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The Phylogenetic Position of Alpha- and Beta-Tubulins from the
Chlorarachnion Host and Cercomonas (Cercozoa)
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ABSTRACT. Alpha and beta-tubulin genes from Chlorarachnion and an alpha-tubulin gene from Cercomonas have been characterised.
We found the Cercomonas and Chlorarachnion alpha-tubulins to be closely related to one another, confirming the proposed relationship
of these genera. In addition, the Chlorarachnion host and Cercomonas also appear to be more distantly related to Heterolobosea,
Euglenozoa, chlorophytes, heterokonts, and alveolates. Chlorarachnion was also found to have two distinctly different types of both
alpha- and beta-tubulin, one type being highly-divergent. Chlorarachnion contains a secondary endosymbiont of green algal origin,
raising the possibility that one type of Chlorarachnion tubulins comes from the host and the other from the endosymbiont. Probing
pulsed field-separated chromosomes showed that the highly-divergent genes are encoded by the host genome, and neither alpha- nor
beta-tubulin ¢cDNAs were found to include 5’ extensions that might serve as targeting peptides. It appears that Chlorarachnion has
distinct and divergent tubulin paralogues that are all derived from the host lineage. One Chlorarachnion beta-tubulin was also found to
be a pseudogene, which is still expressed but aberrantly processed. Numerous unspliced introns and deletions resulting from mis-splicing

are contained in the mRNAs from this gene.
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HLORARACHNIOPHYTES are unicellular marine algae
with a number of unusual characteristics that have attract-
ed the attention of microscopists and molecular biologists alike.
Foremost among these is the chloroplast, which has been ac-
quired by a secondary endosymbiosis, that involved the en-
gulfment and retention of a photosynthetic eukaryote by a pha-
gotrophic eukaryote. This process is thought to have occurred
in a number of photosynthetic eukaryotes, and is most often
revealed only by the presence of more than two membranes
around the plastid [13, 14, 41]. However, in two lineages, the
chlorarachniophytes and cryptophytes, the reduction of the en-
gulfed endosymbiont has not been so complete. In these organ-
isms the plastid is associated with a small nucleus called the
nucleomorph, and a small volume of endosymbiont cytoplasm.
A great deal of what is now known about chlorarachniophytes
relates specifically to the endosymbiont: its evolutionary origin
has been identified as green algal [9, 22, 40], its gene expres-
sion and processing have been studied in some detail [16], the
general organisation of its tiny genome and structure of its chro-
mosomes has been determined [15, 16], and there is currently
a Chlorarachnion nucleomorph genome sequencing project un-
derway [30].

In contrast to the nucleomorph, relatively little is known
about the host that engulfed this green alga. The host-compo-
nent of chlorarachniophytes can be quite complex, the best
studied having a life cycle including at least three distinct cell
types. One is a highly motile flagellate with a true single fla-
gellum that swims in a unique fashion with the flagellum coiled
about the body, and can temporarily transform to an amoebo-
flagellate. A second type is a phagotrophic amoeba that forms
a web of interconnected pseudopodia resulting in a large retic-
ulate plasmodium. These cells are also unique in that they are
at once photosynthetic and also phagotrophic. Walled cysts are
also known, and these appear to be able to give rise to either
amoebae or flagellates [20].

The complex of morphological, ultrastructural, and life-his-
tory characters that can be assembled for chlorarachniophytes
does not immediately suggest an evolutionary relationship with
any particular eukaryotic group, and their classification has ac-
cordingly been difficult and often revised [5, 8, 19, 20]. Re-
cently small subunit ribosomal RNA (rRNA) phylogenies have
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been found to group the Chlorarachnion host with a diverse
group of protists that includes sarcomonads and filose amoebae
[4, 6]. Here we have examined genes encoding the cytoskeletal
proteins, alpha- and beta-tubulin, from the host genome of
Chlorarachnion, and alpha-tubulin from Cercomonas, a sarco-
monad flagellate. These are the first protein-coding genes re-
ported from either cercomonads or chlorarachniophyte-hosts.
Phylogenetic trees of alpha-tubulin confirmed the proposed re-
lationship between these organisms based on rRNA. In addi-
tion, the phylogeny of both alpha- and beta-tubulins suggests a
relationship between the Chlorarachnion host, Heterolobosea,
Euglenozoa, chlorophytes, heterokonts, and alveolates. We have
also found that Chlorarachnion contains two highly dissimilar
classes of both alpha- and beta-tubulin paralogues, one of which
is evolving very rapidly.

MATERIALS AND METHODS

Strains, culture conditions, and DNA extraction. Chlor-
arachnion sp. strain CCMP 621 was cultured and DNA pre-
pared as described [29]. T. Cavalier-Smith and E. E. Chao kind-
ly provided DNA from Cercomonas sp. strain RS/23 (ATCC
50319).

Amplification conditions and molecular techniques. Tub-
ulins were amplified either as a single product, or in two over-
lapping pieces where a single product could not be amplified.
In cases where a gene was amplified in two fragments, the 3’
end was amplified first using degenerate primers, and the 5’ end
was then amplified using a degenerate 5’ primer and a specific
primer based on a region of the 3’ end that was found to be
unique to that gene. In all cases the overlap between these frag-
ments was several hundred nucleotides, and throughout this
overlap they were found to be identical. In each case multiple
products corresponding to each gene were sequenced.

Chlorarachnion alpha-tubulins 1 and 2 were amplified using
primers TCCGAATTCARGTNGGNAAYGCNGGYTGGGA and
CGCGCCATNCCYTCNCCNACRTACCA. Alpha-tubulin 3 was
amplified using primers GATACCGTNGTNGARCCNTAYAA
and CGCGCCATNCCYTCNCCNACRTACCA for the 3’ end,
and TCCGAATTCARGTNGGNAAYGCNGGYTGGGA and
TGCTGTCAGTGATGACAC for the 5 end. Chlorarachnion
beta-tubulins 1, 2, 3, and 4 were amplified using primers
GCCTGCAGGNCARTGYGGNAAYCA and TCCTCGAG-
TRAAYTCCATYTCRTCCAT. Beta-tubulin 4 proved to be a trun-
cated product of mispriming approximately 83 codons into the
expected product. This missing sequence was amplified using
primers GCCTGCAGGNCARTGYGGNAAYCA and AGGTA-
GCGGCCATTACGCG. Chiorarachnion beta-tubulin 5 was am-
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Fig. 1. Fitch-Margoliash trees of (A) alpha-tubulin and (B) beta-tubulin showing the overall topology of tubulins from diverse eukaryotes,
and showing the presence of a strongly supported clade (supporting numbers circled in bold) consisting of Cercozoa, Heterolobosea, Euglenozoa,
chlorophytes, heterokonts, alveolates, rhodophytes (sampled only for beta-tubutin), and Reticulomyxa (shown only in alpha-tubulin). The branching
order within this clade is shown in Fig. 2. Numbers at nodes correspond from top to bottom or left to right to the bootstrap support from Fitch-
Margoliash, neighbor-joining, and the percent occurrence in 1,000 puzzling steps. A dash indicates support less than 50%, and supporting numbers
have been shown only for the major groups: support for nodes within these groups has been excluded for clarity.
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Fig. 1. Continued.

plified with primers GATACCGTNGTNGARCCNTAYAA and
TCCTCGAGTRAAYTCCATYTCRTCCAT for the 3’ end, and
GCCTGCAGGNCARTGYGGNAAYCA and GTTCAGATCG-
CCGTAGGTAGG for the 5 end.

Cercomonas alpha-tubulin was amplified using primers
TCCGAATTCARGTNGGNAAYGCNGGYTGGGA and CGCG-
CCATNCCYTCNCCNACRTACCA. Beta-tubulin amplification

reactions were also carried out with Cercomonas. Several products
were cloned and sequenced, however, none proved to resemble
tubulin.

All amplification reactions consisted of 35 cycles with an
annealing temperature of 50° C and an extension time of 1.5 or
2 min. Polymerase chain reaction (PCR) products were purified
from agarose gels as described [25), and cloned into pGEM-T
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vector (Promega, Madison, WI). Sequencing was carried out on
an ABI 373 with dye-terminator chemistry. New sequences
have been deposited in GenBank as accession numbers
AF043927-AF043936 and AF046802-AF046805.

Pulsed field electrophoresis and southern blotting. Chlor-
arachnion cultures were harvested and resuspended in plug
buffer (10 mM Tris-HCI, pH 7.5, 100 mM Na,EDTA, and 100
mM NaCl). Resuspended cells were mixed with an equal vol-
ume of 1.2% low-gelling-temperature agarose in plug buffer at
37° C and pipetted into chilled plug molds. Solid plugs were
digested for 48 h at 50° C in two changes of 10 mM Tris-HCl,
pH 7.5, 400 mM Na,EDTA, and 10 mg/ml Pronase E (Sigma
P-5147), and stored in 10 mM Tris-HCI, pH 7.5, 10 mM Tris
at 4° C. Plugs were electrophoresed in 1% agarose, 0.5X TBE
(Tris Boric Acid EDTA) buffer using a BioRad CHEF DRIII
apparatus. Electrophoresis conditions were: 14° C, 175V, 16 h
with a pulse change interval of 20 s and 16 h at a pulse change
interval of 10 s.

DNA from CHEF gels was transferred to Zeta-Probe mem-
brane (BioRad, Richmond, CA) using alkaline transfer accord-
ing to the manufacturer’s instructions. Membranes were cut into
strips corresponding to lanes on the gel and probed with frag-
ments of alpha-tubulin 3 and beta-tubulin 4 to determine where
these divergent genes were encoded. Probes were amplified
from clones using the primers used to originally amplify the
fragments from genomic DNA. Probes were gel-isolated and
labeled by random priming (Promega).

cDNA library screening and cDNA amplification. Chlor-
arachnion beta-tubulin 4 was used as a probe to screen a Chlor-
arachnion Lambda Zapll ¢cDNA library (Stratagene). Phage in-
fections and screening were carried out according to the man-
ufacturer’s protocols (Stratagene). Probes were prepared as de-
scribed above.

The 5’ end of Chlorarachnion alpha-tubulin 3 mRNA was
amplified from the cDNA library using PCR. The M13 reverse
primer was used with the specific primer TGCTGTCAGTGAT-
GACAC and approximately 100 ng of DNA prepared from the
c¢DNA library by chloroform extraction and ethanol precipita-
tion. A single product was amplified, which was cloned and
sequenced as described above. Four clones were sequenced, and
all were found to be unique as they differed slightly in the
length of the 5’ untranslated region.

Phylogenetic analysis. New alpha- and beta-tubulins were
added to an alignment containing a large representation of tub-
ulins from diverse organisms. Alpha- and beta-tubulins were
analysed separately in all cases since rooting one subfamily
with the other has previously been shown to spuriously root the
two halves of the tree [25]. For all analyses 436 characters were
used for alpha-tubulin and 429 characters for beta tubulin.
Alignments are available from the corresponding author upon
request.

Corrected distance measurements were calculated by
PROTDIST using the Dayhoff PAM substitution matrix. Trees
based on these distances were constructed by neighbor-joining
with random addition using the NEIGHBOR program, and us-
ing Fitch-Margoliash with 10 random additions and global re-
arrangements using the FITCH program [11]. One hundred
bootstrap replicates were performed on all datasets using SE-
QBOOT ([11]. and bootstrap trees constructed as above, with
the exception that only a single random addition was used for
Fitch-Margoliash trees.

Maximum likelihood quartet puzzling was carried out with
1,000 puzzling steps using PUZZLE 3.1 [39]. Quartets were
calculated with rate heterogeneity modeled on a gamma distri-
bution with four rate categories and the rate heterogeneity pa-
rameter estimated from the data. Substitution frequency correc-

J. EUK. MICROBIOL.. VOL. 45. NO. 5. SEPTEMBER-OCTOBER 1998

tions were based on the JTT substitution matrix with the overall
frequency of occurrence estimated from the data. Protein max-
imum likelihood trees were also inferred using constrained trees
and the exhaustive search option of ProtML [1] with correction
by the JTT substitution probability matrix adjusted for the fre-
quency of amino acid occurrence in the data. Bootstrap prob-
abilities were calculated by the resampling of estimated log-
likelihood (RELL) method as implemented by ProtML [1], and
the bootstraps collated using mol2con, a perl script by A.
Stoltzfus (pers. commun.). The relative likelihood support for
each node tested with ProtML was also calculated using
TreeCons [23] using a class V weighting scheme, and alpha
values of 0.01, 0.05, 0.1 and 0.5. The alpha value was not found
to have a great effect on any of the data analysed here, at most
1-2%, and we have therefore reported only the relative likeli-
hood support obtained with a cutoff of 0.1. Constraints were
based on the distance and quartet puzzling analyses and were
as follows: in both sets, land plants, green algae, Euglenozoa,
and alveolates were constrained; in alpha-tubulin the two Re-
ticulomyxa genes, the two Heterolobosea, and two Chlorarach-
nion genes were also constrained; and in beta-tubulin trees, the
five Chlorarachnion sequences were constrained as were the
three Porphyra sequences. Alpha-tubulins were analysed with
Chlorella alternatively constrained with green-algae or left free,
and in the RELL bootstrap consensus tree of the latter it
branched with other green algae. Similarly, the Chlorarachnion
alpha-tubulin 3 was either constrained with other cercozoan
genes, left free, or excluded altogether.

RESULTS AND DISCUSSION

Tubulin genes from Chlorarachnion and Cercomonas.
Amplification reactions for alpha-tubulin from both Chlorar-
achnion and Cercomonas yielded single products corresponding
to the size expected of a gene that contained no introns. Only
a single gene was found to be represented from Cercomonas,
but three distinct genes were found in Chlorarachnion, two
very similar (95% identical at the nucleotide level) and a third
that differed considerably (alpha-1 and alpha-3, only 74% iden-
tical at the nucleotide level). None contained introns.

Beta-tubulin amplification reactions from Cercomonas and

Chlorarachnion both yielded numerous products. Several of
these were sequenced from Cercomonas, but unfortunately
none was found to encode tubulin. Conversely, from Chlorar-
achnion a total of five distinct genes, beta-1, 2, 3, 4, and 5,
were sequenced. Three of these, beta-1, 2, and 3, were similar
to one another (99 to 93% identical at the nucleotide level).
The remaining two, beta-4 and 5, were highly divergent for
tubulins: beta-4 and beta-5 were respectively 73% and 76%
identical to beta-1, and 74% identical to one another at the
nucleotide level. Beta-4 and beta-5 also share a number of oth-
erwise unique substitutions.
' Chlorarachnion beta-tubulins 1-3 did not contain introns, but
beta-4 contained an extraordinary 10 introns and beta-5 shared
8 of these (it lacked introns 8 and 9). These introns are the first
to be characterised from the nucleus of Chlorarachnion. They
are all comparatively rich in AT base-pairs and range between
57 and 112 nucleotides in length. The introns in beta-5 showed
an obvious tendency to be longer than the corresponding introns
of beta-4: the average length in beta-4 was 61 nucleotides while
that of beta-5 was 91; and 6 of the 8 shared introns were longer
in beta-5.

These 10 intron positions were compared to all other known
tubulin introns to see if any positions were shared with other
taxa. Five of the intron positions were unique to these genes,
and a number was also found in a single isolated instance in a
distantly related gene, suggesting that the introns were inserted
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twice independently. Only two introns were found to be shared
broadly within another lineage, and they were intron 5, which
is shared with a vast diversity of green algae and land plants,
and intron 3, which is shared with diverse animals.

Phylogenetic position of Chlorarachnion and Cercomonas
tubulins. Alpha- and beta-tubulin phylogenetic trees are both
characterised by a major divergence splitting plants, green and
red algae, heterokonts, Euglenozoa, Heterolobosea, and alveo-
lates from a well-supported grouping of animals and the fungi-
microsporidia clade. A few other taxa, notably diplomonads and
trichomonads, do not definitively fall with either of these
groups. Still other beta-tubulins from taxa, such as slime
moulds, Entamoeba, and Reticulomyxa have very divergent se-
quences that cannot be reliably placed in the tree [25]. To de-
termine to which major group the Cercomonas and Chlorar-
achnion tubulins belong, trees including a comprehensive rep-
resentation of tubulins (but excluding the highly divergent
types) were inferred. Alpha-tubulin trees comprising 66 se-
quences were inferred using a variety of methods, and in all
cases the Cercomonas and Chlorarachnion genes branched
within the group containing plants, green algae, heterokonts,
Euglenozoa, Heterolobosea, and alveolates (Fig. 1A). Similarly,
in all trees of 64 beta-tubulins, those of Chlorarachnion also
branched within the clade comprising plants, green and red al-
gae, heterokonts, Euglenozoa, Heterolobosea, and alveolates
(Fig. 1B). The rate heterogeneity of Chlorarachnion tubulins
can be seen from these trees: alpha-tubulin 3 is extremely di-
vergeunt, as are beta-tubulins 4 and 5.

Having identified their general position in the tree, the rela-
tionships between Cercomonas, Chlorarachnion, and other
members of this group were examined more closely. The branch
separating the two main divisions in tubulin trees was relatively
long and unbroken. To avoid possible artifacts arising from this
long branch, trees were inferred from only the sequences be-
longing to the large and heterogeneous clade including Chlor-
arachnion and Cercomonas. For both genes, trees were inferred
including and excluding some of the relatively divergent se-
quences, most importantly, the divergent Chlorarachnion beta-4
and -5 sequences, and also the highly divergent Chlorarachnion
alpha-3.

An alpha-tubulin tree (Fig. 2A) does not include alpha-tu-
bulin 3, which was found to branch very erratically in different
analyses. In distance trees, alpha-3 sometimes branched with
Cercomonas and Chlorarachnion but more often did not. In
quartet puzzling trees, the Cercomonas and three Chlora-
rachnion genes formed a weakly supported clade (found in 60%
of the puzzling steps), and in protein maximum likelihood the
position of Chlorarachnion alpha-3 was not resolved. It appears
that Chlorarachnion alpha-3 is related to other Chlorarachnion
alpha-tubulins. However, its relationship is very tenuous, and
by branching erratically between individual bootstrap trees it
affected the overall support for the tree. The sequence was ac-
cordingly removed to determine the branching position of the
remaining Chlorarachnion and Cercomonas sequences.

The first noteworthy relationship is between Chlorarachnion
alpha-1 and alpha-2 and Cercomonas alpha-tubulin (Fig. 2A),
which found moderate but consistent support in all analyses.
This relationship was also tested in partially constrained protein
maximum likelihood trees, which supported this relationship
with RELL bootstrap value of 76% and a relative likelihood
support of 82%. These are the first protein-coding genes to be
sequenced from the Chlorarachnion host and a cercomonad, so
this is not only an important confirmation of the relationship
originally proposed on the basis on small subunit TRNA, but
also provides support for the taxonomic validity of the Phylum
Cercozoa [7].
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The cercozoan sequences in turn branched with an interesting
group consisting of the Heterolobosea and Euglenozoa. Heter-
olobosea and Euglenozoa do not generally branch together in
trees based on small subunit rRNA [37], but such a relationship
is nevertheless favoured by both alpha- and beta-tubulin phy-
logeny (Fig. 2A, B and [2, 25]), and also by the presence of
discoid mitochondrial cristae in both Heterolobosea and Eugle-
nozoa [7, 36]. The bootstrap support for this cluster in alpha-
tubulin was modest at best, and support from quartet puzzling
only slightly better. However, in partly constrained protein max-
imum likelihood trees, the union of Heterolobosea and Eugle-
nozoa was highly favoured, having both RELL bootstrap sup-
port and relative likelihood support of 100%. The clustering of
the Cercozoa with this Euglenozoa-Heterolobosea group was
not well supported by alpha-tubulin, as the Cercozoa were also
found to branch with green algae in some distance analyses.
Moreover, in quartet puzzling and protein maximum likelihood
analyses, the branching order of the Heterolobosea-Euglenozoa
clade, the Cercozoa (Chlorarachnion and Cercomonas), and the
green algae was not resolvable with any confidence.

The beta-tubulin tree is more or less congruent with the well-
supported features of the alpha- tubulin tree (cf. Fig. 2A, B).
Once again, there is strong support from beta-tubulin for the
clustering of Heterolobosea and Euglenozoa despite the weak
support from distance bootstrap analyses. In protein maximum
likelihood the RELL bootstrap support for a Heterolobosea-Eu-
glenozoa clade was 96%, and the relative likelihood support
was also 96%. The weak relationship between Chlorarachnion
and chlorophyte beta-tubulins only appeared in analyses in-
cluding Chlorarachnion beta-4 and beta-5; when these were
excluded the remaining Chlorarachnion cluster tended to
branch with the Heterolobosea-Euglenozoa clade. Furthermore,
quartet puzzling weakly supported the relationship between
chlorophytes, Chlorarachnion, and the Euglenozoa-Heterolo-
bosea group, but failed to resolve the three.

Aliogether, with both alpha- and beta-tubulin there is a con-
sistent, and strong support for a large and heterogeneous clade
consisting of Cercozoa, Heterolobosea, Euglenozoa, chlorophy-
tes, alveolates, and heterokonts (and rhodopytes in beta-tubu-
lin). There is also strong support for specific relationships be-
tween Chlorarachnion and Cercomonas, and between Hetero-
lobosea and Euglenozoa. There may also be a specific relation-
ship between Cercozoa, Heterolobosea and Euglenozoa, and
chlorophytes, but this is much less clear.

Evidence that divergent Chlorarachnion tubulins are not
targeted to the endosymbiont. Since Chlorarachnion contains
two eukaryotic genomes, that of the amoeboflagellate host and
that of the green algal symbiont, the provenance of the Chlor-
arachnion tubulins is open to question. Nucleomorph genes
tend to be highly divergent [16], so we have considered the
possibility that the highly divergent aipha-3 and beta-4 and 5
tubulins may be derived from the nucleomorph genome. The
alpha-tubulins are particularly suspicious since alpha-1 and al-
pha-2 are specifically related to Cercomonas, but the highly
divergent alpha-3 is only tenuously related to any of these.
There is not such a hint of polyphyly in Chlorarachnion beta-
tubulins. However, the highly divergent genes do share two in-
tron positions and a generally high intron density with green
algae: intron 1 is shared with Polyfomella and intron 5 is shared
with diverse green algae and land plants. These characteristics
provide sufficient reason to examine the possibility that Chlor-
arachnion tubulins may be derived from the green algal endo-
symbiont.

In addition to being highly divergent, nucleomorph genes
have a relatively high density of 18-20 nucleotide introns and
tend to be greater than 70% AT [16]. No nuclear protein-coding
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Fig. 2.

Fitch-Margoliash trees showing detailed relationships within the clade incuding Chlorarachnion and Cercomonas for (A) alpha-tubulin

and (B) Chlorarachnion beta-tubulin. Numbers at nodes correspond from top to bottom or left to right to the bootstrap support from Fitch-
Margoliash, neighbor-joining, and the percent occurrence in 1,000 puzzling steps. A dash indicates support less than 50%, and supporting numbers
have been shown only for the major divisions: support for nodes within these groups has been excluded for clarity. The union of Cercomonas
and Chlorarachnion, and Euglenozoa and Heterolobosea were also strongly supported by protein maximum likelihood, as described in text.

genes have previously been characterised from Chlorarachnion,
but the nuclear (host) DNA has a buoyant density consistent
with approximately 50% AT content (G. 1. M., unpubl. data).
All the tubulins described here were close to the 50% AT ex-
pected for the host genome: the most AT-rich was alpha-tubulin
3, which was 55% AT. Moreover, the divergent beta-tubulins 4
and 5 also contained large spliceosomal introns, which are com-
pletely uncharacteristic of nucleomorph introns. Furthermore,
when hybridised to Southern blots of CHEF gels, alpha-tubulin
3 and beta-tubulin 4 hybridised specifically with host chromo-
somes and did not hybridise to the three nucleomorph chro-
mosomes (Fig. 3).

Thus, all the tubulin genes described here are apparently en-
coded by the host genome. However, the host genome must
contain a large number of genes whose products are targeted
to the plastid [17]. Examples of nuclear-encoded proteins that
are targeted to the plastid have been found to encode a signal
peptide at their amino-terminus, suggesting that targeting to the
symbiont from the cytoplasm is initially via the endomembrane
system (J. A. D. & G. I. M., unpubl. data). Any nuclear-encoded
proteins that function in the endosymbiont cytoplasm surround-
ing the plastid (i.e. the periplastid space) would therefore be
expected to include a signal peptide as well. To address this
possibility, the 5° ends of alpha-tubulin 3 and beta-tubulin 4
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Fig. 2. Continued.

were sequenced from cDNAs to determine if they included any
identifiable targeting information that might direct them to the
symbiont. In both cases there is clear evidence from the 5’
untranslated region that these genes do not contain any targeting
information (Fig. 4). The absence of targeting information, to-
gether with the tendency for the long- and short-branch Chlor-
arachnion tubulins to cluster together (a strong tendency for
beta-tubulin and a weak tendency for alpha-tubulin), makes it
most likely that all of these genes encode cytosolic proteins,
and that all were derived from the host lineage.

It is interesting then, that of the eight tubulin genes found in
Chlorarachnion so far, none are from the nucleomorph. Micro-
tubules have never been observed in the symbionts of either
chlorarachniophytes or cryptomonads, and it has been specu-
lated that neither of their nucleomorphs has mitotic division
[28, 31]. Nevertheless, tubulins are involved in a host of cellular
activities, and the total loss of microtubules from all aspects of
the symbiont and from all stages of its life cycle is perhaps

Leishmania major

ALVEOLATES

Euplotes focardii
Porphyra purpurea 4
Porphyra purpurea 3 RED ALGAE
Porphyra purpurea 2
L Achlya klebsiana
100/90/96 [~ Ectocarpus variabilis 5 HETEROKONTS

Y Ectocarpus variabilis 6

unlikely. Ultimately the completed sequence of the nucleo-
morph genome will address this question [30].
Chlorarachnion beta-tubulin 4 is a recently evolved pseu-
dogene. The coding region of the Chlorarachnion beta-tubulin
4 gene and cDNAs were found to contain an in-frame TAG
stop codon at a position otherwise highly conserved for tyro-
sine. This stop is found over 30 codons from the end of even
the shortest beta-tubulin, and the sequence it precedes is every
bit as conserved as the upstream sequence, arguing that it was
not simply a truncated gene. Moreover, the position where ter-
mination would be expected to occur has another TAG codon,
indicating that TAG likely does not encode tyrosine in Chlor-
arachnion. The most obvious explanation is that Chlorarach-
nion beta-tubulin 4 is a pseudogene. But if this is the case, then
Chlorarachnion beta-tubulin 4 is unusual since it contains no
other obvious pseudogene characteristics such as frame-shifts,
a skewed AT content, or insertions and deletions, and it is abun-
dantly represented in the cDNA library. In addition, Chlorar-
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1 2 3 4

Fig. 3. Localisation of Chlorarachnion alpha-tubulin 3 and beta-
tubulin 4 genes to the host genome. Lane 1: lambda size markers: lane
2: ethidium stained Chlorarachnion sp. CCMP 621 DNA showing the
unresoived nuclear chromosomes (Nu), the three nucleomorph chro-
mosomes (I, II. and II). and monomeric and dimeric mitochondrial
genomes (M): lane 3: Chiorarachnion DNA probed with alpha-tubulin
3 probe; lane 4: Chlorarachnion DNA probed with beta-tubulin 4 probe.

achnion beta-tubulin 4 mRNAs are processed, although the pro-
cessing itself was quite unusual. Of the 4 ¢cDNAs completely
sequenced, only one was totally free of introns, and one intron
was also mis-spliced resulting in a deletion (Fig. 5).

Although there is presently nothing known about mRNA
splicing in the cytosol of Chlorarachnion, the processing of
these messages does seem unusual. Nevertheless, given that the
beta-4 protein is truncated and likely non-functional, it is inter-
esting that beta-4 is expressed and processed at all. It would
appear that this gene has only recently lost its function, and is
gradually losing efficiency and accuracy of processing due to a
lack of selection.

Implications for the evolution of Chlorarachnion and Cer-
comonas, and for tubulin phylogeny. Prior to the application
of molecular phylogeny there was no clear idea to which evo-
lutionary lineage the chlorarachniophyte host might belong [12.
19, 20, 34]. Even then, original studies using the small subunit
tRNA from Chlorarachnion revealed little, since no sequences
were known from any closely related taxon [5, 8]. Subsequent-
ly, a wider sampling of rRNA sequences suggested a relation-
ship between Chlorarachnion and Cercomonas and a very di-

Alpha-tubulin 3 cDNA

J. EUK. MICROBIOL.. VOL. 45. NO. 5. SEPTEMBER-OCTOBER 1998

verse group of flagellates, amoebae, and amoeboflagellates [4,
6] recently named Cercozoa [7]. Alpha-tubulin trees including
genes from Chlorarachnion and Cercomonas now confirm this
relationship, and support the validity of the Cercozoa. Both al-
pha- and beta-tubulin trees also give a very broad suggestion
of the evolutionary position of the Cercozoa, as they strongly
and consistently fall within a cluster comprising chlorophytes,
rhodophytes, alveolates, heterokonts, and the clade consisting
of Heterolobosea and Euglenozoa.

This grouping of Euglenozoa and Heterolobosea is of partic-
ular interest here, and perhaps a key to the understanding of
tubulin phylogeny. The overall structures of tubulin and rRNA
phylogenies differ in a fundamental way. Small subunit rRNA
trees typically form a series of consecutive, deep, independent
branches, including the separate heterolobosean and eugleno-
zoan branches, all “crowned” by an unresolved explosion of
diversity that includes Chlorarachnion [38, 40]. Tubulin trees,
on the other hand, characteristically divide most eukaryotes into
one of two large, deeply diverging clades separated by the in-
dependent diplomonad and parabasalian lineages [25]. If we
ignore for a moment the deep branches of rRNA trees, the small
subunit rRNA topology and the tubulin topologies are not so
very different: in rRNA trees based on a substitution rate cal-
ibration, the eukaryotic “‘crown.” topology is much like the
tubulin topologies, with animals and fungi separated from a
poorly resolved clade of chlorophytes, heterokonts, alveolates,
Chlorarachnion, and so forth [40]. The incongruence between
rRNA and tubulin phylogenies only becomes evident when one
considers certain taxa that branch deeply in small subunit
rRNA, such as slime moulds, microsporidia, Heterolobosea, and
Euglenozoa. Historically, these deep-branching groups have
been widely accepted as representing truly ancient lineages, and
the line between them and the “crown’ a major demarcation
in eukaryotic evolution. Quite significantly, however, there is
now growing acceptance that for two of these groups this is not
the case: microsporidia appear to be related to fungi (for re-
views see {26, 32]), and slime moulds appear to be related to
animals and fungi (3, 27]. Tubulin phylogeny was one of the
earliest indications that microsporidia and fungi were related
{10, 25}, and remains one of the strongest arguments for this
relationship (Fig. 1). The “crown” position of slime moulds is
also in agreement with some tubulin analyses [2, 25]. In light
of this, the present assertion that tubulin phylogeny may be
correctly representing the evolutionary history of Euglenozoa
and Heterolobosea should not be considered overly far fetched.
Indeed, a number of other protein phylogenies, including chap-
cronin 60, V-ATPase, and unrooted trees of actin also support
this assertion by suggesting a relationship between either Eu-
glenozoa or Heterolobosea with plants or alveolates [18, 21, P.

gcog atc act ccc cac tag aaa oge tac ttt gca ata ATG AGA GAA ATC

TER

M R E I

aaa cca acc ccg aac tag gca cca ata tac cta caa cct aaa caa ata gag ATG CGT GAA ATC

TER
Beta-tubulin 4 cDNA

IMREI

Fig. 4. Untranslated leaders and S’ ends of Chlorarachnion alpha-tubulin 3 and beta-tubulin 4 cDNAs. The amino termini of alpha- and bcta-
tubulins are both very highly conserved. This position is indicated by the arrow and inferred translation. Upstream of this position there are in-
frame termination codons in both genes. indicating that this is almost certainly the start site of translation, and that there are not amino terminal

leaders on either protein.
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Fig. 5. Structure of the Chlorarachnion beta-tubulin 4 gene and processing of its mRNAs. The gene-fragment is shown above (gene 4) with

the ten introns marked by triangles and numbered below. The four beta-4 cDNAs are shown below (¢cDNAs 1-4) with unspliced introns indicated
above each ¢cDNA. The 5’ and 3’ untranslated regions are shown as shaded boxes to the left and right of the coding region which is shown as
an open box. Also shown are the mis-splicing of intron 7 in cDNA 1 (marked as a gap in the coding region), and the presence of the eleventh
intron in ¢cDNA 2. Hatch marks represent TAG codons. The first is located within the coding region (shown in the genomic ¢lone and all four
c¢DNAs), and the second is located at the expected position of termination (downstream of the known genomic sequence, but found in ali four

c¢DNAs).

J. K., unpubl. data]. Other genes, such as elongation factor-1
alpha, and elongation factor-2, place the Euglenozoa and Het-
erolobosea ““high’ in the tree without much resolution [3, 33],
and still others, such as phosphoglucose isomerase and enolase,
support the relationship between alveolates and chlorophytes
[24, 37, P. J. K., unpubl. data]. These phylogenies are perhaps
each hinting that the large, diverse, and well-supported clade
of tubulin genes comprising chlorophytes, Heterolobosea, Eu-
glenozoa, heterokonts, alveolates, and Cercozoa may really rep-
resent eukaryotic evolutionary history. This interpretation of
eukaryotic phylogeny would have interesting implications for
our definition of “‘crown-eukaryotes”, or even question whether
the concept of a “‘crown” has any meaning at all.
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