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Sequence data from the 18S small subunit ribosomal RNA gene have been used 1o support the species status of three colony-
forming species of Phacocystis Lagerheim (Prymnesiophyta). Two of these correspond to Phaeocystis globosa Scherfiel and
Phacocvsiis pouchetii {Hariot) Lagerheim. The third species originates from antarctic waters and is referred 10 Phaeocystis
aniarctica, described by Karsten at the turn of the century. Morphological and physiological data supporting the separation
of the three species is compiled from the literature. Phylogenetic trees generated from the sequence data suggest that the
warm-walcr species, Phaeocystis globosa diverged prior 1o the separation of the two cold-water forms. Tectonic events and
climatic changes during the middle 1o late Cenozoic provide mechanisms by which speciation events could have occurred

as both polar oceans were being formed.

INTRODUCTION

Phacocysiis Lagerhemm is a cosmopolitan bloom-forming alga
recognized both as a nuisance alga and an ecologically im-
portant member of the phytoplankton (Davidson {985; Lan-
celot ef al. 1987: Smith e al. 1994: Davidson & Marchant
1992; Baumann ¢f al. 1994b). Its large-scale blooms are often
avoided by fish (Savage 1930; Chang 1%83) and appear det-
rimental 1o the growth and reproduction of shellfish and mac-
rozoopiankton (Davidson & Marchant 1992}, Dissolved or-
ganic compounds released by Phaeocystis during bloom
conditions ¢can accumulate and foam, ¢reating massive areas
of pollution when washed onshore {Lancelot ef al. 1987).
Phacocystis is also thought 1o be a major contributor 1o the
giobal sulphur budget by releasing substantial quantitics of
dimethylsulphide (DMS) (Keller ¢f al. 1989, Baumann ¢t al.
1994z) and it may play yet another important ecological role
with its production of UV-B absorbing compounds (Marchant
et al. 1991 Davidson & Marchant 1992).

Phaeocystis has a polymorphic life cycle with both colonial
and flagellated cells (Kornmann 1955) but the colonial stage
with cells embedded in a gelatinous matrix is most easily rec-
ognized. Thousands of cells can occur in a colony that may
reach 2 ¢m in diameter (Jahnke & Baumann 1987; Verity ¢f
al. 1988b: Rousscau ef al. 1990; Davidson & Marchant 1992).
The difficulty in assigning a specific name to the colony stage
has caused much taxenomic confusion.

The genus was erccted by Lagerheim in 1893 to accom-
modate the colonial state of an alga originally described as
Tetraspora poucheti by Hariot in Pouchet (1892). Phacocystis
pouchetii {its correct orthography) occurs in cold waters and
forms globular, lobed colonies with cells arranged in packets
of 4 (scc Jahnke & Baumann 1987 for illustrations). Phaeo-
cystis globosa was described by Scherfiel {1900) from temper-
ale waters, forming spherical colonies with cells arranged ho-
mogeneously within the gelatinous matrix (Jahnke & Baumann

1987), while older stages can assurne distorted pear-shapes
(Béyje & Michaelis 1986). Most early workers separated Ph.
pouchetii and Ph. globosa based on different distributions and
colonial morphologies until Kornmann (1955) expressed doubt
on the differentiation between the two specics. From his life
cyele studies, he claimed that Ph. globosa cell types were ju-
venile forms of Ph. pouchetii. Since then, colony morphology
has been judged an unreliable specific character,

Sournia (1988) reviewed the diagnostic features of Phaeo-
cysiis, and examined the validity of the 9 species described
since the last century. Most were poorly described, often lack-
ing cssential ultrastructural features of the Hagellated stage,
hence Sournia recognized only 2 of the 9 as valid species:
Phaeocvstis scrobiculata Moestrup, known only from the flag-
cllated state (Moestrup 1979), and Ph. pouchetii, which in-
cluded Ph. globosa. Upon Sournia’s (1988) recommendation,
most marine ecologists report Phaeocystis colonies as Ph.
pouchetii (the older name) or as Phaeocystis sp. 1o avoid con-
fusion.

Recent siudies have regarded this as over-simplification
(Baumann & Jahnke 1986; Jahnke & Baumann 1986, 1987;
Jahnke 1989). Observations on the maintenance of colony
shapes in both juvenile and older stages of Ph. globosa and
Ph. pouchetii have supported theirrecognition as separate spe-
cies. Also, detailed studies of the temperature and light tol-
erances suggest separalion at the species level. A third, un-
named colonial species from antarctic waters was recognized
by Baumann ef al. (1994b), which had a combination of fea-
wures of Ph. globosa and pouchetii, as suggested earlier by Moe-
sirup & Larsen (1992). The colonies resembled those of Ph.
globosa {Larsen & Moestrup 1989). while temperature toler-
ances were similar 1o those of PA. pouchetii. Nolably, the strain
had different pigment spectra (Buma ef al. 1991; Vaulot ef al.
1994y and DNA content (Vaulot e al. 1994).

We have investigated the validity of the three colony-form-
ing species suggested as distinct species by Moestrup & Larsen
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Table 1. Algal cultures anatysed in this study

Culture

Maintenance Light/dark
Species number Origin temperature cycle

Phavocvitis globosa SK 33 German Bight, water column, net haul (-20 m) 20-22°C 12:12

Phaeocystis pouchetil SK 34 Greenland Sea. East Greenland Current, water coi- 0°C 18:6
umn. net haul (0~30 m}

Phaeocystis antarctica SK 20 Weddell Sea, sea ice 0°C 24:0
S 670507, W 20°51°

Phaeocystis antarctica SK 21 Weddell Sea, sea ice 0°C 24:0
§65°12', W 359°22

Phaeocystis antarctica SK 22 Weddell Sea, water column o°C 24:0
S 34°20", W 03°20°

Phaeocvstis antarclica SK 23 Weddell Sea. water column 0°C 24:0
S 63°15°. W 58°20

Phaeocystis antarctica CCMP 1374 McMurdo Scund., Antarctica 0°C 24:0

(1992) and Baumann ¢f af. (1994b) using sequence data from
the nuclear-encoded small subunit {(ssu) ribosomal RNA gene.
The data have alse been used to assess the phylogenetic po-
sition of the Prymnesiophyta. The ssu TRNA gene has been
used to infer phylogenciic relationships at various taxonomic
levels in the algae (Gunderson ¢f a/. 1987; Bhauacharya er al.
1989, 1992; Medlin er al. 1991, 1993; Schlcgel ef al. 1991:
Bird er al. 1992; Buchheim & Chapman 1992 Lewis et al.
1992: Saunders & Druchl 1992). [t is considered an appro-
priate pene in determining close as well as distant phylogenclic
retationships by possessing domains that exhibit varying de-
grees of conservation (Woese 1987). In addition we have sup-
ported our interpretation of species-level variation in the ssu
rRNA molecute with morpholoegical, ecological and physio-
logical data from the literature.

MATERIALS AND METHODS

Cultures

The strains used are listed in Tabie 1. All isolates were grown
in an enriched seawater medium (von Stosch & Drebes 1664)
and stirred manually on a daily basis.

Isolation of DINA

Cultures were harvested during the log phase by centrifugation.
They were immediately frozen in liquid nitrogen and kept at
—70°C until needed. Cells were thawed in extraction buffer
(100 mM Tris, pH 8.5; 100 mM NaCl, 50 mM EDTA) before
extraction of total nucleic acids by vortexing the cells in the
presence of 2% SIS and buffered phenol/chloroform/isoamyl
alcohol (50:48: 2, v/v/v). The supernatani was extracted twice
with phenol/chloroform/isoamy! alcoho! and once with chlo-
roform/isoamyl alcohol (48 : 2, v/v) prior to cthanol precipi-

tation. Some extractions were performed using a 3% CTAB
(hexadecyltrimethylammonium bromide) procedure (Doyle &
Dovle 19%0).

Amplification

Total nucleic acid preparations were used as templates for the
amplification of the nuclear gene coding for the ssu rRNA
molecule using polymerase chain reactions (PCR) as modified
by Medlin et af. (1988). Oligonucleotide primers with multiple
restriction endonuclease sites were used to permit directional
cloning into single stranded M13 {Table 2). A minimum of
five PCR reactions were performed and pooled for each spe-
cies.

Clening and sequencing

Amplification products were purified using BRL glass max spin
columns following precipitation with 2 vol ammonium acctate
and 2 vols 100% cthanol (5 min, room temperature). Purified
gene products were ligated into the RFolfMI13mpl8and M13
mpl9 (Medlin et al. 1988) using a combination of PCR product
cut with Pst I/Bgl 1l or Bam HI/Sal 1 and vector cut with Pst
1/Bam HI or Bam H1/Sal 1, respectively. Single stranded tem-
plates were prepared from as many as 4 pooled recombinant
M 13 phages in cach orientation for each species. Internat oli-
gonucleotide primers (Elwood ef al. 1985) were used to initiate
DNA synthesis in dideoxynucleotide chain-termination sc-
quencing reactions (Sanger et al. 1977) of both the coding and
non-coding strand.

Molecular character analysis

The sequences were aligned with small subunit ribosomal RNA
genes from 150 eukaryotic organisms. Acanthamoeba castel-
lanii (Douglas) Page was used as outgroup (Table 3). Secondary

Table 2. Primer nucleotide sequences used for PCR reactions in this study

EcoR | Sal |

5 prisner (35 bp}

5" primer (33 bp)
Smal

5 CCGAATTC GTCGACAACCTGGTTGATCCTGCCAGT ¥

Sl Bgl 11
5 CCCGGGAGATCTAACCTGGTTGATCCTGCCAGT 3

Hind 111

3 primer (38 bp)

Bam HI

5 CCCGGGATCCAAGCTTGATCCTTCTGCAGGTTCACTAC ¥

Psr i
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1 1 C.cohnii AACCUGGUUGAUCCUGCCAGUAGHCAUAUGCUUGUCUCAAAGAUUAAGCCAUGCAUGUCUGAGUCUAUGE - ~CUYUACACGGUUAAGCUGCGARUGGCUC  C.cohndi
1 2 E.huxley AACCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCYCAAAGAUUAAGCCAUGCAUGUCUAAGUAUAAGCEA - ~-CUAVACUGUGARACUGEGARUGGCUC  E.huxley
1 1 P.antl374 AACCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUCAMMGAUUAAGCCAUGCAUGUCUAAGUAUAAGCGA - CUUGUACUGUGAARCUGCGARUGGCUC  P.ant1374
1 & P.ant 20 AACCUGGUUGAUCCUGCCAGUAGUCAUAUGEUUGUCUCAAAGAUUAAGCCAUGCAUGUCUARGUAVAAGCGA -CUUGUACUGUGAAACYUGCGAATGGLUC ¥ ant 20
1 8 P.ant 23 AACCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUCAARGAUUAAGCCAUGC AUGUCUAAGUAVAAGCGA - CUUGUACUGUGARACTUGCGARUGGCUC  P.ant 23
1§ P.ant 22 AACCUGGUUGATCCUGCCAGUAGUCAUAUGCUUGUCUCAARGAYUAAGCCAUGCAUGUCUAAGUAUAAGCGA ~CUUGUACUGUGARACUGCGAAUGECUC P ant 22
1 7 P.ant 21 AACCUGGUUGAUCCUGCCAGUAGUCAUAUCCUUGUCUCAARGATUAAGCC AUGC AVGUCUARGUAURAGCEA- CUUGUACUGUGAAMCUGCGAAUGGEUC  Poant 21
1 8 P.glo 35 AACCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUCAAAGAUUAAGCTAUGCAUGUCUAAGUAUAAGCOR -CUUGUACUGUGARACUGCGAAUGGLUC  P.glo 35
1 & P.pou 34 AACCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUC ARAGAUURAGCCAUGCAUGUCUAAGURVAAGCGA -CUUGUACUGUGRAACUGCGAATGGCUS  P.pou 34
1 16 S.ecstat AACCUGGUUGAUCCUGCCAGUAGUCAUACGCUCGUCUCAAAGAUVAAGCCAUGCAUGUGUAAGUAUARGAUACTUVAY -C - - -GAAACUGCGGACGGCUC  §.costat
1 11 O.danica AACCUGGUUGAUUCUGCCAGUAG-CAUACGCUUGUCUCAAAGAVUAAGCCAUGCAVGUCUAAGUAVAAGCAAUCUUAUAC ~GUGARRCUGCGAAUGGCUC  O.danica
152 1 C.cohnil AUUAUARCAGUAAUGAUCUAUUUGAUGAUUA-UCSUUACAUGGATAACUACAGUAAUUCUGGAGCCAAVACAUGUUUCAACACCCAACUUA-UUGEA~GG  C.cohnid
152 2 B.huxley AUUAAAUCAGUUAUGGUUUAUUUGAUGGUACCUUGCUACTUGGAUAACCGUAGUAALNCUAGAGCUARUACAUGCAGGAGUUCCCOACUCA - ~CGGA-GG  E. huxley
152 3 P.anti3?4 AUUAAAUCAGUUAUGGUUUCUUUGAUGGUACCUUIGCUACUUGGAUACCCGUAGUANUUCUAGAGCUARVACAUGCAGGACUGCCCGACHU - - ~CGGAAGG P anti3T3
152 4 P.ant 20 AUGAAAUCAGUUAUGGUUUCUUUGAUGGUACCUCGCUACUUCEAVACCCOUAGUARVUCYAGAGCUARUACAUGCAGGACUGCCCGACUU ~ ~CGGAAGG  P.ant 20
152 5 P,ant 23 AUVARAUCAGUUAUGGUUUCUUUGAUGGUACCUYGCUACUUGGAVACCCGUAGUAAUUCURGAGCUARUACAUGCAGEACUGCCCGACUY- - -CGGARGE  P.ant 23
152 & P.eant 22 AUDARAUCAGUUAUGGUUUCUUUGAUGGUACCUUGCUACTUGEAUACCCGUAGUARUUCUAGAGCUAAUACAUGCAGEACUGCCCOACUY - -~CGGAAGE P .ant 22
152 7 p.ant 21  AUUARAUCAGUUAUGGUUUCUUUGAUGEUACCUUGCUACUUSEAUAC COGUAGUARIUCUAGAGC UAAIACAUGCAGERCUGCOCGACTU - - ~-C6GARGS P ant 21
152 8 P.glo 35 AUUAAAUCAGUUAUGGUUUCUUUGAUGGUACCUUGCUACUUSGAUACCCCUAGUAAUTCTUAGAGL UAAUACRTGCAGGAGUGCOORAQUY - -+ CHEAAGE .ol 35
152 9 P.pou 34 AUUAMAUCAGUUAUGGUUUCIMIIGAUGGUACCHUGCUACTUGGATACCCGUAGUAAUUCTAGAGCUAAUACRUGCAGGACUGCCCGACUY - » ~CGGANGG  Papou 34
152 10 S.costat AUUAUAUCAGUUAUAGUUUAUUUGAUAAUCYCUCACUACUUGGAUAACCGUAGUAAUUCUAGAGCUAAUAUAUGCAUCARAGCGGAACUCUC -GGGAACC  S.costat
152 11 O.danica AUUAUAUCAGUUAUAGUUUCUIUGAUGEUCC-UUGCUACUUGGAUAACCGUAGUAAYUCUAGAGC UARUACAUGCAGCAAUCOCUGACUVA - - ~GEANAG 0. danica
2342 1 C.cohnii GUGGUGCUUACCAMUUCAGAACCAAUC - CARGE -UUGE - UUGGY - VUCAURRUGAAGUAUGGUARGAGGAUGAAUCACAUGE - UCU- ~UUCYGGUGAUG  C.cohnil
342 2 E.huxley  GAUGUAUUUAUUAGAUAAGAAACCAAAC-C-GEUCU-CC- - - GEUUGE ~GUGCUGAGUCAUAAUAACUGCUCGAAUCECACGECUCUA-CGOCGEUSANG B huxley
342 3 P.antl3?7d GCUGUAUUUAUUAGAUABRGAAACC - AUCUCGEGY - - -CCGLCCEGUUGUGUGCUGAGUCAUAAUAACUGCUCGAAICGCACGGCUCUA-CGCCGGCGAUG  F,ant1373
342 4 P.ant 20 GOUGUANVUAUUAGAUAAGAAACC -AUCUCGGGU~ » ~LCGCCCOGUUGTUGUGLUGAGUCAUAAUAACUGCUCGARUCGCACGGLUCUA-COCCEGCGAUG  P.ant 20
342 S P.ant 22  GCUGUAUUUAUUAGAUAAGAAALC - AUCUCGGGU- - - CCBCCCRGUUGUGUGCUGAGUCAY ARUAACUGCUCGANICGCACGECUCUA-CBCCGGCGAUG  Foant 23
342 & P.ant 22 GCUGUAUUUAUUAGAUAAGAAACC - RUCUCGGEU- - - CCECCCOEUUBUGUGCUGAGUCAUARUAACUGCUCGAAUCECACGBCUCYA-CGCCGECEAUG  Paant 22
342 7 P.ant 21 GCUGUAUUUAUUAGAUARGAAACT - AUCUCGGGU- - - CCGCCCGHUUGUGUGCUGAGUCAVARUAACUGCUCBARICGCACGGCUCUA~CGCCGGCGAUG  Poant 21
342 8 P.glo 35 GCUGUAUUUAUVAGAUAAGAAACC -UUCQUCGEGU- ~ ~UCGCCCGEUUGUGUGCUGAGUCAUARUAACUGCUCGAAUCGCACCGCUCUA-CRCOGECEAUG  Faglo 35
342 ¢ F.pou 34 GCUGUAUUUAUVAGAUARGRARCC -AUCUCGGGY - - ~CCGCCCGRUUGUGUGCUGAGUCAUARUARCUGCUCGAAUCECACGHCUCUA-COCOGECGAUG  Papou 34
342 10 S.costat GCCGUGUUUAUUAGUAUUAA-ACC - -U-UCACUCHU-CGGA~ ~GUUGAUUUGGUGAGLCAUAAUAACCUBUCGANIUGCAUGCACRUGUIGC-GGCARUG  S.costat
342 11 O.danica GGUGUACUVAUUAGAUAGAA-ACCARY -G -GEGE - - ~CARCCEDUUGUU-UECUGATLCAUAGUAATIUL - COGAUCGAL - - -CUUC -~ ~ GG ~AUCCRUG  C.danica
P S S
518 1 C.cohnii CAUCUCAUGAGUUUCUGACCUAUCACCUUIGGAUGGUAGGCUATUGGCCUACCAUGECARUGACEGOUANC GGAGAAIUAGGRUUCGAULUCCOGAGAGEG €. cohnid
518 2 E.huxley GUUCAUUCARAUUUCUGCOCUANCAGCUIICEAGEUAGGAUAGAGECCUACE AUGCCOUVAACGEGUAACGEAGAATUAGGGUUCGAUUCCGGAGRGEE  E huxley
518 3 P.anti374 GYUCAUUCAAAUUUCUGCCCUAUCAGCUVUCGAUGGUAGGAUAGAGOCCUACCAUGGCGUUARCGGEUARCGCAGANIVAGGSYUCGAUUCCGOAGAGEE P ant1d74
518 4 P.ant 20 GUUCAUNCAAAGUUCUGCCCUAUCAGCUUUCGAUVGGUAGGAUAGAUGCCUACCANGGEGUIAACGGEUARCGCAGAAUVAGGGUUCGAUUCCOGAGAGGG P ant 20
518 5 P.ant 23  GUUCAUUCAAAUUUCUGCCCUAUCAGCUTUCGAUGGUAGEAUAGAGECCUACCAUGELGUUAACCGELANCCEAGAAUVAGGOUICGAVICCGBAGAGGE  F.ant 23
518 6 P.ant 22 GUUCAUUCAAAUUUCUGCCCUAUCAGCUUUCGAUGGUAGGAUAGAGECCUACCAUGEOEUURACEEOURRCCGAGAAINAGGLULCCATICCORAGAGGE P ant 22
518 7 P.ant 21 GUUCAUUCAARAUUUCUGCCCUAUCAGCUUUCGAUGGUAGGATAGAGGCCUACCAUGECGUUARCGGEUAACGERAGARUUACGOUUCGAVICCGEAGAGGG  Paant 21
518 8 P.gle 35 GUUCAUUCARAUUUCUGCCCUAUCAGCUUUCGAUGGUAGGAUAGAGGCCUACCAUGGCGUUAACICEUANCOGAGAAIUAGGEUUCSAUUCCGGAGAGSG  Puglo 35
518 9 P.pou 34 GUUCAUUCAMAUUUCUGCCCUAUCAGEUUUCGAUGGUAGGAUAGAGEGCCUACCAYGRCGUUAACGGGUAACCCRGAAUUAGEGUUCGAUUCCGOAGAGSE P pou 34
518 10 5.costat GAUCAUUCAAGUUUCUGCCCUAUCAGCUUGGGAUGGUAGUGUAUTGGACUACCAUGECUUVARCGESUARCGAATUGUUACEECAAGAUUCCGGAGAGGS  S.costat
516 11 O.dapica CAUCAUUCARGUUUCUGCCCUAUCAGCUUUGGAUGEUAGGEUATUGGCCUACCAUGGCAUVARCEGCUAACGEAGAAUVAGEOUUCGAUVUCCGGAGAGEG 0. danica
§29 1 C.cohnii AGCCUGAGAAAUGECUACCACAUCUARGGAAGECAGCAGECGIGCARATUALEC- AAUCUUGACACAAGEAGGUAGUCACARGARAUARCARUACAGGEC  C . cohnil
§29 2 E.huxley AGCCUGNGAAAUGGCUACCACAUCCRAGEAAGGCAGCAGGCGCEUARAUUGCCCGAAICCUGACACAGEGAGGUAGUGACAAGAAAUAACRAUACAGEGE . huxley
£29 3 P.antl374 AGCCUGAGAAAUGGCUACCACAUCCAAGGAAGGCAGCAGGCGCOUARANUGCCCCAAUCCYGACACAGGGAGGUAGUGACRAAGRAAUAACARUACAGEGC P ant 1374
626 4 P.ant 20 AGCCUGAGAAAUGGCUACCACAVCCAAGGAAGECAGCAGGCGCEUAAAUUGCLCEAMICCUGACACAGGGAGGUAGUGACAAGAARUBACAAUACAGEEC F.ant 20
520 5 P.ant 23 AGCCUGAGAAAUGGLUACCACAUCCARGGAAGGCAGCACGCGCEUARAUUGCCCOAAUCOUGACACAGGGAGBUAGUGACARGARAURACAAUACAGGGC FP.ant 23
628 6 P.ant 22 AGCCUGAGARAUGGCUACCACAUCCAAGGAAGGCAGCAGCCGCEUAMAUUGCCCGAAUCCUGACACAGGGAGEUAGUGACAAGARAUAACAAUACAGGEE P .ant 22
628 7 P.ant 21 AGCCUGAGAAAUGGCUACCACAUCCAAGGAAGGCAGCAGBCGCGUAARUUGCCCGRAUCCUGACACAGGOAGOUAGUGACARAGAAAUAACAAUACAGGSC P ant 21
§22 8 P.gle 35 AGCCUGAGAAAUGGCUACCACAUCCAAGGARGGCAGCAGGCGCEUARAYUGCCLGAAUCCUGACACAGBGAGGUAGUGACARGARAUAACARUACAGGGC P .glo 35
629 9 P.pou 14 AGCCUGAGAAAUGGCUACCACAUCCAAGGAAGGCAGCAGGCEYGUANAUYGCCCEARUCLUGACACAGGGAGGURGUGACARGARAUAACAAUACAGGGE P .pov 34
629 10 S.costat  AGCCUGAGAGACGGCUACCACAUCCAAGGAAGCCAGCAGSCECCUANAUTACGE - AMICCUGACACAGEGAGGUAGUGACAAUAAAUARCAAUGCCGEEC  §.contat
€22 11 O.éanica AGCCUGAGAAAUGGCUACCACAUCCAAGGAAGGCAGCAGECGCGUARATUACCE - AAUCCUGACACAGGGAGGUAGUCGUCRAUAAAURACAAUGUUGGEGC ©.danica

Fig. 1. Alignment of 185 rRNA gene from the prymnesiophytes Emifignia huxleyi, Phacocystis antarctica (strains CCMP 1374, SK 20, SK21,
SK 22, SK 23). Phacocvstis pouchetil ($K34) and Phacocystis globosa (SK35) with the dinoflageliate Crypthecodinium cohnii, the diatom
Skeletonema costaiunt and the chrysophyle Ochromonas danica. Arcas marked with a star indicate regions unique to the Prymnesiophyta.

structure of the TRNA molecule was usced 10 aid the alignment
ona VAX 6520 with the Olsen sequence editor (Oisen 19907.
With this method 1644 of 3082 positions were used 1o infer

rule, was performed with 100 iterations from the larger data
set (Felsenstein 1985). For those branch nodes supported by
less than 50% in the bootstrap analysis, a decay study was

the position of the Prvmuesiophyta relative to other algae in
the distance analysis. Of these, 531 were informative and used
in the parsimony analysis. Gaps were treated as missing data.
We compared the rclationships among the strains of Phaeo-
cystis with Emiliania “huxileyi (Lohman) Hay et Mobler as
cutgroup. using the entire ssu rRNA sequence because prym-
nesiophyte signature sequences are eliminated from the anal-
ysis of the larger data set (Fig. 1).

Analytical methods

PARSIMONY ANALYSIS: Parsimony analysis of both data seis
was performed using PAUP vers. 3.0L (Swofford 1991). In-
formative characters were trcated as unordered multistate
characters (Swoflord 1991). The heuristic procedures using the
TBR branch-swapping aigorithm and the MULPARS option
within PAUP were implemented for the larger data set, while
an exhaustive scarch with these options was used with the
smalier data set. A bootstrap analysis, using a 50% majority

performed 1o determine how many more steps must be added
1o the length of the minimal tree to collapse the branch (Mishler
et al. 1991), The consistency index (CI) indicates the amount
ol homoplasy. The retention index (RI) expresses the amount
of synapomorphy or group defining characters in the data set
{Farris 1989).

DISTANCE ANALYSIS: Distance matrix methods fit a tree to a
matrix of pairwise distances calculated beiween sequences
(Felsenstein 1988). Pairwise comparison of sequences {taxa)
were uscd 1o caleulate similarity values (Fitch & Margoliash
1967) and converted to distance values using the Jukes &
Cantor (1969) model, which assumes independent change at
all sites, with cqual probabitity of one basc changing into an-
other. Distance valucs were converted to phylogenetic trees as
described by Qlsen (1988). Distances were also calculated with
the Kimura model (Kimura 1980), which aliows for a differ-
ence between transversion and transition rates in base substi-
tution. and converted into irces using the Neighbor program
in Phylip (3.5; Felsentein 19923
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74% 1 ¢.zohnii  AUCC- - AUGUCIIGUAAUUGGAAUGAGCAGAATTUAARACACUIIGC AAGUAUC AAUUGGAGEGC AAGUC-UGGUGCCAGCAGCCECGGUARTUCCAGLY  C.cohnld
437 2 £.huxley UAUUU-UAGUCUUGUAAUUGGAAUGAGTACAAUUUACAUCUCUUCACTAGGAUCAATUGGAGGGCARGUC - UGGUGCCAGCAGCCGCGGUAAYUCCAGCY  E.huxley
137 3 P.antl374 UACU’UCUMGUCU‘UGUMU’UGGMUGAGL‘ACMCUU'ACA'UCUCUUCACGAGGAUSMUUGGAGGGCMGUCCUGGUGYCAGCAGCCGCGGUMUUCCAGCU P.antl1374
237 2 D.ant 20  UACUUCUAGUCUUGUAAUUGGAAUGAGUACARCUUACAUCUCUUC ACGAGGAUCARIUGGAGGGCARGUC - UGGUGCCAGCAGCCECEGUAAUUCCAGEY  Puant 20
737 5 P.ant 23  UACUUCUAGUCUUGUAAUUGGAAUGAGUACAACUVACAUCUCUUC ACCAGEAUC AAVIGGAGGECAAGUL - UGGUGCCAGCRGCCACGEUARUICCAGEY  Poant 23
737§ P.ant 22  UACUUCUAGUCUUGUAAUUGGAAUGAGTACAACUDACATCUCUUCACCAGGANCAATUGEAGGGCARGUC -UGEUGCCAGCAGCCGCGGUARTUCCAGEY  Paant 22
237 % P.ant 21 UACUUCUAGUCUUGSUAAUUGGAAUGAGTACAACUUACAUCUC UUCACGAGGAUCANUGGAGGGCARGUC - UGGUGCOAGTAGCCGCGEUARTUCCACCY P ant 21
%37 B P.glo 35 UACUUCUAGUCUUGUAAVIGGAAUGAGUACAACTUACAUCUCUUCACGAGGRUCARCUGGAGCECARGUL - UGGUGCCAGCAGCCOLUGUARYUCCAGCY  F.gla 35
237 9 P.pou 34  UACUUCUAGUCUUGUAAUUGGARUGAGUACAACUVACAUCUCUUCACGAGGAUCARIUGGAGEECAAGUC ~UGGUGCCAGCAGCCGCGGUARUUCCAGCY  P.apou 34
537 10 S.costat CUUZACAGGUCUGGCAAUUGGAAUGAGAACAATUUAANICCOVUATCGAGUAYCARUUGGAGEGCAAGUC -USGUGCCAGCAGCCGCEGUAAIUCCAGCY  S.contat.
737 11 C.danica CUU--CGGGUCUGACARUUGGARUGAGAAC AATTTAAAICCCUUATCGAGGAUCAMIUGGAGGGCOAAGUL - USGUSCCAGCAGCCEOGRUAAIUCCAGOY ¢ danica
529 % C.cohnll CCARUAGCGUAUAUUAAAGUUGUUGCAGUUARAAAGCUCGUAGUUGAATITUCHG~CAUAGEE - CUGUUBGUCTACCE - UCUGGGUG - UGUAUCUGAC- -~ C.cohndi
92¢ 2 £.huxley CCAAVAGCGUAVAUVAAAGUUGUUGCAGUUAMAACGCUCGUAGUCGEATUUCGE-CECEEG-COGARCEEUCUGECE -~ AUGEEUA-UGCA-CUBSCL »~  E.huxley
928 3 P.ant1374 COAAUAGCGUAUAUUAAAGUUGUUGCAGUUAAAAAGCUCGUAGUCGGATULCGE -GUCEEG-COGAGLGEUCUGCCG- - AUSGGUA-UGCA-CUGUUY--  P.ant1374 R
929 4 P.ant 20 GCAAUAGCGUAVAUUMARGUUGUUGCAGUUAAAAAGCUCGUAGUCGBATUUCGHG-GUCGGE « CCGAGCGGUCUGCCG- -AUGGGUA-UGCA-CUBUUY--  P.ant 20
929 5 P.ant 23 CCAAUAGCGUAVAUUAAAGUUGHUGCAGUUAAARAGCUCGUAGUCGGATTNICGE - GUCESEE - COGRGLBGTCUGCCE- ~AUGEGUA-UGCA-CUBIUG -~ P.ant 23
929 6 P.ant 22 COAAUAGCGUADAUUAAAGUUGUUGCAGUUARAAAGCUCGUAGUCGOATUUCGS-~GUCGEE ~CCOAGCEGUCUBCOG- -AUGGGUA-UGCA-CUGUIY-~  F.ant 22
929 7 p.ant 21 CCAAUAGCGUAUAUUAARGUUGUUGCAGUUAAAAAGCUCGUAGUCGGATUVUCGG-GUCEEG-COFAGRGEUCUGCLG ~AUGSEUA-UGCA-CUGUUU--  P.ant 21
520 & P.glo 35 CCAGAAGCGUAUAUUAARAGUUGUUGCAGUJAAAACGCUCGUAGUCGEEUUUCES -GUCEAG ~CCGAGCEBUCUGCLG “AUGGEUA-UGCA-CUGUUL~ - P.glo 35
928 9 P.pou 34 CCANUAGCGUAUAUUAMAGUUGUUGCAGUUAAMAGCUCGUAGUCGGAUVUCES ~GUCGHE ~CCEAGCEGUCUGCLG- -AUGSEUACUGCA-CUGUYU-~  P.pou 34
926 10 $.costat CCAAUAGOGUAUATUAAAGUUGUUGCAGUUANAAAGCUCEUAGUUGEATUUCUGGCAGEAG - ~UGACCGGCE - ACAC - RCACUGUG-COUG-A-GUUGYG  §.costat '
326 11 O.dsnica  COMAUAGCGUAUACUAMAGUUGULECASTTAAMAAGCUCGUAGUUGAAAUYCUGAUTIGES - - AUGUCGEUCSEGLCCCAAGEEEUT- AGUA-CCGUCTSY 0. danica
1218 1 C.cohnii  --AUGUUCUGUGCAUGASUCH-UGAUG-GCU-A-CA-GEEC0C~UUCEET -6 -GUCGUS ~ - UAGUUGUC - AGCUAUTTUACUUUGAGGARAUIAGAGUGUY €. cohnil
121g 2 ¥_huxiey '—GGCGCG—UC-CU'UCCACCC-GGAGA'CCGCG-CC-UACUC-UUA.F\C'\J*GAGCGG-GCGCGGGAGAC-GGG\]CWUUACUUUGMMAAUCAGAGUGW E.huxley
1218 3 P.ant1374 --GGCGCG-GC-CUUCUUUCC-GOAGA - CLECG-GC - UACUC ~UUAACT - GAGCEG- GCGUGSEAGAC ~COAUCCUIIACTUNGAAAAAAUCAGRGUCLY  F.ant1374
1238 & P.ant 20 - GGEGEGE-GE -CUUCTUTOC -GGAGA - COGEG - GC -UACUC -UUAACT - GAGCGE - GCCUGGEAGAC -COAUCGUUDACUYUBAARMAKUCAGAGUGUL  P.ant 20
1238 5 P.ant 23 --GGCGCG-GC-CUUCUUUCT -GGAGH- COGEE GO - UACUC - BUARCY - GAGCSS - GCGUGGEAGAC - GOAUCGUUUACUUUGAARAAAUCAGAGUGEL  P.apt 23
1218 6 P.ant 22 --GGCGCG-GE-CUUCUUUCE ~GGAGA- CCGCE - GC-UACUC-YUAACY - GAGCHC - GCOUGGGAGAC - GEAUCGUUUACTUUGAARARRUCAGRGUGUL  PLant 22
1218 7 P.amt 21  --GGCGCG-GCCUNCUUUCE -GOAGA ~LOGCG ~GC - UACUC ~UUAALY - GAGCGG-GCGUGGEAGAC - GOAUCGUUUACULUGANMAAAUCAGRGUGUL  P.ant 21
1238 8 P.glo 15  +-GGCGEG-GC-CUUCUUCE ~GGAGA -CCHCE-6C - UACUC-VUAACT - GAGC GG -GCGUGGEAGAC ~GEAVCGULUACUUUGAAARBAUCAGAGUSUY P glo 35
1218 ¢ P.pou 34 --GGOGCG-GC-CUDCUUNCE-GGAGA- COGCE~GC - UACUC-UUAAC Y -GAGCGG~GUGUGGGAGAC - GEAUCGUUUACUNUGAAARAAUCAGAGUGUD P, pou 34
1218 10 §.costat  -UCAUUCUGGCCAUCT - UUGGU-GAGALCTY -GUUY - ~GGE ~AUUAAGULIGUS -GG-GCAGEGEAUA ~ACCAUCGUUUACUGUGARARAAUUAGAGUGUY . coatat
1218 1! O.ganica U---CGGAAU-CAUCC-UCGA-GAGGAACAC- GU-C- - AUUCAGUUGAT -GG~ GOGUGGGAVY-CUCGUCUUUUACUGUGAGUAANCUAGAGUGYY  O.danica
AR AR E R AR AR AR AR A AR
1393 1 C.cohnii UCAAGCAGGCAU-GUGEC - UUGARUAUALUAGCAVGEARVANUGARAUBGAGCUUUGEAUCUUUTTUAUUGGUUUCGAGARCE - AUCGCAACGAUUGAUA €. cohnild
1363 2 E.huxley UCAAGCAGGCAG-UCGCUCUUGCAUGGATUAGCAUGGGAUARUGARALAGGACUCUGCUGCY AUUUUGUUGEULUCCAACACC -GRAGUARUCAUUARCA  E. huxley
1381 3 P.antl374 UCAAGCAGGCAGCUCGCUCUUGCAUGGATUAGC AUGGCATARTIGAAUAGGACUCUGCUGCYAUUUUGUUCCUIUCOAACHCC ~-GOACUMALUGAVUARCA P . ont1374
1393 4 p.ant 20 UCAAGCAGGCAGCUCGCUCUUGCAUGGAUUAGC AUGCGAUAAUUBAATAGGACUCUGGUGC UATUUUGUUGGUUTCGAACACCOGGAGUAAIGRUVAACA P ant 20
1393 & P.ant 23  UCAAGCAGGEAGCUCGCUCUUGCAUGGATUAGCAUGGCAUAALUGAATAGGACUCUGGUGCUAUUTUSUUGSUUUCCARCACC-GGAGUARGAVUARCA P ant 23
1393 € P.ant 22 UCAAGCAGGCAGCUCGCUCUUSCAUGGATUAGCAUGGCAUARUC GAAUAGGACUCUGEYGCUAUUDUCUUGGUIUUCGAACKCC -GEAGUAAUGALUAACA P ant 22
1391 7 P.ant 21 UCAAGCAGGCAGCUCGCUCUUGCAUGGALUAGCAUGEGAUAATUGAAUAGGACUCUGGUGCUAUTUUGUUGGUUUCGAACACCGGGAGUAAUGAUUAACA P .ant 21
1383 5 P.gle 35 UCAKGCAGGCAGCUCGCUCUUGCAUGETACAGCAUGGGAUGAIIGAAUAGCACUCCOEUGCUAYTUUGUUGGUUUCSRACACCAGEACUAAIGAUUARCA  P.gl0 35
1383 § P.pou 34 UCUAGCAGGCAGCUCGCUCUUGCAUAGGTUAGC AUGGGAUARUVUANIAGGACUCUGEUSCUAUUUUGUUGCUUUCCARCHCC -GGAGUAAUGAUUAAAR  P.pou 34
3353 10 S.costat  UARAGCAGEC -UUAUGCCGURIGAAUAVATUAGY AUGGARUAAUMAGAUAGGACUTUGAGUCUAUUUUGUUGEUUUGE - GAGYC - AAAGUAAUGAUUARIA - 8. contat
1363 11 O.@anica CAMAGCAGACAUCAUGUCAUUGAAUACGUUAGCAUGGARUARUAAGATAGGACCUUGE - UCUAUVUUGUUGGUTIG- - ACUCC - AAGGUAAUGAUUAAUA  O.danica
1663 1 C.cohnii  GGGACAAVUGGGEGCAUVUGUAUUUAACT GUCAGAGGUGAAAUUCEUGGAVUUGUUARRGACACACUAMIGCGARRCCAUUUGCCARGCALGUUUUCULY €. cohnlid
1663 2 Z.huxloy GGGACAGUCAGGGGCACUCGUAUUCCGCCGAGAGAGGUGAARUUCUCAGACCAGCGOARGACGAACCACUGCGRAAAGCAULUGECAGGGAUGUUIUCACY  E. huxley
1667 3 T.antilT4 GGGACAGUCAGEGGCACUCGUAUUCOGUE GAGAGAGGUGARATUCUCAGACCARGGRAGACEARCCACIGCEALRECAUTIGCCAGEGAUGIIGUCACY  P.ant13?4
1663 & P.ant 20 GGGACAGUCAGOGGECACUCGUATICCGUTCGAGAGAGGUGARAUUCUCAGACC AAUGEAAGACGAACCACUGCAAARGEAUTIGCCAGGGAUGYUUUCACY P ant 20
1663 5 P.ant 23  GOGACAGUCAGGGGCACUCGUAUUCCGUCGAGAGAGEUGARAUUCUCAGACCARUGGANGACGANCCACUGCFARAGCAUGUGCCAGGGAUGUUUUCACY P ant 23
1663 6 P.ant 22 GGGACAGUCAGGGGCACUCGUAUTCCGUCGAGAGAGGUGAAAUUCUCAGACCARUGGARGACGAACCACUGCEAARGCAUULGCCAGGCAUGUIUUCACY  P.ant 22
1663 7 P.ant 2! GGGACAGUCAGGGGCACUCGUAUUCCOUCGAGAGAGBUGARAUUCUCAGACCAMGEARGACGARCCACUGCEAAAGCAVUUGCCAGGGAUGUUYUCACY  P.ant 21
1663 8 P.glo 35  GGOACAGUCAGGGECACUCSUANUCCGUC GAGAGAGEUCALAIUCUCAGACCAANGEARGACGARCCACUCCEARAGCAUUYGCCAGGGAUSUUILCACY  B.glo 35
1667 @ b.pou 34 GGGGCAGUOAGGGGCACUCGUAUUCCGUCGAGAGAGGUGARAUUCUCAGACCARUGEAMGACGARCCACUGCGAARGCAUTUGCCAGGGAUGUIUUCACY  Bopou 34
1663 10 S.costatb GOGACAGUUGGGGGUAUUCGUAUUUCATUGUCAGAGCUGARAIUCTUGGAUUUCUGARAGACAAACUACUGCGAAAGC AUUUACCARGGAUGUULUCATY 5, costat
1663 11 O.cdanica GGGACAGUUGGGGGUAUUCGUAUUCAAUUGUCAGAGRUGAAAUUCUUGGAUUUAUGCAAGACSANC UACUGCEARAGCAVUUACCARGGAUGUUVLCAUY 0. danica

Fig. 1. Cominued.

Table 3, Source of rRNA sequences analysed in this study

Zea mays Linnacus Neefls er al. 199}

Chlorella vulgaris Beijerinck Neefs ¢r al. 1991

Chigrelia ellipsoidea Gerneck EMBL X63520

Cryptomaonas phi nuclees Douglas et al. 1991

Rhodomonas salina (Wistouch) Hill et Wetherbee Eschback et al. 1991 (as Pyrenomonas salina (Wistouch} Santore)
Acanthamocba castetlanii {Douglas) Page Neefs er al. 1991

Palmaria pabmata (Linnacus) Kuntze Neefs et al. 1991 {as Porphyra wmbilicalis (Linnacus) J. Agardh)
Gracilaria tikvahiae McLachlan Neefs e al. 1991

Cryptomonas phi nucleomorph Douglas ef al. 1991

Ouxviricha nova D. Prescott Neefls er al. 1991 -

Sarcocystis muris (Railliety Labbe EMBL M34846 '
Prorocentrum micans Ehrenberg Neefs er al, 1991

Crypthecodinium cohnii (Scligo) Chatton EMBL M34847

Emiliania huxleyi (Lohman) Hay et Mohler Bhatiacharya ef af. 1992

Fhaeocystis pouchetii {Hariot) Lagerheim This study ’
Phaeocystis globosa Scherflel This study

Phacocystls antarctica Karsten This study

Achiva bisexualis Coker Neefs er al. 1991

Skeletonema costatum (Greville) Cleve Neefs et @l 1991

Ochremaonas danica Pringsheim Neefs et al. 1991

Mallomonas papiflosa Harrnis et Bradley Bhattacharya er al. 1992

Svaura spinosa Korschikov Bhattacharya ef afl. 1992

Trihonema aequale Pascher Bhattacharya ¢t al. 1592

Fucus distichus Linnacus Bhattacharya e al. 1992




Medlin et al.; Genetic differentiation in Phaeocystis 203

1781 1 C.cohnii GAUCAAGAACGAAAGUUAGGGGAUCGAAGACGAUUAGAUACCIUCCUAGUCUDAACCAUAARCCAUGCCAACUAGAGAUUGGCGUGAGUGUCAVUATUG- €. cohnid
1781 2 E.buxley GAUCAAGAACGAAAGUUAGGGCAUCGAAGACGAUCAGAVACCCUCSUAGUCTUARCCAUAARCCAUGCCGRCUAGGCAVUGCAGGAUGUUCCAUUUGUGA &, huxley
1781 3 P.ant1374 GAUCAAGAACGRAAGUUAGGGGAUCGAAGACGAUCACAUACCGUCCUACTCTUARCCAUARACCAUGCCGACUAGGGAVUGEAGEGUGUUC-GUUU-CGA P ant1374
1781 4 P.ant 20 GAUCAAGAACGRAAGUUAGGGGAUCGAAGACGAUCAGAVACCGUCGUAGUCIIAACCAUAARRCCAUGCCGACUAGSGLUUGARGEGUGUUC-GUUU-CGA  F.ant 20
1781 5 P.ant 23 GAUCAAGAACCAAAGUUAGGGGAUCGAAGACGAUCAGAUACCGUCGUAGUCUUAACCAVAARCCAUGCCGACUAGCEAUUGEAGERUGUUC -GUUU-CGA  F.ant 23
1781 6 P.ant 22 GAUCAAGAACGAAACTUAGGGEAUCGAAGACGAVCAGAUACCGUCGUAGYCUTAACCAUAAACCRUGCCEACUAGGEAUUGGAGEGUSUVC -GUUU-CGA P ant 22
1781 7 P.ant 21 GAUCAAGAACGAAAGUUAGGGGAUCGAAGACGAUCAGAUACCGUCGUAGUCUUAACCAUARMACCAUGCCGACUAGGGATUGEAGEGUGUUC-GUYU-CGA  P.ant 21
1781 8 P.glo 35 GAUCAAGAACGAAAGUUAGGGGAUCGAAGACGAUCAGATACCGUCGUAGUCUVARCCAUARACCAUGCCGACUAGGGAUUGGAGESUSUUC -CULU-CEA  P.glo 35
1781 9 P.pou 34 GAUCAAGAACSARAGUUAGGGGAUCGAAGACGAUCAGAUACCGUCGUAGUCUUAACCAUAAACCAUGCCGACUAGGGAUNGGAGGGUGUUC-GULY-CGA  P.pou 34
1781 10 S.costat AAUCAAGAACGAAAGUUAGGGGAUCCAAGAUGAUTUAGAUACCAUCGUAGUCUUAACCAUARACUAUGCCGACUCAGCAUUGGCGGUUGUTY --UY--UGA S.costat
1781 11 O.danice AAUCAAGAACGARAGUUAGGGGAUCGAAGAUGAUUAGAUACCAVCGUAGUCUUAACCAVARACUAUGCCCACUAGGGAUVGEUGGACGUT - ~BUARVUGA O.danlca
2054 1 C.cohnili CUCUCUCAGCACCUUAUGAGAAAUCAAAGUCUUUGGSUTCUGGEGGEAGUAVGEUCGCARGCCUGARACUVARAGGRAVUGACGGARGGGCACCACCAGG  C.cohnllt
2054 2 B.huxley CUCCUUCAGCACCUUVCGGGAAACUARAGUCUUVGGGUTCCEGEEGCAGUAVGARUCGCAAGGCUGAAACUVARACGAAYTUGACGGARGEGCACCACCAGE £ huxley
2054 3 P.antl374 CCUCUUCAGCACCUUACGGEARACUARAGUCUBUGGEULCCEGEEGGAGUAUGGUCGCAAGGCUGAAACUUAAAGGAAUUGACGEAAGEGCACCACCAGE  P.antl1374
2054 4 P.ant 20 CCUCUUCAGCACCUUACGGSARACUAAAGUCUUUGGEUUCCEGGGGGAGUAVGEUCGCARGGCUGAARCUUAAAGGAATUGACGGAAGAGCACCACCAGE P.ant 20
20354 5 P.ant 23 CCUCTUCAGCACCUUACGGGAAACUAAAGUCIIUGGGUUCCGGGEGEAGUAUGEUCGCAAGGCUGARMACUUAAAGCGAAUUGACGGRAGEGCACCACCAGE P.ant 23
2054 & F.ant 22 CCHCUUCAGCACCUVACGGGAAACUAAAGUCUTUGGGUUCCGEEEGGAGUAUGGUCECAAGECUGARA UUAARGGANIUGACCOARGGGCACCACCAGE P .ant 22
2054 7 P.amt 21 CCUCUUCAGCACCUVACGGGAMACUAAAGUCUUUGSGUUCCRGGEEGAGVAUGEUCECARGGCUGARACUUAAAGGAAUUGACGGAAGGGCACCACCAGS P .ant 21
2054 8 P.gle 35 CCUCUUCAGCACCUVACGGGAAACUAAAGUCUUUGSGUUCCGGCEEGACGUAYGGUCECAAGGCUGARACUUAAAGGARUUGACGGAAGGGCACCRCCAGE P .glo 35
2054 5 P.pou 34 CCUCUBCRAGCACCUUACGGSAAACUAMAGUCUTYGGGUUCCGEGECEAGUAYGGUCGCARGGCUGAARCUIAALGGAAIUGACCGAAGGECACCALCAGE  P.pou 34
2054 10 S.costat CUCCGUCAGUACUGUAUGAGARAUCAAAGUCUTUGGGUVCCGEEEECACUAUGGUCGTARGECUGRAACTUAAAGAMUUGACGEARGEGCACCACCAGG S.costat
2054 1} G.danica CUCCAUCAGCACCUUAUGAGARAUCAAAGUCUUYGGOUUCCGEGEGGAGUATGEUCGCANGECUGAARCUTARACAALVUGACGOARGGGCACCACCAGE O danica
2175 1 C.cohnii  AGUGGAGCCUGCGGCUUAAIUUGACUCAACACCEEGAARCUUACCAGAUCCAGACATUCGERAGGAUUGACAGALUGAUAGCUCUUUCUUGAUUCUAUGEE  C.cohnidl
23178 2 E.huxley AGUGGAGCCUGCGGCUUAAUUUGACUCAACACGGGGAAACUUACCAGGUCCAGACAUUGUGAGGAUUGACAGAUUBAGAGCUCUUUCUUGAVUCCAUGGG  E.huxley
2175 3 P.ancid7i ACUGGAGCCUGCGSCUUAAVUUGACTCAACACGGGGAAACUYACCACCUCCAGACAUUGUUAGGAUUGACACAUUGAGAGCUCUBUCUUGAUUCEANGES P antidl4
219% ¢ P.ant 20 AGUGGAGCCUGCGOCUVAAULUGACUCAACACEGEGARACUUACCUGGUCCACACAUUGUUAGGAUUGACAGAVUGAGASCUCUUUCULGA P.ant 20
2175 $ P.ant 23 AGUGGAGCCUGCGGCUUAAUUUGACUC AACACGGGGARACUUACCAGGUCCAGACATUGUUAGGRUVGACAGATUGAGAGCUCUULCUUG, P.ant 23
2175 6 P.ant 22 AGUGGAGCCUGCGGCUUANUUUGACUCAACACGGGGAAACUACCAGGUCCAGACAUUYGUUAGEAUUGACAGAVUGAGAGCUCUNUCTUGAL P.ant 22
2175 7 P.ant 21  AGUGGAGCCUGCGGCUUAAUUUGACUCAACACGGGGAMACUUACCAGGULCCAGACAUUGUYAGGAVUGACAGAUUGAGAGCUCUUUCUUGAULUCGAUGGE P .ant 21
2175 8 P.glo 35 RGUGGAGCCUGCGGCUUAAUUUGACUCAACACGGGGAAACUUACCAGGUCCAGACAUUGUUAGGATUGACAGAUUGAGAGCUCUUUCUNGAUUCCAUGEE  P. alo 25
2178 9 B.pou 34 AGUGGAGCCUGCGGCUUANIUUGACUCRACACGGGAAARCUVACCAGGUCCAGACAUUGUUAGGAVUGACAGAUUGAGARGCUCUULCUUGAUIUCGAUGGEG  P.pou 24
2175 10 $.costat AGUGGAACCUGCGGCUUAAUUUGACUCAACACGGGAAAACYUACCABGUCTAGACAUAGUGAGGAUUGACAGAUTGAGAGIUCUUUCUUGAUUCUALGSE 5. coBtat
2175 1i O.danica AGUGGAGCCUGCGGCUUAAUUUGACUCARCACGGGGAAACUUACCAGGUCC AGACAUAGUGAGGAVIGACAGRUUGAGAGCUCUUUCUUGATUCUAUGEE 0. danica
2283 1 C.cchnii UGGUGGUGCAUGECCGUUCUUAGUUGGUGGAGUGATUUGUCUGGUVARUUCCCUUARCGAAC GAGALCUCAGCCUACURAAUAGOUACACAUGGCLY -~ C .cohnii
2283 4 E.huxley UGGUGGUGCAUGGCCGUUCTUAGUUGSUGGAGUGAUVUGUCUSGUUARUUCCGUUAACCAACGRGRICGCAGCCUGCUARAUAGCGACGCG -AACCC - -1 E.huxley
2295 3 P.antilTl UGGUGGUGCALGSECGUUCUUAGUUGGUGGAGUGAUTUCUCUCCUUAAUUCCOUUANCGANGAGRCCEUAGCCUGCUARAUAGUUCCGLE -AAC Y- -~ P.antl374
2295 4 p.ant 20 UGGUGGUGCAUGGCCGUUCUTAGUUGGUGGAGUCATUUGUCUCEUUAATUCCGUVAACGAACGAGACCGUAGCCUGCUALAUAGUUCCGLE~AALUY- -~ F.ant 20
2295 5 P.ant 23  UGGUGGUGCAUGGCCGUUCUNAGUUGGUGGAGUGATTUGUCUGGCUAAUUCCGUUAACGARCGACACCGUACCCUGCUAAAUAGUUCCELG - AACTUYU- -~ P ant 23
2295 6 P.ant 22 UGGUGGUGCAUGGCCGUUCUUAGUUGEUGGAGUGAUNEGUCUGGUUARULCCEUVAACGAMCGAGACCEUAGCLUGCUARAUAGUUCCOCG-AACHU--~ P ant 22
2295 7 P.ant 21 UGGUGGUGCAUGGCCGUUCUNAGUUGGUGGAGHGAUTIUGUCUGGUUARUUCCGUTAACGAACGAGACCEUAGCCUGCUAAMIAGUUCCGCG-AMCUL-- - P.ant 21
2285 g P.glo 15 UGGUGCUGCAUGGCEGUUCHTAGUUGGUGGAGUGAUUUGUCUGGUUANIUCCGAUAACGAACGAGACCGUAGCCUGCUTARUAGUCCEGEG-AACUL-~~  P.glo 35
2295 9 P.pou 34 UGGUGEUGCAUGGCCGUUCUUAGUUGGUGGAGUGAUIUGUCUGGUUAAUUCCOUUAACGAACCAGACCEUAGCCUGCUARAUAGUUCCECG-ARCYL--- P pou 34
2205 10 S.costat USGUGCUGCAUGGCCGUUCTUAGUUGGUGGAGUGAVULGUCUGGUYARUUCCCUUAACGAACGAGACCGCTGOCUGCUARARUAGRCCCGLG-AAUAGCUU  S.costat
2295 1l O.danica UG JGCAUGECCGUUCTUAGUUGGUGGAGUSAUVUGUCUEGUUAAUUCCGUYAACGAACGAGACCCCUGCCUGCUAACUAGUCGUCUG-ASUGCCUR 0. danica
2556 1 C.cchnii AGGCUAD-GUGGGUAAGCUUCULAGAGGGACUUL - GUAUGY - UCAAUGCAAGGAAGUCUGAGGC ARUUACAGEUCUGUGAUGLCCUNAGAUGUUCUSGEE €. cohnil
2556 2 E.huxley C-COUUC-GC-UG-GAGCUUCUUAGAGCGACAAL UL~ GUCY ~UCAACAAGUGGAAGUUCECGGCARUAACAGRUCUGIGAUGCCCUVAGAUGUUCUGGGC  E huxley
2558 3 P.antl374 CUUGUS-GECOUCGA- CUNCUIAGAGGGACARNUY - GUGA - COAACARGUGCARCUNUGCEGCAAUARCAGGUCUGYGAUGCCCUVAGAUGUUCUGEEC P antllld
2556 4 p.ant 20 CUUGHU-GGCGGUCHA-CUUCUUAGAGGGACAAC YU -GUGA~CCARC AAGUGGAACUUUGCGGCAAUAACACEUCUGUGAUGCCLUUACAUGTUCUGGGE  P.ant 20
2558 S P.ant 23 CUUGUU-GGOGGUGGA-CUNCUUAGAGGGACARLUT - GUGA-CCAM AAGUEGAAGIRIUGCGGCARUAACAGEUCUGHCAUGCCCUUAGAUGUUCHGGGE  Poant 23
2556 6 P.ant 22  CUUGUU-GECGEUCGA- CUNCUUAGAGGGACARCUY - GUGA~COAAC AAGUGG ARGUUUGCEGCARUANCACCUCUCUGAUCLCCUUAGANGUUCUGGEE  Puant 22
2556 7 p.ant 21 CUUGUU-GGCGGUCGA-CUUCUUAGAGGGACAACUY - GUGA ~CCAACAAGUGCAAGUUUGCGGCAAUAACAGEUCUGUGAUGCCCUYAGRUGUUCUGSGE  Puant 21
2556 B p.glo 35 CUUGUU-GGLGGCCGA -CUUCUUAGAGGOACAACU - GUGA -CCAACRAGUGGAAGUUUGCGGCAAUARCAGGUL UGBUGAUGCCCUVAGRUGUUCUGGGE P.glo 35
25886 9 P.pou 34 CUUGUY-GGCGGUCGA ~ CUUCUUAGRAGGGACARCUY - GUGA - CCAACARGUGGAAGUTUGCGGCAAUAACAGGUCUGUGAUGCCCUUAGAUGUUCUGEGC  Popoy 34
2556 10 S.costat ULUUAUY-GGC - - GAGGUCUUCUUAGAGGGACGUUCA - UUCUACAAGAUGANGCRAAGAUGELGGCAAIARCAGGUCUGUGAUGCCCUUAGANGUCCUGEGC 8. costat
2656 11 O.danica GGCAUU-GAGA-UCCGACUUCUUAGAGGGACUUUUG - GUGA ~CUAACC AAACEAAGUUAGRGGCARUAACAGGUCUGUGAVGCCCUNAGAUGUCCUGHEC 0. danica

Fig. 1. Continued.

RATE CONSTAMNCY TESTS: The relative rate of evolution was
calculated to determing if the cold- and warm-water Phaeo-
cystis strains differed significantly from £. Auxleyi (Li & Graur

groups were determined by both distance and parsimony anal-
yses. For the distance analysis, only the tree generated by the
Kimura model is shown (Fig. 2). in this tree, the Prymne-

19913, The variarce in the number of substitutions per lineage
was compared to the mean to determine if these rates were
significantly differcnt (Ochman & Wilson 1987).

RESULTS -

Molecular analysis

Complete 188 rRNA sequences were determined for the
Phacocystis strains and deposited in Genbank (accession nos
X 77475 and X77481). The 185 ssu rRNA pene consists of
1803 nucteotides. The alignment with £ fuxlevi. Skeletonema
costatum (Greville) Cleve, Ocliromeonas danica Pringsheim and
Crupthecodiniunt cohnii {Seligo) Chatlon is presented in Fig.
1, while an alignment of £, huxleyi with many other chloro-
phyll @ & ¢ algac can be found in Bhattacharya ef al. 1992,
Ambiguitics were noted in cach strain.

The relationship between the Prymnesiophyta, represented
in our study by Ph. pouchetii and E. huxleyi, and other aigal

siophyta do notl share a rccent history with the stramenopiles
(heterokont flagellates, Patterson 1989) and are the first algal
group to emerge in the major radiation giving rise to all of the
non-green algae, excepl for the cryptomonads which are related
1o Acanthamoeba. The tree generated by the Jukes and Cantor
mode! (trec not shown) is identica! to the single most parsi-
monious tree (2550 steps) obtained using the heuristic scarch
within PAUP (Fig. 3) and places the Prymnesiophyta as the
second major algal group to cmcrgé after the Rhodophyta. In
the trees based on the Kimura model and the Jukes/Cantor
model, the emergence of the Prymnesiophyta and the Rho-
dophyta are interchanged, with the prymnesiophytes being
morce distantly related to the stramenopiles (heterckont fla-
gellates) in the Kimura model. With two additional steps added
10 the length of the parsimony minimum tree, the two branch
nodes with a less than 50% majority ruie in the bootstrap
analysis collapsed, but six additional steps were necessary to
collapse nodes supported by 61-62% of the resampled trees.
Of these nodes. that leading to prymnesiophytes is the least
repeatable, Those internal nodes supporting = 70% of the
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2663 1 C.cohnii UGCA-CGCGCOCUACACUGAUGCATT CARCGAGUGUATTUCCUUGE CUGGARGGRUUGGGUAANCUCYUTRAAUUGC AUCGUGAUGGGCAVAGACTCYUG 2. .cohnil
2663 2 S.huxley CGCA-CGCGCGCUACACUGAUGCACTCAACGAGUCUAUCACCUUGACCGAGAGGUCCOCEUAAUCUUIUGAAAVUGCAUCCUGAUGGGGAVAGAUUATUE  E. huxley
2663 3 P.antl374 CGCA-CGOGCGEUACACUGAAGCACTCAACGAGUC - ~CACCUCGACCGACA -GUCUGGEGAMACCUUUUGAAATUGCUUCGUGAUGGGGAUAGAUYAYUUG P, ant1374
2663 4 P.ant 20 CGCA-CGEGCGCUACACUGAAGCAC TCAACGAGUC- - ~CACCUCGACCGACAGGUCUGGGAAACCUUNYGAAAUUGCUUCCUGAUGGGGAUAGAUUAUUG  P.ant 20
2663 5 P.ant 23  CGOA-CGCOCGCUACACUGAAGCACTUCAACSAGUC - - -CACCUCGACCGAC AGCGUCUGGBARACCUTUUGARAUUGCUICGUGAUCCEGAUACGAUUATUG  P.ant 23
2663 6 P.ant 22 CGCA.CGCGCGCUACACUGAAGCACTCAACGAGUC -~ wCACCUCGACCGACAGGUCUEEEAAACCUUIUGAAAUUGCUUCGUGAUGGGAAUAGAVUAUUG  P.ant 22
2661 7 P.ant 21 CGCA-CGCGCGCUACACUGAAGCACTLAACGAGUC - - -CACCULGACCGACAGEUCUGGGARACCUUTUGAARTUGCUUCGUGAUGGCGGAVAGAUUAYYG  P.ant 21
2663 8 P.glo 35 CGCA-CGCGCGCUACACUGAAGCACTCAACGAGUC- - ~CACCUCGACCGACAGBUCUGGGAAACCUUVUGARAUUGCUUCGUGAUGGGCAUAGRUUAVUG  P.glo 35
2663 § F.pou 34 COCA-CGCGCGCUACACUGARGCACTCAACGAGUC - - ~CACCUCGACCOATAGEUCUGSGAAACCUUUUCARAUUGCUUCGUGAUGGGEGAUAGAUUATUG P .pou 34
2663 10 S.costat  CGCA-COCGCOUUACACUGAUGCAC TCARCGAGCAVAUAACCHUGGCCSAGAGGCCUSSEUAAUCUUGUUAACUVGCAUCGUCAUAGCCAUAGRUTAUUG  S.costat
2663 1t C.danica CGCA-CGCGCOCUACACUGACACATLELAGOGAG -« WUCUYCCUUGUCCEAAAGGUCUBEGUAAYCUUGUCAAVGUGUGUCGUGAUAGGGAUAGAUTATUG O danica
2835 1 C.cohnii CAAUUAUUAGUCUUCAACGAGGAAUTCCUAGUAAACACEAGUCAACAUCTCCUAVUCAUUACGUCCCUGCCCUVUGUACACACCGCCCEUCGCUCCUALE ¢ cohnid
2835 2 T.hukxley CAACUAVUAAUCUUCAACGAGCGAAUTCCUAGUAAGCGUSUGUCAUCAGCSCACGUUGAUVACGUCCCUGCCCUVUGUACACACCGCCCBUCGCUCCUACT E.huxley .
2835 3 5.ant1374 CAACUATUAAUCTUCAACGAGGAATTCCYAGUAAGCGCAUGUCAUCAGCOUGCEUUGAVUACGUCECUGCCCUTUGUACACACCGCOCGUCGRUCCUACS P ant1374
2835 4 B.ant 20 CAACTAUUAAUCUUCAACGAGGAATGCCUAGUAAGCGCAUGUCAUCAGCGUGCGUUGAUVACGUCCCUGLCCUVUGUACACACCGCCCGUCGCUCCUACS  Paant 20
2835 5 D.ant 23 CAACUAUUAAUCUUCAACGAGGAATT CCUAGUAAGCECAUGUCAUCAGCGUGCGUUGAUTACGUCCCUGCCCUINIGUACACACCGCCCGUCGCUCCUACT  Poant 23
2835 6 P.ant 22 CAACUAUUAAUCHUCAMCGAGGAA LT CCUAGUAAGCGCAUGUCAUCAGCEUGCGUUGALUUACBUCCCUGCCCUTUGUACACACCECCCEUCECUCCUACC  Paant 22
2835 7 p.ant 21  CANUVAUUAAUCUUCAACGAGCAATT CCUAGUAAGCECAUGUCAUCAGCEUGCGUUGAUTACGUCCCUGCCCYVUGYACACACCECCOBUCBLUCCUACE  P.ant 21
2835 g P.glo 35 CAACUAUVAAUCUUCAACGAGGARATUCCUAGUAAGCGCAUGUCAUCAGCBUCCGUUGANUACGUCCCUGICCUYUGUACACACCGCCOGUCGCUCCUACT Fuglo 35
2835 ¥ p.pou 34 CAACUAUUAAUCUUCAACGAGEAMTUCCUAGUAAGCGCAUGUCAUCAGCEUCCGUUGAUUACGUCCCUGCCCUUIGUACACACCGCCCGUCGCUCCUACE  Pupou 34
2835 10 S.costat CRAUUAUVAAUCUTGGAACGAGGAAUVCCURGUAAUCGCACUUCAUCAAACUGCAAUGAVUACGUCCCUGCCCUUUGUACACACCGCCCGUCGCACCTIACC 8. costat
2815 1) D.danica CAAUUAUGAAUCUUGAACGAGGAATUCCUAGUAAAUGCGGRUCANCAgLUCGCGUUGaUNacgUCeCUGCCCUUNGUACACACCECCCCUCECACCUACE O .danica
2938 1 C.cohnii  CATUGUGUGCUUCGGUGAAUMAUTCSGACCGUUCCY - CAUARGAGUCUC - - -UCUUUE- ABGEGU -~ - - GRARAGUIUGGUGANCCACAGCACAURGAGGA  C.cohnid
2938 2 GAVUGAAUGAUCCGEUGAGELCECC SOACUCEEECGCEECAGCUCGUUC -UCCAGECHCGAC -GCCECEEGAAGCUGICCGRAACCUNAUCARUVUAGAGEA B . huxley
2938 3 i GAUTUGAAUGAUCCEGUGAGGCOCT CUGGEGLEACGCALUCGGUUC - GECGBACGTGAL ~GLUCCEG - AAGCUGUCC RAACCULAUUAUUYAGAGGA  P.ant1374
2038 4 F. GATUEAAUGAUCCGOUBAGGCCOCT S3ACUGEBECEACGCAVUCGGUUC - GLCGEACGEGAL - GCUCCOOGARGCUSUCT AAANCCUUAUVAUUUAGASGR  Paant 20
2938 P.ant 23 GATUGAAUGAUCCESUBAGGCCCCOS 23ACUGERGCGACGCAUUCGGULC -GLCGEACGCGAC-GCUCCEEEARGCUGUTCARAC CUVAUUALUUAGAGGA  P.ant 23
2038 6 P.ant 22 OAUIUGARUGAUCCGGUGAGGCCCCC ZEACURGGGCGACGCAUNCEEUNC -GCCOGACEIGAT - GCUCCGGGARGCUGHCCARACCUVAUUAVUUAGAGGA  P.ant 22
2838 7 P.ant 21  GAUUGAAUGAUCCTOGUGRGGCCCCT SGACUGEEGCEHEGCAYCERUNC -GECGEACGCEAC - GCUCCEIGARGCUGUCCARNCCUUAUUAUULACAGG, P ant 21
2938 28 P.gle 35 GAUUGAAUGAUCCGGUGAGGCCCCCEGACUGEEGCGACGCANICGGUUC -GCCGRACGTGAL - GCUCCOECANGCUGUCCAAACCUVAUUAUUUAGAGGA P.glo 35
2638 8 P.pou 34 GAUUGAARUGAUCCGGUGAGGOCCCCGEACUGEEECEACGCABUCGGUUC -GCCGBACGCEAC - GCUCCGEGAAGCUGUCCAARCCUVAUUAULUAGAGGA FP.pou 36
2938 10 S.cestat GATUGAAUGGUCCGGUGAGGAGUCGAGAUUGUGGAUUAGCUCE -UUUA -V -GGGGCUVAUCCGE - - - GAGARCCUCUCCAAACCULAUCAUNUAGAGGA  §.costat
2938 il C.danica GATUGAAUGAUUCGGUGARRCUVUC SGACCOUGGUUCTUGRCACIVEE - -GUGGU-GAGAAUCGY - - -GEAAAGUUAUUUARACCUCAUCAUUUAGAGGR  O.danica
eare R RARE AR R AR
3081 1 C.cohnii AGGAGAAGUCGUAACAAGCGUUUUCGUAGGUGAACCUGCAGAAGEAUCAAGS C,cohnil
3081 2 =.huxley AGGAGARGUCGUAACAAGGUYUCCGUAGGUGARCCUGCAGANGGAUCAA E.huxley
3081 3 P.antl3T4 AGGAGAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCAGARGGAYCAA P.antl374
a081 4 P.ant 20 AGGAGAAGUCGUAACAAGCUUUCCGTAGGUGAACCUGCACAAGGAUCAR P.ant 20
3081 5 P.ant 23 AGGAGAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCAGANGGAUCAA P.ant 23
3082 6 P.ant 22 AGGAGAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCAGAAGGAUCAR P.ant 22
3081 7 P.ant 21 AGGAGAAGUCGUAACAAGGUUUCYGTAGGUGARCCUGCAGARGGAUCAA P.ant 21
angl 8 T.glo 35 AGGAGAAGUCGUAACAAGGUUUCCGUAGCUGAACCUGCAGAAGGRUCAA P.gle 35
3081 5 P.pou 34 AGSAGAAGUCGUAACAAGGUULCCGUAGGUGAACCUGCAGARGGARUCAA P.pou 34
3081 10 S.costat AGGUGAAGUCGUAACAAGGUUUCCGUAGGUGARCCUGCAGARAGGAUCAR S.coscat
3081 11 C.danica AGGUGAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCGGAAGGAUCAUL- O.danica

Fig. i. Continued.

bootstrap proportions probably do reflect accurate clades (Hil-
lis & Bull 1993). Nevertheless, the Prymnesiophyta appear
monophyletic in all trees (see bootstrap value. Fig. 3} and are
cquaily similar 1o all major algal groups (Fig. 2).

The relationship among seven strains of Phaeocystis was
examined using the complcte 185 rRNA sequences and ana-
lysed with both distance and parsimony methods. Similarity
values among the strains of Phaeocystis and F. hxleyi, which
was used. as outgroup, range from 94% to 100% (Tabic 4}, The
absolutle number of nuclectide differences scparating the strains
of Phaeocystis (Table 4} are comparable to species differences
within the protozoan Tetrahymena (0-33) (Sogin et al. 1986)
and the diatom Skeletonema (11) (Medlin ef af. 1991). Similar
differences separating Phacocystis and Emiliania were found
between distantly reiated genera within the Chlorococcales
(Huss & Sogin 199 1) and Volvocales (Larson e al. 1992), while
more closely related taxa were separated by base differences
comparable to the differences between our Phacocystis strains
corresponding to distingt species,

The number of nucleotides separating well-established spe-
cies in these studies suggests that there are sufficicnt numbers
of nucleotide differences 1o separate these colony-forming
Phaeocystis strains into three separate species in agreement

with the recommendations of Moestrup & Larsen (1992) and
Baumann ¢f al. (1994b). We recognize the antarctic cold-water
forms as Phaeocystis antarctica (Karsten 1905) along with the
two resurrected species, Ph. globosa and Ph. pouchetii, the
latier occurring in the Arctic Ocean and in sub-polar regions
of the North Atlantic. Variation in the 188 ssu rRNA molecule
within Ph. antarciica show an intraspecific variation from 0
10 5 bases. Four isolates of Ph. antarctica are remarkably iden-
tical (0-2 bases), despite originating from both open water and
ice samples and from both sides of the antarctic continent (Fig,
4), Only strain SK 20 is separated from the other strains by
morc base substitutions (Table 4). Unfortunately, this culture
has been lost and we are unable to re-assess its identity (see
discussion below).

Both the distance and the parsimony trees indicate that the
warm-water form, Ph. globosa, diverged prior to the diver-
gence of the two cold-water species (Fig. 5). The distance tree
resolves the relationship of all of the strains analysed to date
and places strain SK 20 of Ph. antarctica as the most derived
strain within this species {Fig. 5a). However, if all strains are
included in the parsimony analysis, the five strains of Ph.
antarctica cannot be separated from one another because they
share only two informative sites. 150 equally parsimonious
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Fig. 2. Phylogenetic representation of the position of the ssu rRNA
gene from the prymnesiophyle nucleus; Kimura model using the neigh-
bour joining algorithm {Phylip 3.5). The distance corresponding to 10
changes per 100 nucleotide positions is placed below the distance tree.
I is refiected in the horizonial separation of taxa in the iree.

trees are generated, each showing different recombinations of
the antarclic strains {irees not shown). A consensus tree shows
the polar taxa unresolved. If only twe strains (SK 20 and
CCMP 1374) are chosen to represent Ph, antarciica in our
parsimony analysis, then three equally parsimonious trees are
gencrated (irees not shown). Twe interchange the earlier di-
vergenee of the arctic species with the antarctic strains, while
one shows an unresolved trichotomy between the three cold-
waler strains analysed. Parsimony analyses can fail to find the
shortest trec if there are 0o few phylogenetically informative
sites relative to the number of taxa included (Stewart 1993},
Therefore the only parsimony tree that can resolve the branch-
ing order is one with only a single strain representing the taxon
Phaeocystis antarctica (Fig. 5b). The branching order is iden-
tical to thai found in the distance analysis.

The rate of evolution .of the warm- and cold-water taxa
relative 1o E. huxleyi was calculated with the relative rate test
using the number of base substitutions in Table 4. The two
cold-water species, Ph. antarctica and Ph. pouchetii are evolv-
ing slightly slower (.7 and .3 times respectively) than Ph. glo-
hasa relative 16 E. huxiepi, but this rate is not significant. If
rates are relatively constant in any two lineages, then the ratio
of the variance in the number of substitutions to the mean (R)
is 1 (Ochman & Wilson §987). Our caiculated R value is .2,
which indicates that the rate of evolution in both lineages is
constant.

Morphological and physiological analysis

Previously published morphological and physiotogical features
of Phaeocystis cells undoubtedly confiict because of laxonomtic
confusion surrounding the identity of the colony-forming stage
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o4 Zea mays
Woor— Chiorella vulgaris
{ Chiorella ellipsoidea
100 Palmaria palmata
98 —E Gracilaria tikvahiae
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Sarcocystis muris
Prorocentrum micans
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Tribonema aequale
Fucus distichus
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L— Rhodomonas salina
Acanthamoeba castellanii

97

Fig. 3. Phylogenetic representation of the position of the ssu yRNA
gene from the prymncsiophyte nucleus from the single most parsi-
maonious iree vsing the heuristic branch swapping algorithm (PAUP).
(Tree length 2550 steps, CI excluding uninformative characters =
0.506, R1 = 0.494). Values placed above the nodes indicate the boot-
strap value from the consensus tree using a 50% majority rule. Those
nodes where the bootstrap vajue is less than 50 were collapsed and
unresolved in the bootstrap conscnsus trec. Values placed under the
nodes refer to the decay index or the number of steps beyond that in
the minimal tree at which the branch collapses. The decay index was
calculated only for those nodes where Lthe bootstrap vatue was under
70%.

of Phaeocystis. We have critically reviewed published obser-
vations on Phaeocystis spp. and amassed a summary of fea-
wres, which refiect our interpretation of the taxa.

Features of colony morpheology that can be used to differ-
entiate the three species as circumnscribed in this study are
presented in Table 5. There is an obvious identity in the mor-
phological features of Ph. globosa and Ph. antarctica, but the
two taxa exhibit distinctly different temperature tolerances and
growth optima (Table 5, Fig. 6). At present, their geographic
separation represents the only reliable feature upon which to
assign a specific name, although differences in pigment spectra
and DNA content(Vaulot ¢/ &/ 1994) and in the ultrastructure
of the colonial and flageliated stages (Table 6 and Chrétiennot-
Dinet, personal communication} support the genetic separa-
tion of Ph. anrarctica from Ph. globosa. In contrast, Ph. pouch-
etii has more morphological features that identify its colonial
stage. 1t is smalier and the cells are in groups of four situated
primarily in the curves of the fobes of more delicate colonies.

Previously, only observations on the flageliated stage of Ph.
serobiculata snd Ph. pouchetii (including both Ph. pouchetil
and globosa) have been compared (Davidson & Marchant
1992). We present a summary of the morphological features
of the flagellated stages of Ph. globosa. Ph. scrobiculata, Ph.
pouchetii, and Ph. antarctica based on published and unpub-
lished obscrvations (Table 6). Features assignable to Ph. glo-
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Fig. 4, Location of the strains of Phacocystis amarctica analysed in
this study.

bosa in cur table were based on published descriptions of Ph.
poichetii and we have used the cxpected biogeographic dis-
tribution of Ph. globosa as a deciding factor in determining
the specific epithet examined in these studies Although some
features remain 10 be investigated, the size of the cells, the
length of the flagella and the siructure of the threads, ail of
which can be seen in field samples, separate the four taxa.
Differences between flageliated stages of Ph. antarctica and Ph.
pouchetii are very stight, but the geographic separation of the
taxa is substantial. These ulirastructural differences arc sup-
ported by our rtDNA analysis,

Physiological observations on Phacocystis sp. undoubtedly
represent a major part of the published literature on this genus,
We have replotted published data on the maximum specific
growth rates of Phaecocystis spp. in those cases where we were
certain of the identity of the species investigated (Fig. 6) and
calculated the doublings per day. Although each of the three
species iflustrated has a different optimum growth rate, all
three exhibit the same doublings per day (Fig. 6). Our relative
rate test subsiantiates that the warm- and cold-water species
are cvolving at the same rate, a refiection of their similar
generation times.

Eailiania huxleyi

(a)

Phococystia globora 5x 35

Phoeocystis pouchatii SK 34

Phococystia anterctica Sk 72

Phaeocystia entorclice st 23

Phoeocystis antorctico CORP 1374
Phococyalia anlarctico SL 38

Phaeocystis antarclica Sk 21

Emubana huxiew

b}

Praeccyshs antarchez

Y Pragocyshs povchetn

FPhaseeyshs giobosa

Fig. 8. Separation of Phaeocystis spp. using distance matrix (a} and
parsimony methods {b). The distance corresponding to | change per
100 nucleotide positions is placed below the distance tree. [t is reflecied
in the horizontal scparation of taxa in the tree. The parsimony trec is
the most parsimonious one found using the exhaustive branch swap-
ping algorithm (PAUP), tree length 105, Cl = 1.0, RE = L.0.

DISCUSSION

Phylogeny of the Prymnesiophyta

The phylogenetic relationships of the Prymnesiophyta have
been the subject of several morphological and cladistic inves-
tigations (Cavalier-Smith 1986, 1994; Andersen 1991). Al-
though it was removed from the Class Chrysophyceae by
Christensen (1962}, most recent warkers still believe that the
group is closely related to the Chromophyta/Qomycota (Cav-
alier-Smith 1986, 1994; Andersen 1991). Sequence data from
the large (1su) (Perasso ef af. 1989) and small {(ssu) subunits of
the ribosomal RNA (rRNA) molecules (this study, Bhatta-
charya et al. 1992) have been used 1o provide an independent

Fable 4. Per cont similarity {x 100) between small subunit ribosomal RNA sequences of Emiliania huxleyi and Phaeocystis spp. {upper iriangle)
and absolutg number of nucleotide differences between these scquences excluding gaps and ambiguous nucleotides (fower triangle)

Similarity to
CCMP

QOrganism E. hux 1374 SK 20 SK 23 SK 22 SK 21 SK 35 SK 34
E. huxieyi 0.950 0,949 0,951 0,951 0,951 0,945 0,948
P. antarctica CCMP 1374 77 3,997 0,999 (3,999 1,060 0,989 0,996
P antarctica SK 20 81 4 0,997 (3,997 0,998 0,988 0,994
P.antarctica SK 23 78 | 5 0,999 0,999 0,990 0,996
F.amarctica SK 22 77 | 5 2 0,999 0,990 0,996
FP. antarctica SK 21 77 0 4 i 1 0,990 0,996
P globosa SK 35 88 17 22 18 18 18 0,987
P. pouchetii SK 34 82 6 10 7 7 6 22




Table 5. Colony morphology and temperature lolerance of Phaeocystis globosa, Ph. antarctica and Ph. pouchetii, after Jahnke & Baumann (1987)

and Baumann ef al. (1994b)
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Criteria

Ph. glohosa

Ph. antarctica

Ph. pouchetii

Colony morphology
Maximum size
Shape

Cell distribution

Mucilage
Physiclogy

Growth range

Growth optimum

. 8-9 mm

At teast 9 mm?

Spherical and numerous derived forms

Evenly along
the periphery

Solid

410 22°C
16°C

Evenly along the

1.5-2 mm

Spherical up to a colony dizmeter of
0.4 mm, lobed above 0.3 mm

Only in the curves of the lobes of

Temperature tolcrance =0.6% 1o 22°C

periphery larger colonies, and mostly regu-
lar: 4 cells form a square, cell free
mucilage in beiween
Sotid Deticate
—1.6% 1o 14°C ~2 10 12°C
4.5°C 8C
< ~210 }4°C < —~21014°C

' Baumann ¢ef al. 1993b.
* No lower temperature tested so far.
* Cadée 1992,

assessment of the phylogenetic relationship of the Prymne-
siophyta as have an analvsis of the genes coding for the large
and small subunits of Rubisco {(Fujiwara ¢f af. 1993}, All in-
dicate that the Prymnesiophyta are a distinct cukaryotic lin-
cage that does not share a recent evolutionary history with the
stramenopiles (heterokont fagellates). The Cryplophyla and
Dinophyta are also separate lineages. In both our analysis and
in that of Bhattacharya er afl. {1992) the dinoflagellates and
their heterotrophic relatives emerge between the Prymne-
siophyta and the stramenopiles. The bootsirap analysis dem-
cnstrates the high degree of repeatability in the branching order
of the diroflagellates and stramenopiies but the exact position
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Fig. 6. Summary of maximum specific growth rates of three species
of Phacocystis, taken from Baumann ef af. (1994b).

of the prymnesiophyles is not strongly supporied. A study of
tree decay indicates that only two steps are needed to change
the position of the prymnesiophytes. This further supports the
hypothesis that branching orders are difficull 1o resolve during
this period of rapid radiation in the eukaryolic lincage, despite
using a closely related eukarvote, Acanthamoeba, as outgroup.
It is clear, however, that the prymnesiophytes are not a sister
taxon to the stramenopites and perhaps the idea of the kingdom
Chromista should be redefined.

Phylogeny and biogeographic distribution of
Phaeocystis

Our analysis of the smaller data set using E. huxleyi as out-
aroup 1o examinc the relationships among the Phaeccystis
strains substantiates the scparation of the colony-forming
Phaeocystis strains into three separate species foliowing the
interpretation of Mocestrup & Larsen (1992) and Baumann ef
al. (1994a, 1994b). Qur preliminary results, including four
other temperate/tropical strains, indicate that Phaeocystis orig-
inated as a warm-water genus; the cold-water forms evolved
more recently, Ph, aniarctica retained the morphology of the
warm-water ancestor, while Ph. pouchetii’s morphology di-
verged. Since their separation from their last common ances-
tor, both the cold-water and the warm-water species have been
evolving at the same rate, indicated by their nearly identical
generation times.

Morphological separation can be achicved using a combi-
nation of colony morphology and features of the flagellated
stages. Phaeocystis globosa and Ph. antarctica are difficult to
separate using colony morphology alone and their distribution
may overlap in the Southern Hemisphere. Although features
of the flagellated stages of Ph. antarctica and Ph. pouchetii are
nearly identical, their colonial stages are not, and their distri-
bution does not overlap. Clearly, more features are needed to
discriminate between stages of the fife cycle at the species jevel.

One of the most interesting topics to emerge from the use
of molecular data in assessing ecological/taxonomic problems
is that these types of data can be used not only 1o infer the
cvolutionary history within a group of organisms but also to
test theories of biogeographical distribution of taxa through
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Table 6. Features of the motife cell of Phacocysiis commonly assumed 1o be species specific (from Baumann et al. 1994h)

Ph. globosa Ph. scrobiculata Ph. pouchetii Ph. antarctica’

Size 3-8 ym!
Threads!'-* Pentagonal figure {Jength up to
20 um, diam. 0.05 pm)!

8 um?

Ninc ray figure (four pairs plus
one) (length can exceed 50
um, diam. 0.1 gm)*

Diam. ¢. 5 um*
Pentagonal figure®

3-8 pm?®
Pentagonal figure® (length:
46 pm, diam. 0.1 gm)®

Scalesgt-2* Two different scale tvpes: both Two diflerent scale types: both Two different scale types Two different scale types
shew a pattern of radiating show on the ventral side s present, but not present, but not
ridges. visible on both surfaces paitern of ridges which radiate characterized® characicrized?

from a plain centre, the dorsal
side is without visible pattern-
ing
- larger scales are most circular - larger scales are oval with a
flat plates with verticaily peripheral upstanding rim
upstanding rims. usualiy cx- which shows no distinet
aclly 48 ridges. radiating pattern (0.60 x 0.45 um)?
from an approximately rect- (041 x 0.3 pm)?
angular plain centre (018 =
0.19 pm)* {diam.: 0.25 pm)*
- smaller scales are oval plates - smaller scales are circular oval
with strongly inflexed rims, with a dorsal patternless rim
30 ridges, radiating from an (0.19-0.21 prm)* (0.1 gm)?
oval plain centre (G.10 x
0.43 pm)* {diam.: 0.12 pgm)?
Flagelia® ¢ 10-15 pm long® 2330 um long? 8 um long’ ¢. 12 pm long®
Haptonema®  Non-coiling type, slightly shorter  Non-coiling type, 5 um long? 3 gm long® Not investigated

than thal of Ph. scrobiculata®

' Parke ef al, (1971) (In their introduction the authors declare (p, 927) that referring to the requirement of the International Code of Botanical
Nomenclature {Article 73, recommendation 73¢) the species name Ph. pouchetii was used, although they admit *With respect 1o material from
British waters, there is some observalional and experimental evidence in favour of treating Ph. pouchetii and Ph. globosa as different forms of
a single taxon. . . This evidence is. however, by ne. means conclusive either with respect to the Northera Hemisphere or the world as a whole'.

From their sampling site it must be concluded that the strains the authorss isolated were Ph, globosa.
* Moestrup (1979} (features which were deseribed here for PA. poucherii have been attributed to Ph. globosa).
' Hallegraefl {(1983) (featurcs which were deseribed here lor Ph. pouchetii have been atiributed to PA. globosa).

* Baumann & Jahnke (1986).
* Baumann. own unpublished ohservations.
* H.A. Thomsen, personal communication.
7 Larsen & Moestrup {1989).
¥ Mocstrup & Larsen {1692,

either vicariance or dispersal events (Bakker er af. 1992 van
Oppen et al. 1993). Known divergence times can be correlated
with such events. Although it has been demonstrated that a
molecular clock does exist in a variely of genes and can be
calibrated using known divergence times from the fossil record
{sec Ochman & Wilson 1987), caution has been exercised in
extrapolating from one group of organisms to another where
insufficient evidence occurs, i.e. the lack of a fossil record. This
is certainly the case for these prymnesiophytes. which have no
fossil record. However. divergence times for bacteria have
been estimated using large-scale ecological events (Ochman &
Wilson 1987) and, more recently, divergence times for en-
dosymbiont bacteria estimated using fossil host phylogenies
(see review in Harvey & May 1993), In all studies where a
molecular ciock has been calibrated for the rRNA molecule,
a 1% difference in base composition in the TRNA gene equates
toa 50-60 my divergence in animals (Ochman & Wilson 1987,
Wilson ef al. 1987}, to a 25-50 my divergence in prokaryotes
{Ochman & Wilson 1987; Wilson ¢ a/. 1987; Moran ef al.
1993), and to a 25 my divergence in higher plants (Wilson et
al. 1987}, Such estimates provide a speculative starting-point
at which the upper limits of the divergence of the Phaeocystis
spp. in this study can be estimated. Phaeocystis globosa differs
from the 1two cold-water species by 17-22 bases or, using the

Wilson ¢stimate, a separation from their last common ancesior
by no more than 50 my.

Our rRNA analysis suggests that the direction of change in
Phaeocystis is from warm 10 cold water. If the time divergence
estimate of 23 to 50 ma (million years ago) is correct, then the
ancestors of modern Phaeocystis spp. were probably warm-
water cosmopolitan species, occurring in all ocean basins of
the Eocene. This interpretlation is supported by the Eocene
thermal maximum 55-50 ma when mean annual ocean tem-
peratures were 30°C (Crowley & North 1991). This is the
warmesl time during the Cenozoicand a period when sea levels
were at their highest (Crowley & MNorth 1991), oceans more
temperate and more mixed (Johnson 1990), and floras and
faunas more cosmopolitan {Baldauf & Barron 1990) with es-
timales of poleward intrusions of tropical taxa as far as between
45 and 78°N and S (Crowley & North 1991),

Since then there has been an increased global cooling that
has enhanced latitudinal temperature differences (Baldauf &
Barron 1990). These extraordinarily rapid and extreme cli-
matic changes have occurred in fluctvating stages (Johnson
1990). During cotder periods a partitioning of surface waters
occurs, which effectively isolates water masses and in turn
increases floral/fauna provincialism {Baldauf & Barron 1990).
One particularly abrupt and dramatic cooling cvent at 3840



my has been corrclated with increased changes in land and sea
distributions and variation in atmosphenic CO. and may have
contributed 1o a subsequent major faunal overturn when
warmth-loving species were replaced by cold-tolerant oncs
(Crowley & North 19%1: Frakes et a/. 1992). The beginning of
a more vigorous, caider, deep-water circulation is also asso-
ciated with this climatic event (Crowley & North 199]1). A
second major ice volume increase and concomitant sea-level
drop is at 12-14 ma when there is an abrupt increase in the
a'50Q (Frakes et al. 1992). These two major cooling events could
well be correlated (1) with the separation of the Phaeocystis
cold-water forms from their warm-water ancestors and {2) with
the divergence of the two polar Phacocystis species from their
common ancestor. 11 equates with the Wilson cstimate of a
19 divergence for 25 my. as in the flowering plants.

Of the major late (enozoic tectonic events that strongly
influenced the formation of both polar oceans. two involved
the opening of ocean gateways and the development of new
ocean currents (Crowley & North 1991). First, the Arctic Basin
was isolated from the rest of the world’s oceans from 100-60
ma uatil 15-10 ma when the Svalbard-Greenland Sea opened
{Briggs 1987: Lawver ¢f al. 1990). Then, a shallow.water con-
nection between the Arctic Ocean and the North Atlantic
opened to a more deep-water connection. Second, the antarctic
scas. consisting of the southeramost portions of the Atlantic,
Pacific and Indian Occans. were formed by 82 ma after the
hreakup of Gondwanajand (Johnson 1990} By the end of the
Oligocene (30 ma) the Drake passage onened. and the circum-
Antarctic circulation commenced. which drastically changed
palcoccanographic regimes (Barker & Burrell 19773, This ¢f-
fectively isolated the floras and faunas present in the anmarctic
seas during cooler climatic periods and provides a vicariant
mechanism by which the speciation events could have oe-
curred.

Given the direction of change implied in our sRNA 1ree,
the lasl common ancestor of both Ph. amarctica and Ph. pou-
ehietii must have been present in both polar regions prior to
Lheir speciation. The second major cooling event at 12-14 my
coincides with our separation of the two coid-water species
from their iast common ancestor as determined by rRMNA
analysis using a 1% divergence for 25 my, The commencement
of the circum-Antarctic circulation. a vicariant event, would
have already isolated the ancestors of Ph. antarctica in the
southern oceans prior 1o this second major cooling event. Be-
cause of Lhé long period in which the bicta of the Arctic Basin
was isolated, il seems tore likely that the ancestors of Ph
pouchetii were introduced into the Arctic Ocean from the North
Atlantic. a dispersal event. This interpretation is supported by
an incongruence in area and taxa cladograms. In an arca clado-
gram, the antarctic and arclic regions do not share a recent
geological history, while in our taxa cladogram the antarctic
and arctic species do. Such inconsistencies between area and
taxa cladograms strengthen the hypothesis that a dispersal
cvent accounts for the present-day distribution of Ph. pouchetil
(Brooks 1990).

Thus, the tectonic events during the middie to late Cenozoic
provide mechanisms for (1) the probable intreduction of
Phaeocystis into the Arctic Ocean from the North Atlantic and
(2) its isolation in the antarclic scas. Both events could lead
1o speciation during cooler climate periods when these water
masses were more effectively isolated from others. The pres-
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ence of a cosmopolitan ancestor provides the necessary re-
quirement in which the ancestral population can be fragmented
{Platnick & Nelson 1978). We interpret the speciation of PA.
aniarctica 10 be a vicariant event, resulting from the estab-
lishment of the circum-polar current, while that of Ph. pouch-
etif is a biotic dispersal event, resutting from the opening of
the Svalbard—Greenland Sea. This interpretation of the his-
toricat biogeography of Phacocystis is supported by the pres-
ent-day distribution of the taxa, the phylogenetic history in-
ferred from our rRNA data and the incongruence of our area
and taxa cladograms.

We expect further species of Phaeocystis to be erected based
on analysis of their ssu TRNA genes (work in progress) and on
their DNA content as revealed by flow cytometry (Vaulot &
al. 1994); preliminary analysis including these species in our
rRNA analysis suggests that our interpretation ol the biogeo-
graphic history of the genus will not change. Other previously
described species, such as Phaeocystis brucel Manguin from
antarctic walers, may in fact be valid and simply disregarded
because of the aversimplification of the genus. Similarly, many
records of Phaeocystis may not belong to Phacocystis because
colonics with a Phaeocystis-like colonial stage release Hagel-
lated stages that can be assigned to other genera (Marchant &
Thomsen 1994). The perplexing problem will be whether suf-
ficient morphological features can bc identified as specific
markers to aid ecologists in their routine identification in areas
where different genotypes are known 1o overlap in their dis-
tribution.
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