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Abstract Comprehensive gene mapping reveals that the
chloroplast genome of Trachelium caeruleumishighly re-
arranged relative to those of other land plants. Evolution-
ary scenarios that consist of seven to ten inversions, one
or two transpositions, both expansion and contraction of
the typically size-conserved inverted repeat, a presumed
gene loss, deletions within two large open reading frames
and several insertions, are sufficient to derive the Trache-
lium arrangement from the ancestral angiosperm chloro-
plast DNA arrangement. Two of the rearrangements dis-
rupt transcriptional units that are otherwise conserved
among land plants. At least fivefamilies of small dispersed
repeats exist in the Trachelium chloroplast genome. Most
of the repeats are associated with inversion endpoints and
may have facilitated inversions through recombination
across homologous repeats.
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Introduction

The chloroplast genome of photosynthetic land plants con-
sists of acircular chromosome ranging in size from about
120t0 217 kilobase pairs (kb). Chloroplast DNA (cpDNA)
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consists of alargeinverted repeat (IR) separated by alarge
single-copy (LSC) region and a small single-copy (SSC)
region. Exceptions include conifers (Lidholm et al. 1988;
Strauss et al. 1988; Raubeson and Jansen 1992) and cer-
tain taxain afew angiosperm families, the most notabl e of
which are six tribes of the Fabaceae (legumes) (Palmer and
Thompson 1981; Lavin et a. 1990; Palmer 1991), which
have lost one segment of the IR. The IR is generally
20-30 kb in length, but ranges in size from about 10 to
76 kb (Palmer 1991). Expansion or contraction of the IR
occurs infrequently; the most drastic case of expansion is
found in Pelargonium (geranium), in which the IR has
grown to 76 kb (Palmer et a. 1987). Gene content, gene
order, and nucleotide sequence are highly conserved in
CcpDNA (Palmer 1991), particularly inthe IR (Wolfe et al.
1987; Downie and Palmer 1992 a). Few cases of chloro-
plast gene loss have been reported in land plants (Palmer
1991) and rearrangement of genesisrelatively rare. Most
cases in which regions of cpDNA have been inverted in-
volve one or only afew inversions. For example, a 22-kb
derived inversion separates most members of the angio-
sperm family Asteraceae from the subfamily Barnadesio-
ideae and other angiosperms (typified by tobacco) (Jansen
and Palmer 1987 a,b). Threeinversionscharacterizeall ex-
amined members of the grassfamily, Poaceae (Howe 1985;
Quigley and Weil 1985; Hiratsukaet al. 1989; Doyleet al.
1992). More complicated genomes exhibiting several to
many inversions include those of conifers (Lidholm et al.
1988; Strauss et al. 1988; Raubeson and Jansen 1992),
some legumes (Palmer and Thompson 1981; Palmer et al.
1988; Milligan et al. 1989), Pelargonium (Palmer et al.
1987), Lobelia (Knox et al. 1993), and some members of
the Ranunculaceae (Hoot and Palmer 1994).

The existence of multiple cpDNA rearrangements in
two closely related angiosperm families, Campanul aceae
and L obeliaceae, was noted several years ago following a
survey of restriction-site variation (Palmer 1985; Jansen
and Palmer 1988; Downie and Palmer 1992 b). We have
found that the chloroplast genome of Trachelium caeru-
leum (Campanul aceae) ishighly rearranged rel ative to that
of the magjority of land plants. At least seven inversions,
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IR contraction/expansion, two major presumed deletions,
several insertions, and a putative transposition have trans-
formed the chloroplast genome of Trachelium from a to-
bacco-like ancestor.

Materials and methods

Chloroplast-enriched DNA was isolated from T. caeruleum by the
sucrose gradient method (Palmer 1986). The cpDNA was digested
with the restriction endonuclease Hindl 1, resulting in 26 fragments
larger than 0.5 kb, ranging in size from 1.1 to approximately 18 kb.
The HindllI-digested cpDNA was shotgun-cloned into the plasmid
vector pUC19. The ligation mixture was then used to transform
Escherichia coli strain DH5alpha. Plasmid DNA was recovered us-
ing the alkaline-lysis method of Birnboim and Doly (1979), and the
sizes of plasmid inserts were determined by Hindlll restriction di-
gestion followed by the visualization of fragments in agarose gels.
Certain fragments that were not successfully shotgun-cloned were
cut out of a 1.0% SeaPlaque (FMC) agarose gel and ligated into
pUC19 in agarose. Total DNA from T. caeruleum was prepared ac-
cording to the CTAB isolation method of Doyle and Doyle (1987).
Agarose-gel electrophoresis, bidirectional transfer of DNA onto
Zetabind (AMF CUNO) nylon membranes, labeling of recombinant
plasmids by nick translation, filter hybridizations, and autoradiog-
raphy were all carried out essentially as described by Palmer (1986).
Restriction-enzyme digests of Trachelium total DNA were electro-
phoresed in 1.2% agarose gels. Hybridization probes consisted of
cloned Hindl 1 cpDNA fragmentsfrom T. caeruleum. Fragmentsthat
were not cloned were cut out of a 1.0% SeaPlaque (FMC) agarose
gel and nick-translated directly intheagarose. In addition, 109 cloned
tobacco cpDNA fragments were used as probes in hybridization ex-
periments. These probes (Palmer et al. 1994) were subcloned from
larger cloned cpDNA fragments (Sugiuraet a. 1986; Olmstead and
Palmer 1992) and average about 1.2 kbin size. The polymerasechain
reaction (PCR) was employed to determine if introns are present in
the gene clpP in Trachelium. One forward and one reverse primer
each (for atotal of eight 14- to 21-mer primers) for exon 3, intron 2,
exon 2, and intron 1 were constructed using avail able sequencesfrom
tobacco (Shinozaki et al. 1986), Epifagus virginiana (Wolfe et al.
1992), or a consensus. Fifty microliter PCR reactions consisted of
0.2 mM dNTPs, 0.5 units of Tfl polymerase (Epicentre Technolo-
gies), 1 x Tfl polymerase buffer (includes 1.5 mM of MgCl), approx-
imately 1 uM of primers, and a 0.5-ul aliquot of unquantified DNA.
The thermocycler was programmed for one initial denaturation cy-
cle consisting of 3-min denaturation at 95°C, 1-min primer anneal-
ing at 55-60°C, and 1-min extension at 72°C, followed by 30 cycles
of 1-min denaturation at 95°C, 1-min annealing at 55-60°C, and
1-min extension at 72°C. A final extension period of 5 min at 72°C
terminated the PCR reactions.

Results and discussion
Clone bank of T. caeruleum cpDNA

The shotgun cloning strategy together with the cloning of
gel-isolated fragments of approximately 18, 11.5, 9.6, and
7.4 kb resulted in a clone bank consisting of 21 of the
26 Hindll1 cpDNA fragments from Trachelium, represent-
ing 82% of the genome (see closed circlesin Fig. 1). Un-
cloned fragments include those of 12.5, 8.3, 4.4, 3.8, and
15kbinsize.

Physical and gene mapping

Total DNA from Trachelium was digested with the restric-
tion endonucleases BamH|I, Bglll, EcoRlI, EcoRV, HindllI,
Sstl, and Xbal, and double digests were carried out using
Hindlll and the other six enzymes. The cloned HindllI
fragments from Trachelium and gel isolations of uncloned
fragmentswere used ashomol ogous probesin order to con-
struct restriction-site maps for the seven enzymes by the
identification of overlapping fragments (Fig. 1). Summa-
tion of the restriction-fragment sizes of the seven enzymes
indicates that Trachelium has a chloroplast genome of
about 162 kb, consisting of an IR of about 27 kb, and large
and small single-copy regions of approximately 100 and
8 kb, respectively.

Hybridizations using 109 small cloned tobacco cpDNA
fragments (Palmer et al. 1994) were used to map the ge-
nome organization of Trachelium relative to tobacco and
to determine the locations of chloroplast genes (Fig. 1).
The differential hybridization of clones containing the
5" and 3’ ends of certain chloroplast genes madeit possible
to determine the direction of transcription for these genes
(Fig. 1). Thedirection of transcription of other genes was
inferred either from their co-transcription in tobacco with
genes for which 5" and 3' differential hybridization was
possible, or by comparisons of their known locations in
polycistronic transcription units in tobacco with their sim-
ilar locationsin Trachelium (Fig. 1). Because many of the
tobacco cpDNA probes contain more than one gene, it was
not always possible to determine which genes define
inversion endpoints. A conservative approach was taken
that kept operons known from other plants intact, but it
should be noted that the locations of some genes were in-
ferred.

Inverted repeat

Although the size of the IR in Tracheliumis similar to that
of most other angiosperms, itsgene content issignificantly
different. Several genesthat are single copy in tobacco are
duplicated (i.e., are located in the IR) in Trachelium and
viceversa(Fig. 1). The difference in extent of the Trache-
lium IR hasresulted from spreading of the repeat into what
isnormally the SSC region and shrinkage at the LSC end.
Genes between and including ndhE and ORF1901 in the
IR of Trachelium are located in the SSC region in tobacco
(Fig. 1; asmall portion of ORF1901 isinthe|R intobacco,
whereas the entire gene is duplicated in Trachelium),
whereas genes between and including 3'-rpsl2 and
ORF2280 in the LSC of Trachelium are in tobacco’'s IR
(Fig. 1). Inaddition, 5'-rps12 and clpP, which residein the
IR of Trachelium, arein the L SC of tobacco and most other
land plants. The rRNA operon, a conserved feature of the
IR in al IR-containing plants, remains in the Trachelium
IR despitethedisruptivechangesin IR structure. However,
therRNA operonislocated closeto the LSCregionin Tra-
chelium, whereas the operonis close to the SSC end of the
IR in other angiosperms.
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Fig. 1 Physical and gene map of T. caeruleum cpDNA. Complete
circles from outside to inside show restriction sites and restriction
fragment sizes for Hindlll, EcoRV, Xbal, BamHI, and Sstl in that
order. Enzymes mapped but not pictured include Bglll and EcoRI.
The two black bars represent the minimum extent of theinverted re-
peat and the open extensions of these bars its maximum possible ex-
tent. Locations, orientations and approximate lengths of genes are
shown by arrows labeled with gene names; sizes of ORFs are those
of tobacco. Outermost arrows labeled A—O indicate blocks of genes
and their orientations relative to tobacco. Numbered lines indicate
the positions of elements belonging to five families of dispersed re-
peats (r). Repeat 5 isasmall segment of the 23srRNA gene located
in both the 23s rDNA and ORF1901. Brackets indicate regions that
did not hybridize with tobacco cpDNA probes; numbered brackets
designateregionsthat may contain pseudogenes of clpP and 5'-rps12
(1), accD (2), and part of ORF1901 (3). The small arrow shows the
location of a 213-bp tobacco cpDNA probe that does not hybridize
to Trachelium DNA. Closed circles indicate cloned Hindlll frag-
ments
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Putative deletions

Most of the 109 small tobacco cpDNA probes hybridized
to TracheliumcpDNA, but lack of hybridization of four to-
bacco clones suggests possible deletions. Two probes that
span a2.8 kb region of tobacco cpDNA and contain the en-
tire accD gene (Li and Cronan 1992) and flanking non-
transcribed sequences showed no hybridization, suggest-
ing that the gene has been deleted from the Trachelium
chloroplast genome. It cannot be ruled out that the se-
guence has simply diverged significantly from that of to-
bacco, because mapping in the region of the putative de-
letion indicates sufficient space (approximately 2.0 kb) to
contain a gene of this size (bracket 2 in Fig. 1). It is pos-
sible that accD is a pseudogene in Trachelium. It is aso
conceivable that the unidentified 2.0-kb segment was in-
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serted before or after the deletion of accD. Regardless of
whether deletion, insertion, or gene divergence has oc-
curred, an inversion endpoint is associated with the loca-
tion (Fig. 1).

Only two other tobacco cpDNA probes did not hybri-
dize to Trachelium. Oneisasmall clone of 213 base pairs
(bp), about half of which consists of the 5 108 bp of
tobacco’'s large ORF2280. Although this open reading
frameisnoted for sustaining fairly sizable deletions while
remaining an intact ORF (Blasko et al. 1988; Zhou et al.
1988; Downie et al. 1994), it is possible that this gene is
not functional in Trachelium. The putative del etion may be
fairly recent, because the 213-bp tobacco probe hybridizes
to cpDNA in some other members of Campanulaceae
(M. Cosner and R. Jansen, unpublished). The second probe
islocated in another large open reading frame of tobacco,
ORF1901. No hybridization was detected for a 1415-bp
segment of this gene, although, as seen with accD, map-
ping indicates a space sufficiently large to accommodate
the segment, suggesting the possibility of divergencerather
than deletion (bracket 3 in Fig. 1). The insertion of the
genesclpP and 5'-rpsl12 near the 5' end of the ORF and the
apparent duplicativetransposition of aportion of 23srDNA
(both discussed below) provide further evidence that this
geneis non-functional in Trachelium.

Insertions

Several apparent insertions (as many as seven) are present
in Trachelium cpDNA (Fig. 1). These appear to consist of
DNA uniqueto Trachelium, as no hybridization to tobacco
in these regions was detected. Three of these may not be
insertions, but may instead consist of non-functional genes
(putative pseudogenes) that have diverged sufficiently as
to no longer hybridize to tobacco cpDNA. One of theseis
the approximately 2.0-kb segment where accD normally
resides, and the second is located where the 1415-bp to-
bacco ORF1901 probe should hybridize (both discussed
above). Thethird isa 3.0-kb segment located between the
genes psbB and rpl20, within an otherwise unrearranged
stretch of DNA (bracket 1 in Fig. 1). This corresponds to
the region from which clpP and 5'-rps12 were either trans-
posed or inverted (see below). It is possible, however, that
al three of these DNA segmentsareinsertions of unknown
content and origin, rather than pseudogenes. Four other in-
sertions are present, three of which average about 2.0 kb
in size and occur at inversion endpoints (Fig. 1). Thefifth
insertion is about 1.0 kb and is not located at an inversion
endpoint (Fig. 1).

Structural organization of the Trachelium
chloroplast genome

Results from restriction-site and gene mapping show that
the chloroplast genome of Trachelium is radically rear-
ranged compared to that of other land plants (Fig. 1). Ge-
nome modifications include changesin gene order and or-

ientation, the extent of the IR at both large single-copy and
small single-copy ends, and gene content. Figure 2 dia-
grams three possible series of evolutionary eventsinvolv-
ing thefewest numbersof rearrangementsnecessary to pro-
duce the Trachelium genome structure from atobacco-like
ancestor. Rearrangements in Trachelium consist of no
fewer than seveninversions, | R expansion/contraction, one
putative gene loss, putative deletions within two large
ORFs, several apparent insertions, and a possible transpo-
sition (see below). However, complex hybridization pat-
terns indicate that a more complicated evolutionary sce-
nario consisting of a greater number of rearrangements
may actually have occurred. In many instances, individual
tobacco probes hybridized to several locations in the
cpDNA. Many of these hybridization patterns are readily
explained by the obvious splitting of the probe sequence
by arearrangement endpoint. In some cases, the complex
hybridization patterns were not as easily interpreted, and
were presumably due either to “ endpoint remnants” | eft by
previous inversions, to small dispersed repeats within the
genome, or to hybridization with non-chloroplast se-
guences. Although Fig. 2 portrays a step-wise series, it
must be emphasized that the order of eventsis not known.

Evolutionary models

The most complicating factor in postulating evolutionary
scenarios for the Trachelium chloroplast genomeisthere-
location of clpP and 5'-rpsl2 (sequence block | in Fig. 2)
from the LSC region to the IR. For the simplicity of mod-
elling, cpDNA insertions and deletions in Trachelium are
not shown in Fig. 2.

Thefirst model (Fig. 2 A) proposes a series of stepsin-
volving seven inversions, one transposition, one IR con-
traction, and one IR expansion. A constraint on ordering
these eventsisthat inversion 3 (Fig. 2) must occur follow-
ing the IR contraction, since one inversion endpoint lies
within what is typically the IR in most angiosperms. This
proposed constraint is based on the assumption that inver-
sions between the IR and either single-copy region would
be highly disruptive and unlikely to occur. It is likely that
two other inversions (1 and 2) involving sequences (seg-
mentsL and K) found almost entirely in the L SC region of
Trachelium, but in the IR of most angiosperms, occurred
before the IR shrinkage, because the gene trnL is the only
portion of sequence block K (Fig. 1) remaining in the IR.
The remaining four inversions lie in what is typically the
LSC region in most land plants. Besides the constraints
mentioned above, the rearrangements could have occurred
in any sequence.

The second evolutionary model (Fig. 2 B) consists of
teninversions, onelR loss, and onelR re-growth. Thissce-
nario is constrained in that loss of the IR segment must oc-
cur before inversion 3, inversion 3 must occur before in-
versionsaand b, and inversions aand b must occur before
the IR re-growth. A fourth constraint involves the relative
orientations of single-copy regions in the ancestral ge-
nome. Chloroplast DNA existsin two orientationsin equi-
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molar quantities due to intramolecular recombination
between the paired segments of the IR (Palmer 1983; Stein
et al. 1986). This “flip-flop” recombination resultsin two
molecules whose only differenceisin the relative orienta-
tions of their single-copy regions. For model B to operate,
the single copy segments must exist in the orientations
shown (Fig. 2 B); for comparison, the opposite orientation
isdiagrammedin Fig. 2 A. All other rearrangements could
have occurred in any order.

J HE C FG B LK M 0 N 0 LM

Fig. 2A—C Three modelsfor the evolution of T. caeruleum cpDNA
from a tobacco-like ancestor. Model A includes seven inversions,
one transposition, expansion of the IR into the SSC region, and con-
traction of the IR at the LSC end. Model B includes ten inversions
and loss and re-growth of the IR. Model C includes nine inversions,
expansion of the IR into the SSC region, and contraction of the IR
at the L SC end. The top gene map and first lettered map show tobac-
co, and the bottom gene map and last | ettered map show Trachelium
(gene maps shown only on model A). Only genes at rearrangement
endpoints are given. Arrows on the top gene map indicate rearrange-
ment endpoints; those with asterisks designate transposition (mod-
el A) or inversions (models B and C). Letters correspond to blocks
of genesand arethe same asin Fig. 1; arrows under lettersindicate
orientations of gene blocks. The black barsindicate location and ex-
tent of the IR; open bars on IR (model C) indicate maximum pos-
sible extent of IR following inversion d. Numbered arrows designate
inversion endpointsand thefollowing map givestheresulting invert-
ed genome structure; inversion numbers are constant among mod-
els. “T" stands for transposition. Insertions/deletions in Trachelium
relative to tobacco are not shown. The ordering of events shown is
arbitrary except as explained in the text

The evolutionary scenarios presented in Fig. 2A, B
were constructed based on the assumption that the trans-
fer of clpP and 5'-rps12 from the LSC region to the IR
would not have been mediated by inversion(s) between the
IR and LSC region. Presumably, the stability of the IR
would render such an inversion unlikely and difficult to
envision mechanistically sincearearrangement of thistype
would be disruptive to the IR. However, given the com-
plexity of the Trachelium chloroplast genome, it is con-
ceivablethat inversion between the IR and the LSC region
may have occurred, and this is proposed as a mechanism
in model C (Fig. 2). Model C invokes expansion/contrac-
tion of the IR and nine inversions, at least one of which
must occur between the IR and L SC region, accompanied
by temporary growth and/or shrinkage of the IR. If inver-
sions d and e of model C occurred with the IR intact, both
the transposition of model A and the IR loss/re-growth and
one inversion of model B would be eliminated. The effect
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of an inversion between the IR and LSC region on the IR
is unknown, but it seems likely that inversion d would be
accompanied by either severe shrinkage or extreme growth
of thelR; model C showsthe presumed minimum and max-
imum extent of the IR following the inversion. This model
depicts the maximum extent of the IR following presumed
copy correction (Palmer 1991; Birky and Walsh 1992) of
the IR copy not involved in inversion d. The minimum ex-
tent of the IR following inversion d would contain only se-
guence block O. In this case, sequence blocks|, J, A, and
M would presumably be made single copy by gene con-
version or copy correction following loss of one copy of
segment M. Alternatively, inversiond could result in atan-
dem repeat of segment M (data not shown) and the subse-
guent re-inversion ewould then be accompanied by aslight
expansion of the IR in its middle (segment 1). Inversion e
reverses most of inversion d, and it is possible that these
two events occurred in concert rather than in an ordered
fashion, thusreducing disruptiontotheIR. A constraint on
the ordering of events is that inversion 3 must occur be-
fore inversions d and e. In addition, the IR contraction is
diagrammed as occurring before inversion 3 to eliminate
an additional inversion between the IR and LSC region,
since one endpoint of inversion 3 liesin what is typically
the IR in angiosperms. For proper orientation of sequence
block I, inversions d and e must occur between the LSC
region and IR A, adding athird constraint. Asin model A,
inversions 1 and 2 must occur prior to the IR contraction
at its LSC end.

Wefavor themodel that involvestransposition (Fig. 2A)
for threereasons. First, model A postul atestwo fewer steps
than model B, and three fewer than model C, by eliminat-
ing three and two inversions (and associated growth/
shrinkage of the IR in model C), respectively, but adding
onetransposition. Second, itinvokesconsiderably lessrad-
ical and complex changeto the IR. In particular, although
this model proposes extensive contraction of the IR, the
rDNA core, afeature of virtually all copDNA IRs, remains
intact. The rDNA-containing IR is temporarily lost in
model B, and although the effect of inversion d of model
C on the IR is unknown, the temporary exclusion of the
rDNA fromthe IR is possible. Third, model A isless con-
strained temporally, having only two constraints compared
to four each in models B and C.

All three scenarios propose events that do not typically
occur in chloroplast genomes. Complete loss and subse-
guent re-growth of the IR has never been suggested as an
evolutionary mechanism in the chloroplast genome, trans-
position has only rarely been postulated (for further dis-
cussion on cpDNA transpositions, see below), and inver-
sion between the IR and a single-copy region is unknown.
The numbers of steps and constraints of the various mod-
els may not be asimportant in determining which scenario
may be more acceptable as is the actual likelihood of the
events. The relative simplicity of the events in model A
compared to those in models B-C also favors a model in-
volving transposition.

In a chloroplast genome as rearranged as Trachelium,
considerations of parsimony or the likelihood of specific

rearrangements may be inadequate for determining which
of various alternative models may most closely represent
actual evolutionary events. Instead, it may be best to use
comparative information by examining related chloroplast
genomes. Chloroplast DNA mapping datafrom other gen-
erain the Campanul aceae supply strong evidence against
the IR loss/re-growth model (Fig. 2 B). Essentially all taxa
examined in this family, including three putatively basal
genera in which clpP and 5'-rps12 have not been trans-
ferred from the LSC region to the IR, share the same
IR/SSC junction (M. Cosner and R. Jansen, unpublished).
If the IR was lost in the ancestor of Trachelium and most
other members of the Campanulaceae (but not in the basal
genera) prior to theinversional transfer of these two genes
to the IR, an independent IR growth corresponding to the
same|R/SSC junctioninthesetwo different lineagesinthe
Campanul aceae would be extremely unlikely. A modifica-
tion (data not shown) of the IR loss/re-growth model com-
patible with this evidence would include shrinkage of the
IR at the L SC end severe enough that the inversion of clpP
and 5'-rps12 could occur entirely within the LSC region,
thus avoiding inversion between the IR and LSC region.
However, this modification would also require part of the
IR to re-grow.

Transposition

Since we favor the model (Fig. 2 A) involving transposi-
tion of clpP and 5'-rpsl2, further discussion of transposi-
tion in cpDNA is warranted. Variations in gene order in
land-plant chloroplast genomes are most often the result
of inversionsor gene deletions. Only recently hasevidence
pointed to a possible role for transposition events in
cpDNA evolution. Milliganet al. (1989) reported evidence
for the occurrence of at least two transpositions in sub-
clover cpDNA. One of theseis aduplicative transposition
of part of the ribosomal protein gene rpl23, and the sec-
ond is an apparent transposition of rpoB and rpoC1. In ad-
dition, small segments of certain ribosomal protein genes
have shifted positionsin the chloroplast genomes of some
wheat species, presumably by transposition (Bowman
et al. 1988; Ogiharaet a. 1988).

The genes clpP and 5'-rps12, found in the LSC region
in most land plants, have been transferred tothe IR in Tra-
chelium, presumably either by transposition (Fig. 2A) or
inversion (Fig. 2B, C). The third gene of the clpP operon,
rpl20, has remained in the LSC region. The new location
of the genesin the IR is more simply explained by trans-
position (Fig. 2A), particularly since the removal of the
two genesleft an otherwise unrearranged segment of DNA.
If transposition was indeed the mechanism, it is unclear
whether the event was DNA- or RNA-mediated.

If the clpP/5'-rpsl2 transposition was RNA-mediated,
it would be necessary for these two genesto acquire proper
promoter sequences to function in their new location. The
two genes are now located within a large open reading
frame (ORF1901 of tobacco), very near its5' end (Fig. 3).
It is possible that the genes have remained functional
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Fig. 3 Model for duplicative transposition of 5'-rpsl2 and clpP
from the LSC region to the IR and a small segment of 23s rDNA
within the IR of T. caeruleum cpDNA. Numbered boxes show loca-
tions of certain tobacco cpDNA probes (Palmer et al. 1994). Open
boxes indicate presumably functional genes, shaded boxes designate
putative pseudogenes, the striped box shows the region correspond-
ing to a 1415-bp tobacco ORF1901 cpDNA clone that does not hy-
bridize to Trachelium, and the black box represents a partial copy of
the 23srRNA gene. Thedashed lineindicatesthe DNA segment sep-
arating the regions pictured. Triangles represent the transposition
events

through the cannibalization of the presumably non-func-
tional ORF spromoter. It alsois possiblethat rpl20 hasre-
tained thepromoter sequencestypically sharedwith5'-rps12
and clpP.

PCR amplification of clpP using primers for exons 2
and 3, and introns 1 and 2, indicates that both introns still
exist in clpP in Trachelium. (The 9.6-kb HindlIl Tra-
chelium clone, i.e, the IR clone that contains clpP and
5'-rpsl2, was used as the template in PCR reactions.) If
retrotransposition did play aroleintheinsertion of thetwo
genesin the IR, the presence of introns in clpP indicates
that the cDNA was made from a partially processed tran-
script fromwhich rpl20 wasremoved, but from which clpP
intronswere not yet spliced. Absence of intronswould pro-
vide evidence for the involvement of an RNA intermedi-
ate, but intron presence is merely inconclusive. Kohchi
et a. (1988) found that multiple mRNASs are transcribed
from the clpP operon (clpP, 5'-rpsl2, rpl 20), and they also
described the occurrence of ordered processing and splic-
ing of thetranscriptsthat involved processing prior tosplic-
ing of the clpP introns. Thisis consistent with aretrotran-
sposition hypothesisinvolving an RNA species containing
both 5'-rps12 and clpP (including introns) but not rpl20.

Our dataareal so consistent withaDNA-mediated trans-
position of these two genes. In a DNA-mediated transpo-
sition, the necessity of acquiring proper promoter se-
guencesisreadily avoided, asit isconceivablethat the pro-
moter could betransferred aswell. However, it would then
be necessary for rpl20 to acquire a promoter, as it would
be left orphaned by such an event unless it were duplica-
tive.

It also appears that a duplicative transposition of a seg-
ment of the 23srRNA gene hastaken placein Trachelium.
A 1680-bp tobacco cpDNA probe consisting entirely of

rpsl5s

4.58 trnR
58

ClpP 5'rpsi2 ORF1901 23s

coding sequence (the 5" and 3’ ends of the gene arelocated
in two other probes) from within this gene hybridizes both
to the presumably functional 23s rRNA locus and to a
region approximately 14 kb downstream in Trachelium
(Fig. 3). The exact size of the duplication is unknown, but
the smallest restriction fragment containing the duplicated
DNA is an Xbal fragment of approximately 1.0 kb. The
partially duplicated 23s rDNA is located within the same
large open reading frame (ORF1901) to which part of the
clpP operon was also putatively transposed (Fig. 3).

Disruption of cpDNA operons

At least two operons have been disrupted by rearrange-
mentsin Trachelium. Genes within both the atpA and clpP
operons have been separated by different rearrangements.
Oneendpoint of inversion 3 (Fig. 2) liesbetweentwo genes
for subunits of the H*-AT Pase complex, atpH and atpl, re-
ported to be transcriptionally linked in spinach (Westhoff
et a. 1985; Hennig and Herrmann 1986; Hudson et al.
1987), pea (Cozens et al. 1986; Hudson et al. 1987), rice
(Kanno and Hirai 1993), and wheat (Hoglund et al. 1990).
Another rearrangement has placed clpP and 5'-rps12inthe
Trachelium IR, while rpl20 has remained in the LSC re-
gion (Fig. 3). These three genes were shown to be co-tran-
scribed in the liverwort Marchantia (Kohchi et al. 1988),
Pinus (Clarke et al. 1994), rice (Kanno and Hirai 1993),
and maize (Weglohner and Subramanian 1992). The clpP
operon was disrupted either by inversion b or d (Fig. 2B
and 2 C, respectively) or by the transposition postulated
in Fig. 2A. Only two other studies report disruption of
cpDNA transcription units by rearrangements in land
plants. The mung bean rpl23 operon is split by an inver-
sion (Palmer et al. 1988), whereas atransposition has been
implicated in the disruption of subclover’s rpoB operon
(Milligan et al. 1989). It is possible that new transcription
linkages have been formed in Trachelium, as has been re-
ported for the rearranged chloroplast genome of pea
(Nagano et al. 1991).

Dispersed repeats

Comparisons among chloroplast genomes of highly diver-
gent plant lineages show a remarkable conservation of
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Fig. 4 Short dispersed repeatsin the chloroplast genome of T. cae-
ruleum. Filters containing Trachelium total DNA digested with
Hindl1l and electrophoresed on a 1.2% agarose gel were hybridized
with each of five Trachelium cpDNA Hindlll clones. Sizesin kb of
theHindlll inserts are given above each lane. The outside lanes con-
tain lambda DNA molecular-weight standards with fragment sizes
in kb indicated. The 1.2-kb and 4.5-kb fragments contain the 23s
rDNA and its duplicated segment, respectively

chromosome structure, gene content, and gene sequence.
In particular, the large IR is especially conserved, show-
ing an even slower rate of sequence evolution than either
single-copy region (Wolfe et al. 1987; Downie and Palmer
1992 a). The IR is believed to confer an inherent structu-
ral stability on cpDNA by limiting recombination between
other segments of the chromosome (Palmer 1985). With
the exception of the large inverted repeat, chloroplast ge-
nomesseldom contain repeated sequences, possibly related
to aconstraint on the size of the cpDNA molecule (Palmer
1985). Exceptions include the cpDNAs of geranium
(Palmer et al. 1987), wheat (Howe 1985; Quigley and Weil
1985; Bowman and Dyer 1986; Bowman et al. 1988; Ogi-
hara et al. 1988), rice (Shimada and Sugiura 1989), sub-
clover (Milligan et a. 1989), broad bean (Bonnard et al.
1985) and Douglasfir (Tsai and Strauss 1989), whose chlo-
roplast genomes all contain a series of short dispersed re-
peats. In these species, dispersed repeats have been asso-
ciated with inversion endpoints and are thought to have
facilitated inversions through recombination across ho-
mologous repeats.

Certain cloned Trachelium Hindlll cpDNA fragments
hybridize only to themselves (e.g., fragments of 2.4 and
4.2 kb; Fig. 4) when hybridized to Hindl Il digests of total
Trachelium DNA, but others hybridize to one or more ad-
ditional HindllI fragments. For example, a4.5-kb HindlI|

clone hybridizesto itself and to a1.2 kb fragment (Fig. 4).
The reciprocal hybridization of the 1.2-kb clone to the
4.5-kb fragment indicates the existence of aregion of com-
mon sequence between the two fragments (Fig. 4). In an-
other case, a 9.6-kb clone hybridizes to itself and to frag-
ments of 4.9 and 3.8 kb (Fig. 4). Reciprocal hybridization
indicates that the 4.9-and 3.8-kb fragments do not hybri-
dize to each other, and thus share different sequence ho-
mol ogies with the 9.6-kb fragment. There are at least five
clear sets of dispersed repeats within the Trachelium chlo-
roplast genome (r1—r5 in Fig. 1). Many other Trachelium
Hindlll clones hybridizefaintly to additional Hindl 1l frag-
ments, but these data are more difficult to interpret. They
may be due to the hybridization of probes with non-chlo-
roplast DNA fragments.

The Trachelium chloroplast genome contains at |east
five families of dispersed repeats (Figs. 1 and 4). All of
these are associated with various rearrangements, includ-
inginversions, insertions/del etions and a possi bl e transpo-
sition, thereby suggesting a mechanism for at least some
of the rearrangements. One of the repeated sequences con-
sists of part of the 23s rRNA gene, presumably the result
of aduplicativetransposition (seeabove) (Fig. 3), whereas
the remainder are of unidentified content. It is not known
how these repeats may have originated nor why they are
present in so few plant species. Although dispersed repeats
may play a role in the de-stabilization of the chloroplast
genome of Trachelium, not all inversion endpoints are as-
sociated with dispersed repeats. It is possible that in some
instances the small repeats were lost as the result of inver-
sion, but it seems likely that additional inversion mecha-
nisms were involved in Trachelium as well.

Inadditionto small dispersed repeats, insertionsand de-
letions are frequently associated with inversion endpoints
in Trachelium (Fig. 1), and may be part of the inversion
process. However, it isnot known if the insertions and de-
letions are a consequence or a cause of the inversions.

Endpoint re-use

Regardless of which evolutionary model is accepted, re-
use of inversion endpointshasoccurred in Trachelium. Ac-
cording to Fig. 2 B, there are ten inversions and 13 end-
points. If all inversions used different endpoints, the max-
imum number of endpointswould be 20. InFig. 2A, seven
inversions use ten endpoints; maximally 14 endpoints
could exist. The nine inversions of Fig. 2C use 13 end-
points rather than the maximum 18. Without knowing the
precise order of events, it is not possible to determine the
exact nature of the endpoint re-use. The cpDNA of the
closely related family Lobeliaceae is also rearranged, but
not as radically asin the Campanulaceae. More extensive
endpoint re-use has apparently occurred in the Lobelia-
ceae. Among 18 taxa from three genera examined, 11 in-
versions sharing ten endpoints were found (Knox et al.
1993).

The re-use of endpoints led Knox et al. (1993) to pos-
tul ate the existence of recombinational “hot spots” (Kung



et al. 1982; Ogiharaet al. 1988, 1991) in the Lobeliaceae.
ThetRNA genes have been associated with cpDNA inver-
sion endpoints in several families of angiosperms includ-
ing the Asteraceae (Jansen and Palmer 1987 b), the Faba-
ceae (Michalowski et al. 1987; Palmer et al. 1988), the
Onagraceae(Herrmann et al. 1983) and the Poaceae (Howe
1985; Quigley and Weil 1985; Rodermel et al. 1987; Howe
et al. 1988; Hiratsuka et al. 1989), aswell asin some con-
ifers (Strauss et al. 1988; Lidholm and Gustafsson 1991,
Tsudzuki et al. 1992), afern (Hasebe and Iwatsuki 1992),
amoss (Calie and Hughes 1987), and aliverwort (Ohyama
etal. 1986). The inversions may have been mediated
through recombination across short repeated sequences
found within or near thetRNA genes (Bonnard et al. 1985;
Howe 1985; Howe et al. 1988; Hiratsuka et al. 1989; Shi-
mada and Sugiura 1989; Rodermel 1992), but the exact
mechanism by which the repeats may facilitate recombi-
nation isunclear. Most of the endpointsin the L obeliaceae
are associated with tRNA genes(Knox et al. 1993). InTra-
chelium, six or seven endpoints (depending on which
model is accepted) occur near one or more tRNA genes
(Figs. 1 and 2). Although tRNA genes and associated re-
peats may play arole in cpDNA inversion, not all inver-
sion endpoints lie near these genes, indicating that other
mechanistic factors are also involved.

It has been suggested that the IR stabilizes cpDNA
by decreasing intrachromosomal recombination (Palmer
1985). Conifers (Lidholm et al. 1988; Strauss et al. 1988;
Raubeson and Jansen 1992) and somelegumes (Pal mer and
Thompson 1981; Lavin et al. 1990; Palmer 1991), inwhich
chloroplast genomes have become highly rearranged, have
also lost one copy of the inverted repeat, whereas Trache-
liumretainsitsIR. It isclear that factors other than the loss
of onecopy of thelR haveservedto de-stabilizethecpDNA
of Trachelium.

Conclusions

Chloroplast genome evolution in Tracheliumis notablein
five magjor respects. First, astheresult of at least sevenin-
versions, geneorder in Tracheliumishighly rearranged rel -
ative to most other land plants. Second, the IR has spread
into the adjacent SSC region but has been reduced in size
atitsL SCend, resultinginlarger and smaller LSC and SSC
regions, respectively. Third, evidence suggests that trans-
position, a rarely reported event in cpDNA evolution
(Palmer 1991), has also contributed to the scrambled gene
order of Trachelium. Fourth, at least five families of dis-
persed repeatshavebeenidentifiedin Trachelium, whereas
most chloroplast genomes lack small repeated sequences.
Fifth, at least two rearrangements (either two inversions or
one inversion and one transposition) have resulted in the
disruption of each of two different transcriptional units.
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