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Plastid Genes Encoding the Transcription/Translation
Apparatus Are Differentially Transcribed Early in

Evidence for Selective Stabilization of pshbA mRNA
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Chloroplast genomes encode rRNAs, tRNAs, and proteins in-
volved in transcription, translation, and photosynthesis. The
expression of 15 plastid genes representing each of these functions
was quantitated during chloroplast development in barley (Hor-
deum vulgare). The transcription of all plastid genes increased
during the initial phase of chloroplast development and then de-
clined during chloroplast maturation. RNAs corresponding to rpoB-
rpoC1-rpoC2, which encode subunits of a plastid RNA polymerase,
and rps16, which encodes a ribosomal protein, reached maximal
abundance early in chloroplast development prior to genes encod-
ing subunits of the photosynthetic apparatus (rbcl, atpB, psaA,
petB). Transcription of rpoB as well as 16S rRNA, trniM-trnG, and
trnK was high early in chloroplast development and declined 10-
fold relative to rbcl transcription during chloroplast maturation.
RNA hybridizing to psbA and psbD, genes encoding reaction center
proteins of photosystem Il, was differentially maintained in mature
chloroplasts of illuminated barley. Differential accumulation of
psbD mRNA relative to rbcl. mRNA was due to light-stimulated
transcription of psbD. In contrast, enhanced levels of psbA mRNA
in mature chloroplasts were due primarily to selective stabilization
of the psbA mRNA. These data document dynamic modulation of
plastid gene transcription and mRNA stability during barley chlo-
roplast development.

Barley (Hordeum vulgare) leaf mesophyll cells are highly
specialized for photosynthesis and contain an average of 60
chloroplasts (Baumgartner et al., 1989). During barley leaf
development, most mesophyll cells are derived from an in-
tercalary meristem located in the leaf base. Cells located in
the leaf basal meristem are active in cell division and contain
approximately 10 proplastids that are small (0.5 pm diame-
ter), are nonphotosynthetic, contain few ribosomes, and ex-
hibit low transcription activity (Baumgartner et al., 1989).
Early in barley mesophyll cell and chloroplast development,
plastid DNA content increases, followed by activation of
plastid transcription (Baumgartner et al., 1989). These events
are followed by accumulation of plastid RNA, activation of
protein synthesis, and assembly of the photosynthetic appa-
ratus (Klein and Mullet, 1987; Mullet and Klein, 1987; Rapp
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and Mullet, 1991). Once a full complement of mature chlo-
roplasts is established, overall plastid transcription and trans-
lation activities decline (Mullet and Klein, 1987; Baumgartner
et al., 1989), although the synthesis of some plastid proteins
remains elevated in mature chloroplasts to replace proteins
damaged due to photochemistry (Gamble et al.,, 1988; Ruf
and Kossel, 1988; Greenberg et al., 1989; reviewed by Mattoo
et al., 1989).- Similar global changes in plastid transcription
activity and mRNA levels occur during chloroplast biogenesis
in other plants (i.e. Rodermel and Bogorad, 1985; Dietrich et
al., 1987; Deng and Gruissem, 1987; Schrubar et al., 1990).

Plastid genes encode rRNAs, tRNAs, and proteins. The
plastid-encoded proteins include subunits of an RNA polym-
erase (encoded by rpoA, B, C1, C2), ribosomes (encoded by
12 rps and 8 rpl genes in rice) (Hiratsuka et al., 1989), a
putative NADH oxido-reductase complex (ndhA, B, C, D, E,
F, G), and proteins involved in photosynthesis. This latter
group of genes includes the large subunit of Rubisco (rbcL),
subunits of PSI (psaA, B, C), PSII (psbA, B, C,D,E, F, G, H,
I K, L), ATP synthase (atpA, B, E, F, H, I), and the Cyt b/f
complex (petA, B, D) (Shinozaki et al., 1986; Hiratsuka et al.,
1989). These genes are often organized in cotranscribed gene
clusters that encode proteins involved in transcription/trans-
lation or photosynthesis. For example, the psbB-psbH-petB-
petD and psbl-psbK-psbD-psbC operons encode proteins
involved in photosynthetic electron transport, whereas the
rr1(165-trnl-trnA-235-4.55-5S), rps23-rpl2-rps19-rpl22-rps3-
rpl16-rps8-infA-rpl36-rpsll-rpoA, and rpoB-rpoC1-rpoC2
operons encode proteins involved in transcription and trans-
lation (Shinozaki et al., 1986; Ohyama et al., 1988; Hiratsuka
et al.,, 1989).

This organization of genes, in principle, offers the oppor-
tunity to differentially express genes involved in transcrip-
tion/translation relative to genes encoding proteins involved
in photosynthesis. Until the present study, however, there
was little direct evidence to support this possibility. In fact, it
has been suggested that plastid gene expression may be
optimized for rRNA synthesis and that other plastid genes .
are transcribed in excess (Bendich, 1987). However, a recent
quantitative analysis of plastid RNA levels and transcription
rates at one stage of barley chloroplast development revealed
an over 300-fold variation in plastid gene transcription activ-
ity and mRNA levels (Rapp et al., 1992).
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In general, genes encoding abundant proteins were tran-
scribed at high rates (psbA, rbcL), whereas genes encoding
low abundance proteins were transcribed at low rates (rpoB,
rpoA). Correlation between transcription rate and mRNA
accumulation was observed for most genes, indicating that
transcription activity is an important determinant of mRNA
level (Rapp et al., 1992). Moreover, light-induced differential
transcription of psbA and psbD is observed in barley (Klein
and Mullet, 1990; Sexton et al., 1990a) and for petG in maize
(Haley and Bogorad, 1990). In contrast, in spinach (Spinacia
oleracea), differential transcription of plastid genes during
chloroplast biogenesis is limited and differential accumula-
tion of mRNA has been attributed to modulation of RNA
stability (Deng and Gruissem, 1987).

In this study, we have quantitated transcription and mRNA
levels for 15 plastid genes during chloroplast development in
barley. Overall plastid transcription rates and mRNA levels
increased early in chloroplast development and then declined
during chloroplast maturation. In addition to this global
regulation of transcription activity, several genes encoding
the transcription/translation apparatus were differentially
transcribed early in chloroplast development, whereas genes
encoding proteins involved in photosynthesis showed highest
expression later in development. Two plastid- genes, psbA
and psbD, were differentially expressed in mature chloro-
plasts. Differential accumulation of psbD mRNA was attrib-
uted to light-induced transcription, whereas elevated psbA
mRNA levels in mature chloroplasts were due primarily to
selective stabilization of psbA mRNA.

MATERIALS AND METHODS
Plant Growth and Plastid Isolation

Barley (Hordeum vulgare L. var Morex) seedlings were
grown in controlled environmental chambers for 4 d in
darkness or for 2 d in darkness followed by continuous
illumination for 2 or 4 d (Baumgartner et al., 1989). Chloro-
plasts from various sections of barley leaves (Fig. 1) were
isolated on Percoll gradients as described in Baumgartner et
al. (1989).

Extraction of RNA from Isolated Plastids and Analysis of
Plastid RNA

RNA was extracted from isolated plastids as described in
Orozco et al. (1985). To ensure maximum recovery of plastid
RNA, no more than 2 X 10® plastids were used per 500-uL
volume of extraction buffer, RNA extracted from isolated
plastids was fractionated on formaldehyde-agarose gels, blot-
ted onto GeneScreen Plus nylon membranes, and probed
with in vitro-generated antisense RNA probes as described
(Rapp et al.,, 1992). RNA abundance was quantitated using
RNA dot blots as described (Rapp et al., 1992).

Chloroplast Gene Probes

Fragments of chloroplast DNA containing portions of plas-
tid genes were prepared from restriction digests of barley
chloroplast DNA or by the polymerase chain reaction pro-
cedure (Rapp et al., 1992). DNA fragments were cloned into
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pBluescript plasmid expression vectors (Stratagene). DNA
restriction fragments included a 0.99-kb Sacl-Smal fragment
of 165 rDNA and a 1.0-kb BamHI fragment of psaA. Addi-
tional chloroplast gene fragments were isolated by polymer-
ase chain reaction, including portions of the coding sequences
of rps16 (1.0 kb), rpl16 (0.35 kb), rpoA (1.0 kb), rpoB (2.3 kb),
trnfM-trnG (0.9 kb), trnK (2.3 kb, which also contains open-
reading frame 542), petB (0.65 kb), ndhA (0.47 kb), and atpB
(1.5 kb). The remaining genes used in this study included a
1.3-kb HindlI-Pst] fragment of rbcL (Zurawski et al., 1984),
a 1.4-kb Hincll-EcoRI fragment of psbA (Boyer and Mullet,
1988a), a 0.87-kb EcoRI fragment of psbD (Gamble et al.,
1988), and a 1.9-kb BamHI fragment of psaB (Berends et al.,
1987).

Plastid Run-On Transcription Assays and Quantitation of
Plastid Gene Transcription

Plastid run-on transcription assays (Mullet and Klein, 1987)
were carried out as modified in Rapp et al. (1992). Radiola-
beled transcripts generated in 5-min lysed plastid run-on
transcription assays were extracted as described (Klein and
Mullet, 1990). The transcripts were hybridized to dot blots
containing saturating levels (1 pmol) of in vitro-synthesized
antisense RNA transcripts for each of the 15 genes analyzed.

RESULTS

Chloroplast Development and Overall
Transcription Activity

Barley leaves grow from a basal intercalary meristem,
which creates a gradient of cell and chloroplast development
with undifferentiated cells and proplastids located in the leaf
base and more developed cells and chloroplasts in the leaf
apex (Fig. 1, top) (Baumgartner et al., 1989). To assay tran-
scription and mRNA levels in plastids throughout chloroplast
development, we isolated plastids from the leaf sections
shown in Figure 1. Plastids in leaf section 1 are small, contain
little Chl, and exhibit low transcription activity (Fig. 1, bot-
tom). Once cells stop dividing and enter the zone of cell
elongation (section 2), plastid transcription increases rapidly.
In dark-grown seedlings, chloroplast development reaches its
end point in sections 4/5 of 4-d-old seedlings (fully developed
etioplasts) (Baumgartner et al., 1989). However, in illumi-
nated plants, plastids develop past the etioplast stage, accu-
mulate Chl, and become photosynthetically active (sections
4, 5, and 7 of illuminated plants) (Baumgartner et al., 1989).
Chloroplast transcription activity declines during the latter
phase of chloroplast maturation.

Plastid RNA Populations Change during
Chloroplast Development

Plastid RNA from sections 4/5 of dark-grown barley was
previously analyzed by northern analysis (Rapp et al., 1992).
This analysis was extended in this paper to include earlier
and later stages of chloroplast development. RNA from the
plastid populations described in Figure 1 was loaded on
northern gels on an equal plastid number basis and probed
with 14 gene-specific probes. Figure 2 shows the genes
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Figure 1. Plastid transcription rates as a function of barley leaf and
chloroplast development. Barley seedlings were grown 4 d in dark-
ness or 2 d in darkness and then exposed to continuous light.
Primary leaves from 4- or 6-d-old seedlings were excised and then
divided into the sections shown at the top of the figure. Plastids
were isolated from various leaf sections and overall transcription
activity in each plastid population assayed using 5-min run-on
transcription assays. These data are shown in the lower portion of
the figure, as pmol UMP incorporated per 5 X 10° plastids per 5
min. Leaf development stage refers to the leaf sections from which
plastids were isolated (1, 1/2D, 4/5D from leaf sections of 4-d-old
dark-grown plants; 4/5L from leaf sections of plants grown 2 d in
darkness and then illuminated for 2 d; 7L from leaf section 7 of
plants grown 2 d in darkness then illuminated for 4 d).

analyzed (boxed), a small portion of the barley genome where
each gene is located, the location of the probe used for
analysis (bracketed region), and northern blots. The abun-
dance of RNA among the genes analyzed varied over 400-
fold. Therefore, northern blots were exposed to x-ray film
for different periods of time so that RNA populations corre-
sponding to all of the genes could be visualized.

rRNA and tRNAs

The 165 rRNA probe detected an abundant 1.6-kb RNA at
all stages of plastid development (Fig. 2A). This result is
corisistent with the observation that ribosomes are present in
all plastid types, although ribosome abundance varies greatly
(Smith, 1970; Thien and Schopfer, 1975; Deng and Gruissem,
1988; Rapp et al.,, 1992). Several genes that encode tRNAs
were analyzed, including ¢trnfM-trnG, which are cotran-
scribed, and trnK (Oliver and Poulsen, 1984). The trnfM-trnG
probe detected RNAs of 0.86 kb and less than 0.1'kb, which
most likely correspond to the unspliced precursor RNA and
processed tRNAs, respectively. The ratio of large to small

RNAs decreased during development. In addition, the level
of the 0.86-kb RNAs was high early in development and
decreased with chloroplast maturation. The third tRNA gene
analyzed, #tnK, is located upstream from psbA in barley. The
trnK probe detected a 2.6-kb RNA that represents the un-
spliced precursor for tRNA(Lys) (Sexton et al., 1990b). The
abundance of the unspliced RNA was high early in chloro-
plast development, but low in mature chloroplasts. -

RNAs Encoding Subunits of the RNA Polymerase,
Ribosomes

The plastid genome contains four genes that encode sub-
units of the RNA polymerase (rpoA, B, C1, C2). Three of
these genes are organized in the rpoB-rpoC1-rpoC2 operon
(Hudson et al., 1988). In barley, an rpoB probe detected a
6.0-kb RNA (Fig. 2) that probably results from cotranscription
of rpoB and rpoC1 as previously shown in spinach (Hudson
et al., 1988). The abundance of the rpoB RNA was highest in
section 1/2 from dark-grown seedlings and declined rapidly
in abundance during chloroplast development. rpoA, which
encodes the « subunit of the RNA polymerase, and rpl16,
which encodes a ribosomal protein, are part of a cluster of
genes encoding additional ribosomal proteins and infA (Hir-
atsuka et al., 1989). In some plastids, these genes are cotran-
scribed (Ruf and Kossel, 1988; Christopher and Hallick,
1990), although the complex mRNA profiles arising from this
gene cluster could result from the action of multiple pro-
moters and RNA processing. Northern analysis using rpoA
and rpl16 probes revealed a complex RNA pattern for both
of these genes (Fig. 2B). RNA abundance for both genes was
maximal in section 4/5 from dark-grown plants. The expres-
sion of a second ribosomal protein-encoding gene, rps16,
which is located between trnQ and trnK in barley, was also
analyzed. The rps16 probe detected mRNAs of 1.4, 1.2, and
0.6 kb that correspond to introns containing precursor RNAs
(1.2 and 1.4 kb) and processed RNAs (0.6 kb) (Sexton et al.,
1990b). The precursor rps16 RNAs were in greatest abun-
dance in sections 1/2 and decreased thereafter. The processed
rps16 mRNA was more abundant in sections 1/2 and 4/5 of
dark-grown plants compared with illuminated plants.

RNAs Encoding the Photosynthetic Apparatus,
NADH Oxidoreductase

The gene, ndhA, which encodes a subunit of the putative
NADH oxidoreductase complex (Matsubayashi et al., 1987)
is located in the small single-copy region of the barley ge-
nome. This gene has not been sequenced in barley, so the
rice ndhA gene organization is shown in Figure 2C (Hiratsuka
et al., 1989). The ndhA northern probe detected RNAs 4.0,
2.3, and 1.2 kb in size. If the barley gene, like rice ndhA,
contains an intron, the larger RNAs could be unprocessed
precursor RNAs, whereas the 1.2 kb RNA could be the
mature ndhA mRNA. RNA levels for ndhA were low in
plastids isolated from the leaf base (sections 1/2), high in
sections 4/5, and low again in mature chloroplasts, similar to
the genes that encode proteins involved in photosynthesis
described below.

Six genes that encode proteins involved in photosynthesis
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Figure 2. Northern blots of RNA from developing barley chloroplasts. Plastids were isolated from the leaf sections of
dark-grown (1/2D, 4/5D) or illuminated plants (4/5L, 7L) described in Figure 1 and denoted at the bottom of the figure.
RNA from an equal number of plastids was loaded in each lane and probed with radiolabeled antisense RNA from the
gene shown at the left (gene-specific probes are designated by brackets). A portion of the barley chloroplast genome
corresponding to each gene analyzed (gene name boxed) is shown with gene exons represented by solid boxes, introns
by cross-hatched boxes, and the direction of gene transcription by an arrow over the DNA region. Genes encoding rRNA
and tRNAs are shown in A (165 rRNA, trnfM/G, trnK); genes encoding subunits of the plastid-encoded RNA polymerase
and ribosomal proteins are shown in B (rpoB, rpoA, rpl/16, rps16); a gene from the ndh complex is indicated in C (ndhA);
and genes encoding proteins of the photosynthetic apparatus are shown in D (rbcL, atpB, psaA, petB, psbD, psbA).
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Table I. RNA levels in developing barley chloroplasts

Plastid RNA from leaves of 4-d-old dark-grown barley (sections 1/2D and 4/5D), or barley grown
2 d in darkness then illuminated for 2 d (sections 4/5L), or 4 d (section 7L) was serially diluted and
bound to a nylon filter. After hybridization to excess gene-specific probes, radioactivity hybridizing
to in vivo RNA and in vitro RNA standards was quantitated and the data expressed as fmol RNA per

5 X 10° plastids. The mean =+ st of two separate experiments done in duplicate is shown.

Chloroplast Developmental Stage

Gene
1/2D 4/5D 4/5L 7L

16S rRNA 266 + 20 1183 = 136 800 + 32 185 + 316
trnfM/G 14+ 0.6 527 19+0.8 58+0.7
trnK 23403 3.7 +0.1 1.4+0.2 0.2 +0.04
rpoB 0.14 £ 0.01 0.05 £ 0.01 0.02 = 0.002 0.02 = 0.01
rpoA 1.2 +£0.16 1.6 +0.2 0.6 £ 0.03 0.07 £ 0.02
rpl16 1.15 +0.08 24 %05 1.4+0.2 0.4 +0.07
ps16 0.35 = 0.05 0.31 £0.08 0.11 £ 0.002 0.07 £ 0.02
ndhA 0.09 = 0.04 0.26 + 0.04 0.33 £0.12 0.03 = 0.009
rbcl 41+0.2 45.1+25 35.1%£4.3 43x0.7
atpB 09 +0.1 3.9+£0.5 19+0.2 0.2 +£0.03
psaA 1.5+03 8.5+0.9 3.7+04 0.6 0.1
petB 1.4+£03 125+ 4.2 6.9+ 20 0.5+0.1
psbD 3.0+£03 130+ 1.6 8.1%1.1 46+0.6
psbA 1.7 £0.2 38128 520+ 6.1 266 + 3.2

were analyzed. They include rbcL, which encodes the large
subunit of Rubisco; atpB, which encodes the 8 subunit of the
ATP synthase; psaA, a PSI reaction center protein-encoding
gene; petB, which encodes Cyt bs of the Cyt be/f complex;
and psbD and psbA, encoding D1 and D2, respectively, which
are reaction center subunits of PSII (Fig. 2D). The rbcL probe
detected a 1.4-kb RNA, which increased to maximal abun-
dance in sections 4/5 of illuminated plants and then declined
in more mature chloroplasts. The atpB probe detected a 2.2-
kb RNA, which showed maximal abundance in sections 4/5
of dark-grown seedlings. The psaA probe detected a 5.6-kb
RNA, which, as previously described (Berends et al., 1987),
also encodes the psaB gene product, a second subunit of the
PSI reaction center. The abundance of psaA-psaB mRNA was
low early in chloroplast development, increased to a maxi-
mum in sections 4/5, and declined again in mature chloro-
plast populations.

A similar change in mRNA abundance was observed for
petB, although the petB mRNA population was complex, as
previously described (Westhoff and Herrmann, 1988). The
psbD gene is also located in a complex plastid operon (Sexton
et al., 1990a). Consistent with earlier studies (Berends et al.,
1987), the psbD probe detects RNAs ranging in size from 1.5
to 5.7 kb, The abundance of psbD-psbC RNAs increased to a
maximum in sections 4/5, then decreased in chloroplasts of
section 7. In addition, a shift in psbD mRNA population is
observed during development. The change in psbD mRNA
population was previously shown to be due to activation of
a specific light-responsive promoter in this operon (Sexton et
al., 1990a). The final gene of this class analyzed was psbA
(Fig. 2D). psbA mRNA abundance was low in sections 1/2,
increased to a maximum in sections 4/5 from illuminated
plants, and remained high in mature chloroplasts isolated
from section 7.

Quantitation of Plastid RNA Levels

The northern blots shown in Figure 2 revealed that
changes in plastid RNA abundance occurred during chloro-
plast development. To obtain information on the levels of
each RNA and an accurate estimate of the abundance
changes, quantitative analysis of mRNA levels was carried
out according to Rapp et al. (1992), and the data are displayed
in Table I. Not surprisingly, 165 rRNA was the most abun-
dant RNA analyzed. Consistent with previous studies, IRNA
levels increase during early chloroplast biogenesis and then
decline in mature chloroplast populations. Levels of mRNAs
varied over 400-fold from a high for psbA in sections 4/5 of
illuminated plants (52 fmol/5 x 10° plastids) to a low of 0.02
fmol for rpoB. rpoB and rps16 mRNA levels were maximal in
sections 1/2 and declined thereafter. trnK, rpoA, and rpllé
RNA levels were over 50% of their maximum values in
sections 1/2, suggesting that the expression of these genes is
active early in chloroplast development. In general, mRNA
levels for genes encoding proteins of the photosynthetic
apparatus increased 5- to 10-fold between sections 1/2 and
4/5, then declined in mature chloroplasts. psbD and psbA
mRNA levels declined the least during light-induced chloro-
plast maturation.

Quantitation of Plastid Gene Transcription

Quantitative analysis of specific plastid gene transcription
on plastids from section 4/5 of dark-grown plants was pre-
viously carried out by Rapp et al. (1992). In the present study,
this analysis was extended to include four stages of chloro-
plast development (Table II). Genes such as 165 rRNA,
trnfM/G, trnK, and psbA were transcribed at the highest
rates, followed by genes encoding proteins of the photosyn-
thetic apparatus, ribosomes, and the RNA polymerase, re-



786

Baumgartner et al.

Plant Physiol. Vol. 101, 1993

Table I1. Transcription rates in developing barley chloroplasts

Radioactively labeled run-on transcripts from plastids of different developmental stages (described
in Fig. 1) were hybridized to gene-specific antisense RNAs. Radioactivity hybridizing to each antisense
RNA was quantitated and the data were corrected for percent hybridization and probe size and
expressed as fmol UMP incorporated per 5 X 10° plastids per kb per 5 min. The mean + st of two
separate experiments done in duplicate is shown.

Chloroplast Developmental Stage

Gene
1/2D 45D 451 7L

16S rRNA 128 £ 18 98+ 8 18+2 25+0.1
trnfM/G 97 £ 2 174 + 27 292 42+0.7
trnK 17 +2 314 5+1 0.4+0.2
rpoB 0.5+0.2 0.5% 0.1 0.1 £0.01 0.004 + 0.002
rpoA 0.7 £0.1 1.2+0.2 0.4 £ 0.05 0.08 £ 0.03
rpl16 1.2 £0.04 24+03 1.0 £ 0.1 0.3 +0.1
ndhA 1.1 +£0.2 24+03 1.0+0.7 0.1x0.1
rbcl 49 +0.7 26 £2 9.0+ 0.1 1.4 £ 0.1
atpB 2305 14+4 3.3+£0.5 0.4 0.1
psaA 3.8+0.8 163 44+05 1.0+ 0.1
petB 1.8+04 4305 1.6 £0.2 0.3 x0.1
psbD 4.6 0.1 14+3 6.1 +£0.2 3504
psbA 66 + 2 153 £ 25 38 £ 3.1 14 + 0.5

spectively. Transcription activity for all of the genes increased
during the early phase of chloroplast biogenesis and then
decreased once mature chloroplast populations were estab-
lished. However, depending on the gene, maximal transcrip-
tion rates were observed in sections 1/2 or 4/5 in dark-grown
plants. In addition, changes in the relative ratios of gene
transcription occurred during development. For example,
transcription of 16S rRNA was greater than psbA early in
chloroplast development but less than that of psbA in mature
chloroplasts. Changes in relative rates of transcription among
plastid genes as a function of chloroplast development were
analyzed by calculating the ratio of the transcription rate for
each gene to that of rbcL (Table III). Changes in the ratio of
transcription as a function of development were then calcu-
lated and expressed in Table IIl. This analysis showed that
transcription of 16S rRNA, #rnfM/G, trnK, and rpoB de-
creased 7- to 33-fold relative to rbcL as a function of chloro-
plast development. In contrast, transcription of psbD in-
creased 3-fold relative to rbcL in illuminated plants.

Modulation of Relative Plastid RNA Stability

RNA levels are determined by rates of transcription and
rates of RNA turnover. If RNA stability increases, then RNA
levels will increase for a given transcription rate. Therefore,
the ratio of RNA accumulated divided by the transcription
rate provides a way of estimating relative RNA stability.
Furthermore, changes in this ratio indicate that a change in
RNA stability has occurred, assuming a steady state has been
reached. The ratio of RNA abundance divided by transcrip-
tion rate was calculated using the quantitative transcription
and RNA abundance data in Tables I and II and the results
are shown in Table IV. Ratios were calculated for plastids
from leaf sections 1/2 and 4/5 from dark-grown plants and
for mature chloroplast populations from sections 7 or 4/5 of
illuminated plants. For some genes, expression in section 7

was very low so data from sections 4/5 from illuminated
plants were used to provide more accurate estimations. The
data in Table IV show that predicted RNA stabilities in
sections 1/2 varied over 100-fold with 165 rRNA being the
most stable and psbA being the least stable RNA. The pre-
dicted stability of most of the RNAs did not change during
chloroplast development. However, a few RNAs showed
dramatic increases in predicted stability. For example, 165
rRNA stability increased 35-fold during development.
Smaller changes in calculated relative mRNA stability were
observed for rbcL (4-fold) and petB (3-fold). The greatest
increase in predicted RNA stability, a 100-fold increase,
occurred for the psbA mRNA.

DISCUSSION
Modulation of Overall Plastid Transcription Activity

The conversion of proplastids to chloroplasts in barley is
accompanied by an increase in plastid transcription activity
during early chloroplast biogenesis followed by a decrease
once mature chloroplasts are established (Mullet and Klein,
1987; Baumgartner et al., 1989). In barley, where leaf devel-
opment occurs in the absence of light, activation of plastid
transcription during chloroplast development is light inde-
pendent and occurs when cells stop dividing and enter the
zone of cell elongation (Baumgartner et al., 1989; also see
Fig. 1). In plants that require light for leaf development (i.e.
spinach, sorghum, pea, and mustard), plastid transcription
(Deng and Gruissem, 1987; Schrubar et al., 1990) and mRNA
accumulation (Thompson et al., 1983; Dietrich et al., 1987;
Woodbury et al., 1989) are light stimulated. The molecular
mechanisms controlling these global changes in plastid tran-
scription are unknown. DNA levels per plastid increase early
in chloroplast biogenesis and decline in mature chloroplasts
(Lawrence and Possingham, 1986; Baumgartner et al., 1989).
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Table Hil. Ratio of plastid gene transcription relative to rbcl transcription during chloroplast

development

Ratio of transcription of the plastid genes listed on the left relative to rbcl from leaf sections 1/2
and 4/5 of 4-d-old dark-grown seedlings {1/2, 4/5D) and sections 4/5 and 7 of illuminated plants
(4/5L, 7L). The fold change in the ratio of the transcription of each specific gene to rbcL was calculated
using data from sections 1/2D and section 7L. The data used for the ratios shown were derived from

Table II.
Chloroplast Developmental Stage Fold Change
Gene R .

1/2D 4/5D 4/51 7L in Ratio
16S rRNA 26 £ 5.2 39+04 20+0.2 1.9+ 0.1 113 X
trnfM/G 19.8 £ 2.9 6.7+1.2 32+0.2 3.0+05 17 %
trnK 35+06 1.2+0.2 0.6 +£0.1 0.3 x0.1 112 %
rpoB 0.1 £ 0.04 0.02 = 0.001 0.01 + 0.001 0.003 133 %
rpoA 0.1 +£0.03 0.05 £ 0.1 0.04 £ 0.04 0.06 +£ 0.02
rpl16 0.2 +£0.04 0.1 £ 0.01 0.1 £0.01 0.2 £0.07
ndhA 0.2 +£0.05 0.1 £ 0.01
rbel 1.0x0.2 1.0 0.1 1.0 £ 0.02 1.0 0.1
atpB 0.5+ 0.1 0.5%0.1 0.4 £ 0.06 0.3 +£0.07
psaA 0.8x0.2 0.5 0.1 0.5+ 0.06 0.7 0.1
petB 0.4 +0.1 0.2 +£0.02 0.2 +£0.02 0.2 £0.07
psbD 0.9+ 0.1 0.5%0.1 0.7 £0.02 25+03 13 X
psbA 13519 59+1.0 4203 10.6 £ 0.8

However, transcription activity per DNA template varies over
10-fold during chloroplast biogenesis (Deng and Gruissem,
1987; Baumgartner et al., 1989) and the kinetics of change in
plastid DNA level and transcription are different (Dietrich et
al., 1987; Baumgartner et al., 1989). Furthermore, in sorghum,
light-induced increases in plastid transcription were paral-
leled by increased abundance of the plastid-encoded 8 sub-
unit of the RNA polymerase (Schrubar et al., 1990). There-
fore, the increase in plastid transcription activity during chlo-

roplast development must involve enhanced expression of
rpoB, which encodes the 8 subunit.

Differential Accumulation of Plastid mRNAs during
Chloroplast Development

In this study, we show that all of the plastid genes exam-
ined are influenced by the global changes in plastid transcrip-
tion activity that occur during barley leaf and chloroplast

Table IV. Predicted relative plastid RNA stabilities and fold change in stability during chloroplast

development

Relative RNA stability was calculated for each plastid gene as the ratio of RNA level to transcription
rate, which is expressed in arbitrary units. Data for the calculations were obtained from Tables | and
Il. Plastids were derived from dark-grown plants (1/2D, 4/5D) or illuminated plants (4/5L, 7L) as
described in Figure 1.

Chloroplast Developmental Stage

Fold Change in

Gene o
1/2D 45D 7L (or 4/5L) RNA Stability

16S rRNA 20x03 12+2 76 £ 13 135 X
trnfM/G 0.1+ 0.02 0.3 £ 0.06 13+03 113 x
trnK 0.1 £0.02 0.1 +0.01 0.3 £ 0.06 (4/5L) 13 %
rpoB 0.3 +0.1 0.1 +£0.02 0.2 £ 0.03 (4/5L)
rpoA 1.6+0.2 1.4+0.2 1.0+ 04
rpl16 1.0+ 0.1 1.0+0.2 1.5+ 038
ndhA 0.2 +£0.08 0.1 £0.02 0.3 £ 0.2 (4/5L)
rbcL 0.8 +0.1 1.7 £ 0.1 3104 14 X
atpB 0.4 £0.1 0301 0.5+0.1
psaA 0.4 £0.1 0.6 £ 0.1 0.6 £ 0.1
petB 0.7 £0.2 29+10 2013 13 X
psbD 0.6 £ 0.1 1.0+ 0.3 1.3+£0.2
psbA 0.02 + 0.002 0.2 £ 0.04 1.9+0.2 1100 x
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development. However, the kinetics of accumulation and
decline of specific plastid mRNAs varied depending on the
gene analyzed. For example, rpoB and rps16 mRNAs reached
maximal abundance per plastid early in chloroplast devel-
opment in sections 1/2 of dark-grown seedlings. Lower levels
were observed when plastids from section 1 were analyzed
(data not shown). At this stage of chloroplast development,
rpoA and rpl16 mRNAs were approximately 50% of their
maximal accumulation, whereas rbcL and psbA mRNAs had
accumulated to less than 10% of their maximal levels. In
general, genes that encode proteins of the photosynthetic
apparatus showed delayed accumulation of their mRNAs
relative to rpoB or rps16. rbcL, atpB, psaA, petB, and psbD, as
well as rpoA and rpl16, all showed maximal accumulation of
mRNA in plastids from leaf sections 4/5 of dark-grown
plants. psbA mRNA levels reached their maximum per plastid
even later in chloroplast development (sections 4/5 of illu-
minated plants). In addition, psbA and psbD mRNA levels
remained differentially elevated in mature chloroplast pop-
ulations relative to other plastid mRNAs. rbcL, petB, and atpB
mRNA levels declined 10-fold between sections 4/5 and 7 in
illuminated plants, whereas psbA and psbD mRNA levels
declined only 2-fold.

Differential early activation of genes encoding components
of the plastid RNA polymerase and ribosomes indicates that
a build-up of transcription and translation capacity is given
high priority early in chloroplast development. The differ-
ential accumulation of rpoB mRNA early in chloroplast de-
velopment is consistent with increases in plastid RNA polym-
erase levels during sorghum chloroplast biogenesis (Schrubar
et al., 1990). Ribosome number per plastid also increases
during chloroplast biogenesis (Smith, 1970; Thien and Schop-
fer, 1975; Bisanz-Seyer et al.,, 1989) and differential accu-
mulation of 165 rRNA, rps19, and rpl23 mRNA relative to
rbcL mRNA was observed during an early phase of chloro-
plast biogenesis in spinach (Bisanz-Seyer et al., 1989) and for
rpl2 in pea (Nagano et al., 1991). Differential early activation
of genes encoding the transcription/translation apparatus
during chloroplast development is followed by maximal
expression of genes encoding the photosynthetic apparatus.

Differential Transcription of rpoB, 16S rRNA, trnfM/G,
and trnK Early in Chloroplast Biogenesis

Differential accumulation of rpoB and rps16 mRNA relative
to rbcL mRNA early in chloroplast development could result
from differential transcription or RNA stability. Run-on tran-
scription assays indicate that rpoB as well as 16S rRNA, trnK,
and trnfM/G are differentially transcribed early in chloroplast
development relative to rbcL (Tables II and III). Unfortu-
nately, information on rps16 could not be obtained because
transcription assays of rps16 are influenced by read-through
from trnQ (Rapp et al.,, 1992). Nevertheless, rpoB and 16S
rRNA reached maximal transcription prior to rbcL and the
ratio of transcription of rpoB, 16S rRNA, trnK, and trnfM/G
to rbcL declined 10-fold as a function of chloroplast biogen-
esis. In contrast, the ratio of rbcL transcription to atpB, petB,
and psaA remained constant during development. The pro-
moters of these latter genes contain —10 and —35 elements
homologous to cis-elements in prokaryotic sigma-70 pro-
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moters (for a review, see Hanley-Bowdoin and Chua, 1987).
In contrast, the presumptive promoters of rpoB (Hudson et
al., 1988) and rps16 (Neuhaus et al.,, 1989) are AT-rich and
lack these elements. On the other hand, the trnK (Boyer and
Mullet, 1988b) and 16S rRNA (Sun et al., 1986; Baeza et al.,
1991) promoters contain —10 and —35 elements. It is possible
that the #rnK and 16S rRNA promoters have elements for
early and late transcription, whereas rpoB and rpsl6 have
only early transcription determinants.

Differential transcription of rpoB versus rbcL could be due
to the action of multiple RNA polymerases (Greenberg et al.,
1984), modulation of DNA conformation (Lam and Chua,
1987; Thompson and Mosig, 1990), DNA methylation (Gauly
and Kossel, 1989; Ngernprasirtsiri and Akazawa, 1990), or
protein factors that alter promoter selection by the plastid
RNA polymerase (Baeza et al, 1991; Tiller et al., 1991).
Multiple RNA polymerase activities have been reported in
plastids (Greenberg et al., 1984; Zaitlin et al., 1984). Several
subunits of a prokaryotic-like RNA polymerase are encoded
by plastid DNA (encoded by rpoA; B, C;, C;) (Little and
Hallick, 1988; Purton and Gray, 1989; Hu and Bogorad,
1990).

Other studies indicate that a plastid RNA polymerase is
nuclear encoded (Lerbs et al., 1985). The strongest evidence
for a nuclear-encoded RNA polymerase comes from studies
of albostrians, a barley mutant that lacks plastid ribosomes
(Siemenroth et al., 1981) and Epifagus, which lacks rpoB,
rpoC;, and rpoC; (Morden et al., 1991). In both of these cases,
165 rRNA synthesis occurs in plastids that lack the ability to
synthesize the plastid-encoded RNA polymerase. Further-
more, selective transcription of 165 rRNA has been associated
with a transcriptionally active complex that has a different
protein composition than the soluble plastid RNA polymerase
(Narita et al., 1985). It is possible, therefore, that the initial
activation of plastid transcription as well as differential
expression of rpoB observed in this study are mediated by
increased levels of a nuclear-encoded RNA polymerase.

Increased expression of the rpoB-rpoC;-rpoC; transcription
unit could then lead to a build-up of the plastid-encoded
RNA polymerase and enhanced transcription of genes with
—10 and —35 promoter elements. Expression of rpoA, which
is somewhat delayed relative to rpoB-rpoC;-rpoC,, may fur-
ther modulate RNA polymerase specificity. However,
whereas rpoA mRNA levels reach maximal abundance later
in chloroplast development than rpoB, rpoA mRNA levels are
always 5- to 20-fold greater than rpoB. Protein factors may
also modulate promoter selection and thus be responsible for
the observed heterogeneity of transcription (Lam et al., 1988;
Tiller et al., 1991). For example, the 165 rRNA promoter
selectively binds a 33- to 35-kD protein that may regulate
the transcription of the 165 rRNA gene in spinach (Baeza et
al., 1991). In addition, putative sigma-like factors have been
identified in mustard, which bind to the Escherichia coli core
RNA polymerase and modify its binding to plastid promoters
(Tiller et al., 1991).

Differential Expression of pshD and psbhA in
Mature Chloroplasts

Differential synthesis of D1 and D2, the reaction center
proteins of PSII, is observed in chloroplasts (Gamble et al.,
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1988; Schuster et al., 1988; Greenberg et al., 1989; Mattoo et
al., 1989). These proteins, encoded by psbA and psbD, re-
spectively, are damaged by photochemistry and must be
degraded and replaced to maintain PSII activity (reviewed in
Mattoo et al., 1989). Thus, differential accumulation of the
psbA and psbD mRNAs in mature chloroplasts (Link, 1982;
Rodermel and Bogorad, 1985; Deng and Gruissem, 1987;
Klein and Mullet, 1987; Sexton et al., 1990a) is consistent
with the need to maintain the capacity to synthesize D1 and
D2 in these plastids.

In this study, psbD and psbA mRNA levels decreased only
2-fold from maximum levels in sections 4/5 to mature chlo-
roplasts of section 7 (Table I). In contrast, most other mRNAs
(rbcL, atpB) decreased over 10-fold during this phase of
chloroplast development. Differential maintenance of psbD
mRNA levels is correlated with a light-induced increase in
the ratio of psbD to rbcL transcription (Table I1I). Differential
light-induced accumulation of psbD mRNA has been previ-
ously documented in barley (Gamble et al., 1988; Krupinska,
1992) and found to be due to a special blue light-responsive
promoter (Gamble and Mullet, 1989; Sexton et al., 1990a).
The blue light-activated psbD promoter lacks —10 and —35
promoter elements but is highly conserved among monocot
members of the grass family and dicots (Christopher et al.,
1992). Light-induced activation of psbD requires protein syn-

thesis in the cytoplasm, suggesting that blue light stimulates ~

synthesis of a nuclear-encoded plastid-localized protein that
activates psbD transcription (Gamble et al., 1988).

Differential accumulation of psbA mRNA in mature chlo-
roplasts observed in this study has been reported in mustard
(Link, 1982), maize (Rodermel and Bogorad, 1985), spinach
(Deng and Gruissem, 1987), and other plants (reviewed by
Mattoo et al., 1989). The accumulation of psbA mRNA in
chloroplasts can be partially explained by differential light-
activated transcription (Eisermann et al., 1990; Klein and
Mullet, 1990). In mustard, differential transcription of psbA
was attributed to a TA-rich element located between the —10
and —35 promoter elements (Link, 1984). However, the 2-
fold increase in transcription of psbA relative to rbcL, ob-
served when 4-d-old barley seedlings are illuminated (Klein
and Mullet, 1990), is insufficient to account for the differen-
tial accumulation of psbA mRNA observed.

Quantitative analysis of transcription and mRNA levels for
four stages of chloroplast development allowed prediction of
changes in relative RNA stabilities as a function of develop-
ment (Table IV). For most mRNAs, only small changes in
predicted stability occurred during chloroplast development
(atpB, psaA, psbD, rpoB, rpoA, rpll16, ndhA). These genes had
relative RNA stabilities ranging from 0.4 to 1.5 (arbitrary
units). rbcL and petB mRNAs showed a 3- to 4-fold increase
in predicted stability between sections 1/2 and sections 4/5
of illuminated plants. This increase in relative RNA stability
may help to elevate the expression of these genes during
assembly of the photosynthetic apparatus. Among the RNAs
analyzed, psbA mRNA showed the largest change in pre-
dicted stability. The stability of this RNA increased from 0.02
in sections 1/2 of dark-grown plants to 1.9 in section 7 of
illuminated plants. The increase in stability was not strictly
light dependent because an increase in predicted stability
occurred between sections 1/2 and sections 4/5 of dark-

grown plants. A 2-fold increase in psbA mRNA stability
during chloroplast development has also been documented
in spinach (Klaff and Gruissem, 1991). RNA stability in
spinach was measured by following RNA decay in actino-
mycin D-treated plants. The change in psbA mRNA stability
in spinach (2-fold) is much less than the change in stability
predicted in barley (100-fold).

In the present study, data were collected on plastids very
early in chloroplast development through mature chloroplast
populations. In contrast, the study in spinach compared
young leaves that already contained over 50% of their final
rbcL mRNA levels to chloroplasts from fully expanded spin-
ach leaves. Therefore, it is possible that analysis of a greater
range of chloroplast developmental stages in spinach would
reveal a greater change in psbA mRNA stability. It is also
possible that changes in the ratio of RNA to transcription
used in the present study overestimates changes in RNA
stability. Overestimation will occur with stable RNAs that
have degradation rates that are less than the rate of change
in transcription during development. In spinach, the half-life
of psbA mRNA ranged from 5 to 12 h (Klaff and Gruissem,
1991). In barley, transcription rates increase 10-fold over a
48-h period when cells move from the leaf base into and
through the zone of cell elongation (Baumgartner et al., 1989).
Likewise, transcription activity in plastids declines 5-fold over
a 36-h period during chloroplast maturation (Mullet and
Klein, 1987). Because the predicted stability of pshA mRNA
is similar to that of other mRNAs that do not show large
changes in stability during development, we believe that the
changes observed are significant, although the magnitude of
the change in stability will need to be verified by other assays.
Similarly, 165 rRNA shows a 35-fold increase in predicted
stability during chloroplast biogenesis. Because 16S rRNA is
relatively stable, our analysis most likely overestimates the
actual change in stability of this RNA. In summary, although
differential light-activated transcription of psbD accounts for
elevated levels of psbD mRNA in chloroplasts, differential
accumulation of psbA mRNA is due primarily to selective
stabilization of the psbA mRNA.
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