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Abstract. Sequences of the Internal Transcribedsomal RNA — RNA secondary structure — Transcribed
Spacer 2 (ITS-2) regions of the nuclear rDNA repeatsspacer

from 111 organisms of the family Volvocaceae (Chlo-
rophyta) and unicellular organisms of the Volvocales, )
including Chlamydomonas reinhardtiiere determined. Introduction

The use of thermodynamic energy opt|m|z_at|on to ger?'Eukaryotic ribosomal RNA (rRNA) genes occur as tan-
erate secondary structures and phylogenetic comparativi

. . c?em repeats and their primary transcript includes small-
analysis of the spacer regions revealed a common sec-

. ) C ubunit (SSU), 5.8S, and large-subunit (LSU) rRNA
ondary structure that is conserved despite wide intra- an . . .
) - . . : Separated by internal transcribed spacer (ITS) regions.
interfamilial primary sequence divergence. The existenc

of this conserved higher-order structure is supported beDurmg ribosome biogenesis in eukaryotic nuclei, a spe-

; Yific cleavage occurs within the Internal Transcribed

the presence of numerous compensating basepa . : .
X . : pacer 2 (ITS-2) of the primary transcript which leads to
changes as well as by an evolutionary history of inser-,

. : L : the eventual generation of the mature 5.8&r&d LSU 3
tions and deletions that nevertheless maintains major aaI

pects of the overall structure. Furthermore, this gener ermini (Veldman et al. 1981; Hadjiolova et al. 1984a,b;

. oY ashimoto et al. 1988; Hadjiolova et al. 1994). Insertion/
structure is preserved across broad phylogenetic lines, A et . . .
eletion mutagenesis studies of ribosomal genes have

it is observed in the ITS-2s of other chlorophytes, in- : . )
. . ) : demonstrated the necessity of certain subsequences in
cluding flowering plants; previous reports of common .
. the ITS-2 that are necessary for proper ribosomal RNA
ITS-2 secondary structures in other eukaryotes were re-

X . transcript processing. Work by Hadjiolova et al. (1994)
stricted to the order level. The reported ITS-2 structure oints to the terminal 326 nt of the ITS-2 and the first

possesses important conserved structural motifs whic 02 nt of the 28S as importanis signals in the human

may help to med|at_e cleavage_s n the_ ITS-2 th?‘t OCCUEranscript. More recently, studies on yeast have eluci-
during rRNA transcript processing. Their recognition can

guide further studies of eukaryotic rRNA processing, anddalted specific regions of the secondary structure of the

) o : . ITS-2 that, when altered, directly affect its processing
their application to sequence alignments may Conmbuu%van der Sande et al. 1992; van Nues et al. 1995). Also
significantly to the value of ITS-2 sequences in phylo- ; y ' ’ '

ribosomal DNA transfected from mouse into rat cells and
Yuman rDNA genes transfected into mouse cells seem to
undergo normal processing despite marked primary
structural divergence (Vance et al. 1985; Hadjiolova et
al. 1994). These data suggest that the spacers possess
information in their higher-order structures that partici-
pates in directing endonucleolytic enzymes to the proper
Correspondence toA.W. Coleman cut sites.

larly in characterizing populations and species.
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Localization of the initial ITS-2 cut site appears to be logically relevant foldings that may not be detectable in
mediated by the formation of thermodynamically stablevitro.
hairpin loops within the ITS-2 that are recognized by the Phylogenetic comparison appears to be a particularly
associated processing molecules. These higher-ord@ttractive approach to studying the ITS-2 in eukaryotes,
structures have previously been visualized in electrorais the work of van Nues et al. (1995) has shown that the
microscopy studies positioned on the ITS-2 of humanportions of the ITS-2 that are most important in transcript
transcripts (Gonzalez et al. 1990). Comparative sequend@rocessing in yeast are those that are evolutionarily con-
analysis, as well as chemical and enzymatic probing angerved. Thus, we have chosen this method of analysis in
energy optimization, have been used to determine putsfrder to determine ITS-2 structures for the chlorophytes.
tive secondary structures of the ITS-2s for several other In this paper, we report the results of the analysis of
eukaryotic organisms (Michot et al. 1983, 1993; Kupri- 0ver 100 ITS-2 regions from the green flagellate order
yanova and Timofeeva 1987; Nazar et al. 1987; Yeh and/0lvocales (Table 1). In addition, previously published
Lee 1990; Venkateswarlu and Nazar 1991; Kwon and TS-2s from the macroalgacrosiphonia arctgvan Op-
Ishikawa 1992: Wesson et al. 1992; Sitdeer et al. Pen et al. 1993) and a full range of representative angio-
1994; Bakker et al. 1995; Baldwin et al. 1995). However,SPerms including the dicot®aucus (Apiaceae),Caly-
to date, among all eukaryotes only the ITS-2 secondarfadenia (Asteraceae)Alnus (Betulaceae)Arabidopsis
structure forSaccharomyces cerevisizemains unam- and Sinapis (Brassicaceae)Canella (Canellaceae),
biguously resolved. Dubautla(Composnge)Cucum|s(Cucurb!tac§aeN|C|a

In yeast, structural data coupled with mutational and(FaPaceae)Gossypium(Malvaceae),Epilobium (On-
insertion/deletion studies have provided strong evidencggraceae)RanuncuIug(RanuncuIaceae)?hotmla (Ro-
for structural elements within the ITS-2 that are impor- saceae)Populus (Sa_hcacgae)Lycopersmon(Solana-
tant for efficient ITS-2 processing (Yeh and Lee 1990;ceae), ar)c-jb\rceuthob|urlr(V|scace_ae) and the monocots
van der Sande et al. 1992; van Nues et al. 1995). Fo ucca (L|I|aceae),Van.|IIa (Orcfydac;eae), an®ryza
other eukaryotes, the bulk of structural ITS-2 determina—uzgagf?fgr&aggygg?nr;;necr!lﬁg;j :)npiihrlrﬁzsa:;gz' izhégzﬁ;g-]e
tion has been inconclusive, with little supporting evi-

X . i ith the phyl i i h -
dence of compensating basepair changes (CBCs) anté)n with the p yogenetlc.comparatwe T"et od, a sec
. o ondary structure possessing several highly conserved
other structural clues. Among animals, only in insects

and trematodes have comoensating basepair chan structural motifs has been defined that can be used to
P 9 P 9§Ride analysis of the ITS-2 sequences of Chlorophyta.

been detected to support proposed secondary structures

in the ITS-2, with a number of CBCs detected in five

tremat(_)de sequences, nine compensatory changes dﬁl'aterials and Methods

tected in seven mosquito sequences, and one CBC found

'n_ eight Drosophila sequences (Wesson et al. 1992; gy ains and Cultures and Growth ConditiorEhe 111 Volvocacean

Michot et al. 1993; Scfilterer et al. 1994). Moreover, aigae used here, obtained from the sources listed in Table 1, were

evidence of secondary structure in plants is circumstangrown in either Volvox medium or soil-water medium (Starr and

tial. at best. Zeikus 1993). To avoid excessive redundancy, from any subgroup no
The difficulty in arriving at a common ITS-2 second- more than two organisms known to be capable of interbreeding are

. . listed.
ary structure for a given group of eukaryotes is usually

compllcaFed by either a hlgh rajte of sequence dlvergence Enzymes, Transformational Procedures, Plasmids, and Sequenc-
among distantly related organisms or a level of consering. For each organism, the nucleotide sequence of the nuclear rDNA
vation that is too great to be structurally revealing within ITS-2 was obtained as described previously (Coleman et al. 1994).
a group of close relatives. However, if a set of Sequencegrieﬂy, DNA extracts prepared using InstaGene Matrix solution (Bio-

: : ad, Hercules, CA) were used as template for polymerase chain reac-
can be obtained that spans the appropriate levels of Cortﬁzons (PCRs) utilizing primers for sites near thee®id of the SSU and

servation, then phylogenetic comparison can pe iNVOKeGhe 5 end of the LSU, yielding the entire region between the SSU and
effectively to reveal secondary and even tertiary Struc1SuU RNA. The product was ligated into pT7 Blue vector (Novagen,
tural elements. Madison WI) and used to transforin coli cells. Minipreps (Sambrook

The phylogenetic Comparative method of analysis j<et al. 1989) of plasm_id DNA from transformants provided the me_lterial

. for manual sequencing of both DNA strands by the Sanger dideoxy
consu;lered to ,be one of the most powerful too,ls f_or un'method (Sanger et al. 1977), using the protocols and Sequenase 2.0 kit
covering the higher-order structure of RNA, with infor- of ys Biochemicals Co. (Cleveland, OH). External (vector) primers for
mation that can sometimes reveal subtle structural motifsequencing are available commercially, and additional primers within
that cannot be detected through single-strand-specifigonserved regions of the 5.8S gene were those used by Goff and Moon
chemical modification of nucleotides or nuclease suscep993)- .
ibility experiments (NoIIer and Woese 1981 Michot et .. MacVectqr and AssemblyLIGN software (Kodak, Interna_tlonal
u y exp ! Biotechnologies, Inc., New Haven, CT) were used to organize the

al. 1984; Gutell et al. 1985, 1992; Pace et al. 1989; Gutelkequences.
and Woese 1990). Furthermore, such analysis yields bio- The algal cultures are clonal. Three to five PCR reactions from each
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Table 1. Identities of the Volvocales for which the ITS-2 was sequehced Table 1. Continued

# Source Origin # Source Origin

“Unicells” E. unicocca 1221 UTEX USA

Chlamydomonas reinhardtii CC620 OGC USA E. sp. Swed Coleman Sweden

C. incerta 7.73 SAG Cuba E. sp. Barb Coleman Barbuda, W.I.

C. callosa 624 UTEX Netherlands E. elegans 1210 UTEX USA

C. zebra 229 UTEX USA E. elegans 1205 UTEX USA

C. cullieus 1057 UTEX USA E. elegans 1201 UTEX USA

C. asymmetrica 70.72  SAG Czechoslovakia Volvoxes

C. lyengarii 221 UTEX India Volvox spermatosphaera 2273 UTEX South Africa

C. mexicana 729 UTEX USA V. spermatosphaera 62 Starr Mexico

C. mexicana 729 UTEX USA V. spermatosphaera Stk Coleman USA

C. geitleri-noctigama 2289 UTEX Czechoslovakia V. tertius 132 UTEX England

C. allensworthii LCA74 Starr USA V. africanus 1892 UTEX South Africa

C. sp. 266 Starr USA V. africanus 1889 UTEX USA

C. sp. Flamin  Starr Germany V. africanus 1891 UTEX Australia

C. sp. 21A Starr USA V. africanus 1890 UTEX Australia

C. komma 579 UTEX Japan V. carteri f. weismannia 1876 UTEX Australia

C. gelatinosa 69.72 SAG Czechoslovakia V. carteri f. weismannia 1874 UTEX USA

Haematococcus V. carteri f. kawasakiensis Kawa Starr Japan

droebakensis 55 UTEX Sweden V. carteri f. nagariensis Poona Starr India

Stephanosphaersp. 2409 UTEX China V. carteri f. nagariensis 72-52 Starr Japan

Stephanosphaera pluvialis 771 UTEX Finland V. obversus 1865 UTEX Australia

Dunaiella sp. FHL V. dissipatrix 1871 UTEX Germany
Volvocaceae V. rousselettii 1862 UTEX South Africa
Pandorina morums V. barberi 804 UTEX USA

Pandorina morum 876 UTEX USA V. globator 955 UTEX USA

P. morum EP-2 Coleman USA V. capensis zyg-6 Starr South Africa

P. morum 1726 UTEX South Africa V. powersii 1864 UTEX USA

P. morum 2331 UTEX Korea V. gigas 1895 UTEX South Africa

P. morum 2332 UTEX USA V. aureus 1899 UTEX USA

P. morum SA-88 Coleman Australia Goniums

P. morum 1732 UTEX Nepal Gonium pectorale 2570 UTEX Canada

P. morum 868 UTEX USA G. pectorale 16 Coleman USA

P. morum FP-3 Coleman USA G. quadratum 2 Starr USA

P. morum 862 UTEX USA G. quadratum 90-423 Starr Nepal

P. morum BI-1 Coleman USA G. sp. 956 UTEX Italy

P. morum 1734 UTEX USA G. sociale KG-4 Nozaki  Antarctic

P. morum 884 UTEX Thailand G. sociale 21028 Nozaki  Japan

P. morum 865 UTEX USA G. sociale 14 UTEX England

P. morum I-b Coleman Chile G. sociale f. sociale 197 UTEX Germany

P. morum 1724 UTEX South Africa G. sociale f. sacculiferum 936 UTEX USA
OtherPandorinaspp. G. sacculiferum 935 UTEX USA

Pandorina charkowiensis  Butler Coleman USA G. sacculiferum 822 UTEX USA

P. charkowiensis 841 UTEX USA G. multicoccum 2580 UTEX Nepal

P. unicocca 2127 UTEX USA G. multicoccum 783 UTEX USA

P. unicocca 2428 UTEX Japan G. octonarium 842 UTEX USA

P. charkowiensis 165 UTEX Finland G. viridastellatum 2520 UTEX Japan
Volvulinas Astrephomenes

Volvulina steinii A Coleman Chile Astrephomene gubernaculifera2477 UTEX USA

V. steinii 1531 UTEX USA A. gubernaculifera Zimbab  UTEX Zimbabwe

V. steinii 1525 UTEX USA A. gubernaculifera 2482 UTEX USA

V. steinii Kris Coleman Argentina A. gubernaculifera Wuhan  Coleman China

V. pringsheimii 1020 UTEX USA A. gubernaculifera SA88-10 Starr Australia

V. compacta 7528 Starr Japan A. gubernaculifera Yoshi Starr Japan

V. boldii 1761 UTEX Australia A. gubernaculifera J Starr Chile
Pleodorinas A. gubernaculifera 2479 UTEX USA

Pleodorina californica 521 Starr USA A. gubernaculifera 1392 UTEX USA

P. californica 809 UTEX USA A. perforata 2475 UTEX Japan

P. californica 198 UTEX USA

P. japonica 2523 UTEX Japan 2“Unicells” (Stephanosphaerfarms a type of colony) encompasses three

P. indica 1991 UTEX Mexico families: Chlamydomonadaceae, Sphaerellaceae, and Polyblepharidaceae.
Platydorina caudata 1658 UTEX USA Remaining groups are all members of the colonial family Volvocaceae.
Eudorinas Sources include CGG= Chlamydomonas Genetics Center, SAS
Eudorina cylindrica 1197 UTEX USA Sammlung von Algen Kulturen, UTEX= University of Texas Algal

E. sp. Wuhan Coleman China Collection, FHL = Friday Harbor Marine Laboratory; Stas R. C.

E. sp. Cox Starr USA Starr, University of Texas at Austin, ColemanA. W. Coleman, Brown

University, Nozaki= H. Nozaki, University of Tokyo
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culture were combined for ligation into vector; in most cases, at leasiTS-2, in comparison to those of the genic rRNA sequences, precluded
two transformant clones were sequenced, and as discussed in Colemé#re a priori identification of CBCs that has been used to study the
(1994), such clones were usually identical in sequence or differed bystructures of other RNAs (Noller and Woese 1981; Michot et al. 1984;
one or two base pairs, usually in ITS-1 (All sequences listed in TableGutell et al. 1985, 1992; Pace et al. 1989; Gutell and Woese 1990). This
1 have been submitted to the Genbank database.) approach was attempted through the use of the Covariation HyperCard

Other ITS-2 sequences utilized wekerosiphonia arctassequences  stack (Brown 1991); however, excessive background noise in the data
from van Oppen et al. (1993yanilla planifoliafrom Dr. Mark Chase,  obscured the detection of potential sites for positional covariations in
and GenBank accessions X68138rus incand, X52320 Arabidop- the Volvocalean ITS-2s.
sis thaliang, L25788 @rceuthobium americanumnu04256 Calycad- Alignments, analyses of all CBCs, and foldings not presented here
enia oppositifolid, L03844 Canella winterang M36377 Cucumis are available from the authors upon request.
melg, X17534 Paucus caroty N93790 Pubautia arborey, L28012
(Epilobium canurjy X74114 Eunaria hygrometricy U12719 Gos-
sypium hirsutury) X52265 Lycopersicon esculentyriM16845 Oryza . .
sativg, U16199 Photinia pyrifolia), X64764 Populus deltoides ~ Results and Discussion
X83848 Ranunculus eny$ii U16203 Rhaphiolepis indicg X15915
(Sinapis albg, X17535 Yicia fabg, U24054 {Yucca whippléi

Gross Sequence Compositions and Lengths

Alignments and Thermodynamic Energy Optimizatitne ITS-2 The ITS-2 sequences of the 111 Volvocales fall gener-
sequences were first aligned by eye in AssemblyLIGN by sequence I ithin th f 220 250 in | h with
conservation. In the Volvocales, thé &nds of the sequences were ally within the range o to 250 nt in length with a

defined according to Thompson and Herrin (1994) and trends were ~ Mean length of 250 nt (SD + 63 ntpleodorina califor-
determined according th@ladophoralLSU (Bakker et al. 1992). For  nica 809 possessed the longest spacer, 501 nt in length,
the other sequences, thednd 3 ends of the ITS-2s were determined gnd the ITS-2 ofChlamydomonasp. 21A was the short-

in accordance with the published or Genbank designations. est at 190 ntPleodorinashowed the greatest length het-

Initial screening for the secondary structure of the sequences was

then conducted by folding the sequences either on a four-processor SLﬁrerne'ty within its genus, with ITS-2 sequences rang-

SPARC station using the mFOLD program for sequences over 300 ntng from 236 nt in Pleodorina indicato 501 nt in
or on a Macintosh computer using the Mulfold program for tempera- Pleodorina californica809. The mea G + C content of
ture-dependent folding (Jaeger et al. 1989, 1990; Zuker 1989). Foldingghe Volvocalean ITS-2 sequences was 48.1% (SD +
were conducted at 20°C using a search within 20% of thermodynamic4_8%), with the highﬁﬁ + Ccontent detected i6hlam-

optimality set to yield 12—-15 suboptimal folds. Since both mFOLD and 0
Mulfold rely on the same RNA folding algorithm, when identical pa- ydomonas callosg8.6%) and the lowess + C content

rameters were used, results were the same for either program. Outpf@und in Pleodorina japonica(35.7%).

was visualized and edited using the LoopDLoop RNA editing program  For the 20 diverse angiosperm ITS-2s (including only

(Gilbert 1992) and the resulting secondary structures were screened f@hotinja to represent the 23 Rosaceae discussed below)

common motifs. . . examined in this study, the ITS-2 lengths were relatively
General sequence alignments were then refined in accordance .

common secondary structures. In order to facilitate the alignments otﬁomOgeneous compared to the Volvocales with a mean

all 111 sequences, the alignments were divided into smaller phylogel TS-2 length of 219 nt (SD + 16 nt) and a range of 187

netically related groups. ITS-2 secondary structures from the RNAto 249 nt. However, the averads + C washigher and

folding programs were then altered manually in order to achieve themore variable than the Volvocales with an average of

.most.phylogeneti_cally _supportgd structures. The'appr'o.ach used is 388 904 (SD + 10_7%) and a range of 30 to 77%. (For a

iterative process in which possible structures are identified and repeat- . .

edly refined until the nucleotide sequence and covariation data andnore e_xtenswe sampling 9f 'e”chm + Cvalues see

structures are in agreement. Baldwin et al. 1995.Acrosiphonia arcteRoscoff, at 183

nt (G + C = 51.9%), turned out to have the shortest

The Search for Compensating Base-Pair Changdse aligned chlorophyte ITS-2 examined. L
sequences were searched for covariations. CBCs were defined to in- Although there may be some lower limit to the length
clude Watson-Crick pairings and-\& pairs. Covariations were re- Of the Volvocalean ITS-2, reflecting the core conserved
corded to be those positions withimambiguously alignableubse- Secondary structures discussed below, there is no appar-
guences that changed so as to maintain base pairing. Also, up to tW@nt upper limit. If we use the mean ITS-2 Iength of 250

consecutive, fully base-paired positions immediately adjacent to the . 0
end of a helical region of completely alignable positions could be nt, approxmately 52% of the average Volvocalean ITS-2

included as CBCs. These criteria were established in order to reduce tHeONSists of these conserved subsequences. Thus, about
number of nonhomologous, therefore nonrelevant, pairings flagged ad8% of the typical Volvocalean ITS-2 appears to be free
covariations. N ' to diverge, within the limits that such changes do not

_ In addition, the sgarch for positional covariances took plqce_ at tW°disrupt formation of the core structure. FOr sp. 21A,
different phylogenetic levels; across the Volvocales and within sub- .
groups of more closely related organisms, which generally comprisety\/hlch possesses the ShlorteSt Volvocalean ITS'Z’ con-
the same genus but represented a large family in the case of the R&ETVEd sequences constitute 68.4% of the entire spacer
saceae. Compensating base-pair searches within groups of more closdgngth.
related organisms permitted the detection of covariations that would  |n individual cases, e.g., species Bfeodorinaand
have been lost at higher levels of genetic distance. Furthermore, SUO{}'OIVOX spacer Iengths can vary greatly with no obvious
covariations are considered to be more significant than those detected . . . . '
among more distantly related organisms (Gutell et al. 1994). upper _“mlt' ForPleodorina californica809 where _the

The higher divergence rates, greater difficulty in aligning divergent | TS-2 is 501 nt, conserved subsequences comprise only

sequences, and lesser constraints acting on higher-order structure in t26.0% of the entire spacer. Interestingly, it is the non-
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conserved portions of the. californical TS-2s that have ITS-2 sequences solely by primary structure, certain sub-
high A + U content, leading to the lowest ovdr&l + C ~ sequences of the Volvocalean ITS-2 appear to be highly
levels in the Volvocales (36.6-3648G + C). conserved whereas other regions are highly variable, to

The situation in the other plants seems to mirror thethe point that they cannot be reliably aligned among
Volvocalean requirement for a minimum *“core” ITS-2; members of even the same species designation. How-
the homogeneity in the length of the higher plants’ ITS-ever, the highly conserved regions of the ITS-2 are
2s stems from the preservation of underlying secondaryeadily alignable acrosall of the Volvocales. These 116
structure (see below). “universally alignable” positions are boldfaced and
given subsequencde-l designations in Fig. 1. Within the
order Volvocales, over half of these positions possess
conservation levels (C) with & 1.30 (Fig. 2), which
indicates that these sites share the same nucleotide in
greater than 83% of the sequences examined.

Figure 1 illustrates the secondary structur€bfamydo- Furthermore, the positions of these subsequences in
monas reinhardtiiand Eudorina unicocca)TS-2 fold-  the phylogenetically supported secondary structure of the
ings typical of most Volvocales, as well as the moreVolvocales makes it obvious why they are evolutionarily
unusual VariantsPlatydorina caudataand Volvox conserved. As shown in Table 2, 85.3% of the univer-
spermatosphaeraMost of the ITS-2 appears to be a sally alignable positions fall into regions that base pair.
self-contained folding complex, usually consisting of Moreover, certain highly conserved subsequences orient
four distinct hairpin loops. No evidence for long-range themselves such that they pair on opposing sides of helix.
interactions could be detected, including tertiary interac-Pairings of these regions are strongly supported by evi-
tions, save for the putative’®.8S and 5LSU base dence of covariations within the Volvocalean ITS-2 (Fig.
pairing suggested in Fig. 1 that may also involve the firstl). The selective pressure to preserve certain pairings
and last few nucleotides of the ITS-2. The concept of thewithin the ITS-2 implies that the formation of these he-
ITS-2 as a self-contained domain supports experimentdices plays an important biological role during some
evidence which indicates that excision of the ITS-2 fromstage of ITS-2 processing.
the transcript is a process largely separate from that of As shown in Fig. 2, the consensus Volvocalean ITS-2
ITS-1 removal. Such studies have demonstrated that theecondary-structure model is composed of four major
main cleavage within the ITS-2 can occur even if pro-helices, each of which is discussed in detail in the legend.
cessing in the ITS-1 is abolished (Musters et al. 1990A|l numbers will refer to theC. reinhardtiiITS-2 nucleo-
van der Sande et al. 1992; Hadjiolova et al. 1994; vahitide positions unless otherwise noted.
Nues et al. 1994, 1995) It is also worth mentioning that When primary structural conservation data are super-
Hadjiolova et al. (1994) have noted the possibility thatimposed on a map of the ITS-2 secondary structure, an
the 5.8S-28S association, which has been previously hyinteresting pattern begins to emerge which characterizes
pothesized to associate during rRNA primary transcripthe central core of the ITS-2 (Fig. 2). Near the bases of
processing (Veldman et al. 1981; Hadjiolova et al-the four domains, there is an unusually high level of
1984b),may notbe involved in ribosome biogenesis.  gequence conservation present within the putative single-
The ITS-2 secondary structural pattern observed inyyranded regions and at the proximal regions of the he-
the chlorophytes appears to re:flect a dynamic foldingjices There is a degree of uncertainty about the absolute
process as it is synthesized-83'". The localized hair- y/qygcalean ITS-2 structural conformation near the
pin loops with limited long-range pairing interactions \,qeq of helices 11l and IV and between nucleotides (1—

may illustrate a compactlon of the ITS-2 portion of the 3)(239-241) since supporting covariation evidence is
primary YRNA transcript as has be?” proposed by Ven]acking, so more of the ITS-2 than illustrated may be
ngsetz\(ljv?r:gjti?ndeglca;?(:c(;sggels).pTais\g(rjllijri;%Sr?;r:f?orea;iﬁ%ﬁngle_snaﬂded' In any case, it is clear that this area of
formation of functional structures in RNA (Emerick and e ITS is highly conserved in primary structure and at

Woodson 1994; Zarrinkar and Williamson 1994; Gulty- Iea;hi%r:rem(gr';he tEZSI‘t‘IOQISr’n?’reofSI?r?lee-‘?]‘t(;?jr:’fj]‘?:.ere d
aev et al. 1995; Konings and Gutell 1995). ’ P 9

hand” is purine-rich in content, especially in adenine, as
eight out of the 12 universally unpaired adenines fall
Evolutionary Conserved Sequence Tracts Are Related within the vicinity. As Table 2 illustrates, 47.8% of uni-

to Higher-Order Structure in the Volvocales versally alignable adenines fall into unpaired regions,
compared to no unpaired guanines in the same areas.

The set of Volvocalean ITS-2 sequences spans an entifEhis situation is reminiscent of the findings in the SSU
order of green algae and includes sufficient informationrRNAs in which universally conserved positions, which
on the population, species, genus, and family levels tavere usually found in single-stranded regions, contained
reveal evidence of higher-order structure. When aligningadenine twice as frequently as G, C, or U (Gutell et al.

The Chlorophyte ITS-2 Contains Few Long-Range
Interactions and May Reflect a Dynamic
Folding Process
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Fig. 1. Secondary structures of the ITS-2s for the organism desig-headsadjacent to nucleotide positions for which compensating base-
nated as the primary modeGhlamydomonas reinhardtiand repre-  pair changes found among various volvocales could be unambiguously
sentative Volvocaceaeyolvox spermatosphaera273, Eudorina mapped back to the ITS-2 @. reinhardtii. Nucleotide positions with
unicocca,andPlatydorina caudataStructures are numbered every 40 arrowheads on opposing sides the helix all demonstrate positional
nucleotides withtic marksat ten-nucleotide intervals. In all four dia- covariations in at least one case (e.g., A:G:C) except 53:98, for
grams, the 116 universally alignable nucleotide positions within thewhich one-sided compensating changes (involvings Wairs;
Volvocales are irbold print. The four major helices are labeled I-IV U-G- C:G and UG- U:A) occur on either side of the helix in sepa-
and the universally alignable subsequences are given correspondingte lineages. Only il€. reinhardtii is the putative universal’$.8S/
letter designations. Placed on tke reinhardtii diagram arearrow- 5'-LSU interaction presentedtalicized and boldfaced.

1985). The role that the adenine within single-strandedaired” in Table 2all participate as conserved structural

regions might play in ITS-2 processing is presently un-motifs, described earlier (noncanonical pair 59:92 and

clear. positions 166 and 175). It should be noted that no con-
The four universally alignable uracils that are “un- served AG pairs have been detected in the Volvocalean
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ITS-2, despite their presence in the large and small rithe 116 conserved positions, but these changes still pre-
bosomal RNA subunits (Gutell and Woese 1990;serve the basic secondary structure. Major differences in
Gautheret et al. 1994; Gutell et al. 1994). the variable regions, especially base-paired extensions of
the conserved helices, coupled with compensating base-
pair changes in the universally alignable subsequences,
serve to define the genus level. Members of the same
genus can usually be identified by virtue of shared sec-
ondary structural elements not part of the core structure.
The ITS-2 of the Volvocales possesses a considerabl'éina”y’ increased ygriability in Fhe universally alignable
level of length heterogeneity. However, the insertionsSUbsequences typifies the family level and above.
and deletions that account for the large preponderance of
variability in the ITS-2 do not seem to impede the for-
mation of conserved structural elements.

As discussed above, nearly all of the major indels
occur between the universally alignable subsequences
and they pair in ways that still maintain the core struc-The high level of conservation of specific primary and
ture. In fact, within the ITS-2 of &£. reinhardtiivariant  secondary structural elements within the Volvocales led
interfertile with the one included in this manuscript, the us to extend our ITS-2 structural analysis to other taxa of
only difference between the two ITS-2 sequences is dhe green line of evolution.
“clean” and symmetrical 10-nt deletion at the tip of
helix | that preserves the overall structure. Nearly all of
the large insertions (>10 nt) are extensions of base—paireyl"’lcro"’Ilgal and Moss Spacers

. . i ; : First, the sequences of ten geographic isolates of the
regions, similar to the observations made in the dlvergenFnarine macroalaaAcrosiohonia arctawere examined
domains of the LSU rRNAs (Michot et al. 1990). 9a; b '

The high toleration for indels within the Volvocalean (van Oppen et al. 1993)crosiphoniawas the most

ITS-2, particularly at ends of conserved helices, mightdIStam green alga fror@hlamydomonator which a set

help to explain not only how the ITS-2s of closely reIatedOf go_mplete ITS-2s illustrating positions of sequence
variation was found.

organisms have managed to diverge rapidly but also how These sequences were highly uniform, with nucleo-

higher eukaryotl_c organisms (e.g., mammals) haVe[ide changes at only 11 positions, five of them leading to
evolved to have significantly longer ITS-2s than the ones : . .
observed here compensating base-pair changes. All the other differ-

' ences from the sequence shown fell in terminal loops or

conserved bulges. Consequently, the structure presented

Types of Changes in Volvocalean ITS-2 Secondary in Flg 3 ofAcrosiphonia arctaRoscoff is Iargely based
Structure Reflect Differing Taxonomic Levels on the phylogenetically derived Volvocalean model. The
structure preserves the familiar four-helix domain, as

Changes in Volvocalean ITS-2 primary and secondarywell as the universally conserved pyrimidine mismatch
structure vary at different levels in the classification hi- in helix Il and the GGU triplet 5to the apex of helix Il1.
erarchy (Coleman and Mai, manuscript in preparation)Furthermore, it is possible to assign homology of subse-
Among organisms capable of intercrossing, the 116 conguences inrAcrosiphonia,labeledA, B, C, D, andl, to
served base positions in the ITS-2 are identical in thehose of the Volvocales with some degree of certainty.
majority of cases; exceptions differ by at most threeHowever, the subsequences markgdr, G, andH have
nucleotides, all of which are substitutions which occur indiverged to the point that they are no longer unambigu-
the single-stranded regions at the base of the helices or iously alignable with their Volvocalean counterparts. It is
the bulges of the hairpin stems. In rare cases, a singlaotable that at this level of ITS-2 divergence, the highly
base substitution can be found in the last conserved patonserved nucleotide bulge at position 1750nrein-
(65:86) of helix Il which still preserves the pairing (e.g., hardtii is no longer present, despite its conservation
U-G- C:G). These observations have led to the recogniacross the Volvocaleécrosiphoniaapproaches the lim-
tion and subsequent confirmation@hlamydomonas in- its of where sequence homology to the Volvocalean
certa as the nearest available relative ©f reinhardtii  ITS-2 can be directly assigned by comparison of primary
(Goodenough et al. 1996). structure. The ITS-2 oFunaria hygrometricaa moss,

Above the biological species level, some species conwas also examined, which led to the detection of a pu-
sidered to be taxonomic sisters conserve the universalliative homologous region to the Volvocalean helix I
alignable subsequences but exhibit sequence variation ifiFig. 4). Nevertheless, uncertainty about thed of the
the stem-loops, particularly in helices | and IV. Other moss ITS-2 prevented identification of structure beyond
putative sister species display significant changes even ithis second stem-loop.

Preservation of Secondary Structural Motifs Is High
Even in the Presence of Numerous Indels in
the Volvocales

ITS-2 Secondary Structure in Other Members of the
Green Line of Evolution
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-3, +89 nt

Fig. 2. Conserved volvocalean core ITS-2 superimposed on the secthe majority of CBCs detected are shared only within the same genus
ondary structure o€. reinhardtii. The structure is numbered every 40 or speciesHelix Il. The paired nucleotides (53-7@3)8—98) form the
nucleotides withtic marksevery ten nucleotides. Nucleotidesvimite region of the ITS-2 designated as helix Il. Extensive covariation char-
lettering on a black backgroundg.g., position 100, are absolutely acterizes this part of the ITS-2, with very few insertions/deletions (in-
conserved in all volvocales examined he@2 € 2.00); nucleotides in  dels) found within the base-pairing areas of subsequeBeeslC that
white lettering on a gray backgrouniddicate “very high” conserva- lie within the domain. The twd&-U pairs at the base of the helix are
tion (two exceptions, at most, out of all 111 organisms; 2.00 = highly conserved throughout the volvocales. Most striking is the uni-
1.83), e.g., at position 203 whe@e= 1.87, A—98%, C—2%unboxed  versalU-U juxtaposition (aC-U pairing in just two of the 111 volvo-
lettersindicate positions of “high” conservation (1.83 € = 1.30), caleans) at position 59:92. The preservation of this motif is remarkable
e.g., at position 118 whef@ = 1.32, U—86%, A—10%C—4%; open in the light of the fairly high level of nucleotide changes that occur in
circlesindicate “moderate” conservation (1.30 € = 0.30), e.g., at  the surrounding sequences, suggesting an important function for this
position 86 whereC = 0.31, G—59%, A—15%C—15%, U—10%, structure. Although the volvocalean core ITS-2 structure shows that
deletion—1%;solid circlesindicate “variable” positions C < 0.30). helix 1l possesses few residues with= 1.83, conservation gfairing
Nucleotides shown are chosen by majority rule at each position conis high since most of the nucleotide changes still result in pairings.
sidered. The Conservation Valu€)(at a given position for all 111  Beyond the limits of the conserved subsequergesdC, toward the
ITS-2 sequences was calculated using the following expression fromapex of the helix, substantial variability is present, but in a manner that

Gutell et al. (1985): preserves the base pairing of the conserved sequedets.lll. Helix
I, (101-151)(156—204), is generally the longest helix in the volvo-
C = 3P, log, (4P) + P, log, (P,) calean ITS-2 and, interestingly, exhibits in regiemear the tip of its

loop the highest degree of primary and secondary structural conserva-
whereP; = frequency of occurrence of basat a given position and  tion within the ITS-2. ThedG for the 104 residues that make up this
P, = frequency of deletions occurring at that position. Within the domain inC. reinhardtiiis approximately —43 kcal/mol. The two basal
universally alignable regions of the ITS-2, phylogenetically supportedpairings (101-102j203-204) are not universally paired but have the
pairings that always have the potential to pair are denoted suilid potential to pair in most of the volvocales. Much of helix 1lI, especially
black bars.Phylogenetically supported pairings with only a few ex- near the end of the loop, maintains base pairing across the volvocales
ceptions in the volvocales(9 out of 111) are denoted withpen bars. such that the general secondary structure is preserved. The region of the
Approximate locations of the volvocalean indels of greater than twohelix from (137-140f170-173) is conserved to the extent that pairing
nucleotides arboxedor denoted byhollow arrowheadsind the ranges  potential is maintained for all 111 volvocales. Also, the longest abso-
of length variation are indicated with respect to t8e reinhardtii lutely conserved nucleotide sequence within the volvocales is observed
ITS-2. Helix 1. Helix | runs from (6—24)29-49) and can be highly near the apex of helix Ill, a GGU triplet from positions 143-145.
variable in both length and sequence from one organism to another. I€uriously, there is a higher level of conservation of primary structure
C. reinhardtii, the domain has &G = -21.1 kcal/mol for its 44 nt.  on the 5 side of the arm than on thé 8ide. This imbalance is mainly
Helix | variants still maintain fairly stable hairpin loops which preserve accounted for by a greater number of base changes ori #iéeBwhich
association of the basal 6:49 and 7:48 pairings, conserved throughouwre still compatible with base pairing (one-sided CBCs involv@g
the volvocales. Although some of the covariations within helix | can be pairings); however, the reasons underlying this bias are unknown. The
unambiguously mapped back @ reinhardtii from other volvocales, helix contains several conserved motifs interrupting thei@e of the
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Table 2. Nucleotide composition and distribution in the ent@ereinhardtiiITS-2 sequence (upper portion) and in the 116 universally alignable
positions across Volvocales (lower portidn)

Base Number Percentage Base paired Unpaired Percentage unpaired

All C. reinhardtii positions

A 51 20.9 28 23 45.1
C 61 25.0 42 19 31.1
G 66 27.0 61 5 7.6
u 66 27.0 47 19 28.8
Total 244 178 66

52% G+C 73.0% 27.0%

Universally alignable positiofis

A 23 19.8 12 11 47.8
C 26 22.4 24 2 7.7
G 38 32.8 38 0 0.0
U 29 25.0 25 4 13.8
Total 116 99 17

55.2% G+C 85.3% 14.7%

2Universally alignable positions are the highly conserved subsequences marked in boldface in Fig. 1
b Nucleotide used in calculation at given a position chosen by majority rule

The Angiosperm ITS-2 As shown in Fig. 3, the representative folding for the
In only a few cases were sufficient complete se-RosaceaePhotinia pyrifolia, possesses the conserved
guences available, reflecting the appropriate level of refour-helix domain common to the green algae. Helix Il
latedness, to permit use of comparative modeling in othecontains the conserved pyrimidine mismatch pairing
chlorophyte ITS-2s. These instances were confined to théwo sequential pairs in the Rosaceae) and helix Il con-
flowering plants, where the majority of the plant ITS tains the universally conserved GGU (positions 127-130
sequencing has been done to assess phylogenetic reia-Photinia) near its apex on the' side. Helix Ill, which
tionships. Sequences representing both monocots and d& generally the longest helix in the Volvocales, is also
cots were obtained in order to survey overall features othe longest helix within the rose family. Nucleotide con-
the angiosperm ITS-2. servation was rather high across the family in compari-
A set of closely related angiosperm ITS-2 was requiredson the Volvocaceae; however, sufficient numbers of
first in order to obtain a more highly resolved secondaryCBCs could be detected to substantiate portions of the
structure which could then be compared to other floweringepresentative folding (Fig. 3).
plants. The sequences of 23 Rosaceae (Campbell et al. When the simple procedure of measuring the number
1995), all but four belonging to the subfamily Maloideae, of nucleotide changes at a given position across the 23
were chosen because of their especially high level of ITS-Zequences is applied (a simple form of conservation
pairwise sequence divergence in comparison to other senalysis), a pattern of variable sequence conservation in
guenced plant families (Baldwin et al. 1995). the ITS-2 becomes apparent. The spatial positioning, lev-

arm. Between residues 160 and 163 lies an area that forms a smadfelices. Its high divergence rate, even among sequences from organ-
bulge (usually one-sided) present in most organisms. It can range iisms classified as the same species (e.g., thé?dsdorina morum

size from 1 nt in some unicells to 13 nt Fleodorina californica.A sequences), prevents most of the positional covariances from being
few bases away, toward the base of the helix, there is usually amapped back t&. reinhardtii. Nevertheless, there is sufficient com-
unpaired nucleotide on the 8ide (position 166; usually uracil). How- pensating base-change evidence available to be confident of its exis-
ever, the most prominent and highly conserved motif is an unpairedence in most organisms. Despite the high divergence characterizing
nucleotide that is almost always uracil, but never guanine at positiormost of this ITS-2 substructure, residues 206-209 are very conserved
175 (C = 1.44). The presence of the bulged nucleotide across all of thgC = 1.83). Although they are shown as paired in Fig. 1 due to mini-
volvocales suggests that it might represent an important signal needemium free-energy calculations, nucleotides 206—208 may actually be
for excision of the spacer. This helix also contains a number of variablesingle-stranded. (The evidence for association is largely “neutral”;
regions that lie between its conserved subsequences. The nucleotidesany potential pairing partners are present, but there are no certain
from 124-130 inC. reinhardtii form a one-sided bulge, which, when CBCs to confirm pairing.) IrC. reinhardtii, the helix has a theoretical
extended involvox aureusand Platydorina caudatacan base pair to  minimum free energy of —10.9 kcal/mol for its 33 nt. In other taxa,
form a “sidearm” that juts out between the conserved subsequences [Belix IV can be considerably longer and can generate a more stable
and F (Fig. 1). Also, at the tip of helix Ill, insertions up to +89 nt stem-loop. With respect t6. reinhardtii, Volvox carteri f. weismannia
compared tcC. reinhardtiihave been observed which seem to associate1874 has an insertion of 103 nt, which associates into an extended
stably into base-paired extensions of the helix that do not interfere withhelix; however,Chlamydomonas culleusas a deletion of 22 nt that

the conserved pairingsielix IV. Helix IV is a short region from (206— nearly removes the entire substructure.

217Y(223-238) which has the highest variability of all of the ITS-2
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Fig. 3. Secondary structure of the ITS-2 region of selected nonvol-correspondingetter designationsAdditionally, in Photinia, family
vocalean green organisms; the marine macrodgagsiphonia arcta  conservation of nucleotides is represented on its ITS-2 structure;
Roscoff, and three flowering plantBhotinia pyrifolia, Sinapis alba,  nucleotides irwhite lettering on a gray backgrourfthve no changes at
andOryza sativa.Structures are numbered every 40 nucleotides with that position among the 23 Rosaceae sequences examined; nucleotides
tic marksat ten-nucleotide intervals. Helices are labeled according toin bold, uppercase letteringave one change at that position out of the
assumed homology to the volvocalean model. (Note @tza can 23 sequences; nucleotidesjirst uppercase letterinbave two excep-
have two helices in the position typically occupied by helix IV.) All tions; and nucleotides ilowercasehave three or more exceptions at
four diagrams illustrate the universally conserved pyrimidine— that position Arrowheadson Acrosiphonia arctandicate the positions
pyrimidine pairing(s) in helix Il and the conserved trinucleotide motif where CBCs were found among the ten geographic isolatesaand

in helix Ill. (These conserved nucleotides are marked witlite let- rowheadson Photinia pyrifoliaindicate CBCs among the 23 Rosaceae
tering on a black backgroundThe regions irAcrosiphonieof putative sequences. The ITS-2s 8fnapisandOryzaare based upon minimum
subsequence homology to the volvocales are indicatédlofface and  free-energy calculations. Of the two, orynapishas been modified to
labeled.Similarly, subsequence regions Rhotinia possibly homolo- illustrate the potential pairing between its &nd 3 ends.

gous to the conserved volvocalean subsequences are denoted with the

els of conservation, and pairing of the conserved subhave the potential to be single-stranded and are rich in
sequences mirror the core Volvocalean ITS-2 closelyconserved adenine residues.
enough to be assigned putative homologous subse- The close correspondence in features of the Rosacean
guence designations in Fig. 3. Subsequer2eand I, and Volvocalean ITS-2s does not arise from similarities
which lie at the base of helix Ill in the Volvocales, in nucleotide sequences. Even with the aid of alignment
could not be assigned with confidence to the rose familyby secondary structure, regions of sequence similarity
ITS-2. are not obvious (except for the conserved GGU motif).
As in the Volvocales, helices Il and 1l exhibit the Thus, it should be assumed that assignments of homol-
least variation among the taxa. Helix | is more variableogy across such large evolutionary distances should be
and helix IV possesses the highest level of variability,taken as provisional.
with an additional small helix appearing between helices The conserved four-helix domain motif also consis-
Il and IV in a few species. A further resemblance to thetently reemerged across a wide spectrum of other angio-
Volvocalean ITS-2 is observed, with thé &ide of helix  sperm ITS-2s from thermodynamic predictions. Second-
Il of the Rosaceae exhibiting a higher degree of conserary structures ofSinapis and Oryza, in addition to
vation than the 3side. The final parallelism between the Photinia, are shown in Fig. 3 to illustrate the general
two is that the sequences connecting the four helicestructure found in the angiosperms. The ITS-2s of some
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Fig. 4. Structure of helix Il in representative green algae, a moss, andoulge.) In addition, two alternative foldings férabidopsis thaliana
flowering plants. The universally conserved pyrimidine—pyrimidine are shown. There is a deletion in a normally conserved region of the

pairing(s) is marked iboldface. Numbereefer to the position of the’5
and 3 termini of the helix according to Fig. 1 fo€. reinhardtii or

helix in Arabidopsiswhich causes the bulge to become asymmetric, as
shown in helix 1 (leftmost). However, a potential alternative pairing is

according to the sequence deposited in GenBank. Of the angiospermossible, helix 2 (rightmost), in which a cytosine (727) is unpaired on

sequences examined to date, onlyGucumisis a purine, adenine,
present in the conserved internal bulggu¢umis meldas one adenine

in the bulge and its relativeGucumis sativushas two adenines in the

the 3 side of the stem-loop, leading to the formation of the symmetrical
pyrimidine—pyrimidine twin pairings observed in most dicots.

angiosperms had the potential to form three to six heli-ering plants have anticipated some of the observations
ces, although the equivalent of Volvocalean helices I, ll,presented here. The putative secondary structur@aef
and Il were always present. In spite of high variability at lycadenia oppositifolisshown in Baldwin et al. (1995)
the interfamilial level, the two most conserved featurespredicts helices |, Il, and Ill that are nearly identical to
of the Volvocalean ITS-2, the universally conserved py-our own estimates. This seems to be due to the use of the
rimidine mismatch (double pyrimidine—pyrimidine pair- program FOLD, which uses the same algorithm that is
ings in many cases) in helix 1l (Fig. 4) and the GGU employed in Mulfold and mFOLD (Jaeger et al. 1989,
triplet on the 5" apex of helix Il (Table 3) were found in 1990; Zuker 1989). The Zuker algorithm is able to pre-
all of the angiosperms studied. The conserved UGGUWlict the foldings of the ITS-2s rather well. Also, by use
motif was previously noted in the ITS-2 of angiospermsof maximum base-pairing methods, Venkateswarlu and
(Liu and Schardl 1994), but was not linked to secondaryNazar were able to suggest a folding for tHeotiana
structure. Once again, helices Il and Il are the mostrustica ITS-2 which recognized stem-loops comparable
highly conserved helices across the angiosperms, as o the termini of our helices Il, 1ll, and IV (1991). How-
the Volvocales, with helix 1l always the longest stem- ever, in neither case was evidence uncovered for covaria-

loop in the species studied.
Previous searches for secondary structure in the flowsperm ITS-2s.

tions to support the structural estimates of the angio-
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Table 3. Nucleotides common to the green algae flowering plants gests areas of the ITS-2 to focus upon for future studies

examined

of rRNA transcript processing in eukaryotes. Since the
structure that we have proposed for the ITS-2 does not

Chlamydomonas reinhardtii CUACUGGGUAG . . .
Acrosiphonia arctaRoscoff CAGCAAGGUAG  Closely resemble that of yeast, further investigations
Lycopersicon esculentum AGUGGUGGUUG should help to determine which, if any, of the various
Calycadenia oppositifolia AGUGGUGGUUG  domains found in yeast and the Volvocales/flowering
Drl:bé‘u_“a aft_}oi_ea UGgggUngUUg plants are indeed homologous and whether they are pro-
Photinia pyrifolia AU vy cessed by the same mechanisms. ITS-2s of the various
Daucus carota AUCGGUGGUUG R . .
Vicia faba GAUGGUGGUUG  Major eukaryotic lines of evolution may have evolved
Epilobium canum CGCGGUEGUUG independently, to the point where processing motifs and
Arceuthobium americanum UGUUUUGGUUA mechanisms differ. Even if this is the case, the unex-
SUCUIm'Sde'Qd Xéggguhggggg pected uniformity of ITS-2 structure in widely separated
opulus aeltoides : H :
Arabidopsis thaliana UGCGOLEGUGA organisms such as green ur_ucells and flowering plants
Sinapis alba UGCGGWGGUGA  raises the hope that other series of sequences can be usec
Gossypium hirsutum AUCGGUGGUAA to resolve ITS-2 secondary structure both within and
Alnus incana AUCGGUGGUUG  across major phylogenetic lines.
ga”e”a ";"ntera”?‘_ ﬁggggﬁgggg The higher-order structure of the ITS-2 also has im-
anunculus enysii . L . . i
Oryza sativa GCGCAUGGLIGG portant implications for phylogengtp analysis. The ITS-2
Yucca whipplei GceAGeouGgG 1S commonly used for phylogenetic inference, so knowl-
Vanilla planifolia UGUUGUGGUGU  edge of the structural constraints acting upon this spacer

2This 11-nucleotide sequence is found on thesifle of helix Ill. The
GGU triplet is universally conserved; note increased level of diver-
gence in flanking sequences. TH&EGU motif is preserved across all

flowering plants.

is crucial because of its direct effect on both the align-
ments and the weightings used in phylogenetic analyses
(Hillis and Dixon 1991; Dixon and Hillis 1993). Varia-
tion in distal positions of the hairpins can be expected
even among interbreeding organisms. Further investiga-
tions into this matter should help to define clearly the

Conclusions and Prospects secondary structural constraints shaping the sequence of
this spacer region. Even without considerations of
The conservation of primary sequence elements and aieighting, the use of higher-order structures should at
basic secondary structure points toward a significanteast serve to improve the accuracy of alignments of
functional role for the chlorophyte ITS-2 during rRNA sequences that include the ITS-2, and consequently, their
primary transcript processing. The region on thesile  phylogenetic utility. Undoubtedly, more remains to be
near the apex of helix I, with its sequence and positionlearned concerning our understanding of the details of an
conserved across the green line of evolution, would seerRNA structure, which appears to be subject to remark-
to be a possible candidate for recognition by some eleably fine selective pressure in this nongenic region.
ment of the nucleolar processing machinery. Addition-
ally, the high evolutionary conservation of pyrimidine—
pyrimidine pairings in helix Il, and perhaps the References
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