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Abstract. Five cDNAs pDidact2—pDidact®, repre- phylogenetic tree only reflects upon differences in evo-
senting different actin genes, were isolated frorDia  lutionary rate.

phyllobothrium dendriticuneDNA library, and the DNA

as well as the putative amino acid sequences were décey words: Diphyllobothrium dendriticum— Ces-
termined. The correspondimgjdact2andDidact4genes tode — Actin cDNA — Polyadenylation signal — Mul-
code for peptides 376 amino acids long, with moleculartigene family — Molecular evolution — Phylogeny
weights 41,772 and 41,744 Da, respectively, while the
deducedDidact3 protein is 377 amino acids long and
weighs 41,912 Da. TheDidact5 and -6 cDNAs lack
nucleotides corresponding to three to six amino acids
the amino-terminus. Two of the five cDNAs contain the ) . o . )
conventional AATAAA as the putative polyadenylation Actins are highly conserved u_blqwtous_protelns Wh|ch
signal, one has the common variant ATTAAA, Whereasgenerally are encoded by multlgene far_m_ll_es. Such fam_l-
the hexanucleotide AATAGA is found 15 and 18 nucleo- 1€S are thought to have arisen by an initial gene dupli-
tides, respectively, upstream of the poly(A) site in two of c&tion and divergence of a common ancestral gene (Ma-
the cDNAs. Phylogenetic studies including 102 actin©da and Smithies 1986). Several studies have been made

protein sequences revealed that there are at least folf1€re the phylogenetic relationships between actin pro-
different types of cestode actins. In this study three ofi€in sequences are investigated. These include studies

these types were found to be expressed in the dalult Where a wide range of actin proteins have been analyzed
dendriticum tapeworm. Structurally the cestode actin (Hightower and Meagher 1986; Meagher 1991; Reece et

groupings differ from each other to an extent seen only?!- 1992; Mounier et al. 1992; Kovilur et al. 1993; Hen-

among the metazoan actins between the vertebrafg®SSeY et al. 1993; Sheterline et al. 1995; Drouin et al.

muscle and cytoplasmic isoforms. In the phylogenetict999) and investigations where actins from only a few
trees constructed, cestode actins were seen to map to tw'€CIfiC Species or phyla have been dealt with (Miwa et
different regions, one on the border of the metazoan ac2- 1991; Fang and Brandhorst 1994). Due to the high
tins and the other within this group. It is, however, dif- S€qUence conservation among most actins, phylogenetic
ficult to say whether the cestode actins branched offtnalyses produce few groupings which can be considered

early in the metazoan evolution or if this position in the Significant (Hennessey et al. 1993; Sheterline et al. 1995;
Mounier et al. 1992). Thus, the evolutionary history of

the actins is a source of continuous study and contro-
versy.
Correspondence tdv.H. Wahlberg On the basis of both the primary protein sequence and
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tissue localization, the actins of vertebrates and of thdormamide, 5x SSC (1x SSC is 150NaCl, 15 m sodium citrate),
arthropodsBombe moriand Drosoph”a me|anogaster 5x Denhardt's solution (0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1%

s : ; . ovine serum albumin), 0.0@2 sodium phosphate pH 6.5, 0.2% SDS
are classified into two main types: the muscle and théé’sodium dodecyl sulphate), and 1@ mi~ tRNA for 4 and 24 h.

nonmuscle actins (Vandekemkhove and Weber 1978r’espectively. A fragment of 328 bp spanning from nucleotide 520 to

Mounier et al. 1992). The arthropod muscle actins, how-=34 in theDidact1 actin cDNA fromD. dendriticum(Wahlberg et al.
ever, differ from the vertebrate muscle isoforms to suchi994), including 14 bases from the pBluescript vector, was random
an extent that it seems likely that muscle actin gene§rimed labeled with ¢-32P]JdCTP and used as a probe. The washing

have arisen independently both within the chordate am?onditions were 2x SSC at 42°C for 20 min. The plaques were purified
. . to homogeneity by consecutive platings and rescreenings.
the arthropod phyla. This suggests that muscle actins

arose from cytoplasmic isoforms at least twice during

animal evolution (Mounier et al. 1992). The urochordate Sequence Analysig vivo excisions and plasmid preparations were
carried out according to protocols from Stratagene. DNA deletions

muscle actins possibly represent a transition from a NONade with the Exolll/Mung Bean kit (Stratagene) were subcloned into

muscle-like sequence to a vertebrate muscle-like Sepgiuescript SK(-) (Stratagene). Nucleotide sequences were determined
guence. Of 21 diagnostic muscle-specific amino acids irby the dideoxy chain termination procedure of Sanger et al. (1977)
vertebrate cardiac muscle actin, five or six are differingusing the™’Sequencing kit from Pharmacia Biotech and*fS]dATP.
when compared wittstyela(urochordate) muscle actins, After control sequencing, computer analysis of sequence data was per-

while 15 different amin ids are found in compari nformed with the Sequence Analysis Software Package program, version
€ erent a 0 acias are fou compariso 8.1 (1995), from the Genetics Computer Group of the University of

with muscle actin from the sea urchin (Kovilur et al. wisconsin. Actin protein sequences for comparison studies were taken
1993). Generally, however, the invertebrate actins aréom the SwissProt database release 31.0 (3/95) and nucleic acid se-

considered to be of the vertebrate cytoplasmic actin typeguences from the GenBank database release 89.0 (6/95). Sequence
In this study we have investigated the actin multigenecompansons were made with the Gap program and molecular weight
. . . Iculati ith Peptidesort.

family of the seagull tapeworriphyllobothrium den- caicuiations with Fepldesor

driticum. The flatworms are thought to have separated

early in metazoan evolution (Hori and Osawa 1987: Phylogenetic Studiessiven the uncertainties in trees derived for
Field et al. 1988 Adoutte and Philippe 1993) and it haéactins from sequence analysis (Mounier et al. 1992; Hennessey et al.

: . 1993; Sheterline et al. 1995), we chose to use an alternative strategy to
been SUQQeSIEd th_a_t anceSIral_ flatworm-like an'malﬂgﬁ”lake the best use of our available data: (1) To compare actins with a
would occupy a position as the likely ancestors of mostsequence comparison matrix derived from observed amino acid re-
metazoans (Barnes et al. 1988)_ Therefore, studies owplacements from sets of protein structures from the same percentage
gene families in the flatworms Iiving today might pro- identity range covered by the actin sequences themselves. (2) To use

. . . . multivariate analysis to define clusters of similar actin sequences. (3)
vide important clues to gene and organismal eVOIUtlon'To merge the members of these clusters into a single group, thus

When screening ®. dendriticumcDNA library, SiX  representing each group by the average of the original distances of its
different actin genes expressed in the adult tapewornmembers to all other actins. Phylogenetic trees were then derived from
were found (one is published in Wahlberg et al. 1994).these average data. (4) To treat the more similar main metazoan actin
These were characterized and could, on the basis of the#ouP separately but employing the same strategy as outlined in 2 and

L - . 3 above.
sequences be divided into three Clearly different groups. All full-length actin amino acid sequences from the SwissProt da-

The cestode3aenia soilumand Echinococcus granulo-  tapase 31.0 (3/95) were obtained, as well as five amino acid sequences

susalso possess actin proteins belonging to these groupsorresponding to the si®. dendriticumactin cDNAs from this and an

The E. granulosusactz_echgr protein, however, was earlier study (Wahlberg et al. 1994). Two of thedendriticumnucleic

found to cluster by itself. acid sequencef)idactl and-4, correspond to identical proteins. (The
sequences used are listed at the end of this section.) The 102 sequences
were aligned with the computer program MALIGN (Johnson et al.
1993) and a structure-based scoring matrix (Johnson and Overington

Materials and Methods 1993) derived from pairs of aligned protein structures with percentage
identities >80% (obtainable from http://www.btk.utu.fi).

. . . ) ) Pairwise distance€)) were obtained from the multiple alignments:
Parasite MaterialsGolden hamsters were experimentally infected with 5 _ _100 |n NAS. where the alignment score (summed scores for

plerocercoids oD. denc.i.r'i.tlicgmobtained from whitefish Goregonus matching aligned residues less penalties assessed for indels in the align-
lavaretu§ from Lake Pytigrvi in southwest Finland. After 10-14 days  \eny) is normalized for the length of the shorter of the two sequences
adult tapeworms were collected by flushing the intestine of infected, .y the maximum possible alignment score for the pair (NAS). A
hamsters with 0.9% NaCl. constant penalty of 40 for insertions/deletions was used.
Principal components analysis (PCA) is a standard multivariate
RNA Isolation and Construction of a cDNA LibrarRNA was statistical analyss procedure (Chat_fleld_ ar_ld Collins 1989) t.hat can be
isolated from adulD. dendriticumby the acid—guanidinium—phenol— used to establish clusters of data with similar features. In this case, the

chloroform method, essentially as described by Chomczynski and SadlPut to the program consists of the matrix of distancBsapove)
chi (1987) and a Uni-ZAP XR cDNA library (Stratagene) was con- obtained from each pair of aligned sequences. The output of the pro-
structed. gram consists of coordinates for each sequence in which the overall

variance is a maximum. Since PCA is a multidimensional approach,
these coordinates can be output in two, three, four, or more dimensions
Screening the cDNA Libransome 200,000 recombinant phages of (up to 102 dimensions, although the information content provided by
the cDNA library were screened according to Benton and Davis (1977)most dimensions will be nil). For our purposes, sequences were clus-
Prehybridization and hybridization were carried out at 42°C in 30% tered based on the Euclidean distances calculated between the coordi-
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nates of sequence pairs in the 11 most informative dimensions. IrProtista-I); PROTISTA-II: 40. actldicdi Dictyostelium discoideum
considering all 102 sequences, those within a Euclidean distance dflime mold), 41. act8dicdi D. discoideum42. act phypoPhysarum
0.65 of each other defined a cluster (maximum distance 1.83); for thepolycephalum(slime mold), 43. act2dicdi D. discoideum,44.
40 sequences of the main metazoan group, an empirically chosen cuto#ct3 dicdi D. discoideum45. actl acacaAcanthamoeba castellanii
of 0.45 was used (maximum distance 1.88). (amoeba), 90. actdlicdi D. discoideum97. actd phypoP. polyceph-
The original distances obtained from the sequence alignments weralum; FUNGUS-I: 86. actlphyin Phytophthora infestangpotato late
then averaged to provide single values representing the relationship dflight fungus), 87. actachbi Achlya bisexualis88. act2 phyin, P.
one cluster to another cluster. Although this results in a loss of detaildnfestans89. act phyme Phytophthora megasperm{@otato pink rot
about individual clusterings (which can be reconstructed later), fluc-fungus); FUNGUS-II: 63. actgemeni Emericella nidulans64. act-
tuations within the family, due to an extra amino acid replacement or—thelaThermomyces lanuginosé5. act schpoSchizosaccharomyces
two, can be minimized. Trees were constructed using programs of th@ombe(fission yeast), 66. actzabsglAbsidia glauca(pin mold), 67.
Phylip package (SEQBOOT, NEIGHBOR, FITCH, CONSENSE, act yeastSaccharomyces cerevisi@i@ker's yeast), 68. actanalCan-
DRAWGRAM) of Felsenstein (1985). Group averaged distances werefida albicans(yeast); PLANTA: 70. actlpeaPisum sativun{garden
calculated from 1,000 individual trees (global rearrangement, best tre@€@), 71. actZpeaP. sativum,72. act7 soltu Solanum tuberosuigpo-
from random orders of the input data each). tato), 73. actlsoltu S. tuberosum74. act tobacNicotiana tabacum
The actin amino acid sequences used in the phylogenetic studies ak§0mmon tobacco), 75. actSoltu S. tuberosum76. actl arathAra-
listed below. The Roman numerals indicate the actin groupings and th@1dopsis thaliangmouse-ear cress), 77. actirysaOryza sativgrice),
Arabic numerals refer to the number codes in the 2D projection of Fig.”8- aCt2 soltu S. tuberosum79. act volca Volvox carteri(green al-
3. Individual sequences that in the phylogenetic trees of Figs. 4 and §2€), 80. act2orysaO. sativa,81. actl daucaDaucus carotgcarrot),
cluster together with a defined group, are in this list included as part82: actl maize Zea mays(maize), 83. act3orysa O. sativa, 91.
of that particular group (acvolca is included in the planta actin group act7_0rysaO. sativa,96. act2 daucaD. carota.
and actd phypo with the protista-Il sequences).
PLATYHELMINTHES (CESTODA): 1.Didactl and-4 Diphyllo-
bothrium dendriticum+act taeso Taenia solium(l), 2. Didact2 D.
dendriticum(l), 30. Didact3 D. dendriticun(ll), 31. Didact5 D. den-
driticum (Il), 60. actl echgrEchinococcus granulosu@ll), 61. Di-
dact6 D. dendriticunlll), 62. act2 echgrE. granulosuqlV); VER- . . .
TEBRATA, CYTOPLASMIC ISOFORMS (c): 3. actthumanHomo ~ SCreening thé. dendriticumcDNA Library for
sapiens,4. actb rabit Oryctolagus cuniculugrabbit), 5. actbcypca  Actin Transcripts
Cyprinus carpio(common carp), 6. actdhumanH. sapiens,7.

acth ansanAnser anser ansefwestern graylag goose), 8. ackenbo  After screening theD. dendriticumcDNA library for
Xenopus borealigKenyan clawed frog); TUNICATA (c): 46.  4.tin sequences, 40 phage clones that hybridized strongly

actc_stypl Styela plicata(sea squirt); CHORDATA, MUSCLE-TYPE . . . .
ISOFORMS (m): 47. act2xentr Xenopus tropicaligwestern clawed ~ Were selected for further investigation. Restriction map-

frog), 48. actc humanH. sapiens49. actl xenlaXenopus laevigAf- ping and partial sequencing of the isolated clones indi-
rican clawed frog), 50. actxenlaX. laevis,51. acts humanH. sapi-  cated that all of the cDNA inserts contained actin-
ens,52. act3 xenlaX. laevis,53. acta chick Gallus gallus(chicken), encoding sequences representing six different genes.
54. acta humanH. sapiens55. acta bovin Bos taurus(bovine), 56. Plasmids,pDidactl—pDidactB,which contained the

acth_ humanH. sapiens,57. actm halro Halocynthia roretzi(sea . .
squirt), 58. actmstycl Styela clava(sea squirt), 59. actmstypl S. longest inserts of the different cDNAs, were totally se-

plicata; NEMATODA: 9. act caeel Caenorhabditis eleganslO. quenced (Fig. 1). One of therpDidactl,has been char-
act2 caeel C. elegans,12. actl oncvo Onchocerca volvulus13.  acterized previously (Wahlberg et al. 1994). The corre-

act2 oncvo O. volvulus; ARTHROPODA: 11. act3limpo Limulus sponding genes were given the nanibidact1-6.
polyphemugAtlantic horseshoe crab) (1), 14. actdrtsx Artemiasp.

(brine shrimp) (1), 15. act2drome (c)Drosophila melanogaste(fruit
fly) (1), 16. actl drome (c)D. melanogaste(l) 17. act3 bommo (c)
Bombyx mori(silkk moth) (1), 21. actalimpo L. polyphemugll), 22.
acty limpo L. polyphemug(ll), 23. actl artsx Artemia sp. (l), 24. . . .
act2 artsx, Artemissp. (1), 25. actsdrome (m)D. melanogastefl), pDidact2(1,257 bp) pDidact3(1,356 bp), angDidact4

26. actl bommo (m)B. mori(l), 27. act2 bommo (m)B. mori(l), 28. (1,329 bp) contain a complete coding region from the
act6_drome (m)D. melanogaste(l), 29. act4 drome (m)D. melano- jnijtiation codon ATG to the stop codon TAA as well as
gaster(l); ECHINODERMATA: 18. actc pisoc (c)Pisaster ochraceus 5 and 3 untranslated sequencegsDidact5 (1,175 bp)

(sea star), 19. actnpisoc (m)P. ochraceus35. act2 strfn (c) Stron- .

gylocentrotus franciscanuea urchin), 36. actestrpu (c)Strongylo- andledaCt6(1'239 bp), on the (_)ther hand, V\_/ere found
centrotus purpuratugpurple sea urchin), 37. actstrfn (c)S. francis-  tO lack 15-18 and 7-10 nucleotides, respectively, at the
canus, 38. actm strpu (m) S. purpuratus,39. act3strpu (c)S.  5'-end of the open reading frame, judging from compari-
purpuratus;MOLLUSCA: 20. act aplcaAplysia californica(Califor- sons to the otheDd. dendriticumactin cDNAs (Fig. 1).

nia sea hare); CNIDARIA (HYDROZOA): 32. actpodcaPodoco- The deduced amino acid sequences of the full-length

ryne carnea33. act3 podcaP. carnea34. act hydatHydra attenuata . . .
(hydra); PROTISTA: 69. actenthi Entamoeba histolytica92. open readmg frames are 37B|(ja0t2 and DIdaCt4) or

actl naefoNaegleria fowleri(sarcomastigophora); PROTISTA-I: 84. 377 Didactd amino acids long (Fig. 2) and the calcu-
actl_plafa Plasmodium falciparungsporozoa), 85. actrypv Crypto- lated molecular weights are 41,772, 41,744, and 41,912
sporidium parvum(sporozoa), 93. actetpy Tetrahymena pyriformis  Da, respectively. According to these sequences and the
(ciliate), 94. acttetth Tetrahymena thermophildciliate), 95. partial amino acid sequences derived fr@idact5 and

act2 plafa P. falciparum,98. actl trybb Trypanosoma brucei brucei . .
(sarcomastigophora), 99. act?ybb T. brucei brucei,100. act oxyno Didact6, we could conclude that the actins bi. den-

Oxytricha nova(ciliate), 101. actocxyfa Oxytricha fallax (ciliate), driticum can be divided into three distinct groups.
102. act eupcrEuplotes crassufiliate), (100-102 are referred to as The members of the first groupidactl, -2,and-4,

Results

Sequence Analysis of Protein Coding Regions
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4 ATTTGCGTTATCTTCACTAAGCACCTTCCTTCAACATGGGTGATGAAGAAGTCCAGGCTCTCGTTGTTGACAATGGCTCCGGCATGTGCAAGGCCGGTTTTGCCGGAGACGATGCACCCC 120
1 TGCTAGCACCACTCTCTCTCTATCCGCGCAGTCATG. . . . . C

2 CGAAATTAACGTCGAAATG. . . .. C

3 TCGGCACGAGACGCAAGCGAACAGCATGGCCTT.A.C

5

6 Coovenn

4 240
1

2

3

5

6

4 360
1

2

3

5

6

4 480
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4 600
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6

4 720
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4 840
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4 960
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6

4 1080
1
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6

4 CTCTGTCCACCTTCCAGCAGATGTGGATCTCGAAGCAGGAGTACGACGAGTCTGGTCCTGGCATCGTCCACCGCAAGTGCTTCTAAGCAGATCGACTTGGCTGGTCATCTAGCATCCTCG 1200
1 . .GCGCATTAACCGTCGCAAACCACAGCCGTCCTTC

2 .. .GAATGTTATTTTTGTTATTTTGTTTTGTATTCAG

3 . .GTGTAAATACAACTAGACTTTTGAAAAAACGTTT

5 . .GTATCGAATTATCTTTTTCATTAAACGGTCAGAC

6 ATTTTTCTGATTTTACTAAGTTTGCCTGCCAAAA

CCAACACACTGTTATCGCCCCCTTTCGGTCCCTTTCGCCGCCTATGGCACGTGCTTCTTCACAAATGCTATCACTTCTTTGAAGTTCACAAATAGAAGTATCCCTCTTGTCAAAAAAAAA 1320
GTCCAGCCCACTCATACTTGTAACCTTTCGTTCATATACCTTTCATTCTTCAGCTGCAGCTGTGCAAACCTGGTTTATCTCACCTTCACTAGGTCTTCTCTTAATACTTCTTCCACTTTC
ACGAACTTATTAGGCATATCTTCCTGCTTCTCAACAATAAATTCCTTATTACTCTTAAAAAAAAAAAAAAAAAAAA 1257
CCGCTTTATAGAAGCCTCAGTTTGATTAAATTTCACCGTCTATTCAGTCTTGCACTGCGCTTATTTTATGGTTTCGATTCGGAAACGGCCGCATTTGTGCTTTTCGTATTTGTAATTTTT
AATCAAAAAAAAAAAAAAAAAAAAA 1175

TCAAGTTTTTATTTAATAATTGCCTGCAAGTTGTAGAAATTTGCAAATAAAATTTTGATAATTTAAAAAAAAAAAAAAAAA 1239

AUWNE &

~

AAAAAAAAA 1329
GTTCCCTGCTGCCTGTTTAGGCAATGCGCCTAATTAAATAAAAGTAACATCAAATGAAAAAAAAAAAAAAAAAAAAA 1392

[

w

1357

TTTAATAGACACTTAAAGTTACCCTCC.

Fig. 1. Nucleotide sequences @Didactl (1), pDidact2 (2), pDi- putative polyadenylation signals anederlined.The Didact2—Didact6
dact3(3), pDidact4 (4), pDidact5 (5), andpDidact6 (6) cDNAs from nucleotide sequences are available in the EMBL, GenBank, and DDJB
D. dendriticum. Dotsndicate bases in the coding regions identical with databases under the accession numbers U27833-U27837.
pDidact4.The ATG start and TAA stop codons are typecdoimid and

are very similar. The putativBidactl protein is 100% called the cestoda-I actin groupidact3and-5 encoded
identical withDidact4,and the deduceBidact2protein  actins (cestoda-1l actins) have 11 differing amino acids
differs by only one amino acid from the other memberswhile the deduced peptide sequenceiflact6 (ces-

of the group. On the nucleic acid level the identitiestoda-1ll actin) differs by more than 30 amino acids
range from 96.1 to 97.9% (Table 1). For the ease ofrom any of the otherD. dendriticumactin proteins
data presentation these actim3idactl, -2,and-4) are  (Table 1).
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4 MGDEEVQALVVDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEHGIVTNWDDMEK IWHHTFYNELRVAPEEHPVLLTEAPLNPKANREKM 120

RN

TQIMFETFNTPAMYVGIQAVLSLYASGRTTGIVLDSGDGVTHSVPIYEGYALPHAILRLDLAGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKS 240
1S S R |
VLl

4
2
3
5
6

360

Fig. 2. Deduced amino acid sequences of piiidactlandpDidact4(4), pDidact2(2), pDidact3(3), pDidact5(5), andpDidact6(6) cDNAs in
D. dendriticum.Amino acids identical wittpDidactl/pDidact4are indicated bylots.

Table 1. Pairwise comparisons of actin sequences from the cest@ddendriticum, T. soliumand E. granulosud

D. dendriticum T. solium E. granulosus
Diadactl Didact2 Didact3 Didact4 Didact5 Didact6  AT5 AT6 Egactl Egct2
Didactl 96.1 84.2 96.1 85.1 82.4 89.5 89.8 79.4 77.5
Didact2 99.7 84.8 97.9 85.3 82.7 88.9 89.7 79.9 77.9
Didact3 92.8 92.6 85.0 935 79.3 82.8 82.8 78.5 78.3
Didact4 100 99.7 92.8 85.5 82.7 89.2 89.6 79.8 78.1
Didact5 95.4 95.1 97.0 95.4 79.7 82.8 82.5 78.0 78.3
Didact6 91.4 91.4 90.9 91.4 90.8 80.4 81.0 80.7 76.5
ATS 100 99.7 92.8 100 95.4 91.4 97.7 79.4 77.9
AT6 100 99.7 92.8 100 95.4 91.4 100 80.1 77.9
Egactl 88.0 87.7 88.5 88.0 89.2 93.6 88.0 88.0 79.1
Egact2 88.3 88.0 89.6 88.3 90.6 86.3 88.3 88.3 85.6

2The identity percentages between the coding region of the nucleic acid sequences is shown above the diagonal and the amino acid ide
percentages below the diagonal. The AT5 and AT6 gends soliumcode for identical proteins (actaeso), whileEgactland 2 correspond to
the actin proteins actlechgr and act2echgr, respectively.

5" and 3 Untranslated Regions dendriticumsequences, we have considered the use of

The 3 untranslated regions (UTRs) pDidact1—6(Fig. principal components analysis (PCA) to help define clus-

1) are 38-207 nucleotides long and they share 36_7£ers, followed by the averaging of members of each clus-

50.5% identity. InpDidact2 and -6 the conventional ter to provide a single average representative to all other

polyadenylation signal, AATAAA, is found 15 and 13 clusters. The net effect is to reduce the_origin_al 102 se-
nucleotides, respectively, upstream of the poly(A) tail, dUENCces to 14 _clusters of sequences, including se_veral
The potential signal for poly(A) addition ipDidact5is |pd|V|duaI§. In Fig. 3 are shown the two best 2.D projec-
ATTAAA, located 13 bp from the polyadenylation site, tions obtalne_d by applying PCA to the 102 pairwise dis-
whereas only an unusual variant AATAGA is found tancesD,d.enved from the_ml.JItllpIe sequence aI|gnmer_1t.
close (18 and 15 nucleotides) to the poly(A) site of The actin cll.Jst.ersland |nd|y|duals are as follows (Fig.
pDidact3and-4, respectively. In the 3UTR of pDidact3 3,a com.plet'e listing is found in th.e Materials and Meth-
on ATTAAA hexanucleotide is located 117 nucleotides ods seguon). a group of plant .aCth’ except.for‘mﬁ}
from the poly(A) tail. It is, however, not clear whether vox _actm,_whlchhclusters by :‘t?)elalz' two rlr_lajorAsets of
this sequence can function as an additional polyadenylphrOtISt at;: tins (\;w;hsequences rh ctyostelium, Ican-
ation signal of theDidact3 transcript. The 5UTRs of t amoeba,and .ysarum(act_p ypo)_m one custer_
pDidact1—4 the cDNAs containing a’SUTR, are 16-35 (protista-1l actins); and two overlapping actin sets in-

. . o .. cluding sequences from ciliates, sporozoans, @and
nucleotides long (Fig. 1) and share 37.5-48.0% 'dentlty'panosomamaking up the other (protista-l). Actins

from the protistsEntamoeba(act enthi), Physarum
(actd phypo), andNaegleria (actl naefo) grouped by
In an attempt to dissect the relative relationships amonghemselves as individuals. Two sets of fungal actins were
the actins and thereby resolve the position of the seen: One set includeBhytophthoraand Achlya se-

Phylogenetic Studies of Actin Amino Acid Sequences
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©97 Cestoda-1V (62) pairwise distances obtained from the amino
z 0 oK@ acid sequence alignment of 102 actin proteins.
90 ” <
9 ™ @g@’ &% | InAthe projection of the two most significant
02 45 %&o - dimensionsX = 48.4% of the total variancg;,
@79 44 Protistal (40.45.90 o = 13.3%) and irB the next best 2D projection
tista- -45,f
04 @44 ProistatlC ) main (x = 48.4%;z = 11.2%) show the clusters
Rl 03‘130 o (-3%946) 7| found to be within a Euclidean distance of 0.65
o8 4 of each other when 11 dimensions are consid-
-06 | - ered. The number codes and groups segregated
Planta (70-78,80-83,91,96) . . . . .
> in this manner are detailed in the Materials and
08 | L L 1 L 1 1 Methods section. The actins not clustering
08 0.6 04 02 0 02 04 06 08 1 Wl_th other sequences are numbégs(act_en-
thi), 79 (act volca), 92 (actl naefo), andd7
X (actd_phypo).

guences (the fungus-I actin group) and the other, théhese results the two cestode acting groups, cestoda-ll|
fungus-Il group, comprises the rest of the fungi se-and -1V, branch off on the border between the other
guences, i.e., yeast actins. The chordate muscle actimeetazoan sequences and the fungus-protista-plant actin
cluster together as do the major part of the remaininggroups. To define the relationships of the four cestode
metazoan actins. This large group contains, among othsequences within the main metazoan actin group to the
ers, the actin proteins corresponding to the cestode s@ther sequences, it was necessary to consider this group
guencedidactl-5as well as thaeniasequences. The in more detail.
Didacté amino acid sequence groups together with Based on the clusters defined from the PCA cluster-
actl echgr fromEchinococcugcestoda-1ll actin group) ing, the 40 sequences within the main metazoan actin
while the act2echgr actin (cestoda-1V) clusters as angroup were clustered into 11 subgroups (not shown).
individual separated from other sequences (Fig. 3, se&hese include two sets of cestode actins withDiwact1
also Table 1 for cestode actin comparisons). (=Didact4 and acttaeso) andDidact2 amino acid se-
Distances between these clusters and individuals (avguences in the first (cestoda-l actins) and Didact3
erages oD) were then employed in the reconstruction of and Didact5 sequences (cestoda-ll) in the second set.
the phylogenetic relationships among the actins (Fig. 4)Other clusters include the nematode actins, the arthropod
The two consensus trees made with the computer proactin proteins except actmpo and actylimpo from
grams FITCH and NEIGHBOR show similar results ex- the horseshoe crah. polyphemuswhich made up a
cept for the position of th&ntamoebaactin, actenthi.  group of their own, the vertebrate cytoplasmic actins,
The NEIGHBOR tree is shown in Fig. 4. According to and Cnidaria sequences. The echinoderm actins were
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actl_naefo Discussion

The data presented here indicates that cDNAs represent-

Protista-I ing six different actin genes have been isolated fro a
Protista-I' dendriticumcDNA library. The putative amino acid se-
quences are 90.8-100% identical and, together with
Fungus-I other cestode actins isolated today, they can be divided
into four groups. The actins of these different groups are
act volca extremely divergent in comparison with actins within

other metazoan phyla.

Planta Untranslated Regions

act enthi There is virtually no detectable sequence identity be-
- tween the 5and 3 UTRs of D. dendriticumcDNAS,
respectively (Fig. 1). This is the case also when compar-
ing D. dendriticumUTRs, with 5 and 3 noncoding

37
Fungus-11

main Metazoa regions of actin genes from other species (data not
shown). Usually the sequence conservation in the un-
Chordata, m translated regions of actin transcripts is very low (He and
94 Haymer 1994), but, for example, thé B TRs of the
Cestoda-1V Strongylocentrotus purpuratuyllla and Cylllb actins
share 78% identity (Flytzanis et al. 1989), and fivalo-
Cestoda-III cynthia roretziactin genes are 82—100% identical in their

3’ noncoding region (Kusakabe et al. 1992). High iden-
tities between the UTRs of different genes may reflect a
recent gene duplication (Kusakabe et al. 1992).

actd_phypo

Protista-II

) The Molecular Evolution of Actin
Fig. 4. Consensus unrooted tree constructed from group-average se-

quence-based distances for clusters defined by PCA (Fig. 3) using thP€fining the mutual relationships among the actin pro-
program NEIGHBOR (Felsenstein 1985) and 1,000 bootstrap data set¢ein or nucleic acid sequences is a notorious problem in
Thenumbersindi_cate the percentage of replicate trees Whjgh CQ“taiHEdphylogenetic reconstructions of actin evolution (Mounier
these brancgpomts. See Materials and Methods for identification 01‘theet al. 1992: Hennessey et al. 1993: Sheterline et al.
group members. 1995). Primarily, this is a result of the high sequence
similarity among the actins (see Table 2); thus, relation-
grouped into two sets representing the muscle-type anghips can be confused when a sequence is slightly more
the cytoplasmic-type actins. Individuals not clusteredconserved or acquires several additional changes relative
with any other group are th&plysiaactin and the sea to the others. The end result is that a number of equally
squirt cytoplasmic sequence acitypl. likely trees are obtained and the significance of nearly all
Combining the 13 actin groups of Fig. 3 with the 11 major branchpoints is low (Reece et al. 1992; Hennessey
metazoan actin subgroups thus led to 24 individual seet al. 1993; Sheterline et al. 1995). Because of uncertain-
guences and clusters for which sequence-based distancéss that occur within phylogenetic trees, we have chosen
were averaged to all outliers (Table 2). The two resultanto score amino acid replacements according to a matrix
trees produced from this approach with the computercustomized for this collection of highly similar se-
programs NEIGHBOR and FITCH are shown in Fig. 5A quences and to cluster together sequences that clearly
and B. The four groups of cestode actins map to twoform closely related groups.
different regions of the trees. The cestoda-| set is closest Based on the 2D projections from the sequence-
to theAplysiaactin within the large main metazoan actin distance matrix, the actin proteins that cluster near each
cluster, while the other three cestode actin groups lie owther (Fig. 3) are in good agreement with the more dis-
the border between the fungus-protista-plant clusters antinct branches of phylogenetic trees published previously
the metazoan sequences. The group average percenta@ennessey et al. 1993; Sheterline et al. 1995). The pro-
identities and sequence-based distances are found tist actins often cluster into two main groups (Hennessey
Table 2. et al. 1993; Sheterline et al. 1995). The definitions of the
For comparison a phylogenetic tree based on the 108vo protist actin groups in this study do not correlate
individual amino acid sequences was made (tree nowith the definitions made by Reece et al. (1992) where
shown). The same major branches were obtained anthe protista-l actins are labeled Pro2, and vice versa.
also in this tree the cestode actins were seen to map tdaming the groups is simply for the ease of data presen-
two different regions, one on the border to the metazoanation and since the ciliate-sporozdaypanosomactins
actins and the other within this group. are more distant, in terms of their sequences, from all of
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Table 2. Group-average percentage identities (right triangle); group-average sequence-based distances (a@rglgéstoangle); see Ma-

terials and Methods for identification of group members

1. 2. 3. 4. 5. 6. 7. 8. 10. 11. 12.
1. Cestoda-I 95.9 95.5 95.6 94.1 94.6 94.1 92.7 93.3 92.9 93.8 92.3
2. Vertebrata, c 2.7 96.8 96.1 96.2 96.1 95.2 94.0 95.4 94.6 95.0 93.4
3. Nematoda 2.7 2.1 96.3 95.5 95.9 94.8 94.5 95.4 94.4 94.8 93.8
4. Aplysia 29 2.7 2.2 94.8 95.3 94.0 94.0 95.3 93.6 95.7 92.8
5. Arthropoda-Ii 3.6 24 25 3.3 95.1 94.2 93.3 95.5 94.0 94.6 91.9
6. Arthropoda-I 3.3 2.6 24 3.0 29 94.0 93.6 94.8 935 94.5 92.8
7. Cestoda-Il 3.9 3.4 35 4.1 3.9 4.1 92.5 94.4 92.6 94.1 91.5
8. Echinodermata, c 4.7 4.0 3.5 39 4.2 4.2 5.2 94.5 92.3 94.3 92.3
9. Echinodermata, m 4.2 3.1 2.8 3.1 2.9 3.3 4.1 3.6 94.0 96.2 92.3
10. Styela, ¢ (Tunicata) 4.9 3.7 4.0 4.7 4.3 4.7 5.4 5.6 4.4 94.5 90.8
11. Cnidaria 3.9 3.3 3.2 29 34 3.6 4.2 3.8 25 4.1 92.3
12. Chordata, m 5.2 4.9 4.3 5.0 55 51 6.1 5.6 54 6.8 54
13. Cestoda-llI 6.7 6.2 5.8 6.7 6.4 6.5 6.7 8.0 6.9 7.9 7.1 7.9
14. Cestoda-IV 7.5 6.8 6.9 6.7 6.6 7.3 6.9 8.1 7.1 8.4 6.8 9.3
15. Fungus-II 8.0 7.2 7.4 7.7 8.1 8.1 8.0 8.8 8.0 9.1 8.0 9.6
16. Protista-Il 5.8 5.1 5.2 5.8 55 5.8 6.1 6.9 54 6.7 5.3 7.7
17. actd phypo 16.0 15.3 15.3 15.1 16.0 15.7 15.8 16.7 15.4 17.0 14.9 16.9
18. act enthi 7.3 7.5 7.5 8.5 7.9 7.9 8.6 8.9 8.0 8.4 8.0 10.3
19. Planta 9.7 9.5 9.5 9.6 9.5 9.9 10.0 10.4 9.4 115 9.1 10.3
20. act volca 6.6 6.1 6.3 6.2 6.6 7.0 6.8 7.9 7.0 8.7 7.0 7.0
21. actl naefo 13.7 14.4 13.5 13.8 13.8 14.1 14.7 14.3 14.2 16.3 13.9 15.1
22. Fungus-I 10.6 10.3 10.7 10.8 10.6 10.8 11.3 11.7 10.7 11.3 9.8 12.3
23. Protista- 16.5 16.4 16.2 16.6 16.6 16.8 17.0 17.4 171 17.7 16.7 17.4
24. Protista-l 29.3 28.5 28.9 28.2 28.9 29.0 29.1 29.2 28.9 29.8 28.7 28.8
Table 2. Continued

13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24,
1. Cestoda-I 89.7 88.2 87.9 91.1 79.4 88.7 86.4 90.3 80.7 84.2 76.4 63.0
2. Vertebrata, ¢ 90.6 89.7 89.0 92.8 80.4 88.8 87.1 91.2 80.0 84.6 76.9 64.1
3. Nematoda 91.4 89.0 88.6 92.2 80.2 88.8 86.5 90.3 81.0 83.8 76.8 63.4
4. Aplysia 90.0 89.6 88.4 91.6 80.9 87.5 86.8 91.0 80.8 84.0 76.4 64.3
5. Arthropoda-Ii 90.5 89.8 87.7 92.1 79.6 88.2 87.0 90.3 80.8 84.4 76.5 63.4
6. Arthropoda-I 90.3 88.5 87.8 91.4 80.1 88.1 86.3 89.6 80.2 84.0 76.0 63.6
7. Cestoda-Il 90.0 90.1 88.3 91.5 79.4 87.6 86.5 90.2 79.6 83.7 76.5 63.4
8. Echinodermata, ¢ 88.3 87.6 86.8 90.0 78.7 87.1 85.8 88.4 80.4 82.7 75.7 63.2
9. Echinodermata, m 89.9 89.4 87.8 92.4 80.5 88.1 87.0 89.6 80.4 84.2 75.8 63.6
10. Styela, c (Tunicata) 88.4 87.7 86.4 90.7 78.5 88.3 84.6 87.7 77.9 83.3 75.5 62.6
11. Cnidaria 89.5 89.5 87.6 92.0 80.9 87.9 87.2 89.6 80.8 85.0 76.2 63.8
12. Chordata, m 88.6 86.2 86.1 89.3 78.8 85.4 85.5 89.2 79.4 82.1 75.7 63.8
13. Cestoda-lll 85.9 84.8 88.5 78.2 86.8 84.1 87.1 80.1 81.6 75.8 63.0
14. Cestoda-IV 9.5 83.5 86.5 76.3 83.0 83.1 85.4 77.3 80.4 74.3 61.9
15. Fungus-II 10.1 111 86.2 76.7 83.4 82.1 86.0 75.9 80.3 75.2 62.7
16. Protista-Il 7.9 9.3 9.3 80.3 87.7 86.2 88.5 79.5 83.6 75.2 63.2
17. actd phypo 16.9 18.6 17.9 154 76.8 75.7 77.1 72.2 72.2 67.4 57.9
18. act enthi 9.2 11.7 11.3 8.3 17.9 83.2 84.8 78.7 81.4 76.3 64.5
19. Planta 11.3 12.1 12.7 9.8 19.2 12.0 87.2 78.3 81.1 74.8 62.3
20. act volca 8.7 9.7 9.5 7.9 17.8 10.6 8.7 80.0 84.2 77.4 63.7
21. actl naefo 14.4 16.3 17.3 14.8 22.3 15.6 16.2 14.3 77.5 72.4 59.6
22. Fungus-I 125 13.3 13.0 11.0 21.4 12.6 13.3 10.7 16.5 75.7 62.6
23. Protista-l 17.5 18.1 17.8 17.6 25.9 17.2 18.5 15.9 20.8 17.3 62.5
24. Protista-l 29.2 30.3 29.8 29.3 35.0 28.1 30.6 28.8 33.1 29.7 30.1

the other actins than are the other protist actins in thehat the root of the tree depicted in Fig. 4 lies along a
phylogenetic studies, we labeled these actins protistadbranch within the nonmetazoan actins (i.e., in the vicinity
sequences. Note, however, that the trees presented hesethe protista-l/fungus-I/plant groups), are the cestode
actins group Il Didact6, actl echgr) and IV

are unrooted.

The most distant of the metazoan actins, assumingact2 echgr). The chordate muscle actins, represented by
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Fig. 5. Consensus unrooted trees constructed from group-averagaternal branch is recovered. Trees were constructed using the pro-
sequence-based distances for clusters defined by PCA (Fig. 3) plugrams(A) NEIGHBOR and(B) FITCH (Felsenstein 1985). See Ma-
additional clusters defined within the main metazoan actin group. Theterials and Methods for identification of the group members.
numbersare percentages of 1,000 bootstrap replicates where the same

actins from vertebrates and tunicates (urochordates), amuscle actin genes, from a hon—muscle-actin sequence,
also well separated into a group apart from all the repprobably begun early in the protochordate lineage,
maining metazoan actins (see also Fig. 3). maybe in an early echinoderm-like ancestor. The emer-
When the main metazoan actin group was studied irgence was associated with an increased rate of molecular
more detail it was found to include two additional sets ofevolution (Mounier et al. 1992). According to the phy-
cestode actins (Fig. 5A,B). One group, cestoda-l, confogenetic FITCH tree of the present study (Fig. 5B),
taining Didactl, -2,and -4 plus the acttaeso proteins, however, the cnidaria actins cluster with both the echi-
clusters together with thAplysiaactin. This is the case noderm cytoplasmic and muscle actin groups, the chor-
also in other studies where the cestode actin faeso) date muscle actins branching off before this cluster. This
is included (Sheterline et al. 1995; Hennessey et al. 1993;ontroversy could be due to methodological problems
Mounier et al. 1992). The other group of cestode actindecause of an increase in the rate of molecular evolution
in the main metazoan actin group, cestoda-IlI containingvithin the chordate muscle actin lineage in comparison
Didact3 and -5, appears to branch off close to the ces-with the high sequence conservation among actins over-
toda-Ill and -1V actin groups early in metazoan evolu- all. Indeed, when a small change in rate is applied on the
tion. chordate muscle actins in Fig. 5B, they group together
In the work of Mounier et al. (1992), Hennessey et al.with echinoderm muscle actin sequences (data not
(1993), and Sheterline et al. (1995) the cnidaria actinshown).
cluster together with, or close to, the echinoderm non- As can be seen from the bootstrap values in this and
muscle actins (see also the NEIGHBOR tree in Fig. 5Aother studies (Hennessey et al. 1993; Mounier et al.
of this study). The echinoderm muscle specific isoforms,1992; Sheterline et al. 1995), the major branches of the
on the other hand, are seen to group together with choractin phylogenetic trees cannot be considered significant.
date muscle actins, and this cluster is branching off aftefl his is due to the overall high sequence similarity among
the echinoderm-cytoplasmic-cnidaria actin group. These¢he actin proteins coupled with variable rates of change
results are in agreement with the theory of Kovilur et al.among different groups. This makes it very difficult to
(1993) according to which the evolution of the chordatedraw absolute conclusions about the phylogenetic posi-
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tion of the cestode actins. What we do know with cer-Benton WD, Davis RW (1977) Screeninggt recombinant clones by

tainty is that the cestode actins can be divided into at hybridization to single plaques situ. Science 196:180-182

least four groups, possibly reflecting different cellular Chatfield C, Collins AJ (1989) Introduction to multivariate analysis.
d/or tissue functions (Fig. 5A,B). At the momebt Chapman and Hall, New York

andror 9. 9A,B). *  Chomezynski P, Sacchi N (1987) Single-step method of RNA isolation

dendriticumhas members in three of the groups and by acid guanidinium thiocyanate-phenol-chloroform extraction.

granulosusin two. So far, genes coding for only offe Anal Biochem 162:156-159

soliumactin protein have been isolated, and the questioiProuin G, de SaMM, Zuker M (1995) TheGiardia lambliaactin gene

remains as to whether the cestode species have represen-and the phylogeny of eukaryotes. J Mol Evol 41:841-849
tatives in each of the four groups Fang H, Brandhorst BP (1994) Evolution of actin gene families of sea

. . urchins. J Mol Evol 39:347-356
We also know that these different cestode actin type‘lc*—elsenstein J (1985) Confidence limits on phylogenesis: an approach

are extremely divergent from eagh other. The only other ysjng the bootstrap. Evolution 39:783-791
group among the metazoan actins where the memberseld KG, Olsen GJ, Lane DJ, Giovannoni SJ, Ghiselin MT, Raff EC,
differ to such an extent is the vertebrate actin group Pace NR, Raff RA (1988) Molecular phylogeny of the animal king-
containing both muscle and cytoplasmic isoforms. Since dom. Science 239:748-753 _
the cestode actins differ from each other to such a degre&?3ns CN. Bogosian EA, Niemeyer CC (1989) Expression and
. structure of the Cylllb actin gene of the sea urcBimongylocen-
and bepause no cestpda-lll or -IV actin types have been s purpuratusMol Reprod Dev 1:208-218
found in other organisms so far, it is probable that theye m, Haymer DS (1994) The actin gene family in the oriental fruit fly
changes have appeared within the cestode actin group as Bactrocera dorsalisMuscle specific actins. Insect Biochem Mol
the result of an increasing rate of molecular evolution  Biol 24:891-906 ‘
compared to actins overall. Whether the progenitor cesteénnessey ES, Drummond DR, Sparrow JC (1993) Molecular genetics
tode actin gene is an ancestral cestoda-l actin-like se- of actin function. Biochem J 291:657-671
9 . . ightower RC, Meagher RB (1986) The molecular evolution of actin.
quence or whether the cestode actins phylogenetically "Genetics 114:315-332
branched off early in metazoan evolution is, according toHori H, Osawa S (1987) Origin and evolution of organisms as deduced
the available data, difficult to say. from 5S ribosomal RNA sequences. Mol Biol Evol 4:445-472
According to the hypothesis of Barnes et al. (1988),J0hnson MS, Overington JP (199:‘3) A structqral basiﬁ fgr lthe_ compari-I
n ral flatworm-like animals ar nsider n- Son of sequences: an evaluation of scoring methodologies. J Mo
ancestral flatwornike animals are considered (0 be an- ;g 535,736 735
cestors O_r e_me azoans living to 6_1y wi € excep IOr}]ohnson MS, Overington JP, Blundell TL (1993) Alignment and
of the_ Cnldarlans,_ctenOphOra, porifera, and placozoa. searching for common folds using a data bank of structural tem-
Also in other studies, based on structural or sequence plates. J Mol Biol 231:735-752
(18S rRNA) comparisons, the cnidarians and platyhelKovilur S, Jacobson JW, Beach RL, Jeffery WR, Tomlinson CR (1993)
minths are among the first groups to branch off during Evolution of the chordate muscle actin gene. J Mol Evol 36:361—
. . - 368
the metazoan evolution (AdOUtte and Phlllppe 1993; I:Ielq<usakabe T, Makabe KW, Satoh N (1992) Tunicate muscle actin
et al. 1988)' ) . genes. Structure and organization as a gene cluster. J Mol Biol
In conclusion, the results show thBt dendriticum 227:955-960
contains at least six different genes coding for actin in itsMaeda N, Smithies O (1986) The evolution of multigene families:
genome. According to phylogenetic studies it is clear that human haptoglobin genes. Annu Rev Genet 20:81-108 _
the cestode actins known today cluster together formindlleagher RB_ _(1991) P|vergence and differential expression of actin
four distinct groups, in three of whidb. dendriticunmhas gene families in higher plants. Int Rev Cytol 125:139-163
g Ps, . ’ Miwa T, Manabe Y, Kurokawa K, Kamada S, Kanda N, Bruns G,
me.mbers at the momem- The different tyPeS of CeStOde Ueyama H, Kakunaga T (1991) Structure, chromosome location,
actins are very different from each other in comparison and expression of the human smooth muscle (enteric tyjtin
with metazoan actins in general_ These differences might gene: evolution of six human actin genes. Mol Cell Biol 11:3296—
be due to changes of the evolutionary rate within the 3306

: : Mounier N, Gouy M, Mouchiroud D, Prudhomme JC (1992) Insect
cestode actin group, which makes the absolute phylogé\/| muscle actins differ distinctly from invertebrate and vertebrate cy-

netic positioning of these actins difficult. toplasmic actins. J Mol Evol 34:406-415
Reece KS, McElroy D, Wu R (1992) Function and evolution of actins.
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