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Abstract. The plastid genome of the cryptophyte alga
Guillardia theta (121,524 bp) has been completely se-
quenced. The genome is 33% G+C and contains a short,
nonidentical inverted repeat (4.9 kb) encoding the two
rRNA cistrons. The large and small single-copy regions
are 96.3 and 15.4 kb, respectively. Forty-six genes en-
coding proteins for photosynthesis, 5 genes for biosyn-
thetic function, 5 genes involved in replication and divi-
sion, 30 tRNA genes, 44 ribosomal protein genes (26
large subunit and 18 small subunit), 3 translation factors,
8 genes encoding components of the transcriptional ma-
chinery including 3ycfs (hypothetical chloroplast
frames), and 26 additionalycfs have been identified.
There are eight ORFs larger than 50 amino acids, 3 of
which have homologues on the plastid genome of the
rhodophyte,Porphyra purpurea(Reith and Munholland
1995) and/or theSynechocystisgenome (Kaneko et al.
1996) and can be designated newycfs.Intergenic spacers
are very short, no introns have been detected, and several
genes overlap, all resulting in a very compact genome. In
addition, large clusters of genes (such as those for the
ribosomal proteins) are organized into single transcrip-
tional units (Wang et al. 1997), again resulting in an
economically organized genome. The cryptophyte plas-
tid genome is almost completely comprised of clusters of
genes that are found on the rhodophytePorphyra pur-
purea,confirming its common ancestry with red algae.
Furthermore, recombination events involving both tRNA

genes and the rRNA cistrons appear to have been respon-
sible for the structure of the cryptophyte plastid genome,
including the formation of the inverted repeat.
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Introduction

Cryptophytes are an enigmatic group of small biflagel-
late algae that share pigment characteristics with two
distinct algal groups, the rhodophytes (phycobiliproteins)
and the chromophytes (chlorophyllc). Like chromo-
phytes, they harbour complex plastids surrounded by
four membranes, rather than the two surrounding rhodo-
phyte and chlorophyte plastids. However, they differ
from chromophytes in possessing a small nucleus-like
organelle (the nucleomorph) in the reduced space be-
tween the inner and outer plastid membrane pairs
(Greenwood et al. 1997).

It has been proposed that organisms containing com-
plex plastids arose by endosymbiosis of a photosynthetic
eukaryote and a phagotrophic host with subsequent loss
or reduction of eukaryotic features of the endosymbiont,
such as the nucleus and cytoplasm (Gillott and Gibbs
1980). The resulting plastids would contain four mem-
branes. Cryptophytes, by possessing vestiges of these
eukaryotic features in the form of a nucleomorph and
periplastidal space between the inner and the outer plas-
tid membrane pairs, could be thought of as representing
an intermediate en route to complex plastids.Correspondence to:S.E. Douglas;e-mail: susan.douglas@nrc.ca
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Ultrastructural data (Gibbs 1981), combined with mo-
lecular sequence data (Douglas et al. 1991; Douglas and
Murphy 1994), provide strong evidence that cryptophyte
algae arose by secondary endosymbiosis of a primitive
eukaryotic rhodophyte. Recent phylogenetic analyses
have reinforced the sister-group relationship between
rhodophytes and nucleomorphs and, also, demonstrated
an affiliation between cryptophyte hosts and glaucocys-
tophytes (Bhattacharya and Medlin 1995; Van De Peer et
al. 1996).

Plastid gene sequences have been utilized in phylo-
genetic analyses aimed at determining the relationships
among eukaryotic photosynthetic lineages. However,
problems encountered with substitutional bias caused by
the relatively high A+T content of plastid genes (Lock-
hart et al. 1992), as well as varying mutational rates of
different plastid genes or different sites within genes
(Van De Peer et al. 1996) and the possibility of lateral
gene transfers (Delwiche and Palmer 1996), have yielded
conflicting results that may not reflect the true evolution
of these lineages. Comparisons of gene order, on the
other hand, offer a means of determining relationships
among plastids that are not affected by these phenomena
(Kowallik 1989, 1997; Wang et al. 1997).

The recent acquisition of complete genome sequences
from the plastids of a number of green (Sugiura 1992;
Hallick et al. 1993; Wakasugi et al. 1997) and nongreen
photosynthetic eukaryotes (Kowallik et al. 1995; Reith
and Munholland 1995; Stirewalt et al. 1995), as well as
the cyanobacteriumSynechocystisPCC6803 (Kaneko et
al. 1996), allows new approaches to elucidating evolu-
tionary relationships between algal lineages. In this con-
text, it is of special interest to investigate the coding
potential of the plastid of a chlorophyllc- and phyco-
bilin-containing alga that may represent an intermediate
stage in the evolution of complex plastids that have
arisen by secondary endosymbiosis.

Analysis of the content of theG. thetaplastid genome
reveals strong similarities with that from the rhodophyte,
Porphyra purpurea(Reith and Munholland 1995). Large
stretches of DNA are conserved in gene order between
the two plastids, although reduced in size in the crypto-
phyte. In many cases, tRNA genes are at the borders of
the conserved stretches and adjacent to genes that have
been deleted in the cryptophyte plastid, indicating that
rearrangements have arisen through recombination be-
tween nonhomologous tRNA genes, as described in rice
(Hiratsuka et al. 1989). In addition, recombination be-
tween the directly repeated rRNA cistons of the ancestral
rhodophyte plastid appears to have resulted in the for-
mation of the inverted repeat of the present-day crypto-
phyte plastid.

Materials and Methods

Guillardia theta, formerly designedCryptomonasF (Hill and Weth-
erbee 1990), was cultivated as described (Douglas 1988), and plastid

DNA was isolated by cesium chloride equilibrium centrifugation in the
presence of Hoechst 33258 (Douglas 1988). The majority of the chlo-
roplast genome was subcloned into pUC19 (Pharmacia) using a variety
of restriction enzymes. A small portion of the genome that could not be
cloned into pUC19 due to a lack of appropriate restriction enzyme sites
was amplified by PCR using the high accuracy polymerase Pfu (Strata-
gene) and cloned into the vector pCR2.1 (Invitrogen). At least three
clones of each amplification product were sequenced to reduce the
possibility of PCR-generated artefacts. Template DNA was prepared
using the Nucleobond AX kit (Machery Nagel) and sequencing was
performed using an ABI 373A automated sequencer and the Ampli-
TaqFS dye terminator cycle sequencing ready reaction kit (Perkin
Elmer). Specific oligonucleotide primers were used to fill gaps and
complete the sequence of both strands. Sequence analysis and contig
assembly was performed using Sequencher (Gene Codes, Inc.). Coding
regions were identified by BLAST searches of GenBank (Gish and
Gates 1993) and automated database searches were performed using
MAGPIE (Gaasterland and Sensen 1996). Codon usage (based on
known coding sequences includingycfs) was calculated using DNA
Strider (Marck 1988).

Results and Discussion

Genome Organization.The circular plastid DNA of
Guillardia theta is 121,524 bp, contains two small (ap-
proximately 4.9-kb) rRNA-containing inverted repeats,
and encodes 183 genes (including the duplicated rRNA
cistron genes) that are equally distributed on both strands
(Fig. 1). It is the epitome of compactness (90% is coding
sequence), exhibiting short A+T-rich intergenic spacers,
no pseudogenes or introns, and four cases of overlapping
genes. This is similar to the situation in the rhodophyte
P. purpureaand the chromophyteOdontella sinensisbut
contrasts with green plants such as rice, where only 68%
of the plastid genome is coding sequence (Hiratsuka
1989), the inverted repeats are much larger, and pseudo-
genes and introns are commonly found (see Sugiura
1992). All except six of the open reading frames (ORFs)
have homologs on at least one other plastid genome. The
ORFs without clear plastid homologues includehlpA,
which encodes a histone-like protein (Wang and Liu
1991; Grasser et al. 1997) and appears to be unique toG.
theta,and ORFs 53, 62, 65, 125, and 252. Other than the
ribosomal RNAs, no genes for structural RNAs, such as
the RNA component of RNase P (rnpB) that is present in
Cyanophora paradoxa(Stirewalt et al. 1995) andP. pur-
purea(Reith and Munholland 1995), have been detected.

Like most plastids, the G+C content is low (33%), and
interestingly, identical to that ofP. purpurea(Reith and
Munholland 1995). The codon usage reflects this bias,
with codons ending in G and C comprising only 19% of
the total. However, the highly expressed genespsbAand
rbcL have a different codon bias that may be a result of
selection for increased translation efficiency (Morton
1998). Alternatively, the distinct codon usage of these
two genes could reflect their different origin resulting
from horizontal gene transfer events. Codon usage of the
five unidentified ORFs is similar to that of known coding
regions, indicating that they are bona fide reading
frames. The ochre termination codon TAA is used in
77% of cases, with amber and opal codons being used 15
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and 8%, respectively. ATG is the predominant initiation
codon, but GTG is used seven times and TTG once.

Transcription.Transcription in plastids is performed
by two types of RNA polymerase, a multisubunit eubac-
teria-like plastic-encoded polymerase and a single-
subunit phage T7-like nuclear-encoded polymerase (Al-
lison et al. 1996). Four subunits of the eubacteria-like
RNA polymerase (rpoA, rpoB, rpoC1,and rpoC2) are
encoded on theG. thetaplastid genome.

There is considerable evidence for polycistronic tran-
scription of genes for related functions, not only from the

presence of gene clusters on plastid genomes, but also
from transcription studies (Douglas and Murphy 1994;
Löffelhardt et al. 1997; Wang et al. 1997). Putative pro-
moters similar to the canonical prokaryotic-type pro-
moter sequences have been reported upstream of many
G. thetaplastid genes (Douglas et al. 1990; Douglas and
Turner 1991; Douglas and Murphy 1994; Wang et al.
1997) and inspection of sequences upstream of polycis-
tronic transcripts known from cyanobacteria and other
plastids (see Lo¨ffelhardt et al. 1997) have revealed sev-
eral more putative promoters. In all cases, the −10
TATAAT consensus is present, although the −35 con-

Fig. 1. Gene map of the plastid genome ofG. theta.Genes transcribed from the plus strand are depicted outside the circle and those from the minus
strand inside. Genes are shaded according to function as shown in the key.
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sensus is sometimes absent. It is possible that a nuclear-
encoded polymerase transcribes those genes where ca-
nonical prokaryotic-type promoters are absent, although
the 10-nucleotide consensus promoter sequence identi-
fied from tobacco (Hajdukiewicz et al. 1997) could not
be detected.

Plastid gene expression in chloroplasts is regulated
mainly at the posttranscriptional level (Danon 1997).

However the presence of three potential genes with sig-
nificant similarity to transcriptional regulatory proteins
(ycf27, ycf29, ycf30) in G. theta, P. purpurea, C. para-
doxa,and O. sinensisplastid genomes (Table 1) and a
gene for an ATP-binding polypeptide involved in the
expression of Rubisco (cfxQ) in all exceptC. paradoxa
(Table 2) indicates that at least some gene expression
occurs by transcriptional regulation. Ribonuclease E

Table 1. Distribution of ycfs among photosynthetic lineagesa

Name Putative function Synonym Gr C.P. O.s. G.t. P.p. Syn

ycf1 Hypothetical chloroplast RF1 +
ycf2 Hypothetical chloroplast RF2 ftsH partially +
ycf3 Stable accumulation of PSI complex + + + + + +
ycf4 Stable accumulation of PSI complex + + + + + +
ycf5 Heme attachment to c-type cytochromes ccsA + + + + + +
ycf6 Hypothetical chloroplast RF6 + + + + + +
ycf7 Subunit of cytochrome b6f complex petI + + + + + +
ycf8 PSII subunit req’d under stress psbT + + + + + +
ycf9 Hypothetical chloroplast RF9 + + + + + +
ycf10 Inorganic carbon uptake cotA/cemA + + + +
ycf11 Acetyl CoA carboxylase beta subunit aceD/zfpA + + +
ycf12 Hypothetical chloroplast RF12 + + + + + +
ycf13 Maturase-like protein matA +
ycf14 Hypothetical chloroplast RF14 (intron) matK +
ycf15 Hypothetical chloroplast RF15 +
ycf16 ABC transporter subunit + + + + +
ycf17 Similar to CAB/ELIP/HLIP protein + + + +
ycf18 Hypothetical chloroplast RF18 nblA + +
ycf19 Hypothetical chloroplast RF19 + + +
ycf20 Hypothetical chloroplast RF20 + + +
ycf21 Hypothetical chloroplast RF21 + + +
ycf22 Hypothetical chloroplast RF22 + +
ycf23 Hypothetical chloroplast RF23 + + +
ycf24 ABC transporter subunit + + + + +
ycf25 Homologous toE. coli protein ftsH + + + + +
ycf26 envZhomolover putative His kinase dfr + +
ycf27 ompR homolover, putative trp + + + + +
ycf28 ntcA homolover, putative trp + +
ycf29 tctD homolover, putative up + + + +
ycf30 lysRhomolover, putative trp rbcR + + + + +
ycf31 Cytochrome b6f complex subunit petM + + + + +
ycf32 Photosystem II thylakoid protein + + + + +
ycf33 Hypothetical chloroplast RF33 + + + + +
ycf34 Hypothetical chloroplast RF34 + + +
ycf35 Hypothetical chloroplast RF35 + + + + +
ycf36 Hypothetical chloroplast RF36 + + + +
ycf37 Hypothetical chloroplast RF37 + + + +
ycf38 Hypothetical chloroplast RF38 + + +
ycf39 Hypothetical chloroplast RF39 + + + + +
ycf40 Hypothetical chloroplast RF40 + + +
ycf41 Hypothetical chloroplast RF41 + + +
ycf42 Hypothetical chloroplast RF42 basI + + +
ycf43 Potential integral membrane protein yigU/ycbT + + + +
ycf44 c-type holocytochrome formation ccs + + + +
ycf45 Hypothetical chloroplast RF45 + + +
ycf46 Hypothetical chloroplast RF46 + + + +
ycf47 Hypothetical chloroplast RF47 + + + +
ycf61 Hypothetical chloroplast RF48 ORF75 + + +
ycf65 Hypothetical chloroplast RF49 ORF99b + + +
ycf80 Hypothetical chloroplast RF50 ORF282 + +

a Lineages or their members are abbreviated as follows: green algae and land plants, Gr;Cyanophora paradoxa, C.p.; Odontella sinensis, O.s.;
Guillardia theta, G.t.; Porphyra purpurae, P.p.;andSynechocystisPCC, 6803,Syn.Presence of aycf is indicated by a + symbol. trp, transcriptional
regulatory protein.
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Table 2. Distribution of genes among nongreen plastid genomesa

Name C.p. O.s. G.t. P.p.

ATP synthase
atpA + + + +
atpB + + + +
atpD + + + +
atpE + + + +
atpF + + + +
atpG + + + +
atpH + + + +
atpI + + +

Photosystem I
psaA + + + +
psaB + + + +
psaC + + + +
psaD + + +
psaE + + + +
psaF + + + +
psaI + + + +
psaJ + + + +
psaK + +
psaL + + +
psaM + + + +

Photosystem II
psbA + + + +
psbB + + + +
psbC + + + +
psbD + + + +
psbE + + + +
psbF + + + +
psbH + + + +
psbI + + + +
psbJ + + + +
psbK + + + +
psbL + + + +
psbN + + + +
psbT(ycf8) + + + +
psbV + + + +
psbW + + + +
psbX + + + +

Rubisco
rbcL +b + + +
rbcS +b + + +

Phycobiliproteins
apcA + +
apcB + +
apcD + +
apcE + +
apcF + +
cpcA + +
cpcB + +
cpcG + +
cpeA +
cpeB + +

Electron transfer
petA + + + +
petB + + + +
petD + + + +
petF + + + +
petG + + + +
petL (ycf7) + + + +
petM (ycf31) + + + +
ftrB + +

Miscellaneous
clpC + + +
dnaB + + +

Table 2. Continued

Name C.p. O.s. G.t. P.p.

dnaK + + + +
groEL + + + +
secA + + +
secY + + + +

Ribosomal proteins
rpl1 + + + +
rpl2 + + + +
rpl3 + + + +
rpl4 + + +
rpl5 + + + +
rpl6 + + + +
rpl9 +
rpl11 + + + +
rpl12 + + + +
rpl13 + + +
rpl14 + + + +
rpl16 + + + +
rpl18 + + + +
rpl19 + + + +
rpl20 + + + +
rpl21 + + + +
rpl22 + + + +
rpl23 + + +
rpl24 + + +
rpl27 + + +
rpl28 + +
rpl29 + + +
rpl31 + + +
rpl32 + + +
rpl33 + + + +
rpl34 + + + +
rpl35 + + + +
rpl36 + + + +
rps1 +
rps2 + + + +
rps3 + + + +
rps4 + + + +
rps5 + + + +
rps6 + + + +
rps7 + + + +
rps8 + + + +
rps9 + + + +
rps10 + + + +
rps11 + + + +
rps12 + + + +
rps13 + + + +
rps14 + + + +
rps16 + + + +
rps17 + + + +
rps18 + + + +
rps19 + + + +
rps20 + + + +

Transcription/RNA
processing

cfxQ + + +
rne + +
rnpB + +
rpoA + + + +
rpoB + + + +
rpoCl + + + +
rpoC2 + + + +

Translation
infB + +
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(rne), also encoded on the plastid genome ofG. theta,
may participate in posttranscriptional degradation of
mRNAs.

Translation. Many components of the translational
apparatus are present, including the 3 rRNA molecules, 1
initiation factor (infB), two elongation factors (tsf and
tufA), 26 genes for 50S ribosomal subunit proteins, and
18 genes for 30S ribosomal subunit proteins. Most of
these ribosomal protein genes are found in a large cluster
which is conserved to different degrees in different pho-
tosynthetic lineages and has been a found to be a useful
character for phylogenetic reconstruction (Sugita et al.
1997; Wang et al. 1997). In addition, several other highly
conserved ribosomal protein gene clusters are present
(rpl11/1/12, rpl33/rps18, rpl20/35,andrpl21/27). Thirty
tRNAs are present, two of which (trnI and trnA) are
duplicated in the inverted repeats. This suite of tRNAs
allows the decoding of all 61 sense codons.

Photosynthesis.All of the components of the ATP
synthase with the exception ofatpC, which was trans-
ferred to the nucleus very early in the evolution of plas-
tids (Pancic et al. 1992; Kowallik 1997), are present on
theG. thetaplastid genome. As in bothP. purpureaand
O. sinensis,there is an overlap of four nucleotides be-
tween theatpF and theatpD genes. Interestingly, these
two genes overlap by a single nucleotide in the cyano-
bacterium SynechococcusPCC 6301 (Cozens and
Walker 1987).

Seven components of the electron transfer chain are
also found (petA, B, D, F,andG), including the recently
identifiedpetL [formerly designatedycf7 (Naithani et al.
1997)] (Table 1) andpetM [formerly designatedycf31
(de Vitry et al. 1996)] (Table 1). With the exception of
psbM,which has been identified only on theC. paradoxa
plastid genome, the complete suite of 28 photosystem I
and II genes is present on theG. thetaplastid genome.
Also present is the beta subunit of ferredoxin thioreduc-

tase (ftrB), which participates in electron transfer and
regulates several photosynthetic enzymes. In addition,
genes for both subunits of Rubisco (rbcL andrbcS), the
beta subunit of phycoerythrin (cpeB), and two genes in-
volved in chlorophyll biosynthesis—a magnesium che-
latase (chlI) and heme oxygenase (pbsA)—are found on
theG. thetaplastid genome.ycf17,which encodes a pro-
tein similar to members of the CAB/ELIP/HLIP family,
is also present.

Replication and Cell Division.Although plastids lack
histones, there is evidence for chromatin-associated pro-
teins (see Grasser et al. 1997). One such protein, encoded
by hlpA (Wang and Liu 1991), is thought to perform an
architectural role in the plastid nucleoid (Grasser et al.
1997). In addition,dnaB,encoding a DNA helicase, and
three other genes that participate in cell division (minD,
minE, ftsH) that were recently reported from the plastid
genome of the green algaChlorella vulgaris C-27
(Wakasugi et al. 1997) have been identified on theG.
theta plastid genome. It is interesting thatminD and
minE have not been identified in any other nongreen
algae andhlpA is unique among all sequenced plastids.
This may indicate that the cryptophyte endosymbiont
represents a primitive stage in the evolution of the non-
green lineages, just asC. vulgarisrepresents a primitive
stage in the green lineage.

Miscellaneous Functions.A number of genes in-
volved in protein metabolism or transport are encoded on
the plastid genome ofG. theta.These includesecAand
secY,which are components of the sec protein translo-
cation system,groEL and dnaK (chaperonin subunits),
andclpC (the ATP binding subunit of the Clp protease).

Conserved Reading Frames (ycfs).Of the 47 reading
frames that are conserved between at least two plastid
genomes and are designated by the Commission on Plant
Gene Nomenclature (Hallick and Bairoch 1994) asycfs
(hypothetical chloroplast frames), 29 have been identi-
fied on the plastid ofG. theta.The distribution of these
among various plastid groups and the functions of those
that are known are listed in Table 1. In addition,G. theta
ORFs 76, 99, and 282 are homologous to ORFs 75, 99b,
and 450 ofP. purpureaand are now designatedycfs61,
65, and 80, respectively (Stoebe, personal communica-
tion).

A Conserved Intein.The dnaB genes from bothG.
theta and P. purpureacontain an additional stretch of
protein-encoding sequence that is spliced out of the ma-
ture polypeptide, much as an intron is spliced out of
mature mRNA. Inteins in thednaB gene are relatively
rare, being found only in two eubacteria,Synechocystis
PCC6803 andRhodothermus marinus(Liu and Hu
1997). The only other inteins known to occur in plastids
are in theclpP genes ofChlamydomonas reinhardtiiand
C. eugametos(Huang et al. 1994). TheG. theta dnaB
intein is 160 amino acids long, whereas theP. purpurea

Table 2. Continued

Name C.p. O.s. G.t. P.p.

tsf + +
tufA + + + +

Biosynthesis
acpA + + + +
chlB + +
chlI + + + +
chlL + +
ChlN + +
ilvB + +
ilvH + +
pbsA + +
preA + +
trpG + +

a Except for ribosomal proteins, genes unique to a single genome are
not shown. Abbreviations are as in Table 1.
b The rubisco genes of theC. paradoxaplastid are not homologous to
those of the other plastids.
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intein is 150 amino acids long. In both organisms, the
codon usage of the intein is very similar to that of the
exteins, indicating that it is quite ancient and the codon
usage has become homogenized over time.

The Inverted Repeat.Examination of the regions
flanking the cryptophyterrnB cistron shows that it con-
tains genes from the upstream region ofrrnB (trnV, trnR,
chlI, and psaM) and the downstream region ofrrnA
(rps6) of P. purpurea(Fig. 2). The reciprocal arrange-
ment (involving 36.9 kb of sequence upstream of theP.
purpurea rrnAcistron) is evident in the crytophyterrnA
cistron. It is highly likely that the inverted repeat struc-
ture of the cryptophyte plastid has resulted from a recip-
rocal recombination event within the rRNA cistron.

The inverted repeats ofG. thetaare not identical in
sequence. There is one transition substitution in the SSU
rRNA gene, two in the tRNAAla–LSU rRNA intergenic-
spacer, three in the LSU rRNA gene, one in the LSU
rRNA–5S rRNA intergenic spacer, and two in the 5S
rRNA gene. None of the substitutions affect secondary
structure of the mature rRNA molecules. The regions
upstream of the 16S rRNA genes are well conserved
(86% similar) for 111 bp, presumably to preserve the
region surrounding the promoter. However sequence
similarity stops immediately downstream of the 5S
rRNA gene. InP. purpurea,the coding sequences are
much more variable than inG. theta,with 41 of 4820
positions differing (Reith and Munholland 1995), and the
flanking sequences diverge within seven nucleotides of
the 16S rRNA and within two of the 5S rRNA (Reith and
Munholland 1993). This implies that the copy-correction
mechanism that ensures identity of repeats in land plant
chloroplasts, but is apparently absent inP. purpurea,
may be only partially developed inG. theta.Similarly,
the expansion of the inverted repeat by gene conversion,
which has occurred to differing extents in other lineages,
may have occurred to a limited extent inG. thetasince
the region upstream of the SSU rRNA is conserved for a
short distance.

Synteny Groups.The entire plastid genome ofG. theta
is comprised of synteny groups that are present inP.
purpurea (Fig. 3; junctions marked by arrowheads).
Three of these synteny groups are very large (two are
over 30 kb and one is 17 kb). In all cases, the gene order
and transcriptional orientation are conserved, but some
genes present on the plastid genome ofP. purpurea(usu-
ally those involved in biosynthesis, phycobiliprotein syn-
thesis or ORFs of unknown function) have been deleted
from the plastid genome ofG. theta(Fig. 4). In fact there
are only five genes involved in biosynthesis remaining
on theG. thetaplastid genome (ilvB, ilvH, pbsA, chlI,
andacpA), a single subunit of phycoerythrin (cpeB), and
five ORFs of unknown function.

In many cases, tRNA genes are present at the junc-
tions of the synteny groups (asterisks; Fig. 3), suggesting
that they may have participated in the deletion of gene
sequences, possibly by acting as recognition signals (Hi-
ratsuka et al. 1989). In addition, there are sixteen in-
stances where tRNA genes are also found adjacent toP.
purpurea genes that have been deleted fromG. theta.
Figure 4B shows one such region of theP. purpurea
genome where three deletions have occurred relative to
G. theta,all of which are adjacent to tRNA genes.

Evolutionary Implications.This is the first plastid ge-
nome to be sequenced form a nucleomorph-containing
organism and as such it is of interest to compare its
coding capacity with that of other algae that have arisen
by secondary endosymbiosis but do not contain a nucleo-
morph. The diatomO. sinensisis one such example that
has been completely sequenced (Kowallik et al. 1995).
Although some synteny groups are shared betweenG.
theta and O. sinensis(large ribosomal protein,atpA,
rpoBC1C2, psbBTNHgene clusters), none are as large or
as striking as those shared betweenG. thetaandP. pur-
purea.There has been much more rearrangement (Fig.
4), indicating either that a longer period of evolution has

Fig. 2. Recombination between ribosomal RNA cistrons. A recipro-
cal crossover event betweenrrnA and rrnB of P. purpurearesults in
the exchange of flanking sequences and the resulting arrangement seen
in G. theta.Deletion of several genes has resulted in the reduction in
size of therrnA flanking region from 36.9 kb inP. purpureato 24.6 kb
in G. theta.Borders ofrrnA andrrnB are represented by a/a8 and b/b8,
respectively.
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passed since theO. sinensisendosymbiont was estab-
lished than for theG. thetaendosymbiont or that theO.
sinensisandG. thetaendosymbionts were different. Al-
ternatively, the presence of genes essential for plastid
function in the nucleomorph have stabilized the plastid
genome such that rearrangements do not occur to as great
an extent in nucleomorph-containing organisms. That
possibility is now under investigation although prelimi-
nary results indicate that there are very few genes for
plastid-localized products in the nucleomorph (McFad-
den et al. 1997).

With the availability of complete plastid genome se-
quences, analysis of the distribution of gene clusters has
increasingly been used for phylogenetic reconstruction
(Kowallik 1997). Of particular interest are clusters that
are widely separated on cyanobacterial genomes but ap-
pear to have fused subsequent to endosymbiosis and are
present in plastid genomes from several lineages. Such
arrangements provide very strong evidence for the
monophyletic origin of plastids. For such similar orga-
nization in the plastid genomes of separate lineages to
result from different endosymbionts, an extreme degree
of convergent evolution would have to be invoked
(Douglas 1994). Well-studied examples that have helped
elucidate phylogenetic relationships between algal lin-
eages include the large ribosomal protein cluster (Wang
et al. 1997), the rRNA cistrons (Reith and Munholland
1993), therpoBC/atpAcluster (Pancic et al. 1992; Kow-
allik 1997), and thepsbBTNHcluster (Douglas 1994).

Three significant features suggest that the ancestor of
theG. thetaplastid closely resembled a rhodophyte plas-
tid like that ofP. purpurea.First, the conserved synteny
groups, which are identical in gene order but reduced in
gene content to stretches of theP. purpureaplastid ge-
nome, give strong evidence for a common ancestry. Sec-
ond, bothG. thetaandP. purpureacontain an intein in
their plastiddnaB genes. Given the rarity of inteins in
plastid genes in general, anddnaB genes in particular,
this is a significant shared character. Third, the inverted
repeat ofG. thetaappears to have arisen by reciprocal
recombination from the nonidentical, directly repeated
rRNA cistrons ofP. purpurea(interpreted by the authors
as being a primitive feature) (Reith and Munholland
1993). Our results greatly strengthen their suggestions
that the ancestral plastid may have had two direct, non-
identical rRNA repeats that were either reorganized into
the inverted pattern seen in many land plants, glauco-
phytes, rhodophytes, cryptophytes, and chromophytes or
reduced to a single copy in some chlorophytes and
rhodophytes.
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