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Abstract. Dinoflagellates are a trophically diverse Introduction
group of protists with photosynthetic and non-
photosynthetic members that appears to incorporate anthere is now no serious doubt that mitochondria and
lose endosymbionts relatively easily. To trace the gairplastids are descendants of free-living prokaryotic cells
and loss of plastids in dinoflagellates, we have sequencefGray and Spencer 1996). The primary endosymbioses
the nuclear small subunit rRNA gene of 28 photosyn-that incorporated these cells into eukaryotic organisms
thetic and four non-photosynthetic species, and producedre, however, exceedingly rare events: mitochondria
phylogenetic trees with a total of 81 dinoflagellate se-were probably incorporated only once in the history of
quences. Patterns of plastid gain, loss, and replacemelite (Roger 1999), and the same is probably true for
were plotted onto this phylogeny. With the exception of plastids (Delwiche 1999; Cavalier-Smith 2000). Vertical
the apparently early-diverging Syndiniales and Noctilu-descendants of plastids obtained through primary endo-
cales, all non-photosynthetic dinoflagellates are verysymbiosis are now found in many photosynthetic organ-
likely to have had photosynthetic ancestors with peridi-isms (glaucophytes, red and green algae, and land
nin-containing plastids. The same is true for all dinofla- plants), but the plastids of other algae have a more com-
gellates with plastids other than the peridinin-containingplicated history. In euglenoids, chlorarachniophytes, spo-
plastid: their ancestors have replaced one type of plastidozoans (apicomplexans), dinoflagellates, and chromists
for another, in some cases most likely through a non{heterokonts, cryptomonads, and haptophytes), plastids
photosynthetic intermediate. Eight independent instancewere acquired by secondary endosymbioses: the uptake
of plastid loss and three of replacement can be inferre@dnd retention of photosynthetic protists by heterotrophic
from existing data, but as more non-photosynthetic lin-eukaryotes (Taylor 1974; McFadden and Gilson 1995).
eages are characterized these numbers will surely grovAlthough more frequent than primary endosymbiosis,
this process is also very rare (Delwiche 1999; Cavalier-

Key words: Plastid — Dinoflagellates — Small sub- Smith 2000), probably because it involves the generation
unit rRNA — Phylogeny — Endosymbiosis of a protein-import machinery and topogenic import se-
quences on all the genes transferred from the endosym-
biont into the nucleus, which necessitates large numbers
of mutations (Cavalier-Smith and Lee 1985).

Organellar losses could be more common, but they
are very difficult to document: loss of function does not
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only degenerated to a point where it is unrecognizableroplasts (functional but non-reproductive plastids that are
Loss of photosynthesis has certainly been more frequerregularly taken up from photosynthetic prey, an occa-
than complete loss of plastids, and many secondarilgional occurrence in heterotrophic dinoflagellates, e.g.
non-photosynthetic eukaryotes (e.g. the eugledaith-  Stoecker 1999) and not fully reproductive plastids. How-
sia, sporozoans, and some higher plants) have retaine@ver, the plastids of Dinophysiales are remarkably ho-
plastids for functions different than photosynthesis, formogeneous, a feature that weakens the kleptochloroplast
example, starch biosynthesis and storage, fatty acid bicargument. A very different type of plastid appears to
synthesis, etc. (Siemeister and Hachtel 1989; DepamphgXist inDinophysis(Phalacroma rapa (Schnepf and EI-

lis and Palmer 1990; Wilson 1993). In other cases, elecbraechter 1999), but there is little information about it.
tron microscopy has failed to identify a plastid in As a whole, dinoflagellates appear to have an unusual
organisms with a clear photosynthetic ancestry. This igbility to take in endosymbionts.

the case irkhawkinea(Euglenozoa, Linton et al. 1999),  The history of plastid gain, loss, and replacement in
and in several heterokonts such as some pedinellids (e_ﬁjnoﬂagellates is poorly understood, partly because dino-
Ciliophrys, Pteridomonasand Actinomonas Cavalier- agellate phylogeny itself is unclear. Traditionally, two
Smith et al. 1995) andikomonas(clearly related to morphologmal sets of characters have bgen used to chart
chrysophytes, Cavalier-Smith et al. 1996). In all of theset€il Phylogeny: the presence of a dinokaryon (the
cases, true plastid losses are likely to have occurred!Mduely modified nucleus of most dinoflagellates, e.g.
However, the group that may have experienced the IargR'Zzo _1987), and .the ar_rangement of the cortical alveolae
est number of plastid losses (and possibly also the |arge§§mphlesmal vesicles) in the group. Together, these two
number of new gains) is the dinoflagellates, a group o harac;ters have given many |nd|cat|pns of Q|noflage!late
alveolate protists with an exceptionally varied trophic evolution, but some difficulties remain, particularly with

behavior (Taylor 1980, 1987; Schnepf and Elbraechtelregard to the phylogeny of athecate groups and the rela-
1992. 1999 Stoecker '1999) ' tionships of the different dinoflagellate orders to one

. another (Taylor 1980; Fensome et al. 1993, 1999; Daug-
Roughly half of the known dinoflagellates are photo- bjerg et (al. éOOO). Saunders et al. (1997) produced tr?e
}igrst large-scale molecular study of dinoflagellate phy-
o eny (31 complete small subunit sequences, 41 partial
appressed thylakoids in groups qf three, ghlorophy_llg %r?es)ytcg addrest) some of those issueg and argueg for an
and ¢, and a number of carotenoids including peridinin early origin of the peridinin-containing plastid. However,

(e.. Schnepf and EIbrggc_hter 199.9?' The genome of Fheir study contained only two non-photosynthetic spe-
least some of these peridinin-containing plastids exists 38ies. so questions related to plastid losses could not be
single-gene mini-circles, an organization unique to dino-

o _addressed satisfactorily.
flagellates (Zhang et al. 1999). From the position of peri-

) N . , ) Since then, the small subunit sequences for several
dinin-containing dinoflagellates in published 18S rRNA non-photosynthetic dinoflagellates have become avail-

trees, it appears that these organisms acquired their plagpe (Gunderson et al. 1999; Litaker et al. 1999). We
tids only once, relatively early in their evolutionary his- | ,sad those as well as 32 new 18S rRNA dinoflagellate
tory (Saunders et al. 1997). sequences (four from non-photosynthetic species) to
Other, atypical plastids also exist in dinoflagellates. cqnstruct a more comprehensive phylogenetic tree of
Gymnodinium breve, Gymnodinium mikimow@nd Gy-  dinoflagellates on which to plot the gains and losses of
rodinium galatheanum(recently renamed akarenia  plastids. Our results indicate at least eight independent
brevis, Karenia mikimotoiand Karlodinium micrum,  pjastid losses in the evolution of dinoflagellates (very

Daugbjerg et al. 2000) have tBexanoyloxyfucoxan- probably more), and at least three instances of plastid
thin-containing plastids derived from haptophytesreplacement.

(Tengs et al. 2000), whileepidodinium virideandGym-

nodinium chlorophoruniave plastids with prasinophyte

pigments (Watanabe and Sasa 1991; Schnepf and Efz5terials and Methods

braechter 1999Kryptoperidinium foliaceunandDurin-

skia baltica(asPeridinium foliaceunandP. balticumin

Chesnick et al. 1997) have fucoxanthin-containing dia-Organisms, DNA Extraction, Amplification,

toms as cytoplasmic endosymbionts. The order Dino-and Sequencing

physiales includes colorless heterotrophic species as well

as photosynthetic forms (Taylor 1980) that contain cryp-Most photosynthetic dinoflagellate species were obtained from non-
tomonad-like plastids (Schnepf and Elbraechter 1988%xenic culture collections (Table 1), bRyrodinium bahamenseas
with phycobilins in the thylakoid lumen. Photosynthetic provided by Tony Wagey from cultures isolated in Manila Bay, Phil-

ippines. The organisms were cultured according to culture collection

(and non-photosynthetic) members of the order haV(:f:’»)rotocols, and DNA extracted using the DNeasy Plant DNA Purifica-

been impossible to culture, and so the suspicion eXistgon kit (Qiagen). Heterotrophic dinoflagellates were collected
that their photosynthetic organelles may be kleptochlo<rom nature:Haplozoon axiothellagvas obtained from the gut of its
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Table 1. List of strains examined in this study and GenBank Accession Numbers for their nuclear SSU rRNA sequences

GenBank Accession

Taxon Strain Number ~ Number
Adenoides eluden@erdman) Balech CCCM 683 AF274249
Amphidinium asymmetricuiofoid and Swezy CCCM 067 AF274250
Amphidinium carteraédulburt CCMP 1314 AF274251
Amphidinium corpulenturiofoid and Swezy UTEX LB 1562  AF274252
Amphidinium herdmanikKofoid and Swezy CCCM 532 AF274253
Amphidinium longuni.ohmanrf none AF274254
Amphidinium massartiBiecheler CCCM 439 AF274255
Amphidinium semilunaturderdmarn none AF274256
Glenodiniopsis steinfi(Lemmermann) Woloszynska (&lenodiniopsis uliginosa NIES 463 AF274257
Gonyaulax cochledeunier CCMP 1592 AF274258
Gymnodinium brev®avis* = Karenia brevis(Davis) Hansen & Moestrup CCMP 718 AF274259
Gymnodiniumsp? none AF274260
Gyrodinium dorsunKofoid and Swezy UTEX LB 2334 AF274261
Gyrodinium galatheanunBraarud) Taylot* = Karlodinium micrum(Leadbeater & Dodge) Larsen ~ CCCM 555 AF274262
Gyrodinium uncatenurifulburt CCCM 533 AF274263
Haplozoon axiothella&ieberf none AF274264
Heterocapsa nie{Loeblich) Morrill & Loeblich I11* CCMP 447 AF274265
Heterocapsa pygmaezaoeblich IIl, Schmidt and Sherley CCCM 681 AF274266
Heterocapsa rotundat@_ohmann) Hansen CCCM 680 AF274267
Kryptoperidinium foliaceun{Stein) Lindemanh UTEX LB 1688 AF274268
Lingulodinium polyedrun{Stein) Dodge CCCM 202 AF274269
Pentapharsodiniunsp. Indelicato & Loeblich Il (asScrippsiella faeroenge CCMP 771 AF274270
Peridinium umbonatunSteir? (as Peridinium inconspicuuin UTEX LB 2255 AF274271
Peridinium willei Huitfeld-Kaas NIES 304 AF274272
Peridinium willei Huitfeld-Kaas (as Peridinium volzi) NIES 365 AF274280
Protoceratium reticulatun{Claparele & Lachmann) Btschli CCCM 535 AF274273
Pyrocystis lunula(Schiit) Schiit CCCM 517 AF274274
Pyrodinium bahamens@late none AF274275
Scrippsiella sweeneyégalech ex Loeblich IlI CCCM 280 AF274276
Scrippsiella trochoidedStein) Loeblich Il CCCM 602 AF274277
Thoracosphaera heim{iLohmann) Kamptnér CCCM 670 AF274278
Undescribed species (&ymnodinium varians CCMP 421 AF274279

1 Partial small subunit sequences existed before the present work.

2 Heterotrophic species.

3 For freshwater species we used the nomenclature of Popovsky and Pfiester 1990.
“Names recently changed (Daugbjerg et al. 2000).

host, the maldanid polychaefeiothella rubrocinctacollected in Ar- Phylogenetic Analysis
gyle Lagoon, San Juan Island, Washington, US#phidinium lon-

gumandGymnodiniunmsp. were provided by Suzanne Strom (Univer- . . . .
. . . New sequences and all dinoflagellate sequences available in public
sity of Western Washington) from cultures isolated from Puget Sound,OI tab dded to the ali t of Van de P tal. (1998 d
Washington, USA, andAmphidinium semilunaturwas isolated by ~databases were added to the alignment of Van de Peer etal. (1998), an

Mona Hoppenrath (Wattenmeerstation Sylt) from the intertidal sandthIS aI|gnmer_1t was m_odlfled_ manually usn’_ng GDE V'_ 2.2 (Smith et al.
flats of the island of Sylt, Germany. In these cases, 40-250 cells (or car>24)- The final multiple alignment contained 81 dinoflagellate spe-
50 colonies oHaplozoon were micropipetted from their environment €S plusPerkinsus, Parviluciferaand several ciliate and sporozoan

and washed repeatedly. Isolated cells were centrifuged and stored S£duences that were used as outgroups. Only unambiguously-aligned
room temperature in the lysis buffer of the purification kit indicated S€ctions of the molecule were used in the phylogenetic analysis. For
above. trees using ciliates and sporozoans as outgroups, 1640 characters of the
Whenever possible, the 18S (nuclear SSU) rRNA gene was ampli@lignment were considered, while 1765 characters could be used in
fied as a single fragment using a polymerase chain reaction with twdrees restricted to dinoflagellates aRerkinsus.
eukaryotic universal SSU primers '(EGAATTCAACCTGGTT- Distances were calculated from 91 alveolate species with PUZZLE
GATCCTGCCAGT-3 and 5-CCGGATCCTGATCCTTCTGCAG- 4.0.1. (Strimmer and von Haeseler 1996) using the HKY substitution
GTTCACCTAC-3). However, in many cases two overlapping frag- frequency matrix. Nucleotide frequencies and transition/transversion
ments had to be produced using internal primers designed to matcFatios were estimated from the data, and site-to-site variation was mod-
existing eukaryotic SSU sequences (4F:CiGAATTCCAGTC-3 eled on a gamma distribution with invariable sites plus eight variable
and 11R: 5>GGATCACAGCTG-3). PCR products were either se- rate categories and the shape parameter estimated from the data. Dis-
quenced directly or cloned into pCR-2.1 vector using the TOPO TAtance trees were constructed using BioNJ (Gascuel 1997), Weighbor
cloning kit (Invitrogen). Sequencing reactions were completed with (Bruno et al. 2000) and Fitch-Margoliash (Felsenstein 1993). LogDet
both of the original PCR primers as well as 2—-3 additional primers indistance trees were inferred using PAUP 4.0 (Swofford 1999) using
each direction. When using cloned fragments, 2—4 clones were sedefault settings. Unweighted parsimony trees were built using
quenced to detect and clarify possible ambiguities. DNAPARS (Felsenstein 1993) with five jumbles. One hundred boot-



207

strap data sets were made using SEQBOOT and trees inferred as dges. ConverselyGymnodinium, Gyrodinium, Am-
scribed for parsimony and corrected distances, where distances We"ﬁhidinium, and Prorocentrumalways appeared to be
calculated using puzzleboot (by M. Holder and A. Roger) with the lvohvletic: alternative trees with the first three genera
gamma shape parameter, nucleotide frequencies, and transitior90 yp y_e ’ . _g
transversion ratio from the initial tree enforced on the 100 replicatesCONStrained to be monophyletic were always rejected at
To confirm the position of selected taxa (mostly non-photosyntheticthe 5% confidence level by the Kishino-Hasegawa test.
species or dinoflagellates with atypical plastids), alternative tree to-This was not true foProrocentrum,where constrained
pologies were constructed, and compared by the Kishino-HasegawlahOnophy|y was not rejected at that same confidence

test using PUZZLE 4.0.1 and the settings used for the tree constructio : . T
(Kishino and Hasegawa 1989). fevel. Distance, parsimony and some likelihood trees

Large maximum likelihood trees corrected for rate heterogeneity@lSO oOften showed a poorly s.upporteq group including
proved to be impossible to infer in a reasonable amount of time. Wethe 19-hexanoyloxyfucoxanthin-containing dinoflagel-
compromised in two ways: by correcting for rate heterogeneity inlates Gymnodinium breve, G. mikimotognd Gy-

smaller trees (40 species in total), and by inferring larger trees withoutqdinium galatheanuin together with two heterotrophic
correcting for rate heterogeneity (83 species were chosen by omittin . e ’ . .
only the obviously redundant taxa). The smaller trees were im‘erreﬁ%peCIeS Amphldmlum semilunaturand GymnOdlmum

under a HKY model incorporating a discrete gamma distribution toSP-), @nd Amphidinium herdmanii,a peridinin-
correct for rate heterogeneity (invariable sites and eight variable rat€ontaining, sand-dwelling dinoflagellate (in maximum
categories; shape parameter, nucleotide frequencies, and transitiolikelihood trees the heterotroph&mphidinium semilu-
gansf}’erjiiggrg“oTES“Imated tfrom the datal' ﬁ:’et J'(ij;ts"if]s' fz/:tléi :r-T?l'natum was often excluded from the group). While all
(';/;/33 (r)nrodel, O)I.sen eetaa[ﬁelrggjisI:ﬁ;iycgguf:stNAmlgtrees were these groups_ Were, consistently found in different analy-
calculated for a more restricted set of 70 taxa (nine outgroup and fouS€S: the relationships between them were not consistent,
ingroup taxa were removed, no major groups were excluded) using found varied considerably when different methods were
separate transition/transversion ratios (1.5, 1.65, 1.8, and 2.13, the latt¢/sed.
suggested by PUZZLE analysis) and gt least Fwo jumble_s fqr each. As A very COHSpiCUOUS, general characteristic of all SSU
a ratio of 1.8 gave on average trees Wlth thg highest log likelihood, thlsrRNA trees of dinoflagellates is an extreme asymmetry
value was used for the 83 taxa trees (five jumbles). . ; .
in evolutionary rates. Species of the order Gonyaulacales
generally have long branches compared with other dino-
flagellates (in the case @onyaulax cochleghis is ex-
treme), as daAmoebophrya, Haplozooand some spe-
cies of Amphidinium.On the other hand, many of the
Dinoflagellate Small Subunit rRNA Phylogeny species that Saunders et al. (1997) grouped in their GPP
complex (consisting mostly of Gymnodiniales, Peridini-
The SSU rRNA phylogeny of dinoflagellates is generally ales, and Prorocentrales) have extremely short branches.
poorly supported, but it is sufficiently well resolved to For instance, the distance (as calculated by PUZZLE
suggest several important conclusions regarding the evawith the parameters noted above) betweegrkinsus
lution of plastids in this group. In general, any consis-marinus and Gonyaulax cochleds 3.4 times that be-
tently supported features of rRNA trees based on differtweenPerkinsusand Pentapharsodinium tyrrhenicuna,
ent methods agreed with one another and with previouslyery short-branched species.
published data, but other characteristics of the phylogeny In our maximum likelihood and gamma-corrected dis-
differed greatly. Features characteristic of most treesance trees the Gonyaulacales are nested within the other
(e.g. Figs. 1, 2, and 3) include the monophyly of dino- peridinin-containing dinoflagellates, and do not appear to
flagellates (in the LogDet treémoebophryagrouped be their sisters as previously published trees suggested
with Perkinsuy and the early divergence dfmoebo- (Saunders et al. 1997). Although this derived position of
phryaandNoctiluca(not always in that order and some- the Gonyaulacales does not have strong bootstrap sup-
times as a clade, e.g. in many of the 70-taxa ML treesport, their earlier, more basal position is likely to have
the Weighbor and Fitch trees pAmoebophrydurther  been an artifact of their much longer branches and the
up in the tree). Also found in most trees (although not inmore limited taxonomic representation and methods of
parsimony) was the monophyly of the ord8pbnyaula-  analysis previously used. The taxonomic implications of
cales (Amphidinium asymmetricunvas included in the the overall tree structure and the apparent polyphyly of
group in the Fitch tree and in the corrected ML, Fig. 3). several genera will be discussed in a subsequent paper.
Other smaller groups that were found consistently in-
clude aGymnodiniumsensu stricto (i.eG. fuscum, G.
catenatum, Gyrodinium impudicymepidodinium  Plastid Loss
clade, aPfiesteridAmyloodiniumclade, and a Suessi-
alean clade that always includdeolarella, Symbi- With the exception ofAmoebophyraand Noctiluca, all
odinium, and several species ofGymnodiniurh The  non-photosynthetic dinoflagellates in the treétalo-
generaSymbiodinium, Heterocapsa, Scrippsiella, Pen-zoon, Amyloodinium, Pfiesteria, Crypthecodinium, Am-
tapharsodinium, Pyrocystis, CeratiurmdAlexandrium  phidinium semilunatum, A. longurand Gymnodinium
were consistently monophyletic with high bootstrap val-sp.) were generally scattered among the photosynthetic

Results and Discussion
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latest common ancestor
of all peridinin-containing

dinoflagellates

87

100 80 Alexandrium fundyense
Alexandrium tamarense
100 6 - Alexandrium cohorticula
Alexandrium ostenfeldii
Alexandrium minutum
Alexandrium margalefii .
100 100 Pyrocystis lunula
S| ! Pyrocystis noctiluca
1 Fragilidium subglobosum

81

61

Pgrodmlum bahamense .

100 Ceratocorys horrida
Protoceratlgm reticulatum
100 — Ceratium tenue

L—— Ceratium fusus
Lingulodinium polyedrum

GONYAULACALES

Gonyaulax spin%era
Amphidinium asymmetricrjy

thecodinium cohnii

Amphidinium massartii
100 Amphidinium carterae
Amphidinium belauense

AL Gyrodiniu su

yrodinium uncatenum .
Glenodiniopsis steinii
Symbiodinium pilosum
Emblodmlum_meandnnae
Symbiodinium microadriaticum
mbiodinium corculorum
MP 421 “Gymnodinium varians
Gymnodinium_beii
Polarella glacialis
Gymnodifium simplex
Amphidinium_corpulentum
Prorocentrum panamensis .
rorocentrum arenarium
66 100 Prorocentrum lima
Prorocentrum maculosum
Prorocentr}gm concavum

8

rorocentrum emarginatum
1 Peridinium willei
— - eridinium sp.
“Gloeadinium viscum’

10 symbiont in Collozoum

Zooxanthella nutricola
Gymnodinium sanguineum

— Haplozoon axiothellae
Heterocapsa hallii
Heterocapsa niei
Heterocapsa pg?maea
Heterocapsa rotundata
Hetetrocapsa, triquetra
93entapharsod|n|,um tyrrhenicum
Pentapharsodinium Sp.

7
6

uE ingﬂgﬁ?hqﬁg Vitide
mnodinim sp.
uscu

Peridinium urnborﬁltum "
Amphidinium (i(rdma ii,
mnodinium mikimotoi

inium breve
rodipium galatheanum

Igﬂ hlglmum sgmilunatum

rorocentrum mexicanum

Prorocentrum micans

Proro'c‘eg_trum inimum

Amphidinium longum

Adenouﬂgﬁ ell{dens

fiesteria sp.. .
Ii’ﬁt‘?sm"faf c;(gld; “Cryptoperidiniopsis”)
relative o ester idini i
m yfoqdlnfum Xge?lgfum P
- Thoracosphaera heimii
Scrippsiella sweeneyae

Scnpp&iella trochoidea
yrodinjum impudicum

a;T PRASINOPHYTE CHLOROPLAST

:l HAPTOPHYTE CHLOROPLAST

e
G\)//mmdi"ium m Amoebophrya sp.

Noctiluca scintillans

Perkinsus marinus

/1 Unitf

Gonyaulax cochlea

Toxoplasma gondii
Sarcocystis muris L
Eimeria tenella

Babesia bigemina

— Ophriocystis elektroscirrha
Cryptosporidium parvum
Oxytricha nova

0.1 (1 Unit)

L Paramecium tetraurelia

Fig. 1.

SUESSIALES

I SYNDINIALES
I NOCTILUCALES
PERKIN

|Parvi|ucifera inéctans

SPOROZOA

| CILIOPHORA

Phylogenetic tree constructed by neighbor-joining from a with aberrant plastids are underlined. Putative origins of aberrant plas-

gamma-weighted distance matrix of complete SSU rRNA sequencesids are given. Problematic names of organisms are given in quotes;
from 91 alveolates (dinoflagellates, perkinsids, sporozoans, and cilithey should be regarded as provisionaymnodinium, Gyrodinium,
ates). Bootstrap values are shown above the internodes when highand Amphidinium(as well as the order Gymnodiniales as a whole) are
than 60%. Transition/transversion ratio: 2.18. Dinoflagellate specieobviously polyphyletic and scatter among Peridiniales and Prorocen-
lacking functional peridinin plastids are in bold; photosynthetic speciestrales.

lineages (exceptions aktaplozoon axiothellaén a few
uncorrected ML trees and in the Fitch tree, afh-

alternative trees where each
photosynthetic species or group was placed between

individual non-

phidinium semilunaturim many ML trees, e.g. Figs. 2, 3) AmoebophryéNoctiluca and the rest of the dinoflagel-
and unrelated to one another. In Kishino-Hasegawa testéates were generally not rejected at the 5% confidence
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Alexandrium minutum
Alexandrium tamarense
Alexandrium margalefu
yrocystls noctiluca
Pyrocg‘:ns lunula

ragilidium subglobosum
Pyrodinium bahamense
Ceratium tenue

Ceratium fusus L. .
- — rypthecodinium cohnii
Lingulodinium polyedrum
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GONYAULACALES
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Gyrodinium dorsum

Gyrodinium uncatenum
lenodiniopsis steinii
Prorocentrum panamensis
Prorocentrum concavum
Prorocentrum lima
Amphidinium_asymmetricum
Peridinium willei (as P. volzii)
Peridinium willei
Peridinium sp.
“Gloeodinium viscum
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mblodlmum corculorum .
421 “Gymnodinium varians
Gymnodlmum simplex
Gymnodinium beii
Polarella glamahs
;fa dinium corpulentum "
rs}atlve pf P iest,ena (“Cryptoperidiniopsis™)
iesteria piscicid
myloodinium ocellatum
Thoracosphaera heimii
Scrippsiella sweeneyae
Scrippsiella trochoidea
Gymnodinium sanguineum
Zooxanthella nutricola
Pentapharsodinium thyrrhenicum
Pentapharsodinium s
Per|d|n|um umbonatum
mphidinium ongp
| odinium_Viride 7] PRASINOPHYTE CHLOROPLAST
élmno inilum catenatum
mnodinium fuscum
yrodinium impudicum
Het erocapsa triquetra
Heterocapsa rotundata
Heterocapsa pygmaea
Amph| niym “hergdmanii

oainium
%

SUESSIALES

:I HAPTOPHYTE CHLOROPLAST

inium sp:
mph|d|n|um semll

I NOCTILUCALES

ﬁrozoon axiothellae
Noctllucg sclntl

oebophrya sp.
Perkinsus marinus
Perkinsus sp. (isolate H49
Perkinsus sp. (isolate G117).
Parvilucifera infectans

I SYNDINIALES
PERKINSIDA

Toxoplasma gondii
Sarcocystis muris
Eimeria tenella

SPOROZOA

Babesia bigemina

_l— C
Paramecium
Oxytricha nova

0.1

Opbhriocystis elektroscirrha

typtosporldlum parvum

etraurelia CILIOPHORA

Fig. 2. Maximum likelihood phylogenetic tree constructed from SSU

peridinin plastids are in bold, photosynthetic species with aberrant

rRNA sequences from 83 alveolates (dinoflagellates, perkinsids, spoplastids are underlined. Putative origins of aberrant plastids are given.

rozoans, and ciliates). Transition/transversion ratio: 1.8, log likelihood
—-35430.100; other trees found with slightly lower log likelihoods
differed only in minor details. Dinoflagellate species lacking functional

level (the exception beindA. longun). However,

Problematic names of organisms are given in quotes; they should be
regarded as provisional.

Noctilucg, irrespective of their position in the trees.

Kishino-Hasegawa tests did resoundingly reject alternaBecause a close relationship between all non-
tive trees where all non-photosynthetic dinoflagellatesphotosynthetic dinoflagellates is rejected by the phylog-

are grouped together (with or withoAmoebophryand

enies and the Kishino-Hasegawa tests, at least some non-
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Fig. 3. Maximum likelihood phylogenetic tree constructed from 40 species lacking functional peridinin plastids are in bold; photosynthetic
alveolate SSU rRNA sequences and corrected for rate heterogeneitgpecies with aberrant plastids are underlined. Putative origins of aber-
Site to site rate variation modelled on a gamma distribution with eightrant plastids are given. Problematic names of organisms are given in
categories, shape parameter estimated from the data (0.26). Transitiogliotes; they should be regarded as provisional.

transversion ratio: 2.03, log likelihood: -15436.54878. Dinoflagellate

photosynthetic dinoflagellates must have originated aftethe Gonyaulacales were the unweighted parsimony trees,
the latest possible common ancestor of all peridinin-which would be most likely to have been artifactually
containing dinoflagellates, making plastid losses withininfluenced by the unusually long branch Glrypthe-
the group a virtual certainty. codinium.We thus argue that this species is secondarily
While SSU rRNA phylogeny does support plastid lossheterotrophic and that its early position in previous trees
in Haplozoon, Amyloodinium, Pfiesteria, Crypthe- was an artifact of its long branch coupled with sparse
codinium, Amphidinium semilunatum, A. longuamd taxon sampling.
Gymnodiniunsp., it is not sufficiently firmly resolved to Amphidinium semilunatum, Amphidinium longum,
be compelling in the absence of additional data. Fortuand Gymnodiniumsp. are all athecate dinoflagellates.
nately, for many of these taxa there are clear morphoTraditionally, all exclusively dinokaryotic naked dinofla-
logical signs of their evolutionary origin. For example, gellates have been classified in the order Gymnodiniales,
Crypthecodinium cohnihas a gonyaulacoid tabulation a taxon that is very probably polyphyletic (Taylor 1980;
(pattern of cortical armor plates), although somewhat-ensome et al. 1993). In spite of the fact that in SSU
atypical (Fensome et al. 1993). In some molecular studphylogenetic trees the Gymnodiniales never form a
ies, this species was seen to branch conspicuously earimonophyletic group, all members of the order do branch
(e.g. Litaker et al. 1999), but in the majority of our trees, after Amoebophryaand Noctiluca, usually scattered
Crypthecodiniumappears to be clearly related to the among thecate forms. This scattering suggests repeated
Gonyaulacales, a placement consistent with its tabulainstances othecalloss within dinoflagellates, and also
tion. The only trees that did not clearly plaGzypthe- that the non-photosynthetic members of the order prob-
codiniumin its cytologically supported position within ably had photosynthetic ancestors. Admittedly, the posi-
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tions of Gymnodiniumsp. and especiallAmphidinium  rest of the dinoflagellates, e.g. Figs. 2, 3). Alternative
semilunatumwithin the photosynthetic dinoflagellates trees with all aberrantly-pigmented dinoflagellates or
are not very stable, but there are no morphological reat epidodiniumalone placed in basal positions were re-
sons to consider them to be particularly early-diverging.jected by Kishino-Hasegawa tests at the 5% confidence
The case for plastid loss iA. longumis much stronger, |evels; trees withKryptoperidinium or the 19-
since alternative trees with this species diverging beformexanoyloxyfucoxanthin group in those positions were
the latest possible common ancestor of peridinin-not. Nevertheless, morphological features in the aber-
containing dinoflagellates were rejected by Kishino-rantly-pigmented dinoflagellates make it unlikely that
Hasegawa tests. they arose prior to the peridinin-containing plastiépi-
Haplozoon axiothellaeis a very unusual, non- dodiniumis very similar to several peridinin-containing
photosynthetic, multicellular, parasitic dinoflagellate, members of the genu€ymnodinium(Gymnodinium
and its phylogenetic position within the group has neversensy stricto in Daugbjerg et al. 2000), aKdypto-
been clear. Traditionallyftaplozoonand Amyloodinium  peridinium foliaceunhas a peridinialean tabulation, al-
have both been considered to be members of the ordefeit somewhat atypical. The case for the'19
Blastodiniales, a group of parasitic dinoflagellates that i%exanoyloxyfucoxanthin group is weaker, since there are
defined by the presence of non-dinokaryotic nuclei inn, ghyvious morphological features linking them to an-
certain stages of their life cycles (Fensome et al. 1993)yor ginoflagellate taxon. However, in our trees the
Our phylogenetic trees do not suppo_rta relat?onship be(weakly supported) group that contains them also in-
tween these tW,O g.eneragmylopdmlumcons.|stently cludes a peridinin-containing specieAniphidinium
forms a group witfPfiesteriaand its close relatives, and 1o 4mani). We thus argue that all dinoflagellates with
thls. group never Inqlude(H-IapIozoon.Conversely, N0 aberrant plastids had peridinin-containing ancestors, and
position ofHaplozoonis strongly supported by SSU phy- that they all replaced one type of plastid for another.
logeny, and this organism can be placed essentially any- The degree to which new plastids are integrated varies

where within dinoflagellates without causing the result- reatly. The replacement process can be thouaht to be “in
ing tree to be rejected by the Kishino-Hasegawa test(::J Y P P 9

Haplozoon axiothellagloes appear to have several char—grt?ﬁ;ii; Ln;trizzt?]%frg?fﬂgI?riil;mfostgv s:l Zf\ilsr:ns
acters that differentiate it from other Blastodiniatesnisu ) : ’ ye - ganis
Fensome et al. (1993). Notably, it may well be com-W'th a raphid pennate diatom endosymbiont (Chesnick et

pletely dinokaryotic: the multicellular trophont has beenal' 1997). In l.)Oth cases, as well asReridinium quin- .
shown to have a dinokaryon (Siebert and West 1974)guecorne(Horlguch| and Pienaar 1991) the endosymbi-

and, although the nucleus of the motile stages has nevéwt appears to be relatively complete, hav.mg a nucleus,
been investigated, they probably also have one (in Or_mltochondrlq an'd other organelles but lacking a cell wall
ganisms with both dinokaryotic and non-dinokaryotic ©F bvious mitotic spindle (Dodge 1983). They also carry
phases the motile phases are always dinokaryotic® p_robable remnant of the old peridinin-containing plas-
Cachon and Cachon 1987). Altogether, it seems mog{d in the form of an eyespot surrounded by three mem-
likely that Haplozoonis not a blastodinialean, and prob- Pranes (Jeffrey and Vesk 1976; Horiguchi and Pienaar
ably descended from photosynthetic ancestors. The pot991; Schnepf and Elbraechter 1999). In the other two
sition of the branch that includesmyloodiniumand ~ eplacement instances discussed here, the plastids them-
Pfiesteriais also uncertain, but since those two generaS€lves are all that remains of the endosymbiagpido-
have motile stages with unquestionably peridinialeardinium viride (as well asGymnodinium chlorophorum,
tabulation (Landsberg et al. 1994; Steidinger et al. 1996n0t on the tree) contains green plastids of probable pra-
Fensome et al. 1999) we also believe them to be secon@inophyte origin with chlorophyll a and b (Schnepf and
arily heterotrophic, as all our trees weakly suggest.  Elbraechter 1999), and the 'tBexanoyloxyfucoxanthin-
containing species carry plastids derived from hapto-
phytes (Tengs et al. 2000).
Plastid Replacement We found two species of heterotrophic dinoflagellates
that tend to branch at the base of the’19
Several groups of dinoflagellates contain plastids thathexanoyloxyfucoxanthin grougsmphidinium semiluna-
differ in pigmentation from the typical peridinin plastids. tumand Gymnodiniunsp., although this is only weakly
Our trees contain three dinoflagellate taxa with true absupported by bootstrap analysis and alternative positions
errant plastidsliepidodinium viride, Kryptoperidinium are not rejected in KH tests. Saunders et al. (1997) also
foliaceum,and the 19hexanoyloxyfucoxanthin group. found a non-photosynthetic speci®o(ykrykos schwart-
All of these typically branch after the latest possible zii) as a sister t@&. mikimotoi(100% bootstrap support,
common ancestor of peridinin-containing dinoflagellatesunpublished SSU sequence). If these positions are cor-
(exceptions are many ML trees where either thé- 19 rect, then haptophyte-containing dinoflagellates may
hexanoyloxyfucoxanthin group d¢ryptoperidinium fo-  have had non-photosynthetic ancestors. This would im-
liaceum fall between AmoebophryiNoctiluca and the ply a replacement of peridinin-containing plastids by
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haptophyte-derived plastids through non-photosyntheti¢ates cannot be said to have lost plastids. If, however, the
intermediate stages, a situation very different from thedinoflagellate and sporozoan plastids do share a common
replacement process KryptoperidiniumandDurinskia  origin (Cavalier-Smith 1999; Fast et al. 2001), then even
if their eyespot is indeed a remnant of the old plastid. these deep lineages lost their plastids, pushing the num-
Other than a partial sequence frddinophysis acu- ber of plastid losses still further to includemoebophrya
minatathat branches within the GPP complex (Saundersand Noctiluca, as well asPerkinsusand all other non-
et al. 1997), no data from Dinophysiales have been useghotosynthetic alveolates that branch between sporozo-
in published dinoflagellate SSU trees. If this position isans and dinoflagellates.
correct, then Dinophysiales must have had a peridinin-
containing ancestor and must also have lost that plastid atcknowledgements. We thank Ken Ishida, Zhaoduo Zhang, and Qing
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