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Abstract. Chloroplast DNA cleavage sites for 10 restriction enzymes were mapped for 46 species representing all sections of Anemone, four closely related
genera (Clematis, PulsatilIa, Hepatica, and Knowltonia), and three more distantly related outgroups (Caltha,
Ranunculus, and Adonis). Comparison of the maps revealed that the chloroplast genomes of Anemone and related genera have sustained an unusual number and variety of rearrangements. A single inversion of a 42-kb
segment was found in the large single-copy region of
Adonis aestivalis. Two types of rearrangements were
found in the chloroplast genome of Clematis, Anemone,
Pulsatilla, Hepatica, and Knowltonia: An approximately
4-kb expansion of the inverted repeat and four inversions within the large single-copy region. These rearrangements support the monophyletic status of these
genera, clearly separating them from Caltha, Ranunculus, and Adonis. Two further inversions were found in
two Clematis species and three Anemone species. While
appearing to support a monophyletic grouping for these
taxa, these two inversions conflict with data from both
chloroplast restriction sites and morphology and are
better interpreted as having occurred twice independently. These are the first two documented cases of homoplastic inversions in chloroplast DNA. Finally, the
second intron of the chloroplast rpsl2 gene was shown
to have been lost in the common ancestor of the same
three Anemone species that feature the two homoplastic inversions.
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Structural rearrangements such as inversions are rare in
the chloroplast genome of the majority of land plants
(Palmer et al. 1988b; Palmer 1991). Most angiosperm
c h l o r o p l a s t D N A s are r e l a t i v e l y u n i f o r m in size
(135-160 kb pairs), containing a 20-30-kb-pair inverted repeat and two single-copy regions which are usually invariant in gene order (Palmer 1991). Prominent
exceptions to this are the highly rearranged chloroplast
DNAs (cpDNAs) found in conifers (Strauss et al. 1988),
grasses (Quigley and Weil 1985; Howe et al. 1988; Hiratsuka et al. 1989), legumes (Palmer et al. 1988a; Milligan et al. 1989), geraniums (Palmer et al. 1987a), and
Lobeliaceae (Knox et al. 1993).
Inversions to date appear devoid of homoplasy (parallel, convergent, and reverse evolution). For this reason, they have made excellent taxonomic markers in
studies of the Asteraceae (Jansen and Palmer 1987),
Phaseoleae (Palmer et al. 1988a; Bruneau et al. 1990),
ferns (Stein et al. 1986), Poaceae (Doyle et al. 1992),
vascular plants (Raubeson and Jansen 1992), and Lobeliaceae (Knox et al. 1993).
In a survey of cpDNA restriction-site variability of
Anemone and related genera, we found multiple inversion events in the large single-copy region. Four of
these inversions appear to have occurred at a time before the Anemone complex (consisting of Anemone, Hepatica, PulsatilIa, and Knowltonia) and Clematis had
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diversified. Two additional inversions appear to have
occurred twice independently. We discuss factors which
may have contributed to these multiple inversions.

Materials and Methods
A total of 45 species, representing all sections of Anemone and seven other genera, were surveyed (Hoot et al. 1994). Ranunculus,
Caltha, Adonis, Clematis, Hepatica, Pulsatilla, and Knowltonia were
included as potential outgroups based on a phylogeny derived from
conventional data (Hoot 1991) and past classifications (Gregory 1941;
Tamura 1967). Leaf material was sent or collected from various locations or grown from seed or tubers in the garden of coauthor S.B.H.
(Voucher specimens are deposited at MICH.)
Total cellular DNA was isolated from fresh leaves according to
the miniprep method of Doyle and Doyle (1987) and further purified
on a CsC1 gradient. Samples were digested with ten restriction enzymes: BamHI, BclI, BglII, ClaI, DraI, EcoRI, EcoRV, HindIII, SacI
and XbaI. The resulting fragments were separated on agarose gels,
transferred to filters, and hybridized using the methods described in
Palmer et al. (1988b). A series of filter hybridizations was performed
using as probes 40 clones that cover virtually the entire tobacco
chloroplast genome (Fig. 1; Olmstead and Palmer 1992). Two additional tobacco clones, tobacco coordinate units (TCUs; Shinozaki et
al. 1986; Knox et al. 1993) 80652-82469 and TCU 82469-82752,
were used to locate more precisely the endpoints of the extended inverted repeat found in most taxa. Four additional subclones that span
probe 4 (Fig. 1) were used to better define several inversion endpoints.
To better locate the endpoints of the multiple inversions and their
arrangement, two additional filters were created for four representative taxa: Adonis aestivalis, Anemone canadensis, Anemone multifida, and Clematis hexapetala. Single digests using the above 10 enzymes and nine double digests using BamHI as the second enzyme
were performed for all taxa except Adonis. Adonis DNA was digested
singly with HindIII, BglII, EcoRI, and BamHI and doubly with BamHI
and each of the first three enzymes. These filters were probed with
various tobacco clones and with four synthetic oligonucleotides whose
sequences correspond to regions internal to tRNA genes from tobacco: trnS-GGA (39 bases), trnT-UGU (41 bases), trnL-UAA (35
bases), and trnF-GAA (40 bases). The oligonucleotides were labeled
with 32p using the tailing reaction described by Collins and Hunsaker (1985) with some modifications. Each 10-].tl reaction was carried
out using 20 ng oligonucleotide DNA, 20 units of terminal deoxynucleotidyl transferase (purchased from IBI), and 70.0 gCi of a-labeled (32p)dATP, in a buffer of 0.14 M K-cacodylate (pH 7.2), 30 mM
Tris base, 1.0 mM CoC12 and 0.1 mM DTT. The probes were purified on a 10-ml Sephadex G-25 column. The filters were hybridized
overnight at 42°C in the same hybridization mixture used above except for the addition of formamide (15% of total volume). The hybridized filters were washed four times in 1 L of 0.5 × SSC and 0.1%
SDS at 42°C.
Polymerase chain reaction (PCR) amplification to determine the
presence or absence of intron 2 of rpsl2 was performed according to
the conditions described in Kuhsel et al. (1990), except that the synthesis step was carried out at 55°C rather than 50°C. One amplifying
primer is located at the 3' end of exon 2 of rpsl2, has the same orientation as rps 12, and starts at position 100671 of the tobacco chloroplast genome sequence (Shinozaki et al. 1986). The sequence of this
22-mer is CGAGGA(A/G)CCCTAGATGCTGTCG. The second amplifying primer is located at the 5' end of rps7 (the gene immediately downstream of rpsl2), has the opposite orientation as rpsl2, and
starts at tobacco position 99926. The sequence of this 19-mer is
CCA(A/C)CATGTTAACTAATCG.
Phylogenetic analyses of restriction site data (excluding rearrangements) were conducted using the heuristic search option of
PAUP (Swofford 1990), implemented on a Macintosh II computer.

Analyses were performed using 50 replications of the random addition sequence. Because the relationship of Caltha, Ranunculus, and
Adonis was not resolved by the restriction site data, only character
states found in agreement for all three taxa were scored to create an
"outgroup" for a further phylogenetic analysis. Further details on the
selection of outgroups, the mapping of restriction sites, and the phylogenetic analyses of restriction site mutations may be found in Hoot
et al. (1994).

Results

Length Mutations
Complete maps were constructed for all 10 enzymes employed. The data matrix for the chloroplast restriction
site data is available upon request from S. Hoot. The 10
restriction enzymes mapped recognized approximately
510 sites in each cpDNA. Most of the tobacco probes
hybridized strongly to the DNAs of Anemone and other genera. This suggests that the chloroplast gene content is for the most part conserved.
Because of the substantial degree of restriction-site
variation and the numerous inversions, length mutations were difficult to evaluate in some regions of the
genome of the Anemone complex. Restriction-fragment
size variation seemed common in the large single-copy
region near the inversion endpoints. This variation took
the form of a range of fragment lengths with no distinctive cutoff points between sizes. Two of these are
f o u n d in the r e g i o n s T C U 6 1 4 9 - 6 6 5 2 and T C U
48602-49800 (TCU--tobacco coordinate units, Shinozaki et al. 1986). The range of size variation was
50-500 bp. The region TCU 111920-113110 in the
small single-copy region next to the end of the inverted repeat contained a series of length polymorphisms.
Differences in size varied from 500 to 1,500 bp. Like
the previous length variations, these were phylogenetically uninformative.
One phylogenetically informative length mutation
was found shared by Anemone canadensis, A. dichotoma, and A. richardsonii. These species all displayed a decrease in length of 500-600 bp in a region
within tobacco probe 32 that mapped to the approximate
position of rpsl 2 within the inverted repeat. Because the
size of this apparent deletion corresponds well to the
known size of intron 2 of rpsl2 [intron 1 is transspliced (Fig. 1) and thus unlikely to be involved in this
length mutation], we performed PCR and DNA sequencing experiments to investigate the possibility that
this deletion represented the loss of the entire intron 2
in the A. canadensis lineage. As shown in Fig. 2, PCR
using primers closely flanking this intron produced fragments of the expected size for the sequenced rpsl2
genes from tobacco (lane 2; intron size = 536 bp; expected PCR size = 746 bp; Shinozaki et al. 1986), soybean (lane 3; 531 bp; 741 bp; von Allmen and Stutz
1987), and maize (lane 4; 540 bp; 750 bp; Giese et al.
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Fig. 1. Comparison of chloroplast genome organization in Anemone
canadensis and tobacco. Genes above the tobacco genome map (Shinozaki et al. 1986) are transcribed from left to right; those below the
line are uanscribed from right to left. The darkbarsrepresent the 25.3kb inverted repeat of tobacco. The 40 tobacco probes used are numbered as in Olmstead and Palmer (1992). Numbers projected above
probes are TCUs × 1,000. Darklyshadedblocks are gaps between tobacco probes. Lightly shaded regions indicate the location of the
29.4-kb inverted repeat in A. canadensisand other Anemone, Hepatica, Pulsatilla, Knowltonia, and Clematis species included in this
study. Additional tobacco clones and oligonucleotides used to locate
inverted repeat and inversion endpoints are shown projecting below

the probe map. (See tobacco probes 4, 15-17, and 27.) The lines between the Anemone and the tobacco genomes locate similar regions
as indicated by the probes. Lines were only drawn when similar regions of the two genomes were not aligned. The two length mutations
found in A. canadensisare numberedin italicnear their locations. The
location and size (kb) of the various restriction site fragments are
shown for three enzymes: BamHI,BglII, and EcoRV. The tobacco
map is modified from Shinozaki et al. (1986) and Palmer (1991). Part
of this modification includes the duplication of probe 28 and part of
probe 27 to show tobacco's hypothetical alignment with the expanded IR in Anemone.

1987). A s i n g l e p r o d u c t o f this s a m e a p p r o x i m a t e size
was o b t a i n e d for a large n u m b e r o f species in Anemone
a n d r e l a t e d g e n e r a , i n c l u d i n g the f o u r m e m b e r s o f
Anemone, Knowltonia, and Pulsatilla s h o w n in lanes
8 - 1 1 o f Fig. 2. H o w e v e r , three species, A. canadensis,
A. dichotoma, and A. richardsonii, c o n s i s t e n t l y p r o d u c e d a single m a j o r P C R p r o d u c t o f a b o u t 2 1 0 - 2 2 0 bp
(Fig. 2, lanes 5 - 7 ) . T h i s size m a t c h e s w e l l w i t h that exp e c t e d (210 bp) for an rpsl2 g e n e that lacks intron 2.
W e t h e n s e q u e n c e d d i r e c t l y the g e l - i s o l a t e d P C R p r o d u c t f r o m A. canadensis and f o u n d that intron 2 was ind e e d c l e a n l y m i s s i n g f r o m its rpsl2 g e n e (data n o t
shown). W e t h e r e f o r e c o n c l u d e that intron 2 was lost
f r o m the rpsl2 g e n e in a c o m m o n a n c e s t o r o f t h e s e

three Anemone species. Introns are quite stable c o m p o nents o f l a n d - p l a n t c h l o r o p l a s t g e n o m e s ; o n l y a f e w
o t h e r cases o f intron loss h a v e b e e n d e s c r i b e d ( D o w nie et al. 1991; P a l m e r 1991; D o w n i e and P a l m e r 1992).
T h i s is the first such case k n o w n to h a v e o c c u r r e d at the
i n t r a g e n e r i c level.

Extension of the Inverted Repeat
M a p p i n g e x p e r i m e n t s u s i n g 40 c l o n e s s p a n n i n g the entire t o b a c c o c h l o r o p l a s t g e n o m e s h o w e d that the inv e r t e d r e p e a t in Caltha, Ranunculus, and Adonis is ind i s t i n g u i s h a b l e in size f r o m that o f t o b a c c o ( S h i n o z a k i
1986). A n e x t e n s i o n o f the i n v e r t e d r e p e a t to a l e n g t h
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(Glycine max); lane 4, maize (Zea mays); lane 5, Anemone richardsonii; lane 6, A. canadensis; lane 7, A. dichotoma; lane 8, A. vitifolia; lane 9, A. caffra," lane 10, Knowltonia vesicatoria; lane 11, Pulsatilla vulgaris.

of approximately 29.4 kb was found in Anemone,
Clematis, Hepatica, Knowltonia, and Pulsatilla (Table
1, Fig. 1). The endpoints of this extension were more
precisely located by probing with two additional clones,
as illustrated by the hybridizations to BgIII digests of the
three Anemone DNAs shown in Fig. 3. Tobacco probe
28 (TCU 83807-85632), which is entirely single copy
in tobacco, hybridizes equally strongly to two BglII
fragments of 8.6 and 7.0 kb (Fig. 3, lanes 7-9). A 283bp tobacco fragment, TCU 82469-82752, hybridizes to
these same two BglII fragments, but more strongly to the
larger of the two (Fig. 3, lanes 4-6). That two different
probe fragments both hybridize to these two different
BglII fragments implies the existence of a shared repeat
element on these two BglII fragments; that the 284-bp
fragment hybridizes differentially to these two fragments implies that the repeat ends within this probe region. This inference is supported by the observation
that tobacco fragment TCU 80652-82469, which is adjacent to the 283-bp fragment, hybridizes exclusively to
the larger BglII fragment (Fig. 3, lanes 1-3). Thus, assuming that it ends near the middle of the 283-bp fragment, the Anemone inverted repeat is extended by approximately 4.1 kb relative to the repeat in tobacco
(which ends at TCU 86684) and most other angiosperms
(Palmer 1991). Assuming conservation of gene content
between Anemone and tobacco, this implies duplicate
copies in Anemone of six ribosomal protein genes, rps8,
rpll4, rpll6, rps3, rp122, and rpsl9, that are single
copy in Caltha, Ranunculus, and Adonis (Fig. 1), as well
as in tobacco and most other angiosperms (Palmer
1991).

Excluding differences relating to the expansion of the
inverted repeat, four different gene orders were found
among the chloroplast genomes of the taxa in this study.
Caltha and Ranunculus have the same chloroplast gene
order as tobacco and most other vascular plants; this corresponds to the primitive gene order found within seed
plants (Palmer 1991; Raubeson and Jansen 1992). Each
of the other three gene orders can be derived from this
ancestral, tobaccolike gene order by postulating between one and six inversions, whose endpoints, sizes,
and distribution are summarized in Table 1. The first
gene order is that found in Adonis aestivalis, which has
a single inversion of 41.9 kb between endpoints 2 and
7. This same inversion was found for another species,
Adonis annua, in a restriction-site study of the Ranunculaceae (Johansson and Jansen 1993). But a second inversion of 24 kb (endpoints at TCU 48.6 and 73.0)
found in A. annua was not detected in our study. The
second gene order, found in virtually all species within the Anemone complex and Clematis, results from
four inferred inversions (Table 1). The third gene order,
found in both Clematis species e x a m i n e d and in
Anemone canadensis, A. dichotoma, and A. richardsonii, results from the same four inversions mentioned
above plus two additional inversions.
Figures 1 and 4 illustrate the location of the inversions for all species except Adonis in relation to the tobacco genome. We cannot logically infer any temporal
order among the four inversions found in the Anemone
complex and Clematis (the second gene order mentioned above). There are 24 possible orders, only one of
which is illustrated in Fig. 4. Based on gene order and
phylogenetic evidence, inversions 5 and 6 occurred after inversions 1-4, but temporal order cannot be distinguished for inversions 5 and 6.
No matter which temporal order is hypothesized for
the various inversions, the same endpoints are used,
but in different combinations. Table 1 gives only the
endpoint combinations that match the inversion order illustrated in Fig. 4. The locations of the seven inversion
endpoints (numbered as in Fig. 4) with respect to tobacco genes and their intergenic spacer lengths are as
follows: Endpoint 1 maps in the 454-bp spacer between
trnH and psbA; endpoint 2 maps in the 861-bp region
between rpsl6 (5' exon) and trnQ; endpoint 3 probably
occurs in the 612-bp spacer surrounded by psbI and
trnS, but could be within or just before psbI; endpoint
4 occurs in the 780-bp spacer bordered by trnS and the
trnG; endpoints 5 is located in the 331-bp spacer between trnS and rps4; endpoint 6 maps between trnT and
trnL; and endpoint 7 is found in the 1088-bp spacer between ndhC and trnV, apparently very close to trnV.
Three of the inversion endpoints (2-4) occupy the approximately 3.3 kb region flanked by rpsl6 and trnG.
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Table 1.

Majorstructural rearrangements in the chloroplast genomes of Anemone and related genera

Mutation

Endpointsa

Size

Extension of IR
into LSC region

82.5-112.0 (IR-B)
130-0.4 (IR-A)

4.1 kb
(total IR size
= 29.4 kb)

Taxab
A,C,H,K,P

Endpoint

Inversionsc

1
2
3
4
5
6
7

1

2

0.4
8.6
8.6/47.4
0.4/47.4
8.6/47.4
8.6/53.6
6.7

48.6
47.4
0.4/48.6
6.7
53.6
9.2
48.6

48.2
38.8
47.0
6.3
43.8
5.6
41.9

A,C,H,K,P
A,C,H,K,P
A,C,H,K,P
A,C,H,K,P
Ac,Ad,Ar,C
Ac,Ad,Ar,C
Adonis

a Endpoint coordinates of rearrangement events are presented in tobacco coordinate units (TCUs) and match with the inversion order illustrated in Fig. 4
b A = Anemone (all taxa examined),C = Clematis (2 species), H = Hepatica, K = Knowltonia, P = Pulsatilla (4 species), Ac = Anemone canadensis, Ad = A. dichotoma, Ar = A. richardsonii
c The numbering of inversions 1-4 and inversions 5 and 6 do not reflect temporal order
1
I

2
I

3
I

4
I

5
I

6
I

7
I

8
I

9
I

8.67.0-

Fig. 3. Mappingthe large single-copyboundary of the extended repeat in Anemone. Autoradiogramsresulting from BglII restriction enzyme digest and subsequenthybridization:Probe TCU 80652-82469
(lanes 1-3) hybridized to only a single fragment; probes TCU
82469-82752 (lanes 4-6) and TCU 83807-85632 (lanes7-9) each hybridize to the same two repeated fragments. Lanes 1, 4, and 7-Anemone multifida; lanes 2, 5, and 8--A. canadensis; lanes 3, 6, and
9--A. dichotoma.

Discussion

Phylogeny and Rearrangements

The phylogenetic information available from the rearrangements found in the present study is of limited
but, in most cases, c o n v i n c i n g value. At the generic
level, the extension of the inverted repeat into the large
single-copy region and the first four inversions (Table
1) reinforce the monophyletic status of Clematis and the
A n e m o n e complex, clearly separating these genera from
Adonis, Caltha, and Ranunculus. This is corroborated by
c p D N A restriction-site variation (Fig. 5).

All anemones and the genera Clematis, Hepatica,
Pulsatilla, and Knowltonia share the first four inversions
(Table 1). For this reason, these inversions are not useful taxonomic markers at the sectional level. These four
inversions must have occurred early in the history of the
A n e m o n e complex, before diversification had occurred.
Two additional inversions separate Clematis (two
species), A n e m o n e canadensis, A. dichotoma, and A.
richardsonii from all other anemones (Table 1). The relationship suggested by these inversions is not congruent with the ctadograms resulting from chloroplast D N A
restriction sites (Fig. 5; Hoot et al. 1994). In the restriction site trees (rooted or unrooted), the A. canadensis clade is separated from the Clematis species by a
n u m b e r of characters and by three branches of moderate (70%) to high (98%) bootstrap support (Fig. 5). To
force Clematis and the A n e m o n e canadensis clade together as a monophyletic group costs an additional 16
steps in tree length.
In addition, the morphology of Clematis is very different from A n e m o n e . The o n l y features shared by
Clematis and members of the A. canadensis clade are
opposite leaves (A. dichotoma) and styles completely
covered by hairs (A. canadensis). Neither of these are
c o n v i n c i n g characters, given their sporadic occurrence
in the clade and their homoplastic recurrence in distantly
related anemones (Hoot et al. 1994). Clematis also differs from A n e m o n e in base chromosome number, an
important systematic character in the Anemone complex
(Hoot et al. 1994).
In light of the above, these appear to be the first two
documented cases of para!lel or homoplastic inversions
in c p D N A - - i . e . , inversions 5 and 6 both appear to have
occurred twice, once in the Clematis lineage and once
in the A. canadensis lineage. Considering the robust
topology of Fig. 5, a scenario of parallel inversions is
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blocks to illustrate the changes in order. Actual inverted regions are
indicated by the large curved arrows. The orientation of the fragment
blocks is indicated by arrows. Only one of 24 possible orders is
shown for inversions 1-4. Likewise, our data do not distinguish between the two possible orders of inversions 5 and 6.

to be preferred on parsimony grounds over one in which
inversions 5 and 6 occurred earlier in a common ancestor of Clematis and the entire Anemone complex
(i.e., contemporaneously with inversions 1-4), followed
by no fewer than three independent reversals (reinversions). According to this parallel inversion model, the
total number of inversion events for Adonis, Clematis,
and the Anemone complex is nine. More detailed fine
structural mapping and sequencing of the pertinent regions of the genome for relevant taxa may demonstrate
that the parallel inversions do not share common endpoints, confirming the lack of homology. These results
indicate the importance of precise mapping and/or sequencing of endpoint regions to assess homology in
phylogenetic studies utilizing inversion data. Homoplasy in inversions has also recently been found for
single inversions in Cactaceae and Chenopodium
(Downie and Palmer 1994) and in Oenothera and
legumes (Palmer and Thompson 1982; K. Sytsma, pets.
comm.).
The large number of inversions within the Anemone
complex and Clematis suggest that the occurrence of the
various inversions may be causally linked. For example,
in considering the two homoplastic inversions, it could
be that once the fifth inversion occurred, the probability of the sixth was greatly increased. The fifth inversion may have positioned repeated sequences in the
genome in such a way as to facilitate the sixth inversion.
Therefore, the two inversions may not constitute two totally independent events. This same explanation is also
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applicable when considering inversions 1-4 within the
Anemone complex and Clematis (see Inversion Characteristics below).
Accepting that inversions 5 and 6 are homoplastic,
they are important independent phylogenetic markers
uniting the clade consisting of Anemone canadensis, A.
dichotoma, and A. richardsonii. This clade is strongly
united by the loss of rpsl2 intron 2, 17 restriction-site
mutations, and a bootstrap value of 100% (Fig. 5).
Anemone canadensis and A. dichotoma have long been
recognized as sister species with disjunct distributions
between North America and Asia. In contrast, A.
richardsonii differs markedly in morphology from the
other two anemones and had been placed in a different
section by previous workers (Hoot et al. 1994).

Inversion Characteristics
Most seed-plant chloroplast genomes retain an ancestral
gene order such as that found in tobacco (Palmer et al.
1988b; Palmer 1991; Downie and Palmer 1992; Raubeson and Jansen 1992); the large number of inversions
found in Anemone and closely related genera is unusual. Other taxa reported with large numbers of inversions
are the conifers (Strauss et al. 1988), grasses (Quigley
and Weil 1985; Howe et al. 1988; Hiratsuka et al. 1989),
legumes (Palmer et al. 1988a; Milligan et al. 1989),
geraniums (Palmer et al. 1987a), Lobeliaceae (Knox et
al. 1993), and Campanulaceae (M.B. Cosner, pers.
comm.). Because of their rarity, these rearrangements
often helped in elucidating taxonomic relationships.
Many of the same Anemone inversion endpoints have
been reused in multiple inversions. These nine inversions appear to use only seven different endpoints out
of the 18 endpoints that are numerically possible (Table
1). Including the homoplastic inversions, no endpoint is
found in just one inversion. Endpoints 3 and 5 seem to
have been used in six and five different inversions, respectively (including the homoplastic inversions).
Many of the inversions found in Anemone have endpoints in regions similar to those found in distantly related taxa. A number of inversion endpoints from a variety of taxa (Lobelia, pea, mung bean, Oenothera,
grasses, Douglas fir, and Asteraceae) occur near trnS,
trnG, and trnR (Knox et al. 1993). Adonis and all members of the Anemone clade have endpoints in this same
region (endpoints at TCU 8.6 and 9.2). Another inversion "hot spot" occurs in the region bounded by trnS and
trnM. In addition to three Anemone endpoints (TCU
47.4, 48.6, and 53.6), broadbean (Palmer et al. 1987b),
Trachelium (M.B. Cosner, unpubl, data), Chenopodium
and Cactaceae (Downie and Palmer 1994), and lobelias
(Knox et al. 1993) have endpoints in this region. Lobelias and anemones have endpoints in four of the same
spacer regions (located by Anemone endpoints 4-7,
Fig. 5).

The large number of common inversion endpoints
among diverse plant lineages and the two likely homoplastic inversions in the Anemone complex suggest a
common causal mechanism. It has been proposed that
multiple inversions in chloroplast genomes are probably caused by recombination between indirect repeats
bordering the inverted regions (Palmer 1991). Repeated sequences, which are generally absent or rare in
cpDNA, have been reported in a number of taxa with
multiple inversions: Conifers (Strauss et al. 1988),
grasses (Quigley and Weil 1985; Howe et al. 1988;
Moon et al. 1988; Hiratsuka et al. 1989), legumes
(Palmer et al. 1988a; Milligan et al. 1989; Bruneau et
al. 1990), and geraniums (Palmer et al. 1987a).
In addition, it has been noted that inversion endpoints are often associated with short repeated sequences near or within tRNA genes (Palmer 1991). All
Anemone endpoints are next to at least one tRNA gene;
endpoint 4 is bordered by two tRNA genes. However,
the role of short repeated elements and their association
with tRNA genes in chloroplast genome inversions is
unlikely to be elucidated by further study of the genome
structure and base sequences found in Anemone and related genera. There have been no additional inversions
since the divergence of Anemone and Clematis. During
this period, both genera have undergone great morphological differentiation and speciation as well as divergence at the cpDNA sequence level (Fig. 5; Hoot et al.
1994). This suggests that the original cause of the inversions, possibly indirect repeats, may no longer be
present.
All of the inversion endpoints found in this study appear to map to spacer regions between genes that are
transcribed either singly or as parts of operonlike gene
clusters. With the exception of two rearrangements in
legumes (Palmer et al. 1988a; Milligan et al. 1989), all
mapped cpDNA inversions have their endpoints in spacer regions between transcriptional units, thus avoiding
disruption of gene functions.
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