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General introduction

       Babesia giろsoni(」B.  gibsoni)is a tick-bome hemoprotozoan parasite that causes

remittent fever， pro gressive anemia， hemoglobinuria， and marked spleno megaly and

hepat・megaly in d・gs and that，血s・me cases，血duces the death・f漁ected a血nals・The

parasite was frrst identified in 1910 in d・gs andjackals仕・m India(Patt・n・1910)・and is n・w

considered endemic in the wild in Asia， A丘ica， the Middle East， North America(Kj emtrup et

al. ，2000)， and Australia(M曲ickel・et・a1. ，2002)・ln Japan， B・gibs・ni had been c・nsidered

to be endemic in westem rather than in eastem Japan(Noda et al. ，1977).  However， B. 

gibs・η∫姫ecti・n haS been f・und in A・m・ri Prefect鵬n・rtheastern Japan・ which has a

dist血ctly c・ld・climate・and・used・t・have n・preci・us rep・rt・fB・ gibs・η∫価ecti・n(It・h et al・・

1987;Onishi・et・al. ，1995).  Inthese rep・rts， the parasite was f・und in numbers・fT・sa d・gs・

The Tosa dog is a br㏄d of Japanese origin that was produced fbr dog fighting by rnixing

several breed， including the Mastiff， Great Dane， Bulldo g， and the American Pit Bull Terrier. 

D・9行9臨gis a traditi・n in A・m・ri・Prefecture， where it is especially p・pul肌The reason

why B.  gibs・油as exclusively蜘d血T・sa d・gs has n・t been elucidated・

       The clinical severity of l)abesiosis jn dogs is jhfluenced to an extent by the age and

                                                                                              the immune status ofthe affected individual:B.  gibsoni infection causes progresslve anemia

                                                           の                                                         の

in infected animals afler surgery of when the animals are recelvmg l皿munosuppresslve

therapy and血general tends t・be m・re severe血y・ung d・gs・with a subcl血ical carrier state

arising after rec・very丘・m血fecti・n.  M・re・ver， h・st㎞une resp・nses・t・the parasite and

changes血er画・cyte membrane pr・te血lead t・the devel・pme皿・f血ier外hr・cyte

antib・dies，㎞mune-mediated eゆ・cyte destructi・脚d a c・mb血ati・n・f血trayascular and

extravascular hemolysis(Adachi et o1. ，1995;Conrad et al. ，1991)， with evidence of
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immune-mediated hemolysis血blood sme訂s㎝d with㎜y副mals㎞v血g a positive

Coomb's test (Jacobsen and Clark， 1994).  Thrombo cytopenia is also commo nly reported，

along with variable leukocyte changes， and is thought to be血fluenced by the effects o f stress，

syste㎡c団a㎜atio脚d bone㎜o舳ulation(B廿ke血euer et al，1999;Yamase et al. ，

1993)， although the mechanisms have not been elucidated. 

        Some chemotherapeutics， including diminazene aceturate・(Fowler et al. ， 1972)，

pentamidine isethionate (Farwell et al. ， 1982) and phemamidine isethionate (Groves and

Vanniasingham.  1970)， have been reported to reduce the level o f parasitemia.  However， these

agents are unable to eliminate B.  gibsoni comp letely (Boozeer and Macint ire， 2003).  Mo st

do gs that recover from the acute stage are at risk of recurrence and may' become a reservo ir

for tick-born infections (Conrad et al. ， 1991).  Thus， there remains a need for an effective

therapeutic agent for the treatment of canine babesio sis caused by B.  gibsoni.  Recently，

atovaquone (1，4-hydroxynaphthoquinone) has been reported to be active against a wide range

of human protoz()an pathogens， including Plasmodium spp. ， Toxoplasma gondii (Baggish and

Hills 2002) and some Babesia spp. (Weiss， 2002).  When used as a single agent in human

patients， or animal models血fected with these pathogens， atovaquone is effective， but it is

associated with unacceptable recrudescence rates and decreased parasite susceptibility

f・ll・w血g treatment(Chi・d血i e砿1995;L・・areesuwan・e砿1996;Wittnerθ'砿1996). 

Theref・re・・ther(㎞gs have been studied as p・tential synergistic脚ners(Baggish and Hill，

2002).  However， no detailed evidence has been published on the therapeutic activity of

atovaquone alone against B.  gibsoni i vivo and in vitro. 

       The purpose in this study was to investigate the actual conditio n o f incidence o f B. 

gibsoni i'nfiections in Tosa dogs in Aomori Prefecture， and propose new information for the

treatment of B.  gibsoni.  ln chapter 1， the incidence of acute and subclinical B.  gibsoni
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infection among dogs in Ao mori Prefecture was inve stiagted， and their clinicopatho logical

studie s were also carried out.  In chapter 2， the therapeutic efficacy o f atovaquone against B. 

gibsoni was examined in dogs experimentally i皿fected with」B.  gibsoni， and the appearance o f

drug resistant paras ites after the treatment was also examined.  B ased on these findings，

changes in the B.  gibsoni mitochondrial DNA sequence for cytochrome b， which may bind

atovaquone， were studied in chapter 3. 
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Chapteガ1

Incidence of canine Babesia gibsoni infection and subclinical infection among Tosa dogs

in Aomori Prefecture， Japan. 
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                               Introduction

       The Babesia parasite is generally known to be transmitted by a tick vector such as

Haemaphysalis and R hipicephalus (Kjemtrup et al. ， 2000; Taboada and Merchant， 1991).  In

Japan， Haemaphysalis is distributed throughout the country， whereas Rhipicephalus is

distributed only in tropical areas (Shimada et al. ， 2003)， B.  gibsoni had been considered

endemic in we stern rather than in eastern Japan (Noda et al. ， 1977).  However， B.  gi'bsoni

infection has been found in Ao mori Prefecture， northeastern Japa” which has a distinctly cold

climate and had never had any previous reports of B.  gibsoni infection (Itoh et al. ，1987;

Onishi et al. ， 1995).  In these reports， the parasite was found in numbers of Tosa do gs.  The

T・sa d・g is a breed・fJapanese・rig血that was pr・duced・f・r・d・9且ght血9 by mixing several

breeds， including the Mastiff， Great Dane， Bulldo g， and the American Pit Bull Terrier.  Dog

且ght血g is a traditi・n血A・m・ri・Prefecture， where it is especially p・pular・The reお・n f・r

the predilection for To sa do gs has not been elucidated. 

       T・rec・9血e the incidence・f B.  gibs・η∫姫ecti・n in d・gs血A・m・ri Prefecture・

d。gs diagn・sed as hav血9 acute B gibs・η∫姫ecti・n at the舳mal Teac㎞g H・spital・

Kitasato University， were investigated between April 2002 and March 2003.  Subsequently，

t・ide爵the血cidence・f subcl血ical B・ gibs・ni irrfecti・n・141 T・sa d・gs丘・m A・m・ri

Prefecture were tested for the presence o f B.  gibsoni by using a po lymerase chain reaction

(PCR) assay.  ln addition， to elucidate the incidence and mechanisms of anemia and

thr。mb・cyt・penia血subcl血ical血fecti・n， packed cell v・lumes(PCVs)and platelet c・unts

were measured， fo llowed by an examination for the presence of anti-erythrocyte membrane

IgG and anti-platelet lgG. 
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Materials and Methods

       Identi:17cation the incidence of B.  gibsoni infection in A omori Prefecture: Between

April 2002 and March 2003， d・gs diagn・sed as hav血9層 ≠モ浮狽?B・gibs・η'姫ecti・n at the

Animal Teaching Hospital， Kitasato University， Aomori Prefecture， were investigated by

noting their dog breed， sex， age， parasitemia， PCVs， and platelet counts.  Blood sample s

from each dog were collected with ethylene diamine tetraacetic acid (EDTA) as anticoagrant

and thn blood smears were stained with Giemsa stain.  Parasitemia was detem)ined by

cou血振g the number of parasitiZed cells per 1，000 erythrocytes and express血g it as a

percentage.  PCVs and platelet counts were measured with an auto cell counter (Celltaq

MEK6400， Nihon Kohden Co. ， Tokyo). 

       Investigation of subclinical infection of Tosa dogs: Dogs for this experiment

consisted o f 141 clinically healthy To sa do gs that had been bred for do g fighting and were

living in Ao mori Prefecture between August 2002 and April 2003.  There were 87 dogs (85

male， 2 female) with historie s o f dog fighting and 54 do gs (26 male， 28 female) with no do g

fighting history (Table 1).  No abnormalities in the general condition of the dogs were

observed， and no ticks were fbund on the dogs.  Whole blood samples were collected丘om

the do gs， with e ither EDTA or heparin being used as the anticoagulant for the PCR assay to

screen for B.  gibsoni infection.  Of the 141 samples， 93 were examined for PCVs and

anti-erythrocyte membrane IgG.  Forty-eight sample s from young (〈1-year-old) or pregnant

dogs were excluded from these tests.  Sixty-six samples that were collected with EDTA as

the anticoagulant were examined for platelet counts and anti-platelet I gG.  Table 1 lists the

number o f do gs o f each test by history o f do g fighting and sex.  The sera were stored at

-200C until use. 
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      Detection of B.  gibsoni by PCR assay: DNA was extracted from 100 pl o f who le

blood sample using a geno mic DNA extraction kit (Gen TLE kit， Takara， Otsu， Japan).  PCR

vvas performed using primers designed to amplify the p18 gene o f B.  gibsoni (DNA Data

Bank o f Japan database: accession no.  AB O 53292).  The forward primer sequence was

5'一TCC GTT CCC ACA ACA CCA GC-3'， and the reverse primer sequence was 5'一CGA

ATG AGG ATG ATG AGG AGG A-3'.  'This P CR is specific for B.  gibsoni， as Fukumoto

et al. (2001)fo皿d no amp lification using DNA丘om B.  canis or normal do g leuko cytes. 

PCR was performed on 20 pl o f a mixture containing 1 pg o f template DNA， 50 pmo l o f each

p血ner，200μM dNTP， and 1. 25 units Taq DNA polymerase(TaKaRa Taq， Takara)in PCR

buffer (10 MM Tris-HCI， 50 mM KCI， 1. 5 mM MgC12， pH 8. 3， Takara).  The P CR reactio n

was repeated for 40 cycle s using 30 s of denaturation at 94 OC， 1 min o f annealing at 56 OC，

and 1 min o f extensio n at 72 OC.  Ten-micro liter aliquots ofthe PCR products were analyzed

us血g 2％agaro se gel electrophoresis fo llowed by thorium bromide staining and photo graphy. 

From the results of PCR assays， dogs were divided into groups with subclinical infection and

tho se without infection. 

       ルfeasurentent ofPCVs andplatelet counts: To compare the difference by dog breed，

peripheral blood from six Beagle dogs (all 1-year-old females) without B.  gibsoni infection

were collected and their PCV s and p latelet counts were exaMined. 

       Preparation of antigen for enayme-linked immunosorbent assay (ELISA): For

erythrocyte membrane antigen and platelet antigen， blood samples from clmically healthy

3-year-old male Beagles were collected with EDTA as the anticoagulant.  For erythrocyte

membrane antigen， after being washed with pho sphate-buffered saline solution (PBS)，

erythro cytes were lysed with 30 vo lumes hypooncotic buffer (5 mM Tris-HCI， 1 mM EDTA)

and 1/1000 volume O. 8 M phenylmethylsulfonyl fluoride in dimethyl sulfoxide.  After
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incubation for 5 nim on ice， the lysed so lution was centrifuged for 15 min at 40C.  Then， the

prepared erythrocyte membrane was washed 3 time s with hypooncotic buffer and suspended

血sucr・se・buffer(250 mM sucr・se・1mM EDTA・pH 7・4 with Trir-HCI)・

       For platelet antigens， the technique s of Campbell et al.  (1984) were employed. 

After being isolated丘om the blood and washed 3 tirnes with PBS-EDTA， the platelets were

suspended with PBS-EDTA. 

       ELISA procedure: The ELI SA was performed by a slight modification of the

method of Adachi et al.  (1992).  The 96-well ELISA plates(ELISA-Plate， Greiner B io-one，

Germany) were coated with 50 pl of erythrocyte membrane antigens (80 pg protein/ml) or

platelet antigens (5 × 107/ml) in 50 mM carbonate buffer (pH 9. 6).  After blo cking the

reaction with 100 pl of PB S containing of 20/o skim milk， we added 100 pt1 of the test serum，

which was diluted 1:50 for the erythrocyte membrane antigen and diluted 1:100 for the

platelet antigen wnh PB S containing 20/o skirn milk.  F ifty micro liters' ＠o f anti-dog lgG

peroxidase conjugate (anti-dog IgG， Sigma-Aldricts St.  Louis， MO， USA) diluted 1:1000 with

PBS containing 20/o skim milk was added as the second antibo dy.  After adding 2，2-azino-bis

(3-ethylbel曲azol血e-6-sulfonic acid)， the optical absorbance at 405 nm was recorded us血g

spectrophotometers (Opsys MR Microplate reader， Dynex， London， UK). 

       Statistical ana！ysis: The Chi-squared test was used to evaluate the difference in B. 

gibsoni血fection between dogs with a history of fighting and dogs without a history of

fighting.  The other data were evaluated using Student's t-test.  Value s o f P 〈 O. 05 were

considered statistically significant. 
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Results

       Amo ng the dogs seen at the Animal Teachng Ho spital， Kitasato University， between

April 2002 and March 2003， 18 dogs were diagno sed as having B.  gibsoni infection.  The se

do gs were all male Tosa dogs and showed mild to severe Babesio sis syndro me and had a wide

range，of parasitemia.  Their PCV value s varied.  In all but one dog， the platelet count was

lower than 10 × 10‘/pl (Table 2). 

       Forty-two of the 141 dogs (29. 80/o) were po sitive for B.  gibsoni i PCR as say. 

Forty-one of 87 dogs (47. 10/o) with histories of dog fighting were positive and one o f 54 dogs

(1. 90/o) without histories of dog fighting were positive for B.  gibsoni (Table 3).  There was a

significant difference between dogs with a history of fighting and tho se without a history o f

fighting in the rate ofB.  gibsoni infection (P 〈 O. 05). 

        The mean ± SD PCVs ofdogs with subclinical infection and dogs without infectio n

were 46. 74土8. 03 and 43. 96±8. 31， respectively(Table 2).  There was no significant

difference in P CVs between do gs with subc linical infection and dogs without infection. 

The mean ± SD platelet counts of dogs with subclinical infection and dogs without infection

were 13. 75 ± 8. 45 and 22. 35 ± 11. 41， respec' 狽奄魔?撃?  Dogs with subclinical infection had

significantly lower mean platelet counts than did the dogs without infection (P 〈 O. 05). 

The mean ± S D P CV s and p latelet counts o f the six Beagle do gs were 47. 57 ± 2. 980/o and

33. 98土18. 29×104/μ1;there was no significant difference in PCVs or platelet counts

between Beagle dogs and Tosa dogs without B.  gibsoni i fection. 

        Individual sera exhibited a wide range of ELISA levels (optical densities) for

anti-erythrocyte membrane antigen(Figure 1).  The mean土SD ELISA level of dogs with

subclinical infect io n was O. 20 ± O. 08， which was significantly higher than that o f dogs
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without infection (O. 12 ± O. 06， P 〈 O. 05).  There was a wide range o f ELI SA levels for

anti. pIatelet antigen exhil)ited l)y the individual sera(Figure 2).  The mean士SD ELISA

level o f dogs with subc lmical infection was O. 33 ± O. 15， which was significantly higher than

that o f dogs without infectio n(0. 16土0. 07， P＜0. 05). 
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TabRe 1.  Number of Tosa dogs in each examin ation

History ofdog fighting

十

Total male female male female

               PCR

PCVs and anti-erythrocyte membrane I gG

   PIatelet count and anti-platelet lgG

141

93

67

85

54

49

2

1

1

26'

20

10

28

18

7

11



Table 2. Dogs with acute babesiosis infected with B.  gibsoni at Kitasato University

  Animal Teaching Hospital between April 2002 and March 2003

Case No. Year/Sex/Breed Parasitemia (O/o) PCVs(O/o) Platelet count(×10-/pl)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

   4 / male / To sa

   2 / male / Tosa

   1/ male / To sa

unknown/male/To sa

   2 / male / Tosa

   3 / male / Tosa

   1 / male / Tosa

   2 / male / Tosa

   4 / male / To sa

   2 / male / Tosa

   l/male/To sa

   2 / male / Tosa

   1/male/Tosa

   2 / male / Tosa

   1/male/Tosa

   3 / male / Tosa

   8 / male / Tosa

   2 / male / Tosa

Lowa

11. 4

Low

Low

Low

Low

3. 1

4. 0

2. 5

 2. 3

 1. 3

 1. O

Low

 1. 0

 1. 1

 0. 4

Low

  1. 1

27

15. 2

41. 3

30. 2

49. 7

23. 8

29. 1

28. 6

18. 9

20. 8

29. 4

30. 3

28. 9

31. 3

23

36. 9

34. 8

46. 6

4. 7

 0

1. 9

 1

8. 7

31. 4

1. 3

0. 2

9. 8

3. 1

2. 1

 0

0. 3

7. 2

5. 9

 0

1. 8

Q. 3

a)Parasites detected， but present血 く0. 1％ofpa:rasitemia・
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Table 3.  Subclinical B.  gibsoni infection of 141 Tosa dogs in Aomori Prefectu re， Japan

B.  gibsoni infection detected w， ith PCR as say

No.  of examined Positive Negative

Do g fighting (＋)

Dog fighting (一)

    Tota1

87

54

141

41(47. 10/o)＊

1(1. 90/o)

42(29. 80/o)

46(52. 90/o)

53(98. 20/o)

99 (70. 20/，)

“ Significant difference between do gs with history of fighting and dogs

  without history of fighting in positive results for B.  gibsoni (P〈 O. 05)
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Table 4.  PCVs and Platelet counts in Tosa dogs with or without B.  gibsoni

          subclinical infection

Mean Value ± SD

Total No. Non-infection Subclinical infection

   PCVs

Platelet counts

(93)

(67)

  43. 96士8. 31％(67)

22. 35土11. 41×104/μ1(45)

  46. 74 ± 8. 03 O/o (26)

13. 75 ± 8. 45 ×104/pt1 (22)＊

 P 〈 O. 05 versus non-infection

O:number ofdo gs examined

14
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Discussion

       The present study demo nstrates that only do gs of the To sa breed showed acute B. 

gibsoni infection for the year of observation at the Anirnal Teachng Ho spital， Kitasato

University.  This fmding is similar to that found in a study reported 19 years ago (Itoh et al. ，

1987).  ln addition， a significant proponion of Tosa dogs (29. 80/o) was carriers o f B.  gibsoni

in Ao mori Prefecture， Japan.  All o f the infected do gs， except for one female， had a history

ofdo g fighting. 

       The Babesia parasite is generally known to be transmitted by ticks such as

Haemaphysalis and Rhipicephalus (Kjemtrup et al. ， 2000; Taboada and Merchant， 1991). 

Haemaphysalis specie s has an especially wide geo graphical distribution， inc luding Ao mori

Prefecture (Shimada et al. ， 2003); therefore， the vector ticks might have contributed to the

spread of B.  gibsoni血fection among Tosa dogs.  However， dogs with acute. B.  gibsoni

infection were not recognized in do gs of any other breed.  Furthermore， natural infection o f

this pathogen， as identified by PCR assays， has been found only in dogs of the To sa breed，

and has not been identified in tests of 872 do gs of other breeds in do gs of any other breeds in

Ao mori Prefecture (Ikadai et al. ， 2004).  It has been reported in 2003， that B.  gibsoni parasite

was not detected 'in ticks fro m eastern Japan， including Ao mori Prefecture， in an

epidemiological survey (lnokuma et al. ， 2003).  ln the light of these data， the result ofthis

study suggests the possibility that B.  gibsoni i Tosa dogs might be transmitted through blood

contamination during dog fighting， rather than through ticks.  Many recent studies血the

United States and Australia have reported B.  g z'bsoni血fections and subclinical infections in

bull terriers， including American P it Bull Terriers and American Staffordshire Bull Terrier s

(Birkenheuer et al. ，1999;Mac血tire et a1・，2002;Muhlnickel et al・・2002)・Alth・ugh the
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route of infection is not clear in these reports， the fact that these countries had not been

considered endemic regions previously (Birkenheuer et al. ， 1999; Macintire et al. ， 2002;

Muhlnickel et al. ， 2002) and that the incidence is limited to do gs o f a specific breed point to

similarities to our fmding s in Ao mori Prefecture.  This study is the frrst to demonstrate that

B.  gz'bsoni may spread amo ng do gs in Japan through a peculiar incident， namely， do g fighting. 

       Only one do g that had no history o f fighting was po sitive for B.  gibsoni， and the

route of transmissio n was uncertain.  Generally， only adult male dogs participate in official

do g fighting， and younger do gs or female dogs have no history o f fighting.  One o f the

possibilities of the infection route could be blood contamination dur血g a situation such as

breeding or uno fficial fighting.  In fact， this animal had been mated with an infected do g two

weeks before blood sampling.  Some reports of dogs being infected with the B.  gibsoni

parasite imply transplacental transmission (Abu et al. ， 1973; Harvey et al. ，・1988).  Dog

fighimg is performed throughout Japan， and To sa dogs may be moved to many places for

breeding or fighting tours.  This do g might be血fected through ticks at some places where is

endemic area.  To investigate the po ssibility that the pathogen might be transmitted by ticks

that are naturally distributed around places where To sa do gs live， a more detailed survey o f

ticks is needed. 

       The present study also showed that both thro mbo cytopenia incidence and

anti-platelet lgG levels were significantly higher in dogs with subclinical infections than in

dogs without infection.  Thrombocytopenia in do gs infected with B.  gibsoni has been

reported previously (Taboada and Marchant， 1991; Wilkerson et al. ， 2001; Wonzniak et al. ，

1997); however， the mechanisms were not elucidated.  The presence o f a platelet-surfac e

associated IgG in experimental B.  gibsoni infected dogs at the acute and chronie stages was

demonstrated by Wilkerson et al.  (2001).  ln the present study， natural subclinically infected
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dogs developed higher levels of anti-platelet lgG than did dogs without infection.  This

                                                                        t

suggests the p・ssibility that the t㎞・mb・cyt・penia血subcl血ical B・ gibs・舳fecti・n is due to

aut。㎞nune resp・nses， and the presence・f血i-platelet IgG accelerates the platelet

destructi。n血B.  gibs・η'輔ected d・gs.  Anemia・is・the・m・st c・㎜・n sympt・m・f血fecti・n

with B.  gibs・ni(C・nrad et・al. ，1991;Gr・ves et al・，1972;Tab・ada and Marchant・1991)・

and is th。ught t・be caused by mech血cal destmcti・n by the parasite・immune-mediated

intravascular。r eXtravascular hem・1ysis，・r immune-mediated eXtravasculat hem・lysis

                                                                     も       (Adachi・et・al. ， 1992;Adachi et al. ， 1994;M・ritaθ'α1・・1994;M・ritaθ'α1・・1996)・0阻datlve

damage may c・血ribute t・the・deStructi・n・fer蜘噂es by血creasing thei「 susceptibility to

phag。cyt・sis by macr・phages(Ots磁aθ砿2002)・The・anemia・ass・ciated With B・ gibsoni

may be due t・the㎞eracti・n・fseveral血ct・rs・In the present study・the se㎜丘・m dogs

with subclinical・infecti。ns had higher levels・fantib・dies against the e寧hr・cyte membrane・

alth。ugh the血cidence・f-ia血d・gs with subclinical血fecti・ns was n・t high・The

devel。pme皿・fsubcl血ical B.  gibs・細ecti・nmay depend・nadelicate balance betweenthe

pr・liferati・n・fthe parasite and the h・st・immune・resp・nse・aga血st the pa「asites・

       1血。。nclusi。n， T。sa d・gs丘・m A・m・ri・Prefecture， JapaA were highly血fected by B・

gibs。ni subcl血ically and this path・gen might be successfUlly tr-i賃ed d皿血g do9

∬ght血9.  D・gs with subcl血ical㎡ecti・ns・were・at・risk・fc㎞・㎡c t㎞・mb・cyt・penia・which

may due t。 a砿・㎞m皿e・mechanisms.  T・sa d・gs may be a usefUl breed f・r the Study ofthe

mechanisms。fcl血ic・path・1・gical abn・皿alities ass・ciated・with・infecti・n with B・ gibs・ni・
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Chapter 2

Efficacy of atovaquone against Babesia gibsoni in vivo and in vitro. 
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Introduction

      The findings in chapter 1 have demo nstrated that Babesia gibsoni may spread among

dogs in Japan through dog fighting and these infected do gs may become a reservo ir for

tick-borne infections.  Moreover， these do gs are at risk o f chronic thrombocytopenia， which

may be due to autoimmune mechanisms.  Thus， this remains a need for an effective

therapeutic agent for the treatment o f ca血e babe sio sis caused by B.  gibsoni.  Some

chemotherapeutic s， including diminazene aceturate (Fowler et al. ， 1972)， pentamidine

isethionate (Farwell et al. ， 1982) and phenamidine isethio nate (Groves and Vanniasingham，

1970)， have been reported to reduce parasitemia， but these are unable to eliminate B.  gibsoni

completely (Boozer et al. ， 2003). 

      Atovaquone(1，4-hy血。)rynaphthoqu血one)is active aga血st a Wide range o f human

proto zD an patho gens， including Plasmodium spp. ， Toxoplasma gondii (Baggish and Hill，

2002)， and Babesia spp.  (Weiss et al. ， 2002).  However， recurrence o f the disease and

decreased sensitivity o f the proto zo a to therapy have been reported when atovaquone was

used alone (ChiQdini et al. ， 1995; Looareesuwan et al. ， 1996; Wittner et al. ， 1996). 

Atovaquone combined with azithromycine has therapeutic efficacy for do gs naturally infected

with B.  gibsoni (Birkenheuer et al. ， 2004).  However， no detailed evidence has been

published on the therapeutic activity o f atovaquone alone against B. 9あ50η∫血vivo or in vitro. 

In this study， the sensitivity o f B.  gibsoni against atovaquone in experimentally infected dogs

was evaluated.  Subsequently， the in vitro sensitivity of parasites obtained from untreated

and atovaquone-treated dogs was examined. 
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Materials and Methods

       Test compound: Atovaquone (Mepron＠， Glaxo Welco me， NC， USA) was used as

the test compound. 

       In vivo sensitivity of atovaquone against B.  gibsoni: B.  gibsoni parasites were

isolated from a naturally infected Tosa dog in Aomori Prefecture， Japan in 2003.  The 18S

rDNA sequences of this parasite show lOO％homology to B.  gibsoni isolated丘om dogs in

Asia Oklahoma North Carolina， and Okinawa (lkadai et al. ， 2004).  The parasite was

maintained in author's laboratory by passage thrOugh a beagle (do g A， a three-year-old

female).  The Kitasato University'si Animal Care and Ethics Committee approvgd the use of

animals.  Three one-year-old， parasite-free， female beagle s (do gs B， C， and D) were obtained

from Japan Clea (Tokyo， Japan)， and maintained in a clo sed environment in the author's

laboratory for one month before the study.  The se dogs were vaccinated against distemper

and parv・virus and rec， eived a physical eXa曲ati・n・and n・Babesia spP・was detected血

血itial peripheral blood smears.  All dogs were held血separate cages and fed a commercial

dog food (Japan Hills Colgate， Tokyo， Japan) according to the manufacturer's instructions;

tap water was available ad libitum.  Three do gs (B， C， and D) were experimentally

inoculated h】travenously (day 1) With 5 × 107丘esh B.  gibsoni-parasitiZed erythro cytes・

When parasitemia reached 100/o， atovaquone was administered orally at 30 mg/kg twice a day

for 7 days， to each do g.  Blo od sample s were collected with EDTA as the anticoagulant at

1-7 days intervals until 80 days after the induction o f the irrfection.  After atovaquone

therapy， a PCR assay was fo llowed to detect the presence ofparasite DNA (see below). 

       Blood smears fro m each dog were examined micro scopically after Giemsa staining. 

The level ofparasitemia was detem血ed and measurements of PCVs and platelet counts were
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performed as mentioned at chapter 1.  PCR assay was performed on 100 p l samples o f

peripheral blood from do gs B， C， and D.  ln the PCR assay， DNA from B.  gibsoni from each

blo o d sample was extracted using a geno mic DNA extraction kit (Gen TLE kit， Takara). 

The PCR was performed by using the metho d as described in chapter 1 . 

       In vitro sensiti吻testing:An血vitro atovaquone sensitivity test was performed

using parasites co llected丘om the untreated， subclinically infected control animal(do g A)and

two ofthe experimentallY infected animals after the therapy (dogs B and C). 

       An additional blood sample was collected fro m each o f do gs A， B， and C.  The

parasites Were cultured血。舳e er岡岬es血acultロe medium with vari・us

concentrations of atovaquone.  The culture medium was based on that used by Sunaga et al. 

(2002).  lt contained RPMI-1640 (Gibco， Carlsbad， CA， USA) supplemented with 25 mM

ハ1・一2-hydroxyethyl piperazine N㌔2-ethanesulf～)nic acid，2mMレglutamine，24 mM NaHCO4，

penicillin G(100 mits/㎡)， streptomyc血(100μg1血)， and canine serum at a fmal

concentration o f 200/o.  Atovaquone was dis so lved in dimethyl sulfo xide (DMSO) and was

then diluted in the culture medium to give fmal concentrations o f O. 1， 1， 10， 100， and 1，000

nM.  This range of drug concentrations was based on the results o f preliminary as says

conducted in our laboratory.  The final concentration of DMSO used in dilution of the drugs

was 10/o in the culture medium. 

       The sensitivity test was performed in 24-well plates， and 50 p l of packed parasitized

erythrocytes was dispensed into each well.  Aliquots of 450 pl o f the serially diluted

atovaquone in culture medium， or in complete medium with 10/o DMSO without drug as a

contro l for normal parasite growth were added to each we ll.  The plates were incubated in a

humidified 50/o CO2 incubator at 37 OC.  Every 24 hour， the medium in each well was

asp irated and a fresh 450 pl o f so lution， contaming the appropriate test drug concentratio”
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was added.  A 1 pl sample was taken fro m each well and a tlm smear was made， fixed with

absolute methano l， and stained with Giemsa so lution to count the number o f parasitized

erythrocytes. 

       Ana！ysis of results: The sensitivity against atovaquo ne was evaluated by measuring

the rate of the parasite growth i血bit io n.  This was calculated by coun:t血g the number o f

parasitiZed erythr・cytes fr・m each・fthe wells c・ntaining at・vaqu・ne and that血the c・血r・l

wells without the dmg.  The 500/o inhibitory concentration (I Cso) of the drug was defined as

the concentration required for 500/o reduction in the mean number o f parasit ized erythrocytes

丘om that of the control culture after 48 hour of incubation.  An IC50 was calculated using

probit analysis.  ln each ofthe three dogs， the test was performed on three occasions， and the

mhibition rate at each concentration of atovaquone was calculated and expressed as the mean

percentage士standard deviation・
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Results

       After induction o f the B.  gibsQni血fect ion， atovaquone treatment was commenced 26，

24 and 24 days after infection in dogs B， C， and D， respectively， when parasitemia reached

＞100/o (Figure 3).  No clinical side effects were observed fo llowing treatment in any do gs. 

The parasitemia decreased quickly and organisms were no longer detected in blo o d smears

withn 2 days.  The P CV s and platelet counts， which started to decrease after induction o f the

infection， began to increase soon after treatment commenced (Figure 3).  PCR assays

sh6wed that B.  gibsoni DNA was intermittently present in the peripheral blo o d and that it had

not been eliminated (Figure 4).  Moreover， parasites reappeared in the blood smears at 32， 35，

and 31 days after the last treatment in dogs B， C， and D， respectively(mean 33士2days).  At

the time o f recurrence o f the parasite， slight anemia and thrombocytopenia were reco gnized. 

Although the anemia disappeared spontaneously， chronic thrombo cytopenia and low

parasitemia o f B.  gibsoni m' peripheral blo o d persisted in the dogs， but without any clinical

symptoms (data not shown). 

       In the untreated animal (dog A)， the in vitro culture commenced when the mean

parasitemia was 2. 6士0. 2％and complete growth inhibition of」B.  gibsoni occurred in the in

vitro culture that contained atovaquone at a concentration o f 1，000 nM after 48 hours of

incubation (Figure 5).  The I Cso value of atovaquone against B.  gibsoni was 89. 02 ± 17. 29

nM.  At the time of recurrenge of the parasite after atovaquone treatment， blood samples

taken丘om dogs B and C had rnean parasitemia values of 1. 6土0. 2％and 1. 3士0. 3％，

respective ly.  At 1，000 nM atovaquone， the original B.  gibsoni growth was completely

inhibited， but the inhibition rates ofrecurrent parasite were 39. 52土8. 34％(do g B)and 31. 31

土8. 14％(dog C)(Figure 6).  Complete groWth inhibition was not observed at the range of
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the concentrations used in this study and the ICso values could not be determined. 
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Figure 3.  Changes in parasit:emia(●)， PCV(○)， and platelet counts(■)hl atovaquone. 

treated dogs(B， C， and D)during 80 days after血fection with B.  gibsonゴ.  The dogs were

inoculated intravenously with 5×107 parasitized erythrocytes.  The time of atovaquone

                                                                 ロ                        のtreatment(solid arrows)and the time that B.  gibsoni organisms were absent on mlcroscoplc

examination(dotted arrows)are shown. 
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Figure 4.  Result of PCR assay in dogs (B， C， and D).  The PCR assays were performed

following treatment with atovaquone (see Figure 3).  The size of bands detected was 182 bp. 

The time ofatovaquone treatment (slid arrows) is shown. 
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Discussion

     The results in this study indicate that atovaquone has potential therapeutic

effectiveness against acute B.  gibsoni infections血dogs・ When given orally as a single do se

(30 mg/kg twice daily for 7 days)， it quickly reduced the parasitemia without any clinical side

effects.  At times， the response to atovaquone therapy was so rapid that B.  gibsoni DNA

could not be detected by the PCR assay， despite the well-recognセed sensitivity ofthis assay

for detecting organisms in the peripheral blo od (Fulrumoto et al. ， 2001).  Anemia and

thrombocytopenia， which are the maj or c linical symptoms accompanying B.  gibsoni i fection

(Courad et al.  1991; Meinkoth et al.  2002) recovered sharply soon after treatment. 

      Atovaquone is structurally similar to the血ner mitochondrial protein ubiquinone

which is an integral component of electron flow in aerobic re spiration of protozoa

Therefore， atovaquone competitive ly inhibit the mitochondrial electron transport o f proto zo a，

it leads the co llapse o f the mitochondrial membrane potential.  (Baggish and Hill， 2002;

Hudson et al. ， 1991).  Atovaquone is active against a wide rang e o f human proto zo an

patho gens， including Plasmodium spp. ， Toxoplasma gondii (Baggish and Hill， 2002)， and

some Babesia spp.  (Gray and Pudney， 1999; Hughe s and Oz， 1995; Pudney and Gray， 1997;

Weiss et al. ，2002).  When used as a s血gle agent in human patients or a血1al models

血fected・with these path・gens， at・vaqu・ne・is・effective・but it is ass・ciated with unacceptable

recrudescence rates and decreased parasite susceptibility f()llowing treatment(Chio d血iθ'α1. ，

1995; Looareesuwan et al. ， 1996; Wittner et al. ， 1996).  Therefore， other drugs have been

studied as potential synergistic partners (Baggish and Hill， 2002).  ln human trials，

atovaquone has been used for the treatment o f patients with P.  falciparum infectio ns in

combination with proguanil (Baggish and Hill， 2002). 
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       In this study， although atovaquone significantly combated B.  gibsoni infections，

infections recurred in all of the experimentally infected do gs.  Moreover， the parasites that

reappeared about two mor曲s after therapy were le ss sensitive to atovaquone than the original

iso late.  This was shown using in vitro proliferation assays.  Because the parasite used in

this study was obtained丘om field isolates and it had not been cloned， whether the parasite

developed resistance against atovaquone in the laboratory or if the parasite had been selected

from a mixed population of resistant and sensitive organistns could be not defined.  Other

drugs combined with atovaquone might be required to prevent both recurrence and the

reduction血sensitivity.  The author」fothd an IC500f 89. 02土17. 29 nM」for atovaquone

against B.  gibsoni parasites not previously expo sed to atovaquone， which is higher than the

range of O. 9-23 nM reported for P.  falciparum strains using different in vitro metho dologie s

(Basco et al. ， 1995; Gupta et al. ， 2002).  The ICso value obtained in the present study might

be usefu1 for iso lating B.  gibsoni organisms that are atovaquone一・resistant and thus could be

applied to the development o f combination drug therap ie s. 

       In conclusio” atovaquone significantly combated B.  gi'bsoni infections in do gs. 

However， the parasite could not be eliminated丘om host blood and its sensitivity to

atovaquone decreased.  The use of atovaquone alone might allow the development， of

atovaquone-resistant parasites or select for parasites with reduced sensit ivity to atovaquone

from a mixed population.  Further detailed investigat ions are needed for the development o f

effective clinical applications of atovaquone against B.  gibsoni. 
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Chapter 3

C1・ning・f the働ε5'α9'ゐ5・ni cyt・chr・me b gene and is・且ati・n・fthree single nucle・tide

         polymorphisms血om parasites present after atovaquone treatment・
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Introduction

       Atovaquone is a novel antiprotozoal co卿ound that has broad-spectrum activity

against human protozo an patho gens， including Plasmodium spp. ， Tqxoplasma gondii

(Baggish and Hill， 2002)， and Babesia spp (Hughes and Oz， 1995; Pudney and Gray， 1997;

Gray and Pudney， 1999; Weiss， 2002).  This compound is an analo gue o f ubiquino ne， and its

mechanism of action is viq mhibitio n of mitochondrial electron transport (Baggish and Hill，

2002; Hudson et al. ， 1991).  However， recurrence of the disease and decreased sensitivity

ofthe proto zo a to therapy have been reported when atovaquone alone was used.  Mutation o f

the cytochrome b (cytb) gene， which is located in the mitochondrial genome， has been

described in atovaquone-resistant iso lates o f Plasmodium spp.  (Syafiruddin et al. ， 1999;

Suswan et al. ， 2001)， T.  gondii (McFadden et al. ， 2000)，.  and Pneumocystis carinii (Walker et

al. ， 1998). 

       In chapter 2， the author described the therapeutic efficapy o f atovaquone against

Babesia gibsoni using experimentally infected dogs， and suggested that the atovaquone allows

recrudescence of parasites with decreased susceptibility to this dmg.  However， the

mechanisms responsible have not been investigated.  Genetic changes associated with

decreased sensitivity o f B.  gibsoni to atovaquone may be valuable as markers for cl血ical

application and for selection o f drugs for use in combination with atovaquone.  In this

chapter・anucle・tide c・d血9 sequence f・r B・ gibs・η'鋤・which migh！ be the at・vaqu・ne. 

target， was identified.  Subsequently， the sequence ofthe cytb gene from atovaquone-treated

animals with recurring parasitemia was determined and compared with that of the

pretreatment paraslte. 
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Materials and Methods

      Parasites: The original parasite used in this study was isolated from a naturally

infected To sa do g in Aomori Prefecture， Japan， and was identified as an Asian genotype. 

This parasite was maintained by passage through a beagle (Dog A) that was not exposed to

drug treatment.  Who le blood samples were collected from this do g， and EDTA was used as

anticoagulant.  B lood sample s that had been stored in our laboratory were used to compare

the nucleotide sequence o f B.  gz'bSoni cytb before and after atovaquone treatment.  The blo o d

samples were c・llected dur血9 Previ・us study(chapter 2)，丘・m three experimentally infected

dogs (B， C， and D) before atovaquone treatment and during the recurrence of B.  gibsoni

infection after atovaquone treatment (30 mg/kg twice daily for seven days).  The recurrent

parasites showed less sensitivity to atovaquone than tho se obtained before treatment. 

       Cloning of the B.  gibsoni cytb gene: B.  gibsoni DNA was isolated from blood

samples using a genomic DNA extraction kit(GFX Geno血。 Blood Purification Kit，

Amersham， Buckinghqmshire， UK).  Total RNA from B.  gibsoni was isolated using

ISOGEN (Nippon Gene， Toyama， Japan) according to the manufacturer's instructions. 

Reverse transcription to obtain cDNA was performed as fo llows: 10 pg o f total RNA，

denatured at 65 OC， was reverse transcribed in a total vo lume of 40 pl using 2 ptg oligo・ dT

primer and 200 U Superscript II reverse transcriptase (Takara) in a solution containing 50 mh

Tris-HCI (pH 8. 3)， 3 mM MgC12， and 75 mM KC I (RT Buffer) with 100 ptM of each dNTP at

42 OC for 1 hour. 

       The primer pair was designed according to the sequence of nuc leotide s from Babesia

bovis (accession number AFO53002)， Babesia bigemina (accession number F I O9354) and

Theileria annulata (accession number M63015) as fo llows: JD279， 5'一TGG AA(CIT)
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TT(AIT) GGG TTT 一3r; ROR8 B G， 5 r-A(AIT)G G(A/T)A TTA CTC CAT AAG TTA-3r.  A

PCR was performed on 20 lil of a miXture contE血㎞g l pg of template genomic DNA，10

pmo l of each primer， 200 pM dNTP， and 1. 25 units Taq Gold DNA polymerase (lnvitrogen，

Carlsbad， CA， USA).  The PCR reaction was repeated for 40 cycles using 30 sec

denaturation at 940C，1min a皿eal血g at 400C， and l rnin extension at 720C to obtain a 533

bp fragment.  The PCR product was ligated into the pCR2. 1-TOPO vector using the TOPO

TA Cloning kit (lnvitrogen).  The entire ligation reaction was used to transform Escherichia

coli DHsct competent cells.  P lasmid DNA from two po sitive transformants was used to

sequence the DNA of the insert.  Both strands of the p lasmid insert DNA were sequenced

us血g the Dye Terminator Cycle Sequencing kit(Applied Biosystems， Fo ster City， CA， USA). 

The sequencing analysis was performed using GENETYX-MAC (versio n 10; S oftware

Development， Co.  Ltd. ， Tokyo， Japan).  The similarities of this nucleotide sequence to tho se

ofB.  bovis， B.  b igemina， and T.  annulata were 82. 20/o， 80. 30/o， and 64. 50/o， respectively. 

      Subsequently， 3' rapid amplification o f cDNA ends (RACE) was performed to

determine the sequence o f the gene at the 3' end of cytb.  A primer was designed as fo llows:

Ky l， 5'一GAG TAT TAA CAG AAG TTA ATA TGG 一3'.  We performed PCR on 1 pl

cDNA using 50 pmo l primer and 2. 5 U Taq polymerase (Takara) in a solution containing 10

mM Tris-HCI (PH 8. 3)， 1. 5 mM MgC12， 50 mM KCI， O. OIO/o gelatin， and 200 mM of each

dNTP.  The thermal cycling conditions were: one cycle for 5 min at 94 OC; five cyc les o f l

min at 94。C，480C， and 720C;final incubation at 72。C fbr 10rnin.  The resulting 670-1)p

fragment was cloned using the metho d described earlier into the pCR2. 1-TOPO vector and

the sequence was then determined. 

      A commercial primer kit (DNA Walking Speed up kit， S eegene， CA， U SA) was used

to sequence the 5' end o f cytb， and three primers were de signed corresponding to the
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sequences of the cytb fragments obtained from JD279 and ROR8BG: Ky4， 5'一 CAG GTT

iTGT TAT AAC TGT TGC TCC 一3'; Ky6， 5'一ACG AAC TGC CCA ACC CAT AT ・一3'; Ky2，

5'一CCC ATA TTA ACT TCT GTT AAT ACT C-3'.  A primer set of CYTb 1， 5'一TGT ATT

ACT ATA CTG TGA GT-3' and CYTb 2， 5'一AAC TCC CCT CTG TTT TA-3' was designed

corresponding to the nucleotide sequence s obtained for the 3' and 5' ends (Fig.  7).  Finally，

PCR was performed using primers CYTb 1 and CYTb 2 with B.  gibsoni genomic DNA and

the resulting fragment of 1，228 bp was cloned and sequenced as described earlier. 

      Comparison qプ(ツめbetween pre treatment and recurrenりPa〆asi彪:Pretreatment

parasite DNA and recurrent parasite DNA extracted丘om three dogs was su切ected to PCR

using the primer pair CYTb 1 and CYTb 2.  The fragment o f 1，228 bp was then sequenced

directly.  In instances where no synonymous mutation was observed， a second PCR was run

on the original template DNA， which was then sequenced to ensure that the change was not a

PCR artifact. 
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Resunts

       B， gibsoni cytb sequences for the open reading ，frame (ORF) were obtained from at

least three independent PCR amplifications.  Then， the complete sequence of the B.  gibsoni

cytb gene (1，228 bp long， ineluding 1，071 bp o f the ORF encoding a protein o f 357 amino

acid residues) was obtained (accession number AB215096; Figure 7).  Comparison o f the

deduced amino acid sequence against tho se o f B.  bovis， B.  b igemina， and T.  annulata， which

are de fmed partially (Salem et al. ， 1998: Megson et al. ， 1991) showed 79. 70/o， 82. 50/o， and

52. 10/o identity， respectively， within their defmed partial sequences.  Comparison of the

deduced amino acid sequence against tho se o f Theileria parva (accessio n number Z23263)， P. 

falciparum (accessio n number AUO86218)， and T.  gondii (accessio n number AFO23246)

showed 53. 80/o， 41. 40/o， and 41. 50/o identity， respectively (Figure 8).  The nucleotide

sequence of the cytb gene amplified from blopd samples taken from two dogs in Okinawa

Prefecture (Ikadai et al. ， 2004) showed 〉 990/o identity to that obtained from do gs in Aomori

Prefecture.  At amino ac id 309， tyro s ine was substituted by cysteine in B.  gibsoni i'so lated in

Okinawa Prefecture. 

       B.  gi'bsoni cytb genes obtained before and after atovaquone treatment were

successfully amplified and sequenced from samples obtained from all three dogs (Figure 9). 

G。to-T or A substit廿tion at nucleotide 363， resulting in methionine-to-isoleucine substitutions

(M1211)were observed in theの2tb gene o f B.  gibsoni from all three dogs after atovaquone

treatment.  Two other single polymorphisms， a G-to-A substitution at nucleotide 658， which

resulted in valine-to-iso leucine substitution(V2201)， and an A-to-G substitution at nucleotide

907，which resulted in isoleucine-to-valine substitution(1303V)， were observed in the 6ッめ

gene of. B.  gibsoni丘om two of three dogs after atovaquone treatment V2201 was a mixed
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馬

P・pulati・n with wild-type皿cle・tide血B・ gibs・ni丘・m D・g B and D・g C・but郷n・t

detected in B.  gibsoni丘om Dog D. 1303V was a complete substitution in」B.  gibsoni from

Dog B， a mixed population with wild-type nucleotide in B.  gibsoni from Dog C， and was not

detected in Dog D (Figure 9). 
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                   TGT酊τA㎝TA㎝TGムGT㎜m《GT鋤㎜C質GACAGGTAT棚艦AT

ATATATATGTTATAITGAAiVLArcTTTAGGAAACACGGCTTTAAocAACAAGITAACATT'VGCA，TTAAATTTAITTAATTCTCAT
                                              JD279

1
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           KYI

AGAGTATTAA CAGAAGTTA！3，一 ！lt！1 ！Cl SiS11 1｛2！IG iG
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CGATGGTCTT
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GTAGTAGTAG

GTAGATTC'1”1‘
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CCAGAGT(Xi，IT

GGTTTAATTG

ATGAGTocTA

ATGATTocAG

ATGTTTATAG

TGCGCTAGM

   KY2

TVIrTTCTTTAT

GGTCATGGTA

ATGTTTTAoc

ATTGGATToc

TACAAAGA，TT

TTCATATrrA
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ATTTATTAAC
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GTTTTTACAT
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AALATGGTCAA

(Kl｝ATTT'rGTT

1”1'ATATATTA
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TTTGGGTGTT

AALTTGNITCA

TTTTTATGCT
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ACTAGGATGT

TATATI”rATT

CAGAGGGGAGTT
  CYTb2

Figure 7.  The complete nucleotide sequence ofB.  gibsoni cytb.  Nucleotides are numbered

beg血ming with the丘rst methio血e of the open reading丘ame， which is indicated by a box. 

The 1ine s represent the primer，sites used in this study. 
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Figure 8.  Alignment of dgduced amino acid sequences of the cytb gene ofB.  gibsoni wi'th

other apicomplexan parasites.  The deduced amino acid sequence of B.  gibsoni cytb was

aligned with those of:Z paハ，α(accession number Z23263)， P.  falciparum(accession number

AUO86218)， and T.  gondii (accession number AFO23246).  Converse amino acid residues are

shaded.  Lines represent putative atovaquone binding site for P.  falciparum， The mutation

pohlts observed in recurrent丑g∫bsoni are indicated by＊(M 1211)，‡(V2201)， and†(1303V). 
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Figure 9.  Direct sequencing of the original and recurrent B.  gibsoni cytb gene.  The

mutation sites of M1211， V2021， and 1303V in the origina｝ parasite (Dog A) and atovaquone

treated parasites from three experimental dogs (Dogs B， C， and D) are shown.  Pretreatment

sequences of each of the polymorphism sites in the gene of B.  gtbsoni from all three dogs

(Dog B， C， and D) corresponded to those of the original parasite (Dog A). 
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Discussion

       In this study， the complete sequence of the B.  gz. bsoni(ptろgene was detem血1ed. 

This is the frrst such determinat ion in the Babesia genus.  The ORF shows a highly

conserved protein with strong identity throughout to that o f other apicomplexan parasite cytb

atmo acids (Figure 8). 

       In the malaria parasite， atovaquone is thought to mhibit the mito chondorial

cytochrome bci complex by competitive binding with coenzyme Q.  M1211， which was

identified in B.  gibsoni丘om all three atovaquone treated dogs， was localized in the region

th。ught t・be the target regi・n resp・nsible f・r血e幽ct・f at・vaqu・ne血P.  fal・iparum

(Figure 7).  Moreover， the same substitution has been reported for atovaquone-resistant

Plasmodium spp (Syafruddin et al. ， 1999: KorsincZkey et al. ， 2000).  As the recurrent

parasites displayed less atovaquone sensitivity after atovaquone treatment in chapter 2， the

M1211 identified in this study may be associated with the loss of sensitivity. 

       Two other single poly血orphisms V2201 and I303コ口were observed in the(rytb gene o f

B.  gibsoni fro m two of three dogs after atovaquone treatment.  Whether these

polymorphisms induce le ss sensitivity against atovaquone and how sensitivity is reduced in B. 

gibsoni are not known.  Further study is needed to establish a direct correlation between the

three single polymorphisms and atovaquone resistance. 

       Direct sequencing in B.  gibsoni DNA extracted from pretreatment do gs and o f

parasite DNA extracted from the Okinawa Prefecture isolate， which had not been exposed to

atovaquone， failed to detect these three nuc leotide polymorphisms.  Additional screening o f

B. gibsoni iso lated丘om two naturally infected To sa do gs in Ao mori Prefecture that had not

atovaquone treatment also revealed that these polymorphisms were absent (data not shown). 
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In these fmdings， a single seven days course ofatovaquone treatment might induce changes in

the population o f B.  gibsoni wi'th variant po lymorphisms. 

       Atovaquone becomes a major component of a new antibabe sial treatment in which

azithromycine is used as a combination drug fbr ca血1e babesio sis(B辻kenheu自r et al. ，2004). 

This information on po lymorphisms o f the atovaquone binding site in B.  gibsoni may be

usefu1 not only for treatment of canine babe sio sis， but also for treatment o f human babesio sis. 

These single po lymorphisms in the cytb gene may be usefu1 as mo lecular markers for

mo nitoring the development and spread o f drug-resistant patrasites in the field. 
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General conclusion

       B.  gibsoni i s a tick-borne hemoprotozo an parasite causing hemo lytic anemia in do gs. 

This parasite is now considergd endemic in the world wild.  ln Japan， this parasite is found

面u血bers。f T・sa d・gs.  ln this study， the predilecti・n・f incidence・f ca血・e B.  gibs・ni

infection for To sa do gs in Japan was studied丘rstly. 

       Blood samples from 141 Tosa dogs from Aomori Prefecture during August 2002 to

April 2003 were collected and the p 18 gene of. B.  g・ibsoni were detected丘om these sample s

using PCR assay to investigate the incidence o f subclinical B.  gibsoni infection.  Forty-one

・f87 d・gs(47・1％)舳㎞st・ries・fd・9 fight血9 aPd・ne d・gs・f54 with・ut a屈st・ry・fd・9

fighting were po sit ive for B.  gibsoni; that is， 42 o f 141 do gs (29. 80/o) showed a po sit ive result. 

Tosa dogs in Aomori Prefecture， Japan， were highly血fected wh:h B.  gibsoni but had no

symptoms， and this patho gen might be transmitted through do g fighting.  These do gs may

become a reservo ir for tick-born nfections to other companion animals.  ln addition dogs

with subclinical infections were also at risk o f chronic thrombo cytopenia which may be due to

auto inmlune mechanisms.  Thus， it re㎜血s a need for an effective agent for elim血ate this

parasite.  Subsequently， the therapeutic efficacy o f atovaquone， which is active against a

wide range of human protozoan patho gens were examined. 

       Iri chapter 2， the therapeutic efficacy o f atovaquone against B.  gibsoni was examined

in three dogs expe血nentally infected with this parasites isolated丘om naturally infected dogs

in Ao mori Prefecture， Japan.  Once parasitemia reached 100/o， atovaquone was administered

orally (30 mg/kg twice daily for 7 days).  Withn 2 days o f atovaquone treatment， the

parasite disappeared from blo od smear s without any clinical side effects.  Anemia and

thrombocytopenia were markedly improved in all the do gs.  However， a PCR assay revealed
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that one of the B.  gibsoni marker gene was intermitte皿ly present in peripheral blo o d after

at・vaqu・ne therapy血dicat血g that the・rganism had n・t been eliminated・and parasites

reapPeared血bl・・d smears 33 days after the last tre舳ent・T・血vestigate the change血the

susceptibility t・at・vaqu・ne， an血vitr・sensitivity test was perf・rmed us血9 Pefipheral bl・・d

obtained fセom an untreated dog that was infected with the original parasite isolate， and丘om

two o f the experimentally infected and atovaquone-treated animals.  The recurrmg parasItes

were less susceptible to atovaquone than the parasit:es isolated from the dog.  Although

at・vaqu・ne treatment aga血st B.  giろs・η∫was㎞gmy e館ctive・・ur results血dicated that the

                                                                          use of atovaquone therapy alone allows the recrudescence of parasites and decreases paraslte

susceptibility t・this drug.  H・wever， the mechanisms resp・nsible f・r the decreased

susceptibility have n・t been血vestigated・Genetic changes ass・ciated with decreased

sensitivity・fB.  gibs・ni・t・at・vaqu・ne㎜y加valuable as㎜kers釦r cl血ical apPlicati・n and

f()rselection ofdrugs fbr use in combination with atovaquone. 

       In chapter 3， nucleotide coding sequence fbr B.  gibsoni(ッめ， which might be the

at・vaqu・ne target， was identi丘ed血stlメSubseque皿ly， the sequence・fthe(・ytb gene・fB・

9'わ5・ni・is・lated丘・m at・vaqu・ne-treat. ・ed・animals・with・recurr血9 parasitemia Was dete血ed

and compared with that ofthe parasite o1)tained from the dogs bef()re the treatment. 

       DNA was，extracted fヒom B.  gibsoni isolated丘om Aomori Prefecture， Japan， and

1，288bp o f(rytb， including 1，071 bp o f open reading fヒame， were sequenced.  The sequence

showed high homology to that of other apicomplexan parasites. β.  g・ibsoni(rytb DNA fセom

three do g s that had been experimentally infected with B.  gibsoni and treated with atovaquone

were also sequenced.  The(lyめgenes from all three atovaquone-treated dogs contained a

single mutation resulting in an amino acid change(M1211)in one of the putative ubiquinone

binding sites・fP・ fal・iparum・which was h・m・1・9・us t・卿ati・曲・ther apico即lexan
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protozoa that exhibit resistance to atovaquone.  Two other mutations(V2201 and I303V)

were observed in two of the dogs.  These results in(iicate that point mutations in the

sequence fbr mitochondrial(ツめ㎜y be associated with decreased susceptibility of」Babesia

   のspecles to atovaquone. 

       In conclusion， the present study demonstrated that B.  gibsoni may spread among

dogs in Japan through a peculiar incident， namely， dog fighting.  In addition， atovaquone

significantly corn:bated this parasite.  However， the use of atovaquone therapy alone allo ws

the recrudescence of pa:rasites a血d decreases parasite susceptibility to this drug.  Point

mutations in the sequence fbr parash:e's mitochondrial(ッ'わmight be associated with these

results. 
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Abstract

       To identify the incidence o f Babesia gibsoni i nfection among dogs in Ao mori

Prefbcture， Japan， blood samples丘om 141 To sa dogs丘om Aomori Prefecture were collected

and po lymerase chain reaction (PCR) assay were performed to investigate the incidence o f

subclinical B.  gibsoni infection.  47. 10/o with histories o f dog fighting， and 1. 90/o without any

histories' o f do g fighting were po sitive for B.  gibsoni; that is， 29. 80/o showed a po sitive result. 

Tosa dogs from Aomori Prefecture were highly infected with B.  gibsoni but showed no

sy卑ptoms， and this pathogen might be successfUlly transmitted du血Lg dog fighting.  These

dogs may become a reservo ir for tick-boM infections to other companio n animals. 

Furthermore， do gs with subclinical infections were also at risk o f chronic thrombocytopenia

which may be due t・aut・imune mechanisms・Thus， it re㎜血s a need.  f・r an effective

agent fo r eliminate this parasite. 

       The therapeutic effiTcacy of atovaquone， which is active against Plasmodium spp.  and

T.  gondii， against this parasite was examined in three do gs experimentally infected with B. 

gibsoni.  Atovaquone (30mg/kg'7 days orally) showed potential therapeut ic effectivene ss

against acute」B.  gibsoni infection in do gs.  However，血fections recurred in all treated do gs. 

The parasites that reappeared about two months after therapy were le ss sensitive to

atovaquo ne than the original iso late.  We identified a s ingle-nucleotide mutation in the cytb

gene o f the recurring parasite that resulted血an M 1211 substitution at the amino acid level. 

This mutation was identified in B.  gibsoni obtained from all three atovaquone-treated do gs. 

This am血。 acid substitution is localiZ;ed jn the region corresponding to that proposed as the

target region for atovaquone action in Plasmodium spp. 
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