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ABSTRACT. Euglenozoa is a major phylum of excavate protozoa (comprising euglenoids, kinetoplastids, and diplonemids) with 
highly unusual nuclear, mitochondrial, and chloroplast genomes. To improve understanding of euglenozoan evolution, we sequenced 
nuclear small-subunit rRNA genes from 34 bodonids (Bodo, Neobodo, Parabodo, Dimustigella-like, Rhynchobodo, Rhynchomonas, and 
unidentified strains), nine diplonemids (Diplonema, Rhynchopus), and a euglenoid (Entosiphon). Phylogenetic analysis reveals that 
diplonemids and bodonids are more diverse than previously recognised, but does not clearly establish the branching order of kineto- 
plastids, euglenoids, and diplonemids. Rhynchopus is holophyletic; parasitic species arose from within free-living species. Kinetoplastea 
(bodonids and trypanosomatids) are robustly holophyletic and comprise a major clade including all trypanosomatids and most bodonids 
(‘core bodonids’) and a very divergent minor one including Ichthyobodo. The root of the major kinetoplastid clade is probably between 
trypanosomatids and core bodonids. Core bodonids have three distinct subclades. Clade 1 has two distinct Rhynchobodo-like lineages; 
a lineage comprising Dimastigella and Rhynchomonas; and another including Cruzella and Neobodo. Clade 2 comprises Cryptohid 
Trypanoplasma, Procryptobia, and Parabodo. Clade 3 is an extensive Bodo sultans species complex. Neobodo designis is a vast 
genetically divergent species complex with mutually exclusive marine and freshwater subclades. Our analysis supports three phagotrophic 
euglenoid orders: Petalomonadida (holophyletic), Ploeotiida (probably holophyletic), Peranemida (paraphyletic). 
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HYLUM Euglenozoa (Protozoa) (Cavalier-Smith 198 1) was P established to embrace two traditionally separate proto- 
zoan classes: kinetoplastids, characterised by kinetoplast DNA 
and bizarre RNA editing in their mitochondria (Landweber and 
Gilbert 1994; Maslov et al. 1994), and the typically larger eu- 
glenoid flagellates, which lack kinetoplast DNA but often have 
green chloroplasts bounded by three membranes. The relation- 
ship between kinetoplastids and euglenoids was initially sug- 
gested by cytochrome c phylogeny (Schwartz and Dayhoff 
1978) and four shared morphological characteristics: discoid 
mitochondrial cristae; a flagellar pocket; flagellar paraxonemal 
rods (= paraxial or paraflagellar rods); and a pellicle with a 
corset of microtubules underlying most of the cell surface 
(Vickerman and Preston 1976). Kinetoplastids comprise the 
typically free-living bodonid flagellates and the disease-causing 
trypanosomatid and leishmania1 parasites (Vickerman 1976, 
1990). It was later found that some, but not all, Euglenozoa had 
unique tubular extrusomes (Brugerolle 1985) and that rRNA 
analysis supported their specific relationship and marked diver- 
gence from other eukaryotes (Cavalier-Smith 1993a; Montegut- 
Felkner and Triemer 1997; Sogin, Elwood, and Gunderson 
1986). Both groups consistently have much larger nuclear small 
subunit (SSU) rFWA genes than most other phyla, and the 
rRNA of Euglena at least is fragmented (Gray et al. 2001; 
Schnare, Cook, and Gray 1990). 

Kinetoplastids are unique among eukaryotes in having gly- 
cosomes, modified peroxisomes bearing the glycolytic en- 
zymes, most of which are absent from the cytosol (Michels and 
Hannaert 1994). Euglenoids are unusual in having permanently 
condensed chromosomes and a reversed anaphase A/B se- 
quence (Triemer and Farmer 1991a, b), whereas kinetoplastids 
have closed mitosis with an endonuclear spindle and chromo- 
somes that do not condense during mitosis, being partially con- 
densed during interphase (Frolov and Skarlato 1998). Some try- 
panosomatids at least have numerous minichromosomes in ad- 
dition to regular ones with visible kinetochores (Ersfeld and 
Gull 1997). Sexual processes have rarely been demonstrated in 
Euglenozoa. Syngamy has been observed only in the euglenoid 
Scytomonas pusilla (= Copromonas subtilis) (Dobell 1908); 
there is genetic evidence for syngamy and meiosis in African 
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trypanosomes (Gibson 1995) and the South American Trypano- 
soma cruzi (Gaunt et al. 2003); the bodonid Dimastigella is the 
only free-living kinetoplastid with evidence for sexuality, in the 
form of synaptonemal complexes (suggesting meiosis) observed 
in one isolate of D. trypanifomis (Vickerman 1991) though not 
in another (Breunig et al. 1993). 

The third euglenozoan group is the diplonemids: Diplonema 
(Griessmann 1914; Larsen and Patterson 1990; Montegut-Felk- 
ner and Triemer 1994, 1996; Triemer and Ott 1990) and Rhyn- 
chopus (Schnepf 1994; Skuja 1948). As they do not possess 
discoid mitochondrial cristae and the flagella generally lack par- 
axonemal rods (Triemer and Farmer 1991b), it was uncertain 
whether they really belonged to Euglenozoa. Phylogenetic anal- 
yses of nuclear 18s rRNA and mitochondrial partial cyto- 
chrome oxidase subunit I (COI) protein genes showed that Dip- 
lonema falls within Euglenozoa (Maslov, Yasuhira, and Simp- 
son 1999). Nuclear 18s rRNA analysis also showed the same 
for Rhynchopus (Cavalier-Smith 2000) and the close affinity of 
Rhynchopus with Diplonema (Busse and Preisfeld 2002a) con- 
firming their inclusion in the phylum by Cavalier-Smith 
(1993a), supported by Simpson (1997). 

Euglenozoan nuclear mRNAs are also remarkable in that 
most are formed by trans-splicing of a miniexon to the actual 
coding region in euglenoids (Frantz et al. 2000; Muchal and 
Schwartzbach 1992) and apparently all are in kinetoplastids 
(Sutton and Boothroyd 1986). At least in kinetoplastids, this 
trans-splicing is achieved by a ribonucleoprotein machinery re- 
lated to the spliceosomes that remove spliceosomal introns (Pal- 
fi et al. 2000; Palfi, Lane, and Bindereif 2002), even though 
they have almost no cis-spliced introns, unlike euglenoids and 
other mitochondrial eukaryotes. As expected (Cavalier-Smith 
1993b) diplonemids also make mRNA by trans-splicing (Sturm 
et al. 2001). Euglenozoa are the sister group to the phylum 
Percolozoa which probably lacks trans-splicing; both are 
grouped together as superphylum Discicristata in the protozoan 
infrakingdom Excavata (Cavalier-Smith 1993d; 2003a, c). 

The phylogenetic branching order of the three main eugle- 
nozoan classes is uncertain: some 18s rRNA analyses associate 
diplonemids and kinetoplastids (Busse and Preisfeld 2002a; 
Maslov, Yasuhira, and Simpson 1999; Simpson, LukeS, and 
Roger 2002) with low to moderately strong bootstrap support, 
whereas others show diplonemids as sisters of or even branch- 
ing within euglenoids (Cavalier-Smith 2003a) in accord with 
the grouping of Diplonemea and Euglenoidea as subphylum 
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Plicostoma (Cavalier-Smith 1998). Additionally, analyses are 
hampered by divergent evolutionary rates of the 18s rRNA 
genes of these groups (Busse and Preisfeld 2002b; Busse, Pat- 
terson, and Preisfeld 2003). Resolving the earliest relationships 
within Euglenozoa is also impeded by mutational near-satura- 
tion of euglenoid 18s rRNA (Moreira, L6pez-Garcia, and Rod- 
riguez-Valera 2001). A recent analysis of cytosolic forms of 
heat shock protein 70 (Hsp70) and 90 (Hsp90) supports a sister 
relationship between diplonemids and kinetoplastids, to the ex- 
clusion of Euglena gracilis (Simpson and Roger 2004). Further, 
in diplonemids and kinetoplastids, tryptophan is encoded by 
TGA codons, whereas euglenoid mitochondria use the universal 
genetic code (Inagaki et al. 1997; Maslov, Yasuhira, and Simp- 
son 1999; Yasuhira and Simpson 1997). Relationships among 
the free-living/endo-ecto commensal members of the order Bo- 
donida are unclear, as is the question whether trypanosomatids 
arose from within bodonids or are their sisters. Recent phylo- 
genetic analyses of new kinetoplastid sequences of the fish par- 
asite Zchthyobodo and a Perkinsiella-like symbiont of paramoe- 
bid amoebae place them as a divergent sister group to other 
bodonids and trypanosomatids (Callahan, Litaker, and Noga 
2002; Dykov6 et al. 2003; L6pez-Garcia, Philippe, and Moreira 
2003; Moreira, L6pez-Garcia, and Vickerman 2004). This clos- 
er outgroup should help in deciding the position of the root of 
the remaining bodonids, which we here refer to as core bodon- 
ids. 

To clarify further relationships within Euglenozoa, we se- 
quenced the 18s rRNA genes of four Diplonema and five Rhyn- 
chopus isolates (both free-living and parasitic), as well as 34 
free-living bodonids and two isolates of uncertain affinities: a 
Cryptaulaxoides-like organism and a Phanerobia-like strain. 
Six of these sequences were included in a preliminary illustra- 
tive tree (Cavalier-Smith 2000). Our new data and analyses pro- 
vide many insights into the internal phylogeny and diversity of 
bodonids and, to a lesser extent, within diplonemids and eugle- 
noids. In particular, we isolated strains from a novel, highly 
divergent Rhynchobodo-like lineage within Clade 1 of Simpson, 
Luke:, and Roger (2002). Our analyses confirm the polyphyly 
of the former genus Bod0 and support its replacement by three 
genera: Bod0 sensu stricto (solely Bod0 sultans); Parabodo (in- 
cluding the former Bodo caudatus); and Neobodo (including the 
former Bod0 designis), as suggested by Moreira, Lbpez-Garcia, 
and Vickerman (2004). We adopt this revised nomenclature 
here. The basal branching order of Euglenozoa remains unre- 
solved by 18s rRNA, as parsimony trees weakly support a sister 
relationship between diplonemids and kinetoplastids, whereas 
distance analyses weakly support one between diplonemids and 
euglenoids. 

MATElUALS AND METHODS 
Cultures. Table 1 shows the strains used, their sources, 

growth media and 18s rRNA gene lengths. Procryptobia so- 
rokini and Parabodo nitrophilus were kindly donated by Dr. A. 
P. Mylnikov, Borok, Russia. All other strains were obtained 
from culture collections as stated or isolated from environmen- 
tal samples. For free-living strains cells were isolated by re- 
peated serial dilutions of 50 p1 of environmental samples into 
sterile microtitre wells (Nunclon, Scientific Laboratory Sup- 
plies, Nottingham, UK) containing 230 pl of growth medium; 
all were in uni-bodonid culture, but some contained other eu- 
karyotes (see Table 1). Rhynchopus spp. I, II and IV were iso- 
lated from Nephrops norvegicus trawled from the Firth of 
Clyde, UK. Rhynchopus spp. I and IV were obtained from the 
blood of N. norvegicus infected with the parasitic dinoflagellate 
Hematodinium sp. Blood was drawn aseptically from a walking 
leg sinus of the animal by syringe, distributed into microtitre 

well plates containing FCSG medium (Appleton and Vickerman 
1998) and separated from Hematodinium by serial dilution. 
Rhynchopus sp. 11 was isolated from the gills of a freshly killed 
animal, washed in sterile balanced Nephrops saline (BNS) be- 
fore explanting to a six-well plate containing FCSG medium. 
Rhynchopus sp. I1 multiplied and was cloned by serial dilution 
in the same medium. 

PCR amplification and sequencing. DNA was extracted 
and amplified from strains marked with an asterisk (*) in Table 
1 as described previously (Cavalier-Smith and Chao 1995). 
Cells of other strains were harvested under low-pressure filtra- 
tion onto glass fibre filters (Whatman) and DNA was extracted 
using an Ultraclean DNA soil extraction kit (MoBio Labora- 
tories, Cambio Ltd., Cambridge, UK). Their 18s rRNA genes 
were PCR-amplified using either general eukaryote primers G 
and F (Cavalier-Smith and Chao 1995) or for cultures with 
other eukaryotes present with the kinetoplastid-specific primers 
(kineto 14F: 5 'CTGCCAGTAGTCATATGCTTGTTTCAAGG 
A 3' and kineto2026R: S'GATCCTTCTGCAGGTTCACCTA 
CAGCT 3'). PCR with these specific primers used 50-200 ng 
of gDNA, 2.5 mM primer, 0.2 mM dNTPs, 2.5 mM MgCl,, 1 X 
PCR Buffer and 1 unit Taq-Polymerase (Invitrogen Ltd., Pais- 
ley, UK). Amplifications used an automated thermocycler 
(Touchgene Gradient, Techne, Scientific Laboratory Supplies, 
Nottingham, UK) with initial denaturation at 94 "C for 5 min, 
35 cycles of denaturation at 94 "C for 30 s, annealing at 63 "C 
for 36 s, extension at 72 "C for 1.5 min, and a final extension 
at 72 "C for 5 min. All fragments were gel purified using a 
GFX kit (Amersham Biosciences UK Ltd., Chalfont St. Giles, 
UK). Strains marked with # in Table 1 were directly bidirec- 
tionally sequenced. All others were cloned into pCR 2.1-TOP0 
vectors using a TOP0 TA cloning kit (Invitrogen); between 
three and eight clones were picked and partially sequenced us- 
ing M13F primer. There was low heterogeneity among all 
clones (< 1%); one for each strain was chosen for complete 
bidirectional sequencing. Sequencing used Big Dye terminators 
and an automated ABI-377 sequencer. GenBank accession 
numbers for strains isolated in this study: AY425008- 
AY425025 and AY490209-AY490235. GenBank accession 
numbers for all additional taxa used in the analyses can be 
found in Appendix 1. 

Sequence analysis and phylogenetic methods. Four data 
sets were created. Data set 1 with 145 taxa and 1233 sites in- 
cluded all available diplonemid sequences, many eukaryotroph- 
ic, osmotrophic and photosynthetic euglenoids, a diverse range 
of kinetoplastids (Zchthyobodo, trypanosomatids and parasitic 
and free-living bodonids), and a selection of Percolozoa (Cav- 
alier-Smith 1993d) as the closest sister group to Euglenozoa 
(Cavalier-Smith 1999) and other short-branch excavates (Me- 
tamonada-Trimastix and oxymonads-and Loukozoa: see 
Cavalier-Smith 2003a) as outgroups; inclusion of several close 
excavate outgroups should increase the reliability of basal eu- 
glenozoan branching orders. Data set 2 includes 80 taxa and 
1233 positions and was restricted to a broad sample of 68 eu- 
glenoids, plus diplonemids as outgroup, in order to clarify basal 
euglenoid phylogeny. Data set 3 includes nearly all available 
core bodonids and a selection of trypanosomatids (69 taxa), but 
prokinetoplastids were deliberately omitted to allow inclusion 
of more nucleotides (1613 positions aligned with confidence) 
and therefore greater resolution within core bodonids. To allow 
maximum likelihood bootstrap analysis for kinetoplastids, data 
set 4 comprised many fewer taxa, including a representative 
selection of core bodonid and trypanosomatid sequences plus 
the Zchthyobodo clade (total 48 taxa), but included only 1342 
positions because alignment of other parts of the Zchthyobodo 
sequence was uncertain. Data sets 1 and 2 were based on a 
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Table 1. Sources of isolates, culture media and lengths of new 18s rDNA sequences. 

Sequence 
Strain and accession numbers Source Medium length 

Entosiphon sp. SA *# AY425008 
Diplonema ambulator *# AY425009 
Diplonema sp. 2* # AY425010 
Diplonema sp. 3* # AY425011 
Diplonema sp. 4" # AY425012 
Rhynchopus sp. 1 * # AY425013 
Rhynchopus sp. 2* # AY425014 
Rhynchopus sp. I # A AY490209 
Rhynchopus sp. 11 # A AY490210 
Rhynchopus sp. IV # AY490211 
Neobodo designis GLASGOW A AY490235 
Neobodo designis LONGSTOCK A AY490221 
Neohodo designis SA * AY425016 
Neobodo sp. CPT *# AY425017 
Bod0 saltans JC02 A AY490227 
Bod0 sultans JC03 AY490228 
Bod0 sultans JCl8 AY490229 
Bodo sultans PP5 A AY490223 
Bod0 snltans NZ 1 A AY490232 
Bod0 saltans NZ 2 A AY490230 
Bodo sultans NZ 3 A AY490231 
Bod0 saltans NZ 4 A AY490234 
Bod0 saltans NZ 5 A AY490233 
Budo saltans BOTS A AY490224 
Bod0 saltans ML AY490226 
Bod0 sultans SA A AY490222 
Cryptaulaxoides-like *# AY425021 
Dimastigella sp. (Phanerobia-like) *# AY425020 
Novel bodonid NZ 1 AY490220 
Novel bodonid NZ 2 AY490219 
Novel bodonid UK A AY490225 
Parahodo(=Bodo) nitrophilris *# AY425019 
Parabodo (=Barlo)-like ML AY490215 
Parabudo (=Borlo) caudatus-like RDF * AY425015 
Parabodo (=Bode) sp. A AY490218 
Procryptobia sorokini *# AY425018 
Procryptobia sp. SA AY490216 
Procryptobia sp. NZ AY490217 
Rhynchomonas nasuta ATCC 50105 * 

Rhynchomonas nasuta DB8 *# AY425024 
Rhyizchomonas nasuta OV 1 *# AY425025 
Rhynchomonas nasuta PP AY490214 
Rhynchobodo-like NZ A AY490213 
Rhynchoborlo sp. UK A AY490212 

AY425023 

Soil, Kommetjie, South Africa (SA) 
Washington, DC, USA (ATCC 50223) 
Gaithersburg, MD, USA (ATCC 50224) 
Gaithersburg, MD, USA (ATCC 50225) 
Solomon's Island, MD, USA (ATCC 50232) 
New Bedford, MA, USA (ATCC 50226) 
Cliff Pool, Bermuda (ATCC 50229) 
Blood of Nephrops norvegicus (Clyde Estuary, UK) 
Gills of Nephrops norvegicus (Clyde Estuary, UK) 
Blood of Nephrops norvegicus (Clyde Estuary, UK) 
Soil, Glasgow Botanic Gardens, UK 
Soil, Longstock, Hampshire, UK 
Mouille Point, Cape Town, South Africa (SA) 
Garden Soil, Cape Town, SA 
Sediment, Priest Pot, Cumbria, UK 
Sediment, Priest Pot, Cumbria, UK 
Sediment, Priest Pot, Cumbria, UK 
Sediment, Priest Pot, Curnbria, UK 
Soil, University of Waikato, Hamilton, New Zealand 
Sediment, Rotawiti Lake, NZ 
Sediment, Karapiro Lake, NZ 
Soil near Karapiro Lake, NZ 
Rotting seaweeds, Raglan, NZ 
Algae and sediment, Okavango Delta, Botswana 
Soil, Gudung Gading N.P., Sarawak, Malaysia 
FW sediment, Klein Pakhuis, Western Cape, SA 
Soil, Punta Morales, Costa Rica 
Soil, La Selva, Costa Rica 
Marine sediment, Auckland, New Zealand 
'Jockey Pool', near Mata Mata, NZ 
Sediment, River Thames, Oxford, UK 
Russia (Dr. A. P. Mylnikov) 
Soil, Gudung Gading N.P., Sarawak, Malaysia 
Red Deer faeces, Glasgow, UK 
Lawn grass, Glasgow, UK 
Russia (A. €! Mylnikov) 
Sediment, Camps Bay, South Africa 
Marine Sediment, Raglan, NZ 

Sargasso Sea, ATCC 50105 
Upper Chesapeake Bay, WHOI, DB8 
Sediment, Burnham Overy Staithe, Norfolk, UK 
Algal scrape, Priest Pot, Cumbria, UK 
Sediment, Hamilton Lake, NZ 
Soil, Sourhope, UK 

SES 
PE 
PE 
PE 
PE 
PE 
PE 
FCSG 
FCSG 
FCSG 
TSB 
BE 
PE 
SES 
SES 
SES 
SES 
SES 
SES 
SES 
SES 
SES 
PE 
SES 
SES 
SES 
SES 
SES 
PE 
PASA 
SES 
SES 
PE 
SES 
TSB 
SES 
PE 
SES 

SES 
PE 
PE 
SES 
SES 
TSB 

2155 
1988 
1971 
1992 
2073 
I966 
1946 
1954 
1962 
1954 
2039 
2043 
2027 
2046 
209 1 
2079 
2072 
2087 
2076 
2080 
2078 
2069 
2089 
2075 
2066 
1946 
2087 
2061 
207 1 
2066 
2083 
1972 
1975 
1978 
1964 
2020 
1987 
1992 

2104 
2103 
2103 
2043 
2139 
2088 

The length of sequences is given in base pairs (bp) from the end of primer kinetol4F to the beginning of kineto2026R, because sequences 
generated with this primer pair are slightly shorter than those generated with general eukaryotic primers (Cavalier-Smith and Chao, 1995). Media 
used: SES = Soil extract with added salt (UKNCC catalogue), PE = Plymouth Erdschreiber (UKNCC), TSB = 0.1% Tryptone Soya Broth 
(Difco), BE = 0.1% Beef Extrslct (Oxoid), FCSG = 10% Fetal Calf Serum in balanced Nephrops saline, PASA = Page's Amoeba Saline Agar. 
Asterisks indicate that the DNA isolation amplification and sequencing methods were as in Cavalier-Smith and Chao (1995), # indicates strains 
that were directly bi-directionally sequenced: all others were cloned before sequencing. Strains marked with are still alive in our own culture 
collection. Those marked with an are mixed with other eukaryotes, but are in uni-bodonid culture. 

large 18s rRNA alignment with an even more comprehensive 
selection of Euglenozoa than used in the present analyses. The 
18s rRNA sequences of data set 3 and 4 were aligned with 
ClustalX (Thompson, Higgins, and Gibson 1994) and then man- 
ually adjusted using Genetic Data Environment software (Smith 
et al. 1994). 

Phylogenetic analyses used PAUP*4.0b10 (Swofford 1993). 
Distance matrices were calculated using the general time re- 
versible (GTR) model and allowed for rate variation across 
sites, assuming a gamma distribution and a proportion of in- 
variable sites, estimated by ModelTest (Posada and Crandall 
1998). Data set 1 was analysed by Maximum Parsimony ( M P )  

and distance methods using Neighbor Joining (NJ) and BioNJ; 
bootstrap analyses used 1000 BioNJ replicates and 500 for MP. 
Data set 2 was analysed using NJ, BioNJ and Minimum Evo- 
lution (ME: heuristic search with 100 random stepwise addition 
replicates) and 250 (each with 5 addition sequence replicates) 
heuristic bootstrap replicates. Data set 3 was analysed using all 
distance methods (NJ, BioNJ, ME and weighted least squares). 
Weighted least squares and ME trees were constructed using a 
heuristic search of 100 random stepwise addition sequence rep- 
licates; bootstrap analyses used 500 re-samplings (each with 5 
addition sequence replicates). A subset of kinetoplastid se- 
quences (data set 4) was analysed using maximum likelihood 
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ML+T+I; with 4 discrete rate categories); heuristic bootstrap 
analyses used 75 re-samplings. We carried out four separate 
ML analyses always using the same r + I ,  but with various time 
constraints and best tree searches and obtained the same tree 
65 out of 167 times. 

RESULTS 
As in previous studies, all euglenozoan sequences were lon- 

gsr than the approximately 1850 nucleotides typical for most 
19s rRNA genes (Table 1). The longest was Entosiphon (2155 
nr) and the shortest Rhynchopus sp. 2 and Bod0 saltans SA 
1946 nt). The phylum Euglenozoa is robustly supported in Fig. 

1 (84%); diplonemids and kinetoplastids are both holophyletic 
with 100% bootstrap support, but holophyly of euglenoids is 
weakly supported. Branching orders among the classes vary 
with different phylogenetic methods; parsimony analysis 
grouped diplonemids with kinetoplastids, whereas distance 
analyses group diplonemids with euglenoids, the latter clade 
corresponding to subphylum Plicostoma (Cavalier-Smith 1998), 
but support is very weak for both. The diplonemid clade is 
markedly shorter overall than for kinetoplastids and euglenoids, 
indicating slower evolution of their rRNA. 

Phylogeny of Euglenoidea. Euglenoids exhibit the longest 
branches of any class within Euglenozoa. The BioNJ distance 
tree (Fig. 1) shows four strongly supported major euglenoid 
clades: the predominantly and ancestrally phototrophic super- 
order Euglenophycidae (= class Euglenophyceae sensu Marin 
et al. (2003), but of lower rank, so Euglenoidea can remain as 
a class, as in Cavalier-Smith 1998) (95% support); the ances- 
trally osmotrophic and heterotrophic Rhabdomonadida (87% 
support); the third clade comprises Notoselenus and Petalo- 
monas cantuscygni (99% support) as shown by Busse, Patter- 
son, and Preisfeld (2003) using Baysian analysis, supporting 
rheir grouping in the order Petalomonadida (Cavalier-Smith 
1993); Peranema sp., Anisonema, and Dinema (all order Pera- 
nemida: Cavalier-Smith 1993a) form a fourth robust clade (99% 
support). Because this part of the tree might have been per- 
turbed by the distant long-branch out groups these are removed 
in the analysis shown in Fig. 2, which shows the same four 
major euglenoid clades (92/93%, 85191%, 99196%, 99/96% 
support respectively). In this minimum evolution tree their 
branching order is different: rhabdomonads are now sisters to 
wglenophycids (this clade corresponding to subclass Aphagia 
Cavalier-Smith 1993a; 1998-the term Aphagea was incorrect- 
ly used by Busse, Patterson, and Preisfeld 2004 as a synonym 
for Rhabdomonadida alone) instead of the Anisonema clade. On 
both trees the grouping of these three clades has weak to mod- 
erate support (52-60%) and other phagotrophic euglenoids are 
more distant, suggesting that phagotrophic euglenoids are prob- 
ably paraphyletic. Figure 2 also has a weakly supported 'clade 
comprising the morphologically very similar bacteriotrophic 
Entosiphon sulcatum and Ploeotia costata, providing the first 
molecular support for the order Ploeotiida (Cavalier-Smith 
1993a). Our Entosiphon sequence is distinct from but quite 
closely related to the previously published one. Peranema tri- 
ckophorum groups weakly as a sister to Entosiphon (Fig. 1) or 
10 Ploeotiida. In Fig. 2 largely bacteriotrophic Petalomonadida 
are the earliest diverging euglenoids. Except for the robust sis- 
wr relationship between Euglenida and Eutreptiida (previously 
found by Brosnan et al. 2003; Marin et al. 2003; and Busse, 
Patterson, and Preisfeld 2003), the branching order of the six 
euglenoid orders is poorly resolved, suggesting rapid early ra- 
diation among the phagotrophs and/or near mutational satura- 
uon. 

Phylogeny of Kinetoplastea. There are two established lin- 
eages within kinetoplastids (Fig. l), one compnsing only Zchth- 

yobodo, the Perkinsiella-like organism and some environmental 
DNA samples (DykovB et al. 2003; L6pez-Garcia, Philippe, and 
Moreira 2003), the other composed of a longer-branch clade 
containing all other bodonids (core bodonids) and trypanoso- 
matids. A third lineage of solely environmental samples is a 
sister-group to both kinetoplastid clades, breaking the otherwise 
long stem of kinetoplastids (L6pez-Garcia, Philippe, and Mor- 
eira 2003). Different analyses place the root of the trypanoso- 
matidlcore bodonid clade (i.e. all except the divergent Zchth- 
yobodo clade) in contradictory places. Parsimony analyses 
place the root between Rhynchomonas and Dimastigella and the 
rest of the clade, whereas distance and maximum likelihood 
place it between trypanosomatids and core bodonids (Fig. 1,4), 
which ought to be more reliable as the use of gamma correc- 
tions should reduce long-branch artefacts to which parsimony 
is particularly prone. Bootstrap support values for the holophyly 
of core bodonids and trypanosomatids (Fig. 1) are 63% and 
58% respectively. 

Trees confined to core kinetoplastids (Subclass Metakineto- 
plastina of Moreira, Ldpez-Garcia, and Vickerman (2004)), thus 
excluding the highly divergent Zchthyobodo clade (Prokineto- 
plastina of Moreira, L6pez-Garcia, and Vickerman (2004)), and 
rooted as on Fig. 1 and 4 show the three major robust clades 
indicated by Simpson, Luke:, and Roger (2002) (bootstrap val- 
ues of 76-100%: Fig. 3). On trees rooted between trypanoso- 
matid and core bodonids, clades 2 and 3 group together, with 
significant support in distance (77-79%: Fig. 3) but weakly in 
ML analyses (48%: Fig. 4). With maximum likelihood core 
bodonids are also holophyletic but support is weak (32%). 

Clade 1 (Neobodonida of Moreira, L6pez-Garcia, and Vick- 
erman (2004)) is considerably more complex than noted by 
Simpson, Luke:, and Roger (2002). It has five robust subclades 
(A-E: Fig. 3) . Clade 1A (two Rhynchobodo strains, Klosteria 
and Rhynchobodo-like) is sister (with good (78%) support only 
with weighted least squares) to clades 1B (Dimastigella and 
Rhynchomonas, with the longest branches), 1 C (the Neobodo 
designis complex plus Cruzella) and clade 1D (Cryptaulaxo- 
ides-like, plus an environmental sequence from a marine hy- 
drothermal vent (AT5-25) of unknown morphology). Clades 
1C and 1D group together strongly on distance trees (78-84%: 
Fig. 3), but with only moderate support by ML (57%: Fig. 4). 
The novel bodonid Clade 1E is most divergent of all and in- 
cludes both marine and freshwater strains morphologically very 
similar to Rhynchobodo. The great divergence of clades 1A and 
1E imply either that their Rhynchobodo-like appearance is con- 
vergent or that it was ancestral for clade 1. The Cryptaulaxo- 
ides-like strain was originally designated Cryptaulax because 
of its spirally twisted groove and two heterodynamic flagella 
(Cavalier-Smith 2000) without realising that Skuja's (1948) 
name was preoccupied by a mollusc and hymenopteran under 
the zoological code that we consider appropriate for all Eugle- 
nozoa, or that Novarino (1 996) had proposed Cryptaulaxoides 
as replacement. Assignment of Cryptaulax Skuja to the kineto- 
plastids (Bernard, Simpson, and Patterson 2000) is fully sup- 
ported by our present trees, as well as our electron microscopy 
on this strain that revealed a paraxonemal rod, cortical micro- 
tubules and discoid ciistae (T.C-S and B. Oates, unpubl. data). 
However, the assignment of all described Cryptaulax spp., ex- 
cept C. marina Throndsen 1969 (now deemed to be a junior 
synonym of Hemistasia phaeocysticola (Scherffel) Elbrachter, 
Schnepf, and Balzer (1996) by Bernard, Simpson, and Patterson 
(2000), specifically to Rhynchobodo (Vers 1992; Bernard, 
Simpson, and Patterson 2000) may be premature, given that we 
find two very divergent Rhynchobodo-like lineages in clade 1A 
and neither groups specifically with the sequence from our 
twisted flagellate. We therefore refer to it simply as Cryptau- 
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laxoides-like. The strain now designated Dimastigella-like was 
identified on isolation as Phanerobia pelophila Skuja (1948) 
based on its apparent identity with the illustration in Patterson 
and Zolffel (1991) and therefore labelled P. pelophila in the 
tree of Cavalier-Smith (2000). It is so closely related to Di- 
mastigella, branching among other Dimastigella species (all of 
which have very similar sequences) that it seems likely that it 
was a very elongated, more flexible variant of Dimastigella. 
Electron microscopy confirmed polykinetoplast mitochondria 
like those of Dimastigella. Unfortunately our strain died before 

we had access to Skuja’s original description and could make 
a critical comparison. 

Within clade 1C there is a very robust subclade of eight 
lineages, five identified as Neobodo (formerly Bodo) designis 
even though they are highly divergent from each other in se- 
quence-more divergent than many trypanosomatid genera. 
One of our N. designis strains (SA) is quite closely related to 
an ATCC strain named as B. saliens. As we have examined 
hundreds of pure and mixed cultures of bodonids and never 
convinced ourselves that we had a Bod0 saliens, which was 
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differentiated from designis mainly in mode of swimming, 
length of posterior flagellum and posterior cell shape (Larsen 
and Patterson 1990; Tong 1997), we suspect that ‘B. saliens’ 
may not be reliably distinguishable from N. designis. Our Bod0 
rostratus-like strain clearly differed from N. designis, but was 
identified as B. rostratus simply from the illustration in Lem- 
merman (1914); however, as our strain (now dead) lacked the 
complicated life cycle originally described for this species (as 
Heteromita rostratu: Kent (1880-82): Klebs (1892) transferred 
it to Bodo) the name B. rostratus used in a preliminary tree for 
this sequence (Cavalier-Smith 2000) was inapplicable, so we 
now refer to it only as Neobodo sp. CPT (Weitere and Arndt 
(2003) recently recorded a B. rostrutus-like cell from the River 
Rhine). As over half the lineages in this subclade are N. desig- 
izis, and there are no others with a really clear identity we refer 
to it as the N. designis species complex. It contains both marine 
and freshwater or soil isolates. 

Clade 2 (Parabodonida of Moreira, L6pez-Garcia, and Vick- 
erman (2004)) has three major branches (Parabodo; Procryp- 
Fobiu; CryptobialTrypanoplasrna); their branching order is un- 
resolved on distance trees, but ML analysis strongly suggests 
that Parabodo and Procryptobia clades are sisters to the exclu- 

sion of the parasitic cryptobias (80% support: Fig. 4); this to- 
pology is also seen on weighted least squares trees (Fig. 3). The 
sequence designated Parabodo sp. was from a strain that close- 
ly resembled Parubodo caudatus in both movement and mor- 
phology, but had an attached recurrent flagellum like Procryp- 
tobia, suggesting that the long stem at the base of the Procryp- 
tobia branch may exaggerate the evolutionary separation of the 
two genera. 

Clade 3 (Eubodonida of Moreira, L6pez-Garcia, and Vick- 
erman (2004)) contains exclusively 14 diverse Bodo sultans and 
two ATCC strains that, though labelled as Bodo edax and Bod0 
uncinatus, have never been critically examined and are likely 
actually to be Bodo sultans also. We isolated a marine strain 
of B. saltans (NZ 3, a species less frequently reported from 
marine environments and more often from freshwater and soil. 
This isolate from marine seaweeds lies within the rest of the 
clade. 

The trees highlight the considerable genetic diversity within 
some clades comprising one ‘morphospecies’, especially within 
Neobodo designis, Parabodo caudatus, Rhynchomonas nasuta 
and above all Bodo sultans. 

Phylogeny of Diplonemea. Diplonemids form a robust 
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clade, which has the shortest branch lengths within Euglenozoa 
(Fig. 1). In distance analyses Rhynchopus is holophyletic (66- 
94%), and arises from within Diplonema, whereas parsimony 
analyses support holophyly of both taxa. Within Rhynchopus, 
ecto-commensaUparasitic species arise from free-living ones. 

DISCUSSION 
Bodonid diversity and ancestry of trypanosomatids. Ki- 

netoplastids are a diverse group, encompassing both free-living 
and parasitic species. Their overall phylogeny has been prob- 
lematic because of poor taxon sampling, the lack of an agreed 
root to their tree, the paraphyly or polyphyly of taxa such as 
Bod0 (now largely rectified by Moreira, L6pez-Garcia, and 
Vickerman 2004), and the uncertain position of txypanosoma- 
tids in relation to bodonids. We confirm the relationship of the 
core bodonidtrypanosomatid clade and the ZchthyobodoIPer- 
kinsiella-like symbiont clade demonstrated previously (Calla- 
han et al. 2002; Dykovk et al. 2003; Moreira, L6pez-Garcia, 
and Vickerman 2004) and that the third lineage containing two 
environmental sequences is sister to recognised kinetoplastids 
(L6pez-Garcia, Philippe, and Moreira 2003). Establishing the 
phenotype of this lineage would be invaluable in answering 
questions about kinetoplastid ancestry-is it a third kinetoplas- 
tid lineage or a different type of euglenozoan? 

Our much larger bodonid data set has greatly increased res- 
olution within core bodonids and clarifies the origin of trypa- 
nosomatids. ML analyses of data set 4 and all distance analyses 
place the root of the tightly clustered core bodonidtrypanoso- 
matid clade between trypanosomatids and bodonids. Bootstrap 
support for the holophyly of core bodonids and trypanosomatids 
is 63% and 58% respectively (Fig. 1) in distance trees; with 
ML support for trypanosomatid holophyly is stronger but that 
for core bodonids is weaker (Fig. 4). Recent Hsp90 analyses 
(Stechmann and Cavalier-Smith 2003a) and 18s rRNA analyses 
by Marin et al. (2003) also support core bodonid holophyly, 
often with strong bootstrap support. However, Simpson, Luke& 
and Roger (2002) with a much smaller taxon sample for 18s 
rRNA, in particular lacking the Zchthyobodo clade, found the 
root to be variable. As we find clade 2 to be robustly holophy- 
letic (100% support: Fig. 3; 96% support: Fig. 4) the apparent 
paraphyly of clade 2 on their trees may be a problem of too 
sparse taxon sampling and/or not including as many nucleotide 
positions as our much more extensive alignment allows. Hsp90 
analyses also support holophyly of clade 2 (Simpson, Luke:, 
and Roger 2002; Simpson and Roger 2004; Stechmann and 
Cavalier-Smith 2003a). However, Hsp90 analyses by Simpson, 
Luke& and Roger (2002) and Simpson and Roger (2004) sug- 
gested that Bod0 sultans is sister to trypanosomatids (bootstrap 
support of 22-91%), that clade two is their sister (37-93% sup- 
port) and that the root of the core bodonids may lie between 
clades 1 and clades 2, 3 and trypanosomatids. When Simpson 
and Roger (2004) increased the number of outgroup species to 
19, B. sultans remained as sister to trypanosomatids, but with 
lower bootstrap support than in analyses with fewer outgroups. 
Analyses with three non-euglenozoan outgroup species (many 
fewer than in the analysis of Stechmann and Cavalier-Smith 
2003a) usually gave the same topology with similar bootstrap 
support (their Fig. 3a; using only 1+2 codon positions), but 
sometimes grouped clades 2 and 3 together to form one super- 
clade, as we consistently observe for 18s rRNA, albeit with 
only weak to moderate support. Since both 18s rRNA and 
Hsp90 trees with the broadest taxonomic representation agree 
in placing core bodonids as a holophyletic sister to trypanoso- 
matids, we suspect that this topology is correct. The same to- 
pology had already been found in earlier analyses (Cavalier- 
Smith 1993a; Moreira, L6pez-Garcia, and Vickerman 2004). 

Although this topology needs testing from numerous proteins, 
it is possible that trypanosomatids did not evolve from core 
bodonids as recently argued (Simpson, Luke& and Roger 2002) 
but from a missing link between the ichthyobodonid clade and 
the common ancestor of core bodonids. Blom et al. (1998) also 
suggested that Bod0 sultans was more closely related to try- 
panosomatids than to other bodonids based on mitochondria1 
DNA sequences. However, they compared only trypanosoma- 
tids, B. sultans and two parasitic cryptobiids; as no other free- 
living bodonid was analysed and they used only - 350 nucle- 
otides, these results should be treated cautiously. 

We are agreed on the merits of the recent separation of the 
ichthyobodonid clade from core bodonids as a new order Pro- 
kinetoplastida (Moreira, L6pez-Garcfa, and Vickerman 2004), 
and that this new order should be in a separate subclass from 
core bodonids and Trypanosomatida (Moreira, L6pez-Garcia, 
and Vickerman 2004). We also agree that core bodonids de- 
serve to be split into three suprafamilial taxa corresponding to 
clades 1-3, but it is an open question whether they should con- 
stitute separate orders; Neobodonida, Parabodonida and Eubo- 
donida (Moreira, L6pez-Garcia, and Vickerman 2004) or re- 
main as subordinal taxa within a single order Bodonida sensu 
stricto forming a sister to the Trypanosomatida. The vernacular 
terms neobodonids, parabodonids, and eubodonids are used 
here, being independent of rank. 

Bodonid clade 1: neobodonids. We have discovered a novel 
lineage of free-living bodonids (clade lE), which are morpho- 
logically close to Rhynchobodo, characterised by a free recur- 
rent flagellum, very similar movement and flagellar activity; the 
rostrum is less well developed and smaller than in Rhyncho- 
bodo. Investigations with the electron microscope are needed 
to establish their kinetoplast structure. The clade has three free- 
living isolates, one marine and two freshwater (Table 1); one 
(novel bodonid NZ 2) was isolated from a thermal pool (around 
37 "C) in New Zealand. 

It was previously doubted whether ATCC strain 50359 really 
is a Rhynchobodo (Simpson, Luke:, and Roger 2002). The close 
relationship to our independently isolated Rhynchobodo sp. sug- 
gests that its identification was correct, which one of us (K. 
Vickerman) has confirmed microscopically. We also isolated a 
free-living species (Rhynchobodo-like) that specifically groups 
with the recently described Klosteria bodomorphis (Nikolaev et 
al. 2003), albeit very distantly (Fig. 3), and resembles both 
Rhynchobodo species in its possession of a large preflagellar 
rostrum. As clade 1E is also very similar in morphology to 
Rhynchobodo and seems to be sister to clades 1A-D, the com- 
mon ancestor of clade 1 was probably itself Rhynchobodo-like 
in morphology. 

Strains identified as Neobodo designis are very widespread 
in clade lC, and so mutually divergent genetically that this 
name probably signifies only a cluster of microscopically ex- 
tremely similar morphotypes distinguished only by a distinctive 
mode of swimming, posterior flagella length and posterior cell 
shape (Eyden 1977; Larsen and Patterson 1990; Tong 1997) 
corresponding perhaps to a whole family in better characterised 
taxa. Considerable further work is needed to establish whether 
any lineages (e.g. Neobodo sp. CPT) within the N. designis 
species complex can be reliably distinguished morphologically. 
The striking genetic divergence within this complex can prob- 
ably be related to physiological and ecological differences, as 
marine or freshwater isolates are clustered, not randomly ar- 
ranged on the tree. We are now testing this further with more 
intensive sampling. 

Bodonid clade 2: parabodonids. The taxa within Clade 2 
are also morphologically diverse, and genetically so, as they 
have some of the longest branches within bodonids. They con- 
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Iain free-living species such as Parabodo (= Bodo) caudatus 
and Procryptobia sorokini (= Bod0 sorokini in the preliminary 
Tee: Cavalier-Smith 2000) and the parasitic CryprobialTrypan- 
oplasma. Maximum likelihood analysis strongly supports a sis- 
ter relationship between the Parabodo clade and Procryptobia, 
to the exclusion of the fish cryptobias clade. This affinity is 
reflected in the difficulty of deciding from microscopy alone to 
which of the two genera Parabodo sp. belongs; this grouping 
was not satisfactorily resolved previously (Callahan, Litaker, 
and Noga 2002; Dykovi et al. 2003; Simpson, LukeS, and Rog- 
er 2002). Cryptobia helicis groups with Parabodo caudatus and 
Procryptobia sorokini (Fig. 1), never with other Cryptobia spp. 
(Callahan, Litaker, and Noga 2002; Dolezel et al. 2000; Simp- 
son, LukeS, and Roger 2002), suggesting multiple, independent 
transitions from free-living to parasitic lifestyles (Dolezel et al. 
2000). Further information from protein analyses is required to 
confirm these relationships. 

Clade 3: eubodonids-the Bod0 saltans species complex. 
This clade of sixteen sequences is so genetically diverse that 
we agree with Callahan, Litaker, and Noga (2002) that it will 
eventually need to be divided into different species. There are 
four well-supported sub-clades (Fig. 3). Two contain strains 
exclusively from the northern and southern hemispheres, 
whereas the other two have a mixture of geographical origins. 
Might these strains of B. sultans be an exception to the theory 
that protists (and other microbes) are ubiquitously distributed 
around the globe, as there are no baniers to free dispersal of 
their astronomical populations (Finlay 2002)? More likely this 
geographical clustering is an artefact of undersampling; addi- 
tion of further sequences may break it down. However, there 
has been no report of cyst formation for B. sultans, which may 
decrease the ability of this morphospecies to disperse over large 
distances and account for different genetic populations observed 
here. What clade 3 does show is extensive genetic diversity in 
what appears to be one morphospecies. 

Ecological specialization within bodonid morphotypes. 
Some bodonids, notably Neobodo designis, are found in all 
types of habitats, and have been considered cosmopolitan and 
to have broad ecological tolerances (Atkins, Teske, and Ander- 
son 2000; Patterson and Lee 2000). However, there appears to 
be a marked divergence between freshwater and marine species 
on our trees within the N. designis species complex (Fig. 2). 
We have demonstrated an even deeper separation between ma- 
rine and freshwater strains for the cryptomonad Goniomonas 
(Herden, Chao, and Cavalier-Smith 2004). Culture studies of 
certain heterotrophic flagellates suggest that individual clones 
of some are physiologically adapted to certain environments 
only (Ekelund 2002). Thus among zooflagellates generally mor- 
phospecies may conceal great genetic diversity and ecological 
differentiation. Generalizations about the geographical distri- 
bution or cosmopolitanism of such flagellates cannot be made 
without detailed genetic studies, especially as light microscopy 
is often insufficiently discriminating to reveal their real biodi- 
versity. Our finding of a strain from a thermal pool with a 
temperature of 37 "C indicates that bodonids are able to colo- 
nise and grow in a wide variety of temperatures, having also 
been observed in polar environments (Tong, VBrs, and Patter- 
son 1997; V@rs 1992). 

Diplonemid diversity. In earlier 18s rRNA analyses, Rhyn- 
chopus and Diplonema could not clearly be differentiated using 
molecular methods (Busse and Preisfeld 2002a). Morphologi- 
cally, the two genera are often distinguished by their flagella: 
Diplonema has two short ones (3-4 pm), which vary in flexi- 
bility among species (Triemer and Ott 1990), whereas they 
barely emerge from the flagellar pocket in Rhynchopus species 
(Schnepf 1994; Vickerman 2002). Also Diplonema has exten- 

sive flat (non-discoid) cristae whereas Rhynchopus has abnor- 
mal mitochondria almost devoid of cristae (Schnepf 1994). Our 
distance analyses support the separation into two genera, and 
show that Rhynchopus is holophyletic and Diplonema paraphy- 
letic, although in parsimony analyses both appear holophyletic. 
If the distance topology is correct, flagella were shortened and 
cristae were reduced during the origin of Rhynchopus from Dip- 
lonema. Within Rhynchopus, ecto-commensdparasitic species 
group together and arise from within free-living species. The 
isolates from Nephrops assume a Bodo-like fully flagellated 
phase when the serum-containing culture medium is replaced 
with seawater (Vickerman 2002). Whether such a flagellated 
phase is peculiar to Rhynchopus and therefore serves to distin- 
guish this genus from Diplonema remains to be seen. The more 
actively motile flagellate phase would obviously increase 
chances of epizoic/parasitic species finding a fresh host. Organ- 
isms with diplonemean ultrastructure but of uncertain genus 
have also described from gills of the crab Cancer irroratus 
(Bodammer and Sawyer 1981) and the haemocoel of larval 
clams in which they were pathogenic (Kent and Elston 1987), 
suggesting that diplonemeans may target a number of hosts. 
The two Rhynchopus spp. isolated from the blood of two dif- 
ferent lobsters are identical in 18s rRNA sequence, so a single 
strain may have been present in that particular population of N. 
norvegicus. We postulate that this species invades the blood of 
the lobsters already stressed by infection with the syndinean 
dinoflagellate Hematodinium. Our findings show that Nephrops 
norvegicus harbours at least two species of parasitic Rhyncho- 
pus -one  a gill epibiont, the other living in the same niche, but 
also capable of invading the host's blood. 

Euglenoid diversity and early evolution. The separation of 
euglenoids into six orders as shown in Fig. 2 agrees completely 
with the ordinal classification of Cavalier-Smith (l993a) and, 
except for the probable paraphyly of Peranemida, with the cla- 
distic interpretation of Cavalier-Smith (1995). Non-phagotroph- 
ic orders (Euglenida, Eutreptiida and Rhabdomonadida) are 
each robustly supported (78-100%) as is the holophyly of Eu- 
glenophycidae (Euglenida, Eutreptiida: Preisfeld et al. 200 1 ; 
Mullner et al. 2001), but their grouping into a single osmotroph- 
ic subclass Aphagea is only sometimes found. The significantly 
deeper branching of the phagotrophic taxa is also poorly re- 
solved. As Busse, Patterson, and Preisfeld (2003) pointed out, 
neither ultrastructure nor molecular evidence supports their tra- 
ditional separation into two suborders, Sphenomonadina and 
Heteronematina (Leedale 1967). Instead our Fig. 2 gives mo- 
lecular support to their recent subdivision into three orders 
based on the morphology of the feeding apparatus (Cavalier- 
Smith 1993a). The simplest feeding apparatus is that of the 
Petalomonadida (98-99% bootstrap support), which appear to 
be the earliest diverging euglenoids. This group has a simple 
MTR/pocket ingestion apparatus (Type I) like kinetoplastids 
and a non-plastic pellicle of few longitudinal strips (Leander, 
Triemer, and Farmer 2001). Although petalomonads are often 
said to be strictly bacterivorous because of these characters, 
Patterson and Simpson (1996) observed Notoselenus ostium to 
contain ingested eukaryotic algae. 

Ploeotiida have a type I1 or IV feeding apparatus (vanes; two 
supporting rods with only peripheral microtubules) and an 
aplastic pellicle and are bacterivorous. Peranemida have a type 
111 apparatus (curved vanes, 2 rods with internal microtubules). 
The position of Dinema was not resolved previously (Busse, 
Patterson, and Preisfeld 2003), but we have shown that it 
groups with Anisonema and Peranema sp. with 96-99% sup- 
port. Possibly our trees are better resolved than previous ones 
because they include many more taxa or because they use closer 
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outgroups and were therefore able to include more of the se- 
quence. 

The fact that Peranema trichophorum groups with Entosi- 
phon (Fig. 1) or both Entosiphon and Ploeotia (Fig. 1) with 
weak support, whereas the main peranemid clade is sister to 
Aphagia suggests that both Peranema and Peranemida may be 
paraphyletic. It implies that the curved vanes, plastic pellicle 
and eukaryotrophy of Peranemida are ancestral to the plicate 
vanes, aplastic pellicle and bacteriotrophy of Ploeotiida. The 
topology of Fig. 2 implies that both Aphagia and Ploeotiida 
evolved from peranemid ancestors and that vanes and rods were 
lost by the ancestral aphagean. Entosiphon and Ploeotia are 
distinguishable only with difficulty by light microscopy, the 
only difference being that Entosiphon has a protrusible inges- 
tion apparatus (Type IV). In our analysis restricted to eugle- 
noids and diplonemids Entosiphon and Ploeotia group together 
only weakly; however, this grouping is supported by shared 
character analysis (Leander, Triemer, and Farmer 2001) and 
likely to be correct. Ploeotiida and Peranemida were grouped 
together as a class Peranemea (Cavalier-Smith 1993a) (later 
subclass Peranemia: Cavalier-Smith 1998); almost certainly 
Peranemia is paraphyletic. The probable early divergence of 
Petalomonadida (Fig. 2) helps justify their treatment as a third 
euglenoid subclass (Petalomonadia Cavalier-Smith 1993a; 
1998). However, as diplonemids have vanes and rods, it is like- 
ly that they were present in the common ancestor of euglenoids 
and diplonemids and lost independently in the ancestral petal- 
omonads and aphagian. Thus petalomonads are probably sec- 
ondarily simplified as argued by Cavalier-Smith (1995). The 
weak grouping of petalomonads with Ploeotia on Fig. 1 em- 
phasises the poor resolution at the base of the tree and allows 
the possibility that petalomonads might not actually be the most 
divergent euglenoids but arose by simplification from ploeotiids 
and a common ancestral secondary rigidification of the pellicle. 

Composition and monophyly of Euglenozoa. The strong 
evidence from rRNA sequences for holophyly of Euglenozoa 
indicates that the ultrastructural characteristics chosen to define 
(Cavalier-Smith 1981) and refine (Cavalier-Smith 1993b; Simp- 
son 1997) the phylum are reliable phylogenetic markers. In par- 
ticular the latticed ciliary paraxonemal rods and tubular extru- 
somes which’are both found in at least some members of all 
three groups (Simpson 1997) but in no other eukaryotes, are 
clear synapomorphies that must have been present in the com- 
mon ancestor of all three groups. Clearly Euglenozoa comprise 
three very distinct groups, kinetoplastids, euglenoids and diplo- 
nemids, which are all appropriately treated as separate classes. 

The position of Hemistasia and Postgaardi, other eugleno- 
zoan flagellates of uncertain affinities, is discussed by Simpson 
and Roger (2004) and the relationship of Euglenozoa to other 
excavates is treated by Cavalier-Smith (2003a, c) and Stech- 
mann and Cavalier-Smith (2002, 2003b). 

Evolutionary diversification of euglenozoan cells: multiple 
organelle losses. Our present analysis has not been able to 
resolve the basal branching order of the Euglenozoa, since dis- 
tance analyses suggest that Plicostoma are holophyletic, where- 
as parsimony (equally weakly) suggests that they are paraphy- 
letic. A recent study combining data from two proteins strongly 
supports this paraphyly (Simpson and Roger 2004); if this is 
correct, then the shared presence of vanes in the ingestion ap- 
paratus is ancestral for all Euglenozoa not simply for euglenoids 
and diplonemids (provided they are homologous between di- 
plonemids and euglenoids, which has been questioned: Mon- 
tegut-Felkner and Triemer 1996), and ancestral euglenoids 
would have been able to ingest eukaryotic algae, contrary to 
the arguments of Triemer and Farmer (1991b). However, ac- 
cording to the more recent cabozoan theory (Cavalier-Smith 

1999; 2003a, b, c) of the origin of the euglenoid plastid, the 
enslavement of a green alga took place even earlier in a soft- 
surfaced common ancestor of excavates and Rhizaria long be- 
fore the euglenozoan pellicle evolved. Recently it has been 
shown that some trypanosomes contain several ‘plant-like’ 
genes that appear to be homologues of proteins found in plants 
or algae (Hannaert et al. 2003), which supports the hypothesis 
of early chloroplast uptake and subsequent losses; other molec- 
ular evidence that the common ancestor of all excavates had 
plastids is reviewed by Cavalier-Smith (2003a). 

rRNA phylogenies (Fig. 1) make it clear that there is at least 
one non-photosynthetic, osmotrophic euglenoid Khawkinea 
quartana (incorporated into Euglena sensu stricto as Euglena 
quartana: Marin et al. 2003) nested on trees within green, pho- 
tosynthetic euglenoids and so has arisen from photosynthetic 
euglenoids by loss of plastids; although Astasia longa (incor- 
porated into Euglena sensu stricto as Euglena longa: Marin et 
al. 2003), is a euglenophycid that recently lost photosynthesis 
but retained plastids (Gockel and Hachtel 2000); the unrelated 
Astasia curvata and Astasia sp. ASW 08097 are part of the far 
more ancient plastidless Rhabdomonadida. It is likely that all 
plastidless members of the non-phagotrophic subclass Aphagia 
(Fig. 2) (originally class Aphagea Cavalier-Smith 1993a, later 
subclass: Cavalier-Smith 1998) have arisen by plastid loss and 
are not ancestrally without plastids as sometimes thought (Lee- 
dale 1978); once the ancestral putatively photosynthetic aphag- 
ian had lost phagotrophy, those losing plastids could not regain 
it and thus became osmotrophs. The clear proof that some eu- 
glenoids have lost plastids adds to the growing evidence from 
chromophyte algae (both heterokont chromists (Cavalier-Smith 
1997) and dinoflagellates (Saunders et al. 1997, Saldarriaga et 
al. 2001; 2004), for multiple evolutionary losses of chloroplasts 
in algae (Cavalier-Smith 2002)). Chloroplast loss seems to be 
more common in euglenoids, chromists and dinoflagellates, all 
of which obtained their chloroplasts by secondary symbiosis 
(Cavalier-Smith 1999; Fast et al. 2001; Roos et al. 1997) than 
in green plants, which acquired theirs by primary symbiosis 
(Cavalier-Smith 1993~).  Loss of mitochondria has also been 
frequent during eukaryote evolution (Roger 1999). As organelle 
loss has been much commoner than the very rare symbiotic 
acquisition of organelles (Archibald and Keeling 2002; Cava- 
lier-Smith 1992), it is not unreasonable that all heterotrophic 
Euglenozoa have arisen by such losses, and that the ancestral 
euglenozoan was photosynthetic (for detailed arguments see: 
Cavalier-Smith 1999, 2002, 2003a,b,c). If diplonemids and ki- 
netoplastids are sisters (Simpson and Roger. 2004), only one 
chloroplast loss would have occurred in their common ancestor, 
but vanes and rods were probably lost three times: indepen- 
dently in ancestral kinetoplastids, petalomonads and aphagians. 
If the euglenoid topology of Fig. 2 is correct, four more losses 
within euglenoids must be postulated by the cabozoan theory 
(or only three if petalomonads are sisters of or derived from 
ploeotiids). The posterior flagellum was lost independently by 
trypanosomatids and some petalomonads. 

Euglenozoan genome evolution. The discovery of trans- 
splicing of nlini-exons to make all nuclear-encoded mRNAs of 
trypanosomatids led to suggestions that this might be a primi- 
tive eukaryotic character (Simpson 1990). However, this was 
never phylogenetically plausible, and is even less so now that 
Euglenozoa are established as a highly derived group within 
excavates, which are themselves a derived group within the 
bikonts, rather than early diverging eukaryotes (Cavalier-Smith 
2003a, c). Trans-splicing is unknown in their sister group, Per- 
colozoa, which does have normal cis-splicing (Fulton et al. 
1995), as do other excavate phyla (Simpson, MacQuarrie, and 
Roger 2002) and all properly studied eukaryote phyla. This 
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srongly favours the alternative idea that trans-splicing evolved 
secondarily from cis-splicing independently in Euglenozoa 
Cavalier-Smith 1993b), nematodes (Blaxter and Liu 1996) and 

a few genes in slime moulds. After trans-splicing was discov- 
xed in Euglena (Muchal and Scwartzbach 1992), Cavalier- 
Smith (1993b) postulated that trans-splicing of all protein-cod- 
:ng genes originated in the ancestral euglenozoan and would be 
found in all euglenozoan groups, proposing universal trans- 
splicing as a unique molecular synapomorphy for Euglenozoa 
(Cavalier-Smith 1993b, 1995). Subsequently trans-splicing was 
found in diplonemids (Sturm et al. 2001), bodonids (Santana et 
al. 2001) and prokinetoplastids (DykovB et al. 2003). It is now 
known in many euglenoids, but although all genes examined in 
most genera are trans-spliced, the three studied to date in Dis- 
tigma proteus are not, though traces of mini-exons were found 
(Frantz et al. 2000). Ebel et al. (1999) first demonstrated typical 
spliceosomal introns in Entosiphon nuclear genes and Gray et 
al. (2001) did so in those of Euglena, which suggests that the 
ancestral euglenozoan had normal cis-splicing of nuclear in- 
trons as well as trans-splicing. Trans-splicing has now been 
found in all euglenoid orders except petalomonads and pera- 
nemids; it is important to investigate them too because of the 
possibility that they are particularly early diverging. Cis-splic- 
ing has also been reported in Trypanosoma brucei and T. cruzi 
(Mair et al. 2000). 

Thus it is highly probable that trans-splicing of mini-exons 
did arise in the ancestral euglenozoan from cis-splicing. But 
whether it rapidly spread to all genes in that ancestor as for- 
merly envisaged (Cavalier-Smith, 1993b) and was reversed in 
at least some genes of Distigma proteus is unclear. The contrast 
with nematodes where only about 15% of genes are trans- 
spliced in Caenorhabditis elegans (Blumenthal et al. 2002), us- 
ing 10 different splice leader sequences (mini-exons), and ki- 
netoplastids where all are spliced using only one is striking. In 
nematodes, which particular genes are grouped in operons and 
subject to trans-splicing varies somewhat among species (Lee 
and Sommer 2003). It will be interesting to see how the pro- 
portion of trans-spliced genes varies among euglenoids; is it 
universal in some? The fact that no unspliced genes have yet 
been found in several genera (Frantz et al. 2000) suggests that 
it may be. However, as grouping in operons may be in part an 
adaptation to small genome size, it could be that in euglenoids, 
among which cell size (and therefore genome size: Cavalier- 
Smith 2004) varies over a much greater range than in the typ- 
ically tiny and small-genome kinetoplastids, fewer genes may 
be in operons and trans-spliced in larger-celled species than in 
small ones. 

The absence of kinetoplasts in both diplonemids and eugle- 
noids makes it likely that they also lack mitochondria1 RNA U 
editing (Luke; et al. 1994) and that this unusual feature is a 
derived property of kinetoplastids alone; it probably arose 
through mutation pressure and phenotypic repair not for adap- 
tive reasons (Cavalier-Smith 1993a). A uniting feature of di- 
plonemid and kinetoplastid mitochondria is that tryptophan is 
encoded by TGA codons, whereas euglenoid mitochondria uti- 
lize the universal code (Inagaki et al. 1997; Maslov, Yasuhira, 
and Simpson 1999; Yasuhira and Simpson 1997). However, this 
particular change has occurred more than once in evolution and 
might be convergent. 
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APPENDIX 

The GenBank accession numbers for additional taxa used in analyses 
are as follows; Acrasis rosea: (AFO11458), Anisonema acinus 
(AF403 160), Astasia curvata (AJ532394), A. longa (AF283305), Asta- 
sia sp. ASW08097 (AF283307), AT1-3 (AF5305 19), AT4-56 
(AF530520), AT4-96 (AF530521), AT4-103 (AF530522), AT5-25 
(AF5305 18), AT548 (AF5305 17), Blastocrithidia culicis (L29265), B. 
triatomae (AF153040), Bodo sultans Konstanz (AF208889), Bo. sultans 
St. Petersburg (AF208887), Colacium nzucronatum (AF326232), C. ves- 
iculosum (AJ532439), Crithidia fasciculata (YOOOSS), Cr. oncopelti 
(L29264), Cruzella marina (AF208878), Cryptobia bullocki (AF080224), 
Cry. catostomi (AF080226), Cry. salmositica (AF080225), Cryptoglenu 
pigra (AJ532437), Cryp. skujai (AY532438), Dimastigella trypanifor- 
rnis ULM (X76494), D. trypaniformis GLASGOW (X76495), D. mi- 
mosa (AF208882), Dinema sulcatum (AY061998), Diplonema arnbu- 
lator (AF380996), Di. pupillatum (AF11981 l), Distigma curvatum 
(AF099081), Dis. proteus (AF386639), Endofrypanurn monterogei (X- 
53911), Entosiphon sulcntum (AF220826), Euglena acus (AF152104), 
E. agilis (AF115279), E. anabaena (AF242548), E. chlumydophora 
(AY029407), E. gracilis (AF283309), E. intermedia (AY029408), E. 
mutabilis (AF096992), Euglena sp. (AY029278), E. spirogyrn 
(AF150935), E. stellata (l:AF283310, 2:AF150936), E. tripteris 

(AF286210), E. viridis (AF445460), Eutreptia pertyi (AF081589), Eu- 
treptia sp. M1914 (A.T532396), Eu. viridis (AF1573 12), Eutreptiella 
gymnasrica (AJ532400), Eutreptiella sp. CCMP 389 (AF112875), Gy- 
ropaigne lefevrei (AFI 10419), Herpetomonas muscarum (AY 180151), 
Herpetonionas sp. TCC 263 (AF038024), Zchthyobodo necaror 
(AY224692). Ichthyobodo sp. (AY224692). Jakoba incarcerata 
(AY117419), J. libera (AF411288). Khawkinea quartana (U84732), ki- 
netoplastid flagellate (AF174379), Klosteria bodomovhis (AY268046), 
Leishmania donovani (U42465), L. tarentolae (M84225), Lcpocinclis 
buetschlii (AF096993). Lep. ovatn (AF061338), Lep. ovum (AF110419), 
Leptornonas collosoma (AF153038), Leptornonas sp. (AF153042), Ma- 
cropharyngomonas halophila AFOl1465), Malawimonas jakobijorinis 
(AY 117420). Menoidiunz bibacillatuin (AF247598), M. cultellus 
(AF295019). Nnegleria gruberi (M18732), Neobodo designis DH 
(AF464896), N. designis St. Petersburg (AF209856), N. designis ATCC 
50358 (AF174379), Neovalilkampja dumariscottne (AJ224891), Noto- 
selenus ostium (AF403159), Oxymonas sp. (AJ429101), Paravahlkamp- 
Jia usfiana (AJ224890). ‘Peranem’ sp. BIPA2001 (AY048919), P. tri- 
chophorum CCAPl260 (AF386636), P. trichophorum (AH005452), 
Phytomonas sevens (U39577), Parabodo caudatus (X539 lo), Parmi- 
dium circulare (AF309633), Pa. scutulum (AF295018), Petalomonas 
cnntuscygni CCAF’1259/1 (AF386635), Pe. cnntuscygni (U84731), Per- 
kinsiellu-like sp. (AY 163355), Phacus acuminatus (AY130820), Ph. 
agilis (AY014998), Ph. alatus (AY014999), Ph. brachykentron 
(AF286209), Plz. megalopsis (AF090870), Ph. orbicularis (AF2833 15), 
Ph. pseudonordstedtii (AJ532435), Ph. pyrum (AF112874): Ph. similis 
(AF119118), Ph. pusillus (AF190815), Ph. splendens (AF190814), 
Ploeotiu costuta (AF525486), Reclinomonas nrnericaizn (AF053089), 
Rhabdomonas incurva (AF247601), R. spiralis (AF247600), Rhyncho- 
bod0 ATCC 50359 (U67183), Rhynchomonas nasuta BSZl 
(AF174378). Rh. nasuta (AF174377), Stachyamoeba sp. ( A F O I  1461), 
Streblomnstix strix (AY 188885), Strombomonas sp. (AF445461), Te- 
tramitus rostratus (M9805 l), Trachelomonas conspersa (AJ532450), T. 
echinata (AY015001), T. hispida (AY130817), T. intermedia 
(AY015002), T. pertyi (AJ532443). T. volvocina (AJ532451) T. volvo- 
cinopsis (AY015004), Trimastix marina (AF244905), Tr. pyriformis 
ATCC 50562 (AF244903), Tr. pyriformis ATCC 50598 (AF244904), 
Trypunoplasma borreli (L14840), Trypanosoma brucei (AJ009140), T. 
cruzi (AF228685), Trypanosomatidae G755 (U59491), Uncultured ‘eu- 
glenid’ (AY 180037), Uncultured marine euglenozoan (AF290080), Un- 
identified eukaryote (AF130858), Unidentified trypanosomatid 
(AF07 1866). VahZkampJia inorizata (AJ224887), V. avara (AJ224886), 
Wallaceina brevicula (AF153045). 
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