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Summary. The pshbA gene, encoding the D1 protein of
photosystem II, was found to be duplicated in the chlo-
roplast genome of two pine species, Pinus contorta and
P. banksiana. Analysis of cloned overlapping restriction
fragments of P. contorta chloroplast DNA showed that
the two psbA genes have the same orientation and are
separated by approximately 3.3 kb. The nucleotide se-
quences of the coding and the upstream regions of the
two psbA copies were found to be identical, whereas
the downstream sequences diverged from a point 20 bp
3" of the stop codons. Downstream of the genc copy
designated psbAIl, a dyad symmetry which allows the
formation of a strong mRNA hairpin structure, and a
trnH gene were found. No such elements, which are
characteristic of psbA downstream regions, were found
3" of psbAl. This suggests that psbAIl is the ancestral
gene copy in P. contorta. Upon comparison with psbA
from other plants, the pine 353-codon sequence ap-
peared almost as distant from the angiosperm as from
the liverwort counterpart. As compared to tobacco, 14
substitutions in the predicted amino acid sequence were
found, most of which were located in the terminal re-
gions of the protein.

Key words: Chioroplast genome — Conifer — Gene dupli-
cation — Gymnosperm — psbA gene

Introduction

The chloroplast genomes of the vast majority of vascular
plants are circular molecules in the size range of 120180
kb and are composed of two inverted repeat segments
separating two single-copy regions. The genetic content
of chloroplast genomes is highly conserved and includes
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The sequence presented in this manuscript appears in the EMBL
Data Library under the accession numbers X53721 (pshbAl) and
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genes for protein components involved in photosynthetic
processes, RNA polymerasc subunits, ribosomal and
transfer RNAs and ribosomal proteins. Many of the
chloroplast genes are organized into phylogenetically
conserved, cotranscribed clusters. Most of the genes veri-
fied as encoding photosynthetic components are located
in the large single-copy region whereas the rRNA genes
are confined to the inverted repeats (reviewed by Palmer
1985a). The genes for tRNAs, ribosomal proteins and
approximately 40 open reading frames (ORFSs), encod-
ing putative gene products of unknown or uncertain
identity and function, are scattered throughout the ge-
nome (Shinozaki et al. 1986; Ohyama et al. 1988a; Hir-
atsuka et al. 1989). Sequence homologies to other known
genes, e.g. human mitochondrial NADH dehydrogenase
and bacterial iron-sulfur ferredoxin (Shinozaki et al.
1986; Ohyama et al. 1986, 1988b; Hiratsuka et al. 1989)
have been found among these ORFs.

The exceptions to the consensus gross structure
known, to date, among vascular plants include the chlo-
roplast genomes of a few legume genera (reviewed by
Palmer 1985b) and conifers (Lidholm et al. 1988 ; Strauss
et al. 1988; White 1990), which lack the inverted repeat
organization, and Geranium hortorum, in which the in-
verted repeats are significantly enlarged and encompass
several genes that are normally located in the single-copy
regions (Palmer et al. 1987). In general, however, it ap-
pears that no sequence information has actually been
gained or lost as a result of the rearrangements produc-
ing these aberrant genomes.

Apart from genes contained within the large inverted
repeats, duplications or multiple copies of coding se-
quences are virtually absent from the chloroplast ge-
nomes. The presence in the chloroplast genome of small
repeated elements has been reported for a few species,
e.g. wheat (Howe 1985; Bowman and Dyer 1986; Howe
et al. 1988), clover (Palmer 1985b) and Douglas-fir (Tsai
and Strauss 1989). Copies of such short repeated se-
quences (Howe 1985; Tsai and Strauss 1989) as well
as tRNA genes, chimeric or partially duplicated (Quigley
and Weil 1985; Howe et al. 1988; Shimada and Sugiura
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1989), have been found at the endpoints of large inver-
sions. Hence, both these kinds of elements have been
suggested to play a role in the generation of inversions
by acting as substrates for recombination.

In this paper we describe a duplication in Pinus con-
torta and P. banksiana of a DNA segment which con-
tains the entire pshA gene, encoding the D1 reaction
center protein of photosystem II. We report the cloning
and sequencing of the two gene copies from P. contorta
and their positions relative to each other.

Materials and methods

Plant material, bacterial strains, vectors and probes. Seed-
lings of P. contorta Dougl. (lodgepole pine), P. bank-
siana Lamb. (jack pine), P. aristata Engelm. (bristlecone
pine), P. strobus L. (eastern white pine), P. monticola
Dougl. (western white pine), P. flexilis James (limber
pine), P. sylvestris L. (Scots pine) and P. mugo Mill.
(Swiss mountain pine) were grown in a climate chamber
to 4 months of age before harvesting. The vector used
for the libraries as well as for subcloning was pUC19
(Yanisch-Perron et al. 1985) and the Escherichia coli
strain used was DH5«, a derivative of DH1 (Hanahan
1983). The heterologous psbA-specific probe used in this
study was the 769 bp Pstl-Xbal insert from the spinach
clone pPSII32/1, equivalent to amino acids 87-341 of
the D1 polypeptide (a gift of Dr. R.G. Herrmann, Mun-
ich, FRG).

DNA analysis, cloning and sequencing. Chloroplast DNA
was extracted from pines as described (Szmidt et al.
1987). Plasmid preparations were carried out using the
alkaline lysis method (Sambrook et al. 1989). Restriction
endonucleases and modifying enzymes were used under
the conditions recommended by the supplier (Pharma-
cia, Sweden). DNA fragments were separated by electro-
phoresis in TAE buffer (Sambrook et al. 1989) through
agarose gels containing 0.5 pg/ml ethidium bromide.
Blot transfer of DNA fragments from agarose gels and
UV crosslinking to nylon membranes were performed
according to the manufacturer’s recommendations
(Amersham, UK). Southern blots and colony mem-
branes were hybridized to radioactive probes at 65° C
in 6 x SSC, 2 x Denhardt’s solution, 2 mM EDTA, 0.2%
SDS (Sambrook et al. 1989). All filters were subjected
to high-stringency washing at 60° C in 0.1 x SSC, 0.1%
SDS. In order to remove bound probe prior to re-hybrid-
ization, membranes were boiled in 0.1 x SSC, 0.1% SDS
for 57 min in a microwave oven. DNA fragments were
prepared from agarose gels by capture on DEAE cellu-
lose (NA45, Schleicher and Schuell, FRG) as described
(Sambrook et al. 1989). Radiolabelled probes were pre-
pared by the random priming procedure (Feinberg and
Vogelstein 1983) and subsequently purified by chroma-
tography through Sephadex G-50 spun columns (Sam-
brook et al. 1989). Libraries of BamHI and HindllI frag-
ments of chloroplast DNA from P. contorta were made
by ligating 0.8 pg of digested chloroplast DNA to 0.4 ug

of linearized, phosphatase-treated vector and transform-
ing E. coli cells made competent by the RbCl method
(Hanahan 1985). For sequencing, both random frag-
ments and defined restriction fragments were subcloned.
Random fragments for sequencing were produced by
sonication (20 x 10 s at setting 2, using a Branson Soni-
fier B15 fitted with a microtip) of pre-ligated fragments
covering the regions to be sequenced. After repairing
the ends with 2 units of mung bean nuclease per pug
of DNA at 15° C for 30 min, fragments in the size range
of 250-500 bp were prepared and cloned into the Smal
site of pUC19. Sequencing of double-stranded plasmid
templates, using a->>S-dATP, was performed essentially
according to Chen and Secburg (1985). Sequencing ex-
tension products were separated in 6% polyacrylamide
gels containing 8§ M urea. The DNA sequences obtained
were processed by computer programs included in the
GENEUS software package (Harr et al. 1986).

Results

Detection and confirmation of a pshA gene duplication

Southern blot analysis of the eight pine species, using
a psbA-specific probe, resulted in two different kinds
of hybridization patterns (Fig. 1). In each of the EcoRI,
Sacl and BamHI digests of chloroplast DNA from P.
contorta and P. banksiana, two equally intense hybrid-
ization signals occurred. In contrast, only one band
could be seen in samples from the other species. The
weak additional band in the EcoRI digest of P. mugo
chloroplast DNA was later found to be the result of
incomplete digestion. In the HindIII digests, the probe
detected three fragments in the P. contorta and P. bank-
siana samples, whereas either one or two bands were
seen in the other species. The hybridization patterns ob-
served suggested a duplication of the psbA4 gene in P.
contorta and P. banksiana, but could also be due to
an inversion isomerism, a polymorphism or hetero-
plasmy in these two pine species.

In order to verify the gene duplication, we decided
to clone and analyze overlapping restriction fragments
hybridizing to the psbA4 probe. For this purpose, libraries
of BamHI and HindIIT fragments of P. contorta chloro-
plast DNA were constructed, from which we isolated
psbA-containing clones, as identified by colony hybrid-
ization. The clones obtained from the library of BamHI
fragments harbored inserts corresponding to either of
the two 3.8 and 2.8 kb BamHI fragments previously
seen in the Southern blots. Two clones, designated
pPCB121 and pPCB932, which contained the larger and
the smaller of these fragments, respectively, were chosen
for further analysis. From restriction maps of these
clones and from the results of re-probing the P. contorta
Southern blot with appropriate subfragments of the
pPCB121 and pPCB932 inserts, it was established that
the 4.3 kbp HindIII fragment detected by the spinach
psbA probe overlapped the two BamHI fragments. A
clone, designated pPCH157, containing this fragment
was isolated from the library of HindIlIl fragments. After
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Fig. 1. Southern blot analysis of chloroplast DNA from eight Pinus
species, using a spinach pshA-specific probe. The DNA samples
were digested with restriction enzymes EcoRI (E), Sacl (S), HindIII

restriction mapping and Southern blot analysis of
pPCH157 it was possible to align the three clones to
derive a restriction map of a 7.4 kb region of the chloro-
plast genome (Fig. 2). On the basis of this map we could
conclude that the observed hybridization pattern for P,
contorta was due to a duplication of a segment contain-
ing at least part of the psbA4 gene. As judged from hy-
bridization data, this is also true for P. banksiana (not
shown).

Sequence analysis

A number of cloned restriction and sonication subfrag-
ments of pPCB121 and pPCB932 were used for sequenc-
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ing the regions indicated by arrows in Fig. 2. It emerged
that the inserts of pPCB121 and pPCB932 contained
identical open reading frames of 353 codons (Fig. 3),
highly homologous to the tobacco (Nicotiana tabacum)
psbA gene (Shinozaki et al. 1986). It was also found
that the 5’ flanking sequences, extending to the proximal
Kpnl sites, were identical. In addition to confirming the
psbA gene identity of the ORFs, the sequence analysis
established that the duplication includes all of the psbA
gene. The position on the restriction map of the two
psbA genes, designated psbAI and psbAII is shown in
Fig. 2. They are located on the same strand at an inter-
genic distance of approximately 3.3 kb. Further hybrid-
ization experiments showed that the 700 bp and 500
bp BamHI/Kprl subfragments from pPCB121 and
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Fig. 2. Restriction map of a 7.4 kb region of the P. contorta chloro-
plast genome. The map was derived from restriction analysis and
partial sequencing of the inserts of the clones pPCB121, pPCH157
and pPCB932, which are shown below the genomic representation.
The positions of subfragments 1-5 (see text) of these inserts are

pPCB932 (Fig. 2, fragments 1 and 4, respectively) con-
tain sequence homology but that the 400 bp BamHI
subfragment from pPCH157 (Fig. 2, fragment 3) is not
part of the duplicated segment (not shown). From these
results we could establish that the duplication actually
extends to somewhere between (.7 and 1.2 kb 5 of the
psbA start codon.

Whereas the two P. contorta psbA gene copies are
identical over the 5 region and entire coding sequence,
the diverge completely from a point 20 bp 3" of the
stop codon (Fig. 3). The region 3’ of the pshAIl gene
was found to contain a dyad symmetry which would
allow a stable mRNA hairpin structure to form, and
400 bp further down we found a gene encoding tRNAH
(Fig. 3). The downstream organization of psbAII is simi-
lar to that reported for psbA genes from many other
plants. No such structures were found downstream of
psbAI suggesting that psbAIl is the ancestral member
of the gene pair, psbAI being the duplication product.
This was substantiated by the results from rehybridiza-
tions of the Southern blot of chloroplast DNA from
P. sylvestris, which lacks the psbA duplication (Fig. 1),
using subfragments covering the regions downstream of
the pshA coding sequences as probes. We used the 420
bp Scal-EcoRI fragment from pPCB121 (Fig. 2, frag-
ment 2) as a pshAI-specific probe and the 430 bp Ncol-
BamHI fragment from pPCB932 (Fig. 2, fragment 5) as
a probe specific for psbAII. Whereas the psbAIl-specific
probe hybridized to all of the restriction fragments de-
tected by the spinach psbA probe, the psbAl-specific
probe hybridized to none of these (not shown).

A DNA sequence comparison of the psbA coding
sequence from P. contorta and a number of other plants
is shown in Table 1. The overall similarity is very high,
almost 80%, even when such distant species as tobacco
and the green alga Chlamydomonas reinhardtii (Erickson

——y —i
—
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indicated. At the bottom of the figure, the strategy for sequencing
the two psbA gene copies is illustrated. Open circles at the end
of arrows indicate sequences obtained from random sonication sub-
fragments, whereas arrows with vertical bars indicate sequences
obtained from restriction subfragments

et al. 1984) are compared. In order to filter out some
of this conservation and thereby extract more informa-
tion, we also made a comparison restricted to the third
position of each codon (Table 1). In this analysis, the
evolutionary distance between sequences appears more
pronounced than in the overall sequence comparison.
For example, the closer relationship of the two dicot
sequences to each other than to the barley sequence
(Hordeum vulgare, Efimov et al. 1988) becomes more
obvious. The result we find most interesting, however,
is that the pine sequence does not appear to be more
closely related to the angiosperm sequences than to its
liverwort (Marchantia polymorpha) counterpart (Ohya-
ma et al. 1986). A codon usage comparison with psbA
genes from other plant taxa did not reveal any significant
divergence of the pine psbA coding sequence and is there-
fore not shown.

The predicted amino acid sequences of the D1 pro-
teins from different species show extremely high similari-
ty. The pine and the tobacco sequences, for example,
differ at only 14 positions (Fig. 3). The variability that
does exist generally occurs in the C-terminal region
which is removed during protein maturation (Takahashi
et al. 1988). It is also in this region where most of the
substitutions in the deduced pine D1 amino acid se-
quence, as compared to other species, were found
(Fig. 3). None of the substitutions that yield resistance
to the s-triazine and urea classes of herbicides (see Svens-
son et al. 1990 for a compilation) were found in the
derived pine D1 sequence.

The 52 bp dyad symmetry found downstream of
psbAII in P. contorta (Fig. 3) contains no mismatches
and gives a value for the free energy of dissociation (4G)
of —108 kcal/mol, as calculated by the algorithm of
Tinoco et al. (1973). This implies the formation of an
RNA hairpin structure which is significantly more stable
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GGTACCTCTGTGCACTTATTCTGGTTC -481
TGGATCTAATCAAGTTAAATATTTGT TTCTATTCACAGGGARCGAACTATCGCACTACGGGTTCTCCAGAAAGGTGATAAATAAGTGATATTCCACTCATATCAAATTATTAATAATTTG  -361
GTTCCATAATTGCGTTGCACTTCGTTATAGCGAAAAAAARAAARRAAATACT TATTCGATCCTATCTGTTCTCATTCCAAT TGATCTTCCATT TCTGGAACCATCAATAAATAATTTGAT  -241
GGAGTATCTAACCACAGATAGATCTATAGAGTGTGGAATATATCTAAAAAAGATAGAGTCTATCTAAAATACCTCTATATTCTATCCATATAGTATAGATCAGTATCTATCCCGTTGGGA -121
TAGATATTGAARATTCCATCCCAGATATTGGT TGACATTGATACATGGATCATATTATACTGTAAAATAACAAGCCT TATGC T TGGGAGCCTCT GATGATTT TATAAACGAAGT TCTGACC -1
Leu GluSer Gly Asn
MetThrAlallelleGluArgArgGluSerAlaAsnleuTrpSerArgPheCysAspTrplleThrSerThrGluAsnArgleuTyrlleGlyTrpPheGlyValleuMetIleProThr 40
ATGACCGCAATTATAGAAAGACGCGAAAGCGCAAATTTATGGAGTCGCTTC TGCGACTGGATCACTAGCACTGAAAACCGTCTT TACAT TGGA TGGT TCGGCGTCTTGATGATCCCTACC 120
LeuLeuThrAlaThrSerValPhelleIleAlaPheIleAlaAlaProProvalAsplleAspGlylleArgGluProValSerGlySerLeuleuTyrGlyAsnAsnlleIleSerGly 80
CTATTGACCGCAACCTCTGTATTCAT TATTGCTTTCATCGCAGCTCCTCCAGTAGATATTGATGGTAT TCGTGAACCTGT TTCTGGTTCTCTTCTTTATGGAAACAATATTATCTCCGGT 240
AlallelleProThrSerAlaAlalleGlyLeuHisPheTyrProlleTrpGluAlaAlaSerValAspGluTrpLeuTyrAsnGlyGlyProTyrGluleulleValleuHisPheleu 120
GCCATTATTCCTACCTCTGCAGCTATCGGTTTGCACTTCTATCCCATCTGGGAAGCAGCT TCCGTCGATGAATGGC TATACAACGGGGGTCCT TACGAGCTAATCGT TCTACACTTCCTA 360
LeuGlyValAlaCysTyrMetGlyArgGluTrpGluLeuSerPheArgleuGlyMetArgProTrplleAlavValAlaTyrSerAlaProvValAlaAlaAlaThrAlavalPheleulle 160
CTTGGTGTAGCTTGCTATATGGGTCGTGAGTGGGAGCTTAGCT TCCGTCTAGGTATGCGT CCTTGGAT TGCTGT TGCATACTCAGCTCC TG T TGCAGCTGC TACTGCCGTTTTCTTGATC 480
TyrProlleGlyGlnGlySerPheSerAspGlyMetProLeuGlyIleSerGlyThrPheAsnPheMetIleValPheGlnAlaGluHisAsnIleLeuMetHisProPheHisMetLeu 200
TACCCTATTGGTCAAGGAAGCT TUTCTGACGGTATGCCTCTAGGAATCTCTGGTACT TTCAATT TCATGATTGTAT TCCAGGCTGAGCACAATATCCTTATGCATCCATTCCACATGTTG 600
Glu Glu Arg
GlyValAlaGlyValPheGlyGlySerleuPheSerAlaMet HisGlySerLeuValThrSerSerLeulleArgGluThrThrGluAsnGlnSerAlaAsnAlaGlyTyrLysPheGly 240
GGTGTAGCTGGCGTATTCGGCGGCTCTCTAT TCAGTGCTATGCATGGTTCT TTGGTAACT TCCAGT TTGATCAGGGAAACTACTGAGAATCAGTCCGCARATGCAGGTTACAAATTTGGT 720
G1nGluGluGluThrTyrAsnlleValAlaAlaHisGlyTyrPheGlyArgleullePheGlnTyrAl aSerPheAsnAsnSerArgSerLeuHisPhePheleuAlaAlaTrpProval 280
CAGGAGGAAGAAACCTACAATATTGTGGCTGCTCACGGT TATTTCGGCCGATTGATCT TCCAATATGC TAGT T TCAACAACTCCCGTTCTTTACATTTCTTCTTAGCTGCTTGGCCCGTA 840
val
AlaGlyIleTrpPheThrAlaleuGlylleSerThrMetAlaPheAsnLeuAsnGlyPheAsnPheAsnGlnSerValValAspSerGlnGlyArgVallleAsnThrTrpAlaAspIle 320
GCAGGTATCTGGTTTACCGCTCTAGGCATAAGCACTATGGCTTTCAACCTAAATGGAT TCAAT T TCAACCAATCTGTAGT TGACAGTCAAGGCCGTGTAAT TAACACTTGGGC TGATATC 960
Ile AlaPro ThrAsn
IleAsnArgAlaAsnleuGlyMetGluvValMetHisGluArgAsnAlaHisAsnPheProleuAspleuAlaAlavValGluSerIleSerIleGlyGly*** 353
ATTAATCGTGCTAACCTAGGTATGGAAGTTATGCACGAACGTAATGCTCACAACTT TCCTCTGGATCTAGCCGCTGT TGAATCTATT TCAATAGGTGGATAATACTC 1067
1180.
TGACCGCAACCTCTGTATTCATTATTGCT TTCATCGCAGCTCCTCGCATTCCACTTCGATCGTATATATCCTCAATATCTATTCGCAATATGGGTTGCTAACTCAA PCB121
TGATGGATTGTTAT
GGTGTATTGCTTAATTGAAGCATACCAAGCCTTTCATTTTAATGAAAGGCTTGGTATGCTTCAATTAAGCAATACACCATAACAATCCATCATAACGGATATGTGC PCB932
>< 1180-
AG =- 108 kcal/mole
TGGTAGAGTACT PCB121
AGTTCCCCTGCATCCAGCAGGAATTGAACCCGCGAGT TCGCCAAT TATGAGT TGGGCGCT TTAACCAT TCAGCCATGGATGCTGGATAAAGATCATCAACATATTCATTCTATAATATGA PCB932
1300-
GTATAGACTCAGATCTAAAATTGGGCGGGAT TGGGACCCATTTATATTCTTTCTCTCATACTTGATTCATGTCARATATTCTCAATAGACATTCAAATAACATTTCATTGAATTAATTTG PCB932
1420-
ATAATAAGCCATACAACT TGTGCGAGAGT TGAGAGTTAGTCATCGATCTTGCTTTGATCCCCTATCAGAGGTCACCGACCCACATAAGAACAAACGT TAGCTCATTTTTTATTCTTGGAA PCB932
1540-
trnH
GAAATGACTGTAGATAGATARATTGGTTTTTTCCGG GGCGGACGTAGCCAAGTGGACCAAGGCAGTGGATTGTGAATCCACCACGCGCGGGTTCAATTCCCGTCGTTCGCC CATAAARAA PCB932
1660-
AGATAARAAAAATCGGACTGGATCC PCB932

Fig. 3. Nucleotide sequence between the psbA-proximal Kpnul site
and the Scal site of clone pPCB121 and between the corresponding
Kpnl site of clone pPCB932 and the BamHI site at the end of
the insert. The two sequences are shown as one where they are
identical. The deduced amino acid sequence of the D1 protein
of P. contorta is shown above the psbA coding sequence. The amino
acid residues of the tobacco D1 polypeptide (Shinozaki et al. 1986)
are shown at positions where the two sequences differ; at all other
positions they are identical. The two underlined residues Leu5 and

than the corresponding structures of pshA messages
from other plants, e.g. that of tobacco with a calculated
AG of —33 kcal/mol. Also, we found no sequence simi-
larity between the dyad symmetries of P. contorta and
tobacco; only the structure is conserved.

The regions upstream of the psbA4 genes in P. contorta
were found to contain sequence elements identical or
very similar to the psb4 —35 and — 10 promoter boxes
and the ribosome binding site in other species. An align-
ment of the psbA4 upstream sequences of four species,
representing distant taxa, revealed considerable similari-
ties also outside these elements (Fig. 4). This is illustrat-
ed by the consensus sequence shown at the bottom of

Glu231 in the tobacco sequence are virtually invariant in the de-
rived D1 sequences from other species but are substituted by Ile
and Gln, respectively, in P. contorta. The head-to-head arrows be-
low the PCB932 sequence indicate a dyad symmetry which allows
the formation of an RNA stem-loop structure with a calculated
free energy of —108 kcal/mol. Near the end of the PCB932 se-
quence (downstream of psbAIl), the gene for tRNAM* (#rnH) is
indicated

the figure. The function of the conserved sequences out-
side the promoter boxes upstream of the psbA4 gene has
not been systematically studied. The distance between
the —10 box and the ribosome binding site is 55 and
50 bp in tobacco and barley, respectively, whereas it
is only 23 bp in P. contorta and 24 bp in liverwort.

Discussion

Chloroplast genomes characteristically show a low rate
of evolution, both in terms of nucleotide substitutions
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Table 1. Percentage similarities in overall sequence comparisons
and at third codon positions of the psbA genes from various species

g
=
g S
=
S 2=
S 18| £ %
2 Q 3 2 b S
£ S g 5 2 =
~ = < [2a — O
TPinus 88.4 | 87.6 | 88.7 | 87.5 | 78.3
Tobacco 71.4 97.1 1928 | 87.7 | 79.5
Amaranthus 69.4 | 92.1 925|874 |80.8 | =
-
8]
Barley 72.5 | 81.6 | 80.5 8731798 | &
Liverwort 70.3 | 68.3 | 66.6 | 66.0 81.5
Chlamydomonas | 54.5 | 55.7 | 59.1 | 57.4 | 62.8

3 rd position

Sources of psbA sequences: Pinus contorta, this work; tobacco,
Shinozaki et al. (1986); Amaranthus hybridus, Hirschberg and
MclIntosh (1983); barley, Efimov et al. (1988); liverwort, Ohyama
et al. (1986); Chlamydomonas reinhardii, Erickson et al. (1984)

and, in particular, with respect to large-scale rearrange-
ments. We have found a duplication of a segment carry-
ing the entire psbA gene on the chloroplast genome of
two closely related pine species, P. contorta and P. bank-
siana. This is the only major duplication we have been
able to find; the chloroplast genomes of conifers do not
have the inverted repeat organization (Lidholm et al.
1988; Strauss et al. 1988; White 1990). To our knowl-
edge, this is the first report of a duplication of a protein-
encoding gene in the chloroplast genome of a vascular
plant. Kushel and Kowallik (1987) reported a putative
duplication of psad in the brown alga Dictyota dichoto-
ma, as judged by results of heterologous filter hybridiza-
tion, but this was not verified by further analysis.
Several factors might contribute to the low frequency
of duplications observed in chloroplast genomes. Apart
from negative selection in the case of impaired gene func-
tion, these include instability of duplications in a recom-
bination-proficient system and inefficiency of segrega-
tion and stable fixation, due to the high level of poly-

n_3gn no10"
ATCTACATACACCTTGGTTGACACGAGTATATAAGTCATGT TATA

ploidy of chloroplasts. Only true tandem repeats, how-
ever, will generate a high frequency of reversion by inter-
molecular homologous recombination. In the case of the
psbA duplication in P. contorta, the gene copies are sepa-
rated by atleast 2.1 kb of unique DNA. In a homologous
recombination, which would eliminate the duplication,
this unique DNA would be concomitantly lost. If it car-
ries an essential genetic element, which is likely consider-
ing the high informational density of chloroplast DNA,
the recombination would be lethal. This appears a con-
ceivable explanation for the retention of the pshA dupli-
cation, although the reason and mechanism for its initial
occurrence are more obscure.

As to the time of the duplication event, the absolute
sequence identity of the two copies of the duplicated
segment does not necessarily provide any meaningful
information. It might reflect the recent occurrence of
the duplication but it could as well be due to the continu-
ous action of the copy-correction mechanism shown to
operate in chloroplasts (Wolfe et al. 1987). The only
conclusion that can be drawn is that the rearrangement
arose after the phylogenetic separation of the Pinus sub-
section Contortae, since it is confined to this group.

Some potentially important implications of a gene
duplication can be discerned. First, two gene copies can
evolve independently to acquire altered or new func-
tions, either in terms of gene product properties or in
terms of regulation of expression. In fact, a gene duplica-
tion is believed to be a prerequisite for divergent gene
evolution. An example of this can be found in the cyano-
bacterium Anacystis nidulans, which has three differen-
tially regulated copies of the psbA gene (Schaefer and
Golden 1989). One of these gene copies encodes a D1
polypeptide with a modified amino acid sequence (Gold-
en et al. 1986), which might therefore have somewhat
altered functional characteristics. However, as evident
from the DNA sequence identity, no such divergence
of the two psbA copies has occurred in P. contorta.

Secondly, a duplication can lead to a gene dosage
effect. Since the promoters as well as the coding regions
of the two psbA gene copies of P. contorta are identical,
one would expect that they are also transcribed at the
same level. However, preliminary results from northern
blot analyses indicate that the accumulation of tran-
scripts originating from psbAI is significantly lower than
that from psbAII (not shown), i.c., most of the total
pool of psbA transcripts is produced from psbAIIl. The
reason for this is unclear, although it may be related

"

S*
CTGTTGAATAARAAGCCTTCCATTTTCTATT TTGATTTGTAGARAACTAGTGTGCTTGGGAG TCCCT-GATGATTA-AATAARCCAAGATTTT-ACCATG Tobacce

7 S [oR T-T......G...-..C.G...ATG Pinus

..TTGA..C..GGA....A.. AR Civvninn

TC.AT.CC.G.TA..

I U Covnroyommmms C.A. TA.C,ATA..C...TT..TAC. ..ecv v v ns T.=.CA-.,.TG...evtivvn. - Cu -...ATG Barley

A.AT...... AALT..TA. . T...T-T.A.coena... -....-..TATG Liverwort

ATATTT.GA.TA. \A.venees TA.TC....GITATG...A.....A,AAGT...C.. .TT.AA
ct a TTGGITGACAt  CATAT

Fig. 4. Alignment of the psbA upstream sequences from tobacco
(Shinozaki et al. 1986) with that of P. contorta, barley (Efimov
et al. 1988), and liverwort (Ohyama et al. 1986). The Escherichia
coli-like promoter elements and ribosome binding sites are indicat-
ed by “—357, “—10” and “RBS”, respectively. Periods indicate
nucleotides identical to the tobacco sequence whereas fiyphens indi-
cate positions where nucleotides are “missing”. The consensus se-

aTQTLATACTGT aaaTAACAAGCCTLRA#NA#EAREESREERRBE#HENRRE#NN4RY TgCTTGGGAG C cTHgat#ATTLS AUAAACCAAGHTLUT#ACCATG Consensus

quence shown at the bottom is derived from these four sequences.
Positions where all four sequences are identical are indicated by
upper case letters; lower case letters have been used at positions
where one of the four sequences deviates; gaps mark non-conserved
positions. Redundant nucleotides, i.e. positions where nucleotides
are missing in one or more of the compared sequences, are indicat-
ed by #



to the fact that psbAI lacks the 3’ dyad symmetry present
in psbAII as well as in psbA from other plants. It was
demonstrated by Stern and Gruissem (1987) that such
plastid 3’ structures stabilized synthetic RNAs in cis
upon incubation is a chloroplast extract and that they
also served as processing sites. It was suggested that
downstream hairpin structures are important determi-
nants for regulation of mRNA stability and accumula-
tion in plastids. Indirect evidence for RNA stability as
an important factor in the post-transcriptional control
of plastid gene expression has been given in several re-
ports (reviewed by Gruissem 1989).

The sequence conservation of chloroplast genes is
known to be generally very high. This appears particu-
larly pronounced for genes which encode polypeptides
involved in complex interactions with other components,
e.g. allosteric groups, other proteins and membrane lip-
ids. This is illustrated by the overall sequence compari-
son of the psbA genes, encoding the D1 reaction center
protein of photosystem II, from different plants (Ta-
ble 1). In cases of highly conserved genes, overall se-
quence homology is not a very useful measure for assess-
ing evolutionary distance between species. Ideally, the
sequence comparison should be restricted to positions
at which nucleotide substitutions are either silent or yield
amino acid substitutions that are tolerated. Such a com-
parison should also take the codon usage into account.
However, if the comparison is simply restricted to the
third position of each codon, the resolution of the com-
parison is greatly improved. The third position compari-
son of pshbA from different species provides an interest-
ing molecular perspective on the early divergence of the
gymnosperm and the angiosperm lineages (Mirov 1967).
As can be seen in Table 1, the Pinus, tobacco and liver-
wort third position sequences are all, in fact, almost
equally divergent from each other. However, we believe
that any further conclusions concerning evolutionary re-
lationships to other plant taxa, should be based on more
sequence information than is reported here.
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