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SUMMARY

The gene coding for a tubulin has been isolated by the polymerase chain reaction and sequenced from 2 isolates of

Neospora caninum (Nc-Liverpool and Nc-SweB1)$. The data show that the gene, as in Toxoplasma gondii, is single copy

and contains 3 exons and 2 introns and is identical in sequence in the 2 isolates studied. Comparison of the predicted

protein sequence shows it to be identical to the a tubulin protein encoded by the T. gondii gene. The majority of the

nucleotide substitutions that have occurred during the evolution of theT. gondii andN. caninum genes from their common

ancestor have occurred in the third codon position. A partial coding sequence for a tubulin was also obtained from

Hammondia heydorni and compared to other a tubulin sequences from Apicomplexa. The results show the sequences of

the T. gondii, N. caninum and H. heydorni a tubulin genes to be similar but not identical in sequence, thereby providing

new evidence that N. caninum and H. heydorni are genetically distinct species.
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INTRODUCTION

Microtubules are found in all eukaryotes, from

yeasts to multicellular organisms where they are

principally involved in maintenance of cell structure

and division. In concert with actin and intermediate

filaments, microtubules form part of a cell ’s cyto-

skeleton which is responsible for establishing and

maintaining cell shape. Another important role for

microtubules is in cell division, where they make up

the spindle fibres. Microtubules contain dimers of

2 essential tubulin proteins: a and b tubulin.

Alpha tubulin is considered a relatively abundant

protein in eukaryotic organisms with a typical mass

of 50 kDa and it contains approximately 450 amino

acids. Within the cell, tubulin is normally post-

translationally modified by acetylation at the C-ter-

minus and factors such as GTP and microtubule

associated proteins (MAPs) bind to it and influence

the polymerization of tubulin into microtubules.

This is a dynamic process, and is reasonably well

understood (MacRae & Langdon, 1989; Mandelkow

& Mandelkow, 1990, 1995; MacRae, 1992, 1997;

Drewes, Ebneth & Mandelkow, 1998). A number of

chemical reagents are known to inhibit cell function

and division, including herbicides, by inhibiting

microtubule formation and function (Bell, 1998).

The gene encoding alpha tubulin exists as either a

single copy or low copy number gene in lower

eukaryotes and are found as large multigene families

in higher eukaryotes.Toxoplasma gondii, for example,

contains single copy genes for both a and b tubulin

(Nagel & Boothroyd, 1988). Tubulin isotypes,

where one molecule differs from the next by one or

more amino acid substitutions, can also exist. In

Plasmodium falciparum, for example, 2 isotypes of a
tubulin exist (Holloway et al. 1989, 1990; Delves

et al. 1990; Rawlings et al. 1992), and expression

of these is stage dependent: one form (Tub II) is

expressed only in the axoneme of male gametes

(Rawlings et al. 1992). The amino acid sequence

similarity between the 2 P. falciparum isotypes and

that of T. gondii is 94%. There are also many simi-

larities in the structure of the a tubulin gene from

these 2 taxa. They all have 3 exons, which are sep-

arated by 2 introns, and the exon/intron boundaries

seem to be conserved at amino acid positions 21/22

and 62/63. Tubulin therefore exhibits a high degree

of conservation at both the gene and protein se-

quence level, and for this reason alone, tubulin gene

sequence data have also been exploited for use in

evolutionary studies (Tourancheau et al. 1998;

Edgcomb et al. 2001).
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Neospora caninum was first identified in 1988

(Dubey et al. 1988) and so relatively little is known

about the molecular biology of this species, which is

now recognized as an important cause of abortion in

cattle (Reichel, 2000). The structure of the infective

zoite stages of N. caninum show the presence of

subpellicular microtubules and a conoid which are

common in Apicomplexa (Speer et al. 1999) and

presumably contain tubulin (Nagel & Boothroyd,

1988). In this study, we report the results of in-

vestigations into the structure and organization of

the a tubulin gene fromN. caninum andHammondia

heydorni, both of which are cyst-forming coccidians

closely related to T. gondii. The results show that

N. caninum contains a single copy gene encoding

a tubulin, which contains 3 exons and 2 introns.

Furthermore, comparison of the a tubulin gene se-

quences amongst these taxa show that T. gondii, N.

caninum and H. heydorni are all genetically different

at this locus. Hence evidence is provided which

shows that N. caninum and H. heydorni are clearly

different species.

MATERIALS AND METHODS

Parasites

Tachyzoites of N. caninum (Nc-Liverpool or Nc-

SweB1 strains) were grown on a monolayer of Vero

cells as described previously (Barber et al. 1995)

except that horse serum (5–10%) was used in the

media. Tachyzoites were purified by filtration

through a 3 mm nitrocellulose filter and genomic

DNA was purified from them as described (Ellis

et al. 2000).

Oocysts of H. heydorni were kindly supplied by

Dr B. Pomroy (Massey). They were purified from

the faeces of a greyhound, and identified as H. hey-

dorni by the polymerase chain reaction (PCR) and

sequencing of the ITS1 and partial large subunit

ribosomal DNA sequences (GenBank accession

numbers AF508020 and AF508029 respectively)

(Ellis & Pomroy, 2003).

PCR of genomic alpha tubulin sequences

Primer pairs NCATF (5kACATGGTATCCAGC-

CGGAT3k) and NCATR (5kGAGAGCAGCCAA-

ATCCTCAC3k) (giving a PCR product of 1354 bp)

and cDNAFAT (5kGTTTTCAGCCGCATGGA-

C3k) and cDNARAT (5kCTCCCCGTTCAGAAC-

ATATCG3k) (454 bp) were used to amplify genomic

DNA from Nc-Liverpool. PCR products were pu-

rified by the QiaQuick purification kit (Qiagen) and

sequenced with both primers. As a negative control

for PCR, DNA from the Vero host cells were in-

cluded in the experimental design. Primers FTGAT

(5kAGCATCCACGTCGGCCAG3k) and RTGAT

(5kTGCTCCGGGTGGAACAGG3k) gave a prod-

uct from N. caninum DNA containing multiple

bands, 1 of which was approximately 900 bp. This

band was subsequently gel purified (Qiagen gel

extraction kit) and sequenced with both primers.

The 5k end of the gene was PCR amplified by

primers Alpha-F1 (5kACGCGGGGAGAAACA-

TTTTGT3k) and Alpha-R1 (5kGCACCACAT-

GTGGCAGTACGTA3k). The PCR product

produced from genomic DNA was gel purified and

sequenced with both primers.

Nc-SweB1 DNA was amplified by primers

BVFAT (5kGGAGCTCTTCTGCCTGGAG3k)
and BVRAT (5kCGAGCCTCAGAGAATTCAC-

C3k) (1349 bp), 5FATBV (5kCCAGGCCGGTAT-

CCAAATC3k) and 5RATBV (5kAGAAGGTGT-

TGAAGGCGTCG3k) (640 bp) and cDNAFAT/

cDNARAT (454 bp).

All PCR products (except those derived from

cDNAFAT/cDNARAT and Alpha-F1/Alpha-R1

which were sequenced directly by cycle sequencing)

were cloned into pGEM-T using the pGEM cloning

kit. Recombinants were identified by blue/white

screening on agar plates containing ampicillin, Xgal

and IPTG, and by PCR using M13 forward and

reverse primers. Plasmids containing the correct

inserts were then grown in 500 ml bacterial cultures

of Escherichia coli strain DH5a, and further pu-

rified by the standard alkaline SDS lysis method,

followed by caesium chloride density gradient cen-

trifugation.

Isolation of cDNA coding for alpha tubulin from

Nc-Liverpool

A cDNA library from Nc-Liverpool (Ellis et al.

2000) was screened using the method of Benton &

Davis (1977) with a 32P-labelled probe made from a

PCR product amplified by primers FTGAT and

RTGAT. This probe covers much of the 3k coding
sequence present in the largest exon of the a tubulin

gene. Plaques were rescreened repeatedly until they

were considered plaque pure. They were then

subject to PCR using primers RpB2 (5kGCCG-

CTCTAGAACTA3k) and FpB (5kGTAAAACG-

ACGGCCAGT3k) which gave PCR products,

approximately 1050 bp in size, which were purified

by the QiaQuick purification kit (Qiagen) and se-

quenced.

Rapid Amplification of cDNA Ends (RACE)

Total cellular RNA was purified from Nc-Liverpool

tachyzoites as described (Ellis et al. 2000). SMART

RACE (Clontech) was used for making RACE ready

cDNA from Nc-Liverpool which was amplified

by 5k RACE with primer 5kat-4 (5kGTCCTCTT-

ACCAGCAGGCGTTACCG3k). A band approxi-

mately 400 bp in size was purified from other
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products by preparative gel electrophoresis and a

Qiagen gel extraction kit. The purified product was

cloned into pGEM-T and transformants screened

by PCR for products of the correct size. Three

clones were subsequently identified and sequenced

by standard cycle sequencing methods.

Copy number

Nc-Liverpool and Vero genomic DNA were inde-

pendently restricted with HindIII, HinfI, PstI,

HaeIII, and EcoRI, and the digests were separated

by agarose gel electrophoresis. The gel was Southern

blotted by standard methods onto nitrocellulose.

The filter was then hybridized to a 32P-labelled

cloned probe derived by PCR from primers

NCATF and NCATR which covers the middle of

the N. caninum a tubulin gene.

Computer analyses of sequence data

The non-redundant nucleotide sequence database

maintained by the National Centre for Biotechnol-

ogy Information (NCBI; http://www.ncbi.nlm.

nih.gov/) and the Apicomplexa nucleotide sequence

database at the Parasite Genome Blast Server

(PGBS; http://www.ebi.ac.uk/parasite/parasite_

blast_server.html) were searched with the sequences

obtained using the program BlastN and TBlastX

in order to detect homologies with nucleotide se-

quences currently in the nucleotide sequence data-

bases. Further searches were also made of the

Toxoplasma and Neospora Databases of Clustered

ESTS (http://ParaDB.cis.upenn.edu/).

Alpha tubulin DNA or protein sequences were

aligned from N. caninum, T. gondii (GenBank

accession number M20024), Eimeria acervulina

(X88776), P. falciparum (I and II, X15979 and

M34390 respectively) and Cryptosporidium parvum

(AF082877) using PILEUP run on the Australian

National Genomic Information Service. They were

analysed phylogenetically by maximum likelihood

using the Jones-Taylor-Thornton model of amino

acid change (proteins) or the Felsenstein-Churchill

model of nucleotide (DNA) using PHYLIP. The

robustness of the branches was assessed using 200

bootstrap replicates; and the robustness of the

phylogenetic reconstructions was assessed by com-

paring the trees to those from both neighbour-

joining analyses using the Kimura 2-parameter

model and parsimony analyses.

Distance analysis was performed using Ednadist

(on ANGIS) and Kimura’s model of nucleotide sub-

stitution. Coding sequence was also analysed using

themethod ofLi et al. run onANGIS asNewDiverge

(described by Hemphill & Gottstein, 2000). This

program estimates the number of synonymous and

non-synonymous substitutions per site between 2

nucleic acid sequences that code for proteins.

Isolation and sequence analysis of a tubulin from

Hammondia heydorni

Genomic DNA from H. heydorni was extracted and

amplified by PCR using primers CRATF (5kGG-

TATCCAAATCGGT) and CRATR (5kGCCT-

TCTCTGCGCTG). The PCR product obtained

was gel purified using a Qiagen PCR purification kit

and then cloned into the pGEM-T vector. Re-

combinant colonies were PCR screened with M13F/

M13R primers to check for insert size and 2 clones

were randomly selected for sequencing on both

strands. Since the sequences obtained from each

Table 1. Summary of nucleotide substitutions

found between the coding regions of the a tubulin

genes of Neospora caninum and Toxoplasma gondii

N. caninum

T C A G

T — 25 2 4

T. gondii
C 27 — 1 9
A 3 2 — 7
G 7 11 6 —

Fig. 1. Results from Southern hybridization of restriction

digests of Neospora caninum (lanes 2, 4, 6) and Vero DNA

(lanes 3, 5) with a radioactive probe made from an N.

caninum a tubulin PCR product (using primers NCATF

and NCATR). Genomic DNA was digested with either

HindIII (lanes 2 and 3); HinfI (lanes 4 and 5) or Pst1

(lane 6). Lane 1 contained a set of molecular weight

markers (in kb).
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clone only just overlapped in the middle, a sequen-

cing primer (HhatubseqF; (5kTCTTCTGCCTG-

GAGCATG3k) was designed 550 bp from the 5k end
to clear up ambiguities in the centre region of each

sequence. Alignment of the partial H. heydorni a
tubulin coding region and its analysis with others

from Apicomplexa was performed as described

above.

Fig. 2. Alignment of the predicted amino acids for the a tubulin proteins from Neospora caninum (Nc), Toxoplasma

gondii (Tg), Eimeria acervulina (Ea), Plasmodium falciparum (PfI), P. falciparum (PfII) and Cryptosporidium parvum (Cp).

A consensus amino acid sequence for a tubulin derived from members of the data set is shown above the alignment.

The numbers refer to the residue position in the alignment. Gaps are represented by dashes. Identical residues are

represented by dots. The boxed sequences represent the GTP and MAP binding motifs referred to in the text.
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RESULTS

Isolation and characterization of the a tubulin gene

from Neospora caninum

Genomic sequence from Nc-Liverpool was deter-

mined by sequencing over-lapping PCR products

derived from genomic DNA extending across the

gene (5k to 3k) from primer pairs Alpha-F1/Alpha-

R1, FTGAT/RTGAT, NCATF/NCATR and

cDNAFAT/cDNARAT. Blast searches of the se-

quence databases showed the consensus sequence

obtained from genomic DNA was related to the a
tubulin gene from many other taxa, and so this gene

was called NcTUBA.

Fig. 2. (Cont.)
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A similar PCR-based strategy was used to se-

quence most (but not all) of the same gene from

NcSweB1. The very 5k and 3k ends of the gene (ap-

proximately 300 bp at either end) were not deter-

mined for Nc-SweB1. The gene sequence data from

Nc-Liverpool and Nc-SweB1 were compared and

found to be identical.

Characterization of the a tubulin transcript from

Nc-Liverpool was limited to 5k RACE and isolation

of cloned cDNA molecules. Screening of 4400

clones from a cDNA library of Nc-Liverpool de-

tected 5 positive clones whose inserts were amplified

by PCR and sequenced giving approximately

1050 bp of cloned cDNA sequence representing the

3k end of the mRNA. 5k RACE was used to isolate

and sequence 350 bp at the 5k end of the mRNA.

Comparative analyses of cDNA and genomic se-

quences from Nc-Liverpool, along with database

comparisons, showed the presence of three exons

(397, 121 and 1450 bp; 57.6% GC) and 2 introns

(509 and 150 bp; 49.9 and 44% GC respectively) in

NcTUBA. The 5k and 3k splice site signals corre-

spond well to the universal consensus sequences for

these sites. Comparison of the 2 introns with those

found in T. gondii showed them to be of similar size

but with little sequence similarity (intron 1, 55.2%

sequence similarity and intron 2, 54.7% similar).

After comparison, the 5k and 3k untranslated regions

of the N. caninum mRNA are smaller than those

found in T. gondii (335 vs 386; 271 vs 395 bp).

The coding sequence of NcTUBA was compared

to that from T. gondii and found to be 92.4% similar

at the DNA level. Comparison of the NcTUBA

open reading frame (ORF) with that from T. gondii

showed that from a total of 454 codons, the useage of

352 codons was identical (Ks=0.386; Ka=0.003).

Approximately one half of the nucleotide substi-

tutions which exist between the coding regions ofN.

caninum and T. gondii are changes in pyrimidines

(T-C or C-T) at the third codon position (Table 1).

Southern blotting of Nc-Liverpool DNA with an

a tubulin gene probe revealed specific hybridization

to single bands in the genomic DNA restricted by

PstI, HindIII and EcoR1 (Fig. 1). These obser-

vations are consistent with the a tubulin gene being

single copy in N. caninum. No hybridization was

detected to Vero host cell DNA.

The N. caninum gene encodes a polypeptide pre-

dicted to be 50 113 in molecular weight with a pI of

4.84. Comparison of the predicted a tubulin poly-

peptides betweenN. caninum and T. gondii (P10873)

shows them to be identical in composition. Both

start with Met-Arg-Glu, which is typical for this

protein, and finish with Glu-Tyr. Both proteins are

highly similar to that derived for E. acervulina, and

more distantly related to those from P. falciparum

and C. parvum (Table 1 and Fig. 2). The 5 motifs

involved in GTP binding (residues 63–68, 143–149,

181–184, 244–249) is highly conserved across all

the 6 sequences analysed, except for 2 amino acid

changes in the C. parvum sequence. Similarly the

MAP binding (425–442) region of the tubulin pro-

tein is also well conserved. The C-terminus of all

the predicted protein sequences are rich in Glu (E).

The coding and predicted amino acid sequences of

the apicomplexan a tubulin were analysed phylo-

genetically. The overall structure of the trees ob-

tained was identical in all analyses performed with

either DNA or aa sequences, and all branches had

100% bootstrap support. The distance data of Table

2A and the tree in Fig. 3A shows theN. caninum and

T. gondii sequences to be more closely related to that

from E. acervulina.

Isolation and characterization of partial a tubulin

gene sequences from H. heydorni

Sequencing of the PCR product from H. heydorni

showed that it covered the majority of the 3 exons

and 2 introns predicted to be present in the a tubulin

gene, following its comparison to those from N. ca-

ninum and T. gondii. The 2 introns (495 and 198 bp

respectively) possessed no sequence similarity to the

introns found in the a tubulin genes from N. cani-

num and T. gondii. The DNA sequence compiled

from the 3 exons was approximately 90% similar to

homologous regions from the N. caninum and T.

gondii genes. The genetic distance calculated be-

tween theN. caninum andH. heydorni sequences was

greater than that found between N. caninum and T.

gondii (Table 2B), and the phylogenetic analyses

show that H. heydorni is the sister to the N. cani-

num+T. gondii clade (Fig. 3B).

The partial gene sequence of H. heydorni encoded

269 amino acids, and the predicted protein sequence

was identical to that predicted for N. caninum, ex-

cept for 2 amino acid changes (E :G; A :T). Since

the available protein sequence from H. heydorni was

not complete, it was not included in any phylo-

genetic analysis. However, the 2 observed amino

acid changes are consistent with the placing of H.

heydorni as ancestral to the N. caninum+T. gondii

clade.

DISCUSSION

Alpha tubulin is a highly conserved protein and this

property has been utilized previously to isolate

a tubulin genes from other apicomplexan parasites

such as P. falciparum (Holloway et al. 1989; Rawl-

ings et al. 1992) and T. gondii (Nagel & Boothroyd,

1988). In the case of P. falciparum, an oligonucleo-

tide probe based on a highly conserved region of the

tubulin protein of other organisms was used to probe

a genomic library (Holloway et al. 1989, 1990; Sen &

Godson, 1990). The a- and b tubulin genes of T.

gondii were isolated using a1- and b2 tubulin gene

probes from Chlamydomonas (Nagel & Boothroyd,
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1988). In our study, the close relationship between

N. caninum and T. gondii was utilized to design

primers which were used to amplify parts of the a
tubulin gene from both the Nc-Liverpool and Nc-

SweB1 isolates. The PCR products were then cloned

into pGEM-T vectors for subsequent sequence

analysis or alternatively they were sequenced di-

rectly. A cDNA library was also screened using a

PCR produced probe in order to identify cloned

cDNA sequences.

The limitation of this PCR approach was in de-

signing suitable primers to amplify regions like the

5k flanking region including the first few bases of

exon 1 and the 3k flanking region, although after

many attempts 5k RACE was eventually used to iso-

late the 5k end by PCR. The carboxy terminus is said

to be the most variable region of the entire a tubulin

polypeptide (Holloway et al. 1989; Mandelkow &

Mandelkow, 1990), making it difficult to design a

universal primer for this region. Consequently, the

3k end of the gene was isolated by screening a cDNA

library and 5 positive clones were identified. Un-

fortunately, the positive clones isolated from the

cDNA library, all carried partial cDNA of a tubulin,

with truncated 5k ends.
The a tubulin gene of N. caninum consists of

3 exons, which are interrupted by 2 intron se-

quences, much like its counterpart in T. gondii and

P. falciparum. In comparison, the C. parvum gene is

intron-less (Bonafonte, Garmon & Mead, 1999) and

intron-less a tubulin genes are also known to exist in

flagellates such as Leishmania (MacRae & Langdon,

1989). The position of intron/exon boundaries is

also conserved between the a tubulin gene of the

3 apicomplexan parasites, N. caninum, T. gondii

(Nagel & Boothroyd, 1988) and P. falciparum

(Holloway et al. 1989). The introns are found at

position 21/22 and 62/63 in the respective sequences

Fig. 3. Unrooted trees from the maximum likelihood analysis of the DNA sequences of a tubulin from the complete

sequences (A) or the partial sequences (B) of some members of the Apicomplexa. The length of the branches indicates the

amount of inferred evolutionary change (as indicated by the scale), and all of the branches have 100% bootstrap support.

The evolutionary trees from the parsimony and neighbour-joining analyses have identical topography to these trees, as do

the maximum likelihood analyses of the predicted aa sequences.

Table 2. Distance analysis of (A) the complete coding sequence of a tubulin from Apicomplexa (DNA,

above diagonal and protein below diagonal) sequence alignments; (B) partial a tubulin coding DNA

sequences from Apicomplexa homologous to Hammondia heydorni

(A)
N. caninum 0.0000 0.0812 0.2561 0.3861 0.3897 0.3904
T. gondii 0.0000 0.0000 0.2649 0.3690 0.3759 0.4002
E. acervulina 0.02174 0.02174 0.0000 0.3120 0.3099 0.3644
P. falciparum (II) 0.04841 0.04841 0.6455 0.0000 0.1778 0.3491
P. falciparum (I) 0.06449 0.06449 0.08331 0.05287 0.0000 0.3462
C. parvum 0.11191 0.11191 0.11823 0.117931 0.12783 0.0000

(B)
N. caninum 0.0000
T. gondii 0.0806 0.0000
H. heydorni 0.0982 0.1071 0.0000
E. acervulina 0.2558 0.2563 0.2558 0.0000
P. falciparum (II) 0.4366 0.4149 0.4025 0.3499 0.0000
P. falciparum (I) 0.4228 0.3965 0.4033 0.3387 0.2042 0.0000
C. parvum 0.3907 0.4154 0.3944 0.3874 0.3679 0.3599
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and they are conserved in both Nc-Liverpool and

Nc-SweB1.

Alpha tubulin is widely described in the literature

as a highly expressed gene (Tittawella & Normak,

1987; Parker & Detrich, 1998). The number of

clones obtained by screening the N. caninum cDNA

library with the a tubulin probe does not support

the idea that this gene is highly expressed in this

species. Furthermore, a tubulin mRNA does not

appear as an abundant EST in the N. caninum data-

base (http://ParaDB.cis.upenn.edu/). In P. falci-

parum a tubulin is not an abundant protein (Delves

et al. 1990).

A comparison of the nucleotide sequences of T.

gondii and N. caninum reveal that the majority of the

base substitutions have taken place in the third exon,

which comprises 86.5% of the coding region. The

a tubulin genes of Nc-Liverpool and T. gondii differ

by 6 nucleotide substitutions in the second exon and

96 substitutions in the third exon. Of the 104 sub-

stitutions that have taken place in the a tubulin gene

during the evolutionary divergence of N. caninum

andT. gondii, 94 have taken place in the ‘silent’ third

codon position. A comparison of the a tubulin gene

sequences derived by PCR from the two isolates of

N. caninum showed them to be identical, which is in

keeping with the observations that limited genetic

variation occurs amongst different isolates of N.

caninum (Atkinson et al. 1999; Schock et al. 2001).

Most of the essentially conserved regions of the a
tubulin protein that have been described previously,

are also conserved in N. caninum. Thus if one con-

siders the predicted amino acid sequences for T.

gondii, N. caninum, E. acervulina and P. falciparum

the 5 motifs that are involved in GTP binding and

MAP binding (Mandelkow et al. 1985; Sanchez

et al. 1994) are conserved across all 5 sequences. The

N-terminus of the N. caninum protein commences

with Met-Arg-Glu as do all other a Tub (Holloway

et al. 1989). Similarly, the C-terminus of the N.

caninum a Tub ends with tyrosine as it does in

the majority of the a tubulins sequenced to date. The

end terminus Tyr is said to contribute towards the

stability of microtubules and it is reported that only

an a Tub molecule carrying a terminal Tyr can be

assembled into microtubules. The terminal Tyr is

removed from a tubulin of assembled microtubules

by the enzyme tyrosine carboxypeptidase (TTC),

exposing the Glu residue that is commonly found

before the terminal Tyr (MacRae, 1997). The Tyr-

depleted a tubulin molecules are normally recycled

in the cell by the addition of tyrosine by the enzyme

tubulinyl tyrosine carboxypeptidase (TTC), to the

Glu residue. Given the importance of the end-ter-

minal Tyr, it is therefore surprising to note that only

half of the apicomplexan tubulin sequences shown in

Fig. 2 are terminated with Tyr.

The motif TIGGG, which is conserved in most

a tubulins sequenced to date, is also found in the

N. caninum sequence (residues 42–45) (Holloway

et al. 1989). This sequence is usually preceded by

a lysine, which is also conserved in the majority of

a tubulins, and also is found in the N. caninum

sequence. The lysine residue is thought to play an

important role in a highly specific post-translational

acetylation (LeDizet & Piperno, 1987).

It has been widely reported that the C-terminal

region of most a tubulin proteins studied to date are

highly acidic due to the presence of 6–8 Glu (E) or

Asp (D) residues in the terminal sequence (Man-

delkow, Herrman & Ruhl, 1985). Similarly, there

are 6 Glu residues in the amino acid sequence from

N. caninum.

Finally, considerable discussion has occurred re-

cently over the relationship and identity of N. cani-

num and H. heydorni (Mehlhorn & Heydorn, 2000;

Dubey et al. 2002b). The comparison presented

here of the a tubulin gene sequences from T. gondii,

N. caninum and H. heydorni shows these genes to

possess a similar level of DNA sequence similarity

amongst each other. Nevertheless, they are all suf-

ficiently different from each other to recognize that

they originate fromgenetically, quite distinct species.

The trees obtained are in complete agreement with

that hypothesized for the phylogeny of these Api-

complexa by rDNA comparisons (Morrison & Ellis,

1997). Thus this study of tubulin sequences, along

with data from ITS1 and rDNA (Ellis et al. 1999), is

consistent with N. caninum and H. heydorni being

different species as suggested by others (Dubey et al.

2002a).

Part of this work was submitted to the University of
Technology, Sydney by S.S. in partial fulfilment for the
degree of M.Sc (by research). We thank Bill Pomroy
(Massey University) for the H. heydorni and H. Quinn for
assistance with sequencing.

REFERENCES

ATKINSON, R., HARPER, P. A., RYCE, C., MORRISON, D. A.

& ELLIS, J. T. (1999). Comparison of the biological

characteristics of two isolates of Neospora caninum.

Parasitology 118, 363–370.

BARBER, J. S., HOLMDAHL, O. J., OWEN, M. R., GUY, F.,

UGGLA, A. & TREES, A. J. (1995). Characterization of the

first European isolate of Neospora caninum (Dubey,

Carpenter, Speer, Topper and Uggla). Parasitology

111, 563–568.

BELL, A. (1998). Microtubule inhibitors as potential

antimalarial agents. Parasitology Today 14, 234–240.

BENTON, W. D. & DAVIS, R. W. (1977). Screening lambdagt

recombinant clones by hybridization to single plaques

in situ. Science 196, 180–182.

BONAFONTE, M. T., GARMON, D. & MEAD, J. R. (1999).

Characterization of an alpha-tubulin gene of

Cryptosporidium parvum. Journal of Eukaryotic

Microbiology 46, 545–547.

DELVES, C. J., ALANO, P., RIDLEY, R. G., GOMAN, M.,

HOLLOWAY, S. P., HYDE. J. E. & SCAIFE, J. G. (1990).

S. Siverajah and others 568

https://doi.org/10.1017/S0031182003003135 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182003003135


Expression of alpha and beta tubulin genes during

the asexual and sexual blood stages of Plasmodium

falciparum. Molecular and Biochemical Parasitology 43,

271–278.

DREWES, G., EBNETH, A. & MANDELKOW, E. M. (1998). MAPs,

MARKs and microtubule dynamics. Trends in

Biochemical Sciences 23, 307–311.

DUBEY, J. P., BARR, B. C., BARTA, J. R., BJERKAS, I., BJORKMAN,

C., BLAGBURN, B. L., BOWMAN, D. D., BUXTON, D., ELLIS,

J. T., GOTTSTEIN, B., HEMPHILL, A., HILL, D. E., HOWE,

D. K., JENKINS, M. C., KOBAYASHI, Y., KOUDELA, B., MARSH,

A. E., MATTSSON, J. G., MCALLISTER, M. M., MODRY, D.,

OMATA, Y., SIBLEY, L. D., SPEER, C. A., TREES, A. J. &

UGGLA, A. (2002a). Redescription of Neospora caninum

and its differentiation from related coccidia.

International Journal for Parasitology 32, 929–946.

DUBEY, J. P., CARPENTER, J. L., SPEER, C. A., TOPPER, M. J.

& UGGLA, A. (1988). Newly recognised fatal protozoan

disease in dogs. Journal of the American Veterinary

Medicine Association 192, 1269–1285.

DUBEY, J. P., HILL, D. E., LINDSAY, D. S., JENKINS, M. C.,

UGGLA, A. & SPEER, C. A. (2002b). Neospora caninum

and Hammondia heydorni are separate species. Trends

in Parasitology 18, 66–69.

EDGCOMB, V. P., ROGER, A. J., SIMPSON, A. G., KYSELA, D. T.

& SOGIN, M. L. (2001). Evolutionary relationships

among ‘jakobid’ flagellates as indicated by alpha- and

beta-tubulin phylogenies. Molecular Biology and

Evolution 18, 514–522.

ELLIS, J. T., MORRISON, D. A., LIDDELL, S., JENKINS, M. C.,

MOHAMMED, O. B., RYCE, C. & DUBEY, J. P. (1999). The

genus Hammondia is paraphyletic. Parasitology 118,

357–362.

ELLIS, J. T. & POMROY, W. E. (2003). Hammondia heydorni

oocysts in the faeces of a greyhound in New Zealand.

New Zealand Veterinary Journal 51, 38–39.

ELLIS, J. T., RYCE, C., ATKINSON, R., BALU, S., JONES, P. &

HARPER, P. A. (2000). Isolation, characterization and

expression of a GRA2 homologue from Neospora

caninum. Parasitology 120, 383–390.

HEMPHILL, A. & GOTTSTEIN, B. (2000). A European

perspective on Neospora caninum. International Journal

for Parasitology 30, 877–924.

HOLLOWAY, S. P., GEROUSIS, M., DELVES, C. J., SIMS, P. F.,

SCAIFE, J. G. & HYDE, J. E. (1990). The tubulin genes of the

human malaria parasite Plasmodium falciparum, their

chromosomal location and sequence analysis of the

alpha-tubulin II gene. Molecular and Biochemical

Parasitology 43, 257–270.

HOLLOWAY, S. P., SIMS, P. F., DELVES, C. J., SCAIFE, J. G. &

HYDE, J. E. (1989). Isolation of alpha-tubulin genes from

the human malaria parasite, Plasmodium falciparum :

sequence analysis of alpha-tubulin. Molecular

Microbiology 3, 1501–1510.

LEDIZET, M. & PIPERNO, G. (1987). Identification of an

acetylation site of Chlamydomonas alpha-tubulin.

Proceedings of the National Academy of Sciences USA

84, 5720–5724.

MACRAE, T. H. (1992). Towards an understanding of

microtubule function and cell organization: an

overview. Biochemistry and Cell Biology 70, 835–841.

MACRAE, T. H. (1997). Tubulin post-translation

modifications–enzymes and their mechanisms of action.

European Journal of Biochemistry 244, 265–278.

MACRAE, T. H. & LANGDON, C. M. (1989). Tubulin synthesis,

structure, and function: what are the relationships?

Biochemistry and Cell Biology 67, 770–790.

MANDELKOW, E. & MANDELKOW, E. M. (1990). Microtubular

structure and tubulin polymerization. Current Opinion

in Cell Biology 2, 3–9.

MANDELKOW, E. & MANDELKOW, E. M. (1995). Microtubules

and microtubule-associated proteins. Current Opinion in

Cell Biology 7, 72–81.

MANDELKOW, E. M., HERRMANN, M. & RUHL, U. (1985).

Tubulin domains probed by limited proteolysis and

subunit-specific antibodies. Journal of Molecular

Biology 185, 311–327.

MEHLHORN, H. & HEYDORN, A. O. (2000). Neospora caninum :

is it really different from Hammondia heydorni or is it a

strain of Toxoplasma gondii? An opinion. Parasitology

Research 86, 169–178.

MORRISON, D. A. & ELLIS, J. T. (1997). Effects of nucleotide

sequence alignment on phylogeny estimation: a case

study of 18S rDNAs of Apicomplexa.Molecular Biology

and Evolution 14, 428–441.

NAGEL, S. D. & BOOTHROYD, J. C. (1988). The alpha- and

beta-tubulins of Toxoplasma gondii are encoded by

single copy genes containing multiple introns.Molecular

and Biochemical Parasitology 29, 261–273.

PARKER, S. K. & DETRICH, H. W. 3RD. (1998). Evolution,

organization, and expression of alpha-tubulin genes

in the antarctic fish Notothenia coriiceps. Adaptive

expansion of a gene family by recent gene duplication,

inversion, and divergence. Journal of Biological

Chemistry 273, 34358–34369.

RAWLINGS, D. J., FUJIOKA, H., FRIED, M., KEISTER, D. B.,

AIKAWA, M. & KASLOW, D. C. (1992). Alpha-tubulin II

is a male-specific protein in Plasmodium falciparum.

Molecular and Biochemical Parasitology 56, 239–250.

REICHEL, M. P. (2000). Neospora caninum infections in

Australia and New Zealand. Australian Veterinary

Journal 78, 258–261.

SANCHEZ, M. A., PEATTIE, D. A., WIRTH, D. & OROZCO, E.

(1994). Cloning, genomic organization and transcription

of the Entamoeba histolytica alpha-tubulin-encoding

gene. Gene 146, 239–244.

SCHOCK, A., INNES, E. A., YAMANE, I., LATHAM, S. M. &

WASTLING, J. M. (2001). Genetic and biological diversity

among isolates of Neospora caninum. Parasitology

123, 13–23.

SEN, K. & GODSON, G. N. (1990). Isolation of alpha- and

beta-tubulin genes of Plasmodium falciparum using a

single oligonucleotide probe. Molecular and Biochemical

Parasitology 39, 173–182.

SPEER, C. A., DUBEY, J. P., MCALLISTER, M. M. & BLIXT, J. A.

(1999). Comparative ultrastructure of tachyzoites,

bradyzoites, and tissue cysts of Neospora caninum and

Toxoplasma gondii. International Journal for

Parasitology 29, 1509–1519.

TITTAWELLA, I. & NORMAK, S. (1987). Dispersed

arrangement of tubulin genes in the protozoan parasite

Crithidia fasciculata. FEMS Microbiology Letters 43,

317–320.

TOURANCHEAU, A. B., VILLALOBO, E., TSAO, N., TORRES, A.

& PEARLMAN, R. E. (1998). Protein coding gene trees

in ciliates: comparison with rRNA-based

phylogenies. Molecular Phylogenetics and Evolution

10, 299–309.

a Tubulin gene from N. caninum 569

https://doi.org/10.1017/S0031182003003135 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182003003135

