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Summary. A comprehensive assessment of the origin and
evolution of plastids will require more information on the
nature of plastid genomes from non-green algae. I have
constructed a physical map of the chloroplast genome
from the red alga Porphyra yezoensis. The 185 kb circular
genome contains ribosomal RNA encoding inverted re-
peats (6.6 kb), and is divided into small and large single-
copy regions of approxiamtely 16 kb and 156 kb respec-
tively. The Porphyra genome contains several genes not
found in higher plant chloroplasts. Genes encoding the
pigmented, light-harvesting phycobiliproteins are orga-
nized relatively close to one another on the genome, and
represent components of a multi-gene family. The phyco-
cyanin biliprotein genes (ppcBA) map in two single-copy
regions, suggesting either duplicated genes or a trans-
splicing mechanism. In contrast to higher plants, the rufA
and rbcS genes are chloroplast-encoded in Porphyra, and
rbeS is clustered with the rbel gene, suggesting an operon
type of arrangement. The Porphyra chloroplast genome
is distinctive, also, in that part of it has sequence homol-
ogy to plasmid-like DNA molecules which co-isolate
with the chloroplast DNA.
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Introduction

The biochemical and ultrastructural diversity found in
plastids of rhodophytes, chromophytes and green plants
(green algae and higher plants) is postulated by some
workers to be the result of a polyphyletic, symbiotic
origin of chloroplasts (Whatley and Whatley 1981; Gray
and Doolittle 1982). This is not a universally shared point
of view however (Cavalier-Smith 1982, 1987), and the
issue of monophyletic versus polyphyletic origins of plas-
tids remains contentious. The utility of chloroplast DNA
analysis for elucidating plastid evolution (Palmer 1986 a),

and the hypothesized role of red algal ancestors in the
origin of chromophyte plastids (Gibbs 1981; Whatley
1981), suggest that studies on the red algal chloroplast
genome may help resolve this issue. There is, unfortu-
nately, a paucity of information on the nature of red algal
chloroplast genomes, with only one species being physi-
cally characterized to date (Li and Cattolico 1987).

The gene content of red algal chloroplast geomes re-
mains largely unknown. Circumstantial evidence indi-
cates that the pigmented phycobiliproteins may be plastid-
encoded in the red algae (Egelhoff and Grossmann 1983;
Steinmuller et al. 1983). Valentin and Zetsche (1989) have
recently demonstrated that the gene for the small subunit
polypeptide of ribulose-1, 5-bisphosphate carboxylase/
oxygenase is also chloroplast-encoded in the red algae.
Localization of these genes on the chloroplast genome
will be instructive in elucidating their regulation as well as
their evolution.

I report here on the isolation and physical organiza-
tion of chloroplast DNA from the economically impor-
tant red alga Porphyra yezoensis. The genome maps as a
circular, inverted repeat-containing molecule which car-
ries several genes not found in higher plant chloroplasts.
These include the phycobiliprotein genes, the gene for the
small subunit polypeptide of ribulose-1, 5-bisphosphate
carboxylase/oxygenase, and the gene for the polypeptide
clongation factor EF-TU. In addition, part of the Por-
phyra chloroplast genome has sequence homology to
some plasmid-like DNA molecules that co-isolate with
chloroplast DNA

Materials and methods

Culture methods. Clonal, axenic Porphyra yezoensis conchocelis fil-
aments were grown at 20°C in f/2 medium (Guillard and Ryther
1962) under a photon fluence rate of 5-10 pE/m?/s (cool white
fluorescent lamps).

Isolation of chloroplast DNA. Ten to twelve grams (damp weight) of
conchocelis filaments were harvested by filtering through miracloth
and rinsed with buffer A (0.7 M glucose, 10 mM Hepes, 20 mM
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EDTA, 0.1% Bovine serum albumin, 1% Polyvinylpyrrolidone,
2 mM mercaptoethanol, pH 8.0). To break the cells, the filaments
were frozen in liquid nitrogen and ground to a fine powder using a
mortar and pestle. The powder was transferred to 100 ml of ice-cold
buffer A and centrifuged at 3020 g at 4°C for 15 min. All subse-
quent DNA isolation steps (unless otherwise noted) were performed
at 0-4°C. The pellet was resuspended in buffer B (buffer A minus
Polyvinylpyrrolidone) and centrifuged once at 3020 g for 10 min,
and twice at 270 g for 15 min each. The last two centrifugation steps
removed most of the cell debris and nuclei. The supernatant was
centrifuged at 3020 g for 10 min. The pellet, containing mostly
chloroplasts plus some nuclei and mitochondria, was resuspended
in cold (5°C) 50 mM TRIS, 100 mM EDTA, pH 8.0 buffer.
Proteinase-K (Sigma, St. Louis, Mo.), sodium dodecyl sulphate
(SDS) and Hoechst 33258 dye (Sigma) were added to 100 pg/ml,
2%, and 50 ug/ml final concentration, respectively. The suspension
was mixed by inversion and incubated at 37°C for 4 h. Fresh
proteinase-K (100 pg/ml) was added 2 h into the incubation period.
Solid cesium chloride (Gallard-Schlesinger Industries Inc.,
New York) was added and dissolved by inversion. The lysate was
then centrifuged at 27200 g for 15 min to remove remaining cell and
membrane debris. The DNA containing supernatant was adjusted
to a refractive index of 1.3985 and centrifuged in a fixed angle rotor
for 24—30 h at 180000 g at 20°C. Gradients were fractionated, and
individual DNA species pooled and re-centrifuged twice more, us-
ing the conditions described above. The final DNA fractions were
extracted with NaCl-TE-(10 mM Tris, 1 mM EDTA, pH 8.0)-satu-
rated isopropanol to remove the Hoechst dye, and dialyzed against
TE for 2 days at 5°C with at least four changes of buffer. The DNA
solution was made 0.3 M in sodium acetate and precipitated with
two volumes of ice-cold 95% ethanol.

Restriction enzyme analysis. Chloroplast DNA was digested with
restriction endonucleases as recommended by the suppliers (Bethes-
da Research Laboratories, Gaithersburg, Md. and Boehringer
Mannheim Biochemicals, Indianapolis, Ind.). Analytical and pre-
parative digests were electrophoretically separated through 0.37—
0.6% horizontal agarose gels in TBE buffer (Maniatis et al. 1982).
Analytical digests of DNA were transferred onto nylon membranes
(Gene Screen Plus; New England Nuclear, Boston, Mass.) using
protocols recommended by the manufacturer.

Cloning of chloroplast DNA. Porphyra chloroplast DNA was di-
gested to completion with X#ol, shot-gun cloned into a pIC-7 plas-
mid vector (Marsh et al. 1984) and transformed into competent
E. coli strain JM83 using standard methods (Maniatis et al. 1982).
Plasmid DNA was purified using the boiling lysis method (Maniatis
et al. 1982), and identity of chloroplast clones verified by gel elec-
trophoresis, as well as by hybridization of clones back to X#ol
digests of Porphyra chloroplast DNA.

Hybridization of radiolabelled probes. Uncloned Xhol chloroplast
restriction fragments were purified from preparative gels by electro-

elution and labelled with 32P-dATP by nick-translation (Maniatis
et al. 1982) or the random primer method of Feinberg and Vogel-
stein (1983). The plasmid cloning vector alone (control), as well as
recombinant vector containing chloroplast inserts, were labelled by
nick-transiation. Prehybridization and hybridization for ho-
mologous DNA probing was carried out at 65°C in 1% SDS, 1 M
NaCl. Blots were washed twice (with agitation) for 5 min each at
room temperature in 2x SSC, twice at 65°C for 30 min each in
2xSSC, 1% SDS, and twice for 30 min each at room temperature
in 0.1 x SSC. Heterologous chloroplast, cyanelle, and cyanobacte-
rial genes (Table 1) were labelled with *?P-dATP and used as hy-
bridization probes to determine the approximate location of riboso-
mal and protein coding genes on the Porphyra chloroplast genome.
Prehybridization and hybridization conditions for heterologous ri-
bosomal and rbcl. genes were as described above. For other, less-
conserverd heterologous genes, stringency conditions were reduced
to 55°C and the last 30 min washes in 0.1 x SSC not performed.

Mapping strategy. The physical map of Porphyra chloroplast DNA
was constructed by using cloned Xhol fragments and gel-purified
Xhol, Bgll, BstEIl and EcoRI fragments to probe membrane-bound
chloroplast DNA digested with Xhol, Bgll, BstEIL, and EcoRI (sin-
gle and double digests) (Palmer1986b). Mapping ambiguities were
resolved by reciprocal restriction endonuclease digestions of gel-pu-
rified fragments, as well as by hybridization with heterologous gene
probes.

Results
Isolation of chloroplast DNA

Three DNA species were resolved using cesium chloride —
Hoechst 33258 dye equilibrium density centrifugation.
The least dense band was cleanly separated from the low-
er two bands (presumptive mitochondrial and nuclear
DNA), and was found to be highly enriched for chloro-
plast DNA, based on positive hybridizations obtained
with heterologous plastid-specific genes (Fig. 1). Maize
mitochondrial genes (coxl, coxII) did not hybridize to
this DNA fraction (data not shown). Some contamina-
tion by low molecular weight plasmid-like DNAs of un-
known origin was evident, however, when undigested
chloroplast DNA was electrophoretically separated
through agarose gels (Fig.2). Several plasmid-like
molecules of differing copy number were resolved. Part of
the main chloroplast genome (the 11.7 kb X#ol fragment)
cross-hybridizes with two of these plasmid-like molecules
under high stringency conditions (Fig. 3). Additional hy-

Table 1. Description of heterologous

probes Gene Source Insert size Reference
designation
rbcL O. luteus BamHlI/Hind1I1 700 bp  S. Newman (pers comm)
rbeS 0. luteus EcoR1/Sspl 647 bp Boczar et al. (1989)
psbD C. reinhardtii EcoRI 2.6 kb Rochaix et al. (1984)
165 rRNA 0. luteus Smal/EcoRI 2.0 kb Delaney (1989)
23S rRNA O. luteus Pyull 3.0 kb Delaney (1989)
papAB C. paradoxa BamHI/EcoRI 1.9 kb Bryant et al. (1985)
ppeBA Pseudoanabaena  HindIIl/EcoRI 1.1 kb D. Bryant (pers comm)
ppcBA C. paradoxa EcoR1/PstI 800 bp Lemaux & Grossman (1984)
S'tufA C. reinhardtii Pst1/EcoR1 379 bp Baldauf & Palmer (1990)
3tufA C. reinhardtii EcoR1/Sspl 762 bp Baldauf & Palmer (1990)

IpcA, B, C

F. diplosiphon

HindIII 1.8 kb Lomax et al. (1987)
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Fig. 2. Plasmid-like DNA molecules co-isolating with Porphyra
chloroplast DNA. A4, undigested chloroplast DNA; B, undigested
nuclear DNA, resolved on a 0.6% agarose gel. Plasmid-like DNAs
are indicated by arrows

Fig. 3. Hybridization of the Porphyra chloroplast DNA 11.7 kb
Xhol fragment to plasmid-like molecules. Zane {, Xhol-digested
chloroplast DNA; /lagne 2, undigested chloroplast DNA; lane 3,
Xhol-digested nuclear DNA. Arrows indicate cross-hybridizing
plasmid-like molecules. Molecular size markers (in kb) are shown
on the left
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Fig. 1. Hybridization of
heterologous genes to restriction
enzyme-digested Porphyra
chloroplast DNA. papAB: lane {
el Xhol, (2) BstEIlL, (3) Bgll. ppcBA:
“r o lane 1 BstEIL, (2) BstEII/Xhol, (3)

Xhol. ppeBA: lane 1 BstEIL (2),
Xhol, (3) Bgll. psbD: lane 1
BstEIIL, (2) BstEIljXhol, (3)
¥ . : Xhol. rbcL.: lane (1) BstElL, (2)

- BstEIl/Xhol, (3) Xhol. 16S: lane 1
. Xhol, (2) BstEIL, (3) Bgll.

. Molecular size markers (in kb) are
& shown on the left

bridization data (not shown) indicate that the remaining
plasmids have distinct sequences, and are not simply to-
pological isomers of each other.

Restriction enzyme analysis and mapping

Restriction enzyme digest patterns of Porphyra chloro-
plast DNA are shown in Fig. 4. Summation of fragment
sizes (excluding plasmid-like DNA bands) indicates a
chloroplast genome size of approximately 185 kb.

Mapping data, using cloned and gel-purified Xhol
fragments as probes, are summarized in Table 2. Hy-
bridization ambiguities resulting from cross-contamina-
tion of high molecular weight gel-purified fragments were
resolved by reciprocal hybridizations using gel-purified
BstEIT fragments as probes (Table 2),

Initial experiments demonstrated that the chloroplast
ribosomal and phycobiliprotein genes were all located
within the 48 kb Xhol fragment. To map this region of the
genome more precisely, gel-purified Bs¢EII 12 kb, 17 kb
and 21 kb fragments were used as hybridization probes
against chloroplast DNA digested with EcoRI, BstEIl
and BstEII/EcoRI (Table 2). To reduce hybridization am-
biguities, the BstEIl fragments were used as probes after
two cycles of gel purification.

Based on the above analyses, the chloroplast genome
of Porphyra yezoensis maps a circular molecule. A com-
posite restriction and gene map is shown in Fig. 5. The
genome is divided into small (15-17 kb) and large (ap-
proximately 156 kb) single-copy regions by ribosomal
DNA containing inverted repeats of approximately
6.6 kb. The 16S and 23S ribosomal RNA genes are orga-
nized with the 16S gene proximal, and 23S gene distal, to
the small single-copy region. The small single-copy bor-
ders of the inverted repeat were estimated by gel purifying
the EcoRI 7.5kb/7.7 kb bands together (since they were
too close to be separated), and using them to probe a
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Table 2. Summary of restriction enzyme mapping hybridization data®

Probe fragment

Fragment number (size in kb)

Xhol BstEIL Bgll EcoRI
Xhol
1(48) 1(48) 7(12) 6(17) 4(21) 7(7.6) 2(30) 1(35)
2(34) 2(34) 519y 227 11(1.8) 6(9.4) 4(18.5) 3(24) 1(35)
3(25) 3(2%) 12(2.3) 2(28) 10(2.7) 4(18.5) 1(35)
4(11.7)* 4(11.7) 1(40) 9(3.0) 8(4.1) 2(30)
5(10.7) 5(10.7) 8(9.5) 5(19) 3(24)
6(9.6) 6(9.6) 1(40) 2(30)
7(8.9) 7(8.9) 10(4.2) 9(6.5) 7(12) 135
8(7.6) 8(7.6) 1(40) 5(10)
9(7.2) 9(7.2) 9(6.5) 8(9.5) 9(3.0) 2(24)
10(5.2) 10(5.2) 1(40) 5(10) 1(35)
11(4.9) 11(4.4) 8(9.5) 3(24)
12(3.6) 12(3.6) 1(40) 2(28) 1(35)
13(2.2) 13(2.2) 1(40) 1(35)
14(1.4) 14(1.4) 2(28) 1(35)
15(1.2) 15(1.2) 1(40) 2(30)
16(0.6) 16(0.6) 9(6.5) 1(35)
BstEIL
1(40) 15(1.2) 1(40) 9(3.0)
13(2.2) 8(4.1)
12(3.6) 5(10)
10(5.2) 2(30)
8(7.6) 1(35)
6(9.6)
4(11.7)
4(21) 1(48) 27(2.1) 13(5.6) 10(6.6) 7(7.5) 2(10.5)
6(17) 1(48) 34(0.6) 29(1.8) 24(2.6) 10(6.6) 2(10.5)
7(12) 1(48) 10(6.6) 4(9.05) 3(10)

2 Hybridization signals due to contamination artifacts are not listed
* Xhol fragment 4(11.7) also hybridizes to an extrachromosomal “plasmid-like” molecule
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Fig. 4. Digestion products of Porphyra yezoensis chloroplast DNA.
Panel 1, 0.37% gel: (S) Sstl, (X) Xhol, (Bf) BstEll, (Bg) BgllL.
Panel 2, 0.6% gel: (E) EcoR], (P) Pstl. Molecular size markers (in
kb)y are shown beside each panel

Fig. 5. Physical and gene map of the Porphyra yezoensis chloroplast
genome, Restriction fragments are numbered according to size,
starting from the largest fragment. Genes mapped are shown out-
side of the circles as thick lines. Genes acronyms are as in Table 1



Porphyra chloroplast DNA EcoRI digest. No hybridiza-
tion was obtained to the EcoRI 5.6 kb or 2.1 kb bands,
indicating that the repeat did not extend into these small
single-copy regions. The minimum size of the small sin-
gle-copy region is therefore approximately 15.2kb
(EcoRI 7.5 kb+5.6 kb+2.1 kb). The maximum size can-
not be much larger since both 16S genes and part of both
23S genes lic within the Bs¢tEIl 21 kb fragment. Assuming
these ribosomal genes encompass at least 2 kb at each end
of the BstEIl 21 kb fragment, the maximum size the
small single-copy region can occupy is approximately
17 kb.

The large single-copy borders of the inverted repeat
were estimated to lie within 3.3 kb of the terminal ends of
the Bs¢EIl 21 kb fragment, based on the following obser-
vation. The EcoRI site in the BstEIl 40 kb fragment
flanking the BstEIl 21 kb fragment, is absent in the
BstEIl 17 kb fragment flanking the other end. The ab-
sence of this EcoRI site indicates that each repeated re-
gion is confined within approximately 6.6 kb.

Protein gene mapping

The phycocyanin (ppcBA) subunit genes map in both the
small, as well as large, single-copy regions where they
appear clustered with the phycoerythrin (ppeBA) genes.
The allophycocyanin (papAB) subunit genes map in the
large single-copy region, and are located within 18 kb of
the phycoerythrin-phycocyanin gene cluster. All the phy-
cobiliprotein genes are organized relatively close to one
another on the genome (Fig. 5). No¢ hybridization was
obtained to Porphyra chloroplast or nuclear DNA when
cyanobacterial, phycocyanin-associated, linker polypep-
tide genes (IpcA, IpcB, IpcC) were used as probes, even at
low hybridization stringency (data not shown). Genes
encoding the large (rbcL) and small (rbcS) subunit-
polypeptides of ribulose-1, 5-bisphosphate carboxylase/
oxygenase are clustered, and along with the psbD and
mufA genes, map to the large single-copy region (Fig. 5).

Discussion

[ have isolated high molecular weight chloroplast DNA
from the marine red alga Porphyra yezoensis by exploit-
ing the fact that its chloroplast DNA differs appreciably
in buoyant density from its nuclear DNA, in cesium chlo-
ride-Hoechst dye gradients. The method used results in
the co-isolation of small, plasmid-like DN A molecules of
unknown origin. Plasmid-like molecules have also been
found to co-isolate with chloroplast DNA in the red alga
Gracilaria (Goff and Coleman 1988). Sequence homol-
ogy between part of the Porphyra chloroplast genome
and some of the plasmid-like molecules, indicates that
these plasmids may also exist as integrated forms. Such a
phenomenon has been observed in the green algae
Chlamydomonas moewusii (Turmel et al.1986) and Ace-
tabularia cliftonii (Ebert et al. 1985), and bleached mu-
tants of Euglena gracilis (Heizmann etal. 1982). The
function of these molecules, however, remains unknown.
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Although the overall structure of the Porphyra
chloroplast genome is similar to most higher plant
chloroplast genomes studied, several notable differences
exist. First, the size of the inverted repeat is smaller than
the typical higher plant inverted repeats of 10-28 kb
(Palmer 1985a, b), and is possibly the result of a reduced
spacer region between the 16S and 23S rRNA genes (T.
Delaney, pers comm). In contrast to Porphyra, the
chloroplast genome of the red alga Griffithsia pacifica
lacks a rIDNA-containing inverted repeat (Li and Cattoli-
co 1987). More data on chloroplast genome structure in
the red algae is necessary, however, before theories on the
origin, antiquity, and phylogenetic utility of inverted re-
peats in this taxon can be formulated.

A second notable difference between Porphyra and
higher plant chloroplast genomes is the orientation of their
inverted repeats. The universal arrangement of rRNA
genes in higher plants and several algae appears to be 23S
gene proximal to, and 16S gene distal to, the small single-
copy region (Palmer 1985a). Thus far, this order has been
found to be reversed only in Porphyra and the cyanelle of
Cyanophora paradoxa (Wasmann et al. 1987). The appar-
ent rarity of this arrangement may provide a useful phylo-
genetic marker for studies on plastid evolution.

Third, the Porphyra chloroplast genome is relatively
large compared to most higher plants (Palmer 1986a).
Some of this increased sequence complexity can be ac-
counted for by additional genes that either do not occur
(phycobiliprotein genes), or are nuclear-encoded (rbcS,
tufA), in higher plants.

The phycobiliprotein genes in Porphyra are organized
relatively close to one another on the chloroplast genome
and represent the first known case of a chloroplast-en-
coded multigene family. The two different map positions
for the phycocyanin genes in Porphyra raises the possibil-
ity of two active genes, a pseudogene, or the existence of
a trans-splicing mechanism. Interestingly, the cyanobac-
teria Fremyella diplosiphon and Anacystis nidulans also
contain clustered phycobiliprotein genes, and have two
sets of transcriptionally active phycocyanin genes (Con-
ley et al. 1986, 1988; Kalla et al. 1988). Since the red algal
chloroplast is considered derived from cyanobacterial an-
cestors (Cavalier-Smith 1987), the clustered and duplicat-
ed phycobiliprotein genes in Porphyra may reflect an evo-
lutionarily conserved arrangement.

Whether additional phycobilisome-complex polypep-
tide genes are chloroplast-encoded in Porphyra is not
clear. If the linker polypeptides are indeed nuclear-encod-
ed in red algae (Egelhoff and Grossman 1983), it is possi-
ble that their gene sequences are no longer sufficiently
conserved to be detected by the cyanobacterial linker
gene probes used in our study.

In green plants, genes encoding the large (rbcL) and
small (rbcS) subunit polypeptides of ribulose-1, 5-bis-
phosphate carboxylase/oxygenase (Rubisco) are located
in the chloroplast and nucleus respectively (Akazawa
et al. 1984). In contrast, both subunit genes are chloro-
plast-encoded and clustered in Porphyra and the rhodo-
phytes Porphyridium aerugineum and Antithamnion sp.
(Valentin and Zetsche 1989). Since co-transcription of the
Rubisco genes occurs in the red alga P. aerugineum (Val-
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entine and Zetsche 1989), it is likely that co-transcription
occurs in Porphyra as well. The occurrence of a plastid-
encoded and highly similar (at the sequence level) rbcS
gene in rhodophytes (Valentin and Zetsche 1989), cryp-
tomonads (Douglas and Durnford 1989), and chromo-
phytes (Boczar et al. 1989), is consistent with the hypoth-
esis that plastids of these groups are closely related
(Gibbs 1981; Whatley and Whatley 1981; Ludwig and
Gibbs 1989), and may indeed be monophyletic (sensu
Cavalier-Smith 1982) in origin.

The polypeptide chain elongation factor, EF-Tu
gene (tufA) is chloroplast-encoded in green algae, but
nuclear-encoded in higher plants (Baldauf and Palmer
1990). The fact that the Chlamydomonas tufA gene hy-
bridizes to the chloroplast genomes of Porphyra, and the
chromophyte O. luteus (unpublished results) indicates
that this gene is chloroplast-encoded in all three major
algal groups, and that its transfer to the nuclear genome
in higher plants must have been a relatively recent evolu-
tionary event.

In conclusion, although the overall architecture of the
red algal chloroplast genome is similar to higher plants,
the gene content can be quite different. Whether such
differences are indicative of a different ancestry for red
and green plastids will require further information on
genome structure and gene sequences from the red algae.
In addition, the regulation of certain chloroplast genes,
such as rbcS and tufA, in the red algae is likely to be
different from the regulation of their nuclear-encoded
counterparts in higher plants. Such coding location dif-
ferences underscore the need for more information on red
algal chloroplast genomes.
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