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Organization and sequence of five tRNA genes and of an unidentified reading 
frame in the wheat chloroplast genome: evidence for gene rearrangements 
during the evolution of chloroplast genomes 

F. Quigley* and J. H. Weft 

Institut de Biologie Mol6culaire et Cellulaire du CNRS, Universit6 Louis Pasteur, 15 Rue Descartes, 
F-67084 Strasbourg, France 

Met Summary. The genes for the initiator tRNAcAu, 
tRNAuG~c ' Thr Glu +O~,jATyr tRNAGGE, tRNAuu c and . . . . .  GUA and 
an open reading frame of 62 codons have been identified 
by sequencing a 2,358 bp BamHI and a 1,378 bp BamHI- 
Sst2 DNA fragments from wheat chloroplasts. A com- 
parison of the organization of these five tRNA genes 
and of the open reading frame on the wheat, tobacco 
and spinach chloroplast genomes suggests that at least 
three genomic inversions must have occurred during the 
evolution of the wheat chloroplast genome from a 
spinach-like ancestor genome. Furthermore, it seems 
that in wheat the 91 bp intergenic region between the 
genes for the initiator tRNA Met and the gene for 

-- - +--Gly tKNAuc C is one end-point of the 20 kbp genomic in- 
version proposed by Palmer and Thompson in the case 
of maize (Palmer and Thompson 1982). A 119 bp 
duplication is located at this junction: the first copy 
comprises the 91 bp of the intergenic region and the 
first 28 bp of the tRNA Met gene, the second copy is 
found downstream of the tRNA Met gene. 

Key words: Chloroplast tRNA genes - URF - Chloro- 
plast genome evolution 

Introduction 

In the higher plants studied so far, the chloroplast tRNA 
genes are dispersed throughout the chloroplast genome 
and are helpful markers to study the evolution of the 
chloroplast genome. By mapping the tRNA genes on the 
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physical map o f  the chloroplast genome of various plants 
(Bohnert et al. 1982) and by heterologous DNA-DNA 
hybridization studies, it has become clear that chloro- 
plast genomes have been rearranged during evolution 
(Palmer and Thompson 1982; Howe et al. 1983). The 
chloroplast DNA of maize, in particular, has been shown 
to have a 20 kbp inversion as compared to the chloro- 
plast DNAs of spinach and petunia (Palmer and Thomp- 
son 1982). 

In wheat (Triticum aestivum), cross-hybridization 
studies of chloroplast DNA fragments containing part of 
the ATP synthase ~ subunit gone (atpA) has confirmed 
the occurence of a 20 kbp inversion within the large 
single copy of the genome, as compared to spinach 
(Howe et al. 1983). Our previous studies on the localiza- 
tion and sequencing of the wheat chloroplast genes for 
tRNA Asp (trnD) and tRNA cys (trnC), have provided 
evidence for such a genomic rearrangement (Quigley et 
al. 1985). 

We have now sequenced, in the same region of the 
wheat chloroplast genome, an open reading frame of 
62 codons (URF-62) and the genes for five tRNAs, 
namely initiator Met tRNAcA U (trnM-CAU), tRNAG~c 
(trnG-UCC), rhr tRNAGG U (trnT-GGU), ,l~krAGlu (trnE- . . . . . .  UUC Tyr UUC) and tRNAGu A (trnY-GUA). In this report we de- 
scribe the organization of these genes on the wheat 
chloroplast genome and suggest that, starting from a 
spinach-like ancestral chloroplast genome, at least three 
genornic inversions are necessary to explain the present 
organization of these genes in the wheat chloroplast 
genome. 

Material and methods 

Recombinant plasmids pTA29 and pTA90 containing respective- 
ly the 2,358 bp and 6,500 bp BamHI fragments B18 and B6 
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Fig. 1. Localization of two BamHI fragments B18 and B6 on the 
physical map of wheat chloroplast DNA (Bowman et al. 1981). 
IR indicates the two inverted repeat regions 

from wheat chloroplast DNA were constructed as described 
previously (Quigley et al. 1985). Plasmid DNA was purified from 
bacterial lysates by ethidium bromide-CsC1 density gradient 
centrifugation (Clewell and Helinski 1969). 

Nucleotide sequencing. The nucleotide sequences of B18 and of 
a 1,378 bp BamHI-Sst2 subfragment of B6 were determined by 
the dideoxy chain termination method (Smith 1980), after sub- 
cloning DNA fragments into suitable restriction sites of the 
replicative forms of M13 derivatives mp8, mp9, mpl0 and mpl 1. 

R e s u l t s  

Location o f  the sequenced tRNA genes 

BamHI fragment B18 and B6 are located on the wheat 
chloroplast genome as shown in Fig. 1. They are sepa- 
rated by about 450 bp. The two fragments had previous- 
ly been shown to hybridize to wheat chloroplast tRNAs 
and, upon sequencing of  a 398 bp SalI-PstI subfragrnent 
of  B 18, it was established (Quigley et al. 1985) that this 

t I~ NIAGly (trnG- subfragment contains the gene for . . . . . .  GCC 
Asp GCC). The genes for tRNAGu c (trnD-GUC) and 

tRNACyS a (trnC-GCA) have been located, respectively, 
on a 742 bp AvaI-PvuI subfragment and on a 420 bp 
EcoRI subfragment of fragment B6 (Quigley et al. 
1985). 

We have now completed the sequence of  the 2,358 bp 
BamHI fragment B18 and of  the 1,378 bp BamHI-Sst2 
subfragment of  B6 which is located upstream of  trnD. 
The sequencing strategies are detailed in Fig. 2. 

Examination of  the sequence of  fragment B18 
(Fig. 3) shows that it contains an open reading frame of  
62 codons (URF-62) (positions 223 to 411) located 
277 bp upstream on the same strand as the gene coding 
for t R N A ~  c (trnG-GCC) which has been previously de- 
scribed (Quigley et al. 1985). 

On the opposite strand, fragment B18 contains two 
additional tRNA genes: the gene for the initiator 
tRNAM~j (trnM-CAU) between positions 1,208 and 
1,281 and the gene for the tRNAG~c (trnG-UCC) be- 
tween positions 1,373 and 2,120 (this gene contains a 
676 bp intron). 
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Fig. 2. Position of wheat chloroplast 
URF-62, initiator trnM, trnG-UCC, 
trnT, trnE and trnY on BamHI frag- 
ments B18 and B6. The position of 
three previously sequenced genes 

"~ trnG-GCC, trnD and trnC (Quigley 
o~ et al. 1985) is also indicated, a 
[ Partial restriction endonuclease map 

of B18 and B6. b Sequencing strategy 
for the regions containing URF-62, 
initiator trnM, trnG-UCC, trnT, trnE 
and trnY. Thick arrows indicate the 
fragments which have been sequenced. 
The genes are shown by black boxes 
and thin arrows indicate the direc- 
tion of transcription 
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C£AICCCCTA [ACCCGCTB3IgAf~TAhAGAO'i~A]th'7?AAfCTC'FfCTCACCCI2:I-'ATATCCA AATAAAAAAI31 :GI3TPIAAI]TAA I'AAATTTGAATTAAAGA 

GAAGAATCAATGGAI"TCATGATTAAA C C C CTCCTACTTCTTGTA2TFTqN TACAAI~Iq'fGGTTAAGTGAGGGATCAAATATGTAGTCAACT~ATTTGAT 

M T I A F Q L A V f' A L A T S S V L V I S V P L V 
GGTAGCTTGGAGGAI~fAGAAATATGACTA'Iq'GC~i'rTCCAAq'TAG CTG'/q~[qqlGCA'I~I'AAI~FG CGACTTCCTCAGTCTTAGTAATTAGTGTA CCCC~GTA 

U R F  - 6 2  
F A S P D G N S N N K N V V F S G T S f, H ] G L V F L V A I L N S 

I~fTGCTTCTC CTGATGGTTGGTCAAATAATAAAAATGTI~GTATTTTCTGGTA CATCAI~I'ATGGATTGGA CTAGTCTTTCTCGTAGCTAI~fCTGAATTCTC 

L I S * . . . . . . .  
TCATTTC I'TAAAZ~fAAATTTGG~--~-~-~~C C ATAAAAAAGAAATAATAAAGG C CA~[qq~C TTCTAAAAAA TTAGAATAGTGiGAC G TATTAA 

AACGCAA~ITGCG~'PC CGAA'ITGCTAGCTCTTCTCTTTC AGTATTATGAAATTCCATTC CCATTAGAATATq'CATTGACAGATAAT~GGAAAA6 

TCT~TAT~TAGA`~ATG~TG1~ACGGTCGACCCAGACATAGAAGG~.rCGACCCAGGCGGATATAC~CTATAAAATATATACCGT@CGAGCGTAG2~2 
t r n G  - G C C  

CAATGGTAAAATATCTCCTTGCCAAGGAGAAGATACGG G TTCGATTCC CG CCGCTCGCC ?GCT"I'AATTTCTCAAA GTAC~'ATGATAAA~GTTTAGTCTA 

GTTAACTGTITAACTACTTATATTAAATTAAGTATTAATTAGGTGTTAGTCTAGTGC CGTATC CCTTACTATC TTAC CCTTC CTI'FGCATC C CACTCAAA 

b 
AAAAGAGGGC GCTL'CGGAGG CAGAAATA GAA CTt:G C CAAGAGAGCTC CAAAAATTG GGTATTAA CTGAGACAAA CAACGGGCAAACTGTTTTTAAAGGGA ____~ __ 

~ . . . . .  ,¢ .b . . c. 

AGGGAGAGGTAGACTGTCCCT~K2CGT2TCAT~Iq`T ' rAT~1WrCTGCAG~TAGGGAG~.~CC~GC~CC~G~G~C~GT~AC~CGC~CT 
c 

I_~('TCAATTTTG CCCTCTAO00 C CGGGAGCTAATGAATAAAAAAGGOTTGGATACG CC CCTCTAC CATA ?CTAGAGAAATAGAATACTC C'Iqq~ATACAGA 

t r n M  
C~3CTAAGTG CGGA GACGGG,~TCGAACCCGTGACCTC,~GGTTATGAGC CTC GTGAGCTACCAAACTGCTCTA CTCCGCTCTGGAGTACCAGAAACTGf; 

~ACGCCTCTGC CCTTAGCTTGGGCAL'TGGAGTTCCAATA CTCGGAG CACTCGATGGT'fTGA C GAGATGAGG CGA I 

TOGAC6akAAAAGGCTTOAATA CAAOC CTCTAA CATOTCTAGACAAATAGAATACTCCTTTTATACAGAATGGAGCGGGTAG CGGGAATCGAACCCGCATC 
[TCGCC CATC G CCC~TAGCTTGGGCGTAG 

GTTAGCTTGGAAGGCTAGGGGTTATAGTCGACG%TGGTTGATTA'I'I'I'I'fAACGTCTCTAATTCAAAAC CGAACATGAAAT%q'fGATTTCATTCGGCTCCT 
~ A A T A T C A G C T G C A A C  CAACTAATAAAAATTGCAGAGAI~fAAL:TTTTGGC[FfGTACTTTAAAACTAAAGTAAGC CGAGGA 

TTATGGATATTCTCAC~A~TTAA~ATCTATGT~A~CTTTTCTATTTGAAT~GAACCAAAGCTCTCTGC~q~TCTAGATGATC~TrATAGAGTAGGAGATAG 
AATACCTATAA~A~T~3AATTGTA~ATACA~TC~AAAA~ATAAACTTACCTTGGTTTCGAGAGACGA~AGATCTACTACGAATATCTCATCCT~TATC 

AAATTCTATCTAAATCCATCTAATCTA~TTACTTC~TF~CCTAATTT~ATTCAAGA~AT~CTGAG~AAAAGAA~T~GGTTTCCACCGAGCTGAAA~AATA 
TTTAAGATAGATTTAGGTAGATTAGATGAAT~AAGCAAGGGATTAAAGTAAG~TCTCTA~GACTCCTTT~CT~AACCCAAAGGTG~CTCGACTTTGTTAT 

t r n G  - U C C  
T~CGGAT~GTTCTA~TAAACCAAAACTATCGT~A~CTATITGGCTTCCTTATTCCTTATTTTAAGAA~ATTTA~TTACGATT~A-AATCAAC~TFI~ 
ACGCCTACCAAGATCATITGG-~GATAG~AAAAAATCGATAAACC~AAGGAATAAGGAATAAAATTCTTCTAAATCAATGCTAACCTITAGTTGAAAA 

TTGTATCTT<ATCCATA~ ;ATCCTTTACTCATA~T~T~AAAATT~GAATACTTAATCCAATGCAAAATFAT~CTTC~CGACTCTGTACTCATAATCCAATT 
AACATAGAA GTAOGTATCTAG G AAATGA GTATAAAAGqq'Iq'AAC CTTATGAATTAGGI~fACG 7q'fffAATACGAAGCGCTGAGACATGACTATTAGGTTAA 

TTTATTTTGGATG CAATTTAAA'I~TAGTC'I~F?G CATACAAATCG CCAGAATGTATATTCTTC CTCAATATG CTATTGAGAGGAAAAGGATTTAATC CTTTA 
AAATAAAAC CTAC GTTAAA!~fTAATCAG AAA CCTATGTTTAG CGGTCTTACATATAA GAAGGA(] TTATACGATAA CTCTC CTTTTC CTAAATTAGGAAAT 

'FAAGAAC'fAAA GTTTTI2'A'f CGGAATA TAAAAATAAAAAA C2q'AAGGATG CCTI'AA GTATATCATITC~CAG~A~AATAGAA CG~TCA CAC~ 
ATPCTTGA'FFFCAAAA GTAGCCTTATA'ITTTTA ~qqNq'FGAATTC CTACGGAAIFf CATATAGTAAAGTTTAAGTCAATAATTATCTTGCTTAGTGTG~ 

P A U CAC TAAA C TATA t'<il C O 17 TA C ATI'GTAG A "!"I 'ATG U T A TAA A T O G TA C C C 'f~VFG TC AAG G ATA G C ('AZqTG AC AAGAA O G CTAA TT C C C C C 2"fATTGAA 
ATGGT'.; A'l'/ 'f O ATA'IX;GG C G I 

T CAGATGGAGAAGGTTCATGACACTGA~CGTTGGTA(7~CTA~TCGATCGCTCGC(~1~1~TAC2~AGGAT~q'AGATAGCCCCTCTGGTCq~GTAAAAAAA 

TC'IT'I~C'IT/~C CATGCTAATAGCGCCTGAAC CAAATGTA'~TTAlqTI'GA~'TA GGATCC 2358 
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Fig. 3. Nucleotide sequence of fragment B18 (2,358 bp long) from wheat chloroplast DNA. The sequence is written in the 5' to Y 
direction and the tRNA-like strand is shown. For trnM and trnG-UCC, the complementary strand is also shown as these two tRNAs 
are transcribed from the complementary strand. The aminoacid sequence deduced for URF-62 is shown in single letter code. The 
tRNA-like sequences are boxed. The putative promoter-like sequences C-10" and "-35") found upstream of the tRNA genes are 
overlined. A potential ribosome binding site upstream of URF-62 is underlined. Sequences of dyad symetry are shown by inverted 
afro Wg 

Three tRNA genes were identified upon sequencing 
the B6 subfragment.BamHI-Sst2 (Fig. 4): the genes for 
t R N A ~  u (trnT-GGU) between positions 514 and 585, 
for tRNAG~c (trnE-UUC) between positions 958 and 

T y r  1,031, and for tRNAGu a (trnY-GUA) between posi- 
tions 1,093 and 1,174. These three tRNA genes are 
located on the same strand as trnD which is found 366 bp 
downstream of  trnY (Figs. 2 and 4). 
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GGATCcTATATcCTAT~3GGTATCTGTTCCCCGCt~±~±T±~CCCGCTAGGATCGGAAATCTTATATIT~C~ATAT~CATATACCATTG1~TCCTT~GGGTTC 

CAGAATCC~CCTATITTA~TAGTCTT~A~A~GGAAAACC~TGAA~CAAGAAGAGTTG~ATAT~TTATGTAGGGTATG~i~i~rATTAATITTA 

TTTTGAGCTCTcAAAATATCGATATATACATATACAATCTCTACATAATGTCTCTCTCTCTATCTCTATATATTATATATATAATATGTACATTATGCAG 

.trnT 
TGOACCCATAATGGGAKATCCAAGTGGCTAA2T%WI~AATTAAATAAAAJ ~CCCTTTTAACTCAGTGGTAGAGTAATGCCATGGTAAGGCATAAGTCATC 

GGTTCAAATCCGATAAAGGGC~TAAAT2AGTGGTAGAGTAATCTCGTGCTAAGACGTAAGTCGTTGGTTCGAATCTGATAGAGTACT~IT~CTACTAA 

AT~`GA2~2CACTT~T~i~CTTTG~iT~GAAACTTTCTCTATATTTTTAGAGAATTTTATGAcTTAGTGCGGGATGGATGCATTTTTGGT~TGAA~ACTAA 

ATGAAGCAcGGAGAATTAATCTATAACGATcAACTAAAAAAAATcCTAGATGAAAACATAACAGAAAAGTTGGAAAAAcTCTTTGCT•TGGATCTATTTA 

TACTTTTCGAGTATATTGA~AATTCCAAAAAACTGCTCATACTATGATTATAGTATAATCA~GAGCG~TTGTATATGGCCCTATCGTCTAGTGA~3CCCC 

trn£ 
TATCGTCTAGTC.GTTCAGGACATCTCTCTTTCAAGGAGGCAGCGGGGATTCGAC2~CCC~TGGGGGT~3GGAGTATTATGAAAGGAGGTTAATCATAGAT 

trnY 
TA~CAAAAAC~CTA~AATAAATTCIT~CT~TCGATGCCCGAGTG~TTAATG~GGA~GGACTGTAAA~CGTTGACAATGTCTAcGcTGGTTCAAATCC 

A~CTCGGCC~A~CAAAAATCTAG~GC~C~-~GAAT~--~TAAATCCTTITGTTTTTCTTCCATTT~i~%`CTTC~ATAAAATAAATGTCTGATC 

T ^ ~ ^ o ~ r ~ o ^ T ~ _ ~ c o & ~ n ~ r e c A ~ i T C T C T C r c A ~ e e ~ r c r r i c ~ . ~ e ~ A G ~ e ~ A ~ G G &  

~A~fATTATCCA~±T±~±~£AGTGATAAAAAAT~ACGACATAC~AGTTATGT~ACTCT~ACT~GTATAATAT~TGGGTATGTA~TATATGATTCG 

trnD 1378 T--~ATTTCTTAGAGTACGA/~GACGAATCGAAT~2TC1~ATGGTTCTAT'ìTAA~AATC~TA~.~3CCATACACCCGCG~ 

i00 

200 

300 

400 

500 

600 

700 

800 

900 

i000 

ll00 

1200 

1300 

Fig. 4. Nucleotide sequence of 1,378 bp BamHI-Sst2 B6 subfragment of wheat chloroplast DNA. The sequence is written in the 5' 
to 3' direction and only the tRNA-like strand is shown. The tRNA genes are boxed. Overlines show potential promoter-like sequences 
("-10" and "-35").  Sequences of dyad symetry are shown by inverted arrows 

Table 1. Percentage of homology between wheat chloroplast tRNAs and chloroplast tRNAs from other higher plants, as deduced from 
the gene sequences (this report) and tRNA or tRNA gene sequences (previous studies) 

tRNA Met tRNAG~c tRNA Thr tRNA Glu tRNATY r 

tobacco ~'b 89.2 100 (exons) 
spinach c'd 89.2 94.5 94.5 95.3 
bean c,e 86.5 
broad bean f 95.8 94.5 95.3 
peag 94.5 95.3 

a Ohmeet al. 1984 
b Deno and Sugiura 1984 
c Sprinzl and Gauss I984 
d Holschuhet al. 1984a 
e Canaday et al. 1980 
f Kuntzet al. 1984 
g Rasmussen et al. 1984 

Structural features of the sequenced tRNA genes 

These five newly localized tRNA genes ( two on fragment 
B18, namely trnM-CAU and trnG-UCC, and three on the 
B6 subfragment, namely trnT-GGU, trnE-UUC and trnY- 
GUA) were identified by their anticodon and by com- 
parison with the corresponding chloroplast tRNA or 
tRNA gene sequences from other species. 

The homology between the five tRNA gene sequences 
described here and the tRNA or tRNA gene sequences 
from other higher plant chloroplasts ranges from 86.5 
to 100% (Table 1). Such a high degree of  homology is 

usually found when the sequences of  higher plant  chlo- 

roplast isoaccepting tRNAs are compared. 
The 5' terminal nucleotide of the wheat initiator 

tRNA Met is not  base-paired to the 3' side. This feature 

is common to procaryotic  and plant  chloroplast initiator 
tRNAs Met where a 5' terminal C is located opposite to 

an A (Sprinzl and Gauss 1984). However, in the case of  
wheat chloroplast initiator tRNA get  there is an A.A 
mismatch (instead of a C.A mismatch). Another  mis- 
match (C.C) has been found in the same position, in the 
init iator tRNA Met of  the blue-green alga Anaeystis 
nidulans (Ecarot-Charrier and Cedegren 1976). 
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Fig. 5. Secondary structure model of the Y-terminal region of 
tRNA  C intron 

introns are compared) and this sequence can be folded 
into the two loops characteristic of  class II introns (Fig. 5). 
These data confirm the location of  the intron between 
nucleotides 24 and 25 in the D stem of tR NaGIy 

. . . . .  u c c ,  as 
already suggested by the comparison with the E. coli and 
B. subtilis tRNAuG~c sequences (Deno and Sugiura 
1984). Usually the introns contained in chloroplast 
tRNA genes are located in the anticodon loop, This is 
the second example of  an intron located in the D stem 
(the first case was trnG-UCC of  tobacco chloroplasts, 
reported by Deno and Sugiura 1984). 

The intron of  trnG-UCC 

The fact that trnG-UCC, found on B18 between posi- 
tions 1,373 and 2,120, is unusually long, is explained by 
the presence in this gene of  a 676 bp intron located in 
the D stem. A long intron (691 bp) is also present in 
trnG-UCC of  tobacco chloroplasts (Deno and Sugiura 
1984). The tRNA coding regions (exons) of  both wheat 
and tobacco genes are completely identical (Table 1), 
whereas the wheat intron shows only a 69% sequence 
homology with the tobacco intron. Like most of  the 
introns found in chloroplast tRNA genes (for instance 
maize and tobacco trnI and trnA, tobacco trnV), wheat 
and tobacco trnG-UCC introns show sequence and struc- 
tural homologies with the 2nd family of introns as 
defined by Michel and Dujon (1983). One particular 
feature of  this intron family is the conservation of  the 
nucleotide sequences at the 5' and 3' ends. In wheat and 
tobacco trnG-UCC introns, the 5' end reads (in the 
deduced RNA sequence): GUGUG (consensus GUGCG). 
The last 87 nucleotides at the 3' end of the intron are 
93% homologous (when wheat and tobacco trnG-UCC 

Promoter-like sequences upstream of trnG- UCC 
and trnE- UUC 

When looking for the "-35" and "-10" putative con- 
sensus promoter sequences TTGaNa and TataaT (Crouse 
et al. 1984) upstream of  the five tRNA genes localized 
ans sequenced in this work, we find that only two of 
these genes, namely trnG-UCC and trnE, are preceeded 
by typical promoter sequences. A "-35"  sequence 
(TTGACA) and a "-10" sequence (TACCAT) are found, 
respectively, 34 bp and 14 bp upstream of  trnG-UCC. 
This 39 bp DNA region shows a 70% sequence homology 
with the corresponding region upstream of  tobacco chlo- 
roplast trnG-UCC (Deno and Sugiura 1984). A "-35" 
(TTGACA) and a "-10" (TACTAT) sequences are 
found, respectively, 75 bp and 51 bp upstream oftrnE. 
The alignement of the coding and flanking regions of  
trnE and trnY from wheat (this work), spinach (Hol- 
schuh et al. 1984a), broad bean (Kuntz et al. 1984) and 
pea (Rasmussen et al. 1984) chloroplast DNAs shows 
that a strong sequence homology between these four 
chloroplast DNAs is found not only for the trnE and 
trnY coding regions, but also for the intergenic region 

' - 3 6 '  ' - 1 0 '  ; ' 5 0  8 0 0  

TATATTGACAATTCCAAAAAACTG~T~ATA~TATGATTATAGTATAATCACGAGCGGTTGTATATGGC~CTAT~TCTAGTGA~C~C6TATCGTcTAGTGGTTCAGGA 
S ............. T .......... G ........... AC ....... G. .G .CAG . . .G.AC . . . . . . . . . .  .I- C ......... C ......... 

............. T .......... T ........... AC ...... G .... GAA , ,C.GG C . . . . .  ~. .... C ......... C .... T .... B 
P ............. T .......... T ........... AC ...... G.. .GAG G.C.GG G . . . . .  .[. .... C ......... C .... T .... 

trnE 850 900 

;4 CATCTCTCTTTCAAGGAGGCAGCGGGGATTC GACTYC CC CTGGGG GTA~GGGAGTATTATGAAAG GAGGTTAAT CATAGATTAGCAA AAACCCTA GAATAAA%~I " 

S .................. A..A ......................... .[. .... C..CA ...... A...G...C ....... T...T . .G .... AAATr .... CG,.. 
..................... A ............................... .[, C..C ....... AA.GG, .G.GG ..... T...G...GA...A ...G .... 

P ..................... A ......................... ~[. .... C..C ....... AA,GG .... GG ..... T...T...GA, . ,A .T.GG... 

950 trnY i000 

N CTTC C~-~GTCGATGC C CGAGTGGTTAATGG GGACGGA CTGTAAATTCGTYGACA ATGTCTACGCTGCTTCAAATC6AGCTCGGCCCA~ 

BS .... T [[[[[ ................ C .............................. G..AT ............ G .................... ,l. 
..................... C .............................. G..AT ............ G ..................... [I [ 
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/ 

Fig. 6. Comparison of the nucleotide sequences of the wheat (W), spinach (S) (Holschuh et aL 1984a), broad bean (B) (Kuntz et al. 
1984) and pea (P) (Rasmussen et al. 1984) chloroplast DNA fragments containing trnE and trnY. The tRNA-like strands are shown. 
Numbering refers to the wheat sequence and is the same as in Fig. 4. Dots indicate nucleotides which are identical to the wheat se- 
quence (and are therefore common to the four sequences). Gaps (shown as blanck spaces) have been introduced to maximize homolo- 
gy. The "-35" and "-10" promoter sequences upstream of trnE are overlined, while the tRNA genes themselves (trnE and trnY) are 
boxed 
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(a) 1088 . . . .  CT.CG . . . . . . . . . .  A.T.TT..C..C T..GG..G.G.G..AA..A.T . . . . . . . .  G...G . . . .  GCC.. 1159 
(b) 1254 0TGAGCTACCAAACTGCTCTACTCCGCT~TG GAGTACCAGAAACTGGTGGACAAAAAAGGCTTGAATACAAGCC 1327 
(c) ,C .................... C .... c~1. C.AAGATA..A..TGA ..... AA.A..T...C .... A..A...G.GCC.. 
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(b) 1328 TCTAACATGTCTAGACAAATAGAATACTCCTTTTATACAGAATGG IAGCGGGTAGCGGGAATCGAACCCG 1396 
(c) . .C.C.C.A...GT ............ GC..A .............. TAA . .G..C.T . T .... TC 

tr nG - UCC 

Fig. 7. Sequence comparison between the region downstream of  wheat initiator trnM (a), the region upstream of wheat initiator trnM 
(which is the intergenic region between initiator trnM and trnG-UCC) (b), and the region upstream of  tobacco initiator trnM (c) (Ohme 
et al. 1984). The numbering refers to the wheat sequence (a and b) and is the same as in Fig. 3. The sequences are wri t ten from the 5' 
to 3' direction, in analogy to Fig. 3 and only the coding strands are shown. Dots indicate nucleotide which are identical in the three 
regions 

between these two tRNA genes and for the region up- 
stream of trnE which contains the " -35"  and " - 1 0 "  
sequences (Fig. 6). 

The " -35"  and " - 1 0 "  sequences upstream of trnE 
are identical in the four chloroplast DNAs and they are 
in each case separated by 18 bp. The homology in the 
promoter region extends from 4 bp upstream of the 
" - 3 5 "  TTGACA sequence (the four sequences are quite 
different further upstream) to 14 bp downstream of the 
" - 1 0 "  TACTAT sequence (Fig. 6), suggesting that longer 
regions of DNA may be involved in the interaction with 
RNA polymerase (and not only the two hexanucleotide 
stretches known as " -35"  and " - 1 0 "  sequences). 

Although two putative " -35"  and " - 1 0 "  promoter 
sequences TTAATC (889-894) and TAGAAT (913- 
918) are found in the 62 bp intergenic region between 
wheat trnE and trnY, at approximatively the same posi- 
tion as in spinach (Holschuh et al. 1984a), no such se- 
quence is found in front of broad bean or pea trnY 
(Kuntz et al. 1984; Rasmussen et al. 1984), and it is 
likely that wheat chloroplast trnE and trnY are co-tran- 
scribed, using the classical promoter sequences located 
upstream of trnE. 

The flanking regions of  trnM 

Looking for homologies between the potential promoter 
regions upstream of the genes coding for the initiator 
tRNAs Met from wheat (this work) and tobacco (Ohme 
et al. 1984), we noticed that both the regions located 
upstream and downstream of wheat trnM could be 
aligned with the region upstream of tobacco trnM 
(Fig. 7). The first 28 nucleotides of wheat and tobacco 
tRNA Met coding sequences plus 91 nucleotides (in 
wheat) and 96 nucleotides (in tobacco) can be aligned 
with the sequence downstream of wheat trnM. The 
intergenic region between trnM and trnG-UCC shows 
68% homology when wheat (b) and tobacco (c) se- 
quences are compared. The 122 bp stretch downstream 
of wheat trnM (a) has 73% homology with the region 

upstream of tobacco trnM (c) as shown in Fig. 7. The 
region (shown in a) which has a high degree of homology 
with the first 28 nucleotides of trnM (b) can therefore 
be considered as a pseudogene which includes the D 
stem and loop of trnM. The homology between the re- 
gions upstream and downstream of wheat trnM extends 
into the terminal part of trnG and includes its Tff loop. 
There is also a high degree of homology between trnM 
and trnG-UCC last 25 nucleotides (only 5 nucleotides 
differ). In fact, tRNAs accepting different amino acids 
often show a high degree of homology and it has been 
suggested that this might be due to a common origin of 
these tRNAs (Steinmetz et al. 1983). 

These data suggest that a duplication involving part 
of the tRNA Met gene and approximately 90 nucleotides 
directly upstream of this gene has been duplicated, pos- 
sibly during the rearrangements which have occurred in 
this part of the wheat chloroplast genome (see Discus- 
sion). 

Despites the high homology displayed by the regions 
upstream of wheat and tobacco trnM, no typical " - 3 5 "  
or " -10"  promoter sequences could be identified, in 
contrast to what has been observed upstream of wheat 
trnE. Wheat trnM is probably co-transcribed with trnG- 
UCC. The transcription of these two genes probably 
ends about 130 bp downstream of trnM where the pres- 
ence of several inverted repeats (Fig. 3) may confer to 
this region a high potential for secondary structure. This 
region containing several inverted repeats may also be a 
signal for the end of transcription of trnG-GCC which is 
located about 110 bp upstream of this region, on the 
strand opposite to that coding for trnM and trnG-UCC 
(Fig. 3). 

The open reading frame 

The open reading frame of 62 codons (URF-62) found 
between positions 223 and 412 of fragment B18 is 
located on the physical map of wheat chloroplast DNA 
approximately 22 kbp upstream of atpA, the gene cod- 
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Fig. 8. Comparison of the aminoacid sequences 
of the URF-62 (deduced from their nu- 
cleotide sequences) from wheat, maize (Kreb- 
hers 1983) and spinach (Holschuh 1984a). 
Sequence identity is marked by dots 
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Fig. 9. Hydrophylicity plot (according to Hopp and Woods 1981) 
of wheat URF-62 using a six aminoacid window. The aminoacid 
numbering is as in Fig. 8 

ing for the a subunit of ATP synthase (Howe et al. 
1983). Likewise, an open reading frame of 62 codons 
has been identified on the maize chloroplast genome, 
about 25 kbp upstream of atpA (Krebbers 1983). The 
maize URF-62 is located 270 bp upstream, on the oppo- 
site strand, of a tRNA gene, trnS-UGA (Fig. 10). A com- 
parison of the wheat and maize URF-62 nucleotide se- 
quences shows that there are 98.8% homologous• Upon 
looking at the DNA sequence upstream of trn-UGA 

in spinach chloroplast DNA (Holschuh et al. 1984b), 
we found an open reading frame of 62 codons, which 
has 87.6% homology with wheat URF-62 and is located 
362 bp upstream of trnS.UGA, but on the opposite 
strand• The three URFs-62 found in wheat, maize and 
spinach chloroplast DNA are preceeded by a potential 
ribosome binding site GGAGG, found in all three plants 
9 bp upstream of the sart codon ATG. 

The fact that these three URFs-62 have a similar loca- 
tion on the chloroplast genome, the presence of a 
ribosome binding site 9 bp upstream of the start codon, 
and the high sequence homology found for these three 
URFs, suggest that this URF is coding for a functional 
polypeptide in the three plants. 

The amino acid sequences deduced from the nu- 
cleotide sequences of the wheat, maize and spinach URFs 

are compared in Fig. 8. The wheat and maize sequences 
are identical except for one aminoacid (the second 
residue is a threonine in wheat, and an asparagine in 
maize), while the wheat and spinach sequences differ by 
7 amino acids. 

The small protein coded by the wheat URF-62 would 
have a molecular weight of 6.5 kd, would be highly 
hydrophobic (Fig. 9), and is likely to be an intrinsic 
membrane protein. The two regions on each side of the 
small hydrophylic cluster would be large enough (20 
aminoacids or more) to span accross the thylako[d mem- 
brane• 

A high homology is found between the wheat and 
maize DNA sequences in the 160 bp region upstream of 
URF-62 and in the 200 bp region downstream of URF- 
62 (the maize chloroplast DNA was not sequenced 
further downstream; between wheat and spinach some 
homology also exists in the upstream region, but it is 
not as high and it extends only 130 bp upstream of 
URF-62. 

In particular, no region corresponding to the con- 
sensus " - 3 5 "  and " - 1 0 "  promoter sequences could be 
found in wheat, maize or spinach DNA upstream of the 
open reading frame, suggesting that URF-62 is perhaps 
co-transcribed together with the 2 protein genes, psbC 

and psbD, which have been found 500 bp upstream in 
maize and spinach chloroplast DNA (Krebbers 1983, 
Holschuh et al. 194b). 

Discussion 

The data reported here have allowed to locate precisely, 
within a 4.2 kbp region of the wheat chloroplast genome, 
five tRNA genes (trnM-CAU, trnG-UCC, trnT.GGU, 

trnE-UUC, trnY-GUA) and an open reading frame of 
62 codons. We have previously reported (Quigley et al. 
1985) the location in the same region of three other 
tRNA genes (trnG-GCC, trnD-GUC and trne-GCA). 

The arrangement of these eight tRNAs and of URF- 
62, is as followed (Fig. 2): URF-62 - 277 bp - trnG- 
GCC - 449 bp - trnM - 91 bp - trnG-UCC - 1.2 kbp 
- trnT - 373 bp - trnE - 62 bp - trnY - 366 bp - 
trnD - 2.2 kbp - trnC. The open reading frame (URF- 
62) and trnG-GCC, trnT, trnE, trnY, trnD are on the 
same strand as atpA (coding for the e subunit of ATP 
synthase). The three other tRNA genes, namely trnM, 

trnG-UCC and trnC are on the opposite strand. 
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Fig. 10. Possible evolution of the chloroplast genome region located between the inverted repeat (1t?) and the gene coding for the c~ 
subunit of ATP synthase (atpA). a Map of this region in the spinach/tobacco chloroplast genome showing the organization of the 
sequenced tRNA genes (Deno and Sugiura 1983; Holschuh et al. 1983, 1984a, b; Deno and Suginra 1984; Ohme et al. 1984; Sugita et 
al. 1984; Zurawski et at. 1984) and of the protein genes either mapped or sequenced (Westhoff et al. 1981; Altet al. 1983, 1984; 
Deno et al. 1983; Holschuh et al. 1984b; Sugita and Sugiura 1984). b Map of this region in a putative intermediate chloroplast genome. 
c Map of this region in the wheat/maize chloroplast genome showing the organization of the sequenced tRNA genes (this study; 
Schwatzt et al. 1981; Krebbers et al. 1984; Quigley et al. 1985), and of either mapped or sequenced protein genes (Bedbrook et al. 
1978; Howe et al. 1982, 1983; Krebbers 1983). Thick arrows indicate the proposed ends of genomic inversions by which a can be 
transformed into b, then into c. The genes are indicated by black boxes and thin horizontal arrows show the direction of transcription 
of these genes 

The organization of the chloroplast genome of cereals 
(such as wheat and maize) has been shown to be essential- 
ly the same (Vedel et al. 1980). We have indeed found 
that wheat chloroplast DNA probes (cloned fragments) 
containing either trnG-GCC, or trnM or trnC hybridized 
to wheat and maize chloroplast DNA fragments located 
in the same region of the chloroplast genome (unpublished 
results). The wheat gene for t R N A ~  A is probably 
located like in maize (Krebbers et al. 1984) just up- 
stream of URF-62, on the opposite strand. In maize this 
gene (trnS-UGA) is preceeded by psbC and psbD (cod- 
ing for two photosystem II proteins) which are tran- 
scribed in the same direction as URF-62 (Krebbes 1983). 
These two genes are most likely to be found at the same 
location on the wheat chloroplast genome. The ~rganiza- 
tion of  the tRNA genes sequenced in this study and of the 
protein genes either mapped or sequenced in this region 
of  the wheat/maize chloroplast genome is represented 
diagramatically in Fig. 10c. 

When the organization of the  maize chloroplast 
genome is compared t o  that of  the spinach or tobacco 
chloroplast genomes (spinach and tobacco chloroplast 
genomes are thought to be essentially colinear), (Fluhr 
and Edelman 1981), it appears that an inversion of  a 

20 kbp fragment must have occurred during evolution 
(Palmer and Thompson 1982). The relative location of  
the gene coding for the c~ subunit of  ATP synthase in 
the wheat (Howe et al. 1983), spinach (Westhoff et al. 
1981) or tobacco (Deno et al. 1983) chloroplast genomes 
has confirmed this hypothesis. Our finding that trnD 
and trnC are transcribed in wheat in the opposite direc- 
tion as compared to the spinach genes is also in agree- 
ment  with an inversion of  part of the chloroplast genome 
(Quigley et al. 1985). Cross-hybridization studies have 
suggested that regions near atpA and wheat chloroplast 
fragment B18 were involved in the rearrangements of  
the wheat chloroplast genome relatively to spinach 
(Howe et al. 1983). It is now possible to define more 
precisely the regions involved in the rearrangements by 
looking at the organization of  the genes in this part of  
the wheat/maize (Fig. 10c) and spinach/tobacco (Fig. 
10a) chloroplast genomes. 

The gene for the initiator tRNA Met on one hand and 
the genes for t R N A ~  c and atpA on the other hand are 
located on the tobacco chloroplast genome about 
30 kbp apart (Ohme et al. 1984;Deno and Sugiura 1984). 
On the wheat genome these two genes are separated by 
only 91 bp, but  there is a distance of 22 kbp between 



F. Quigley and J. H. Weil: Wheat chloroplast genes for five tRNAs and an URF 503 

atpA on one hand and trnG-UCC and trnM on the other 
hand. These data could be explained by an inversion of a 

2 0 - 3 0  kbp tobacco fragment, one end of  the inversion 
being near the upstream end of  trnM, the other end 
being close to the downstream end of  trnG-UCC 
(Fig. 10). The 20 30 kbp inversion would correspond 

to the 20 kbp inversion proposed by Palmer and Thomp- 
son and is compatible with the inverse organization of  
trnT, trnE, trnY, trnD and trnC on the wheat and tobac- 
co/spinach chloroplast genomes (Fig. 10). The high nu- 
cleotide sequence homology observed in the region up- 

stream of  the wheat and tobacco trnM and the apparent 
duplication of  the same region in wheat may be linked 
with this inversion. In order to explain the orientation 
of  URF-62, trnG-GCC, trnM and trnG-UCC on wheat 
chloroplast  fragment B18, it  is necessary to postulate a 
second (smaller) inversion of  about  6 kbp.  I t  is not  pos- 
sible to locate precisely the ends of  this inversion, how- 
ever one end must lye upstream ofpsbC, in order to ex- 
plain the posit ion of this gene on the maize genome. As 
the distance between trnT and trnG-UCC is about 
1.2 kbp in wheat, only a relatively short DNA fragment 
upstream of  trnG-UCC, possibly including trnS-GCU 
may have been carried along during this inversion. 

Finally, as wheat trnT is transcribed in the opposite 
direction as compared to spinach trnT, the region con- 
raining this gene must have been inverted at some time 
during the evolution of  the chloroplast genome. The 
region upstream of  trnT is one of  the two regions of  the 
wheat chloroplast genome where heterogeneity has been 
observed (Bowman et al. 1983). Such clustering of  DNA 
alterations in plant  chloroplast genomes has been taken 
as an evidence of  the existence of  "ho t  spots" of  DNA 
rearrangements (Kung et al. 1982). Our data show that  
at least two DNA inversion ends map in this region. 

In order to get a better  understanding of  the inversions/ 
rearrangements which have led from a spinach-like 
ancestor chloroplast genome to the wheat chloroplast 
genome, it  would be necessary to compare the sequences 
of  other junct ion regions with the wheat chloroplast 
trnM - trnG-UCC junct ion,  as they are likely to have 
been involved in the inversions/rearrangements events. 
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