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ABSTRAC]

The haptophytes Prymnesium parvam  Carter and
Prymnesium patelliferum Green, Hibberd, and Pienaar
are two closely related species, which can only be distin-
guished by minor differences in the mrnphn!mn of their
ovganic body scales. The two Prymnesium species are ve-
ported to coexist at several loc ations, incliding the Sands-
[1ovd system in southwestern Norway. (mnpumum of /;Insv
wlogy and toxicity within the two species have failed to
reveal differences that can add to the small morphological
distinctions used to separate them. To investigate the ge-
netic relationshipy between the two species, we compared the
sequence of the fist internal transotbed spacer region
(I'TS1) and length vartation in one intron separvating cal-
modulin genes for four P. parvam strains and eight P.
patelliferum  strains. Both the ITSI sequence and the
banding patterns obtained by PCR amplification of one
intran in the calmodulin genes indicated that the Prym-
nesium isolates are related by their geographic ovigin in-
stead of by their species affiliation. The results indicate that
P. parvum and P. patelliterum are so closely related that
they could be considered one species. Alte natively, we dis-
cuss the possiblity that the two species might be joined in
a heteromorphic haploid-diploid life eycle, as is now widely
reported for other haptophycean algae.

Key index words:  calmodulin gene introns; haptophytes;
1T51; phylogeny; Prymnesium

Prymnesium paroum Carter and Prymnesium patelli-
ferum Green, Hibberd, and Pienaar are two closely
related species of the genus Prymnesium Conrad

(Prymnesiophyceae, ”dpln])h\ld) They are ident-
cal when viewed by light umlmu)p\ (LM), and can
only be distinguished by minor differences in the
morphology of the organic body scales external to
the plasmalemma by using transmission electron mi-
croscopy (TEM) (Green et al. 1982). Both species
have body scales of two different morphologies ar-

ranged in two layers. Each layer consists of only one
morphological type. In P. paroum the scales have a
radial pattern on their proximal face and concentric
rings on their distal face, whereas both scale faces
of both layers have a radial pattern in P. patelliferum.
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In addition the scales of P. patelliferum have a central
thickening, which cannot be found in P. paroum
scales, The rims of the outer scales in P. patelliferum
are broad and upright, whereas the rim of the scales
in the inner layer is broad and inflexed in P. parvum.
The rim of the inner P. patelliferum scales and the
outer P. parvum scales is narrow and inflexed
(Green et al. 1982).

[t has been known since 1989 that P. pareum and
P. patelliferum coexist in annual blooms in fjord arms
in Rvfvlke, southwestern (SW) Norway (Edvardsen
and Paasche 1997, and references therein). In ad-
dition they are found to cooccur in a fish pond near
Bisum, northern Germany (Urban Tillmann, pers.
commun.), and scales of the wo species have been
found together in the same water samples from the
Baltic Sea (Helge A. Thomsen, pers. commun.).
Prymnesium  parcum is known to be ichthyotoxic,
whereas P. patelliferiom is only assumed to be so (e.g.
Yariv and Hestrin 1961, Ulitzur and Shilo 1964, Shi-
lo 1971, Larsen et al. 1993a, Moestrup 1994). Both
species thus represent a constant threat to fish farm-
ers wherever they occur and bloom.

Growth and toxicity in P. parvwm has been exten-
sively studied (e.g. Yariv and Hestrin 1961, Ulitzur
and Shilo 1964, Padilla 1970, Shilo 1971, Holdway
et al. 1978, Brand 1984), and some of the first re-
ports of growth and toxicity in P. patelliferum sug-
gested that this species might grow faster and be less
toxic than P. fmnvum (Arlstad 1991, Meldahl et al.
1994). Toxicity of P. patelliferum has been tested
against other algae (Arlstad 1991) or against blood
and nerve cell preparations (Meldahl et al. 1994).
Studies in which three Prymnesium clones were in-
cluded (one of P. parvum and two of P. patelliferum),
however, have shown that mtmspulht differences
in growth rates as well as toxicity (as measured
against Artemia nauplii) might be just as great as in-
terspecific differences between the two Prymunesium
species (Larsen et al. 1993a).

A comparison of the 188 small subunit ribosomal
RNA (ssu-rRNA) gene sequence from P. patelliferum
isolated from the English Channel (Cavalier-Smith
1993) and P. parvwm isolated from Denmark (Med-
lin et al. 1998) showed that only two nucleotide dif-
ferences separate the two species. In contrast, 27
base pair (bp) differences are found between P, par-
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FasLe 1. Algal strains used in this study.

Sproies Chngin

Culture colleatiom Catltare code Bsolared by, veanr

Flade Sa. Thy, Denmark
Lovrafjord, Rvivike, Norway
[,n\lul]lu(]_ Ryvtvlke, Narmway
R. Blackwater, England

Prymuesitem prearatnt
P. parvum

P parowm

P prarvnm

P pateliyferum

P, patelliferim

i ffrn’r'”ffr)‘lt "

P, patellijenm

I pactelliferaom

P patelliferum

1% paatellyferim

P pentelleferem
Chmsochromulinag 'ruu".'{r}'m

Hylsfjord, Rvbylke, Norway
Lovraljord, Ryivlke, Norwvay
Hylsfjord, Rvivike, Norway
Lovraljord. Ryivike, Norway
Sandstjord, Ryvivlike, Norway
Norman Bav, Australia
The Fleet, Dorset, England

Scandinavian, Copenhagen KOOSR
Bergen
Bergen
Plvmouth PCCYY
Hylshjord, Rvivlke. Norway Oslo

Bergen
Bergen
Bergen
Bergen
Bergen
Scandinavian, Copenhagen  K0252

Plymouth PCCH2T
Skagerrak, Norway Oslo

T. Chiristensen 1985
Ao Larsen 1993

A. Larsen 1993

1. R.W. Butcher 1952
RHpmBY L. Paasche 1989
RHparti? A, Larsen 1993

R1 [ml‘.-ll'n A, Larsen 1993
RHT pa94 Ao Larsen 194
REKGpai94 Ax Larsen 1994
RSZpattit As Larsen 14994

. .\Ill(,‘:‘l]'H]? [9UNRT
12, Hibberd 1976

k ), Eelvardsen: [USR

RLIOparvt3
RLYpants

vumy/ P, patelliferwom and Prymnesium calathiferum
Chang and Ryan (Medlin et al. 1998). Thus, molec-
ular data in addition to morphology, growth, and
toxicity indicate that P. parowm and P. patelliferum are
closely related.

Although the 188 rDNA can be used to delineate
species of the same genus (e.g. Medlin et al. 1991,
Buchheim and Chapman 1992, Bakker et al. 1994,
Bird et al. 1994, McNally et al. 1994, Medlin et al.
1994, Friedl 1995, Gast and Caron 1996), other
regions of the genome can be used to obtain more
information about the genetic variation between
and within the species if there is little or no reso-
lution in the 18S 1RNA gene. Noncoding spacer
regions of the DNA, such as nuclear ribosomal DNA
internal transcribed spacers (ITS) and the spacer re-
gion between the plastid-encoded small and large
RUBISCO subunits, evolve at a faster rate and show
greater variability than coding DNA. At lower taxo-
nomic levels or between recently evolved species,
these regions have been used |umme|\ for studving
genetic differences at species and Hlll)\}}t(l(\ levels
among the algae and other organisms (e.g. Destom-
be and Douglas 1991, Bakker et al. 1992, Kooistra
et al. 1992, M: wgs et al. 1992, Goft et al. 1994, van
Oppen et al, 1995). The RUBISCO spacer region
may be more conserved in algae than the ITS
regions (Goff et al. 1994, Lange 1997).

More recently, other noncoding regions have
been investigated for their usefulness in species and
strain identification, especially in species that have
evolved recently. The calmodulin genes occur in an
operon and contain a series of introns that can be
used as neutral markers to assay species at the pop-
ulation level (Corte-Real et al. 1994). PCR amplifi-
cation of these introns, using primers based on con-
served exon sequences, can detect intraspecific DNA
polymorphism in the genome. The resulting frag-
ment pattern, in which different band lengths rep-
resent different alleles, thus provides a toal for de-
||n('.umg strains or I)Uplll iions of a spec ies.

To investigate more fully the genetic relationships
among different strains of P. parvum and P. patelli-
ferum, we compared the sequence of the first inter-

nal transcribed spacer region (ITS1) in the riboso-
mal operon and the length variation in the third
intron separating the calmodulin gene (CaM-I).
Prymnesium parcum and P. patelliferum isolated dur-
ing blooms in the Ryfvlke fjords, SW Norway, in
1989, 1993, and 1994 were investigated, along with
P. parvum strains from England and Denmark and
P. patelliferum strains from Australia and England.

MATERIALS AND METHODS

Carltures and DNA gxtraction. The algal strains used i this stuey
are listed i Table 1. Species designatnons were contirmed. by
means of TEM for all strains: Stock cultires were grown in tibes
contaiing 1oanl hltered (0.45-pm cellulose nitrate hillers, Sar-
torius, Goettingen. Germany) seawater diluted to 8 practical sa-
linity units (psud. Vitamins, chelated trace metals, and natrients
were added as in IMR 4 medium (Eppley et al. 19671, The stock
cultures were grown at 157 C under white Huorescent light with
a photon Huence rawe (PER) of 150 pmol photons-m s " and a
14:10 b LD evele, The cultures used for DNA extractions were
grown under the same conditions as the stock cultures. in Erlen-
mever flasks contining 5 L of mediam.

Cultures were harvested during exponential growth phase by
filtration onto pm polycarbonate tilters (Nuclepore, Pleasanton
Califorma). The flters were frozen immediately and keptar =700
Countil their DNA was extracted. The DNA extractions were pet
formed using a 3% (w/v) CTAB procedure as described in Doyle
and Doyle (19490,

POR n'n.';u'r[h'nf:rw of the ITS "eEOn. I'he sequences ol the promers
wsed i our PCRs are listed in Table 2. Primier combinations used
to amplity the ITS vegion were [400F+ITS2R, 1400F+ DICR,
1055F+DICR, and 1035F+6349R (Table 2). One of the primers
in cach combination was biotinvlated at its 5" end 1o facilitate
solid phase sequencing (DYNALL AS., Oslo, Norway). In some
instances it was necessary first o perform a PCR with nonbiotiny-
lated primers, purify the PCR product with the GlassMax DNA
Isolation Spin Cartridge System (Gibco BRI, Tife Technologies,
Inc., Gaithersburg, Marviand) and then use it as a wemplate inoa
PCR with biotinvlated primers.

The PCR mixtres (100 pl) contained H0=400 ng total no
cleic acids, 3 pmol of each primer, 10 nmeol dNTPs, 10l 10>
PCR bulfer with 2 pM MgCl,, and 1 U (Super Tag, LT, Biowech)
or 21U (Ampli Taq Cetos, Perkin Ehner, Branchburg, New Jersey)
enzyme. Product vield was improved by adding 0.5 Wl Togene-

2 protein (Amersham. Buckinghamshire, United Kingdom) o
1 L 50% acetamide (Sigma Chemical Cog, St. Lounis, Missouri)
Double-siranded amplification of the ITS region was performed
with an initial denataration step of 977 C for 6 min [ollowed by

3 cveles of either evele 1 (947 Clor 2 min, 2 min ramp down 1o
37 C 2 minar 377 G 3 min ramp up o 727 €, 6 min e 727 €)

ar cvele 2 (947 C for 2 min, 457 C for 2 min, 72° € for 4 min):
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Fastr 2. Olivonwcleotide primers used for PCR and sequencing, Sd synthesis divection: I, jorward; R, reverse.
i g

Cande Sd Nuclensde sequenee 5w 8 Posstion
1055F F C 1269 in 188
1400F F 1629 in 185
ITS2R R C 24 in 5.88
DICR R 370 in 285
HAUR R 710 m 288
CADI 3 ‘ 3 calmodulin gene
CAD3S F calmodulin gene
GAp?2 R calmodulin gene

hotle eveles were followed by an extension step of 727 C {or % min,
The amplification products were checked for correct Tength, pu-
vity, and vield on ethidivm-bromide-stained 0.75% agarose gels
(Sambrook et al. 1989), visualized by ultravialet (UV) illumina-
ton, and photographed with Polaroid 667 hilm.

Sequencing of the FTST wgion. Singlesiranded DNA (ssDNA) was
obtained by binding amplificaion products onto Streptavidin-
coated magnetic M-280 Dynubeads following a slightly modified
protocol of DYNAL (Lange 1997). The ssDNA products were used
as template in dideoxynucleotide chain termination sequencing
reactions (Sanger et al: 1977) of both coding and noncoding
strands using cither the T7 sequencing kit l[’!l.illn wii Biotech,
U ]l[)\l[{ Sweden) or the Sequenase version 2.0 DNA sequencing
kit (United States Biochemical, Cleveland, Ohio). Sequencing
primers were used at concentrations of 100 ng:pl. ', The 1400F
primer was used for generating sequence data for the forward
strand and the ITS2R for the opposite strand (Table 2). Addi-
tional sequencing reactions with dITP substivuted for dGTP in
the twenmination reactions eliminated gel artifucts, such as com-
pressions.

Sequence alignment and phylagenetic analyses. The sequences were
aligned on a VXT 2000+ (Digital, U.SA:) using the Olsen se-
quence editor (Larsen o1 al. 1993b). The Prymnesium sequences
were aligned with the ITS sequence ot Chnvsochronuding polylepis
Manton and Parke, The nuclearencoded small subunit rfRNA
gene from C polylegas differs by only 23 bp from those of the two
Prymnestum species (Medlin et al. 1998): therefore, this species
was used as an outgroup.

The sequences were analvzed vsing both maximum parsimony
and distance matrix methods, Masimum: parsimony analysis was
performed using PAUP (version 3,11, Swoltord 1993) with (he
hewristic search invoking the TBR branch-swapping algorithm
and the MULPARS option, The distance analysis was executed
with PHYLIP (version 3.5e. Felsenstein 1993) using the Kimura
model (Kimura 1980). which allows for a difference between
transversion dand transition rates in the base substitution, The
neighborjoining method (Saitoun and Nei 1987) was used o infer
a tree from the Kimura distance mauwrix. Bootstrap analysis using
a 50% majority rule was done with 100 replicates to test the sta-
bility of the branching order.

Intvon-targeted PCR of CaM-1. PCR amplification of the Cal-]
gene was obtained by using a nested PCR. A primary POR was
performed using 150 ng nuclear DNA and the primer combina-
tion CADS + CAD2 (Table 2, Corte-Real 1994). A 1.5-pL aliquot
of the PCR produoct from this reaction was nsed directly as tem-
plate for a second PCR using the primer combination CAD1 +
CAD2 (Table 2, Corte-Real 1994). PCR yolumes were 100 pl. and
contained 30 pmal primers, 10 nmol dNTPs, 10 pl. 10 PCR
buffer with 2 @M MgCl, and 1 U enzyme (Ampli Tag Cetos, Per-
kin Elmer). Product vield was improved by adding 0.5 wl. T4-
gene-32 protein: (Amersham) 1o the primary PCRs. The primary
PCR was performed vsing a cvele with an initial denaturation step
of 977 C tor 6 min tollowed by 30 cycles .ol (947 C tor 2 min, 2
min ramp down o A7 C, 2 min ac 877 C, 3 min ramp up o 72°
C, 06 min e 72° C) with a final extension step o 727 Color 9 min.
The secondary PCRs were done nnder more stringent condinons:
977 Cfor 6 min (denaturation), 30 cvcles of (947 C for 2 min, 45
C for 2 min, 72° € for 4 min). followed by an extension step of
727 € tor 9 min. The amplification products were assaved on

ethidinm-bromide-smained 1.53% agarose gels (Sambrook et al.
1989, visualized by ulraviolet (UV) illnmination, and photo-
graphed with Polaroid 667 film.

RESULTS

ITSI=sequences. Complete sequences of the entire
ITS1 and stretches of the adjacent 185 rDNA and
5.8 rDNA were determined for the 12 Prymnesium
strains and a single strain of Chrysochromudina polyle-
pis. The aligned sequences are shown in Figure 1
The length of the ITSI region of the Prymnesium
strains varied from 255-261 bp. Boundaries of cod-
ing and noncoding regions were determined by
comparison to the 18S gene of P. parvum and C.
polylepis (Medlin et al. 1998) and the 5.85 rRNA
gene of the chlorophyte Chladophora albida (Hud-
son) l\lll/ll]g’ (Bakker eral. 1992). The length of the
ITS1 region of Prymnesium is approximately the
same size as the only other known haptophyte 1TS1
sequences l’hamqs!n antarctica Karsten (259-273
bp) and P globosa Scherffel (277 bp) (Lange 1997).
All the Prymnesium sequences could easily be aligned
with one another, requiring only a minimal number
of insertions to maximize Iu)mulugv Chrysochromu-
lina polylepis, which was sequenced and included as
an outgroup, possessed a considerably longer ITSI]
region (430 bp) than P. parvum and P. patelliferum.
The alignment of the Prymnesium sequences to C.
polylepis therefore required the introduction of many
insertions.

The relationship among the Prymnesium strains
was analyzed using both distance and maximum par-
simony analysis (Fig. 2). A total of 385 characters
were used in the analysis (gaps were excluded). In
both analyses the strains grouped by their geograph-
ical origin instead of by their species affiliation. No
nucleotide differences were found between P. par-
viem strains (RL9parv93, RL10parv93) isolated from
the Sandsfjord system, Norway, the P. patelliferum
sirains (RHTlpdl(H RLK6pat94, RHpat93, RS2pat94,
RLpat93, and RHpat89) isolated from the same fjord
system and the P. parvwon strain from Denmark
(KO0D81). The two isolates from England (one P. par-
vum, PCCY4, and one P. patelliferum, PCC527) were
separated from one another by a single base chdngt‘
and differed from the **Norwegian/Danish group’
by 18 bp. The absolute number of nucleotide dif-
ferences between the sequence of the Australian iso-
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COTGATGUCG COUGAAGCTC TCCARACUTY ATCATITAGA GQAAGGAGRR GTCGTAACAA

GOTTTCCGTA uu't'ng‘.; CGGAAGGATC ATTACOGETC TTT =~ ACACTAGTGT

G- -QaTCCaT

~CTCTT-0CT T-~

GGCGGAACT

C GARCAC-AGS

TCO00O-TT- GOGCTCTCGE

- ~CACG CAAGARTTGT

TEARMACACAC RACTCTTGTC GATGGATATC T

Fic. 1. Alignment of ITS] regions with Hanking coding
regions from the 185 and 585 rRNA gene rom Lowr isolates of
Prymwesium parium and cight strains ol P l,'if.'fu’t’.’fr'h‘f’” with Cliryse-
cliromulimapolylepns. Abbreviations ol the strains are as in Table 1
with a geographical notition. Nov/ Dan represents the Nonwe-
gian/Danish group, which consists of the following clones, all
with identical TS sequence: KOOI Ri [0pandt3, RESparvihs,
RHTTpat4, REK6patd4, RHpat'®3, RSZpartd, RLpatt3, RHparst
A dot indicates a position identical to the “Norwegian, Danish
isolates™ sequences. A hyphen s a gap introduced 1o improve
altgnment. K= G/T, R = /T, R \ G

late of P. patelliferum (K0252) and the English strains
was 20, whereas the Australian isolate differed by 29
bp from those of the Norwegian/Danish group.
Intron-targeted PCR of the calmodulin genes. Nested
PCR amplification from total nucleic acid prepara-
tions from the 12 Prymnesium strains using the cal-

P. parvum, PCCY

P paceélliferum, PCCS1T

P. patelliferum, KO252
15

P parvam, KOOK1

F. parviem, RL10parvd3

F. parvum, RLYpary9}

. patelliferum, RHT1patdd

e P. patelfiferum. RLK6pai94
P patelliferum, RHput93

P. pateliferum, RS2pat™

F. patelliferum, Rl pat93

P. patelliferum, RHpat8%

Chrysachromuling polylepiz, K

1%

Fusw 2 Phylogenetic analysis of relationships among Tom
strains ol Prymnestum pavonm and eight strains of P patellifrrim
using the neighborjoining analysis. Fignres above the interal
nodes are bootstrap values based on a neighborjoining analysis
(lett) and on a maximum parsimony analysis (right), The abso
loe number of nucleotide differences between the strains are
shown below the internal nodes, An isolite of Chnsorlromiding
polylepis is used as an outgroup. The distance corresponding 1o
one change et 100 nucleotide positions 1§ |'i>u el below the dis-
tance tree, Abbreviations of the strains are as in Table |

modulin gene primers, gave two to three major
products between ~280 and 450 bp (Fig. 3). We
presume that these bands represent length differ-
ences in the third intron within one calmodulin
gene and thus represent different loci because the
primers used in the second amplification are gene
specific. Because the calmodulin gene has not been
sequenced, this region may not necessarily be the
third intron in these genes from Prymnesium. (It
does, however, correspond to the third intron char-
acterized by Corte-Real et al. [1994].) The lengths
of the amplified bands were equal (320 and 390 bp)
for the Norwegian/Danish group (KOOSIL,
RLI0Oparv93, RL9parvd3, RHT1pat94, RI I»\'l')pn‘-l-l
RSZpatv4, RLpat93, RHpat93, and RHpat89). The
band lengths of the PCR products from English and
Australian strains (PCC527, PCCY4, ;md K0252)
were 320/390/450 bp, 280/320/390 bp, and 320

350 bp, respec tively. The patterns derived from the
PCR reactions with P. patelliferim and P, parvoum
from England and P. patelliferum from Australia thus
differed from one another and from the pattern ob-
tained from the Norwegian/Danish Prymunesium
group.

A strain of C. polylepis (the K strain) has also been
analyzed by nested PCR using the CaM-1 primers.
This strain is known to be haploid (Edvardsen and

Vaulot 1996) and gave a single band in the analysis
(Edvardsen and Medlin, unpubl.). Thus, the single




100 bpM

RL10parv93

RL9parv93
#° RHT1pat94

- 3

500 —

300 —

100 —

Fio. 3. Agarose gel showing band pauerns obtained trom Prymnesiwm isolates using calmodulin primers CAD 1 GAD
in a nested PCR reaction. A 100-base baseladder (Pharmacia) was nsed as a size marker

band displayed by this species likely reflects the hap-
loid state for this intron. In contrast, the double
bands seen in the Norwegian/Danish group could
be interpreted as being heterozygous and all strains
with this pattern could be considered diploid. Alter-
natively, the gene may not be a single-copy gene in
the hq q)tnph\n s, and the two bands could originate
from introns in different loci. The multiple bands
in the PCCY94 strain are more difficult to interpret
without sequencing of the PCR products; however,
it 1s possible that multiple alleles for this intron or
llll[[[l[]lt copies of the gene may occur. The deter-
mination of ploidy levels directly from the banding
patterns would be lmmhlv if it were known specifi-
cally that this gene is a single-copy gene in the hap-
tophytes.

DISCUSSION

Investigations of growth rates, toxicity, and chlo-
rophyll content of some of the l’nmnmmn parvum
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RS2pat94

18 PCCs527
PCC94
K0252

9 and CAD 3,
\bbreviations of the taxa are as in Table 1.

and P. patelliferum strains used in this study have
failed to reveal clear differences berween the two
species, although strain/population differences
within each species do occur (Larsen et al. 1993a).
Our molecular analyses of both ITS] sequence data
and banding patterns obtained by the PCR amplifi-
cation of the third introen in a calmodulin gene
clearly indicate that clones of P. paroum and P. pa-
telliferum are related by their geographical origin.
The close genetic relationship between P. parvum
and P. patelliferwm is an indication that they might
be considered as one instead of two species,

The ITS1 sequence and the CaM-I band pattern
in P. parvum isolated from Flade S¢ in Denmark are
identical to those found in the Norwegian P. par-
vum/ P. patelliferum, and thus the Danish and the
Norwegian Prymnesium strains likely belong to the
same population. One possible explanation for this
might be that the freshwater lake Flade Sg¢ may be
occasionally inundated or sprayed with seawater. Be-
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cause the lake is situated very close to the western
coast of Denmark, the seawater reaching the lake
may contain the same algal populations as the Jut-
land Current reaching the southwestern coast of
Norway and our sample site in the Sandsfjord sys-
tem. It 1s therefore possible that a population of
Prymnesium in the [mlmd Current could be the
same as the one blooming in the Sandstjord system.
Prymnestum parvwm has earlier been recorde d from
Tjeme, Viksfjord (both southeastern Norway and
Tromse [northern Norway], Throndsen 1969),
which means it might be a common part of the phy-

toplankton flora off the Norwegian coast. Blooms of

P. parvum have not been recorded any other place
than in the Sandsfjord system, although it may have
bloomed in other leco\ where there are no fish
farms and thus may have been overlooked.

[t appears that we have a situation where physi-
ology/toxicity and genetic characters do not corre-
spond with the morphologic characters being used
to separate P. paroum and P. patelliferum. A similar
sitnation was found among strains of the dinoftla-
g([l:l[f' Vlexandrium catenella—tamarense—fundyense spe-
cies complex (e.g. Adachi et al. 1994, 1995, 1996,
Scholin and Anderson 1994, Scholin et al. 1994,
1995). Although morphological characters are the
plnndn means of delineating different Alexandrium
species (Balech 1985, Steidinger 1990), their validity
with respect to species- and strain-level classifications
has been debated (Taylor 1985, 1990). Destombe et
al. (1992) pointed out a need to bring in molecular
techniques in order to determine taxonomic affini-
ties within the genus because efforts to employ bio-
chemical characters usually have failed to indicate a
high degree of congruence with conventional mor-
phological criteria within the genus. Different
regions of the genome have been used to delineate
A. tamarense (Lebour) Balech, A. caténella (Whedon
and Kofoid) Balech, and A. fundyense Balech, (Ada-
chi et al. 1994, 1995, 1996, Scholin and Anderson
1994, Scholin et al. 1994, 1995). All results suggesi
that the genotypes do not correspond with the mor-
photype and reflect instead geographical origin of
the strains. The morphological features used to de-
fine the three species have been interpreted to re-
flect strain-specific characters rather than clearly de-
fined species (Adachi et al. 1994, 1995, 1996, Schol-
in and Anderson 1994, Scholin et al. 1994, 1995).

In contrast, a somewhat different situation is
found in the haptophyte Emiliania huxleyi (Lohman)
Hay et Mohler. The species can be divided into at
least three different morphotypes: A, B, and C
(Young and Westbroek 1991, van Bleijswijk et al.
1991). In this case, however, the division, based on
morphological features of the coccoliths, is support-
ed by physiological, biochemical, and immunologi-
cal studies (Young and Westbroek 1991, van Ble-
ijswijk et al. 1991). In contrast, sequences of coding
(nuclear- and plastid-cncoded ssurRNA) and non-
coding (RUBISCO spacer region) parts of the ge-

nome are identical, suggesting that the s¢paration
of the morphotvpes of £ huxleyi is oo recent to be
detected by base substitutions, deletions, or inser-
tions in these coding and noncoding regions (Med-
lin et al. 1996). Randomly amplified polymorphic
DNA (RAPD) banding patterns and genome size as
measured by flow cytometry reinforce the separation
of A and B morphotypes and indicate that strains
within each uuupiml\pc are also related by geo-
graphical origin. Medlin etal. (1996) support Yo I
and Westbroek’s (1991) view that the A and B mor-
])hnl\[n s of E. huxley: should be recognized at a va-
rietal level rather than at a species level and validate
the following varieties: E. huxleyi (Lohmann) Hay
and Mohler var. huxleyi, E. /m\!m: var. fujosae (Ver-
beek) Young and Westbroek ex Medlin and Green,
and E. hixleyi var. kleipniae Young and Westhroek ex
Medlin and Green.

The results from the present study combined with
results from investigations of growth rates, chloro-
phvll a content, .m(l toxicity (Larsen et al. 1993a)

can be (umpdud with the ‘\unplu of the Alexan-

driwm species complex where there is a conflict be-
tween the morphological and phylogenetic species,
or with the case of E. huxleyi where different mor-
photypes and genotypes have been interpreted to
represent varieties rather than species. Bearing this
in mind, there might be reason to ask if the recog-
niton of P. parowm and P. patelliferum as separate
species is warranted, based on the slight morpho-
logic differences of the scale morphology. The only
()[]IL‘I Prymnesium species, P. calathiferion, for which
18S rDNA sequence data are available (Medlin et al.
1998), is genetically (and morphologically) distinet
from P. parvum and P. patelliferum. In P. calathiferum
the inner scale laver is composed of typical prym-
nesiophycean scales (Green et al. 1990). However,
the distal face of the outer scale of P. calathiferum
has a tall, wicker-basket-like upright rim, composed
of vertical and horizontal bars (Chang and Ryan
1985) and is, thus, far more elaborate than the
scales found in either P. parvum or P. jm.ff'!ff'j:wm.'
The difference between the morphology of the cell
surface scales of P. calathiferum and those of P. pa-
telliferiom and P. parvwm can thus be characterized as
more distinet than the differences in the scale mor-
phology between the two latter species (Chang and
Ryan 1985, Green et al. 1982). This could support
a suggestion that P. parowm and P. patelliferum are
two morphotypes of the same species rather than
two distinet species. Alternatively, it may be that P.
parvum and P. patelliferum have very rec ently speciat-
ed trom one another,

However, another explanation may be equally
likely. Alternation between different stages of a life
cye le has been known for several vears for many hap-
tophytes (e.g. Parke and Adams 1960, von Stosch
1967). In most reported cases, the life history in-
volves a nonmotile and a motile stage (for review
see Billard 1994). However, Thomsen et al. (1991)
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and Edvardsen and Vaulot (1996) have shown that
both representatives of ('U(‘(‘U]illll)l)]'llJl'i(l’i and non-
calcified haptophytes can be joined in haplo-dip-
loid life cycles where all stages are motile. Further-
more, Medlin et al. (1996) re ported what appear to
be haploid and diph’:i(l forms in both A and B mor-
photypes of the nonmotile vegetative stages of E.
huxleyi. Bearing this in mind, we think there are rea-
sons to speculate that these two Prymuesium species
with minor morphologic differences, identical 1TS]
sequences, and identical CaM-1 banding patterns,
could be two stages in the same life cycle. Billard
(1994) suggests that the organic scales surrounding
the cell plasmalemma are useful phenotypic indi-
cators of different ploidy levels in haptophytes. Doc-
umented cases of alternating diploid and haploid
phases in coccolithophorids are characterized by
diploid cells with organic scales having identical or-
namentation on both faces of the scales and haploid
cells with scales having a radial pattern on their
proximal face and concentric rings on their distal
face (Billard 1994). According to the hypothesis of
Billard (1994) P. patelliferum, with a radiating pat-
tern on hoth faces of its scales, could represent the
diploid stage. Prymnesiwm parvum, with a radial pat-
tern on its proximal scale face and concentric rings
on the distal scale face, could be the haploid stage
in a heteromorphic life cycle. It should be noted
that, of all described Prymnesium species bearing two
types of scales, P. pnlrihff’mm is the only one that

does not have a concentric pattern at the distal face
of the inner scale laver (Green et al. 1982, Billard

1983, Chang and Ryan 1985). Prymnesium nemame-
thecum (Pienaar and Birkhead 1994), which is the
only other species of the genus lacking scales with a
concentric pattern, is different from the rest, also,
because it has three scale types (Pienaar and Birk-
head 1994).

Prymnesium parvum and P. patelliferum are known
to cooccur (Edvardsen and Paasche 1997, and ref-
erences therein, Helge A. Thomsen, pers. commun.,
Urban Tillmann, pers. commun.), and this could
suggest that they might be linked in a life cycle. Un-
fortunately, a change from one life cycle stage 1o
another has never been observed in our own Prym-
nesium cultures, nor has it been reported from the
literature. In contrast, the two cell types of C. poly-
lepis are suggested to change from one type to the
other under culture conditions (Edvardsen and
Paasche 1992). Neither has there been any report
of both scale types occurring on one and the same
cell, as observed for several coccolithophorids now
known to be linked in a haploid-diploid life cvcle
(Thomsen et al. 1991). The possibility of P. parvum
and P. patelliferum being two motile stages in a life
cvele is not excluded by this, however.
changes between the two “types’ in our cultures or
absence of “combination cells” with both * parvum’™
and * patelliferum’” scales could be explained by the
fact that conditions in our cultures did not favor the

Lack of

change from one cell type to the other, Incorrect
environmental conditions or absence of the right
mating types in the same culture, are both examples
of factors that could preclude initiation of life cycle
changes. It is also possible that it has occurred, but
has been overlooked.

Our results indicate that P. parewm and P. patelli-
ferum populations isolated from the same geograph-
ical area are so closely related that we question
whether we are dealing with one or two species, To
find a more satistactory explanation to this problem,
further investigations of sequences of noncoding
regions or applications of RAPDs could be em-
ployed. As differences in the pattern of the organic
scales normally define \penm in the haptophyeean
algae, our findings are interesting in light of the
general taxonomy of this group. If our findings in-
dicate another, presently unknown, dimorphic life
cycle in the haptophytes, then this information
might also provide further insights into the ecology
of these mwo impnrmm ichthvotoxic haptophytes.

An investigation into the ploidy level of the two
species is presently underway to determine if P frar-
vum and P. prmlh/num are two stages of a hetero-
mmphu life cycle. Preliminary results from this in-
vestigation show that the DNA content of P, parvum
is not identical to that of P. patelliferum. However,
more clones must be investigated because ploidy in-
vestigations of the haptophytes C. polylepis (Edvard-
sen and Vaulot 1996) and E. huxleyi (Green et al.
1996) have demonstrated that one morphotype in a
suspected/demonstrated  life cycle can represent
more than one ploidy level. The differences in the
banding pattern of the third intron within one cal-
modulin gene between the haploid strain of Chry-
sochromulina polylepis and all strains belonging to ei-
ther P parvum or P. patelliferum indicate that this
may be so in our case. Thus, how the two Prymnesium
species possibly are linked in a life cycle requires
further investigation,
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