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Introduction

The current taxonomic relationships within the Theileria
sergenti/buffelijorientalis group’ are not clear. T sergenti’
was the first of the group to be described, from cattle in
eastern Siberia. T orientalis * was isolated from cattle in the
same area, and was described as being distinct from T ser-
genti, based on the ill-defined criterion that it had less vari-
ability in piroplasm morphology. However, the speciation of
Theileria parasites by microscopic morphology is prob-
lematic ; piroplasms are commonly highly variable, some
are long and thin while others are round, and mixed in-
fections are now known to be common, further confounding
the identification. In addition, the schizonts of many species
are rare, so their presence or absence among species has
been a source of confusion. As a result of these un-
certainties many workers since 1931 have suggested that T
orientalis and T sergenti are one and the same species.

T buffeli * was first described from the Asiatic buffalo Bu-
balus bubalis . The name was little used until 1984, when it
was applied in Australia to a Theileria species which had
been isolated from cattle in 1976 and which was found to
be transmissible to cattle from Asiatic buffalo™. Morel and
Uilenberg’ suggested that T buffeli was the same as T orien-
talis and T sergenti, and in 1985 the name T orientalis was
recommended for all three species based on morphologic
and serologic examination and vector tick transmission ex-
periments’.

Molecular analyses provide another means of charac-
terizing related organisms. Phylogenetic relationships based
on the small subunit ribosomal RNA(SSUrRNA) genc se-
quences have been recently reported for several Theileria
species, but SSUTRNA gene sequences of bovine Theileria

isolates presumptively identified as T sergenti or T orien-

talis were not included™. Previously we showed the pres-
ence of five sequence types(A through E) among bovine
Theileria isolates from Korea and Japan based on the V4
variable region of the SSURNA gene'. In this study, se-
quence types A through E were confirmed among the whole
SSUIRNA gene sequences of the Korean and Japanese
Theileria isolates. Two new sequences, type H and a sub-
type Bl, were also identified in the whole SSUIRNA genes

of some Korean isolates.

Materials and Methods

Parasites and preparation of DNA : Each DNA sample
used in this study for amplification of the SSUrRNA gene
was derived from a blood sample collected from a single an-
imal as previously described'®". The field samples were col-
lected from cattle showing no apparent clinical signs of the
disease, and were from Kimje in Chonbuk(KCB), Kyoungbuk
(KKB), Chungnam(KCN), Kangwon(KKW) and Cheju Island
(KCJ) in Korea(Fig 1). The other isolates included were
Korea laboratory stock (KLS) from Changsu in Chonbuk,
and a bovine Theileria stock from Shintoku in Hokkaido,
Japan(JHS)(Fig 1), that was kindly provided by Dr. M. Onu-
ma, Faculty of Veterinary Medicine, Hokkaido University,
Japan. DNA was extracted'” from parasites purified by band-
ing in 40~60% Percoll solution”, Babesia bovis DNA from
cultured parasites served as a positive or negative control
for PCR amplification based on the primers used.

PCR amplification of SSUrRNA genes : Theileria SSU-
rRNA genes were amplified from 5~50ng of purified DNA
using primers A and B described by Sogin' for amplifying
eukaryotic SSUTRNA genes. To confirm that presumptive
Theileria SSUTRNA gene amplicons were in fact Theileria
genes, the amplicons were subjected to amplification using

internal primers 989 and 990". The PCR conditions were as
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Fig 1. Map of Korea and Japan showing the general geographic locales of blood sample acquisitions for the bovine Theileria isolates.
Isolates from Korea were from Kimje, Chonbuk(KCB), Kyoungbuk(KKB), Chungnam(KCN), Kangwon(KKW), and Cheju Island

(KCJ). The isolate from Japan was from Shintoku, Hokkaido(JHS).

previously described with an annealing temperature of 60°C ',
except that the 72°C extension step was progressively in-
creased by 30 secs with each cycle in a PTC-200 Peltier
Thermal cycler(MJ] Research, Watertown, Massachusetts,
USA). The PCR products were separated by electrophoresis
through a 1% agarose gel and visualized by staining with
ethidium bromide.

Cloning and sequencing : The amplified DNA products
were directly ligated into the plasmid vector pCR™II and
INVaF' One Shot™ competent cells transformed according
to manufacturer recommendations(TA Cloning® Kit; In-
Vitrogen, San Diego, California, USA). Transformed clones
were color-selected and each colony subjected to am-
plification with primers A and B to ensure that the correct-
sized DNA insert was present in the recombinant plasmid.
For colony amplification, a portion of each selected colony
was mixed in Spl ddH,0 and amplified in a 25pl reaction

volume as above but without auto-extension. Two clones of

each type identified previously as type A, B, C, D or E”
and the new type H and subtype B1 were arbitrarily chosen
to sequence the forward and reverse strands. Small scale pre-
parations of plasmid DNA for sequencing were made by a
modified alkaline lysis protocol”’.

A primer complementary to the T7 promotor region of
the plasmid vector(Stratagene, La Jolla, California, USA)
and a series of previously described internal primers™ were
used in the sequencing reactions(Cyclist™ Exo- Pfu DNA
Sequencing Kit; Stratagene, La Jolla, California, USA) to
sequence the complete forward and reverse strands.

Sequence analysis : The SSUrRNA gene sequences ob-
tained from the Korean and Japanese Theileria isolates were
aligned and compared using CLUSTAL W (Version 1.60)
multiple sequence alignment program'® and MACAW mul-
tiple alignment construction and analysis workbench(Version 2.
05 Win 32iy". The obtained sequences were subjected to
BLAST searches’ in the GenBank database(National Center
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for Biotechnology Information, National Institute of Health).

Results

The SSUTRNA genes amplified by primers A and B were
visualized by agarose gel electrophoresis as a prominent sin-
gle band of about 1.8kb for each of the 7 Theileria isolates
from Korea(KLS, KCB, KKB, KCN, KKW and KCJ) and
Japan(JHS)(Fig 2). Babesia bovis DNA amplified with prim-
ers A and B resulted in a product of approximately 1.7kb
(Fig 2). Amplification of the SSUrRNA gene of Theileria
spp. with primers 989 and 990 resulted in a band of 1.1 kb
for each Theileria isolate, but B bovis DNA did not yield an
amplicon with these primers(Fig 2). Two clones were select-
ed for each type and subtype previously reported from the
SSUTRNA gene variable(V4) region to sequence the com-
plete forward and reverse strands of the SSUIRNA gene.
The complete gene sequences were obtained by overlapping
gene sequence segments obtained from the internal primers.

Six different sequence types, A through E and H, and a
subtype, B1(Table 1 and Fig 3), of the SSUIRNA gene of
bovine Theileria isolates from different geographic areas in
Korea and Japan(Fig 1) were identified. The SSUrRNA
gene types varied in size from 1,740 to 1,750 base pairs as
follows : A(1,740), B(1,748), C(1,750), D(1,741), E(1,747)

and H(1,746). The aligned sequences had a total of 1,753
positions including gaps generated by the CLUSTAL W
multiple sequence alignment program and three hy-
pervariable regions were located between nucleotide po-
sitions 212 and 231, 261 and 270, and 632 and 690. Mi-
croheterogeneity was observed in type B and subtype Bl
which shared the same number of base pairs, 1,748, but diff-
ered in nucleotides at positions 648, 653, 750, 778 and 788.

MB 12345686 7
20kb 7 eme— mmm—— <18kb
1.0kb mEmTT T T T11kb

Fig 2. Ethidium bromide stained-agarose gel of small subunit ri-
bosomal RNA (SSUTRNA) gene amplicons from bovine Theil-
eria isolates from Korea and Japan. Amplicons at ap-
proximately 1.8kb resulted from amplification of parasite
genomic DNA with primers A and B. Amplicons at ap-
proximately 1.1kb resulted from nested amplification of the
SSUTRNA gene amplicons with primers 989 and 990(internal
primers specific for Theileria SSUIRNA genes). Lane M ; 1kb
DNA ladder(Gibco), lane B ; Babesia bovis , lane 1; Korea la-
boratory stock(KLS), lane 2; Kimje, Chonbuk, Korea(KCB),
lane 3; Kyoungbuk, Korea(KKB), lane 4; Chungnam, Korea
(KCN), lane 5; Kangwon, Korea(KKW), Lane 6; Cheju Is-
land, Korea(KCl), lane 7; Bovine Theileria isolate from Shin-
toku, Hokkaido, Japan(JHS).

Table 1. SSUrRNA gene sequence types in the bovine Thedleni isolates from Korea and Japan. Korean isolates were from Kimyje,
Chonbuk(KCB), Kyoungbuk(KKB), Chungnam(KCN), Kangwon(KKW), and Cheju Island(KCJ). The isolate from

Japan was from Shintoku, Hokkaido(JHS).

Sequence types

Country Isolate

A B C D E H

Korea KLS + - - - - -
KCB + + - - -

KKB - + - - -

KCN + + + - -

KKW - + - - - +

KCJ* + + - - + -

Japan JHS + + - - - -

“KCJ aso had a subtype Bl
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A
B

ImMmoOoom>

TXMoOODD > IMOOCID > TMOODD > ImMUOmDo>

TMmoOoDom>»

ImoOmDw>

1 15
AACCTGGTTGATCCT

16 30
GCCAGTAGTCATATG

31 45
CTTGTCTTAAAGATT

5136 150 151
CATGGATAACCGTGC

76 90
TATGGTGAAACTGCG

46 60 61 75
AAGCCATGCATGTCT AAGTATAAGCTTTTA

AATGGCTCATTATAA CAGTTATAGTTTATY TRATGTTCGTTTITA TAATTGTAGGGCTAA TACATGTTCGAGACC
........ C
........... C
.......... C
............ C
....... CA.
210 211 225 226 240 241 255 256
TTCGGGTGGCGTTTA TTAGACCTAAAACCA AACC-=~-TTTT--- CGGTAACCGGTGATT CATAATAAACTTGLG AATCGC- ATTTTTTT
...................... T GTG(:CAAA-CA TC - e e ..TAC A
------- -7--GTGCCAAA-CA - - - TC R -T--AC--A
..... G . TG-%CTCC . CTT . . . - . .-
..... . .4..G__C..GC_-‘ - GC e . C‘)GC GC
................. C GT(;CCTG(:G TC . . . B .= C . . (T A A
.................. AT AAACA LTC - . [PTRREY PR
271 285 286 15 316 330 3 345 346
GCGATGTATCATTCA AGTTTCTGACCTATC AGCTTTGGACGGTAG GGTATTGGCCTACCG GGGCAGCGACGGGTA ACGGGGAATTAGGGT
..... A
......... A
A
361 375 376 330 391 405 406 420 421 436 450
TCGATTCCGGAGAGG GAGCCTGAGAAACGG CTACCACATCTAAGG AAGGCAGCAGGCGCG CAAATTACCCAATCC TGACACAGGGAGGTA
451 465 466 480 481 495 496 510 511 525 526 540
GTGACAAGAAATAAC GTCTTGTAATTGGAA TGATGGGAATTTAAA CCTCTTCCAGAGTAT CAATTGGAGGGCAAG
70 571 585 586 600 60! 615 616 630
TCTGGTGCCAGCAGC C TCCAATAGCGTATAT TAAAATTGTTGCAGT TAAAAAGCTCGTAGT TGAATTTCTGCTGCA
T
................ G T
................. . T
0 661 675 676 650 691 705 706 720
TT TCATTTCTCTT— TCTGAGTTTGTTTTT GLGGCTTATTTCGGT TTGATTTTT-~~ TCT TTCCGGATGATTACT TTGAGAAAATTAGAG
G ................ ‘_A . ..
.;A . . G TC ....... A T . A - =A A
-A A G T ..... T ‘[TA
CG - GCA <G GETCG T A ---
-A P G T ...... A T A ,_A
Y Y VR T CTC T .
721 5 736 750 751 765 766 780 781 795 796 810
TGCTCAAAGCAGGCT TTTGCCTTGAATAGT TTAGCATGGAATAAT AAAGTAGGACTTTGG TTCTATTTTGTTGGT TTTAGGTACCAAAGT
............................. C, G C D T
............................................. .G_
............................. c. F T T T T T
5 826 840 841
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901 915 916 930 931 945 946 960 961 975 976 990
Type A TTTGCCAAGGATGTT TTCATTAATCAAGAA CGAAAGTTAGGGGAT CGAAGACGATCAGAT ACCGTCGTAGTCCTA ACCATAAACTATGCC gg;
TypeB ......................... - .. E- . . N .
TYDS B‘ ......................... 985
Type C ............................. 987
Type D .............................. 979
Type E - cc e e 984
TYPe H - e 983
100! 20 1021 1035 1036 1050 1051 1065 1066 1080
Type A GACTAGAGATTGGAG GTCGTCAGTTTTTAC GACTCCTTCAGCACC TTGAGAGAAATCAAA GTCTTTGGGTTCTGG GGGGAGTATGGTCGC 18_61;
Type B ......................................................................................... I
TYPE BI + o e e e e 1075
Type [ T T T T T T T I 1077
Type | R T T T T e T T R 1069
Type E ...................................................................................... |074
TYPE H v v et e e e e 1073
1081 1095 1096 1110 1111 1125 1126 1140 1141 1155 1156
P’De A AAGGCTGAAACTTAA AGGAATTGACGGAAG GGCACCACCAGGCGT GGAGCCTGCGGCTTA ATTTGACTCAACACG GGGAAACTCACCAGG 1157
ype B ...................... . . PPN BN e e 1 ]65
Type Bl <o FS 1167
Type C ............... . I|59
Type D : 1164
Type E C G 1163
Type H ............................... C e e e
ENa! 1185 1186 1200 120 1215 1 1230 1231 1245 1246 1260
Type A TCCAGACAAAGGAAG GATTGACAGATTGAT AGCTCTTTCTTGATT CTYTGGGTGGTGGTG CATGGCCGTTCTTAG TTGGTGGAGTGATTT 1%47
Type B ................................................................. ‘ 55
Type B] ........................ A .................... 1255
Type C T T 1257
Type D - 1249
Type E - vov e A 1254
Type H A 1253
126 1275 1276 1290 1291 1305 1306 1320 1321 1335 1336 1350
Type A GTCTGGTTAATTCCG TTAACGAACGAGACC TTAACCTGCTAAATA GGATGCGGGAATAGA CTTT(T;GTTGTCCCGT TATCGCTT(‘TTAGAG 1337
TYpe B e iin el T TR A g T T 1345
TYPE B v v e .,A. G e 1345
TYPE © oo v e e . 1347
Type D G e 13339
TYPE B e e P, 1344
Type H o crovrie A e : 1343
1351 1365 1366 1380 1381 1395 1396 410 1 425 1426 1440
Type A GGACTTTGCGGTTAT AAATCGCAAGGAAGT TTAAGGCAATAACAG GTCTGTGATGCCCTT AGATGTCCTGGuCCG CACGCGCGCTACACT 1427
Type B ................................................... ]435
Type B' ....................................... ]435
Type C ................................ )437
Type D ...................... ‘r ...... 1429
Type E ............................... 1434
TYPE H  -rvv e e 1433
1441 1455 1456 1470 1471 1485 1486 1500 1501 515 1516 1530
Type £ GATGCGTTCATCGAG TTTATCCTTGGCCGA GAGGCCCGGGTAATC TTTAGTACGCATCGT GATGGGGATCGATTA TTGCAATTATTAATC 1517
Type E ........................................... |525
Type B‘ .............. . . . e e e . C e Cee e e e . . l525
TypeC ....................................... . . e e e e PR ]527
Type D ................................................................. |5]8
Type E ............................. T ..................................... ‘524
Type H ......................................................................................... |523
1531 1545 1546 1560 1561 1575 1576 1590 1591 1605 1606 1620
Ppe a GTGAACGAGGAATGC CTAGTATGCGCAAGT CATCAGCTTGTGCAG ATTACGTCCCTGCCC TTTGTACACACCGCC CGTCGCTCCTACCGA 1207
G P PRt 615
Type Bl ............................................ e e e e e e e e e e ‘6]5
Type c ............................................................................. . PPN ]6]7
Type D ............................................................................. |608
Type E .............................. IG]“
Type H ................................................... ]6]3
1621 1635 1636 1650 1651 1665 1666 1680 1681 1695 1696 1710
Type é TCGAGTGATCCGGTG AATTATTCGGACCGT GATGTTC CCGTTAGG GAACGTCTAGGGAAG TTTTGTGAACCTTAT CACTTAAAGGAAGGA 1697
Type B oot e D T T T T 1705
TYPE Bl v ve s e e e 1705
TypeC ............................................ G e e e e e |707
Type D .............................. C .................................. 1698
Type E ................................... . c e e e e e e e '704
Type H .................................. E T T T T T T T 1703
725 1726 1741 1753
Type A GAAGTCGTAACAAGG TTTCCGTAGGTGAAC CTGCAGAAGGATC 1740
Type B oo . . 1748
Type B - oeveene e e P 1748
Type C ......................... P . . . ]750
Type D ....................... . . N . ]74]
Type E ............................. . . . ]747
Type H .............................. C e e . 1746

Fig 3. Sequence alignment of complete small subunit ribosomal RNA. gene types A through E and H and a subtype Bl(shown as type Bl)
from bovine Theileria isolates from Korea and Japan. Gaps( - ) represent spaces introduced into the aligned sequences by the CLUSTAL W
multiple sequence alignment program to maximize homology between the aligned sequences. Bold lines indicate hypervariable regions among
the types located by the MACAW multiple alignment construction and analysis workbench program(Version 2.05 Win 32i). Print nucleotides
in types B through E and H and Bl sequences vary from the type A sequence. GenBank Accession Nos.: type A; U97047, type B; U
97048, type B1 ; U97049, type C; U97051, type D; U97052, type E; U97053, type H; U97050.
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Type A was found in five isolates, KLS, KCB, KCN and
KCI from Korea and JHS from Japan, and was identical to
the sequence reported for T buffeli (GenBank accession No.
Z15106°) isolated from cattle in Marula, Kenya.

The number of SSUrRNA gene sequence types or sub-
types found within an isolate varied from one to four(Table
1). Only the type B SSUIRNA gene sequence was found in
the KKB isolate. The KCB and JHS isolates had types A
and B. The KKW isolate had types B and H. The KCN iso-
late had types A, C and D. The KCJ isolate had types A, B,
E and subtype B1. Korean isolates had all types plus the Bl
subtype of the SSUrRNA gene, but only types A and B

were found in the Japanese isolate.

Discussion

A previous study™® of Theileria isolates from cattle, deer
and elk indicated sequence heterogeneity in the V4 region
of the SSUIRNA gene fragment among and within the iso-
lates, irrespective of geographic source. Here, the presence
of types A through E in the bovine isolates from Korea and
Japan were confirmed in the full SSURNA gene sequence.
An additional type H and a subtype Bl were also found
among these isolates. The type A sequence® was the most
prevalent and was found in five of the seven bovine Theil-
eria isolates examined in the present work.

The type A sequence is identical to the SSUrRNA gene
sequence first reported for a bovine Theileria isolate from
Marula, Kenya(GenBank Accession No. Z15106), which
was not identified by a species name'’, The GenBank iden-
tification of T buffeli for this sequence was based on the ori-
ginal designation of this isolate as T buffeli *. However, in
a later study of this isolate™, the authors suggest that it
could be a species of low pathogenicity of the T sergenti/
buffelijorientalis group. The latter study did not include
molecular characterization. We find that the type A SSUIR-
NA gene sequence occurs in the following isolates : Korean
parasites KLS, KCB, KCN and KCJ, and Japanese isolate
JHS.

The present work shows that bovine Theileria isolates

from both Korea and Japan may consist of mixed po-

pulations since multiple SSUrRNA gene sequences were
found in five of the six isolates. This finding supports an
earlier suggestion that T sergenti/buffeli distributed in Japan
and Australia is a mixture of parasites with various com-
binations of four different allelic types for the p33/32 and p
34 genes”. Bovine Theileria species from Korea, Japan, Chi-
na and Australia have been classified into six types by align-
ing nucleotide sequences of the p32/34 genes™.

Serologic cross reactions between stock T sergenti (Ikeda)
from Japan and Theileria isolates from Korea have been re-
ported”’. The Theileria species found in Korea that is
moderately pathogenic for cattle has also been designated T
sergenti . Although T mutans has been reported in cattle in
Korea™, it was later argued to be T sergenti because the vec-
tor tick, Haemaphysalis longicornis, is highly prevalent in
Korea®.

It has been proposed that T sergentsi (Japan), T buffeli
(Australia) and T orientalis (Great Britain), be classified
into two groups, T sergenti and T buffeliT orientalis,
respectively’’. The proposal has been based on compiled
data from tick transmission experiments’"™’, serologic dis-
similarities™, and sequence analysis of genes coding for im-
munodominant surface proteins“. On the other hand, the
name T orientalis has been recommended for all three
species based on morphologic and serologic examination
and vector tick transmission experiments'. It is impossible,
at this distance in time, to obtain the original material to
which the names T sergenti, T buffeli and T orientalis were
given. Any future characterization of the Theileria species
in this group will therefore undoubtedly draw on the SSUIR-
NA sequence data, since these are the only data which une-
quivocally show differences between many of the isolates in

the group.

Summary

Six different sequences types(A through E and H) and a
subtype(B1) of the small subunit ribosomal RNA(SSUIRNA)
gene were found in bovine Theileria isolates from different
areas of Korea and Japan. The sequences were aligned and

three hypervariable regions were observed in the nucleotide
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position ranges 212~231, 261~270 and 632~690. Five of
the Theileria isolates yielded sequence type A ; these were
the field isolates KCB, KCN, and KCJ, and the laboratory
stock KLS, all from Korea, and a single isolate from Japan
(JHS). This sequence type is identical to the SSUrRNA
gene sequence listed for Theileria buffeli (GenBank Ac-
cession No. Z15106) from Marula, Kenya. The Korean field
isolate KKB yielded only a single sequence type (B), but
multiple sequence types were found in some isolates. For ex-
ample, KCB and JHS isolates yielded both types A and B;
isolate KKW showed types B and H ; isolate KCN showed
types A, C, and D ; and isolate KCJ showed types A, B, E,
and a subtype B1. Finding of the multiple sequences SSUIR-
NA gene sequences suggests that bovine Theileria isolates
from both Korea and Japan may consist of mixed popula-

tions.
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