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Molecular Phylogenetic Relatedness of Frenkelia spp. (Protozoa,� 
Apicomplexa) to Sarcocystis falcatula Stiles 1893: Is the Genus� 

Sarcocystis Paraphyletic?� 
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~/I/'/ltllh' 0) IJal'/l>i:",'/,'.:\. C;..'c!l Acadon.\ I" 5c:£''1/ C\ /Jr(//!1\ul"\kt/,~I . .rIO (I':: (c.""c' nl/lNj,·. if ,'. C,'n'h N,·("'/>/I,· (/!1d� 
~/)q'II' (Illt'nl I~( IJorasilll('·X'·. f'U('I/(I,1 or S( it·lIet'.'. Chu 1'1<' " L'1I11·,:n;,.." 128 ~~ Prflgrlt' C':n it 1<"1111""1', (/Ild� 

"-IJCI'<II"/IIIC111 (,I hl/,oluul"'.:.I. I:w /tlt\ o( filII, ,':It III S,"ien( c\ el/llO','I!.1 (lr Sura/, IJIIJrt'IH;lI, (t'\ t' Hlldt)'" ICC, (~c'l'h Nt'/'U/Jfi,� 

-\B')TR,·\CT Th~' ~·0~ ...-lJI,lll" f-rl'l!kdiu IJli, I"(Ilj ,III,! I' t!11I1'l"()11 l,--\pi .. ~)mpl~'\a· S;H.... \x:~~lid.I~,) I,'rlll li~"l1": ":~"I" i'l I l.: t-.r.lin \'i .. m;lll 

r,)f.!r.:nt" linlL'!'nh~dlal": hlhbl \~hik 1,IX'\ .. I .. <.II''': Illrw..:d in Ill..: ill!L·"lifl..' 01 fin;c! h,l.. ,... OLl//;II\I... of 1110: ~~'IH'" HI/h·p. Th..: In..:llI',HP. III Ihl.:' 
... null .. \lbtlllli nOll... PHWI R:".·\ g..:n..: "L'·qu..:n..:..::- ISSl rR.'\AI of (1Olh 1"1'('1//'('/111 ... p..:..:I ..·.. ilHtl ,h..• ~SL'~rR'.-\ lro.: ..•.. III Olh..:r. li ....\l~ ..·~ .. I­
hlrnUt!,\o' ~·,'.... cl1l,l :-If\m;:l~ ..t~prun ... p.lr.lrh~ I~ 01 Ih~' ;l;:W'" Surn'en/i" Fn'/IJ...t111 "pr...·xhjj')ll d\h..· rd.lh...dlll: .... til .\a/(·/ff .\'.\I/.\ fFI. u(lI/(/ 

SuI".... l~~.;. ;1 biiJ·opu....um p.tra.'IC":. rl'co$lli/...'d unJcr it:- jUllillr "~llonYI1l S /let/nlila Dub..') ..'I ,\1 I'NI ,I" {h~' ~',Jtl~:ll!\ J~":n1 of 
cqllln,,' p J111(p;m 1\l~":hX:ll...'..:ph,IIHi.~ 011 lh: .-\I1'l..:n~'.lll l.·oIHin":l1! .--\ .. Ih.: l.kl1IlHH'll 01 lin.: ~":IHh 1·/t·I/J..c ii,; h b" .. ..:d lll1 :L pk umwrphit: 
..:h.tr .. ~·I":1 \:1 nllil~ 10 IIl..:- ll..:ur~d (I .... U..:) of ..upp""..:d!,\ 11m rh~ lo~('nLtK' \;L1Ll':, lh ....... ~·Il\lil~ IrHt:;I(lon ol'llIe ~":Ilil" r/"t'ukdlll \\ llh .\(/J\·"'·'\·"fi, 
i .. pr,\p\l ..~'d rlll" 1\:nJ,'I" I:K' ~~'nlh \'<1 It U(,\ "/1 11I11;l\.r\II~I":li.: 
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T ....1 \ cy:-.l-forming hCICrOxcnOll:-< cnccidia (Cr-C)tApicOlll­ i(";IJly inJi"lln.:;ui ...habk I'rl)1ll thn~~ or "0011.' olha Cr-C (jubl'alll­
rk"(,: Coccidia: San.·ocy:-:.tiJJ.O:) arC' de'in~d as para";ll":-s ily S~lrcoc) ... tln.lt..')( 191 an.: forlll~d. Like in lht: ~C'nll"; S(//"('""C

o
\.')·/I.\ 

circul<\lIn~ bcmeen a tin:\l hO:"1 (;1. carnivore or omnlvor~) "nu di1'l~..·l lr,lnsllli:-:.sinn of (he int"cctlon anlOn~ hUZI.:.1rUs hv in fee...:..; 
an inrL'rrn~djol~ ho"l (u.;,uallv iI hahlvore or Ornni\'lxc) In ti:,­ C'."(crl2t...:d sporoc~ .. ts i~ nl)[ pos... iblc I,:). 2~j, If SLnlClLJr~l i.lnd lir'~ 
SUeS of lh" inl~flnedii.lle hOSl' CYSI";' \\ Ilh J large numh~'r of zailcs evck: chJr;\\,.'ter.., .1rc cOllsid-.::reLl. (he \!enus close";'l 10 Frellkelw 
(cyslozoiIC:-;) ore. fOrllhxl de:qine:L1 to in(cc[ lh~ fil1n! hos! <1fl('T I; the ,gcn\l:' SnrO/l·\',ris, The mutual r~lationshlp of lhe'i~ t\\'o 
being :nge ..;tcd. Thcs(; organisms or~ 'Wickly dlslrihul~d ond J.re gen..:rJ i..;" ho'W~ver, a '"'uhJt:cI 01 conlroversy, On one hand Frel/' 
of paramount illlpor1once bOlh in human Jnd anim:ll hcahh. kelia h3:-> sever~d characlt:rs, iJenllCal with SarcoC\·s/1.5 (it I:' 
Currenl clJ.ssitit.:J.tinn of the CFC is h<lsed on morphological oblig<llOrily hct~ro."<enou,.,: tlst gcner;;llion maonts In cysl:> In 
Ch3r;.l<.'lerS of oocyst') and :!>porocyS:lj. tine siructure of m~ro­ the intalTl..:-dl<llc host form mctrocy{e~ which give ri~e 10 cy:;­
gOI 1 :'1;);:1.'') JOU host-par:Hll:: rel:llionshlps (hnJI host spccitic­ lozoit~:': oocyst) sporulolc in the fin~l hosl body). Funhcrmor~, 

it). I ~Sll(, speCIficity in Ille inlermediate hO~IS and the life cy­ ther...: ar~ some "hared Jnligen~ and slmili"'lr cyst \vJ.ll among 
ckl[7], Frellkelill and ,)·u!"COCy.lf/S [3, 18!. The similarily bel\\ cen Fren· 

Prt:scnllv, six £::encra of Cr-C <l1'~ considered to be v:t1id taxa. kelw and Surcocysri\' led L~vine (19J to divide the filmily So.r­
They hav~' lhe f;llowing IOCJlllHl of CYSlS in the: interm~diale cocystidJ.~ Poch.:: 1913 into 1\\0 subfamili-.::s: S.. rcocyslinae Po­
host: sp~cj~S of Ihe genu..; HOllll1Jomlw occur in the skelelill <InJ che 191.' I Vvllh the genera SarCOCI.'S/i.'i and FrCllkelia) and Tox, 
clrdiac muscks. evenlu:llly in brain. spken. lymph nodes. liver opl:lsm:lIinJ.~ Hiocc;. 1956 (wI(h' the g~naJ Toxoplasma and 
and lungs, ReprC'scnt;;\Iive~ of the genus Bt.mo;rr'a de.... t:lop in Be:if1oi''''I. Som~ aUlhors ~vC'n $ug~L:..;,ted :-:ynonymJlalion or 
varioLlS connc:ctiv(' li..;sue cell.; whdt' Toxoplasmu and Neos{'oro Fnmkelltl wilh Sarcoc\'sl;s [3. lSJ. On the: oth~r hJ.nd the slricl 
are confined to lhe brain and the ~k~~l..::lal and cardi:lc mu;)cles confinement of cysts II,.) the eNS of lntcrm.;di'lle ho:'ls and lhe 
[71. t\'kmhers or lhe by far larg..''il genus SarCOC.\"ilis produc~ comm,:nct:ment or m<;;rogony within lh~ 1I\'<.::r p::lrenchYJn:l cells 
cys: 'TIo';lly In the skelelal mu~ck.; Jnd less frequenlly in the; reprc::scnl unique fealures or the genus FI't!l/kelio. This is \\hy 
her'. ;.:; {! ... ..;ut:: (9, 23J. Sp,,::·..::icc; or the gt:nu~ FrellkellO hJ."~ olh~r <Iulhor~ con.':;ldcred this !:!enus to he :l vJ.lili :lnd well-
CYSb h~~~:Il.:d exclusively in Ih~ centr:ll r:~'rvou\ sy .. t";l1l (eNS) ddin<:::d taxon /7. ?7). ­
{27J. Th~ morphologlC:\1 anrl Ilk cycil... d:lta bt:lng In,ufticienl f-(erO;:ln Ih..:- lip,l dal;) on mok-cular phylog..:ny or FrCltke/in are 
for Ihe analySIS of phylogem'!ic rel<lllonshtps of Cl~C r:?81. ~;;:­ prt:s~n(~d. \Ve "hnw 111:\1 Ih\.' inLlllslon of hOlh F/'I'I1.~di(l specie..; 
quence~ of tl1..: SlnJ.11 ..>ubuIlIt nbo;o;olllJ.1 RNA gene: fSSU rR;'\i\J intO tht: SSl' rR:-...rA coccicli.l lr~e:-< strongly ;;llppon..; paraph) 11' 
hJ.ve becn us~d for the pllrl-hh"::. Tht: SSU rRNA ~~ill;; "..:quenc('~ of the g~"us SuroJc\.ms, FI"('lfkt~hll spp. exhibit a ell)se rclat­
wert: oblJ.lned for ..;c\·tTJ.1 rll ..~rnb~·~ of tht: s::~nus S((rc()c\sli,. eUll":-,:'S lv SUJ'C()"_\iilj, !"!Lawl,,, S!Il~:-,. 1393 I:-)"n. S IIt'UF(lI/O 
Toxnpla:nlla :\nd NCm{JOrd lrcvl..:v.\,.'d In i29jl. Phylog:ncllc nub...:;.'. D;lVis. Specr. Bu\~ nl:l .. Llhunl:\, Gr:lnlront. Topper. 
trees infcrr.::<1 fn)!ll l!Jc'\c- ~ql!:.::n.:c~ ,h()w(~d th.11 ~pr~~:..cnt;}li\·~~ 1i,1l1)lr. Cumnuru!::- & Sutt.:r. 1991). Ihe cauQli\'c Jg"::lll 01 
of [h,: CFC form <l mflJ1pphylcll":: ~r()lIp, Ih-: lnono,"(enlc gl..'lllh L'qllin~ Pltllol"o;m l1l~doeIKcplulitl~ in Nort!! :lnd South :\ma­
£"110 I ~in~ Ihl,~ir si<;;ter branch r I~. 17. ."\.(ll. iC.1 lhl. 

Jr, .,''', r:iI.·k \\L' e.\h..'lId tli.: phylo~l;llclje :In.lly .. i..;, or CFe t~) 

the gemh Frt'llkclw Thl:- S..::nu,~ c,"IOtai!1:- only 1\\'0 ..;])('ci(' .... i\-IATERIALS ACID METHODS 
Frenkelw micrOli (Find);l)' ~nd i\liddktnn. 19\~l Biocc:l. ISl65 

Parasite diagnosis and isolation Both FFeJlke!i(/ .;pecic::-­OCcurs In lhc brtlin and ... pill:\1 cord or rouelll:-' (lno..;l ~)flen in 
voks. genuS l'vlicrOf/ls bUI al.;o In olha ";nl~11 rndcnls) and in were Cli.)~5ihcd Jccording to the ;;hap..:- :llld siu or Cy.,I'i 10 Ihe 

rabbit (OrYClologlls clllliclllli.~) linda exp-.::rimclll:\1 condilion::­ br:lin i1nd Ih,;: ;;pecie:<> of Ihe lnlt~rmedlJ.t(' ht.)),l PI. Appro"i­

(:?5). F. glal'eoli CErhardo\·a. 19551 BIOCGI. 19(1) develop:, ~~­ maldy 70 pln-hc:lo sized CyS1S containing mature cy:-:lOLoites 

elusivelv in Ihe hr~ln ti<;sut.: ur !he: hJ.nk \·olc. ~enll~ Cll!lhl"fofl~ of r. micron were dIS .... t:clcd (rt)!ll Ih~ hrain ut';1.n odull spl:cimt:n 

0"'y5. GanlUf!nny and sporogony {::lke pl::lc,,:: l~ {he inl-.:~[inc of of L·Onlillon vo[(; (/v!icrofl/.\ on-olis) cJ.plur-.:d in i\llln\·ic...:, 

birds 01' prey (ElIrop~an. A"iar1 ,1nLl Amcnc:\n ')pccic~ 01 huz­ SOlllh~l'Il !\loravi:\, Cz('ch Republic in April. 19S15. F. glore-oli 

zaI'd.: cnu:, 811/eo) 120, 21, ~ II \vht::r~ SpOfL)CySls morpholog­ cy.>;[s Vv-.::re ~\tracteLl from tl hc:avil:;. inkcl~J hrJin (abolll (20 
CY~I,,) or a hank Yak (CI"tftriol/oIllYs glareo{II,\) Irapped in L:es· 
k ..l Sk:lIICt":. Norlhern Bl'hLlllljJ., Czech Republic in Seplember 
199~. Cysls wilh rcmnonlS of {h~ br:\in li::i:sue wer~ byered on 
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T;1bk l. ~(Iucn~c ..;imll:tnl). Above di3gon,tk: p~r("cnl:lgl' 01 .seqllcnCl: ~lllltl;lrllj...' .... B..:\o\1. JI:'Igonak' pcn.:cnl:J.gL: l,r <;,cquo:ncf: Ji,t;tllCc,,­

J. 5. o. 7. 'l. 10 II 11. I)­
I� C I11ur;, 86.1 78.0 7g.~ 77.7 7q.1 78. J 79.S 80.~ ;~}.t) ~() ...\ lSO,2 ~0 I, B. 111;("1'1111 1.'.1 7'Y7 7X.2- 775 78 -1 77.; 81l.::; S I 0 Sl ! 81.0 809 I J 
J.� 1,-. "it'.\{Jwl:.; l6.1 IJ 7 82 ) 8'2.3 toI-L3 ~ r ..'i :;8.0 Ss.) SS I S~ ..' ~, 0 R3 -1 

S 8.1J. (1I"/f'(WIIII/I l.'i 9 IJ.8 11.9 9.1.S 902 lSI.) -1 Sh.7 8~.1 ~::{ -1 88.3 Xg I 
5. S /endrll !.\ 3 1-12 I r.J /':i: 1).9 ~S ,I S6.7 g,.() ;-':,~.! XS.I) R78 Si'')" 
6� S (1I,liJ;'/IIl;( l.'l.S 15.6 1.1.1 5.1) J.S 91._1 S'i -1 89.6 l)O.I) YI 5 91.! "I I 
7. .\. ~j:;l1!!((,(/ I_L.1 IS.Q 13.-1 7.1 5.Y -1.:' gh ..l S6 7 b7 'I :';,'1) ~7.7 

s. T. ::(JllJti I.;LJ 1.,9 10 -j 6.9 .;.8 6.5- qq.:, l)~.l) 1)60 ' ..9:' " 57 " 
9. 1':. <.'l/!!(' 1.'(' 1.1.S IO.n 6" :'i.- 7.0 0 ..1 "'5 S I)h.~ <)6._1, 'ih6 

10 5 1/1111"1.1" 13.7 12.lJ 10.1 55 J ~ 
"::;.5.I 3 S .'.x ")7") lj7.9 (17 

II S. )u!culltfa (:t.:?: 13.1 10.-1 U 50 6.0"" :1~ 
,.., l.~ l)·\.S5.S� %.l.,l 

I! f··. I/Hl"l"('fi 1.'.6 I.' 7 105 5t.J 5.1 5.-1 6 _I .1-1 J.-1 ! I 1.1 IN.1 
1J f·. g/or(O(lli 1" IJ I 10.0 .\.S J 0 :'i ..4 63 3.n J (] r.o 10I " 

a continuoll) ~llCfl),:,,-, ~rJdienl. and lel'l 10 sl.:dim~nt for 4 h at nalions ot" alignlll~n! rar~ml.:la ... wen:: II'lL'd. ::Ind the ;I112nmcru� 
4° C. Cysls s~diml:nte~ ~H the concentrntlon or 40C?< wert: car..::­ provl<..hl1g the shonesl p::lf.-;im\)nitHI ... (fcC W::I:-. "'ekcled. Th.: Sc­�
fully r("mo\'ed. washed -1-:< III phosphate-butTered ~aline :-.olu­ quence~ were fUrllla llllju.,aed by cye. p<Jrtlcul.JJ·ly in {u\.!hlv� 
tion. and subsequently disl'Llpt~d by S:~"'I.:r;d frcl::.lc "nd thaw vannblt: r(;glon~. 1111 the ~hon~~1 {r~c was lounu (aligllL ..:l.t I).� 
cycles ill liquid nLtrogen~. Pure merozoite::> were rcsuspcnd..::d fn order 10 t:Stlm~HC the lnnucnce of d1l ferent alignmelll melh­�
in the Iysi, solution (50 mM lris. pH 8.0; I mM EDTA; 100 od::. on Ircc IOpologie:-.. \1,Ie con::.trucl~u 1.725 bp long alignment� 
m~'{ NaCI. 0.1 ~ qrco--yl, ~nd incubJled for I h ill room leHl­ using Jotun Hein algorithrn (alignment [II. 80th alignments arc� 
perature. Aft;;r ph"::0l.11 and phenol-chloroform extraclinns and available on rcque:,l.� 
elh,lOol precirilJlion the "ir-dried lOla I DNA \...·as resu'sp-:nded \Vhik whole alignmcnts wcre teseeu by nl:l.'(imunl likelihood.� 
in TE bufler (10 mM Tris. pH 7.0 and I mM EDTA). for maximulll p;lrsiJl10ny th~ :set:::. cont~inlng 261 (alignm~nt I)� 

peR ampUfication. S5U rRNA genes wer~ amplitkd v.... ith and 269 (alignment I() informative site:> were prep<Jreu by fhe 
Ihe oJigonuckolides JV-I.), GTATAAGCTrTTATACGGC 3', ··teil\I.:" program which rctno,,;~s uninformative siles <R:llldonJ 
and JV-2. 5' GAATAATICACCGGAACAC .1'. which anneal Cbdislics, (261). rvI<J:umum .pllrsimony Jnd mJximum likeli­
10 the consaved 5' Jnd ,1'-end regions. Re:lCtion ml'(tllrcs con­ hood was done using progr<lms DnJp~nny. DnJp<1Is. Dlt,ll1:1 "'od 
lained 10 m:V1 Tris. pH 9.0. I mM MgCI" 50 mM KCL 0.10/< Dnarnlk. <Jnd (he dJ{~l.-;eh used 10 cumputc the bOO(::'lr~lp \ ,llu''s 
TrilOn, 0.2 mM each of dGTP dATP dTIP and dCTP 0.25 uM were genu<Jled by 5cqboot (Phylip. version 57c. [13\1. lndc­
of each amplification pnll1cr and 2.5 U of Taq DNA polymaast: pcndently. the nuximum parsimony and J<lck knife monophyly 
(FermentJs. Lithuania). A Peltier thermal cycler was pro­ index (1MI) were calculmed by Hennig86 [12J and Random 
grammed ror 35 cyck~ of 92° C I min. 40° C 40 sec. and 7-1-' cladistics progr:1ms 1261. In all steps of the analysIs by Hen­
C I min 30 ~ec. Wilh final 65° C 15 min eXlension (0 enhance nig86 {he exhaustive st:o.rch algorilhm (cc-.;ie-l") wa~ used. 
Ihe addition of T-overhangs. Nucleotide sequence accession numbers. The SSU rRNA 

Cloning and sequ('nci~g. PCR produces wae ::lnalyzed on gene sequence data of F. micror; and F. glareolt are <lv:lilablc 
0.75% ago.ros~ gels slained wilh elhidium bromide and punfied at th~ Gen8ankl;jl under (be Jcc~'ssion numbe~ AF0092-W :lnd 
by ekctrodulion. DNA \'\'1" e.'(c[i1cted with phenol-chloroform. AFOO92..J5, resp(:crivel~. 

ethanol precipiti11Cd. lig:~l!ed into the pT7 Blue veClOr (Novagen) 
and transformed into XL·l Escherichia coli competenl c..::lls RESULTS AND DISCUSSION 

(Stralagcne). Both strands were sequenced usmg (he Sequen,be Phylogenetk analysis of alignmenls. Amplitled region of 
2.0 kil (Arners-ham-USB) Jnd J sel of prim..:r.; composed of [he SSU rRN ...\ genes of F. micrOI/' and F. gfareo!1 i5 1.631 and 
those matching the conserved regions shared bel ween apicom­ 1.630 bp long. respectively. 5imtlarity of lh..:: most r'-'lat~d het· 
plexans and k.inelOplaslids (prima<; 5-71:1. 5-828. 5-829 of crox~nnus coccidi<l h~s been ploned in Tahl~ I. \\'e beg'nn [he: 
[2~J). ap1conlpkx;'ln, ::Ind heln1Jnlh:s (rrima~ 5'2. ~·8. 3'7. 5'6. anJlysis with tile set in<..:ludmg al! availclhl:.: apicomr!cxJn SSU 
3'4 of {5j) and Fren!,:e/lo·spccific primers J\'-3 (5' CTATG­ rRNA sequencl.::I. After thot branching of both Frenkt'ha spt."ck:s 
CCGACTAGAGAT.-'\GG nand JV-4 (5' CTAG -'\CCTGTC­ v..HllLn lhtl CFC branch was eS(;lbh~ht:d. v.·e rC5lncl~1l our an::ll­
GGCCAAGG n )"SI:' on this grour of orgl1ni~ms only Since it \\ins: c1e:ltt~ d~lJl-

Dilta 3nalysis. Two diit"L:r\'~nl algorhl\nt·~ were u:,c:d In this ()n'trat~d that Ihe torology of lrl.:"::~ bas...·d on {he apl"~" ~Xiln 

siudy tll rroduce allgnlll,-·nl~. CluslJ! 'Jnu lotun f-k:in i~1LgAh~n sse rRNA ..;equcnct:·:'" is strungly lllfluCIIC..::d hy II •. '~ of 
\Vlnuo\\-,,, .J, lUa: D~.A,,)Tr\J{ Inc .. l"SA). To cSI:lhli.,h tilt:lr at­ ahglll1lent ::\Ild phyl(")g~nelic method u"'L:<..l flO, 11. 2Sj v.... h:\vc 
hnlly 10 other group .... 111~ SSU rRNA sequ .... nccs or F. micro" construcled fr~..::s based on two dlrla~nt ali2.nrnenh U~Jn:! both 
ilnd F. glarcoli were first illign~d tlsing CluSIJI melhod .... ilh Jil maximum p:usimony and nHlximurn Ilkehh'Ood mt:thods -in or­
aplComp!cxJn SSU rRNA sequenc~~ r~trievcd from the Gen· der to verify the reliability of Irec~ obl~'\lned. 

Bank,;t. Onc~ Ihe phylogc:nellc posillon of lhe~..:: IWO sp..::cies For alignment I. conlainlng 26 I inrorm~Hi\'c sites. both max· 
wilhln (h~ heIUOXen(ll1.;; ("()ccidi,1 w" ... confirmed. we restricted imurn parsimony progr::l.m,.; provided twO equ'J!ly p<lrsimoniouS 

fun her analy'sis lo (his group only. We used 1.567 bp and 1.566 treeS. In both lrees Iht: genus SaruJc.\",)·{i., was ::.plil inlo IWO 

or long fragrncnt.s of the 55U rRNA s..:::quences of F. microfi hrancht:s. one containing only four SarcoC."_'ifis speci~:,.. ("Sar· 
<Jnd F..~!areo!i. resJX=ctively. for which homologou) fragOl.,;-nts cocY5ri.~ group"). thc o(hcr cmbr<lcing S. IJ/uris. 5. ra'\·~:Jul(J. 

Jr,.;; availJb\e !'rom otha heleroxenous coccidia <lnd £lIl1eria and both Fre"kelia sp. (" Frellkelia group"). The tr~·;..'''' ! [ ·er..:d 
!/ieschl//:I. Cr')'[JlOspondllllll IIwns and 8(1besia Ill/ero" llS out­ in posilion of (he Toxopla.\·mo·,v(!OS[Joro cbde. \Vhd: In th~ 

groups. U"ing Clustal algorithm. 1.696 bp (ong alignment WJS first !ree. idenlic:l1 10 that oblaincd by maximum likelihood. lh~ 

g:~neratcd. To obtain the best titling alignment. scva<ll combl- To.wpla.rma-Neospor(l Cl,ldtl formed ')Ister group 10 ,111 other 
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lmilaritl..: .... B... hl\\ dlil';:Ullak: p:1'Ccnl.tl,!oC l..'f 'icqucnce lli'>l~lnc("" 

7. ~. 11: II I~. U. 
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:.1 I I 
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l.)\.) I 
6 ..1 '.0 .l.l) I " I " I " 

IlIOl\S lll" al1g11m~n[ po.r:lm~(a" v... ere Iril:u. Jnd the alignllll:nl 
'ovicJing: th ...., s!wrtcS( r:1r~im011iou" (ree W3\ sekcted. The se­
cncL'S Wl'rl: fl.lrl!la ;ldjUl;t~d by eye. paniculJrl)" in h'~t1ly 

ilfiabk n...·ginn:--. lill Ih..:: Shorlcsl If!,)":: W:lS lounJ (:1hgltl ._!'( !J. 
I oruer 10 ('stillla,,: til .... inOUCllCl: .,)1 diflerent Jlignmcilt fHl.:lh­

~~ on Irt=t: IOplllllgil.·'. ""'~ constn.lCtt:d 1.725 bp long alignm~nt 

iing JOlUn l-kin algnrithm falignm,.;nt II). Both Jlignments arc 
ailabk on rcqllc:'l. 
\Vhik \vhok alignmeOis were te"ted by m:Jximum likelihood. 

Ir ma:,imlllll parsimt>ny lhe seb conlJlIllng: 261 (allgnmcnt I) 
~d 269 (aligJlIll~IH 11) infurmmiv,.; site ... were prepared by the 
leasc" progrtllTl whiLh rCl1lO':\.~' uninformati\-e siles (RJndom 
adi~{i(;s, f.26/1. Ma:(lmUm pMsimony <lnu nlZl:,imum lik~li­

od W<J,S d\)!1c w,ing rmgrZlm:,> Dnapenny. Dnapars, DlL:lj I and 
amlk. and the data"'~ls us..::d [('I compute the bOOISlrJ)' \ .dues 
IT gen..-::rat..-::u by Seqboot (Phylip, version 57c, [131;. Inue­

~ndcntly, thc maximum p:.usimony Zlnd jack kmfe monophyly 
de.\: (JMIl werc cZllculaled by Hennig86 [12] and Rllndom 
distics pro.f:ram:- [26]. In all steps of the analYSIS by l-kn­

g86 thc' cxhau,tive search algonthrn (cc-.:ie*) \""a~ used. 
Nucleotide sequence accession numbers. The SSU rRNA 
~ne SCqUCllC;; <.!iHJ. or F. II/icron Jnd F. gloreoli are Jvailabk 
(h~ G~IlB<ll1k:n undtr the :1CC~SSlon numbers AF009~44 and 
009245. rt:sl)-~ctively. 

RESULTS AND DISCUSSION 

Ph)'lngt'neliC' analysis of alignments Amplifi~d re~ion or 
e sst! rR0l"A gen~5 of F. microlt and F glareoli i~ 1.631 and 
630 bp long. n:spccthely. SIIlIIL1rity of (he mOSI related he(­
'oxcnnus coccidia ha, been ph1tted ill Tabk 1. \Ve. b,;:gan the 
alysis with the Sotl Including all aViubhlc apicompk.'(an SSU 

ti'rA ~Lqu\."nc~s. After lh~ bn.1nchlllg of both Fn·'lJ.:.dw s~cies 

itilin th~ CFe branch \\ (,I' estabIL""he ...1. v.e rL~~lnC!l~U our anal­
;:i..; on thi, ...'roup or organiS111S oilly. Since iL W.l"> ck~Hl~: lkm­
rblrateJ th~it tilL topology of Irl:.'CS h::ls~d on lhe ~PI(" I 'c.qn 
f;U rR·'\,-\ ..;equCllce, IS ,cwngly il1fllJenc~d hy III L or 
ignlll('1I1 <:lllJ pI1yk'g-:JlJ.:.lIC method lh-::l! I Ill. It. 281 \'.,,;' have 
DIl~truclcd trec~ based on IW0 dilk"ri::nl allgnrm"nt-; u,,,Jng both 
1t:i.'i,IIllUI1l pllfsimony onu maXImum lik.elihood methods in or­
r!" to vLrify' the n:li<lbllity of tlL'l'''' oblained. 
For alignml.:'nl L conlilining 26l inr,~rmaLive si(~s, both max­

nU1l1 parsimony programs provicl~d tv.o cqu:llly pJ.rsimonious 
~c:s. In both tr("cs the: genu::, SCtJTOC\'Sli\' was splil into IWO 
°anchcs. one conlaining only fuur SlIrC"OC,\Sfn species ("'Sar­

,cy_'if;,\- group'·). th.: Olher embrJcing S. m/lrlS. S ;;·t!,'owlo, 
d both Frcnkelia ~p. ("FreJlkclia gruup··). The tn.',--'" I (I.:'red 
pO"ilioo nl' (h.: TuxfJl"asma·J\'etJ.\'{'Il'·1f clade. \\.1.::: III th.: 

~Sl trec. idl.'ntiLZlI (0 lhal obtained by maximum likdihood. (h~ 
'xoplaSl1lll-Neospora claJe formed sista group to all olher 

~_------c. muris 

f------- B. microti 

~-----E. meschulli 

N. canis 
~ 
I lIIll ll<) 

T. gondii~ 
1.... 1 i'~ 

S. muns 
~ 
II J~.T.l!'l 

S. falcatufa~ 
1.U6I.1)O 

~ 
o t.... I.DoI 

F. gl:areofi 
~ 

""'" ~ .•J 
F. microtl 

~ 
01 o~ " ....~ 

$. gigantea 

$. fusiform;s 

~ 
S. tenella 
~ 
l.llt).l.'lilo 

0.1 ~ S. anerrcanis 

F1:l 1. T. '\! (,bUIOl:J t>~ flI.I.>;Ullllln pl.li,,>\rnvn~, (l)nllp":lln~. Ht.:J\ 
ni~86. ~lIJ lll;L.\ilnum likr.:llhooo I On:.Jnil I pr()~r;[lTl". Til.: 111l11l~1' O[ 
n0l l/lJll.:.llr.: Ih..: oO<)I.";lr:lp l,dEo.:"fJ\H :"milll-..:nl1ll.:lH J (,,\ho\t: linr.:,i .lncl 
all.:- o;:>nl 11 fbdu\\ 11:1":). -

CFe (Fig. t). 111 the second lrcc it clustereu together With 
"Frenkel/() group'· (dala not shown). General unstahillty of lhe 
To:coplasma-Neospom branch observed In these tre~s \Vas JJso 
reflected by low bootstrap values and JMls ::iupponing either of 
both topologies (Fig. i). 

In previous studies bJsed on the SSU rRNA sequences. the 
genus Sarcocysris appeJred ellhcr monophyktic or p:1raphyktlC 
in rc-.:pecl to the Toxoplasma-St:o:spora c1ad~. 11 is well docu­
me;- d lh<lt the phylog~n~lJc position of these specks. IS un"lJ­
bk, l'..:ing strongly influ.::n(:~d by (he analyzeu d:u:I <tnJ nH:thod 
useu (10.17.29). The in.:lusioll of Frc1Ike/ia SSU rRi"A Q'~ne 

sequences in (his study r~nd~r5 {ll.:: genus Sarcucysri~' p<tral)h}­
Jelic regardless of Ibe posmon of (11.: Tuxoplnsmn·Neospora 
cbde. H O\\ie va. :::Inc~ lh~ position ()f the biter cbde ha~ im­
ponant !Jxonomic allLi n01ll~ncl,HLlre imntlc'llion:::. we made <In 
auempl to solve Lhis ullccrLllIlity u~;ng anolh~r alignment 
(alignment II) con"'lrtiLott."u b\ J(llun H..:-w l1h:th0U. The jlll.tn~ 

ment II was 1.7~5 br J\ln~ ;11;\; 1.·,,])l;lJllt:d 269 informaliw .,;ics 
Whcj" anal~ I.cd D:: hUih lY..l}:immn f1~r .. imon~ and In,lXlfllUlll 
hk dod m~llwJ". il pro\"idcd lhr-.=..-: ulfferenl Ifl'C~ dcp~ndin~ 

on !~1' fJIlyk1fcnelic P(\~';::I;ITIl t! ..:" 1 In all tn:c", thl.:' To.ro/J/cn!llo­
Neo,por 1 clJ.d.,: brJIl...:h..:J orr ~l' !Ill.:' bJ."'~ or the CFC in c('lrrc­
spondt::-llce wllh Lh..:: Ir~.: "!\L)\\ n in fi!..!. I which .sU~2\:SI:' Lhal 
the position ot" lhi" clade d:'> nL'I~hhour- ~roup the ~·Frel/keli(l(0 

group·· is an ,1niLJ.cl c\U'}cd by I!1\.' Clu'iial·bascd JlJgnmenL. 
Of th~ t\Vo mo..;t pnrSlnlOnll1U,\ tree') prodll~t:d by Hcnnig86. 

one is identical \vilh Fig. I whik thL' st."L'ond lrl.'e pl:lct::s S. 11II11"i.) 

at the b:l ....e of Iho.: ··5aru)'.\·Hi~ :;roup·· jh~ 1" Although thiS 
tree is well comp,ltlhk with cnn\~ntion:\l ,.:!:\",silil.:'i\lion. more 
dal:\ i ... nccJI."J to v.:rify il:' \·alidily. In addllion. third lre\i <Fig 
3) \ obt:lln.:J wh~n alignm.:nt II v.:a~ analy",,;d by Phylip 
par::'oIHvl1} (Dnapenny) and ma\lnJum likdihood lDnallll) 
m~lhods. Thb trot~ 15. ul1iqu~ among all analyzed lr¢cs in that il 
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N. canis 

1.00/1.00 
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F. glareofi 

F. microti 

078/0,98 

r------ S. muds 

S. gigantea 

S fusiformls 

1.00/1.00 
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Fi::' Tr.:c nhLl1llt.:O by f-lclInigS6 InJ.\lntUlll r.lr~;mony ~n.:t1~:'ls 

of .Jlj~nmr.:rH Il Th'" Ill.;:rnh..:r..; "H noo'::- Indic:uc boolslr;l!J valltcsfJ~ll. 

r-------- C. m uris 
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1.00 N.canis 

1 00 
T.gondti 

100 

F. glareol, 

0.89 
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S.n) oris 
0.43 

0.64 

o 1 

F!g. J. Tree obt.llnnl by Hl:t"ilHllln parSltlh.")n~· IDrwpeollyl ;:tnd 
1lI<l'\1I11UIIl likchhuvd IDnarnl) ;lI\;lly..;e~ of nliclllnl.:llt [1 Tht:= Ilulnber" at 
n{ldc .... rdcr 10 bOOl:'-lr:q> \'alucs (Dn:.lr:1r:-. l.l)oO r~pllL·;l[C:\). 
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r~(ains (h~ genu~ S{/rcocysris monophyktic even afler (he in­
clusilln of Frenkelio species. \Vc assume. ho\\evu. t!l;l{ {h~ 

p<lr~phyk(ic slatus of [he »FrellJ..:.dia group" in r~spect to the 
"SC/rcosysri.\ group" is an anifacl, a'i evidenced by extremely 
shan branches and low noot"tr:lp values withIn the forma 
group (hg. J). ff the conc..:'pt of molecular clock I.'; raken into 
cOll,id..:r;Hinn (Dnamlk). the topology com.>..ponding 10 the Ire..,; 
in Fi:1. I is obtained frolll the ....IIne all!!nJlll~nL 

Re-Iaterlncss of Frellkelia spp. to S ....laleQtuta (5)'0. S. neu­
rOlla). Rather uneXpecb.'<.Ily. F microri anu F. g/al"eoli appear 
to be" closely n::::laleJ to S. fa/eMil/a Slik..... 1893 (as reuenncu 
by 161). th",...;\.' three spel·i\.'" having an ovcro.ll sl.:l1ucnce hamal· 
ogy of the SSU rR~A ~I.:nl..: scqUl.:l1CC' 98.S'7c-99.19C (Tablc 
I). \Vilh Ihe (;:(c~plion or obviou..;ly ;lnilicial lopology shown 
in fig . .'\, Frolkdill sp. and S. fa/cot/tla conslitulc '.'.·cll ,up­
porll.:J monnphyktlC br~nch. S. fa/co/HI(I i:') a Dird-opo~sum par· 
a"ill.: \\hich under ib junior synonym S nf'lIrOl/a Dubey (:1 :-II.. 
Ilj91 h;:lS been rcco,gnized a~ the etiological agent or cquino...: 
protozoan llIyeloencc:phalill'; (EPMl [61. Horse...; arc con:)ll.krc:d 
ahClT~lnL rarher than rHllur::l) hosts of thc EI\\rl [8]. According to 

Lh\.' SSL' rR;'lA gene sequl.:ncl..:s. S. fa/call do. F. II/icron amI F 
g/or('oft consti{Ut~ a monophyletiC group with high hOlllulogy 
among lis membas. Their rdaledncss is conhrmcd by biolog> 
ical charach.::rs of these organisms. S. fa/cmu/a differs froll) 
moSI Slircoc.,sfIS species by it:,> widt: intermediate host rtlnge 
spanning several bird orders (pJsscrin~. pSillJCllle. and colum· 
biform birlh) [2J. In this respec!. F. micrOfi behaves simil:1rly. 
being able (0 infect mammals of (Wo orders (Rodentia. Lng.o­
O'h)rpha). Of consi(kr~lIion is the ability of S fa!cuwlu to par· 
asilize neural tissues as documented by its "S neurOl/a" infec­
lions in lhe horse. Ont: can only speculalt: that similarly the 
cases of avian my~lot:ncephaliliscaused by Sarcocysfls-hkc or· 
ganisms Ll. 8. 16.231 wae in faet S. fa/cmu/a infections. Thus 
both the wide host range and lhe afhnlly to eNS of S. fa/cmu/a 
are similar to Frellkelia sp. 

Presently the genu:::. Sarcocystis is consldaed [() be mono· 
phyletic by most workers [17. 28. 291. However. the posiLion 
of the Toxop/m:;mo-Neosporo clade (and therefore also the sup­
pon for rnonophyly of the g~nus Sarcocys'i.:» is sensitive Lv Ih-.; 
method of sequence alignment and trec·building mechodC) used 
[to}. The appearance of Frenkelia spr. on lOp of lhe he\cro.\­
enous coccidia frt:e r~nders Sarcocysris definitely paraphyktic 
To avoid the paraph)'ly or Ihis genus. either Frenkdia shoulJ 
be synonymized with Sarcoc.,,·slis (as was sugg~s(ed by [:'. 18J) 
or S falcow/a shoulJ be transferrcd Into the genus Frellkelia 
The wide inramcdiille hO~1 range (contrasting with a strict hO,,1 
speci ncit)! or olhc:r Sarcoc.'sfls species l. localizallon or the. mer· 
\)gonial devck)pment in the eNS. as \\-ell as lhe excremely high 
sequ..::.nce homoJo~y b",,'{\'.cL·n the SSL' rRNr\ g~ne ' .... qUCflCC.... 
:'I..'em II] bt: in f.J\"t)ur of IhL pl:lcelll<:nl of S. folc of lila inlo the 
g..:nlls Fri'llkldio rtllh~r than the ~enus S(:Jrcoc\'<;(i.~. The wid ..: 
host rang12 of Lhl,;;'c par:l"ites mi~hl bt: relatcd l~ their localil.n~ 
tioll in the CNS. which i~ all immul'\)pri"ikg~'d Sile ;;., The 
neural tl:::;"lle ptlIJ"illSm seem" 10 bt: :.J. primitill.: characla aC) il 
i", (';Isier (or :l p.1ra'll~ LO )urVIVe in an inU11unoprivikdgcJ Sill-: 
lhan in olhcr {j:):'\lIC", <C.g. muscles) t:xposed fully (0 tilt: hO:,l 
dt:rcncc nlcch:\lHsmC) The pksiomorphic rather than apomor­
phic nature of n~uro;,ftinity 1S ;)Iso supponed by lh~ facl lhi'll 
the CFC wilh affinity for the neural tissue (T. {londii. N. ('Oll­

iwol/. Frenkc/icl spp~. S. COIH'lIcatlis) occur in 71!1 br:lnch~s of 
lhe hcll.:n.)XenoLls coccluia trcc::. SInce prirni[ive (plesiomorpllic) 
Ch<"lr~lcLerC) gell~r.1lly hav.: only a 10\\ phylogenetic valu..: and 
because or the above rt:;:lsons We propose 1O synonymiu lhe 
2,cnus Frenkeliu with the ~enus Sal'cocl'sris. This \Vould mnin~ 

~ain the g~nu~ Sa,.cuc:"'Jlis ~ monophyktiC. 
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