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ABSTRACT

Variable regions within ribosomal RNAs frequently
vary in length as a result of incorporating products of
slippage. This makes constructing secondary structure
models problematic because base homology is difficult

or impossible to establish between species. Here |, we

model such a region by comparing the results of the
MFOLD suboptimal folding algorithm for different
species to identify conserved structures. Based on the
reconstruction of base change on a phylogenetic tree
of the species and comparison against null models of
character change , we devise a statistical analysis to
assess support of these structures from compensatory
and semi-compensatory (i.e. G.C to G.U or A.U to G.U)
mutations. As a model system we have used variable
region V4 from cicindelid (tiger beetle) small subunit
ribosomal RNAs (SSU rRNAs). This consists of a
mixture of conserved and highly variable subregions
and has been subject to extensive comparative analysis
in the past. The model that results is similar to a
previously described model of this variable region
derived from a different set of species and contains a
novel structure in the central , highly variable part. The
method we describe may be useful in modelling other
RNA regions that are subject to slippage.

INTRODUCTION

as informative. Because of this, the method requires a set of
sequences that are sufficiently evolutionarily distant from one
another to include numerous base changes at all positions within
a structure. This approach has produced models of large- and
small-subunit ribosomal RNAs consistent with experimental
probing of the native conformatiofi)(and is generally regarded

as being a more successful approach to modelling RNA
secondary structure than the alternative method of predicting
RNA secondary structure on the basis of energy minimization.

A large set of unambiguously aligned sequences is essential for
successful modelling of RNA structure by covariation. However,
some kinds of study may generate datasets for which either too
few sequences are available for covariation to be established
unambiguously or for which alignment is ambiguous, for
example if sequences have undergone length variation during
evolution as a result of the action of replication slippage. It may
nevertheless be important to define a secondary structure model
of the region under study, for example as an aid to alignment for
phylogenetic analysi<?), investigating probabilities of nucleotide
substitutions §) or if the aim is to investigate the secondary
structure itself either with respect to its functional role in
experimental systems or from an evolutionary viewpoint. This
could apply to any rapidly evolving nucleic acid sequence that
adopts a secondary structure [for example the product of the
mammalian X-inactivation gene Xist)( mitochondrial control
regions §) and viral genomesy]], but itis likely to be a particular
problem in eukaryotic ribosomal RNAs, which in many cases
contain long regions (known as expansion segments or variable

One of the great successes of modern theoretical biology has beggions) that appear to have evolved by slippage, are not
the use of base pair covariation in the modelling of RNAInambiguously homologous between specieS)( but which
secondary structuré), The paradigm of covariation analysis is have been used in phylogenetic reconstruction because their rapid
that there must be a strict relationship between bases that pair véittolution provides high resolutiof)(

one another within an RNA molecule, so that base pairing Here, we evaluate an approach to modelling secondary
between the equivalent sites in a multiple alignment of sequencsiguctures of length-variable regions in a phylogenetically limited

is always conserved. If a base at one of the pairing positiodstaset which does not rely on a pre-existing unambiguous
undergoes a transversion, for example from G to C, a correspondaiggnment. We do this by making use of the secondary structure
transversion from C to G must take place to preserve thwediction program MFOLD 1(0-13) to identify elements of
interaction. If a large enough sample of sequences is availablesécondary structure that occupy homologous regions in a set of
will be possible to distinguish chance concerted base changesiable region sequences. Potential structures able to form in a
from true covariation, and the secondary structure of a molecuteajority of sequences are analysed for base covariation in the
will emerge. Under this model, only positive replacement of aormal way, i.e. by identifying compensatory changes within the
base pair, not conservation of sequence without change, is treaseduence, and by using a statistical approach to analyse semi-
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compensatory mutations [defined as mutations that transform a
full Watson—Crick base pair (A—U or G—C) into a wobble pair
(G.U), or vice versa, by a single point mutation]. This allows for
occasional non-pairing combinations of bases without setting
pre-determined limits for their frequency. We examine the
procedure’s utility on a set of sequences of variable region V4
from the small subunit ribosomal RNAs (SSU rRNAs) of tiger
beetles (Coleoptera: Cicindelidae) and relatiggsTtis variable
region has the advantage that it contains regions of high sequence
conservation, for which a detailed secondary structure model hag
been proposed ¢,15), interspersed with highly variable regions. £
This allows us to test the ability of our method to recoverz.
well-tested elements of secondary structure while at the sal
time investigating the more variable parts of V4 for the presence
of potentially conserved structures, such as a long variable stem
that we have suggested previously might form in the variable
central region of V49).

MATERIALS AND METHODS

DNA sequences and sequence alignment

The DNA sequences used for structure modelling are those
obtained previously for taxonomic purposeplus sequences

for Drosophila melanogastéi 6) andTenebrio molito17). The
alignment used is essentially identical to figure 1 ofrekcept

in the region of helix IX, where it has been modified t0 berigyre 1. Numbers of stem structures appearing in MFOLD analyses in
consistent with conservation of this stem in other species. Th&fferent numbers of species. Vertical axis, frequency; horizontal axis, number
alignment contains 32 sequences and is 526 characters long. of species.

No. Species

Secondary structure modelling paired bases, wobble (G.U) base pairs and unpaired pairs of bases
o ) o ) Changes of state were identified using MacClade (version 3.04;
Preliminary modelling by energy minimization was carried oup(). Base pairings were coded as unordered multistate character
using the MFOLD program of Zuker and Jaedér{3) running  states: codes 1-4 corresponded to Watson—Crick pairs (A-U,
under version 8.1 of the GCG packagjg) on the MRC Human  y-A, C-G and G-C, respectively), and 5 and 6 to wobble pairs
Genome Mapping Project computer, Cambridge, UK. (G.U and U.G, respectively). The remaining four states for
Complete variable region sequences were passed through 8practer coding available in MacClade were used for non-pairing
program and tha structures falling within a window of stability combinations on arad hoc basis for each stem. For the
determined automatically by the program were plotted out usingibsequent statistical analysis, changes between pairs whose
the GCG program PLOTFOLD. Parameters used for PLOTdirection was unambiguous in the context of the phylogenetic tree
FOLD analysis were: maximum size and lopsidedness of intern@lg; Fig. 2) were then counted. To minimise effects of double
loop, 30; energy increment, 2.0; window size, 3. Optimal anghutational hitsD.melanogasteand T.molitor sequences were
sub-optimal structures were generated for 27 of the 32 speciggt included in the statistical analysis because of their great

Three sequences (fro@icindela repandaMegacephala klugi  evolutionary distances from the remainder of the taxa considered.
andNeocollyrissp.) could not be modelled as their V4 sequences
were incomplete, although they could be incorporated int@4iistical analysis of changes
analyses of compensatory mutation (see below).

The individual structural elements found in these globaFrequencies of different classes of change were compared with
structures were identified and compiled in separate alignmerggpectations using the® test (see legend to Tallidor details).
for each structure to confirm their homology and structuraExpected values were calculated based on the same total number
similarity. The number of species in which each structure elemeft changes and using three models for the frequencies of change.
appeared was determined and the most common elements (i.e. tHdader the first model used (M1), all changes at covarying sites
found in most species) subjected to covariation analysis. were assumed to be the result of a single base change in one of the
covarying partners. Under this model, a Watson—Crick base pair
can undergo 12 possible changes by single mutations, of which
10 result in non-compensatory changes and two give rise to G.U
Because we have a phylogenetic tree for these spegjdad.2), pairs P=0.833 and 0.167, respectively). Similarly, G.U pairs can
we were able to map base changes seen within putative secondgive rise to six products, of which two are Watson—Crick pairs and
structures onto the tree and, in most cases, to ascribe directionaldyr are unpairedq= 0.333 and 0.667, respectively). The second
to them. We defined nine kinds of change between pairs of basasdel (M2) was a modification of the first model which assumed
opposed within secondary structure models, corresponding tiaat transitions were twice as likely to occur as transversions.
changes among three classes of opposed bases: Watson—Cldokler this model a Watson—Crick pair has a 4R 6 (0.25)

Analysis of mutational patterns
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Figure 2. Phylogenetic tree of species considered in this analysis and distribution of the commonly found potential secondary Biriplwksenetic tree is
re-drawn from Vogler and Pearson (19). Nodes identifying traditionally recognized groupings are indicated and individeal émamcimbered to allow their
identification in Table 1. The grid on the right hand side represents whether or not a given structural element was f@urial prédetions for the sequence from
a particular species. Each column in the grid represents a particular structure (labelled from | to XI). A dark shadeatéshiatthe structure was found in MFOLD
analysis, a light shaded box that it was found in modified form and a white box that it was not found. Horizontal lines tmedgh rows corresponding to species
for which MFOLD analysis was not carried out because sequences were incomplete.

probability of changing to a wobble pair and a 0.75 probability oRESULTS
giving rise to an unpaired combination. Wobble pairs give rise to
Watson—Crick and unpaired combinations at probabilities abne hundred and ninety seven distinct potential structural
0.357 and 0.643, respectively. elements were identified in the search of minimum energy
As well as changes that appeared to have taken place by singiictures. Figurel shows a histogram of the frequency of
base mutations, the data also included a number of examplessgifictures found in different number of species. Of the 197
changes that had to involve more than one base change. As si®ctures, 11 were found in 15 or more species (i.e. the majority)
could not exclude the possibility that all the changes seen heggd were subjected to subsequent analysis. The species for which
including those appearing to result from single base changes thiese 11 structures were predicted are identified in Fijarthe
reality resulted from multiple changes, we also invoked a thirdontext of the likely phylogenylg). In addition, Neefs and De
model (M3) that made no assumption about the process Wachter 1) suggested that a pseudoknot forms at ttem@ of
change. In this model, each pair can give rise to all 15 othéfe region. As pseudoknots are not detected by MFOLD, we
possible pairs with equal probability, so that any Watson—Crickdded this structure to the analysis. Putative secondary structures
pair can give rise to the three other Watson—Crick pfars02),  for 10 of the 11 frequently found secondary structures plus the
two wobble pairsR = 0.133) and 10 unpaired combinationspseudoknot are shown in Figug€eThe bulk of stem Il contained
(P =0.667). For wobble pairs, the predicted proportions are 0.26@o many insertions/deletions (presumably resulting from slippage
for Watson—Crick pairs, 0.067 for the other wobble pair and 0.66# this region;9) to be aligned with confidence. A sequence
for unpaired bases. alignment summarising the relative positions of these 12 structures
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Stem | This stem was identified in all 29 species studied. In
pEguy covariation analysis, positions 1-3, 9, 11, 16-18, 20, 21 and 24 of
VI u
uc o8 v the stem were found to be invariant. Compensatory and
wr c=¢ S Y semi-compensatory changes predominated in this structure although
JeATy VIII a positions 4, 10 and 19 showed single non-compensatory changes.
1(E23-1 1w G—C a a
III (E23-5) - . .
. - BATR 0 Stem Il This was the long, hypervariable stem, suggested
5C—G o A=l Y pg—ca® previously to occur in these speci@s Because this region of the
Jue=c BC=G wasy s¢Eo¢ sequence showed little or no sequence conservation, this stem
nles nC=G 3UG 3628 was defined by the criterion that it was enclosed by a pair of
2C—GY 5 UsG 6 A= U 1 A-U conserved, base-pairing motifs: GRRC and GYYC. By this
- UeGS . ! ) . . S .
nU—A" 5 ese s A-U, definition the stem was seen clearly in 26 species. In addition, in
6Ge U 11 M- sazd X Neocollyrissp. a region bounded by these motifs was predicted
AT T 1 GeU T to form a discrete unit of secondary structure that bifurcated at its
BG—C o C=G 4 G=C g u tip to form a Y-shaped structure. Rasimachus californicuthe
ei2U—A 3U¢G 3 UeG X1 g a ) A
ne—go 2 G6-C 2 C7¢ . sU-a basal motifs were not clearly distinguishable (Bjgout a stem
* - - a - . . s
cwere ¢ g L i C—G, could form starting at the equivalent position. In the extremely
et a cug® 0 P L B= a? long sequence dPicnochile fallaciosaa discrete stem could
couzA i 12 687¢ 26— ¢ form that included most of the region between the two conserved
+1U-A s gjg: motifs, but the motifs themselves were predicted to pair with
2Ue G ; g—:g IX (E23-2 other parts of V4 in a number of additional structures. Examples
z o G- ) .
R N }u-m' UACUUUGA® ¢ v of the structure of stem Il for some of the species considered here
T flv ol (S UCATAUT, 2 E23-6)  are included in re®.
=L o= dieen .\ljﬁ ageser Vi Because of the extreme divergence and multiple indels in this
T eoucauey fﬁm\| 4 9499% % @ region, itwas not possible to identify compensatory mutations in
g l—e——— 2l MU, ,GUCCG, & most of it. However, in the stem formed by the basal motifs, three

a

w YU
‘“ éa D ————
a u 12345678%1()GAA CGAGG

g

GUUGUUUU UCUUGGCUC

sllee ]|

los7654321

of the four positions showed compensatory mutations. Only in
Pfallaciosa(which showed additional potential secondary structures
involving these sequences) was an unambiguous non-compensatory
change seen, at position 1.

UAAUGAAA A

< \\ a
g\g/ Stem Il This is the highly conserved stem included in both of the
current models of SSU-rRNA structure4(22). This stem was
Figure 3. Summary of the secondary structure model arising from thesefound in folds from all 29 species investigated. In this dataset
analyses. Stems are labelled according to the numbering system used in ﬂp??SItIOI’]S 1, 2 and 8-13 were '”Va”a’.‘t' while positions 3_.5
Discussion and according to the model of De Bijal. (15) if also presentin ~ Showed semi-compensatory changes in a number of species.
that model. Sequences used are majority rule consensi of the 32 sequencBosition 6 showed a compensatory G—-C to A-U change in
except for stem |, which is a consensus of 29 sequences. Paired bases daemelanogasteand a G—C to G.U changeHiaphrus cupreus
presented in upper case; unpaired bases in lower case' fth8 8irection but in Pseudooxychelia bipustulatﬁ)xychelia nigroaeneand
proceeds from the left to right hand side of the figure. Positions within . A,
secondary structural elements are numbered. Stems IV and IX are long-ran arabus pun(_:tatoal_lratumls pairing could not fprm_ The
interactions which overlap but were not unambiguously resolved. Stem Ix,absence of this pairing could be accommodated in all three of
which is present in De Rijit al's model (15), is shown in its correct position; these species by alternative pairing arrangements differing onIy

the arrows represent the possible interaction between the component parts §Ubtly from the model presented in FigBrePosition 7 showed
stem IV which overlap with stem IX, and all component parts of this stem are

contained within dotted boxes. Structures in the main part of the figure represeigvo .Com.pens.atory Chang.es’ a G-C to A-U Change in the
the final model arising from these analyses; the structures within the box weré>Californicuslineage and either a G-C to A-U or A-U to G-C

seen in more than half of MFOLD analyses but were not supported otherwiseChange at the root of the tree.
Paired positions marked with an asterisk showed only semi-compensatory

changes and those marked with a black dot showed at least one fullStems IV-V/IThe individual elements of this potential Y-shaped
°?m'?|e”§2§ireyeih2”2‘§ge§ Stg)’(;tr‘:‘relefgr g']fesnt"e'r"}'snn‘s’trt‘gﬂrde%’ d%ifggﬁgng"a”egtructure showed different degrees of conservation between
go?i?uga E.cupreusa?\dP.fallaciosagre presented in figure 2 of ref. 9. Species. The stem formmg the base Of.thIS StrUCtur? (St(?\m IV) was
predicted in 26 species, the exceptions bdngplifornicus
P.californicusandD.melanogastert was shortened by one base
pair in E.cupreusand T.molitor. Stems V and VI, the two
in the V4 sequences is shown in Figdrd@he alignment used is bifurcating stems, were both predicted in 28 specidsclipreus
essentially identical to figure 1 of ré&f.except in the region of and C.punctatoauratusstem V was slightly reorganized as a
helix IX, where it has been modified to be consistent withresult of changes in flanking bases. Some variation could also be
conservation of this stem in other species. seen in the terminal loop of stem VI. This varied in length from
The numbers of species in which these putative structures wehgee bases i€.punctatoauratuso 10 inP.californicus
found, and the result of the analysis of compensatory andCo-variation analysis of these stems showed that for stem 1V,
non-compensatory changes for each of them, can be summarigeditions 1-4 and 7 were invariant and positions 5, 8 and 9
as follows (stem numbering as in F&jand4; details of all base showed semi-compensatory changes. Positions 5 and 6 showed
changes within putative structures are summarised in Table single non-compensatory changes, while positions 8 and 9 could

XII (E23-8 & 9)
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| Stem Base Pair Compensatory* Semicompensatory Noncompensatory VII.2 G-C->G.G(57)
- U-A <-> CA(59) v A-U<>GU(6])
) C-G <> UG (39) VIL: AU<>UG(6])
CG>UAGD UG > U-A @47) vi. GU->A-UGT
= €G> UG (53) VILIO A-U->G.U (39)
.7 CG>UG @) gg > :'g gﬁ;
1.8 G-C->A-U (57 G.U->G-C (34) e (3
2Lz AL RN - AU<>GU(])
G-C->G.U(@47)
T10 GU>AU Q) GC>GAGD VIL14 AC<>G:C(6])
GUS UG (34 VIL17 CG>CA ()
GC> G.U (47 VIILS G-C<->G.U(39) G-C >G.A (57)
G-C ->G.U (54) IX. U-A ->A.C(57)
T1Z UA<>CG(59) IX. AU<>G-C(6]) GC>GU Q7
Ti3 GC>GUGY - gﬁ i gg g—g;
T14 UG > U-A (24) - U->G-
UG ->U-A(57) G.U ->G-C (56)
CGen UGI) [X2 C.G>CA(7)
1.15 U.G->CG(23) XL1 U.A->U-A (47)
C-G->UG (1) UA->U-C(55
CG->UGED U S U (59)
19 U-A>CA(5]) = U > UA(39)
22 UG->CG(G8) - G.4<>G-C(53)
23 CG>UAG) G.A->G-C (55)
[125 C.G <> UG(39) X1.3 gg > gé <§;>
1 G-C->AC (50) Ch C'A(m))
1.2 _%@ X4 CA>CG(25)
GC->AUGBY C-G->CAQGD
GC>AUGD C-G ->C.A (50)
3 GC>AUQR) GC>GU ) C-G ->C.A(58)
AU->G-C (55 ﬁ;‘d -; gg 8% C.A->CG (55
A-U->G-C(60) i CA <> C-G(6])
e CG>UAGY XIAS EEyec)
U-A->CG(5) G-C <> G.U(61)
| G-C<>C-G(6]) XA 6 A-U>G.U (38)
T3 U.G > C-G (55) gg Ay 2‘5‘3
UG->U-A (T U->A-
o aco ((sog) . A-U<->GU(6])
i G-C>G.U (55) XIA.9 5-/{‘(‘1”&7(5573)
G.U->G-C (59) (A<>C
s R XS TeIEil] X1IB.5 G-C<->G.U (39 G-C->G.A (57)
CG UG (59 XIIB.6 G.U->G-C@7)
.6 AU<>CG(6]) TG ->CC () gg 2 SS gég
.7 GC>AT() G-C <-> G.U(6])
AT<>G-C(6]) XI1B.7 U-A>UUG)
™5 — TG>UG @D U-A->UU 1Y
C-G->U.G(30) bt
N C.G <-> UG (6]) UASUD G
K A-U->C.U(5) Ao 1)
V. G.U>AU(G7) U.U <> G.U(6]) LAsputioh |
V. U.G > UA (57) AC<->U.G(6])
V.10 U.U->U-A(53)
U.U > U-A (54)
VL1 U-A-> CA (56)
Vi3 C.G>CA (52
VL1 GG ->G.U @47
G.G->GU (54
G.G->G.A(57)
GU<->G.G6l)

*Numbers in brackets represent the branch of the tree in Figure 2 on which the change is predicted to have taken plandtaitmremesent changes whose
direction could not be defined unambiguously; double underlined changes represent fully compensatory changes; singlepuesenia@ wobblewobble
change involving more than one base change.

not form in D.melanogasterPosition 10 showed two changes Stem VIII This structure comprised a variable length stem
from non-paired to potentially paired states (JU.U-A) in the  enclosing a variable length, but generally long, terminal loop
C.punctatoauratuslineage and after the divergence of the(14 nucleotides ilD.melanogaster28 in seven species). It was
P.californicus lineage from the rest of the tree. All positionsobserved in 17 species but was lacking from many of the taxa in
corresponding to stem V were invariant. In stem VI positions the Cicindelini. Position 5 showed one semi-compensatory
and 4-7 were invariant. Positions 1 and 3 both showed singheutation and one non-compensatory mutation.
non-compensatory mutations: from U-A to C.A at position 1 in
the lineage leading .cupreusandC.punctatoauratusand from  Stem X This was a long range interaction between sequences
C-G to C.A at position 3 iAmblychelia baroni immediately 5to stem Il and ‘3o stem Ill and overlapping stem

IV. It was detected in folds from 28 species. Of the six base pairs
Stem VIl This was the most frequently found structur®3tem  making up this stem, four, positions 3—6, were invariant. Position
VI during energy modelling. It was found in 20 species, and wakshowed a non-compensatory A-8.C change ifP.californicus
missing mostly in taxa basal on the tree (B)g.The structure while position 2 showed semi-compensatory G-& U changes
presented in Figuris a structure with a long stem found in 10 ofin Peridexia fulvisandPhysodeutera fairmaigand an A-U pair
these 20 species. Other species showed versions truncatedrbp.melanogaster
generally one or two base pairs. Positions 1, 2, 14 and 17 of the
long form of this stem (Fig3) showed non-compensatory Stem X This stem could form immediately 8 stem VI in
changes. Positions 4-7, 11-13 and 16 were invariant, whiR5 species. It showed four invariant pairing positions (1, 3, 5 and
positions 3 and 8-10 showed semi-compensatory changes. 6). Position 2 showed two semi-compensatory -GG&-U
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C. repanda NNNNN: ATCOC =P =ETRGC TGACACG-T- -~ --- CATCT IGCCGGAAGGGCATGGTATATGTTITA-TA-TG-TT-GTTCS
C. dorsalis GAATTTETATCTTACOCTGTCOITTCATCGC =H (SR RGC TOACACG-T- - -~~~ @TCT TGCCGGAAGGGCATGGTATATGTTTTA- TATGTTTT -GTCA-
C. equestre GARTTT TTGCGCTATCGITTCATCAC! TOGCACG-T- --- CQICT TGOCGGAA ATGGTATATGTTTTA-TA-TG-TT-GTTC-
C. parrvi GAATTTETETCTTGCGCTATCGATTCATCOC = =ERIRGCY TGACACG-T- CATCT IGCCGGAAGBGCATGGTATATGTGTTA-TATGTTTTATTTA-
C. frontalis GAATTTETETCTTACACTATCGITTCATCAC =R =ETTC -T *OTCT IGCCGGAAGGGCATGGTATATGTTTTA-TA-AGTTT -GTTCT
C. consobrina GAATTTGTGTCTTACACTATCOATTCATCAC =i =E B GCAITATTTAACTGGCACG-T - -TATGAGACGTCT TGCCGGAAGGGCATGGTATATGTTTTA-TT - TG~ -T

O. cavennensis GAATTT@TGTCTTACACTATCAATTCATCAC =W =(EHIaC ACG-T CATCT TGCCGEAAGGGCATGGTATATGTTTTA-TT-TG

O. confusa GAATTTETATCTTACOCTATCGATTCATCOC =1 ~E i GOGGTGTTTAACTGGCACG-T - ——— -~~~ ‘TATGAGRCATCT IGCCEEAAGGACATGGTATATGTTTTA-TT - TG~

C. auripennis GAATTT@TATCTTGCGCTATCGATTCATCGC == WGCGFTATTTAACTGOCACG-T- - - - - - - TTGAGACHTCT TGCCGGAAGGGCATGGTATATGTTTTA - TT-TG

P. rugipennis CQTCT IGCCGGAAGGGCATGGTATATGTTTTA-TT-TG- ~T-G-TC~
P. discrepans - TATGAGACATCT IGCCGGAAGRGCATGGTATATGTTTTA- - T-T-TGT-G-TC -
O. gloriola -TGTGAGACGTCT TGCCGGAAGGGCATGGTATATGTTTTA- ~T =T -~ - T=3-TC~
P. singulari GAATTTETGTCTTGCOCTATCAETTCATCGC TOGCACG-T- ----- CQTCT IGCCGGAAGGGCATGGTATATGTTTTA-TTTGTGTCGTTCAT
P. fairmairei GAATTT@TATCTTGCGC ATCGC =T =EHTRAC TGGCACG-T- - - SOTCT IGCCGGAAGAGCATGGTATATGTTTTA- T -T-TGC - 3-TC -
P. alluaudi GAATTT@IGITCTTGCOCTATTAATTCATCGC =R = EERGC CTGACACG-T- QTCT TGCCGGAAGAGCATGGTATATGTTTTA- TT - TG~ -T-G-TC -
P fulvia GAATTTGTGTCTTGCACTATTAITTCATCGC =3 ~EHTIaC TGGCACG-T CATCT IGCCGGAAGAACATGGTATATGTTTTA- TT-TTTGC -GTCAT
P bip I GAATTT@TGTCTTGCTCTATCGATTCATCGE TAGCATG-G -~ ~PGCGAGACATCT IGCCGGAAGGGCATGGTATATGTTTTA - ~T T~ - - T-G-TGT
O. nigroaenea GAATTT@TGTCTTGCTCTATCOITTCATCGC =R =~ENCHGCGITATTTAACTAACATG -G TOCGAGACHTCT IGCCGGAAGRGCATGGTATATGTTTTA-~T-T- - ~T-G-TGT
Neocollyris sp. NNNN *GITTCATCOC=TNEERNIGC TGACACG-T- -~~~ COTGAGACGTCT IGCCGGAAGGGCATGGTATGTGTTTTG -~ T-T-T-T-G- TG~
P.elegans GAATTT@IITCTTOCGCTATCGATTCATCGC = NEEATGC TGOCACG-T------ @rCTIGCCGGAAGGGCATGGTATATGTTTTA - -T-T-TGT-G-TG~
M. carolina GAATTTGTGTCTTOCGCTATCGITTCATCGCTE (EVNTGC ACG-T- GTCT IGCCGGAAGGGCATGGTATATATTTTG-TTTAGTTTAATTT -
M. fulgida GAATTT@TGTCTTGCOCTATCAATTCATCOCTB ~@NNIGC TGOCATG-T----- - S@LCTIGOCGGAAGGGCATGGTATATA-TTTT-ATTATGTT-ATTT -
M. nigricollis GAATTTGTETCTTACGCTATCGITTCATCOCT T @RI CTOGCACG-T------- OTCT IGCCGGAAGGGCATGGTATGTA-TTTG-GTTATGTT-ATTT -
M. klugi GAATTTGTUTCTTACGCTATCGATTCATC GO =EAVMRGC CTGACACG-T- - - - GTCT IGCCGGAAGGGCATGGTATGTA-TTTG-GTTATG-T-TTTA-
O. californicus GAATTTGTITCTCACGCTATCGITTCATCACE R =EGEFGCAATG- TTAACTGACACG-C - -~ - - -CGCGAAACATCT IGCCGGAAGGAC -CGGTATGTG - TTTGCTTCGTGTCGTTCTT
A baroni - ~COCGAGACATCT TGCCGGAAGGAC -CGGTATGTGTTTCGCTTCGTGTCGTTCTT
P. fallaciosa ~COCGGGACATCT TGCCGGAA -GAC -CGGTATGTGTTTTTCARCGTGTCATTCTT
P. californicus - -COTGAGACATCT AGCCGG - TRAATTCAACAAGGTTGCAGT TTTTCAT TTTCTAT
E. cupreus ~0GCGEGACATCC TCCCGE -TAAACCCGTCCTGTGLS CGGCG- ----

C. punctatoaurarus
T. molitor
D. melanogaster

C. repanda

C. dorsalis

C. equestre

C. parrvi
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C. consobrina
O. cavennensis
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P discrepans
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P fulvia
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Neocollyris sp.
P elegans
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M. fulgida
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0. californicus
A baroni
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GAATCTATATCCCACACCACCRATTCA - - ~T=E=EEGCAAT ~-GTTAACTGGCATG-C
GAACTTGTGCTTCATAC AACTTAC: QT CTATACC
| 1 (E23-1)

A----ACA---TAA-
CA-A-ACA--TAAT-T
A----ACA---TAA-
CA-A-GCATTTTAT-T

-TA---ATC-A--T-A-A--T--A-A TTTATAT--TTAA-AT-ATAGAGTGT-AARARCT
’TGTuC ATA---ATC-A-TA-T-A~-AT-G-A---TATATAT--TTAA-AT -AT-AAAG-TGTAAAAGC
T-~GTACA-T~AGA---TTC-A--T-A-A--T--A-A TTTATAT--ATTA-AT-ATAGAGT-T-AATAGCT
-A-ATATGC- -ATA---ATC-A-TA-A-T--AT-A- TAT-TAT--TCAA~AT-AT-AGAG-TGTAAAAGC
T-GGCACATTGGTC---ATA-A-CA-A-A--A--A- TTTATAT--TTAA-AT-ATAGAGTGT-AAAAGCT
----TATA-T--CA---CT--A--T-AR-A--T--G-. TTGAT-T--TTAA-AT-AT--AGT-T-AATAGCT
-TATA- :‘TffAf*’I‘*l\ A--T--G- TTGAT-T--TTAA-AT-AT--AGT-T-AATAGC
~TATA- TTGAT-T--TTAA-AT-AT--AGT-T-AATAGC
TTT-TAT~-TTTT-TT--CATAGT-T-AATAGCTA-ATTGT:
TTG-~-A--TTTT-AT-AT--AGT-T-AATAGCT---ATA-
TTT---T--ATAT-AT--TATAGT-T-AATAGCT
TTG- -ATGT-AT--T~-GTT-T-AATAGCT
TGT-TGT- -GTTA-GT-TC -CTTT-TACTAGGGC- TTT ACAT-
TTT-T-T--ATAT-AT-AT-TGTT-T-AATAGC!

GITAT-T--TTGT-AT-AT-TAGT-T-AATAGCT
==-TGTGT-A--TTTT-AT-AT--AGTGT~AATAGCTA-TATAT
TTA---A--TATT-AT-AT--AGT-T-AATAGCC

-ATTTTAT-A-T-TA-T
TTTATAT---TT---T---T--TA-
TTAT-~---ATTTTAT-A-T-TA-T
“TTATAT---TTGG-T-A-T-G5TA-

-ATG A--T*T* 3
~CT--A--T-A-A
-ATG-A--T-T-G-

5]

T----GCA---TGA
-GCA---TGA-
TCACTCTAA-

TA-TAT-ATTATA-T
ATATTTT-A-T-GA-T
ATA-TAT-ATTATA-T
TA-AAT-A-T-TA-T

R R R E

TA-A-TTA--ATGA-T -AAA-T-TT-A-T--AT-A-T
T----TTT--AATT-T -~ATG-T-TG-A-A--A--A-A TAT-T-A--ATGT-AT-AT-GGTG-TG-TAAAAG:
GATGTCCATGTTAC-T----CTAATGTC- - -CAT--AAT-T-TT-A-TG~AT-T-TG-TTGT-TGTG-GTAT-AT-TT-ATAT -T-TTAAACG -GTATAT-T - ~-ATATA-T-T-A--CA-
AACGTCCATGTACTCTAAATATATATAC -GTTA- AATTTATGTTATGTGCATGCACGTGTGTACGT ~TTCATCGA-TC -ATATTAARAAAATGATTC GATGTTCGTTTATCSTGTGTCAT
AACGTCCATATTACATAAA-ATATTTTCATTTATAAAATAT - TTGATTG-TTGTATGTTTGTGTGTGTATAT -ATGTT - ATTTGTGTTTGGTG - TTTTGTGT@CCACACAT-T -A-CCA-

~II-

==~ ~TGTTA---TTG-AT-T-~TTA-TG-T--TA-~-CATTATGTT-TT-A-TG-GA- -C-CAT-ATAAT-A- ACGTATACGTAGTCCGAC -~ ~ ~TTTTTTT- - - ~AA- - AAATCCTGTC
-TA--ATTG---TTA-TCAT--GA-T-TTTTGTAA- -C-AATTATG-TTTAATT-GAC-C--AT-ATAAT-A-ACATATACGTAGICCGAC - TTTTTTA-A-ATAAAAATCCTGTC
== =-TGTTA---TTGAAC-T--TTA-TGTT--TA---CATTATG-T-TA-A-TG-GA- -C-CAT-ATAAT-A- ACGTATACGTAGTCCGAC - TTTTTTT----AA--AAATCCTGTC
TA-TATTATTTAATGT - AAARATT -CGTAAGT -GACGCATAT - ATAATAATACATGTACGTAGICCGACTTTT TTTTTTTATAGAAAAAAATCCTGTC
CTT-TG-T--AA-~-TATTATGTG-AA~C-AG-GA--C-CTT-ATATTAA- ATGTATACGTAGTCCGAC - - - ~TTTTTTT - - - -AA - -ARATCCTGTC
C-CTG-ATAAT -A-~ACGTGTACGTAQTCCGAC -
C-CTG-ATAAT-A-ACGTGTACGTAGTCCGAC -~
C-CTG-ATAAT-A-ACGTGTACGTAGTCCGAC -~
C-CTT-ATAAT-A-ACGTGTACGTAGTCCGAC--
C-CTG-ATAAT-A-ACGTATACGTAGTCCCAC -~
GT-TA-G--TA---TATTATGTT-TT---CG-G C-CTT-ATAAT-A-ACGTGTACGTAGTCCGAC -~
T--TG-T--TA---TATTGTG---TA---TG-G- ----CAG-GTAAT-A-ACGTGTACGTAGTCCSAC-—
AATTATTATTAGTTGT - TTATATTATGTAATTAGAC-C- -TT-ATAAT - A- ACGTGTACGTAGTCCGAC - -
G-ATTATTA---TT--A T--TG-T--TA---TATTGTG--~TT---TT-GA--C-CTG-ATAAT -A- ATGTGTACGTAGCTCGAC - -
—----TATTA---TT--A- ~-TG-T--TA---TATTGTG---TT---TT-GA--C-CTG-ATAAT-A- ACGTGTACGTAGCTCGAC -
G-ATTATTA---TT e} T--TG-C--TT--~TATTGTGTG-TT-A-TT-GA--C-CATAATAAT - A- ATGTGTACGTAGTITCGAC -
G--TT-T--TA-~-TATTATA---TT---GC -CGG-ATAAT-A-ACGTSTACGTAGICCGAC -
G--TT-T--TA---TATTATA C-CAG-ATAAT-A-ACGTGTACGTAGTCCGAC-~
T--TATA--TG---T--TA-C TG -CTG-GC-AA-G-ACGTGTACGTAGTCCGAC- -
-TA-TGTG--TG---TACTATG---TG -CGG-AT-TT-A-ACGTATACGTAGTCCGAC-——- -~~~ -
~TTTTATAT-~-TAT-ATTA--TA-TAAGCTCATA- -A-TATCATTATTAAAGT-TA--C- -TA-ACAAT-A- ATGTGTACGTAGTCCGAC-

~CATTTTTA--TTAT-ATTA--TA-TAAGC-TCAT--A-TATCATT-ATTAAGA-TA--C- -TA-ATAAT -A- ATGTATACGTAQTCCGAC- -
~~T--ATTA---TAT-TTAT--TA-T-ATA-AACA--T-ATTCATT-ATTAAGA-TA--C--TA-ACAAT-A- ATGCGTACGTAGTCCGAC -
==T--ATTT---ATT-AC-A--TA---TGC-ATTA--T-CATTGTTAAGATATT- C--TA-AC-TT-G-ATGCGTACGTAGTCCGAC--
~CA-CATTTC--TTA-TTAT--GGGT-TCA--TATTGT - CATGGCTCCATCATGC TTCGG-C LG -GC-TT-A-GTGCGTACGTAGTCCGAC - -
GTATCATTTCATTATTTTATACGTTTTATAAATATTGT -CATGGCTCCGTTTCGC TTCGG-CCG-GC - TT-A-GTGCATACGTAGTCCGAC
~CA-CACATC-ATTATTTATAAGAAT-GGATTTATTGTATTTGGCTCCGTTATGC TTTGG -CCG-GC - TT-A-GTGCATACGTAGTCCGAC
- - ~ATATTTAAATARATTTTTAATGATAACTTGTAAACGGTTGARTTCAAC - -

-ATTGTTA---TT--A-
-TGTTA---TT--T-
G-ATTGTTT---AT--A-
—=--TGTTA---TT--A
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repanda
dorsalis TAGGTECTEETTAAT YGTGECGGGC L
equestre

CTTARAGCAGGC == TN AP=TTOCCTGAATA AGTGTGCAT GGAA TAATGAAACA G CC
A""T""“AT”""MTTASA 3T GCTTARAGCAGGC=: MMWTMW
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TTAGASTGCTTAARGCAGGC=~F R NEP=TGCCTGAATA AGTIGCAT GO AA TAATGAAACA GFICC
SCACSTTTACTTT GANCAM TTACAGTG CTTAAAGCAGGC = = FEARET=TIGCCTGAATA TAGTITOCAT GG AA TAATGAAACA EF0C

-~
1
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O confusa CCGGCACOTTTACTT TGAMCAAR TTAGAGTG CTTAARGCAGGC= MRS —TGOCTGAATA TAGTITGCAT GG A/ TAATGAAACA B CC
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P rugipennis TAGATESHETTAAL GTGRCAGGT TTIACTTTGARCRAR TTAGAGTGCTTAAAGCAGAC S TN RE-TIGCCTGARTA T AGTOTGCAT GG AA TAATGAAACA T
P discrepans TAGGTECTECTTAA GTGGCAGE COTTTACTTTGAMMAR TTAGAGTGC TTAAMGCAGGC = ~THig e =IiGOCTGAATATAGTGTGCAT GG AA TAATGAAACA @& 0C
0. gloriola TAGGTECTEETTAATTGAGTATCATGGCRGGC TACTTTG TTAIASTGCTTAAAGCAGRC ==FNIE=TFOCCTGAATATAGTATGCAT QG AL TAATGAAACA G CC
P. singularis TAGGTECHETTAATTGAGTATCATOGCORM. CGGCALSTTTACTTT SAACMN TTAGACT G CTTARAGCAGRC = =B RE=TGOCTGAATATAG TUTGCAT GGAA TAATGAAACA BERCC
P tairmairei TAGITEEHETTAATTGAGTATCATAACAGGC COTTTACTTTGAACAMA TTACASTGCTTAAAGCAGGC = NI EI=1iGCCTGAATATAGTITACAT GGAA TAATGAAACA ETERCT
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d
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1. carolina
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1. migricollis GAGTGCTTAARGCAGEC HZNI@R-TIGOCTGAATATAGTGTGCAT GG AA TAATGAAACA GFCC
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<

californicus
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. fallaciosa
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™o o=

cupreus

punctaroauratus

L molitor GCGATECECTTCOTTGAGTATCGASATAAG.

melanogaster

-

SOTTTACTTT GARCIRAR TTAGASTGCTTAAMGCAGGCTEY YN NEHT<EGCCTGAATAC TATATGCAT GEAA TAATCGAATACCC
ACTATTACTTCGAMIBMAR TTAGASTGCTTAARGCAGGC = =RV A-IIGCCTGAATATTC TITGCAT GG GA TAATGAAA TAZYEEICC
| VI (E23-7) | !

C. repanda
C. dorsalis

C. equestre

C. parryi

C. fromtalis
C.consobrina
O, cavennensis
O. confusa
C.auripennis
P rugipennis
P.discrepans
O. gloriola

P singularis
P. tairmairei
P alluandi

P fulvia
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Q. nigroaenea
Neocollyris sp.
P.elegans

M. carolma

M. fulgida

M. nigricollis [COGTTCT-A vwwanTTTTCTCMC- AACGAGGTAATGATT

M. klugi [CRGTTCT-ATTT T TG Ry XS TAACGAQG TAATGATT

O. californicus

A baroni

G
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P. califormicus -,
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T molitor
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Figure 4 (above and opposite). Multiple alignment of cicindelid SSU rRNA V4 sequenceB .pletanogasteandT.molitor sequences (9). The positions of the
structures identified in Figure 3 are indicated below the alignment. Because these potential structures overlap, indittideshstve been coded using bold text,
italics and single or double underlining. Loop regions of structures included in the final model (Fig. 3) are shown texauflime type of coding used for each
potential structure is indicated on the stem notation below the alignment. Hyphens (-) indicate gaps introduced to ogligmzetiteexcept in the lines indicating
structures, where they indicate the extent of the structure concerned.
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Table 2.Frequencies of changes within secondary structural elements

Stem 1

From
To

WC

Wob

X

Wob

Wob

WC

S

.6

7

WC
1
1
1
2
1

Tot

6

Stem I

From
To

wC

Wob

Wob

WC

Wob

WC

Tot

Stem 111

From
To

wC

Wob

WC

Wob

WC

Wob

WC

Wob

118

[TTR

1L

1l

11

Tot

Stem IV

To

From

wC

Wob

WC

Wob

Wob

WC

Wob

V.10

Tot

Stem VI

From
To

WC

Wob

WC

Wob

Wob

WC

VL1

V1.3

Tot

Stem VII

From
To

WC

Wob

WC

Vo

Wob

WC

VIL

Vi

VI

VI.10
VIL17

Tot

Stem VIII

From
To

WC

Wob

WC

Wob

WC

Wob

WC

VIIL6

Tot

Stem IX

From
To

WC

Wob

WC

Wobh

WC

Wob

WC

IX.1

A

1X.2

Tot

{a)

Stem X

| From

WC

Wob

WC

Wob

WC

Wob

WC

WC

Wob

WC

Wob

WC

Wob

WC

Tot

Stem XII

From
To

WC

Wob

WC

Wob

Wob

WC

Wob

Xlla.

Xlla.

Xlla!

XIIb.5

1

XlIb.6

XIIb.7

5

Tot

0

1

6

0

0

1

i)

[1]

changes. Position 4 showed a single non-compensatory change in
P.californicus

Stem Xl This could form immediately o stem Il in 18 species,
replacing the base of stem Il. The stem showed numerous
non-compensatory changes and point deletions in species in
which it was not predicted to form and was missing from all the
basal cicindelids and the outgroups (HEig.

Stem Xl This was the pseudoknot structure predicted by Neefs and
De Wachter 14,21). The base-paired segments of this structure
were very similar to those making up stems VIl and VIII predicted
from energy criteria. For purposes of covariation analysis, the
structure was divided into its two component stems, labelled Xlla
and b in Figure. Xlla corresponded to part of stem VII and Xlib

to stem VIII. Stem Xlla was invariant at positions 1-3, 7, 8 and 10.
Positions 4-6 showed numerous semi-compensatory changes. The
looped out position 9 showed non-compensatory changes. In
D.melanogasteran additional base was present next to position
9. Only three of the nine positions in stem XllIb varied, although
this region contained insertions of one to three bases in all the
species considered here. Position 6 showed exclusively semi-
compensatory changes, with one semi-compensatory and one
non-compensatory change at position 5. Position 7 showed only
non-compensatory changes with at least six changes in state.

Analysis of full compensatory mutations

Table 1 shows that 10 base pairs in three of the predicted
structures (stems [, Il and Ill) showed fully compensatory
changes within the Cicindelidae, providimgma facieevidence

for their existence. In addition, stem IX showed a fully
compensatory change at position 2 on branch 61 of the tree, which
separates Tenebrio from the Cicindelidae. The majority of fully
compensatory changes were seen as complete transformations
between base pairs (e.g. a G—C to A—U conversion at position 3
of stem Il inPfulvia compared with its sister tax&hysodeutera
alluaudi). However, we also observed three compensatory
changes that, according to the reconstruction of character
changes, proceeded via two semi-compensatory steps (i.e. via
G.U intermediates), at positions 1 and 10 of stem I, and position
3 of stem Il

Statistical analysis of patterns of nucleotide change

A number of the commonly found potential stems did not show
fully compensatory changes, and for stems Ill and 1X, the fully
compensatory changes that were observed occurred at the root of
the tree only, raising the possibility that these structures were not
conserved within the Cicindelidae. We therefore carried out a
statistical analysis of the pattern of base changes within the
Cicindelidae to investigate whether these patterns provided any
additional evidence for or against the existence of any of the other
structures suggested by MFOLD analysis.

The aim of the statistical analysis was to test whether the
patterns of nucleotide changes observed on the phylogenetic tree
deviated significantly from random expectation. We defined our
random expectations according to three null models, all of which
assume that the probabilities of changes occurring between
different base combinations are independent between sites (see

For each position of each stem in the secondary structure model shown in Figure daterials and Methods).
the number of each of the nine different kinds of change was counted, taking into To test the data against these models, we counted only base

account the phylogenetic relationships shown in Figure 2.

changes that were unambiguous on the phylogenetic tre2)(Fig.
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Table 3.Results of2 analysis of frequency data from Table 2

Stem Ml M2 M3

WC Wob Tot WC | Wob | Tot WC Wob Tot
1 ; [~ 500 | SI30er [ 161300 | 337 | 1000 | 2185 | 14. 2 |
I 3.40% 2.00 7A0% 278 .00 378 | 2095F% 2.75 23.70%% |
1 5.40% 675+ 1215% 278 267 544 513 988%F | 15.00°* |
Vv 340 700% 9307F 278 2.00 78 7 50% 350 13.00% |
v N/A NA NA N/A NA N/A NA N/A N/A
VI 0.40 NA 0.40 067 NA 0.67 100 N/A T.00
Vi 0.60 6.00% 6.60° 011 300 30 T30 825% 975+
VI 020 N/A 0.20 033 N/A 033 0.30 N/A 050 |
X T0.00%+ N/A 10007 [ 6.00% N/A 600% [ 7.50% N/A 750 |
X 0.20 4.00% 2720 033 200 233 0.30 350 6.00
X1 0.30 2.00 2.80 133 T.00 2.33 2.00 275 275
X1 0.03 12009+ | 12.03°F 043 6.00* 6.43% .79 16.50%%* | 13.29%*

x2 values are shown individually for changes from Watson—Crick (WC) or wobble (Wob) base pairs, as the models
predict relative frequencies of changes within but not between these classes of change. The value Tot is the pooled
value ofy2.

M1, Model 1; assuming single base changes. one degree of freedom for WC and Wob only analyses; two degrees
of freedom for pooled value.

M2, Model 2; as Model 1, but assuming a 2:1 transition:transversion ratio.

M3, Model 3; not assuming single base changes. two degrees of freedom for WC and Wob only analyses; four degrees of
freedom for pooled value.

*P <0.05; **P <0.01; **P <0.001.

In addition we excluded.molitor andD.melanogastefrom the  as was stem Il. Stems Il and IX were more weakly supported by
analyses, both to test for structures that might be specific to tbempensatory mutations.

Cicindelidae and because their great evolutionary distance fromStems |, II, llI, IV, IX and XII were also supported to at least
the Cicindelidae meant that we could not exclude multipléheP <0.01 level by statistical analysis under at least one of the
changes giving rise to apparent single-base changes. Zablenodels. Stem V (E23-6) was not testable in this set of species as
summarises the numbers and types of changes observed for garegion of the sequence showed complete conservation. Stem
of the variable stem positions. Taldegives the results of> VI (E23-7) was supported poorly by statistical analysis as it
analysis of these frequencies against the three null models. Téiowed two non-compensatory and no other changes. In the
analyses under models 1 and 3 provided similar, but notidenticghecies in which these changes had taken pladmroni,
patterns of support. Stem | showed the strongest level of supp@punctatoaureusE.cupreus the potential structure reduced to

(P <0.001), while stems 1, 1l IV, IX and XlI reached te0.01  a conserved core corresponding to base pairs 4-7 in Rgure
level under at least one model. Stems VIl and X reached only lowdicating that the base of this structure is either a spurious result
levels of significanceR <0.05). Model 2, which represents a from the minimum energy calculations or of limited taxonomic
modification of model 1 in which the transition:transversion ratiqjistribution.

is set to 2, supported only stem | strongly, and stems IX and Xll Qur study provided support for two structures that are not

weakly. included in the existing model. The first of these was stem |V,
which could form from sequences flanking stems V and VI to
DISCUSSION form a Y-shaped structure. This overlapped theirand of stem

IX (E23-2), which was supported by a compensatory change at the

Our aim was to examine the utility of a method for modelling th s
secondary structures in highly variable regions where alignme?n ot of the tree. Both stems IV and IX were supported by stafistical

and the determination of positional homology are unreliable. aI;;s;, mgl(i\t\],gv‘f ft3|?rif8rrﬁ lérr]gglg to éjr:]:r:ngguo%i)r/sdtlstmr%l\l/li(sjg
tested the method against a well-established structural model : y P ry g€ app P

investigated levels of support for the resulting model usin rongeer:ssgdergﬁznmé ;?engtslé g;g;] Se;{egt‘ trlm\é (;'J?V\;g\éer'nggeﬂgﬁl
comparative phylogenetic data. We first discuss the secondafy P fy chang : ge a group Y,
ereas the statistical analysis of semi-compensatory changes

supports the presence of stem IV within the ingroup, we cannot
exclude the possibility that stem IV rather then stem IX occurs in
Secondary structure model the ing.roup.. We have therefore included both structures as
alternatives in Figur8.

Of the eight elements of secondary structure contained in theThe second difference between our analysis and the model of
current structural model of V44), six were among the structures Van de Peegt al(14,15) lay in the central, highly variable region
found most commonly in MFOLD analyses of cicindelidof V4 between stems | and Ill. We consistently found a single,
sequences (Fi§). E23-1, -2, -5, -6, -7 and -8/9 correspond to outong stem to form in this region (stem 1) which was supported by
structures |, IX, 1ll, V, VI and XII, respectively. Of these, stem lanalyses of both fully and semi-compensatory changes. Stem I
was strongly supported by analysis of full compensatory mutationsprresponds to a structure we proposed previously for this region

structure model that our analyses produced, then the metho
usefulness for modelling variable region structure.
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based on a less rigorous analySjs Van de Peeet al's model  alternative comparative modeél5) and a model for the highly

of this region {4) contains two stems: E23-3 and E23-4. Both oexpanded V4 il\cyrthosiphon pisurg26). The model developed
these structures appear in only a small number of insect spediethis paper shares stems I, Ill and V with Hanceted’s model
(E23-3 is described for four speciégyrthosiphon pisurfpea  (24), which also identified stems VI, VII and VIl as possible
aphid), D.melanogasterMeloe proscarabaeusnd T.molitor;  structures. Nickrent and Sargent's modeb)(clearly shares
E23-4 only foD.melanogaster These two stems are made up bystems Ill and V and a stem similar to VI with the current model;
the two complementary halves of our stem Dimelanogaster  other stems in their model resemble our stems |, VIII and X
Stem |l was observed in 26 of the species analysed hemdthough homology is difficult to ascertain as the structures
contained numerous fully compensatory changes and reached phublished were for species highly divergent from insects.
P <0.01 level of support based on only four base pairs. As nor&milarities to the Kworet al. model £6) are not obvious.

of the 197 minimum or near-minimum energy structures we

considered during modelling gave rise to a pair of stems

corresponding to the two halves of stem II, we saw no evidenggatistical analysis

to support the double structure in the cicindelid rRNA. Its

recognition irD.melanogastemay reflect a restricted taxonomic g nnort for secondary structures has conventionally been based
distribution; statistical analysis of covariation at lower hierarchicah, the accumulation of fully compensatory changes. A problem
levels, for example within closely related drosophilids, mayyith this approach, which is intuitively attractive, is the difficulty
provide the evidence to decide between competing stem structur@ﬁqand"ng the occasional non-compensatory chatijegd the
However, as our stem Il has homologueB imelanogasteand  zero-weighting accorded to semi-compensatory changes. The
Tmolitor, and given the very restricted taxonomic distribution ok;agistical approach we have used here allows account to be taken
stems E23-3 and E23-4, we believe there is stpimga facie  of these other kinds of change and, by making predictions about
evidence for a long, variable stem in the central region of insect Ve expected ratio of the different kinds of change, allows testing
Although stem XII was clearly homologous to the pseudoknaif the nature of sequence change in putatively base-pairing regions.
structure described previously421), position 9 in stem Xlla  oyur method makes use of phylogenetic trees to infer the character
and positions 5 and 7 in stem Xllb did not show stronglyhanges and their directions. This permits the determination of the
conserved patterns of pairing (Tatje Position 9 of stem Xlla  nymper and types of mutational steps, which in turn can be used
shows two non-compensatory changes: o@erépandaand one  for inferences about underlying mutational processes such as the
in the lineage leading tB.cupreusand C.punctatoauratusin  action of slippage-like processes. Comparison with a model of
D.melanogastethis site also neighbours a single base insertiopandom change then allows assessment of deviations from null
that would have to be looped out of the structure. This positiogkpectations and a calculation of statistical support for the various
within stem Xlla is therefore not necessarily paired and cagecondary structures suggested from the minimum energy analysis.
accommodate mispairing and looping out of at least one basewe investigated three different models of change here. Models
Position 7 of stem Xllb shows much less tendency to be pairgdand 2 assumed that semi-compensatory changes resulted from
than other positions within stem XII, being transformed to a U.Wingle base substitutions only, with different assumptions about
mispairing in numerous cases. This again suggests that thif relative frequencies of transitions and transversions. Model 2,
position is not necessarily paired. The fact that a base insertionaich assumes a 2:1 transition to transversion ratio, produced much
observed irD.melanogasteimmediately neighbouring position jower levels of support for individual structures. This is unsurprising
7 suggests that extrahelical bases can be tolerated in this regignhe base changes that convert between Watson—Crickaile: w
of the structure. Position 5, which flanks a bulged motif that a|Spairs are transitions (CU; G~ A). This underlines the necessity
varies in length, also showed a single non-compensatory changgeusing an appropriate model of random mutation in such studies.
from G-C to G.A. However, it remains possible that thes@&lodel 3, which makes no assumptions about the number of base
positions adopt atypical helix conformations, as C.A, U.U andhanges giving rise to a change in any given base pair, provided
G.A pairs can form under some circumstan@e. much stronger support for stem Il than models 1 and 2. This is
Taking the above considerations into account, our model for thgnsistent with model 3 being a more suitable model for sets of
V4 region of the Cicindelids is as presented in Figuve regard  sequences that are so rapidly evolving, or so distant, that multiple
stems I-Il and XII as well supported, but the structure of th@ase changes are likely to have occurred during their evolution.
region made up of stems V-Vl is presented only for illustration also provides a means of testing whether mutations within a
as these structures were either untestable or poorly supporteddiyen structure are approaching saturation, which might be of
our analyses. We have included both stems IV and IX althouglalue for phylogenetic analysis.
the longer range compensatory changes support the existence &s rRNA sequences are widely used for phylogenetic
stem IX in the broader sample of V4 structures. It is noteworthyeconstruction, data sets are increasingly amenable to this
that the structures included in the model all occurre@@of the  analysis. Consideration of the distribution of the structures on the
29 MFOLD predictions{ 90%) whereas stems VII, Vlliland XI, phylogenetic tree, and of non-compensatory changes within the
which were excluded, occurred in fewer prediction$-24).  structure, may provide more information about the reality of a
Thus the frequency of occurrence of any structure in MFOLIgiven weakly supported structure. We applied statistical tests to
predictions may be a direct indicator of the likelihood of itswhole structures observed in MFOLD modelling. This approach
occurrence. Stem X was intermediate, occurring in 25/28 necessary when data (i.e. variation) is limited to best measure
predictions (86%). This structure is excluded by stem 1V, with whicthe support accruing to a particular structure. However, it has the
it overlaps, but not by stem IX, and may occur if stem IX occursdisadvantage that it cannot characterise the support for a
Three other models of this region have been proposegarticular paired position within a structure. Such an approach
Hancocket al's original model forD.melanogaster(24), an  might be possible for larger, and/or more variable, datasets.
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