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Summary. A 6.25 kbp barley plastid DNA region located 
between psbA and psbD-psbC was sequenced and RNAs 
produced from this DNA were analyzed. TrnK(UUU), 
rpsl6 and trnQ(UUG) were located upstream of psbA. 
These genes were transcribed from the same DNA strand 
as psbA and multiple RNAs hybridized to them. TrnK and 
rspl6 contained introns; a 504 amino acid open reading 
frame (ORF504) was located within the trnK intron. 
Between trnQ and psbD-psbC was a 2.24 kbp region 
encoding psbK, psbI and trnS(GCU). PsbK and psbI are 
encoded on the same DNA strand as psbD-psbC whereas 
trnS(GCU) is transcribed from the opposite strand. Two 
large RNAs accumulate in barley etioplasts which contain 
psbK, psbI, anti-sense trnS( GCU) and psbD-psbC sequen- 
ces. Other RNAs encode psbK and psbI only, or psbK 
only. The divergent trnS(GCU) located upstream ofpsbD- 
psbC and a second divergent trnS(UGA) located down- 
stream ofpsbD-psbC were both expressed. Furthermore, 
RNA complementary to psbK and psbI mRNA was 
detected, suggesting that transcription from divergent 
overlapping transcription units may modulate expression 
from this DNA region. 
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Introduction 

Higher plant plastids contain multiple copies of a circular 
genome (Bendich 1987). Several genomes have now been 
sequenced and were found to encode 120-140 genes 
(Shinozaki et al. 1986b; Ohyama et al. 1986; Hiratsuka et 
al. 1989). Many of the plastid genes encode proteins or 
RNAs involved in transcription or translation. Among 
this group of genes are rpoA, rpoB, rpoC1, and rpoC2, 
which encode RNA polymerase subunits, 18 genes encod- 
ing ribosomal proteins, 30 tRNA genes and 4 rRNA- 
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encoding genes. A second large group of plastid genes 
encodes proteins involved in photosynthesis. The major- 
ity of this group encode thylakoid membrane proteins 
which are associated with the photosynthetic electron 
transport complexes; Photosystem I (PSI), Photosystem 
II (PSII), a cytochrome b6/f complex and an ATP 
synthetase. Other proteins found in these complexes are 
encoded by nuclear genes. Therefore, coordinated ex- 
pression of plastid genes and nuclear genes encoding 
plastid proteins is required for efficient biosynthesis of the 
photosynthetic electron complexes. 

Numerous proteins of PSII are encoded by plastid 
genes. These include D 1 and D2, which bind chlorophyll, 
pheophytin and quinone, and form a heterodimer which 
mediates primary charge separation and additional elec- 
tron transfer reactions. D1 and Da are encoded by psbA 
and psbD respectively. In barley, these genes are located 
approximately 8 kbp apart near one inverted repeat 
(Berends et al. 1987). A third PSII gene, psbC, encodes a 
43 kD chlorophyll-apoprotein. PsbC is located adjacent to 
psbD and the psbC open reading frame may overlap that 
ofpsbD by 50 bp (Neumann 1988; Efimov et al. 1988a). 
The tandem arrangement of psbD-psbC is found in 
plastids of all vascular plants examined to date. Other 
plastid genes which encode PSII proteins include psbB 
(encodes a 47 kD chlorophyll-apoprotein), psbH (encodes 
a 10 kD phosphoprotein), psbE-psbF (encode subunits of 
cyt559), andpsbI throughpsbN which encode low molecu- 
lar weight PSII proteins (< 10 kD) (Al te t  al. 1983; 
Westhoff et al. 1986; Webber et al. 1989a; Murata et al. 
1988; Webber et al. 1989b; Moller et al. 1989). 

The expression of several genes encoding PSII proteins 
has been investigated. Early studies focused on psbA 
because RNA produced from this gene accumulates to 
high levels in illuminated plants (Bedbrook et al. 1978; 
Link 1982). In barley, psbA transcription was found to 
initiate 80 bp upstream from the coding region. In vitro 
transcription analysis revealed that the psbA promoter 
contained DNA sequences -10 and -35 from the tran- 
scription initiation site which were homologous to bac- 
terial promoter elements (Boyer and Mullet 1988). The 
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transcription unit which encodes psbB and psbH has also 
been examined in some detail. These genes are cotrans- 
cribed with petD and petB, genes encoding subunits of the 
cytochrome b6/f complex. A large number  of RNAs are 
produced from this transcription unit. This RNA hetero- 
geneity arises from two RNA splicing events, processing 
of the 5' untranslated RNA preceding the psbB coding 
region and several presumptive internal cleavage sites 
(Westhoff 1985; Tanaka et al. 1987; Westhoff and Her- 
rmann 1988; Rock et al. 1987). 

In this paper  we extend our analysis of the barleypsbD- 
psbC transcription unit and the 8 kbp DNA region 
between psbA gene and psbD-psbC. Earlier studies 
showed that at least eight different transcripts, ranging 
from 5.7 to 0.8 kb, hybridized topsbD-psbC (Berends et al. 
1987). Some of these transcripts had their 5' termini 
upstream of the D N A  region previously analyzed. There- 
fore, in this study, we have cloned and sequenced the 
D N A  region which contains the 5' ends of  these psbD- 
psbC RNAs. We located trnK(UUU), ORF504, rpsl6, 
trnQ(UUG), psbK, psbI, and trnS(GCU) upstream of the 
psbD-psbC transcription unit. Northern blots and analysis 
of  RNA termini were done to further characterize the 
expression of these plastid genes. 

Materials and methods 

Plant growth. Barley (Hordeum vulgare L. Vat. Morex) seeds were 
planted in vermiculite watered with half-strength Hoagland's nutri- 
ent solution. Seedlings were maintained in light-tight controlled 
environment chambers (at 23~ in a light-tight room. After 4.5 
days, dark-grown barley seedlings were either harvested or trans- 
ferred to an illuminated chamber with a light intensity of 300 gE/m 2 
for an additional 72 h. Manipulations of dark-grown barley plants 
were performed in complete darkenss except when necessary, a dim 
green safelight was used as described by Klein and Mullet (1986). 

Plastid isolation. Intact plastids were isolated on percoll gradients as 
previously (Klein and Mullet 1986). Plastids were quantitated (in 
terms of plastid numbers per gl of suspension volume) by phase 
contrast microscopy. 

Plastid nucleic and acid isolation. Total nucleic acid was isolated by 
phenol extraction from intact barley plastids as previously described 
(Mullet et al. 1985), and resuspended in H20 on a per plastid basis. 

DNA sequencing. Dideoxy sequencing reactions were performed on 
double-stranded plasmid DNA, using c~32S-ATP (from NEN), 
custom-made oligonucleotide primers, and the Sequenase kit (US 
Biochemical Corp. Cleveland, Ohio). DNA sequencing ladders were 
analyzed on 5% polyacrylamide-8.3 M urea gels (Maxam and 
Gilbert 1980). The DNA sequence presented in Fig. 2 was obtained 
by sequencing both DNA strands of the 6.25 kbp region to 
completion. DNA sequences were analyzed on computer using the 
IntelliGenetics program. 

Northern blots. Total plastid nucleic acid was separated on 0.8% 
agarose/formaldehyde gels (according to Maniatis et al. 1982) and 
blotted onto Gene Screen filters by NEN's capillary transfer method. 
Double-stranded DNA probes were radiolabelled using a random 
primer labelling kit by BRL. Radiolabelled single-stranded RNA 
probes were generated from cloned plastid DNA fragments, using 
Stratagene's in vitro transcription kit. Northern filters were probed 
with the double-stranded DNA probes according to NEN's Gene 
Screen method II. For the single-stranded RNA probes, Stratagene's 

method for RNA-RNA hybridizations was employed; however, the 
hybridization temperature was changed to 55~ 

S 1 nuclease andprimer extension assays. DNA fragments were 5' or 3' 
end labeled according to Maniatis et al. (1982). $1 nuclease and 
primer extension assays were done using barley plastid RNA as 
previously described (Mullet et al. 1985). In some cases (see Fig. 6), 
unlabeled RNA synthesized from cloned plastid DNA (again using 
the Stratagene in vitro transcription kit) was used. Results were 
analyzed on 5 % or 8 % polyacrylamide-8.3 M urea gels (Maxam and 
Gilbert 1980). 

Results 

DNA sequence analysis of a 6. 25 kbp region upstream 
of psbD-psbC 

Barley plastid D N A  encodingpsbD, psbC, and D N A  3' to 
these genes, was previously sequenced (Oliver and Poul- 
son 1984; Neumann 1988; Efimov et al. 1988a). Northern 
blot analysis (Berends et al. 1987), showed that the psbD- 
psbC transcription unit includes an unidentified open 
reading frame of 62 amino acids (ORF62), a divergent 
trnS(UGA) gene, and a convergent trnG(GCC) gene 
downstream ofpsbD-psbC (Fig. 1). D N A  sequence analy- 
sis of  a 2.2 kbp EcoRI fragment located approximately 7.5 
kbp upstream of psbD-psbC revealed several divergent 
genes, including psbA, the 3' exon of trnK(UUU), and a 
partial open reading frame encoding 150 C-terminal 
amino acids (Boyer and Mullet 1988; Efimov et al. 1988b). 
In the present study we have sequenced a 6.25 kbp barley 
c tDNA region (Fragment K in Fig. 1, located between two 
EeoRI sites), bridging the gap between the partial open 
reading frame and the psbD-psbC genes. 

The 6.25 kbp D N A  sequence is presented in Fig. 2. 
Computer  analysis revealed numerous open reading 
frames (ORFs) on both D N A  strands, ranging in size from 
2 to 354 amino acid codons. ORFs homologous to 
previously identified genes on other plastid genomes have 
been marked in Figs. 1 and 2. Of the remaining ORFs, 
many were small and were not transcribed. ORF41 has 
been marked in Figs. 1 and 2 because it may be cotrans- 
cribed with psbI; both psbI and ORF41 overlap ORF44 
(also marked in Figs. 1 and 2) which is encoded on the 
opposite D N A  strand. The largest ORF was located near 
psbA (Fig. 2). This ORF is encoded on the D N A  strand 
opposite to psbD-psbC and its predicted 345 N-terminal 
acid sequence joins an adjacent C-terminal amino acid 
sequence to form ORF504. Identification of the 
trnK(UUU) 5' exon in Fig. 2 places ORF 504 within the 
trnK(UUU) intron. 566 bp upstream of trnK(UUU) on the 
same D N A  strand lies the 3' exon of rps16, which is 
separated from its 5' exon by a 790 bp intron. Located 
between rpsl6 andpsbD, an ORF encoding 61 or 64 amino 
acids was found to resemble psbK in tobacco (ORF98; 
Shinozaki et al. 1986b). psbI (encoding 36 amino acids) 
was located 413 bp downstream of psbK, on the same 
D N A  strand. In barley, psbI overlaps an ORF41 of 
unknown function. Interestingly, a third open reading 
frame (ORF44) overlaps both psbI and ORF41 on the 
opposite D N A  strand. 
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Fig. 1. Physical and transcript map of a 12.5 kbp barley ctDNA 
region. Solid boxes denote open reading frames, tRNAs, or exons. 
Genes above the dividing line are encoded on the same DNA strand 
from right to left; genes below the line are encoded on the opposite 
strand from left to right. Fragments A through Jrepresent the double- 
stranded DNA probes used in Fig. 3. The DNA sequence of 
fragment K is presented in Fig. 2. Fragments L through P were used 
in Fig. 5 through 7. Solid lines below the gene map represent those 
transcripts which have been visualized on Northern blots. Dotted 
lines represent those transcripts which were identified by transcript 
5'-end analysis but which could not be clearly resolved on Northern 
blots, Small arrows indicate tRNAs which are expressed in etioplasts 
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of 4.5-day old, dark-grown barley. Arrow heads mark confirmed 3' 
ends. Confirmed 5' ends are marked by solid circles (for transcripts 
present in barley etioplasts) or open circles (for light-induced 
transcripts). Several low abundance RNAs were identified in the 
trnK-ORF504 region but were difficult to map. The sizes of these 
RNAs are shown in brackets. Approximate transcript sizes are 
indicated. Transcripts from the psbD-psbC transcription unit have 
been labelled according to their 5' and 3' ends. Their approximate 
sizes (determined by Northern blotting) are as follows: 1 a (5.7 kb); 
1 b (4.8 kb); 1 c (1.0 kb); 1 d (0.8 kb); 3a (4.1 kb); 3b (3.2 kb); 4a (4.0 
kb); 4b (3.1 kb); 5a (2.6 kb); and 5b (1.7 kb) 

Northern blot analysis 

In previous publications (Berends et al. 1987; Gamble et 
al. 1988), we described eightpsbD-psbC transcripts, six of 
which were present in barley etioplasts (transcripts 1 a, 1 b, 
3a, 3b, 5a, and 5b in Fig. 1), and two of which accumulate 
upon illumination (transcripts 4a and 4b in Fig. 1). Six 
psbD-psbC transcripts, including the light-induced trans- 
cripts, were mapped downstream of the 6.25 kbp region 
described above. These transcripts (3a, 3b, 4a, 4b, 5a, and 
5b) can be divided into three groups, each of which shares 
a common 5' end (indicated by numbers). A fourth 5' end 
downstream of the 6.25 kbp region belongs to transcripts 
2a and 2b, which will be discussed in a later section (see 

Fig. 1). For  each 5' end there are two clusters of 3' ends 
(indicated by letters) that were mapped around the 
divergent trnS(UGA) and convergent trnG(GCC) genes 
downstream ofpsbC. These 3' ends are shared also by the 
two longest psbD-psbC transcripts (transcripts 1 a and I b) 
present in barley etioplasts. 5' end-mapping data for the 
latter transcripts however was incomplete, since these 
transcripts extended beyond the cloned DNA fragment 
under investigation, into the 6.25 kbp region. A 1.0 kb 
transcript (transcript l c in Fig. 1), whose 3' end was 
mapped upstream ofpsbD-psbC (Berends et al. 1987), also 
seemed to originate within the 6.25 kbp region. To 
complete the psbD-psbC transcript map, and as a prelimi- 
nary step towards studying the expression of the newly 
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1 CTccAGcATTTGATTCCTTACCAACA~GGACTTTTTGGTA~A~TT~AAAGGTATCCcAT~T~GAAGCAAGAGTTTG~T~TTGGTTTATATGGATT 
E L M Q N R V L L P S K P V S S L Y G M F D F C S N A L Q N I H I  

101 CTT~G~GGCTGAGTC~AGAAATAATATTGCCAGAAATTGAT~GTAG~ATTT~ATTT~TTTTT~MAAAAAAACT~CTTTTGATG~AA 
R R P Q T W F F F Y Y Q W F N I L Y C K W K K K L F F S G K S A L I  

201 TTG~TTTccTTGATATcG~ATAATGTAT~GAGGATccATA~GAAcCATAAGGTTTTCcGAGAAAAAcCAGGGTACATTATcCcAA~TGTTCCAT 
A K G Q Y R V Y H I L P D M F F W L T K R S F G P Y M I G F H E M  

301 ~TT~CTAGMAAGTGGATTCGTT~AGAAAAGTT~CAGAATATGCT~TGGT~GC~G~GATTGTTTACGAAG~AC~GA~TTCATATTCT 
K R S F H I R E L F T G S Y A L P L C S S Q K R L F L L F F E y E 

401 GATACAT~GAGTTATATAGG~TTT~CTAGT~TTTTATTTT~TTTTTGAAAAAAAAGAATGGATTT~ATTG~GT~TAAAACTATT~C~TTCG~T 
S V Y S N Y L F K V L R K N E K Q F F L I S K M S T I F S N W R S Y  

501 AG~AGTTGAG~AGAAT~G~AATAAATGCA~GATGGAA~ATCTTGGATACGGTATTG~GGAGTTGAACCAAGATTTcCA~TGGATAGGATAGGGTAT 
Y N L F F R L L H L S P V D Q I R Y Q L L Q V L I E L H I P Y P I  

601 T~TA~ATGTGATAGATAATCCAAATGCAA~ATTTGTC~T~TAAAAAGGGAAATATT~AA~GAATAGAG~GTAAATTCT~ACTTT~GTATTTCTTTTT 
R Y T I S L G F A F I Q R R F L S I N F S Y L T F E S V K T N R K  

701 ~TTTcGGAC~GATAATTC~cGTA~c~AGAAT~GGATTTTCcA~AACAATCG~A~CCCT~A~ATAG~T~TGAGAATAA~T~AGAATAA~AAAAA 
R E S L I I G T A L I P N E V V I A F G E S L I O S Y F E S Y F F I  

801 TTTTGTAAT~cAAT~TC~ATCTTGATTAGGATGATTAACCGAGTTATCcAA~TTCTGcTGATA~ATTcGAATAATTA~cGTTTCACAAGTAGTGA 
K Y D L L R D Q N P H N V S N D L F N Q Q Y M R I I L R K V L L S 

901 ACTAAATTTCTTGTTATTc•AACTAACTAT•T•CACA•GTTCAGAAcCGTTTAATcCATAATcATGAGcAAATGcATAAATATACTCcTGAAAGAGAAGT 
S F K K N N W S V I E V P E S G N L G Y D H A F A Y I Y E Q F L L  

1001 GGGTAGACA~GTATTGTTGACGAGATTTCTGTTTTTCTGAATACCCTT~GAATTTTTCCATTTGTATTTCTA~TTGAATCAGAGAG~GAAG~ATTTCT 

P Y v F Y Q Q R s K Q K E s Y G E ~ K E M <ORFS04 

1101 CGGTTTAT~GAATGATGATACATAGTGCAATATGGTCAGAA~AGGGTGTTGCATTTTT~TACA~CC~TGGAAAGA~GGGAGTCTAAT~CACGGATCT 

1201 TTTTCCGCTCCTTTTCTA~G~TTAGTTTATGTTT~TTCTA~TTACAAA~AGAACAGAACAAGTTTTTTATTTTTGCAGGCC~T~GCTCTTTTGAC 

1301 TTTGGAATACAGCCTCTTTATC~TATA~TGCTTCTTTTA~ACATTC~TC~ATAA~AT~CCTTATTCAATcCATAAT~AAGAATAATTAGGATTTCTAA 

1401 ~AAAGAAAAAATAAAGGGTCCACTCATAGG~AACCCAACCTTTCCC~A~ATCCGGCACTAATCTATTTTTAACGT~TAATTAGAGCGGGGAATCCT 

1501 TCCAATTAGGAAGTTAAGCTCGTTGCTTTTTATTTTAC•AGAATTGGAG•CAG•CTCTATCCATTTATTCA•TAGACCCAGAAAATCGTAATTTTGGATT 

1601 ~CATTC~AAGATTGATTTTATTA~GACATG~TATTTTTTCCATT~ATTAC~TTTGAGGAT~AGTCGTGGTCTT~TAGA~TCTACC~GAGTCTGGAC 

1701 G~TTTGTTGTTT~ATCCA~TGTGTAAAAGAT~ATAGTCGCA~TAAAAGCCGAGTACTCTA~ATTGAGTTAG~AACCCAGATAAAAA~GGATCTTA 
< trnK(UUU): 5'exon 

1801 G~TAcGAT~GAAATC~AAAAATcAATGGAATTA~ACCGc~c~c~TcTGTcAAAAcATTG~cTAG~AAGACATc~GAAAGATTTTATCGAc~ATGAA 

1901 A~ACT~AAATGG~AAAAcGAA~AGGTC~GGTTAAATT~CA~TAAAGTGAA~A~AGAG~GA~C~TAAT~A~GATGG~A~TT~T~TTTTTTTAGC 

2001 GATTTTTATT~AAA~ATATATATTATATTGTATGAGAATA~ATGCAAGAGGAACACCCTTAT~ATTTGAGCGAAGTGT~GCAGAA~ATTAAATATG 

2101 GAGTGAGGATAAAGAGA~CCATCTAT~TA~AAATTCTATTTGTT~AATAGA~TTTGT~AATGGAAATA~AATGGTAAGAA~C~ATTAGATAGAAAAA 

2201 GTA~TAAAATAG~GG~TTATGTTGGATTGGCA~GATATAAATCCA~TAGGATTAAGAAAGAGGTAAATTGTGTCTAAATAATTAGA~AACGAGGAATA 

2301 CTAATAATC~T~TC~TATCcTA~TTTTTTATT~ATTTAGTTCTT~TT~TCAAAGTTCTTT~TTTTT~TTT~AGAATTC~G~TT~CTTAAAATAT 
S L T R E K E K F F E A K R L I D  

2401 ~AT~A~AGTT~TTGTCGGTTGAGCAC~T~TTCAAGGAAATAGAGAA~A~CTGGAACATT~AAACAAGTTTGATT~TTTATCGGATCATAAAAACCTAC 
Y V T R T P Q A G K E L F Y L I A P V N L C T Q N K I P D Y F G V  

2501 TTTTCG~GATCT~TTC~TTCTCTTCGAGA~GAA~ATCAATTGCAACGATTCGATAGACAGCT~TTGGGATAGATGTAGATAAACAACGCCC~C~C~A 
K R L D R G E R R S R V D I A V I R Y V A Q <rps,16: 3' e x o n  

2601 GAAA~GTATAGGAGGTTTTCTCcTCATACG~cGAGAA~TGATTCGAATTTcTGTcG~TAATAATAGA~ATTAGAcTATGA~GTCCATTAATTTCCTT 

2701 ACAGAAAA~A~TTT~ATTTATACT~ATGA~AAGTTGG~TAATT~TGc~TGAGAAA~TTcGAAGGCAA~T~CTTCAAAAATTTTTGAGTCGTCTT 

2801 TAAACT•TTTT•TTTGTCTCATTTCGAACGAATTGA•TTTTATTCcTTATT•TGATC•AA•TcTGTTGTTGAGACAATTGAAAATTGTGTTTA•TTGTTC 

2901 TGGAATCCTTTATCTTTGATT~GTGAAAT~TTGGGTTTAGA~ATTA~TTCGGG~TTCCTATTTTTTTCTTTCAA~GAGTAGCAA~ATA~TTTTTT 

3001 CTTATTTCCTTCGATAAAG~ATTTAT~TCTTCTATAGAAAT~TAAT~GGGGGATTGATTCTGATATACTTTTATTGGACT~TCTTCGTATTTTAA~TT 

3101 TCGATTTATTTCTATATTAAGGATAGA~TGAC~AGTTGGC~TAATTTATTAGTTTTCA~TAAC~TAGATTCTTT~CTTGATAAAAAATAAA~TCTGT 

a 

Fig. 2. D N A  sequence analysis of the 6.25 kbp region between psbA 
and psbD-psbC on the barley plastid genome (fragment K in Fig. 1). 
The sequence is presented in a 5' to 3' orientation relative to psbD- 
psbC. Genes or exons which encode tRNAs have been underlined 
twice. Predicted amino acid sequences of open reading frames 
described in the text are shown below the D N A  sequence. Only the 
354 N-terminal amino acid sequence of ORF504 is shown here; the 
remaining 150 C-terminal amino acid sequence was presented in a 

previous publication (Boyer and Mullet 1988). A non-conserved, 
alternative ATG methionine initiation codon for the protein en- 
coded by psbK has been printed in lower case letters. The arrow below 
the psbK-derived amino acid sequence shows a proposed protein 
processing site (Murata et al. 1988). RNA splice junctions are 
indicated by arrows above the DNA sequence. Putative ribosome 
binding sequences are underlined 



3201 C~TCTCGAG~TC~ATCGTGTACTATGTTA~TTAAACC~TGCGCAAATTTGGTTCGGAACG~TAGAA~AGG~TATGTCGAGCCAAGAGCATTTTCATTAC 

3301 TATGGAA~TGATGGATAG~AAAATCCACAATCGATCATGTC~TTCAAGTCGCA~TT~TTTCTA~ACAT~GTTTTAAACGAAGTTTTACCA~AA~AA 

O K R G C R K L  RLKVM< 

rpsl6: S' exon 
3401 ACATTCCTCTTTTCATTGcAAA~TGGTATAGA~ATTGATCc~TATGGATGG~TCATGAATAGTCATTGGTTTTGTTTTTTGTATACTAATT@U&~j~TT 

3501 AAAACTT~TAT~TATGGAG~AATATGGATAAAAGA~GT~GTATTTATc~GGGAAG~T~G~AAGAT~CAATTTATTTAAAC~CATATTCG~TTC 

3601 TATCATATGAATGMA~ATAGAAAAAGA~GA~TAAA~AAGTTTGCTT~AACTTATTTATTATT~A~TTCCA~CCTC~CGGATG~CTCGAGATGATCA 

3701 ATCTTG~GTGAG~GAG~GGATTGACTCTTCCTCAATAAATAAACTATC~cT~AAAA~GTTTAATT~ATTTAATTACTAGAATTA~TTCTAT 

3801 TAGTAATATATTTTTTCCGTACCAAAAACAATT~CTAT~TAACTAAATA~TATTCCAATGAATAGATTGAAAGTTTTTGGTAGTTAATTGTTTTTG 

3901 GTACTTCTTCGA~TC~AGACCAAAAGGAAGA/U~AAATATGATT~GTGATTATTAAGTGATTATTAAGTGATCATAGTAGAGG~ATAT~CT~AATGTG 

4001 ~CTGCTAGAT~CATTTTTTTCATG~AATAAAG~TAGTCAATTTGA~TGGACTT~GACTTTATTATGTTTT~TGAGAAAACATAAGATATCATTATT~ 

4101 TCTTTAATAAACTTTTGTCTCATA•GGAGTACTATATGATTT•A•CGTTTGTTTCAT•AGAAACAAT•TGGGA•GGAAGGATT•GAA•CTC•GAGTAACG 

4201 GGACCAAAACCCGCTGCCTTACCACTTGGCCACGCCCCATTTCGGGTTTTATG~GACA~TAATAAACACTATTATGTTTATTTGTTATTCGTC~TACCA 

< trnQ(UUG) 

4301 TTTcAATTACATAAATA~GAAGAGATATTcTCTTG~TAGTATTCTACACATGCAGATAATATAGAATCGA~A~ATGCATTGATCATTACATGGAATT 

4401 CTATTAAGATATTATATG~AGT~GAATTTATTC~ACTCTCATTTGAGAGTGCGAATACAAGGAGGTATTTTGTGTTTGGGAAAGT~GAAGAAAAAAAG 

4501 ATTTTGAATCTGCCTTTTCCTT~TTTCCCTTAAAAAAATAA~TCAATCAAAAT~AATTATTTA~T~TA~AAG~TGAAatgCTTGTTATGCCTAATATA 

psbK> M P N 

4601 CTTAGTTTAACCTGTAT~TGTTTTAATTCTGTTCTTTATCCTACTAGTTTTTTCTTTGCCAAATTGCCCGAAGCTTATGCTATTTT~AATCCAATCGTGG 
L S L T C I C F N S V L Y P T S F F F A ~ K L P E A Y A I F N P I V  

4701 ATATTATGCCTGTTATACCTcTATTCTTTTTTcTATTAGccTTTGTTTGGcAAGCTGCTGTAAGTTTTcGATGAAA•CTTTAGTAcTcTGTATGCCAAAT 
D I M P V I P L F F F L L A F V W Q A A V S F R  

4801 TGAATGATGTGTT~ATTCCAAAAAAAAA~TT~TGGGTA~AG~GAGAAGTTTTATATTTTTATATTATGAAcCCTCAATTCTAAAATTGAAATTA 

4901 TTCTACATTGAATGGGTAG~TACAGCAATAAATTTGGATCAG~CTTTCTAcTcCCCTGCAcCTAGGTTGAGcAGGTACcTTTAGGTACCT~cACAATAc 

5001 cTATTCAATACcA•CTAACCCTATTTTTGCTATTGATAAGAGTTcTTATTATAAATGAATTCTTGCAATTTTTTTCCAGAATTCATTTTTGCATTTTTAG 

5101 GTATCAAAAAA~cATcCTAGTGGATcCGTGTGGTAAGGAAAAACTGGTAATCTATTCcTTAAAAAAAAATcTTGGAGATTATGTAATGCTTACTCTCA 

psbI> M L T k 

5201 AA•TTTTTGTTTATA•AGTAGTGATATTCTTTGTTTCACTCTTTATCTTTGGATT•TTATCTAATGAT•CAGGACGGAATC•TGGA•G••AGGAGTAAAA 
K L F V Y T V V I F F V S L F I F G F L S N D P G R N P G R Q E  

V T T I N K T E S K I K P N K D L S G P R F G P R W S Y F  

ORF41> M I Q D G I L D A R $ K 

5301 ATT•AATTTTTTTTTTTTCTTACAAATTGGATTTGTTTCGTACATTTATCTATGAGAAAATCCGGGGGTCAGAATT•TTTC•AGTTTGAAAGT•C•AAAT 

N L K K K K r C I P N T E Y M < O R F 4 4  
N S I F F F S Y K L D L F R T F I Y E K I R G S E F F P V  

5401 GATCcAAGGGAGCGGAAAGAGAGGGATT•GAACCCTcGGTACAAAAAAATTGTAcAAcGGATTAGcAATCCGCCGCTTTAGTcCACTCAGcCATcTcT•C 

< trnS(GCU) 

5501 A~GTTCCAAAGCGAAAGGTTTCCGTGATATGATATAGGCAAG~AT~GA~TAA~GGTTG~AAAAAA~TTTT~TTCTT~AAAAGT~TATAAAAAT 

5601 TATATTGCCAATT~CATTTTAGTTATATTCTTTTTTCTTAATGTTAATA~AAAAAGAAGAAAATT~TTGTTTTTTCTTTGT~AAAT~GATATTGACCG 

5701 AGAGACAAT~AAATAGATTTTCT~TTTAGCGGGCATTTCCATATAG~ACTTGTTATAATTATAATAAAA~AAGCTATATATAAAAA~CGCTTTTTTTTT 

5801 TTTTGTCGATTATTTATCAAGAAAGCAAAAAGGGTTCTTAT~AAATCCACCATAAAATTGGAAAGAAGCATAAAGT~GTAGAC~TGA~TC~TTGAATGA 

5901 TG•CTCTATCCG•TATTCTGATATATAAATTCGATGTAGATGAAATTGTATAAGCGAATTTTTCGTATTT•CTTAGACTTAGA•C•CGCAAGA•AAGAAT 

6001 TTTT•GCTATTTACGATTTCATATTCTTGTTACTAGATGTTCTATAGGAATAAGAAGAAAT•GCAACTCCTTTGCG•TACACATAAAAATTGATTTCGAA 

6101 GGT•CTTTTTTTTTTCAGAATC•T•CATTTTAGTT•TT•••CCCAT•CAATAGAGAGGGAATGGGAAAAAAGGGGTTA••TTTATTTTCATTTTTC•CTT 

6201 AAAAGATAGACTTTGA~TAGGAGTCTTGGAATAATGCTGAATTC 

b 
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sequenced trnK(UUU), ORF504, and rps16 genes up- 
stream of psbD-psbC, we extended our Northern blot 
analysis to include the 6.25 kbp region. 

Identical Northern blots of plastid RNA from 4.5-day 
old, dark-grown barley seedlings were probed with radiol- 
abeled, double-stranded DNA probes A through J (see 
Fig. 1). The resulting autoradiograms are shown in Fig. 3, 
where lanes A-J correspond to probes A-J. Starting with 
probe A (a 0.51 kbp HindIII-BglII fragment), a single 1.3 
kb psbA transcript could be seen. This transcript had been 
previously mapped and was found to initiate 80 bp 

upstream of the psbA open reading frame, in a direction 
divergent from the barley psbD-psbC genes (Boyer and 
Mullet, 1988; see Fig. 1). The same 1.3 kb RNA hybridized 
to probes B (a 1.21 kbp BglII-EcoRI fragment) and C (a 
2.03 kbp BglII-AccI fragment), but not with D (a 0.67 kbp 
AccI-XbaI fragment). In the trnK/ORF504 region probe 
D did hybridize to at least nine other transcripts, including 
three abundant closely migrating transcripts approxi- 
mately 2.9, 2.6 and 2.4 kb in size. The 2.9 kb and 2.6 kb 
transcripts extended into fragments B and C, and could be 
seen as faint bands with probe E (a 1.53 kbp XbaI-SacI 
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Fig. 3. Northern blot analysis of the barley ctDNA region containing 
psbA, trnK(UUU), ORFS04, rpsl6, trnQ(UUG),psbK, ORF41,psbI, 
ORF44, and trnS(GCU). Lanes A through J contained barley plastid 
RNA from 4.5-day old, dark-grown seedlings probed with double- 
stranded DNA probes A through J (diagrammed in Fig. 1). Ap- 
proximate transcript sizes are indicated. Previously described trans- 
cripts in the psbD-psbC transcription unit (Berends et al. 1987) are 
labelled as described in the text and in Fig. 1 

which may hamper capillary transfer to Northern filters, it 
is possible that these large transcripts extend through the 
psbA region. Such transcripts could act as precursors to 
the mature tRNA lys. Probe D in the trnK region also 
hybridized to three smaller transcripts (of approximately 
1.7, 1.4 and 1.2 kb), which were also low in abundance. In 
some blots, upon long exposure, an RNA of tRNA size 
was detected with probes B, C and E. The lack of a strong 
signal from tRNAlYScould be due to low abundance, RNA 
secondary structure which results in poor hybridization or 
poor retention of this RNA on our blots. A 1.2 kb RNA 
was detected with fragments E, F and G (a 1.46 kb SacI- 
HindIII fragment), but not with fragment H (a 0.58 kbp 
EcoRV-HindIII fragment). Fragments E, F and G are part 
of the rpsl6 region. It is possible that this transcript 
represents an unspliced precursor to rspl6 or else a 
splicing product. In addition, a small (0.6 kb) transcript 
hybridized strongly to probe E and weakly to probes F 
and G. This transcript could encode the rpsl6 open 
reading frame. Fragments G and H also hybridized to 
four transcripts, three of which (RNAs 1 a, 1 b and 1 c) 
have been previously mapped (Berends et al. 1987). The 
fourth RNA (a 0.8 kb transcript) and a transcript of 
tRNA-size were detected by probe G. The tRNA-size 
transcript was also detected by probe H, and could 
represent tRNA gln encoded by trnQ(UUG). The absence 
of RNAs la,  lb, lc and the 0.8 kb transcripts in lane F 
indicates that these transcripts have a terminus within 
fragment H. Transcripts 1 a, 1 b and 1 c extend through 
fragments I (a 0.45 kbp HindlII-BamHI fragment) and J (a 
0.25 kbp BamHI-EcoRI fragment). The 0.8 kb transcript 
on the other hand could not be detected in lane J. 

Fig. 4. Transcriptional orientation ofpsbD-psbC transcripts 1 a, 1 b, 
1 c and 1 d. Lanes A, B and C of the Northern blot contain plastid 
RNA from 4.5-day old, dark-grown barley seedlings. Lane A was 
probed with double-stranded DNA fragment I in Fig. 1. Lanes B and 
C were probed with complementary single-stranded RNA probes 
derived from fragment 

fragment). A low abundance 2.6 kb RNA of undetermined 
origin was also detected with probe F (a 1.58 kbp BglII- 
EcoRV fragment). Based on approximate size and pos- 
ition, the 2.9 and 2.6 kb transcripts could represent 
unspliced trnK/ORF504 messages. It is difficult to say 
whether the 2.4 kb transcript extends into fragments B and 
C. Also in lane D were three very low abundance 
transcripts of approximately 4.7, 5.8 and 5.9 kb. The 4.7 
kb band extended into fragments B and C, while the 5.8 
and 5.9 bands could not be detected in any other lanes. 
Considering their low abundance, compared to other trnK 
transcripts and the psbA message, and their large size, 

Mapping of barley psbD-psbC transcripts la-ld 

The 0.8 kb transcript described above may be cotrans- 
cribed as part of the barley psbD-psbC transcription unit. 
To investigate this possibility, we first determined its 
orientation by Northern blot analysis, using single- 
stranded RNA probes. For comparison, lane A of Fig. 4 
shows an autoradiogram of a Northern blot using double- 
stranded probe I (see Figs. 1 and 3). Of the four bands in 
lane A, the top three can be attributed to previously 
mapped transcripts, la,  lb,  and lc of the psbD-psbC 
transcription unit (Berends et al. 1987). To determine the 
orientation of the transcript giving rise to the smallest (0.8 
kb) band, we probed identical Northern blots with single- 
stranded RNA probes derived from both strands of DNA 
region I (lanes B and C Fig. 4). In lane B, all four RNAs 
could be seen, indicating that a 0.8 kb RNA (named 
transcript 1 d) is transcribed from the same DNA strand as 
transcripts 1 a, lb  and 1 c (note that transcript 1 a could 
only be seen upon long exposure). The complementary 
RNA probe (in lane C) did not hybridize to transcripts 1 a, 
lb  or ld. It did, however, hybridize to two transcripts 
approximately 1.1 and 1.0 kb in size. The 1.1 kb transcript 
was of minor abundance compared to the 1.0 kb tran- 
script, which may explain its apparent absence in lane A. 
Since the 1.0 kb transcript comigrated exactly with RNA 
1 c in lane B, they would be represented by a single band in 



Fig. 5. Mapping of 5' and 3' termini ofpsbD-psbC transcripts 1 a-1 d. 
q5 refers to end-labeled 4)X174/HaeIII fragments used as molecular 
weight markers. Lane 1 contains the 187 bp Sau3A-BamHI primer 
used in the extension reaction (on barley etioplast RNA) in lane 2. 
Lane 3 contains the 1.02 kbp HindIII-ClaI fragment used as a 3' $1 
nuclease probe in lanes 4 (on barley etioplast RNA) and 5 (no RNA 
added) 
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lane A. Although the 5' and 3' termini of these divergent 
transcripts have not yet been determined, it is likely that 
such transcripts encode ORF44 on the DNA strand 
opposite to psbD-psbC. 

Northern blot analysis indicated that transcripts 1 a, 1 b 
and 1 c may initiate at a common 5' end. The orientation 
and approximate position of transcript 1 d suggest it may 
also originate from this 5' end. To check this possibility, 
and to further map transcript 1 d, we performed a series of 
S 1 nuclease and primer extension analyses. The results are 
shown in Fig. 5. Primer extension of 187 bp Sau3A- 
BamHI DNA (Fig. 1, fragment L), labeled at the BamHI 
site, revealed three 5' end signals (Fig. 5, lane 2). The 
maj or (middle) signal mapped approximately 720 bp from 
the BamHI site, about 2.0 kb upstream ofpsbD. The two 
minor signals mapped respectively to about 750 and 600 
bp upstream of the BamHI site. Although it was not 
possible to assign individual 5' ends to transcripts 1 a-1 d, 
this analysis showed that all four transcripts initiate 
within 150 bp of each other. 

The 3' end of transcript 1 d was mapped with a 1.02 kb 
HindIII-ClaI DNA (Fig. 1, fragment M) 3' end labeled at 
the HindIII site (Fig. 5, lane 3). S1 nuclease treatment of 
the probe alone did not result in any additional bands 
(lane 5). $1 nuclease protection assays of barley etioplast 
RNA, however, resulted in three 3' end signals, approxi- 
mately 800,700 and 480 bp downstream of the HindIII site 
(lane 4). The major band (800 bp) corresponded to the 3' 
end of transcript 1 c. The starred band (700 bp) did not 
belong to any known RNA. This 3' was not detected in our 
earlier mapping experiments in this region (Berends et al. 
1987), possibly due to its low abundance. As one might 
expect from the band intensities in lane B of the Northern 
blot in Fig. 4, the 480 bp band (3' end of transcript 1 d) was 
also minor compared to the 3' end signal of transcript 1 c. 
The mapping results for transcripts 1 a-1 d are summar- 
ized in Fig. 1. 

Fig. 6. Verification ofpsbD-psbC S1 nuclease and primer extension 
signals. Lane 1 shows the 0.87 kb end-labelled EcoRI fragment used 
as $1 nuclease probe in lanes 2 and3. Lane 4 shows the 135 bp Sau961- 
EeoRI fragment (end-labelled only at the EcoRI site) used as primer 
in the primer extension assays in lanes 5-7. Control assays were run 
on plastid RNA from 4.5-day old, dark-grown barley with (lane 6) or 
without (lanes 2 and 5) an additional 72 h of illumination. Synthetic 
psbD-psbC RNA derived from the 0.87 kb EcoRI fragment was used 
in lanes 3 and 7. The presence of 5' end signals in lanes 3 and 7 
indicates an artifact 

Identification of  the 5' terminus of RNAs 2a and 2b 

A strong primer extension/S1 nuclease signal was pre- 
viously noted approximately 260 bp upstream of the 5' end 
of RNAs 3a and 3b (Berends et al. 1987). To investigate 
the nature of signal in detail, and to verify other primer 
extension/S1 nuclease signals in this region, we performed 
the experiment illustrated in Fig. 6. In this experiment, a 
syntheticpsbD-psbC RNA was prepared from the 0.87 kb 
EcoRI fragment (DNA region N, Fig. 1) which also 
contains trnS(GCU). The synthetic RNA (lanes 3 and 7) 
and plastid RNA from 4.5-day old, dark-grown barley 
(lanes 2 and 5), or plastid RNA from similar plants 
illuminated for an additional 72 h (lane 6), was analyzed 
by $1 nuclease (lanes 2 and 3) or primer extension assays 
(lanes 5, 6, and 7). Lane 1 shows the 0.87 kb EcoRI 
fragment used as the S 1 nuclease probe (Fig. 6). A 135 bp 
Sau961-EcoRI fragment (DNA region O, Fig. 1), labelled 
at its EcoRI site, served as the primer (lane 4, Fig. 6). A 
strong signal indicated in Fig. 6 as the 5'-end of RNAs 2a, 
2b, was present in the in vivo Sa nuclease (lane 2) and 
primer extension assays (lanes 5 and 6). A minor signal in 
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Fig. 7. Expression of trnS(GCU) and trnS(UGA) in plastids of 4.5- 
day old, dark-grown barley. Lanes 1-4 of the Northern blot contain 
in vivo barley RNA. Lanes 5 and 7 contain an in vitro-synthesized 
RNA which includes trnS(GCU), and lanes 6 and 8 contain in vitro- 
synthesized RNA which includes trnS(UGA). Lane 1 was probed 
with a radiolabelled synthetic RNA homologous to psbD-psbC 
transcripts and "anti-sense" trnS(GCU). Similarly, lane 3 was 
probed with a synthetic RNA probe homologous to psbD-psbC 
transcripts and "anti-sense" trnS(UGA). Lanes 2, 5 and 6 were 
probed with a synthetic RNA probe homologous to trnS(GCU). 
Lanes 4, 7 and 8 were probed with a synthetic RNA probe 
homologous to trnS(UGA) 

this region also appeared in the primer extension assay on 
the synthetic RNA (lane 7). Since a synthetic 0.87 kb RNA 
should give rise to S1 nuclease or primer extension signals 
only from the RNA termini, this suggests that this RNA 
can cause termination of reverse transcriptase at a low 
frequency at this site. In the $1 nuclease assay (lane 3), the 
same synthetic RNA preparation did not generate a 
signal, showing that the corresponding S1 nuclease signal 
in lane 2 in vivo assay) must be due to an RNA 5' end. At 
the same time, the absence of the unidentified signal in 
lane 3 proves that the synthetic RNA preparation is free of 
5' ends which could otherwise cause the signal to appear in 
lane 7. As a positive control for identifying $1 artifacts by 
this method, the Sa artifact in lane 2, previously identified 
(Berends et al. 1987) because of its absence in the 
corresponding in vivo primer extension assays (lanes 4 
and 5), did appear in lane 3. Conspicuously absent from S1 
nuclease (lane 3) or primer extension (lane 7) assays with 
the synthetic RNA were the 5' end signals of transcripts 3 a 
(seen in lanes 2, 5, and 6), and of transcripts 4a and 4b 
(seen in lane 6), confirming that these signals arise from 
RNA termini. Therefore, we conclude that the signal 
generated upstream from 3a and 3b is generated by an 
RNA 5' end. Since the only 3' ends which have been found 
downstream of this 5' end signal are those shared by the 
other psbD-psbC transcripts, we have tentatively assigned 
the 5' end to transcripts 2a and 2b in Fig. 1. 

trnS(GCU) and trnS(UGA) expression in barley etioplasts 

Two tRNA genes, trnS(GCU) and trnS(UGA, are encoded 
within the barley psbD-psbC transcription unit but on the 
opposite DNA strand. Northern blot analysis with 
double-stranded DNA probes has shown that tRNA-size 

transcripts arise from DNA regions containing 
trnS(GCU) and trnS(UGA) (Fig. 3, Berends et al. 1987). 
However, it is possible that the tRNA-size RNAs rep- 
resent anti-sense tRNA structures, which may have been 
excised from longer psbD-psbC transcripts. To determine 
from which DNA strand the tRNA-size RNAs was 
synthesized, we hybridized Northern blots of barley 
etioplast RNA with complementary single-stranded 
RNA probes derived from the trnS(GCU) or trnS(UGA) 
region. This experiment is shown in Fig. 7 (lanes 1-4). 
The RNA probes used in lanes 1 and 2 contained sense 
and anti-sense trnS(GCU) sequences respectively, de- 
rived from a 0.87 kbp EeoRI fragment (Region N, Fig. 1). 
PsbD-psbC transcripts lb  and 3b were seen in lane 1. 
These transcripts did not hybridize to the complementary 
RNA probe (lane 2). Lane 2 contained an RNA of tRNA- 
size, indicating that trnS(GCU) is expressed at times 
when psbD-psbC transcripts in this region are also pro- 
duced. Similarly, two complementary RNA probes were 
derived from a 1.26 kbp HindIII-Er fragment (region 
P, Fig. 1) that contained trnS(UGA). Six psbD-psbC 
transcripts (RNAs la ,  lb, 3a, 3b, 5a, and 5b) appear in 
lane 3. Bands of 3.6 kb and of approximate rRNA-size 
(starred, lane 3) were also observed (Berends et al. 1987; 
Oliver and Poulson 1984). However, no RNAs of tRNA- 
size were detected in lane 3. An RNA of tRNA-size was 
detected with the complementary RNA probe in lane 4, 
suggesting that trnS(UGA) is also a functional gene. 
Since both genes encode tRNA ser, we tested for cross- 
hybridization by synthesizing non-labelled versions of 
the trnS(GCU) and trnS(UGA) probes used in lanes 1 
and 3 respectively. Northern blots of the in vitro-synthes- 
ized RNAs containing trnS(GCU) (lanes 5 and 7) and 
trnS(UGA) (lanes 6 and 8) were then probed with 
radiolabelled probes capable of hybridizing to 
tRNA ser(GcU) (used in lanes 2, 5 and 6) or tRNA ser(UcA) 
(used in lanes 4, 7 and 8). Even after overexposure of the 
Northern blots, no cross-hybridization could be detected, 
indicating that the bands seen in lanes 2 and 4 represent 
tRNA ser(ccu) and tRNA ser(uGA) respectively. 

Discussion 

DNA sequence analysis of the 6.25 kbp region between the 
psbA and psbD-psbC genes on the barley plastid genome 
revealed several open reading frames (ORFs) or exons 
homologous to previously identified genes (see Fig. 1). 
The barley trnK(UUU) gene lies 230 bp upstream ofpsbA 
on the same DNA strand (Boyer and Mullet 1988, and this 
study). Its 2.48 kbp intron contains a large ORF 
(ORF504), which resembles ORF509A of the tobacco 
plastid genome (Sugita et al. 1985). ORF509A is thought 
to encode an RNA maturase involved in RNA splicing. 
Although most higher plants contain a large ORF within 
the trnK intron, only 52% of the amino acids predicted by 
each DNA sequence are conserved between ORF504 in 
barley and ORF509A in tobacco. Similarly, only 66% of 
overall homology has been found between the predicted 
amino acid sequences of ORF509A in tobacco and 
ORF524 in mustard (Neuhaus and Link 1987). A 103- 
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amino acid sequence near the C-terminus of the protein 
encoded by ORF524 of mustard has been shown to be 
structurally related to maturase-like polypeptides Of mito- 
chondrial introns (Neuhaus and Link 1987). Comparison 
of the predicted amino acid sequences in the equivalent 
regions of ORF504 of barley (amino acids 354-457; Boyer 
and Mullet 1988; this study) to ORF509A of tobacco 
(amino acids 354-457; Sugita et al. 1985) raises the 
homology from 52% to 79%. The split rpsl6 gene 
upstream of trnK(UUU) is overall more highly conserved 
among plastid genomes; rpsl6 of tobacco (Shinozaki et al. 
1986a) and mustard (Neuhaus et al. 1989) exhibited 85 % 
and 77% of predicted amino acid sequence homology, 
respectively, to that of barley. Northern analysis indicates 
that the trnK(UUU) and rpsl6 regions are transcribed in 
etioplasts of 4.5-day old, dark-grown barley. 

Evolutionary DNA rearrangements have been pro- 
posed to explain the close proximity and divergent 
orientation of the psbA and psbD-psbC genes in monocots 
(Quigley and Wei11985; Courtice et al. 1985; Berends et al. 
1987). Such DNA rearrangements have placed the psbD- 
psbC genes immediately downstream of a conserved DNA 
region containing trnQ(UUG), psbK, psbI and 
trnS(GeU). Genes trnQ(UUG) and trnS(GCU) are locat- 
ed on the DNA strand opposite ofpsbD-psbC, whilepsbK 
and psbI are on the same DNA strand. Interestingly, 
groups of tRNA genes surround the psbD-psbC and the 
psbK-psbI genes in both dicots and monocots, tRNA 
genes have been proposed to act as insertion sites during 
DNA rearrangements in prokaryotes (Reiter et al. 1989). 
It is possible that tRNA genes have served a similar 
function during plastid evolution. In support of this 
theory, Howe et al. (1988) have noted several short repeats 
in the trnS(GCU)-psbD intergenic region of wheat, and in 
the trnG(UCC)-trnT intergenic regions of barley and 
maize. Close inspection of the barley trnS(GCU)-psbD 
intergenic region (Efimov et al. 1988a; Fig. 2) reveals their 
presence here as well. Thought to be indicative of DNA 
rearrangements, these repeats are absent in the ancestral 
genomes of tobacco, spinach and pea (Howe et al. 1988). 

In tobacco (a dicot), psbK is present as ORF98, 
proposed to start at a valine (GTG) initiation codon 
(Deno and Sugiura 1983; Shinozaki et al. 1986b). N- 
terminal amino acid sequencing of a 4.3 kDa PSII protein 
from spinach, however, has led to the proposal of a post- 
translational site to yield a mature psbK-encoded protein 
of 37 amino acids (Murata et al. 1988). The proposed 
GTG initiation codon of ORF98/psbK in tobacco is a 
GTT (valine) codon in barley, and this codon is followed 
by stop codons in all three reading frames. Instead, 
translation initiation at two downstream methionine 
(ATG) initiation codons (in frame with each other) could 
result in a 64 or 61-amino acid protein respectively. Either 
precursor protein could be processed at the putative 
conserved processing site (Fig. 2, arrow) to yield a mature 
37-amino acid protein. Interestingly, only the second 
ATG codon is conserved in tobacco and mustard (Neu- 
haus 1989), suggesting that the primary translation prod- 
uct could span 61, rather than 64, amino acids. Neither 
ATG codon appears to be preceded by a strong ribosome 
binding site. However, there are several examples of 

plastid genes known to be expressed at the protein level 
despite lack of a putative ribosome binding sequence 
(Herrmann et al. 1985). Comparison of the DNA-deduced 
amino acid sequences in tobacco (Deno and Sugiura 1983) 
or mustard (Neuhaus 1989) to that of barley shows a high 
degree of conservation (95% each) for the proposed 
mature psbK protein. 

PsbI is located 413 bp downstream from psbK. This 
gene encodes a 36-amino acid protein which has 97 % of 
homology to the protein encoded by tobacco (Shinozaki 
et al. 1986b; Ikeuchi and Inoue 1988) or wheat (Howe et 
al. 1988). thepsbI ORF is preceded by a putative ribosome 
binding site (GGAG). ORF41 overlaps psbI by 35 bp on 
the same DNA strand. On the opposite DNA strand, 
ORF44 overlaps both psbI and ORF41. ORFs which 
overlap psbI are found in other plastid genomes as well, 
but differ in predicted amino acid length (90 and 33 
tobacco, Shinozaki et al. 1986b; 45 and 28 wheat, Howe et 
al. 1988) and are poorly conserved at the amino acid level. 
Computer-assisted homology searches did not indicate a 
significant resemblance of the ORF41 and ORF44-de- 
duced amino acid sequences to other proteins. However, 
weak putative ribosome binding sites (GGA) precede 
both ORF41 and ORF44. Given that ORF41 and ORF44 
are transcribed in etioplasts of 4.5 day-old, dark-grown 
barley, it will be interesting to see if ORF41 and ORF44 
encode functional proteins. 

Previous studies (Berends et al. 1987; Gamble et al. 
1988) showed that at least eight transcripts (mRNAs 1 a, 
lb, 3a, 3b, 4a, 4b, 5a and 5b; see Fig. 1) hybridize to 
psbD-psbC on the barley plastid genome. Of these trans- 
cripts, the 5' end of mRNAs 3 a through 5 b were mapped 
to completion. We have now extended the psbD-psbC 
transcript map to include transcripts 2a and 2b (see 
Fig. 1). 5' end-analysis revealed that transcripts 1 a, 1 b, 1 c 
and 1 d originate from a 150 bp region upstream ofpsbK 
(see Fig. 1). Transcripts 1 a and 1 b extend through psbK, 
psbI and ORF41, ending beyondpsbC. Transcript 1 c ends 
around the divergent trnS(GCU) gene upstream ofpsbD, 
while transcript 1 d appears to encodepsbK only, stopping 
just short ofpsbI. In barley PSII, genes psbK, psbI, psbD, 
and psbC are all part of the same transcription unit, 
possibly allowing for tighter coregulation than in tobacco 
or spinach. 

Conservation of transcription units among different 
plastid genomes suggests that coregulation of the genes 
within the transcription unit is important. Furthermore, 
the position of transcription units on the plastid genome 
may be significant as well. Northern blot analysis indi- 
cates that the trnQ(UUG) gene immediately upstream of 
the barley psbD-psbC transcription unit is transcribed in 
etioplasts of 4.5-day old, dark-grown barley. This implies 
that two divergent promoters lie in close proximity to each 
other (within about 180 bp). Adjacent, divergent promo- 
ters of the atpB and rbcL genes on the maize chloroplast 
genome (within a 159 bp sequence) have been shown to 
interact in in vitro transcription experiments (Hanley- 
Bowdoin and Chua 1989). Binding ofRNA polymerase to 
the rbcL promoter interferes with atpB promoter func- 
tion. Although the psbD-psbC transcription unit of spin- 
ach and tobacco remain to be elucidated, it is interesting 
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to note that even in dicots, three conserved tRNA genes 
upstream of psbD-psbC are also divergent (Shinozaki et 
al. 1986b; Holschuh et al. 1984). 

Several divergent transcripts arising from within the 
psbD-psbC transcription unit were noted in etioplasts of 
4.5-day old, dark-grown barley. Northern blot analysis 
using single-stranded RNA probes revealed two trans- 
cripts of approximately 1.1 and and 1.0 kb which were 
complementary to psbD-psbC transcripts 1 a through 1 d. 
These transcripts could encode ORF44, which overlaps 
psbI and ORF41 on the opposite DNA strand. Two 
tRNAs with serine anticodons [encoded by the trnS(GCU) 
and trnS(UGA) genes] were also produced from the 
opposite DNA strand within the psbD-psbC transcription 
unit. Divergent transcription within an operon is not 
unique to the psbD-psbC transcription unit. It has also 
been noted in the psbB-psbH-petB-petD transcription unit 
in livewort, where transcription of a divergent ORF43 in 
the psbB-psbH spacer region results in an mRNA comp- 
lementary to part of the psbB primary transcript (Kohchi 
et al. 1988). In prokaryotes, binding of anti-sense RNAs to 
target mRNAs has been proposed to cause inhibition of 
ribosome binding, premature termination of target RNA 
transcription, interference with the formation of target 
RNA secondary structures needed for processing, or 
prevention of read-through transcription (for a review see 
Simons and Kleckner 1988). Interestingly, the 3' ends of 
transcripts 1 c were mapped around trnS(GCU), and the 3' 
ends of transcripts lb, 2b, 3b, 4b, and 5b lie near 
trnS(UGA). It is conceivable that, aside from tRNA ser 
production, these trnS genes are involved in generating 3' 
ends of complementary transcripts. Anti-sense trnS se- 
quences, for instance, could form secondary structures in 
DNA or RNA, serving as transcription terminators or 
RNA processing sites respectively. Alternatively, simul- 
taneous transcription of divergent genes on the same 
DNA template could cause transcription termination. In 
any case, divergent transcription within the barley psbD- 
psbC transcription unit may modulate gene expression 
from this DNA region. 
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