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Abstract 

As a first step in the study of  chloroplast genome variability in the genus Helianthus, a physical restriction 
map of  sunflower (Helianthus annuus) chloroplast DNA (cpDNA) has been constructed using restriction en- 
donucleases BamH I, Hind III, Pst I, Pvu II and Sac I. Sunflower circular DNA contains an inverted repeat 
structure with the two copies (23 kbp each) separated by a large (86 kbp) and a small (20 kbp) single copy 
region. Its total length is therefore about 152 kbp. Sunflower cpDNA is essentially colinear with that of  tobacco 
with the exception of  an inversion of  a 23.5-kbp segment in the large single copy region. Gene localization 
on the sunflower cpDNA and comparison of  the gene map with that from tobacco chloroplasts have revealed 
that the endpoints of  the inversion are located between the trnT and trnE genes on the one hand, and between 
the t rnG and trnS genes on the other hand. 

Analysis of  BamH I restriction fragment patterns of  H. annuus, H. occidentalis ssp. plantagineus, H. gros- 
sesseratus, H. decapetalus, H. giganteus, H. maximiliani and H. tuberosus cpDNAs suggests that structural 
variations are present in the genus Helianthus. 

Introduction 

The growing importance of  the cultivated sunflower 
(Helianthus annuus) as a crop for vegetable oil dur- 
ing the last two decades is largely due to the produc- 
tion of  a cytoplasmic male sterile line (CMS) by 
Leclercq in 1969, through interspecific crosses be- 
tween H. annuus as the male progenitor and H. 
petiolaris as the female cytoplasmic donor  parent 
[16]. Future improvements of  this culture through 
the production of  new varieties of  CMS by inter- 
specific crosses, and through introgression of  

characters of  agricultural interest (resistance to 
frost, to drought, to natural predators. . .  ) from wild 
species of  the genus Helianthus into cultivated sun- 
flower lines, will require extensive knowledge of the 
genetic properties of  these species. Although an in- 
frageneric classification of  the genus Helianthus has 
already been proposed using complementary 
methods of  biosystematics [31], uncertainties about 
the phylogenetic relationships of  some species re- 
main unresolved, preventing their rigorous classifi- 
cation. In addition, the genetic variability within 
these species, particularly within those used for the 
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production of  CMS, is an important factor for the 
diversity of  the CMS obtained with the various in- 
dividuals of  a given species. 

The present paper reports the structural arrange- 
ment of  the chloroplast DNA (cpDNA) of  sunflow- 
er, as an initial step to the analysis of  the cytoplasmic 
variability in the genus Helianthus. Its structure has 
been deduced by comparison with physical maps of  
cpDNA from other species. The structure of  chlo- 
roplast genomes from higher plants is indeed highly 
conserved [25]; cpDNAs consist of  covalently closed 
circular molecules sized between 120 kbp (in Pisum 
sativum, [25]) and 160 kbp (in Atropa belladonna, 
[7]). Genome sizes of  Nicotiana accuminata 
(171 kbp, [33]), Spirodela oligorhiza (180 kbp, [38]) 
and Pelargonium hortorum (217 kbp, [23]) are ex- 
ceptionally large. Most cpDNAs contain an inverted 
repeat structure (IR) in which each of  the two copies 
(20 kbp) carries a set of  the four ribosomal RNA 
genes; some legumes like pea or broad bean, having 
only one copy of the ribosomal genes, are exceptions 
to this rule. These IR separate the large single copy 
(LSC) and the small single copy (SSC) regions. 

Using heterologous DNA cross-hybridizations, 
Palmer and Thompson [25] showed that the cpDNA 
of  spinach, petunia and cucumber are essentially 
colinear; they differ from the cpDNA of  certain leg- 
umes by an inversion of  about 50 kbp located in the 
LSC region and from the cpDNA of  monocots like 
maize and wheat by a second inversion of about 
20 kbp located within the first one. Other dicot pla- 
stomes, for instance those of  tobacco [7], cabbage 
[24] and tomato [26], show the same gene arrange- 
ment as those of  spinach, petunia or cucumber. 

Taking as a working hypothesis that sunflower 
cpDNA is colinear with that from tobacco, we used 
cloned tobacco cpDNA fragments (as well as wheat 
cpDNA fragments and spinach gene probes) to con- 
struct a structural map of  H. annuus cpDNA. 
Twenty-five genes were located on this physical map, 
which was found to be indeed essentially colinear 
with that of  cpDNAs from other dicots such as 
tobacco or spinach, with the exception of  an inver- 
sion of  about 23.5 kbp located in the large single 
copy region. 

A variable region of  the chloroplast genome in the 
genus Helianthus was identified by comparison of  

the restriction patterns of  the cpDNA from a few 
species, providing the basis for a molecular study of 
the phylogeny in that genus and for the analysis of  
cytoplasmic variability within species. 

Materials and methods 

Material 

Wild species and sunflower cultivars were grown un- 
der greenhouse conditions. H. annuus male fertile 
line HA89 or the F1 hybrid (HA89 9 x RHA274 
or), and H. tuberosus (Jerusalem artichoke) variety 
ID19 were obtained respectively as seeds (from Dr 
Bervill6, INRA Dijon) or tubers (from Pr. Cour- 
duroux, University of  Clermont-Ferrand). The wild 
perennial species H. occidentalis ssp. plantagineus 
(INRA reference 231), H. decapetalus (ref. 551), H. 

maximiliani (ref. 568), H. grossesseratus (ref. 237) 
and H. giganteus (ref. 554) were obtained as young 
plants from Dr Serieys (INRA Montpellier). 

Chloroplast DNA isolation 

Chloroplasts were extracted from young (2 to 4 
weeks old) leaves after homogenization with a War- 
ing blendor in 5 volumes of  25 mM Tris, pH 8.0, 
25 mM EDTA, 12°70 sucrose (w/w), filtration 
through 50-/~m mesh nylon cloth, sedimentation at 
2000 g for 15 min, and flotation in 50°70 sucrose 
(w/w) at 20000 g for 60 min according to Manning 
and Richards [20]. After final washing and sedimen- 
tation in 12070 sucrose, the chloroplast pellets were 
resuspended in 20 mM Tris, pH 7.5, 20 mM EDTA, 
3070 (v/v) SDS and deproteinized by chloro- 
form/phenol  treatments. 

Restriction enzyme analysis 

The cpDNAs were digested with the restriction en- 
zymes as recommended by the supplier (Boehringer 
Mannheim). The restriction fragments were separat- 
ed by horizontal agarose gel electrophoresis, pho- 
tographed under UV illumination after ethidium 



bromide staining, and transferred to Schleicher and 
Schuell BA85 nitrocellulose filters according to 
Southern [36]. 

Hybridizat ions  

Hybridizations with labelled probes were performed 
according to Jeffreys and Flavell [13], in Denhardt's 
medium containing 3 x SSC, 40°70 formamide, at 
43 °C; washings were made in 2 × to 0.1 × SSC con- 
taining 0.1070 SDS, at 63 °C. 

cpDNA-speci f ic  probes  

The following cloned chloroplast DNA probes were 
used in this work: 

- Nicot iana tabacum fragments Sal $4 to Sll were 
kindly provided by Dr P. Seyer [32]; 

- Triticum aest ivum fragments Sal S3b to $11 ex- 
cept for $5 [5] were made available by Dr A. 
Rode; 

- Euglena gracilis restriction fragments EcoN, 
EcoP and EcoL containing respectively genes 
rps7 and rpsl2, 16S-rDNA and 23S-rDNA [14, 
21] had been cloned in a previous work in our 
laboratory; 

- Spinacia oleracea specific probes for genes 
psaA1, petA, psbE/F, psbA, psbB, atpA, atpE, 
atpH, psbC and psbD were provided by Prof. 
R. G. Herrmann (see references in Table 3); 

- rbcL gene [34] was subcloned from N. tabacum 

Sal 6 fragment obtained from Dr P. Seyer; 
- Vicia f a b a  probes for trnT-trnE-trnY [15], trnL- 

UAA [4], trnQ [37] and ndhF (Herdenberger et 

al., unpublished). 

The various double stranded probes of  cloned 
cpDNA fragments from tobacco, wheat, spinach, 
Euglena or broad bean were labelled by nick- 
translation according to Rigby et al. [30]; excision of  
the inserts from the plasmid vectors were found un- 
necessary since neither pBR322 nor pUC9 plasmids 
gave significant hybridization with cpDNA. 

The M13 single stranded ndhF radioactive probe 
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was synthesized using the pentadecamer 
5' CGAATCGTGTAGGGC 3' (internal to the gene) 
as primer in the presence of dNTPs (including 32p 
~dATP)  and Klenow enzyme. Free radionucleotides 
were eliminated by gel filtration on Sephadex G50. 

The trnL-UAA probe was labelled as riboprobe by 
transcription of  the gene cloned in the vector pT7-2. 
The reaction mixture (final volume 50/A) was 
400 mM Tris-HC1, pH 8.0, 15 mM MgC12, 5 mM 
DTT, 1 mg/ml BSA, and contained 50 nmol of  
each of  the three (CTP, UTP and GTP) unlabelled 
ribonucleotides (1 mM final concentration), 20/~Ci 
32p ~ATP (400 Ci/nmol),  0.5 /~g pT7-Leu(UAA) 
linearized with Eco RI, 30 units RNasin and 4 units 
T7 RNA polymerase. Incubation was for 45 minutes 
at 37°C. To complete the chains, 50 nmol un- 
labelled ATP (2.5/zl of  a 20 mM solution) was ad- 
ded and the mixture was incubated for 75 min at 
37 °C. After phenol extraction and ethanol precipi- 
tation the labelled RNA was redissolved in 50 #1 

H 2 0 .  

The following synthetic oligonucleotides were 
used for the detection of  three tRNA genes: 

trnR (UCU): 5' AGGTTTAGAAGACCTCTGTCCTA 3' 
trnS (GCU): 5' CAACGGATTAGCAATCCGCCGC 3' 
trnG (UCC): 5' GCATCGTTAGCTTGGAAGGC 3' 

The oligonucleotides (3/~g of each) were 
5 '-labelled using polynucleotide kinase in the pres- 
ence of  50/~Ci 32p "r-ATE Unincorporated radioac- 
tivity was eliminated by gel filtration (Sephadex 
G25). 

Cloning o f  H. annuus chloroplast D N A  

A Hind III cpDNA fragment library was construct- 
ed using phage ~,L47 [17], since this vector can ac- 
commodate the largest fragment (15.5 kbp) produced 
by Hind III cleavage [19]. Clones of  appropriate 
tobacco fragments have been used to screen out of  
this library sunflower fragments Hind HI, H2, H3, 
H4a, H4b, H 4 ' ,  H6, H6 '  and H13. The fragments 
have been subcloned in plasmid vectors pBR322 [3] 
or p E M B L 8 -  [6]. 

In the following lines, we will use the gene nomen- 
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clature proposed by Hallick [8] and we will refer to 
nucleotide positions deduced from the cpDNA 
tobacco sequence published by Shinozaki et al. [35]. 

Results and discussion 

Restriction mapping of H. annuus chloroplast 
DNA 

Five restriction enzymes (BamH I, Hind III, Pst I, 
Pvu II and Sac I), chosen for the low or moderate 
number of  restriction fragments they produce, have 
been used for the construction of  the physical map 
of  the sunflower plastome. The restriction patterns 
obtained with these enzymes are shown in Fig. 1, and 
the nomenclature and size of  the fragments are 
presented in Table 1. The sum of  the fragment sizes 
generated by the restriction enzymes shows that the 
total length of  the cpDNA is about 152 kbp. The 

lower value obtained with BamH I (147.1 kbp) is due 
to the large number of  small BamH I restriction 
fragments that go undetected on 0.7°70 agarose gels; 
some of  these fragments have been demonstrated by 
fractionation on overloaded 1.2°70 gels (Fig. lb) and 
by BamH I digestion of  cloned Hind III fragments 
(for instance fragments Hind H3 and H4a, Fig. 2b). 
These small fragments were not numbered and have 
not been taken into account in the proposed molecu- 
lar weight of cpDNA when digested with BamH I. 

We had at our disposal a continuous array of  
cloned cpDNA fragments corresponding to the se- 
quences spanning from nucleotides 50000 to 156000 
on the physical map of  tobacco plastome [35]. They 
include tobacco fragments Sal $4, $6, $7, $8, $9, S10 
and Sll and wheat fragments Sal $8 and S3b (the 
latter corresponding to the SSC region). These 
probesallowed us to identify and to order the restric- 
tion fragments of  sunflower cpDNA in the cor- 
responding region (Table 2A and Fig. 2). No 

Fig. 1. Restriction patterns of  sunflower cpDNA generated by digestion with BamH I (1), Hind III (2), Sac I (3), Pst I (4), Pst I + Pvu II 
(5) and Pvu II (6). Fragments were separated by electrophoresis for 15 h at 2 V/cm in a 0.7070 (a) or a 1.2070 (b) agarose gel. 

M: lambda DNA digested with Hind III (on the left) or Hind III + Eco RI (on the right), used as molecular weight markers. 
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Table 1. Sizes (in kbp) and stoichiometries (in brackets) of sunflower cpDNA restriction fragments produced by BamH I, Hind III, Sac I, 

Pst I, Pvu I1 and Pst I + Pvu II digestions 

BamH 1 Hind ii1 Sac I Pst I* Pvu II* Pst 1 + Pvu II 

kbp kbp kbp kbp kbp kbp 

B1 25.5 H1 15.5 SI 19.5 Psl 40.5 Pvl 37.5 Ps3 20.0 

B2 19.4 H2 12.0 $2 16.0 Ps2 28.0 Pv2 28.0 A 18.5 
B3(2) 9.4 H3(2) 10.5 $3 10.5 Ps3 20.0 Pv2' 23.5 B 14.5 

B4 7.9 H4(3) 9.0 $4 9.8 Ps3' 19.0 Pv3 17.0 Pv4 9.6 

B5 7.4 H4' 8.9 S4' (3) 9.2 Ps4 9.5 Pv4 9.6 Pv4' + C 9.5 

B6 7.0 H5 8.2 $5 7.4 Ps4' 9.2 Pv4' 9.5 C'  9.4 

B7 5.6 H6 7.7 $5' 7.3 Ps5 8.8 Pv5 7.0 Ps5 8.8 

B7' 5.5 H6' 7.3 $6 7.0 Ps6(2) 4.3 Pv6a(2) 4.1 D 7.8 
B8(3) 3.7 H7 6.7 $6' 6.8 Ps6' 4.2 Pv6b 4.05 Ps6(2) 4.3 

B9(2) 2.95 H7'  6.6 $7 6.5 Ps7 2.7 Pv7 3.0 Ps6' 4.2 

B10(4) 2.85 H8 6.3 $8 5.5 Ps8 <1 Pv8(2) 2.55 Pv6a(2) 4.1 

B 11 2.45 H9 3.95 $9 5.0 Pv6b 4.05 

B12 2.15 H10 2.75 S10 4.55 E (2) 3.1 

BI3 2.05 H l l a  2.4 Sl l  3.9 Pv7 3.0 
B14 1.9 HI lb 2.4 S 12(2) 3.5 Ps7 2.7 

B15(3) 1.75 H12(2) 2.3 S13 2.4 Pv8(2) 2.55 

B16 1.55 H13 1.7 S14(2) 1.95 F 1.5 

B17a(2) 1 . 3 5  H14a(2) 1.25 Ps8 ' (1 

Bl7b 1.3 H14b 1.2 

BI8 1.15 H14c 1.15 
B19 1.0 H15(2) 0.6 

Sum: 
(kbp) 147.1 151.0 150.65 151.0 152.5 152.0 

* The molecular weights of restriction fragments Ps 1, Ps2, Pv 1, Pv2 and Pv2' have been deduced from the double digestion with Pst I + 

Pvu II. 

hybridization signal was obtained that could be con- 
sidered as inconsistent with the hypothesis of  
colinearity between the tobacco and sunflower 
cpDNAs. 

For the region spanning from nucleotide positions 
1 to 50000 on the sunflower cpDNA, we did not have 
tobacco clones at our disposal. We used instead 
wheat fragments Sal $4, Sll, $9, S10, $6 and $7. But 
since there is an inversion between cpDNA from 
wheat and from most other dicots in this area [27], 
these probes could not provide the rigorous arrange- 
ment of  sunflower fragments in that region: they 
were used only to determine the sequence homolo- 
gies between the sunflower cpDNA fragments 
produced by the various restriction enzymes (Ta- 
ble 2B). 

A complete map was proposed for the large Pst I 
and Pvu II fragments, taking into account (a) the 

relative positions of  Pst I and Pvu II sites demon- 
strated by double digestion and (b) the homologies 
existing between these fragments and the wheat 
probes. Most of  the restriction fragments produced 
by BamH I, Hind III and Sac I could subsequently 
be placed on this Pst I + Pvu II map (Fig. 2). 

In addition, sunflower cpDNA fragments 
Hind HI, H2, H3, H4a, H4b, H 4 ' ,  H6, H6 '  and 
H13 were screened out of  a L47 library; the use of  
these clones allowed us to precisely localize the re- 
striction site for all five enzymes in the correspond- 
ing regions. 

Mapping of defined genes on the sunflower 
chloroplast genome 

The genes coding for 15 protiens, the 16S- and 23S- 
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Table 2. Summary of hybridizations with Tobacco (T) or Wheat (W) cloned Sal I restriction fragments 
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Table 2A." 

Probes Filter-bound fragments hybridized 

kbp BamH I Hind 11I Pst I Pvu 1l Sac I 

T. Sal6 15.2 B1-B3a(w)-B4-B17b H2-H6'-H8 Ps2-Ps3' Pv2' 
T. Sal9 5.6 B1 H6'  Ps2 Pvl 
T. Sal8 11.4 BI HI-H6'(w) Ps2 Pvl 
T. Salll  0.65 BI H1 Ps2 Pvl 
T. Sall0 2.9 B1-B7' H1 Ps2(w)-Ps7 Pvl 
T. Sal7 13.2 B3b-B7'-B10-BI5b-* Hl(w)-H3-H15a(w) Ps4-Ps5-Ps6-Ps7(w) Pvl-Pv3 

W. Sal8 4.5 B2(w)-B6 H7 or 7'(w)-H9-(w)- Psl Pv4 or 4'-Pv6a-Pv7 
HI2-H14 

W. Sal3b 13.6 B2-B6(w)-B8a H4'-H7 or 7 ' -H9 Psi Pv4 and/or  4'  
T. Sal4 19.7 B2-B6-B9-B10- H4 and/or  4 ' -H7 Psl-Ps6 Pvl(w)-Pv3-Pv4 or 

Bl7a-* or 7' (w)-H9(w)- 4'-Pv6a-Pv7(w)-Pv8 
H12-H14-H3(w) 

Tabel 2B: 

Probes Filter-bound fragments hybridized 

$3-$5 
$3-$10 
S7-S8-S10(w) 
$7 
$7-S13 
$2-$4'a and/or 
b-Sl3(w) 
S12-S14 

S1 
S1(w)-$4'-S12-S14 

kbp Pst I Pvu 11 BamH I Hind lII Sac 1 

W. Sal4 11.8 Ps3' -Ps6' (w) Pv2' -Pv5(w)-Pv6b 

W. Sall 1 0.8 Ps3' -Ps6' Pv5-Pv6b 
W. Sa19($) 1.2 Psl(w)-Ps6' Pv5-Pv6a(w)-Pv8(w 

B3a-B5(w)-BI l(w)- H4b-H8-H 1 l(w) 
B13 
B5-B11 H4b-H 11 
B5-B9(w) H4a(w)-Hl 1 or 12 

W. Sail0 1.1 Ps4 '-Ps6 '  (w) Pv5 B5 Hl5b 
W. Sal6 6.8 Ps4' Pv2-Pv5(w) B5(w)-B8b H6-H10-HI3(w) 
W. Sal7 6.1 Ps3 Pv2 B7-BI5a-* H7 or 7' 

$6 and/or  6 ' -S l l  

$6 or 6 ' -S l l  
S4'a(w)-S6 or 6 ' -  
Sl2(w)-S14(w) 
$6 or 6' 
$5' 
$4 

* Hybridization to low MW (<1 kbp) fragments. 
(w): weak hybridization. 
($): W. Sal9 probe gives low hybridization signals in the IR regions. 

In Table 2A, probes are arranged in the same way as they are on the restriction map to tobacco cpDNA (see Seyer et al. [22]). W. Sal8 
and W. Sal3b probes correspond to the IR-SSC junctions and to the SSC region respectively (see Bowman et al. [5]). It was assumed 
that tobacco and wheat cpDNAs are colinear in the SSC and IR regions. 
In Table 2B, wheat cpDNA probes are arranged in order to reveal the relative organization of Pst I and Pvu II restriction fragments 
on the sunflower cpDNA map. 

r R N A s  a n d  8 t R N A s  h a v e  b e e n  l o c a l i z e d  o n  t h e  s u n -  

f l o w e r  c p D N A  p h y s i c a l  m a p  p r e s e n t e d  above ,  u s i n g  

h e t e r o l o g o u s  h y b r i d i z a t i o n  w i t h  v a r i o u s  c l o n e d  g e n e  

p r o b e s  f r o m  s p i n a c h ,  t o b a c c o ,  b r o a d  b e a n ,  a n d  E u -  

g l e n a ,  as  wel l  as  w i t h  s y n t h e t i c  o l i g o n u c l e o t i d e  

p r o b e s  (see M a t e r i a l s  a n d  m e t h o d s ,  a n d  Tab le  3). 

S o m e  o f  t h e s e  g e n e  p r o b e s  ( a t p A ,  a t p H ,  p s b C ,  p s b D ,  

t r n Q ,  t r n S ,  t r n G ,  t r n R ,  t r n T  a n d  t r n T - t r n E - t r n Y )  al-  

l o w e d  us  to  a s c e r t a i n  t h e  p o s i t i o n  o f  s m a l l  B a m H  I, 

H i n d  I I I  a n d  Sac  I f r a g m e n t s ,  a n d  to  d e m o n s t r a t e  

t h e  o c c u r r e n c e  o f  a n  i n v e r s i o n  b e t w e e n  p l a s t o m e s  o f  

s u n f l o w e r  a n d  o f  o t h e r  d i co t s ,  i n  t h e  r e g i o n  s p a n n i n g  

b e t w e e n  n u c l e o t i d e  p o s i t i o n s  1 to  5 0 0 0 0 .  

H o m o l o g i e s  b e t w e e n  H.  a n n u u s  a n d  t h e  v a r i o u s  

p r o b e s  u s e d  in  t h i s  w o r k  a re  l i s t ed  in  Tab le  3 a n d  

r e p o r t e d  o n  t h e  p h y s i c a l  m a p  o f  s u n f l o w e r  c p D N A  
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Table 3. Summary  of  gene mapping hybridizations 

Gene probes 

Gene Region cloned Source 

species 

Ref. 
(a) 

Filter-bound fragments hybridized 

BamH I Hind III Pst II Pvu II Sac I 

a tpA end of  the gene Spinach 

atpA beginning of  gene Spinach 
atpE Spinach 
atpH AA2 to AA62 Spinach 
ndhF AA180 to AA360 Broad bean 
petA AA86 to AA244 Spinach 

petD AA101 to AA192 Spinach 
psaAl  AAI7  to AA382 Spinach 
psbA AA87 to AA341 Spinach 
psbB AA87 to AA471 Spinach 

psbC AA52 to AA330 Spinach 
psbD -68 to AA306 Spinach 
psbE/F  AA5 to AA39 + Spinach 

28 nucleotides 
rbcL -34 to AA298 Tobacco 
rps7-rpsl2 Restriction frag- Euglena 

ment EcoN gracilis 
16S-rRNA Restriction frag- Euglena 

merit EcoP gracilis 
23S-rRNA Restriction frag- Euglena 

ment EcoL gracilis 
t rnE-UUC + Part of  restr.frag. Broad bean 

t rnY-GUA Baml 9 : 875  bp 
($) 

t rnG-UCC Synth. 

oligonuc. 
Broad bean 
Broad bean 

t rnL-UAA 
t rnQ-UUG 

t rnR-UCU 

trnS-GCU 

Restr.frag. 

B a m l 6 : 2 . 8  kbp 

t rnT-GGU Part  of  restr.frag. 
($) Baml 9 : 1139  bp 

Synth. 
oligonuc. 
Synth. 
oligonuc. 
Broad bean 

(1) 

(1) 
(1) 
(1) 
(2) 

1 

9 
(1) 
(1) 
(1) 

2 

2 
10 

B5 H l l a  Ps4 ' (w)-Ps6 '  Pv5 S 6 o r 6 '  
B5 H l5b  Ps4 '  Pv5 $6 or 6 '  
B4 H2 Ps3 '  Pv2 '  $3(w)-$5 
B8b H10 Ps4 '  Pv2 $5'  

B8a H9 Psl  Pv4 or 4 '  SI 
BI H6 '  Ps2 Pv2 '  $3 
BI H1 Ps2 Pvl  $8 

B3a H4b Ps3 '  Pv2 '  $6 or 6 '  
B3b H5-H15a Ps4 Pv2(w)-Pv3 $2 
B 1 H 1 Ps2 Pv 1 $8 

B5 H4b(w)-H 11 b Ps6 '  -Ps8 Pv5 $6 or 6 '  
B5 H l l b  Ps6 '  Pv5 $6 or 6 '  
B1 H6 '  Ps2 Pvl  $3 

34 B4 H2 Ps2 Pv2 '  $3 
21 B9(w)-B 17a H4a Ps I Pv 1-Pv3 $4'  a 

14 B2(w)-B6(w)- H4a Psl  
B9 

14 B2-B6 H4a(w)-H 12- Ps l  

H14 
15 B19 H7 or 7 '  Ps3 

Pv6a-Pv8- $4'  a-S 12(w) 
PvS? 

? S12-S14 

Pv2 $4 

B5 H l l a o r  l l b  Ps6 '  Pv5 S 6 o r 6 '  

4 B3a H8 Ps3 '  Pv2 '  $5 
37 B7 H5 Ps3 Pv2 $4 

B5 H l l a o r  l i b  Ps6 '  Pv5 S 6 o r 6 '  

B7 H5 Ps3 Pv2 $4 

15 B5 H l l a  Ps6 '  Pv5 $6 or 6 '  

(a): (1) Hermann  et aL, unpublished.  (2) Herdenberger et al., unpublished.  1, 2, 4, 9, 10, 14, 15, 21, 34, 37: see References. 
(w): weak hybridization 

($): trnE-trnY probes gave hybridization signals in the IR regions: Bam B2, B6 and B9, Hind H4a, HI2  and H14, Pst Ps l ,  Pvu Pv6a 
and Pv8, Sac S4 'a ,  S12 and S14 were hybridized. 
Synth. oligonuc.: Synthetic oligonucleotide 

(Fig. 2). As expected, sunflower and tobacco 
cpDNA appear to be essentially colinear for the 
regions extending from psaA1 (nucleotide position 
42000 on tobacco map) through IRa, SSC and IRA 
to psbA (nucleotide position 900). 

However, the arrangement of the genes for trnT 
and trnE-trnY on the sunflower chloroplast genome 
differs from that observed in all other higher plants 
studied: in tobacco [35], broad bean [15], spinach 
[ll], pea [28, 29] and liverwort [22], the genes trnT 
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and trnE-trnY are located in close proximity, sepa- 
rated by only 800 to 1000 bp, on the two opposite 
strands of  DNA. In wheat chloroplasts, the three 
genes are clustered on the same D N A  strand [27]. 
The cloned DNA probe containing these clustered 
genes from broad bean hybridized to sunflower re- 
striction fragments Bam B5 and B19, located far 
apart  f rom each other on our physical restriction 
map  (i.e. about  2 0 - 2 5  kbp). Hybridizations with 
subcloned probes of  broad bean trnE-trnY on the 
one hand and trnT on the other hand confirmed that 
the two groups of  genes are not contiguous in the 
sunflower plastome, but hybridize respectively to 
Bam B19 (trnE-trnY) and to Bam B5 (trnT). 

In the same way, tobacco genes for trnQ, trnS, 
t rnG and trnR form a cluster of  less than 4 kbp 
around position 10000 [20]. They hybridize to two 
distinct distant regions in sunflower cpDNA, 
represented by fragments Bam B7 and Bam B5 for 
instance (see Fig. 2). 

Inversely, spinach and tobacco genes atpA on the 

one hand and psbC-psbD on the other hand, are 
separated from one another  by about  24 kbp; they 
hybridize to the same unique region of  sunflower 
cpDNA contained in Bam B5 (7.4 kbp) or Pvu Pv5 
(7 kbp) fragments. Figure 3 shows autoradiographs 
of  hybridizations of  sunflower cpDNA digests with 
probes of  trnS, t rnG and trnR. This new gene ar- 
rangement in sunflower can be explained by an inver- 
sion of  the region extending from trnG(UCC) to 
trnE (these two genes representing the endpoints of  
the inversion) of  the tobacco genome (Fig. 2). In 
fact, one endpoint is located in the approximately 
850-bp-long region separating trnT(GGU) and 
t rnE(UUC) (about nucleotide position 32 750 on the 
tobacco map)  and the second endpoint lies in the 
870-bp-long region separating trnS(GCU) and 
t rnG(UCC) (i.e. upstream from trnG) (position 9150 
on the tobacco map). This inversion therefore spans 
about  23.5 kbp. A further indication for the exis- 
tence of  this inversion is given by the fact that the 
atpA gene orientation could be determined using the 

;. 3. Hybridization of specific probes for trnS (a), trnG (b) and trnR (c) genes (see Materials and methods) to restriction fragments 
sunflower cpDNA generated by digestions with BamH I, Hind III, Sac I, Pst I, Pst I + Pvu II and Pvu II. Restriction patterns are 
the left and the corresponding autoradiographs on the right. 

Specific signal with trnG probe; other signals are due to residual hybridization previously performed with trnS probe on the same filter. 
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two available probes, one corresponding to the be- 
ginning of  the gene (atpA2) and the other to the end 
of  the gene (atpAl). An inversion involving trnG 
was also observed in wheat chloroplast genome; 
however the endpoint in this case lies between trnG 
and trnR (i.e. downstream from trnG) [27]. 

Inversions have also been described or suggested 
in two other composites. In lettuce cpDNA, Jansen 
and Palmer [12] reported a large inversion with the 
same endpoints as those demonstrated here for sun- 
flower cpDNA. In safflower cpDNA, the atpA gene 
is located around nucleotide position 30000 [18], 
whereas its position is 10625 in tobacco cpDNA. 
Therefore, the Compositae family could be charac- 
terized by an inversion involving the atpA gene. 

species of  the genus Helianthus (results not shown). 
While H. occidentalis ssp. plantagineus presents a 
BamH I restriction pattern identical to that of  H. 
annuus, other species like H. grossesseratus, H. 
decapetalus, H. giganteus and H. maximiliani give 
the same BamH I patterns as H. tuberosus. 

Clones of  this variable region, as well as others un- 

Comparative analysis o f  the structure o f  H. 
annuus and H. tuberosus chloroplast D N A s  

The comparison of  BamH I cpDNA restriction pat- 
terns from H. annuus and H. tuberosus shows 
(Fig. 4A) that Jerusalem artichoke is characterized 
by: 

1) the replacement of fragment Bam B1 (25.5 kbp 

in sunflower) by a fragment Bam BI* (21.5 kbp 
in Jerusalem artichoke); 

2) an increase of  the size of  fragment Bam B7 
(5.6 kbp in sunflower versus 5.7 kbp in Jerusa- 
lem artichoke); 

3) the existence of  an additional Barn B8* frag- 
ment, slightly larger (3.7 kbp) than the Bam B8 
fragments present in both species. 

Points 1 and 3 suggest the existence of  an addi- 
tional BamH I site in H. tuberosus cpDNA relative 
to H. annuus cpDNA, since the added sizes of  
Bam BI* + B a m  B8* fragments (21.5 + 3.8 kbp) 
are close to that of  Bam B1 fragment (25.5 kbp). 

The existence of  this additional site was demon- 
strated by hybridization of  the two cpDNAs with the 
cloned sunflower fragment H 6 ' .  Only Bam B1 frag- 
ment hybridizes in H. annuus cpDNA, while frag- 
ments Bam BI* and Barn B8* hybridize in H. 
tuberosus (Fig. 4B). 

The latter structural variation is found in several 

Fig. 4. Comparative analysis of  H.  a n n u u s  and H.  t u b e r o s u s  

cpDNAs. 
(A) BamH I restriction patterns of  H.  a n n u u s  (1) and H. 

t u b e r o s u s  (2) cpDNAs. Fragment nomenclature as described in 
the text. 

(B) BamH I restriction maps of  H.  a n n u u s  (b) and H. tubero-  

sus  (c) cpDNAs in the region containing restriction fragments 
Hind H2, H6 '  and HI (a): presence of  an additional BamH I site 
(1) on H.  t u b e r o s u s  cpDNA. 
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l a r  p h y l o g e n y  o f  t h e  c y t o p l a s m s  i n  t h e  g e n u s  Helian- 

thus. T h e y  s h o u l d  a l so  a l l o w  a m o l e c u l a r  

d i s c r i m i n a t i o n  o f  v a r i o u s  c y t o p l a s m s  w i t h i n  spec ies  
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