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A Novel Light-Regulated Promoter Is Conserved in Cereal
and Dicot Chloroplasts

David A. Christopher,‘ Minkyun Kim, and John E. Mullet
Department of Biochemistry and Biophysics, Texas A & M University, College Station, Texas 77843-2128

The chloroplast psbD-psbC genes encode D2 and cp43, a reaction center protein and chlorophyll-binding antenna pro-
tein of photosystem Il, respectively. We have previously shown that differential accumulation of light-induced psbD-psbC
mRNAs in barley chloroplasts is due to transcription from a blue light-responsive promoter (LRP). it is hypothesized
that the light-induced mRNAs help to maintain levels of the D2 polypeptide, which is photodamaged and degraded in
illuminated plants. To determine if light-induced accumulation of psbD-psbC mRNAs was a conserved phenomenon in
chloroplasts, the expression of psbD-psbC operons from five cereals (barley, wheat, rice, maize, and sorghum) and three
dicot (tobacco, spinach, and pea) species was examined. Cereal and dicot psbD-psbC operons differ due to several DNA
rearrangements that moved psbK-psbl proximal to psbD-psbC, allowing cotranscription of these genes and production
of several unique transcripts in cereals. Despite differences in the structure and expression of the cereal and dicot psbhD-
psbC operons, the accumulation of light-induced psbD-psbC mRNAs was conserved in all species studied. An unusual
feature of the light-induced mRNAs was the occurrence of 5’ end microheterogeneity. The multiple 5’ termini were mapped
to several consecutive nucleotides (8 to 25 bp) within a highly conserved (61%) DNA region that represents the transcrip-
tion initiation site for the mRNAs in barley and tobacco. The novel LRP differs in sequence from typical plastid promoters
that have prokaryotic “~10” and “~35” elements and is centered 570 bp (cereals), 900 bp (tobacco, spinach), or 1100 bp
(pea) upstream from the psbD translational start codon. We propose that physiological and gene regulatory demands
of the chloroplast act as constraints that preserved the linkage of the LRP with psbD despite DNA inversions involving

the psbD upstream region.

INTRODUCTION

Angiosperm chloroplast genomes are, in general, similar in
size and encode, with a few exceptions (for review, see Palmer,
1990; Gantt et al., 1991), the same genes. The chloroplast
genes are compactly organized, often in complex operons, in
a highly conserved order (Ohyama et al., 1986; Shinozaki et
al., 1986; Hiratsuka et al., 1989). Compared with mitochon-
drial genomes, few recombination events have become fixed
in chloroplast DNA (for review, see Newton, 1988; Palmer, 1990).
The conserved architecture of the chloroplast genome sug-
gests that genome evolution may be occurring under strong
constraint (Palmer, 1990). A current question in chloroplast bi-
ology concerns the mechanisms responsible for preserving
cohesive gene arrangements in chloroplast DNA. Moreover,
little is known about the impact of gene rearrangements on
chloroplast gene expression.

Chiloroplast genes encode tRNAs, rRNAs, and proteins in-
volved in transcription, translation, and photosynthesis. Genes
encoding subunits of one protein complex, or proteins having
related functions, are often clustered on the chloroplast ge-
nome. For example, the gene cluster rpoB-rpoC1-rpoC2
encodes subunits of the RNA polymerase, whereas psbl-
psbK-psbD-psbC encode subunits of photosystem Il (PSII) (for

1 To whom correspondence should be addressed.

chloroplast gene nomenclature, see Hallick, 1989). The se-
questration of related genes into operons facilitates stoichio-
metric production of subunits at proper levels. This is significant
because the abundance of different plant protein complexes
varies from 108 per plastid for PSli to <10* per plastid for RNA
polymerase (Mullet et al., 1990). As expected, RNA levels from
the rpoB-rpoC gene cluster are 200-fold lower than psbD-psbC
mRNA levels (J.C. Rapp, B.J. Baumgartner, and J.E. Mullet,
manuscript submitted).

Gene clusters may also be conserved due to special regula-
tory mechanisms that optimize gene expression. These
mechanisms involve an ensemble of differentially regulated
promoters, RNA processing/stability motifs, and translational
regulatory signals (Gruissem and Zurawski, 1985; Klein and
Mullet, 1987, 1990; Mullet and Klein, 1987; Stern et al., 1989;
Eisermann et al., 1990; Haley and Bogorad, 1990; Danon and
Mayfield, 1991; Kim et al., 1991; reviewed in Gruissem et al.,
1988). The accumulation of various regulatory mechanisms
in an operon may account for the complexity of chloroplast
operon expression. The psbl-psbK-psbD-pshC-orf62 (orf, open
reading frame) operon in the cereal barley, for example, ac-
cumulates 12 different mRNAs through the action of at least
three different promoters, RNA processing, and transcription
termination events (Berends-Sexton et al., 1990b). Most of
these mRNAs accumulate in a light-independent manner dur-
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Figure 1. Transcripts and Gene Map of the Barley Chloroplast psbD-
psbC operon.

(A) Operon encoding the loci 5~psbK-psbl-psbD-psbC-orf62-trnG (GCC)
for four thylakoid polypeptides of PSII, a conserved orf of 62 amino
acids, and a glycyl tRNA (GCC). Genes are indicated by solid boxes
and follow the described chloroplast gene nomenclature (Hallick, 1989).
The 3’ end of the protein coding region of the psbD gene overlaps
17 bp of the 5’ end of the protein coding region of the psbC gene. Three
tRNA genes, from left to right, Q(UUG), S(GCU), and S(UGA), are en-
coded on the opposite strand to that of the psbD-psbC operon. Mapped
transcripts are designated by long arrows and labeled 1a to 5b (Berends-
Sexton et al., 1990a, 1990b). Solid circles indicate 5’ ends of mMRNAs
that accumulate in etioplasts of dark-grown barley. Open circles

(T3

ing the early phase of chloroplast biogenesis, but two mRNAs,
which have a common 5' end, accumulate differentially when
plants are illuminated. The accumulation of these special psbD-
psbC mRNASs in illuminated plants occurs by way of differen-
tial activation of one of the three psbD-psbC promoters
(Berends-Sexton et al., 1990b) by blue light (Gamble and Mullet,
1989). We proposed that the physiological reason for blue
light-induced accumulation of psbD mRNA is related to light-
induced damage and turnover of the psbD gene product, D2.
D2 is a chlorophyll protein that binds to a second chlorophyll
protein, D1, to form the reaction center of PSI| (for review, see
Mattoo et al., 1989). During photochemistry, these proteins suf-
fer damage that necessitates turnover and resynthesis to
maintain PSII function (Mattoo et al., 1984; Fromm et al., 1985;
Ohad et al., 1985; Schuster et al., 1988; Greenberg et al., 1989;
Shipton and Barber, 1991). We proposed that activation of psbD
transcription by blue light is necessary to maintain D2 synthe-
sis and, consequently, PSII activity under these conditions
(Berends-Sexton et al., 1990b).

Light-induced damage and turnover of D1 and, to a lesser
extent, D2 are widespread phenomena in oxygenic photosyn-
thetic organisms (Mattoo et al., 1984, 1989; Schuster et al.,
1988; Bustos and Golden, 1992). However, at present, the light-
induced transcription of psbD in higher plants has only been
documented in barley (Berends-Sexton et al., 1990b). There-
fore, one objective of this study was to determine if this
response was common to other monocots and dicots. This is
an interesting question because DNA inversions have altered
the plastid genomes such that the psbD-psbC operons in dicots
and monocot members of the cereal group are quite different
(Palmer, 1990). In cereals, the operon has the gene order psbK-
psbl-psbD-psbC-orf62. In contrast, the psbK-psbl loci in dicots
are separated from psbD-psbC-orf62 by more than 23 kb of

represent 5’ ends of the light-induced mRNAs. Arrowheads represent
3' termini.

(B) Detection of light-induced psbD-psbC mRNAs (4a and 4b) by primer
extension analysis. 4.5 DD (days, dark) refers to growth in complete
darkness for 4.5 days. Numbers above each lane (0, 4, 24, and 72)
refer to hours grown in the light after the 4.5-DD period. Hence, 4.5
DD + 0 indicates 4.5-day-old, dark-grown barley with no additional
illumination. 4.5 DD + 72 refers to seedlings grown in 72 hr of light
after the 4.5-DD period. Plastid RNAs were analyzed with primer 3
(described in Methods). RNA 5’ ends detected in the experiments are
labeled 2a to 4b corresponding to the transcripts in (A). Light-induced
RNAs are designated with an asterisk. Lane ¢ refers to some of the
@X174/Haelll restriction fragments used as markers, which are labeled
in base pairs to the left.

(C) High resolution primer extension analysis of the 5’ ends of the light-
induced psbD-psbC mRNAs using primer 2. Barley seedlings were
grown as described above in (B), with two additional light treatments
of 4 and 24 hr, after the 4.5-DD period. 72 bp refers to a 32P-labeled
72-bp eX174/Haelll restriction fragment. A black bracket connects bands
for the light-induced RNA 5"-end signal in (B) with the multiple 5’ end
signals in (C).



DNA. Therefore, a second objective of this study was to deter-
mine the influence that these DNA rearrangements have on
the expression of this operon. Despite rearrangements involv-
ing psbD-psbC loci, we found the novel light-responsive
promoter (LRP) to be part of psbD regulation in all angiosperms
studied. The conserved linkage of the LRP with psbD is an
intriguing feature of the psbD-psbC operon and underlines a
more widespread occurrence of light-regulated psbD-psbC ex-
pression in plants. We explain the possible evolutionary origin
of the cereal operon and suggest that one of the molecular
constraints that preserved the linkage of LRP with the psbD
gene is the physiological need to replace D2 subunits in ma-
ture photosynthetically active chloroplasts.

RESULTS

Light-Induced psbD-psbC RNAs: Molecular Markers for
the LRP in Barley Chloroplasts

The barley psbK-psbl and psbD-psbC-orf62 loci form a single
polycistronic operon from which at least 12 overlapping mRNAs
are produced, as illustrated in Figure 1A. We have previously
shown that mMRNAs 4a and 4b (Figure 1A) specifically accumu-
late in response to light as a result of light-induced transcription
from a promoter that is relatively inactive in dark-grown plants
(Berends-Sexton et al., 1990b). We showed that this accumu-
lation is due to exposure to light and not due to barley seedling
age (Gamble et al., 1988). This result can also be observed
by comparing the third lane of Figure 1B (4.5 DD [days old,
dark grown] + 72 hr light) with the first lane of Figure 2A (7.5
DD). In this comparison, RNA samples were analyzed from
seedlings that are both 7.5 days old. Only the light-treated seed-
lings exhibit the induction of mMRNAs 4a and 4b. After 72 hr
of illumination of 4.5-day-old, dark-grown barley seedlings (Fig-
ure 1B), the light-induced mRNAs 4a and 4b have accumulated
to become the predominant mRNAs encoding psbD-psbC in
mature barley chloroplasts (Gamble et al., 1988).

As presented in Figure 1C, the 5’ ends of light-induced
mRNAs 4a and 4b are heterogeneous, mapping within a 25-
nucleotide region. Signals corresponding to mRNAs 4a and
4b are barely detected in 4.5-day-old, dark-grown seedlings.
However, illumination with 4, 24, and 72 hr of light produced
a significant increase in signal intensity observed as multiple
bands, which, after 72 hr of illumination, spanned at least 25
nucleotides. Band intensity was not uniform over these 25
nucleotides. The largest proportion of the mRNA population
possessed shorter 5’ ends, which yielded primer extension
products with faster mobility than the 72-bp DNA marker,
regardless of the length of light treatment. It is possible that
this result was an experimental artifact or was due to RNA sec-
ondary structure. However, 5' end microheterogeneity was
observed using two different purified primers. We have not
found any major RNA secondary structures in this region that
could contribute to the 5’ end microheterogeneity. Furthermore,
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Figure 2. Accumulation of Light-Induced psbD-psbC Transcripts in
Five Different Cereals during Greening of Etiolated Seedlings.

(A) Low resolution analysis of psbD-psbC mRNAs during chloroplast
development. Primers 1 and 3 were utilized in the experiments. Lanes
are labeled according to type of plant and corresponding dark and
light treatment. Seedlings were grown in complete darkness for 7.5
days (7.5 DD; barley), 5 days (5 DD; wheat, sorghum, and maize), and
10 days (10 DD; rice). After the dark treatment, some seedlings were
transferred to an additional 4 and 72 hr of light. 7.5 + 4 refers to 7.5
days of darkness followed by 4 hr of light. Bands corresponding to
specific barley psbD-psbC RNAs in Figure 1 are labeled 2a to 4b (light
induced) to the left of the barley lanes. Arrowheads designate the 5-end
signals for the light-induced RNAs.

(B) High resolution primer extension mapping of the 5-ends of the
light-induced RNAs from barley (BAR), wheat (WHT), rice, sorghum
(SOR), and maize (MZE). D and L refer to the dark and 4-hr light treat-
ments described in (A). Lanes labeled cDNA (A, T, C, and G) refer
to dideoxy nucleotide sequencing reactions conducted on plasmid
pBE3-5 (Berends-Sexton et al., 1990b) using the same primer as for
primer extension, which was primer 2. The cDNA sequence read from
the lanes is printed to the left of the panel. ¢ refers to a 32P-labeled,
72-bp X174/Haelll restriction fragment used as an additional marker.
A black bracket connects signals for the same light-induced RNA 5’
ends in (A) with (B).
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this feature was not observed for the 5’ ends of rbcL mRNAs
presented in Figure 3. Hence, a noteworthy feature of the light-
induced psbD-psbC mRNAs is the occurrence of 5’ end micro-
heterogeneity during all stages of light-induced chloroplast
development. These light-induced mRNAs serve as molecu-
lar markers for the presence and activity of the LRP.

Light-Induced Accumulation of psbD-psbC RNAs Is
Conserved in Cereals

The LRP could be a conserved feature of other cereal psbD-
psbC operons. To understand more about the light response
mechanism and to identify light-induced psbD-psbC mRNAs
in other cereal chloroplasts, the expression of psbD-psbC op-
erons from five different cereal genera was examined during
light-induced chloroplast development. The results of the
primer extension analysis of psbD-psbC RNAs from wheat,
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Figure 3. Primer Extension Analysis of rbocL mRNAs from the Five
Cereals during Greening of Etiolated Seedlings.

Primer 6, which is described in Methods, was used. Treatments were
as described in Figure 2A and are designated at the top of each lane
as 0 (dark) and 4 or 72 hr of light. Arrowheads labeled —300 and -65
refer to specific rbcl. RNA 5’ ends. Lane P designates a reaction with
32p.|labeled primer only, no RNA. ¢ refers to the ¢X174/Haelll mark-
ers, which are labeled in base pairs at the left.

rice, maize, sorghum, and barley are shown in Figure 2A. Simi-
lar results are obtained when the period of growth in the dark
is from 4 to 7.5 days prior to illumination. Results from 7.5-day-
old (barley) and 5-day-old (wheat, maize, and sorghum), dark-
grown seedlings are shown here. For barley, wheat, and rice,
the top 4 cm of the primary leaf was used in all treatments.
For maize and sorghum, tissue from the top 1 cm of the emerg-
ing primary leaf was harvested from 5-day-old, dark-grown (5
DD) seedlings and 5 DD seedlings illuminated with an addi-
tional 4 hr of light. In the 72-hr light treatment, the top 4 cm
of primary leaf tissue was utilized. Rice required longer time
(10 days) and warmer temperatures (28°C) in the dark for emer-
gence and growth. In plastids of each plant species, illumination
of dark-grown seedlings with an additional 4 or 72 hr of light
caused the specific accumulation of RNAs that correspond
to 4a and 4b in barley, as indicated by arrowheads in Figure
2A. After 72 hr of illumination, light-induced psbD-psbC RNAs
accumulated to significant levels. This is direct evidence of
evolutionary conservation of light-induced psbD-psbC RNAs
among the cereals. This experiment also provided evidence
supporting the idea that an LRP, analogous to the one in bar-
ley, is a conserved feature of other cereal psbD-psbC operons.

Some minor differences in the light response were also ob-
served (Figure 2A). For instance, in rice the accumulation of
the light-induced RNAs was rapid and after 4 hr of light al-
most equaled the signal intensity after 72 hr, whereas for the
other species, the signal after 4 hr of light was weaker than
after 72 hr. The higher temperatures and longer growing time
required for rice could have allowed for a more rapid light re-
sponse, or the response could be innately more rapid in rice.
Very low levels of the light-induced RNAs do occur in etioplasts
and may be a result of low basal levels of promoter activity
in the dark (for example, see wheat in Figure 2).

The 5’ ends of barley psbD-psbC mRNAs 2a,b and 3a,b,
which are major psbD-psbC RNAs present in etioplasts of dark-
grown seedlings, were also detected using the same primer
(Figure 2A). Similarly, at least one major dark-predominant
psbD-psbC mRNA species was detected in plastid RNAs from
dark-grown wheat, sorghum, maize, and rice. They were ob-
served as bands with slower migration than the light-induced
signals (Figure 2A) and appeared to correspond to the 5' ends
of barley mRNAs 2a,b. After 72 hr of illumination, the changes
in the levels of these RNAs can be divided into the following
three responses in the five cereals: (1) decreased slightly for
barley and wheat, (2) increased slightly in maize and sorghum,
and (3) disappeared in rice. These three molecular differences
in RNA levels could reflect phylogenetic differences among
the five species of cereals, which also fall into three groups.
Barley and wheat are closely related and form one group, as
do maize and sorghum, whereas rice is more distant from the
four other species (Dobley et al., 1990). Additional psbD-psbC
mRNA 5’ ends detected in dark-grown plants included the 5
ends of barley mRNAs 3a,b. Bands with similar mobility were
present in wheat, maize, and rice, but absent in sorghum. The
sorghum nucleotide sequence for this region is not available
for comparison with the transcript data. In any case, mMRNAs



analogous to barley mRNAs 3a,b may not be present in the
psbD-psbC mRNA population from etioplasts of all cereals.

Light-Induced psbD-psbC RNAs Possess 5 End
Microheterogeneity in Cereals

Mapping the 5' termini of the light-induced RNAs to specific
nucleotide sequences was a prerequisite to further studies on
the promoter and light response mechanism. The 5’ ends of
the light-induced RNAs were mapped in primer extension anal-
ysis experiments using a primer that hybridized 72 bp
downstream from the 5’ ends of the RNAs. These results are
presented in Figure 2B. To facilitate accurate mapping, a lad-
der of the barley cDNA sequence, which was generated using
the same primer as for primer extension, was electrophoresed
in parallel with the primer extension reactions. In each spe-
cies studied, the primer appeared to be equidistant (within 1
to 2 nucleotides) from the light-induced mRNA 5’ ends. The
primer extension signals for the 5’ ends of the light-induced
RNAs consisted of multiple bands. Hence, mRNA 5' end micro-
heterogeneity appears to be a conserved feature of the
light-induced psbD-psbC RNAs. Light-induced 5’ ends were
scattered over 14 to 25 nucleotides that were located approxi-
mately 570 bp upstream from the translational initiator ATG
codon of the psbD gene. The barley DNA sequence of the RNA-
like strand for this region is CTCTATCCGCTAT TCTGATATATAA
(positions 5904 to 5928 in Berends-Sexton et al., 1990a). The
greatest concentration of 5' end signals was positioned within
the sequence GATATATAAA. From nucleotide sequence com-
parisons (described below), this sequence and immediate
flanking sequences were conserved among all cereals stud-
ied here.

As controls, the 5" ends of the rbcL RNAs, transcribed from
the gene that encodes the large subunit of ribulose bisphos-
phate carboxylase, were also assayed using primer extension
analysis, as presented in Figure 3. Both previously mapped
5’ ends (Mullet et al., 1985) for the primary transcript, “—300,
and the processed product, “-65," were detected. In contrast
to psbD-psbC, no new rbcL mRNA 5’ ends were observed be-
tween the treatments. Unlike the broad series of multiple bands
for the 5’ ends of the light-induced psbD-psbC RNAs, the ma-
jor signals of the 5’ ends of the rbcL RNAs map to 1 to 2
nucleotides. Small increases in signal intensity between dark
and light treatments were observed in barley, wheat, and rice.
However, significant increases in the levels of both the “~300”
and “-65" RNA 5’ ends were observed upon transfer of dark-
grown maize and sorghum seedlings to 72 hr of light. The lev-
els of rbcl. mRNAs detected in dark-grown maize and sorghum
were much lower than for dark-grown barley, wheat, and rice.
This low level of rbcL mRNAs in dark-grown maize and sor-

" ghum could reflect the less developed state of the primary leaf
in etiolated cereal seedlings that use'the C, dicarboxylic-path-
way (maize and sorghum) versus cereals that use the C;
photosynthetic pathway (barley, wheat, a‘nd rice). In these
experiments, the primary leaf was used and was still partially
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retained in the coleoptilar sheath in 5-day-old, dark-grown and
5-day-old plus 4 hr, light-treated C, cereals, maize, and sor-
ghum. After 72 hr of illumination, leaf mesophyll cell and
chloroplast development are greatly stimulated (Muliet, 1988;
Schrubar et al., 1991). This is accompanied by an increase
in total plastid transcription (Schrubar et al., 1991), which could
explain the light-induced increase in rbcL (Figure 3). The lev-
els of psbD-psbC mRNAs already present in dark-grown maize
and sorghum increased slightly after 72 hr of light, but less
than the increase observed for rbcL mRNAs. The transcrip-
tion of psbD-psbC and rbcL genes appears to follow a different
pattern in dark-grown maize and sorghum. Moreover, the light-
induced increase in psbC-psbD mRNAs 4a and 4b is selective
and occurs in addition to a general stimulation of chioroplast
transcription.

New Light-Induced psbD-psbC mRNA 5’ Ends
Detected in Dicot Chloroplasts

In previous experiments (Berends-Sexton et al., 1990b), the
barley LRP was transcribed in vitro using plastid extracts from
light-grown pea, yet no light-induced psbD-psbC mRNAs have
been detected in dicots. Therefore, we studied the expression
of the psbD-psbC operons from three dicots (tobacco, pea,
and spinach) to determine if they also had the light response.
Tobacco and spinach were chosen because the DNA se-
quences for the psbD-psbC genes and upstream regions were
available (Offerman, 1988; Yao et al., 1989). Pea was also cho--
sen because the genes had previously been mapped, their
coding regions sequenced (Rasmussen et al., 1984), and their
expression analyzed using RNA dot blots (Woodbury et al.,
1989). Furthermore, the pea chloroplast genome is unique in
that it lacks the inverted repeat and has undergone additional
recombination events relative to the other dicot chloroplast
DNAs (Palmer, 1990).

The treatments used and results of the dicot gene analysis
are presented in Figure 4B, whereas the positions of some
of the 5’ ends with respect to the psbD coding locus are
presented in Figure 4A. Primer extension experiments utilized
a single primer that hybridized to a conserved sequence of
the 5’ end of the protein coding region of psbD . The light-
induced RNAs from the cereal barley are presented for refer-
ence. When 5-day-old, dark-grown spinach and pea seedlings
were transferred to light for 96 and 72 hr, respectively, light-
induced RNAs, previously unidentified for pea and spinach,
were detected as bands at position 900 (spinach) and 1100
(pea) relative to the psbD translational initiator ATG codon
(Figures 4A and 4B). The light induction is also observed in
both spinach cotyledons and primary leaf tissue (data not
shown). Data from primary leaf tissue are presented in Figure
4. Dark-adapted plants were utilized for tobacco and refer to
15-day-old, light-grown plants that were transferred to complete
darkness for 3 days, followed by an additional 48 hr of illumi-
nation. In tobacco, the intensity of the band at estimated
position 900 increased in the analysis of RNAs from primary
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Figure 4. Detection and Primer Extension 5 End Mapping of Light-
Induced psbD-psbC RNAs from Three Dicots.

(A) Dicot psbD-psbC operon, flanking genes, and positions of the 5’
ends of the psbD-psbC RNAs. Gene symbols are as given in Figure
1. The intergenic region between trril and psbD is expanded below
the gene map. Arrows designate transcripts (open circles, light-induced;
closed circles, RNAs in dark-grown plants) mapped in the experiments
presented in (B).

(B) Analysis of psbD-psbC transcripts from dark- and light-grown dicots.
Lanes contain barley (BAR), spinach (SPIN), tobacco (TOB), and pea.
D, L, and A refer to plants grown in dark, light, and “dark-adapted” con-
ditions, respectively, as described in Methods. Primer 1 (Methods) was
utilized in the experiments. Arrowheads designate primer extension
signals for light-induced RNA 5’ ends, which are labeled in base pairs
to the right and left. Bands labeled 132, 135, and 144 refer to the size
of fragments for abundant 5’ end signals present in both dark- and
light-grown plants. ¢ refers to the ¢X174/Haelll markers, which are given
in base pairs at the left.

leaves of light-grown seedlings relative to dark-adapted seed-
lings. This mRNA 5’ end corresponds to the mRNA 5’ end
previously localized at position —905 in tobacco (Yao et al.,
1989). The light-induced psbD-psbC mRNAs appear to com-
prise a smaller proportion of the total psbD-psbC mRNA
population in dicots than in cereals. No light-specific rbcL
mRNAs were observed in a parallel analysis of the RNAs from
these dicot plants (data not shown).

For each dicot species, additional 5’ ends for psbD-psbC
RNAs were detected as strong bands at positions 132 (tobacco),
1080 and 135 (spinach), and 144 (pea) in both dark- and light-
grown seedlings. A weak, previously unmapped signal was
observed at position —135 for barley (Figure 4B). These psbD
proximal mRNA 5’ ends had been previously mapped in
tobacco (Yao et al., 1989) and spinach (Offerman, 1988). Hence,
from these experiments, two classes of dicot psbD-psbC
mRNAs were identified, as illustrated in Figure 4A. One class
consisted of new, previously undescribed light-induced
mRNAs. The second class of MRNAs was found in both dark-
and light-grown plants and was primarily represented as ma-
jor bands at positions 132 to 144 (Figure 4B). The weak primer
extension signal at position —135 in barley could be an ar-
tifact, but weak RNA 5'-end signals were also detected at this
position in the other cereals (data not shown). The difference
between the intensity and ratio of barley and spinach signals
at position 135 indicates a significant variation in abundance
of these mRNAs.

Cereal and Dicot Light-Induced mRNA 5’ Ends Map to
a Conserved Chloroplast DNA Region

To identify the DNA region mediating the accumulation of the
light-induced psbD-psbC RNAs in dicots, we mapped the 5’
ends of these RNAs in each species by the method of primer
extension analysis. Results from the analysis of tobacco and
spinach RNAs are presented in Figure 5. Light-induced RNAs
in tobacco were detected as multiple bands positioned over
6 to 8 nucleotides comigrating with the 72-bp DNA marker
(72 to 78, Figure 5). These 5’ ends were mapped to the nu-
cleotides 5-TCTGATATTAAA within the larger sequence

"-ATATCCGCTAT TCTGATAT TAAA of the RNA-like strand of the
tobacco chloroplast DNA (positions 33,537 to 33,559; Shinozaki
et al., 1986). Upon illumination of dark-grown spinach seed-
lings, a strong light-induced signal was detected at position
92 and a weaker one at position 106 relative to the primer an-
nealing site. Although not as extensive as in cereals, the
light-induced psbD-psbC RNAs of dicots also have some 5’
end microheterogeneity. These 5’ ends map to the nucleotides
5-TTCTGATATTCAAA within the larger sequence 5-ATA-
CCCGCTATTCTGATATTCAAA of the RNA-like strand of the
spinach chloroplast DNA (positions 10,908 to 10,933; Offerman,
1988). The upstream DNA sequences near the 5’ ends of the
tobacco, spinach, and pea light-induced RNAs are highly simi-
lar to each other and to the DNA sequences near the 5' ends
of the cereal light-induced RNAs. In each case, the RNA with
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Figure 5. Fine Mapping the 5’ Ends of Light-Induced psbD-psbC RNAs
in Two Dicots.

D and L refer to dark- and light-grown plants. Primers 4 (for spinach)
and 5 (for tobacco) were utilized. Lane M designates a 143-bp restric-
tion fragment from pHvLRP1 that was partially digested with DNasel
to yield smaller marker fragments differing by one nucleotide each.
Numbered arrowheads on the right designate bands corresponding
to the 5’ ends of light-induced RNAs and their molecular size as esti-
mated from the markers. ¢ refers to the ¢X174/Haelll markers, which
are given in base pairs at the left.

Conserved Light-Stimulated psbD Promoter 791

the shortest 5’ end mapped exactly to the second adenosine
residue within three conserved adenosine residues at the 3’
end of the sequence 5-TTCTGATATTCAAA.

A sequence similarity comparison was conducted for the
DNA sequences of the RNA-like strand of the psbD coding
locus and 700 nucleotides (cereals) or 1100 nucleotides (dicots)
of the upstream untranslated regions from spinach (Offerman,
1988), wheat (Howe et al., 1988), barley (Efimov et al., 1988;
Berends-Sexton et al., 1990a), rice (Hiratsuka et al., 1989),
tobacco (Shinozaki et al., 1986), and partial sequences from
pea (Rasmussen et al., 1984), maize, and sorghum. The se-
quences of the LRP region from pea, maize, and sorghum were
determined in this study. Sequence similarity and a consensus
sequence were determined using computer-assisted sequence
similarity search and alignment programs. The sequences
could be classified into two levels of similarities that followed
the two major cereal and dicot groupings. Generally, the se-
quences upstream from psbD were highly conserved among
cereals (data not shown), but poorly conserved between cereals
and dicots.

The results of this analysis are presented in Figures 6A and
6B. As expected, regions of nucleotide sequence conservation
were confined to functional protein coding sequences. For
example, a consensus sequence consisting of the first 70
nucleotides of the protein coding sequence of psbD and 60
nucleotides of the immediate 5-untranslated region, which con-
tains the ribosome binding site, was 89% conserved between
cereals (barley, wheat, rice, and maize) and dicots (tobacco,
spinach, and pea). Nucleotide sequence similarity drops to
32% in the adjacent 70-bp untranslated region (hatched box,
Figure 6A). This region was located between —60 and —130
upstream from the psbD translational initiator ATG codon. A
consensus sequence for the next 440 bp of cereal upstream
region has virtually no sequence similarity (9%) with any seg-
ment of the 670-bp dicot intergenic region (Figure 6A). The
9% reflects a consensus sequence derived from an alignment
of the five available sequences for the intergenic region from
barley, wheat, rice, spinach, and tobacco. The complete se-
quences from pea, sorghum, and maize were not available
for this region (9%) and were not included in the analysis. The
lack of sequence identity in this large region between rice and
tobacco has been previously noted (Hiratsuka et al., 1989).

The 90-bp DNA region encoding the 5' ends of the light-
induced psbD-psbC RNAs (stippled box, Figure 6A) is located
in cereals at ~573 bp, except in wheat (~604 bp), and in dicots
at —900 bp (tobacco and spinach) and —-1100 bp (pea) up-
stream from the psbD translational initiator ATG codon (Figure
6A). This DNA region is 61% conserved at the nucleotide se-
quence level, which is significant for a chloroplast intergenic
region (Figure 6B). The light-induced RNA 5' ends were
mapped to sequences at positions 47 to 69 (Figure 6B). Se-
quences weakly resembling chloroplast promoter elements
(Gruissem and Zurawski, 1985; Hanley-Bowdoin and Chua,
1987) were also present in this region. A “~10" TATA motif is
located at positions 62 to 65 (cereals) and positions 45 to 48
(dicots), and a “~35" motif is located at positions 19 to 24 (Fig-
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Figure 6. Comparison of the DNA Sequences of the mRNA-Like Strand
in the psbD Upstream Region from Five Monocot Members of the
Cereals (Grass Family) with Those from Three Dicots.

(A) The percentage of nucleotide sequence identity within specific
subregions of the cereal and dicot psbD upstream regions is indicated.
The sequence identity is based on a consensus sequence determined
for the region by sequence alignment. The stippled box (LRP) and
hatched box (from -60 to —130 upstream from psbD) highlight
subregions of special sequence similarity. The numbers -572 and
-900 refer to the number of nucleotides upstream from psbD.

(B) Alignment of the DNA sequences within a 90-bp region upstream
of and spanning the 5’ ends of the light-induced psbD-psbC RNAs.
Sequences from the following eight plant species are given: Sor, sor-
ghum; Mze, maize; Ric, rice; Bar, barley; Wht, wheat; Tob, tobacco;
Spn, spinach; and pea, pea. The consensus (Con) sequence is given
at the bottom. Uppercase letters designate completely conserved
nucleotides. Lowercase letters refer to a deviation of at least one nucleo-
tide in the alignment. A lowercase, one-letter nucleotide abbreviation
was selected based on the frequency of occurrence. Short, conserved
direct repeats are single underlined and labeled a, a’ and b, b’ The
multiple 5' ends of the light-induced RNAs map to the double-underlined
nucleotides. The arrow denotes the direction of transcription.

ure 6B). Direct repeats with the sequences of AAGT .. . AAGT
and GACC . . . GACC were also observed (Figure 6B). The
sequence GCCT (positions 42 to 45; Figure 6B) is repeated
inversely as TCCG (positions 49 to 52; Figure 6B). A conserved
GATA sequence is located at positions 60 to 63 (Figure 6B).
No sequence resembling this region was found in the com-
pletely sequenced chloroplast genome of the bryophyte
liverwort (Ohyama et al., 1986).

DISCUSSION

The LRP Mediates Light-Induced Transcription
of psbD-psbC

The accumulation of light-induced psbD-psbC mRNAs was
found to be conserved among the eight plant species stud-
ied. These RNAs arise from a conserved DNA region,

presented in Figure 6B. Several lines of evidence support the
idea that this conserved DNA region is a psbD LRP (Figure
6A) that is common to most plant chloroplast DNAs. We have
previously determined by the method of in vitro RNA capping
that the light-induced psbD-psbC mRNAs from barley are pri-
mary transcripts arising from a promoter distinct from other
promoters in the psz-pst operon (Berends-Sexton et al.,

1990b). Evidence that the light-induced mRNAs arise by light-
induced transcription came from lysed chloroplast run-on
transcription assays and from experiments in which the light-
induced accumulation of RNAs was inhibited in vivo with
tagetitoxin, a specific inhibitor of chloroplast transcription
(Mathews and Durbin, 1990). In addition, a cloned DNA frag-
ment containing the conserved DNA region (Figure 6A) initiated
transcription in vitro using transcription extracts from light-
grown pea (Berends-Sexton et al., 1990b). Likewise, the largest
psbD-psbC mRNAs from tobacco were shown here to be light
induced. Their 5’ ends mapped to the conserved DNA region
at position —900 from the psbD translational start codon. The
5’ ends of these light-induced mRNAs were previously shown
to be cappable primary transcripts (Yao et al., 1989). From these
results, the 5’ ends of the barley and tobacco light-induced
mRNAs represent the transcription initiation sites of these
mRNAs. These transcription initiation sites reside within the
conserved DNA region, as do the 5’ ends of the light-induced
mRNAs from the other five plant species. It is possible that
the promoter resides outside the conserved region. However,
this would mean that the promoter resides in unconserved se-
quences between cereals and dicots, which seems a less likely
alternative. Taken together, we interpret these results to sup-
port the existence of an LRP within the conserved DNA region.

A New Type of Chloroplast Promoter

The psbD LRP is exceptional in that: (1) It specifically responds
to blue light (Gamble and Mullet, 1989). In contrast, genes such
as rbcl, atpB (encodes B subunit of ATPase), and 16s rRNA
are fully active in dark-grown barley (Klein and Mullet, 1990),
as are other dark-active promoters within the bariey psbD-psbC
operon (Berends-Sexton et al., 1990b). Hence, the LRP has
evolved a light-regulated specificity quite unlike other chlo-
roplast promoters. (2) Despite genomic rearrangements and
divergence of flanking DNA sequences in psbD-psbC oper-
ons of cereals relative to dicots, the nucleotide sequence of
the LRP has been highly conserved, 61% at the nucleotide
level among eight different sequences analyzed. A level of 61%
nucleotide conservation is significant for a chloroplast DNA
intergenic region considering that the cereal and dicot genes
diverged approximately 100 to 200 million years ago (Wolfe
et al., 1989; Doyle et al., 1992), and the psbD upstream regions
in cereals relative to dicots do not share extensive regions of
homology. Although the nucleotide sequence is highly con-
served, typical prokaryotic-like “~10" and “-35" promoter
elements of other known chloroplast promoters are poorly con-
served or not in conventional positions in the LRP. For example,



the “—10” TATA motif is internal to the RNA 5’ end (Figure 6B).
The plant sequences do not resemble the sequences identi-
fied upstream from the light-regulated cyanobacterial psbD
gene (Bustos and Golden, 1992).

(3) Some of the conserved nucleotide sequences of the LRP
resemble conserved sequences in light-responsive, transcrip-
tionally activated nuclear genes (Gilmartin et al., 1990; Manzara
et al., 1991; Piechulla et al., 1991). A conserved GATA sequence
(positions 60 to 63; Figure 6B) and partially conserved se-
quence that is the inverse of GATA, CTATC (positions 46 to
50 and 53 to 58; Figure 6B}, are found within the region near
where the light-induced mRNA 5' ends map. A GATA sequence
is also found near the multiple 5' ends of the light-predominant
petG (formerly petE) RNAs from maize which encode polypep-
tide subunit V of the photosynthetic electron transport cyto-
chrome bg-f complex (Haley and Bogorad, 1990). Conserved
GATA and CTATC (inverse of GATA) motifs are also found
upstream of, and in some cases, exactly at the 5’ ends of light-
regulated nuclear genes for chloroplast photosynthetic pro-
teins (Piechulla et al., 1991). The relevance of these sequences
in the chloroplast promoter is not known. However, it is tempt-
ing to speculate that specific sequences that confer light
responsiveness in the chloroplast promoter may have been
originally derived from a light-responsive nuclear gene. (4) One
of the most unusual features of the light-induced psbD-psbC
RNAs is the presence of 5’ end microheterogeneity. This fea-
ture could be due to reiterative transcription initiation as
observed in Escherichia coli for the pBR322-derived tet pro-
moter of the tetracycline resistance gene (Harley et al., 1990),
loose initiation of transcription, or a 5’ to 3’ exonuclease that
removes a few nucleotides from the 5’ end of the RNAs. In
the latter case, some of the conserved nucleotides within the
RNA terminus could form an RNA processing site.

Evolutionary Origin of the psbD-psbC Operon in
Cereal Chloroplasts

The psbD-psbC operons of cereal and dicot chloroplast ge-
nomes are structurally distinct in their psbD upstream regions.
In dicots, the LRP-psbD-psbC-orf62 loci are separated from
psbK-psbl by over 23 kb of DNA. In contrast, the LRP-psbD-
psbC-orf62 loci of cereals reside 1.2 kb downstream from, and
in the same polarity as, the psbK-psbl loci. The basis for this
structural distinction is outlined in a model that is depicted in
Figure 7. This model applies to monocot members of the
cereals only and not to monocots such as duckweed (DeHeij
et al., 1983) and orchids (Chase and Palmer, 1989), which share
the dicot gene arrangement. The model is used to explain the
evolutionary origin of the cereal psbD-psbC operon, which
came later in evolution (Doyle et al., 1992), from an ancestral
dicot genome by way of a hypothetical intermediate genomic
structure.

Included in Figure 7 are a series of three overlapping inver-
sions (Howe et al., 1988; Hiratsuka et al., 1989; Palmer, 1990)
that caused changes in psbD-psbC and psbK-psbl gene
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organization in cereals relative to dicots. For simplicity, each
inversion has been assigned a number. The single large in-
version 1 placed the LRP-psbD-psbC-orf62 loci adjacent to,
but in the opposite polarity as, the psbK-psbl loci. Two smaller
inversions, 2 and 3, placed LRP-psbD-psbC-orf62 and trriT in
the same polarity as psbK-psbl. The LRP therefore became
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Figure 7. Model for the Evolutionary Origin of the Cereal Chloroplast
psbD-psbC Operon from a Dicot-Like Ancestor.

Solid boxes indicate gene coding sequences. Open boxes designate
introns. Genes on top of the lined axis are transcribed from left to right.
Genes of the opposite polarity are below the lined axis. The stippled
box and oval signify the conserved LRP (Figure 6). DNA regions in-
volved in three inversions are delineated with dashed boxes. Long
horizontal and dashed arrows refer to transcripts, which are subdivided
into classes for the psbK-psbl-trnG loci in dicot tobacco (class A and
B; Meng et al., 1991), psbD-psbC loci in the dicot tobacco (, Il, and
1If; Yao et al., 1989), and cereal barley (classes 1 to 5 from Berends-
Sexton et al., 1990b). Low abundance class 6 (dashed line) was deter-
mined in this study (Figure 4). The LRPs and promoters from mRNAs
that accumulate in the dark are indicated with open and solid circles,
respectively, that are located at the 5’ end of the transcripts. Horizon-
tal arrowheads at the 5' end of the transcripts {for example, class B
and class ||, dicots; class 2 and 6, cereals) indicate 5’ ends that arise
by RNA processing. Open vertical arrowheads indicate the proposed
direction of evolution from the dicot to cereals.
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part of the intergenic region between psb) and psbD. A new
order of juxtaposed genes encoding polypeptide components
of PSIl was thus formed and, intriguingly, a unique operon was
created that has a series of overlapping polycistronic nRNAs
even more complex than in dicots (Figure 7).

This notion is supported further when the positions of
promoters and RNA processing sites for the polycistronic
mRNAs are compared in dicots and cereals. Of the dicots, the
psbD-psbC transcripts from tobacco chloroplasts are the most
extensively studied (Yao et al., 1989; Meng et al., 1991) and
will be used as the representative dicot for comparison with
the cereals. It must be noted that from this study the map po-
sitions of spinach and pea psbD-psbC RNAs are similar to
tobacco but spinach chloroplasts have an additional dark-
predominant psbD-psbC mRNA not detected in tobacco. The
barley psbD-psbC mRNAs are the best studied from cereals
(Berends-Sexton et al., 1990a, 1990b) and will be used as the
representative cereal in the comparison. Three major classes
of transcripts (1, Il, and [li; Figure 7) arise from the dicot psbD-
psbC operon. Two major classes of transcripts are shown from
the dicot psbK-psbl-trnG operon (A and B; Figure 7). Additional
transcripts only encoding trnG are not shown (Meng et al.,
1991). Five major classes of transcripts and an additional low
abundance class designated class 6 found in this work arise
from the cereal psbD-psbC operon (Figure 7).

We suggest that cereal psbD-psbC mRNAs in class 4, class
6, and class 5 are homologous to the dicot psbD-psbC mRNA
classes |, I, and lll, respectively. Both class 4 and class | arise
from the LRP. Class 6 and class Il mRNAs arise by way of RNA
processing (however, see Rogers et al., 1990), and class 5 and
class lll arise from a promoter internal to psbD. The entire en-
semble consisting of the psbD-psbC-orf62-trnG coding loci,
LRP, RNA processing site, and psbC promoter internal to psbD
appears to have been retained in cereals. However, three main
differences between cereals and dicots are evident. First, the
LRP is ~400 bp closer to psbD in cereals than dicots, an indi-
cation that a ~400-bp deletion in cereals, or an insertion in
dicots, has occurred between the LRP and psbD during evo-
lution. Second, the light response was greater in cereais than
dicots. Therefore, the light response has been further enhanced
in cereals or diminished in dicots.

The levels of the light-induced mRNAs in dicots did not ap-
pear to comprise as large a portion of the total mRNA
population as in monocots. However, the dicot light-induced
mRNAs can indirectly contribute to the total psbD-psbC mRNA
population by being processed to the smaller mRNAs corre-
sponding to the 132 to 144-bp signals, which are not abundant
in'monocots (class 6 MRNAs). Third, the level of class 6 cereal
RNAs relative to other psbD-psbC mRNAs was much less than
the levels of the dicot counterpart class Il RNAs. On the one
hand, because the dicot RNA 5’ ends localized at 132, 135,
and 144 are derived from RNA processing, this could be due
to differences in RNA processing between cereals and dicots
at this site or due to differences in RNA stability. On the other
hand, the low abundance in cereals could be evidence that
cereals have decreased use of this RNA 5’ end. The presence
of new upstream promoters (classes 1 and 3) and a process-

ing site (class 2) in cereals may obviate any selective advantage
for retaining the class 6 mRNA processing site. There is one
complication with the interpretation of the origin of the class
I RNAs in dark-grown tobacco (Figure 4). In these seedlings,
no dark-predominant transcript has been identified that would
serve as the candidate precursor for the class Il RNAs. How-
ever, evidence exists in spinach for a dark-predominant RNA
that could serve in this role as observed comigrating with the
281-bp marker in Figure 5. Furthermore, additional promoters
could exist immediately upstream from the dicot psbD gene
as identified in vitro by Rogers et al. (1990). It still remains to
be clarified whether the origin of the dicot class Il RNAs oc-
curs from a psbD proximal promoter followed by rapid
processing or by processing of the larger RNAs, which have
been observed in spinach and pea.

Cereal mRNAs in class 1, 2, and 3 are interpreted to have
been added to psbD-psbC by recombination during cereal chlo-
roplast genome evolution from dicots. They are specific to
cereals, particularly barley and wheat. Class 1 mRNAs arise
from a promoter upstream from psbK and have also been
mapped in sorghum and maize (Schrubar et al., 1991). The
cereal class 1 promoter and class 2 processing site are sug-
gested to be homologous to the dicot class A promoter and
class B processing site. The psbK promoter region, which is
65% conserved at the nucleotide sequence level between bar-
ley and tobacco (Meng et al., 1991), is interpreted to have been
retained in spite of the DNA inversions that have occurred.
This promoter would then be in position to promote transcrip-
tion of class 1 cereal mRNAs, which span the entire psbD-psbC
operon. Hence, what was formerly a promoter driving the an-
cestral tricistronic operon, psbK-psbl-trnG, now promotes
synthesis of a unique pentacistronic transcript, psbK-psbi-
psbD-psbC-orf62.

Although class 1 mRNAs were not searched for in maize
and sorghum, class 2 RNAs were detected in this work. They
arise by processing of the class 1 mMRNAs (Berends-Sexton
et al., 1990b). This class 2 processing event is presumed to
result from moving a processing site located between psbl and
trnG (possibly at the &rnS locus in Figure 7) in dicots (Meng
et al., 1991) to the psbl-psbD intergenic region of cereals
(Berends-Sexton et al., 1990b). The abundance of class 3
mRNA is more variable among cereal psbD-psbC mRNA
classes with low levels in maize, rice, and sorghum. These
plant species may not have a strong promoter for class 3 RNAs.
Class 3 cereal mRNAs could be analogous to the spinach
mRNAs with 5 ends that map to a promoter at —1080 from
psbD translational ATG start site (Figure 4). RNAs analogous
to the spinach —1080 mRNAs are not detected in pea or
tobacco and are, therefore, also variable in dicots.

Proposed Function of Light-Induced Transcripts
Encoding Photosynthetic Polypeptides

By their overlapping nature, the psbD-psbC transcripts are
redundant in protein coding capacity. The redundancy of
transcripts may reflect distinct roles for these mRNAs under



changing light conditions and specific chloroplast developmen-
tal states. In barley, the nonlight-responsive psbD-psbC mRNAs
accumulate during early chloroplast biogenesis and then de-
cline once high levels of PSIi complexes are established in
mature chloroplasts (Berends-Sexton et al., 1990b). These
mRNAs provide templates for initial construction of PSIl com-
plexes during chloroplast biogenesis (for review, see Mullet,
1988). In dicots such as pea, spinach, and tobacco and cereals
such as sorghum and maize, which exhibit light-stimulated leaf
and chloroplast development, the accumulation of all of the
psbD-psbC mRNAs, including those involved in PSIl complex
buildup, show some light modulation. This is because leaf and
chloroplast biogenesis in these plants is modulated by red light
acting through the photoreceptor phytochrome (Smith and
Whitelam, 1990; Chory, 1991).

In contrast, activation of psbD-psbC mRNA accumulation
occurs through high fluence blue light stimulation of the LRP
for psbD-psbC. This activation is proposed to be based on the
physiological need to replace D2 proteins that are damaged
and turned over as a consequence of photochemistry, espe-
cially at high light intensity (Schuster et al., 1988; Shipton and
Barber, 1991). We suggest that one of the molecular constraints
that preserved the linkage of the LRP with the psbD gene is
the physiological need to replace D2 subunits in mature pho-
tosynthetically active chloroplasts. In this view, light-induced
transcription from the LRP of psbD-psbC is suggested to main-
tain psbD mRNA levels required for D2 synthesis in mature
chloroplasts (Berends-Sexton et al., 1990b) and does not ap-
pear to be due to the general increase in plastid transcription
that occurs early during chloroplast biogenesis (Baumgartner
et al., 1989).

Despite genomic rearrangements involving the psbD-psbC
loci, the LRP was found to be part of psbD regulation in all
angiosperms studied. Cyanobacteria also have a light-
regulated psbD gene, which gives rise to light-induced psbD
mRNAs (Bustos and Golden, 1992). Therefore, the widespread
characteristic of having a light-induced psbD gene would ap-
pear to be functionally relevant to be preserved in such
evolutionarily diverse organisms. However, the LRP-psbD link-
age may have been preserved simply due to the close physical
proximity of the LRP upstream from psbD. No recombination
events would have then separated them during evolution. Yet,
this is not the case in liverwort chloroplast DNA, where the
LRP is not found. Liverwort also lacks the ability to grow in
high fluence light (Ohyama et al., 1983). One interpretation
is that liverwort does not grow in light environments that would
damage D2 and select for the LRP.

METHODS

Plant Growth

Barley (Hordeum vulgare var Morex), wheat (Triticum aestivum var
Tam108 seed, kindly provided by Dale Williams, Texas A & M University
Foundation Seed Service), sorghum (Sorghum bicolor var Moench),
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maize (Zea mays var Conlee), pea (Pisum sativum var Little Marvel),
and spinach (Spinacea oleracea var Bloomsdale Longstanding) were
planted in vermiculite watered with half-strength Hoagland nutrient
solution. Seedlings were grown at 23°C in a light-tight controlled envi-
ronment chamber in a light-tight room. After 4.5, 5.0, and 7.5 days, the
dark-grown seedlings were either harvested or transferred to a con-
tinuously illuminated chamber (fluorescent plus incandescent bulbs,
light intensity 350 pE cm=2 sec™) for an additional 4, 24, 48, 72, or
96 hr before harvesting. Tobacco (Nicotiana tabacum var Xanthi) was
planted as above, germinated, and grown under complete darkness
or continuous illumination (350 uE cm~2 sec™) for 15 days and then
transferred to a light-tight chamber for 3 days. Primary leaves from
these previously illuminated, dark-adapted tobacco plants were then
either harvested or returned to illumination for 48 hr before harvest-
ing. Rice (Oryza sativa var Lamont) was planted according to Ayers
et al. (1991). Seedlings were maintained at 28°C for 10 days in light-
tight conditions and then either harvested or transferred to continu-
ous illumination (350 uE cm=2 sec™) for 4 or 72 hr before harvesting.
Manipulations of dark-grown plants were performed in complete dark-
ness, or, when necessary, a green safelight was employed as described
(Klein and Mullet, 1987).

Isolation of Plastids

Plastids were isolated from seedlings by centrifugation of cell lysates
on percoll gradients (35%/75%) as previously described (Klein and
Mullet, 1987). Intact plastids were quantitated (plastids per microliter)
by counting a dilute suspension in a hemacytometer.

Plastid and Total Cell Nucleic Acid Isolation

Plastid nucleic acid was isolated on a per plastid basis by extraction
of intact plastids with phenol, as described previously (Mullet et al.,
1985). Total nucleic acid from leaf tissue was isolated according to Mullet
and Kiein (1987). DNA was removed from plastid and total cell nucleic
acid samples by digestion with RNase-free DNase | (Promega).

Primer Extension Analysis

The following purified oligodeoxynucleotide primers (synthesized at
Texas A & M University Oligonucleotide Synthesis Services) were uti-
lized in primer extension analysis experiments: (1) 5-GTCATAGTG-
ATCCTCCTATTC, complementary to nucleotide positions —16 to +5
(Efimov et al., 1988) of the RNA-like strand of the psbD gene. This
primer detects barley class 2, 3, and 4, and 6 RNAs 5’ ends (Figure
1), but is too distant to detect class 1 and is upstream from class 5
RNASs; (2) 5-GCGTGGTCTAAGTCTAAGG, complementary to positions
5971 to 5989 of the RNA-like strand of the barley psbl-psbD intergenic
region (Berends-Sexton et al., 1990a); (3) 5-GAATTCAGCATTATT-
CCAAG, complementary to positions 6226 to 6245 of the RNA-like
strand of the barley psbl-psbD intergenic region (Berends-Sexton et
al., 1990a); (4) 5-GACCACAAGGAT TTAATTGG, complementary to po-
sitions 10,818 to 10,837 of the RNA-like strand upstream from spinach
psbD (Offerman, 1988); (5) 5-CT TGTGGAATCCAAAAC, complemen-
tary to positions 33,613 to 33,629 of the RNA-like strand upstream of
tobacco psbD (Shinozaki et al., 1986); (6) 5-GACATAAGTCCCTCCCTAC,
complementary to positions 57,573 to 57,591 of the RNA-like strand
of tobacco rbcl (Shinozaki et al., 1986), which is a conserved site in
several rbcL loci (Crossland et al., 1984); and (7) 5-CAACAGATT-
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CCTGCAGAGTTAG, complementary to positions 877 to 898 nucleotides
upstream from the pea psbD translational initiator ATG codon (D.A.
Christopher and J.E. Mullet, unpublished resuits). Primers (30 ng) were
labeled at the 5’ end using T4 polynucleotide kinase and y-32P-ATP.
A total of 10° dpm of 32P-labeled primer was co-precipitated with ei-
ther chloroplast RNA (2.05 x 108 plastids/reaction) or with total
cellular RNA (12 to 14 pg). The annealing and primer extension reac-
tions were conducted as described in Christopher and Hallick (1989),
except final deoxynucleotide triphosphate concentration was 400 uM.

PCR Amplification of Light Response Regions, Molecular
Cloning, and DNA Sequence Analysis of PCR Products

The pair of oligodeoxynucleotide primers used for polymerase chain
reaction (PCR) with Taq DNA polymerase (Perkin-Eimer Cetus) were

"-ATCGGATCCACCATAAAATTG (which is the RNA-like sequence,
positions 5840 to 5860 [Berends-Sexton et al., 1990a], engineered
BamH] site is underlined) and 5-CGTGGTCTAAGCTTAAGG (which
is the cDNA-like sequence, positions 5971 to 5988 [Berends-Sexton
et al., 1990a], engineered Hindlli site is underlined). When annealed
to maize, sorghum, barley, wheat, or rice chloroplast DNA, the primers
flank 148 bp of DNA sequence flanking the 5’ ends of the light-induced
RNAs. The primers were thus designed to amplify the light response
regions from maize and sorghum. PCRs contained 1 and 5 pg of chlo-
roplast DNA (maize) or 2 and 10 pg of total cellular DNA (sorghum;
generous gift of Dr. Sujata Pammi), 500 ng of each primer, and 300 uM
each of deoxynuclectide triphosphate. PCR amplification consisted
of 1.5 min denaturation at 95°C, 2.0 min annealing at 40°C, and 1 min
elongation by Taq DNA polymerase at 72°C for 40 cycles. Taq DNA
polymerase was added at 72°C during the first PCR cycle after the
initial annealing step. Additional PCR amplifications were conducted
as above except with an annealing temperature of 52°C. Control PCR
amplifications contained previously sequenced plasmids of barley chlo-
roplast DNA as templates (500 ng).

The BamHI- and Hindlll-digested PCR products were purified by
electroelution and were ligated into BamHI and Hindlll sites of pBS+
(pBluescribe; Stratagene). A separate ligation reaction was conducted
for DNA fragments derived from each of the different PCR conditions
above. The resulting plasmids were designated pZmLRP1 (maize),
pSbLRP1 (sorghum), and pHvLRP1 (barley). A minimum of 12 recom-
binant plasmid DNAs with inserts derived from three separate PCR
reactions were sequenced by the dideoxynucleotide chain termina-
tion method (Sanger et al., 1977). Barley plasmid DNAs were sequenced
as controls for assessing base misincorporation. The plasmid pP9 con-
tains a 6.5-kb pea chloroplast DNA pstl fragment which encodes the
psbD and its upstream region. The upstream region was sequenced
as described above. Sequence data were analyzed on a VAX com-
puter using the DNA analysis program from IntelliGenetics, Co.
(Madison, Wi).
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