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Abstract

We report the cloning and nucleotide sequence analysis of psbD/C operon from a dicotyledonous tree species, Populus
deltoides (poplar). The coding regions of psbD and psbC and deduced amino acid sequences show very high homology with
those from other higher plants. In pairwise alignment of the gene sequences, P. deltoides clustered with dicotyledonous
annuals rather than with Pinus, the only other tree whose psbD/C nucleotide sequence is available. Comparison of several
reported sequences showed that synonymous substitutions were distributed in both psbD and psbC uniformly, throughout the
length of the genes. The frequency of nonsynonymous substitutions located in the amino-terminal end of psbD was distinctly
higher, suggesting a lower degree of structural constraints in this region of the encoded D2 protein. The arrangement of
reading frames and Northern analysis suggest that organization and expression of psbD /C operon in P. deltoides is similar to
that in other higher plants.

[Reddy M.S.S., Trivedi PX., Tuli R, and Sane P.V. 1998 Cloning and nucleotide sequence analysis of psbD/C operon from chloroplasts of

Populus deltoides. J. Genet. 77, 77-83]

Introduction

The psbD and psbC chloroplast genes encode D2, a reaction
centre protein, and CP43, a chlorophyll-a-binding antenna
protein, respectively. The upstream regions of the psbD/C
operon are structurally distinct in the chloroplast genomes
of cereals and dicotyledonous plants. The organization of
psbD and psbC genes is conserved in higher plants, includ-
ing the holoparasitic flowering plant, Cuscuta reflexa
(Habeshausen et al. 1992). In contrast, the organization of
psbD and psbC genes differs widely in lower forms. In
Euglena gracilis, psbD and psbC contain introns (Orsat
et al. 1994). The pshD and psbC genes in Chlamydomonas
reinhardtii are monocistronic and lack introns (Rochaix ez al.
1989). The 12 amino acid residues at the amino-terminal
end of CP43 in higher plants are absent in Chlamydomonas.
In the cyanobacteria Synechococcus sp. strain PCC 7942
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(Golden et al. 1989), Synechocystis sp. strain PCC 6803 (Yu
and Vermaas 1990) and Anabaena sp. strain PCC 7120
(Leonhardt and Straus 1994) two functional psbD genes
have been reported.

Cotranscription of psbD with psbC and overlapping read-
ing frames are characteristic features in several monocots
(Hiratsuka er al. 1989) and dicots (Yao et al. 1989).
Transcription of the pshD/C operon is highly complex in
most higher plants. Transcription patterns differ between
dark-grown and illuminated barley leaves (Sexton et al.
1990). In tobacco eight transcripts ranging in size from 1.5
to 4.4kb were reported. Two promoters were detected in
psbD/C operon in dicots (Meng et al. 1991) whereas four
promoters were reported in cereals (Chen et al. 1994).

Most of the studies on the characterization of chloro-
plastic operons have been carried out on annual crop plants
and algae. Unlike annuals which experience only one set of
environmental conditions characteristic of their growing
season, the leaves of poplar, Populus deltoides, experience
extreme conditions of temperature, light and water stress. It
was therefore of interest to find out if organization and
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expression of different operons in tree species would be
different and contain elements that permit greater flexibility
to suit changing environmental conditions. So far the chloro-
plast genome of only the gymnospermic tree Pinus, whose
leaves are needle-like, has been examined. Our laboratory
has a major programme to establish the nucleotide sequence
and expression of chloroplastic genes from poplar, a fast-
growing tree, which grows well in alkaline soil as well as
withstands high light and high temperature conditions in
summer. The main objective of this study was to examine
if the organization and expression of psbD /Cin P. deltoides
was similar to that in other crop plants. Establishment of the
complete nucleotide sequence of the plastid genome of
Populus deltoides and studies on the regulation of its
expression will also help in genetic manipulation of the
chloroplastic traits.

Materials and methods

Chloroplast DNA isolation and Southern hybridization: Chloro-
plast DNA (cpDNA) was prepared from green leaves of P.
deltoides as described in Nath et al. (1993). Four micro-
grams of cpDNA digested with restriction endonucleases
was resolved on agarose gel and transferred onto Zeta Probe
membrane (Biorad). The DNA was crosslinked to the nylon
membrane and used in Southern hybridization using radio-
labelled probes prepared by random priming method
(Sambrook e al. 1989). A heterologous probe carrying
psbD from Vigna aconitifolia was taken out as a 1.1-kbp Pstl
fragment from pVAII3 (a gift from Prof. A. K. Tyagi, Delhi
University, India). The Spinacia oleracea psbC probe was
obtained as a 837-bp EcoRI/Xbal fragment from pPSII44
(a gift from Prof. R. G. Herrmann, Botanisches Institiit der
Universitdt, Munich, Germany).

Cloning of psbD and psbC genes: Two libraries of cpDNA
digested with HindIIl and Psfl were constructed in
pBluescriptlIKS(+) phagemid and used to transform E. coli
XL1 Blue (Sambrook er al. 1989). Recombinant clones
pPHR7 and pPPR89, carrying genes pshD and psbC only,
were identified by colony hybridization (Sambrook et al.
1989).

Subcloning and sequencing: All DNA manipulation techni-
ques were carried out as described in Sambrook et al.
(1989). A 1.4-kbp fragment of pPHR7 obtained after double
digestion as well as 2.2-kbp and 1.0-kbp Psd fragments of
pPPR89 were subcloned in pBluescriptllKS(+). Unidirec-
tional nested deletions of pPHR7 and a subclone of pPPR8&9
containing the 1.0-kbp insert were constructed using the
exonuclease III/mungbean nuclease system (Stratagene)
according to manufacturer’s instructions and procedures
described by Trivedi et al. (1994). Sequencing reactions on
double-stranded plasmid were carried out using [a-32P]dATP
(BRITS, Mumbai, India) and T7 sequencing kit (Pharmacia).

The reaction products were resolved on urea-acrylamide gel
and autoradiographed for determining the sequence. Alter-
natively, the automated DNA sequencing system (373, ABI)
was used, with the dye termination cycle sequencing kit
(Perkin Elmer).

Nucleotide substitution analysis: Pairwise multiple alignments
of nucleotide sequences of the coding regions were carried
out using the CLUSTAL program in PC/GENE release
14.0 (Intelligenetics Inc., Mountain View, USA) and sites
of nucleotide substitutions were determined. Nucleotide
substitutions were divided into two categories: (i) synon-
ymous substitutions, i.e. nucleotide sequence changes that
result in change of codon with no change of amino acid, and
(i) nonsynonymous substitutions, i.e. changes in nucleotide
sequence that result in change of amino acid.

RNA isolation and Northern hybridization: Total RNA was
extracted from leaves by the phenol/chloroform method
(Van Slogteren et al. 1983). RNA (30 ug) was electrophor-
esed on a denaturing formaldehyde~-MOPS agarose gel and
transferred onto a Zeta Probe membrane (Biorad). Northern
hybridization was carried out using the 2.1-kbp HindIII
fragment of pPHR7 as probe. Prehybridization, hybridiza-
tion and washing of blots were performed at 42°C as
described (Sambrook et al. 1989).

Results and discussion

The hybridization patterns of psbD and psbC probes with
cpDNA of P. deltoides are shown in figure 1. HindIII
produced a single 2.1-kbp band hybridizing to both the
probes indicating that the two genes are located on the same
fragment. The results from digestion with other restriction
enzymes, particularly Dral and Sacl, suggest that psbD and
psbC are located adjacent to each other. The results demon-
strate that psbD and psbC genes in P. deltoides are present
in single copy, as in higher plants and unlike in cyano-
bacteria.

Cloning and sequencing of the psbD and psbC genes

Two recombinant clones—pPHR7, positive for psbD as well
as psbC, and pPPR89, positive for psbC—were selected
after colony hybridization. Inserts in both the clones together
represent a 5.1-kbp cpDNA region containing psbD and
psbC genes as shown in figure 2. The original inserts, their
subclones and nested deletions were sequenced from both
the ends as shown in figure 2. The sequenced portion
revealed the presence of reading frames for psbD (1062 bp)
and psbC (1422 bp) genes (figure 3) in a bicistronic operon.
Motifs representing putative ribosome binding sites are
located seven nucleotides upstream of psbD and 20 nucleo-
tides upstream of psbC. The 3’ end of psbD and 5 end of
psbC overlap by 53 nucleotides, as in other higher plants
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Figure 1. Southern blot analyses of cpDNA from P. deltoides
using a Vigna aconitifolia psbD gene probe (left) and a Spinacia
oleracea psbC gene probe (right). The DNA samples were digested
with restriction enzymes BamHI, Dral, HindIll, Kpnl, Pyull, Sacl,
and Bsp106/Sall. The positions of six molecular weight markers
(HindIII-digested A DNA) are shown. The faint bands of 6.3kbp in
BamHI lane and 3.9 kbp in Sacl lane of the psbD Southern blot and
6.3kbp in BamHI lane of the psbC Southern blot are due to
nonspecific hybridization.
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Figure 2. Diagrammatic representation of different clones,
unidirectional deletions (1-5) and subclones (A-C) used for
sequencing the psbD/C operon. Direction and length of the arrows
indicate the direction and number of nucleotides read from one
reaction. Redl is an internal primer used to establish complete
coding sequence.

and unlike in certain algae and cyanobacteria. In dicots,
psbD/C is separated from the upstream psbK/I operon by
over 23kb. In contrast, psbD/C in cereals resides 1-2kb
downstream of and in the same polarity as psbK/I. Monocots
like duckweed (DeHeij et al. 1983) and orchids (Chase and
Palmer 1989) also have the dicot arrangement of the psbD/C
operon. In Euglena gracilis the psbD and psbC genes
together cover a 22-kb region, with 10 and 11 exons respec-
tively (Orsat et al. 1994). In Chlamydomonas reinhardtii the
psbD and psbC genes are transcribed as a monocistronic
transcript (Rochaix et al. 1989). One of the two psbD genes
in cyanobacteria, psbDII, is expressed as monocistronic
RNA while psbDI is cotranscribed with psbC and overlaps
its reading frame (Golden er al. 1989; Yu and Vermaas
1990; Leonhardt and Straus 1994).

AAGCTTCGAAGGCCCTGAAAATGCTIATGAGCTGCTCGGARATGGT'I'GAAG 'AGTTGAATA 60

RBS ATCACT ATG ACT ATA GCA CTT GGT AAA TTT ACC AAA GAT GAA
AAT GAT TTA TTT GAT ATT ATG GAT GAC TGG TTA CGG AGG GAC CGT]
TTT GTT TTT GG GGT TGG TCC GGC CTA TTG GTC TTT CCT TGT GCQ
TAT TTT GCC TTA GGG GGT TGG 1TTC ACA GGT ACA ACC TTT GTA ACC
TCA TGG TAT ACT CAT GGA TTG GCC AGT TCC 'I'AT TTG GAA GGT 7TGC
MAC TTC TTA ACC GCC GCA GTT TCT ACT CCT GCT AAT AGT TTA l’;‘CC
CAT TCT TTG TTA TTA CTA TGG GGT CCT GAA GCA CAA GGA GAT TTT|
ACT CGT TGG TGT CAA TTA GGT GGC TTG TGG ACT TTT GI'' GCT CTC|
CAC GGA GCT TTC GGA CTA ATA GGT TTT ATG TTA CGT CAA TIT GAA
CTT GCT CGA TCC GTG CAA TTA CGA CCT TAT AAT GCA ATC GCA TTC|
psbd TCT GO CCA ATT GG GTT TTT GTT TCT GTA TTC CTG ATT TAT CCHA
CTA GGT CAG TCT GBT TGG TTC TTT GCG CCT AGT TTT GGC GTA GCA
GCT ATA TTT CGA TTC ATC CTC TTT TTC CAA GGA TTT CAT AAT IGG
ACA CTG ARC CCA TTT CAT ATG ATG GGA GIT GCC GGT GTA TTG GGC
GCT GCT CTG CTA TGC GCT ATT CAT GGT GCT ACT GTA GAA AAT ACT)
TTA TTT GAA GAT GGT GAT GGT GCA AAT ACA TTC CGT GCT TTT AAC
CCA ACT CAA GCT GAA GAA ACT TAT TCC ATG GTC AUC GCC ARC CGC|
PP TGG TCC CAA ATT TTT GGG GIT GCT TTT TCC AAT AAA CGT TGG
TPA CAT TTC TTT ATG TTA FIT GIA CCT GTA ACC GGT TTA TGG ATG
AGT GCT CTT GGA GTA GPT GGT CTG GCT CTG AAC CTA CGT GCC TAT
GAC TTC GTT TCT CAG GAA ATC CGT GCT GCG GAA GAT CCT GAA TTT|
GAG ACT TTC TAT ACC AAA AAT ATT CTT TTA AAT GAA GGC ATT CGT|
RBS Ger GCG GCT CAA GAT CAG CCT CI:\T GAA AAC CTT ATA TTC
CCT GAG GAG GTT CTA CCC CGT GGA AAC GCT CTT TAA|T GGA ACT |1135

TTA GCT TTA GCT GGT CGT GAC CAA GAMA ACC ACA GGT TTC GCT TGG|1180
TGG GCC GGG AAT GCC CGA CTT ATC AAT TTA TCT GGT AAG CTG CTT
GGA GCT CAT GTA GCT CAT GCT GGA TTA ATC GTA TTC TGG GCC GGA
GCA ATG AAC CTA TTT GAA GTG GCC CAT TTC GTA CCC GAG AAG CCA
ATG TAT GAA CAA GGA TTG ATT TTA CIT CCC CTAC CTA GCT ACT CTA
GGT TGG GGG GTG GGT CCT GGG GGA GAA GTT ATA GAC ACC TTT CCA
TAC TTT GTC TCT GGA GTA CTT CAC TTA ATT TCC TCT GCA GTC ITG
GGC TYT GGC GGT ATT TAT CAT GCA CTT CTA GGA CCC GAG ACT CTT
GAA GAA TCT TTT CCA TTT TTT GGT TAT GTA TGG AAA GAT AGA AAT
AAA ATG ACA ACA ATT TTA GGT ATT CAC TTA ATC TTG CTA GGT ATA
GGT GCT TTPT CTT CTA GTA TTC AAA GCT CTIT TAT TTT GGG GGC GTA
TAT GAT ACC TGG GCT CCG GGG GGG GGA GAT GTA AGA AAA ATT ACC
AAC TTG ACC CTG AGT CCA AGT GTT ATA TTT GGT TAT 1TTA CTA AAA
TCT QCT TTT GGA GGA GAA GGA TGG ACT GTT AGT GTA GAT GAT TTG
GAA GAT ATA ATT GGT GGG CAT GTA TGG TTA GGT TCC ATT TGT ATA
CTT GGT GGA ATC TGG CAT ATC TTA ACC AAA CCC TTT GCA TGG GCT
CGC CGT GCA CTT GTA TGG TCC GGG GAG GCT TAT TTG TCT TAT AGT
TTA GGC GCT TTA GCT GTT TTT GGT TTC ATT GCT TGT TGC TTT GTC
TGG TTC AAT AAT ACC GCT TAT CCT AGT GAG TTT TAC GGG CCC ACT
GGA CCA GAA GCT TCT CAA GCT CAA GCA TTT ACT TTT TTA GTT AGA
GAT CAG CGT CTT GGA GCT AAT GTG GGA TCC GCT CAA GGG CCT ACA
GGT TTA GGT AAA TAT CTA ATG CGT TCT CCG ACC GGA GAA GTC ATT
TPT GGA GGG GAA ACT ATG CGG TTT TGG GAT C1G CGT GCT CCG TGG
TTA GAG CCT CTA AGG GGT CCA AAT GGG TTA GAC 1'IG AGT AGG TTG
AAA AAA GAC ATA CAA CCT TGG CAA GAA CGA CGT TCT GCG GAA TAT
ATG ACC CAT GCG CCT TTA GGT TCA TTA AAT TCC GTA GGT GGC GTA
GCT ACC GAA NIC AAT GCA GTC AAC TAT GTC TCI CCT AGA AGT TaG [2350
TTA GCT ACC TCT CAT TTT GTT CTC GGA TTC TTC CTA TTC GTA GGC 2395

CAT TTA TGG CAC GCG GGA AGG GCT CGT GCA GCT GCA GCT GGA TIT

GAA AAA GGA ATC GAT CGA GAC TTG GAA CCT GTT CTT TAC ATG ACT

CCT CTT AAC TGA|GATAAGACATCCAATGCATTACGTAAGGRATCACTTTGATTTT 2540

Figure 3. Complete nucleotide sequence of pshD/C operon of F.
deltoides along with flanking regions. The reading frames of psbD
(nucleotides 72-1133) and psbC (nucleotides 1081-2502) overlap
by 53 nucleotides. The putative ribosome binding sites, the start
and stop codons, and the overlapping reading frames are indicated
in the sequence.
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Table 1. Per cent similarity in sequences of psbD genes (above diagonal) and D2 proteins (below diagonal) from various plant species.

PD AM NT PS SO HV 0S SC PT MP CR CC
PD 942 93.8 93.6 93.6 90.0 90.7 90.7 89.7 84.8 71.8 76.9
AM 99.1 96.5 93.1 94.0 90.6 91.3 91.1 89.5 85.1 78.2 717.0
NT 99.1 100 93.1 94 90.6 913 91.1 89.5 85.1 78.2 77.0
PS 97.7 98.5 98.5 92.7 89.5 89.5 90.0 88.7 84.6 78.0 78.3
SO 98.0 98.3 98.3 96.9 90.4 91.7 90.9 88.9 85.5 78.5 77.2
Hv 96.3 96.6 96.6 95.2 96.3 96.1 98.7 87.6 84.0 774 76.9
(ON 97.7 98.0 98.0 96.6 974 98.5 96.2 87.2 83.6 76.8 71.1
SC 97.2 97.4 97.4 96.0 97.1 98.8 99.1 88.1 84.7 71.7 77.6
PT 96.9 96.6 96.6 95.7 96.3 96.0 96.6 96.9 85.3 79.0 76.6
MP 96.3 96.6 96.6 95.5 96.9 95.7 96.6 96.6 97.1 79.9 81.4
CR 92.6 91.0 91.0 89.9 913 90.4 91.3 91.3 91.8 91.8 76.6
CcC 86.1 85.4 85.4 85.1 85.1 84.8 854 85.4 85.4 86.8 85.1

PD, Populm; deltoides; AM, Antirrhinum majus; NT, Nicotiana tabacum; PS, Pisum sativum; SO, Spinacea oleracea; HV, Hordeum
vulgare; OS, Oryza sativa; SC, Secale cereale; PT, Pinus thunbergii, MP, Marchantia polymorpha;, CR, Chlamydomonas reinhardtii; CC,
Cyanidium caldarium.

Table 2. Per cent similarity in sequences of psbC genes (above diagonal) and CP43 proteins (below diagonal) from various plant

species.

PD NT PS SO oS SC PT MP CR CC
PD 93.5 92.2 90.6 89.9 89.8 87.3 85.1 74.2 74.1
NT 98.5 92.5 91.6 90.4 90.0 87.7 85.0 74.4 73.8
PS 97.9 98.1 90.3 89.1 88.8 86.2 85.2 74.4 74.4
SO 97.7 97.8 97.0 81.5 88.8 86.0 83.8 73.6 74.2
(0N 97.0 96.8 95.7 95.3 95.6 86.2 85.3 74.0 74.5
SC 96.4 96.4 94.7 955 98.3 85.7 84.8 73.5 74.4
PT 94.3 94.9 934 94.3 93.9 94.1 84.8 74.2 74.0
MP 95.8 95.7 95.1 94.1 95.5 94.1 94.7 77.4 77.8
CR 85.9 86.3 85.2 85.6 85.2 84.4 854 86.9 73.7
CC 82.9 82.8 822 83.3 823 82.8 83.1 82.8 81.5

Abbreviations of plant names are as in table 1.

Nucleotide sequence homology analyis

The nucleotide sequences of the psbD and psbC genes of P,
deltoides and the deduced amino acid sequences show a
very high homology with those from other plants, as shown
in tables 1 and 2. Similar results with high homology in
coding regions of plastid-encoded genes from P. deltoides
and those from other plants have been reported (Trivedi
et al. 1994; Naithani et al. 1997a,b). Dendrograms cons-
tructed on the basis of pairwise similarity scores of the psbD
(figure 4) and psbC (figure 5) genes place P. deltoides close
to dicotyledonous plants and monocots in a separate cluster.
The only other tree species in which chloroplast genes have
been sequenced is Pinus thunbergii (Wakasugi et al. 1994).
The nucleotide sequence comparison establishes that psbD
and psbC of P. deltoides group with dicotyledonous annuals
rather than with Pinus. To examine the phylogenetic
relationship between a chloroplast gene and a nuclear gene,
we constructed a dendrogram for the nuclear gene rbcS
(figure 6) which codes for the small subunit of ribulose
bisphosphate carboxylase. The relationships for this nuclear
gene (figure 6) and for the chloroplast genes (figures 4 and 5)
are very similar. Six sequences of rbcS from the family
Brassicaceae grouped together and were more closely

related to sequences from other dicots than to those from
the monocots included in the analysis. The genes from plants
of the Leguminoseae and the Solanaceae also clustered
together. However, like in the case of the chloroplast genes,
the monocots grouped separately.

Analysis of nucleotide substitutions in psbD and psbC genes

The qualitative and quantitative representation of synon-
ymous and nonsynonymous substitutions in the reading
frames of the psbD and psbC genes are shown in figures 7
and 8 respectively. The analysis of psbD coding sequences
from 12 species indicates synonymous substitutions in
244 codons and nonsynonymous substitutions in 64.
This gives a frequency of synonymous substitutions of
23 per 100 nucleotides and of nonsynonymous substitutions
of 6 per 100 nucleotides. These numbers suggest a high
degree of constraint on mutation frequency due to function-
related restrictions imposed on the structure of the D2
protein. Substitution of Glu-70 and His-189 of D2 (Pakrasi
and Vermaas 1992) has been reported to impair photoauto-
trophic growth. These positions indeed show no nonsynony-
mous substitutions in psbD throughout evolution.
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Figure .4. Dendrogram for psbD genes from different plants.
Nucleotide sequences of psbD were compared using the CLUS-
TAL program of PC GENE. Abbreviations of plant names are as in
table 1.
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Figure 5. Dendrogram for psbC genes from different plants.
Abbreviations are as in table 1.

The analysis of psbC sequences from 10 species shows
synonymous substitutions in 284 codons and nonsynon-
ymous substitutions in 124. The relatively higher frequency
of nonsynonymous substitutions in psbC probably means
less selective constraint on amino acid replacements in
CP43 compared to that in D2. Synonymous substitutions in
both psbD and psbC are distributed reasonably uniformly
throughout the length of the genes. A similar finding was
reported earlier for the psbEFLJ operon (Naithani et al.
1997a). However, nonsynonymous substitutions are more
frequent in certain domains, specially the N-terminal
domain of both the proteins and the central domain of
CP43. Fourteen nonsynonymous substitutions are clustered
within the first 25 codons of psbD while the rest of the gene
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Figure 6. Dendrogram for rbcS genes from different plant taxa.
The plants are Nicotiana plumbaginifolia (NP1), Lycopersicon
esculentum (TM1), Arabidopsis thaliana, (AT1A, AT1B1, AT2B,
AT3B), Raphanus sativus (RA1), Brassica napus (BN1), Glycine
soja (GS2), Phaseolus vulgaris (PV1), Pisum sativum (PS1),
Mesembryanthemum crystallinum (MC1), Lemna gibba (LG1),
Oryza sativa (OS1), Chlamydomonas moewusii (CM1) and Chlamy-
domonas reinhardtii (CR1).

10
SYNONYMOUS SUBSTITUTIONS

NONSYNONYMOUS SUBSTITUTIONS
-10 -

Figure 7. Distribution of synonymous and nonsynonymous
substitutions in reading frames of psbD from the 12 plants in
table 1. The horizontal axis, from O to 353, represents the codons
and the lengths of the vertical lines at the codon positions
correspond to the number of plants (the vertical axis) in which a
given codon shows substitution.

shows no such clustering. The type of synonymous substitu-
tion in psbD and psbC in different species may reflect
species-specific differences in codon usage. It has been
suggested that such selection at codon level increases
translational efficiency (Tkemura 1985; Sharp and Li 1987),
and that variation in the rate of synonymous substitutions
among different organisms results from the level of gene
expression (Sharp 1991), with highly expressed genes repor-
ted to show bias for certain codons among synonymous
ones (Morton 1994). Codon usage in chloroplast genes is
biased towards a high representation of NNT and NNA (N
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NONSYNONYMOUS SUBSTITUTIONS

-8

Figure 8. Distribution of synonymous and nonsynonymous
substitutions in reading frames of psbC from 10 plants in table
1. The horizontal axis here represents codons 0 to 473.

psbD/C
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Figure 9. Northern blot with a psbD/C probe to detect transcripts
of psbD/C operon in P. deltoides. Two faint transcripts of 3.7 and
4.2kb are not visible in the photograph.

= any nucleotide) and it has earlier been suggested that this
reflects mutational bias (Wolfe and Sharp 1988; Wolfe et al.
1992; Morton 1993).

Transcripts from psbD/C operon

The psbD/C probe hybridized to transcripts of 4.2, 3.7, 3.0,
27, 25,20, 1.7, 1.5, 1.2 and 1.0kb (figure 9). Multiple
transcripts can arise either by processing of a polycistronic
mRNA (Barkan et al. 1995) or because of generation, from
multiple promoters, of several independent transcripts which
may be processed further (Christopher ef al. 1992). Twelve
different psbD/C transcripts, driven by four different
promoters, are produced in rice (Chen et al. 1994). Multiple
promoters and transcripts with different 5’ and 3’ ends have
been reported in barley (Sexton et al. 1990) and tobacco

(Yao et al. 1989). Some transcripts start upstream of psbD
and cover both the genes while others start within psbD and
code for CP43 only. Since overall organization of psbD and
psbC genes in P. deltoides is similar to that in other higher
plants, the multiple transcripts may possibly be due to
multiple initiation sites as well as processing of a bicistronic
mRNA.
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