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Summary. We have determined the nucleotide sequence 
at the junction of the large single copy (LSC) region 
and the right and left members of the large inverted 
repeat, IRA and IRB, respectively, of the petunia 
chloroplast (cp) genome. As in Nicotiana debneyi 
and spinach (Zurawski et al. 1984), coding sequences 
of  rps19 of petunia overlap the junction of IRB and 
LSC. Immediately into the LSC region upstream of 
IRA in the petunia cp genome are two small insertions 
relative to N. debneyi that occur at sites just inside 
IRA of N. debneyi. We discuss how these additions 
in one copy of the large inverted repeat of  anN. debneyi- 
like ancestor to petunia resulted in shortening of the 
petunia large inverted repeat by 8 bases and in the 
resultant slight movement of rpsl9 farther into LSC. 
On a larger scale, the large inverted repeat in the tobac- 
co, N. debneyi and petunia lineage relative to a spinach- 
like ancestor may have sustained several contractions 
due to deletions between short direct repeats found 
within IRA and the IRA/LSC junction. We also show 
how the large inverted repeat ofN. debneyi instead may 
have been expanded relative to a tobacco-like ancestor 
by insertion into the large inverted repeat of bases 
between short inverted repeat sequences in LSC and 
the LSC/IRB junction. 
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Introduction 

The most common feature of the cp genome of angio- 
sperms is the presence of a large inverted repeat with 
an average size of 20-30  kilobase pairs (kb) (Palmer 
and Stein 1986) and a range of 10 kb in coriander 
(Palmer 1985a) to 76 kb in geranium (Palmer et al. 
1987a). In contrast, the large inverted repeat in more 
primitive land plants ranges from 9.4-17 kb, with a 
size of 9.4 kb for the moss Physeomitrella patens (Calie 
and Hughes 1987), 10 kb for the fern Osmunda cin- 
namornea (Palmer and Stein 1986), 11 kb for the liver- 
wort Marcantia polymorpha (Ohyama et al. 1986), 
and 17 kb for the gymnosperm, Ginkgo biloba (Palmer 
and Stein 1986). 

An exception to the expansion of the size of the 
large inverted repeat in the angiosperm cp genome com- 
pared to the early land plants is found in the 8 genera 
of  4 tribes of legumes that lack a large inverted repeat 
(Palmer 1985b). Cross hybridization studies using as 
probes cloned restriction endonuclease fragments from 
the inverted repeat-containing mung bean cp genome 
have shown that one of the two orientations of IRA 
has been deleted in representatives of 5 genera studied: 
alfalfa, wisteria, subclover, broad bean and pea (Palmer 
et al. 1987b). These observations suggest that the muta- 
tion resulting in this loss occurred once in an ancestral 
legume. 

The mechanism whereby the large inverted repeat 
expands or contracts is unknown. However, inversions 
and insertions/deletions in the cp genome have been 
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Fig. 1. Chloroplast genome map of petunia. Locations of 16S 
and 23S rRNA genes and location and extent of IRA and IRB 
are from Bovenberg et al. 1984. Loci of rbeL and psbA are 
from Palmer et al. 1983. Location of trnH is from Aldrich et 
al. 1988. rps19 and rps19' and rpl2 loci are contributed from 
this report. Location of atpBE is from Bovenberg et al. 1984, 
and direction of transcription is from sequence analysis, Aldrich 
et al. 1985 

shown to be associated with short repeated sequences 
(reviewed in Palmer et al. 1985a and Aldrich et al. 
1988). Nucleotide sequence comparison of  the junc- 
tion of  the LSC region with IRA and IRB from plants 
in a related grouping might leave a record of  the nature 
o f  the expansion, contraction, or loss of  the inverted 
repeat. To this end, we have analyzed the nucleotide 
sequence at the LSC/IRA and IRB border from members 
o f  the Solanaceae including petunia (this report), N. 
debneyi (Zurawski et al. 1984) and tobacco (Sugita 
et al. 1984) and show that short repeated sequences 
may be involved in the movement of  the border. 

Materials and methods 

DNA sequencing. The 1.4 kb PstI DNA restriction endonuclease 
fragment of the petunia cp genome containing trnH (Aldrich 
et al. 1988) and 3' to it, IRA, (Palmer et al. 1983) was partially 
sequenced according to the method of Dale et al. (1985) as 
described in Aldrich et al. (1988). A cloned 1.5 kb PstI DNA 
restriction endonuclease fragment which spans the junction of 
the left member of IRB and LSC (Palmer et al. 1983) was partial- 
ly sequenced using synthetic oligonucleotide primers in the 
supercoil sequencing protocol of Chen and Seeburg 1985. The 
oligonucleotides were constructed at Case Western Reserve 
University, Cleveland, Ohio with the kind help of Dr. Pieter 
DeHaseth. 

DNA sequence similarity determinations. DNA sequence sim- 
ilarity was assessed using the SEQH program (Kanahisa and Goad 
1982) modified by E. Merlin and J. Cleary (unpublished) and 
run on a Digital Equipment Corp. VAX 11/780 computer. 

Results 

Figure 1 shows a schematic of  the cp genome of  petunia 
and the relative position of  known genes. Both psbA 
and trnH are immediately adjacent to IRA in the LSC 
region. The determination of the location of  rpsl9, 
rpsl9' and rpl2 is described herein from sequence 
analysis. Our strategy for locating the actual junctions 
of  IRA and IRB with LSC on the petunia cp genome 
was to first compare the petunia nucleotide sequence 
3' to trnH to those of  spinach and N. debneyi (Zu- 
rawski et al. 1984), where the junction of  IRA with 
LSC was shown to be within a few bases oftrnH. Then, 
oligonucleotides that were identical, but of  opposite 
polarity, to petunia sequences putatively assigned to 
IRA, based on sequence identity to bases within IRA 
and close to the IRA/LSC junction of  spinach and N. 
debneyi (Zurawski et al. 1984) were constructed. These 
were used as primers in double-stranded DNA sequenc- 
ing (Chen and Seeburg 1985) of  the pBR322-cloned 
petunia 1.5 kb PstI DNA restriction endonuclease 
fragment that contains the junction of  IRB-LSC (Pal- 
mer et al. 1983). Sequence comparisons of  the bases 
in IRB with IRA would be expected to show 100% 
identity up to the junction with LSC, after which they 
would diverge as shown for tobacco, (Sugita et al. 1984) 
and spinach (Zurawski et al. 1984). 

The nucleotide sequence 3' to trnH in petunia is 
compared to the same region from spinach and N. 
clebneyi (Zurawski et al. 1984) in Fig. 2A. The first 
base in IRA of all three plants is starred. The location 
o f  the IRA and IRB junction with the LSC region of 
petunia was deduced as follows. Both N. debneyi and 
petunia share nearly the same deletion of  the bases 
located between the boxed, shaded imperfect direct 
repeats of  spinach (Fig. 2A). Immediately following 
the deleted sequences in N. debneyi relative to spinach, 
close sequence similarity is apparent and starts with 
the first base within IRA of  N. debneyi. By comparison 
to N. debneyi and spinach, three small insertions (Fig. 
2A and B) occur in the petunia nucleotide sequence 3' 
to trnH, after which there is close nucleotide sequence 
similarity to the truncated rpsl9' of N. debneyi and 
spinach in IRA (Zurawski et al. 1984). Thus, rpsl9 
must traverse the junction of  IRB/LSC in petunia as 
it does in N. Debneyi and spinach. 

In order to sequence across IRB/LSC of the petunia 
cp genome contained in the 1.5 kb PstI DNA restriction 
endonuclease fragment, two oligonucleotides of  opposite 
polarity to bases that span the reversed complement of  
the initiation codon of  rpsl9 '  in IRA shown in Fig. 2 
were constructed. Oligonucleotide 
5 'AGTGAACGTGTCACAAGCT3' was used to prime 
synthesis in the 3' direction into IRB. Its complement, 
3 'TCACTTGCACAGTGTTCGA5' primed synthesis in 
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A 
3 '  end trnH 
I 

C~(3CCAATCATTGTGGGTATAATGOTAGATGCCCGTCACCAAOTTACTATTATTrCTTFrTC C G C C T F F F T G T T A A G C ~ I  I I I CTTAATAAATGATFCCCTACAA S . o .  

CCCCCATAA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TrC.AATTTTTLrrTAATAAATGATrCGCTACAA N.d .  
/ ' - ,  / f ' 4  cA / 

AAGGATrl I I I l I IAGTGAACGTGTCAC S. o B 

CTFC--AATTTTT . . . . . . . . . . . . . . .  TFTAATAAATGATI-GOCTACAA N. d. 

TTCACAATTCATCAAATAFFAGATAAATTTAATAAATGATTGGCTACAA P. h. 

C 
TCAATTTTTTTTAATAAATQATTGG CTA CAA N, d. 

ATI~AATAAATQAIq-C CCTACAA P. h. 

Fig. 2A-C. Nucleotide sequence comparison in the region 3' to trnH of petunia, N. debneyi and spinach. A Comparison of nucleotide 
sequences from the 3' end of trnH (in italics) of spinach, N. debneyi and petunia through IRA up to the reverse complement of the 
start codon of rps l 9'. Plant abbreviations: S. o. (S. oleracea, spinach) top line, N. d., (N. debneyi) second line;P, h. (Petunia hybrMa, 
petunia) bottom line. Petunia sequences are identical to N.. debneyi except where substitutions occur or where insertions are noted by 
triangles. Sequences are aligned by the introduction of dashes in one sequence relative to the other and identical bases are indicated 
by colons. Boxed, shaded imperfect direct repeat sequences with a sequence similarity of 71.4% in spinach surround bases missing 
in N. debneyi and petunia. The first base of IRA in the three sequences is indicated by a star. Nucleotide sequences and location of 
IRA for N. debneyi and spinach are from Zurawski et al. 1984. IRA/LSC border determination of petunia is described in Fig. 4. The 
reverse complement of the start codon of rpsl9' is indicated by three stars. B Sequence organization at the boundary of IRA and the 
LSC region of N. debneyi (N. d., top line) and petunia (P. h., bottom line). C Length of IRA ofN. debneyi compared to petunia: first 
base within IRA indicated by a star 

3 '  trnH 528 
[ . ~ r p s 1 9  ' 

488 CfCCCATACCATAATTCAQAATFCATCAAATATFAQATAAATTTAATAAATGATFGGCTACAAAGGQGIIIII F1TI-AGTQAACQTGTCACAAGCTTACTCCTAI I I I11 i i i i i i i  IGT 600 
[ IRA~ *** 
. < rpsl 9 

/GTGTTAAGCTTATCAA I I i I A]TrAATAAATCATTGGCTACAAAGGGG I i i J t ~ ~ i l AGTQAACGTGTCACAAGC]3ACTCCTA i i t t I t t i i It t II GT 
I IRB~ *** 

s top  ,t rp/2 
AAAGTTFTTGTAAAACGAAGAAI-rAAATFCOATTTCCTCTCCTAITFACTATGGCGACGAAGA 672 

AAAG I I I I' F(3TAAAACGAAGAATrAAATTCCA1TrCCTCTCCTATFTACTATGGCGACGAAGA 
s top  ~ - -  rpl2 

Fig. 3. Comparison of petunia nucleotide sequence from the 3' end of trnH (in italics) into IRA (top line) with the sequence in the 
strand of the opposite polarity from within IRB up to /. Bases in the top line are numbered from the stop codon ofpsbA 5' to trnH. 
Bases in IRB (second line) are aligned with their identical bases in IRA up to the first base in IRA and IRB (marked by a star in both 
lines; base position 528, top line). The locations of rpsl9, rpsl9' and rpl2 were discerned by nucleotide sequence comparison with 
spinach and N. debneyi (Zurawski et al. 1984). 

the 3' d i rect ion out  o f  IRB into  the LSC region. The se- 

quences so obtained are compared  to those 3 '  o f  t rnH 

as shown in Fig. 3. Comple te  sequence ident i ty  is ap- 

paren t  up to the junc t ions  o f  I R A  and IRB with  the 

LSC region where the first base wi thin  I R A  and IRB 

is marked  wi th  an asterisk after which there is comple te  

sequence divergence. Once the IRB/LSC junc t i on  was 

determined,  a third ol igonucleot ide  identical  to the 

nuc leot ide  sequence outs ide o f  IRB (see Fig. 3), 

5 ' G T G T T A A G C T T A T C A A T T 3 ' ,  was cons t ruc ted  to  

obta in  nucleot ide  sequence in format ion  for  the nucleo- 

tides immedia te ly  adjacent  to the first two primers as 

these nucleot ides  were too  close to the primers to be 

de tec ted  on sequencing gels. De tec t ion  o f  rpl2 was 

by sequence ident i ty  to the same gene f rom spinach 

and N. debneyi  (Zurawski  et al. 1984). 

Because o f  the dynamism no ted  in the insert ions/  

delet ions at the border  o f  I R A / L S C  in the petunia/N. 
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3 '  end trnH 

~ r P  ~s19 "~" I r  

C¢CC~,T,t~I'~AATTTTTTFrAATAAATOATTgQCTACAAAQQQAIIIIIII I I  A Q T G A A C Q T Q ~ C T C C T A I  I I I  I I I I I  I I I I I I I I I I IGTAAAAACGAA(IAAT 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  

*******IRA 

N. d. 

N. t~. 

Fig. 4. Nucleotide sequence comparison of the coding strand beginning with the 3' end of trnH (in italics) ofN. debneyi (N. d.) and 
tobacco (N. t.). Nucleotide sequence similarity was maximized by introducing hyphens in one sequence relative to the other to indicate 
missing bases. Bases in direct repeat orientation are shown in shaded boxes in N.. debneyi. Only the left member of the direct repeat 
present in N. debneyi is present in tobacco (indicated by asterisks). The reverse complement of the start codon of rpsl9' is indicated 
by stars. The location of the junction of IRA with LSC of tobacco is from Sugita et al. 1984, and that ofN. debneyi is by deduction 
from spinach and tobacco rpsl9 and rpsl9' amino acid sequence similarity rather than by actual nucleotide sequence analysis of 
IRA/LSC and IRB/LSC (Zurawski et al. 1984). Nucleotide sequence in the 5' region upstream ofrpsl9' coding sequences ofN. debne- 
yi is that ofrpsl9 (Zurawski et al. 1984) as sequence information for the homologous region ofrpsl9' was not available 

debneyi and spinach comparisons shown in Fig. 2, it 
was of interest to compare the IRA/LSC border of 
tobacco with N. debneyi (see Fig. 4). Nucleotides in 
N. debneyi that are missing in tobacco are flanked by 
imperfect direct repeats. The left member of the repeat, 
CATAATT contains bases encompassing the 3' end of 
trnH, and the right member contains bases spanning 
the reverse complement of the start codon of rpsl9', 
CACAAGCTT (Fig. 4). Recombination between these 
(now) imperfect direct repeats (sequence similarity 
66.7%) could have generated the shortened tobacco 
sequence. Alternatively, as shown in Fig. 5, base pairing 
of short inverted repeated sequences at the IRB/LSC 
border and 3' to it in the LSC region in a tobacco-like 
ancestor could have formed a stem-loop structure that 
was partially copy-corrected into IRA leading to the 
expanded inverted repeat ofN. debneyi. 

Discussion 

Examination of the nucleotide sequences immediately 
3' to trnH of the cp genomes examined shows that this 
region, which encompasses the junction of LSC/IRA, 
is a hotspot for insertion/deletion mutations. Several 
putative deletion events that shortened the inverted 
repeat may have occurred between what are now rec- 
nized as imperfect direct repeats, as seen in the spinach, 
N. debneyi and petunia comparisons (Fig. 2A), and in 
the tobacco and N. debneyi comparison (Fig. 4). A re- 
sult of the deletions of bases between the repeats, one 
member within IRA and the other at the IRA/LSC 
junction, is the shortening of IRA and the concommit- 
tant shortening of IRB and contraction of the entire 
large inverted repeat. If coding sequences, for example, 
rpsl9, span the junction of IRB/LSC, shortening of 
the inverted repeat has the consequence of movement 
of some of the bases in the coding sequence from 
within the inverted repeat to the LSC. The presence of a 
direct repeat whose members share 71.4% sequence 

similarity in the spinach sequence that surround the 
bases missing in N. debneyi and petunia (Fig. 2A) sug- 
gests that the latter two plants may have been derived 
from an ancestral spinachqike plant via deletion of 
sequences between these (now) imperfect direct repeats. 
Tobacco also has the same deletion plus the one de- 
scribed in Fig. 4 relative to iV. debneyi. Consequently, 
relative to spinach, more of the coding sequences of 
rps19 of tobacco, N. debneyi and petunia are in LSC. 

It is equally plausible that the directionality of 
movements is toward a "spreading" (Palmer 1985a) 
of the inverted repeat with bases from the LSC moving 
into IRB. The mechanism of spreading has been envi- 
sioned (Palmer 1985a) to involve short inverted repeat 
sequences within LSC and the border of one of the 
large inverted repeats, for example, IRB, at the same 
time IRA and IRB are paired. This leads to the forma- 
tion of a stem-loop structure at the border of the large 
paired repeat that is replicated into IRB and "copy- 
corrected" during replication into IRA. Such a stem- 
loop structure at IRB/LSC of tobacco is shown in 
Fig. 5. Copy correction of a portion of this stem-loop 
structure could have enlarged the large inverted repeat 
in N. debneyi relative to a tobacco-like ancestral plant. 
A similar structure in the spinach IRB relative to tobac- 
co, N. debneyi or petunia was not detected. 

Another mechanism for shortening of the inverted 
repeat is the addition of bases just within the boundary 
of IRA/LSC as shown in petunia relative to N. debneyi 
and spinach (Fig. 2A). We propose that these are small 
additions in petunia relative to N. debneyi rather than 
deletions in N. debneyi relative to petunia because a) no 
rpsl9 sequences of other plants have the bases included 
in the insertions in petunia relative to N. debneyi, b) 
rpslg '  nucleotide sequences of spinach and N.. debneyi 
are colinear up to the junction ofIRA/LSC ofN. debneyi 
(Fig. 2A), c) N. debneyi and soybean (Spielmann and 
Stutz 1983) rpsl9 '  nucleotide sequences (comparison 
not shown) are also colinear up to the junction of IRA/ 
LSC of N. debneyi, and d) N. debneyi and spinach share 



A 
NUCLEOTIDE" SEQUENCE AT THE BORDER OF THE LARGE SINGLE COPY REGION WITH IRA AND IRB OF TOBACCO: 

B 

IRBtSC/~ ~ rps19 ~-- • 

~AAAAAAAAAAAAAATAGGAGTAA~Cl~-GTGACACG~CACTAAAAAAAAATCCC~GTAGCCAATCA~TATTAAAAAAAATTGATAAGCTTAACA~AAAAGCAG~GAAAT 
: : : : : : : : : : : : : : : : : : : : : : : : :  
CAAAAAAAAAAAAAATAGGAGTAA~l.ATGG~CGAACGACGGGAATrGAAC~CGCG~ATGGTGGATTCA~AATCCACTGC~TFGATCCACTTGGCTACATCCGCC 

IRA/LSC ~ trnH 

FORMATION 0F STEM-L00P AT JUNCTION OF IRB/LSC: 

AAAAAAAAATCCCTTTGTAGCCAATCATTTAqq-AAAAAAAATT 
T G 
C A 
A T 

C A 
T IIA-~ 

T G 
G C 

-- LAST BASE COPY-CORRECTED INTO IRA 

c T 
A T 

C A 
A A 
G:C 
T:A 
(]:C 
T:A-.. 
T:A-~ 

IRB/LSC~. C:O A 
"-~G : C 

CAAAAAAAAAAAAAATAGGA(]TAAI A(]llll IGAAAT CONTINUATION OF LSC - -  j,- 

CAAAAAAAA ~,AAAAATA(IGA(~TAAPFFATG(~GC(IAAC(IAC(3GGAATT(~AACC C GCGCATG(]TG(~ATTCACAATCCACT(]CCI-FGATC CAC~G(;CTACATCC(;CC 

IRA/LSC ~ trnH 

C 
CONSEQUENCE OF REPLICATION OF STEM-LOOP INtO IRB AND COPY-CORRECTION OF IT INT0 IRA: 

FDRkIER IRB/LSC JUNCTION NEW IRB/LSC JUNCTION 

CAAAAAAAAAAAAAATAG(]A(]TAAGCI-F(~T(~ACAC(]I]'CACTAAAAAAAAATCCCITFGTAGCCAATC AITFA~AAAAAAAA~(~ATAA~C1-FAACACAAAA(I 

CAAAAAAAAAAAAAATA(](3A(3TAA(~CTT(ITGACAC (]~CACTAAAAAAAAATCCC~(~TA(;CCAATCA~ATTAAAAAAAATFGATAAII-FATG(](~CGAACGA 

FORMER IRA/LSC JUNCTION NEW IRA/LSC JUNCTION trnH 

D 
REVERSED COMPLEMENT OF NEW IRA AND IRA/LSC JUNCTION COMPARED TO THAT OF _N. debneyi: 
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IRA/LSC JUNCTION 

T~GTTCQr̀~CATAA~FFATCAAl~-Tl~I~AATAAATGAl-F~GCTACAAA~G~Aiilj~i~FAGT~AACGT~TCACAAGCl-~ACTCCTA . . . . . .  11~i l l l I I i i l l IG  
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  ~ ~ T . ' - - . '  
TCG~-~CG~CCATAAj~FATCAA~1iiii1AATAAATGATTGGCTACAAAGGGAt~riijl~AGTGAACGTGTCACAAGC1-FACTCCTAi~1~I~lqliii~i1~1~G 

trnH IRA/LSC JUNCTION 

Rev. Comp. 

_N. debne~i 

Fig. 5A-D. Model for formation of a longer inverted repeat in N. debneyi from a tobacco-like ancestor. A Paired tobacco IRA and 
IRB sequences (boxed) and adjacent LSC regions showing location of rpsl9 (start codon starred) and trnH. Short inverted repeats 
shown as arrows beneath the LSC region adjacent to the IRB/LSC junction (vertical arrow) pair to form B a stem-loop structure 
which is replicated into IRB and copy-corrected into IRA up to the position marked with closed-circle to form C an enlarged IRA 
and IRB (boxed). D shows the reverse-complement of the expanded IRA in comparison to the analogous region of N. debneyi (see 
Fig. 4). Tobacco sequence and first base in IRB is from Sugita et al. 1984;junction of IRA with LSC ofN. debneyi is from Zurawski 
et al. 1984 
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90.2% sequence identity in the 61-base intergenic 
region between trnH and the reversed complement of  
the start codon of  rps 19', with the deletion in N. debneyi 
relative to spinach counted as one event (Fig. 2A). These 
additions could have been copy-corrected into IRB to 
extend the size o f  the inverted repeat, but instead, both 
IRA and IRB were shortened by 8 bases compared to 
N. debneyi (see Fig. 2C). The likely reason for shorten- 
ing vs expansion of  the inverted repeat in this case is 
that the coding sequence of  rpsl9 would have been 
disrupted by copy-correction of  these additions, an 
event that probably would have been lethal. Shorten- 
ing of  the petunia inverted repeat by 8 bases results in 
a slight repositioning of  rpsl9 into LSC from IRB of 
petunia relative to N. debneyi. It is interesting to note 
that a tandem duplication, CCATA, includes the last 
two bases of  trnH of  petunia relative to N. debneyi 
(Fig. 2A). Imperfect tandem duplications (not shown) 
may be also detected in the other additions in petunia 
compared to N. debneyi. Whether these duplications 
are the source of  the additional bases cannot be dis- 
cerned from the sequence record. 

The directionality o f  the insertion/deletion mutations 
that have changed the position of  the junction of  the 
large inverted repeat with the large single copy region 
cannot yet be discerned in most cases, However, small 
repeated sequences, whether in a direct or inverted 
repeated orientation may play a pivotal role in the ex- 
pansion/contraction of  the large inverted repeat as they 
appear to in other regions of  the chloroplast genome. 
It is interesting to note in this regard that induced 
nonphotosynthetic mutants of  Chlamydomonas rein- 
hardii have been shown to contain large inverted repeat 
expansion and contraction mutations (Palmer et al. 
1985) whose endpoints map close to members of a 
family of  small repeated elements. 
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