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Abstrakt

Zastupci skupiny Archamoebae jsou vokijici nebo endobictti améboidni kiikovci nebo
ménavky. ProtoZze se vyskytuji v anoxickém nebo mikiok&m prostedi, jejich
mitochondrie jsou zrmé redukované. Zpgtku se dokonceipdpokladalo, Ze mitochondrie
postradaji upl&, a proto byly povazovany za jedny z nejpdnéjSich eukaryotickych
organisnii viilbec. Tato hypotéza byla pagidvyvracena a dnes vime, Ze archaméby nalezi
dotiSe Amoebozoa a spolu s aerobnimi hlenkami (Maccetogoa) a sisnym taxonem
Variosea vytvéi skupinu Conosa.

Charakteristickym znakem dkatych archaméb je pamé jednoduchy
mikrotubularni cytoskelet, ktery se sklada z jednddazalniho diska, ze kterého vychazi
bicik, postranniho ki@ne a mikrotubularnino koSe. U bedkatych zastupc byl tento
cytoskelet zcela redukovan.

V minulosti bylo vytvd@deno asi 350 jmen archaméb na druhové Urovni. Pajisyi
jsou grevazrié zalozeny na morfologickych znacich, které jsoucakto nedostajici, a proto
je identita drub nejista a je pravghodobné, Zetada drufi bude v budoucnu
synonymizovana. Problémem je také nedostatek sékidndat.

V naSem projektu se nam pdilia vyrazre rozstit dataset DNA sekvencirgvazi
volné zijicich archaméb. Na zakkadkombinace molekularnich a morfologickych dat jsme
popsali 13 novych dradharchaméb. Potvrdili jsme, Ze r&hizomastiypati mezi archameéby
a ze vykazuje novy typ cytoskeletarniho uggidni u této skupiny. Jako prvni jsme provedli
multigenovou analyzu této skupiny. Z naSich fylogiickych analyz vyplyva, Ze se
archaméby rozpadaji ndyii hlavni linie: Entamoebidae, Pelomyxidae, Rhizotmatae a
Mastigamoebidae. Ukazali jsme, Ze rddhastigella je parafyleticky, protozePelomyxa
predstavuje jeho vrihi vétev, a ze fevazre paraziticky rodEntamoebge sestersky zbytku
archaméb. Z naSich vysleilkaké vyplyva, Ze spatay predek archaméb byl pragpodobr

volné Zijici a parazitismus se v této skupilmbjevil nejmég tiikrat nezavisle na seb



Abstract

Members of the group Archamoebae are free-livingendobiotic amoeboid flagellates
and amoebae. They live in anoxic or microoxic rabjtand their mitochondria have been
reduced. They were originally thought to lack mitoadria and represent one of the earliest
eukaryotes. However, this hypothesis has been esfuand now it is evident that
the Archamoebae belongs to the lineage Conosanatitie supergroup Amoebozoa, together
with aerobic slime molds (Macromycetozoa) and \s&én amoebae and flagellates.

Relatively simple microtubular cytoskeleton is ahakacteristic feature
of Archamoebae. It consists of a single basal Hoay which a flagellum arises, lateral root,
and microtubular cone. Cytoskeleton of aflagellaggmhera has been completely reduced.

About 350 species names of Archamoebae have beated so far. However, most
descriptions were based on inadequate morpholodgzdlres. The identity of numerous
species is uncertain, and many of them are likghosymous. Another problem is a small
amount of available molecular data.

During our project, we have substantially improuee dataset of DNA sequences
of archamoebae. On the basis of molecular and ro@ogital data, we described 13 new
species. We showed that gemiszomastibelongs to Archamoebae and displays a new type
of the cytoskeletal arrangement within the group ¥drried out the first multigene analysis
of Archamoebae with reasonable taxon sampling.@nbisis of our phylogenetic analysis,
we conclude that Archamoebae splits into four mijerages: Entamoebidae, Pelomyxidae,
Rhizomastixidae and Mastigamoebidae, the firstlmgiag sister to the rest. We showed that
Pelomyxaforms an internal branch of paraphyleMastigella We suppose that the last
common ancestor of Archamoebae was free-living, thedparasitism has evolved at least

three times independently within the group.



1. Uvod a cile prace
Archaméby (Archamoebae) jsou malou skupinou anaécbbnebo mikroaerofilnich améb
a améboidnich bikovca, kterda nalezi do eukaryotickéSe Amoebozoa. Archaméby ziji
endobioticky v travicim traktu bezobratlych i obboati nebo jsou volé Zijici a obyvaji
organicky bohaté vodni sedimenty. By archaméb postradaji “stacked“ Golgiho aparéat,
plastidy a zprvu seipdpokladalo, Ze nemaji ani mitochondrie a peroxisoRroto byly
archaméby povazovany za archezoa, tj. za potoméasgtamych eukaryotickych organigdm
které se vyvinuly jest pred vznikem &chto organel (Cavalier-Smith 1983). P&gdyly
u archaméb objeveny anaerobni derivaty mitochonkirgeé ale tuto hypotézu vyvratily (Gill
et al. 2007; Tovar et al. 1999). Navic s€ima uvazovat, Zze se u archaméb zachovaly také
peroxisomy (Zarsky 2012). Archaméby jsou znanigdevsim diky lidskému patogenu
Entamoeba histolyticakterym se dlouhod@bzabyva ¥tSina studii o archamébach. Naproti
tomu volrg Zijicim zastupgém nebyla v minulosti 8novana pilis velk& pozornost, ifgsto, Ze
by jejich studium mohloifspét k pochopeni evoluce parazitismu v této sképin

Pavodre se archamébyétily podle zpisobu Zivota na dvskupiny: na vola Zijici
bicikaté pelobionty, kam si&adily pelomyxy a mastigameéby, a na endobiotickéblddizaté
entaméby. Sifichodem molekulagfylogenetickych metod bylo ale zj&to, Ze vnitni
al. 2004). FPestoze nam prvni ziskané sekvence DNA pomohly zhmastinit zakladni
cleréni archaméb, podrobj$i fylogeneze skupinyistavala nadale skryta.itBodem, pro
se situace ifliS nezlepSovala, bylo, Ze verelu z4jmu #staly ot hlavre parazitické
entaméby (Silberman et al. 1999). Sekirérdata z vola Zijicich zastupt nadale chyéa,
a proto byl fylogeneticky strom z&a nevyvazeny a negh prilis velkou informativni
hodnotu. Pozgi sice vyrazg vzrostlo procento znamych DNA sekvenci také dhlSic
archaméb (Edgcomb et al. 2002), doposud ale stidwg rody, ze kterych DNA data chybi
nebo jsou jen ojedi#a. Mezi takové fpady pati rody Endamoeba Tricholimax
aMastiging které byly dlouhou dobu, nebo stale jsdazeny mezi archaméby pouze
na zaklad morfologické podobnosti, ale jinakigtavaji prakticky neprobadané. Konkrétn
na rodRhizomastibyla zandtena vyrazjSi pozornost az poémé nedavno (Cepicka 2011,
Pt&kova et al. 2013; Zadrobilkova et al. 2015b). Dalgikladem je rodMastigellg
k némuz, jak se pozgi ukazalo, byla pirfazena sekvence DNA pati jinému organismu
(Pt&kova et al. 2013). Zahadou dlouhou doliistaval také drutMastigamoeba invertens

ktery ve starSich fylogenetickych analyzaesto spadal mezi jiné eukaryotické linie a budil



dojem, Ze archaméby nejsou monofyletické (Bolivarake 2001; Edgcomb et al. 2002).
Pozdji se ale ukdzalo, Ze seibvec nejednda o archamébu a organismus bgjnenovan
naBreviata anathem (Walker et al. 2006).

Pokud pomineme skuteost, Ze z &Siny vySe zmisnych malo prostudovanych rbd
jsou k dispozici pouze omezena sekiréndata, spbyvajicim patem fylogenetickych
analyz se zdna vyndovat dalSi problém. Pro rekonstrukci fylogeneZestava obech
nejpouzivagjsim markrem sekvence genu pro molekulu RNA mdiésomalni podjednotky
(SSU rDNA). U archaméb se také pouziva sekvencel gea aktin (Fahrni et al. 20083;
Zadrobilkova et al. 2015a, b). Je vSak evidentaifylogenetické stromy zaloZené pouze
na tchto dvou genech nejsou schopné&egjt ibuzenské vztahy mezi hlavnimi liniemi
archaméb a roste peba ziskat alespioz rekterych zastupc pofrebna data, ktera by
umoznila provést vicegenovou analyzu.

Kromé nedostatku sekvénich dat, pomoci kterych by mohl byt vytea kvalitni
fylogeneticky strom, ktery by co négsréji mapoval evoluci archaméb, zde existuje §est
dalSi problém. V pibéhu dvacétého stoleti bylo formélmpopsano velké mnoZstvi diiuh
které vSak byly obvykle charakterizovany na zaklaglo geswdcivych znaki, jako je tvar
buiky nebo pdet a pozice kontraktilnich vakuol. Vzhledem k tordie, jsou popisy navic
casto neuplné, existencéchto druli zastava otadzkou (Bernard et al. 2000). Hlavnim
problémem @ definovani drubi byla neschopnost autodlouhodol kultivovat jednotlivé
izolaty a zachytit jejich morfologickou variabilitbe tak velmi prawpodobné, Ze gkteré
popsané druhy ve skuteosti gredstavuji pouze vyvojova stadia nebo morfologickganty
druhu jiného.

Pri prvotnim planovani projektu se zdaly byt naSe gibnérné jasné. Bhem jejich
pinéni jsme pedevsSim ctdi eliminovat vySe zmi#né nedostatky a roz#i dostupna data
o skupirt Archamoebae. V fibéhu ¢asu jsme ale zjistili, Ze ne vSechny cile jsou soad

dosazitelné.

Cile dizert&ni prace:

1. Ziskat a dlouhodakultivovat nové izolaty fedevsim vola Zijicich, ale i endobiotickych
zastupé archaméb.

2. Ziskané izolaty porovnat s jiz popsanymi drytiipadré popsat druhy nové.

3. Pomoci molekularnich markeco nejgesrgji zrekonstruovat fylogenetické vztahy v ramci
archaméb a pokusit se zmapovat evoluci parazitisvnitt této skupiny.

4. Nalézt platné morfologické znaky hlavnich limichaméb.
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2. Stavba buiky archaméb

Archameéby jsou améby nebo amébovitiikovci, ktei se pohybuji jak pomoci pseudopodii,
tak diky bEiku. Pseudopodie jsou eruptivni a jejich tvar jenpan¢ variabilni. Nefastji

se ale vytvB prstovité lobopodie ackdy také kratké a tenké filopodie. K pohybunky

a jejimu gichyceni k povrchu vyrazZnprispiva uroid, ktery se formuje na zadnim konci
buiky a mize mit cibulovity nebo klkovity tvar, vytvat kratké tenké vyzky nebo mit tvar
dlouhého viladkna. U dkterych drulii je snadno odliSitelna ¥$i hyalinni vrstva ektoplasmy
od vnittni zrnité endoplasmy, ktera obsahujiledité organely a vakuoly (viz Brugerolle
a Patterson 2000).

2. 1 Bi¢iky a mikrotubularni cytoskelet

Patet biika se mize u jednotlivych skupin archaméb liSit, nicraé@becr |ze fici, Ze zde
pirevladaji rody, pro které jsou typickéiky s jednim biikem (MastigamoebaMastigella
Mastiging Rhizomastix TricholimaX. Jedna seipvazr o volrg Zijici zastupce. Naproti
tomu u parazitickych rad Entamoeba Endamoeba Endolimax a lodamoeba doslo
pravdépodobré dusledkem jejich zfisobu Zivota k sekundarni zttafak biciku, tak
piidruzeného vniniho cytoskeletu (Pt&ova et al. 2013). Ogaym snérem se ubiraly
nekteré druhy roddPelomyxau kterych se naopakdiky zmnozily a jejich biiky jich mohou
obsahovat desitky az stovky (Chistyakova a Frolo¥12 Frolov et al. 2005, 2006, 2011).
PrestoZe bylare¢eno, Ze pro rodyastigellaa RhizomastiXe typicka gfitomnost jediného
biciku, buiky typového druhu rodiMastigella M. polymastix mohou obsahovat akyii
biciky (Frenzel 1897) a u drutri. biflagellatapreviadaji dvouliikaté buiky (Cepicka 2011).
Naproti tomu rodPelomyxazahrnuje druhP. corona ktery je nejspi$ beztikaty (Frolov
et al. 2004). Navic ve skuginrArchamoebae existuje velka variabilita forem jettimgch
druhi v pribéhu Zivotniho cyklu a neni vyjimkou, pokud se hgmak typicky jednohiikaty
druh vyskytuje ve forh améby nebo jeho liha obsahuje dva &iky (Chavez et al. 1986;
Pt&kova et al. 2013; Simpson et al. 1997).

Pokud pomineme get biika, kanonické usp@dani biikatého aparatu archaméb
zahrnuje jediné bazalniclisko, ze kterého vychazi ven ziy bicik (jedna se tedy
0 monokinetidu) a semem dovnit buiky postranni ken a mikrotubularni ko$ neboli konus
(Brugerolle 1982; Simpson et al. 1997; Walker et24l01). Cytoskelet mnohatikatych
zastupé rodu Pelomyxase sklada z vice samostatnych monokinetid (Frebwal. 2005;
Chistyakova et al. 2014; Seravin a Goodkov 1987aj®mna pozice mikrotubularniho koSe
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a jadra je dlezitym diagnostickym znakem. U rbdMastigamoebaa Tricholimax je konus
asociovany s jadernou membranou (Brugerolle 198&st¢gakova et al. 2012; Frenzel 1897;
Simpson et al. 1997; Walker et al. 2001), zatimq@ipads rodu Mastigella spojeni mezi
mikrotubularnim koSem a jadrem chybi a¢ostruktury jsou od sebe viice pongrné
vzdaleny (Goldschmidt 1907; Walker et al. 2001).

Pro rodMastigamoebaplati, Zze zde existuji dva typy uspadani mastigontu, ktera
koreluji s fylogenezi. Pro skupinu Mastigamoebidage typické, Ze mikrotubuly koSe
vychazeji ze stran bazalnih&liska, gechodova zéna &iku je dlouha a rive obsahovat
denzni sloupek. Naproti tomu zastipt skupiny Mastigamoebidae B odstupuje
mikrotubularni koS podé#nz blizkosti baze bazalnihéliska, gechodova zéna &iku je
kratka a neobsahuje Zadné dalSi elementy (Paradk iet press.

Uspaadani biikatého aparatu rodeelomyxaje variabilni, ale jeho zakladni typy Ize

také rozdlit do dvou hlavnich skupin. Pro prvni je typickéouhé bazalnidisko (nap.
P. gruberi P. flavg (Frolov et al. 2006, 2011) a druha skupina jeraki@risticka kratkym
bazalnim &liskem a nahodnym viitim usp#adanim biiku (nag. P. binucleata
P. palustris P. stagnali} (Chistyakova a Frolov 2011; Frolov et al. 20080?2). Dale zde
existuje nejméd jedna pechodna forma reprezentovana druh@nparadoxa(Chistyakova
et al. 2014). & uz buiky obsahuji desitky nebo stovkychit, z kazdého bazélniheliska
biciku vychazi vlastni mikrotubulérni kos.

Zdaleka ne vSechny rody archaméb jsou dopodrobomstyztovany natolik, abychom
znali presné vnitni uspdadani jejich buiky. Na giklad rod Rhizomastixjehoz prvni studie
ultrastruktury byla publikovana teprve v roce 2@P8&kova et al. 2013), byl do této skupiny
zprvu zdazen pouze na zakkadoodobnosti morfologie buk a jadra (Cepicka 2011).
Dlouhou dobu tedy nebylo mozné blize specifikovetastyl, ktery je pro tento rod typicky.
Na zaklad pozorovani ve sitelném mikroskopu bylo pouze mozné tvrdit, Ze s#nge
o jakousi fibrilu, kter4 vychazi z bazalnih&iska btiku a obvykle vede okolo jadra az
k zadnimu konci biky (Alexeieff 1911). Diky zmi#né ultrastrukturni studii se prokazalo, Ze
je tato fibrila sloZzena z mikrotubiul pravdpodobr je pozistatkem mikrotubularniho koSe,
jak ho zname ndpu roduMastigamoebgPt&kova et al. 2013). Zajimavé je, Ze i v ramci
rodu Rhizomastixhalezneme ditou variabilitu v usptadani mastigontu. Jedna seqevsim
o rozdilné umigini rhizostylu v btice, variabilni pdet mikrotubuti, kterymi je rhizostyl
tvoren nebo ftomnost druhého postrannihoikoe u druhuR. elongata(Pt&kova et al.
2013; Zadrobilkova et al. 2015b). Tyto rozdily bylhty souviset s odliSnhym Apobem

Zivota jednotlivych druth — bylo pozorovano, Ze &k endobiotickych druln je delSi a mén
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pohyblivy nez hiik volné Zijicich drutii (Zadrobilkova et al. 2015b). Zatim nejsou k dispoz
data, ktera by detaiérpopisovala mastigont rodvastigina

Pokud jsou biky archaméb op&tny bEikem, jeho vnitni struktura a také
pohyblivost niize byt fzna. Btiky rodi Mastigamoebaa Mastigella maji typickeé
eukaryotické usp@dani axonemy ,9x2+2", avSak chybi zde¢jgh dyneinova rameénka
(Walker et al. 2001). Pragdodobré disledkem zmiéné absence neni pohykcitiu prilis
rychly a gredevsim v fipact rodu Mastigellaje ¢asto spiSe mdly a nevyrazny (van Bruggen
et al. 1985; Walker et al. 2001; Zadrobilkova et 2015a). Stejn tak rody Tricholimax
aPelomyxamaji bikiky jen malo pohyblivé nebo zcela nepohyblivé, padjici vijsSi
dyneinovd raménka, coz by mohlo ukazovat répgunou pibuznost &chto ti roda
(Zadrobilkova et al. 2015a). Axonema #otricholimax a Pelomyxase ale navic vyziaje
variabilnim p@tem a usptadanim centralnich a perifernich mikrotub@Brugerolle 1982;
Chistyakova a Frolov 2011; Frolov et al. 2005, 20@607, 2011; Griffin 1988). Bik
archaméb se pohybuje od &pi k bazi, stejs jako u &tSiny ostatnich protist. sledkem
toho je anterokontni pohyb, coz znamena, zgkpuarchaméb maji tazny dik snetujici
dopedu ed buku.

2. 2 Anaerobni derivaty mitochondrie

Uz ze samotného nazvu skupiny vyplyva, Ze byly améby (,praminavky”, v ¢estirg
se vSak pouZiva spis jméno panozenky) zprvu pooxa velmi staré organismya@ddre

se pedpokladalo, Ze jejich liy neobsahuji mitochondrie, peroxisomy a &hwyvinuty
Golgiho systém, a proto byly dokonce povazovanynegstarSi eukaryotaubec, ktera
se vyvinula je&t pred vznikem d&chto organel. Spote¢ se skupinami Parabasalia,
Metamonada a Microsporidia byliazeny dotiSe Archezoa (Cavalier-Smith 1983). Tato
hypotéza se vSak ukazala jako neplatna, kdyz bgbtupré u byvalych archezoi, detns
archaméb, nalézanyiané typy mitochondrialnich derivatNa zaklad lokalizace typickych
mitochondrialnich proteilh jako je chaperonin cpn60 a protein teplotnihouSéisp60,
pomoci ultrastrukturnich fotografii a studiem mefamu byl charakterizovan mitosom rodu
Entamoeba histolyticéChan et al 2005; Clark a Roger 1995; Ghosh e2G00; Ledn-Avila

a Tovar 2004; Mai et al. 1999; Mi-ichi et al. 20IMgvar et al 1999). Jedna se o Eon
malou organelu odvozenou od mitochondrie, kté¢idlgpo vlastni genom a jejiz energeticky
metabolismus je redukovany a nepodili se na prodak® (Muller et al. 2012). V&y

obalené dvojitou membranou, které by mohly mit shitlmdrialni fivod, byly pozorovany
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také u mnoha dalSich archaméb, a to konkrétalruhi Endolimax pisciumMastigamoeba
punctachora Mastigamoeba schizophrenifastigamoeba simpleMastigella commutans
Mastigella ineffigiata Mastigella rubiformis Pelomyxa palustris Rhizomastix elongata
aRhizomastix liberdConstenla et al. 2013; Rikbva et al. 2013; Seravin and Goodkov 1987;
Simpson et al 1997; Walker et al. 2001; Zadrobiékat al. 2015a, b). VobnZzijicim
modelovym druhem archaméb, na kterém jsou dlouhosiplllovany také biochemické drahy
uvnitt mitochondrialniho derivatu, jMastigamoeba balamuthgjistilo se, Ze metabolismus
jeho derival mitochondrie je komplexijsi nez uEntamoeba histolyticaa Ze zde jsou
lokalizovany rekteré proteiny, které jsou charakteristické prorogegénosom (Gill et al. 2007;
Nyvltova et al. 2013). Jedna s&edevsim o pyruvat:ferredoxin oxidoreduktazu (PF®ea
hydrogenazu (Gill et al. 2007). PFO dekarboxylujeupét, ktery je koncovym produktem
glykolyzy, za vzniku CQ a acetyl-CoA, a zarovie redukuje ferredoxin, kteryipnasi
elektrony na Fe-hydrogenazu. Hydrogenamaava elektrony vodikovym katidimh za vniku
plynného vodiku (Muller et al. 2012).

Klicovou roli v metabolismu eukaryotickych organigsrmele také prokaryot, hraji
proteiny obsahujici Zelezo-sirné (Fe-S) klastry. sBy@&astni mnoha enzymatickych reakci
v buice a nalezneme je v mitochondrii, cytoplasiade a v plastidech (viz Tsaousis et al.
2012). Na skladaniéthto klasth se u eukaryotickych organismmohou podiletit raizné
systémy bakteridlnihodwodu: mitochondrialni Zelezo-sirny systém (ISC) piejici oda-
proteobakterie (Tachezy a Dolezal 2007), plastidasystém mobilizace siry (SUF)
pochazejici od sinice (Ye et al. 2006) a systémackx dusiku (NIF), ktery m&-
proteobakterialni jovod (Ali et al. 2004; van der Giezen et al. 20043. ancestralni stav je
povaZovana ifitomnost systému ISC, ktery je exprimovan v mitourd pirevazné wtsiny
eukaryotickych organistn(Tsaousis et al. 2012). Jinak je tomu ale u ar@&gnkde byl
nalezen systém NIF (Ali et al. 2004; Dolezal et2a110; Gill et al. 2007; Mi-ichi et al. 2009;
Nyvltova et al. 2013; van der Giezen et al. 20Q4)druhu Mastigamoeba balamuthiylo
prokdzano, Ze je tento systém lokalizovany jak toafiondrii, tak v cytoplastn(Nyvitova
etal. 2013; 2015). U druh&ntamoeba histolyticase ale vysledky pahkud rozchazeji.
Existuje studie, kterd u tohoto druhu dokazuje wiubdkalizaci NIF systému (Maralikova
et al. 2010), zatimco jini adtajistili jeho pfitomnost pedevSim v cytoplaséna distribuce
v mitosomu nebyla jednozé@ prokazana (Dolezal et al. 2010; Mi-ichi et al. 20Blyvitova
et al. 2013, 2015). Na z&kkadostupnych dat Izetpdpokladat, Ze NIF systém bylifpmny
jiz u posledniho spotaého pedka archaméb (Panek et ah. pres$. Ten byl pravépodobré

nejprve ziskan lateralnim genovym transferem (L®0) e-proteobakterie a poté doslo
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k duplikaci gefi kodujicich komponenty systému, takZe byla jednai&kopitomna
v cytoplasnd a druha v hydrogenosomu (Nyvitova et al. 2013, 5201Bchem
piestavby hydrogenosomu na mitosom naslediosSlo u E. histolytica ke ztrae
hydrogenosomalni kopie (Nyvltova et al. 2015). Alaivni moznosti je, Ze k duplikaci NIF
systému doslo pouze v linii vedouchk balamuthi(Nyvitova et al. 2015).

DalSi zajimavosti, kterd byla dosud nalezena pouterivati mitochondrie gkterych
archaméb a jinak u Zadnych dalSich mitochondripijfeomnost drédhy aktivace sulfatu (Mi-
ichi et al. 2009; Nyvitova et al. 2015). Bl histolyticabylo prokazano, Zeckteré enzymy,
které se dastni aktivace sulfatu, hraji vyznamnou roti pvorbé sulfolipida a burcné
proliferaci (Mi-ichi et al. 2011). Tato draha, pdm jako NIF systém, byla pragdodobré
piitomna jiz u posledniho spdéleeho pedka archaméb (Panek et ah. pres$, ktery ji ziskal

lateralnim genovym transferem od proteobakterikig¥i et al. 2009).

2. 3 Jadro a jeho struktura

Patet jader v biice archaméb je pafme variabilni, ale obechlzeftict, Ze obvykle obsahuji
jader malo, ne&pstji pouze jedno. Tento stav je typicky proci@até trofozoity rod
MastigamoebaMastigellg Mastiging Rhizomastixa Tricholimax Samozejnmg, Ze ne vSichni
zastupci vySe jmenovanych fodsou jednojaderni. Mezi vyjimky patMastigamoeba
schizophreniaktera je typicka svymi ddma navzajem se dotykajicimi jadry (Simpson et al.
1997). Steja tak trofozoiti rodu Mastigella erinacea jsou nefastji dvoujaderni
(Zadrobilkova et al. 2015aMastigamoeba balamuthsice vytvdi jednojaderné trofozoity,
ale v kultde ji nalezneme spiSe ve fafnvicejadernych bezéikatych plasmodii (Chavez
et al. 1986). Mnohojaderné stadium s&zmvyskytovat také v Zivotnim cykMastigamoeba
aspera a pedpoklada se, ze je typické pro mnoho pelolio(Bernard et al. 2002;
Chystyakova et al. 2012).

U nekterych drulii rodu Pelomyxadoslo k tak masivnimu zvySeni dto jader, Ze jich
jedind butka mize ¢itat az stovky (Whatley a Chapman-Andresen 199@jimkou jsou
druhy jakoP. binucleataP. flava P. gruberi P. paradoxaa P. schiedti které maji nejastji
dvé nebo jen jedno jadrofgstozZe v Zivotnim cyklu vytvéi vicejaderna stadia (Chistyakova
et al. 2014; Frolov et al. 2005, 2011, 2006; Zadkolva et al. 2015a).

Trofozoiti entaméb jsou obvykle jednojaderni, alte pliagnostiku, a to ipdevsim
druhi vyskytujicich se Wwloveka, jsou vyznamné hlagnejich cysty (Fotedar et al. 2007).

Cysty jsouctyifjaderné E. histolytica E. hartmannj, osmijadernéE. coli) nebo maji jadro
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pouze jednokE. poleckj (Burrows 1959; Wenyon 192@&}. gingivalis kterou nizeme nalézt
v Gstni dutig, cysty nevytvé vabec (Wenyon 1926)Ctyijaderné cysty ma také druh
Endolimax nangWenyon 1926). Pro roBhizomasti¥sou charakteristické cysty seétva
jadry, ktera se navzajem nedotykaji (Alexeieff 19Tkpicka 2011; Zadrobilkova et al.
2015b), na rozdil od také dvoujadernych cyst dritastigamoeba schizophren{&impson
etal. 1997). Cysty ostatnich archaméb byly obvybtezorované jeniika nebo iubec
(Bernard et al. 2000; Frolov et al. 2007; dRtiva et al. 2013; Stensvold et al 2012;
Zadrobilkova et al. 2015a; Zaman et al. 1998).

Také usptadani chromatinu uvifiadra neni u vSech archaméb stejné. RitSiwu
zastup@ je obvykla pitomnost centralniho jadérkaizné velikosti (Brugerolle 1991;
Constenla et al. 2014; Goldschmidt 1907; Walkeale001), které je u r@gdRhizomastix
aEntamoebanavic obklopeno perifernimi chromatinovymi gramoie(Alexeieff 1911;
Martinez-Palomo 1993; Riikova et al. 2013; Zadrobikova et al. 2015b). Zaedtypickou
morfologii jadra nalezneme u rodtndamoebakteré je ovalné a charakteristické centralnim
alveolarnim utvarem ohraf@nym silnou vrstvou velkych chromatinovych granillenyon
1926). Nejetsi variabilitu ve struktie jader nalezneme u rodRelomyxa Velmi ¢asto je
uspdadani chromatinu v jd&d chaotické bez jasného vzoru (Chistyakova a Fr@ovl,;
Chistyakova et al. 2014; Frolov et al. 2005, 20@011; Griffin 1988). Nkdy jsou
chromatinové granule umésty periferré (Frolov et al. 2007) nebo mohou jadra obsahovat
pouze maly p&et drobnych jadérek (Frolov et al. 2004). &kterych zastupcroduPelomyxa
byla navic uvnit jader nalezena bliZze nespecifikovaghiska tizného tvaru (Chistyakova
a Frolov 2011; Chistyakova et al. 2014). Pro dMiastigamoeba punctachori typicka
piitomnost extranukleédrni granule (Bernard et al.020%t&kova et al. 2013; Walker et al.
2001).

Na fotografiich struktury jader drutiRelomyxa schiedtyylo pozorovano drobné, pod
swtelnym mikroskopem velmi obtiZrrozeznatelné jadérko spolu s perifernim chromatine
Stejna struktura jadra jefippmna také u druhiastigella rubiformis(Zadrobilkova et al.
2015a), coz by mohlo naztwvat, Ze variabilita v usgadani chromatinu v j&d mize byt
charakteristicka pro celoteled Pelomyxidae. U dalSich doposud popasnych zastugu
Mastigella totiz nalezneme pro archameéby dasgjSi uspdadani jadra s jednim velkym
centralnim jadérkem (Walker at al. 2001; Zadrobiket al. 2015a).
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3. Systém a taxonomie archaméb
V prabé¢hu dvacatého stoleti bylo popsano velké mnozstvithidr archaméb (viz
Supplementary Table S1 v Bkéava et al. 2013). #®odni popisy ale obvykle neobsahovaly
detailni informace zaloZené na dlouhodobém pozamipwaproto bylywasto nekompletni. To
znamenalo, Ze je velmi nesnadné spoléhlikit nové nélezy pelobiofita z&adit je do jiz
existujicich drub. Takto vznikala stale nova druhova jména a cetdesyatika archameéb je
pongrné zmatena. Redpoklada se, Ze velké mnozstvi drutbude v budoucnosti
synonymizovano (Bernard et al. 2000). Navic velkéarpolymorfismu a pleomorfismu, ktera
je piitomna u jednotlivych druh pravd&podobré zpisobila, Zze kazda odchylka tvaru nebo
velikosti buiky byla zaznamenana jako novy druh (viz Simpsaoal.et997). Na felomu 20.
a 21. stoleti se potvrdilo, Ze variabilitaikatych archaméb je opravdu vysoka (Bernard et al.
2000; Walker et al. 2001) a Ze k lepSimu pochomgsiému skupiny Archamoebae bude
potreba pouzit také molekularni markery (Edgcomb et2@02). Déle se ukéazalo, ze pro
morfologické srovnani jednotlivych drihmezi sebou je nejvhodj§i se detaildy zantiit
predevsim na tzv. ,gliding” neboli klouzavé formy kiln Tyto formy maji v rdmci stejného
druhu obvykle porrné stabilni velikost a tvar bk a lze na nich nejlépe pozorovat
vyznamné diagnostické znaky (Bkava et al. 2013).

Mezi archaméby se v s&asné dob zahrnuji rody Mastigamoeba Mastigella
Mastiging Tricholimax Pelomyxa Endolimax lodamoeba Entamoebaa EndamoebaAdl
et al. 2012; Stensvold et al. 2012) a itaké rodRhizomastiXCepicka 2011; Pt&ova et al.
2013).

3. 1 RodMastigamoeba Schulze, 1875

Rod Mastigamoeba zahrnuje pedevSim jednobikaté archaméby, pro které je
charakteristicka iitomnost jediného bazalnihcliska, ze kterého vychazi dik, jeden
postranni mikrotubularni ken a kuzel mikrotubul ktery je v kontaktu s jedinym jadrem
piitomnym v buice. Pohyb rize byt zajisin jak panoZkami, tak tikem, ktery je fi plavani
obvykle nasmrovan dopedu. Btikaté stadium roduMastigamoebamizZze za witych
podminek hiik ztratit a pemenit se do stadia ameéby, nebo naopakikbiopst vytvorit
(Bernard et al. 2000; Chavez et al. 1986; Walkeale?001). Za jakych podminek k této
piremegné dochazi, zatim neni jasné. Za fiepivych podminek riZzou buiky rodu
MastigamoebapreZivat ve formy jednojadernych cyst, které ale byly zatim pozongvgen
u rekolika druhi (Bernard et al. 2000; Chavez et al. 1986; Simpstoal. 1997). Tento rod
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muze vytvdet Siroké spektrum tenych forem, z nichZz jsou pro morfologicky popis
nejvyznangjSi predevsim gliding formy (Ptkova et al. 2013). Typovym druhem rodu
Mastigamoebaje M. aspera Schulze, 1875, ktery vykazuje charakteristické kyneodu
Mastigamoebajako je gevaha jednojaderného a jednot&tmeho stadia v zivotnim cyklu,
tvorba prstovitych panozek nebo typicka organizadea a hiikatého aparatu (Chystyakova
et al. 2012). Penard (1909) se domnival, Ze sedgpadobré jednalo o stejny organismus,
ktery popsal Leidy (1874) jakbinamoeba mirabilisitedy o rok diive, nez Schulze popsal
Mastigamoeba aspeya coz pozdji podporuji také Chystyakova et al. (2012). Podle
mezinarodnich pravidel zoologické nomenklatury bylanmit starSi jméno prioritu
(International Commission for Zoological Nomenctatul999), a jménaviastigamoeba
aMastigamoeba asperby proto ng¢la byt mladSi synonyma jmedinamoebaa Dinamoeba
mirabilis. Leidyho pojmenovani se aléils nevzilo, a proto se pro ozfeni rodu pouziva
jménoMastigamoeba

Druh Mastigamoeba asperse vyznauje také gkterymi vlastnostmi, které u jinych
zastupé rodu Mastigamoebaobvykle nenajdeme. Kro#npritomnosti glykokalyxu, ktery je
charakteristicky spiSe pro r&telomyxa(Chystyakova et al. 2012), se jedna o velikostkun
kdy jejich délka nize dosahovat az 250 pum akai 50 — 100 um, coZz mnohonasébn
pievySuje pimérnou velikost budk vSech ostatnich doposud znamych zastupmdu
MastigamoebgBernard et al. 2000; Chystyakova et al. 2012;Som et al. 1997; Walker
et al. 2001). Z typového druhu ale zatim chybi keka sekverni data.

3. 2 RodMastigella Frenzel, 1897

Zastupci roduMastigella jsou neastji jednobiikati a jejich mastigont se podoba rodu
Mastigamoeba Narozdil od & zde vSak chybi jakékoliv spojeni nebo blizka palo
mikrotubularniho koSe a jadra iy (Goldschmidt 1907). Bik plovoucich bugk obvykle
vyrasta z tenkého vyiku hyaloplasmy vigdni ¢asti buiky. Trofozoiti nkterych druli
se mohou fenenit na améby s jednim nebo vice jadry. V Zivotniykle rodu Mastigella
byly také pozorovany cysty (viz Frenzel 1897). fdgpko je tomu u druhiMastigamoeba
aspera nejsou doposud z typového drulMistigella polymastixrenzel, 1897, k dispozici
Zzadna sekvemi data.

Jelikoz maji rody Mastigamoeba a Mastigella velmi podobnou morfologii,
predpokladalo se, Ze jsou oba tyto rody sesterskéza¥ktad toho byly tradin¢ razeny
do spoléné ¢eledi Mastigamoebidae (Adl et al. 2012; CavalientBnet al. 2004; Chatton
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1925; Goldschmidt 1907; Griffin 1988). Blizkotilpuznost rod Mastigellaa Mastigamoeba
potvrzuji také akteré fylogenetické analyzy, které zahrnuji po tilow dobu jedinou znamou
DNA sekvenci z druhiMastigella commutangCavalier-Smith et al. 2004; Edgcomb et al.
2002; Lahr et al. 2011; Nikolaev et al. 2006; Steids et al. 2012). Poz{l se ale ukazalo, Ze
tato sekvence patpravdEpodobré druhuMastigamoeba punctachoi@t&kova et al. 2013).
Podle struktury jadra affpomnosti endosymbiotickych prokaryot s&ieri autdi domnivali,
Ze Mastigella se spiSe podoba rodBelomyxa (Cavalier-Smith 1991; Frolov 2011;
van Bruggen et al. 1985; Walker et al. 2001). Thypotéza byla potvrzena nedavnou
fylogenetickou analyzou zaloZzenou na genech pro 3UA a pro aktin steji tak prvni

multigenovou analyzou archaméb (Panek eirapress Zadrobilkova et al. 2015a).

3. 3 RodMastigina Frenzel, 1897

Rod Mastigina s typovym druhemMastigina chlamys(Frenzel 1897) nebyl vipodnim
popisu pilis dokre odliSeny od ostatnich pelobiont. Goldschmith 7)9foté definoval tento
rod na zaklad slimakovité neboli limax formy butk, kde se jadro nachazi neednim konci
buiky a téngi se dotyka baze &iku. Ten je obvykle velmi malo pohyblivy. Charaksticka
je také absence postrannich panoZek figompnost fontdnovitého protdi cytoplasmy
(Goldschmith 1907). Po#Zfl ale Lemmerman (1914) pouzil jmérdastigina jako mladsi
synonymum pro rodlastigamoeba vytvail novou kombinacMastigamoeba chlamys to
i presto, Zze se roMastigamoebanevyznéuje fontanovitym proughim cytoplasmy. Vnesl
tak zmatek do charakteristiky jak roMastiging tak Mastigamoeba

Do roduMastigina byl ¢astofazen také rodricholimax proto studie ultrastruktury
druhuTricholimax hylaebyla prezentovana pod jméneviastigina hylag(Brugerolle 1982).
Na morfologii T. hylae byl zalozen také souhrnny popis roddiastigina (Brugerolle
a Patterson 2000). Ztoho vyplyva, Zze dodnes nebglaskuténosti publikovana zadna
ultrastrukturni data rodMastigina a steji tak nejsou k dispozici ani data seki¥en

O existenci a fylogenetické pozici tohot rodu vtéysu archameéb Ize tedy pouze spekulovat.

3. 4 RodTricholimax Frenzel, 1897

Rod Tricholimax zahrnuje jediny drufiricholimax hylaeFrenzel, 1897, ktery byléRolikrat
nalezen ve #tw Zaby (nap Becker 1925; Frenzel 1897). Jehonky se vyznauji
sliméakovitym tvarem biky bez postrannich pseudopodii a fontanovitym p¥oid
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cytoplasmy. Na zadnim konci tky se vytvdi uroid, pomoci kterého se organismus
prichycuje k podkladu (Becker 1925).d je v €sném kontaktu s jadrem a je velmi kratky
a nepohyblivy. Z bazalnihciliska vychazi struktura, kter&tfipomina rhizostyl #kterych
endobiotickych hiikovcil (Becker 1925; Frenzel 1897). Z fotografii z tramsiho
elektronového mikroskopu je patrné, Ze mastigonuhdr T. hylae se sklada
z mikrotubularniho koSe, ktery je pomoci mikrofibspojeny s jadernou membranou,
a postranniho Kene mikrotubul. Axonema biiku je sloZzena z neusfimlaného svazku
mikrotubuli (Brugerolle 1982). Aberantni usi@mlani mikrotubul axonemy, nepohyblivost
biciku a monopodialni tvar lily jsou typické pro rodPelomyxa Ani zde vSak nejsou
k dispozici molekularni data, ktera by potvrdilaznou blizkou pibuznost rod Tricholimax

aPelomyxa

3. 5 RodPelomyxa Greeff, 1874

Rod Pelomyxa je obvykle charakterizovan jako péme¢ velka mnohojadernd améba
s monopodialnim pohybem, uroidem na zadnim konchkpua jednim nebo vice
nepohyblivymi béiky (Whatley a Chapman-Andresen 1990).¢iBi ma fizny paet
mikrotubuli a i jejich usp#adani je variabilni (Chistyakova a Frolov 2011;l6vcet al. 2005,
2006, 2007, 2011; Griffin 1988Y bunkach jednotlivych druln jsou velmicasto @itomny
razné morfologické typy prokaryotickych endosymbioiiErolov et al. 2005, 2006, 2011;
Griffin 1988; Gutiérrez 2012; Whatley a Chapman-fesn 1990), nicménjejich presna
funkce neni zatim zcela obja&sm.

Typovym druhem jeéPelomyxa palustrisGreeff, 1874, jehoz identita je ale otazkou,
protoZze se fedpoklada, Ze se ve skémesti jedna o druhovy komplex (Frolov et al. 2004;
Goodkov et al. 2004). Na druhou stranu organisnpspné jako samostatné druhy, u kterych
nebyl pozorovan kompletni Zivotni cyklus, mohdedstavovat pouze &ita vyvojova stadia
P. palustrisa dalSich druln(Zadrobilkova et al. 2015a). Tim Ze lBdlomyxazahrnuje jedno-
az mnohojaderné jedincei&nym pa@tem btikua, promenlivou velikosti a iznou morfologii
jadra, je definice jednotlivych drihbez pouziti molekularnich dat peéme problematicka.
Az studie z poslednichékolika let vyrazgji zvySily pocet znamych DNA sekvenci z rodu
Pelomyxa(Pt&kova et al. 2013; Zadrobilkova et al. 2015a, P&1tek, in pres3
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3. 6 RodEntamoeba Casagrandi & Barbagallo, 1895

Rod Entamoeba zahrnuje bezbikaté améby, u kterych doSlo ke kompletni #trat
mikrotubularniho cytoskeletu. Trofozoiti jsou oblykiednojaderni a pohybuji se pomoci
lobopodii (Martinez-Palomo 1993).idvazna ¥tSina druli entaméb jsou endobiotické
organismy, ktd se mezi hostiteli igndSeji pomoci cyst. Jedinym druhem, ktery newitva
cysty, je Entamoeba gingivalisktera niize u lidi zgisobovat periodontitidu, zétlivé
onemocgni dutiny astni, kdy se trofozoitif@nasSi pimo pomoci slin (Bonner et al. 2014).
Zatim pouze uit druhi entaméb bylo zjig§ho, Ze mohou byt fakultati¢nnebo obligata
volné Zijici. NejznangjSi Entamoeba moshkovshiyla opakova# nalezena jak v odpadnich
vodach, tak u pacieints gastrointestinalnimi problémy (Heredia et all20Fotedar et al.
2007). Druhy druhEntamoeba ecuadoriensiByl izolovany pouze jednou, a to z odpadnich
vod (Clark a Diamond 1997). Nejngv objevena Entamoeba marinabyla nalezena
v sedimentu flivové zony mae pobliz Ustfeky Shiira v Japonsku (Shiratori a Ishida 2015).
NejznangjSim a z hlediska patogenity ptovéka nejvyznamgsim zastupcem rodu
Entamoebge druhE. histolytica ktery zpisobuje stevni potize a ve vaznycliipadech také
jaterni absces. NejvysSi procento vyskytu amébgserderie je fedevSim v rozvojovych
zemich tropického pasma a udava se, Ze je druhpastgSi parazitarni ficinou umrti
na s¥té¢ vabec (Isea et al. 2012). Kazdong Ize zaznamenat kolem deseti autochtonnich
piipadi onemocini dokonce i na UzendiR (Hizova a Tolarova 2012). Typovym druhem je
Entamoeba colGrassi, 1879, ktera byla poprvé pozorovana Fedd@sohem jako domity
puvodce dysenterie. (viz Issa 2014).

3. 7 RodEndamoeba Leidy, 1879

Malo znamy rodEndamoebazahrnuje amébovité mikroorganismy, které Ziji dmdtcky

ve stevech hmyzu. Diky netypické strukéujadra jej Ize pogrné dokie odliSit od rodu
Entamoeba V jadte rodu Endamoebalze na prvni pohledietelrg rozliSit dw strukturré

odlisné zony. Je zdefippmna periferni zéna, kde se vyskytuji chromatéayranula,
a centralni zénatpominajici svym vzhledem vakuolu (Wenyon 1926jedto pedevsim
v prvni polovirg 20. stoleti panovala jista nejednotnost v uzivadovych jmenEndamoeba
a Entamoeba ktera byla vold zantnovana. Msledkem je nejista platnosteékierych

druhovych jmen. Pozjl byl ale koncept pouZivani jmen ustale&Brdamoebge povazovana
za samostatny rod (Patterson et al. 2000).
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Typovy druhAmoeba blattaeBltschli, 1878 je améba poprvé izolovana ze Svaba
Periplaneta orientalis kterou o rok pozgi od prvniho nélezu Leidy ipfadil do rodu
EndamoebaLeidy 1879). PestoZze jsou znamy i dalSi druhy, doposud nebyldanmého
z nich publikovana sekveéni data. Fesna pozice rodEndamoebana fylogenetickém stroén

archameéb protoistava neznama.

3. 8 RodEndolimax Kuenen & Swellengrebel, 1917

Trofozoiti rodu Endolimaxsvoji morfologii gipominaji rodEntamoeba Navzajem se tyto
dva rody liSi strukturou jadra, kdy u rodtndolimaxnenalezneme periferni chromatinové
granule. Jedna se o bedkaté améby, které Ziji obvykle jako komenzalowaitiho traktu
obratlovd@ i bezobratlych zivéicha (Wenyon 1926). Ku&li zminované morfologické
podobnosti s entamébami byl roBEndolimax tradicné povazovan za jejich blizkého
piibuzného, a byl protéazen doceledi Entamoebidae. Fylogenetické analyzy vSak alkaz
Ze tomu tak neni a Ze je ve skimesti vnitni skupinou hkiikatého, vol& Zijiciho rodu
MastigamoebgCavalier-Smith et al. 2004; Fiore-Donno et all@0Shadwick et al. 2009).
Typovy druh Endolimax nanaWenyon & O’Connor, 1917 je jednim z da$tji
se vyskytujicich sevnich prvok c¢lovéka s nejvysSi prevalenci vyskytu v tropickém
a subtropickém podnebném pasu (Shah et al. 20B2)odil odEntamoeba histolyticaeni
schopny napadnout okolni tkéstreva a obvykle feziva v travicim traktu jako neskodny
komenzal (Wenyon 1926). Vyjimku t¥ioimunosuprimovani pacienti, pro které e nana
patogenni a Zisobuje u nich gifmova onemockni. V posledni dob jsou ale diskutovany
mozné projevy infekce jako nagchronické pijmy také u jinak zdravych jedidqShah et al.
2012).

3. 9 Rodl odamoeba Dobell, 1919

Rod lodamoeba konkrétr typovy druhlodamoeba butschli{Dobell, 1919), byl poprvé
izolovan z¢lovéka. Jeho améby se tvarem #Atgmnosti ¥tSiho mnoZstvi travicich vakuol
podobaji mensim jedifion Entamoeba coliod kterych se ale na prvni pohled liSi jadrem,
které stejn jako jadro rodiEndolimaxpostrada periferni chromatinové granule (Zamaad.et
1998). Trofozoiti roduodamoebamaji také podobnou velikost jako améby drindolimax
nana se kterymi by se tak daly snadno zaimh E. nanama ale odliSnou iedevsim
morfologii cyst (Dobell 1919). Detailni ultrastruka jadra roddodamoebabyla pozorovana
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prak u cyst, kde je fitomny nukleolus, obklopeny ¢kolika shluky elektrondenzniho
materidlu (Zaman et al. 1998). Cysty se vyaiiatypickou inkluzi fizné velikosti, kter4 se po
pondeni do roztoku jodu obarvi. Jedna se o masu glykogktera nemusi byt v cysvzdy
piitomna a jejiz velikost se e v pabéhu rekolika dnmi menit (Dobell 1919). Tento utvar
secasto chyba ozna&uje jako jodoformni vakuola,ipstoZze neni obalen membranou (Zaman
et al. 1998). Z roddodamoebadlouhou dobu neexistovala Zzadna DNA data, a bytdop
na zaklad morfologické podobnosti spolu s rodeBndolimax fazena mezi entaméby.
Na zaklad prvni ziskané sekvence DNA se ukazalo, Zeloohmoebaje blizce pibuzny
rodu Endolimaxa spolu s nim tvd vnitini linii rodu MastigamoebaPtakova et al. 2013;
Stensvold et al. 2012; Zadrobilkova et al. 2013a, b

3. 10 RodRhizomastix Alexeieff, 1911

Rod Rhizomastixzahrnuje biikaté améby, které nalezneméegevsim jako komenzély
bezobratlych i obratlovc Burnky tohoto rodu se vyziaji pritomnosti tzv. rhizostylu, ktery
vychazi z bazalnihaliska btiku a pokrauje dalecasto az k zadnimu konci fky. Typicke

je pro rod Rhizomastix také jadro svelkym centralnim jadérkem a perifarn
heterochromatinem (Alexeieff 1911, Mackinnon 19C&picka 2011). Ro&Rhizomastixoyl
puvodn® povazovan za blizkéhofipuzného roduCercomonas se kterym sdili prav
podobnou strukturu jadra a cytoplasmy (Alexeiefl19Mackinnon 1913). Jiz Kudo (1939)
a pozdji Cepicka (2011) upozauji, Zze velmi podobnou morfologii jadra naleznerakét

u rodu Entamoebaa Ze i dalSi znaky jako je anaerobiosa, jed&sdm btik, hyalinni
cytoplasma a tvorba eruptivnich panozek sRitizomastixs archamébami. Fylogeneticka
analyza archaméb zahrnujicibec prvni ziskana sekuari data z vola Zijiciho R. libera
ukazala, Ze by mohl byt rodhizomastixdokonce blizce fifbuzny parazitickym entamébam
(Pt&kova et al. 2013). Tuto hypotézu vSak vyvratilanprmultigenova analyza archaméb,
podle které se tento raddi mezi volg Zijici mastigaméby (Panek et,ah press.

Typovy druh Rhizomastix gracilisAlexeieff, 1911 byl poprvé izolovan zereta
axolotla. Dalsi nalezy byly zaznamenany zejménanyzZu (Bhaskar Rao 1963, Mackinnon
1913, Zadrobilkova et al. 2015b), ale jsou znamké tavolre Zijici druhy popsané
ze zngistené vody nebo sladkovodniho sedimentu {ki&a et al. 2013; Zadrobilkova et al.

2015b; Zhang a Yang 1990).
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4. Fylogeneze a evoluce

4.1 Amoebozoa a Conosa

Améby a amébovité organismy byly dlouhou dobu povaay za jednu monofyletickou
skupinu. Pozgi se ale ukazalo, Ze tomu tak prapddobré neni a Ze ve skuteosti
se amébovity zjsob Zivota objevil u eukaryotékolikrat nezavisle na séb Amébovité
organismy dnes nalezneme v mnoha eukaryotickydfchinkteré jsou na seébevoluiné
nezavislé. Ti z téchto linii ale zahrnuji f@vaznou ¥tSinu vSech amébovitych organigm
Jedna se o Heterolobosea, Rhizaria a Amoebozo&edpdogmenovanaigdstavuje porrné
velkou skupinu amébovitych organigirktera je ale doposud jen velmi méalo probadana a |
z ni k dispozici, vzhledem Kk jejit@pdpokladané velikosti, jen mélo sekgeith dat (viz
Cavalier-Smith et al. 2015). Amoebozoa jsou e#adupomeErné zajimavou skupinou
eukaryot, protoze jsou blizcefipuzna #iSi Opisthokonta, kde nalezneme mimo jiné
mnohobug¢né organismy, jako jsou ziviwhoveé a houby (Cavalier-Smith et al. 2004).
Amoebozoa se trath¢ déli na bezhiikatd Lobosa a Conosa, ktera majinkou
opatené jednim nebo vice diky nebo jsou bezbikata (Berney et al. 2015; Bolivar et al.
2003; Cavalier-Smith et al. 2004; Fahrni et al. Z08ikolaev et al. 2006). Conosa dostala
nazev podle mikrotubularnino koSe, ktery je typigkso vSechny WKikaté zastupce této
skupiny. Morfologicka data byla podfsma také molekularnimi daty, kdy byla na zaklad
analyzy 123 gein prokazdna monofylie skupiny (Bapteste et al. 2008)zi Conosa séadi
parafyleticky taxon Variosea, ktery sdruzuje marfptky velmi fiznorodé organismy,
aerobni Macromycetozoa neboli tzv. ,pravé hlenkyyskytujici se ve fora améb nebo
ameboflageldt, a obvykle anaerobni jednéfiata Archamoebae (Berney et al. 2015).
Mononofylie archaméb nebyla vzdy jistd. Na &ibyl predevSim nizky pget zndmych
sekvenci DNA, které bylo mozné zahrnout do fylogieké analyzy, ale takérfpomnost
sekvenci, které byly chykrpritazené jinému organismu (Hinkle et al. 1994; Edgceamal.
2002; Milyutina et al. 2001; Rikova et al. 2013; Zadrobilkova et al. 2015a). Azzaklad
vyrazného roz$éni datasetu DNA sekvenci #epevsim vold Zijici, ale i nové druhy
parazitickych archaméb byla jednoZn&potvrzena monofylie skupiny (R#ova et al. 2013;
Zadrobilkova et al. 2015a, b). Monofylii archamébtwzuje také zatim nejucelggi

multigenova analyza (Panek et ah press.

22



4. 2 Finosy a problémy metod rekonstrukce fylogeneze areméb

PredevSim kuli absenci molekularnich dat se archaméby zprélilydna parazitické
entameéby, které zahrnovaly ro@pntamoebaEndamoebaEndolimaxa lodamoebaa volrg
Zijici pelobionty s rodeniPelomyxa na zaklad kterého dostala tato skupina jméno, a dale
s rodyMastigamoebaMastigellaa Mastigina Nizka prosekvenovanost skupiny a zprvu také
nedostaténé metody rekonstrukce fylogenezeiggbovaly jak chybné postaveni archaméb
na eukaryotickém stroén(Cavalier-Smith 1993), tak nejednoZna fylogenetické vztahy
v rdmci celé skupiny (Hinkle et al. 1994; Milyutird al. 2001; Silberman et al. 1999). Az
na zaklad pozdjSich fylogenetickych analyz se ukazalo, Zequni¢lenéni podle zjisobu
Zivota je unglé (Cavalier-Smith et al. 2004; Fiore-Donno et2810; Shadwick et al. 2009).
DalSim problémem se zdala byt samotna délka sekvB8ft) rDNA, ktera je dosud nejvice
vyuzivana k rekonstrukci evalgich vztali uvnitt fady eukaryotickych skupin. Jeji délka
se u archaméb pohybuje od cca 2000 bp u entamiblerf8an et al. 1999)tes cca 2700 bp
u Mastigamoeba balamutt{Hinkle et al. 1994) az po cca 3500 bp dlouhowse&i u rodu
Pelomyxa (Milyutina et al. 2001). To riwe @inaSet problémy nejen¢hem samotné
amplifikace, ale takéipnasledném alignmentu. V neposledaé zejména rodyPelomyxa
aEntamoebatvoii na fylogenetickych stromech dlouh&twe, coZ je pravepodobré
zpasobeno zvySenou rychlosti, kterou probihala jejiwblekularni evoluce. Dlouhééive
mohou v analyzach veést k artefaktéitghovani dlouhych &vi (LBA), kdy se evoldné
vzdalené taxony s podobnou substiturychlosti myl& jevi jako blizce fibuzné a zarove
se tyto ¥tve posouvaji blize ke Kkeni stromu (Stiller a Hall 1999). \&hterych
fylogenetickych analyzach se tak zdaly byt rdélglomyxaa Entamoebablizce gibuzne
(Milyutina et al. 2001; Ptkova et al. 2013), filestoZe si jsou ve skui®osti pongrné
evolwné vzdalené (Zadrobikova et al. 2015a).0Kextrémni délce a odliSnostékteri autdi
sekvenci SSU rDNA rodiPelomyxado analyz dokonceubec nezahrnovali (Fiore-Donno
et al. 2010).

Zajimavym druhem, ktery dlouhou dobu vyitwhchaos ve fylogentickych stromech
archaméb, jBreviata anathemgpivodné zantnovana za drulMastigamoeba invertengak
samotné jméno napovida, byl tento drulvguné fazen mezi archaméby, protoze svoji
morfologii (amébovitédo, jeden pedni btik) i ekologii (volrg Zijici anaerob) fipominala
rod Mastigamoeba Ve fylogenetickych analyzach ale tento druh ndapado skupiny
Archamoebae, ale spiSe&edstavoval izolovanou linii eukaryot (Bolivar et 2001; Edgcomb
et al. 2002; Milyutina et al. 2001). Ve starSichdsich se dokonc®l. invertensvétvila mezi
dalSimi prvoky postradajici  klasické mitochondriepivodné povaZzované jako
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amitochondrialni¢imz podporovala teorii Archezoa (Stiller et al. 829Na zaklad elektron-
mikroskopické studie ale bylo mimo jiné ukazano,bidgkaty aparaiM. invertensobsahuje
dvé bazalni &liska, nikoliv jedno, a Ze se tedy ve skumesti nejedna o rofMastigamoeba
Organismus byl naypojmenovan jakd@reviata anathem#gWalker et al. 2006). Dnes se vi,
Ze rod Breviata spol&n¢ s rody Subulatomonasa Pygsuia piedstavuje samostatnou linii

eukaryot, Breviatea, blizc&ipuznou opistokoriim (Brown et al. 2013; Katz et al. 2011).

4. 3 Fylogeneze archaméb

VySe zmirné problémy metod rekonstrukce fylogeneze se \eposldols dai docela dote
piekonavat. K tomu ispel i vyrazny nafist pa&tu molekularnich dat ziskanycheggevsim

z volrg Zijicich zastup& archameéb, diky kterému mimo jiné doSlo k objasrvzajemnych
evolwnich vztati mezi hlavnimi liniemi skupiny. V s@asné dob se Archamoebaec¢h
nactyti  celedi, kterymi jsou Entamoebidae, Pelomyxidae, Bfmiastixidae

a Mastigamoebidae (R#éova et al. 2013).Celed Entamoebidae zahrnuje pouze rod
Entamoebaa jiz v minulosti vyslovil Cavalier-Smith (1991)yjotézu, Ze entaméby ttio
samostatnou &ev, sesterskou ostatnim archamébam. Tuto mySlpokurzuje multigenova
analyza, kdeieled” Entamoebidae ipdstavuje hlubokou linii skupiny Archamoebae (Panek
et al, in pres$. Do ¢eledi Pelomyxidae p#&tk romé rodu Pelomyxataké Mastigella Now

se totiz ukazalo, Ze ro®elomyxave skuténosti vytv&i vnitini wtev rodu Mastigella
(Zadrobilkova et al. 2015a; Panek et ml.pres3. Oba rody sdili &které spol&né znaky, jako
je podobna morfologie liky a uspsadani heterochromatinu v j&d Pohyb hiiku obou rod

je na rozdil od ostatnich dikatych zastupic archaméb posmné pomaly nebo je Bik zcela
nepohyblivy a v neposlediiadé u nékterych drulii téchto rodi nalezneme v hice vice nez
jedno jadro (Zadrobilkova et al. 2015a). Stejako celed Entamoebidae obsahujeled
Rhizomastixidae pouze jediny rod, v tomidpad rod RhizomastixPivodré se zdalo, Ze by
mohly byt ol tyto celedi blizce pibuzné (Pté&kova et al. 2013), coz se ale péjd
nepotvrdilo. Rhizomastixidae je ve sktnesti pravdpodobré sesterska s Mastigamoebidae
(Panek et al.in pres3. Celed Mastigamoebidae je tvena d¥ma nezavislymi liniemi
Mastigamoebidae A a Mastigamoebidae B {laa et al. 2013). Prvni jmenovana zahrnuje
nag. zndmy modelovy organismudastigamoeba balamuthmebo druhM. punctachora
Do linie Mastigamoebidae B nalezi rtaplastigamoeba simplexXM. scholaianebo rody
lodamoebaa Endolimax(Pta&kova et al. 2013). Z nejngjgich fylogenetickych dat vyplyva,

Ze archaméby Ize ve skuatesti rozdlit na prevazré parazitickd Entamoebida, ktera zahrnuji
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Celedel’ Entamoebidae, a na obvykle velZijici Pelobiontida geledmi Pelomyxidae,
Rhizomastixidae a Mastigamoebidae (Panek etiralpres3. Pivodni ¢leréni na entaméby
a pelobionty se tak zd4 byt s menSimeénami platné.

4. 4 Parazitismus v ramci skupiny Archamoebae

Na zaklad jednoho z nejstarSichél@ni archaméb podle #pobu Zivota zahrnovala
parazitickd skupina Entamoebidae vySe jmenovariévit améby roil Entamoeba
Endamoeba Endolimax lodamoeba a navic také rodDientamoeba (Chatton 1925).
Ultrastrukturni studie ale ukazala, Ze rddientamoebaje ve skuténosti aberantni
trichomonada (Camp et al. 1974¥eBtoze se rodEndolimaxve starSich analyzach obvykle
jevil jako sowast entaméb (Fahrni et al. 2003; Silberman et®9), v rekterych gipadech
mél tendenci se &tvit pobliz roduMastigamoebaavsak bez statistické podpory (Silberman
etal. 1999). Jeho blizk&tipuznost s mastigamébami byla s jistotou potvrzehgpozdiji
(Cavalier-Smith et al. 2004). Zaqupokladu, Ze posledni spahy predek vSech archaméb
byl voln¢ Zzijici, znamenalo to, Ze se v ramci této skupilyyinul parazitismus nejmén
dvakrat nezavisle na sébzZiskani DNA sekvence z dalSiho parazitického rtmilamoba
pouze potvrdilo pedchozi hypotézu, kdy se na fylogenetickém s#rdanto rod spolu
s rodemEndolimaxvétvil jako sestersky taxon k vadrzijicimu druhuMastigamoeba simplex
(Stensvold et al. 2012).

Z&hadnym rodem s nejistou fylogenetickou pozicidigluho rodRhizomastix Tento
pievazré paraziticky rod se strukturou jadra velmi podobmodu Entamoebase na zéklad
prvni ziskané DNA sekvence spolu s rod@mlomyxaumistil na fylogenetickém straim
blizko parazitickych entaméb (RBkbva et al. 2013). Jiz zmina multigenova studie ale
moznou spoknou evolgni historii drulin Rhizomastixa Entamoebavyvrétila, protoze
ukazala, Ze je rodRhizomastixve skuténosti sestersky s mastigamébami (Panek et al.
in presy. Podle studie za#&ené na diverzitu tohoto rodu je jasné, Ze swvivna d
izolované linie. Jednaredstavuje vyhradnvolné Zijici zastupce a druha zahrnuje parazitické
a nejmén jeden potenciakh paraziticky druh (Zadrobilkova et al. 2015b). Pdlghrneme
nejnowjsi data o skupih Archamoebae, tak je patrné, Ze se zde parazitisojevil
ve skuténosti nejmén trikrat nezavisle na sébu spoléného pedka entaméb, u spoleeho
piedka rod lodamoebaa Endolimaxa u gedka parazitické linie rod®hizomastixPanek
et al, in pres3. To vSe plati zaiedpokladu, Ze se vadrzijici zpisob Zivota ¥tSiny archaméb

nevyvinul sekundagn
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Z rodu Endamoebadoposud chybi sekvéni data, a proto je jeho izZeni mezi
Entamoebidae stéle zaloZzeno pouze na morfologiokidlosti. Stejatak chybi jakakoliv
DNA sekvence z dalSich parazitickych #oaebo drufi, které morfologicky nespadaji
do ¢eledi Entamoebidae. Prvnim z nich\j@stigamoeba bovjktera byla nalezena v Zaludku
krav (Liebetanz 1910). Samotny popis ale postrad&ibdetaily, navic nebyl tento druh
od svého fivodniho popisu uz vickrat pozorovan. Proto jehi@zani nebo samotna existence
vibec Zistavaji otazkou. Druhym druhem je parazit travicifaktu ZabTricholimax hylae
Becker (1925). Rkteré jeho znaky, jako je fontanovité préuod cytoplasmy a itomnost
nepohybliveho kiiku s aberantnim gtem mikrotubul, nalezneme také u rodeelomyxa
(Brugerolle 1982; Griffin 1988). Proto haktefi autdi fadi doceledi Pelomyxidae, i kdyz
¢asto pod chybnym oztenim Mastigina hylae (Brugerolle a Patterson 2000). Druhy
Mastigamoeba bovisnebo Tricholimax hylae tak mohou pedstavovat dalSi nezavislé

parazitické linie archaméb.

5. Metody kultivace archaméb

Archaméby obechse v kulturach ifilis ¢asto neudruzuji. iedevSim starSi popisy novych
druhi tak byly provedeny pouze na zakdaa¢kolika malo, ¢asto pouze na jediném,
pozorovani, a nikoli na dlouhodobém sledovaniielsfp je znamo dkolik metod kultivace,
které zavisi pedevsim na Zjsobu Zivota jednotlivych izolat tedy na prosedi, ze kterého
byly ziskany. Velmi frekventovanou metodou kultigaegolné Zijicich archaméb je odebrat
sediment z lokality nalezu konkrétniho organismuen pak vyuzit § ptipraw meédia
(Bernard et al. 2000; Chystyakova et al. 2012; f@rit988; Frolov et al. 2004, 2005, 2006;
Simpson et al. 1997; Walker et al. 2001). Podobogtyp, kdy se hiky nékolik mésial
udrzuji v hermeticky uzaenych lahvich, napémych vodou se sedimentem nebo médiem
podle Lozina-Lozinsky, se Whterych gipadech aplikuje na ro&elomyxa(Chistyakova
a Frolov 2011; Frolov et al. 2011). Nejjednoduspr@udrzeni $tSiho mnoZstvi izoléttakeé
nejefektivrEjSi se zda byt navzavedena metoda kultivace, kdy jsdiblizné 2 ml vzorku

s pavodnim substratem inokulovany do média. K tomutelul se pro vola Zijici izolaty
oswdcilo parameciové médium ATCC 802 podle Tracey Soonemebo 3% LB médium
a pro mdské vzorky se obvykle pouzivd modifikované tzviské 802 médium ATCC 1525

(Pt&kova et al. 2013; Zadrobilkova et al. 2015a, bk Ja nazev napovida, parameciove
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médium podle Sonnebornove, stejako Lozina-Lozinsky médium, bylodgodné uréeno
piedevsim ke kultivaci ndlevnikoduParamecium(Sonneborn 1970; Zalizniak et al. 2006).

Velkou potizi roduPelomyxazistava jeho obtizné kultivace, kdy obvykle tento rod
do rekolika tydmi od zaloZeni kultury vymizi. Zatim pouze jediny l&odruhuPelomyxa
schiedtiusgsne preziva jiz rekolik let (SKADARSKE, Zadrobilkova et al. 2015a)aproti
tomu kultivace druhuMastigamoeba balamutrse zd& byt rutinni zalezitosti. Tento druh
se obvykle pstuje na médiu PY, které je pémé bohaté na Ziviny, nebo 9é. balamuthi
axenizuje, tedy zbavuje vesSkerych prokaryot, aeths|pirevadi do vyzivov jeS€ bohatSiho
média PYGC (Chavez et al. 1986; Nyvitova et al2®015).

Z parazitickych zastugicarchaméb se n&jstji kultivuje Entamoeba histolyticaPro
jeji kultivaci je nejdive zapatebi aby se vzorek, rgjstji se jedna o stolici, ustalil v xenické
kulture (Clark a Diamond 2002). K tomu slouzfegevSim dvojfazové médium Dobell-
Laidlaw, jehoz tekuta faze obsahuje vaje bilek (Dobell a Laidlaw 1926), nebo péme
¢asto vyuzivané jednofazové médium TYSGM-9 (Diamd®@2). Toto médium se dnes
pouziva ke kultivaci Sirokého spektraestnich prvok. Pro UspSnou kultivacik. histolytica
je dialezité gidavat do xenickych médii ryzovy Skrob, ktery jezmgmnym zdrojem potravy
(Clark a Diamond 2002). Pro axenickou kultivacinggasgji pouzivanym meédiem TYI-S-
33, které je zdrojem vSechildzitych slozek potravy jako jsou peptidy a amirsddiny,
nukleové kyseliny, cukry, tuky a vitaminy. Ostatiiuhy entaméb a ro&ndolimax lze
péstovat podobnym Zsobem jako drulk. histolytica(Clark a Diamond 2002). Endobiotické
druhy roduRhizomastixse nejusgsngji kultivuji na médiu Dobell-Laidlaw (Zadrobilkova
et al. 2015b).
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The archamoebae form a small clade of anaerobic/microaerophilic flagellates or amoebae, comprising
the pelobionts (mastigamoebids and pelomyxids) and the entamoebae. It is a member of the eukary-
otic supergroup Amoebozoa. We examined 22 strains of 13 species of Mastigamoeba, Pelomyxa and
Rhizomastix by light-microscopy and determined their SSU rRNA gene sequences. The SSU rRNA
gene sequences of Pelomyxa palustris and Mastigella commutans in GenBank are shown to belong to
P. stagnalis and Mastigamoeba punctachora, respectively. Five new species of free-living archamoebae
are described: Mastigamoeba abducta, M. errans, M. guttula, M. lenta, and Rhizomastix libera spp. nov.
A species of Mastigamoeba possibly living endosymbiotically in Pelomyxa was identified. Rhizomastix
libera, the first known free-living member of that genus, is shown to be an archamoeba. R. libera pos-
sesses an ultrastructure unique within archamoebae: a rhizostyle formed from a modified microtubular
cone and a flagellum with vanes. While many nominal species of pelobionts are extremely hard to dis-
tinguish by light microscopy, transient pseudopodial characters are worthy of further investigation as
taxonomic markers.

© 2012 Elsevier GmbH. All rights reserved.
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Introduction pelomyxids) and endobiotic aflagellate entamoe-

bae. The best known is Entamoeba histolytica,
The archamoebae is comprised of mostly free- that causes amoebic dysentery of humans.
living flagellated pelobionts (mastigamoebids and  All pelobionts and entamoebae are anaero-

bic/microaerophilic and lack normal mitochondria,
Corresponding author; fax +420 221951841 Golgi stacks, plastids, and peroxisomal micro-
e-mail ivan.cepicka @centrum.cz (I. Cepicka). bodies (Brugerolle 1982; El-Hashimi and Pitman
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1970; Frolov 2011; Rosenbaum and Wittner 1970;
Simpson et al. 1997; Walker et al. 2001). They
were once considered to include remnants of pre-
mitochondriate eukaryotes, or even the most basal
eukaryotes (Brugerolle 1993; Cavalier-Smith 1983;
Griffin 1979, 1988; Margulis 1970; Patterson and
Sogin 1992; Whatley 1976; Whatley and Chapman-
Andresen, 1990). This hypothesis was falsified
by the discovery of acristate mitochondrial homo-
logues in some species (Clark and Roger 1995;
Gill et al. 2007; Tovar et al. 1999), and by a better
understanding of artefacts of phylogenetic anal-
ysis (Philippe and Germot 2000; Philippe et al.
2000). Multigene phylogenetic analyses show that
anaerobic pelobionts and entamoebae are derived
within the aerobic Amoebozoa (Cavalier-Smith
1997, 1998; Simpson and Roger 2004).
Archamoebae have a relatively simple micro-
tubular cytoskeleton. Among the flagellated taxa
(Mastigamoeba, Mastigella, Mastigina, Pelomyxa,
Tricholimax, and Rhizomastix — this paper), the fla-
gellar apparatus has one or more monokinetids —
single, flagellated basal bodies, without a second
“barren” basal body as in most other uniflagellated
eukaryotes (Brugerolle 1982, 1991a; Cavalier-
Smith 1991; Chéavez et al. 1986; Chistyakova
and Frolov 2011; Chystyakova et al. 2012; Frolov
2011; Frolov et al. 2004, 2005a, b, 2006, 2011;
Griffin 1988; Simpson et al. 1997; Walker et al.
2001). The basal body is usually associated with
a cone of radiating microtubules and a single flat-
tened ribbon of microtubules emerging from the
side of the basal body below a fibrillar sheet.
The microtubular cone may be attached to the
nucleus in Mastigamoeba, Mastigina, and Tricholi-
max (Brugerolle 1982, 1991a, b; Chystyakova etal.
2012; Frenzel 1897; Simpson et al. 1997; Walker
et al. 2001), or be independent of the nucleus, as
in Mastigella (Frenzel 1897; Goldschmidt 1907a;
Walker et al. 2001). The flagellum is at least the
length of the cell body in many mastigamoebid
flagellates, and usually displays a characteristic
languid movement that may reflect the absence
of outer dynein arms in the flagellar axoneme
(Walker et al. 2001). In Mastigamoeba schizophre-
nia the basal body is composed of microtubular
doublets rather than triplets (Simpson et al. 1997).
In some species, for example Tricholimax hylae
(Brugerolle 1982) and Pelomyxa palustris (Griffin
1988; Seravin and Goodkov 1987), the flagellum
is short and non-motile, often with disorganized
axonemal microtubules and no dynein arms. Mem-
bers of Pelomyxa may develop into giant amoeboid
cells with multiple separate monokinetids (Griffin
1979, 1988). The genera Entamoeba, Endamoeba,
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Endolimax, and lodamoeba, have noflagellar appa-
ratus (El-Hashimi and Pitman 1970; Morris 1936;
Rosenbaum and Wittner 1970; Zaman et al. 1998,
2000).

Cavalier-Smith (1998) proposed a relationship
of mastigamoebae, Pelomyxa, entamoebae, and
mycetozoan slime moulds, as the Conosa. This was
based on a proposed shared ultrastructural identity
as some Mycetozoa have a single flagellum and a
fan of microtubules that superficially resembles the
cone in pelobionts. Recent molecular phylogenetic
results suggest that the “conosan” flagellar appara-
tus may include plesiomorphic characters that are
found in all amoebozoan flagellates (Shadwick et al.
2009) and therefore invalidating the ‘Conosa’.

The name archamoebae was introduced and
used by Cavalier-Smith (1983, 1987a, b) and
Cavalier-Smith et al. (2004) to group the pelomyx-
ids, entamoebae and mastigamoebae. The concept
has been used at ranks of Infraphylum and
Class (Cavalier-Smith 1998; Cavalier-Smith et al.
2004) and has been compositionally unsta-
ble (Cavalier-Smith 1991, 1997; Cavalier-Smith
and Chao 1995). In its most recent incarna-
tions (e.g. Cavalier-Smith et al. 2004; Smirnov
et al. 2011) this group has included two clades,
one comprising the pelomyxids and entamoe-
bae, the other with the mastigamoebids and
Endolimax. The grouping of entamoebae, pelomyx-
ids and mastigamoebids has been supported with
phylogenetic analyses employing parameter-rich
models, computationally-intensive methods, and
with increased taxon sampling (Edgcomb et al.
2002; Cavalier-Smith et al. 2004; Kudryavtsev et al.
2005; Milyutina et al. 2001; Nikolaev et al. 2006;
Stensvold et al. 2012).

The Order Pelobiontida was introduced (Page
1976) originally to include only Pelomyxa (Page
1976, 1987), and has occasionally been used at
other ranks, e.g. Class Pelobionta (Krylov et al.
1980). Griffin (1988) revised the Order Pelobion-
tida to include mastigamoebids, on the basis of
the ultrastructural evidence for flagella in Pelomyxa
(Griffin 1979, 1988). The term pelobiont has since
been used to encompass mastigamoebae and
pelomyxids (the genera Mastigamoeba, Mastigella,
Mastigina and Pelomyxa) to the exclusion of enta-
moebae. It includes free-living flagellated amoebae
with distinctive hyaline cytoplasm, a monokinetid
flagellar apparatus with a cone of microtubules,
and reduced mitochondria (Bernard et al. 2000;
Brugerolle 1991b; Brugerolle and Patterson 2000;
Frolov 2011; Griffin 1979, 1988; Larsen and
Patterson 1990; Patterson 1999; Simpson et al.
1997; Walker et al. 2001, 2011). Pelobionts
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in this sense are typically assigned the taxo-
nomic rank of order (Pelobiontida: Bernard et al.
2000; Brugerolle 1991b; Griffin 1988; Larsen and
Patterson 1990; Simpson et al. 1997) or more
rarely class (Peloflagellata by Goodkov and Seravin
1991; Peloflagellatea by Goodkov et al. 2004).
This concept has existed in the literature for more
than a century, with Schulze (1875) pointing to
the light-microscopical similarities of Pelomyxa and
Mastigamoeba. As its trophic form being a large
amoeba, Pelomyxa was until recently more usually
classified with lobose amoebae, (e.g. Bovee 1972;
Butschli 1880; Chatton 1925, 1953; Page 1976;
Reichenow 1952; Siemensma 1987). Bitschli
(1880) and Kudo (1939, 1977) included Dinamoeba
mirabilis, now usually considered a synonym of
Mastigamoeba aspera (Chystyakova et al. 2012;
Page 1970; Penard 1936; Schulze 1875). Prior
studies (Cavalier-Smith 1987a, b; Cavalier-Smith
etal. 2004; Stensvold et al. 2012) suggest that enta-
moebae are not sister to the clade that contains
pelomyxids and mastigamoebids, but are derived
within it. If this is confirmed then the pelobionts
and archamoebae are compositionally identical,
and the terms are synonymous. They have been
used interchangeably (Cavalier-Smith et al. 2004).
The use of two terms for the same clade is con-
fusing. Confusion arising from synonymy at lower
taxonomic ranks is addressed by the nomenclatural
principle of priority as this protects nomenclat-
ural stability. In the event that entamoebae are
derived from within the pelobionts (i.e. are them-
selves pelobionts), then the correct name for the
ordinal taxon will be ‘Pelobiontida’ and the same
root would be used for higher-ranked taxa. The term
archamoebae would be abandoned under these
circumstances. Until the sister group for the enta-
moebae is confirmed, the term ‘archamoebae’ can
applied to the pelobionts and entamoebae.

The pelobionts are usually divided into two fami-
lies, Pelomyxidae and Mastigamoebidae, currently
containing 9 nominal genera and 248 nominal
species (see Table S1). A brief description of the
genera discussed in this paper is given later, and a
taxonomic revision of all archamoebae is in prepa-
ration (Walker et al., unpublished).

The genus Mastigamoeba was introduced to
describe an amoeboid organism with hyaline
cytoplasm and pseudopodia different from those
of Cercomonas, a long flagellum, and bacte-
ria over the outside of the cell body (Frenzel
1897; Schulze 1875). Subsequent descriptions
regarded the bacteria as a specific feature
of Mastigamoeba aspera, and used Mastig-
amoeba for amoeboid organisms with hyaline
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cytoplasm, and a long flagellum connected to
the nucleus (Goldschmidt 1907b; Kent 1880;
Klebs 1892; Schulze 1875b; Stokes 1886, 1888,
1890). Mastigella was introduced to describe a
mastigamoebid organism with multiple long flagella
extended from the cell body on small “necks”, that
wandered over the cell body and were not attached
to the nucleus (Frenzel 1897). The genus Mastigella
is currently considered as those mastigamoe-
bids without a connection between the flagellum
and nucleus (Goldschmidt 1907a, b). Following
from Goldschmidt’s (1907a, b) informal group
“Mastigamében”, Mastigamoeba and Mastigella
were grouped as the Mastigamoebidae by Chatton
(Chatton 1925; Kudo 1939, 1977).

Pelomyxidae was named as a (monotypic) fam-
ily by Schulze (1877). Pelomyxa was first described
using the pre-occupied name Pelobius (Greeff
1866) and then redescribed as Pelomyxa palustris
(Greeff 1874). It was reported as a large multin-
ucleate amoeba, with a division of the cytoplasm
into an inner layer containing organelles displaying
fountain-flow movement and a clear hyaline outer
layer from which pseudopodia can “roll” out; and
with a posterior uroid attaching the amoeba to the
substrate. Later reports extended the description
to refer to prokaryotes that co-exist endosymbioti-
cally in the cell (van Bruggen et al. 1988), and to
non-motile flagella (Griffin 1979, 1988; Seravin and
Goodkov 1987). The number of species increased
considerably (discussed in Whatley and Chapman-
Andresen 1990; Frolov 2011). The phylogenetic
position of Pelomyxa within the archamoebae
remains unclear, but most analyses group it with
Entamoeba, albeit with varying levels of support
(Cavalier-Smith et al. 2004; Stensvold et al. 2012).

Entamoebae are aflagellated endobiotic mem-
bers of the archamoebae that were, until recently,
taxonomically separated from the pelobionts. They
have traditionally been classified as members of
the family Entamoebidae that included the genera
Entamoeba, Endamoeba, Endolimax, lodamoeba,
and sometimes several genera of uncertain
phylogenetic position, such as Schizamoeba,
Hydramoeba and Malpighamoeba (Patterson et al.
2002). Cavalier-Smith et al. (2004) removed
Endolimax from Entamoebidae on the basis
of molecular phylogenetic analyses (see below)
and erected the family Endolimacidae to contain
it.

The sampling of archamoebae in phyloge-
netic analyses remains poor. SSU rRNA gene
sequences are known from six taxa outside the
medically important genus Entamoeba (Edgcomb
et al. 2002; Hinkle et al. 1994; Milyutina



et al. 2001; Silberman et al. 1999). A close
relationship between Endolimax nana and Mastig-
amoeba simplex has been noted (Cavalier-Smith
et al. 2004; Fiore-Donno et al. 2010; Shadwick et al.
2009). Recently, Stensvold et al. (2012) showed
that fodamoeba, another aflagellated endobiotic
taxon, is closely related to Endolimax.

Archamoebae form the only anaerobic lineage
of Amoebozoa. Several other anaerobic amoe-
boid flagellates with a single anterior flagellum
exist. Two (Breviata anathema and Subulatomonas
tetraspora) appear to be unrelated to archamoe-
bae; and one (Rhizomastix) is shown here to be
an archamoeba. Breviata anathema was originally
identified in its ATCC culture as the pelobiont
Mastigamoeba invertens(as reported in Stiller et al.
1998). It did not group with pelobionts in SSU rRNA
gene trees (Edgcomb et al. 2002; Stiller and Hall
1999); and because of its distinctive ultrastructure,
having two basal bodies and a complex sys-
tem of microtubular roots different from pelobiont
ultrastructure, it was renamed Breviata anathema
(Walker et al. 2006). Its affinities remain unresolved,
but arguments have been presented for and against
affinities with Amoebozoa (Minge et al. 2009;
Walker etal. 2006; Zhao et al. 2012), apusomonads
(Heiss et al. 2013), excavates, and Subulatomonas
tetraspora (Katz et al. 2011; Shadwick et al. 2009).
The recently-described amoeboflagellate Subu-
latomonas tetraspora was shown to be closely
related to B. anathema, but no ultrastructural infor-
mation on the flagellar apparatus is available for
this species (Katz et al. 2011). It has a “neck”
joining the cell body to the flagellum, but this is
much longer and more flexible than the necks
seen in Mastigella commutans (Frenzel 1897) or
Mastigamoeba scholaia (Klug 1936). Both Brevi-
ala and Subulatomonas have filose and branching
pseudopodia that appear more like those of cer-
comonads than those of pelobionts. Rhizomastix
was classified with mastigamoebids by Kudo (1939,
1977) and Cepicka (2011) suggested it might be
related to pelobionts. In the absence of sequence
and ultrastructural data, its position has remained
uncertain until the present study. The name Rhi-
zomastigidae has historically been used for today’s
Mastigamoebidae (e.g. Biitschli 1880, 1884; Lepsi
1965; Reichenow 1952). The name was created by
Bitschli (1884) as Rhizomastigina and later stan-
dardized to Rhizomastigidae by Calkins (1901).
However, as it was not based on and often did not
include Rhizomastix, Rhizomastigidae is regarded
by some as a nomen nudum (Loeblich and Tappan
1961). The composition of Rhizomastigidae has
always been very confused.
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This study aimed to investigate the mor-
phological and molecular diversity of free-living
archamoebae (pelobionts) and to elucidate the phy-
logenetic position of Rhizomastix. We isolated 22
strains of 13 species of Mastigamoeba, Pelomyxa
and Rhizomastix, examined their light-microscopic
morphology and determined their SSU rBNA gene
sequences. Our phylogenetic analyses show that
Rhizomastix is an archamoeba. We describe five
new species of free-living archamoebae including
the first known free-living member of Rhizomas-
tix. The distinctive ultrastructure of Rhizomastix is
described for the first time.

Results

New Strains

Twenty two isolates of free-living archamoe-
bae were obtained from freshwater micro-oxic
sediments (Table 1); 17 were established in cul-
ture. Most cultures were monoeukaryotic. A few
strains were contaminated with other eukary-
otic microorganisms, mainly ciliates (Metopus
and Trimyema), euglenids (Distigma and Rhab-
domonas), diplomonads ( Trepomonas), or uniden-
tified stramenopiles.

Morphology

Species are here identified as groups of isolates
that share morphological characters and have
sequences that are identical or form terminal
monophyletic groups when all known pelobiont
sequences are compared. The morphological
characters that we use to distinguish species are
similar to those used by previous authors (e.g.
Bernard et al. 2000; Klug 1936). Because some
sections of the SSU rBRNA gene in pelobionts
are extremely variable, and because we do not
have a clear understanding of how ultrastructure,
light-microscopical morphology, and sequence
identity are related, it is not possible to provide
species-level sequence identities for specific
regions of the SSU rRNA gene.

The genus Mastigamoeba

We include species which have a single, long ante-
rior flagellum and with the nucleus associated with
the base of the flagellum (i.e. sensu Goldschmidt
1907b). Neither cysts nor multinucleate plas-
modia were observed in any strain. All cells were
uninucleate. Usually, several forms could be distin-
guished: 1. swimming elongated, flagellated cells;
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Table 1. List of the strains included in the study.

Strain Locality Coordinates
3MLMAZ Bezrucovo valley, Czech Republic 50°29'N, 13°20'E
CH2 Chile 35°05'S, 70°08'W
CHOM12 Chomutov, Czech Republic 50°27'N, 13°21'E
GRUBER? Gruberova studanka, Czech Republic 48°48'N, 15°38'E
HRAANM? Hradisté peak, Czech Republic 50°27'N, 13°20'E
HRADANAN Hradisté peak, Czech Republic 50°27'N, 13°20'E
HRN112 Prague, Czech Republic 50°00'N, 14°30'E
IND5 Bhangarh, India 27°05'N, 76°17E
IND8MA2 Bhangarh, India 27°05'N, 76°17'E
JAVA12: D Warna lake, Java, Indonesia 07°12'N, 109°54'E
LUH2NS42 Vltava river alluvial plain, Czech Republic 48°48'N, 13°57'E
OoLB6 Olbasee lake, Germany 51°16'N, 14°35'E
PSOVKA Psovka river, Czech Republic 50°23'N, 14°32'E
SEB42 Prague, Czech Republic 50°00'N, 14°29'E

Pelomyxa belevskii
Pelomyxa palustris 1
Pelomyxa palustris 2
Pelomyxa stagnalis
TEXEL®

Osinovskoe lake, Sosnovo village, Leningrad Oblast, Russia
Osinovskoe lake, Sosnovo village, Leningrad Oblast, Russia
Plyussa river, Lyady village, Pskov Oblast, Russia
Sergievka park, St. Petersburg, Russia

Texel island, Netherlands

VIT1AN Kamenice, Czech Republic
VIT7 Kamenice, Czech Republic
VITSEDAN® Kamenice, Czech Republic

60°30'N, 30°30'E
60°30'N, 30°30E
58°35'N, 28°55'E
59°53'N, 29°50'E
53°01'N, 04°44'E
49°54'N, 14°35'E
49°54'N, 14°35'E
49°54'N, 14°35'E

2monoeukaryotic culture. "derived from the same isolate as JAVA1 in Cepicka et al. (2010). ®derived from the
same isolate as TEXEL in Panek et al. (2012). 9derived from the same isolate as VITSED in Panek et al. (2012).

2. elongated, flagellated cells gliding attached on
the surface, 3. irregular, flagellated or aflagellated
cells crawling slowly with eruptive pseudopo-
dia, and 4. rounded or irregular flagellated or
aflagellated resting forms. The gliding form was
morphologically stable and easily observed
and photographed. It changed quickly into the
swimming form and vice versa, usually without
morphological changes. We emphasize this form
in our comparisons. The strains differed by cell
shape and size; shape, structure and position of
the nucleus; and by the length of the flagellum. The
irregular resting forms of different species were
often indistinguishable.

Protargol was used to stain the cytoplasm,
nucleus, and flagellum. The cone was stained in
only some strains. The diameters of living and
protargol-stained cells of the strains are summa-
rized in Table 2.

Mastigamoeba punctachora

Strain SEB4 corresponded in appearance (Fig. 1A
- C) to the original description of M. punctachora
(Bernard et al. 2000). Actively moving cells were
elongate. The apical nucleus was shaped like a
tear drop and was associated with the flagellar
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base. A large, rounded nucleolus occupied the
central part of the nucleus. A nuclear granule,
the distinguishing feature of M. punctachora, was
observed in the proximal part of the nucleus in
many cells. Protargol-stained cells of strains SEB4
and JAVA1 were usually oval. A darkly-staining
basal body was observed at the place of insertion
of the flagellum (Fig. 1D - I); with a slightly-stained
cone originating from the basal body and extending
to the nucleus. A fiber originating from the basal
body, presumably the microtubular root, was seen
in some cells (“F" in Fig. 1G — ). Some cells
produced fine pseudopodia (Fig. 1C, E).

Mastigamoeba simplex

The morphology of the strain CH2 corresponds
with the description of M. simplex by Bernard et al.
(2000). Gliding cells were elongate (Fig. 2A — C).
The pyriform nucleus occupied the anterior third to
one half of the cell body and contains a large cen-
tral nucleolus (Fig. 2A — C). The cells possessed a
single anterior flagellum. The association between
the nucleus and flagellum was not conspicuous,
and the bulk of the nucleus appeared removed from
the basal body. The anterior part of the cell was
hyaline. Many cells produced one or a few posterior
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Figure 1. Morphology of Mastigamoeba punctachora. (A —C) Gliding cells of the strain SEB4. (D — G) Protargol-
stained cells of the strain SEB4. (H, I} Protargol-stained cells of the strain JAVA1. B —basal body; F —cytoskeletal
fiber; G — perinuclear granule. Scale bars = 10 um for A— C, 5 um for D — I. DIC (A — C) or bright field (D — I).

thorn-like pseudopodia which appeared to be a dis-
tinguishing feature of cells in culture (Fig. 2A, B, E,
F, G). As well as the elongated form, a few rounded
and uniflagellated, or irregular and aflagellated
cells were observed (Fig. 2D, E). The aflagellated
cells moved slowly with eruptive hyaline lobopodia.
M. simplex can be distinguished from the other
species because the body of the nucleus is
removed from, yet attached to, the flagellar base,
and by the thorn-like posterior pseudopodia.

Mastigamoeba abducta sp. nov.

Strains 3SMLMA, CHOM1, GRUBER, HRN11, and
PSOVKA resemble Mastigamoeba simplex but the
single posterior thorn-like pseudopodium typical of
M. simplex (Bernard et al. 2000) was not observed.
Most actively moving cells were elongated and the
pyriform nucleus containing a large central nucle-
olus was situated in the central part of the cell
(Fig. 3A - D). The association between the nucleus
and flagellum was usually difficult to observe in
living cells. The anterior part of the cell was hya-
line. Some gliding cells produced fine pseudopodia
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(Fig. 3B, D, H — J) from the anterior and posterior
part of the cell. Besides the elongated form, a few
rounded uniflagellated or irregular aflagellated cells
were observed (Fig. 3E, F). The aflagellated cells
moved slowly with eruptive hyaline lobopodia. No
distinctive basal body was seen in protargol-stained
cells (Fig. 3G — J). Some (Fig. 3G, H), but not all
(Fig. 3l), protargol-stained cells had a connection
between the nucleus and flagellum. M. abducta sp.
nov. is distinguished from M. simplex by the lack
of thorn-like posterior pseudopodia and from other
Mastigamoeba species because the body of the
nucleus is removed from, but still attached to, the
flagellar base.

Mastigamoeba guttula sp. nov.

Gliding cells of strains LUH2NS4 and HRADANAN
were mostly rounded (Fig. 4A, C, D), and a
few cells were elongated (Fig. 4B). The rounded,
teardrop-shaped nucleus was located subapically
or centrally, contained a central nucleolus and
was connected to the base of the flagellum
(Fig. 4A — D). There was a thin layer of hyaline
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Figure 2. Morphology of Mastigamoeba simplex strain CH2. (A — C) Gliding cells. (D) Rounded cell. (E) Aflag-
ellate crawling cell. (F, G) protargol-stained cells. Scale bars = 10 u.m for A - E, 5 um for F, G. DIC (A - E) or

bright field (F, G).

cytoplasm anterior to the nucleus. Many cells pro-
duced numerous fine pseudopodia which were
easily seen after protargol staining (Fig. 4F - 1).
A few aflagellate cells moved slowly with erup-
tive hyaline lobopodia (Fig. 4E). This species is
distinguished from other species by its distinc-
tive teardrop-shaped nucleus located apically to
subapically.

Mastigamoeba scholaia

Cells of strains TEXEL and VITSEDAN were mor-
phologically similar to those of M. guttula sp. now.
They differin how the flagellainsert; in M. guttfula sp.
nov. the flagellum inserts directly on the cell surface
whereas the flagellar base in M. scholaia was sup-
ported by a small but distinct apical neck (Fig. 5A —
C). The neck was preserved in a shrunken state in
most protargol-stained specimens (Fig. 5E, G — I).
Numerous fine pseudopodia were formed by most
cells from the whole surface. Resting rounded
aflagellate cells with numerous pseudopodia were
observed (Fig. 5D). M. scholaia is distinguished
from the other species by the neck at the base of
the flagellum.

Mastigamoeba from Pelomyxa belevskii

Vacuoles in Pelomyxa belevskii contained aflagel-
lated amoebae (Fig. 6A) which after being released
from P. belevskii, produced a flagellum and started
to swim. They died soon after. The swimming cells
were oval with an apical nucleus which was asso-
ciated with the base of the flagellum (Fig. 6B — D).
There was a hyaline zone lateral to the nucleus.
The morphology of these cells was not studied thor-
oughly due to the limited material available and
further study is needed before it can be described
formally.

Mastigamoeba lenta sp. nov.

Unlike other strains, most cells of strain VIT1AN
were aflagellated (Fig. 7A — D, I, J). The cells
crawled slowly, using a single hyaline lobopodium.
Some cells formed thin uroidal filaments (Fig. 7A,
G). The nucleus was teardrop-shaped, suggest-
ing that a microtubular cone was present. There
was a prominent nucleolus in the central part of
the nucleus. Fewer than 5% of cells had a sin-
gle flagellum (Fig. 7E — H) of various lengths. The
nucleus of uniflagellated cells was apical as in other
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Figure 3. Morphology of Mastigamoeba abducta sp. nov. (A) Gliding cell of the strain 3MLMA. (B, C) Gliding
cell of the strain HRN11. (D) Gliding cell of the strain CHOM1. (E) Rounded cell of the strain CHOM1. (F)
Aflagellate cell of the strain HRN11. (G) Protargol-stained cell of the strain 3MLMA. (H, I) Protargol-stained
cells of the strain HRN11. (J) Protargol-stained cell of the strain CHOM1. Scale bars = 10 pm for A —F, 5 um
for G —J. DIC (A —F) or bright field (G — J).

members of Mastigamoeba. The connection
between the flagellar base and nucleus was clearly
visible in the only protargol-stained cell with a fla-
gellum (Fig. 7H). The pseudopodium of aflagellate
cells was preserved in the uniflagellated forms
in various positions, including the posterior part
of the cell (Fig. 7E). Both the flagellar beating
and movement of uniflagellated cells were slow
compared to other Mastigamoeba strains. This
species can be distinguished by the dominance
of aflagellated forms and by the extremely slow
movement.

Mastigamoeba errans sp. nov.

As with Mastigamoeba lenta sp. nov., the strains
HRAANM and WAC-6 consisted almost exclusively
of aflagellate cells (Fig. 8A — D, H, I). The cells
crawled slowly using a single lobopodium. The
anterior hyaline zone was thicker than in M. lenta sp.
nov. In addition, some cells formed fine pseudopo-
dia from the surface of the lobopodium (Fig. 8D).
The nucleus was rounded, suggesting that the
cone was spread widely in flagellates (Fig. 8G)
or very reduced in the aflagellate cells (Fig. 8B).
The prominent central nucleolus was smaller in
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WAC-6 than in HRAANM. Flagellated cells were
rare (fewer than 0.5%) in HRAANM (Fig. 8E — G).
They possessed a long single flagellum associated
with the apical nucleus. Both the flagellar beat-
ing and cell movement were fast in comparison
to other Mastigamoeba strains. The uniflagellate
form was short-lived as the cells were seen to
attach quickly to the substrate, to start crawling,
and to lose the flagellum after several minutes. The
leading pseudopodium did not always form at the
flagellar base, so in some cases the flagellum was
directed posteriorly before it was lost. Flagellated
cells of the strain WAC-6 were observed once. They
were morphologically similar to that of the strain
HRAANM. M. errans sp. nov. can be distinguished
by the dominance of the aflagellated form with
an anterior hyaline lobopodium, and the rounded
nucleus.

The genus Mastigella

We include here those species that have a sin-
gle, long anterior flagellum, and with the nucleus
not associated with the base of the flagellum (i.e.
Mastigella sensu Goldschmidt 1907b).
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Figure 4. Morphology of Mastigamoeba guttula sp. nov. (A, B) Gliding cells of the strain LUH2NS4. (C) Gliding
cell of the strain HRADANAN. (D) Gliding cell of the strain LUH2NS4. (E) Afflagellate cell of the strain LUH2NS4.
(F — H) Protargol-stained cells of the strain LUH2NS4. (1) Protargol-stained cell of the strain HRADANAN. The
oval structure in the center of the cell is an artifact of staining. Scale bars = 10 um for A— E, 5um for F - |. DIC
(A = E) or bright field (F —1).

N—-

Figure 5. Morphology of Mastigamoeba scholaia. (A, B) Gliding cells of the strain TEXEL. (C) Gliding and
aflagellate cell of the strain VITSEDAN. (D) Aflagellate cell of the strain TEXEL. (E — G) Protargol-stained cells
of the strain TEXEL. (H, I) Protargol-stained cells of the strain VITSEDAN. N — neck. Scale bars = 10 um for A
— D, 5pm for E— . DIC (A — D) or bright field (E — 1.
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- N\ -
Figure 6. Morphology of Mastigamoeba sp. obtained

from Pelomyxa belevskii (A — D). F —flagellum. Scale
bars = 50 um. Bright field (A) or DIC (B — D).

Mastigella sp.

Cells of the strain VIT7 were rare. They were larger
(ca. 50 pm long) than cells of Mastigamoeba, which
averaged about 15 pm long (Fig. 9; Table 2). About
half of the cells were uniflagellate (Fig. 9A, B).
The flagellum was shorter than the cell body; its

movement was slow, ineffective, and did not sig-
nificantly participate in the movement of cells. The
cells crawled slowly using long hyaline finger-like
pseudopodia (Fig. 9B — E). The cell body had tiny
“dots” — possibly vacuoles or some kind of inclu-
sion body near to the surface — lending the cell a
refractive appearance under DIC optics. Pseudo-
podia were clear and hyaline. Although we were
unable to observe the nucleus in the living cells,
the flagellar base did not seem to be associ-
ated with a particular cell structure and seemed
to move freely in the subsurface cytoplasm as the
cell moved. Strain VIT7 was therefore identified as
a Mastigella. The only protargol-stained cell was
aflagellate (Fig. 9F). The strain VIT7 was lost before
it could be characterized more thoroughly.

The genus Pelomyxa

Members of Pelomyxa are multinuclear amoe-
boid organisms that produce a broad leading
pseudopodium during movement. The cells have
numerous immotile flagella on the surface (except
for the area of the leading pseudopodium). The
amoeba undergoes growth and multiplication of
nuclei. Cysts are known from P. palustris. Most
morphological descriptions emphasize the traits
seen in the trophic, locomotive form. At the light
microscopical level, pelomyxids are characterized
by the organization of the peripheral zone of

Figure 7. Morphology of Mastigamoeba lenta sp. nov. (A — D) Aflagellate cells. (E — G) Uniflagellate cells. (H)
Protargol-stained uniflagellate cell. (I, J) Protargol-stained aflagellate cells. Scale bars = 10 pm for A—G, 5 pm

for H=J. DIC (A — G) or bright field (H = J).



hyaline cytoplasm, the presence and shapes of
hyaline pseudopodia, the uroid and the structure
of the nuclei. Pelomyxa species can differ in cell
colour largely determined by the content of diges-
tive vacuoles.

Pelomyxa palustris

Cells of P. palustris, especially early-growth-stage
specimens, were very mobile. They were oval
or cigar-shaped. Large individuals could measure
2mm and more (Fig. 10A). A bulb-shaped uroid
was usually seen in the posterior part of the cell.
The cytoplasm was intensely vacuolised (Fig. 11A),
grey in colour and contained a lot of mineral parti-
cles. There were as many as several hundred small
(12 — 16 wm in diameter) round nuclei (Fig. 11A).
Numerous small spherical nucleoli were situated at
the periphery of the nuclei (Fig. 11B) exceptin cysts
in which the nuclear diameter was up to 30 pm.
Cells were covered with a filamentous glycocalyx
about 50 nm thick; the filaments were perpendicular
to the cell membrane. The basal part of the flagellar
apparatus was small, and the basal body difficult to
see among the microtubules of the cone. The cone
was made up of radial microtubules that formed a
bundle parallel to the cell surface. The number of
radial microtubules was quite small (Fig. 11C).
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Figure 8. Morphology of Mastigamoeba errans sp. nov. (A, B) Aflagellate cells of the strain HRAANM. (C, D)
Aflagellate cells of the strain WAC-6. (E) Swimming cell of the strain HRAANM. (F, G) Gliding cells of the strain
HRAANM. (H, I) Protargol-stained aflagellate cells of the strain WAC-6. Scale bars = 10 pm for A— G, 5 pm for
H. I. DIC (A — G) or bright field (H, ).

Pelomyxa stagnalis

Cells were usually sedentary; locomotive forms
could exceed 800 pm long (Fig. 10B). Cells were
oval or pyriform, usually with a bulb-shaped uroid
in the posterior part, and covered by an amorphous
glycocalyx 20 — 30 nm thick. Their cytoplasm was
greenish-brown in most cases. Digestive vacuoles
of this species were small and generally con-
tained detritus whose mineral component mostly
consisted of diatom frustules. There were 30 — 50
round nuclei per cell, each 25 — 30 pm in diameter.
The nuclear envelope consisted of several layers:
a multilamellar layer adjacent to the nuclear mem-
brane with a layer of small vesicles often filled with
electron-dense material next to it (Fig. 11G). The
nucleolus was central and round, but sometimes
consisted of 2 — 3irregular lobes, formed by several
intertwining fragments (Figure 11H). Nucleoli con-
tained distinctive corpuscles similar to Cajal bodies
in animals (Fig. 11H). Flagellar kinetosomes were
short with a bundle of a few radial microtubules
running parallel to the cell surface (Fig. 111).

Pelomyxa belevskii

P belevskii cells were ovoid, motionless, and
usually smaller than 500 pm (Fig. 10C). No uroid
was discerned. The cytoplasm was transparent or
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Figure 9. Morphology of Mastigella sp. (A) Flagellate resting cell. (B) Flagellate crawling cell. (C) Aflagellate
resting cell. (D, E) Aflagellate crawling cells. (F) Protargol-stained aflagellate cell. Scale bars = 20 um for A — E,
10 um for F. DIC (A — E) or bright field (F).

variously orange. There were several big digestive  often palmatipartite. There were 50 — 60 large (up
vacuoles with fragments of vascular plant tissues to 30 wm), and ovoid nuclei per cell (Fig. 11D).
in the cytoplasm. Around the periphery of the Numerous small nucleoli were located at the
cells was a layer of hyaline cytoplasm. The cell periphery of the nucleus. The glycocalyx was
surface bore multiple short conical projections, filamentous, similar to that of P. palustris. Nucleoli

Figure 10. Gross morphology of Pelomyxa spp. (A) P. palustris. (B) P stagnalis. (C) P. belevskii. F\V — food
vacuole; H — superficial layer of hyalopasm; U — uroid. Scale bars = 400 pm for A, B, 300 .m for C. DIC.
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Figure 11. Nuclear morphology, nuclear ultrastructure, and structure of flagellar apparatus of Pelomyxa spp.
(A —C) P palustris, (D — F) Rbelevskii, (G — I} P stagnalis. BB— basal body; Fl — flagellum; N — nucleus; NB —
nucleolar body; Nu — nucleolus; RMt — radial microtubules. Scale bars = 25 um for A, 20 pm for D, G, 5 um for
B, H, 15um for E, 400nm for C, I, 1 um for F. DIC (A, D, G) or TEM (B, C, E, F, H, ).

had a characteristic appearance as bundles of The genus Rhizomastix

electron-dense vermiform bodies and rings

(Fig. 11E). The flagellar apparatus of P. belevskii ~The flagellate genus Rhizomastix can be distin-
included a relatively long basal body associated —guished from other pelobionts by light-microscopy
with numerous radial microtubules (Fig. 11F) that by the thick fibre or rhizostyle that runs from the
were directed proximally. flagellar base through the cell and around the

54



394 E. Ptatkova et al.

Figure 12. Morphology of Rhizomastix libera sp. nov. (A) Swimming cell of the strain IND8. (B, C) Gliding cells
of the strain IND8. (D) Aflagellate cell of the strain IND8. (E) Resting uniflagellate cell of the strain IND8. (F -
H) Protargol-stained cells of the strain IND8. R —rhizostyle. Scale bars = 10 pm for A— E, 5 um for F —H. DIC
(A — E) or bright field (F — H).

nucleus. It is a tapering bundle of microtubules.
The term “rhizostyle” (see Cepicka 2011) has been
used for some other cytoskeletal structures of pelo-
bionts, such as the lateral flagellar root (e.g. Becker
1925; Brugerolle 1982). It is visible in protargol-
stained cells. The typical motion of living cells is
a remarkably fast and somewhat jerky movement.
The rounded nucleus with a prominent nucleolus
occupies a central or subapical place in the cell.
Under light-microscopy, there is no visible connec-
tion between the flagellar base and nucleus in living
cells, but the nucleus seems to be somehow fixed
in its place in the cytoplasm.

Rhizomastix libera sp. nov.

Cells were elongate (see Table 2). The anterior
part of living cells in front of the nucleus is hyaline.
There was a cone-like uroid in some swimming cells
(Fig. 12A). Crawling cells produced fine pseudo-
podia (Fig. 12D, E). A few aflagellated cells were
observed in the culture (Fig. 12D). Swimming cells
of the strain INDBMA were elongated (Fig. 12A
— C).The “rhizostyle” is visible in many protargol-
stained cells (Fig. 12F, G). Ilts proximal part was
associated with the flagellar base and it continued
to the posterior part of the cell along the nucleus.
The nucleus was heavily stained and its internal
structure could not be observed. The flagellum was
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thicker than in other pelobionts and had fine projec-
tions on its surface (Fig. 12H). R. libera sp. nov. can
be distinguished from the other members of Rhi-
zomastix by its small size, short flagellum, and fast
movement.

R. libera sp. nov. was examined by transmission
electron microscopy (Figs 13 and 14). The longitu-
dinal axis of the cell is defined as running from the
apical flagellar apparatus through the nucleus and
the flagellar root runs laterally to the right.

In axial longitudinal sections (Figs 13A, 14B), the
body is amoeboid, with no fixed shape, no theca
nor cytoskeletal structures supporting the cellmem-
brane. There is a central nucleus, with an electron-
dense nucleolus (Figs 13A, E, 14D, F), surrounded
by endoplasmic reticulum (Figs 13A, E, 14D),
food vacuoles (Fig. 13A) and vacuoles con-
taining endosymbiotic prokaryotes (Fig. 13A, D,
E). A multimembrane structure (Fig. 13B) is
present, positioned close to the flagellar apparatus.
Mitosome-like, acristate, double-membrane-bound
organelles (Fig. 13C) with diameter less than
200 nm are present in the cytoplasm.

The flagellar apparatus (Figs 13A, 14A — P) con-
sists of a flagellum, a single basal body, a flagellar
root of 8 microtubules, and a rhizostyle extending
proximally into the cell. The flagellum has a normal
9+2 doublet structure of microtubules. Two vanes
that vary in size along the length of the axoneme
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Figure 13. Ultrastructure of Rhizomastix libera sp. nov. (A) Axial longitudinal section of the cell, showing the
amoeboid body, with no fixed shape; a central nucleus, surrounded by endoplasmic reticulum, containing
an electron-dense nucleolus, and vacuoles containing food or endosymbionts. (B) Multi-membrane structure
reminiscent of Golgi apparatus, positioned close to the top of the rhizostyle. (C) Mitosome-like, acristate,
double-membrane-bound organelle. (D) Sagittal section through side of cell showing vacuoles containing
endosymbiotic prokaryotes. (E) Section through nucleus showing connection of the rhizostyle above and
below, endoplasmic reticulum and a vacuole containing an endosymbiont. En — prokaryotic endosymbiont;
ER - endoplasmic reticulum; FA — flagellar apparatus; FV — food vacuole; Mi — mitochondrion-like organelle;
Mu — multimembrane organelle; N — nucleus; Rh - rhizostyle. Scale bars = 1 pm for A, D, 200 nm for A, C, and
500 nm for E.
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Figure 14. Ultrastructure of the flagellar apparatus of Rhizomastix libera sp. nov. (A) Transverse section of
the flagellum, showing two flagellar vanes and standard 9+2 structure of microtubules. (B) Axial longitudinal
section through the cell, showing the rhizostyle extending from the flagellar apparatus to the posterior of the
cell. (C) Flagellar apparatus in longitudinal section, showing the basal body giving rise to the rhizostyle. (D, E)
Flagellar apparatus in longitudinal section, showing the flagellar root arising from the side of the basal body;
in (D) with the rhizostyle folding around the nucleus, and shown below the nucleus (asterisk). (F) Rhizostyle
folding around the nucleus (top right and bottom left). (G, H) Transverse section of the rhizostyle close to the
flagellar apparatus, with root microtubules to the right in (G). (I — P) Progression of the rhizostyle through the
cell, showing the reduction in number of central and peripheral microtubules. BB — basal body; FA — flagellar
apparatus; Fl — flagellum; FR — flagellar root; N — nucleus; Rh, asterisk — rhizostyle. Scale bars = 100 nm for A,
| =P, 1 um for B, 500 nm for C, E, F, and 200nm for D, G, H.
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(Figs 13A, 14A) account for its thick appearance
by light-microscopy. Figure 14E shows a “ruffled”
appearance of the flagellar membrane with a vane
moving in and out of the plane of section on the
right.

It was not possible to determine whether or not
dynein arms were present in the axoneme, due to
the quality of the fixation. The basal body appears
to have a normal triplet structure, but clear pic-
tures were not obtained; a second basal body was
never observed. One flagellar root (Fig. 14D, E, G)
consists of a flat ribbon of eight microtubules and
arises about halfway up the basal body (Fig. 14E),
descending laterally into the cytoplasm. The rhi-
zostyle is a cylindrical root of microtubules that
extends proximally from the base of the basal body
(Fig. 14B — E) and wraps around the nucleus,
and turns at an angle of greater than 90 degrees
(Fig. 14D, F, asterisks). The number of microtubules
varies within and between individuals. At its origin
there are 13 — 15 microtubules in a circle around
a central dense area (Fig. 14G, H), with a cen-
tral pair of microtubules arising slightly proximally
to the basal body (Fig. 141). The central pair moves
towards the side of the rhizostyle (Fig. 14J — L) away
from the central dense area (Fig. 14/ — O) and end
somewhere near where the rhizostyle makes first
contact with the nucleus. The rhizostyle then gets
narrower (Fig. 14B) and the number of microtubules
decreases as it extends proximally (Fig. 14G —
P), with five microtubules being the fewest seen
(Fig. 14P).

Phylogenetic analyses

The archamoebae showed extraordinary inter-
species variability of SSU rRNA gene sequences.
Most variability was found in sites corresponding to
hypervariable regions of the SSU rRNA molecule
(Wuyts et al. 2000). These parts of SSU rRNA
gene were virtually unalignable even among closely
related species, and were almost wholly trimmed
from the data set prior to the phylogenetic analy-
sis. The SSU rRNA gene without the hypervariable
regions distinguish species of archamoebae.
Strains of species may exhbit intra-strain
sequence variability. The variability of strains 3ML,
HRN11, PSOVKA and of Pelomyxa belevskii was
negligible (< 1%); those of strain LUH2NS4 differed
in up to 2.3% of positions, while strains CHOM1
and IND8 varied by 7.0% and 6.4%, respectively.
The vast majority of differences were located in the
hypervariable regions, which were trimmed during
the data set preparation. A preliminary analysis did
not lead to differences in phylogenetic position of
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different clones of a strain, so we included only the
sequence of a single clone of each strain in the final
analysis.

The phylogenetic tree of archamoebae based
on the first data set (see Methods) (Fig. 15)
has Amoebozoa split into several lineages without
resolved interrelationships consistent with previ-
ous studies (Fiore-Donno et al. 2010; Kudryavtsev
et al. 2011; Shadwick et al. 2009). The archamae-
bae formed a well-supported clade with four
robust lineages: (1) species of Entamoeba, (2)
species of Pelomyxa, (3) Rhizomastix libera sp.
nov., and (4) the Mastigamoebidae comprised of
Mastigamoeba, Endolimax, lodamoeba, and sev-
eral environmental sequences. Entamoeba and
Pelomyxa formed a clade; with Rhizomastix libera
sp. nov. as sister to it but without statistical sup-
port. SSU rRNA gene sequences of the two new
Pelomyxa palustris isolates were almost identical.
The GenBank sequence AF320348 for F palustris
was almost identical with the sequence obtained
by us from P stagnalis. The Mastigamoebidae split
into two clades —A and B. Mastigamoebidae A
split into three branches without resolved interre-
lationships: |. Mastigamoeba errans sp. nov. and
environmental sequence GU919401, Il. Environ-
mental sequence AM114798, Ill. Mastigamoeba
balamuthi, M. punctachora, M. sp. obtained from
Pelomyxa spp., strain VIT7, Mastigella commu-
tans, and environmental sequence AM114799.
The sequence AF421219, designed as Mastigella
commutans, was almost identical with strains of
Mastigamoeba punctachora. The clade of Mastig-
amoebidae B split into three branches without
resolved interrelationships: |. Mastigamoeba lenta
sp. nov., Il. Endolimax nana and lodamoeba sp.,
Ill. Mastigamoeba simplex, M. guttula sp. nov., M.
scholaia, M. abducta sp. nov., and environmental
sequence GU921440.

To further examine relationships between Enta-
moeba, Rhizomastix, and Pelomyxa, we created
three additional data sets in which one of the
genera was omitted. When Pelomyxa sequences
were removed (data set 2), the topology and
node supports remained similar to the analysis
of the first data set with two important excep-
tions (Fig. 16A). The value of bootstrap support
for the archamoebae being monophyletic increased
slightly, and Rhizomastix and Entamoeba formed
sister lineages with a relatively strong support.
When Entamoeba spp. were removed (data set
3), Pelomyxa formed the basal branch of the
archamoebae, Rhizomastix formed a sister branch
to the Mastigamoebidae, though without strong
support, and support for archamoebal monophyly
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Figure 15. Unrooted phylogenetic tree of Amoebozoa based on SSU rBNA gene sequences. The tree was
constructed by the maximum likelihood method (GTR+I+T" model). The values at the nodes represent statistical
support in maximum likelihood bootstrap values/Bayesian posterior probabilities. Support values below 50%/.50
are represented by an asterisk (*). New sequences are in bold. Higher taxa of Amoebozoa are named according
to Shadwick et al. (2009) and Smirnov et al. (2011).
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Figure 16. Phylogenetic trees of pelobionts based
on SSU rRNA gene sequences, with exclusion of
Pelomyxa spp. (A), Entamoebaspp. (B), or Rhizomas-
tix libera (C). The trees were constructed by the
maximum likelihood method (GTR+I+I" model) and
were rooted with main lineages of non-pelobionts (out-
groups not shown). The values at the nodes represent
statistical support in maximum likelihood bootstrap
values/Bayesian posterior probabilities. Support val-
ues below 50% are represented by an asterisk (*).
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decreased (Fig. 16B). Finally, when Rhizomas-
tix was removed from the analysis (data set 4),
Pelomyxa and Entamoeba remained sister taxa
with medium support, and support for a mono-
phyletic archamoebae decreased (Fig. 16C).

Discussion

Species Identities of Strains

Based on morphological distinctiveness and place-
ment in molecular trees, our isolates belong to
12 species. Amoeboid members of the genus
Pelomyxa can be determined easily using a
combination of light-microscopic morphology and
ultrastructure (Chistyakova and Frolov 2011; Griffin
1988; Page 1981). Our phylogenetic analysis
shows that the sequence AF320348 deposited
in GenBank under the name Pelomyxa palustris
(Milyutina et al. 2001) belongs to F stagnalis. The
morphology of cells of P belevskii closely corre-
sponds to Page’s (1981) observations of Pelomyxa
palustris. A description of the ultrastructure of P
belevskii is here presented for the first time. We
show that it has a distinctive nucleus and flagellar
apparatus.

Cells of all but two of the isolates that showed
swimming behaviour are assigned to Mastig-
amoebabecause there is a connection between the
nucleus and flagellar base. The connection is most
clearly shown in protargol-stained preparations.
The taxonomy of Mastigamoeba is problematic.
More than 50 nominal species have been described
(see Table S1); most formal descriptions are brief
and incomplete (see Bernard et al. 2000). Species
have been distinguished mainly on the basis of
cell size, flagellar length, and location of pseu-
dopodial formation (Bernard et al. 2000; Brugerolle
1991b; Chatton 1925; Goldschmidt 1907a, b; Kudo
1939, 1977; Lemmermann 1914; Poche 1913;
Reichenow 1928, 1952; Siemensma 1987; Walker
et al. 2001). Given the highly variable nature of the
species, and incompleteness of many descriptions,
many cannot be reliably distinguished by light-
microscopy and may represent invalid species, a
situation not uncommon among protists (Thessen
et al. 2012). In this study, where we supplemented
light-microscopy with molecular features, we were
able to confirm the significance of morphological
differences between species. Species with distinc-
tive light-microscopical appearances form clades in
SSU rRNA gene phylogenetic analyses.

Our Mastigamoeba strains fall into eight dis-
tinct species, four of which are new. The nuclear
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granule in cells of strain SEB4 identifies it unequivo-
cally as Mastigamoeba punctachora (Bernard et al.
2000). Cells of SEB4 stained by protargol show sev-
eral features unobserved in other Mastigamoeba
strains, namely the conspicuous darkly-staining
basal body, cone, and putative microtubular root.
These characters were also observed in cells of
the strain JAVA confirming that it belongs to M.
punctachora as well. Interestingly, SSU rRNA gene
sequences of the two strains are almost identi-
cal with GenBank sequence AF421219 which had
been ascribed to Mastigella commutans (Edgcomb
et al. 2002). Itis possible that the culture of M. com-
mutans was contaminated with M. punctachora or
cultures of the two species were confused, as both
cultures were held in the same laboratory at the
time that these sequences were generated. The
morphology of strain CH2 is identical to that of
Mastigamoeba simplex reported by Bernard et al.
(2000). Importantly, the posterior thick pseudopo-
dia were not observed in any other strain. Cells
of M. abducta sp. nov. are morphologically sim-
ilar to M. simplex with respect to the nucleus,
which is subcentral in both species but is situated
more centrally in M. abducta sp. nov. Cells of M.
abducta sp. nov. do not form the thorn-like poste-
rior pseudopodia.The two species separate clearly
on molecular criteria. Cells of strains VITSEDAN
and TEXEL have a persistent neck supporting the
flagellar base, are often rounded, and have radi-
ating pseudopodia. As far as we know, a distinct
neck has been reported in Mastigamoeba only in
M. scholaia (Klug 1936), and cells of this species
are rounded with radiating pseudopodia. Therefore,
we have identified these strains as M. scholaia. This
small, distinct neck is about 1 pm long and has also
been described in Mastigella commutans (Frenzel
1897); it differs from that recently described in Sub-
ulatomonas, which is considerably longer (about 5
-10 pm) and much more flexible (Katz et al. 2011).
M. guttula sp. nov. is similar to M. scholaia because
of the sun-like appearance of many cells, but it lacks
the neck and the nucleus is subapical as opposed
to subcentral in M. guttula sp. nov. The two species
have distinct SSU rRNA gene sequences. The
remaining two Mastigamoeba species, M. errans
sp. nov. and M. lenta sp. nov. differ from other
mastigamoebae by their predominantly amoeboid
lifestyle. Besides their divergent phylogenetic posi-
tion, the two species differ in swimming speed and
lifespan of the flagellate stage (flagellates of M.
errans sp. nov. swim rather quickly and are short-
lived).

The amoebae that occurred in vacuoles of
Pelomyxa belevskii emerged, produced flagella
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and started to swim. In their short life, they were
similar to mastigamoebae. Our preliminary data
suggest that P belevskii may contain more than
one species of eukaryotic endobionts. Because
of this, we have not described unique correspon-
dence between those cells and the 185 rRNA gene
sequence obtained. The emergence of flagellates
from much larger cells is consistent with descrip-
tions of Mastigina setosa by Goldschmidt (1907a)
and Pelomyxa palustris by Whatley and Chapman-
Andresen (1990). No symbionts were observed
in P stagnalis, and there were no candidates for
the Mastigamoeba sequence from these cultures,
unless symbiotic mastigamoebae were overlooked.

Pelobiont strain VIT7 was identified as Mastigella
because of the absence of a microtubular con-
nection between the flagellar base and nucleus.
Unfortunately, the strain VIT7 was lost before its
morphology could be examined thoroughly. As with
Mastigamoeba, Mastigella is taxonomically prob-
lematic in the sense that many nominal species
have been described (see Table S1), most of them
inadequately. It is difficult to unequivocally assign a
Mastigella isolate to a nominal species. Strain VIT7
is most similar to Mastigella vifrea and M. nitens. In
particular, the highly refractive glassy appearance
with clear hyaline pseudopodia of VIT7 is reminis-
cent of Goldschmidt's description and drawing of M.
vitrea. However, cells of VIT7 were mostly smaller
(average 52 pm long: see Table 2) than those of M.
vitrea (120-150p.m, see Goldschmidt 1907a). M.
nitens cells have a hyaline border (Penard 1909)
which was lacking in cells of VIT7.

The presence of the rhizostyle in cells of strain
IND8MA identifies it unequivocally as Rhizomas-
tix. R. libera sp. nov. is the first free-living member
of the otherwise endobiotic genus Rhizomastix
and its cells are considerably smaller than other
species (Bhaskar Rao 1963, 1970; Cepicka 2011;
Krishnamurthy 1969; Ludwig 1946; Mackinnon
1913; Sultana 1976; Yakimoff and Kolpakoff 1921).
The rapid flagellar and cell movement of the new
species differentiates it from R. biflagellata and R.
ranae, the only other species whose movement
has been recorded (Cepicka 2011; Krishnamurthy
1969).

Phylogeny of Archamoebae

Among the major lineages of protists, the Amoe-
bozoa is relatively poorly studied. Analyses of the
SSU rBNA gene have failed to resolve relation-
ships among amoebozoan lineages (e.g. Brown
et al. 2011; Fiore-Donno et al. 2010; Kudryavtsev
et al. 2009, 2011; Shadwick et al. 2009; Stensvold



et al. 2012). The actin gene has also been utilized
in phylogenetic analyses of Amoebozoa, but also
does not resolve deep-level relationships within
the Amoebozoa (Lahr et al. 2011). The monophyly
of higher taxa within Amoebozoa thus remains
unsupported, with the exception of the Tubulinea,
Dictyosteliida, Myxogastria and archamoebae. We
analyzed 91 SSU rRNA gene sequences rep-
resenting a broad diversity of Amoebozoa. Our
results are in agreement with previous studies in
that they provide poor resolution of the backbone
of the amoebozoan tree. The archamoebae have
relatively good support (maximum likelihood boot-
strap support 84, Bayesian posterior probability 1).
A clade consisting of Myxogastria, Dictyosteliida,
Ceratiomyxa, and protosteloid groups Il and Va
appear as sister to archamoebae with weak sup-
port (for nomenclature of protostelid lineages see
Shadwick et al. 2009). However, this clade’s mono-
phyly and internal topology remain uncertain.

The present study improves the taxon sampling
of pelobiont SSU rRNA gene sequences. Before
this, SSU rRNA gene sequences of only six non-
Entamoebaarchamoebal species were determined
(Edgcomb et al. 2002; Hinkle et al. 1994; Milyutina
et al. 2001; Silberman et al. 1999; Stensvold et al.
2012). We show that sequences AF320348 and
AF421219 do not belong to Pelomyxa palustris and
Mastigella commutans respectively as proposed by
Milyutina et al. (2001) and Edgcomb et al. (2002),
butto Pelomyxa stagnalisand Mastigamoeba punc-
tachora, respectively. We added new SSU rRNA
gene sequences for Rhizomastix and seven pre-
viously uncharacterized species of Pelomyxa and
Mastigamoeba. These new sequences have a
positive effect on the statistical support for a mono-
phyletic archamoebae. Previously, some authors
(Fiore-Donno et al. 2010) excluded the Pelomyxa
SSU rRNA gene sequence (AF320348) of P stag-
nalis (as P palustris) because it is extremely long,
divergent (Milyutina et al. 2001), and difficult to
align. The SSU rRNA gene sequences of true P
palustris and P belevskii are about 400 bp shorter
than that of P stagnalis. In our analysis which
included only the sequence AF320348, the maxi-
mum likelihood bootstrap support for monophyletic
archamoebae was 63; with the newly determined
Pelomyxa sequences, the support increased to 84.

The archamoebae consist of four lineages, cor-
responding roughly with nominal families: Mastig-
amoebidae, Pelomyxidae, Entamoebidae, and
Rhizomastixidae. The Mastigamoebidae appears
robustly monophyletic and contains all the pelo-
bionts with a motile flagellum associated with the
microtubular cone and flagellar root arising from
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a single basal body, as well as two endobiotic
taxa of uncertain ultrastructure. Mastigamoebidae
robustly split into two clades, Mastigamoebidae
A and B. Since the ultrastructures of only three
Mastigamoeba species with known phylogenetic
position have been characterized so far (Chavez
et al. 1986; Walker et al. 2001), it is currently
impossible to characterize lineages Mastigamoe-
bidae A and B morphologically. Genera lodamoeba
and Endolimax seem to have completely lost any
externally obvious microtubular cytoskeleton but
robustly cluster within Mastigamoebidae B. The
reduced flagellar apparatus in these taxa may
reflect their parasitic lifestyle. Their flagellar loss is
independent of that of Enfamoeba. As information
on ultrastructure of Endolimax and lodamoeba is
fragmentary (Zaman et al. 1998, 2000), the future
may include discovery of remnants of their flagel-
lar apparatus. The phylogenetic position of genera
Endolimax and lodamoeba within Mastigamoe-
bidae is supported by their nuclear morphology.
The nucleus of members of the two genera is
devoid of peripheral chromatin (Zaman et al. 1998,
2000) as with Mastigamoeba spp. (Chavez et al.
1986; Frolov 2011; Simpson et al. 1997; Walker
et al. 2001). On the other hand, the nucleus
of Entamoeba possesses a peripheral layer of
electron-dense granules (El-Hashimi and Pitman
1970; Rosenbaum and Wittner 1970).
Rhizomastix fibera sp. nov. is clearly a free-
living archamoeba as proposed by Cepicka (2011)
and Kudo (1939, 1977), and is likely related to
Entamoeba and Pelomyxa. As Pelomyxa spp.
and Entamoeba spp. form long branches in tree,
their relationship may be a long-branch attraction
artefact. To explore this, we performed analyses
in which Pelomyxa, Entamoeba or Rhizomas-
tix, respectively, were excluded. The support
values for a sister relation between Rhizomas-
tix and Entamoeba when Pelomyxa spp. were
removed from analyses were higher than the sup-
port values of a sister relationship of Pelomyxa
and Entamoeba when Rhizomastix was removed
from the analyses. However, AU tests could not
reject topologies with Rhizomastix as a basal
archamoeba. Since SSU rRNA gene analysis
alone is obviously unable to elucidate the rela-
tionships between higher archamoebal taxa, it is
necessary to perform multigene phylogenetic anal-
yses. Moreover, there are several key members
of the archamoebae from which DNA sequence
data are currently unavailable (e.g. Mastigamoeba
aspera, Tricholimax hylae, Rhizomastix gracilis,
Endamoeba blattae, and species of Mastigella
and Mastigina). Nevertheless, the possible close
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relationship between Entamoeba and Rhizomastix
seems to be supported by nuclear morphology as
most Rhizomastix species (though not A. libera sp.
nov.) share the conspicuous peripheral chromatin
arranged into granules with Enfamoeba (Cepicka
2011). It is because of the uncertain relationships
of Rhizomastix and entamoebae to the pelobionts
that we use the term archamoebae to refer to the
organisms studied (see Introduction).

Rhizomastix Has a Unique Ultrastructure

R. libera sp. nov. has many features of pelobionts
such as the amoeboid flagellate habit, anaerobiosis
coupled with reduction of mitochondria, a sim-
ple microtubular cytoskeleton consisting of a basal
body supporting the flagellum and two microtubu-
lar roots. The ultrastructure of cells of R. libera sp.
nov. is sufficiently different from other archamoebae
as to justify the establishment of a separate family,
Rhizomastixidae fam. nov.

Until now, the origin of the rhizostyle of Rhi-
zomastix was unclear and various hypotheses had
been proposed (Cepicka 2011). We can now see
that it is a modified microtubular cone as found in
other pelobionts. It may anchor the flagellar basal
body firmly so allowing the swift movements of this
species. The flagellar vanes of Rhizomastix are
distinctive, are evident in protargol-stained prepa-
rations, and make the flagellum look thicker. The
flagellum of R. biflagellata is thicker than flagella
of Trimitus in Figure 2D in Cepicka (2011) suggest-
ing that R. biflagellata bears flagellar vanes as well.
The small mitochondrion-related organelle (MRO)
of R. libera sp. nov. is similar in size to that of the
other pelobionts (Gill et al. 2007; Ledn-Avila and
Tovar 2004; Mi-ichi et al. 2011;Walker et al. 2001).
The multimembrane organelle in R. libera sp. nov.
seems to be unique, butmay be afixation artefact. A
similar, though biggerand more organized structure
has been recently reported from Pelomyxa flava
(Frolov et al. 2011). The multimembrane organelle
of R. libera sp. nov. is to some extent reminis-
cent of Golgi apparatus. A stacked Golgi apparatus
has not been found in the archamoebae so far,
though related elements of the endomembrane
system have been shown to be functionally present
in Entamoeba histolytica (Bredeston et al. 2005)
and Mastigamoeba balamuthi (Dacks et al. 2004).

According to our phylogenetic trees, the endobi-
otic life style emerged at least twice independently
within the archamoebae. Rhizomastix and Enta-
moebidae are clearly phylogenetically distinct from
lodamoeba and Endolfimax; and Tricholimax (endo-
biotic in frogs) is of yet-undetermined position,
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but shows similarities to both Pelomyxa and
Mastigamoeba (Brugerolle 1982). The endobiotic
members of the group typically have reduced
flagellar apparatuses. The ancestrally anaerobic
metabolism of archamoebae is likely to be an adap-
tation that allowed endobiont members to thrive
within gut-ecosystems. Rhizomastix libera sp. nov.
is the first known free-living member of the genus
Rhizomastix. As the genus Rhizomastix contains
both endobiotic and free-living species, it may
become a useful model to study of the origin of
parasitism within archamoebae.

Changes in Taxonomy of Archamoebae
and Pelobionts

The taxonomy of archamoebae is confusing.
The families Mastigamoebidae, Pelomyxidae and
Entamoebidae are universally accepted. Recent
classifications that bring these families together
(e.g. Smirnov et al. 2011) rely on the relation-
ships between entamoebae and pelobionts that
we do not believe to be supported (yet) by our
data. Until the relationships among the consitutent
families are robustly confirmed, we prefer to refer
to the entamoebae and pelobionts informally as
archamoebae. In the event that entamoebae are
found to be derived from within the pelobionts, then
the correct name for this group using the principle
of priority will be ‘Pelobiontida’. In the event of the
entamoebae being shown to be sister to the pelo-
bionts, then the correct name for the clade would
be Archamoebida Cavalier-Smith, 1983.

Other families have been established with
the archamoebae: Phreatamoebidae, Mastigell-
idae and Endolimacidae (Cavalier-Smith 1991;
Cavalier-Smith et al. 2004). The former two are not
recognized by most authors. Phreatamoeba bala-
muthi, the type and sole species of Phreatamoeba,
was transferred to Mastigamoeba by Simpson etal.
(1997). Mastigella, the type and sole genus of
Mastigellidae, is usually considered to belong to the
Mastigamoebidae (e.g. Cavalier-Smith et al. 2004;
Chatton 1925; Frolov 2011). The family Endolimaci-
dae was established by removing Endolimax from
Entamoebidae to make each family monophyletic
(Cavalier-Smith et al. 2004). Stensvold et al.
(2012) recently showed that the genus lodamoeba
is closely related to Endolimax. The family-level
classification of Endolimax within Endolimacidae
and lodamoeba within Entamoebidae disrupts the
monophyly of the family Mastigamoebidae and we
treat Endolimax and lodamoeba as members of
Mastigamoebidae. They form an internal branch of
Mastigamoeba, making the genus Mastigamoeba



paraphyletic. The full scope and character of
Mastigamoeba is uncertain, as our analyses do
not include most of the previously described taxa
in Mastigamoeba, we lack electron-microscopical
data for many taxa, and the phylogenetic position
of M. aspera, the type species, is unknown. Until
studies are conducted on the type species, it would
be premature to make the genus Mastigamoeba
monophyletic either by transferring species of
Endolimax and lodamoeba to it or breaking it up.
We describe four new species of Mastigamoeba,
M. abducta, M. errans, M guttula, and M. lenta spp.
nov.

The genus Rhizomastix is transferred into
archamoebae and for reasons given above we
establish a new family to accommodate it. The
name Rhizomastigidae Calkins, 1901 is a nomen
nudum that was not based on and did not
include Rhizomastix (Loeblich and Tappan 1961),
and so is unavailable. To avoid homonymy, we
follow Recommendation 29A of the International
Code of Zoological Nomenclature and name the
new family Rhizomastixidae fam. nov. We trans-
fer Pararhizomastix hominis described by Yakimoff
and Kolpakoff (1921) to Rhizomastix as we see
no reason to place it in a separate genus. We
add a new species of Rhizomastix, R. libera sp.
nov.

Taxonomic Summary

The taxonomic scheme below summarizes only the
taxa mentioned in this paper, and is not intended to
be a taxonomic summary of all pelobiont or archamoe-
bal taxa. Previously-used and current names of all
pelobionts sensu stricto are given in Supplementary
Table 1.

Archamoebae: Anaerobic/microaerophilic Amoebozoa
with reduced mitochondria. May exist as amoebae or amoe-
boflagellates. Ancestrally with a single anterior flagellum,
microtubular cone and flagellar root. Secondarily aflagellate or
multiflagellate. Amoeboid movement with eruptive lobopodia.
Free-living or endobiotic.

Remarks: To avoid confusion related to current usage (Adl
et al. 2005, 2012; Walker et al. 2011) we use the term
archamoebae to describe the group that contains mastigamoe-
bids, pelomyxids, entamoebae, and Rhizomastix, and we use
it informally.

Family Mastigamoebidae Chatton, 1925: Diagnosis:
Archamoebae with trophozoites which are uninucleate to
multinucleate, with single motile anterior flagellum associated
with microtubular cone, or aflagellate. Amoebae flattened,
amoeboid movement slow, typically with multiple pseudopodia.
Free-living or endobiotic.

Type genus: Mastigamoeba Schulze, 1875.

Other genera: Mastigella Frenzel, 1897; Mastigina Frenzel,
1897; Endolimax Kuenen & Swellengrebel, 1917; lodamoeba
Dobell, 1919.
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Remarks: Genus Endolimax Kuenen & Swellengrebel,
1917 is transferred here from Endolimacidae Cavalier-Smith,
Chao & Oates, 2004. Genus lodamoeba is transferred
here from Entamoebidae Chatton, 1925. Members of these
do not possess an external flagellar apparatus, so their
generic assignment cannot be determined on the basis
of morphological characters without further study; however,
based on molecular phylogenetics they are assigned to
Mastigamoebidae.

Genus Mastigamoeba Schulze, 1875: Diagnosis: Mastig-
amoebid with a uniflagellated trophic stage, in which the nucleus
and flagellum are connected by a cone of microtubules that
arises from the base and sides of the single (flagellated) basal
body; a cylinder is present in the transition zone of the flagellum.
A single ribbon of microtubules arises from the side of the basal
body, and the ribbon has a bilaminar sheet on its anterior edge.
Basal bodies usually have nine triplets of microtubules, but one
taxon has nine doublets and this is regarded as derived. The
flagellum has a conventional eukaryotic ‘9+2" arrangement of
microtubules, but lacks a dynein arm on the outer side of each
doublet. The flagellates may, at least in some species, trans-
form to amoebae with one, few or many nuclei. Both forms may
transform into cysts. Nuclei are usually single, but are paired
in one species, and in another the nucleus contains a small
extra-nucleolar “dot”. The outside of the cell is usually naked
but in some species there may be small bacteria-like bodies
while other species have regular or irregular spines. Cells have
been found in soils, and freshwater and marine habitats.

Type species: Mastigamoeba aspera Schulze, 1875

Remarks: This genus was the first created for mastigamoe-
boid flagellates to house species with a flagellum, an amoeboid
body but with a hyaline cytoplasm dissimilar to that of other
superficially similar taxa such as the cercomonads (Kent 1880;
Klebs 1892; Schulze 1875; Stokes 1886, 1888, 1890). Frenzel
(1897) created Mastigella as a vehicle for species with numer-
ous similar characteristics (see Introduction) but Goldschmidt
(1907b) widened the circumscription of Mastigella to simply
having no (direct) connection between the nucleus and the fla-
gellum. This had the effect of narrowing the circumscription
of Mastigamoeba to include only mastigamoebids with a con-
nection between the flagellum and the nucleus. Species were
created on the basis of shape and size, pseudopodial form and
contractile vacuole number and location. Many of the 53 nomi-
nal species and three further “taxa” which have not been given
names cannot be unambiguously distinguished on the basis
of their light-microscopical features. Dinamoeba Leidy, 1874
was introduced as a genus of amoeboid protists for species
with many short, acute pseudopodia, some blunt pseudopo-
dia, and a posterior uroid. The type of the genus, Dinamoeba
mirabilis, has a mucous coat and small bodies adhering to the
cell, and was distinguished from Mastigamoeba aspera by the
absence of a flagellum (Schulze 1875). However, this argu-
ment is invalidated by observations by De Groot (1936) and
Siemensma (1987) of flagellated forms of Dinamoeba. A recent
paper (Chystyakova et al. 2012) describes the light-microscopic
appearance and ultrastructure of Mastigamoeba aspera and
concludes that it is the same as Dinamoeba mirabilis. The
International Code of Zoological Nomenclature (International
Commission for Zoological Nomenclature 1999) requires D.
mirabilis Leidy, 1874 to take priority over M. aspera Schulze,
1875, making Mastigamoeba a junior synonym of Dinamoeba.
As M. aspera is the type species of Mastigamoeba, priority
would undermine the current and wide use of Mastigamoeba
as well as the name of the family. About 21 publications have
included studies of, or reference to Dinamoeba in the last 130
years, compared to 160 that have dealt with Mastigamoeba
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in the same period. In order to protect the current usage,
we recommend the use of Mastigamoeba Schulze, 1875 over
Dinamoeba Leidy, 1874, while a formal taxonomic case is being
prepared for conservation of Mastigamoeba, in the context of a
full taxonomic revision of archamoebae (Walker et al., unpub-
lished).

MaLtigameba abducta sp. nov. Diagnosis: Mastig-
amoeba, trophozoite is predominantly uniflagellate with a single
almost central nucleus. Flagellar insertion is not supported by a
persistent neck. Living gliding cells elongate, 15.9 (5.7 — 26.0)
pm long and 6.8 (3.7. — 15.8) um wide. Anteriorly directed fla-
gellum 30.7 (13.3 — 46.1) pm long. Protargol-stained cells 7.0
(3.4-12.7) pmlong and 5.3 (3.0 — 11.4) um wide with flagellum
28.9 (12.56 — 55.4) um long.

Type locality: Bezrutovo valley, Czech Republic, 50°29'N,
13°20°E.

Syntype slides: protargol preparations of the monoeukary-
otic strain 3BMLMA, deposited in the Department of Parasitology,
Faculty of Science, Charles University, Prague, Czech Republic,
catalogue numbers 6/29 — 6/31.

Habitat: free-living, isolated from fresh-water microoxic sed-
iments.

Etymology: abducta [Latin] - detached, taken away,
removed — refers to the difficulty of seeing a connection of the
flagellar base and nucleus in living cells.

Mastigamoeba errans sp. nov. Diagnosis: Mastigamoeba,
trophozoites are predominantly amoeboid. Flagellates rare, uni-
flagellate, elongate, fast, short-lived, and with apical nucleus.
Living amoebae 14.6 (9.2 — 23.2) pm long and 9.9 (7.0 — 18.7)
pm wide. Protargol-stained amoebae 7.0 (4.2 — 10.7) pm long
and 5.2 (3.0 - 9.7) um wide.

Type locality: Hradisté peak, Czech Republic, 50°27'N,
13°20°E.

Syntype slides: protargol preparations of the monoeukary-
otic strain HRAANM, deposited in the Department of
Parasitology, Faculty of Science, Charles University, Prague,
Czech Republic, catalogue numbers 8/14 — 8/16.

Habitat: free-living, isolated from fresh-water microoxic sed-
iments.

Etymology: errans [Latin] — straying, wandering. Most cells
of the strain VITTAN were amoeboid and move slowly and
seemingly randomly.

Mastigamoeba guttula sp. nov. Diagnosis: Mastig-
amoeba, trophozoite predominantly uniflagellate with a single
subcentral nucleus. Cells often produce radiating thin pseudo-
podia. Living gliding cells rounded to slightly elongate, 8.6 (5.6 —
13.4) pm long and 6.3 (3.8. — 8.6) pm wide. Anteriorly directed
flagellum 27.9 (19.4 — 53.8) pm long. Protargol-stained cells 6.8
(4.0 -11.5) pm long and 5.2 (3.2 — 9.5) pm wide with flagellum
27.9 (9.3 — 45.8) pm long.

Type locality: Hradité peak, Czech Republic, 50°27'N,
13"20°E.

Syntype: protargol preparations of monoeukaryotic strain
HRADANAN, deposited inthe Department of Parasitology, Fac-
ulty of Science, Charles University, Prague, Czech Republic,
catalogue numbers 7/6 and 7/7.

Habitat: free-living, isolated from fresh-water microoxic sed-
iments.

Etymology: guttula [Latin] — droplet. Named after the
teardrop-shaped nucleus.

Mastigamoeba lenta sp. nov. Diagnosis: Mastigamoeba,
trophozoite predominantly amoeboid. Flagellates uncommon,
uniflagellate, elongate, slow, and with subapical nucleus. Living
amoebae 14.6 (10.8 — 18.4) um long and 9.7 (6.8 — 13.7) um
wide. Protargol-stained amoebae 7.9 (4.9 = 12.9) um long and
5.4 (3.7 — 8.1) pum wide.
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Type
14°35'E.

Syntype slides: protargol preparations of the strain VIT1AN
with M. lenta sp. nov. and Trimymea sp., deposited in the
Department of Parasitology, Faculty of Science, Charles Uni-
versity, Prague, Czech Republic, catalogue numbers 8/1 —
8/3.

Habitat: free-living, isolated from fresh-water microoxic sed-
iments.

Etymology: /enta [Latin] — slow, sluggish. Most cells of the
strain VIT1AN were amoeboid and move very slowly.

Family Endolimacidae Cavalier-Smith, Chao & Oates,
2004 Remark: Endolimacidae was established by Cavalier-
Smith et al. (2004) for Endolimax. According to its phylogenetic
pasition, Endofimax Kuenen & Swellengrebel, 1917 is here
transferred to Mastigamoebidae Chatton, 1925.

Family Entamoebidae Chatton, 1925 Diagnosis: Aflagel-
late archamoebae. Flagellar apparatus completely reduced.
Amoeboid movement typically monopodial and relatively fast.

Type genus: Entamoeba Casagrandi & Barbagallo, 1897.

Other genus: Endamoeba Leidy, 1879.

Remark: lodamoeba Dobell, 1919 is transferred to Mastig-
amoebidae Chatton, 1925.

Family Rhizomastixidae fam. nov. Non Rhizomastigina
Buetschli, 1884 = Rhizomastigidae Calkins, 1901 (emenda-
tion) et auct. = nomina nuda (not based on and not including
Rhizomastix).

Diagnosis: Amoeboflagellate archamoebae. Trophozoites
with single anterior flagellum. Microtubular cone modified into
the “rhizostyle”. Amoeboid movement slow.

Type genus: Rhizomastix Alexeieff, 1911.

Etymology: Rhizomastix- (considered as the stem of the
name) + -idae.

Genus Rhizomastix Alexeieff, 1911 Diagnosis: As for fam-
ily Rhizomastixidae.

Type species: A. gracilis Alexeieff, 1911.

Other species: R. hominis (Yakimoff & Kolpakoff, 1921)
comb. nov.; R. periplanetae Bhaskar Rao, 1963; R. ranae
Krishnamurthy, 1969; R. gryllotalpae Bhaskar Rao, 1970; R.
dastagiri Sultana, 1976; R. biflagellata Cepicka, 2011; R. libera
sp. nov.

Rhizomastix libera sp. nov. Diagnosis: Rhizomastix
whose trophozoite is predominantly uniflagellate with a sin-
gle central nucleus. Movement rapid and jerky. Living cells
rounded to elongate, 10.1 (5.4 — 14.1) pmlong and 4.2 (2.8. —
6.7) nm wide. Anteriorly directed flagellum 18.9 (10.9 - 25.0)
km long. Protargol-stained cells 3.9 (2.6 — 5.0) pm long and
3.3 (2.3 - 5.9) pm wide with flagellum 12.1 (7.5 — 21.3) pm
long.

Type locality: Bhangarh, India. 27°05'N, 76°17'E.

Syntype slides: protargol preparations of the monoeukary-
otic strain IND8MA, deposited in the Department of Parasi-
tology, Faculty of Science, Charles University, Prague, Czech
Republic, catalogue numbers 6/24 — 6/26.

Habitat: free-living, isolated from fresh-water microoxic sed-
iments.

Etymology: libera [Latin] — free, unrestricted. The newly
described species is the first known free-living member of the
genus Rhizomastix.

Rhizomastix hominis (Yakimoff & Kolpakoff, 1921)
comb. nov. Pararhizomastix hominis Yakimoff & Kolpakoff,
1921.

Family Pelomyxidae Schulze, 1877 Diagnosis: Amoe-
boflagellate archamoebae. Trophozoites uninucleate to mult-
inucleate, with single or numerous nonmotile flagella.
Each flagellum associated with microtubular cone. Cells

locality: Kamenice, Czech Republic, 49°54'N,



cylindrical. Amoeboid movement typically monopodial and rel-
atively fast.

Type genus: Pelomyxa Greeff, 1874.

Remark: No taxonomic changes are made in this family.

Methods

Organisms: All strains were isolated from fresh-water
anoxic/microoxic sediments of lakes, pools and rivers. Approx-
imately 2ml of the samples was inoculated into Sonneborn’s
Paramecium medium (ATCC medium 802). The strains except
for that of Pelomyxa spp. and mastigamoebae obtained from
cells of Pelomyxa were cultivated at room temperature with
transfers occurring once per week. The strain IND8MA of Rhi-
zomastix libera sp. nov. was cultivated in 3% LB medium under
the same conditions after approximately 50 initial passages in
the ATCC 802 medium. The strain JAVA1 of Mastigamoeba
punctachora was derived from the same isolate as the tri-
chomonad JAVA1 in Cepicka et al. (2010). All strains were
grown in polyxenic cultures with unidentified bacteria. For isola-
tion of Pelomyxa spp. silt samples from lake, pond or backwater
sediments were collected in 500 ml plastic containers. Then
the samples were poured into Petri dishes and examined with
stereo microscope MBS-1 (LOMO). Pelomyxa cells were picked
with micropipette and gathered in 5 ml vials containing the water
filtered from original samples. Strains 3MLMA, CH2, CHOM1,
HRAANM, HRADANAN, HRN11, IND8MA, LUH2NS4, SEB4,
TEXEL, VIT1AN, and VITSEDAN are deposited in the culture
collection of the Department of Parasitology of Charles Univer-
sity in Prague, Czech Republic.

Light microscopy: Living and protargol-stained cells were
examined under a microscope BX51 (Olympus) or Leica DM
2500, using DIC optics for living cells. Protargol-stained prepa-
rations were prepared as follows: moist films spread on cover
slips were prepared from pelleted cultures obtained by cen-
trifugation at 500 g for 8 minutes. The films were fixed in
Bouin-Hollande's fluid for 10 hours, washed with 70% ethanol,
and stained with 1% protargol (Bayer, |. G. Farbenindustrie)
following Nie’s (1950) protocol.

Transmission electron microscopy: Cells of well-grown
culture of the stain INDBMA were pelleted by centrifugation,
were resuspended in a solution containing 2.5% glutaraldehyde
(Polysciences) and 5 mM CaCl; in 0.1 M cacodylate buffer (pH
7.2), and fixed at room temperature for 4 hours. After washing
in 0.1 M cacodylate buffer (three times per 15 minutes), the
cells were postfixed with 2% OsO, in 0.1 M cacodylate buffer
for 3hours. After washing with an excess volume of 0.1 M
cacodylate buffer (three times per 15 minutes) the fixed cells
were dehydrated in acetone and embedded in Epon resin
(Poly/Bed 812, Polysciences). The ultrathin sections were
stained with lead citrate and uranyl acetate (2 — 3%) and
examined using a TEM JEOL 1011 transmission electron
microscope. For TEM of Pelomyxa spp. 10 cells of each species
were fixed with a cocktail of 5% glutaraldehyde and 0.5% OsO,4
in 0.1 M cacodylate buffer. Fixation was performed on melting
ice in the dark for 4hours, with the complete replacement
of the fixator 15min after the beginning of the fixation. Then
the amoebae were washed for 15min in 0.1 M cacodylate
buffer and postfixed with 2% Os0O4 in 0.1 M cacodylate buffer
in the dark on melting ice (1h). After a transition through a
graded ascending alcohol series the material was embedded
in Epon-Araldite mixture. In order to facilitate the preparation
of ultrathin sections the objects embedded in the resin were
treated with 10% solution of hydrofluoric acid. Ultrathin
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sections were cut with a Reichert ultratome
(Reichert Microscope Services) and viewed
in the Tesla BS_300 electron microscope
(Tesla).

DNA extraction, amplification, cloning and sequenc-
ing: The genomic DNA of most isolates was isolated from
the cultures using the DNeasy Blood and Tissue Kit (Qia-
gen) and the ZR Genomic DNA Il Kit™ (Zymo Research).
For DNA isolation of Pelomyxa spp. 50 — 70 cells of each
species (washed individually three times in distilled water prior
to the DNA isolation) were collected in tubes with 0.5 ml solu-
tion containing 1% SDS and 50mM EDTA. Then the samples
were subjected to salt extraction according to the protocol of
Aljanabi and Martinez (1997). Universal eukaryotic primers
MedlinA (CGTGTTGATCCTGCCAG) and MedlinB (TGATC-
CTTCTGCAGGTTCACCTAC) (Medlin et al. 1988) were used
to amplify almost-complete SSU rRNA gene of strains SMLMA,
CH2, CHOM1, GRUBER, HRAANM, HRADANAN, HRN11,
IND8BMA, JAVA1, LUH2NS4, SEB4, and VIT1AN. Pelobiont-
specific primers PeloSSUS9F (GTGTTAAAGATTAAGCCATG-
CATG) and PeloSSU750R (GTATTTGTCGTCACTACCTCG)
were used to amplify a shorter SSU rRNA gene fragment of
strains IND5, OLB6, PSOVKA, TEXEL, VIT7, and VITSEDAN.
PCR amplification of SSU rRNA gene of Pelomyxa spp. and
their symbiotic mastigamoebae was performed as described
by Milyutina et al. (2001). The PCR products were purified
using the QlAquick PCR Purification Kit (Qiagen), Zymaclean™
GEL DNA Recovery Kit (Zymo Research), or GFX PCR DNA
and Gel Band Purification kit (GE Healthcare). The puri-
fied PCR products were either directly sequenced or cloned
into the pGEM®-T EASY vector using the pGEM®-T EASY
VECTOR SYSTEM | (Promega), or into the pTZ57R/T vec-
tor using the InsTAclone™ PCR Cloning Kit (Fermentas).
Both PCR products and clones were bidirectionally sequenced
by primer walking. To confirm the origin of the obtained
sequences, SSU rBNA gene of most strains was partially rese-
quenced (directly from PCR products amplified with primers
PeloSSUS9F and PeloSSU750R) approximately a year after
the original sequencing. Sequence data reported in this
paper are available in GenBank under accession numbers
JX157632-JX157666.

Phylogenetic analyses: Four data sets containing SSU
rRNA gene sequences were created. The first data set
consisted of 13 sequences of archamoebae retrieved from
GenBank, 24 new sequences, 4 sequences of uncul-
tured eukaryotes (GenBank accession numbers AM114799,
AF421219, GU919401, and GU921440), and 50 SSU rRNA
gene sequences representing the main non-archamoebal
amoebozoan lineages used as the outgroup. The sequences
were aligned using the MAFFT method (Katoh et al. 2002)
with the help of the MAFFT 6 server http://align.omr.kyushu-
u.ac.jp/mafft/online/server/ with G-INS-i algorithm at default
settings. The alignment was manually edited using BioEdit
7.0.9.0 (Hall 1999). The final data set of unambiguously aligned
characters consisted of 1299 positions. The second data set
was derived from the first data set by removing sequences
of the genus Pelomyxa. The third data set was derived from
the first data set by removing sequences of the genus Enta-
moeba. The fourth data set was derived from the first data
set by removing sequence of Rhizomastix libera. Phyloge-
netic trees were constructed by maximum likelihood (ML)
and Bayesian methods. ML analysis was performed in Phyml
3.0 (Guindon and Gascuel 2003) under the GTR+l+I" model
(four discrete categories) which was selected by Akaike cri-
terion implemented in Modeltest 3.7 (Posada and Crandall
1998). Node support was assessed by ML analysis of 1000
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bootstrap data sets. Bayesian analysis was performed using
MrBayes 3.1.2. (Ronquist and Huelsenbeck 2003) using the
GTR+I+I+covarion model with four discrete categories. Four
MCMCs were run for 10 million generations (17 million genera-
tions for the fourth data set), with a sampling frequency of 100
generations (until average standard deviation of split frequen-
cies was lower than 0.01). First 25% of trees were removed as
burn-in.
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Members of the archamoebae comprise free-living and endobiotic amoeboid flagellates and amoebae
that live in anoxic/microoxic habitats. Recently, the group has been divided into four separate fam-
ilies, Mastigamoebidae, Entamoebidae, Pelomyxidae, and Rhizomastixidae, whose interrelationships
have not been completely resolved. There still are several key members of the archamoebae, notably
the genus Mastigella, from which sequence data are missing. We established 12 strains of 5 species
of Mastigella and Pelomyxa in culture, examined their morphology and determined their actin gene
sequences. In addition, we examined the ultrastructure of three strains and determined and analyzed
SSU rDNA sequences of two strains. Our data strongly suggest that Mastigelia is specifically related to
Pelomyxa, and itis transferred into the family Pelomyxidae. Surprisingly, Mastigellais likely paraphyletic
with Pelomyxa forming its internal branch. The two genera share several morphological features that
point to their common evolutionary history. Three new species of Mastigella are described: M. erinacea
sp. nov., M. rubiformis sp. nov. and M. ineffigiata sp. nov.

© 2014 Elsevier GmbH. All rights reserved.
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Introduction inhabit anoxic/microoxic freshwater and marine
sediments or live as commensals or pathogens
The Archamoebae is a phylogenetically-delineated  in the intestine of invertebrates and vertebrates,
group of free-living and endobiotic protists that including humans. Members of Archamoebae lack
display distinct flagellar ultrastructure, hyaline  normal mitochondria, Golgi stacks, peroxisomes,
eruptive pseudopodia, reduced mitochondrial and plastids. This apparently simple ultrastructure
organelles, and endosymbiotic bacteria. They originally led to their placement in the now-defunct
Archezoa. More recently, it has been shown that
TCorresponding author; fax +420 221951841 they have mitochondrial remnants (reviewed in
e-mail ivan.cepicka @ centrum.cz (1. Cepitka). Barbera et al. 2007; Hampl and Simpson 2007).
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While many individual members of the group
have been described in detail since the end of
the 19" century, the systematics of the Archamoe-
bae as a whole is currently in a state of flux.
For example, it has been recently shown that
the aflagellate, endobiotic members of the group,
genera Entamoeba, Endolimax, and lodamoeba,
formerly classified together in the family Entamoe-
bidae, do not form a clade (Constenla et al. 2013;
Ptackova et al. 2013; Stensvold et al. 2012). There
still remain genera from which DNA sequences
are undescribed, such as Mastigina, Tricholi-
max, and Endamoeba. In a recent phylogenetic
study the Archamoebae splits into four lineages
representing separate families: (1) Mastigamoe-
bidae with genera Mastigamoeba, Endolimax, and
lodamoeba; (2) Entamoebidae comprising species
of Entamoeba; (3) Pelomyxidae with the genus
Pelomyxa; (4) Rhizomastixidae represented by
several species of Rhizomastix (Ptackova et al.
2013). However, the relative phylogenetic posi-
tion of each of the four major lineages remains
questionable, probably because of long branches
formed by members of Pelomyxa and Enfamoeba
(Ptackova et al. 2013), and it remains to be estab-
lished precisely how the taxa defined by molecular
phylogenetics correspond to the taxonomic con-
cepts represented by the formal family names,
particularly in the cases of Mastigamoebidae and
Pelomyxidae.

Members of the group usually possess a single
flagellum (Mastigamoeba, Mastigella, Mastigina,
Rhizomastix, Tricholimax), or they are secondarily
aflagellate (Entamoeba, Endamoeba, Endolimax,
lodamoeba), or they are multiflagellate (Pelomyxa).
The canonical arrangement of the flagellar appara-
tus in Archamoebae, as inferred to be the ancestral
state for the group, is composed of a single
basal body giving rise distally to a flagellum, and
proximally to a microtubular cone and lateral root
(Simpson et al. 1997; Walker et al. 2001). The
position of the cone in relation to the nucleus is
important for the identification of particular gen-
era: the cone extends from the basal body to the
nuclear membrane in Mastigamoeba and Tricholi-
max (Brugerolle 1982, 1991, 1993; Chystyakova
et al. 2012; Frenzel 1897; Simpson et al. 1997;
Walker et al. 2001) while in Mastigella, as it has
been defined since 1907, the cone extends into the
cytoplasm but does not connect with the nucleus
(Goldschmidt 1907; Walker et al. 2001). The ultra-
structural account of Mastigina hylae (Brugerolle
1982) is of a species originally and currently placed
in Tricholimax, so no data exists for the flagellar
apparatus in Mastigina. The flagellar apparatus as
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seen in Pelomyxa is highly variable and can be
divided into at least two main groups (Chystjakova
et al. 2014). In Rhizomastix the microtubular cone
has probably been modified to a rhizostyle, a
flagellum-like microtubular bundle that extends to
the posterior of the cell (Ptackova et al. 2013).

Although the axonemes of Mastigella, Rhizomas-
tix and Mastigamoeba have the typical eukaryotic
(9 + 2) arrangement of doublets and central
microtubules, the outer dynein arms between the
microtubular doublets are missing (Ptackova et al.
2013; Walker et al. 2001). The axonemes of
Pelomyxa and Tricholimax lack dynein arms and
have variable numbers and organization of cen-
tral and peripheral microtubules (Brugerolle 1982;
Chistyakova and Frolov 2011; Frolov et al. 2005,
2006, 2007, 2011; Griffin 1988). The flagella of
Tricholimax and Pelomyxa do not contribute to
cell movement (Brugerolle 1982; Chistyakova and
Frolov 2011; Frolov et al. 2005, 2006, 2007, 2011;
Griffin 1988).

On the basis of their similar morphology, the gen-
era Mastigamoeba and Mastigella have traditionally
been placed together in the family Mastigamoe-
bidae (Adl et al. 2012; Cavalier-Smith et al. 2004;
Chatton 1925; Goldschmidt 1907; Griffin 1988;
Ptackova et al. 2013). Although 158 nominal
species of Mastigella were described between
1897 and 1979 (see Supplementary Material table
S1 in Ptackova et al. 2013), only a single DNA
sequence had apparently been determined to date
(Edgcomb et al. 2002). This SSU rDNA sequence
has been presented in numerous published phylo-
genetic trees of Archamoebae, showing Mastigella
commutans as a sister to Mastigamoeba bala-
muthi with relatively high support (Cavalier-Smith
et al. 2004, Edgcomb et al. 2002; Lahr et al. 2011;
Nikolaev et al. 2006; Stensvold et al. 2012). How-
ever, it was recently shown that the sequence is
almost identical with the sequences of Mastig-
amoeba punctachora, and we assume thatitis from
amisidentified culture, as both organisms were held
in culture by the same lab and sequenced at the
same time (see Ptackova et al. 2013). In view of the
fact that there is no DNA sequence from Mastigella
in the published literature, it is possible that the
genus might represent a separate lineage within
Archamoebae.

In order to determine the phylogenetic posi-
tion of Mastigella, we isolated 12 strains of 5
species of Mastigella and Pelomyxa, examined
their light-microscopic morphology, and determined
their actin gene sequences and SSU rBNA gene
sequences of two Mastigella strains. Our phy-
logenetic analyses suggest that Mastigella and
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Pelomyxa are closely related, but Mastigella is
possibly paraphyletic. We also describe three
new species of Mastigella on the basis of light-
microscopic morphology and/or ultrastructure.

Results

New Strains

Thirteen new strains obtained from micro-oxic
sediments were established in culture (Table 1).
The cells were always found at the bottom of
the culture tubes, suggesting they were anaer-
obic/microaerophilic. Two strains, TRECIME and
KBEL2C, were lost before their morphology could
be examined in detail. However they exhib-
ited typical morphology of Mastigella, and we
were able to obtain their DNA before the loss
of the cultures. Most cultures also contained
other eukaryotes, which are very easily distin-
guished morphologically and phylogenetically from
archamoebae, usually ciliates (Metopus spp.),
diplomonads ( Trepomonas, Hexamita spp.) or het-
eroloboseans (Psalteriomonas lanterna). Strain
HRAAN of Mastigella rubiformis sp. nov. was
obtained from the same sample as strain HRAANM
of Mastigamoeba errans (see Ptackovaetal. 2013),
and both species were present in the culture. Strain
OLBG6AN of M. ineffigiata sp. nov. was cultured with
Rhizomastix libera. The dimensions of living cells of
the strains of Mastigellaand Pelomyxa are summa-
rized in Table 2. All of our strains were characterized
using light-microscopy. Due to low density of cul-
tures and problems with specimen preparation, we
have not presented here electron-microscopic pic-
tures of Mastigella eilhardi and Mastigella erinacea
Sp. nov.

Morphology

Mastigella eilhardi Birger, 1905

Gliding cells of the strains ATCC 50342 and GO7
were mostly elongated, averaging approximately
50 um in length (Table 2); and possessed a sin-
gle flagellum that was about 0.6 times the length
of the cell. Its beating was faster than in other
Mastigella species, but the movement of the cell
was generally slow. Flagellar movement of crawl-
ing cells was very slow. The flagellar base was
supported by an elongated, hyaline neck, which
contained a thin cone not connecting the nucleus
to the flagellum; this cone was sometimes visible
in protargol-stained specimens and under the light
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microscope (Fig. 4D, M, N). Both strains produced
a few lobate pseudopodia (Figs 1B, C, K, 2A — 1)
around the cell, with large pseudopodia sometimes
being formed anteriorly (Fig. 2G - 1). Posteriorly,
finger-shaped pseudopodia (Fig. 2J) or a villous
area (Fig. 1A, B, J, K) could form, or a feather-
like mix of finger-shaped and villous pseudopodia
(Fig. 1H); a lobate uroid was occasionally formed
(Fig. 2B). The posterior villous area could extend to
the anterior of the cell, leaving a thin hyaline neck
(Fig. 1J). A single nucleus, containing a spherical
nucleolus that appeared toroidal in some planes
of section (Figs 1E — G, 2A — C) was situated
in the central or posterior part of the cell, behind
the anterior hyaloplasm. Although the cells usually
possessed one nucleus, 2 — 20% of them were bin-
ucleate (Fig. 2J, M). The cytoplasm was hyaline
in the anterior, but contained food vacuoles, con-
tractile vacuoles (Fig. 2C, G — ), small refringent
granules (Figs 1F, G, J, K, 2A), and endosymbiotic
bacteria (Fig. 1H).

M. eilhardi Burger, 1905 is distinguished by
having conical cells with an extremely long, hya-
line neck and a villous posterior end, as seen in
Figure 1A, J, K, and in Plate VI, figs 1a—d, of Biirger
(1905).

Mastigella erinacea sp. nov.

Cells of strains KORISSION, LARNAKAZ2N, and
TOLEDO were elongated, rounded or irregularly
shaped, averaging approximately 44 wm in length.
Strains KORISSION and LARNAKA2N often
lacked any conspicuous pseudopodia. When
pseudopodia were present they could be rounded
(Figs 3A, B, 4B), palmatipartite (Fig. 3B), very short
villous (Figs 3B, C, 4B), thin and short (Figs 3F,
4C), or thin and long, finger-shaped (Figs 3G, H,
4C). Strain TOLEDO displayed extreme variation
in pseudopodial morphology. Its pseudopodia
included fine needle-like (Fig. 5D — F), villous
(Fig. 5B, C), finger-shaped (Fig. 5A, B), irregular
finger-shaped (Fig. 5H), palmatipartite (Fig. 5I),
and round and eruptive (Fig. 5C) shapes. Amoe-
boid movement of the cells of Mastigella erinacea
sp. nov. was almost nonexistent or extremely slow,
with the locomotive form producing an anterior hya-
line or non-hyaline lobopodium (Figs 3D, 5H). The
cells of all strains were aflagellate, rarely flagellate,
with the flagellum emerging straight from the cell
(i.e. without a “neck”). When a cell of M. erinacea
sp. nov. moved using the flagellum, it rotated along
its anteroposterior axis but remained in approxi-
mately the same place: flagellar movement thus
seemed ineffective. A villous area was sometimes



Table 1. List of the strains included in the study. n.a. — not available. ®strain isolated by Cavalier-Smith in
1990 (unpublished) and deposited in the American Type Culture Collection under the name Mastigella radicula
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{Moroff) Goldschmidt; Pstrains isolated by Ptackova et al. (2013).

Species Strain Locality Habitat Coordinates
Pelomyxa schiedti Schaeffer, KIEL3 Behrensdorf, Germany fresh-water sediments  54°21'N 10°36'E
1918
SKADARSKE Skadar, lake Skadar, fresh-water sediments  42°3'N 19°29'E
Albania
TIWI Tiwi valley, Oman fresh-water sediments  22°47'N 59°13'E
WACTO7 Cusco region, Peru fresh-water sediments  n.a.
Mastigella erinacea sp. nov. KORISSION Lake Korission, Corfu, brackish sediments 327N 19°52'E
Greece
LAR2N Larnaka, Cyprus brackish sediment 34°51'N 33°37'E
TOLEDO Toledo, Castilia - La salt marsh 39°58'N 3-39'W
Mancha, Spain
Mastigella eilhardi Blrger, ATCC 50342* Yorkshire, Stairfoot fresh-water n.a.
1805 Quarry, United Kingdom
GO7 Monis Toplous - Vai, fresh-water sediments  35°14'N 26°14'E
Crete, Greece
Mastigella rubiformis sp. nov. HRAAN Hradisté peak, Czech fresh-water sediments  50°27'N 13°20'E
Republic
Mastigella ineffigiata sp. nov.  OLBBAN Olbasee lake, Germany  fresh-water sediments  51°16'N 14°35'E
Mastigella sp. KBEL2C Kbely, Prague, Czech sewage disposal plant  50°07'N 14°33'E
Republic
TRECIME Tre Cime, Italy fresh-water sediment 46°35'N 12°15'E
Mastigamoeba abducta 3MLE Bezru€ovo valley, Czech  fresh-water sediment 50°29'N 13°20'E
Ptackova et al., 2013 Republic
CHOMA1® Chomutov, Czech fresh-water sediment 50°27N 13°21E
Republic
Rhizomastix libera Ptackova  IND8® Bhangarh, India fresh-water sediment 27°05'N76°17'E

et al., 2013

observed, occasionally with the flagellum emerging
from it (Figs 3C, 5I). Cells were mainly binucleate
(Figs 3B - D, F, 4E, F), sometimes uninucleate
(Figs 3A, 5B), and occasionally tetranucleate
(Fig. 3E). The nucleolus was central and rounded,
and contained a central granular ball of chromatin
(Fig. 3A, D). The cytoplasm of M. erinacea sp. nov.
was markedly non-hyaline and filled with refringent
granules. Elongated endosymbiotic bacteria were
also observed (Fig. 4A).

M. erinacea sp. nov. can be distinguished by
its origin from saline sediments. It is binucleate
for almost all of its life cycle. Sometimes it has
extremely variable pseudopodial shape, and the
flagellum may emerge from an anterior villous area.
The canonical appearance of M. erinacea sp. nov.
is shown in Figures 3C, E, 5B-E, G.

Mastigella rubiformis sp. nov.

Cells of strain HRAAN were elongate or rounded,
averaging ca. 30um in length; with a single

flagellum of at least body length, with a slow beat,
emerging either straight from the cell, or from an
unpronounced triangular cytoplasmic protrusion,
i.e. lacking a “neck” at the base of the flagellum.
Aflagellate cells were occasionally observed (not
shown). Cells moved very slowly. The anterior of
the cell was hyaline during the movement with
the flagellum extended, with lateral, finger-shaped
pseudopodia (Fig. 6F). During amoeboid move-
ment, there was a distinct hyaline layer around the
cell (Fig. 6A — E), with an anterior leading pseu-
dopodium (Fig. 6E), eruptive pseudopodia being
formed anteriorly (Fig. 6B), lobate pseudopodia
laterally (Fig. 6D), and tuft-like fine pseudopodia
formed posteriorly (Fig. 6D, E). Lobate, eruptive
pseudopodia were very pronounced in swimming
forms (Fig. 6G - J), and this is canonical for
this species. The cells contained one or rarely
two nuclei, with a small nucleolus, and char-
acteristic ultrastructure of peripheral chromatin
clumps, visible both by light-microscopy (Fig. 6A)
and electron-microscopy (Fig. 71), but not after
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Figure 1. Light-microscopical morphology of Mastigella eilhardi strain GO7, showing the characteristic swan-
like long “neck” and posterior villous pseudopodia; with a hyaline anterior, nucleus containing a “hollow” or
“donut-shaped” nucleolus, and endosymbiotic prokaryotes. A — K Gliding cells. L — N Protargol-stained cells.
Scale bar in A, L = 10 um. DIC (A — K) or bright field (L — N). Arrows show a microtubular cone in D and

endosymbiotic bacteria in H.

protargol staining (Fig. 6K, L). The non-hyaline
areas of the cytoplasm of the cell were filled with
very prominent oval-shaped endosymbiotic bac-
teria (Fig. 6A — C), as well as refringent granules,
vacuoles and contractile vacuoles.

Transmission electron microscopy confirmed
numerous endosymbiotic bacteria (Fig. 7F)
and the lack of a microtubular connec-
tion between the flagellar base and nucleus

(Fig. 7F, H, J). Mitochondrion-related, acristate,
double-membrane-bound organelles, 400 -
600nm in diameter, were sometimes observed
(Fig. 7G). The single flagellum showed standard
eukaryotic 9+2 arrangement of doublets, and no
outer dynein arms were visible (Fig. 7A). A cone of
microtubules arose from the base of the flagellum,
and a microtubular root extended laterally from the
basal body, below a fibrillar root sheet (Fig. 7H, J).
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Figure 2. Light-microscopical morphology of Mastigella eithardi strain ATCC 50342, showing pseudopodial

variation, nucleus with “hollow”, “donut-shaped” nucleolus, and endosymbiotic bacteria. A — F Gliding cells. G
—J Crawling cells. K — M Protargol-stained cells. Scale barin A, K= 10 pm. DIC (A — J) or bright field (K — M).
Arrows show donut-shaped nucleolus in A; lobate uroid in B; flagellar neck in E.

Mastigella rubiformis sp. nov. is described
here as a new species, distinguished by being
uninucleate, with a nucleus with chromatin in
clumps around its periphery, resembling the nuclei
of some Pelomyxa species (Fig. 6A); and by
its swimming form with numerous small lobed
pseudopodia giving it a mulberry-like appearance

(Fig. 6).
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Mastigella ineffigiata sp. nov.

The cells of the strain OLB6AN were approximately
70 pm long and did not hold a specific, fixed shape,
varying between rounded and rectangular. The sin-
gle flagellum showed a slow beat and did not
appear to contribute to cell movement; it arose from
a non-pronounced triangular protrusion, i.e. lacking
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Figure 3. Light-microscopical morphology of Mastigella erinacea sp. nov. strain KORISSION, showing bin-
ucleate or quadrinucleate cells with distinctive “fried-egg” nucleus with a granular nucleolus, and villous or
finger-shaped pseudopodia. A — C Gliding cells. D — H Aflagellate crawling cells. Scale bar in A = 20 um. DIC
(A —H). Arrow in A shows nucleus; in C it shows anterior villous area from which the flagellum may originate
in some cells.
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Figure 4. Light-microscopical morphology of Mastigella erinacea sp. nov. strain LARNAKA2N, showing binu-
cleate cells with distinctive “fried-egg” nucleus and granular nucleolus, endosymbiotic bacteria, and villous or
finger-shaped pseudopodia. A — D Gliding cells. E, F Protargol-stained cells. Scale bar in A, E = 20 pm,. DIC

(A = D) or bright field (E, F).

a cytoplasmic “neck”. Pseudopodia were hyaline
and were formed by eruption at the anterior end
during amoeboid movement (Fig. 8A, B, D — F),
and could include very short villous pseudopodia
laterally or posteriorly (Fig. 8G). An inconspicuous
uroid was rarely seen (Fig. 8E). The single nucleus
was central, with a central, smoothly rounded nucle-
olus where a small “dent” was sometimes visible
(Fig. 8F). Two nuclei were observed only in a sin-
gle cell (Fig. 8H). The cytoplasm was filled with
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conspicuous endosymbionts as well as food and
contractile vacuoles, and there was a hyaline area
around the edge of the cell.

Transmission electron microscopy revealed oval-
shaped cells with numerous invaginations of the
cell membrane (Figs 8B, 9G). There was a cen-
tral nucleus with an electron-dense nucleolus
(Fig. 9G, J), surrounded by vacuoles containing
oval-shaped endosymbiotic prokaryotes (Fig. 9G,
H). Mitochondrion-related acristate organelles,
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Figure 5. Light-microscopical morphology of Mastigella erinacea sp. nov. strain TOLEDO, showing binucleate
cells with distinctive “fried-egg” nucleus and granular nucleolus, endosymbiotic bacteria, and highly variable
villous, lobate or finger-shaped pseudopodia. A, B, |, J Gliding cells. C — H Crawling cells. Scale bar in A =
20pum. DIC (A= J).
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Figure 6. Light-microscopical morphology of Mastigella rubiformis sp. nov. strain HRAAN, showing cells with
hyaline area, distinctive “Pelomyxa-like” nucleus, and prominent endosymbiotic bacteria. F — J Gliding cells. A
- E Crawling cells. K, L Protargol-stained cells. Scale barin A =20 pum, in L = 10 pm. DIC (A —J) or bright field
(K, L). Arrows show the nucleus with peripheral chromatin clumps in A and E.

enclosed by a double membrane, were approxi-
mately 300nm in diameter and were positioned
close to the endosymbionts (Fig. 9H, I).

Mastigella ineffigiata sp. nov. is described here
as a new species, distinguished on the basis of
its size, its formless appearance, the lack of a
flagellar neck and with a small “dent” in the nucle-
olus. Its typical appearance is shown in (Fig. 8A,
D, F, G).
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Pelomyxa schiedti Schaeffer, 1918

Cells of strains SKADARSKE and WACTO7 aver-
aged 74 pm but ranged from 35pm to 156 um
long. Strains KIEL3 and TIWI were lost before
measurement of living and protargol-stained cells
was carried out, however TIWI appeared to
possess the smallest cells. Locomotive amoebae
were oval-shaped. They moved very quickly, with
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Figure 7. Ultrastructure of Mastigeila rubiformis sp. nov. strain HRAAN. A. Transverse section of the flagellum,
showing standard 9+2 structure of microtubules and absence of outer dynein arms. B Longitudinal section of the
cell, showing the amoeboid body, single nucleus, endosymbionts, and flagellar apparatus. C. Mitochondrion-
related organelle. D, F Flagellar apparatus in longitudinal section, showing the lateral microtubular root emerging
laterally from the basal body, immediately posterior to the root sheet visible just to the left in F. E Section through
the nucleus showing small nucleolus and peripheral clumps of chromatin. Ch — chromatin; En — endosymbionts;
FI —flagellum; FR —flagellar root; MC — microtubular cone; Mro — mitochondrion-related organelle; N —nucleus;

Nu — nucleolus.

hyaline, eruptive anterior lobopodia (Fig. 10A). Lat-
eral irregular finger-shaped pseudopodia occurred
(Fig. 11B, C), and a lateral villous area could also
be present (Fig. 12A, B). A spineolate or villous-
bulbous uroid (see Smirnov and Brown 2004)
was often present in locomotive cells (Figs 10A,
11B, C, 13A, B). Multiple immobile flagella were

present, but poorly visible (Figs 10E, 11E); they
emerged directly from the cell without a cytoplas-
mic “neck”. Cells usually contained two nuclei,
though some were uninucleate (e.g. Fig. 10D),
and more rarely some cells were quadrinucle-
ate (Fig. 13F). A characteristic peripheral ring of
chromatin granules was visible under the light
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Figure 8. Light-microscopical morphology of Mastigella ineffigiata sp. nov. strain OLBBAN, showing “shape-
less” morphology and prominent endosymbionts. C Gliding cell. A, B, D—- G Crawling cells. H, | Protargol-stained
cells. Scale barin A, | = 20 pm. DIC (A — G) or bright field (H, I}.

microscope. In protargol-stained specimens, the
nuclei stained heavily and their internal structure
could not be discerned. Endosymbiotic prokary-
otes were present and could be conspicuous in
some optical planes (Figs 10F, 12A, 13A, C); the
cytoplasm was filled with endosymbionts, refringent
granules, and some vacuoles (though it was not as
vacuolated as Pelomyxa palustris or P. belevskii),
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and was markedly non-hyaline except for leading
eruptive pseudopodia.

The strain WACT07 was examined by transmis-
sion electron-microscopy. In transverse section,
the cell body was rounded, with no conspicu-
ous invaginations of the cell membrane. The
nucleus contained electron-dense peripheral
chromatin and a small nucleclus (Fig. 14J), and
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Figure 9. Ultrastructure of Mastigella ineffigiata sp. nov. strain OLB6AN. A. Longitudinal section of the cell,
showing central nucleus with solid central nucleolus. B Section through the endosymbiotic prokaryotes and
mitochondrion-related organelles. C Mitochondrion-related organelle. D Nucleus with large central nucleolus.
En — endosymbionts; Mro — mitochondrion-related organelle; N — nucleus; Nu — nucleolus.

was surrounded by numerous prokaryotic elon-
gated and oval-shaped endosymbionts and food
vacuoles (Fig. 14G). In longitudinal sections, the
cell was oval-shaped with two nuclei containing
peripheral chromatin granules (Fig. 14l). The
flagellum had a 9+n structure of microtubules and
appeared to entirely lack dynein arms (Fig. 14H).
The arrangement of the flagellar apparatus was not
determined, but at least a broad, laterally-running
flagellar root was present (Fig. 14K).

Pelomyxa schiedli Schaeffer, 1918 is distin-
guished by its small size (relative to many other
Pelomyxa species), fast movement, and its highly
characteristic nuclear structure with a concentric
ring of chromatin around the periphery of the
nucleus. lts canonical appearance is shown in
Figures 10B, 11B, 12A, 13A.

Phylogenetic Analyses

The phylogenetic tree of Amoebozoa as inferred
from actin gene sequences is shown in Figure 15.
The relationships between most taxa were unre-
solved. Archamoebae appeared monophyletic, but
the monophyly was not statistically supported. The

internal topology of the Archamoebae was largely
unresolved, and monophyletic Mastigamoeba was
not recovered. The genus Entamoeba appeared
robustly monophyletic. Importantly, a clade con-
sisting of genera Mastigella and Pelomyxa, the
Pelomyxidae (see below), was recovered with rel-
atively strong support. The relationships within
this clade remained unresolved, but monophyletic
Pelomyxawas recovered and supported. The strain
KIEL3 formed a sister branch of the sequence
AAQ55803 deposited in GenBank under the name
Pelomyxa palustris, but the relationship was not
supported. Strains of Mastigella formed a para-
phyletic grade at the base of Pelomyxa with M.
erinacea sp. nov. being its closest relative, but this
relationship was also not strongly supported.

In order to test the possible paraphyly of
Mastigella, we determined SSU rDNA sequences
from two potentially unrelated species (M. eilhardi
and M. erinacea sp. nov.). Unfortunately, we were
not able to determine SSU rDNA sequences from
the other strains because they did not amplify at
all. The results of phylogenetic analyses (Fig. 16)
were consistent with previous studies (e.g. Fiore-
Donno et al. 2010; Lahr et al. 2011; Ptackova
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Figure 10. Light-microscopical morphology of Pelomyxa schiedti strain SKADARSKE, showing distinctive
nuclear structure, posterior uroid-like area, and cells filled with granules and endosymbionts. A — F Loco-
motive amoebae. Scale bar in A =20 um. DIC (A — F). Arrows show eruptive anterior lobopodia and bulbous,
villous urcid-like area in A; peripheral ring of chromatin granules in the nucleus in B; immotile, poorly visible

flagella in D and E.

et al. 2013; Shadwick et al. 2009). The relatively
well-supported clade of Archamoebae split into
four lineages representing individual families: (1)
Pelomyxidae comprising genera Mastigella and
Pelomyxa, (2) Rhizomastixidae, represented by
a single species Rhizomastix libera, (3) Enta-
moebidae comprising species of Entamoeba,
(4) Mastigamoebidae including genera Mastig-
amoeba, Endolimax, and lodamoeba. The clade
of Pelomyxidae was relatively well supported.
The genus Mastigella appeared paraphyletic
with a good support, M. erinacea sp nov. being
closely related to the robustly monophyletic genus
Pelomyxa. M. eilhardi was sister to the clade of
Pelomyxa + M. erinacea sp. nov.

To examine the strength of our taxonomic
hypotheses, we used the likelihood-based AU test
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(Shimodaira 2002). Five alternative hypotheses
were assessed for the actin gene dataset: (1)
Mastigella is monophyletic. (2) Mastigella and
Entamoeba form a clade. (3) Mastigella and Rhi-
zomastix form a clade. (4) One or both Mastigella
strains are sister to the rest of Archamoebae. (5)
Mastigella and Mastigamoeba form a clade. All
hypotheses but the first one (Mastigella is mono-
phyletic) were rejected on the 5% significance level
(p =0.023, 0.032, 0.002, and 0.004, respectively).
Mastigella was the sister taxon to Pelomyxain (1).

The AU test was also performed on the SSU
rRNA gene dataset. Six alternative hypothe-
ses were evaluated: (1) — (5) as above; and
(6) Mastigella, Mastigamoeba, Endolimax, and
lodamoeba form a clade (i.e. Mastigamoebidae
sensu Ptackova et al. 2013 is monophyletic). In
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Figure 11. Light-microscopical morphology of Pelomyxa schiedti strain TIWI, showing distinctive nuclear struc-
ture, posterior uroid, and finger-shaped pseudopodia. A — G Locomotive amoebae. H, | Protargol-stained cells.
Scale barin A =20 pm, in H= 10 pm. DIC (A - G) or bright field (H, I}. Arrows show peripheral ring of chromatin
granules in A; lateral irregular finger-shaped pseudopodia and uroid-like area in B and C; multiple immobile
poorly visible flagella in E.
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this case, only topologies (5) and (6) were rejected
(p = 0.002 and 0.047, respectively); the others
could not be rejected.

Discussion

Species Identities of Strains

Following the accepted usage of Mastigella
(Goldschmidt 1907 inter alia), strains with a single
flagellum and the absence of a connection between
the nucleus and flagellar base were assigned to
this genus. The typical axonemal organization for
the Archamoebae (9+2 microtubules with no outer
dynein arms) was observed in Mastigella rubiformis
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Figure 12. Light-microscopical morphology of Pelomyxa schiedtistrain KIEL3 showing distinctive nuclear struc-
ture, and villous pseudopodia. A, B Locomotive amoebae. C, D Protargol-stained cells. Scale bar in A, C =
20 pum. DIC (A, B) or bright field (C, D). Arrow shows villous patch of pseudopodia.

sp. nov. The organisms described here fall into 4
species, 3 of which are new, on the basis of their
morphology.

Mastigella erinacea sp. nov. is described as a
new species here because itis typically binucleate,
and it was isolated from brackish/saline sediments,
which is not common in Archamoebae. To the best
of our knowledge, the other archamoeba that has
been found in brackish sediments, Mastigamoeba
simplex (e.g. Bernard et al. 2000), is morphologi-
cally different from Mastigella erinaceasp. nov., and
also from the truly marine archamoebae Mastig-
amoeba schizophrenia and Pelomyxa marina
(Delphy 1938; Simpson et al. 1997). The presence
of a villous area in M. erinacea sp. nov., from which
the mostly immotile flagellum sometimes emerges
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Figure 13. Light-microscopical morphology of Pelomyxa schiedti strain WACTO07 showing distinctive nuclear
structure, and villous pseudopodia and posterior uroid-like area. A — F Locomotive amoebae. G, H Protargol-
stained cells. Scale bar in A = 20 um, in G = 10 pum. DIC (A — F) or bright field (G, H). Arrow show uroid-like
area in A, B and C; conspicuous endosymbionts in A.
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alse

Figure 14. Ultrastructure of Pelomyxa schiedti strain WACTO7. A Transverse section of the cell showing single
nucleus, endosymbiotic prokaryotes, feeding vacuoles and flagellum. B Longitudinal section of the cell showing
endosymbionts, flagellar apparatus and pair of nuclei. C Section through the cell showing the amoeboid body,
single nucleus and endosymbicnts. D Transversal section of the flagellum with aberrant arrangement of micro-
tubules. E Longitudinal section of the flagellar apparatus. F Detail of the nucleus from the cell in A, showing
peripheral chromatin and small nucleolus. G Section through the endosymbionts and nucleus. Ch — chromatin;
En — endosymbionts; Fl — flagellum; FR — flagellar root; N — nucleus; Nu — nucleolus.
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Figure 15. Phylogenetic tree of Amoebozoa based on actin gene sequences. The tree was constructed by the
maximum likelihood method (PROTGAMMAILG model). The values at the nodes represent statistical support

in maximum likelihood bootstrap values/Bayesian posterior probabilities. Support values below 50%/0.50 are
not shown or are represented by an asterisk (*). New sequences are in bold.
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Figure 16. Phylogenetic tree of Amoebozoa based on SSU rDNA sequences. The tree was constructed by the
maximum likelihood method (GTRGAMMAI model). The values at the nodes represent statistical support in

maximum likelihood bootstrap values/Bayesian posterior probabilities. Support values below 50%/.50 are not
showed or are represented by an asterisk (*). New sequences are in bold.
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(not supported by a cytoplasmic “neck”), suggests
a possible identity with Mastigelfa unica (Frenzel
1897), where the flagellum also emerges from a
patch of villous pseudopodia; this species was
originally placed in the genus Limulina and was
transferred to Mastigella by Goldschmidt (1907).
However M. unica was found in freshwater rather
than saline sediments, its flagellum trails behind
the cell and emerges from a cytoplasmic “neck”,
cells are ca. 75 pm long, and possess 3 — 5 lat-
eral, broad, finger-shaped hyaline pseudopodia on
which the cells could “creep” (Frenzel 1897), none
of which is seen in any of our strains. The nucleus
or nuclei in M. unica were discussed as being not
observed by Frenzel (1897, p. 42), so it is not pos-
sible to judge whether M. unica is uninucleate or
binucleate.

Uninucleate individuals of M. erinacea sp. nov.
can be differentiated from other mastigellas by
being much smaller than M. vifrea (Goldschmidt
1907), being larger, less hyaline and having a much
shorter flagellum than M. commutans (Meyer 1897;
Walker et al. 2001); and being much larger than,
and lacking the respective, specific pseudopodial
characteristics of each of M. penardi(Lemmermann
1914), M. caputmeduase (Klug 1936) and M. com-
pacta (Hamar 1979).

The nucleus observed in Mastigella rubiformis
sp. nov. is unlike that seen in any previous descrip-
tions of Mastigella. The hyaline cytoplasmic layer
around the cell is similar to Mastigella januarii
Frenzel, 1897, but the latter also has fingershaped
pseudopodia and a morulate uroid in the swimming
form.

Mastigella ineffigiata sp. nov. is distinguished by
being much larger than the previously-described
mastigellas that lack specific distinguishing fea-
tures: Mastigella polymastix with average length
40 pm (Frenzel 1897); Mastigella limax, 38 — 42 pm
long (Skuja 1964); and Mastigella compacta, 20 —
25 pm long (Hamar 1979).

On the basis of the morphological characteri-
zation described in Birger (1905), we assign the
strain ATCC 50342, deposited in the American
Type Culture Collection under the name “Mastigella
radicula (Moroff) Goldschmidt’, to the species
Mastigella eilhardiBiirger, 1905. The original draw-
ings and the description of Mastigella radicula by
Moroff (1904) demonstrate this taxon to have been
clearly a member of Mastigamoeba with an ante-
rior nucleus clearly attached to the flagellar base,
and it is unclear why it was transferred to Mastigella
by Goldschmidt (1907); or why strain ATCC 50342,
clearly a Mastigella, was previously identified as
Mastigella radicula.

Close Relationship Between Mastigella and Pelomyxa 35

Species of Pelomyxa usually do not survive
long in culture and tend to die after a few
months. However, we cultivated several strains
of Pelomyxa schiedti for one or two years, and
strain SKADARSKE is still living. We assigned to
Pelomyxa those strains that displayed monopodial
locomotion and possessed cells with a posterior
uroid and non-motile flagella. In the phyloge-
netic tree based on actin gene sequences, all
four Pelomyxa strains clustered together with the
sequence AAQ55803 deposited in GenBank under
the name Pelomyxa palustris (Fahrni et al. 2003).
P. palustris is usually reported as multinucleate
amoeba that is 100 — 500 mm long (Whatley and
Chapman-Andresen 1990). Since morphology of
the sequenced strain was not examined in Fahrni
et al. (2003), and distinguishing Pelomyxa palus-
tris is quite complicated, it is possible that the
sequence belongs, in fact, to other giant species
of Pelomyxa. Our strains do not show similari-
ties with P. palustris; but on the other hand, there
are several features that correspond with original
description of Pelomyxa schiedtr. size, number and
structure of nuclei, and fast movement (Schaeffer
1918). On the basis of these similarities, and
because we do not know the complete life cycle
of any our strains, we tentatively assigned them
to Pelomyxa schiedti. However, there is the pos-
sibility that binucleate and tetranucleate cells of
Pelomyxa strains may represent stages of the life
cycles of diverse giant pelomyxas assigned to var-
ious nominal species, and may represent the only
form able to survive in culture for a longer period
than the lifespan of a typical microcosm. The ultra-
structure of the flagellar apparatus of our Pelomyxa
strains has not been fully determined. Expectedly,
an aberrant arrangement of flagellar microtubules
known from Pelomyxa species and Tricholimax
hylae (Brugerolle 1982; Chistyakova and Frolov
2011; Frolov et al. 2005, 2006, 2007, 2011; Griffin
1988) is present in strain WACT07.

Mitochondrion-related Organelles and
Endosymbionts

Double-membrane bound organelles that probably
have mitochondrial ancestry have been previously
reported from morphological descriptions of eight
free-living species of Archamoebae (Constenla
et al. 2013; Gill et al. 2007; Ptackova et al.
2013; Seravin and Goodkov 1987; Simpson et al.
1997; Walker et al. 2001). Mitochondrion-related
organelles have here been observed in the cells
of Mastigella rubiformis sp. nov. and M. ineffigiata
sp. nov. Although several species of Pelomyxahave
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been examined by means of electron microscopy,
cytoplasmic double-membrane bound organelles,
300 — 500 nm long, have been detected only once
in a single species, Pelomyxa palusiris (Seravin
and Goodkov 1987). Double membrane-bound
organelles detected in Mastigamoeba balamuthi,
which were characterized as mitosomes with
extended biochemical functions, had similar dimen-
sions to those of Pelomyxa palustris (Gill et al. 2007;
Hampl and Simpson 2007; Nyvltova et al. 2013).
Electron-microscopical identification of prokaryotic
endosymbionts in several species of Pelomyxa
(Chistyakova and Frolov 2011; Chystjakova et al.
2014; Daniels and Pappas 1994, Frolov et al. 2005,
2006, 2007) may possibly be of mixed popula-
tions of endosymbionts and mitochondrial remnant
organelles; further data are required.

Unidentified endosymbiotic prokaryotes have
previously been observed by electron microscopy
in Mastigina trichophora, Mastigella nitens, Mastig-
amoeba aspera, and Rhizomastix libera (Frolov
2011; Ptackova etal. 2013). Three kinds of prokary-
otes have been reported by light microscopy from
Mastigella sp. and diverse Pelomyxa species: large
rod-shaped bacteria with a longitudinal cleft, small
rod-like bacteria and the methanogenic archaean
Methanobacterium formicicum (Frolov et al. 2005,
2006, 2011; Goldschmidt 1907; Gould-Veley 1905;
Griffin 1988; Gutiérrez 2012; Lauterborn 1916;
Ptackova et al. 2013; van Bruggen et al. 1983,
1985, 1988; Whatley and Chapman-Andresen
1990). M. rubiformis sp. nov., M. ineffigiata sp.
nov., and P, schiedti possess rod-shaped bacteria
in their cytoplasm, and P schiedti probably con-
tains two different types of endosymbionts. Since
we have not yet enough information about these
endosymbionts, we could not identify them more
precisely, and their function is so far unknown.
Recently, the genome sequence of Methanobac-
terium formicicum isolated from cells of Pelomyxa
palustris was published (Gutiérrez 2012). The data
suggest that this prokaryote represents a free-
living organism rather than an endosymbiont or the
prokaryotes might be a content of feeding vacuoles.
No symbiotic prokaryotes have been observed in
the cytoplasm of endobiotic genera Entamoeba
and Endolimax (Constenla et al. 2013; Martinez-
Palomo 1993), or in small Mastigamoeba species
(Walker et al. 2001).

Phylogeny and Taxonomy of Pelomyxidae

Here we determined actin gene sequences of our
strains of Mastigefla and Pelomyxa. We also added
new actin gene sequences from two strains of
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Mastigamoeba abducta and one from Rhizomastix
libera, which means that now actin gene sequences
from each of the main lineages of Archamoebae
are available. Although we improved the taxon
sampling, the monophyly of the Archamoebae
remained unsupported, and its internal topology
was unresolved. Nevertheless, genera Mastigella
and Pelomyxa were closely related with rela-
tively high statistical support. Internal branches
in this lineage that comprised both genera were
not resolved with the exception of relatively well-
supported monophyly of Pelomyxa. Strains isolated
from saline sediments and representing Mastigella
erinacea sp. nov. cluster together although the
group is weakly supported.

Since SSU rDNA is one of the most frequently
used markers for reconstructing evolutionary his-
tory, SSU rDNA sequence of Mastigella might
elucidate the phylogenetic position of this genus.
We determined SSU rDNA sequences of Mastigella
eilhardi (strain ATCC 50342) and M. erinacea sp.
nov. (strain LAR2N). The Archamoebae appeared
robustly monophyletic in SSU rDNA tree, accord-
ingly with previous studies (Fiore-Donno et al. 2010;
Nikolaev et al. 2006; Ptackova et al. 2013). In
accordance with the actin gene analysis, Pelomyxa
clustered with Mastigella and formed an inter-
nal branch of Mastigella, and M. erinacea sp.
nov. forms the sister branch of Pelomyxa. In
this case, however, the paraphyly of Mastigella
was statistically relatively well-supported. Unlike
Pelomyxa, both Mastigella species form relatively
short branches in the SSU rDNA tree; in fact, the
branch of M. eilhardiis the shortest one among the
Archamoebae.

AU testing of alternative hypotheses rejected a
close relationship between Mastigella and Mastig-
amoeba, but provided no strong conclusions
otherwise for the SSU rRNA gene dataset. For the
actin dataset all alternatives were rejected other
than monophyly of Mastigella, where the sister
taxon in the constraint tree was Pelomyxa. This
supports our interpretation of the taxonomic rela-
tionship between these two genera, though the
statistical support for this from AU testing is low, as
would be expected for single gene-tree phylogenies
of archamoebae.

It has traditionally been held that Mastigella is
specifically related to the genus Mastigamoeba
(Adl et al. 2012; Cavalier-Smith et al. 2004;
Chatton 1925; Goldschmidt 1907; Griffin 1988;
Ptatkova et al. 2013). In contrast, the results of
our phylogenetic analyses suggested that the
genera Mastigamoeba and Mastigella are phylo-
genetically distant among the Archamoebae (at



least the species from which sequence data are
available). Our data support a close relationship
between the genera Mastigella and Pelomyxa,
which has previously been hypothesized based on
the nuclear structure and presence of endosymbi-
otic prokaryotes in the cytoplasm (Cavalier-Smith
1991; Frolov 2011; van Bruggen et al. 1985; Walker
et al. 2001). More specifically, our data favor the
scenario suggested by Cavalier-Smith (1991), who
postulated that Pelomyxa had evolved from within
Mastigella by nuclear and flagellar multiplication.
Interestingly, M. erinacea sp. nov. morphologically
resembles Pelomyxa with respect to cell move-
ment and presence of several nuclei per cell, and
branches as a sister taxon to Pelomyxain both gene
trees.

The paraphyly of Mastigella and the close
relationship between M. erinacea sp. nov. and
Pelomyxa spp. seems to be further supported by
several lines of morphological data. Cells of most
Mastigella species, including M. eilhardi, M. inef-
figiata sp. nov., and M. rubiformis sp. nov., are
predominantly uninucleate. In contrast, the cells of
M. erinacea sp. nov. mostly possess two nuclei,
similarly to Pelomyxa schiedti and some other
Pelomyxa species.

Trophozoites usually containing a single nucleus,
with a large central nucleolus that is often
visible under light microscope, are the most
common stage occurring in Mastigamoebidae,
Rhizomastixidae and in genera Mastigella and
Mastigina (Constenla et al. 2013; Goldschmidt
1907; Ptackova et al. 2013; Walker et al. 2001).
Mastigella eilhardi, M. erinacea sp. nov., and M.
ineffigiata sp. nov. possess a nucleus with a single
large central nucleolus, a morphology that has been
previously reported for example in M. commutans
(Walker et al. 2001).

Peripheral chromatin granules in the nucleus are
widely present across the archamoebae (Cepicka
2011; Frolov et al. 2007; Martinez-Palomo 1993;
Ptackova et al. 2013). The greatest variability
of nuclear ultrastructure occurs in species of
Pelomyxa, where heterochromatin blocks are fre-
quently dispersed in the nucleus without evident
pattern; or a threadlike rounded body is occa-
sionally present in the nucleolus (Chistyakova and
Frolov 2011; Frolov et al. 2005, 2006, 2011; Griffin
1988; Ptackova et al. 2013). The nuclei of M.
rubiformis sp. nov. and Pelomyxa schiedti con-
sist of a small nucleolus and peripheral chromatin.
While nuclear chromatin appears to be useful
in distinguishing individual species, its utility as
a supra-specific character is still questionable in
members of the Pelomyxidae.

Close Relationship Between Mastigella and Pelomyxa 37

Although the single flagellum of M. erinacea sp.
nov. is motile, like that of other species of the genus
and unlike the non-motile flagella of Pelomyxa
spp. and Tricholimax (Brugerolle 1982; Frenzel
1897; Frolov et al. 2005, 2006, 2007, 2011; Griffin
1988; Chistyakova and Frolov 2011; this paper),
its beating is comparatively slower than in other
species of Mastigella.

It is possible that flagellar movement has been
lost gradually in the lineage leading to Pelomyxa;
the loss probably correlates with the degree of aber-
ration of the axonemal structure. Because of the
unavailability of sequence data from Tricholimax,
another archamoeba with aberrant flagellar struc-
ture (Brugerolle 1982), a possible close relationship
between Tricholimax and Pelomyxa suggested by
Griffin (1988) remains unclear. Since the connec-
tion between the flagellum and nucleus occurs
in Tricholimax hylae (Brugerolle 1982), but not in
Mastigella, the absence of motility of the flagellum
of Tricholimax could have evolved independently,
as an adaptation to an endobiatic lifestyle. Slowing
down of flagellar movement or its complete loss has
also happened in other endobiotic species of the
Archamoebae. While the beating of the flagellum
in free-living Rhizomastix libera is quick (Ptackova
et al. 2013), that of the endobiotic species R. biflag-
ellatamoves slowly (own observation); and species
of Entamoeba, Endolimax and lodamoeba have
completely lost their entire flagellar apparatus (see
Martinez-Palomo 1993).

The genus Mastigella Frenzel, 1897 has tradi-
tionally been treated as belonging to the family
Mastigamoebidae Chatton, 1925, while Pelomyxa
Greeff, 1874 has been regarded as the sole mem-
ber of the family Pelomyxidae Schulze, 1877 (Adl
et al. 2012; Griffin 1988; Larsen and Patterson
1990; Ptackova et al. 2013). In order to emphasize
morphological differences between genera Mastig-
amoeba and Mastigella, Cavalier-Smith (1991)
removed Mastigella from Mastigamoebidae and
created family Mastigellidae. However, Mastigelli-
dae Cavalier-Smith, 1991 has not been adopted by
the other authors. We propose a new taxonomic
concept of Mastigella by transferring it to the fam-
ily Pelomyxidae. The family Pelomyxidae thus now
contains two genera, Pelomyxa and Mastigella.
Although we are convinced we have improved the
understanding of the systematics of the Archamoe-
bae, the taxonomy of Mastigella and Pelomyxidae
is still far from being settled due to the possible
paraphyly of Mastigella with respect to Pelomyxa.
The situation is further complicated by two issues:
(1) Sequence data from the type species M. poly-
mastix Frenzel, 1897 are unavailable. Thus, it is
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unclear to which of the two lineages of Mastigella
revealed by our SSU rDNA analysis, it belongs. (2)
We were able to determine only SSU rRNA gene
sequences of Mastigella ineffigiaia sp. nov. and M.
rubiformis sp. nov. We cannot rule out the possibil-
ity that one or both species represent a separate
evolutionary lineage from the rest of Mastigela.
It seems likely that Mastigella will be split into at
least two genera in the future. It is currently unclear
which lineage would retain the name Mastigella
after the splitting. Therefore, we retain paraphyletic
Mastigella here, similarly to the current situa-
tion in the genus Mastigamoeba (Ptackova et al.
2013).

Taxonomic Summary

The type material of newly described species is deposited in the
collection of the Department of Parasitology, Charles University
in Prague, Czech Republic.

Eukaryota: Amoebozoa: Archamoebae

Family Pelomyxidae Schulze, 1877. Diagnosis: Anaero-
bic or microaerophilic flagellated amoebae with slow-beating
monokinetid or immobile polykinetids. Type genus: Pelomyxa
Greeff, 1874. Included genera: Pelomyxa Greeff, 1874;
Mastigella Frenzel, 1897.

Mastigella Frenzel, 1897. Diagnosis: Amoeboid cells with
flagellated basal body and microtubular cone not associated
with the nucleus. Type species: Mastigella polymastix Frenzel,
1897.

Mastigella erinacea sp. nov. Zoobank registration:
urn:lsid:zoobank.org:act:101FB8D9-48A9-4146-9894-
4604028009BF. Description: see Results. Type locality:
Larnaka, Cyprus. 34°51'N, 33°37'E. Habitat: Shallow anoxic
brackish sediments, salt marsh. Holotype: Protargol-stained
cell of the strain LAR2N depicted in Figure 4E. The preparation
is deposited with the catalogue number 11/25. Etymology: L.
fem. adj. erinacea - like a hedgehog. Referring to the spiny
pseudopodia of this species.

Mastigella ineffigiata sp. nov. Zoobank registration:
urn:lsid:zoobank.org:actED574EC2-7DB5-4D9C-B09B-
BOBA105698FD. Description: See results. Type locality:
Olbasee lake, Germany. 51°16'N, 14°35'E. Habitat: Anoxic
freshwater sediment. Syntype: Protargol preparations of the
strain OLBBAN with M. ineffigiata sp. nov. and Rhizomastix
sp., catalogue numbers 11/27 — 11/34. Figure 8H, | are
images from the syntype. Etymology: L. fem. adj. ineffigiata —
shapeless. Referring to the amorphous appearance of the cell.

Mastigella rubiformis sp. nov. Zoobank registration:
urn:lsid:zoobank.org:act:6DF37D99-51B7-4763-BD03-
68502E36E46F. Description: see results. Type locality:
Hradisté peak, Czech Republic. 50°27'N, 13°20'E. Habitat:
Anoxic freshwater sediment. Syntype: Protargol preparations
of the strain HRAAN with M. rubiformis sp. nov., Mastigamoeba
errans and unidentified ciliates, catalogue numbers 6/38 —
6/40. Figure 6K, L are images from the syntype. Etymology:
L. fem. adj. rubiformis — like a raspberry. Referring to the
swimming cell appearance reminiscent of a raspberry.
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Methods

Organisms: Most new strains were isolated from fresh-water
anoxic/microoxic sediments. The strains KORISSION and
LAR2N were isolated from brackish sediments; the strain
TOLEDO was obtained from salt-marsh sediments. The strain
ATCC 50342 was obtained from the American Type Culture
Collection. The strains 3ML, CHOM1, and IND8 were isolated
by Ptackova et al. (2013). Fresh-water samples were inoculated
into 15 ml Falcon tubes containing 9 ml of Sonneborn's Parame-
cium medium (ATCC medium 802: http://www.lgcstandards-
atcc.org/~/media/91F4C9697D734A1F8ODEOE2474F43743.
ashx) made using Ward's cereal grass (Ward's Science).
The strains KORISSION and LAR2N were cultivated in
seawater 802 medium (ATCC medium 1525: http://www.atcc.
org/~/media/D88E997F5B8B4BIFODA267829BD8E27B.ashx).
For TOLEDO a 1:1 mixture of Sonneborn's and fresh-water
medium was used. Approximately 2ml of each sample was
initially inoculated into the medium and were maintained in
a xenic culture at room temperature with transfers of 1 ml to
new medium occurring once weekly. Unidentified bacteria
and eukaryotes (e.g. ciliates, diplomonads, Rhizomastix sp.,
Mastigamoeba sp.) were present in the cultures besides
the Mastigella and Pelomyxa. Strains GO7, OLB6AN, and
SKADARSKE are deposited in the culture collection of the
Department of Parasitology of Charles University in Prague,
Czech Republic; the other strains have been lost.

Light microscopy: The morphology of living and protargol-
stained cells was examined under a light microscope (Olympus
BX51). DIC was used to observe living cells. Protargol-stained
preparations were prepared as follows: the strains were cen-
trifuged at 1000 g for 10 minutes. The pelleted cultures were
spread on cover slips forming moist films as described in Panek
et al. (2014). The films were fixed in Bouin-Hollande's fluid
for 10 hours, washed with 70% ethanol, and stained with 1%
protargol (Bayer, |. G. Farbenindustrie) following Nie's (1950)
protocol.

DNA extraction, amplification, cloning and sequenc-
ing: Genomic DNA was isolated from cultures using the
DNeasy Blood and Tissue Kit (Qiagen). Universal eukary-
otic primers for amplification of actin gene sequences
actFY (AACTGGGAYGAYATGGARAAGAT) and actRY (ATC-
CACATYTGYTGGAANGT) (Yoon et al. 2008) were used.
These primers preferentially amplified sequences of Archamoe-
bae, and were inefficient at amplifying other groups present
in the cultures. SSU rDNA sequnces of strains ATCC
50342 and LAR2ZN were amplified using universal eukaryotic
primers EK42F (CTCAARGAYTAAGCCATGCA) and EK1498R
(CACCTACGGAAACCTTGTTA) (Marande et al. 2009). PCR
fragments were purified from agarose gels using the
Zymoclean™ Gel DNA Recovery Kit (Zymo Research) and
cloned using the pGEM® T-Easy Vector System (Promega). In
cases of mixed culture, PCR fragments were separated using
gel electrophoresis, and were then cloned individually. The new
sequences are availablein GenBank database under accession
numbers KJ879559 — KJ879587.

Phylogenetic analyses: Two datasets were created,
respectively containing sequences of actin and SSU rRNA
genes. The actin dataset contained inferred amino acid
sequences, including 16 newly-determined sequences from
Mastigella, Pelomyxa, Mastigamoeba, and Rhizomastix,
6 sequences from Mastigamoeba, Pelomyxa and Enta-
moeba obtained from GenBank, and 29 sequences of
non-archamoebae Amoebozoa. The sequences were aligned
using MAFFT (Katoh et al. 2002) with the help of the MAFFT
7 server hitp//mafft.cbre.jp/alignment/server/ with G-INS-i



algorithm at default settings. The resulting alignment was
manually edited in BioEdit 7.0.9.0 (Hall 1999). The final dataset
contained 264 amino acid positions. A maximum likelihood
phylogenetic tree was constructed in RAXML 7.2.3 (Stamatakis
2006), using the PROTGAMMAILG model. Bootstrap values
were estimated from 1000 permutations. Bayesian analysis
was performed in PhyloBayes 3.3f (Lartillot and Philippe 2004)
using the CAT POI model. Two independent chains were run
until their maximum observed discrepancy was lower than 0.1,
and the effective sample size of all model characteristics was
at least 100. The first 25% of trees were removed as burn-in.
Consensus was calculated every 10 trees.

The SSU rRNA gene dataset contained two newly-
determined sequences of Mastigella eilhardi and M. erinacea
sp. nov., respectively, 36 sequences of Archamoebae obtained
from GenBank, and 52 sequences of non-archamoebae Amoe-
bozoa. The sequences were aligned, and the alignment was
edited as for the actin gene. The final dataset contained
1160 nucleotide positions. A maximum likelihood phyloge-
netic tree was constructed in RAXML using the GTRGAMMAI
model of sequence evolution; bootstrap values were estimated
from 1000 permutations. Bayesian analysis was performed in
MrBayes 3.2.2 (Ronquist et al. 2012) using the GTR + | + [T
+ covarion model. Four MCMC chains were run for 3.10° gen-
erations, until the mean standard deviation of split frequencies
based on last 75% of generations was lower than 0.01. The
trees were sampled every 500" generation. The first 25% of
trees were removed as burn-in.

Various alternative phylogenetic positions of Mastigella
strains were tested using AU tests implemented in consel 0.1i
(Shimodaira and Hasegawa 2001). The null hypothesis was
that there was no difference between trees. The alternative
topologies were inferred using RAXML with a prior phylogenetic
hypothesis set as a constraint. Site likelihoods were calculated
using RAXML.
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ABSTRACT

The genus Rhizomastix is a poorly known group of amoeboid heterotrophic
flagellates living as intestinal commensals of insects, amphibians or reptiles,
and as inhabitants of organic freshwater sediments. Eleven Rhizomastix spe-
cies have been described so far, but DNA sequences from only a single spe-
cies have been published. Recently, phylogenetic analyses confirmed a
previous hypothesis that the genus belongs to the Archamoebae; however, its
exact position therein remains unclear. In this study we cultured nine strains
of Rhizomastix, both endabiotic and free-living. According to their light-micro-
scopic morphology and SSU rBNA and actin gene analyses, the strains repre-
sent five species, of which four are newly described here: R. bicoronata sp.
nov., R. elongata sp. nov., A. vacuolata sp. nov. and R. varia sp. nov. In addi-
tion, R. tipulae sp. nov., living in the intestine of crane flies, is separated from
the type species, A. gracilis. We also examined the ultrastructure of R. elon-
gata sp. nov., which revealed that it is more complicated than the previously
described R. libera. Our data show that either the endobiotic lifestyle of some
Rhizomastix species has arisen independently from other endobiotic
archamoebae, or the freediving members of this genus represent a secondary
switch from the endobiotic lifestyle.

ARCHAMOEBAE is a small but phylogenetically interest-
ing group of Amoebozoa, which comprises approximately
250 species of amoeboid flagellates and amoebae
(Ptackova et al. 2013). Members of Archamoebae are obli-
gately anaerobic or microaerophilic, and can be either free-
living or endobiotic. They were originally thought to lack
mitochondria, and were thus thought to be basal eukary-
otes, placed in the Archezoa. However, mitochondrial
homologues were later discovered in some species (Gill
et al. 2007; Tovar et al. 1999); and molecular phylogenet-
ics has placed Archamoebae in the Amoebozoa (Arisue
et al. 2002; Milyutina et al. 2001}, distant from other taxa
with degenerate mitochondria. Cells of Archamoebae have
a simple cytoskeleton that consists of a single basal body
giving rise to a single flagellum, microtubular cone and
lateral root (Brugerolle 1991).

Archamoebae have traditionally been divided into pelo-
bionts, which encompass the flagellated, mostly free-living
genera Mastigamoeba, Mastigella, Pelomyxa, Tricholimax,
and Mastigina, and entamoebae, containing aflagellated
and predominantly endobiotic genera  Entamoeba,
Endamoeba, lodamoeba, and Endolimax. Subsequent phy-
logenetic analyses have shown that neither of these two
groups is monophyletic within the Archamoebae (Cavalier-
Smith et al. 2004; Edgcomb et al. 2002; Milyutina et al.
2001; Nikolaev et al. 2006). Archamoebae is currently
divided into four families: mostly endobiotic Entamoebidae
and Rhizomastixidae, and predominantly free-living Mastig-
amoebidae and Pelomyxidae (Ptackova etal. 2013;
Zadrobilkova et al. 2015). The best-known and most exten-
sively studied member of the group is the human parasite
Entamoeba histolytica, which causes amoebic dysentery
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(Martinez-Palomo 1993). Free-living archamoebae, on the
other hand, have been studied much less often, and
mostly from a taxonomic point of view (Brugerolle 1982,
1991; Chistyakova et al. 2014; Chystyakova and Frolov
2011; Chystyakova et al. 2012; Frolov 2011; Frolov et al.
2004, 2005a,b, 2006, 2011; Ptackova et al. 2013; Simpson
et al. 1997; Walker et al. 2001; Zadrobilkova et al. 2015).
The endobiotic lifestyle has arisen at least two times inde-
pendently within Archamoebae: in Entamoebidae, genus
Entamoeba, and in Mastigamoebidae, genera lodamoeba
and Endolimax (Ptéckovéd et al. 2013: Stensvold et al.
2012; Zadrobilkova et al. 2015); but important endobiotic
taxa remain from which molecular data are still missing
(Endamoeba, Tricholimax, Rhizomastix spp.).

The genus Rhizomastix, the only member of the family
Rhizomastixidae, comprises 11 species. Maost of them are
intestinal symbionts of insects (Bhaskar Rac 1963, 1970;
Ludwig 1946; Mackinnon 1913; Sultana 1976), amphibians
(Alexeieff 1911; Cepicka 2011; Krishnamurthy 1969) and
reptiles (Cavalier-Smith and Scoble 2013). One species
was also found in human faeces (Yakimoff and Kolpakoff
1921). Two Rhizomastix species were isolated from fresh-
water sediments or polluted water, and are considered
free-living (Ptéckova et al. 2013; Zhang and Yang 1990).
The most characteristic feature of the genus Rhizomastix
is the rhizostyle, a long cytoskeletal fibre that arises from
the basal body of the flagellum and extends posteriorly
into the cytoplasm (Alexeieff 1911). It has subsequently
been shown that the rhizostyle of the free-living species
Rhizomastix libera is composed of a bundle of micro-
tubules, and it has been hypothesized that it is a homo-
logue of the microtubular cone of other archamoebae
(Ptackové et al. 2013). Other important characters of Rhi-
zomastix include binucleated cysts; and morphology of the
nucleus, which often contains a large central nucleolus
connected with peripheral chromatin granules (Bhaskar
Rao 1970; Cepicka 2011; Ludwig 1946; Mackinnon 1913).
The cells of Rhizomastix usually have a single flagellum,
though aflagellated cells have been observed in some spe-
cies; and approximately half of the population of R. biflag-
ellata consists of biflagellated cells (Cepicka 2011).

Although the genus Rhizomastix was discovered just
over 100 yr ago (Alexeieff 1911), and most nominal spe-
cies were described more than 30 yr ago (Alexeieff 1911;
Bhaskar Rao 1963, 1970; Krishnamurthy 1969; Sultana
1976; Yakimoff and Kolpakoff 1921), it has been largely
ignored In recent decades: molecular data, confirming the
affinity of Rhizomastix with the Archamoebae, were pub-
lished only recently (Ptackova et al. 2013). Phylogenetic
analysis of the SSU rBRNA gene of the free-living species
R. libera showed that it forms a deep branch in the
Archamoebae and indicated that Rhizomastix might be clo-
sely related to Entamoebidae or Pelomyxidae (Ptackova
et al. 2013). Sequence data from other species have not
hitherto been obtained. It is thus unclear whether the
genus is monophyletic, and whether its endobiotic species
represent an independent origin of parasitism.

In order to examine the diversity of the genus Rhi-
zomastix, we cultured seven strains and examined their

Zadrobilkové et al.

light-microscopic morphology and phylogenetic position,
using SSU rRNA and actin gene sequences. Additionally,
we examined the ultrastructure of a single strain. Our data
show that Rhizomastix is diverse, as the strains represent
four new species. Qur data show either that parasitism
has arisen at least three times independently within
Archamoebae; or that, if parasitism has only arisen twice,
then all members of the genus Rhizomastix are descen-
dants of endobiotic organisms, and thus the free-living
members are secondarily free-living.

MATERIALS AND METHODS

Sampling and culture conditions

Information on the origin of Rhizomastix strains included
in the study is summarized in Table 1. Strain VELKA1 of
R. bicoronata sp. nov. was obtained from the lower intes-
tine of a millipede. Strains GOL1 and GOL18 (R. vacuolata
sp. nov.) were isolated from the lower intestine of beetle
larvae. After the hosts were dissected, the intestinal con-
tents were inoculated into Dobell and Laidlaw's (1926)
biphasic medium; this medium was used also for subse-
quent cultivation. Strain VAVRH of Rhizomastix elongata
sp. nov. was isolated from the contents of a cesspool.
The cesspool was a concrete pool, approximately 3-m long
by 2.5m wide, filed by ground-water to a depth of
approximately 70 cm, and with a ca. 30-cm-thick layer of
black organic sediment. It had not been used for some
years, prior to sampling. Larvae of hoverflies (Eristalis sp.)
were observed occasionally, and larvae of mosquitoes
(Culex sp.) were observed frequently, inside the cesspool.
Of the sediment, 2 ml was inoculated to two different
media: Dobell and Laidlaw's biphasic medium and Son-
neborn's Paramecium medium (ATCC medium 802; http://
www . lgestandards-atce.org/~/media/91F4CA6970734A1F8
9DEOE2474F43743. ashx). ARhizomastix elongata sp. nov.
survived in both media for a week:; Dobell and Laidlaw's
biphasic medium was then used for routine cultivation.
Strains BOTANKA and IPSALA of A. libera and strain FBAN
of Rhizomastix varia sp. nov. were obtained from freshwa-
ter sediments. The samples were inoculated into Son-
neborn's Paramecium medium; this medium was used for
routine cultivation. Cultures IND8MA, OLBBAN and SKA-
DARSKE containing R. libera were maintained as described
in Ptackova et al. (2013) and Zadrobilkové et al. (2015).

The strains were maintained in a xenic culture at room
temperature with transfers occurring once per week.
Besides Rhizomastix, most cultures contained unidentified
bacteria as well as several unrelated species of protists,
usually trichomonads, retortamonads, oxymonads, stra-
menopiles or kinetoplastids, which were morphologically
and phylogenetically easily distinguished from Rhizomastix
spp. Strain OLBBAN of R. libera grew in culture with Mas-
tigella ineffigiata;, strain SKADARSKE was co-cultured with
Pelomyxa schiedti (Zadrobilkova et al. 2015). The strains,
except for BOTANKA, GOL18 and IPSALA, are deposited
in the culture collection of the Department of Parasitology
of Charles University in Prague, Czech Republic.
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Table 1. List of the strains included in the study

Diversity of Rhizomastix (Amoebozoa: Archamoebae)

Species Strain Locality/host Habitat Coordinates
Rhizomastix bicoronata sp. nov. VELKA1 Millipede Intestine MNLAL
Rhizomastix elongata sp. nov. VAVEH Vejvanov-Pajzov, Czech Republic Abandoned cesspit 49°51'N 13°39'E
Rhizomastix libera BOTANKA Prague, Czech Republic Freshwater sediment 50°04'N 14°24'E
Ptackova et al, 2013 IND&* Bhangarh, India Freshwater sediment 27°05'N 76°17'E
IPSALA Ipsala, Turkey Freshwater sediment 40°56'N 26°19'E
OLBBAN Olbasee lake, Germany Freshwater sediment 51°16'N 14°35E
SKADARSKE lake Skadar, Albania Freshwater sediments 42°FN 19°29°E
Rhizomastix vacuolata sp. nov. GOL1 Larva of Geliath beetle Intestine N.A.
GOL18 Larva of Goliath beetle Intestine N.A
Rhizonastix varia sp. nov. FBAN Ribeiro Frio, Madeira, Portugal Freshwater sediment 32°44'N 16°53'E

N.A. = not available.
“Strain isolated by Ptackova et al. {2013).

Light microscopy

The morphology of living and protargol-stained cells was
examined under a light microscope (Qlympus BX5T,
Tokyo, Japan). DIC was used to ohserve living cells.

Protargol-stained preparations were prepared as follows:
1 ml of culture was centrifuged at 1,000 g for 10 min.
The pelleted cultures were spread on coverslips forming
moist films. The films were fixed in Bouin-Hollande's fluid
for 10 h, washed with 70% ethanol and stained with 1%
protargol (Bayer, |. G. Farbenindustrie, Frankfurt am Main,
Germany; defunct since 1952) following Nie's {1950) pro-
tocol.

Transmission electron microscopy

A cell suspension of strain VAVRH (A. elongata sp. nov.)
was prepared by centrifugation of the culture for 10 min
at 1,000 g. The sample was high-pressure frozen using a
Leica EM PACT2 (Leica Microsystems, Wetzlar, Ger-
many), and cryosubstituted in a Leica EM AFS2, using
acetone with 2% 0sQ4 at —90 °C for 96 h. Embedding
was done at room temperature, using Epon resin (Poly/
Bed 812/Araldite; Polysciences, Warrington, PA), having
been infiltrated in an ascending series of concentrations
changed every hour. Samples were sectioned at 60 nm
thickness using a diamond knife on an Ultracut E ultrami-
crotome (Reichert, Vienna, Austria) and collected on cop-
per mesh grids coated with formvar film. Ultrathin
sections were stained with lead citrate and uranyl acetate
(2-3%) and examined using a TEM JEOL 1011 (Jeol,
Tokyo, Japan) transmission electron microscope.

DNA extraction, amplification, cloning and sequencing

Genomic DNA was isolated from cultures using the
DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany).
Two types of universal eukaryotic primers were used to
amplify SSU rRNA genes: (1) MA (CTGGTTGATCCTGC
CAG) and MB (TGATCCTTCTGCAGGTTCACCTAC) (Medlin
et al. 1988) for strains VAVRH and VELKAT, (2) EK42F
(CTCAARGAYTAAGCCATGCA) and EK1498R (CACCTACG

GAAACCTTGTTA) {Marande et al. 2009) for strains GOL1,
GOL18, BOTANKA, and OLBBAN. Actin gene sequences
were amplified using universal eukaryotic primers actFY
(AACTGGGAYGAYATGGARAAGAT) and actRY (ATCCACA
TYTGYTGGAANGT) (Yoon et al. 2008). PCR fragments
were purified from agarose gels using the Zymoclean™
Gel DNA Recovery Kit (Zymo Research, Irvine, CA) and
cloned using the pGEM® T-Easy Vector System (Promega,
Fitchburg, WI). In cases of mixed culture, PCR fragments
were separated using gel electrophoresis and were then
cloned individually. The new sequences are available in
GenBank under accession numbers KP343610-KP343638.

Phylogenetic analyses

Two data sets were created, respectively, containing
sequences of SSU rRNA and actin genes. The data set of
SSU rRNA gene contained six newly determined
sequences of Rhizomastix, 37 sequences of Archamoebae
obtained from GenBank, and 56 sequences of non-ar-
chamoebae Amoebozoa. The sequences were aligned
with MAFFT (Katoh et al. 2002), using the G-INS-I algo-
rithm with default settings, on the MAFFT 7 server
(http://mafft.cbre.jp/alignment/server/). The resulting align-
ment was manually edited in BioEdit 7.0.9.0 (Hall 1999) to
remove ambiguously aligned sites. The final data set con-
tained 1,263 nucleotide positions. A maximum-likelihood
phylogenetic tree was constructed in RAxML 7.2.3 (Sta-
matakis 2006) using the GTRGAMMAI model of sequence
evolution; bootstrap values were estimated from 1000 per-
mutations. Bayesian analysis was performed in MrBayes
3.2.2 (Ronquist et al. 2012) using the GTR + | + I' + covar-
ion model. Four MCMC chains were run for 3 x 10° gen-
erations, until the mean standard deviation of split
frequencies based on the previous 75% of generations
was lower than 0.01. Trees were sampled every 500th
generation. The first 26% of trees were discarded as
burn-in.

The data set of the actin gene consisted of inferred
amino acid sequences and contained 14 newly determined
sequences of genus Rhizomastix, 22 sequences of
archamoebae obtained from GenBank, and 28 sequences
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of non-archamoebae Amoebozoa. The seguences were
aligned using MAFFT with the G-INS-i algorithm; the
resulting alignment was manually edited in BioEdit to
remove ambiguously aligned sites. The final data set con-
tained 264 amino acid positions. A maximum-likelihood
phylogenetic tree was constructed in RAXML using the
PROTGAMMAILG model of sequence evolution. Bootstrap
values were estimated from 1,000 permutations. Bayesian
analysis was performed in PhyloBayes 3.3f (Lartillot et al.
2009) using the CAT POl model. Two independent chains
were run until their maximum observed discrepancy was
lower than 0.1, and the effective sample size of all model
characteristics was at least 100. The first 26% of trees
were discarded as burn-in. Consensus was calculated
every 10 trees.

RESULTS

Light microscopy

Rhizomastix bicoronata sp. nov.

The strain VELKA1 consisted almost exclusively of flagel-
lated cells (Fig. 1). Living cells were 16.9 + 3.0 (14.1-
25.0) pm long and 52 = 1.1 (3.8 7.8) pm wide, with
length/width ratio ca. 3.4 = 0.8 (n=11). The flagellum
was 25.6 + 7.4 (15.6-39.1) um long (n = 8), with the ratio
of flagellar length/cell length being ca. 1.7 + 0.5. The sin-
gle flagellum did not beat as fast as in A. elongata sp.
nov. (see below). The movement of actively swimming
cells was relatively fast, and a bulbous uroid was occa-
sionally formed. Thorn-like pseudopodia were produced in
the anterior and the posterior hyaline end of the cell during
swimming (Fig. 1B, C, F). Trophozoites possessed a sin-
gle, rounded nucleus, which was situated in the centre of
elongated cells. Some crawling cells, with the flagellum
emerging from the anterior hyaloplasm, were also present
(Fig. 1A). Occasionally, cells produced fine pseudopodia
(not shown). The rhizostyle was sometimes visible in the
hyaline, anterior end of the cell (Fig. 1A). A few aflagel-
lated cells were observed in the culture (Fig. 1D). A layer
of hyaline, lobate pseudopodia was produced around the
outside of the cell during amoeboid movement. Cysts
were rarely present in the culture (Fig. TE). They were
rounded and possessed two nuclei. The rhizostyle was
not observed in cysts.

Protargol-stained cells were smaller than living cells,
usually oval and rounded, rarely elongated (Fig. 1G-).
They were 9.3 = 3.1 (6.1-18.3) um long and 6.3 + 1.0
(4.4-8.5) pm wide, with length/width ratio 0.7 £ 0.2
(n=30). The flagellum was 156 + 7.1 (59-27.1) um
long (n=230), and the ratio between the length of the
flagellum and cell was 1.7 £ 08. They sometimes
showed the anterior or posterior crown-like pseudopodia
(Fig. 11). In the protargol-stained cells, the rhizostyle was
sometimes visible (Fig. 1G, 1), as well as a large central
nucleolus and peripheral chromatin in  the nucleus
(Fig. 1G, H). The rhizostyle arose from the flagellar base
and ran posteriorly through the cell, beyond the nucleus
(Fig. 1G).

Zadrobilkové et al.

Rhizomastix vacuolata sp. nov.

Living cells of strain GOLT were amoeboid, sometimes
rounded or elongated (Fig. 2A-G) with highly vacuoclated
cytoplasm (Fig. 2A-D, F, G). The cells were 14.7 £ 2.8
(10.6-21.2) um long and 7.4 + 2.3 (4.1-14.0) um wide,
with length/width ratio 2.2 + 0.9 (n= 30), and usually
equipped with a single flagellum, which was 19.5 + 5.4
(7.7-31.1) um long (n = 30). The ratio between the length
of the flagellum and cell was 2.2 £ 0.9. Aflagellated and
biflagellated cells were also rarely observed (not shown).
Crawling cells that formed small pseudopodia around the
whole body predominated in the culture (Fig. 2B, C, G). A
fasciculate uroid (see Smirnov and Brown 2004) was occa-
sionally formed during slow amoeboid locomotion
(Fig. 2B). The direction of movement was not easily deter-
mined because the cells were often highly amoeboid.
Swimming cells sometimes appeared in large numbers
(Fig. 2F). They moved very quickly, using the flagellum. A
bulbous uroid was sometimes visible (Fig. 2F). A single,
rounded nucleus with a clearly recognizable nucleclus was
most often situated in the central or slightly anterior part
of the elongated cell (Fig. 2A, F), or was very rarely
located posteriorly (Fig. 2D). Cysts with two nuclei were
rarely observed in the culture {Fig. 2E). The rhizostyle was
neither visible in living cells nor in cysts.

Protargol-stained cells were rounded or oval, sometimes
with conserved amoeboid shape (Fig. 2H-J}. They were
6.7 £ 1.4 (25-87) pm long and 5.6 £ 1.2 (2.7-8.2) uym
wide, with length/width ratio 1.2 + 0.4 {n = 30). The flag-
ellum was 14.2 + 5.0 (6.5-24.8) um long (n = 30), and the
ratio between the length of the flagellum and cell was
1.2 £ 0.4. The rhizostyle was not visible in stained cells.
The single nucleus contained a large nucleclus, and what
appeared to be heavily stained peripheral chromatin. The
conspicuous vacuoles seen in living cells were also visible
in many stained cells (Fig. 21, J).

Strain GOL18 was lost before its morphology could be
examined in detail, but it was similar to GOL1.

Rhizomastix elongata sp. nov.

The strain VAVRH consisted almost exclusively of flagel-
lated cells, which were 27.6 + 4.9 (19.7-37.8) um long
and 3.2 £ 0.5 (2.2-4.0) pm wide, with length/width ratio
8.7 + 1.5 {n = 30), and with a single flagellum 15.1 + 2.8
(10.1-19.5) um long (n=30). The ratio between the
length of the flagellum and cell was 0.9 + 0.1. The flagel-
lar beat was of low amplitude, moving the cell quickly and
jerkily. Cells with more than one flagellum were not
observed. Swimming cells were long, very thin, and usu-
ally curved (Fig. 3A). The single nucleus was typically situ-
ated behind the hyaline anterior of the cell, in the middle
or slightly in the posterior of the cell body (Fig. 3A, B, D).
The rhizostyle was sometimes visible in the hyaline ante-
rior of the living cell (Fig. 3A, D). A bulbous uroid (Fig. 3A),
villous-bulbous uroid (Fig. 3D) or uroidal filament (Fig. 3B)
was frequently present. As cells started to crawl, they
were only slightly elongated, rather than being extremely
long and thin like swimming cells. These crawling cells
and fully spread cells often produced fine pseudopodia
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Figure 1 Light-microscopical morphology of Rhizomastix bicoronata sp. nov. strain VELKA1. A. Gliding cell. B, C, F. Elongated swimming cells.
D. Aflagellated crawling cell. E. Binucleated cyst. G-J. Protargolstained cells. Scale bar in (F, J) = 10 um. DIC {A-F) or bright field {G-J).

(Fig. 3E). Binucleated cysts without a visible rhizostyle
were rarely observed in culture (Fig. 3C).

Protargol-stained cells were rounded or elongated, and
were 9.9 + 3.7 (44-18.0) um long and 3.2 + 1.0 (1.2-6.5)
um wide, with length/width ratio 4.7 £ 2.8 (n = 30). The
flagellum was 16.8 &+ 3.7 (9.6-24.3) um long (n = 30}, and
the ratio between the length of the flagellum and cell was
1.9 + 0.4. There was a visible rhizostyle that often ended
approximately in the anterior or central part of the cell
(Fig. 3G-J) or, sometimes, continued behind the nucleus
to the posterior end of the cell (Fig. 1F). The cells pos-
sessed a heavily stained nucleus, meaning that peripheral
chromatin could not be seen (Fig. 3F-J). A semi-circular
structure that attached the nucleus was present in some
cells. Other presumably microtubular structures rarely
occurred around the nucleus (Fig. 3J).

Rhizomastix libera Ptackova et al., 2013

Morphology of two strains, IND8MA (the type strain of
this species; Ptackova et al. 2013) and OLBBAN, was
examined. Living cells of strain OLBBAN were elongated
or amoeboid, sometimes with tiny pseudopodia in the
anterior part (Fig. 4F, H, |, K, L}. They were 11.0 = 3.0
(5.7-19.8) um long and 5.6 4 1.3 (3.1-8.4) um wide, with
length/width ratio 2.2 = 1.2 (n=30), and usually had a
single flagellum, which was 15.7 + 5.3 {8.8-30.5 um long
(n=230). The ratio between the length of the flagellum

and cell was 1.5 + 0.6. Flagellar movement was relatively
slow. Cells with two flagella were occasionally observed.
A villous-bulbous uroid was occasionally formed in the
posterior part of the cell (Fig. 41, L). During amoeboid
movement, which was faster than in R. varia sp. nov,
filose pseudopodia were formed (Fig. 4A-C). The nucleus
was situated in the central or anterior part of the cell,
behind the anterior hyaloplasm (Fig. 4A-D). Protargol-
stained cells were mostly rounded, 4.6 + 1.6 (3.0-10.5)
um long and 3.1 £ 0.6 (1.8-4.2) um wide, with length/
width ratio 1.6 & 1.0 (n = 30); tiny pseudopodia (Fig. 4M)
were sometimes present. The flagellum sometimes had
fine projections on its surface (Fig. 4N), and was
13.1 £ 5.8 (6.4-37.7) um long {(n=30), with the ratio
between the length of the flagellum and cell 2.9 + 0.8.
The rhizostyle was short and inconspicuous (Fig. 40). The
nucleus was rounded without visible internal structure
(Fig. 4F—H). Cysts were not observed.

Living cells of strain IND8MA were amoeboid or elon-
gated, with a fasciculate uroid (Fig. 5A, B) or uroidal fila-
ments (Fig. 5C, D) in the posterior part. Swimming cells
were occasionally observed (Fig. 5A, B), but their move-
ment was not as fast and jerky as in the cells described
previously (Ptackova et al. 2013). Amoeboid and crawling
cells predominated over swimming cells. A single flagel-
lum was present; the nucleus was usually situated in the
central part of the cell, behind the anterior hyaline zone
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Figure 2 Light-microscopical morphology of Rhizomastix vacuolata
sp. nov. strain GOL1. A, €, D. Gliding cells. B, G. Crawling cells. E.
Binucleated cyst. F. Swimming cell. H-J. Protargol-stained cells. Scale
bar in (G, J) = 10 pm. DIC {A-G) or bright field (H-J). P — small pseu-
dopodia; U — fasciculate uroid; ¥ — vacuocle.

(not shown). The rhizostyle was sometimes visible in living
cells (Fig. 5B). Filose pseudopedia were often formed in
the anterior part of elongated cells (Fig. 5C) or around the
whole surface in amoeboid cells (Fig. 5E-H). Protargol-
stained preparations were not examined.

Rhizomastix varia sp. nov.

Crawling cells of the strain FBAN were often amoeboid,
and rarely elongated. They were 11.4 £+ 3.5 {7.0-19.3) um
long and 5.2 + 1.3 (3.0-8.9) um wide, with length/width
ratio 2.4 + 1.2 (n = 30), and usually had a single flagellum,
which was 129 + 3.1 (5.1-21.4) um long (n=30). The
ratio between flagellar and cell length was 1.2 & 0.4. Cells
moved very slowly, often using anterior pseudopodia
(Fig. 6A-G, |-L). Many spiny filopodia were formed over
the surface of the cell during amoeboid movement
(Fig. 6A-E, G, J, L). Movement appeared undirected, and
the single flagellum was not anchored at a fixed point but
moved fluently around the cell. Amoeboid cells attached
to the substrate by well-developed ramified pseudopodia
(Fig. 8K). The flagellum arose from a hyaline neck; it was
inconspicuous, short and thick, without distinctive move-
ment; it did not beat but flopped (Fig. 6D, G, J, L). The rhi-
zostyle was not visible. The cells possessed a single
nucleus, oriented anteriorly, or in the central part of the
cell behind a relatively indistinct hyaline zone. Actively
swimming cells were relatively common in fresh cultures
(Fig. 6H), but were very rare after the strain had been in
culture for several years. They were elongated, without
any conspicuous pseudopodia, and showed the typical

Zadrobilkové et al.
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Figure 3 Light-microscopical morphology of Rhizomastix elongata sp.
nov. strain VAVRH. A. Extremely long and thin swimming cell. B.
Elongated gliding cell €. Binucleated cyst. D. Elongated swimming
cell. E. Crawling cell. F-J. Protargolstained cells. Scale bar in (E,
J) =10 um. DIC (A-E) or bright field (F-J). Rh — rhizostyle.

quick and jerky movement of Rhizomastix. Cysts were not
observed.

Protargol-stained cells were elongated, sometimes with
fine pseudopodia around the anterior end of the cell
(Fig. 6N). The cells were 4.6 + 1.7 (2.8-8.8) pm long and
27+ 0.5 (1.4-36) um waide, with length/width ratio
1.8 = 0.9 (n = 30). The flagellum was 10.1 £+ 3.0(5.5-17.7)
um long (n = 30), and the ratio between flagellar and cell
length was 2.4 + 1.0. The rhizostyle was clearly visible and
extended from the base of the flagellum to the posterior
end of the cell (Fig. 6BM, N). The flagellum was thick and
appeared to be covered by short, fine projections (Fig. 6M-
Q), which may be consistent with the paraflagellar vanes
seen in R. libera (Ptackova et al. 2013). The internal struc-
ture of the nucleus was not discernible (Fig. 6M-0). Cysts
were not observed under light microscope.

Transmission electron microscopy of R. elongata sp.
nov.

Transmission electron microscopy showed elongated cells
with a flagellum, microtubular flagellar apparatus com-
posed of a rhizostyle and two microtubular roots, a
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Figure 4 Light-microscopical morphology of Rhizomastix libera strain
OLBBAN. A-E, G, H, J. Crawling cells. F, I, K, L. Gliding cells. M-0.
Protargol-stained cells. Scale bar in (L, O) = 10 pm. DIC (A-L) or bright
field (M-0O). Rh — rhizostyle.

Figure 5 Light-microscopical morphology of Rhizomastix libera strain
IND8. A, B. Swimming cells. G, D. Gliding cells. E-H. Crawling cells.
Scale bar = 10 pum. DIC (A-H).

Diversity of Rhizomastix (Amoebozoa: Archamoebae)
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Figure 6 Light-microscopical morphology of Rhizomastix varia sp.
nov. strain FBAN. A-C, F. Gliding cells. D, E, G, I-L. Crawling cells. H.
Elongated swimming cell. M-0. Protargol-stained cells. Scale bar in
H, ©) =10 pm. DIC [A-L) or bright field (M-O). Arrow shows fine
projections on the surface of the flagellum.

nucleus with a highly characteristic membrane structure,
food vacuoles and endoplasmic reticulum. The longitudinal
axis of the cell is defined as running from the apical flagel-
lar apparatus through the nucleus; and the large flagellar
root is defined as running laterally to the right.

In axial longitudinal sections (Fig. 7A), the body was
elongated but amoeboid, with no theca or cytoskeletal
structures supporting the cell membrane. There was a
posterior or central nucleus, which had electron-dense
chromatin distributed through it, and a central nucleolus
(Fig. 7B, C). The nuclear envelope showed a characteristic
pocket or loop structure, anteriorly, which was present in
all cells examined (Fig. 7B, C; 8B-E); the nuclear envelope
was closely surrounded by a single layer of endoplasmic
reticulum, which also surrounded both sides of the loop
structure. Stacked endoplasmic reticulum was present
posteriorly in the cell (Fig. 7C, F). The cytoplasm contained
food vacucles (Fig. 7A, C); and small, cylindrical, electron-
dense, double-membrane-bound organelles (Fig. 7E; 8A,
E), about 250 nm long and 50 nm in diameter, characteris-
tic of mitochondrial remnant organelles seen in other
Archamoebae. Cysts were present (Fig. 7D) and contained
remnants of the flagellar apparatus.
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The flagellar apparatus (Fig. 8A-K) consisted of a flagel-
lum, a single basal body, a flagellar root of nine micro-
tubules, a doublet flagellar root of two microtubules, and a
rhizostyle of 11 microtubules extending proximally into the
cell. The fine structure of the flagellar axoneme, transition
zone and basal body were not determined in detail. The
basal body was single in every cell observed, and
appeared to have a normal triplet structure (Fig. 8H). In
the transition zone, a transitional spiral similar to that seen
in Mastigamoeba sp. by Brugerolle {1991), and a transi-
tional cylinder, similar to those seen by Walker et al.
(2001), were both visible (Fig. 9).

The rhizostyle was a semi-circular root of eleven micro-
tubules, which initiated on either the bottom corner or
slightly below the bottom edge of the basal body
(Fig. 8H); it extended proximally from the base of the
basal body (Fig. 8A-F) surrounding electron-dense material

Figure 7 Ultrastructure of Rhizomastix elongata sp. nov. strain
VAVRH. A. Longitudinal section of the cell, showing single nucleus,
vacuoles, and flagellar apparatus with rhizostyle. B. Nucleus with
nuclear pocket. €. Section through cell, showing the nucleus with the
central nucleolus and nuclear loop. D. Cyst with the cyst wall. Arrow
shows remnant of the flagellar apparatus. E. Mitochondrion-related
organelle. F. Detail of the endoplasmic reticulum. ER = endoplasmic
reticulum;  Fl = flagellum; N = nucleus; Rh =rhizostyle. Scale bar
2 um for {A), 600 nm for (B), 1 um for (C, EJ, 1.25 um for (D), 260 nm
for (F).
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for the first ca. 150 nm (Fig. 81-K), and then for ca. 1 um
enclosed vesicles that were ultrastructurally similar to aci-
docalcisomes (Fig. 8A, D, F). The rhizostyle extended pos-
teriorly into the cell, tapering sharply at its endpoint
(Fig. 8A), with five microtubules being the fewest seen
(Fig. BG). In each of the rhizostyle and the flagellar root,
the microtubules appeared to be interconnected by fine
fibrils (Fig. 8H-K). Similar fine fibrils joined the micro-
tubules of the rhizostyle to the basal body (Fig. 8H), and
the microtubules of both the rhizostyle and the flagellar
root to the electron-dense material below the basal body
(Fig. 8l). Further serial sectioning would be required to
show how far along the rhizostyle or root the fibrils
extend.

A root of nine microtubules emerged laterally from the
side of the basal body and extended posteriorly into the
cell, initially close to the rhizostyle but posteriorly more
separate from it (Fig. 8A-F, I-K). A second root of two
microtubules (the “doublet root”) emerged at the base of
the basal body (Fig. 8J, K) and extended posteriorly into

Figure 8 Ulrastructure of Rhizomastix elongata sp. nov. strain
VAVRH. A. Compound of two pictures showing flagellar apparatus
with the flagellum, rhizostyle and flagellar root. The join between the
two pictures is shown with white arrows. B-F. Serial longitudinal sec-
tioning through the flagellar apparatus, showing mutual position of the
flagellum, basal body, rhizostyle and two flagellar roots. G. Sec-
tion through the rhizostyle along the cell. H-K. Serial transversal sec-
tioning through the flagellar apparatus, showing mutual position of the
basal body, rhizostyle and two flagellar roots. Ac = acidocalcisome-like
body; BB = basal body; DR =doublet root; FR = flagellar root;
MRO = mitochondrion-related organelle; N = nucleus; Bh = rhizostyle.
Scale bar 1 pym for {A-G), 500 nm for (H-K).
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Figure 9 Transition zone structures in Rhizomastix elongata. A. Transi-
tion zone spiral {arrowheads) within the nine microtubular doublets of
the axoneme, similar to that seen in Mastigamoeba sp. (Brugerclle
1991). B. Transition zone cylinder {upper and lower edges shown with
arrowheads), similar to that seen previously in Mastigamoeba and Mas-
tigella (Walker et al. 2001). Scale bar 200 nm for {A), 300 nm for (B).

the cell, enclosed by the rhizostyle, sometimes appearing
as a “central pair” as would be seen in a hypothetically
inverted flagellum. Its endpoint was not determined.

Phylogenetic analyses

We determined the SSU rBNA gene seguences of six
strains belonging to four Rhizomastix species. The phylo-
genetic tree of Amoebozoa as inferred from SSU rRNA
gene seqguences is shown in Fig. 10. Archamoebae were
robustly monophyletic. Four main Archamoebae lineages,
Mastigamoebidae, Pelomyxidae, Rhizomastixidae and
Entamoebidae, which had been identified in previous stud-
ies (Ptackova et al. 2013: Zadrohilkova et al. 2015), were
recovered and statistically supported (99/1; 92/1; 91/1;
100/1). Rhizomastixidae formed a sister branch of Enta-
moebidae with medium support (79/1). Mastigamoebidae
and Pelomyxidae appeared closely related, but the rela-
tionship was unsupported. Rhizomastix, the only genus of
Rhizomastixidae, split into two robust clades. The first one
comprised three strains of A. libera and an uncultured
eukaryote (GenBank sequence GU921236). Strains
BOTANKA and OLBBAN were closely related; the type
strain of R. libera, IND8MA, was closely related to the
uncultured eukaryote indicating that the latter belongs to
this species as well. The second lineage of Rhizomastix
consisted of R. elongata sp. nov., A. bicoronata sp. nov.,
and R. vacuolata sp. nov. Two strains of A. vacuolata sp.
nov. formed a clade, which was closely related to
R. bicoronata sp. nov.

We also determined the actin gene sequences of six
strains belonging to four Rhizomastix species. The

Diversity of Rhizomastix (Amoebozoa: Archamoebae)

phylogenetic tree of Amoebozoa as inferred from actin
gene sequences is shown in Fig. 11. Although Archamoe-
bae formed a clade, its monophyly was unsupported, simi-
larly to our previous study (Zadrobilkova et al. 2015).
Pelomyxidae (Pelomyxa + Mastigella) formed a robust
clade. Mastigamoebidae A (Mastigamoeba balamuthi) and
B (M. abducta, Mastigamoeba sp.) did not form a common
clade. Instead, the latter was closely related to Entamoeba,
though without any statistical support. Genus Rhizomastix
appeared monophyletic, but without support.  Two
sequences of strain FBAN Rhizomastix varia sp. nov.
formed an unsupported clade that was sister to the rest of
Rhizomastix. Four strains of R. libera formed a clade that
was statistically supported in the maximum-likelihood anal-
ysis, but not in the Bayesian analysis. Rhizomastix bicoro-
nata sp. nov. was closely related to R. elongata sp. nov.
Despite some clones of the actin gene of R. elongata sp.
nov. forming relatively long branches, all sequences
belonging to this species formed a well-supported clade.

DISCUSSION

Species diversity in the genus Rhizomastix

Prior to this study, eleven Rhizomastix species, both free-
living and endobiotic, had been described. The endobiotic
species were isolated from insects, namely crane flies,
cockroaches and mole crickets (R. dastagiri, R. gracilis,
A. gryllotalpae, R. murthii, R. periplanetae) (Bhaskar Rao
1963, 1970; Ludwig 1946; Mackinnon 1913; Mali et al.
2002; Sultana 1976), amphibians (R. biflagellata, R. gracilis,
R. ranae) (Alexeieff 1911; Cepicka 2011; Jiménez et al.
2001; Krishnamurthy 1969) and reptiles (R. scincorum)
(Bovee and Telford 1962; Cavalier-Smith and Scoble
2013). Rhizomastix hominis was isolated from human fae-
ces (Yakimoff and Kolpakoff 1921). Two species, R. bore-
alis and AR. flbera, were obtained from freshwater
environments and are considered freeliving (Ptackova
et al. 2013; Zhang and Yang 1990). Most species descrip-
tions were based almost exclusively on the morphology of
stained cells, and the morphology of living organisms was
neglected. The exceptions are the two cultured species,
A. biflagellata and R. libera, whose living cells were
observed for a long period (Cepicka 2011; Ptackova et al.
2013). Moreover, all species except for R. gracilis were
isolated only once and have not been reported again after
the original description. Rhizomastix species differ mor-
phologically from each other in cell shape and size, length
of the flagellum, and thickness and length of the rhi-
zostyle.

Rhizomastix gracilis was originally described by Alex-
eieff (1911) from an axolotl. Later, the species was
reported from larvae of crane flies (Ludwig 1946; Mackin-
non 1913). Rhizomastix gracilis thus has the broadest host
range within the genus. However, Alexeieff's and Mackin-
non's descriptions of trophozoites of R. gracilis were
rather brief, and it is difficult to compare them with other
studies. Nevertheless, based on our observations of
Rhizomastix, we believe that the organism observed by
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Ludwig (1946} is different from R. gracilis—it was much
more elongated and the flagellum and rhizostyle were
shorter relative to the cell body—and consider it a sepa-
rate species, here described as Rhizomastix tipulae sp.
nov. The species identity of the organism cbserved by
Mackinnon (1913) remains uncertain, and it is thus impos-
sible to assess the true host range of R. gracilis.

In this study, we have cultured nine new strains of Rhi-
zomastix. Three of them were endobiotic, being isolated
from beetle larvae and a millipede. Five strains were isolated
from freshwater sediments, and a single strain was isolated
from a cesspit. Based on the presence of rhizostyle, typical
jerky moverment and phylogenetic position the strains were
assigned to the genus Rhizomastix. After careful examination
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of the morphology, we conclude that the majority of them
represent novel, morphologically distinct species.

The distinguishing feature of Rhizomastix bicoronata sp.
nov. are the conical pseudopodia present at both ends of
the cell body of swimming cells. The presence of pseu-
dopodia was briefly mentioned in descriptions of some
species (Bhaskar Rao 1963; Bovee and Telford 1962;
Cepicka 2011; Krishnamurthy 1969; Ptackova et al. 2013),
but they were usually present only on crawling cells and
have never been reported to be thick and conical. In addi-
tion, the pseudopodia of R. bicoronata sp. nov. are
uniguely arranged in crown-like patterns, a feature not
reported in any Rhizomastix species.

Rhizomastix vacuolata sp. nov. from the larvae of a
Goliath beetle is morphologically most similar to R. murthi
isolated from a cockroach Periplaneta americana by Mali
et al. {2002). Both species are ovoid with the flagellum
being approximately twice as long as the cell body. How-
ever, the cells of R. vacuolata sp. nov. are considerably
smaller than that of R. murthif (3-9 um long vs. 7-16 um),
and the rhizostyle is almost invisible in stained cells of the
new species, whereas it was reported to be delicate but
clearly visible in R. murthii. The cells of A. vacuolata sp.
nov. also appear much more vacuolated than the cells of
the other Rhizomastix species.

The only available strain of R. elongata sp. nov. was Iso-
lated from organic sediment of an abandoned cesspit. Its
phylogenetic affinity supports the possibility that it is, in
fact, endobiotic (with unknown host) or that it has
reverted recently from an endobiotic to a coprozoic/free-
living lifestyle. As R. elongata sp. nov. thrives in culture
media for endobiotic protists, and it is closely related to
the clade of endobiotic species of Rhizomastix, the former
alternative seems to be more probable. As larvae of hover-
flies and numerous mosquitoes did have contact with the
cesspit, but no vertebrate hosts had access into it, it is
possible, that the natural habitat of this species may be
the intestine of an insect. Rhizomastix elongata sp. nov.
differs morphologically from R. hominis isolated from
human faeces by Yakimoff and Kolpakoff {1921). Its cells
are larger {20-38 um vs. 12-15 um in living conditions)
and much more elongated. Also, the movement of the
new species is much faster. Rhizomastix elongata sp.
nov. is morphologically most similar to R. tipulae sp. nov.
(see above); the cells of both species are markedly elon-
gated. However, the rhizostyle of A elongata extends
beyond the nucleus, whereas in A. tipulae sp. nov. it is
often limited to the prenuclear part of the cell. The cells of
R. elongata sp. nov. are considerably longer than the cells
of R. tipulae sp. nov.—the elongated ones are almost
always longer than 10 um when stained, whereas Ludwig
(1946) reported 3.7-10 um for the latter species (the sta-
ted sizes of cells, however, do not correspond with the
bar in Plate | in Ludwig 1946). The nucleus of R. elongata
sp. nov. is situated more anteriorly (usually in the anterior
half of the cell) than that in R. tipulae sp. nov. (which is in
the middle of the celll. Rhizomastix elongata sp. nov. dif-
fers markedly from both free-living species, A. libera and
R. borealis, in both cell shape and diameter.

Zadrobilkové et al.

Strain OLBBAN was assigned to A. libera, although it is
much more amoeboid than the type strain (IND8MA) as
reported by Ptéckova et al. (2013). In order to compare
the morphology of the two strains in detail, we examined
strain INDBMA again and realized that its morphology has
changed slightly since its original description, which is
characteristic of cells kept in continuous culture for some
years. Currently, amoeboid cells predominate in the cul-
ture of INDSMA, similarly to OLBBAN. Rhizomastix libera
is now represented by five cultured strains isolated from
India (Ptackova et al. 2013) and various European coun-
tries (this paper), and a single environmental seguence
GU921236 obtained from activated sludge. It seems that
this species is widespread and common in freshwater
environments.

Rhizomastix varia sp. nov. was isolated from an environ-
ment similar to A. libera, and their overall morphology is
similar, but the two species differ in some aspects. The
cells of A. varia sp. nov. produce multiple pseudopodia all
over the surface, and the flagellar base does not occupy a
stable position and moves freely around the cell body. In
addition, the flagellum does not beat as frequently as in
R. libera, only flopping very slowly. The existence of
R. varia sp. nov. as a species separate from A. libera is
further supported by our actin gene analysis. Rhizomastix
varia sp. nov. also differs in its morphology from another
Rhizomastix species isolated from freshwater sediment,
Rhizomastix borealis. This species does not display any of
the features mentioned above.

Phylogeny of Rhizomastix and origin of parasitism
within Archamoebae

The phylogenetic position of the genus Rhizomastix has
long been uncertain, and several incompatible hypotheses
were formulated on the basis of light-microscopic mor-
phology in the first half of the 20th century (see Cepicka
2011). Considering the fact that members of the genus
Rhizomastix are intestinal symbionts of various animals,
the first sequence data of this genus became available
surprisingly recently (Ptackové et al. 2013). SSU rRNA
gene analysis of a single species, A. libera, clearly showed
that Rhizomastix is an archamoeba. A similar result was
obtained by subsequent analysis of the actin gene, includ-
ing the same Rhizomastix species, though relationships
within the archamoebae as well as its monophyly were
generally unsupported (Zadrobilkové et al. 2015). Impor-
tantly, Ptackova et al. (2013) showed that Rhizomastix
might be a close relative of the parasitic genus Enta-
moeba, though the statistical support for this interpreta-
tion was low. Another interesting aspect of Rhizomastix is
that it comprises both endobiotic and free-living species.
As data have only been available from a free-living species
prior to this study, it could not hitherto be excluded that
free-living Rhizomastix species are not specifically related
to the endobiotic ones, i.e. that the genus is nonmono-
phyletic. Here, we have added four additional Rhizomastix
species into the phylogenetic analysis. The results of SSU
rRNA gene analysis strongly suggest that Rhizomastix
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indeed is monophyletic. Our data also support a close rela-
tionship between Rhizomastix and Entamoeba. The sister
relationship seems to be supported by similar nuclear
ultrastructure. In both genera, the cells often have nuclei
possessing a central nucleolus and peripheral chromatin
granules. However, it is worth noting that a similar
arrangement of heterochromatin has also been observed
in Mastigella rubiformis and P. schiedti (Zadrobilkova et al.
2015). It is almost certain that phylogenetic relationships
between the main lineages of archamoebae cannot be sat-
isfactorily elucidated by a single-gene analysis.

The genus Rhizomastix splits into two lineages in SSU
rRNA gene analysis. The first one is comprised of endobi-
otic (R. bicoronata sp. nov., R. vacuolata sp. nov.) or possi-
bly endobiotic (R. elongata sp. nov.) species, while the
other one contains the free-living species R. libera. The
actin gene tree, although generally unresolved, strongly
supports the existence of these two lineages. Unfortu-
nately, the phylogenetic position of R. varia sp. nov,
another very likely free-living species, was not elucidated
by the actin gene analysis, and we were unable to amplify
its SSU rRNA gene. Nevertheless, the actin gene analysis
supports the distinctiveness of A. libera and R. varia sp.
nov. as suggested by light-microscopical morphology (see
above).

Based on molecular phylogenetic results, the endobiotic
lifestyle has arisen at least two times independently within
the Archamoebae: (1) In the last common ancestor of
Entamoeba + Rhizomastix. (2) In the last common ances-
tor of Endolimax and lodamoeba. However, further clarifi-
cation is needed on several points before the number of
endobiotic taxa/origins of parasitism in the Archamoebae
can be stated with confidence: (i) whether Rhizomastix
really is the closest relative of Entamoeba, (i) whether Tri-
cholimax hylae, Endamoeba spp., and Mastigella bovis,
whose sequence data are currently unavailable, are either
closely related to one of the two endobiotic lineages or
are not archamoebae at all, and {iii) whether at least R. lib-
era and maybe R. varia sp. nov. as well are secondarily
free-living, similarly to Entamoeba moshkovskii. If any of
(i-iii) is invalid, it would mean that the endaobiotic lifestyle
of archamoebae arose more than two times indepen-
dently. Further data are required before a robust hypothe-
sis can be tested.

Peculiarities in ultrastructure of R. elongata sp. nov

So far, only a single Rhizomastix species (the free-living A.
libera) has been studied by means of transmission elec-
tron microscopy (Ptackové et al. 2013). It was shown that
R. libera has a unique ultrastructure among flagellated
archamoebae, because the microtubular cone seen in
other archamoebae has been madified into a rhizostyle, a
relatively thin bundle of microtubules that winds around
the nucleus and extends posteriorly to it (Ptackové et al.
2013). A lateral microtubular root arising from the edge of
the basal body and running laterally into the cell was also
observed in R. libera (Ptackové et al. 2013). A diagram-
matic summary of current knowledge of the ultrastructure

Diversity of Rhizomastix (Amoebozoa: Archamoebae)

of R. libera is presented in Fig. 12A, and of R. elongata in
Fig. 12B.

The flagellar cytoskeleton of R. elongata sp. nov. pre-
sented here is very similar to, but slightly different from
that described previously in R. libera. The rhizostyle of A.
elongata sp. nov. does not appear to wind around the
nucleus; and it is composed of eleven rather than 13-15
microtubules as seen in A. libera. Both species have elec-
tron-dense material in the centre of the rhizostyle close to
the basal body, but acidocalcisome-like structures have
only been seen in A. elongata sp. nov. Both species show
the rhizostyle initially being arranged as a semicircle as it
arises from the basal body, and more proximally being a
circle, though this is more pronounced in R. libera.

In A. elongata sp. nov., the large root of nine micro-
tubules arising from the proximal edge of the basal body,
and extending proximally, is likely to be homologous to
the laterally emerging and extending flagellar root of eight
microtubules seen in R. libera (Ptackova et al. 2013) and
in other archamoebae (Walker et al. 2001; inter alia). The
doublet root has not previously been described in A. libera
or other archamoebae. A microtubular doublet was
observed within the rhizostyle of R. libera and this may be
homologous to the doublet root of R. elongata sp. nowv.:
more detailed description of the mastigont system is
required in both species. The hypothesis that rhizostyle
could fix the position of the nucleus in the central part of
the cell was raised by Cepicka (2011). Subseguently, the
possibility that the rhizostyle functions as an anchor of
the basal body was discussed (Ptackova et al. 2013). As
the cells of R. elongata sp. nov. are very thin and

Figure 12 Diagrammatic interpretations of ultrastructure in {(A) Rhi-
zomastix libera and (B) FRhizomastix elongata. Bb = basal body;
DR = doublet microtubular root; Fl = flagellum; FV = flagellar vane;
MR = lateral microtubular  root; N = nucleus;  Rh = rhizostyle;
TC = transition zone cylinder; TS = transition zone spiral.
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extremely long in comparison with previously reported
species {see table 1 in Mali et al. 2002) and, in addition,
R. elongata sp. nov. moves very quickly and jerkily, these
two roots with the rhizostyle may anchor both the flagel-
lum and the nucleus, using the anterior part of the cell as
a fulerum during cell motion.

Vesicles that closely resemble acidocalcisomes are pre-
sent mostly near the flagellar base, enclosed by the rhi-
zostyle. Acidocalcisomes were originally  defined in
trypanosomes, but have subsequently been found in
diverse organisms (e.g. bacteria, parasitic protists) where
they function in storage of pyrophosphates, polyphos-
phates and cations, and potentially have a role in pH
homoeostasis and osmoregulation (Docampo and Moreno
2011; Moreno and Docampo 2009; Seufferheld et al.
2003, 2004; Vercesi et al. 1994). Similar unspecified orga-
nelles have previously been observed in the mastigont of
Mastigamoeba simplex (Walker et al. 2001) but were not
detected in R. libera (Ptackovéa et al. 2013). In contrast to
the vesicles in M. simplex and R. elongata sp. nov. the
acidocalcisomes of other eukaryotic organisms are dis-
tributed randomly through the whole cell (Docampo and
Moreno 2011; Moreno and Docampo 2009). The location
of vesicles near the flagellar apparatus might indicate their
possible function in flagellar movement or flagellar appara-
tus formation, as an energy source for replacing ATP.

Nuclear pocket or loop structures were observed in all
cells where the nucleus was fully sectioned (Fig. 7B, C;
8B-E). To the best of our knowledge, similar nuclear pro-
jections have been frequently observed in lymphocytic dis-
eases in man and diverse mammals (Ghadially 1988), but
they have not been observed in protists, particularly not in
R. libera. The invagination of nuclear membrane can occur
in protists during nuclear division (Sun and Bowen 1972;
Wustman et al. 2004), however, the structures in A. elon-
gata sp. nov. do not appear to have any temporal connec-
tion with cell division. Moreover they are morphologically
different forming a fold or curled cleft, often with a fused
margin. The nuclear pockets are bounded by bands of
chromatin, and always enclose cytoplasmic material. In an
experimental study on yeast it was shown that depletion
of nucleoporin Nup170p plays a key role in the formation
of nuclear pore complexes and causes some damage to
the nucleus (Makio et al. 2009). This phenatype somehow
resembles the nuclear pockets in R. elongata sp. nov., but
they do not look as similar as the projections in cells
affected by lymphocytic diseases (Ghadially 1988; Makio
et al. 2009).

Cylindrical or rounded electron-dense structures that
might be mitochondrion-related organelles were present in
cytoplasm of R. elongata sp. nov. Double membranes sur-
rounding the organelles were sometimes visible. Although
their shape is not extremely similar to that of the mito-
some-like organelles found in A. libera, their size is similar
(Ptackova et al. 2013). It has previously been shown that
energetic metabolism of mitochondrion-related organelles
is diverse in diverse species of Archamoebae, and the
organelles thus have been characterized as mitosomes or
hydrogenosome-like organelles (Chan et al. 2005; Clark

Zadrobilkové et al.

and Roger 1995; Ghosh et al. 2000; Gill et al. 2007; Leon-
Avila and Tovar 2004; Mai et al. 1999; Mi-ichi et al. 2011;
Nyvitovéa et al. 2013; Tovar et al. 1999). Presumable mito-
chondrial derivatives discovered in Rhizomastix species
have more similar dimensions to those of parasitic £. his-
tolytica than to those of free-living Archamoebae: there-
fore we tentatively assume that these organelles are
mitosomes.

TAXONOMIC SUMMARY

Amoebozoa: Archamoebae: Rhizomastixidae Ptackova,
Kostygov, Chistyakova, Falteisek, Frolov, Patterson,
Walker & Cepicka, 2013: Rhizomastix Alexeieff, 1911

Rhizomastix bicoronata sp. nov

ZooBank registration: urn:lsid:zoobank.org:act:BBC88FBD-
CB98-4C56-9998-C8BBD0762125

Diagnosis. Trophozoites uninucleated, with a single flag-
ellum or aflagellated. Rhizostyle runs beyond the nucleus.
Swimming cells typically with conical pseudopodia at both
ends arranged in a crown-like pattern. Living trophozoites
ca. 16.9 (14.1-25) um long and 5.2 (3.8-7.8) um wide,
with the flagellum ca. 25.6 (15.6-39.1) um long. Protar-
gol-stained trophozoites 9.3 (6.1-18.3) um long and 6.3
(4.4-8.5) um wide with the flagellum 156 (5.9-27.1) um
long.

Type locality. Members of the millipede order Spirostrep-
tida naturally occur in Africa, Asia, Australia, and America.
The type host specimen was kept in Prague, Czech
Republic.

Type host. Unidentified member of the order Spirostrep-
tida (Diplopoda: Juliformia).

Habitat. Lower intestine.

Holotype. Protargol-stained cell of the strain VELKA1
depicted in Fig. 11. The preparation containing the cell is
deposited in the collection at the Department of Para-
sitology, Charles University in Prague, catalogue number
6/83.

Etymology. L. fem. adj. bicoronata—with two crowns.

Rhizomastix vacuolata sp. nov

ZooBank registration: urn:lsid:zoobank.org:act:AC48F854-
600C-497F-B314-C297F5B20F1F

Diagnosis. Trophozoites uninucleated, with a single flagel-
lum or aflagellated. Rhizostyle not visible. Crawling cells
amoeboid with multiple small pseudopedia around the
body. Swimming cells rare. Cytoplasm highly vacuolated.
Living trophozoites 14.7 (10.6-21.2) um long and 7.4 (4.1-
14.0) um wide with the flagellum 19.5 (7.7-31.1) um long.
Protargol-stained cells 6.7 (2.5-8.7) um long and 5.6 (2.7
8.2) um wide with the flagellum 14.2 (6.5-27.1) um long.
Type locality. Members of genus Goliathus goliatus natu-
rally occurs in eguatorial Africa. The type host specimen
was kept in Prague, Czech Republic.

Type host. larva of Goliathus goliatus
Scarabaeidae: Cetoniinae)

(Coleoptera:
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Habitat. Lower intestine.

Hapantotype. Protargol preparations of the strain GOL1,
deposited in the collection at the Department of Parasitol-
ogy, Charles University in Prague, catalogue numbers 10/
15-10/17, 10/84-10/87, 12/24, and 12/25.

Etymology. L. fem. ad]. vacuolata—vacuolated.

Rhizomastix tipulae sp. nov

ZooBank registration: urn:lsid:zoobank.org:act:CBE4EED2-
D323-40CE-B9C8-45F951 EAED4B

Diagnosis. Trophozoites uninucleated, with a single flagel-
lum. Cells elongated, rounded or amoeboid. Cytoplasm
finely granular. Rhizostyle extends posteriorly beyond the
nucleus. Cells stained with Heidenhain's haematoxylin 7.5
(3.7-10.0) pm long and 2.5 (2.0-4.0) um wide with the
flagellum at least twice the length of the body.

Type locality. Chester, Delaware, and Montgomery coun-
ties, Pennsylvania, USA.

Type host. larva of Tipula abdominalis (Diptera: Tipulidae).
Habitat. Lower intestine.

Holotype. Cell depicted in fig. 5 in Ludwig (1946).
Etymology. L. fem. ad]. tipulae—from a crane fly.

Rhizomastix elongata sp. nov

ZooBank registration: urn:lsid:zoobank.org:act: 45983020~
73FC-4774-ABOF-1525AB26B44B

Diagnosis. Trophozoites uninucleated, with a single flagel-
lum or aflagellated. Rhizostyle ends approximately in the
anterior or central part of the cell or runs behind the
nucleus. Movement fast and jerky. Swimming cells extre-
mely elongated and very thin, 27.6 (19.7-37.8) um long
and 3.2 (2.2-4.0) pm wide with flagellum 15.1 {10.1-19.5)
um long. Protargol-stained trophozoites 9.9 (4.4-18.0) um
long and 3.2 (1.2-6.5) pm wide with flagellum 15.8 (9.6
24.3) um long.

Type locality. Vejvanov-Pajzov, Czech Republic. 49°571'N,
13°39'E.

Habitat. Organic-rich sediment of a disused cesspit.
Hapantotype. Protargol preparations of the strain VAVRH,
deposited in the collection at the Department of Parasitol-
ogy, Charles University in Prague, catalogue numbers 10/
20-10/22 and 10/49-10/52.

Etymology. L. fem. adj. elongata—elongated.

Rhizomastix varia sp. nov

ZooBank registration: urn:lsid:zoobank.org:act:3A4E917D-
EED1-4CE9-814F-D12EA7BOCE52

Diagnosis. Trophozoites uninucleated, with a single flagel-
lum or aflagellated. Rhizostyle extends to the posterior
end of the cell. Movement slow. Crawling cells amoeboid
with multiple spiny pseudopodia. Swimming cells rarely
observed. Flagellum thick. Flagellar base moves fluently
around the cell. Living trophozoits 11.2 (5.7-19.8) um long
and 54 (3.0-8.9) um wide with the flagellum 14.3 (5.1-
30.5) um long. Protargol-stained cells 4.6 (2.8-10.5) um
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long and 2.9 (1.4-4.2) um wide with the flagellum 11.6
(5.4-37.7) um long.

Type locality. Ribeiro Frio, Madeira, Portugal. 32°44'N,
16'53'E.

Habitat. Freshwater sediment.

Hapantotype. Protargol preparations of the strain FBAN,
deposited in the collection at the Department of Parasitol-
ogy, Charles University in Prague, catalogue numbers 6/67
and 6/68.

Etymology. L. fem. adj. varia diverse, various, different.
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*Highlights

HIGHLIGHTS

7-gene phylogenetic analysis clearly resolves relationships within
Archamoebae

The endobiotic lifestyle appeared at least three times during the evolution of
the group

The bacterial nitrogen fixation system was present in the last common
ancestor of Archamoebae (LCAA)

Mitochondrial derivatives of the LCAA contained a sulfate activation pathway
Comparative ultrastructural analysis of Mastigamoebidae ,,A“ and ,,B* clades

Is presented.
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ABSTRACT

Archamoebae is an understudied group of anaerobic free-living or endobiotic protists that
constitutes the major anaerobic lineage of the supergroup Amoebozoa. Hitherto, the phylogeny
of Archamoebae was based solely on SSU rRNA and actin genes, which did not resolve
relationships among the main lineages of the group. Because of this uncertainty, several different
scenarios had been proposed for the phylogeny of the Archamoebae. In this study, we present the
first multigene phylogenetic analysis that includes members of Pelomyxidae, and
Rhizomastixidae. The analysis clearly shows that Mastigamoebidae, Pelomyxidae and
Rhizomastixidae form a clade of mostly free-living, amoeboid flagellates, here called
Pelobiontida. The predominantly endobiotic and aflagellated Entamoebidae represents a
separate, deep-branching lineage, Entamoebida. Therefore, two unique evolutionary events,
horizontal transfer of the nitrogen fixation system from bacteria and transfer of the sulfate
activation pathway to mitochondrial derivatives, predate the radiation of recent lineages of
Archamoebae. The endobiotic lifestyle has arisen at least three times independently during the
evolution of the group. We also present new ultrastructural data that clarifies the primary
divergence among the family Mastigamoebidae which had previously been inferred from

phylogenetic analyses based on SSU rDNA.

KEYWORDS
Conosa, Pelobiontida, evolution of parasitism, nitrogen fixation system, flagellar apparatus,

classification

1. INTRODUCTION

Archamoebae is a group of anaerobic amoeboid flagellates and amoebae. It was originally
created to unite two groups of previously-known, presumptively primarily-amitochondriate,
amoeboid protists — pelobionts and Entamoebae (Cavalier-Smith, 1983). Subsequently, remnants
of mitochondria were reported from several of its species (e.g. Clark and Roger, 1995; Tovar et
al., 1999; Walker et al., 2001; Gill et al., 2007; Ptackovd ef al., 2013, Zadrobilkova et al. 2015a).
Using ultrastructural and molecular data, a close relationship between Archamoebae and
mycetozoan slime moulds (grouping together with some other taxa as Conosa) has been

hypothesised and discussed (Cavalier-Smith, 1998, 2013; Walker er al., 2001; Cavalier-Smith et
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al., 2004); and the relationship has been strongly supported in recent multigene analyses
(Cavalier-Smith ef al., 2015). Very few other possibly anaerobic species (Vannella peregrinia,
Flamella citrensis) have been described within the supergroup Amoebozoa so far (Bovee, 1956;
Smirnov and Fenchel, 1996), so Archamoebae constitutes the major anaerobic lineage of
Amoebozoa.

Currently, Archamoebae comprises approximately 450 nominal species, distributed among
five families — Entamoebidae, Pelomyxidae, Mastigamoebidae, Tricholimacidae, and
Rhizomastixidae. Most described species are free-living, but the group also contains numerous
endobionts (more than 100 nominal species) including the prevalent and significant human
parasite Entamoeba histolytica, and other protists infecting humans (Clark ef al., 2006; Stensvold
etal., 2012).

In analyses of SSU rDNA, each of the four families containing more than a single species
appears robustly monophyletic; Tricholimacidae is monotypic and no molecular data exists for
Tricholimax hylae (Ptackova et al., 2013; Zadrobilkova et al., 2015; Zadrobilkova et al., in
press). Monophyly of Pelomyxidae (Mastigella + Pelomyxa) is further supported by actin gene
phylogeny (Zadrobilkova ef al., 2015). In SSU rDNA trees, family Mastigamoebidae splits into
two diverse, statistically well-supported clades, provisionally called Mastigamoebidae A and B
(Ptackova et al., 2013). The latter clade also contains the endobiotic and aflagellate genera
Todamoeba and Endolimax (Stensvold et al., 2012; Ptackova et al., 2013).

Nevertheless, relationships within the Archamoebae are currently unclear, because
neither actin nor SSU rDNA trees are able to resolve relationships between families (Cavalier-
Smith et al., 2004; Ptackova et al., 2013; Stensvold et al., 2012; Zadrobilkova et al., 2015;
Zadrobilkova et al., in press). Both Pelomyxa and Entamoeba form very long branches in SSU
rDNA trees, and their phylogenetic positions are probably affected by long-branch attraction
(Ptackova er al., 2013). Sequence data for use in multigene phylogenetic analyses was hitherto
available just for two lineages — Mastigamoeba balamuthi (Mastigamoebidae A) and Entamoeba
spp. (Entamoebidae). Morphology is also ambiguous as to relationships between families and
even genera, in the absence of heuristic arguments as to which characters are genuinely
taxonomically informative (discussed in Walker et al. 2001; c.f. the revised interpretation of the

placement of Mastigella in Ptackova ef al., 2015).
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Anaerobic mitochondrial derivatives (MROs) of two species, Entamoeba histolytica and
Mastigamoeba balamuthi, have been biochemically characterized. It was shown that MROs of
each species have a sulfate activation pathway, which is not present in any other known
mitochondria, and whose key enzyme (ATP sulfurylase) has been acquired laterally from
bacteria (Mi-Ichi ef al., 2011; Nyvltova et al., 2015). Moreover, both species possess an &-
proteobacterial nitrogen fixation system (NIF system), the only eukaryotes to do so. This system
has replaced the ancestral mitochondrial iron-sulfur cluster machinery (ISC machinery). It is
thought that the ISC machinery exports a sulfur-containing moiety from the mitochondrial matrix
to the cytoplasm, for use in cytoplasmic FeS protein biogenesis (CIA pathway). It has also been
shown that FeS cluster biogenesis is the only known function of yeast mitochondria that is
indispensable to cellular viability (see Lill, 2009). In both, M. balamuthi and E. histolytica, this
ancestral mitochondrial pathway has been lost and replaced by the NIF system, which is active
both in MROs and the cytosol of Mastigamoeba balamuthi, and in the cytosol of E. histolytica
(Nyvltova et al., 2013). As compared to MROs of E. histolytica, MROs of M. balamuthi
additionally contain a set of proteins typically involved in hydrogenosomal metabolism that
allows anaerobic acetyl CoA-dependent synthesis of ATP (Nyvltova ef al., 2015).

Here, we present the first multigene phylogenetic analysis that is based on seven protein-
coding genes and includes members of four families in the Archamoebae. Our results clearly
show that the predominantly endobiotic and parasitic family Entamoebidae represents a deep
lineage of Archamoebae (Entamoebida Cavalier-Smith, 1993), and the other three families form
the second clade of the group, the order Pelobiontida Page, 1976. Based on the results,
plesiomorphic features and convergent evolution within the Archamoebae is discussed. Using
transmission electron microscopy, we define the morphological characteristics of the two clades

that currently fall within Mastigamoebidae, “Mastigamoebidae A” and “B™.

2. MATERIAL AND METHODS

2.1.0rganisms and RNA extraction

Four examined strains (Mastigella eilhardi ATCC 50342, Rhizomastix libera INDS, R. elongata
VAVRH, and Masticamoeba abducta CHOM1) were grown in monogukaryotic cultures with
various unidentified bacteria, following previously published protocols (Ptackova et al., 2013;

Zadrobilkova et al., 2015; Zadrobilkova ef al., in press). Pelomyxa sp. was isolated directly from
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anaerobic sediment collected from a small freshwater farm pond outside of Fayetteville, AR,
USA in September, 2014.

Total RNA samples were extracted from 28 — 50 ml of the culture (2 ml of cell
suspension lying at the bottom of 10 ml of culture medium, in 15 ml Falcon tubes). Cells of
Mastigella eilhardi strain ATCC 50342 were filtered through a membrane filter with Sum pores
(Whatman, GE Healthcare Bio-Sciences, USA) to remove bacteria and centrifuged at 1,200 g for
10 minutes. Cells of other strains were centrifuged at 1,200 g for 10 minutes without the
filtration step. Total RN A was extracted from harvested cells using TriReagent Solution
(Ambion, USA) according the manufacturer’s instructions.

A single Pelomyxa sp. cell was transferred from a ~0.5ml drop of the anoxic suspension to a
fresh ~0.5ml drop of filter-sterilized natural spring water. Immediately the cell was processed as
follows. To remove any other contaminating eukaryotic cells, the Pelomyxa cell was
successively washed in five fresh aliquots of sterile spring water. Once free of any other potential
contaminating eukaryotes, the cell was picked up with a loop made from 32-gauge platinum
(https://youtu.be/nSZuTOZ0QyY) and transferred to a 200puL PCR tube containing cell lysis
buffer. Total RNA was extracted from Pelomyxa sp. using a modified version of Smart-seq2
(Picelli ef al., 2014) that includes an additional six rounds of a freeze thaw cycle to aid in cell

lysis in -80°C isopropanol and ~25°C H,0 respectively.

2.2.¢DNA libraries construction, sequencing, cluster assembly

mRNAs from all four examined strains were isolated by selection with Dynabeads Oligo(dT).s
(Invitrogen). [llumina sequencing libraries were prepared from mRNA (double polyA selection
in a case of INDS8 and triple polyA selection in a case of 50342, CHOMI1 and VAVRH strains)
using BIOO Scientific developed protocol NEXTflex RNA-Seq Kit and sequenced on
appropriate platform (MiSeq 150bp paired end for IND8 or HiSeq2000 100bp paired end for
50342, CHOMI1 and VAVRH strains). [llumina sequence read data were filtered based on
quality scores with the fastq_quality _filter program of FASTXTOOLS
(http:/hannonlab.cshl.edu/fastx _toolkit/), using a cut-off filter (a minimum 70% of bases must
have quality of 20 or greater). Filtered sequences were then assembled into clusters using the

INCHWORM assembler of the TRINITY package (Grabherr ef al., 2011).
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The resultant Pelomyxa sp. single cell cDNA generated from the SmartSeq-2 method was
fragmented using sonification in a Covaris S220 (Woburn, MA, USA) (set at Duty %: 10,
Intensity: 5, Burst Cycle: 200, Time: 30s, Mode: Frequency Sweeping). The fragmented cDNA
was used as the starting material for a DNA Illumina library generated using the NEBnext Ultra
DNA library construction kit (New England Biolabs, Boston, USA) following the
manufacturer’s protocol. The resultant [llumina library was pooled with four other libraries from
non-related protists from a different experiment (5-plex pool). The library pool was sequenced
using the MiSeq platform (300bp paired end reads). Reads were demultiplexed by the MiSeq.
Reads were trimmed to remove low-quality sequences using Trimmomatic v. 0.30 with a sliding
window of 10 nucleotides and a PHRED33 quality threshold of 25 (Bolger et al. 2014). The
quality trimmed reads were assembled using Trinity 2.0.4 (Grabherr et al. 2011). Open-reading
frames (ORFs) were predicted using TransDecoder (from the Trinity package) and translated to
protein sequences.

2.3 .Protein Data sets Construction and Gene Searching in ESTSs:

Single-gene protein datasets were based on datasets published by Panek er al. (2015) and
Cavalier-Smith ef al. (2014, 2015). In addition, we included also sequences of Phalansterium
solitarium (GenBank) and screened available ESTs of 11 amoebozoans deposited in MMETSP
(Keeling et al., 2014) classified as Mayorella sp. ATCC 50980, Sapocribrum chincoteaguense
ATCC 50979, Filamoeba nolandi ATCC 50430, Neoparamoeba aestuarina SoJaBio B1-5/56/2,
Paramoeba atlantica CCAP 1560/9, Pessonella sp. PRA-29, Stereomyxa ramosa ATCC 50982,
Trichosphaerium sp. ATCC 40318, Vannella robusta DIVA3 518/3/11/1/6, Vannella sp. DIVA3
517/6/12, and Vexillifera sp. DIVA3 564/2. Those ESTs were screened for previously published
gene orthologues of actin, a-tubulin, B-tubulin, cytosolic HSP70, cytosolic HSP90, EF-2, and
EF-1la genes using local BLAST (tBLASTN) in BioEdit 7.0.4.1. The tBLASTN hits were then
translated to amino acid residues. Those sequences as well as sequences from five archamoebae
obtained during this study were then added to the single-gene datasets and aligned with the help
of the MAFFT 7.221 server (http://mafft.cbre.jp/alignment/software/) at default settings, checked
and trimmed manually. No stop codons were observed in the coding regions. To test for
undetected paralogs or contaminants, we performed phylogenetic analyses of the single-gene
alignments (Supplementary Material S1). Newly obtained sequences are deposited as

Supplementary Material S2.
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Final single-gene alignments were concatenated into the multi-protein data set, which
contained 3585 aligned characters (amino acid residues) of seven genes, and is provided as
Supplementary Material S3. We did not include alpha-tubulin and beta-tubulin gene sequences
of Entamoeba invadens and E. histolytica in the final multi-protein dataset, since Entamoeba
tubulins formed extremely long branches in the single gene trees. This trimmed dataset contained
more than 3560 amino acid residues for all species of pelobionts excepting Pelomyxa, which was
represented by 1360 residues. Enfamoeba spp. was represented by 2615 and 2716 residues,
respectively.

2.4 Phylogenetic Analyses

The single-gene Maximum Likelihood trees (ML trees) were constructed in RAXxML 8.0.19
(Stamatakis and Ott, 2008) using PROTGAMMAILG or PROTGAMMAILGF model of the
sequence evolution with 10 ML tree searches and 500 non-parametric bootstrap replicates. The
best partitioning scheme for the multi-protein data set was estimated in PartitionFinder Protein
1.1.0 (Lanfear er ai., 2012) under the Bayesian Information Criterion with greedy searching. The
Best-scoring ML tree was found using 50 independent heuristic searches. Branch support was
estimated from 1000 non-parametric bootstrap replicates. Because RAxML is not equipped with
C-series models, we also ran IQ-TREE v. 1.3.3 (Nguyen ef al. 2015) on the multigene dataset.
The best-fitting model available under ML analyses as determined under the Akaike Information
Criterion was LG+G4+C60+F with class weights optimized from the dataset (using the
exchangeabilities from the LG Q-Matrix (LG+G4+FMIX {empirical C60pil...C60pi60}) (Wang,
et al. 2014). Branch support was estimated from 1000 ultrafast bootstrap replicates in [Q-Tree.
Besides two ML approaches, we also used Bayesian Monte Carlo Markov Chain software,
PhyloBayes v. 3.3 (Lartillot and Philippe, 2004), which is able to use non-parametric methods
for modeling heterogeneous site specific features of sequence evolution. PhyloBayes was run on
the multi-protein data set using the CAT-Poisson model. Two independent chains were run until
they converged (i.e. their maximum observed discrepancy was lower than 0.3 and the effective
sample size of all model characteristics was at least 80). Topologies were congruent between
chains. Consensus trees and posterior probabilities were calculated using the bpcomp program
with the first 25 % of the generations as burn-in, sampling every 50 trees.

Light Microscopy and Transmission Electron Microscopy

128



e I e = Y L > B o T

[ ST S T N6 R 0 T o T o B o T o T o T o T o T o B e e e e e e e e )
= = I~ < B R = S B S N O T == B = L < B I = Y L T o e

As a representative of Mastigamoebidae A, Masticamoeba balamuthi was obtained from the
CCAP (Strain 1557/1) in 1999. This strain has subsequently been lost from the CCAP, but is the
same strain as ATCC 30984. M. balamuthi was cultured in Jones” Horse Serum medium
(http://www .ccap.ac.uk/media/documents/HSM.pdf), and was observed under the light
microscope and prepared for Transmission Electron Microscopy as described previously for
Mastigella commutans (Walker et al. 2001).

As a representative of Mastigamoebidae B, Mastigamoeba guttula was cultured and observed
under the light microscope as described previously for the two strains HRADANAN and
LU2HNS4 (Ptackova et al., 2013). A cell suspension of strain HRADANAN was prepared by
centrifugation of a 15 ml tube containing 12 ml culture, for ten minutes at 1,000 x g. The sample
was high-pressure frozen using a Leica EM PACT?2 (Leica Camera, Wetzlar, Germany), and
cryosubstituted in a Leica EM AFS2 using 100% acetone with 2% OsOy as follows: —90 °C for
96 hours, 5 °C for 14 hours; —20 °C for 24 hours; 3 °C for 8 hours; 4 °C for 18 hours. Samples
were then washed three times in 100 % acetone. Embedding was done at room temperature,
using Epon resin (Poly/Bed 812/Araldite, Polysciences, Warrington, USA), having been
infiltrated in an ascending series of concentrations changed after an hour (1:2, 1:1, 2:1). Samples
were sectioned at 60 nm thickness using a diamond knife on an Ultracut E ultramicrotome
(Reichert) and collected on copper mesh grids coated with formvar film. Ultrathin sections were
stained with lead citrate and uranyl acetate (2-3 %) and examined using a TEM JEOL 1011
(Jeol, Tokyo, Japan) transmission electron microscope.

3. RESULTS AND DISCUSSION

3.1.Phylogenetic analyses

In the present study, we obtained EST data from five species, meaning that the broad diversity of
Archamoebae could be represented in multigene analyses for the first time: Rhizomastix libera
and R. elongata (Rhizomastixidae), Mastigella eilhardi and Pelomyxa sp. (Pelomyxidae), and
Mastigamoeba abducta (Mastigamoebidae B). The latter species represents a lineage that also
includes endobiotic genera Endolimax and Iodamoeba (Ptackova et al., 2013).

Monophyly of the family Rhizomastixidae and Entamoebidae was highly supported across
phylogenies of all seven used molecular markers (genes for actin, alpha-tubulin, beta-tubulin,
elongation factor 1-alpha, elongation factor 2, cytosolic HSP70, and HSP90). On the other hand,

the resolution of individual gene trees was not sufficient either to clearly show relationships
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between other lineages of Archamoebae, or to show monophyly of Archamoebae itself (see Fig.
1 for RAXML bootstrap supports or Supplementary Material S1 for RaxML gene trees). No
robustly or moderately-supported conflicting nodes (bootstrap support > 70) were observed
among the gene trees inferred from individual molecular markers.

To resolve the internal phylogeny of Archamoebae more robustly, we concatenated
sequences from these markers in the final multi-protein phylogenetic analysis. The Bayesian and
Maximum Likelihood (ML) analyses yielded a highly congruent topology of Archamoebae.
Maximum likelihood analyses (RAxML and 1Q-Tree) as well as Bayesian approach
(PhyloBayes) showed that Archamoebae form a clade with absolute statistical support. Similarly,
relationships within Archamoebae have been recovered with absolute statistical support using
Bayesian and 1Q-tree ML analyses and at least 93 % using RAXML. These results (see Fig. 2)
allowed us to reconstruct the phylogeny of Archamoebae, make inferences about its evolution
and revise its taxonomy.

Three competing hypotheses about the phylogeny of Archamoebae have been proposed
so far: (1) Pelomyxidae and Entamoebidae form a clade, sister to the rest of Archamoebae
(Cavalier-Smith et al., 2004; Cavalier-Smith, 2013); (2) Rhizomastixidae and Entamoebidae
constitute a clade (Ptackova ef al., 2013); (3) Entamoebidae forms a separate lineage from the
rest of Archamoebae (Cavalier-Smith, 1991). Our analysis based on concatenated dataset clearly
showed Entamoebidae as the sister clade to the rest of the Archamoebae. This result conclusively
supports the third proposed hypothesis about the deep phylogeny of Archamoebae. The
phylogenetic position of Rhizomastixidae is surprising since previous actin and SSU rDNA
analyses have suggested possible close relationship between Rhizomastixidae and Entamoebidae.

Our Bayesian analysis of multiprotein dataset further recovered Amoebozoa as a clade,
although its statistical support is very low. As currently shown by Cavalier-Smith et al. (2015),
Amoebozoa splits into two clades, Conosa and Lobosa. Archamoebae, besides Macromycetozoa
and Variosea sensu Berey ef al. (2015), is one of the three conosean lineages. Our analysis
demonstrated monophyly of each of them (see Fig. 2). On the other hand, it was unable to
resolve relationships between these lineages and to recover Conosa as monophyletic, since the
putative loboseans Sapocribrum and Pessonella (Amoebozoa: Lobosa) branched sister to
Variosea with high statistical support in Bayesian and 1Q-Tree ML analyses (1 and 96,

respectively).
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3.2. Transmission Electron Microscopy

Molecular markers (SSU rDNA trees) strongly support division of Mastigamoebidae into two
clades, Mastigamoebidae A and B (see Ptackova et al., 2013). On the other hand, no
morphological differences between the clades have been reported so far. Therefore, we decided
to thoroughly examine the cell morphology of representatives of both clades (see Table 1 and
Figs 3 and 4). Representatives of Mastigamoebidae A (e.g. Mastigamoeba balamuthi, M. aspera,
or M. punctachora) generally show more morphological variation and are larger than
representatives of Mastigamoebidae B (e.g. Mastigamoeba guttula, M. simplex).

Full details of the flagellar apparatus characteristics known from each group are summarised in
Table 1 and Figure 4, but the main differences are presented briefly here. The cone of
microtubules arising from the basal body originates differently in each group: in members of
Mastigamoebidae A, microtubules of the cone arise laterally, from along the sides of the basal
body, and in some cases arise from the base of the basal body as well; whereas those in
Mastigamoebidae B arise longitudinally, close to the base of the basal body, in a single layer.
There may be an MTOC present immediately below the basal body, in some taxa of
Mastigamoebidae A, but not B. In Mastigamoebidae A, the flagellar transition zone is long and,
in some taxa, contains either a dense column or a spiral (potential homologies of the dense
column are discussed in Walker et al. 2001); whereas the transition zone is short and no extra
elements have been seen hitherto in members of Mastigamoebidae B. These results provide
synapomorphies for the yet-unclassified groups Mastigamoebidae A and B, which were
originally identified by molecular phylogenetics of the SSU rRNA gene, and have subsequently
been confirmed by the detailed analyses presented here. Formal classification of these two
groups is not given below, as it would require a complete revision of all nominal species of
Mastigamoeba, lodameba and Endolimax, which is beyond the scope of the current paper.
However, our comparative analysis (see Table 1) indicates that Mastigamoeba aspera, the type
species of the genus Mastigamoeba, belongs to the Mastigamoebidae “A” clade. Some of the
present authors are currently working on a detailed taxonomic revision of Archamoebae which
will reflect these findings and will deal with classification of species and genera within
Mastigamoebidae.

3.3.Classification of Archamoebae

10
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Currently, the class Archamoebae Cavalier-Smith, 1983 contains five families: Pelomyxidae
Schulze, 1877; Mastigamoebidae Goldschmidt, 1907; Rhizomastixidae Ptackova er al., 2013;
Tricholimacidae Cavalier-Smith, 2013; Entamoebidae Chatton, 1925. Based on our results, we
distinguish two orders, Pelobiontida Page, 1976 and Entamoebida Cavalier-Smith 1993.
Furthermore, we have divided Pelobiontida Page, 1976 into two suborders - Pelomyxina
Starobogatov, 1980 (stat. nov.) and Mastigamoebina Frenzel, 1897 (stat. nov.). We have defined
taxa using node-based and branch-based phylogenetic definitions. We have classified the genera
Endamoeba and Mastigina, and the family Tricholimacidae as Archamoebae incertae sedis.
Order Pelobiontida Page, 1976

(Eukaryota: Amoebozoa: Conosa: Archamoebag)

Definition: The clade consisting of Mastigella eilhardi Biirger, 1905 and all organisms or species
that share a more recent common ancestor with Mastigella eilhardi Biirger, 1905 than with
Entamoeba histolytica Schaudinn, 1903. This is a branch-based definition; qualifying clause —
the name does not apply if Protosporangium articulatum Olive & Stoianovich, 1972,
Dictyostelium discoideum Raper, 1935, or Filamoeba nolandi Page, 1967 fall within the
specified clade.

Remarks: The term Pelobiontida originally included only the genus Pelomyxa Greef, 1874. The
term has since been emended by Griffin (1988) specifically to include Pelomyxa and
mastigamoebids on the grounds both have flagella; it has subsequently been used to include
different lineages of Archamoebae (see Ptackova ef al., 2013). Using the definition presented
here, Pelobiontida is composed of three families (Pelomyxidae, Rhizomastixidae,
Mastigamoebidae), of which Mastigamoebidae includes aflagellated mastigamoebids—genera
Endolimax and Iodamoeba—that have in the past been treated as entamoebids. We choose to use
this name for the whole order because it indicates the typical life style of most species (they live
in freshwater sediments; greek word “pelos” means mud), and because Pelobiontida or
pelobionts has been used to refer to the whole group in numerous publications from the past two
decades.

Suborder Mastigamoebina Frenzel, 1897 (stat. nov.)

(Eukaryota: Amoebozoa: Conosa: Archamoebae: Pelobiontida)

Definition: The least inclusive clade containing Rhizomastix libera Ptackova et al., 2013,

Mastigamoeba balamuthi (Chavez et al., 1986), and Mastisamoeba abducta Ptackova et al.
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2013. This is a node-based definition: it is intended to apply to a crown clade; qualifying clause —
the name does not apply if Entamoeba histolytica Schaudinn, 1903, Mastigella eilhardi Biirger,
1905, Pelomyxa palustris Greeft, 1874, or Dictyostelium discoideum Raper, 1935 fall within the
specified clade.

Remarks: Mastigamoebina encompasses two families, Mastigamoebidae Goldschmidt , 1907 and
Rhizomastixidae Ptackova er al. 2013. We do not list the family Endolimacidae here since it has
been shown that both its genera, Endolimax and lodamoeba, branch within Mastigamoebidae
(Stensvold ef al. 2012) and the genus Endolimax was transfered to the family Mastigamoebidae
by Ptackova et al. 2013. Mastigamoebidae encompasses two clades, currently named
Mastigamoebidae “A” (e.g. Mastigamoeba balamuthi, M. punctachora, M. schizophrenia) and
Mastigamoebidae “B” (e.g. Mastigmoeba simplex, M. guttula, Endolimax spp., lodamoeba
burschlii) (Ptackova et al. 2013), which should be given the rank of subfamily upon formal
revision of the nominal species and genera contained within them (synapomorphies are defined
in section 3.2).

Suborder Pelomyxina Starobogatov, 1980 (stat. nov.)

(Eukaryota: Amoebozoa: Conosa: Archamoebae: Pelobiontida)

Definition: The clade consisting of Pelomyxa palustris Greeff, 1874 and all organisms or species
that share a more recent common ancestor with Pelomyxa palustris Greeft, 1874 than with
Mastigamoeba balamuthi (Chavez et al., 1986). This is a branch-based definition; qualifying
clause — the name does not apply if Rhizomastix libera Ptackova et al., 2013, Entamoeba
histolytica Schaudinn, 1903, Dictyostelium discoideum Raper, 1935, or Mastigamoeba guttula
Ptackova et al., 2013 fall within the specified clade.

Remarks: Pelomyxina encompasses a single family, Pelomyxidae. We formally transfer
Mastigamoeba bovis Liebetanz, 1910 to the genus Mastigella as Mastigella bovis comb. nov.,
because it shows no connection between the nucleus and the flagellum.

Order Entamoebida Cavalier-Smith, 1993

(Eukaryota: Amoebozoa: Conosa: Archamoebace)

Definition: The clade consisting of Entamoeba histolytica Schaudinn, 1903 and all organisms or
species that share a more recent common ancestor with Entamoeba histolytica Schaudinn, 1903

than with Mastigella eilhardi Biirger, 1905. This is a branch-based definition; qualifying clause —
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the name does not apply if Dictvostelium discoideum Raper, 1935, Pelomyxa palustris Greeff,
1874, or Mastigamoeba balamuthi (Chavez et al., 1986) fall within the specified clade.

Remarks: Entamoebida encompasses a single family, Entamoebidae. Cavalier-Smith (1993) did
not specify genera included in the family Entamoebidae. Because genera Endolimax and
lodamoeba have been transferred to the different family several years later (Cavalier-Smith et
al., 2004), it 1s clear that originally, Entamoebida was composed of genera Entamoeba,
Endamoeba, Endolimax and lIodamoeba. We consider genera Endolimax and lodamoeba as
members of Mastigamoebidae.

Archamoebae incertae sedis

The phylogenetic position of some taxa within Archamoebae remains unclear and needs to be
resolved using molecular methods. Currently, no molecular data from these organisms are
available and the morphology of the taxa does not suggest obvious synonymy with any of the
taxa defined above. 1. Family Tricholimacidae Cavalier-Smith, 2013 with sole genus and species

Tricholimax hylae. 2. Genus Endamoeba. 3. Genus Mastigina.

3.4.Ancestral features and evolutionary trends in Archamoebae
The last common ancestor of all Archamoebae was an anaerobic amoeboid flagellate.
Subsequently, several groups within Archamoebae partially lost flagellum-mediated movement,
and some have even lost the entire flagellar apparatus, as seen in Entamoebidae and some
mastigamoebids (Endolimax, lodamoeba). Mastigamoeba balamuthi (Mastigamoebidae A) and
Entamoeba histolytica (Entamoebidae) differ significantly in the complexity of their
mitochondrial metabolism, with E. histelytica possessing an extremely reduced mitochondrial
derivative, the mitosome, while M. balamuthi possessing a hydrogenosome (Tovar er al., 1999;
Mi-Ichi et al., 2011; Nyvltova ef al., 2015). Based on our phylogenetic analysis, we can conclude
that both of the laterally transferred biochemical pathways that have been found in those species,
i.e. the e-proteobacterial NIF system for FeS cluster assembly and the mitochondrial-targeted
sulphur activation pathway (see above), were present in the last common ancestor of
Archamoebae.

Now, we can also conclude that the ancestors of Archamoebae, Pelobiontida,
Pelomyxina, and Mastigamoebina were free-living protists. The endobiotic life style appeared at

least three times during the evolution of Archamoebae: in the ancestor of Entamoebidae; in the
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ancestor of the ‘Endolimax + lodamoeba’ clade (in Mastigamoebidae B), and within the genus
Rhizomastix. Although we cannot exclude the hypothesis that the last common ancestor of
Mastigamoebina, or even of the whole Archamoebae, was endobiotic, we consider such
scenarios much less plausible because other conoseans and most Archamoebae species are free-
living. Almost all members of Pelomyxidae and Mastigamoebidae are free-living, with
Tricholimax hylae, Mastigella bovis and Mastigamoeba sp. (‘Mastigamoebidae A’) found in
vacuoles in Pelomyxa belevskii as potential exceptions (Ptackova ef al., 2013, see below). In
SSU rRNA gene trees the closely related genera of endobiotic mastigamoebids, Endolimax and
Todamoeba, form a internal branch of otherwise free-living Mastigamoebidae (Stensvold ef al.,
2012; Ptackova et al., 2013). The deepest split in the genus Rhizomastix is between free-living
Rhizomastix libera and other Rhizomastix spp. Some of these species are endobiotic, while R.
elongata was isolated from abandoned cesspit and was suspected to be free-living as well
(Zadrobilkova et al., in press). Thus an “early-endobiotic” scenario would require multiple
reversions of the endobiotic lifestyle within Pelobiontida. Endobiotic-to-free-living transitions
are rare in the nature and thus less probable than vice versa. Nevertheless, Archamoebae is one
of very few protistan lineages that are suspected to contain secondarily free-living organisms that
evolved from endobiotic ancestors. The most studied example is Entamoeba moshkovskii (Clark
et al., 20006; Clark and Diamond, 1997), which has repeatedly been isolated from animal or
human stool as well as water sediments (see Heredia et al., 2014) and is probably amphizoic
(i.e., both free-living and endobiotic). Recently, Entamoeba marina, that is closely related to E.
moshkovskii, has been isolated from tidal flat sediment (Shiratori and Ishida, in press). It
indicates that Entamoebida is still an undersampled group of protists.

There remain three endobiotic lineages of Archamoebae whose phylogenetic position is
uncertain, and for which no sequence data are currently available: Tricholimax hylae,
Endamoeba spp., and Mastigella bovis. Tricholimax hylae shares morphological features both
with Pelomyxidae and Mastigamoebidae (see Brugerolle 1982, 1991; Walker ef al., 2001) and
was recently assigned as a sole genus and species in the family Tricholimacidae Cavalier-Smith,
2013. Mastigella bovis was described from the rumen of cattle as a member of the genus
Mastigamoeba (Liebentanz, 1910) and listed as a probable member of the genus Mastigella by
Ptackova er al. (2013); we transferred it to the genus Mastigella, see above. All these three

lineages could possibly represent other independent transitions between free-living and
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endobiotic lifestyle. However, their presumed phylogenetic positions have to be clarified by
analyses of molecular data.

3.5 Flagellar apparatus of Conosa and Archamoebae

The last common ancestor of Conosa (= Variosea, Macromycetozoa, and Archamoebae) was
very probably an aerobic, biflagellated protist equipped with both anterior and recurrent
flagellum (Cavalier-Smith, 1998, 2013; Cavalier-Smith et al., 2015). Assuming that what is now
known to be the most phylogenetically-widespread flagellar morphology is ancestral, the basal
bodies of its flagella may have been associated with five different microtubular elements defined
as MTATI-MTAS (Wright et al., 1979); the basal body of the anterior flagellum would have been
associated with MTA1-3, while the posterior basal body would have been associated with
MTA4 and 5. Yubuki and Leander (2013) synonymized MTA3 with the eukaryotic root R3 and
MTAZ2 with superficial microtubules that originate on it. Further, they hypothesized that MTA4
is homologous to the eukaryotic root R2, and MTAS corresponds to the root R1. These four
cytoskeletal elements must have arisen very early in the evolution of eukaryotes (Yubuki and
Leander, 2013). Some flagellated members of the Conosa also possess MTA1, which arises from
a microtubule organizing center (MTOC) located at the proximal part of the basal body of the
anterior flagellum. In those conoseans that have the flagellar apparatus associated with the
nucleus, MTAI microtubules (if present) extend from the MTOC towards the apical part of the
nucleus and follow its surface (e.g. Wright et al., 1979; Spiegel, 1981).

The clade Conosa was morphologically defined by a monolayer of microtubules partially
or completely surrounding the anterior basal body and diverging towards the nucleus and cell
posterior as a half or three-quarters open cone (Variosea and Mycetozoa) or a complete cone
(Archamoebae) (Cavalier-Smith, 1998, 2013, 2015). The cone as defined by Cavalier-Smith is
the same structure as MTAZ2 in Wright’s terminology, and the superficial microtubules of Yubuki
and Leander’s terminology (Yubuki and Leander, 2013). However, conoseans equipped with
both posterior and anterior flagella possess a more complex cone, formed not only by
microtubules of MTAZ, but also MTA3-MTAS (Wright ef al. 1979). In addition, the MTA1 of
Macromycetozoa sensu Berney ef al. (2015) and protosteloid Variosea usually form an inner
cone associated with the apical part of the nucleus (e.g. Wright et al., 1979; Spiegel, 1981;
Walker et al., 2001, 2003). During the evolution of Conosa, the ancestral flagellar apparatus has

been transformed into many different variants. In some lineages, the posterior flagellum and
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associated cytoskeleton (Pelobiontida, Planoprotostelium, Cavostelium, Phalansterium), or even
the whole flagellar apparatus (Entamoebidae, ‘Endolimax and lodamoeba’ clade in the
Pelobiontida, Fiamella, Acramoeba, Grellamoeba, Filamoeba) have been lost (see Spiegel,
1981; Appendix 3 in Walker ef al., 2001; Cavalier-Smith er al., 2015, Ptackova er al., 2013).

Walker et al. (2001), Cavalier-Smith (2013) and Yubuki and Leander (2013) have all
suggested that the microtubular cone is homologous to the MTAZ2. This interpretation is,
however, problematic in two main aspects: (1) the superficial microtubules of other Conosa and
eukaryotes form a sheet anchoring close to the dorsal side of the anterior basal body, so MTA-2
would have had to undergo intricate rearrangements during the evolution of Archamoebae. (2)
Radiating microtubules arise in multiple layers from the basal body of several Archamoebae (see
Brugerolle 1982, 1991; Simpson et al 1997; Walker ef al., 2001; Frolov ef al. 2011). Such
architecture is highly unusual for superficial microtubules since they form a monolayer in other
cukaryotes. The other possible homology would be with MTAT as defined by Wright et al.
(1979). However, if this were correct, then the cone of Archamoebae would not be homologous
to the cone of other Conosa as defined by Cavalier-Smith (2013). In our opinion, it is currently
impossible to decide between these two interpretations of homology of the archamoebean cone
because the flagellar apparatus of Archamoebae is too simplified and derived. Individual
microtubular elements cannot be unequivocally homologized with microtubular ribbons of other
Conosa and Eukaryota.

Regardless of which scenario is correct, it is clear that flagella of most Pelomyxa spp. and
Tricholimax hylae have lost motility secondarily, and their non-*9+2’ pattern of axoneme
microtubules (see Walker ef al., 2001) is aberrant. Besides, members of the genus Pelomyxa
have multiplied the flagellar apparatus and nucleus (e.g. Chistyakova ef al., 2014). Ancestors of
Entamoebida and ‘Endolimax + lodamoeba’ clade have completely lost the flagellar apparatus.

We conclude that the last common ancestor of Pelobiontida, or possibly of all of the
Archamoebae, resembled members of the genera Mastigamoeba and Mastigelia: possessing a
single motile, anterior flagellum with the classical ‘9+2’ pattern of axoneme microtubules,
lacking a posterior flagellum, and outer dynein arms in the anterior flagellar axoneme; and with
the anterior basal body having a cone of radiating microtubules and lateral microtubular ribbon.

4. CONCLUSIONS
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Our work provides the first robust evidence for the primary divergence at the base of
Archamoebae between Entamoebida and a major clade containing all flagellate Archamoebae
(Pelobiontida). Based on these results, we revised the higher classification of Archamoebae and
concluded that the bacterial nitrogen fixation system was present in the last common ancestor of
Archamoebae (LCAA), mitochondrial derivatives of the LCAA contained a sulfate activation
pathway, and that the endobiotic life-style has arisen at least three times during the evolution of
the group. Our comparative ultrastructural analysis of Mastigamoebidae ,,A“ and ,,B* showed
synapomorphies of these two clades and indicates that Mastigamoeba aspera, the type species of
the genus, belongs to the Mastigamoebidae ,,A*. Future studies on individual lineages included
in the present study may help us to elucidate the evolution of anaerobic metabolism, via lateral
gene transfer; as well as to understand the transition from free-living to endobiotic and parasitic

lifestyles.
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Legends to tables and figures

Figure 1: Bootstrap support of Archamoebae and its internal nodes as seen in single-gene
and seven-gene phylogenetic analyses. In the lower side of the table, all alternative groups that

were recovered with bootstrap support >50 in at least one single gene tree are also presented.

Figure 2: Phylogenetic tree of eukaryotes based on concatenation of seven protein-coding
genes: actin, a-tubulin, f-tubulin, EFla, EF2, HSP70, HSP90. The tree is based on alignment
of 3585 positions and 78 taxa. The topology was constructed in PhyloBayes under CAT Poisson
model. The values at nodes represent PhyloBayes posterior probabilities, RAXML non-parametic
bootstraps, and 1Q-tree bootstrap support. The values lower than 50% or 0.5 are marked by ,,*¥*;
branches that were missing in the best ML tree topology are marked by ,,-. Clades supported by
statistical support higher than 0.98/90/90 are marked by thick branches. Taxa whose ESTs were
newly sequenced are in bold. Photos: (A) — Rhizomastix libera strain INDS8, (B) — Mastigella
eilhardi strain ATCC 50342. Scale Bar = 10 pm. With respect to results published by Derelle et

al. (2015), we did not mark Malawimonas as a member of Excavata.

Figure 3: Masticamoebidae A taxa show more morphological variation and are generally
larger than Mastigamoebidae B taxa. Microtubules of the cone in Mastigamoebidae A
arise laterally, from along the sides of the basal body; whereas those in Mastigamoebidae B
arise longitudinally, close to the base of the basal body. (A-J) show a representative of
Mastigamoebidae A, Mastigamoeba balamuthi. (A-F) Light microscopy, DIC optics (A, B)
Small amoebae with 2—4 nuclei, the dominant life cycle stage of M. balamuthi; (C) "Giant"
amoeba form with ca. 50 nuclei; (D) Binucleate gliding flagellate; (E) Uninucleate flagellate; (F)
Swimming form with posterior pseudopodia. (G-J) Transmission electron-microscopy of the
flagellar apparatus, serial sections, 90 nm apart: Flagellar apparatus, showing lateral emergence
of cone microtubules from the basal body (Bb), transitional cylinder at the base of the transition
zone (TC), and electron-dense column (DC) at the top of the transition zone, from which the
central pair of axonemal microtubules emerges. A microtubular root (MR) emerges laterally
from the basal body, with a bilaminar root sheet (RS) on its distal edge. (K-P) show a

representative of Masticamoebidae B, Mastigamoeba guttula. (K, L) Gliding cells, strains
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LUH2NS4 and HRADANAN respectively; (M) Aflagellate cell, LUH2NS4; (N—P) Strain
HRADANAN, transmission electron-microscopy of the flagellar apparatus; (N) Transverse
section through the basal body, close to the base, showing longitudinal alignment of cone
microtubules (MC) and the lateral emergence of the microtubular root (MR); (O-P) Longitudinal
sections through the flagellar apparatus, showing the laterally-emerging microtubular root (MR),
the transitional cylinder (TC), and the longitudinally-emerging microtubular cone. The transition
zone is ca. 200 nm long, which is short, similar to that seen in Mastigamoeba simplex (Walker et
al. 2001). Scale bar in K = 20 um for a, b; 25 um for ¢; 15 um for d; 20 pm for e; 750 nm for f-
3; 10 um for k, I, m; 500 nm for n; 750 nm for o, p. Micrographs K, L., M are reproduced from

Ptackova et al. 2013 with permission from Elsevier.

Figure 4: Representative flagellar apparatuses from Mastigamoebidae A and B. (A)
Schematic diagram of the microtubular flagellar apparatus of Mastigamoeba punctachora,
a representative of Mastigamoebidae A. Note that the cone of microtubules (MC) arises
laterally from both the sides and the base of the basal body. The flagellar transition zone (TZ) is
long and contains a dense column (DC). An MTOC below the basal body has not been
confirmed in M. punctachora so this characteristic of some members of Mastigamoebidae A is
not shown here. Fl, flagellar axoneme; TC, transition zone cylinder; Bb, basal body; RS, bi-
laminar root sheet; MR, microtubular root; SMt, side microtubules (part of the microtubular
cone). (B) Schematic diagram of the microtubular flagellar apparatus of Mastigamoeba
simplex, a representative of Mastigamoebidae B. Note that the cone of microtubules (MC)
arises longitudinally from near the base of the basal body. The flagellar transition zone (TZ) is
short and contains no extra elements. Both figures are reproduced from Walker et al. 2001, with

permission from Elsevier.

Table 1: Flagellar apparatus characteristics of representatives of Mastigamoebidae A and

B clades.
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8. Zawére¢né shrnuti

Béhem rEkolika poslednich let se nam pdiia nashromazdit unikatni sbirku kultur, ktetiga
stovky izolafi voln¢ Zijicich a endobiotickych protist. Nedilnou géat Fedstvauji izolaty
archaméb, které jako jedni z méla dokazeme dlouttololtivovat. Za velky Usgch mimo
jiné povazujeme, Ze¢hteré izolaty druhuiPelomyxa schiedtr naSich podminkachigzily az
dva roky a konkréth izolat SKADARSKE dokonce ieziva dotd. Pripomaime, Ze rod
Pelomyxge vSobec# velmi tZko kultivovatelny. Diky stabilnim kulturam bylo rhoeé ziskat
velké mnoZstvi novych sekvémich dat z pevazre volné Zijicich archameéb, kterétippely

k detalrgjSi predsta¢ o vzajemnych pbuzenskych vztazich ve skupinPrag kvili
chykgjicim datim zistavala doposud fpvazna cast fylogenetického stromu archaméb
neroZeSena. Pomoci molekularni fylogeneze a zaasme podpory morfologickych znak
se ndm poddo prokazat, Ze malo probadany r&thizomastixpati mezi archaméby. Stajn
tak jsme odhalili, Ze SSU rDNA sekvencivpdre piifazovana druhiastigella commutans
pravdépodobré pati druhuMastigamoeba punctachom sekvence SSU rDNA prezentovana
jako Pelomyxa palustrigpati ve skuténosti P. stagnalis Celkem jsme popsali 13 novych
druhi archaméb a ziskali jsme 31 dosud nepublikovangkkienci genu pro SSU rRNA a 22
novych sekvenci genu pro aktin.

Z vysledki fylogenetickych analyz vyplyva, Zze se archamébly da ctyii hlavni
celedi: Rhizomastixidae, Entamoebidae, PelomyxiddMastigamoebidae. Analyzy zaloZené
pouze na genu pro SSU rRNA a genu pro aktin aléebfod nevyesily vzajemné vztahy
mezi €mito hlavnimi liniemi. Pro ziskani igsréjSich vysledk bylo poteba provést
muligenovou analyzu. Aby byly vSechny linie dostate zastoupeny, bylo nutné ro#gi
dostupna data pro tvorbu datasetu, a proto bylyyamezany transkriptomy z novych drith
archaméb. Jednalo se o druh izolovany ze sep®kizomastix elongata volre Zijici
R. libera(obaceled’ Rhizomastixidae) a vo#rzijici druhyMastigella eilhardia Pelomyxasp.
(obaceled” Pelomyxidae) aMastigamoeba abductéMastigamoebidae B). Jako prvni jsme
provedli multigenovou analyzu archaméb, ve kter§ pastoupeny vSechny hlavni linie.
Kromé vyieSeni vzdjemnych vztdhmezi jednotlivymi rody jsme ze ziskanych dat dale
zjistili, Ze posledni spotmy predek archaméb jiz &hjak e-proteobakterialni NIF systém, tak

drahu aktivace sulfatu lokalizovanou v mitochondrii
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Z naSich dat vyplyva, Ze ro&hizomastix ktery tvdi celed Rhizomastixidae, je
monofyleticky a rozpada se na vdlhijici a endobiotickou linii. Bvodns jsme se na zaklad
nasich vysledk domnivali, Ze je tatoéeled blizce gibuzna rodiEntamoebaale multigenova
analyza zaloZzena na sedmi genech (aktitybulin, B-tubulin, EFL, EF2, HSP70, HSP90)
tuto hypotézu vyvratila. Ukazalo se, Ze r@tizomastije ve skuténosti sesterskyceledi
Mastigamoebidae, ktera zahrnujéegevsim vold Zzijici druhy. Jeho hiky maji navic
unikatni ultrastrukturu, kterar@dstavuje novy typ cytoskeletarni organizace u aardb.
Jedna se iedevSim o fitomnost tzv. rhizostylu, ktery je pragmbdobré modifikaci
mikrotubularniho koSe ostatnichttkdatych archameb. UltrastruktuRa elongatazolovaného
ze septiku je dokonce jestomplexrjSi nez u vola ZijicihoR. libera

Skupina Mastigamoebidae se na fylogenetickych metah ¢leni na d¢ linie
Mastigamoebidae A a Mastigamoebidae B, coz je pi@shmotaké odliSnymi znaky, které jsou
pro jednolivé skupiny charaktristické. Mastigamalst@ A zahrnuji morfologicky vice
variabilni a obechvétsi druhy a mikrotubuly, které vytiidkonus, vystupuiji po stranach celé
délky bazalnihodiska. Na druhou stranu zastupci skupiny Mastigaritze B maji mensi
a uniformrgjSi buiky a mikrotubuly koSe vychazi podélnz baze bazalnihog¢ltska.
Z multigenové analyzy vyplyva, Ze az na vyjimky gatickd skupina Entamoebidae
predstavuje hlubohou linii archaméb, ktera je sekferskupig Pelobiontida (pvodni
pelobionti), nyni tvéenéceledtmi Pelomyxidae, Rhizomastixidae a Mastigamoebidae.

Celed” Pelomyxidae sestava z fotMastigellaa Pelomyxa pricemz prvni jmenovany
je parafyleticky. Na spoémou evoléni historii ukazuji také ¢které morfologické znaky,
které oba dva vySe zniimé rody sdili. Jedna se rfap tvar buiky, pomaly pohyb Hiiku,
pocet jader, usp@dani heterochromatinu v j&d nebo pitomnost endosymbiotickych
prokaryot v biice.

Na zaklad naSich dat Izefici, Ze parazitismus se u archaméb objevil v evoluc
nejmért trikrat nezavisle na séba to u posledniho spdéleého pedkaceledi Entamoebidae,
v ¢eledi Mastigamoebidae B u posledniho sfioddo pedka rod lodamoebaa Endolimax
a v ramci roduRhizomastix Tato hypotéza je ale podniima Fedpokladem, Ze voénzijici
druhy archaméb sekundérmeopustily endobioticky Zgob Zivota. Navic stale nezname
fylogenetickou pozici parazitického rodiEndamoeba a druli Tricholimax hylae
aMastigamoea bovjskteré mizou spadat mezi vySe jmenované parazitické linibone
piestavovat dalSi nezavislé parazitické taxony. Dogose nepoddo ziskat Zzadna

molekularni data ani z roddastigina
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