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We sequenced the V4 and V7 regions of the small-subunit ribosomal RNA (SSU rRNA) from 38 species of
branchiopod crustaceans (e.g., Artemia, Daphnia, Triops) representing all eight extant orders. Ancestral large-bodied
taxa in the orders Anostraca, Notostraca, Laevicaudata, and Spinicaudata (limnadiids and cyzicids) possess the
typical secondary structure in these regions, whereas the spinicaudatan Cyclestheria and al of the cladocerans
(Anomopoda, Ctenopoda, Onychopoda, and Haplopoda) possess three unique helices. Although the lengths and
primary sequences of the distal ends of these helices are extremely variable, their locations, secondary structures,
and primary sequences at the proximal end are conserved, indicating that they are homologous. This evidence
supports the classical view that Cladocera is a monophyletic group and that the cyclestheriids are transitional
between spinicaudatans and cladocerans. The single origin and persistence since the Permian of the unique cladoc-
eran helices suggests that births and deaths of variable region helices have been rare. The broad range of sequence
divergences observed among the cladoceran helices permitted us to make inferences about their evolution. Although
their proximal ends are very GC-biased, there is a significant negative correlation between length and GC content
due to an increasing proportion of U at their distal ends. Slippage-like processes occurring at unpaired nucleotides
or bulges, which are very U-biased, are associated with both helix origin and runaway length expansion. The overall
GC contents and lengths of V4 and V7 are highly correlated. More surprisingly, the lengths of these SSU rRNA
variable regions are aso highly correlated with the length of the large-subunit rRNA expansion segment, D2,
indicating that mechanisms affecting length variation do so both across single genes and across genes in the rRNA

gene family.

Introduction

Eukaryotic nuclear genes contain conserved func-
tional units that are usually interspersed with rapidly
evolving regions of unknown origin and function. In nu-
clear ribosomal RNA genes, a conserved core is inter-
rupted by transcribed expansion segments whose evo-
lutionary patterns appear to vary according to gene size.
For example, the nuclear large-subunit ribosomal RNA
(LSU rRNA) genes from animals (average length, 4,500
nt) tend to be hypervariable with respect to the occur-
rence of indels, have significant levels of repetition for
short sequence motifs, possess novel helical structures,
and show correlated changes in length and GC content
among expansion segments (Hancock and Dover 1988;
Nunn et al. 1996). In contrast, taxonomic groups with
short LSU rRNA genes (e.g., plants with an average
length of 3,400 nt) tend to have few indels, insignificant
levels of repetition, and no unique secondary structures
(Michot and Bachellerie 1987; Michot, Qu, and Bach-
ellerie 1990; Kuzoff et al. 1998). This association be-
tween length and pattern of sequence divergence may
indicate that slippage replication is an important mech-
anism in the evolution of these regions (Hancock and
Dover 1988; Hancock, Tautz, and Dover 1988).

It is unclear if this size-related molecular evolution
exists in the nuclear small-subunit ribosomal RNA (SSU
rRNA), as size variation is generally modest; most genes
are between 1,700 and 1,900 nt. However, unusually
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long genes (>2,000 nt) are known from a few distantly
related taxa, including strepsipteran (Chalwatzis et al.
1995) and sternorrhynchan (Campbell, Steffen-Camp-
bell, and Gill 1994; Kwon, Ogino, and Ishikawa 1991)
insects, a cestode flatworm (Picon et al. 1996), a bran-
chiopod crustacean (Crease and Colbourne 1998), and
an amoeba (Hinkle et al. 1994). The SSU rRNA struc-
ture of the aphid Acyrthosiphon pisum (Sternorrhynca)
follows the LSU rRNA pattern, as it shows highly sig-
nificant repetition (Hancock 1995) and contains unique
helical structures (Kwon, Ogino, and Ishikawa 1991).
Although the SSU rRNAs of the branchiopod Daphnia
pulex (Crease and Colbourne 1998) and the amoeba
Phreatamoeba balamuthi (Hinkle et al. 1994) possess
unigue helices, they lack significant repetition, suggest-
ing that patterns of tandem repetition generated by past
dlippage events have been obscured by subsequent point
mutations or that length expansion has occurred by some
other mechanism.

Understanding the evolution of the unique helices
associated with long rRNAs could have implications for
deeper-level phylogenetics. If these structures arise and
disappear infrequently on an evolutionary timescale,
then they might make ideal complex molecular charac-
ters for the study of deep phylogenies. Indeed, the first
studies of the evolution of rRNA expansion segment
secondary structures did identify several kingdom-spe-
cific helices (Michot and Bachellerie 1987). Unfortu-
nately, most studies of deeper-level phylogenies have
avoided expansion sequences, because the primary se-
quence and length variation among taxa is usually very
large. The result is that little is known about the birth
and death of expansion helices or their phylogenetic util-
ity below the kingdom level.



To date, only a single study has analyzed patterns
of expansion in variable regions of the SSU rRNA gene
within a monophyletic group of organisms. Vogler,
Selsh, and Hancock (1997) examined the sequence of
the unusually long V4 region for 27 taxa of the beetle
family Cicindelidae. Despite substantial differences in
primary sequence and length in the V4 regions of these
taxa, secondary-structure predictions indicated that it al-
ways folds into a single helical structure. The pattern of
sequence variation observed was consistent with the op-
eration of slippage-like mechanisms in the elongation of
V4. For example, increasing length of the variable re-
gion was correlated with an increasing degree of repe-
tition and was highly correlated with an increasing nu-
cleotide bias. However, because primary sequence di-
vergence was great among the taxa analyzed, Vogler,
Selsh, and Hancock (1997) were unable to observe char-
acter transformations that would provide direct evidence
for the operation of dslippage.

The purpose of the present study was to conduct a
detailed examination of the origin and evolution of long
variable regions and unique secondary structures in the
SSU rRNA of branchiopod crustaceans. Crease and Col-
bourne (1998) showed that the SSU rRNA gene of the
branchiopod D. pulex is longer than that of any crusta-
cean (2,293 nt) and contains unique helices, whereasthis
gene is of typical length and lacks these structures in
the ancient branchiopod Artemia. Length and structural
differences occurred mainly in the V4 and V7 variable
regions. RT-PCR amplification of these regions from to-
tal cellular RNA only produced a fragment of the same
size as the one amplified from genomic DNA, indicating
that the expanded regions are present in the mature
rRNA . In cases in which sequences are spliced out of
the mature rRNA, the fragment produced by amplifica-
tion of RNA is shorter than the one obtained from DNA
(Wilcox et a. 1992). In the present study, we sequenced
the V4 and V7 regions from 38 branchiopods in all ex-
tant orders. Our sampling was designed to allow both
shallow (22 anomopod species) and deeper compari-
sons.

Materials and Methods
Species Analyzed

Regions V4 and V7 of the SSU rRNA gene of rep-
resentatives of al eight ordersin the class Branchiopoda
(Fryer 1987) were analyzed. A diagram showing tradi-
tional ideas about the phylogenetic relationships among
these orders is shown in figure 1. Species names and
sampling locations of the specimens used are indicated
in table 1. Three sequences, from Artemia sp., Branchi-
necta packardi, and D. pulex, were obtained from
GenBank.

PCR Amplification and Sequencing

Total genomic DNA was extracted from single in-
dividuals using the CTAB extraction method (Doyle and
Doyle 1987). The primers used to amplify the V4 and
V7 regions are from Crease and Colbourne (1998). The
V4 primers amplify helices 20 through E23-9 in the
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Cladocera Conchostraca

Fic. 1.—A phylogeny of ordinal relationships within the crusta-
cean class Branchiopoda based on traditional ideas (see Walossek
1993; Oleson, Martin, and Roessler 1996). The position of the family
Cyclestheriidae is uncertain, and its inclusion in either Conchostraca
(traditional) or Cladocera (see Oleson, Martin, and Roessler 1996) have
both been proposed. Fryer (1987) divided Cladocera and Conchostraca
into four and two orders, respectively, and he, along with Starobogatov
(1986), suggested that the cladoceran orders are not monophyletic.
However, no aternate phylogeny reflecting the nonmonophyly hypothesis
has yet been proposed.

model of Van de Peer et a. (1997), whilethe V7 primers
amplify helices 38 through 46 (fig. 2).

Approximately 50 ng of genomic DNA was used
as a template in a 50-pl amplification reaction contain-
ing 0.2 mM of each dNTPR, 1.5 mM MqgCl,, 1 X reaction
buffer (ID Technologies), 20 pmol of each primer, and
1 U of ID thermostable polymerase (ID Technologies).
The reactions were carried out in 500-pl thin-walled
tubes in an MJ-PTC 100 thermocycler. Amplification
conditions were 37 cycles of 94°C for 30 s, 50°C for 30
s, and 72°C for 60 s. Amplification products were elec-
trophoresed on 1.8% agarose gels in 1 X TAE buffer
and then purified from the agarose using the QIAEX I
kit (QIAGEN). Approximately 50—100 ng of purified
amplification products was sequenced with 3 pmol of
one of the amplification primers and the ABI Prism
TAQ FS dye terminator sequencing kit (Perkin-Elmer).
Sequence reactions were analyzed on an ABI 377 au-
tomated sequencer (Perkin-Elmer). When there were no
ambiguities in the data, the amplification product was
not sequenced with the second primer. Sequences that
were determined from only one strand are indicated in
table 2. Direct sequencing of the PCR-amplified frag-
ment was not successful for severa taxa due to the oc-
currence of length variation among copies of the rRNA
locus. In three cases (V4 in Cyclestheria and V7 in
Daphnia galeata and Smocephalus), it was possible to
separate the length variants on a 3% Metaphor agarose
(FMC) gel and excise one of them for sequencing. Both
strands were sequenced in each of these cases.

Sequence Analysis

A putative secondary structure for the entire SSU
rRNA molecule of Artemia, based on the model of Van
de Peer et al. (1997), was obtained from the SSU rRNA
database on the World Wide Web (http://rrna.uia.ac.be/
rrna). Based on comparisons with this and other crus-
tacean sequences in the database, Crease and Colbourne
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Table 1

Species, Orders, and Sampling Locations of the Taxa Analyzed in this Study

Order Species Sampling Location

Anostraca. . . . .. Artemia sp. GenBank (accession humber X01723)

Branchinecta packardi GenBank (accession number L26512)

Polyartemiella hazeni Pond near Toolik Lake, Alaska

Streptocephal us dorothae Triops Educational Science Inc., Florida
Notostraca. . . . . Lepidurus arcticus Igloolik, Nunavit, Canada

Triops longicaudatus Triops Educational Science Inc., Florida
Laevicaudata . .. Lynceus brachyurum Cow Creek, North Dakota
Spinicaudata ... Caenestheriella setosa Zap, North Dakota

Limnadia sp. Mount Hampton, Western Australia, Australia

Cyclestheria hislopi Karumba, Queensland, Australia
Haplopoda. . . .. Leptodora kindti Douglas Lake, Michigan
Onychopoda. . . . Bythotrephes longimanus Postsee, Germany

Polyphemus pediculus Wild Goose Lake, Michigan
Ctenopoda. . . . . Hol opedium amazonicum Flying Pond, Maine

Holopedium gibberum Prospect Lake, Ontario, Canada

Sda crystallina Wild Goose Lake, Michigan
Anomopoda. . .. Acantholeberis curvirostris Plastic Lake, Ontario, Canada

Bosmina sp. Derwentwater, U.K.

Ceriodaphnia sp. First Sister Lake, Michigan

Chydorus sphaericus First Sister Lake, Michigan

Daphnia ambigua Tucker Pond, Rhode Island

Daphnia curvirostris
Daphnia ephemeralis
Daphnia exilis
Daphnia galeata
Daphnia longiremis
Daphnia magna
Daphnia obtusa
Daphnia pulex
Daphniopsis quadrangula
Daphniopsis truncata
Eurycercus glacialis
Eurycercus longirostris
Ilyocryptus sp.

Moina affinis

Ofryoxus gracilis
Scapholeberis rammneri
Smocephalus vetulus

Tuktoyaktuk, Northwest Territories, Canada
Long Point, Ontario, Canada

Amarillo, Texas

Derwentwater, U.K.

Melville Peninsula, Northwest Territories, Canada
Crescent Lake, Nebraska

Champaign, Illinois

GenBank (accession number AF014011)
Colac, Victoria, Austraia

Perth, Western Australia, Australia
Igloolik, Northwest Territories, Canada
First Sister Lake, Michigan

Ann Arbor, Michigan

Valle Santiago, Mexico

Raven Lake, Ontario, Canada

Ann Arbor, Michigan

First Sister Lake, Michigan

NoTe.—Ordinal designations are those of Fryer (1987).

(1998) proposed a secondary structure for the SSU
rRNA gene of D. pulex (fig. 2). The sequences for the
other species analyzed in this study were first aligned to
these two sequences using the DNASTAR software
package in order to identify the core structural elements.
Analysis of nucleotide composition of the sequences
was also performed using DNASTAR. Subsequently, the
program RNAdraw (Matzura and Wennborg 1996) was
used to suggest a stable secondary structure for the ex-
panded regions in V4 and V7. The default settings for
all parameters except temperature were used to fold the
sequences. The temperature was set to 20°C.

Sequence simplicity analysis of the length-variable
regions in V4 and V7 was carried out using the SIM-
PLE34 program (Hancock and Armstrong 1994). This
program searches for clustering of tri- and tetranucleo-
tide motifs within a sequence. A relative simplicity fac-
tor (RSF) is generated by comparing the amount of clus-
tering in the test sequence with the amount observed in
random sequences of the same length and nucleotide
composition. The RSF is 1.00 for sequences showing
the same level of motif clustering as random sequences,
and it is greater than 1.00 for sequences showing a high

degree of clustering of simple sequence motifs. Statis-
tical significance was calculated by the program as de-
scribed in Hancock and Armstrong (1994).

To determine whether the predicted helix in the ex-
panded region of V7 is significantly more stable than a
random sequence, a Monte Carlo simulation of the dis-
tribution of free energies in 100 random sequences with
the same nucleotide composition and length as the distal
end of helix 43 was performed for four species: Acan-
tholeberis curvirostris, Holopedium gibberum, Leptod-
ora kindti, and Daphniopsis quadrangula. RNAdraw
was used to predict a stable secondary structure and to
calculate a corresponding free energy value for each of
the 100 sequences.

Results
Size Variation and Secondary Structure of V4 and V7

All representatives of the orders Anostraca, Notos-
traca, Laevicaudata, and Spinicaudata, except the spin-
icaudatan Cyclestheria possess the typical eukaryotic
configuration in both V4 and V7. Length variation is
nearly absent in these taxa; the region of V4 between
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FiG. 2—Secondary structure of the SSU rRNA of Daphnia pulex, redrawn from Crease and Colbourne (1998). Helix numbering and
locations of V4 and V7 are from Van de Peer e a. (1997). Paired regions are shown as pardld lines, while curved lines denote unpaired regions. The

helices unique to cladoceran branchiopods are indicated with thick lines.

helix 23 and helix E23-2 varies from 59 to 61 nt, while
the distal end of helix 43 in V7 varies from 22 to 23 nt
(table 2). The corresponding regions in al taxa repre-
senting the four orders that previously composed the
Cladocera (Anomopoda, Ctenopoda, Haplopoda, and
Onychopoda), as well as Cyclestheria, show substantial
increases in length ranging from 141 to 297 nt in V4
and from 130 to 360 nt in V7. The most extreme in-
creases in length have occurred among the daphniids
(Ceriodaphnia, Daphnia, Daphniopsis, Scapholeberis,
and Smocephalus) and the macrothricids (Acanthole-
beris, llyocryptus, and Ofryoxus) in the order Anomo-
poda. There is a highly significant positive correlation
between length and GC content of the expanded se-
quences in the two regions (fig. 3 and table 3).

Although lengths and primary sequences of the ex-
panded regions in V4 and V7 vary substantially among
the cladocerans and Cyclestheria, the secondary struc-
tures of both regions are quite conserved and correspond
well to the secondary structure initially proposed for D.
pulex by Crease and Colbourne (1998). One represen-
tative from each of the cladoceran orders is shown in
figure 4.

The extra length of V4 is due to two helical struc-
tures that are not present in the other branchiopods: a
““side branch” that occurs near the middle of helix E23-
1, hereafter referred to as E23-1a, and an entirely new
helix, hereafter referred to as E23-c, that occurs between
E23-1 and E23-2 (fig. 4A). Most of the length variation
in V4 is associated with E23-c, as E23-1a varies only
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Table 2
Lengths (nt), Levels of Repetition (RSF), and Nucleotide Compositions (% GC, % U) of Partial SSU rRNA Sequences of
Branchiopod Crustaceans

CoRE V4 V7

TAXON nt %GC %U nt RSF %GC %U nt RSF %GC %U
Artemiasp.. ... 633 50.6 25.8 60 — 61.7 25.0 23 — 56.5 26.1
Branchinecta packardi . . ..... 632 50.3 26.0 60 — 63.4 21.7 22 — 59.1 27.3
Polyartemiella hazeni .. ...... 610 50.3 259 602 — 61.7 233 222 — 59.1 27.3
Sreptocephalus dorothae.. . . . . 611 50.2 259 602 — 61.7 21.7 222 — 59.1 27.3
Lepidurus arcticus. . ......... 612 51.0 25.2 602 — 65.0 18.3 232 — 60.8 30.4
Triops longicaudatus. . . . . .. .. 611 51.2 252 602 — 66.6 18.3 232 — 60.8 304
Lynceus brachyurum......... 589 50.7 26.0 592 — 61.0 254 232 — 65.2 30.4
Caenestheriella setosa. . .. .. .. 611 51.7 254 612 — 65.5 19.7 232 — 69.5 21.7
Limnadiasp. ............... 611 51.4 254 602 — 68.3 18.3 232 — 69.5 217
Mean...................... 50.8 25.6 63.9 21.3 62.2 27.0
Cyclestheria hislopi.......... 603 49.6 26.5 149 0.74 53.0 275 233 1.81 61.4 26.6
Leptodora kindti ............ 579 49.8 26.7 174 1.16 58.0 259 280 1.67 52.5 354
Bythotrephes longimanus . . . . . 614 50.2 26.7 1642 0.70 62.3 20.7 2302 1.46 61.8 28.7
Polyphemus pediculus. . ... . .. 624 50.0 271 171 0.94 57.9 28.1 2092 1.25 64.1 30.1
Holopedium amazonicum. . . .. 526 52.3 25.1 141 0.83 66.7 184 161 2.08 65.2 255
Holopedium gibberum. .. ... .. 596 50.2 26.3 1462 1.27 55.4 253 1732 1.32 711 22.0
Sdacrystallina............. 599 50.4 26.4 1692 135 66.3 21.3 223 1.49 65.5 28.7
Acantholeberis curvirostris. ... 633 52.5 24.2 1932 1.06 69.4 19.7 204 1.30 61.3 314
Bosminasp................. NAP — — NA — — — 153 1.33 61.4 275
Ceriodaphniasp............. 608 52.5 25.0 195 1.29 63.1 221 2412 1.51 65.6 27.4
Chydorus sphaericus. . ....... 554 49.6 26.4 161 125 60.9 21.7 169 1.86 64.5 26.0
Daphnia ambigua . .......... NA — — NA — — — 288 112 53.8 33.3
Daphnia curvirostris. ........ 633 52.3 25.6 210 124 57.1 27.6 275 143 56.8 29.8
Daphnia ephemeralis ........ 617 51.7 25.8 201 1.29 60.2 254 2612 1.44 59.0 31.0
Daphnia exilis.............. 618 51.8 26.1 223 150 56.5 27.8 2812 1.15 61.2 29.5
Daphnia galeata . ........... 575 52.0 25.6 2292 1.60 60.3 275 273 1.38 57.9 32.6
Daphnia longiremis. ......... 643 52.5 25.0 270 117 58.2 29.3 340 1.32 58.3 28.5
Daphnia magna. . ........... 617 51.7 25.6 236 1.32 63.1 26.3 2912 1.36 60.8 285
Daphniaobtusa............. NA — — 204 1.03 59.4 275 NA — — —
Daphnia pulex.............. 651 52.7 24.4 215 1.06 56.3 29.8 273 1.25 58.2 30.0
Daphniopsis quadrangula. . . . . 618 51.8 25.4 279 1.28 59.9 27.6 360 1.36 59.5 30.3
Daphniopsis truncata . . .. . ... 592 51.2 26.5 297 1.50 58.0 29.0 323 1.30 55.4 30.7
Eurycercus glacialis . ........ 651 52.4 24.7 165 1.08 65.5 23.6 250 1.25 62.0 30.0
Eurycercus longirostris. . . . ... 636 52.7 245 166 134 67.5 223 222 1.72 62.5 29.7
Ilyocryptus sp. .. ..oovvvvnnn NA — — NA — — — 194 1.24 69.1 19.6
Moina affinis............... 617 53.5 24.5 156 1.45 711 17.3 130 1.85 4.7 16.2
Ofryoxus gracilis............ 583 515 25.8 194 1.26 67.1 21.7 243 1.46 67.4 28.4
Scapholeberis rammneri . . .. .. 620 51.3 26.6 190 1.06 65.3 221 251 1.89 63.4 27.1
Smocephalus vetulus .. ... ... 598 52.5 24.9 207 1.16 64.2 23.7 259 1.80 65.2 27.8
MEAN. ..o eveeeee 51.5 25.7 61.6 24.6 62.1 28.3

NoTte.—With the exception of Cyclestheria, taxa in the same order are grouped.
a Sequenced on one strand only.
b NA = sequence not available.
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Fic. 3.—Correlation between (A) the lengths and (B) the nucleotide compositions of regions V4 and V7 in cladoceran crustaceans. Seetable
3 for full regression analysis results.



Table 3

Regression Analysis of Lengths (nt), Levels of Repetition
(RSF), and Nucleotide Compositions (% GC) in Regions
V4 and V7 of SSU rRNA in Cladoceran Crustaceans

Comparison R? a b
Vantvs. V7nt............ 0.74*** 25.7 112
V4 %GC vs. V7 %GC. .. ... 0.24** 0.32 0.49
V4

nt vs. %GC (E23-c only) .. 0.32+* 0.79 —-0.001
nt vs. %G (E23-c only).... 0.28** 0.41 —0.0005
nt vs. %A (E23-c only).... 0.02\S 0.04 0.0001
nt vs. %U (E23-c only).... 0.43*** 0.12 0.001
nt vs. %C (E23-c only).... 0.29** 0.39 —0.001
RSFvsnt.............. 0.20* 0.71 0.003
RSFvs. %GC ........... 0.01Ns 0.93 0.42
V7

ntvs. %GC ............. 0.50*** 0.77 —0.0006
ntvs %G............... 0.30** 0.44 —0.0003
ntvs %A............... 0.17* 0.05 0.0002
ntvs %U............... 0.40%** 0.17 0.0004
ntvs. %C............... 0.41*** 0.33 —0.0004
RSFvsnt.............. 0.16* 1.92 —0.002
RSFvs. %GC ........... 0.10Ns 0.46 1.63

Note.—The fitted regression line is of the formy = a + bx. NS = not
significant; * 0.01 < P < 0.05; ** P < 0.01; *** P < 0.001.

from 26 to 29 nt in the cladocerans (fig. 5A). Its length
in Cyclestheria is 16 nt, and it originates at the site of
a single nucleotide bulge in the noncladocerans. The dis-
tal end of E23-c is extremely variable, making it difficult
to align the sequences unless they belong to species
from the same genus. However, there is similarity at the
proximal end of this helix, even among distantly related
taxa, athough Cyclestheria is divergent from the cla-
docerans in that there is a second very short helix next
to E23-c (fig. 4A). A partial alignment of the length-
variable region of V4, based on both primary sequence
and secondary structure, is suggested in figure 5A. The
occurrence of multiple compensatory mutations (indi-
cated by asterisks in fig. 5A) that maintain base pairing
provides strong support for the existence of helices E23-
la and E23-c (Gerbi 1985 and references within).

The extra length of V7 is due to the substantial
elongation of helix 43 from the terminal loop, hereafter
referred to as 43-1. In the cladocerans, helix 43-1 is
preceded by a short side branch, hereafter referred to as
43-2, whereas a single mismatched nucleotide pair (U-
C) occurs at this position in Cyclestheria (figs. 4B and
5B). The length and sequence of 43-2 and of the distal
end of 43-1 are highly divergent among taxa, as is the
case for E23-c. However, like E23-c, the proximal end
of 43-1 is considerably more conserved, and an align-
ment is suggested in figure 5B. Again, the occurrence
of compensatory mutations at a substantial number of
paired nucleotides at the proximal end of this helix pro-
vides strong support for its existence.

The frequency distribution of free energy valuesfor
100 random sequences corresponding in length and nu-
cleotide composition to helices 43, 43-1, and 43-2 from
four of the cladocerans shows that the probability of
obtaining a structure from a random sequence that is
more stable than the structure predicted from the actual
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sequence is very low (P = 0.01; fig. 6). These results
suggest that the ability to form a stable helix is an im-
portant structural constraint on the expanded region.

Nucleotide Composition of V4 and V7

Nucleotide compositions were cal cul ated separately
for V4 between helices 23 and E23-2 (E23-1 + E23-c
in the cladocerans), for the distal end of helix 43 in V7
(including 43-1 and 43-2 in the cladocerans), and for the
remaining core regions (table 2). Although the core se-
quence obtained by amplification with the V4 and V7
primers is only about 610 nt, its nucleotide composition
appears to be representative of the core regions as a
whole, because the GC content of this sequence in taxa
whose SSU rRNA genes have been completely se-
quenced is very similar to the value obtained for the
complete sequence: Artemia (50.6% vs. 50.8%), Bran-
chinecta (50.3% vs. 50.4%), and D. pulex (52.7% vs.
52.6%).

The mean GC content of the core regions in the
noncladocerans (50.8%) is dlightly lower (t = 2.04, P
= 0.02) than those of the cladocerans and Cyclestheria
(51.5%; table 2). Both values are typical for eukaryotic
SSU rRNA, which tends to be dlightly biased toward
GC. However, the variable regions of the noncladocer-
ans are even more biased, with mean GC contents of
63.9% for V4 and 62.2% for V7 (table 2). In the cla-
docerans and Cyclestheria, the GC contents of these two
regions are highly variable, ranging from 53.0% to
71.1% for V4 and from 52.5% to 74.7% for V7 (table
2). The tendency for variable regions to have a more
biased nucleotide composition than the rest of the SSU
rRNA has been observed in other organisms (Nunn et
al. 1996; Vogler, Selsh, and Hancock 1997), and, in gen-
eral, it is expected that the bias will increase with in-
creasing length of the variable region. However, in the
case of the cladocerans, the correlation is highly signif-
icant and negative for both V4 and V7 (table 3). Thus,
the GC bias is most extreme for the shortest variable
regions. A more detailed examination of nucleotide
composition in these regions shows that the decrease in
GC bias is largely due to a highly significant increase
in the proportion of U at the expense of both G and C
(fig. 7 and table 3). The proportion of A in these regions
tends to be very low regardless of their length, although
it does increase somewhat as the helices increase in
length.

It has been observed that the nucleotide composi-
tion of rRNA helices differs between stems and unpaired
regions, including bulges, mismatched pairs, and ter-
minal loops (Vawter and Brown 1993; Nunn et al.
1996). In helix 43-1, the mean GC content of stems is
70.7% (range 62.9%-85.5%) which is significantly
higher (t = 19.1, P < 0.00001) than the mean GC con-
tent of unpaired regions at 30.2% (range 14.7%-54.6%).
The AU hias in the loops and bulges is primarily due
to the high proportion of U, at 44.7% on average (table
4). The proportion of A in the stems is extremely low,
with a mean of only 4.7%, but the proportions of C
(25.4%) and U (24.6%) are very similar. This similarity
is reflected in the ratio of G-C to G-U base pairsin the
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Fic. 4—Representative secondary structures of (A) V4 and (B) V7 in branchiopod crustaceans. The diagrams were generated using the
computer program CARD (Winnepenninckx et al. 1995). The proposed secondary structures of helices unique to the Cladocera (E23-1a, E23-
¢, 43-1, and 43-2) were determined using RNAdraw (Matzura and Wennborg 1996). The asterisk next to the V4 sequence of Limnadia indicates
the unpaired nucleotide from which helix E23-c originates in the cladocerans. The asterisk over the V7 sequence of Cyclestheria indicates the

U-C mismatch from which 43-2 originates in the cladocerans.

stems, which ranges from 0.89 to 2.62, with a mean of
1.36 (table 4). As expected, thisratio is highly correlated
with increasing helix length due to the overall increase
in the proportion of U (table 3). The mean proportion
of nucleotides that are involved in pairing is 85.9%, and
there is no correlation (R? = 0.04, P = 0.28) between
this value and the length of the helix.

Level of Repetition in V4 and V7

Although the RSF is greater than 1.00 for al the
cladoceran variable regions except V4 of Cyclestheria,
Bythotrephes, Holopedium amazonicum, and Polyphe-
mus, none of these values are significant (table 2), in-
dicating the absence of substantial clustering of tri- and
tetranucleotide repeats. Regression analysis of RSF
against length and GC content shows a significant pos-
itive correlation between the length of V4 and RSF but
a significant negative correlation between the length of
V7 and RSF (fig. 7 and table 3). There is no significant

correlation between GC content and RSF in either re-
gion. Even though the RSF values are not significant,
inspection of the helices shown in figure 3 reveals the
occurrence of short arrays of di- and trinucleotide motifs
such as GC, GU, GGC, GGU, GCC and GUU, as well
as short homopolymer runs, suggesting that slippage
replication may have played some role in their elonga-
tion. Patterns of repetition are even more evident when
the C's and U’s are all converted to Y's (pyrimidines),
as has been done for helix 43-1 of Holopedium gibber-
um in figure 8B. It is clear that there is some repetition
of the motifs GYY and GGY in the distal region of this
helix.

Patterns of Divergence in E23-c and 43-1 Among
Closely Related Species

Comparison of sequences from closely related taxa
should provide insight into the types of sequence
changes that occur during the early phases of divergence
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in expansion helices (Vogler, Selsh, and Hancock 1997).
Several such opportunities are available with the present
data including two or three species of Holopedium, Eu-
rycercus, Daphnioposis, and each of the Daphnia sub-
genera, Daphnia, Hyalodaphnia, and Ctenodaphnia.
Such comparisons (fig. 8) show that point mutations oc-
cur throughout E23-c and 43-1. The occurrence of com-
pensatory mutations, even at the divergent distal ends
of these helices, is also evident among closely related
Species.

Length increases in E23-c and 43-1 tend to occur
in the distal regions of the helices. Some of the length
increases seem to have occurred at terminal loops, but
a substantial number have not. In such cases, an increase
in one strand of a helix has been compensated by a
change at the corresponding location on the opposing
strand. The result is the insertion of a stem **module”
that leaves the helix downstream from the insertion site
unchanged (E23-c in Daphniopsis and Hyalodaphnia
and 43-1 in Daphniopsis, Ctenodaphnia, and Eurycer-
cus). A very different module occurs at approximately
the same location in several species pairs (E23-c in
Ctenodaphnia and 43-1 in Eurycercus, Daphniopsis, and
Ctenodaphnia), suggesting that length expansion is

more likely to occur at some positions along a helix than
a others.

The modules in 43-1 of the two Holopedium spe-
cies appear to consist of the trinucleotide motifs GY'Y
and GGY, with a preference for C over U. In contrast,
the modules in Daphnia and Daphniopsis seem to con-
sist of homopolymer runs of U’s on one strand compen-
sated by a run of purines (usually G's) on the other
strand. Even so, the compensation is not perfect, leaving
an excess of U’s in the module as a whole. In addition,
the proximal ends of the modules are often associated
with unpaired U’s or U-U and U-C mismatches (fig. 8).
This is especially evident in comparisons involving hel-
ices that are very similar to one another, such as E23-c
and 43-1 in Daphniopsis and the subgenus Daphnia. To
determine if this pattern could account for the significant
trend toward an increase in the proportion of U’s with
an increase in length (table 3), nucleotide compositions
were determined separately for the distal and the prox-
ima ends of E23-c and 43-1 in Daphnia and Daph-
niopsis. The *“*boundary” was placed at the point at
which it is no longer possible to align the sequences
from all 10 species with confidence (fig. 8). The results
(table 5) show that the distal ends of both helices have
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Fic. 5.—Partial alignment of (A) V4 and (B) V7 in branchiopod crustaceans. Taxa in the same order are grouped. The three Spinicaudata
species names are underlined, and the sequence of Cyclestheria is shown in bold. The alignment was performed by eye based on primary
sequence and secondary structure as suggested by RNAdraw. Nucleotides forming one or the other strand of a helix are enclosed in square
brackets. Bulges or mismatched nucleotides within the helix are underlined. Nucleotide positions at which compensatory mutations that maintain
base pairing have occurred in at least one taxon are indicated by asterisks along the bases of the alignments. The first and last nucleotide
positions in each sequence block are numbered according to the SSU rRNA gene sequence of D. pulex. A complete alignment of the sequences
is available from tcrease@uoguelph.ca on request. The sequences have been deposited in GenBank under accession numbers AF070093—
AF070124 and AF070486—AF070519.

significantly higher mean proportions of U’s than do

their proximal ends (E23-c: 35.7% vs. 28.6%,

—4.30, P = 0.001; 43-1: 33.6% vs. 22.9%, t = —11.45,
P < 0.0001). Unexpectedly, the correlation between the
proportions of U’s and the lengths of the distal ends of
both helices is dlightly negative but not significant (data
not shown), suggesting that an increase in the lengths
of these helices beyond a certain point via the addition
of more stem modules does not significantly ater their

nucleotide compositions.

Intraindividual length variation occurred in the
variable regions of several taxa including E23-c of Cy-
clestheria, D. ambigua, and llyocryptus and 43-1 of D.
galeata, D. obtusa, and Smocephalus. It was possible
to obtain the complete sequence of one variant for some

of these taxa (see Materials and Methods), but the ap-
proach used was not successful for E23-c in D. ambigua
and Illyocryptus or for 43-1 in D. obtusa. Because D.
pulex and D. obtusa are very similar to one another, it
is possible to determine exactly where the length vari-
ation occurs in 43-1 of the latter species (fig. 8D). The
sequence becomes unreadable at the same location on
both strands of the helix, suggesting that an expansion
module is present in some copies of the SSU rRNA gene

but not in others. The termination of a linear sequence

leaves a characteristic peak pattern on the electropher-
ogram generated by the automated sequencer. Because
of this, it can be seen that there are at least three length
variants present in the PCR-amplified fragment of V7
from D. obtusa.
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Fic. 6.—Frequency distribution of free energy values for 100 random sequences corresponding in length and nucleotide composition to
helices 43, 43-1, and 43-2 in V7 of four cladoceran crustaceans. The length of the sequence (nt), its nucleotide composition (%GC), and the
free energy of the actual sequence are indicated on each histogram. A, Acantholeberis curvirostris. B, Daphniopsis quadrangula. C, Holopedium

gibberum. D, Leptodora kindti.

The mean GC contents of the proximal end of E23-
¢ (61.1%, range 54.8%—67.3%) and 43-1 (64.9%, range
61.1%—-74.0%) in Daphnia and Daphniopsis (table 5)
are very similar to the mean GC contents of the corre-
sponding regions in the noncladocerans (63.9% for V4
and 62.2% for V7; table 2). To determine if this is the
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case in genera, the GC content of the proximal end of
helix 43-1 (fig. 5B) was determined for al of the cla-
doceran taxa and found to be 67.1%, on average (range
60.4%-80.0%), which is even higher than the value ob-
served for the noncladocerans. The mean value for this
region in Daphnia and Daphniopsis, based on 51 nt, is

1.6

14

Relative Simplicity Factor
n
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250
Length of V7 (nt)

300 350

Fic. 7—Regression analyses of length, nucleotide composition, and level of repetition (RSF) for (A and B) V4, and (C and D) V7. See

table 3 for full regression analysis results.
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Table 4

Nucleotide Compositions of Stems and L oops/Bulges in Helix 43-1 of Cladoceran Crustaceans

43-1 STEMS 43-1 Loors/BULGES

TAXON nt %G %C %A %U  GC/GU?2 %Stem nt %G %C %A %U
Acantholeberis curvirostris ... 156 46.2 21.8 38 28.2 0.89 90.7 16 6.3 189 125 62.5
Bosminasp................. 90 43.3 22.2 6.7 27.8 1.05 88.2 12 16.7 25.0 33.3 25.0
Bythotrephes longimanus. . . . . 162 45.1 26.5 4.9 235 143 81.4 37 21.6 16.2 189 43.3
Ceriodaphnia sp............. 186 47.8 24.2 2.2 25.8 1.02 91.2 18 11.1 27.8 22.2 389
Chydorus sphaericus . ....... 110 46.4 23.6 3.6 26.4 1.04 90.9 11 18.2 36.4 36.4 9.0
Cyclestheria hislopi ......... 182 41.8 24.7 8.2 253 1.45 84.7 33 3.0 30.3 33.3 333
Daphnia ambigua. .......... 202 41.6 21.3 8.4 28.7 1.05 79.8 51 7.8 17.6 21.6 53.0
Daphnia curvirostris. . . ...... 202 43.6 20.8 6.4 29.2 0.91 84.2 38 10.5 15.8 39.5 34.2
Daphnia ephemeralis........ 186 4.1 24.7 59 253 1.28 834 37 8.1 16.2 135 62.2
Daphnia exilis. . ............ 204 45.1 26.0 4.9 24.0 1.36 83.6 40 10.0 15.0 175 575
Daphnia galeata............ 202 44.6 22.3 54 27.7 1.00 85.6 34 29 11.8 17.6 67.7
Daphnia longiremis ......... 300 43.0 20.3 7.0 29.7 0.90 88.0 41 9.8 19.5 31.7 39.0
Daphniamagna. ............ 224 442 232 5.8 26.8 111 87.8 31 9.7 22.6 29.0 38.7
Daphnia obtusa. . ........... NAD — — — — — — — — — — —
Daphniapulex. ............. 200 435 23.0 6.5 27.0 112 85.5 34 29 17.6 324 47.1
Daphniopsis quadrangula .... 284 42.6 23.6 7.4 26.4 124 88.5 37 54 16.2 16.2 62.2
Daphniopsis truncata . .. ... .. 242 39.7 24.0 10.3 26.0 153 84.6 44 45 13.6 25.0 56.9
Eurycercus glacialis. ........ 190 46.3 22.6 3.7 27.4 0.96 89.2 23 17.4 21.7 21.7 39.2
Eurycercus longirostris . .. ... 170 46.5 24.1 35 25.9 1.08 90.9 17 11.8 17.6 235 47.1
Holopedium amazonicum. . . . . 104 45.2 32.7 4.8 17.3 2.62 78.2 29 34 27.6 20.7 48.3
Holopedium gibberum ... .... 120 49.2 34.2 0.8 15.8 2.28 82.8 25 28.0 16.0 24.0 320
llyocryptus sp.. . .....oovtt 102 47.1 314 29 18.6 2.00 85.7 17 59 17.6 53.0 235
Leptodora kindti ............ 198 40.9 22.2 9.1 27.8 1.19 77.3 58 34 13.8 24.1 58.7
Moina affinis............... 76 50.0 35.5 0.0 14.5 2.45 86.4 12 25.0 16.7 41.6 16.7
Ofryoxus gracilis. . .......... 154 48.7 24.7 13 25.3 1.03 9.2 13 7.7 23.1 38.4 30.8
Polyphemus pediculus . . .. ... 154 48.7 253 1.3 24.7 1.08 89.5 18 11.1 27.8 16.7 44.4
Scapholeberis rammneri. .. . .. 178 47.2 275 2.8 225 1.40 85.2 31 9.7 22.6 129 54.8
Sdacrystallina............. 138 48.6 31.9 1.4 18.1 1.91 79.8 35 57 22.9 8.6 62.8
Smocephalus vetulus.. . ... ... 200 475 26.5 25 235 1.26 90.1 22 45 13.6 18.2 63.7
Mean ..................... 45.3 254 4.7 24.6 1.36 85.9 10.1 20.1 251 44.7

aRatio of G-C to G-U base pairs in the stem of 43-1.
b Sequence not available.

66.1%, which is similar to the value obtained above
(64.9%) based on 71-75 nt (table 5).

Because extreme increases in the lengths of E23-c
and 43-1 have only occurred in Daphnia and Daph-
niopsis, and the mechanisms by which this has occurred
may not be common to the other cladocerans, the re-
gression analysis of the lengths of V4 and V7 against
the proportion of U’s was redone excluding the 10
Daphnia and Daphniopsis species. The resulting corre-
lation was positive (y = 0.10 + 0.001x) but not signif-
icant for V4 (R? = 0.11, P = 0.24), and positive (y =
0.12 + 0.0007x) but highly significant for V7 (R* =
0.47, P = 0.002) suggesting that the elongation of this
region via the preferential addition of U’s is a general
phenomenon in the Cladocera.

Discussion
Phylogenetic Implications

Based on the substantial morphological and devel-
opmental diversity among the taxa that comprise the or-
der Cladocera, Fryer (1987) argued that it is not a mono-
phyletic group and divided it into four separate orders
(fig. 1). However, al of the taxa analyzed in this study
that belong to one of these orders possess the same
unique helices in V4 and V7 of the SSU rRNA gene.
The fact that they occur at precisely the same location
in al cladocerans but do not exist in the other branchi-

opods (except Cyclestheria), along with the fact that the
sequence forming the proximal end of each helix is rel-
atively conserved, strongly suggests that they evolved
only once in an ancestor that is common to all cladoc-
erans. In addition, phylogenetic anaysis of the class
Branchiopoda based on the conserved core elements in
the V4 and V7 sequences obtained for this study, as well
as core elements flanking D2 in the LSU rRNA gene
(unpublished data), strongly supports a hypothesis of
monophyly. Even so, the analysis also recognized sub-
groupings within the Cladocera that correspond to the
four orders proposed by Fryer (1987).

Cyclestheria is the only noncladoceran to possess
the unique helices in V4 and V7. It also reproduces by
cyclical parthenogenesis (Roessler 1995; Oleson, Mar-
tin, and Roessler 1996), a very rare mode of reproduc-
tion among animals that is found in no other group of
crustaceans except the Cladocera. It has long been hy-
pothesized that cladocerans evolved from cyclestheriids,
which possess several morphologica features that show
greater similarity to cladocerans than to other spinicau-
datans (Oleson, Martin, and Roessler 1996 and refer-
ences within). The phylogenetic analysis (unpublished
data), in which Cyclestheria occupied a basal position
to the Cladocera, provides additional evidence that the
cyclestheriids are the transitional group between spini-
caudatans and cladocerans (fig. 2) and is consistent with
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the hypothesis that the unique secondary structures in
V4 and V7 evolved only once in a cylcestheriid lineage
that subsequently gave rise to the cladocerans.

Traditionally, rRNA expansion sequences have
been used for phylogenetic analysis of closely related
taxa and ignored or culled for the construction of phy-
logenies above the genus level. The present study shows
that derived helices in variable regions may provide
valuable complex characters for the determination of
deep phylogenies (e.g., among orders). The value of
complex characters depends on the likelihood that they
originate independently. It appears that both the birth
and death of helices are rare events in crustacean SSU
rRNA, making homoplasy unlikely. The same pattern is
true of the kingdom-specific LSU rRNA structures iden-
tified by Michot and Bachellerie (1987) and Michot, Qu,
and Bachellerie (1990). However, it is known that ex-
pansion segment helices can be entirely deleted in rap-
idly evolving regions of the LSU rRNA (Michot, Qu,
and Bachellerie 1990; Nunn et al. 1996). Thus, more
comparisons are necessary to determine the general util-
ity of these helices as indicators of deeper-level phylo-
genetic relationships.

Origin and Elongation of Variable Region Helices in
the Cladocera

The nucleotide compositions of the cladoceran
variable region helices E23-c and 43-1 differ substan-
tially at the proximal and distal ends (table 5). The prox-
imal ends tend to be biased toward GC, while the distal
ends show a marked increase in the proportion of U.
Hancock (1995) suggested that sequences with abiasin
nucleotide composition are more likely to contain sim-
ple sequence motifs that could act as substrates for rep-
lication slippage. As slippage occurs and the simple se-
quences proliferate, the original bias will tend to in-
crease. This is precisely that pattern that has been ob-
served in the variable regions of both SSU and LSU
rRNAs across a phylogenetically diverse sample of or-
ganisms (Michot and Bachellerie 1987; Hancock and
Dover 1988). The similarity between the nucleotide con-
tent of the distal end of 43 in the noncladocerans and
the proximal end of 43-1 in the cladocerans is consistent
with the idea that the original formation of 43-1 oc-
curred via a mechanism that maintained, and even in-
tensified, the original bias toward GC. The proximal
ends of both E23-c and 43-1 are composed primarily of
short runs of G's paired with short runs of C's (fig. 5),
suggesting that slippage of single nucleotides may have
been an important factor in the origin of these helices.
That dlippage of such short motifs has been an important
force in genome evolution was suggested by Levinson
and Gutman (1987), who showed that single-base re-
peats form longer runsin mammalian introns than would
be expected by chance. The subsequent elongation of
E23-c and 43-1 seems to have proceeded through the
continued operation of slippage. However, as these hel-
ices become longer, the bias in nucleotide composition
changes in favor of U (discussed below).

The elongation of E23-c and 43-1 via the insertion
of stem modules that |eave the downstream portions of
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A HELIX E23-C

Holopedium gibberum Eurycercus longirostris
5'GGUGAGUGLCEGCULGE GGC U U 5'GGAGUGGUGACGGUGGUGEE UUCGEUGGEEELE U U
I Y N N [ PELL B b ¢
3'CU CACA GCU AGCG LCG & 3'CC CACC CCGC GUG GGGCUGLCUCUG G
Holopedium amazonicum Eurycercus glacialis
5'GGGEELE G CGGCUCGC CGG G & 5'GGAGUGGUGACGGUGGUGCLUUCGAUGLEG U £
LT e A I FVELVEETTE A EETT C
3" CGC € GCUGAGCG LGCC A 3'CC CACC CCGCUGYGGEUULCUGUGCE G
B HELIX 43-1

Eurycercus longirostris

UGGGGGUCGGAG UCGUCCGGGUCAAGGCGGUUGUGEGEGEGECGECEE GGUUCUAGUCUGHUUCGRUGUUCGG UUNUCGGGUUUGCGUU cgucuccy w
VLR T FPEELLLEEE RN ETErr 1 FECLEVETTERIE T A TR T P ¢
GCUCUCGGUCUCAAAGCGEEEC UCUGLUGGC UUCLLUBLUGGCUCCA CGGGUGGGGCUGUAGGCU GGGGGCUCGAGUGCERE GCGGGGEG G
Eurycercus glacialis * *
UGGGGGUCGGAG  UCGUCCGEELCAAGECGEUUGLUGGEREEGEECE GGUUCUAGUCLUCUUCGGUGUGCEE CAUGUGUCGRUUCUUYUUGGUUNGUGGCGE CAUCUC U UU
CPELEEE T g PECLELEEE TRETEEETE L 1 RN NN N R R NN R AR RN N A
GCUCUCGGUCUCAAAGCGEGEC UCUGUUAGC UUCULUGUUGGCUCCA CGGGUGGGGCUGUGLGCU G GCGUGGUCGGGLGEGEUCLAGCEEUGUC GUGGEG G G
Holopedium amazonicum
5’ UGAGGGEAGUUCAG CUUGGGGAUCAGGA GUC GGUUGGGG GCGGRACGUCUGCGUCGUUUGUCCGE € G U
FICLILEEE e b 1 PUDPEE A0 VO E i e e et A
3’ GCUCCUCYCY-GUCUGLULUCC CCU CGG CCGLUCCY CUCUCUGCUGGE CGGCGGCCGGGLEGE A A A
Holopedium gibberum
5’ UGEGGEECERUCEA GUGCGGGAUCAGGUCGUCUGGU GGG CGGUGGUGCCGGCCEUGGCUGUCE GAGGUCC U Y
PICEETL T [RRRRRY! RN H(IHHH\IHIHHHIHH! [
37GCLCCLC UCGBAG CAuguce CCUGCGGGCCE  CCU GCCUCUGCGUCUGGCGGLGECGECGRAGE CUGRE &
*
5’ UGGGGGGCGGUCGA GUGCGGGAUCAGGUCGUCUGGY GGG yGGyGGyGyyGGyyGyGGyyGyyGyy yGAGGyyy U U
VELELEL T [RERERY R R R AR R R R N RN R A A R
37GCCCCCE UCGGAG CAUGUCC CCUGCGGRCCG  CCU GyyyyyGyGyyyGGyGGyGGyGGYGGAGG yyGGG G
C HELIX E23-C
Daphniopsis quadrangula v
5'GGAGUGGUGGUCGGUGGGUCGLEUUG UAUC GGUUCGCGGACUUUCGGUUCUUUUULUCCCAUCGEGUGUCUGUCULU GUUCCGUCAUCGCU U C
BEERN AR e e N AN R AR SN RN B N I T T A ]
3'CC CACC UCGCUUAGCGCAGU U GACUU GCGCC  AAAGCUAG  AGGAGGUGUGGCUC-CGU € GAAU CG GGC GUUGCGG C
Daphniopsis truncata
5'GGAGUGGUGGUCGGUGGGUCGLGULG UAUC GGUUCGCGGACUUUCGEUU UUUUUUCCUCAUCGAGUGY UG-HUCU Uuycucuuc cuC GUUUUCUCUUCGCU U U
RN RN N A N N A N FOPEECLILEEE e T CEEEE 1l [T @
3’CC CACC UCGCUUAGCGCAGU U GACUU GCGCC  AAGGCUAG  AGGAGGAGUGGCACACG C GAGU GGAAGCGGE CG UGA GUUGCGG C
Daphnia magna (Ctenodaphnia)
5’ GGAGUGGUGGCCGRUGRRUCGLGUUG VAUC GBUUCE € GUGRC GUUUC GUUUUCUYCCUCUUCEEEG U U
[l RN A O R A A R RS A R
3’CC CACC UCGCUUGGCGCAGY U GACUY GC 6 C UCG CU AG UAGGGGG GGAGCUGCCUC &
Daphnia exilis (Ctenodaphnia)
5’ GGAGUGGUGGCCEEUGGGUCGCGUUG UALC GGUUUGUC UULD  UUUUGUUY GUUUC CC U A U
R RN A e R e e A A R A N A R A c
3’CC CACC UCGCUUAGCGCAGU UUA CULC AC G AAAGUCAAG AAG CGAGG GG C A A
Daphnia curvirostris (Hyalocdaphnia)
5'GGAGUGGUGGUCGRUGAYULGUGGUUGLAUC GGUU UU  UUUUCUCUC GA CGGLY U €
(AN B R N e N A N N AR N N P 6
37CC CACC UCGCUAAGC UCAGU U G CUAGAGA AGGAGUGAG U Ueee ¢
Daphnia galeata (Hyalodaphnia) V
5'GGAGUGGUGGUCGGLGEGUCGCGGUUGUAUC GEU LuL GA  UUCGGEUY GAGU GCG AGAG UGAC U C U
[T PEREELELE AT o 1) [ BEEEEEE T I [ R I I
3'CC CACC UCGCUUAGC UCAGU U G CUG UG LU G GCUAG CUCUUC Y CUUC UCUG 6 G
Daphnia longiremis (Hyalodaphnia)
5’ GGAGUGGAUGUQGGUGAGUCGCGGUUGUAUC G UU Uy GAGAGUUCGUUC AUGUGEG GQUGUGUUUCGC GAGU GCGUGAAG UUA
1] VETRLIEEE A el [ RN VITEED T [T PETLELEE 1 b A
3’ C_QCQCC UCGUUUAGC UCAGUL U G CuCU A UUUUCY GCG UGUGCUGCCGUGCUGCGCG CU  UGCGUUUCC GGCC G C
*
Daphnia obtusa (Daphnia)
5'GGAGUGGUGECCEEUBCEUCGUUGUUGUAUCUGCGGUCAGAGUCRGAGR uu
[y PECE VD T TPV R == e u
3'CC CACC UCGCUUAGCU CAGU U GAUGCUGGUUUUAQUQUU_Q c

Daphnia pulex (Daphnia)

5’ GGAGUGGUGGUCGGUGCGUCGUUGUUGUAUCUGCGGQCAGAGU_UGGAM GUUC U U
[FEa FECE LEEE e U e e ITH u

3'CC CACC UCGCUUAGCU CAGU U GAUGCUGGUUUUAAUUUUY UcuuGeg ¢

Fic. 8—Alignment of helices E23-c and 43-1 from pairs or triplets of speciesin the same genus or subgenus. Each sequence is continuous
and is given in the 5'-to-3" direction. Nucleotides that differ between species pairs (or triplets) are underlined. Sections of helix that are absent
in one species relative to the other are indicated by a dashed line. Vertical lines connect nucleotides involved in canonical or G-U base pairing.
Open arrow heads indicate the ““boundary” between the proximal and distal regions of the helices in Daphnia and Daphniopsis (see text and
table 5). Asterisks indicate positions at which compensatory mutations that maintain base pairing have occurred. A, E32-c in Holopedium and
Eurycercus. B, 43-1 in Holopedium and Eurycercus. The sequence from H. gibberum is shown a second time with C and U replaced by Y
(pyrimidine). C, E23-c in Daphnia and Daphniopsis. D, 43-1 in Daphnia and Daphniopsis. The sequence from D. obtusa is incomplete due to
the occurrence of length polymorphism (see text). Sites at which this sequence differs from the D. pulex sequence are underlined.
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D HELIX 43-1
Daphntopsfs quadrangula \Y
5'GGGAGUACGGAGG  CGUCGGBAUCAGGUGGCGGCGALUCGGGUGE AAGAGGCCGGGUUUCUUVAGCUGGCYULY-CUBUCUUCCCAUCGUUCGCGCGUGGU UUUGBUUCGY CAGCU CGG UGUUCGGUUC
JECLETC TEner it R N T N N R L e A R R A e T Ay N R R R N N
3’ CUCUCGU CUUCCAUAGCGGCCC CUACUGCUGCUG GCUCUUUGUUCUCUGGCUCGGGGE  CGGUUUGAGG GG AGAAGGG AGCG GUGUGCGUCG CGG GCG GUUGG GCUUACGGEGUCUU
Daphniopsis truncata
5'GGGAGUACGGAGG CGUCGGGAUCAGEUGGCEGCRAUUCGGGUGG AAGAGGCCGEGUUUCULUAGCUGGCULUULCUUUCULCCCAUCGUUCGCGCGUGEU UUAUBUUYCCUY CAGCUUCGE UGUUCGGE
PECELEE TR0 AT PECELTRLELTE PV 1 POl PEVEL CEEEREEr el feve Crreneerer bty PEE LR >
3'CUCUCGU CUUCCAUABCGGCCC CUACUGCUGCUG GCUCUUUGUUCUCUGGCUCGGGEGE  CGGUUU GAGGGGAAGAAGGG AGCG GUGUGCGUCG A AAAAAGGUY GUUUUAGCE CG GECUA
Daphntopsis quadrangula (continued)
5'GAAAAGG AGGAGGGE CCGCGGCGUGUGG CGGAUGGGGG U U
CEEE A DV et e e geeneitine g
3’CUBUCUC  UUUCUCUUUGECGUUGCGCGUUUGCUUGUCUCE G
Daphniopsis truncata (continued)
5'GAAAGGG  GUUCGAGGGE G A
I I A
3'UUUUCUY  UCGUUCUCCUC A
Daphnta exi1is (Ctenodaphnia) V
5'GGGAGUACGAAGG  CGUCGGGAUCAGGUGGCGGCGGUUCGRGUUGY AGGRGGYCGUGUUCULUAGC UCUUGUGC UUUCGCGGCGUUGGAUUCG UGG UUGGGGACGC GGUCGUGCGA Ug CGGGGU U U
IR FTET [ANAN LEDVLETTETE) T I OO DSTEE PEUETE 0T EEEE VLT b 1 1 T EELE LT I c
3’CUCUCEU CUUCCAUAGCGGCCC CUACUGCUGCUG GCUCUUCG UUCGCUGGCUCGGGGG CG GGUUUGUG GAGCGCUGCG UCUG GC GUC GGUCUCUCAAUYCGGCUUGUY GGUGCCUCE G
Daphnia magna (Ctenodaphnia) *
5'GGGAGUACGGAGE  CBUCGGGAUCAGGUGGCGECGGUUCGGEU GG AAGGGGECGGGUUCUUVAGE GGGCUCY UUUCGCGGCGU GGAUUCGEUUGG AAGCAAAGAGGAAGGGCGAGUUGGUG UU CGGGGU Uy
PECLCLE TEEe e R R A R R RN T R RN A AT e e e NN A NN RN e A N
3'CUCUCGU CUUCCAUAGCGGCCC CUACUGCUGCUGGGCUCU UYGUUUCCUGGCUCGGGGG CG UUUUGGGE GGAGCGCUGCG UC GGGCCGUCC UUUGCG UUCWUUUCUULUCGGUUGC GG GCCUCG G

Daphnia curvirostris (Hyalodaphnia) \Y%

5'GGGAGUACGGAGG  CGUCGGGAUCAGGUGGCEUUGGUUY CGGGUUUCAGCU
PELELTE LI fEgd PELCLVERCILE  dEr 1

3'CYCUCGU CUUCCAUAGCGGCCC CUACUGYGACCG  GCUUA  UUGG CAG

Daphnia galeata {Hyalodaphnia)

5'GEGAGUACGGAGG  CGUCGGGAUCAGBUGGCGGLGGUUUUCGEEUUUCEAUG

LT
CUAGGUUGGGGG

2

PEE L T Cn e TRt PEVERLELLIIED A
CGCAUCG C66 CGGUAGGUUCGGAG UGGGUAGCGG GUCAGGUCUUUCGGUGCUG A

FEEETEL LTET I SARRNAREINY PEVUE LT === L0 THREETEE 00 0 D TEEC T TEECEO R LT €
3'CUCUCGU CUUCCAUAGCGGCCC CUACUGCUGCUG  GCUUAUYGUUGU CUAGGUCGGGGG  CGCUUUG CEUGUCGGCUGGEGE CGGUUGGAGGCBGEEUY GUUGCUUUGGECUUC 6
Daphnia Tongiremis (Hyalodaphnia)
5'GGGAGUACGGAGGE  CGUGGGGACAAGGUGGCUGCGGCUCU GGG UGGCAUG UGA & CUCGGUUUUULU AUCGGCGCUGGGAAGUGCGAUUUUUCUU CUUGCGCGCEGGGGUCGAAGGAAAGGUGUUY
PECLCIE e EELT (IR T L N N A N AN S N PELCPLETELE  TEren g e e LR TRt
3'CUCUCGU CUUCCALAGCGCUCC CUACUGAUGCUGGC YCU CUGU C GCU CUGGGUCGGAG UGGUUGUGGCCECA AUGUUGAGCGGAAAGGCUGUGUGCCCACGGUUUUUUILUCGCGEG
Ld *
Daphnia longiremis {continued)
5’ UUGUGCGUGBGUGUGUCCGUAGGUCGGCGU U A
[ARAERARNANANAE ILTLEITE A
3' CGUGCGCGCGCGUAGAAGACUGGCUGCE C
Daphntia ambigua (Daphnia) \Y%
5'GGGAGUACGGAGG  CGUUGGGAUCAGGUGUCGUCGUUUUCGGGUUUCEGUG UUUGAUAUUY bUCYU GQGG_QGCQAAQCUCU CUCE UGGCUY GCUBGGUUUUUGGCUUCEGGUGUCGUGUGUGUC GUUU U C
PILEIEL HEL I CLVLELEEEED Ty e 1 R IR T N e A R R PECEL TEEUTEE LR TR ey ey A
3'CUCUCGU CUYCCAUAGCGGCCC CUACGGCQGCQG GCUUAUUGCUAU  AUCGAU AG GGGAG CGCUU UGCU AAGG UUGC GUUGAA AGUUUUCGGUUCUGGGGCUCGUGGUACGCGCEG UAAG C
Daphnia pulex (Daphnia) *ox *
5'GGGAGUACGGAGG CGUCGGGAUCAGGUGGCGQCGAU CGGGULUCGGUG  GGACUGG UUCCUUUAGUGAG GC AADCUCU CGGCUU G GUGCUUUGUUCGUCGGGUGUACG GCCU U €
PEELCEE TEEE LHETH IR e R A e [N FOEY £ 0 B ~-== T I|II!IIIIHIIIIIHIIHIIIIII I A
3'CUCUCGU CUUCCAUAGCGRCCC CUACUGCUGCUG GCUUAUUGUUAU CUCGBUC GGGGG  CGCUC UG U AAGG GCUGUU UCGGG UGGAGUAGGCGGUCCGUUGGY UGGG C
Daphnia obtusa (Daphnia) *
5'GGGAGUACGGAGG  CGUCGGGAUCAGGUGGCGGCGAUU CGGGUCUCGEUG GGACUGG UUCCUUUAGUGAG GC AcCCUCY CGGCUU GGAUU
PECELLE TEEEE AT I R A R BT A (IR N NN E R >
3'CUCUCGU CUUCCAUAGCGGCCC CUACUGCUGCUG  GCUVAUUGUUAL  CUCGGUC GGGGG  CGCUC UG U AAGG GCUGUY UcuG

Fic. 8 (Continued)

the helix intact (fig. 8) is consistent with the occurrence
of compensatory slippage as proposed by Hancock and
Dover (1990). The tendency for these modules to be
associated with unpaired or mismatched nucleotides
suggests that the original stimulus for their production
is the elongation of bulges on one strand of a helix.
Indeed, Gonzalez et al. (1985) showed that variants of
D6 in the LSU rRNA of a single human differed by the
presence/absence of asymmetrical bulges, apparently
caused by slippage of GGC and GU motifs in the stems.
Initially, the enlargement of a preexisting bulge may
have little impact on the stability of a helix. However,
increasing asymmetry of the bulge may destabilize the
helix to the point where natural selection would act
against individuals with a large proportion of rRNA
genes that carry it. On the other hand, selection would
also favor genes in which elongation of motifs that
could pair with at least part of the bulge had occurred
in the appropriate location. The creation of such a dou-
ble mutant could occur if compensatory slippage oc-

curred in a gene copy carrying the original slippage
product, which seems unlikely. However, Hancock and
Dover (1988) argued that the probability of this would
increase as the proportion of the original mutant in-
creased in the rRNA gene family. Alternatively, such
compensatory slippage could have occurred in another
copy of the rRNA gene, with subsequent generation of
the double mutant via unequal crossing over (Hancock
and Dover 1990). Either way, the result would be the
production of a new section of helix embedded within
the original. Nunn et al. (1996) suggested a similar
mechanism to explain the fact that nucleotides with high
sequence simplicity scores often occurred near bulgesin
the exceptionally long D3 region of LSU rRNA in iso-
pod crustaceans.

In some cases, differences between E23-c and 43-
1 in species from the same genus appear to be due to
the addition of stem modules at the very tip of the helix.
Such additions were also observed by Hassouna, Mich-
ot, and Bachellerie (1984) for the LSU rRNA D domains
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of vertebrates, and by Nunn et a. (1996) for D3 of iso-
pods. Extension of the tip of a helix could involve dip-
page-mediated enlargement of one side of the terminal
loop that is compensated by slippage of a complemen-
tary motif on the other side.

The association of stem modules with bulges and
terminal loops may help explain the increasing bias to-
ward U with an increase in helix length in the cladoc-
erans (fig. 7). The unpaired portions of 43-1 are biased
toward A and U, while the stems are biased toward G
and C (table 4). If slippage of single-nucleotide motifs
in a bulge or aloop is the first step toward helix elon-
gation, then it will most likely involve U or A. Because
the entire structure is generally biased toward G and C,
compensatory slippage would most likely involve one
of these nucleotides, especidly if it occursin part of the
stem. A run of G'sthat is created by slippage could form
a stable helix with a run of U’s to form a new section
of stem. On the other hand, a run of C's would not form
a stable helix with arun of A's (Santalucia, Kierzek, and
Turner 1991; Wu, McDowell, and Turner 1995) resulting
in selection against A-rich bulges that become large
enough to destabilize the helix. A run of A's could aso
compensate a run of U’s, and, indeed, there are some
short stretches of A-U pairs in the helices of the Daph-
nia species (fig. 8). However, the overall proportion of
A remains very low in the variable-region helices (table
2), suggesting that compensatory slippage involving A
is not common or that there is strong selection against
the accumulation of A-U pairs in the stems even though
they should form more stable helices than G-U pairs
(Sugimoto et al. 1986). This pattern of helix elongation
would tend to perpetuate the U bias, as it is not likely
that compensatory slippage would produce a run of G’s
(or A's) that is exactly the same length as the run of U’s
with which it pairs. Thus, the “leftover” U’s in the
bulge would maintain or create new sites for future elon-
gation.

The tendency for the expansion of E23-c and 43-1
in the cladocerans to occur via the proliferation of G-U
pairs is unusual. For example, the overal frequency of
G-U pairs in the AU-biased stems of D1 and D2 in the
LSU rRNA of 82 Drosophila species is only 6.5%
(Rousset, Pelankadis, and Solignac 1991). However, the
cladoceran pattern of GC bias in stems versus AU bias
in loops and bulges has been observed in the variable
regions of both SSU and LSU rRNAs of vertebrates
(Hancock and Dover 1988; Vawter and Brown 1993)
and in LSU rRNAs of insects and crustaceans (Hancock
and Dover 1998; Nunn et a. 1996). For example, the
mean GC content of the D3 stems in the 12 isopod spe-
cies surveyed by Nunn et al. (1996) is 66.5%, while the
unpaired regions are only 39.3% GC on average. How-
ever, a GC biasin stems generally intensifies as the vari-
able regions expand, resulting in a predominance of G-
C pairs. This is precisely the pattern observed for iso-
pods (Nunn et al. 1996) in which the mean G-C/G-U
ratio in D3 stems is 4.39 (range 2.00—6.63). This value
is substantially higher than the mean G-C/G-U ratio of
1.36 observed for the cladocerans (table 4). A predom-
inance of G-C pairs in the growing stems of variable-

region helices is presumably favored (Vawter and
Brown 1993) because G-C pairs have a lower free en-
ergy than either A-U or G-U pairs (Freier et a. 1986),
resulting in increased helix stability. If so, it is interest-
ing that the proportion of nucleotides involved in base
pairing averages 85.9% in helix 43-1 of the cladocerans,
which contains many G-U pairs (table 4), but only
64.7% (range 58.8-69.5%) in D3 of the isopods, which
isrich in G-C pairs.

Like the stem modules of E23-c and 43-1, the two
unigue cladoceran side branches originate at unpaired
nucleotides. E23-1a originates at an unpaired A in E23-
1 of the noncladocerans (figs. 4A and 5A), and 43-2
originates from the U-C mismatch at which 43-1 origi-
nates in Cyclestheria (figs. 4B and 5B). This suggests
that compensatory dlippage may also occur within a
growing bulge, leading to the formation of a new helix.
However, the formation of new helices seems to be
somewhat more constrained in the Cladocera than is the
elongation of preexisting ones. For example, the for-
mation of 43-2 seems to have been tolerated at the base
of 43-1 (note that 43-2 is quite long in Ofryoxus and
Ilyocryptus compared with the other cladocerans; fig.
5B), but energetic criteria suggest that there are no side
branches along the length of either E32-c or 43-1. In
addition, the length and primary sequence of E23-1a has
remained fairly stable across the Cladocera, suggesting
that it is under some sort of constraint. Similarly, the
formation of side branches may be somewhat con-
strained in D3 of isopods. Secondary-structure analysis
suggests that they occur in several species in subdomain
[11, but rarely occur in subdomain 1V, despite the fact
that both domains show extraordinary length increases
(Nunn et al. 1996). In contrast, the proposed secondary
structure for the extremely long helix 43 of the aphid A.
pisum (rRNA database) includes three side branches.
More data on structural variation in the variable regions
of long rRNAs is required to determine if the pattern of
length increase without concomitant increase in struc-
tural complexity is common. If so, this pattern suggests
that the constraints affecting changes in the length of an
established expansion helix are relatively relaxed com-
pared with the constraints affecting its initial formation.

Nunn et a. (1996) noted a positive correlation be-
tween expansion of D3 in the LSU rRNA of isopods
and the increased temperature tolerance that accompa-
nied radiations into terrestrial habitats. No such corre-
lation is apparent among the cladocerans, which gener-
aly live in lakes and/or ponds (there are a small number
of marine taxa) and whose geographic distribution rang-
es from the Arctic down into the tropics. Indeed, the
two taxa with the longest variable regions (table 2) ex-
perience opposite extremes of temperature: D. quadran-
gula inhabits very warm, ephemeral, saline bodies of
water in the arid regions of Australia, while D. longi-
remis is restricted to cold-water habitats such as arctic
lakes or the hypolimnion of deep temperate lakes.

Implications for General Genome Evolution

Hancock (1995) argued that elongation of variable
regions in the rRNA genes is the byproduct of a ge-
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in cladoceran crustaceans.

nome-wide tendency for sequences to expand via mech-
anisms such as dlippage replication and that this ac-
counts for the observation that different expansion seg-
ments in the LSU rRNA gene tend to coevolve with
respect to sequence and nucleotide composition (Michot
and Bachellerie 1987; Hancock and Dover 1988). The
highly significant correlation between length and nucle-
otide composition for E23-c and 43-1 in the cladocerans
(fig. 3) is consistent with this idea. However, it could
also be argued that there is some sort of functional re-
lationship between V4 and V7 that requires a correlated
increase in the size of the variable-region helices. If the
coexpansion of these helices is a byproduct of elonga
tion mechanisms, then one might expect a correlation
between the lengths of expanded regions in the SSU
rRNA and the LSU rRNA genes, which both occur with-
in the same transcription unit. Taylor (unpublished data)
sequenced the D2 region of the LSU rRNA gene for
many of the taxa used in this study. The correlation
between the length of D2 and V7 in the cladocerans is
highly significant (fig. 9A). Moreover, the same tenden-
cy toward a decrease in GC content with increasing he-
lix length, due to an increase in the proportion of U,
also occurs (fig. 9B), suggesting that the mechanism re-
sponsible for elongation is similar in both regions. Even
S0, it is still not clear that the tendency toward elonga-
tion of variable regions in the rRNA genes reflects a
genome-wide phenomenon. For example, Daphnia pos-
sess unusually long rRNA genes but have the smallest
genomes yet reported for crustaceans (reviewed in Léch-
er, Defaye, and Noel 1995). Beaton (1995) found that
the haploid genomes of 35 species of Daphnia range in
size from 0.21 to 0.58 pg. Similarly, the genome size of
the laevicaudatan Lynceus brachyurum is 0.30 pg (Bea-
ton 1988). In contrast, the genome sizes of the anostra-
cans Artemiopsis stephanssoni and Branchinecta palu-
dosa are 0.87 and 2.77 pg, respectively (Beaton 1988).
Genome sizes for nonbranchiopod crustaceans range
from 0.7 pg in cirripedes to over 20 pg in some deca-
pods (Lécher, Defaye, and Noel 1995), yet SSU rRNA
genes longer than 1,900 nt have not been reported in
any other crustacean group (Crease and Colbourne
1998). These preliminary results suggest that genome
size may not be strongly correlated with the size of vari-
able regions in rRNA, and that the unusual expansion
of the SSU rRNA gene in the cladocerans may oppose

the more general tendency for their genomes to be com-
pact.

It is interesting to note that even though the mean
length of D2 in the noncladocerans (330 nt, range 292—
364 nt) is significantly shorter (t = —1.84, P = 0.04)
than the mean length of D2 in the cladocerans (350 nt,
range 310-412 nt), the ranges overlap substantialy.
Thisis definitely not the case for E23-c and 43-1, which
do not even exist in the noncladocerans. Thus, an im-
portant question that still remains to be answered is why
new helices evolve in the SSU rRNAs of some lineages
but not in those of others, even though the mechanisms
that could create them are operating in the D domains
of the LSU rRNA genes within the same transcription
unit.
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