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MOLECUUR PHYLOGENY OF TEE ENDOSYMBIOTIC CXLIATES 
(LITOSTOMATEA: TRICHOSTOMATIA) OF VERTEBRATE ANIMAIS 

INFERRED FROM 18s rRNA GENE SEQUIENCES 

An-Denis Girard Wright 
Univeasity of Guelph, 1998 

Complete 18s rRNA sequences were elucidated f?om (1) six entodiniomorphid ruma 

c*ates7 Diphdnirrrn. En~ocirniurn, Qidinim,  Eurlpfodinium, OphyoscoIer, ad 

Polplasaon, (2 )  three vestibuliferid rumen ciliates, BaCantidiaum. Daytricha, koû-icha 

iniestnalis? and /. prosroma. (3) two manupiai ciliates, Cyclopusthium and MUWQ@*. 

and (4) t h e  fie-living ciliates, Diaïinna, Dilepius, and Enche&&n7 iikely the dosest 

relatives to these endosynbionts. 

Phylogenetic analysis of these 1 5 new sequences revealed that ophryoscolecids are a 

rnonophyletic group that is divided into three iineages corresponding to the s u b w a l  

divisions of the Op~oscolecidae, with Entdnium branching first. The m e n  ciliates are the 

siaer group to Cirfoposhium consistent with their placement into the order 

Entodùiiomorphida. iblacr~pdnium does not group with the other entodiniomorphids, but 

basai to the vestibuliferid-entodiniornorphid clade. Together, the endosymbionts are the sister 

group to the free-living haptorians, together constituting the class Litostomatea. 

The rate of nucleotide substitution for ciliates was calibrated to be 1% divergence 

per 72 to 80 million years (My). nie origin of ciliates (i.e. crown eukaryotes) is caldated 

to be much older than previously speculated, d a h g  back to the Paleoproterozoic, 1,980 

ta 2,200 million years ago. It was ais0 detennùied that the rate of nucleotide s~bstitution 



for m e n  ciliates is aimost a magnitude faster (1% per 8-1 1 My) than that for fkee-living 

diates. This faster dock rnight be explaineci by intense seledon on su~vability as they 

invaded the rumen, or by the rdatively high ambient temperature (39" C) of the rumen 

environment, as such high temperatures are known to decrease the efnciency of DNA 

repair mechanisms leading to higher mutation rates. 

Intraspecific sequence variation among diEerent hosts and geograp hical locations 

was examineci using the ITS- l/S. 8S/TTS-2 region And* of thk @on fkom I. prastoma 

fiom Canadian, American, and Australian cattie and sheep, showed that there is no sequence 

variation within this region. This suggests that populations of l. prostoma on two continents 

are very recendy diverged, consistent with human colonisation and migration of domestic 

anirnals in the 18' and 19& centuries. F i y ,  secondary mucture of these sequences reveai 

that mernbers of the ciass Litostomatea have "Ioa" hek E23-5, indicating a new mo1ecuiar 

diagnostic featrre for this class of ciliates. 
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(xAmE.RoNIE: 

General Introduction And Literature Review 

"Tïtere is no substr'tute for hard work " 

ir;horna~ Ahta i%son, 1847-1931 



EIistoricai Background 

Uniceiiuiar microorganisns have been arbitrarily assigne& depending upon their 

locomotion, to either the animai kingdom or the plant kingdom ever shce 1674 when Antony 

Van Leeuwenhoek tint discovered them under his simple microscope. This whimsicai 

assortment of single-celleci organisms into either of the two kingdoms continueci for dmoa 200 

years umil Haeckel, in 1866, saw a need to propose a third kingdom, the Protista, to indude 

those rnicroorganisms that Leeuwenhoek ad other rnicroscopists diçcovered. Haeckel's 

classification scheme (Figure 1.1) was devised such that Iines of descent represented 

evolutionary histories or phylogenies which could be traced back to a cornmon ancestor (Mayr, 

1969). His scheme recognized eight Merent phyla within his hgdom Protista: Moneres 

(prokaqot es), Diat omeae, Protopl* Myxocystoda, Flagellata, Rhizopoda, Myxomycetes, 

and Spongiae. Haeckel's classification, as weli as other schemes that arose over the next 120 

years, were primarily based upon examinations of gros morphological characteristics and fossil 

records. However, there were two problems associated with these classification schemes: (1) 

there are few comparable morphological traits shared among the protists; and (2) fossilizaton 

does not preserve shgle-ceiied organisms well (Corliss, 1979; Sogin et al. 1986~). Wrth the 

widespread use of the electron microscope in the 1960'~~ ultrastructural data were wd to 

resolve some of the problems~questions lefk b e h d  fkom light microscopy. It was also around 

this time that Zuckerkandl and Pauling (1965) were amongst the first to niggest the use of 

macromolecules to kifer phylogenies amongst al exmt life. Not long after their vision, 

phylogenetic analyses were based upon amino acid sequence changes of 



Plant a - 

Fig. 1.1 A copy of Haeckel's original tree from 1866 depicting the new kingdom Protista 
to include those organisms that did not belong to either the plant or animal kingdoms. 
Copied from Schlegel(l99 1). 



ferrodoxim (Rao and Cammack, 1981), superoxide dismutases &&en and Hall, 1975; 

Asa& et ai., 1 98O), haemoglobin (Ingram, 1 963; Fitch and Margoliash, l967), and cytochrome 

c (McLaugbiin and Dayoff, 1973). However, these molecules were of limited phylogenetic use 

b m s e  they were confineci to a srnali number of taxa (Sogh et d, 1986~). 

W~thin the past 20 years, one of the moa significant contributions to phylogennic 

reconstruction has been the d y s i s  of DNA gene sequences (Hillis and Dixon, 1991; A*, 

1994). However, this new approach to phylogenetic analyses would not have been possiile if 

it were not for at least two major breakthroughs in molecular technolog. These were the 

development of RNA and DNA sequencing protocols (Sanger and Coulson, 1975; Sanger et 

d, 1977; Maxarn and Gilbert, 1977) and the polymerase c h i n  reaction (PCR) (Saiki et d, 

1985; MuEs et ai., 1986; Muiiis and Faloona, 1987; White et al., 1989, Mullis, 1 WO), in which 

a very minute amount of'DNA, fiom a crime scene (e.g. dried blood) or an extinct species (e-g. 

the quagga or wooUy mamrnoth), could be amplified (i.e. copied) and subsequently clone- or 

sequenced (see Paabo et al., 1989; Paabo, 1990; Persing et al., 1990). Moreover, PCR wodd 

not have been made possible if it were not for the discoveIy of a heat stable enzyme, Taq 

polymerase, which is purifieci fiom the hot spring bacterium Z?iemus a q ~ ~ c u s .  Together, 

these new technologies permitteci the efficient use of DNA gene sequences for inferring 

phyiogenetic relationships. 

Characteristics Of The Ribosomal DNA Genes 

Since there are few morphologid traits and rnacromolecules s h e d  by multicelidar 

and unicelIuiar organisrns (E3averstock et aL, 199 1; W i s  and Dixon, 199 1), it was important 



for moldar phylogeneticists to seiect a gene that wouid be present in al organisms, be easy 

to isolate, and change wûiciently slowly to accommodate cornparisons of distantly related taxa 

(Olsen, 1988). In addition, the gene must comain an abundance of phylogeneticaliy idionmitive 

sites and not undergo lateral gene aansfer (Olsen, 1988). Since protein synthesis is a 

prerquisite for aU Me, niosornes, and therefore nbosomal RNAs @RNA), are univerdy 

disnibuteci and are tiinctionally quivalent in aii cells (Lane et al., 1985; Qu et al., 1988; Raué 

et ai, 1988; Baventock et ai-, 1991; Schlegel, 199 1). 

Typidy, there are several hundred tandemly repeated copies of nbosornai DNA 

(rDNA) in the nuclear genome (tWlis and Dixon, 1991). The number can wuy from one or 

two copies in the ciliate, Tetr-em, to as many as several thousand copies in cereak 

(Appels et al, 1980). The rDNA transcription unit is made up of the foUowing regions, in 

order: the external transcribed spacer (ETS), the s m d  subunit rRNA (SSrRNA) gene, an 

intemal transcribed spacer (ITS-I), the 5.8s large subunit rRNA (LSrRNA) gene, a second 

intemal transcribed spacer (Ifs-2), and the 28s LSrRNA gene (see Figure 1 . 2 4  (Aiiard and 

Honeycuq 1991; Schlotter et al., 1994). An intergenic spacer region (IGS) separates the 

rDNA tandem repeat units. 

Multiple copies of these rDNA m o l d e s  do not n o d y  evolve independently of one 

another within an individuai, or within a species (Dover, 1982; Amheh 1983, Hillis and 

Dixon, 1991). However, since different regions of the rDNA tandem repeat unit evolve at 

ditferent rates, certain regions, iike the ETS and IGS regions, may be too hypervariable for 

phylogenetic reconsmiction. The 5.8s LSrRNA gene [d60 basepairs @pl] is not suitable for 



Fig. 1.2. (A). A schematic drawing of the ribosomal DNA transcription unit showing the 
arrangement of the tandedy repeated copies. Each tandem repeat is cornprised of an 
eaemal transcribed spacer (ETS), the 18s SSrRNA gene, an intemal transcribed spacer 
(ITS-l), the 5.8s LSrRNA gene, a second intemal transcribed spacer (ITS-2), the 28s 
LSrRNA gene, and then the intergenic spacer region (IGS) which separates the next 
tandem repeat. The 28s gene is 2-3 times larger than the 18s gene as suggested by the 
"break". Medh 4 Medlin B, and Jerome C are PCR primer sites to arnplify various 
regions of the rDNA transcription unit. The arrows determine the direction of the primer 
extension. (B). An enlarged area of the two PCR products [i.e. A - B (= 1,800 bp), or A 
- C (s 2.800 bp)] showing the intemal primers and sequencing strategy. Sequences were 
obtained in both directions for confirmation. Arrows indicate the direction of the newly 
synt hesized strand. 





phylogenetic analysis because of its low number of phylogeneticaiiy informative sites. So, the 

5.8s sequence is ofien used in conjunaion with the TTS sequences which flank it. 

The ITS-1 and ITS-2 regions (see Figure 1.2A) are less wnserved than those of the 

SSrRNA and LSrRNA genes and are potentially of greater use for identification and 

discrimination of interspeafic and intraspdc genetic variation (White et al., 1990; Mard and 

Honeyait, 199 1). The 28s LSrRNA gene (2,900 - 4,800 bp) is approximately double the size 

of the SSrRNA gene and contains more Nnctional domains and greater variation. However, its 

larger size has limited the number of complete gene sequences in the database. Instead, partial 

sequences eom various domains within the 28s gene are used for phylogenetic analyses 

(Baroin et ai., 1988; Qu et ai., 1988; Preparata et uL, 1989; Baroin-Tourancheau et aL, 1992, 

1995). 

The SSrDNA gene has been the rnolecular rnarker of choice by moleailar 

phylogeneticists (Hillis and Dixon, 199 1). Because this gene is highly conserved, it has b e n  

used to study a wide range of relationships from the origin of Me to relatively recent 

evolutionary events (Hillis and Dixon, 1991). Ranghg in size fiom 1,246 bp in the 

microsporidian Chirimorpha necanix (Vossbrinck el al., 1987) to as long as 2.74 1 bp in the 

anaerobic amoeba Phreatamoeba balamuthi (Hinkle et al., 1 994). the eukaryo tic S SrRNA 

sequences are composed of multiple fÙnctiona.1 domains with v q h g  degrees of sequence 

conservation. There are serni-consewed regions that change sufnciently slowly to allow for 

cornparisons of diaantiy related taxa and there are highly variable regions that contain enough 

information to resolve phylogenetic relationships arnong closely related taxa (Elwood et aL, 

1985). Since rnolecular divergence, in some instances, is roughly linearly correlated with 



divergence tirne (molecular clock), genetic distance data from rRNA sequences have dso been 

used to predict evolutionary events for major groups of organism. In the absence of a 

thorough fossil record, which is especially m e  for many protist groups, a molenilar clock can 

provide useful insights into a gmup's evolution (Hillis and Moritz, 1990; Saunders and Druehl, 

1992; Wright and Lynn, 1997c - see chapter 7). 

The Impact Of Molecuiar Data On Phyiogenetic Anaiysis 

Without a doubt. the e f i  of moleailar data on our understanding o f  prokaryote and 

eukaryote phylogenv has been invaluable. in the past, prokaryote phylogenies were primdy 

based upon cellular and physiological f m e s ,  wwhich did not provide characteristics that 

produced reliable phylogenies (Olsen et d, 1994). Escherichiu coli was the fht organism to 

be chacterised by SSrRNA sequencing in 1978. Soon afier, rRNA based phylogenies began 

to emerge and by 1994. over 1.500 complete SSrRNA gene sequences were determined for 

the prokaryotes (Olsen et aL, 1994), and have b e n  very useful in d e t e d g  evoiutionary 

relationships within and among the archaebactena (Archaea) and the eubactena (Bacteria) 

(Woese, 1987; Woese et al., 1990; Olsen et al., 1994). For example, SSrRNA phylogenetic 

trees show that the Bacteria divide into 1 1 major groups, whereas the Archaea divide into two 

main groups, a methane group - the Euryarchaeota (e.g. Methanococcrrs spp.) and a dphur 

group - the Crenarchaeota ( e g  Su~oiobus spp.) (Olsen et ai., 1994). 

Within the eukaryotes, there are probably more SSrDNA gene sequences available for 

representatives of the kingdom Protista than f?om any of the 0 t h  three classicd eukaryotic 

kingdorns (i-e. Animalia, Fungi., and Plantae). Information fiom these sequences has been 



especiaüy valuable for detemiining evolutiollztry relationslips within the protists. For example, 

global phylogenetic trees (Figure 1 -3) based mainly on rRNA gene sequences depict the three 

"amit~chondriate'~ lineages, diplomonads (phylum Metarnonada), trichomonads (phylum 

Parabasda), and microsporidians (phylum Microspora) as  the earliest branching eukaryotes 

before groups having rnitochondria (Vossbrinck et d, 1987, 1993; Sogin et al., 1989; Leipe et 

a& 1993; van Keuien et al., 1993). This suggest that these groups could have diverged More 

mitochondnal endosymbiosis took place and that their phylogenetic placement is consistent 

with traditional views based on morphology: that the dipiomonads (Le. Giardia and 

Hexcwim), trichomonads (ie. Trichomonas), and microsporidia (Le. Vairimorpha , Septata, 

and EncephaIitozoon) are primitive eukaxyotes because they have 70s ribosomes iike bacteria 

and they lack a Golgi apparatus (except for the trichomonads), mitochondria, and endoplasmic 

reticulum as in most eukaryotes. However, in Iight of very recent hdings of nuclear genes 

enwding proteins that in other eukaryotes are locaiized in the mitochondrion (i.e. pyridine 

nucleotide transhydrogenase, chaperonin cpn60, and heat shock protein HSPïO), molecular 

data now strongiy suggest that mitochondrial endosymbiosis could have occurred earlier than 

previously assumed, and because ail these organisms live in anaercbic environments, the 

absence of mitochondria rnight be due to secondary los  (Clark and Roger, 1995; Bui et al., 

1996; Germot et aL, 1996, 1997; Homer et al., 1996; Roger et al., 1996, 1998; Hirt et aL, 

1997; van der Giezen et al., 1997). 

Moleailar data have also determined that the Mddle branches of the globai eukaxyotic 

tree Figure 1.3) represent organisms that have rnitochondria, but lack chloroplasts, such as, 

the entamoebas, cellular slime molds, and the khetoplastids. Further, the crown of the 



Fig. 1.3. A global eukaryotic tree inferred fiom SSrRNA gene sequences (copied fiom 
Bardele, 1997). It depicts three main regions of the tree, the "early group" comprised of 
the "amitochondriates", the "rniddle group," which consists of the slime molds, amoebae, 
and some flagellates, and the "crown group", which includes the ciliates, apicomplexans, 
plants, algae, fungi, and animals. 





etkuyotic tree Q~gure 1 -3) iuustrates great singie-cefled divernty and edcaryotic radiation with 

the appearance of the animals, h g i ,  multi-ce11da.r plants, algae, ciliates, dinoflagellates, and 

apicomplexans (Sogui et al., 1 986a, 1989; Cavalier-Smith, 1993; Hinkle et d., 1994). 

M o I d a r  data have demonstrated the need to separate groups of protists, at various 

taxonomie levels (e-g. phylum, class, order), to reflect evohitionary lines of descent- For 

example, controversy has surrounded the members of the protist phylum Myxozoa for 

almost 100 years (Stolc, 1899). Primarily parasites of fishes, these organisms were 

thought to be protists, but have an infective spore stage that is multiceilular (Siddall et al., 

1995). Siddall et al. (1995) used SSrRNA gene sequences in a phylogenetic analysis to 

determine myxozoan origins. Their results indicated that the myxozoa are a clade of 

highly derived parasit ic cnidarians and are the sister group to the narcomedusan 

Pol'odium hycIijomte. This result, combined with morphological similarities, such as 

collagen production, cellular junctions, and a redescription of the polar capsules as a 

typical nematocyst, argued for the dernise of the protist phylum Myxozoa and the 

inclusion of the myxozoa within the phylum Cnidaria. 

M o l d a r  data have also illustrated that the ciliateci protozoa f d  into two main 

lineages based on their mode of rnacronuclear division. This led to the eredon of a new 

subphylurn within the Ciliophorq the htrarnacronuclea~ to describe those organism that 

divide their macronucleus using intramacronuclear division (Lynn, 1996). The remaining 

ciliates (Le. some that use extmmaaonuclear division) were already assigneci to the subphylum 

Postciliodestmatophora, based on derived features of the somatic kinetid (Small and L m  

198 1). 



AIso within the phyium Cüiophora, S d  and Lynn (1985) recognized the heteroaichs 

(e-g. Blephraana) as a abclass within the class Spirotrichea based on a unique ultrastructurai 

fibre. De Riytorac et aL (1987) recognized the heterotnchs at the ciass rank because of the 

distinctiveness of their adorai zone membraneks. Based on the deep brancbg of 

Hepharisna (Greenwood et aL , 199 1; Schlegd et aL , 199 1; Baroin-Tourancheau et d , 1992; 

Wright and Lynn, 1995), coupled wiîh the fact that the mean genetk distance that separated 

Blephzmra fiom the stichotrïchs (d r 0.154) (Wright , 1993) was geater than the distance 

that separated rat (Rartus) ffom brine shrimp (Arfemia) (d = 0.139) (Greenwood et aL, 1991), 

molecular data mggesteci that Srnail and Lynn (198 1, 1985) had inacatrately placed the 

heteroaichs within the class Spiroûichea In addition, molecular based trees dso suggested 

that the plagiopylids (subclass Plagiopylia) be elevated to class rank (class Plagiopylea) and 

include the genus Trimyema (see Chapter 2) (Wright et al.. 1997), thereby increasing the 

number of classes recognized within the phylum Ciliophora fiom eight to 1 0 (Table 1.1). 

In recent studies involving analysis of SSrRNA sequences, (Wright and Lynn, 1995, 

1997a, 1997b; Wright et al., 1997), a cioser relationship was found between Paramecium and 

the oligohymenophoreans (e.g. Opsthot~ecra) than beetween Pwmec im and any other 

ciliates. De Puytorac et al. (1987) placed Parmechm in the subclass Peniculia within the 

class Oligohymenophorea. In contmn, SmaU and Lynn (1985) placed Pmamecium in the 

order Peniculida withli the class Nassophorea. The SSrRNA results, coupled with phylogenies 

inferred fiom partial sequences of the LSrRNA gene (Baroin et al, 1988; Baroin-Tomcheau 

et aL, 1992) and evolutionary distance data [Le. the distance separating Opisthoneccta nom its 

oligohymenophorean relatives (d z 0.198) (Wright and Lynn, 1995), was greater than the 



Table 1.1. Classification scherne of the phylum Ciliophora as  
proposed by Lynn and S d  (1998). 

PEiYLUlM CILIOPHORA 
SUBPHYLUM POSTCILIODESMATOPHORA 

Class 1. Heterotrichea 
Subciass Heterotrichia 8 orders 

Class II. Karyorelictea 4 orders 

SLJBPHYLLJM INTRAMACRONUCLEATA 

Class III. Colpodea 4 orders 

Class IV. Prostomatea 2 orders 

Class V. Spirotrichea 
Subclass Choreotrichia 
Subclass Stichotrichia 

2 orders 
1 order 

Class VI. Litostomatea 
Subdass Haptoria 3 orders 
Su bclass Trichostomatia 2 orders 

Class W. Phyilopharyngea 
Subclass PhyIlopharyngia 2 orders 
Subclass Chmotrichia 2 orders 
Subclass Suctoria 3 orders 

Class Vm. Nassophorea 
Subclass Nassophoria 
Subclass Hypotnchia 

Class M. Plagiopylea 
S ubclass Plagiopy lia 

5 orders 
5 orders 
1 order 

1 order 

Class X. Oligohymenophorea 
S ubclass Hymenost omat ia 2 orders 
Subclass Peritrichia 2 orders 
Subclass Astomatia 1 order 
Subclass Apostornatia 3 orders 



distance çeparating Pmnmecnmt fiom the otigohyrnenophoreans (d = 0.166) (Wright and 

Lynn, 1995)], mggesteci that Small and Lynn's (198 1, 1985) placement of  Pmamecim in the 

class Nassophorea was incorrect. Moreover, wen the transfeRing of the c h t e  Protcxmzh 

nom the class Karyoreüctea to the class Spiromchea was based upon the r d t s  of rRNA 

phylogenies (for more details see Chapter 2). 

Molecular analyses have also been used to elucidate the phylogenetic position of 

organisns whose taxonomic afnnis, was ~ncertain~ For example, the human parasite 

BIarocy.s~?s hominis has ben a taxonomic enigma since its description over 100 years ago and 

it has been rnisclassified as a sporozoan, a yeast, an amoeba, and the cyst form of a flagellate. 

Analysis of SSrRNA gene sequences indicated that B. hominis belonged within the 

stramenopile lineage and as the siçter taxon to another et endosymbiont, Proteromonas 

(Silberrnan et ai., 1 996) 

The Paraphyietic Pro tists 

Global SSrRNA phylogenetic trees of Iife (Figure 1.4) indicate that extant organisrns 

f d  into three major groups or empires, the eukaryotes, bacteria, and archaea (Olsen, 1987; 

Sogin et al. 1989; Kuikle et al., 1994; reviewed by Schlegel, 1994). Sogin et al. (1 989) and 

Woese et al. (1990) both suggested a reduction frorn the classicai five kingdorn system to a 

three dornain system by grouping together ail the m o t e s  into the domain Eukarya and by 

calhg the other two major domains Bacteria and Archaea Also d e d  empires or kingdoms, 

there is increasing support for the new three "empire" concept. 



Fig. 1.4. An unrooted global phylogeny (redrawn 6orn Schlegel 1994) of Archaea, 
B acteria, and Eukarya based on least-squares, distance-matrix analy sis of S S rRNA gene 
sequences. Lengths of the branches corresponds to genetic distances. The genetic 
distance amongst the "protists" is far greater than that between multicellular taxa and 
either the Archaea or Bacteria. 
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Because the eukaryotes are monophyletic and that mimals, higher plants, and fhgi d 

evolved fiom these diverse group of protists, the aimnt classification scheme of the Protista, 

and others More it, depict the various pro& groups as behg paraphyietic. For example, 

Coriiss (1984) recognizeâ 45 phyla of protists and assigneci thern to 18 mpraphyletic 

assembiages within the Protista. However, his scheme did not illustrate the lines of 

evoldonary descent within the Protista Because the kingdom Protista is not a nahiral group, 

coupled with the fkt that genetic distances between groups of protists (Le. classes or orders) 

fiu ex& those genetic distances once observeci amongst the classicai kingdoms (Gteenwood 

et al., 1991; Wright, 1993; Schlegei, 1994), there has ben  an increasing tendency to divide the 

Protista into several "super-groups" to represent monophyletic assemblages (Corlis, 1984, 

1994; Cavalier-Smith, 1987, 1989, 1993). 

Cavalier-Smith (1993) was one of the first to propose radical changes by dividing his 

empire Protista into hvo superkingdoms (Archezoq Metakaryota) containhg three kingdoms 

(Archezoa, Protozoa, Chromista) with four subkingdoms, two branches, four infhkhgdorns, 

seven parvkingdoms, four superphyla, and 25 phyia (Table 1.2). Accordhg to Cavalier-Smith 

(1993), the addition of these new taxonornic ranks (Le. superkingdom$ branches, 

ùifiakingdoms, parvkingdoms, etc.) was necessary to group together protists with shared 

derived characters and to depia the evolutionary lines of descent of these diverse unicellular 

eukaryotes. One year later, Corliu (1994) proposed a less complicated scheme than his 

previous 1984 classiication (Corliss, 1984). Although he did admit that his new scheme is not 

an ideal system, Corliss's (1994) new classification of the Protista ciiffers fiom Cavalier-Smith's 

(1993) scheme by avoiding the super-, idhi-, and supra- taxa at kingdom, phylum, 



Table 1.2. The classification of the protists withm the EMPIRE EUJKGRYA as 
proposeci by Cavalier-Smith (1 993). 

- - -- - 

SUPERKINGDOM 1. ARCHEZOA 
KINGDOM L ARCaEZOA 

Phyla Archamoebae, Metamonada, and Microsporidisi 
SUPERKINGDOM II. M E T m Y û T A  

KINGDOM II. PROTOZOA 
Subkingdom 1. Adictyozoa 

Phylum Percolozoa 
Subkingdom II. Dictyozoa 

Branch 1. Parabasalia 
Phylum Parabasalia 

Branch II. Bikonta 
Mhkingdorn 1. Euglenozoa 

Phylum Euglenozoa 
Infrakingdom II. Neoma 

Parvkingdom 1. Ciliomyxa 
SuperphyIum 1. Opalomyxa 

Phyia Opdoma and Mycetozoa 
Superphylum II. Choanozoa 

Phylum Choanozoa 
Parvkingdom IL Alveolata 

Superphylum 1. Miozoa 
Phyla Dinozoa and Apicompfexa 

Superphylum II. Het ero karyota 
Phylum Ciliophora 

Parvkingdom III. Actinopoda 
Phyla Heliozoa and Radiozoa 

Parvkmgdom W. Neosarcodina 
Phy la Rhizopoda and Reticulosa 

Parvhgdom V. Entamoebia 
Phylum Entamoebea 

Parvkingdom VI. Myxozoa 
Phyla Myxosporidia, Haplosporidia, and P a r d a  

Parvkingdorn W. Mesozoa 
Phylum Mesozoa 

KINGDOM III. CKROMISTA 
Subkingdom 1. Chiorarachnia 

Phylum Chlorarac hmo phyt a 
Subkingdom II. Euchomista 

Mrakingdom 1. Csrptista 
Phylum Cryptista 

Infhkingdorn II. Chromo biota 
Phylum Hetero konta 
Phylum Haptophyta 



clas, and ordinal levels. His self-proclairneci "user niendly" hierarchical classifmtion divides 

the Rotista into five kingdoms (Archema, Protozoa, Chromista, Plantae, Fungi), within the 

Edarya, with further divisions into six subkingdoms, 34 phyla, and 83 classes (Table 1.3). 

The Aiveolates 

CavalierSrnith ( 1993) placed the apicomplexans, ciliates, and dinoflagellaies together 

within the parvkingdom Alveolata, an intermediate taxon between the new ranks infiakùigdom 

and superphylum (see Table 1.2). These organisms are disthguished fiom aii other protoma 

by havhg corticai alveok single flatteneci membrane-bound sacs that u d y  ocair beneath the 

plasma membrane and cornrnody have rows of microtubdes underneath it (see Figure 1.5) 

(Corlis, 1979; Smaii and Lynn, 1985; Lee and Kugrens, 1992). Coktively d e d  the 

alveolates, these organisms show the remarkable range of the structural complexity that oui be 

attained within a single c d .  Although the members of these three phyla have Werent 

ultrastructure and ecology, they wnsistently form a monophyletic group. Surpnsingly, 20 

years ago, Taylor (1976) presented an argument based on morphological data for the closeness 

of the ciliates and the dinoflageliates, but this was not widely accepted u n d  the molecular data 

corroborated this close relationship. 

Based on the GenBank database, the alveolates are the protist group for which there is 

the most amount of molecular data avdable with over 270 cornulete SSrRNA gene sequences. 

While the number of these gene sequences for the dveolates have more than quadrupied over 

the past ten yean @ers. oh.), a third of these new sequences (= 92) corne fiom the phylum 

Ciliophora @ers. oob ). 



Table 1.3. The classlficationofthe protists within the EMPIRE EUKARYA as  
proposed by Corliss (1 994). 

KINGDOM L ARCHEZOA 
Phylum Archamoebae Phylum Microspora Phylum Metamonada 

KINGDOM U, PROTOZOA 
Pkqdurn Percolozoa Phylum ûpalozoa Phylum Parabasalia 

Phylum Euglenozoa Phylum Choanozoa Phylum Mycetozoa 

Phylum Ciliophora Phylum Apicomplexa Phylum Ihozoa 
Phylum Radiozoa Phylum Rhizopoda Phylum Heliozoa 

Phylum Ascetospora Phylum Myxozoa 

KINGDOM m. CHROMISTA 
Subkingdom Hetero koaa  

Phylum Bicosoecae 

Phylum Diatornae 

Phylum Pseudofungi 

Phylum Dictyochae Phylum Labynnthomorpha 
Phylum Phaeophyta Phylum Raphidophyta 

Subkingdom Haptophyta 
Phylum Haptomonada 

Subkingdom Cryptophyta 
Phylum Cryptornonada 

Subkingdom Chlorarachniophyta 
Phylum Chlorarachniophyta 

KINGDOM III. PLANTAE 
Subkingdom Vidiplantae 

Phylum Prasinophyta Phylum Chlorophyta Phylum Ulvophyta 

Phylum C haro phyt a 

Subkingdom Biliphyta 
Phylum Rhodophyta Phylum Glaucophyta 

Phylum C hytridiomycota 



Fig. 1.5. A detailed schematic drawing of the generalized somatic cytoarchitecture of a 
ciliate (copied fiom L y m  and Smali, 1989). N i e  kinetids are s h o w  to illustrate the 
complexity of the microtubular arrangement within each cilium, as weli as the fibrillar 
stnictures (a striated kinetodesmal fiber, a lateraliy-directed transverse ribbon, and a 
posteriorly-direaed postciliary ribbon) associated with each kinetid that help provide 
stmchirai support for the cell. The ceil surface is covered by a plasma membrane (i-e. 
plasmalemma), which may contain indentations called parasornai sacs. Underlying the 
plasmalemma are the cortical alveoli, which are underlain by microtubules that lie on top 
of the dense epiplasm (Le. supraepiplasmic microtubules). Basal microtubules may also be 
present mnning dong side the kinetids, but not directly comected to them. 





The Ciliateci Protozoa 

The ciliated pro& or ciliates are a very diverse assemblage of unicellular eukaryotes 

that comprise the phylum Ciliophora Donein, 1901. Wlth over 8,000 species (L.ynn and 

Coriiss, 199 1 ), the ciliates have a wide Mnety of body shapa and sizes ranghg nom 10 p to 

4,500 pn. Three important critena separate the ciliates h m  other protists: (1) the presence of 

a vegetative macronucleus and a germ-he micronucleus (dimorphic nuclei); (2) the procesï of 

sexuai conjugation where IWO individuals temporarily join together to exchange gametic 

rnicronuclei; and (3) the presence of a complex uinaciliature consisting of single, paired, or 

multiple hetosomes with extemal ciliature wvering most of the ceil (Lynn and Coriiss, 1991). 

Ciliates can be found alrnost everywhere that water is located and they are the most 

conspicuous protins in aquatic ecosystems. They have been also found in soil, mud, desert 

sands, forest litter, tree holes, and in the digestive tracts of vertebrate and invertebrate hosts. 

Ciliates have been studied intensively by light and electron rnicroscopy and have been routinely 

used as models because of their distribution and relative ease of cuIturing to study cytology, 

behaviour, biochemistry, morphogenesis, nutrition and most recently, molecular genetics (Small 

and Lynn, 1985). Moreover, their evolutionary history has been of interest to protistologists 

and evolutionary biologias because of their complex cytoarchitecture, diverse morphology, and 

habitat. 

For almoa two decades there have been at least two comprehensive and prominent 

classification schemes for the phylum Ciliophora, based primarily upon ultrastructural 

feanires of the ciliate cortex. One system is proposed by de Puytorac's group (de 

Puytorac et al., 1984, 1987; de Puytorac, 1994) and the other scheme is proposed by Lynn 



and his collaborators ( S m d  and Lynn, 1981, 1985; Lynn and Cortiss, 1991; Lynn and 

Smd, 1998). In his most ment  classification, de Puytorac (1994) divided the ciliates into 

four subphyla, with five super-classes containing 10 classes, 25 subclasses, and 70 orders. 

In con- Lynn and Small (1998) divide the ciliates into two subphyla, with 10 classes 

containing 16 subclasses and 54 orders. Although these two schemes appear quite sirnilar, 

with both recognizing at least six classes (Col podea, Het erotrichea, Karyorelictea, 

Litostomatea, Oligohymenophorea, and Phyllopharyngea), they difEer greatly in the 

lumping or splitting of the major groups, relationships of higher taxa, and the relationships 

within each class. These ditferences anse primarily because of the researcher's 

interpretations of the significance of various structures (Lynn, 199 1). 

Although most ciliates are fiee-living, some species are obligate (e.g. Ichrhyophthirius) 

and Mtat ive  (e-g. Ophryoglenu) parasites of fish and invertebrates. Of the 10 monophyletic 

classes of ciliates proposai by Lynn and Small (1998) (see Table l.l), only the dass 

Litostornatea contains a group of ciliates (Le. the subclass Trichostomatia), in which nearly aii 

its memben are endosymbionts of vertebrates (Table 1.4). CoUectively known as the rumen 

ciliates, this agriculturally important group of endosymbionts was one of the few major groups 

of ciliates for which no SSrRNA gene sequence idonnation was available. 

The Rumen CiIiates 

The rumen ciliates are the most abundant organism that rnake up the rumen protozoa 

and are involved in host rnetabolism and digestion of plant material (Wiams and Coleman, 



Table 1.4. Distribution of some ciliate endosymbionts of vertebrate animais. 

Balanridm coli 

Buetschiia parva * 
Chamnina ventridi  * 
CochIiatoxum s p p. * 
C@oposthium spp. 

Dasyrncha mmirtunîium 

Dipldiniuni dentutum 

DiplopZintmn afjine 

Enoploplas~vn confluens 

Entodinium caztLtat um 

E. dubardi species cornplex 

Eodinim mono lobosm 

Epidinim caudat urn 

Epzdinium ecmdairurn 

Empias tmn  ms~rarum 

Eudiplodinium llzaggii 

Isotricha intesrinulis 

I so t r i c .  ptvstoma 

Macmpodinzum s pp. 

Metadinium medium 

Metadinzum mznorum 

Micmcetus lappus 

Ophryoscolex cm&rus 

Qphryoscolex purb je i  

Ostmcodinium mammosum 

Pmntodinium czfncamnn * 
Pol'bst1on mutivesicuatzan 

h m ,  pigs 
cattle, sheep 

cattle, sheep 

horses 

kangaroos 

aimost ali rumuiants 

cattle, sheep 

cattle, goats, sheep 

musk-ox, reindeer 

cattle, goats, sheep 

blue duiker, cattle, goats, sheep 

catt le 

cattle, sheep 

cattle, sheep 

cattle 

bison 

almost dl ruminants 

aimost all ruminants 

kangaroos 

caîtle 

sheep 

bison, cattle 

cattle, goats, sheep 

cattle, sheep 

cattle 

brazilian cattle 

&le, sheep 

* indicates species that are rarely found. 
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1992). Rumen ciliates are found in the rumens of domesticated and wdd nuninams (for a 

p d a l  list see Table 1 S), in pseudonuninants (e.g CaloscoIex spp. are only f o n d  in old world 

camels), and in some non-ruminam animais (e-g Rhrrwzetiz spp. are only found in the black 

rhinoceros) (Williams and Coleman, 1992). Young ruminants isolated at birth do not contain 

m e n  protozoa w e ,  1962; Dehority, 1978). However, these young animals bewme 

finmateci either when infecteci aduits regurgitaîe food and men fluid back into the mouth 

during nunination and salivate on f d  wkch is then consumeci by the young animai, or the 

protozoa are passed on by the mother to its ofkpring during groomhg (Dehority, 1993). 

The concentration of ciliates has been weii docurnented in the rumen fiuid of d e  and 

sheep, ranging between 6 x 10' and 4 x 1 o6 ml-' (Hungate, 1966). Aibeit, higher concentrations 

of rumen ciliates, 5 -77 x 1 06, 7.25 x106 and 33 -88 x106 ml-', have been reporteci in the m e n  

contents fiom reindeer, white-tailed deer and blue duikers respectively (Westeriing, 1970; 

Dehority, 1990, 1994). Thus it appears that the anaerobic environment within the rumen (i.e. 

39O C with a pH near 6.5) is ideal for the formation of extremely dense populations of rumen 

protozoa, bacteri% and fungi that have evolved and adapted to this particular environment. 

In the older literature (e.g. Kudo, 1947), the rumen ciliates were divided into two 

groupings: the holotnchs (order Holotncha) and the oligotnchs (order Spirotricha). When 

a revised classification of the phylum Protozoa was published by Honigberg et al. (1964), 

the orders Holotricha and Spirotricha were elevated to subclass status and the rumen 

oligotrichs were placed within the order Entodiniomorphida. In 1980, Levine el al. (1 980) 

eliminated the subclass Holotncha and placed the rumen ciliates into two new orders, the 

Tnchostomatida and the Prostomatida, within the Class Kinetogragminophorea. 



Table 1.5. Rumen ciliates of sorne North Amencan niminants. 

CA- 
Entodinium bicarinatum 
E, buma 
E. cQuclirnatt 

E. costatum 
E* &Zo b m  
E. elmgatm 
E. exiguum 
E. indiam 
E. [aremspinum 
E. quadn'cuspis 
E. mszmtwn 
E. simi' 
Eodinium bilobosom 
E. monolobosum 
Diplodinium flabellum 
D. lame 
,hmopia~rrnn bovis 
E. mstmtum 
Ostmcodinium clipeolum 
0. dilobum 
O. @le 
O. manlmostmt 
O. obtusum 
O. trivesculatm 
Polyp~~stmn multivesicui~tm 
Meradinium medium 
Epidinium caudQturn 
E. eca~~daturn 
E. rricauda~um 
Ophryoscolex cauciatus 
O. purkynjei 
Isotti~ha prnstoma 
1. intestinalis 
Dasytricha minantium 

MOOSE 
Entodinium alces 
E. dubatd 
E. enguum 

SHEm' 
Entodim-wn b u m  
E* c a u d a m  
E* rumran 
EmncpZ'n bovis 
Ostracodinim m-mm 
Poljplàstmn mitivesimlaatum 
MetadimIltm m i n o m  
M. taun'crmt 
Epidinim paManuhtum 
E. quadrimdattm 
Ophryoscollex buissoni 
0. bicinctus 
0. bicom~tus 
0. m h t z r s  
O. inemis 
Isom-cha prostom 
I. intestinalis 
Dasytricha ruminanlium 

REINDEER 
Entodinium antemmrcleatum 
E. bicomutum 
E. damae 
E. di20 bum 
E. quQdriimpis 
Diplodinm dogieli 
D. m ~ f e r ï  
E~rnoplastlon t u d i  
E. spectubile 
Ostmcodinium obtmm 
Polyplàstmn amrn- 
Metadinium magmun 
Epidinium ecuuààtm 
E. giga 

BIGHORN S H E W  
Entodiniunt montcmum 
E. namcm 
E. ogimotoz 
E. orbimians 
E.. pmtubenms 
E. sieme 
Poiypiastmn calijôntiense 

Meradinim taun'ctm 
Isotricha pmstom 
Dmytn'cha rumimtiumr 

MUSK-OXEN 
Entodjnium ovibos 
Metadinium bmrksi 
M. caudatm 
M. ma- 
Epidinium OicaudCrtm 
E. cattanei 
E. ecaudzturn 
E. gigas 
E. pamWIcau~tm 
E. quadn'caciatwn 
E. m*caudatum 
EnoplopIastrvn confluera 

DEER 
Entodinum abnrptum 
E. cewi 
E. convexum 
E. costatum 
E. &bardi 
E. medium 
E. rhomboideum 
Isotn'cha pmsroma 
1. intestinalis 
Lhytn'cha nmzinantium 



Although the term holotrich is no longer arictly appropriate, it is still used in the current 

iiterature to refer to the non-entodiniomorphid ciliates. At present, Grain (1994b) 

recognizes three O rders (Tric hostomatida, Entodiniomorphida, and Ble pharoco rythida) of 

rumen ciliates within his class Vestibuliferea, the sister group to the class Litostomatea In 

contrast, Lynn and his colieagues (Small and Lynn, 1985; Lynn and Small, 1998) 

recognize two orders of rumen ciiiates (Veaibulifenda and Entodiniomorphida), within 

the subclass Trichostomatia, a sister group to the free-living haptorians (subclass 

Haptoria) withùi the class Litostomatea 

However, when Lipscomb and Riordan (1992) exarnined 46 morphological and 

ultrastructural characters for 21 genera of litostomes, they concluded that Small and 

Lynn's (1985) classification of the rumen ciiiates was paraphyletic. In their study, the two 

vestibuliferid families, Isotrichidae and Balantidiidae, and the entodiniomorphid family, 

Buetschliidae, grouped within the subclass Haptoria and not within the subclass 

Trichostomatia. However, some characters used in their analysis may not be valid, such as 

the distribution of chromatin, which is dependent on the cell's physiological state. In 

addition, there is a considerable arnount of missing data (10-16 missing or unknown 

characters out of 46) for those taxa whose phylogenetic position was under investigation. 

Research Objectives 

Since the mid-1950's relatively little phylogenetic research has been carried out on the 

mmen ciliates. Consequently, little is known about the phylogenetic relationships within and 

among these diverse and unique ciliates. Further, because moa of these organisms are 





Vestiiuliferida (Baiimn'dium, Isotrrch) fiom the subclass Trichostomatia and p i a d  t within 

the Ditransversaiia. Despite Lipscomb and Riordan's (1992) opposition to this new subclass, 

they agreed with Leipe and Hausmann's (1989) assessrnent that Small and Lynn's (1985) 

classScation of the Haptoria was paraphyletic. In addition, Lipscomb and Riordan's (1992) 

cladistic analysis of 21 litostomes using morphological and ultrastructural characters showed 

that the vest'bulifends (ISoiricha and Bahi ïd im)  grouped within the haptorian clade. 

Despite this, Grain (1994a) did not include the vestibuliferids ( Isob ik  Bahtidm) withlli 

his new classification of the "haptorian" litostomes. Moreover, Lynn and his collaboraton 

(Srnail and Lynn, 1985; Lynn and Sm@ 1998) have always maintaineci that the vestibuiiferids 

are the sister group to the entodiniomorphids within the subclass Trichostomatia and not within 

the subclass Haptoria. 

F d y ,  in addition to the rumen ciliates belonging to the families Isotrichidae 

(order Vestibuliferida) and Ophryoscolecidae (order Entodiniornorphida), there are 12 

additional farniIies of ciIiates within the subclass Trichostomatia s e m  Small and Lynn that 

inhabit the forestornach and large intestine of a variety of venebrate animals (e-g. camels, 

godas,  elephants, hippopotamuses, horses, kangaroos, rhinoceroses, rodents, and wart- 

hogs). Two of the 12 farnilies, Balantidüdae and Paraisotrichidae belong within the 

Vestibulifenda and the other ten farnilies, Buetschlüdae, Blepharycorythidae, 

Cycloposthiidae, Ditoxidae, Macropodiniidae, Polydiniellidae, Rhinozetidae, Spirodinüdae, 

Telamodiniidae, and Troglodyteliidae belong within the Entodiniornorphida. In contrasty 

Grain (1 994b) has suggested that there are six other families in his order Mchostomatida, 

which is the taxon comparable to the order Vestibulifenda s e m  SmaU and Lynn. Thus, 



the taxonomy of these ciiiates is inconsistent. In fact, some of these families may have 

been arbitrady placed within the Entodiniomorphida because of the similar gastrointestinal 

habitats they occupy. 

This chapter presents for the first time the use of DNA sequence analysis to examine 

phylogenetic relationships of the rumen protozoa SSrRNA genes fiom the dates, 

Bahtidium col4 C)doposthhium sp., Lhytnchu nmtimîium, Didrnim nasutum, Dilepfus 

sp.. Dipidnium akntanmt, Enchelydn sp., EntOdinim caualafran, Qidinium c d ,  

E u d i p ~ ~ m  maggii, Isofncha intestinalis, l s m c h  prost~ma, M~~~~opoobnnm> 

yaianbeme, O p ~ s c o f e x  purkynjei, and PoIypIarrron muItivesimIatm are inaoduced and 

used in a phylogenetic analysis with other ciliates. Evolutionaty relationships withui the 

Ophryoscolecidae and the phylum Ciliophora are examineci to determine: (1) if the rumen 

ciliates stiu form a monophyletic group, (2) iflubinskfs (1957~) three subfirdiai divisions of 

the M y  Ophryoscolecidae are supported by rnolecular data, and (3) if En. cmrrIottmt 

represents the eariiest branching rumen uliare, (4) if the rumen ciliates are the sister group to 

the fie-living haptorian ciiiates, (5) if the vestibuliferids belong within the haptorian clade and 

not with the entodiniomorphids as proposed by Leipe and Hausmann (1989) and Lipscomb and 

Riordan (1 990, 1 %Q), and (6) if the haptorians and trichostomes (Le. vestibuliferids plus 

entodiniomorphids) form monophyletic groups, thereb y suggesthg that vertebrate 

endosymbiosis possibly occurred only once in the evolution of the ciliates, and (7) if the class 

Litostornatea s e m  S d  and Lynn (1985), to which the m e n  ciliates belong, is 

monophyletic. 



Chapter niree. The identification of "sibling species" or "species complexes" has 

always proven diEcult. From an evolutionary perspective, analysis of the detailed genetic 

structure of strains and sibling species may help increase Our understanding of the 

evolutionary mechanisms givhg rise to this genetic differentiation. The ITS-1 and ITS-2 

regions are considered to be quite variable and have been usehl for identifjing and 

discriminating interspecific and intraspecific genetic variation (White et al., 1990; Mard 

and Honeycut, 199 1; Hillis and Dkon, 199 1; Schl6tterer et al., 1994). Thus, ITS spacers 

could be potentially useful for discovering patterns of evolution of the rumen ciliates. 

Cells of 1. prostoma are found in a variety of vertebrate animais worldwide and are 

morphologicaiiy the same. Isotricha-like organisms have also been reported in marsupids 

(Obendorf, 1984; Deliow et al., 1988) and in the hoatzin (Dominguez-Bello et al., 1993), 

a unique foregut ferment ing bird of South America. Even though 1. prostoma has a globd 

distribution, little information is known about the extent of genetic divergence among 

isolates (Le. do populations of 1. prostoma in the same host species on different continents 

dEer, or do populations of I. prosloma in difEerent hosts on the same continent differ?). 

In this chapter, eight isoiates of I. prostoma from two continents (North Arnenca and 

Australia) are examined to discover the extent of variation in their ITS- I and ITS-2 

regions, as weil as their 5.8s LSrRNA. 

Chapter Four. Because genetic distances are roughly linearly correlated with 

divergence time (Le. clock-like), the use of divergence data to estimate the ongin of 

groups, like ciliates, for which there is little or no fossil record is a common application in 

molecular systematics @Ulis et al., 1996). Moreover, it can provide useful insights into a 



group's evolution (Saunders and Druehl, 1992, Doolinle et al.. 1996; Wis  et al., 1996; 

Wray et ai., , 1996). This chapter presents the first rnolecular chronometer to be calibrated 

for any protozoan group and will suggest two possible SSrRNA rnolenilar clocks for the 

ciliates (i-e. a slow ciock for the free-living ciliates, and a faster clock for the 

endosymbionts). 

Ichthyophthirius is an obligate ectoparasite of freshwater teleoas. Its closest 

relative based upon rnorphological (Canella, 1964, Lynn et al., 199 1) and rnolecular data 

(Wright and L ~ M ,  1995) is the nec-living, but histophagous ciliate Ophryogfena. From 

the fossil record the oldest known fieshwater teleost is Lycoptera, a fteshwater 

osteogIossomorph from the very late Jurassic/early Cretaceous of China, approximately 

145 d i o n  years ago (Schaeffer and Patterson, 1984; Wilson and Williams, 1992; 

Patterson, 1993). Frorn this information the rate of nucleotide substitution can be 

determined and the maximum age of divergence of the ciliates calculated. In this chapter, 

the pair-wise genetic distances of the SSrRNA sequences from moa ciliates are examined 

and used to caiibrate a molecular clock in order (1) to predict the time of divergence of 

the major ciliate lineages, and (2) to serve as an important mode1 to researchers who may 

want to estimate the origin of other major lineages of protozoa for which there is little or 

no fossil record evidence available, except for their hosts. 



Molecuiar Phylogeny Of The Endosymbiotic Ciliates Of Vertebrate Animais 

Inferreci From Small Subunit Ribosomal RNA Sequences. 

"To see a worùi in a grain of & 
and heaven in a wiidfrmer, 

Hold infiniiy in the polm of ymr 
and ete- in an hmr. " 

WiIZiam Blake, Aupries of Innocence. 



NIRODUCIION 

Ciliates belonging to the subclass Trichosu>matia sensu S d  and Lynn are primanly 

endosymbionts of vertebrate arwials. Discovered 155 years ago (Gmby and Delafond, 1843)- 

these endosyrnbioms are collectively known as  the m e n  ciliates. They are the mon abundant 

protoma in the m e n  and are involved in host metabohm and digestion of plant m a t d  

Over the p s t  40 years, relatively little phylogenetic research has been attempted on the rumen 

dates, as moa studies have centred around new specïes' descriptions, redescriptions, or 

species distributions. Therefore, little is known about the phylogenetic relationships within and 

among the rumen ciliates. 

The rumen ciliates are charaaerized by generally haWig: (1) unspecialized oral 

ciliature, (2) a somatic kinetid that is t yp idy  made up of one kinetosome with usually two 

transverse rnicrotubular nbbons (for a review see Figure 1.5) both evident only during 

hetosomal replicatiorq and (3) rnicrotubular bundes (nematodesrnata) that extend into the 

cytoplasm 6om the bases of kinetids that surround the cytoaome (Lynn and Coriiss, 199 1). Ai 

present, there are nvo classification schemes for the m e n  ciliates based primarily upon 

uiaastnicturai features of the ciliate cortex. In Grain's (1994b) classification system, the rumen 

dates  entirely comprise the class Vestibuliferea, with three orders (Trichostomatidq 

Entodiniomorphida and Blepharocorythda) (Table 2. I), and are a sister group to the class 

Litostomatea within the Subphylum Ffiicomcata. Lynn and his coilaborators ( S d  and Lym, 

198 1; Smaii and Lym, 1985; Lynn and Corliss, 1991; Lynn and Small, 1998) recognized two 

orders of these endosymbionts, the Entodiniomorphida and the Vestibuliferida within the 

subclass Tnchoaornatia, which is the sister group to the subclass Haptoria within the dass 



Table 2.1. Classification schemes of the endosymbiotic clliates of vertebrate ammais 
as proposed by Lym and S d  (1998) and Grain (1994b). Not al1 taxa are shown 

-- - - - 

Lynn and S d  (1998) Grain ( 1 994b) 

C lass Lit ost omat ea 1 Class Vestibuliferea 
Subclass Trichostornatia 
Order Vestibuliferida 

F a d y  Balantidiidae 
Farnily Isotrichidae 
Family Paraisotrichidae 

Order Entodiniomorphida 
Suborder Entodiniomorphina 

Family Cyclopoahiidae 
Family Ditoxidae 
Farnily Macropodiidae 
Family Ophryoscolecidae 
Farnily Polydiniellidae 
Family Rhinozetidae 
Famiiy S pirodiniidae 
Family Telarnodiniidae 
Family Troglodyteliidae 

Suborder Arctiistornatina 
Family Buetschliidae * 

Suborder Blepharocorythina 
Family Blepharocorythidae 

Order Trichostomatida 
Farnily Balantidiidae 
Famiiy Coelosomididae 
Family Conchostomatidae 
Family Dasytrichidae 
Family Isotrichidae 
F d y  Paraisotrichidae 
Family Pycnotrichidae 
Farnily Protocaviellidae 
Farnily Trichospiridae 

Order Entodiniomorphida 
Family Cycloposthiidae 

Subfamily Monoposthünae 
Subfamily Cycloposthünae 

Family Entodiniidae 
Family Ophryoscolecidae 

Subfamily Diplodiniinae 
Subfamily Epidiniinae 
Subfamily Opisthotrichinae 
Subfamily O phryoscolecinae 
Sub farnily Caloscolecinae 

Family Polydiniellidae 
Family Prototapireilidae 
Family Rhinozetidae 
Family S pnodiniidae 
Family Tripalmariidae 
Family Troglodytellidae 

Order Blepharocorythida 
Family Blepharocorythidae 

1. The class Litostomatea also contains the subciass Haptoria 

2. In Grain's (1 994b) classification scheme, the f h d y  Buetschliidae is assigned to the 
order Haptorida within his class Litostomatea 



Litostomaîea (see Table 2.1). Despite the ciiffierences in rank for the rumen ciliates, both 

schernes are basically quite similar. Molecular data will be usenil in t&g these proposed 

relationships. 

The Entodiniomorphids 

Generally, the entodiniornorphids are characterwd by the presence of a ngid, ofken 

spiny, pellicle with cilia present mainiy, or sometirnes only in the oral region. Within the order 

Entodiniomorphida (Smd and Lynn, 1985), more than half of the genera of m e n  ciliates 

belong to the M y  Ophryoscolecidae, &g it the largest M y  of m e n  ciliates (see Table 

2.1). These ciliates are abundant and easily distinguishable 60m other rumen ciliates by the 

presence of spines. skeletal plates (except for Entodnium and Dipladinm), and tufis of 

ciliature confineci to the adorai and dorsal surfaces of the ceii. Species of Entodlnium ody 

have an adoral zone of synciiia (AZS), whereas aH other ophryoscolecids have an AZS and an 

additional dord  zone1 of sycilia (DZS). The DZS can be located either on the same 

1 The ventrai surfàce of ciliaies has ciass idy  been dehed as the side of the ceii on which the oral 

cavity openin. is srmarçd. Although m e  workers foliowed this convention for the rumen ciliates 

(Kofoid and MacLeman, 1930; Dogel 1947; Lubuisky, 1957b), Lubiasky (1958) and Dehorhy (1993) 

have deviateci away h m  this approach and termed the side of the ceil where the micronucleus is situated 

to the left of the macronucleus as the "upper" surface. 'Ibis surfàce then detemines the lower stxhce 

(oppi te  side) and the "left" and "righty' sides. in order to avoid confusioq 1 wiu follow the ciassical 

M o n  and assume ventral is the surfàce ont0 which the oral caMry opens. 



transverse plane as the AZS, between one quarter and one third of the way down the ce& or at 

the equator of the cd. 

Crawley (1923), Dogiel (1925, 1947), and Lubinsky (1957% 1957b, 1957c) have 

spedated on evolution within the Ophryoscolecidae. They believed that E n t d n i m  +es, 

referred to as "IoweZ' ophryoscolecids, were more ancestral because they had oniy one AZS, 

one contractile vacuole, lacked skeletai plates, and had no more than one spine (Figure 2.1). 

They aiso concluded that Entodinium-ke species were probably the £irst to colonize the 

rumen. Lubinsky (195îb, 1957c) produced a phylogeny of the ophryoscolecids using as 

charactm: the degree of torsional displacement of the nuclei and vacuoles, the distance 

between the AZS and DZS, the development of the skeletai plates, the position of cellular 

organelies, and the size of the cell. From this analysis, he divided the Ophryoscolecidae into 

three subfamilies to reflect his "naturai" groupings. (1) Because of tke presurned ancestral 

characters of Entodinim, it was placed by itself into the s u b f d y  Entodinïinae (Figure 2.1). 

(2) Ophryoscolecids with the DZS on the same transverse plane as the AZS (e.g. DipIodmim, 

Eudlpilocnizim, Polplasnon) were placed within the Diplodinünae (Figure 2.2). (3) 

Ophryoscolecids with the DZS near the rnidpoint of the dorsal surface of the cd (e-g. 

Epidiniium. Ophtyoscolex) were placed within the Ophryoscolecinae (Figure 2.3). 

This supporteci Lubùiskq's (1957~) views on the evolution of the group. It is important 

to note that Lubinsly's (1957~) evolutionary tree depicts the Diplodinünae as paraphyietic 

(Figure 2.4). 1 have r d y s e d  these relationships using a cladistic approach (Hennig, 1966) 

based on the limiteci morphologicai and ultrastructural data for m e n  ciliates (Table 2.2). 

Indeed, there are no synapomorphies ~pporting the Diplodinünae (Table 2.3, Figure 2.5). 1 



Fig. 2.1. A schematic drawing of the rumen d a t e  Entodnium caudarrmr (taken from 
Dehonty, 1993). Accordhg to Lubinsky (1957c), this d a t e  is the ancestral form becau~e of 
its single d h y  band and absence of skeletal plates. Based on these ''primitive'' ffeatures, he 
assigned Entodinium to the s u b M y  Entodinünae. 



Fig. 2.2. Schematic drawings of the nimen ciliates (taken fiom Dehonty, 1993) assigned to 
the s u b M y  Dipiodiniinae. (A) DipIodinium &ntafum, (B) Enoplopl'on confluem, (C) 
Eucüpodinium maggii, (Il) Meî&nium m i n o m ,  O Ostracodinium mammosum, and 0 
Po&Ircrsaon mZtivesi~fllatum. Notice the two ciliary bands, and with the exception of 
DipZ&ium, ali these celis have one or more skeletal plates (note that P o l p b r o n  has five 
skeletai plates, aithough ody two are visible h m  this side). 



Fig. 2.3. Schernatic drawings of the rumen ciliates (taken f?om Dehority, 1993) assighed to 
the subfamily Ophryoscolecinae. (A) Ophyoscoiex CCILICkltus and (B) @z&zzum aadûum 
Shdar to the members of the subfàmily Diplodinünae, these cek also have two c i h y  bands, 
but thv are located on Mirent c d  planes. These ceiis are thou@ to be the most 
evolutionarily derived of the ophryoscolecid men ciliates. Notice the many spines. 



Fig. 2.4. A copy of Lubinsky 's ( 1 95%) evoiutionary tree of the ophryoscolecid m e n  dktes 
based on morphological characters and the degree of tonion of the ceil (see text for detail). 
Accordhg to Lubinsky's (195%) tree, his subiEunily Diplodinünae is paraphyletic. Numbers 
are: (1) Ehtodinim meIZum, (2) E rec&ngulalum, (3) E ~~, (4) E i d - ,  (5) E 
b @ k y  (6) E hicostrrhmt, (7) hhyptheticai ancestor of the higher Ophryoscoledae, (8) 
D i p Z d n i m  h e ,  (9) Euctipiodinitmt mg@iy (10) h o p l a m o n  dliobum, (11) Earlmiimr 
lobanmi, (12) Dipiopfc~saon me, (13) Mefaaf'nium trnacm, (14) Ostrucodinizan gracile, 
(15) Polyplasaon multivesiml(annn, (16) EIytrplasaon hbaii, (17) h o p i o p m n  
biion'cahrm, (18) Qidinim cuwhm, (19) Opisthomcchwn j m ,  (20) &@CQstron 
~ c c m u m ,  (21) OphryoscoZex jhms, and (22) Cdlocolex melinzis. 



Table 2.2. Morphological characters of rumen ciliates based on data presented 
in Lubinsky (1957b) and Fumess and Butler (1988). 

1. Presence of lateral groove (1)* 

2. At least one skeletal plate (1) 

3. Micronucleus between macronucleus and nearest profile line of body (1) 

4. Contractile vacuoles greater than one (1) 

5. Esophageal sheath and vesicular phagoplasrn, present (1) 

6. Transverse crests supported by microtubules, present (1) 

7. Phagoplasmic tongue or peristome, present (1) 

8. Two anterior retractable zones of ciliature at dserent levels (1) 

9. Two anterior retractable zones of dianire at same level (1) 

10. One retractable anterior zone of diature (1) 

* (1) indicates derived state compared to BIephmocorys as outgroup (see Table 2.3). 



Table 2.3. Character coding of morphological 
characters for nimen ciliates and the outgroup 
taxon Blephamcorys. Refer to Table 2.2. for 
char acter defht ions. 
- - - - - - - - -- 

Character 
Genus 1 2 3 4 5  6 7 8 9 0  

Blephcorys  

Entodinium 

Diplodinium 

Eudipluàïnium 

Epidinium 

Ophryoscok 

Ostmcodinium 

Polplastmn 



Kg. 2.5. One of three equally parsimonious cladograms for the entodiniornorphid 
nimen ciliates inferred 60m morphological and ~Lrastructural characten presented in 
Table 2.2 and coded as in Table 2.3. This tree shows an unresoived relationship 
arnongst Polyplastmn, Ost~codinium, and the Ophryoscolecinae (Epidinium, 
Ophryoscoler), whereas, the other two equally parsimonious trees depicted either 
Pol'hbwn or Ostmcodinium as the sister group to the Ophryoscolecinae. Trees 
were produced using the branch and bound search program of PAüP (ver. 3.1) 
(SwoEord, 1993), and have a tree length of 11, a consistency index of 0.91, and a 
retention index of 0.86. 



have thus undertaken to discover whether rnoledar features of the 18s rRNA gens d 

support the monophyly of the Diplodinünae. 

Fumess and Butler (1988) hcluded a suite of ultrastrucnirai data on the m e n  dates 

and M e r  evaiuated these data in fùnctional and evolutionary temis: they correlateci the 

wmplarity of the ceps cytoaiimentary organizaton with typicai size of fibre ingesteci by the 

d a t e .  For exarnple, EpiaVnim, thought to be evolutionarily advanced by Lubinsky (1957~)~ 

has a tube-like cytopharynx and shows the greatest development of cytoalimentary 

organiration over Polpiartron (an evolutionarily intemediate foxm) and EntodZ'niUm 

(ancestrai representative). This allows Epidh>itm, to ingest large plant fragments in the nuninal 

fluid not available to the intemediate or smaller f o m ,  which ingest smder plant fibres and 

bactena respectively. The phylogenetic anaiysis of Fumess and Butler (1988), based on 

ultrastructural characters, corroborateci the eariier work of Dogief (1947) and Lubinsky 

(1957% 1957b, 1957~). 

There are 10 additionai families of ciiiates (Buetschliidae, Blepharocorythidae, 

Cycloposthiidae, Ditoxidae, Macropodiniidae, Polydinieliidae, Rhinozetidae. Spirodiniidae, 

Telamodinüdae, and Troglodytellidae) within the order the Entodiniornorphida that inhabit 

the forestornach and large intestine of a variety of venebrate animals. For exarnple, 

Cyclupostrhium (Cycloposthiidae) inhabits various vertebrate animals Like hippopotamuses, 

elephants, hones, and its presence in kangaroos is a new host record for this genus. 

The taxonomy of these 10 families of entodiniomorphids is inconsistent (see S m d  

and Lynn, 1985; Grain, 1994b; and Lynn and Smail, 1998). In fact, some of these families 

may have been improperly placed within the Entodiniomorphida because of the similar 



gastrointestinal habitats they occupy. For example, Mactopodinium is a representative of 

the newest farnily of entodiniomorphids Macropodiniidae Dehority, 1996, that inhabits the 

sacciform forestomach of macropod marsupials (wallabies and kangaroos) and is dissimilar 

to other members belonging to this large order. Thus, the elucidation of these 

relationships is important in understanding the evolution of the group and in determinhg 

whether vertebrate endosymbiosis evolved only once or more than once in the evolution of 

the ciliates. 

The Vestibuliferids 

The vestibuliferids are characterized by having more flexible peilicles with holotrichous 

diation (Fig~re 2.6). S m d  and Lynn (1985) recognized three f d e s  within their order 

Vestibuiiferida: the Baiantidiidae Reichenow in Doflein and Reichenow, 1929, Isotrichidae 

Bütschii, 1889, and Paraisotrichidae da Cunha, 19 17 (Small and Lynn, 1985) (see Table 2.1). 

Balantidiids are typicdy found in the intestine of vertebrate animals and include Balantidi'um 

coli, the only d a t e  that is known to be harrnfùl to humans. Species belonging to the 

Paraisotrichidae are typically found in horses. The isouichids, Isotricha, Duytricha, and 

Oligoisobicha, are more widespread than the other vestibuliferids, being found in a wide 

variety of ruminants. In addition to these three familes, Grain (1994b) has mggesteci that there 

are six other fiunilies in his order Trichostomatida (see Table 2 4 ,  which is the taxon 

comparable to the order Vestibuliferida sema Smaü and Lynn. 

Dogiel (1947), Grain (1966), and Coriiss (1979) have speculated on the evolution of 

the vestibuliferids. Grain (1966) proposed that these ciliates evolved fiom several evolutionary 



Fig. 2.6. A schematic drawing of (A) Drrryblrrryblcha rtnnntantim and (B) Isornrncha intatimb. 
Notice the complete sornatic gliahire and the absence of skeletal plates and spines (takei h m  
Dehority, 1 993). 



iines of descent nom a prostomid a n d  fom that had oral nemaiodesrnata, muwcysts, and 

toxicysts. W~thin the evolutionary line leading to the Isotrichidae, the prostomid ancestor lost 

toxicysts and mucocysts while its somatic kineties invaginated to fom the vestibuium (Grain, 

1966). W~ a gradua1 migration posteriorly and repositioning of the vesti'bulum, the gaiera 

Isoaicha and Dasytncha evolved. Since Grain's (1966) evolutionary proposai, electron 

microscopy studies (see Lym, 1991) have helped to defhe distinct clades, and now 1 can be 

more precise about putative anceston. Thus, it is my view that because somatic kinetids are 

M a r  arnong litostomes (L,ynn, 1991), the trichostome dates evolved kom an haptorian-like 

ancestor that lost its oral toxicysts and oral dikinetids as  it colonired the gastrointesanal 

environment of a variety of vertebrate speciu. I imagine that an ancesaal holotrichous 

vestibuliferid, like Balmtidiirm, evolved £ira, establishing symbiotic relationships with hhes 

(Grùn, 1985, 1989, 1 993). As vertebrate groups diversifieci, these ancestral vestibuLifkrids also 

diversified, givhg nse to the other vestibulifend genera and to the entodiniomoiphids. 

Monophyly Or Paraphyly Of The Rumen Ciliates 

The subclass Haptona semu Srnail and Lynn contains three orders of ciliates, the 

Haptorida Coriiss, 1974, the Pleurostomatida Schewiako& 1896, and the Pharyngophorida 

Srnd and Lynn, 1985. However, the relationships within this f?ee-living group of predatos, 

ceils remain uncertain (Foissner and Foissner, 1988; Leipe and Hausmann, 1989; Lipscomb and 

Riordan, 1990; 1992). Generally, the haptorian somatic kinetid possesses two transverse 

microtubular ribbons, a convergent postciliary microtubular nibon that extends posteriorly in 

double row stacks, and a la tedy directeci kinetodesmal fibre (refer to Figure 1.5) (Lm and 



Nich~ll$ 1985; Foissner and Foissner, 1988; Lipscomb and Rior& 1990, 1992). However, 

Leipe and Hausmanri (1989) argued that some species traditiondy placed within the Haptoria 

do not have two transverse micxotubuiar nibons (e.g Didinium), while some trichostomes 

have two transverse microtubular nions (e.g. Isobichu). Leipe and Hausmann (1989) 

replaced the subclass Haptoria with a new nibclass, the Ditransversaiia Leipe and Hausmann, 

1989, to include ody those organisms with two transverse microtubular ribbons. Thus, the 

DitransVelSaIia does not include traditional haptorians, such as Didinim. Dikpttls, 

Helicoprordrr, Mesodinm and Mondnium, believed to have ody a single transverse 

microtubdar ribbon. Furthemore, because Isotricha and Balmtidium have these two 

transverse microtubular ribbons, the order Vestibulifida was removed eorn the subclass 

Trichoaornatia and placed within the DitransverSalia 

Lynn (1991) and Lipscomb and Riordan (1990; 1992) opposed Leipe and Hausmann's 

(1989) suggestion of a new nibclass for the folowing reasons: (1) several taxa havhg a single 

transverse microtubular ribbon may a d y  have a second set [e.g. Helicoprorodn (Lipscomb 

and Riordan, 1990) and Didilim (Lipscomb and Riordan, 1992)], which would invalidate 

Leipe and Hausrnann's (1989) decision to separate them corn the other haptorians; and (2) in 

species where a second set is not present, it may be more parsimonious to conclude that they 

were secondariiy lost rather than primitively absent. Certainly, a putative second transverse 

nbbon microtubule appears transientiy during somatic kinetid replication Ui the 

entodiniornorphid Eudipodinium (Fmess and Butler, 1 986). Despite their opposition to a 

new subdass, Lipscomb and Riordan (1992) agreed with Leipe and Hausmann's (1989) 

assessrnent that Small and Lynnts (1985) classification of the Haptoria was paraphyletic: their 



cladistic analysis of 21 iitostomes Usng morphologid and u l m c t u r a i  characters showed 

that the vestiiuliferids (Isotriccha and Bal0nti.m) and the buetschliids (Dialesmis and 

A l I o i o ~ )  groupeci ped the haptorian clade. 

A few years ago, Grain (1994a) proposed a classi£ication for his class Litostomateri, 

&ch does not include the subclass Ditransversaiia Leipe and Hausmann, 1989. Moreover, 

Grain (1994a) discontinueci the subclass Haptoria, transferred the subchss Tnchostomatia 

sensu Small and Lynn to his class Vdbuliferea (see Table 2.1) (Grain, 1994b), and Mded the 

litostomes (Le. Haptoria) into five orders (Haptorich, Helicoprorodontida, Mesodinüda, 

Pleurostomatida, Spathidiida) and 17 families (Table 2.4). Although Grain (1994a) retained 

the buetschliids within the Haptorida and not within the entodiniomorphids, he did not include 

the vestibulifends (Le. lmtricha and Bahzntidlum) within his new classification of the 

" haptorian" litostomes as mggesteci b y Lipscomb and Riordan ( 1 992). 

For this study, 1 sequenced in both directions (see Figure 123) the complete SSrRNA 

genes fiorn six ophryoscolecids (DipZodinnium dentatm, fitodinium cadztzm, QidinUimr 

cauahm, Eudiplodnium maggz, Ophryoscoiex purkynjei. and Pol@astron 

muItivesicz~Iatum), two putative entodiniornorphids (Cyclopos~hium sp. and M a c r o ~ n z i r n  

yalanbense)). four vestibuliferids (Buhtidrum coli, Dasyrrrasyrrrcha nuninantum, iso~.ccha 

prostonta, and Isotricha intestiina[is), and three fiee-living haptorians (Didinzurn na~~~tum, 

Dilepfus sp., and Ehchefvodon sp.). These new sequences were compared to SSrRNA gene 

sequences eoom other ciliates and eukaryotes and phylogenetic analyses were used to 

determine: (1) if the ophryoscolecid mrnen ciliates form a monophyletic group; (2) if 

Lubinslq's (1957~) three subfamilai divisions of the family Ophryoscolecidae are nrpported by 



Table 2.4. Classification schemes of the Class Litostomatea. 

Smaii and Lynn (1985) Grain ( 1 994a) 

Subclass Haptoria 
Order Haptorida 

Family Didinüdae 
Didinium 

Family Enchelyidae 
Enchelyodon 
Hodo toon  

Family Lacrymariidae 
Family Mesodinüdae 
Farnily Spathidüdae 

Spathidîum 
Family Trachelo phyllidae 

Order Pleurostomatida 
Family Amphileptidae 

Loxop hyllum 

Order Pharyngophorida 
Family Actinobolinidae 
Family Heiicoprorodontidae 
Family Trachehidae 

Dilep tus 

Order Haptonda 
Suborder Acropisthiina 

Farniiy Acro pisthidae 
Suborder Belonophryma 

Farnily Actino bolinüdae 
Suborder Archistomatina 

Family Buetschliidae 
Buetschlia 

Order Spathidiida 
Suborder Spathidiina 

Family S pathidiidae 
Spathidium 

Farnily Homalozoonidae 
Homalozoon 
Enchelyodon 

Family Pseudoholophryidae 
Suborder Didiniha 

Family Didiniidae 
Didiniu rn 

Suborder Lacrymariina 
Farnily Lagyno phrydae 
Family Lacrymariidae 

Suborder Trachelophyllina 
Family Trachelophyllidae 
Family Pseudotrachelocercidae 

Suborder Dileptina 
Family Tracheliidae 

Dilep tus 
Suborder Enchelyina 

Family Enchel yidae 

Order Helicoprorodontida 
Family Helico prorodontidae 

Order Pleurostomatidae 
Family Loxophyllidae 

L o x o p ~ l m  
F d y  Arnphileptidae 

Order Mesodiniida 
Family Mesodiniidae 



moleailar data, (3) if Balontiralmt and lsoa~cha spp. belong within the vesti'bulifmd clade 

rather than with the haptorians as proposed by Leipe and Hausmann (1989) and Lipscomb and 

Eüordan (1990, 1992); (4) if the vestibulifkrids (Le. balamidüds and isoaichids) and 

entodiniomorp hids (i. e. cyclo posthiids, macropodinüds, and O phryo scolecids) fom 

monophyletic gmups consistem with the clasdicarion proposed by Small and Lynn (1985); (5) 

if the haptorians and trichostomes (Le. vestibuliferids plus entodiniomorphids) fonn 

monophyletic groups, thereby suggesting that vertebrate endosymbiosis possibly occuned 

oniy once in the evolution of the ciliates; and (6) if the litostomes (Le. haptonans plus 

trichostomes) form a monophyletic group consistent with the classification proposed by 

Smaii and Lynn (1985). 

M A T E W  AND METHODS 

Source of samples and culture conditions. 

Genomic DNA and the SSrRNA gene fiom Balantidiurn coli (Figure 2.7A). an 

endosymbiotic ciliate isolated fiom the colon of a lowland gorilia (Gofilla gon'ila g o n ~ ,  

were @s fiom Dr. C. Graham Clark (Department of Medical Parasitology, London 

Schooi of Hygiene and Tropical Medicine, London, ENGLAND). Genomic DNA £tom 

Cyckposfhium sp . (Figure 2.7B). and Macropodinium yalunbense (Figure 2.7C). two 

ciliate endosymbionts isolated fiom the sacciform forestomachs of wallaby (Macrops 

dorsallis) and a Western grey kangaroo (Macrops filiginosus) respectively, were gifts 

nom Mr. Stephen Cameron (Department of Parasitology, University of Queensland, 

Brisbane, AUSTRALIA). 



Fig. 2.7. Drawings of representatives nom four dBerent families of vertebrate 
endosymbionts. (A) BaIantidizim coli (Baiantidüdae) (copied fiom Corliss, 1979). (B) 
Cyclopsthium sp. (Cycloposthüdae) (copied fiorn Coriiss, 1979), (C) MucropOdinium 
yalmbeme @iacropodiniidae) (copied front Dehority, 1996), and @) Isolrch prostom 
(Isotrichidae) (copied f?om Dehonty, 1993). 



Cells o f E  mami (Ftgure 2.2C) were isolaîed nom a muCed culture of nimen ciliates 

and k e d  in 7 W  ethano1 and were a gift by Dr. Tadeuss Michalowski (Department of Animal 

Science, University of Warsaw, Poland). Cells of D. nrrni~~~t ium (Figure 2.6A), D. 

kntafum (Figure 2.2A). En Crmrkriimi (Figure 2.1). and I. intestimfis (Figure 2.6B) were 

coilected nom rumen-fistulateci r n o n o ~ e d  sheep and were a gdt f?om Dr. Mike Ivan and 

Lhda Neiü (Centre for Food and Animai Research, Central Experimental Farm, Ottawa, 

Ontario, Canada K 1 A OC6). 

Rumen fluid containing Ep caurkrtum 2.3B), I. prosterna (Figure 2.7D), 0. 

purkynjei (see O. caudCIrtrs, Figure 2.3A), and P. multivesicularum (Figure 2.2F) was coilected 

fiom a rumen-fishilateci sheep, fdtered through 100 p.m Nitex mesh, and was a gift by Dr. Burk 

Dehority (Ohio Agrkultural Research and Development Centre, Ohio State Univers*, 

Wooaer, Ohio, USA). Cells of I. prostom, 0. purkynjez, and P. m l t i v e s i c u ~  were 

fked in 70% ethano1 and isolated fiom other m e n  ciliates using a hand-drawn Pasteur 

pipetîe under a microscope. Epidinim cm& was cu1tured fkom single ceUs isolated £kom 

the m e n  fluid. For culturing Ep. muciaîum, m e n  fluid was fiitered through two layers of 

cheese cloth to remove plant and feed materiai, and put into a separatory fume1 for 1 h at 39O 

C to sediment protozoa The sedimenteci ciliates forrned a noticeable white layer and 

a p p r o h t e l y  20 ml of this layer were rernoved and cells of Ep. cauuhm were picked using a 

hand-drawn Pasteur pipette. Individual cells of @. cau&twn were used to inoculate 

Dehoriws rumen fhid-M (DRFM) broth. DRFM broth contains per litre: (1) 500 ml mineral 

mix M, (2) 100 ml m e n  fluid supernatant, (3) 50 ml 1.5% (w/v) CHiCOONa, (4) 83 -3 ml 6% 

(w/v) NaHCG, (5) 6.7 ml 3% (w/v) cysteine-HCL, and (6) 260 ml 8k0. Minerai m k  M is 



made as follows: dissolve in 1 L of dH20, 6.0 g NaCL, 0.2 g MgSO* 0.26 g CaCh.2&0, and 

2.0 g -04 .  Rumen fiuid supernatant is prepared as follows: strain 200 ml of rumen fluid 

through cheese cloth, centrifbge filtered fluid at 1,000 g for 10 min and retain supernatant 

DEUM broth was prepared anaerobicdy by gasing with 1WA CO2 u d  reduced. Ifrequired, 

the pH was adjusted to 6.6. Tm millilitres of DRFM were anaerobically transferred h o  16 x 

150-ml test tubes and autoclaved. Test tubes of inoculated DRFM broth were slanted at a 10" 

angle and incubatecl at 39" C. Eadi &y, under anaerobic conditions, ciliates were fed 0.1 

volumes of an orchard grasiwbeat substrate. The food substnite was prepared as folows: aû- 

dried orchard grass and whole kemels of wheat were ground to pass a 40-mesh screen. Then, 

1.5 g ground wheat and 1 .O g orchard g m s  were suspended in &O, reduced with C a  and 

nored in 2.0 ml aiiquots at -20° C. Five millilitres of each culture were anaerobically 

transferred twice a week into new test tubes containing an equal volume of DRFM broth and 

0.1 volumes of the food substrate. Afier approxhately four weeks, cells were filtered through 

cheese doth, collecteci by centrifùgation, and h e d  in 70% ethanol. 

Cells of D. nasumm were obtained fioxn Carolïna Biological Supply Company 

(Burlington, North Carolina) and subcultured from single cells. Cultures were maintained 

using bacterized Cerophyl (ATCC medium 802) with Paramecium cau&fum as a food 

source. Cells of Didinium with empty food vacuoles were isoiated fiom P. caurlatum 

using a hand-drawn Pasteur pipette under a dissecting scope. Ceils of Dileptus sp. were 

obtained fiom a pond near Guelph, Ontario, Canada and were a g& £tom Dr. Michaela 

Strüder-Kypke (Department of Zoology, University of Guelph, Guelph, Ontario, 

CANADA). Cells of Enchelyodon sp. were obtained fiom a pond near Tübingen, 



Gemany, fixed in 70% ethanol, and were a @ from Dr. Christian Bardele (Zoologisches 

Institut der Universitat Tübingen, GERMANY). 

DNA extraction and sequencing. 

A DNA extraction procedure usjng the non-ionic detergent cetyltrimethylammonium 

brornide (CTAB) (Murray and Thompson, 1980; Reichardt and Rogers, 1994; Wdson, 1994), 

commonly used for bacterial and plant DNA extraction and purification, was slightly modifieci 

as follows: after picking individual cds (e.g. P. r n u l t i v e s i c ~ ~ )  or harvesting m e n  culture 

or fluid (e-g. En Caz~uhturn or Ep. m&m, respectively) cihates were peileted in 1.5-ml 

microfuges tube by centrfigation at 6,000 g for 2 min. Ceiis were resuspended in 500 pi l x  

TE buffer (10 mM Tris. 1 rnM EDTA pH 8.0) and 30 pl of 20 mg/ml proteinase K and 

incubated at 37" C for 1 h. Foliowing incubation, 140 mi of 5 M NaCl were added and 

thoroughiy mixeci before the addition of 80 pi CTABMaCI [2% (wlv), 100 rnM Tris-Cl pH 

8.0, 20 mM EDTA pH 8.0, 1.4 M NaCI]. The lysate was completely mixed by inverthg the 

rniaoceneifuge tube severai times and incubateci at 6S0 C for 10 min. An equal volume of 

chloroform, ~ntaining isoamyl alcohol (24:1), was added to the lysate and mixed to extract 

CTAB fkom the solution, and then centrifuged at 7,000 g for 5 min. The aqueous phase was 

transferred to a new microcentrifuge tube with an q u a i  volume of phenoUchlorofo~soarnyl 

alcohol (25:24:1), rnixed, and centrifiiged at 7,000 g for 5 min. The aqueous phase was 

transferred to a new tube with an equal volume of chlorofodsoamyi alcohoi, mixed, and 

centrifugeci at 7,000 g for 2 min. Agah the aqueous phase was removed and the DNA was 

precipitated with 0.6 volumes of isopropanol at room temperature for 5 min. DNA was 



cokcted by cenûifbgation a .  14,000 g for 10 min and the nucleic acid pellet was washed with 

70% ice-cold ehanol. The pellet was air dried and resuspended in 50 ml of &O. 

ûtherwise, long-term 0 1 2  months) nxed-ceils were centrifbged in a 1.5 ml 

microcentrifuge tube at 14,000 rprn for 2 min, rinsed in 1 ml of d H 2 0  and centrifbged 

again at 14,000 rpm for 2 rnin. The cells were then resuspended in 500 p l  of &O, stored 

at 4 O  C for 24 h, and centrifuged at 14,000 rprn for 2 min. CelIs were resuspended in 570 

pi of dH20 and 30 pI proteinase K (20 mg/ml), incubated for 1 h at 37" C, and then 

centrifuged at 14,000 rprn for 2 min. The cells were then resuspended in 500 pi of 

digestion buffer (50 rnM Tris pH 7.5; 1 mM EDTA, 0.5 % Tween 20) and 0.1- 10 m g h l  

of proteinase K. Depending on several factors (Le. the number of cells, site of pellet, and 

the duration of fixation), the ceils were incubated at 48" C for 2 to 5 days to slowly release 

the higher molecular weight DNA The lysate was centrifuged at 14,000 rprn for 5 rnin 

and the aqueous layer was transferred to a new microcentrifige tube and incubated at 95" 

C for 7 min to inactivate the proteinase K. An equal volume of phenoVchloroform/isoamyl 

dcohol (25:24:1) was added to the lysate. The sample was mixed by inverting several 

times and centrifùged at 14,000 rprn for 5 rnin. The top phase was transferred to a new 

microfuge tube with 0.1 vol of 2 M NaC2Eh02 and 2.0 volumes of 100% ethanol for at 

least 1.0 hr. at -20° C. The sample was centrifuged for 10 min. at 14,000 rpm, the 

supernatant was carefully removed, and the pellet was washed in 400 pl of 70% ethanol at 

-20° C. M e r  20 min, the pellet was centrifuged for 2 min at 14,000 rpm, air dried for 15 

min, and resuspended in 50 pl of dH20. 



Universai SSrRNA primers (Table 2.5) (Medlin et al., 1988) were used in a 

polymerase chah reaction (PCR) amplincation using a PTC- 100- thermal cycler (MJ 

Research Inc., Watertown, Massachusetts, USA). The foiiowing parameters constituted 

one PCR cycle: 30 sec denaturation at 94" C, 30 sec primer anneaiing at 55" C, and 90 sec 

primer extension at 72O C. On the 35th and last cycle, the primer extension stage was 

extended for 3 min. The resulting PCR produa was run on a 1% agarose gel and quickly 

visuaked under long-wave ultraviolet light (365 nm) (< 30 sec exposure). PCR product 

was excised under long-wave ultraviolet light (< 60 sec exposure) and purified using the 

GeneCleanB kit (BIO/CAN, Mississauga, ON). The purified fiagrnent was sequenced 

directly using an AB1 Prism 377 Automated DNA Sequencer (Applied Biosystems Inc, 

Foster City, CA) using dye temhator and Taq FS Figure 2.8) with three fonvard and 

three reverse interna1 universal 18s primers (Table 2.6) (Elwood et al., 1985) and the Ml3 

vector forward and reverse primers UabIe 2.6). 

Sequence avaüability and phylogenetic analysis 

The nucleotide sequences in this papa are available fkom the GenBank/EMBL 

databases under the following d o n  numben: Climuco~lomm virens X65 152 

m e ~ h m i d t  et al., 1996), Colpidm campyfum X56532 (Greenwood et al., 1991a), 

Coleps sp. (Stechmann et al., 1998), C o @ d z  in.@& Mg7908 (Greenwood et al., 1991 b, 

D i s c o p m  collini L26446 (Lape et d, 1994a), EufoiIimIim uhfigi U47620 

m e r s c h m i d t  et al., 1996). Euplores aeciz'ctlotus X03 949, Ml4590 (Sogin et uL, l986b), 

Furgasoniu blochmamu' X65150 (Bernhard et al ,  1995), Glauwma chaftoni X56533 



Table 2.5. Universal PCR primers for the smd subunit rRNA 
gene and the ES- M . 8  SITTS-2 DNA region. 

- - 

Medlin Primer A' 

5'- AAC CTG GTT GAT CCT GCC AGT-3' 

1 
Medlin Primer B 

5'- TGA TCC TTC TGC AGG TTC ACC TAC -3' 

2 
Jerome Primer C 

5'- TTG GTC CGT GTT TCA AGA CG 0-3' 

1. Medlin primers (Medlin et al.. 1 988) were used to ampl* 
the 1 8s SSrRNA gene 

2. Jerome primer C (Jerome and L y q  1996) anneais 500 bp 
within the 28s LSrRNA gene and was used with Medlin primer A 
to amplifl a segment of DNA consisting of the 1 8s SSrRNA gene, 
the ES- l ,5 .8S  LSrRNA gene, ITS-2, and a portion of the 28s 
LSrRNA gene 
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Fig. 2.8. A representative section of an autoradiograph showing a partial sequence of the 
SSrRNk These sequences were produced using an AB1 Pnsm 377 Autornated DNA 
Sequencer (Applied Biosysterns Inc, Foster Ciiy, CA) using dye temiinator and Taq FS and 
each nucleotide is assigned a specifk colour: T is red, C is blue, A is green, and G is black- 



Table 2.6. Universal prirners for the small subunit rRNA gene and vector DNA 

Forward Interna1 Primers 

Primer 
Code 

Eukary o t e 
Location ' Prokaryote 

Location 2 
Primer Sequence 

S I - - - >  3' 

CTG GTT GAT CCT GCC AG 
GAA ACT GCG AAT GGC TC 
AGG GTT CGA TTC CGG AG 
CGG TAA TTC CAG CTC C 
(T/C)AG AGG TGA TCT 
GAA ACT T M  A(G/T)G U T  TG 
GGT GGT GCA TGG CCG 
CAG GTC TGT GAT GCT C 
TG(T/C) ACA CAC CGC CCG TC 

Reverse Interna1 Primers 

Primer 
Code 

Eukqote 
Location I 

Pro karyote 
Location 2 

Primer Sequence 
y----> 3' 

GAG CCA TTC GCA GTT C 
TCT CAG GCT CCC TCT CC 
TCA GGC TCC CTC TCC GG 
ACCAGACTTGCCCTCC 
AGA M T  TCA CCT CTG 
N T  CCT TT(G/A) AGT TTC 
CGG CCA TGC ACC ACC 
GGG CAT CAC AGA CCT G 
ACG GGC GGT GTG T(G/A)C 

pUC18 Primers 

Forward Primer: 5'- CCC AGT CAC GAC GTT GTA AAA CG -3' 
Reverse Primer: 5'- AGC GGA TAA CAA TTT CAC ACA GG -3' 

1. Eukaryotic primer site represented by Teaahymem thennophila 
2. Prokqotic primer site represented by Escherichia coli. 
* prirners used for automated DNA sequencing 



(Greenwood et d, 1991a). HoIIICI]OUXI~ verniculare L26447 (Lkpe et ai, 1994a), 

khthyphthirirrs ushj'%zs Ul7354 (Wright and Lyms 1995). Lubynnthuioi~ minuta 

L27634 wpe et d ,  1994b), Lo*odes U24248 (Hamrnerschmidt et d l  19%). 

LaxophyiIum uû-imIanae L26448 (LPipe et aL, 1994a), M e t o p  contortus 2295 16 (Embley 

et ui. unpubl. data), Metopus palafomis MM385 (Embley et aL. 1992), @hyogiem 

cumda U17355 (Wright and Lynn, 1995), O x p d n  gramlifera, X53486 (ScMegel et d, 

1991). Pararneciium tetraureIia X03772 (Sogin and Ehvood, 1986), Prorocenblrm miurns 

Ml4649 (Herzog and Maroteaux, 1986). Prorodon teres (Stechmann et al., 1998), 

Protomuiia sp. X65 153 (Hammerschmidt et cd, 1 W6), Pseuhmi~~o~horax &hius X65 15 1 

(Bernhard et ai., 1995), Smcocystrs muris M64244, M34846 (Gajadhar et aL, 1991), 

Spahidïm sp. 22293 1 @yal et d, 1995). Symbidnium pzIosum X62650, S4466 1 (Sadler et 

al., 1992). Te~rdymena corti&si U173 56 (Wright and Lynn, 1995), îheiïeria hfleii 2 15 106 

(Msopp et al., 1994), TracheIorqhis sp. L3 1 520 (Hirt et al,, 1995), Tnthgmostooma steini 

X7 1 134 (Leipe et al., 1994a). 

7heileria buffeli, ~ c o c y s t i s  nrtlris, Prorocenîmm m i m ,  S p  bzodinium pilosum, 

and hbynnthuïoides minuta were used as the outgroups for the ciliates (Watrous and 

Wheeier, 198 1; Maddison et aL, 1984; Smith, 1994; Stackebrandt and Ludwig, 1994). AU 

sequences were globally aligneci using the Dedicated Comparative Sequence Editor (DCSE) 

program (de Rijk and de Wachter, 1993) and further refined by considering secondary 

structural features of the 18s molede. 

PEWLIP (ver. 3.5 1C) (Felsenstein, 1993) was used to calailate the sequence sunilarity 

and wolutionary distances between pairs of nucleotide sequences using the Kirnura (1980) 



two-parameter model. A distance-matrix tree was then constmcted r ihg the Fitch and 

Margoliash (1967) least squares (LS) method and the neighbour-joining (NJ) method (Saitou 

and Nei, 1987). The branch and bound method of PAUP (ver 3.1) (Swofford, 1993) was used 

for maximum parsimony (MP) analysis. Sequence data were reduced tiom 1,83 1 sites to 785 

phylogenetically informuive sites. Both parsimony and distance data were bootstrap 

resampled (Felsenstein, 1985) 1,000 tirnes. 

RESULTS 

The lengths of the complete SSrRNA gene with GenBankIEMBL accession numbers 

in parentheses were as follows: Balantidium coli - 1,640 nucleotides (AF029763) (Figure 

2.9); Cyciopsthium sp. - 1,641 nucleotides (AFû42485) (Figure 2.10); ksytncha 

rumimmtim - 1,638 nucleotides (U57769) (Figure 2.1 1); Didnium - 1,643 
nucleotides (U5777 1) (Figure 2.12); Dileptus sp. - l,64 1 nucleotides (AF029764) F~gure 

2.13); Dipidnim &nfatum - 1,638 nucleotides (U57764) (Figure 2.14); ~ c h e & ~ n  sp. - 
1,637 nucleutides CU803 13) Figure 2.15); Entodiniuum cazî~m - 1,639 nudeotides 

(ü57765) (Figure 2.16); Epidinm cctu&iurn - 1,638 nucleotides (U57763) (Figure 2.17); 

E ~ ~ o d i n u m  maggii - 1,63 7 nucleotides (US 7766) (Figure 2.18); Isotricha inte~ninais - 

1,639 nucleotides (U57770) (Figure 2.19); Isobch prosiorna - 1,641 nucleotides 

(AF029762) (Figure 2.20); Macropodrnim yahbense - 1,63 9 nucleotides (AF042486) 

(Figure 2.21); Ophryoscolex purkynjei - 1,636 nucleotides (U57768) (Figure 2.22); and 

Polphtron muitivesimhtum - 1,6390 nucleotides (U57767) (Figure 2.23). 



aacctggttg 

atgcatgtct  

taaaacagtt 

ctagagctaa 

aattaaggtg 

atcatccaag 

accatggctt 

agcctgagaa 

acccaatcct 

t t t t g t g a t t  

agggcaagtc 

ta t taaagt t  

a t a c t c t t t t  

aaattagagt 

aacgaatgtg 

cagttggggg 
ttaaagacta 

aagaacgaaa 
tctataaact  

tacct ta tga 

agactgaaac 

tgcggcttaa 
taaggattga 

atggccgttc 

aacgagacct 

t tc t tagagg 

atcctgccag 

aagtataaat 

tagtcatatg c t tg tc tcaa  

taaaactgcg 

agactaagcc 

aatggctcat aactacacag 

a t a g t t t a t t  

tacatgccga 
aatcataata 

t t t c t g c c c t  

tcacgggtaa 

acggctacta 

gactcaggga 

gtagtgaggg 
tggtgccagc 
g t tgcagt ta  

tgagtatgct  

gtt tcaagca 

tc tagaatc t  

c a t t a g t a t t  

acgtatgcga 

gataggggat 
atgccgacta 

gaaatcaaag 

ttaaagaaat 

t t tgac tcaa  

cagattgata 

t t a g t t g g t g  

taacctgcta 

gactatg ta t  

gccc t ta ta t  

gtgcctagcc 
a t a g a t c t t t  

agtcatcatc 

tcgctcctac 

ggaaaaataa 

tgatacat ta aatggataac tgtagaaaaa 

tagatat tcc  

gtcgcgataa 

gta t tggact  

ccggagaagg 
cgcgtaaatt 

acgcaattta 
gtacgattag 

taatagcgta 

caaggcgt g t  

tactgtgaga 
agcatggaat 

ttaataggga 

c t t g g a t t t g  

t t c a t t a a t c  

cgtagtccta 

gccgt t tcag 

tatggtcgca 

gagtggagcc 
ccagacatag 

t c g t a t t t a t  
ac t t  cgcaaa t c g c g a t t t t  

a t ca tgc t t t  cgatggtagt 

cggggaatta gggt tcgat t  

catctacgga aggcagcagg 
agatataacg 
cgaaccacta 

agccgcggta 
aaaagctcgt 

attccagctc 

ag t tgga t t t  

acctactagt c tc tgac tg t  

ggct t t tgca agaatacatt 

tgg t taa t tc  tagattgcga 

taat tgtcag aggtgaaatt 

aagcatttgc caaggatgtt 

caaagacaat caga tac tg t  

t g g t t a t  aac 

t c t t t g g g t t  

gcaccaccag 

cttaccaggt cacggggaaa 
gat tc ta tgg g c t c t t t c t t  

gagtgat t tg 

actagtctaa 

t c t g g t  tccgataacg 

t c c a t t  t t a t  ggaatatgac 

ggcaataaca t taaatacat t t ga  

ggtctgtgat  
catacaacaa 

cgtgatgggg 
agtaagtgca 

acaccgcccg 

accgcgatgc 

gtcctgggct gcacgcgtgc tacactgatg 

cgccagggta tggcaatctc gaatatgcat 

gcaattatag atcttgaacg aggaattcct 

t tgca t tga t  ta tg tccc tg  ccc t t t g tac  

cgataccggg 

gtaaaccata 

tgatccggtg 

tcacctagag 
ggaaggatca 

aacc t t t tgg  

tcgtaacaag g t t t ccg tag  gtgaacctgc 

Fig. 2.9. The complete SSrRNA gene sequence of Bolantidiuin coü. The total number 
of nucleotide positions = 1,640. Base count: 480 a, 301 c, 396 g, 463 t. 



aacctggttg atcctgccag tagtcatatg cttgtctcaa agactaagcc 
aatggctcat 
tgtagaaaaa 
tagatattcc 
gttgcgataa 
gtattggact 

ctggagaaçg 
cgcgtaaatt 
acacgattaa 
gtacgattag 
taatagcgta 
caaggacagt 
actgtgagaa 
gcatggaata 
taatagagac 
ctggatttgt 
tcattaatca 
gtagtcctat 
catttcagta 
tggtcgcaag 

gtggagcctg 
agacatagta 

atgcatgtct aagtataaat aactacacag tgaaactgcg 
atagtttatt tgatacatta aatggataac 
tacatgccga gacctcacgg tcgtatttat 

taaaacagtt 
ctagagctaa 
aattaaggtg 
atcatccaag 

aatcataata acttagcaaa tcgcaatttt 
tttctgccct atcatgcttt cgatggtagt 

accatggctt tcacgggtaa cagggaatta gggttcgatt 
acggctacta catctacgga aggcagcagg 
gactcaggga ggtggtgaca agatataaca 
gtagtgaggg tattctaaac cgaaccacta 

agcttgagaa 
acccaatcct 
aatcgcgatt 
agggcaagtc tggtgccagc agccgcggta attccagctc 

gctgcagtta aaaagctcgt agttggattt tattaaagtt 
aaaccctctc gggaatactt cctactagtc tatgactgtt 
aattagagtg tttcaagcag gcttttgcaa gaatacatta 

atagaatatt ggttaattct atattacgag 
aatagtattt aattgtcaga ggtgaaattc 

acgaatgtat 

agttgggggc 
taaagactaa cgtttgcgaa agcatttgcc aaggatgttt 

ataggggatc aaagacaatc agatactgtc aggacgaaag 
ctataaacta tgccgactag ggattggagt gggaatacac 

aatcaaagtc tttgggttct ggggggagta 
aaagaaattg acggaagggc accaccagga 

ccttatgaga 
actgaaactt 
cggcttaatt tgactcaaca cggggaaact taccaggtcc 
aggattgaca gattgatagc tctttcttga ttctatgggt 

aattggtgga gtgatttgtc tggttaattc ggccgttctt 
cgagacctta 

cgataacgaa 
acctgctaac tagtttattc catttcgatg gtttacaact 

tcttagaggg actatgtaaa acaaatgcat ggaagtttga ggcaataaca 
ggtctgtgat 
catacaacaa 

cgtgatgggg 
agtaagtgca 
acaccgcccg 
acctcgtacg 
gtcgtaacaa 

gcccttatat gtcctgggct gcacgcgtgc tacactgatg 
gtgcctagcc agatatggta tggcaatctc gaatatgtat 

attgatcttt gcaattatag atcatgaacg aggaattcct 
ccctttgtac agtcatcatc ttgcattgat tatgtccctg 

tcgctcctac cgataccggg tgatccggtg aaccttttgg 
ggggaagata agtaaaccat atcacctaga 
ggtttccgta ggtgaacctg cggaaggatc 

Fig. 2.10. The cornpiete smaii subunit rRNA gene sequence of Cycloposthium sp. The 
total number of nucleotide positions = 1,641. Base count: 496 a, 300 c, 390 g, 455 t .  



1 aacctggtta atcctgccag tagtcatatg cttgtctcaa agactaagcc 
atgcatgtct aagtataaat aactacacag taaaactgcg aatggctcat 
taaaacagtt atagtttatt tgatataaca aatggataac tgtagaaaaa 

tagatattcc ctagagctaa 
aattaggtga 

tacatgccgt ttgtatttat 
tctcggtttt 
cgatggtagt 
gggttcgatt 

aggcagcagg 
agatataaca 

aaccgcaagg 
gccgagataa atcatgataa ctttgtcaaa 

atcatgcttt atcatccaag tttctgccct gtattggact 

ctggagaagg 
cgcgtaaatt 

accatggctt tcacgggtaa 
acggctacta 

cagggaatta 
agcctgagaa catctacgga 
acccaatcct acgcaattta gactcaggga 
attgtgattg 
gggcaagtc t 
attaaagttg 

tagtgagggt 
ggtgccagca 
ctgcagttaa 

tttccaaacc gaaccactag tacgattaga 
gccgcggtaa 
aaagctcgta 

ttccagctct aatagcgtat 
aaggattgtg 
actgtgagaa 

gttggatttc 
tttgactgtt tactcttcta gggtatgcac 

tttaaagcag 
cctactagtc 

aattagagtg gcaattgcaa gaatacatta gcatggaata 
acgaatgtat ctagaatctt ggttaattct aggtttcgat taatagagac 

ttggatttgt agttgggggc 
taaagactaa 

attagtattt aattgtcaga ggtgaaattc 
agcatttgcc tcattaatca cgtatgcgaa 

ataggggatc 
tgccgactag 

aaagacaatc agatactgtc gtagtcctat agaacgaaag 
ctataaacta ggaatattca ccatttcagt 
accttatgag aaatcaaagt 

taaagaaatt 
ctttgggttc tggggggagt 

caccaccagg 
ttaccaggtc 

atggtcgcaa 
agtggagcct 
cagacatagt 

tgaaac t 
gcggcttaat ttgactcaac 
aaggattgac agattgatag ctctttcttg attctatgag tggtggtgca 

ccgataacga tggccgttct tagttggtgg 
aacctgctaa 

agtgatttgt ctggttaatt 
tcattttatg 
gaagtttgag 

attaagtctt acgagacctt 
cttagaggga 

ctagactttt 
taagtatatg gcaataacag ctatatgctt 

gtctgtgatg 
atacaacaag 

gtgatwgga 
gtaagtgcaa 
caccgcccgt 
cacttttgag 
gtaacaaggt 

cccttatatg tcctgggctg cacgcgtgct acactgatgt 
tgcctagcta gatatagtat ggcaatctcg aatacgcatc 

ggaattccta tagatctttg caattataga tcttgaacga 
gtcatcatct tgcattgatt atgtccctgc 

gatccggtga 
acctagagga 

cctttgtaca 
acctgttgga 
aggagaagtc 

cgctcctacc gataccgggt 
aaatcatatc aaaaacaagt 

ttccgtaggt gaacctgcag aaggatca 

Fig. 2.11. The complete srnail subunit rRNA gene sequence of D@cha runiinwztium. 
The total number of nucleotide positions = 1,638. Base count: 49 1 a, 292 c, 3 84 g, 47 1 t. 



aacct atcctgccag tagtcatatg 
aactacacag 
tgatacatat 
aagaccgtaa 

cttgtctcaa 
taaaactgcg 
taaatggata 
ggttgtattt 
atctcagtta 
tcgatggtag 
agggttcgat 
aaggcagcag 
aagatataac 
accgaacttc 
taattccagc 
gtagttggat 
tcttagactg 
aagaatacat 
ctagattacg 
gaggtgaaat 
ccaaggatgt 
tcagataccg 
atggattcgt 

ctggggggag 
gcaccaccag 
cttaccaggt 
gattctatgg 
tctggttaat 
ctcattatat 
atggaagttt 
ctgcacgcgt 
gtgaggtaat 
tagatcttga 
gattatgtcc 

gggtgatccg 
taatcaccta 
tgcagaagga 

agattaagcc 

atgcatgtct aagtataaat aatggctcat 
actgtagaaa 
attagatatt 
tactgagata 
tgtattggac 
tccggagaag 
gcgcgtaaat 
aacacgatta 
gagtacgatt 
tccaatagcg 
ttctagataa 

taaaacagtt 
cactagagct 
ccaagtaggt 
aatcattcaa 
taccatggct 
gagcctgaga 
tacccaatcc 
aaagtcgtga 

ggagggcaag 
tatattaaag 
gtggctattc 
aaaattagag 
taacgaatgt 

acagttgggg 
attaaagact 
caagaacgaa 
atctataaac 
taccttatga 
agactgaaac 
tgcggcttaa 
taaggattga 
atggccgttc 
aacgagacct 
ttcttagagg 
caggtctgtg 
tgcatacaac 
catcgtgatg 
cctagtaaat 
tacacaccgc 
tggaccgttt 
aagtcgtaac 

atagtttatt 
aatacatgcc 
gattcataat aacttcgcaa 
gtttctgccc tatcatgctc 
ctcacgggta acggggaatt 

acatct aagg aacggctact 
tgaatcaggg aggtagtgac 
ttgtagtgag ggtattccaa 

gcagccgcgg 
taaaaagctc 

tctggtgcca 
ttgttgcagt 
gtagtttgct 
tgttcaaagc 

tgtctaccag 
aggctattgc 
ttggttaatt 

tagcatggaa 
gtctagaata attaataggg 

tcttggattt gcattagtat ttaattgtca 
tttcattaat aacgtatgcg aaagcatttg 

tcaaagacga tcgtagtcct 
tatgccgact accatatcag 
gaaatcaaag tctttgggtt tatggt 
ttaaagaaat 
tttgactcaa cacggggaaa 
cagattgata gctctttctt 

tccgataacg ttagttggtg 
taacctgcta 

gagtgatttg 
actagatatg gggtacattc 

gactatgtgt gaggcaataa cgataagcgc 
gctacactga atgcccttat atgtcctggg 
cgaatatg aagtatccaa gcccgccagg 

tttgcaatta acgaggaatt 

gcaagtcatc atcttgcatt ctgccctttg 

ccgtcgctcc taccgatacc 
taagtaaacc 

gtgaaccttt 

tacggaaaga 
aaggttt taggtgaacc 

Fig. 2.12. The complete small subunit rRNA gene sequence of Didinium nasutum. The 
total nurnber of nucleotide positions = 1,643. Base count: 492 a, 297 c, 395 g, 459 t. 



aacctggttg atcctgccag tagtcatatg cttgtctcaa agactaagcc 
atgcatgtct 
taaaacagtt 
ctagagctaa 

tggtaggtga 
tcattcaagt 
ccatggctct 
gcctgagaaa 
cccaatcctg 
aattcgcgat 
gaggacaagt 
tatattaaag 
aggcctcaaa 
aaaattagag 
taacgaatgt 

acagttgggg 
gttaaagact 
caagaacgaa 
atctataaac 
accttatgag 
gactgaaact 
gcggcttaat 
aaggattgac 
tgcccgttct 

aagtataaat aactacacag taaaactgcg aatggctcat 
atagtttatt tgatataaca aatggataac tgtagaaaaa 

tagatattcc 
tcacgataaa 

tacatgccat 
ttcataataa 

aaccgtaagg 
cttagcgaat 

ttgtatttat 
cgtgactcgc 

ttctgcccta tcatgctttc tattggacta 
cacgggtaac 
cggctactac 

ggagaattag 
atctaaggaa 

ggttcgattc cggagaagga 
gcgtaaatta 99cagcaggc 

gatataacaa 
ccgaaattcg 

actcagggag 

tgtagtgagg 
cttggtgcca 

gtagtgacaa 
ttattccaaa 

cgtgaagtca 
agtacgattg 

taattccagc tccaatagcg gcacccgcgg 
taaaaagctc ttgttgcagt gtagttggat 

tccgggacag 
aggaatacat 

ttctagggag 
accaatccct actagtccct ttactgtgag 

aggcgtttgc tagcatggaa tgtttcaagc 
ttctagaatc ttggttaatt ctagacaacg attaataggg 

tcttggattt gcattagtat ttaactgt gaggtgaaat 
ccaaggatgt 
tcagatactg 

aacgtatgcg aaagcatttg tttcattaat 
tcaaagacaa tcgtagtcct 

tttcctcagt gaaattaaag 
aaatcaaagt ctttgggttc tggggggagt 

caccaccagg 
atggtcgcaa 
agtggagcct 
cagacatagt 

taaagaaatt 
ttgactcaac ttaccaggtc acggggaaac 
agattgatag ctctttcttg attctatggg 

ctggttaatt 
twtg9"Lgca 
ccgataacga 
gaatttgatt 
aggcaataac 
ctacactgat 
acaatatgta 
gaggaattcc 
gccctttgta 
gaacctttta 

ggaaggagaa 
a 

agtgatttgt 
ataatctgtt acgagacctt 

Kttagaggg 
aggtccgtga 
acatacaaca 

tcgtgatggg 
tagtaaatgc 
cacaccgccc 
gaccgtttat 
qtcqtaacaa 

aacctgctaa ccattttatg 
tataagc tggaagtttg actatgcgac 

tgcccttata tgtcctgggc tgcacgcgtg 
agtgcctagt 
gatagatctt 

ccgctaggat atggcaatct 
tgcaattata gatcttgaac 

aagtcatcat cttgcgttga ttatgtccct 
gtcgctccta 
cggaaaaata 
qqtttccqta 

ccgataccgg gtgatccggt 
atcacctaga agtaaacctt 

qgtgaacctg cggaaqqatc 

Fig. 2-13. The complete smd subunit rRNA gene sequence of Dileprirs sp. The total number 
of nucleotide positions = l,64 1 Base count: 492 a, 306 c, 3 89 g, 454 t. 



aacctggttg 
atgcatgtct 

atcctgccag 
aagtataaat 

tagt catatg cttgtctcaa agactaagcc 
taaaactgcg aatggctcat aactacacag 

tacaacggtt attgtttatt tgatacaaca 
aaccgcaagg 
cttcgcaaat 
tcatgctttc 
agggaattag 
atctacggaa 
gtggtgacaa 
attctaaaca 
gccgcggtaa 
aaagctcgta 
cctactagtc 
gctttcgcaa 
ggttaattct 
aattgtcaga 
agcatttgcc 
aaagacaatc 

ggattggagt 
tttgggttct 

acggaagggc 
cggggaaact 
tctttcttga 
gtgatttgtc 
tagatccttt 
caaatacatg 
tcctgggctg 
gacatggtat 
caattataga 
tgcattgatt 
gataccgggt 
aaaccatatc 
gaacctgcag 

aatggataac tgtagaaaaa 
ctagagctaa ttgtatttat tagatattcc tacatgcttt 

atcataataa ctcgtttatg acgagataaa 
gatggtagtg tattggacta ttctgcccta 

ccatggctct ggttcgattc tggagaagga 
ggcagcaggc gcgtaaatta 
gatataacaa cgcgatcaaa 
gaacctatag tacgattaga 

cacgggtaac 
gcctgagaaa 
cccaatcctg 

cggctactac 
actcagggag 

ta9tgagggt 
ggt gccagca 
ctgcagttaa 

atcgcgattg 
gggcaagtct 
attaaagttg 

ttccagctct aatagcgtat 
gttggatttc aaggactgta 
attgactgtt actgtgagaa gacccctctg gggaatacat 

tttcaagcag aattagagtg gaatacatta gcatggaata 
aaattacgat taatagagac acgaatgtat ttagaatctt 
ggtgaaattc ttggatttgt 
aaggatgttt tcattaatca 

agttgggggc 
taaagactaa 

attagtattt 
cgta tgcgaa 

aggacgaatg 
ctataaacta 

ataggggatc agatactgtc gtactcctat 
gggaatacac catttcagta tgccgactag 

ccttatgaga wggggagta wgtcgcaag 
accaccagga gtggagcctg 
taccaggtcc agacatagta 

aatcaaagtc 
actgaaa aaagaaattg 
cggcttaact tgactcaaca 
aggattgaca tgat ttctatgggt ggtggtgcat 
ggccgttctt agttggtgga 

acctgctaat 
tggttaattc cgataacgaa 
tatcttataa tcggtatctt cgagacctta 

cttagaggga 
gtcagtgatg 
atacaacaag 

ctatgtaaaa gaagtttgag gcaataacag 
cccttatatg cacgcgtgcc acactgatgt 

ggcaatctcg aatatgcatc tgcctaacca 

gtgatgggga 
gtaagtgcaa 

taga tctttg tcttgaacga ggaattccta 
atgtccctgc cctttgtaca gtcatcatct 

cgctcctacc gatccggtga accttttgga 
acctagagga aggagaagtc 

caccgtccgt 
ccttaactgg gaagataagt 
gtaacaaggt ttccgtaggt aaggatca 

Fig. 2.14. The cornpiete s m d  subunit rRNA gene sequence of DipIoCiiinium &ntufum The 
total number of nucleotide positions = 1,63 8. Base count: 494 q 3 0 1 c, 3 86 g, 457 t. 



aacctggttg atcctgccag tagtcatatg cttgtctcaa agattaagcc 
atgcatgtct aagtataagt aactacacag taaaactgcg aatggctcat 
taaaacagtt atagtttatt tgatacataa 

aaccgtaagg 
aatggataac tgtagaaaaa 

ctagagctaa tacatgcctt ttgtatttat tagatatacc 
ttcataataa ctttgcaaat cgctgcgaag cagtgataaa 
ttctgcccta tcatgctttc 

ggagaattag 
tattggacta 

cggagaagga 
gcgtaaatta 

ccatggctct ggttcgattc cacgggtaac 
gcctgagaaa 
cccaatcctg 

cggctactac atctaaggaa 
actcagggag 

tagtgagggt 
ggcgccagca 

gtagtgacag 
attctaaacc 

cgcgattaaa 
ttcgtgattg gaacttcgag tacgattaga 

aatagcgtat gggcaagtct gccgcggtaa 
aaagctcgta 
ctatcagtca 

ttccagctct 
attaaagttg ttgcagttaa gttggatttc aagagtcgca 
atgtgtccgc ttgactgtta ctgtgagaaa acattgctct 
attagagtgt 
cgaatgtcta 

ctattgcagg aatacattag catggaataa ttcaagcagg 
gaatcttggt taattctaga tgaagattaa tagggacagt 

gattatttaa agtatttaat tgtcagaggt 
atttgccaag 

gaaattcttg 
gatgttttca atgcgaaagc ttaatcaaga 
taccgtcgta gtcctatcta acgaaagata ggggatcaaa gacgatcaga 

taaactatgc aaagtaccat cttagtacct cgactaggga 
tatgaga caaagtcttt wgagtatgg 

accaggagtg 
caggt ccaga 

tcgcaagact 
gaaacttaaa gaaattgacg gaagggcacc 

ggaaacttac cttaatttga ctc aacacgg 
attgacagat tgatagctct ttcttgattc ggtgcatggc 

taacgaacga cgttcttagt atttgtctgg 
acttgcttat 

ttaattccgt 
gaccttaacc tttataggta cagtcttctt 

tgttgcgatg 
cttatatgtc 
cctagcccga 
gatctttgca 
catcatcttg 
ctcctaccga 
aagataagta 

agcacatgga 
ctgggctgca 

tagggtaagg 
attatagatc 

agtttgaggc aataacaggt agagggacta 
ctgtgatgcc cgcgtgctac actgatgcat 
acaacgagtt caatctttaa tatgcatcgt 

ttgaacgagg aattcctagt 
cattgattat gtccctgccc tttgtacaca 

taaggtgaat ttgttggacc ccgcccgtcg taccgggtga 
aaccttatca gttttacggg 

taacaaggtt 
cctagaggaa 

tccgtaggtg aacctgcaga aggatca 

Fig. 2.15. The complete small subunit rRNA gene sequence of Enchelyudon sp. The total 
number of nucleotide positions = 1,637 Base count: 484 a, 292 c, 402 g, 459 t. 



aacctggttg atcctgccag 
aagtataaat 
attgtttatt 
tacatgctaa 
atcataataa 
ttctgcccta 
cacgggtaac 
cggctactac 
aatcagggag 

gtagtgaggg 
tggcgccagc 
gctgcagtta 
gggaatacac 
tttcaagcag 
ttagaatcgt 
cattagtatt 
acgtatgcga 

gataggggat 
atgccgacta 
aaatcaaagt 
taaagaaatt 
ttgactcaac 
agattgatag 

taatcatatg cttgtctcaa agactaagcc 
atgcatgtct taaaactgcg aatggctcat aactacatag 
tacaacagtt 
ctagagctaa 
gataaggtga 
tcatccaagt 
ccatggctct 
gcctgagaaa 
cccaatcctg 
aatttcgatt 
agggcaagtc 
tactaaagtt 
attctttacc 
aattagagtg 
acgaatgtat 

cagttgwgg 
ttaaagacta 
aaggacgaaa 
tctataaact 
accttatgag 
gactgaaact 
gcggcttaat 
aaggattgac 
tggccgttct 
acgagacctt 
tcttacaggg 
ggtcagtgat 
catacaacaa 

cgtgatgggg 
agtaagtgca 
acaccgcccg 
actcctttgg 
cgtaacaagg 

tgatacatta aatggataac tgtataaaaa 
ttgtatttat tagatattcc ggccgcaagg 

cttcgcaaat ctcatctatg atgggataaa 
tcatgctttc gttggtagtg tattggacta 

ggttcgattc tggagaacga 
ggcagcaggc gcgtaaatta 
gatataacaa cgagacctta 

agggaattag 
atctacggaa 
gtggtgacaa 
ttttttaaat agaacctata gtacgattag 

attccagctc taatagcgta agccgcggt a 
aaaagctcgt agttggattt caaggtttgt 
cctactagtc attgactgtt actgtgagaa 

gaatacatta gcatggaata gcttttgcaa 
taaataacga ttcatagaga ggtttaattc 
aggtgaattt cttggatttg 
caaggatgtt ttcattaatc 

taattgtcag 
aagcat ttgc 
caaagacaat cagatactgt cgtagtccta 

tgggcatata ccatttcagt 
ctttgggttc 

ttaccaggtc cagacgtagt acggggaaac 
attctatggg ctctttcttg 

agtgatttgt ctggttaatt ccgataacga 
gatgatatct aacctgctaa ctagattctt ctatactata 

actatgttat acaaatacat ggaagtttga ggcaataaca 
tacactgatg gcccttatat gtcctgggct gcacgcgtgc 

tggcaatctc gaatatgcat gtgcctaacc 
atagatcttt 

agacatggta 
atcttgaacg aggaattcct gcaattatag 

agtcatcatc tatgtccctg ccctttgtac ttgcattgat 
tgatccggtg 
cacctagagg 
gaaggaaca 

aaccttttgg tcgctcctac cgataccggg 
taaaccatat aaggagaagt gaaagataag 

tttccgtagg tgaacctgca 

Fig. 2.16. The complete smaii subunit rRNA gene sequence of Entodinium caudatum. The 
total nurnber of nucleotide positions = 1,639. Base count: 493 a, 298 c, 3 82 g, 466 t. 



aacctggttg atcctgccag 
tgcatgtcta agtataaata 
acaacagtta ttgtttattt 
tagagctaat acatgctaag 
gattggtgaa tcataataac 
catccaagtt tctgccctat 
catggctctc acgggtaaca 
cctgagaaac ggctactaca 
ccaatcctga ctcagggagg 
tcgcgattgt agtgagggta 
ggcaagtctg gtgccggcag 
ttaatgttgc tgcagttaaa 
accctccggg gaatacatcc 
ttagagtgtt tcaagcaggc 
gaatgtattt agaatcttgg 
ttqggggcat tagtatttaa 
aagactaacg tatgcgaaag 
gacgaaagat aggggatcaa 
ataaactatg ccgactaggg 
ttatgagaaa tcaaagtctt 
tgaaacttaa agaaattgac 
gcttaatttg actcaacacg 
gattgacaga ttgatagctc 
ccgttcttag ttggtggagt 
agaccttaac ctgctaacta 
tagagggact atgtaaatca 
cagtgatgcc cttatatgtc 
acaacaagtg cctagccaga 
gatggggata gatctttgca 
aagtgcaagt catcatcttg 
ccgcccgtcg ctcctaccga 
ccgtacgggg gaagataagt 
gtaacaaggt ttccgtaggt 

taacatatgc 
actacacagt 
gatacattaa 
gcctcacggt 
ttcgcaaotc 
catgctttcg 

gggaattagg 
tctacggaag 
t ggtgacaag 
ttctaaatag 
ccgcggtaat 
aagctcgtag 
tactagtctt 
tttcgcaaga 
ttaattctaa 
ttgtcagagç 
catttgccaa 
agacaatcag 

attggagtgg 
tgggttctgg 
ggaaggg-c 
gggaaactta 

ttgtctcaaa gattaagcca 
aaaactgcga atggctcatt 
atggataact gtagaaaaac 

agatattcca cgtatttatt 
tcgtttatga cgagataaat 

tygactac atggtagtgt 
gttcgattct ggagaaggag 

cgtaaattac 
gcgatttata 

gcagcaggcg 
atataacaac 

acgattagag aacctatagt 
tccagctcta atagcgtata 
ttggatttca 
tgactgttac 
atatattagc 
attacgatta 

aggactgtaa 
tgtgagtaaa 
atggaataac 
atagagacag 
ggatttgtta tgaaattctt 

ggatgttttc 
atactgtcgt 
gaatacacca 

ggggagtatg 
caccaggagt 
ccaggtccag 

attaatcaag 
agtcctatct 
tttcagtacc 
gtcgcaagac 

ggagcctgcg 
acatagtaag 

tttcttgatt 
gatttgtctg 
gttctcaata ctctgtattc tgcaacttct 
attacatgga agtttgaggc aataacaggt 

cgcgtgctac actgatgcat ctgggctgca 
caatctcgaa tatgcatcgt catggtatgg 

attatagatc ttgaacgagg aattcctagt 
cattgattat gtccctgccc tttgtacaca 

taccgggtga 
aaaccatatc 

tccggtgaac cttttggact 
acctagagga aggagaagtc 

gaacctgcag aaggatca 

Fig. 2.17. The complete s m d  subunit rRNA gene sequence of Epidinum cnudohtm. The 
total nurnber of nucleotide positions = 1,63 8. Base count: 487 a, 303 c, 3 89 g, 459 t. 



aacctggttg 
atgcatgtct 

atcctgccag tagtcatatg cttgtctcaa agactaagcc 
aagtataaat 
attgtttatt 
tacatgctat 

aactacacag 
tgatacataa 
aaccgcaagg 
cttcgcaaat 
tcatgctttc 
agggaattag 
atctacggaa 
gtggtgacaa 
ttctaaacag 
ccgcggtaat 
aagctcgtag 
tactagtctc 
ctttcgcaag 
gttaattcta 
attgtcagag 
gcatttgcca 
aagacaatca 

gattggagtg 
ttgggttctg 

cggaagggca 
ggggaaactt 
ctttcttgat 
tgatttgtct 
agattctttt 
aaatacatgg 
cctgggctgc 
acatggcatg 
aattatagat 
gcattgatta 
ataccgggtg 
aaccatatca 
aacctacaaa 

taaaactgcg aatggctcat 
tacaacagtt aatggataac tgtagaaaaa 

tagatattcc 
acgagataaa 
tattggacta 

tggagaagga 
gcgtaaatta 
cgcgatatta 
acgattagag 
atagcgtata 
aggactgtaa 
ctgtgagaaa 
catggaataa 
aatagagaca 

ttgtatttat ctagagctaa 
aaattggtga atcataataa ctcgtttatg 
tca tccaagt ttctgcccta 
ccatggctct cacgggtaac 
gcctgagaaa cggctactac ggcagcaggc 

gatataacaa cccaatcctg actcagggag 

agtgagggta 
gtgccagcag 
tgcagttaaa 

tcgcga ttgt aacctatagt 
tccagctcta ggcaagtttg 

ttaaagttgc ttggatttca 
accctctcgg gaatacatcc cggactgtta 
attagagtgt ttcaagcagg 

tagaatcttg 
aatacattag 

cgaatgtatt aattacggtt 
ttagtattta gtgaaattct tggatttgtt 

tgcgaaa aggatgtttt 
gatactgtcg 

cattaatcaa aaagactaac 
taggggatca 
gccgactagg 
atcaaagttt 

tagtcctatc ggacgaaaga 
tataaactat atttcagtac ggcatacacc 
cttatgagaa gggggagtat 

ccaccaggag 
ggtcgcaaga 

ctgaaactta aagaaattga tggagcctgc 
gacatagtaa ggcttaattt 

ggattgacag 
gccgttctta 

gactcaacac accaggtcca 
tgatagct tctatgggtg 

ggttaattcc 
atcctataaa 

gtggtgcatg 
gataacgaac 
agttatcttc gagaccttaa 

ttagagggac tatgtaaaac aagtttgagg 
acgcgtgcta 
gcaatctcga 
cttgaacgag 

caataacagg 
ccttatatgt cactgatgca tcagtgatgc 

tacaacaagt atatgcatcg gcctaaccag 
agatctttgc gaattcctag tgataqggat 

taagtgcaag tcatcatctt tgtccctgcc ctttgtacac 
gctcc atccggtgaa ccttttggac accgcccgtc 

ctgtatgggg 
taacaaggtt 

aagataagta cctagaggaa 
tccgtaggtg aaaatca 

Fig. 2.18. The cornpiete s m d  subunit rRNA gene sequence of Euiplu~nium maggii The 
total number of nucleotide positions = 1,637. Base count: 497 a, 300 c, 384 g, 456 t. 



aacctggttg 
atgcatgtct 

atcctgccag tagtcatatg cttgtctcaa agactaagcc 
taaaactgcg aatggctcat 
aatggataac tgtagaaaaa 
tcgtatttat tagataactc 
caatttcatt gagatatatc 
ggtagtgtat tggactacca 
tcgattctgg agaaggagcc 
agcaggcgcg taaattaccc 
ataatgacgc tatgaaaaat 
accacaagta cgattagagg 
ccagctctaa tagcgtatat 
tggatttcaa ggaacacgta 
gggctgttac tgtgagaaaa 
atacattagc atggaataac 
gatctcgatt aatagagaca 
gtgaaattct tggatttgtt 
aggatgtttt cattaatcaa 
gatactgtcg tagtcctatc 
gaaattcacc atttcagtac 

qg9ggagtat ggtcgcaaga 
ccaccaggag tggagcctgc 
accaggtcca gacatagtaa 
tctatgggtg gtggtgcatg 
ggttaattcc gataacgaac 
atttcatgta atttgacttc 
aagtttgagg caataacagg 
acgcgtgcta cactgatgca 
gcaatctgga atatgcatcg 
cttgaacgag gaattcctag 
tgtccctgcc ctttgtacac 
atccggtgaa ccttttggac 
cacctagagg aaggagaagt 
gaaggatca 

aagtataaat aactacacag 
tgatacatta 

ggccgcaagg 
tagcaaatct 
agctttcgat 
gaattagggt 
tacggaaggc 
gtgacaagat 
tccaaaccga 
cgcggtaatt 
agctcgtagt 
tactagccct 
ttttgcaaga 

taaaacagtt 
ctagagctaa 
caatatgaat 
atccaagttt 
tggctttcac 
tgagaaacgg 
aatcctgact 
agtgattata 
gcaagtctgg 
taaagttgct 
ttcccccgga 
ttagagtgtt 
gaatgagtcc 

atagtttatt 
tacatgccaa 
catagtaact 
ctgccctatc 

gttaaaa 
atatgtgccc 
taaagcaagc 
agaatctagg taa ttcta 
ttagtattta attgtcagag 

gcatttgcca aaagactaac gtatgcgaaa 
aagacaatca gaacgaaaga taggggatca 

tataaactat gccgactagg 
atcaaagtct cttatgagaâ ttgggttctg 

ctgaaacttâ aagaaattga 
ggcttaattt gactcaacac ggggaaactt 
ggattgacag ctttcttgat 
gccgttctta tgatttgtct 

agtctattac gagaccttàa cctgctaact 
ttagagggac 
tctgtgatgc 

tacatgg tatgtatatc 
ccttatatgt cctgggctgc 

tacaacaagt acatagtatg gcctagctag 
agatctttgc aattatagat 
tcatcatctt gcattgatta 

accgcccgtc gctcctaccg ataccgggtg 
taaacca tat cgcaagag gaaaaataag 

cgtaacaagg tgaacctgca tttccgtagg 

Fig. 2.19. The complete srnall subunit rRNA gene sequence of Isoûicha intestinah. The 
total nurnber of nucleotide positions = 1,639. Base count: 503 a, 302 c, 3 84 g 450 t. 



aacctggt 

a tgca tg tc t  

taaaacagtt 

ctagagctaa 

aattaagatg 

atcatccaag 

cca tggc t t t  

gcctgagaaa 

cccaatcctg 

g tcg tga t tg  

gggcaagtct 

a t taaagt tg  

c a t t c c t a t g  

gaaaattaga 

ataacgaatg 

gacagttggg 
tgttaaagac 

tcaagaacga 

ta tc ta taaa 

g tacc t ta tg  

aagactgaaa 

ctgcggct ta 

gtaaggattg 

catggccgtt  

gaacgagacc 
c t t c t t agag  

caggtctgtg 

tgcatacaac 

atcgtgatgg 

ctagtaagtg 
acacaccgcc 

ggaccttaat 

gtcgtaacaa 

atcctgccag 

aagtataaat 

a t a g t t t a t t  

tacatgccga 
aatcataata 

t tac tgccct  

cacgggtaac 

cggctactac 

actcagggag 

tagtgaggat 

ggtgccagca 

ctgcagttaa 

gaatgtgtac 

gtgt t taaag 

agtcatgaat 

ggcattagta 

taact tatgc 

aagatagggg 
ctatgccgac 

agaaatcaaa 

cttaaagaaa 
at t tgactca 

acagattgat 

c t tag t tgg t  

t taacctgct  

ggactatgca 

atgccct tat  

aagtgcctag 

ggatagatct 

caagtcatca 

cgtcgctcct 

aggaaaaata 

ggt t tccgta 

tagtcatatg  c t tg tc tcaa  

aactacacag taaaactgcg 

tgatacat ta  aatggataac 

gaccacaagg t t g t a t t t a t  
acttcacaaa tc tcgatatc  

a tcagc t t t c  gatggtagtg 

agggaattag ggt tcgat tc  

atctacggaa ggcagcaggc 

gtggtgacaa gatataacga 

attccaaaca gaatcacaag 

gccgcggtaa t tccagctc t  

aaagctcgta g t tgga t t t c  

cctactagcc agtat tggct  

caggctcatg caagaataca 

c t t g g t t a a t  t c t t g t a c t c  

t t t a a t t g t c  agaggtgaaa 

gaaagcattt gccaaggatg 

atcaaagaca atcagatact 

tagggattgg aatggcaatt 

g t c t t t g g g t  tctgggggga 
ttgacggaag ggcaccacca 

acacggggaa acttaccagg 

a g c t c t t t c t  t ga t t c ta tg  

ggagtgat t t  gtctggt taa 

aat tagtcgt  cc tca ta t ta  

tatcaagtgc atggaagttt  

atgtcctggg ctgcacgcgt 

ctagacatag tatggcaatc 

t t gcaa t ta t  agatcttgaa 

t c t t g c a t t g  a t ta tg tccc 

accgataccg ggtgatccgg 

agtaaacctt atcacctaga 

ggtgaacctg cggaaggatc 

agactaagcc 

aatggctcat 

tgtagaaaaa 

t a g a t a t t g t  

atcgagataa 

t tggacta 

tggagaagga 
gcgtaaatta 

cccgattaat  

aacgat 

aatagc 

aaggat 
g t t a c t  

t tagca 

ac t  

gattaataga 

t t c t t g g a t t  

t t t t c a t t a a  

gtcgtagtcc 

tacca 

gtatggtcgc 

ggagtggagc 
tccagacata 

t tccgataac 

tggggtatga 
gaggcaataa 

gctacactga 

tggaatatgc 

cgaggaattc 

t g c c c t t t g t  
t g a a c c t t t t  

Fig. 230. The complete s m d  subunit rRNA gene sequence of Isoûicha prostom. The totd 
nurnber of nucleotide positions = l,64 1. Base count: 500 a, 297 c, 3 87 g, 457 t. 



aacctggttg 
atgcatgtct 
taaaacagtt 

ctagagctaa 

aattaaggtg 
atcatccaag 
accatggct 
agcctgagaa 
acccaatcct 
aatcgcgatc 

agggcaagtc 

ta t taaagt t  

aatcacctac 

aaaa 
taacgaatgt 

aagaacgaaa 

tctataaact 

ccttatgaga 

actgaaactt 

cggcttaatt  
aggattgaca 
ggccgttct t  
cgagacctta 

cttagaggga 
tctgtgatgc 
tacaacaagt 

tgatggggat 
taagtgcaag 
accgcccgtc 

tgctcacgcg 
cgtaacaagg 

atcctgccag 
aagtataaat 
a t a g t t t a t t  

tacatgccga 

aatcataata 
t t t c t g c c c t  
ttacgggtaa 

acggctacta 

gaatcaggga 

gtagtgaggg 
tgg t  gccagc 

gctgcagtta 

ggcgattata 
tg t t toaagc 
g t t tagaatc  

c a t t a g t a t t  

acttatgcga 

gataggggat 
atgccgacta 

aatcaaagtc 

aaagaaattg 

tgactcaaca 
gattgatagc 

agttggtgga 
acctgctaac 
c t a t g t t t t t  
c c t t a t a t g t  
gcctagcccg 

tgaac t t tgc  

t c a t c a t c t t  

gctcctaccg 
gaaagataag 
t t tccgtagg 

tagtcatatg c t tg tc tcaa  agactaagcc 
aactacacag tgaaactgcg aatggctcat  

tgatacat ta  aatggataac tgtagaaaaa 

gacctcacgg t c g t a t t t a t  t aga ta t t cc  
acttagcaaa t cgcaa t t t t  gt tgcgataa 
a t ca tgc t t t  cgatggtagt g ta t tggac t  
cggggaatta gggttcgat t  ccggagaagg 
catctacgga aggcagcagg cgcgtaaatt  
ggtggtgaca agatataacg gagtgaataa 
t t t t c t a t a c  caaaccacta gtaccat tag 

agccgcggta attccagctc taatagcgta 

aaaagctcgt ag t tgga t t t  caaggaatat 

ccctactacc ctctcgggtg t t a c t t t g a g  

aggcatttgc aagaatacat tagcatggaa 
t t g g t t a a t t  ctagatgcgg ttaataggga 
taatagtcag aggtgaaatt c c t gga t t t g  
aagcatttgc caaggatgtt t t c a t t a a t c  

caaagacaat cagacactgt cgtagtccta 

ggggttggag tgacat tcat  cact tcagta 

t t t q g g t t c t  ggggggagta tggtcgcaag 

acggaagggc accaccagga gtggagcctg 

cggggaaact taccaggtcc agacatagta 
t c t t t c t t g a  t t c ta tggg t  ggtggtgcat 
g t ga t t t g t c  tgg t taa t t c  cgataacgaa 
t aa t c t a t t c  catcctatgg a a t c t g a t t t  
aaatacatgg aagtttgagg caataacagg 
cctgggctgc acgcgtgcta cactgataca 

ctagggtacg gcaatctcga a ta tg ta t cg  

aa t ta tag t t  catgaacgag gaat tcc tag 

gcgt tgat ta  tgtccctgcc c t t t g t acac  

ataccgggtg atccggtgaa cc t t t t ggac  
taaaccacat cacctagagg aaggagaagt 
tgaacctgcg gaaggatca 

Fig. 2.21. The complete SSrRNA gene sequence of Macropodinium yalanbense. The 
total number of nucleotide positions = 1,639. Base count: 486 a, 309 c, 390 g, 454 t .  



aacctggttg atcctgccag tagcatatgc 
tgcatgtcta agtataaata actacacagt 
acaacagtta ttgtttattt gatacattaa 
tagagctaat acatgctaag gccgcaaggt 
aatcggtgaa tcataataac ttcgcaaatc 
catccaagtt tctgccctat catgctttcg 
catggctctc acgggtaaca gggaattagg 
cctgagaaac ggctactaca tctacggaag 
ccaatcctga ctcagggagg tggtgacaag 
tcgcgattgt agcgagggta ttctaaatag 
ggcaagtctg gtgccagcag ccgcggtaat 
ttaatgttgc tgcagttaaa aagctcgtag 
accctcccgg gcatacaacc tactagtctc 
ttagagtgtt tcaagcaggc ttttgcaaga 
gaatgtattt agaatcttgg ttaattctat 
ttgggggcat tagtatttaa ttgtcagagg 
aagactaacg tatgcgaaag catttgccaa 
gacgaaagat aggggatcaa agacaatcag 
ataaactatg ccgactaggg attggagtgg 
ttatgagaaa tcaaagtctt tgggttctgg 
tgaaacttaa agaaattgac ggaagggcac 
gcttaatttg actcaacacg gggaaactta 
gattgacaga ttgatagctc tttcttgatt 
ccgttcttag ttggtggagt gatttgtctg 
agaccttaac ctgctaacta gttgcttttg 
tagagggact atgtaaatca attacatgga 
cagtgatgcc cttatatgtc ctgggctgca 
acaacaagtg cctagccaga catggtatgg 
gatggggata gatctttgca attatagatc 
aagtgcaagt catcatcttg cattgattat 
ccgcccgtcg ctcctaccga taccgggtga 
cgcaagggaa agataagtaa accatatcac 
aacaaggttt ccgtaggtga agctgcagaa 

ttgtctcaaa 
aaaactgcga 
atggataact 
cgtatttatt 
tcatctatga 
atggtagtgt 
gttcgattct 

aacctatagt 
tccagctcta 
ttggatttca 
tgactgttac 
atatattagc 
attacgatta 
tgaaattctt 
ggatgttttc 
atactgtcgt 
gaatacacca 

ccaggtccag 

gttaattccg 
ctttgcgatt 
agtttgaggc 
cgcgtgctac 
caatctcgaa 
ttgaacgagg 
gtccctgccc 
tccggtgtac 
ctagaggaag 
ggatca 

gactaagcca 
atggctcatt 
gtagaaaaac 
agatattcca 
tgagataaat 
attggactac 

ggagaaggag 
cgtaaattac 
gcgatttata 
acgat tagag 
atagcgtata 
aggactgtat 
tgtgagtaaa 
atggaataac 
atagagacag 
ggatttgtta 
attaatcaag 
agtcctatct 
tttcagtacc 
gtcgcaagac 

acatagtaag 

gctaacttct 
aa taacaggt 
actgatgtat 
tatgcatcgt 
aattcc tagt 
tttgtacaca 
cttttggact 
gagaagtcgt 

Fig. 2.22. The complete srnall subunit rRNA gene sequence of @hryoscoLexpurkynjei. The 
total number of nucleotide positions = 1,636. Base count: 486 a, 302 c, 389 g, 459 t. 



aacctggt atcctgccag tagtcatatg cttgt ctcaa agactaagcc 
gcatgtct aagtataaat aactacacag taaaactgcg aatggctcat 

tacaacagtt 
ctagagctaa 
gaattggtga 
tcatccaagt 
ccatggctct 
cctgagaaac 
ccaatcctga 
tcgcgattgt 
ggcaagtctg 
ttaaagttgc 
aacctccacg 
aattagagtg 
acgaatgtat 

agttgggggc 
taaagactga 
aggacgaaag 
ctataaacta 
accttatgag 
gactgaaact 
gcggcttaat 
aaggattgac 
tggccgttct 
acgagacctt 
tcctagagçg 
ggtcagtga t 
tatacaacaa 

cgtgataggg 
agtaagtgca 
acaccgcccg 
acctgtaagg 
cgtaacaagg 

attgtttatt tgatacaaca aatggataac tgtagaaaaa 
ttgtatttat tagatattct tacatgcttt aatcgtaaga 

atcataataa cttcgcaaat ctcgtttatg acgagataaa 
tattggacta ttctgcccta tcatgctttc gatggtagtg 

gttcgattct cacgggtaac aggaattagg 
ggctactaca tctacggaag 

gcggttatta 
acgattagag 
atagcgtata 

tggtgacaag 
ttctaaacag aacctatagt 

tccagctcta taat 
ttggatttca aggattgtaa 

actgtgagaa 
tgcagt taaa aagctcgtag 
gggatacatc ctactagtct tcggactgtt 

gaatacatta r t tcaagcag gctttcgcaa gcatggaata 
taatagagac taattct aaattacgat 
ttggatttgt 
tcattaatca 

attagtattt aattgtcaga ggtgaaat tc 
aaggatgttt cgtatgcgaa agcatttgcc 

gtagtcctat 3 taggggatc aaagacaatc agatactgtc 
gggttataca ccatttcagt tgccgactag 

ctttgggttc atggtcgcaa aaa tcaaagt 
agtggagcct taaagaaatt 
cagacatagt ttgactcaac ttaccaggtc acggggaaac 

attctatggg ctctttcttg 
agtgatttgt ctggttaatt 
ctagattcta tcatcttatg attgatatct aacctgctaa 
acaaatacat ggaagtttga 

gcacgcgtgc 
ggcaataaca actatgttaa 

gtcctgggct 
agacatggta 
gcaattatag 

cacactgatg 
gaatatgcat taacc tggcaatctc 

atcttgaacg aggaattcct atagatcttt 
âgtcatcatc ttgcattgac tatgtccctg ccctttgtac 

aaccttttgg tcgctcctac cgataccggg 
taaaccatat 

tgatccggtg 
cacctagagg aaggagaagt ggaagataag 

tttccgtagg tgaacctgca gaaggat ca 

Fig. 2.23. The cornpiete small subunit rRNA sequence of Polyplamon nuc~&sicu~afurn 
The total number of nucleotide positions = 1,639. Base count: 493 a, 298 c, 388 g, 460 t. 



MoIecular phylogenies 

The complete SSrRNA gene sequences of these 15 ciIiates were exarnined and 

compared against other SSrRNA gene sequences fiom ciliates, representing most of the 

major limages within the phylum Ciliophora, and those nom other eukaryotes. Bootstrap 

values of both parsimony (Figure 2.24) and distance-matrix (Figure 2.25) trees strongly 

support (93% MP, 100% LS, 100Y0 NJ) the ciliates as a monophyletic group and as the 

sister group 100% of the time to the apicomplexan-dinofiagellate clade (cf. Figures 2.24, 

2.2 5) ,  forming a cluster known as the alveolates (Parvkingdorn Alveoiata) (Cavalier-Smith, 

1993). 

AU major heages within the phylum Ciliophora (Le. classes Litostomatea, 

Spirotrichea, Prostomatea, Colpodq Oligohymenophorea, Nassophorea, Phyllopharyngea, 

Karyo relictea, and Heterotnchea) are mono phyletic with boot strap analyses strongly 

supporthg the karyoreliaeans-heterotrich as the sister group to d other ciliates. These two 

major heages comprise the subphylum Postciliodesrnatophora Gerassirnova and Seravin, 1976 

with the remaining ciliates making up the subphylum htramacronucleata L m  1996. 

Bootstrap data strongly support the vertebrate endosymbionts (subclass 

Trichostomatia) as a rnonophyletic group 100% of tirne. However, parsimony and distance- 

rnatrk analyses could not resolve the phylogenetic positions of the putative entodiniomorphid 

ciliate M. evaImbense (Macropodinüdae) and the putative vestibuliferid ciliate B. coli ( c f  

Figures 2.24, 2.25). As a result, branches were wllapsed to produce a polychotomy with 

M~~~opoctnizntl and Bulantidium on a branch with a clade consisting of the vestibuliferids 

I s o ~ c k  spp. and Dasytricha (order Vestr'buliferida) and a clade consisting of the 



Fig. 2.2 4. A maximum parsimony tree of the ciliates inferreci nom complete S SrRNA gene 
sequences using a bootstrap resampling of the &ta set. The numbers at the forks represent the 
percentage of times the group occwed out of 1,000 trees. Branches with less than 50% 
bootstrap support were colapsed. No sigruficance is placed on the lengths of the branches 
connechg the species. Names for suprageneric taxa appear in bol~ace. 
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Fig. 2.25. A SSrRNA distance tree of the ciliates derived fiom evolutionary distances 
produceci by the k u r a  2-parameter (1980) correcîion mode1 and corutmcted using the Fitch 
and Margoliash ( 1967) least squares (LS) method and the neighbor-joining (NJ) method 
(Saitou and Nei 1987). The consensus trees for 1,000 bootsuap resamplings of the data set 
(LS and NJ) were computed independently and are indicated as a percentage at the base of 
each branch. The LS bootmap percentage is foiiowed by the NJ bootstrap percentage. 
Bootstrap values les  than 50% are indicated by an asterisk (*). Evolutionary distance is 
represented by the horizontal component separating species in the figure. The d e  bar 
corresponds to 5 changes per LOO positions. Nurnbers in boldiàce are as follows: (1) Haptoria, 
(2) Vestibuliferida, (3) Entodiiomorphida, (4) hophorida, (5) Spiroaichea, (6) 
Prostomatea, (7) Colpodw (8) Oligohyrnenophorea, (9) Phyliopharyngea (10) Nassophorea, 
(11) Karyoreliaq (12) Heterotrichea, (13) Apicomplexa, and (14) Dinozoa. 
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ophyoscolecids and Cyclopasthium. 

The two species of Isotrrcho, which paired together i0Ph of the tirne, were aligned 

against each other and 75 nucleotide dinerences (d z 4.5%) were observed between them 

(J5gure 2.26). The transitionhnsversion ratio was 1 : 1 and there were six insertions/deletions 

for I. prostom and eight for I. intestjnalk. Further, the Wtrichid clade, including DaFyrrich, 

is weakly supporteci by bootshap values (6Ph MP, 50% LS, 61% NJ). The ophxyoscolecids 

formeci a monophyletic group (100% MP, LS, NI) consistent with their placement in the order 

Entodiniomorphida with Cycfoposthium ( M y  Cycloponhüdae) as the sister group to the 

ophryoscolecid mmen ciliates ( f d y  Ophryoscolecidae). Within this monophyletic group, 

Entdnium ( subfdy  Entodiniinae) is the earliest branching ciliate (10% MP, LS, NT), basai 

to a clade consisting of the more derived rumen ciliates, Epidinium and ûphpscok~ 

(subfamily Ophryoscolecinae), and the morphologically "intermediate" rumen ciliates, 

Po&ypfastron, Dipfodi~zium, and Eudipfariniium (nibfamiiy Diplodiniinae). Epidïnim and 

Ophyoscofex consiaently group together 87% @P), 92% (LS), and 94% (NI) of the time 

(Figures 2.24, 2.25) and are the sister group to the monophyletic d i p l o d i e s  (59% MP, 

100% LS, and 99% NJ). Both MP and NI analyses could not resolve the phylogenetic 

relationships within the Diplodiniinae (Figure 2.24,2.25). 

The &ee-Living haptorians Dzlephrs, fiche@&n, HornuZozoon, LoxophyfIum, 

Didnium, and S'hidium formed a monophyletic group (subclass Haptoria) (50% Ml?, 85% 

LS, 82% NJ), and despite their unresolved polychotomy, they rernained the sister group to the 

vertebrate endosymbionts (subclass Trichost omatia) 1 Wh of the time (Figures 2.24, 2.25). 

These two major lineages comprise the Litostome ciliates (class Litostomatea). However, 



Fig. 2.26. A pair-wise cornparison of the SSrRNA gene sequence between two species 
of Isotricha. Missing data is indicated by a dash. There are 75 nucleotide dif5erences 
between 1. prostoma and 1. intestinalis. The transition to transversion ratio is 1 : 1 .  Note: 
This alignment continues on the next page. 



LJJ?'oS?oma AACCTGGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAACC 
Linfestimiis .................................................. 
1 pïoS?OtPla ATGCATGTCTAAGTATAAATAACTACACAGTAAAACTGCGAATGGCTCAT 
Lintestr-nalis .................................................. 

I.JJ?'oS?oma AATT--MGATGAATCATAATAACTTCACAAATCTCGATATCATCGAGAT 
I. intestimiis .. c ,  cc.  . T .......... G. .... .AG. ...... .A. . T .... T ..... 
1. prostoma A~TCATCCAAGTTACTGCCCTATCAGCTTTCGATGGTAGTGTATTGGAC 
II inte.s?inalis . T ............ T .  .................................. 
Lprostoma TACCATGGCTTTCACGGGTAACAGGGAATTAGGGTTCGATTCTGGAGAAG 
1. intestinalis .................................................. 
II prostoma GAGCCTGAGAAACGGCTACTACTACATCTACGGAAGGCAGCAGGCGCGTAAAT 
I.intestinalis .................................................. 

1. prostonza ATG-TCGTGATTGTAGTGAGGATATTCCAAACAGAATCACAAGAACGATT 
1. intestinalis . MIA. A. ..... A. ....... G .......... c ... c ...... T ...... 

1. PrOStOmil AGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCTAATAGCG 

I. prostoma TATP.TTAAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTTCMGGATT 
I. intestinaiis ................................................ AC 

1. prostoma ACTCATTCCTATGGAATGTGTACCCTACTAGCCAGTATTCTG 
1. intestinalis . .GT.. .. .CCC.  ... .A. . .G. .......... - - -c .G.  .........- 
1. prOStOl7It2 TGAGAAAATTAGAGTGTTTAAAGCAGGCTCATGCAAGAATACATTAGCAT 
1. intestinalis ......................... A .  .. TT. .................. 
1- pr0~~0nia GGAATAACGAATGAGTCATGAATCTTGGTT-AATTCTTGTACTCGATTAA 
1. i?lte~ti?di~ ................. TA. ..... A. ... T ...... A. AT. ........ 
1. pr0-a TAGAGACAGTTGGCGGCATTAGTATTTAATTGTCAGAGGTGAAATTCTTG 
1. intestrstrnaIis .................................................. 
I. prostoma GATTTGTTAAAGACTAACTTATGCGAAAGCATTTGCCAAGG 
I' intesîimIis .................. G .  .........................-.... 



1. PrOStOma TTCAGTACCTTATGAGAAATCAAAGTCTTTGGGTTCTGGGGGGAGTATGG 
I. intestimiis .................................................. 

prodoma TCGCAAGACTGAAACTTAAAGAAATTGACGGAAGGGCACCACCAGGAGTG 
1 intesthafis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1. prostoma CATAGTAAGGATTGACAGATTGATAGCTCTTTCTTGATTCTATGGGTGGT 
1. intestindis .................................................. 
1. prOStO??Za GGTGCATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAÀTTCCGA 
1. intestinaiis ...............................................,.. 
1. prostoma TAA~GAA~GAGA~~TTAA~~TGCTAATTAGTCGTCCT~ATATTATGGGGT 
1. i??testi?dis .......................... C .  .... TATTA. .. T. C. .. TAA. 
1. pr0&0??la ATGACTTCTTAGAGGGACTATGCATATCAAGTGCATGGMGTTTGAGGCA 
1. intestinaIis T ..................... T .  ....... .A. ................ 
l. prOStOma ATAACAGGTCTGTGATGCCCTTATATGTCCTGGGCTGCACGCGTGCTACA 
1. intestindis .................................................. 

I. prostoma ATGCATCGTGATGGGGATAGATCTTTGCAATTATAGATCTTGAACGAGGA 
.................................................. 1. intestinaiis 

1. pr0St0ma ATTCCTAGTZIAGTGCAAGTCATCATCTTGCATTGATTATGTCCCTGCCCT 
1. intestindis .................................................. 
~pïOStOmU TTGTACACACCGCCCGTCGCTCCTACCGATACCGGGTGATCCGGTGAACC 
1. intestirdis .................................................. 

1. pr0sf0ma GGAGAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCA 
L tntesti~t~iis .................................... . A .  . . . , . . . .  



neither maximum panimony analysis nor distance-matrix rnethods muid resolve the sister 

group to the litostomes (F~gures 2.24.,2.25). 

DISCUSSION 

Leipe et aL (1994a) noted that the SSrRNA gene sequences of the haptorian ciliates, 

HomaIozmn and LoxophylIm., were approimately 120 nucieotides shorter than the average 

length of the ciliate 18s rRNA gene. The 12 new trichostome 18s sequences and the three 

new haptorian 18s sequences are the same length as the other haptorian 18s genes h m  

HomaIozoon, S~pahidium, and LoxophyiZum. From secondary structure analyses, I have 

concludeci that the litostomes (ie. trichostomes and haptorians) have "lost" heiix E23-5 (De 

Rijk et al., 1 992; Neefs et. al., 1993) and have a "reduction" in the length of other helices 

within Variable Region 4 (V4) (cf. Figures 2.27, 2.28). Cleariy, this is a diagnostic feature of 

the Litostomes. 

Mer the 18s rRNA sequences for D. nrminanfium and P. muitivesimIatum were 

elucidated, it was discovered that a SSrRNA gene sequence had already been submitted to 

GenBank for these NO rumen dates. When these sequences were aligned against my 

sequences, 28 nucleotide differences were found between the D. rumznantium fkom Ottawa 

and that of D. nmiimtium from Britain (Embley et al.., 1995) (Table 2.7), and eight 

nucleotide daerences were found between the P. muitivesiculatum fiom Ohio and that of P. 

muitivesiculatum fiom Bntain (Table 2.8). In cornparison, the largest nurnber of nucleotide 

differences between two morphologically similar species of Tetrahymena, T empiubkyrea and 

T mlaccell~~s, is 39 @ers. obs.). 



Fig. 2.27. A secondary stmctural model of the SSrRNA gene (De Rijk et al., 1992; 
Neefs et. al., 1993) for Tetruhymena thennuphila (Lynn, unpubi. data) showing the nine 
variable (V) regions. Within V4, helix E23-5 (see arrow) is missing in the litostomes (see 
Figure 2.28). In addition, the lengths of the other helices in V4 are shorter in the 
litostomes (cf. Figures 2.27 and 2.28). This rnodel is representative of most ciliates 
except the litostomes. 





Fig. 2.28. A secondary structural mode1 of the SSrRNA gene (De Rijk et al., 1992; 
Neefs et. al., 1993) for the litostome HomuZozoon vennzculin-e ( L m  unplrbl. &a) 
showing the nine variable (V) regions. Within V4, the litostomes are rnissiq helix E23-5 
(it is present in al1 other ciliates, see Figure 2.27). Another diagnostic feature of the 
Litostomes is that the other helices in that region are much shorter than those found in 
O ther ciiiates. 







Table 2.8. DifEerences between British and N .  Arnerican Pof'lmmn muitiveszcuZa~um. 

Sequence position 5' -- 3' 400 601 1047 1048 1050 1051 1375 1601 

P. muirivesicufc~tm (N. herican) G A A G C T C T 

P. muZtivesicrZa~um (B ri t is h) A G -  - A N T G 



There are three possible expianations for the large number of nucleotide differences 

between these sequences: (1) these are actually different species of Da~yar-ch  and 

P o l y p ~ o n  respectively, (2) there are sequencing mors, andlor (3) there is extrerne 

intraspecific genetic variation. So fa, ody one other species of DasyûYcha has been 

recognized, D. hukuokaensis. However, its occurrence has not been reported since it was fbt 

described more than 40 years ago by Hukui and Nsida (1954). 1 am confident that the ceils 1 

identifid before DNA extraction were D. rumznantium and P. muitivesicuiafum respectively. 

1 sequenced both DNA çtrands (see Figure 1.2b) while Embley et ai. ( 1 995) did not indicate if 

both strands of their D. nirnimtium or P. m~ltntesi~filaturn SSrRNA gene were sequenced to 

confirm their reading. K the identities of D. ruminantium (British) and P. muZt?vesi~~(h~um 

(British) are confirmed not to be other species, and if these nucleotide dEerences are 

confirmeci by ~bsequent research not to be sequencing errors, there would be a sigmficant 

arnount of genetic divergence between North Arnerican and European populations of D. 

mrninantium and P. mltivesimfaturn. If genetic distance between Tenahymem species is 

taken as a standard, this would warrant establishing new species status for North American 

Dasytnasytncha "nrmim~tiurn" and PoZpi~~mon L'multivesimfari«n". 

Phylogeny Within The Phylum Ciliophora 

AU trees indicated, with very high bootstrap support (Figures 2.24, 2.25), that the 

ciiiates are a monophyletic group. The ''fim'' branch in the ciliate tree of descent is a 

dichotomy shared by the karyorelicteans (class Karyorelictea), Loxoctes and TrucheZorqhis, 

and their sister group, the heterotrichs (class Heterotrichea), Climnccstomu711 and 



Ez@olIimZinay consistent with recem phyiogeràes inferreci fiom large and s m d  subunit rRNA 

data (Baroin-Tourancheau et al., 1992y 1995; Hkt et aL , 1995; Hammerschmidt et aL, 1996). 

The classes Karyorelictea and Heterotrichea consthte the Subphylum Postciliodesmatophora 

Gerassimova and Seravin, 1976 s e m  Srnall and Lynn (1985), which is characterized by 

strongly overlapping postciliary microtubular nibons (Lynn and Corliss, 199 1). Within the 

Poaciliodesmatophora. the heterotrichs divide their macronucleus with extramacronuclear 

microtubdes, while the karyoreiicteans have non-dividing macronuclei (Raikov, 1982; 

Hammefschmidt et al., 1996). Lym (1996) has proposeci that the remaining ciliates, United by 

using intraniacronuclear microtubules to divide their macronucleus, should be assigned to the 

Subphylum Intramacronucleata Lynn, 1996. 

Hamrnerschrnidt et al. (1996) mggesteci aansferring Protocnrria fiom the class 

Karyorelictea to the class Spirotrichea because their andysis of SSrWA sequences placed it 

closer to the spirotrichs than to the karyoreliaeans. However, no bootstrap data were shown 

on their least squares tree and they were unable to resolve Protocmzids phylogenetic position 

using maximum parshony. In my analyses, al1 trees depiaed Protocn(c-ia in close association 

with the spirotrichs. 

Phyiogeny Of The Litostome Ciliates 

Consistent with other studies (Leipe et aL, 1994a; Hammerschmidt et d, 1996; 

Stechman et al.. 1998), the litostomes (class Litostomatea) formed a monophyietic group 

consisting of the haptonans and the trichostomes. As with previous studies using SSrRNA 

(Leipe et al., 1994a; Embley et al., 1995; Kin et ai., 1995; Hammerschmidt et d, 1996; 



Wright and Lym, 1997; Wright et al., 1997% 199%) and the large subunit rRNA (Baroh- 

Tourancheau et al-, 1992, 1995), the sister group to the litostomes d d  not be unambigaously 

resolved. 

The three new haptona sequences (DidZ'nium1 Diletus. hcheljmbn) did i d e  to 

resoIve the reiationships within the subciass Haptoria in the parsimony and distance-matrix 

analyses. While parsirnony anaiysis showed the haptorians as an unresolved clade, the distance- 

maaix trees depined Dilepius (order Phaiyngophorida) as the sister group to a polychotomy 

consishg of the four haptorids (order Haptorida) and Loxophyum (order Pleurostomatida). 

It also showed the enchelyid Homalozuon grouping with Spathidl'um (a spathiidid) and not 

with the other enchelyid Enche&odon Monophyly of the h a p t o n ~  is barely supported (50%) 

by parsimony analysis, but strongly supported (85% LS, 82% NI) by distance-rnatrix methods. 

This is consisent with previous studies that indicated the haptorians to be a monophyletic 

group (Leipe et al., 1994a; Hamrnerschmidt et al., 1996; Wright and Lynn, 1997% 19971; 

Wright et ai., L 997). 

The monophyly of the trichostomes is strongly supported by bootstrap data (10O0?4) 

nom both panimony and distance-matrk methods. However, the addition of four new 

trichostome sequences created a polychotomy with the presumed vestibulifend Babztidium 

and the putative entodiniomorphid Macro~nzurn  not grouping with the other vestibuliferids 

or the entodiniomorphids respeaively. Cyclopsthium did group with the ophryoscolecids 

consistent with its placement in the order Entodiniomorphida by Srnail and Lynn (1985). 



Phyiogeny Of The Oph yoscolecid Rumen Ciiiates 

AU trees depicteci Entodinim &tum as  the eax-iiest branching ophryoscolecid 

befiore a dichotomy containhg Qica'niwn and @hryoscolex on one branch 

(OphryoscoleBnae) and P o I p h o n ,  DipI'nium, and EudipIodinim (Diplodinünae) on the 

other branch Entodinium's basai position to the other ophryoscolecids supports the idea that 

EntOcimium is a representative of the ancestral entodiniomorphids (Crawley, 1923; Dogiel, 

1925, 1947; Lubinsky, 1957b, 1957~). 

Lubinsky (195%. 1957c) used the lateral groove exhibited by members of the 

"IPterde" group of Emodinium species and the diplochiines, DipIodinim and EudipZodinim, 

to place these latter genera doser to the base of his tree (Figure 2.4). My cladistic ahatysis of 

morphological characters nippons this branching order (Figure 2.5). Moreover, in my cladistic 

adys is  Dipiodinium ap pears basal to aü other ophryoscolecids (except Entodnim) because it 

lacks a skeletal plate. Lubinsky (1 957c) regardeci this feanire of Dipidinium as signiscant in 

placing it as  an early branch in his tree. He also observed that the right side of D i p ~ d n i m  is 

rernarkably similar to the lefi side of Entodinium and imagineci that, with acquisition of skeletal 

plates, a tonional displacement of structures occurred across the left side of the cell 

repositioning the contraaile vacuole, lateral groove, and nuclei, giving rise to the more derived 

diplodinünes, such as Eudiplodinum and PolpIkstron. Finaly, the DZS was imagined to have 

migrated posteriorly fTom the transverse plane of the AZS, l d i n g  to the derivation of the 

ophryoscolecines. Based upon the six SSrRNA sequences for ophryoscolecids, these ciliates do 

f5i.i into three distinct groupings that correspond to Lubinslq's (1957~) aibfamilial division of 

the Ophryoscolecidae. However, my rnolecular phylogenies show relationships withh the 



diplodinünes as unresolved (see Figures 2.24,2.25). 

Grain (1994b) has raiised the taxonomy of the entodiniomorphids, elevating the 

Entodinünae to fàmily radq the Entodininüdae (refer Table 2.1). This is consistent with my 

morphologicai and molecular analyses, aithough there is no unambiguous synapomorphy for 

this M y .  Grain (1994b) has retained the M y  Ophryoscolecidae and subfàmiiy 

Diplodinünae, but removed Epiùinium fiom the s u b f d y  Opbxyoscolecinae Lubinsky, 1957 to 

the subfamily Epidiniinae Latteur, 1966 (refer Table 2.1). In my opinion, there is insdiicient 

data to support these changes by Grain (1994b). 1 would prefer to await molecular sequence 

evidence fiom representatives of the other entodiniornorphid families, Ditoxidae Strekow, 

1 93 9, Polydiniellidae Corliss, 1 960, Rhinozetidae Van Hoven, 1 988, S pirodinüdae Strelkow, 

1939, Telarnodinüdae Laîteur and Dufey, 1967, and Trogiodyteliidae Corliss, 1979, before 

wncluding that the genetic distance and topologid position of Entodinium warrants 

recognition at the f d y  rank. Further, four signature sequences (13 - 26 bp) for En 

cauabtum, two for Ep. cat&tlum, and three for P. muitivesicuf~rrn (Table 2.9) distinguish 

these sequences fiom those of di other ciliates. These signature sequences are currendy being 

investigated for use as oligonucleotide probes to study rumen protozoai ecology (Forster et ai-, 

unpubl. data). 

Phylogeny Of The Vestibuliferid Rumen Ciiiates 

Even though the two species of Isomcha paired together 100% of the t h e  to fomi a 

clade, their pairing with Daspicha was weakly supporteci by bootstrap data (6% MP, 50% 

LS, 61% M). Although this is in contrast to the recent study by Wright and Lynn (1997b) 



Table 2.9. Signature sequences of E~ltoJi~iiuni, Epidirtium and Pofyplaslrori. 

Species Signature Seauences Seq.Pos. 5'--3' Helix# 

Enfodiniurn caudafitnt 5'- GAG ACC TTA AAT TTC -3' 
5'- GAT TCT TCT ATA CTA TAG ATG M'A TC -3' 

5'- TGT TAT ACA AAT A -3' 

5'- CTC CTT TGG GAA AGA TA -3' 
. - . - 

C1 Epidiriiurn caitdatirrn 5'- GTT CTC AAT ACT CTG TAT TCT GCA AC --3' 1221-1246 43 
O 
W 5'- CTC CGT ACG GGG AAG ATA -3' 1262- 1274 49 

Polyplastror~ 5'- GCG GTT ATT ATC GC -3' 442-455 17 
mtdf ivesiculïttrtm 

5'- GAT TCT ATC ATC TTA TGA TTG ATA TC --3' 1225-1 250 43 

5'- CCT GTA AGG GGA AGA TA -3' 1553-1569 49  



where bootstrap values were significantly higher, this lower bootstrap support is probably a 

result of the addition of sequences f?om Balanridm and Mwopodarium. More importantly, 

my study clearly indicates that the vestiiuliferids &ikmtidiium, 1. znteStnzQlis, 1. prmtoma, and 

Lhsy~~cha do not belong within the haptorian heage, but form a sister group to the 

entodiniomorphids. Based on morphological data, de Puytorac et aL (1994) have also shown 

that another vestibuliferid, Puraisomcha7 does not group with the haptorians, but rather 

groups with the phylopharyngeans. However, they depict the buetschliid, AlIoiozom, as a 

haptorian, relating it closer to Monodinim than to Spahidum. Contraxy to this 

morphoIogica1 analysis (de Puytorac et al., 1994), my results show the f?ee-living haptorians 

(subclass Haptoria) as the sister group to the trichoaomes. Moreover, the haptorians are never 

found within the trichostomes (i. e. vestibuiiferids or entodiniomorphids). This is consistent 

with my view that the trichostomes evolved fiom a haptorian-like ancestor that loa its toxicysts 

and oral dikinetids in concert with invagination of the vestibulurn. 

Lipscomb and Riordan (1992) suggened that Srna1 and Lynn's (1985) classification of 

the m e n  ciliates was paraphyletic. Lipscomb and Riordan (1992) used 46 morphological and 

ultrastmctural characters ( s e  Table 2.10) for 21 genera of litostomes in a cladistic analysis 

applying successive weighting to the data set. They concluded that the two vestibuliferid 

families, Isotrichidae and Balantidiidae, and the family Buetschlüdae belonged to the subclass 

Haptoria and not the subclass Trichostornatia. Because of these dxerences with my SSrRNA 

trees, 1 undertook a reanalysis of this data set siice Lipscomb and Riordan ( 1992) did not 

report which characten were more heavily weighted by theû analysis nor did they describe the 

topology of the other equaiiy parsimonious tree. 



Table 2.10. Lipscomb and Riordan's (1992) characteristics for the Haptoria 

2. Cl;ithrocysts: (O) -; (1) + 

3. Conocysts: (O) -; (1) + 

* 5. Toxicyst distribution: (O)-; (1) + around mouth but not within the nematodesrnata and inserted 
in the somatic cortex; (2) in tentacles surrounded by microtubdes; (3) within the n- 
(4) within the nemaîodesmaîa and inserted in the cortex 

6. Outer tube of toxiqst shows striations in cross-section: (O)-; (1)+ 

* 7. Toxicyst types (O) one; ( 1) two; (2) two and smaiier toxicyst is spindle-shaped 

8. Spaœ between the membrane surroundin the toxiqst and outer tube: (0) thin and cl-, (1) 
f l ed  with granuiar material; (2) fiiied with 80cculent material 

9. Mimnuciear chromin condensecl into large clurnps in the centre of the nucleus: (0) -; (1) + 

10. Chromarin of macronucleus distributed: (0) evenly; (1) a Iayer under the membrane 

11. Distribution of nucleoli in macronucleus: (0) penpherai; (1) evenly; (2) central 

12. Kineties: (O extend from sunire; (1) bipolar rom; (2) h m  mouth to postenor end, but 
mouth is ven t ~ d  ; (3) girdles of cilia; (4) k m  posterior mouth to anterior pole 

13. Postciliary microtubules overiap: (0) -; (1) + in stacks 

14. Angle of postciliary Mmtubuies: (0) divergent; ( 1) convergent 

15. Direction of the hnetodesmal fibre (Kd): (0) anterior, (1) anterior and lateral 

16. Kd length: (0) overlapping; (1) short 

17. Transverse microtubules: (0) radial; ( 1) tangentid 

18. Transverse microtubules extend to adjacent h e t y :  (0) +; (1) - 
19. Two sets of transverse microtubules: (0) -; (1) + one short and extends laterally, one longer 
and extends anteriolateral1 y 

* 20. At proximal end of the kinesome, some microtubules of the first transverse ribbon and 
accompanying electrondense material extend through the telacurtids: (0) -; (1) +; (2) + and 
electroadense material f o m  a cylinder 

* 21. Left - right (or dorsal-ventral) Merentiation of somatic ciliaîion: (0) -; (1) + 

22. Cilia separated by extended cortical ridges: (0)- ; (1) + 

* 23. Oral diklietids: (0) + and only the one West h m  the oral opening is ciliated; (1) both 
ciliated 

* 24. Microtubdar mots of the noncfiated kinetosomes of dikinetid: (O postciliary microaibules; 
(1) transverse and perhaps one to th= very short postcitiary microtu b des 

* 25. Mimtubdar roots of the ciliated Iantosomes of dikinetid (O) -; (1) a single postciiiaq 
microtubule; 2) a posticilary ribbon ( a very s h o ~  tangentid nbbon may.ais.o be present); (3) a 
postciliaxy nb 6 on an two transverse nbbons. ~his transfomiation senes is linear 

* 26. Distinct fibrous annuius: (0) -: ( 1) + 
indicates ordered characten that were recoded in my analysis (see Table 2.11). 
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Table 2.10. (Continued). Lipscomb and Riordan's (1992) charactenstics for the Haptoria 

27. Nematodesnata onginate: (O -; (1) dense p k  at base of both kinetosomes; (2) h m  
nonciIiated kkosomes of the O d dikenetid. 

2û. Nanatodesmara shape: (O -; (1) round bundie and a wedge-shaped gmup of mmtubules; (2) 
redaaguiar tD muÿd groups; ? 3) triangular. 

* 30. Oral monokinetids arise through loss of the posterior kinetosome of the oral pair: (0) -; (1) + 

* 31. Oral monokianids aise through the 100s of the oral pair leaMng the oraiized somatic 
kinetosomes as the source of the supporting microtubules: (b) -; (I)+ 

* 32. Cross-section through the oral area shows ~ematodesmata, au;esso nbbons of microtubdes 
Oriy: perpendidar to the m e r s e  microtubules of the oral &etid and tranverse 

micmtu des O) ;  (1) +; (2) + and fibrous material is mil developed and confluent aromd d the 
oral; (3) no b e microtubules; (4) + and bulge microtubules d e s c e  to fom 
n L % e  bundla. l ' le  Ihsoiindarmanon series is not heaq rolta 2 and 4 an denved 
separatively h m  state 1 

34. Microaibules Luung cytopharynu: (0) postciliaq microtubules; (1) indep.dent ribbo? of 
mcrotubules; (2) puverse  microtubules; (3) set of microtubules arisiag adJacent to the lasertion 
of the transverse microtubules. 

* 35. Number of oral dikinetids uals the number of somatic kineties (O) oral dikinetids not 
associateci with ends of somatC\,eties; (1) +; (2) more oral dikinetids and they are perpendidar 
to kineties; (3) more oral dikinetids and they are paralle1 to the kineties; (4) s o m c  krnetpsomes 
spiral around antenor end, oral dikiaetids a closed M . The transformation senes 1s not Lin-, 
states 3 and 4 are derived from state 1, and state 2 is dkived from state 3. 

36. Right-left differentiation of the oral kinetosomes: (0) -; ( 1) +. 

37. Epiplasm: (O) well developed; (1) thin; (2) apparently absent. The vansfomtion series is 
linear. 

38. Alveoli: (O) well developed; (1) tightly compressed. 

39. Endoplasmic reticulum behveen cortex and endoplasm intempted oniy at kinetosomes: (0) -; (1) 
+. 
40. Dorsal bnish of clavate cilia: (O) -; (1) + in straight rows; (2) + in zig-zag rows. 

4 1. Dorsai b m h  is pairs of clavate ciiia The posterior kinetosome has n o d  ïnhciliaturP, 
anterior oniy nemaiodesrnata: (0) -; (1) +; (2) anterior kinetosome lacks nematdesmata 

* 42. oralized somatic kinetosornes at the anterior ends of the kineties: (0) -; (1) + with 
nematdesmata; (2) + wi* nyerous nematodesrnata f o d  several rings a round the oral arpa, 
but no Kd on most anetenor kuietosorne. 

* 43. Somatic kinetosomes in a kinety comected: (0) -; (1) + b a striaied fiber, (2) + by 
el-ndeqse mer i$  separateci by a stipe t h .  Lies perpen&ular to the kinety axis. This 
transformation senes 1s lrnear. 

44. Gened body shape: (O) rounded; (1) oral area fiattened; (2) laterally compressed. 

45. Cutlcrement vacuole: (O) -; (1) +. 
46. Teh corticalis: (O) +; (1) -. 

- 

* indicates ordered characten that were recoded in my analysis (see Table 2.11). 
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1 recoded their eight ordered (non-linear and linear) muitistate characters, 5, 12,25, 32, 

33,35,37, and 43 (Table 2.1 1) usïng additive b i i  cuding (Wiey et aL, 1991) and provided 

ttiis as input for PAUP (ver 3.1) (Swofford, 1993). When the data were examineci using the 

branch and bound method of PAUP with all characters of equal weight, 1 obtained 24 equaüy 

parsimonious trees having a length of 95 steps with a consistency index (CI) of 0.84 and a 

retention index (RI) of 0.86. Even with the hi& number of rnissing characters (10-16 

characters) for the tnchostomes, ai l  24 trees showed the vestibuliferids (Balantidm, 

I s ~ ~ c h a )  and the buetschlüds (Alloiozonrr. Di&smis) as a monophyletic group (the 

tichostomes) and as a siaer group to the haptorian clade Figure 2.29). 

Lipscomb and Riordan (1992) used successive weighting to reduce the number of 

equally panimonious trees to two, both having a length of 94 steps and a CI of 0.85 and a RI 

of 0.87. Lipscomb and Riordan's (1992) two trees m e r  Eom my 24 trees, based on the sarne 

data, by ody one sep. When 1 treated the eight ordered multistate characters as unordered, 1 

reduced the number of equaily parsimonious trees to 14. These trees had fewer neps (91) and 

a better CI (0.87) and RI (O.88), and they still depicted the tnchostomes as a monophyletic 

group and as the sister group to the haprorians. Aithough successive weighting reduced the 

number of equdy panimonious trees, it apparently pufled the tichostomes (vestibuliferids and 

buetschlüds) within the haptorian cluster. It is important to know which characters were 

weighted more heavily in the Lipscomb and Riordan (1992) analysis to determine whether 

these characters can t d y  be interpreted as "taxonornically strongef' than the 18s rRNA 

features. Because no sequences are aMilable for the Buetschlüdae, in my opinion, there are 

insuffiCient data to support their removal fkom the Entodiomorphida to the Haptoria as 



O 
r( 

O 
O 
CC* 
4 
rl 
O 
rl 
rl 
rt 
O 
O 
rt 
r( 
FI 
CV 
O 
O 
F I  
O 
O 
O 
O 
O 
rl 
O 
O 
O 
CV 
CV 
O 
O 
4 
d 
4 
O 
O 
O 
O 
4 
d 
d 
I-t 
d 
d 



Fig. 2.29. One of 24 equaiiy parsimonious trees of the litostomes inferrd nom Lipscomb and 
Riordan's (1990, 1992) rnorphological and ultrastructural data (Table 2.1 1). AU 24 trees 
showed the Trichostomatia as the sister group to the Haptoria The branch and bound search 
program of PAUP (Swofford, 1993) was used to find this tree having 95 seps with a 
consistency index of 0.84 and a retention index of 0.86. No sigdicance is placed on the 
Iaigths of the branches connecting the species. Narnes for nipragenenc taxa appear in 
boldfàce. 
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proposed by Foissier and Foismer (1988) and Grain (1994a). 1 would prefer to await 

moleailar data fiom members ofthe BuetscEdae before wncluding that they be tramterreci to 

the Haptoria Furthemore, my reanaiysis of Lipscomb and Riordan's (1992) data (see Figure 

2.29). wupled with the overwhelmuig support kom m o l d a r  data using vanous phylogenetic 

methods and sofhvare packages, conMncingIy demonstrates that the isotrichid vestiiulif&ds 

belong with the Trichostomatia and not within the Haptoria 

Outgroup Analysis Of The Trichostomes 

Similar to previous parsirnony analyses by Wright and his coilaborators (Wright 

and Lynn, 1997% 199%; Wright et ai.. 1997). the fiee-living haptorians were barely 

supported (50% MP) as a monophyletic group. I believed that the addition of more 

haptorian sequences (e.g. Didinium, Dileptus, EncheZyodon) rnight help to resolve 

relationships within the clade, but it did not. Most researchers recommend using the sister 

group as the outgroup to determine the topology of the hgroup (Maddison et aL, 1984; 

Brooks and McLe~an, 199 1; Wdey et al., 199 l), although Nion  and Carpenter (1 993) have 

argued that it is not necessary for the outgroup to be, or to include, the sister group and 

cnticized others for propagating this myth. They also suggested that one or more outgroups 

can be selected on the basis of the outgroup(s) sharing synapornorphies with the ingroup. In 

light of this, difrent lineages within the subphylum htrarnacronucieata (see Lynq 1996; 

Wright et aL, 1997) were used as  outgroups to the haptorians. Because of the long branch 

laigths of the phyllopharyngeans (see Figure 2.25) Trithigmostoma and Discophyz were 

exdudeci h m  this analysis. Seven datasets were constructed, each containhg only the 



haptorians and one of the seven outgroup taxa (Le. the armophorids, colpociems, 

nassophoreans, oligohymenophoreans, prostomateanSv spirotricheans, trichostomes). 

When each of these seven outgroups was used in a parsimony analysis, three different 

trees were produced figure 2.30). Only one of the three trees resoIved the relatiomhips 

within the haptorians and it depicteci Dileptus (order Pharyngophonda) as the eariiest 

branching haptorian More a dichotomy containhg LauphyIIum (order Pleurostomatida) on 

one branch and HomuIozoon, khelyo<doo~1,  Sprrthidim and Didntium (order Haptorida) on 

the other branch The other two trees depiaed the haptorians as an unresolved polychotomy 

s M a r  to the trees f?om the original data set (c.K Figures 2.24, 2.25, 2.30Bv 2.30C). 

Poiychotomies are usually attributed to sirnultaneous cladogenesis or to scarce and/or 

ambiguous data (Coddington and Scharff, 1996). In light of this, the six haptorians were 

aligned against each other and examineci for phylogeneticaily informative sites. It was 

discovered that only 85 of the 1,660 sites were phylogeneticaily informative (ie. 5.1% of the 

SSrRNA gene; see Figure 2.3 1) for the six diverse genera of haptorians. In cornparison, there 

were 127 phylogeneticaiiy informative sites for 13 species belonghg to the genus Tetr-ena 

(Wright and Lynn, 1995) 

Lack of resolution among multiple outgroup taxa may affect the topology of the 

ingroup (Mxon and Carpenter, 1993). In order to determine what effect the unresolved 

haptorians might have on the topology of the trichostomes, al1 taxa except the haptorians and 

trichostomes were removed fiom the prhmy data set, and the six haptorians were used &gSr 

and together as the outgroup. Barta et al (1991) used a similar approach when they used 

various outgroups (Le. dinoflagellates, ciliates, yeast, siirne mold) singly to individudly root 



Fig. 2.30. A cornparison of maximum parsirnony trees of the haptorian ciliates inferred £iom 
complete SSrRNA gene sequences with a bootstrap resampling of a reduced data set The 
numbers at the nodes represent the percentage of times the group occurred out of 1,000 trees. 
Branches with less than 50% bootstrap support were collapsed. No significance is placed on 
the lengths of the branches comecting the species. (A) When the armophorids were used as 
the outgroup, some relationships with the haptorians are resolved. (B) When either the 
oligohyrnenophoreans or spirotrichs were used as the outgroup, the relationships arnongst the 
haptorians rernain unresolved. (C) When either the nassophoreans, colpodeans, or 
prostomateans were used as the outgroup, the phylogenetic relationships amongst the 
haptorians remah unresolved. 
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Fig. 291. Sequence aiignment of the fiee-living haptorians. HomaIozoon is used as the 
reference sequence and only nucleotide differences with the reference sequence are 
indicated for the other taxa. Red highlighted nucleotides represent phylogenetically 
idormative sites. There are only 85 phylogenetically informative sites out of 1,660 
positions amongst the six genera of haptorians. Note: This alignment continues for five 
pages. 
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severai apicornplexan taxa When the six haptorians were used together or singly as the 

outgroup, panimony analysis with bootstrap resampling reveaied five diffkrent tree topologies 

(F&re 2.32). When ail six haptorians were used as the outgroup, the trichostome topology 

was similar to the initial parsimony tree (i.e. Cyclupsrhzurn paired with the ophryoscolecids 

and the positions of Macropdnium and Bahtidium were unresolved) (cf  Figures 2.24, 

2.25) and the haptorian topology was similar to the distance-matrk trees (Le. Dilepfus was the 

sister group to the other haptonans) (CE Figures 2.25, 2.32A). Spnhidium also produced the 

same tree topology. When Didinizm was used as the outgroup 2.32B), C y c l o ~ h i w n  

remained with the O phryoscolecids and the positions of Macropodnium, BaIantidium, and 

now Dasytricha were unresolved ( c l  Figures 2.25, 2.324 2.328). Similarly, when 

Enchelyodon was used as the outgroup (Figure 2.32C), the positions of Cycloposthium, 

Dmcha, Macropdniurn, and BaIantidium were unresolved (c.f Figures 2.24, 2.324 

2.32B, 2.32C). In contras, when Hornalozoon was used as the outgroup (Figure 2.32D), 

Cycloposthium remained with the ophryoscolecids to fom a clade that was the sister group to 

Mucropodinizium, but the positions of Baiantidiitrm u~rd D q t r i c h  remained unresolved (c-f 

Figures 2.24, 2.324 2.32B. 2.32C, 2.32D). LoxophyIIum and Dileprus produced the same 

tree when there were used singly as the outgroup (Figure 2.32.E). This tree closely resembled 

the one produced when either Sphidium or the haptorians were used as outgroups (c f  

Figures 2.324 2.32E). Barta et al. ( 1  99 1 )  also noticed dEerences in the rooting point of 

ingroup taxa when different outgroups were used singly. Nion and Carpenter (1993) note 

that character states assigned to the sister group may or may not be smilar to those of the 

common ancestor of the ingroup; relaîionships within the ingroup may not be resolved because 



61 1 Dasytncha nmtinmtrium 
1- 6 Is0tntncha p ~ ~ s t o ~  
98 lsotntncha intem*mlis - Didinium nanrtum 
70 -Enchel onsp. 

100 
Homa r"' ozoon vennicu~a~ 

+. - Loxo~'dyZ1m utricufariae - Spat i i m  sp. 
Dileptus sp. CI = 0.5780 

HI = 0.4220 

Fig. 2.32. Maximum parsirnony trees of the! trichostome ciliates inferreci fiom complete 
SSrRNA gene sequences with a bootstrap resampling of the reduced data set. The 
numbers at the forks represent the percentage of times the group occurred out of 1,000 
trees. Branches with less than 500!  bootstrap support were collapsed. No significance is 
placed on the lengths ofthe branches connecting the species. In these five trees (coritinued 
on next page), either: (A) Spathidim or all the haptorians was used as the outgroup to 
the trichostornes; (B) Didinium was used singly as the outgroup to the trichostornes; (C) 
Enchelyodon was used singly to root the ingroup; @) Homalozoon was used singiy as the 
outgroup; or (E) either LoxophyZZum or Dilepfus was used to root the trichostomes. 
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(Loxophyllum or Dileplu) CI = O 67 1 1 

HI = 0.3289 
123 



the two groups have the same characters. 

In conerast, when each of the same six intramacronucleate lineages was used as the 

outgroup for the trichostomes, the same tree was produced (Figure 2.33) and the codency  

and homoplasy indices, as  weU as the bootstrap values were very sirnilar (see Table 2.12). 

Moreover, when diEerent combinations of these six lineages were used as the outgroup (e-g. 

mophorids plus nassophoreans), or when the haptonans were the oniy taxa removed dom the 

mdial data set, the sarne tree topology was obtained (see Figure 2.33). The newly infieneci tree 

for the trichostomes (Figure 2.33) depicted the vertebrate endosymbionts as a monophyletic 

group with Macropodr,riirm as the earlien branching ciliate before a dichotomy including the 

entodiniomorphids on one branch and the vestibuiiferids on the other branch. This would 

suggest that the entodiniomorphids are paraphyletic because Mucro@nim does not goup 

with either Cycloposthnrm or the ophryoscolecids. Mucropocllnium is morphologicaily 

dissidar to other ciiiates belonging to the Entodiniornorphida and it is possible that it was 

improperly placed w i t h  the Entodhiomorphida only because it shares a simdar 

gastrointestinal habitat with other mernben of this group. As far as we know, Macropdnium 

only occurs in rnacropod rnarsupials (Dehority, 1996), which are more primitive than placentai 

marnmals. Thus, it is possible that Macropodinium could have diverged before the radiation of 

the endosymbionts of placental mammals. Although a probable scenario, sequence evidence is 

needed fiom more species of Macropodinium before concluding that this genus should be 

removeci f?om the Entodiniornorphida. 

The phylogenetic trees Eom the onguial data set and the newly infened tree (cf. 

Figures 2.24, 2.25, 2.33) grouped Cyclopsthium with the ophryoscolecids to fom a clade, 



Fig. 2.33. A maximum parsirnony tree of the trichostome ciliates inferred £?om 
coqlete SSrRNA gene sequences with a bootstrap resarnpling of the reduced 
data set. When representatives Eorn either the mophorids, colpodeans, 
oligohymenophoreans, nassophoreans, prostomateans or spirotricheans were 
used as the outgroup, the same tree was produced. In the tree shown here, the 
oligolynenophoreans were used as the outgroup. The numbers at the forks 
represent the range (i-e. depending on the outgroup) ofthe percentage of tirnes the 
group occurred out of 1,000 trees. Branches with less than 50% bootstrap 
support were coiiapsed. No significance is placed on the lengths of the branches 
connectuig the species 
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Table 2.12. Consistency and homoplasy indices for diffierent outgroup 
cornparisons for the trichostome ciliates 

Outgroup Consistency Homo plasy 
Taxon Rank Index Index 

C o l p h  Class Coipodea CI=0.712 Hi=0.289 

Furgasonia Ciass Nassophorea 
Pseudomicmthorax 

ColpidiMn Class Oligohymenophorea CI = 0.703 HI = 0.297 
Ghcoma 
khthyophrhin us 
Oph>yogemz 
Pammecium 
Terahymena 

Coleps 
Pmriodon 

Class Prostomatea CI=0.726 HI=0.274 

Pmtocruria Class S pirotnchea CI:=0.718 HI=0.282 
oxyfrichu 



consistent with its placement within the order Entodiniomorphida Cyciopsthium inhabits 

herbivorous a d s  (Le. hippopotamus, rhinoceros) that have diverged before the appearance 

of the ruminants and similady, it is the eariiest branching entodiniornorphid More a clade 

wnsisting of rumen da tes  (Figure 2.33). The entodiniomorphids are the sister group to the 

vesb'buliferids (Wright and L ~ M ,  1997b) and although the vestibuliferids are monophyietic, the 

relationships within the group are still unresolved with Isotncha spp., Balmtidium, and 

hsyb-zcha forrning a trichotomy. This may in part be due to low species sampling of the 

vestibulifid clade relative to these other two litostome ciades (Smith, 1994). Moreover, the 

phylogenetic positions of DipZodinium and EudpZodinium remain uncertain (c. E Figures 2.24, 

2.25,2.30,2.32 2.33) (Wright and Lynn, 1997% 199%; Wright et ai., 1997). 

The iack of phylogenetically informative sites for the haptorians very iikely prevents the 

elucidation of their branching pattern. The unresolved polychotorny of the haptonans also 

appears to affect the topology of the ingroup (i.e. the uichostomes) (se N ~ o n  and Carpenter, 

1993). This suggests that the unresolved haptorians should not be use& as part oc or as the 

outgroup to the trichostomes. Further, the six congruent phylogenies inferred without the 

haptorians present in the dataset probably depict the true relationships within the trichostomes. 

In light of these results, phylogeneticists should also consider the relationships wirhui 

perspective outgroup taxa before designating thern as the outgroup for phylogenetic snidies. 



Anasis  Of Intraspeeifc Sequence Variation 

Among Eight Isolates Of lsobicha prostama From Two Continents 

" We h e  ni1o ears and one mouth, in order that we mqy k e n  more 
and tufk l e s  " 



The identification of closely related organisrns has aiways proven difficult when 

they display few morphological ditferences. The terms "sibling species" or "species 

cornplex" have been used to describe multiple members of a genus that cannot be 

Merentiated by obvious morphological characters by light or electron rnicroscopy 

(Borden et al., 1977). There are two major reasons why it is important to identify 

morphologically similar species or strains. First from a practical perspective, it is 

important to identie pathogenic from non-pathogenic strains so that a correct diagnosis 

can be made leading to proper treatment. Second, from an evolutionary perspective, 

analysis of the detailed genetic structure of strains and sibiing species may increase the 

understanding of the evolutionary mechanisms giving rise to this genetic differentiation. 

The intemally transcnbed spacer regions 1 and 2 (ITS-1 and ITS-2) (see Figure 

1.2) that separate nuclear ribosomal genes are considered to be quite variable and have 

been useful for identifying and discriminating interspecific and intraspecific genetic 

variation (White et ai., 1990; Mard and Honeycut, 199 1; Hillis and Dixon, 199 1; 

Schlotterer et al., 1994). In fact, there are over 1,650 entries in GenBank @ers. oh.) and 

most of these were deposited within the last five years @ers. oba). ITS regions have been 

used to identiQ vident strains of bacteria (Gürtler, 1993 ; McLaughlin et al.. 1993), toxin- 

producing strains of the marine dinoflagellate Alexandrium tamurense (Adachi el ai-, 

1994; Scholin and Anderson, 1994), and pathogenic strains of Eimeriu, a coccidian 

parasite of chickens (Barta et al., 1998). Proper identification of these mains using ITS 



sequence characters lead to rapid and correct diagnosis and appropriate treatment 

preventing deaths of humans and their domestic animals. 

E S  regions have also been used to probe evolutionary relationships. Pleyte et uL 

(1992) used ITS sequences to ider phylogenetic relationships within the salmonid fish 

genus Salvelinus, and Schiotterer et al. (1994) used ITS sequences to identify and 

distinguish h i t  flies belonging to the Drosophia melanogasfer complex. Thus, the US 

spacer region is potentiaüy useful for discovering patterns of evolution of rumen ciliates. 

Some genera iike Entodinium have species complexes where species dzerentiation is 

limited because of the large number of similar forms and the lack of morphological 

characters. For exarnple, the Entodinium dubardi species complex is made up of about 12 

presumed species (E. bimaszus, E. bovis, E. c m a h m ,  E. convexum, E. dubardi, E. 

exiguum, E. longrmclea~um, E. rumellum, E. ovinurn, E. ovozdeum, E. p m m  and E. 

simpfex), whose identification is dificult and sometirnes arbitrary (Dehority, 1994). 

Although Dehority (1994) suggested using SSrRNA gene sequences from various E. 

dubardi types to differentiate these species, the more variable ITS domain may be more 

suitable. 

Other species like I s ~ ~ c h a  prostornu are prevalent in aii domestic and wiid 

ruminants, pseudoruminants, and non-ruminants world-wide, but are morphologically the 

same. Isoiricha-like organisms have even been reported in at least five species of 

marsupials (e.g. quokkas, kangaroos, wallabies) (Obendorf, 1984; Dellow et al., 1988) 

and in the hoatzin (Dominguez-Bello et al., 1993), a unique foregut-fementing bird of 

South Arnerica. Even though the distribution of 1. pmstoma is global, little infoxmation is 



known about the extent of genetic divergence among isolates: (1) do populations of I. 

prostoma in the same host species on different continents differ? or (2) do populations of 

I. prosforna in diEerent hosts on the same continent differ? 

Of the rumen ciliates, Isoirich prosfornu was the £irst choice to snidy the 

Uitraspecific variation because it is found in a variety of hosts, is universally distributed, is 

easy to recognize, is large enough to collect easily, and is typically numerous. In this 

study, eight isolates of prosterna from two continents, representing three counuies, 

Australia, Canada, and the United States, were sequenced and examined to discover the 

extent of variation in their ITS-I and ITS-2 regions, as well as their 5.8s LSrRNk A 

single isolate of another vestibuliferid, Bakantidium coli, was used as a reference species. 

MATERIALS AND METHODS 

Source Of Isolates. 

Eight isolates of 1. prostoma were collected fiom either fiesh abattoir samples or 

from rumen fistulated cattle and sheep: two isolates were freshly obtained at the University 

of Guelph's abattoir (Department of Animal and Poultry Science) from two cows that 

came from a herd in Elora, Ontario; two isolates were freshly obtained at a large 

commercial abattoir in Guelph (Better Beef Limited, 781 York Rd., Guelph, ON., NIE 

6N1) nom cows from a herd in Ashton, Ontario (Note: Because of stria food and health 

regulations, these animals are not permitted to corne in contact with other herds at the 

abattoir); three isolates were obtained fiom rumen-fistulated cattle at the Commonwealth 

States Industrial Research Organization (CSIRO) - Yalanbee Research Station near Perth, 



Western Australia; and one isolate was obtained nom a fistulated sheep at the Ohio 

Agricultural Research and Developrnent Centre in Wooster, Ohio, US4 and was a gift of 

Dr. Burk Dehority. Genomic DNA fiom Balantidium coli, an endosymbiotic ciliate of 

vertebrate anirnals taken from the colon of a lowland goda (Godh gorilh gofilda), was a 

gift of Dr. C. Graham Clark (Department of Medical Parasitology, London School of 

Hygiene and Tropical Medicine, London, England). 

Iiolation Of Fresh Isolates. 

Rumen fluid samples were filtered through two layers of cheese cloth to remove 

plant and feed material, and put into either a separatory fùnnel or a beaker for L h at 39" C 

to sediment protozoa. In some cases, the more motile vestibuliferid ciliates (Dasytrich 

minantiuni. 1. prostoma. I. intestinalis) aggregated together and formed on the surface 

of the rumen fluid white patches of celis that were easily removed using a hand-drawn 

Pasteur pipette. In most cases, the ciliates were passed through 100 pm and 70 jun Nitex 

meshes to remove the smaller entodiniomorphid species, such as Enfodinium, 

Diplodnium, and Ei<diplodinium. Most of the larger remaining cells were sorted under a 

dissecting microscope. Clean isolates of 1. prosrorna were obtained from Elora, Ontario, 

Wooster, Ohio, and from one of the two Ashton, Ontario samples. 

However, some animals harboured both species of lsotrich, which made isolation 

of 1. prosrorna difncult as the oniy morphologically distinguishing trait is the position of 

the vestibulum. This trait is nearly impossible to detect if the cells are starved (Le. intemal 

structures are transparent) or if they have been fixed (Le. the cytoplasm shrinks away fiom 



the peiiicle). In addition to containhg I. prostoma. the second isolate fiom Ashton, 

Ontario and the three isolat es fiom Australia contained Isotricha intestindis, Dasytricha 

nrminm>tium, and at least three large entodkiiomorphids, Epidinium, Oph~oscoiex, and 

Poljplostron. 

DNA Extraction, Amplification, and Sequencing. 

A DNA extraction procedure using CTAB (cetyltrimethylammonium bromide) 

(Murray and Thompson, 1980; Reichardt and Rogers, 1994; Wilson, 1994) was used 

following the protocol of Wright et al. (1997) (see chapter 2). Because of the possible 

contamination by other ciliates, two species-specific fonvard primers were designed and 

designated PR0600 (5'-GTTGGATTTCAAGGATTACTC-3') and PRO1250 (5'- 

TCGTCCTCATATTATGGGGTA-3'). These new pnmers were based upon signature 

sequences within the SSrRNA gene (see chapter 2) and designed to amplfi ody 2. 

prostoma. At least four regions of the SSrRNA gene were detected where 

oligonucleotide probes could be constructed for most of the rumen ciliates in my database. 

These four areas were designated as signature sequence regions 1, 2, 3. and 4 (see 

Appendk XVII). 

Each of these species-specific forward primers was used in combination with 

Jerome primer C (Jerome and Lynn, 1996), which is located in the D2 region 

approximately 500 bp downstrearn fkom the 5' end of the 28s gene. Therefore, PR0600 

and 1PR0 1250 should ampi@ a fiagrnent of about 1.9 kb and 1 -3 kb respectively. 

These new primers were rigorously tested under various PCR conditions (see 



Appendu K) for their specScity using genomic DNA fiom at least nine species of m e n  

ciliates and four species of fiee-living ciliates. These 13 species included the two other 

isotrichids I.  intestinaIis and D. rumimtium, and those species contaminating the I. 

prostoma samples. PCR reactions were set-up to ampl@ the templates of each ciliate, of 

diierent combinations of ciliates, with and without the presence of I. prodoma No PCR 

product was obtained from the isotrichids, I. inteszinaïis and D. mrninantium, or nom any 

of the other free-living or rumen ciliates. Only those samples containing 1. prostoma 

produced a single PCR product of the expected size (Figure 3.1). Overlapping sequence 

of the 18s gene (PR0600 produces a 950 bp overlap and PR01250 produces a 400 bp 

overlap) confirmed that the sequence was that ofl. prostoma. 

Templates containing DNA fiom a known number of 1. prostoma ceils were set-up 

and it was determined that a minimum of 50 cells was required for consistently reliable 

results. Balantidium colz was amplified using the 1055F fonuard primer (Elwood et al., 

1985) (see Table 2.3) with Jerome primer C (Jerome and Lynq 1996). 

A PTC- 1 OOm thermal cycler (MI Research, Inc., Watertown, MA) was used wirh 

the following stringent parameters: 30 sec denaturation at 94" C, 30 sec primer annealing 

at 60° C, and 90 sec primer extension at 72" C. On the 35& and last cycle, the primer 

extension was extended for 2.5 min. The resulting PCR product was nin on a 1% agarose 

gel and the single band was visualized and immediateiy excised under long-wave 

ultraviolet light with minimal exposure to the DNA (< 60 sec) to avoid damage. The 

excised PCR fiagrnent was purified using the GeneCleane kit (BIOICAN, Mississauga, 



Fig. 3.1. Photograph of an 1% agarose gel showing the specificity of the specidy 
designed PCR primers for lsoirzcha prosiorna (see t e a  for details). Lanes 1-7 contain 
negative controls and Lanes 8-1 1 contain positively arnplified DNA fiom Isonicha 
prostoma isolates. Lane 1 contains a water control, Lane 2 contains Paramecium, Lane 
3 contains Entodznium, Lane 4 contains Epidhium, Lane 5 contains Ophryoscolex, Lane 
6 contains Poljplastron, Lane 7 contains Isotncha intestinalis, Lane M contains a 
HindIIIIEcoRi )9NA marker, Lanes 8 and 9 contain PCR amplified DNA fiom 1. 
prostoma from AUSTRALIA, Lane 10 contains PCR arnplified DNA from I. prostorna 
fiom Ashton, CANADA and Lanes 1 1  contains PCR arnplified DNA fkom 1. prostoma 
fiom the UNITED STATES. 



ON). The punfied fiagrnent was sequenced directly using an AB1 Pnsm 377 Autornated 

DNA Sequencer (Applied Biosystems Inc, Foster City, CA) using dye terminator and Taq 

FS with the 1400F primer (Elwood et d ,  1985) (see Table 2.3). 

The ITS- 1/5.8S/ITS-2 sequences from the eight 1. prostoma isolates were aiigned 

against each other, and against the ITS-1/5.8S/ITS-2 sequence fiom B. coli using ALIGN 

(ScientSc and Educational Software). 

RESULTS 

The sequence length of the complete ITS-1/5.8S/ITS-2 region 6rom each of the 

eight isolates of 1. prortoma was 383 bp. Individually, the ITS-1, 5.8S, and ITS-2 

sequences from al1 eight isolates of 1. prostoma were as follows: 92 bp, 156 bp, and 135 

bp (Figure 3.2). The sequence length of the complete ITS-1/5.8SATS-2 region frorn B. 

c d i  was 401 bp. Individually, the ITS-1, 5.8S, and ITS-2 sequences corn B. coii were as 

fouows: 106 bp, 154 bp, and 14 1 bp (Figure 3 -3). These new ITS- 1/5.8SIITS-2 gene 

sequences have been deposited in the GenBankEMBL databases under the accession 

numbers: MO45030 (B. d i )  and MO4503 1 (1. prostoma). 

No intraspecific variation was observed amongst the eight isolates oP1. prosforna 

nom Australia, Canada, or the United States (Figure 3.4). Moreover, there was no 

variation between the sheep isolate and those fiom cattle. Respectively, the G-C content 

for 1. prostoma and B. coli was 21.7% and 23.8% for ITS-1 and 3 1.9% and 3 1.2% for 

ITS-2. Both ciliates had the same G-C content for the 5.8s LSrRNA gene at 41.6%. 

Overd, the G-C content of the entue ITS- 115 .8S/ITS-2 region was 3 3 -4% for 1. prostorna 



ITSl Region 

4 5 a  9 c  I l g  27 t 

1 t t tac taaaa ctaaactaaa aactaactga t ta t tagaga g taa tc tc ta  

51 t t tgaagtaa aagaaaacaa tataactgaa atggt tgaat  aa 

5.8 LSrRNA Gene 

47 a 31 c 34 g 4 4  t 

I aatc taaat t  ttcaacgatg gatgtcttgg c tcccatatc  gatgaagaac 

5 1  gcagcaagaa tgcgatatgc agtgtgaatt gcagaaccac gaatcatcgg 

101 a t t t t c t a a c  gttactgaca ctggtgaaga gccagtatac t t g t t t c a g t  

151 g tcact  

1 aaccaaacac ttaaacaaaa tgtatgagaa g t t c t c a t a t  gaaattaatg 

5 1  c t c t t t g t a g  caatcacaga aatgtgaatc tataaggagg a t t t t t a t t t  

1 0 1  tgacctgaaa ttagtaagat gacccgctgg a c t t a  

Fig. 3.2. The complete ITS- 1,  58S, ITS-2 sequences for Isotricha prostoma. Although 
the sequences are presented as three separate entities, ITS-1 is contiguous with the 5.8s 
LSrRNA gene, which in tum, is contiguous with the ITS-2 region. This 383 bp region 
separates the 18s and 28s rRNA genes. 



1 ttaacaaaat ttgaactaat aactaactga acttgatagt gaaatttatt 

51 tcactatatt tgaactaata caagaaaacc ataaactact taattgggtg 

101 aatatc 

5.8s LSrRNA Gene 

aatctaaatt 

gcagcaagaa 

atattctaac 

ttcaacgatg 

tgcgatatgc 

gcaactggga 

gatgtcttgg 

aatgtgaatt 

ctggctaaac 

ctcccatatc 

gcagaaccat 

cagtatactt 

gatgaagaac 

gaatcatcgg 

gtttcagtgt 

151 gcgt 

1 aaccaaacat ataatcagaa tgtgagagat catctcttat taaataaatg 

51 ctcattgttg caatcacaat atttttgtga atttacattg agacaatttt 

101 tatttgcacc tgaaatcaag taagatgacc cgccggactt a 

Fig. 3.3. The complete ITS-1, 5.8S, ITS-2 sequences for Baiuntidium cok Although 
the sequences are presented as three separate entities, ITS-1 is contiguous with the 5.8s 
LSrRNA gene, which in mm, is contiguous with the ITS-2 region. This 401 bp region 
separates the 18s and 28s rRNA genes. 



Fig. 3.4. Cornparison of the ITS- 1, 5.8S, and ITS-2 sequences from Canadian, Amencan 
and Australian isolates of Isotricha prostoma with the isolate of BaIantzdium d i ,  which 
was obtained fiom an ape in London, England. The Wooster, USA isolate of 1. p r o s t m  
was obtained frorn a sheep, while ail other isolates of 1. prostumu were obtained fiom 
cattle. As there were no sequence diierences within the eight isolates of prostoma (see 
text for details), only one isolate from each site is shown. 



18s -++- tTS- 1 
Ashton, C m  GATCATTTACTAAAACTAAACTAAAAACTAACTGATTATTAGTT-------- CT 
Elora-1,CAN .................................................. -------- . . 
Perth-3,AUS .................................................. -------- . . 
Wooster,USA .................................................. -------- . . 
Balantidiurn ....... A-.A...TT.G......T..........ACT.G.T..T.A...TTATTTCA.. 

u 
Ashton, CAN CTATTTGAAGTAA- - -AAGAA,AACAATATA- -ACTGAAATGGTTGAATAA-AATCTAAAT 
EIora-1, CAN ............. --- ......................................... -- - 
Perth-3, AUS ............. --- ......................................... -- - 
Wwster, USA .....-....... --- ......................................... -- - 
Balantidium A.......-C...TAC........C...A.CT...T..T...G......TC......... 

Balantidium ............................................................ 

Ashton, C m  CAGTGTG,4;1TTGCAGAACCACGAATCATCGGATTTTCTAACGTTACTGACACTGGTGAAG 
Elora-1,CAN ............................................................ 
Perth-3,AUS ............................................*............... 
W m a r , U S A  ............................................................ 
Balantidium .. A.................T.......,....A........CA....GG.....CT.-- 

u 
Ashton, CAN AGCCAGTATACTTGTTTCAGTGTCACTAACCAAACACTTAAAWTGTATGAGAAGTT 
EIora-1,CA.N ............................................................ 
Perth-3,AUS ............................................................ 
Wooster,USA ............................................................ 
Balantidium .A.....................GCG..........TA...T..G.....GA....TCA. 

ITS-2 
Ashton, CAN CTCATATGAAATTAATGCTCTTTGTAGCAATCACAGAAAT - - - rJT GAATCTATAAGGAGG 
Elora-1, CAN ........................................ --- ................. 
Perth-3, AUS ........................................ --- ................. 
Wooster, USA ........................................ --- ................. 
Balantidiurn ... T...T....A.......A....T.........AT.T.TTT......T,.C.TT...A 

U 28s 
Ashton, CAN --ATTTTTATTTTGACCTGAAATTA-GTAA~ATGACCC'GCTGGACTTAACCATATTACTA 

- Elora-l,CAN ......................... .................................. 
- Perth-3,AUS --....................... .................................. 
- Wwster,USA-- ......................................................... 

...... ......... Balantidium C A .  G C . . . . . . . . . C . A . . . . . . . . . . . . . . C . . . . . . . . . . . . .  



and 33.2% for B. coli. 

The sequence divergence between L prostoma and B. coli was 26.6% for ITS-1, 

9.6% for the 5.8s gene, and 19.3% for ITS-2. Overall, the sequence divergence between 

I. prostorna and B. coli for the complete ITS- 115.8SflTS-2 region was 16.2%. 

DISCUSSION 

The ITS regions have been usefûl for distinguishing and differentiating 

rnorphologically identical species and strains fiom a wide diversity of We, such as bacteria 

(Barry et al., 199 1; McLaughlin et  aL, 1993; Matar et al., 1993, Gurtler, 1993), 

apicomplexans (Cevallos et al., 1993; Goggin, 1994; Barta et al., 1 W8), dinoflagellates 

(Adachi et al., 1994), trematodes (Anderson and Barker, 1993), fùngi (Lee and Taylor, 

1992), plants (Baldwin, 1992), dipterans (Wesson et al. 1992; Fritz et al., 1994; 

Schlotterer et al., 1994), and salmonid fish (Pleyte et al., 1992). 

Jerome and Lynn ( 1996) used a WLP analysis of the 18SATS-1/5.8SIITS-2 region 

as an alternative means to mating experiments and isoenzyme analysis for identifying and 

distinguishing sibling species within the Tetrahymena p y n j m i s  complex. Different 

sibling species had different RFLP patterns. Although they did not rigorously assess 

intraspecific variation using the ITS regions, there was no variation in the RFLP pattern 

either between two strains of T. thennophifa or arnong 18 isolates of ?: empidokyru. 

Moreover, six Tefrahymena isolates from the wild had identical RFLP patterns to one of 

the recognized patterns of a species in the T. pyrifonnis complex (Jerome and Lynn, 

1996). Thus, intraspecific variation within the tetrahymenine ITS- 1/5.8SATS-2 region 



appeared to be quite low. Similady, a lack of genetic diversity was detected using RFLP 

analysis of the ITS-1 region fi-om several geographicd isolates of the apicomplexan 

parasite, Smcocystis gigmtea ( J e B k  et ai., 1 996). 

Diggles and Adlard (1 997) examined the intraspecific variation within the ITS-1 

from 16 isolates of the obligate marine fish ectoparasite, Cgptocuryon hitans, and 

discovered as much as 5.9% sequence divergence amongst the 13 isolates (seven wild and 

six laboratory raised) from Australia. Even if the laboratory-raised isolates were excluded 

f?om the analysis, there was ail1 a 4.1% sequence divergence amongst the Australian 

isolates. In contrast, there was only one nucleotide difference in the 170 bp region 

arnongst the single isolate from the United States and the two isolates fiom Israel. Diggles 

and Adlard (1997) also exarnined the ITS-1 region Corn another ciliate, Ichthyophtrhinus 

multzifils, and determined that the sequence divergence between the isolates of C. imitmrr 

(class Prostomatea) and 1. mulfz~liis (class Oligohymenophorea) ranged between 40.7 - 

42.4%. In cornparison, genetic distance between the two vestibuliferids (order 

Vestibuliferida), I. prostorna and B. colt was ody 26.6%. 

In the present study, the eight isolates of 1. prostoma from three countries, 

representing two continents, have remarkably conserved ITS- 1, 5.8S, and ITS-2 regions. 

Moreover, there were no sequence differences between I. prostoma isolates fiorn cattle 

and sheep hosts. This suggests that populations of I. prosterna on two continents are very 

recently diverged, consistent with human migration with their domestic anLnals to these 

continents in the 18' and 19' centuries. Although the 100% sequence conservation found 

in the eight isolates of l. prostoma contrats with examples where these ITS regions are 



highly variable, presumably because they are not under fiinctional constraints (White et aL, 

1990; Mard and Honeycut, 199 1; W i s  and Dixon, 199 1; Schlotterer et al., 1994), other 

researchers have not found significant variation. For example, Hoste et al. (1993) found 

no differences in the ITS-2 region of the nematode, Trichosaongyius colubrzjomis. De 

Wit and Klatser (1994) detected no dEerences in the ITS spacer region of 75 isolates of 

Mycobacterium leprae, the causative agent of leprosy, fkom four continents. More 

recently, Homan et al. (1997) examined 20 isolates of the intraceiiular protozoan parasite, 

Toxoplma gondii. and detected no dserences in the ITS-1 and 5.8s sequences. 

In the present study, the ITS-1 regions for 1. prosterna (92 bp) and B. coli (106 

bp) were much shoner than that for C. i r r i t a  (170 bp) and 1. rnultrflliis (182 bp) 

(Diggles and Adlard, 1997). To account for the considerable variability in ITS-1 lengths 

between our two studies, a carefûl inspection of the 3' end of their ITS-1 sequences with 

the 5' end of the 5.8s sequences from my study revealed that Diggles and Adlard's (1997) 

published ITS-1 sequences contained 40 bp belonging to the 5' end of the 5.8s gene. f O 

support this conclusion, the last 80 bp of the ITS-1 sequences from C. i r rztm and 1. 

rnultif1lii.s were put through GenBank's Basic Local Alignment Search Tool (BLAST) 

(Akschul et al., 1990) to detemine whether the sequences were isologous with the ITS-1 

or 5.8s gene from other eukaryotes in the database. The results indicated that the 40 

suspect nucleotides were >78% similar to the 5' end of the 5.8s gene from at l e s t  100 

diverse eukaryotes ranging from Caenorhabditis elegam (a nematode) to 

Chlmydomonas callosa (a chlorophyte). The best match of similarity was 90% with the 

ciliate, Tetruhymena therm~phiia~ Thus, it appears that the correct ITS-I lengths for C. 



imitas and I. mulrifiliis should be 130 and 142 bp respectively, very simiiar to the ITS-1 

Iength of T thennophila of 13 1 bp (Engberg and Nielsen, 1990) (see Table 3.1 ), but still 

longer than that of L prostoma (92 bp) and B. coli (106 bp). 

It has been suggested that the length and G-C content of the ITS-1 region tends to 

increase in "higher" eukqotes (Takaiwa et al., 1985; Torres et al., 1990). For example, 

the ES-1 in plants is 72% G-C and over 220 bp long, whereas the ITS-1 in humans and 

other rnamrnals is 80% G-C and longer than 1,000 bp (see Table 3.1). Diggles and Adlard 

(1997) used this rationale to suggest that because the ITS- 1 Iength (142 bp) and 28.5% G- 

C content of 1. rnuhijiliis is greater than that of C. irritms (1 30 bp; 20.6 - 22.4%), it must 

be more derived than C. irritam. 

If longer ITS- 1 and higher G-C content indicate more recently derived organisms 

( T a k W  et al., 1 98 5 ;  Torres et al., l99O), then ciliates must be old as they have shorter 

sequences like Tritn'chornonas and Entmoeba (Table 3.1). Although this supports the 

conclusion based on the SSrRNA rnolecular dock (see chapter 4) that the ciliates are a 

very old assemblage of crown-eukaryotes, this is likely to be too simplistic a perspective, 

Like other trends related to genome characteristics (cg. genome size). For exarnple, it is 

widely accepted that ciliates are derived Eom dinoflagellate-like ancestors (Taylor, 1976). 

Therefore, 1 expect to see shorter ITS-1 sequences in dinoflageilates, like Alexandrium 

tamarense and Prorocentnrrn rnicans, and longer ITS-I sequences in the ciliates, but the 

opposite occurs (see Table 3.1). The apicomplexans are also believed to be derived from 

dinoflagellate-like ancestors and while their ITS-1 sequences are longer than their 

dinoflagellate relatives (see Table 3.1), they are also longer than several other metazoans 





(e-g. the sea urchin Lytechzms variegatus, the nematode, Cylicocycius ushworthi, and the 

urochordate, Herahania momuc). Further, because the litostome ITS-1 sequences are 

shorter than that of other ciliates, 1 would expect to see the litostomes branching eariy 

near the base of the ciiiate tree, but they do not. 

Although no sequence divergence was observed among the eight isolates of 

prostoma, the ITS-I/5.8SATS-2 region may stiil be usefui in other ciliate groups where 

species identification is uncenain. Entodnium is the srnallest rumen ciliate and the most 

troublesome to classify into species because of the large number of similar forms. There 

are at Ieast 120 presumed species of Entodinium and undoubtedly some, or most of these 

species are the same (Williams and Coleman, 1992) or are sibling species (e-g. the E. 

abbardi species-complex). Future testing of members belonging to these species- 

complexes, like the E. dubardi cornplex, may demonstrate the ITS-1/5.8SATS-2 region to 

be reliable for identifying and distinguishing species within Entodinizim and increase our 

understanding of the evolutionary mechanisms that gave rise to this genetic differemiation 



CHAPTER FOUR 

Maximum Ages Of CQiate Limages Estimated Using A Small Subunit rRNA Molecular 

Clock: Crown Eukaryotes Date Back To The Paleoproteraoic 

"An investmerit in knowfedge 
pqys the b e s  interest" 

Benjamin Franklin, year unknown. 



INTRODUCTION 

Paleontologisu have estimated the tirne at which major groups of muiticeiiular 

eukaryotes ap peared on earth by correlating index fossils with radioisotope data 

However, there is much Iess known about the appearance of unicellular eukaryotes 

because fossilization does not preserve unicellular organisms well (Corliss, 1979; Sogin et 

al-. 1986~). This is especidy m e  for the ciliated protozoa, a very diverse assemblage of 

unicellular eukaryo tes (i. e. crown eukaryotes) that comprise the phylum Ciho phora 

Doflein, 190 1. With over 8,000 species (Lynn and Corliss, 1 99 l), their evolutionary 

history has been of interest to protozoologists, evolutionary biologists, and molecular 

geneticists because of their cornplex cytoarchitecture, diverse morphology, and dirnorphic 

nuclei. 

Because genetic divergence is roughly linearly correlated with divergence tirne (i-e. 

is dock-like), the use of genetic divergence data to estimate the origin of groups for which 

there is linle or no fossil record evidence is a common application in molecular systematics 

(Hïilis el al.. 1996). However, disagreement exists over using this approach: there are 

discrepancies between paleontological data and molecular divergence estimates (see Sarich 

and Wilson, 1967; Holmes, 1991); and rates of molecular divergence are known to be 

unequal over long periods of t h e  and to Vary between groups of organisms (i-e. humans 

and other higher primates; see Miyarnoto and Goodman, 1990). Nonetheless, in the 

absence of a thorough fossil record, which is especially true for most protist groups (e-g. 

ciliates), and given that clock rate is more consistent within a group of related organisms, 

a molecular clock can provide useful insights hto a group's evolution (Saunders and 



Druehl, 1992, Doolittle et al.. 1996; Wis et uL, 1996; Wray et d., , 1996). 

Ribosomal RNA sequences make the best molecular clocks because of their high 

degree of fimctional constancy, universal distribution, and their low levels of variability 

within related taxa (Woese, 1987). This permits the most distant relationships. up to 

3,500 million years ago (Ma), to be measured (Woese, 1987, Hillis et al-. , 1996). Nuclear 

s m d  subunit rRNA (SSrRNA) gene divergence estimates have already been determined 

for vertebrates (1% per 60 million years (My)) (see Saunders and Druehl, 1992). plants 

(1% per 25-My) (Saunders and Druehl, 1992), and prokaryotes (1% per 50-My) (Ochman 

and Wilson, 1987). 

Aithough protozoa do not fossitize well, estimates of the maximum age of 

protozoa with symbiotic relationships with vertebrates may be obtained using the fossil 

record of their hosts. For example, the ciliated protozoan, Ichthyophthïrius, is an obligate 

ectoparasite of freshwater teleosts (to my knowledge, there are no published accounts in 

the literature of Ich~hyophthirius parasitinng non-teleost freshwater fishes, such as gars 

and sturgeons). Ichrhyophîhirius' closest relative, based upon morphological (Canella, 

1964, L ~ M  et al., , 1 99 1) and molecular data (Wright and Lynn, 1999, is the free-living, 

but histophagous ciliate, Ophryoglenu. Further, nom the fossil record, the oldest known 

fieshwater member of a living teleostean clade, such as Osteoglossornorpha or 

Elopomorpha, is undoubtedly (e.g. Lycoptera, a freshwater osteoglossomorph) fkom the 

very late Jurassidearly Cretaceous of China, approximately 145-Ma (Schaeffer and 

Patterson, 1984; Wilson and Wiiliarns, 1992; Patterson, 1993). From this information 1 

can determine the rate of nucleotide substitution and calculate the mrximiim age of 



divergence of the ciliates. This paper represents the first attempt to calibrate a SSrRNA 

molecular clock for the ciliated protozoa and to predict the t h e  of divergence of ciliate 

limages fiom pair-Wise genetic distances. 

MATERIALS AND METHODS 

Sequence Acquisition and Analysis 

The nucleotide sequences in this paper are available nom the GenBankEMBL 

databases under the following accession numbers: Bresshm sp., Bryometopus sp., and 

Bursma sp . (Lynn et al.. unpu bl. data); Climacosîomum virens X65 1 52 (Hammerschrnidt 

et al.,, 1996), Coleps sp. (Stechrnann et ai.,, 1998), Colpidkm c+m X56532 

(Greenwood et al.,, 199 la), Colpoda inflata Mg7908 (Greenwood et aL., 1991b), 

Cyciidium g h c o m a  222879 (Embley et ai.. , 199 5), Dasytricha minant ium US7769 

and Didinium naniturn US7771 (Wright and L ~ M ,  199%); Dipiodinium &ntafum 

U57764 (Wright and Lynn, 1997a); Entodnium coudatum US7765 and Epidnium 

cmdotum U57763 (Wright et al. .. 1997), Eudiplodinium maggzi U57766 (Wright and 

Lynn, 1 997a); Eufollieufina uhiigi U47620 (Hamrnerschrnid t et al., , 1 996), Furgrnonia 

b l o c h a m i  X65 150 (Bernhard et al.,. 1995), Glaucorna chattoni X56533 (Greenwood et 

l .  , , 1 99 1 a), Homalozoon verniculare L26447 (Lei pe et al.. 1 994a), Ichthyophthirius 

rnukz~~i is  U 173 54 (Wright and Lynn, 1999, Isotricha intestinals US7770 (Wright and 

L y q  1997b), LabyriinInrioides minuta L27634 (Leipe et al., 1994b), Loxudes srnatus 

U24248 (Harnmerschmidt et al., 1 W6), LoxophylIurn uhicuhriae L26448 (Leipe et al., 

1994a), M e t o p s  contortus 2295 16 (Embley et al., unpubl. data), Metopus palPfomis 



Ad86385 (Embley et al., 1992), Obertrumia sp. (Bernhard et al., 1995), Onychodromw 

q~adkzconnr~us X53485 (Schlegel et al., 199 1); Ophryoglena catenula U 173 55 (Wright 

and Lynn, 19951, Ophyoscolex purkynjei US7768 (Wright and Lynn, 1997b), ûxyMcha 

gt.-fifera, X53486 (Schlegel et al., 199 l), Paramecium tetmurelia XO3 772 ( S O N  and 

Elwood, 1986), Platyophrya sp. (Lynn et al., unpubl. data), Pofyphstron 

nnritn,esimlatm US7767 (Wright et al., 1997), Prorocenirum m i c m  Ml4649 (Herzog 

and Maroteaux, l986), Prorodon teres (Stechmann et al., 1 W8), Protocmzia sp. X65 153 

(Hammerschmidt et al., 1 996), Pseudomicrothorm dihius X65 1 5 1 (B enihard et ai., 

1995), Pseudoplatyophtya sp. (Lynn et al.. unpubl. data); Sarcocystis muris M64244, 

M34846 (Gajadhar et al., 199 I), Spathidim sp. 22293 1 (Dyal et al., 1999, Styionychia 

puslufata M14600, X03947 (Elwood et al., l985), S)mbiodiniurn pilosum X62650, 

S4466 1 (Sadler et aL, 1992), Tetruhpena australis, Z borealis. T. canadensis, and I: 

c ~ c o n i i s  (Sogin et al., 1986c), T. corlissi U17356 (Wright and Lym, 1995), T. 

empidokyea U36222 (Jerome et al., 1 9%), T. hegewischi, 1: malaccemis, T. ncmneyi, I: 

patda, T. pigmentosa, and T. pyrifonnis (Sogin et al., 1 9 8 6 ~ ) ~  T. t h o p h i l a  (Spangler 

and Blackburn, 1985), T. tropzcalis (Sogin et al., 1986c), ïheilerza buffeeli 215106 

(AUsopp et al., 1994), Tracheloraphzs sp. L3 1520 (Hirt et ai., 1995), and Uronemu 

marirmm 22288 1 (Dyal et al., unpubl. data). 

Ciliate SSrRNA sequences were aligned against sequences from ciliates belonging 

to the same class and those fiom other classes using the Dedicated Comparative Sequence 

Editor (DCSE) program (de Rijk and de Wachter, 1993) and further refined by 

considering secondary stnictural features of the SSrRNA molecule. PHYLP's (ver. 



3.5 1C) (Felsensteh, 1993) DNADIST program was used to calculate the evolutionary 

distances (d) between pairs of nucleotide sequences using the Kimura (1980) two- 

parameter model. 

The ciliates Blepharisma, Discophrya. Euplotes, Opisthonecta, Plagiopykà, 

Trimyenu, and Trithzgmostoma have a relaîively fast evolving SSrRNA and were ornitteci 

fiom the analysis because their uncharacteristic divergence rates may over-estirnate tirne of 

divergence (see Sogin et al.. 1986b; Saunders and Druehl, 1992; Philippe et al.. 1996) for 

the ciliates. The remaining genetic distances were used to estimate the divergence times of 

the major ciliate groups. 

RESULTS 

Molecular clock calibration 

The genetic distance separating Ichthyophthirius and Ophtyoglena is 1.8% (Tables 

4.1 and 4.2). Depending upon minor changes in my SSrRNA sequence aiignments, 1 have 

found that this genetic distance varies between 1.8 to 2.0%. Thus, the maximum 

divergence of the SSrRNA gene of Ichthyophthirim is approximately 1.8 to 2.0% over 

145-My or 1% per 72 to 80-My (this is equivalent to a rate of nucleotide substitution per 

site, per year, per lineage of 1.25 to 1.4 x IO-'). 

Pair-wise genetic distances 

Using the classification scheme of S m d  and Lynn ( 1  98S), the deepest divergence 

involving the postciliodesmatophorans (i. e. class Karyorelictea and class Heterotrichea) 



Table 4.1. SSrRNA evolutionarv distance data for ciliate re~resentatives of major lineages 

h o . .  Trac.. Etdo ... Clim.. Pror. Styl.. Oxyt.. Homa.. hxo..  Didi.. FUR. 

Tracheloraphis 
Eigollicul ina 
Climacostonttr m 
Protocmrzia 
Stylonych ia 
Oxyîricha 
Homalozoon 
Loxophyl lum 
Llidinirrm 
firrgasonia 
Obertrumta 
Pseudomicmthorax 

@ Paramecium 
Vi 
w Umnema 

Cycl idiu m 
T thermuphila 
i? corlissi 
i? empidokpa 
Ichihyophthirius 
Ophryogleria 
Colpoda 
Pserrdoplutyophrya 
Plutyophrya 
Prorodon 
Coleps 

The evolutionary distance for al1 pairs of aligned SSrRNA sequences were determined following Kimura two-parameter 
model. Table 4.1 is continued on next page. 
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(Figure 4- 1) is 27.3 % between the karyoreiictean Tracheloruphis and the 

oligohymenophorean T. thentophila (Table 4.1), and 27.5% between the heteroaich 

C~imacosfomum, and the oligohymenophorean K empictokyrea (Table 4.1). The average 

of pair-wise cornparisons between the heterotrichs and karyorelicteans is 16.6% (16.1 - 

17.1 %) (Table 4.3). Within the dass Karyorelictea, the distance separating the 

protostomatid Tracheloraphis and the loxodid Loxodes is 9.0% (Table 4.3). W~thin class 

Heterotrichea, the distance beîween the heterotnchs EufolZimlina and Chacostomum is 

10.7% (Table 4.3). 

The deepest divergence involving the oligohymenophoreans (class 

Oligohymenophorea) (Figure 4.1) is 27.5% between the heterotrich Cl»nacostomum and 

the hymenostome T. empidokyrea (Table 4.1). Within the hymenostomatians (Subclass 

Hymenostomatia), the deepest divergence is 20.5% between the hymenostome (order 

Hymenostornatida) GIaucoma, and the scuticociliate (order Scuticociliatida) Urnema 

(Table 4.2). The average of pair-wise genetic distance cornpansons beoveen the 

hymenostomes and the peniculid Pmamecium is 19.0% (17.5 - 20.1%) (Table 4.2). Within 

the hymenostomatids, the average genetic divergence between the ophryoglenines 

(suborder Ophryoglenina), Ophyoglena and Ich?hyophthirius, and the tetrahymenines 

(suborder Tetrahymenina), Tetrahymena, Glaucoma, and CoZpidium, was 6.4% (5.9 to 

7.2%) (Table 4.2). The average of pair-wise genetic distances between Glaucomu and 

Colpidim with the tetrahymenas (family Tetrahymenidae) is 3 -4% (3.1 - 4.0%) (Table 

4.2), whereas the distance between Colpidium ( f d y  Turaniellidae) and Glaucoma 

(family Glaucornidae) is 3.2% (Table 4.2). The deepest divergence within the 



Fig. 4.1. A phylogenetic tree of the ciliates drawn to show the estimated tirne of 
divergence of the major ciliate lineages. The upper-limit of 1% divergence per 80 million 
years was used to draw the branches on the tree (see text for details). 





Table 4.3. SSrRNA evolutionary distance data for the Classes 
Hetero t ric hea and Karyorelictea 

The evolutionary distance for aii pairs of aligned SSrRNA sequences 
were determined foiiowing Kimura 2-parameter model. 



tetrahyrnenas was 2.2% between Teidymenu empidokyrea and T. malaccensis (Table 

4.2; Figure 4.1). There is no genetic distance (d = 0.00%) separating T. borealis and T. 

d & s ,  or T. hyperunguian's, T. pigmentom, and T. m e y z  (Table 4.2). 

The deepest divergence involving the ïttostomes (class Litostomatea) (Figure 4.1) 

is 23 -4% between the haptorian LoxophyiZum and the oiigohymenophorean T. thennophilo 

(Table 4.1). The average distance between the haptorians (Subclass Haptoria) and the 

trichostomes (Subclass Trichostomatia) is 7.2% (6.6 - 10.8%) (Table 4.4). W1thin the 

Subclass Haptona (Figure 4. l), the average distance between the pleurostornatid (order 

Pleurostomatida) Loxophylm and the haptorids (order Haptorida), Homololoon, 

Sputthidim, and Didinium, is 7.5% (Table 4.4). The average distance between Didinium 

and either Homalozoon and Spafhidium is 5.5% (Table 4.4), while the distance between 

Homahoon and Spa~hidium is 4.3% (Table 4.4; Figure 4.1). Within the Subclass 

Trichostomatia (Figure 4.2), the average distance between the vestibuliferids (order 

Vestibulifenda) and the entodiniomorphids (order Entodiniomorphida) is 6.5% (5.6 - 
7.8%) (Table 4.4). Within the Entodiniomorphida, the average distance separating 

Entodinium (Subfarnily Entodinünae) &om the other entodiniomorphds (Subfamilies 

Diplodiniinae and Ophryoscolecinae) is 4.7% (4.4 - 5.1%) (Table 4.4). The average 

distance between the Diplodinünae and Op~oscolecinae is 3.5% (3.2 - 4.0%) (Table 

4.4), whereas, the distance between the two vestibuliferids Dasytricha and Isotricha is 

5.2%. The most recent divergence within the rumen ciliates is 1.8% between Diplodinium 

and Eucüplodinium (Table 4.4). 



Fig. 4.2. A phylogenetic tree of the rumen ciliates drawn to show the eairnated time of 
divergence of the rumen ciliate lineages. The lower-ümit of 1% divergence per 8 million 
years was used to draw the branches on the tree (see text for detaiis). 







The deepea divergence Uivolving the spirotrichs (class S piro trichea) (Figure 4.1) is 

23.8% between Protocrwa and the oligohymenophorean Ï. corlissi (Table 4.1). The 

average of pair-Wise distance cornparisons between Protocmzia and the stichotrichs (order 

Stichotrichia) is 12.8% (12.5 - 13.1%) (Table 4.5). Within the stichotrichs, the deepest 

divergence is 4.7% between OnchyoCaoomus and Oxylnchq whereas the most recent 

divergence is 3.1% berneen 0nchyodro111~~~ and Styionychia (Table 4.5). 

The deepest divergence involving the prostomes (dass Prostomatea) (Figure 4.1) is 

2 1 -2% between Coleps and the oligohymenophorean T. thermophila (Table 4. l), whereas, 

the distance between Coleps and Prorodon is 9.8%. 

The deepest divergence involving the nassophoreans ( c h  Nassophorea) Figure 

4.1) is 20.7% between Pseudomicrothorm and the oligohymenophorean T. thennophila 

(Table 4.1) .  Within the Nassophorea, the deepest divergence is 12.8% between 

Pseudomicrothorm and Furgasonia, whereas the closest divergence is 7.4% between 

Furgrroniia and Obertrumza (Table 4.6; Figure 4.1). 

The deepest divergence involving the colpodeans (class Colpodea) (Figure 4.1) is 

20.9% between COQ& and the oligohymenophorean T. corlissi (Tabie 4.1). The 

deepest divergence within the Colpodea is 1 1.6% between Bursaria and Platyophyra, 

whereas the closest divergence is 2.2% between Bresslnua and Co@& (Table 4.7). 



Table 4.5. SSrRNA evolutionary distance data for the Class Spirotnchea 

Protocmziu Styionychio Onychodromus 

Styionychia O. 1277 
Onychodrom 14s O. 13 13 0.0309 
Oxytrichu O. 1245 0.043 5 0.0466 

The evolutionary distance for ail pairs of aligned SSrRNA sequences were 
determined following Kimura two-parameter model. 



Table 4.6. SSrRNA evolutionary distance data for the 
Class Nassophorea 

-- 

The evolutionary distance for al1 pairs of aligned SSrRNA 
sequences were determined foliowing Kimura 
two-parameter modei. 



Table 4.7. SSrRN.4 evolutionary distance data for the Colpodea 

The evolutionary distance for al pairs of aligned SSrRNA sequences were 
determined following Kimura 2-parameter model. 



DISCUSSION 

There is no fossil record evidence of protozoan endo- or ectosymbionts. 

Therefore, I cannot determine the exact tirne (i.e. within the past 145-My) that the 

obligate f?eshwater fish ectoparasite, Ichthyopphftias, appeared on fieshwater teleosts. 

However, since Ichthyophhzrius is unlikely to be older than the appearance of fkeshwater 

fish, it is possible to calculate the maximum time and therefore divergence rate that 

Ichthyophthirius could have diverged from Ophstogena (Le. 1% per 72 to 80-My). As 

this is the fust anempt to calibrate a SSrRNA molecular clock for the ciliates, it is 

important that as more independently-thed events are discovered, they be used to fiirther 

refine my ciliate SSrRNA molecular clock calibration. With this in mind, the deepest 

divergence within the ciliates, 27.5% between the heterotrich Climacostomum and the 

oligohymenophorean T. empidokyrea (Table 4.1), would have occurred 1,980 to 2,200- 

Ma d u ~ g  the Paleoproterozoic (Table 4.8; Figure 4.1). This represents the maximum 

divergence time from a comrnon ciliate-like ancestor. Aithough my tirne f k n e  of 1,980 to 

2,200-Ma doubles the divergence time speculated for the ciliated protozoa at 1,000-My 

(Schlegel and Eisler, 1996), this estimate is consistent with information that the oldest 

known fossil that appears to be protistan is approximately 1,800 to 1,900-My old from the 

Chuanjinggou Formation, China (Knoll, 1992). With fossil record evidence, it is 

important to note that the oldest known fossil group is seldom as old as the group itseif 

(Wilson and Williams 1992; Doolittle et al., 1996). Beside this paleontological 

information, Knoll (1992) also mentioned biogeochemical evidence that eukaryotic cells 

were present during the Paleoproterozoic [e.g. steranes in bitumens from the 1,690-My 



Table 4.8. Summary of maximum age of ciliate lineages based on a SSrRNA molecular dock calibrated to the origin of the 
fieshwater teleost fish ectoparasite ~c l i th~o~hth  iriid. This table is continued on the next page. 

Deepest Divergence Involving 
Age 

Lineage Lin eage Geological Time (millions of years ago) 

Subphylum Postciliodesmatophora 
Class Heterotrichea 7: ~.rr~pidokyn.a Paleoproterozoic 2200 - 1980 

Clit~tacostonrrrni f hfid/icir /itj a Neoproterozoic 856 - 770 
- -  .-P - 

Class Karyorelictea 7: rlirrtwphila Paleopraterozoic 2184 - 1966 
Tracheloruphis Loxodes mid-Neoproterozoic 720 - 648 

Subphylum lntramacronucleat~ 
Class Oligohymenophorea 

Order Scuticociliatida 
Order Hymenostomatida 
Suborder Tetrahymenina 
Glaucot~ia/Colpidittm 
L arisfrnlis group 

------- - .- - - -  

Class Spirotrichea 
Subclass Stichotrichia 
Onychodrott~u s 
Srylonych ia 

Clittracostotritrr,r 
hymenostomatids 
Paraniecitrtrt 
Suborder Ophryoglenina 
Fami ly Tetrahymenidae 
1: bowrrlis group 
. . . . - - - - - - - - - - - . . - - - 

7: corfissi 

Paleoproterozoic 
early-Mesoproterozoic 
Mesoproterozoic 
late-CanibriadOrdovician 
Perm ian 
late-Jurassic 
- - -- - - - - - - - -. ---- - 

Mesoproterozoic/Neopro terozoic 
Devon ian/Carboni ferous 
Tr iassic 

1. Genetic distance separating lchthyophthirius fiom Ophyoglena is I % per 72 - 80 My (see text for details). 

2. The Classes Phyllopharyngea and Plagiopylea are not included in this Table as the only two representatives for these 
classes have a relatively fast evolving SSrRNA and were omitted from the analysis. 

3. Based on mean percentage. 





old Bamey Creek Formation in Australia (Ho f i a n  and Chen, 1 98 1) 1. 

The dass Oligohymenophorea de Puytorac et al.,, 1974 is the moa speciose group 

of diates (Lynn and Coriiss, 199 1) and the group for which the most SSrRNA sequence 

data are available, especially for the genus Te~rahymena. According to my data, the 

teû-ahymenas split into two distinct iineages, the T. mstraiis group and the T. buredis 

group (Sogin et ai., 1986~; Wright and L ~ M ,  1995; Jerome et al., 1996), during the late 

Jurassic Penod 158-Ma (Figure 4.1). Within the two main groups, further radiations 

occurred 4 to 72-Ma (Table 4.2). Because genetic distance data in my analysis are limited 

to two decimal places, 1 cannot account for distances of less than 0.01% (Le. within the 

last 720,000 to 800,000 years). Therefore, the most recent divergence (d = 0.00%) 

between T. borealis and T. canodensis, as well as the split arnongst T. hyperangularis, t 

n m e y i ,  and T. pigmentosa, must have taken place within the last 720,000 to 800,000 

years. My relatively young age estimate of the genus Tetruhyrnenu strongly contrasts with 

Nanney's (1 984) suggestion that Tefiahymena was over 1,000-My old. Nanney's (1 984) 

c l a h  was based on the percentage of G-C variation, which he noted was a crude mesure 

of divergence. 

As indicated, the litostomes (class Litostomatea) date back to the late 

Paieoproterozoic some 1,685 to 1,872-Ma and divided uito at least two major lineages, 

the haptorians (Subclass Haptoria) and the trichostomes (Subclass Trichostomatia). The 

haptorians consist of free-living organisms, whereas the trichostomes are primady 

endosymbionts of vertebrates and are coiiectively known as the rumen ciliates. These 

obiigate endosymbionts fd into two major iineages, the entodiiomorphids (order 



Entodiniomorphida) and the vestibuliferids (order Vestibulifenda), and are found in the 

rumens of ungulates, which are weii documented in the fossii record. Based on 

morphology (Dogiel, 1925, 1927, 1947; Lubinsky, 1957% 1957b, 1957c) and molecular 

data (Wright et al.. 1997; Wright and Lynn, 1997% 1997b), the genus Entodinium is the 

most primitive of the entodiniomorphids. Because Entodinim is found in cameilids (e.g. 

carnels, llamas, alpacas, vicunas, guanacos), which are pseudonuninants (Williams and 

Coleman, 1992). but not in non-ruminants (Le. hippopotamus), Entodinium must have 

&sen f i e r  the non-ruminants diverged fiom the other Artiodactyla 50-Ma and before the 

separation o f  the pseudorurninants 40-Ma (Williams and Coleman, 1992). Based on this 

information, 1 now have a maximum and a minimum age (40 to 50-My) for the appearance 

of Entodinium. Within the Entodiniomorphida, the deepest and most recent divergences 

involving Entodiniirrn is 5.1% (Table 4.4) wirh Polplastron and 4.4% (Table 4.4) with 

either Eudiplodinium or Ophryoscolex. Thus, these changes in the SSrRNA gene of 

Entodinium occurred over the past 40 to 50-My or at a divergence rate of 1% per 8 to 11- 

My. In addition, the nimen ciliates, Eudiplodinium and Epzdinium, are separated by a 

genetic distance of 3.2% (Table 4.4) and are only found in ceMds and bovids (Wïïiarns 

and Coleman, 1992). Since cenids and bovids date back to 25-Ma (Williams and 

Coleman, 1992), then Eirdplodinium and Epzdinium are diverging at a rate of 1% per 8- 

My (Table 4.9; Figure 4.2). This lower-limit of 1% divergence per 8-My is an order of 

magnitude faster than the divergence rate calibrated for Ichthyophthirius based on the 

appearance of freshwater fish. 





If1 use the calibrations based on the rumen endosymbionts of 1% divergence per 8 

to Il-My, then the ciliates appeared sorne 220 to 303-Ma. This is undoubtedly a gros 

underestimation of the origin of ciliates, since there is fossii record evidence of a relatively 

derived group of ciliates, the tintinnids, dating back to the Ordovician (Tappan and 

Loeblich, 1968, 1973). Moreover, if 1 apply the 1% divergence per 72 to 80-My to the 

rumen ciliates, then the most recent divergence previously rnentioned for Entodinium 

(Table 4.4) would have occurred between 3 18 to 3 52-Ma, well before the appearance of 

the ungulates. Neither of these predictions is reasonable, which leads to the conclusion 

that the rumen ciliates (endosymbionts) have a fast clock while ectosymbionts and fiee- 

living ciliates have a slower clock. A similar discovery was made by Moran and her 

collaborators (Moran et al., 1995; Moran, 1996) when they compared divergence rates of 

ribosomal DNA for aphids and their endosyrnbiotic bacteria, Buchnera spp. They 

determined that substitution rates were twice as fast in Buchnera spp. as in related eee- 

living bacterial lineages (Moran et al., 1995; Moran, 1996). 

The greatest variation of substitution rates within a group is found within the 

foraminifera, one of the most abundant and diverse marine protists. Pawlowski and his 

collaborators (de Vargas et al., 1997; Pawlowski et al., 1997) estirnated that the rate of 

rDNA evolution in planktonic foraminifera was 50 - 100 times faster than in some benthic 

forarninifera. Pawlowski et al. (1997) are doubtfil that differences of generation tirne and 

productivity are sufficiently large enough to account for the 100-fold increase in evolution 

rates and further suggested that an increased exposure of the planktonic foraminifera to 

solar UV radiation as another contributing factor. De Vargas et al (1997) suggested the 



adaptation to a planktonic mode of life fiom a benthic one as another contributing factor 

to explain the elevated divergence rates in planktonic foraminifera. 

Dykhuizen (1990) believed that elevated divergence rates, such as those in the 

rumen ciliates, endosymbiotic bacteria, and planktonic foraminifera., reflected periods of 

rapid evolution into new niches where suMval is more important than cornpetitive absty. 

He argued that there would be intense selection pressure on the region of the genome 

responsible for survival in the new niche and relaxed selection pressure on the rest of the 

genome. Therefore, researchers should expect to see rapid and unusual changes in the 

ribosomal sequence in lineages, like the foraminifera or endosymbionts (Le. parasites), that 

had adapted to a new niche. For exarnple, McCutchan and his collaborators (McCutchan 

et al., 1988, 1995; Li rt of., 1997) indentified three highly derived functional 18s SSrRNA 

genes in the nuclear cornpartment of Plomraù'zum. the causative agent of malaria 

Referred to as S-, A-, and O-types, the S-type gene is transcribed in the sporozoites within 

the liver, the A-type gene is transcnbed in the merozoites in infected erythrocytes and in 

the gametocytes of the vertebrate and mosquito blood meal, while the O-type gene is 

transcribed in the oocysts within the mosquito. These multiple genes may be in response 

to dEerent developmental stimuli as these parasites rnoved from poikilothermic 

invertebrate hosts (e.g . insects, O-type gene) to homeothermic vertebrate hosts (e.g. 

humans, A- and S-type genes) (Barta, pers. comm. ). 

Although the faster clock for the nimen ciliates can be explained by this intense 

selection on su~vabili ty as they invaded the rumen niche, it can dso be explained by the 

relatively high ambient temperature (39' C) of the rumen environment. High temperatures 



are known to decrease the efficiency of DNA repair rnechanisms leading to higher 

mutation rates (Sancar and Sancar, 1 988). Which explanation is more appropriate must 

await fbture experirnents. Generation times have also been suggested to play an important 

role on the rates of molecular evolution (Martin and Paiumbi, 1993). However, 

generation times are not considered to have contributed to the higher mutation rates of the 

mmen ciliates as their generation times at 3g0 C (in situ o 12 - 24 h and in vibo t 6 - 48 

h) (Wiiliarns and Coleman, 1992) are consistent with generation tirnes observed for a 

variety of fiee-living ciliates at 15 - 29O C (;+ 3.9 - 52.8 h) (Heinbokel, 1988; Suzuki and 

Taniguchi, 1993; Allali et al., 1994; Hansen, 1995; Perez-Uz; 1995, 1996; Montagnes, 

1996; Montagnes et al., 1996; Gransden, 1997). 

Paleontologists refer to the Cenozoic Era as the Age of Maxrîîals, but a valid 

argument could also be made for the Age of Birds, Insects, or Flowering plants (Davis et 

aL. 1990). The Mesozoic Era is known as the Age of Reptiles, the Silurian Period as the 

Age of Fishes, and the Paleozoic Era, the Age of Ancient Life (Davis et al., 1990). With 

this in mind, the ciliates first emerged during the Proterozoic Era, and within 600-My of 

the ciliate-like ancestor diverging from the main eukaryotic line, a major radiation within 

the ciliates occurred during the Mesoproterozoic and Neoproterozoic periods leading to 

the well-established lineages recognized as classes today (Colpodea, Heterotrichea, 

Karyorelictea, Litostomatea, Nassophorea, Oligohymenophorea, Prostornatea, 

Spirotrichea) (Table 4.1). Within these major Iineages, funher radiations occurred 800 to 

1,200-Ma. Although the SSrRNA molecular dock may only be a rough estimate of 

geological divergence time when applied to the ciliates, the time m e s  it suggests are 



consistent with information nom the paleontological record that a major radiation of 

single-celled eukaryotes occurred 1,000 to 1,200-Ma during the Neoproterozoic (Knoll, 

1992). According to Knoll (1992), the diversity of Neoproterozoic eukaryotes surpassed 

that of any eariier era, which suggests that the Neoproterozoic radiation of ciliates as  

determined by my molecular clock is a real phenornenon and not an artifact of sampling. 

In iight of this new information, the Proterozoic could be called the Age of Ciliated 

Protozoa, since these protists are typically the top heterotrophs in the rnicrobial food web 

(Azam et al.. 1983, Stoecker and Sanders, 1985; Sherr and Sherr, 1987; Rassouizadegan 

et al., 1988). 

Recently, Doolittle et al.. (1996) determined the divergence times of the major 

kingdoms using amino acid sequences from 57 difFerent enzymes. They suggested that the 

prokaryotes and eukaryotes last shared a common ancestor about 2,000-Ma and that the 

major protist lineages split from the other eukaryotes about 1,230-Ma. In contrast, data 

from ribosomal RNA sequences suggest that the prokaryotic-eukaryotic split occurred 

3,500-Ma (Woese, 1987). Moreover, 1 suggest a much later time of divergence for the 

ciliated protists. 

Further, Wray el al., (1 996) calibrated the rates of molecular sequence divergence 

for seven independent data sets of macromolecules, including the SSrRNA. Their 

averaged molecular data suggest that the invertebrates diverged from the chordates about 

1,000 to 1,200-Ma, twice as long ago as previously believed. If this information is 

considered to be correct, then it puts serious doubt into the classicai belief that the crown 

eukaryotes (Le. ciliates) evolved 1,000-Ma; putting them d e r  the appearance of complex 



metazoans. However, the results by Wray et al. (1996) have now been recently 

chaiienged by Ayala et al. (1998) who analyzed 18 protein-coding gene loci, including six 

of the seven genes studied by Wray et ai. (1996). In contrast, Ayala et ai., (1998) report 

divergence data t hat coincides wit h the "Cambrian explosion" theory that the kst 

coelomates appeared in the Neoproterozoic 544 to 700-Ma. 

Nevertheless, despite the controversy of the appearance of the metazoa, 

paleontological information that the oldest known fossil that appears to be protistan is 

1,800 to 1,900-My old (Knoll, 1992), coupled with biogeochemical evidence that 

eukaryotic cells were present 1,690-My (Hofian and Chen, 198 1), corroborates my 

molecular divergence estirnates that the ciliates as crown eukaryotes are much older than 

previously speculated, appearing about 1,980 to 2,200-Ma in the Pdeoproterozoic. 



CHAPTER F'IVE 

General Discussion And Conclusions 

Tour est pour le mieux aimis le meilleux des mondes possibles. 

Voltaire. yem unknown. 



GENERAL DISCUSSION AND CONCLUSIONS 

This study has examineci rDNA divenity in vertebrate endosymbiotic ciliates wnh a 

view towards examining the phyiogenetic history of ciliates at large and rumen citiates in 

particuiar. The 15 new sequences represent two subclasses, five orders, and 10 families of 

vertebrate endosymbionts and fiee-living predators within the class Litostomatea. In eariier 

chapters, these new sequences were compared against SSrRNA sequences Eom 

representatives fiom most of the major ciliate heages to examine the phyiogenetic 

relationships w i t h  the class Litostornatea and the phylum Ciliophom The outcorne of aü 

trees in this dissertation were consistent with recent phylogenies inferreci fiom LSrRNA 

(Baroin-Tourancheau et ai., 1992, 1995) and SSrRNA data (Flirt et al., 1995; Hammerschmidt 

et al., 1996; Stechmann et al.. 1998); the ciliates were a monophyletic group that divided into 

two major clades corresponding to the mbphyiurn divisions w i h  the phylum. The ''fht" 

major clade in the ciliate tree (Le. the subphylum Postciliodesmatophora Gerassimova and 

Seravin, 1976 s e m  Srnd and L m  1985) was a dichotomy with L o x d s  and 

Tracheiorqhiis (class Karyorelictea) on one branch, and Climacosiomim and Eufolmiim 

(class Heterotrichea) on another branch. The other major clade correspondeci to the 

çubphylum Intramacronucleata Lynn, 1996 and contained the remaining ciliates, those that use 

intramacronuclear microtubdes to divide their macronucleus. Within the Intramacronucleata 

the new litostome sequences dways formed a monophyletic group consistent with their 

placement in the class Litostornatea. Six other major lineages that correspond to classes 

recognized by Smaii and Lynn (1985) and Lynn and Small(1998) were strongly supporteci by 

bootstrap data in both parsimony and distance-matrix analyses. Wtthin the litostome clade the 



nec-living ciliates routinely grouped together on one branch consistent with their placement 

within the subclass Haptoria, while the vertebraie endosymbionts always assembled together on 

another branch consistent with their placement within the subclass Trichostornatia (Small and 

L ~ M ,  1985; Lynn and Small, 1998). 

Although the haptonans were comistentiy, aibeit weakiy depicted a s  a monophyletic 

group, relationships within the clade could not be resolved. This is probably because there 

were not enough phylogeneticaily infoxmative sites among the six genera of haptorians as ody 

85 sites were informative (Le. 5.1% of the gene). si mi la ri^^ there were 127 phylogendcaiiy 

inforniative sites for 13 species of Tetrdgmeena and the SSrRNA gene could not resolve some 

relationships among the tetrahymenas (Wright and Lynn, 1995). This suggests that there are 

not enough phyiogeneticdy informative sites in the SSrRNA of closely related (Le. the 

haptorians), or recently diverged species, k e  those in the genus Tetrahymeena In light of this 

information, another macromolecule that is less conserved than the SSrRNA gene, such as the 

ITS-1/5.8S/ITS-2 region, could be used to resolve relationships among these closely related 

taxa. 

The vestibuLiferids, Dasyrnasyrncha. I. Prostoma. I. intesnsnnaZis, and Buhtidium, 

consistently formed a monophyletic group on a branch w i t h  the trichostome clade and not 

within the haptorian clade. Even when the cladistic anaiysis by Lipscomb and Riordan (1992) 

was re-examined using their 46 morphological and ultrastructural characten (see Table 2.10) 

for 21 genera of litostomes, the vestiidifierids (Baimtidlum, I s ~ ~ c h a )  aiways formed a 

monophyletic group outside of the haptorian clade (Figure 2.29). In Light of this information, it 

is clearly incomect to remove the vestibuliferids f?om the subclass Trichostomatia to the 



subclass Haptoria as mggesteci by Leipe and Hausnann (1989) and Lipscomb and Riordan 

(1990, 1992). This supports the view of Small and Lynn (1985) and Lynn and Small(1998) 

that the vesti'buIiférids are the sister group to the entodiniomorphids within the subclass 

Trichostomatia. Further, the ophryoscolecids always formed a monophyletic group with 

Enfdhzium (Le. subfarmly Entodinünae) as the eariiest branching d a t e  before a dichotomy 

containhg Qidiniiwn and ûphryoscoZex on one branch (Le. n i b f d y  Ophryoscolecinae) and 

Polplcrrtron, DipIodini~im, and Eudiplodiniurn (subfàmiiy Diplodinünae) on the other branch. 

These groupings correspondeci to Lubinsky's (1957~) subfamiliai division of the 

Ophryoscolecidae based upon morphological characters. Further, Eh~dnium's basal position 

to the other ophryoscolecids dso supporteci the idea that Ehtdnium was a representative of 

the ancestral ophryoscolecids (Crawley, 1923; Dogiel 1925, 1947; Lubinsiq, 1957b, 1957~). 

Cycioposthiz~rn was the sister group to the ophryoscolecids consistent with its 

placement in the order Entodiniomorphida by S m d  and Lynn (1985). However, its putative 

entodiniomorphid relative Macropdnim did not group with the other entodiniomorphids 

making them paraphyietic. Perhaps Macropdnium was arbîtrarily piaced within the 

Entodiniomorphida because of its sirnilar gastrointestinal habitat. In fact, ~Mucropodinium's 

basal position to the entodiniomorphids and vestibuliferids (i. e. two major groups of mostly 

eutherian mammaiian endosymbionts) suggested perhaps the establishment of a new order for 

these unique marsupial endosymbionts. However, as previously stated, more sequence 

evidence fkom other species ofMacro@nim is needed before such a decision is wan-anted. 

Furthermore, molecular sequence evidence fiom representatives of the other entodiniomorphid 

families, DitoRdae Strekow, 193 9 (in horses), Polydiniellidae Coriiss, 1 960 (in elephants), 



Rhinozetidae Van Hoven, 1988 (rhinoceros), Spirodinüdae Strekow, 1939 (ïm horses), 

Telamodinüdae Latteur and Dufiey, 1967 (ii warthogs), and Troglodytellidae Corliss, 1979 (m 

apes) is needed to estabiish whether other endosymbionts may have been impropedy placed 

wiùiin the Entoduiiomorphida. 

Although the SSrRNA gene cornborates the monophyly of the ciliates and supports 

the 10 ciasses of ciliates that were estabJished based upon uiaasa~ctural characters, it wdd 

not resolve the deep relationships among these major limages. For exarnple, the Nassophorea- 

Ph~~opharyngea-Prostomatea-Colpodea-Oiigohenophor clade, Spirotrichea clade, 

Armophorida clade. and Litostomatea clade are ail on one branch, but not unambiuously 

resoki .  As a result of this polychotomy, my analysis and other studies using SSrRNA 

(Leipe et al., 1994% Embley et al., 1995; Hirt et al ,  1995; Hammerschmidt et d, 1996; 

Wright and Lynn, 1997% 1997b; Wright et al., 1997; Stechrnan et al., 1998) and LSrRNA 

(Baroh-Tourancheau rr aZ., 1992, 1995), could not unarnbiguously resolve the sister group to 

the litostomes. Molecular p hy logenetic analyses, using other tree building algo rithms and 

software, produced trees (not shown) that corroborated these results. If these organisms are 

a very old assemblage of protozoa, the accumulation over time of transitions, 

transvenions, and back mutations would make it impossible to resolve these deep 

relationships. 

The best way to find the most accurate phylogeny is to compare trees constructed 

fiom different macromolecules using various methods. In order to elucidate the deep 

branching pattern within the phylum Ciliophora another macromolecule should be used. 

Other macromolecules are being employed to corroborate SSrRNA based phylogenetic 



relationships within various protistan groups and to test the deep rdationships near the base of 

global eukaryotic trees. For example, chaperonin (cpn60) and heat shock protein (hsp70) 

sequences are king used to test deep rdationships within the three amitochondriate lineages, 

the diplomonads (phylum Metamonada), trichomonads (phylum Parabasala), and 

minosporidians (phylum Microspora) (Clark and Roger, 1995; Bui et al., 1 996; Gennot et 

al., 1996, 1997; Homer et al., 1996; Roger et ai., 1996, 1998; HiR et uL, 1997; van der 

Giezen et ai-, 1997). These macromolecules are proving to be quite usefid in 

corroborating and resolving these deep branches. Perhaps macromolecules tike cpn60 and 

hsp7O could be used to resolve the deep branches within the ciliates. 

In chapter 3, rumen ciliate signature sequences (8- 16 nucleotides that are unique to 

each species) &om four regions of the SSrRNA gene (see Appendix XVII) were used to 

construct a species-specific oligonucleotide primer for I. prostoma. This new primer 

anneais approximately 400 bp upstream from the 3' end of the SSrRNA and was used with 

the Jerome C reverse primer to amplfi a section of DNA that included the complete TTS- 

lJ5.8SATS-2 region of 1. prostoma. This region is less conserved than the SSrRNA gene 

and has been used successfully to distinguish and differentiate morphologically identical 

species and strains frorn a wide divenity of Me ranging fiom bacteria ( B q  et al., 199 1; 

McLaughlin et al., 1993; Matar et al., 1993, Gürtler, 1993) to salmonid fish (Pleyte et al., 

1992). Because of 1. prostoma's global distribution and various niminant and non- 

ruminant hosts, its ITS-115.8SATS-2 region was examined for intraspecific sequence 

variation. In contrat to other studies ( B q  et al., 1991; Pleyte et al., 1992; Matar et aL, 

1993; McLaughh et al., 1993; Giirtier, 1993), my analysis showed that there were no 



ciifferences in the ITS- 1/5.8S/ITS-2 region arnong cattle and sheep isolates of 1. prostoma 

f?om Australia, Canada, and the United States. Although these r d t s  indicated that the 

ITS-1/5.8SIITS-2 region is 1Wh w m e d  among eight kolates nom two continents, other 

researchen have reported identical results that support these fïndings (Hoste et ai., 1993, 

de Wit and Klatser, 1994; Homan et al.. 1997). The results fiom this study suggested that 

populations ofl. prostom on two c ~ n ~ e n t s  are very recently diverged, consistent with human 

migration and colonization of these continents with their large domestic animals in the 18' 

and 19& centuries. 

In chapter 4, my study was the first attempt to calibrate a SSrRNA molecular 

dock for the ciliated protozoa. The rate of nudeotide substitution was calibrated to be 

1% divergence per 72 to 80 My and the origin of the ciliates was calculated to be much 

older than previously speculated, dating back 1,980 to 2,200 Ma. This represents the 

maximum divergence time fiom a common ciliate-like ancestor and doubles the divergence 

tirne speculated for the ciliated protozoa at 1,000 My (Schlegel and Eisler, 1996). 

Although Ayala et al (1 998) disputed Wray et  al. '.s (1996) molecular divergence estirnates 

that the invertebrates diverged fiom the chordates twice as long ago as previously believed 

(Le. 1,000 - 1,200 Ma), paleontological idtonnation (Knoll, 1992), and biogeochemical 

evidence (Hofian and Chen, 198 1) corroborates my molecular divergence estimates that 

the ciliates, as crown eukaryotes, are much older than previously speculated. 

Moreover, the rate of nudeotide substitution for rumen ciliates was almost a 

magnitude faster (1% per 8-1 1 My) than that for fiee-living ciliates. This faster dock 

might be explained by intense selection on survivabïlity as they invaded the rumen 



@ykhuizen, 1990), or by the relatively high ambient temperature ( 3g0  C) of the rumen 

environment, as such high temperatures are known to decrease the efficiency of DNA 

repair mechanisms leading to higher mutation rates (Sancar and Sancar, 1988). Which 

explanation is more appropnate must await future experirnent . 

Living representatives of fossiiized tintinnids (Tappan and Loeblich, 1968, 1973) 

could be used to hrther calibrate the ciliate SSrRNA molecular clock. In addition, more 

divergence data fiom other ciliate endosymbionts are needed to independently test my 

notion that endosymbionts (Le. of vertebrate animais) have a faster SSrRNA molecular 

clock than the fiee-living ciliates. This approach to establish a chronometer for the 

ciliates, based on host fossil record information, may serve as an important mode1 to 

researchers who rnay want to estimate the origin of other major lineages of protozoa (e.g. 

the apicomplexans, dinoflagellates, haernoflagellates) based on fossil record information of 

their hosts. 
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APPENDICES 

" We are none of us infailible, 
P ?  not even the ywngest among us. 



APPENDIX 1 
GEL Er,ECTROPHORESIS BUFFERS AND REAGENTS 

Reagents and Solutions 

20X TAE buffer 
96.8 g Tris base (Tris[hydroxymethyl]arninomethane) pH 8.0 
57.1 ml Glacial acetic acid 
40.0 mi 0. SM NaZDTA (Disodium ethylenediaminetetraacetic acid) pH 8.0 

Make to 1 Litre with &O. 

20X TBE buffer 
1 08.0 g Tris base (Tris[hydroxymethyl]aminomethane) pH 8 .O 
55.0 g Boric acid 
40.0 mi O. SM NaSDTA (Disodium ethylenediaminetetraacetic acid) pH 8.0 

Make to 1 litre with dH2O. 

Stop Solution 
0.3 % Bromophenol blue 
0.3 % Xylene Cyan01 FF 

10.0 mM EDTA (pH 7.5) 
97.5% deionized formamide 

Ethidium Bromide (extreme mutagen Wear gloves at al1 times) 

1. Add 20 Ethidium bromide (EtBr) to 250 ml of W2O in a designated EtBr 
stain tray. Once tray is contaminated with EtBr, it should be labeiied and used 
only for EtBr staining. Gently slide the gel off the tray and into the stain for 2-5 
min. and agitate fiequently. 

2. Rinse gel in dHAl for 5 min. and visualize under UV light. 



APPENDIX II 
CULTURING RUMEN CILIATES USING MEDIUM M 

Reagents and Solutions 

Mineral Mu M 
6.00 g NaCl 
0.20 g MgSO4 
0.26 g CaC12*2H20 
2.90 g K m 0 4  
Dissolve in 1 .O litre of distiiied H20. 

Food Substrate 
1.5 g ground wheat and 1 .O g dried orchard g r a s  

Make up to 100 ml with W20, gas with CO2 until reduced, and store 2 ml aliquots 
in test tubes at -20" C. 

Rumen Fiuid Supernatant 
Take 200 mi of nimen fluid and strain through cheesecloth. Centrikge fïItered 
nuid at 200 x g for 10 min and pour off supernatant. 

1.5% Sodium Acetate Solution 
Dissolve 3.95 g CHKOON4 in 250 ml W O .  

3% Cysteine HC1 
Dissolve 1.5 g cysteine in 50 ml HCI. 

6% NaHCO3 
Dissolve 1 5 -0 g NaHCO3 in 250 mi distilied HzO. 

Basal Medium M 
150 ml Mineral mix M 
30 ml Rumen fluid supernatant 
15 ml 1.5% CHXOON 
78 ml Distilied H20 

Protocol 
1. Gas with 10% CO2 and add 25 ml of 6% NfiC03. 
2. Continue gassing until fairly wel reduced and add 2.0 ml of cysteine HCI. 
3. Continue gassing and check pH (adjust to pH 6.6). 
4. Anaerobically transfer 10 ml into 30 ml test tubes and autoclave. 



APPENDIX III 
CULTURING RUnaEN ClLIATES USIlYG MEDIUM C 

SP-1 Mineral Mix 

20.0 g - 0 4  in 1 .O litre of distilled Hio. 

SP-2 Mineral MU 

Dissolve in 1 .O Litre of distilled H20. 

Basai Medium C 

90.0 ml Mineral Mix SP-1 
90.0 ml Mineral Mix SP-2 
30.0 ml Rumen Ruid Supernatant (see Appendix II) 
7 1 -5  mi Distiiied H20 
1 5 .O ml 1.5% CHKOONJ (see Appendix II) 

Protocol 

1. Gas with 10% CO2 and add 1.5 ml of 6% NaHC03. 
2. Continue gassing until fairly weii reduced. 
3. Add 2.0 mi of3% cystehe HC1. 
4. Continue gassing and check pH (adjust to pH 6.6).  
5. Anaerobically transfer 10 ml into 30 ml test tubes and autoclave. 



APPENDIX IV 
ROUTINE Estraction Of Ciliate DNA 

Pro tocol 

&est ceils in a 1 -5-ml microfuge tube by cenaifugation for 5 min. at 5,000 rpm. 

Pour off culture media, or alcohol fixative, and resuspend peilet in 300 pl of STE 
butfer (see next page). 

Centrifbge for 5 min. at 5,000 rpm and discard supematant. 

Resuspend pellet in 300 pi STE and add 0.05 vol of 20% SDS (1% SDS final conc) 

Vortex well and store on ice for 2-5 min. (check lysed cells under a microscope). 

Add an equai volume of bufEer-saturated phenol and ch1orofonn:IAA. Vortex to 
emulsify phases and store on ice for 2-5 min. 

Centrifuge for 5 min. at 5,000 rpm. Ifthe interface is very cloudy, repeat this aep. 

Transfer top phase to a s tede 1 .S ml microcentrifuge tube and add an equal volume of 
chlorofomxIAA and vortex to emulse liquids. 

Separate phases by centrifugation for 1 minute at 7,000 rpm. 

10. Transfer top phase to a sterile 1.5 ml microcentrifuge tube and add 0.1 volumes of 2 
M NaCfi02 and 2.0 volumes of 100% ethanol for at least 1 .O hr. at -20" C. 

11. Centrifuge for 10 min. at 12,000 rpm and remove supematant without dislodging 
pellet. 

12. Wash pellet in 400 pl of 70% ethanol for 20 min. at -20" C. 

13. Centnfuge for 2 min. at 12,000 rpm and carefuiiy invert microcentrifuge tube to air dry 
for 15-30 min. on several dean kirn wipes. Pellet can also be lyophilized in a speed 
vacuum for < 5 min. 

14. Resuspend pellet in 50 pi of d m .  The pellet will contain both DNA and RNA and 
wili be referred to as buik nucleic acids @NA). 



Reagents and Solutions 

STE Buffer 

2.5 mi 2 M Tris-base (pH 7.5) 
12.5 ml 4 M NaCl (sodium chloride) 
2.5 ml 200 mM EDTA (pH 7.5) 

Add 482.5 mi dH2O to make 500 mi and AUTOCLAVE 

Final Concentration 



APPENDIX V 
CTAB EXTRACTION OF RUMEN CILIATE DNA 

Ih ispro td  uses the non-ionic &tergent ceetylbimt@&nmononMn bromide (CTW to 
cornplex p o ~ ~ ~ ~ ~ c h a r r u è s  and resresr& protein Ideal for rumen protozm. bactenia. and 
prcmt. 

1. Peliet ceiis in a 1 S-ml microcentrifuge tube by centrifugation at 6,000 g for 2 min. 
2. Resuspended cells in 500 pi TE buffer (see next page). 

3. Add 30 pi proteinase K of (20 mg/ml) and incubate for 1 h at 3 7 O  C. 

4. Following incubation, add 140 pi of 5 M NaCl mu< thoroughly. 

5. Then add 80 pl of CTAB\B/NaCl (see next page), rnix the lysate cornpletely by inverting 
the microcentrifuge tube several times and incubate for 10 min at 6S0 C. 

6. Add an equal volume of chloroform, containing isoamyl alcohol (24: 1) to the lysate 
and mix well to extract CTAB fiom the solution. 

7. Centrifuge at 7,000 g for 5 min and remove the aqueous phase to a new microfuge 
tube. 

8. Add an equal volume of phenol/chloroform/isoamyl aicohol(25:24: l), mix, and 
centfige at 7,000 g for 5 min. 

9. Transfer the aqueous phase to a new microfuge tube with an equal volume of 
chloroform/isoarnyl alcohol, mix, and centrifuge at 7,000 g for 2 min. 

10. Remove the aqueous phase and precipitate the DNA with 0.6 volumes of isopropanol 
at room temp for 5 min. 

11. Collect DNA by centrifugation at 14,000 g for 10 min and wash the nucleic acid pellet 
with 70% ice-cold ethanol. 

12. Air dry the pellet and resuspend in 50 ml of dH20. 



Reagents and Solutions 

2% (wlv) of CTAB 
100 m M  Tris-CI pH 8.0 
20 rnM EDTA pH 8.0, 

1.4 M NaCI 

TE Buffer 

1.0 ml 1. M Tns-base pH8.0 
1.0 mi 0.1 M EDTA pH 8.0 

Add 98.0 ml ddHzO to make 100 ml total volume. 

Final Concentration 



APPENDIX VI 
EXTRACTION OF CILIATE DNA FROM FORlMALIN-FEED CELLS 

7hisprotacoIpn'ltuplly uses proteinae K .  long incubations, d heat (48 OC) to digm celk 
rhat have k e n  feced wiih eiher f o d i n  or e h o L  

Protocol 

Pellet fixed-cells in a 1.5-ml microfige tube by centrifbgation at 14,000 rpm for 2 min. 

Resuspended celis in 1 ml of &O and repeat aeps 1 and 2. 

Resuspended cells in 570 $ of dtLO and store at 4" C for 24 h. 

Add 30 pl proteinase K of (20 mg/ml) and incubate for 1 h at 37" C, then repeat step 1 

Resuspend cells in 500 JJI of digestion buffer (see next page) and add proteinase K to a 
final concentration of 0.1- 10 mglml (proteinase K concentration depends on the 
duration of cell fixation - longer the fixation, use more proteinase K.). 

Incubate at 4 8 O  C for 2 to 5 days (this wili depend on the number and size of cells and 
the length of fixation). NOTE: It is the slower released higher molecular weight 
DNA that is desired. After 24 h, a second aiiquot of proteinase K cm be added. 

Centrifuge lysate at 14,000 rpm and transfer aqueous layer to a new 1.5 r d  microfùge 
tube. 

Incubate sample containing DNA/RNA at 950 C for 7 min to inactivate proteinase K. 

Add an equal volume of phenoi/chloroform/isoamyl alcohol(25:24: l), mix, and 
cenaifuge at 10,000 rpm for 5 min. 

10. Transfer top phase to a sterile 1.5 ml tube and add 0.1 vol of 2 M NaCfiOt. 

11. Add 2.0 volumes of 100% ethanol and store for at least 1 .O hr. at -20" C. 

12. Spin for 10 min. at 14,000 rpm and remove supernatant without dislodging pellet. 

13. Wash pellet in 400 pl of 70% ethanol for 20 min. at -20" C. 

14. Centrifuge for 10 min. at 14,000 rpm and carefiiily invert rnicrocenuifuge tube to air 
dry for 15 min. on several clean kim wipes. Pellet can also be lyophilized in a speed 
vacuum for < 5 min. Resuspend pellet in 50 ml of dtlO. 



Reagents and Solutions 

Digestion Buffer For Fùed Celis 

50 mM Tris p H  7.5 
1 mM EDTA 

0.5 % Tween 20 
0.1-10 m g h l  Proteinase K 



APPENDIX VII 
QWUUWYING NUCLETC ACIDS 

1. Remove 10 pi of BNA for spectrophotometer use and add to 990 pl TE buffer (1: 100 
dilution) in a clean cuvette. Measure against a 1 ml blank of TE buffer. 

2. Scan the samples to determine the absorbency at &O and A 2 8 0  nm to calculate the 
quality and quantity of yield. 

AXO/&W gives a good estimate of nucleic acid quality 
(A value circa 2.0 is a clean yield). 

In addition, one 0.D260 unit = 50 pg of BNA. 

(O.DXO units * dilution rate * 50 ua BNA) = BNA1p.I 
1,000 

3. To ascertain the total amount of BNA present, multiply by the total volume of BNA 
harvested. 

4. Depending on the amount of BNA harvested, DNA can be diluted to a working 
concentration of 50 ng/d for PCR applications. The rernaining BNA can be can be stored 
in O. 1 volumes of 2 M NaCtH302 and 2 volumes of 100% ethanol at -20" C for fùture 
use. 



APPENDIX VIII 
CALCULATING PRIMER CONCENTRATIONS 

Amount of primer needed to qua1 10 pmol 

ng of primer 
primer length equais to 10 pmol. 

15 mer 50 ng 
16 mer 53 ng 
17 mer 56 ng 
18 mer 59 ng 
19 mer 63 ng 
20 mer 66 ng 
24 mer 80 ng 

Note: 10 pMld = 10 prnoI~/~l .  

How to calculate amount of primer in pmols from nanograms. 

For example, we have 236.0 u g / d  of primer 690F and we want to have a 
working concentration of 2 pmoVpi for sequencing. 
First, we convert 236.0 u g h l  to nanograrns by multiplying by 1,000 to get 
236,000 ng/mi). 

0 Then we determine the ng of primer required to equal 10 pmol fiom the table 
above and divide this into the concentration of the primer in ng. 
690F is 18 mer (see Table 2.3) which is 59 ng/lO pmol. Thus, (336,000 
nglrnl) / (59 ng/lO pmol) equals 40,000 pmols/ml. 
Next, convert ro pmols/pl by dividing by 1,000 to get 40.0 pmols/pl 
Then, dilute 2 0 ~  with d H 2 0  to have a final concentration of 2 pmol//pl 

Kow to calculate amount of primer in pmols from nanomoles. 

0 For example, we have 55 nmoles of a new primer and we want have a working 
concentration of 10 pM for PCR 
Fist we rnultiply 55 nmoles by 10 to determine the amount of d H 2 0  needed to 
have a concentration of 100 @. 
Then, we dilute 1 0 ~  with dH2O to have a final concentration of 10 @. 



APPENDIX IX 
POLYMERASE CHAIN REACTION (PCR) 

PCR Ampüfcation Protocol 

1. Use the foliowing DNA conc. as templates: 50 ng, 100 ng, 200 ng, and 5 00 ng. 

2. Combine template with the foilowing in a 0.6 ml ultra-thin microcentrifige tube: 

10 pi 1 OX PCR Buffer (final conc. = 1 X) 
10 pi 5' Medlin (1988) PCR primer (ha l  conc. = 1 CIM) 
10 p1 3' Medlin (1988) PCR primer (final conc. = 1 CLM) 
10 pl dNTP moi (final conc = 250 pM) 
4 pl 50 M MgCl2 buffer (final conc = 2 mM). 

3. Add autoclaved or O. I filtered sterilized &O until the final volume of the PCR 
reaction mixture is LOO pi and mix weIi. 

4. Diiute Taq DNA polymerase to 1 unit/$ with 1X PCR buffer, m k  well, and add 
1 pl of Taq to each reaction. 

5. Centrifuge the reactions for 5 seconds at 14,000 rpm to collect material fiom the 
side of the rnicrofuge tubes. 

6. Place in a Thermal Cycler for 34 cycles under the folowing PCR parameters: 

Standard Parameters Stringent Parameters 
Denaturation: 94" C for 30 seconds. Denaturation: 94" C for 30 seconds 
Annealkg: 55" C for 30 seconds. Annealing: 65" C for 3 0 seconds 
Extension: 72" C for 90 seconds. Extension: 72" C for 90 seconds 

The completion of the denaturation, annealing, and extension parameters constitutes 1 
cycle. 

7. After the 34h cycle, an extra cycle with a 3:00 min extension is used to ensure 
elongation of newly synthesized strands. The samples are then held at 4" C. 

8. Check 10 pl aliquots from each PCR reaction by agarose gel electrophoresis. 

9. The remaining successful PCR reaction (Z 90 pl) cm be purified for subsequent 
analyses. 



APPENDIX X 
PREPARATXON OF COMPETENT CELLS 

Pro tocol. 

Inoculate 10 ml of LB broth (see Appendix XI)  fiom a glycerol stock (or single 
colony) of E. coli XL 1 -Blue (or other strain), agitate culture, and grow ovemight at 
37" C. 

Inoculate 500 ml of LB broth with 5 ml of the ovemight culture, agitate flask and 
incubate at 37" C. Occasionaily, asepticaily remove 1 ml and scan using 
spectrophotometry at Am. Grow cells until the culture reaches a density between 0.4 
- 0.8 at O.ho0 (0.5 is best). 

Centrifuge ceils at 5,000 rpm for 5 min. in a 250 ml centrifuge tube. Resuspend the 
large pellet in 100 ml of cold 100 mM MgCl2 and divide slush into two 50 ml 
centrifuge tubes. 

Centrifuge at 5,000 rpm for 5 min, then wash pellets in cold O. L M MgCh. Ceils are 
very sensitive at this stage so do not vortex (gently tap the side of the tube). 

Centrfige at 5,000 rpm for 5 min and resuspend each pellet in 7 ml of cold 0.1 M 
MgCh and incubate on ice for 1 hr. to ovemight. Note: Ovemight works better for E. 
coli XL1-Blue and 1 hr. for E. coli D H 5 S .  

Add 3 ml of autoclaved 50% glycerol in 50 rnM CaCh to each tube and gently mîx. 

Aliquot 400 into pre-chilled microcentrifuge tubes and drop into liquid nitrogen and 
store at -80" C. (cells will remain cornpetent and keep for at least a year, if not thawed 
and frozen repeatedly. 



APPENDIX XI 
CLONING PCR PRODUCISS ][NT0 PLASMID VECTORS USING 

PHARMACIA'S SURECLONE@ LIGATION KIT 

Protocoi. 

Set-up the bluntingkinasing reaction by adding the foilowing reagents to a 
microcentrifbge tube: 

3 00-400 ng of SSrRNA gene (1 - 16 pl) 
1 Klenow hgment 
2 pl 10X blunting/hase buffer 
1 pI Polynucieotide kinase 
up to a final volume of 20 PI with sterile d H 2 0  

Mix the reagents gently, centrifuge at 10,000 rpm for 3 seconds, and incubate in a 
water bath at 3 7" C for 30 min. 

Add 20 pl of phenoUchloroform, vortex for 5 sec, then centrifuge for 1 min at 10,000 
rpm before collecting the upper aqueous layer. 

Add 500 of resuspended Sephacrylm S-200 resin to a MicroSpin Column (with 
bonom closure snapped off) and place inside of a 1.5 ml microcentrifuge tube with its 
lid removed (snap lid cm be cut with a pair of scissors). 

Centrifuge for at full speed for 30 sec, discard the effluent, and place the Microspin 
Column containing the Sephacrym resin into a new microcentrifuge tube with its lid 
removed. 

Slowly apply the aqueous materid fiom the bluntingkhase procedure to the centre of 
the resin and centrifuge again at full speed for 30 sec. 

Discard the MicroSpin Column and Save the effluent fiom the 1.5 ml microfbge tube. 



8. Use this effluent to ligate into a dephosphorylated and blunt-ended pUC 18 vector by 
addmg the foilowing components: 

5 pl of efnuent 
1 pi of 50 ng of dephosphorylated vector 

10 pl of 2X ligation bufEer 
1 pl of DTT solution 
1 pl of T4 DNA ligase 
2 pl of sterile dILO 

9. Mix gently, centrifuge for 5 sec, and incubate at 16" C for 2 h. 

10. Add 20 pl of this iigated materid to 200 pl of E. coli XLLblue competent cells and 
incubate on ice for 20 min. 

11. Heat shock cells for 45 seconds at 42" C, then retum quickly to ice for 5 min. 

12. Add 1 ml LB broth and incubate at 37" C for 60 min. 

13. Spread 200 4, 400 and 700 p,l of transformation mixture ont0 1.2% LB- 
Arnpicih-Xgal-IPTG (LBAX) (see next page for recipe) agar plates, invert, and 
incubate at 37" C for 14- 16 h. 

14. Remove the plates with the transfonned colonies and store at 4" C for severai h. to 
increase the intensity of blue negative colonies (24-48 h is best). 

Reagents and Solutions 

10X Ampicillin Solution 
Dissolve 100 mg of Ampicillin into LOO mi of LB broth. No need to autoclave as 
this is 1OX recommended strength. Keep frozen at -20° C. 

XgaVIPTG (5: 1) Solution 
Dissolve 100 mg of Xgal(5-bromo-4-chloro-3-indolyl galactopyranoside) with 5 
ml of dimethylformamide (20 mg/mi). 

Dissolve 200 mg of IPTG (Isopropyl thio-B-D-gdactoside) with 1.0 ml autoclave 
dm20  (200 mg/ml). 

Mk 5 ml of Xgal solution with 1 mi of IPTG and store at -20 "c. 



LB Broth 
Heat 300 ml of d a 0  and when hot add the foiiowing: 

4.0 g NaCl 
2.0g YeastExtract 
4.0 g Bacto-Tryptone 

Bring to 400 ml with d a 0  and aliquot 9 ml into 40 test tubes. Autoclave and 
store at 4" C. 

1.2% LBAXI Agar 
Heat 500 ml of d m 2 0  and when hot add the foilowing: 

10.0 g NaCl 
5.0 g Yeast Extract 

10.0 g Bacto-Tryptone 
12.0 g Bacto-Agar 

Bring to 1 litre with dm20 and autoclave. When cool enough to touch against 
wrist, add 100 mg Ampicillin (Sigma) and 1 ml of Xgai:IPTG (5: 1 )  solution. Swiri 
the contents and pour into (25-35) petri dishes. 



APPEmIX XII 
CLONE CONF'JRMATION PROTOCOL USING PLASMID CRACKING BUFFER 

Pro tocol. 

Use the blunt end of an autoclaved tooth pick to gentiy touch the centre of a Sngle 
white colony and make three streaks 1-2 cm long ont0 a new 1.2% L B M  agar plate. 
Repeat step using a new tooth pick for each white colony, then incubate at 37" C for 
12-16 h. 

Remove LBAXI agar plates and check triple streaks for blue colouration. Disregard 
blue steaks and number only those sets of triple streaks which are white. 

For each group of white smkes, use the blunt end of an autociaved toothpick to 
collect cens fiom one of the three streaks. 

Stick toothpick and cens into 15 $ of dH20 in a 0.6 mi microfuge tube. Twist tooth 
pick in the dH20, to dislodge bacteriai ceiis and discard the tooth pick into a 
biohazardous waste autoclave bag. Note: water shouid tum cloudy. 

Add 15 pl of 2X Plasmid Cracking b d e r  (see next page for recipe) and vortex. 
Note: mixture should tum clear. 

Add 30 pl of d H 2 0  to the 1X Plasmid Cracking buffer and run 30 p1 on a 0.75% 
agarose gel to check for plasmids containing the SSrRNA insert. Note: pUC18 is 2.7 
kb and the litostome SSrRNA is 21.6 kb. Therefore, the recombinant plasrnid should 
be 4.3 kb. Note: supercoiled DNA wiii migrate k e  a 2.2 kb fragment. 

Asepticaiiy remove one of the nvo remaining triple streaks tiom each positive clone, 
using an inoculation loop, and inoculate test tubes containing 9 ml of LB broth and 1 
ml of 10X ampiciilin solution. 

Agitate tubes overnight on a platform shaker in an incubator at 3 7 O  C for 16-20 h. 

Reagents and Solutions 
2X Plasmid Cracking Buffer 

0.5 mi ION NaOH 
1.0 mi 0.5 M NaZDTA pH 8.0 
2.5 mi 20% SDS 
5 .O ml Glycerol 

41.0 ml a0 



APPENDIX XIII 
PLASMID DNA PURIFICATION USING SPEIED PRET AND G m  CLEAN@ 

This rnd~edprotocoI of the gene clem proceabe provides a quick d emy way IO obmn 
uIb.crpure DNA @lamrid or PCR prdict) for automated DNA sepenczng. 

1. Grow 10 mi of culture containhg positive transfomed colonies oveniight at 37" C. 

2. Aiiquot ovemight culture into three 1.5 ml microfige tubes and coiiect cds by 
centritiigation at full speed for 30 sec. 

3. Discard broth and again add ovemight culture to the same three tubes Repeat step 2. 

4. Resuspend pellets in the fast remaining bit ( d o  pl) of Li3 broth by vortexuig, and add 200 
pl of speed prep mix to the celis. 

5. Vortex for 5 sec, then add 200 pl of phenoVchloroform and vortex for another 5 sec.. 

6. Ceneifiige for 2 min at fùll speed, then remove upper phase to a new microfuge tube and 
add 400 pl of ice-mld 1W? ethano1 

7. Mx by vortexing centrifbge for 5 min at full speed, then discard supernatant and rinse 
peilet with 1 ml of 70% ethanol. 

8. Centritiige for 5 min at full speed, air dry the pellet for 10 min, and then dissolve the pellet 
in 20 pI of &O. 

9. Divide the product into two samples and run on an agarose gel for 1 hour. Note: PCR 
products can also be run on a gel and processed in the sarne way using this modifiecl Gene 
Cl-@ protocol iiaed below: 

10. Briefly stain with ethidium bromide and visualise the gel under long-wave UV light. Excise 
correct size DNA band nom gel using a razor blade. Note: To minimise damage to D N 4  
it is important to use long-wave W for as short a tirne as possible, Le. 2 min). 

11. UNig forceps, place up to three gel slices into a 1.5 ml microfiige tube, add three times (= 
700 pi) the volume of Nd solution, and incubate for 6 min in a 55" C water bath (inverhg 
every 2 min). Note: Ifthe gel slice has not completely dissolved, r e m  to the water bath 
for another 5 min. 



12. Resuspend G&m&@ vigorousiy uatil completeiy suspended, then add 7 pl of 
Giassmilk@ to the Nd solution 

13. Place on ice for 10 min and Mx by inverting the sample every 1-2 min. Then caitrifiige 
sample at full speed for only 5 sec and remove the Na1 solution. 

14. Centrifige again at fd speed for 5 sec and remove the remaining Nd solution with a srnaII 
bore pipette. 

15. Resuspend the peiiet in 700 4 of NEW WASH solution by pipetting back and forth while 
digging into the pellet with the pipette tip and centrifiige at fuli speed for 5 sec. Repeaî this 
step three times. 

16. Mer the third wash, centrifirge the sarnple again at fiül speed for 5 sec and remove the 
rernaining NEW WASH solution with a small bore pipette. 

17. Completely dissolve the peliet with 15 pl of ciHi0 and incubate at 5S0 C for 3 min. 

18. Centrifiige at full speed for 30 sec and carewy coliect the clear supernatant containhg the 
eluted DNA and place in a new microfige tube. DNA is now ultraclean and ready for 

Reagents and Solutions 

Speed Prep Mix 
2.5 ml of 1 M Tris-HC1 pH 8.0 
2.0 ml of 4% Triton-X 100 

25.0 ml of 5 M LiCl 
6.3 ml of 0.5 M EDTA 

14.3 mI ofddH2O 

Final Concentration 
50.0 mM 



APPEiVDIX XIV 
PLASMID DNA PURIFICATION USING PEGSOOO 

Protocol (modified fiom Lee and Rasheed, 1990). 

F i .  six 1.5 ml microcentrifuge tubes &om a 10 ml overnight culture of conhned 
positive celis and harvest celis by centrifugation at 5,000 rprn for 2 min. 

Discard supematant and resuspend ceUs in 200 CJ of Solution (Soln) #1 (see next pg 
for recipe). Hold at room temp. for 5 min. 

Add 400 pI of Soln. #2 (recipe next page), vortex, and incubate on ice for 10 min. 

Add 300 pi of Soln. #3 (recipe next page), vortex, and incubate on ice for 10 min. 

Centrifuge tubes at 14,000 rpm for 10 min. Transfer supematant to a new 1.5 ml 
microcentrifuge tube and add 0.6 volumes of isopropanol. 

Incubate at room temp. for 5 miri, then centrifuge for 10 min. at 14,000 rpm. 

Discard the supernatant, invert the tubes, and air dry the pellet until dry. 

Resuspend the pellet in 100 pl of M20, then add 50 pl of Solution #3. 

Mix by inverting the tubes and incubate on ice for 5 min. 

10. Centrifige mixture at 14,000 rprn for 10 rnin. and transfer supematant to a 1.5 ml 
tube. 

11. Add 400 pl of 95% ethanol and precipitate on ice for 10 min. 

12. Centrifuge mixture at 14,000 rprn for 10 min., discard supernatant, and air dry pellet 
for 15-20 min. 

13. Dissolve pellet in 32 pi of d H 2 0  and add 8 pl of 4 M NaCl and 40 pI of autoclaved 
13% PEG8000. 

14. M e r  a thorough mUMg, incubate sample on ice for 20 min and then pellet plasmid 
DNA by centrifugation for 15 min at 14,000. 

15. Wash pellet in 70% ethanol, centrifuge again, and air dry the pellet for 20 min before 
dissolving in 20 pl dH20. Check produa on an agarose gel. 



Reagents and Solutions 

Solution #1 

0.45 g GiHuO6 (Glucose) 
1.25 mi 1 M Tns-Base (pH 8.0) 
5.00 mi 0.1 M EDTA (pH 8.0) 

Final Concentrations 

Make up to 50 mi by adding d m  and autoclave 

Solution #2 (Lysis solution): Final Concentration 

2.5 mi 20% SDS 
5.0 ml 2N NaOH 

Add NaOH last and make up to 50 ml by adding dm20 and autoclave 

SDS may precipitate when cold and turn solution white. I f  this happens heat 
solution until solution becomes c h .  

Solution #3 (7.5 M NHLfi02) pH 7.6 

dissolve 57.8 1 g of Ntt<CfiOz into 50 ml &O, pH to 7.6, and add dl320 until the 
final volume is 100 ml and autoclave. 



APPENDIX X V  
SSrRNA ALIGNMENT POSITIONS (DCSE NUMBERMG) FOR 

PHYLOGENETIC ANALYSES WITTEN THE PB[YLUM CKLJOPHORA 



APPENDIX XW 
SSrRNA ALIGNMENT POSlTIONS @csE NUMBERING) FOR PHYLOGENETIC 

ANALYSES WlTHtN THE CLASS LITOSTOMATEA 



APPElYDIX x m  
SSrRNA ALIGNMENT OF VERTEBRATE CILUTE ENDOSYMBIONTS 

AATCATATGCTTGTCTCAAAGACTAAGCCATGCATGTCT 
CATATGCTTGTCTCAAAGATTAAGCCATGCATGTCT 

-CATATGC'ïTGTCTCAAAGACTAAGCCATGCATGTCT 
TCATATGCTTGTCTCAAAGACTAAGCCATGCATGTCT 
TCATATGCTTGTCTCAAAGACTAAGCCATGTCT 
TCATATGCTTGTCTCAAAGACTAAGCCATGCATGTCT 
TCATATGCTTGTCTCAAAGACTAAGCCATGCATGTCT 
TCATATGCTTGTCTCAAAGACTAAGCCATGCATGTCT 
TCATATGCTTGTCTCAAAGACTAAGCCATGCATGTCT 
TCATATGCTTGTCTCAAAGACTAAGCCATGCATGTCT 
TCATATGCTTGTCTCAAAGACTAAGCCATGCATGTCT 

Entodinium AAGTA'TAAATAACTACATAGT TACAACAGYZATTGTTTATT 
Epidinium AAGT.STAA9TAACTACACAGT TGCGAATGGC TACAACAG7T.XTTGTTTATT 

TGCGMTGGC TACAACAGXATTG'TTTATT 
Euàïplodinium AAGTATA4ATAACTACACAGT TTATTGTTTATT 
Diplodinitmt -4AGTATAAATAACYACACAGT ' CTGCGAATGGCT TACAACGGTY-qTTGTTTATT 
Polyplasrron AAGTFITA;V5TAACTACACAGT E CTGCGAATGGCT TACAACP-GTT-9-TGTTTATT 
Baluniidium AAGYATAAATAACTACACAGT CTGCGAATGGCT TAAAACAG7Y.aTAGTTTATT 
Dasytrichu .WGT.'?T.LrCAT.4ACTACAaGT XTGCGAA'TGGCT TAAAACAGX-ATAGTTTATT 
I. intestinalis AAG'7AYAAA~AACTACACAGT ' 9CTGCGAATGGCT TAAAACAGK-XAGTYTATT 
1 prosfornu AAGYATAGTMCTACACAGi 
Cycloposthium AAGYAY.X.;I.:AACTACACAGT 
.Macropodiniwn AAGTAT.%=~LT'~%ACT.~CACAGT 

I I I I I I 
70 80 90 100 110 120 

Enrodinium 
Epidiniwn 
o p ~ o s c o l e x  
Eudiplodiniwn 
Diplodinim 
Polyp imtron 
Baiansidim 
Dasymëha 
I. intesridis 
I. prostom 
Cycloposthium 



Erilodinium TTGTATTTATTAGATATTCCGATAA-GGTGAATCATAATAACTTCG- îAAAT CTCATCTA 
Epidinizm TCGTATTTATTAGATATATTCCAGATT-GGTGAATCATAATAACTTCG-CAAATCTCGTTTA 
Ophryoscolac TCGTATTTATTAGATATTCCAAATC-GGTGMTCATAATAACTTCG-CAAATCTCATCTA 
Eudiplodinim TTGTATTTATTAGATATTCCAAATT-GGTGAATCATAATAACTTCG- CAAAT CTCGTTTA 
Diplodinhm TTGTATTTATTAGATATTCCGGATT-GGTGAATCATAATAACTTCG- CAAATCTCGTTTA 
Polyplustmn TTGTATTTATTAGATATTCTGAATT-GGTGAATCATAATAACTTCG-CAAATCTCGTTTA 
Baluntidim TCGT.4TTTA'ITXATATTCCAATTAAGGTGAATCATAATAACTTCG- CAAATCGCGATTT 
Dasytncha TTGTATTTATTAGATATTCCAATTA-GGTGAATCATGATAACTTTGTCAAATCTCGGTTT 
I, intesrjnalllr TCGTATLTATTAGATAACTCCAATA---TGAATCATAGTAACTTAG-CAAATCTCAATTT 
L pmstoma TTGTATTT.VTAGATATTGTAATTAAGATGTCATAATA4CTTCA-CAAATCTCGATAT 
Cycloposhium TCGT.AYYTATT.4GATATATTCCAATTAAGGTGAAT CATAATAACTTAG- CAAATCGCAATTT 
Macropodinium 7CGTATYTXYTnGATATTCCAATTAAGGTGAATCATAATAACTTAGCAAATCGCAATTT 

I 1 I I I I 
I 90 200 2 10 220 230 240 

I. intesfinalis CAT"G.4G.A :.=.Y AT CAT CCAAGTTT CTGCCCT A7 C A - G C T T T  
I. prostom CATCGXGA T.WA7CAïCCAAGf TXTGCCCTX CA-GCTTT CGATGGTAGTGTATTGGAC 
Cycloposthium rGT7GCGR :.~-U7CATCCAAGSTTCTGCCCTAY CATGCTTTCGATGGTAGTGTATTGGAC 

Entodinium 7.4CC.STGGC ,CYCACGGGTAAîAGGGWT CGAGCCTGAGA 
Epidinium :.rSCCh:GGZTC"CACGG 
@hyoscole;r IACcA'XGCT CT CACGGGTAACAGG 
EucIrplodinium rACCATGGCTCTCACGGGTAAmGGGMT 
Dipfodinium TACCAYGGCiCTCACGGGTAAaGGGAAT 
Polypfasaon TACCATGGC: CTCACGGGTAACA-G GAGCCTGAGA 
Bafantidium TACCATGGCLTTCACGG GAGCCTGAGA 
D~ryrrt'chn 7.4CCATGGC7TSCACGGGTAAmGG GAGCCTGAGA 
1 infestinah XCCATGGCTTTCACGG GAGCCTGAGA 
prostom TACCATGGCTTTCACGGGTAACAGG GAGCCTGAGA 

Cycfopsthium TACCATGGCTTTCACGGG 
IUmropodinim TACCATGGCTTTTACGGGTAACGGGGAAT 

I 



Erirodmhun AACGGCTACTACP,TCTACGGmCAGCAGGCGCGTAAATTACCCAATCCTGAATCAGGG 
Epidinim AACGGCTACTACATCTACGGAAiGGCAGCAGGCGCGTAAATTACCCAATCCTGACT- 
Ophyoscolex AACGGCTACTACATCTACGGAAGGCAGCAGGCGCGTAAATTACCCAATCCTGACTCAGGC 
Edri)todinMn AACGGCTACTACATCTACGGAAGGCAGCAGGCGCGTAAATTACCCAATCCTGACTCAGGG 
Drp- AACGGCTACTACATCTACGGAAGGCAGCAGGCGCGTAAATTACCCAATCCTGACTCAGGG 
Pdyplmtmn AACGGCTACTACATCTACGGAAGGCAGCAGGCGCGTAAATTGCCCAATCCTGACTCAM3G 
BdQlltidiCrm AACGGCTACTACATCTACGGAAGGCAGCXGCGCGTAAATTACCCAATCCTGACTCAGGG 
-ha AACGGCTACTACATCTACGGAAI;GCAGCAGGCGCGTAAATTACCCAATCCTGACTm 
L irtl&is AACGGCTACTACATCTACGGAAGGCAGmCGCGTAAATTACCCAATCCTGACTCAI;GG 
I,p+ostoma AACGGCTACTACATCTACGGAAGGCAGCAGGCGCGTAAATTACCCAATCCTGACTCA(;GG 
Cychpsfhim A A C G G C T A C T A C A T C T A C G G A A G G C A G C A G G C G C G T C  
h?bcropodinium AACGGCTACTACATCTACGG%GCAGCAGGCGCGTAAATTACCCAATCCTGAATCAGGG 

AGG'TGGTGACAAGATATATAACAAC TGTAGTGAGGGTTTTTTAA 
TGTAGTGAGGGTATTCTAA 
TGTAGCGAGGGTATTCTAA 
TGTAGTGAGGGTATTCTAA 
TGTAGTGAGGGTATTCTAA 
TGTAGTGAGGGTATTCTAA 
TGTAGTGAGGGTATTCCAA 
TGTAGTGAGGGTTTTCCAA 
TATAGTGAGGGTATTCCAA 
TGTAGTGAGGATATTCCAA 
TGTAGTGAGGGTATTCTAA 

Entodinium 
Epidinim 
OpitQ?oscolex 
Eudiplodinitun 
Diplodinim 
P o l ~ l a w o n  
Balantidium 
D ~ ~ r h l c h a  
I. intesrinalis 
L prostom 
Cycloposthim 

AT.qGMCCTATAGTACGATTAGAGGGCAAGTCTGGCGCCAGCAGCCGCGGTMTTCCAGC 
ATAG~CCTATAGTACGATTAGAGGGCAAGTCTGGTGCCGGCAGCCGCGGTAATTC~C 
A T A G A A C C T A T A G T A C G A T T A G A G G G T G C C  
A C A G A A C C T A T A G T A C G A T T A G A G G G T C  
A C A G A A C C T A T A G T A C G A T T A G A ü G G T C  
-9WAACCTATSTACGATTAGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGC 
ACCGAACCACTAGTACGATTAGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGC 
ACCGAACCACTAGTACGATTAGAGGGCAAGTCTGGTGCmGaGCCGCGGTAPLTTCCAGC 
A C C G A A C C A C A A G T A C G A T T A G A I J G G C A A G T C T G G T G C C C  
AC.9GAAT CACAAGAACGATTAGAGGG T G C C  
ACCGAACCACTAGTACGATTAGAGGGCAAGTCTaCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGC 

Mwopodinium ACCAAACCACTAGTACCATTAGAGGGCAAGTCTGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGC 
1 I I t I 1 

490 500 5 10 520 530 540 



Entodinium TCTAATAGCGTATACTA?WGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTT 
E p i d i e  TCTAATAGCGTATATTAATGTTGCTGWTTAAAAAGCTCGTXTTGGATTT 
O p ~ s c o l l s c  TCTAATAGCGTATATTAATGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTT 
E u d i p d n h z  TCTAATAGCGTATATTAAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTT 
Diplodinitan TCTAATAGCGTATATTAAAGTTGCTGCAGTTAAWCTCGTAGTTGGATTT 
Pol'ascn>n TCTAATAGCGTATATTAAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTT 
BaImdium TCTAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTT 
Dasyri?chP TCTAATAGCGTATATTAAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTT 
I,intestnral& TCTAATAiGCGTATATTAAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTT 
L pmstoma TCTAATAGCGTATATTAAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTT 
Cycloposthium TCTAATAGCGTATATTAAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTT 
Macropodirnmum TCTAATAGCGTATATTAAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTT 

I I f t I 

Entodinium AGAGTGTTTCAAGCAGGCTTTTG CAAGAATACATTAGCXGGaIAACGAATGTATTTAG 
Epidinium AGAGTGTTTCAAGCAGGCTTTCGCAAGAATAT-WTAGCATGGAATAACGAATGTATTTAG 
Ophryoscolex AGAGTGTTTCAAGCAGGCTTTTGCAAGAATATATTAGCATGGAATAACGAATGTATTTAG 
Eudiplodinim AGAGTGTTTCAAGCAGGCTTTCGLAAGAATACAïT.9GCATGGAATAACGAATGTATTTAG 
Diplodinim AGAGTGTTTCAAGCAGGCTTTCGCAAGAATACATTAGCATGGAATAACGAATGTATTTAG 
Po&plastn,n AGAGTGTTTCAAGCAGGCTTTCGCAAGAATACATTAGCATGGAATAACGAATGT-RTTTX 
Balantïdizun AGAGTGTTTWCAGGCTTTTGCAAGAATACATTAGCATGGAATAACGAATGTGTCTAG 
Dclsyfrichu AGAGTGTTTAAAGCAGGCAATTGWAATACATTAGCATGGAATAACGAATGTATCTAG 
I. inlestinah3 AGAGTGTTTAAAGCAAGCTTTTGCAAGAATACATTAGCATGGAATAACGAATGAGTCTAG 
I. prostom4 AGAGTGTTTAAAGCAGGCTCATGCAAGAATACATTAGCATGGAATAACGAATGAGTCATG 
Cycloposthim AGAGTGTTTCAAG~GCTTTTG~AATACATTAGCATGGAATAACG~TGTATATAG 
Macropodinium A G A G T G T T T A A A G C A G G C A T T T G C A A G A A T A G C A T  

I I I I I I 
670 680 690 700 710 720 

Entodinim GTATT - CTTACCGGGA,$TACACCCTACTAGTCA---~TGACTGTTACTGTGAGAAAATT 
Epidinium GTAAA- CCCTCCGGGGAJ 
9phyoscolex 

LTACATCCTACTAGTCT-- - f TGACYGTTACTGTGAGTAAATT 
GTATA-CCCTCCCGGGCI~LTACAACCTACTAGTCT---CTGACTGTTACTGTGAGTAAATT 

Ediplodinium GTAAA-CCC"CTCGGG~TACATCCTACTAGTCTC--CGGACTGTTACTGTGAGAAAATT 
Diplodinium GTAGACCCCTCTGGGGAJ LTACATCCTACTAGTCA- --TTGACTGTTACTGTGAGAAAATT 
Polyplastron GTAAAACCTCCACGGGGJLTACATCCTACTAGTCTT--CGGACTGTTACTGTGAGAAAATT 
Balamkhn GTATACTCTTTTTGAG GCTACCTACTAGTCT---CTGACTGTTACTGTGAGAAAATT 
Dayfnchcl GTGTACLCTTCTAGGG GCACCCTACTAGTCT---TTGACTGTTACTGTGAGAAAATT 
I. inlestinaiis ACGTATTCCCCCGGAATATGTGCCCTACTAGCCC--- TGGGCTGYTACTGTGAGAAAATT 
I ,  prosforna ACTCATTCCTATGGAATC)TGTACCCTACTAGCCAGTT9TTGGCTGTTT9CTGTGAGAT 
Cycloposthim G T - W C C C -  XTCGG ACTTCCTACTAGTCT---4- TGACTGTTACTGTGAGAAAATT 
Macropodinium ATAAT CAC CTACGGC CCCTACTACCCTC--XGGGYGTTACTTTGAGAAAATT 

1 1 I 1 I I 



Entorhnismr AATCGTGGTTTAATTCTAAATAACGATTCATAGAGAAGTTGGGGGCATTAGTATTTAAT 
Epidinim AATCTTGG-TTAATTCTAAATTACGATTAATAGAGACAGTTGGGGGCATTAl;TATTTMT 
@hyoscoiex AATCTTGG-TTAATTCTATATTACaTTAATAGAGACAGTTGGGGGCATTAGTATTTAAT 
Eudipiodimmum AATCTTGG-TTAATTCTAAATTACGGTTAATAGAGACAGTTGGGGGCATTAGTATTTM 
DIpi~nizun AATCTTGG- TTAATTCTAAATTACGATTAATAGAGACAGTTGGGGGCATTAGTATTTMT 
Polypiaptron AATCTTGG-TTAATTCTAAATTACGATTAATAGAGACAGTTGGGGG-TTAGTATTTMT 
Baiddium AATCTTGG-TTAATTCTAGATTGCGATTAATAGGGACAGTTGGGGGCATTAGTATTTAAT 
Lbgttri~htZ AATCTTGG- TTAATTCTAGGTTTCGATTAATAGAGACAGTTGGGGGCATTAGTAT 
I,  int&is AATCTAGGTTTAATTCTAGATCTCGATTAATAGAGACAGTTGGGGGCATTAGTATTTAAT 
1 prostomn AATCTTGG- TTAATTCTTGTACTCGATTAATAGAGACAGTTGGGGGCATTIGTATTTAAT 
Cycioposzhim AATATTGG- TTAATTCTATATTACGAGTAATAGAGACAGTTGGGGGCAATAGTATTTMT 
Macmpodinimz AATCTTGG- TTAATTCTAGAT-GCGGTTAATAGGGACAGTTGGGGGCATTAGTATTAGTATTTMT 

1 I 1 i I 1 
730 740 750 760 770 780 

Entodinium 
Epidinium 
ophryoscorex 
Euàipliniinium 
Dipiodinium 
P olypilasmn 
Baiantidiium 
Dasytricha 
I.  intestirdis 
L prostom0 
Cycioposthim 

690F/690R 

GATGTTTTCATTAATmGGACGAAAGATAGGGGATCAAAGACAATCAGATACTGTCGTE- 
GATGTTTTCATTAATWGGACGMGATAGGGGATCAAAGACAATCAGATACTGTCGTA 
GATGTTTTCATTAATCAAGGACGAAAGATAGGGGATCAAAGACAATCAGATACTGTCGTA 
GATGTTTT-TTAATCAAGGACGAAAGATAGGGGATCAAAGACAATCAGATACTGTCGTA 
GATGTTTTCATTAATCAAGGACGAATGATAGGGGATCAAAGACAATCAGATACTGTCGTA 
GATGTTTTCATTAATCAAGGACGAAAGATAGGGGATCAAAGACAATCAGATACTGTCGTA 
GATGTTTTCATTAATCAAGAACGAAAGATAGGGGATCAAAGACAATCAGATACTGTCGTA 
GATGTTTTmTTAATaGAACGAAAGATAGGGGATCAAAGACAATCAGATACTGTCGTA 
GATGTTTTCATTAATCAAGAACGAAAGATAGGGGATCAAAGACAATCAGATACTGTCGTA 
GATGTTTTCATTAATCAAGAACGAAAGATAGGGGATCAAAGACAATCAGATACTGTCGTA 
GATGTTTTCATTAATCAAGGACGAAAGATAGGGGATCAAAGACAATCAGATACTGTCGTA 

~ t m t i i n i i ~ t  TGT 
Epidinium TGT 
Ophyoscoiex TGT 
Eudipiodinium TGT 
Diplodinim TGT 
Po/ypim~n,n TGT 
Baiunzidium TGT 
Dasytncha TGT 
I .  intestinaIis TGT 

prostom0 TGT 
Cycloposrhium TGT 
Macropodinim MT 

M m p o d i n i m  GATGTTTTCATTAATCAAGAACGAAAGATAGGGGATCAAAGACAAT CAGACACTGTCGTA 
I I 1 1 I I 

850 860 870 880 890 900 

I I I I 1 

XGAGGTGAAATTC? 

XGAGGTGAAATTC: 

~GAGGTGARTTTC+TGGATTTGTTAAAGACTAACGTATGCG~~TTTGC~G 
=AGAGGTGAAATTC:'TGGATTTGTTAAAGACTAACGTATGCGAAAGC;\TTTGCCAAG 
=AGAGGTGAAATTCTTGGATTTGTTGTTAAAGACTAACGTATGCGAAAGCATTTGCCAAG 
=AGAGGTGAAATTC:'TGGATTTGTTAAAGACTAACGTATGCGMGCATTTGCW 

'TGGASTTGTTAAAGACTAACGTATGCGAAAGCATTTGCCAAG 
3GAGGTGMTTC1'TGGATTTGTTAAAGACTGACGTATGCGAAAGCATTTGCCAAG 
3GAGGTGAAATTC:'TGaTTTGTTAAAGACTAACGTATGCGAAAGaTTTGCCAAG 

TGGATTTGTTAAAGACTAACGTATGCGAAAGCATTTGCmG 
ZAGAGGTGAAATTC:'TGGATTTGTTAAAGACTAACGTATGCGAAAGCATTTGCCAAG 
-AGAGGTGAAATTC:'TGGATTTGTTAAAGACTMCTTATGCGAAAGCATTTGCCAAG 
xGAGGTGAi\ATTCC:TGGATTTGTTAAAGACTAACGTTTGCGAAAGCATTTGCCAAG 
3AGAGGTGMTTC$TGGATTTGTTAAAGACTAACTTATGCGAAAGUTTTGCCAAG 



E~tlodmim GTCCTATCTATAAACTATGCCGACTAiGGGATTGGAGTGGGC-ATATACCATTTCAGTACC 
GTCCTATCTATAnACTATGCCGACTAGGGATTGGAGTGGGA-ATACACCATTTCAGTACC 

Ophyoscoler GTCCTATCTATAAACTATGCCGACTAGGGATTGGAGTGGGA-ATACACCATTTCAGTACC 
EU@/- GTCCTATCTATAAACTATGCCGACTAGGGATTGGAGTGGGC-ATACACCATTTCAISTACC 
0ipiodiniu.m CTCCTATCTATARACTATGCCGACTIU3GGATTGGAGTGGGA-ATACACCATTTCAGTACC 
P o ~ I a s ! m n  GTCCTATCTATAAACTATGCCGACTAûGGATTGGAGTGGGTTATACACaTTTWTACC 
h b f i d b n  GTCCTATCTATAAACTATGCCGACTAGGGATTGGAATGGTTATAACGCCGTTTCAGTACC 
Dcuytncha GTCCTATCTATAAAmATGCCGACTAGGGATTGGAGTGGAATATTCACATTTCAiGTACC 
L iIrteJtinalk GTCCTATCTATAAACTATGCCGACTXGGATTGGAATGGAA-ATTCACCATTTCAGTACC 
Lprostomo GTCCTATCTATAAACTATGCCGACTAGGGATTGGAATGGCA-ATTTACCATTTWTACC 
CycIoposthim GTCCTAT CTATAAACTATGCCGACTAGGGATTGGAGTGGGA-ATACACCATTTCAGTACC 
M~cropudinium GTCCT~TCTATAAACTATGCCGACTAGGGGTTGGAGTGAC--ATT cATCACTTr~TACC 

I 1 1 I I I 
910 EO 930 940 950 960 

Enrodinium TTATGAG~TCAAAGTCTTTGGGTTCTGGGGGGAGTATGGTCGCAAGACTGAAACTTAA 
Epidinium TTATGAGELUTCAAAGTCTTTGGGTTcTGGGGGGAGTATGGTCGCAAGACTGAAACTTAA 
Ophyoscolex TTATGAGX~TCAAAGTCTTTGGGTTCTGGGGGGAGTATGGTCGCAA[;ACTGAAACTTAA 
Eudipiodhium TTATGAGAAATCAAAGTTTTTGGGTTCTGGGGGGAGTATGGTCGCAAGACTGAAACTTAA 
Diplodinium TTATGAGA=L~':CAAAGTCTTTGGGTTCTGGGGGGAGTATGGTCGCAPLGACTGAAACTTAA 
Po&phfron TTATGAG~TCAAAGTCTTTGGGTT cTGGGGGGAGTATGGTCGCAAGACTGAAACTTAA 
Buimuidium TTATGAG~TCAAAGTCTTTGGGTTCTGGGGGGAGTATGGTCGCAAGACTGAAACTTAA 
Dcrsytncha TTATGAG~TCAAAGTCTTTGGGTTCTGGGGGGAGTATGGTCGCAAGACTGAAACTTAA 
L inrestïdis TTATGAGmTCAAAGTCTTTGGGTTCTGGGGGGAGTATGGTCGCAAGACTGAAACTTAA 
Lprosrom TTATGEIG~TCAAAGTCTTTGGGTTCTGGGGGGAGTATGGTCGCAAGACTGAAACTTAA 
Cycloposthium TTATG.4G.MTCAAAGTCTTTGGGTTCTGGGGGGAGTATGGTCGCAAGACTGAAACTTAA 
Macropodinium TT-STGAGAWT CAAAGTCTTTGGGTTCTGGGGGGAGTATGGTCGCAAGACTGAAACTTAA 

1 I I I 1 1 
970 980 990 LOO0 1010 1020 

Entodinium 
Epidiniwn 
Ophryoscolac 
Eud@lodinium 
Diplodinium 
Poiplamon 
Baicmtl'ditun 
Da~yrncha 
L intestidlis 
L ptOSf0nla 
CycIopnsthium 

AGAAATTGACGGAAGGGCACCACWGAGTGGAGCCTGCGGCTTAATTTGACTCAACACG 
AGAAATTGACGGAAGGGCACCACCAGGAGTGGAGCCTGCGGCTTAATTTGACTCAACACG 
AGAAATTGACGGkAGGGCACCACCAGGAGTGGffiCCTGCGGCTTAATTTGACTCAACACG 
AGAAATTGACGGAAGGGCACCACCAGGAGTGGAGCCTGCGGCTTAATTTGACTCAACACG 
AGAAATTGACGGAAGGGCACCACCAGGAGTGGAGCCTGCGGCTTAATTTGACTCAACACG 



Errtodmirmt GGGAAACTTACCAGGTCCAGACGTAGTAAiGGATTGACAGATTGATTaTXCTCTTTCTTGATT 
Epi& GGGAAACTTACCAGGTCCAGACATAGTAAGGATTGACACTTTCTTGATT 
@hyoscokr GGGAAACTTACCAGGTCCAGACATAGTAAGGATTGACAGATTGATAGCTCTTTCTTGATT 
Eudipiodinirmt GGGAAACTTACmGTCmCATAGTAAGGATTGACAGATTGATAGCTCTTTCTTGATT 

Cycloposthium G G G A A A C T T A C C A G G T C C A G A C A T A G T A A G G A T T G A C T  
Macropodinnitan G G G A A A C T T A C C A G G T C C A G A C A T A G T A A G G A T T G A C A G T  

l I I I t I 
1090 1100 1110 1120 1 130 1 140 

P R  #Î 

Emodinim ATP-~CGAACGAGACCTTAACCTGC~~~A::TAGATTC~TCTATACTATAGATGAT-A~TTC 
Epidinium ATTAACGAACGAGACCTTAACCTGCTAA STAG- Y C T  CAATACTCTGTATTCTGCAACTTC 

5 F / t m  

TAGTTGCTTTTGCTTTGCGATTGCT- TTC 
TAGATTCTTTTATCTTATAAAAGTT-A TTC 
TAGATCCTTTTATCTTATAATCGGT-A 3 TTC 

Entodinium CTAXGGT 

Epidinium 
@hryoscuk 
Eudipfodinium 
Dipiodinium 

L intestindis ATAACGAACGAGACCTTAACCTGCT 
Lprostoma ATAACGAACGAGACCTTAACCTGCT TAGXGTCCTCATATTATGGGGTAT-G 
Cycloposthium ATAACGAACGAGACCTTAACCTGCT 3 TAGTTTATTCCATTTCGATGGTTTA 

SGTGGTGCATGGCCG TCTTAGTTGGTGGAGTGATTTGTCTGGTCTGGTTAATTCCG 
CTATGGGTGGTGGTGCATGGCCG TCTTAGTTGGTGGAGTGATTTGTCTGGTCTGGTTAATTCCG 
CTATGGGTSGTGGTGCATGGCCGT'TCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCG 
CTATGGGTSGTGGTGCATGGCCGltTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCG 
CTATGGGLJGTGGTGCATGGCCGT'TCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCG 
CTATGGGXGTGGTGCATGGCCG7'TCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCG 
CTATGGGTSGTGGTGCATGGCCG':'TCTTAGTTGGTGGAGTGATTTTGTCTGGTTAATTCCG 

GTGGTGaTGGCCG.'TCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCG 
CTATGGGTSGTGGTGCATGGCCGr'TCTTAGTTGGTGGAGTGATTTGTCTGTCTGGTTAATTCCG 
CTATGGGXGTGGTGCATGGCCGTTCTTAGTLGGTGGAGTGATTTGTCTGGTTAATTCCG 

Po&pkzstron 
Bafantidium 
~ ~ c h a  CTXGAGT 
L intesrinalis 

f 

Cycloposthium 
Lprostoma 

CTATGGG'TSGTGGTGCATGGCCG TCTTAATTGG'YGGAGTGATTTGTCTGGTTAATTCCG 
Mc~cropodiniwn CYAYGGG'$GTGGTGCATGGCCG TCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCG 

I I I 1 I I 
1150 1160 1170 1180 1190 1200 



Emodinium TTACAGGGACTATGT- TATACAAATACATGGAAGTTTG--AGGCAATAACAGGTCAGTGA 
Epidrnm TTAGAGGGACTATGT-AAATCAATTACATGGAAGTTTG--mCAATAACAGGTCAGTGA 
 osco col ex TTAGAGGGACTATGT-AAATCAATTACATGGAAGTTTG--AGGCAATAACAGGTCAGTGA 
Eudr'plodlnizan TTAGAGGGACTATGT-AAAACAAATACATGGAAGTTTG--AGGCAATAACAGGTCAI;TGA 
fiphdinnMn TTAGAGGGACTATGT-AAAACAAATACATGGAAGTTTG--AGGGüiTAACAGGTCAGTGA 
P o ~ ~ ~ n  CTAGAGGGACTATGT-TAAACAAATACATGGAAGTTTG--AGGCAATAACAGGTCAGTGA 
Balanlidim TTAGAGGGACTATGT -ATTT-AAATACATGGAAGTTTG--AGGCAATAACAGGTCTGTGA 
bsyfrkha TTAGAGGGACTATATGCTTT-AAGTATATGGAAGTTTG--AGGCAATACCAGGTCTGTGA 
L i~tt&& TTAGAGGGACTATGT-ATATCAAGTACATGGAAGTTTG--AGGCAATAACAGGTCTGTGA 

prostom TTAGAGGGACTATGC-ATATCAAGTGCATGGAAGTTTG--AûGCAATAACAGGTCTGTGA 
Cyclopostthium TTAGAGGGACTATGT -AAAACAAATGCATGGAAGTTTG--AGGCAATAACAGGTCTGTGA 
M~~~~~~~~~~TTAGAGGGACTATGT-TTTT-AAATACATGGAAGTTTGAGAGGCAATAACAGGTCTGTGA 

I I I I 1 I 
1270 1280 1290 1300 13 10 1320 

Entodinim TGCCCYTAT-4TGTCCTGGGCTGCACGCGTGCTACACTGATGCATACAACAAGTGCCTAAC 
Epidinim TGCCCTTATATGTCCTGGGCTGCACGCGTGCTACACTGATG~TAWCMGTGCCTXC 
@byoscolar 7GCCC7T-4TATGTCCTGGGCTGCACGCGTGCTACACTGATGTATACAA~GTGCCTAGC 
Eudpiocii'ium TGCCCTTATATGTCCTGGGCTGCACGCGTGCTACACTGATGCATACAAWGTGCCTAAC 
Diplodinium TGCCCTTATATGTCCTGGGCTGCACGCGTGCTACACTGATGTATACAACAAGTGCCTAAC 
Pol'htmn 7GCCCTTATATGTCCTGGGCTGCACGCGTGCTACACTGATGTATACAACAAGTGCCTAAC 
Buimti'ditmt 7GCCCYTATATGTCCTGGGCTGCACGCGTGCTACACTGATGCATACAACAAGTGCCTAGC 
Dusytncha TGCCCTTATATGTCCTGGGCTGCACGCGTGCTACACTGATGTATACAACAAGTGCCTAGC 
I,  inlesrmalis "GCCCTTATATGTCCTGGGCTGCACGCGTGCTACACTGATGCATACAACAAGTGCCTAGC 
Lprostoma TGCCCTTATATGTCCTGGGCTGCACGCGTGCTACACTGATGaTAmCAAGTGCCTAGC 
Cyc1oposthium "GCCCTT-RTATGTCCTGGGCTGCACGCGTGCTACACTGATG~TAWMGTGCCTAGC 
Mucropodinium ~ G C C C 7 " A T A T G T C C T G G G C T G C A C G C G T G c T A C C  

I I I I I I 
1330 1340 1350 1360 1370 1380 

Entodinium aGAmTGGTATGGCAATCTCGAATATGCATCGTGATGGGGATAGATCTTTGCAATTATA 
Epidinium ~GAUTGGTAGGCAATCTCWTATGWTCGTGATGGGGAAGACTTTGCAATTATA 
@hyoscolex CAGACATGGTATGGCAAT CTCGAATATGCATCGTGATGGGGA'TAGATCTSTGCAATTATA 
Eudipiodinium CAGACATGGCATGGCAAT CT CGAATATGCATCGTGATAGGGXAGATCTTTGCAATTATA 
Dipladinim CAGAC.4TGGTATGGCAAT CTCGAATATGCATCGTGATGGGGATAGATCTTTGCAATTATA 
Polypfusrron CAGACATGGTATGGCAATCTCGAATATG-TCGTGATAGGGATAGATCTTTGCAATTATA 
BaImdim CCGCCAGGGTATGGCAATCTCGAATATGCATCGTGATGGGGATAGATCTTTGCAATTATA 
Daîyrrrcha TAGATATAGTATGGCAATCTCGAATACGCATCGTGATGGGGATAGATCTTTG-TTATA 
1 intestin.uk TAGACATAGTATGGCAATCTGGAATATGCATCGTGATGGGGATAGATCTTTGCAATTATA 
~prostomo YAGACATAGTATGGCAATCTGGAATATGCATCGTGATGGGGATAGATCTTTGCAATTATA 
Cycloposthim CAGATATGGTATGGCAATCTCGAATATGTATGTATCGTGATGGG-TTGATCTTTGWTTATA 
MocropodinimCCGCTAGGGTACGGCAATCTCGAATATGTATCGTGATGGGGATTGAACTTTGCAATTATA 

I I I I 1 I 
L390 1400 14 10 1420 1430 1440 



fitodZ'niian GATCTTGAACGAGGAATTCCTAGTAAiLjTG CAAGTCATCATCTTGCATTGATTATGTCCCT 
Epidinium GAT CTTGAACGAGGAATTCCTAGTAAGTGCAAGTCATCATCTTGCATTGATTATGTCCCT 
 osco col ex GATCTTGAACGAGGAATTCCTAGTAAGTGCAAGTCATCATCliTGCATTGATTATGTCCCT 
Ezui@l.nium GATCTTGAAffiWGAATTCCTAGTAAGTGCAAGTCATCATmTGCATTGATTATGTCCCT 
Diplodinim GATCTTGAACGAGGAATTCCTAGTAAGTGCAAGTCATCATCTTGCATTGATTATGTCCCT 
Polyplpstr~n GATCTTGAACGAGGAATTCCTAGTAAGTGCAAGTCATCATCTTGCATTGACTATGTCCCT 
Bdddium GATCTTGAACGAGGAATTCCTAGTAAGTGCAAGTCATCATCTTGCATTGATTATGTCCCT 
Dasyrricha GATCTTGAACGAGGAATTCCTAGTAAGTGCAAGTCATCATCTTGCATTGATTATGTCCCT 
Linlestindis GATCTTGAACGAGGAATTCCTXTAAGTGCAAGTCATCATCTTGCATTGATTATGTCCCT 
Lprostoma GATCTTGAACGffiGAATTCCTXTAAGTGCAAGTCATCATCTTGCATTGATTATGTCCCT 
Cycloposthitmt GATCATGAACGAGGAATTCCTAGTAAGTGCAAGTaTCATCTTGCATTGATTATGTCCCT 
Màcropodinium GTTCATGAACGAGGAATTCCTAGTAAGTGCAAGTCATCATCTTGCGTTGATTATGTCCCT 

1 I 1 1 1 I 
1450 1460 1470 1480 1490 1500 

1400F/1400R 
Entodinim GCCCT CTCCTACCGATACCGGGTGATCCGGTGAACCTTTTG 
Epidinim GCCCT CTCCTACCGATACCGGGTGATCCGGTGAACCTTTTG 
@hyoscoiex GCCCT CTCCTACCGATACCGGGTGATCCGGFGTACCTTTTG 
Eudiplodinitmt GCCCT CTCCTACCGATACCGGGTGATCCGGTGAACCTTTTG 
DipIodinim GCCCT CTCCTACCGATACCGGGTGATCCGGTGAACCTTTTG 
Po~yphron  GCCCT CTCCTACCGATACCGGGYGATCCGGTGAACCTTTTG 
Balantidium GCCCT CTCCTACCGATACCGGGTGATCCGGTGAACCTTTTG 
Dasytrrchu GCCCT CTCCTACCGATACCGGGTGATCCGGTGAACCTGTTG 
I. intesfindis GCCCT CTCCTACCGATACCGGGTGATCCGGTGAACCTTTTG 
I.pros~omtr GCCCT CTCC7'ACCGATACCGGGTGAîCCGGTGAACCTTTTG 

TAAACCATATCACCTAGAGGAAGGAGMGTCGTAAa 
Y'CCGYACGGG TAAACCATATCACCTAGAGGAAGGAGAqGTCGTAACA 
CTCGCAA-GG TAAACCATATCACCTAGAGGAGGAAGGAGMGTCGTAACA 

TAAACCATATCACCTAGAGGAAGGAGMGTCGTAACA 
TAAACCATATCACCTAGAGGAAGGAGXAGTCGTAACA 

CTGTAA-GGGG- TAAACCATATCACCTAGAGGAAGGAGAAGTCGTAACA 

TAAACCATATCACCTAGAGGAAGGAGAAGTCGTAACA 
TAAATCATATmCCTAGAGGAAGGAGAAGTCGTAACA 

I. inîestinalis CT CGCAAGAG TAAACCATATCACCTAGAGGAAGGAGAAGTCGTAACA 
CT--7AATAGG TAAACCTTATCACCTAGAGGAAGGAGAAGTCGTAACA 

TAAACCATATCACCTAGAGGAAGGAGAAGTCGTAACA 
TAAACCACATCACCTAGAGGAAGGAGAAGTCGTAACA 

1 I I I 1 I 
1570 1580 1590 1600 1610 1620 



AGGTTTCCGTmTGAACCTGCAGAA(;GAACA 
AGGTTTCCGTAGGTGAACCTGCAGAAGGATCA 
AGGTTTCCGTAGGTGAAGCTGCAGAAGGATCA 
AGGTTTCCGTAGGTGAACCTGCAGAAGGATCA 
AGGTTTCCGTXGTGAACCTGCXAAGGATCA 
AGGTTTCCGTAGGTGAACCTGCAGAAGGATCA 
AGGTTTCCGTA[;GTGAACCTGCGGAAGGATCA 
AGGTTTCCGTAGGTGAACCTGCA[;AAGGATa 
AGGTTTCCGTAGGTGAACCTGUWUGGATCA 
AGGTTTCCGTAGGTGAACCTGCGGAAI;GATCA 
AGGTTTCCGTAGGTaCCTGCGGAAGGATCA 
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