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Abstract: The phylogenetic relationships of the “‘golden algae”, like all algae, were rarely
addressed before the advent of electron microscopy because, based upon light microscopy,
each group was so distinct that shared characters were not apparent. Electron MICTos$COpy
has provided many new characters that have initiated phylogenetic discussions about the
relationships among the “golden algae™. Consequently, new taxa have been described or
old ones revised, many of which now include non-algal protists and fungi. The haptophytes
were first placed in the class Chrysophyceae but ultrastructural data have provided
evidence to classify them separately. Molecular studies have greatly enhanced phylogenetic
analyses based on morphology and have led to the description of additional new taxa. We
took available nucleotide sequence data for the nuclear-encoded SSU rRNA, fucoxanthin/
chlorophyll photosystem I/IT, and actin genes and the plastid-encoded SSU rRNA, tufA,
and rbcl. genes and analysed these to evaluate phylogenetic relationships among the
“golden algae”, viz., the Haptophyceae (= Prymnesiophyceae) and the heterokont
chromophytes (also known as chromophytes, heterokont algae, autotrophic stramenopiles).
Using molecular clock calculations, we estimated the average and earliest probable time of
origin of these two groups and their plastids. The origin of the haptophyte host-cell
lineages appears to be more ancient than the origin of its plastid, suggesting that an
endosymbiotic origin of plastids occurred late in the evolutionary history of this group. The
pigmented heterokonts (heterokont chromophytes) also arose later, following an
endosymbiotic event that led to the transfer of photosynthetic capacity to their
heterotrophic ancestors. Photosynthetic haptophytes and heterokont chromophytes ‘both
appear to have arisen at or shortly before the Permian-Triassic boundary. Our data support
the hypothesis that the haptophyte and heterokont chromophyte plastids have independent
origins (i.e., two separate secondary endosymbioses) even though their plastids are sirnilar
in structure and pigmentation. Present evidence is insufficient to evaluate conclusively the
possible monophyletic relationship of the haptophyte and heterokont protist host cells, even
though haptophytes lack tripartite flagellar hairs. The molecular data, albeit weak,
consistently fail to present the heterokont chromophytes and haptophytes as monophyletic.
Phylogenetic resolution among all classes of heterokont chromophytes remains elusive
even though molecular evidence has established the phylogenetic alliance of some classes
(e.g., Phaeophyceae and Xanthophyceae).
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The “golden™ algae are today commonly referred to as chromophyte algae,
heterokont algae or autotrophic stramenopiles, and historically have included the
haptophyte algae. They range in size from minute picoplankton (1-2pmj) to the
large kelps or brown seaweeds (40 m). Brown seaweeds were utilised by humans
before recorded history, and almost certainly humans have cursed diatoms
innumerable times as they slipped on rocks in streams. Linvagus (1753) described
several genera, and of these, Fucus is still retained as a valid genus of brown
seaweeds. Shortly after Linnagus’ seminal publication, additional macroscopic
algae were described (e.g., STackuouse 1809, Lamouroux 1813, AGarpH 1820) that
are now classified in the Phaeophyceae. Lamouroux (1813) and Harvey (1836)
made a major contribution‘to the classification of algae when they introduced the
concept of colour, or pigmentation, as an important taxonomic feature for
distinguishing major groups (viz., green, brown and red algae). The microscopic
“golden” algae were discovered and reported by an entirely different group of
workers, the early microscopists who were studying the Infusoria (microscopic
organisms). For example, MULLER (1786), EnrRENBERG (1838), RABENHORST (1853)
and SteIN (1878) described microscopic organisms that are today considered
relatives of the brown seaweeds. Unlike the macroalgae, which were clearly
viewed as plants, the microalgae were frequently placed in the kingdom Animalia
because they are often motile.

The evolutionary relationships among these algae have been controversial as
documented in their long and complicated taxonomic history. The recognition of
the relationship between the large, plant-like brown seaweeds and the small golden,
yellow or brown microalgae first began with the works of Kisss (1893) and
Brackman (1900). Brackman (1900), who is best known for his ideas on the
volvocine, tetrasporine and other green algal lineages, believed green algae gave
rise to green plants via an ever-increasing degree of complexity and size, and
proposed a similar scheme for “golden” algae. Brackman placed the simple
flagellate Chromulina at the base of the brown lineage and, with increasing size
and complexity, the evolutionary lineage culminated with the brown seaweeds (see
Chapter 12). In a separate but parallel scheme, he proposed an evolutionary tree for
the yellow-green algae, which he considered to be distinct from, but related to, the
brown lineage (BLackMAN 1900). Beginning near the turn of the century, PASCHER
began working extensively on “golden” algae, and he proposed a number of
taxonomic changes and phylogenetic hypotheses that are relevant to this chapter.
PascHer (1913) combined the chrysomonads of Kiess (1893), the heterokonts of
LutHer (1899) and the diatoms (e.g., Kirzing 1834, RABENHORST 1853) into the
single division Chrysophyta. The Chrysophyta stood as an equal taxonomic group
to the division Phaeophyta, although it was still implicit, if not explicit, that the
Chrysophyta gave rise to the evolutionarily advanced Phaeophyta. PascHEr (1910)
also made another far-reaching taxonomic decision when he placed the hapto-
phycean family Isochrysidaceae with the other chrysophytes having two equal
flagella. This family united the organisms currently placed in the Haptophyceae
(e.g., Hymenomonas) with certain other golden algae (e.g., Synura, Syncrypta). As
more genera and species of haptophytes were described (e.g., Lonmann 1913,
Lackey 1939), taxonomists followed Pascher’s classification and placed these
haptophytes in the class Chrysophyceae (see BOURRELLY 1957).
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Although the first half of the twentieth century brought the description of many
species, the higher level taxonomic groups of algae were usually not treated in a
phylogenetic sense. For example, Fritsch (1945) states “The Phaeophyceae
present no obvious affinities with any other class and are indeed in most respects
so sharply circumscribed that little opportunity is afforded for speculations on
their relationships.... On present evidence this class must be regarded as an
altogether distinct evolutionary line (Phaeophyta).” Similarly, evolutionary
relationships among the green and red algae, cryptomonads, dinoflagellates, etc.,
were rarely discussed during this time because shared characters were not
obvious.

At the midpoint of the twentieth century, CHaDEFAUD (19530} published a
seminal paper in which he erected a new group, the Chromophyceae, based upon
similarities of the flagella. This paper not only established the chromophytes sensu
fato, but it also marked the first of many papers in the second half of the century
that would address issues of algal phylogeny. CHADEFAUD combined the euglenoids,
dinoflagellates, cryptophytes, chrysophytes, raphidophytes, brown algae and
certain protozoans into a large group that was equal in stature to the “Blue-
Green Algae”, “Red Algae” and “Green Algae”. Probably all modern workers
exclude some of the organisms included by CuaberauD (viz., euglenoids,
choanoflagellates), and many other workers exclude the cryptomonads and the
dinoflagellates; however, the concept of a “chromophyte” group still exists. The
group has been modified or renamed by several workers. For example, CHRISTENSEN
(1962, 1989) proposed the division Chromophyta for algae lacking chlorophyil b;
CAVALIER-SMITH (1986) proposed the kingdom Chromisia for organisms having
chlorophyll ¢, chloroplast endoplasmic reticulum (CER) and tripartite tubular
hairs; PaTTERsON (1989) proposed the stramenopiles for organisms having tripartite
tubular hairs; and both Van Den Hoek (1978) and Moestrup (1992) expanded
LutHer's name Heterokonatae to include not only the yellow-green algae
(including freshwater raphidophytes) (sensu LuTHer 1899) but also all algae with
tripartite tubular hairs. Conversely, CavaLER-SMiTh (1986) suggests that the
haptophytes, heterokonts and cryptomonads are a monophyletic group (kingdom
Chromista) that excludes the dinoflagellates.

Even today, there is no consensus on which organisms belong within this
group, and no single name is in use. The rapid accumulation of ultrastructural,
plastid pigment and molecular data have resulted in both the re-definition of old
names and the creation of new names for the ‘“‘golden algae.” There are two
reasons for this: (1) the group contains both pigmented and non-pigmented
organisms so that “algae”, “fungi” and “protozoa’ must be contended with, and
(2) there has been no unequivocal evidence that supports a single phylogenetic
hypothesis. The two most widely used names, “‘chromophyte” and *‘heterokont”,
have changed in opposite ways: the chromophytes have become more restrictive by
the removal of taxa from Cuaberaup's (1950) original definition, and the
heterokonts have become more expansive by the addition of taxa to LUTHER'S
(1899) original definition. CavaLiEr-SMiTH & CHao (1996) have detailed much of
the taxonomic nomenclature relating to these and other names. Thus, the “golden”
algae discussed in this chapter are referred to in the literature by simple names,
such as the chromophytes, chromists, heterokonts and stramenopiles, as well as by
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compound names, such as the heterokont chromophytes or the pigmented
stramenopiles. We use the name “heterokont chromophyte” because it acknowl-
edges the two most commonly used names, and it indicates that most flagellate
cells have *‘heterokont™ flagella (== tripartite hairs, not heterodynamic flagellar
beating) as well as “chromophyte” pigmentation (light-harvesting carotenoids,
most with chlorophyll a + ¢). The haptophycean algae are included within the
broad definition of the “golden algae™ for this chapter, but the dinoflagellates and
the cryptomonads are not.

Haptophyceae. The haptophyte algae were initially recognised as distinct from
the Chrysophyceae, Phaeophyceae or Xanthophyceae with respect to ultrastruc-
tural featuree (ParkE & al. 1955, 1956, 1958). Ultimately, the class Haptophyceae
was erected (CHRISTENSEN 1962) and its members were considered separate from,
but related to, the Chrysophyceae. This decision was not met with universal
support, as BOURRELLY (1968), Starmach (1985} and others continued to place the
haptophytes within the Chrysophyceae. However, after Hisserp (1976) sum-
marised the similarities and differences, he found little evidence for retaining the
haptophyte taxa in the Chrysophyceae. Subsequently, most workers have
considered the Haptophyceae to be distinct from the Chrysophyceae but often
with some close, but undescribed, evolutionary relationship between the two
classes. The unique or distinctive characters that separate the haptophytes from the
Chrysophyceae and other heterokont chromophytes are: (1) haptonema, (2)
flagellar transitional region and microtubular roots, (3) mitosis, (4) calcium car-
bonate biomineralisation {e.g., coccoliths in some representatives), (5) absence of
tripartite flagellar hairs and (6) no plastid girdle lamellae (HisserD 1976, GREEN &
al. 1989, GreeN & LeapBearer 1994). Gene sequence data, which have been
reported during the past few years, also suggest that the haptophytes are distantly
related to the Chrysophyceae as well as to any other heterokont chromophytes
(BrartacHarya & al. 1992, Leire & al. 1994, BuATTACHARYA & MEepLIN 1995,
Saunpers & al. 1995, Caron & al. 1996, CavaLier-Smitd & al. 1996, GrEeN &
DunreorD 1996, MEDLIN & al. 1996a).

Heterokont chromophytes. The heterokont chromophytes belong to a larger
group of heterokont organisms (= stramenopiles) that can be characterised as
follows: (1) two flagella are typically present and they are usually of distinctly
different lengths, (2) the two flagella have different patterns of motion (stiff
sinusoidal beat vs. irregular undulations), (3) one flagellum typically bears two
rows of tripartite flagellar hairs (VLk 1938, Dobae 1975), (4) the flagellar hairs
provide a reverse thrust to the flagellar beat and therefore pull the cell rather than
push it (SteicH 1989), (5) presence of a girdle lamella (except in the
Eustigmatophyceae) and (6) silica biomineralisation when mineralisation is
present (viz., diatoms, silica-scaled chrysophytes and synurophytes, silicoflagel-
lates). Three features, the [-1,3-linked glucan carbohydrate storage product
(CrawGie 1974, Wang & Barmicki-Garcia 1974), the chloroplast endoplasmic
recticulum (see review in GieBs 1993) and tubular mitochondrial cristae (TayLOR
1976, STEwART & MatTox 1970), are shared with the Haptophyta.

Electron microscopic studies have contributed substantially to our under-
standing of this group, providing a suite of putatively homologous characters for
algal systematics. These new observations have led to the description of several
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new classes of heterokont chromophytes, viz., the Eustigmatophyceae (HIBBERD &
Leepare 1971), the Dictyochophyceae (now including the Pedinellophyceae) (Suva
1980), the Svaurophvceae (ANDErRsEN 1987), the Coscinodiscophyceae and
Fragilario; "~ ceae (Row~D & al. 1990) and the Pelagophyceae (ANDERSEN & al.
1993). However, ultrastructural data alone have been unable to resolve the
phylogenetic refationships of the heterokont chromophytes (e.g., ANDERSEN 1991,
WiLtiams 1991). In contrast, molecular data have resolved a number of
phylogenetic relationships in this group. For example, SSU rRNA data have
shown a relationship between the Phaeophyceae and the Xanthophyceae (ARizTiA
& al. 1991, Porrer & al. 1997), between the Chrysophyceae and Synurophyceae
(ARiZTIA & ! 1991, BratracHArRYA & al. 1992), between the Dictyochophyceae
and Pelagopinvceae (SaunpErs & al. 1995) and between the Sarcinochrysidales
sensu stricto and the Pelagophyceae (SAUNDERS & al. 1997b). Nonetheless, these
studies and others have failed to resolve unequivocally the relationships among the
deeper branching heterokont chromophytes.

Hypotheses

Today, many questions remain unresolved regarding the phylogeny of the
“golden” algae, but we will address two major issues in this chapter. The first is
whether or not the haptophyte algae have any close evolutionary relationship with
the heterokont chromophytes. The second question concerns the phylogenetic
relationships among the heterokont chromophytes themselves. We have examined
these relationshi=s using new and/or existing molecular and morphological data.
We proposed several hypotheses relative to these relationships and evaluated the
data to determine if support for one hypothesis over another can be found. The
hypotheses are outlined below.

Relationships between the hapfophyte and heterokont algae. Relationships
between these two groups are confounded by the questions of the monophyly
of the host cells and the number of endosymbioses giving rise to their plastids.
Thus, we can formulate four scenarios/hypotheses (la-d) to explain their
evolution.

Hypothesis la. The heterokonts and haptophytes form a monophyletic
group that gained their plastids as the result of single secondary endosymbiotic
event. That is, the host cells and the plastids from the two groups will have similar
phylogenies because they share the same evolutionary history. Thus in the
molecular analyses, both the two host cells and the two plastids should be each
others’ sister group. respectively.

Hypothesis 1b. The heterokonts and the haptophytes are a monophyletic
group, but after their divergences, each acquired its plastid through independent
endosymbioses. Thus, in the molecular analyses, the host cells are each others’
sister group but their plastids are not.

Hypothesis lc. The heterokonts and the haptophytes are not a mono-
phyletic group. However, they both engulfed and retained a similar eukaryotic cell

as their plastid. Thus in the molecular analyses, the host cells are not each others’
sister group but their plastids are.
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Hypothesis 1d. The heterokonts and the haptophytes are not a mono-
phyletic group. Each gained their plastids from separate secondary endosymbiotic
events. Therefore, neither the host cells nor the plastids for the two groups will
have similar phylogenies because each has had an independent evolutionary history.

Hypotheses 1a, lc, and 1d allow the possibility of plastid gain and loss in the
heterokont lineage of major groups, e.g., the oomycetes.

Relationships between non-photosynthetic and photosynthetic hetero-
konts.

Hypothesis 2a. The heterokont chromophytes form a monophyletic group
that does not include the major non-photosynthetic heterokont groups (i.e.,
oomycetes, hyphochytrids, thraustrochytrids).

Hypothesis 2b. The heterokont chromophytes are not a monophyletic
group, i.e., one or more of the major non-photosynthetic heterokont lineages is
included within the clade of heterokont chromophytes.

Relationships within the heterokont chromophytes.

Hypothesis 3a. The heterokont chromophytes contain two major mono-
phyletic lineages: one with a well-developed flagellar apparatus and one with an
often highly reduced flagellar apparatus. Those with a well-developed flagellar
apparatus have microtubular roots, and the flagellar apparatus is typically distant
from the nucleus, the two components often being connected via a striated
rhizoplast. Those with a highly reduced flagellar apparatus typically lack
microtubular roots, and the flagellar apparatus is often closely associated or
directly in contact with the nuclear envelope.

Hypothesis 3b. The flagellar apparatus of heterokont chromophytes has
been reduced two or more times independently, and the two lineages are not
monophyletic,

Hypothesis 4a. The heterokont chromophytes contain two major
monophyletic lineages: one has a diatoxanthin/diadinoxanthin-containing light-
harvesting complex and the other has a violaxanthin-containing light-harvesting
complex.

Hypothesis 4b. The pigmentation of heterokont chromophytes has
evolved two or more times independently, and the two pigment groups are
polyphyletic.

To evaluate these hypotheses, we have inferred phylogenies from both nuclear
and plastid genes and compared these to other published phylogenies, where
applicable. In each case we have focused on: (1) relationships between the major
groups (first set of hypotheses) and (2) relationships within the heterokont group
(second, third and fourth sets of hypotheses).

Our phylogenetic trees were constructed from nuclear and plastid ribosomal
and protein-coding genes using the neighbor-joining method (Sarrou & Ner 1987,
except for Figs. 1 & 2). Interpretations of bootstrap support for these trees is based
on the analysis of bootstrap accuracy and repeatability by HumLis & BuLL (1993).
With symmetrical phylogenies having an internodal change of < 20% and
approximately equal rates of change, we interpret a bootstrap proportion of >70%
to indicate a = 95% probability that the recovered clade represents a true clade. We

qualify our interpretation because readers may disagree with our interpretation of
bootstrap support.
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Nuclear genome

Among the nuclear genes we have selected for our analyses are the small subunit of
the ribosomal cistron (e.g., BHATTACHARYA & al. 1992; LEipE & al. 1994; SAUNDERS
& al. 1995; CavaLiEr-Smrth & al. 1996; MEDLIN & al. 1996b, ¢} and the multi-gene
families of the fucoxanthin/chlorophyll photosystem I & II binding proteins (FCP)
and the actin protein (La Rocue & al. 1994, CaroN & al. 1996, BHATTACHARYA &
Enrring 1995, Green & DurnrorD 1996) (Figs. 1-3). The ribosomal genes occur in
many, perhaps hundreds of copies per cell and are generally believed to evolve in a
concerted fashion such that all copies are homogenised and should encode the
same coding region. This effectively ensures that the ribosomal phylogenies more
accurately represent species trees rather than gene trees (HiLis & al. 1996). The
phylogenies of the other two genes more likely reflect those of gene trees. It is
generally believed that as more genes are compared, a better picture of the
evolution of the group can be achieved as the phylogenies may converge upon one
another.

In each of the three Figures presented for out analysis using nuclear genes, the
heterokonts and the haptophytes are shown as separate, monophyletic groups and
are never found as sister taxa. There is, however, an association of the heterokonts
with the alveolates, which includes the dinoflageliates as their autotrophic
members, in both the SSU rRNA analysis (Fig. 1) and in the FCP binding proteins
(Fig. 2). Bootstrap support for this association is < 50% in the TRNA phylogeny
(Fig. 1), but it is 100% in the FCP photosystem protein phylogeny (Fig. 2, taken
from Caron & al. 1996; see also Green & Durnrorp 1996). Preliminary results
using a combined SSU and LSU data set in a neighbor joining analysis show a
strong association of the alveolates (Prorocentrum, Toxoplasma, Tetrahymena) with
non-pigmented heterokonts (Phytophthora, hyphochytrids, bootstrap = 100%)
{(VaNn DEr Auwsra & DE WacHter 1996). Similarly, the alpha tubulin gene shows
a relationship between the alveolates and heterokonts (bootstrap = 50%, KEeLING
& DoourrTie 1996), with the haptophytes occupying a more distant relationship.

In the actin tree, the single haptophyte representative (Emiliania huxleyi) is
separated from the heterokonts (Fig. 3). The short branch lengths with only
moderate bootstrap support among the major groups indicate that the actin gene is
unable to resolve the branching order of the eukaryotes. No dinoflagellate taxa, and
only two heterokont chromophyte taxa, are included.

The molecular data do not support an affiliation of the haptophytes with the
heterokonts or with any other eukaryotic group (see the absence of.bootstrap
suppoit for the association of the haptophytes with any other lineage in the rRNA
trees) (Fig. 1). This lack of clear bootstrap support for the haptophytes’ nearest
neighbor in the rRNA (and likely the actin) phylogeny has generally been assumed
to be related to a very rapid evolution that occurred during the major radiation of
the eukaryotic lineages, known as the crown radiation (KnoLr 1992, WAINRIGHT &
al. 1993). The FCP binding protein phylogeny may help to resolve relationships
among eukaryotes during this time frame; however only photosynthetic organisms
can be compared, which may be misleading. Nevertheless, the most significant
point to be gathered from the rRNA and FCP trees and other phylogenies is the
recurrent association of the dinoflagellates with the heterokonts (with high
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Fig. 1. Phylogenetic analysis of nuclear-encoded SSU rRNA genes from a selection of
organisms belonging to the major radiation of eukaryotes using the maximum likelihood
method. Representatives of all major eukaryotic groups, especially the algae, are included.
Bootstrap values > 50% (100 replications, FeLsenstein 1985) from a neighbor-joining -
analysis {(Saitou & Ne1 1987) of a Kimura (1980) distance matrix and a PAUP (SWOFFORD
1993) weighted maximum parsimony analysis (MepLIN & al. 1996b) are shown above and
below the internal nodes, respectively. The positions of the haptophytes and the heterokonts
are highlighted. NM refers to the gene from the nucleomorph or vestigial nucleus within
the plastid; NU refers to the gene from the nucleus of the same organism. The tree is rooted
within the branch icading to Dictyostelium. In addition to the piastid-containing groups
named and bracketed in this Figure, two groups within the alveolates also contain plastids.
These are the dinoflagellates (here represented by Prorocentrum micans) and the
apicomplexans (here represented by Sarcocystis muris), which are thought to have
acquired their plastids independently from one another (Koniir & al. 1997, DiLwickE &
Paimer 1996; sce Chapter 3). Two plastid-containing groups that are not shown on this tree
are the Euglenophytes, which branch well below the crown-group radiation in rRNA trees,
and the enigmatic Paulinell a chromatophora, which branches with the filose amocba
Euglypha rotunda (BHATTACHARYA & al. 1995)
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Fig. 3. Phylogenetic analysis of actin coding regions. The neighbor-joining method was
used to infer the tree from a Kimura (1980) distance matrix. Only first and second positions
of actin codons were included in the analysis (702 nt). Bootstrap values (100 replications)
are shown above the internal nodes. The positions of the haptophytes and the heterokonts

are highlighted. The root of this phylogeny lies on the branch leading to the Trypanosoma
brucei actin sequence

_ bootstrap support in some analyses) to the exclusion of the haptophytes. These data
“are consistent with hypotheses 1c and 1d.

Only in the large subunit rRNA phylogeny for major algal groups published to
date (Prrasso & al. 1989), do the haptophytes group with the heterokonts,
suggesting that hypotheses la and b are supported. However, taxon sampling is
very low (Ochromonas, Synura, Vacuolaria, Prymnesium, Cricosphaera), and this
may misrepresent the relationships among these and other groups. A similar
relationship between the haptophytes and the heterokonts can be obtained with the
SSU rRNA data set if taxon sampling is limited to only a few groups [see
relationships of the Haptophyta to the Heterokonta in CavaLier-Smith & al. (1995),
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which is in contrast to their relationships in CavaLmEr-SmiTH & al. (1996) and
CavaLler-SmiTH & CHao (1996)]. A more extensive analysis using the entire LSU
rRNA molecule for a variety of algal groups is presently being undertaken (G. Van
DER AUWERA, pers. comm.).

The cryptomonads, which according to CavaLier-Smith (1986) should be
ancestral to the heterokonts and haptophytes in the monophyletic kingdom
Chromista, are also phylogenetically removed from these two chromist groups.
Cryptophytes show a strong relationship with the glancocystophytes in our rRNA
tree (bootstrap = 100%, Fig. 1), and cryptophytes are an independent clade
(bootstrap = 99/100%) in another recent study (CavaLER-SMITH & al. 1994, 1996).
Further evidence from the GAPDH gene (Liaup & al. 1997, bootstrap = 66%)), the
secY gene (VoceL & al. 1996, bootstrap = 74%) and the stress-70 protein gene
(RENSING & al. 1996, bootstrap =< 50%) also places the cryptophytes distant from
the heterokonts.

Thus, the kingdom Chromisia does not appear to be monophyletic, i.e.,
descended from a single endosymbiotic event that transformed its heterotrophic
ancestors into “algae”. In addition, the haptophytes appear to be a unique lineage
with no clear sister taxon revealed. There is a recurrent association of the
heterokonts with the alveolates.

Relationships within the Hapiophyta. A moderate data set is now available
for the haptophytes from the SSU rRNA genes (Fig. 4A, MepLiv & al. 1996a and
MEepLin unpubl.). The haptophyte lineage is undifferentiated for some time after its
origin (see point A on Fig. 4B) before it diverges into two groups, which
correspond well with the two haptophyte subclasses, the Paviovophycidae and the
Prymnesiophycidae (Joroan & Green 1994). This divergence is well supported in a
bootstrap analysis, which is entirely consistent with the clear morphological
differences between the subclasses (Jorvan & GReeN 1994). The Paviovophycidae
have unequal flagella with small tubular hairs and lack organic body scales. In
contrast the Prymnesiophycidae have nearly equal flagella with no flagellar hairs
but have organic body scales. In the taxonomic treatment put forth by Jorpan and
Green, only a single order is retained in each subclass. The Paviovophycidae
contains extant species that can be traced back to earlier divergences in the rRNA
tree than those in the other subclass. It contains both flagellate organisms plus an
undescribed coccoid organism whose taxonomic affinities were only recognised
through sequence analysis (Porter & al. 1996). The remaining haptophytes are
divided among three clades. Monophyletic groups within these three clades appear
to reflect family level relationships in the Haptophyta. However, the genus
Chrysochromulina is paraphyletic (see also Furwara & al. 1995). It is clear that
some key haptophytes (e.g., the Isochrysidaceae) are missing from the rRNA. tree,
and relationships within the tree are likely to change as more taxa are added
(compare Fig. 4 with the interpretation of relationships within the haptophytes in
tRNA tree in CavaLier-SmitH & al. 1996). Significantly, all of the coccolithophor-
ids form a monophyletic group with the family Noelaerhabdaceae (Emiliania and
Gephyrocapsa) sister to the remainder of the lineage. '

Relationships within the Heferokonta. Within the heterokont organisms we
will discuss the rRNA-generated phylogenies, because these data are the most
extensive. All recent rRNA analyses have shown the non-photosynthetic lineages
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as early divergences, whereas the photosynthetic algae emerge later as a
monophyletic group. The presence of the oomycetes either outside or inside the
autotrophic clade of the heterokonts has been controversial (CavaLER-SMiTH 1989,
1993; WiLLiams 1991; Lere & al. 1994, CavaLER-SMiTH & al. 1996). This has
fuelled speculations that the oomycetes, as well as all other heterotrophic
heterokonts, may have secondarily lost their plastids. However, the monophyly for
all the pigmented heterokonts has received stronger support as more pigmented
taxa are included in the analyses (compare increases in bootstrap support in
BHATTACHARYA & al. (1992), Lewe & al. (1994), SAUNDERS & al. (1995), CAVALIER-
Smrri & CHao (1996), MepLiN & al. (1997). Bootstrap support is generally lowered
if many distant outgroups are included in the analyses. However, none of the recent
analyses fail to present these algae as monophyletic. These data increasingly
support hypothesis 2a.

Branching order within the heterokont algal groups is one of the most
controversial issues concerning their phylogenetic analyses. Differences in the
branching order within the pigmented heterokonts likely reflect differences in
sequence alignments, analytical techniques, number of taxa and the subjective
choice of the number of unambiguous nucleotides included in the analyses. In early
studies, when using molecular data alone from six of the 12 or more classes of
heterokont algae, the first divergence was between the diatoms and all remaining
heterokont algae (BHATTACHARYA & al. 1992, Lere & al. 1994). However, a later
cladistic analysis of 14 morphological/biochemical characters recovered a larger
group within the heterokonts, which included the diatoms (SauNDERs & al. 1995).
This group could be defined morphologically as those algae containing a reduced
flagellar apparatus: combined molecular and traditional data analysis further
strengthened support for this clade (SAUNDERS & al. 1995).

Fig. 4. A-C Phylogenetic analysis of nuclear-encoded SSU rRNA genes from the
Haptophyta. A Neighbor-joining tree inferred from a Kmvura (1980} distance matrix.
Representatives of all subclasses/and or orders of the Haptophyta and the closely related
groups are inciuded. The tree was rooted on the branch leading to Rhodomonas. Bootstrap
values (100 replications) are shown above the internal nodes. “A” marks the period of time
before the Haptophyta diverge into their two subclasses. B Linearisation of the neighbor-
joining tree in A according to Takezax1 & al. (1995) so that all rate variation in the
molecule is eliminated. All significantly faster evolving taxa were excluded from the
analysis. First appearances of coccolithophorid taxa from the fossil record are encircled and
placed at the node where the taxa to the right are believed to have their first appearance.
Point “A” marks the origin of the Haptophyta; point “B” is the divergence of its two
subclasses. C Molecular clock constructed from B. Branch lengths from taxa in B with a
fossil record were regressed against first appearance dates according to the molecular clock
model in Hius & al. (1996). “A” is the regression line, constrained through the origin.
Lines B; and B, are the 95% confidence limits around the regression line. Lines C; and C,
are the 95% confidence limits for a new predicted value of time given the length of an
undated node. Lower confidence limits, below zero, are reset at zero. C, is below the x axis
and not shown. Blocks of time are shown for each group whose origin has been estimated
from the molecular clock. The block spans the time of the average age of the group (from
A) to the earliest probable time of origin based on the upper 95% confidence limit (Cy) of
an undated node
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The “reduced flagellar apparatus” group consists of the diatoms as a sister
taxon to an assemblage containing the Pelagophyceae and other microalgae, which
historically were loosely termed the “marine chrysophytes.” The group is
characterised by a flagellar transition region with two transitional plates and a
small transitional helix below the major plate, a flagellar apparatus that lacks
microtubular roots (see Sarcinochrysidales however, SAUNDERS & al. 1997b) and
basal bodies positioned on or very near the nucleus. A paraxonemal rod, similar to
that of dinoflagellates, is common in some members (paraxonemal rods of this type
are absent in other heterokont chromophytes). Furthermore, there appears to be a
tendency for a “sinking spindle” at the onset of mitosis (VESK & Jerrrey 1987,
Green 1989, Pickerr-Hears & al. 1990), although few organisms other than
diatoms have been examined in detail. The carotenoid pigments of this group are
restricted to the diatoxanthin and diadinoxanthin types as well as fucoxanthin, 19'-
butanoyloxyfucoxanthin and 19'-hexanoyloxyfucoxanthin (B1ORNLAND & LIAAEN-
JenseEN 1989); violaxanthin, anteraxanthin, zeaxanthin, heteroxanthin, vaucheriox-
anthin, etc. are not found in this group.

This “reduced flagellar apparatus clade™ is sister taxon to a clade containing
the chrysophytes/synurophytes, the eustigmatophytes, the xanthophytes and the
phaeophytes. If more taxa, such as the Sarcinochrysidales and the Chrysomeridales
(SaunDERS & al. 1997b) and the Raphidophyceae plus additional Xanthophyceae
(PorTER & al. 1997), are added, then the diatoms emerge before all pigmented
heterokonts in molecular phylogenies (Fig. 5). The reduced flagellar apparatus
lineage appears intact only in combined molecular and morphological data sets
(not shown), suggesting that insufficient data exist to place the diatom branch
unequivocally either within the reduced flagellar apparatus clade or outside it.
Therefore, we are unable to find conclusive support for either hypothesis 3a or 3b.

The remaining pigmented heterokonts diverge into three (possibly two) clades
in both the molecular only and the combined analyses. One clade contains the
Xanthophyceae and its sister group, the Phaeophyceae; the Chrysomeridales are
sister to the remainder of this clade (Saunpers & al. 1997b and in Fig. 5A). There

Fig. 5 A-C. Phylogenetic analysis of nuclear-encoded SSU rRNA genes from the
Heterokonta. A Neighbor-joining tree inferred from a Kmura (1980) distance matrix.
" Representatives of all classes/and or orders of the pigmented Heterokonta and the
oomyeetes are labelied on the tree, which was rooted on the branch leading to Ulkenia.
Bootstrap values (100 replications) are shown above the internal nodes. The two light grey
blocks contain algae with the diatoxanthin/diadinoxanthin-containing light-harvesting
complex. The darker grey block contains algae with the violaxanthin-containing light-
harvesting complex. Within this dark grey block are taxa highlighted in white that have a
vaucherioxanthin (Vacuolaria) or heteroxanthin-containing light-harvesting complex
(Xanthophyceae). B Linearisation of the neighbor-joining tree in A as in Fig. 4B. First
appearances of diatom taxa from the fossil record are encircled and placed at the node
where the taxa to the right are believed to have their first appearance. A hypothesis, which
predates certain diatom taxa to have their origin before a major gap in the fossil record, i.e.,
at 125Ma was used to predate three extant taxa. Point “A” marks the origin of the
pigmented heterokonts; “B” is the origin of the diatoms; and “C” is the origin of the
brown algae. C Molecular clock constructed from B as in Fig. 4C
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are few morphological and biochemical characters that unite this group. However,
the zoospores of all taxa have an R, microtubular root that extends to the anterior
of the cell, forming a beak-like projection. This accentuated anterior end places the
flagellar insertion in a lateral, rather than apical, position. Other features, such as
flagellar transitional region, mitosis and carotenoid pigmentation show no common
thread, and for these reasons it was quite surprising to find molecular data
supporting this relationship (e.g., ArizTia & al. 1991).

The second clade contains the Chrysophyceae and its sister group, the
Synurophyceae; the Eustigmatophyceae, in turn is sister to these two classes
(BuaTTACHARYA & al. 1992, LErE & al. 1994; Fig. 5). This group is also difficult to
characterise on the basis of ultrastructural and biochemical features. The fiagellar
apparatus is distinctly different in each group, and mitosis is variable where known.
The carotenoid pigmentation shows some similarities (viz., violaxanthin), but the
eustigmatophytes have vaucherjoxanthin, a pigment not reported for chrysophytes
and synurophytes. The Chrysophyceae appear paraphyletic in most analyses
(SAuUNDERS & al. 1995, 1997a, b). Presumably, better taxon sampling will resolve
the possible paraphyly of the Chrysophyceae.

The third clade, contains both the freshwater and marine taxa of the
Raphidophyceae. In our analysis (Fig. SA) the Raphidophyceae form a sister
relationship with the Xanthophyceae and Phaeophyceae, but in Porrer & al. (1997)
the position of the Raphidophyceae was not consistently resolved, and in CAVALIER-
Smith & CHao (1996) they are a sister taxon to the eustigmatophytes and
chrysophytes/synurophytes. The raphidophytes are unusual in that the marine
species have carotenoids that are similar to the chrysophytes, synurophytes and
phaeophytes, whereas the freshwater species have carotenoids similar to the
xanthophytes. The flagellar apparatus is distinct, showing no obvious relationship
to other groups. Thus, no clear sister taxon relationship has been conclusively
identified for this class of heterokont chromophytes.

The use of plastid pigmentation to delineate heterokont algal classes, as well as
other algal groups, is generally accepted. Among the heterokont chromophytes, the
Raphidophyceae is the only class that is a glaring exception (BigrRNLAND & LIAAEN-
JENseN 1989). However, when one tries to find congruence of pigment data and
molecular data, the results are less clear. The xanthophyll-cycle pigments and the
reduced flagellar apparatus characters have been plotted onto the SSU rRNA tree
(Fig. 5A). There appears to be a tendency for early diverging lineages to possess
19’-fucoxanthin-like derivatives, and to a lesser degree, for diatoxanthin and diad-
inoxanthin to be restricted to early diverging lineages, weakly supporting
hypothesis 4a. However, in part due to the lack of resolution in the branching
patterns for the heterokont chromophytes, we are unable to state conclusively that
_ support can be found for either hypothesis 4a or 4b.

Relationships within the diatoms. Among the diatoms, the centric and the
araphid pennate forms are paraphyletic (MepuiN & al. 1996b,c). The diatoms
diverge into two clades (clade 1 + 2). Each clade can be defined by the position of
specialised tubes (termed labiate processes) in the cell wall and the arrangement of
the Golgi bodies (see references in MEbLIN & al. 1996b,¢). The traditional features
of the morphology of the silica cell wall are only valuable in defining younger
branches in the tree.
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Plastid genome

Endosymbioesis. The endosymbiotic hypothesis of plastid evolution maintains that
plastids were acquired by primitive eukaryotic heterotrophs through the
engulfment and maintenance of photosynthetic prokaryotes (Schimper 1883,
MERESCHKOWSKY 1905, RAVEN 1970, MarcuLis 1981). This hypothesis was once
opposed by those who argued that the plastid arose directly without endosymbiosis
during the evolution of the first eukaryotes (KLemw & Cronquist 1967, CAVALIER-
Smrri 1975), but this view is no longer supported by evolutionary biologists.

The plastids of the rhodophyte, chiorophyte and glaucocystophyte algae and
the higher plants have only two membraned-plastids and are assumed to have
resulted from a primary endosymbiotic event in which a eukaryotic bost engulfed a
prokaryotic cell. The host organisms associated with the primary endosymbiosis
appear to arise as independent plastid-bearing lineages within the crown group
radiation of the eukaryotes (Fig. 1, Buartacharya & MEDLIN 1995).

The algae with 3-4 membraned plastids are hypothesised to have arisen
through a secondary endosymbiotic event(s) in which a beterotrophic eukaryote
host engulfed and reduced a photosynthetic eukaryote cell to a plastid. The
additional membranes surrounding the plastid are remnants of the endosymbiosis
(i.e., the host cell vacuole and the plasmalemma of the endosymbiont, see review in
Gsas 1993). Algae resulting from the secondary endosymbiosis include the
euglenophytes and the chlorarachniophytes, which contain chlorophyll a + b, as
well as the heterokont chromophytes, haptophytes, dinoflagellates and crypto-
phytes, most of which contain chlorophyll a4 ¢ (Gisas 1978, 1981; CAVALIER-
Swmite 1989; Jerrrey 1989 Rowan 1989; KowaLuik 1992; Varentin & al. 1992).

Whereas current evidence from molecular and morphological/biochemical data
suggests that the primary endosymbiotic event occurred only once, the secondary
endosymbiotic event may have occurred several times (see review in BHATTACHARYA
& MEDLIN 1995 and DeLwicke & PaLMER 1996). The host organisms associated with
the secondary endosymbioses, (viz, the euglenocids, cryptomonads, chlorarachnio-
phytes, dinoflagellates haptophytes, and heterokont chromophytes, with 3-4
membraned plastids,) do not share a common ancestry, and thus a more likely
hypothesis for their emergence as pigmented lineages is that each lineage has
acquired its plastid through an independent secondary endosymbiosis, i.e. multiple
secondary endosymbioses rather than through a single event (see CAVALIER-SMITH
1982). The identification of the vestigial nucleus (nucleomorph) in the plastids of
the cryptophytes and chlorarachniophytes as being associated with the red algae
and the green algae, respectively (Fig. 1), provides direct evidence using the
nuclear genome of the endosymbiont that multiple secondary endosymbioses have
occurred.

Many of the host lineages believed to have arisen from secondary
endosymbiosis event(s) also have heterotrophic taxa as sister groups or as early
divergences in their lineages (viz., heterokonts, cryptomonads, euglenoids,
alveolates, chlorarachniophytes, see Fig. 1 and BHATTACHARYA & MEepLiN 1995).
Either these lineages were originally photosynthetic and these heterotrophic taxa
lost their plastids, or the lineages gained their plastids through secondary '
endosymbioses later in their evolution. The phylogenies of the plastids arising from
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secondary endosymbioses must be examined and compared with those of their host
cells to infer the likely source of the photosynthetic eukaryote that was transformed
into the plastids. -

There is a moderate to extensive heterokont chromophyte, haptophyte and
cryptophyte data set available for several plastid genes: the fufA gene (DerwicHE &
al. 1995), the large subunit of the RUBISCO operon (Fuitwara & al. 1995,
Cresnick & al. 1996) and the small subunit of the ribosomal operon (BHATTACHARYA
& MEDLIN 1995, MEDLiN & al. 1995 and unpubl.) (Figs. 6-8). In each case, we will
compare the plastid phylogenies with those of the host lineages to infer the likely
source of the taxa transformed into a plastid.

In the rufA phylogeny (Fig. 6A), we have selected representatives from the
Jarger data set published by DerwicHe & al. (1995) for our analysis. There are no
haptophyte sequences available; however the heterokonts are well represented, and
there is one cryptophyte in the tree. The fufA gene suggests that plastids are
monophyletic and originate from the cyanobacteria. The tufA gene of 2-
membraned plastids of the green algae/higher plants, the glaucocystophytes and
the red algae are the first divergences from the cyanobacterial rufA gene. The
anomalous position of the chrysophyte Ochromonas among the red algae in the
rufA phylogeny has been discussed by Deuwicke & al. (1993) as being either a
contaminant or an evolutionary novelty. The fufA gene of 4-membraned plastids,
represented in this tree by the heterokonts and cryptomonads, are later divergences
and, fall within the red algae. Among the diatoms, Coscinodiscus, a centric diatom
belonging to clade 1 diatoms as inferred from the nuclear-encoded SSU rRNA tree,
is sister 10 two other centric diatoms of clade 2. The position of the cryptophyte
Guillardia is not supported in the fufA phylogeny and likely represents a problem
of taxon sampling.

Although there is no bootstrap support for the clade containing the red and the
chromophyte algae in the fufA phylogeny, the separation of a “green lineage” from
a “red plus goiden lineage” is congruent with that found in the phylogenetic
reconstructions from other plastid genes (see below). The lack of bootstrap support
for the lineages in this phylogeny may in part reflect the asymmetry of the tree and
internodal differences closer to 20% (see Hiuis & BuLL 1993).

A phylogeny of the SSU rRNA gene has been constructed with the LogDet
transformation [to avoid base compositional bias that can distort the relationships
in this gene (LockHart & al, 1994)] and with the neighbor-joining analysis. The
branching order of the major lineages are identical, and we present the neighbor-
joining tree (Fig. 7A), which we will use below for our molecular clock

-

Fig. 6 A~C. Phylogenetic analysis of fufA coding regions. A Neighbor-joining tree inferred
from a gamma-weighted distance matrix (MEGA, Kumar & al. 1993, a= 2) using all three
codon positions. Bootstrap values (100 replications) are shown above the internal nodes.
The tree was rooted on the branch leading to E. coli. B Linearisation of the neighbor-
joining tree in A as in Fig. 4B. First appearances of diatorn taxa from the fossil record are
encircled and placed at the node where the taxa to the right are believed to have their first
appearance. Point “A” marks the origin of the heterokont plastid; “B” is the origin of the
diatom plastid. € Molecular clock constructed from B as in Fig. 4C. C, is below is the x
axis and not shown
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calculations. Branch lengths in the LogDet transformation are not linear using
small data sets (< 2000 aa) and cannot be used for clock calculations unless they
are corrected (Gu & L1 1996). -

The 168 rRNA phylogeny also suggests that plastids are monophyletic
(bootstrap = 98%) and originate from the cyanobacteria. The 2-membraned
plastids of the green algal/higher plants, the glaucocystophytes and the red algae
diverge as independent monophyletic lineages. The 4-membraned plastids of
heterokont chromophytes, haptophytes and cryptophytes share a recent evolu-
tionary history with the red algae (bootstrap = 91%). However, their hosts do not
(Fig. 1), and this is supportive evidence that these lincages obtained their plastids
from a red algae or a red algal-like ancestor via endosymbiosis. The haptophytes
and cryptomonads are moderately supported (bootstrap = 677%) and are sister taxa
to a largely unresolved assemblage of red algae and the heterokont chromophytes.
The primitive unicellular reds contribute substantally to the problems of
unresolved branching order within this lineage. The advanced red algae are well
supported (boostrap = 81%) and are later divergences in the tree. The heterokont
chromophytes are well supported (bootstrap = 75%) and branch from within the
red algal lineage. Because the haptophytes and cryptomonads are held outside the
true red algal lineage by moderate bootstrap support, one possible interpretation of
these data is that the heterotrophic ancestors of the haptophytes and cryptomonads
engulfed and retained a red algal-like ancestor, whereas the heterotrophic
heterokonts are more likely to have engulfed a primitive red algae. Further taxon
sampling among the primitive reds may help to improve support for the branching
order among these taxa. The LogDet tree also supports the position of the
haptophytes and cryptomonads outside the red algal lineage (tree not shown, but
see MepLiv & al. 1993).

Within the heterokonts, several lineages are recovered. These correspond to the
major classes of the heterokont algae (except for the clade comprising the
Pelagophyceae and Phaeophyceae), but support for the branching order is not
strong. Within the diatoms, clade 1 diatoms are broken into separate lineages,
however clade 2 diatoms remain intact. There are not enough identified taxa
sampled in the haptophyte and cryptophyte lineages to comment on their branching
order, but each is a monophyletic lineage (bootstrap = 100%).

Fig. 7 A-C. Phylogenetic analysis of plastid-encoded SSU rRNA genes. A Neighbor-
joining tree inferred from a Kimura (1980) distance matrix. Representatives from all of the
algae are included except for the Chlorarachniophyta and the Euglenophyta. Bootstrap
values (100 replications) are shown above the internal nodes. The Haptophyta and the
Heterokonta are labelled on the tree. The tree was rooted on the branch leading.to E. coli.
Terminal taxa in the tree represented by codes (e.g., OMB81) are unidentified sequences
from a 168 rRNA clone library provided courtesy of Dr. M. Rarpt. B Linearisation of the
neighbor-joining tree in A as in Fig. 4B. First appearances of diatom and coccolithophorid
taxa from the fossil record are encircled and placed at the node where the taxa to the right
are believed to have their first appearance. Point “A” marks the origin of the heterokont
plastid; “B” is the origin of the diatom plastid; “C" is the origin of the haptophyte plastid.
C Molecular clock constructed from B as in Fig. 4C
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The RUBISCO gene is the only single-copy gene whose molecular analysis
indicates a polyphyletic origin for the plastids (see review in PaLmer 1993,
Loiseaux DE Gokr 1994). The phylogenetic relationships reconstructed from the
RUBISCO tree are far more complicated than those presented here in Fig. 8 (see
DeLwicHE & PaLMER 1996). We show only the major lineages containing the “‘red”
and “green” type of Form I of the large subunit of RUBISCO. The two lineages are
so divergent that it is not incorrect to root one lineage with the other as we have
done in Fig. 8A (see DeLwicHE & PaLmER 1996).

The RUBISCO genes from the chlorophyll @ + b lineage, containing the green
algae/higher plants, glaucocystophytes, chlorarachniophytes and euglenoids,
originate from cyanobacterial genes (Fig. 8A). In contrast, the non-green algal
lineages (excluding the dinoflagellates, which have an entirely different RUBISCO
origin, see PaLmER 1993) originate from Proteobacteria (Fig. 8A). Historically, the
branching order among the major groups has changed as more taxa have been
added to the phylogenetic analyses (compare LoisEaux DE GoEr 1994, Fuiwara
& al. 1995, McFappen & al. 1995, and Fig. 8A). However, it is clear that the
RUBISCO gene of the heterokont chromophytes and cryptophytes in this lineage
(all of which apparently obtained their plastids through a secondary endosymbio-
sis) share a common ancestry with the red algal lineage (bootstrap = 100%). Qur
tree would support the hypothesis that the heterokont chromophytes, haptophytes
and cryptophytes obtained their plastids by engulfing a red algae or an ancestor that
gave rise to the red algae. As with the other plastid genes, the host organism genes
of the heterokont chromophytes, haptophytes and cryptophytes do not share a
recent evolutionary history with the red algae.

As in the 16S rRNA tree, the haptophytes (a monophyletic group in 88% of
bootstrap replicates) are recognised as a discrete sister lineage (bootstrap = 75%)
to the red algae plus other chlorophyll a -+ ¢ algae. However, if fewer primitive red
algae are included in the analysis, the cryptophytes will group with the haptophytes
(bootstrap = 64%, data not shown) as sister group to the red algae plus heterokont
chromophytes. In no cases are the haptophytes and heterokont chromophytes sister
taxa. Lineages corresponding to the diatoms, raphidophytes and phaeophytes are
recovered within the heterokont chromophytes, but taxon sampling is tco low to
comment on their branching order. Among the haptophytes, the divergence of the
two subclasses are confirmed. The family Noelaerhabdaceae (Emilinia huxleyi)

Fig. 8 A—C. Phylogenetic analysis of the large subunit of RUBISCO coding regions. A
Neighbor-joining tree inferred from a gamma-weighted distance matrix (MEGA, KumMar &
al. 1993, a = 1} using all three codon positions. Bootstrap values (100 replications) are
shown above the internal nodes. The tree was rooted on the branch leading to the green
algae/higher plants. B Linearisation of the neighbor-joining tree in A as in Fig. 4B. The
entire green algal/higher plant lineage was evolving too fast and was eliminated from the
linearisation. First appearances of diatom and coccolithophorid taxa from the fossil record
are encircled and placed at the node where the taxa to the right are believed to have their
first appearance. Point ““A” marks the origin of the heterokont plastid; *“B” is the origin of
the diatom plastid; “C” is the origin of the haptophyte plastid. C Molecular clock
constructed from B as in Fig. 4C. C; is below the x axis and not shown
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is sister to the other coccolithophorids, which is congruent with the host tree
(Fig. 5A). ,

Plastid genes from haptophytes and heterokont chromophytes were never sister
taxa in any of our analyses, and the heterokont chromophyte plastid genes were
always embedded within the red algal plastid lineage. The convergence of the 168
rRNA and RUBISCO plastid gene phylogenies suggests that the heterokont
chromophytes likely enguifed a primitive red algae, whereas the cryptophytes and
the haptophytes are more likely to have engulfed an ancestor of the red algae. This
suggests that the Chromista are not monophyletic and that haptophyte, heterokont
chromophytes and cryptophyte plastids arose from separate endosymbiotic events.
These data support hypothéses 1c and 1d.

Molecular clock calculations

Molecular data are normally used to reconstruct the phylogenetic history of extant
organisms. Ideally, as organisms diverge, their genomes accumulate base
substitutions in a stochastic, but clock-like manner. It is now widely recognised
that a universal molecular clock does not exist and that the base substitution rate
varies within lineages and genes. Nevertheless, if potential errors are identified
with a relative rate test and corrected by eliminating the significantly fast and slow
taxa and by linearising the rate of evolution, it is then possible to use molecular
data to estimate divergence times.

Using the method of Hnuis & Mormmz (1990), we have estimated from the
nuclear and plastid genes the time of origin (1) for the diatoms, (2) for the
heterokont chromophytes, (3) for the haptophytes and the divergence of their two
subclasses and (4) for the timing of the secondary endosymbiotic events for the
pigmented heterokonts and the haptophytes. We initially calculated a relative rate
or branch length test in which the evolutionary rate of all pair-wise combinations of
taxa was compared to several cutgroups (Wu & L1 1985, Takezak! & al. 1995). In
this manner we identified taxa not evolving within a stochastic model of base
substitution. We then selected a range of taxa with varying degrees of distance
from one another to be used for the construction of a linearised neighbor-joining
tree in which rate variation between the taxa was assumed to be eliminated
(Taxezakl & al. 1995). A linearised neighbor joining (NJ) tree was constructed
from the nuclear-encoded SSU rRNA genes and from the plastid-encoded SSU
rRNA, rbcl. and the rufA genes (Figs. 4-8B). First appearance dates of diatom and
coccolithophorid taxa with a fossil record were regressed against estimated branch
lengths of lineages in each tree to construct a molecular clock for each gene or
group of organisms (Figs. 4-8C). First appearance dates of taxa immediately after
a gap in the diatom fossil record were predated to the middle of the gap or before,
it, if potential ancestors of the extant taxa could be identified in well-preserved
diatom deposits before the gap (Gersonpe & Harwoon 1990).

For each linearised tree, we estimated an average age of the clade and its
earliest probable age (p = 95%). The average age of any undated node was
determined by multiplying the length of its median or average lineage by the
regression coefficient. The earliest probable age for any undated node was taken
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from the upper 95% confidence limit around the age estimate given the length of its
median or average lineage.

Fossil dates may seriously underestimate the first appearance date of any
lineage (Wray & al. 1996). Thus, time estimates based on the average age for the
lineage, given that the fossil dates may be later than first appearances, are also
likely to underestimate the origin of groups. The HiLis & Moritz (1990) model for
the calculation of a molecular clock provides an estimate for an upper and lower
95% confidence limit for the origin of any undated node. Thus, using this
calculation, the actual time of origin of any undated node in the tree, should
realistically lie somewhere between the average age determined from the
regression line and the earliest probable age determined from the upper 95%
confidence limit. Presumed dates of origin between the lower 95% confidence limit
and the regression line would be nullified by fossil taxa present during this time.
With few fossil dating points, the 95% confidence interval can be quite broad,
pushing the earliest probable age farther back in time.

From the SSU rRNA clock calculated for the pigmented heterokonts, we have
estimated the average age of the brown algae, the diatoms and the pigmented
heterokonts (see also KooistrRa & MepLIN 1996). The recent appearance of the
brown algae is well in agreement with other molecular, morphological and
biogeographic evidence (see Saunpers & DrUEHL 1992), but contrasts with some
earlier putative brown algal fossils {TAGGART & ParkER 1976). The average age of
the diatoms is very close to their first fossil record (MepLiv & al. 1996¢). Using our
average and earliest probable dates for the origin of the pigmented heterokonts
(170-270 Ma), we conclude that this group is unlikely to have existed much before
the Permian-Triassic boundary.

In contrast, the SSU rRNA molecular clock for the haptophyte lineage
indicates that they are a much older group. Their average age is 850Ma; their
garliest probable age is ¢. 1800 Ma. These dates may be greatly overestimated
because the haptophyte SSU rRNA clock is based only on three divergence times
from the coccolithophorid fossil record. Nevertheless, rate variation in the SSU
rRNA gene for this group is minimal (data not shown), so we feel that our
predictions of time of divergences are reasonable. Interestingly, the mean of the
average age of the divergence of the two subclasses of the haptophytes (299 Ma) is
closer to the average age of the pigmented heterokonts (248 Ma). These figures are
determined by averaging both the nuclear and plastid age estimates.

By constructing a molecular clock from our plastid gene sequence data, we can
date the timing of the endosymbiotic event leading to the transfer of photosynthetic
capacity to the heterokont and haptophyte lineages. Thus, the ages derived from
plastid genes can be compared to those of the origins of their host cells. If
hypothesis la is true, then the dates for the divergence of the haptophyte and
heterokont algae should be younger that the dates for the endosymbiotic event
leading to the transfer of photosynthetic capacity to the haptophyte and heterokont
lineages.

Hypotheses la, 1c and 1d can support the possibility that the early hetero-
trophic divergences in the heterokont lineage are the result of plastid loss. If that is
true, then the endosymbioses should predate the origin of the hosts. If the converse
is true, then the origin of the heterokont algae should coincide with the timing of
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Table 1. Estimated average time of origin (in millions of years) of the host cells and their
plastids from the heterokont chromophytes, diatoms and haptophytes

Host cells Plastids Plastids

Algal groups 185 rRNA 168 rfRNA  mfA RUBISCO Mean
Heterokont chromophytes 170 2093 190 337 274
Diatoms 135 249 160 190 200
Haptophytes

Group origin 850

Subclass divergence 420 177

Plastid origin : 263 a22 293

the secondary endosymbiotic event leading to the transfer of photosynthetic
capacity to heterokont organisms. If the haptophytes obtained their plastids at the
origin of their lincage, then the timing of their symbiosis should be widely
disparate from that of the pigmented heterokonts given no plastid loss.

The average date for the origin of the pigmented heterokonts calculated from
the SSU rRNA gene (170Ma) is close to the mean of the average date for a
secondary endosymbiotic origin of the heterokont plastid estimated from three
plastid genes (274 Ma) (Figs. 6-8C, Table 1). This provides support for hypotheses
1c and 1d over the remaining two hypotheses. The consistent separation of the
haptophytes from the heterokonts in all of the plastid phylogenies provides
evidence to support hypothesis 1d over lc.

The estimated average date for the origin of the haptophyte plastid is
considerably younger than the origin of the host lineage. This would suggest that
early members of the haptophytes were not photosynthetic and that the
endosymbiosis occurred somewhere along the internode leading to the diversifica-
tion of the haptophytes. Interestingly, the divergence of the two subclasses of the
haptophytes, as estimated from the SSU rRNA and RUBISCO genes, is very close
to the origin of the haptophyte plastid (Table 1). We hypothesise that the
endosymbiotic event in the haptophyte lineage occurred just prior to the divergence
of the two subclasses. Therefore, it follows that all early ancestors in the
haptophyte lineage were heterotrophic and are extinct, or are undersampled.

Interestingly, the estimated times for the two secondary endosymbiotic events
in haptophytes and heterokonts, respectively, are remarkably close. The mean
divergence time of the two groups estimated from three genes is 281 Ma (n = 5,
Table -1). Thus, the transfer of the photosynthetic capacity to these lineages
occurred approximately the same time at or before the Permian-Triassic boundary
(250 Ma). MepLiv & al. (1997) have presented evidence for the correlation of the
Permian-Triassic mass extinction with the re-radiation of the modern phytoplank-
_ ton following this event. Both the pigmented heterokonts and the haptophytes
comprise the bulk of today’s eukaryotic phytoplankton in the oceans. Our
molecular clock calculations would support a theory that the Permian-Triassic
extinction opened many niches in the world’s oceans and those organisms capable
of engulfing and maintaining a photo-autotroph had an adaptive advantage. This
suggests that multiple secondary endosymbioses could have occurred at a similar
time.
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Summary

Although remarkable progress has been made during the past 40 years, a
satisfactory understanding of the phylogenetic relationships among the “‘golden
algae” remains elusive. From the data presented in Figs. 1-3 and from other
published phylogenies, no clear sister relationship has been demonstrated for the
haptophyte and heterokont host cells. This is the minimum that must be presented
to invoke a monophyletic origin for the two groups. Instead, a relationship between
the alveolates and the heterokonts consistently reoccurs with up to 100% bootstrap
support in some phylogenies. The Haptophyceae, once part of the Chrysophyceae,
have been shown to be a distinet taxonomic group, however, their closest living
relative remains unresolved. Further work should be undertaken from other genes
to resolve conclusively the relationship between heterokonts and haptophytes:
nevertheless existing date do not support a monophyletic origin for the two
groups.

Both ultrastructural {(two extra membranes around the plastid} and molecular
data suggest the plastids of the haptophytes and heterokont chromophytes are the
result of secondary endosymbiosis (probably a red algae or red alga-like organism).
The plastid-encoded SSU rRNA (bootstrap = 67%) and rbcL data (bootstrap =
75%) support separate endosymbioses for the plastids of haptophytes and
heterckont chromophytes because other groups occupy branches in phylogenetic
trees between them {cryptophytes and red algae in SSU rRNA - Fig. 7,
cryptophytes and red algae in rbcl — Fig. 8). Although bootstrap support of =70%
can indicate a probability =95% that the recovered clade is real (HiLuis & BuLL
1993), we cannot state conclusively that the haptophyte and heterokont plastids are
a monophyletic group (hypothesis 1a or 1c) or are two distinctly different lineages
(hypotheses 1b and d). However, the consistent separation of the haptophyte and
heterokont plastids in the phylogenetic analyses, taken in combination with our
molecular clock calculations, favour hypothesis 1d that the two lineages are not
monophyletic.

Data presented above (nuclear-encoded SSU rRNA, actin) suggest that the
heterokont chromophytes are a monophyletic assemblage, which supports
hypothesis 2a. Bootstrap support for the molecular data is too weak to determine
the phylogenetic branching pattern among this assemblage. Thus, we cannot
support either hypothesis regarding the monophyly of taxa with reduced flagellar
apparatuses (hypotheses 3a, 3b). The SSU rRNA data (Fig. 5) suggest that the two
carotenoid types arose independently more than once, which lends some support to
hypothesis 4a.

Molecular clock-calculated dates suggest that the haptophyte host cell lineage
is relatively ancient (Proterozoic-Paleozoic) but that the haptophyte plastid was
acquired more recently (Mesozoic). The molecular clock-calculated dates for
origin of the heterokont chromophytes are more recent (Mesozoic), both with
respect to the host cell and the plastid. Perhaps coincidentally, the estimated dates
for the origin of plastids in both haptophytes and heterokont chromophytes are
nearly identical. Data suggest both groups first became photosynthetic at, or shortly
before the Permian-Triassic boundary, This would support a hypothesis that
secondary endosymbioses, which represent a major evolutionary step in the
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advancement of the algae, may be associated with the major climatic changes at the
end Permian and the mass extinctions that followed (Erwin 1994},
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