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A High-Resolution Gene Map of the Chloroplast Genome 
of the Red Alga Porphyra purpurea 
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Nova Scotia, B3H 321 Canada 

Extensive DNA sequencing of the chloroplast genome of the red alga Porphyra purpurea has resulted in the detection 
of more than 125 genes. Fifty-eight (approximately 46%) of these genes are not found on the chloroplast genomes of 
land plants. These include genes encoding 17 photosynthetic proteins, three tRNAs, and nine ribosomal proteins. In 
addition, nine genes encoding proteins related to biosynthetic functions, six genes encoding proteins involved in gene 
expression, and at least five genes encoding miscellaneous proteins are among those not known to be located on land 
plant chloroplast genomes. The increased coding capacity of the P. purpurea chloroplast genome, along with other char- 
acteristics such as the absence of introns and the consenration of ancestral operons, demonstrate the primitive nature 
of the f .  purpurea chloroplast genome. In addition, evidence for a monophyletic origin of chloroplasts is suggested by 
the identification of two groups of genes that are clustered in chloroplast genomes but not in cyanobacteria. 

INTRODUCTION 

The complete DNA sequences of three photosynthetic land 
plant chloroplast genomes have revealed an enormous amount 
of functional and evolutionary information. The chloroplast ge- 
nomes of tobacco (Shinozaki et al., 1986), rice (Hiratsuka et 
al., 1989), and the liverwort Marchantia polymorpha (Ohyama 
et al., 1986) have each been shown to contain 110 to 118 genes. 
The products of these genes are primarily involved in two 
processes: gene expresssion (59 to 60 genes) and pho- 
tosynthesis (29 genes). In addition, 11 genes encoding subunits 
of NADPH dehydrogenase (Arizmendi et al., 1992) as well as 
a number of conserved open reading frames (ORFs) are con- 
tained on these genomes. The gene content of all land plant 
chloroplast genomes investigated is surprisingly conserved 
(for review, see Palmer, 1991). 

Alga1 chloroplast genomes, on the other hand, have not been 
so extensively characterized. Current information on the chlo- 
roplast genomes of chlorophyll a/b-containing algae suggest 
that their gene content is not too different from that of land 
plants, although a few genes that are absent from land plant 
chloroplast genomes (e.g., tufA in several species [Baldauf et 
al., 19901, rpl5 [Christopher and Hallick, 19891, and ccsA [Orsat 
et al., 19921 in Euglena gracilis) have been identified. Of greater 
significance, however, may be the observation of substantial 
genome rearrangements in green alga1 chloroplast genomes 
in the form of the splitting up of ancestral operons in several 
species of Chlamydomonas (e.g., Woessner et al., 1987) and 
the large number of introns, including introns within introns, 
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in E. gracilis (Christopher and Hallick, 1989; Copertino and 
Hallick, 1991). These observations are indicative of chloroplast 
genomes that are evolving under more relaxed constraints than 
land plant chloroplast genomes. 

lnformation about the gene content of chloroplast genomes 
from chromophyte (chlorophyll a/c-containing) and rhodo- 
phyte/glaucophyte (chlorophyll alphycobilisome-containing) 
algae is even more fragmentary. However, the chloroplast ge- 
nomes of both groups of algae have been shown to contain 
many genes that are not located on the chloroplast genomes 
of land plants. Genes localized to the chloroplast genomes 
of both groups include rbcS, seck', dnaK, petF, acpA, ompR, 
ilvl3, atpD, atpG, and those for several ribosomal proteins (for 
review, see Douglas, 1992; also Kostrzewa and Zetsche, 1992; 
Pancic et al., 1992). Additional examples include hlpA (Wang 
and Liu, 1991) and secA (Scaramuzzi et al., 1992) in chromo- 
phytes, psaE (Reith, 1992) and fabH (Reith, 1993) in 
rhodophytes, and nadA (Michalowski et al., 1991b) and crrE 
(Michalowski et al., 1991a) in glaucophytes. These observa- 
tions suggest either of two possibilities: chromophyte and 
rhodophyte chloroplast genomes contain a different set of 
genes than land plant chloroplast genomes, or they contain 
an increased number of genes relative to land plant chloroplast 
genomes. 

As the result of encountering a number of genes not expected 
to be localized on the chloroplast genome of the red alga Por- 
phyrapurpurea (Reith and Munholland, 1991,1993; Reith, 1992, 
1993), we have undertaken an extensive characterization of 
this genome. This alga was originally referred to as /? um- 
bilicalis, but a reinvestigation of its taxonomy (C. Bird, 
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J. Munholland, and M. Reith, unpublished results) suggests 
that P purpurea is more appropriate. In addition to the unusual 
gene complement, the I? purpurea chloroplast genome is 
shown elsewhere (M. Reith and J. Munholland, manuscript 
submitted) to have an unusual genome organization in that 
it contains nonidentical, nontandem, direct rRNA repeats. In 
this study, we have used DNA sequencing to localize more 
than 125 genes on the P purpurea chloroplast genome and 
thus provide evidence that rhodophyte chloroplast genomes 
contain an increased coding capacity relative to land plant chlo- 
roplast genomes. 

RESULTS 

Gene Mapping 

Two distinct approaches were used to locate genes on the chlo- 
roplast genome of I? purpurea. For a limited number of genes, 
polymerase chain reaction (PCR) experiments were conducted 
to generate homologous probes. These experiments relied on 
redundant oligonucleotide primers based on highly conserved 
amino acid sequences. The PCR products were directly se- 
quenced to confirm the identity of the probes, and DNA gel 
blot hybridization and additional PCR experiments were done 
to place these genes precisely on the map. When appropriate 
clones had been isolated, further sequencing was done based 
on the PCR-derived sequence. Genes mapped in this man- 
ner include dnaK, ilvB, pet6 petJ, cpcBA, cpeBAIORF 301, 
apcE/A/B, psbA, tufA, psaNB, trnL(UAA), and groEL. The 
generation of PCR probes, cloning, and sequencing of the 
dnaK and iIvB genes have been presented previously (Reith 
and Munholland, 1991, 1993). 

Ali other genes have been identified through the random 
sequencing of EcoRl clones followed by FASTA searches 
(Pearson and Lipman, 1988) of the Swiss-Prot or GenPept 
protein sequence data bases. Approximately 65 kb of the P pur- 
purea chloroplast genome have now been sequenced and 
more than 125 genes have been identified, as shown in Fig- 
ure 1. The genes identified so far are shown in Table 1. Many 
of these genes are found on all chloroplast genomes (e.g., rbcL, 
psbA, or psaA/B). However, 58 of these genes (-46%) are 
not found on the chloroplast genomes of land plants. 

Photosynthetic Genes 

Among the genes encoding proteins involved in photosynthe- 
sis, we have detected genes for seven photosystem I proteins, 
11 photosystem II proteins, four photosynthetic electron trans- 
port proteins, both ribulose-l,5-bisphosphate carboxylase 
(Rubisco) subunits, eight ATPase proteins, and eight phycobili- 
some polypeptides. Three of the photosystem I protein genes 
are not located on the chloroplast genomes of land plants: psaf 

(Reith, 1992), psaF, and psaL, which encode subunits IV, 111, 
and XI, respectively. psaF has been found on the cyanelle ge- 
nome of Cyanophoraparadoxa (V. L. Stirewalt and D. A. Bryant, 
unpublished results), whereas psaL has been detected on the 
chloroplast genome of Cryptomonas @ (Douglas, 1992). Three 
of the four photosynthetic electron transport proteins so far 
detected on the P purpurea chloroplast genome are also not 
found on the chloroplast genomes of land plants. Ferredoxin 
@etF) is encoded in the nucleus in land plants but has been 
found on the chloroplast genomes of Cyanophora paradoxa 
(Neumann-Spallart et al., 1990; Bryant et al., 1991) and Cryp- 
tomonas (Douglas, 1992). Neither cytochrome c553 @etJ) nor 
cytochrome c550 @etK) is present in land plant chloroplasts. 
Cytochrome c553 is functionally replaced by plastocyanin in 
land plants, whereas the function of cytochrome c550 is un- 
clear. This protein is stoichiometrically associated with purified, 
oxygen-evolving photosystem II core complexes from the 
cyanobacterium Synechococcus vulcanus (Shen et al., 1992). 
As has been found for all rhodophyte and chromophyte algae 
investigated to date, both subunits of Rubisco are encoded 
on the chloroplast genome of P purpurea. Also, the genes for 
all but one protein of the ATPase complex (the y subunit en- 
coded by atpC) have been found on the chloroplast genome 
of P purpurea. The atpD and atpG genes, which are nuclear 
in green plants, are also located in the chloroplasts of the diatom 
Odontella sinensis (Pancic et al., 1992), Cyanidium caldarium 
(Kostrzewa and Zetsche, 1992), and Cyanophora paradoxa 
(M. Annarella, V. L. Stirewalt, and D. A. Bryant, unpublished 
results). 

Transcriptional and Translational Genes 

In addition to the three rRNA genes on the chloroplast genome 
of P purpurea, 20 tRNA genes have been identified including 
three (trnA[GGC], trnL[GAG], and trnS[CGA]) not found in land 
plant chloroplast genomes. In addition, 21 ribosomal protein 
genes have been located, nine of which are absent from the 
chloroplast genomes of land plants. Many of the ribosomal pro- 
tein genes are arranged in a large operon that is organized 
much like the 9 0 ,  spc, a, and str ribosomal protein operons 
of Escherichia coli, as has already been noted in Cryptomonas 
@ (Douglas, 1991, 1992). Genes for the four subunits of RNA 
polymerase as well as severa1 genes encoding proteins in- 
volved in translation, DNA replication, or control of transcription 
have been identified. Genes for both subunits of translation 
elongation factor T (encoded by tufA and tsf) are present on 
the P purpurea chloroplast genome as well as initiation factor 
p (infB). dnaB, encoding a protein involved in the strand sepa- 
ration step of DNA replication, has also been detected. Among 
the more intriguing genes identified are trsA and trsB (for tran- 
scriptional regulatory system), which are similiar to the genes 
for the membrane kinase (e.g., envz) and DNA binding pro- 
teins (e.g., ompR), respectively, of the so-called bacterial 
two-component regulatory systems (Stock et al., 1989). trsB 
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Figure 1. Physical and Gene Map of the F! purpurea Chloroplast Genome. 

Gene names are as given in Table 1. Genes located on the outside of the outermost circle are transcribed in a clockwise direction, while those 
on the inside of this circle are transcribed counterclockwise. The narrow circle outside the EcoRl restriction fragment map indicates the regions 
of the genome for which sequence data are available (black boxes). lnformation on the restriction enzyme map will be presented elsewhere (M. 
Reith and J. Munholland, manuscript submitted). 

is also present on the cyanelle genome of Cyanophora 
paradoxa (v. L. Stirewalt and D. A. Bryant, unpublished results) 
and on the chloroplast genomes of Cryptomonas @ (Douglas, 
1992), Cyanidium caldarium, and Antithamnion sp (Kessler et 
al., 1992). Currently, it is unclear which genes are regulated 
by this system as well as what externa1 factor activates the 
regulatory system. 

Biosynthesis Genes 

Another group of genes encodes proteins involved in severa1 
biosynthetic processes. These include amino acid biosynthe- 
sis genes (arg6, i/v6, and trpA), a carotenoid biosynthesis gene 
(crtE), chlorophyll biosynthesis genes (chll, chll, and chlN), 
and fatty acid biosynthesis genes (fabH [Reith, 19931 and 

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/5/4/465/5984516 by guest on 20 August 2022



Table 1. Genes ldentified on the Chloroplast Genome of f. purpurea 

Gene Gene Product 

Photosynthes 
psaA 
psaB 
psaC 
psaP 
psaP 
psaJ 
psaLa 
psbA 
psbB 
psbC 
psbD 
psbE 
psbF 
psbH 
psbJ 
psbK 
psbL 
psbN 
peta  
petG 
petJa 
petP 

rbcL 
rbcS 

atpA 
atpB 
atpDa 
atpE 
atpF 
atpGa 
atpH 
atpl 

apcAa 
apcBa 
apcDa 
apcP 
cpcAa 
cpcBa 
cpeAa 
cpeBe 

Biosynthesis 
argBa 
ilvBa 
trpAa 
gltBa 
chlla 
chlL 
chlN 
C f t P  
pbsAa 
fabHa 
ghBa 
accD 

iis 
Photosystem I P700 apoprotein A1 
Photosystem I P700 apoprotein A2 
Photosystem I subunit VI1 (FA/F~ containing) 
Photosystem I subunit IV 
Photosystem I subunit 111 
Photosystem 15-kD protein 
Photosystem I subunit XI 

Photosystem II core 32-kD protein 
Photosystem II CP47 chlorophyll apoprotein 
Photosystem II CP43 chlorophyll apoprotein 
Photosystem I1 core 34-kD protein 
Photosystem II cytochrome b559 a subunit 
Photosystem II cytochrome b559 B subunit 
Photosystem II 10-kD protein 
Photosystem II J protein 
Photosystem II 3.9-kD protein 
Photosystem II L protein 
Photosystem II N protein 
Ferredoxin 
Cytochrome bdf complex subunit V 
Cytochrome c553 
Cytochrome c550 
Rubisco large subunit 
Rubisco small subunit 

ATPase a subunit 
ATPase !3 subunit 
ATPase S subunit 
ATPase E subunit 
ATPase subunit I 
ATPase subunit II 
ATPase subunit 111 
ATPase subunit IV 

Allophycocyanin a subunit 
Allophycocyanin !3 subunit 
Allophycocyanin B a subunit 
Phycobilisome anchor protein 
Phycocyanin a subunit 
Phycocyanin B subunit 
Phycoerythrin a subunit 
Phycoerythrin p subunit 

Transcriptionflra 
rpoA 
rpoB 
rpoC1 
rpoc2 
infBa 
tufAa 
tsfa 
trsAa 

trsBa 
dnaBa 

Ribosomes 
23s 

Acetylglutamate kinase 
Acetohydroxyacid synthase (acetolactate synthase) 
Tryptophan synthase a subunit 
Glutamate synthase (GOGAT) 
Chlorophyll biosynthesis 
Chlorophyll biosynthesis (=  FrxC) 
Chlorophyll biosynthesis (=  ORF 465) 
Carotenoid biosynthesis 
Heme oxygenase (phycobilin synthesis) 
3-Ketoacyl-ACP synthase 111 
Regulator of glutamine synthetase 
Acetyl-COA carboxylase carboxytransferase 

!3 subunit (=  ZpfA) 

nslation1Replication 
RNA polymerase a subunit 
RNA polymerase p subunit 
RNA polymerase !3’ subunit 
RNA polymerase p“ subunit 
Translation initiation factor !3 
Translation elongation factor Tu 
Translation elongation factor Ts 
Transcriptional regulatory protein modulator 

Transcriptional regulatory protein (OmpR-like) 
DNA replication helicase 

23s ribosomal RNA 

(EnvZ-like) 

Gene Gene Product 

Ribosomes (continued) 
16s 
5s 
rpl2 
rp/5a 
r ~ l 6 ~  

rpll6 
rpPl19a 
rp120 
rpl22 

rp133 
rp135a 
rps 1 a 
rps2 
rps3 
r p ~ 6 ~  
rps8 
fpS 14 
fpSl 7a 
rpsl8 
rps19 

Transfer RNAs 
trnA(GGC)a 
trnC(GCA) 
trnD(GUC) 
tm€(UUC) 
tmF(GAA) 
tmG(GCC) 
tml(CAU) 
trnK(UUU) 
trnL(GAG)” 
tmL(UAA) 
tmfM(CAU) 
trnP(UGG) 
trnR(UCU) 
trnS(CGA)a 
tmS(GCU) 
tmS(GGA) 
tmT(GGU) 
tmV(UAC) 
tm V(G AC) 
trnY(GUA) 

fpl14 

r ~ l 2 4 ~  
rp12Qa 

16s ribosomal RNA 
5s  ribosomal RNA 
Ribosomal protein L2 
Ribosomal protein L5 
Ribosomal protein L6 
Ribosomal protein LI4 
Ribosomal protein L16 
Ribosomal protein L19 
Ribosomal protein L20 
Ribosomal protein L22 
Ribosomal protein L24 
Ribosomal protein L29 
Ribosomal protein L33 
Ribosomal protein L35 
Ribosomal protein S1 
Ribosomal protein S2 
Ribosomal protein 53 
Ribosomal protein S6 
Ribosomal protein S8 
Ribosomal protein S14 
Ribosomal protein S17 
Ribosomal protein S18 
Ribosomal protein S19 

Alanine tRNA 
Cysteine tRNA 
Aspartic acid tRNA 
Glutamic acid tRNA 
Phenylalanine tRNA 
Glycine tRNA 
lsoleucine tRNA 
Lysine tRNA 
Leucine tRNA 
Leucine tRNA 
lnitiator methionine tRNA 
Proline tRNA 
Arginine tRNA 
Serine tRNA 
Serine tRNA 
Serine tRNA 
Threonine tRNA 
Valine tRNA 
Valine tRNA 
Tyrosine tRNA 

Miscellaneous Proteins and ORFsb 
dnaKa Hsp70-type protein-presumptive chaperonin 
groELa Chaperonin 60 
trxAa Thioredoxin 
secYa 
clpBa 
cfxQa 

hbp Putative heme binding protein 
ORF 31 
ORF 31a 

Similar to E. coli SecY 
ATP binding subunit of Clp protease 
ORF downstream of rbcS in X. flavus and 

A. eutrophus 

Similar to land plant ORF 35 near psbB 
Similar to land plant ORF 31 near petG 
Similar to C. paradoxa ORF 65, land plant ORF 62 

ORF 62 
ORF 165a Unknown 
ORF 174= 
ORF 184c 
ORF 19ga 

Similar to C. paradoxa ORF 173 
Similar to land plant ORF 184 
Similar to mouse MER5, E. histolytica surface 

antigen, H. py/ori antigen, and S. typhimurium 
alkyl hydroperoxide reductase 

Similar to C. paradoxa ORF 243 
Similar to C. paradoxa ORF 290 
Similar to Cryptomonas ORF 301, land plant ORF 

Similar to C: eugametos ORF 563 
Similar to severa1 eukaryotic ATP binding proteins: 

ORF 231a Unknown 
ORF 265a 
ORF 283a 
ORF 3Olc 

ORF 563a,C 
ORF 587a 

31 31320 

SeclBp, NSF, Cdc48p, VCP, Paslp 

a Not found in land plant chloroplast genomes. 

in other chloroplast genomes., -’ 

Only ORFs longer than 100 amino acids or similar to known genes are included. 
The length of these ORFs in P. purpurea is unknown because they have not been completely sequenced. The number refers to the size of the homolog 
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accD). crtE is also located on the chloroplast genome of 
Cyanophoraparadoxa (Michalowski et al., 1991), whereas chll 
has also been detected on the chloroplast genomes of Cryp- 
tomonas CP (Douglas, 1992) and E. gradis (as ccsA [Orsat et 
al., 1992)). chll (frxC) and chlN are apparently located on the 
chloroplast genome of all plants except angiosperms, although 
ch l l  also appears to be absent from the chloroplast genome 
of the fern Psilotum nudum (Suzuki and Bauer, 1992). accD, 
which was previously identified in pea chloroplast DNA as zpfA 
(Sasaki et al., 1989, but see Smith et al., 1991) on the basis 
of a single zinc finger motif (also as M. polymorpha ORF 316 
[Ohyama et al., 19861 and tobacco ORF 512 [Shinozaki et al., 
1986]), is homologous to E. colidedB (usg), which has recently 
been shown to encode the p subunit of acetyl-coenzyme A 
carboxylase carboxytransferase (Li et al., 1992). In addition, 
two proteins involved in nitrogen assimilation, glutamate syn- 
thase (GOGAT), encoded by glt6, and a protein involved in 
the regulation of both the activity and transcription of gluta- 
mine synthetase (encoded by glnB), are encoded on the 
I? purpurea chloroplast genome. The most intriguing of this 
group of genes is one encoding heme oxygenase (pbsA for 
phycobilin synthesis), which was detected by its strong similar- 
ity to mammalian heme oxygenases. gkB, gln6, and pbsA have 
not been previously detected on any chloroplast genome. 

Miscellaneous Genes 

Finally, several miscellaneous protein-encoding genes and 
ORFs are found on the F! purpurea chloroplast genome. Only 
ORFs longer than 100 codons have been included in Table 
1 or Figure 1, unless they are similar to ORFs known from other 
chloroplast genomes. Among the identified genes in this group 
are those for chaperonin proteins (dnaKand grofl), thioredoxin 
(trxA), and a protein probably involved in protein transport 
through the thylakoid membrane (secv). A homolog of E. coli 
clp6 and tomato nuclear genes CD4A and CD4B, which en- 
code the regulatory subunit of the Clp protease (Gottesman 
et al., 1990), has also been localized on the I? purpurea chlo- 
roplast genome. Downstream of rbcS, we detected a gene 
(cfxQ) that is located in the same position in Xanthobacter fla- 
vus (Meijer et al., 1991) and Alcaligenes eutrophus (Kusian et 
al., 1992) and that encodes an ATP binding protein of unknown 
function. A putative heme binding protein gene (hbp) (Willey 
and Gray, 1990) and three small ORFs (ORFs 31,31a, and 62) 
similar to land plant ORF 35, ORF 31, and ORF 62, respec- 
tively, have also been located. Among the larger ORFs that 
have been completely sequenced or othemise identified by 
homology to known ORFs, two (ORFs 165 and 231) have no 
known homologs, three (ORFs 174, 265, and 283) are similar 
to C. paradoxa ORFs (V. L. Stirewalt and D. A. Bryant, unpub- 
lished results) and are located near similar genes, and one 
(ORF 563) is homologous to a Chlamydomonas moewusii ORF 
(Richard and Bellemare, 1990). Two other ORFs are each simi- 
lar to several proteins in the Swiss-Prot and GenPept data 

bases, but still defy identification. ORF 199 is similar to a mouse 
erythroleu kemia cell line-specific protein (MER5)(Yamamoto 
et al., 1989), a Helicobacterpyloriantigen (OToole et al., 1991), 
an Entamoeba histolytica surface antigen (Torian et al., 1990), 
and Salmonella typhimurium alkyl hydroperoxide reductase 
(Tartaglia et al., 1990). ORF 587 is similar to a group of eu- 
karyotic proteins, Paslp, Secl8p, NSF, Cdc48p, and VCP, that 
have a conserved domain involved in ATP hydrolysis (Erdmann 
et al., 1991). Obviously, further workwill be necessary to iden- 
tify the function of the products of these ORFs. 

DlSCUSSlON 

Gene Content 

The chloroplast genome of F! purpurea has been shown to con- 
tain a significantly greater number of genes than are found 
on other well-studied chloroplast genomes. Having identified 
more than 125 genes that cover -60% of the genome, we es- 
timate a potential coding capacity for the Ppurpurea chloroplast 
genome of 200 to 220 genes. These calculations suggest that 
at least 75 more genes remain to be identified on the I? pur- 
purea chloroplast genome. If rhodophyte chloroplast genomes 
contain all the photosynthetic and gene expression-related 
genes found on land plant chloroplast genomes, one would 
expect to find among these 75 genes at least six more pho- 
tosynthetic genes, eight more ribosomal protein genes, 15 tRNA 
genes, and a few miscellaneous genes (e.g., clpPand several 
ORFs). This suggests that there should be at least 40 more 
genes encoding proteins with nove1 functions still to be identi- 
fied on the /? purpurea chloroplast genome. 

Noticeably absent from Table 1 are genes encoding subunits 
of the NADPH dehydrogenase complex. Eleven genes for pro- 
teins from this complex are located on the chloroplast genomes 
of land plants (Arizmendi et al., 1992). One would have ex- 
pected to encounter at least one of these genes during the 
relatively random sequencing so far carried out on the F! pur- 
purea chloroplast genome. However, with the exception of the 
diatom Cyclotella meneghiniana, no NADPH dehydrogenase 
genes have been detected on any rhodophyte or chromophyte 
chloroplast genome, including that of Cyanophora paradoxa 
from which DNA sequence is available for more than 80% of 
the genome (D. A. Bryant and H. J. Bohnert, unpublished 
results). In the case of Cyclotella meneghiniana, probes for 
ndhB and ndhD gave hybridization signals, although several 
other ndh genes did not (Bourne et al., 1992). However, be- 
cause all three positively hybridizing probes (one from ndhB 
and two from ndhD) also contained other genes, these results 
must be interpreted with caution. Until confirming DNA se- 
quence data are available, it appears prudent to assume that 
NADPH dehydrogenase genes are absent from the rhodophyte 
and chcomophyte chloroplast lineages. 
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Organization of Red Alga1 Chloroplast Genomes 

A comparison of the order of known genes in the two previ- 
ously mapped rhodophyte chloroplast genomes, those of 
Griffithsia pacifica and P yezoensis (Shivji et al., 1992), to that 
of the P purpurea chloroplast genome is shown in Figure 2. 
Interestingly, the I? purpurea gene order is more similar to that 
of the more complex Floridiophyte, G. pacifica, than to that 
of the congeneric species, P yezoensis. The only differences 
between the P purpurea and G. pacifica gene orders are the 
placement of the rpoA gene (which gives two, possibly errone- 
ous, hybridization signals in G. pacifica) and an inversion 
between the psbA and cpeBA genes. One rRNA operon 
appears to have been lost from this inverted region in the 
G. pacifica chloroplast genome. Conversely, only a few genes 
align when the two Porphyra species are compared. These 
include psbC/D, the psaNpsaBBufA cluster, atpA, the right 
rRNA repeat (although it appears to be shifted by several kilo- 
bases in I? yezoensis), and cpcBA. The left rRNA repeat of 
P yezoensis is inverted relative to that of F! purpurea, and there 
appears to be a large inversion between apcAB and psM. Sev- 
era1 genes (psb6, rpoA, and cpeBA) are in completely different 
positions in the two Porphyra species. Although these differ- 
ences may just reflect rearrangement of the I? yezoensis 
chloroplast genome that occurred after its divergence from a 
common ancestor with P purpurea, further investigation of the 
P yezoensis chloroplast genome is needed to confirm this in- 
terpretation. Additional characterization of other rhodophyte 
chloroplast genomes will provide a better understanding of the 
overall pattern of chloroplast genome evolution within this 
group. 

Gene Clustering 

The chloroplast genome of P purpurea contains many genes 
that appear to be organized in operons. Many of these operons, 

O. pac 

P. pur 

Figure 2. Comparison of Gene Order among the Chloroplast Genomes 
of G. pacifica, t? purpurea, and t? yezoensis. 

The G. pacifica (top) and F? yezoensis (bottom) maps are redrawn from 
Shivji et al. (1992). The F? purpurea map is shown at center. 

Creinhardlii 1 5 

Figure 3. Organization of the atp/rps2/rpo Operons of Chloroplasts 
and Bacteria. 

RNA polymerase genes and tsf are indicated by the full gene desig- 
nation, while rps2 genes are represented by s2 and atp genes are 
denoted by the appropriate capital letter. Genes drawn without any 
space between them are adjacent in the indicated genome; genes with 
spaces between them are physically separated by other genes. Genes 
are drawn proportional to their coding length (excluding introns), while 
spaces between genes are not proportional. The question marks indi- 
cate genes that have not yet been mapped but are assumed to be 
unlinked to known genes. Data for these operons are from the follow- 
ing: E. coli, Falk and Walker (1988); Anabaena sp strain PCC 7120, 
McCarn et al. (1989) and Bergsland and Haselkorn (1991); Ppurpurea, 
this work; C. paradoxa, M. Annarella, V. L. Stirewalt, and D. A. Bryant, 
unpublished results; land plants, Shinozaki et al. (1986), Ohyama et 
al. (1986), and Hiratsuka et al. (1989); C. reinhardtii, Woessner et al. 
(1987) and Fong and Surzycki (1992). 

such as psbD/C, psaA/B, psbE/F/UJ, atpWE, and rpoB/Cl/C2, 
are conserved in both cyanobacteria and land plant chloroplast 
genomes. Other P purpurea operons, such as rbcUS, atpl/H/ 
G/F/D/A, cpcBL4, cpeB/A, and apcE/NB, are identical to those 
found in cyanobacteria, but have been completely lost or re- 
duced dueto gene transfer to the nucleus in land plants. More 
significant with regard to chloroplast evolution may be those 
gene arrangements in which the genes are widely separated 
in cyanobacteria but are grouped together in several chloroplast 
genomes. One example of this is the conserved arrangement 
of psb6, ORF 31, psbN, and psbH that is present in the chlo- 
roplast genomes of land plants, P purpurea, and C. paradoxa 
(v. L. Stirewalt and D. A. Bryant, unpublished results). In cyano- 
bacteria, psbB is separated from psbH and psbN (Vermaas 
et al., 1987; Lang and Haselkorn, 1989; Mayes and Barber, 
1991), suggesting that this operon was formed during the evo- 
lution of the ancestral chloroplast. 

A second example of a gene arrangement that appears to 
have been assembled after endosymbiosis is the rpo/atp cluster 
shown in Figure 3. In land plant chloroplasts, the rpoB/C7/C2 
genes are followed by rps2 and then the reduced atp operon 
containing atpl/H/FA. In cyanobacteria, the rpo genes form 
one operon and the atp genes another, whereas rps2, which 
has not yet been chafacterized in cyanobacteria, is presumably 
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found at yet a third location. In E. coli, the rpo and atp genes 
are arranged as separate operons, whereas rps2 is found in 
an operon with tsf, the gene encoding elongation factor Ts (An 
et al., 1981). In the chloroplast genome of I? purpurea, all three 
complete operons, rpoWCVC2, rps2/tsf, and atpl/H/G/F/D,!A, 
are located together in an arrangement that may be ancestral 
for chloroplast genomes. Hybridization studies indicate that 
the atp and rpo clusters are also closely linked in G. pacifica 
(Shivji et al., 1992), and DNA sequence data indicate that tsf 
is upstream of atpl in another rhodophyte, Antithamnion sp 
(Kostrzewa and Zetsche, 1992). To generate the organization 
of these genes found in land plants from that of F! purpurea 
would require the transfer of tsf, atpG, and atpD to the nucleus. 
Similarly, the present arrangement in C. paradoxa requires the 
transfer of the tsf and atplgenes to the nucleus (M. Annarella, 
V. L. Stirewalt, and D. A. Bryant, unpublished results). In the 
Chlamydomonas reinhardtii chloroplast genome, rpoC7 is ap- 
parently absent, whereas there are two rpoSlike genes (Fong 
and Surzycki, 1992). In addition, the rpo and atp clusters have 
been shuffled to scatter these genes around the genome. Such 
an arrangement makes it difficult to establish what genes from 
this cluster are still present on the C. reinhardtii chloroplast 
genome, and to understand the events that resulted in the pres- 
ent organization. 

Due to a lack of data, the arrangement of the rpo, rpsasf, 
and atp genes in chromophytes is still somewhat unclear. Data 
from Cryptomonas @ (Douglas, 1992) and Olisthodiscus luteus 
(Shivji et al., 1992) suggest that these genes may be linked 
in these organisms. However, in the diatom Odontella sinen- 
sis, where the complete atpl/H/G/F/D/A operon has been 
detected, DNA sequence upstream from atpl does not reveal 
tsf, rps2, or rpoC2 (Pancic et al., 1992). Based on hybridiza- 
tion data, the atp and rpo operons map at least 10 kb apart 
in both Vaucheriabursata (Linne von Berg and Kowallik, 1992) 
and Cyclofella meneghiniana (Bourne et al., 1992). These data 
indicate that the clustering of the rpo, rps2/tsf, and atp genes 
may occur in some chromophytes, but not others. . 

Primitive Characteristics 

During the evolution of chloroplasts, the cyanobacterial en- 
dosymbiont appears to have reduced its genome through the 
transfer of genes to the host and the loss of nonessential genes. 
Presumably, the ancestral chloroplast(s) that resulted from 
this process maintained many of the characteristics of the 
prokaryotic endosymbiont(s) and had not yet established the 
characteristics of highly evolved chloroplasts (e.g., enlarged, 
identical repeats, and a reduced number of tRNA genes [as- 
suming the endosymbiont started with a complete set]). We 
have demonstrated elsewhere that the chloroplast genome of 
I? purpuree appears to be more cyanobacterium-like than those 
of land plants in having short, nonidentical rRNA repeats (M. 
Reith and J. Munholland, manuscript submitted). Further evi- 
dente from the gene mapping studies presented here confirms 
the primitive nature of the Fpurpurea chloroplast genome. First, 

the gene-coding capacity of the I? purpurea genome is greater 
than that of other chloroplast genomes. A similar number of 
genes as is found in land plant chloroplast genomes has al- 
ready been identified in the F! purpurea genome even though 
.U40°/o of the genome remains to be investigated. Among the 
F! purpurea genes that are not found on land plant chloroplast 
genomes are three tRNA genes. This observation suggests 
the possible presence of a complete, or nearly complete, set 
of tRNA genes, a characteristic one might expect to find in 
the ancestral chloroplast(s). 

Another primitive characteristic of the F! purpurea chloroplast 
genome is the absence of any introns in the 80 genes that 
have been completely sequenced. This situation is similar to 
that of eubacteria where introns are rare and have only been 
recently detected in trnL(UAA) from several cyanobacteria 
(Kuhsel et al., 1990) and in two different tRNA genes from two 
purple bacteria (Reinhold-Hurek and Shub, 1992). Interestingly, 
introns are absent from trnL(UAA) in I? purpurea, as well as 
in several other chloroplast genomes (Kuhsel et al., 1990), sug- 
gesting that there may have been multiple losses (or gains?) 
of these introns in the course of chloroplast evolution. A fur- 
ther primitive characteristic of the I? purpurea chloroplast 
genome is the presence of genes encoding a transcriptional 
regulatory system. This observation suggests that the F! pur- 
purea chloroplast has maintained control over the expression 
of some of its genes, unlike the situation in land plants where 
all chloroplast regulatory proteins appear to be encoded in the 
nucleus. In addition, the /? purpurea chloroplast genome has 
maintained more cyanobacterial operons than any other known 
chloroplast genome. These characteristics make a compelling 
argument for the primitive nature of the I? purpurea chloro- 
plast genome and its similarity to cyanobacterial genomes. 

A Monophyletic Origin of Plastids 

Although the increased coding capacity of rhodophyte and 
chromophyte chloroplast genomes has been interpreted as 
evidence for a polyphyletic origin of chloroplasts (Kostrzewa 
and Zetsche, 1992), this and other primitive characteristics do 
not distinguish whether chloroplasts evolved in a monophyletic 
(Cavalier-Smith, 1982) or polyphyletic (Whatley and Whatley, 
1981) fashion (for review, see Gray, 1991). To support a poly- 
phyletic origin of chloroplasts, it is necessary to identify 
characteristics common to a chloroplast and its presumed 
prokaryotic ancestor, but different from other such pairs. On 
the other hand, a monophyletic origin of chloroplasts requires 
the identification of characteristics that are shared among all 
three types of chloroplasts, but that differ in cyanobacteria. 
To date, only a single molecular characteristic supporting a 
polyphyletic origin of chloroplasts has been identified: the pres- 
ente, in chlorophytes and Prochlorothrix hollandica, of a 
seven-amino acid deletion at the C terminus of the psbA gene 
product (Morden and Golden, 1989). However, phylogenetic 
analyses of p s M  amino acid sequences do not support a close 
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relationship between P hollandica and chlorophyte chloroplasts 
and thus question the validity of this character (Gray, 1989). 
On the other hand, the clustering of the rpo/rpsUatp genes 
and the psbB/N/H genes in chloroplasts, but not cyanobac- 
teria, are two examples that support a monophyletic origin of 
chloroplasts. Although the arrangement of both groups of 
genes in chromophyte chloroplasts requires further investi- 
gation, these examples provide a strong link between 
rhodophyte and chlorophyte chloroplasts. Other data estab- 
lish a close relationship between rhodophyte and chromophyte 
chloroplasts. These include phylogenetic analyses of genes 
located on chloroplast genomes (e.g., Valentin and Zetsche, 
1990; Douglas and Turner, 1991) and the close relationship be- 
tween red algae and the nucleomorph of Cryptomonas as 
detected by the analysis of 18s rRNA sequences (Douglas et 
al., 1991). Taken together, these observations begin to make 
a case for a monophyletic origin of chloroplasts. 

Severa1 recent investigations provide additional support for 
a monophyletic origin of plastids. Molecular phylogenetic anal- 
yses (Witt and Stackebrandt, 1988; Palenik and Haselkorn, 
1992; Urbach et al., 1992) investigating the relationship of 
prochlorophytes and Heliobacterium chlorum, the proposed 
ancestors of chlorophyte and chromophyte chloroplasts, 
respectively (Whatley and Whatley, 1981; Margulis and Obar, 
1985), to cyanobacteria and chloroplasts have failed to dem- 
onstrate the relationships expected for a polyphyletic origin 
of plastids. In addition, these studies indicate that the pro- 
chlorophytes themselves do not form a lineage distinct from 
the cyanobacteria. This observation has led Bryant (1992) to 
suggest that the prokaryotic ancestor of chloroplasts utilized, 
under different environmental conditions, both phycobilisomes 
and chlorophyll a/b light-harvesting antennae, and that one 
or the other system was subsequently lost during chloroplast 
evolution. 

For the existing data to be consistent with a monophyletic 
origin of chloroplast evolution, at least two difficulties must first 
be addressed. The apparent absence of NADPH dehydro- 
genase genes in the rhodophytekhromophyte lineage can be 
resolved if one assumes that these genes were present in the 
ancestral chloroplast but were transferred to the nucleus or 
lost early in the evolution of the rhodophytekhromophyte lin- 
eage. More difficult to explain is the higher degree of similarity 
of rhodophytekhromophyte Rubisco subunits to those of 
chemolithotrophic 0-purple bacteria such as A. eutrophus than 
to those of cyanobacteria (for review, see Martin et al., 1992). 
This situation seems to require a lateral transfer of genes into 
the chloroplast genome of the rhodophytekhromophyte lin- 
eage not long after its separation from the chlorophyte lineage, 
but after the separation of the branch leading to the C. paradoxa 
chloroplast (because the latter has cyanobacterium-like 
Rubisco subunits) (Martin et al., 1992; Douglas, 1992). Alter- 
natively, both types of Rubiscos might have been present in 
the ancestral chloroplast genome with the differential loss of 
one or the other Rubisco type occurring after the establish- 
ment of each lineage (Martin et al., 1992). Reconstructing the 

establishment of the different Rubisco types in the different 
chloroplast lineages is not likely to be easily determined. 

Assuming a monophyletic origin of chloroplasts, the primi- 
tive nature of the F! purpurea chloroplast genome suggests 
that further analysis of rhodophyte chloroplast genomes should 
provide key information on both the characteristics of the an- 
cestral chloroplast and the process of chloroplast evolution. 
Particularly interesting aspects of rhodophyte chloroplast ge- 
nomes that are still to be determined include the extent to which 
photosynthetic and gene expression-related genes have been 
maintained on these genomes and the complete spectrum of 
metabolic functions encoded. In addition, further analyses of 
chlorophyte and chromophyte alga1 chloroplast genomes are 
required to understand the evolutionary relationships between 
all three groups and to substantiate the monophyletic origin 
of chloroplasts. 

METHODS 

Methods for DNA purification, cloning, DNA gel blot hybridization, poly- 
merase chain reaction (PCR), and DNA sequencing were as described 
previously (Reith and Munholland, 1991, 1993). Direct sequencing of 
PCR products was performed according to the methcd of Bachmann 
et al. (1990). Data bank searches and similarity analysis were done 
with the FASTA software package (Pearson and Lipman, 1988). Only 
genes, including open reading frames (ORFs), that showed high FASTA 
(>100) and RDF2 (>10) scores in comparisons to known genes are 
identified in Figure 1 and Table 1. 
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