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Abstract

Prochlorophytes are an unusual group of prokaryotic oxygenic photoautotrophs that morphologically
appear to bridge the gap between cyanobacteria and the chloroplasts of eukaryotic plants. Molecular
data place this group evolutionarily within the cyanobacteria, but they have a photosynthetic appara-
tus that is very similar to that found in chloroplasts. We have sequenced from the prochlorophyte
Prochlorothrix hollandica a set of genes (psbB, psbH, petB and petD) that has a conserved organization
in chloroplast genomes that is different from the organization in cyanobacterial genomes. The four genes
are linked as an operon in chloroplasts, but only petB and petD are closely linked and cotranscribed
in cyanobacteria. Although the prochlorophyte gene arrangement resembles that of cyanobacteria, one
feature suggests the coordinated regulation of the unlinked genes. A 93 bp region of absolute conservation
occurs upstream of the psbH gene and the petBD operon, near the site of transcription initiation in each
gene set. This conserved element may indicate an alternative to cotranscription for achieving co-regulation
of the psbH and petBD genes in the prochlorophyte.

Introduction

Prochlorothrix hollandica is a prokaryotic oxygenic
photoautotroph that belongs to a group known as
the prochlorophytes [7]. Distinguishing prochlo-
rophytes from cyanobacteria is their system of
light harvesting: prochlorophytes have an antenna
that contains chlorophylls @ and b as do chloro-
plasts and lack the phycobilisomes that are char-
acteristic of cyanobacteria [7, 16]. Pigment com-

position and thylakoid membrane structure
indicate that P. hollandica and other prochloro-
phytes have characteristics of both chloroplasts
and cyanobacteria [5, 6], and it has been pro-
posed that they might represent extant relatives of
the prokaryotic endosymbiont that evolved into
the chloroplast [17, 22, 23]. We have examined
the sequences and organization of several genes
that encode components of the photosynthetic
apparatus in P. hollandica [22, 23, 24] with the

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under

the accession numbers X60313 (perB, petD) and X60314 (psbH ).



356

goals of providing clues to the evolutionary posi-
tion of this organism as well as revealing con-
served mechanisms for regulation of the photo-
synthetic apparatus.

In the current study we have focused on four
genes: psbB, psbH, petB and petD. These genes
encode proteins of photosystem I (psbB, psbH )
and of the cytochrome b,f complex of the pho-
tosynthetic electron transport chain (petB and
petD) {3, 12]. In chloroplast genomes all four
genes are in an operon in the order psbBHpetBD,
and petB and petD have class IT introns [26, 30].
A number of transcripts arise from the operon by
processing from a longer primary transcript, and
these events are thought to be involved in regu-
lation of gene expression [3, 4, 30, 33]. The rela-
tive level of the transcripts from these four genes
is similar in light- and dark-grown leaves, but the
psbB gene product shows a different pattern of
accumulation from that of the pshH and petBD
gene products under certain light conditions
(4, 13].

The photosystem II and cytochrome b f com-
plexes of chloroplasts contain components syn-
thesized in the cytoplasm from nuclear genes as
well as the chloroplast-encoded polypeptides.
Proper assembly of the complexes depends on
coordinate expression of products from both
compartments in the cell. In prokaryotes, coor-
dinate expression is not complicated by the par-
titioning of genes between two genomes, and the
organization and numbers of cyanobacterial
genes for photosynthesis proteins are different
than in chloroplast genomes [ 1, 10, 24, 28]. In the
cyanobacterium Nostoc sp. strain PCC 7906, only
the petB and petD genes are linked in an operon;
psbB and psbH are not found upstream from
them [14]. Additionally, there are no introns in
the Nostoc petB and petD genes [ 14]. Linkage of
the four genes may be evolutionarily recent in the
streamlining of the chloroplast genome as a re-
sponse to developing into an organelle. The gene
products contribute to different complexes of the
photosynthetic pathway, and seem to be unre-
lated; thus there is no obvious need for their link-
age in chloroplasts as a regulatory mechanism.

We have identified the psbB, psbH, petB and

petD genes of P. hollandica to compare their or-
ganization to that observed in cyanobacteria and
chloroplasts. The P. hollandica genes have a cy-
anobacterial organization, with petB and petD
linked and cotranscribed but pshbB and psbH
elsewhere in the genome. However, there is a sug-
gestion of coordinate expression of psbH and
petBD in P. hollandica: a 93 bp perfect repeat se-
quence precedes the two cistrons. The function of
the repeated sequence is not known, but tran-
scripts for both psbH and petBD begin in close
proximity to the element. The psbB gene does not
have the same upstream element, suggesting that
the presumed regulatory link between psbH and
petBD is not shared by pshB.

Materials and methods

An axenic isolate of P. hollandica was provided by
R.A. Lewin and grown in modified BG-11 me-
dium [8] at 22 °C and at a photon flux density of
25 u Em~?s~!. Genomic DNA and total RNA
were isolated from 500 m! cultures bubbled with
CO, as described for Synechococcus sp. strain
PCC 7942 [27].

Approximately 1 ug of genomic DNA from ax-
enic P. hollandica was digested with restriction
enzymes for Southern analysis. Electrophoresis
was performed on gels of 0.7% (w/v) agarose in
Tris-acetate buffer [18] at 20V for 18 h. Gels
were treated for 15 min per treatment with a
depurinating solution (0.125 M HCI), a denatur-
ing solution (1.5 M NaCl, 0.5 M NaOH), and a
neutralizing solution (1.5 M NaCl, 0.5 M Tris
pH 7.4) [21]. DNA was transferred from the gel
to charged nylon membranes (MagnaGraph,
Micron Separations, Westboro, MA) using
10 x SSPE (20 x SSPE = 3.6 M NaC(l, 200 mM
NaH,PO,, 20 mM EDTA [18]) as a transfer me-
dium with a Vacublot VAC-1000 Transfer Sys-
tem (American Bionetics, Hayward, CA). The re-
sulting blots were dried under vacuum at 80 °C
for 1-2 h.

Total RNA from P. hollandica was separated
on 1.29 agarose gels buffered with 3-[N-
morpholino ]-propanesulfonic acid (MOPS) con-



taining 1%, formaldehyde (v/v) [2]. RNA was
transferred by capillary blotting onto MSI Mag-
naGraph membranes and blots were dried as de-
scribed above.

Gel-purified DNA fragments were radiolabeled
using a random-primer labeling kit (Boehringer
Mannheim Biochemicals, Indianapolis, IN) and
[«**P]dCTP. Radioactive antisense RNAs were
transcribed from promoters in pBluescript (Strat-
agene, Lalolla, CA) with either T7 or T3 poly-
merase in the presence of [«**PJUTP (RNA tran-
scription kit, Stratagene). Northern blots were
hybridized with antisense RNA probes in a so-
lution of 509, formamide (v/v), 5x SSPE [18],
1% sodium dodecyl sulfate (SDS), and 100 ug/
ml salmon sperm DNA at 50 °C overnight, and
washed at 65 °Cin 0.5 x SSPE,0.1%, SDS[27].
Radiolabeled P. hollandica DNA fragments were
hybridized with Southern or northern blots at
55 °Cin 5x SSPE, 1% SDS, 100 pg/ml salmon
sperm DNA, and were washed at 65 °C in
0.5x SSPE, 0.1% SDS. Blots incubated with
probes made from heterologous DNA were hy-
bridized at 50 °Cin 5 x SSPE, 1%, SDS, 100 ug/
ml salmon sperm DNA, and were washed at
50 °Cin 5x SSPE, 0.1% SDS.

The following heterologous probes were used
to identify P. hollandica genes: a 270 bp Eco RV-
Sal 1 fragment from pSMH 10 which includes part
of the Synechocystis sp. strain PCC 6803 psbH
gene [20]; a 400 bp Bam HI-Eco RI fragment
from p119petB which is internal to the maize perB
gene [3]; and a 250 bp Bam HI fragment from
pAB6 which carries a portion of the maize petD
gene [3]. An existing library of P. hollandica
Eco Rl fragments in Agt10 [22] and a new library
of 6-14kb Bam HI fragments in A147.1 [18]
were screened for the genes. Restriction fragments
from positive recombinant phage were subcloned
in pBluescript (Stratagene) plasmids, or, in the
case of a 3 kb Bam HI fragment that spans the
P. hollandica psbH gene, in pPBGS19 [29]. Sub-
clones for DNA sequence analysis were gener-
ated from the psbH-bearing fragment by cloning
smaller restriction fragments, and from a 2.2 kb
Bam HI fragment that contains all of perB and
approximately half of petD by exonuclease I11 di-
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gestion (Erase-A-Base kit, Promega Biotec, Mad-
ison, WI). Plasmid DNA was prepared as previ-
ously described [24] for DNA sequencing from
double-stranded plasmid templates by the
dideoxy chain-termination method (Sequenase
kit, United States Biochemical Corporation,
Cleveland, OH). Analysis of DNA sequences was
performed using the Genetics Computer Group
programs [9].

S1 nuclease protection analyses were per-
formed as described by Tumer ez al. [31]. Primer
extension analyses were as described by Golden
et al. [10], modified by slowly cooling the anneal-
ing mix from 65 °C to 42 °C over a 2.5 h period.
Approximately 20 pg total RNA from P. holland-
ica was used for each assay. Two fragments were
used for S1 nuclease analysis of perBD tran-
scripts: an 840 bp Acc I-Hind 111 fragment (ex-
tends leftward from nucleotide 630, Fig. 3A) and
a 225bp Rsal-Hae Il fragment (extends left-
ward from nucleotide 350, Fig. 3A). Primer ex-
tension reactions used a 17 bp oligonucleotide
complementary to the RNA at positions 517 to
533 (Fig. 3A). A 280 bp Dde I-Hind II fragment
(extends leftward from nucleotide 550, Fig. 3B)
and a 270 bp Hind II to Bam HI fragment (ex-
tends leftward from nucleotide 270, Fig. 3B) were
used for S1 nuclease protection of pshH tran-
scripts. Primer extension used a 17 bp oligonu-
cleotide complementary to the RNA at positions
577 to 592 (Fig. 3B). Protected fragments and
Maxam and Gilbert sequencing reactions [19]
were separated by electrophoresis on sequencing
gels (69, w/v polyacrylamide 509, w/v urea) using
the BRL Model S2 Sequencing Gel Electrophore-
sis System (Bethesda Research Laboratories,
Gaithersburg, MD).

Results

Southern blots of total genomic DNA from
P. hollandica digested with several restriction en-
zymes were probed with fragments from the
Anabaena sp. strain PCC 7120 psbB [15],
Synechocystis psbH [20], and maize petB and
petD genes [3] (data not shown). These blots
provided evidence that three of the four genes are
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not closely linked in the prochlorophyte genome.
The sizes of the Eco RI fragments that hybridized
to psbB and petBD probes were approximately
6.0 kb and 6.6 kb, respectively (as in Fig. 1, pan-
els A and B). Thus these three genes were likely
to be represented in an existing library of
P. hollandica Eco RI fragments cloned in Agtl0
[22]. Positive clones were isolated from this li-
brary using the heterologous Anabaena (psbB) and
maize (petBD) probes. The Eco RI fragment that
hybridized with the psbH probe (Fig. 1, panel D)
is too large to be represented in the Agtl0 library,
so we constructed a library of Bam HI fragments
in AL47.1 [18]. The 3 kb Bam HI fragment that
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Fig. 1. Linkage comparisons of P. hollandica psbB, petBD and
psbH genes by Southern analysis. P. hollandica genomic DNA
was digested with the indicated restriction enzymes and pre-
pared for Southern analysis. Panels A and B are from a sin-
gle gel, as are panels C and D. Size markers, from 4 DNA
digested with Hind III, represent all panels. The following
were used as probes: panel A, a 0.5 kb radioactive antisense
RNA internal to the P. hollandica psbB gene [11]; panel B, a
radiolabeled antisense RNA from a 2.2 kb fragment that in-
cludes all of the P. hollandica petB gene and 180 bp of petD;
panel C, probe 1-8, a fragment that contains sequences up-
stream from petB; panel D, a 270 bp Eco RV-Sal 1 fragment
from the Synechocystis psbH gene.

contains the P. hollandica pshH gene (Fig. 1, pan-
el D) was isolated from this library by hybridiza-
tion with the Syrnechocystis gene.

Heterologous probes or cloned P. hollandica
gene probes for psbB and psbH (Fig. 1, panels A
and D) hybridized to fragments that migrated dif-
ferently from each other and from perB and petD
fragments (Fig. 1, panel B). Heterologous inter-
nal probes from the maize petB and petD genes
showed identical patterns (data not shown); the
same pattern was generated by probing with a
2.2 kb Bam HI fragment (Fig. 2) carrying petB
from P. hollandica (Fig. 1, panel B). This sug-
gested that petB and petD are close together on
the P. hollandica genome as is the case for those
genes in Nostoc [14].

A probe that covered only the upstream flank-
ing region of the P. hollandica petB gene (Fig. 2,
probe 1-8) hybridized to numerous bands in each
lane when the Southern blot was washed at mod-
erate stringency (data not shown), suggesting a
repeated sequence upstream of peiB. After a
high-stringency wash, probe 1-8 hybridized
strongly to the major band for petB and petD and
to one or two additional bands (Fig. 1, panel C).
One of these bands comigrated with fragments
recognized by the psbH probe from Synechocystis
(Fig. 1, panel D). The heterologous psbH probe
is not likely to contain the same upstream region,
and it did not recognize the petBD band. A probe
made from the P. hollandica psbH gene and its
upstream region recognized the same bands as
probe 1-8 (data not shown).

Figure 2 diagrams the cloned regions of the
P. hollandica genome and the strategies used for
sequencing petBD and psbH. The P. hollandica
psbB gene was also isolated, mapped and
sequenced [11]. petB and petD were originally
subcloned on a 2.2 kb Bam HI fragment, but an
overlapping 2.4 kb Hind III fragment that con-
tains the entire coding sequence of both genes is
also shown.

The three genes, petB, petD and psbH, are con-
served with respect to those of chloroplasts and
cyanobacteria (Fig. 3). At the amino acid level,
petB is 929 and 909, similar, and 85%, and 82%
identical to the Nostoc [14] and maize [26] se-
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Fig. 2. Physical maps of petB, petD and psbH. Hatched boxes indicate potential open reading frames (ORFs) for petB, petD and
psbH. The open box in front of the ORF for psbH indicates the alternative translational start site. The stippled boxes upstream
from petB and psbH indicate the positions of the 93 bp repeated elements. Bent arrows above the restriction maps indicate transcript
5" ends and the direction of transcription. Bars beneath the maps indicate relevant probes. These are identified by size if they are
from naturally occurring restriction fragments or by a number and size if they were derived from exonuclease III digestion. Also
indicated by small bars is the position of primers used for primer extension analysis of transcripts. Sequencing strategy for the three
genes is displayed by arrows beneath the restriction maps. Abbreviations for restriction enzyme recognition sites are as follows:
Ac, Acc 1; Av, Ava 11, B, Bam HI; Bg, Bg/ 11, H, Hind 111; X, Xba I.

quences, respectively. Likewise, petD is 85 and
869, similar and 769, identical to the Nostoc [14]
and spinach [12] genes. The deduced amino acid
sequence of the pshH open reading frame is
slightly less well-conserved, at 949 and 669,
similarity and 649% and 47%, identity with Syn-
echocystis [20] and spinach [32] sequences, re-
spectively. If the psbH open reading frame begins
at the first possible ATG, the product would be
longer than other psbH genes (Fig. 2, psbH, open
box). Translation from the second ATG would
yield a product that is more similar to the
Synechocystis psbH. Both potential start codons
have possible ribosome binding sites: GGAG-
AAG 10 bp before the first ATG and AGG 6 bp
before the second ATG (Fig. 3B).

The P. hollandica petB and petD genes are sep-
arated by 427 bp. This spacer includes a small

open reading frame (Fig. 3A, nucleotides 1406—
1528) which potentially encodes a 40 amino acid
polypeptide that showed no strong similarity to
any sequence in the GenBank or EMBL data-
bases. As is true for the Nostoc genes [14] and
those of the green alga, Chiorella protothecoides
[25], there is no evidence for introns in the
P. hollandica petB or petD genes. The amino ter-
minal region of the petrB-coding region is, how-
ever, different from all other sequences, and con-
servation begins at the base where splicing of the
two exons occurs in the chloroplast petB gene
(Fig. 3A, nucleotide 625).

Nucleotide sequence analysis showed an iden-
tical 93 bp sequence upstream of the psbH and
petB genes, accounting for the comigration of
bands that hybridized to petB and psbH probes
(Fig. 2, stippled box; Fig. 3A and 3B, single un-
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61 GATATTAGCTICATITCGCGARAGCCCCGCACTCTGCCGAAGGCGAGTGTCGGGATGARAG
121 CGAGGTGGTTGCGAGTCCCCCTCARAGTTATGCCTAGCCTTTGCGTGGCGACGGAGAGGG
181 GAGACGAGCAGCCGCCAATCTGGTAAAATTGAACCAGCATGACAGGGTTAATTTTCCCCT
241 GATCGGTACGCTTTCGACCGACAACTGGAGTTGACCGACCCGTAGGCCCAGGCTGCAAGT
301 CCCCCGTTTCCAACGTTGCAATAGAGAGCATTTTCGAGACAAGCCTCCTCTTGGAGAAAA
361 TATCAATAGTGGGGCTGGCCGTCTTCCTCACTIATAAAAAGCTCGAATCGGCTAACCAGAG
421 GTAAAACTCGCGCCGTGGGAGAAGCCCGCACCGTATGLTTGCATCGGTGTCGGGAGTACG
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781 GCGCCCTTCTTTGTGTGTCCGGCGTATCTGGCGTG

Fig. 3. Nucleotide and deduced amino acid sequences for petBD and psbH. The nucleotide sequence is shown for petB and petD
in panel A (two previous pages) and for psbH in panel B (above). Deduced amino acid sequences are shown by the single letter
code for these genes and for potential ORFs upstream from petB and between petB and petD (Fig. 3A, positions 327-400 and
1406—1528). The translation of the first ORF of the psbH sequence is shown in italics. Differences in amino acid sequences be-
tween the P. hollandica genes and genes from other prokaryotes and chloroplast genes are shown beneath the P. hollandica
translations. Residues that are not present in the deduced amino acid sequence from Synechocystis and spinach are indicated by
dashes. Double inderlines indicate transcript 5’ ends mapping by S1 nuclease-protection and primer extension assays. The sin-
gle underline indicates the 93 bp repeated element upstream from both petB and psbH. Sequences shown in bold italics down-
stream from petD represent a potential stem loop that could form a rho-independent terminator. No sequences with such strong

potential for secondary structure follow the psbH ORF.

derline). Northern analysis was performed to de-
termine whether this element is cotranscribed with
either of the known genes. Probes made from the
2.4 kb Hind 11 fragment that contains the petB
and petD coding regions (Fig. 4, panel A) as well
as internal probes for each gene (data not shown)
hybridized to at least two transcripts. The two

major transcripts are approximately 2100 and
1900 nucleotides long. A probe that contains the
majority of the psbH open reading frame and
500 bp of upstream sequence hybridized to three
lower molecular weight transcripts, as well as to
a transcript that comigrates with the larger of the
two petBD transcripts (Fig. 4, panel C). The two
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Fig. 4. RNA blot analysis of pet and psbH transcripts. Three
identical sets of lanes from the same gel were probed with (A)
a random primer-labeled fragment from the 3’ end of petB
(Fig. 2, 160 bp probe), (B) a radiolabeled antisense RNA from
a fragment internal to the 93 bp repeated element (Fig. 2, 75 bp
probe) and (C) a radiolabeled antisense RNA from a fragment
that contains most of the psbH open reading frame and up-
stream sequences (Fig. 2, 670 bp probe). Molecular sizes were
estimated from a commercial 0.24-9.5 kb RNA ladder (BRL,
Gaithersburg, MD).

shorter transcripts are approximately 680 and 450
nucleotides long. Each transcript identified by
northern analysis is long enough to encode the
gene(s) with which it hybridized. A northern blot
probed with a fragment from within the repeated
element (Fig. 2, 75 bp probe) specifically recog-
nized a band that comigrated with the longer of
the two transcripts attributed to the petBD and
psbH genes (Fig. 4, panel B).

Transcripts were further analyzed by S1
nuclease-protection and primer-extension assays
which revealed two transcript 5° ends for both
psbH and petBD. The presence of two transcript
ends for both loci supports data from Northern
analyses. Figure SA shows the S1 nuclease-
protection analysis of the two transcript 5’ ends,
one for petBD and one for psbH, that are in close
proximity to the repeated element. Figure 5B
shows the S1 nuclease protection experiment that

mapped the other transcripts for both genes. All
four transcript ends were corroborated to within
one or two bases by primer extension analyses
(data not shown) using the 17 bp oligonucleotide
primers indicated in Fig. 2 (primer 1 for petBD
and primer 2 for psbH ).

The two 5’ ends for the petBD cluster map
125 bp and 333 bp upstream of the start codon of
the petB open reading frame (Fig. 3A). The longer
transcript begins four bases into the repeated el-
ement. An open reading frame with a coding po-~
tential of 28 amino acids begins within the re-
peated element and continues past the end of the
element into the upstream leader region of petB.
This small unidentified open reading frame is pre-
ceded by a potential ribosome-binding site
(GGAGAAG 10bp upstream of the putative
start codon), but we do not know if it is trans-
lated. The start of this open reading frame also
corresponds to the first potential open reading
frame for psbH (Fig. 3B). However, the longer
open reading frame is not present on the shorter
transcript identified for psbH. The psbH tran-
script ends map to 40 and 318 bases upstream
from the second ATG of the open reading frame
(Fig. 3B). The 5’ end of the shorter psbH tran-
script is 10 bases downstream from the right end
of the repeated element.

Discussion

Four genes encoding elements of the photosyn-
thetic apparatus, psbB, psbH, petB and petD have
an arrangement in P. hollandica that is character-
istic of cyanobacteria. This arrangement differs
from that found in the chloroplast of most eu-
karyotic photoautotrophs in that only petB and
petD are cotranscribed, and psbB and psbH are
not located immediately upstream [14, 15]. Ad-
ditionally, the higher-plant petB and petD genes
have Group II introns [26, 30, 33], but there are
no introns in the prochlorophyte pet genes.

All three genes show a great deal of similarity
across evolutionary lines with a few interesting
differences. One difference is that, even though
there is no apparent intron in the petB gene from
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Fig. 5. S1 nuclease protection mapping of transcript 5’ ends. Nuclease protection reactions were performed as described in
Materials and methods and bands were separated by electrophoresis on sequencing gels. The positions of 5’ ends were assigned
by comparison of the migration of protected bands (lanes S1) with positions it"DNA sequencing ladders generated from the same
labeled DNA fragments (lanes G, AG, C, and CT). Arrows indicate probable transcript ends. Panel A (top): mapping of the petBD
and psbH transcript ends that are proximal to the repeated clement (the longer perBD and shorter psbH species); panel B (bot-
tom): mapping of the element-distal transcript ends for those genes.

P. hollandica, the amino terminus encoded by the
petB OREF is different from that of all other petB
genes. The region of high similarity begins at a
conserved valine residue that would correspond

to the intron 3’ splice site for the chloroplast
genes. The most striking unique feature is the
presence of an identical repeated element up-
stream from psbH and petB in P. hollundica. The
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presence and location of the element suggests that
the chloroplast linkage between psbH and the pet
genes is not merely fortuitous, but has some func-
tional significance. If there is a need for co-
regulation of genes, or coordinate synthesis be-
tween different complexes of the photosynthetic
membrane, this purpose may be served either by
juxtaposition of the genes or by the presence of a
specific regulatory element.

When an internal fragment of the 93 bp ele-
ment was used to probe P. hollandica genomic
DNA at moderate stringency, only the perBD-
and psbH-bearing fragments were identified (data
not shown). Thus, the additional hybridization
signals detected by probe 1-8 indicate the pres-
ence of other repeated elements on the probe and
in the P. hollandica genome rather than many de-
generate copies of the 93 bp element. This is con-
sistent with the idea that this element may serve
a specific regulatory role to coordinate expression
of petB and psbH.

In greening wheat plants, psbB and pshH gene
products accumulate differently in response to
light [13]. The psbB gene product (CP47) does
not accumulate in the dark in wheat, whereas the
10 kDa phosphoprotein encoded by psbH does.
psbH and the per genes appear to respond sim-
ilarly to light in chloroplasts, and it is likely that
they are co-regulated. Co-regulation may be me-
diated in P. hollandica by the presence of the re-
peated element. It will be interesting to evaluate
whether the small ORF that begins in and in-
cludes the repeated element in front of the petBD
cluster is expressed and whether that region or its
potential gene product has a regulatory activity.

The presence of the repeated element suggests
a common thread in the expression of genes for
elements of the photosynthetic apparatus. It is
likely that oxygenic photosynthetic prokaryotes
have evolved different mechanisms to accomplish
the goals they share with the chloroplast: assem-
bly and maintenance of a functional photosyn-
thetic apparatus. The constraints of coordinate
expression between compartmentalized genomes
has probably had a great influence on the arrange-
ment and expression of chloroplast photosynthe-
sis genes. The prochlorophyte and cyanobacterial

genomes may have achieved similar gene arrange-
ment, and possible regulatory strategies, either
due to the shared constraints of prokaryotic ge-
nomes or through common lineage.
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