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Ribosomal DNA phylogenies and a morphological revision
provide the basis for a revised taxonomy of the Prymnesiales
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Nucleotide sequences of the nuclear-encoded small subunit (18S rDNA) and partial large subunit (28S rDNA) ribosomal
DNA were determined in 30 different species of the haptophyte genera Prymnesium, Chrysocampanula, Chrysochromulina,
Imantonia and Platychrysis, all belonging to the order Prymnesiales. Phylogenies based on these and other available hapto-
phyte 18S, 28S and plastid 16S rDNA sequences were reconstructed, and compared with available morphological and
ultrastructural data. The rDNA phylogenies indicate that the genus Chrysochromulina is paraphyletic and is divided into two
major clades. This is supported by ultrastructural and morphological data. There is a major split between Chrysochromulina
species with a saddle-shaped cell form (clade B2) and the remaining species in the genus (clade B1). Clade B2 includes the type
species C. parva and taxa belonging to this clade thus retain the name Chrysochromulina. The non-saddle-shaped
Chrysochromulina species analysed are closely related to Hyalolithus, Prymnesium and Platychrysis species. Imantonia species
are sister taxa to these species within clade B1. An amendment to the classification of the order Prymnesiales and the genera
Prymnesium, Platychrysis and Chrysochromulina is proposed with one new and one emended family (Chrysochromulinaceae
and Prymnesiaceae, respectively), two new genera (Haptolina and Pseudohaptolina), and one new species (Pseudohaptolina
arctica). We suggest a revision of the taxonomy of the Prymnesiales that is in accordance with available molecular evidence
and supported by morphological data.
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Introduction (see reviews by Hibberd, 1980; Green et al.,

. 1990). Most inhabit marine or brackish waters,
The haptophyte order Prymnesiales Papenfuss ) .
. - but a few Chrysochromulina and Prymmnesium spe-
sensu Edvardsen & Eikrem currently contains one

family, the Prymnesiaccac Conrad ex O.C cies occur in fresh water (Preisig, 2003). Some spe-
Schmiélt which at present comprises the cies (e.g. of Chrysochromulina and Prymnesium)
senera ’ Chrysocampanula RO Fournier may form blooms, occasionally harmful to fish
Chrysochromulina  Lackey, Corymbellus J.Cj and other biota (reviewed by Moestrup, 1994;
Green. Imantonia N Reyr’lol ds, Hyalolithus M Edvardsen & Paasche, 1998; Edvardsen & Imai,
Yoshiéa T. Nakayama & 1. In(;uye Platychrysis 20.06) - All known species are photgsynthetic, but
Geitler ex Gayral & Fresnel and Prymnesium mixotrophy appears to be common in some genera
Massart (Jordan ef al., 2004). Most members of (e.g. Chrysochromulina and Prymnesium: Kawachi

this order are unicellular, planktonic and scaly et all., 1199994¥;lef/gaard f;g’gl;oblesgn, 19123; t{o(?es
biflagellates, although colonial flagellates (e.g. etla (’1 » minn, )’1 and up aP§: N 1;;
Corymbellus species) occur, and some have benthic solved organic carbon may also occur (Pintner

! : ) . Provasoli, 1968).
file heir lift 1 ’
ilaments or amoeboid stages in their life cycle The genus Chrysochromulina was erected by

Correspondence to: Bente Edvardsen. E-mail: bente.edvardsen@ Lackey (1939) with the descriptign Pf C. parva,
bio.uio.no one of only four freshwater species in the genus
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(Preisig, 2003). In the 1950s, Parke and colleagues
(Parke et al., 1955, 1956, 1958, 1959) described a
series of marine Chrysochromulina species, and
since then many others have been added (see e.g.
Leadbeater, 1972; Hillfors & Niemi, 1974; Estep
et al., 1984; Moestrup & Thomsen, 1986; Kawachi
& Inouye, 1993; Eikrem & Moestrup, 1998). At
present, 57 Chrysochromulina species have been
formally described. Fifty-four were listed by
Jordan and colleagues (Jordan et al., 2004), to
which can be added C. papillata Y. Gao,
C.K. Tseng & Y. Guo (Gao et al., 1993), C. pla-
nisquama X.Y. Hu, M.Y. Yin & C.K. Tseng
(Hu et al., 2005), and C. palpebralis (Seoane
et al., 2009). Several others await formal descrip-
tion (Jensen, 1998; LeRoi & Hallegraeff, 2004;
Marchant et al., 2005), and the true number of
species may exceed 100 (Thomsen et al., 1994).
Recent environmental clone library studies
revealed the likely existence of hundreds of taxa
within the current confines of the genus
Chrysochromulina (Moon-van der Staay et al.,
2000; Liu et al., 2009).

Ten species of Prymnesium were listed by Jordan
et al. (2004). Of these, six have been described in
detail and can be delineated by scale morphology
and DNA sequences (P. annuliferum, P. calathi-
ferum, P.  faveolatum, P. nemamethecum,
P. parvum and P. zebrinum), to which can be
added P. lepailleurii Fresnel (Probert & Fresnel,
2007). Five additional species have been reported
in the literature (P. czosnowskii Starmach, P. gla-
diociliatum (Biittner) R.W. Jordan & J.C. Green,
P. minutum N. Carter, P. papillatum Jiao-Fen Chen
& C.K. Tseng and the type species P. saltans
Massart), but these have not been well character-
ized by electron microscopy (EM) or molecular
genetics. Type material of P. saltans no longer
exists and was never studied using EM. Reports
of this species (e.g. Wang & Wang, 1992) have
been scarce since its description by Massart
(1920) and it has been suggested that P. parvum
is identical to P. saltans (e.g. Moestrup, 1994;
Guo et al., 1996).

Although the number of species in both of these
genera is likely to increase as new taxa are
described, it may also be reduced as organisms for-
merly believed to be different species are found to
be life-cycle stages. The two forms of P. parvum,
f. parvum and f. patelliferum, were previously rec-
ognized as separate species, but are now considered
to be stages in the life cycle of the same species
(Larsen & Medlin, 1997; Larsen & Edvardsen,
1998; Larsen, 1999). Chrysochromulina polylepis
also has an alternate stage with distinct scales
(Paasche et al., 1990; Edvardsen & Paasche,
1992), which is similar in overall cell morphology
and ultrastructure as well as having identical gene
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Fig. 1. Drawing of the simple flagellar apparatus in
Chrysochromulina scutellum showing the positions of the
microtubular roots R1-R4, haptonematal base (H) and
the basal bodies 1 and 2 (BB1 and BB2). Modified from
Eikrem & Moestrup (1998).

sequences (Edvardsen et al., 1996; Edvardsen &
Medlin, 1998) to the authentic cell type described
by Manton & Parke (1962). Flow cytometric anal-
ysis has documented the presence of two ploidy
levels in C. polylepis (Edvardsen & Vaulot, 1996)
and in four other Chrysochromulina species
(Edvardsen, 2006), suggesting that heteromorphic
life cycles may be common in the Prymnesiales.
Members of the order Prymnesiales possess two
smooth flagella that are equal or unequal in length,
but similar in form (Green & Hori, 1994). An
organelle unique to haptophytes, termed the hap-
tonema (Parke er al., 1955; Inouye & Kawachi,
1994), is located between the flagella. The hapto-
nema differs structurally from the flagella, usually
containing six or seven microtubules in the
Prymnesiales, but sometimes eight as in
Chrysochromulina kappa (Manton & Leedale,
1961a). The length of the haptonema varies
greatly, from being many times the cell diameter
in some species of Chrysochromulina (e.g. 160 pm
long in C. camella: Leadbeater & Manton, 1969a)
and coiling, to short and non-coiling in
Prymmnesium species (Green et al., 1982), and even
absent in Imantonia (Green & Pienaar, 1977). The
flagellar apparatus typically consists of two basal
bodies, the base of the haptonema, microtubular
(simple or compound) roots (RI1-R4), fibrous
roots (‘cytoplasmic tongue’), and accessory and
connecting fibres (Green & Hori, 1994; Jordan
et al., 1995; Inouye, 1997; Billard & Inouye,
2004). The microtubular root R1, which is con-
nected to the basal body of the mature or left fla-
gellum (BBI), is present in all prymnesialean
species hitherto examined. R1 may be -either
simple (a sheet of microtubules; Fig. 1), or com-
pound (a sheet and a crystalline bundle of micro-
tubules; Fig. 2), and its structure varies within
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Fig. 2. Drawing of the flagellar apparatus in Prymnesium
palpebrale, comb. nov. (syn. Chrysochromulina palpebralis)
including a compound R1 flagellar root with the crystalline
bundle of microtubules. R2 not shown. Abbreviations as in
Fig. 1. Modified from Birkhead & Pienaar (19954).

genera as they are presently defined. The microtu-
bular root R2, with its origin between the two
basal bodies, is simple and comprises a few micro-
tubules in all species examined so far (Billard &
Inouye, 2004). The microtubular roots R3 and
R4, associated with the right or immature flagellar
base (BB2), contain only a few microtubules, which
also appears to be the rule in other haptophytes
(Green & Hori, 1994).

The two yellow-brown chloroplasts are envel-
oped by four chloroplast membranes and have
lamellae composed of three thylakoids, as in most
members of the Haptophyta. The prymnesialean
chloroplasts have immersed or bulging pyrenoids
traversed by thylakoids or tubes. The nucleus is
posterior or central and the outer nuclear mem-
brane is continuous with the outer chloroplast
membrane. The large Golgi body, in which scales
are produced, lies anterior to the nucleus and just
beneath the basal bodies, and is composed of a
single fan-shaped dictyosome with many cisternae.
The cisternae can be dilated, as in Chryso-
chromulina chiton (Manton, 1967a; Hibberd,
1976, 1980; Pienaar & Birkhead, 1994).

There are no clear-cut morphological or ultra-
structural features that distinguish existing genera
within the Prymnesiales. The main character used
for species identification within genera is the mor-
phology and ornamentation of body scales, fea-
tures that can usually be seen only by using the
electron microscope. The cell surface of all prym-
nesialean species is covered by one to several layers
of these scales. The basic scale is a round or oval
plate composed of microfibrils. In many species,
the proximal side consists of microfibrils arranged
in a radial pattern, whereas the pattern of the distal
side is more variable. The scales consist of organic
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substances, mainly proteins and carbohydrates
(Leadbeater, 1994 and references therein). In
Hyalolithus neolepis, one scale type of the non-
motile form undergoes intracellular silicification
(Yoshida et al., 2006). Chrysochromulina parkeae
J.C. Green & B. Leadbeater has scales that may
be slightly calcified (R. Andersen, pers. comm., in
Saez et al., 2004), and may be allied with coccolith-
bearing species (Saez et al., 2004, Edvardsen &
Medlin, 2007). The length of the haptonema rela-
tive to either the flagellar length or cell body diam-
eter, the cell size and form, and the swimming
behaviour are additional features used in species
identification that can be seen under the light
microscope (LM). In addition, some species have
large conspicuous scales that are visible by LM.
Early on, Parke and co-workers recognized the
great morphological variation within the genus
Chrysochromulina, but were reluctant to erect
new genera on characters that could only be seen
in the electron microscope (Parke et al., 1955).
Suggestions that the genus Chrysochromulina is
an artificial grouping have also been based on
ultrastructural studies (Birkhead & Pienaar,
19954), 18S rDNA (Medlin et al., 1997,
Edvardsen et al., 2000; Edvardsen & Medlin,
2007) and rbcL DNA sequence analysis (Inouye,
1997; Fujiwara et al., 2001).

The aim of this study was to reconstruct the phy-
logeny of the Prymnesiales based on nuclear and
plastid-encoded ribosomal DNA (18S, partial 28S,
16S and concatenated) sequences and available
morphological and ultrastructural data, and to
revise the taxonomy in accordance with these
data, thereby attempting to identify synapo-
morphic and systematically useful morphological
character states within this ecologically and eco-
nomically important group of photosynthetic
protists.

Materials and methods
Cultures

Twenty-one strains representing 14 prymnesialean spe-
cies, presently maintained in the University of Oslo
Culture Collection of Algae (UIO), were isolated from
Norwegian coastal waters by the serial dilution method
or by single cell capillary isolation (Table 1). Of these 11
were used in this study. Twenty-six additional strains of
Prymnesiales were obtained from the Algobank Caen
Collection de Cultures de Microalgues — Université de
Caen Basse-Normandie (ALGOBANK-CAEN, previ-
ously ALGO), Provasoli-Guillard National Center for
Culture of Marine Phytoplankton (CCMP) and the
Plymouth Culture Collection of Marine Algae (PCC)
(Table 1). These originated mainly from North
Atlantic coastal waters, but also from the Arctic, the
Pacific, New Zealand and from freshwater lakes.



205

ion of the Prymnesiales

ic revis

Taxonom

(ponurjuod)

UOIUBIN

e/u S890SSINV 1LT9¥TIV 6861 ‘WA "M KemioN ‘profjojso oIn (ENH) €€00IN W oIed pddpy DUljnUOY0SLiYD)

'/u $Sy6TLNd e/u e/u uredg onueny o0 L1-S UOJURIA D11y DUINUL0Y20SA 1Y)

e/u 8SLOLLINYV e/u ARCINEINEN uredg onueny oIN/NH4A 101N UOIURIAL D141y DUINUOY20SL ity

1sL150449 e/u cLeoverv 6861 ‘UaspIeApy ‘g KemION M oin (A1) 0g001N UOIURIN DIAY DURUOYI0S 14D
19183q PRI

6VLISOAT  €SY6TLNY + PB8IOSSINY L10I6YINV 9L61 ‘s11eM Y dyed YHoN dINDO ¥8C dINDD ' SISUdIp2Yy "Jo DUNUOL20SL 11y
|uaspIeapy %

e/u €890SSINY €I0I6VINY 7661 ‘Uaspreapy g KemION “Yeirogeyg oin (61S) 6200IN WO DLDEDL DUINUIO.YI0SL1y D
UOIURIA

/U T890SSINY 0E0I6VINY = 9L61 ‘s1reM Y dyded YHoN dINDO 18T dINDD % ddjIed DUl DUlnuo.>0s 14>
UOJUBN

/U I890S8INY 0€016VINY 6861 WAL IF "M KemION M oin (L1O) 9200IN % NI PUIDLID DUIUO.LYI0SL 1D
UOJURIA 29 191BOqPLa]

/U [9L6LLINY B/u €00C ‘2ur02S 'S uredg onuepy oIn/nH4A LETOIN g wnquid punuo.rosL1y >y
UOJUBJA 2 10)BaqPE]

09,1504 e/u SI0I6VINY T661 ‘WA "M KemIoN “Yeiregeys oin 81 g wnquidd pupnuoyr0sL1y>y
UOIUBIA

B/u e/u 62016V INV ared ‘N puejSug 20d Vorl DDd % Ied uoiyo punnuio.yrosd.y>)
12)80qPBYT ‘g % UOJUBRIA

19,1504 0089L81V ELTOVTLY Y861 ‘UaspuoIy[, [ KemIoN “Yeiregeys oln o1r paafipnundun) puinuio.y20sL1y>
UOJURIA 29 191BOqpPLa]

/U 6¢v6CLNA B/u [pusalg °f OUBL] dnuUENY 00) | S811DDd “d pjjpwn> DUl 205Liy>y
UOJUBIA 2 19)BOqpPEaT]

e/u OvvecLNd B/u /U UBad( dnuepy N dINDO 68¢dINDD “d pjjpwn? DUl 205 L1y
UOJUBIN %

B/u 9S¥67LNA B/U '/u uredg onueny N X! €-S  oIed wimjifina.q punnuioyrosday)y
UOIUBIA %

e/u 0890S8INV CI0I6VINY e/u /U O0d €71 DDd  NIed winjifiaa.q vuynuioyrosiy)
UOJURIA 29 191BaqpPLa]

B/u LEV6TLNA B/U '/u uredg onueny o0 9-S g PYIUDID DUNULOAYDI0SAAY)
UOJUBIA 2 19)BOqpPEo]

TSTTOLAY e/U B/U Yorezoren 1 0200I0JA] dNURY 0" 6££00d q DYIUDOID DUYNUIOYI0SL YD)
UOJURIA 29 191BOqpPLa]

e/u e/u 6S066SNA Y661 TPUSAI ‘[ OUBL] dNUENY (019804 8L dVH A DYIUDID DUNULOYI0SL 1Y)
UOJUBIA 2 19)BOqPEoT]

8515049 e/u 8LV Y661 ‘UespIeApd g KemIoN “Yeirageys oln (oz1) ¥To0oIN “d YUY DURUOYI0S 1Y)
JAIUINO

e/u 6L90SSINY CWI6VINY 7961 Nemof Y 3N PuuRy) ysisug 20d 8¢ DOd "O"Y paafiurds ppnupduns0sd.iy)

Sq[eIsuwALJ

VNQI S91 ou VNQI S8z ou VNQI S§] ou 180 ‘101B[0S] 9)IS UONDI[[0D) UOI99[[0d 1NN 9pod ureng soradg

UOISSA00Y UOISSA00Y UOISSA0OY
RN plACe]

UI 9I€ SOP0J Ure1)s pjO "9[qe[IEAL JOU = B/U "P[Oq UI 218 APNIS SIY) WOIJ $a0uanbas o) 103 SI0qUINU UOISSIIOY "Apnis Juasard o) Ul pasn saouanbas oprios[onu pue surer)s jo Lrewrwing 1 Jqe],

1102 AInf LT T§:60 e [uaspieapg ajuag] Aq papeojumoq



206

e
SSLISOAH 66L9L8IV  LLTOVILV = 6LTOVILY 6861 ‘WanIg "M KemION “Ye11o5eyS oln (113D 6¥001N HuISpUO.Y} PUINUO.LYI0SL 1D
UOJUBIN %
B/u e/u 09066SNA e/u oNueNyY ‘N 00d v ODd IR SNJ1QO.JS DUNUIOAYI0SLA1{D)
yHngals
2 soAvISIRYH ‘siAe ‘D'd
B/u 09L6LLINY B/U QUROAS °S uredg onueny OIN/NHA 9¢101N ‘doysg xopduns vunnuio.ysrosdayy
JIImQaIg
% soAarISIeH ‘siaeg ‘D'd
PSL1S04H 0690S8INY 12016V INY 6861 W IF "M KemIoN “profjojso oln (gyuwor) Ly00IN ‘doysg xopduais puipnuo.uyr0sL1y>y
dnnsooN 2 waIIg
'/u e/u PLIOYILV= €661 ‘PIRIIg D oueI] dNUENY 001V 7LdVH wingjaInos punUL020sA.1y>)
dnnseoy 2 womIg
/U e/u YLTIVILY 0661 ‘WA "M KemIoN “Yeirageys oINn (LD) 9r00IN winj[a1nas puinU020s 1)
JuaspuoIy,
e/u 19066SNA ST0I6VINY = 0661 ‘WA "M KemIoN “Yeiregeys oin (THL) #700IN % WAINIF $1/D10.4 DUljnu04y205Liy>y
,UaspuoIy [,
/U e/u SUWIGVINY 0661 ‘WA "M KemIoN “Yeirageys olNn (91d) SFYOOIN % WRLIF §1)04 DUlRUO1I0S 14D
WAINI 29 USPILAPH
sL1S044d 6890S8INY 8987001V 8561 SWepy ‘| 3N Puuey) ysisug O0d 00T DOd sidojAjod ~jye vuipnuo.uyr0sL1y>
oYIed 2 UOJUBIN
/U 8890S8INY B/u 8861 ‘Uaspieapy ‘g KemIoN § ‘plofjoiso olNn (11514 LEOOIN sdajdjod vuynuto.ir0sL.1y>
oYIed 2 UOJUBIA
v/u v/u 9987001V 8861 ‘UaspIEAPH ‘g KemIoN ‘profjosQ oIn (114) 9€001N sidojdjod puynuio.y>0s4.1>
aYIed 2 UOJUBIA
61LTL1AVA e/U e/U 8861 ‘Quyoseed g KemiIoN ‘piofjo[so olNn A% sidajdjod puinuio.ay20sd.ay)
oYIed 2 UOJUBIN
61LTLIAY v/u v/u 8861 ‘UaspIEAPH ‘g KemIoN ‘profjosQ oIn fzs1d sidojdjod puynuio.y>0s4.1>
e/U 61016VINY suaIdny ‘d VSN ‘OpeIojo) aye] dINDD 162 dJINDD KoyoeT vatnd vuynuioaysosd.iy)
IeeUAlJ
79 UISPIBAPH ‘WAINIH ‘QUBOJS
e/u 9SL6LLINY SSLOLLNY €00C QURO3S 'S uredg onuepy oIN/NHA €€101N sipaqadppd putnuo.uf20sLay)
UOJUBJA]
e/u e/u 0I0I6YINY e/u 3N CPuuRy) ysisug O0d ¥0€ D0d 79 ONIeJ HOUILU DUIMUOLYIOSL1YD)
qngats
2 soArISIRH ‘Siae ‘D°d ‘doisg
65,1504 ®/u LIOI6VINV= 1661 ‘Wanig "M KemION "N ‘U010j0] oln drL Ha1PaqpDa] DUINUOLYI0S 1D
YIImQaIg
- 2 soArISIRH ‘siae( ‘D' ‘daisg
= e/u L890SSINY LI0I6VINV 1661 ‘WaINIF "M KeMION "N ‘U210j0] oln (ITga) s€001N L12]Dagppa] DUNUOYI0S 1Y)
k5 UOJUBJA]
$ e/u 9890S8INY B/u 9861 IR ‘W VSN ‘urey dINDOD 88T dINDD % dIed pddvy puynuo.uy20sL iy
122
M VNQ! S9] ou VNQ! S8 ou VNQ! S§] ou 1Bk “101B[OS] 9IS UONIA[[0D) UOI}03[[00 INI[ND) 9pod ureng sa0adg
< UOISSAOIY UOISSAIY UOISSAIY
E
q ‘ponunuoy [ dqeL,

1102 AInf LT T§:60 e [uaspieapg ajuag] Aq papeojumoq



207

ion of the Prymnesiales

ic revis

Taxonom

(ponurjuod)

peaydIIg % Ieeudld

e/u 86L9L8(V 8979V TV Ieeudld BOLIJY 'S V'S BOLIJY (INog WNDYIIUDUIU WNISIULULL ]

e/u L0LOSSIAV SO0TGHINV 9661 ‘[PUsa1g ‘[ aoueILg onuERNy 091V 6LdVH [oUSAL tnIpj02An) winisoutudid
ueky "D ¥ Suey)

v/u 9690S8INV 80016FINV= 0661 ‘[ousaLg ‘[ QoueRI dNUENY 091V SIQESAVH H'A winofiyimpps wnisouididg
ueky 'O ¥ SuLyD

v/u Prh6TLNA 80016VINV €861 ‘Suey) " Ppur[EdZ MON ‘PUEB[YION dINDD LOL dINDD H' A winiafiyopd winisauudidg

e/u 79066SNA LOOL6YINV 0861 ‘Prelid O aoueL] dnuENY 091V LYdVH pae(ig wniofinuun wnisauuilidg

e/u TsyeTLnd v/u [oUSaL] [ 3G UBAUELIIPIA o) $8€100Y ds sisdupp vl
[ousalq

v/u ®B/u 8TOI6FINV 1861 ‘[ousaLg [ pue[rey ], 091V SIQISdVH % [eIkeD) xopduas sisaydm]d

B/U  8GY6TLNA+TS690SSINY €00L6FINV 0861 IRUI-I0UUIAIYD [N e/u 091V €8dVH TopeD s sisdiyod)d
[ousal]

e/u 167N LZOL6YINV 8L61 ‘[oUSAL] [ aouel] 091V SIQ0SdVH % [e1keD wwpuald sisdiuydA)d

e/u B/u T60LOTAY e/u oyIEd e/u B/u 2011 I'TO

e/u e/u 680L0TAV e/u RIUSIR v/u v/u 6S01S TTO

v/u ®B/u L80LOTAV v/u oyR v/u ®B/u 9501¢ 110

e/u v/u LSOLOTAY e/u RIUSIR v/u v/u €€01S I10

e/u B/u €80L014V e/u oIEd e/u B/u L109T I'TO

v/u /u T80LOTAY v/u oeq v/u ev/u 80191 I'TO

v/u ®B/u 080,014V v/u oyR v/u ®B/u 62091 110
afnouy ‘[ 2 rwnueIeN
‘ewredeyeN "L [RON "H-'IN

e/u 70696914 e/u 1aqoid | 9SG UBDUBLINIPIIA oo €SPIODY  “BPIYSOX "IN s1dojoau sniyijoip A
aAnouj ‘| 2 rwnueIeN
‘eweAeeN "L ‘RON "H-'IN

e/u v/u S9TE81AV e/u uedef SAIN €6€1 SHIN  “BPIUSOX "IN Stdojoou snyijoipd g

e/u P690SSINY SI0L6VINV LMY N VSN ‘dutey dINDD v0¥1 dINDD ds oy

§969614V B/u e/u e/u ueder DIdIN L6VOTOIIIN “ds pruorupwy

T91TOLAY v/u e/u e 971 g [ouuey) ysisug oD 90700 Dpunjo.L viuojupuif

0STTOLAY e/U B/U udqnog 'S 8IS UBJURBLIIPIN o) ! S0EDDY DpUnjo.L nIUojunuULl
IBRUDLJ 29 USAID) D[ "PUIWD

e/u LSL6LLINV v/u €00 ‘ouroag 'S uredg onuepy oIn/nH4A 8€10IN SPIOUAY "N Ppunio.L viuojuniuf
IBRUDL 29 USAID) D[ "PUIW

T9L15049 £690S8INV L9TOVTIV 7661 ‘USSpIeAPH g KemIoN “Yerregeys oin 101010 SPIOUAY "N Ppunio.L piuouniuy

8068100 B/u B/U '/U uemIe], '/U $1 uop “ds punnuo.nyrosdayy

9969619V e/u B/u /U ueder DI 9ISOTOIIIN “ds puipnuo.ugrosd1y>y

£97007dV v/u e/u e/u uedef JI9IN €ISOIDIAN “ds pupnuio.nposd.iy)y

£969619V v/u 85€8509V e/u ueder DI 8ISOIOIAIN ds pugnuio.f20sL1y >

ev/u 89108600 v/u v/u uedef SAIN €€€1 SAIN “ds pupnuio.nposd.iy)

/U e/u 7886614V /U ueder DIGIN €1SOTDIAIN ds pugnuio.20s Ly

e/u T690SSINV 9LOL6FINV 6861 ‘UIAPS Y onory dINDO ¥0T1 dINDD “ds pugnuio.ugrosdiy)
wanyig

e/u 6SL6LLINY e/u €00 ‘oUB03S 'S uredg onuepy oIn/NH4A se10IN HUDSPUO.LY1 DUYNLULO.1YIOSL1YD)
wanyig

e/u v/u LLTOVTIV 6861 WA "M\ KemioN “eiadeys oIin (T1'1D 87001N HUISpUO.LY} DUINUOLYI0SL1YD)

1102 AInf LT T§:60 e [uaspieapg ajuag] Aq papeojumoq



208

B. Edvardsen et al.

e/u e/u 980L01dV e/u e/u ¥001S 110

v/u ®B/u $80L01AV v/u ®B/u L¥09T 110

e/u v/u ¥80L0TAV e/u B/u 1709C 110

/U e/u 180L01dV B/u ®B/u 01091 110
JRRUAIJ 2 URID) ‘D[

e/u v/u 99T9¥TIV oin z0101N puouid MNIed vunqL3 SISALYI0S]

'/U B/U 9,79V D0d 10D = $.S DDd  Tewdwey] vomunaio vsdvio.idydarn
I[UOIN 'H % £eH "M'M

e/u 08820sNd v/u o0 1$T100Y (uuewyqo) 1apxny vy
I[UOIN 'H % AeH "M'M

€5L15049 v/u v/u oIn Jo4 (uuewory) 1ajxny pruviIET
adfyoydiowr
g O[O 'H % AeH "M'M

v/u ®/u LTELSIN D0d az6 Odd (uuewryo) 1opxmy piuvy T

0SL15049 v/u e/u dINDD §S¢€ dINDD oxIed pIpUIOUL DIIDII
IpIRYUIY d (99 ¥

e/u L9¥6TLNE v/u o0 90TIDDY  IKIUIN) syay0au snif1ijoov]dion)
IpIRYUIY d (99 ¥

e/u v/u T9TVTIV dINDD 86T dINDD  RIKIUIIIN) s1ayodu sniyj1joonjdioni)y
T[S [ (YoHIEM "O'D)

B/u B/u LITVPSIV 0DV €L ALl snorsvjad ~dss sno13vjad sniy11702207)

:s9)Aydoydey YO

e/u 6vr6cLNd B/u [ousaIL] [ 8IS UBIUBLINIPIN 0D¥  (S1LZdVH) 0Fr1D0Y “ds wnisauud i

v/u ®B/u 00016VINV v/u e/u 091V Wd dVH “ds wimpsoundid

e/u Lyv6TLNA e/u LL61 ‘PIRIIG "D QduURL] ONUENY 00d  (S196TdVH) Ter1D0Y pae[Ig winuLigoz wnisouulig

B/u  8¥P6TLNA + 00LOSSINY L00L6FINY LL6L “PIeIlg O aoueIL] dnuENy 091V 6CdVH pae[ig wnutiqoz winisouwLidg
Iae)

'/U 6690SSINY B/U SO0 ‘udsIopuy Y RISSNY ‘OB dINDD 1762 AINDD ‘N winaand -y wnaawd wnisoudig
Ire)

v/u 8690SSINV v/u 6661 ‘PIR[ID Y VSN durey dINDD LT6L dJNDD N wnaind “j wnand wingsauudid
Iae)

e/U 7089.8(V 6929YV UasudISLIyYD "I, JIewud(J ‘oS d9pe[q dVDDS 1800- ‘N wnaand -y wnaawd wnisoudig
uasIe| 'y (Jeeudld
% PIOQQIH (' ‘URID "D[)

'/u S6L9L8IV '/U €661 ‘UdSIRT Y KemION "M qa1n coredy  wmnaafipjaivd -y wnaand winisouidig
uasie 'y (deeudld
% PIQQIH (' URID "D'[)

v/u L690SSINV v/u L661 ‘PIE[IID Y VSN ‘ourey dINDD 9261 dINDD  wniafifjoind *y wnand ungsaudid
uosIe] 'y (Jeeudrq
% PIOQQIH (' U991 D)

v/u v/u 1L/0L9%€T 9L61 “PTQQTH ['d '['A pue[sug 'S D0d LTS OOd  wnaafijjaind -y winand winisoudig

VNd!I S9] ou VNJI S§g ou VNJdI S§] ou J8K 101B[OS] 9)IS UONIJ[[0D UonNo3[[0d AN}y 9pod urens saradg

UOISSI00Y UOISSI00Y UOISSI00Y

1102 AInf LT T§:60 e [uaspieapg ajuag] Aq papeojumoq

“panunuo) | AqeL,



209

ion of the Prymnesiales

ic revis

Taxonom

(L661) 1p 12 uowtg ut [ “ds D SI ZH.L UIRNS SDIOL DUNUOYD0S L1

“(L661) v 12 uowntg ut ¢ “ds "D ST 9[d UIRIIS SI/DI04 DUNUO.YI0SL 1Y)
(L661) v 12 uowntg Ul g “ds *) SI DLIDSD.LL DUYMUOLYI0SLIYD |

e/u
'/u
'/u
'/u
'/u
'/u
e/U
e/U

'/u
e/U

B/U
e/Uu
e/U
e/U

e/U
B/u
e/U
¥80618N1H
B/U
B/u
®/u
B/U

B/u
®/u

e/Uu
'/u
®/u
B/U

6997¢1
Y9OreLv
[K482290 4
r/U
0CIvySIvV
SLYLLX
r1E91dV
ILYLLX

LY1€91dV
[8VLLX

cceorn
160L014V
060L0TdV
830L014V

1102 AInf LT T§:60 e [uaspieapg ajuag] Aq papeojumoq

usIn)

00d 98% DOd D (19338 N) pUljps D222GIY
Ueplof "M

dINDD L8 dAINDD (dooixq) vinsuoja s1say20.najg
110qo1(d (9190nog 2 ussueyo[

(019804 9dVH () piviudp sisdayd0.nalg
uasusLY)) v 1 (pueprase]

00X ] SIPIDDY % pnieelq) an.anind SIsA1y20.4na)q
uasusLY) 'y L (pueprase]

091V IdVH % pnieelq) an.anind SisAay20.4na]g
wirayIage|

MV P¢ S (yourey) moyonod sisdroavyg

NSZ cd ouo3uryz nuyvl s1s£20anyg

IMV S¢S [9JJ19YDS »S0qO}3 $1154009DY J
JUIJ-)OUUNAIYD)

NSZ Tego 2 Quo3urz nip.od s1sA20avYJ

IMV €TIS USR] "D vonIIUD SPSLO0aDY ]
UOJURIA % UID) [

dINDD L09 dINDD ‘pudwa 1oyong Suvids vaojang

e/u e/u 0801 170

e/u e/u 9L01S 110

e/u e/u 0S01S 110



Downloaded by [Bente Edvardsen] at 09:52 27 July 2011

B. Edvardsen et al.

Cultures of these strains were generally grown in IMR
1/2 medium (Eppley ez al., 1967), supplemented with
10nM selenium, in a 12:12 h light:dark cycle at a
photon flux rate of 50-100 pmolm s . Cultures from
the ALGOBANK culture collection were grown as in
Probert & Houdan (2004). Cultures were harvested by
filtration or centrifugation (20 min, 7000 rpm, 4°C,
RC-5B Sorvall Centrifuge).

PCR amplification and DN A sequencing

Total nucleic acids were extracted using a modified
CTAB extraction (Doyle & Doyle, 1990) or by the
Qiagen DNeasy Plant Mini Kit (Qiagen, Hilden,
Germany), and these served as the template for amplifi-
cation of the 18S rDNA following Medlin ez al. (1988),
Chesnick et al. (1997), and Edvardsen & Medlin (1998).
28S rDNA was amplified as in Edvardsen et al. (2003).
PCR products were directly sequenced using a solid
phase sequencing method with radioisotopes (Chesnick
et al, 1997) or cycle-sequenced (Sequi-Therm,
BIOZYM) using infra-red-labelled primers and analysed
with a LICOR automatic sequencer (MWG, Everbat,
Germany). Alternatively, purified PCR products were
sequenced directly using the DYEnamic ET terminator
Cycle sequencing kit (Amersham Biosciences, USA)
according to the manufacturer’s recommendations.
The PCR fragments were then bidirectionally sequenced
using the primers as described in Edvardsen et al. (2003)
on a MEGABACE (Amersham Biosciences, Germany)
automatic sequencing device at the Department of
Biology, University of Oslo, Norway. Some templates
were cloned (LigAtor, R&D Systems, the Netherlands)
prior to automatic sequencing. Amplification and
sequencing of the partial 16S rDNA region of some of
our strains were undertaken by S. McDonald
(McDonald et al., 2007).

Phylogenetic analyses

The rDNA sequences generated in this study and all
publicly available nearly full-length 18S, and partial
28S and 16S rDNA sequences of cultured prymnesialean
taxa were included, and then duplicates removed
(Table 1). A set of 18S rDNA environmental sequences
of oceanic picoplankton (Moon-Van der Staay et al.,
2000, Table 1) were also included to increase the
number of taxa. Sequences of haptophyte taxa basal to
Prymnesiales in previous phylogenetic studies (e.g.
Edvardsen et al., 2000; Medlin et al., 2008) were selected
as outgroups to root the trees. Four datasets were gen-
erated: 18S (63 taxa, 1838 characters), 28S (37 taxa, 1086
characters), 16S (22 taxa, 701 characters) and a conca-
tenated dataset of the three genes, including taxa where
both 18S and 28S rDNA sequences were available
(30 taxa, 3625 characters), with the 16S rDNA for 13
taxa (Table 1). The single gene datasets were aligned
using MAFFT v6 Q-INS-I model (Katoh & Toh,
2008), considering secondary RNA structure (default
parameters) followed by editing by eye in BioEdit
v7.0.9 (Hall, 1999). The concatenated dataset was gen-
erated by combining the three alignments. The 28S
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rDNA and concatenated alignments included hypervar-
iable regions and were treated with Gblocks v0.91b
(Castresana, 2000), under default parameters, to exclude
poorly aligned positions from the phylogenetic infer-
ence, reducing the number of characters to 2758 (1669
in 18S, 389 in 28S, 700 in 16S) in the concatenated and
384 in the 28S rDNA datasets. All four datasets were
then analysed with MODELTEST (Posada & Crandall,
1998) to establish the optimal model of nucleotide evo-
lution; for all alignments the general time reversible
model (GTR) was preferred for both the Akaike and
Bayesian information Criterion (AiC and BiC).
Maximume-likelihood (ML) analyses were performed
using RAXML v.7.0.3 (Stamatakis, 2006). The general
time reversible model with parameters accounting for
invariable sites (I) and gamma-distributed (G) rate var-
iation across sites with four discrete rate categories was
used for all four rDNA datasets. The bootstrap analyses
had 100 replicates for the ML analysis. Bayesian infer-
ence (BI) under the same evolutionary model was per-
formed with MrBayes v. 3.1.2 (Ronquist &
Huelsenbeck, 2003). Two Markov Chain Monte Carlo
(MCMC) runs each with four chains were performed for
5000000 generations, where the average standard devi-
ation of split frequencies were <0.01. Trees were sam-
pled every 100 generations. Bayesian posterior
probabilities (PP) were calculated from the majority-
rule consensus of the tree sampled after the initial
burn-in phase. The MAFFT alignments were performed
online at CBRC (www.mafft.cbrc.jp), the Gblock at
Phylogeny.fr  (www.phylogeny.lirmm.fr), and the
Modeltest, ML and BI at BioPortal (www.bioporta-
l.uio.no). The alignments are available as supplementary
files (available via the Supplementary Content tab on
the article’s online page at http://dx.doi.org/10.1080/
09670262.2011.594095).

Results and discussion
Molecular phylogenetics

This study produced 53 new sequences from 37
different strains representing 30 species in the hap-
tophyte order Prymnesiales: 29 nearly complete
18S and 24 partial 28S rDNA sequences
(Table 1). Bayesian and ML analyses recovered
trees of almost identical topology. The four con-
sensus Bayesian rDNA trees generated are shown
in Fig. 3 (18S), Fig. 4 (28S), Fig. 5 (16S) and Fig. 6
(combined 188, 28S and 16S = concatenated) using
the new names proposed in this study. These four
phylogenies are largely congruent with each other
and subsequently we refer mainly to the 18S rDNA
tree because it contains the most characters and
taxa. The single gene partial 28S rDNA dataset,
including only 384 characters, generated a weakly
resolved phylogeny.

In our 18S rDNA tree (Fig. 3), clades are num-
bered according to our previous work (Edvardsen
et al., 2000) and newly recognized clades Bl-1 to
B1-6. The first divergence within the class
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1.00/86
1.00/100

0.58/-

1.00/89

.00/77 Prymnesium chiton

0.90/58— Prymnesium sp. HAPpt Prymnesiales

0.57/- Prymnesium pigrum
089 L~ prymnesium pienaarii + P. simplex
0.88/{ - Prymnesium zebrinum
1 %Oét;? Prymnesium nemamethecum
=0 Prymnesium parvum

Prymnesium faveolatum

Prymnesium calathiferum + P. annuliferum
Prymnesium polylepis

Prymnesium neolepis
Prymnesium aff. polylepis

B1-5

Prymnesium minus
Prymnes;um kappa
Prymnesium palpebrale

Ns 1 Haptolina hirta + H. ericina
Haptolina cf. herdlensis

B1-4

0.66/]

0.91/-] 1.00/1oor OLI51033+0L151056
OLI51059

1.00/99[ Prymnesiaceae sp. MBIC10518 I B1 '6
Chrysochromulina parkeae

Haptolina fragaria
go/ss Haptolina brevifila

0.
1.00/1005 Imantonia rotunda

—|:L Imantonia sp. CCMP1404 I B1 -2

1.00/%0 Pseudohaptolina arctica CCMP1204 | B 1 -3

Chrysocampanula spinifera W B1 -1

1.00/59|

096/}

1.00/61

1
1.00/100

0.56/62| |

1.00/94 Pleurochrysis carterae
1.00/100 Pleurochrysis elongata
1.00/87 i

0.94/64 Cruciplacolithus neohelis

OLI51076
T OLI26047 D
: OLI51080
OLI16010

1.00/90 Chrysochromulina leadbeateri
OLI16108
OLI26017
OLI16029
OLI51102
Chrysochromulina simplex
Chrysochromulina campanulifera
Chrysochromulina cymbium B 2
Chrysochromulina strobilus
Chrysochromulma scutellum
1.00/01L Chrysochromulina acantha
Chrysochromulina throndsenii
_[_Chrysochromulina rotalis
Chrysochromulina sp. MBIC10513
Chrysochromulina parva

0.98/99
1.00/99

Coccolithales

Pleurochrysis dentata

1.00/100 Coccolithus pelagicus C

Isochrysis galbana Isochrysidales

Emiliania huxleyi + Gephyrocapsa oceanica
OLI26041 I E

OLI51050

0.60/100— Phaeocystis pouchetii

Phaeocystis antarctica

Phaeocystis globosa A

1.00/76— OLI51004

Phaeocystis cordata

Phaeocystis jahnii

Phaeocystales

.00/100

Outgroup

1.00/100 |— Rebecca salina

0.1 Paviova gyrans

Fig. 3. Consensus Bayesian

tree based on nuclear 18S ribosomal encoding DNA sequences of members of the

Prymnesiophyceae. Posterior probability (left) and maximum-likelihood bootstrap values (right)>0.5/50 are shown above

or below the branches. Paviov
number of substitutions/site.

a gyrans and Rebecca salina (Pavlovophyceae) were used as outgroups. Scale bar represents

Prymnesiophyceae (the ingroup) corresponds to
the order Phaeocystales, clade A (see Lange
et al., 2002 for full description) plus clade D, con-
sisting of some environmental sequences known
only from a picoplanktonic clone library

originating from oligotrophic waters in the
Pacific Ocean, here termed OLI sequences
(Moon-Van der Staay et al., 2000). Clade D is suf-
ficiently genetically divergent to be recognized as a
separate order of haptophyte algae once the
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0-1/87 Chrysochromulina acantha
1.00/100 Chrysochromulina throndsenii
0.92/- ——— Chrysochromulina rotalis B2

—1_00/1oo|—_Chrysochromulina cymbium
0.78/- Chrysochromulina camella

1.00/99 Chrysochromulina simplex
4':'1 Chrysochromulina sp. NIES 1333
0-81/62 Chrysochromulina leadbeateri

1.00/100F Prymnesium calathiferum HAP53bis
Prymnesium calathiferum CCMP707
Prymnesium faveolatum

[ Chrysochromulina campanulifera

1.00/100[ Prymnesium nemamethecum
Prymnesium parvum
Prymnesium polylepis

Prymnesium palpebrale

Prymnesium aff. polylepis

05284 o4 6ar Haptolina cf. herdlensis
Haptolina hirta

Haptolina ericina CCMP281
Haptolina brevifila PCC143

0.53/-

0.99/-

Bi-4 + B1-5

0.67/- Haptolina brevifila S-3

Prymnesium pienaarii

—— Prymnesium kappa
—— Prymnesium neolepis

[ Imantonia rotundata
T Imantonia sp. CCMP 1404 I B1-2

0.94/96

0.96/55 0.99/787— Prymnesium zebrinum
0.76/- E Prymnesium sp. RCC1440
Prymnesium sp. RCC1385

0.93/82 Cruciplacolithus neohelis
41W,_|: Pleurochrysis carterae

0.1

Haptolina fragaria + Haptolina ericina U10026

Prymnesium pigrum + P. annuliferum
Chrysocampanula spinifera [ B1-1
Pseudohaptolina arctica CCMP1204 [l B1-3

Outgroup

Emiliania huxleyi

Fig. 4. Consensus Bayesian tree based on partial nuclear 28S ribosomal encoding DNA sequences of members of the
Prymnesiales. Posterior probability (left) and maximum-likelihood bootstrap values (right)>0.5/50 are shown above or
below the branches. Cruciplacolithus neohelis, Emiliania huxleyi and Pleurochrysis carterae were used as outgroups. Scale

bar represents number of substitutions/site.

morphology of these cells is known. The next
major divergence is that of the order
Prymnesiales, corresponding to clades B1 and B2,
from the cluster of taxa in clades C and E. Clade C
embraces the orders  Coccolithales and
Isochrysidales. Clade E here contains two pico-
planktonic clone library OLI sequences found to
group with a sequence of a newly described non-
mineralized species Chrysoculter  rhomboideus
T. Nakayama, M. Yoshida, M.-H. Noél,
M. Kawachi & I. Inouye in the phylogeny pre-
sented by Nakayama et al. (2005).

Prymnesiales

The divergences within the order Prymnesiales are
the primary focus of this study. In Table 2, avail-
able morphological and ultrastructural data for the

prymnesialean species analysed here are summa-
rized. In the 18S rDNA Bayesian tree (Fig. 3) we
find two distinct clades with high posterior proba-
bilities (PP 0.91 and 1.00, respectively), termed B1
(consisting of several subclades) and B2. These two
major clades are also recovered and strongly sup-
ported in previous SSU rDNA phylogenies
(Medlin et al., 1997, Simon et al., 1997,
Edvardsen et al., 2000; Saez et al, 2004;
Edvardsen & Medlin, 2007). This major divergence
between clades B1 and B2 is also recovered in the
16S and concatenated rDNA phylogenies (Figs 5,
6, support values PP 0.7-1.0), but with an unre-
solved placement of Chrysocampanula spinifera
(Fig. 6, see below). Species of the genus
Chrysochromulina fall into both of these clades
and our findings support the views of Birkhead &
Pienaar (1995a), based on ultrastructural data, and
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Prymnesium polylepis UIOA

1.00/99
0.67/62 Prymnesium polylepis UIOB152j B1-5
0.99/68 Prymnesium aff. polylepis PCC200

0.91/52 —— Prymnesium sp. MBIC10516
Haptolina cf. herdlensis I

B1-4

0-96/96 Haptolina hirta
Imantonia rotunda UIO101
0.93/61
Imantonia rotunda RCC406
1.00/100 1-2
Imantonia rotunda RCC305
Imantonia sp. MBIC10497
- Prymnesiaceae sp. MBIC10518 I B1-6
Chrysochromulina leadbeateri
0.99/100
0.79/- Chrysochromulina cymbium
Chrysochromulina acantha Ul0024
0.94/99 Chrysochromulina acantha RCC339
0.70/- B2
Chrysochromulina simplex
1.001100} Chrysochromulina sp. MBIC10513
0.87/55 Chrysochromulina throndsenii
Chrysochromulina campanulifera
Chrysochromulina sp. clone124 Outgroup
Emiliania huxleyi I
1.00/100
Dicrateria inornata

0.1

Fig. 5. Consensus Bayesian tree based on partial plastid 16S

ribosomal encoding DNA sequences of members of the

Prymnesiales. Posterior probability (left) and maximum-likelihood bootstrap values (right)>0.5/50 are shown above or
below the branches. Dicrateria inornata and Emiliania huxleyi were used as outgroups. Scale bar represents number of sub-

stitutions/site.

of Inouye (1997), based on rbcL. DNA sequence
data, that the genus Chrysochromulina is not
monophyletic.

Clade B2 — Chrysochromulina

Clade B2 contains the type species of the genus
Chrysochromulina, C. parva, and therefore these
species retain the name Chrysochromulina. All of
the taxa in clade B2, except for C. leadbeateri, are
allied by their basic cell shape and morphology
(Fig. 7). This clade includes all of the saddle-
shaped Chrysochromulina species examined here
(C. acantha, C. campanulifera, C. cymbium, C. lead-
beateri, C. rotalis, C. simplex, C. scutellum, C. stro-
bilus and C. throndsenii). Available data on the
ultrastructure of the saddle-shaped species have
been reviewed by Eikrem & Moestrup (1998).
Along with a common shape, these species all
have a very long, coiling haptonema with six or

seven microtubules in the free part. Their two fla-
gella have both proximal and distal transitional
plates, which is the case in all species of
Chrysochromulina and Prymnesium where this
character has been examined. All taxa in clade
B2, except for C. leadbeateri, have flagella that
are inserted subapically and ventrally. The flagellar
root R1 is generally simple (only a sheet of micro-
tubules with no crystalline bundle of microtubules)
and contains relatively few microtubules (usually
<10, Fig. 1). One exception to this is C. acantha,
which may have up to 20 microtubules in the R1 in
a sheet (Table 2). The cells contain two chloro-
plasts with immersed pyrenoids traversed by
tubes or thylakoids and are covered by many
small, delicate scales that may be cup-shaped or
have a relatively short spine.

Chrysochromulina  leadbeateri is  grouped
together with the saddle-shaped species in the 18S
rDNA tree (Fig. 3), albeit in a distinct lineage with
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1.00/89 Imantonia sp. CCMP1404

1.00/98 ——————— Chrysochromulina cymbium

Pseudohaptolina arctica CCMP1204 || B1-3

0.71/57 |: Chrysochromulina acantha
1.00/98 Chrysochromulina rotalis

1.00/74 ——— Chrysochromulina throndsenii

1.00/90

—— Chrysochromulina campanulifera

B2

Chrysochromulina simplex
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1.00/83

Chrysochromulina leadbeateri

M|— Cruciplacolithus neohelis
1.00/100

Chrysocampanula spinifera I B1-1

0.01

Pleurochrysis carterae Outg roup

Emiliania huxleyi

Fig. 6. Consensus Bayesian tree based on concatenated nuclear 18S and partial 28S, and plastid 16S ribosomal encoding DNA

sequences of members of the Prymnesiales. Posterior probability

(left) and maximume-likelihood bootstrap values (right)>0.5/

50 are shown above or below the branches. Cruciplacolithus neohelis, Emiliania huxleyi and Pleurochrysis carterae were used as

outgroups. Scale bar represents number of substitutions/site.

four OLI sequences corresponding to taxa with
unknown morphology. Chrysochromulina simplex
is sister to this lineage in the 18S, 28S and conca-
tenated rDNA trees (Figs 3, 4, 6). Although cells of
C. leadbeateri may be round and have a coiled
haptonema approximately equal in length to the
flagella, and flagella that are inserted apically
(Eikrem & Throndsen, 1998), it shares other fea-
tures with the saddle-shaped species, such as
immersed pyrenoids, six microtubules in the emer-
gent part of its haptonema and a simple R1 flagel-
lar root. Chrysochromulina leadbeateri is believed
to constitute a species complex that exhibits some
variations in scale and cell morphology, and some
cells belonging to this complex possess the saddle-
shape characteristic of clade B-2 and a long hap-
tonema (Eikrem & Throndsen, 1998). We therefore
suggest that the saddle-shaped cell form is a syn-
apomorphy for clade B2 Chrysochromulina species,

but that it has been lost in one or more forms
within the C. leadbeateri complex. The saddle
shape has been reported in the calcified, non-
photosynthetic genus Ericiolus H.A. Thomsen,
which is only known from TEM whole-mounts of
natural samples (Thomsen et al., 1995). In our
opinion, from the TEM images presented by
Thomsen et al. (1995), the cells in the two species
of Ericiolus correspond in shape more to the
strawberry-shaped” cells of certain coccolitho-
phores (e.g. Syracosphaera) than to the typical
saddle shapes of clade B2 Chrysochromulina spe-
cies. In addition, unlike the saddle-shaped
Chrysochromulina, the two species of Ericiolus
have a haptonema that is shorter than the flagella.

Chrysochromulina campanulifera, C. strobilus
and C. cymbium are grouped together in our 18S
rDNA tree (Fig. 3). Cells of these species are cov-
ered by small cup-shaped scales, in addition to an
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inner layer of plate scales. Chrysochromulina
camella, whose 18S rDNA sequence has not been
analysed, clusters with C. cymbium in the 28S
rDNA tree (Fig. 4), as expected from similarities
to this group in body shape and scale morphology
(Leadbeater &  Manton, 1969a,  1969b).
Ultrastructural data are missing for C. cymbium.

Chrysochromulina ahrengotii M.Q. Jensen &
Moestrup, C. alifera Parke & Manton, C. apheles
Moestrup & H.A. Thomsen, C. ephippium Parke &
Manton and C. pontica Rouchijajnen also have a
saddle-shaped cell form, ventrally inserted flagella
and a long, coiling haptonema and are expected to
belong to clade B2.

Clades Bl and Bl-1

Clade Bl is morphologically more heterogeneous
than clade B2 and is also less robust in all trees
(Figs 3-6). It contains members of the current
genera Chrysocampanula (in the 18S rDNA tree),
Chrysochromulina, Hyalolithus, Imantonia,
Platychrysis and Prymnesium. We propose several
taxonomic revisions within this clade and the pro-
posed new names (for which see ‘Taxonomic rec-
ommendations’) are henceforth used in figures and
tables and introduced in the text below. In the 18S
rDNA tree, clade Bl is a polytomy of three
lineages: the first (Bl1-1) is composed of
Chrysocampanula spinifera, the second (B1-6) of
Chrysochromulina parkeae and the cultured strain
MBICI10518 and the third consists of three well-
supported subclades (B1-2 4+ B1-3, B1-4, B1-5, all
PP=1.0) and a clade of picoplanktonic OLI
sequences. The placement of Chrysocampanula spi-
nifera (B1-1) within the B1 clade is well supported
by the 18S Bayesian analysis (PP>0.9), but the Bl
clade is weakly supported in ML analysis of this
gene. In the 28S rDNA (Fig. 4) and the concate-
nated (Fig. 6) trees the position of C. spinifera is
unresolved. Chrysocampanula spinifera was trans-
ferred to Chrysochromulina by Pienaar & Norris
(1979), but was moved back to Chrysocampanula
by Jordan et al. (2004) based on the molecular data
presented in Saez et al. (2004). Chrysocampanula
spinifera has bell-shaped cells covered by plate
scales and conspicuous spine scales (Fig. 8). The
haptonema is rigid and does not coil and is shorter
than the heterodynamic and unequal flagella
(Pienaar & Norris, 1979). The flagellar root R1 is
probably compound (Kawachi, pers. comm., in
Birkhead & Pienaar, 19954). Morphological char-
acters thus suggest that C. spinifera is affiliated to
clade B1. The clear divergence of its 18S and 28S
rDNA sequences from the rest of the Prymnesiales
and its unique combination of characters justify
the reinstatement of the genus Chrysocampanula.
Its unresolved placement within the Prymnesiales
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in our rDNA phylogenies and its aberrant cell
form could suggest that it represents a separate
family but more molecular and morphological
data are needed for C. spinifera and closely related
taxa to clarify their systematic position.

In this study Chrysochromulina parkeae was
placed within Prymnesiales, in a well-supported
clade together with the cultured strain
MBIC10518 (B1-6). Previous phylogenetic analy-
ses of haptophytes based on 18S rDNA placed
C. parkeae within the coccolithophorid clade
(Saez et al., 2004; Edvardsen & Medlin, 2007). As
with C. spinifera, more molecular and morpholog-
ical data of C. parkeae are needed to clarify its
systematic position.

Clades BI-2 and BI-3

Clade B1-2 + B1-3, recovered in the 18S and con-
catenated rDNA phylogenies, is composed of
Imantonia and strain CCMP 1204. Imantonia
rotunda and Imantonia sp. (strain CCMP 1404)
form a monophyletic lineage (clade B1-2), and
together with strain CCMP 1204 (B1-3) form a
sister group to the remaining clade B1 species
(clades B1-4 and BI1-5) in the concatenated
rDNA tree (Fig. 6) and a polytomy with these
clades in the 18S rDNA phylogeny (Fig. 3).
Imantonia rotunda has immersed pyrenoids and fla-
gella with distal and proximal transitional plates,
which supports a closer relationship to species of
Chrysochromulina and  Prymnesium than to
Isochrysis, with which it was previously grouped
(Jordan & Green, 1994). Imantonia was also
placed near the non-saddle-shaped Chryso-
chromulina species in the rbcL gene tree presented
by Inouye (1997). Members of Imantonia are pico-
plankters with spherical cells and with no traces of
an emergent haptonema except for a proboscis
(Fig. 9). The cells possess a deviant flagellar appa-
ratus with many flagellar roots, each composed of
only a few microtubules. There is no bundle of
microtubules associated with R1 or R2, but the
root termed RS by Green & Hori (1986) may be
interpreted as a vestige of a crystalline array (a
bundle of many closely packed microtubules
branching off the sheet) associated with R1 (Rlc,
Inouye, 1997; Eikrem & Moestrup, 1998). We sug-
gest that the haptonema was lost in the ancestors
of Imantonia and its absence is a derived character
for this genus. Imantonia rotunda is the type species
of the genus and is included in all our rDNA phy-
logenies. Our molecular data and morphological
revision support the interpretation that taxa
within the Imantonia group should all retain their
genus name.

In contrast, the sister taxon to Imantonia, repre-
sented by strain CCMP 1204 isolated from Arctic
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waters, has many features in common with the
remaining non-saddle-shaped Chrysochromulina
species in clade B1-4 (rounded cell shape, non-coil-
ing haptonema shorter than flagella, and plate-like
body scales; Eikrem & Edvardsen, 1999), suggest-
ing these are shared primitive characters (symple-
siomorphies) of clade B1. Based on a combination
of morphological and molecular rDNA data, we
propose the erection of a new genus for this spe-
cies, Pseudohaptolina arctica, gen. et sp. nov.

Clades Bl-4 and BI-5

The remaining taxa in clade Bl fall into two
well-supported clades, B1-4 and B1-5, in our 188,
16S and concatenated rDNA Bayesian inferences
(Figs 3, 5, 6, PP>0.96). Clade B1-4 contains the
current species Chrysochromulina brevifilum, C. eri-
cina, C. fragaria, C. cf. herdlensis and C. hirta, and
we propose the creation of a new genus, Haptolina,
to embrace species in this clade. Members of the
genera Hyalolithus (H. neolepis), Platychrysis
(PL. pienaarii, Pl. pigra, Pl. simplex and Pl sp.
strain RCC1385 in this study) and Prymnesium,
together with some non-saddle-shaped Chryso-
chromulina species (C. chiton, C. kappa, C. minor,
C. palpebralis, C. polylepis and C. sp. strain MBIC
10516 in this study) cluster together in clade B1-5
in the 18S, 16S and concatenated trees, and are
here transferred to the genus Prymmnesium (see
below). Members of Haptolina (clade B1-4) form
a sister group to Prymmesium (clade B1-5) with
high support (PP>0.96) in the concatenated
rDNA tree.

Haptolina species of clade B1-4 have a symmet-
rical spherical to oval cell shape, apically inserted
appendages and a homodynamic swimming pat-
tern. The haptonema is shorter, equal to or some-
what longer than the flagella and is non-coiling or
coiling (see below; Fig. 10). The cells may have
large spiny scales (Haptolina (Chrysochromulina)
ericina and Haptolina (Chrysochromulina) hirta,
Fig. 10). The haptonema of Haptolina (Chryso-
chromulina) fragaria is shorter than the flagella
and has seven microtubules in the emergent part.
Like Haptolina brevifila (Chrysochromulina brevifi-
lum), the proximal part of the flagella of
H. fragaria has tubular rings (Eikrem, unpublished
observations), and the pyrenoids may be bulging
(Eikrem & Edvardsen, 1999). The flagellar appara-
tus in H. brevifila includes a R2 root similar to that
in Prymnesium species, but which was reduced or
lacking in two saddle-shaped Chrysochromulina
species (Birkhead & Pienaar, 1994a). The R1 fla-
gellar root in H. brevifila, however, is simple and
lacks closely packed bundles of microtubules
forming a compound root, as in Prymnesium
species including Prymnesium polylepis
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(Chrysochromulina polylepis) within clade BI1-5
(Birkhead & Pienaar, 1994a, see below). The hap-
tonema in H. brevifila, although shorter than the
flagella, has the ability to coil and in fact it appears
that this is associated with the presence of a simple
R1 flagellar root throughout the order Prymne-
siales. The cells of H. ericina and H. hirta have a
haptonema that is longer than the flagella and able
to coil. Ultrastructural data are limited for these
two latter species, but their body shape, scale types
(including large spiny scales) and 18S rDNA
sequences ally them with clade B1 species.

The species belonging to clade B1-5 are here
transferred to Prymnesium. They include the spe-
cies known as Chrysochromulina polylepis,
C. chiton, C. minor, C. kappa and all members of
Platychrysis, as well as species already classified in
Prymnesium. These species have a non-coiling hap-
tonema slightly or much shorter than their flagella
[Fig. 11, Table 2; the haptonema in Prymnesium
(Chrysochromulina) chiton is however longer than
the flagella], oblong and asymmetrical cell shape,
and more or less heterodynamic flagella. They may
also have features commonly associated with coc-
colithophorids, for example a compound R1 root
(a sheet plus a bundle of microtubules) and bulging
pyrenoids, or they possess features that are usually
absent in the Chrysochromulina species of clade B2
(see above). Both P. nemamethecum and P. palpeb-
rale (Chrysochromulina palpebralis), which was first
described by Birkhead & Pienaar (1994b, 1995a)
under the name ‘eyelash Chrysochromulina sp.
and formally described by Seoane er al. (2009),
have a compound root associated with their right
flagellum (R1) and a fibrous root resembling what
is termed a cytoplasmic tongue in the coccolitho-
phorids (Beech & Wetherbee, 1988; Fresnel, 1989;
Seoane et al., 2009). In addition to the distal and
proximal bands in the flagella, P. palpebrale has a
helical band in its flagella (Birkhead & Pienaar,
1994h, 1995a; Seoane et al., 2009), as do some coc-
colithophorids. Of the species we have sequenced,
both P. polylepis and P. kappa (C. kappa) have
compound R1 flagellar roots (Edvardsen et al.,
1996; Eikrem & Moestrup, unpublished observa-
tions). Both P. parvum f. patelliferum and
P. parvum f. parvum have simple R1 flagellar
roots, but the sheet contains many microtubules
(>20) as in P. nemamethecum. Clade Bl species
have immersed pyrenoids, except for P. kappa
and P. nemamethecum, which have bulging pyre-
noids. Because a compound root associated with
R1 is found both in coccolithophorids and in sev-
eral branches of clade B1, it seems that this may be
a primitive feature that has been lost many times in
different lineages.

Members of the genus Platychrysis fall within
the clade of Prymmnesium species in our 18S, 28S
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Figs 7-11. Drawings of selected species of Prymnesiales. 7. Chrysochromulina strobilus. 8. Chrysocampanula spinifera. 9.
Imantonia rotunda. 10. Haptolina hirta, comb. nov. (syn. Chrysochromulina hirta. 11. Prymnesium polylepis, comb. nov. (syn.
Chrysochromulina polylepis). Modified from Throndsen et al. (2007).

and concatenated rDNA trees. Platychrysis is
known from morphological and ultrastructural
studies to have a close affinity to Prymnesium,
and the two genera have been shown to have clo-
sely related rbcL. DNA sequences (Inouye, 1997).
There are at present four described species of
Platychrysis,  Pl.  neustophila R.E. Norris,
PI. pienaarii, Pl. pigra and PI. simplex. Their dom-
inant life-cycle phase is non-motile, but they pro-
duce flagellate cells that resemble Prymmnesium
parvum in cell microanatomy and the sculpturing
of scales. Our rDNA phylogenies support the pro-
posal that all Platychrysis species should be trans-
ferred to the genus Prymmnesium. Non-motile cells
of Hyalolithus neolepis show several of the features
characterizing members of clade B1-5: spherical to
subspherical cell shape, haptonema shorter than
the flagella, a compound flagellar root and cells
covered by organic plate scales. The non-motile
cells also have siliceous scales. Non-motile cysts
of Prymmesium parvum similarly have a siliceous
cell covering, here composed of layers of organic
scales with siliceous material deposited on the

outermost scales (Pienaar, 1980; Green er al.,
1982). Electron microscopical X-ray microanalysis
of scales of P. polylepis indicates that they contain
silicate (Jahn Throndsen and Wenche Eikrem,
unpublished data), suggesting that silicified scales
are not unique to H. neolepis within the
Prymnesiales. Motile cells covered only by organic
scales may also occasionally occur in cultures of H.
neolepis. This species falls within clade B1-5 in our
18S and 28S rDNA trees and a tree using rbcL
(Yoshida et al., 2006). In order to avoid having a
number of paraphyletic genera in clade B1-5, we
propose the transfer of all species within this clade
to the genus Prymnesium.

Among other Chrysochromulina species that
have not yet been sequenced, we expect all
non-saddle-shaped species (e.g. C. bergenensis
B. Leadbeater, C. birgeri G. Hillfors & Niemi,
C. brachycylindra G. Hillfors & H.A. Thomsen,
C. fragilis B. Leadbeater, C. mantoniae
B. Leadbeater, C. mactra Manton and C. pring-
sheimii Parke & Manton) to belong to clade BI.
The distinction within this clade between
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Table 3. Sites with sequence differences in the 18S ribosomal DNA among the genera of Prymnesiales, where data are
available. The site position is related to sequence AJ004866 of Prymnesium (Chrysochromulina) polylepis.

Nucleotide site

position
74" 76" 1817 198° 4917 618" 644 650"  678* 704 1090°  1339' 1340

Genus

Chrysochromulina - A A T C G G/A A C/G T A G C
Chrysocampanula T G T A T A G G G T A A T
Imantonia T G G C C A G G G G A A T
Pseudohaptolina T G G C C A G G C T T A T
Haptolina T G T A C A C G A T A A T
Prymnesium T G T/C A/G T A G G G/C G T A T

"Nucleotide site with sequence difference between Prymnesiaceae (clade BI) and Chrysochromulinaceae (clade B2).
*Nucleotide site with sequence difference between Haptolina (clade B1-4) and Prymmesium (clade B1-5).
*Nucleotide site with sequence difference between Imantonia + Pseudohaptolina (clades B1-2 and B1-3) and the rest.

Prymnesium, Haptolina and Pseudohaptolina 1is,
however, less clear. Thus, we will not transfer addi-
tional Chrysochromulina species until further ultra-
structural information and/or molecular data are
available. Similarly, Corymbellus aureus has not yet
been characterized genetically, but is expected to
fall in clade B1 based on its morphology, cells
being oblong and irregular in shape and the hap-
tonema being shorter than the flagella. Again, it is
unclear whether Corymbellus should be transferred
into one of Prymmnesium, Haptolina or Pseudo-
haptolina, or whether this genus forms a distinct
lineage within clade B1.

Conclusion

Reconstructed phylogenies based on nuclear ribo-
somal SSU (18S), the plastid ribosomal SSU (16S),
and a combination of the 18S, 28S and 16S rDNA
were congruent and resulted in very similar major
clades. Our data are in close concordance with the
trees for the plastid-encoded rbcL gene including
eight or nine Prymnesiales taxa presented by
Fujiwara et al. (2001) and Yoshida et al. (20006),
as well as with previous studies based on 18S
rDNA datasets (e.g. Edvardsen et al., 2000; Saez
et al., 2004). Chrysochromulina species are clearly
distributed in two clades. In clade BI, some
Chrysochromulina species cluster with members
of Imantonia, Hyalolithus, Platychrysis and Prymn-
esium, whereas clade B2 contains only Chrysochro-
mulina species, including the type species C. parva.

The ultrastructural relationships between and
within genera in the Prymnesiales tend to be
rather complicated, as can be seen in Table 2
where we summarize available morphological and
ultrastructural data for the species included in this
study. Characters showing shared derived states
within taxonomic units and thus apparently valu-
able systematic indicators within the Prymnesiales

are: cell shape, nature of the haptonema, flagellar
apparatus including the flagellar roots, and to
some extent scale type. Scale morphology appears
to be useful for species identification and in some
cases may indicate phylogenetic relatedness.
However, scale morphology may vary between
life-cycle stages within a species, and some fea-
tures, such as spiny scales, may have evolved
more than once (e.g. in C. parkeae, Haptolina eri-
cina and Chrysocampanula spinifera). There is over-
lap in some of these features between various
genetic sub-groups, making it difficult to divide
this order based solely on morphology. A
number of features appear to have independently
been reduced or lost, or have arisen by convergent
evolution, obscuring phylogenetic relationships.

Molecular data for different genes are consistent
and strengthen inferences from certain morpholog-
ical and ultrastructural features, making it possible
to revise the systematics of this widely distributed
group of haptophyte algae. Table 3 lists nucleotide
sites with consistent sequence differences in the 18S
rDNA among the genera of Prymnesiales, where
this information is available, and between clades
B1 and B2. Clade B1 (excluding B1-1 and B1-6)
is recognized here as Prymnesiaceae, and B2 as
Chrysochromulinaceae. Chrysocampanula spinifera
(B1-1) and Chrysochromulina parkeae (B1-6) are
considered as incertae sedis for the time being. In
addition to the specific sites in the 18S rDNA
(Table 3), we were able to find two probe regions
in this gene that are specific for these families,
which can be used as synapomorphic characters.
At positions 229-247 (related to sequence
AJ004866 of Prymnesium polylepis) in 18S rDNA,
the sequence TGCCGGTTGCGTGCTGAGT is
specific for all members of Prymnesiaceae. At posi-
tions 168—185 (reference sequence as above), the
sequence TACATGCAGGAAGACCCG is speci-
fic for all the taxa sequenced so far in the
Chrysochromulinaceae.
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I
Chrysochromulinaceae

Saddle-shaped

Long coiling haptonema
Simple R1 flagellar root
Ventrally inserted,
homodynamic flagella

Prymnesiaceae

Non saddle-shaped

R1 simple (sheet >10MT)
or compound
(Sub)apically inserted,
homo- or heterodynamic
flagella

Chrysochromulina

Elongated and irregular,
apical shoulder
Haptonema = or < flagella .
Simple to elaborate scales,—  Prymnesium
can be silicified

R1 compound / simple (sheet>20MTs)

Spherical to oval/conical,
symmetrical

Haptonema <, = or > flagella~  Haptolina
May have spine scales

R1 simple (sheet>10MTs)

Spherical to oblong
Haptonema = flagella
Homodynamic flagella

Pseudohaptolina

Spherical )
No emergent haptonema — Imantonia
Homodynamic flagella
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incertae sedis
| Bell-shaped

Unequal flagella

Fig. 12. Typical morphological features in the genera of Prymnesiales included in this study. Illustrations of cells are modified

from Throndsen et al. (2007).

The ultrastructure of a number of previously cul-
tured species within the Prymnesiales has not been
thoroughly investigated and many more described
species have not yet been brought into culture. In
addition, prymnesialean diversity newly discovered
in environmental DNA samples (Moon-Van der
Staay et al., 2000; Liu et al., 2009) awaits morpho-
logical study and description. Future ultrastruc-
tural and genetic studies may well lead to further
revisions of the taxonomy proposed here.
Nevertheless, in light of the clear deficiencies in
previous taxonomic schemes, there is an immediate
need for a revised taxonomy that more accurately
reflects phylogenetic relationships and provides a
more informative framework for interpreting the
ever-increasing amount of metagenomic data (e.g.
Cuvelier et al., 2010). Here we propose a conserva-
tive revision of the taxonomy of the Prymnesiales
that is in accordance with available molecular evi-
dence and supported by morphological data.
Figure 12 shows typical morphological character
states for the genera of Prymnesiales included in
this study (all genera described to present except
for Corymbellus).

Taxonomic recommendations

We propose to make the following taxonomic
changes to the taxa falling in clades Bl and

B2: The order Prymnesiales is to be divided into
two families. The family Prymnesiaceae is emended
and the Chrysochromulinaceae fam. nov. is erected.
The latter family should be distinguished from a
family Chrysochromulinidae proposed by Lackey
in 1939 to accommodate his new species
Chrysochromulina parva and other species with
three appendages, for which no description or
diagnosis was provided. The previously described
family Prymnesiaceae Conrad (1926) with the same
distinguishing feature made Lackey’s new family
superfluous.  The genera  Haptolina  and
Pseudohaptolina are erected, Pseudohaptolina arc-
tica 1s described, and selected members of
Chrysochromulina, —and  all members of
Platychrysis and Hyalolithus are transferred to
Prymnesium. The previous reinstatement of the
genus Chrysocampanula is confirmed. Taxonomic
reassignment of Chrysochromulina parkeae will be
published by others elsewhere.

Family Prymnesiaceae W. Conrad ex O.C. Schmidt
emend. Edvardsen, Eikrem & Medlin

Description: Cells oblong and asymmetrical to
spherical and symmetrical, not saddle-shaped,
with two smooth, equal to unequal, homodynamic
or heterodynamic flagella. Haptonema predomi-
nantly shorter than or equal in length to flagella,
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and predominantly non-coiling. Flagella and hap-
tonema inserted apically or slightly subapically.
Cells covered by simple to elaborate scales.
Flagellar apparatus with a compound R1 flagellar
root with a bundle of microtubules, or simple with
a sheet of > 10 microtubules. Cells with two yellow-
brown chloroplasts with immersed or bulging pyre-
noids. Nucleotide sequences for the SSU and LSU
rDNA distinct.

TYPE GENUS: Prymnesium Massart, 1920. Genera
included in the family: Chrysocampanula,
Corymbellus, Haptolina, Imantonia, Prymnesium,
Pseudohaptolina.

Genus Prymnesium Massart emend. Edvardsen,
Eikrem & Probert

DescriptioN: Cells predominantly elongated and
irregular, often with an apical shoulder with two
equal or subequal, homodynamic or heterody-
namic flagella. Haptonema  predominantly
shorter or equal in length to flagella, and usually
unable to coil. Flagella and haptonema inserted
apically or slightly subapically. The flagellar
apparatus has a compound R1 flagellar root
with a bundle of microtubules or a sheet of
many (>20) microtubules. The organic body
scales are simple to elaborate plate scales and
may have spines or other protuberances. Scales
and cysts may be silicified. Life cycles with alter-
nating haploid and diploid phases occur. Several
species are toxic.

SyNoNywms: Chrysochromulina pro parte excl. typus,
Platychrysis, Hyalolithus.

TYPE SPECIES: Prymnesium saltans Massart, 1920.

NEW COMBINATIONS:

Prymnesium neolepis (M. Yoshida, M.-H. Noél, T.
Nakayama, T. Naganuma & I. Inouye) Edvardsen,
Eikrem & Probert, comb. nov.

BasioNny™m: Hyalolithus neolepis M. Y oshida, M.-H.
Noél, T. Nakayama, T. Naganuma & 1. Inouye.
Yoshida et al. (2006). Protist, 157: 214, fig. 2A.

Prymnesium  palpebrale  (Seoane,  Eikrem,
Edvardsen & Pienaar) Edvardsen, Eikrem &
Probert, comb. nov.

BasionyM: Chrysochromulina palpebralis Seoane,
Eikrem, Edvardsen & Pienaar. Seoane ef al.
(2009). Phycologia, 48: 168, figs 5-8.

Prymnesium  polylepis (Manton &  Parke)
Edvardsen, Eikrem & Probert, comb. nov.
BasioNnyMm: Chrysochromulina polylepis Manton &
Parke. Manton & Parke (1962). J. Mar. Biol.
Assoc. UK, 42: 575, figs 1-28, ‘Type’ culture
PCC 136.

Prymnesium kappa (Parke & Manton) Edvardsen,
Eikrem & Probert, comb. nov.
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BasioNny™m:  Chrysochromulina  kappa Parke &
Manton. Parke et al. (1955). J. Mar. Biol. Assoc.
UK, 34: 583, figs 1-19, ‘Type’ culture PCC K.

Prymnesium chiton (Parke & Manton) Edvardsen,
Eikrem & Probert, comb. nov.

Basionym:  Chrysochromulina chiton Parke &
Manton. Parke et al. (1958). J. Mar. Biol. Assoc.
UK, 37: 225, figs 1-37, ‘Type’ culture PCC 146.

Prymnesium minus (Parke & Manton) Edvardsen,
Eikrem & Probert, comb. nov.

Basionym:  Chrysochromulina  minor Parke &
Manton. Parke et al. (1955). J. Mar. Biol. Assoc.
UK, 34: 594, figs 3664, “Type’ culture PCC 52.

Prymnesium neustophilum (R.E. Norris)
Edvardsen, Eikrem & Probert, comb. nov.
BasioNyMm:  Platychrysis neustophila R.E. Norris.
Norris (1967). Bull. S. Cal. Acad. Sci., 66: 241,
figs 1 h, 1; 6.

Prymnesium  pienaarii  (Gayral &  Fresnel)
Edvardsen, Eikrem & Probert, comb. nov.
Basionym:  Platychrysis — pienaarii  Gayral &
Fresnel. Gayral & Fresnel (1983). Phycologia, 22:
43, figs 1-10.

Prymnesium pigrum (Geitler) Edvardsen, Eikrem &
Probert, comb. nov.

BasioNnyMm:  Platychrysis  pigra Geitler. Geitler
(1930). Arch. Protistenk., 69: 631, pl. 25b, c, text
fig. 14a—e.

Prymnesium  simplex (Gayral &  Fresnel)
Edvardsen, Eikrem & Probert, comb. nov.
Basionywm: Platychrysis simplex Gayral & Fresnel.
Gayral & Fresnel (1983). Phycologia 22: 43,
figs 19-28.

Haptolina Edvardsen & Eikrem, gen. nov.
Descriptio: Cellulae symmetricae, sphaericae seu
ovales vel conicae. Haptonema paululo brevius,
aequale aut longius quam flagella, tortum aut
non tortum. Haptonema cum flagellis duobus
apicaliter inserta. Cellulae squamis spineis
magnis interdum ornatae. Cellulae chloroplastis
praeditac. Apparatus flagellaris radice flagellari
simplici RI interdum instructus. Sequentiae
nucleotidis genorum SSU et LSU rRNA
distinctae.

DescriptioN: Cells symmetrical, spherical to oval
or conical, with two equal, homodynamic flagella.
Haptonema slightly shorter, equal or longer than
the flagella, and can be coiling or non-coiling.
Haptonema and flagella inserted apically. Cells
may have large organic spine scales. The flagellar
apparatus may have a simple R1 flagellar root.
Nucleotide sequences for the SSU and LSU
rDNA distinct.
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SynoNyM:  Chrysochromulina  pro parte excl.
typus.

TYPE sPECIES: Haptolina brevifila (Parke & Manton)
Edvardsen & Eikrem, comb. nov.

NEW COMBINATIONS:

Haptolina brevifila (Parke & Manton) Edvardsen &
Eikrem, comb. nov.

BasionyM: Chrysochromulina brevifilum Parke &
Manton. Parke et al. (1955). J. Mar. Biol. Assoc.
UK, 34: 601, figs 65-81.

Haptolina ericina (Parke & Manton) Edvardsen &
Eikrem, comb. nov.

Basionym:  Chrysochromulina ericina Parke &
Manton. Parke et al. (1956). J. Mar. Biol. Assoc.
UK, 35: 389, figs 1-19.

Haptolina  fragaria (Eikrem & Edvardsen)
Edvardsen & Eikrem, comb. nov.

Basionym: Chrysochromulina fragaria Eikrem &
Edvardsen. Eikrem & Edvardsen (1999).
Phycologia, 38: 150, figs 1-9.

Haptolina herdlensis (B. Leadbeater) Edvardsen &
Eikrem, comb. nov.

BasioNyM: Chrysochromulina herdlensis
B. Leadbeater. Leadbeater (1972). Sarsia 49: 73,
fig. 1E.

Haptolina hirta (Manton) Edvardsen & Eikrem,
comb. nov.

Basionym:  Chrysochromulina  hirta  Manton.
Manton (1978). Br. Phycol. J., 13: 13, figs 5 and 7.

Pseudohaptolina Edvardsen & Eikrem, gen. nov.
Descriptio: Cellulae rotundae vel oblongae flagel-
lis duobus haptonemateque instructae. Haptonema
cum flagellis duobus apicaliter insertum.
Haptonema similis quam flagella et haptonema
non tortum. Periplastus squamis organicis planis
costis radiantibus in faciebus et distali et proximali
tectus. Cellulae chloroplastis praeditae. Sequentiae
nucleotidis genorum SSU et LSU rRNA distinctae.
DescripTioN: Cells round to oblong with two
equal, homodynamic flagella. Haptonema similar
in length to flagella and non-coiling. Haptonema
and flagella inserted apically. Periplast covered by
organic plate scales with radiating ribs on both
distal and proximal faces. Cells with two chloro-
plasts. Nucleotide sequences for the SSU and LSU
rDNA distinct.

TYPE SPECIES: Pseudohaptolina arctica Eikrem &
Edvardsen

Pseudohaptolina arctica Edvardsen & FEikrem,
sp. nov.

Descriptio:  Cellulae  rotundae vel oblongae
(814 x 6-10 um), saepe dorsoventraliter compres-
sae chloroplastis aureo-brunneis duobus praeditae.
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Haptonema (12-20pum) cum flagellis duobus
(1424 um longis) apicaliter inserta. Tegumentum
squameum generibus squamarum rotundarum vel
ovalium duobus compositum. Stratum squamarum
interius (0.7-0.9 x 0.8—1.0 um) margine imbricato,
exterius (0.5-0.8 x 0.6-0.9 um) margine erecto.
Squamae omnes costis radiantibus (c. 75-85) in
faciebus et distali et proximali.

DescripTioN:  Cells round to oblong (8-14 x
6-10 um), often dorso-ventrally compressed with
two golden brown chloroplasts. Haptonema
(12-20 um) and two flagella (14-24um long)
inserted apically. Scaly covering composed of two
round to oval scale types. Inner layer scales
(0.7-0.9 x0.8-1.0 pm) with imbricated rim. Outer
layer scales (0.5-0.8 x 0.6-0.9 um) with upright
rim. All scales with radiating ribs (¢. 75-85) on
both distal and proximal faces.

Horotype:  Eikrem &  Edvardsen  (1999).
Phycologia  38: 153, figs 17, 18 (as
Chrysochromulina sp. 4), CCMP 1204.

TYPE LocALITY: Arctic waters, 76°25'N 82 °55'W
HaBITAT: Marine

EtrymoLoGy: It was isolated by R. Selvin in 1989
from Arctic waters.

Family Chrysochromulinaceae Edvardsen, Eikrem
& Medlin, fam. nov.

Descriptio: Cellulae maxime ephippoideae flagellis
duobus levibus, aequalibus, homodynamicis
instructae. Haptonema longum ad longissimum
atque tortum. Flagella et haptonema ventraliter
et subapicaliter inserta. Cellulae squamis organicis
parvis tectae, structuris costarum vel fibrillarum
radiantium et concentricarum. Apparatus flagel-
laris radice flagellari R1 simplici microtubulos
(<10) saepissime paucos continenti fasciculo
microtubulorum carenti. Cellulae chloroplastis
flavo-brunneis duobus utroque pyrenoide immersa
praeditae. Sequentiae nucleotidis genorum SSU et
LSU rDNA distinctae.

Description: Cells predominantly saddle-shaped,
with  two  smooth, equal, homodynamic
flagella. Haptonema long to very long and coil-
ing. Flagella and haptonema inserted ventrally
and subapically. Cells covered by small organic
scales with patterns of radiating and concentric
ribs or fibrils. Flagellar apparatus with a simple
R1 flagellar root that predominantly contains
few microtubules (<10) and lacks a bundle of
microtubules. Cells with two yellow-brown chlo-
roplasts each with an immersed pyrenoid.
Nucleotide sequences for the SSU and LSU
rDNA distinct.

TyPE GeNus: Chrysochromulina Lackey 1939.

The Chrysochromulinaceae contains one genus,
Chrysochromulina.
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Chrysochromulina Lackey emend. Eikrem &
Edvardsen

Description: Cells predominantly saddle-shaped,
with  two equal, homodynamic flagella.
Haptonema long to very long and coiling.
Flagella and haptonema inserted ventrally and
subapically. Cells covered by small organic scales
with patterns of radiating and concentric ribs or
fibrils. Some of the scale types bear short spines
or are cup-shaped. Cells with two chloroplasts
with immersed pyrenoids traversed by tubes or thy-
lakoids. Flagellar apparatus with a simple R1 fla-
gellar root that predominantly contains few
microtubules. Nucleotide sequences for the SSU
and LSU rDNA distinct.

Type species: Chrysochromulina parva Lackey,
1939. Lackey (1939), Lloydia 2: 128—143.
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