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The jakobids are free-living mitochondriate protists that share ultrastructural features with certain amitochondriate
groups and possess the most bacterial-like mitochondrial genomes described thus far. Jakobids belong to a diverse
group of mitochondriate and amitochondriate eukaryotes, the excavate taxa. The relationships among the various
excavate taxa and their relationships to other putative deep-branching protist groups are largely unknown. With the
hope of clarifying these issues, we have isolated the cytosolic chaperonin CCTalpha gene from the jakobid Recli-
nomonas americana (strains 50394 and 50283), the jakobid-like malawimonad Malawimonas jakobiformis, two
heteroloboseans (Acrasis rosea and Naegleria gruberi), a euglenozoan (Trypanosoma brucei), and a parabasalid
(Monocercomonas sp.). We also amplified the CCTdelta gene from M. jakobiformis. The Reclinomonas and Ma-
lawimonas sequences presented here are among the first nuclear protein-coding genes to be described from these
organisms. Unlike other putative early diverging protist lineages, a high density of spliceosomal introns was found
in the jakobid and malawimonad CCTs—similar to that observed in vertebrate protein-coding genes. An analysis
of intron positions in CCT genes from protists, plants, animals, and fungi suggests that many of the intron-sparse
or intron-lacking protist lineages may not be primitively so but have lost spliceosomal introns during their evolu-
tionary history. In phylogenetic trees constructed from CCTalpha protein sequences, R. americana (but not M.

jakobiformis) shows a weak but consistent affinity for the Heterolobosea and Euglenozoa.

Introduction

The jakobid flagellates are free-living, mitochon-
driate, heterotrophic protists (O’ Kelly 1993, 1997). They
include the families Jakobidae, genus Jakoba Patterson,
1990 (Patterson 1990) and Histionidae, genera Histiona
Voigt, 1901, and Reclinomonas Flavin and Nerad, 1993
(Flavin and Nerad 1993). The jakobids have figured
prominently in hypotheses about the origin and early
evolution of eukaryotes, originally because of the pres-
ence of ultrastructural features shared with certain ami-
tochondriate lineages (O’ Kelly 1993). Small subunit ri-
bosomal RNA (SSUrRNA) and protein phylogenies of-
ten place the amitochondriates at or near the base of the
eukaryotic tree (e.g., Sogin et al. 1989; Leipe et a.
1993; Hashimoto et a. 1994; Stiller et al. 1998);
O'Kély (1993) hypothesized that if amitochondriate
protists were the earliest diverging eukaryotic lineages,
then the earliest diverging mitochondriate eukaryotes
should share ultrastructural features with these groups.

The sequencing of jakobid mitochondrial genomes
has provided startling insight into mitochondrial evolu-
tion and has further suggested a pivotal role for the ja
kobids in our understanding of the evolution of eukary-
otes. These organisms possess the most bacterial-like
mitochondrial genomes characterized thus far (Lang et
a. 1997; Gray et al. 1998; Gray, Burger, and Lang
1999). Most striking is the mitochondrial DNA
(mtDNA) of Reclinomonas americana, which encodes
97 genes, more than are present in any other mitochon-
drial genome. Several of these have never before been
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found encoded in mtDNA, including a gene for a bac-
terial trandation factor (tufA), a putative cytochrome ox-
idase assembly protein (cox11), a secretion pathway pro-
tein (secY), and genes for four subunits of a bacterial-
type RNA polymerase (rpoA-D; single subunit phage-
type RNA polymerases are thought to function in all
other known mitochondria) (Lang et al. 1997; Gray et
al. 1998). Operon-like ribosomal protein gene clusters
similar to those found in bacteria are also present.
More recently, the jakobids have been considered
members of a much larger assemblage of protists, the
excavate taxa. The excavates are a diverse group of ami-
tochondriate, mitochondriate, and hydrogenosomal lin-
eages that share as their uniting feature the presence of
aventral feeding groove (Patterson, Simpson, and Weer-
akoon 1999; Simpson and Patterson 1999). In addition
to the jakobids (Jakoba, Reclinomonas, and Histiona)
and the jakobid-like nanoflagellate Malawimonas
(O'Kelly and Nerad 1999), the excavates include the
heteroloboseans, diplomonads, retortamonads, Trimas-
tix, and Carpediemonas (Simpson and Patterson 1999).
Whereas ultrastructural data suggest that these organ-
isms share a common excavate (i.e., feeding groove
bearing) ancestor, there is no consensus view on the re-
lationships amongst the various excavate taxa or their
relationship to other mitochondriate, amitochondriate,
and hydorogenosome-containing groups. Indeed, current
views on the origin and evolution of eukaryotes are in
a state of flux. Many of the putatively deep-branching
and primitively amitochondriate protist lineages (includ-
ing some of the excavate taxa) are now thought to be
derived from mitochondrion-bearing ancestors (see Rog-
er 1999 for recent review). Further, the ability of current
phylogenetic methods to accurately reconstruct the
deepest branches of phylogenetic trees has come into
question (Hirt et al. 1999; Stiller and Hall 1999; Philippe
and Germot 2000, and references therein). Philippe and
Adoutte (1998) suggested that a big bang occurred at



the base of eukaryotes and that the major cladogenetic
events in eukaryotic evolution occurred in quick suc-
cession. Thus, there is at present no clear picture as to
which protist groups—if any—actually represent early
diverging lineages.

We are studying the evolution of chaperonins in
diverse amitochondriate and mitochondriate protists.
Group 1l chaperonins, a class of molecular chaperone
found in Archaea and the eukaryotic cytosol, are double-
ring protein complexes that mediate the proper folding
of nascent or denatured proteins (for review see Willison
and Horwich 1996). The eukaryotic cytosolic chaperon-
in complex (CCT or TriC) is best known for its role in
mediating the proper folding of the cytoskeletal proteins
actin and tubulin (Willison and Kubota 1994; Kubota,
Hynes, and Willison 1995). Recent experiments suggest
that a large number of newly translated proteins may
also interact with CCT (Melki et al. 1997; Thulasiraman,
Yang, and Frydman 1999). Unlike bacterial and orga-
nellar chaperonins, which are usually homo-oligomeric,
the eukaryotic CCT complex contains eight different ho-
mologous subunits, alpha, beta, gamma, delta, epsilon,
zeta, eta, and theta (Willison and Horwich 1996). The
duplications producing the different CCT genes are
known to have occurred prior to the divergence of the
parabasalids and diplomonads from other eukaryotes
(Archibald, Logsdon, and Dooalittle 2000). Individual
CCT subunits are over 500 amino acids in length and
are highly conserved, both desirable properties for a
phylogenetic marker. The presence of eight distinct CCT
paralogs makes it possible to perform multiple recipro-
cal rootings of the phylogenetic tree of eukaryotes. Un-
like SSUrRNA, EF-1q, actin, and tubulin, the CCTs are
relatively poorly sampled. Focusing on the al pha subunit
of CCT, we therefore sought to broaden the diversity of
taxonomic representation and add to the Trichomonas
vaginalis and Giardia lamblia CCTalpha's sequenced in
arecent study (Archibald, Logsdon, and Doolittle 2000).

Materials and Methods
Genomic DNASs

The R americana (ATCC number 50394 and
50283) and M. jakobiformis (ATCC number 50310) ge-
nomic DNAs (gDNAS) used in this study were kindly
provided by Dr. B. E Lang (Université de Montréal,
Canada). Dr. S. L. Hajduk and M. Oli (University of
Alabama) provided gDNA from Trypanosoma brucei
(strain MiTat 1.2 427/221), Dr. A. J. Roger (Dahousie
University, Canada) provided Acrasis rosea gDNA, and
Naegleria gruberi gDNA was a gift from Dr. R. J. Red-
field (University of British Columbia, Canada), Dr. J.
M. Logsdon Jr. (Emory University), and J. Dacks (Dal-
housie University, Canada).

Cloning and Sequencing of CCT Genes

Degenerate PCR primers were used to amplify CCT
genes from gDNA. A combination of universal chape-
ronin primers (Archibald, Logsdon, and Doolittle 2000)
and CCTa pha-specific primers were used to amplify the
CCTalpha gene (forward primers. CCT-2-for [5'-AACG
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ACGGTGCNACNATHYT-3'], CCT-9-for [5'-CCAGTC
GGTCTNGAYAARATG-3']; reverse primers. CCT-4-
rev [5'-CTCTACAGCNCCNSCNCC-3'], CCT-10-rev
[5'-TGATCAGRTCRTCDATNC-3'], CCT-11-rev [5'-A
GGTCGTCGATGCKNARDAT-3'], TF-9-rev [GCAGC
TATCARRTCRTCDAT-3']). With most primer combi-
nations, 90%-95% of the gene was amplified. The
CCTddta gene was amplified with CCT-9-for (above)
and CCT-7-rev [5'-ACGATGCACATNGHRTCRTG-3'].

PCR reactions were carried out on an MJ Research
Inc. PTC-100 thermal cycler using GIBCO-BRL Taq
polymerase, buffer, and dNTP. The PCR reactions per-
formed with R. americana and M. jakobiformis DNASs
contained 5% acetamide (final concentration). Following
an initial denaturation of 3 min at 92°C, reactions were
performed with 40—45 cycles of 92°C for 15 s, 50-54°C
for 30 s, and 72°C for 3 min. PCR products of the ex-
pected size were cloned directly from low-melt agarose
with the TOPO-TA cloning kit (Invitrogen). Clones
were screened for the presence of inserts by EcoRl re-
striction of isolated plasmid DNAs or by PCR-screening
directly from E. coli cells with the M13 universal for-
ward and reverse primers. Sequencing was performed
manually (T7 seguencing kit, Pharmacia) and with
LiCor and ABI automated sequencers.

CCT sequences from Plasmodium fal ciparum were
identified by BLAST (Altschul et a. 1990) at the
PlasmoDB website (http://www.plasmodb.org/). CCT-
alpha was obtained from chromosome 11 sequence,
whereas CCTdelta was found in genomic sequence from
chromosome 13. Preliminary sequence data for P. fal-
ciparum chromosomes 10 and 11 was obtained from
The Institute for Genomic Research website
(www.tigr.org). Sequencing of chromosomes 10 and 11
was part of the International Malaria Genome Sequenc-
ing Project and was supported by award from the Na-
tional Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health. Sequence data for P. falci-
parum chromosome 13 was obtained from The Sanger
Centre website at http://www.sanger.ac.uk/Projects/
P_falciparum/. Sequencing of P. falciparum chromo-
some 13 was accomplished as part of the Malaria Ge-
nome Project with support by The Wellcome Trust.

For T. brucei, a small fragment of the CCTalpha
gene was found by searching genomic data from unfin-
ished microbia genomes. Preliminary sequence data
was obtained from The Institute for Genomic Research
website at http://www.tigr.org. Based on this sequence
an exact-match reverse primer (Tbru.CCTaR-1 [5'-
GTTAAGGCGAACACAGTCAT-3']) was designed and
used in combination with degenerate forward primers
(CCT-2-for, CCT-9-for; above) to amplify most of the
CCTalpha coding sequence from T. brucei gDNA. From
the sequence of five independent clones, two different
CCTalpha clones were apparent, one of which matched
the original fragment present in the T. brucei genome
data. The ambiguities between the two clone types were
amost al synonymous substitutions, suggesting the
presence of multiple copies of the CCTapha genein T.
brucei (see Results). The sequences presented in this
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study have been deposited in GenBank under the fol-
lowing accession numbers: AF322043-AF322050.

Southern Hybridization

To confirm the source and copy number of the CCT
genes, PCR products obtained from R. americana
(ATCC number 50394) and M. jakobiformis (ATCC
number 50310) were isolated (BIORAD, Prep-a-gene),
labeled with «®2P (Prime-1t 1l random primer labeling
kit, Stratagene), and hybridized to restricted gDNA.

Sequence Characterization and Phylogeny

A combination of BLAST and DNA Strider (Doug-
las 1995) was used to determine the positions of introns
in the new CCT genes and in CCTs retrieved from the
public databases. Inferred amino acid sequences from
the Reclinomonas, Malawimonas, heterolobosean, Try-
panosoma and Monocercomonas CCTs were added
manually, based on globally conserved regions, to an
alignment constructed previously (Archibald, Logsdon,
and Dooalittle 2000). From this master data set, smaller
alignments containing subsets of the data were con-
structed. Each alignment was assessed individually and
regions of ambiguity were removed to ensure that only
confidently aligned amino acid positions were used for
phylogenetic reconstruction. Gaps for missing data (e.g.,
the extreme N- and C-termini missing from PCR-gen-
erated sequences) were aso removed. The complete
CCTapha-only alignment contained 26 taxa and 424 un-
ambiguously aligned amino acid positions. The data sets
for rooted analyses contained 23 CCTalpha sequences
(three highly similar mammalian CCTs were removed)
and between five and eight outgroup sequences chosen
for maximal taxonomic diversity. These data sets con-
tained the following number of sites: CCTalpha-beta—
381 sites, CCTalpha-gamma—360 sites, CCTalpha-del-
ta—378 sites, CCTalpha-eta—369 sites, CCTalpha-ep-
silon—351 sites, CCTalpha-theta—334 sites, and
CCTapha-zeta—357 sites. All alignments are available
from JM.A. upon request (jarch@interchange.ubc.ca).

Phylogenetic trees were inferred from amino acid
sequences using maximum likelihood (ML) and ML-
distance methods of tree reconstruction. ML analyses
were performed with the following programs: proML in
PHYLIP 3.6 (http://evolution.genetics.washington.edu/
phylip.html), using the Dayhoff amino acid substitution
matrix, the globa rearrangements option, a randomized
sequence input order (10 jumbles), and an among-site
rate variation (ASRV) model with eight rate categories
plus an invariable rate category (the relative rates for
each category were estimated in PUZZLE 4.02 [Strim-
mer and von Haeseler 1997]); protML (using the JTT-F
amino acid substitution matrix) in MOLPHY (Adachi
and Hasegawa 1996); quartet puzzling in PUZZLE 4.02,
accounting for ASRV with an eight rate-category dis-
crete approximation to the I' distribution plus an in-
variable rate category. ML-distance trees were inferred
from I'-corrected distance matrices calculated in PUZ-
ZLE 4.02 using FITCH (with global rearrangements) in
PHYLIR version 3.57 (Felsenstein 1993). Support for

proML trees was obtained by bootstrapping (100 repli-
cates). For protML trees, RELL values (obtained from
quick-add searches of the best 1,000 or 2,000 trees in
protML options -g -n 1,000, 2,000; Adachi and Hase-
gawa 1996) were used as measures of statistical support.
Support values for ML-distance trees were obtained by
bootstrapping (500 replicates) with PUZZLEBOOT 1.02
(A. Roger and M. Holder; http://members.tripod.de/
korbi/puzzle/). PUZZLE was used to statistically assess
the significance of different tree topologies using the
Kishino-Hasegawa test (Kishino and Hasegawa 1989).

Results
Jakobid and Maawimonad CCT Genes Possess
Numerous Spliceosomal Introns

We used a degenerate PCR approach to amplify the
CCTapha gene from R. americana, M. jakobiformis,
two heteroloboseans (A. rosea and N. gruberi), the eu-
glenozoan T. brucei, and the parabasalid Monocerco-
monas sp. We also amplified a somewhat smaller frag-
ment of the CCTdelta gene from M. jakobiformis. Re-
peated attempts to amplify CCTalpha from Jakoba lib-
era (ajakobid) were unsuccessful, despite the use of all
possible primer combinations under a wide range of
conditions. PCR reactions using additional degenerate
primers designed with a strong bias toward G + C at
the third codon position (see below) also failed.

The jakobid-malawimonad CCT genes presented
here are among the first nuclear protein-coding genes to
be characterized from these protists. The most striking
feature of the R. americana and M. jakobiformis CCTs
is the presence of multiple spliceosomal introns. The
CCTapha gene from R. americana possessed five in-
trons (ranging from 67 to 145 nt in length, with some
size heterogeneity between homologous introns in the
two strains), whereas the M. jakobiformis CCTalpha
contained seven introns (58-127 nt long). The M. ja-
kobiformis CCTdelta gene possessed seven introns be-
tween 61 and 73 nt in length, despite being a shorter
fragment of coding sequence than that obtained for
CCTapha (~1 kb of ORF). When the putative introns
were removed, the inferred protein sequences were read-
ily alignable with orthologs from a wide range of other
eukaryotes, with no size heterogeneity at the intron-exon
boundaries. All the introns possessed standard 5'-
GT. .. AG-3' intron boundaries, with the exception of a
single intron in one of the two CCTdelta clones from
M. jakobiformis, which possessed a CT at the 5’ intron-
exon boundary. It is unclear whether this represents a
PCR-generated artifact or a legitimate noncanonical 5’
intron boundary. A summary of the sizes and positions
of the introns found in the R. americana and M. jako-
biformis CCT genes is shown in figure 1. With the ex-
ception of a single intron in the A. rosea CCTalpha,
none of the nonjakobid-nonmalawimonad CCTalpha
genes sequenced in this study contained introns.

The sequencing of independent clones suggested
the presence of multiple copies of the CCTalpha gene
in R. americana (50283 and 50394), N. gruberi, T. bru-
cei, and Monocercomonas sp., as well as the CCTdelta
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Fic. 1.—Spliceosomal introns in the Reclinomonas and Malawi-
monas CCT genes. The schematic shows the positions and sizes of the
introns found in the R. americana and M. jakobiformis CCTalphagenes
and the M. jakobiformis CCTdelta gene.

gene in M. jakobiformis. Between the different clone
types, most of the observed substitutions were synony-
mous; however, dightly different amino acid sequences
were inferred from different clones of the Monocerco-
monas sp. CCTapha and M. jakobiformis CCTdelta
genes. Some size heterogeneity between homologous in-
trons in the different clones was also observed. The
presence of multiple copies of CCT genes was subse-
quently confirmed for CCTalphain R. americana 50394
and for the M. jakobiformis CCTdelta by the southern
hybridization of PCR productsto restricted gDNAs (data
not shown). Overal, a strong G + C bias was present
in the R. americana and M. jakobiformis CCT genes,
particularly at the third codon position. Edgcomb et al.
(2001) observed a similar bias in jakobid tubulins.

CCTapha Phylogeny

In an attempt to determine the relationships be-
tween the jakobid and malawimonad flagellates and
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their relationship to other eukaryotes, we performed
phylogenetic analyses on the CCTalpha data set. We also
performed multiple rooted analyses using the seven oth-
er CCT paralogs to root the CCTalpha tree. Figure 2
shows a ML-distance phylogeny inferred from CCTal-
pha protein sequences. Interestingly, the jakobid R.
americana and the jakobid-like M. jakobiformis showed
no affinity for one another in the CCTa phatree. Where-
as the phylogenetic position of M. jakobiformis with re-
spect to the other protists was quite unstable, R. amer-
icana consistently (but weakly) branched with the two
heteroloboseans (as in fig. 2) and only occasionally with
T. brucei (in proML analyses; data not shown). In many
ways, the CCTalpha topology is similar to those ob-
tained with more widely used phylogenetic markers,
such as SSUrRNA, actin, EF-1«, and alpha- and beta-
tubulin. For example, the sisterhood of animals and fun-
gi, strongly supported by an ever-increasing wealth of
molecular data (see Baldauf 1999 for recent review) is
moderately well supported with al phylogenetic meth-
ods. Also, the single mycetozoan representative in the
CCTalpha data set, Dictyostelium discoideum, branches
weakly but consistently at the base of animals and fungi,
in line with suggestions that the Mycetozoa are an out-
group to the animal-fungal clade (Baldauf 1999). The
alveolates, represented in our data set by the ciliate Tet-
rahymena pyriformis and the apicomplexan parasite P.
falciparum, receive reasonable support as a monophy-
letic grouping, and as expected, the two heterolobosean
sequences (A. rosea and Nagleria gruberi) branch to-
gether with strong support and with all phylogenetic
methods. The parabasalid CCTal phas (Monocercomonas
sp., sequenced here and T. vaginalis, sequenced previ-
ously; Archibald, Logsdon, and Dooalittle 2000) are
characterized by extremely long branches, similar to
phylogenies constructed with other molecules.

Reclinomonas
americana

Trypanosoma
brucei

Giardia lamblia

Monocercomonas sp.

Trichomonas vaginalis

Plasmodium falciparum

Tetrahymena pyriformis

0.1

Malawimonas

Jjakobiformis

Fic. 2—Phylogeny of CCT alpha protein sequences. The tree shown is a distance (Fitch-Margoliash) tree inferred from a ML distance
matrix calculated with arate heterogeneity model (JTT-F + I' + inv, proportion of invariable sites = 0.08, I" distribution shape parameter alpha
= 1.23). The tree was constructed using a data set containing 26 taxa and 424 unambiguously aligned amino acid positions. Sequences determined
in this study are highlighted. Support values for important nodes are ML RELL values and ML-distance bootstrap values, respectively. The

scale bar indicates the inferred number of substitutions per site.
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Fic. 3—Rooted analyses of CCTalpha. A, Majority. The CCTalpha-theta tree showing the CCTalpha topology most often observed when
rooted with another CCTalpha paralog. The tree shown is the ML tree obtained from a heuristic search of 1,000 trees in protML (InL =
—11253.17), with branch lengths reestimated in PUZZLE under an ASRV model (the proportion of invariable sites was 0.03 and the I"
distribution shape parameter alpha = 1.52). The tree was constructed from an aignment containing 334 unambiguously aligned amino acid
positions. B, Minority. The CCTalpha-beta tree, an example of an alternate CCTalpha topology. Tree shown is the ML-distance tree inferred
with the Fitch-Margoliash algorithm from an ML distance matrix calculated with an ASRV model (JTT-F + I" + inv, proportion of invariable
sites = 0.08, I" distribution shape parameter alpha = 1.49). The alignment contained 381 sites. Support values are provided if greater than 40%
(ML RELL values and ML-distance bootstrap values, respectively). Dashed lines between the trees in A and B highlight differences in the
deepest branches of the two CCTalpha topologies. The scale bars indicate the inferred number of amino acid substitutions per site.

The CCTalpha topology differs from other molec-
ular phylogenies of eukaryotes in several interesting
ways. The placement of the alveolates near the parabas-
alids is not seen with most phylogenetic markers but is
reminiscent of phylogenies of actin, where the ciliate
sequences are paraphyletic and branch near the base of
the tree (e.g., Bricheux and Brugerolle 1997). Also, the
amitochondriate diplomonad G. lamblia branches with
the mitochondriate euglenozoan T. brucel. Together,
these taxa form a weakly supported but consistently ob-
served clade with the heteroloboseans (N. gruberi and
A. rosea) and the two R. americana strains. Despite the
fact that the Giardia CCTalpha is a fairly long branch,
this relationship was still observed in the majority of
rooted analyses (see below).

Given the general lack of resolution among the pro-
tists in the CCTalpha phylogeny, we examined the sig-
nificance of alternate topologies using the Kishino-Has-
egawa test (Kishino and Hasegawa 1989), in particular,
the relative positions of the R. americana and M. jako-
biformis sequences. Interestingly, trees in which R
americana and M. jakobiformis were specific sister
groups were found to be worse than the topology shown
in figure 2 at a 5% level of significance, as were trees
in which M. jakobiformis was placed as an outgroup to
the R. americana-Heterolobosea-Giardia-Trypanosoma
clade. We also tested the effect of removing various
long-branch taxa on the support for the topology ob-
tained with the full CCTalpha data set. When the para-
basalids were removed, the overall topology was the
same, except for the placement of M. jakobiformis,
which moved to a position adjacent to the alveolates

(data not shown). Interestingly, the support for the R.
americana-Heterol obosea grouping increased with most
phylogenetic methods, as did the support for Giardia
branching with T. brucei (data not shown).

When CCTalpha was rooted with each of the sev-
en other CCT paralogs, different topologies were often
obtained from different data sets and from the same
data set analyzed with different phylogenetic methods.
However, the parabasalids were usually the deepest
branch in the CCTalpha tree, and the alveolates were
often the next deepest branch (sometimes as a para-
phyletic group). Figure 3A shows the CCTalpha-theta
tree, which represents the most commonly obtained to-
pology with the various methods and data sets. Signif-
icantly, G. lamblia was not attached to the long branch
of the outgroup in most analyses but grouped with T.
brucei. Overall, the internal topology was very similar
to that obtained in the unrooted analyses (fig. 2). Figure
3B shows the CCTalpha-beta tree, where the G. lamblia
sequence branches near the base of CCTalpha, and R.
americana branches with T. brucei and not with the
heterol oboseans.

Intron Phylogeny

The density of spliceosomal introns in the Recli-
nomonas and Malawimonas CCT genes is extraordi-
narily high—on par with that observed in vertebrate
genes (Logsdon 1998). To compare the diversity of in-
tron positions in the jakobid and malawimonad CCTs to
those in animals, fungi, plants, and other protists, we
surveyed al available CCTalpha and CCTdelta genomic
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Fic. 4—CCTapha and CCTdelta intron phylogenies. A, Phylogenetic distribution of 35 known CCTalpha introns. The tree shown is a
consensus topology of rooted and unrooted phylogenies of CCTalpha protein sequences (figs. 2, 3A, and 3B) showing only strongly supported
relationships. A plus (+) sign indicates the presence of an intron, a minus indicates intron absence, and a question mark indicates missing data.
Intron positions are numbered and potentially conserved intron positions are highlighted. B, Phylogenetic distribution of 21 known CCTdelta
introns. Topology shown is a consensus of CCTdelta phylogenetic analyses (data not shown). For both data sets, only introns in exactly the
same codon phase were considered to be in the same position. Sequences determined in this study are in bold. AN, animals; FU, fungi; PL,

plants; PR, protists.

sequences. The results are presented in figure 4A and B.
From the 17 CCTalpha sequences for which genomic
seguence data was available, 35 distinct intron positions
were observed. For CCTdelta, 14 sequences were avail-
able for comparison, and 21 intron positions were found.
Interestingly, three out of the five introns present in the
R. americana CCTalpha gene were shared with M. ja-
kobiformis, despite the fact that the two groups showed
no affinity for one another in phylogenies of CCTalpha
(above), tubulin (Edgcomb et al. 2001), or concatenated
mitochondrial proteins (Burger et a. 1999, 2000). Of
these three, one was shared with A. thaliana and two of
three animals (position 21) and another with A. thaliana
and the heterolobosean A. rosea (position 10). One in-
tron (position 2) was conserved between protists (P. fal-
ciparum and T. pyriformis), plants, one of two fungi,
and animals (fig. 4A). For CCTdelta, two introns were

shared between at least one protist and two of four ani-
mals (positions 5 and 6) and a third between M. jakobi-
formis, one of three fungi (Neurospora crassa), and an-
imals (position 13) (fig. 4B). Despite the genera high
abundance of introns in plant protein-coding genes (Logs-
don 1998)—16 introns were found in the Arabidopsis
CCTapha gene—neither of the plant CCTdeltas (Arabi-
dopsis or Oryza) contained any introns. This likely rep-
resents a case of recent retrointegration of a cDNA, al-
though in the absence of additional data, it is difficult to
say how recent. A large number of unique intron posi-
tions are also present in both data sets. Twenty-four of
35 CCTalphaintrons and 9 of 21 CCTdeltaintrons were
present in a single species (considering the two R. amer-
icana strains as a single group), athough for CCTalpha,
12 of the 24 introns were unique to A. thaliana. Two of
the seven CCTalpha and four of the seven CCTdelta
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introns in M. jakobiformis were not present in any other
taxa.

Discussion

Until recently, attempts to determine the phyloge-
netic affinities of the jakobid and jakobid-like flagellates
to one another and to other protists have relied solely
on their ultrastructural features. The analyses presented
here are among the first to characterize nuclear protein-
coding genes from these organisms and are the first to
assess the utility of the cytosolic chaperonin CCTalpha
as a marker for eukaryotic phylogeny. Whereas the fail-
ure to obtain a CCTalpha sequence from J. libera (see
Results) precludes any direct comparisons between J.
libera, R. americana, and M. jakobiformis, the latter two
show no detectable phylogenetic affinity for one another
in our analyses. This result is consistent with a recent
analysis of jakobid alpha- and beta-tubulins (Edgcomb
et al. 2001) and with phylogenies constructed from con-
catenated mitochondrial proteins (Burger et al. 1999,
2000). In the CCTalpha phylogenies M. jakobiformis
showed no affinity for any particular protist group,
whereas R. americana branched weakly but consistently
with the heteroloboseans and the euglenozoan T. brucel
(see below). A close relationship between R. americana
and M. jakobiformis was also rejected using the Kishi-
no-Hasegawa test (Kishino and Hasegawa 1989), al-
though this result should be interpreted with caution.
The test is known to be biased toward rejection when
the best ML tree inferred from the data is included
among the topologies tested (Goldman, Anderson, and
Rodrigo 2000). A modified version of the test developed
by Shimodaira and Hasegawa (1999) aims to eliminate
this problem, but at present there is debate over its prop-
er implementation (Shimodaira and Hasegawa 1999;
Goldman, Anderson, and Rodrigo 2000).

The weak but consistent affinity of R. americana
for the heteroloboseans and euglenozoa in CCTalpha
phylogenies (figs. 2, 3A, and 3B) is interesting for two
reasons. First, it is consistent with beta-tubulin and com-
bined apha-beta—tubulin trees (Edgcomb et al. 2001).
Second, it is consistent with mitochondrial gene-content
data. The mtDNA of the heterolobosean N. gruberi con-
tains (in addition to many genes shared with plant and
protist mtDNAS) two genes thus far only identified in
jakobid mitochondrial genomes (atp3 and cox11; M. W.
Gray, personal communication; http://megasun.bch.
umontreal .ca/ca.ogmp/projects/ngrub/gen.html). Where-
as the grouping of R. americana with the Heterolobosea
is consistent with beta-tubulin and combined apha
beta—tubulin phylogenies (Edgcomb et al. 2001) and mi-
tochondrial gene-content data, it is at odds with mito-
chondrial cristal morphology. Like N. gruberi and the
euglenozoan T. brucei, M. jakobiformis possesses dis-
coidal cristae, yet it is R. americana, which possesses
tubular mitochondrial cristae, that shows the most affin-
ity for the Heterolobosea and T. brucei in the CCTalpha
and tubulin trees. Wheresas cristal morphology has often
been taken to be an evolutionarily stable character, these
data suggest that it may not always be reliable for track-

ing the deepest divisions in eukaryotic evolution. More
generally, the significance of the retention of ancestral
features in jakobid and malawimonad mtDNAS, in terms
of their relationship to other eukaryotes, is as yet un-
clear. The M. jakobiformis mtDNA possesses three
genes (rpl18, 19, 31) that have thus far not been ob-
served in nonjakobid protist mtDNASs (http://megasun.
bch.umontreal .ca/ogmp/projects/mjako/gen.html), yet all
phylogenetic analyses performed thus far on both mi-
tochondrial and nuclear genes suggest that M. jakobi-
formis and the jakobids do not form a monophyletic
group.

On the whole, CCTalpha phylogenies show a great
deal of congruence with more commonly used phylo-
genetic markers. animals and fungi appear to be each
other’s closest relatives, the mycetozoan Dictyostelium
appears as an immediate outgroup to the animal-fungal
clade, and the alveolates and Heterolobosea are mono-
pyletic groups. Most interesting was the placement of
the diplomonad G. lamblia. Almost without exception,
rooted SSUrRNA and protein phylogenies place diplo-
monads at or near the base of the eukaryotic tree (Roger
1999). In most rooted analyses of CCTalpha, Giardia
was not positioned at the base of the eukaryotic tree but
was nested within mitochondrion-containing groups.
This is consistent with the suggestion that diplomonads
have lost their mitochondria secondarily (Roger et al.
1998; Roger 1999). The analyses presented here illus-
trate the problem with deep phylogeny, long-branch at-
traction (e.g., Germot and Philippe 1999; Stiller and Hall
1999; Philippe and Germot 2000). It is clear that the
two parabasalids in the CCTalpha data set have the lon-
gest branches of all the taxa—they also emerge consis-
tently at the base of the CCT tree in rooted analyses.
For this reason, the deepest branches of the rooted
CCTalpha phylogenies presented here should be viewed
with caution.

The high density of introns in the jakobid and ma-
lawimonad CCT genes raises the question of their ori-
gin. Were they recently acquired, or do they represent
the retention of old introns? Separate from the issue of
the origin of introns themselves (i.e., introns-early vs.
introns-late; Logsdon et al. 1995; de Souza et al. 1998;
Logsdon 1998) is the question of the diversity and an-
tiquity of spliceosomal introns within eukaryotes. For
the most part, protist genes are intron sparse, and many
of the lineages that have figured prominently in hypoth-
eses of early events in eukaryotic evolution (e.g., diplo-
monads and parabasalids) seem to lack introns entirely
(Logsdon 1998). Remarkably few intron positions are
known to be conserved between animals, fungi, and
plants (Fast, Logsdon, and Doolittle 1999; Palmer and
Logsdon 1991) and fewer still between animals or fungi
(or both), plants, and protists. Interestingly, the CCT-
alpha data set contains two introns of the latter sort (po-
sitions 2 and 21), and CCTdelta contains an intron
shared between M. jakobiformis, one of three fungi, and
animals (position 13). Unfortunately, the CCTalpha data
set is somewhat biased against the presence of old in-
trons because of the fact that the sole fungal represen-
tatives, Saccharomyces cerevisiae and Schizosaccharo-



myces pombe, are known to be relatively intron sparse
compared to other fungi (the intron density in S cer-
evisiae is only 0.1 per kb; Logsdon 1998). In the
CCTdelta data set, three introns were found in the N.
crassa CCTalpha (N. crassa has a higher intron density),
and two of these were shared with animals. The
CCTdelta data set is similarly biased. No introns were
found in the S cerevisiae or S. pombe CCTdelta genes,
and despite the fact that the intron density in plant pro-
tein-coding genes is generaly quite high (Logsdon
1998), neither of the plant CCTdeltas (Arabidopsis or
Oryza) contained a single intron. With few protist in-
trons available for comparison, it is difficult to make
strong inferences about whether the potentially old ja-
kobid-malawimonad introns are a result of the retention
of ancestral intron positions or because of independent
parallel insertions. More CCTalpha sequences from each
of the major eukaryotic groups may resolve this issue.

It is certainly clear from both data sets that recent
intron gain has occurred. The Arabidopsis thaliana
CCTalpha gene alone contained 12 introns in positions
not found in any other taxa, and the CCTalpha from the
ciliate T. pyriformis contained another three (fig. 4A, see
Results). For the jakobid-malawimonad CCTal pha's, one
of the R. americana introns and two of the M. jakobi-
formis introns were located in unique positions, as were
four of seven M. jakobiformis CCTdelta introns. Data
from the jakobid tubulin genes also support this notion.
As predicted from ultrastructure and mitochondrial ge-
nome content data, R. americana and J. libera branched
strongly together in beta- and apha-beta—tubulin phy-
logenies. Yet despite this apparent close relationship,
their respective beta-tubulins each possessed asingle in-
tron located in different positions, neither of which is
present in known beta-tubulin genes (Edgcomb et al.
2001).

As for intron loss, the data are more ambiguous. In
general, this uncertainty stems from the lack of a robust
phylogeny of the major protist groups upon which intron
gain-loss scenarios can be evaluated. Nevertheless, a
case for intron loss can be inferred for the Heterolobo-
sea. Consistent with the low intron density observed
thus far for heterolobosean protein-coding genes (Logs-
don 1998), only one intron was found in the CCTalpha
gene from A. rosea, and none were present in the N.
gruberi sequence. However, the intron in the A. rosea
CCTapha is shared with the two R. americana strains,
M. jakobiformis and Arabidopsis (intron position 10; fig.
4A), suggesting that it may predate the divergence of
plants and these protists.

It seems significant that in cases where only one or
afew introns are present in the CCT genes (e.g., Acras-
is, Plasmodium, Schizosaccharomyces; fig. 4A and B)
they are located near the 5’ end (in CCTalpha, intron
positions 1-10 are located in the first 20% of the coding
sequence, whereas introns 1-5 in CCTdelta are present
in the first 11% of the gene). Such a bias is also ob-
served for the vast majority of introns in yeast (Fink
1987; Spingola et a. 1999), and for the few remaining
introns in the highly reduced nucleomorph genome of
the cryptomonad alga Guillardia theta (Douglas et al.
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2001). In yeast, a process of incomplete reverse tran-
scriptase—mediated intron loss has been suggested to ac-
count for such a nonrandom distribution (Fink 1987).
However, it is known that at least some of these 5'-end
introns play regulatory roles in gene expression (Spin-
gola et al. 1999), suggesting that they may persist not
because of incomplete reverse transcription but because
of selection against intron loss. Either way, the cluster-
ing of introns near the 5’-ends of genes is consistent
with loss from a more intron-rich ancestral state. On the
other hand, it is also possible that such a pattern simply
reflects a bias in the process of intron insertion.

Although no introns have been described in genes
from the amitochondriate diplomonads and parabasalids,
indirect evidence for their existence in the parabasalid
T. vaginalis has come from the discovery of a homolog
of PRP8, a highly conserved protein component of the
spliceosome (Fast and Doolittle 1999). A gene whose
product has significant similarity to PRP8 is also present
in the near complete genome of the diplomonad G. lam-
blia (Smith et al. 1998) (identified by searching the
high-throughput genome sequence database at NCBI).
Taken as a whole, the data are consistent with the pos-
sibility that the intron-sparse or intron-free nature of
many protist genes is a derived feature.

How intron-rich will jakobid and mal awimonad nu-
clear genes turn out to be? At present, such a small
sample size makes it impossible to predict. Nevertheless,
the data presented here suggest a different picture of
spliceosomal intron evolution than is often assumed, one
in which intron loss has been a significant factor in shap-
ing eukaryotic nuclear genomes.
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