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Abstract. The origin and diversification of RNA sec- all extant life forms and provide a rare insight into the
ondary structure were traced using cladistic methodsearly evolution of nucleic acid and protein biosynthesis.
Structural components were coded as polarized and or-

dered multi-state characters, following a model of char-Key words:  Cladistic analysis — Molecular evolution
acter state transformation outlined by considerations in— Ribosomal RNA — Secondary structure — Universal
statistical mechanics. Several classes of functional RNAree

were analyzed, including ribosomal RNA (rRNA). Con-
siderable phylogenetic signal was present in their sec-

ondary structure. The intrinsically rooted phylogenies '€ htroduction
constructed from evolved RNA structure depicted those

derived from nucleic acid sequence at all taxonomical

levels, and grouped organisms in concordance with tral Ne universal tree of life represents a hierarchical phy-

ditional classification, especially in the archaeal and eul09€netic classification of the living world based on com-
karyal domains. Natural selection appears therefore tparative analysis of sequences enqodlng ribosomal RNA
operate early in the information flow that originates in ("RNA) and several proteins (Doolittle 1999). The cur-

sequence and ends in an adapted phenotype. When giently accepted universal tree divides organisms in three
amining the hierarchical classification of the living domains, Archaea, Bacteria, and Eucarya (Woese 1987;

world, phylogenetic analysis of secondary structure of"VO€se et al. 1990), and is currently rooted in the pro-

the small and large rRNA subunits reconstructed a unikaryotic bacterial domain based on the evolution of

versal tree of life that branched in three monophyleticP@ralogous proteins originated from ancient gene dupli-

groups corresponding to Eucarya, Archaea, and Bacterigation (Gogarten et al. 1989; lwabe et al. 1989; Doolittle

and was rooted in the eukaryotic branch. Ribosomall,ggg)' The evolutionary tracing of these sequences has

characters involved in the translational cycle could beh@d @ fundamental impact in evolutionary biology, pro-

easily traced and showed that transfer RNA (tRNA)viding benefits to fields as varied as protein chemistry,
binding domains in the large rRNA subunit evolved con-d€velopmental biology and genomics and adding a tem-

currently with the rest of the rRNA molecule. Results POral and dynamic component to the structure-function
suggest it is equally parsimonious to consider that anParadigm (Bull and Wichman 1998). However, the pre-

cestral unicellular eukaryotes or prokaryotes gave rise t&ictive ability of comparative sequence analysis to infer
ancient phylogenies has been questioned on grounds of

unequal rates of sequence evolution, mutational satura-
tion, and long branch attraction artifacts (Philippe and
Correspondence toG. Caetano-Anolls; 1320 Beacon Hill Lane, ~Forterre 1999; Brinkmann and Philippe 1999). More-
Knoxville, TN 37919, USA;email: gustavoc@mac.com over, the existence of lateral gene transfer threatens a
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“natural” universal classification and the basis of deepstudy with cladistic methods, and its use to explore the
phylogenetic analysis. Archaeal and bacterial genomemtractable problem of the rooting of the tree of life.
contain genes from multiple sources and share, for exPhylogenies reconstructed from the shape of extant RNA
ample, numerous housekeeping biosynthetic and catanolecules paralleled those derived from nucleic acid se-
bolic genes (Woese 1998; Doolittle 1999). Similarly, quence, producing inherently rooted trees. This feature
rRNA genes can be completely replaced with corre-provided a tool to examine the RNA-based classification
sponding genes from distant organisms, at least in bac®f the living world from a novel perspective and a rare
teria, bypassing normal evolutionary processes (Asai einsight into the early evolution of protein biosynthesis.
al. 1999). The formation of functional hybrid ribosomes
in vivo suggests that co-evolution of rRNA and the trans-
lational ribosomal machinery may not completely pre-Materials and Methods
clude the horizontal transfer of rRNA. The universal tree
is nevertheless supported by a massive database of rRN#equence and structurmall subunit (SSU) and large subunit (LSU)
sequence information. The choice of rRNA rests on itrRNA‘sequences were obtained from the Antwerp database (http://
being ancient, central to translation, essential for CelIrr_na.wa.ac.be_),' 5S rRNA sequences from http://c.ammsg&caos.kun.nl,
) ! . } ! signal recognition particle (SRP) RNA from http://psyche.uthct.edu/
function, and a highly social and conserved structurejbs/SRPDB/SRPDB.html, ribonuclease P RNA from http:/
capable of interaction with hundreds of co-evolved pro-www.mbio.ncsu.edu/RNaseP/home.html, snRNA from http://
tein and RNA molecules (Woese 1987; Green and Nollepegasus.uthct.edu/uRNADB/URNADB.hml, tRNA from ftp://

1997)_ Unfortunately, because of concerted evolutionftp.ebl._ac.uk/pub/databases/trna, and other sequgnces frgm GenBank.
The aligned sequences and secondary structure information of rRNA,

there are no paralogous genes that can root the rRN@RNA, and ribonuclease P RNA (derived from comparative sequence
universal tree. analysis) were downloaded as DCSE alignments or in special format. In

RNA is ubiquitous and probably ancestral in origin to the absence of structure-based alignments, sequences were aligned us-
life (G"bert 1986: Woese 1987; Joyce 1991) RNA mol- ing CLUSTALX v. 1.643 (Thompson et al. 1997), alignments con-

| t t | licatabl firmed manually, and resulting data sets analyzed with parsimony
ecules represent not only replicatable sequence gen?ﬁethods. The secondary structures of these sequences were predicted

types but also selectable structural phenotypes with dessing a free-energy minimization method (Zuker 1989) with updated
fined enzymatic and regulatory activity (Schuster et al.energy parameters using the progranfold v. 3.1 (Mathews et al.
1994). These features are generally mapped by f0|diné999) or the web server (http://bioinfo.math.rpi.édwker/rna/form1.

; ) <gi).
algorithms (Zuker 1989; Schuster et al. 1997) or by po LSU rRNA domains involved in peptidyl transferase function and

Sition?" qovariance (ie., Pattems of Correlateq S€QUENCHie translational cycle were those defined by chemical footprinting, in
substitution) in comparative sequence analysis (James @t/o and in vitro functional studies (Green and Noller 1997) and high-

al. 1989; Gutell et al. 1994). RNA secondary structure isresolution structural analysis Escherichia col23S rRNA (Cate et al.

nsider ffold for three-dimensional str r 999) andThermus thermophilug¥usupov et al. 2001). E-site inter-
considered a scaffold for three-dimensional structure agctionsincluded nucleotides G2112, G2116, A2169, and C2394. A-site

atomic resolution and a suitable fitness indicator in VO-eactions included G1041, G1068, G1071, C1941, C2254, A2239,
lutionary studies. In search of a theory that maps genoa24s1, 62553, U2555, A2602, and U2609. P-site interactions included
type, phenotype, and fitness to each other (Lewontimi1916, A1918, A1926, G2252, G2253, A2439, A2451, A2505, U2506,
1974 Kauffman 1993) structural changes in RNA havel2584, U2585, and A2602. Interactions (mostly on domain G, also
been modeled and the role of selection and Self_known as V)_ defined 54 structural gharacters (_18, 12,10 ar\d 14 E,‘ A,
. A . P and P-A site characters, respectively) of which 42 were informative
organization traced (Higgs 1993; Huynen and Hogewegrapie 1).
1994; Huynen et al. 1996; Fontana and Schuster 1998a;
Schultes et al. 1999). Thg dlsmpuuon of fitness vaIueg Structural analysisSRNA secondary structures inferred from com-
over genotype space defines a fitness landscape and igrative sequence analysis or obtained using algorithms that minimize
structure determines the peak-climbing evolutionary pro-ree energy were decomposed into substructural components and their
cess (Wright 1932: Kauffman 1993)_ These |andscapegeatures (such as the length of sequence tracts) were characterized

. . ing an alphanumerical format suitable for cladistic analysis. Homolo-
have been used as eVOIUtlonary paradlgms (Schuster g?)us components were treated as discrete entities and analyzed with

al. 1994; Huynen and Hogeweg 1994) to show that RNAmaximum parsimony methods. Other alternatives are possible. In re-
populations evolve in discontinuous transitions inter-lated studies, substructural components were characterized by their
rupted only by long periods of neutral evolution (Huynen thermodynamic stability measured using their minimum Gibbs free
et al. 1996: Fontana and Schuster 1998a). During thesghergy mcreme_nts (Caetanq-A_nsIIéOOO, 2001). Thgse values were

. . treated as continuous quantitative characters and directly analyzed by
per_lods, RNA _mOIeCUIeS_ accumulate mutations freelyrestricted maximum likelihood methods, or were gap-recoded as dis-
Wh'le ma'nta'nlng a domlnaﬂt Secondary Structure. De'Crete characters for maximum parsimony ana|ysis_
spite advances, the evolution of molecular form in nature RNA structures were first depicted as coarse-grained representa-
still remains vastly unexplored because of the need of ations lacking information about the size of stacks and loops but ad-
appropriate morphospace with which to COmpareequate for qm_ck |de_nt|f|cat!on of homologous structural characters, and

L. . ... homeomorphically irreducible tree (HIT) graphs (Fontana et al. 1993)

evolved molecules by cladistic, phenet'lc, or StatlStlcalthat map (in the 5to-3' direction) base pairs into internal nodes and
approaches. Here | focus on the evolution of RNA SeCynpaired bases into leaves. The nodes and leaves of the HIT graphs

ondary structure (herein also referred to as “shape”), itsvere used to code characters and construct data matrixes for cladistic
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analysis. Coded characters were based on the length and number afigned sequence and could be done manually or using coarse align-
double-helical stem tracts (S), hairpin loops (H), bulge and interiorment tools. In the absence of structure-based alignments obtained from
loops (B), and unpaired sequences (U) [such as free-ends and connecemparative sequence analysis, homology hypotheses required testing
ing joints (Tacker et al. 1996)], and other structural features [loop by iterative rounds of phylogenetic reconstruction. In this case, coarse-
degree (D) and number of B loops in a stem tract (N), G:U base pairsgrained representations of structure were very useful for the identifi-
and modified nucleosides in tRNA]. Several coding schemes are poscation and tracing of characters.
sible, and two are illustrated in the examples of Fig. 1. Note that ~ Character coding disregards information and implications of high-
individual substructural components were characterized by one or morérder structure [such as the establishment of complementary surfaces
characters, each depicting an individual structural feature, and thae-g., U-turns), specific ion associations, and pseudoknot constraints;
structural features accommodated pseudoknots and non-canonical baB&aper 1996], coarse-graining its three-dimensional complexities into a
pairing. simple framework of non-interacting helical segments. Coding relies
The coding of rRNA was based on secondary structure models fofnowever on correct prediction of secondary structure. While there is not
the large and small subunits inferred from sequences deposited in thét @ comprehensive understanding of sequence-structure relationships,
Antwerp database and defined by comparative sequence analysis (V&Qmparatlve sequence anal)_/5|s has been su_ccessful in predicting struc-
de Peer et al. 2000; Wuyts et al. 2001). The SSU model contains 5¢r€S that were congruent w!th those dete_rmlned b_y NMR and crystal-
universal stem tracts (S) (some missing in Archezoa) and severdPdraphy and thermodynamic-based folding algorithms have become
double-helical segments specific for Eucarya. The LSU model containdcreasingly more effective in matching structures inferred by posi-
100 universal stem tracts and several other stems specific to certaifional covariance (Draper 1996; Schuster et al. 1997). Structural inac-
taxa. Note that universal stem tracts in these models are defined dlUracies are therefore assumed not to be severe and are here tolerated
those segments separated by multibranched or pseudoknot loops afd systematic error, provided struc_tures result from asame compqrative
are identified by numbers ordered in thet6-3 direction. Specific ~ Seduence study or are folded using a same algorithm. Interestingly,
stems are named after the preceding universal stem followed by aRhylogenetic reconstruction using small structures (e.g., Y1 RNA)
underscore and a number. To illustrate the complexity in the structurd0!ded with the mfold or RNAfold (Vienna RNA package, ftp://
and coding of rRNA, representations of the secondary structure modefP-itc-univie.ac.at/pub/RNA) programs appeared independent of fold-
of the large subunit fronSulfolobus solfataricus, Saccharomyces cere- N9 algorithm. This suggests that any bias introduced by mapping se-
visiae, and an inferred ancestral molecule are shown in Fig. 2. Theduences into shapes distributes uniformly in phylogenetic trees.
model of LSU rRNA is based on comparative sequence analysis and
has been recently confirmed with the resolved (2.4 A) crystal atomic ~ Phylogenetic analysishylogenetic relationships were inferred us-
structure of the archaebacteriukialoarcula marismortuimolecule ing PAUP* v. 4.0 (Swofford 1999) and character reconstruction imple-
(Ban et al. 2000). The LSU molecule is treelike and is organized aroundnented in MACCLADE v. 3.08 (Maddison and Maddison 1999). Char-
a central multibranched loop that is closed by a stem helix (segmenacters had multiple discrete states, were linearly ordered, and were
A1l) joining the 8 and 3 ends of the molecule in Bacteria and most polarized by fixing the direction of character state change using a
Archaea but absent in Eucarya. A total of nine domains (A-1) branchtransformation sequence that distinguishes ancestral states as those
from the central loop. These domains are composed of up to 28 unimore stable thermodynamically (e.g., larger S and lower H, B, U, N,
versal stem tracts, each separated from each other by unpaired send D state values). The model of character state transformation is
quences defining multibranched loops (U), containing in some casedased on the hypothesis that evolved RNA molecules are optimized to
numerous bulges and interior loops (B), and generally (74%) ending irproduce highly stable folded conformations. This optimization process
a hairpin loop (H). Coded characters in both the SSU and LSU rRNAincreases favorable and decreases non-favorable inter- and intra-
molecules were based on the length in nucleotides of distinguishingnolecular interactions, and restricts alternative outcomes of the folding
structural features (S, B, H, and U), and could be easily identified inprocess. The hypothesis results in the polarization of structural char-
DCSE alignment outputs. Character states were limited by the maxiacters in one out of two possible directions, a proposal that is supported
mum number accepted by the phylogenetic analysis program (32 stateby establishing that: (a) phylogenetic trees reconstructed from the sec-
and were represented by the numbers 0-9 and letters A-V. Structurandary structure of RNA molecules exhibited inherently rooted topolo-
features with longer nucleotide lengths were given the maximum stategies matching those known from systematic studies at widely different
and if missing, the minimum state (0). Structural alignments listedtaxonomical levels (this study), (b) molecular evolution enhances con-
characters characterizing the structure in th&os3' direction as itis  formational order over that intrinsically acquired by self-organization
read in the sequence, and for each sequence segment, in the order S,(Bliggs 1993; Schultes et al. 1999; this study), and (c) thermodynamic
H, and U. Stem tracts were defined by two complementary sequencerinciples generalized to account for non-equilibrium conditions can be
segments and characters (named by a number and its prime) to accoumsed to verify a molecular tendency towards order and stability (e.g.,
for the difference in nucleotide number between stem and unpaireevolutionary increase of the volume density of the Gibbs free energy in
tracts. Table 1 shows an alignment matrix of LSU rRNA structural plant and animal development; Gladyshev and Ershov 1982) proposed
characters containing tRNA-binding sites for 35 taxa covering the thredn a thermodynamic-based theory of evolution (Gladyshev 1978; Black
domains of life. This is only a subset of the total data matrix for the 1978; Gladyshev and Ershov 1982).
LSU rRNA molecule, which can be retrieved from the TreeBASE The data was encoded in the NEXUS format. The ANCSTATES
repository (http://herbaria.harvard.edu/treebase/) under study and maommand was invoked to define the ancestral states and polarize char-
trix Accession Numbers S053 and M1025, respectively. acter change. Hypothetical ancestral molecules (Anc) were chosen as
In this study, topographic correspondence was a main criterion forthose having maximum stem lengths and absence of unpaired destabi-
determining character homology. Molecular topography involved threelizing regions. However, tree topologies remained unaltered when
steps: (a) mapping of structural features in the context of the wholeminimum states in unpaired regions were defined as ancestral. Phylo-
molecule, (b) proper encoding of characters, and (c) determining thagenetic trees were generally reconstructed using maximum parsimony
encoded features were true homologies acquired from a common aras the optimality criterion. Generated trees were automatically rooted at
cestor. The process uses a method for character analysis (Neff 1986) the point where the hypothetical ancestor connected to the tree. Phy-
which homologous features are first delimited by similarities (e.g., S logenetic reliability was evaluated by the nonparametric bootstrap (BS)
is in between $and S) and hierarchies (e.g.,SS; belong to a same  method (generally implemented using*1@plicates) and by decay
domain, and B and H, are intricately related to ;3 and are then analysis. The structure of phylogenetic signal in the data was tested by
subjected to hypothesis testing. In the presence of a model inferred bthe skewness g of the length distribution of Z0random trees, and
positional covariance in sequences from a representative group of opermutation tail probability (PTP) tests of cladistic covariation using
ganisms, decisions to code homologies were simpler than those in0® replicates. The homogeneity of partitions was analyzed using a



336

Table 1. Alignment of structural characters encoding tRNA-binding sites in LSU rRNA

Character number 333333355555555666666666666666666666677777 777777777777
2333333777779992333333333344444447777123334444 45555555
9012345456790129012345677901234560127733454567 70124567

Character type SBBHSBBSHSSBHSBSBBBBBBBBHSBBBBBBBSHSSSUUSBSBHS B SBBSUS B
Binding site AAAAAAAPPPAAAAAEEEEEEEEEEEEEEEEEEMMMMMPPPP MMMM M PPPMMM M
Helix Dig Exs Ex G, G G Gz G Gy
D18' E26’ E27' GA’ GG' C;B' (319’ (317’ C520’
Desulfurococcus mobilis 620960267660660Q000B26004Q03C20004341179C040540C227471
Sulfolobus solfataricus 620960267660660Q000B26004Q03C20004341179C040540C227471
Halobacterium halobium 620960267660660Q100B29104Q23C20014341179C040540C227471
Haloferax volcani 620960267660660Q100B29104Q23C20014341179C040540C227471
Methanobacterium therm. 620960267660660Q100B26004Q03C20014341179C040540C227471
Methanococcus jannaschii 620960267660660Q000B26004Q03C20004341179C040540C227471
Chlamydiasp. 710970167651651651Q119B04Q03C20015351179C050550C227471
Anacystis nidulans 611961167651651Q100B26004Q03C20015351179C050550C227471
Synechocystisp. 710970167651651Q100B26004Q03C20015351179C050550C227471
Mycobacterium tub. 710970167651651Q000B26004Q03C20005351179C050550C227471
Bacillus subtilis 710970167651651Q100B26004Q03C20015351179C050550C227471
Bradyrhizobium japonicus 710970167651651Q000B26004Q03C20005351179C050550C227471
Pseudomonas cepacia 710970167651651Q010B26004Q03C21005351179C050550C227471
Helicobacter pylori 710970167651651Q000B26004Q03C20005351179C050550C227471
Escherichia coli 710970167651651Q010B26004Q03C21005351179C050550C227471
Thermus thermophilus 710970167651651Q000B26004Q03C20005351179C050550C227471
Borrelia burgdorferi 710970267651651Q000B26004Q03C20005351179C050550C227471
Thermotoga maritima 710970167651651Q000B26004Q03C20005351179C 050550 C227471
Aquifex aeolicus 710970167651651Q000B26004Q03C20005351179C050550C227471
Drosophila melanogaster 530950367650650Q000A20004Q00C1010434119AC041541C227471
Xenopus laevis 530950367650650Q000A20005Q31C1010434119AC041541C227471
Homo sapiens 530950367650650Q010A2011GQ60C1110434119AC041541C227471

Caenorhabditis elegans 530950367650650P000A20004P00C1010434119AC041541C227471
Saccharomyces cerevisiae 5309503676506500000A20004000C1010434119AB141541B507471
Schizosaccharomyces pom.530950367650650Q000A20004Q00C1010434119AC041541C227471

Oryza sativa 530950367650650P000A20004P00C1010434119AC041541C227471
Arabidopsis thaliana 5309503676506500000A20004000C1010434119AC041541C227471
Brassica napus 430B403676506500000A20004000C1010434119AC041541C227471

Tetrahymean thermophila 5309503676506500000A20004000C1010434119AC041541C227471
Dictyostelium discoideum 5309503676506500100A20004000C1011434119AC041541C227471
Prorocentrum micans 5309503676506500000A20004000C1010434119AC041541C22747 1
Physarum polycephalum 530950367650650P011A20004P00C1110333119AC031531C227471
Zea maygmitochondria) 600960267640A40L110B2000ELO0OC20115351179C 050550 C227471

Oryza sativa(plastid) 611961167640A40Q110B26004Q30C20115351179B150550B327471
Zea mayqplastid) 611961167640A40Q100B26004Q20C20015351179B150550B327470
Ancestral states 700070060660060Q000000000Q00000005051100C 050050 C007070

ACharacters represent stems (S), bulges and interior loops (B), hairpin loops (H), and unpaired sequences (U), and are a subset of the 848 character
that characterize the complete LSU molecule They encode P, A, shared P and A (listed as M), and E binding sites. Universal helix tracts are
identified (see Fig. 2).

modified Michevich-Farris index of incongruence among data sets ancevolved and randomized molecules, as described by Schultes et al.
10° heuristic search replicates (Farris et al. 1995). Topological congru{1999). Random sequence cohorts from evolved RNA molecules (20
ence was measured using several tree comparison metrics (e.g., parteplicates each) were generated by permutation using heteropolymer
tion distance, PD, symmetric difference, SD, and strict joint assertionsrandomization algorithms{ringgenandomrokgerprograms available
SJA, from quartet analysis) and randomization tools implemented infrom V. Knudsen, USIT, Univ. of Oslo).

COMPONENT v. 2.0 (Page 1993), and using pairwise consensus fork

indices (CFI) (Fox et al. 1999). CFl is a conservative metric unblased

by tree topology that measures the proportion of subclades (lnternaPesuItS and Discussion

nodes) shared between dadograms [ranges from 0 (no identity) to

(total identity)].

Phylogenetic Reconstruction of Molecular Shape

Morphospace analysiShe metrics of base-pairing propensity (P), . . e
mean length of helical stem (S), and the Shannon entropy of the base-l-—he orgin and diversification of RNA Secondary struc-

pairing probability matrix (Q), normalized to sequence length, wereturé were traced using cladistic methods. Molecular
used to define a structural morphospace for RNA and to analyzestructures were decomposed into substructural compo-
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A C viRMA Shape Sequence
ey Char SSSSSSSHHBBBBUUUUN Human
a Houce  B949004a4A20001¢35 7| Mouse =
2 Mouse 4900444A H 1
T et L, g Tl o
S4B B uinea pig 19 uinea pi
o 2:83 Duck 8A4900040A30010532 4 Duck Pig
N 26 B4 Trout 8A34223A4C14421134 — LucCi
H‘ S Anc 8A4922400000000000 Trout
Ha — 10 changes
B Sequence
SRP RNA
— 80
Char  SSSSSSSHHHHHBBBBBBBBUUUUUUUUUUNNNN Buman 2
Human 384KF2C6843400LH338712310001210C22 0g 26] 100
Dog  364JF2C6843400MI338701500001210D22 Rat -
Rat  348KF2C4443401MK338702311001201C22 Fruit fly—
S S Fly  356IHOA8440400NI11BA11401018110C12
T U Sy Tomato 093)GOE6440600IM226410003716140922 Tomato o
4§3§ BvSbBoNy  Rice @63HKOI4740600RQ317600003020110C34 Rice X
VU U G UT U T U Maize  @83EJOC6440600FK449830006303610A34 . 70
St B2S2B2 BsSaBs S4 BsSsBs Wheat 423G00D4440K00ITS3242561502433043 Maize 3
Hi  He Hs Hs Hs Anc  498K02I000000000000000000000000000 Wheat — 50 changes

Fig. 1. Construction of shape phylogenies from small RNA mol- because PAUP* accepts only 32 states per character). Phylogenies
ecules. The secondary structures of vertebrate Y1 RNA (107-112nferred from RNA structure or sequence data using unconstrained
nucleotide components of the Ro ribonucleoprotein complex) and bi-maximum parsimony in exhaustive searches were compared and found
lateria-angiosperm SRP RNA (300-303 nucleotide components of cyeongruent (Y1 RNAp = 0.635; SRP RNAp = 0.829). Two rooted
tosolic ribonucleoproteins) were inferred by folding and comparative most-parsimonious Y1 RNA shape trees of 86 steps£@.860, RI=
sequence analysis, respectively. Coarse-grained structures were de-739; g = —1.962; PTP testp = 0.019) and six sequence trees
picted as collections of loops (open circles) connected by double{seven steps, C 0.857, RI= 0.750; ¢ = —0.713; PTP permutation
stranded stems (lines). Structures were also represented as HIT graphsst,p = 0.750) were recovered. Trees shown were congruent with the
with nodes and leaves defining the structural characters (char) used t80% majority-rule consensus. Analysis of SRP RNA produced a shape
construct a data matrix for cladistic analysis (see Materials and Methiree of 488 steps (C+ 0.637, Rl= 0.452; g = -0.425; PTP tesip

ods) and polarized by including an hypothetical ancestor (Anc). For= 0.018) and a sequence tree of 325 steps£00.830, Rl = 0.833;

SRP RNA, characters were equally weighted except for stems that werg, = —0.744; PTP testp = 0.001). BS values and decay indexes (in
weighted double to account for nucleotide numbgyy@s weighted 6 italics) are shown for individual nodes.

nents such as double helical stems and unpaired regionsr comparative sequence analysis (SRP RNA). The
Homologous components were then coded as ordereshape trees matched traditional classification despite
and polar multi-state characters, following a model ofstructures being coded by only 18 and 34 characters,
character state transformation in which structures withrespectively, and in the case of vertebrate Y1 RNA, pres-
increased thermodynamic stability were defined as beingnce of negligible phylogenetic signal in the short se-

ancestral (plesiomorphic). Finally, the evolutionary his-quences examined. These examples show different cod-
tory of molecular shape was reconstructed using maxiing schemes and illustrate the cladistic method

mum parsimony methods. employed.

The strategy uses structure to infer phylogeny and Shape and sequence phylogenies were compared and
therefore differs from comparative sequence analysisiound congruent at different evolutionary scales, show-
where structure is inferred from phylogenetic diversifi- ing it constitutes a general phenomenon. This is illus-
cation. This should not be construed as a circular argutrated when analyzing minimum free-energy structures
ment because positional covariance focuses on corsbtained from spacer rRNA molecules of fungal and
served structural elements while “shape phylogenies” ar@lant origin. For example, the ITS1 spacers of soil-borne
based on structural features that are variable. Rhizoctonia solanfungal isolates belonging to anasto-

Several classes of functional RNA were analyzed aimosis group 4 were arranged in three groups according
various taxonomical levels. RNA shape phylogeniesto habitat and virulence (Fig. 3A). This same pattern was
were reconstructed from SRP RNA, Y RNA, ribonucle- observed in the analysis of the entire ITS sequence (Boy-
ase P RNA, snRNA, tRNA, SSU rRNA, LSU rRNA, 5S sen et al. 1996). At the species level, a cross-section of
rRNA, and spacer rRNA. With the exception of 5S fungi of the genusDiscula that cause anthracnose in
rRNA, there was considerable phylogenetic signal in thebroadleaf temperate trees were grouped in four mono-
data. Distribution of cladogram lengths and PTP testgphyletic clades corresponding to major species using
showed the existence of strong cladistic structype<(  both sequence and shape analysis of spacer rRNA (Cae-
0.01 andp = 0.001-0.019, respectively). Many clades tano-Anolles 2001). Similarly, molecular shape relation-
were well supported by BS and decay analysis. Moderships in the legume genuSlycine (Fig. 3B) matched
ately supported shape phylogenies were even obtainesequence and genomic comparison (Kollipara et al.
from RNA molecules with short uninformative se- 1997). However, trees were rooted in wild perennial spe-
quences. Figure 1 shows examples with structures decies while the cultivated soybealf/cine mak and its
fined by minimum free energy (MFE) folding (Y1 RNA) wild annual progenitorGlycine soja were evolutionary



Fig. 2. Schematic representation of the secondary structure model ofinit. (B) Saccharomyces cerevisiabunit. (C) Ancestral molecule

the LSU rRNA from representative prokaryotic and eukaryotic organ-inferred by phylogenetic analysis of secondary structure. The ancestral
isms and a putative universal ancestor. The sequences are drawn cloakolecule is a hypothetical contemporary entity that in the course of
wise from the 5to the 3 terminus, and helical segments are numbered evolution was trapped in local optima of rugged adaptive landscapes
in the same order and for each individual structural domain (A-1) (De (constrained by the mapping of sequence into structure). The scale
Rijk et al. 1995; Wuyts et al. 2001JA) Sulfolobus solfataricusub- measures stem tract length.

derived. Congruence was also evident at higher taxostructures converge and diverge during adaptive walks in
nomic level when analyzing grass species from the Pooithe rugged multipeaked terrain (Kauffman and Johnsen
deae, Oryzoideae, and Panicoideae subfamilies (Figl991; Kauffman 1993). Branching phylogenies climbing
3C). Shape phylogenies obtained from ITS1 matchedix or deforming landscapes therefore reflect the land-
those inferred from the complete ITS sequence andcape structure and high-dimensional space of molecular
agreed with accepted classification (Hsiao et al. 1994). Irshape.
all cases, the null hypothesis of congruence could not be
rejected when combined data sets were tested for homo-
geneity of data partitiongp(= 0.544-0.999) and when Character Polarization and Rooting of Trees
fitting characters in topology-dependent PTP randomiza-
tion tests p = 0.086-1.000). Furthermore, tree topolo- Shape trees are reconstructed using a “direct” method
gies were generally in good agreement (RD0-11, SD  (sensuNelson 1973) that polarizes entire topologies in-
= 0-0.429, SJA= 0-0.193, CFI= 0.67-1.0, for 6-14 trinsically, i.e. without recourse to outlying group com-
leaved trees), rejecting the occurrence of taxonomic conparisons or external pre-existing hypotheses of relation-
gruence by chancep(< 0.01). At small evolutionary ship. The model of character state transformation
scale, however, both sequence and shape phylogeni@ssumes a priori that evolution of individual substruc-
were globally poorly resolved, and congruence wastures is independent from each other and results in mol-
sometimes a consequence of low resolving power (e.gecules with increased conformational order and stability.
Y1 RNA, SD = 0.429, SJA= 0; GlycinelTS1, SD = The latter assumption was challenged using a compre-
0.386, SJA= 0.063). hensive molecular morphospace (Schultes et al. 1999)
Homoplasy levels measured for example by the conthat tested if evolved sequences were more “ordered”
sistency index (CI) were usually higher in shape than inthan randomized derivatives. Order was inferred from
sequence data sets. This increase in cladistic noise can fee measurement of three features that characterize sta-
explained by the fact that secondary structure is mordility (P and S) and uniqueness of folded conformations
prone to convergence and reversion than primary sefQ) (Schultes et al. 1999). The values P and S are good
quence. Mapping of RNA sequence into secondary strucindicators of how extensively folded and ramified are
ture produces dynamic and very rugged fitness landmolecules analyzed. The entropy value Q is determined
scapes, with small changes in genotype resulting in largérom the equilibrium partition function that measures the
changes in phenotype (Fontana et al. 1993; Huynen et alhermodynamic likelihood of base pairing during the en-
1993). Convergent evolution and homoplasy are energy minimization process of RNA folding. Evolved se-
hanced in these adaptive landscapes as sequences aneences had significantly larger P and S, and lower Q
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Fig. 3. Reconstructing historical lineage at different evolutionary lev- branch-and-bound searches. The sequence tree shown is congruent with

els from the shape and sequence of spacer ITS1 rRNA mole¢Ales.

Phylogenetic analysis of spacers fréthizoctonia solanfungi recov-
ered eight shape trees (2447 steps;=€10.745, Rl = 0.976; q =

—0.551; PTP testp = 0.001) and one sequence tree (67 steps=Cl
0.955, Rl = 0.979; g = -2.011; PTP testp = 0.001) in branch-

and-bound searches. The shape tree shown is congruent with the 50 =

majority-rule consensu$B) Analysis of spacers frorslycinelegume
species recovered a shape tree (1401 steps: Ol542, Rl = 0.664;

the 50% majority-rule consensus. Shape and sequence trees match a
tree reconstructed from the entire ITS region that shows genomic re-
lationships (symbols) established using cytogenetic, biochemical and
molecular criteria (Kollipara et al. 1997)C) Analysis of spacers from
several grass species recovered single shape (2742 steps0@04,

0.494; g = —-0.492; PTP testp = 0.015) and sequence (103
steps; Cl= 0.718, RI= 0.580; g = —0.692; PTP testp = 0.001)

trees in exhaustive and branch-and-bound searches, respectively. A free

g, = —0.627; PTP tesp = 0.001) and 25 sequence trees (108 steps;obtained from the overall ITS region is also shown. BS values >50%
Cl = 0.714, Rl = 0.765; g = -0.245; PTP testp = 0.001) in are given above nodes.

values p = 0.05) than their corresponding permuted Structural rRNA Diversification in Archaea

cohorts (and overall means) obtained by sequence ran-

domization (data not shown). Results follow those re-Direct comparison of shape and sequence trees validated
cently reported for several classes of functional RNAphylogenetic reconstruction of molecular shape at rather
(Schultes et al. 1999), confirming that the evolutionarysmall evolutionary scale. To examine the usefulness of
process deforms the folding energy landscape towardge method at broader scale, SSU rRNA molecules from
higher order and stability. Therefore, considerations inrepresentative organisms of the archaeal domain of life
statistical mechanics of evolved RNA molecules and corwere analyzed (Fig. 4). Shape trees grouped archaeal
rect experimental reconstruction of known rooted topolo-rRNA structures in a monophyletic group (78% BS), in
gies (shown in section above) provide strong support tavhich the Crenarchaeota and Euryarchaeota kingdoms
the validity of character polarization and the rooting of were clearly identified. Topologies were only moderately
trees. supported but resembled those inferred from rRNA se-
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ssi66 — Methanopyrus kandleri T three initial dramatic evolutionary events. While the
5583 Thermococcus litoralis 1 monophyly of individual domains was essentially non-
svss | L[— Methanothermus fervidus controversial [with an exception in the Archaea (Tou-
’ . - ‘
s1ez Methanococcus jannaschii | & rasse and Gouy 1999)], the topology of the trees was
L i | @© P . . .
Pyrococcus furiosus B striking. Phylogenies were rooted in the eukaryotic
58/50 Haloferax volcanii |'S . . .
31170 H—. ) ) | @ branch, the sisterhood of Archaea and Bacteria being
49/891 Halobacterium halobium -
65/86 . 0 supported by 50% and 97% BS values for SSU and LSU
Methanobacterium thermoflexum | . . L.
ss163 | i L Methanospirillum hungatei | rRNA, respgctlvgly. The rooting suggests that it IS
199n%0 \L Archaeogiobus fulgidus ] equally parsimonious to assume that e|th(_ar ancestral uni-
| |, Pyrodictium occultum - cellular eukaryotes or prokaryotes gave rise to all extant
Sulfolobus acidocalcarius |8 life forms.
" 9] .
Thermofilum pendens g Ancestral molecules inferred from structural phyloge-
Desulfurococcus mobilis g netic analysis were used to visualize which structural
as/6h Thermoproteus tenax | S features in rRNA molecules had changed in the course of
Pyrobaculum aerophilum ! evolution. For example, the ancestral LSU molecule con-

— 50 changes Lb————— Giardi i . . .
9 Gardia lamblia tains features that are absent or considerably reduced in

Fig. 4. Phylogenetic reconstruction of an archaeal tree based on th\rchaea, Bacteria, plastids, and mitochondria (e_g_, areas
secondary structure of complete SSU rRNA sequences. A total of 1965 nand H1 n) and some eukaryotes (e.g., Cl n,D4 1
informative out of 361 characters were analyzed. Two trees (1566 T . - . .
steps; Cl= 0.612, RI— 0.453; g — ~0.566: PTP tesip = 0.001) ar_1d E20_n) (F|g._2). These fe_atures generally_comClde
were retained after a heuristic search with TBR branch swapping (on&Vith the hypervariable expansion segments [D(ivergent)
of them shown). Characters were also reweighted by maximum valuglomains] responsible for the large size of eukaryotic
of rescaled consistency indices in three successive iterations. A singlg Sy rRNA (Hassouna et al. 1984). The shape trees are

tree (338 steps; C# 0.730, RI=0.693; g = ~1.861; PTPtesh = yorafare consistent with an overall trend towards mo-
0.001) was obtained. All trees shared similar topologies. BS values

>50% for unweighted and weighted analysis are shown above nodeéeCl_'"ar simplification, especially in the prokaryotic do-
The topologies recovered in shape and sequence trees were congrudhains of life.

(PD = 14, SD = 0.093;p < 0.01). Results challenge the prokaryotic dogma that states
that the last universal common ancestor [the “cenances-
tor” (Fitch and Upper 1987)] was bacterial-like in geno-

quence (Woese et al. 1990; Barns et al 1996; Tourassgic and cellular organization, and supports an eukaryotic

and Gouy 1999). Congruence between shape and Sgycesiry (Reanney 1974: Doolittle 1978; Darnell 1978)

quence trees could not be rejected when testing for N0y, the hypothesis that many prokaryotic features orig-

mogeneity of d_ata part|t|ons_p(=_ 0'620)'_ The exclusion inated by simplification through gene loss and non-

of the eukaryotic outgroupiardia lamblig) from analy- orthologous displacement (Forterre and Philippe 1999).

sis did not alter the root or topology of the arc_:hz_ieal "€\ ote that an eukaryotic rooting has been proposed for
(data not shown). These results, and other similarly ob-

. ) ; ) other molecules [e.g. SRP (Brinkmann and Philippe
tained from representative taxa in Bacteria and Eucaryiggg)] and provides a simple explanation for the close
(G. Caetano-Anollg, mns. in preparation), validate char-

acter polarization and the rooting approach utilized an(g;anlogrg%relatlonshlp of Archaea and Bacteria (Koonin et

Isohgoev\rllg:iit;%i;eggggsg ;[r;rc(:llj;?n%f g?ggﬁigfnrgip rs{.gm; The trees reconstructed from SSU rRNA structure de-
picted the unprecedented diversity of rRNA sequence

divergent lineage. This prompted a study of the origin . . - .
and diversification of rRNA structure encompassing allqbserved in Eucarya, with protoctist Ilneaggs being more
primary organismal domains. dlyerse tha_n those of Arphaea} and Bacteria put together
(Fig. 5). This was not evident in LSU rRNA shape trees
(Fig. 6). The SSU rRNA grouping of eukaryal lineages
Global Rooting of the Tree of Life matched for the most part those inferred by comparative
sequence analysis and traditional classification. Shape
Universal phylogenetic trees were inferred from the sectrees continued to show amitochondriate Archezoa (mi-
ondary structure of the small and large subunits of rRNAcrosporidia, diplomonads, and trichomonads) branching
(Figs. 5 and 6). Trees branched in three major monophybefore unicellular eukaryotes with functional mitochon-
letic groups corresponding to the three domains of life.dria. This topology is highly debated (Embley and Hirt
These groups were supported by 59-98% and 91-99%998) and the placement of fast evolving lineages
BS values for SSU and LSU rRNA, respectively. The deemed impossible due to GC content and rate hetero-
monophyly of Archaea, Bacteria, and Eucarya parallelggeneity in rRNA sequence (Philippe and Germot 2000).
that observed in rRNA comparative sequence analysiShape phylogenies also exhibited discordance. This usu-
(Woese 1987; Gouy and Li 1989; Woese et al. 1990; Dally coincided with poorly supported branches, such as
Rijk et al. 1995), and suggest that diversity originated inthe polyphyly of animals in LSU rRNA trees. In other
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Fig. 5. Phylogenetic reconstruction of a
Blast tis homini universal tree based on the secondary
astocystis hominis structure of SSU rRNA. A total of 460

GD:gl“:,/oa.srlI‘zlanrar)n;,;g g?dI:um — informative out of 662 characters were
Y analyzed. Two trees (7193 steps; €l

canthamoeba polyphaga 0.384, RI= 0.770; g = —-0.270; PTP test,

Euglena gracilis . o
p = 0.001) were retained after a heuristic
Physarum polycephalum search with TBR branch swapping. The

Chlorarachnion reptans i ,
Ammonia beccarii rooted shape tree shown is congruent with
Entamoeba histolytica the 50% majority-rule consensus. Successive
Trepomonas agilis character weighting resulted in a tree of
Giardia lamblia 1662 steps (Ck= 0.473, Rl= 0.866; g =
Encepha/itozoon cuniculi —0.305; PTP testp = 0.001). Trees exhibit
Glugea americanus similar topologies. BS values >50% and
139/ Vavraia oncoperae decay indexes are shown above and below
- nodes.

Amebas and
flagellates

J

Archezoa

— 100 changes

instances, major incongruences were very well supof characters according to their relative contribution to
ported, such as the grouping of fungi and plants or mi-molecular stability and the relative rates of substitution
tochondria and chloroplasts in LSU rRNA trees. It isin their encoding sequences.

important to recognize that shape phylogenies can also

be sensitive to tree reconstruction artifacts that are char-

acteristic of sequence analysis. Factors that can incorpdzvolution of Ribosomal tRNA Binding Domains

rate bias in the analysis could include mutational satura-

tion, variation of evolutionary rates across sites, andThe evolution of protein biosynthesis defines the origins
covarion structure (cf. Philippe and Forterre 1999; Phil-of modern biochemistry, and can explain how ancestral
ippe and Germot 2000). Future phylogenetic reconstruckife of a proposed RNA world (Gilbert 1996; Joyce 1991)

tion studies should be fine-tuned by selective weightinggave rise to modern organisms (Reanney 1974; Doolittle
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1978; Darnell 1978; Poole et al. 1998; Forterre and PhilLSU rRNA was a major component of the tRNA-
ippe 1999). If RNA predates protein as a molecular cataprocessing proto-ribosome. In order to gain a novel in-
lyst, pivotal RNA molecules such as rRNA or tRNA can sight into the evolution of protein biosynthesis, the origin
be considered relics of the RNA world and extant indi- and diversification of tRNA binding domains (A, E, and
cators of the course of evolution in early life. Based onP sites) involved in the translational cycle (Table 1) were
inferred molecular fossils (Jeffares et al. 1998), a modetraced in LSU rRNA molecules (Fig. 6B). Phylogenetic
was proposed in which the cenancestor had an eukaryanalysis revealed that binding sites were congruent with
otic-like architecture (Poole et al. 1998). In this model, other LSU charactergp(= 0.477) and produced a tree
the proto-ribosome precursor was an ancient RNA repfooted in the Eucarya with monophyletic groups corre-
licase that was recruited into the role of protein synthesisponding to the three domains of life. Therefore, tRNA
by processing amino acid-tagged tRNA substrates. Sincbinding sites appear to have evolved concurrently with
naked RNA containing the peptydil transferase center irthe rest of the LSU rRNA molecule. Character recon-
LSU rRNA can catalyze the formation of peptide bondsstruction analysis showed that most changes in the P site
(Nitta et al. 1998), it is safe to assume that an ancestralvere ancestral (with an exception in chloroplasts) and
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most in A and E sites were derived, suggesting a mord herefore, shape and sequence appear to evolve concor-
primitive nature of the P binding domain. An unusually dantly and independently from adaptations to specific
large number of structural characters changed in plastidgunctions and molecular environments. However, there
This could be attributed, for example, to acceleratedare no known physical processes capable of modifying
change triggered by endosymbiosis. Clearly, the tracinghape directly and inheritably besides those driven by
of structural characters here described provides a nevitness, mutation, and evolutionary constraint on under-
tool to study macromolecular evolution at the phyloge-lying sequence. Schultes et al. (1999) recently proposed
netic level. the organization of RNA sequence space in nested sub-
sets of increasing biological relevance, with function
arising in the course of evolution from specific adapta-
Secondary Structure, Evolution, and tions in structure and these structural phenotypes from
Phylogenetic Inference sequences encoding molecules with well-ordered confor-
mations. The proposed link between structure and se-
The evolutionary role of RNA structure here uncoveredquence here uncovered is consistent with this hypothesis
is of paramount importance. The phylogenetic tracing ofbut requires of an overlapping structural diversification
structural transformation shows that RNA moleculesmechanism that is concurrent with functional adaptation
evolve to attain high conformational order [much of (evolutionary design) and self-organization (order) and
which appears intrinsic (Higgs 1994; Schultes et al.can fully explain the origin of structure and function in
1999)]. This search for greater structural stability andRNA.
uniqueness imposes a directionality principle on second- The cladistic method here proposed constitutes a new
ary structure that increases thermodynamic entropy, isool for phylogenetic inference that complements classi-
entirely based on the statistical mechanics of moleculeszal methods of primary sequence comparison. Both, se-
and could be a major factor constraining the sequence ajuence and structural analysis can reconstruct the evo-
coding DNA. A molecular tendency towards order andlutionary history of an individual molecule and they can
stability supports a thermodynamic theory of evolutiondo this congruently. Consequently, shape phylogenies
(Gladyshev 1978; Black 1978; Gladyshev and Ershowan be used to confirm results obtained by classical phy-
1982) in which free-energy dissipation occurs at the exdogenetic analysis or complement the comparative analy-
pense of increasing the chaos of the rest of the universajs of sequences that contain many indels or are difficult
and is optimized as biological systems become more reto align. The method here proposed is at present ineffi-
fined or complex. cient, sometimes failing to reconstruct indisputable
The tendency towards order helps move structures ilades. This limits its widespread use in the study of
evolutionary time through adaptive landscapes. Thismolecular evolution, pending a more detailed analysis of
movement is not completely free. Instead, it is con-its true potential. At this time it is difficult to evaluate the
strained by biological function and the mapping of se-comparative performance of one or the other method.
guence into structure, making some structures distant devolution is expected to be traced differently in each, as
completely inaccessible (Fontana and Schuster 1998bgharacters (nucleotides and structural features) are the
In this regard, the evolutionary tracing of structural char-subject of different mutation and selection mechanisms
acters could reveal some of the topography of this comand carry their own and distinct phylogenetic signal.
plex and flowing landscape. However, one unique feature of the structure-based phy-
Structural analysis at various taxonomical levelslogenetic method here proposed is its ability to produce
shows that natural selection occurs early in the informarooted topologies capable of establishing direction of
tion flow that originates in nucleic acid sequence andevolutionary change at the molecular level. This feature
ends in an adapted phenotype. Congruent hierarchicalan be very useful in applications where suitable out-
patterns of variation in primary and secondary structuregroups or paralogous sequences are not available.
suggest a direct evolutionary link between genotype (se-
quence) and phenotype (structure) at the molecular levehcknowledgments | gratefully acknowledge G. E. Caetano-Arislle
This link is not greatly constrained by the function of the for support and help in character coding, A. Holst-Jensen, W.D. Bauer,
evolved RNA species analyzed, and could therefore Op:_:md J. Felsenstein for valuable comments, and V. Knudsen for com-

erate at levels other than the organismal unit. Most in_puter programs. A preliminary account of parts of this study was pre-

” ) sented at the Ninth International Congress on Molecular Plant-Microbe
formative characters are variable structural features thaheeractions, Amsterdam, The Netherlands, on July 25-30, 1999.
generally portray regions other than those functionally
conserved (defined by positional covariance) or involved
in known catalytic or ligand binding functions. The few
characters that mf"‘y not fully com.ply with .assumptlons. Ofésai T, Zaporojets D, Squires C, Squires CL (1999) Bscherichia
state transformation (e.g., unpaired regions constraine coli strain with all chromosomal rRNA operons inactivated: com-
by unknown pseudoknot interactions) will tend to be piete exchange of rRNA genes between bacteria. Proc Natl Acad
invariable and should introduce little bias in the analysis.  Sci USA 96:1971-1976
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