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Summary

To study molecular evolution of plants, the plastid encoded réxL sequences are widely used. In most
plastid DNAs, an open reading frame (ORF) designated y¢f11 can be found next to the highly conserved
rbcL gene., This ORF appears to be only loosely conserved and its function is a matter of debate: On the one
hand it is the only gene in plastid DNA of land plants suspected to encode a regulatory zinc finger protein.
On the other hand it was postulated to encode the B-subunit of an acetyl-CoA-carboxylase. Accordingly,
this ORF has been previously described as zfpA or accD, respectively. Phylogenetic analysis reveals evolu-
tionary conservation of two y¢f11-domains from bacteria to the plastids of dicots. We show that in dicots
y¢f11 has gained additional sequences through insertions, whereas it has been lost from the plastid DNA in
monocots. These findings may reflect physiological differences between major groups of land plants. Fur-
thermore, we show that y¢f11 may be a useful molecular marker in the study of plant evolution.

Key words: Angiopteris lygodiifolia; Astasia longa; Cuscuta reflexa; Epifagus virginiana; Euglena gracilis;
Escherichia coli; Marchantia polymorpha; Nicotiana tabacum; Oryza sativa; Physcomitrella patens; Pinus
thunbergii; Pisum sativum; Synechocystis PCC6803; accD; aceryl-CoA-carboxylase; molecular evolution;
ZfpA; zinc finger protein.

Abbreviations: accD = gene possibly encoding a B-subunit of acetyl-coenzyme A carboxylase, now de-
signated ycf1l; CPGN = Commission on Plant Gene Nomenclature; ORF = open reading frame;
ptDNA = plastid DNA; rbcL = gene encoding the large subunit of ribulose-1,5-bisphosphate carboxyl-
ase/oxygenase; yof = mnemonic for plastome encoded open reading frames with yet uncertain function;
zfpA = gene possibly encoding a zinc finger protein, now designated y¢f11.

Introduction

Chloroplast gene sequences are widely used to study the
evolution of plants at the molecular level. Especially the
highly conserved rbcL gene has been sequenced from numer-
ous higher plants for this purpose (Clegg, 1993; Chase et al.,
1993). However, when studying plant evolution at a higher
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taxonomical level, genes showing more variation than rbcL
may be more advantageous (Olmstead and Palmer, 1994).
During our molecular analysis of chloroplast division
(Reski et al., 1991; 1994) we identified a plastid open reading
frame (Kasten et al., 1991; 1992) that appeared to be only
loosely conserved throughout the plant kingdom. A homo-
log has been described by Sasaki during her search of light-
regulated plastid genes in Pisum sativum as a gene possibly
encoding a zinc finger protein, the zfpA-gene (Sasaki et al.,



1989). Sequence comparison showed zfpA-related ORFs in
E. coli (dedB) and in the plastid DNAs of Nicotiana
(ORF512) and Marchantia (ORF316). However, some ho-
mology between the C-terminal region of dedB, zfpA and
the B-subunit of rat mitochondrial propionyl-CoA carboxyl-
ase revealed that zfpA might code for an enzyme of C; me-
tabolism (Smith et al., 1991). Meanwhile, evidence was pre-
sented that dedB from E. coli and zfp A from pea plastids en-
code a B-subunit of acetyl-coenzyme A carboxylase (Li and
Cronan, 1992a; Li et al., 1992; Sasaki et al., 1993). Therefore,
the gene was renamed accD and it was argued that zfpA
might be a misleading designation, especially as the region of
homology to carboxylases is present in the ORF106 of rice
whereas the zinc finger motif is not (Li and Cronan, 1992 b).
However, the Commission on Plant Gene Nomenclature
(CPGN) in their latest release neither sanctions zfpA nor
aceD as plant-wide designations for these ORFs until the
function of the gene product has been established (Hallick
and Bairoch, 1994). In the meantime, the CPGN recom-
mends the designation ycf11 (Hallick, pers. communication).
As the complete intact ORF can be found even in the drasti-
cally reduced plastome of the nonphotosynthetic parasitic
plant Epifagus virginiana, ycf11 should code for a protein
that is essential in the maintenance of plastid structures
(Wolfe et al., 1992). However, compared to other plastome-
encoded genes, y¢f11 exhibits an unusually high amount of
variation throughout the plant kingdom. These observations
prompted us to establish the first moss rbcL sequence, to
identify all known y¢f11 sequences from the literature and to
perform analyses of the evolutionary conservation of ycf11-
gene products. We constructed trees for several land plants
and compared these to trees generated from rbcL sequences
from the same taxa. The results indicate that ycf11 may serve
as a molecular marker for plant evolution.

Materials and Methods

The rbel. gene of Physcomitrella was cloned as a Bgl II fragment
and was subsequently sequenced after combined exonuclease ITI/S1
nuclease treatment according to standard procedures (Sambrook et
al., 1989). For comparison of the ycf11 (zfpA/accD) genes, we ana-
lysed open reading frames of the following organisms: Angiopteris
Iygodiifolia ORF314 (Yoshinaga et al., 1992, EMBL X58429), Cus-
cuta reflexa ORF497 (Haberhausen, unpublished, SWISS-PROT
P31562), Epifagus virginiana ORF505 (Wolfe et al., 1992, GenBank
M81884), Marchantia polymorpha ORF316 (Ohyama et al., 1988,
EMBL X 04465, Y00686), Nicotiana tabacum ORF512 (Shinozaki et
al., 1986, EMBL Z00044), Oryza sativa ORF106 (Hiratsuka et al.,
1989, EMBL X 15901), Physcomitrella patens ORF315 (Kasten et al.,
1992, EMBL X59787), Pinus thunbergii ORF321 (Wakasugi et al.,
1994, DDB] 17510), and Pisum sativum ORF590 (Nagano et al.,
1991, EMBL X56315). As outgroups we used the Synechocystis
PCC6803 ORF326 (Ogura et al., 1991, no accession number) and
the Escherichia coli ORF304 (Nonet et al., 1987, Swiss Prot P08193).
Note, that the Pisum ycf11 was first described as ORF371 (Sasaki et
al., 1989), and revised as ORF587 (Smith et al., 1991). We took it as
ORF590 according to the latest revision of the original describer
(Nagano et al., 1991). For comparison of rbcL genes we selected the
following sequences: Angiopteris lygodiifolia (Yoshinaga et al., 1992,
EMBL X58429), Cuscuta reflexa (Haberhausen et al., 1992, SWISS-
PROT P30401), Marchantia polymorpha (Ohyama et al, 1988,
EMBL X 04465, Y00686), Nicotiana tabacum (Shinozaki et al., 1986,
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EMBL Z00044), Oryza sativa (Nishizawa and Hirai, 1987, EMBL
DQ0207), Physcomitrella patens (this paper, EMBL X74156), Pinus
thunbergii ORF321 (Wakasugi et al., 1994, DDBJ 17510), and Pisum
sativum (Zurawski et al.,, 1986, EMBL X03853). As an outgroup we
used the Synechocystis PCC6803 rbcL (Yaguchi et al., 1993, EMBL
D13539). Nucleotide sequences were translated into protein se-
quences by DNASIS (Pharmacia, Freiburg, Germany). Standard se-
quence analysis was performed with the GCG-Package (Devereux
et al., 1984). Sequences were aligned with CLUSTAL V (Higgins
and Sharp, 1988) and by eye with LINEUP (GCG-package, Genet-
ics Computer Group Inc., Madison, USA). Regions of uncertain po-
sitional homology and those positions not occupied in all OTUs
(operational taxonomical unit) were excluded from alignments that
were used for phylogenetic inference (available upon request). Dis-
tance between sequences was measured as numbers of amino acid sub-
stitutions per site corrected for multiple substitutions by assuming a
gamma distribution for the variability of substitution rate across posi-
tions (Ota and Nei, 1994). For this, a neighbour-joining tree (Saitou
and Nei, 1987) was constructed using the proportion of amino acid
differences between sequences, from which the gamma parameter
was estimated. The value thus determined (2.9648 for y¢f11 and
0.4469 for rbcL) was used to estimate numbers of substitutions per
site between sequences using the gamma correction. The resulting
distance matrix yielded the final neighbour-joining tree (calculated
with the programme NJBOOT kindly provided by M. Nei, Penn
State University). The reliability of branches was estimated by boots-
trapping (100 replications) using the same gamma parameter.

Results

Ycf11 (zfpA/accD)-sequences are available from a cyano-
bacterium and from the plastid DNAs of a moss, a liverwort,
a fern, a gymnosperm, a monocotyledonous plant, and four
dicotyledonous plants. The latter include the dramatically
reduced plastome of the nonphotosynthetic parasitic plant
Epifagus virginiana. Alignment of the deduced proteins re-
vealed two conserved domains (Fig. 1); the N-terminus har-
bouring the sequence capable to encode a C4-type zinc fin-
ger motif and the C-terminus exhibiting homology to carb-
oxylases (data not shown). Both domains comprise nearly
the whole putative polypeptide in the cyanobacterium
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Fig. 1: Schematic representation of sequence alignment of all known
¥f11 (zfpA/accD)-proteins. Homologous regions are represented
by black boxes, non-homologous regions by shaded boxes. aa:
amino acids.
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(ORF326), the three archegoniates (moss ORF315, liver-
wort ORF316, fern ORF314), and the gymnosperm (black
pine ORF321). The respective ORFs of the three dicots are
larger (Cuscuta ORF497, Epifagus ORF505, tobacco
ORFS512, pea ORF590) and have no extensive homology in
the additional sequences, although there are some between
Nicotiana and Epifagus (data not shown). The ORF of the
monocot is smaller (rice ORF106) and encodes solely part of
the C-terminal region. Therefore, it was not considered for
further analysis. The aligned proteins were taken to con-
struct neighbour-joining trees with the Synechocystis se-
quence and the E. coli dedB gene (ORF304) as outgroups
(Fig. 2 ycf11). Here, the archegoniates are clearly separated
from the seed plants. Moreover, liverwort and moss group as
bryophytes distinct from the fern. Within the seed plants
there is a deep bifurcation between the gymnosperm and the
four dicotyledonous angiosperms.

Molecular evolution in plants is widely studied with the
plastid gene encoding the large subunit of the carbon dioxide
fixing enzyme ribulose-1,5-bisphosphate-carboxylase/oxyge-
nase, the rbcL gene. In most plant species, rbcL and ycf11 are
adjacent plastid genes. In order to compare rbcL sequences
from the same plants as above, we established the first rbcL
sequence of a moss (Physcomitrella patens, EMBL X74156).
The nonphotosynthetic parasitic plant Epifagus was not in-
cluded as its 7bcL is a pseudogene (Wolfe et al., 1992). The
aligned rbcL-proteins were taken to construct neighbour-
joining trees with the Synechocystis sequence as an outgroup
(Fig. 2 rbcL). Obviously, the large subunit of ribulose-1,5-
bisphosphate carboxylase/oxygenase has not evolved fast
enough to be useful in molecular phylogenies; i.e. the Pisum
sequence is erroneously placed at the deepest bifurcation, pu-
tatively due to stochastic similarity to the Synechocystis out-

group.

Discussion

One striking feature of the plastome encoded ycf11 is its
enormous variability in length (ORF106 to ORF590),
which is unknown for other plastid genes. Our alignment of
the polypeptide sequences showed two regions of conserved
homology in all species except the monocot, indicating that
the protein comprises two domains; an N-terminal domain

Marchantia 50 {L
86
100 _{:_ Physcomitrelia .

Fig.2: Phylogenetic trees inferred by the
neighbour-joining method of yc¢f11 (zfpA/
accD)-protein sequences and rbcL-protein

95 Cuscuta sequences, respectively. Numbers attached
Nicotiana to internal branches contain the results of
Oryza bootstrap parsimony analysis for the corre-

sponding protein and indicate the number

Pinus of times the branch was found out of 100
Angiopteris replicates. Branch lengths are drawn to

. scale. The scale bars represent 0.1 substitu-
Physcomitrella o per site in both trees. ycf11: 253 sites
Marchantia compared, gamma parameter 2.96475 deter-
Pisum mined on p-value tree. rbcL: 474 sites com-

pared, gamma parameter = 0.44690 deter-
mined on p-value tree.

suspected to fold to a zinc finger (Sasaki et al., 1989) and the
C-terminal one, exhibiting homology to non-plant carboxyl-
ases (Smith et al., 1991). The Oryza ORF106 covers exactly
the hot-spot region of length mutations in the wheat group
(Ogihara et al., 1992). Therefore, in Triticum and Aegilops it
is even more divergent from other ycf11 sequences than it is
in Oryza itself. In light of the high degree of conservation of
typical plastid genes, it seems very unlikely that a functional
plastid gene exists in one monocot while it is absent in
others, as Li and Cronan (1992 b) implied. Therefore, mono-
cots may lack the ycf11 gene product and this deficiency
may be the cause of sensitivity of gramineae to certain herbi-
cides (Konishi and Sasaki, 1994).

In most plant species ycf11 (zfpA/accD) and rbcl. are adja-
cent plastid genes and rbcL sequences are widely used to
study molecular evolution, especially of higher plants
(Clegg, 1993; Chase et al., 1993). For comparison, we con-
structed nelghbour—Jommg trees based on rbcL and thus had
to establish the first #bcL sequence of a moss. Using this data
set, the slow evolution of rbcL once more became evident.
Because of the limited substitution of amino acids, one single
sequencing error can significantly alter the position of the se-
quence within the tree. This may be the case with the Pisum
sequence currently available in databases. Therefore, analysis
of plastid genes with a higher substitution rate than 7bcL are
necessary (Olmstead and Palmer, 1994).

The plastid DNA region covering ycf11 was recently used
to trace the origin of seed plant evolution (Yoshinaga et al.,
1992; Raubeson and Jansen, 1992). We now present data on
all ycf11 sequences available so far, spanning the entire range
of plant evolution from cyanobacteria to flowering plants.
These data reveal evolutionary conservation of sequences en-
coding a carboxylase function as well as a zinc binding motif
from cyanobacteria to the plastids of dicots. The plastome
encoded dicot genes gained additional N-terminal sequences
with no significant homologies and yet unknown functions.
In Pisum, however, ycf11 and rbcL are uncoupled due to a le-
gume-specific rearrangement in the ptDNA (Nagano et al.,
1991), affecting transcription of the ycf11- petA operon dur-
ing evolution (Kruse et al., 1995). Furthermore, ycf11 gained
additional internal sequences separating the two putative do-
mains of its protein in pea plastids. Regarding ycf11, mono-
cotyledonous plants occupy a special position: During the
monocot-dicot split this gene was either transferred from the



prokaryon (= plastid DNA) to the eukaryon (= nuclear
DNA), or this plant group is the only one that lost an essen-
tial bacterial type protein, as argued by Konishi and Sasaki
(1994). However, the latter appears to be unlikely, as ycf11 is
under a strong selection pressure even in the reduced plas-
tome of Epifagus virginiana, a nonphotosynthetic parasite,
indicating that it encodes a protein essential for maintenance
of plastid structures (Wolfe et al., 1992). Therefore, ycf11,
unlike most other plastid genes (Olmstead and Palmer,
1994), seems to be appropriate to include non-photosyn-
thetic plants into a phylogenetic analysis based on plastid
DNA sequences. On the other hand, y¢f11-homologous se-
quences are not plastome-encoded, neither in Euglena gracilis
(Hallick et al.,, 1993) nor in Astasia longa (Gockel et al.,
1994). However, the phylogenetic origin of euglenoid plas-
tids still remains uncertain (Martin et al., 1992).

Schimper (1883) postulated the idea of endosymbiosis fol-
lowed by the hypothesis of Mereschkowsky (1905) that
cyanobacteria are the progenitors of chloroplasts. Today,
these ideas are widely accepted and it became evident that
the prokaryotic ancestor lost its autonomy by loosing most
of its genes (Gray, 1992). Some of these prokaryotic genes
were transferred into the eukaryotic background of the nuc-
leus. The problem of achieving coordinated expression of
these genes and subsequent reimport of their products into
the ancestral organelle are obvious, and require coevolution
of three different genomes in one single cell (Herrmann et
al, 1992). Gene transfer may be an ongoing process for
y¢f11, and thus, despite the debate about its possible func-
tion, ycf11 sequences appear to be suitable for the study of
plastid evolution.

Acknowledgements

Financial support by the Deutsche Forschungsgemeinschaft
(Re837/2-2) is gratefully acknowledged. This article is based on a
doctoral study of S. K. at the University of Hamburg, Faculty of
Biology.

References

CHasg, M. W., D. E. Sortis, R. G. Oumsteap, D. Morean, D. H.
Lks, B. D. Mischier, M. R. Duvarr, R. Pricg, H. G. Hits, Y.-L.
Quw, K. A. Kron, J. H. RetTi6, I ConTy, J. D. PaLumeg, J. R.
ManHARDT, K. J. Systma, H. J. Michears, W. J. Kress, K. G. Ka-
roL, W. D. CLark, M. Hepren, B. S. Gaur, R. K. Janssen, K.-J.
K, C. F. WimpEg, J. F. SmitH, J. R. Furnier, S. H. Strauss, Q.-
Y. XianG, G. M. Prunkerr, P. S. Sortis, S. M. Swensen, S. E.
WiLLiams, P. A. Gapeg, C. J. Quinn, L. E. EcuiarTE, E. GoLEN-
BERG, G. H. LEaRN, S. GranM, S. C. H. BARRETT, S. DAYaNDAN,
and V. A. Arsert: DNA sequence phylogenetics of seed plants:
An analysis of nucleotide sequences from the plastid gene récL.
Annals Missouri Bot. Gard. 80, 528 -580 (1993).

Ciece, M. T.: Chloroplast gene sequences and the study of plant
evolution. Proc. Natl. Acad. Sci. USA 90, 363367 (1993).

DEvEREUX, ]., P. Hagserw, and O. SmitHEs: A comprehensive set of
sequence analysis programms for the VAX. Nucl. Acids Res. 12,
387395 (1984).

GockeL, G., W. HacHrEL, S. Bater, C. Fuiss, and M. Henke: Genes
for components of the chloroplast translational apparatus are
conserved in the reduced 73-kb plastid DNA of the nonphoto-

261

Evolutionary conservation of ycf11

synthetic euglenoid flagellate Astasia longa. Curr. Genet. 26,
256262 (1994).

Gray, M. W.: The endosymbiont hypothesis revisited. Int. Rev.
Cyt. 141, 233357 (1992).

HagerHAUSEN, G., K. VaLenTIN, and K. ZerscHe: Organization and
sequence of photosynthetic genes from the plastid genome of the
holoparasitic flowering plant Cuscuta reflexa. Mol. Gen. Genet.
231, 154~ 161 (1992).

Hartwick, R. B. and A. Bairoch: Proposals for the naming of chloro-
plast genes. III. Nomenclature for open reading frames encoded
in chloroplast genomes. Plant Mol. Biol. Rep. 12, 29-30 (1994).

Haruick, R. B, L. Hong, R. G. Dracer, M. R. Favreau, A. Mon-
FORT, B. Orsar, A. SPiELMANN, and E. Stutz: Complete sequence
of Euglena gracilis chloroplast DNA. Nucl. Acids Res. 21, 3537 -
3544 (1993).

Herrmann, R. G., P. WesTHOFF, and G. Link: Biogenesis of plastids
in higher plants. In: Herrmann, R. G. (ed.): Plant Gene Re-
search. Cell Organelles, 275-349. Springer Verlag, Wien, New
York (1992).

Hicemns, D. G. and P. M. Suare: CLUSTAL: a package for per-
forming multiple sequence alignment on a microcomputer.
Gene 73, 237 - 244 (1988).

HiraTsuka, J., H. SHiMaDa, R. WhrtTiER, T. IsHiBasHi, M. Saka-
moTo, M. Mory, C. Konpo, Y. Honjr, C.-R. Sun, B.-Y. Mene,
Y.-Q. L, A. Kanno, Y. NisHizawa, A. Hirag, K. SHiNozak1, and
M. Suctura: The complete sequence of the rice (Oryza sativa)
chloroplast genome: Intermolecular recombination between dis-
tinct tRNA genes accounts for 2 major plastid DNA inversion
during the evolution of the cereals. Mol. Gen. Genet. 217, 185—
194 (1989).

Kasten, B., M. WeHE, R. Resk1, and W. O. AsgL: trnR-CCG is not
unique to the plastid DNA of the liverwort Marchantia: gene
identification from the moss Physcomitrella patens. Nucl. Acids
Res. 19, 5074 (1991).

Kasten, B., M. WenE, S. Krusg, K. REutTer, W. O. Aser, and R.
Reskr: The plastome-encoded zfpA gene of a moss contains pro-
karyotic as well as eukaryotic promoter consensus sequences and
its RNA abundance is modulated by cytokinin. Curr. Genet. 22,
327-333 (1992).

Konisr, T. and Y. Sasaki: Compartmentalization of two forms of
acetyl-CoA carboxylase in plants and the origin of their toler-
ance toward herbicides. Proc. Natl. Acad. Sci. USA 91, 3598—
3601 (1994).

Krusg, S., S. Quasr, A. Ipsen, K. ReuTTER, and R. Reski: Cytokinin
promotes maturation of complex plastid transcripts in cytoki-
nin-sensitive moss mutants. submitted (1995).

Ly, S.-J. and J. E. CronaN: The genes encoding the two carboxyl-
transferase subunits of Escherichia coli acetyl-CoA carboxylase. J.
Biol. Chem. 267, 16841— 16847 (1992 a).

— - Putative zinc finger protein encoded by a conserved chloro-
plast gene is very likely a subunit of a biotin-dependent carb-
oxylase. Plant Mol. Biol. 20, 759-761 (1992 b).

Li, S.J., C. O. Rock, and J. E. CroNaN: The dedB (usg) open read-
ing frame of Escherichia coli encodes a subunit of acetyl-coen-
zyme A carboxylase. J. Bac. 174, 5755-5757 (1992).

MarTiN, W., C. C. SoMERVILLE, and S. Loiseaux-De Goer: Molec-
ular phylogenies of plastid origins and algal evolution. J. Mol.
Evol. 35, 385-404 (1992).

Merescarowsky, C.: Uber Natur und Ursprung der Chromatopho-
ren im Pflanzenreiche. Biol. Centralbl. 25, 593 —604 (1905).

Nacano, Y., R. Matsuno, and Y. Sasakr: Sequence and transcrip-
tional analysis of the gene cluster tr2Q-zfpA-psal- ORF231-pet A
in pea chloroplasts. Curr. Genet. 20, 431-436 (1991).

NisHizawa, Y. and A. Hirar: Nucleotide sequence and expression of
the gene for the large subunit of rice ribulose-1,5-bisphosphate
carboxylase. Jpn. J. Genet. 62, 389395 (1987).



262 S. Krusg, W. MarTIN, M. WEHE, and R. Reskr

Noner, M. L., C. C. MarverL, and D. R. Toran: The bisT-purF re-
gion of the Escherichia coli K-12 chromosome. ]J. Biol. Chem.

. 262, 1220912217 (1987).

OgcHara, Y., T. Tracui, and T. Sasakuma: Structural analysis of
length mutations in a hotspot region of wheat chloroplast
DNAs. Curr. Genet. 22, 251-258 (1992).

OgGuURra, Y., T. YosHipa, Y. Nakamura, M. Takemura, K. Opa, and
K. Onyama: Gene encoding a putative zinc finger protein in Syn-
echocystis PCC6803. Agric. Biol. Chem. 55, 22592264 (1991).

Onvama, K., H. Fukuzawa, T. Koncn, T. Sano, S. Sano, H. Sur-
ra1, K. Umezomo, Y. SHik1, M. Takeuchr, Z. CHANG, S. AoTa,
H. InokucHr, and H. Ozekr: Structure and organization of the
Marchantia polymorpha chloroplast genome. Cloning and gene
identification. J. Mol. Biol. 203, 281298 (1988).

OrmsTEAD, R. G. and J. D. Parumer: Chloroplast DNA systematics:
A review of methods and data analysis. Am. J. Bot. 81, 1205~
1224 (1994).

Ora, T. and M. NEr: Estimation of the number of amino acid sub-
stitutions per site when the substitution rate varies among sites.
J. Mol. Evol. 38, 642643 (1994).

Rausgeson, L. A. and R. K. Jansen: Chloroplast DNA evidence on
the ancient evolutionary split in vascular land plants. Science
255, 1697 - 1699 (1992).

Reski, R., M. WenE, B. HaDELER, J. R. MarENreLD, and W. O.
AseL: Cytokinin and light quality interact at the molecular level
in the mutant PC22 of the moss Physcomitrella. ]. Plant Physiol.
138, 236-243 (1991).

Resxi, R., M. Faust, X.-H. Wane, M. WEHE, and W. O. AseL: Gen-
ome analysis of the moss Physcomitrella patens (Hedw.) BS.G.
Mol. Gen. Genet. 244, 352359 (1994).

Sarrou, N. and M. Nex:: The neighbour-joining method: A new
method for the reconstruction of phylogenetic trees. Mol. Biol.
Evol. 4, 406425 (1987).

SAMBROOK, ]., E. F. Fritsc, and T. ManiaTis: Molecular cloning. A
laboratory manual, 2nd edn. Cold Spring Harbour Laboratory
Press, Cold Spring Harbour, USA, 1989. ’

Sasakl, Y., Y. Nacano, S. Morioka, H. Istixkawa, and R. MaTsuno:
A chloroplast gene encoding a protein with one zinc finger.
Nucl. Acids Res. 17, 6217 —6227 (1989).

Sasaky, Y., K. Haramapa, Y. Suama, Y. NaGano, 1. Furusawa, and
R. Matsuno: Chloroplast-encoded protein as a subunit of acetyl-
CoA carboxylase in pea plant. J. Biol. Chem. 268, 25118 -25123
(1993).

ScmmpER, A. F.: Uber die Verteilung der Chlorophyllkérner und
Farbkdrper. Bot. Ztg. 41, 105-112, 121-131, 137146, 153—
162, Erwiderung: 803 -817 (1883).

SHiNozakl, K., M. OuME, M. Tanaka, T. Wagasuct, N, HAYASHIDA,
T. Matsusavastl, N. Zarta, J. CHUNGWONGSE, J. OBORATA, K.
Y. Sumvozaky, C. Onro, K. Torazawa, B. Y. MenG, M. SucrTa,
H. Deno, T. KamocasHira, K. YaMaDa, J. Kusupa, F. Tagarwa,
A. Karo, N. Toupo, H. SHmmaDa, and M. Suctura: The com-
plete nucleotide sequence of the tobacco chloroplast genome: Its
gene organization and expression. EMBO ]. 5, 2043-2049
(1986).

Smrth, A. G., R. M. Wison, T. M. Kaetaner, D. L., WiLLey, and ].
C. Gray: Pea chloroplast genes encoding a 4 kDa polypeptide of
photosystem I and a putative enzyme of C; metabolism. Curr.
Genet. 19, 403-410 (1991).

Warkasuey, T., J. Tsupzuki, S. Ito, M. SHiaTa, and M. Suciura: A
physical map and clone bank of the black pine (Pinus thumber-
git) chloroplast genome. Plant Mol. Biol. Rep. 12, 227-241
(1994).

Worrg, K. H., C. W. MoRrpEN, and J. D. ParMer: Function and evo-
lution of a minimal plastid genome from a nonphotosynthetic
parasitic plant. Proc. Natl. Acad. Sci. USA 89, 10648—10652
(1992).

Yacucw, T., S. CHung, Y. IcarasHi, and T. Kobama: Cloning, se-
quence and overexpression of the thermophilic cyanobacterium
gene for the ribulose-1.5-bisphosphate carboxylase/oxygenase. J.
Ferment. Bioeng. 75, 1-8 (1993).

YosHinAGA, K., Y. Kusota, T. Istm, and K. Wapa: Nucleotide se-
quence of atpB, rbcL, trnR, dedB and psal chloroplast genes
from a fern Angiopteris lygoditfolia: a possible emergence of Sper-
matophyta lineage before the separation of Bryophyta and Preri-
dophyta. Plant Mol. Biol. 18, 79-82 (1992).

Zurawskl, G., P. R. WriTFELD, and W. BorToMLEY: Sequence of the
gene for the large subunit of ribulose-1,5-bisphosphate carboxyl-
ase from pea chloroplasts. Nucl. Acids Res. 14, 3975-3976 (1986).



	0258
	0259
	0260
	0261
	0262



