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Abstract 

Prymnesiophytes are an important component of the marine phytop lankton of 

New Zealand coastal waters , but there is l ittle knowledge of the taxonomy, 

physiology or  eco logy of local stra ins. The Class comprises four orders which 

conta in  putative fami l i es and genera of the microscopic organ isms, the 

microa lgae . The Prymnesiophytes are known for the i r  abi l ity to explode i n  

population numbers into "blooms " ;  one of New Zealand ' s most common 

bloom-formers i s  the coccol ithophore Emiliania huxleyi (Prymnesiophyceae) , 

which dominated the extensive phytop lankton blooms observed around New 

Zealand ' s coast l i ne  dur ing 1 9 93 - 94 .  Aspects of  the physio logy of  and 

factors contr ibut ing  to b loom format ion i n  E. huxleyi are i nvest igated . 

The phenomenon of seasonal b looms, a common occurrence amongst the 

microa lgae,  i s  reviewed . Studies of the blooms which occurred a long the 

north-east coast l i ne  of New Zeal and In 1 9 92-93 showed that these were 

unusual events that were l i nked to the c l i matic condit ions at that t ime,  i n  

part icular co ld sea temperatures associated with a n  "EI-N ino " phase o f  the 

Southern Osc i l l at ion I ndex in the southern Pacific Ocean . The dominant  

microalgae were Geph yrocapsa oceanica (Prymnesiophyceae)  and Fibrocapsa 

japonica ( Ra phidophyceae) and it is probable that the condit ion ing of the 

coastal w aters by these microalgae had a ro le in the succeed ing tox ic  event, i n  

which human i l l nesses were defi n it ively l i nked to  shel l f ish toxins due to 

microa lgae for the first t ime in  New Zealand .  

Al le lopath ic ,  or  chemica l ,  i nteract ions between microa lgae were i nvestigated In  

this study and  Prymnesium parvum and P.patellifera caused inhi b it ion of  the 

growth of spec ies from several  microalga l  c lasses . Unfortunately P.patellifera 

rap id ly lost its inhibitory activity in vitro , but P.parvum remai ned act ive for 
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severa l  years in  culture and was therefore se lected as a posit ive contro l  for the  

bioassays for  ichthyotoxic ity that were  developed . 

The c lass Prymnesiophyceae i ncludes toxi c  species of three genera,  n amely 

Chrysochromulina, Prymnesium and Phaeoc ys tis. Ichthyotoxi n  b ioassays based 

on toxi n  sensit ive microalgae ( Chattonella antiqua and Heterocapsa triquetra) ,  

she l lf i sh l arvae (Haliotis iris) , br ine shr imps (Artemia salina) a n d  sa lmon 

erythrocytes ( Oncorhynchus tshawytscha) , were developed o r  refined and 

evaluated to  enab le  the  rapid and i nexpensive detection of the h aemolyt ic  and 

cyto lytic prymnes iophyte tox in ,  prymnesi n .  

The n ovel quadr if lagel late species C. quadrikonta, which b loomed i n  nort h-east 

N ew Zea land ,  May 1 994, exhibited low levels of haemolytic activity i n  

stat ionary phase cultures grown i n  standard nutrient medium (at 1 8°C ,  1 00 

)1mo l  m-2s -1) as determined by the erythrocyte assay; no othe r  

Chrysochromulina species tested was  toxic .  

S ix loca l l y  occurr ing species were identifi ed b y  electron m icroscop ic  

exami nation  of  scales and  l ight and  e lectron microscop ic  observat ion  of  

cultured iso lates i n  this study. Seventeen of  the  nearly fifty named species of 

Chrysochromulina have now been i dentif ied in New Zealand . The average ce l l  

s izes and unmineral ised sp ine sca le  lengths of  the  New Zea land isolates of 

C. ericina, C. hirta and C. quadrikonta were s l ightly l arger than for the i r  type 

species and the calcareous scales of E. huxleyi and G. oceanica were more 

heavi ly  ca lcif ied than their  northern hemisphere counterparts . N o  g radation of 

ca lc if icat ion with i ncreased l at itude was observed for the coccol ithophores,  as 

had been noted previously, and th is  m ight reflect the consistently lower sea 

temperatures p revai l ing ,  due to the unusual ly protracted flE I-N ino " c l imat ic 

condit ions.  

Fluorescent probes proved to be useful tools for the d ifferent iat ion of some 

morpholog ica l ly- l i ke species under the l ight microscope : Calcofluor wh ite 

he lped d isti nguish between cel l s  of C. ericina and C. quadrikonta .  The 

d ifferentiat ion of  the genera Prymnesium and Chrysochromulina was e nab led 

through the spec ific b ind ing of fluorescently-tagged wheat germ lect in to 

Chrysochromulina species. 
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The g rowth characterist ics and cul tura l  id iosyncrasies of severa l  southern 

hemisphere Chrysochromulina i so lates have been described and compared with 

the toxic northern hemisphere relative, C.po/y/epis. C.po/y/epis, C. ericina a nd 

C. hirta fel l i nto a temperate g roup on  the basis of opt imum growth rates 

(doubl ings d-
1
) ,  whi l e  C. acantha, C. aphe/es, C. came/la and C. quadrikonta fe l l  

i nto a sub-tropica l  g roup . A l l  but C. acantha grew equal ly wel l  with potassium 

n itrate ,  urea or a mmonium chloride; C. acantha grew s ignif icantly s lower  with 

urea as n itrogen  source . O nly C. quadrikonta had a sel en ium requ i rement for 

growth.  Maximum growth rates (doub l ings d-1 ) recorded in vitro were 

C. acantha, 1 .2 ;  G. aphe/es , 0 . 9 ;  C. came//a, 1 . 1 ;  G. ericina, 1 . 5 ;  C. hirta, 2 . 4  and 

C. quadrikonta, 1 . 4. The Chrysochromu/ina species and E. hux/eyi and 

G. oceanica grew at low l i ght i ntensit ies ( 2 5  tlmo l  m-2s-\ which could g ive 

these prymnes iophytes a competitive advantage in b loom s ituat ions ,  where 

shad i ng due to the phytop lankton biomass can occur.  

The New Zeal and i solate of G. oceanica g rew optima l ly  at sa l i n i t ies  of 1 7  -

2 9 0/00, pH of 8 . 4  - 8 . 9  and temperatures of 20 - 2 50C;  E. hux/eyi grew 

opt ima l ly  at 2 9 0/00 , pH 7 . 5  - 8 . 9  and 1 5  - 2 50C.  G. oceanica grew equal ly wel l  

with ammon ium chloride ,  urea or n i trate a s  n itrogen source; E.hux/eyi grew 

opt ima l ly  w ith ammonium chlor ide. Maximum growth rates recorded were 1 . 9 

doub l i ngs d-1 for E. huxleyi and 1 . 4 doub l ings d-1 for G. oceanica . 
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The Prymnesiophytes: general introduction 

I n  1 9 8 8  a go lden brown mar ine microalga ,  Chrysochromulina polylepis, atta ined 

notoriety as  a f i sh k i l ler ( D ahl  et al. , 1 98 9 ;  L indahl  and D ah l ,  1 99 0 ) . C.polylepis 

( Prym nes iophyceae)  was thought to be  benign pr ior to the d eaths of caged 

sa lmon in Scand inavian waters d u ring  a toxic b loom of that species ( Leadbeater, 

1 9 72 a,b ). Over the next 5 years toxic b looms of other Chrysochromulina 

species,  inc lud ing  C. /eadbeateri, were responsib le for more , sometimes massive , 

fish k i l l s  i n  the Scandinavian reg ion (Tangen,  1 99 1 ;  Kn ipsch i ldt ,  1 992 ) . 

The genus Chrysochromulina i s  a lso found  i n  New Zealand coastal waters, and  

the need to u nderstand the triggers fo r  b loom development and the taxonomy, 

growth character ist ics and toxicity of prymnesiophytes occurr ing in New 

Zeal and waters l ed to the studies  described in this thes is .  

Phytoplankto n  blooms 

Phytop l a nkton b looms cause yel low foams,  g reen s l imes and red or brown s l icks 

i n  the ocean when a particu lar  microa lga l  species increases rap id ly i n  numbers .  

Such b looms have occurred for  aeons and the term "red t ide" has been 

documented s ince b ib l ica l  t imes.  The white cl iffs of Dover w ere formed over 

m i l l enn ia  from the constant deposit ion of the calcite sca les of the most abunda nt 

and ub iqu itous of m icroalgae ,  the coccol ithophores ( Prymnesiophyceae;  

Coccol ithophora les) . Coccol ithophore b looms have been observed extend ing 

thousands of km2, colour ing the water a mi lky-green ( Ba lch et al. , 1 99 1 ) ; in  

Austra las ia n  waters, G. oceanica and E. huxleyi are the most abundant of the 

cocco l ithophore species recorded from the Coral Sea to Bass Strait ( H al legra eff , 

1 9 84) ,  w ith G. oceanica domin at ing i n  the north and E. huxleyi i n  the south. The 

b i l l i ons  of i ndividual  cel l s  sequester carbon (with b icarbonate as  the m ajor 

i norganic carbon source) in the i r  ca lcareous scales, or  coccol i ths ( Dong et al. , 
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1 99 3 ), and  the h igh reflectivity of  these coccol iths has enab led the tracking of  

coccol ithophore b looms with the a id  of  satel l ite imagery ( Brow n  and Yoder,  

1 9 93 ;  Ho l l i gan  et al., 1 98 3 ) .  Coccol ithophores a lso emit d i methyl su lph ide 

( O M S) i nto the atmosphere, the O M S  being  produced with acryl ic ac id by 

enzymatic c leavage of dimethylsu l fon ium propionate, which is  formed withi n  the 

l iv ing ce l l s  ( Ke l l e r  et al., 1 98 9 ;  M atrai  and Kel ler, 1 99 3 ;  Vairavamurthy e t  al. , 

1 98 5 ) .  Both sequestering  of carbon and  production of  O M S  have imp l icat ions 

for  our  atmospheric envi ronment, by affecting the l evels  o f  carbon  d iox ide  i n  the 

atmosphere (Wi l l iamson and Gr ibb in ,  1 99 1 )  and by p rovid ing the precursors of  

c loud condens ation nucle i  over the oceans (Charlson e t  al. , 1 98 7 ;  Ke l l y  and  

Smith, 1 9 90) . 

M ulti p l e  i nteracting physica l ,  chemica l  and biotic factors have been cited as  

important var iab les in bloom formation . Seed beds  of  d ormant cysts can  

germi n ate to form moti l e ,  vegetative popu lat ions i n  the water co lumn ( Bolch a nd 

Ha l l egraeff, 1 9 90) . Zooplankton can exert grazing pressure on m icro a lgal 

stocks and a lter  b loom composit ion by preferentia l ly graz ing non-toxic species or 

se lect ing  m icroa lgae i n  a particu la r  s ize-range (Ti lman  e t  al., 1 98 2 ) ;  growth of 

the t i nti n n id Fave/la ehrenbergii was i nhibited by addit ion ,  in vitro, of the toxic 

bloom former  C.polvlepis (Car lsson e t  al. , 1 990), The physio logica l  and 

ecolog ica l  characteristics of the species present hel p  determ i n e  whether o r  not a 

body of w ater  becomes "bloom sensit ive". Even the chemica l  excretions of  one  

m icro a lga l  species can  affect the g rowth of another species,  a n  i nteraction  

termed a l l e l opathy (Rice, 1 984) . 

Ana lys is of  studies of b looms suggests that an increase i n  populat ion s ize , 

su itab le s upport factors ( nutr ients, sa l inity, water co lumn stab i l ity, temperature, 

l i ght and  g rowth factors) and a lso the maintenance and tran sport of  b looms by 

winds and  currents are a l l  a spects of b loom development and stabi l i ty ( Paer l , 

1 98 8 ) . I ncreased l i ght i ntensity, for example, has been shown to augment 

growth of Prvmnesium parvum cultures ( Shi lo and Aschner, 1 953 ) . 

H u m a n  i mpact on  the ocean m arg in s ,  in  the form of i ncreased nitrates i n  n utrient 

run-off and human effluent d ischarge,  has been l i nked  to the i ncreas ing n u m be rs 

of l a rg e  b looms (Cherfas,  1 9 90) . Acid rai n ,  another offshoot of human activity, 
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was proposed as a key factor  i n  the massive C.polylepis b loom that d ec im ated 

l ife  a long  the Norwegian coast in 1 988 ,  by releasin g  coba lt  from soi l s  (Anon,  

1 9 88).  That b looms are  becoming  more frequent, as  opposed to be ing more 

r igorous ly  investigated, i s  s u p ported by studies of  the Chin a  coastl i ne  (Zhij i e ,  

1 990 )  and the Seto Sea  i n  Japan. Red  tides a long  J apanese coast l i n es 

reputedly i ncreased 7-fold d u ring  the 1 960s, then decreased d ur ing the 70s 

fo l lowing run-off control by the reg u l atory authorities ( Cherfas ,  1 990) . 

Pred ict ion of the identity of the dominant species i n  a n  a lga l  b loom i s  d iffic ult, as  

b loom composit ion depends on  so many complex, i nteractive factors, but  the 

predict ion of b loom development per se is now f i rmly l inked to sea water 

temperatures,  i ncreasing d ay length and i ntense ra infa l l  ( leading to run-off and  

the formation of sa l inity grad ients) fol lowed by  periods of s unny,  ca lm weather. 

I n  N ew Zea land coastal  w aters non-toxic blooms have occurred both a s  l a rge­

sca le  seasonal events, as occur regu la rly  off the o pen  coast l i ne  along the west 

coast of  the South Is land ( Bradford and Chang ,  1 98 7 ;  Chang,  1 988 ) , and a s  

loca l ised , unexpected events .  The photosynthetic c i l i ate  Myrionectra rubrum 

( = Mesodinium rubrum) has reg u larly caused purp le-red b looms i n  north-eastern 

coastal waters and i n  the M arlborough Sounds ( Cha l l i s ,  1 990; persona l  

observat ion ,  1 994) . These b looms are  regular ly reported because of thei r  

d i st inctive co louration, which genera l ly a larms aquacultura l ists who re late "red 

tides"  to toxic d inoflage l l ate b looms. Blooms of surf d iatoms ( Di atomophyceae ) ,  

such as  the brown,  "foam y "  Gonioceros armatum ( =  Chaetoceros armatum) and 

A ulacodiscus cf. kittonii b loom which formed a long the south-west coast of  the 

N o rth I s l and ,  M arch 1 99 2  ( C.O'Kel ly,  persona l  commun ication) ,  form a vital food 

supp ly  for  tuatua (Paphies subtriangulata) and toheroa (Paphies ventricosa) 

( Cass ie  and Cass ie ,  1 960) . 

The coccol ithophore G. oceanica was a co-domin a nt species i n  a sp ring- 1 9 9 2  

b loom which extended more than 200 k m  a long the north-east coast of  the 

North I s l and ,  from Leigh down to the H auraki  Gu l f  ( Haywood , 1 99 3 ;  Rhodes e t  

aI. , 1 99 3 ;  Rhodes and Haywood, 1 993 ) ' an event which was  repeated i n  1 99 3  

( refer Chapter four ,  D iscussion).  The 1 992  bloom immediately preceded a m ajor  
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toxic  she l l f i sh event i n  summer 1 99 3, during  which the whol e  of New Zea land's 

m u lti-m i l l i on  do l l a r  she l lf ish industry was closed to harvesters .  The l atter event  

was attr ibuted to the toxic d inof lage l l ates Gymnodinium cf.  breve and  

Alexandrium minutum ( Dinophyceae)  ( M ac Kenzie and Rhodes ,  1 99 3; Smith e t  

al. , 1 99 3; Brad ford-Grieve et al. , 1 99 3 ). 

Other toxic events i n  New Zea land have inc luded a b loom of Heterosigma 

akashiwo ( R a phidophyceae )  i n  B ig  G lo ry Bay, Stewart I sland ( Figure 4 . 1 c ) ,  

which w a s  respons ib le  for a near ly $20 m i l l i on  loss o f  q u i nnat sa lmon t o  New 

Zea la nd's farmed f inf ish industry i n  1 98 9  (Chang et al. , 1 99 0 ) . 

A sma l l e r  event i nvolving p i l chard deaths occurred i n  Wel l in gton H arbour on  1 0  

December ,  1 99 3 .  This was the f i rst wi ld  f ish k i l l  documented i n  New Zea land i n  

which microa lgae and fish d eaths were examined s imu lt aneously.  The deaths 

were be l ieved to be due to a sphyxiation  by c logging of  g i l l s  by the g reen  

f lage l l ate Tetraselmis sp . ( Pras inophyceae; Jones and Rhodes,  1 994) . 

A stron g  common feature between the north-east coast b looms of 1 99 2  - 9 4  

and prev ious persistent b looms a long both coasts, h a s  been the presence of 

abnormal ly  cold water. This  was due either  to l a rge-sca le  c l imatic f luctuat ions 

as  i nd icated by the Southern O sci l l ation Index (the anomaly of a i r  temperature 

d ifference between Darwin  and  Tahiti ) ( Heath, 1 98 5 ;  Ba l lantine ,  1 99 2),  o r  

loca l i sed upwel l i ng .  Along the north-east coast i n  1 99 2, i n  a negative Southern 

O sci l l at ion I ndex,  the sea temperatures were lowered overal l, the weathe r  was  

ca lmer  tha n  usua l  and h igh ra infa l l  occurred i n  short d u ration bursts .  These 

cond itions  were widespread and long- last ing,  and m ight be useful as  b loom 

ind icators i n  the future. 

Toxic prymnesiophytes 

The 1 98 8  C.polylepis bloom i n  the Scandinavian f iords and the subsequent toxic 

prymnesiophyte bloom s  i n  those waters were respons ib le  for  sometimes m assive 

k i l l s  of f ish and other b iota  ( G ranmo et al. , 1 98 8 ;  S kjo lda l  and Dund a s ,  1 98 9 ;  

Tangen ,  1 99 1 ; Knipschi ldt ,  1 99 2 ) .  I ncre ased toxic ity i n  p rymnesiophyte b loom s  

has been attr ibuted t o  i ncreased n itrogen : phosphate molar  ratios . Phosphate 
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l i m ited cu ltures of Prymnesium parvum produce more tox in  than phosphate 

rep lete cu ltures in vitro (Sh i lo, 1 97 1 ) .  

The toxic p rymnesiophytes p roduce the ichthyotoxin p rymnesin, actua l ly  a su ite 

of  tox ins which act as  neurotoxins, cytotoxins and h aemolysins (Edvardsen e t  

al. , 1 990;  M eldah l  a nd Fon num, 1 9 93; Igar ish; et al. f 1 99 4 ) .  Pr ior to the  

infamous Scandinavian b loom,  p rymnesin-produc ing s pec ies had been thought to 

be  conf ined to the genus Prymnesium, with P.parvum having a wel l-docu me nted 

h istory as a f ish-k i l l e r  (Re ich and Aschner, 1 947 ;  Sh i lo, 1 967 ) . 

The apparent ly sudden expression of toxicity i n  the genus Chrysochromulina 

fue l led the d ebate as  to whether ichthyotoxic b looms are more evident d u e  to 

incre ased surve i l lance and the i ncreases i n  caged, and therefore vu lnerabl e, f ish 

wor ld-wide, o r  whether tox ic  b looms are actua l ly  increas ing dramatica l ly  i n  

n u m ber and extent (Cherfas ,  1 990). Certain ly, nu isance m icroa lga l  b looms a re 

now a m ajor concern and h ave caused economic l osses through the deaths of  

she l l f ish and fin-f ish and t h rough the poisoni n g  of consumers of  contaminated 

seafood (Tayl or ,  1 990) . 

The  Scand inav ian experiences led to the development of a "toxic a lga l  b loom" 

p roject, supported by the D anish Min istry for the Environment, to i nvestig ate a l l  

aspects of  toxic b looms i n  D an ish coastal waters ( R avn, 1 99 1 ) . I t  a l so l e d  to 

the development of a g loba l  Emiliania mode l l i ng  programme (Westbroek et al. , 

1 99 3 )  a imed at the deve lopment of  a system for the rapid and i ntensive study of 

al l  aspects of  i nd iv idua l  species.  

Toxic and n uisance p rymnesiophyte blooms h ave a lso occurred in New Zea la n d  

coastal waters. Phaeocystis pouchetii w a s  l in ked t o  lowered f ish catches i n  

Tasman  Bay, New Zea land ,  i n  1 98 1  (Chang, 1 98 3 ), main ly due  to  the  copious 

amounts of m uc i lage which it p roduced i n  its non-mot i le  colon ia l  form .  

P.pouchetii is  known to  p roduce the antibiotic acryl ic acid i n  conjunct ion w ith 

d i methylsu lph ide (S ieburth, 1 960)  and th is  cou ld have had an  effect on the 

hea lth of  f ish, a lthough  i n  the Tasman Bay "sl i m e "  event toxin production was 

not i nvestigated . 

I n  the summer of  1 9 83  f ish and shel l fish  d ied at  Bream Bay, north  of  Le igh, 
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d uring  a b loom dominated by the non-toxic d i atom Cerataulina pelagica. The 

f ish deaths were attr ibuted to anoxia (Taylor et al. , 1 98 5 ) ,  a ltho ugh the 

p revious ly u ndescribed prymnesiophyte Prymnesium calathiferum, a sub­

dominant d u ring the b loom,  was also imp l icated ( Chang and Ryan ,  1 98 5 ) .  This  

species was  ichthyotoxic to  Gambusia sp .  ( a  sma l l  species of f ish )  ( Chang and 

Ryan ,  1 98 5 ) . 

Characteristics and Classification of the Prymnesiophyta 

The prymnesiophytes are a g roup of yel l ow-brown marine microa lgae most of  

which bear a un ique organel l e ,  the haptonema . This d istinctive struct u re var ies 

i n  length between species,  from a rudimentary bud (sometimes even l ack ing  in 

the non-moti l e  stages of  many coccol ithophores ) , to a f ine whip-l i k e  structure 

of over 1 50 Jim in  some Chrysochromulina species.  Prymnesiophyte ce l ls  

typica l ly contain chlorophyl l a and two o r  three chlorophy l l  cs i n  usual ly two 

chloroplasts (Jeff rey, 1 9 90) . Ce l ls  of most p rymnesiophytes a re covered with 

carbohyd rate scales ,  and a lso,  in  the cocco l i thophores, calcareou s  coccol iths . 

Ear ly studies of the Prymnesiophyceae concentrated on taxonomic descript ions 

of the 50-plus  genera and :::0:500 species and inc luded ster l ing work by  severa l  

g roups of scientists i n  England and Europe ( e . g .  Carter, 1 93 7 ;  Parke et al. , 

1 9 5 6 ,  1 9 58;  Leadbeater ,  1 972a;  Ha l lfors and  N iemi ,  1 974; G reen e t  al. , 1 98 9 ) . 

The type species of the genus Chrysochromulina, C.parva Lackey ( a  freshwater 

i nhabitant) , was i n it ia l ly cast i nto the ranks of the Chrysophyta ( Lackey,  1 93 9 ) .  

The deve lopment o f  the e lectron microscope enab led the d i scrim inat ion  o f  the 

characteri stic haptonema from the f lagel la ( Parke et al. , 1 96 2 ;  H ibberd , 1 9 7 6); 

p rymnesiophytes bear two, rarely four,  f lagel l a  plus a haptonema ( Parke e t  al. , 

1 9 5 5 ) .  The new c lass was named the Haptophyceae,  because of  thi s  d i st inctive 

organel l e ,  and the taxon was formal ly estab l ished by Christensen ( 1 9 6 2 ;  Boney,  

1 9 70) . H i bberd ( 1 976 )  l ater proposed that the typified name Prymnes iophyceae 

be used in p reference to Haptophyceae ,  based on the pr iority of the genus 

Prymnesium. 
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M uch d ebate has fol lowe d ;  pr inc ipl e  3 of the I nternationa l  Code of Botan ica l  

N omenc lature ( G re uter e t  al. , 1988) states c learly  that "each taxonomic  g roup  

with a p a rt icu la r  c i rcumscription ,  posit ion and ran k  can  bea r  on ly  o n e  correct 

name,  the ear l iest that i s  in  accordance with the Rules except in spec if ied 

cases " ,  but adds ( a rt ic le 11. 4) that the "princ ip le  of  priority i s  not mandatory for  

names above the rank of  fami ly" .  Recommendat ion 16B.1 states that If the 

name of a d iv is ion is  taken e ither from d i stinctive characters of the d ivis i o n  

(descr iptive names)  o r  from a name o f  an  inc luded g e n u s " ,  c lari fy ing that the use  

of the typif ied name i s  not  a requ i rement. However the typ if ied taxon n ames  

Prymnesiophyta and Prymnesiophyceae are currently favoured internat iona l ly  and  

wi l l  be used  i n  thi s  thesi s .  They may yet be deemed i n  accordance w ith the 

R ul es by exception ,  but the usage is  with the acknowledgment that H apto phyta 

and H a ptophyceae are correct in the terms of the "Code " .  The fi rst internatio n a l  

sympos ium on  liThe b io logy of the Prymnes iophyta " , U n iversity of P lymouth ,  

Eng land , 2 9  M a rch -1 A pr i l  199 3  (organ ised by  the Systematics Associ at ion and  

the Brit ish Phycologica l  Society) comprised 4 3  p apers and  1 2  poster papers ,  

with on ly  o n e  a uthor p referr ing to use H aptophyta ( C aval ier-Smith, 199 3) . 

Tappan (1980) suggested that the c lassif ication of  the prymnesiophyte taxon i s  

the l east certa in  of  the a lga l  d iv is ions because of the heteromorphic l i fe histories  

of  i ts  species (Thomsen et al. , 19 91) . There has  been a tendency to c las sify 

species on the basis of  coccol iths or  unminera l ised scales a lon e ,  without 

substantiation by comparison with l iv ing cel ls .  In fact ca lcif icat ion p rocesses i n  

the cocco l i thophores have been intensively ana lysed and  the p rocesse s  of  b oth 

ca lc if ied and non-minera l ised scale development within i ntracel l u l a r  ves ic les and  

the i r  consequent movement to  the surface of the ce l l  have been  e luc idated w ith 

the a id  of e lectron microscopy (Manton and Parke,  1962 ; Romanovicz ,  1981) . 

I n  thi s  thes is  species identif ication has been made fo l lowing obse rvat ion  of both 

scales and  l iv ing ce l ls  i n  most i nstances a nd the recent c l ass ificat ion  system 

f rom c l ass  to genus pub l i shed by Chretiennot-D inet et al. ( 19 93) has been 

fo l lowed (Tab le 1) . Thu s ,  for example ,  the order  name Coccol ithophora les has 

been used rather  than  Coccosphaera les ,  the n am e  



Introduction . . . . . . . . . .  8 

Table 1 Classification of Prymnesiophyta (Chretiennot-Dinet et al., 1 993) 

Class: Prymnesiophyceae Hibberd 1 976 

Order: Prymnesiales Papenfuss 1 955 

Family: 

Family: 

Prymnesiaceae Conrad 1 926 

Genus: Chrysochromulina Lackey 1 939 

Prymnesium Massart ex Conrad 1 92 6  

Phaeocystaceae Lagerheim 1 89 6  

Genus: Phaeocystis Lagerheim 1 89 3  

Order: Isochrysidales Pascher 1 9 1 0  

Family: Isochrysidaceae Pascher 1 9 1 0  

Genus: Isochrysis Parke 1 949 

Order: Pavlovales Green 1 976 

Family: Pavlovaceae Green 1 976 

Genus: Pa vlo va Butcher 1 95 2  

Order: Coccolithophorales Schiller 1 926 

Family: 

Family: 

Family: 

Braarudosphaeraceae Deflandre 1 947 

Calcioso leniaceae Kamptner 1 937 

Calyptrosphaeraceae Bou d reaux et Hay 1 969 

Ceratolithaceae Norris 1 965 

Coccolithaceae Kampner 1 92 8  

Genus: Emiliania Hay et M ohler  in Hay et al. , 1 967 

Gephyrocapsa Kamptner 1 943 

Deutschlandiaceae Kamptner 1 92 8  

H alopappaceae Kamptner 1 92 8  

Hel iosphaeraceae Black 1 97 1  

Hymenomonadaceae Senn i n  E ngler & Prantl 1 900 

Papposphaeraceae Jordan et Young 1 990 

Pleurochrysidaceae Fresnel et Billard 1 99 1  

Genus: Pleurochrysis Pringsheim emend . Gayral et Fresnel 1 983 

Pontosphaeraceae Lemmerman n  i n  Brandt & Apstein 1 908 

Rhabdosphaeraceae Lemmerma n n  sensu Norris 1 984 

Syracosphaeraceae Kamptner 1 95 8  

Genus: Syracosphaera Lohmann emend . Gaarder i n  Gaa rder  & 
Heimdal  1 977 
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preferred by Parke and G reen ( parke and D ixon,  1 97 6 ) .  

The def in it ion o f  "specie s "  i s  a further problem (Taylor ,  1 9 9 3 ) .  M any o f  the 

hypotheses argued in this thesis a re based on observations and ana lyses of 

s ing le  popu lat ions compr is ing the genetic offspri ng of ce l ls  that survived the in 

vitro condit ions provided . It is  reasonable to presume that a natura l ly occurr ing 

f ie ld popu lat ion wi l l  conta in a mixture of genotypes and that d ur ing the d i fferent 

stages of a b loom,  or when a popul at ion is isolated into culture , d ifferent 

genotypes wi l l  dominate depending on the particu lar  condit ions at the t ime.  

Morpho logy can be useful for  the identification of microa lgae,  but  plast ic ity i s  a 

common feature of plants and must be taken i nto account.  For example ,  there 

is  a remarkable d iversity of form in  ce l ls  d erived from clonal cu l tures of 

Gymnodinium ct . breve iso l ated from New Zealand coastal waters ,  (Al l ison 

H aywood , personal  communication ) .  Heteromorphic l i fe histor ies further  

compound the species problem . In  this  respect recogn it ion techniques based on  

molecu lar  genetic or immunocytochemical  features should prove usefu l  when 

they a re ref ined . 

Whi l e  taxonomic studies have domi nated prymnesiophyte research i n  the past, 

more recent studies have had a broader scope . Stud ies of feed ing behaviour  and 

physio logy have estab l ished that some Chrysochromu/ina species are  

m ixotrophic,  be ing  at t imes autotrophic, heterotrophic ( Pintner and Provasol i ,  

1 9 68 )  and/or phagotrophic (Jones e t  a/. , 1 9 93) .  There i s  now evidence that the 

haptonema can act as a food col l ecting device and assist in  surface g l id ing  by 

attaching to surfaces ( Kawachi e t  a/. , 1 99 1 ) .  A form of remote parasit i sm,  i n  

which chemica ls  excreted by nutrient starved Chrysochromu/ina ce l ls  cause 

l eakage of  ce l l  membranes i n  prey organisms has even been hypothes ised (Estep 

a nd Macintyre, 1 98 9 ) .  Optimal  growth conditions  in  cu lture have been 

d etermined for a few species of coccol ithophore ( K l aveness and Paasche, 1 9 7 9 )  

and a requ i rement for specif ic growth regulators, secreted by bacteria ,  has been 

identif ied ( Maestrini and G ranel i ,  1 9 9 1 ) .  Stud ies of  oceanography (Aure and 

Rey,  1 9 92 )  and biogeography have shed l ight on the d istr ibution of  b looms ( i n  

part icul ar  coccol ithophores) in  the world ' s oceans ( Honjo,  1 9 77 ;  N i sh ida ,  1 97 9). 

Recent ly,  two prymnesiophyte ichthytox ins ,  prymnesin- 1 and -2  from 
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Prymnesium parvum, have been purif ied and the i r  c hemical and b io log ica l  

propert ies have been d escribed ( Igarish i  et al. , 19 94) . The photosynthetic 

p igment b iochemistry of 29 species of prymnesiophyte has been e luc idated 

(Jeffrey and Wright, 199 3) and the phylogenetic re lationsh ips w ith other  

microa lga l  g roups are be ing  determined by R ubisco gene characterisation  

( Fuj iwara et al. , 1993) .  

I n  t h i s  thesis ,  loca l ly ( N e w  Zealand )  occurring species of  the ubiquitous  group ,  

the Prymnesiophyta ,  have been identified by  e lectron microscopic examination of  

sca les and l ight microscopic observation of  cultured isolates .  A new 

quadrif lagel late species was iso lated from Nelson H arbour in  1991, and it has 

been described i n  detai l .  A Japanese stra in  of th is species was iso lated i n  1986 

and ,  with consu ltation , the species was named C. quadrikonta ( Kawachi and 

I nouye, 19 9 3) and the growth characteristics of the New Zea land isolate 

e l ucid ated ( R hodes,  19 9 3; Rhodes et al. , 1994b) . 

The growth characteri stics and cultural  id iosyncrasies of five othe r  southern 

hemisphere Chrysochromulina iso lates have a lso been descri bed and compared 

with the i r  northern hemisphere relatives .  

The  ro l e  of f luorescent probes i n  the identif ication  of  morphological ly- l i ke species 

and i n  the d i fferentiat ion of genera has been assessed . Species of  the genera 

Chrysochromulina and Prymnesium were tested , and a lso members of the 

D inophyceae and Diatomophyceae. 

The key ecologica l  factors contribut ing to the development of the recent b looms 

i n  New Zea land 's coastal waters are d iscussed ( Rhodes et a/. , 19 93) as are 

aspects of the ecology and physiology of the cocco l ithophores Gephyrocapsa 

oceanica and E. huxleyi; coccol ithophore occurrence and d istr ibutio n  throughout 

199 2 -93 has been invest igated (Rhodes et a/. , 1 9 94a) . 

The toxicity status of a l l  species isol ated has been determined by b ioassays 

developed o r  refi ned for that purpose and these bioassays have been eva luated . 

Overa l l  the objective of  th is  thesis has been to draw together current knowledge 

of the prymnesiophyte taxon i n  New Zealand and to contri bute to the growi n g  

body o f  knowledge about th is  important group worldwide .  
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Chapter one:  FLORISTICS: New Zealand's prymnesiophytes 

I ntroduction 

The Prymnes iophyceae for m  one  of 17 c lasses of mar ine  phytop lankton 

(Chretiennot-D inet et al. , 1993) . In 19 9 1  the number  of  genera with in  the 

Prymnes iophyceae was seventy e ight, comprised of approxim ate ly 270 species .  

These f igures a re  an  estimate on ly ,  but  ind icate that the p rymnesiophytes are a n  

important component of the mar ine phytoplankton, compr is ing ",,16% of genera 

and ;::;7 %  of the total number of species ( Sournia et al., 199 1) . 

Actua l  f igures are d i ff icult to compi le  as new species are found each year and 

some previous ly separate species have been merged as the i r  heteromorphic l i fe 

histor ies have become known .  Chrysochromulina polylepis, for examp le ,  has 

been found to have two morpholog ica l ly d ist inct, scale-covered f lage l late forms 

i n  its l i fe h istory ( paasche e t  al. , 199 0; Edvardsen and Paasche, 199 2 ) . Several 

coccol ithophores previously considered to be autonomous species have been 

shown to be part of  l i fe histories combin ing hetero- and holococcol ithophorid 

forms, sometimes with i ntermed iate forms having the ca lcareous scales,  or 

coccol iths,  of  the d ifferent stages appearing on the one cel l  (Thomsen et al. , 

199 1) . ( Ho lococcol iths are comprised of ind iv idua l  ca lc ite e lements, vis ib l e  

under  the e lectron microscope;  i n  heterococcol iths m inute crysta ls  jo i n  to  form 

d iverse p l ate-l i ke e iements ( G reen ,  1986) ) .  

The foss i l  record indicates that the coccol ithophore E.huxleyi was present i n  

New Zea land waters some 2 7 0  000 years ago;  coccol iths of that age were 

fou nd in d r i l lholes on the eastern continental s lopes of the South I sl and ( N elson ,  

1988) . Gephyrocapsa oceanica i s  reco rded from the sed iments l aid  down in  the 

H ol ocene,  part icu larly in northern and western New Zealand ( Burns , 197 5; 

Edwards,  199 2 ) . Recent New Zealand iso lates of these coccol ithophores have 
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been shown to have heavier ca lc ification of the i r  coccol iths than d o  thei r  

northern hemisphere re latives ( Burns, 197 7; Young a nd Westbroek, 199 1) . 

The fi rst records of l iving prymnesiophytes i n  New Zealand waters included the 

coccol ithophores Calyptrosphaera quadridentata and Syracosphaera coronata, 

from Foveaux Strait and the Chatham Is lands respectively (Cassie, 1961) . The 

fi rst records of Chrysochromulina species (two species i n  the vic in ity of the 

Kermadec Is lands  and three i n  Wel l i ngton Harbour) and further observations of 

coccol ithophores (31 spec ies)  were made during a Pacific cruise i n  1958 (Norr is, 

1 961; 1 9 64) . Al l  these observations were by l ight microscopy and so i n  several  

i nstances only resemblances to known species could be recorded . However i n  

1 9 7 4  O . Moestrup examin ed seawater samples under the transmission electron 

microscope and was able to name New Zealand prymnesiophyte iso lates on the 

bas is of scale morphology (Moestrup, 19 7 9 )  (Table 1. 1) . 

Table 1 . 1 Published records of prymnesiophytes from New Zealand coastal waters, 
identified by scales using electron microscopy. 

Species Reference Species Reference 

Prymnesiales 

Chrysochromulina Moestrup,  1979 C. apheles Moestrup & Thomsen,  

alifera 1986 

C. brevifilum C. camella Moestrup, 1979 

e.chiton C. ephippium 

e. ericina C. aft .tragilis 

C. mactra· C.no vae-zelandiae 

C.parkeae C. quadrikonta Rhodes et al. , 1994 

C. spinifera Corymbellus aureus Moestrup, 1979 

Phaeocystis pouchetii P.scrobicu/ata 

Prymnesium Chang & Ryan, 1985 

calathiferum 

Coccolithophorales 

Emiliania huxley; Moestrup, 1979 Gephyrocapsa Burns, 1977 

oceanica 
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Prymnesium calathiferum was fi rst d iscovered in  New Zealand coastal waters 

( Chang and Ryan,  1 985 )  and was shown to be ichthyotoxic (Chang,  1 9 8 5 ) . 

Chrysochromulina pringsheimii was isolated from Big G lory Bay, Stewart I s land 

i n  1 990 during a mixed C.pringsheimii/ E. huxleyi b loom (L .MacKenzie ,  persona l  

com mun icat ion)  and  definit ively identif ied by  transmission electron microscopy 

( C . O ' Ke l ly ,  persona l  com m u n ication ) . 

I n  the present study, seawater samples from around New Zealand 's coastl i n e  

w e r e  investigated for prymnesiophytes a n d ,  where p resent, cel ls were iso lated , 

cu ltured and identi fied by l ight and e lectron (scanning and transmissi o n )  

microscopy.  Cu ltures were compared with the l iterature describ ing northe rn 

hemisphere iso lates and d i fferences between geographical ly sepa rated stra i ns  

noted . 

A previously undescribed , quadrifl agel late Chrysochromulina species w a s  

iso lated from Nelson H arbour in  autumn 1 9 9 1  a n d  the key taxonomic features of 

this  species are presented . A morphologica l ly identical microa lga was iso lated 

from Tokyo Bay in  1 98 6  and named Chrysochromulina quadrikonta s p .  nov .  

( Kawachi and I nouye, 1 9 9 3 ) .  A non-toxic b loom of a stra i n  of  this  organ ism 

occu rred i n  Kesen-num Bay,  Japan in 1 9 9 1 , caus ing the colourat ion of oysters .  

C. quadrikon ta was also isolated from Austra l ian waters in  1 99 1  ( D . H i l l ,  persona l  

commun icat ion)  . 

The prymnesiophytes appear  to be a ubiquitous g roup and it is  not surp rising 

that species previously u n known in  these waters are being identified . 

M ethods 

Microa/gae 

N ew Zealand prymnesiophyte isolates were obta i ned from seawater samp les 

co l lected either  by vertica l  haul with a 1 0  pm or 1 7 pm mesh net from a d epth 

of up to 1 0 m or with a Van Dorn water bott le  sampler at var ious d iscrete 

depths .  
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Sampl ing  w as fac i l itated by the weekly mon itor ing carried out by Rega l  Sa lmon  

Ltd . ,  N ew Zealand i n  the Foveaux Strait/Stewart Is land regi o n  and  i n  the 

M a rl bo rough Sounds,  and a lso by the samp l ing  carried out by Ne lson 

Mar lborough Hea lth Services for the M ar lborough Shel lf ish Qua l ity Program m e  

( Figure 1 . 1 ) . Samp les were received at Cawthron I nstitute, Ne lso n ,  for ana lys is .  

F rom Augu st 1 993  unti l June  1 994 samples from a further 1 7  s i tes  i n  the north­

east of the North I sl and were col lected by loca l  health services personne l  and  

a na lysed at  Cawthron I nstitute for the M in i stry of Agriculture and F isher ies 

phytop lankton research programme.  

Un ia lga l  cu ltures were obtained by p ick ing  o ut ind iv idua l  ce l l s  with a f ine  tipped 

Pasteu r  p ipette (drawn out under f lame)  and transferr ing them to culture med ia  

o r  by sett ing up d i l ution series i n  M ultiwe l l™ tissue culture p lates ( B ecton 

Dick inson)  . 

Culture Conditions 

Chrysochromulina s pecies were cu ltured i n  a general  pu rpose enrichment 

med ium ( G P) ( Loeb l ich and Smith, 1 9 6 8 ) ,  f2 medium (Gu i l l ard,  1 97 5 )  and 

Chrysochromulina (CHRY)  medium (Andersen et al. , 1 99 1 ) .  Chem ica ls  were 

analytica l  grade. Soi l  extract, a component of  GP and C H RY med ia ,  was 

p repa red from g arden topso i l ,  untreated with herbicides o r  pestic ides, as 

fo l lows:  fr i ab le, d ark brown s i lty loam,  was p laced ( 5  em deep )  in  a 1 0  I 

Erlenmeyer f lask with d isti l led water ( 5  I )  and ster i l ised ( 1 2 1 0C;  30  m i n utes) . 

After standing for 1 day the supernatant was decanted and f rozen u nt i l  req ui red . 

Med ia  were modif ied by the addit ion of  0 . 0 2  jJM selenium (sod ium se lenate)  and 

double the norma l  add it ion of vitamins .  M ed ia  were ster i l ised at 1 2 1 °C for  1 5  

min ,  except for the phosphate and vitam in  additions ,  which were fi lter ster i l ised 

( 0 . 2  jJm nuc lepore) separately and added to the media after autoc lavi n g .  F i ltered 

oceanic sea water (sa l in ity 34% 0) was f i ltered (0 . 2  jJm n uc lepore f i lters) , 

adjusted to pH8 . 0  with 1 M sod ium hyd roxi d e  and  used for m a i ntenance m ed ia .  

Cultures were incubated at a l i ght i ntensity o f  1 00 jJmol m-2 S-l, with a 
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Fig. 1 . 1  Map of New Zealand (a) and the M arlborough Sounds (b) showing sites 
from which prymnesiophytes were isolated . ( a )  1, Pakari Beach;  2, Lei g h  mar ine 
reserve; 3, Omaha Bay; 4, Waimangu Point ; 5 ,  Coromandel .  ( b)  1 ,  Admira lty Bay;  2, 

El ie Bay; 3, Ruakaka Bay; 4, East Bay. 
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Cultures were incubated at a l i ght intens ity of 1 00 limol m-2 S- 1 , with a 

light/dark cycle o f  1 4 : 1 0 h and temperatures of 1 8°C (± 1 °C ) .  

Non-moti le cocco l ithophores were obtai ned from sea water b y  add ing samples to 

growth med ia  as above, but with germanium dioxide ( 0 . 5  mg r 1 f ina l  

concentration )  i nc luded to  inh ibit the growth of  d iatoms.  Coccol ithophore ce l ls  

m ultipl ied rapid ly and un ia lga l  cu ltures were obtained by pick ing  out groups of 

ce l ls  with a Pasteur  pipette and transferr ing to fresh medium every three or  four  

days .  

Microscopy 

Light M icroscopy : An inverted microscope was used for examin ing  l ive cultures 

e ither d i rect ly i n  cu lture bott les or i n  Uterm6hl settl ing chambers . An A H BT 

New Vanox O lympus photomicrograph ic microscope was used for 

epif luorescence microscopy and photography. Bri l l iant cresyl  b lue sta in  was 

used for h igh l ight ing the unmineral ised sca les and Janus green sta in  h igh l ig hted 

mucocysts . 

E lectron M icroscopy: Cu ltures of the Chrysochromulina spec ies were gent ly 

f i ltered under vacuum on to 0 . 2  lim nuclepore fi lters and sa lt  c rysta ls  removed 

by rins ing with f i l te red deion ised water. ( Fo r  whole cel l  mounts g lutara ldehyde 

was added (f ina l  conc. 1 % ) . )  The sample was resuspended in a d rop of water 

and mounted on  400 and 200 mesh copper gr ids precoated with Formvar ( 0 . 4 %  

in d ich loroethane ) . Some samples were positively stained with uranyl  acetate 

(30 second s ) ,  then washed with ethano l  ( 5 0 % )  fol lowed by de ion ised water.  

Others were d i rect iona l ly shadow cast with p latinum.  VVhole ce l l s  and i ndividua l  

sca les were then examined under a Ph i l ips 20 1 c transmiss ion e lectron 

microscope (TE M )  and photographed . 

Coccol ithophores were f i ltered and washed as for TEM ,  but d rops of sample 

were transferred to pieces of  g lass cover s l ip g lued (with s i lver  pa int) to  metal  

stubs and a i r-dr ied pr ior to gold-coating .  I n  the  cases where sca les requ i red 

fixing prior to metal coating,  the cel ls were treated with g lutara ldehyde  ( 1  % 

v/v) , passed throu g h  a seawater/d ist i l l ed water d i l ut ion series up to 1 00 %  
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d ist i l l ed  water a n d  then a water/ethanol  ser ies up  to 1 00 %  etha no l .  Ce l ls  were 

then dr ied with l i qu id  carbon d ioxide i n  a cr it ical  po int dr ier .  

Coccol ithophores were identif ied by the i r  coccol i ths after  exami n at ion under  a 

Cambr idge Stereoscan 2 50 M ark 3 scann ing e lectron microscope ( SEM;  E M  

U nit,  Hort Research, Pal merston North) . 

Results 

Prymnesiales 

Chrysochromulina acan tha 

Severa l  d ifferent species of Chrysochromulina were observed i n  seawater 

samples taken from Pakar i  Beach, i n  the H auraki Gu l f ,  February 1 994 .  These 

inc luded the b if lage l late C.acantha, which was cu ltured i n  GP med i u m .  Ce l l  s i ze 

averaged 8 . 2  pm l ength and 7 .0 Jim breadth, with a range of from 7 . 2  x4 . 8  p m  -

9.6 x7.2 Jim . The equa l  f lage l la  averaged 1 5  Jim in  length and the haptonema 

27 pm ( range 20  - 34 Jim) .  G. acantha was identif ied, us ing  TEM ,  by  its 

d istinctive sp ine  scales ( Leadbeater and Manton,  1 97 1 ; Ha l l egraeff, 1 98 3 ;  

1 . 2 ) .  The culture w a s  lost before more deta i l ed observations o f  its 

taxonomy cou ld  be made.  

Chrysochromu/ina aphe/es 

The bifl age l l ate C. aphe/es was also iso lated from Pakari  Beach . The ce l ls  were  

extremely sma l l ,  averaging 5 . 5  Jim in l ength (range 3 . 6  - 7 . 2  pm)  and 4 . 6  Ji m  in  

breadth ( range 2.4 - 7 .2  pm) .  The majority of cel l s  were round,  but 

approxim ately one thi rd were e longated with a concavity on one side, appear ing 

bean-shaped . The flage l l a  were unequa l  in  length, with the longer  f lage l l u m  

averag ing 1 5 . 4  Ji m  (range 1 2 .0  - 2 1 . 6  Ji m )  and the shorter averag ing 1 2 . 2  pm 

(range 9 . 6  - 1 6 . 8  Jim) .  The haptonema was long in re lat ion to the ce l l  s i ze ,  
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averag ing 47  jJm ( range 30 - 70 jJm). No coi l i ng  of the haptonema w as 

observed. 

The unminera l i sed scales observed under  TEM bore 23 2 5  r idges on one 

surface. These r idges radiated out fro m  a centra l  c ross (which consistent ly 

comprised three equal  arms and one longer arm) to a s l ightly ra ised outer r im 

( Figure 1 . 3a ). The obverse s ide of  the sca le  bore concentric r ings ( Figure 1 . 3 b ). 

Sca les were e ither concentric (0.33 - 0.43 jJm) or s l ightly e l l i pso id  (0 .27  - 0 . 42 

jJm xO.23 - 0.3 9  jJmj ,  and were s l ightly l arger than the scales d escribed for the 

type species ( Moestrup and Thomsen,  1 986 ) . The central cross measured from 

0 . 0 6  xO .09  jJ m  in  the sma l lest sca les to 0. 1 7 0.1 9 jJm in  the l argest. 

The ce l ls  fitted the type description of C.aphe/es except for  the l ack of central 

ho les in the unmineral i sed scales , but this l ack was noted in sca les previo u sly 

observed i n  New Zealand waters and a lso described as  C. aphe/es ( Moestrup and 

Thomsen ,  1 98 6). 

Chrysochromu/ina camel/a 

Chrysochromu/ina camel/a grew i n  G P  medium inocu lated with a seawater 

sample  obtai n ed from Ruakaka Bay, Queen Charlotte Sound in M a rch 1 99 2 .  

C. camel/a i n it i a l ly grew in  both G P  a n d  C H RY med i a. H owever, after seve ra l  

weeks of  subcu lturing ,  cu ltures fa i led to thrive unt i l g rown for several  

generations in GP with u rea as n itrogen source. This species would grow in a 

synthetic med ium only i f  the f i ltered seawater was grad u a l ly replaced w ith 

synthetic seawater over several subculturings. 

Light m icroscope examinat ion of this  iso late suggested that the m icroa lga was 

one of  the three members of  the G. strobilus aff in ity (Lead beater and M anton,  

1 9 69 ). It possessed a saddle shaped ce l l  ( 1 6  x 1 3 jJ m ) ,  two centra l ly attached 

homodynamic  f lagel la  (25  jJm in length) and a long haptonema ( >  50 jJm). Ce l l  

movements were of the "Catherine wheel ", or  sp inn ing ,  type;  no f lage l la  

a utofluorescence was noted .  TEM of sca les  confirmed the identif ication of this  

species as C. came//a ( Leadbeater and M anton,  1 9 6 9 ;  Figu re 1 .4 )  . 
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(a) (b) 

Fig. 1 . 2  U n stained transmission e lectron micrographs of scales of Chrysochromulina 
acantha: ( a )  p late and (b) spine scales. Bar = 1J1m . 

(a) (b) 

Fig. 1 . 3  Transmission electron micrographs of scales of Chrysochromulina apheles: (a )  
r idges and c e ntra l  cross; (b)  concentric r ings showing throug h  from o bverse s ide .  Bar =0 .1 

JIm .  
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Chrysochromulina ericina 

C. ericina arose when C H R Y  medium was added to sea  water samples co l l ected 

from R u a kaka  Bay,  Quee n  Char lotte Sound ,  New Zea la n d ,  February 1 992  ( Figu re 

1 . 1 ) . The b i f lage l late ce l ls  were identif ied by l ight m icroscopy as  C. ericina, 

based on  spi n e  sca les ( Parke et al. , 1 9 5 6 )  and autof luorescence of one of  the 

pa i red f l age l l a .  ( Flagel l ar autof luorescence was reported for a J apanese iso late 

( Kawa i  and I nouye, 1 98 9 ) . )  Phagocytos is  of f l uo rescently l abel led beads ( 0 . 8  

jim ) w a s  observed m icroscopica l ly i n  C. ericina u nder b l ue  excitat ion ( Figure 1 .5 ) . 

Ce l l  l ength ranged from 7 - 1 2  pm and ce l l  breadth from 5 - 1 0  jim . F lage l l a  

l ength ranged from 1 2  - 24 ji m  a n d  the length of the non-co i l i ng  haptonema 

from 1 2  2 8  jim.  Ce l ls  i n  stationary phas e  cultures often d eveloped a n  

a m o eboid form . Ident ifi cation  was confirmed b y  TEM examinat ion of the spi n e  

a n d  p l ate scales .  Spin e  scales measured 9 . 7  - 1 6 . 4  ji m  i n  length and 0 . 1 3  -

0 . 3 3  jim in  breadth; p late scales bore radiat ing f ibr i ls  on thei r  prox ima l  surface 

and measured 0 . 7  - 0.9 pm xO . 9  - 1 . 2 pm (Figure 1 . 6 ;  Table 1 . 2 ) . 

Chrysochromulina hirta 

C. hirta was iso lated f ro m  El ie  Bay, Pelorus Sound,  M a rch 1 99 2  and i n  M a rch 

1 994 from seaweed bear ing musse l  spat (dur ing ana lysis for  toxic m icroa lga l  

cysts) .  The weed was be ing transported from the far  north of New Zea land to 

the M ar lborough Sounds .  Cel ls were s imi l ar to C. ericina under  the l i ght 

m icroscope ,  but l acked a f luorescing f lage l lum .  U nder TEM scales d iffered 

m arkedly from C. ericina . The l argest spine sca les ,  m easur ing 1 1  jim , tapered to 

a f ine point  w ith del icate struts runn ing from the periphery of the basa l  p late  to  

jo in  the centre spine 2 pm up the shaft . Shorter  spin e  scales  were a l so  present ,  

measuri ng  between 2 .4  jim and 4.7  jim . The l a rgest of  these had e xtreme ly  

de l i cate struts and the sma l l est l acked struts a ltogether .  Plate sca les 
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(a) (b) (c) 

Fig. 1 . 4  Transmission electron micrographs of scales of Chrysochromulina camel/a : 
( a , b )  cup scales and ( c )  p late scales,  sh adow cast with p lat inum.  Bar : 0 .1 j1m . 

Fig . 1 . 5 Light micrograph of Chrysochromulina ericina with phagocytosed 
fluorescently labelled bead (0 .8  JIm) . 
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Table 1 .2 Differences i n  taxonomic c haracteristics between l ive cel ls 
Chrysochromulina ericinaa (isolated from Marlborough Sounds, New Zealand)' C.ericina

b 

and C.quadrikontaa ( i solated in Nelson, New Zealand) .  Measurements a re i n fJm. 

Characteristic C.ericina {NZ} C.ericinab C. quadrikonta 

Ce l/ l ength 7-1 2 5 - 1 2 6-25 

Cell breadth 5- 1 0  4- 1 0 4. 5- 1 7 . 5  

H aptonema length 1 2-28 20-60 9-20 

Flagel la length 1 2-24 1 0-30 1 0-25 

Plate sca les  

length x breadth 0.7-0.9  xO. 9- 1 . 2  0. 6-0.9 xO. 5-0 . 7  1 . 7-2 . 1  x 1. 0- 1. 8  

Spine scales 

length x breadth 9 . 7- 1 6.4 xO. 1 -0 .3  9- 1 5 xO.2-0. 3  

base diameter 1 .4- 1 . 7  1 - 1  .4 

Flagel la number 2 2 

Flagella autofluorescencec o ne f lagellum one flagel lum 

Coiling ability of haptonema not observed yes 

Number of spine sca les  1 2- 1 6 28-30 

Phagotrophy yes yes 

3 . 2-5 . 2  xO. 2-0.4 

1. 2- 1 . 8  

4 

one flagell u m  

not observed 

38-48 

not o bserved 

a Results for New Zealand isolates are ranges from a min imum of 50 measurements t a ken from 
cu ltures  at d ifferent phases of g rowt h ;  
b Reference:  Parke et al., 1 956;  
C Reference : Kawai  a n d  Inouye,  1 98 9 .  
Batch cu ltures were g rown i n  GP medi um, i ncubated a t  2 0°C, 1 00 pmol m·2 S· l ( 1 4: 1 0 h 
d ay/n ight  cycle ) .  
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o 

( a )  (b)  

(c) (d) 

Fig. 1 . 6  Transmission electron micrographs of scales of Chrysochromulina ericina: (a )  
ce l l  with attac hed sca les  ( h aptonema partia l ly  coi led ) ,  (b )  sp ine sca le ,  (c)  b a s e  of  sp ine  
sca le ,  (d )  proximal ( I  and r )  and d istal (centre) faces of  p l ate sca les .  (Sc a l e s  s hadow 
c o ated with p latinu m ;  bar = 1j1m ) .  
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O ates , 1983} from coastal  waters near Sydn ey, Austra l i a ,  C. latilepis, from the 

G alapagos I s l ands ( M anton ,  1982) ,  and C. hirta ( M a nton, 19 78; Tab l e  1 . 3 ) .  The 

s pecies was confirmed as C. hirta ( O . M oestrup ,  personal  communicati o n ) . 

Chrysochromulina pringsheimii 

A Chrysochromulina s pecies bear ing long sp ines was observed us ing  l ight 

m icroscopy on several  occasions dur ing 199 2-94,  i n  samples from around the 

South I s land coastl ine  and from the Bay of P lenty, and w as identif ied as 

C. pringsheimii ( Parke and  Manton ,  1962 ) .  Only  ind ividual  ce l ls  were observed 

and TEM confi rmation was not possib l e  on those occasions . H owever 

C.pringsheimii was identified by TEM of whol e  cel ls during a mixed Emiliania 

huxleyi/C.pringsheimii b loom in  B ig G lory Bay, Stewart Is land,  November 199 0  

( e . O'Kel ly ,  persona l  communication) .  

Chrysochromulina quadrik onta 

The quadrif lagel l ate species of  Chrysochromulina, C. quadrikonta, was iso lated i n  

Apr i l  19 91 from a sea w ater sample obtai n ed from Nelson.  The cu lture d ied  i n  

199 3, but C. quadrikonta was again isolated , from seawater samples taken  at  

Waimangu Point , i n  the F irth of Thames, i n  M ay 1994 (ce l ls  n u mb ered 60 x l  03 

r 1  at the surface ;  M A F  Regulatory Authority operationa l  research phytop l a n kton 

p rogramme) . 

C. quadrikonta w as estab l ished i n  G P  med ium,  a lthough in it ia l ly subcultures that 

survived often d id  so i n  an amoeboid form o n  the bottom of the cu lture vesse l .  

Light microscop ic  examinat ion of the Nelson H arbour  i so late showed a tear­

shaped ce l l  with four homodynamic f lage l l a  and a haptonema of equa l  length 

i nserted at the po lar end and surrounded by a c luster of sp ine sca les ( Figures 

1 . 8 ;  2 . 1 ) . The haptonema was observed co i led on ly when ce l ls  were treated 
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( a )  (b) 

(c) (d) 

Fig. 1 . 7 Chrysochromulina hirta scales (transmission electron micrograph s) :  ( a )  large 
spine scales with struts,  (b )  base of spine scale,  (c )  p roximal surface of  p late sca le  and 
(d)  smal l  sp ine scale.  Bar = 1J1m .  
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Characteristic 

Cell breadth 

Haptonema l ength 

Fl agella number 

Flagell a  l ength 

Tapered spine sca l e s  

small 

large 

Plate scales 

small, o val 

large 

C. sp. NZ 

4 - 9 

> 30 

2 

",,20 

2.4 - 4 . 7  

1 1  

0. 6 xO. 9  

1 .0 x l . 5  

C.latilepisB C.latilepisb 

a 6 

a 2::40 
a 2 

a 20:2:: 1 0  

5 
NF 

0.5 xO .7 

(unequal) 

< 6  
NF 

0 . 5  xO .7  

1 . 0 x 1 .0 - 3.0 x2 . 5  
1. 3  x 1. 3  

a sca les on ly were observe d ;  Reference : H a l iegraeff, 1 983;  
b Reference:  Manton, 1 98 2 .  
C R eference:  M a nton, 1 97 8 .  
N F :  not found . 
Resu lts for the New Zea l a nd isolate a re ranges from a m i n i m um of 50 
measurements taken from cultures at d ifferent phases of growth;  
Batch cultures were grown i n  G P  mediu m ,  incubated a t  20°C,  1 00 jJmol m' 
2 S·l ( 1 4: 1 0  h d ay/night cycle ) . 

"",6- 1 2  

> 20 
2 

",,20 

< 5  
20-30 

"" 1 . 3  x l . 6  

with f ixative . M uciferous bodies were noted o n  occas ions ,  b ut were on ly rare ly  

seen to eject m uci lag inous threads . Chloroplasts,  eas i ly d iscern ib le  under  UV 

excitat ion ,  var ied from 2 to  4 i n  number and were usua l ly  b i f id  towards the non­

f lage l l a r  po le .  A 1 pm d iameter yel low autofl uoresc ing  body occurred i n  the 

"ta i l "  of most of the C. quadrikon ta ce l ls ,  in axenic and non-axenic cu ltures , 

whether  phosphate starved or  rep lete . Autofluorescence was a lso observed i n  

one  on ly  of  the four  f lagel l a .  

Ce l ls  were completely covered i n  a hedgehog-l ike coat o f  sp ine scales . These 

were high l ighted with cresyl b l ue sta in  but were shed whe n  cel ls were f ixed 

with Lugo l's iod ine .  Under the stress of fixation ,  cel ls were occas iona l ly 

observed withdrawing from the sp iny coat, leaving it empty but  i ntact . 
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TEM exa m i n at ion of the ce l ls  revea led d imorphic sca les ( Figu re 1 . 9 ) .  A 

compari son  between C. quadrikonta a nd the bif l age l l ate species  C. ericina i s  

p resented i n  Tab le  1 . 2 .  

Chrysochromulina strobilus; Chrysochromulina spp .  

C. strobilus ( Leadbeater and M anto n ,  1 969)  was i solated with C. came/la f rom 

R uakaka Bay,  M a rlborough Sounds ,  M a rch 1 992,  and the cup scales i dentif ied 

by TEM .  This  species d id not, however, su rvive in  culture.  

I nd ivid ua l  cel l s  of several species of  Chrysochromulina were observed d ur ing the 

course of the study, but d id  not g row i n  culture media and were not ident i f ied 

by e lectron m ic roscopy, for exam ple  a round moti l e  p rymnesiophyte ( 1 5  pm) 

with a long  haptonema ( 1 20 pm) was observed with Syracosphaera sp .  ce l l s  i n  

seawater samples  from Admi ra lty Bay ,  Pelorus Sound , M a rch 1 993.  

Coccolithophorales 

Emiliania huxleyi 

E. huxleyi was i so lated from sea w ater samples obtained from B ig  G lory Bay,  

Stewart I s l and ,  November 1 9 9 2 ,  d ur ing a b loom of this  species,  and from 

various sites i n  the M ar lborough Sounds,  February, 1 993.  E. huxleyi was 

identif ied by scann ing e lectron microscopy (SEM)  ( Figure 1 . 1 Oa )  (Tappan ,  

1 980) . I so lates readi ly changed between a f lagel l ated moti l e  form ( l acki n g  

coccol iths) a n d  a non-moti l e  coccol ith beari n g  C form, a s  d escribed b y  K laveness 

( 1 9 7 2 ) ,  i n  l a boratory cu ltures . No part icu lar  tr igger for the inte rchange was 

identif ied and subcultures from the same source presented d ifferent forms at any 

one t ime.  However, as the n umber of s ubculturings i ncreased so d id the 

proportion of  cu ltures entering the moti l e  stage of the l i fe-cyc le .  SEM s  of 

E. huxleyi from North land ( Haywood, 1 993) , M arlborough 



(a) (b) 

(c) 

Floristics . . . . . . . . . .  28 

t--I 

1 0  IJJTl 

Fig. 1 . 8  Light micrographs of Chrysochromulina quadrikonta: ( a , b) ce l l s  showing four  
f lage l la  (c)  ce l l  d ivid ing .  



Floristics . . . . . . . . . .  29 

(a) (b)  

(c) (d) 

Fi g .  1 . 9  Transmission electron micrographs of Chrysochromulina quadrikonta : ( a )  sp ine 
sca les  a nd (b)  proximal  and ( c )  d i stal  faces of  pl ate scales ,  sh adow c o ated with  
p l at inum . (d )  Base of  spine sca le  positively sta ined with u ranyl acetate . B a r  = 1 .um .  
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Sounds  and B ig  G lory Bay showed that a l l  cel l s  bore coccol iths with thickened 

c alc ite e l ements ( Figure 1 . 1 Ob-c ) .  No substantia l  d ifference was noted between 

calc ite th ickening of  e lements of  coccol iths from northern New Zea land iso lates 

( l at itude 3 6
0
S )  and those from Big G lory Bay ( l at itude 4 7

0
S ) . D issolut ion of the 

coccol i ths of E. huxleyi was observed after a year i n  cu lture ( Figure 1 . 1 Oe ) . 

Gephyrocapsa oceanica 

Sph e rica l ,  biflage l late microa lga l  ce l ls  ( 1 0  fJm d i ameter) bear ing h aptonema 

d o m i n ated water samples co l lected from East Bay i n  the M a rl borough Sounds on 

23 M arch 1 99 2 .  The haptonema and f lagel la  were a l l  approximately 1 5  J.lm . 

Th is  m ot i l e  prymnesiophyte d id  not persist i n  culture,  b ut was replaced by non­

f l age l l ate coccol ith-bear ing ce l ls  ( 1 0  fJm) ,  which d iv ided rapid ly i n  C H RY 

m ed i u m .  A tha l lus  form w a s  observed i n  one o f  t h e  ear ly cultures but d id not 

recur .  There was  no reversi o n  to the mot i le  form, despite growing the  ce l ls  

under  a range of environmenta l  and n utrient reg imes .  These coccol ithophores 

proved to  be  Geph yrocapsa oceanica ( B reheret, 1 978 ;  H a l l eg raeff, 1 984)  under  

SEM examinat ion ( Figure 1 . 1 1  a r b ) .  Non-moti l e  cocco l ithophores  iso lated from 

Lei g h ,  O ctober 1 992 ,  and Coromandel ,  January 1 99 3 ,  a lso proved to be 

G. oceanica . Some of these coccol iths showed s igns of  d issolution ( F igure 

1 . 1 1  f C ) . 

G. oceanica has been d ivided into three forms, based primari ly on  variations i n  

the b r idge  and co l lar  formations of  the  coccol iths ( O kada  and Mcintyre 1 97 7 ) .  

The New Zealand iso lates conformed to " Form 2" , having a l a rge central a rea ,  a 

moderate ly th ick b ridge and a weI /-developed cent ra l  col l a r  ( Figure 1 . 1 1  d-f ) . 

Pleurochrysis sp . 

Pleurochrysis sp. was fi rst o bserved i n  Admi ralty Bay, Pelorus Sound,  i n  M arch 

1 9 9 3 .  The surface sea w ater  temperature was 1 5 . 8
0

C and sa l in ity was 

3 5 . 4% 0 . Ce l l  n umbers reached 3 . 0  x l 04 r1, but gradua l ly d ecreased over the  

next  t h re e  months and had d i sappeared by early J uly .  I dentif ication was by l i ght 
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(a) (b) 

(c) (d) 

(e) 

Fig. 1 . 1 0  Scanning electron micrographs of Emiliania hux/eyi isolated from Big G lory 
Bay, Stewart Is land : ( a , b) whole cel ls bearing coccoliths  (bar = 1 0  Jim ) ;  (c) secondary 
ca lc ite t h ickening o n  d i stal surface a nd (d )  underside of coccol ith; (e )  d isso lution of 
coccol ith s  (bar = 1 Jim ) .  
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( a )  

(b) (c) 

Fig 1 . 1 1  Scanning electron micrographs of Gephyrocapsa oceanica : ( a )  iso late from 
the Mar lboroug h Sounds;  (b)  cel l  showing d issol utio n  of coccol iths;  (c )  d istal v iew of 
secondarily ca lc ified coccol ith . Bar = 1 ,um .  
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m icroscopy of  the moti l e  ce l l  a nd SEM of the scales (F igure 1 .  1 2a ) . The scales 

appeared to be  u nmineral ised and co l lapsed dur ing ear ly attempts toprepare 

them for S E M .  They were f ina l ly  prepared by f ixation i n  a n  a lcohol  series 

fol lowed by c rit ica l  point dryin g .  By observing the sca les u nder  a 2 . 5  kv 

e lectron beam,  which produced an  image at the surface of the scale ,  a nd 

thenprogressively i ncreasing the  beam to 1 5  kv, which produced an image 

beneath the  surface, it cou ld  b e  deduced that the scales formed a cyl inder  with 

no  decoratio n  apart from etch ing on  the surface r im ( Fi gure 1 . 1 2 b-cJ . No ce l ls  

bearin g  calc if ied sca les were observed . 

Syracosphaera cf. pirus; Umbilicosphaera sp.  

A species of  the genus Syracosphaera was dominant i n  sea w ater samples taken 

from O m a h a  and Pakar i  Beaches,  north of Auckland ( refer Chapter 4, results ) ,  

October 1 99 3 .  Ce l l s  most closely resembled S.pirus under  the  l i ght  m icroscope 

( H al legra eff, 1 984;  F igure 1 . 1 3a , b) ' but d id  not survive in cu lture . 

Coccol iths of Umbilicosphaera sp .  ( O kada and Mc intyre, 1 97 7 )  were observed i n  

seawater samp les from B i g  G lory Bay,  Stewart Is land,  N ovember  1 9 9 2 ,  i n  which 

Emiliania huxleyi domin ated ( Fi gure 1 .  1 3cl . 

Discussion 

Prymnesiales 

The novel species C. quadrikonta was iso lated in  autum n  1 99 1  and aga in  i n  

autum n  1 99 4 .  Transmission e lectron micrographs (TE M )  of  the  scales of  the 

New Zea land iso late proved to be  identical to those of a J apanese isol ate 

( Kawach i  and I nouye , 1 993 ) . C. quadrikonta has many morphologica l  s imi la rit ies 

to C. ericina, which ra ises the question  of whether the former  is  a polyploid form 

of the l atter .  80th species exh ibit a utofluorescence in one f lagel l um and both 

develop  an amoeboid form on  the bottom of culture f lasks in stat ionary p hase 

cultures.  P late and spine scales of C. quadrikonta closely f it descriptions of  the 

b if l age l l ate C. ericina, i n  which spine sca les form an  o pen-



(a) 
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( b )  

(c) 

Fig. 1 . 1 2 Pleurochrysis sp . : ( a )  Light micrograph of cel l  s hedd ing s c a l e s  and ( b ,c )  
scann i n g  e lectron microg raphs of sca les .  ( Bars = ( b) 1 0  pm and ( e )  1 ,um ) .  

(a) 

( b )  (c) 

Fig. 1 . 1 3  Syracosphaera ef. pirus and Umbilicosphaera s p . :  (a ,b )  S. cf.pirus ( l i g ht 
m icrog r a p hs) . Bar = 1 0  pm ; (c )  coccol iths of Umbilicosphaera sp .  ( scann ing  e lectron 
microg r a p h ) .  Bar = 1 pm . 
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ended tube,  probably by hypertrophy of the d ista l  surface of the scal e  ( Manton 

and Leeda le ,  1 96 1 ; Parke et a I . ,  1 95 6 ) .  However,  d ifferences i n  both the s ize 

and the number  of spi n e  scales were noted between the bi- and quadr i f lage l late 

forms and u ltrastructura l  stu dies carried out at the U niversity of Tsukuba 

( K a wach i  and I nouye, 1 99 3 )  support the content ion that the quadr if l age l l ate 

form shou ld  be accorded species status and not be design ated Chrysochromu/ina 

aff.  ericina. 

Sp ine  scales which closely fit the description for C. quadrikonta were observed 

by T E M  in  seawater samples taken from the Eng l ish  Channe l  near ly a d ecade 

ago ( C .  Course,  personal communication ) .  Those sca les were bel ieved to be long 

to a form of C. ericina at that  t ime,  which h igh l ights the need for  ident if ications 

to i nc lude  both observat ions of l ive ce l ls  and e lectron microscopy of  scales 

whenever poss ib le . 

C. ericina iso lated from New Zealand waters d i ffers i n  some respects from 

descriptions  of northern hemisphere strains  of that species (Parke et at. , 1 9 5 6 ) .  

The ce l l  bodies are of comparable size and f lagel l a  l engths fa l l  with in  t h e  same 

s ize  range .  The p late sca les  of the New Zealand iso late are  compara b le  with 

previo u s  descriptions of scales in both New Zea land (Moestrup, 1 9 7 9 )  and 

Norwegian  ( Leadbeater, 1 9 72)  waters, but  tend to be l a rger than the type 

descr ipt ion ( Parke et a/. , 1 9 56 ) . Sp ine scales also tend to be longer a n d  fewer 

in  the New Zea land stra i n ,  the m ajority having no m o re than half the n u m ber  per  

cel l .  

Other "spiny" Chrysochromulina species identified i n  th is study are C. acantha, 

C.pringsheimii and G. hirta, none of which has been recorded previously in New 

Zeala n d  waters. C. hirta has a lso been found the cool temperate waters of 

South Afr ica,  Europe, South A laska and the N .W. Passage .  (M anton, 1 9 78)  and 

i n  Japanese waters (Kawachi  et a I . ,  1 99 1 ) . The New Zealand strai n ,  which has  

shorter sp ine scales than the  type species, but  has  sca les of  s imi lar  length to  the  

J a pa n ese stra in ,  a lso has  s im i larities to  C. vexillifera ( = C. lati/epis. aff . ;  

Ha l l eg ra eff, 1 98 3 ) ,  C.latilepis and  C.mantoniae ( M a nton and  Leadbeater , 1 974) . 

Both C. hirta and C. mantoniae have equa l  f lagel l a ,  a relatively short haptonema 

and rim m ed scales .  However the New Zea land iso late  identif ied as C. hirta 
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d iffers from C. mantoniae in  that no smal l  p late scales h ave been observed , no 

ti lt in g  of the sp ine scales i n  relation to the base plate have been n oted , and on ly 

the sp ine  sca les,  not the p l ate scales,  of the New Zealand  iso late exh ib it r ims.  

The struts of the New Zea land iso late are more del icate tha n  i n  C. mantoniae and 

the base sca les are concave rather than convex, both characteristics wh ich fit 

the d escript ions of the Ga l apagos i solate of C./a ti/epis as we l l  as C. hirta. F ina l ly,  

the New Zea land isolate has spine scales c lear ly scattered over the per ip last ,  not 

attached at the poles as in C. mantoniae ( Manton, 1 982 ) . (The d istribution of 

sp ine sca les of C. /ati/epis is  not recorded . )  

O f  t h e  non-spiny species observed in  this study, both C. aphe/es and C. camella 

have been identified by electron microscopy in  New Zeal and waters p reviously, 

but neither has been described i n  rel at ion to l iv ing ce l l s  (Moestrup ,  1 9 7 9 ;  

M oestrup and Thomse n ,  1 9 8 6 ) . C. aphe/es appears t o  have a greater s ize range 

than its northern hemisphere counterpart ,  reach ing s l ight ly l a rger cel l  s izes and 

longer  f l age l l a  and haptonema l engths . The scale form c losely fitts the ear l ier 

New Zea land descript ion,  although scales are s l ight ly l a rger (M oestrup and 

T h o m s e n ,  1 98 6 ) .  

The haptonema,  the u nique organe l l e  o f  the prymnesioph ytes, d iffers between 

geograph ica l ly  separate stra ins  of some species. The haptonema of  northern 

hemisphere iso lates of C. ericina (20 - 60 tim) is genera l ly  o bserved coi l ed dur ing 

rapid backwards movements and  h ave been reported as be ing twice the  length 

of the f lagel l a  (Parke et a I . ,  1 9 5 6 ) .  However the haptonema of the New Zealand 

stra in  i s  shorter, or at most fa l ls  with in  the fi rst quart i le  of the size range for 

northern hemisphere isolates .  Possib ly due  to  the  shorter h aptonem a l  length,  

coi l i ng  has not been observed i n  the New Zealand stra in  and in th is regard it 

more c losely resembles C. quadrikonta. The New Zealand stra in  of C. hirta a lso 

has a shorter haptonema (",,30 tim) .  Japanese stra ins  of  the species have 

haptonemata of up  to 55 tim ( Kawachi et a I . ,  1 9 9 1 ) .  

The haptonema of C. quadrikonta (",,20 tim) has not been observed co i l i ng ,  

a lthough  on  rare occasions bend ing to  one s ide  has been noted near the tip .  The 

haptonema of the local isolate is  typica l ly shorter than the f lage l la  and is d i rected 

anterio rly ,  even during the frequent col l is ions and entang lements of ce l l s  that 
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occur i n  stationary phase cultures . Th is  is ak in  to  C.po/y/epis, which  is  

described a s  h aving coi l i ng  haptonem ata ( Le adbeater,  1 97 1 ) , but  w hich  I S  

genera l ly observed with i ts  1 2  Jim organe l le  po intin g  a nterior ly (persona l  

observation ) .  A lthough approx imately four  t imes the ce l l  length , the haptone m a  

o f  the New Z ea land isol ate of C. aphe/es h a s  not been observed co i l ing . 

The h apto n e m a  can fac i l itate g l id ing  m ovements i n  some prymnesiophytes by 

adher ing to s urfaces, and has been shown to be a food-captur ing d evice i n  

C. hirta ( Ka w ach i  e t  a I . ,  1 99 1 ) . The long haptonema (approximately 1 20 pm) of 

the loca l  iso late of C. camella fits c losely with previous descri pt ions of th is  

spec ies ( Leadbeater, 1 9 7 1 ) ,  co i l ing  rap id ly and often .  Uncoi l i ng  takes about 3 

seconds and is  usual ly i n  three j erking stages, beg inn ing at  the basa l  end . 

Food capture h as not been observed i n  any of the  New Zea land 

Chrysochromu/ina isolates,  but a l l  h ave been observed with the haptonema 

attached to the  surface of  the  culture vessel .  I t  h a s  been postulated t hat the 

same processes a re involved i n  the attachment to , and subsequent translocation 

of foo d  p a rt ic les by the 40 - 5 5  Jim co i l ing  and bending  hapton emata of C. hirta 

( Kawachi  et a/. , 1 99 1 ) ,  as are involved i n  surface adh esio n .  Further stud i es 

us ing h igh  speed video wi l l  be needed to determine whether haptonema 

mediated food capturing occurs i n  any of the  New Zea land species . 

Duri n g  th is  study members of the  genus Chrysochromu/ina were most commonly 

observed i n  coastal waters during  the early summer and  late a utum n ,  

presumably w h e n  water temperatures a n d  day l ength a re most favourable to 

growth . 

CoccoUthophorales 

The ub iqu itous coccolithophores ,  Emiliania hux/eyi and Gephyrocapsa oceanica, 

appear  to be as  common i n  New Zealand coastal waters as  they a re i n  other 

parts o f  the world 's oceans .  The mot i le  form of E.hux/eyi occurred i n  l a boratory 

cu ltures w ith  n o  particu lar  trigger  evident for the change i n  form from non-moti le 

to moti l e .  A heteromorphic l i fe h istory is suggested for G. oceanica by the 

observat ions m ad e  during this study, but th is requ i res  confirmat io n .  
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Heteromorphic l ife h istories h ave been recorded for a n um ber of 

cocco l ithophores,  inc lud ing E huxleyi, and several taxa previous ly  cons idered as 

autonomous species a re now known to be alternate phases of the  l ife h istory of 

other  coccol i thophore species ( G reen et al. , 1 98 9 ;  Thomsen et al. , 1 9 9 1 ) .  

I nformation about moti l e  forms i s  sparse  and classif ication i s  at present based 

sole ly on coccol ith descript ions.  C locchiatti ( 1 97 1 ) reported coccol iths of both 

the E huxleyi and G. oceanica forms on the same cel l .  No such combinat ion has 

been noted in southern hemisphere iso lates and the results of the g rowth stu d ies 

carr ied out i n  th is study demonstrate clear physio logica l  d ifferences betwee n  the 

two species ( refer Chapter three,  Results ) .  

Morpho log ica l  d i ffere ntiation has been described for coccol iths o f  ce l l s  of 

E huxleyi i so lated from subtropica l  as opposed to subantarct ic  waters,  the 

d ifference be ing due to increased ca lcite deposit ion in  the coccosp he res from the 

colder southern waters (Burns,  1 9 77 ;  N ish ida,  1 9 79) . In this study secondary 

calc if icatio n ,  l ead ing to fusion of the outer T-shaped coccol ith e lements and  to 

thicken ing  of the e lements of the centra l gri l l ,  was confirmed o n  New Zea l and 

iso lates. No substantia l  d ifference was observed between the ca lcite e lements 

of cocco l iths from northern New Zealand ( l atitude 3 60S)  and those from Big 

G lory Bay ( l atitude 470S) ; a l l  had noticeable ca lc ite th icken ing .  The genera l ly 

cooler  sea temperatures around New Zea land,  due to the E I  N ino phase of the 

Southern Osci l l at ion ( Heath , 1 98 5 ) ,  might be the contro l l i ng  factor account ing 

for the lack of the classical  T-shaped e lements of northern hemisphere iso lates 

( Burns,  1 9 77 ) . 

Ca lc ite deposit ion i n  E. huxleyi requ i res the in it ia l  l aying down of a polys acch a ride 

matrix materia l  within the cel l  (Wi lbur  and Watabe,  1 9 6 3 ) .  I f  t h e  ce l l  is 

subjected to n itrogen starvation the organic molecule synthesis and transport 

i nvolved i n  cocco l ith formation is jeopard ised . The marked d issolut ion obse rved 

in stationary p hase c ultures of both E huxleyi and G. oceanica might we l l  be 

associated with just such n itrogen deplet ion,  rather than being stra i n  specific to 

cold water phenotypes as has been suggested ( Burns, 1 97 7 ) .  

The organ ic  sca les o f  Pleurochrysis scherffelii, in  its non-ca lc ifying  phase,  

consist of radi a l  and concentric ce l l u losic f ibr i ls ( Romanovicz, 1 98 1 ) .  The 
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Pleurochrysis species iso l ated in th is  study a l so bore organic sca les .  By a l ter ing 

the strength of the electron beam d ur ing microscopic i nvest igat ion it was c lear  

that, apart f rom m inor etch ing o n  the o utermost surface,  the  sca les were s imp le  

unminera l i sed cyl i nders lack ing ornamentatio n .  

E. huxleyi dominated i n  t h e  South I s land waters and G. oceanica i n  North l and 

waters . Apart from minor  b looms of Pleurochrysis sp .  and Syracosphaera cf .  

pirus, and desp i te extensive samp l ing ,  few other species of  coccol ithophore 

were observed d uring the course  of the study. 

The mar ine prym nesiophytes of New Zealand 's waters a re, as e lsewhere i n  the  

world ,  a notab le  component of  the  phytop lankto n .  A l ready 17 spec ies  of  the  55 

descri bed i n  the  genus Chrysochromulina have been identified i n  New Zea land 

coasta l waters . Several prymnesiophyte species not  yet recorded in  New 

Zealand have been observed i n  the  east Austra l ian  current ( H al l eg ra eff, 1983) 

and it is l i ke ly  t h at ,  even  i f  they are not a l ready in New Zealand waters,  they wi l l  

be  observed he re over the  next few years. C. hirta was s uccessfu l l y  transpo rted 

:::::750 km with m ussel spat from the north  of New Zealand to the M arlborough 

Sounds .  The a b i l ity of  many of the p rymnesiophytes to develop  resting forms 

could further  a ss i st in their  d ispersal v ia sh ip ' s ba l l ast water ( H al leg raeff and 

Bolch , 1 9 9 2 ) . 
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Chapter two :  F LUORESCENT PRO BES A S  TAXONOMIC TOOLS 

I ntroduction 

The prymnesiop hytes, nanoplankton i n  the s ize range 2 - 20  Jim,  usual ly 

requ i re e lectron microscope examinat ion of their scales for confirmation of 

the i r  identif icat io n .  F luorescent p robes h ave been used to c i rcumvent this 

need for other c lasses of microalgae ,  for example the Dinop hyceae ,  where 

on ly l i ght m icroscopy was ava i lab le .  

Ca lcofluor  White  M2R i s  a f luorescent dye,  o r  f luorochrome,  wh ich b inds 

to ce l lu lose and other p- l inked g l ucans ( H ughs and McCul ly,  1 9 7 5 ) ;  the 

mo lecu les a lso have a known affi nity for  chitin (Harr ington and Raper,  

1 9 68) . Calcof luor therefore has a ro l e  in e lucidating the surface structural 

detai ls of the many microa/gae with ce l lu losic cel l wa l ls .  For exam ple  the 

ce l lu lose microfibri ls that form the outer l ayer of the 20 40 pm 

appendages extend ing from the ce l l  wal l  of the freshwater 

ch lorococca lean alga A canthosphaera zachariasi were h igh l ighted by 

Calcofluor ( He rth et al. , 1 982) . The thecal  p late structure of members of 

the Di nophyceae, marine microalgae ,  has also been e luc idated w ith this 

dye (F ritz and Triemer, 1 98 5 ) ;  several species of the tox ic d inof lagel l ate 

genus Alexandrium are identified on the basis of the form of these 

cel l u losic cel l  wal l  p lates. The scales of Chrysochromulina chiton are 

composed of a P- 1 A g lucan (A l l en and Northcote, 1 975 )  and i t  appears 

that the unmineral ised surface scales of  many Chrysochromulina species 

have s imi lar  f ibri l l ar components. 

The lectins (the name is derived from legere - to select) are non-enzymatic 

secretory p roteins or  g lycop rote ins  that have the capabi l ity of  acting as 

recognit ion mo lecules between ce l l s  and also have a suggested role i n  

p lant defence ( Chrispeels and R aikhel , 1 9 9 1 ) .  The  lect ins are derived 

from a variety of plant, an ima l  and  insect sources .  The red m acroa lga/ 
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genus  Pti/ota ( Rhod ophyceae) i s  a r ich source,  p roduc ing  lectins  which 

b ind to g lycoproteins as wel l  as  sugars ( R ogers a nd H or i ,  1 99 3 ) .  Lectin  

from Graci/aria verrucosa ( Rhodophyceae) suppresses the  g rowth of the 

toxic micro a lga Chattonella antiqua ( Raphidophyceae) (Tanabe et a/. , 

1 99 3 ) ,  which suggests a potentia l  role i n  the control of toxic 

phytop lankton blooms.  

F luorescein isothiocyanate ( F ITC)-conjugated lectins are f luorochrome 

probes with the potent ia l  to aid i n  the d ifferentiat ion of toxic from non­

toxic stra ins  of the s ame species and to d iscrim inate between 

morphologica l ly s imi lar  species without resort ing to e lectron microscopy. 

This potent ia l  has already been tested i n  the differentiat ion of d ifferent 

genotypes of several microa lga l  species from the phyla Cyanophyceae ,  

D i nophyceae and Conjugatophyceae ( Costas et al. , 1 9 9 3 ) .  

The lectins b ind non-covalently (the b ind ing i s  revers ib le )  t o  sugars ,  but 

this b ind ing ab i l ity is n ot induced via the immune system through 

antigen ic  stimu lation (Brown and Hunt, 1 9 78) . They can be c lassif ied i nto 

groups on the basis of the i r  specificity, as determined by the capacity of 

the various  sugars to inh ib it the haemagglut inat ion of erythrocytes {S l ifken 

and Doyle, 1 9 90} . The g roups are g lucose/ mannose,  ga lactose/ N-acetyl­

D-ga lactosamine ,  N-acetyl-g l ucosamine ,  fucose and s ia l ic  ac ids .  

The ana lysis of  the macromolecu lar  topology of vis ib le  microalgal  cel l  

su rfaces ,  wh ich bear such potentia l  receptors as  glycoprote ins ,  

polysacchar ides and chit in molecules can be carried out  with lectins 

without chemical ly mod ifying those molecules,  a l though factors such as 

hydrophobicity and access ib i l ity wi l l  determine  the n ature of any lectin 

receptor .  The local isation of various  lectin receptor s ites in secreted 

muc i lage and on cell wal ls  was determined for the  freshwater desmid,  

Cosmocladium saxonicus ( Surek and Sengbusch ,  1 98 1 ) , and lectin 

b ind ing patterns were shown to be species specif ic in a var iety of 

freshwater microalgae ( Sengbusch and Mul ler ,  1 98 3 ) .  This molecular  

d iversity at the cell surface has been suggested as  an  added se lection 

pressure to ensure specif icity,  for  example through lectin-medi ated 
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conjugat ion of  microalga l  gametes ( Wiese and Shoemaker,  1 970) , a n d  i n  

evolut ionary terms would have p receded d iversity i n  morpho log ica l  

structure .  

In  th is  study the hypothesis that prymnesiophyte species which can not 

be d i fferentiated by l ight m icroscop ic  o bservation can be identif ied with 

the a id of Ca lcofluor  and by the d ifferentia l  b ind ing of F ITC-conjugated 

lect ins is  tested . 

Method 

Microa/gae 

The prymnesiophytes Chrysochromu/ina aphe/es, C. came//a, C. ericina, 

C.hirta, C. quadrikonta, Emiliania hux/eyi and Gephyrocapsa oceanica, the 

d inof lagel l ates Gymnodinium sanguineum, Prorocentrum compressum and 

Scrippsie//a sp .  and the  d iatoms Pseudonitzschia pungens var .  pungens 

and P. cf . pseudode/icatissima were iso lated from New Zeala nd coastal 

waters (Chapter two, Methods) . C. simp/ex, Prymnesium parvum, 

P.patellifera, and Pav/ova sp .  were o btained from the Un iversity of  

Copenhagen,  Denmark and /sochrysis ga/bana from MAF Fish ,  M a h anga 

Bay,  Wel l ingto n .  

The d inoflage l lates A/exandrium marga/efii, A . ostenfe/dii, A . minutum, 

Cachonina ha//ii and G. mikimotoi were iso lated by L . M ac Kenz ie ,  Cawthron 

Institute , N elson ,  G. cf . breve was isolated by A . H aywood, Cawth ron 

I nstitute, and Prorocentrum lima ( Spa in )  was obtained from the U niversity 

of Brit ish Co lumbia ,  Canad a .  

Cu ltures were ma inta ined i n  G P  med i um ( Loebl ich a n d  Smith ,  1 96 8 )  at 

1 8°C ,  l i ght i ntens ity 1 00 j./mol  m -2 S-l and l ight Idark cycle of  1 4 : 1 0  h .  
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Fluorescent probes 

Ca lcofluor Wh ite M 2 R  

A fresh solut ion of Ca lcofluor wh ite M 2 R  ( 1  % ;  Sigma Chemica l  C o . )  w a s  

m a d e  with d ist i l led water .  M icroa lgae were mounted on glass s l ides a n d  

t h e  Ca rcofruor  added t o  o n e  edge of  t h e  cover s l ip (f ina l  concentration 

0 . 0 5 % ) .  The algae were observed at the moving edge of the stai n  for 

several m inutes to a l low t ime for the dye to b ind .  

Lect ins 

Fresh so lut ions of F ITC-conj ugated l ectins ( 1 00 J1g . mr1 ; S igma Chemica l  

Co . )  were made with fi ltered synth etic seawater (0 .4  J1m Nuc lepo re ;  

S igma Chemica l  Co) , sa l inity 2S
o
/00, pHS .O .  M icroa lga l  ce l l  cu ltures were 

centrifuged ( 1 1 4  g; 1 2  minutes, 1 5°C )  and the lectin (Table 2 . 1 )  added to 

the microalga l  pel let at 1 ml per 1 0  x 1 04 cel ls and incubated for 1 5 

m inutes at 20°C .  U nbound l ectin was removed by washing i n  synthetic 

seawater ( i  .e .  recentrifug ing ) . The treated cel l s  were mounted on  

s i l icon ised g l ass  sl ides and b ind ing (ce l l  f luorescence) and/or  agg lut inat ion 

(ce l l  c lumping)  observed under epif luorescence microscopy. 

Lugor 's  iodine and g ruteraldehyde were added to ind iv idua l  sub-sam ples  of 

both A . minutum and G. cf. breve prior to treatment with UEA and C onA 

respective ly to test whether  f ixation i nterfered  with lect in  bind ing .  The 

ce l ls  treated and observed as above. 

Specific carbohydrate inhibition of binding of FITC-Iabelled lectins 

C a rbohydrates specific for the lectins were added ( 50 m M  f ina l  

concentration )  at the same t ime as the  lecti ns were added i n  a separate 

set of exper iments (Table 2 . 2 ) . The m icroalga l  cel l s  were then treated i n  
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Table 2 . 1 FITC-conjugated lectins used a s  probes 

Name Source Specificity 

ConA Canava/ia ensiformis Methyl a-D-mannopyranoside; D-Mannose; 

D-Glucose 

ECA 

HPA 

PEA 

PHA 
PNA 

PWM 

S BA 

UEA 
WGA 

Erythrina cristagalli (coral tree)  a-Lactose; N-AcetYI-D-galactosamine; D­

Galactose 

Helix pomatia (snail) 

Pisum sativum (pea ) 

Phaseo/us limensis ( l ima bean) 

Arachis hypogaea (peanut) 

N-AcetYI-D-glucosamine; N-Acetyl-D­

galactosamine; D-Galactose 

Methyl a-D-mannopyranoside; D-Mannose; 

D-Glucose 

N-AcetYI-D-galactosamine 

a-Lactose; D-Galactose 

Phyto/acca americana (pokeweed) N-Acetyl-D-glucosamine 

Glycine max (soy bea n) 

Ulex europaeus (gorse) 
Triticum vulgaris (whe at germ) 

N-Acetyl-D-galactosamine; D-Galactose; 

Methyl a-D-galactopyranoside 

L-Fucose 

N , N' , N"-Triacetylchitotriose; N , N'­

Diacetylchitobiose; Sial ic acid 

Table 2.2 Carbohydrates used to inhibit binding of 
FITC-Iabelled lectin . 

Lectin 

ConA, PEA 

PHA, S BA, ECA, HPA 

PNA 
WGA 

UEA 

Carbohydrate 

(fina l  conc . 50mM) 
a-D-methyl mannopyranoside, 

glucose 

N-AcetYI-D-ga lactosamine 

a-Lactose 

N,N' , N "  -triacetylchitotriose 

L-Fucose 
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the same way as the lectin-treated microa lgae .  Controls had l ectin 

addit ion on ly .  A .minutum and G. mikimo toi a lso had carbohydrate addit ion 

on ly ( 1 00 mM f ina l  concentration ga lactosamine  and g lucose respectively) 

as a further contro l .  

Microscopy 

Microa lgae were examined fol lowing treatment with Calcofluor and F ITC­

conjugated l ectin with an A H BT New Van ox O lympus photomicrograph ic  

epif l uorescence m icroscope using U V  (excitation ,  3 7 5nm;  emiss ion ,  

> 420nm) and b lue  l ight ( excitation ,  4 90nm ; e mission , 5 20nm) .  B ind ing of 

the f luorescent probes was determined q ual itatively at the t ime of 

observation and recorded as positive or  n egative. Kodak Ektachrome 

co lour  s l ide f i lm was used , with the ASA at four t imes the  advised 

sett ing ,  and photographs taken for confirmat ion of the results .  

Results 

Calcofluor white M2R 

Al l  the Chrysochromulina species tested f luoresced on the addit ion of 

Calcofluor ,  except Chrysochromulina apheles and C. camel/a. The sp ine  

scales of C. ericina, C. quadrikonta and C. hirta were h igh l ig hted and cou ld  

be c learly  observed with epif luorescence m icroscopy ( Figure 2 . 1 ) . The 

cel l  bod i es of Prymnesium parvum and P.patellifera were c learly out l i ned 

with Ca lcofluor ;  Isochrysis sp.  and Pavlova sp .  were fa int ly outl ined . 

The two f lage l l a  of Isochrysis sp . and one of the two f lage l la  of C. ericina 

and one of the fou r  of G. quadrikonta autof luoresced i n  the absence of 

Calcofluor. The non-f luoresc ing f lagel l a  d id  not f luoresce w ith Ca lcofluor .  

The coccol ithophores d id  not f luoresce with the dye . 

The thecal  p l ates of the d inof lagel lates A lexandrium and Prorocentrum 

( Per id in ia les)  w ere c learly outl ined with the Ca lcofl uor sta in ;  the 
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Gymnodinium species tested ( Gymnodin ia l es)  d id n ot f luoresce (Table 

2 . 3 ) .  

FITe-conjugated lectins 

Al l  five Chrysochromulina species bound WGA; the f luorescence was 

c learly observed around the cel l  body in each case, but no  f luorescence 

was noted on spine scales (Table 2 . 3 ) .  

N o n e  o f  the other prymnesiophytes tested f luoresced with any o f  the 

l ectins .  

A/exandrium marga/efii f luoresced faintly with  SBA and br ight ly with  PNA; 

A . ostenfe/dii f luoresced strong ly with both PNA and H PA ( Figure 2 . 2 ) .  

The thecae o f  both species exhib ited a fa int autofluorescence without any 

lectin addit ion and this was taken i nto account in assess ing  l ectin 

f luorescence .  

A . minutum was the on ly  species tested that bound ( i . e .  f luoresced with)  

U EA and A .minutum and Scrippsiella sp. were the only species tested to 

bi nd PWM . Cachonina hallii bound ConA (Table 2 . 3) .  

Gymnodinium sanguineum bound H PA and WGA, the latter forming  a very 

f ine  f luorescent outl ine of the cel l  body, but d id not b ind ConA or  PEA. 

G. mikimotoi and G. cf.  breve both bound ConA and PEA.  G. ct.  breve, 

but not G. mikimotoi, a lso f luoresced strongly with PHA and a fa int 

f luorescent ce l l  o utl i ne was observed with S BA and WGA ( Figu re 2 . 2 ) .  

Prorocentrum lima ( F igure 2 . 2 ) and P. compressum f luoresced with ConA;  

P. compressum a lso fluoresced weakly with ECA and WGA. Detritus i n  

f ie ld samples a lso f luoresced and ,  a lthough the  reflectance was  usua l ly  at 

one  po int on ly ,  in these i nstances no fluo rescence was reco rded . 

The Pseudonitzschia species tested f luoresced with ConA and PHA (Table 

2 . 3 ) ;  the frustu les of  dead cel ls of both species , but n ot the hea lthy cel ls , 

f luoresced with WGA. 
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Table 2.3 FITC-conjugated lectins and Calcofluor used as fluorescent probes;  their source and specificity. 

PRYMNESIOPHYCEAE 

Prymnesiales 

C. aphe/es 

C. camella 

C. ericina 

C. hirta 

C. quadrikonta 

C.simplex 

Prymnesium parvum 

P.pa te/lifera 

Pavlovales 

Pavlova sp 
Isochrysidales 

Isochrysis sp 

Coccolithophorales 

Gephyrocapsa oceanica 

Emiliania huxleyi 

ConA 

NT 

PHA PEA ECA S BA PWM PNA HPA 

NT NT NT NT NT NT NT 

WGA U EA CALC 

+ 
NT 

+ + 

+ + 

+ + 

+ + 

+ 

+ 

+ 

+ 



Table 2.3 continued . .  

DINOPHYCEAE 

Gymnodiniales 

Gymnodinium cf. breve + + + +p + + p  
G.mikimotoi + + 
G. sanguineum + + p  

Peridiniales 

A/exandrium marga/efii + + + 

A . ostenfe/dii (Timaru isolate) + + + 
A. ostenfeldii (Kaitaia isolate) + + + 

A. ostenfe/dii (Wellington isolate) + + + 
A . minutum +p +p +p +p + + + p +p + 

Cachonina hallii +p + p + p + p  + 

Scrippsiella sp + p  + 

Prorocentrales 

Prorocentrum compressum + p +p + p + 
P./ima + p + 
D IATOMOPHYCEAE 

Pennales 

Pseudonitzschia pungens var .pungens + +p N T  NT NT NT 

P. cf .pseudode/icatissima +p +p NT NT NT NT 

NT: not tested; +p: pale fluorescence (weak binding);  + :  bright fluorescence ( binding) ;  -: no fluorescence (no binding ) .  
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Fig.  2 . 1 The spine scales of Chrysochromulina ericina (l )  and C. quadrikonta ( R )  

f luorescing under UV l ight fol lowing the addition o f  the fluorescent dye, 

Calcofluor White . Bar = 5 jJm . 

( a )  (b)  (c )  

Fig .  2 . 2  The thecae o f  dinoflagellates w ith (top)  a n d  without ( lower)  t h e  
addition o f  FITC-tagged lectins, photographed under b l u e  l ight excitation : ( a )  
Prorocen trum lima (eonA lectin ) , (b)  Gymnodinium cf.  breve ( PHA lect in )  and (c )  
A lexandrium os tenfeldii ( H PA lect i n) . 
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Additi o n  of Lugol 's iod ine or g luteraldehyde to A.minutum and G. ct.  

breve did not  effect the b ind ing of  l ectins ,  U EA and ConA respectively, to 

those m ic ro algae .  

Carbohydrate inhibition of binding o f  FITC-Iabelled lectins 

G lucose fa i led to inhib it  the b ind ing of ConA to a l l  species tested , 

i nc lud ing  G. cf. breve; m ethyl a-O-mannopyranoside a l so fa i led to 

competit ive ly  i nh ibit the b ind ing of  ConA and PEA to a l l  species tested 

except PEA to G. ct . breve (Tab le 2 . 4 ) .  

N-acetyl -O-ga lactosamine  i nh ib ited the b ind ing ( i . e .  f luorescence 

decreased ) of  PH A,  SBA, H PA and ECA to a l l  species tested except for 

SBA to A . marga/efii (Table 2 .4 ) . 

B ind ing  of  PNA was i nhibited by a-lactose i n  a l /  species tested except 

A . marga/efii (Table 2 . 4) .  

N-tr iacetylch itotriose ( 2 5  m M  f ina l  concentration )  caused some inh i bit ion 

of b ind ing  of WGA to A. minutum. 

The b ind i n g  of U EA to A .minutum was not inh ibited by L-fucose under  the 

experi m e nta l  conditions (Table 2 . 4) .  

A . minutum and G.mikimotoi remained healthy with the  additi o n  of  

ga lactosamine  and g l ucose ( 1  00 mM) respective ly .  

Discussion 

Fluorescent probes proved to be useful tools not only for the identif ication 

of morpho log ica l ly-l i ke spec ies,  but also for the confi rmat ion of genus 

d ifferentiati o n .  

T h e  f luorescence of stained sp ine scales o f  C. quadrikonta w ith Calcof luor 

White M 2 R  a l lows identificat ion of  this species us ing l ight m icroscopy. 

However C. ericina and C.hirta sti l l  require e lectron m icroscopy for 



Table 2 .4 Carbohydrate inhibition of FITC-Iabelled lectins . 

Treatment Gymnodinium 
cf. breve 

G.mikimotoi G.sanguineum Alexandrium 
marga/efii 

A. ostenfeldii 
(Timaru) 

A.minutum Cachonina hallil 

ConA + + + 
ConA; gl ucose + + + 
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species conf irmation as  thei r sp ine sca les are of  a s imi la r  l ength a n d  their  

d ifferences in form are not c learly defined at the lower magnif icat io n s  of 

l i ght microscopy, despite f luorescence .  

The F ITC-conj u g ated l ectin s  enab led the d ifferentiation  of those spec ies  of  

Chrysochromulina tested from Prymnesium parvum and P.patellifera. The 

genus Chrysochromulina was in i t ia l ly  separated from the genus 

Prymnesium o n  the basis of the longer h a ptonemal l ength and h aptonemal  

co i l ing i n  Chrysochromulina ( M anton and Leadbeater, 1 974)  and o n  the 

ex istence of o nly one scale type in Prymnesium. H owever it i s  now 

recognised that species with long h a ptonema do  not a lways exh ibit 

co i l ing ,  for example C.parkeae (G reen and Leadbeater,  1 97 2 )  and 

C. spinifera ( Pienaar and Norri s ,  1 9 7 9 L  and that there are spec i e s  with 

short non-co i l i ng  haptonema that do h ave d imorphic sca les ( Pi e n a ar and 

K le izen,  1 9 7 6 ) . The d iscrimination of the genera on  these b a ses is 

therefore untenable and the possib i l i ty of combin ing them h a s  been raised 

( Pien aar and Norris, 1 9 7 9 ) .  There is more recent evidence, however, that 

the genera do d iffer at the u ltrastructura l  level in the i nterna l  structure of 

their fl age l l a r  apparatus .  Chrysochromulina species possess broad 

f lage l lar roots with relatively few microtubu les ,  whereas members of the 

genus Prymnesium have mult imembered f lage l lar  roots ( Mo estru p  and 

Thomsen,  1 98 6 ) . 

The b inding of  wheat germ lectin (WGA) to a l l  of the Chrysochromulina 

species tested ,  but to neither of the Prymnesium species,  supports the 

decision to reta in  the two separate genera . WGA appears to b ind  to the 

cel l  membrane rather than to the unminera l i sed sca les ,  as no s pine scales 

h ave been observed f luorescing.  It i s  possib le that lect in  receptor  sites 

a re present on the scales,  but i n access ib le  to the l ectins; non-bind ing  i s  

not necessar i ly i ndicative o f  t h e  l ack  of  receptor molecules .  

The differentia l  bind ing of l ectins to the d inoflagel l ates suggests t h at th is  

qua l itative technique has great potent ia l  i n  the identificatio n  of toxic 

b loom specie s .  The saxitoxin-produci ng Alexandrium s pecies can be 

ext remely d ifficult to d ifferentiate without pa instakin g  m ic roscopic 
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analysis of the i r  thecal p late structures; A . minutum is d iff icult to 

d i fferentiate from local  iso lates of Cachonina ha//ii and Scrippsiella s p ., 

non-tox ic species that commonly occur with A . minutum i n  N ew Zeala n d  

waters. Currently research effort i s  be ing concentrated on the  

deve lopment of  genetic probes and  i m muno-chemical  assays fo r  the  

identif icat ion of  species which , i t  wou ld  see m ,  cou ld  be more s imp ly  

determined by the  F ITC-conjugated l ectin techn ique .  As f ixatives d id  not  

a lter the b ind ing of  the lectins to those m icroalgae tested,  i t  is possi b l e  

that f ie ld samples contain ing m ixed phytop lankton populat ions c o u l d  b e  

treated with t h e  d ifferentiat ing l ectin a n d  t h e  species identif icat ion  

confi rmed by the presence or  absence of f luorescence . 

Prorocentrum compressum was d ifferentiated from P.lima by WGA, both 

species b ind ing to ConA. However P. lima did not b ind to PHA,  ECA or 

SBA, which i s  in  contrast to the results of Costas et a/. , ( 1 9 9 3 ) ,  althou g h  

they were working with different c lones . A N e w  Zealand strain o f  P. /ima 

was isol ated i n  August ,  1 9 94,  from Rangaunu H arbour ,  Northl and 

{L . R hodes} and i t  wi l l  be valuable to determ i n e  whether th is iso late has a 

s imi lar  toxin profi le and,  if not, whether there are b ind ing  d i fferences 

between these geographica l ly separate stra ins . 

M any species of the genus Gymnodinium are notor iously d ifficu l t  to 

identify to species l evel and G. mikimotoi and G. cf. breve are particu l ar ly 

d ifficu lt .  The former  produces ichthyotoxins ,  which are harmless  to 

humans i f  present i n  shel lf ish,  whereas the l atter produces the  neurotoxic 

brevetox in  which has been responsib le for the c losure of shel lf isher ies i n  

New Zealand s ince 1 9 9 3 .  As both toxins g ive a positive reactio n  i n  

mouse  b ioassays, currently used to  d etect brevetoxin i n  she l l f ish ,  i t  i s  

important to  d i fferentiate betwee n  the species with conf idence.  The 

F ITC-Iect in  techn ique warrants further testin g  as a s imple tool  for the i r 

differenti atio n .  

The Pseudonitzschia species ( D iatomophyceae) were not d ifferentiated by 

the l ectins  tested and in this instance immun o-chemical  assays might be a 
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more effective method of rapid i dentif ication ,  particu la rly of the  toxic ,  

domoic acid producin g ,  forms .  

The resu lts of the  carbohydrate inh ibit ion a ss ays were variab le ;  g lucose,  

fucose and methyl mannopyranoside were the  least effective at  the  

concentrations added and neither ga lactosamine  nor  l actose inh ib ited the  

b ind ing of SBA or PNA to  A .marga/efii. I t  i s  possible that  othe r  m o re 

competitive sugars were present on A. marga/em's cel l  surface or t h at the  

sugars were  p resent i n  greater concentrations  on the  m icroalga l  ce l l  

surface than were added for  the competitive b ind ing assay .  

G a l actosamine,  lactose and triacetylchitotriose competed successful l y  

with the  other m icroa lgae tested for those lect ins with which they had  an  

aff in ity. It appears that eonA was tightly bound at the molecular  s u rface 

of G. mikimotoi, G.  cf .  breve and C. hallii, PEA to that of A . minutum and 

SBA and PNA to that of A . marga/em. 

The appl ication of th is  technique to the p rymnesiophytes ,  a n d  the  

d inoflage l lates, warrants further research ;  the genus Gymnodinium i n  

particu lar  warrants more i ntensive study. 



Growth . . . . . . . . . .  55 

C ha pter three: GROWTH C HARACTERISTICS OF PRYMNESIOPHYTES 

Introduction 

The taxonomy of many of the prymnesiophytes in  the order Prymnes ia les h ave 

been d escribed ( G reen et a/. , 1 989 ) ' but prior to 1 98 8 ,  when the toxic species 

Chrysochromulina po/y/epis k i l l ed m assive n u mbers of caged s almon i n  

Scand inav ian waters ( S kjo lda l  a n d  Dundas,  1 98 9 ) ,  there was l itt le e m ph as is  on  

the  i nvestigat ion of the cu ltural  requ i rements and  growth characterist ics  of  these 

nanoflagel l ates .  As tox ic  prymnesiophyte b looms h ave continued to occur i n  the 

Scand inavian  f iords (Aune et a/. , 1 99 2 ) ,  with associated caged f ish deaths, 

there has been a recognit ion of the urgency to understand the environmental 

tr iggers that lead to the rapid g rowth of these organisms a n d  to the  

development or enhancement of toxicity. 

Stud ies to d ate inc lude the determinat ion of the effect on g rowth rate of l ight 

i ntensity and  temperatu re for the  toxic species Prymnesium patelliferum ( Larsen 

and Paasche,  1 99 3 ) ,  P.parvum (Sh i lo ,  1 97 1 )  and  C.po/y/epis (Edvardsen and 

Paasche,  1 99 2 ) ,  but l itt le  i s  known about the growth characterist ics of  non-toxic 

spec ies .  The ab i l ity of some species of Chrysochromu/ina to assi m i l ate carbon 

h eterotrophica l ly  has been demonstrated ( Pintner and Provaso l i ,  1 9 6 8 )  and as 

many as one tenth of the d escribed species of Chrysochromu/ina are known to 

be m ixotroph ic, combin i n g  heterotrophic and/or phagotrophic feedi n g  behaviour  

with p hotosynthesis ( Parke e t  a/. , 1 95 5 , 1 9 5 6 ;  Jones et a/. , 1 99 3 ) .  A 

req uirement for vitamins ,  i n  particu lar  th iamine and vitamin  8 1 2 , ( Pi ntner and 

Provasol i ,  1 968 )  and se len ium (Harrison et a/. , 1 988 ;  Dah l  et a/. , 1 989)  has 

been demonstrated for some prymnesiophyte species .  

I n  New Zea land there h as been a rapid development of the aquaculture industry 

over the l ast decade w ith a consequent need for u nderstand ing of the  g ro wth 
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habits of  loca l ly  occurring and  potentia l ly  toxic nanophytop lankton . I n  th is stud y  

t h e  in vitro g rowth character istics o f  s ix New Zealand Chrysochromulina i so lates 

a re determined and compared with those of the toxic northern hemisphere 

iso late C.po/y/epis. Their i nd ividua l  p references for ocean ic ,  coastal or estuar ine  

w aters and  for  sub-tropical , temperate or  sub-antarctic w ater temperatures a re 

i nferred from the in vitro stud ies .  The  competitive advantages of some species 

due to ,  for example,  their ab i l ity to grow at low l i g ht i ntensit ies, to tolerate a 

wide range of sa l in i ties or  to phagocytose, are d iscussed . 

The hypothesis that prymnesiophytes produce enzymes which hydrolyse 

substrates such as cel l ulose ( fo u nd in  d inoflagel l ate  thecae) , chit in or p rotei n ,  

mak ing  them avai lable for heterotrophic ass imi lation ,  i s  tested . I n  particu l a r, 

Prymnesium parvum causes the  death i n  dua l  c u lture of other  spec ies of 

microa lgae ,  and also the br ine shrimp  Artemia salina. P.parvum 

character ist ica l ly c lusters around the dead organisms (perso n a l  observation )  a n d  

the possib i l ity that death i s  d ue to hyd rolase p roduction ,  rather  than the  

secret ion  of  the tox in p rymnes in  i s  explored . 

The ub iqu itous and most abundant of  m icroalgae , are the  coccol i thophores 

( Cocco l ithophorales) ,  with Emiliania hux/eyi and Gephyrocapsa oceanica 

d o m i n at ing  i n  Austra lasian w aters ( H a l l egraeff, 1 984) . 

The taxonomy of the cocco l ithophores has been i ntensively studied (Young ,  

1 99 3 ) ,  b ut on ly  northern hemisphere iso lates of  E. hux/eyi and  Cricosphaera s p .  

have u n de rgone  detai led physio logica l  examination . F o r  example the effect o f  

c h a n g i n g  l i ght i ntensity o n  g rowth a n d  photosynthesis has been e luc idated 

(Jeffrey and A l l en ,  1 964;  Paasche,  1 968)  and i t  is  known that E. hux/eyi 

survives with in a temperature range of < ODC to 2 9DC ,  whi lst G. oceanica 

survives with in a temperature range of 1 3DC to 2 6DC ( M c i ntyre and Be,  1 96 7 ) . 

Both species occur at depths down to 50 m i n  ocean ic waters, but tend to b e  

nearer  t h e  surface a t  t h e  northern a n d  southern temperature l im its ( Honjo ,  

1 9 7 7 )  . 
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The p resent study determ ines the in vitro growth c ha racteristics of New Zealand  

iso lates of G. oceanica, E.huxleyi and Pleurochrysis sp .  and  relates these to  the  

current species d istr ibution around coastal N ew Zea land . 

Methods 

Microalgae: isolation and identification 

Chrysochromu/ina acantha, C. aphe/es, C. camel/a, C. ericina, C.hirta, 

C. quadrikonta, Gephyrocapsa o ceanica, Emiliania huxleyi and Pleurochrysis s p .  

were iso lated from samples co l lected from N ew Zea land  coastal waters with 

e ither a 1 0  pm mesh net o r  a Van Dorn bottle sampler  ( refer Chapter one ,  

Methods) . Ce l ls  were iso l ated by p icking  out  with f i ne  bore Pasteur p ipettes and 

transfe rr in g  i nto C H RY (Andersen et al. , 1 99 1 )  and G P  ( Loebl ich and Smith , 

1 9 6 8 )  med ia  i n  M ultiwel l™ t issue culture p lates ( Becton D ickinson ) . German i u m  

d iox ide  ( 0 . 5  m g  r 1 f inal  concentration) was added t o  i nh ib it d i atom g ro wth . 

Chrysochromulina polylepis (C285 )  was obtained from the Provaso l i -Gu i l la rd 

Centre Cu lture Col lectio n  at B igelow Laboratory for Ocean Sciences,  West 

Boothbay H arbour,  Ma ine ,  U SA .  It was orig ina l ly  iso lated from Scand inavi a n  

waters d ur ing t h e  May-J u ne b loom of 1 98 8 .  Cultures w ere establ ished i n  C H RY 

and  G P  media ,  and grew consistently wel l  at 1 5°C .  

Prymnesium parvum was provided by F . H . Chang ,  N IWA,  Wel l ington and was  

ma inta i n ed i n  GP  mediu m .  

T h e  i n it i a l  identificat ion and  the continued purity of  the New Zea land  

Chrysochromulina isolates and C.polylepis ( Larsen and  M oestrup ,  1 98 9) were 

confirmed by comparison of transmission e lectron micrographs with those in the 

l iterature .  Whole cel ls and i nd ividua l  sca les,  d i rect iona l ly  shadow c ast with 

p l ati n u m ,  were examined u nder  a Phi l i ps 20 1 c transmiss ion e lectron m icroscope 

and photographed;  cocco l ithophores were identif ied by scann ing  e lectron 

m icroscopy ( refer Chapter one ,  M ethods and Results) . 
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Culture and main tenance of isolates 

Cu ltures were estab lished i n  G P  and C H RY media  ( p H 7 . 9 ) ,  made up with fi ltered 

ocean ic  seawater ,  sa l in ity 34
% 0 . Ma intenance cultures,  held in 50 ml cu lture 

bott les , were transferred from 1 00 tlmo l  m-
2 S- l l ight intensity to 30 tlmo l  m-2 S-l 

at l ate exponent ia l  phas e .  Temperatures were ma inta ined at 1 8°C (± 1 °C) . 

Exper imenta l  cu ltures of Chrysochromulina species were g rown i n  a modif ied G P  

med ium i n  wh ich synthetic sea water (Gross, 1 96 7 )  rep laced oceanic sea water, 

vitam i n  add it ion was doub led ,  sodium selenite was inc luded (as for C H RY 

mediu m ) ,  so i l  extract was reduced to one tenth of the normal  G P  l eve l ,  TES ( N­

tris [hyd roxymethyl ) -methyl-2-am inoethane-sulfon ic  ac id ;  f ina l  concentration  0 . 0 1  

M )  was used as  a b uffer,  as  i t  d id not affect g ro wth of  the a lgae,  a n d  p H  was 

adjusted to 7 . 9  with 1 M NaOH pr ior  to steri l isat ion ( 1 2 1 °C ,  1 5  m i n ) . 

Exper imenta l  cu ltures ( 2 0  m l  begun with a 1 0 % i nocu l u m  derived from a cu lture 

in  exponent ia l  phase) were g rown in 50 ml  acid-washed g lass tubes ( Ki max™) 

with teflon caps or,  in the  i nstances when m icroa lgae would not grow in  tubes ,  

i n  ster i l e  p lastic bottles (50 mi l .  I ncubation was at  a l ight i ntensity of 1 00 tlmo l  

m-
2 

S- l with a 1 4 : 1 0  h l i ght :dark cycle  and a temperature of  1 8°C ( ±  1 °C)  u n l ess 

otherwise stated . 

Coccol ithophores were c ultured as above, but with p H  adjusted to 8 . 4 .  

Gro wth Measurements 

Exponent ia l  gro wth of the  micro a lgae was measu red by chlorophyl l  a i ncreases 

uS ing  a Turner Designs  F luorometer (Model  1 0-00 5 R ) ,  with the f i lter 

combin at ion for in vivo f luorescence ( l ight source: 1 0-045 blue l amp;  excitat ion  

f i l ter :  1 0-050 colour specif icat ion 5-60; emiss ion fi lter: 1 0-05 1 co lour  

specif icat ion 2-64) . Cu ltu res of Prymnesium species ( 2 0  m l )  g rew successful ly 

i n  the  g lass f luorometer tubes and microalgal  growth cou ld be measured d i rectly 

by p lac ing the tubes i n  the f luorometer .  Cultures of Chrysochromulina species 

( 2 0  m l )  were grown i n  5 0  m l  p lastic bottles and  transferred to the ster i l e  
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f luorometer tubes for growth measurements, as g ro wth in the tube s  was 

vari a b l e .  

F luorometer readings c orrelated wel l  with cel l  counts d uring t h e  exponent ia l  

phase of  growth,  but not dur ing the stationary phase .  At stationary phase,  ce l l  

counts were determined  us ing an  i nverted I M T-2 O lympus microscope . C u ltures 

were sampled ,  preserved w ith Lugol 's  iod ine (20 pi per 1 00 ml; greater amounts 

caused cel l  lysis)  and a l l owed to settle  i n  Utermohl  chambers for 4 hours prior to 

count in g .  

Growth rates ( number of  doub l ings per day) were d erived from t h e  m e a n s  of a 

m i n i m u m  of four  repl icates .  ANOV A was  used to d etermine the statist ica l  

s ign if icance of the resu lts , with  the Tukey-Kramer  m ethod ( So ka l  and R o h lf ,  

1 98 1 )  app l ied to  g ive s ign i ficant d ifferences . 

Heterotrophy 

Axenic microa lga l  cultures  were obtained by add ing  0 . 002 % Penic i l l i n  G and  

0 . 000 3 %  streptomycin su lphate to  the microa lga l  cu lture med ium.  Purity of  

c ultures was checked by streak ing on  to  mar ine  b acterio logica l  agar  p lates  

{ Difco,  U SA}  and incubat ing at  2 5°C .  Axenic i n  th is  context means that b acter ia  

d i d  not  g ro w  under  the described conditions .  

Axen ic  cultures were grown i n  quadrupl icate in  e ither  f2 (Gu i l lard ,  1 9 7 5 )  or  

m od i fi ed GP medium with addit ions of 0 . 1 % of e i ther  casei n  hydrolys ate, 

acetate (steri l ised at  1 2 1 °C,  1 5  m in ) ,  g lucose or  glycerol (f i lter steri l i sed;  0 . 2  pm 

n uc lep ore) before addit ion  to ster i le  med ium.  Cu ltures were incubated at  1 8°C 

at l i ght  i ntensiti es of  1 00, 30  o r  0 pmol  m-2 S-1 . 

Enzyme stud ies 

( a )  CelluJases . Cel lu la se production was determi n ed for P.parvum, G. ericina, 

C.po/y/epis and C. quadrikonta by assaying cel l  free cu lture med ium and who le  

ce l ls  for ce l lu lase activity. 
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Heterocapsa triquetra i s  a d i noflage l l ate bear ing a ce l l u lose theca .  Prymnesium 

parvum was observed c lusteri ng around ce l ls  of H. triquetra d u ring tox in  

b ioass ays ( refer Chapter 5 ,  Results) and i t  was hypothesised that the 

pry m n esiophyte was uti l i s ing the ce l ls  as a nutr ient source by hydrolysing the  

ce l l u l osic thecae with extrace l lu lar  hyd rolases.  To test th is  hypothes is  

H. triquetra ( 2 5  m l  i n  1 50 m l  Er lenmeyer f l asks grown under standard conditi ons  

i n  GP med i u m ;  1 4  day  o ld  cu ltu re)  was  inoculated w ith C. ericina, C.polylepis, 

C .quadrikonta or P.parvum ( 2 5  ml of 7 d ay o ld  cu lture ;  controls  G P  med ium 

on ly) . Contro ls  had  G P  medium on ly  added . These dua l  cu ltures were  incubated 

at 2 0°C ,  1 00 j1mo l  m·2 S· 1 l ig ht i ntensity and 1 4 : 1 0 h l i ght/dark reg ime .  Samples 

(5  ml )  of  the  cu ltures were h arvested at  0 h and after 5 days growth ( for  both 

ce l l  counts and for assaying for cel l u l ase) and were monitored for  morphologica l  

changes  d ur ing growth under a l i ght microscope (magnifi cation  x600) . 

H arvested cultures were centrifuged (9 , 900 g)  a nd the supernatant frozen .  The  

pe l l et of  m icroal ga l  ce l l s  was  resuspended in  1 m l  acetate buffer ( sodi u m  

acetate, 70  m l  0 . 2  M:  acetic acid,  30 m l  0 . 2  M ;  p H  5 ; f inal  concentrati o n  0 . 0 5  

M ) ,  sonicated ( 2 0  seconds x 3 ,  with 20 second i ntervals )  a n d  frozen . 

The assay for cel l u l ase i nvolved measuring the reduc ing  g roups p ro duced when  

ce l l u lose was  incubated with supernatant o r  resuspended ce l ls .  

C a rboxymethylcel l u lose (S igma)  was d issolved or  m icrocrysta l l i ne  ce l l u lose 

(AVIC E L  ) was suspended i n  0 . 2  M sodium acetate - 0 . 2  M acetic ac id ( acetate )  

b uffer (5  mg 1 m r 1 ; p H  5 ) ,  the former to measure endo-glucanase activity and 

the l atter to measure exo-g lucanase activity . C u lture su pernatant (0 . 1  ml )  was 

incubated with the  cel l u lose substrate at  30°C for 0 o r  30 m i n .  The assay was 

a lso run  for P.parvum c ulture supernatant at 1 7°C for 30  min .  The react ion was 

stopped by the addit ion of para hydroxy-benzoic ac id  hydraz ide ( PA H BA H )  

reagent .  Samples were a l so r u n  ( i )  without cel l u lose substrate (buffer on ly) a n d  

i i i )  with ce l lu lose and commercia l  cel l u l ase ( 5  mg 1 mr1 
acetate buffer ) . The 

ce l lu l ase was from Trichoderma viride ( Sigma;  activity 1 -5 units m g·1 so l id ) .  

Reduc ing substances were measured us ing the  PAH BAH procedure ( Lever ,  

1 97 3 ) . Fol lowing the addit ion of the PAH BAH reagent,  samples and  standard s  

were he ld a t  1 00°C i n  a water bath for 1 0  m in . ,  then cool ed i n  a n  i c e  b ath . 
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Dist i l l ed water (4  m l )  was added and the tubes read at 420nm on a 

spectrophotometer (agai nst a control tube ( i )  conta in ing  acetate buffer) . 

( b )  Chitinases. Assays for chit inase production  i n  P.parvum were carried out 

fo l lowing the  g rowth of  cu ltures as for cel l u lase produ ction above , but w ith  ( i )  

n a u p l i i  o f  the  a rthropod A rtemia salina ( refer Chapter 5 ,  Methods) or O J )  co l lo ida l  

ch it in  (0 . 2  mg mrl ) ( Sh i m ahara and Takiguc h i ,  1 98 8 )  instead of ce l lu lose .  

A . salina was chosen as it contains chitin i n  its p rocutic l e  (V i l l ee et al., 1 9 73 ) . 

Pel l ets were obta ined by centrifugation  ( as above) from 6 day o ld P.parvum 

c ultures and were resuspended in  imid azole b uffer ( 5  m l ;  0 . 1 M )  conta in i n g  

ethy lenediamine  tetraacet ic  ac id (EDTA; 0 . 1 m M )  a n d  d ith iothreitol (OTT; 0 . 1 

m M ) .  The b uffer, pH  6 . 2, was made up i n  3 5
% 0 sod ium chlor ide.  

Samp le  ( 1  m l  of supernatant or  resuspended pe l lets) was added to 1 ml ch it in  

( 1 5 m g  mr1 in  0 . 1 M i m idazo le  buffer conta in ing  sod i u m  ch loride ( 1 7 . 50/oo) )  and 

he ld  on  ice .  

A posit ive control with ch iti n ase added (from the m ar ine fungus Coro/lospora 

maritima provided by D . G rant ,  8 1  M ount St. , Ne lso n ,  New Zea land)  and a 

negative control with fi l te red seawater on ly were inc luded in  the assay. 

The tubes were he ld at 37°C in a water bath and samples (800 pI ) were taken  at 

o h and after 3 h i ncubation .  Samples were he ld at 1 00°C for 5 m in utes then 

coo led and centrifuged ( 9 , 9 00 g ;  5 min . ) .  Reduc ing substances i n  the 

supernatants were measured by the PAH BAH procedu re described above, but 

with g l ucosamine  rather than g lucose standards . 

(c )  Proteases. Protease activity in  P.parvum and C. ericina was i nvestigated a s  

fo l lows : axen ic cultures were g rown i n  G P  m ed ium u nder standard condit ions 

with the  addit ion of 0 ,  0 . 5  or  0 .05% bovine serum a l bumin ( B SA ) .  Contro ls  

conta ined no BSA . C ultures were sampled and the  supernatant and pe l let 

obta ined by centrifugat ion (as  for ce l lu lase assay) . C. ericina cul tures contain i ng  

BSA were a l so g rown with the addit ion of  a loopfu l o f  cream agarlyt ic  rod­

shaped bacteriu m  (Pseudomonas sp . L  isolated from the same seawater samp le  

as  C. ericina . Controls i nc lud ed C. ericina with bacter ia  but  no BSA, a nd G P  

med i u m  with bacteria on ly .  H ide  powder azure ( 5  mg;  Sigma) (R ind erknecht e t  

al. , 1 9 68 )  was added to 0 .5  ml TES  buffer ( 1 0  mM)  ( made u p  i n  f i l tered 
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s ea w ater, p H  8 . 0) and 0. 5 m l  of  supernatant o r  pe l let  i n  acid washed c apped 

tubes .  Tests were i n  dup l icate . Tubes were incubated for 2 hours at 37°C and 

i nverted to mix every 5 m inutes .  The assay mixtures  w ere then passed t h rough 

g lass  wool  ( in  short Pasteur p ipettes he ld over s pectrop hotometer cuvettes )  and  

the  a bsorption of supernat ants read at 5 9 5nm • 

Phagotrophy 

M ic ro a l gae  were c ultured i n  t issue cu lture p lates .  F luorescently- Iabe l led beads 

(0 . 5  pm d iameter, soaked in bovine  serum a lbumin) ,  graphite ,  Porphyridium 

cruentum, P.purpureum ( Rhodophyceae) and a f luorescing b acteriu m ,  

Pseudomonas s p .  ( from the C a wthron cu ltu re co l lection ) , were added a t  ear ly  o r  

l ate e xponentia l  p hase and at stat ionary phase.  Non-axenic and axenic 

Chrysochromulina cultu res  were tested . I n  non-axenic cultures DAPI  ( 4 ' 6-

d i am id ino-2-phenyl i ndole )  was used to detect ingested bacter ia ( Po rter and  Feig ,  

1 980) . 

A crylic acid analyses 

H igh-performance l iquid chromatographic determinat ions of acryl ic acid fo l lowed 

the  m ethod of Brown ( 1 9 7 9 ) . 

Results 

Growth characteristics of Prymnesiales 

Se len ium/cobalt  addition 

C. quadrikonta,  previously g ro wn i n  se len ium-free G P  med ium,  exh ib ited a n  

i ncrease i n  growth rate ( G R ;  doubl ings d- 1 ) with t h e  addit ion o f  0.02 pM 

se len ium ( i n  the form of  sod ium selenite ) ;  GR increased signif icantly from 0 . 5 9  

t o  0 . 8 2  ( P  < 0 . 0 1 ) .  Fin a l  y ie lds of c ultures (total ce l l  counts at stationa ry phase)  
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were a l l  doub le  that of the control with seleni u m  add it ions of from 0.02 to 0 . 1 

,LIM . 

N o  s ign i ficant d i fference i n  g rowth rate was noted when selen ium was added to 

p reviously se len ium deprived cultures of C. acantha, C. aphe/es, C. camel/a, 

C. ericina or  C. hirta (Table 3 . 1 ) . 

Table 3. 1 S elenium as a l imiting growth 
factor in Chrysochromulina species. 

Microalga 

C. acantha 

C. apheles 

C.camella 

C. ericina 

C. ericina8 (North Pacific) 

C.hirta 

C.polylepil (Scandinavia) 

C. quadrikonta 

C.strobilusC 

5e supplement 
requirement 

+ 

+ 

+ 

+ 

References:a H arrison et al. , 1 98 8 ;  0 D a h l  et  al. , 
1 98 9 ;  C Pintner a nd Provaso l i ,  1 96 8 .  

Coba lt  was  norma l ly added  to  GP medium at 0 . 1 1  jiM . At 0 . 2 3  jiM 

C. quadrikonta ceased g rowth ,  but survived for f ive days; at 0 . 5 7  ,LIM cel ls d ied 

i m med iately . 

N itrogen source 
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There was n o  s ign if icant d i fference i n  the growth rates ( G R ,  doub l ings pe r  d ay) , 

of C. apheles, C. camella, C. ericina, C.polylepis o r  C. quadrikonta when grown i n  

G P  med ium with potassi u m  n itrate, u rea  o r  ammon ium ch loride as n it rogen  

source . C. acantha h ad faster G Rs w ith potassiu m  n itrate ( p < 0. 0 1 ) a n d  

a mmon ium chlo ride ( P  < 0 . 0 5 )  than with urea and C.hirta with u r e a  a n d  

a m mon ium ch lor ide tha n  with potassium nitrate ( P < 0 . 05 )  (Table 3 . 2 ) .  

Table 3 . 2  G rowth rates (doublings per day) of Chrysochromulina s pecies cultured 
with different nitrogen sources. Bars ind icate a s ignif icant d ifference in  g rowth 
rate ( P < 0 . 0 5 ;  A NOVA, Tukey Kramer) . 

Microalga 

C. acantha 

C. aphe/es 

c. camel/a 

C. ericina 

C.hirta 

C.po/y/epis 

C. quadrikonta 

Temperature 

Potassium nitrate Ammonium chloride Urea 

0 . 9  < - - - - - - - - - - - - - - - - - - - > 0 . 8  < - - - - - - - - - - - - - - - - > 0 . 7  
0.4 
0 . 8  
1. 1 

0 .4 

0 . 9  
1 . 1  

0.8 < - - - - - - - - - - - - - - - - - - - > 1 . 2 

1. 5  
0 . 7  

< - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - > 

1. 5 

0 . 9  

0 . 3  
0 . 9  

0 .9  

1 . 2 

1 . 8 

0.7 

G rowth rates (doubl ings d-
1 ) were faster for  C. acantha ( P < O . 0 5 ) ,  C. apheles, 

C. camella and C. quadrikonta ( a l l  P < 0.0 1 )  at 20
°

C than at 1 5
°

C .  There was n o  

s ign if icant d i fference between between 20
°

C and 2 5
°

C for C. acantha o r  

C. apheles, w hereas C. quadrikonta and C. camella both had a faster G R  a t  2 5°C 

than at 20
°

C ( P < O .05) . None  of these species grew, a lthough som e  ce l l s  

s u rvived for a week, at 1 0
°

C.  Freshly inoculated c ultures of  a l l  species d i e d  

when transfer red t o  30
°

C ,  although when stat ionary c u ltures o f  C. apheles were 

transferred to  30
°

C they survived for several  days. 

C.polylepis, C. ericina and C. hirta al l  grew at a faster rate at 1 5
°

C than at 1 0
° C 

( P  < 0 . 0 1 ) .  There was no s ignif icant d ifference i n  G R  between 1 5  and 20°C .  Al l  
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three species d i ed at 2 5°C ;  none g rew (although  some ce l ls  remained viab le )  at 

5°C ( Fi g ure 3 . 1 ) .  

Sa l i n ity 

C. quadrikonta and C.polylepis had faster G Rs at sal i n it ies of 1 7  - 2 3% 0 than  at 

2 9% 0 ( P < O . O l ) u nder the exper imental conditions .  Ne ither grew at 3 5% 0. 

G. hirta grew opt imal ly at 2 3% 0 ( P < O .O l ) ,  although i t  g rew between 1 0  and  

3 5% 0. 

C. ericina grew optimal l y  between 1 7  - 3 5
% 0, a lthough growth l agged at 3 5% 0 . 

G rowth was s lower,  as it was for C. apheles , at 42
% 0 ( P < O .O l ) .  C.aphe/es and  

C. camella grew optima l ly  between 23 - 3 5% 0 ( P  < 0 . 0 1 ) .  C. camella fa i l ed  to 

g ro w  at 1 7% 0 and growth occurred at  42% 0, b ut on ly  at 2 5°C and w ith u re a  as  

the n itrogen source ( Figure 3 . 2 ) .  

C. acantha g rew optima l ly  between 29  - 3 5% 0, but sti l l  g rew wel l  at 42% 0 . 

p H  

U nder  the exper imental cond it ions there was no  s ign if icant d ifference i n  G R  for 

C. quadrikonta between p H 7 . 0  and p H 8 .  7 .  

C. ericina , C.hirta and C. acantha grew optima l ly  between pH7 . 5  a n d  8 . 7 ;  

G. acantha d id  not grow, whereas G.hirta and C. ericina had slow GRs ,  a t  p H 7 . 0  

( p < O. O l ) .  C. apheles g re w  opt imal ly between p H 7 . 5  and  8 . 4  ( P < O. O l ) . 

C. camella g rew optima l ly  at p H 8 . 0 .  G rowth was s ignif icantly s lower at p H 7 . 5  

and  p H 8 .4 ( P < O . O l ) .  

G rowth of C.polylepis was optimal  between p H 8 . 4  and 8 . 7  ( P  < 0 . 0 1 ; F igure 

3 . 3 ) . 
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Fig . 3 . 1  Growth rates (doublings per day) of several Chrysochromulina species at 
different temperatures: (a)  C.polylepis ( • ) , C. ericina ( • ) and G. hirta ( . ) ; ( b )  
G. acantha ( • ) , C. apheles ( • ) , C. quadrikonta ( • ) a n d  C. camella ( "' ) . Bars ind icat e  
sta n d ard error ( n  = 4 ) ,  but  a r e  obscured b y  symbols i n  some i nstances.  
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Fig 3 . 2  Growth rates (doublings per day) of several Chrysochromulina species a t  
different sal inities:  ( a )  C. ericina ( .. ) ,  C.po/ylepis ( • ) ,  G. hirta ( • ) and C. quadrikonta ( 
. ) ; ( b )  C. a cantha ( .... ) ,  C. aphe/es ( • ) and C. camella I . ) . Bars ind ic ate standard 
error  In = 4) ,  but are obscured by symbols in some i n stances .  
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Fig . 3 . 3  Growth rates (doublings per day) of Chrysochromulina species at different p H :  

(a )  C.polV1epis ( • ) , C. ericina ( A ) ,  C.hirta ( • ) and C. quadrikonta ( + ) ;  (b )  C. camella ( 

• ) , C. acantha (A ) and G. apheles (+ ) .  Bars i nd icate standard error (n = 4) ,  but are  
obscu red by symbols in  some i n stances. 
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Aerat ion 

Aerat ion of batch cultures of C. aphe/es, C. camel/a, C. ericina, G. hirta a n d  

C .  quadrikonta caused s o m e  i nhibit ion o f  growth ,  b u t  this w a s  n o t  statist ica l ly  

s ignif icant .  

L ight 

No s igni ficant d i fference i n  G R  was recorded for G. came/la, G. ericina, C.po/y/epis 

o r  C. quadrikonta between  2 5  and 1 75 pmo l  m-2 S- l . C. acantha a nd C. hirta grew 

s lower  at 25 than at  5 0  pmol  m-
2 S·l and C. acantha a lso  g rew s lower at 5 0  

than 7 5  pmo l  m-2 S- l . C. aphe/es g rew faster a t  ;::: 1 00 pmo l  m'2 S- l (Tab le  3 . 3 ) .  

U nd e r  constant l ig ht the g rowth of C. quadrikonta was inh ibited . 

Table 3.3 G rowth rates (doublings per day) of Chrysochromulina species cultured at 
different l ight intensities . Bars indicate a s ignif icance d ifference in  growth rates 
( P < 0 . 0 5 ;  AN OVA; Tukey Kramer} , 

Light intensity (pmol m-2 S' 1) 

Microalga 25 50 75 1 00 1 25 1 50 1 75 

C. acantha 0 . 7  < --- > 1 .0 < -- .  > 1. 2 1. 1 1 . 2 1 . 3 1 . 2 
C. apheles 0 . 6  0.9 1. 1 1 .0 < --- > 1 . 5 1 .4  1. 2  
C. came/la 1 . 0 1.0 1.0 1.0 1.0 1.0 1.0 

C. ericina 0.7 0.7  0.9 1. 0  1. 0 0.9 NT 
C. hirta 0 . 8  < --- > 1 . 2 1 . 3 1 .4 1 . 2 1 . 2 NT 
C.polylepis 0 . 9  1. 1 1 . 1 1. 1  1. 1 1. 1  1 .0 
C. quadrikonta NT 0.6  0 .7  0. 7 0 . 9 0 . 7  0 . 8  

N T :  n o t  tested 
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H eterotrophy 

There was no i nd icatio n  that carbon was obtained heterotrophica l ly by 

C. quadrikonta grown in f2  med ium, nor by C. ericina and C. hirta g rown i n  

mod if ied G P  mediu m .  N o  growth occurred i n  the d ark ,  and n o  effect on  growth 

was noted at 1 00 pmol m-2 S-
1 

when either g lucose,  g lycero l  or  acetate were 

added to the medium.  At 40 pmol m-
2 

S-
1
, neither g lucose nor  acetate had an 

effect o n  the growth of C. quadrikonta , but g lycerol i nhib ited g rowth . Add it ion 

of case in hydrolysate caused death of the m icroa lga l  ce l ls  at a l l  l i ght i ntensit ies . 

No other  species were tested . 

Hydro lase activity : 

No reduc ing groups were detected i n  any of the  culture supernatants o r  

microa lga l  pe l lets of C.polylepis, C. quadrikonta, C. ericina or P.parvum on  

assayin g  fo r  ce l lu l ase activity ( l ower l im it o f  detect ion :  0 .3  pmoles h-
1 

m r1
) .  No 

reduc ing  groups were detected i n  culture supernatants o r  microa lga l  pe l l ets of  

P.parvum when assayed for ch it inase activity ( l owe r  l imit  of detectio n :  0 . 0 5  

pmoles  h - 1 m r1 ) .  

Protease activity was n o t  d etected b y  t h e  h i d e  powder azure assay m ethod i n  

e ither  t h e  supernatants o r  pe l l ets of axenic cultures o f  P.parvum and C. ericina 

grown i n  G P  medium with o r  without bovine serum a lbumin  (BSA) add it ion ,  nor  

with  b acteria l  addition b ut no BSA.  Only i n  cu ltures of C. ericina to  which both 

BSA and a marine bacteri u m  (Pseudomonas sp . )  were added was protease 

activity i nd icated by the h ide  powder azure assay . F luorometer readings of 

cu ltures of C. ericina/BSA/bacter ia were 5000 f luorometer un its after 4 d ays 

growth ,  compared with 420 fluorometer u nits for the axenic contro l ,  wh ich  

represented a ",, 1 O-fold i ncrease i n  ch lorophyl l a i n  the test cu lture.  

Phagotrophy 

Ce l l s  of C. ericina could be observed , under UV excitat io n ,  taking  up, and after 
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1 0  to 2 0  seconds  eject ing,  f luorescently-Iabe l led beads ( 0 . 8  pm) .  None o f  the 

othe r  p a rt ic les tested were phagocytosed . 

F luorescent beads were observed with in  ce l ls  of  C. acantha, although such 

observations were  rare. 

Phagotrophy was not observed i n  C. quadrikonta, C. camella, C.po/y/epis, 

C. apheles nor  G. hirta. G raph ite formed a coating around the  a lgal  ce l ls ,  out l in ing  

the  sp ine  scales , b ut was not observed with in  cel l s . OAP I  stained b acter ia  were  

not observed interna l ly. 

Acryl ic acid 

C. quadrikonta had a d i st inctive " rotten cabbage " smel l  in  culture,  typica l  of 

d i m ethy lsu lph ide (OMS) ,  which d imin ished over time .  No acryl i c  acid was  

d etected i n  cu ltures of C. quadrikonta .  None of the  othe r  s pecies were tested . 

Gro wth characteristics of Coccolithophorales 

Nitrogen source 

There was n o  s ignificant d ifference i n  g rowth rate ( G R) for  E. hux/eyi, G. 

oceanica or P/eurochrvsis sp .  given the d i fferent n i t rogen sources (Table 3 . 4) .  

Table 3.4 G rowth rates of coccolithophores cultured with different nitrogen 
s ources. No signific a nt differences in growth rate (doubl ings d-1 ) were 
recorded (ANOVA ;  Tuk e y  Kramer) . 

Microalga Potassium nitrate Ammonium chloride Urea 

Emiliania huxleyi 1 .4 1 . 9 1 .4 

Gephyrocapsa oceanica 1 . 2 1 . 8 1 .4  

Pleurochrysis s p .  0 . 7  1 .0 0 . 8  
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Tempe rature 

N o  s ignif icant d ifference i n  G R  of cultures of E. huxfeyi was recorded between 

1 5  and 2 5°C .  GRs were s lower at 1 0°C ( P < O. 0 1 ) . G. oceanica entered the 

exponent ia l  g rowth phase and reached maximum ce l l  d ensities ear l ier  at 2 5°C 

than at  20°C,  a lthough G Rs were not s ignif icantly d ifferent .  H owever G R s  of  

c ultures incubated at 1 5°C were  s lower ( P  < 0. 0 1 ) .  Ce l l s  of both species d ied  

at  30°C .  

Pleurochrysis sp .  grew opt imal ly at 20°C ( P  < 0 .05 ) . Cu ltures barely survived at 

2 5°C and  d ied at temperatures of  1 0°C and at 30°C ( Figure 3 . 4) .  

1 . 8 

f/) 
1 . 2 Q) +oJ (tl ... 

..c +oJ 
� 0 

0 . 6  ... 
C!1 

o __ ------__ ------�------�------._------. 

5 1 0  1 5  20 25 30 
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Fig . 3.4 Growth rates (doublings d-1 ) of Emiliania huxleyi ( .  ) ,  Gephyrocapsa oceanica 
( • ) and Pleurochrysis sp.  ( ... ) at different temperatures. B a rs ind icate standard error 
(n = 4) .  

Sa l i n ity 

The  coccol ithophores were grown at sa l in it ies of 1 0 , 1 7 , 2 3 ,  2 9 ,  3 5  a nd 4 2% 0 . 

The  fastest G Rs for E. huxleyi were i n  med ia  with sa l in it ies of 29% 0 ( P  < 0 .0 1 ) .  
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G R  was s lower at 35% 0 ( P  < 0 . 0 1 ) and ce l ls  su rvived ,  but grew extreme ly  

s lowly at 42% 0. 

O pt im a l  G R s  for G. oceanica w ere between 1 7  and 2 9% 0; G Rs were s ignif icant ly 

s lower  at 3 5% 0 ( P < 0.0 5 ) . 

Pleurochrysis sp .  d id  not survive l ong enough i n  cu lture for a sa l in ity opt i m u m  to 

be o bta ined . 

1 . 5 

0 . 5  

O __ ------�----��----�------_r------� 

1 0  1 7  2 3  29 35 4 2  

Salinity 0/00 

Fig . 3 . 5  Growth rates (doublings d-1 ) of Emiliania huxleyi ( • ) and Gephyrocapsa 
oceanica ( • ) at different salinities. Bars i nd icate stan dard error (n = 4) . 

p H  

E. hux/eyi had a faster G R  at pH7 . 5 than at 7 . 0  ( P < 0 . 0 1 ) ,  but n o  s ign i ficant 

d i fferences i n  GRs  were noted between pH 7 . 5  and 8 . 9 . Faster G Rs were 

obtained for G. oceanica at p H 8 . 4  than at 7 . 9  ( P < 0 . 0 1 ) ,  but there was n o  

s ignif icant d ifference i n  growth between cultures grown at pH8 .4 a n d  8 . 9  

( Figure 3 . 6 ) .  



Growth . . . . . . . . . .  74 

Pleurochrysis sp .  exh ibited a s low growth rate under  the experimental cu lture 

cond it ions .  There was no s ignif icant d i fference i n  G R  between pH 7 . 9  and  8 . 6 .  

C u ltu re s  d id  not g row at p H7 . 5  o r  8 . 9 . 

1 . 6 

If) 1 . 2 
(I) -ca ... 

..s:: 0 . 8  -
� 0 ... 

c.::> 
0 . 4  

0 

7 7 . 5  7 . 9  8 . 4  8 . 6  8 . 9  

pH 

Fig . 3 . 6  Growth rates (doublings d,1 ) of Emiliania huxleyi ( .  ) ,  Gephyrocapsa 
oceanica ( . )  and Pleurochrysis s p .  ( ... ) at different p H .  Bars ind icate standard error 
(n = 4) , but are obscured b y  symbols in some i nstances.  

light  

There was no variation i n  GR for  e ither E. huxleyi or  G. oceanica at  50 - 1 50 .umo l  

m ,
2 

S, l l i ght i ntens ity u nder  otherwise optima l  conditi ons .  G R  was s lowe r  a t  2 0  

.umol  m'2 S· l  ( P < 0 . 0 1 ) .  

Pleurochrysis sp .  d id  not  survive long enough i n  cu lture for  l i ght intensity o pt ima 

to  be  o bta ined . 

The  fastest G R  recorded i n  th is  study for E. huxleyi was 1 . 8 9  doubl ings per  day 

a n d  for  G. oceanica 1 . 3 9  doub l ings per day. 
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Discussion 

Prymnesiales 

Six m orpho log ica l ly  d issimil ar Chrysochromulina species, C. acantha, C. camella, 

C. ericina, C. hirta, C. quadrikonta and.  C.aphe/es, were iso lated from New 

Zeala n d  coasta l  waters. 

C. quadrikonta, a p reviously u n recorded quadr iflagel l ate species,  p rodu ced a 

" rotten  cabbage " smel l  in  ear ly cu ltures,  a trait which has  a lso been associated 

with the fresh-water C.breviturrita (Wehr e t  al. , 1 98 5 ) .  The re lated 

p rymnes iophyte , Phaeocys tis pouchetii, is  known to produce d imethylsu lfide 

( DM S )  and  acry l ic  acid f rom d i m ethylsulfon iopropio n ate,  a n  osmoregu lator of  

a lga l  ce l l s  ( G i bson et al. , 1 990) . The odour might h ave been associated w ith 

D M S  productio n  in C. quadrikonta, but acryl ic acid p roduct ion was not d etected 

in the in vitro cu ltures ana lysed . 

The l oca l  i so lates fel l  i nto two d ist inct groups as regards temperature 

p references .  C. quadrikonta, G. camella and C. aphe/es favoured warmer 

temperatures and fa i led to  g row at 1 0°C .  These species g rew optima l ly  at 

2 5°C ,  b ut d ied at 30°C .  G. quadrikonta was recorded at Waimangu Poi nt ,  F irth 

of  Thames in M ay 1 9 9 4  ( M A F  Regulatory Authority operationa l  resea rc h  

p hytop lankton p rogramme) where i t  survived winter sea su rface temperatures  o f  

as l o w  as  1 2°C a n d  a summer h i g h  of  22°C i n  1 99 3 .  T h e  in vitro temperature 

range w ithi n  which G. quadrikonta survived and gre w  c lose ly matched the in vivo 

temperature range recorded at Waimangu Point .  The g reatest numbers there 

occurred between May 4 - 1 1 , when sea surface temperatures ranged from 1 7  -

1 8°C .  

C. ericina and C. hirta grew over the same temperature range as the northern 

hemisphere isol ate,  C.po/ylepis. They survived at 5°C ,  growing slowly at 1 0°C 

and  o pt ima l ly from 1 5  - 20°C .  Both species d ied at 2 5°C .  D urin g  the 1 98 8  

Scand inavian b loom C.polylepis appeared t o  p redominate a t  temperatures 

between 6 . 7  and 8 .8oe ( Kaas et al. , 1 99 1 ) , a lthou g h  the in vitro opti m u m  i n  th is  

stud y  was 1 5  - 20°C .  
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D esp ite the d ifferent maxim a  and min ima for the two groups,  a l l  would have 

been a b l e  to su rvive, i f  not grow, throughout the year i n  the north-easter n  

waters of the  N orth Is land and  t h e  northern waters of  t h e  South Is land ( Figu re 

1 . 1 ) . The range of  average monthly temperatures i n  the M a rl borough Sounds ,  

from wh ich  C. ericina, C. came//a a n d  C. hirta were iso lated,  was from 1 8°C i n  

summer  to 1 0
0

C i n  winter for 1 98 7  - 1 99 3  ( Rega l  Sa lmon L imited, unpubl i shed 

d ata ) . I t  appears that at l east some of New Zealand 's coastal prymnesiophytes 

are ex ist ing at the lower extrem e  of their  temperature range and this m ight 

exp la i n  why they a re usual ly recorded i n  extremely low n um bers. Most species 

in this study were isolated between  M arch and May,  before temperatures h ad 

d ropped be low 1 6°C ( refer Chapter one ,  Results ) . The consistently lower 

temperature range recorded i n  B ig  G lory Bay,  Stewart I s land , of  1 0  - 1 6°C 

( M ac Kenz ie ,  1 99 1 ) , where C.pringsheimii has been recorded i n  h igh n u mb ers 

( refer C hapter four, Results ) , suggest that the warmer temperature tolerant 

g roup  of Chrysochromulina i so lates would be  excluded from the far south . 

C.polylepis occurred throug hout the  water co lumn d ur ing the 1 988 Scand i navian 

b loom ,  but  ch loro phyl l a readings  were h igh est where sa l i n it ies were -;:::28% 0 

(Skjo lda l  and D u ndas, 1 98 9 ) . The New Zealand toxic-b loom former,  

Prymnesium calathiferum (Chang ,  1 98 5 ) ' occurred i n  the b rackish upper l ayers 

of coastal waters at sa l in it ies of from 3 to 2 5
0
/00. This i s  consistent w ith the 

present study in which a l l  the New Zealand isolates tested exhib ited fastest 

g rowth rates i n  b rackish wate r .  

A l l  the  New Zealand isolates grew a t  a relative ly wide range of p H  (from p H 7 .  5 -

8 . 6 ) ,  with on ly  C. came/la and C. apheles not g rowin g  at p H 8 . 6 .  C.polylepis d id  

not g row at the low of p H 7 . 5 ,  b ut d id grow at  p H 8 . 6 .  

A se len ium requ irement h as been reported for a no rthern hemisphere isolate o f  

C. er/cina ( Harr ison et al. , 1 98 8 )  and for the Scand inav ian  iso late o f  C.polylepis 

( Da h l  e t  al. , 1 98 9 ) ,  but n ot for North-Pacific iso lates of the l atter spec ies .  A 

se len i um requ i rement was exh ib ited by C. quadrikonta i n  th is  study. C. strobilus, 

which  h as been c losely a l igned with C. came//a, has a lso been reported to h ave a 

se le n i u m  req u irement (P intner and Provasol i ,  1 96 8 ) ,  but the  New Zealand  iso late 

of C. came//a d id  not .  None  of the  other  N ew Zealand iso lates were l i m ited by 
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se len i u m .  As the concentrat ions of se len ium added to the  G P  med i u m  ( 0 . 04 

JiM)  at no  stag e  caused g rowth i n hibit ion of any of the  species ,  th is  e lement i s  

n o w  routine ly  inc luded i n  a l l  p rymnesiophyte media .  

Acid ra in ,  and consequent re lease of cobalt from so i ls ,  was hypothesised as  

bei n g  responsib le for the  toxic C.polylepis b loom i n  Scand inavia i n  1 9 8 8  

(Sangfors ,  1 98 8 ) .  I n  the case of  C. quadrikonta sma l l  addit ions o f  cobalt t o  the  

standa rd GP medium resulted i n  cessation of gro wth , and  g reater addit ions in  

death  of  ce l l s .  These resu lts do not  support the  hypothesis, at l east for  th is  

species .  

Phagotrophic u ptake of part ic les occurred i n  C. ericina and  rarely i n  C. acantha . 

C. ericina d evelops non-moti l e  amoeboid forms i n  cu l ture ( refer Cha pter 1 ;  

Resu lts )  and it is feasib le  that i f  these forms sett le  out of the water co lumn on  

to sed iments that their phagotroph ic  capab i l ity wou l d  a l l ow survival for i ndef in ite 

periods .  N o  phagotophic u ptake of beads was noted for C.hirta, a lthou g h  

phagotro phy h as been f u l l y  described for a Japanese strain of this species 

( Kawach i  et al. , 1 99 1 ) .  Phagotrophy has a lso been described for C.polylepis 

( Nygaard and Tobiesen, 1 9 9 3 ) . 

H eterotrophy at low l ight i ntensit ies (although not i n  the d a rk)  has been reported 

for some prymnesiophytes, and  survival in the dark  has  been enhanced with 

g lycerol  addit ion ( Pintner and Provasol i ,  1 96 8 ) ,  but u ptake of so lub le carbon did 

not occur in the species tested and growth of C. quadrikonta was i n h ibited by 

g lycero l  i n  d i m  l ight .  However, the addit ion of g lycero l  to C H RY med i u m  proved 

crit ic a l  in br ing ing  l ive cu ltures of C.polylepis to New Zea l a nd from the U SA .  

The hypothesis that hyd ro lases, such a s  cel l u l ase ,  ch it inase and p rotease , are 

produced by prymnesiophytes and assist i n  the  degradation of complex 

substrates pr ior  to heterotrophic uptake by the microa lgae was not supported by 

the resu lts of th is  study.  Prymnesium parvum commonly adheres to dead 

organ isms and organic d etr itus (persona l  observatio n ) ,  but neither i t  nor  the  

phagotroph ic  G. ericina secreted proteases to  degrade the  ava i lab le  prote i n .  

H ow ever ,  t h e  rapid gro wth rate of C. ericina cel l s  i n  the  presence o f  bacter ia 

wh ich  did secrete proteases suggests that either  the a lgae were l im ited for 

am i no  acids o r  that the b acteria were releas ing other vita l  g rowth factors .  Such 
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i nteractions between mar ine  prokaryotes and microa lgae warrant further  

i nvest ig at ion,  not on ly to ascertai n  the rol e  of  b acter ia  i n  m icroal g a l  b loom 

format ion ,  but whether bacter ia h ave a ro le in  b loom co l l apse.  

The  c a uses of the  toxic Scand inavian Chrysochromulina b looms i n  recent years 

a re st i l l  speculative, although  the exclus ion of predators d u e  to prymnesin tox i n  

p roduct ion b y  t h e  m icroa lga  w a s  o n e  l ikely cause o f  t h e  1 988 Chrysochromulina 

polylepis bloom ( Dah l  et  al. , 1 98 9 ) .  The temperatures that favoured the o ns et 

of the  Chrysochromulina polylepis bloom would i n h ib i t  growth of the New 

Zea land iso l ates . However the species i nvestigated (excepting C. came/la, but  

i nc lu d i n g  C.polylepis) appear  to  f lourish i n  s l ightly b rackish coastal waters and  to 

to l erate a wide range of l ight i ntensit ies. This m ight  g ive some competitive 

advantage over other phytop lankton species , by enab l ing  the prymnesiophytes 

to s u rv ive per iods of low l ight i ntensity and varying sa l in ity throughout the water 

co lum n .  

Coccolithophorales 

The growth stud ies of the  New Zealand iso lates of E. huxleyi, G. oceanica and 

Pleurochrysis sp .  h igh l ighted the broader tolerance ranges of temperature and pH 

of Emiliania . E. huxleyi and G. oceanica grew, a lbe i t  s lowly,  i n  d im l i ght ( 20 jJmol 

m-2 S- l ) and g rew equa l ly  wel l  from 50 - 1 50 jJmol m-2 S- 1 . This was not 

surpri s ing ,  as E. huxleyi 's tole rance of low l ight i ntensity in vitro h as been 

observed previously (Jeff rey and Al len,  1 9 64) and G. oceanica has been recorded 

growing  at the l imits of the p hotic zone ( Honjo ,  1 97 7 ) . The l ight-scatterin g  

ab i l ity o f  t h e  coccolithophores at h i g h  l i ght i ntensit ies has a lso been noted 

( Berge ,  1 9 62)  and might we l l  be a factor i n  the wide tolerance range.  

I n  th is  study the  optim u m  sa l in ity for  E.huxleyi was 2 9% 0 and for G. oceanica 

1 7  - 2 9% 0, with both species g rowing at sa l in it ies of as  h igh as 42% 0 . The 

wide range of sa l in ities and temperatures under which G. oceanica can su rvive 

and grow is n ot surprisin g  for such a ub iquitous species .  In contrast, E. huxleyi 

i s  s u rpr is ing ly stenoha l ine ,  with no  growth recorded at 2 3% 0 . Coccol iths m i g ht 

a l l ow the ma intenance of a favourable ecosystem b etween the ce l l  membrane 
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and  the  o uter ca lcareous scales ( M anto n ,  1 98 6 ) ,  which cou ld provide a buffer ing  

effect agai nst changes i n  the  chemica l  composition of  the su rround ing water .  I t  

has  been  suggested that i ron  ava i l ab i l ity might be a factor l imit ing phytop lankton 

growth ( G ribb in ,  1 99 1 )  but th is  was not supported by the g rowth stud ies of the  

New Zea land iso lates. 

The fastest G R  record ed for E.hux/eyi, of 1 . 8 9  doub l i ngs per  day, was 

comparab le  with the GR of  1 . 8 5 ,  which was recorded for a northern hemisphere 

stra in  o f  E. hux/eyi ( Paasch e ,  1 96 8 ) . This exceeds the max imum recorded i n  th is  

study, of  1 . 3 9 ,  for G. oceanica . 

The g ro wth characterist ics of the  prymnesiophytes warrant further studies ,  

particu l ar ly  i n  the l i ght of d eve lop ing mode ls  for  b loom forecastin g .  The 

prymnes iophytes are a ub iquitous group,  with E.hux/eyi be ing the most abundant 

of a l l  m i c roa lgae .  The toxic spec ies are,  i n  some cases , a recent phenomenon 

and a n  u nderstand ing of the i r  growth requ i rements and  characteristics pr ior to 

the a p pearance of toxicity, would i n  h indsight have been i nva luab le .  As the 

cu ltu re requi rements of more species become estab l ished , further studies of th is  

group  wi l l  be ab le  to be  undertaken.  
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C hapter four: PRYMN E S I OPHYTE BLOOMS I N  N EW ZEALAND 

I ntrodu ctio n  

Toxic and noxious prymnesiophyte blooms 

Prymnesiophyte blooms a re now a major  concern world-wide .  

I chthyotoxic species h ave caused economic losses through the deaths of  

f in-f ish due  to  the  product ion of a prote inacious haemolys in ,  p rymn es i n .  

The  genus Prymnesium M assart e x  Con rad h as a h istory o f  

i chthyotoxic ity . Prymnesium parvum was respons ib le  for f ish k i l l s  i n  

Pa lestin ian  fis h  ponds i n  the 1 930s (Otterstmm and Steeman-Nie lsen,  

1 93 9 )  and caused the deaths of farmed sa lmon and ra inbow trout in  the  

N orwegian fiords i n  the northern summers of 1 98 9  ( Kaartvedt e t  al. r 

1 99 1 ) and 1 9 90 (Aure and Rey,  1 992) . B looms of  th is  species appear to 

b e  favoured by low sa l in ity waters and i nc reased toxicity has been 

corre l ated with  h igh n it rogen : phosphate ratios ( Sh i lo ,  1 967 ) . 

B looms of the  genus Chrysochromulina ( Lackey) , i n  part icu lar  C.polylepis 

and  C. /eadbeateri, h ave occurred a lmost year ly s ince 1 988 ,  i n  some 

i n stances ki l l i ng mi l l ions of do l l a rs worth of caged f ish in  the north of 

N orway (Tangen,  1 98 9 ;  Tangen ,  1 99 1 ; Aune et al. , 1 992) . I n  Apr i l  - M ay 

1 99 2  f ish k i l l s  due to b looms compris ing a su ite of Chrysochromulina 

species were reported i n  D anish waters . The causative species of that 

i nc ident h ave yet to be  i dentif ied ( Kn ipschi lt ,  1 99 2 ) . M a ny species of 

Chrysochromulina h a d  been recorded in the Scandi n avian region pr ior  to 

these b looms,  but none had  been described as ichthyotoxic ( Leadbeater, 

1 97 2 a , b ) .  

U nt i l  recently n o  Chrysochromulina species iso lated from New Zeala nd 

w aters had been shown to  be  i chthyotoxic .  A b loom of C.pringsheimii 
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occurred in Big G lo ry Bay, Stewart Is land , in November 1 990,  but d i d  not 

ha rm the caged salmon in the vicini ty (l .Mac Kenz ie ,  u n pub l ished d ata) . 

H ow ever Prymnesium calathiferum was impl icated i n  wi ld  f ish k i l l s  i n  the 

north-east of New Zea land  in  the summer of 1 98 3  ( Chang,  1 98 5 ;  C hang 

and  Ryan ,  1 98 5 ) .  F ish and  shel lf ish d ied at Bream Bay ( Figure 4 . 1 ) 

du r ing  a b loom dominated by the non-toxic d i atom Cerataulina pelagica, 

b ut w ith the newly d iscovered P. calathiferum be ing a sub-dominant 

species .  The f ish deaths were attr ibuted to anoxia (Taylor et al., 1 98 5 ) ,  

but as ce l l-free extracts o f  cu ltures of P. calathiferum were tox ic t o  the  

f ish Gambusia sp . ,  an  i chthyotoxic cause of death  was possib le  (Chang ,  

1 9 8 5 ) . 

Phaeocystis pouchetii ( Prymnesia les;  Phaeocystaceae) i s  not known as an  

ichthyotoxin p roducer ,  but a b loom of  th is species caused a severe 

reduction  i n  f ish catches in Tasman Bay duri ng  the spring of 1 98 1  ( Figure 

4. 1 ) , main ly  due  to c logg ing of nets due  to the copious amounts of 

m uc i l age  produced by that species. D eaths of b iota i n  the bay were 

attributed to asphyxiation caused by the muci lage  rather than by a tox in  

( l . M ac Kenz ie ,  unpub l ished d ata) . However acryl i c  ac id and  

d im ethylsul ph ide ,  produced by  P.pouchetii (S ieburth , 1 960), cou ld  

conceivably h ave an effect on the  hea lth of captive f is h .  

T h e  presence of  ichthyotoxic prymnesiophytes i n  coastal waters a n d  the 

poss ib i l i ty of development of toxic ity in non-toxic species a re now 

recognised as potentia l  threats to the aquaculture industry i n  N ew 

Zea lan d .  Monitorin g  of the water i n  the vic in ity of  f ish-farms is currently 

c a rr ied out weekly to ga in  pr ior warning  of potent ia l  b looms. 

Coccolithophore blooms 

N o n-toxic cocco l i thophore blooms (Coccol ithophora les )  typica l ly  co lour  

8 - 1  
the  water a mi lky-green and  ce l ls  can  numbe r  up  to  1 . 2 x 1 0 I (Berge,  

1 9 62 ) .  Emiliania huxleyi i s  the most abundant of the  coccol ithophores,  at 
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t imes constituting  up to 5 0 %  of  the total m icroflora of tropical  seas and 

up to 1 00 %  in subarct ic  and  s ubantarctic waters ( Ba lch  e t  al. , 1 99 1 ) .  

The  fossi l  record i ndicates that E. huxleyi was a rare species i n  the New 

Zea land reg ion  unt i l  85  000 years ago,  when its i nc rease coincided with a 

decrease i n  the abund ance of Gephyrocapsa coccol iths (Th ierste in  et al., 

1 97 7 ;  R hodes et al. , 1 99 4a ) .  Both species were fi rst recorded by l ight 

m ic roscopy in N ew Zealand waters in 1 96 1  ( Norri s ,  1 96 1 ) and l ater  

conf i rmed by e lectro n  microscopy ( Moestrup ,  1 97 9 ;  Burns,  1 9 77 ) . 

5 - 1  
Coccol ithophore popul at ions of  0. 1 - 2 . 3  x 1 0 ce l l s  I were recorded i n  

ocean ic  surface waters to the east of New Zeal an d  d ur ing August 1 974 

( Nish ida ,  1 97 9 ) ' with E. huxleyi dominating the samples and  G. oceanica 

present i n  low numbers .  E.huxleyi was a l so abundant duri ng  the 

" Tasman Bay s l ime" of 1 98 1  i n  New Zea land ,  i n  which Phaeocystis 

pouchetii was respons ib le  for copious muc i lage p roduction ( C h ang ,  

1 98 3 )  . 

I n  the l ast few years there has been a g reater p ub l ic  awareness of 

p hytop lankton b looms in New Zeal and , due m ain ly  to the media p ub l ic ity 

g iven to farmed fish deaths and shel lf ish tox ins .  This has led to a n  

i ncreased reporting of sea water d iscolouration ,  which i n  turn h as l ed to 

more frequent samp l ing  and identif ication of b loom species. Blooms of 

E. huxleyi h ave been recorded in the M ar lborough Sounds,  Pa l l iser B ay a nd 

B ig  G lory Bay s ince 1 990 .  Fish cages were towed from Big G lory Bay i n  

November 1 9 92  d u ri n g  such a bloom d u e  t o  i nc reased morta l it ies of 

caged sa lm o n ,  although no  microa lga l  toxicity was demonstrated ( Rhodes 

e t  al. , 1 994a) . 

G. oceanica was a co-dominant species i n  a spr ing- 1 99 2  b loom which 

e xtended more tha n  200 km a long the north-east coast of the N orth 

I s l and ,  from north of Ti  Point down to the H a u rak i  G ulf  ( H aywood, 1 99 3 ;  

Rhodes et al. , 1 99 3 ;  Rhodes and Haywoo d ,  1 99 3 ) . Th is  b l oom 

i mm ed i ately preceded a m ajor toxic event i n  summer  1 993  d ur ing w h ich  

the  who le  of New Zealand 's  m u lti-m i l l ion do l l a r  she ll f ish industry was 

c losed . The event was attrib uted to toxic d inof lage l l ates ( M ac Kenz ie  



N 

1 Harbour 

(a) PJ 
STEWART ISLAND 

(b)  

Hauraki �Ulf " @> 
� �(t ,9 • 

Blooms . . . . . . . . . .  83 

Fig .  4. 1 Maps showing sites of sampling and bloom events referred to in this 
study. (a)  New Zealand : 1 ,  Houhora Heads in Rangaunu Bay; 2, Whangaroa  
H e ad s ;  3, Ohiwa Harbour; 4,  Pal l iser  Bay;  5 ,  Tasma n  Bay;  6, Big Glory Bay.  
( b )  the H auraki Gulf: 1 ,  M arsden Point; 2, T i  Point;  3,  Sne l ls  Beach;  4, 

M ah u rang i  H arbour; 5 ,  O rewa Beach; 6, Browns Bay;  7, Takapuna Beach ; 8 ,  
Duders Beach;  9, Waimangu Poi nt ;  1 0, Waiheke I s l a n d ;  1 1 , Coromande l .  
C o nt inued over page. 
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. 1  

. .  , . co nt inued . 
( e) M a rlborough Sounds : 1 ,  Waihinau Bay; 2, Ruakaka Bay; 3, East Bay; 4 ,  Te 
Pangu Bay. 
(d)  Big Glory Bay, Stewart Island. (A - J ind icate sampl ing sites) . 
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and R hodes, 1 9 93;  Smith et a/. , 1 993 ;  Bradford-Gr ieve et a/. , 1 99 3 ) . 

Th is  study presents the detai ls ,  from inception to demise,  of the 

p rymnesiophyte blooms of 1 9 92  - 94 i n  New Zealand waters, i n  part icu l a r  

the  b looms of the cocco l ithophores G. oceanica and E. hux/eyi. The  

possib le  triggers for b loom development a re  d iscussed and  comparisons 

d rawn between the 1 9 9 2  E. hux/eyi bloom and the 1 9 90 C.pringsheimii 

( L . Mac Kenz ie ,  unpubl ished d ata) and 1 989 raphidophyte (Heterosigma 

akashiwo) blooms (Mac Kenzie ,  1 9 9 1 ; Chang e t  a/. , 1 990) in Big G lory 

Bay, Stewart Is land . 

Methods 

Phytoplankton monitoring of microalgal species 

Sea water samples were i nvestigated during phytop lan kton monitoring of 

B ig  G lo ry Bay in  Stewart Is land and Waih inau ,  Rua kaka,  East and Te 

Pangu Bays in  the  Mar lborough Sounds on behalf of aquaculture c l i ents . 

I ntegrated samples (one sampl ing ,  0 - 1 0 m)  were col lected weekly at the 

var ious sites with a hose sampler and spl it i nto one Lugols ' iod ine treated 

and one untreated sample ( 50 ml  each) cour iered to Cawthron for 

identif ication and counting of microa lgae.  Samples were also sent from 

Leig h  by W . Bal iantine ( Le igh Mar ine Laboratory) ,  the Hauraki  Gu l f  by 

B . H ic key (Auckl and Regional  Counci l )  and Big G lo ry Bay by S . M arwick 

( Big  G lo ry Seafoods) .  These were col l ected as d iscrete samples with a 

water bott le sampler ( i n  the case of Auckland Regiona l  Counci l  sampl ing 

was carried out from a hel icopter) . Samples were a lso received through 

the  MAF Regulatory Autho rity operational  research phytop lankton 

programme ( refer Chapter one,  M ethods) . Further samples were sent ad 

hoc by members of the pub l ic .  Fixed ( Lugol ' s  iod ine )  and unfixed samples 

were col lected as Lugol ' s  tended to destroy the calcareous scales of 

coccol ithophores making  species identification diff icult .  
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Biomass estimation 

Samples ( 1 0  m i l  were sett led i n  Utermohl chambers and m icro a lgae were 

counted and measured u nder an i nverted microscope (x 1 00 magnifi cation 

for species of > 1 5  pm; x400 600 for  species < 1 5 pm) .  Ce l l  vol umes 

were est im ated using  standard geometr ic formulae (coccol ithophores were 

treated as spheres and raphidophytes as e l l i psoids of revolution ) .  Sea 

water samples col lected at Le igh Marine Reserve b etween August and 

October  1 9 9 2  were fi ltered ( 0 . 4  pm n itrate/acetate f i l ters) and d ried 

( H aywood, 1 99 3 ) .  F i lters were treated with microscopic immersion  o i l ,  

wh ich  made them transl ucent, and the  ratios of  G. oceanica to  E. huxleyi 

est imated m icroscopica l ly . 

Identification, culture and toxicity testing of microalgal species 

Flage l l ates , d inoflagel l ates and d iatoms were identif ied by l i ght 

microscopy a nd coccol ithophores by scanning e lectron m ic roscopy ( refer 

Chapter one, Methods) . M icroa lga l  isolates from sea water samples were 

cu ltured i n  sea water based n utr ient media ( refer C hapter three,  Methods) 

and tested for toxicity using A rtemia salina bioassays ( refer Chapter f ive,  

Methods) . 

Climate data and water quality analyses 

M ar ine  and atmospheric c l imate records ( Evans 1 99 2 )  and ch lorophyl l  

measurements (H aywood 1 9 9 3 ;  Rhodes et al. 1 9 9 3 )  for Le igh M ar ine 

R eserve were obtained from Leig h  Mar ine Laboratory. B ig G lo ry Bay data 

were provided by the Chemistry Department, U n iversity of Otago (Rhodes 

e t  a/. , 1 994a)  and S . Marwick ( Big G lory Bay Seafoods Limited , 

unpub l ished d ata) . Sa l in ity ( Or ion conductivity/sa l in ity meter, Watson 

Victor )  and temperature p rofi les  were recorded whenever poss ib le  for 

d iscrete samples col lected by water bott le from the water co lumn.  Sea 
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water temperatures were a lso obtained from Rega l  Sa lmon L imited 

( u n pub l i shed data ) . 

Results 

Northland Bloom 

August 1 99 2  - January 1 99 3 :  

A phytop lankton bloom extended for 200 km down t h e  north-eastern 

coast l i ne  of New Zea land , from Bream Tai l in the nort h  to Coromandel in 

the south,  from late August through to December,  1 99 2  ( R hodes et al. , 

5 - 1  
1 99 3 ) . A t  Leigh  Marine Reserve G. oceanica ( maxim u m  1 . 1 x 1 0 ce l ls  I ) 

was co-dominant with the raphidophyte Fibrocapsa japonica, (maximum 

1 . 1 x l 0
5 

ce l ls  1-
1
; F igures  4 . 2 a  and 4 .3 ) . The ce l l  vo lumes of F.japonica 

and of G.oceanica were est imated as 1 .5 x 1 03 pm-3 and 0 . 5  x 1 03pm-3 

respectively .  The total est imated cel l  vo l ume for F.japonica ( 1 . 7  x 1 08 

pm-3) was more than three times that of the cocco l ithophore ( 5 . 5  X 1 07 

pm-3; F igure 4 . 2b) . 

The  s i l icoflage l late Dictyocha speculum and the d inoflage l lates 

Gymnodinium spp. (the latter l ater identif ied as G. cf.  breve and 

G. mikimotoi; Smith et al. , 1 9 93 )  were a lso identif ied as important 

components of the bloom at Leigh (Figures 4 . 2  and 4 . 3 ) .  Other  

d inof lage l lates and  diatoms d id  occur ,  but i n  low numbers (Table 4 . 1 ) . 

The ratio of ce l ls of E. huxleyi to G. oceanica was 1 : 2 0  i n  the August 

samples .  I n  September, at  the onset of the  b loom,  the ratio was 

approxim ately 1 : 40. By m id-October, at the height of  the b loom,  th i s  

ratio h a d  d ropped back t o  :::: 1 :  1 4 . 

Further  south , at Coromande l ,  the raphidophyte Heterosigma akashiwo 

replaced F.japonica as the dominant  raphidophyte (Table 4 . 2) . 
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! IlIIlJ Gephyrocapsa oceanica 
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Fig . 4.2 Cell num bers (a)  of individual bloom species at leigh, August 1 992 to 
Jan uary 1 993 and estimated cel l  volumes (b)  of those species, obtained with 
standard geometric formulae. 
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Table 4. 1 Phytoplankton species present, and their abundance, at the height of 
the raphidophyte dominated bloom at Leigh, 8 October 1 992.  A b u ndance scale 

- 1  
( ce l ls  I ) :  1 ,  :0;500; 2 , 501 -5000; 3 , 500 1 - 1 0 000; 4, > 1 00 000. ( N . B .  No cell  counts 
between 1 0 000 and 1 00 000. )  

Dinophycea e  Abundance Bacillariophyceae Abundance 

Cera tium furca 1 Leptocylindricus danicus 2 

Dinophysis acumina ta  1 Navicula sp.  2 

Gymnodinium sp (50 11m ) 1 Nitzschia sp.  1 

Gymnodinium sp ( 1 0  11m) 2 Pleurosigma sp.  1 

GyrodiniumlGymnodinium sp. 2 
Gyrodinium glaucum 1 Dictyophyceae 

Oxytoxum sp. 2 

Prorocentrum triestinum 2 Dictyocha speculum 3 
Protoperidinium sp. 1 

Scrippsiefla sp.  2 Cryptophyceae 

Prymnesiophyceae Cryptomonas sp. 3 

Emiliania huxleyi Raphidophyceae 

Gephyrocapsa oceanica 4 Fibrocapsa japonica 4 

The spri ng/summer  bloom was succeeded i n  January by a d inoflage l late 

b loom,  w h ich  inc luded the toxic species Gymnodinium cf. breve and 

G.mikim o toi ( = Gyrodinium aureolum) ( Smith et al. , 1 99 3 ) ' a lthough 

counts of  G. oceanica at Leigh ,  Takapuna Beach, Duders Beach and 

4 - 1  
Waiheke I s l and ,  persisted at  a constant 3 . 0  - 4 .0  x l  0 ce l ls  I . 

Dur ing the raphidophyte-coccol ithophore b loom, on ly sea water samples 

from Coromande l ,  and then on ly  the isolate Heterosigma akashiwo from 

that samp le ,  gave a positive response to the Artemia salina bioassay. 

G. oceanica was not toxic (Table 4 . 3 ) .  
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Table 4.2 Comparison of cell n umbers of dominant species at s ites throughout 
the north-eastern coastal region of New Zealand, 1 3  November 1 992. A ,  Leigh 
M ar ine  Reserve;  B ,  Ti Point; C ,  Snel ls  Beac h ;  D ,  Mahurangi  H a rbour;  E ,  Orewa 
B e a c h ;  F, Browns Bay; G ,  Waitem ata Harbour;  H ,  Coromandel  ( refer F ig.  4. 1 J . 
C e l l  n um bers are thousands per  l itre . 

Site A B c o E F G H 

Gephyrocapsa oceanica 1 04.9 65.4 45 . 2  3 5 . 8  8 2 . 7  1 0. 0  < 0. 1  < 0. 1 

Fibrocapsa japonica 1 0. 6  1 9 . 0  5 . 8  1 .4 < 0. 1  2.8 < 0. 1  1 .2 

Heterosigma akashiwo < 0. 1  < 0. 1  < 0. 1  < 0. 1  < 0. 1  < 0 . 1  < 0. 1  1 0. 2  

Dictyocha speculum 5 .4 2 .0 1. 6  1.2 0 . 3  0.4 < 0. 1 1.4 

Gymnodinium sp. 6 .4  1 4.6 1 9. 8 1 4 .0  < 0. 1  0 . 2  < 0. 1  0 . 8  

Table 4.3 Species isolated, cultured and tested for ichthyotoxicity 
by the Artemia salina bioassay during the raphidophyte­
coccolithophore bloom of 1 992.  

Microalga 

Dictyocha speculum 

Emiliania huxleyi 

Fibrocapsa japonica 

Geph yrocapsa oceanica 

Gymnodinium sanguineum 

Gymnodinium sp .  

Heterosigma akashiwo 

Toxiclty 

+ 
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November 1 99 3 :  

I n  N ovember ,  a t  Rangaunu B a y  and Whangaroa H eads i n  the far north ,  

Pseudonitzschia australis, i dent ified by scann ing e lectron m icroscopy was 

recorded at a maximum 6 . 0  x 1 0
5 

ce l ls  , - 1 . Both P. australis and vast 

n um bers of l a rge cel l s  of G. oceanica ( 1 2  pm d iameter) were observed i n  

the d i g estive g lands of sca l lops sent to the  Cawthron fo r  ana lysis at that 

t ime ( Fi g u re 4 . 4 ) .  The d i atom a n d  the cocco l ithophore were iso lated from 

sea water samples, cu ltured in sea water b ased n utr ient medium ( refer 

Chapter two, Methods) and analysed by H PLC for domoic acid (ana lys is  

carr ied out  by D .White) ( Rhodes and White, 1 993 ) . No domoic acid was 

d etected in the cultured microa lgae at that t ime, but more recent iso lates 

of P. australis h ave proved toxic (unpub l ished data) . 

M ay 1 99 4 :  

A prymnesiophyte bloom w a s  recorded a t  Waimangu Point i n  t h e  Firth  o f  

Thames,  1 0  M ay 1 994 .  Ce l l  numbers reached 60 . 5  x l 0
3 r 1 a t  that t ime,  

but had d isappeared by the fol lowing week .  The species was identif ied 

by both l ight microscopy and transmission e lectron microscopy as 

Chrysochromulina quadrikonta. 

Big Glory Bay bloom 

A b loom co loured the water a m i lky  green at B ig  G lo ry Bay ( Figure 4 . 1 )  

throughout November, 1 99 2 .  Coccol ithophores were a l ready abundant i n  

water samples analysed on  2 2  October (L . M ac Kenz ie ,  persona l  

commun icat ion) , but  early i n  November E. huxleyi, i de ntif ied  by scann ing 

e lectron m icroscopy (Tappan ,  1 980 ) ,  d eveloped i nto an  a lmost un ia lga l  

b loo m .  By 1 6  November a sma l l  gymnod inoid ( 1 0 pm) had replaced 
5 - 1  

E. huxleyi as the  bloom dominant ( 6 . 0  x 1 0  ce l ls I ) .  O n  2 2  November 

the coccol ithophores were concentrated in  the north-west of the bay, 

6 -1 with  n u mbers (c lose to 9 . 0  x 1  0 ce l ls  I ) be ing four t imes those recorded 

i n  the  south-east of the bay . Some morta l it ies of salmon  occurred at that 

t ime and  most of the sea cages were towed to refuge sites o utside the 
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( a )  ( b )  

( c )  ( d )  

F i g .  4 . 3 .  Micrographs o f  the dominant species involved in  t h e  Northland b loom, 

s pri ng-su m mer 1 992:  ( a )  Geph yrocapsa oceanica (scan n i ng e lectron m icrograph ;  

b a r  = 1 0 �m ) ;  ( b )  Fibrocapsa japonica ; (c)  Dic tyocha speculum; (d)  Gymnodinium 

s p .  ( l ight m icrographs; bar  = 5 �m) . 

( a )  ( b )  

F ig .  4.4. Light microgra p h  o f  Gephyrocapsa oceanica a n d  scanning e lectron 

micrograph of Pseudonitzschia australis: (a)  G. oceanica in the d igestive g lands of 
sca l l o p s  c o nta in ing domoic acid from Rangaunu Bay, N o rth land;  (b )  P. aus tralis 

from sea w ater samples .  Bar = 1 �m.  
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bay i n  Paterson In let as a p recautionary measure .  Coccol i thophore 

n u mbers h a d  dec l ined by 2 6  N ovember,  but were sti l l  d i str ibuted uneven ly  

throughout the  bay  ( Figure 4 . 5 ;  4 . 6 ) .  The b loom species cont inued to 

5 
d iversify to inc lude Leptocylindricus danicus (4 . 5  x 1 0 ce l ls 

- 1  
I . , 

5 -1  
D i atomophyceae) and l esser n um bers of Diplopsa/is sp. ( 1 . 4  x l  0 ce l ls  I ; 

D inophyceae ) .  Si l icoflage l lates and raphidophytes were a l so present.  

Coccol i thophores were a lways concentrated wel l  with in  the  bay, w ith 

extreme ly  low numbers at s ites j u st with in  the entrance of the bay and  

beyond the  e ntrance i n  Paterson In l et .  

O n  2 7  N ovember strong wester ly winds led to the d issipation and co l lapse 

3 
of th e  b loom and by 28 November  ce l l  n umbers were down to 88 x l 0 

5 - 1 - 1  
ce l ls  I . Chaetoceros spp.  ( 2 . 0  x 1 0 ce l ls  I ) succeeded the  

cocco l i thophore b loom throughout D ecember.  

A . salina b ioassays for toxicity of water samples from the bay, and of 

cu ltured  iso lates of Emiliania huxleyi, were negative . 

600 
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Fig. 4 . 5 .  Distribution of Emiliania huxleyi w ithin Big Glory Bay and Paterson 
Inlet, 26 N ovember 1 992: W, west of b ay; NW, north-west; E,  e ast ;  S, south­
east;  I E ,  ins ide e ntrance ; P I :  outside bay in Paterson In let  (refer Fig . 4. 1 ) . 
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2 2-Nov 2-Dec 

Fig. 4.6.  Maximum ce l l  n u mbers of Emiliania hux/eyi from onset t o  d emise of a 

b loom at Big Glory Bay (NW), Stewart Is land,  October-December 1 992.  

Tasman Bay/Mar/borough Sounds 

G. oceanica was present i n  the M ar lborough Sounds i n  h igh  n um bers in  

M arch 1 9 9 2  ( 1 . 1  x 1 05 ce l ls  r1 ) ,  when temperatures averaged 1 60C,  but 

was replaced by E.hux/eyi, both in the Sounds and Tasman  Bay dur ing 

December 1 9 9 2  through to December 1 9 9 3 .  From December  1 99 2  to 

February 1 99 3  E. hux/eyi was a dominant species i n  the water co lumn n ot 

5 - 1  
on ly in Tasman Bay (Figure 4 . 1 )  ( 4 . 0  x 1 0  cel ls I ) ,  b ut in the i n ne r  

5 - 1 5 - 1  Pelorus Sound ( 2 . 0  x 1 0  ce l ls I ) ,  Port Underwood ( 2 . 0  x 1 0  ce l ls  I ) 

5 - 1 ( M ac Kenz ie e t  a/. , 1 9 93)  and Queen Charlotte Sound ( 6 . 0  x 1 0  ce l l s  I ) .  

D i atoms dominated in  the outer sounds .  On  two occasions b looms were 

p in-pointed by aeria l  survey prior to sampl i ng (Rhodes et a/. , 1 9 9 3 ;  

M ac Ke nz ie ,  1 9 9 3 ) . 

The coccol ithophores, at t imes ind icated by a m i l ky-g reen co louration of 

the water ,  were often accom pan ied by mixed popu lat ions of  

d inof lage l lates at  those sites .  
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Discussion 

A phytop l a n kton b loom,  which occurred during  spri ng /summer  1 99 2 ,  

stretched f o r  200 km down the north-east coast l ine  o f  t h e  North I s l and  of 

New Zea land and comprised a su ite of species .  The co-domina nts i n  the 

b loom were the coccol ithophore Gephyrocapsa oceanica, the  potent ia l ly  

ichthyotox ic  f lagel l ates Fibrocapsa japonica and Dictyocha speculum a nd 

the  toxic d i n of lagel lates, Gymnodinium cf. breve and G. mikimotoi ( Rhodes 

and  H aywood , 1 993 ) . Emiliania huxleyi was also present at a tenth the 

n u m ber  of G. oceanica cel ls  in  th is  no rthern New Zealand b loo m .  

U n usua l ly  co ld  sea surface temperatures ( SST) were rel ated t o  t h e  E I -N ifio 

phase of  the Southern Osci l l at ion and the consequent c l im at ic  p atterns 

occurr ing at that t ime.  The S STs were the lowest on record ,  be ing 

< 1 3°C at the onset of the b loom a nd reach ing 1 8°C ,  a seasona l  low,  in  

December .  

The germ i n at ion  of cysts of F.japonica h as been l i nked  to per iods of low 

temperatu re ,  with h igh  rates of  germination in vitro i f  cysts a re h el d  at  

1 2°C (Yosh imatsu 1 987 ) . I t  i s  probab le  that the  low S STs were the  

forc ing  factor fo r  the 1 99 2  bloom (Rhodes et al. , 1 99 3 ) . 

The dominant  m icroa lga present i n  samples taken from Coromande l  i n  

November 1 99 2  was Heterosigma akashiwo, numbers o f  w h ich  exceeded 

those of F.japonica at this site by a factor of ten .  By then S STs i n  the 

H au rak i  G ul f  had increased from the previous month ' s  low to b etween 

1 7 . 4  and 1 8 . 1 oC .  The reason for the domination of  H. akashiwo at 

Coro mande l  in  1 992 is unc lear ,  as there i s  no data on n utrient condit ions 

at that t ime,  but  g rowth stimu lat ion due to warmer sea temperatures o r  to 

run-off fol lowing  heavy rainfa l l  are both possibi l it ies . 

The nearest equivalent c l imatic event,  i n  summer 1 98 3 ,  a lso featured low 

S STs and  a m ajor  widespread b loom.  O n  that occasion  the  dominant 

species was a d iatom with a n  associated toxic prymnesiophyte (Chang ,  

1 98 5 ;  Taylor et al. , 1 98 5 ) .  
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It i s  s ignif icant that in January, 1 99 3 ,  fo l lowing the co l l apse of t h e  1 99 2  

b loom,  a further  toxic d inoflagel l ate dominated b loom develo ped , which 

i nc luded the  n eurotoxin producer Gymnodinium cf .  breve. I n  th i s  l ater 

ep isode ,  she l l fish toxins caused the total d isruption of the b ivalve i n dustry 

i n  New Zea land .  There i s  substantia l  evidence that the  c hemica l  

condit ion ing of  t h e  water column d ur ing b looms is  an  impo rtant factor i n  

species succession (Gauth ier  a nd Aubert, 1 98 1 ) ,  and i t  i s  conceiva b l e  that 

the ear l ie r  b loom p layed a ro le i n  the composition and toxicity o f  the 

subsequent b loom.  

I t  i s  very rare that a b loom is mon itored  from inception to comp let ion;  

most b looms a re investigated reactively.  The substantia l  data ava i l a b le i n  

th is  i nstance should prove valuab le i n  developing  predictive mode ls  for the 

future . 

The MAF Regu latory Authority operat iona l  research p hyto p l a n kton 

programme ( M A F  O RPP) was ful ly estab l ished by September 1 99 3 ,  i n  

response t o  the toxic d inoflage l l ate b loo m ,  and d ata co l lected at 1 7  s ites,  

from Houhora H eads in the far north down to Ohiwa H arbour in the B ay of 

P lenty, was ava i lab le  for ana lys is .  

A raphidophyte b loom, s imi la r  i n  t im ing ,  n umbers and  extent to  the 

previous year's b loom, was record ed i n  spr ing 1 99 3 .  Vast stretch e s  of  

d iscolou red water were reported by f ishers down the  length of the  n o rth­

east coast l ine  and up to 20 km from the shore . H.akashiwo rep la ced 

Fjaponica at the  end of November and  at M arsden Point  (Figu re 4 . 7 )  the 

cocco l ithophore Syracosphaera sp.  ( Figu re 1 . 1 3) peaked ( >  3 7 . 4  x 1 03 

ce l ls  r l ) d u ri n g  November, a long with the co-dominant d i atom 

Lep tocylindricus danicus. D. speculum occurred i n  low n u m be rs (a  

max im u m  of 0 .4  x 1 03 ce l l s  r 1 d ur ing October) , but G. oceanica had ,  as  in  

1 99 2 ,  a contin ued presence (max imum 60. 3 x 1 03 ce l l s  r 1 , 30 Nove mber ;  

the d ecrease in  n umbers at  the  November 24 sampl ing was most l i ke ly  

d ue to patchiness) . G. cf . breve caused l evels of the b reve-l i ke tox i n  to 

esca l ate dur ing November and December ( New Zealand mar ine  b iotoxin 

management board reports , November and D ecember 1 99 3 ) . 
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o Dinoflagellates 
o Fibrocapsa japonica 
m Gephyrocapsa oceanica 
EDSyracosphaera sp. 
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Fig. 4 . 7 .  Cell numbers of bloom species a t  Marsden Point, October t o  December 
1 993 . 

The F.japonica bloom was aga in  recorded throughout the spr ing and  ear ly 

summer of 1 9 94 .  The golden-brown b looms, typica l ly  d escribed  as 

"stringy " ,  were preceded by extensive Myrionectra rubrum b looms (a lso 

record ed i n  the  M arlborough Sounds )  and fol l owed by equal ly  extensive 

o range-red Noctiluca scintillans blooms.  The EI N ino S STs cont inued 

throughout 1 993 94 (MAF O RPP d ata; W. Ba l l antine ,  pe rsona l  

commun icati on ) ,  support ing the hypothesis that they were the forcing  

factor beh ind the unusua l ly extensive and long- lasting b loom events. 

G. oceanica also b loomed in Jervis Bay, north-east Austra l i a ,  from m id­

December 1 99 2  to l ate January 1 99 3  (B lac kburn and Cresswe l l ,  1 9 9 3 ) ,  

but it was suggested that the un ique mono-specific b loom there was 

d riven by the i ntrus ion of continental-slope water enter ing the bay, rather 

than by tem perature anomal ies ( SSTs were > 1 80C) . Whether th is  event 

was l i n ked to the E I  Nino weather patterns occurring i n  the South Pacif ic 

region can on ly  rema in  specu lative . 

G. oceanica was also present in  the M ar/borough Sounds i n  h igh  n u m be rs 

i n  M a rch 1 99 2 ,  when SSTs averaged 1 7 . 30C - 1 7 .8 0 C ,  be low the 
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season a l  average of  between 1 90C - 200C for the inner  sounds ( Rega l  

Sa lmon L imited , u npubl ished d ata) . Sa l i n it ies were withi n  the  rang e  of  

3 3 . 60/00 - 3 4 . 70/00 . SSTs and d aylength were s im i l a r  to  those  p reva i l i ng  

a t  the  same t ime  i n  Jervis B ay, A ustra l i a ,  where G. oceanica was 

b looming .  As i n  A ustra l i a ,  when  other  spec ies were present i n  the water 

co lumn with the coccol ithophore they were predominantly d i nof lage l l ates .  

G. oceanica was replaced by E. huxleyi d urin g  the  winter months.  

Coccol ithophores were dominant a round much of New Zealand ' s  coastl i n e  

d ur ing t h e  summer o f  1 99 3 .  T h e  north-east o f  the North I s l and  w a s  a 

major  except ion ,  with d inoflage l lates be ing dominant and respons ib le  for  

both neurotoxic and p aralytic she l l fi sh toxicity in  that area .  

Domoic  acid ( the  causative agent of amnesic s he l lf ish poison ing )  was o n e  

more tox in  t o  appea r  i n  northern shel l f ish i n  November 1 99 3 .  I t  w a s  

d etected i n  sca l lops co l l ected at Rangaunu Bay and at Whangaroa Heads  

( Figure 4 . 1 )  by mouse  bioassays ( M B M B  reports, November- D ecember  

1 99 3 )  and  the p resence of  domoic acid was confirmed by H PLC a n alys is  

( 1 0  and 270 mg . kg-
1 

d igestive g land contents respectively) (Rh odes  a n d  

White , 1 99 3 ) . G. oceanica a n d  Pseudonitzschia sp .  were t h e  co-dominant  

species p resent i n  the  water co lumn and in  sca l lop  d igestive g l ands  at that  

t ime,  but cu lt ures of both species tested n egative for  domoic  aci d .  

H o wver, more recent iso lates of P. australis h ave proved tox ic  a nd i t  i s  

probable that i t  was the d iatom that was respons ibl e  for the toxicity. 

G. oceanica was not noted in the far south at any t ime; the colder w aters 

d ur ing winter months would h ave prevented its estab l ishment as in vitro 

c ultures of Gephyrocapsa iso lated from the Sounds were k i l l ed  at  1 00 C  

( refer Chapter  two, Results) . SSTs at Stewart Is land ranged from 1 0  -

1 60C ( Mac Kenz ie ,  1 99 1 )  and it i s  not surpris ing  that E. huxleyi, which 

tol erates lower  temperatures than G. oceanica ( Mc intyre and Be,  1 96 7 ), 

replaced Gephyrocapsa i n  those waters . 

The November 1 992  b loom of E. huxleyi i n  B ig  G lory Bay,  Stewart I s l and  

was  at  t imes  un ialga l  and  at  othe r  t imes accompanied by  a m ixed 
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popu lat ion of  d inof lage l l ates, i n  part icu lar  a sma l l  ( 1 0  pm) gymnod ino id . 

S STs at that t ime ranged from 1 30C outside the entrance to the bay to 

1 50C in the shal l ower reaches of the bay. D espite the s low g rowth rate 

of E. huxleyi at lower temperatures,  it would sti l l  h ave had an advantage 

over the m any  m icroa lga l  species which h ave s lower g rowth rates even 

u nder optim a l  cond it ions .  M any d inoflage l late s ,  for example ,  h ave 

opti m u m  g rowth r ates of ",=, 1 .0  divis ion per  d ay ( u n pub l ished data ) ;  under  

opt ima l  condit ions E. huxleyi has a g rowth rate of 1 . 9 d ivisions  per  day .  

I n  B ig  G l o ry B ay there i s  a potentia l  fo r  i ncreased p hytop lankton growth 

d u e  to h igh  i nputs of n itrogen from feed wastag e  and sa lmon excreta 

c o m bined with low rates of f lush ing ( Hare a nd B rash ,  1 99 3 ) .  I t  is feas ib le  

t h at the ammonia l evel s  i n  the bay, enh anced by the thousands of  ton nes 

of  farmed f ish , favour  m icroa lga l  species with  a n  ammonium prefere nce . 

The  growth rate of E. huxleyi i s  optimised by growing  ce l ls  i n  media  w it h  

a mmon ium salt  a s  t h e  n itrogen source ( Rhodes et  al. , 1 994a) . 

W h e n  N : P  ratios  are ca lcu lated from n itrate a nd phosphate concentrations  

both  pr ior to and dur ing  b loom inc idents at  B ig  G lory Bay, i t  is c lear  that 

n itrate was depleted during the 1 99 0  Chrysochromulina 

pringsheimii/E.huxleyi b loom and that the concentrat ion was low i n  parts 

of the  bay d ur ing the 1 99 2  E. huxleyi bloom, presumably due to uptake by 

the m icroa lgae (Tab le  4 .4 ) . However i n  1 98 9 ,  when H. akashiwo 

b loomed,  mo la r  ratios  of N : P  were h igher  than the pre-bloom d ata  

( Rutherford et al. , 1 988 ) . It would appear that the coccol ithophore rapid ly  

d e p l etes the  water of n itrogen . 

At t h e  t ime of the b loom some sa lmon mortal it ies occurred and it i s  

reasonab le  t o  conclude that t h e  cause o f  these salmon  d eaths was n o t  ( at 

l east d i rectly) d u e  to o xygen depletion .  Toxicity was not indicated by  the 

A rtemia salina bioassay. 

E. huxleyi i s  a known d imethyl su lph ide (OMS)  p roducer ( Ke l ler et  al. , 

1 98 9 ) .  No ana lyses for O M S  nor  hydrogen sulph ide  (toxic to fish at low 
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levels )  were carr ied out d u ri ng  the November b loom . I t  i s  possib l e  that 

such emiss ions cou ld h ave been responsib l e  for the f ish morta l it ies ,  b ut 

Table 4.4 N itrogen : phosphate ( N : P) molar ratios calculated from w ater column 
analyses of s a mples from within Big G lory Bay f Stewart Island, 1 988 - 1 992. These 
resu lts  are compared with N : P  rat ios dur ing the Scandi n avian Chrysochromulina 

bloom,  1 98 8 .  

Month/Year 

2/1 988
1 

1 /1 989 2 

1 1 /1 9903 

1 1 11 9924 

5-6/ 1 988
5 

Bloom status 

No bloom 
Heterosigma akashiwo bloom 

Chrysochromulina pringsheimii/ 

Emiliania huxley; bloom 
Emiliania huxleyi bloom 

Scandinavian C.polylepis bloom 

N:P molar ratio 

4.0 - 8 . 5  
1 2. 8 - 1 6 . 6  

0 . 7  

0 . 8  - 1 4.0 
1 0.0 - 30 .0 (av. 24.0) 

References :  1 ,  Rutherford et al. , 1 98 8 ;  2 ,  Chang et al. , 1 993;  3,  L . M ac Kenzie,  
(unpubl ished d ata) ;  4,  Rhodes et  al. , 1 99 3 ;  5 ,  Lindahl  and Dahl ,  1 990.  

this suggest ion can on ly remain speculative. Testin g  for su lph ide gas 

p roduct ion by coccol ithophores is worth consider ing in  a ny futu re 

cocco l ithophore b loom event.  

I t  is evident that coccol ithophores are an  important com ponent of New 

Zea land ' s  coastal waters as they are elsewhere i n  the  worl d ' s  ocean s .  

T h e  predominance o f  G. oceanica cel ls  i n  toxic  sca l lop g uts i n  N ovember  

1 99 3  ind icates that the  coccol ithophores were present i n  N orth l and 

waters and i nge sted i n  substantia l  numbers. Wide ly d istr ibuted m i l ky­

green patches,  typica l  of waters in which the reflective ca lcareous sca les 

of coccol i thophores predominate ,  were observed up to 20  km off-shore 

dur ing  aer ia l  surveys of the north of the South Is land and the  south of the  

North  I s l and  coastl ines i n  January 1 99 3 ;  the  pa le  g reen co lou r  of  t h e  

water corre lated with t h e  presen ce of E huxleyi i n  t h e  sea water samples  
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a na lysed from som e  of those s ites ( M ac Kenz ie ,  1 99 3 ) . Coccol i thophores 

were again dominant around the New Zealand coastl i ne  in summer 1 9 93-

94 and i n  the M a rlborough Sounds i n  sprin g  1 994 (persona l  obse rvati on ) . 

Other p rymnesiophytes have been imp licated i n  iso lated b loom events , i n  

part icu l a r  Phaeocystis pouchetii, C.pringsheimii and C. quadrikonta. The 

l atter h as developed i nto nu isance b looms in Japanese waters , where it 

co loured oysters yel low, and cu ltures  of  a New Zealand iso lat e  p roduced 

low leve ls of haemolytic  activity aga inst sa lmon e rythrocytes ( refer 

Chapter f ive, Sect ion 2, Results ) . H owever, it is the coccol i thophores  

which h ave not on ly b loomed on  many occasions and over  l arge 

geographic areas, but which h ave persisted as an  important com ponent  of 

the  m ic rof lora at s ites r ight a round New Zealand for the fu l l  term of th is  

study .  
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Chapter five : M ICROALGAL I NTERACTIONS 

Section one : AllELOPATHY 

I ntroduction 

Al lelopathy has been defined as the re lease  of secondary metabo l ites  by 

p la nts ( i nc lud ing  m ic roalgae)  i nto the e nvironment and the conseq u e nt 

impact of these chemical  excret ions on  other p lant species ( Rice ,  1 984) . 

The development of  a l le lopathic i nteractions  between p la nts has been 

ascr ibed to the  pressures of l imited resources,  with  competition  for  these 

resources be ing  exh ib ited through i nterfe rence ( a  "chemica l  warfa re "  

hypothesis )  rathe r  than exploitation (Ti lman ,  1 98 2 ) .  

An a ntithet ica l  view i s  that microalgae c a n  a n d  do co-exi st through t h e  

partition ing of  resou rces (Titman,  1 97 6 ) .  Further, that a complex of 

feedback processes d rives communit ies towards homeostas is  with 

excreted chemical substances enr ich ing  the  environment, but  not 

necessari l y  having an energetic a l imentary va lue ( G auth ie r  and Aubert, 

1 98 1 ; Whitfie ld ,  1 988 ) . Accord ing  to this hypothesis the su rvival of 

popul at ions genera,  rather than of individua l  species withi n  those genera ,  

i s  be l ieved to b e  the d riving force (Whitfie l d ,  1 988 ) . 

The suspic ion that organisms cou ld  affect o n e  another I n  othe r  than 

p redator-prey i nteract ions is  not  new.  I n  1 924 it was suggested 

(Johnstone et al. , 1 924)  that " . . .  there are what we may ca l l  g ro u p  

symbioses on  the  great scale s o  that the k i n d  of  p lankton which w e  may 

expect to  b e  present i n  a certain sea  area m ust depend ,  to  some extent, 

on the kind of p lankton wh ich was previous ly present . " 
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The rol e  of  phytochemicals i n  the s uccession and b looming of m ar ine 

microa lga l  species is  a l ittle-explored  f iel d .  I n  laboratory exper ime nts 

excreted substances inh ib itory to d i atoms h ave been d etected in f i l trates 

of the d inof lagel late Prorocentrum micans ( U ch ida ,  1 977)  and the d i atoms 

Phaeodactylum tricornutum (Sharp et al. , 1 9 7 9 ) ,  Ditylum brightwellii and 

Skeletonema costa tum ( R ijstenbi l ,  1 98 9 ) . Sometimes ca l l ed ectocr ines ,  

such secret ions h ave been postulated for  the raphidophyte Olisthodiscus 

luteus ( = Heterosigma akashiwo; Pratt, 1 9 6 6) and a green m ic roa lga ,  

Nannochloris sp .  ( Moon and M a rt in ,  1 98 5 ) . The ectocr ines from the 

l atter, ca l led " apon in" (apparent oceanic n atural cyto l in ) ,  i nh ib ited the  

g rowth of the neurotoxic d inof lagel late Gymnodinium breve .  E xotox ins 

p roduced by the c lose ly related G.mikimotoi ( = Gyrodinium aureolum) h ad 

an  a l le lopathic effect on a range of  other m ic roalgae (Gentien  and  Arzul ,  

1 99 0) .  The ichthyotoxic prymnesiophyte ,  Chrysochromulina polylepis, 

i so lated from a Scandinavian b loom i n  1 98 8 ,  inh ibited g rowth of the  

d i atom Skeletonema costatum i n  l a boratory experiments ( Myklestad e t  al. ,  

1 99 3 ) . 

M ost exper iments to d ate h ave been carr ied out in vitro and i t  i s  debatab le  

as to whether chemica l  mediators h ave a n  impact on  the n atura l  

succession of a lgae i n  the oceans and whether  they can,  in  fact, overr ide 

such factors as nutrient avai lab i l ity, physica l  conditions ,  water col u m n  

stab i l ity o r  g raz ing pressu re .  H owever, the Scand in avian 

Chrysochromulina bloom was characterised by the exclus ion of near ly a l l  

competitors and  predators, a n d  in vitro were weakly i nh ib itory t o  the  

g rowth of  d i atoms, b lue  mussels and cod ( Skjo lda l  and Dundas ,  1 98 9 ) '  

wh ich supports the hypothesis that the b ioactive compounds p roduced by 

C.polylepis g ave that species a competitive adva ntage in vivo . 

M icrob ia l  a ntagonisms can be mediated by a range of substances 

i nc lud ing  toxin s ,  a nt ibiotics and g rowth regu lators. Several  

p rymnes ioph yte species p roduce the toxin prymnes in ,  which i s  a complex 

of hydroph i l i c  and  hydrophobic compounds (Yariv and Hestr in ,  1 96 1 ; 

Kozakai  et al. , 1 982 ;  Y asumoto et al. , 1 9 90)  exhibit ing i chthyotox ic ,  
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haemolyt ic ,  cytotoxic and neurotoxi c  activit ies (Sh i lo a n d  Rosenberger ,  

1 960;  Me ldah l  e t  al. , 1 99 3 ) .  Two pure tox ins  have recently been p u ri fied , 

p rymnesin 1 and 2 ,  which have pol yh ydroxy-polyene-polyether  features 

( Igar ish i  et al. , 1 99 4 ) ;  the a l l e lopathic effects of the tox ic  spec ies 

Prymensium parvum and P.pate//ifera o n  other microalgae are recorded  i n  

th is  study. 

The ant ib iot ic  acry l ic  acid is produced , with d imethylsul f ide ,  from 

d i m ethylp rop iothetin by the bloom-form ing  p rymnesiophyte Phaeocystis 

pouchetii (S ieb urth ,  1 960; Ackman e t  al. , 1 966;  Gu i l la rd and He l l eb ust , 

1 97 1 ; Eber le in e t  al. , 1 98 5 )  and might h ave a ro l e  i n  the competit ive 

success of this alga. P.pouchetii forms m uci lage enveloped colon i es when  

g rown in  a d i l ute mar ine  med ium,  whereas free-swimming f lage l l ated 

forms domin ate i n  h igh  n utrient l evel med ia .  Colonia l  forms can rel ease 

up to 30  t imes the a mount of  extrace l l u l a r  substances that f ree ce l l s  do ,  

about 2 %  of the total material rel eased bein g  acryl ic acid (Gu i l l a rd and  

He l l ebust,  1 97 1 ) . I t  would appear that n utrient l imitat ion sti m u l ates 

a l l e lochemica l  p roduction , at l east in th is organ ism . 

The coccol ithophore,  Cricosphaera sp . ( Prymnesiophyceae) , produces 

g ibbere l l i n- l i ke substances in  both its moti l e  and  non-motil e  phases,  a n d  

cytok in in- l i ke s ubstances i n  t h e  moti le phase . This raises t h e  poss ib i l ity of  

an  i nterplay occurrin g  between growth p romoters and inh ibitors ( H ussa in 

and Boney, 1 97 1 ) . G i bbere l l i ns  and cytok in ins have smal l  but  s ignif icant 

effects on the growth of phytop lankton ,  the e ffect being dependent o n  

the state o f  the inocu lum ( Bentley-Mowat and Re id ,  1 96 9 ) .  

I nocu lum l evels can h ave a marked  effect on  growth i nteractions .  I n  

compar isons of m ixed batch and continuous cu ltu res of the d inof lagel l ates 

Gymnodinium splendens, Prorocentrum micans and  Scrippsie//a faeroense, 

it appeared that growth was regu lated main ly  by n utrient competit ion 

dur ing  the exponentia l  phase and that the species with the g re ater 

inocu lum would dominate . I nh ibit ion by metabo l ic  products was effective 

only at maxim u m  cel l  dens ities ( K ayser, 1 97 9 ) . 
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Factors that affect the amounts of a l le lochemicals produced by p lants 

i nc lude  l ight qua l ity, i ntensity and durat ion ,  temperature, othe r  a l l el opathic 

agents , the age of the o rganisms i nvolved , any pathogens or  p redators 

present and the genetic base of the p lants ( R ice,  1 98 4) . The activity of 

chemica ls can a lso f luctuate over t ime. This can be due to changes in the 

concentrations of a l l elochemicals being produced,  perhaps due to d iu rna l  

effects, o r  to  the complexities of  m u lt ip le  substance excretions . 

The ro le of a i le lopathy i n  microalgal  species  succession and b loom 

d evelopment is  sti l l  not fu l ly understood,  and  might have been 

underestimated . With b looms impacting on  the aquaculture industry there 

is a need to determi n e  the extent of i nvolvement of a l le lopathy, not on ly  

to  assist i n  the  development of re l i able b loom p rediction models,  but to  

enab le  assessment of a l le lochemicals as  poss ib le  m anagement tools .  

I n  the previous chapter ( refer Chapter four, D iscussion ) ,  i t  was suggested 

that the raphidoph yte/coccol ithophore dominated bloom that occurred i n  

t h e  H auraki  Gulf, N e w  Zealand, i n  spr ing/summer,  1 992 ,  p layed a ro le i n  

determin ing the composition and  toxicity of  the phytop lankton that 

succeeded it i n  January, 1 99 3 .  The major  focus  of this study was on the 

a l le lopathic interact ions between phytop lankton species in vitro. 

Prel i m inary attempts were a lso made to identify the inh ib itory agents . 

The i ntention  was to h igh l ight i nteract ions of ecological  s ign if icance 

withi n  the New Zea land microalgal  f lora ,  b ut the t ime taken to iso late  and 

optimise growth condit ions of l ocal stra ins led  to the acquis it ion and  

testing  of  m icroalgae from a variety of  sou rces (Table 5 . 1 ) . From th is  

screen ing programme two species, the  known prymnesin p roducer,  

Prymnesium patellitera ( Prymnesiophyceae) ,  and Chlamydomonas 

coccoides (Ch lorophyceae) , both of which i n hibited the g rowth of othe r  

micro a lgae, were selected for further i nvest igation. However the 

i n h ibitory activity decreased i n  these cu ltures over t ime . The results of 

this study, the impli cations of a l l e lopathic i nteract ions and the p rob lems 

inherent i n  such studies in vitro are d iscusse d .  
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Methods 

Microalgae 

The m ic ro a lgae used i n  the  broad screen ing programme for a l le lopathic 

i nteractions a re l i sted , with the i r  source , in  Tab le  5 . 1 . M any were chosen 

because of known toxic ity, others were tested because of the ir  

ava i l ab i l ity. 

Screening for chemical interactions 

The screen ing for a l l e lopathic interact ions was carr ied out us ing two 

m ethods :  ( a) D ual  cu ltu res  were set up  in 20 m l  G P  medium ( Loeb l ich 

and  Smit h , 1 9 68)  in  5 0  m l  steri l e  p lastic conta iners ( Sa lmon Smith B io lab ,  

N Z  Ltd . ) .  Two sele cted s pecies were i nocu l ated together ( 5 %  fina l  

vol um e  o f  inocu lum o f  each o f  the exponentia l ly g rowing  cultures, u nless 

stated othe rwise in  results ) . Cel l  counts and qua l itative observations  were 

carr ied out d ai ly ;  subsamples of I m l  were transferred to Utermoh l  

chambers ( fixed with Lugo l ' s iod ine (0 .2  pi mr 1 ) . I nteractions were 

cons idered inh ib itory when cel l  n umbers in the contro l  cu ltu re were 

s ignif icant ly h igher than in the test cu lture,  or when m icroscopic 

examinat ion ind icated lysis o r  deformation of at least 5 0 %  of ce l ls .  

Controls with same species inocu lum were a lso tested .  

Chlamydomonas coccoides ( 1 4  X 1 0
7 

ce l ls  r 1 i n iti a l  inoculum)  and 

Chattone/la antiqua ( 1 5 X 1 0
4 

cel ls r 1 in it ia l  inocu l u m )  w ere a lso g rown as 

dua l  cu l tures  i n  G P  medium ( 20 m I ) .  The i nocula for the 2 species were 

e ither  added together ,  with C. antiqua added 2 d ays pr ior  to 

Chlamydomonas coccoides or  w ith Chattone/la antiqua added 2 days after 

Chlamydomonas coccoides. Subsamples were taken over a 1 0  d ay 
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Table 5. 1 .  Microalgal s pecies investigated for allelopathic interactions. 

PRYMNESIOPHYCEAE Hibberd 1 976 

/sochrysis galbana 

Phaeocystjs pouchetli' 

Prymnesium parvum and P. patellifera 

CHLOROPHYCEAE Wille sensu Silva 1 982 

Chlamydomonas coccoides 

Duna/ie//a salina and D. tertiolecta 

Nannochloris sp. 

CRYPTOPHYCEAE GS West at Fritsch 1 927 
Chroomonas salina 

Cryptomonas maculata 

DIATOMDPHYCEAE Rabanhorst 1 864 

Chaetoceros sp. 

Oity/um brightwellii 
Melosira sp. 

Na vicula sp. 

Nitzschia closterium 

N. seriata 

Pseudonitzschia. pseudodelicatissima 

Pseudonitzschia pungens f. multiseries 

Pseudonitzschia pungens f. pungens 

Skeletonema costatum 

Thalassiosira oceanica 

T. pseudonana 

DINOPHYCEAE GS West at Fritsch 1 927 

Amphidinium carterae 

A. carterae 
Gymnodinium sanguineum 

G, sp, 

Perfdinium balticum 

Prorocentrum gracile and P. micans 

P. lima 

P. lima 

Scrippsiella sp. 

PRASINOPHYCEAE Christensen sensu Moestrup at Throndsen 1 988 

Pyramimonas grossii and P. sp. 

Tetraselmis chuii and T. suecica 

RAPHIDOPHYCEAE Chadefaud ex Silva 1 980 

Chattonella antiqua 

Fibrocepsa japonica 

Heterosigma akashiwo 
H. akashiwo 

RHODOPHYCEAE Rabenhorst 1 863 

Porphyridium purpureum 

"1MB: Institute of Marine Biosciences 
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g ro wth period for ce l l  counts and microscopic observat ions of ce l l  

condit ion ( refer Chapter three, Methods) . 

(b )  Dua l  cultures were a lso g rown i n  g lass U -tubes,  with the species 

separated by n uclepore fi l ters (0 .2  pm; F igure 5 . 1 ) . Cu ltures were 

counted da i ly (as above ) . 

Sampling port 

U-Tube � 
FlUer (0.2 ... mJ 

,/' 

O
�--···· ·- · 
V--_ .... . 

� 

Fig . 5 . 1 .  U-tube a pparatus used in the screening for al lelochemicals in marine 

microalgae .  

A crylic acid 

Acryl ic  acid ( 1  to 50 m M  fina l  concentration )  was added to Chattonella 

antiqua (",,800 ce l ls  per m l  G P  medium in  t issue culture p l ate  wel l s ;  Becton 

D ickonson)  to assess its effect . 

Cell-free filtrates 

Cel l-free fi l t rates ( 0 . 2  pm n uclepore )  were obtained from exponent ia l  and 

stationary phase cu ltures g rown under standard condit ions ( refer Chapter 

3 ,  M ethods) . These were tested against selected microalg ae as above, 

b ut with the fi ltrates rep lac ing one of the microa lga l  species ( refer 

screen ing  for chemical i nteractions ) . 

Part ia l  characterisation of the fi ltrates was carr ied out as fo l l ows : f i ltrates 

were h e at treated by immersing the  culture vesse l  in  a water bath ( 1 00°C )  

for 1 0  m i n .  
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Dia lysis of f i ltrates was i n  d ialysis tubin g  ( Spectru m  Medica l  I n dustries , 

I n c . ,  U SA)  p reviously bo i l ed i n  0 . 2 %  N a2 EDTA so lut ion and r insed with 

d isti l l ed  water .  Fi ltrates (2  ml ;  contro ls were GP med ium)  were 

suspended in the dia lysis tub ing i n  a 1 and a 2 day o ld cu lture ( 20 ml )  of 

C. antiqua and microscopic observations and cel l  counts of C. antiqua were 

m ade da i ly .  

A 5 -fo ld concentration  of  f i ltrates was obtained by addit ion of Sephadex 

G- 1 5  ( 1 1 . 2 g in 30 ml  f i ltrate; Pharmacia F ine Chemica ls ,  Sweden ) . 

Fatty acid analyses : ana lysi s  of fi ltrates for fatty acid methyl esters was 

by gas chromatography (GC ) : the sample (200 ml )  was extracted with 

c h loroform, the chloroform removed and the extract esterif ied with boron 

trich lor ide prio r  to anal ys is  by GC using a thermal g rad ient between 1 80°C 

and  2 2 5°C .  Separation  was carried out on a wide-bore cap i l lary co lumn 

with f lame ionisation detection (AOAC,  1 990 ) .  

Results 

Screening results 

In  b ia lga l  and U-tube exper iments three prymnesiophytes,  Prymnesium 

parvum, P.patellifera and Phaeocystis pouchetii ( Prymnes iophyceae) had 

an  i n h ibitory effect in both exponentia l  and stationary p hases of growth 

on other microalgae (Table 5 . 2 ) .  

Chattonella antiqua was the most profoundly affected a lga  ( Figure 5 . 2 ) , 

a l though  i n  the case of P.pouchetii the cel ls  on ly appeared d eformed when 

t rapped withi n  that prymn esiophyte's muci lage . Amphidinium carterae, 

Peridinium balticum and Prorocentrum gracile a lso exhib ited d eformities 

when grown in dual culture with the Phaeocystis pouchetii. 

Prorocentrum lima (stationary p hase cultures on ly) , Gymnodinium sp.,  

Scrippsie/la sp .  (F igure 5 . 2 ) ,  Nitzschia closterium and Chlamydomonas 

coccoides also caused deformatio n  of cel ls  of Chattone/la antiqua. The 

resu lts of  each experiment were of  dup l icates on ly (due to the n umber  of 
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Table 5 . 2  Microalgal species tested i n  dual cultures for allelopathic interactions.  

Microa/ga 1 

Prymnesium parvum 

P.patellifera 

C. quadrikonta 

Phaeocystis pouchetii 

H. akashiwo 

Chattonella an tiqua 

Scippsiella sp. 

Microa/ga 2 

Chattonella antiqua 

Chrysochromulina quadrikonta 

Heterosigma akashiwo 

P.patellifera 

Chattonella antiqua 

Chrysochromulina quadrikonta 

Fibrocapsa japonica 

Chattonella antiqua 

Gymnodinium sanguineum; G. sp. 

H. akashiwo 

Phaeocystis pouchet;; 

Porphyridium cruentum 

Prorocentrum micans 

Pseudonitzschia spp.
# 

Scrippsiella sp.  

Skeletonema costa tum 

Amphidinium carterae 

C.antiqua 

G. sp . 

Navicula sp.  

Peridinium balticum 

Prorocen trum gracile 

Cryp tomonas maculata 

Cha ttonella antiqua 

Nitzschia closterium 

N.seriata 

Chaetoceros sp. 

Chlam ydomonas coccoides 

Chroomonas salina 

Dunaliella salina; D. tertiolecta 

G.sanguineum; 

Isochrysis galbana 

Melosira sp. 

Nannochloris sp. 

Nitzschia closterium 

P. lima 

Pyramimonas grossii; P. sp. 

Scrippsiella sp. 

Tetraselmis chuii; T.suecica 

Thalassiosira oceanica; T.pseudonana 

Ditylum brigh twellii 

Alle/opathic effect: 

Microa/ga 1 2 
D 

ND 

ND;DF 

DF 

DF 
DF 

DF 

ND" 

D 
ND* 
ND;DF" 

ND;DF 

ND;DF 
ND;DF 

ND;DF 
ND 

DF 

ND 

# Refer Table 5 . 1 .  ND, cel l numbers decreased; D, cells died ; DF, cells were deformed; - , no effect; *, 
effect only when P.patellifera and P.parvum nitrogen limited . 
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(a ) (b) (c)  

(d)  

Fig .  5.2 Results of dual culture e xperiments : Chattone/la an tiqua cel ls i n  
m o noculture ( a )  and i n  dua l  cu lture with ( b )  Phaeocystis pouchetii ( 5  d a y  old co­
c u lture) , (c)  Scrippsieiia sp (7  day old co-culture)  and (d)  Prymnesium parvum (7 
day old co-culture;  C. antiqua ce l ls  are lysed and su rrounded by P.parvum ce l ls ) .  
B a r = 1 0  pm . 
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comb inat ions of species  tested ) ( but were rep l icated at least twice when 

a ctivity was i nd icated,  before being considered worthy of further  

i nvestigation .  

Chlamydomonas coccoides caused i nh ib it ion of  g rowth of Chattonella 

antiqua ( i . e. a decrease i n  ce l l  n umbers i n  comparison w ith the  control ) .  

The i n h ibitory effect took 3 days to take effect w h e n  G. antiqua h a d  been 

g rowing  for 2 days prior to addit ion of C. coccoides, but was immediate 

when the  inocu la were added together  or when C. coccoides was added 2 

days ear l ie r  than Chattonel/a antiqua ( Figure 5 . 3 ) .  

'" 
a 8 """ 
>< 

.... 

(!J ::::: 
.� ...... 
t:: (!J 
ti 4 
"I-0 
(/) ... (1) ..0 
E :J C 
-a; U 0 

0 2 4 7 1 0  

Day o f  growth 

Fi g . 5 .3 The effect of addition of Chlamydomonas coccoides to exponential 

phase cultures of Chattone/la antiqua .  Results are means of d u pl ic ates only (bars 

ind icate std . dev . ) .  Control of C. an tiqua only ( • ) ; both cultures added together ( • ) ; 
C. coccoides ( 1 4 .0  x 1 06 cells 1'1 ) added 2 days after C.antiqua ( A ) a n d  C. coccoides 

added 2 d ays before C.antiqu8 ( • ) . 

C. antiqua was selected as a target o rganism for further stud ies due to its 

apparent sensitivity to other i n h ibitory species and its consistent growth 

pattern in vitro . The possib i l ity that the deformations were due  to 

osmotic effects on addition of  culture f i ltrates was tested by adding 

0 . 0 1  % through to 2 . 5 %  mann itol  to otherwise standard cu ltu res of  

C. antiqua. Addition of 2% had n o  effect on the  microa lga l  cel l s .  On ly  the  
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2 . 5 %  m a n n ito l  addit ion e l ic ited an effect: ce l ls  rounded up 30  min after 

add it ion ,  b ut with a fu l l  recovery at 24 h .  

A marked d ecrease i n  i nhib itory activity was noted over t im e  i n  both cel l  

cu ltures and culture fi ltrates of  Scrippsiella sp.,  Gymnodinium s p .  and 

Nitzschia sp .  ( i . e .  C. antiqua was no longer affected ) ;  Phaeocystis 

pouchetii fa i led to e l icit an i nh ibitory response with ce l l  free f i l trates .  

Prorocentrum lima, a known p roducer of okadaic ac id ,  a d iar rhetic 

shel lf ish tox in  (Murakami et aJ. , 1 98 2 ) ,  was not selected for further study 

as it only caused inh ibit ion i n  stationary phase (24 d ay o ld c u lture 

fi ltrates ) ; cu ltures having an effect d u ring exponent ia l  phase as wel l  as 

stat ionary p h ase were considered more l i ke ly to be produc ing extrace l lu la r  

substances rather than  degradati o n  p roducts due to  senescence.  

Prymnesium patellifera and Chlamydomonas coccoides were selected for 

further comparative i nvestigat ions as their inh ib itory effects on 

ChattoneJla antiqua were able to be rep l icated at that t ime. 

Inhibitory effects of cell free filtrates of Phaeocystis poucheti i ,  

Pry mnesi u m  p atellifera and Chlamydomonas coccoides on C hattonella 

anti qua in laboratory experiments 

Fi ltrates of Phaeocystis pouchetii cultures had no effect on  Chattonella 

antiqua when added to cultures of  that micro alga. The effect of acryl ic 

acid (p roduced by P.pouchetil) on C. antiqua was also teste d .  Cel ls lysed 

immed iately  with the addit ion of :2: 1 0 mM acrylic acid and after 2 h w ith 

the addit ion of 5 mM,  but were unaffected after 24 h with 1 m M .  

As a result  of the screen ing  exper iments cultures of Prymnesium 

patellifera and  Chlamydomonas coccoides were grown under  standa rd 

cu lture cond it ions and with n itrogen and phosphate l i mitation ,  and  

incubated at temperatures of  1 0°C to 2 5°C .  Cel l  free f i l trates of  these 

cultu res were then tested against Cha ttonella antiqua at d ifferent stag es 

of growt h .  F i ltrates from exponentia l  through to stationary p hase cu ltures 

of P.pateflifera, g rown under standard condit ions,  i nh ibited the g rowth of 
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C. antiqua, the  greatest activity bein g  observed i n  the stat ionary phase 

cu ltures (:2:: 1 0  d growth ) .  

F i ltrates of  Chlamydomonas coccoides, sampled on  d ays 8 a n d  1 2  o f  

g rowt h ,  c a us ed inhibit ion o f  Chattonella antiqua ce l ls  ( both a decrease i n  

ce l l  n u mbers and deformation o f  l iv ing cel ls )  and the activity was  g reatest 

i n  cu ltures  g rown at 1 4°C under  n it rogen and/or phosphate l i m itation .  

F i ltrates from cultures of less than  8 days growth o r  from ten d ays 

g rowth h ad no i nh ib itory effect. These promis ing resu lts ,  wh ich 

demonstrate a b imoda l  activity, were repl icated , b ut activity then 

d i m i nished , d espite growth u nder  a variety of n utrient regimes and 

environmenta l  conditions .  Concentration with Sephadex G - 1  5 was 

unsuccessful  in rega in ing the or ig ina l  activity, as were efforts to i nduce 

the  effect by adding cu lture f i ltrates of both h eat and UV k i l led  who le  ce l ls  

of C. antiqua to  cultures of Chlamydomonas coccoides. 

The C. coccoides f i l trate activity was not i mpeded by d ia lys is tub ing ;  

Chattonella antiqua outside the tub ing became deformed . 

H eat treatment  of 8 d o ld culture f i ltrates caused a loss of activity, but 

not of 1 2  d o ld cu ltures ( i . e .  C.an tiqua ce l ls  became d eformed) .  

Fatty acid analyses: ana lysis by gas c h romatography ind icated that most 

of the fatty ac ids in the cultures were l ess than C 1 6 . As n o  m o re active 

f i ltrate was ava il able no further a nalyses were carried out.  

Discussion 

The a i le lochemica l  interactions determined for Chlamydomonas coccoides 

(Ch lorophyceae)  i n  this study were of part icu lar  i nterest as b imoda l  peaks 

of activity, d ependent on  the  stage of g rowth, were exhibited . Ce l l  free 

c ulture f lu ids  w ere s im i lar ly active and the d i fferent effects of  h eat 

treatment on these two activities  suggests that either two d ifferent 

compounds were being  secreted or that a conversion of o n e  to another  

d i fferent but sti l l  active compound was occurring .  The low m o lecu la r  

weight of  the  active fract ions,  as  ind icated by d ia lysis,  points to a n o n-
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prote inaceous agent. Unfo rtunately the l oss of inh ib itory activity in the 

microa lga l  c ultures over t ime,  despite i ntensive efforts to re-in duce it ,  

ended th is l i n e  of i nvest igatio n .  

Prymnesium parvum a n d  P.patellifera ( Prym nesiophyceae )  caused 

i nh ib it ion  of the g rowth of species from several microalga l  c lasses d ur ing 

th is study,  but  P.patel/ifera rap id ly lost i ts  inh ib itory activity in vitro . 

H o wever ,  P.parvum retained its activity for severa l  years i n  c u lt u re and 

b ecause of the  ease of repl ication of its toxic effect i t  was se lected as a 

posit ive control  for the bioassays for ichthyotoxicity that were deve loped 

and assessed ,  and which are described in Section two. 

D ecreases and/o r  l osses i n  activity in vitro have been n oted b y  other  

researchers (Taylor,  1 99 3 ) ,  e . g .  Gymnodinium mikimotoi (syn . Gyrodinium 

aureolum) progressively lost its a nti-a lga l  activity over a pe riod  o f  9 

months i n  c u ltu re ( Gentien and Arzu l t  1 990 ) . 

Dua l  cu ltures  of Phaeocystis pouchetii ( Prymnesiophyceae)  and  

Chattonella antiqua (Raphidophyceae) resu lted i n  deformat ion of those 

C.antiqua ce l ls  that contacted the p rymnesiophyte 's muc i lag e . Ce l l s  

i m m ed iately outside the  mucil age were u naffected and there w a s  no 

effect of ce l l  free f i ltrates of P.pouchetii o n  C. antiqua ce l ls .  The e ffect 

cou ld h ave been due to the physical properties of the m uci lage o r  to  the 

activity of acry l ic  acid .  The effect of  acry l ic  acid could h ave been d i rect 

( i . e .  a lg ic ida / )  or i nd i rect , for example by l o wer ing bacter ia l  level s  and thus  

the  concentrat ions of  vitamins secreted by those microbes. Acry l ic  ac id  

(at  5 mM f ina l  concentration )  was shown to lyse C. antiqua ce l l s ,  but  the  

hypothesis was not supported i n  th is i nstance as acryl ic  ac id was not 

detected in the l aboratory cultures.  

The ecologica l  ro l e  of mar ine a l le lochemica ls i s  poor ly understood,  but  i t  i s  

c lear  that m a ny m icroalgae do secrete a var iety of compounds i nto the i r  

i m m ed iate environment,  cond it ion ing the water and thus  optim is ing  the  

chances fo r  a p articu lar  a lga  o r  suite of a lgae  to dominate . For  examp l e ,  

Chlamydomonas reinhardtii (Chlorophycea e ) ,  a freshwater re lat ive of 
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C. coccoides, p roduces a m ixture of  long  cha in  fatty ac ids which i nh ib i t  

the  growth of othe r  a lgae ( Proctor, 1 9 5 7 ) .  

T h e  l i nk ing  o f  toxin production t o  associated bacter ia  ( possib ly 

endosymbionts) needs to be cons idered i n  c laims of  a l le lochemica l  

p roduct ion by microalgae;  saxitoxin is  not  on ly  p roduced by A lexandrium 

species,  but i s  produced by the bacter ium , Moraxella sp . ,  i so lated from 

withi n  cel ls of Protogonyaulax tamarensis (syn.  Alexandrium tamarense) 

(Ogata et a I . , 1 990;  Kodama et a I . ,  1 98 8 ) .  
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The recu rrent toxic microa lga l  events i n  New Zea land over t h e  l ast decade 

h ave h igh l ig hted the need for  rap id  detection systems for  both s h e l l f ish 

toxins and  ichthyotoxins .  Caged f ish are particul a rly  vulnerable to toxic 

b looms and in this study bioassays h ave been d eveloped and refined for 

the  rapid and i nexpensive detection of ichthyotoxic microa lgae .  I n  

p articu lar ,  New Zealand prymnesiophyte iso lates h ave been assessed for 

toxicity us ing the known prymnesin producer  Prymnesium parvum as a 

positive control . P. calathiferum, d iscovered i n  New Zealand w aters ,  h as 

a l ready been shown to be ichthyotoxic to Gambusia sp.  (Chang,  1 98 5 ) .  

Prymnes in  has been a d ifficu lt toxin to p u rify and many of the toxin 

c lassif ications i n  the l i te rature h ave arisen from tests run on  i mpure 

samples .  Recently, however, two structura l ly-related tox ins ,  prym n es in- 1 

and prymnesin-2,  have been purified from P.parvum. Both toxin s  a re 

haemolytic ,  i chthyotoxic and induce ca lc ium ion  inf lux into rat g l ioma ce l ls  

( lga rish i  et al. , 1 994) . 

The  raphidophyte Chattonella antiqua and the  d inof lagel l ate Heterocapsa 

triquetra were evaluated as b ioassay organ isms for prymnesin aga inst 

br ine  shr imps (Artemia salina) ( Persoone and Wel ls ,  1 987 )  and  ve l iger  

paua  l arvae (Haliotis iris) . G. antiqua was chosen as i t  had proved to be  a 

sens itive bioassay o rgan ism dur ing the screen ing for a l le lopath ic 

i nteractions (Section one )  and H. triquetra was se lected due to i ts  reputed 

sensit ivity to prymnesin ( O . Moestrup,  persona l  communication) .  

I n  a nother more quantitative assay ,  culture extracts from New Zea land 

prymnesiophyte isolates and known ichthyotox in  p roducers f rom cu lture 

co l lections overseas were tested for haemolyt ic activity against fresh ly 

iso lated sa lmon erythrocytes (Edvardsen et al., 1 990) . The advantages 

and  d isadvantages of th is system are d iscussed . 
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M ethod 

Microalgae 

M i croa lgae tested for i chthyotoxic ity aga inst bioassay organ isms i nc luded 

New Zealand prymnesiophytes iso lated dur ing th is  study ( refer Chapter  

one ,  Results) ,  the  raph idophytes Heterosigma akashiwo and Fibrocapsa 

japonica i so lated d u ring the 1 99 2  Northl and b loom,  toxic d i nofl age l lates 

iso lated d ur ing other bloom events in New Zealand ( R hodes et al. , 1 9 9 3 )  

a n d  species investig ated for a l lelopathic  i nteractio n s  (refer Table 5 . 1 ) . 

Prymnesium parvum ( provided by F . H . Chang,  N IWA, Wel l ington)  and  

Chrysochromulina polylepis ( Provaso l i-G u i l l ard Centre, B ige low 

Laborator ies,  M ai ne, U SA)  were used as positiv e  (toxic )  controls .  

The d inoflage l l ate Heterocapsa triquetra and the raphidophyte Cha ttonella 

antiqua were selected as bioassay organ isms. H. triquetra was i so lated 

from Nydia Bay, Mar lborough Sou nds,  Ju ly 1 9 9 3 ,  d ur ing a b loom of that 

m ic roa lga .  C. antiqua was obtained from CS IRO ,  Tasman ia .  Both species 

were rendered axenic  and m aintained in GP medium u nder standard 

cu l ture condit ions ( refer Chapter three,  M ethods ) . 

C u ltures were rendered axenic with 0 .002% Pen ic i l l i n  G and 0 .000 5 %  

streptomycin su lphate and purity was checked by streaking  o n  standard 

b acterio logica l  marine agar ( Difco, U SA) . 

Artemia and paua larval bioassays 

The dehydrated eggs of the brine  shr imp Artemia salina ( Brook lands 

Aquar iu m ,  San Fransisco) were purchased from a loca l  pet store . Eggs 

were hyd rated i n  fi ltered sea water ( 2 5°C) ' to  h atch the  naupl i i ,  for  48 h 

pr ior  to carrying  out the b ioassays . ( Naup l i i  younger than 24 h are l ess 

sensit ive to the microalgal  toxins) . H atched naup l i i  were checked u nder  

the  microscope and on ly  those i n  good cond it ion and of sim i la r  s ize  were 
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transferred by Pasteur p ipette to t issue culture p late we l l s  ( Becton 

D ick inson)  for b ioassays. 

Two d ay old v el iger larvae of paua (Haliotis iris) (ma intained in f i ltered sea 

water at 20°C )  were transferred to t issue cu lture wel ls and used for 

b ioassays . 

M icroa lga l  species were tested for toxicity against A . salina and HJris 

us ing modif ications of the standard A .salina bioassay method ( Persoone 

and Wel ls ,  1 98 7 ) .  The b ioassays were carr ied out i n  quadrup l icate in 

t issue c u lture p lates, with 1 0  organisms added per wel l .  M icroa lga l  

cultures were g rown under phosphate and n itrogen l i m itation ,  and under a 

range of temperatu res { 1 0, 1 5 , 2 0  and 2 5°C} ' sa l in it ies ( 1 8 , 2 5  and 

34% o) and l i ght reg imes (50, 1 00 and 1 50 pmo l  m-2 s- 1 ) ,  before testing  

for  toxic ity at  both exponential  and  stat ionary phases of  g rowth . Samples 

of cultures  were then added (2 m l )  to the bioassay wel ls and the  b ioassay 

organ isms were observed at 0 ,  1 ,  2, 4, 8 and 24 h. Bioassays were held 

u nder standard m icroalgal  growth condit ions between o bservatio n s .  The 

t ime for 5 0 %  of the Artemia to d ie {tD5ol or to exhibit morbid ity (tM50) 

was then recorded for the particu la r  n umber of microa lga l  ce l l s  added . 

Morbid ity was arbitrari l y  scaled as + ,  s l ight d istress; + + ,  marked 

twitchin g ,  but swimming;  + + + ,  naup l i i  on bottom of  wel l ,  twitch ing . 

Microa/gae as bioassay organisms 

The microa lga l  bioassays were carr ied out i n  tissue culture we l l s .  The 

test microa lgae  (50 cel ls  of Chattonella antiqua or 200 ce l ls of 

Heterocapsa triquetra) were added to the assay microa lga  (2 ml  of 

stat ionary phase culture, un less stated otherwise) in the wel ls .  

Subsamples for  counting were taken at 0 h and 24 h .  The cond it ion of 

the ce l ls  was observed microscop ica l ly at regu lar i ntervals throughout the 

b ioassay . 

Transwe l l™ t issue culture p lates with  porous cel l  cu lture i nserts ( 0 . 4  pm 

n uc lepore; Costar,  M aine) were a lso used with both m icro a lgae and 
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A .salina; the b ioassay organism was he ld in the outer we l l  and  the test 

m ic roal g a l  cel ls in  the i nsert. TD50 o r  tM50 was recorded . 

A l l  b i oassays were i ncubated under  standard micro a lga l  culture condit ions 

and were carr ied o ut i n  quadrup licate . Both negative (med ia  addit ion on ly) 

and axenic positive controls  were run for each assay. 

Assays for haemolysis using salmon erythrocytes 

Eryth rocytes were extracted from sa lmon ( Oncorhynchus tshawytscha)  

a naesthet ised , i n  a bucket of sea water ,  with phenoxyethano l  (0 .3  ml  r1 ) .  

The sa lmon were then swabbed at the extraction s ite with methano l  and 

b lood was co l lected with a ster i le  syr inge p re-r insed with d i l u ent  * f rom a 

hepar in  l ined  tube to prevent c lottin g .  The needl e  was inserted beside the 

anal  f in and i nto the artery runn ing a long the b ackbon e  of the 

a naesthetised f ish ( Figure 5 . 4) . The blood obta ined was i m m ed i ately 

i njected i nto heparin l i ned IJvenoject" tubes ( 1  ml per  tube) conta in i ng  9 

m l  of d i l uent * .  Tubes were ma inta ined at "", 1 0°C with i ce  p acks u nti l 

refr igerated and the erythrocytes were used withi n  24 h of  extract ion .  

Toxin  extractio n :  Toxi n  was extracted from the m ic roalg a l  cu ltures  us ing 

a modif icat ion of the method of Edvardsen et al. ( 1 9 90)  as  fol lows:  

cultures ( 600 ml  i n  1 I Er lenmeyer f lasks) were g rown under  var ious 

n utr ient and  culture regimes,  harvested d urin g  exponentia l  and stat ionary 

phase of g ro wth and frozen .  M ethano l  (300 m l )  was added to each 

frozen cu lture and thawing was h astened by ho ld ing i n  a 3 4°C water 

bath . Cu ltures  were fi ltered (Whatma n  G F/C) ,  the fi lters r insed w ith 

methanol  (2 x50 ml )  and the f i ltrate transferred to separat ing  funne ls .  

D ich loromethane ( 1 00 m/)  was added a nd the funnel contents were  mixed 

by gent ly t ipp ing 1 800 x 1 2 .  Mix ing was repeated after approx imately 1 5  

m in utes . The bottom d ich loromethane fract ion was col lected i n  rou nd 

bottom evaporat ing  f lasks and the separation repeated twice . The f ina l  

total d ich loro m ethane fraction of 300 ml  was d ri ed by rotary evaporation 
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at 3 3°C ,  the resultant extract redissolved i n  ethanol  ( 1  00 pI ) and then tr is 

( p H 7 ;  0 . 0 1  M f inal  cone . )  added . 

Assay procedure :  The assay (aga in  a modification of the  method of  

Edvardsen  e t  al. , 1 990) , was carr ied out i n  1 . 5 m l  centr ifuge tubes . 

Extract ( 7 00 pI ) was added to e ryth rocytes i n  d i luent ( 500 pl ) .  A posit ive 

contro l  of saponin (2 g r1 d i luent;  700 pI ) ,  a commercia l  h ae m olys i n ,  and 

a neg ative control of d i l uent were a lso run .  Fol lowing i nc ubat ion at 1 0°C 

for 2 h ,  the  tubes were centrifuged ( 9 , 900 g) for 5 m inutes,  then read o n  

a spectrophotometer ( 540nm) zeroed aga in st a d i luent b l ank .  The results 

of the pos itive control  were taken as  1 00% haemolysis and the test 

results re lated to this f igure.  

Erythrocytes were a lso assayed w ith saponin on ly ,  us ing  both F ish rbc 

and A lsever' s d i l uents * as above to assess the suitabi l ity of the d i luents. 

* Di l uents : 

F ish rbc d i l u e nt ( adju sted to p H 7 . 4) .  

sod ium chloride 

p otass ium chloride 

magnes ium sulphate 

tr is [hydroxymethyl]aminomethane (tr isl  

Alseve r ' s  d i l u ent 

g l ucose 

sod ium ch loride 

sod ium c itrate 

citr ic ac id  

g r1 d isti l l ed  water 

8 . 77 

0 . 24 

0 . 3 1  

1 . 48 

1 8 . 6 6  

4. 1 8  

8 .0 

0 . 5 5  
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Results 

Artemia sal ina bioassays 

None of the  New Zea land p rymnesiophyte iso lates tested showed any 

effect o n  the  brine  shr imps,  even when aged cu ltures ( 2  to 6 month o l d )  

were u s e d  (see Table 5 . 3 ) .  T h e  positive control s  achieved consistently 

shorter t050 results when phosphate was l imiti n g : Prymnesium parvum, 

t050 4 h ;  Chrysochromu/ina po/y/epis , t050 8 h ,  tM 50 ( +  + + )  6 h .  

P.parvum g ave the same t050 result whether  the test i nocu lu m  was from 

a 2, 4, 6, 8, 1 0  or 50 day old culture, and whether grown at 1 7 .8% 0 

through to 3 4 . 9% 0 . Death was sudden and not preceded by a morbid or  

stressed stage .  

C.po/y/epis e l icited a to 50 of 1 8  h with 2 day o ld cultures,  1 0  h w ith 4 

d ay o ld  cu ltures,  and 8 h i n  o lder cu ltures . The t M50 was a l so reached 

ear l ier  when the cu lture was in  stationary phase, decreas ing from 8 h for 

2 day old cu ltures to 4 h with 1 0  day old cu ltures . Resu lts were 

consistent with both axen ic  and non-axenic cu ltures. The activity of 

P.parvum d i m inished after 3 years in cu lture, and the c u lture of 

C.po/yJepis has  since been l ost. 

A l l  the Heterosigma akashiwo ( Raph idophyceae) strains tested caused 

morbid ity, but  the A . sa/ina naup i i i  recovered if they were removed from 

the test we l l s  and placed in f i ltered sea water. A tM50 of 8 h was 

recorded for  the Stewart Is land strain  u nder standard growth cond it ions 

dur ing exponent ia l  phase. When the b ioassay was incubated at 1 5°C the 

tM50 was 1 h .  A l l  the other H. akashiwo iso lates tested caused morbid ity 

(tM 50 1 h )  w hatever the growth phase,  b ioassay i ncubation tem perature or 

sa l in ity ( with in  the range tested of 1 7 .8% 0 through to 34. 2% 0) .  

Fibrocapsa japonica had no effect on A . salina. 

The d inof lage l late Gymnodinium sanguineum formed a un ia lga l  b loom i n  

O kiwi  Bay, M ar lborough Sounds,  1 0  M arch 1 99 3 ,  and seawater samples 

from the b loom caused a d istress react ion in  A . sa/ina. This spec ies i s  not 
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known to be toxic and wi l l  be i nvestigated in another study.  

Prorocentrum lima, a n  okadaic acid producer ,  consistently c aused the 

d eath of A . salina i n  b ioassays. Death of the br ine shr imp was sudden and  

not  p receded by  a morbid response ,  i . e .  no twitch ing  was  observed . 

C ultures  of  A mphidinium carterae ( C S I R O )  d id not cause the d e ath  of  

Artemia w h e n  grown in  medium with a sa l i n ity of 1 7% 0 , but  d id  in  med ia  

of 25 - 3 4
% 0 . Amphidinium carterae ( C S I R O )  gradua l ly  l ost the  ab i l ity to  

cause death o r  d ist ress after two years i n  culture (Tab le  5 . 3 ) .  A . carterae 

(Wel l i ngton )  h a d  no effect on  Artemia. 

Paua larva bioassays 

M any of the  m icroalgae tested against Artemia salina were a lso tested 

against two d ay old paua l a rvae (Haliotis iris) .  Prymnesium parvum ( 3 600 

x l 03 ce l ls  r 1 ) caused the death of a l l  l arvae withi n  1 h (Table 5 . 4; F igure 

5 . 5 ) .  Cu lture f i ltrate a lso caused i mmediate s igns of morb id ity i n  the 

larvae, with a l l  dying within  3 h .  

When  Heterosigma akashiwo (various stra ins)  (",,5000 x 1 0
3 

ce l l s  r \  
Prorocentrum lima ( 2 300 x 1  03 ce l ls ,- 1 ), Amphidinium carterae ( 6000 x l  03 

cel l s  r 1 ) and Chrysochromulina polylepis (2 300 x 1  03 ce l ls  r 1 ) were tested , 

the l a rvae stopped swimming,  withdrew into their  shel l s  and c losed the i r  

opercu lum.  Death was  therefore d ifficu l t  to  d etermi n e .  Other 

p rymnesiophyte species tested had no  effect on the l arvae, w h ich  

contin ued  to  swim for 24 h .  

Because of a n  u nforseen d i ff iculty i n  obta in ing  paua l a rvae th is b ioassay 

was d iscontinued .  

Microalgal bioassays 

M icroa lgae caus ing death o r  morbid ity i n  A rtemia , and Alexandrium 

ostenfeldii, were tested against Cha ttonella antiqua and Heterocapsa 

triquetra (Tab le  5 . 3 ) .  H. triquetra was k i l l ed by Prymnesium parvum 
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Table 5.3 Results of Artemia salina bioassays for detection of microalgal toxicity. 
The t ime taken ( h )  for 50% of A . salina to d i e  ( tD50) o r  become morbid (tM50) is re lated to  
ce l l  n u m bers of microalgae. Prymnesium parvum ( F . H . Chang)  and Chrysochromulina 

polylepis ( Bigelow Laboratory,  USA) provided positive contro ls .  

Microalgal species tMso t050 Algal cells 
mr1 x103 

Prymnesiophytes 
Chrysochromulina poly/epis (positive control) 6 8 1 .4 
C.aphe/es (Northl and, 1 994) N E  N E  2 .0 
C. came/Ja {Marlborou gh Sounds, 1 992} NE NE 2 .0 
C. ericina (Marlborough Sounds , 1 99 3) N E  N E  2 . 0  
C.latilepis (Northland, 1 994) N E  N E  2 . 0  

C. quadrikonta {Coromandel, 1 99 3} N E  NE 2 . 0  

Emi/iania huxleyi ( Stewart Island,  1 992)  N E  N E  4.0 

Gephyrocapsa oceanica (Leigh, 1 992) NE NE 4 .0 

Prymnesium parvum (posit ive control )  4 2 . 0  

Raphidophytes 
Fibrocapsa japonica (Northland, 1 99 2 )  NE NE 3 . 0  

Heterosigma akashiwo ( Stewart Is ,  1 989) 8 A 3 . 6  
H.akashiwo (Mar l bo rough Sounds, 1 992)  1 A 6 . 8  

H. akashiwo ( Le igh , 1 99 2 )  1 A 4 . 0  

H. akashiwo (Coroma nde l , 1 992)  A 4.0 
H.akashiwo (Omah a ,  1 993)  4 A 1 . 8 

Dinoflagellates 
Alexandrium minutum (Soun ds, 1 993)  N E  N E  0 . 5  
Alexandrium ostenfeldii (Ka itaia,  1 99 2 )  N E  NE 0 . 5  

Alexandrium ostenfeldii (Timaru,  1 993) N E NE 0.5 
Amphidinium carterae (Sounds, 1 992)  2 8 0 .4  

A.carterae (We llington , 1 993) NE NE 0 . 4 

Gymnodinium mikimotoi (Southland, 1 994) 8 30 0 . 5  
G. sanguineum ( Sou nds , 1 99 3 )  * 2 A 0 .8  
Prorocentrum lima ( 5 1 4) 4 1 2  0 .4 
Prorocen trum lima ( Spain) 7 0 . 4  

N E :  N o  effect; A :  A .salina morbid but alive after 24 h .  M orbidity refers to Artemia that are on 
bottom of test vessel ,  but twitchi n g .  Quadruplicate bioassays, each with 1 0  A .salina, were carried 

out with stationary phase cultures (GP medium ; l SDC;  1 00 jimol m-2 s- 1 ; 1 0: 1 4  h d ark/l ight ) , 
except for G.sanguineum, which was a seawater sample. B ioassays incubated at l SDC;  1 00 jimol 

m-2 s- 1 . 
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Fig . 5 . 4  Extraction of blood from anaesthetised salmon (Oncorhynchus 
tsha wytscha) . 

( a ) (b )  

(c )  

F ig .  5 .5  Paua larval  bioassays : (a )  Healthy paua ve l iger  larva,  (b)  operc u l u m  
c los ing i n  p rese nce of Prymnesium parvum ( F . H . Chang)  a n d  (c )  death o f  paua  
larva cau sed by  incubat ion with P.parvum. 
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Table 5 .4 Results of Haliotis iris bioassays for detection of microalgal toxicity. 
The t ime ta ken ( h )  for 50% of H.iris to d i e  (tD50) or to close their  operc u l u m  (tM50) i s  
re lated t o  c e l l  numbe rs of microalgae. prymnesium parvum ( F . H . Ch a n g )  a nd 
Chrysochromu/ina po/ylepis (Bigelow L a bo ratory, USA) provided positive controls.  

M icroalgal species tMso 

Prymnesiophytes 

Chrysochromulina polylepis (positive controll 1 

C. came/la (Marlborough Sounds, 1 992) NE 

G. quadrikonta (Coromande f , 1 993) N E  

Prymnesium parvum (positive control) 

Raphidophytes 

Heterosigma akashiwo (Stewart Is ,  1 989) 
H.akashiwo (Marlborough Sounds, 1 992) 
H. akashiwo (Leigh, 1 992) 
H. akashiwo (Coromandel, 1 992) 
Dinoflagellates 

Amphidinium carterae (Sounds, 1 992)  

Prorocentrum lim a  5 1  4 
Prorocentrum lima Spa i n  

8 
N E  
4 

N E :  No effect; A: H. iris: operculum c losed but l arvae alive at 24 h .  

t050 

A 
NE 
NE 
1 

A 
A 

A 

A 

A 
N E  

A 

Algal cells 
mr' X 1 03 

2.3 
2 .0 
2.0 
3 . 6  

5 .0 
5 . 0  

5.0 
5 .0 

6 .0  
2 .3  
2 .3  

Quadrupl icate b ioassays, each 

with 1 0  l arvae, were carried out with stationary phase cultures (GP medium; l SDC;  1 00 J1mol m-2s- 1 ; 
1 0: 1 4  h dark/light ) ,  except for G.sanguineum, which was a seawater sampl e .  Bioassays incubated as  
a bove. 

(st ra ins  from F . H . Chang and Denmark; F igure 5 . 6a , b l ,  Amphidinium 

carterae, Prorocentrum lima and  Heterosigma akashiwo. C. antiqua was 

k i l l ed  (the ce l l s  rounded up and then d is integrated ) by P.parvum 

( F . H . Chang l  and became morbid w ith the addit ion of Alexandrium 

ostenfeldii (Table 5 . 5 ; F igure 5 . 6c , d ) .  

C e l l  free f i ltrates of t h e  test organisms were a lso b ioassayed f o r  toxic ity 

aga inst both C. antiqua and Heterocapsa triquetra, but with negative 

resu lts .  
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Table 5 . 5  Evaluation of Chattone/la antiqua and Heterocapsa triquetra as 
bioassay organisms by testing with known toxic microalgal species . The t ime 
taken ( h )  for 5 0 %  of G. antiqua or H. triquetra to d ie  (tD50) or to become m orbid 
(tM50) i s  related t o  m icroalga l  ce l l  numbers.  

C.antiqua 

Toxic microalgae tested tM50 tD50 

Alexandrium ostenfeldii (Timarul 0 . 1  A 
Amphidinium carterae (Sounds) NE NE 
Heterosigma akashiwo (Nelson) NE N E  
Prorocentrum lima (Spain) N E NE 

Prymnesium parvum (CSIRO) 1 3 

P. parvum (Denmark) N E  N E  

H. triquetra 

tM50 

N E  

5 
5 

tD50 

N E  

Microafgal 
cells mr1 

x1 03 
0.4 

8 1 .0 
24 0 . 9  

1 0  
24 

0.2 
580.0 

24 580.0 
Bioassays were carried out in quadruplicate with stationary phase test cultures,  grown under 

stand a rd conditions i n  G P  medium. Bioassays were incu bated at 1 8°C; 1 00 IImol m-2s- 1 and 1 0 : 1 4  
h dark/l ight. N E :  no effect of m icroalgae on bioassay organisms; A: morbid ,  n o  deaths.  

Erythrocyte assay 

I n i t ia l  assays of f ish erythrocytes demonstrated that the Fish rbc d i l uent 

was more su itab le for  use i n  the sa lmon b lood assay than A lsever' s 

d i l uent ,  as some h aemolysis of erythrocytes occurred with the A lsever' s 

d i l uent i n  the contro ls ,  leading to an  u nacceptably h igh  background 

readi ng on the spectrophotometer . Resu lts of the fol lowing exper ime nts 

are based on  assays carried out with the Fish rbc d i luent.  Haemo lyt ic 

activ ity, determined as a percentage of saponin induced h aemolysi s ,  was 

detected i n  phosph ate l imited Prymnesium parvum ( F . H . Chang )  c u l ture 

extracts (45 . 6 % ,  standard deviat ion 6 . 7 % ) .  Lower percentages were 

recorded for Chrysochromulina polylepis and C. quadrikonta ( F igu re 5 . 7 ) .  

Dup l i cate extracts of axenic and non-axenic phosphate l i mited 

C. quadrikonta cu ltures g ave varied results , w ith d ifferences in means  of 

up to 1 0 . 2 % .  The d ifferences b etween the axenic and  non-axen ic  



Toxins . . . . . . . . . .  128 

cultures were not s ign if icant. I n  several endeavours to repl icate th is  d ata ,  

the controls ( un inocu lated culture med ium)  gave readings of  from 20% up  

to  7 9 % ,  so that whi lst haemolyt ic activity of 90 to  1 00 %  was  ind icated 

for both P.parvum and C.polylepis, these resu lts were d iscarded . 

However observations  of the eryth rocytes u nder  the microscope showed 

that the  ce l ls  treated with the control were i ntact and cel l s  treated with 

saponi n  were completely d is integrated . N inety percent of  cel l s  treated 

with e ithe r  P.parvum or C.polylepis appeared as "ghosts " ,  i . e .  with the i r  

shape i ntact, b ut the i r  contents gone . The  balance (:::::: 1 0 % )  rem a ined 

i ntact (F igure 5 . 8 ) .  

1 00  

"#. 75 

(J) 
(J) 

� 50 
0 
E 
Q) 

25 <a 
::I: 

0 

A B C D E F G H 

Microalgal extract 

Fig . 5 . 7  Haemolysis of salmon erythrocytes by microalgal culture extracts .  
Resu lts are expressed a s  percentages of saponin induce d  haemolysis a n d  are m e a n s  of 
tr ip l icates (std .dev .  indicated ) . A, saponin;  8, ethano l :d i luent ( 1  :4) ; C, Prymnesium 

parvum (-PI ; D ,  Chrysochromulina po/y/epis (-PI ; E-F, C. quadrikonta (-P,axe ni c ) ; G-H,  
C. quadrikon ta (-Pl . Cel l  n u m bers at time of extraction were P.parvum 4.0 x1  08 cel l s  1-1 , 
Chrysochromulina s p . 1 .0 x 1 08 cel ls  1'1 . -P:  phosphate l i m ited cu ltu re . 

Discussion 

The A rtemia salina b ioassay (Persoone and Wel l s ,  1 987 )  was found to be 

preferab le  to the other assay systems tested , because of its s imp l i c ity, 

ease of  repl ication ,  the ava i lab i l ity of d ried cysts and the low cost.  The  

bioassay has previously been used for  demonstrat ing the  mit ig at io n  of  
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(b) 

( c )  (d )  

Fig .  5 . 6  Microalgal bioassays : ( a )  H ealthy c e l ls o f  Heterocapsa trique tra ; ( b )  
l o s s  o f  thecae fol lowing incu bation o f  H. triquetra with Prymnesium parvum; ( c )  
healthy c e l l  of Chattonella an tiqua; (d )  C. antiqua (golden-brown cel ls  arrowe d )  
rounding u p  prior to d is integrat ion fol lowing incu bation with Alexandrium 

os tenfeldii (dark  brown cel ls ) . B a r  = 5 pm . 

( a )  (b) 

Fig . 5.8 Salmon erythrocytes :  ( a )  pr ior to and ( b) after addit ion of Prymn esium 

parvum (CSIRO)  cu lture extract . 
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b revetoxin ( p roduced by the d inoflagel l ate Gymnodinium breve) with the 

add it ion of the  a l le lochemica l  Jlaponi n "  (Eng-Wi lmot and Mart in ,  1 98 1 ) .  I t  

has  a lso been  used fo r  assessing  PSP  (para lytic she l lf ish po ison )  i n  

Alexandrium tamarense ( Betz and  Blogoslawski ,  1 98 2 ) .  

T h e  characteristic morbid ity e l icited i n  A rtemia salina b y  toxic 

raph idophytes d istingu ishes the response to th is c lass of microalgae from 

the uncompromising death response e l icited by p rymnes in ,  a m ph idesmin  

(p roduced by Amphidinium carterae) ( I kawa and Sasner,  1 97 5 )  and 

o kadaic ac id  ( produced by Prorocentrum lima )  (Sh im izu ,  1 987 ) . 

U nfortunately there a re no such characteristic responses to he lp  

d isti ngu ish  between the l atter groups.  

H owever two New Zealand stra ins of the d inof lagel late Alexandrium 

ostenfeldii (from Timaru and Kaitai a ) , each with a d ifferent saxitoxin 

prof i le ( Linco ln  MacKenz ie ,  Cawthron I nstitute, Ne lson ,  New Zealand , 

personal  communication ) , and a toxic strain  of A .minutum (from Cro is i l l es  

H arbour) , were  ineffective against Artemia salina. 

The Artemia bioassay has recently become a stan dard tool for d etecting  

tox ic  activity i n  prymnesiophytes i n  Scandinavia ( Edvardsen and Paasche,  

1 9 9 2 ) ,  replacing  cod and human e rythrocyte assays ( Me ldah l  et al. , 

1 99 3 ) . The t ime requi red to carry out the b ioassay, which cou ld be  a 

d rawback,  can be red uced if a source of hatched naup l i i  a re ma inta ine d . 

Paua  l a rvae were investigated because of a potentia l  supply  and proved 

idea l  for detecting the excreted tox in ,  p rymnesi n ,  which was effective 

even when the microa lga l  cel ls were exc l uded . The assay was not 

su itab le as a general toxicity screen ing m ethod;  endotoxic microa lgae  

tested such  as Prorocentrum lima (stra in  5 1 4) were exc luded by the  

shel l fish la rvae and  therefore d id not e l ic it a response . 

M icroalgae h ave advantages as bioassay o rgan isms.  Stationary p h ase 

c u ltu res are as  susceptib le  to ichthyotoxins as a re exponentia l  p h ase 

c ultures ,  so no  lag period prior  to  readiness of the b ioassay organ ism i s  

requ i red , a n d  toxic effects can b e  rapi d .  Heterocapsa triquetra d id  not 

give as clear a response as Chattonella antiqua, although it h as been u sed 
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as  a rapid check for prymnesiophyte toxic ity i n  Scandinavia ( Moestrup a n d  

A rlstad ,  1 99 3 ) .  Death of H. triquetra often i ncl udes t h e  loss o f  the  theca 

(ce l lu los ic  coat) , wh ich i s  eas i ly  detected ,  but  many ce l ls d ie  and sett le  o n  

t h e  bottom of the we l l s  with  n o  obvious change i n  morphology. If  test 

we l l s  are treated w ith  Lugol ' s iod ine and ce l l s  then counted to obta in  

q u antitative data,  d iscr iminat ion between cel ls  that were l ive o r  dead p rio r  

to f ixation is d ifficu lt .  On ly  where there is an apprec iab le  d ifference i n  ce l l  

n umbers between test and  control  i s  th is  usefu l ,  as i s  caused by the D S P  

(d iarrhetic she l lf ish poison)  producer, Prorocentrum lima .  

The  C.antiqua bioassay g ave clearer resu lts fo r  the  d inoflage l l ate 

A lexandrium os ten feldii, b ut on ly for  the most tox ic of the 

prymnesiophytes .  C. antiqua was unaffected by P.lima . Therefore for  

genera l  screening  of toxic m icroalgae,  such as testin g  of b loom samples ,  

the  Artemia bioassay i s  at present the most comprehensive . For  

screen ing  for  h i ghly tox ic p rymnesiophytes, the  Chattonel/a b ioassay i s  a 

qu ick ,  sensitive and quantitative tool .  C. antiqua and H. triquetra assays 

cou ld  be run i n  tandem to d i st inguish between D S P  and PSP producers ,  

a l though confi rmatio n  by mouse bioassay or  H PLC would sti l l  be  requ i re d . 

None  of the above assays a re specific for prymnesi n .  A more se lective 

assay is the e rythrocyte assay, which quantifies  the haemolytic activity of 

hydrophobic culture extracts . This test fa i l s  to assess othe r  potent ia l  

effects, such as neurotoxicity. It a lso has such inherent probl ems as the 

d iffi cu lty of m ai ntain i ng  ready suppl ies of erythrocytes (a l though human  

e ryth rocytes can  be  used )  (A-S Meldah l ,  Norwegian  D efence Research 

Estab l i shment,  N orway,  personal  commun ication )  and the suscept ib i l ity of 

e rythrocytes to solvents . There is a lso the problem of wel l  documented 

n on-toxic species causing haemolysis at h igh concentrat ions and/or l o n g  

i n cubation  t imes ( B . Edvardsen,  University o f  Os lo ,  Norway, person a l  

commun icat ion)  . 

A recent  phenomenon overseas is the apparent acquisit ion of  toxic 

a ctivity by benign species in vivo, for  example ,  the  Chrysochromulina 

b l ooms i n  Scand inavia s ince 1 988 (Manton and Parke , 1 96 2 ;  Skjol d al a nd 
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D undas,  1 98 9 ;  Tangen ,  1 99 1 ) ; New Zealand aquacultural i sts wi l l  need to 

be on  the a lert for s im i l a r  trends.  

R esearch i s  being carr ied out into the d evelopment of genetic probes a n d  

i m munochemica l  assays f o r  these microa lgae .  Such methods w i l l  

eventua l ly  g ive rap id a n d  specific identif ication ,  a n d  wi l l ,  hopeful ly ,  

d i fferent iate between toxic and non-toxic stra ins .  Currently, however, the  

m i c roa lga l  and br ine sh rimp  assays a re a standard proced ure,  and h ave 

been  the means of d etection  of she l lf ish toxin s  and ichthyotoxins in b loom 

samples .  
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C O N CLUSION 

The prymnesiophytes are a constant and ,  on occasion,  m ajor  component 

of New Zealand 's mar ine microflo ra .  I t  i s  p robable that the vast b looms 

formed by Emiliania huxleyi and Gephyrocapsa oceanica 

(Cocco l ithophorales) observed in  New Zealand's coastal waters in recent 

years are l i n ked to such seasona l  envi ronmental forcing  factors as sea 

water  temperatures, nutr ient upwel l i ng  and l ight i ntensity.  It is a lso 

possib le that these b looms have a ro le i n  determin ing species succession 

by condition ing the sea water with their  secretions .  Most of this study 

has been carr ied out dur ing  an u n usual l y  protracted E I -Niilo phase of the 

Southern Osci l l ation Index and it wi l l  be i nteresting  to determine the 

chan ges in species domin ance and succession when sea temperatures  

f ina l ly  r ise .  

The p rymnesiophytes appear to be a ubiquitous gro u p :  Chrysochromulina 

acantha, C. hirta, C.pringsheimii and C. quadrikonta ( P rymnesial es) a re new 

records for New Zea land,  but a l l  a re now known from widely separated 

geographica l  sites. It is probably on ly time before species currently 

recorded in other temperate and sub-tropical  reg ions are found in the 

southern Pacif ic .  The New Zeal and strain of the novel quad rif lage l late 

species C. quadrikonta ( iso lated from Nelson Harbour in 1 9 9 1 ) has been 

d escr ibed and a bloom of th is species recorded in the H aurak i  Gulf in 

1 9 9 4 .  

Some d ifferences in  morphology have been noted between northern and 

southern hemisphere prym nesiophyte i so lates; the southern hemisphere 

cocco l i thophores have heavier ca lcificat ion than the i r  northern 

counterparts and several of the Chrysochromulina species have s l ightly 

l arger ce l l  s izes and longer and more robust unminera l ised spine scales 

than the i r  type species.  It i s  a lso c lear that e lectron microscopy alone is 
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i nadequate for identif icatio n  of prymnesiophyte species and i t  is probable 

that in some i nstances spine scales that were previous ly  identif ied as 

be long ing  to C.ericina were in  fact from C. quadrikonta ;  l ive ce l ls  are 

d es i rab le  for defin itive identif ic ations .  

There  i s  debate as  to  whether the genera Chrysochromulina and 

Prymnesium should remain separate or  be i ntegrated , b ut studies i n  which 

f luorescently-tagged l ectins  showed d ifferentia l  b ind ing for  the  two genera 

support the current separat ion .  

The Chrysochromulina species investigated i n  this study h ave had the i r  

g rowth opt ima characterised and they fe l l  i nto two groups on the basis of 

temperature preference; a tem perate and a sub-tropica l  g roup .  M ost 

spec ies preferred sl ightly brackish condit ions,  s imi lar  to c oastal waters 

(on ly  C. camel/a preferred sub-tropic al oceanic cond itions)  and  most g rew 

at l ow l ight i ntensities, wh ich  could give this genus a competitive 

advantage over other microa lga l  species . 

Toxic prymnesiophytes have become a major  problem to aquacu lture i n  

Scand inavian waters, part icu lar ly with the occurrence of toxic ity i n  

previo us ly ben ign species.  New Zealand has the  potentia l  for s imi lar  

prob lems with i ts  burgeon ing  aquacu lture industry . Known i chthyotoxin 

producers in  this reg Ion inc lude Prymnesium cala thiferum and 

C. quadrikonta ( a lthough toxicity i n  the latter has on ly been detected by 

erythrocyte bioassay and then at very low levels in stationary phase 

cu ltures) . Toxic ity bioassays h ave been developed to detect the presence 

of p rymn es in  in b loom samples and i n  in vitro cultures. The use of 

A rtemia salina is  usefu l as a genera l  screen ing method for i chthyotoxicity, 

wh i l e  se lected m icroalgae and she l l fish  l a rvae can be used to d iscr iminate 

between d ifferent toxins,  inc lud ing the exotoxin prymnesin .  

One o f  the o utcomes of th is study has been the rea l isat ion o f  the dearth 

of knowledge about other  n anof lage l late groups in New Zealand coastal 

waters; the app l ication of f luorescent probe techn iques to these groups,  

which l i ke the p rymnesiophytes are d ifficult to identify under the l ight 

m ic roscope,  wi l l  p rove i nva luabl e .  
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The i nc reased knowledge of  the New Zealand p rymnesiophytes ga ined i n  

th i s  study wi l l  continue  to  be  bui l t  on ,  with long  term monitor ing of  sites 

around  the New Zealand coastl ine in p lace and the test ing for 

ichthyotoxic ity in new species now a standard procedure.  
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