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Because photosynthesis has played such a funda-
mental role in shaping the biosphere, the origins of
the plastids have remained one of the most intrigu-
ing and well-researched topics in biology. The initial
formulation of the theory of endosymbiosis as an
explanation for plastid origins (Schimper 1883,
Mereschkowsky 1905, 1910, Margulis 1981) has been
followed by a myriad of biochemical, ultrastructural,
and molecular biological analyses of these organ-
elles. These studies have provided many important
clues that, together, begin to unravel the complex
evolutionary history of plastids (for reviews see Mar-
tin et al. 1992, Lewin 1993, Palmer 1993, Douglas
1994, Loiseaux-de-Goer 1994).

The vast existing body of literature on plastid
endosymbiosis and evolution necessarily limits the
quantity of data that may be successfully analyzed
in a synopsis of this theme. We have, therefore,
narrowed our focus considerably and addressed the
evolutionary relationships and origin of plastids from
the perspective of molecular evolutionary analyses
of plastid- and nuclear-encoded small-subunit ribo-
somal RNA (ssu rRNA) coding regions. Analysis of
plastid and “host"” cell phylogenies provides a pow-
erful tool for testing the consistency of hypotheses
regarding the evolutionary relationships of plastids
by direct comparison to the relationships of the host
cells that contain them. Using this simple test, we
expect that when plastids share a monophyletic or-
igin within a lineage (e.g. green algae, red algae),
topologies inferred from the phylogenetic analyses
of plastid- and nuclear-encoded (i.e. host cell) ssu
rRNAs will be approximately congruent (given that
the sequences themselves do not contain extreme
biases}. From such comparisons, we wish to address
the number and timing of the primary and second-
ary endosymbiotic events that have resulted in the
complex array of extant plastids and discuss these
findings in relation to existing ultrastructural, bio-
chemical, and sequence data. The ssu rRNAs are

! Present address and author for reprints: Max-Planck-Institut
fiir biophysikalische Chemie, Abteilung Biochemie, Am FaBberg
1t, 37077 Gottingen, Germany.

489

valuable markers to approach such questions be-
cause these coding regions are of a relatively large
size (approx. 1400-1800 base pairs), contain vari-
able and highly conserved regions to address both
close and distant evolutionary relationships, respec-
tively, and are of a universaily conserved function
with no evidence to suggest that nuclear-encoded
rRNAs are laterally transferred (Woese 1987, Sogin
1991, Bhattacharya et al. 1992). A large rRNA da-
tabase (e.g. the Ribosomal Database Project, Maidak
et al. 1994) ensures inclusion of members of all ma-
jor phyla in any analysis,

Historical Perspective

Multiple primary endosymbiotic plastid origins. The
origin of the initial photosynthetic eukaryote likely
involved the phagotrophic uptake of a cyanobacte-
rium (Mereschkowsky 1905, Giovannoni et al. 1988,
Douglas and Turner 1991). Differences in plastid
accessory light-harvesting pigments (e.g. Chloroph-
yta, chlorophylls a + &; Rhodophyta, Glaucocysto-
phyta, chlorophyll @ + phycobilins; Haptophyta,
Heterokonta, and most Dinophyta, chlorophylls a
+ ¢; Cryptophyta, chlorophylls a + ¢ + phycobilins)
suggest that the plastids in these lineages may have
arisen from different cyanobacterial ancestors, each
possessing a distinct complement of accessory pig-
ments. Such a theory implies multiple primary en-
dosymbiotic plastid origins (P. H. Raven 1970).

The discovery of the Prochlorophyta (Lewin 1976,
cyanobacteria that contain chlorophylls ¢ + & and
closely spaced thylakoids similar to those of green
algae/land plants but that lack phycobilins) provid-
ed the first opportunity to test the hypothesis of a
separate primary endosymbiotic origin of chloro-
plasts and other plastids. Sequence analyses of
prochlorophytes suggest, however, that these taxa
form a paraphyletic assemblage that is embedded
within the cyanobacterial radiation and that proch-
Jlorophytes do not share a common ancestry with
chlorophyll @ + b—containing plastids to the exclu-
sion of other cyanobacteria (Palenik and Haselkorn
1992, Urbach et al. 1992). The phylogenetic anal-
yses of prochlorophyte sequences support multiple
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independent origins of chlorophyll b within cyano-
bacteria (Palenik and Haselkorn 1992, Urbach et
al. 1992; for the contrary view that the prochloro-
phytes are a monophyletic lineage that is evolution-
arily distinct from cyanobacteria, see Larkum et al.
1994). The absence of cyanobacteria containing
chlorophylls a + & that are closely related to green
algal/land plant plastids does not, however, pre-
clude their former (and present) existence and their
possible role in the origin of these plastids. Cyano-
bacteria that are most closely related to plastids in
molecular sequence phylogenies (for exception, see
later) contain chlorophyll a and phycobilins (e.g. Sy-
nechococcus sp., Anabaena sp.) as in rhodoplasts and
glaucocystophyte plastids (Palenik and Haselkorn
1992, Urbach et al. 1992, Delwiche et al. 1995,
Helmchen et al. 1995); the glaucocystophyte plastids
{cyanelles) also maintain the peptidoglycan wall of
the putative cyanobacterial endosymbiont (Kies
1974, Kies and Kremer 1990, Helmchen et al. 1995).

The phylogenetic analyses that have most clearly
supported a polyphyletic origin of plastids are based
on comparisons of large and small subunits of ri-
bulose-1,5-bisphosphate carboxylase/oxygenase
(RUBISCO, ricL and rbcS) sequences. In these phy-
logenies, chlorarachniophyte, euglenophyte, green
algal/land plant plastids, and the Cyanophora para-
doxa cyanelle share a monophyletic origin and are
rooted within the cyanobacteria, whereas the red
algae, cryptophytes, and heterokonts are a closely
related group that is rooted within proteobacteria
(Douglas et al. 1990, Martin et al. 1992, Morden et
al. 1992, McFadden et al., pers. commun.), Though
initially interpreted as support for a polyphyletic
origin of these plastids (Douglas et al. 1990, Valentin
and Zetsche 1990a, b, Morden et al. 1992), the data
can also be explained by a lateral transfer of the
RUBISCO operon from a proteobacterium into the
common ancestor of the red algae or, more likely,
into the cyanobacterium that gave rise to the red
algal plastid (Assali et al. 1990, Douglas et al. 1990,
Martin et al. 1992, Loiseaux-de-Goer 1984); this
plastid then presumably gave rise via secondary en-
dosymbiosis{es) to the plastids of cryptophytes, het-
erokonts, and haptophytes (Gibbs 1981, 1993, Leipe
et al. 1894, McFadden et al. 1994, and see later).
Another explanation is the “differential retention
of two RUBISCO operons present in the cyanobac-
terial ancestor of plastids” (Douglas et al. 1990, Mar-
tin et al. 1992, quote from Palmer 1993},

Single origin of all plastids. In favor of the view that
ali extant plastids originated from a single primary
endosymbiotic event (Cavalier-Smith 1982), the mo-
lecular phylogenies (except RUBISCO) presently
show that all plastids share a monophyletic origin
that is rooted within the cyanobacteria (Turner et
al. 1989, Morden et al. 1992, Giovannonietal. 1993,
Dougtlas and Murphy 1984, Delwiche et al. 1995,
Helmchen et al. 1995). Regardless of whether they

are of a putative primary or secondary endosym-
biotic origin, plastid gene content and gene order
also argue for a shared common ancestry of these
organelles (Kowallik 1993). Gene clusters such as
those of atpA, psaAB, rpoBCD, and rbcLS and ri-
bosomal proteins are, for example, shared between
cyanobacteria and the plastid of Cryptomonas ¢
(Douglas 1992). The plastids of red algae, hetero-
konts, and glaucocystophytes also share many op-
erons in common with each other and with prokar-
yotes (Kowallik 1989, 1993, Palmer 1991, Douglas
1992, Loffelhardt and Bohnert 1994). The green
algal/land plant plastids share fewer similarities in
gene order and content with other plastids; chlo-
roplasts have generally a smaller genome size be-
cause many more of the plastid genes have been
transferred to the nucleus (Shivji et al. 1992, Ko-
wallik 1998, Reith and Mulholland 1993). The pres-
ence of gene clusters that are shared by different
plastid lineages but are absent from cyanobacteria
argues most strongly for a monophyletic origin of
all plastids {Douglas 1994). Barring extreme con-
vergence, shared gene content and order in plastids
from widely separated plant lineages is most easily
explained by postendosymbiotic gene assembly in
the single, common ancestor of these organelles
(Douglas 1992, 1994, Kowallik 1993).

Given such a scenario, the present diversity of
plastid pigmentation may be explained if the origi-
nal cyanobacterial or cyanobacterial-like endosym-
biont (which no longer exists or has yet to be found)
contained chlorophylls a + b + ¢ -+ phycobilins. The
initial photosynthetic eukaryote may, therefore, have
contained components of more than one light-har-
vesting complex (LHC). The finding of a light-har-
vesting chlorophyll c—like pigment in Prochkloron sp.
supports this hypothesis (Larkum et al. 1994), as
does the finding by Wolfe et al. (1994) of LHC poly-
peptides in red algae that are cross-reactive with
polypeptides of the LHC of a land plant and a het-
erokont alga. These authors found that antibodies
raised against polypeptides of the photosystem 1
complex of barley cross-react with components of
the LHC I of the red algae, Aglaothamnion neglectum,
and Porphyridium cruentum. Furthermore, compo-
nents of the fucoxanthin-chlorophyll a + ¢ LHC of
the diatom Phaeodaciylum tricornutum also cross-react
with the red algal LHC I polypeptides. These data
support a close evolutionary relationship among all
plastids and are consistent with the hypothesis that
the ancestral plastid contained both phycobilisomes
and LHCs, and the loss of particular antenna systems
may have resulted in the present array of diverse
plastids (Bryant 1992, Douglas 1992, Wolfe et al.
1994). Further support for the existence of more
than one light-harvesting antenna in the cyanobac-
terium that gave rise to all plastids is the finding of
a chlorophyll ¢-like pigment in prasinophyte green
algae such as Manioniella squamata (Withelm 1988).
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Prasinophytes, excluding the Chlorodendrales (sen-
su Melkonian 1990), form the earliest divergences
in the green algal lineage (Steinkdtter et al. 1994,
Melkonian and Marin, unpubl. data).

Plastid rRNA phylogenies. The plastid-encoded ssu
rRNA phylogenies show that there are at least two
distinct plastid lineages (Douglas and Turner 1991,
Morden et al. 1992, Giovannoni et al. 1993). The
first is defined by the chlorophyll @ + b-containing
plastids of green algae/land plants, the second by
the chlorophyil ¢ + phycobilin-containing plastids
of rhodophytes, the chlorophyll & + ¢-containing
piastids of heterokont and haptophyte algae, and
the chlorophyll a + ¢ + phycobilin-containing plas-
tids of the cryptophytes. The position of the chlo-
rophyll @ + phycobilin—containing plastids of the
glaucocystophytes is not stable within the ssu rRNA
analyses; these sequences likely form a third distinct
lineage (Douglas 1992, Helmchen et al. 1995). The
chlorophyll @ + b—containing plastids of the Eu-
glenophyta appear to be most ciosely related to chlo-
roplasts (Lockhart et al. 1992, 1994, Turner 1994,
and see later).

Apart from the differences in plastid accessory
pigment composition, there is also variation in the
biochemistry of these organelles and the number of
bounding membranes (Taylor 1976, Gibbs 1993).
Plastids of the green algae/land plants, glaucocys-
tophytes and red algae are surrounded by two en-
velope membranes—presumably the membranes of
the engulfed cyanobacterium {Douce and Joyard
1981, Joyard et al. 1991). Two-membraned plastids
{and the host cells that contain them) may share a
monophyletic origin (kingdom Plantae; Cavalier-
Smith 1982, 1993). Plastids that have more than two
envelope membranes (e.g. three membranes, eu-
glenophytes; three to four membranes, most dino-
Hagellates; four membranes, chlorarachniophytes/
cryptophytes/heterokonts/haptophytes, Dodge
1973, Gibbs 1981, 1993, Hibberd and Norris 1984,
Schnepf 1993) may have arisen from the phagocy-
tosis of a photosynthetic eukaryotic alga (secondar
endosymbiosis; Gibbs 1981, Cavalier-Smith 1982,
Douglas et al. 1991). The third membrane of these
plastids is presumably the former plasmalemma of
the engulfed eukaryote, whereas the fourth is the
phagosomal membrane of the host cell (Cavalier-
Smith 1982, for review see Whatley 19932, b). In
the cryptophytes, haptophytes, chlorarachnio-
phytes, and heterokont algae, the phagosomal mem-
brare is fused with the outer nuclear membrane to
form the chloropiast endoplasmic reticelum (CER;
Gibbs 1962, Whatley et al. 1979, Whatley 1993b).
The distinct structure of the CER has been invoked
assupport for a monophyletic origin of these plastids
via a single secondary endosymbiosis; the host cells
that contain these four-membraned plastids have
been postulated, therefore, to share also a mono-
phyletic origin (Cavalier-Smith 1982, 1993).

Ribosomal RNA Phylogeny of
Photosynthetic Profists

Phylogenetic relationships between photosyn-
thetic and nonphotosynthetic lineages within the
“crown” group radiation (Knoll 1892, Wainright et
al. 1993) are shown in Figure 1. The root of this
maximum likelihood phylogeny lies within the
branch leading to Dictyostelium discoideum. Figure 1
includes ail major eukaryotic photosynthetic groups
{shown in coler) except for the Euglenophyta: eu-
glenophytes diverge prior to D. discoidewn and share
a monophyletic origin with kinetoplastid protists
(Sogin et al. 1986, Cavalier-Smith 1993, McFadden
et al. 1994).

Evolutionary relationships among eukaryotes contain-
ing two-membraned plastids. The nuclear rRNA phy-
logeny shows that the three lineages that contain
two-membraned plastids {i.e. chlorophytes, rhodo-
phytes, and glaucocystophytes) have a polyphyletic
origin within the crown group radiation (Fig. 1).
The glaucocystophytes form a sister group to the
cryptophytes, whereas the rhodophytes cluster with
the cryptophyte/chlorarachniophyte nucleomorph
sequences (Bhattacharya et al. 1995a); these group-
ings are not strongly supported by bootstrap anal-
yses and are interpreted as provisional results. In
particular, the positioning of the chlorarachnioph-
yte nucleomorph sequences as a sister group to the
cryptophyte nucleomorphs, which form a sister
group to the red algae (not supported by the weight-
ed parsimony analysis), may be the result of hom-
oplasious branch “attraction” between these rela-
tively highly divergent TRNAs (Bhattacharya et al.
1995b). Though there is evidence to support a red
algal ancestry of the cryptophyte nucleomorphs
(Douglas et al. 1991, and see later), analysis of the
plastid-encoded ssu rRNA within the chlorarach-
niophyte nucleomorph suggests that these protists
are primitive green algae (McFadden et al., pers.
commun.). The rRNA analyses clearly demonstrate,
however, that the glaucocystophyte Glaucosphaera
vacuolata is incorrectly classified and is a red aiga
(Helmchen et al. 1995). This result has important
consequences because G. vacuolata has been pro-
posed as a “link” between rhodophytes and glau-
cocystophytes (i.e. within the Biliphyta, Cavalier-
Smith 1982, 1993) because, for example, its plastid
contains chlorophyll & and phycobilins and is not
bound by a peptidoglycan wall. In common, how-
ever, with the red algae, the G. vacuolata plastid
contains R-phycocyanin (glaucocystophyte plastids
contain C-phycocyanin, Kiesand Kremer 1986), and
its multiple ““cyanelles” are most likely a single high-
ly lobed rhodoplast {McCracken et al. 1980).

The rRNA analyses do not support a monophy-
letic origin of two-membraned plastids by demon-
strating a monophyletic origin of the host cells {i..
glaucocystophytes, red and green algae) that contain
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them. This result may be interpreted most easily in
two ways. 1) The host cells share a monophyletic
origin, but the shared common branch length unit-
ing these taxa is too short to be resoived by rRNA
sequence comparisons. This implies (as apparent in
the analyses) a rapid radiation of the host cell lin-
eages or a slow-down in sequence divergence at the
time of the radiation (Leipe et al. 1994). A similar
result is inferred from sequence comparisons of ac-
tin coding regions; these trees also demonstrate a
near-simultaneous radiation of the crown group lin-
eages (Bhattacharya et al. 1991, 1993}, 2) The two-
membraned plastids have independent primary en-
dosymbiotic origins. Plastid gene sequence compar-
isons, gene content and order, and immunological
relatedness of LHCs (see earlier) all suggest, how-
ever, that these organelles are closely related and

rhodophytes to the exclusion of other eukaryotic
lineages {Zhou and Ragan 1993). All these groups
(including the cryptophytes) do, however, contain
flattened mitochondrial cristae and store starch as
the reserve product in the ¢ytoplasm; cryptophytes
store starch in the periplastidial space outside their
plastids (Gillett 1990).

In conclusion, the present data do not allow us to
support or reject convincingly the hypothesis of a
shared commen ancestry of host cells containing
two-membraned plastids. The great evolutionary
distance that separates chiorophytes/rhodophytes/
glaucocystophytes/cryptophytes from each other
may render testing their monophyly with nuclear
gene sequence comparisons an untenable task. On
the other hand, if mitochondrial cristae structure is
a stable and reliable evolutionary marker, then this

likely share a monophyletic origin (Douglas 1992,
Kowallik 1993, Douglas and Murphy 1994, Wolfe
et al. 1994), which makes the second interpretation
more unlikely. There is presently little evidence from
biochemical, ultrastructural, or sequence studies to
support a close evolutionary relationship among the
host cells of chlorophytes, glaucocystophytes, and

character supports the monophyly of these algae as
well as the inclusion of the cryptophytes within this
assemblage. Mitochondrial-encoded gene or com-
plete organelle sequences may also provide markers
that better resolve the evolutionary relationships of
photosynthetic eukaryotes (Lang and Burger, pers.
commun.).

o

Fic. 1. Phylogeny of eukaryotes based on ssu rRNA sequence comparisons inferred with the maximum tikelihood method (fast-
DNAml, V1.0, Olsen et aj. 1994) using 1612 unambiguously aligned nucleotides. The global search option was used with rearrangements
of partial trees crossing one branch and rearrangements of the full tree crossing 44 branches. Taxon addition was jumbled and a
transition /transversion ratio = 2 was used. Figure I is rooted within the branch leading o Dictyostelium discoidewm. The bootstrap values
{100 replications} above the internai nodes are inferred from a distance analysis of the same data set using 2 Kimura (1980) matrix as
input for a neighbor-joining phylogenetic reconstruction (Saitou and Nei 1987) with jumbled taxon addition and the transition/
transversion ratio = 2 (PHYLIP, V3.5, Felsenstein 1993). The bootstrap values shown below the internal nodes in italic script are
inferred from a weighted (rescaled consistency index over an interval of 1-1000) maximum parsimony anatysis {100 replications) for
each site within the aligned data set; the maximum parsimony method is improved when sites that have relatively higher rates of change
are given less weight in the phylogenetic analysis (Hillis et al. 1984). Only bootstrap values above 60% that define nodes shared by the
maximur likelihood and the neighbor-joining or bootstrap consensus parsimony trees are recorded. In the bootstrapped parsimony
analyses, data were used as input for a heuristic search with a branch-swapping algorithm (TBR, tree bisection-reconnection, PAUP,
V3.1.1, Swofford 1993); this consensus phytogram had a consistency index of 0.607. Photosynthetic lineages in Figure 1 are shown in
different colors; chloroplasts are shown in green, rhadoplasts in red, cyanelles in light blue, and plastids derived from putative secondary
endosymbioses in purple. Arrews are used to indicate bootstrap values at nodes where these numbers do not fit on the branches. All

sequences used in this analysis are available from the EMBL/Genbank or RDP database. Figure 1 has been redrawn from Bhattacharya
et al. (1995).

Fic. 2. Evolutionary analyses of plastid-encoded ssu rRNAs. A} Phylogeny of 168 rRNA sequences based on the comparison of 1403
unambiguously aligned nucicotide positions inferred with the maximum likelihood method (fastDNAm, Olsen et al. 1994) using
empirically determined base frequencies. The global search option was used with rearrangements of partial trees crossing 1 branch and
rearrangements of the full tree crossing 37 branches. Results of a bootstrap analysis (100 replications, Felsenstein 1985) with the
neighbor-joining method are shown zbove the interaal nodes in Figure 2A, whereas the bootstrap values shown below the internal
nodes in italic script are inferred from a weighted (rescaled consistency index over an interval of 1-10G0) maximum parsimony analysis
(106 replications). Only beotstrap values above 60% that define nodes shared by the maximum likelihood and the neighbor-joining or
maximum parsimony bootstrap consensus trees are recorded. In the bootstrapped maximum parsimony analysis, random additions of
the weighted data were analyzed with a heuristic search method with a branch-swapping slgorithm (TBR, tree bisection--reconnection,
PAUP, V8.1.1, Swofford 1993); this consensus phylogram had a consistency index of (.597. Both maximum likelihood and neighbor-
joining phylogenetic methods used a jumbled species input and a transition/transversion ratio of 2 and were rooted on the branch
length leading 1o the Agrobacterium twmefaciens 168 rRNA sequence. The large arrow on the branch leading to Cyanidium caldarium
indicates the divergence point of the rRNA sequences of Euglena gracilis and Astasia longa (Euglenophyta) when these are inciuded in
the phylogenetic analyses. The smaller arrows are used to indicate bootstrap values at nodes where these numbers do not fit on the
tranches. B) Phylogeny inferred with the neighbor-joining method (Saitou and Nei 1987) using a LogDet matrix (Lockhart et al. 1994)
as input. Only parsimony sites (312 nt) were included in the LogDet analysis; gaps were excluded. Plastid lineages are shown in different
colors; chloroplasts are shown in green, rhodoplasts in red, cyanelles in light blue, cyanobacteria (including prochlorophytes) in dark
blue, and plastids derived from putative secondary endosymbioses in purple, except for the euglenophyte plastids (Fig. 28), which are
shawn in green. All 165 rRNA sequences used in this analysis except those of Corethron criophilum, Emiliania huxleyi, Sheletonema costatum
(Medtin, unpubl. data), Clasterium ehrenbergii (Kim et al. 1994}, Cyenidium caldarium (Giovannoni, unpubl. data), Chroococcidiopsis sp-

(Turaer, unpubl. data), and Porphyridium asruginpwn (Maid and Zetsche, unpubl. data} are available from the EMBL/Genbank or RDP
database.
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It should be noted that if chlorophytes,/rhodo-
phytes/glaucocystophytes/cryptophytes share a
monophyletic origin, then the cryptophytes may ini-
tially have been cyanelle-bearing protists that re-
tained their phagocytotic capacity; the cyanelle would
have been subsequently lost and replaced by the
secondary endosymbiosis of a eukaryotic alga. Cy-
anelle-containing cryptomonads may still exist (e.g.
Peliaina cyanea, Bourreily 1970).

Evolutionary relationships among eukaryotes contain-
ing three-[or four-membraned plastds. In contrast to
the chlorophytes, rhodophytes, and glaucocysto-
phytes, which arise as plastid-bearing lineages from
the radiation (based on the available data}, the eu-
glenophytes, cryptophytes, chlorarachniophytes, di-
nophytes, and heterokonts have aplastidial taxa as
sister groups or early divergences (e.g. Goniomonas
truncata, Cryptophyta [McFadden et al. 1994], La-
byrinthuloides minuta, Heterokonta [Leipe et al.
1994]). These latter lineages, which all contain three-
or four-membraned plastids, do not share a close
evolutionary relationship (Bhattacharya et al. 1992)
and appear to have gained their plastids secondarily
and independently from each other (Gibbs 1993,
Whatley 1993a, b); this scheme does not conflict
with a putative cyanelle-containing ancestor to cryp-
tophytes. The topology shown in Figure 1 is not
consistent with a monophyletic origin of host cells
containing four-membraned plastids with associated
CER (Cavalier-Smith 1982, 1993, Cavalier-Smith et
al. 1994).

Asan example, the close evolutionary relationship
between the chlorarachniophytes and the filose
amoebae (Euglyphidae/Paulinellidae) strongly sug-
gests that the common ancestor of these taxa was
nonphotosynthetic and that the chlororachnio-
phytes gained their plastid from a eukaryotic alga,
whereas Paulinella chromatophora gained its cyanelle
either from an independent cyanobacterial endo-
symbiosis or from the secondary endosymbiosis of
a glaucocystophyte (Bhattacharya et al. 1995b). It is
conceivable that the common ancestor of this assem-
blage contained a cyanelle, which was lost in the
chlorarachniophytes and all filose amoebae (except
Paulinella); the cyanelle would have been replaced
by the plastid of a eukaryotic alga in the chlora-
rachniophytes. There exists, however, no evidence
for a cyanelle-bearing ancestor to the Euglyphidae/
Paulineilidae/Chlorarachniophyta (i.e. no other cy-
anelle-bearing filose amoeba [or chlorarachnio-
phytes] are known), whereas there is evidence for a
heterotrophic ancestry for P. chromatophora in the
closely related nonphotosynthetic Paulinella ovalis
(Johnson et al. 1988). Apart from some differences
in scale shape and cell size, P. ovalis is morphologi-
cally identical to P. chromatophora but lacks cyanelles
or any vestige of a photosynthetic organelle. Elec-
tron microscopic analyses show that P. ovalis regu-
larly ingests cyanobacteria as a food source; the cy-

anobacteria are localized within food vacuoles in the
cell (Johnson et al. 1988).

Ribosomal RNA Phylogeny of Plastids

Cyanobacterial origin of all plastids. Apart from pro-
viding strong evidence for a close evolutionary re-
lationship among all plastids {94 and 98% bootstrap
support in the neighbor-joining and maximum par-
simony analyses, respectively), the phylogenetic
analyses position the plastid lineage as a sister group
to the cyanobacteria (Fig. 2A). Usage of a phylo-
genetic method that corrects for biased base com-
position (LogDet transformation, Lockhart et al.
1994) also positions the cyanobacteria as an evolu-
tionarily distinct lineage that is a sister group to the
plastids (Fig. 2B, and see later). Inclusion of 11 com-
plete (or nearly complete) cyanobacterial ssu TRNA
sequences in the analyses representing the five sec-
tions described by Rippka et al. (1979) and the
prochlorophytes (i.e. Prochloron didemni) shows that
these taxa form a monophyletic lineage (except for
Gloeobacter violaceus) that 1s evolutionarily distinct
from the plastids. The positioning of G. viclaceus at
the base of the cyanobacteria/plastids suggests that
this peculiar cyanobacterium, which lacks intracel-
lular photosynthetic thylakoids (Rippka et al. 1974),
isa sister group to all photosynthetic organisms (Wil-
motte et al. 1992). Inclusion of partial ssu TRNA
sequences from other cyanobacterial taxa (e.g. Os-
cillatoria williamsii, Plectonema boryanum, Prochloro-
coccus marinus, Prochlorothrix hollandica) in the phy-
logenetic analyses did not alter the divergence point
of G. violaceus, the monophyletic origin of the other
cyanobacteria, and the monophyletic origin of the
plastids. Usage of partial (e.g. 1009 nt) ssu rRNA
sequences did, however, generally reduce the boot-
strap support for monophyletic groups in both cy-
anobacterial and plastid lineages and lead to minor
topological rearrangements such as the positioning
of the cyanelles as the first plastid divergence in the
maximum parsimony analysis (Bhattacharya and
Medlin, unpubl. data).

Two-membraned plastids. Maximum likelihood
analyses of ssu rRNAs suggest that two-membraned
plastids form three distinct lineages (Fig. 2A), which
diverge nearly simultaneously from each other
(Bhattacharya et al. 1995a, Helmchen et al. 1995).
This analysis positions the glaucocystophyte plastids
as the first divergence followed closely by the di-
vergence of chlorophyte and rhodophyte plastids.
The red algal plastids have a paraphyletic origin
within the lineage defined by these and the four-
membraned plastids (Medlin et al. 1994). Cyanidium
caldarium and Galdieria sulphuraria form a cluster
distinct from that defined by the other rhodoplasts
(i.e. Antithamnion sp., Glaucosphaera vacuolata, Pal-
maria palmata, Porphyridium aeruginewm).

In contrast to the maximum likelihood analysis,
the neighbor-joining and maximum parsimony anal-
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yses suggest that the glaucocystophyte plastids are
more closely related to rhodoplasts than to chloro-
plasts (Helmchen et al. 1995). To address this issue,
the likelihoods of user-defined trees that position
the cyanelles with either the chloroplasts or the rho-
doplasts have been calculated. Comparison of the
likelihoods of these trees with the *'best” tree (i.e.
cyanelles as the earliest divergence) with the likeli-
hood ratio test of Kishino and Hasegawa (1989) has
shown that the positioning of the cyanelles with ei-
ther the chloroplasts or rhodoplasts does not result
in a significantly “worse” phylogeny than that shown
in Figure 2A (Helmchen et al. 1995). These data
support a near-simultaneous radiation of cyanelles
and red and green plastids. If the maximum likeli-
hood analysis most accurately reflects the evolution-
ary relationships among these plastid types, then the
peptidoglycan wall surrounding the cyanelle was lost
once in evolution after the divergence of the glau-
cocystophytes. The user-defined tree analyses show
conclusively, however, that the positioning of the
Glaucosphaera vacuolata plastid with the cyanelles is
not favored in the maximum likelihood analysis
(Helmchen et al. 1995). This latter result is consistent
with the host cell phylogeny shown in Figure 1.

Four-membraned plastids. The topological relation-
ships among plastids with four envelope membranes
are shown in Figure 2A. These plastids share a
monophyletic origin with rhodoplasts and are evo-
lutionarily distinct from chloroplasts and cyanelles.
The plastid phylogeny may be interpreted as sup-
porting the origin of the four-membraned plastids
of the cryptophytes, heterokonts, and haptophytes
from the secondary endosymbioses of a precursor
to the red algae; a “red algal” origin of the cryp-
tophyte plastid has been previously suggested on the
basis of a close evolutionary relationship between
the host cell ssu TRNAs of the cryptophyte nucleo-
morphs and the red algae (Douglas et al. 1991). The
maximum likelihood and maximum parsimony anal-
yses show, for example, a close evolutionary rela-
tionship between the rhodoplasts of Cyanidium cal-
darium and Galdieria sulphuraria and the heterokont
plastids (Fig. 2A). As further support for the ances-
tral position of rhodoplasts within the phylogeny of
four-membraned plastids, the rbcL amino acid se-
quences of C. caldarium and Anfithamnion sp. are
positioned with high bootstrap support at the base
of the haptophyte, cryptophyte, and heterokont
plastid divergences (Fujiwara et al. 1993). Phylog-
enies inferred from other plastid protein sequences
also demonstrate a close evolutionary relationship
between rhodoplasts and plastids with four bound-
ing-membranes (¢.g. psbA, tufA, Morden et al. 1992,
Delwiche et al. 1995; atpB, Douglas and Murphy
1994).

There are, however, only a small number of plas-
tid characters that support a close evolutionary re-
fationship between rhodoplasts and four-mem-

braned plastids. These include the linkage of both
subunits of RUBISCO (presumably the ancestral
state for all plastids) in the plastid of these taxa (Fu-
jiwaraetal. 1993, Loiseaux-de-Goer 1994), whereas
rbeS is nuclear-encoded in the green algae/land
plants (Douglas 1992). Also, plastocyanin is not used
as the final electron transfer molecule to the P700
complex in these algae and the Euglenophyta (}. A.
Raven 1987). Interestingly, except for the crypto-
monads, algae with four-membraned plastids and
the Euglenophyta store their reserve photosynthate
as a B-1-8-glucan outside the plastid (Whatley and
Whatley 1681). The unique characters that define
cryptophyte and haptophyte/heterokont plastids
(Dodge 1973, Engel et al. 1993, Whatley 1993a)
suggest that, though evolutionarily related to each
other, these organelles may not be traced to a single
eukaryote as the source of the secondary endosym-
biosis.

Euglenophyte plastids. The positioning of the eu-
glenophyte host cells as an early divergence within
the ssu TRNA phylogenies, surrounded by many
nonphotosynthetic protists, strongly supports an in-
dependent secondary endosymbiotic origin of the
plastid of these flagellates. Characters shared by eu-
glenophyte plastids and chloroplasts (i.e. chloro-
phylls a + b, chloroplast gene arrangement; Hallick
et al. 1993) suggests that a green alga was the source
of this plastid. Phylogenetic analyses of the plastid
168 rRNA from euglenophytes have, however, po-
sitioned these sequences among the rhodoplasts (see
Fig. 2A, Douglas and Turner 1991, Giovannoni et
al. 1993). Reanalyses of these data with the LogDet
method shows that the grouping of euglenophyte
and red algal plastids in 168 rRNA trees likely re-
flects the nucleotide composition of these sequences
rather than their evolutionary history (Fig. 2B, Howe
et al. 1992, Lockhart et al. 1994, Turner 1994,
Helmchen et al. 1995). Plastid protein phylogenies,
for example, support a green algal ancestry of the
euglenophyte plastid (Morden et al. 1992). That eu-
glenophytes store 8-1-3-glucans outside their plas-
tids like haptophytes and heterokonts (and not starch
{a-1-4-glucans] within their plastids like chloro-
phytes) suggests, however, that the eukaryote that
gave rise to these plastids was not an evolutionarily
derived chlorophyte. The positioning of the eu-
glenophyte plastids as the earliest divergence within
the chloroplast lineage in Figure 2B supports this
hypothesis. Other biochemical evidence that allies
plastids of the Fuglenophyta with those of hetero-
kont algae, to the exclusion of the green algal/land
plant plastids, are 1) high ratios of chlorophylls a:b
(>2.5), 2) the absence of violaxanthin and lutein, 3)
the presence of acetylinic carotenoids, 4) the ab-
sence of plastocyanin, and 5) the ability to assimilate
sulfate and nitrate (see review in J. A. Raven 1987).
Additional evidence showing the distinct nature of
the Euglena plastid comes, in contrast to other plas-
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tids, from the large number of introns encoded by
this genome (i.e. 38.3% introns in £. gracilis, Hallick
et al. 1993).

Conclusions and Prospects

The analyses and interpretations of data regard-
ing plastid endosymbioses presented here lead to
two main conclusions. 1) There was a single primary
endosymbictic event in which a cyanobacterium gave
rise to all extant plastids (Cavalier-Smith 1982), pres-
ently excluding the Paulinella chromatophora cy-
anelle. This conclusion is supported by the phylo-
genetic analyses of eubacterial (including cyanobac-
terial) and plastid ssu rRNAs presented in Figure
2A, B, and by the close evolutionary relationship
between plastids and cyanobacteria shown in the
analyses of fufA sequences from plastids and diverse
eubacterial taxa (Delwiche et al. 1993). 2) There
were multiple, likely independent secondary endo-
symbioses that gave rise to the plastids of chlorarach-
niophytes, cryptophytes, euglenophytes, hapto-
phytes, and heterokonts. In support of the scenario
that secondary endosymbioses may have occurred
relatively frequently in evolution, as suggested by
the evolutionary relationships among eukaryotes
containing plastids with more than two envelope
membranes shown in Figure 1, is the existence of
the varied plastids of the dinoflagellates and the reg-
ular renewal of photosynthetic organelles within
vacuoles by protozoa (Laval-Peuto 1992). There are
presently no rRNA data of dinoflageliate plastids.
There exists, however, well-documented ultrastruc-
tural evidence for secondary endosymbiotic origins
of plastids for dinoflagellate taxa (e.g. three mem-
branes; Dodge 1989, Schnepf 1993). In addition,
some of these putative secondary endosymbionts can
be attributed to different algal lineages based on
pigment or ultrastructure data (e.g. prasinophytes
[in Lepidodinium viride, Watanabe et al. 1991], cryp-
tophytes [in Dinephysis sp., Schnepf and Elbrichter
1988], haptophytes [in Gyrodinium aureolum, Tangen
and Biornland 19811, heterokents [in Glenodinium
Soliacewm, Schnepf 1993)). If the dinofagellate plas-
tids are of a polyphyletic origin, then they may be
traced to the lineage that gave rise to all plastids
(i.e. contained chlorophylls @ + & + ¢ and phyco-
bilins) or from its descendants (e.g. prasinophytes).
The molecular evolutionary analysis of diverse di-
noflagellate plastids promises to provide the last ma-
Jjor evidence regarding the origins of these organ-
elles.
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