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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
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Summary. The genes for the initiator tRNAYSY,

tRNASE., tRNAZY . tRNASY. and tRNAZY, 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 tRNAM® and the gene for
tRNAggC 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 tRNAM®! gene, the second copy is
found downstream of the tRNAM®! 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 of 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-hybiidization
studies of chloroplast DNA fragments containing part of
the ATP synthase « subunit gene (afpA) 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
tRNAAP (#nD) and tRNA®YS (#nC), 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 tRNAMS  (#mM-CAU), tRNASY,
(rnG-UCC), tRNAZH,, (trnT-GGU), tRNASY , (#nE-
UUC) and tRNAE’{fA (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
genomic 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-CsCl 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, mp10 and mpl1.
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Results
Location of 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 Sall-Pstl subfragment
of B18, it was established (Quigley et al. 1985) that this
subfragment contains the gene for tRNAggc (zrnG-
GCC). The genes for tRNAZY. (#mD-GUC) and
tRNA(é’(’:SA (trnC-GCA) have been located, respectively,
on a 742 bp Aval-Pvul 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 truD.
The sequencing strategies are detailed in Fig. 2.

Examination of the sequence of fragment BI18
(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 tRNASY. (#rnG-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
tRNAYSY; (rnM-CAU) between positions 1,208 and
1,281 and the gene for the tRNAGY, (#nG-UCC) be-
tween positions 1,373 and 2,120 (this gene contains a
676 bp intron).
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5 € g 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
£ - o T T _ _ S . three previously sequenced genes
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: . s ' ' ' . . . . 1ou
GGATCCCCTATACCCCCTTOTGAAATAAAGAGTAAATAATCICTTCTCACCUCCATATC CAAATAAAAAAGCGGTTTAAGTAATAAATTTGAATTAAAGA
. . . . . . . . . . 200
GAAGAATCAATGGATTCATGATTAAACCCCTCCTACTTCTTGTATTTTTT TACAAT I TTGCTTAAGTGAGGGATCAAATATCTAGTCAACTTTATTTGAT
A F L AV F A L I A TS s Vv L V I 8§V p L V 300
L:GTAbCTTGbAGGA'ITAbAAATATGACTA l'l GCTTTCCAATTAGCTGITITTGCATTAATTGCGACTTCCTCAGTCTTAGTAATTAGTGTACCCCTTGTA
URF - 62
F A S PDGWMW S NNI KNUVVF S 6GTS$ L WI1IG6L VFLV ATITLNS 400
TTTGCTTCTCCTGATGGTTGGTCAAATAATAAAAATGTTGTATTTTCTGGTACATCATTATGGATTGGACTAGTCTTTCTCGTAGCTATTCTGAATTCTC
L I 5 * . . . - . - . . . 500
TC. ATI'I'C'I'I‘AAA'I'I‘AAATI'I‘GG'ITAATX TT !A'ITAACCCCATAAAAAAGAAATAATAAAGGCCA’I’ITC TTCTAAAAAATTAGAATAGTGAGACGTATTAA
. . . . . . . R . . 600
AACGCAATTTGCGTTCCGAATTGCTAGCTCTTCTCTTTCAGTATTATGAAATTCCATTCCCATTAGAATATTCATTGACAGATAATAAAAAAAGGAAAAC
700

TCTAATATAATAGARARTGARATGAAACGGTCOACCCAGACATAGAAGGTCGACCCAGOCGCATATACGCTATARAATATATACCGTAE CGAGCGTAGTT

trnG -GCC . . 800
CAATGGTAARATATCTCCTTGCCAAGGAGAAGATACGGGTTCGATTCCCGCCGCTCGUCL GCTTAATTTCTCAAAGTACTATGATARAAAGTTTAGTCTA

. . . . . a_ . . . 900
. .
GTTAACTGTTTAACTACTTATATTAAATTAAGTATTAATTAGGTGTTAGTCTAGTGCCGTATCCCTTACTATCTIACCCTTCCTTTGCATCCCACTCAARA
b . . . . . . . . . < . 1000
AAAAGAGGGCGCTCCHGAGGCAGAAATAGAACTCGUCAAGAGAGCTCCAAARATTGGGTATTAAC TGAGACAAACAACGGGCAAACTGTTTTTAAAGGGA
o]
2. . . . . . . .b . . . 1100
AGGGANAGGTAGACTGTCCOTTTCGTTTCATTT TTATTTTCTGCAGGGT AGGGAGAAGCC TTECGCCTTC TT T T T TTGAAGGCAAGTGACTTCGCAAACT
—_ —
¢ 1200
GCTCAATTTTGCCC TCTAGGHC CGGGAGCTAATGAATAAAAAAGGGTTGGATACGCCCCTCTACCATAT CTAGAGAAATAGAATACTCCTTTTATACAGA
trnM i 1300
CTGCTAAGTGCGGAGACGEGAATCOAACCCGTGACCTCAAGG TTATEAGCCTCGTGAGCTACCAAACTGCTCTACTCCGCTCTGCAGTACCAGAAACTGG
[ATGCCTCTGCCCTTAGCTIGGCCACTGGAGTTC CAATACTCGGAGCACTCGATGCT TIGACGAGATCACGCGA
. . . . . . . . . . 1400
TGGACAAAAAAGGCTTGAATACAAGC CTCTAACATGTCTAGACAAATAGAATACTCCTTTTATACAGAATGGAGCGGGTAGCGGGAATCGAACCCGCATC
TCGCCCATCGCCCTTAGCTTGGGLGTAG
. . . . . . . . . . 1500
GTTAGCTTGGAAGGCTAGGGGTTATAGTCGACGTTGGTTGATTATTTTTAACGTC TCTAATTCAAAACCGAACATGAAATTTTGATTTCATTCGGCTCCT
CARTCCARCCTTCCGATCCCCAATATCAGCTGCAACCAACTAATAAAAATTGCAGAGATTAAUTTTTGGCTICTACTTTAAAACTAAAGTAAGCCGAGGA
. . . . . . . . . . 1600
TTATGGATATTCTCACCACTTAACATCTATGTCAGCTTTTCTATTTGAATGGAACCAAAGCTCTCTGCTTTCTAGATGATCCTTATAGAGTAGGAGATAG
AATACCTATAAGAGTGGTGAATTGTAGATACAGTCGAAAAGATAAACTTACCTTGGTTTCGAGAGACGAAAGATC TACTAGGAATATCTCATCCTCTATC
1700

AAA’ITCTAT&TAAATCCATCTAATCTAC'I‘I“ACTTCG’I'I‘C C CTAATTTCATTCAAGA GATé CTGAGGAAAAGAATTGGGTTTCCACCGAGCTGAAACAATA
TTTAAGATAGATTTAGGTAGATTAGATGAATGAAGCAAGGGATTAAAGTAAGTTCTCTAGGACTCCTTTTCTTAACCCARAGGTGGCTCGACTTTGTTAT

trnG - UCC 1800

TGCGGATGGTTC TAGTARAC CAAAALTATC G’I'I"I'I"I'I‘AGCTA’I'I'I‘GGC’I'I‘C CTTATTCC 'I"I‘AT’I'I‘TAAGAA(:A’I‘T"I‘A(,’I'I‘AL GATTGGAAATCAAC ’I‘I'I'I‘
ACGCCTACCAAGATCATTTGGTTTTGATAGC AARAAATCGATAAACCGAAGGAATAAGGAATAAAATTCTTCTAAATCAATGCTAACCTTTAGTTGAAAA

. . . . . . . . . - 1300
TTGTATCTT ATCCATAGATCCTTTACTCATATTTTCAAAATTGGAATACT TAATCCAATGCAAAATTATGC TTCGCGACTC TGTACTCATAATCCAATT
AACATAGAAGTAGGTATCTAGGAAATGAGTATARAAGTTTTAACCTTATGAATTAGGTTACCTTTTAATACGARGCGCTGAGACATGAGTATTAGGTTAA

. . . . . . . . . . 2000
TTTATTTTGGATGCAATTTAAATTAGTCTTTGGATACAAATCGCCAGAATGTATATTCTTC CTCAATATGCTATTGAGAGGAAAAGGATTTAATCCTTTA
AAATAAAACCTACGTTAAATTTARTCAGAAACCTATGTTTAGCGGTCTTACATATAAGAAGGAGTTATACGATAACTCTCCTTTTCCTAAATTAGGAAAT

. . . B . 2100
TAAGAACTAAAGTTTTCALICGGAATATAAAAATAAARAACTTAAGGATGCCTTAAGT, ATATL AT'I'I’CAAA’I'TLAL;'ITAT’I‘AA’I 'AGAAC GAAT('A(‘ACT‘I‘T
ATTCTTGATTTCAAAAGTAGCCTTATATTTTTATTTTTTGAATTCCTACGGAA' ['I'CATATAG'IAAAG'I'I‘TAAG’ICAATAATTAT("T'I‘GF'I'TAGTGTGAAA

. . - . . . . . . - 2200
TACCACTAAACTATACCCGCTACATIGTAGATTATGGTATAAATGGTACCUTTTCTCAAGGATAGCCATTTGACAAGAAGGCTAATTCCCCCTTATTGAA

2300

TCAGATGGAGAAGGTTCATGACACTGAGCCGTTOOTACTTCTACTTCCATC GCTCECCTITACTTTAGGAT I TAGATAGCC COTCTGGTCTUTAAARAAR

. . . . . 2358
TCTTTTCTTACCATGCTAATAGCGCCTGAACCAAATGTATTTATTTTGATTAGGATCC

Fig. 3. Nucleotide sequence of fragment B18 (2,358 bp long) from wheat chloroplast DNA. The sequence is written in the 5’ to 3'
direction and the tRNA-like strand is shown. For #uM and #rnG-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 (*—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
arrows

Three tRNA genes were identified upon sequencing 1,031, and for tRNAg’['}A (trnY-GUA) between posi-
the B6 subfragment- BamHI-Sst2 (Fig. 4): the genes for  tions 1,093 and 1,174. These three tRNA genes are
tRNAggU (trnT-GGU) between positions 514 and 585,  located on the same strand as trnD which is found 366 bp
for tRNASH. (#nE-UUC) between positions 958 and  downstream of trnY (Figs. 2 and 4).
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GGATCCTATATCCTATTGGGTATCTGTTCCCCGCCTTTTCCCGCTAGGATCGGAAATCTTATAT T TTCCATATCCATATACCATTGARTCCTTGGGETTC
CAGAATCCOCCTATTTTACTACTCTTCOGAAACGGAAAACCCTGAACCAAGAAGAGTTGGATATGTTATGTACGGTATGT TTTTTITTTIATTAATTTTA

TTTTGAGCTCTCAAAATATCGATATATACATATACAATCTCTACATAATGTCTCTCTCTCTATCTCTATATATTATATATATAATATGTACATTATGCAG

. . . . . . ArnT . . .
TGGACcCATAATGGGAAATCCAAGTGGCTAA’I‘I'ITI‘GAAITAAATAAAAAECCCTPITAACTCAGTGGTAGAGTAATGCCATGGTEZGGCXTAAGTEETC

100

200

300

400

GOTTCARATCCGATARAGGGC

ATTGATTCACTTTTTTICTTTGTTTTTGAAACTTTCTCTATAT T TTTAGAGAATTTTATGACTTAGTGCGGGATGGATCCATTTITGGTCTGAACACTAA
ATGAAGCACGGAGAATTAATCTATAACGATCAACTAAAAAAAATCCTAGATGAAAACATAACACAAAAGTTGGAAAAACTCT TTGCTTTGGATCTATTTA

TACTI'ITCGAGTATATTGACAAITCCAAAAAACTGCTCATACTATGATTATAGTATAAT&ACGAGcGG'I"IGTATATGGCécmchTCTAGTGAEcccé

- . trnE . . . . . .
TRTCGTCTAGIGGTTCAGGACATCTCIC TTTCAAGGAGGCAGCGGGGAT TCGAC T TCCCCTGGGGGT ARGGAGTATTATGARAGGAGGTTAATCATAGAT

AAATTAGTGGTAGAGTAATCTCGIGCTAAGACGTAAGTCOTTGCTTCGAATCTGATAGAGTACT T TCTACTAA

trnY

TAGCAAAAACCCTAGARTARATTCTTCCTHCOTCRATOCCOGACTCOT TARTCOGCACOUACTCTARRT TCCTICACAATETCTAC GOTCOTTCARATCE

500

600

700

BOO

900

1000

RGCTCGGCCCARACCAARAATCTAGGGC T TCATCANT A TGARCTAAATCCTT T TG TT T T TC TTCCATTICTT TTTCTTCCATAARATAAAATGTCTGATC

TATAGAAATAAAAGATANRGAAAARRGCCAAATT T T T TCTAA T CCATATCTCTCTCATTCCTTTCTTACAAACARAAGAGTTTTTCTTATTGAAGGCT

GGATTATTATCCATTTTTAGTGATAAAAAATCACGACATACTAGTTATGTCACTCTCACTATACCCACGTATAATATS TGGGTATGTAGTATATGATICG

1100

1200

1300

trnD 1378

TCTATTTCTTAGAGTACGAARGACGART CGAATCTTCTTATGGTTCTATT TAAGAATGGGTATGCCATACACCCGCHS

Fig. 4. Nucleotide sequence of 1,378 bp BamHI-Sst2 B6 subfragment of wheat chloroplast DNA. The sequence is written in the §'
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)

tRNASLY

Met
tRNA Uec

tRNATHr tRNAGIu tRNATYT

tobacco®? 89.2
spinach®d 89.2
bean®® 86.5
broad beanf

pea®

100 (exons)

94.5 94.5 95.3

95.8 94.5 95.3
94.5 95.3

Ohme et al. 1984

Deno and Sugiura 1984
Sprinzl and Gauss 1984
Holschuh et al. 1984a
Canaday et al. 1980
Kuntz et al. 1984
Rasmussen et al. 1984

m - e 0 O W

Structural features of the sequenced tRNA genes

These five newly localized tRNA genes (two on fragment
B18, namely trnM-CAU and #rnG-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
tRNAM® is not base-paired to the 3’ side. This feature
is common to procaryotic and plant chloroplast initiator
tRNAsM® where a 5' terminal C is located opposite to
an A (Sprinzl and Gauss 1984). However, in the case of
wheat chloroplast initiator tRNAM® 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
initiator tRNAM®' of the blue-green alga Anacystis
nidulans (Ecarot-Charrier and Cedegren 1976).



F. Quigley and J. H. Weil: Wheat chloroplast genes for five tRNAs and an URF 499

AR
c
U A LAA L

A-U A c

A-U A A

A-U A A

G=0C 5 c

U-Ay Ta c

d u- A

A-uU u-a

A-U G=¢

G:=G c=G

cC:G A-U

Cc=G G=Cg

G-u A ¢

A-0 G:=¢

G-u A-U
5 AAG - UGAAUU-AUAAC 3

Fig. 5. Secondary structure model of the 3'-terminal region of

Gly
tRNAU éc intron

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 #nul and trnA, tobacco trnV), wheat
and tobacco #rnG-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 #rnG-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 rnG-UCC

'-35 ‘-10’ 750

trnE 850

W TATA’I'I‘GACAAITCCAMAMCTGCTCATACTATGA'I‘I‘ATAGTATAATCACGAGCGC’ITGTATATGGCCCTATCGTC’I‘AGTGAT
T .AC G . .

W CATCTCTC’I'ITCAAGGAGGCAGCGGGGATI‘CGACTI'C CCCTGGGGGTA GGAGTA’I'I‘ATGAAAGGAGGTI‘AATCATAGATTAGCAA AAACCCTA
CA T

introns are compared) and this sequence can be folded
into the two loops characteristic of class Il introns (Fig. 5).
These data confirm the location of the intron between
nucleotides 24 and 25 in the D stem of tRNAZY, as
already suggested by the comparison with the £. coli and
B. subtilis tRNAS%’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 #rnG-UCC of tobacco chloroplasts,
reported by Deno and Sugiura 1984).

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 rnG-UCC and #rnE, 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 #nG-UCC.
This 39 bp DNA region shows a 70% sequence homology
with the corresponding region upstream of tobacco chlo-
roplast #nG-UCC (Deno and Sugiura 1984). A “-35”
(TTGACA) and a “~10” (TACTAT) sequences are
found, respectively, 75 bp and 51 bp upstream of #nE.
The alignement of the coding and flanking regions of
trnE and #rnY 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 #xnE and
trnY coding regions, but also for the intergenic region

200
GAATAAATT

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 #nE and frnY. 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 frnE are overlined, while the tRNA genes themselves (¢7nE and trnY) are

boxed
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(a) 1086 L CT.CGuvvurnrrss A.T.IT..C..C T..6G..6.G.G..AA..A.T........ G...G6....GcC.. 1159

(b) 1254 GAGTACCAGAAACTGGTGGACAAARAAGGCTTGAATACAAGCC 1327

c) G e C....G. C.AAGATA..A..TGA..... AA.A..T...C....A..A...G.GCC..

(a) 1158 ....C...A...... ¢ T S o s CT.

(b) 1328 TCTAACATGTCTAGACAAATAGAATACTCCT‘I"I'I‘A'I‘ACAGAATGG
(c) .LC.C.CLA...GT e envennens

trnG UCC

Fig. 7. Sequence comparison between the region downstream of wheat initiator trnM (e), the region upstream of wheat initiator rrnM
(which is the intergenic region between initiator #rnM and trnG-UCC) (b), and the region upstream of tobacco initiator ##ruM (¢) (Ohme
et al. 1984). The numbering refers to the wheat sequence (¢ and b) and is the same as in Fig. 3. The sequences are written 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 #rnE which contains the “~35” and “-10”
sequences (Fig. 6).

The “—35” and “—10” sequences upstream of #rnE
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
“-35” TTGACA sequence (the four sequences are quite
different further upstream) to 14 bp downstream of the
“—10” 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 “—10” sequences).

Although two putative “~35” and “—~10” 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 #rnE and trnY are co-tran-
scribed, using the classical promoter sequences located
upstream of #rnE.

The flanking regions of trnM

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

upstream of tobacco rnM (c) as shown in Fig. 7. The
region (shown in a) which has a high degree of homology
with the first 28 nucleotides of #rnM (b) can therefore
be considered as a pseudogene which includes the D
stem and loop of #7nM. The homology between the re-
gions upstream and downstream of wheat frnM extends
into the terminal part of #rnG and includes its Ty loop.
There is also a high degree of homology between trnM
and #rnG-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 tRNAM® 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 #rnM, no typical *“*—35”
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 rnM 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 frnM 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. 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 nS-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

MTIAFQLAVFAL IATSSVLVI SVPLVFASPDGNSNNKNVVFSGTSLWIGLVFLVAILN SLIS

Fig. 8. Comparison of the aminoacid sequences
60 of the URF-62 (deduced from their nu-
cleotide sequences) from wheat, maize (Kreb-
bers 1983) and spinach (Holschuh 1984a).
Sequence identity is marked by dots

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 thylakoid 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 “—35” and “—10” 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 (#rnM-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 trnC-GCA).

The arrangement of these eight tRNAs and of URF-
62, is as followed (Fig. 2): URF-62 — 277 bp — trnG-
GCC —~ 449 bp — rnM — 91 bp — trnG-UCC — 1.2 kbp
— t!rnT — 373 bp — truE — 62 bp — trnY — 366 bp —
truD — 2.2 kbp — trnC. The open reading frame (URF-
62) and rnG-GCC, trT, trnE, trnY, trnD are on the
same strand as afpA (coding for the a 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 (/R) and the gene coding for the «
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, 19844, b; Deno and Sugiura 1984; Ohme et al. 1984, Sugita et
al. 1984; Zurawski et al. 1984) and of the protein genes either mapped or sequenced (Westhoff et al. 1981; Alt et 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.
¢ Map of this region in the wheat/maize chloroplast genome showing the organization of the sequenced tRNA genes (this study;
Schwarzt 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 tRNA%eé 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 (#rnS-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 6rganiza-
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 chioroplast
genome is compared to 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
(Paimer and Thompson 1982). The relative location of
the gene coding for the « 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 rnD
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 tRNAM®t on one hand and
the genes for tRNASY . and atpA on the other hand are
located on the tobacco chloroplast genome about
30 kbp apart (Ohme et al. 1984;Deno and Sugjura 1984).
On the wheat genome these two genes are separated by
only 91 bp, but there is a distance of 22 kbp between
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atpA on one hand and #rnG-UCC and #rnM on the other
hand. These data could be explained by an inversion of a
20-30 kbp tobacco fragment, one end of the inversion
being near the upstream end of frnM, the other end
being close to the downstream end of #rnG-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 #nM 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. It is not pos-
sible to locate precisely the ends of this inversion, how-
ever one end must lye upstream of psbC, in order to ex-
plain the position of this gene on the maize genome. As
the distance between frnT and frnG-UCC is about
1.2 kbp in wheat, only a relatively short DNA fragment
upstream of #rnG-UCC, possibly including #nS-GCU
may have been carried along during this inversion.

Finally, as wheat trnT is transcribed in the opposite
direction as compared to spinach #rnT, the region con-
taining this gene must have been inverted at some time
during the evolution of the chloroplast genome. The
region upstream of #rnT 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 “hot 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 spinachlike
ancestor chloroplast genome to the wheat chloroplast
genorme, it would be necessary to compare the sequences
of other junction regions with the wheat chloroplast
truM — trnG-UCC junction, as they are likely to have
been involved in the inversions/rearrangements events.
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