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ABSTRACT

Nearly complete ribulose-1,5-bisphosphate carboxylase/
oxygenase (thell) sequences from 27 taxa of heterokont al-
gae were determined and combined with rbel. sequences
obtained from GenBank for four other heterokont algae and
three red algae. The phylogeny of the morphologically di-
verse heterokont algae was m/vm-d from an unambiguoits-
by aligned data matvix using the red algae as the rool.
S:g’m/umrtl'\‘ higher levels of mutational saturation in
thivd codon positions were found when plotting the pair-
wise substitutions with and without corrections for mudtiple
substitutions at the same site for first and second codon
positions only and for third positions only. In light of this
observation, third codon positions were excluded Jrom phy-
logenetic analyses. Both weighted-parsimony and maxi-
mumi-likelihood analyses mppmtw! with high bootstrafy val-
ues the monophyly of the nine cwrrently recognized classes
of heterokont algae. The E usngmampln‘n ae were the most
basal group, and the Dictyochophyceae branched off as the
second most basal group. The lmmrhmg pattern for the
other classes was well supported in terms of boolstrap val-
ues in the weighted /mmmom analysts but was weakly
supported in the maximum- -likelihood analysis (< 50%).

In the parsimony analysis, the diatoms formed a sister

group to the branch containing the Chrysophyceae and
Synurophyceae. This clade. characterized by siliceous struc-
tures (frustules, cysts, scales), was the sister group to the
Pelagophyceae/ Smcmwhnstd(llﬂ and Phaeo-/ Xantho-/

Raphidopliyceae clades. In the latter clade, the raphido-
Phytes were sister to the Phat’r)/)!nu‘m' and \rmfhnj;h\'rr’m'
A relative rate test revealed that the rbe L gene in the Chrys-
ophyceae and Synurophyceae has P\p:’m’mrd a signifi-
cantly different rate of substitutions mm/mwd to other
classes of heterokont algae. The branch lengths in the max-
imum-ltkelthood reconstruction suggest that these two cluss-
es have evolved at an accelerated rvate. Six major carote-

noids were analyzed cladistically to study the usefulness of

carotenoid pigmentation as a class-level character in the
heterokont algae. In addition, each carotenoid was mapped
onto both the rbel. tree and a consensus tree devived from

nuclear-encoded small-subunit ribosomal DNA (SSU

DNA) sequences. Carotenoid pigmentation does not frro-
vide unambiguous phylogenetic information, whether an-
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alyzed cladistically by itself or when mapped onto phylo-
genetic brees hased upon molecular sequence data.

Key index words:  cavotenvids; chromophytes; evolution;
heterokont algae; maximum-likelihood: parsimony; phylog-
eny; thel; red algae; RuBisCo; stramenofiles

The heterokont algae (= chromophytes, autotro-
phic stramenopiles) consist of nine major taxonom-
ic groups: bacillariophytes, chrysophvtes, dictvocho-
phytes, eustigmatophytes, pelagophytes, phacophy-
tes, 1.1ph1dnph\lcs \\numph\ tes, and xanthophvtes.
The term “Heterokontae™ was first applied taxo-
nomically to algae now classified in the Xanthophy-
ceae (= Tr 1hnphvum) and Rlphldnplwuae (Lu-
ther 1899), The term “‘heterokont” has also been
used 1o define flagellar morphology; cells with two
often unequally long fl: lgclltl that beat differently.
More recently, the term “heterokont™ has been
used to define protists that have wripartite flagellar
hairs (e.g. Patterson 1989), and this definition will
be used in this paper. The heterokont algae are
characterized by chloroplasts with similar ultrasoruc-
ture and pigmentation, by certain flagellar features,
and by an unusual carbohvdrate storage product
(Van den Hoek et al. 1995). Chloroplasts typically
have lamellae comprised of three appressed thyla-
koids, a girdle lamella, and two additional surround-
ing membranes (chloroplast endoplasmic reticu-
lum) (Dodge 1973). The chloroplasts have an abun-
dance of carotenoids, providing most cells with a
brownish color (Bjgrnland and Liaaen-Jensen
1989). The long, immature flagellum has tripartite
tubular hairs (= mastigonemes sensu Deflandre
1934, Leadbeater 1989), and in many cases, the
transitional region of the flagellum bears a helical
structure (Hibberd 1979, Preisig 1989). The tubular
flagellar hairs constitute a synapomorphic character
that unites the heterokont algae with other hetero-
kont protists (Patterson 1989). Finally, the carbo-
hydrate storage product is not starch but a small
(dt-gl ee of polvmerization < 40) B-1,3-linked glucan
that is stored as a solute in a vacuole (Craigie 1974,
Wang and Bartnicki-Garcia 1974).

With few (\(tplluns. the early literature on het-
erokont algae is almost devoid of phylogenetic dis-
cussions (see Blackman 1900, Bourrelly 1957). Ex-
cept for a few attempts based upon ultrastructural
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and biochemical observations (e.g. Andersen 1991,
Williams 1991a, b), most phylogenetic analyses have
been based on smallsubunit ribosomal DNA (SSU
rDNA) gene sequences (e.g. Ariztia et al. 1991, Bhat-
tacharya et al. 1992, Andersen et al. 1993, Leipe el
al, 1994, 1996, Bhattacharya and Medlin 1995, Saun-
ders et al. 1995, 1997, Cavalier-Smith et al. 1995,
Cavalier-Smith and Chao 1996, Van de Peer et al.
1996). It now appears that the heterokont algae, as
a group, are most closely related to certain proto-
zoan groups (e.g. actinomonads, bicosoecids, laby-
rinthulids, oomycetes, slopalinids, and thraustochy-
trids; see Patterson 1989, Leipe et al. 1994, 1996).
Despite these many studies and the establishment of
a natural group of heterokont protists, the deep-
branching relationships of the heterokont algae re-
main unclear. By combining ultrastructural, bio-
chemical, and SSU rDNA sequence data, Saunders
et al. (1995) suggested that those heterokont algae
with a highly reduced flagellar apparatus formed a
monophyletic cluster comprising diatoms, pelago-
phytes, and dictyochophytes. Using a new algorithm
known as the substitution rate calibration (Van de
Peer et al. 1993), which takes into account the sig-
nificant differences in the evolutionary rate among
different sites of the SSU rDNA gene, Van de Peer
et al. (1996) showed a fairly wellresolved topology
for eight heterokont classes. In that analysis, the di-
atoms branched off as the most basal group, but the
monophyly of the reduced flagellar apparatus group
was not supported.

As an independent alternative to the heterokont
SSU rDNA data sets, we have determined the nucle-
otide sequence of the large subunit of the chloro-
plastencoded gene, ribulose-1,5-bisphosphate car-
boxylase/oxygenase (rbl.), from 27 taxa of hetero-
kont algae. A phylogenetic reconstruction based on
a plastid gene not only provides an alternative for
evolutionary studies of the organisms, but it also al-
lows comparisons of phylogenies from host cells and
their plasuds. Furthermore, phylogenetic hypothe-
ses based on chloroplast-encoded genes make it pos-
sible to study the evolutionary origin of algal plas-
tids. In photosynthetc organisms, carotenoids are
considered impurlunl chemosystematic markers,
and with one exception (the Raphidophyceae), the
distribution of carotenoids in the heterokont algae
is typically congruent with the classification of the
group at the class level. Although pigments have
long been used 1o classify algae, phylogenetic anal-
ysis using carotenoids alone has not been conduct-
ed. We performed a cladistic analysis to evaluate the
phylogenetic value of carotenoids, that is, does ca-
rotenoid composition define monophyletic groups
or have carotenoids been gained or lost repeatedly
during the evolution of the heterokont algae. Thus,
our objectives were (1) to study the evolutionary his-
tory of the heterokont algae by establishing a phy-
logeny based on a chloroplast gene, (2) to compare
the chloroplast phylogeny to phylogenies based on

other gene sequences from different organelles (nu-
clear versus (!Ilt)!npi.t‘\[) specifically the SSU rDNA
gene, (3) to examine carotenoid phylogeny by an-
alyzing six commonly occurring carotenoid pig-
ments, and (4) to map carotenoid distribution on
phylogenetic trees derived from nuclear and chlo-
l'l)[')l'd.‘il g(‘ll(' '\("(Ill(‘ll('(“i_

MATERIALS AND METHODS

Cultures. A list of heterokont algae lor which the whd. gene was
determined is shown in Table 1. Cultres were obramed from thi
Provisoli-Guillurd National Center for Calture of Manne Phyio-
plankton (CCMP strain mmnbers), the Gulture Collection of Al
gac at the University ol Texas at Austin (U'TEX strain nombers).
the Scandinavian Caltore Centre of Algace and Protozoa (K strain
numbers), and the Sammlung von Algenkulturen der Universivat
Gottingen (SAG strain nunbers).

Extrachion, amplification, and sequencrng of the vbhel gene, Approx
urvately 30 ml ol nonaxenic clonal caltures were centrifuged (4060
g) tor 15 min ar room emperatire. Pellets were resuspended i
500wl prebeated 2 cetyltrimethylammaonium  bromide
(CTABY (2% hexadeovitmmethyl-ammonium bromide) isolation
butfer and 1% B-mercapto-ethanol for 1-2 h a1t 607 € (Dovle and
Dovie 1987) and transferred 1o Eppendodd tubes, Genomic DNA
was extracted in 500 wl. of 24:1 chloroformusoamyl alcohol, pre-
cipitated with the GENECLEAN 1% Kiv (La Jolla. Californiay (BIO
101} aceording to the manufacturer’s directions, resuspended in
25 pl. HLO and kept at —20° C. Doublestranded DNA was am
phtied in 100-pl reaction volumes containing 10 % PCR Buffeés
(10 mM Tris-HCL pH 83 [at 25° C]; 50 mM KCl), 200 pM
ANTP, 0.2 0r 1O pM of ecach primer, 2.5 units of Ampli Tag
DNA Polvmerase (Roche Molecular Svsiems, Inc., Branchburg
New Jersey), and 2.5 mM MgClL. Amplification conditions wer
one initial cycle of denaration at 947 C for 3 min, followed Ty
30 ovcles of denaturation at 947 C for 1 min, annealing at 507 (
for 1 'min, and extension at 72° G for 2 min. The double-stranded
PCR products were visualized ina 0.8% agarose gel containing
0,67 pe/ml ethidium bromide oo TAE buller (40 mM Tris
acetate, T mM EDTA)L The resulting bands were cut out with
razor blades, mnsterred o Eppendort tubes, and melred in 700-
900wl Nal. Subsequent precipitations used the GENECLEAN 1P
Kit. Singlestiinded DNA was obtained using the AmpliCyele™
sequencing kit (Perkin Elmer. Brinchburg, New Jersev) following
the recommendations from the manulacturer. Sequencing prim
ers wore biotinylated at the 5 end. The sequence reactions were
run ina 6% Long Ranger gel and ransferred 1o an Immobilon
S membrane I\Iilhlhnr Corporation, Milford., Massachusetts)
F'he band paterns wore detecied wsing the NEBlot™ Phototope™
Kit (New Englind Biolabs, Beverly, Massachuseis) as recom-
mended by the manufacturer and hually vissalized by exposure
on Xeray film. The nucleotide sequences ol the amplification and
sequencing primers nsed are given in Tuble 2

Outgropr. Phyvlogenetic studies of cvanobacterta, proteobacieria,
diverse groups ol algae, and green plams have revealed that the
red algal chloroplasts form the sister group o the heterokont
algal chloroplasts (e.g. Morden et al. 1992, Delwiche and Paliner
1996, Daughjerg and Andersen 1997). To polanize the ingroup
taxa, we wsed the il sequences from three ved algae (GenBank
accession numbers are given in parentheses): Porplyra puopiires
(Rothy \g.ull]l (LTARKO4), J"mfrh\r;uhum weragrican Geitler
(X17597), ane Antithamnton sp., (X54532).

Sequence avadabifity. The rld. sequences determined in this
study have been submitted to GenBank and accession numbors
are presented i Table 1 Additionally, we included sl sequenc
es from the following axa (with GenBank aceession numbers giv
enin parentheses): Cylindrothera sp. strain N1 (M3Y080) . Odontella
sinensis (Grev.) Grunow (Z67753), Heterosigma akashao (Hada)
Hada ex Y. Hara et Chihara (nov Obisthodiscs fitens N, Carter as
stated in older literatare, XGTUIR) . Pilayella hitovalis (L) Kjellm
(X55372), Letocarpus silienlosus (Dillwyn) Lyngh, (X53503%)
Vlignment and phylogenetie analyses of rhel. The o, nucleotide
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List of heterokont algae Jor whick e l'fff[l’!fl\l"*’_q'ﬁ‘h’\f”’l“\,’ﬁn’f”l carboxylise/oxygirnase (vhel.) gene was deteringd. Strabn nvombers and

Gt Bank aceession numbers are also ‘mn:‘rd:*wi Provasoli-Canillavd National Center for Culture of _'l’a,')‘rru']‘infn}f}[ﬂnk{nn (COMP), Scandinavian Cultur
Cenlre of Mgar and Protozon (K), Cultire Colleelton of Algae at the University of Texas at Auston (UTEX), Sammlung von Algenkulturen der Universitit

Gittingen (SAG)

Algal species

Steann e CenBank e dession nn

Bacillariophyeeae

Rhizosolenia setigera B ighl\\l']l

Sheletonemia eostatum (Greville) Cleve
Chrysophyeeae

Chny \tu’r[l.’ﬁ'umnr:m e r.w.'rm'n‘fm.'rn'u Peters et Andersen

Eppynis pulchre Asmund et Hilliard

Hibberdia magna (Belcher) Andersen
Diciyochophyveeae

Apwelinella vadians ( Lohman) Camphell

Psevedopredinellu vlasticn Skuja

Rhizochvamuting sp.
Eustigmatophyeceae

Fustigmatos magna Hibberd

Nannvihlovopsis salina (Droop) Hibberd

Nanno Mmu‘fur\ sp

Nannocllorapsis sp.

Vischema heliwtiva (Vischer et Pascher) Hibberd
Pelagophvecae

I'd l'll;_fmuu uy \un'rr‘."‘m'f\ \f:r I'ts

Pelagpmonas valeeolate Andersen et Saunders
R.lljlnrlnphu e

Chattonella subsalsa Biechele

Vacuolana virescens Clenkowski
Sarcinochrysidales

Pulvinana sp.

Suvernochrysis mavina Geitler
Sviurophyccae

Mallomonas asmundae (Wojek et Van der Veer) Nichols

Syrra woella Ehrenberg em. Korshikos
Nanthophyveeae (=Tribophyveeac)

Hu.’nn’.'np\n intereeedrns Vischier et Pascher

Bumilleriopses. fui formes Vischea

Iribomema vatevinixtn: Paschen

Vaucherta eesata (Vaucht) de Candolle
Incertae sedis

Unidentified coceoid

Unidentified coccoid

COMP 1330
CCMP 1332

AFO15568
AFO1535649

COMP 295
COMP 382
COMP 453

AFORAT0
AFON 5571
AFO15572
K007 AFOT5573
COMP 716 LIBGSUY

COMP 237 AFO15574

COMP 387
COMP 569
COMP 531
COMP 533
UTEX 44

AFD15575
AFO15576
AFO1A577
AFOIRATR
AFO155749

COMP 1429
COMP 1214

AFOT5580
LU'ROROR

COCMP 217
SAG 1195

\AFO15581
AFUITAH82

COMP 292
CONIP 770

AFOTAAKRA
AR 15584

COMP 1658
COMP R70

AFOITAARS
AFUO15586G

UTEX 2496
UTEX 309
K0317

COMP 1084

AFO1H587
%9900

AFUI5588
AFDTRA89

COMP 13495
COMP 1410

AEO T A5
AFO1HH91

sequences were ahigned unambiguously by eve using the Eyveball
Sequence Editor V. L0 (Cabot and Beckenbach 19589) and
Compare Sequences V.o 300 (Siegismund. unpubl). Mutatonal
saturation of third codon positions in the hd. gene was examined
by plotting all pairwise substitntions uncorrected for multiple sub-
stitutions against those corrected for multiple substitutions (“un-
corrected p'and Kimura-2-parameter model, options available in
PAUPstar V. 4.0.0d53, Swotford, unpubl). For all pairwise com-
hinations, values corrected and uncorrected for multiple substi-
ttions were calculated tor first /second codon positions only and
third codon positions only. Due w the observed mutational sat-
uration of third codon positions (silent sites), these data points
were excluded priov 1o all analyses, reducing the diata matrix to

FABLE 2,

54 base pairs. Phyvlogenetic analvses used weighted-parsimony
and maximun-likelihood (Felsenstein 1981 ). Parsimony was per-
formed with PAUP V. .11 (Swofford 1993) using the heuristic
search option with random-addinon of sequences (100 replicates)
and a branchswapping algorithm (tree biséction-reconnection
[ TBR]). Nucleotide sites were reweighted (vescaled consistency
index over an interval of 1=10000 and then were used as mput
for & bootstrap analysis, To find the aptimal tree in maximom-
likelihood analyses. searches were lt'Pt';ﬂl'(l hy varving the tran-
sition 1o tansversion rato untl the best maximum-ikelihood
score was reached using fastDNAmI V. 108, (Olsen e al. 1994),
Bootstap analvses with 500 and 100 veplications in weighted-par-
simony and maximum-likelihood. respectively, were conducted in

Oligonucleotide promer sequeences wsed to amplify and sequence hotevokont algae. Numbers an paventheses vefer o the position o e ribnlase-
L 5-dnsphosphate carboxylase/oxygenase (vhel.) gene of the browon alge Pilayella linovalis, Apbreviations (1UPAC cole): 8 1C/G), HIAZT/C), DIAST /G,
WAL, Y (CAT)

Nime oof forward primees Primer sequence (37 —3

Numie of 1eyerse priniens Primer sequence (37—

DPyhel 1 (12-6)
NDbed 2 (34-53)
NDrid.3 (43-08)
ND il A {342-3506)
NDrbd 5 (635-600)
ND et 6 (9533-9G7)

DPrbel.7 (23-3; rbeS)
NDrbel.8 (1232-1212)
NDrbel9(1226-1212)
NDrbcL 10 (983-960)
NDrbelL11 (835-820)
NDrbcl12 (527-514)
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IaBLE 3,
! = present.

Dixtribution of six major carotenords an the heterokont aleae. Bayed on Bjornland and Liaeen-Tensen (19890 The () = absent
v

Focoxamitun

Vialaxanthin

Vaudherin

Dhatixanthin [adinoxanthin Heteroxanthin vanthin

Fustigmatophytes

Dictyochophytes

Chrysophytes and Synurophytes
Bacillariophytes

Freshwater Raphidophytes

Marine Raphidophytes

Xanthophytes

Phacophytes

Pelagophytes and Sarcinochrysidales

0 |
0 0}
0 0
0
|
0
|
0
0

order to find the relative support for the branching pattern (Fel
senstein 1985)

Cladistic anabysis of ceolenords. A data marix consisting of six magor
carotenoids was established for the heterokom algae (Table 3). The
freshwater and marine raphidaphyvies have a different distribution ol
carotenoids; thus, they were separated in this analvsis, Because the
carotenoids in the Chrysophveeae and Synurophyeese are identical,
these wo classes were combined, The wee was rooted using the red
algae, which do not possess significant amounts of anv of the carot

First and second codon positions

5 cortected for multinle hits

Third codon positions

0 D2 0.4 0.6

Substiiutions corrected for multiple hits

Fi.. 1. Plots of pairwise substitutions without corrections o
multiple hits against pairwise subsuntions corvected for multiple
hits for first and sccond codon positions () and third codon
positions (B). Corrected distances were estimated using the Ri
murid-2-parametér model and uncorrected distances were esti-
mated using the "uncorrected p™in PAUPstar Vo 4.0.0d4535 (Swol
tord, unpubl.). The almost linear relatonship (with a slope of 1)
indicates that first and second codon positions are Inulmill\ nut
mutationally saturated, whereas the deflection rom lineariy
(curves 1o the right) of third codon positnens smongly implies tha
multiple substitutions at this site are occurring more rapiclly,

enoids included i this aoalvsis, In PAUPY, 3,01, all clawacters were
eated as unovdered and were analvzed using the branch and bound
search opaon, which ensures finding all most parsimonions solutions
(Swoflord 1995)

Reluative rate test. The compuier program PHYLTEST (V. 2.0
Kumar 1995) was applied to test for the presence of a molecula
clock (= rtlu.ll rates of substataons) i the differem :!lutlu]ﬂl\
letie clusters of heterokont algae and used the ved algae as the
omgroup lineage. The relative rate st is based on the two-tailed
test of Takezaki er dl. (1995), Distances were estimated using Ki
mura-2-parameter model. IF the Zstavistic is smaller than .96
then rate constaney 15 not rejected ar the 5% leyvel, tha is se-
guences in the predefined monophyletic clissters do not evolv
with a significantly different speed.

RESULTS

Among the 32 axa of heterokont algae and three
species of red algae included in this study, more
than hall (62%) of the total number of substtutions
in the rbel. gene were encountered at third codon
positions. The frequency of substitutions at first and
second codon positions was 26% and 12%, respec-
tivelv, To test for mutational saturation at third co-
don positions, nucleotde substitutions uncorrected
for multiple substitutions were plotted against the
differences with corrections for multiple substitu-
tions (Fig. 1). The almost linear relationship for first
and second codon poesitions suggests that these po-
sitions are not mutationally saturated (Fig. 1A).
Thus, the observed differences were a good estimate
of the actual substitutions occurring. The nonlinear
relationship (curves to the right) for third codon
positions strongly suggests that multiple substitu-
tions occur at this site. For distantly related species,
one observes fewer than half of the substitutions
that actually occur (Fig. 1B).

The three centric diatoms Odontella sinensis, Rhi-
zosolenia setigera, and  Skeletonema costatum and the
pennate diatom Cylindrotheca sp. possess a two-ami-
no-acid insertion at the homologous position, 1321-
1326, in the rbd. sequence relative to the brown alga
Pilayella littoralis (Assali et al. 1990). The eustigma-
tophytes included here are characterized by being
one amino acid shorter at the C terminus of the rbel
gene when compared to the other heterokont algae.
Apart from these apomorphic character states, the
rbel. sequences determined were unambiguously
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Antithamnion sp.
(= Purphyra purpurea Red algue
— Porphyridium aerugineam
86 — Unidentificd coccoid COMP 1410
Sarcinachrysis maring
Pulvinaria sp.
Pelagomanas calceolata
Unidentified cocemd COMP 1395 Pelimophvies
Pelagococcus subviridis
Ecrocarpus siliculosus
Pilayella littoralis
Vaucheria bursata
Batrydiopsis intercedens
Bumilleriopsis filiformis
Tribonema intermixtum
Heterosigma akaskive
EE Chartonella subsalsa
I

acuolaria virescens

oy Skeletonema costatim
100 Cylindrotheca sp Dintoms
Cdontella sinensis
1] Rhizosalenia yeti

Chry
u:v Ll "5“ "dm?wn?ﬂkpidum

Sarcinochny sidiles

I Phugophyte

Nunthophytes

Ruphidaphytes

Chrysaphytes

Epepyxas pulchra
Hihberida mugna
Synura uvelia
W= Mallomonas usmundae

9 Rhizochromuling sp.
_E‘ Apedinelia radians
il Pseudaprdinella elastica
1M Fustigmatos mogna
I ischeria helvetica
Nannockloropsis sp. COMP 53]
Nannochlorapsis sp, CCMP 533
Nannochloropsis salina

| Synrophytes

I Dictvochuophytes

Eustigmataphyies

Fri, 2. Phvlogeny of 32 taxa ol heterokont algae inlerved from
plastid-encoded ribulose-1,5-bisphosphate carboxylise Joxvgenase
(rinl) nucleotide sequences including frst and second codon po-
sitions only (954 base pairs). The three ved algal taxa were used
to root the tree. The reconstruction was based on the weighted-
parsimony method (rescaled consistency index over an interval
of 1=10007 with the heuristic search opaon and 100 vandom ad-
dinons of axa in PAUP V. 5,11, The single-most parsimomous
tree using the rescaled consistency index had a consistency index
= 0.73 and 4 retention index R4 The branch lengths are
propartional to the number of character changes. Bootstap val-
ues =50 (500 replications) are shown at internades,

aligned starting with position 43 in the rbd. gene in
I ’r'lfn'rl!u littoralts.

Sequence divergence. An extremely low sequence-di-
vergence value of 1.6% was found between Eustigmatos
magna and Vischeria hefvetica, two genera in the Eustig-
matophyceae. The sequence divergence value for the
three Nannochloropsis spp. ranged from 3.1-7.3%; thus,

these values were 1.9—4.6 times as great. Estimates of

sequence divergence among the five eustigmatophytes
ranged from 14.0-15.6% and are slightly higher than
the estimates for the four diatom (9.6-12%) and the
four xanthophyte (7.2-10.9%) taxa.

Phylogeny based on rbc L. sequences. Both the weight-
ed-parsimony and maximum-likelihood phylogenet-
ic reconstructions (Flhs 2 and 3, respectively) sup-
port the monophyletic status of all presently recog-
nized classes of heterokont algae. The eustgmato-
phytes occupy the most basal position among the
phototrophic heterokonts, and the Dictvochophy-
ceae (sensu Moestrup 1995) branch off as the sec-
ondmost basal group. The branching pattern for the
remaining classes was resolved well (high bootstrap
values) in the weighted-parsimony analysis, but deep
branches were not well supported in the maximum-
likelihood analysis (compare Figs. 2 and 3).

Porphyridium ufrugmrum
Vischeria helvetica
FEustigmatos magma
Nunnochloropsis xalinu
Nannochioropsis sp. CCMP 533
Nannochloropyis sp. CCMP §31
Rhizochromulina sp.
Apedinella radianx
Pseadopedinella elasticn
Pulvinarin sp.
Sarcinochryvis maring
Unidentified coccoid COMP 1410
Pelagomonas calceolatu
Pelugococcus subviridis
Unidentified coccoid COMP 1295
Synura uvelln
Mallomonas asrmundae
Hibberidu magna
Epipyxas pulchra
Chrysolepidomonas
dendrolepidota

Odontella yingnsiy

Cylindrotheco sp
Rhizosolenia setigera
Skelefonema costatum

Chattonello subsalsa

Heterosigma ukashivo

Vacuolaria virescens
Pilayella litoralis
Ectocarpus silicalosus
Bumilleriopsis filiformix
Tribonema intermictum
Botrydiopsis intercedeny
Vaucheria bursata

Parphyra purpurca
Antith, ion sp.

Distance 0.1

b
k

Fic. 30 Phvlogeny of 32 mxa of heterokont algae inferred from
plastid-encoded ribulose- 1. 5-hisphosphate carboxviase /oxvgenase
(rhel) mcleonide sequences of 954 unambiguonsly aligned first
and second codon positions. Homologous sequences from three
\I-N'l s ‘)t Il'fl .II:._"."' were ll\(‘({ 1 ool ||Il' Lee. Irhl' reconsmrc-
ton was based on the maximunelikelihood method (fastDNAm|
Vo Los) and the best loglikeliliood score (—7062.54) was ob-
tained with 4 ransition to transversion ratio of 0.8, Bootstrap val-
ues =50% (100 replications) are given at internodes. No value is
shown if a node was not present in the maximum-likelihood boo-
SUAP CONSCIsus ree,

In both weighted-parsimony and maximum-likeli-
hood reconstructons, the Sarcinochrysidales (Puluoi-
nania sp. and Saranochrysis manina) are closely related
to the Pelagophyceae. One of the two coccoid pico-
plankton strains (CCMP 1395) is related to the coc-
coid pelagophvte P 'Iagfnmum subniridis, whereas the
other (CCMP 1410) is the sister to Sarcinochrysidales.
The sister group relationship between the Xantho-
phyceae (= Tribophyceae) and Phaeophyceae (= Fu-
(‘nl')!]\‘('t'nt') 1s well \'uppurlt'(l in both the weighted-
parsimony and maximum-likelihood analyses (boot-
strap = 99% and 77%, respectively). The relationship
of the Raphidophyceae to the Xanthophyceae /Phaeo-
phyceae clade is well established in the weighted-par-
simony analysis (bootstrap = 94%), but the relation-
ship is supported weakly by the maximum-likelihood
bootstrap analysis (humsu.ip = 54%). Relationships
within the Raphidophyceae, especially between the
marine ( Heterosigma akashiwo and Chattonella subsalsa)
and freshwater (Vacuolaria virescens) taxa, are not es-
tablished with confidence. The centric diatom species
do not form a monophyletic group as Skeletonema joins
with the pennate Cylindrotheca in the weighted-parsi-
mony analysis (Fig. 2). The synurophytes and chryso-
phytes are sister taxa in both analyses, and there is a
wellsupported relatonship between these classes and
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(including Sar-
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& Red algae

Red algae

Fic. 4. A eladistic analysis of six major carolenoids in the heterokont algac l'lll)(lllt('tl Iwo most parsimonious trees (A and B). Fach

tree was nine steps long and had a consistency index = 0.67 and retention indes = 081 The most parsimonions distribution of characters

is shown on both eladograms, Explanation of characters 1=t 1 = tucoxanthin, 2 = violaxanthin, 3 = diaosanthin, 4 = diadinosanthin,

= heteroxanthin, 6 = vauchertaxanthin

the diatoms in the weighted-parsimony analysis (boot- ing either chrysophyvtes or synurophytes to other
strap = 92%). groups of ,mmlmphu heterokonts. Only the pair-

Cladistic analysis of carotenods. The cladistic analy- wise comparisons between synurophytes/eustigma-
sis of six major carotenoids (see Table 3) revealed tophytes and synurophytes/pelagophytes did not
two most parsimonious trees (9 steps long), each produce significant results. Constraining chrysophy-
with two polychotomies (Fig. 4A, B). The characte: tes and synurophytes to one group prior to a com-
state changes are mapped on the trees. parison to the other groups produced highly signif-

Relative rate test. The results from the relatve rate icant values in all possible combinations. The results
test for first and second codon positions only are of the relative rate test strongly indicate that the rhel.
shown in Table 4. For the 10 algal groups (see Table gene in the Chrysophyceae and Synurophyceae has
4) 17 of 45 pairwise comparisons showed a hetero- evolved at a different rate relative to the other lin-
geneous rate of substtution. Fourteen (=82%) of eages. The branch lengths from the maximum-like-
the significant values were observed when compar- lihood reconstruction (Fig. 3) demonstrate that spe-

Tasle 4. Results from a relative rate test based on Z-statistics. Three red algae were wsed ay the onigroup in all painvise comparisons
between major. groups of heterokont algae.

\}Tni!-'
phytes and
Lustiznmi ity Sy nire Chryan Chrysn Raphido Xintho Phises
tiphytes Chuphvies phyles phvies phyles Diivisms phyvies phyies phiyies yies chrysidales

Eustigmatophytes L.6Y .87 197 201 : .97 282 1.78 A 12
Dictyochophytes 3,767 3.7 3.00¢ B (. 0.91 .08

Synurophytes = 0.24 - ‘ 2p 447 3.53¢

Chrysophyies - - _ ) 444 352

Synurophytes and

Chrysophytes E 33 u 3.68¢

Diatoms ! .44 ; 0 I)\
Raphidophytes 0.25 } 0.8l
Xanthophytes .11 $ili 152
Phacophytes — 140
Pelagophytes [.9:4
Sarcinochyrsidales

# Significant values al the 5% level (= acveptance of an uncqual substitution rate m the rbell gene for the two groups compared)
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cies belonging to the Chrysophvceae and Synuro-
phyceae have evolved at an accelerated rate relative
to other heterokonts,

DISCUSSION

These results make up the first extensive molec-
ular data set that offers an alternative to the SSU
rDNA data sets for understanding the phylogeny of
the heterokont algae. Our Al)dh\t’\ of the rbel. nu-
cleotide sequences corroborate certain phylogenetic
relationships that were found during earlier molec-
ular studies (based upon SSU rDNA), and they sug-
gest different phylogenetic relationships for other
groups. For example, the rbd-based analyses sup-
port the close relationship of the phaeophytes and
xanthophytes, as first reported by Ariztia et al
(1991) and later corroborated by others (e.g. Bhat-
tacharya et al. 1992, Andersen et al. 1993, Leipe et
al. 1994, Saunders et al. 1995, Van de Peer et al.
1996, Potter et al. 1997). Thus, these nuclear- and
chloroplast-encoded genes indicate a common ori-
gin between the Phaeophyceae and Xanthophyceae.
However, this relationship is challenged by differ-
ences in the cell wall composition, pyrenoid struc-
ture, and distribution of carotenoids (Bold and
Wynne 1985).

A recent molecular study by Potter et al. (1997)
showed that the nuclear-encoded SSU rDNA genes
in marine and freshwater raphidophytes cluster to-
gether when compared to homologous sequences
from other heterokonts. Both raphidophyte groups
have a similar three-dimensional cellular organiza-
tion (including the configuration of the flagellar ap-
paratus), but the freshwater species contain diadi-
noxanthin, dinoxanthin, neoxanthin, heteroxan-
thin, and vauchernaxanthin, whereas the marine
taxa contain fucoxanthin, violaxanthin, and zea-
xanthin (Bjgrnland and Liaaen-Jensen 1989). The
carotenoids of the freshwater raphidophytes are very
similar to those of the Xanthophyceae and Eustig-
matophyceae, whereas the pigments of marine ra-
phidophytes resemble those of the Phaeophyceae,
Chrysophyceae, and Synurophyceae. Thus, the ca-
rotenoids found in the Raphidophyceae are very di-
verse, with pigment profiles resembling other
groups of heterokont algae. The hypothesis that the
freshwater and marine raphidophytes obtained their
chloroplast via two separate endosymbiotic events
cannot be rejected by the SSU rDNA phvlogeny.
The rbd -based plwlugtncm tree corroborates the
results from the SSU analysis that both the fresh-
water and marine raphidophytes form a monophy-
letic g group (hootstrap = 100% and 98% in Figs. 2
and 3, respectively) and that they are related to the

xanthophytes and phaeophytes, Therefore, we con-
clude that despite the presence of marked differ-
ences in the composition of carotenoids, the plastid
gene analysis fails to support a separate endosym-
biotic origin for freshwater and marine raphido-
phyte chloroplasts.

Also, the sarcinochrysidalean algae are sister taxa
to the Pelagophyceae in the rbd. analysis, corrobo-
rating the recent SSU rDNA resulis of Saunders et
al. (1997). The Sarcinochrysidales have zoospores
which, in gross mor ph()los{\, resemble those of the
brown algae (Gayral and Billard 1977), leading Bil-
lard (1984) and Pedersen (1984) to propose that
the Phaeophyceae originated from a sarcinochrysi-
daleanlike ancestor. This relationship was modified
when the Sarcinochrysidales sensu siniclo were shown
to have a tlagellar apparatus and other features un-
like the phacophytes (O'Kelly 1989). Conversely,
some taxa previously classified in the Sarcinochrysi-
dales sensu lato are now placed in a separate order
(Chrysomeridales), and their flagellar apparatus re-
sembles that of brown algae (O'Kellv 1989). There-
fore, the relationship between the Sarcinochrysida-
les sensu stricto and the Pelagophyceae is now sup-
ported by ultrastructure, chloroplast pigments, SSU
rDNA, and rbd. nucleotide sequences.

Within taxonomic classes, we also found some in-
teresting relationships. The centric diatoms do not
form a monophyletic group, that is, Skeletonema and
Cylindrotheca are sister taxa (Fig. 2). Although we
have a limited number of taxa, this branching pat-
tern corroborates a more detailed study based on
nuclear SSU rDNA that showed the paraphyly of
centric diatoms (Medlin et al. 1996). Within the eus-
tigmatophytes, the sequence divergence value of Vis-
cheria helvetica and Fustigmatos magne indicates that
these taxa might be identical and their identity and
taxonomy should be reinvestigated. A close relation-
ship between Vischeria and Fustigmatos also was ob-
served in the nuclear-encoded SSU rDNA sequences
where only two base substitutions occur (Andersen,
pers. observ.).

Finally, the suggested relationship among the
four xanthophytes in the »b. trees agrees with an
analysis based on SSU rDNA se quences (Potter et al.
1997). The branching of taxa in both molecular
analyses do not support Hibberd’s (1990) ordinal
classification based upon the dominant life forms
(i.e. coccoid, flagellate, filamentous, or sipho-
neous), an idea originally proposed by Pascher
(1914, 1931). Therefore, both the SSU rDNA and
the rhel. data suggest that the Xanthophyceae are in
need of taxonomic revision.

Our analyses also show several substantial differ-
ences relative to the SSU rDNA analyses. The most
apparent difference is that the Eustigmatophyceae
are the most deeply divergent group in the vbhel.
trees, whereas the diatoms frequently are the most
deeply divergent gmup in SSU rDNA trees (e.g.
Bhattacharya et al. 1992, Andersen et al. 1993, Leipe
et al. 1994, Saunders et al. 1995, Van de Peer et al.
1996). Based upon the unusual photoreceptor—eye-
spot apparatus found in eustigmatophytes, Hibberd
(1979) speculated that they diverged early in the
evolutionary lineage of heterokont algae. The pho-
toreceptor apparatus of eustigmatophvtes includes a
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large, extraplastidal red eyespot that is associated
with a T-shaped swelling at the proximal end of the
longer, immature flagellum. Furthermore, the cus-
tigmatophytes lack a chloroplast girdle lamella (Hib-
berd 1979) and also differ from all other heterokont
algae by completely lacking chlorophyll ¢ (Jeffrey
1989). The photoreceptors in the Chrysophyceae,

Phaeophyceae, and Xanthophyceae consist of a
swollen region on the shorter, mature flagellum.
Also, the flagellar swelling is typically associated with
a red eyespot located inside the chloroplast. Al-
though Hibberd's (1979) lnpulhcm for an early di-
vergence of eustigmatophytes is supported by the
rbel. data, the evolution of the photoreceptor—eye-
spot apparatus in other heterokont algae is difficult
to explain based upon rbd. data or based upon SSU
rDNA data. The reconstruction shown in Figures 2
and 3 suggests that if the Chryso-/Phaeo-/Xantho-
phyceae-type of photoreceptor—eyespot apparatus
was derived from the Eustigmatophyvceae, there
must have been numerous losses of the photorecep-
tor apparatus during the evolutionary history of the
heterokont algae. That is, neither type of photore-
ceptor s found in the diatoms, dictyochophytes, pe-
lagophvtes (including the Sarcinochrysidales), ra-
phidophytes, or svnurophytes. \]l(‘l“dll\t’l\ the type
of photoreceptor—eyespot apparatus found in the
chrysophyte and phaeophyte/xanthophyte clades

may have evolved independently. However, this also
seems improbable given its identical structure in

both algal groups and given the complexity of the
photoreceptor apparatus itself,

The reduced flagellar apparatus lineage, which
was identified when SSU rDNA data and waditional
morphological and biochemical data were com-
bined (Saunders et al. 1995, 1997, Potter et al.
1997), was not present in the weighted-parsimony
analysis of rbd. sequences. Due 1o the lack of boot-
strap support for the deep-branching pattern, no de-
finitive conclusion can be drawn from the maxi-
mum-likelihood analysis. Indeed, the reduced fla-
gellar clade is more fragmented in the rbd. wrees
than in the SSU rDNA trees. Organisms with a re-
duced flagellar apparatus have the following char-
acteristics: no transitional helix above the wransition-
al plate, microtubular flagellar roots are absent (ex-
cept in Sarcinochrysidales, see Saunders et al. 1997),
the photoreceptor-eyespot complex is lacking, and
there is only one emergent flagellum (except for
Dictyocha speculum where a second, stubby flagellum
is present in the skeleton stage, although absent in
the naked stage, Moesorup and Thomsen 1990). The
lack of flagellar roots most likely represents a sec-
ondary reduction as the (lupl\ diverging hetero-
kont protists (bicosoecids, labyrinthulids, and oo-
mycetes) possess flagellar roots homologous to
those observed in the phototrophic heterokonts
(Andersen 1991). Ringlike structures below the
transitional plate also characterize organisms with a
reduced flagellar apparatus (Apedinella, Dictyocha, Pe-

lagomonas, Plevidemonas, Rhizochromulina, Sulcochrysis,
Larsen 1985, Moestrup and Thomsen 1990, Ander-
sen et al. 1993, Honda et al. 1995, O'Kelly and Wu-
jek 1995, Saunders et al. 1995). The rbd -based phy-
logeny suggests that these reduced flagellar appa-
ratus features may have evolved independently three
times.

A phyvlogenetic relationship between the chryso-
phyte/synurophyte clade and the diatoms has not,
to our knowledge, been described previously in mo-
lecular analyses. More than 60 years ago, a number
of prominent phycologists spec ulated on the or igin
of diatoms, and the consensus was that diatoms were
closely related w the chrysophytes (e.g. Pascher
1921, Korsikov 1930). Electron microscopic obser-
vations also point toward a relationship between the
two groups (Takahashi 1964, Round and Crawford
1981, Round 1986, Andersen 1987). Round and
Crawford (1981) hypothesized that the prediatom
ancestor acquired a coating of siliceous scales and
that the valves and girdle bands of the ur=diatom
stage were formed by a differentiaton of the sili-
ceous body scales. Because numerous chrysophvie
and all synurophyte taxa have silica scales, the rela-
tionship of the chrysophyte/synurophyte with the
diatoms in the rbcl. analysis gives molecular support
to this hypothesis.

Evolution of carotenoids. The heterokont algae are
particularly rich in carotenoid diversity, and there
appears to be little variability within specific classes.
Theretore, carotenoids are useful chemosystematic
markers to help define algal classes (Bjgrnland and
Liaaen-Jensen 1989). The various carotenoids are
not always independent of each other, because basic
biosynthetic pathways provide an enzymatic means
for isomerization and molecular modification (Hag-
er and Stransky 1970, Bjernland and Liaaen-Jensen
1989). Thus, the stability of carotenoids within class-
es and the commonality of biosynthetic pathways
among classes suggest that carotenoids should be
good characters for phylogenetic analyses. A char-
acter-limited, cladistic analysis of carotenoids in the
heterokont algae gave two equally parsimonious
trees (Fig. 4A, B). The most parsimonious distribu-
tion of carotenoid characters are mapped on the
two trees. The consensus cladogram (not shown) re-
veals a topology of unresolved relationship for the
four clusters comprising the following: 1) eustig-
matophvies, 2) dictyochophytes/diatoms/ p(l.lgn-
phytes (including the sarcinochrysidalean species),
3) chrysophytes/synurophytes/marine raphido-
phytes/phaeophytes, and 4) xanthophytes/freshwa-
ter raphidophytes, As an attempt to study further
the evolution of carotenoids in the dlll()ltl)phl( het-
erokonts, we mapped each of the six carotenoids on
phylogenetic trees constructed from rbd. and SSU
rDNA nucleotide sequences (Fig. 5A, B. respective-
ly). | \I‘I[)].)ltl}.{ of carotenoids on gene trees was per-
formed by assuming that secondary losses were
more likely to occur than independent evolutionary
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{h) nucleotide sequences. The consensus SSU rDNA reconstive ion was based on the method of Van de Peer et al.

(1996). The hypoth-

esized distribution ol the six carotenoids was based on the assumption: that cliavacter losses are more likely than origin of the same

character more than once. Explanation of characters 1-6: | =
heteroxanthin, 6 = vancheriaxanthin.

gains. For the six major carotenoids, a total of 19
losses occur in the bl wee, and 18 losses occur in
the SSU rDNA consensus tree (compare Fig. 5A, B).
Particularly, the distribution of vaucheriaxanthin
(character 6) appears complex because it is lost five
times in the rbl. wee and four times in the SSU
rDNA consensus tree. Alternatively, vaucheriaxan-
thin may have evolved lll(l(‘ptndt‘ll{h more than
once, or both the rb. and SSU rDNA trees are in-
correct. The distribution of certain other carote-
noids (i.e. diatoxanthin, diadinoxanthin, heterox-
anthin) involves only one or two losses on the gene
trees. I any of the carotenoid distributions illustrat-
ed in Figure 5 represents the true evolution of ca-
rotenoids in heterokont algae, it must follow that
only one can be correct. Thus, the evolution of ca-
rotenoids appears complex, and the use of carote-
noids for phylogenetic inference must be done with
caution. A better understanding of carotenoid bio-
synthetic pathways may shed new light on this prob-
lem.

CONCLUSION

The rbcl. data presented here strengthen the pro-
posed phylogenetic relationships for some hetero-
kont algae, but the incongruencies between rbel.
and SSU rDNA data indicate that a consensus of
relationships among heterokont algal groups is not
vet at hand. In particular, the earliest diverging
branch of heterokont algae is unclear. If this earliest
branch can be established, then polarization of char-
acters may provide a more sound means for hypoth-
esizing subsequent evolutionary changes. The con-
gruence of some branches on both nuclear-encoded
and plastid-encoded gene trees makes it tempting
to suggest that plastids arose once in the heterokont

fucoxanthin, 2 = violaxanthin,

3 = diatoxanthin, 4 = diadinoxanthin, 5

algal lineage, and in turn, that phylogenies based
upon plastids are similar to those based upon host
cells. Data from other plastid and nuclear genes
should confirm or reject this hypothesis, Substantal
diversity has been discovered within the heterokont
algal lmc.xg:- during the past few decades, and a con-
tinued effort to discover anv hidden diversity may
also help to resolve the evolutionary history of this

group.
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