
Abstract Minute inversions (4 bp in length), associated
with probable hairpin secondary structures, were inferred
from comparative analysis of rpl16 intron sequences from
the chloroplast genomes of Chusquea species and related
bamboos (Poaceae). The inverted sequences, which appear
to have arisen independently on several occasions, com-
prise entire loops of the putative hairpins. The process of
inversion seems dependent upon the stem length of the
hairpin and its estimated free energy of formation. A sim-
ilar inversion was uncovered for other plants in a previ-
ously published data set for a different non-coding region
of the chloroplast genome, suggesting that the inversional
process may be a common feature of non-coding DNA ev-
olution. Several implications for phylogenetic analysis are
noted.
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Introduction

Because non-coding regions of DNA evolve relatively rap-
idly, they have become popular for phylogenetic studies at
lower taxonomic ranks. In plants, both nuclear sequences,
such as the internal transcribed spacer (ITS) region of the
45s rDNA repeat (reviewed in Baldwin et al. 1995), and
introns or intergenic spacers in the chloroplast genome
(Golenberg et al. 1993; Gielly and Taberlet 1994; Johnson
and Soltis 1994; vanHam et al. 1994) are often employed
for such studies. One generality to emerge from this accu-
mulating literature is that, in addition to nucleotide substi-
tutions, sequences from related taxa are often distinguished
by structural mutations. Most common in this respect are

the insertion and deletion events (“indels”) that are inferred
to have taken place based on gaps in sequence alignments.
In many cases the genesis of these length mutations is ob-
scure, although in chloroplast DNA (cpDNA) the causa-
tive phenomena include slipped-strand mispairing (Ta-
kaiwa and Sugiura 1982; Zurawski et al. 1984; Golenberg
et al. 1993; vanHam et al. 1994), intramolecular recombi-
nation between adjacent or nearby repeats (Palmer et al.
1985; Ogihara et al. 1988; Kanno and Hirai 1992; Kanno
et al. 1993; Morton and Clegg 1993), and stem-loop sec-
ondary structure formations (Golenberg et al. 1993; Gielly
and Taberlet 1994; vanHam et al. 1994; Ferris et al. 1995).

In addition to length mutations, the chloroplast genome
is also subject to inversions although, in contrast to length
mutations, inversions appear to be sufficiently rare that
their distribution may be phylogenetically meaningful at
higher taxonomic ranks (Downie and Palmer 1992). Also,
unlike the many small indels commonly observed in non-
coding cpDNA, which typically range in size from a sin-
gle bp to perhaps several dozen bp in length, reported
cpDNA inversions are considerably larger (approximately
1–62 kb; Downie and Palmer 1992). One mechanism
underlying these mutations is thought to be intramolecu-
lar recombination between repeats in inverse orientation
(Howe 1985; Palmer et al. 1987; Ogihara et al. 1988; Mil-
ligan et al. 1989; Hong et al. 1993; Knox et al. 1993; Hoot
and Palmer 1994), a supposition supported by the positive
correlation between the presence and frequency of dis-
persed repeats and inversional rearrangements in cpDNA
(Palmer 1991). In principle, similar recombinational pro-
cesses may operate on a finer scale, involving adjacent in-
verted repeats whose interaction would lead to small in-
versions associated with local secondary structural fea-
tures.

The purpose of the present paper is to report what we
believe is precisely this phenomenon. As part of an on-
going systematic study of a group of New World woody
bamboos in the genus Chusquea, we have been generating
sequence data for the rapidly evolving intron in the plas-
tome gene rpl16, which encodes ribosomal protein L16 
(Posno et al. 1986). In comparing sequences from differ-

Curr Genet (1996) 30: 259–262 © Springer-Verlag 1996

Received: 5 March 1996 / 17 April 1996

Scot A. Kelchner · Jonathan F. Wendel

Hairpins create minute inversions in non-coding regions of chloroplast DNA

ORIGINAL PAPER

S. A. Kelchner · J. F. Wendel (½)
Department of Botany, Iowa State University, Ames, IA 50011, USA

Communicated by K. J. Newton



ent grasses, we observed polymorphisms that are most par-
simoniously interpreted as having arisen from small (4 bp)
inversions associated with probable hairpin structures.

Results and discussion

The phylogenetic context and relevant sequence data are
shown in Fig. 1. Interspecific comparisons demonstrate
that the region of the rpl16 intron corresponding to nucle-
otide positions 1023 through 1043 is characterized by se-
quence variation. Some of these polymorphisms presum-
ably are due to point mutations; for example, those at po-
sitions 1023, 1025, and 1043. Other polymorphisms, how-
ever, are not so readily explained. Of particular relevance
are four adjacent nucleotides (1033–1036) that are also var-

iable. Given the overall high level of sequence similarity
in the rpl16 intron among the taxa studied (data not shown),
and the fact that these are four consecutive nucleotide po-
sitions, it seems unlikely that the polymorphisms arose
from independent substitutions. Equally improbable would
be a scenario involving numerous indels, whereby both the
alignment and the inference of nucleotide polymorphisms
are incorrect. Instead, we suggest that four adjacent nucle-
otide polymorphisms are more parsimoniously explained
by single mutational events, in this case small (4-bp) in-
versions. The organismal framework shown in Fig. 1 sug-
gests that similar inversions have occurred twice, once in
each of two disparate lineages of woody bamboos.

Assuming we are correct in concluding that inversions
have occurred, we explored whether clues to their genesis
are evident in the sequence data. While searching for this
mechanistic explanation, we identified probable hairpin
formations (using OLIGO 4.0; Rychlik and Rhoads 1989)
involving bases flanking the inverted sequences. In all taxa
exhibiting an inversion, the most probable single-stranded
hairpin formation has a ∆G of –12.4 kcal/mol, indicating
a high likelihood of spontaneous formation. In our data a
∆G of this magnitude exists only in those taxa that exhibit
the longest hairpin stems (= 11 bp; Fig. 1). All other taxa
have shorter stems, correspondingly smaller ∆G values 
for hairpin formation, and uninverted nucleotides in posi-
tions 1033–1036. In Chusquea ramosissima, for example,
the stem length is 9 instead of 11 bp due to an A instead
of a C at position 1023; accordingly, ∆G for hairpin 
formation is only –7.7 kcal/mol (Fig. 1). Due to the de-
creased probability of hairpin formation, one might ex-
pect that the opportunity for inversions is also diminished.
This appears to be the case, at least as judged by the ab-
sence of inversions in all taxa whose stem length is less
than 11 bp.
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Fig. 1 Association of minute inversions with stem-loop hairpins 
in the intron of the chloroplast gene rpl16. Sequence data were gen-
erated (using standard PCR protocols and an ABI automated se-
quencer) for the entire rpl16 intron (approximately 1.1 kb) in the
grass species shown on the left. All but the top three taxa are in the
grass subfamily Bambusoideae. The schematic at the top of the fig-
ure illustrates the position of the intron relative to the two exons
(shaded boxes; approximately 8 bp and 600 bp, respectively). Phy-
logenetic relationships (tree on left) were hypothesized based on se-
quence variation for rpl16 (data not shown) and the 2.1-kb chloro-
plast gene ndhF (Clark et al. 1995; and unpublished). Sequence vari-
ation from nucleotide 1019 to 1050 is shown, and particularly rele-
vant nucleotides (see text) are highlighted in bold and numbered be-
low. Putative hairpin structures are exemplified (right) and stem
lengths are shown. The rpl16 sequence from O. sativa is from Su-
giura (1989); the remaining sequences may be located under Gen-
Bank accession numbers U54740–U54760 in the same order as
shown in the figure from top to bottom



At present little is known about the mechanism under-
lying the inversions. Given the fact that the inversions com-
prise entire loops of putative stem-loop hairpins, the mech-
anism may involve excision of four bases at the stem-loop
interface and ligation in an inverted orientation, or perhaps
recombination within the stemmed region itself, conceiv-
ably involving a four-stranded crossover event.

The phylogeny illustrated in Fig. 1 (Clark et al. 1995;
unpublished data) suggests that the origin of the “ long-
stemmed” (11-bp) hairpins traces to point substitutions, at
positions 1025 and 1043, that lengthened pre-existing 
“short” stems. In the phylogenetically basal Oryza sativa
sequence, the hairpin stem (if formed) is 6 bp in length,
and has a ∆G of only –3.3 kcal/mol. If this is representa-
tive of the ancestral condition, two point mutations, both
G to A transitions, are required to transform this secondary
structure into a stem-loop hairpin with a stem of 11 bp,
and, presumably, a favorability of formation that is high
enough to promote inversional mutations. If instead, the
sequences of Pariana radiciflora and Sucrea maculata
(each with a 7-bp stem) are more representative of the an-
cestral condition, then only a single transition (at position
1025) is required to create a long-stemmed derivative. As
illustrated by mapping stem-length onto the phylogeny
(Fig. 1), there is considerable flux in this character within
the woody bamboos. It is clear, though, that one or two nu-
cleotide transitions occurred in parallel in two different lin-
eages (depending on the ancestral condition assumed),
once in the lineage that includes Arundinaria gigantea,
Pseudosasa japonica and Phyllostachys pubescens, and a
second time in the branch that includes Chusquea bilime-
kii, Chusquea “sp. C” (an unnamed new species; L. Clark,
personal communication), and C. coronalis. We also note
that having a long stem is insufficient to guarantee that an
inversion will occur, as evidenced by the two woody bam-
boos, Chusquea liebmanni and Bambusa longispiculata,
both of which have 11-bp stems and uninverted nucleo-
tides at positions 1033–1036.

If small hairpin formation is associated with inversions,
one might predict that similar secondary structures would
be discovered in other taxa and for other sequences. To ex-
amine this possibility, we surveyed the cpDNA literature
with a focus on non-coding regions. Despite the fact that
relatively few data sets are available that meet the criteria
necessary to infer the existence of inversions (these crite-
ria include sequence data from at least two closely related
taxa for relatively rapidly evolving spacers or introns), it
appears that a similar phenomenon has occurred in the
atpB-rbcL intergenic spacer in the grass Pennisetum glau-
cum (Golenberg et al. 1993). The authors noted a possible
six-base inversion starting at position 527, which we ana-
lyzed using OLIGO 4.0 in conjunction with sequences
flanking the putative inversion. This analysis led us to in-
fer that the inverted nucleotides are associated with a stem-
loop hairpin with a ∆G of spontaneous formation of
–11.0 kcal/mol and with a stem of nine paired bases. As in
our own data, the entire loop of the hairpin structure has
been inverted, although in this case it is 6 rather than 4 bp
in length. At present, we are not aware of any additional

examples of this phenomenon but, as data accumulate on
other taxa and genomic regions, it will be of interest to as-
sess the generality of the association of small inverted re-
peats with inversional mutations. It may also be that in-
sights into the recombinational mechanism will derive
from this comparative approach, particularly concerning
the relationships between loop size, stem length, and the
propensity to suffer inversional mutations.

The full significance of minute inversions with respect
to the molecular evolution of non-coding DNA, as well as
the details of the inversion mechanism, remain to be de-
termined. There are, however, several clear phylogenetic
implications. First, although the frequency of small inver-
sions relative to other structural changes and point muta-
tions is not known, they apparently are common enough
that a similar or identical inversion may occur indepen-
dently in two or more lineages. In our data this was evi-
denced by mapping the inversion onto an independently
derived cpDNA phylogeny, which demonstrates that the
inversion occurred at least twice, once in each of two dis-
tinct lineages of woody bamboos (Fig. 1). We conclude,
therefore, that these mutational events need not be consid-
ered “signal” phylogenetic characters; indeed, small inver-
sions of the type reported here may be just as subject to
parallelisms and/or reversals (homoplasy) as nucleotide
substitutions. In this respect, they provide a sharp contrast
to the larger inversions (1–62 kb) previously reported in
chloroplast genomes, many of which are phylogenetically
meaningful even at higher taxonomic levels (Downie and
Palmer 1992; see, however, Downie and Palmer 1994;
Hoot and Palmer 1994 for recent examples of homopla-
sious inversions).

A second implication of the existence of small inver-
sions in non-coding cpDNA (and possibly other genomes)
is that their occurrence may influence sequence alignments
and character interpretation. Specifically, if an inversion
is not recognized in a data set, one of two situations will
obtain: either gaps will be inserted to account for the po-
sitional polymorphisms, or multiple substitutions for inde-
pendent characters will be inferred. Both introduce error
into phylogenetic analysis, and as such we suggest that
where possible the inversion hypothesis should be explored
by scrutinizing the data for flanking inverted repeats. Be-
cause inversions are associated with paired stem bases, the
possibility of compensatory mutations dictates that con-
sideration be given to differential treatment of stemmed vs
non-stemmed bases in phylogenetic analysis (e.g., Dixon
and Hillis 1993). The ability to detect flanking inverted re-
peats, as well as inversions, will depend on many factors,
including the frequency of inversions, their antiquity rel-
ative to subsequent and potentially confounding length mu-
tations and point substitutions, and the range of sequence
divergences included in the taxa under study. Our results
suggest that it should be possible to detect small inversions
within genera and perhaps even in family level analyses.

Finally, it seems likely that the mutational category re-
ported here will turn out to be more widely distributed than
in the rpl16 intron or even the chloroplast genome. Given
the fact that we were able to identify an additional exam-
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ple from the data of Golenberg et al. (1993), and the exis-
tence of at least the outlines of a plausible mechanism, it
seems probable that additional examples of small inver-
sions associated with hairpins will be found, in plastomes
as well as in other genomes. These will be revealed as new
data sets accumulate and as existing data are re-analyzed
for the presence of local stem-loop structures.
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