Met, was observed in 

abundance on crusts in faIl and winter. the penod coinciding with loss of cmst tissue. This led to 

speculation on the role of herbivory in reducing 'Petrocelis' crut  abundance. Laboratory feeding 

experiments @ethier 1994) and underwater listening techniques and observations (Kitîing 1980) 

revealed that Washington and California T e c m  scutum do readily feed on 'Petrocelis', and are 

capable of damaging and removing tissue. However, both Dethier (1994) and Kitting (1980) 

failed to suggest herbivory rnay play a role in decreasing 'Petrocelis' abundance. Kitting (1980) 

concluded that high densities of limpets on central California vertical rock faces did not decrease 

aigal abundance detectably, but cited at least two cases where rock was exposed within a crust 

patch while lirnpets were observed feeding. Photographs showed that such damage persisted for 

a year or more while tissue was generated to slowly fil1 in the space. Dethier 's (1994) 

expenmentai h p e t  manipulations in the San Juan Islands revealed significantly more Ioss of 

c m t  percent cover in treatrnents with nomai (and higher than normal) densities of b p e t s  than 

in limpet exclusions. 

What does the available evidence fmn this study suggest? Tectura scutum got analysis 

was unsuccessful in revealing 'Petrocelis' filaments, but based on the above studies we can 

assume this h p e t  readily consumes and is capable of damaging 'Petrocelis'. An abundance of 

T. smzum on crusts in Sooke and Burrard Inlet photographs in the fall and winter (the penod 

which coincides with loss of crust tissue) and low densities observed in the summer, suggest 

herbivore presmre may be seasonal. And yet, can variable herbivore pressure alone explain 

cmst decrease (detected within just one month for some crust individuals), fragmentation within 



6 - 8 months and rnortality, when contradictory evidence is oEered b y Kitting (1 980) and Dethier 

(1994)? A combination of factors rnay better support a mechanism for this phenomenon. 

Herbivory rnay visib 1 y decrease 'Petrocelis' abundance in winter in association with 

senescence of tissue of older crusts and abiotic factors. Environmentai conditions are less 

favourable for growth in winter, and rnay acnially tend to weaken central portions of crut  tissues 

(e.g. the effect of higher than normal rainf'l) making them more susceptible to grazing. 

Furthemore, environmental events such as higher thaa normal water temperature c a w d  by El 

Nio rnay result in variable cmst hedth from year to year. Senescence of tissue of older CTUS~S 

rnay result in visible sloughing, or also contribute to weakening central portions of 'Petrocelis'. 

Other factors which rnay affect cnist health and contnbute to decreasing crust abundance include 

bacteria cover and bamacle settlement. Thick cover of bacteria was shown by Dethiefs (1994) 

laboratory study to resuit in sloughing oCbPetrocelis' tissues. h contrast to Paine et al.5 (1979) 

study where the presence of 'Petrocelis' was concluded to inhibit the settlement of barnacles, at 
x' 

Burrard Met, where barnacle densities were hi&, the photographie time senes unequivocaiiy 

revealed the settlement of juvenile barnacles on 'Petrocelis'. 

Failure to recover in spring and summer fkom tissue Ioss in fdl and winter (e.g. extremely 

high herbivore pressure, adverse environmental conditions andlor extensive senescence of 

tissues) could result in a decay process whereby the more permanent penpheral tissue becomes 

discontinuous and eventually the isolated kagments disappear. 

Fuaher experimentation, e.g. limpet exclusion and Tectura scutum feeding behaviour 

studies, and observation over a longer t h e  period are necessary to identify the key factors 

playing a role in this complex phenomenon at Sooke and Burrard Met. 

Iniplcations for 'Codiuium ' survivaf and duration in host. On average, regmeration of 

10s c m t  tissue and growth of 'Petrocelis' occur from spring to early fdl, coinciding with hi& 

deIlSities of small endophytic 'Codiolum' cells (Figs 3 .1,3.2). Consequentiy 'Petrocelis' is 

abundantly available for colonisation by 'Codiolum'. It is unknown if dense barnacle settlement 

on 'Petrocelis' (as shown at Burrard Idet) may interfere with 'Codiolum' colonisation. The 

demase in c ru t  d a c e  area observed in fail and winter coincides with the reproductive 

phenology of 'Codiolum' (fertile 'Codiolum' cells were present h m  October - Apd, Chapta 2), 

implying that many endophytic ceiis rnay lose their host before they have had a chance to release 

zoospores. The question of whether 'Codiolum' can survive an epilithic or pelagic existence is 



without answer. it is interesting to note that there exists synchrony of phenology between host 

and endophyte: 'Petrocelis' crust patches with divided tetraspores were observed 6rom 

October/November - February/March, coinciding with fertile 'Codioluml. What this also means 

is that some reproductive cmst tissue is lost. This may, however, be of little consequence for 

'Petrocelis' persistence if, as aiready mentioned, the foliose phase of Mastucarpas commody 

develops directly from carpospores rather than the tetraspores of 'Petrocelisl in the northem 

reaches of Mastocarpur distribution (growth may play a larger role than sexud reproduction in 

the maintenance of 'Petrocelis') . Depending on herbivore pressure, environmental conditions 

affecthg the health of c ru t  tissues and the extent of any decay of tissue through senescence, 

'Codiolum' swivonhip may be quite variable nom year to year. However, those 'Codiolum' 

present in c m t  portions which are consumed by limpets rnay be able to survive partial digestion 

in the herbivore gut. Defecation of still viable seaweeds is known nom sea urchins (Santelices et 

al. 1983) and molluscs (Jemakoff 1985). The tendency for 'Petrocelis' to undergo conspicuous 

fluctuations in abundance at Bunard Inlet and Sooke, implies that it may not be as ideal a host as 

suggested by Paine et al. (1 979). 

The duration of 'Codiolum' of S 1 year was suggested by size class data and the 

'Codiolum' life history schematic (Fig. 2.13, Chapter 2). This is consistent with large seasonai 

decreases in 'Petrocelis' abundance: if host tissue loss occurs every fdl I winter, the exit of 

%odioluml zoospores and consequent tenination of Amosiphonia's endophytic existence until 

new colonisation of 'Codiolum' every spring, is not surprising. Kommann (1964) conciuded 

'Codiolum' persists for more than one year within 'Petrocelis' in Helgoland, Gemany (Chapter 

2). To my knowledge 'Petrocelis' seasonal patterns are unkaown for Helgoland. The fact that 

'Pet~ocelis' c ru t  patches on boulders in the intertidal of southwestern British Columbia are aot 

as static as they were believed to be, suggests endophytes have evolved a strategy whereby they 

minimise their time spent in the host, becomuig reproductive when host tissue loss is most WEeIy 

to occur. As such their Iife history can be considered to be synchronised with that of their host. 

MazzaelIa splendens dynarnics. The seasonal changes in Mp~uelIa splendens density 

shown at Burrard Inlet, Sooke and Barnfield are similar to those observed by Dyck and 

DeWreede (1 995) at Burrard Idet and F. Shaughnessy (pers. comm.) at Bamfield in l99O-l99I. 

Mnacella splendens density peaks in the summer months when environmentai conditions are 

favourabIe for growth, and decreases drasticalIy in the winter. Lower Iight and temperature are 





'Chlorochytrium' through the winter. And hally, 'Chlorochytrium' which have colonised the 

basal portion of M. splendenr blades would be more ükely to stmive the winter. 

Based on observations of Mauaella splendens blades colonised by 'Chlorochytrium' that 

had been collected at Sooke in November and left in a seawater tank, it does not seem that M. 

splendens blade dislodgement triggers 'Chlorochytrium' to become reproductive. Nor do M. 

splendens blades remain healthy long enough for 'Chlorochytrium' to develop and release 

zoospores. However, the fact that 'Chlorochytrium' cells remained healthy-Iooking after two 

months within decaying fragments of  M. splendens blades, and were capable of increasing in 

size and resembling pre-zoospore release cells, suggests 'Chlorochy~um' may be able to 

achieve reproductive status despite deterioration of its host. Additional evidence for this 

hypothesis is provided by the Bamfield experiment: Acrosiphonia arcru was found growing in 

the sarne tank where h .  splendens blades colonised by 'Chlorochytrium' had been found dead 

one month prior in January 1 99 8. Although furthet experhentation with replication is necessary 

to confirm this result, the real possibility exists that 'ChIorochytrium7 can persist and become 

fertile, releasing zoospores, despite mortality of its host If this is the case, it is also significant 

in terms of meam of dispersal for Acrosiphonio. Russell (1967) showed that dnfting fertile 

hgments of the Ectocarpaceae were able to stay alive for severai months and produce 

sporangia He and others (Ho fhann I987, van den Hoek 1987) argued that drifting mature 

thalli are an important means of dispersal. However, the fact that M. spïendens blades are not 

partîcularly buoyant and thus sink, must be kept in rnind when considering endophyte suMvaI 

and dispersai via drift thalli. Of course, as with 'Codiolum', the question of whether 

'Chlorochytrium' can s w i v e  fkee-living, once its host has disappeared, is of extreme interest. 

The fact culture studies (Jonsson 1959a 1959b 1962 1966, Kornmann 196 1 1964, Chihara 1969, 

Hudson 1974, Miyaji 1996) showed 'Chlorochy&rium' and 'Codiolum' capable of setthg on 

glas  and growing independent of their host, does not d e  out this possibility. 

The presence of subtidal Manoellu sglendeni year round (F. Shaughnessy, pm. comm.) 

could be important for 'Chiorochytrium' colonisation during years where winter s tom are 

severe and leave little M. splendens attached in the intertidai. Although it was not possiile to 

identify 'Chlorochytrium' cells in the basal cnist of M. sglendem (tissue being too thick), cells 

were often observed near the base of the blades. Ifgeneraily more distai parts of the blade are 

Iost, then endophytic cells Iocated closer to the base stand a higher chance of s u r v i e  the 

winter within their host. 



The Me history schematic for 'Chlorochytrium' based on unicell size (Figure 2.7, Chapter 

2) suggested an annual cycle for the endophytic cells. Like 'Codiolum', 'Chhrochytnum' in 

southwestern British Columbia, rnay have evolved to synchronise time spent in its host with the 

one year lifespan of bIades of interîidai Monaella splendens. Even those M. splendens blades 

which persist through the winter, and thus enable 'Chlorochytrium' to become fertile within its 

host, are not believed to survive much longer than one year (pers. observation, pers. cornm. L. 

Dyck). No data are available for the longevity of subtidal M. spiendens other than the fact they 

are present in the winter. For those 'Chlorochytrium' which are vegetative at the time their host 

is dislodged fiom the substratum, evidence discussed in this chapter suggests they may d l  be 

capable of reproducing and releasing zoospores. Furthemore, should 'Chlorochytrium' colonise 

the basal crust of M. splendens, yet another means for 'Chiomchytrium' survivai to reproduction 

exis ts. 

This chapter has established host availability and illustrated the large number of factors 

and complexity of interactions that play a role in the sunrival and reproductive rnaturity of 

'Codiolum' and 'Chlorochytrium'. Acrosiphonia's sporophytic phase. These host / endophyte 

relationships may be highly specific, ie. obligate symbiotic associations involving a limited 

number of host species, or non-specific with endophytes employing a wide variety of algal hosts. 

Chapter 4 will investigaie host specificity of Acrosiphonia's sporophyte, and whether the n a W  

dynamics of the endophyte can be generalised for the range of hosts. 
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CHAPTER 4 

HOST SPECiFICITY OF ACROSPHONIA'S SPOROPHYTE, 
'CELOROCHYTRIUM' AND 'CODIOLUM' 

INTRODUCTION 

A number of red algal hosts have been reported for 'Chtomchytrium inclusum' (Table 

4.1 ), whereas 'Codiolum petrucelidis' has only been found in the red algai cmts  'Petrocelis' spp. 

and Haemescharia hennedyi. It is unknown if al1 of the endophytic green unicells identifieci as 

'Chlorochytrium' represent the sporophytic phase of Acrosiphonia. Nonetheless, the presence of 

putative 'Chlorochyûiumr cells in such a wide range of red algal species, suggests Acrosiphonia's 

sporophyte rnay exhibit relatively low host specificity. in this study the range of algal host 

species for 'Chloroc hytrium' and 'Codiolum' in southwestern British Columbia was investigated. 

Endophytes representing red, brown and green algae have been reported h m  numerous 

algal hosts (Garbary L979, Boney 1980, Tarn et al. 1986, Correa et al. 1987, Peters 199 1, 

Ellertsdtittir & Peters 1997). Few studies, other than the extensive work on red algal parasites 

reviewed by Goff (l982), have, however, investigated host specificity of aigae associated with 

other aigae; fewer still have focused on host specificity of endophytes, and most of these were 

based on field observations. Recent cross-infection experiments, primarily with the green algal 

endophytes Acrochaete opernrfatu Conea & Nielsen and Acrochaete heteroclada Correa & 

Nielsen (Correa & McLachlan 1991) and Endophyton rumosum Gardner (Sanchez et al. 1996), 

have more ngorously examined the range of hosts for algai endophytes. Colonisation of 

macroaigae by green algal endophytes has demoastrated Iow ( h a  & Tatewaki 1987, Correa & 

McLachlan 1991) to hi& (Conea & McLachlan 199L) host qecincity. Sanchez et al. (1996) 

showed that endophytes may colonise a greater variety of hosts in laboratory cross-infection 

experiments than in nature, since Endophyton ramosum was capable of colonising algae that 

have not been found colonised in the field. 

The mechanisms involved in aIgaI hoa specificity remain poorly understood. Host 

specificity may be ecologically deteRllined, i.e. the endophyte requKes a specinc set of 

physiological conditions which are met in the microaiche estabfished on the host's d a c e  

@ickson & Waaland 1985, Hansen 1986). On the other hand, since the endophyte must breach 

structuraliy and chemically diverse host components, by mechanid or enzymatic means or both, 



Table 4.1 Red algal hosts reported for 'Chlorochytrium'. Note a l l  herbarium specimens were 
examined by me for the presence of 'Chlorochyûium'. 

Species 

Mmuella splendens 

Schizymenia pac~sca 

Mmocarpus papillattrs 

Polyides rotundus 
Weekria sp. 

Famiiy 

Gigartinaceae 

Schizymeniaceae 

Phyllophoraceae 

Constantinea 
subuli$iera 

Order 
# 

1 
Polyideaceae 1 Gi~artinales 
Weeksiaceae 1 Cryptonemiales 

Dilsea cali$ornica 
Farlowia sp. 

Location 

Gigartinales 

Gigartinales 

Gigartinales 
Puget Sound, Wash. 1 Hudson. 1974 
Helgoland, Germany [ Konimann, 1964 
Sitka, Alaska 1 Setcheii & Gatdna, 

Dumontiaceae 

CoUector 1 Refereme 

Dumontiaceae 
Dumontiaceae 

Sarcophyllis arcrica 1 Dumontiaceat 

interactions between the chemicai and structurai composition of the hoa may determine host 

specificity. For colonisation of red rnacroaigae by green endophytes, both structural (Bird et al., 

198 1) and chemicai (Correa & McLachlan 199 1, Sanchez et al. 1996) characters have been 

imp licated in host specificity. 

Recent studies of red algal hosts have established a close relationship between 

suxeptibility to colonisation and the type of polysaccharides present in the host's ceU waiI. 

Endophyton rtzmosum, the causative agent of green patch disease in Mapuella laminarioides 

(Bory de Saint-Vincent) Fredericq, was found to rarely ùifect agarophytes in cross-infection 

trials (Sanchez et al. 1996). SuniIariy, Acrochaete opercuiata, a green endophyte, oniy 

colonised the carrageenophytes Chondm c r i s p  Stackhouse and In'daeu cordata (Tm) Bory 

when subjected to infection experirnents with both agarophytes and canageenophytes (Coma & 

McLachian 199 1). Sûucnually similar hosts, but with different ce11 wail compositions were 

Southwestern B.C. 
Puget Sound, Wash. 
Puget Sound, Washc 

Burrard Met, B.C. 

Cryptonemiales 

Cryptonemiales 
Cryptonemiales 

Cryptonemiales 

Kallymenia sp. 

Halimenia sp. 
1 

Porphyra sp. 

Chapters 2,3 
Hudson, 1974 
Hudson, 1974 
Chlhara, 1969 
C. Borden pers.comm 

1 1 Freeman, 1899 

KalIymeniaceae 

Cryptonemiaceae 

EUiodyrneniales Palmaria mollir 

Sooke, B.C. 

CryptonemiaIes 
Cryp toncmiales 

Arctic Sea 
Vancouver Isl., B.C. 

Ridley hl., B.C. 

Rhodymeniaceae 

Bangiaceae 

1920 
üBC Herbarim 
#A33090,I968 

Europe ) Cohn, 1872 
Japan 1 Miyaji 8r Kurogi, 

1976 
Kjeliman, 1883 
UBC Herbarium 
#A33546,1968 
UBC Herbarium 

Scanduiavia 
Prince William 

#A64855,198 1 
Printz, 1926 
üBC Herbarium 

Bangiales 
Sound, Alaska 
Vancouver Isl., B.C. 

#A60616,1979 
UBC Hexbarium 



diflerentiaily infected, whereas StnicturalIy different hosts, but with similar cd1 wail 

compositions, showed similar susceptibility to infection. These studies suggest endophytes may 

be capable of discriminating between agar and carrageenan-producing algd hosts. 

in the Gigartinaceae the isomorphic generations, although stnrcturally similar, have 

different carrageenan types in their cell walls (McCandless et al. 1975, 1983; DiNinno et ai. 

1979, Whyte et al. 1984, Correa-Diaz et al. 1990, Chopin et ai. 1999). The sporophyte has A- 

type carrageenans (and any combination of 0, a, c, x carrageenans) and the gametophyte K-type 

carrageenans (including L carrageenan). Although Acrochaete opercdata penetrated the outer 

wall of sporophytic and gametophytic fionds of Chondrus crispus in Correa and McLachlan's 

study (1991). subsequent development did not occur in garnetophytes. A sirnilar association was 

established with the sporophytic phase of lridaea cordata, indicating that the life history phase / 

carrageenan type of the host may determine susceptibility to colonisation by A. operculata. 

Other species in the Gigartinaceae and species with ii carrageenan were not tested. Aithough no 

cross-infection experiments were carried out with putative hosts for 'Chlorochyûium' and 

'Codiolum' in my study, susceptibility of colonisation behveen agarophytes and 

carrageenophytes and between different phases of a single host species was determineci by 

comparing endophyte densities. 

To shed light on the host specificity of Aoosiplionia's sporophyte in southwestern British 

Columbia this snidy (1) determines the degree of host specificity for 'Chiorochytrium' and 

'Codiolum' by examination of the foliose Rhodophyte species and cnistose species present at 

Burrard Idet, Sooke and Bamfield; (2) considers the role of structural and chernicd characters of 

the host versus host availability ! chance settlement for determinhg host specificity and (3) 

speculates on the natural dynamics of 'Chlorochytrium' and 'Codiolum' over the range of theh 

hosts* 

M A T E U S  AND METHODS 

Putative Los? species for 'ChIorochytnÙm ' and 'Codiolum '. Collection of foliose red 

aigae and cnistose aigae for identification of hosts for Acrosiphonia's sporophytic phase was 

carried out h m  July 1995 to November 1998. Due to time coi1Stiflitlts while workmg in the low 

intertidal zone, difficulty in removing the thinner cnists fiorn boulders and the fact many foliose 



red algal species were present in low numbers, no specific protocol was adhered to for collection 

of putative hosts. 

Bladed red algal species were collected haphazardly in the low to high intertidal zone 

(0.2 - 5. lm above zero tidal level) of the snidy sites at Burrard Met, Sooke and Bamfield 

whenever t h e  pemitted (approxknately two or three times a year) and were representative of 

species present. Table 4.2 provides samp h g  dates at the three sites. The number of blades 

collected refiected the seasonal abundance of particular species. Mnnoella linearis (Setchen& 

Gardner) Fredericq and ~ l h a e l l a  cornucopiae were collected outside the study site at Bamfield; 

M. linearis in the low intertidal zone in an area of higher wave exposure and M. cornucopiae in 

the high intertidal zone of a less wave-exposed site. At Sooke Mouaella sanguinea (Setchell flr 

Gardner) Hommersand was found as drift. Data from collections by students working under my 

guidance are included in this chapter: in May 1997 Jan Le Moux collected al1 foliose red algai 

species found at B w d  inlet and Sooke, and in 1998 Dana Small's Honours project enabled a 

more thorough sampling of putative hosts for 'Chlorochytrium'. For the period February 1998 to 

November 1998 we focused samplhg effort on the Sooke site (since the greatest densities of 

'Chloroch ytriumt in Mazzuella splendens were found there in 1 997, Chapter 2). Sampling at 

Sooke was more intensive (eight occasions) than at B m d  Met or Bamfield (Table 4.2). 

Ail red algal blades were identified to species where possible, wnipped in newspaper and 

fkozen. Examination for the presence of 'Chiorochytriurn' involved thawing the blades and ushg 

magnification. For the species Chondracanthus exasperatus (Harvey & Bailey) Hughey and 

Matucarpus pupillatus the thiclmess of the blades prevented detection of endophytic ceiis with 

a dissecting microscope. Rather than engage in labour intensive cross-sectioning of blades for 

'Chlorochyûium' detection, blades were bleached in boiling water for a few seconds. Blades 

became semi-transparent (the red algd phycobiiin pigments are more soluble in water than 

chlorophyll), enabling them to be examined microscopicaily. 

Identity of the green unicells endophytic in the foliose red algal species collected was 

primarily based on morphological characters. Since high densities of ceiis were found ody 

withia Schiiiynieniu pacifica, ITS sequencing was only employed for establishing the identity of 

endophytes in Schiqmenia. The KS 1, ï ï S 2  and 5.8s regions of endophytes fiom three isoIates 

of Schizynmia were sequenced. The protocols for DNA extraction of Monaella splendens aud 

%hlorochytnuml tissue (rather than the method requiring isolation of ceiIs h m  host) and 

amplification and sequencing of l~orochytnum' fÏom M. splendens blades (Chapter 2), were 



Table 4.2 Collection dates for putative host species for 'Chiorochytrium' at B m d  Met, Sooke 
and Banfield and their relative abundance from (+) low to (*) high numbers. A (-) indicates 
the species may have been present but was not collected 

coiiected fiomvery wave exposed site 
coiiectcd as drift 

Sooke 
Species 

Marroelkr spiendens 
Mazzaella heterocarpa 
M&ia smguinea' 
M'tocarpus papillatus 
Schl'rymenia paci&u 
Polyneura latirsima 
Palmaria palmata 
Porphyra sp. 
Srnithora sp. 

, Callophyl?isfinna 
Rhodoglossum sp. 
Ckyptopleura sp. 

Mar. 96 

+ 
- 

My96 
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- 
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- 
+t+ 

+ 
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used. 'Chlorochytrium' density calculations were carried out as stated in Chapter 2 for celIs 

withia M. spiendem. However, since a number of people were involved in estimating ceK 

densities of different blades, it was necessary to ensure estimates among workers were 

cornparab le. 

Thirteen patches of the crustose brown alga, Ralfsiu paczjka, and 18 patches of the red 

cmt, Hildenbrandia occidentulis. were collected randomly from the mid intertidal zone at 

Bamfield (1.4 - 1.9 m above zero tidal level) in October 1998. At Sooke 30 patches of Ralfsia 

were obtained throughout the intertidal zone (0.2 - 2.1 m above zero tidd level) in May 1998. 

These sampling dates were chosen to correspond to periods of high 1997 'Codiolum' densities 

found in 'Petrocelis' at Bamfield and Sooke (Chapter 2). Only 'Petrocelis' was collected fkom 

Bmard Inlet. Cnists were removed by scraping patches of approximately 5 x 5 mm with a razor 

blade; these cmsts were then air dned and later hydrated for detection of 'Codiolum' cells. The 

same procedures descnbed in Chapter 2 were carried out for 'Codiolum' detection and density 

calculation. Due to very low densities of endophytic cells, DNA analysis was not attempted; 

instead identification depended on ce11 morphology. 

'Chlorochytriunc ' affinity for life history phase. Non-reproductive Moanella splendens 

blades, examined for lChlorochytriumf, were analysed with resorcinol reagent (Dyck et al. 1985, 

Garbary & De Wreede 1988, S haughness y & De Wreede 199 1) to determine their life history 

phase. A 5 mm diameter disk was removed fiom each M. splendens blade using a single-hole 

paper punch; disks were then air dned and tested with resorchol. A red colour deveiops if K- 

type carrageenans are present, indicating the blade is garnetophytic, whereas the tetrasporophyte 

remains colourless, indicating the presence of h-type carrageenans. A control of hown 

reproductive phase was included in d l  resorcinol tests. 

Diata analysis. 'ChIorochytnuml densities within each host were compared with densities 

within Mwuelfa spiendm to determine if the host is as susceptibie to colonisation as is M. 

sptendens. Likewise, 'Codiolum' densities in Hildenbrundin and in Ralfsia were compared with 

densities in 'Petrocelis'. Independent samples t tests were perfomed using SPSS 9.0 for 

Windows (1999) for each host 1 M. spiendm or 'Petrocelis' pair, as well as to detemine whether 

%hlorochytnuml densities differed significantly among teüasporophytic and gametophytic 

Mmraella spiendens blades. In several tests the assumption of equd variances was violatecl 



(Levene Statistic), with transformations of the data failing to reduce heterogeneity to 

nonsignificant Ievels. Al1 data, however, satisfied the Kolmogorov-Smimov Test for normality, 

and t tests are suficiently robust when sample sizes are large (2 30) and nearly equal (Zar 1996). 

In only a few cases, where foliose red algal species were scarce, sample sizes were mail (e.g. n 

= 5, n = 8) and unequal to M. spfendens sample sue (approximately 30). Small sample size 

decreases the power of the test (Zar 1996), Le. reduces the probability of detecting a merence 

between means (Type Il error). Yet, non-pararnetnc tests have an even greater probability of 

committing a Type II enor, and thus were not considered for analysis. 

RESULTS 

'Clilorochytrium ' hosts. Sixteen foliose red algai species, in addition to Monaelkz 

spiendens, were examined for the presence of 'Chiomchytriurn'. Table 4.3 lists these species 

and collection sites; relative abundance of each species is illustrated in Table 4.2. Green 

endophytic cells were fond in four of the 16 species: M~zzaeIZa heterocarpa. M~zztzeIZa 

sanguineu. Schjtmenia pacificu and Sprlingia pertusu Saunders [= Rhodymenin pertura 

(Postels & Ruprecht) Agardh]. No endophytes were present in blades of Mmtocarpur 

papilZatus, Constontinea subulifeu, Palmaria m o l k  or Porphyru sp.; al1 species which have 

been repoaed as hosts for 'Chlomchytrium' (Table 4.1). 

Idenri@ of endophytes witltin fdiioe red algae. AU endophytes were identified to be 

'Chiorochytrium inclusum' by morphological cornparisons with 'Chlomchytrium' ceils h m  

Mapaella spiendeas blades. Those cells found within Schizymenia pucifca h m  Sooke were 

present in high enough densities to conduct DNA anaiysis for confirmation of theu identity. AU 

three endophyte isolates fiom Schizymenia sequenced conesponded to 'Chlorochytrium' isolate 

sequences (sequences estabhshed in Chapter 1). Two of the endophyte isolates h m  

Schriymenia were 100% identical to 'Chlorochytnum' isolates of the Aiaskan Acrosiphoniu sp. 

genotype. This genotype made up more than 50% of the 'Chlorochytrkm' isolates sequenced 

h m  Sooke. The third endophyte isolate was identical to the 'Chlorochytcium' seqwnce 

correspondhg to an Acrosiphonia arcta sequence. This genotype comprised approximately 30% 

ofthe 'ChIorochytrium' isolates fiom Sooke. 



Table 4.3. 'Chlorochytrium' presence in putative host species. Note the much lower sample 
sizes of al1 species compared to MmueIZa splendens. 

Species Site coilected Endop hyte 
Present 

Mazzaella splendens 

MazzueZla lineank 
Mapaella heterocarpa 
Mazaella cumucopiue 
Mouaella sanguineal 
Schizymenia pacz9ca 
Chondrucanthus eraFperarur 

1 Sparlingia pertusa 1 Rhodymeniales 1 Bmard -Met, + 

Gigartinales 

Gigartinales 
Gigartinales 
Gigarthales 
Ginartinaies 
G i g h a i e s  

Mastocarpur papiilatus 

Rhodoglossum sp. 
Callophy1lisf;nna 
Constantinea subi~lifèera 

Palmaria p alma ta 

Bamfield 
Bmard Inlet, 
Sooke, Bamfield 
Sooke 

Gigartinales 

Gigartindes 
Cryptonemiales 
Cryptonemiales 

Burrard Met, 
Sooke, Bamfield 
Bamfield 
Sooke, Barnfield 
Baxnfïeld 
Sooke 
Sooke, Barnfield 

- 
- 

Rhodvmeniales 

+ 

- 
+ 
- 
+ 
+ 

, Gigartinales 1 Burrard Inlet, 

- 
- 

- -  ... 

Polyneura latissima 

' collected as drift 

- 

Sooke 
Bunardhiet, 
Barnfieid 
Sooke 

Srnithora sp. 
Porphyra sp. 

Crvptopleura sp. 

Srnithora blades epiphytic on 4 blades of eelgrass 

- 
- 

- 

Ceramiaies 

Mean densities of 'Chlorochytrium '. Table 4.4. provides mean densities of 

'Chlomchytrium' for the different red algd species. Sparlingiapertrrsa was collected at both 

Bamfield and Burrard Inlet on several occasions (Table 4.2), but endophytes were only found in 

Bamfield blades coiiected in July 1995. The mean density of 0.02 ceiis per blade (n = 16) 

is not agnificantly lower (p = 0.0156, t = 1.452 ) than Bade ld  mean 'Chlorochytnum' deDSity 

Bangides 
Bangiales 

Cerami ales 

Sooke 
Burrard Met, 
Sooke 
Bmard Met, - 
Sooke, Barnfield 
Sooke - 
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Table 4.4 Mean densities of 'Chlorochytnum'. Note the lower sample sizes of species compared 
to ikf~l~~uella splendens. 

Species 

Schïzzmenia pacifica 1 Sooke 1 Mayf97 

Site 
collected 

Date collected 

Mozraella splendens 

19.9 

MmaeIIa splendens 

Maunella heterocarpa 

Mazaella splendens 

Endophyte density 
(# d2) 

5 

Sooke 

Mnr?nella splendens 

Mmaella sanguines 

(n = 30) of 0.1 cells cm" within MmaelZa splendens for July 1997, but significantly lower @ = 

0.010, t = 2.742) than 4.2 cells cm-* (n = 32) for July 1998. A single large blade (40 cm in 

length) of Maaelia sanguinea collected as drift at Sooke in Novernber 1998 was coloniseci by 

1.2 cells cm*2; 2.7 cells cme2 (n = 30) were fond within M. splendens blades sampled at Sooke 

on the same day. Mazzaella heterocarpa colIections fiom Sooke (n = 8) in July 1998 reveaied 

colonisation by 'Chlorochytnum'. No significant difference @ = 0.523, t = 0.646) was found 

between mean densities of 'Chlorochytrium' cells within M. heierocnrpa (4.8 cells cm-') and 

within M. splendens (10.6 cells cm-2, n = 30) collected at the same the. Endophyte densities m 

Scii~eniupacifica collected at Sooke in May 1997 (19.9 cells cm*', n = 5)  were not 

sipnincantiy different (p = 0.897, t = 0.13 1) from May 1997 'Chlorochytrium' densities in M. 

splendens (22.6 cells cm-', n = 27). 

Since more intense samphg was carried out in 1998 ( ie.  Schkymenia blades were 

colIected in aii seasons) and endophytes were found on more than one collection day, it was 

possible to compare seasonal abundance of endophytes withLi M. splendens and within 

Schirynenia: 'Chlorochytrium' abundance peaked in late April f eady May and density declined 

n 

Sooke 

Sooke 

Sooke 

Monoella splendens 

Mayt97 

Barnfield 

Sooke 

May98 

July '98 

July'98 

Sooke 

22.6 

July '97V98 

30 

29.4 

4.8 

10.6 

Nov. '98 

30 

8 

30 

0.1 / 4.2 30 

Nov. '98 i 1.2 

2.7 

1 

30 



toward zero by autumn for both hom. 'Chlorochyüium' densities in Schljmenia in May 1998 

(47.5 cells cm-', n= 5) and in July 1 998 (19.4 cells cm'2, n = 12) did not dBer signincantly (p = 

0.593, t = 0.561; p = 0.527. t = 0.642 respectively) from densities in M. spiendenr (29.4 cells 

cm'2, n = 23; 10.6 cells n = 30 respectively). High variance in the data and small sample 

sizes could have prevented detection of any significance, but since the similarity of the seasonal 

trends is clearly visible in the graph (Fig. 4.1), there is reason to believe that seasonal abundance 

of 'Chlorochytrium' did not differ among M. splendens and Schizymeniu. The small sample sizes 

for Schiymenia precluded endophyte density cornparisons with MclzzueIIa for ail sampling 

dates. 

'Codiolum ' hasts, Green unicells were found attached to and embedded within the 

filaments of the red algal cmst, Hildenbrandia occidentalis, and the brown algal crust, Ralfsfa 

paczfzcu. The unicells were identified as 'Codiolum' by morphological cornparison with the 

green endopbytes found in 'Petrocelis'. Due to very low densities (0-75 cells in 1 cm2 patches), 

DNA extraction, amplification and sequencing for endophyte identification was not feasible. 

The mean densities of 'Codiolum' in Hildenbrandia (24 cells cm", n = 18) and Ralfsia (12 cells 

cm'2, n = 13) Eom Barnfield were significantly Iower @ = 0.037, t = 2.247) than in 'Petrocelis' 

(199 cells cnf2, n = 20) from Barnfield collected in fall 1997. Likewise mean 'Codiolum' 

density in Ralfsia (5 1 cells cm", n = 30) was significantly Iower @ = 0. t = 4.479) than 

'Codiolum' density in 'PetroceIis' (1 1,760 ceils cm-2, n = 27) for Sooke sarnples collected in late 

spring 1997. 

'Ch lorocliylrum ' colonisation of gametophytic vs. tefrosporuphytic phase. 

'ChIorochytnum' densities in gametophytic M d l u  splendens did not m e r  sigaincantly 

(Table 4.5) nom densities in tetrasporophytic M. spiendens at Sooke and Burrard Idet 

respectively. Tetrasporophytic M. splendens blades sarnpled at Bamfield, however, were 

colonised by significantly higher numbers (Table 4.5) of 'Chiorochy&ïm' than were 

gametophytic blades. When data h m  al1 three sites were combined 'Chiorochytrîum' deasities 

of teûasporophytic and gametophytic M. splendens blades did not dBer significantly (Table 

4.5). 



Sampling Day fiom start 

Figure 4.1 'Chlorochytrium' density in M=ueiZa splmdm and in Schizymenia paeifca 
at Sooke for 1998. Data are meas * S.E. f?om cells counted in 30 M. splendens blades 
and in 2- 12 S. pacifia blades. 



Table 4.5 'Chlorochytnurn' densities in tetrasporophytic and garnetophytic Mauaella splendens 
blades. Resuits of independent samples t-tests perfomed for Burrard Inlet, Sooke and BamfieId 
and al1 three sites combïned. The significant t value (*) indicates a statisticaily signincant 
ciifference arnong endophyte densities in tetrasporophytic and gametophytic blades. 

n 

Burrard Met 

tetràsporophyte 247 

gametophyte 288 

Sooke 

tetrasporophyte 275 

gametophyte 3 1 9 

Barnfield 

teaasporophyte 235 

garnetophyte 220 

Al1 3 sites 

tetrasporophyte 757 

gametophyte 827 

SE. 

0.02130 

0.02722 

2.2161 

2.5885 

1.534 1 

0.3 177 

0.9482 

1 .O132 

DISCUSSION 

The results corn this. including SrnaIl's (1998) and Le Mow's (1997) studies, combinai 

with previous reports (Table. 4.1). suggest a wide range of hosts for Acrosiphoniats sporophytic 

phase. This study, however, also mggests greater affinity for colonisation of 'Petrocetis', 

Mcuzaelta splendens, Sehi-zenia pacifca and Mauaella heterocarpa than other foiiose red and 

cnistose aigae present at Burrard Met, Sooke and Bamfield. 

Three foliose red aigae, Manaella heterocarpa, Ma~aella surtguinea and Spmlingia 

perncsat and the two crustose aigae, Rarfsia pac~jka and Ifildenbrundia occidentali~~ are newly 

reporteci hosts for 'Chlorochytrïum' and 'Codiolum'. This is the nrst snidy to report 'Codiolum' 

colonisation of a brown dga (= Raria), which prompts the question ofwhether 



'Chlorochytrium' inhabits other bladed, cg. brown, aigae. 'ChIorochytriumt has, however, never 

been reported in brown algae. Laminario sacchurinu, the ody foliose alga present at Kitsilano 

Beach, Vancouver, was intensely sarnpled (n = 45) in May, the time Acrosiphonia is fertile 

(Chapter 2), and no 'Chlorochytrium' cells were detected. Clearly 'Chlorochytriuxn' and 

'Codiolum' are not host speci fic for a particuiar species, family or even taxonomie order, 

Sparlingia pertum, unlike the other hosts in this shidy, is in the Rhodymeniaies. In addition, if 

the identification of 'Chlorochytrium' in other studies is accepted (1 have not examineci type 

specimens nor did other authors base identifications on molecular work), the range of hosts for 

'Chiomchyûium' extends to a number of species within the Cryptonemiales (Table 4.1). For host 

aigae collected from outside the northeast Pacific, it is possible that 'Chlorochytrium' is the 

sporophyte of Spongomorpha (closely related genus to Acrosiphonia not found on our coast), 

and thus host specificities of Spongomorpha's sporophyte would not necessady be shared by 

Acrosiphonia's sporophyte. 

A number O f host species for 'Chlorochytrium' reported in the literature, and collected in 

this study, were not found to be colonised by endophytic cells. The absence of 'Chlorochyûium' 

in Mastocarpus papillufus was surprising, since Hudson (1974) found M. pupillatus blades with 

'Chlorochytnum' in the Puget Sound area, Washington. A single blade of M. papiilatus 

colonised by 'Chlorochytrium' was , however, collected by C.A. Borden in the vicinity of the 

study site at Burrard Inlet. The endophytes were identified by me to be 'Chlorochytnum'. 

'Chlorochy~um' is also present in the sample of Constantinea subulifera from Sooke deposited 

in the UBC Herbarium in 1968. Unfortunately, Constantinea was not detected at Sooke during 

ihis study. Furthemore, 'Chlorochytrium' densitics in other genera at both Barnfield and Burrard 

Inlet, where Comtantinea was present (but in relatively low abundance), were much lower than 

at Sooke. The report of Palmana mollis as a host was fiom Trondhjemsfijordes, Norway. In the 

ody specimen (UBC herbarium specimen) fkom the northeast Pacinc (Prince WiiIiam Sound, 

Alaska) documented to be colonised by 'Chlorochytrium' 1 could not detect any endophytes, 

suggesting 'Chlorochytcium' may have been misidentified. It is interesthg to note that a 

sphericai green Unicell, Hulochlorococcum porphya (Setcheii & Gardner) West, Smith & 

McBride (= Chlorochytrium porphyiae Setchell & Gardner), is endophytic, embedded in the ceU 

waii of some species of Porphyra h m  British Columbia to Caiifomia (Setcheu& Gardner 

1920, ScageI 1966, Abbott & HoIienberg 1976). Reproductive and cytologicai characteristics 



suggested to West et al. (1988) that the endophyte be placed in the genus Halochlorococcum 

(Chiorococcales), delineating it from 'Chlorochytrium'. 

The absence of 'Chlorochytrium' in many of the foliose red algal species collected h m  

Burrard Inleî, Sooke and Bamfield does not rule out the possibility that they are hosts. There are 

a number of reasons 'Chlorochytrium' many no t have been found in the representatives I 

examined of these species; for example, (1) not al1 species were represented at Sooke where 

'Chlorochyûium' densities were much higher than at Burrard Inlet and Bamfield, (2) some 

species were present in relatively Low abundance during the time Acrosiplionia is fertile, 

translating to very low sample sizes and (3) some species may have a very patchy distribution 

and thus colonisation by 'Chlorochytrium' is less Iikely than for a species such as Mmuella 

splendens, which is present throughout an area. Essentially, if al@ species which are not 

readily available as hosts in a given area are found absent of endophytes, it is difficult to 

conclude they are incapable of being colonised by Acrosiphonia's sporophyte. Laboratory cross- 

infection experirnents would be valuable in determinhg a species' capability as a host. 

Based on the Iimited data O f this stud y Manaella splendens, Schirymenia pacifca, Muzzaella 

heterocarpa and M=aelIu sanguinea were equall y weil CO lonised b y 'Chio rochytnum'. 

'Chlorochytriumr densities were not significantly different within Schirymenia and M. 

heterocarpu blades paired with M. splendens for a particular site and date; M. sanguineu is the 

exception since only a single blade was available for cornparhg 'Chlorochytrium' densities. 

Aithough 'Chlorochytriumt density in Barnfield Sparlingia pertusa was not significantly lower 

when compared to Bamfield M. splendens, dates of collections did not coincide, i.e. densities of 

'Chlorochytriurn' in splendetrs were not available for cornparison in the year endophytes were 

found in S. perttl~a. Furthemore, S. pertusa was not found to be colonised by endophytes in 

either of the years M. splendens was shown to be coIonised. It is therefore very difficult to 

conclude anything about S. pertuscr's status as a host. 'Petrocelis' was shown to be colonised by a 

significantly higher number of 'Codiolum' celis than H i k h a n d i a  and Ralfsia, indicating it is 

preferentidy colonised. 

Ifsome algal species are really not penetrated by 'ChIorochytriuml and 'Codiolum', or at 

least are less preferentially colonised, what determines which species are better hosts than 

others? One explmation for diEerentiai colonisation of algai blades and crusts by 

'Chlorochytrium' and 'Codiolum' is variable structural composition among host species. 



Upon examination of filaments among the three aigal cmts,  'Petrocelis' filaments appear easier 

to penetrate than the more closely appressed filaments of Rulfsia and HiZdenbrandin. 

Similarly, degree of host specificity among foliose red algae may be detemùned by how tightly 

ceUs are compacted 'Chlorochytnumr cells were generally located in the cortex layer of 

Mazzaella species and Schizymenia pactïica, all of whose cortex is comprised of mal1 relatively 

loosely packed cells which become progressively smaller towards the surface (Abbon & 

Hoilenberg 1976). The medulla consists of loosely intemoven filaments. This does not, 

however, address how 'Chlorochytnum' actually penetrates the surface of blades. Other species 

nom the noriheast Paci fic similarl y constnicted Liclude Martoca>pus papillatus, Constantinea 

subulifea. Chondracanthus exusperatus. Halymenia sp., Kailymenia sp., Weeksia sp., ail but 

Chundrocanthus found colonised by 'Chlorochytnum'. The absence of reports of 

'Chlorochytrium' within Chondruconthus is somewhat surprising. However, the blades are very 

thick, such that unless the bleaching technique used in this study is applied, the chance of 

detecting 'Chlorochytrium' cells is low. Furthemore, no Chondracanthus was available at 

Sooke , where (in this sîudy) 'Chbrochytrium' densities were highest. 

The cortex of Palmaria mollis and Sparlingia pertusa is oniy a few cells thick and the 

medulla is composed of large, compacted cuboidal cells, suggesting endophytic cells may have 

dimcdty penetrating below the thin cortex (Fig. 4.2). None of the 123 P. palmata blades 

collected nom Sooke were found to be inhabited by 'Chlorochytrium', and of the less than 10% 

of S. pertum blades collected which contained 'Chlorochytnurnr, the latter was present in very 

low densities (0.0 1-0.1 cells cm** per blade). The representatives of the Bangiales, Porphyra sp. 

and Srnithora sp., are structuraily very different from the other foliose red algae. 

Parenchyrnatous in construction, a filamentous medulla is lacking, and cells of uniform size are 

densely packed. 'Chlorochytrïurn' cells have never been found in these genera, except that some 

Porphyra species are reported to be colonised by Haiocfiiorococmm porphyrae. 

The d a c e s  of many rnacroalgae are believed to be covered by a Iayer of materiai calleci 

the cuticle (Craigie 1990). This layer is chemicaiiy and stmcturaiiy distinct fiom the celi wall, 

and is formed fiom protein-rich cellular secretions that presumabIy move through the ceU waU to 

the thaiius dace. Few studies (Hanic & Craigie 1969, Geiwick & Lang 1977, Pedersen et a' 

1981) have, however, successfiUy characterised the cuticle of an algal species stnicnaally and 

chemically. It is feasible that host cuticle thickness and / or chernical composition rnay play a 

role in ease of penetration by the endophyte. 



Figare 4.2 A cornparison of blade cross-sections: Spdlmgiapertusa (A) is 
characteriseci by a medda comprised of large, compacted cuboidal ceUs 
whereas MmaeIIa splendens (B) exhibits a meduiia consisting of loosely 
interwoven filaments. 



A second mechanism for host specificity cousiders variable chernical composition arnong 

host species. Experimental evidence (Conea & McLachlan 1991, Sanchez et ai. 1996) stmngly 

suggests that the green endophytes Acrochaete operculata (endophytic in Chondm crispus and 

lridaea cordata) and Endoptiyton ramosum (the causative agent of green patch disease in 

Moz17aeIIa laminarioides) discriminate between hosts with different cell wall composition. Host 

specificity for both endophytes is suspected to be mediated by the presence of carrageenan in 

host cell w d s .  Ce11 wall composition of the algal species examined as hosts in my study is 

summarised in Table 4.6. The species are differentiated into carrageenophytes, agamphytes aud 

canagar (aga / carrageenan hybnd) producing algae. Where no data were available for a 

pdcular  species (studies tend to centre on species that contain large quantities of the 

commercially important polysaccharides), the ceIl wall composition was based on that of the 

taxonomic family the species is found in. From the table it is clear that the foliose species 

colonised by 'Chlorochytrium' in my snidy do not al1 share the same ce11 wail composition. 

However, those host species whose 'Chlorochytrium' densities were highest and not significantly 

different nom Muzzaello splendens, were primarily canageenophytes; Schizymenia being a 

pmducer of cmgar .  'Codiolum's higher amnity for 'Petrocelisr than for Hiidenbandia can not 

be interpreted in t e n s  of cvngeenan presence, since the ceU walls of neither Hildenbrtzndia nor 

any other memben of the Hildenbrandiaceae have been examined Although the presence of 

carrageenan may not dictate which species cm or cm not bc t ion  as hosts for 'Chlorochytrium' 

(1 have already suggested that 'Chlorochytnum' has a wide range of hosts nom different 

taxonomic orders), the data suggest that carrageenophytes / carragar producing hosts are more 

readily penetrated by the endophyte. Furthemore, it may be that interactions between ceil wall 

chernicd composition and strucrural characteristics dictate differential endophyte success in 

colonising different host species. 

Andtews et ai. (1979) suggestion that aigal life history phases rnight be differentially 

susceptible to colonisation by other organisms, and Conea and MeLachtan's (1991) 

c o ~ a t i o n  by experimenial evidence (Amochaete opercutata infected blades of host species of 

the same life history phase and containing h-type carrageenans), was not supported by my study. 

Arnong host species with heteromorphic life history phases (suspected to be chemically 

different), neither gametophyte nor sporophyte seemed to be consistently more colonised. 

Mastucarpus pupiIIutus, the foliose gametophyte @-type carrageenan-contallÿng), may be less 

colonised than 'Petrocelis', the crustose terrasporophyte (Ltype carmgeenan-containing); 
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Table 4.6 Cell wail composition of algai species examined for the presence of endophytes. Note 
al l  are members of the Rhodophyta, except Rarfsia p a c i ' ,  a brown alga. 

S pecies 

M a ~ a e l l a  spp. 

'Petrocelis hciscana' 

Callophyllis sp. 

Constantinea subulifra 

- - 

Sporlingiu pertusa 
Porphyra sp. 
Pol'errra futissirna 
Cryptopleuru sp. 
Smithora sp. 
Hilden brundia 
occidentalis 

G = gametophyte 
S = sporophyte 

canageenan / Agar 

carragars Whyte et al. 1984, 
Chopin et al. 1999 

K/L canageenans Whyte et al. 1984, 

Reference 

K/I carrageenans G) 
J,,/Q/a carrageenans 
(9 

Correa-Diaz et al. 1990 
hjSIn carrageenans Dwimo et ai. 1979, 

McCandless et al. 1975, 
1983; Whyte et al. 1984, 
Correa-Diaz et al. 1990, 
Cho~in et al. 1999 

McCandless et al. 1983, 
Whyte et al. 1984, 
Correa-Diaz et al. 1990 

di carrageenans G) McCandIess et al. 1983, 
5 carrageenans (S) Correa-Diaz et al. 1990 
K carrageenans (G), McCandIess et al. 1983 

aaar 1 Usov & EUochkova 1992 
a ~ a r  1 Usov & Klochkova 1992 

absent 1 

agar Usov & Klochkova 1992 
agar Craigie 1990 

Endophyte 
mesent 

agar 
agar 
unknown 

( but not in my study) 
+ 

Usov & Klochkova 1992 
Rees & Conway 1962 
Hildenbrandiaceae 
unstudied 

Sch@menia,on the other hand, recentiy established as a gametophyte dternating with the crut  

Haematocelis (DeCew et al. 1992) showed very high colonisation by 'Chlorochytriumt. The 

cnistose phase, Huematmelis, has, dortunately, not been examined for endophytes. This is 

aiso the case for Furlowia's [bIaded gametophyte found to be coIonised by 'Chlor~ch~um' in 



Japan (Miyaji & Kurogi, 1976)] crustose tetrasporophytic phase. Of course, where phases are 

both stmcniratly and chemically different, it is difncult to isolate whether host specificity is 

detennined by interactions between the chernical and structural composition of the host or by 

only one property. 

For host aigal species of the Gigartinaceae where the isomorphic generations, although 

stmcturally similar, have different cell wall compositions (McCandles et al.. 1 WU), 

'Chlomchytrium' did not appear to show a higher afibity for either the h-type carrageenan- 

containing tetrasporop hyte or K-type carrageenan-containing gametop h yt e. When endophyte 

densities in tetrasporophytic and gametophytic blades of Mmraella splendens obtained from all 

tbree study sites were compared, no significant difference was detected. However, examining 

densities site by site, 'Chlorochytrium' cells were found to be present in significantiy higher 

numbers in tetrasporophytes than in gametophytes at Barnfield; no difference was found for 

Burrard Inlet or Sooke. This discrepancy may be site-specific, e.g. tetrasporophytic blades at 

Badeld may be stnicturally different from those at Burrard Met or Sooke. Correa and 

McLachlan (1 98 8) suggested tetrasporoph ytic blades in the Gigartinaceae have a thinner cuticle 

than gametophytic blades. If this were tnie at Bamfield, it could explain differential colonisation 

between the life history phases. 

Host wailabili ty may be a factor in which algal species are coionised b y 'Chlorochytrium' 

and 'Codiolum'. The endophytes may have evolved to colonise hosts present in abundance 

(whether by structural or chemicai recognition), or chance settlement may dictate colonisation, 

i.e. if algai hosts are less abundant than othen during the period Acrosiphonia is fertile, the 

endophyte will have less chance for colonisation. The hypothesis of chance settlement 

determinhg an endophyte's success in uihabiting its host, is weakened, however, because 

Schwenia pacifca at Sooke is both densely colonised by 'Chlorochytrium' and very low in 

abundance (Table 4.2). Furthemore, Rarfsiu is as abundant as 'Petrocelisr at Sooke, yet 

'Codiolum' densities were significantly lower in Ralfsiu. The hypothesis that a requirement of a 

host is its availabiiity long enough for the endophyte to reach matltrity, is aiso not supported 

here. Muzzueila heterocap, found to be densely colonised by 'Chlorochyüium' in July at 

Sooke, disappears fiom the intertidd zone by late summer 1 eariy fall (pers. observ.), long before 

'Chiomchytrium' has been observed to be fertile (Chapter 2). 

Since Schijmenia pac* was the o d y  host species collected over a one year period, 

and which was coasistently found to be colonised by endophytes, it is diffTcuit to speculate on 



the naturai dynamics of 'Chlorochytnum' and 'Codiolum' for their lange of hosts. Nonetheiess, 

the similar patterns of seasonal abundance for 'Chlomchytrium' endophytic in Schipenia and 

in Marzaella splendens (Fig. 4.1) do suggest similar life histories for 'Chlorochytriuml and 

'Codiolum' within hosts which are present year round. Nonetheless, more intensive and fkequent 

sarnpling of putative hosts would be necessary to attempt generaiising about the life history of 

Acmsiphonia's sporophyte for its range of hosts. 

Based on evidence presented in this chapter, Acrosiphonia's unicellular sporophyte 

employs a wide range of hosts. The evidence aiso suggests that 'Codiolum' has a greater affinity 

for 'Petrocelis' than for Hildenbrandia and Rayssia, and %hlorochy&rium' colonises some foliose 

red algal species more readily than others. Clearly, laboratory cross-infection experiments 

accompanying field observations of endophyte colonisation would greatly improve our 

understanding of host specificity of 'Chlorochytrium' and 'Codiolum'. Both structural 

characteristics and ce11 wall composition of the host may play a role in differentid colonisation. 

Availability of the host species does not appear to be an important factor in host specificity, as 

seen by high densities of 'Chlorochyrrium' in both Sehimenia (present in low abundance year 

round) and Manoella heterocarpa (a seasonai species absent late summer l fall until winter, R 

Scrosati pers. comrn.). Endophyte s u ~ v a l  in M. heterocarpa, which disappears pnor to 

'Chlorochytnum' fertility, may be possible thtough 'Chlorochytnum' sumival in drift blades and 

in the basal cmst of M. heterocarpa (as was suggested for non-fertile endophytes in M. 

splendens blades dislodged by winter stomis). In general, these results further stppon a bet- 

hedging strategy for Acrosiphonin's sporophytic phase. 'Chlorochytrium' and %odiolumf may 

have evolved to preferentially colonise and synchronise their life histories with hosts which are 

abundant and available long enough for the endophyte to reach maturity (M. splendenr and 

'Petrocelis', Chapter 3) , but also seem capable of colonking a range of less 'suitable' hosts to 

compensate for the absence of primary hosts. In addition, some sporophytes of Acrosiphonia 

may survive epilithicaily or planktonicaily. Al1 of these mechanisms for endophyte swival are 

significant since conditions which affect host availability (aiready mentioned in Chapter 3) are 

variable, e.g. herbivore pressure may fluctuate cr winter storms Vary in intensity. 
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GENERAL CONCLUSIONS 

This thesis has demonstrated the value of combinllig molecular studies with field work to 

expand our understanding of complex algal life histories and endophyte I host associations. This 

approach was successfil in the identification of the alternate life history phase of Acrosiphonia 

and in revealing the natural dynamics of the life cycle in southern British Columbia The 

relationship of Acrosiphoniu's gametophyte and sporophyte had never been examined in nature; 

even fundamental studies on distribution, seasonai abundance and reproductive phenology of 

both phases were lacking. A unicellular sporophyte, found to be endophytic in a wide range of 

crustose and foliose red algae for a duration of 6 one year, was s h o w  to altemate with a fiee- 

living filamentous gametophyte that is abundant in the rocky intertidal zone in spring and 

summer. Host availability and specificity were identified as important factors in the survivonhip 

of the sporophytic endophytes. In addition, examination of the evolutionary relevance of 

Acrosiphonia's complex li fe history led to speculation that heterornorphy may have evolved as a 

bet-hedging strategy. 

DNA sequencing proved to be a powerful tool in the identification of the sphericai 

'Chlorochytrium' cells endophytic in MazzaeIla splendens and the stallced 'Codiolurn' cells found 

in Tetrocelis'. DNA sequences of endophyte I Acrosiphonia pain provided conclusive evidence 

that the unicells were the sporophytes of Acrosiplionia and not of other genera in the Codiolaies 

reported to exhibit 'Codiolum' phases in their life histones. Lack of information in the ITS 

sequence data did not permit resolution of Uifiageneric relationships within Acrosiphonia. The 

morphologicai species, A. urcta and A. cocrlitu did, however, show consistent ITS sequence 

variation. A number of interesting questions regarding Acrosiphonia and endophyte genotypes 

were generated in the study. These are detailed in the discussion of Chapter 1. Regardless of the 

number of Acrosiphonia and endophyte genotypes found, the sequence data showed that the 

morphologicaily different endophyies, %hlorochytriumt and 'Codiolum', can be produced by the 

samc Acrosiphonia species. A. arcta. This supports Kommam"s hypothesis that 

'Chlorochyûium' and 'CodioIum' represent ahemate phenotypes of the same sporophyte. The 

sporophyte of A. coalita was, however, only found to be associated with 'Codiolum', suggesting 

it may be host specific in southem British Columbia, oniy colonisîng cnists. 

Host specificity examined in Chapter 4 focused on the range of foliose (red) and crustose 

hosts for Acrosiphonia's sporophyte at Bunard Iniet, Sooke and Bamfield. Host specincity of 



sporophytes of individual Acrosiphonia "species" was not m e r  examined. Two generai 

conclusions were drawn: fiatly that the endophytic sporophytes colonise a wide range of hosts, 

and secondly that 'Codiolurnt demonstrates a greater afTiity for 'Petrocelid than for other 

coexisting cnistose algae, and 'Chlorochytrium' colonises some foliose red dgal species more 

readily than others. Foliose brown and green algae have never been reported colonised by 

'Chlorochytrium'. Endophyte density data h m  Chapter 4 suggested that variable structurai 

composition among host species, Le. how closely appressed crust filaments are and the degree of 

compactness of the cells of the cortex and medulia of foliose red algae, may be important for 

ease of penetration by the endophyte. Host ceIl wail composition is also suspected to play a role 

in preferential colonisation. Carrageenophytes and carragar producing hosts were colonised by 

higher densities of tChlorochytnum' than were agarophytes. The hypothesis that host life history 

phases rnight be differentially susceptible to colonisation by endophytes was not supported in my 

study; among host species with an altemation of generations neither gametophytes nor 

sporophytes seemed to be consistently more colonised. 

The relationship between the unicellular endophytes and filamentous Acrosiphonia plants 

was established in nature. Acrosiphonia arcta and A. coulita, identi fied both morphologicail y 

and by ITS sequences, compnsed the majority of Acrosiphonia plants in southwestern British 

Columbia, abundant in the low to mid intertidal zone throughout the spring and sumrner. 

Acrosiphonia's gametophyte became reproductive almost immediately after establishment, and 

endophyte colonisation of its host occurred subsequently, one to three rnonths after Acrosiphonia 

appeared in the intertidal zone. Colonisation may occur as two major events, conesponding to 

two Acrosiphonia pulses, or continuousiy over the s p ~ g  and summer. Although counter- 

intuitive, 'Chlorochytrium' colonisation was shown to occur earlier than 'Codiolum' colonisation. 

This was unexpected since A. coalita, associated ody with 'Codiolum', was observed to becorne 

fertile before A. urcia. The endophytic sporophytes remain within their hosts, even long after 

Acrosiphonia has disappeared from the intertidd zone, maturing during the winter and releasing 

zoospores in winter and spring. Clearly the two morphologically distinct phases of Acrosiphonia 

differ with respect to tolerance of environmental conditions. 

The mccess in colonisation and Survivai of Acrosiphonia's endophytic sporophyte is 

largely determined by host availability. Mazzaeiia splendens, fotmd consistentiy to be densely 

colonised by 'ChIorochyniumr in spring and snmmer, is the dominant foliose red alga at ail snidy 

sites. Likewise, 'Petmcelis hciscana', abundantiy colonised by Codiolum', is a conspicuous 



crut in the intertidal zone dong the southern Coast of Bntish Columbia. However, seasonai 

fluctuations in abundance were show to occur for both hosts: a decrease in Ma~aella density 

was noted in the winter, pnmarily due to winter storms dislodging blades; loss of tissue of 

Tetrocelis' cmts  also occurred in (fall) winter and is attnbuted to a combination of herbivory, 

adverse environmental conditions such as rainfall, water temperature and light levels and tissue 

decay from senescence. Release of endophyte zoospores appears to coincide with the decrease 

in host abundance, such that the endophytes spend 5 one year in their host. In the case of 

'Chlorochytnum', AL spsplendens Made dislodgement prior to endophyte rnaninty rnay be 

compensated b y the sumival of %hlorochytriumt in drift blades, endophytes penisbng in 

petennial basal cnists of Mazraella not dislodged and an epilithic or planktonic existence for 

'Chlorochytriurn'. 'Codiolum' swivorship may be affected by the ability of cells present in 

Tetrocelis' tissue consumed by limpets to sunrive partial digestion and the survival of cells 

epilithicdly or planktonically. 

Acrosiphonia's success in southern Bntish Columbia has been indicated by gametophytic 

filamentous plants altemating with endophytic sporophytes at three environmentally diEerent 

sites. Although variable seasonality and abundance of both phases is exhiiited at different sites 

(see Chapter 2 discussion for details), this study suggests adaptability of Acros@honia to a mge 

of habitats. 1 suggest that Acrosiphonia's success may be attributed to its cornplex 

heteromorphic life history, which evolved as a bet-hedging strategy: (1) two morphologically 

different phases have adapted to a seasonally variable environment (no evidence is available 

suggesting an adaptation to grazing pressure); (2) the endophytic sporophyte phase (at Ieast of 

Acrosiphonia arcta) successfully colonises both foliose red algae and cnistose algae; (3) 

'Chlorochytrium' and 'Codiolum' appear to have evolved to synchronise their duration as 

endophytes with host availability and (4) %hlorochytriumï and 'Codiolum', although showing 

higher afbity for some hosts, seem to exhïbit relatively low host specificity and may exist 

epilithically or planktonically. 

Suggested Future Research 

As is generally the case in scientinc investigations, many questions remain unanswered 

in this study of the Iife history of Acros@honia. The major areas where additional research 

couId potentidy clarify aspects of the relationship of Acrosiphonia's sporophyte and 

gametophyte in southwestern British Columbia are highlighted below. 



Firstly, there is great need for a molecula. study to resolve the taxonornic confuson of 

the genus. The KS sequence data fiom this study lacked sufficient variation for resolution 

among Acrosiphonin species. A multiallelic population level approach or selection of a more 

variable gene, e-g. the even faster evolving IGS (intergenic spacer) region of the nuclear 

ribosomal DNA cistron, could enable the number of Acrosiphonia species and their 

conespondhg endophytic sporophytes in British Columbia to be determined. If different 

Acrosiphonia species exhibit variable seasonal abundance patterns, reproductive phenology or 

host specificity (colonisulg only crusts of foliose algae), the Iife histories of individual species 

could be established, 

Another aspect of interest which commands M e r  attention is the significance of the 

role the endophytic sporophytes play in Acrosiphonia's iife history. Since 'Chlorochytnum' and 

'Codiolum' become reproductive at a time when host availability has been shown to decrease, are 

other factors, yet undiscovered, involved? Perhaps the unicellular sporophytes can survive 

epilithically (or planktonically) as do those of Urospora, and as is suggested b y eee-living 

'Chlomchytnurn' and 'Codiolum' in culture and the presence of filamentous Acrosiphonia plants 

in a habitat devoid of hosts. Perhaps the relative contribution of sexual reproduction is low 

compared to asexud or vegetative propagation for maintenance of Acros@honia populations. As 

yet, it remains unknown if Acrosiphonia rhizoid overwintering is a means of propagation, and if 

fiIamentous gametophytic plants c m  give rise to haploid zoospores in nature that swive  the 

winter. Some of these questions could be experimentaily tested through the use of steriiised 

settling plates placed in the intertidal zone or in large outdoor tanks, as descnied in Chapter 3 

for testing the ability of 'Chlorochytrium' to become fertile, despite mortality of its host. The 

feasibility ofsurvival of 'Chlorochytnum' in drift host blades also needs M e r  investigation. 

An area of study where nothing is known is the mechanisnt for entry of 'ChIorochy~um' 

and 'Codiolum' into their hosts and the exit of zoospores. Does host penetration occur by 

mechanicd means, e.g. where d a c e s  are wounded or the cuticle of bladed dgae is disnipted by 

growth, or by enzymatic hydrolysis or by both? Scanning electron microscopy, as weii as 

experimentai scarification of host blade surfaces are two techniques which may shed Iight on 

how Acrosiphonia's endophytic sporophytes get in and out of their hosts. With regard to the 

range of hosts empIo yed by 'ChIorochytrîum' and 'CodioIuml in southern British Columbia, more 

intensive samphg of putative hosts accompanied by laboratory cross-infection experirnents, 



would contribute to increased understanding of host specifïcity of Acrosiphonia's endophytic 

sporophytes. 

Lastly, herbivo ry as a factor in Acrosiphonia's iife history along British Columbia's Coast 

remains to be investigated. As mentioned in this thesis, herbivore pressure is speculated to be an 

evolutionary force in the heteromorphy of algae. Nothing is known of differential susceptibility 

of Acrosiphonia, M ~ ~ a e l l a  splendens and 'Petrocelis' to gmzing. Furthemore, the role of 

herbivory in reducing 'Petrocelis' c ru t  abundance (as suggested by the photographie time series 

and abundance of limpets in this study) requires additional study. Feeding experiments and 

manipulative grazer exclusion experiments may be useful. 

In conclusion, this research identi fied the alternate iife history phase of Acrosiphonia, 

and established the natural dynamics of the life cycle in southern British Columbia, through a 

combination of molecular and field studies. The value of utilising molecular tools to solve 

ecological questions has been made evident. The thesis contributes not oniy to our 

understanding of complex algal life histories and endophyte / host associations, but also 

addresses the adaptive significance of heteromorphic life cycles among algae. Increased 

knowledge of aigal life histories in nature is vital for the cultivation or hawesting of 

economically important algae. the contra1 I eradication of detrimentally invasive seaweeds and 

our comprehension of marine intertidal cornmunities, biodiversity and ultimately conservation. 



* NOTE: Aliments for isolate sequences in phyiogenetic analysis (Chapter 1) have 
been entered in TreeBASE. 

APPENDIX A: Acrosiphonia percent cover means. Numbers in parentheses are sampling days 

Sooke 

Burrard Inlet 
Sampling Date 

Masch 5/97 (100) 
March 28/97 (123) 

1 March 7/97 (1 18) ( 60 1 7.1 50 ( 13.725 1 1.772 1 

Sarnpling Date 

1 March 29/97 (138) 1 60 1 8.921 1 16.482 1 2.128 1 

n 

30 
30 

n 

[ June 11/98 (577) 1 90 1 3.0 1 10.162 1 1.071 1 

Mean 

0.673 
2.3 83 

Aprii 9/97 (1 3 5) 
April26/97 (152) 
May 8/97 (164) 
May 23/97 (179) 
April28/98 (519) 
May12J98 (533) 
June 9/98 (563) 

April 10/97 (160) 
April28/97 (178) 
May 25/97 (205) 

, June 24/97 (235) 
July 19/97 (260) 
August 19/97 (291) 
May 1/98 (545) 

9.483 
12.741 
7.458 
1.792 
26.533 
10.667 
4.275 

30 
30 
30 
30 
30 
30 
30 

Mean 

S.D. 

1.853 
3.486 

90 
90 
90 
90 
90 
90 
90 

Sampliag Date 

8 

S.E. 

0,338 
0,637 

16,782 
13.777 
7.841 
2.890 
21.603 
13.498 
9.359 

S.D. 

May 24/97 (209) 
June W97 (238) 

S,E. 

10.108 
5.247 
4.806 
3.683 
2.094 
6.322 

- 2.294 

n 

May26/98 (576) 
June 27/98 (608) 
Iuly 21/98 (632) 

3.06 
2.515 
1,432 
0,528 
3.944 
2.464 
1.709 

60 
60 

I 

15.126 
11.986 
11.333 
9.327 
6.148 
18.019 
4.055 

Mean 

30 
30 
30 

1,594 
1.263 
1.195 
0.983 
0.648 
1.899 
0.427 

4.1 12 
0.867 

S.D. S.E. 

10,828 
2.327 

3.340 
2.313 
1.107 

8.333 1 18.613 

1,398 
0,3001 

8,390 
2.9333 

12.669 
6.061 
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Sampling Date 

Oct. 27/96 (1) 
Da. 9/96 (43) 
Feb. 5/97 (101) 
May24197 (209) 
June2Z97 (238) 
Juiy 20197 (266) 
Oct 17/97 (355) 
Dec. 2/97 (401) 
Feb. 28/98 (489) 
Mach26198 (515) 
Apnr 25/98 (545) 

n 

26 
32 
32 
25 
22 
32 
32 
32 
28 

Mean ( S. D. 
1 

S. E. 

7.2180 
9.3330 
O. 1750 
O 
0.0020 
0.1020 
0.6390 

0.6400 
3.6960 
1 S440 
2.9940 
8.8570 

3.6 190 
19.9040 
8 
16.1210 
47.6950 

O 
O 

18.41 10 
33.4260 
O S  190 
O 
0.0080 
0,3120 
1.8390 

0.9850 
6.7650 
4.2540 
4.2770 
14.2360 

May 26/98 (576) 1 32 

3-61 10 
5.9090 
0.09 18 
O 
0.00 17 
0.05520 
0.3250 

O 
O 

32 
24 

June 27/98 (608) 
Iuly 21/98 (632) 
Sept. 6/98 (679) 
Oct 6/98 (710) 

0.0762 
O 

0.1250 [ 0.4310 

O 
O ~ 

29 
30 
29 
29 

O O 



APPENDIX C: 'Codio Ium ' Density Means. Numbers in parentheses are sarnphg days fiom 
start, 

Sarnpling Date / n I Mean 
I i 

Nov. 24/96 (1) j 23 i 23523.910 
Jan, 10197 (48) 1 24 7965.833 
Mach 5/97 (101) / 30 1 926.333 

S. D. 1 S. E. 

21242.994 
5319.667 
2350.968 

March28197 (124) 1 30 ! 80.833 / 129.768 

4429.470 
1085.877 
429.226 
23.692 
238.026 
95.479 
2827.340 
3142.423 
2073.560 

A p d  9/97 (136) 1 30 ! 545.167 1 1303.724 
April26/97 (153) 1 30 i 576.667 ( 522.961 

T ~ T 2 3 1 9 7  (180) / 27 ; 1 l59'?.590 ( 14691.292 
$une 22/97 (210) ! 26 16510.000 
July 18/97 (236) 1 30 1 15 l4.170 

16023.279 
1 1357.357 

August 17/97 (266) / 26 i 8048.462 13277.291 1 2603.891 
Sept. 14/97 (294) j 30 4968.333 
Oct. 18/97 (328) 1 26 1 3535.192 
Nov. 14/97 (355) 1 26 1 1843.846 
Dec. 15/97 (386) 1 30 / 8.333 
Jan. 28/98 (430) 1 26 1 1437.308 
Feb. 24/98 (457) 1 15 1 96.667 
March 30198 (491) 1 29 1 1 1.207 

4303.546 
4882.857 
5356.893 
21.105 
3531.957 
258,579 
25.518 
1663.357 
9937.591 
30372.782 
84676.282 
82123.760 
38725.265 

Aprii 28/98 (520) 1 18 
' May 12/98 (534) 1 25 

785.716 J 

957.607 
1050.573 
3.853 
692.674 
66,765 
4.739 
392.057 
1987.518 , 

' 5956.593 
16002.3 10 
14993.680 
1562.825 

924.444 
8939.000 

June 9/98 (564) 1 26 1 33094.23 
July 9/98 (594) ! 28 ; 93333.040 
Aupst 8/98 (624) ; 30 1 991 11.000 

- Nov. 3/98 (71 1) 1 29 1 15602.6 10 



Sooke 
Sampiing Date 1 n ( Mean 1 S. D. 1 S. E. 

I 
1 l 

April 1/98 (516) i 29 462.069 
Apnlt6/98 (531) 129 11323.621 
Mav 1/98 (5461 1 29 1 661.379 

, Nov. 11/96 (1) 1 29 ! 4699.138 
Jan. 8/97 (59) [ 25 1 101 1.600 
March7197 (118) 129 j276.724 

August 19/97 (291) / 29 / 14903.620 
Sept. 16/97 (319) 1 28 1 12915.000 

June 1 1 / 9 8  (577) 1 28 ! 560 1.786 
, July 23/98 (620) 1 29 ! 2303 1.720 
Aueust 20198 (648) i 29 1 20 lW.O'?O 

June 24/97 (235) I 29 i 17027.070 ! 10837.888 1 2012.545 ] 
Julv 19/97 (260) 1 29 i 13376.550 1 7418.535 1 1377.587 1 

4866.868 

March 29/97 (1 38) 
April 10197 (160) 
Apn128197 (178) 

903.755 

13403218 
9376.810 

29 / 37.93 1 
27 1 783.333 

2488.915 ' 

1772.050 

i 

27 
May 25/97 (205) 1 26 

1676.380 
1657.442 
1870.089 

Sampiing Date 

Oct. 27/96 (1) 
Dec. 9/96 (43) 
Feb. 5/97 (101) 

1417.323 

4329.8 15 
12038.080 

Feb. 25/98 (481) 1 29 ' 903.103 809.151 i 150.256 ; 

8870.571 
8925.600 
8771.494 

Oct. 17/97 (350) 28 ( 13091.790 

S. D. 

June 2 9 9 1  (238) 30 86.667 178.926 32.667 
July 20/97 (266) 30 134.167 236.942 43.259 

283.466 

Nov. 30/97 (394 

1 
n S, E. 

30 
23 

Oct 17/97 (355) 
Dec. 2/97 (401) 
Feb. 28/98 (489) 
Marc h 26/98 (5 15) 

Sept 6/98 (679) 
Oct 6/98 (710) 

29 10166.210 

Mean 

507.793 
56.149 
1080.074 

Jan- 1 1/98 (435) 1 22 / 6196.364 

491.667 
559.783 

20 
30 
9 
7 

30 
26 

94.295 
t 0.427 
207.860 

746.640 1 136.317 
836.651 1 174.454 

10 1 140.000 295.851 1 93.556 

198.750 
255.833 
8.333 
O 

A p d  25/98 (545) 1 25 

109.167 1 213.396 
2947.500 [ 2654.369 

3385.810 
13773.900 

4,000 
16.346 
5.357 

May 26/98 (576) 
June 27/98 (608) 
Juiy21/98 (632) 

38961 
520.564 

65 1.599 
2701.284 

371.384 
403.684 
17.678 
O 

26 
28 
30 33.333 ( 99.856 1 18.23 1 

83.044 
73.702 
5.893 
O 

9 -3 54 
78.403 
12.467 

1.87 1 
15.376 
2.356 



APPENDM D: Surface area (cm') of individual Tetrocelis' crusts at Burrard Inlet for one year. 

Aug '97 Oct '97 Dec '97 Feb '98 Manh '98 IMay '98 June '98 August '98 
2.396 2.9956 1.8301 6 3.3407 1 -6899 11 -424 6.991 10.196 
2.65 4.3704 5.3954 0.1742 6.89 5.0889 10.408 7.0534, 

3.129 15.635 13.024 11.006 2.5585 
2.3 t 2 6.743 3.5905 7.0098 3.0686 6.782 4.397 13.732 
1.953 5.222 11.1214 1 A475 2.096 14.8008 4.545 10.172 
1.97 7-57 0.32677 1.607 1.8166 5-4889 15.995 

3.444 9.3018 

12.83 4.435 3.3406 
2.9267 8.372 5.896 3.804 7.1093 11.082 16.053 5.875 
9.4325 5.412 0.7069 3.688, O O 6.95 8-69 

2232859 0.79056 3.936 2.241 O O 6.502 O : 
20.488 17.0685 1 -7374 2.708 O 0.8103 O 
11 -948 3.9236 10.152 5.752 O 3.0938 O 

3.09766 3.41 6 3.071 0.8754 O O O 
7.96 23.632 2.2705 0.6103 O O O 

4.61 7 
2.9686 
16.199 
2,741 

18,635 

7.577 
4.906 

2.1215 
8.468 

13.347 

2.4733 
10+16 
15.57 
1.207 
2.068 

5.8465 
O 

O 
O 
O 

O 
O 
O 
O 
O 

O 
O 
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