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Summary. The 1788-nucleotide sequence of the
S_rnall-subunit ribosomal RNA (sTRNA) coding re-
glon from the chlorophyte Volvox carteri was de-
termined. The secondary structure bears features
typical of the universal model of srRNA, including
about 40 helices and a division into four domains.
P hylogenetic relationships to 17 other eukaryotes,
Including two other chlorophytes, were explored by
comparing srRNA sequences. Similarity values and
the inspection of phylogenetic trees derived by dis-
tance matrix methods revealed a close relationship
between V. carteri and Chlamydomonas reinhardtii.
The results are consistent with the view that these
Volvocales, and the third green alga, Nanochlorum
€Ucaryotum, are more closely related to higher plants
th'an to any other major eukaryotic group, but con-
Stitute a distinct lineage that has long been separated
from the line leading to the higher plants.
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Introduction

Volvox, a multicellular spheroidal green alga, is nor-
mally grouped with Chlamydomonas, and all of the
Other normally motile unicellular and colonial green
algae, in the order Volvocales (Bold and Wynne
1985). Most Volvocales, whether of the unicellular
(Chlamydomonas) or colonial type (Gonium, Pan-
dorina, Eudorina), have only one type of cell capable
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of performing all the vegetative and reproductive
functions of the organism (Kochert 1973). Volvox

is the only member of the order that shows a com-

plete division of labor between two fully differen-

tiated cell types, namely, somatic and reproductive

cells (Kirk and Harper 1986). It is this range from

unicellular to multicellular that recommends the

Volvocalean order as a model for examining the

genetic origins of multicellularity. To this end, we

have initiated a number of phylogenetic studies of
Volvox carteri, which is the member of the order

with the earliest and most complete differentiation

of germ and somatic cells.

Prior studies that compared the tubulin gene se-
quences and codon usage patterns of V. carteri and
Chlamydomonas reinhardtii have reinforced the
presumption (based originally on morphological and
physiological similarities) that these two genera are
closely related, and perhaps even more closely re-
lated than might have been anticipated on the basis
of organizational differences between the species
(Harper and Mages 1988; Mages et al. 1988). At the
same time, structural differences of the Volvocalean
tubulin genes—and, even more distinctly, of the
Volvox histone H3 and H4 genes (Miiller and Schmitt
1988)—from the corresponding genes of higher
plants and animals have suggested a rather unique
position of the order Volvocales in the evolutionary
scheme. Therefore, we have undertaken compari-
sons of small-subunit ribosomal RNA (srRNA) se-
quences, as an independent route to assessing both
the relationship between V. carteri and C. rein-
hardtii, and the phylogenetic position of the Vol-
vocales relative to other major eukaryotic taxa.

Ribosomal RNAs (rRNAs) have proved to be
particularly useful for assessing evolutionary rela-
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Restriction maps and sequencing strategy for Volvox carteri 18S and 5.8S rRNA genes. One rRNA repeat unit is represented

by a 9.4-kb EcoRI fragment from the recombinant phage ArD175. The locations of the three rRNA genes within ArD175 are shown
above, and an expanded map of the 2334-bp portion that contains the 18S and 5.8S rRNA—with relevant restriction sites used for
sequencing—is shown below. B, BamH]I; E, EcoRl; H, Hpall; Hind, HindIll; R, Rsal; S, Sau3A; Sma, Smal. Arrows (pointing from
5’ to 3') indicate single strands that were sequenced from subcloned fragments.

tionships within and between groups of organisms
for several reasons. The rRNAs are universal among
pro- and eukaryotic organisms, their sequences have
changed very slowly during evolution, and their
functional role in protein synthesis essentially has
remained unchanged (Hori and Osawa 1979; Fox et
al. 1980). In particular, the srRNAs contain regions
differing so widely in the degree of sequence con-
servation that they potentially provide measures of
divergence over a wide range of phylogenetic dis-
tances (Woese 1987).

In this study we have determined the V. carteri
srRNA sequence and have compared it to that of
17 other eukaryotic taxa, including C. reinhardtii
(Gunderson et al. 1987) and Nanochlorum eucary-
otum (Sargent et al. 1988). These data confirm that
V. carteri and C. reinhardtii are very close relatives;
most sequence differences between these species re-
side in variable regions that become apparent in a
secondary structure model of the srRNA. Phylo-
genetically, the order Volvocales appears to be a
lineage that diverged early from the line to higher
plants.

Materials and Methods

Strains and Chemicals. Volvox carterif. nagariensis, female strain
HKI10 (UTEX 1885), kindly was supplied by R. Starr (University
of Texas Culture Collection of Algae). Cultures were grown in
standard Volvox medium (Starr 1969) at 28°C under an 8-h dark/
16-h light regime, as previously described (Mages et al. 1988).
Restriction enzymes, alkaline phosphatase, kinase, DNA poly-
merase (Klenow fragment), and T4-DNA ligase were purchased
from Boehringér (Mannheim, FRG). [y-*?P]ATP was prepared
according to Johnson and Walseth (1979). 32P, and [¢-**S)dATP

were purchased from Amersham Buchler (Braunschweig, FRG).
Oligonucleotide primers synthesized by the phosphoamidite
method (Matteucci and Caruthers 1981) kindly were supplied by
M. Sumper (University of Regensburg, FRG).

Library Screening. The isolation of high molecular weight
Volvox DNA and construction of a Volvox genomic library with
phage vector \EMBL3 is described elsewhere (Mages et al. 1988).
Approximately 35,000 recombinant phages were screened for
rDNA clones by in situ plague hybridization (Benton and Davis
1977) using Schleicher and Schiill BA85 nitrocellulose mem-
branes. Yeast 18S-like and 28S-like rRNAs were 5'-labeled with
[v-**P]JATP (Maxam and Gilbert 1980) and then used as probes.
Southern transfers (Southern 1975) were performed according to
Maniatis et al. (1982), with two subsequent washes at 42°C and
65°C.

DNA Sequence Analysis. Fragments of recombinant phage
DNA were subcloned into pUCS (Vieira and Messing 1982) and
both strands were sequenced by the dideoxynucleotide chain ter-
mination method (Sanger et al. 1977) using synthetic primers
and a gradient acrylamide gel as described by Heinrich (1986).
The ends of the derived srRNA sequence were defined by com-
parison with yeast srRNA (Rubtsov et al. 1980).

Prediction of Secondary Structure. The secondary structure
model of Zea mays strRNA (Gutell et al. 1985) served as a pattern
for the Volvox sequence. All secondary structure predictions are
based on evidence for compensating base changes, as described
by Leffers et al. (1987), using the graphics editor EDSTRUC (N.
Larsen, unpublished). The resulting model of Volvox srRNA was
plotted using the PLSTRUC program (N. Larsen, unpublished).

Sequence Alignments. A total of 17 eukaryotic srRNA se-
quences (Dams et al. 1988) were aligned with Volvox srRNA by
using the sequence editor ALMA (S. Thirup and N. Larsen, un-
published) that first aligns sequences according to common pri-
mary structure, then uses well-established secondary structure
elements for aligning regions that share little homology, and fi-
nally introduces gaps into each individual sequence, as required
to achieve optimum alignment.
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Fig. 2, Secondary structure model for the Volvox srRNA. Double-helical segments are numbered (Arabic numerals) according 1o
Huysmans and DeWachter (1986). The division into four domains (Roman numerals, ca. residues 1-605, 606—} 140, 1141-1622, and
1623-1 788) follows the proposal of Gutell et al. (1985). Twenty-seven positions differing between Volvox carteri and Chlamydomonas

reinhardtij srRNAs are marked with arrows.

Phylogenetic Analysis. Structural similarity values were cal-
culated by pairwise comparisons of aligned srRNA sequences,
using the formula: structural similarity = match positions/match
Positions + mismatch positions. The analysis was restricted to
those nucleotide positions that could be aligned unambiguously

and exhibited no gaps in all sSrRNA sequences being compared
(Lefferset al. 1987). In a second approach, total sStRNA sequences
were compared, giving each gap (regardless of size), transition,
or transversion a value of one. Structural distance values (Knuc
values = the average number of mutational events per sequence
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UACcugguUGAuccugccaglaguCauaugcuugucucaAAGAUUAAgcc AugcAUGUCUAAgUauaaACUGCuu-auacUGUGAAACUGCGAAUGGcue 99
UACCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUCAAAGAUUAAGCCAUGCAUGUCUAAGUAUAAACUGCUU-AUACUGUGAAACUGCGAAUGGCUC 99
UACCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUCAAAGAUUAAGCCAUGCAUGUCUAAGUAUAAACUGCUUUAUACUGUGAAACUGCGAAUGGCUC 100
UACCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUCAAAGAUUAAGCCAUGCAUGUGCAAGUAUGAACUAAUUCGAACUGUGAAACUGCGAAUGGCUC 100
UACUUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUCAAAGAUUAAGCCAUGCAUGUGUAAGUAUGAACUAAUUCAGACUGUGAAACUGCGAAUGGCUC 100
UAUCYGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUCAAAGAUUAAGCCAUGCAUGUCUAAGUAUAAGCA~AUUUAUACAGUGAAACUGCGAAUGGCUC 99
UACCUGGUUGAUCCUGCCAGUAG-CAUAUGCUUGUCUCAAAGAUUAAGCCAUGCAUGUCUAAGUACGCACG~GCCGGUACAGUGAAACUGCGAAUGGCUC 98

XEMONZETO<
:n:?wza

AUUAAAUcagUUAUAguuuAUUUgaugglacC---~-- UACU-AcUcgg-auAAcCGuagUAAUUcuaGAgCUAauacgUgCGCACAa--cccGACUUCYU 189
AUUAAAUCAGUUAUAGUUUAUUUGAUGGUACC------ UACU-ACUGGG-AUAACCGUAGUAAUUCUAGAGCUAAUACGUGCGCACAA--CCCGACUU-~ 187
AUUAAAUCAGUUAUAGUUUAUUUGAUGGUACC--- - - ~UACUUACUCGG- AUACCCGUAGUAAUUCUAGAGCUAAUACGUGCGCACAU--CCCGACUUCU 191
AUUAAAUCAGUUAUAGUUUGUUUGAUGGUACG-- - - -~UGCU-ACUUGG-AUAACCGUAGUAAUUCUAGAGCUAAUACGUGCA-ACAAACCCCGACUUCC 191
AUUAAAUCAGUUAUAGUUUGUUUGAUGGUAUC——--- UACU-ACUCGG-AUAACCGUAGUAAUUCUAGAGCUAAUACGUGCA -ACAAACCCCGACUUCY 191
AUUAAAUCAGUUAUCGUUUAUUUGAUAGUUCC - - --UUUACU-ACAUGGUAUAACCGUGGUAAUUCUAGAGCUAAUACAUGC-UUAAAAUCUCGACCC-- 191
AUUAAAUCAGUUAUGGUUCCUVUGGUCGCUCGCUCCUCUCCU-ACUUGG-AUAACUGUGGUAAUUCUAGAGCUAAVACAUGCCGACGGGCGCUGACCCCE 196
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----------- GGAAggguCGUAUuuauuaGAUAAAAGGCCAGe-CgggCULU - --GcecgUUG-AAUGGUGA 246
~CUGGAAGGGUCGUAUUUAUUAGAUAAAAGGCCAGC~-CGGGCUCU _—— GCCCGACC-UGCGGUGA 246
------- GGAAGGGACGUAUUUAUUAGAUAAAAGGCCGAC-CGGAUUGU -—- -~UCCGACU-CGCGGUGA 247

GGGAGGGGCGCAUUUAUUAGAUAAAAGGCUGACGCGGGCUCU- --GCCCGCCGAUCCGAUGA 250
----------- GGAAGGGAUGCAUVUAUUAGAUAAAAGGUCAACACAGGCUCU ~GCCUGUUGCUUUGAUGA 250
-------- UUUGGAAGAGAUGUAUUUAUUAGAUAAAAAAUCAAUGUCUUC GGACUCUUUGAUGA 247
CUUCCCGGGGGGGGAUGCGUGCAUVUAUCAGAUCAAA~ACCAACCCG-GUGAGCUCCCUCCCGGCUCCGGCCGGGGGUCGGGCGCCGGCGGC-UUGGUGA 293
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AUCAugauaaCUUCACG--AAucguaugGC-CAcguGCCGacgalgullucauuCaaaullcugcccUAUCAaculUCGaugguaggAUAGAGGecuacea 343
AUCAUGAUAACUUCACG--AAUCGUAUGGG-~CUCGUCCCGACGAUGUUUCAUUCAAAUAUCUGCCCUAUCAACUUUCGAUGGUAGGAUAGAGGCCUACCA 343
CUCAUGAUAACUUCACG--AAUCGCAUGGC-CUCGUGCCGGCGAUGUUUCAUUCAAAUUUCUGCCCUAUCAACUUUUGAUGGUAGGAUAGAGGCCUACCA 344
UUCAUGAUAACUUGACG--GAUCGCACGGCCUUCGUGCCGGCGACGCAUCAUUCAAAUUUCUGCCCUAUCAACUVUCGAUGGUAGGAUAGGGGCCUACCA 348
UUCAUGAUAACUCGUCG--GAUCGCACGGCCUUUGUGCCGGCGACGCAUCAUUCAAAUUUCUGCCCUAUCAACUUUCGAUGGUAGGAUAGUGGCCUACCA 348
UUCAUAAUAACUUUUCG -~ AAUCGCAUGGC-CUUGUGCUGGCGAUGGUUCAUUCAAAUUUCUGCCCUAUCAACUUUCGAUGGUIAGGAUAGUGGCCUACCA 344
CUCUAGAUAACCUCGGGCCGAUCGCACGCCCCCCGUGGCGGCGACGACCCAUUCGAACGUCUGCCCUAUCAACUUUCGAUGGUAGUCGCCGUGCCUACCA 393

ugguGGUAACgggUGAcggaggauUAGGguucGAUuccggagAgggagccUGAGAGAUggcuaccAcAucCAAGgaAgGCAgcaggcGCGCAAaunaceC 443
UGGUGGUAACGGGUGACGGAGGAUUAGGGUUCGAUUCCGGAGAGGGAGCCUGAGAGAUGGCUACCACAUCCAAGGAAGGCAGCAGGCGCGCAAAUUACCC 443
UGGUGGUAACGGGUGACGGAGAAUUAGGGUUCGAUUCCGGAGAGGGAGCCUGAGAAACGGCUACCACAUCCAAGGAAGGCAGCAGGCGCGCAAAUUACCC 444
UGGUGGUGACGGGUGACGGAGAAUUAGGGUUCGAUUCCGGAGAGGGAGCCUGAGAAACGGCUACCACAUCCAAGGAAGGCAGCAGGCGCGCAAAVUACCC 448
UGGUGGUGACGGGUGACGGAGAAUUAGGGUUCGAUUCCGGAGAGGGAGCCUGAGAAACGGCUACCACAUCCAAGGAAGGCAGCAGGCGCGCAAAUUACCC 448
UGGUUUCAACGGGUAACGGGGAAUAAGGGUUCGAUUCCGGAGAGGGAGCCUGAGAAACGGCUACCACAUCCAAGGAAGGCAGCAGGCGCGCAAAUUACCC 444
UGGUGACCACGGGUGACGGGGAAUCAGGGUUCGAUUCCGGAGAGGGAGCCUGAGAAACGGCUACCACAUCCAAGGAAGGCAGCAGGCGCGCAAAUUACCC 493
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AAucccGACACggggAgguaguGACAAUAAAUAAcaauaccgggegeUUA-gegucu-gguaAuugGAAugaglacaAUCUAAAUCCCUUAACGA-GGAU 540
AAUCCCGACACGGGGAGGUAGUGACAAUAAAUAACAAUACCGGGCGCUUC-GCGUCU-GGUAAUUGGAAUGAGUACAAUCUAAAUCCCUUAACGA-GGAU 540
AAUCCUGACACAGGGAGGUAGUGACAAUAAAUAACAAUACCGGGCCUUUG- - -GUCU-GGUAAUUGGAAUGAGUACAACCUAAACACCUUAACGA-GGAU 539
AAUCCUGACACGGGGAGGUAGUGACAAUAAAUAACAAUACCGGGCGCGUUAGUGUCU-GGUAAUUGGAAUGAGUACAAUCUAAAUCCCUUAACGA-GGAU 546
AAUCCUGACACGGGGAGGUAGUGACAAUAAAUAACAAUACCGGGCUCAUU-GAGUCU-GGUAAUUGGAAUGAGUACAAUCUAAAUCCCUUAACGAUGGAU 546
AAUCCUAAUUCAGGGAGGUAGUGACAAUAAAUAACGAUACAGGGCCCAUUCGGGUCU-UGUAAUUGGAAUGAGUACAAUGUAAAUACCUUAACGA-GGAA 542
ACUCCCGACCCGGGGAGGUAGUGACGAAAAAUAACAAUACAGGACUCUUUCGAGGCCCUGUAAUUGGAAUGAGUCCACUUUAAAUCCUUUAACGA-GGAU 592
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CCAuuggaGGGCAAgUcuggUgECCAGCAGCCGCGGUAAUUccageuccaalageguauauulAAGUUGuugcagUUAAAAagCucGUAGUUGGAUUUCGG 640
CCAUUGGAGGGCAAGUCUGGUGCCAGCAGCCGCGGUAAUUCCAGCUCCAAUAGCGUAUAUUUAAGUUGUUGCAGUUAAAAAGCUCGUAGUUGGAUUUCGG 640
CAAUUGGAGGGCAAGUCUGGUGCCAGCAGCCGCGGUAAUUCCAGCUCCAAUAGCGUAVAUUUAAGUUGCUGCAGUUAAAAAGCUCGUAGUUGGAUUUCGG 639
CCAUUGGAGGGCAAGUCUGGUGCCAGCAGCCGCGGUAAUUCCAGCUCCAAUAGCGUAUAUUUAAGUUGUUGCAGUUAAAAAGCUCGUAGUUGGACCUUGG 646
CCAVUGAAGGGCAAGUCUGGUGCCAGCAGCCGCGGIAAUUCCAGCUCCAAUAGCGUAUAUUUAAGUUGUUGCAGUUAAAAAGCUCGUAGUUGGACCUUGG 646
CAAUUGGAGGGCAAGUCUGGUGCCAGCAGCCGCGGUAAVUCCAGCUCCAAVAGCGUAVAUUAAAGUUGUUGCAGUUAAAAAGCUCGUAGUUGAACUDIGE 642
CCAUUGGAGGGCAAGUCUGGUGCCAGCAGCCGCGGUAAUUCCAGCUCCAAUAGCGUAUAUUAAAGUUGCUGCAGUVUAAAAAGCUCGUAGUUGGAUCUUGG 692
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GUGGGGUGGUGCGGUCCGCCUCU---GGU-GUGC- ACUGCUCUGCUC- - --CACCUUCC--UGCCGGGGACGGGCUCCUGGGCUUCACU-GUAU-GGGAC 727
GUGGGGUGGUGCGGUCCGCCUCY~~-GGU-GUGC-ACUGCUCUGCUC----CACCUUCC- -UGCCGGGGACGGGCUCCUGGGCUUCACY-GUCU-GGGAC 727
GUGGGGCCUGCCGGUCCGCCGUU-UCGGU-GUGC-ACUGGCCGGGCC- -~ -~ CACCUUGU--UGCCGGGGACGGGCUCCUGGGCUUCGCU-GUCC-GGGAC 728
GCCGGGCCGGGUG-~CCGCCGCCGUACGG-GCAGAACCGACCGGCUC- - ~~GACCCUUC- - UGCCGGCGAUGCGCUCCUGGCCUUAACY-GGCC-GGGY- 734
GUUGGGUCGAUCGGUCCGCCUCCEGY-GU-GC- - ~ACCGGUCGGCUC~ - -~GUCCCUUC- -UGCCGGCGAUGCGCUCCUGUCCUVAACU-GGCC-GGGU- 732
GCCCGGUUGGCCGGUCCGAUUULUUC-GU-GU- - ~ACUGGAUU-UCCAACGGGGCCUUUCCUUCUGGCUAA -CCUUGA ~GUCCUUGUG - ~GCUCUUGG-~ 730
GAGCGGGCGGGCGGUCCGCCGCGA--~GGCGAGUCACCGCCCGUCCCC-~-GCCCCUUGCCUCUCGGCGCCCCCUCGAUGCUCUUAGCU-GA--GUGUCC 783

UCGGAG-UC--GGCG~AGGUUACUUUGAGUAAAUUAGAGUGUUCAAAGCAGGCC--UACGCUCUGAAUACAUUAGCAUGGAAUAACACGAUAGGAC-UCYU 820
UCGGAG-UC--GGCG-AGGUUACUUUGAGUAAAUUAGAGUGUUCAAAGCAGGCC--UACGCUCUGAAUACAUUAGCAUGGAAUAACACGAUAGGAC-UCU 820
CCGGAG-UC~-GGCG-AGGUUACUUUGAGUAAAUUAGAGUGUUCAAAGCAGGCC- -UACGCUCUGAAUACAUUAGCAUGGAAUAACACGAUAGGAC-UCU 821
-CGUGCCUCCGGGC- - ~-CGUUACUUUGAAGAAAUUAGAGUGCUCAAAGCAAGCC- - AUCGCUCUGGAUACAUUAGCAUGGGAUAACAUCAUAGGAY-UCC 827
-CGUGCCUCC-GGUG-CUGUUACUUUGAAGAAAUUAGAGUGCUCAAAGCAAGCC - - UACGCUCUGUAUACAUUAGCAUGGGAUAACACCACAGGAU-UCY 826
-CGAA---CCAGGA--CUUUUACUUUGAAAAAAUUAGAGUGUUCAAAGCAGGCG - ~-UAUUGCUCGAAUAUAUUAGCAUGGAAUAAUAGAAUAGGACGUUU 822
CGCGGGG-CCC-GAAGCGUUUACUUUGAAAAAAUUAGAGUGUUCAAAGCAGGCCCGAGCCGCCUGGAUACCGCAGCUAGGAAUAAUGGAAUAGGAC-CGC 880
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GG-CCUAUC-UGUUGGUCUGUGGGAUCGGAGUAAugauuaaGAgggguagucGggggcalUCGUAuuccguUgUCAgagGUGAAAULCUUGGAUuUacgg 918
GG-CCUAUC-UGUUGGUCUGUGGGACCGGAGUAAUGAUUAAGAGGGGUAGUCGGGGGCAUUCGUAUUCCGUUGUCAGAGGUGAAAUUCUUGGAUUUACGG 918
GG-CCUAUCCUGUUGGUCUGUAGGACCGGAGUAAUGAUUAAGAGGGACAGUCGGGGGCAUUCGUAUUUCAUUGUCAGAGGUGAAAUUCUUGGAUUUAUGA 920
GGUCCUAUUGUGUUGGCCUUCGGGAUCGGAGUAAUGAUUAAUAGGGACAGUCGGGGGCAUUCGUAUUUCAUAGUCAGAGGUGAAAUUCUUGGAUUUAUGA 927
GAUCCUAUUGUGUUGGCCUUCGGGAUCGGAGUAAUGAUUAACAGGGACAGUCGGGGGCAUUCGUAUUUCAUAGUCAGAGGUGAAAUUCUUGGAUUUAUGA 926
GGUUCUAUUUUGUUGGUUUCUAGGACCAUCGUAAUGAUUAAUAGGGACGGUCGGGGGCAUCGGUAULUCAAUUGUC-GAGGUGAAAUUCUUGGAUVUAUUG 921
GGUUCUAUUUUGUUGGUUUUCGGAACUGAGGCCAUGAUUAAGAGGGACGGCCGGGEGCAUUCGUAUUGCGCCGCUAGAGGUGAAAUUCUUGGACCGGCGC 980

o e .
R

a3aGACGAACAUCUgcGAAAgcAUUugccaaggauacuuuCAuugaucadgaAcgAAAguuggggGCUCGAAgacgAUUAGAUACcgucGUAGucucaacC 1018
AAGACGAACAUCUGCGAAAGCAUUUGCCAAGGAUACUUUCAUUGAUCAAGAACGAAAGUUGGGGGCUCGAAGACGAUUAGAUACCGUCGUAGUCUCAACC 1018
AAGACGAACUACUGCGAAAGCAUUUGCCAAGGAUGUUUUCAUUAAUCAAGAACGAAAGUUGGGGGCUCGAAGACGAUUAGAUACCGUCCUAGUCUCAACC 1020
AAGACGAACAACUGCGAAAGCAUUUGCCAAGGANIGUUUUCAUUAAUCAAGAACGAAAGUUGGGGGCUCGAAGACGAUCAGAUACCGUCCUAGUCUCAACC 1027
AAGACGAACAACUGCGAAAGCAUUUGCCAAGGAUGUUUUCAUUAAUCAAGAACGAAAGUUGGGGGCUCGAAGACGAUCAGAUACCGUCCUAGUCUCAACC 1026
AAGACUAACUACUGCGAAAGCAUUUGCCAAGGACGUUUUCAUUAAUCAAGAACGAAAGUUAGGGGAUCGAAGAUGAUCUGGUACCGUCGUAGUCUUAACC 1021
AAGACGGACCAGAGCGAAAGCAUUUGCCAAGAAUGUUUUCAUUAAUCAAGAACGAAAGUCGGAGGUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACC 1080
Fig. 3. Sequence of the srRNA-coding region of Volvox carteri (V.c.), aligned with those of Chlamydomonas reinhardtii (C.r.),
Nanochlorum eucaryotum (N.e.), Zea mays (Z.m.), Glycine max (G.m.), Mus musculus (M.m.), and Saccharomyces cerevisiae (S.c.).
Sequences were aligned on the basis of primary structure similarities and phylogenetically conserved secondary structure (Fig. 2).
Helix and nonhelix positions are indicated by lower-case and upper-case lettering, respectively, in the Volvox sequence. Alignments
were refined by introducing gaps, where length variations occurred. These alignments were influenced by consideration of 11 other

eukaryotic srRNA sequences (see text).
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Fig. 3. Continued

Doisition) were calculated according to Hori and Osawa (1979)
using the program NUCTREE. Phylogenetic trees were examined
by using distance matrix methods (Fitch and Margoliash 1967;
I:f:lsenstein 1981), and the best fit was determined by independent
application of the FITCH, DNAPARS, and DNAML programs
Felsenstein 1985). All calculations were performed on a DEC
VAX 11/780 computer. The programs ALMA, EDSTRUC,
NUCTREE, PLSTRUC, and complete listings of the 18 aligned
STRNA sequences are available from N. Larsen on request.

Results

Among 19 positive clones from a AEMBL3-based
llbr&ll’y of V. carteri screened with an srRNA probe
fr_om yeast, A\rD175 was chosen for physical map-
Ping and DNA sequence analysis. As shown in Fig.
I, A\rD175 contains one rDNA repeat unit on an
approximately 9.4-kb EcoRI fragment. Southern
hybridization (not shown) of various clones digested
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AUAAACGAUgccgacuagggAuuggcagaUguuCUUUUGAUgacucugccagc—AccuUAUgaGAAAucAAaguuUUUGgguUccggggGgaguAugguc 1117
AUAAACGAUGCCGACUAGGGAUUGGCAGAUGUUCUUUUGAUGACUCUGCCAGC-ACCUUAUGAGAAAUCAAAGUUUUUGGGUUCCGGGGGGAGUAUGGUC 1117
AUAAACGAUGCCGACUAGGGAUCGGCGGGUGUUUUUUUGAUGACCCCGCCGGC-ACCUUAUGAGAAAUCAAAGUUUUUGGGUUCCGGGGGGAGUAUGGUC 1119
AUAAACGAUGCCGACCAGGGAUCAGCGG-UGUUACUAAUAGGACCCCGCUGGCCACCUUAUGAGAAAUCAAAGUCUUUGGGUUCCGGGGGGAGUAUGGUC 1126
AUAAACGAUGCCGACCAGGGAUCAGCGGAUGUUGCUUUUAGGACUCCGCUGGC-ACCUUAUGAGAAAUCAAAGUCUUUGGGUUCCGGGGGGAGUAUGGUC 1125
AUAAACUAUGCCGACUAG- -AUCGGGUGGUGUUUUUUUAAUGACCCACUCGGU-ACCUUACGAGAAAUCAAAGUCUUUGGGUUCUGGGGGGAGUAUGGUC 1118
AUAAACGAUGCCGACUGGCGAUGCGGCGGCGUUAUUCCCAUGACCCGCCGGGC-AGCUUCCGGGAAACCAAAGUCUUUGGGUUCCGGGGGGAGUAUGGUY 1179

GCAAggcugAAacuuAAaggaAUlUGacgGaagggcaCCACCaggcguGGageCugeggcUUAAUUUgACUCAACACgRgGAAACUUACcaggUcCAGAca 1217
GCAAGGCUGAAACUUAAAGGAAUUGACGGAAGGGCACCACCAGGCGUGGAGCCUGCGGCUUAAUUUGACUCAACACGGGGAAACUUACCAGGUCCAGACA 1217
GCAAGGCUGAAACUUAAAGGAAUUGACGGAAGGGCACCACCAGGCGUGGAGCCUGCGGCUUAAUUUGACUCAACACGGGAAAACUUACCAGGUCCAGACA 1219
GCAAGGCUGAAACUUAAAGGAAUUGACGGAAGGGCACCACCAGGCGUGGAGCCUGCGGCUUAAUUUGACUCAACACGGGGAAACUUACCAGGUCCAGACA 1226
GCAAGGCUGAAACUUAAAGGAAUUGACGGAAGGGCACCACCAGGAGUGGAGCCUGCGGC-UAAUUUGACUCAACACGGGGAAACUUACCAGGUCCAGACA 1224
GCAAGGCUGAAACUUAAAGGAAUUGACGGAAGGGCACCACUAGGAGUGGAGCCUGCGGC-UAAUUUGACUCAACACGGGGAAACUCACCAGGUCCAGACA 1217
GCAAAGCUGAAACUUAAAGGAAUUGACGGAAGGGCACCACCAGGAGUGG-GCCUGCGGCUUAAUUUGACUCAACACGGGAAACCUCACCCGGCCCGGACA 1278

cggGaaGGAUUgaCagaUUGAGAGCuculucUUGAuucugugGGUggUggUGeauggecguu-CuudguuggugggUUGCeuugucaggUUGAUUccgGl 1316
CGGGAAGGAUUGACAGAUUGAGAGCUCUUUCUUGAUUCUGUGGGUGGUGGUGCAUGGCCGUU-CUUAGUUGGUGGGUUGCCUUGUCAGGUUGAUUCCGGU 1316
UAGUGAGGAUUGACAGAUUGAGAGCUCUUUCUUGAUUCUAUGGGUGGUGGUGCAUGGCCGUU-CUUAGUUGGUGGGUUGCCUUGUCAGGUUGAUUCCGGU 1318
UAGCAAGGAUUGACAGACUGAGAGCUCUUUCUUGAUUCUAUGGGUGGUGGUGCAUGGUCGUU-CUUAGUUGGUGGAGCGAUUUGUCUGGUUAAUUCCGUY 1325
UAGUAAGG-UUGACAGACUGAGAGCUCUUUCUUGAUUCUAUGGGUGGUGGUGCAUGGCCGUU -CUUAGUUGGUGGAGCGAUUUGUCUGGUUAAUUCCGUY 1322
CAAUAAGGAUUGACAGAUUGAGAGCUCUUUCUUGAUUUUGUGGGUGGUGGUGCAUGGCCGUUUCUCAGUUGGUGGAGUGAUUUGUCUGCUUAAUUGCGAY 1317
CGGACAGGAUUGACAGAUUGAUAGCUCUUUCUCGAUUCCGUGGGUGGUGRUGCAUGGCCGUU-CUVAGUUGGUGGAGCGAUUUGUCUGGUUAAUUCCGAU 1377

AACGaacGAGACcucagecuGeuaaAUagucAgecauGAC---—-—--~- UGCGgugcGCAgacullCuuagaggGACUAuuggcGUUCAgccaalilGGAAGU 1406
---ACCUGCGGUGCGCCGACUUCUUAGAGGGACUAUUGGCGUUUAGCCAAUGGAAGU 1409
---UCCGGCACGCGGCGGACUUCUUAGAGGGACUAUUGGCGACUAGCCAAUGGAAGC 1411
--CAUCCCUCCGUAGUUAGCUUCUUAGAGGGACUAUGGCCGUUUAGGCCGCG-AAGY 1419
AACGAACGAGACCUCAGCCUGCUAAAUAGCUAUGUGGAGG--- -~ UAACCCUCCACGGCCAGCUUCUUAGAGGGACUAUGGCCGCUUAGGCCACGGAAGU 1417
AACGAACGAGACCUUAACCUACUAAAUAGUGGUGCUAGCA------~ UUUGCUGGUUAUCCACUUCUUAGAGGGACUAUCGGUUUCAAGCCGAUGGAAGY 1410
AACGAACGAGACUCUGGCAUGCUAACUAGUUACGCGACCCCCGAGCGGUOGGCGUCCCCCAACUUCUVAGAGGGACAAGUGGCGUUCAGCCACC-CGAGA 1476

augagGCgallaacAgguCUGuGaugccculUAGA-UgUucuggGCCgcAcgegCgeuACACugacgCGACcaaCgaG-CC-uaucclUggecGAGAggeeC 1503
AUGAGGCGAUAACAGGUCUGUGAUGCCCUUAGA-UGUUCUGGGCCGCACGCGCGCUACACUGACGCGACCAACGAG-CC-UAUCCUUGGCCGAGAGGCCC 1506
AUGAGGCAAUAACAGGUCUGUGAUGCCCUUAGA-UGUUCUGGGCCGCACGCGCGCUACACUGAUGCAUUCAACGAG-CC-UAUCCUUGGCCGAGAGGUCC 1508
UUGAGGCAAUAACAGGUCUGUGAUGCCCUUAGA -UGUUCUGGGCCGCACGCGCGCUACACUGAUGUAUCCAACGAGUAUAUAGCCUUGGCCGACAGGCC- 1517
UUGAGGCAAUAACAGGUCUGUGAUGCCCUUAGA-UGUUCUGGGCCGCACGCGCGCUACACUGAUGUAUUCAACGAGUCUAUAGCCUUGGCCGACAGGUCC 1516
UUGAGGCAAUAACAGGUCUGUGAUGCCCUUAGAACGUUCUGGGCCGCACGCGCGCUACACUGACGGAGCCAGCGAGU--CUAACCUUGGCCGAGAGGUCU 1508
UUGA-GCAAUAACAGGUCUGUGAUGCCCUUAGA -UGUCCGGGGCUGCACGCGCGCUACACUGACUGGCUCAGCGUGUGCCUACCCUGCGCCGGCAGGCGC 1574

ggguaAucuugl-AAACCGegu-cgUGAUGGGGAUagauuaUUGCAAUUAUuaguculCAACGAGGAaugecuAGUAagcgegagUCAUCAGeucgeguu 1601
GGGUAAUCUUGU-AAACCGCGU-CGUGAUGGGGAUAGAUUAUUGCAAUUAUUAGUCUUCAACGAGGAAUGCCUAGUAAGCGCGAGUCAUCAGCUCGCGUU 1604
GGGUAAUCUU-UGAAUCUGCAU-CGUGACGGGGAUAGAUUAUUGCAAUUAUUAAUCUUCAACGAGGAAUGCCUAGUAAGCGCAAGUCAUCAGCUUGCGUU 1606
GG-UAAUCUUGGGAAAUUUCAUGCGUGAUGGGGAUAGAUCAUUGCAAUUGUUGGUCUUCAACGAGGAAUGCCUAGUAAGCGCGAGUCAUCAGCUCGCGUU 1616
GGGUAAUCUU-UGAAAUUUCAU-CGUGAUGGGGAUAGAUCAUUGCAAUUGUUGGUCUUCAACGAGGAAUUCCUAGUAAGCGCGAGUCAUCAGCUCGCGUU 1614
UGGUAAUCUUGUGAAACUCCGU-CGUGCUGGGGAUAGAGCAUUGUAAUUAUUGCUCUUCAACGAGGAAUUCCUAGUAAGCGCAAGUCAUCAGCUUGCGUU 1607
GGGUAACCCGUUGAACCCCAUU-CGUGAUGGGGAUCGGGGAUUGCAAUVAUUCCCCAUGAACGAGGAAUUCCCAGUAAGUGCGGGUCAUAAGCUUGCGUY 1673

GAUUACGUCCCugcccuuuguACACACCGCCCGUCGeuccuAccgaulgggugUgClggugAagugUUCGGAuug-aculugacugg----- gGCAA~-—- 1692
GAUUACGUCCCUGCCCUUUGUACACACCGCCCGUCGCUCCUACCGAUUGGGUGUGCUGGUGAAGUGUUCGGAUUG-AGCUUGGCUGG--
GAUUACGUCCCUGCCCUUUGUACACACCGCCCGUCGCUCCUACCGAUUGGGUGUGCUGGUGAAAUGCUCGGAUUGGCGGCUUUGGGC- -~ -~ GGUUUCC 1700
GACUACGUCCCUGCCCUUUGUACACACCGCCCGUCGCUCCUACCGAUUGAAUGGUCCGGUGAAGUGUUCGGAGCUCGGCCGC -~ -ACCGGUUCGCCGCCC 1713
GACUACGUCCCUGCCCUUUGUACACACCGCCCGUCGCUCCUACCGAUUGAAUGGUCCGGUGAAGUGUUCGGAUUGCGGCGACGUGAGCGGUUCG-~-CUG 1711
GAUUACGUCCCUGCCCUUUGUACACACCGCCCGUCGCUAGUACCGAUUGAAUGGCUUAGUGAGGCCUCAGGAUCUGCUUAGAGAAGGGG - -~ GCAACU 1702
GAUUAAGUCCCUGCCCUUUGUACACACCGCCCGUCGCUACUACCGAUUGGAUGGUUUAGUGAGGCCCUCGGAUCGGCCCCGCCGGGGUCGGCCCACGGECC 1773

-GGCAAGGC 1698

ccuggucalgguugaGAAGUUcauudaaccClcCeaccuagaggAaggagAAGUCGUAACAAGGuuAccguaggUGAAccugeggAagGAUCAUUG 1788
CCUGGCCUUGCUUGAGAAGUUCAUUAAACCCUCCCACCUAGAGGAAGGAGAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCGGAAGGAUCAUUG 1794
GCCCUUGGCUGUCGAGAAGUUCAUUAAACCCUCCCACCUAGAGGAAGGAGAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCGGAAGGAUCAUUG 1796
CCGACCGUCCGCCGAGAAGUCCAUUGAACCUUAUCAUUUAGAGGAAGGAGAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCGGAAGGAUCAUUG 1809
CCCGCGACGUUGUGAGAAGUCCACUGAACCUUAUCAUUUAGAGGAAGGAGAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCGGAAGGAUCAUUG 1807
CCAUCUCAGAGCGGAGAAUUUGGACAAACUUGGUCAUUUAGAGGAACUAAAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCGGAAGGAUCAUUA 1798
CUGGCGGAGCGCUGAGAAGACGGUCGAACUUGACUAUCUAGAGGAAGUAAAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCGGAAGGAUCAUUA 1869

with BamHI, EcoRI, and HindIll with yeast small-
subunit and large-subunit rRNA probes indicated
that the rRNA genes are arranged in tandemly re-
peated units, with each unit containing an 18S and
28S rRNA gene; subsequently, sequencing data in-
dicated the presence of a 5.8S rRNA gene between
the 18S and 28S genes. The pattern of Southern blots
from EcoRI- and BamHI-digested genomic DNA
probed with yeast rDNA (not shown) was consistent
with that observed with ArD175 DNA, suggesting
that this clone was representative of the Volvox mul-
tigene family. The haploid Volvox genome contains
approximately 1200 rDNA repeats, as estimated by
titration with a yeast 18S rRNA probe (data not
shown).

The sequencing strategy for the region of ArD175
encoding the 18S and 5.8S rRNA:s is illustrated in
Fig. 1. As a guide for designing the Volvox sTRNA
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Table 1. Structural similarity® and distance® (Knuc) values calculated from the aligned nongap regions of sTrRNA sequences
V.c. Cur. Ne. Q.. G.m. Z.m. P.m, S.c. O.n. Sp. P.t. X.1L

V. 99.21 94.88 91.40 91.01 90.94 86.94 85.89 84.06 83.92 83.14 82.68
Cr. 0.008 94.95 91.27 90.94 90.88 86.94 85.89 84.19 83.99 83.14 82.74
N.e. 0.053 0.052 91.99 91.40 91.86 87.53 86.81 85.43 85.56 83.40 82.68
O.s. 0.091 0.093 0.085 97.24 99.08 87.53 85.89 85.56 85.63 83.66 83.40
G.m. 0.096 0.097 0.091 0.028 96.85 87.60 86.22 85.83 85.83 83.40 82.61
Z.m. 0.097 0.097 0.086 0.009 0.032 87.20 85.89 85.24 85.43 83.46 83.33
P.m. 0.144 0.144 0.136 0.136 0.136 0.140 86.15 88.06 87.86 84.97 82.02
S.c. 0.156 0.156 0.145 0.156 0.152 0.156 0.153 86.22 835.89 84,12 82.94
O.n. 0.179 0.178 0.162 0.160 0.157 0.164 0.130 0.152 98.95 87.73 80.31
S.p. 0.181 0.180 0.160 0.160 0.157 0.162 0.132 0.156 0.011 87.60 80.05
P.t. 0.191 0.191 0.188 0.184 0.188 0.187 0.168 0.178 0.134 0.136 79.72
X.1. 0.197 0.196 0.197 0.188 0.198 0.186 0.206 0.194 0.228 0.232 0.236

M.m. 0.200 0.199 0.200 0.189 0.200 0.188 0.212 0.195 0.231 0.235 0.238 0.036
E.a. 0.242  0.240 0.219 0.225 0.267 0.230 0.187 0.226 0.153 0.155 0.201 0.266
Tt 0.244 0.245 0.233 0.226 0.223 0.229 0.211 0.196 0.175 0.178 0.160 0.277
D.d. 0.274 0.277 0.273 0.265 0.261 0.269 0.267 0.267 0.261 0.268 0.274 0.306
T.b. 0.411 0412 0.423 0.411 0.411 0.413 0.405 0.426 0.429 0.433 0.420 0.425
E.g. 0.423  0.420 0.425 0.416 0.425 0.418 0.413 0.415 0.435 0.436 0.410 0.442

Abbreviations used: Chlamydomonas reinhardtii (C.1.), Dictyostelium discoideum (D.d.), Euglena gracilis (E.g.), Euplotes aediculatus
(E.a.), Glycine max (G.m.), Mus musculus (M.m.), Nanochlorum eucaryotum (N.e.), Oxytricha nova (O.n.), Oryza sativa (O.s.),
Paramecium tetraurelia (P.1.), Prorocentrum micans (P.m.), Saccharomyces cerevisiae (S.c.), Stylonychia pustulata (S.p.), Tetrahymena
thermophila (T.t.), Trypanosoma brucei (T.b.), Volvox carteri (V.c.), Xenopus laevis (X.1.), Zea mays (Z.m.)

2 Upper right
* Lower left

secondary structure model shown in Fig. 2, we used
the pattern proposed for Zea mays sTfRNA, because
the two sTRNA sequences bear over 90% identity.
The Zea mays model has been established in a phy-
logenetic framework using a large multi-kingdom
set of srRNA sequences for the comparison (Gutell
et al. 1985). By reexamining the base pairs at the
helical termini in the Volvox sTRNA secondary
structure model using the sequence compilations of
Huysmans and DeWachter (1986), we did not find
evidence for additional base pairing that would ex-
pand the helices. For the 227-nucleotide sequence
between positions 626 and 852 and the 25-nucleo-
tide sequence between positions 519 and 543 we do
not propose any secondary structure. Satisfactory
base-pairing schemes for these two sections that are
compatible with the available evidence have not yet
been established (Gutell et al. 1985).

The secondary structure bears typical features of
the universal model of srRNA including about 40
helices and a division into four domains (Gutell et
al. 1985). In addition to the unstructured portion of
domain 1I, there are three other variable regions
located in domain I (between nucleotides 127 and
292), in domain III (helix 34), and in domain IV
(helix 39). As indicated in Fig. 2 (arrows), most of
the positions differing between the closely related
V. carteri and C. reinhardtii are concentrated in do-
mains I and III.

The secondary structure for Volvox stRNA pro-
posed here provided us with a basis for accurate
sequence alignments of conserved regions. As shown

in Fig. 3, the 1788-nucleotide sequence of Volvox
srRNA has been aligned with those of C. reinhardtii
(Gunderson et al. 1987), N. eucaryotum (Sargent et
al. 1988), Z. mays (Messing et al. 1984), Glycine
max (Eckenrode et al. 1985), Mus musculus (Raynal
et al. 1984), and Saccharomyces cerevisiae (Mankin
et al. 1986). These alignments were influenced by
sequences from 11 other srRNAs representative of
major eukaryotic phyla, namely, those of Dictyoste-
lium discoideum (McCarrol et al. 1983), Euglena
gracilis (Sogin et al. 1986a), Euplotes aediculatus
(Sogin et al. 1986b), Oryza sativa (Takaiwa et al.
1984), Oxytricha nova (Elwood et al. 1985), Para-
mecium tetraurelia (Sogin and Elwood 1986), Pro-
rocentrum micans (Herzog and Maroteaux 1986),
Stylonychia pustulata (Elwood et al. 1985), Tetra-
Aymena thermophila (Spangler and Blackburn 1985),
Trypanosoma brucei (Sogin et al. 1986a), and Xen-
opus laevis (Salim and Maden 1981). The bound-
aries of the mature stRNA of Volvox were opera-
tionally defined by consensus with the experimentally
defined termini of yeast sS'RNA (Rubtsov et al. 1980).

For the initial calculation of structural similarity
and structural distance values, shortened versions
of the aligned sequences, i.e., 1524 unambiguously
aligned, nongap positions (covering 85% of the Vol-
vox sequence) were compared as described under
Materials and Methods. Structural similarity and
structural distance data from all 18 eukaryotic
srRNA sequences considered here are compiled in
Table 1 in order of decreasing structural similarity
values, relative to V. carteri.



Table 1. Extended

M.m. E.a. T.t. D.d. T.b. E.g.
82.4] 7933 79.20  77.03 6837  67.65
82.48 79.46  79.19  76.84 6831  67.85
82.48 81.04 7999  77.10  67.65  67.59
83,27 80.58  80.51  77.69 6837  68.04
82.4( 80.45 8071 7795  68.37  67.59
83.40 80.18 8025  77.43 6824  67.98
81.56 8346  B81.63  77.56 6870  68.24
82.81 80.51 8274  77.56  67.52  68.11
80.12 86.15 8438 7795  67.32  66.99
79.86 86.02  84.12 7749  67.13  66.93
79.59 82.35 8563  77.03 6785  68.44
96.52 7762 7684 7487 6759  66.60

7717 76.31 7454  68.11  66.80
0272 79.92 7434  65.16  65.62
0.285 0.234 74.67 6608  65.68
0.311 0314  0.309 67.26  65.16
0.415 0.469 0452  0.430 66.60
0.439 0.460  0.459  0.406  0.442

Immediately obvious from these data is the very
close relationship (99.2% identity) between the
STRNA sequences of V. carteri and C. reinhardtii.
The microalga N. eucaryotum (94.9% identity) is
next closest, but the structural similarity values for
the O. sativa, G. max, and Z. mays sequences (91.4
0 90.9%) indicate that among the nonchlorophyte
taxa considered in this study, Anthophyta are the
closest relatives of the Volvocales. Ascomycota, rep-
resented by S. cerevisiae (similarity value of 85.9%)
Come next, with Chordata (about 82.5%) and Ciliata
(86.9 to 79.2%) not far behind. The other species
that were compared had similarity values of 77% or
less. The structural distance, or Knuc, values that
Wwere obtained from the similarity data (Table 1)
Were converted into an unrooted phylogenetic tree
by using the method of Fitch and Margoliash
('1967). This approach treats the branch lengths (de-
rived from Knuc values) as adjustable parameters;
the tree that best fits the data (by a least squares
analysis) is considered as the correct one (Woese
1987). The root of the resulting distance matrix tree
Subsequently was established by using as a reference
Outgroup the archaebacterial srRINA consensus se-
ql'lence (Woese et al. 1983). The result is shown in
Fig 4A.

. In a second set of comparisons, similarity and
d1§tance values were calculated for nine complete,
aligned srRNA sequences, including that of Volvox
and the eight species with the most closely related
StRNAS. For this purpose, gaps (regardless of size),
transitions, and transversions were all weighted
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equally (given a value of one). This increases dis-
tance values (Table 2) and potentially provides im-
proved resolution within closely related groups, as
demonstrated by the corresponding phylogenetic tree
shown in Fig. 4B.

In accord with other studies (Sogin et al. 1986a;
Woese 1987), the overall phylogenetic tree (Fig. 4A)
indicates a rather tight clustering of the branches
leading to Ascomycota, Anthophyta, and Chordata.
The Volvocalean branch is shown here to be part
of this cluster, emerging from the main trunk be-
tween branches leading to the higher plants and an-
imals, but closer to the former.

It was somewhat surprising to find that the data
in Table 1| show Volvox and Chlamydomonas sep-
arated by an even smaller distance (Knuc = 0.008)
than the two grasses, Zea and Oryza (Knuc = 0.009),
as Volvox and Chlamydomonas are thought to rep-
resent the multicellular and unicellular extremes
among algae of the order Volvocales. Calculations
from total srRNA sequences increased the distance
values (Table 2) and the corresponding branch
lengths (Fig. 4B), but did not alter dramatically either
the distance relationships of Volvox/Chlamydomo-
nas (0.020) vs Zea/Oryza (0.029) or the overall tree
topology. These trees indicate that the chlorophyte
branch represents the earliest divergence from the
plant lineage to be inferred to date from srRNA
sequences. But they also indicate that the diversi-
fication of the Volvocacean branch of the Volvo-
cales (the branch leading to Volvox) may have oc-
curred much more recently.

Discussion

We have determined the 1788-nucleotide sequence
of V. carteri s’RNA and have aligned it with 17
known srRNAs as part of our ongoing effort to de-
duce the phylogenetic relationship of green algae in
the order Volvocales to one another and to members
of other major eukaryotic groups.

Southern blots of genomic restriction fragments
hybridized to large and small subunit probes,. to-
gether with DNA sequence analysis indicated that
Volvox TRNA genes, like those of most eukaryaotes,
are organized in a tandem array of repeats that con-
tain 188, 5.8S, and 28S genes, in that order. It has
been estimated that the haploid Volvox genome con-
tains approximately 1200 such rDNA repeats. This
rDNA copy number ranges above that of most an-
imals (100-1000), but is an order of magnitude low-
er than that of wheat or barley (about 10,000 copies;
Gerlach and Bedbrook 1979). It may reflect the need
for a highly efficient translation machinery during the
maturation of Volvox juveniles (Yates and Kochert
1976).



262

Chordata Ciliata

E.aedjiculatus

M.musculus X.laevis

S.pustulata

P.tetraurelis

Euglenozoa

E.gracilis

T.thermophila

Acrasiomycota

T.brucel

D.discoideum

O.nova
Chlorophyta
V.carteri C.reinhardtii
N.eucaryotum Pyrrophyta
Anthophyta G.max P.micans
O.sativa
Z.mays
S.cerevisiae
Ascomycota
0.01 Knu\
L )
A “
Chordata
M.musculus X.laevis
Chlorophyta
Vearteri . ,.innargeis Fig. 4. A Eukaryotic phylogenetic tree in-
v eucarvotun ferred from conserved nongap regions of sr-
-eugary RNA sequences, using the structural distance
(Knuc) data of Table 1. A total of 1524 posi-
tions that can be unambiguously aligned in all
Anthophyta 18 sequences were included in the analysis

O.sativa

Z.mays

Ascomycota S.cerevisiae

——

“
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The phylogenetic tree in Fig. 4A was deduced
from the distance matrix given in Table 1. It was
derived initially as an unrooted tree, and the root
was then established by use of a consensus sequence
for archaebacterial sS'rRNA (Woese et al. 1983) as an
outgroup. It is consistent with the eukaryotic tree
proposed by Woese (1987), but omits the earliest
microsporidian branch (Vossbrinck et al. 1987).

¥.01 Knuc

(see Materials and Methods). The root of this
tree was established by using the archaebacteri-
al srRNA consensus as reference outgroup
(Woese et al. 1983). Phyla were assigned ac-
cording to Raven et al. (1986). B Partial phy-
logenetic tree inferred from comparisons of
total srRNA sequences using the structural
distance data of Table 2 (see text). The Para-
mecium tetraurelia ssRNA sequence was used
here as a reference outgroup for establishing
the root of the partial tree,

The connections between the eukaryotic, eubac-
terial, and archaebacterial kingdoms, and the radia-
tions within these kingdoms that are indicated by
rRNA sequence data have been discussed exten-
sively in the past (Woese 1987; Sogin et al. 1986a).
In this context, it has been pointed out that four
major eukaryotic lineages—animals, plants, fungi,
and ciliates—form a cluster within which there has
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Table 2. Structural similarity® and distance® (Knuc) values from total srRNA sequences
V.. Cur. N.e. O.s. G.m. Zm. S.c. X1 M.m. P.t.

Ve 97.99 91.71 86.31 86.19 85.21 79.52 76.74 76.54 75.55
Cur. 0.020 91.99 86.53 86.19 85.60 79.61 76.83 76.32 75.50
Nee. 0.086 0.083 86.81 86.40 86.15 80.73 76.85 76.74 75.43
O.s. 0.151 0.148 0.145 94.33 97.19 79.64 78.83 78.64 75.59
G.m 0.152 0.152 0.149 0.059 93.49 80.04 77.63 77.37 75.47
Zm. 0.164 0.159 0.153 0.029 0.068 79.44 78.47 78.38 75.30
S, 0.238 0.236 0.221 0.237 0.231 0.239 77.69 77.15 76.61
X.L 0.278 0.276 0.276 0.251 0.265 0.253 0.262 95.18 71.78
M.m. 0.281% 0.284 0.278 0.251 0.269 0.254 0.271 0.049 71.50
Pt 0.292 0.291 0.294 0.294 0.295 0.298 0.275 0.351 0.356
Abbreviations as in Table 1
* Upper right

Lower left

been considerably less rRNA sequence divergence
than has occurred since these major lineages all di-
verged from a number of other protistan groups,
such as the Acrasiomycota and Euglenozoa. The
Present analysis places Volvox, along with its uni-
cellular relative Chlamydomonas, right in the midst
of this major eukaryotic cluster, but nearly as di-
vergent from each of these major groups as they are
from one another. The location of Volvox on a branch
lying between the branches leading to plants and
animals finds reflection in the mixture of plant-like
features (e.g., chloroplasts and photoautotrophy) and
animal-like features (e.g., motility and a germ—-soma
dichotomy) that characterize this genus.

At a finer scale (Fig. 4B and Table 2), the present
data place Volvox and Chlamydomonas near one
another on a branch that diverges from the eukary-
otic trunk closest to the branch leading to higher
blants. These data indicate that the Volvocales
shared a common ancestor with higher plants more
recently than they did with any other major group,
but they also indicate that the Volvocalean lineage
Must have separated from the plant lineage rela-
tively early in the history of the group.

The stRNA sequences of V. carteri and C. rein-
hardtii have diverged somewhat less than those of
Fhe two cereal grasses, Zea and Oryza, that were
Included in our comparisons (Table 2). Recognizing
that it is not possible to extrapolate with any pre-
Cision from the extent of nucleotide sequence di-
Vergence to the time of separation, these data lead
us to the working hypothesis that the evolution of
Volvox, a multicellular organism with division of
labor between germ and soma, from a Chlamydom-
Onas-like unicellular ancestor may have occurred in
as brief an interval as that, during which the radia-
t_1011 of cereal grasses has occurred [perhaps 50 mil-
lion years (Myr) or less]. This estimate, although
SOomewhat surprising perhaps, is compatible with
the close relationship between V. carteri and C. rein-
hardtij that was deduced, when it was found that

the tubulin genes of these species have diverged by
less than 1% in the amino acid sequence that they
encode, and by less than 15% in their nucleotide
sequences (Harper and Mages 1988; Mages et al.
1988).

When the aforementioned tubulin sequence data
are used to calculate the extent of silent nucleotide
changes that distinguish the two species (corrected
for unobserved secondary exchanges by established
methods: Ochman and Wilson 1987), values of
46% and 59% are obtained for the a- and S-tubulin
genes, respectively. Using a value of 0.7-1% silent
substitution rate per Myr (Ochman and Wilson
1987), this leads to an estimated divergence time
for Chlamydomonas and Volvox of 50-70 Myr. This
estimate corresponds rather well to that derived from
the 1.5% difference in nucleotide sequence of the
srRNAs observed here: assuming a mutation rate
of 1% per 50 Myr for srRNA (Ochman and Wilson
1987), these data indicate that V. carteri and C.
reinhardtii diverged some 75 Myr ago.

These data suggest that the close relationship
among Volvocalean algae that has long been inferred
on the basis of similarities in cellular morphology
and physiology is reflected at the DNA sequence
level, and reinforce the potential utility of this group
as a model for exploring the genetic basis for the
evolution of multicellular organisms from unicel-
lular ancestors.
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