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Concerted evolution of multicopy gene families in vertebrates is recognized as an important force in the
generation of biological novelty but has not been documented for the multicopy genes of protozoa. A multicopy
locus, Tpr, which consists of tandemly arrayed open reading frames (ORFs) containing several repeated
elements has been described for Theileria parva. Herein we show that probes derived from the 5'/N-terminal
ends of ORFs in the genomic DNAs of T. parva Uganda (1,108 codons) and Boleni (699 codons) hybridized with
multicopy sequences in homologous DNA but did not detect similar sequences in the DNA of 14 heterologous
T. parva stocks and clones. The probe sequences were, however, protein coding according to predictive
algorithms and codon usage. The 3’/C-terminal ends of the Uganda and Boleni ORFs exhibited 75% similarity
and identity, respectively, to the previously identified Tprl and Tpr2 repetitive elements of 7. parva Muguga.
Tpr1-homologous sequences were detected in two additional species of Theileria. Eight different 7pr1-homol-
ogous transcripts were present in piroplasm mRNA from a single 7. parva Muguga-infected animal. The Tpr1
and Tpr2 amino acid sequences contained six predicted membrane-associated segments. The ratio of synon-
ymous to nonsynonymous substitutions indicates that Tpr1 evolves like protein-encoding DNA. The previously
determined nucleotide sequence of the gene encoding the p67 antigen is completely identical in 7. parva
Muguga, Boleni, and Uganda, including the third base in codons. The data suggest that concerted evolution can
lead to the radical divergence of coding sequences and that this can be a mechanism for the generation of novel

genes.

Organisms contain two major categories of genes, ancient
conserved housekeeping genes such as those encoding meta-
bolic enzymes and rRNA and phylogenetically restricted genes
with diverse functions specialized for the lifestyles of specific
taxa (21). Among the parasitic protozoa, well-known examples
of the latter class of genes are multicopy gene families, such as
the variant surface glycoproteins of African trypanosomes (re-
viewed in references 11 and 42) and the recently described var
genes of Plasmodium falciparum (4, 48, 49), which have
evolved to allow the expression of peptide diversity in order to
evade the immune responses of the vertebrate host. In the
generation of the phylogenetically restricted repertoire of
genes, the major mechanisms involved are believed to be gene
duplication allowing the subsequent divergence of additional
copies (41) and shuffling of preexisting exons (50). Other
mechanisms include direct recruitment from existing genes as
exemplified by the lens crystallins of the eye (53) and over-
printing, the translation of an existing sequence in a different
reading frame (21).

The sporozoan parasite Theileria parva, which causes East
Coast fever in cattle, is transmitted by the tick Rhipicephalus
appendiculatus, which introduces the mammal-infective sporo-
zoite stage of the parasite into the blood of cattle. The parasite
has two intracellular stages in the mammalian host, the multinu-
cleate schizont, which transforms bovine lymphocytes, and the
piroplasm in erythrocytes, which is infective for the vector. The
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Tpr locus, which is hyperpolymorphic between 7. parva isolates
(1, 5, 10), consists of an array of tandemly arranged open
reading frames (ORFs), which are predicted to encode pro-
teins, although many copies are partial in that they lack in-
frame ATG codons near their 5’ ends (3). Herein we show that
the Tpr ORFs are transcribed into heterogeneous mRNAs and
contain predicted transmembrane domains characteristic of
integral membrane proteins. The 3'/C-terminal ends of the
OREFs evolve as if they code for protein(s) which are conserved
between Theileria species. By contrast, multiple copies of the
DNA sequences at the 5’ ends of the 7pr units are not detect-
ably similar between different T. parva cloned isolates but are
still conserved as long ORFs with the codon usage properties
of protein-encoding DNA.

Concerted evolution is the process whereby the sequences of
multicopy gene families diverge between populations but the
individual gene copies within the family are homogenized. It is
most studied in the context of the fixation of variant sequences
within tandemly arrayed gene families of vertebrates, such as
rRNA and histone genes (2, 14; reviewed in reference 13). The
multicopy isolate-specific sequences at the 5’ ends of the T.
parva ORFs constitute a dramatic example of concerted evo-
lution. The data suggest that gene duplication, in conjunction
with concerted evolution, can be responsible for the divergence
of DNA sequences with protein-coding potential, to the extent
that they exhibit no apparent similarity in nucleotide sequence
or identity in deduced amino acid sequence.

MATERIALS AND METHODS

Parasite material and DNA preparation. Three 7. parva stocks, Muguga (8),
Boleni (26), and Uganda (30), were used, together with clones derived from the
stocks (36). The two Theileria taurotragi stocks W575 and Z456 were schizont-
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infected lymphocyte cell cultures, the former isolated from an eland and the
latter isolated from cattle. The Theileria annulata Tova stock has been described
previously (51). Purification of piroplasms and preparation of 7. parva schizont-
infected lymphocyte and piroplasm DNA were as described previously (10).

Isolation of genomic Tpr DNA sequences. Libraries of sheared T. parva
Uganda and 7. parva Boleni DNA fragments were prepared in Agtll from
purified piroplasm DNA by the methods of Young et al. (55). The libraries were
screened with radiolabelled 7. parva total genomic DNA as described elsewhere
(10). The DNA inserts from 7. parva Boleni (pTprBol, 2,275 bp) and T. parva
Uganda (pTprUgB, 2,370 bp) clones which hybridized strongly to homologous
total DNA were subcloned into the EcoRI site of pUC19. A second T. parva
Uganda Tpr clone (pTprUgA) was isolated by PCR amplification from genomic
DNA with primers ILO 1099 and ILO 1322 (see Table 1 and Fig. 1). The
1,504-bp PCR product was cloned into the EcoRV site of pBluescript (Strat-
agene) by the T-vector procedure (27). Standard genetic manipulation proce-
dures were as described in the work of Sambrook et al. (44).

Tpr DNA probes. The T. parva Muguga probe located at the 3" end of the Tpr
ORF was a 623-bp genomic DNA sequence cloned in pUCS, the nucleotide
sequence of which has been determined previously (1). The T. parva Uganda and
Boleni 3'-end probes were 280-bp sequences which were PCR amplified from
genomic DNA and cloned into Smal-cut pUC19 (5). The T. parva Muguga probe
containing sequences located at the 5’ end of the Tpr ORF was H1477, a PCR
product corresponding to Tpr3 (3). Probes containing the 5'-end sequences of T.
parva Boleni and Uganda Tpr ORFs were generated by taking advantage of
unique Ndel sites in both the cloned Tpr sequences and pUC19 to delete the 3’
sequences. The extent of the probes with respect to the ORFs is indicated in Fig.
1.

RNA preparation and isolation of cDNA clones. For PCR amplification, pi-
roplasm, schizont-infected lymphocyte, and sporozoite-infected tick salivary
gland RNA was prepared by the acid phenol method (9). First-strand cDNA was
prepared by using the Reverse Transcription System (Promega), and 1-pl ali-
quots were used directly in PCRs. For library construction, piroplasm RNA was
prepared by the method of Han et al. (18) and poly(A)" RNA was purified as
described previously (39). A Bethesda Research Laboratories cDNA synthesis
kit was used, according to the manufacturer’s instructions, to prepare cDNA
which was cloned into Agt11 arms (Promega). The library was screened with the
623-bp T. parva Muguga Tpr fragment, and the inserts (1,310 and 1,338 bp) were
subcloned into the EcoRI site of pUC19. Six additional cDNA clones were
isolated by PCR amplification from first-strand cDNA primed with ILO 150, an
oligo(dT) primer with a G/C-rich sequence at the 5’ end to allow the use of
stringent priming conditions to amplify the 3’ ends of cDNA. The PCR used as
primers ILO 194, which was located approximately 700 bp upstream of the 3’ end
of the Tprl ORFs (see Fig. 1), and ILO 150 (Table 1). In control reactions,
genomic DNA templates were not amplified with these primers under the con-
ditions used. The PCR products (739 to 888 bp) were cloned into the EcoRV site
of pBluescript KS.

PCR amplification of genomic DNA and c¢DNA. Amplifications were per-
formed with Promega Taq polymerase in the buffer supplied by the manufacturer
with the addition of 1.5 mM MgCl,. The cycling conditions were denaturation at
94°C for 60 s, annealing at 55°C for 60 s, and extension at 72°C for 90 s for 30
cycles.

Nucleotide sequencing. Nucleotide sequencing strategies employed were ei-
ther generation of nested deletions with exonuclease Bal 31 (Bethesda Research
Laboratories) and subcloning of the deletions into Smal/EcoRI-cut M13mp18 or
synthesis of successive rounds of oligonucleotide primers. Sequencing reactions
used either the Sequenase kit (United States Biochemicals) or the “fmol” DNA
sequencing system (Promega). Sequences were determined on both strands.

Gel electrophoresis and Southern hybridization. Restriction endonuclease
digests of piroplasm (1 pg) or schizont-infected lymphocyte DNA (20 ug) were
carried out to completion according to the manufacturer’s specifications (New
England Biolabs). The DNA was size fractionated in 0.8% agarose gels and
transferred onto nylon filters. Following hybridization, filters were washed in 2X
SSC (1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl
sulfate at 60°C, unless otherwise indicated in the individual figure legends.

Pulsed-field gel electrophoresis. Preparation of 7. parva high-molecular-
weight DNA, digestion of the agarose-embedded DNA with Sfil, and separation
of restriction endonuclease-digested fragments by contour-clamped homoge-
neous electric field (CHEF) electrophoresis were performed according to the
methods of Morzaria et al. (33). For CHEF electrophoresis, a sequential pulse
frequency of 10 s for 16 h and 40 s for 2.5 h at 200 V was used. Size markers were
concatemers of bacteriophage N cI857 Sam 7 ladders and Saccharomyces cerevi-
siae chromosomes (Cambridge Bioscience).

Nucleotide sequence accession numbers. Nucleotide sequences were submit-
ted to the GenBank database with accession numbers 148610 (Boleni genomic
DNA, 2,276 bp), L48615 (Uganda genomic DNA, 1,504 bp), L48612 (Uganda
genomic DNA, 2,370 bp), and L48611 (Muguga cDNA, 1,338 bp).

RESULTS

Comparative analysis of Tpr ORFs between T. parva iso-
lates. Genomic clones containing DNA from 7. parva Boleni
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and T. parva Uganda were isolated on the basis of their strong
hybridization with radiolabelled homologous total DNA. The
nucleotide sequences of two of the selected clones revealed the
presence of long ORFs of 2,099 bp (699 codons) in a T. parva
Boleni sequence and 1,872 bp (624 codons) in a T. parva
Uganda sequence which were incomplete at the 5" and 3’ ends,
respectively. The nucleotide and deduced peptide sequences of
the 3'/C-terminal end (233 codons) of the Boleni ORF exhib-
ited 75% similarity and identity, respectively, with a section of
Tprl, a repetitive coding element (100 copies per genome)
which is a constituent of tandemly arrayed ORFs within the 7.
parva Muguga Tpr locus (3). One of the copies of the Tprl
element forms the 3’ end of a 2,415-bp (805-codon) ORF in T.
parva Muguga DNA (3). In addition, a 360-bp sequence in the
middle of the Boleni ORF was 75% identical to a second
repeated element, Tpr2 (30 copies per genome), also present
within the 2,415-bp ORF. The organization of the 7. parva
Muguga genomic ORFs and their constituent repeat units,
which were determined in an earlier study, is shown in Fig. 1A.
PCR amplification using primers ILO 1099 and 1322 (Fig. 1
and Table 1), derived from the 3’ end of the 1,872-bp Uganda
ORF and the 3’ end of Tprl, respectively, generated a PCR
product containing a 1,504-bp (501-codon) ORF from Uganda
genomic DNA, which overlapped the 1,872-bp Uganda ORF
by 51 bp. The 1,504-bp Uganda ORF contained Tprl- and
Tpr2-homologous elements at the 3’ end, similar to those in the
OREF in the cloned T. parva Boleni DNA. Amplification using
primers ILO 1231, located near the 5’ end of the 1,872-bp
Uganda ORF, and ILO 1322 (Fig. 1 and Table 1) generated a
PCR product of approximately 3,300 bp from Uganda genomic
DNA, which was consistent with the overlapping of the ORFs
in the two cloned sequences as a 3,325-bp (1,108-codon) ORF
in T. parva Uganda genomic DNA (Fig. 1).

There was no significant similarity (>50% over 100 bp) or
identity (>25% over 100 amino acids) among the 5'/N-termi-
nal ends of the Muguga (210 codons), Boleni (305 codons),
and Uganda (665 codons) ORFs, when either the nucleotide or
the deduced peptide sequences were compared. The regions of
similarity and difference among the 7. parva Muguga, Boleni,
and Uganda ORFs are summarized diagrammatically in Fig.
1B.

All the Tpr ORFs were predicted to be protein-encoding
DNA by the algorithms of Fickett (17) and Shepherd (46). This
remained true even when the analysis was applied indepen-
dently to the 5’ ends of the ORFs which were not conserved
among the three different 7. parva isolates. The nine codons
which are rarely used in protein-encoding Theileria and Babe-
sia genes (16) were represented rarely, or not at all, in the
ORFs.

Blot analysis of T. parva genomic DNA using 5’ and 3’ Tpr
ORF probes. Probes derived from the isolate-specific 5’ and
conserved 3’ regions of the Tpr ORFs (Fig. 1) were hybridized
to EcoRI-digested DNAs from stocks and clones of 7. parva.
The 5’ probes hybridized to many EcoRI fragments in homol-
ogous DNA derived from cloned isolates of Muguga, Boleni,
and Uganda (Fig. 2A, B, and C), indicating the existence of
multiple copies of these sequences in the 7. parva genome. The
5'-end probes hybridized specifically to the DNA of the ho-
mologous parasite clone even at low washing stringencies (Fig.
2A, B, and C), except in the case of the T. parva Muguga probe,
which hybridized weakly to T. parva Uganda DNA (Fig. 2C,
lane 3). The 3’ probes hybridized to multiple polymorphic
restriction fragments in the DNA of both homologous and
heterologous isolates, and the restriction patterns were similar
for the probes from all three stocks (Fig. 2D; a representative
result with the T. parva Muguga probe is shown). The se-
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FIG. 1. Organization and similarity/identity of 7pr ORFs in genomic DNA fragments from 7. parva Muguga, Boleni, and Uganda. (A) Arrangement of the repeat
units Tprl, Tpr2, and Tpr3 within ORFs located in an 8.1-kb fragment of 7. parva Muguga DNA, which was sequenced in an earlier study (GenBank accession number
X55385) (3). (B) Similarities and differences of ORFs in DNA sequences from 7. parva Muguga (long first ORF from panel A; 805 codons), Boleni (699 codons), and
Uganda (1,108 codons), which are shown with the 3’/C-terminal ends aligned. The regions exhibiting homology to the repeat units Tprl and Tpr2 are indicated for each
ORF. The Uganda ORF is a composite derived from the sequence of two cloned DNAs. The Boleni ORF is incomplete at the 5’ end. Shaded regions within the ORFs
exhibit significant nucleotide similarity and amino acid identity, and unshaded regions have no similarity/identity (<50% at the nucleotide level and <25% at the protein
level). The position of the 3’ end of an additional partial copy of Tprl in the T. parva Uganda sequence, located 5’ to the long OREF, is also shown. The locations of
DNA sequences used as probes and of oligonucleotide primers for PCR amplification of DNA are indicated. The extent of 7. parva Muguga cDNA clones homologous

to Tprl is also shown.

quences containing the 5’ ends of the 7pr ORFs were, there-
fore, absent from or highly divergent in the DNAs of other
cloned isolates, although present in multiple copies in the
genome of the homologous clone. The T. parva Uganda 5’
probe did not hybridize to the EcoRI-digested DNAs of 12
additional T. parva isolates from a wide geographical range
(Fig. 2E). Similar results were obtained when the T. parva
Boleni 5’ probe was hybridized to the same 12 isolates (data
not shown).

The approximate genomic copy number of the isolate-spe-
cific 5" section of the T. parva Uganda Tpr ORF was assessed
by hybridization of the Uganda 5’ probe to a dilution series of
known amounts of the probe sequence and genomic DNA

from the cloned parasite. Quantitative comparison of the in-
tensity of hybridization of the probe to the cloned sequence
and the genomic DNA indicated a copy number of between 10
and 20.

Comparison of different copies of Tpr ORFs within 7. parva
isolates. The nucleotide sequences of two additional genomic
clones which contained Tpr sequences, one from 7. parva
Uganda (2,392 bp) and one from T. parva Boleni (2,753 bp),
were determined on one strand. The 7. parva Uganda se-
quence contained a 656-codon ORF which was incomplete at
the 3’ end. The ORF exhibited 79% nucleotide similarity and
60% amino acid identity over its whole length with the isolate-
specific 5’ end of the first Uganda ORF. There were a total of

TABLE 1. PCR amplification primers

No. Oligonucleotide sequence 5’ to 3’ Application

1099 GGTAGTACTAGTGCCACC Amplification of 7Tpr ORFs from Uganda genomic DNA
1231 CCTGGGTAAAGAAGCTGC Amplification of Tpr ORFs from Uganda genomic DNA
4697 GGTGGCACTAGTACTACC Reverse complement of 1009; for use with 1231

1322 GTTCCTTGGTGAACAAGTC For use with 1099 and 1231

4518 GGCCACTGAGGTAGTAAAA For amplification of the 5’ section of Tprl

4517 AGTACCTTGAGAGAGAGC For use with 4518 to amplify the 5’ section of Tprl

194 ATATATCCAGCCATAGCTCCTGGAATGATTGT Amplification of Tpr from piroplasm cDNA

150 TAGGCGCGCC(T)* Oligo(dT) clamp primer for cDNA amplification
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FIG. 2. Multiple copies of T. parva DNA sequences which are maintained as
OREFs are isolate specific. Southern blots of EcoRI-digested piroplasm DNAs (1
ng) of cloned parasites derived from the 7. parva Muguga, Boleni, and Uganda
stocks are shown in panels A to D, and those of EcoRI-digested infected lym-
phocyte DNAs (20 pg) of T. parva field isolates are shown in panel E. The
Southern blots were hybridized with probes containing the 5’ (A, B, C, and E) or
3’ (D) ends of Tpr ORFs as indicated. See Fig. 1 for location and extent of the
probes with respect to the ORFs.

12 nucleotide insertions or deletions between the two se-
quences, but these were multiples of 3 (3 to 21 bp) such that
the ORF was conserved. Part of a third 7. parva Uganda Tpr
ORF was isolated by PCR amplification from the genomic
DNA of the cloned parasite by using as primers ILO 1231 and
an oligonucleotide which was the reverse complement of ILO
1099 (Fig. 1 and Table 1). Nucleotide sequence analysis indi-
cated that this partial copy was more closely related to the first
ORF (an ORF which was identical in sequence to the first
ORF was also amplified with these primers) in that it was 94%
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similar over the 325 bp of sequence which was determined. The
additional 7. parva Boleni sequence contained a 618-codon
ORF which was incomplete at the 5 end. The 3'/C-terminal
500 codons of this ORF exhibited approximately 90% similar-
ity and identity with the corresponding region of the first se-
quenced Boleni ORF; the homologous section encompassed
160 codons within the isolate-specific section of the ORF. The
N-terminal 270 and 120 codons of the first and second Boleni
Tpr ORFs, respectively, were not similar at the DNA or pro-
tein levels. The isolate-specific 5’ sections of the Tpr sequences
thus showed a high degree of similarity and identity between
different copies within a genome and were maintained as
OREFs in the examples studied. The ORFs were, however, not
absolutely conserved in length and also contained domains
which were divergent between the copies.

The Tpr ORFs are tandemly arrayed within a single region
of the T. parva genome. Previous analysis has shown that in 7.
parva Muguga the Tpr ORFs are present as a tandem array (3)
and that the Tprl sequences are located on two adjacent,
chromosome-internal, Sfil fragments (numbers 3 and 6) in the
T. parva Muguga genome (34). In this study, a 115-bp sequence
with 78% similarity to the extreme 3’ end of the T. parva
Muguga Tprl was identified 300 bp upstream of the large 624-
and 656-codon ORFs in Uganda DNA (Fig. 1), indicating that
the ORFs are also tandemly arranged in 7. parva Uganda. The
5" and 3’ probes derived from 7. parva Uganda Tpr ORFs (Fig.
1) both hybridized to a single Sfil fragment of about 600 kb in
size in CHEF gel separations of T. parva Uganda DNA (Fig.
3). Multiple copies of the conserved and nonconserved sec-
tions of the Tpr ORFs are thus located together on a single Sfil
fragment in 7. parva Uganda DNA.

Tpr1-homologous sequences are present in other species of
Theileria. A Southern blot of EcoRI-digested DNAs of T.
parva, T. taurotragi, and T. annulata was hybridized with the T.
parva Muguga 3’ Tprl probe. Under low-stringency washing
conditions, the probe hybridized to multiple EcoRI fragments
in T. taurotragi and T. annulata DNA (Fig. 4, lanes 2 to 4) but
not to trypanosome or uninfected bovine DNA (Fig. 4, lanes 5
and 6). The 3’ section of Tprl is therefore conserved among
several Theileria species.

Polymorphic transcripts derived from Tpr sequences. It has
previously been shown, by Northern blot analysis, that Tprl
and Tpr3 are transcribed in the piroplasm, but not the schizont
stage of T. parva Muguga, with hybridization to discrete RNA
bands of 3.5 and 3.1 kb in size being observed (3). The nucle-
otide sequences of eight Tprl-homologous piroplasm cDNAs
(1,338 to 739 bp in length) which were derived from parasite
RNA from a single animal experimentally infected with the
uncloned 7. parva Muguga stock were determined (data not
shown; GenBank accession number 1.48611). The extent of the
transcripts with respect to the 805-codon T. parva Muguga
genomic ORF is indicated in Fig. 1. The transcripts were de-
rived from a minimum of four loci, as assessed by the obser-
vation of four very distinct 3" untranslated sequences among
the eight clones, and all were polyadenylated. The 3’ untrans-
lated region of one of the cDNAs was identical to the region 3’
of the 805-codon genomic ORF but differed within the coding
region. None of the transcripts was identical in sequence within
the potential protein-coding sequences. Within the 700 bp at
the conserved 3’ end of Tprl, which was also present in the
Boleni and Uganda sequences (Fig. 1), the most similar pair of
transcripts differed at 2 nucleotide positions and the most
different differed at 18 nucleotide positions. A small propor-
tion of the substitutions in the cDNAs generated by PCR
amplification may be attributable to nucleotide misincorpora-
tion by Taq polymerase. However, about 50% of the substitu-
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FIG. 3. The 5’ and 3’ ends of T. parva Uganda Tpr ORFs are located on a
single genomic Sfil fragment. (A) CHEF gel separation of 7. parva Uganda
agarose-embedded DNA digested with Sfil and stained with ethidium bromide.
(B and C) Duplicate Southern blots of the gel in panel A hybridized with T. parva
Uganda Tpr probes derived from the 5’ and 3’ ends of the ORF, respectively. See
Fig. 1 for the derivation of these probes.

tions in the PCR-generated cDNAs were located at sites at
which the two cDNAs isolated by library screening also dif-
fered from one another, strongly indicating that many of the
sequence differences observed were real. The two longest
cDNAs extended into the 5’ end of the T. parva Muguga Tpr1,
for which no equivalent sequences were present in the 7. parva
Boleni and Uganda ORFs (Fig. 1). Many of the nucleotide
sequence differences in the 5’ end of Tprl resulted in amino
acid substitutions between the deduced peptides (14 amino
acid substitutions from 32 nucleotide differences), whereas a
greater proportion of the nucleotide substitutions within the 3’
end of Tprl were synonymous at the amino acid level (four
amino acid substitutions from 13 nucleotide differences). The
nonconserved 5’ end of Tprl, including the region which was
homologous to the 5" end of the cDNAs, was amplified from
genomic DNA by using primers ILO 4517 and ILO 4518 (Fig.
1 and Table 1). When this PCR product was used to probe
blots of T. parva Muguga, Boleni, and Uganda DNA, it hybrid-
ized strongly to nine restriction fragments in Muguga DNA,
less strongly to a single fragment in Uganda DNA, and not at
all to Boleni DNA, after washing in 1X SSC-0.1% sodium
dodecyl sulfate at 65°C (data not shown).

Predicted transmembrane segments at the C-terminal end
of Tpr ORFs. The C-terminal regions of the 7pr ORFs exhib-
ited high hydropathicity and were predicted to be integral
membrane proteins (23, 24). A computer-assisted search of the
deduced protein sequences encoded by the Muguga, Boleni,
and Uganda ORFs using three different algorithms, those of
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FIG. 4. DNA sequences homologous to the Tprl repeat element are present
in the T. taurotragi and T. annulata genomes. A Southern blot of EcoRI-digested
schizont-infected lymphocyte DNA (20 pg) of three Theileria species, together
with uninfected bovine DNA (20 pg) and Trypanosoma congolense DNA (5 ng),
is shown. The blot was hybridized at 55°C with the 7. parva Muguga 3’ Tprl
probe (Fig. 1) and washed in 2X SSC at the same temperature.

Eisenberg et al. (15), Mohana-Rao and Argos (32), and Klein
et al. (23), detected six predicted transmembrane helices
within the conserved regions of Tpr2 and Tprl. A CLUSTAL
(19) alignment of the C-terminal region of the ORFs (Fig. 5)
shows that the location and sequence of the membrane-asso-
ciated segments are conserved in all three ORFs. The Tpr3
region at the 5’ end of the 7. parva Muguga ORF contained
three additional predicted transmembrane helices, without
equivalents in the Boleni and Uganda ORFs. The isolate-
specific 5" ends of the Boleni and Uganda ORFs were rela-
tively hydrophilic (23) and did not contain membrane-associ-
ated sequences.

The conserved region of Tprl evolves as if it is protein-
encoding DNA. The evolution of the conserved 3’ end of Tprl
(Fig. 1) was analyzed for the 7. parva Muguga, Boleni, and
Uganda sequences. The sequences are shown in a CLUSTAL
(19) alignment in Fig. 6. Since there are multiple copies of Tprl
in the T. parva genome, the sequences compared may not be
exact homologs, but it is assumed that all the copies of Tprl are
ultimately derived from a single ancestral copy by gene dupli-
cation. A comparison of the numbers of synonymous and non-
synonymous substitutions was performed by the methods of
Nei and Gojobori (38). This analysis revealed that the ratio of
synonymous substitutions per synonymous site to nonsynony-
mous substitutions per nonsynonymous site was approximately
4:1. The excess of synonymous substitutions suggests that the
Tprl region of this repeat family is evolving under selective
constraints with respect to mutations causing amino acid re-
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* *hkkkhkk *k *k kkkkkk

MUGUGA QGHLTAFYFVIAVSGFVFGLSNVLTFAIDDNYLPIYIAGENSFPVLTSLI 270
BOLENI QGHLTTFYWVIAVSGVVFGLNNVMVFAADWKYLPIYIAGENSFPALTSLT 383 DISCUSSION
UGANDA HGHLTTFYWVIAVSGFVFGFNNVMVFAADLTYLPIYIAGENCFPTLTSLI 198

dhkhkk kk khkhkkkk Kk * %k *k Kk kkkkhkkhkxhkk kk FhkA KK

MUGUGA  HYLSSLMFGNRRKWNSDFLMVYIDLVVAILLSLLSAVMWTLGYVSKHPTE 320 .
BOLENI  HYVTTLSFGNRRKWNSDFIIVCIDIWVAIAISLAAAVVWTFGYLAKHPSD 433 The results presented herein demonstrate the presence of

UGANDA  HYVSMLTFGNRRKWNSDFLMVYIDLVVAIAISLAAAVVWTVAYLSQHPTD 248 multiple copies of DNA sequences in the genome of individual
* %k kkkkhkokkkokhk * k*x kK * K *k  kk * * % . . . . .

MUGUGA  DDALKSKATEVVKAIIQGLNGKVDKLATAVVAKVEQALKSAQAQQODPVNL 370 T. parva cloned lsolates, which are maintained as ORFs with

BOLENI  TTDTSSN 240 - ; ; _

DOANDA  NKNR- oo LIIIIIIITITTTTIITIITIITIIIIII I Pt protein-coding .po.tentlal as assessed by patterns of codon us

age, although similar sequences are not detectable by hybrid-

ization in other stocks and clones of the parasite. The isolate-

MUGUGA DLTETIQAVLNAANGLQGQVQSVKEALEKHLEITNIQGGVDKSAVQAAIQ 420

MUGUGA  NLQSKKQAAIAAVKGALGGPSANDTAKIEDKDLTAPATKALKTVKLEAQA 470 speciﬁc regions of the T. parva Boleni (3()5 COdOHS) and
MUGUGA  GAVKTNLKSGGSGKTQINIGDSITQALTKLEQNKPGTTTGEKEPKPEAVQ 520 Uganda (665 codons) ORFs are considerably longer than the
MUGUGA  DVQSALSQUTAKTQFTSLWHIKGTDGYSSLDSAHWYIMFPFLMVLIGMGL 570 largf?st ORFs (200 codons) generated by chance in Sll’I:lulE'lUOl’l
BOLENI ~ ~=---~=--mmmwone RLWQILPPDSYGAIR- LTSSFIFPFLMVLVGMGL 473 studies of random DNA sequences (45). The data indicate
VGRNDA - mrmmmmmm e VHHVHISTETDIKELOWHLIFRILMVLVGMEL 284 strong selective pressure both for nucleotide sequence diver-
MUGUGA  VYCIYPATAPGMIVPFYLVDKIEMVLLIATIFPALYVAIARSGKLIPGFG 620 gence and for maintenance of the ORFs. It is unclear whether
BOLENI ~ VYAIYPATAPGMIVPFYLIDKIEMVLLILTIFPPVTVALLRK--Y--GKG 519 . .o . .

UGANDA  VFAIYPGIAPGMIVPFYLIDKIEMVLLILTIFPPFFVARARGKWF--GYG 332 maintenance of ORFs implies that they encode proteins, since

* Fhkhk hhkFkhkhkhkhkhkkhkk khkkhkhkhkkdh drkkk * % * *  x : .

MUCUGA  GFFNPVSPTCNWGAKNELPWIPGVPLGQCYHWHLIDLVIPTMIILAYLFI 670 eVldenS:e has recently been prf.:sented for the existence of
BOLENT  GQS- - - - PISHWDDTNQ-NFVTKAPLPSGFGWHVLDPLIPLMIILAIIFT 564 OREFs in the genome of yeast which do not encode proteins (7,
ANDA ~ GFSSPWSPTSKW -DWGG- FDIVIPLMIILAAIFI 380 - :
ve G G DG D N A IV TN 54). If the N-terminal ends of the 7pr ORFs encode domains
MUGUGA YSLHYRDSSVARSIINQPKMSTCLTILFYMCHEISLAVGFPGIFGGNGGG 720 Wlthln proteinS, their functions must be mlnlmally dependent

BOLENI  YSLHYRESSLSRSIINQPKMSTFLTIMFYMCHEISLAVCFPGILCNSGFS 614 . . . . .
UGANDA  YSLHYRESSVARSIINQPKMSTCLTILFYMCHEVSLAVGFPGVFGGNGGG 430 on amino acid sequence, so that like fibrinopeptides (12) they
kxkkkkk kk khkkkhkkkkhkkk *kk khkkhkhkk kEkhkkdhokk * * . . L3 .
MUGUGA  SILALTAQLMGAFLMCLLAPYSEGYIIEYKRHDPSNWPTAGMTRWNALRY 770 can tolerate almost any amino acid change: Despite their lack
BOLENI  SIMALLAQTTIGAFLMVFLATYSEGYIIEVKRHTPEHWPTAGMTRWNAFCY 664 of detectable sequence identity, the proteins encoded by the
ANDA  DTLALLCOLIGAFLMVFLALYSEGYIIEYKRHDSSHWPTTGMTKWNSLCY 480 : I
e Wk E REKER Kk KAEREARAERRE  kEK ARk Kk ok Tpr ORFs could have common structures, since it is known
e L gos from X-ray crystallographic data that protein tertiary structure
UGANDA  WCKMASRITNKNLRDLFTKDR 501 is often more conserved than primary amino acid sequences
Yo e owenmw o wwmes oo (28). One example in protozoan parasites is the N-terminal
FIG. 5. Transmembrane segments located in the conserved C-terminal re- variable domains of trypanosome variant surface glycoproteins

gions of Tpr ORFs. A CLUSTAL (19) alignment of Tprl and Tpr2 sequences at (6)

the C-terminal end of the 7. parva Muguga, Boleni, and Uganda Tpr ORFs is - . . .
shown. The six predicted transmembrane sequences are underlined and shown in The nucleotide sequence of the p67 sporozoite antigen gene

boldface. The transmembrane segments, each a minimum of 17 amino acids in (39), which is encoded on the same 780-kb Sfil fragment as the
length, represent sequences identified by three different predictive algorithms Tpr locus (34), is identical in T. parva Muguga, Boleni, and
(15, 24, 32). Amino acid residues which are conserved in all sequences are Uganda (40)' The unusual conservation of the p67 gene, which
indicated by asterisks. extends to the 29-bp intron and the third base position of all

Muguga cattGgtacaTtATgTTTCCatTtCTEATEGTCCTgaTtGETATGEGECTaGTCTac tgCATATATCCaGecATaCCECCTGUARTGATTGTECCaTTt TACCTCgTgGA tAAGATTGAGATGGTE CTgt TGATagecACCATATTECCA 150
Boleni accaGttcatTcATaTTTCCatTeCTCATGETCCTtgTgeGTATGGEACTEGTeTatgeCATaTATCCaGecATtGECaCCTGOARTGATTGTgCCCTTCTACCTtaTtGACARGATTGAGATGGTaCTteTGATCC L EACCATATTCCCA 150
Uganda cagtGgcataTcATaTTTCCtaTtCTEATGGTCETggTaGETATAGGACTgGTgTEEgeCATETATCCEGgaATaGCtCCTGEARTGATTGTgCCATTt TACCTgaTEGACARGATTGAGATGGTaCT teTGATEC L tACCATATTCCCA 150
Migugapeph w y i m F P £ L M VvV L { 6 M ¢ L Vy ¢ I Y P a I AP GMTIVPFTYJLOVDEKTTEMTYTZLTELTIaTT ITFFP 50
Bolenipept s s £ ¢ F P £ L M V L v G M G L VyalITY®PadlAPGMTITYTGPFTYTLiDEKTIEMNMSTYTLTELTITI1TTITF P 50
Ugandapepq w h 1 4 F P i L M VL v @ M ¢ L V £ a I Y P g I A P @ M I V P F Y 1L i D K I EMVTILTZLTITZI1TTITF P 50

Muguga gCteTgtatGTgGCaattgcchGhagtggtaaactGataccaGGtTLtTGETGGLITCttcaaTeeegtGTCLCCtACATgTaAtTGGGgagecaaalrhtghictaccetggAtaceTggagtaccaTTaggccaaGGataccaeTAGCAC 300

Boleni eCagTcacaGTgGCtcttctgAGAaagtacgg----=~-~=------~-------- CaaaggTggtcaGTCaCCaAtATcTcACTGGGacgacactAAccARaacttegtcAc- - -TaaggeteegTTgect tetGGet tEggtTGGCAE 273
Uganda cCatTetttGTaGCtgcagecAGAggcaa------ GtggtttGGeTaTGGTGGETTCtetagTecatgGTCaCCtACATC TaAgTGGCgaccaggtAAcaAAgattggay----- - TggaacagatTTgggcaatGGtgetggtTGGCAe 288
Mugugapepa 1 y V 2 41 a R s g k 1 i p G £ G ¢ F £ npv $ P t cnWgakNwel1lpwdipgwvpLgadaq GyhWH 100
Bolenipepp v t Vv A 1 1 R k vy g - - - - - - - - k gggqsS P i s hWdd¢etNgn¢E£fv <t -k apLps G Tf g W H 91
Ugandapepp £ £ V A a a R g k - - w £ Gy G ¢ F s s pws S P¢ts kWgopghuvkdwg--gtdlLgneaghwH 96

Muguga cTaacTGAcctagTgATTCCcaccATGATCATLETAGCctat tTATTtATTTACTCACTGCATTACAGAGACTCatcagTEgCCAGATCaATCATCARACCAACCCARAAATGTCTACATETC TaACCATtcTaTTCTATATGTGTCATGAG 450

Boleni gTtctTGAtccacTtATTCCacteATGATCATacTAGCtatcaTATTCATTTACTCACTGCATTACAGACAATCcagtcTat CCAGATCEATCATCAALCAACCCARAATGTCTACATtTCTgACCATCAaTgTTCTATATGTGTCATGAG 423

Uganda tTcttTGAtattgTaATTCCtcttATGATaATatTAGCtgetaTATTtATTTACTCACTGCATTACAGAGAATCttcagTtgCCAGATCeATaATCAALCAACCCAARATGTCTACATGTCTAACEATECTaTTCTATATGTGTCATGAG 438

Muguga pepl t D 1 v I P t M I I L Ay 1 F I ¥ 8 L HY R dS S vaRSTITNT QT PZXK®MST e LTTITI1FTYMTGCHE 150

Bolenipepv 1 D p 1 I P 1 M I L A i i F Y H e S 1 s R 8 I I N Q P T £ T I m 141
Y H e Q P T ¢

I I S L Y R S XK M 8 L F Y M C H B
Uganda pep £ £ D i v I P 1 M I I L A a i F I S L Y R § S v.a R 8 I I N K M 8 L T I 1 F Y M CHE 146
Muguga aTcTCatTgGCTGTAGGATTTCCAGGTaTCETEGGTggtRaTGGaggtgGTageAtCtTaGCecTaacGgeaCAgtTgATgGELECATTECTGATGtgteTgt TAGCtecaTATTCTGAAGGETACATTATTGAGTATAAGaGACAtgaT 600
Boleni aTeTCteTtGCTGTAGGATTTCCAGGTaTCeTaGGTaacAgTGGgttcaGTagtAtCaTgGCecTgttGgetCAgaTaATaGEaGCATTcCTGATGtatTteTAGCtacaTATTCTGAAGGATACATTATTGAGTATARACGACACacT 573
Uganda gTaTCacTgGCTGTAGGATTTCCAGGTGTCtTtGGTggtAaTGGtggagGTgacheCtTaGlatTactGtgtChAacTaATaGE tGCATTtCTGATGgtatTLeTAGCat tgTATTCTGAAGGE TACATTATTGAGTATAAgaGACAtgaT 588
Muguga pepi $§ L A V G F P G 1 £ ¢ g n G g g & i 1 2 1L t a 0 1 m G ATFIULMel L A p Y S E G Y I E Y K R H 4 200

Boleni pepi § L A V G F P 6 i 1 ¢ n s G £ s § i m A L 1 a 0 i i G A F L M v £L A t Y § E G Y
Ugandapepv § L A VvV G F P G v £ ¢ g n 6 ggd ¢t 1l ALU11 ¢ @ 1l i 6 aAF LM v £L A1 Y S ETGC Y

191

I
I H t
I H 4 196

I E Y K R
I E Y K R
Muguga cCTagcaATTGGCCTACaAgCaGGARTCACtAGGTGGAATYCeeTtaGgTACTGGaccAAaATCGCeTCahaghactgCAATAAGAACCTageAGeaTTGTTeACCARGGACCTgata GACCTGCTACTaTGcATag: ghaaTGAg 750
Boleni ¢CTgaacATTGGCCTACtgCtGGARTGACtAGGTGGAATGCE ETetGETACTGGgC tAAGATGGCETCLAGIAtatgCAATAACAACCTgagAGacTTGTTtACCARAGACCTaCcGLAGAGACCTGE TACTCTGtATCCAGACAGYTGAE 723
Uganda tCTagtcATTGGCCTACtaCgGGRAATGACaARaGTGGRATECacTetGLTACTGGLgeARGATGCCtTCcAgaAtaacCAATARGAACCTaagAGacTTGTTCACCAAGGAC 699
Muguga pepp 8§ n W P T a ¢ M T r W N a 1 r Y W t K M A $§$ kn ¢ N XK N L a a L F T K D R R I e r n e 250
Boleni pepp e h W P N a f ¢ Y WaZKM®BAaASTic L r 4 R R I g t g d 241
Uganda pep 8 8 h W P N s 1 ¢ Y Wec KM A S T r i t L r 4 233

L DL L L C
T G M T w K N L F T K D L DL L L ¢
T G M T w K N L F T K D

==

a r
t k

Muguga CTAATC

Boleni CTAATC
Muguga pep L I
Boleni pep I. I

FIG. 6. Alignment of nucleotide and deduced peptide sequences encoding the 3'/C-terminal ends of Tpr1 from 7. parva Muguga, Boleni, and Uganda. A CLUSTAL
(19) alignment of genomic DNA sequences from the conserved 3’ end of Tprl is shown, with the corresponding deduced peptide sequences underneath. Mismatched
bases and amino acids are shown in boldface and lowercase. Dashes are gaps inserted by the CLUSTAL program to optimize the alignment.
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codons, is in marked contrast to the exceptional divergence of
the Tpr sequences. These data provide evidence for the exis-
tence of domains in the genome which differ in sequence sta-
bility. Such domains have previously been proposed for other
protozoan parasites (29; reviewed in reference 25). The chro-
mosome-internal location of the hyperpolymorphic 7pr locus
(34) is unusual, since a common theme in the genomic plas-
ticity of parasitic protozoa, including Plasmodium, Trypano-
soma, and Giardia, is the compartmentalization of chromo-
somes into conserved central domains and polymorphic ends
(reviewed in reference 25).

The multiple copies of the isolate-specific 5 ends of the Tpr
sequences in 7. parva Boleni and Uganda, which are absent
from other stocks and clones, are a dramatic example of con-
certed evolution or molecular drive, whereby multicopy se-
quences diverge between, but are homogenized within, popu-
lations (2, 14; reviewed in reference 13). Concerted evolution
was in addition apparent at the divergent 5’ ends of the Tprl
repeat units which were demonstrated to be transcribed into
mRNA by sequencing of cDNA clones. The relatively con-
served regions of the 7pr locus also exhibit concerted evolu-
tion, as the Tprl and Tpr2 elements show 90 and 97% similar-
ity, respectively, between copies within the 7. parva Muguga
genome (3) but only 75% similarity between genomes. Con-
certed evolution has been most studied in the context of the
evolution of the rRNA and histone multicopy gene families
(13), but the tandem arrangement of the Tpr genes would
facilitate the rapid dissemination throughout the locus of mu-
tations originating in individual copies of the gene family,
through unequal crossing over (37), gene conversion (47), and
other mechanisms of genetic turnover (13). We therefore sug-
gest that in 7. parva concerted evolution has been responsible
for the generation of novel DNA sequences which are main-
tained as ORFs with coding potential and therefore represent
raw material for the emergence of new proteins. Concerted
evolution has primarily been observed through the comparison
of sequences between different species of vertebrates and in-
sects. An important aspect of the mechanism is that turnover
of chromosomes within a reproductively isolated, sexually re-
producing population is more rapid than sequence homogeni-
zation of a multicopy family within genomes, resulting in con-
certed evolution at the population level, which has been called
molecular drive (13). Since the T. parva Muguga, Boleni, and
Uganda isolates are from widely separated geographical loca-
tions (8, 26, 30), it is reasonable to assume that they originate
from reproductively isolated parasite populations. However, a
successful genetic cross between 7. parva Muguga and T. parva
Uganda has been performed in the laboratory (35).

The biological role of the Tpr locus is unknown, although the
transcription of the 7pr sequences and the conservation of
Tprl in different Theileria species indicate that they are func-
tionally important. The presence of conserved transmembrane
helices suggests that the C termini of the 7pr ORFs potentially
encode integral membrane proteins. We have been unable to
demonstrate the existence of peptides in 7. parva correspond-
ing to the Tpr genomic ORFs, by using antibodies generated
against fusion proteins or synthetic peptides. A keyhole limpet
hemocyanin-conjugated synthetic peptide, derived from a con-
served sequence of Tprl, which was a predicted antigenic de-
terminant (20), was nonimmunogenic in rabbits and sheep
(4a). Precedents exist for proteins and peptides of both
Trypanosoma and Plasmodium which are refractory to the gen-
eration of experimental antisera (43, 52). The arrangement of
the Tpr locus, which is reminiscent of that of vertebrate immu-
noglobulin genes (3), together with the observation that the
eight Tprl-homologous transcripts from a single 7. parva Mu-
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guga-infected animal analyzed in this study all had different
nucleotide and corresponding deduced peptide sequences, is
consistent with the involvement of the Tpr locus in the gener-
ation of peptide diversity. In their erythrocytic expression and
hypervariability, and in particular the presence of isolate-spe-
cific DNA sequences, the Tpr ORFs are most similar to the
recently described var gene family of P. falciparum (4, 48, 49).
The var genes are responsible for the erythrocyte cytoadher-
ence and pathology associated with P. falciparum malaria. Fur-
ther research will be required to determine the role of the 7Tpr
locus in intraerythrocytic infection and transmission to the tick
vector during Theileria infections of cattle.
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