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The arthropods constitute the most diverse animal group, but, 
despite their rich fossil record and a century of study, their 
phylogenetic relationships remain unclear1• Taxa previously pro
posed to be sister groups to the arthropods include Annelida, 
Onychophora, Tardigrada and others, but hypotheses of phylo
genetic relationships have been conflicting2·3• For example, 
onychophorans, like arthropods, moult periodically, have an 
arthropod arrangement of haemocoel1'4, and have been related 
to arthropods in morphological and mitochondrial DNA 
sequence analyses4•5• Like annelids, they possess segmental 
nephridia and muscles that are a combination of smooth and 
obliquely striated fibres6• Our phylogenetic analysis of 18S 
ribosomal DNA sequences indicates a close relationship between 
arthropods, nematodes and all other moulting phyla. The results 
suggest that ecdysis (moulting) arose once and support the idea of 
a new clade, Ecdysozoa, containing moulting animals: arthropods, 
tardigrades, onychophorans, nematodes, nematomorphs, kinor
hynchs and priapulids. No support is found for a clade of 
segmented animals, the Articulata, uniting annelids with arthro
pods. The hypothesis that nematodes are related to arthropods 
has important implications for developmental genetic studies 
using as model systems the nematode Caenorhabditis elegans 
and the arthropod Drosophila melanogaster, which are generally 
held to be phylogenetically distant from each other. 

We have analysed relationships of arthropods to other taxa by 
sequencing complete 18S rDNAs from representative taxa, aligning 
them with existing 18S sequences from other metazoan taxa, and 
analysing them by using standard phylogenetic techniques7• This 
study confirms the suspected relationships between arthropods and 
other taxa, such as tardigrades and onychophorans. But by careful 
consideration of rates of evolution, we find the surprising result that 
nematodes are also closely related to arthropods. 

An outstanding problem with the molecular phylogeny of nema
todes is that their 18S sequences evolve too rapidly to be useful for 
phylogenetic reconstruction. Previously published sequences of 
nematodes have a substitution rate 2-3 times greater than those 
of most other Metazoa. Hence special efforts were made to include 
only the slowest evolving sequences from representative taxa, 
because errors due to unequal rate effects and alignment artefacts 
are compounded by including rapidly evolving sequences8• To 
obtain three slowly evolving nematode sequences, 10-20 nematode 
18S genes were sequenced (J.R.G., unpublished results). Marked 
differences are observed, depending upon whether rapidly or slowly 
evolving sequences are present (Fig. 1). When both rapidly and 
slowly evolving nematode sequences (bold type) are included, all 
nematodes branch from the base of the bilateral animals (Fig. la), 
whereas, when only the slowest nematode sequence is included 
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(Fig. 1 b ), the nematode branches high within the protostomes as the 
sister taxon of the arthropods. Furthermore, analysis of the slowly 
evolving protein-synthesis elongation factor EF-lcx also place 
nematodes within the protostomes (J.R.G., A.M.A.A. and J.A.L., 
unpublished results), suggesting that other evolutionary processes9 

are not responsible. These results are consistent with unequal rates 
artefactually placing rapidly evolving, long-branched nematode 
sequences adjacent to the long branch that joins the outgroup to 
the tree. Molecular sequence analysis, using the available fast
evolving 18S rRNA nematode sequences or faster evolving 
molecules, has demonstrated a similarly deep placement10, whereas 
some morphological studies have predicted a placement similar to 
that found using only the slowly evolving nematode sequence![. 

To exclude rapidly evolving taxa, all complete 18S rDNA 
sequences relevant to this study were systematically surveyed. An 
alignment of about 50 of the most useful complete sequences was 
constructed and the distances from each taxon to the last common 
ancestor of protostomes was calculated using the paralinear/LogDet 
method12' 13 (Table 1). Guided by these distances, the slowest 
evolving protostome and outgroup taxa were selected (shown in 
bold). These included the slowest evolving sequences from the 
following taxa: a cnidarian as an outgroup to triploblastic 
animals7•14, a deuterostome as an outgroup to the protostome 
animals, a polychaete, an oligochaete, a brachiopod, a mollusc, a 
non-moulting aschelminth, representatives of the six phyla of non
arthropod moulting animals, and four major arthropod groups (a 
chelicerate, a crustacean, a myriapod and an insect). 
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Figure 1 Phylogenetic analysis of 18S rDNA sequence data illustrating the effects 

of unequal rate biases on nematode placement. In a, both rapidly and slowly 

evolving nematode sequences (Caenorhabditis and Strongyloides, and 

Trichine/la) are included in the analysis; the nematodes branch from the bottom 

of the tree, even before the deuterostome-protostome divergence. In b, only the 

slowly evolving Trichinella sequence is included and this nematode now 

branches from within the protostome clade, as the sister taxon to the arthropods. 
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The majority-rule consensus tree derived from phylogenetic 
reconstructions is shown in Fig. 2. Four reconstruction methods 
were used, including paralinear (LogDet) distances12' 13 , maximum 
parsimony9 , Kimura two-parameter distances28, (\nd Jukes-Cantor 
distances28 • Paralinear (LogDet) distances12' 13 were emphasized 
because of their generality (most distance methods are special 
cases of paralinear distances). As preliminary calculations indicated 
an excess of constant sites (see Methods), all distance methods were 
corrected for site-to-site variation. Bootstrap values for these four 
methods, respectively, are shown adjacent to the interior nodes. 

In all of the reconstructions, the protostome taxa are clustered 
into two monophyletic groups. One clade, containing all the 
moulting animals (kinorhynch, priapulid, nematomorph, onycho
phoran, nematode, tardigrade, crustacean, insect, myriapod and 
chelicerate) is present in 95, 78, 85 and 79% of the trees derived 
through paralinear distances, maximum parsimony, Kimura two
parameter and Jukes-Cantor distances, respectively. The other 
protostome clade, containing the articulate brachiopod, mollusc, 
oligochaete, polychaete and rotifer, is present in 98, 80, 99 and 100% 
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Figure 2 Phylogenetic analysis of 18S rDNA sequence data to determine 

relationships among the moulting metazoans. The moulting animals are present 

as the top ten taxa, the Lophotrochozoa are shown in the middle, and outgroups 

are shown at the bottom. The topology shown here is a majority-rule consensus 

combining the results from four individual majority-rule consensus trees derived 

using the following methods: paralinear/LogDet distances, maximum parsimony, 

Kimura two-parameter distances and Jukes-Cantor distances. All distance 

methods are corrected for site-to-site variation. The numbers next to the central 

branches represent the percentage of bootstrap replicates supporting the clad es 

for these methods, respectively (from top to bottom). 
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of the bootstrap replicates. A monophyletic protostome clade is also 
supported in 97, 83, 96 and 95% of the bootstrap replicates. 
Interpreted using the empirical results of Hillis and Bull15 as a 
guideline, these data provide significant support (P ~ 0.05) for a 
clade of arthropod-related moulting animals within the protostomes. 
This conclusion is further supported by topology-dependent 
cladistic permutation tail probability tests confirming the significance 
of the arthropod-related clade (P~ 0.01). 

We initially found that flatworm sequences, like rapidly evolving 
nematode sequences, branched below the base of the bilateral 
animals. Hence multiple flatworm taxa were sequenced in order 
to obtain slowly evolving 18S sequences. In experiments similar to 
those shown in Fig. 1 (with flatworm sequences substituted for 
nematode sequences), flatworms were shown to branch artefac
tually deep. Given the importance of the phylogenetic position of 
the platyhelminthes to theories of the evolution of bilateral 
animals16•17, a tree containing slowly evolving lophotrochozoal 
taxa and the most slowly evolving flatworm, Stenostomum, was 
reconstructed (Fig. 3 ). Bootstrap support for the clade consisting of 
the flatworm and other lophotrochozoans is high (91, 88, 83 and 
80%, for paralinear distances, maximum parsimony, Kimura two
parameter and Jukes-Cantor distances, respectively), consistent 
with the placement of the flatworms within the Lophotrochozoa18• 

Divisions within the protostomes have long been a major point of 
contention among zoologists. Conventional wisdom supports the 
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Figure 3 Phylogenetic analysis of 18S rDNA sequence data to illustrate 

relationships of the flatworm to other protostome animals. The Lophotrochozoa 

are present as the top eight taxa, the Ecdysozoa are shown in the middle, and 

outgroups are shown at the bottom. The topology shown here is a majority-rule 

consensus combining the results from four individual majority-rule consensus 

trees derived using the following methods: paralinear/LogDet distances, 

maximum parsimony, Kumura two-parameter distances and Jukes-Cantor 

distances. All distance methods are corrected for site-to-site variation. The 

numbers next to the central branches represent the percentage of bootstrap 

replicates supporting the clades for these methods, respectively (from top to 

bottom). 
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existence of a clade, the Articulata, that includes the segmented 
animals, chiefly the arthropods and the annelids. This concept has a 
long tradition, but has been called into question by analysis of 
morphological and palaeontological data3' 19 and of 18S rRNN 
sequence data7•20•21 • Eernisse et al. characterized two clades within 
the protostomes, the arthropods and the Eutrochozoa (annelids, 
molluscs and other protostomes developing from a trochophore 
larva) with morphological data3• A number of studies using 18S 
data7•14•20•21•30 identified two clades within the protostomes, the 
arthropods and the coelomate protostomes of Field et al., now 
called Lophotrochozoa7• The lophotrochozoans include the anne
lids, molluscs, rotifers, phoronids, brachiopods, bryozoans, platy
helminthes and related phyla. Our data indicate that the sister clade 
to the lophotrochozoans contains the remaining protostomes, 
which all develop by moulting. Segmentation does not seem to be a 
synapomorphy uniting annelids and arthropods. Our analyses, which 

Table 1 Substitution rates of 18S rDNA sequences 

Phylum 

Chaetognatha 
Sipuncula 
Pogonophora 
Platyhelminthes 

Nemertea 
Echiura 
Vestimentifera 
Mollusca 

Aschelminthes: 
Acanthocephala 
Gastrotricha 
Rotifera 

Lophophorates: 
Phoronida 
Ectoprocta 
Brachiopoda 

Annelida 

Nematoda 

Onychophora 
Tardigrada 

Kinorhyncha 
Nematomorpha 
Arthropoda 

Priapula 

Chordata 

Echinodermata 

Ctenophora 
Cnidaria 

Genus 

Lophotrochozoa 
Sagitta 
Phascolosoma 
Siboglinum 
Bdelloura 
Fascia/apsis 
Stenostomum 
Lineus 
Ochetostoma 
Ridgeia 
Lymnaea 
Placopecten (bivalve) 
Acanthopleura (polyplacophoran) 

Moniliformis 
Lepidodermella 
Brachionus 

Phoronis 
Plumatella 
Glottidia 
Terebratalia 
Eisenia 
Lanice 
Enchytreus (oligochaete) 
Sty/aria ( oligochaete) 
G/ycera (polychaete) 

Arthropods and relatives 
Strongyloides 
Caenorhabditis 
Trichuris 
Trichinella 
Euperipatoides 
Milnesium 
Macrobiotus 
Pycnophyes 
Gordius 
Artemia 
Panu/irus (crustacean) 
Drosophila 
Crossodonthina 
Tenebrio (insect) 
Scolopendra (myriapod) 
Androctonus 
Eurypelma (chelicerate) 
Priapulus 

Outgroups 
Lampetra 
Branchiostoma 
Strongylocentrotus 
Antedon 
Mnemiopsis 
Anemonia 
Tripedalia 

Substitutions 
per site 

0.143 ± 0.111 
0.079 ± 0.007 
0.070 ± 0.008 
0.147 ± 0.012 
0.083 ± 0.009 

0.063 ± 0.063 
0.061 ± 0.007 
0.058 ± 0.007 
0.055 ± 0.007 
0.060 ± 0.006 

0.042 ± 0.007 
0.040 ± 0.006 

0.111 ± 0.009 
0.070 ± 0.007 
0.058 ± 0.007 

0.053 ± 0.007 
0.049 ± 0.006 
0.044 ± 0.006 

0.044 ± 0.006 
0.057 ± 0.007 
0.056 ± 0.006 

0.052 ± 0.006 
0.042 ± 0.006 
0.033 ± 0.005 

0.192 ± 0.014 
0.187 ± 0.013 
0.141 ± 0.012 

0.110 ± 0.010 
0.090 ± 0.009 
0.079 ± 0.008 

0.079 ± 0.009 
0.075 ± 0.007 
0.068 ± 0.007 
0.068 ± 0.007 

0.065 ± 0.008 
0.121 ± 0.011 
0.056 ± 0.007 

0.048 ± 0.006 
0.043 ± 0.006 
0.046 ± 0.006 

0.038 ± 0.005 
0.040 ± 0.005 

0.065 ± 0.007 
0.059 ± 0.006 
0.043 ± 0.006 

0.040 ± 0.005 
0.130 ± 0.111 
0.101 ± 0.009 

0.100 ± 0.009 

Distances are calculated by paralinear/LogDet distances and the± s.d. estimated from 
bootstrap replicates. The number of substitutions per position from the last common 
ancestor of protostomes was calculated with respect to three slowly evolving reference 
taxa. Distances to protostome taxa were calculated using Tripedalia and Antedon as 
outgroup taxa and either Glycera or Priapu/us, depending upon which ingroup taxon was 
being examined. Distances to outgroup taxa were calculated using G!ycera. Priapu/us and 
Acanthop/eura as reference taxa. 
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include four aschelminths (pseudocoelomates), do not support 
aschelminth monophyly, in agreement with molecular studies2•10•30• 

Our studies are consistent with the clade cephalorhyncha 16• 

Our interpretation of these results is shown in Fig. 4. The most 
obvious feature of this phylogeny is that it separates the protostomes 
into two groups, an arthropod-related clade exclusively composed 
of animals that moult, and a lophotrochozoal clade exclusively 
containing non-moulting animals. All members of the arthropod
related clade undergo ecdysis22 • In addition, all members lack 
locomotory cilia, although other groups (for example, chaetognaths 
and acanthocephalans) also lack them16• Given the observed tree 
topology and these common structural features, this raises the 
possibility that ecdysis and the cellular modifications associated 
with it may have been derived only once within this clade. 

Because these 18S rDNA analyses support the hypothesis that all 
moulting animals (arthropods, tardigrades, onychophorans, nema
todes, nematomorphs, kinorhynchs and priapulids) share a 
common ancestor to the exclusion of deuterostomes and the 
lophotrochozoans, we have chosen the node-based name23 Ecdyso
zoa. This group is defined as these taxa plus their last common 
ancestor and all of its descendants. The name reflects the property 
that all members of this group, and only members of this group, 
undergo ecdysis during at least part of their life cycles. 

It was unexpected to find nematodes contained within the 
Ecdysozoa because in previous molecular studies they diverged 
deep in the protostome tree, even before the deuterostome-proto
stome bifurcation 10. Boore et al.24 , in their pioneering study using 
mitochondrial gene order, assumed that nematodes were an out
group to the protostomes. We realized the results of previous 
molecular studies could be unequal rate artefacts caused by the 
extremely rapid nucleotide-substitution rates found in previously 
published rhabditid nematode sequences, and therefore sequenced 
numerous nematode species to identify slowly evolving repre
sentatives. Unequal rate effects are well documented in theory15 

Ecdysozoa 

~ 

Protostom ia 

~ 

------------ Lophotrochozoa 

--------------- Deuterostomia 

Figure 4 As inferred from 18S rDNA, the Protostomia consists of two major 

groups. The Lophotrochozoa includes the lophophorates, molluscs, annelids, 

rotifers and other groups 7. The Ecdysozoa includes the arthropods, tardigrades, 

onychophorans, nematomorphs, nematodes, kinorhynchs, priapulids and 

probably the loriciferans. (So far, no living specimens and fewer than 200 

preserved loriciferans (which moult) have been collected. Morphological 

evidence, however, suggests a close relationship to kinorhynchs and 

priapulids 16·29 .) The common ancestors of these clades are indicated. 
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but are usually ignored. Morphological studies also support the 
inclusion of nematodes with many ecdysozoans, although not with 
arthropods11'16• One thoughtful analysis groups nematodes, 
nematomorphs, priapulids, kinorhynchs and lqricifera (but not 
arthropods, onychophorans and tardigrades) using the synapo
morphies, "loss of locomotory cilia, cuticle moulted, introvert 
with spines, teeth or scalids" 16• (These first two synapomorphies 
also serve to unite the ecdysozoa.) Another recent cladistic analysis 
of morphological characters supports a clade of moulting animals 
excluding the priapulids3, although nematomorphs were not 
included in that analysis. 

Given the tremendous interest in the nematode Caenorhabditis 
elegans and the arthropod Drosophila melanogaster as model 
systems, the hypothesis that both are closely related has important 
implications for developmental and genomic studies. For example, 
it has been assumed that developmental mechanisms common to 
Caenorhabditis and to Drosophila originated before the protostome
deuterostome divergence and hence should also be found in Homo 
sapiens. Our results imply that mechanisms found in both 
nematodes and fruitflies will not necessarily be found in humans. 

The inclusion of the priapulids within an arthropod-containing 
clade was not anticipated because most morphological studies had 
not indicated a close priapulid, arthropod phylogenetic 
relationship2•3• Both arthropods and priapulids are numerically 
prominent members of the Burgess shale faunas25, indicating the 
early success (and successful preservation) of ecdysozoans in the 
Cambrian radiation. 

These studies provide evidence that the nematodes are not 
primitive metazoans but are protostomes related to arthropods. 
They also support a monophyletic protostome clade. Considering 
the greatly differing morphologies, embryological features and life 
histories of the moulting animals, it was initially surprising that the 
ribosomal RNA tree should group them together. However, given 
that all moulting taxa sampled are in this clade, and given the 
significant anatomical modifications associated with moulting, 
such as the lack oflocomotory cilia, ecdysis appears to be a defining 
synapomorphy for this group, although additional molecular data 
from other molecules are necessary to test further or confirm the 
monophyly of the moulting animals. D 

Methods 
DNA isolation. Total genomic DNA was isolated by standard techniques and 
amplified by the polymerase chain reaction (PCR). PCR fragments or complete 
sequences were then cloned into a plasmid vector before sequencing. Replicates 
of the PCR amplification were sequenced in both directions. A list of the PCR 
and sequencing oligonucleotides and PCR reaction conditions is available from 
J.A.L. or J,R.G. (garey@chuma.cas.usf.edu). 
Sequences. The following sequences arc available in GenBank: Brachionus 

plicatilis (Rotifer; accession number, U49911), Enchytraeus sp. (Oligochaete; 
accession number, U95948), Euperipatoides leukartii (Onychophoran; acces
sion number, U49910), Gordius sp. (Nematomorph; accession number, 
U51005), Macrobiotus sp. (Tardigrade; accession number, U49912), 
Milnesium tardigradum (Tardigrade; accession number, U49909), 
Stenostomum sp. (Platyhelminth; accession number, U95947), Sty/aria sp. 

(Oligochaete; accession number, U95946), and Trichinella spiralis (Nematode, 

accession number, U6023 I). 
Sequence alignments. An alignment of 49 complete sequences was 
constructed using the star alignment procedure to reduce biases8, with the 
slowly evolving Glycera americana sequence used as the reference, and then 
proofread by hand. Pairwise alignments of nucleotide sequences were per
formed with the ALIGN program, using a break penalty of 6; nucleotide 
identities, transversions and transitions were scored as +3, + 1 and 0, 
respectively, based on preliminary experiments with EF-la and 18S rDNA. 
Regions were excluded from the analysis if extreme length variation existed 
among sequences, or if many of the sequences contained gaps that could be 

easily moved with little or no change in alignment score. The alignments are 
available from J.A.L. 
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Phylogenetic reconstruction. The 17-taxon phylogenetic trees shown in Figs 
2 and 3 were obtained using PAUP version 3.1.1 for maximum parsimony 
analyses and Bootstrappers gambit26 for distance analyses. For both methods, 
200 bootstrap trees were calculated to determine the 50% majority-rule 
consensus tree; each search was initiated with 100 replicates of random taxon 
addition, and positions with gaps were excluded. For parsimony, the following 
heuristic search options were used: starting trees were obtained by stepwise 
addition (starting seed was I) with one tree held at each step; and tree
bisection-reconnection branch-swapping was performed with the MULPARS, 
but not the steepest descent, option. For paralinear/LogDet, Kimura two
parameter and Jukes-Cantor distances, four-point metrics were used to assess 
quartet values; the quartet consistency value26 (53.46%) was selected to ensure 
that the probability of finding the best solution was >99.9%. A cnidarian and 
an echinoderm were used as the outgroups, except in Fig. 3 where the two 
slowest echinoderms were used for parsimony to further reduce unequal rate 
effects. As site-to-site variation was judged to be significant, distances were 
corrected for this artefact by estimating nine site categories from the data, 
calculating distances from the eight non-categories, and estimating trees from 
the sums of the distances". 
Site-to-site variation. Site-to-site variation was considered significant when 
estimated using a diagnostic statistical test for the number of constant sites27• 

Maximum-likelihood trees were calculated using the DNAML program 
(version 3.4) in PHYLIP. Parameters n,ecessary for the test were calculated 
for a variety of substitution models using both single and double rate categories 
determined by the hidden Markov model". An excess of observed constant sites 
(overpredicted sites) was found for all models, indicating that even two-site 
categories could not fully explain the data. (Using empirical base frequencies 
and a transition/transversion ration of2.0, the best single-site model (rate ratio, 
2: l; probability of each rate, 0.5, 0.5) predicted 787 ± 39 site versus 1,081 
observed sites, and the best two-category model (rate model, 10: l; probability 
of each rate, 0.8, 0.2) predicted 963 ± 38 sites versus 1,081 observed sites. All 
choices of parameters reconstructed trees with monophyletic ecdysozoal and 
lophotrochozoal clades, although long computation times prevented bootstrap 
analysis.) 
Bootstrap interpretations. Based on empirical studies of bootstrap analyses, 
they represent highly conservative estimates of phylogenetic accuracy. Typically 
for maximum parsimony, bootstrap proportions of ;,,70% correspond to a 
probability of ;,,95% that the respective clade is a historical lineage. For 
Gambit, the probabilities are slightly less conservative. 
T-PTP test. The topology-dependent cladistic permutation tail probability 
(T-PTP) test determines whether the difference in length between the 
shortest tree supporting the monophyly of this clade and the shortest tree 
not supporting monophyly (5 steps difference) is significantly different from 
the difference in length expected from randomized data. If the difference in 
length between the monophyly and non-monophyly trees-is outside 95% of 
the distribution based on randomized data, it can be concluded that the 
data significantly support monophyly of the clade. We used 200 randomized 
data sets that were analysed by maximum parsimony. 
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Mitochondria, organelles specialized in energy conservation reac
tions in eukaryotic cells, have evolved from eubacteria-like endo
symbionts1-3 whose closest known relatives are the rickettsial 
group of a-proteobacteria4'5• Because characterized mitochon
drial genomes vary markedly in structure3, it has been impossible 
to infer from them the initial form of the proto-mitochondrial 
genome. This would require the identification of minimally 
derived mitochondrial DNAs that better reflect the ancestral 
state. Here we describe such a primitive mitochondrial genome, 
in the freshwater protozoon Reclinomonas americana6• This 
protist displays ultrastructural characteristics that ally it with 
the retortamonads7'8, a protozoan group that lacks mito
chondria8'9. R. americana mtDNA (69,034 base pairs) contains 
the largest collection of genes (97) so far identified in any mtDNA, 
including genes for 5S ribosomal RNA, the RNA component of 
RNase P, and at least 18 proteins not previously known to be 
encoded in mitochondria. Most surprising are four genes specify
ing a multisubunit, eubacterial-type RNA polymerase. Features of 
gene content together with eubacterial characteristics of genome 

NATURE IVOL387 129 MAY 1997 

letters to nature 

_ rps12 
- rps7 
- nad11 

----nadt 
:::::::: cox 11 
~ cox3 

'---.::::: tufA 
rps10 

J.B9 
;p,1~ 

rp/14 
rp/5 

rps14 
rpsB 

:,:i 
Figure 1 Gene map of the Reclinomonas americana mitochondrial genome, w ith 

the innermost circle showing the location of Hindlll restriction sites. Identified 

protein-coding genes are listed in Table 1. The open reading frames (ORFs)orf/97 

and orf260 are homologous to orf25 {ymf39 ) and orf244 {ymf/6) , respectively, in 

liverwort (Marchantia polymorpha) mtDNA. Three other ORFs (orf64, orf/69 and 

orf717) are unique to Reclinomonas mtDNA. Other genes are ms, small subunit 

(SSU) rRNA; m/, large subunit (LSU) rRNA; rrn5, 5S rRNA; rnpB , RNase P RNA. 

Transfer RNA genes are indicated by the one-lener amino-acid code, with 

subscripts denoting different genes specific for the same amino acid. Genes 

(represented by fi lled rectangles) shown on the outside of the outermost circle 

are transcribed in a clockwise direction, whereas those on the inside of the circle 

are transcribed anti-clockwise. Red, protein-coding genes unique toR. americana 

mtDNA; blue, protein-coding genes absent from vertebrate mtDNAs but generally 

or occasionally present in plant and protist mitochondrial genomes; green, 

unique ORFs. A single group II intron (yellow rectangle) is located in the trnW 

gene. 

organization and expression not found before in mitochondrial 
genomes indicate that R. americana mtDNA more closely resembles 
the ancestral proto-mitochondrial genome than any other mtDNA 
investigated to date. 

Currently, the inferred set of 'proto-mitochondrial genes' com
prises 44 protein-coding genes that specify 23 components of 
complexes I- V of the electron transport chain, 18 mitoribosomal 
proteins, and 3 proteins involved in cytochrome c1 biogenesis (Table 
1). In addition, mtDNA encodes up to 3 ribosomal RNAs, up to 27 
different transfer RN As, and (rarely) the RNA subunit of mitochon
drial RNase P. At present, therefore, a limited set of about 75 genes of 
assignable function can be traced directly to the proto-mitochon
drial genome, by virtue of their presence in at least several, if not 
most, contemporary mtDNAs. 

In order to provide a more comprehensive picture of mitochon
drial genome organization and evolution within the unicellular 
eukaryotes, which make up the bulk of the biological diversity 
within the eukaryotic lineage, the Organelle Genome Megasequencing 
Program (OGMP) is systematically determining the complete 
mtDNA sequences of selected protists. One of the organisms 
chosen for this analysis is Reclinomonas americana (ATCC 50394), 
a recently described6 heterotrophic flagellate. The 'jakobid' assem
blage to which R. americana has been assigned shares specific 
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