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Abstract. The single-copy actin gene of Giardia lamb-
lia lacks introns; it has an average of 58% amino acid
identity with the actin of other species; and 49 of its
amino acids can be aligned with the amino acids of a
consensus sequence of heat shock protein 70. Analysis of
the potential RNA secondary structure in the transcribed
region of the G. lamblia actin gene and of the single-
copy actin gene of nine other species did not reveal any
conserved structures. The G. lamblia actin sequence was
used to root the phylogenetic trees based on 65 actin
protein sequences from 43 species. This tree is congruent
with small-subunit rfRNA trees in that it shows that
oomycetes are not related to higher fungi; that kineto-
platid protozoans, green plants, fungi and animals are
monophyletic groups; and that the animal and fungal
lineages share a more recent common ancestor than ei-
ther does with the plant lineage. In contrast to small-
subunit rRNA trees, this tree shows that slime molds
diverged after the plant lineage. The slower rate of evo-
lution of actin genes of slime molds relative to those of
plants, fungi, and animals species might be responsible
for this incongruent branching.
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Introduction

Ribosomal RNA gene sequences are the molecules most
extensively used to infer species phylogenies. They have
allowed testing of different hypotheses concerning the
evolutionary relationships of taxonomic groups for
which there were only a few morphological characters
with which to uncover these relationships (Sogin 1991).
On the other hand, molecular phylogenies based on pro-
tein coding genes have on occasion been found to be
inconsistent with rRNA-based phylogenies. For exam-
ple, TRNA phylogenies suggest that the absence of mi-
tochondria in the protozoan species Entamoeba histolyt-
ica is likely due to a secondary loss, whereas phylogenies
based of elongation factor 1ot and RNA polymerase pro-
tein sequences suggest that this species diverged before
the lineage leading to eukaryotes with mitochondria (So-
gin 1991; Sogin et al. 1993; Cavalier-Smith 1993; Ha-
segawa and Hashimoto 1993; Hasegawa et al. 1993).
Obviously, all phylogenies based on a given gene are
subject not only to statistical error, but also to the par-
ticular alignment used, to the rate of evolution and GC-
content of this gene in different taxonomic groups, as
well as to other factors (Schlegel 1994). It is therefore of
interest to corroborate molecular phylogenies using dif-
ferent gene sequences.

Actin genes are well suited for the purpose of corrob-
orating TRNA-based phylogenies because of the slow
evolutionary rate of the proteins they encode and the fact
that they can be unambiguously aligned (Doolittle 1992).
Furthermore, amino acid sequences are usually thought
to be less affected by GC-content biases than rRNA
genes and are therefore often considered a reliable indi-
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cator of phylogenetic relationships when genes from dis-
tantly related species having widely different GC-content
are being compared (Loomis and Smith 1990; Sidow and
Wilson 1990; Martin et al. 1992). The fact that actin
genes have been cloned and sequenced in more than 100
species also provides a wealth of sequence information
for phylogenetic inference (Sheterline and Sparrow
1994).

Considerable interest was generated when 18S rRNA
sequences were used to show that the absence of mito-
chondria in Archezoan species was likely a relic of the
earliest phase of eukaryote cell evolution, i.e., before the
endosymbiotic event (or events) that gave rise to mito-
chondria, and not due to the secondary loss of this or-
ganelle (Vossbrinck et al. 1987). Giardia lamblia is a
relatively well known Archezoan species and has been
shown to represent one of these early lineage in the eu-
karyotic line of descent (Sogin 1989; Sogin et al. 1989;
Kabnick and Peattie 1991; Cavalier-Smith 1993; Hashi-
moto et al. 1994). We therefore used its actin gene se-
quence as an outgroup to root our phylogenetic trees
based on 65 actin sequences from 43 species.

Materials and Methods

Isolation, Cloning, Sequencing, and Copy Number. The lambda
EMBL3 genomic DNA library of Giardia lamblia was a generous gift
from Debra A. Peattie. It was screened using the GC-rich ardC actin
c¢DNA clone of Physarum polycephalum, a generous gift from Domi-
nick Pallotta (Hamelin et al. 1988). The 2.5-kb BamHI fragments of
two independent clones and the 1.5-kb PssI fragments of two other
clones were subcloned into pBluescript SK+ plasmids. All clones were
found to contain likely allelic variants of the same gene, and only one
1.5-kb PstI fragment was selected for further study. Both strands of the
selected clone were sequenced repeatedly via the dideoxynucleotide
chain-termination method (Sanger et al. 1977) using Sequenase (USB),
synthesized internal primers, and dGTP, 7-deaza-dGTP, and dITP nu-
cleotide mixtures.

This 1.5-kb Ps fragment was gel purified, labeled with *P-dCTP
using an oligonucleotide labeling kit (Pharmacia), and hybridized to
a Southern blot of G. lamblia genomic DNA (a generous gift from
Debra A. Peattie) digested with BamHI and Psf in a solution of 50%
formamide, 5x SSC, 5x Denhardt’s, 0.5% SDS, and 100 mg/ml salmon
sperm DNA at 42°C. The membrane was washed twice in 2x SSC,
0.1% SDS at room temperature for 5 min, once in 2x SSC, 0.1% SDS
at room temperature for 10 min, and twice in 2x SSC, 0.1% SDS at
42°C for 15 min.

DNA Sequences and Alignment. The actin gene sequences used for
folding analysis are listed in Table 1. They were selected because they
had been reported to exist as single-copy genes in their respective
species. All these genes code for actin proteins of 375 or 376 amino
acids in length, except for the Volvox carteri protein, which is 377
amino acids long. An alignment of heat shock-70 proteins was per-
formed using the PILEUP program of the GCG package. The se-
quences used are listed in Table 2.

The accession numbers of the actin sequences used for phyloge-
netic inference, as well as their alignments, are available by anonymous
FTP at bioO1.bio.uottawa.ca in the /pub/giardia directory.

Phylogenetic Analyses. Phylogenetic trees were constructed using
programs running on a SUN SPARC station. The programs PROTDIST
and NEIGHBOR from the PHYLIP 3.52 package were used to infer

Table 1.  Actin gene sequences

GenBank

accession number Organism Alignment?
M22869 Aspergillus nidulans 2
X16377 Candida albicans 1
L29032 Giardia lamblia 2
M25826 Kluyveromyces lactis 2
X15900 Phytophthora megasperma 2
Y00447 Schizosaccharomyces pombe 2
M13939 Tetrahymena thermophila 1
X07463 Thermomyces lanuginosus 2
M33963 Volvox carteri 0
L00026 Saccharomyces cerevisiae 2

* Number of amino acid gap(s) inserted after the fourth amino acid of
the different sequences to align them

Table 2. Heat shock 70 protein sequences

SwissProt name Organism

Hs70_Chick Gallus gallus
Hs70_Human Homo sapiens
Hs70_Plafa Plasmodium falciparum
Hs70_Schma Schistosoma mansoni
Hs70_Xenia Xenopus laevis
Hs74_Trybb Trypanosoma brucei

phylogenies from protein sequences based on the Dayhoff PAM model
of amino acid substitutions (Felsenstein 1989). The programs
DNADIST and NEIGHBOR were used to infer phylogenies from
DNA coding sequences based on the Kimura two-parameter model of
nucleotide substitutions. Bootstrap analyses were performed using the
SEQBOOT and CONSENSE programs from the same package. The
tree was drawn using the DRAWGRAM program of the PHYLIP pack-
age and the public domain XFIG program.

RNA Secondary Structures. To search for ‘‘well-determined’’ sec-
ondary structures in the coding region of the G. lamblia actin mRNA,
we employed both thermodynamic methods and comparative sequence
analysis. For the latter, we assembled the coding regions of the nine
other single-copy actin genes listed in Table 1. These sequences are
very similar in length and are easy to align. This makes the search for
common base-paired regions particularly simple and unambiguous. To
generate foldings for individual sequences with the thermodynamic
approach, we nsed the ‘“Irna’’ program from the ‘‘mfold’’ package of
Zuker and colleagues (Jaeger et al. 1989, 1990; Zuker 1989, 1994).

Results

The Actin of Giardia lamblia Is Encoded by a
Single Gene

The Southern blot analysis of restriction digests of G.
lamblia genomic DNA shows that its actin is encoded by
a single gene (Fig. 1). Even though the membrane was
washed under relatively low stringency, which would
have allowed sequences related to our probe to cross-
hybridize, a single hybridizing fragment is seen in the
lane of both restriction digests. Surprisingly, the sizes of
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Fig. 1. Southern blot of Giardia lamblia genomic DNA digested with
BamHI (B) and Pstl (P) and probed with the sequence shown in Fig. 2.
The positions of the molecular weight standards (in kb) are indicated to
the left of the autoradiogram.

the BamHI and Pstl restriction fragments observed by
Southern blot analysis, 2.6 kb and 4.3 kb, respectively,
do not correspond to the size of the restriction fragments
isolated from the lambda EMBL3 genomic DNA library
(see above). This discrepancy is likely due to the fact that
the genomic DNA used for the lambda EMBL3 genomic
library and the genomic DNA use for Southern blot anal-
ysis came from different isolates. Recent studies have
shown that different isolates of G. lamblia exhibit exten-
sive karyotypic heterogeneity. For example, after only 8
division cycles, 20% of the clones derived from a single
trophozoite can be shown, using pulsed field gel electro-
phoresis, to have mutant karyotypes (Le Blancq 1994).

Sequence of the Giardia lamblia Actin Gene

The G. lamblia actin gene sequence is shown in Fig. 2.
This gene has no introns and codes for a protein of 375
amino acids. When compared to the amino acid sequence
of the actin genes listed in Table 1, the G. lamblia actin
has an average of 58.3% similarity, being most similar to
V. carteri (59.7%) and least similar to the Aspergillus
nidulans (56.8%) sequences. The amino acid sequence of
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the G. lamblia actin gene was also compared to both a
consensus actin sequence derived from the nine se-
quences listed in Table 1 and a consensus heat shock
protein 70 (hsp70) sequence derived from the six se-
quences listed in Table 2 (Fig. 3). Of the 377 amino acids
of the actin consensus, 290 are conserved according to
our above criteria. Of these, 204 are also found in the G.
lamblia sequence (represented in Fig. 3 by * above of the
actin consensus sequence), whereas 259 are found in the
Tetrahymena thermophila sequence (Fig. 3, and results
not shown). Comparison of the G. lamblia actin se-
quence with the aligned hsp70 consensus shows that 49
amino acids are conserved between these two sequences
(represented by * below the hsp70 consensus sequence,
Fig. 3).

Search for Common RNA Secondary Structures in the
Coding Regions of Single-Copy Actin Genes

We folded the G. lamblia and Saccharomyces cerevisiae
sequences to produce both energy dot plots and lists of
optimal and suboptimal structures. The S. cerevisiae se-
quence was chosen arbitrarily for the purpose of com-
parison. The G. lamblia dot plot reveals an enormous
number of base pairing possibilities in foldings within 10
kcal of the minimum energy of —274.6 kcal/mol. No
clearly defined structural domains or ‘‘well-determined’’
features can be identified in the plot (results not shown).
The automatic trackback feature found 19 different fold-
ings within 10 kcal from the energy minimum, despite
the fact that the distance parameter (Zuker et al. 1991)
was set to 20, which is fairly large. No repeated structural
elements were found in these foldings. The S. cerevisiae
dot plot was less cluttered with potential base pairs, and
the minimum energy folding had an energy of only
—217.8 kcal/mol (results not shown). Although two
short-range well-determined hairpin regions were de-
tected (a helix of length 10 starting with the G:293-C:315
base pair, and a series of helices in the region from
nucleotides 760 to 810) these features are not found in
the G. lamblia folding. We computed 13 different fold-
ings using the automatic feature of ‘‘lrna.”’

The failure of the thermodynamic approach to find
either well-determined or conserved structural features in
the G. lamblia and S. cerevisiae sequences led us to try
the phylogenetic approach (Woese et al. 1983; Winker et
al. 1990). Using the unambiguous alignment detailed
above, and the ‘‘compbc’” program of Chan et al. (1991),
we looked for common helices with at least two com-
pensating base pair changes per helix. We found no he-
lices of size 4 or greater that were conserved in all spe-
cies. Relaxing the conditions to 1 compensating base pair
change yielded 15 conserved helical regions, but many of
these overlap, and we feel that 1 compensating base
change is not sufficient to reliably determine a helix. The
results for conserved helices with at least two compen-
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ctgcagcaatgtgtgetttatattatctaattetgtacgatagtacatgtgetatattta
aagatcgcagaaatgtgcactgagaactccttgecgatgagectgtgtagaagegtgeat
cttgaagtaccegttagtatcctataagtttatggectettaggeatggtttetggaattt

MetThrAspAspAsnProAlal
gattttctcaatcttittaaatttatttgcaaagtaaaatgacagacgacaacectgeea

leValIleAspAsnGlySerGlyMetCysLysAlaGlyPheAlaGlyAspAspAlaProA
tagtcattgataacggctecggaatgtgcaaggeaggetttgetggggacgatgegecac

rgAlaValPheProThrValValGlyArgProLysArgGluThrValleuValGlySerT
gtgctgtgttecccacagtagteggtegeccgaaacgtgagactgtgettgtgggeteca

hrHisLysGluGluTyrIleGlyAspGluAlaLeuAlaLysArgGlyValLeulysLeu$
cccacaaggaggagtacataggagacgaggecectagcaaagegtggggtgetgaagetet

erTyrProlleGluHisGlyGlnIleLysAspTrpAspMetMetGluLysValTrpHisH
cctacccgatagageatggacagataaaggactgggacatgatggagaaggtgtggeace

isCysTyrPheAsnGluleuArgAlaGlnProSerAspHisAlaValLleuLeuThrGlua
attgctacttcaatgagetgegageacagectteggaccatgecgtactecttacegagg

laProLysAsnProlysAlaAsnArgGlulysIleCysGlnIleMetPheGluThrPheA
ctccaaagaacccaaaggctaacecgagaaaagatttgecagatcatgttcgagacatttg

lavValProAlaPheTyrValGlnValGlnAlavValLeuAlaLeuTyrSexSerGlyArgT
ccgtacctgecttctatgtccaggtacaggcagtectggetctetacagtteegggegea

hxThrGlyIleValIlleAspThrGlyAspGlyValThrHisThxValProValTyrGluG
ccaccgggattgttatcgatacaggecgacggggtgacgecatactgttectgtgtacgaag

lyTyrSerLeuProHisAlaValleuArgSerGlulleAlaGlyLysGluLeuThrAspP
gatattctctaccacatgeagttcteegttetgagattgecgggeaaggagettacagact

heCysGlnlleAsnleuGlnGluAsnGlyAlaSerPheThrThrSerAlaGluPheGlul
tctgccaaatcaacctacaggagaacggegeatcegtttaccacgagegeagagtttgaga

leValArghspIleLysGluLysLeuCysPheValAlaleuAspTyrGluSerValLleuvA
tagtgcgtgatataaaagagaagctetgettcegttgecettgattatgagteegttttgg

ladlaSerMetGluSerAlaAsnTyxThrLysThrTyrGluLeuProAspGlyValvall
ctgcetccatggagagtgecaactacacaaaaacatatgagetgecagatggggtegtca

leThrValAsnGlnAlaArgPheLysThrProGluLeuLeuPheArgProGluLeuAsna
ttaccgtgaaccaggeccgettcaagaceectgagetectettcaggecggagetcaaca

snSerAspMetAspGlylleHisGlnleuCysTyrLysThrIleGlnLysCysAspIleA
atagcgacatggacggcattcaccagectatgttacaagaccattcagaagtgtgacattg

splleArgSerGluLeuTyrSerAsnValValLeuSerGlyGlySerSerMetPheAlaG
atattaggtcagagetttatagtaacgtggteoctgageggegggagecageatgtttgeag

lyleuProGluArgLeuGluLysGluLeuleuAspLeulleProAlaGlyLysArgValA
gecteccecgagagactggagaaggagettettgacctecatteccageegggaagegtgtge

gl leSerSerProGlﬁAspArgLysTyrSerAlaTrpValGlyGlySerValLeuGlys
gcataagtagtceccgaggacagaaagtactetgectgggttggtggaagegtattgggga

erLeuAlaThrPheGluSerMetTrpValSerSerGlnGluTyrGlnGluAsnGlyAlaS
gecctggcaaccttegagtetatgtgggtaagetctcaagaatatcaagagaatggegett

erIleAlaAsnArgLysCysMetEnd
ccattgcaaacegtaagtgtatgtgaacacctatcaacgettttetttecctttgeattg

ttgtgctgtecacaatcttectagacgacctacaagtggggtetegectatagatttgta
ataaaattgtttaataaaaaatcaagtcctgtctatgettacctccagatcegttgacet
gcag 1504
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Fig. 2. Sequence of the G. lamblia actin gene
and its putative amino acid sequence. Potential
promoter elements are underlined. This sequence
has been deposited in GenBank (accession
number L29032).

sating base pair changes are given in Table 3. Many of
these helices conflicted with one another, and none of the
ones we examined could be seen in the energy dot plots,
indicating that they are not energetically favorable.

Effect of the GC-Content of the Coding Regions on the
GC-Content of Codon Positions

In order for nucleotide sequences to be phylogenetically
informative, they have to evolve independently from di-

verse constraints. We calculated the correlation coeffi-
cient between the percent GC in the first, second, and
third bases of codons against the GC-content of the cod-
ing regions of the 65 genes shown in Fig. 4 in order to
ascertain whether the nucleotides found at these different
codon positions were independent of the overall GC-
content of these genes. The second bases of codons are
not influenced by the overall GC-content of their coding
region (R? = 0.07). In contrast, the base composition of
the first base of codons is affected by the GC-content of
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* * dhkkkhkkdkdkkhkhkikdk dkedededekdeddkk dedkkk
actin M-, A~viDNGSGMCKAGEA GDDAPRAVFPSiVGrp-h-
Giardia MTDD NPAIVIDNGSGMCKAGFA GDDAPRAVFPTVVGRPKRE
hsp70 A-GIDLGTTYSCVGV—-q——-VeIIANDQGNRTTPSYVAFTD

* *k K * * * *
* * % dededkdk khkk % *k dhkhkkkk
actin  GiM-GM—QKAd-YvGAEAQ-KRG~L-L~YPIEHG-V—
Giardia TVLVGSTHKEEYIGDEALAKRGVIKLSYPIEHGQIK
hsp70 -ERLIGDaAKNQVA~NP-NTvFDAKRLIGRk £~d~~VQSDMKHWPF -V———~
* *kk *

Kk khkk ddkk sk ke * * e e dede ke Thkdk kkk
actin nwDDMEKIWhHtFyNELRVaPEEHP-LLTEA-—NPK—~NRE
Giardia DWDMMERVWHHCYFNELRAQP SDHAVLLTEAPKNPKANRE
hsp70  —-Kp-—-V—y-GE-K-F-PEEISSMVL-KMKE-AE-yLG-—v-~AVITVPAYFNDSQROA

* *% * *

* ek kkkk  kk Kk kkkk ok dkk Kekdkdekd ok kkkk  kk kk k& Fig. 3. Comparison of the G. lamblia actin
actin  kMTqi-FETFN-Pa-YV-IQAVLSLY-SGR TTGiVl DSGDGV tH-VPIY-G amino acid sequence with a consensus actin
Giardia KICQIMFETFAVPAFYVQVQAVLALYSSGR TTGIVI DTGDGV THTVPVYEG d heat shock .
hsp70  TKDAG-1aGLnv-RIINEPTAAAIAYGLAk—~——-- E-NVLIFDLGGGTFDVS-LTI-dG sequence and a consensus heat shock protein

* * * * ok ko * 70 sequence. In the actin consensus sequence,
kkk . % ok % Ak kA AKEAE Xk cagztal le'tter.s repres.ent perfectly conserved
actin -~ LpHaI-R-D-AGRA1T-y-mKil-E  rGy-F-ttAEREIVRDIKEKLCYVA - amino acids in all nine genes whereas
Giardia YS LPHAVLRSEIAGKELTDFCQINLQE NGASFTTSAEFEIVRDIKEKLCFVA L lowercase letters represent amino acids
hsp70 IFEVK-TaGDTHLG(EEDFDNR—V——fvEeFk—K—-—-kD—--N—RA—RRI.RTaSeRE—rT1 conserved in eight of the nine genes. In the
hsp70 consensus, a capital letter represents an
* % * % ek ** * % *k kk * *% : H 3
. mino acid sequence perfectly conserved in all
actin dfe-E-—— 88-~-KSYELPDG——Itigne RFR-Pe-Lf-P---g-E--Gi-—— a. d P Y
Giardia DYESVLAASMESANYTKTYELPDGVVITVNQA RFKTPELLFRPELNNSDMDGIHQ six genes, whereas a lowercase letter
hsp70 ss--q---ei d-L-——id-———— rar feelL--D1F R-T represents an amino acid conserved in five of
* * * * * % .
the six hsp70 genes. In both consensus

Kokkk ko ok kk ok k kkk kK *  kk ko *  x sequences, hyphens represent less well
actin  —-t-nsI-KCDvD-Rk-lY-N-V-SGGtTM-PGI--Rm-KE--aLAPS-MK-K--aPPER conserved amino acids, whereas spaces
Giardia LCYKTIQKCDIDIRSELYSNVVLSGGSSMFAGLPERLEKELLDLIPAGKRVRISSPEDR : d for ali
hsp70  L~PVEK—L~DAK-DK~—————— VLVGGSTRIPK-g-L—dFFnG-eln  kSINPDEAV represent gaps introduced for alignment.

* * Fk kkk * Amino acids that are conserved between the G.

Kk Kk Rk ok Kk k% % % % kx ek lamblia actin sequence and the actin consensus
actin  kYSVWIGGSILaSL-TFQ-MWi-K-eYDESGPSIVh-KCF sequence or the consensus heat shock protein

Giardia KYSAWVGGSVLGSLATFESMWVSSQEYQENGASIANRKCM
hsp70
* Kk * *

Table 3. Numbers of conserved helical regions of length 4 or greater®
x Number of helices
7 32
8 12
9 4
10 0

? Conserved in x out of 10 sequences

the coding region (R* = 0.51), and the base composition
of the third base of codons is almost entirely determined
by the GC-content of the coding region (R* = 0.98).

The GC-content bias in the first position of codons is
likely entirely due to synonymous substitutions in the
first base of arginine and leucine codons. In fact, remov-
ing all the positions corresponding to these codons from
our alignment eliminated the correlation between the
GC-content of this codon position and that of the coding
region (R? = 0.06).

Phylogenetic Analyses

Figure 4 shows the tree obtained from neighbor-joining
analysis of the protein sequences. It shows that the G.
lamblia sequence is highly divergent from all other spe-

-YGAAVQAaIL~Gdks—-—qdLLLLDV-pLSLG-ETAGGVMT-LIkKRNtTIPtK——Q-Ft

70 sequence are indicated by * on top and
bottom of this alignment, respectively.

cies; that kinetoplatid protozoans, green plants, fungi,
and animals are monophyletic groups; and that the ani-
mal and fungi lineages share a more recent common
ancestor than either does with the plant lineage. Within
fungi, yeasts (the Endomycetales species Candida albi-
cans, Kluyveromyces lactis, and Saccharomyces cerevi-
siae) and filamentous fungi (the Plectomycetes species
Aspergillus nidulans and Thermomyces lanuginosus
and the Pyrenomycetes species Trichoderma reesei)
form two distinct groups which originated after the di-
vergence of the early ascomycetes species Schizosaccha-
romyces pombe. This tree also gives strong support to the
grouping of the brown algae Fucus disticus with the
Oomycete species Achyla bisexualis and Phytophthora
megasperma and shows that this lineage is not related to
higher fungi. The lineage leading to Entamoeba histolyt-
ica is shown to have diverged after the lineage leading to
Oomycetes and before the lineage leading to plants, an-
imals, and fungi. Surprisingly, it indicates that slime
molds (Dictyostelium discoideum and Physarum
polycephalum) and Acanthamoeba castellanii form a lin-
eage which diverged after the plant lineage, that the cil-
iated protozoan species (Euplotes crassus, Oxytricha
nova, and Tetrahymena thermophila) are polyphyletic,
and that the two Plasmodium falciparum genes are para-
phyletic.
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72

Oxytricha nova
1 Leishmania major

9 Trypanosoma brucei
Trypanosoma cruzi
Tetrahymena thermophila

61

82

Plasmodium falciparum 2

91

Plasmodium falciparum 1
Naegleria fowleri

92 Fucus disticus
__954—':: Achlya bisexualis

60

Phytophthora megasperma
Entamoeba histolytica
Volvox carteri
Arabidopsis thaliana
Solanum tuberosum 71
Glycine max
Solanum tuberosum 101
Oryza sativa 2
Pisum sativum 1
Nicotiana tabacum
Solanum tuberosum 97
Solanum tuberosum 58
94 Oryza sativa 1

Sorghum vulgare
ryza sativa 3

Zea mays

Oryza sativa 7

_65[l_ Dictyostelium discoideum

971 Physarum polycephalum
Acanthamoeba castellanii
81 Trichoderma reesei

76 Aspergillus nidulans
Thermomyces lanuginosus

Candida albicans
Saccharomyces cerevisiae
Kiuyveromyces lactis
Filobasidiella neoformans
Schizosaccharomyces pombe

_.|97 1 Absidia glauca
Pneumocystis carinii

Man cytoskeletal beta

Man cytoskeletal gamma
Xenopus laevis cytoskeletal 8

Xenopus laevis cytoskeletal 5

Cyprinus carpio beta
Caenorhabditis elegans

Drosophila melanogaster 2A

Drosophila melanogaster 5CX

Drosophila melanogaster 798
Drosophila melanogaster 88F
97" Drosophila melanogaster 8F
Drosophila melanogaster 87E
841 Man enteric gamma
Man vascular A
Man skeletal A
Xenopus laevis sarcomeric A2
Xenopus laevis sarcomeric A3
Xenopus laevis cardiac A
Hydra attenuata

8 Strongylocentrotus purpurarus 2
Strongylocentrotus purpurarus b
Strongylocentrotus purpurarus b
Aplysia californica

0.1 substitution /site

Euplotes crassus

Giardia lamblia

Fig. 4. Phylogenetic tree of actin protein coding sequences. Numbers at the nodes represent the bootstrap values out of 100 replicates. Only

bootstrap values greater than 50 are indicated.

Phylogenetic analysis using the second base of codons
produced a tree very similar to that shown in Fig. 4,
except that the two Plasmodium falciparum genes were
shown to be monophyletic, that the lineage leading to
Naegleria fowleri was shown to have diverged after the
lineage leading to Oomycetes, that the lineage leading to
Entamoeba histolytica was shown to have diverged after
the lineage leading to slime molds, and that Hydra at-
tenuata was shown to be an outgroup to all other animal
species (results not shown).

Discussion

The amino acid sequence of the G. lamblia actin gene
shares less than 60% similarity with the actin proteins of
the species listed in Table 1. Despite this relatively high
degree of divergence, it still shares 204 identical amino
acids with the actin consensus shown in Fig. 3. It thus
shares 54% amino acid similarity with this consensus,
whereas it does not share more than 60% similarity with
any single actin from other species. This emphasizes the



highly conserved nature of actin and suggests that most
of these conserved amino acids are of functional signif-
icance. Furthermore, the fact that the Tetrahymena ther-
mophila actin sequence shares 259 amino acids with this
consensus, whereas G. lamblia shares only 204 such po-
sitions, 1s also consistent with the ancestral nature of the
G. lamblia sequence.

The determination of the three-dimensional structure
of actin has revealed that this protein is related to hsp70
heat shock proteins (Kabsch et al. 1990; Flaherty et al.
1991; Bork et al. 1992). The similarity in three-dimen-
sional structure between actin and hsp70 can also be
detected at the amino acid sequence level when gaps
corresponding to deletions based on the X-ray structures
are forced into an alignment of these two proteins
(Doolittle 1992). Doolittle’s alignment showed 28 con-
served amino acids between four actin sequences and
four hsp70 proteins. Our alignment (Fig. 3) shows that
the G. lamblia actin shares 49 conserved amino acids
with a consensus hsp70 sequence when aligned accord-
ing to Doolittle (1992).

It has been suggested that there is selective pressure
on the secondary structure of some mRNAs, such as
histone mRNAs (Huynen et al. 1992). Although the G.
lamblia actin gene mRNA contains a large number of
base pairing possibilities with foldings within 10 kcal
from the minimum energy of —274.6 kcal/mol, there does
not seem to be any significant or conserved RNA sec-
ondary structure in either the G. lamblia or other single-
copy actin gene mRNA coding sequences. Similarly, no
stable secondary structures could be detected in either
the 5" or 3’ regions of the G. lamblia actin gene. In fact,
the 3’ region seems unusual in that it contains no sec-
ondary structures (results not shown).

Our phylogenetic tree shows that the G. lamblia actin
sequence is highly divergent relative to the actin se-
quences of other eukaryote species. This is consistent
with G. lamblia having diverged early in evolution, i.e.,
before the endosymbiotic event which gave rise to mi-
tochondria (Sogin 1989; Sogin et al. 1989; Cavalier-
Smith 1993; Hashimoto et al. 1994). Our tree is consis-
tent with previously published trees based on 18S rRNA,
tubulin, elongation factor-1c, and actin gene sequences:
oomycetes are not true fungi; kinetoplastid protozoans,
plants, fungi, and animals are monophyletic groups; and
fungi and animals are each others’ closest relatives (For-
ster et al. 1990; Cavalier-Smith 1993; Hasegawa et al.
1993; Taylor et al. 1993; Wainright et al. 1993; Baldauf
and Palmer 1993; Nikoh et al. 1994; Bhattacharya and
Ehlting 1995).

Within the fungi, only the evolutionary relationships
of the ascomycetes are consistent between our tree and
the trees based on 18S ribosomal RNA gene sequences
(Fig. 4; Taylor et al. 1993; Berbee and Taylor 1993).
Schizosaccharomyces pombe is shown to diverge before
the lineages leading to filamentous ascomycetes and to
yeasts, but another likely early ascomycete, Preumocys-
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tis carinii, is instead found a the base of the fungi lineage
(Fig. 4; Bruns et al. 1992; Berbee and Taylor 1993). Also
puzzling is the fact that the basidiomycete species Filo-
basidiella neoformans is part of the ascomycete lineage
(Fig. 4).

As mentioned above (see Introduction), the phyloge-
netic position of Entanmoeba histolytica is still contro-
versial. Our tree is consistent with the TRNA phylogenies
insofar as they show E. histolytica to have diverged after
kinetoplastid and amoeboflagellate species (Fig. 4; Sogin
1991; Sogin et al. 1993). However, given the low boot-
strap value for the position of this lineage, it is not pos-
sible to make a definitive conclusion regarding its rela-
tionship to other mitochondria containing eukaryotic
lineages.

The phylogenetic position of the cellular slime mold
Dictyostelium discoideum has also been controversial.
Phylogenies based on rRNA suggest that this species
diverged before the lineage leading to ciliates, plants,
fungi, and animals (Gunderson et al. 1987; Hendricks et
al. 1991; Sogin 1989, 1991; Vossbrinck et al. 1987,
Wolters 1991: Cavalier-Smith 1993). In fact, the se-
quence of the small-subunit rRNA molecule of D. dis-
coideum is often used as an outgroup to root rRNA phy-
logenies of ciliates, plant, fungi, and animal phylogenies
(e.g., Field et al. 1988; Wainright et al. 1993; Bhatta-
charya et al. 1995). Furthermore, the recent report by
Cole et al. (1995) in which they show that D. discoideum
mitochondrial DNA encodes a NADH:ubiquinone oxi-
doreductase subunit which is nuclear encoded in plants,
fungi, and animals strongly suggests that the lineage
leading to this species diverged before the lineage lead-
ing to plants, animals, and fungi. In contrast, phylogenies
based on protein sequences suggest that D. discoideum is
unlikely to be an outgroup to the lincage leading to
plants, fungi, and animals. The study of eight protein
sequences by Loomis and Smith (1990) led them to con-
clude that D. discoideum is more closely related to ani-
mals and plants than to fungi and that this species di-
verged from the line leading to animals at about the same
time as the plant/animal divergence. They also suggested
that the relatively high A + T content of the small-subunit
rRNA gene of this species was responsible for its erro-
neous placing in TRNA trees, whereas the protein se-
quences they used were likely less influenced by the
relatively high A + T content of the D. discoideum ge-
nome and thus likely provided a more reliable phyloge-
netic position of this species. The study of elongation
factor 1 o, by Hasegawa et al. (1993) supports the sug-
gestion of Loomis and Smith (1990) insofar as it con-
cluded that D. discoideum is unlikely to have diverged
from the lineage leading to plants, fungi, and animals
before these three kingdoms separated from each other.
Our phylogenetic tree agrees with this suggestion and
shows that D. discoideum diverged after the lineage lead-
ing to plants but before the lineage leading to fungi and
animals (Fig. 4). Similar results using the first and sec-
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Table 4. Relative-rate test between the actin genes of different tax-
onomic groups and slime molds®

Taxon 1 Taxon 2 K5-Kos
Animals Slime molds 3.62+2.65
Angiosperms Slime molds 5.82+2.39*
Fungi Slime molds 3461220

#Mean number of estimated nucleotide substitutions at the second
position of codons/100 sites and their standard error
* Significantly different at the 5% level

ond codon positions of actin genes or actin amino acid
sequences were previously reported (Bhattacharya et al.
1991; Baldauf and Palmer 1993; Bhattacharya and Ehl-
ting 1995). To explain these conflicting results between
TRNA and actin phylogenies, Bhattacharya et al. (1991)
measured the relative evolutionary rate of actin genes vs
the smail-subunit rRNA of diverse species and observed
that the actin of D. discoideum had an evolutionary rate
ten times smaller than its small-subunit rRNA. They sug-
gested that the position of this species in the actin tree
might reflect the sequence divergence rate slowdown of
actin in this species rather than its ‘‘true’” phylogenetic
position (see also Bhattacharya and Ehlting 1995).

Evolutionary Rates

We performed relative-rate tests to determine whether
slime mold actin genes are evolving at a rate similar to
those of angiosperms, animals, and fungi (Sarich and
Wilson 1973; Li and Tanimura 1987). The mean number
of nucleotide substitutions at the second position of
codons of the sequences shown in Fig. 4, relative to the
Fucus disticus actin gene was estimated using the
Kimura two-parameter model. Only the second position
of codons were used to perform these relative-rate tests
because it is the only codon site which did not show a
correlation with the GC-content of the coding regions
(see above), and it was not possible to use the number of
nonsynonymous substitutions to perform these tests be-
cause such sites were saturated in several pairwise se-
quence comparisons (results not shown).

The results obtained are consistent with the sugges-
tion of Bhattacharya et al. (1991) that the position of D.
dictyostelium in the actin tree does not reflect its true
phylogenetic position due to a sequence divergence rate
slowdown of actin in this species (Table 4). The actin
genes of slime molds are evolving significantly slower
than those of angiosperms, but their rate of evolution is
not significantly different from those of fungi and animal
species. The absence of statistically significant slow-
down in slime molds as compared to fungi and animals
might be due to the fact that we used Fucus disticus as an
outgroup to the four taxonomic groups on which we
performed the relative-rate test. This averages the nucle-
otide substitutions which occurred in these genes over a

time span close to 1 billion years. It might be that the
different evolutionary rates reflected by the lengths of
the terminal branches within the different taxonomic
groups shown in Fig. 4 would become significant if a
closer outgroup was available. In our relative-rate esti-
mations, the use of an outgroup as distantly related as F.
disticus was unavoidable since the relative-rate test re-
quires the use of a sequence that is an outgroup to all the
sequences on which the test is to be performed, and a
measure of the actual evolutionary rate of actin in slime
molds would require one to know the yet-undetermined
divergence time between D. discoideum and P.
polycephalum.
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