Univerzita Karlova, Prirodovédecka fakulta

Charles University, Faculty of Science

Doktorsky studijni program: Parazitologie

Doctoral study program: Parasitology

RNDr. Stépanka Hrda

Evoluce jadernych a plastidovych genomii u euglenidii

Evolution of nuclear and plastid genomes in euglenids

Doktorska prace / Doctoral thesis

Skolitel / Supervisor: doc. Vladimir Hampl, PhD.

Praha 2020






ProhlaSeni autorky:

Prohlasuji, ze jsem tuto praci zpracovala samostatné a Ze jsem uvedla vSechny pouZité zdroje a
literaturu. Tato prace ani jeji podstatna cast nebyla predlozena k ziskani jiného nebo stejného
akademickeého titulu.

Declaration of the author:

I declare that I elaborated this thesis independently. I also proclaim that the literary
sources were cited properly and neither this work nor asubstantial part of it has been
used toobtain the same or any other academic degree.

RNDr. Stépanka Hrda






Prohlaseni vedouciho prace:

Data prezentovana v této praci jsou vysledkem tymové spoluprace v Laboratofi evolucni
protistologie. Prohlasuji, Ze zapojeni a piispévek Stépanky Hrdé k této praci bylo podstatné a
dostatecné z hlediska rozsahu a kvality pro udéleni doktorského titulu.

Declaration of the thesis supervisor:

Data presented in this thesis are the result of team collaboration at the Laboratory of
evolutionary protistology. I declare that the involvement and contribution of Stépanka Hrda in
this work was substantial and sufficient in terms of scope and quality for the award of doctoral
degree.

doc. Vladimir Hampl, Ph.D

Skolitel






Predmluva

Biologicka studie by méla vypravét néjaky biologicky ptibeéh. Obsahem této prace je
pfibéh sekundarni endosymbidzy u krasnoocek (Euglenophyceae), skupiny
fotosyntetizujicich prvoku, se kterymi se kazdy sezndmi uz na zékladni skole. Plivodni
zamér byl vénovat se plastidovym genomlm zastupct této skupiny a jejich srovnanim.
To, Ze toto téma je opravdu nosné, se projevilo zahy po zacatku prace a charakterizaci
plastomu Eutreptiella gymnastica, ktery byl v roce 2012 teprve tfeti osekvenovany v
ramci euglenofyt. Ukazalo se, ze nekolik védeckych skupin na tématu téz pracuje a zahy
bylo publikovéano dalSich 27 plastidovych genomt této skupiny.

Prace se zacala ubirat trochu jinym smérem a zkusili jsme nahlédnout na sekundarni
endosymbidézu z vice uhli pohledu - jednak se zaméfit na prasinofytni fasu
Pyramimonas parkeae, ktera je potomkem fasy piibuzné donoru plastidu, a jednak
prozkoumat také zastupce nefotosyntetickych euglen Rhabdomonas costata, ktery
reprezentuje potomka euglenida ptfibuzného plvodnimu hostiteli fasy. Srovnani
nékterych vlastnosti a znakd u téchto organisml a u fotosyntetickych euglen tvofi
mozaiku poznatki, které snad pomohou poodkryt obraz sekundarni endosymbidzy.

Publikace nesouvisi s mou hlavni pracovni ndplni v Laboratofi sekvenace DNA a
vznikaly tak v pomérné dlouhém obdobi. Poznatky nabyté pfi zpracovani genomickych
dat do publikaci jsem vsak pfi své praci v laboratofi mnohokrat vyuzila.

...a podékovani

Na tomto misté bych tak rada podékovala svému skoliteli Vladimiru Hamplovi, za to, ze
mn¢ umoznil podilet se na svém vyzkumu a spole¢né¢ jsme snad piivedli na svét
zajimavé publikace. Dale dékuji své kolegyni Blance Hamplové, kterd spolehliveé
zajisStovala chod sekvenaéni laboratote, kdyz jsem si n¢kdy potiebovala "hrat" s
disertaci. Jsem rada, Ze jsem léta soucasti spoleCenstvi na katedie parazitologie a dékuji
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Abstrakt

Rasy tvoii rozmanitou skupinu jednoduchych fotosyntetizujicich eukaryotickych organismi
s polyfyletickym pivodem. Dé€li se na fasy s primarnim plastidem (Archaeplastida), ktery tato
eukaryota ziskala pozienim sinice, tedy prokaryota, a fasy s komplexnim plastidem, které
ziskaly plastid pozfenim jiného eukaryota s primarnim nebo jiz komplexnim plastidem. Rasy
s komplexnim plastidem jsou chiméry obsahujici geny pochazejici z hostitelské bunky, a dale
geny pochazejici nejen z plastidu, ale také z jadra a n¢kdy i mitochondrie endosymbionta,
pripadné i geneticky materidl pochazejici od jejich ptfedchozich stalych nebo piechodnych
endosymbiontt.. Jednou ze skupin, ktera ziskala plastid od zelenych ftas, jsou krasnoocka
(Euglenophyta). Tato prace se zabyva genomy tfi organismu, které zastupuji jednotlivé aktéry
endosymbiotického procesu u euglenofyt. Jsou to puvodné heterotrofni hostitel ze tiidy
Euglenida, fototrofni endosymbiont ze tfidy zelenych fas Prasinophyceae a vysledny fototrofni
euglenid ze skupiny Euglenophyceae. Znalost jejich genomti by méla pomoci osvétlit pribéh

endosymbiotického ptenosu genti (EGT) pii formovani fas s komplexnim plastidem.

U zastupce fototrofnich euglenidl Eutreptiella gymnastica jsme anotovali plastidovy genom,
ktery jsme publikovali jako tehdy teprve tfeti ve skupin€é Euglenophyta, po ikonickém
a ekonomicky vyznamném druhu Euglena gracilis a jeho druhotné nefotosyntetickém protéjsku
E. longa. Ukézali jsme, ze obsah genil v plastidovych genomech vSech euglenofyt je prakticky
stejny a Ze k redukci genového obsahu o cca 20 % doslo uz u jejich spole¢ného predka. Dale
jsme zjistili, Ze v plastomu euglenofyta Etl. gymnastica, pomérn¢ vzdaleného E. gracilis, je
velmi malo intronti atedy ze extrémné vysoky pocet intronit v plastomu E. gracilis neni
spolecnym znakem celé skupiny, ale znakem druhové specifickym. V neposledni fad€¢ jsme
potvrdili, ze zelend tasa Pyramimonas parkeae je potomkem fasy piibuzné s puvodnim
endosymbiontem euglenofyt. U této fasy jiz byl znam plastidovy genom a my jsme jej doplnili
o genom mitochondrialni, ktery ma stejné¢ jako vétSina prasinofytnich fas pomérné vysoky
obsah gend. Piesto ziejmé zadny z nich soucCasna euglenofyta neobsahuji a cely tento genovy
pool byl pfi endosymbidze ztracen. Poslednim zkoumanym organismem je heterototrofni
(osmotrofni) euglenid Rhabdomonas costata, jehoz CasteCny jaderny genom a témét Uplny
transkriptom jsme porovndvali s dostupnym genomem, transkriptomem a mitochondridlnim
proteomem E. gracilis. V jaderném genomu R. costata jsme nalezli nekonvenéni introny typické
pro Euglenida. V jeho transkriptomu je velmi nizky podil genli piibuznych gentim
fotosyntetizujicich organismti a zaroven chybi nékteré geny, které FE. gracilis ziskala

prosttednictvim EGT, coz vyvraci hypotézu ¢asného ziskani plastidu u kmene Euglenozoa.

Jednotliva zjisténi nepochybné ptispéla k pochopeni evoluce tiidy Euglenida a do budoucnana

shromézdéna data jeste jiste poslouzi v dalsich navazujicich studiich.



Abstract

Algae form a diverse group of simple photosynthetic eukaryotes of polyphyletic origin. Algae
with a primary plastid (Archaeplastida) acquired it by ingesting cyanobacterium, a prokaryote;
algae with a complex plastid acquired their plastid by ingesting another eukaryote with
a primary or already complex plastid. Algae with a complex plastid are chimeras containing
genes derived from the host genome, as well as genes derived from the genome of the
endosymbiont, and also genetic material derived from genomes of their previous stable or
transient endosymbionts. One of the groups with plastid derived from green algae are
euglenophytes. This thesis deals with the genomes of three organisms that represent individual
actors in the endosymbiotic process in euglenophytes. These are a heterotrophic host from the
class Euglenida, a phototrophic endosymbiont from the class of green algae Prasinophyceae and
the resulting phototrophic euglenid from the group Euglenophyceae. Knowledge of their
genomes should illuminate the course of endosymbiotic gene transfer (EGT) in the formation of

algae with a complex plastid.

We annotated the plastid genome of a phototrophic euglenid Eutreptiella gymnastica and
published it as the third plastome of Euglenophytes after the iconic and economically important
Euglena gracilis and its secondarily non-photosynthetic relative E. longa. We have shown that
the content of genes in the plastid genomes of Euglenophytes is almost the same and that the
reduction of plastid gene content by about 20 % has already occurred in the common ancestor
of all euglenophytes. We further found that the plastome of the basal euglenophyte
Etl. gymnastica has only few introns and therefore the extremely high number of introns in
E. gracilis plastome is not a common feature of the whole group but a species-specific feature.
Last but not least, we confirmed that the green alga Pyramimonas parkeae is related to the
ancestor of euglenophytes’ endosymbiont. The plastid genome of this alga was already known,
and we complemented it by the mitochondrial genome with relatively high gene content. None
of these genes is probably present in current euglenophytes® genomes, and the entire
mitochondrial gene pool of the endosymbiont has been lost during endosymbiosis. The last
organism examined in this study is the osmotrophic euglenid Rhabdomonas costata whose
partial nuclear genome and almost complete transcriptome were compared with the currently
available genome, transcriptome and mitochondrial proteome of E. gracilis. We found
unconventional introns typical for euglenids in R. costata nuclear genome. Its transcriptome
contains a very low portion of genes related to the genes of photosynthetic organisms and lacks
some genes obtained by E. gracilis via EGT which disproves the hypothesis of early plastid

acquisition in Euglenozoa.

These individual findings undoubtedly contributed to the understanding of the evolution

of Euglenida and the collected data will be used in further studies.



1 Uvod do problematiky endosymbi6zy

Vznik a evoluce eukaryotickych bunék tizce souvisi se vznikem jejich organel. Ziskani
mitochondrii a plastidi vedlo k jejich Uplné integraci do bunky, ktera v pfipadé mitochondrii
a primarnich plastidi probéhla pouze jednou (Gray, 2017; Roger et al., 2017). Zjevné vyhody

%

doslo k jejich prevzeti skupinami riznych nepiibuznych eukaryott.
1.1 Primarni endosymbioza mitochondrii

Jednou z hlavnich evolu¢nich udélosti, které vedly k masivnimu pfesunu gent zjedné fiSe
do druhé, byl vznik eukaryotni buniky. Pfedek dnesnich eukaryotnich bunék byl pravdépodobné
prokaryot z fiSe Archea z linie Asgard (Roger et al., 2017; Zaremba-Niedzwiedzka et al., 2017),
ktery pohltil prokaryotickou butiku z fiSe Bacteria z linie a-proteobakterii (Gray & Archibald,
2012; Yang et al., 1985). Ta dala vznik dne$nim mitochondriim. Tento proces nazyvany
primarni endosymbidza byl n¢kolikrat predpoveézen (Margulis, 1967; Mereschkowsky, 1905)
anasledné odmitnut, aby byl nakonec vSeobecné pfijat diky presvédCivym molekuldrnim
a ultrastrukturnim dokladim. Pfesny mechanismus vzniku mitochondrii je ovSem nadale

predmétem diskusi.

Béhem endosymbiogeneze, tedy transformace autonomni bakterie na semiautonomni organelu,
muselo dojit k nékolika udélostem, které pravdépodobné neprobéhly najednou, ale postupné.
Predevsim doslo ke ztraté vétSiny genii endosymbionta, které jiz nebyly potfebné vitbec nebo
byly redundantni vzhledem ke geniim hostitelské buniky. Dale doslo k pfesunu mensi ¢asti gend
nezbytnych pro funkci organely do jadra hostitelské bunky, kteryzto proces se nazyva
endosymbioticky genovy pfenos (EGT — endosymbiotic gene transfer) (Roger et al., 2017).
K tomuto procesu dochazelo v urcitych vlnach a redukce mitochondridlniho obsahu se
exponencialné zpomalovala (Janouskovec et al., 2017). Z hlediska fungovani chiméry
endosymbiont/hostitel bylo nezbytné sladit jejich biochemické drahy a koordinovat déleni,
a dale zajistit oboustranny pienos malych molekul (ATP, aminokyselin, ionti a dalSich).
Pro zpétny pfenos proteinti nutnych pro fungovani organely, které byly nové transkribovany
v jadfe a translatovany v cytoplasmé, vznikly komplexy proteinti v membrandch mitochondrie
translokony ("Translocase of the Outer (TOM) and the Inner (TIM) Mitochondrial membrane®),
jejichz nékteré komponenty jsou prokaryotického a nékteré eukaryotického ptiivodu (Roger et
al., 2017). Zaroven proteiny uréené pro transfer musely byt osazeny kratkou aminokyselinovou
sekvenci (tzv. target peptide — TP), dlouhou primérné 70 aminokyselin, kterd proteiny navadi
pies translokony dovnitf mitochondrie, a poté je odstranéna peptidazami. Je mozné, Zze se
vyvinuly z kratkych peptidd, které eukaryotické buiiky syntetizuji jako obranu proti patogeniim
a z nichz nékteré jsou jim strukturné i sekvencné podobné. Tyto peptidy maji za ukol
dezintegrovat membrany prokaryotickych patogenti. Jednou z protistrategii prokaryot je vyuziti
ABC transportérd, které tyto peptidy pfevedou bez poruseni membrany do lumen prokaryota,
kde jsou rozbity peptidazami. Takovéto ABC transportéry tak mohly byt pfedchudci
translokont (Wollman, 2016).



Ma se za to, ze primarni endosymbidza mitochondrii probéhla pouze jednou a to pravdépodobné
pfed dvéma miliardami let. Ackoli je nepochybné, Ze mitochondrie pochazi zné&jaké
a-proteobakterie, jeji presnd fylogeneticka pozice nebyla dosud urena (Roger et al., 2017).
Dlouhou dobu se zdéalo, Ze mitochondridlni genom se vétvi spolecn€ s linii dneSnich
intracelularné zijicich Rickettsiales (Wang & Wu, 2015), nebo s linii volné Zijicich motskych
bakteriii Pelagibacterales (SAR11) (Thrash et al., 2011). V nejnov¢jsi analyze, kterd vyuziva
i data z ocednického metagenomového datasetu (Tara projekt) a kterd se pokousi minimalizovat
vliv problematickych fylogenetickych artefakti, jsou piedchozi nalezy zpochybnény
a mitochondrie je postavena jako sesterska linie vS§em a-proteobakteriim (Martijn et al., 2018).

Mitochondrialni genomy jsou velice variabilni co do poctu genl. Obsahuji dva geny
u Chromera velia az cca sto puvodnich bakterialnich genti u jakobidd (Burger et al., 2013;
Flegontov et al., 2015). Nejkompletn&jsi set piivodné bakteridlnich genii (99) byl nalezen
u prvoka Andalucia godoy, zastupce jakobidd, v jejichz genomu lze vzdy nalézt subset
ze 101 gend, pochdzejicich od jejich spolecného ptedka, ktery mél podle predpokladu okolo
3000 genti (Burger et al., 2013; Roger et al., 2017). Rizné linie organismt obsahuji i dalsi geny
nepopsané u jakobidil. K redukci genomu tedy dochazelo paralelné a ztraty gent byly viceméné
nahodné, prestoze urcitd konzervovana Cast gend je ve vSech mitochondrialnich genomech
ptitomnd (Janouskovec et al., 2017). Zarovenn béhem vyvoje dochéazelo také k ziskani genii
horizontalnim genovym pienosem (HGT) od nepfibuznych organismii, napf. ve vSech
mitochondridlnich genomech s vyjimkou jakobidi se nachazi fagovd T4 RNA polymerdza
(Roger et al., 2017).

Mitochondrialni DNA tvofi vétSinou kruhova molekula, byt v mnoha skupinach byly nalezeny
i linearni formy, které se objevily nezavisle u rlznych skupin, a i blizce pfibuzné druhy se
mohou vtomto znaku lisit (Pérez-Brocal et al., 2010). Neékteré linie eukaryot (Fungi,
Stramenopiles, Chlorophytes) také obsahuji dlouhé invertované repetice (IR) obsahujici
ribozomalni operon, kter¢ jsou jinak typické pro plastidové genomy (viz dale). Piitomnost IR je
davana do souvislosti s vysokym poctem tzv. G-quadruplex struktur, které mohou rozvoliovat
DNA helixy a mimo jiné zptsobovat zlomy v DNA. Invertované repetice by pak mohly hrat roli
opravného mechanismu, snad pomoci homologni rekombinace (Gualberto et al., 2014;
Nieuwenhuis et al., 2019).

Ucebnicovou funkci mitochondrie je tvorba ATP oxidativni fosforylaci. Mitochondrie v§ak maji
mnohem vétsi skalu funkei (napf. metabolismus aminokyselin, nukleotidli, mastnych kyselin
a lipidti, biogeneze zelezosirnych klastri nebo degradace glycinu), které se Casto lisi mezi
jednotlivymi liniemi (Roger et al., 2017). U nekterych organismt je mitochondrie redukovana
a zachovava si jen nékteré funkce, které ani nemusi souviset s energetickym metabolismem.
Obecné jsou mitochondrie a jim podobné organely nazyvany "Mitochondrion-related
organelles" (MROs) a jsou rozdélovany do né€kolika funkénich typit (Muller et al., 2012), které
ale de facto tvori kontinuum organel s riznymi funkcemi (Roger et al., 2017). Vyjimecné
mitochondrie zcela chybi (Karnkowska et al., 2016), nebo je sice pritomna, ale postrada vlastni

genom a vSechny jeji geny jsou kddované v jadie (John et al., 2019).



1.2 Primarni endosymbioza plastidi

Velmi podobnym zpisobem jako primarni endosymbidza mitochondrii probéhla pozdéji
i primarni endosymbidza plastidi. Doklady nasvéd€uji tomu, Ze hostitelem jiz byla vyvinuta
eukaryotickd bunka s plné funkénim fagocytickym aparatem. Endosymbiontem byla sinice,
ktera si zachovala dvé membrany, které dnes najdeme u vSech primarnich plastidd, a podafilo se
ji uniknout z fagozomu. Pfestoze dnes zname tfi linie organismull s riznym typem primarnich
plastidii (Glaucophyta, Rhodophyta a Chloroplastida), podle poslednich fylogenetickych studii
patfi vSechny do monofyletické skupiny Archaeplastida, tzn. Zze k endosymbiotické udalosti
doSlo u této skupiny pouze jednou (Gray, 2017), a to pted 1,2 — 1,6 miliardami let
(Loffelhardt, 2014). Chloroplastim je momentalné nejpodobnéjsi dnesni sladkovodni sinice
Gloeomargaritta litophora, coz vede i k zavéru, ze k endosymbiotické udalosti nedoslo

v motském prostiedi (Ponce-Toledo et al., 2017).

V hlavnich rysech se endosymbiogeneze plastidii nelis$i od té mitochondrialni, také vng&jsi
a vnitini membrany chloroplastu musely byt vybaveny komplexy translokaz, zde nazyvanych
TOC a TIC ("Translocons at the Outer (TOC) and Inner (TIC) envelope membranes
of Chloroplasts"). Preproteiny ptenasené z cytoplasmy do chloroplastu jsou také osazené
specifickou chloroplastovou navadéci sekvenci (target peptid — TP), ktera je ovSem o néco
krat§i nez u mitochondrii a je dlouha primérné 55 aminokyselin (Wollman, 2016). Systém

translokaz i signalni peptidy jsou vSak u mitochondrii a plastidit nehomologni.

Vsechny primarni plastidy obsahuji stejné translokacni proteiny TOC a TIC. Nékteré z nich
maji prokazatelné¢ ne-sinicovy plivod a jejich komplexita prakticky vylucuje moznost
paralelniho vzniku, coz je také hlavni argument pro monofyleticky ptivod vSech archaeplastid.
Pro jednotny ptivod archaeplastid jednozna¢né hovoii také nékteré dalsi spoleéné znaky, které
u dnesnich sinic nenalezneme, napf. urcité typické genové klastry nebo protein vazajici
chlorofyl s inovativné ztrojenym transmembranovym helixem (Keeling, 2010; McFadden &
Van Dooren, 2004).

Dulezitym znakem plastidovych genomii obecné je jejich uspotfadani do Ctyf ¢asti, z nichz dvé
jsou shodné, opacné orientované ("Inverted repeats — IR"), a stfidaji se s jednim del$im a jednim
krat§Sim unikatnim tUsekem ("Large and small single copy regions — LSC, SSC"). Toto
usporadani je pravdépodobné dulezité pro zahajeni replikace plastidu, stabilizaci genomu
a konzervaci gend (Turmel et al., 2017). V IR useku se naléza ribozomalni operon, ktery je tak
v genomu piitomen dvakrat. Ribozomalni operon obvykle obsahuje 5 genti pro rRNA a tRNA
v potadi 16S, trnl, trnd, 23S, 5S. Invertované repetice se velice lis$i svou délkou, mohou
obsahovat jen 5 zminénych gent (Pseudendoclonium akinetum) nebo expandovat az na celkem
51 gent (Pelargonium X hortorum) (Chumley et al., 2006). Délka IR se 1isi i mezi blizce
ptibuznymi druhy. I v ramci jednoho jedince byly popsany rizné isomery plastomu, u kterych
se lisi orientace jednotlivych ¢asti vi¢i sobé navzajem (Berriman et al., 2005; Wang et al.,
2019). IR nemusi byt zcela identické (Casté u Ulvophyceae), mohou byt v piimé orientaci

(Porphyra) a mnohokrat byla jedna kopie IR nezavisle ztracena (Turmel et al., 2017).



Genomy primarnich plastidii obsahuji rizny pocet gen ve Skale od nékolika desitek genti
u organismil postradajicich fotosyntézu po 250 genti u Cervenych fas. Predstavuje to jen nekolik
malo procent z genli nachazejicich se v soucasnych sinicovych genomech. Je tedy ziejmé, ze
velkd ¢ast plvodnich gent sinice byla bud’ ztracena, nebo pifenesena endosymbiotickym
genovym prenosem do jadra hostitelské bunky (Archibald, 2015; Smith & Keeling, 2015).
Plastidové geny zajistuji predev§im fotosyntézu, transkripci a translaci téchto gent, ale
iuplastidi lze v proteomu najit proteiny, zajistujici dalsi funkce. Jednd se predevSim
o fotorespiraci, syntézu chlorofylu, skrobti (a glukany), mastnych kyselin, lipidi, aminokyselin
a vitamind (Wise & Hoober, 2006). Stejné¢ jako u mitochondrii existuje i u chloroplasti
kontinuum funk¢nich typl, znichz nékteré ztratily schopnost fotosyntézy, ale zachovaly si
nekteré z dalSich plastidovych funkei a jsou tak pro svého nositele nepostradalené (napt. syntéza
prekurzoru hemu, mastnych kyselina a né€kterych aminokyselin nebo skladovéani skrobu) (Gray
& Archibald, 2012; Hadariova et al.,, 2018; Janouskovec et al., 2015). Stejné jako
u mitochondrii i u primarnich plastidii Ize najit pfiklady horizontdlniho genového pienosu;
napt. u ruduchy Gracilaria tenuistipitata se vyskytuje klastr gend pro syntézu leucinu,
pochazejici z proteobakterii (Janouskovec et al., 2013); plastomy nékterych eustigmatofytnich

fas zase ziskaly klastr Sesti gend od bakterii z kmene Bacteroidetes (Yurchenko et al., 2016).

Jednotlivé linie archaeplastid vykazuji mezi sebou nekolik zasadnich odliSnosti. Mélo pocetna
skupina sladkovodnich tas Glaucophyta, zastoupena osmi rody, je nejpodobnéjsi dne$nim
sinicim svou stavbou. Nese napf. mezi svymi dvéma membrdnami relikt peptidoglykanové
stény a obsahuje chlorofyl ¢ a modry fykocyanin. Plastidové genomy obsahuji 185 — 206
unikatnich gent. Skupina se oddélila od ostatnich archaeplastid jako prvni (Jackson et al.,
2015).

T

Mnohem pocetné&jsi a rozmanit&jsi skupinou jsou Rhodophyta, ktera jsou zastoupena 5000 —
6000 druhy od nepatrnych kulovitych extrémofilnich bunék po makroskopické moiské
i sladkovodni fasy. Obsahuji chlorofyl a a ¢erveny fykoerythrin, a na rozdil od zelenych fas jsou
u nich obé podjednotky proteinu RuBisCO, stejné jako u glaukofyt, kddované v plastidu. Dosud
charakterizované plastomy obsahuji 220 — 250 velice kompaktné organizovanych unikéatnich
genl, coz je nejvyssi pocet u vSech znamych plastidovych genomt a nejvice se tak blizi

k ptivodnimu vzhledu genomu primarniho plastidu (Janouskovec et al., 2013).

Zdaleka nejpocetnéjsi a nejvariabilnéjsi skupinou jsou Chloroplastida (Viridiplantae) s mnoha
desitkami tisic druhti, zahrnujici Chlorophyta - zelené fasy a Streptophyta — vyS$si rostliny
angkteré jim piibuzné sladkovodni zelené tasy (Adl et al., 2019). Zakladnim znakem celé
skupiny je pritomnost Skrobu a chlorofylti a a b v plastidech, v jejichz genomu neni kdédovana
mala subjednotka RuBisCO, nebot’ tento gen byl pienesen v ramci EGT do jaderného genomu.
Plastidové genomy obsahuji obvykle 95 — 125 unikatnich gend, nejméné (54 unikatnich gent) je
v plastomu parazitické zelené tasy Helicosporidium (Sun & Pombert, 2014; Turmel et al.,

2017). Skupina se vyznacuje Castou ztratou IR v celych liniich (Turmel et al., 2017).



1.3 Druha primarni endosymbidéza u rodu Paulinella

K primarni endosymbidze doslo v evolucni historii nezavisle jest¢ jednou. Améba Paulinella
(Rhizaria; Cerozoa) nese jedno nebo dvé modrozelend téliska nazyvana chromatofory nebo
cyanely, které pripominaji sinice a umoznily paulinelam ptfechod od fagotrofni k fototrofni
vyzivé. U tohoto organismu jiz lze hovofit o zméné endosymbionta v organelu, vztah paulinel
ajejich cyanel je obligatorni a buiiky samostatné neptezivaji. Cyanely maji skutecné sinicovy
puvod, ale na rozdil od primarnich plastidt archaeplastid jsou monofyletické se skupinou sinic

Prochlorococcus/Synechococcus (Nowack et al., 2008).

Dosud byly osekvenovany genomy cyanel tfi druh@ rodu Paulinella, dvou sladkovodnich
a jednoho moiského. Genomy cyanel obsahuji cca 860 — 880 genil a jsou tak pouze tietinové az
¢tvrtinové v porovnani s genomem sinice rodu Synechococcus. K pohlceni sinice doslo
pravdépodobné pied cca 120 miliony let a néasledovala velice rychla ztrata genti. K rozriznéni
jednotlivych druhii pak dochazelo postupné v poslednich 60 milionech let, kdy se ovSem

rychlost ztrdceni gent velice zpomalila (Lhee et al., 2019).

1.4 Endosymbiozy sekundarni, terciarni a endosymbiozy vysSiho

stupné

Kromé vySe zminénych archaeplastid s primarnim plastidem existuje jeSté¢ cela tada dalSich
fotosyntetizujicich eukaryotnich organismi, které jsou tradi¢né také nazyvany fasami. Tyto
organismy nalezeji k riznym fylogenetickym skupinam. Ziskaly sviij plastid pohlcenim jiného
eukaryota majictho primarni plastid, takovy proces se nazyva sekundarni endosymbidza,
¢i pohlcenim eukaryota se sekundarnim plastidem, pak se jednad o terciarni endosymbiodzu.
V nékterych liniich zfejmé doslo k nékolikandsobnému postupnému pievzeti plastidu a pak
hovotime o endosymbiozach vyssiho fadu. Vysledkem je celé spektrum bunéénych typt, které
nesou plastidy obalené vétSinou tfemi nebo ¢tyfmi membranami (vyjimecné dvéma nebo péti),
nekteré maji zachovany i zbytek jadra, tzv. nukleomorf, vyjimecné je zachovana i mitochondrie
pohlceného eukaryota (Curtis et al., 2012; Dorrell & Howe, 2015; Imanian et al., 2010; Minge
et al., 2010; Rogers et al., 2007; Wetherbee et al., 2019). Zvyseni poctu plastidovych membran
prineslo dalsi inovaci, proteiny musely byt na zac¢atku vybaveny dalsi navadéci sekvenci. Ta je
obdobou signalniho peptidu (SP), ktery mivaji sekretované proteiny a ktery je rozpoznavan
napf. na membran¢ endoplasmatického retikula (Sheiner & Striepen, 2013). Tato signalni
sekvence prevadi preproteiny pfes vnéjSi membranu hostitelského pivodu a je nasledné
odstépena. Pfes druhou membranu hostitelského piivodu, pokud je pfitomna, proteiny prenasi
utas s odvozenym Cervenym plastidem tzv. SELMA komplex (viz dale), u fas s odvozenym
zelenym plastidem je jejich pfenos nedostatecn¢ prozkouman. Odhalena sekvence TP sméruje
preprotein pies dvé vnitini membrany odvozené od ptivodniho primarniho plastidu pomoci
¢aste¢né redukovanych TOC resp. TIC translokoni (Bolte et al., 2009; Fiissy & Obornik, 2018).

Stejn€é jako pfi primarni endosymbidze byla velkd cast genti piesunuta do jadra nového

hostitele, a to jak z jadra endosymbionta, tak z jeho plastidu. Genomy plastidi vyssich stupni
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endosymbiodzy tak maji pfirozen¢ mén¢ geni, nez genomy primarnich plastid (obr. 1) (Dorrell
& Howe, 2015). V¢&jit organismi s komplexnimi plastidy je zna¢né $iroky, ale u mnoha znaki
je popsana konvergentni evoluce (Hirakawa, 2017).
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Obr. 1. Obsah gent v plastomech rtiznych linii fotosyntetickych organismu (pfevzato z Dorrell
& Howe, 2015).

1.4.1 Komplexni plastidy odvozené od skupiny Chloroplastida

Sekundarni plastidy u tii nezdvislych linii eukaryot (Euglenophyta, Chlorarachniophyta
a n¢které obrnénky) obsahuji chlorofyl a a b a tedy pochazeji ze zelenych tas. Fylogeneticka
srovnani ukazala, ze ani tyto plastidy nejsou odvozeny od pfibuznych linii zelenych fas
(Jackson et al., 2018; Keeling, 2010).

Euglenophyta (Excavata) jsou sladkovodni i moisti bic¢ikovci. Jejich chloroplast ziskany pred
650 — 540 miliony let ma tfi membrany a ma puvod v zelené fase podobné dnesni fase
Pyramimonas parkeae (Jackson et al., 2018; Turmel et al., 2009). VSechny tfi membrany k sobé
tésn¢ priléhaji, neni mezi nimi periplastididlni prostor ani nukleomorf. Preproteiny se pies
vnéj§i membranu dostavaji fuzi Golgiho vacku s membranou. Pienos pies prostfedni membranu
neni objasnén, ale mohl by se dit za iCasti derlin-like proteint, ale bez ucasti TOC ptenaSect,
coz by svédcilo pro ztratu vnéj$i membrany pochdzejici z primarniho plastidu. Pfes vnitini
membranu se pravdépodobné dostavaji velice redukovanym komplexem TIC prenaseci

(Novak Vanclova et al., 2019). Bliz§imu popisu skupiny je v€novana samostatna kapitola.

Chlorachniophyta (Rhizaria; Cerkozoa) jsou moiské mixotrofni améby. Jejich chloroplast

pochazi z ptedka fas se sifonalni mnohojadernou stélkou Bryopsidales. K endosymbidze doslo
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pred 578 — 318 miliony let a neni jasné, zda pfedkem plastidu byl jednobunécny predek
trubicovek, nebo zda plastid vznikl pohlcenim ¢asti poSkozené stélky jiz sifonalni fasy (Jackson
et al., 2018). Chloroplast je obalen ctyfmi membranami. Dvé vnitini obaluji samotny plastid,
ktery je obklopen periplastidialnim prostorem, v némz se nachézi jesté nukleomorf s vlastnim
genomem. Plastidovy genom obsahuje dvé invertované repetice a 87 unikatnich gent
bez intront kddujicich plastidové proteiny a RNA (Rogers et al., 2007). Genom nukleomorfu
druhu Bigelowiella natans byl osekvenovan a obsahuje 331 gentl, z nichz 17 koduje plastidové
proteiny. Mezi nimi lze najit také geny pro nékteré translokacni proteiny TIC/TOC, diky kterym
se proteiny nesouci N-terminalni targetovaci peptid, které jsou kodované v nukleomorfu a také
v jadie sekundarniho hostitele, dostdvaji pies dvé vnitini membrany do plastidového stroma.
Proteiny kodované v jadie sekundarniho hostitele jsou na zacatku navic vybaveny signalnim
peptidem (Gilson et al., 2006).

Tieti nezavisla sekundarni endosymbidza zelené fasy byla popsdna u obrnénky rodu
Lepidodinium (Minge et al., 2010), kterd je zastoupena dvéma druhy a né¢kolika izolaty.
Obrnénky ovSem obvykle maji plastid odvozeny od Cervenych fas (viz dale). Zeleny plastid
vtomto piipadé nahradil cerveny plastid a hovofime zde o tzv. seridlni sekundarni
endosymbioze. Tento zeleny plastid je odvozeny od velmi malé jednobunééné ftasy
Pedinomonas minor (Jackson et al., 2018). Je také obalen Ctyfmi membranami a obsahuje
strukturu podobnou nukleomorfu (Waller & Kofeny, 2017). O tom, zda tato struktura nese
1 DNA, neni vice znamo. Plastidovy genom neobsahuje na rozdil od P. minor invertované
repetice a koduje 87 unikatnich genti kddujicich plastidové proteiny a RNA, coz je o 18 méné
nez u P. minor (Kamikawa et al., 2015). Proteiny urcené do plastidu maji bipartitni presekvenci,
pricemz signalni peptid (SP) ani target peptid (TP) nejsou podobné typickym SP a TP zelenych
fas ani ostatnich obrnének (Minge et al., 2010; Patron et al., 2005). V roce 2020 byly popsany
dalsi dva navzajem piibuzné kmeny obrnének se zelenym plastidem nazvané¢ MGD a TGD,
které ale nejsou blizce piibuzné rodu Lepidodinium (Sarai et al., 2020). Jejich plastid je také
odvozen od P. minor, ale byl pravdépodobné ziskdn pozdéji a endysymbiodza jest€¢ nemusi byt
dokonc¢ena (Nakayama et al., 2020; Sarai et al., 2020)

1.4.2 Komplexni plastidy odvozené od skupiny Rhodophyta

K sekundarni endosymbiodze plastidu odvozeného od ¢ervenych fas doslo také u nékolika skupin
organismt, ale situace zde neni tak ptehlednd, jako u skupin se zelenym plastidem. Neni ziejmé,
zda a u kterych organismii doslo k ziskani plastidu nezavisle a u kterych mohlo dojit
k seridlnimu predani plastidu, pficemz zjevné je pouze to, ze Cerveny plastid od rhodofyt nebyl
ziskan pouze jednou spole¢nym ptredkem vSech dotcenych linii, tak jak to predpokladala dnes
odmitnuta chromalveolatni hypotéza (Baurain et al., 2010; Burki et al., 2020; Keeling, 2010).
Situaci  znepiehlednuji  cetné  nefotosyntetizujici  organismy, pfibuzné znamym
fotosyntetizujicim liniim, které nékdy maji, ale Casto nemaji ani zbytek plastidu s redukovanym

genomem a neni jisté, zda plastid mohly mit a ztratily jej sekundarné, nebo ho nikdy nemély.
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Komplexni ¢erveny plastid, nebo jeho zbytek, je ptitomen u skupin Cryptophyta, Ochrophyta,
Haptophyta a alveolatnich skupin Dinoflagellata, Apicomplexa, Chromerida a Colpodelida
(tzv. Myzozoa) (Burki, 2017). U vSech zminénych linii byla v plastidu zjiSténa pfitomnost
nového typu chlorofylu c¢. Soulasny ptevladajici nazor predpokladd, Zze k sekundarni
endosymbioze doslo u skrytének, které obsahuji nukleomorf jako pozistatek jadra rhodofyt
(Douglas et al., 2001; Griffin & Aken, 1990; R. B. Moore et al., 2008). Skryténky pak byly
donorem pro ostatni skupiny pfimo, nebo nepiimo pifes ochrofyta (Burki, 2017;
Dorrell & Smith, 2011; Janouskovec et al., 2010; Sevcikova et al., 2015; Stiller et al., 2014).

Jeden z moZnych scénail je znazornén na obrazku 2.

MOCHa lineages
Cryptophytes

‘Complex’

plastid
Secondary endosymbiosis
Ancestor of

( haptophytes

Red alga with
Ancestor of cryptophytes  ‘primary’ plastid

Obr. 2. Jeden z moznych scénaiti ptivodu a evoluce komplexniho ¢erveného plastidu serialni
endosymbio6zou z eukaryota do eukaryota (pievzato z Burki, 2017).

Vnéjs$i membrany jsou u skrytének, ochrofyt a haptofyt pfimo spojeny s endomembranovym
systémem hostitele, s nimZ tvoii tzv. chloroplastové endoplasmatické retikulum (Flori et al.,
2016). Tim je vyteSen prvni krok pfenosu preproteinu, nebot je syntetizovan pfimo do jeho
lumen. U alveolat jsou preproteiny piepravovany do chloroplastu pravdépodobné ve vaccich
pochazejicich z Golgiho systému (Dinoflagellata) nebo ER (Apicomplexa, Chromerida), které
s vn¢js$i membranou chloroplastu fizuji (Bolte et al., 2009; Fiissy & Obornik, 2018) Pies druhou
vnéj$i membranu jsou pak transportovany tzv. SELMA komplexem (symbiont-specific ERAD-
like machinery), ktery tvori kanal z n¢kolika tzv. derlin proteinti. SELMA komplex vznikl
duplikaci komplexu ptenasecii plivodné zajistujicich transport S$patné sbalenych proteinil
uréenych k degradaci (ERAD systém) (Hempel et al., 2009). Syst¢ém SELMA je typicky
pro komplexni ¢ervené plastidy s vyjimkou dinoflagelat, které postradaji ptislusSnou membranu.
Dv€é wvnitini membrany obsahuji TOC/TIC proteiny v rdzném stupni odvozeni
(Sheiner & Striepen, 2013).

12



Cryptophyta je monofyletickd skupina fotosyntetizujicich bi¢ikovcli nélezejicich spolecné
s dal§imi heterotrofnimi bi¢ikovci, ktefi nikdy plastid neméli (napt. Goniomonas avonlea),
do superskupiny Cryptista (Burki et al., 2020; Cenci et al., 2018). Maji plastidy obalené ¢tyfmi
membranami s nukleomorfem a obsahuji chlorofyl a a ¢2 a fykobiliproteiny (Adl et al., 2019).
Plastidovy genom vétSinou obsahuje IR, které jsou nékdy neidentické. Pocet genti v plastomu je
okolo 180 u fotosyntetizujicich skrytének, nefotosyntetizujici druh Cryptomonas paramecium
ma jen 114 gent. Stejné jako u Cervenych fas jsou velka i mald podjednotka Rubisco kodované
v plastidu, coz plati i pro C. paramecium, ktery jinak dal$i geny pro fotosyntetické geny ztratil
(Kim, Yoon, et al., 2015). Genom nukleomorfu osekvenovany doposud u ¢tyi druhii obsahuje
cca 470 — 500 gent, které koduji proteiny, z nichz 20 - 30 koduje plastidové proteiny (Gilson et
al., 2006; C. E. Moore et al., 2012; Tanifuji et al., 2011; Zauner et al., 2019).

Ochrophyta je monofyleticka skupina fotosyntetizujicich velice raznorodych jedno-
i mnohobunéénych organismi ze superskupiny Stramenopiles, kterd se vyznaCuje dvéma
nestejnymi tzv. heterokontnimi bi¢iky pfitomnymi alespon v nékteré Casti zivotniho cyklu
(Riisberg et al., 2009). Nesou cervené plastidy obalené Ctyfmi membranami a obsahuji
chlorofyly a a vétSinou c/, nékteré také c2 a ¢3 a velice riznorodou smés dalSich plastidovych
pigmentd (Adl et al., 2019). Plastidy koduji cca 140 — 170 gend a maji IR. Jednou z nejlépe
prozkoumanych vétvi ochrofyt jsou rozsivky (Bacillariophyceae). Vyjimecny je nedavno
popsany stramenopilni rod Chrysoparadoxa, ktrery ma plastid pouze se dvéma membranami
(Wetherbee et al., 2019).

Haptophyta je monofyleticka skupina fotosyntetizujicich bicikatych organismi nalezejicich
spole¢né s heterotrofnimi centrohelidy do superskupiny Haptista (Burki et al., 2020). Maji
plastidy se ¢tyimi membranami, které obsahuji chlorofyl a, ¢/, ¢2 a ¢3, a jsou bez nukleomorfu
(AdI et al., 2019). Plastidové genomy obsahuji kolem 140 genii, ribozomalni operon je bud’

samostatny nebo v repetici, ktera je bud’ invertovand nebo ptima (Méndez-Leyva et al., 2019).

Myzozoa zahrnuji ty alveolatni skupiny, které se Zivi nebo zivily myzocyt6zou, pfi niZ neni
kotist pohlcena celd, ale bunéény obsah je vysaty. Zahrnuje skupiny Apicomplexa se sesterskou
parafyletickou skupinou Chrompodellida (Chromerida a Colpodellida) a Dinoflagellata a jim
blizce ptfibuzny paraziticky rod Perkinsus. Ptedpoklada se, ze tyto skupiny maji nebo mély

komplexni plastid (Janouskovec et al., 2015).

Fotosynteticky plastid si zachovala Chromerida. Tato linie zahrnuje jednobunécné volné zijici
fotosyntetizujici organismy asociované s koraly, Chromera a Vitrella, které maji Cerveny plastid
obaleny ¢tyfmi membranami. Jejich plastomy obsahuji pfes 140 gent, z nich ty, zapojené
do transkripce a translace, nalézame i u aplicomplex (Janouskovec et al.,, 2010;
Obornik & Lukes, 2015). Velice blizce ptibuznou skupinou chromeridii jsou Colpodellida,
dravé jednobunécné organismy, u nichz plastid nebyl identifikovan, ale v jejichz transkriptomu
jsou pfitomné geny, které¢ by mohly byt smérovany do kryptického nefotosyntetického plastidu
(Gile & Slamovits, 2014). V transkriptomu byly také potvrzeny geny pro plastidovou syntézu

tetrapyroll a izoprenoidt (Janouskovec et al., 2015).
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Apicomplexa predstavuji jednu z hlavnich vétvi superskupiny Alveolata. Jsou to obligatni
parazité, ktefi nesou bezbarvy nefotosyntetizujici plastid (apikoplast), obaleny ctyimi
membranami, ktery je ovSem nepostradatelny kvili zapojeni do syntézy isoprenoidd, hemu,
lipidii a zelezo-sirnych klastri (Lim & McFadden, 2010). Genom apikoplastu je redukovany
a obsahuje jen okolo 65 geni, které nejsou spojeny s fotosynézou. Na rozdil od mnoha
nefotosyntetizujicich organismi se zbytkovym plastidem nemaji ve svém genomu geny
pro podjednotky Rubisco.

Dinoflagellata tvoti dalsi hlavni vétev alveolat. Jsou to jednobunééné mixotrofni organismy
se dvéma biciky, které maji plivodné sekundarni Cervené plastidy obalené tfemi membranami
obsahujici chlorofyl a a ¢2 a Casto i specificky xantofylni pigment peridin (Keeling, 2010).
Obrnénky s timto tzv. peridinovym plastidem jsou povazovany za ptvodni typ (napf. rod

Gymnodinium) a ostatni typy jsou od néj odvozené.

Vzhledem ktomu, Ze Dinoflagellata tvofi sesterskou skupinu k dvojici Apicomplexa
a Chrompodellida, Ize usuzovat, zZe stejny plastid byl pfitomen u spolecného predka vsech
téchto linii (Janouskovec et al., 2010; Woo et al., 2015). Plastidovy genom obrnének je oproti
plastomu chromery velice redukovany, ziistaly v ném vSak naopak pouze geny pro rRNA a geny
pro proteiny fotosystému I a II, cytochromu a ATP syntaz. Plastidovy genom netvofi jedno
kruhové vlakno, ale tzv. minikrouzky, které nesou kromé témet shodné kratsi nekodujici oblasti
vzdy jeden nebo nékolik malo genl, celkové se v genomu nachazi okolo 15 gend
(Dorrell & Howe, 2015). U obou linii Chromerida a Dinoflagellata jadro koduje také velkou
podjednotku RuBisco typu II, ktera byla ziskana druhotné horizontalnim genovym pienosem
z ¢ervenych sirnych bakterii Rhodospirillum rubrum (Dorrell & Howe, 2015; Tabita et al.,
2008).

Mnohé druhy obrnének nejsou fotosyntetické. Jsou mezi nimi jednak volné zijici zastupci
(napt. rod Oxyrrhis, Noctiluca), jednak parazité (napt. rod Hematodinium a také obrnénkam
pribuzny rod Perkinsus) a jednak obrnénky, které si po né&jaky cCas drzi prechodny
fotosynteticky plastid — "kleptoplastid" (Dinophysis). U vétSiny z nich je pfedpoklad, ze maji
krypticky plastid. Maji plastidové drahy pro syntézu izoprenoidd a tetrapyrolii, u druhu
Perkinsus marinus jen isoprenoidl. Vyjimku tvoii Hematodinium, které ztratilo plastid docela a
v jejim genomu se naslo jen nékolik malo pivodem plastidovych gend, jejichz funkce byla
pfesmérovana do cytosolu (Janouskovec et al., 2017; Waller & Koteny 2017).

U obrnének kromé druhotné ztraty plastidu doslo také nékolikrat nezavisle k jeho vymeéné, kdy
peridinovy plastid byl nahrazen jinym plastidem a ptfed nebo béhem této endosymbidzy byl
puvodni plastid ztracen. Takové endosymbidzy nazyvame terciarni ¢i kvartérni a tyto
komplexni plastidy jsou obaleny ¢tyfmi membranami u endosymbiontli pochazejicich ze
skupiny Haptophyta (Kareniaceae), nebo péti membranami v ptipad¢ pohlceni celych rozsivek
(Kryptoperidinium, Durinskia). Zéastupci Dinofhysiales i dalSich tfid obrnének si drzi tzv.
kleptoplastid ziskany z kofisti, ktery si musi ¢as od &asu znovu opatiit. Castym zdrojem jsou
skryténky, ale i dalsi fasy s primarnim nebo komplexnim plastidem (Waller & Koteny, 2017).
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2 Cile prace

1. Charakterizovat plastidovy genom Eutreptiella gymnastica, euglenofyta velmi

vzdalené pribuzného modelovému druhu E. gracilis.

2. Charakterizovat mitochondridlni genom Pyramimonas parkeae, Zijiciho
pribuzného predka plastidii euglenofyt.

3. Na zakladé genomickych a transkriptomickych dat charakterizovat vybrané
vlastnosti heterotrofniho euglenida Rhabdomonas costata a porovnat je
s vlastnosmi Euglena gracilis.
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4 Eutreptiella gymnastica — zastupce opomijené Celedi

euglenofyt

Euglenofyta je spolecné pojmenovani pro tfi autotrofni fady z tfidy Euglenida, které maji zeleny
sekundarni plastid. Ttida Euglenida zahrnuje jak tyto fotosyntetizujici organismy s plastidem,
tak jejich sesterské heterotrofni skupiny. Porovndni genomu téchto dvou skupin, stejné jako
porovnani genomi v ramci euglenofyt mize pfinést detailn€jsi vhled do procesu sekundarni
endosymbidzy. U zastupce fototrofnich euglenidi Eutreptiella gymnastica jsme anotovali

plastidovy genom a porovnali ho se znamym plastidovym genomem Euglena gracilis.

4.1 Charakteristika tfidy Euglenida

Tiida Euglenida dnes patii spolu sdal§imi tfemi tfidami Symbiontida, Diplonemea
a Kinetoplastea do kmene Euglenozoa superskupiny Excavata (Adl et al., 2019; Cavalier-Smith,
1981). Euglenozoa jsou jednobunécné organismy s typicky dvéma, n€kdy jen jednim bicikem,
které vychazeji z periflagelarni kapsy, a jeden nebo oba jsou vyztuzeny paraxonemalni tyci;
Euglenozoa mivaji komplexni potravni aparat zesileny mikrotubuly lisici se podle typu vyzivy,
trojdilny kotfenovy systém bi¢iku a pelikulu — plasmatickou membranu podlozenou vrstvami
specializovanych proteinti, mikrotubuly a ER (Adl et al., 2019; Leander, 2004). Euglenozoa
zahrnuji piedevsim volné Zijici, ale i parazitické organismy (Kinetoplastea), jsou to pivodné
aerobové, vyjimecné anaerobové (Symbiontida), a vétSinou jsou to heterotrofové s vyjimkou
zminénych fototrofnich euglenofyt. Vzajemna poloha vétvi jednotlivych tfid na fylogenetickém
strom¢ se lisi v riznych studiich, na obrazku 3 je znazornén nejnovéjsi z nich (Bicudo &
Menezes, 2016; Breglia et al., 2013; Thomas Cavalier-Smith, 2016; Lax et al., 2019).

Pivodni Euglenozoa mohly byt bud’ eukaryovorni organismy s velice komplexnim potravnim
aparatem (Thomas Cavalier-Smith, 2016), nebo to byly naopak drobné bakteriovorni
organismy, jeZ dnes nalezneme na bazi fylogenetickych stromt tiid Kinetoplastida (Bodonida)
i Euglenida (Petalomonadida a "ploeotiida") (Leander et al., 2007). Oba autoti dokladaji sva
tvrzeni fylogenetickymi stromy, které se ovSem neustale méni v zavislosti na zastoupeni
zkoumanych druhtl a znakd. Nicméné se zd4, Zze fylogeneticka a morfologickd data dobie

odrazeji zptsob vyzivy jednotlivych skupin tfidy Euglenida (Leander et al., 2007).

Bakteriovorni euglenidi maji potravni aparat ve tvaru kapsy vyztuzené mikrotubuly stejné jako
bodonidi, ale zaroven se u nich vyskytuje novy znak, synapomorfni pro tfidu Euglenida, kterym
je pelikula s podélnymi pasy, coz je plasmatickd membrana podlozend nejen mikrotubuly,
ale také navzajem propojenymi proteinovymi pasy navazujicimi na cisterny endoplasmatického
retikula (Thomas Cavalier-Smith, 2017; Leander, 2004). U bakteriovornich euglenidi je past
jen 10 — 12, jsou usporadany podélné a pelikula je tak pomérné tuha. Rigiditu bunék také
podporuje komplexni systém podpirajici potravni aparat; jednak ty¢ slozend z velkého mnozstvi
mikrotubulti, ktera mtize prochazet i celou bunkou (napt. rod Ploeotia) a jednak dalsi podpirné
prvky, jako jsou lopatky a amorfni hmota (Lax et al., 2019; Leander et al., 2001). U ¢asti
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euglenidll se vyvinula schopnost pozfit i organismy vétSi nez bakterie a vznikla skupina
eukaryovornich euglenida (napf. "peranemida” a "anisonemida’). Potravni aparat je podloZen
krat$imi mikrotubuly a pelikula je slozend znékolika desitek past uspofadanych helikalné.
ztratila schopnost predace a stali se z nich primarni osmotrofové (Aphagea). S touto zménou
souvisi druhotnd ztrata potravniho aparatu, snizeni poctu pelikulérnich pasii a s tim spojené
snizeni plasticity bun€k (Leander et al., 2007, 2017).

~ : . 0 Fototrofové

_" r - © Primarni osmotrofové
7 L - -

Eukaryovorni fagotrofové

.'J Farmee
Qlkasia
Unidentified Ploeotid SMS7
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- — _ ; Bakteriovorni fagotrofové
Floeotiax (nékteré druhy fakultativné eukaryovorni *)
L‘-" SHFF}HI"I(JI'T)'U.""HS*

Petalomonads

-] Entosiphons
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Obr. 3. Schematicky fylogeneticky strom kmene Euglenozoa (upraveno podle Lax et al.,2019).

Z eukaryovornich euglenidi je také odvozena monofyletickd fototrofni linie Euglenophyceae.
Plivodni kofist, zelenou fasu, si fototrofové ponechali a procesem sekundarni endosymbiozy
doslo kjeji preméné na sekundarni plastid, ktery je obdafen tfemi membranami, s tylakoidy
ve sloupcich po tfech a chlorofylem a + b (Leander et al., 2017). Druhotné u n¢kterych rodd
ztéto skupiny doslo k ¢astecné redukci plastidu a fotosyntetického aparatu a objevili se
tzv. sekundarni osmotrofové (napt. Fuglena longa, puv. Astasia longa) (Leander et al., 2017).
Jak fototrofové, tak sekundarni osmotrofové, maji redukovany potravni aparat. Doslo také
ke zméné v pohybu buriky; zmény v rytmu a pohybu bi¢iku umoznily opusténi klouzavého
pohybu po povrchu, ktery byl nahrazen volnym plavanim umoziujicim pohyb ve vodnim
sloupci za svétlem (Leander et al., 2007). Pelikula je u téchto euglenidd tvofena nékolika

desitkami past, které velmi zvysily plasticitu bunek. Pasy jsou helikalné stocené a umoziuji
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tzv. metabolii — pohyb typicky pro euglenofyty, kdy se velice rychle mize ménit tvar bunky
prelévanim bunééného obsahu, pfirovnavanym k peristaltickému pohybu (Leander et al., 2007;
Triemer et al., 2006). Cast druhti je druhotng rigidnich a pohyb si zajistuji pfedevsim pohybem
biciku, nékteré maji dokonce mineralizované schranky (Leander et al., 2017; Triemer & Farmer,
1991). Také co se tyCe tvaru, poctu a umisténi plastidi a viilbec celkové morfologie bunky je
tato skupina nesmirné rozmanitd. Pro celou skupinu je dale typicka zvétSena flagelarni kapsa,
nazyvana rezervoar, u jejiz zakladny se volné v cytoplasmé nachéazi také svétlocivna skvrna

"stigma" a fotosenzory, které oboji zajist'uji orientaci za svétlem (Leander et al., 2017).

Predstaveny scénar vzniku sekundarniho plastidu pohlcenim zelené fasy predkem euglenofyt je
nazyvan hypotéza "pozdniho ziskani plastidu” a je dnes Siroce akceptovan na zaklad¢ nynéjSich
fylogenetickych studii (Hrda et al., 2012; Jackson et al., 2018; Leander, 2004). Je tfeba zde
zminit i alternativni, dnes podstatné méné pfijimanou hypotézu "Casného ziskani plastidu”, ktera
predpokladala, ze euglenidi ziskali plastid jiz mnohem dfive, moznd dokonce jesté
pted rozdélenim sesterskych skupin Fuglenida a Kinetoplastea, a ze se tento plastid udrzel
pouze v linii euglenofyt (Hannaert et al., 2003; Martin & Borst, 2003). Tato hypotéza se opirala
0 to, Ze genom trypanosom obsahuje miniméaln€¢ 16 enzymi piibuznych zelenym rostlinam,

které se nachazi v cytoplasmé nebo v glykozomu a Gcastni se zdkladniho metabolismu cukrt.
4.2 Charakteristika Euglenophyceae

Euglenophyta (Euglenophyceae) jsou monofyleticka skupina, kterou Ize rozdé€lit na dve
podskupiny, znichz jedna zahrnuje pouze jeden druh Rapaza viridis popsany vroce 2012
(Yamaguchi et al., 2012) se sekundarnim plastidem, nebo spiSe kleptoplastidem nejasného
puvodu, a druhd vSechny ostatni fototrofy a jejich heterotrofni potomky, jejichz sekundarni
plastid ma spole¢ny ptivod v zelené fase podobné dnesni fase Pyramimonas parkeae (Turmel et
al., 2009).

Druh R. viridis je dnes zatazen do samostatného tadu na bazi euglenofyt. Je to volné Zzijici
moisky organismus pohybujici se pomoci dvou nestejnych bic¢ikli, u kterého byla pozorovana
i metabolie diky ptitomnosti 16 helikalnich pelikularnich past. Potravni aparat se sklada
z potravni kapsy vypodlozené ¢tyfmi fadami mikrotubuldrnich pasti bez dalSich vyztuzujicich
prvkia. Jedna se o mixotrofni organismus, protoze prestoze obsahuje zeleny plastid, nedokaze
déle nez 35 dni zit bez pravidelné predace urcit¢ého kmene zelené tasy Tetraselmis sp.
(PRA-361). Tuto koftist pohlcuje celou, pfiCemz pravé zminénd metabolie napomaha jednak
pfi pozieni buiiky a jednak pfi odstranéni jeji bundéné stény (theky). Rasa je posléze stravena
cela, véetné svého plastidu. Po n&jakou dobu vsak tyto plastidy piezivaji (kleptoplastidy) a jsou
obklopené dvéma membranami. Morfologicky jsou dobfe odliSitelné od vlastnich chloroplastii
R. viridis, které maji tfi membrany a jsou ultrastrukturné¢ podobné chloroplastim euglenofyt.
Pti absenci svétla R. viridis pteziva jen jeden tyden, i kdyz je pfitomna fasa Tetraselmis jako
koftist. Je tedy ziejmé, ze oba typy vyZivy jsou nezbytné pro pieZiti tohoto euglenida, ktery tak

tvoti prechodny ¢lanek mezi fagotrofnimi a fototrofnimi druhy (Yamaguchi et al., 2012).
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"Tradicni" euglenofyta tvoii dva fady — Eutreptiales a Euglenales (obr. 4), ktery je podle vétSiny
fylogenetickych studii povazovan za sestersky k Eutreptiales (Lax et al., 2019), podle jinych se
jedna o fad vnoteny do Eutreptiales (Cavalier-Smith, 2016; Karnkowska et al., 2018).

Euglena
Euglenaria
Euglena archaeoplastidiata

Monomorphina

Cryptoglena

Strombomonas

Euglenaceae

Trachelomonas

LiAAL A

Colacium

EUGLENALES

Euglena velata

Euglenaformis
Lepocinclis

Phacus

I

Phacaceae

Discoplastis

|

EUTREPTIALES

Rapaza viridis

Obr. 4. Schematicky fylogeneticky strom fototrofnich euglenidl podle Karnkowska et al.,2015
a Kim et al.,2015 (ptevzato ze Zakrys et al., 2017).

Prvni tad, Eutreptiales, zahrnuje dva rody Eutreptia a Eutreptiella v celkem 17 druzich podle
AlgaeBase, které jsou vSechny motské nebo brakické a maji dva stejné ¢i nestejné biciky, coz
jsou znaky povazované za puvodni (Adl et al., 2019). V ultrastruktufe psychrofilni vyjimecné
Ctyibicikaté eugleny Eutreptiella pomquetensis (orig. Tetreutreptia pomquetensis (McLachlan et
al., 1994) lze nalézt né€kolikavrstevné svazky mikrotubulii, které by mohly predstavovat zbytky
potravniho aparatu fagotrofnich euglenidi (Triemer & Lewandowski, 1994), byt u ni
fagocytdza pozorovana nebyla. Zato u druhu Eutreptiella eupharyngea, ktery je Castym
puvodcem vodniho kvétu, bylo pozorovano, ze se tyto organismy kromée fotosyntézy zivily také
eubakteriemi a sinicemi rodu Syrnechococcus, avsak ne predkladanou eukaryotickou kofisti,
kterou tvofily zelené tasy napt. Tetraselmis nebo Isochrysis (Walne et al., 1986; Yoo et al.,
2018). Bakterie obklopené membranou v cytoplasmé byly pozorovany i u Eutreptiella sp., ale

v tomto pfipadé jsou autory povazovany za endobionty, kteti dlouhodobé ptezivaji uvniti bunky
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a synchronné se s nimi mnozi (Kuo et al., 2013). Nicmén¢ lze fici, Ze minimaln¢ u nékterych

zastupct Eutreptiales dochazi také k mixotrofii, podobné jako u R. viridis.

Druhy tad, Euglenales, zahrnuje 11 roda prevazné sladkovodnich bi¢ikovel s jednim bicikem
vystupyjicim a druhym skrytym v periflagelarni kapse. Mohou byt mixotrofni, v prostiedi
bohatém na organické latky nebo za anaerobnich podminek vyuzivaji alternativni zdroje energie
a pfechazi na osmotrofni vyzivu (Mahapatra et al., 2013). Podle zavéri fylogenetickych analyz
na zakladé sekvence jadernych i plastidovych ribosomalnich podjednotek (ncLSU, ncSSU,
ptLSU a ptSSU) je ¢lenén na dvé samostatné monofyletické ¢eledi Euglenaceae a Phacaceae
(Kim et al., 2010). Taxonomie euglenofyt prosla v poslednich dvaceti letech né€kolika zménami
a upiesnénimi, které odrazeji nejen morfologické, ale také molekularné biologické vlastnosti
jednotlivych druhti (obr. 4). Mnoho druhd ptivodné patiicich do rodu Euglena doslalo nové
rodové nazvy, avSak dosud zbyvaji nékteré druhy a izolované kmeny, kterym by sluSelo vlastni
rodové jméno. Odhaduje se (Zakrys et al.,2017), ze z 560 druhii a poddruhti rodu Euglena
popsanych v AlgaeBase bylo jen u jedné tfetiny (asi 150 druhli) ovéfeno a upfesnéno jejich

taxonomické postaveni.

Celed Euglenaceae zahrnuje osm rodd: Colacium, Cryptoglena, Euglena, Euglenaformis,
Euglenaria, Monomorphina, Strombomonas a Trachelomonas. Kromé rodu Euglena jsou tyto
rody s vysokou podporou monofyletické. Sesterské rody Cryptoglena a Monomorphina maji
oba jeden velky parietalni chloroplast a dale rigidni buiku, proCez postradaji metabolii. Rody
Trachelomonas a znéj vyclenény rod Strombomonas (Triemer et al., 2006) tvoii také
monofyletickou jednotku a jsou navzajem sesterské, za jejich spolecny znak lze povazovat
mineralizovanou schranku zvanou lorika. Rod Colacium tvoii sesterskou vétev k ptedchozim
dvéma a vyznacuje se vej¢itou bunkou ptisedlou slizovitou stopkou k povrchu. Tvorba slizu je

typicka pro vSechny tfi naposledy zminéné rody (Zakrys et al., 2017).

Nekolik kryptickych druhti rodu Euglena bylo na zékladé fylogenetickych analyz ptefazeno
do nového rodu Euglenaria (Linton et al., 2010), ktery je podle typu analyzy sestersky bud’
k rodu Euglena (Kim et al., 2015) nebo dvojici Cryptoglena/Monomorphina (Karnkowska et al.,
2015). Podobn¢ dalsi rod Euglenaformis zastoupeny jednim druhem FEuglenaformis proxima,
puvodné popsany jako Euglena proxima, byl také vytazen z rodu Euglena jako krypticky druh
a tvori linii sesterskou v§em ostatnim liniim ¢eledi Euglenaceae (Bennett et al., 2014).

Pres tato upfesnéni v taxonomii je stale rod Euglena para/polyfyleticky, rozdeleny (zatim)
do tfech subkladd. Prvni skupinu tvoii dobie podpofend monofyletickd skupina zahrnujici
minimalné 23 druhti véetné modelového druhu E. gracilis ¢i nefotosyntetizujicitho druhu
E. longa. Druha skupina zahrnuje jeden druh E. archaeoplastidiata, ktera ma nékteré
morfologické znaky podobné sesterskym rodim Cryptoglena/Monomorphina a nékteré dvojici
Euglena/Euglenaria. Ve fylogenetickych stromech se odvétvuje pfed rodem FEuglenaria
(Kim et al., 2015) nebo klddem FEuglenaria/Monomorphina/Cryptoglena (Karnkowska et al.,
2015). Tieti skupinu tvoti E. velata komplex, ktera je sesterskd rodu Colacium (Kim et al.,
2015).
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Celed Phacaceac zavedena vroce 2010 (Kim et al, 2010) zahrnuje tfi rody: Phacus,
Lepocinclis a Discoplastis. VSechny tii se vyznaCuji mnozstvim malych diskovitych
chloroplastti. Rody Phacus a Lepocinclis jsou sesterské, maji rigidni nebo semirigidni buiiky,
které nemetaboluji, ale pohybuji se kroutivym pohybem (Linton et al., 2010). Fylogenetické
analyzy i zde vedly k velkym taxonomickym piesunim a piejmenovanim mnoha druhd.
Postupné byla ¢ast druhti rodu Phacus presunuta do rodu Monomorphina (Marin et al., 2003)
a dale druhy Euglena limnophila a E. salina byly ptesunuty do rodu Phacus (Linton et al.,
2010). K rodu Lepocinclis bylo postupné piezazeno 10 druht z rodu Euglena (Kosmala et al.,
2005; Marin et al., 2003) a nasledné i P. horridus jako L. spinosa (M. S. Bennett et al., 2012).
Molekularni data ov§em nekoresponduji uplné s morfologickymi, a tak hlavni rozliSovaci znak,
ploché buiika u rodu Phacus, neni platny. Také v nekterych studiich vychazi rod Lepocinclis
jako vnitini klad rodu Phacus (Karnkowska et al., 2015), ale zvySeni poctu taxont ukazuje, ze
oba taxony jsou opravnéné monofyletické a nema smysl je slucovat (Kim et al., 2015). Bazalné
od téchto dvou rodid se odvétvuje tieti rod Discoplastis, ktery se na rozdil od nich pohybuje
metabolii. Druhy D. spathirhyncha a D. adunca byly také piesunuty z rodu Fuglena (Triemer et
al., 2006) a jejich poloha na fylogenetickém stromé byla také nékolikrat aktualizovana
(Karnkowska et al., 2015; Kim et al., 2010; Kim et al., 2015; Linton et al., 2010).

4.3 Sekundarniho plastid euglenofyt

Na prelomu sedmdesatych a osmdesatych let byl koncept vzniku sekundarniho plastidu
aplikovan také na euglenofyta. Na zikladé bunétné ultrastruktury plastidu se tfemi
membranami byl u FE. gracilis navrzen vznik jejiho plastidu zpohlcené zelené fasy,
a nadbyte¢nd membréna by pak pfedstavovala pozlstatek plasmalemy endosymbioticky zijici
fasy (Gibbs, 1978). Patrani po ptivodu plastidu bylo nasmérovano pracemi hledajicimi ptivod
sekundarniho plastidu chlorarachniofyt (Ishida et al., 1997; Rogers et al, 2007)
a osekvenovanim plastidu Nephroselmis olivaceae (Turmel et al., 1999) do skupiny zelenych
prasynofytnich fas. K uptesnéni doslo po osekvenovani dalSich tii plastidovych genomi z této
skupiny fas a dnes je za nejblizsiho piibuzného piivodniho endosymbionta povazovana moiska
tasa Pyramimonas parkeae (Hrda et al., 2012; Turmel et al., 2009), byt nejnovéjsi fylogeneticka
srovnani nevylucuji ani moznost, Ze nejblizSim piibuznym by mohl byt jeden z rodu
Cymbomonas nebo Pterosperma (Jackson et al., 2018). Vzhledem k tomu, Ze linie Eutreptiales
zahrnuje také motské druhy, predpoklada se, ze k endosymbiotické udalosti doslo v moiském
prosttedi (Marin, 2004), piestoze vétSina euglenofyt je sladkovodnich. Noveé sice byly nalezeny
stopy novych motskych druhti skupiny Euglenales v motskych enviromentalnich vzorcich

DNA, ale obecné nejsou euglenofyta v té€chto vzorcich viibec hojna (Lukesova et al., 2019).

Alternativni hypotéza hovoii o wvzniku skupiny ve sladkovodnim prostiedi. Protoze
do fylogenetickych analyz byly prozatim zahrnuty pouze motské druhy prasinofytnich fas, je
mozné, ze nektery sladkovodni druh, napt. P. tetrarhynchus, by mohl byt blize ptribuzny
stavajicimu plastidu. Pro to by svédcil i fakt, Ze nefotosynteticky, euglenofytim nejblize

pribuzny rod Heteronema zahrnuje také mnozstvi sladkovodnich druhi (Lax et al., 2019).
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4.4 Obsah genit v plastidovém genomu euglenofyt

Genom chloroplastu P. parkeae obsahuje 110 genti (Satjarak & Graham, 2017b; Turmel et al.,
2009). Béhem sekundarni endosymbidzy byl tento pocet redukovan na 89 genti, které najdeme
s jednotlivymi vyjimkami u plastidovych genom euglen (vCetné genu pro 5S rRNA, ktery
nebyl v plastomu P. parkeae identifikovan). Jinymi slovy, k redukci plastidovych gend doslo
jedinkrat u spolecného predka tadt Eutreptiales a Euglenales. Soubor 22 plastidovych gent,
které u euglen nejsou pfitomny, zahrnuje jednak geny, které byly pravdépodobné zcela ztraceny
(napt. geny pro subjednotky NADH-plastoquinon oxidoreduktazy plastidového respiracniho
fetézce ndhA-K), a jednak geny, které byly pfeneseny do jadra spolecného predka a byly
identifikovany v transkriptomu E. gracilis a Etl. gymnastica (napf. cytochrom c¢ biogenesis
protein ccsA, metaloprotedaza fisH nebo fotosystém I assembly protein YCF3) (Hrda et al.,
2012).

Zminénych 89 zachovanych plastidovych gend euglen zahrnuje 32 gent pro fotosyntetické
proteiny, 5 gentl pro transkrip¢ni a translacni proteiny, 22 genti pro ribozomalni proteiny, 3 typy
rRNA a 27 riiznych tRNA (obr. 5). V nekterych genomech chybi jeden az tfi z téchto gent, ale
k témto ztratdm doSlo u jednotlivych druhi viceméné nahodné. Jediny osekvenovany
nefotosyntetizujici plastid E. longa postrada dalSich 33 geni, které koduji proteiny zajistujici
fotosyntézu, zachovany jsou vSak geny pro rRNA a tRNA, transkripéni a translacni faktory,
a geny pro ribozomalni proteiny. Vyjimku tvofi gen pro velkou podjednotku komplexniho
proteinu Rubisco, ktery u E. longa zGstal (Gockel et al., 2000). Zda je jeho pfitomnost divodem
pretrvavani plastidu v buiice, neni ziejmé, zvlasté proto, ze jeho exprese je velmi nizka
(Zéhonova et al., 2016). Jednotlivé genomy euglen dale obsahuji vice ¢i méné otevienych
¢tecich ramct (ORF), jejichz funkce je vétSinou neznama nebo pouze hypoteticka, a jeden ¢i

vice gent s funkci maturdzy/reverzni transkriptazy.

Prvni osekvenovany plastidovy genom euglenofyt byl genom Euglena gracilis (Hallick et al.,
1993), nasledoval genom nefotosyntetizujiciho druhu E. longa (Gockel et al., 2000). S nastupem
sekvenovani nové generace bylo od roku 2012 publikovano dalSich 28 plastidovych genomu.
Mezi prvnimi byly publikovany dva plastomy z fddu Eutreptiales, a to plastom Eutreptiella
gymnastica, ktery byl charakterizovan v na$i laboratoti (Hrda et al., 2012), a dale plastom
Eutreptia viridis (Wiegert et al., 2012). Tteti plastom z tohoto tadu, Eutreptiella pomquetensis,
pfibyl vroce 2017 (Dabbagh et al., 2017). U fadu Euglenales je plastidovych genomi
osekvenovano mnohem vice, 9 z celedi Phacaceaec — Phacus orbicularis (Kasiborski et al.,
2016), P. inflexus, P. pleuronectes, Lepocinclis tripteris MI 101, L. tripteris UTEX 1311,
L. playfairiana, L. steinii, L. ovum a Discoplastis spathirhyncha (Karnkowska et al., 2018), a ke
dvéma ptvodné charakterizovanym euglenam piibylo 16 dalSich druhl, véetné poddruhd,
zceledi Euglenaceae (Bennett et al., 2012, 2014; Bennett & Triemer, 2015;
Dabbagh & Preisfeld, 2017, 2018; Hewadikaramge & Linton, 2018; Pombert et al., 2012;
Wiegert et al., 2013) (viz tabulka €. 1).
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Obr. 5. Obsah genli v plastidovém genomu P. parkeae a euglenofyt. Hvézdicka znaci geny,

které u n¢kterych druha chybi (pfevzato z Vanclova et al., 2017).

4.5 Struktura genomu

Chloroplastovy genom P. parkeae ma typické kvadripartitni uspotadani, kde IR nesou kromé
ribozomalniho operonu jest¢ dalSich 7 genl a jsou orientovany proti sobé na plus a minus
vlakné smérem k SSC useku, jak je obvyklé u plastidovych genomi. V SSC useku je vétSina
gend pro podjednotky ndh a n€kolik dalSich genii. VétSina ostatnich gent je na LSC useku.
Takovéto usporadani bylo pravdépodobné i u predka plastomu Euglen (Turmel et al., 2009)
(obr. 6).

/ l\ / IR h IR\ cf /

LsC

Obr. 6. Uspotadani plastidovych genomt P. parkeae (a), Etl. pomquetensis (b) a E. gracilis (c),
IR — invertovana repetice, TR — tandemova repetice, LSC — Large single copy region, SSC —
Small single copy region. Sipky znaéi smér ribozomalniho operonu 168, trnl, trnd, 23S, 58.
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Tab. 1. Zékladni charakteristiky chloroplastovych genomil euglenofyt a P. parkeae. Uspotradani
rRNA operonu: TR — tandemova repetice, IR — invertovand repetice, ? — neni znama orientace,
¢ — casteCny rRNA operon. Hvézdicka * oznacCuje genomy s neuzavienou kruznici. Pocet
plastidovych genti zahrnuje jen geny pienesené od spolecného predka plastidu véetné gent
pro rRNA a tRNA, kopie nejsou zapocitany. V tabulce neni uveden pocet dalSich otevienych
&tecich rameti (ORF) s neznamou funkei. Cerné Euglenaceae (véetné nefotosyntetické E. longa,
ktera je oznaCena Cerveng), fialové Phacaceae, modfe Eutreptiales a zelené P. parkeae. Potadi
druhii odpovida vétveni schematického fylogenetického stromu z obr. 4. mat! je synonymem
ycfl3 z obr. 5.

. Podet y Pocet kopii )
Druh Velikost plastidovych Eocetn rRNA operonu/ Maturdzy! L
genomu . intrond o rev. transkriptazy (RT)
genl usporadani
Euglena longa 73,3 kbp 56 60 3+¢/TR mat1, RoaA
Euglena gracilis var.bacillaris 132 kbp 87 134 3+¢/ TR mat1, mat2, RoaA
Euglena gracilis Z 143,2 kbp 87 145 3+¢/TR mat1, mat2, RoaA
Euglena viridis epitype 76,2 kbp 89 77 1 mat1, mat2, RoaA
Euglena viridis SAG 1224-17d 91,6 kbp 89 77 1 mat1, mat2, RoaA
Euglena hiemalis 128,3 kbp 88 100 2/TR mat1, mat2, RoaA
Euglena clara 98,4 kbp 89 138 2/TR mat1, mat2, RoaA
Euglena mutabilis 87 kbp 89 76 1 mat1, mat2, RoaA
Euglenaria anabaena 88,5 kbp 89 82 1 mat1, mat2, mat5, RoaA
Euglena archaeoplastidiata 97,2 kbp 89 92 1 mat1, mat2, mat5, RoaA
Monomorphina aenigmatica 74,7 kbp 89 53 1 mat1,mat2, RoaA
Monomorphina parapyrum 80,1 kbp 89 80 1 mat1, mat2, mat5, RoaA
Cryptoglena skujai 106,8 kbp 89 84 1 mat1, mat2, RoaA
Strombomonas acuminata* 144,2 kbp 89 110 1+¢/IR* mat1, mat2, mat5, RoaA
Trachelomonas volvocina 85,4 kbp 89 94 1 mat1, mat2, mat5, RoaA
Trachelomonas grandis 113,3 kbp 89 68 1 mat1, mat2, mat5, RoaA
Colacium vesiculosum* 128,9 kbp 88 130 1+¢/TR * mat1, mat2, mat5, RoaA
Euglenaformis proxima 94,2 kbp 87 113 1 mat1, mat2, mat5, RoaA
Lepocinclis ovum * 69,6 kbp 88 50 2/IR* mat1,mat2, RoaA
Lepocinclis playfairiana * 77,4 kbp 88 79 2/IR* mat1,mat2, RoaA
Lepocinclis steinii * 81,8 kbp 88 81 2/IR* mat1,mat2, RoaA
Lepocinclis tripteris MI 101 * 81 kbp 89 94 2/IR* mat1,mat5, RoaA
Lepocinclis tripteris UTEX 1311 * 83 kbp 89 95 2/IR* mat1,mat5, RoaA
Phacus inflexus 58,1 kbp 89 29 1 mat1
Phacus orbicularis * 66,4 kbp 88 67 1* mat1, Roa
Phacus pleuronectes 90,9 kbp 89 104 1 mat1, mat2, mat5, RoaA
Discoplastis spathirhyncha 84 kbp 89 59 2/1R mat1,mat2
Eutreptia viridis* 65,5 kbp 86 27 217% mat1
Eutreptiella pomguetensis* 130,6 kbp 88 51 2/IR* mat1
Eutreptiella gymnastica 67,6 kbp 86 8 2/1R mat1, (mat5?)
Pyramimonas parkeae CCMP726 | 101,6 kbp 110 1 2/1R Put. maturaza / RT
Pyramimonas parkeae NIES254 104,8 kbp 110 1 2/1R Put. maturaza / RT
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V prub¢hu procesu usidlovani plastidu v hostitelské buiice vSak nedoslo jen ke ztraté asi
¢tvrtiny gend, ale zarovenl také k velkym genomickym piestavbam. U pivodnéjsich druhid
(Eutreptiales) se jevi zachovala kvadripartitni struktura, ale pii bliz§im pohledu je jasné, Ze
neodpovida ptivodni struktuie ziskaného plastomu. VétSinu z genli nachézejicich se na SSC
useku P. parkeae u euglen viibec nenajdeme, kromé genu rpl32 a tii genli pro tRNA, které se
ptesunuly na LSC. U plastomu Etl. pomquetensis, ktery je anotovan jako linearni molekula,
nebot’ se nepodatilo kruznici uzaviit, bylo kvadripartitni uspofadani nalezeno, ale jednotlivé
¢asti neodpovidaji strukturou gentt P. parkeae. Ribozomalni operony na IR tusecich jsou
orientovany smérem od SSC tseku, tedy opacné€ nez u P. parkeae (Dabbagh et al., 2017). Jeste
patrnéjsi je prestavba u rodt Discoplastis a Lepocinclis, kde SSC tusek prakticky uplné chybi,
neobsahuje zadny gen, ale pouze tandemové repetice (Karnkowska et al., 2018), a ribozomalni
operony jsou orientovany vzdy od sebe. U Etl. gymnastica IR Gseky sméfuji také od SSC useku,
ve kterém se nachdzi pouze jeden ORF neznamé funkce, a navic je jeden IR usek pferusen
a do ribozomalniho operonu je zde vlozena ¢ast LSC useku (Hrda et al., 2012).

U dalsich rodi nebyly IR useky anotovany, a tak se mize zdat, ze celkem tfikrat v evoluci
euglenophyt byla invertovand repetice ztracena a to u rod Eutreptia a Phacus a dale u predka
celého radu Euglenales (Karnkowska et al., 2018). Ztrata jedné kopie repetice je sice pomérn¢
vzacnd, ale je zdokumentovand umnoha zelenych fas z vétSiny chlorofytnich fadi (Lang &
Nedelcu, 2012). Ztrata u rodu Phacus a fadu Euglenales je velice pravdépodobna, ovsem u rodu
Eutreptia, kde je osekvenovany pouze plastom jednoho druhu, o ztraté IR nelze definitivné
rozhodnout, nebot’ ani zde se nepodafilo anotaci cirkularizovat. Navic, geny pro rRNA operon
maji dvojnasobné pokryti ¢teni oproti ostatnim genlim a je tak vysoce pravdépodobné, ze druha
kopie ribozomalniho operonu v genomu je pfitomna (Wiegert et al., 2012). Vzhledem k netplné

anotaci ale neni jasné, jestli je v invertovaném nebo v tandemovém uspotadani.

Ziejme druhotné je pak ribozomalni operon zmnozen a tvoii tandemovou repetici ve tfech
kopiich u druhdl E. gracilis a E. longa (Gockel et al., 2000; Hallick et al., 1993), a ve dvou
kopiich u E. clara a E. hiemalis (Hewadikaramge & Linton, 2018). Také u dvou dalSich
zastupctl Euglenaceae (Strombomonas a Colacium) byly predikovany podle pokryti ve Cteni dva
ribozomalni operony, ale anotace nebyla cirkularizovan a doplnéna, takze konec¢né rozmisténi
operond neni znamé. Navic to podle prekryvi vypada tak, ze Colacium by mohlo obsahovat
tandemovou a Strombomonas spiSe invertovanou repetici (Wiegert et al., 2013). Potize
pti cirkularizaci genomd jsou ¢asté, nebot’ v oblasti sousedici s ribozomalnim operonem jsou
umnoha plastomii obvykle kratké tandemové repetitivni sekvence, které¢ zt€zuji ¢i piimo

znemoziuji spojeni koncl osekvenovanych kontigt.

Pivodni potadi genil plastomu spolecného predka nelze odvodit a obecné Ize fici, Ze jednotlivé
Celedi se poradim genl velice lisi. Lze vysledovat jednotlivé klastry gent, které jsou vice ¢i
méné pritomné u vsech euglenofytl a ¢astecné i u P. parkeae. Téchto klastrii bylo definovano
15. Jsou setazeny stejné nebo velmi podobné u blizce ptibuznych druhti, napt. u rodu Euglena
jsou mezidruhové rozdily jen v pofadi tii klastrii, jinak je poradi klastrti a genti stejné. Uplné

stejné maji potadi klastri rody Monomorphina, Cryptoglena, Euglenaria a Strombomonas
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(Dabbagh & Preisfeld, 2017). Také mezi rody celedi Phacaceae je potadi klastri velmi podobné
s vysokou vnitrodruhovou podobnosti (Karnkowska et al., 2018). U bazalni linie Futreptiales je
naopak pofadi klastri i genl velice rtiznorodé a velice se liSi mezi sebou navzajem

1 v porovnani se zastupci Fuglenales.

4.6 Introny v plastomech euglenofyt

Plastidové genomy euglenofyt se pies témét totozny obsah gent velice lisi svou velikosti. Je to
dano poctem intrond, ktery je rtuzny u jednotlivych linii. Lze zobecnit, ze druhy, které se
nachazeji na bazi fylogenetického stromu euglenofyt, maji intron méné, kdezto odvozenéjsi
druhy jich maji vice. Nejméné intrond, osm postupné anotovanych, ma Etl. gymnastica
(Hrda et al., 2012; Pombert et al., 2012), nejvice zatim bylo nalezeno u E. gracilis, a to 134 —
145 intronti (Doetsch et al., 1998; Hallick et al., 1993). Chloroplastovy genom Pyramimonas
parkeae nese jen jeden intron v genu atpB, ktery neni homologni pozici ani sekvenci s Zadnym
intronem euglenophyt. Pivodnim stavem tedy mohl byt chloroplastovy genom s minimem
introni nebo zcela bez intront, ve kterém se postupné usazovali dalsi a dalsi introny (Pombert
et al., 2012; Turmel et al., 2009) (obr. 7).

165 s EUlreptielia gymnastica
238 RNA 67622 bp

FEuglena longa
73345 bp

Euglena gracilis
143171 bp

Pyramimonas parkeae
101605 bp

Obr. 7. Porovnani chloroplastového genomu P. parkeae, Etl. gymnastica, E. gracilis a E. longa.
Velikosti kruznic jsou v poméru velikosti genomil. Zelen¢ geny na (+) vlakng, fialové na (-)
vlakné, modie rRNA geny a zlut€ introny (pfevzato z Hrda et al., 2012).

U euglenofyt nalezneme nekolik typl chloroplastovych intronti. Zakladnim je intron typu II,
ktery je schopen se sdm vystiihnout a je typicky pro plastidovou a mitochondridlni DNA.
Typicky obsahuje Sest strukturnich domén DI — DVI ve tvaru vlasenek se smyckami, které jsou

usporadany do kruhu tak, ze 5" a 3" konce intronu se dostavaji k sobé. Introny zaroven tvoii
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komplikovanou terciarni strukturu, kterd je vysledkem parovani nékolika rlznych
konzervovanych sekvenci rozmisténych v definovanych mistech intronu. Podle konkrétnich
sekvenci a jejich interakci se introny typu II obecné déli do minimalné tfi subtypi (Bonen &
Vogel, 2001). Konzervovana je doména DV, sekvence GUGYG (kde Y je pyrimidinova baze)
na 5" konci, dinukleotid AY na 3" konci a doména DVI, coz je vlasenka se smyckou, ktera nese
vybouleny nesparovany nukleotid adenosin devét nukleotidti pied 3" koncem intronu (obr. 8).
Samotny sestfih probiha autokatalyticky a byl prokazan in vitro. Pii sestiihu intrond typu II
dochazi ke dvéma transesterifikacnim reakcim. Pti prvni, hydroxylova skupina nesparovaného
adenosinu atakuje prvni nukleotid intronu za uvolnéni 5° exonu, pii druhé, nové uvolnéna
hydroxylova skupina 5’exonu atakuje prvni nukleotid 3’exonu, coz vede ke spojeni exonil
a uvolnéni intronu ve formé laridtové smycky (Bonen & Vogel, 2001; Michel & Ferat, 1995;
Zimmerly & Semper, 2015).

Nekter¢ introny typu II maji do domény DIV vlozen otevieny cteci ramec (ORF), ktery koduje
polypeptid, potiebny pro in vivo sestfih téchto intrond (Bonen & Vogel, 2001). Délka intronu
typu Il u E. gracilis, pokud nezahrneme délku vlozeného ORF, je 277 — 671 bp (Hallick et al.,
1993), v podobném rozsahu jsou i délky intronti typu Il u ostatnich Euglenofyt. To je v pruméru

o 100 bp méné, nez u typického intronu typu II (Michel et al., 1989).
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Obr. 8. RNA struktura plastidového intronu typu II, podle Zimmerly & Semper 2015. Strukturni
domény intronu DI — DVI jsou Cervené, oznacené fimskymi Cisly; exony jsou zelené. IBS, misto
vazajici intron (intron-binding site) a EBS, misto vazajici exon (exon-binding site) spolu
interaguji a formuji terciarni strukturu umoziujici sestfih. ORF, otevieny cteci rdmec modre,

s doménami pro reverzni transkriptazu, maturazu, endonukleazu a doménu vazajici DNA.
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Dal8im typem intronu je unikétni, jinde nepopsany intron typu III (Christopher & Hallick, 1989;
Copertino et al., 1994). Jedna se ziejmé o redukovanou formu intronu typu IL, které chybi celé
domény DII — DV. Ma castecné zachovanou konsenzus sekvenci na 5” konci intronu (NTNNG)
a Castecné 1 doménu DI a dale vlasenku se smyckou na 3 konci, ktera funkéné odpovida
domén¢ DVI s nesparovanym adenosinem vétSinou osm nukleotidi pfed 3” koncem intronu.
Délka intronu typu III je pouze 91 — 120 nukleotidd a intron je AT bohaty (Copertino et al.,
1994; Doetsch et al., 1998; Hong & Hallick, 1994). Kromé¢ téchto redukovanych intront typu III
byla popsana jesté prechodna forma tzv. mini introny typu II (mini group intron II) (Dabbagh et
al., 2017; Doetsch et al., 1998), u kterych chybi pouze n¢které z domén DIl — DV a jejichz délka
je kolem 200 pb. K samosestiihu dochazi stejné, jako u intronu typu II (Copertino et al., 1994).

Intron typu III zatim nebyl zjistén u zastupcti Eutreptiales. Nejkratsi introny u Et. viridis
a Etl. gymnastica maji délku 156 resp. 179 part bazi a Ize u nich identifikovat nejen doménu
DVI, ale i doménu DV. Lze je tedy povazovat za mini introny typu Il. U E#. pomquetensis
nebyl nalezen ani tento piechodny typ intronu (Dabbagh et al., 2017).

U euglen byly také poprvé popsany tzv. twintrony, introny uvnitf intronti (Doetsch et al., 1998;
Hallick et al., 1993; Hong & Hallick, 1994). Twintrony mohou byt sestaveny z jakékoli dvojice
typt intrond — dvou intront typu I, dvou intrond typu III, intronu typu III v intronu typu II
a naopak. Dale byly nalezeny komplexni twintrony, vzniklé kombinaci vice nez dvou intrond,
kdy je nékolik intront vloZenych do riznych mist externiho intronu, ¢i interni intron obsahujici
dalsi interni intron (Dabbagh et al., 2017; Hallick et al., 1993; Pombert et al., 2012; Thompson
et al., 1995). V intronu il genu petG u Etl. pomquetensis, ktera ma obecné velice konzervované
sekvence intrond, byl dokonce nalezen interni twintron vloZzeny do externiho twintronu
(Dabbagh et al., 2017). Predpoklada se, Ze pro spravné vystfizeni vnéj§iho intronu je nutné
prvotni vystfizeni vnitfnich intronti (Copertino et al., 1991). Nékteré pokusy u E. gracilis vsak
ukazuji, ze sestfih komplexnich twintronii mize probihat alternativné a dévat vznik riznym
formam vystfizenych intront. Twintrony tak mohly vést ke vzniku intrond typu III, kdy
po CasteCném sestiihu zlistaly mezi exony pouze koncové domény (DI a DVI) dvou plivodné
riznych intronti (Hong & Hallick, 1994). Také mini introny typu II jsou pravdépodobné
vysledkem takového neuplného sestfihu (Dabbagh et al., 2017; Doetsch et al., 1998). Twintrony
mohou byt také velmi dobfe pouzity jako fylogeneticky marker, protoze lze sledovat jejich
ptitomnost ¢i nepiitomnost v riznych liniich. M. aenigmatica méa naptiklad introny typu II
v mistech, kde E. gracilis ma popsané twintrony (Pombert et al., 2012).

Jak uz bylo feceno, soucasti nékterych intronil je otevieny Cteci ramec (ORF). U riiznych druhii
se pocet téchto genu lisi, byva jich méné (nékdy mnohem méng), nez je samotnych introni
(napt. Etl. gymnastica 4 ORF/8 intront; Etl. pomquetensis 11 ORF/51 intronl; E. gracilis
4 ORF /145 intrond; P. parkeae 1 ORF/1 intron). U nékterych z téchto genl neni funkce jasna,
u velké vétSiny znich lze vysledovat jejich homologii s geny pro reverzni transkriptazu
s maturazou, které jsou nutné pro in vivo sestfih (maturaza) a pohyblivost v genomu
(rev. transkriptaza). Introny typu II se totiz chovaji jako mobilni elementy, které se $ifi v ramci
genomu nebo dokonce mezi genomy (Bonen & Vogel, 2001). To, ze se ORF nenachazi
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v kazdém intronu, znamena, ze produkt takového genu asistuje sestiihu i jinych introni stejného
typu (Dabbagh et al., 2017). V plastomu euglen bylo nalezeno né&kolik takovychto reverznich
transkriptaz/maturaz, z nichz nekteré jsou jiz pojmenované a jejichz pritomnost je povazovana

za ditvod masivni pfitomnosti intronti.

4.7 Maturazy/reverzni transkriptazy u euglenofyt

U vsech zastupcti Euglenophyceae je v intronu genu PsbC pritomen gen pro maturazu matl
(syn. ycf13). Ma shodné umisténi asi 140 — 154 bazi od zacatku genu u vSech druhti, piestoze
u Eutreptiales se nachazi v prvnim intronu a u Euglenales ve 2 — 4 intronu, podle toho, kolik
introni bylo pied tento intron postupné vloZzeno (Dabbagh & Preisfeld, 2017). Tento gen matl
se naléza také v plastidovém genomu E. longa, ktery ovSem ztratil ptislusny fotosynteticky gen
véetné jeho intronu a matl zde zlstal jako samostatné stojici gen (Gockel et al., 2000).
U Euglenales je gen mat] umistén ve twintronu slozeného ze dvou intront typu III a byl proto
povazovan za gen zodpovédny za sestiih intrond typu III (Copertino et al., 1994; Doetsch et al.,
1998). U Eutreptiales je ovSem umistén do intronu/twintronu typu II a zda se tedy, Ze toto byl

puvodni stav, ze kterého se twintron typu III vyvinul (Pombert et al., 2012).

Druhou maturdzou je mat2. Byla identifikovana pouze u Euglenales a to v intronu genu PshC,
ktery byl vloZen pted intron obsahujici gen mat! do pozice 61 (Dabbagh & Preisfeld, 2017).
Tento gen ovSem chybi u né€kolika druhii Phacacea (Karnkowska et al., 2018). Dalsi maturaza
mat5 byla popsana také jen u Euglenales v intronu genu PsbA, jeji pfitomnost je jesté vice
nahodna a gen byl ztracen né€kolikrat u celych linii (Karnkowska et al., 2018). Zajimavé je, ze
po jeho identifikaci bylo mozné najit slabou homologii orf29] v druhém intronu PsbC
Etl. gymnastica s timto genem, coZ by znamenalo, ze mohl byt ptfitomen uz u Eutreptiales a
pozdgji ztracen, zanechav v Etl. gymnastica jen nefunkéni pseudogen (Dabbagh & Preisfeld,
2017; Hrda et al., 2012). Maturazy mat3 v genu PsbD u E. gracilis (Hallick et al., 1993) a mat4
v genu PsbA u E. myxocilindracea (Sheveleva & Hallick, 2004) byly popsany jen u téchto
druhii. Druhy jmenovany ma prokazatelné sinicovy ptivod a byl ziskdn horizontalni genovym
prenosem (Sheveleva & Hallick, 2004).

Posledni reverzni transkriptdzou/maturdzou, ktera by mela byt zminéna, je gen roaAd (ribosomal
operon associated gene A). Tento gen se naléza v mezigenové oblasti mezi geny rps3 a rpll6
v operonu ribosomalnich proteint, v ramci kterého je také prepisovan a neni umistén v zadném
intronu. Je opét pritomen pouze u Euglenales a na ziklad¢ studia E. gracilis byl kandidatem
na gen zodpovédny za sérii intrond typu III v tomto ribozomalnim operonu (Jenkins et al.,
1995). Analogicky ke genu mat! u E. longa i zde patrné doslo ke ztraté ptivodniho intronu, ve
kterém byl tento gen umistén. To, Ze je tento intron v mezigenové oblasti také neni vyjimecné,
napt. v plastomech E. mutabilis a E. gracilis jsou dalsi tfi intercistronické introny (Dabbagh &
Preisfeld, 2017).

Vzhledem k mnozstvi typt intronti a jejich struktufe je Casto velmi obtizné tyto spravné

identifikovat a anotovat. Také geny pro reverzni transkriptdzy/maturazy, které uz tak nemaji
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mezi sebou prili§ velkou sekvenéni podobnost, jsou Casto anotovany jen ¢aste¢né s tim, ze se
nekdy ziejmé jednd o pseudogeny (Dabbagh et al., 2017). S mnozstvim pfibyvajicich
plastidovych genomt jsou dopliiovany i anotace jiz publikovanych sekvenci o nékteré dosud
prehlédnuté nebo nenalezené geny ¢i jejich soucésti, pomoci specidlné vytvorenych skriptt jsou
dopliiovany i introny a twintrony (Dabbagh et al., 2017; Pombert et al., 2012).

4.8 Plastidovy genom Eutreptiella gymnastica

Prvnim vystupem mé disertatni prace je publikace plastidového genomu Eutreptiella
gymnastica v roce 2012, ve které jsme popsali tehdy teprve tieti plastom Euglenophyt. Genom
ma délku 67,623 pard bazi a obsahuje 86 genti pivodné obsazenych ve spole¢ném predkovi
plastomu euglenofyt a dale pét otevienych ¢tecich ramct. Jeden je samostatné stojici a Ctyfi jsou
soucasti introntl, z nichz jeden odpovida maturaze matl. Gen pro mat! se stejné€ jako u ostatnich
euglen nachdzi v intronu v genu PsbC. Genom obsahuje pouze osm intronli, v praci byly
puvodné popsany dva z nich, coz je nejmensi nalezeny pocet u euglenophyt. Genom je velice
kompaktni, mezigenové oblasti tvofi méné¢ nez 14 %. Piiblizn€ dvé tfetiny genli jsou
prepisovany z jednoho fetézce dvouSroubovice DNA a jedna tietina z druhého. Plastom ma
kvadripartitni strukturu. V genomu vSak doslo k pfestavbam, a tak ¢ast LSC oblasti byla
pfesunuta do jedné z invertovanych repetic, kterou takto rozdélila. V SSC oblasti se nachazi
pouze jeden otevieny Cteci ramec neznamé funkce. V potfadi gend lze vysledovat nékteré
podobnosti jak s E. gracilis tak s P. parkeae a lze nalézt nckteré genové klastry spolecné
pro vSechny tfi druhy. Tato prace popsala prvni plastidovy genom ziadu FEutreptiales
a predvedla, Ze ke ztraté ¢asti genil z plastomu spolecného predka celé tfidy Euglenophyta doslo
jesté pred jejich diverzifikaci. Také potvrdila diivejsi zjisténi, ze spoleCnym donorem plastidu

euglenofyt byl blizky ptibuzny prasinofytni fasy Pyramimonas parkeae.
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Euglenids are a group of protists that comprises species with diverse feeding modes. One distinct and diversified clade of
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Euglena and Eutreptiella represent the deepest bifurcation in the photosynthetic clade, and therefore all these gene transfers
and losses must have happened before the last common ancestor of all known photosynthetic euglenids. After the split of
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Introduction

Euglenids are a relatively large group of protists that contains
species with different types of feeding strategies: some cuglenid
species (e.g. Rhabdomonas) are osmotrophic and feed by pinocytosis;
others developed phagotrophic apparatuses for catching bacteria
(e.g. Entosiphon) or even eukaryotes (e.g. Peranema) [1,2]. One large
clade of euglenids is photoautotrophic and its members bear green
secondary plastids (e.g. Euglena gracilis). The plastid has been
subsequently and independently lost in several branches within
this clade (Euglena longa, prev. Astasia longa, Euglena quartana, prev.
Khawkinea quartana, Euglena hyalina, Euglena viridis hyalina and Phacus
ocellatus, prev. Hylophacus ocellatus) [3-5]. The phototrophic
cuglenids and their secondary heterotrophic descendents are
classified as class Euglenophyceae [4]. Complete plastid genome
sequences are known so far for only two closely related euglenid
species, Fuglena gracilis 6] and Euglena longa [7].

The fact that plastids are present in a single clade of euglenids
favors a hypothesis that the ancestor of this clade acquired the
plastid by engulfing a green alga [6,8]. Our current knowledge on
the phylogeny of euglenids implies that this endosymbiotic event
happened after the split of Peranema but before the split of
Eutreptiella and Eutreptia, the basal lineages of the phototrophic
clade [9]. This “plastid late” hypothesis is further indirectly

@ PLoS ONE | www.plosone.org

supported by the fact that the autotrophic clade is derived from
within the eukaryovorous euglenids; eukaryovory is regarded as
the derived feeding mode in euglenids and at the same time it is a
useful predisposition facilitating the engulfment of green algae
[10]. The plastid of Euglena gracilis can be completely lost after
bleaching with many enviromental and chemical agents without
effect on cell viability, and this fact is also used as an argument for
a relatively recent acquisition of the plastid, which has not yet been
recruited for cellular functions other than photosynthesis [11].
Recent study of introns in the plastid targeting presequences also
agrees with the plastid-late hypothesis [12]. An alternative but
currently less-accepted plastid-early hypothesis postulates that the
cuglenid plastid was acquired early in the evolution of euglenids,
or even in the common ancestor of euglenids and kinetoplastids
(e.g. Trypanosoma), their nearest sister group [13,14]. The presence
of genes of red algal origin in the photosynthetic Euglena as well as
in the heterotrophic Peranema suggests that the lineage of euglenids
might have experienced a cryptic red algal plastid endosymbiosis
before the current green algal plastid was established [15].
Analyses of 70 plastidial genes and conservation of gene order
on the plastid genome has pointed to Pyramimonas (Pyramimona-
dales, Prasinophyceae) as the closest extant relative of the euglenid
plastid [7]. Pyramimonas comprises marine flagellates, suggesting
that the endosymbiotic event happened in the marine environ-
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ment. Although the majority of euglenids live in freshwater, the
basal lineage of the autotrophic clade contains the marine species
LEutreptia and Eutreptiella, corroborating the hypothesis of a marine
origin of photosynthetic euglenids [4,5]. The comparative analysis
of the gene content between the plastid genome of Pyramimonas
parkeae, which encodes 110 conserved genes (81 protein and 29
RNA species) [16], and FEuglena gracilis, which comprises 88
conserved genes (58 protein and 30 RNA species) [6], has revealed
a substantial loss of genes (for example all genes of NADH-
plastoquinone oxidoreductase of the plastidial respiratory chain)
happening from the common ancestor of P. parkeae and E. gracilis to
extant E. gracilis. This reduction of gene repertoire is explained as a
consequence of secondary endosymbiosis, although comparable
gene losses took place in the prasinophyte lineages leading to
Pycnococcus and  to the coccoid microalgae
Monomastix [16]. Further gene loss in euglenids accompanying
the loss of photosynthetic activity has been observed in the closely
related but non-photosynthetic Euglena longa, which has maintained
56 conserved genes (26 protein and 30 RNA species) [7]. Despite
the reduction of coding capacity of the Fuglena plastid in
comparison to that of P. parkeae, the size of the E. gracilis genome
increased (143.2 vs. 101.6 kb in P. parkeae). The increase in the
genome size should mainly be ascribed to the expansion of self-
splicing introns. While P. parkeae features a single group II intron,
the genome of the E. gracilis plastid contains 160 group II and
group III introns (15 of which formed twintrons), which is by far
the most of all known organellar genomes [17,18]. There are
indications that the expansion of introns may be a feature specific
to E. gracths and its relatives [17,18]; however, no other plastid
genome of euglenids has been completely sequenced, which would
be necessary to enable comprehensive comparisons.

Here we report the complete genome sequence of Eutreptiella
gymnastica, a member of the basal lineage of the photosynthetic
clade, and phylogenetically most distant from Euglena gracilis — the
common ancestor of E. gracilis and E. gymnastica was the common
ancestor of all currently known members of the photosynthetic
lineage [1,19,20]. Comparative analysis of the gene content of
cuglenid plastids allows relatively precisely tracing the events of
gene transfers and gene losses accompanying this particular case of
secondary endosymbiosis. The vast differences in intron density
suggest that the expansion of introns has happened specifically in
the lineage leading to FE. gracilis.

Ostreococcus  and

Results and Discussion

The complete size of the circular chloroplast DNA of Eutreptiella
gymnastica is 67 622 bp. An overview of the general features of this
genome and its closest relatives is given in Table 1. The genome
sequence is numbered from the first nucleotide after the second
23S RNA gene (see a physical map of chloroplast DNA — Figure 1).
The organization of the genome resembles those of higher plants
and algae (including Pyramimonas parkeae) with a large single copy
region (LSC), a small single copy region (SSC) and two inverted
repeats (IR). Simplified maps of plastid genomes of Eutreptiella
gymnastica, Euglena gracilis, Euglena longa, and Pyramimonas parkeae are
illustrated in Figure 2 for comparison.

As is apparent from the genome map (Figure 1), the SSC region
is reduced (to 1055 bp), containing only one ORF of unknown
function (orf248). This is not surprising, because E. gymnastica (like
E. gracilis) has lost most genes usually found in the SSC region
(NADH dehydrogenase complex and a few others). Two of them
(rpl32 and psaC) are relocated to other sites. The large single copy
region (47 528 bp) contains most genes for proteins and tRNAs.
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Two regions resembling inverted repeats (IR, 6304 bp) contain
one 16S rRNA gene (1463 bp), one 23S rRNA gene (2999 bp),
and a 1726-bp-long sequence with unknown function that contains
2 tandem repeats — VNTR (3x11 bp and 3,4x33 bp). Between
the IR copies, the 23S rRNA genes differ in three bases, while all
other sequences are identical. The IR copy on the plus strand
further contains an insertion of a block of genes (tRNA-Ala,
tRNA-Cys, rps2, atpl, atpH, atpF, atpA, and orf372), and the IR
copy on the minus strand contains the insertion of tRNA-Ile. The
gene cluster of rps2, atpl, atpH, atpF, and atpA found within the
IR is one of the ancestral gene clusters conserved in streptophyte
and prasinophyte plastid genomes, but it is usually located in the
LSC region [16]. The tRNA-Ala and tRNA-Ile genes are present
also in the IR of P. parkeae.

The inverted repeats do not contain 5S RNA, and in fact
Eutreptiella lacks it completely. Absence of 5S RNA was also
recorded in the plastid genome of Pyramimonas parkeae and
Pycnococcus provasolii, but the possibility exists that its sequence
was unrecognized [16]. Interestingly, transcriptional analysis of the
E. gracilis plastid chromosome showed that, although the genes for
58, 23S and 16S RINA make one operon [6], the abundance of 5S
RNA is much lower than the abundance of 23S and 16S RNA
[21]. If 5S RNA is present but remains unrecognized in the plastid
genome of Eutreptiella, it probably is not localized within the RNA
operon, as the 16S RNA gene is very closely followed by
neighboring genes. The symmetrical arrangement of tandem
repeats in the non-coding part of the IRs suggests that this region
may function as the origin of replication. According to the classical
model [22], which has recently been challenged [23], the
replication of plant and some green algal plastid genomes starts
simultaneously from both IRs, and expands unidirectionally
towards the SC region, forming two D-loop structures. After it
passes the initiation site of the opposing D-loop, the two D-loops
fuse to form Cairn-type bidirectional forks that move away from
each other and meet approximately 180 degrees from the starting
point. E. gracilis and E. longa plastid genomes lack IRs (Figure 2)
and, so far, no model of their replication has been proposed. The
origin of replication in the plastid genome of E. gracilis has been
localized into the region of tandem repeats approximately 6 kb
upstream from the extra 16S rRNA gene (Figure 2) [6,24,25].
From this site, the replication probably proceeds in both directions
[6]. Because most genes are coded on the leading strand of
replication, these genomes have a strikingly non-random distribu-
tion of genes. Starting from the ORI site, in one half of the circle,
most genes are coded by the plus strand, and in the other half on
the minus strand [6,26]. A similar situation is in Futreptiella, but the
switch of the coding strands is situated approximately 2/3 of the
way through the circle (Figure 1 and 2).

The size of the E. gymnastica plastid genome is less than half of
that of E. gracilis, though the number of conserved genes in both
species is not very different (Table 1). The difference in the
genome size is caused by different numbers of self-splicing introns.
The genome of E. gracilis plastid contains 160 group II and group
IIT introns, which is by far the most of all known organellar
genomes [6,17]. The plastid genome of Eutreptiella apparently
contains only two putative introns, and in this respect it resembles
the plastid genome of Pyramimonas parkeae, which contains only one
[16]. We have not found any sequential, structural or positional
homology either between the introns of Eutreptiella and Pyramimonas
or between the introns of Eutreptiella and Euglena gracils. The first
putative intron of Eutreptiella (1480 bp) is located in the psaA gene.
This intron apparently contains an orf386 (1158 bp) that shows
very weak homology to reverse transcriptases. The homology is so
weak that it was revealed only after iteration in PSI-BLAST. As
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Pyramimonas parkae Euglena gracilis Euglena longa

101 605 143 171 73 345
34,7 26,13 224

123 96 76

2/9 086 3/15 057 3/15617
27/2 393 27/2 764 27/2122
81/94 58/66 26/46
93/69 072 26/15 873 29/15 822
1/1 467 40/34 449 17/16 299
1/2 757 160/55 702 61/NA
0,925 0,468 0,627

750 751 698

69,4 351 43,7

18 720 25535 NA

1890 6 209 NA

group II introns often encode for reverse transcriptases, which
probably help with their splicing and retroposition [27,28], the
homology should be taken seriously. The second intron is much
shorter (152 bp), without an ORF, and is located in the rpoB gene.
The sizes of both introns (excluding ORFs) are smaller than typical
group II and longer that group III introns, and we have not been
able to find any noticeable similarities in the secondary structure
with self-splicing introns in £. gracilis or elsewhere. Therefore, their
ability to self-splice as well as their exact boundaries should be
considered only putative. Besides the orf386 in intron 1, the
Eutreptiella plastid genome encodes three other ORFs with
homology to reverse transcriptases or intron maturases. Two of
them (orf291 and orf372) have no close homologues, and their
evolutionary origin cannot be traced. The third (matl) is clearly
homologous to matl (ycf13) of E. gracilis and other euglenids, and
in the tree (Figure S1) it forms a well supported branch (98%) with
these genes. Matl was apparently present in the last common
ancestor of euglenid plastids but interestingly this reverse
transcriptase is unrelated to the single reverse transcriptase found
in the plastid genome of Pyramimonas (ort608) (Figure S1). Matl is
also remarkably conservative regarding its position in the genome.
In almost all investigated euglenids, including relatively closely
related Eutreptia, it is situated in the internal group III intron of the
4™ intron in the psbC gene [18]. In Eutreptiella it is located right
next to the psbC gene, which in Eutreptiella does not contain any
intron. Matl was found also in the chloroplast of E. longa. As this
organism has no psbC gene, the matl gene is situated in different
loci [7]. The RT and X domains of E.gracilis and E.longa matl
deviate from the consensus sequence of 34 group II intron-
encoded proteins [29]. Sequence alignment of matl in Eutreptiella
and E.gracilis shows the loss of at least two conserved domains.
Comparison between the genomes of FE. gracilis, Eutreptiella and
Pyramimonas suggests that the genome of the common ancestor of
euglenid plastids was intron-poor but encoded at least one reverse
transcriptase (matl). Expansion of introns is apparently a feature
specific to E. gracilis and its relatives, as already suggested by
Thompson et al. [17]. On the other hand, the small number of
introns, their unusual sizes and structures and the loss of the
otherwise-conserved intron in psbC indicate the suppression of
introns in Futreptiella. The evidence for the recent horizontal
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Table 1. General features of euglenid and Pyramimonas cpDNA.
Feature Eutreptiella gymnastica
Genome size: 67 622
GC percentage: 34,32
Gene-unique loci: 91
Unique rRNA (count/bases): 2/8 924
Unique tRNA (count/bases): 26/1 959
CDS (conserved genes/all): 59/63
non-spliced (count/bases): 61/38 145
spliced (count/bases): 2/5 511
Introns (count/bases): 2/1 630
Density (genes per kb): 0,932
Average length (excl. introns): 692
Coding percentage (excl. introns): 64,5
Intergenic sequences (excl.RNA): 12 614
Overlaping sequences: 1161
doi:10.1371/journal.pone.0033746.t001

transfer of a group II intron from a cyanobacterial donor was
found in the chloroplast genome of Euglena myxocylindracea [30].
This intron (in the pshbA gene) includes ORF575, named mat4,
which resembles cyanobacterial reverse transcriptases. Mat4 is also
homologous to the maturase of Pycnococcus provasolii and Volvox
carter: (Figure S1), which is located in an intron of the atpB gene
[16].

The content of the unique protein coding genes is surprisingly
similar between FEuglena gracilis and Eutreptiella gymnastica plastid
genomes (Figure 3). The Eutreptiella plastid encodes for the same
photosynthetic proteins (31), transcription/translation proteins (5),
ribosomal proteins (21), and maturase matl as Fuglena gracilis.
There are only 5 extra ORFs in Eutreptiella as compared with E.
gracilis — four ORFs without strong similarity to known proteins
(orf291, orf386, orf248 and orf372) and one conserved protein
with homology to P. parkeae ycf65 (putative ribosomal protein rpl3).
Similarly, only eight genes (including intron maturases mat2, roaA
and orf506) are specific to F. gracilis. Not surprisingly, many of the
shared proteins have been lost in Euglena longa, whose plastid has
lost photosynthetic activity. Given this almost exact match of
protein coding capacity of two genomes, whose last common
ancestor was at the same time the last common ancestor of all
known euglenid plastid genomes, we can with reasonable
confidence expect that the Eutreptiella plastid genome also matches
the coding capacity of this last common ancestor. Using the
Pyramimonas parkeae plastid genome to represent the closest relative
to the plastid endosymbiont, we may trace quite precisely the
changes in the protein coding capacity of the plastid genome that
took place right before and during the process of the secondary
endosymbiogenesis. This coding capacity was reduced compared
to Pyramimonas by the set of genes coding for: 10 proteins of NADH
dehydrogenase complex, 2 proteins of cytochrome BgF (petA,
petN), 3 proteins of chlorophyll metabolism (ChlL, ChIN, ChIB),
heme binding protein ccsA, photosystem I subunit psal, initiation
factor infA, the protease subunit of clp protease clpP, chloroplast
division protein FtsH, and several conserved and non-conserved
ORFs with unknown function. A BLAST search of 23,372
transcriptome sequences of F. gracilis in GenBank and 268 530
transcriptome  sequences of Eutrepriella produced by us (unpub-
lished data) revealed that transcripts for some of these proteins,

March 2012 | Volume 7 | Issue 3 | e33746



The Plastid Genome of Eutreptiella

2581

Eutreptiella gymnastica
67622 bp

Figure 1. Map of the plastid genome of Eutreptiella gymnastica. Outer circle shows the large single copy region (LSC) (yellow), short single
copy region (SSC) (red) and inverted repeats (IR) (blue). The inner circle shows genes and their division layout in respect to the DNA strands. The
genes are color coded according to their function: photosynthesis (shades of green), translation (except maturases) (shades of blue), transcription

(violet), tRNA (pink), maturases and unknown function (gray).
doi:10.1371/journal.pone.0033746.9001

namely petA, petN, ycf3, clpP, and ftsH, are present in both
transcriptomes, indicating that these genes were probably
transferred into the nucleus of the common ancestor of
photosynthetic euglenids during the endosymbiogenesis. The gene
ccsA is present only in the transcriptome of Euglena, suggesting that
it was transferred into the nucleus of the common ancestor of
photosynthetic euglenids, but retained in Euglena while probably
lost in Eutreptiella. 'The rest of these genes were not found in any
transcriptome. Although we cannot rule out the possibility that
their transcripts were missed by transcriptome sequencing (e.g. due

@ PLoS ONE | www.plosone.org

to the low abundance of transcripts), the observations here suggest
that they might have been lost completely, either in the evolution
of green algal ancestor of euglenid plastid after the split of the
Pyramimonas branch, or later during endosymbiogenesis itself.

In contrast to the highly conserved gene content of E. gracilis and
Eutreptiella gymnastica plastid genomes, the conservation of gene
order is much lower between the two and also in comparison to
Pyramimonas, indicating that many genome rearrangements have
taken place. To get a rough estimate of the degree of gene
conservation we counted the number of neighboring gene pairs
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165 rrva EULreptiella gymnastica
Pyramimonas parkeae 235 IRNA 67622 bp

101605 bp

Euglena longa
73345 bp

Euglena gracilis
143171 bp

Figure 2. Simplified maps of the plastid genomes of Eutreptiella gymnastica, Euglena gracilis, Euglena longa and Pyramimonas parkeae.
The maps are in scale to their sizes. The colors indicate the coding strands (plus-green and minus-violet), the ribosomal RNAs (blue) and introns
(yellow). The inverted repeats IRA and IRB in Pyramimonas and Eutreptiella are marked in red. The ori site in Euglena gracilis is marked by an arrow.
doi:10.1371/journal.pone.0033746.9002
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(black), proteins involved in photosynthesis (green), maturases of introns (red) and genes with unknown function (gray). Maturases of introns
included in the phylogenetic tree of maturases (Figure S1) are marked by asterisks.

doi:10.1371/journal.pone.0033746.9003

common for pairs of genomes. In this measure, the E. gracilis and
Eutreptiella genomes are the closest as expected, sharing 61 adjacent
gene couples; Pyramimonas shares with each of them 40 and 38 gene
neighbors, respectively.

Phylogenomic analysis of 70 plastid protein coding genes
confirmed with maximum bootstrap support the sister relationship
of euglenid plastids and Pyramimonas (Figure 4) as reported by
Turmel et al. [16]. The tip branch of Euglena gracilis is almost three
times longer than the branch of Eutreptiella, probably a result of an
accelerated substitution rate in the lineage leading to the genus
Euglena (Figure 4A). The analyses with relaxed molecular clocks
produced ultrametric trees (Figure 4B and Figure S2) that give
estimates of relative ages of internal nodes. The branching order of
these trees is virtually identical to the maximum likelihood tree.
The relaxed clock analyses revealed that the common ancestor of
Euglena and Eutreptiella (node 1 in Figure 4B and Figure S2) was not
very recent, as it was approximately as old or older (depending on
the clock model) as the common ancestor of vascular plants
(common ancestor of Marchantia, Anthoceros and Physcomutrella). 1t
also revealed that the age of the common ancestor of Pyramimonas
and euglenid plastid (node 2 in Figure 4B and Figure S2), for the
three clock models, was 1.2-2.3 X older than the common ancestor
of E. gracilis and Eutreptiella if considering the median of the age
estimates and 1-5 x older if considering the extreme values of the
95% confidence intervals of the age estimates (blue bars in
Figures 4B and Figure S2). The time span from node 2 to node 1
was therefore similarly as long as or shorter than the time span
from node 1 to the present time, but likely was not markedly
longer. The period from node 2 to node 1 includes the green algal
lineage that became the direct ancestor of the secondary euglenid
plastid and then the stem branch of the secondary plastid before
the split of genera Fuglena and Eutreptiella. The exact point where
the transition between alga and plastid happened is not known.
During this period, 16 protein coding genes functioning in the
plastid metabolism were possibly lost and six were transferred to
the nucleus of the euglenid. This is in contrast to the at least
comparable but very probably quite longer time of evolution that
separates extant photosynthetic E. gracilis and Eutreptiella (twice the
time from node 1 to present) during which only one gene (ycf65)
was lost and none was transferred to the nucleus. The rapid slow-
down of gene loss could be explained by the fact that the gene set
was relatively quickly reduced to an essential core that must be
preserved if the photosynthetic function is to be retained. The
complete halt of endosymbiotic gene transfer from plastid to the
host nucleus is, however, unexpected, as such transfers are also
reported in plastids that have been established for a long time in
their hosts [31,32]. Unlike the gene content the gene order evolved
relatively uniformly — 61 gene couples remained in neighboring
positions after the period separating E. gracilis and E. gymnastica,
and correspondingly fewer (40 or 38) gene couples remained
positionally fixed to each other after approximately double the
period separating P. parkeae and E. gracilis or P. parkeae and E.
gymnastica.

In conclusion, the plastid genome of Eutreptiella turned out to be
almost identical to Euglena gracilis in protein coding gene content
that is reduced when compared to Pyramimonas. 'This indicates that
virtually all gene losses and endosymbiotic transfers of genes to the
host nucleus took place in the period before the last common
ancestor of the euglenid plastid. In contrast to the frozen protein
content, the genome organization (gene order, inverted repeats)

@ PLoS ONE | www.plosone.org

diversified significantly in the two sequenced lineages of euglenid
plastids, and in the lineage leading to the genus Fuglena it was
furthermore accompanied by an accelerated substitutional rate in
protein sequences and the expansion of self splicing introns. We
have shown that the method of 454 sequencing could be widely
applied to sequencing of organellar genomes.

Materials and Methods

Preparation of genomic DNA

A culture of Eutreptiella gymnastica strain SCCAP K-0333 was
obtained from the Scandinavian Culture Collection of Algae and
Protozoa and grown in TL30 medium in 12°C. 150 ml of well-
grown culture (approx. 25%10° cells) was used for DNA isolation.
DNA was isolated using the Quiagen Blood and Tissue kit.

Sequencing and assembly of the plastid genome

1 ug of whole genomic DNA was subjected to 454 sequencing
according to GS FLX Rapid Library Preparation Method
protocol (Roche). In total 548 056 reads of average size 370 bases
were produced. Automatic assembly of reads in Newbler 2.5.3
(Roche) resulted in 19 417 contigs (N50 contig size was 791 bases)
and 9.2 Mb of unique sequence. Using a BLASTn homology
search it was determined that two contigs, by far the longest
(26 365 bp and 20 813 bp), represented parts of the plastid
genome. It is expected that contigs derived from the plastid
genome should have approximately the same coverage, and so
those contigs that had coverage similar to contigs 1 and 2 (35 x for
contig 1 and 30X for contig 2) were selected from the assembly
and all subjected to BLASTn homology search. Five of them were
found to represent parts of the plastid genome. All plastid derived
contigs were then manually assembled into a 67,274 bp long linear
supercontig. Because we expected that the plastid genome would
be a circular molecule, a PCR from the ends of the linear
supercontig was used to amplify and sequence the missing part
(primer F: 5' - taacctgtgaacacgaag -3’ and primer R: 5’ -
caaccagtaagttataggaa -3'). After adding 348 bases the genome was
circularized.

Annotation

Annotation of ORFs was done using BLASTx homology search.
tRNAs were found using tRNA Scan-SE [33], and rRNAs were
annotated using a BLASTn homology search with their bound-
aries determined according to the alignment with rRNA from
Euglena gracilis and  Pyramimonas  parkeae. The annotation was
completed in Artemis 13.2.0 [34] and the annotated genome is
deposited in the EMBL database under accession no. HE605038.
The genome maps were plotted in GenomeV [35].

Intron secondary structures

The secondary structures of intron candidates were predicted by
mFOLD  version 2.3 [36] (http://mfold.rna.albany.edu/
?q = mfold/RNA-Folding-Form?2.3) using the default setting but
with the temperature set to 12°C.

Phylogenetic analyses

The set of maturases was assembled from FEutreptiella matl and
121 homologues from GenBank representing both all available
euglenid homologues and homologues from other taxa covering
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Figure 4. Phylogenies of plastid genomes of green algae, euglenids and Bigelowiella based on 70 genes. A. This phylogenetic tree was
constructed using the maximum likelihood method implemented in RAXML, using the LG++G model selected by ProtTest. The bootstraps were
estimated in 500 replicates. B. This tree was constructed in Beast v 1.6.1 using the WAG++I" model of substitution and an uncorrelated exponential
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model of relaxed molecular clock. MCMCs were run for 10¥10° generations; trees from the first 2*10° generations were discarded as the burn-in. Node
labels represent posterior probabilities, node bars represent the 95% confidence interval of relative node ages.

doi:10.1371/journal.pone.0033746.9004

the sequential diversity of this protein. The data set was aligned
using ClustalX [37] and manually edited in Bioedit 7.0.5.3 [38].
The phylogenetic tree was constructed in RAxXML v7.2.7 [39]
using the PROTGAMMAILGF model. The bootstrap support
was calculated using the same model and 500 permutations.

For the phylogenomic analysis we used the data set of 70 protein
coding genes from 24 plastid genomes published by Turmel et al
[17]. The Eutreptiella sequences were manually added to this set in
Bioedit 7.0.5.3 [38], realigned using ClustalX [37], and the
alignment was then manually edited in Bioedit 7.0.5.3 [38]. The
phylogenetic tree was constructed in RAXML v7.2.7 [39] using a
uniform PROTGAMMAILGF model for all gene partitions. The
bootstrap support was calculated using the same model and 500
permutations. The analyses using relaxed molecular clocks were
performed in Beast v 1.6.1 [40] using the WAG+I+I" model of
substitution and three models of relaxed molecular clock: an
uncorrelated exponential model, an uncorrelated lognormal model
and a random model. MCMC was run for 10%10° generations;
trees from first 2¥10°, 7#10° and 3*10° generations were discarded
as the burn-in, respectively.

Supporting Information

Figure S1 The phylogeny of intron maturases. The
phylogenetic tree was constructed using the maximum likelihood
method implemented in RAxML, using the LG+I+G model
selected by ProtTest. The bootstraps were estimated in 500
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5 Pyramimonas parkeae — donor plastidu

Neopominutelnou soucésti zkoumani sekundarni endosymbidzy u euglen je zmapovani genomi
pravdépodobného potomka blizkého ptibuzného pohlcené tasy, za kterého je momentalné
povazovana prasinofytni fasa Pyramimonas parkeae. Znalost jeho plastomu, mitogenomu
ajaderného genomu a jejich porovnani s genomem resp. transkriptomem euglen nam mutze
objasnit, jakym zplisobem probihalo formovani plastidu vcetn¢ endosymbiotického pienosu
genll.

5.1 Prasinofytni rasy

Prasinofytni fasy predstavuji nezanedbatelnou soucast fytoplanktonu a pikoplanktonu; vétSinou
jsou to volné zijici jednobunécné organismy, predevsim moiské, s 1 — 16 bic¢iky nebo bez nich.
Nemaji bunécnou sténu, ale nékteré linie maji povrch pokryty polysacharidovymi Supinami.
Maji jeden chloroplast s fotosyntetickymi pigmenty chlorofylem a a b, n¢které maji i specificky
xantofyl prasinoxantin. P. parkeae je jednobunécna moiska tasa se 4 biciky majici nekteré
typické prasinofytni rysy, jako je povrch buiky vcetné bicikti pokryty Supinami a jediny
chloroplast s pyrenoidem (Adl et al., 2019).

Prasinophytes ptedstavuji parafyletickou skupinu v kladu Chlorophyta, ktery spole¢né s kladem
Streptophyta tvoii Chloroplastida (Viridiplantae). Kromé prasinofytnich tfid zahrnuje linie

Chlorophyta jeste¢ nékolik tfid oznaCovanych jako "core chlorophytes" neboli "zelenych fas"
sensu stricto (zejména tiidy Chlorophyceae, Ulvophyceae, Trebouxiophyceae a dale
Pedinophyceae a Chlorodendrophyceae, diive fazené jako klad IV mezi prasinofyta).
Prasinophytes byly ptuvodné rozdeleny do 9 subkladi, které vice méné odpovidaji nynéjsim
fadim (Adl et al., 2019) a jejichz vzajemné postaveni neni zcela upfesnéno. Jsou to sesterské
Chloropicophyceae (klad VII a, b) a Picocystophyceae (klad VII c¢), sesterské Mamiellophyceae
(klad II) a Pyramimonadales (klad I) vétvici spolecn€é s Pycnococcaceae (klad V), a dale
Nephroselmidophyceae (klad III) a Palmophyllophyceae (Palmophyllales a Prasinococcales,
klad VI) a dva klady VIII a IX, které zahrnuji pouze environmentalni vzorky (Adl et al., 2019;
Guillou et al., 2004; Leliaert et al., 2012; Lopes Dos Santos et al., 2017; Viprey et al., 2008)
(obr.9).

Podle nejnovéjsich fyogenetickych analyz by méla byt ustanovena tieti sesterska skupina
ke skupinam Chlorophyta a Streptophyta, a to Prasinodermophyta, kterd zahrnuje stavajici klad
VI (Palmophyllales a Prasinococcales) (Li et al., 2020).

Fylogenetické analyzy vychazeji vétSinou ze sekvenci genti pro 18S rRNA (Guillou et al., 2004;
Viprey et al., 2008), plastidovych genti (Lemieux et al., 2014a; Turmel et al., 2009),
mitochondridlnich gent (Hrda et al., 2017; Turmel, 1999) nebo jejich kombinaci (Leliaert et al.,
2012). Neuplné jaderné genomy jsou dostupné pouze u tii rodd Mamiellophyceae (Ostrococcus,
Bathycoccus a Micromonas), jednoho rodu Pyramimonadales (Cymbomonas), jednoho rodu
Chloropicophyceae (Chloropicon) a jednoho rodu Picocystophyceae (Picocystis). Organelovych
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genomu prasinofyt je osekvenovano vice, okolo 20 plastomil a 20 mitogenomtl, které oboji
pokryvaji viech sedm vySe jmenovanych tada (dle NCBI 06/2020).

Chlorophyta
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. / |
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Chlorophyceae

Streptophyta

charophytes
Land plants

Coleochaetophyceae 4

Zygnematophyceae m

Charophyceae

\ Trebouxiophyceae

. gi'-ChIorodendrophyceae
prasl pophytes \ Pedinophyceae

) ;/\ & Picocystis

N "Mamiellophyceae
i Pyramimonadales

‘ Pycnococcaceae

V)
— Klebsormidiophyceae ')’

iy 4
0 Nephroselmido- . 74
7 ph
phyceae = Chlorokybophyceae @@
Prasinococcales
Palmophyllales (hypothetical) ancestral green flagellate Mesostigmatophyceae x

Modified from Leliaert et al, Crit. Rev. Plant Sci. 31:1-46 (2012)
updated 25 Oct 2013

Obr. 9. Piehled fylogeneze skupiny Chloroplastida (pievzato z Leliaert et al., 2012).

5.2 Plastidové genomy prasinofyt

Znamé plastidové genomy prasinofyt jsou spiSe mensi nez plastomy ostatnich chloroplastid.
Tvofi je kruhovd molekula majici délku 65 — 115 kbp (vyjimku tvoii Nephroselmis s délkou
200 kbp) a obsahuji 86 — 128 gentl, coz je spiSe vice ve vétvi Chlorophyta, ale je to méng,
nez maji zastupci vétve Streptophyta. Takovy rozptyl v délce a genovém zastoupeni je dany tim,
ze Cast organisml ma ancestralni typ organizace genomu s kvadripartitni strukturou a velkym
zastoupenim genl v piivodnich klastrech (napt. Nephroselmis, Pyramimonas), ale cast
organismll ma naopak odvozeny redukovany a restrukturalizovany genom (napt. Ostreoccocus),
ktery zacCasté postrada IR a tedy i kvadripartitni strukturu (napt. Pycnoccocus). Obecné jsou ale
vSechny tyto genomy kompaktni a AT bohaté (55 — 65 %), maji kratké intergenové oblasti,
spiSe kratsi IR (pokud jsou pfitomné) a obsahuji malo intronti a repetitivnich sekvenci
(Lang & Nedelcu, 2012; Leliaert et al., 2012; Turmel & Lemieux, 2018). Nejvétsi obsah genii
byl zatim nalezen u rodu Nephroselmis. Porovnanim dvou druhti N. olivacea a N. astigmatica se
zjistilo, Ze kazdy ztéchto druhli nese nékolik genl, které nejsou piitomné u druhého, ale
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celkove je obsah geni velice podobny gentim nalezenym v plastidech streptofyt Mesostigma a
Chlorokybus (Lemieux et al., 2014b; Turmel et al., 1999). Potadi genti je velice variabilni, a to
jak mezi jednotlivymi liniemi, tak v ramci linii. Casté jsou také nezavislé ztraty IR nebo posun
jejich hranic, coz vedlo ke zméndm v obsahu genti v IR. Pravée prechody IR a single copy oblasti

jsou zdrojem velké variability (Lemieux et al., 2014b; Turmel & Lemieux, 2018).
5.3 Plastidovy genom Pyramimonas parkeae

Prvni kompletni sekvence chloroplastového genomu P. parkeae kmene CCMP726 byla
anotovana v roce 2009 (Turmel et al., 2009), druha sekvence P. parkeae kmene NIES254 pak
v roce 2017 (Satjarak & Graham, 2017a). Oba genomy jsou si velice podobné a tvoti kruhovou
molekulu se dvéma invertovanymi repeticemi, maji tedy typickou kvadripartitni strukturu.
Délky plastomu jsou 101,6 resp. 104,8 kbp. Rozdil v délce je dan pfedevsim rozdilnou délkou
intergenovych oblasti. Shodné obsahuji 81 genti kddujicich proteiny, 27 tRNA a malou (rrs)
a velkou (rrl) podjednotku rRNA, nikoli v§ak 5S rRNA. Genomy jsou kolinearni, potadi gent
v obou si odpovida. Pfesto v nich jsou celkem ctyfi oblasti — "hot spoty”, kde je podobnost
témét nulova. Jedna se predevsSsim o intergenovou ¢ast v LSC oblasti (mezi geny psbA—trnS
a ndhB), ob¢ rozhrani mezi SSC oblasti a invertovanymi repeticemi a dale intron v genu a#pB.
Vsechny tyto oblasti obsahuji nekolik otevienych ¢tecich ramci, které jsou az na vyjimku orf91
a casteCn€ orf454 naprosto rozdilné (Satjarak & Graham, 2017a). Zajimavosti orf454 je,
ze vykazuje sekvencni podobnost s fagovou DNA primasou, kterou fasa zfejme ziskala

horizontalnim genovym pfenosem od viru, ktery u ni byl také pozorovan ( Turmel et al., 2009).

Sekvencné rozdilné jsou také oteviené Cteci ramce, které jsou soucasti jediného intronu typu II
v genu afpB. U obou kmenti sice koduji reverzni transkriptazu, jejich délka je vSak rtzna
(608 resp. 520 aminokyselin) a sekvenéni podobnost témeéi zadna, stejn¢ jako podobnost
samotnych intronii a misto vloZzeni do genu (vlastni zjisténi). NaSe nepublikovana data
zneuplného plastomu tietiho kmene P. parkeae SCCAP K-007 také vykazuji ve vySe
uvedenych "hot spotech" rozdily v délce a nukleotidovém slozeni. Kmen SCCAP K-007 je ale
patrné podobngjsi kmeni CCMP726, protoze intron s ORF v genu afpB je aZz na n¢kolik malo

nukleotidu stejny.
5.4 Plastidové geny Pyramimonas parkeae u euglenofyt

Jak jiz bylo popsano vySe, spoleCny piedek P. parkeae a plastidu euglenofyt mél
pravdépodobné minimalné 111 (110 dnes pfitomnych u P. parkeae a gen pro 5S rRNA
ptitomny u vétSiny euglenofyt). Z toho 89 genti dnes zlistalo v plastomu euglenofyt a ze zbylych
22 jsme nalezli 5 v transkriptomu i plastidovém proteomu E. gracilis a transkriptomu
Etl. gymnastica. Jednd se o geny ccsA, fstH, infA, YCF3 a petA. Posledné jmenovany koduje
cytochrom f, ktery je soucasti chloroplastového bf komplexu, coZ je membranovy komplex,
prenasejici elektrony mezi fotosystémem II a I. Pfitomnost funkéniho proteinu pro cytochrom f
v chloroplastech i pritomnost mRNA vcéetn€¢ sekvence pro target peptid byla ovéfena

laboratorné (Santillan Torres et al., 2003).
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5.5 Mitochondrialni genomy prasinofyt

Anotované mitochondridlni genomy prasinofyt maji podobné vlastnosti, jako genomy
plastidové. VétSinou jsou anotované jako kruhové molekuly. Jsou spiSe mensi nez mitogenomy
ostatnich chloroplastid (s vyjimkou malych genomt Chlorophyceae), maji délku 38 — 61 kbp
a obsahuji 55 — 65 geni (vyjimku tvoti redukovany Pycnococcus 24,3 kbp / 36 gent). Jsou
AT bohaté (55 — 70 %) a maji vyrazné krat$i intergenové oblasti nez ostatni chlorofyta
1 nez streptofyta (Burger & Nedelcu, 2012; Leliaert et al., 2012; Martinez-Alberola et al., 2019).
Nalezneme u nich nékteré typické starobylé klastry genti, predevsim dobie zachovany klastr
pro geny kodujici ribozomalni proteiny (Turmel, 1999). U prasinofyt z kladu II a III byl nalezen
i gen pro RNazu P RNA, ktery velice pfipomina tento gen nalezeny v mitogenomech
heterotrofnich jakobidi, které vykazuji nékteré plvodni znaky (Burger et al., 2013;
Burger & Nedelcu, 2012). U vétSiny prasinofytnich genomil chybi gen pro tRNA (ucg)
pro arginin. Vyjimecné byl tento gen nahrazen jinym duplikovanym genem pro tRNA,
jmenovité¢ byl tento novy gen nalezen u prasinofytniho druhu N. olivacea a streptofyt

Mesostigma viride, Chlorokybus atmophyticus a Marchantia polymorpha (Wang et al., 2009).

Mitogenomy prasinofyt neobsahuji zadné nebo jen velice malo intrond typu I (Monomastix,
Nephroselmis, Prasinoderma), vyjimecné typu Il (Pyramimonas, Cymbomonas) (Hrda et al.,
2017; Martinez-Alberola et al., 2019; Satjarak et al., 2017). To kontrastuje se situaci
u streptofyt, kde mlize byt intront velice mnoho, predominantnim typem intronu je typ II, ale
neni vyjimecné, ze i v ramci jednoho genu byly nalezeny oba typy intronti (napt. v genu cox/
u M. polymorpha) (Lang et al., 2007; Ohta et al., 1993).

Prasinofyta jsou jednou z nékolika malo skupin, jejichz mitochondridlni genomy obsahuji
invertované repetice. Nékteré druhy prasinophyt obsahuji rizn¢ dlouhé IR obsahujici 0 — 6 genii
kédujicich proteiny, 1 — 13 tRNA a geny pro velkou a malou podjednotku rRNA, z nichz jedna
nebo obé mohou chybét, nebo jsou pritomny v nékolika ¢astech (Hrda et al., 2017; Satjarak et
al.,, 2017; Turmel et al., 2019). Pfitomnost ¢i nepfitomnost IR nekopiruje fylogenetickou

pribuznost skupin, ale nebyla zatim blize studovana.
5.6 Mitochondrialni genom Pyramimonas parkeae

V roce 2017 byly anotovany dvé kompletni sekvence mitochondridlniho genomu P. parkeae,
jedna sekvence je mitogenom kmene NIES254 (Satjarak et al., 2017), druha sekvence je
mitogenom kmene SCCAP K-007 osekvenovany v nasi laboratofi, ktery je druhym vystupem
mé disertacni prace (Hrda et al., 2017). Také tyto genomy jsou si podobné, tvofi je kruhova
molekula se dvéma invertovanymi repeticemi, maji tedy kvadripartitni strukturu. Délky genomi
jsou 43,3 resp. 53,4 kbp, obsah AT je 68,8 % resp. 69,5 %, kodujici oblasti tvoii 81,7 %
resp. 63,3 %.

Genomy jsou zcela kolinearni, obsahuji 34 genii kodujicich proteiny, 25 tRNA a malou (rrs)

a velkou (rrl) podjednotku rRNA, ani mitogenomy neobsahuji 5S rRNA. Jednotlivé geny maji
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velice podobnou délku. Délka mezigenovych oblasti mezi jednotlivymi geny je také podobna
aje velmi mala, okolo 80 bp. Genomy se ovSem vyrazné li§i v délce ve tfech "hot spot”
oblastech. Délka a obsah téchto oblasti je také divodem rozdili v celkové délce genomu
1 v procentualnim podilu kodujicich oblasti. Zatimco genom kmene SCCAP K-007 je celkove
velice kompaktné uspotadan, u kmene NIES254 jsou na tfech mistech vlozené delsi nekodujici
oblasti. Jedna oblast je mezi geny cox/ a trnR/cob, kde je vlozen usek dlouhy kolem 2,9 kbp.
Dalsi dva useky dlouhé 2,4 kbp jsou vlozené do obou invertovanych repetic doprostied,

neobsahuji ale zadny gen, pouze dva ORF neznamé funkce.

Invertované repetice obsahuji Sest gend kodujicich proteiny (nadl, nad2, nad6, rps2, rps4
arpsi2) a 10 gend pro tRNA (trn E, F, G, I, M, N, P, O, R, W). Nenachazi se v nich vSak
ani jedna TRNA podjednotka, které jsou jinak soucasti IR, pokud jsou ptitomné. U druhu
Cymbomonas tetramitiformis, ktery patii spolecn€ s P. parkeae do prasinofytniho kladu I, je
obsah IR pro zménu omezen jen na geny pro malou podjednotku rRNA a tfi rizné tRNA
(Satjarak et al., 2017).

V porovnani s Nephroselmis olivacea a Ostreococcus tauri, které maji mezi prasinofytnimy
mitogenomy nejbohatsi genovy repertoar, nebyly v mitochondridlnich genomech P. parkeae
nalezeny pouze Ctyfi geny (5S tRNA, RNaza P RNA, rps8 a tRNA pro arginin). Nékteré geny se
piekryvaji a dalsi jsou ve velice blizkém sousedstvi, coz napovida, ze by se mohly pfepisovat
jako jeden polycistronicky operon, ¢imz by byla zachovana propor¢nost produkce téchto gend.
Jedna se predev§im o operon pro ribozomalni proteiny rpsl2 — rpsil, ktery je odvozen
od bakterialniho operonu, je velice starobyly a zachovava potfadi gend napific mnoha
mitogenomy, od Reclinomonas americana ptes Acanthamoeba castelani po prasinofyta (Burger
et al., 1995; Burger et al., 2013; Hrda et al., 2017; Satjarak et al., 2017; Turmel et al., 1999).

Specifickym znakem mitogenomu P. parkeae je pritomnost intronti typu II, které se nachazeji
v genu coxl. Dva exony coxl jsou umistény na vlakné DNA v opacném potadi, exon 2
bezprostiedné predchazi exonu 1 (obr. 10). Ke vzniku maturované mRNA je tieba
mechanismem trans-splicingu spojit 3" konec exonu 1 s 5" koncem exonu 2. Na hranicich
exon/intron byly identifikovany piislusné motivy, které odpovidaji konctim typického intronu
typu II. VétSina domén intronu (viz obr. 8) nalezena nebyla. Mechanismus procesu neni znam,

ale k sesttihu zjevné dochazi, jak dokazuje pritomnost spravné sestiizené mRNA.

U kmene SCCAP K-007 jsme popsali pouze tento jeden intron. U kmene NIES254 byl jako gen
coxI anotovan pouze zminény exon 2 a exon | nebyl identifikovan. Po dikladném provéteni
useku mezi "exonem 2" genu cox/ a nasledujicimi geny trnR/cob, se ukézalo, ze usek
odpovidajici exonu 1 je zde také pfitomen a odpovida svou sekvenci, délkou i hranicemi
exon/intron presné¢ exonu 1 u kmene SCCAP K-007 a i zde tedy zfejmé¢ dochazi
coxl je jesté rozdélena dalSim vlozenym intronem typu II. Tento intron je sestfihavan klasicky
cis-splicingem, ma standardni strukturu intronu typu II véetné vloZzeného ORF s funkci reverzni

transkriptdzy/maturdzy. Tento ORF mé& podobnost s reverzni transkriptdzou/maturdzou
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nalezenou v genu cox/ u nekterych zastupcii chlorofyt a streptofyt, ale i bacilariofyt a metazoi.
Intron je dlouhy 2534 bazi. V genu cox] u C. tetramitiformis, ktery patii do stejného
prasinofytniho tadu, jsou dva introny typu II, které jsou ale vlozené do jinych mist genu
ajejichz ORF jsou podobné reverznim transkriptdzam rtznych druhti bacilariofyt (vlastni

zjisténi).

mt DNA Pyramimonas parkeae kmen SCCAP K007 - gen COX|
s T o E
mit DNA Pyramimenas parkeae kmen NIES254 - gen COX|

o T S [

Sestfizend mRNA- gen COX |

Obr. 10. Schéma rozloZeni exond a introni v genu cox/ u dvou kmeni P. parkeae. Oranzové
intron typu II sestfihavany cis-splicingem, zluté koncové c¢asti intron typu II sestfihavaného
trans-splicingem (# a * znaci mista sestiihu).

5.7 Mitochondrialni geny Pyramimonas parkeae u euglenofyt

Prasinofytni mitochondrie se u euglenofyt nedochovala. Ani v transkriptomu E. gracilis
a Etl. gymnastica nebyly nalezeny zadné geny, které by byly pfeneseny z mitochondrie donora
plastidu (Hrda et al., 2017). Druha sada mitochondridlnich gent je zfejmé pro organismy
s komplexnim plastidem zbytnd, a proto se az na vzacné vyjimky nedochovala. Tuto vyjimku
tvoti dinoflagelati fadu Kryptoperidiniaceae Durinskia a Kryptoperidinium, které ziskaly svij
komplexni plastid od rozsivek (Bacillariophyceae). Jejich endosymbiont si mimo jinych
bunéénych struktur (plastid, jadro, endoplasmatické retikulum, ribozomy) ponechal
i mitochondrii vcetné¢ jejiho genomu. Mitochodridlni genomy nebyly zatim celé
charakterizovany, az nékolik gent. Geny coxl/, coxll, coxIIl, cob a rin z endosymbionta a geny
coxl, cob a rin hostitele jsou v genomech pfitomny a také transkribovany. Zda se tedy

pravdépodobné, Ze se ob¢ organely piekryvaji ve své funkci (Imanian et al., 2007).
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ABSTRACT

Prasinophytes are a paraphyletic assemblage of nine heterogeneous lineages
in the Chlorophyta clade of Archaeplastida. Until now, seven complete mito-
chondrial genomes have been sequenced from four prasinophyte lineages.
Here, we report the mitochondrial genome of Pyramimonas parkeae, the first
representative of the prasinophyte clade |. The circular-mapping molecule is
43,294 bp long, AT rich (68.8%), very compact and it comprises two 6,671 bp
long inverted repeat regions. The gene content is slightly smaller than the
gene-richest prasinophyte mitochondrial genomes. The single identified intron
is located in the cytochrome c oxidase subunit 1 gene (cox7). Interestingly,
two exons of cox7 are encoded on the same strand of DNA in the reverse
order and the mature mRNA is formed by trans-splicing. The phylogenetic ana-
lysis using the data set of 6,037 positions assembled from 34 mtDNA-encoded
proteins of 48 green algae and plants is not in compliance with the branching
order of prasinophyte clades revealed on the basis of 185 rRNA genes and
cpDNA-encoded proteins. However, the phylogenetic analyses based on all
three genomic elements support the sister position of prasinophyte clades
Pyramimonadales and Mamiellales.

PRASINOPHYTES represent a paraphyletic assemblage in
the clade of Chlorophyta (Viridiplantae) (Guillou et al. 2004;
Turmel et al. 2009) and as such they comprise heteroge-
neous lineages of mainly marine unicellular green algae
with coccoid morphology (e.g. genus Ostreococcus) or
flagellates with 1-16 flagella (e.g. Pyramimonas parkeae).
Cells of some genera (Ostreococcus, Micromonas) are
very small (2-3 um in length) and represent the smallest
known eukaryotic phototrophs. In some cases (e.g.
Pyr. parkeae), the surface of the cell including the surface
of flagella is covered by scales. Based on the analysis of
the nucleus-encoded 18S rRNA gene, prasinophytes were
split into nine subclades: clade I—Pyramimonadales, clade
[l—Mamiellales, clade [ll—Nephroselmidophyceae, clade
IV—Chlorodendrophyceae, clade V—Pycnococcaceae,
clade VI—Prasinococcales, clade VII—Picocystis and its
relatives (Guillou et al. 2004) and clades VIII and IX com-
posed entirely of environmental sequences (Viprey et al.
2008). The monophyly of the Chlorophyta clade is well-
supported in phylogenetic analyses based on 18S rRNA
gene, however, the branching order of prasinophyte

lineages has not been resolved with confidence despite the
rising number of sequenced species and sequences
derived from environmental samples. The only robustly sup-
ported relationship in the 18S rRNA gene tree is the sister
position of the clade IV—Chlorodendrophyceae and core
chlorophytes (Guillou et al. 2004). The Pyramimonadales
clade splits in two lineages, the first comprises genera
Cymbomonas and Halosphaera, the second consists of
genera Pterosperma and Pyramimonas. The latter genus
was shown to be polyphyletic and was therefore subdi-
vided into six subgenera (Suda et al. 2013). Pyramimonas
(Trichocystis) parkeae is a marine species with cell size
20 x 15 pm and four anterior flagella.

The presence of plastid and mitochondrial genomes
provides an opportunity to analyse phylogenetic relation-
ships between the prasinophyte lineages using genes
encoded in these genomes. The published plastid gen-
omes are very divergent in size, gene content and gene
order. All genomes map to a circle that may contain
inverted repeats (IR) separated by large and small single
copy regions (LSC, SSC). This arrangement was found in
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cpDNA of Nephroselmis olivacea and Pyr. parkeae and it
seems to be ancestral as it is present also in land plants
(Jansen and Ruhlman 2012) and in ulvophyte alga
Oltmannsiellopsis viridis (Pombert et al. 2006b). Some
genomes are intronless (N. olivacea), but most of them
contain one type Il intron (Pyr. parkeae, Pycnococcus
provasolii, Monomastix sp.) and rather exceptionally con-
tain also several type | introns (Monomastix sp.) (Turmel
et al. 1999, 2009). The plastid genome of Pyr. parkeae
harbours one intron (type lIA) in the gene for ATP syn-
thase subunit beta (atpB) with ORF608 containing
domains for reverse transcriptase and maturase. Product
of this ORF shares sequence similarity with the reverse
transcriptases present in the genomes of firmicute bacte-
ria and in an intron of the mitochondrial cox7 gene of
fungi (Podospora anserina, Allomyces macrogynus), rho-
dophytes (Pyropia perforata), cryptophyte Rhodomonas
salina and the brown alga Pylaiella littoralis (Turmel et al.
2009).

Phylogenomic analyses of 70 plastid-encoded genes
from 9 streptophytes, 13 chloroptytes, Bigelowiella
natans, Euglena gracilis and Eutreptiella gymnastica identi-
fied Pyr. parkeae as the closest extant relative of the
euglenid plastid (Hrda et al. 2012; Turmel et al. 2009) and
revealed the sister relationship between Pyramimonadales
(clade 1) and Mamiellales (clade Il). The more recent phylo-
genetic analysis of cpDNA using the data set of 79 genes
(15,549 positions) assembled from cpDNA-encoded pro-
teins of 34 green algae and plants are essentially congru-
ent with the branching order of prasinophyte clades
revealed on the basis of 18S rRNA genes. Twelve sam-
pled prasinophyte representatives from six clades (I-VII
except |IV) formed six independent branches of
Chlorophyta. The clade of Pedinomonas minor and core
chlorophytes (Chlorophyceae, Ulvophyceae and Trebouxio-
phyceae) branched within the prasinophyte clade VIl sister
to Prasinophyceae sp. CCMP 1205. Clades I, Il and VI
were well-supported as well as the sister position of
clades | and Il (Pyramimonadales and Mamiellales)
(Lemieux et al. 2014).

The comparison of the third genetic element—mito-
chondrial genome—provides a chance to confirm and elab-
orate on the phylogeny of prasinophytes. Seven complete
mitochondrial genomes that belong to four lineages of
prasinophytes have been sequenced to date. Four of them
represent clade |l—Ostreococcus tauri (Robbens et al.
2007), Micromonas commoda (RCC299) (van Baren et al.
2016; Worden et al. 2009), Bathycoccus prasinos (Moreau
et al. 2012) and Monomastix sp.OKE-1 (Turmel et al.
2013), clade lll is represented by N. olivacea (Turmel
1999), clade V by Pyc. provasolii (Turmel et al. 2010) and
clade VI by Prasinoderma coloniale (Pombert et al. 2013).
The phylogenetic analysis based on the seven concate-
nated mitochondrial protein-coding genes strongly sup-
ported the sister position of O. tauri and Micromonas sp.
in clade Il but positions of other clades of prasinophytes
and core chlorophytes are poorly resolved (Turmel et al.
2010). Similarly to chloroplast, also mitochondrial genomes
of prasinophytes are very different in size, structure, gene
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content and gene order. Pyc. provasolii harbours the
smallest known mitochondrial genome of this group
(24,321 bp and 36 genes) while N. olivacea the largest
(45,223 bp and 65 genes). The quadripartite structure with
two IRs, otherwise rare in mt genomes, was found in four
species—Pr. coloniale, O. tauri, Micromonas sp. and
B. prasinos. B. prasinos mitochondrial genome does not
map to the circle and is probably linear. All prasinophyte
mitochondrial genomes have high gene density, very short
intergenic regions and contain almost no introns (Pombert
et al. 2013). All so far identified introns are the type | and
are localized in the gene for rRNA of the large ribosomal
subunit  (rnf)  (Pr. coloniale, N. olivacea, ~Monomastix
sp.OKE-1), in the cytochrome b (cob) gene (N. olivacea)
and in the cytochrome ¢ oxidase | (cox7) gene (Monomas-
tix sp. OKE-T). The introns in the rn/ genes of Pr. coloniale,
N. olivacea, Monomastix sp.OKE-1 are inserted into
homologous positions as introns in mitochondrial rn/ genes
of some other algae (e.g. Mesostigma viride) (Turmel
et al. 2002), mitochondrial rn/ genes of other eukaryotes
(e.g. Acanthamoeba castelanii) (Burger et al. 1995), and
algal plastid rn/ genes (e.g. Oltmannsiellopsis viridis) (Pom-
bert et al. 2006a). The majority of mitochondrial introns
are cis-spliced, however, two Pr. coloniale rnl introns are
trans-spliced (Pombert et al. 2013).

Here, we report the complete mtDNA sequence of the
member of prasinophyte clade |—Pyr. parkeae. This mito-
chondrial genome displays unusual quadripartite structure
and trans-spliced cox7 gene.

MATERIALS AND METHODS

Preparation of genomic DNA and cDNA

Pyramimonas parkeae strain SCCAP K-0007 was obtained
from the Scandinavian Culture Collection of Algae and Pro-
tozoa and grown in TL30 medium (Larsen et al. 1994).
Genomic DNA was extracted from culture (approx.
20x10° cells) using DNeasy Blood and Tissue kit (Qiagen,
Hilden, Germany). Total RNA was extracted using TRIzol
Reagent (Invitrogen, Carlsbad, CA) then mRNA was puri-
fied by Dynabeads mRNA Purification Kit (Invitrogen) and
cDNA was prepared by SMARTer PCR cDNA Synthesis
Kit (Clontech Laboratories, Mountain View, CA).

Sequencing and assembly of the mitochondrial
genome

1 ng of total genomic DNA was subjected to 4b4
sequencing according to GS FLX Rapid Library Preparation
Method protocol (Roche Diagnostics, Mannheim, Ger-
many). In total, 635,427 reads were produced (average
length 688). An assembly of the reads was performed
with the Roche GS De Novo Assembler software (New-
bler, release 2.8, Roche Diagnostics) and resulted in
19,710 contigs (N50 contig size was 1,302 bases). Using a
BLAST search (blast.ncbi.nim.nih.gov/Blast.cgi) it was
determined that the second longest contig (con2—
27,036 bp) represented about half of the mitochondrial
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genome. Further five mitochondrial contigs were identified
by BLAST.

Five of the six mitochondrion-derived contigs were man-
ually assembled into a 36,656 bp long linear supercontig
that comprises one copy of contig 2 and two copies of
other four contigs (con6875; con19412; con1769; con638)
in the reverse order at both sides of contig 2. We were
unable to join the sixth contig (con58) to the chromosome
using bioinformatic approaches. Because we expected
that the mitochondrial genome is a circular-mapping mole-
cule, a PCR from the ends of the supercontig and con58
was used to amplify and sequence the missing parts. We
also checked the overlaps of adjoining contigs using PCR.
The primers used are given in Table S1.

Annotation

Annotation of ORFs was done using BLASTx search.
tRNAs were found using tRNA Scan-SE (Lowe and Eddy
1997), and rRNAs were annotated using BLASTn search.
5S rRNA subunit was searched by program RNAweasel
(Lang et al. 2007). Protein coding genes and rRNA genes
boundaries were confirmed by aligning with other known
algal mitochondrial genes. The annotation was completed
in Geneious version 9.0.4, www.geneious.com (Kearse
et al. 2012). The boundaries of the single detected intron
have been verified by RT-PCR using two pairs of primers
—cox1-dnaF (5-TACCTTTCTGTACTTGGTGC-3')/cox1-dnaR
(5-TTCCTGGATGTGCTAATTCC-3') and cox1-rnaF (5-TAAT
CTTTGGTGCCTTCTCC-3)/cox1-rnaR (5-GTGGATAAACTGT
CCATCCA-3). Intron structure was inspected by program
RNAweasel (Lang et al. 2007).

The annotated genome is deposited in the EMBL data-
base under accession no. KX756655. The genome maps
were plotted in GenomeVx (Conant and Wolfe 2008).

Phylogenetic analyses

For the phylogenomic analysis we used the data set of
34 protein coding genes from 48 algal mitochondrial gen-
omes available in NCBI database. Amino acid sequences
were aligned using MAFFT G-ins-l algorithm (Katoh and
Standley 2013), trimmed in BMGE (Criscuolo and Gribaldo
2010), manually inspected and concatenated in Sequence-
Matrix (Vaidya et al. 2011) into a supermatrix with 6,037
positions. The alignment is available upon request. The
phylogenetic tree was constructed in RAXML v7.2.7 (Sta-
matakis 2006) implemented in CIPRES Science Gateway
(www.phylo:sub_sections/portal/) (Miller et al. 2010) using
a uniform PROTGAMMALG4X model and using the parti-
tion specific models as determined in Prottest (Abascal
et al. 2005). The bootstrap support was calculated using
the same setting and 500 permutations. Bayesian analy-
sis was performed using PhyloBayes-MPI v1.7. After the
constant sites removal (-dc option), two MCMC chains
were run for 3,150 generations using CAT + GTR model.
The chain convergence was assessed and consensus
tree calculated by bpcomp using burn-in of 500
generations.

Mitochondrial Genome of Pyramimonas

RESULTS

Structure and gene content of the Pyramimonas mtDNA

The Pyr. parkeae mitochondrial genome (Fig. 1) assembles
into a circle of 43,294 bp in size with overall A + T content
of 68.8%, which is so far the highest AT content among
prasinophyte mitochondrial genomes. An overview of the
main features of Pyr. parkeae mitochondrial genome and
its comparison with other prasinophyte mitochondrial
genomes is given in Table 1. The genome is very compact
and conserved genes represent almost 86% of the
sequence: 34 protein-coding genes, two genes for rRNA,
25 tRNA genes, and two ORFs (orf426 and orf121) with
unknown function. The intergenic regions vary in size from
0 to 542 bp with an average length of 79 pb. There are
four cases of overlapping coding DNA sequences (CDS)—
rps19/rps3, rps3/rpl16, rpl16/rpl14, rpl5/rps14 and several
cases of closely adjoining genes. Genes are encoded on
both DNA strands, and the coding strand switches several
times, however, more than one half of the genome (about
22,720 bp) represents region that is continuously encoded
by one strand.

The genome contains two inverted repeats, each
6,671 bp long. The quadripartite structure and the pres-
ence of IR are not unique in prasinophytes, but unusual is
the gene content of the IR segment. All so far identified
prasinophyte mitochondrial IRs contain the rRNA operon
and the set of various 4-6 protein coding genes. The
Pyr. parkeae IR contains six protein coding genes (three
of them are found in other prasinophyte IRs) but it does

Pyramimonas parkeae
mitochondrial genome
43,294 bp

B Ribosomal RNAs [ Respiratory chain proteins

35 RN B Transfer RNAs O ORFs of unknown function

B Ribosomal proteins Trans-spliced intron

Figure 1 Map of Pyramimonas parkeae mitochondrial genome.
Genes are represented by rectangles colour-coded according to their
functions. Genes shown on the outside of the circle are transcribed
clockwise, whereas those on the inside are transcribed counter-clock-
wise. Inner ring indicates the position of the inverted repeats (IR).
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Table 1. General features of prasinophyte and Pyramimonas parkeae mitochondrial genomes

Pyramimonas  Monomastix ~ Micromonas  Ostreoccocus  Bathycoccus  Nephroselmis — Pycnococcus — Prasinoderma
Genome feature parkeae sp. OKE-1 commoda tauri prasinos olivacea provasolii coloniale
Clade | Il Il Il Il 11 V \
Size (bp) 43,294 60,883 47,425 44,237 43,614 45,223 24,321 54,546
A+T(%) 68.8 59.9 65.4 61.8 59.9 67.2 62.2 54.2
Gene content® 61 65 64 65 61 65 36 55
Protein coding 34 35 33 35 34 35 18 29
genes
tRNA 25 26 27 26 23 26 16 24
rRNAP 2 3 3 3 3 3 2 2
RNase P RNAP 0 1 1 1 1 1 0 0
Coding seq. (%)° 85.6 71.2 82.5 92.1 88.2 76.6 87.7 71.0
Intergenic spacer 79 159 105 42 73 125 83 194
(avg. size in bp)
Introns: number/  1/11%trans 8/|/cis 0 0 0 4/l/cis 0 2/l/trans
type/splicing®
Inverted 6,671 - 12,234 9,771 9,731 - - 14,364
repeat (bp)
Prefered TAA (61%) TAA (69%) TAA (87 %) TAA (81%) TAA (73%) TAA (77%) TGA (85%) TGA (88%)
stop codon

“Total number of conserved genes (does not include duplicates and ORFs).

5The presence of 55 RNA, RNase P RNA and introns was detected by RNAweasel (Lang et al. 2007).

°Genome fraction that includes conserved genes and ORFs.
9Derived intron, probably intron of type II.

not harbour the rRNA operon (Table 2). Contrary with
some prasinophytes the rBRNA genes do not contain any
interruptions.

Thirty-four protein coding genes comprise genes with
function in respiratory chain (complex |—nad1, 2, 3, 4, 4L,
5 6, 7,9, 10, complex Ill—cob; complex IV—cox1, 2, 3;
complex V—atpl, 6, 8 9 and atp4 referred also as
ymt39), genes for protein components of small and large
ribosomal subunits (rps2, 3, 4, 7, 10, 11, 12, 13, 14, 19
and rpl5, 6, 14, 16) and one gene designated alternatively
TatC, ymf16 or MttB for Sec-independent protein translo-
case protein. Only one gene (cox7) contains an intron. All
gene annotations were confirmed by alignments of their
homologs. Only the rps2 gene does not correspond in
length with its homologs and it is either a pseudogene or
a part of this gene remains unrecognized.

The best preserved gene cluster is the Escherichia col-
like S70/spc/alpha cluster that is shared also with most
prasinophytes. In comparison with N. olivacea, only one

Table 2. Gene content of inverted repeats in prasinophyte mitochon-
drial genomes

Organism IR gene content

Pyramimnas parkeae

Micromonas sp.
Ostreococcus tauri

Bathycoccus prasinos

Prasinoderma
coloniale

rps12-nad1-rps2-rps4-nad2-nad6
atp8-atp4-cox1-rns-rnl-nad1-atp6-nad6
nad4l-atp8-atp4-cox1-rns-rnl-cob
atp8-atp4-cox1-rns-rnl-cob
nad1-atp6-rnl(1)-rns-rnl(2)
-cob-rnl(3)-rps12-nad9-nad3

The genes that Pyr. parkeae shares with other prasinophytes are in
bold.

gene (rps8) is missing and the cluster consists of 10
genes (rps10, rps19, rps3, rpl16, rpl14, rpl5, rps14, rpl6,
rps13, rps11). The region is very compact and contains all
four cases of overlapping genes and three tightly adjacent
genes. Other evolutionarily conserved gene clusters or
gene pairs present in this genome are nad4L/Y(gua)/atp8/
atp4, cox2/cox3 and nad10/nad9.

The set of 25 identified tRNAs is almost identical to the
set present in N. olivacea mt genome, with only one tRNA
(arginine tRNA, codon wucg) absent in Pyr. parkeae.
Pyr. parkeae mitochondrion uses the standard genetic
code. Almost all protein coding genes begin with a start
codon ATG, the exception is the atp4 gene that uses alter-
native start codon TTG. The most common stop codon is
TTA. TTA is preferred stop codon also in all known mito-
chondrial genomes of prasinophytes from clades Il and Il
whilst in clades V and VI the codon TGA prevails. The
most abundant amino acid is leucine (13% of used
codons), a situation very similar to other prasinophytes.

We have identified about 230 repeat sequences longer
than 15 bp (the longest one of 88 bp). Most of them are
palindromic repeats often arranged in tandems. Around 80
of them are located in each IR part of mt genome. Two
big clusters of tandems of palindromic repeats are found
—in the 97 bp long cluster within IR and in the 114 bp
long cluster before the tatC gene. Both clusters are able
to form four stems with loops.

Trans-spliced intron in COX1

The mitochondrial genome of Pyr. parkeae contains only
one intron that is located in the cox7 gene coding for

© 2016 The Author(s) Journal of Eukaryotic Microbiology © 2016 International Society of Protistologists

Journal of Eukaryotic Microbiology 2016, 0, 1-10



Hrda et al.

subunit 1 of cytochrome oxidase. The two exons of cox7
(exon 1—178 bp long and exon 2—1,421 bp long) lie on
the same DNA strand but in the reverse order, i.e. exon 2
before exon 1. To produce the functional protein, the
mMRNA has to be trans-spliced. We have analysed the
presence of a mature mRNA by performing RT-PCR with
Pyramimonas total RNA as a template and primers (cox1-
rna-F/R) specific for the neighbouring regions of exon 1
and 2 in the putative mature mRNA. The expected 339 bp
long fragment was obtained, while the same primers with
genomic DNA as a template did not produce any frag-
ment. Amplification of DNA and cDNA with primers (cox1-
dna-F/R) specific for the adjacent part of exon 2 and exon
1 on the DNA resulted in 418 pb fragments that corre-
spond to the expected length of this genomic region and
the region on the non-spliced pre-mRNA, respectively
(Fig. 2). All these fragments were sequenced to precisely
determine the intron boundaries.

The 5 end of the exon 1 bears sequences 5-
UCAAUUAU—3’and 5'- AUAAUG—3’ which correspond to
sequences of intron-binding site 2 and 1 (IBS2 and IBS1),
respectively, in the cox? gene of Marchantia polymorpha
(intron ai2) and Saccharomyces cerevisiae (intron ail)
(Ohta et al. 1993). The 5 exon-intron boundary bears
sequence 5'- VUUGUG-3' that partially resembles the splic-
ing site consensus sequence 5- JGUGYG-3' of type Il
introns (Fig. 3A,B).

The 3’ exon-intron boundary bears the sequence 5'-
AGUUUUUL! -3’ that only distantly resembles the 3’ end of
type Il intron with adenosine in position 7 before splicing
site but A seems not to be typically bulged. A 36 bp long
sequence starting 66 nt upstream of the 3’ exon-intron
boundary was recognized as derived domain V of type Il
intron by the program RNAweasel (Lang et al. 2007).

cox 1 cox1
exon 2 exon 1
coxl- coxl-
coxl- dnaF |. 418 bp ‘Jdnaﬁ
339bp nak coxl-
—E rnaF Bp—
A
gDNA cDNA
Size (bp) dna F+R a F+R dna F+R maF+R
1000 - f
500
400 | — N

B

Figure 2 Analysis of trans-spliced intron in the cox? gene of Pyrami-
monas parkeae. (A) The diagram displays relative position of two
exons of cox71 and binding sites of two primer pairs designed to
amplify fragments from gDNA and mature mRNA. (B) Confirmation of
intron trans-splicing by RT-PCR analysis. Electrophoretic analysis of
PCR fragments amplified from gDNA and cDNA, respectively, with
both primer pairs. The amplicon in the first lane corresponds to the
expected size (418 bp) on gDNA. The same size has the amplicon in
the third lane that probably represents non-spliced pre-mRNA. The
length of the amplicon in the fourth lane corresponds to the spliced
mRNA (339 bp). The results were confirmed by sequencing.
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Typical domain V forms a stem-loop that often carries a
GNRA-tetraloop motif (N—any nucleotide, R—A or G), fre-
quently GAAA or GUGA (Lang et al. 2007). The domain
has no such motif but contains a catalytic triad AGC,
which binds catalytically important Mg™™ ions (Lambowitz
and Zimmerly 2011) (Fig. 3B).

No other domains of type Il introns were identified.
Many type Il introns encode open reading frames (ORFs)
that allow their splicing and retrotransposing (Burger and
Nedelcu 2012). For type | introns the typical ORF is the
one encoding a homing endonuclease with LAGLIDADG
motif. We did not find any such ORF located near the
intron sequences or anywhere else in the mitochondrial
genome. Based on these indices we propose that this
trans-spliced intron is an extremely derived type Il intron.
We were not able to identify the complete structure of
the intron nor its splicing machinery.

2,

group Il
intron
! &,
%,c}zL
H
g
i A
|3
G
%0y, [
G
0 =
i3
P. parkeae e
s
u
Y
A
c
u
G
c
G
W
0 =
e
.. [
S. cerevisiae e
A —
$2
2
A
c
A
G
c
0, I
H
e
i
M. polymorpha e
v
U o
cWn
a N
A
c
- B

Figure 3 Comparison of group Il intron domains of Pyramimonas par-
keae, Saccharomyces cerevisiae and Marchantia polymorpha.
(A) Schematic representation of the secondary structure of mitochon-
drial group Il introns. (B) Comparison of domain | consensus
sequences: intron binding sites (IBS1, IBS2) and GUGYG motif, which
is modified in the case of Pyr. parkeae. (C) Comparison of domains V
and VI consensus sequences: Pyr. parkeae does not bear bulged A
nor GNRA motif. Catalytic site AGC is present. Splicing sites are
indicated by arrows.
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Phylogenetic analyses

We used 34 genes encoded in the mitochondrial genome
of Pyr. parkeae for multigene alignment to reconstruct its
phylogeny, in which we have included representatives of
five prasinophyte clades (I-II, V and VI), Trebouxiophyceae,
Ulvophyceae, Chlorophyceae, Pedinomonas and represen-
tatives of Streptophyceae as an outgroup (48 taxa in total).
Phylogenetic tree is given in Fig. 4. In all tree reconstruc-
tions, Pyramimonas forms a sister lineage of prasinophyte
clade Il with bootstrap support (BS) 90% and posterior
probability (PP) 0.98. In the maximum likelihood tree con-
structed by RAXML, the groups Trebouxiophycae, Ulvo-
phyceae, Chlorophyceae and Pedinomonas do not form a
clade, as they are interrupted by prasinophytes Prasino-
derma and Pycnococcus (BS < 50%). However, this clade
was recovered by Bayesian analysis in Phylobayes (PP
0.91). The lineages of Chlorophyceae and Pedinomonas
form a clade in all reconstructed trees (BS 99% and 89%
and PP 0.95) and the branch lengths of this clade are
always markedly increased, which may affect the tree
topology.

Tracing of mt genes in Euglenophytes

Pyramimonas parkeae is considered the closest relative to
the plastid endosymbiont of Euglenophytes. We have
searched for the homologues of Pyr. parkeae mitochon-
drial genes in the published and our in-house sequenced
unpublished transcriptomes of E. gymnastica and E. gra-
cilis in order to identify potential endosymbiotic gene
transfers from the mitochondrial genome of the plastid
donor into the Euglenophyceae host lineage. No close
homologues were found, so we have no evidence of such
a transfer.

DISCUSSION

The mitochondrial genome of Pyr. parkeae, the first
reported genome from group | prasinophyte clade, gener-
ally resembles the mitochondrial genomes of other
prasinophytes, particularly those from clades Il and 1.

The Pyramimonas mt genome and mt genomes of other
prasinophytes are very compact and their sizes are very
similar (around 45 kbp and 55-65 genes) with the excep-
tion of the reduced mitochondrial genome of picoplank-
tonic  Pyc. provasolii  (24.3 kbp and 36 genes).
Mitochondrial genomes of Monomastix sp. OKE-1 and
Pr. coloniale are slightly expanded due to longer intergenic
regions and several introns. Unlike the most gene-rich
genomes of N. olivacea and O. tauri (65 genes), the
Pyr. parkeae genome lacks only four conserved genes
coding for rps8, tRNA(ucg) for arginine, RNase P RNA,
and 5S rRNA (see table 6.3. in Burger and Nedelcu 2012).
Rps8 as a part of cluster of ribosomal genes is present in
almost all prasinophytes studied so far but is frequently
absent in other chlorophytes and basal streptophytes. It
has not been found in the mitochondria of any angiosperm
where its function is probably substituted by the cytosolic
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rps15A (Adams et al. 2002). The chance that the gene
rps8 remained unrecognized in the Pyr. parkeae genome
is low due to the absence of any space for this gene in
the cluster of ribosomal genes.

Pyramimonas parkeae also lacks 5S RNA and RNase P
RNA that has been found in mt genomes of prasinophyte
clades Il and Il (Burger and Nedelcu 2012). The gene for
RNase P RNA is considered to be ancestrally present in
mitochondrial genomes as it closely resembles RNase P
RNA of the heterotrophic jakobids, a group in which the
mitochondrial genomes have many ancestral features
(Burger et al. 2013). From this point of view, Pyr. parkeae
seems to be more derived lineage than Nephroselmis and
Ostreoccocus, which still contain this gene. On the other
hand, the absence of arginine tANA(ucg) is not surprising
because this tRNA was probably lost early after the acqui-
sition of mitochondrion as it is not present in the mito-
chondrial genome of Reclinomonas americana and in
many other mt DNAs. Nephroselmis olivacea and three
streptophytes (Mesostigma viride, Chlorokybus atmophyti-
cus and Marchantia polymorpha) independently gained this
tRNA again by gene duplication and modification of other
tRNAs (Wang et al. 2009).

The circular-mapping mitochondrial chromosome of
Pyr. parkeae shows quadripartite structure with two
inverted repeats (IR) and two single copy regions. This
structure is present in some other mitochondrial genomes
of prasinophytes but absent in higher plants (Burger and
Nedelcu 2012). The presence of mitochondrial IR varies
between prasinophyte species and does not correspond
to their phylogenetic relationships nor to the presence of
chloroplast IR. IRs in mitochondria are very variable in size
(6.7-12.5 kbp) and have somewhat similar gene content
across lineages, although the gene order varies. They typi-
cally encode the rRNA operon like IR regions in chloroplast
genomes. The exception represents the partially
sequenced MtDNA of Tetraselmis subcordiformis, which
apparently contains 1.5 kbp IRs without any gene at all
(Kessler and Zetsche 1995). The gene content of the
Pyr. parkeae IR is to some extent similar to others but it
completely lacks the rRNA operon.

This unusual organization of IRs is a result of rearrange-
ments in the mt genome, which may be related to high
number of short palindromic repeats that are assumed to
facilitate such rearrangements (Nedelcu and Lee 1998). As
rearrangement can affect also the individual exons it
seems possible that short repeats could play a role in
scrambling genes (Smith and Lee 2009). The presence of
such repeats was recently revealed in the mt genome of
a protist Diphylleia rotans that contains four genes with
scattered exons. Trans-splicing was confirmed in three of
them (Kamikawa et al. 2016).

Prasinophyte mt genomes harbour no or few introns
that are all of the type |. The type Il introns are the pre-
dominant type in the land plant mt genomes (Lang et al.
2007) but many mitochondrial genomes of land plants
bear both types of introns even in one gene, e.g. in liver-
wort or yeast cox? gene (Ohta et al. 1993). Most of these
genes are transcribed as one transcriptional unit and are
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Figure 4 Phylogenomic analysis based on 34 proteins encoded in the mitochondrial genome. The tree topology was constructed from the align-
ment containing 6,037 amino acid positions using maximum likelihood implemented in RAXML with uniform PROTGAMMALG4X model of substi-
tution. The numbers on nodes represent bootstrap support calculated using the uniform model/partition specific model/PhyloBayes posterior
probabilities. Thickened branches indicate nodes with 100% bootstrap support in both models, magenta branches indicate nodes with PhyloBayes
posterior probabilities 1. Bootstraps < 50% and posterior probabilities < 0.5 are indicated by —. The tree is arbitrarily rooted by Streptophyta.
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cis-spliced. When the mt genome undergoes rearrange-
ment, the exons with flanking half-intron may become
separated and transcribed independently. The mature
mRNA is then formed by trans-splicing, during which the
scrambled intron fragments fold based on secondary and
tertiary structures (Bonen 2008).

Pyramimonas parkeae mt genome contains one trans-
spliced intron in the gene for cytochrome oxidase |. We
were not able to establish with confidence the intron type
but based on the presence of several sequence motifs we
hypothesize that it is a highly reduced type Il intron. Group
Il introns are ribozymes spliced by two transesterification
steps with the presence of lariat form and have a typical
secondary structure with six conserved domains I-VI. Sev-
eral conserved sequencing motifs were identified in the
typical group Il introns: splicing site 5- {GUGYG—3' (do-
main 1), GNRA loop and catalytic site AGC (domain V),
bulged A involved in the first transesterification step of
splicing and splicing site 5'- AY{—3’ (domain VI) (Bonen
and Vogel 2001; Lang et al. 2007). Pairing between exon
binding sites (EBS1,2) presented in intron and intron bind-
ing sites (IBS1,2) on the 3’ end of the foregoing exon
forms the tertiary structure guiding exon ligation (Costa
et al. 2000). An ORF with a reverse transcriptase activity
is present in some type Il introns and is located typically
within domain V. In this domain one may localize the
break point of trans-spliced introns (Bonen and Vogel
2001) (Fig. 3). Rarely the trans-spliced intron is tripartite
with the second break point within domain | (Goldschmidt-
Clermont et al. 1991; Knoop et al. 1997).

We identified only short motif of domain | and derived
domains V and VI in the intron of coxT gene Pyr. parkeae.
Although the intron is theoretically too short to form the
typical secondary structure with splicing activity and we
were unable to detect the putative missing part of the
intron elsewhere in the mitochondrial genome, the amplifi-
cation of mMRNA shows that the gene indeed undergoes
trans-splicing as predicted.

The comparison of cox7 genes carrying introns shows
that there are several organisms harbouring group IIA
intron at the same site as Pyr. parkeae, although these
introns are not closely related to each other neither in pri-
mary sequences nor in their secondary structure (Ohta
et al. 1993). One such intron is intron 1 in cox7 of S. cere-
visiae. This intron is closely related to other yeast group
IIA introns and bears an ORF potentially encoding a pro-
tein related to reverse transcriptases (Michel and Ferat
1995). As introns are mobile genetic elements, their distri-
bution between yeast lineages is not conserved and this
particular intron is present in cox? of some strains of
S. cerevisiae (e.g. S288c) but not in others (e.g. isolate
NCYC3594). Other organisms with introns in homologous
position to the one in Pyr. parkeae are the liverworts
Marchantia polymorpha, Aneura pinguis, Pellia epiphylla,
Treubia lacunosa and Pleurozia purpurea, belonging into
four different subclasses of Marchantiophyta. In these
organisms, the intron is always the second one in the
cox1 gene, it belongs also to group IIA and contains ORF
potentially encoding a protein related to reverse
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transcriptases, but unrelated to the ORF in cox7 intron of
S. cerevisiae (Ohta et al. 1993). We did not identify a cor-
responding ORF with reverse transcriptase activity in the
mitochondrial genome of Pyr. parkeae.

The phylogeny of mitochondrial genomes is generally
considered to correspond to the species tree. Our phylo-
genetic analyses based on 34 conserved genes encoded
in mitochondrial genomes of green algae and plants is,
indeed, in most respects concordant with the phylogenies
based on 18s RNA or chloroplast genes. Pyr. parkeae, the
only representative of prasinophyte clade |, branches (with
bootstrap support 90%) as sister to Mamiellales (prasino-
phyte clade Il). Unlike the phylogeny based on chloroplast
genes, Trebouxiophyceae, Ulvophyceae, Chorophyceae
and Pedinominas do not form a clade in the maximum
likelihood tree, as they are interrupted by genera Prasino-
derma and Pycnococcus. However, the node interrupting
this monophyly is weakly supported and this topology
was not recovered by Bayesian analysis. Unlike our tree,
Prasinoderma branches robustly as the most basal
prasinophyte lineage in the phylogenetic tree recon-
structed on the basis of chloroplast encoded genes
(Lemieux et al. 2014). The topologies of our trees are,
however, very likely affected by the highly increased
branch lengths of Pedinomonas and Chlorophycea, which
exceed the lengths of other branches approximately three
times. This phenomenon has been observed already in
the phylogenetic analysis of Turmel et al. (2010) on a
smaller set of taxa. Reason for the increased substitution
rates in these lineages is not known to us, but the pres-
ence of such uneven branch lengths may bias the topol-
ogy and taxa with long branches (including Prasinoderma
and Pycnococcus) may be grouped artificially as the result
of long-branch attraction artefact.

CONCLUSIONS

Mitochondrial genome of Pyr. parkeae displays some
unique features among prasinophytes. It possesses IRs
like some members of prasinophyte clades Il and VI but
the gene content of these IRs is quite different and unlike
all others it does not contain an rRNA operon. The single
intron in the cox7 gene is probably a highly reduced type
[l intron and it is trans-spliced at the level of mMRNA as
confirmed by RT-PCR. Further study on the splicing mech-
anism of such miniature self-splicing intron may reveal
interesting findings.

The phylogenetic analyses based on the mitochondrion-
encoded genes support the relationship of Pyr. parkeae to
Mamielalles. Despite the few peculiarities, Pyr. parkeae
mitochondrial genome forms one of the shortest branches
in the tree, has a quadripartite structure, and contains
large repertoire of densely packed genes, which overall
suggests that it may resemble the ancestral mt genome
of green algae. As the same holds for the Pyr. parkeae
chloroplast genome and 18S rRNA, Pyramimonadales
likely represent genetically one of the least derived lineage
of Chlorophyta and could be used as such in evolutionary
considerations.

© 2016 The Author(s) Journal of Eukaryotic Microbiology © 2016 International Society of Protistologists
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6 Endosymbioticky genovy pienos

Pfresun DNA z jadra endosymbionta do jadra hostitele je vyznamny zptusob obohaceni
organismu o nové geny a je proto dilezitym procesem eukaryotické evoluce. Cast takto
ptesunutych genit kdduje proteiny, které se vraci zpet do piisluSné organely, ¢ast ale koduje
proteiny, které jsou nové smerovany do jinych kompartmentti bunky, kde mohou nabyvat
novych funkci. Fragmenty organelové DNA vlozené do jaderného genomu mohou také
modifikovat expresi jinych geni. Ma se za to, Ze nejvetsi podil geni byl pfenesen zahy
po ziskani organel, ale v malé mife piesun probiha neustale (Lloyd et al., 2012; Stegemann et
al., 2003; Thorsness & Fox, 1990). Predpoklada se, ze v prubéhu prenosu se kopie genu dostava
do jadra a po Case organelova kopie mizi (Jiroutova et al., 2010). Rozsah EGT, tedy rozliSeni
genll pochazejicich od endosymbionta a hostitele, je obtizné stanovit predev§im kvili
ruznorodym soubéznym evolu¢nim procesiim, ale je velice dilezity pro uréeni fylogenetického
puvodu hostitele i endosymbionta. Prace zabyvajici se rozsahem EGT zkoumaji bud podil
endosymbiozou ziskanych gent v jaderném genomu a celkovém transkriptomu hostitele, nebo
se zamétuji na zjistovani tohoto podilu pouze v transkriptomu nebo proteomu plastidu. Kromé
celych funkénich genii se béhem EGT piesouvaly z organel do jadra i neuplné nefunkcni
fragmenty DNA ("Nuclear plastid DNA" (NUPT) a "Nuclear mitochondrial DNA" (NUMT)),
kterych mize byt prekvapivé mnoho (Makai et al., 2015).

6.1 EGT pfi primarni endosymbidze

Problém odliSeni genii pochézejicich z pfipadného archezoalniho nebo archebakteridlniho
predka eukaryotli a genli pochazejicich z eubakteridlniho pifedka mitochondrie je piedevsim
v tom, ze dosud nebyl nalezen eukaryotni archezodlni organismus bez mitochondrie nebo velmi
blizka linie archebakterii, ke kterému by bylo mozné vztahovat zmény v zastoupeni gen.
Predpoklada se, ze z pivodniho genomu endosymbionta bylo cca 1000 — 3000 genti zcela
ztraceno, malé procento genl zistalo v mitochondridlnim genomu, a minimalné¢ 800 — 1700
gend, tedy 20 — 30 %, bylo pfeneseno do jadra hostitelské buniky (Gray & Archibald, 2012).
Ovsem pouze Cast téchto genli exprimuje proteiny, které se vraci zpét do mitochondrie
analézdme je mitochondridlnim proteomu. Nemald ¢ast exprimovanych produktd je
presmérovana a funguje v jinych bunéénych oddilech (Gabaldén & Huynen, 2003; Karlberg et
al., 2000). Odhaduje se, ze proteom mitochondrie je velky nékolik set az nekolik malo tisic
proteind (Gonczarowska-Jorge et al., 2017; Lee et al., 2013; Peikert et al., 2017; Perez et al.,
2014), ovsem jen menSina téchto proteind véetné téch kddovanych v mitochondridlnim genomu
ma jednoznaéné a-proteobakterialni pivod (okolo 10 — 15%) (Gabaldon & Huynen, 2003; Gray
& Archibald, 2012). Az polovina proteini ma blize neurcitelny prokaryoticky ptvod, asi
tretinovy podil maji proteiny neprokaryotického pivodu, tedy podobné eukaryotickym
proteiniim, a nezanedbatelnd cast gent je specifickd jen pro urcité linie organismii a nema
homologii ani u prokaryot, ani u eukaryot (Brueckner & Martin, 2020; Esser et al., 2004; Gray
& Archibald, 2012; Karlberg et al., 2000; Marcotte et al., 2000).
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Podobné situace jako u mitochondrii byla pozorovéana i u plastidi. Plastidovy proteom také
zahrnuje nékolik tisic proteinii a tyto proteiny musi byt ve své vétSiné kodovany v jadie
hostitele, protoze genomy plastidi koduji jen nékolik desitek az nekolik malo stovek proteind,
coz odpovida jen asi 5 % genl volné Zijicich sinic (Green, 2011). Predpokladalo se, ze geny
prenesené z endosymbionta do jaderného genomu hostitele a sméfujici své produkty zpét
do plastidu maji sinicovy ptivod. I zde se ukéazalo, ze takovych genli je menSina. V proteomu
nekolika archaeplastid tvofily plivodem sinicové proteiny kodované v plastidu 5 — 25 %
a ptivodné sinicové proteiny kdodované v jadre dalSich 12 — 24 %, dohromady vSak pouhych
25 — 37 %. Ostatni plastidové proteiny kodované v jadie jsou odvozeny od ptivodnich proteint
hostitele, které prevzaly funkci potfebnou pro fungovani plastidu, pricemz odpovidajici sinicové
geny se ztratily. V proteomech bylo téchto genti dokonce vice nez polovina, 56 — 65 % (Qiu et
al., 2013). Prekvapivé je v proteomech zastoupeno nezanedbatelné mnozstvi proteinii majicich
homologii k jinym prokaryotiim nez sinicim, které ziejme byly ziskany horizontalnim genovym
pfenosem (HGT) a kterych je 7 — 15 % (Qiu et al., 2013). Dalsi podobné prace zkoumajici
puvod proteind v plastidovém proteomu u vysSich rostlin nebo jinych tas dosly k rozdilnym
procentiim zastoupeni téch plvodem sinicovych, ale tento podil se vzdy pohybuje jen
v nékolika desitkach procent (Martin et al., 2002; Reyes-Prieto et al., 2007).

Pti zkouméani proteomu a transkriptomu Paulinella chromatophora bylo nalezeno vice nez 450
proteinil kddovanych jadernymi geny hostitele, které jsou smérovany do cyanely. Piekvapive
pouze 4 % téchto gent pochazi z EGT, dalSich 6 % genl pochéazi z HGT a 90 % gent je tak
hostitelského nebo neznamého ptivodu (Singer et al., 2017). Geny, které Paulinella zikala diky
HGT, pochazeji od riznych jinych linii bakterii a pfedpoklada se, Ze jejich produkty dopliuji
mezery v biochemickych drahach cyanely, které vznikly v disledku ztraty vlastnich gend

pri endosymbiotickém procesu (Nowack et al., 2016).

Celkové lze shrnout, ze vysledkem EGT pfi primarni endosymbidze je organelarni proteom,
ktery zahrnuje spiSe méné proteind odvozenych z prokaryotického endosymbionta a ze
pfevazuji proteiny odvozené od proteini ptvodniho hostitele, ktery nad organelou ptevzal
vladu. Dlouha evolué¢ni doba od ziskani mitochondrie a primarnich plastidi (vyjma Paulinella)
ovSem velice komplikuje spravné zatfazeni proteinti do jednotlivych kategorii. OdliSeni gent
pochazejicich z EGT je ale usnadnéno tim, ze Ize pomérné dobte odlisit geny prokaryotického
a eukaryotického ptivodu (Ponce-Toledo et al., 2019).

6.2 EGT pri endosymbioze komplexniho plastidu

Pii endosymbidze vyssiho stupné dochazi k pohlceni jiné eukaryotické bunky, ktera ma ovSem
mnohem vét§i a komplexné&jsi genom, nez primarni endosymbont. Geny ovladajici plastidové
funkce se nenachazeji pouze v plastidovém genomu, ale piedev§im v genomu jaderném. Podil
gent pienesenych z plastidového genomu do nového jadra je obvykle zanedbatelny (Hrda et al.,
2012), prenos genli z mitochondrie endosymbionta nebyl dokumentovan. Otazkou zlstava,
kolik a jakych genti je pfeneseno z jadra do jadra. Fylogenetické postaveni téchto gend nam také

napovida, ze kterych skupin fas komplexni plastid pochazi. Problém pfi klasifikaci plastidi
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na sekundarni, tercialni a ev. plastidy vyssiho fadu je ten, Ze mnoho gent v genomu hostitelské
buitkky zdaleka neodkazuje na jeden zdroj, tedy ptredpoklddaného jediného endosymbionta,
ale vykazuje evolu¢ni pivod napti¢ skupinami. Celkem dobie lze rozliSit geny pochazejici
ze zelené a cervené vétve archaeplastid, a proto jiz del§i dobu pirekvapovaly nalezy

"Cevenych"gend u linii odvozujici svij plastid od zelenych fas a naopak.

Fylogenomicka analyza genomu rozsivek Thalassiosira a Phaeodactylum nalezla u kazdého
druhu pfiblizn€ 2,5 tisice proteinii odvozenych od Cervenych nebo zelenych tas. Prekvapive
az 70 % téchto gent bylo podle automatického tfidéni stromti odvozeno od gent zelenych fas
ane fas Cervenych, jak by odpovidalo ptivodu jejich plastidu (Moustafa et al., 2009). Tento
podil byl tak zarazejici, ze byla data rucné pfeanalyzovana a jako vysledek EGT byl uznan jen
omezeny pocet gent (286). Pouze 209 z nich bylo mozné pouzit pro konstrukci stromil a z nich
jen 28 bylo monofyletickych se zelenymi fasami, 139 s Cervenymi fasami a u zbytku nebylo
mozno rozhodnout. Geny odvozené od Cervenych fas tak maji vysledny podil 68 %, nicméné
"zelené" geny maji stile nezanedbatelny 14 % podil (Deschamps & Moreira, 2012). Tento
priklad také vyborné ilustruje metodologické problémy pii tfidéni gent. Jednim z nich je
pfevaha urcit¢tho typu gent v databdzich (v tomto piipadé "zelenych"), coz pokiivuje
fylogenomické analyzy, dal$i otazka je vybér gent, které jsou skutecné dusledkem EGT
(Deschamps & Moreira, 2012). Podobné analyzovani piispévku "zelenych"/"Cervenych" genii
k EGT u Chromera velia vedlo nejprve k poméru 250/263 (Woehle et al., 2011), pozdg&jsi
reanalyza urcila pomér 23/9, pfi¢emz u dalsich 19 genti nebylo podle topologie stromu mozno
rozhodnout (Burki et al., 2012). V préci je kladen dliraz na robustnost konstruovanych stromd.
Zaroven upozoriiuje na dalsi problém, a to je kontaminace zkoumanych dat i dat umisténych

ve vetejnych databazich sekvencemi DNA, které jsou sekvenacnimi artefakty.

S vétsimi ¢i menSimi metodologickymi vyhradami tak lze ptijimat i dalsi prace, z nichz né€kolik
uvadim dale. U chlorarachniofyta Bigeloviella natans bylo zjisténo 353 gent, které pochézi
z tas. Topologie fylogenetickych stromt jednotlivych genti urcily jejich podobnost ke znamym
gentim v potadi "zelené"/"Cervené"/nerozhodnuté (¢i jiné) jako 207/45/101, coz odpovida tomu,
ze plastid pochazi ze skupiny Chloroplastida. U skryténky Guillardia theta bylo analyzovano
508 genti pluvodem z fas s vysledkem 252/100/156, coz naopak spiSe neodpovida
predpokladanému pivodu plastidu ze skupiny Rhodofyta (Curtis et al., 2012). Obrnénka
Lepidodonium chlorophorum se sekundarnim zelenym plastidem, ktery nahradil pavodni
cerveny plastid obrnének, ma mezi 22 rozpoznanymi geny s plastidovou funkci Cast genti
"zelenych", ale zlstalo ji i mnoho genti "Cervenych", které ale pochdzi z rlznych
fylogenetickych skupin (6/12/4) (Minge et al., 2010). Souhrnna studie genomu a proteomu
nekolika desitek ochrofyt vedla k nalezeni 770 proteini targetovanych do plastidu, z nichz 263
bylo mozné jednoznacn¢ zatradit. Vice nez polovina z téchto genl (149) je plivodem
z Cervenych fas, ale celé ctvrtina (67) je piivodem z fas zelenych (Dorrell et al., 2017).
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6.3 Navrhovana vysvétleni riznorodého ptivodu pienesenych gent

Se vzriistajicim poCtem osekvenovanych genomi a transkriptomi v databazich (pfedevs§im
ze skupiny Cervenych fas) a s vylepSovanim vyhodnocovacich algoritmti se urceni podilu EGT
stava presn¢j$im. Ukazuje se, ze v jednotlivych genomech neustdle zlstava nezanedbatelny
podil gend, které nepochézeji z predpokladaného endosymbionta, a Ze toto pozorovani ziejme
neni artefakt. Bylo vysloveno nékolik podobnych hypotéz, které by mohly vysvétlit u dosud

zkoumanych organismu s komplexnim plastidem popsanou genetickou mozaiku.

Jednim z vysvétleni je, ze u organismil s komplexnim plastidem doslo k serialni kryptické
endosymbioze; puvodni plastid pochdzel z jiné vétve archaeplastid nez ten, ktery dnes
pozorujeme, a Ze nalezené geny jsou pozustatkem EGT prvotniho endosymbionta. Serialni
sekundarni endosymbidza je dnes znama u obrnének napt. rodu Lepidodinium, kde primarni
zeleny plastid nahradil pdvodni peridinovy plastid (Minge et al., 2010). V transkriptomu
rozsivek Thalassiosira a Phaeodactylum s komplexnim plastidem odvozenym z Cervené fasy
byly nalezené "zelené" geny interpretovany jako pozlstatek hypotetického kryptického
zeleného plastidu (Moustafa et al., 2009). Nahrazeni jednoho plastidu plastidem jinym byva
ve vétSin€ piipadd Uplné. Zajimavé je ztotoznéni reliktu peridinového plastidu se svétlocivnou
skvrnou ("eyespot") u obrnének Durinskia baltica, Glenodinium foliaceum a Kryptoperidinium
foliaceum. Eyespot ma tfi membrany stejné jako peridinovy plastid. V transkriptomu obrnének
byly nalezeny geny, které odpovidaji svym ptivodem tomuto plastidu, a zda se, Ze jsou skutecné
targetovany do svétlocivné skvrny. Tato organela nemd zjevné fotosyntetickou funkei,

ale zdstala ji funkce pii tvorbé tetrapyroll a isoprenoidti (Hehenberger et al., 2014).

Mnoho autort se domniva, Ze k tomu, aby se geny dostaly do jadra hostitele, nebylo potieba,
aby endosymbidza byla dokoncena. Stacilo, aby n&jakou dobu endosymbiont jako pfechodny
plastid ptebyval uvniti buiiky. Tehdy mohlo docasn€ dochazet k pfesunu gent do jadra. DNA
mohla byt také zainkorporovana do jadra az poté, co prechodny endosymbiont zlyzoval. Téchto
pfechodnych endosymbiéz mohly nékteré organismy absolvovat i ne€kolik a v genomickém
zaznamu pak vidime zastoupeni genti z n€kolika evolucnich linii. Pro tento pohled se vzil nazev
"nakupni ko$ik" ("shopping bag" model), odkazujici na zptisob nakupovani, kdy jsou
v nakupnim kosi (jaderném genomu) polozky (geny) z rtiznych obchodl (organismt) (Larkum
et al., 2007).

Dalsim zptisobem, jak mohlo dojit k horizontalnimu genovému ptenosu, bylo ziskani genti nebo
jejich casti z kofisti. Model "jste to, co jite" byl pivodné koncipovan pro pfenos genil
z bakterialni kofisti do genomu eukaryot (Doolittle, 1998), ale jist¢ mulze byt rozsifen
inapfenos z eukaryotni do eukaryotni bunky. Obrnénka Dinophysis acuminata pozird
nalevniky Myrionecta rubra, ktery sam pozira skryténku Geminigera cryophila. Myrtionecta si
ale docasné po né€kolik tydnt drzi kleptoplastid a oddé€lené i jadro a mitochondrii skryténky.
Poté co se stane kofisti obrnénky, kleptoplastid pfechazi do nového hostitele uz pouze se dvéma

membranami a i zde n€kolik tydnl pietrvava. V transkriptomu obrnénky bylo identifikovano
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nekolik gend, které jsou smérovany do kleptoplastidu. Jeden z téchto genli psbM zcela
nepochybné pochazi ptimo od kofisti G. cryophila (Wisecaver & Hackett, 2010).

Ptedchozi hypotézy nevylucuji jedna druhou a navzajem se dopliuji. Presto ziistava jeden
aspekt, ktery tyto hypotézy netfesi. Je to velky podil "Cervenych" geni v organismech
se zelenym plastidem, ktery v opa¢ném piipad€é pozorujeme v mensi mife. Byla proto navrzena
hypotéza "Cerveného koberce" ("red carpet hypothesis"), ktera piedpokldda, ze uspesna
endosymbioza komplexniho zeleného plastidu nastala az poté, co bylo jadro hostitele jednim
ze zminénych zplsobli obohaceno o geny z Cervenych fas. Tyto geny poskytovaly dilezité
plastidové funkce a pfipravily tak takiikajic Cerveny koberec, ktery usnadnil nasledné pfijeti

zeleného endosymbionta (Ponce-Toledo et al., 2019).

6.4 EGT u skupiny Euglenida

Také u Euglena gracilis bylo publikovano jiz n€kolik studii, tykajicich se EGT. Prvni z nich

nx

byla zaméfena praveé na geny pochazejici z "Cervené linie" fas. Nejprve bylo v transkriptomu
vybrano 621 proteinti, které na fylogenetickych stromech mély jako nejbliz§iho souseda
zastupce fasy s primarnim nebo komplexnim cervenym plastidem (oproti tomu jen 528 proteinti
mélo jako nejbliz§iho souseda zastupce chloroplastid). Tato skupina stromi byla podrobena
detailni analyze, ktera ukazala, Ze ve 14 z nich je sekvence E. gracilis monofyleticka s vysokou

nx

podporou s "Cervenou linii". Pro doplnéni byl zkoumén i transkriptom nefotosyntetického

nx

euglenida Peranema trichophorum, kde byly také identifikovany dva z téchto 14 "Cervenych"
genl. Autoii diskutuji moznosti pienosu téchto genti do jadra a kromé HGT z kofisti piivodniho
eukaryovorniho predka euglenofyt pifipousti i moznost EGT z hypotetického ptedchoziho

cerveného plastidu (Maruyama et al., 2011).

Dalsi studie se zameéfila na geny Calvinova cyklu u tfinacti euglenofyt, péti
nefotosyntetizujicich euglenidil a dvou diplonem. Byla provedena fylogeneticka analyza celkem
11 hlavnich enzymt cyklu, z nich u tfi byla nalezena krom¢ plastidové i cytoplasmaticka forma
a nekteré dalsi zahrnovaly vice plastidovych izoforem. Bylo zjisténo, Ze proteiny nemaji ani
zdaleka jednotny ptivod. U ¢ty nebylo mozno rozhodnout, ale ze zbyvajicich sedmi se pouze
u genu pro RuBisCO potvrdil jeho ptivod ze zelenych fas. Enzym triosafosfat isomerdsa ma
jako sestersky klad Rhodophyta a ostatni enzymy jsou piibuzné enzymtim rtiznych organismu

s cervenym komplexnim plastidem (Markunas & Triemer, 2016).

Jak uz bylo zminéno, plastidy nemaji jen fotosyntetickou funkci. V plastidech je mimo jiné také
umisténa draha pro syntézu tetrapyrolti — hemu a chlorofylu. E. gracilis tak ma pro tento tcel
dvé sady proteinii. Jedna sada je v mitochondrii a ¢aste¢né v cytoplasmé a odpovidad enzymim
primarnich heterotrofnich eukaryotd. Druh4 sada se naléza v plastidu, je sdilena vétSinou
fotosyntetickych eukaryotdi a o¢ekavalo se, ze ji E. gracilis ziskala spole¢né se svym zelenym
plastidem (Kofeny & Obornik, 2011). Fylogenetickd analyza vSak ukézala, ze jenom dva
z deseti enzymu pochazeji ze zelenych fas, jeden byl ziskan HGT z bakterii, jeden ma neurcity

puvod, ale Sest enzymi pochazi z fas s komplexnim ¢ervenym plastidem (Kofeny & Obornik,
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2011; Lakey & Triemer, 2017). Bylo by mozné spekulovat, Ze pravé tato drdha mize
demonstrovat hypotézu "Cerveného koberce", a byt onou prerekvizici pro ziskani zeleného
plastidu. Napiiklad také u tasy Bigelowiella natans s komplexnim zelenym plastidem byly
v uvedené draze odhaleny geny ptivodem z fas s ¢ervenym komplexnim plastidem (Cihlar et al.,
2016).

Jiny pristup byl zvolen v praci, kde u rtiznych skupin fas s komplexnim plastidem stopovali
puvod gent, které zcela nepochybné pochazi od archaeplastid, jsou vysoce konzervované a jsou
zapojené do esencialnich plastidovych funkci. V sestavenych fylogenetickych stromech bylo
nalezeno 82 takovych, které zahrovaly alespo tfi fotosyntetizujici organismy a zaroven klady
Chloroplastida a Rhodophyta byly jednozna¢né oddélené. U vSech skupin fas s ¢ervenym
komplexnim plastidem byla vétSina genti (84 — 90 % podle skupiny) pribuzna rhodofytim.
U euglenidt sice vétsi podil tvofi geny pochézejici z chloroplastid (56 %), ale "Cervené" geny
maji podil celych 36 %. U chlorarachniofyt, které maji také zeleny komplexni plastid, vychazi
tento pomér jeSt¢ vyrazné hire, a to 44 % vs. 54 % ve prospéch "Cervenych" gent
(Ponce-Toledo et al., 2018).

Nejnovejsi genomicka a transkriptomickd data ziskand pro E. gracilis byla také vyuzita
k odhadnuti podilu EGT na jaderném genomu. Z pomérné¢ kompletniho transkriptomu byly
vytvoreny fylogenetické stromy pro jednotlivé transkripty, ze kterych bylo vyselektovano 4087
stromt, kde byla E. gracilis s vysokou podporou sesterskym kladem pro nékterou
z definovanych monofyletickych linii. Mezi nimi bylo identifikovdno 572 genti piivodem
pochazejicich z chloroplastid, 50 pochazejicich z rhodophyt a 723 odvozenych od ftas
s komplexnim plastidem cervené linie (skrytének, haptofyt a ochrofyt) (Ebenezer et al., 2019).

Obrazek dopliuje studie plastidového proteomu E. gracilis, ziskaného kombinaci in sillico
predikce plastidovych genti z celkového transkriptomu a proteomické analyzy plastidu.
Ptiblizné polovina stromi ze ziskanych sekvenci splnila pozadované kritérium, ze E. gracilis je
sesterskym kladem pro nékterou z taxonomicky homogennich linii s vysokou podporou.
Z téchto 416 vybranych proteinti bylo 95 piibuznych skupiné Chroroplastida, 25 skupiné
Chlorarachniophyta a 34 témto zelenym skupinam spolecné (dohromady tedy cca 37 %). Velky
podil gend tvofi geny odvozené od fas, kde nebyla piibuznost mozna rozhodnout (107) a také
geny odvozené od jinych nez fotosyntetizujicich eukaryot a prokaryot (70). Piesto gent
odvozenych od skupin s primarnim nebo komplexnim cervenym plastidem bylo identifikovano
83, coz tvoti podil 20 % ze zkoumanych genti (Novak Vanclova et al., 2020).

Lze shrnout, ze u E. gracilis je v genomu zastoupeno pomérne hodné€ gentl, jejichz ptivod lze
najit u fas s komplexnim cervenym plastidem. V genomu jsou také geny, které se tam dostaly
pomoci HGT z bakterii, napt. gen pro plastidovou porfobilinogen deaminazu a mitochondrialni
ferochalatazu (Kofeny & Obornik, 2011; Lakey & Triemer, 2017) nebo bakterialni regulacni
faktor Rho, ktery je smérovan do plastidu, kde pravdépodobné ukoncuje transkripci nékterych
gend, a ktery byl nalezen v transkriptomu E. /onga i u dalSich euglenofyt (Zahonova et al.,
2018). Zda se pravdépodobné, Ze tyto geny mohly eugleny ziskat z kofisti, vychazime-li
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z predpokladu, Ze jejich predek byl fagotrofni (Leander, 2004), a n¢které druhy euglenofyt jsou
dokonce schopné lovit jesté dnes (Yamaguchi et al., 2012; Yoo et al., 2018).

Dovolim si zde uvést jest¢ jednu doménku. Vyse uvedeny piipad obrnénky Dinophysis nas také
navddi na moznost, ze cast genl, které E. gracilis ziskala pfes svého endosymbionta,
prasinofytni fasu pfibuznou dne$nimu P. parkeae, nemusi byt s touto fasou piibuzna. Naptiklad
arkticky ptibuzny Pyramimonas gelidicola, stejné jako mnohé dalsi prasinofytni druhy, je totiz
mixotrofni a pfi nutricnim nedostatku je bakteriovorni (Bell & Laybourn-Parry, 2003). Lze si
tedy predstavit, ze DNA z bakterialni a sinicové kofisti prasinofytni fasy se mohla pfes jeji

genom dostat az do euglenofyt.
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7 Srovnani osmotrofniho euglenida Rhabdomonas costata a

fototrofniho euglenida Euglena gracilis

Cast genti, kterou zastupci euglenofyt nezdédily vertikdlng, pochézi z endosymbiotického
genového prenosu spojeného se vznikem plastidu a pochézi tedy z prasinofytni fasy P. parkeae.
Neni vylouceno, ze nékteré z nich mohly byt do jejich jaderného genomu pieneseny uz u jejich
davnéjsich predkti, mozna jiz u toho, ktery byl spolecny s dnes osmotrofnim euglenidem
R. costata. Osekvenovani jeho transkriptomu a genomu mtize kromé¢ doplnéni dat pro tuto malo

prozkoumanou fylogenetickou vétev ptispét i k lepSimu pochopeni procesu endosymbiozy.
7.1 Euglena gracilis a Rhabdomonas costata — obecna charakterizace

Eugena gracilis patti do monofyletické skupiny fototrofnich euglenid s komplexnim zelenym
plastidem, ktera je odvozena od fagotrofnich euglenidi (obr. 3) (Lax et al., 2019). E. gracilis je
schopnd zit i heterotrofné¢ v podminkdch bez svétla a/nebo bez kysliku, kdy neprobiha
fotosyntéza. Je to sladkovodni druh s buiikou velkou 50 — 80 pum, ktery ma dva nestejné biciky,
z nichz pouze jeden vystupuje z periflagelarni kapsy a slouzi k pohybu. K pohybu také slouzi
helikalné uloZené navzajem klouzajici podélné pasy, kterych je nékolik desitek a které umoziuji
typicky pohyb metabolii (Leander et al., 2017).

E. gracilis se velice dobfe mnozi i v laboratorni monokultufe, coz ji spolecn¢ s velkou
metabolickou komplexitou a flexibitou pfedurcuje jako alternativni zdroj biopaliv, farmaceutik,
kosmetickych 1 vyzivovych doplikil i jako soucast Cistirenskych biokultur (Krajcovic et al.,
2015; Suzuki, 2017). Zasobni latkou produkovanou za aerobnich podminek je B-1,3-glucan
zvany paramylon, ktery tvofi az 700 linearn€é svazanych molekul glukant. Paramylon je
syntetizovan v cytoplasmé jak u fototrofnich tak i u heterotrofnich euglenidi a jeho pfitomnost
tak neni navdzana na pritomnost plastidu, jako je tomu u zasobniho Skrobu rostlin.
Za anaerobnich podminek se paramylon metabolizuje na estery voskli, coZz je spojeno
s generovanim ATP (Inui et al., 2017). Syntézu esterti voski zajistuje enzym wax syntaza, ktery
ma v cytosolu E. gracilis minimaln¢ 2 izoformy piibuzné nejspiSe proteinim chloroplastid,
adale také enzym wax ester syntaza/diacylglycerol acyltransferdza (WSD), ktery ma
anotovanych Sest izoforem, pfibuznych bakteridlnim geniim, z nichz WSD2 ma hlavni podil
na syntéze estertt voskd (Tomiyama et al., 2017). Podil esterii voskii v metabolomu euglen
rostoucich za anaerobnich podminek je pfiblizn¢ 50 %. Za aerobnich podminek je naopak
v metabolomu nejvice zastoupen paramylon a to z cca 40 % ve svételné fazi a az 60 %
v temnostni fazi (Matsuda et al., 2011).

Plastidovy genom E. gracilis byl osekvenovan jiz v roce 1993 (Hallick et al., 1993). Kromée
plastidového genomu byl u E. gracilis publikovan i mitochondrialni genom (Dobdkova et al.,
2015), neékolik transkriptomickych studii (Ebenezer et al., 2019; O’Neill et al., 2015; Yoshida et
al., 2016), casteCny jaderny genom (Ebenezer et al., 2019) a plastidovy (Novak Vanclova et al.,
2020) a mitochondrialni proteom (Hammond et al., 2020).
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Rhabdomonas costata patii do monofyletické skupiny primarné osmotrofnich euglenidi
spole¢né s rody Menoidium, Rhabdospira, Gyropaigne, Parmidium, Distigma a Astasia. Také
tato skupina se na fylogenetickém strome veétvi mezi nekolika fagotrofnimi skupinami euglenidii
(obr. 3) (Lax et al., 2019). Pohybuje se pomoci jednoho vystupujiciho biciku stejné délky jako
je jeho bunka (20 — 30 um), kterd ma na povrchu 7 — 9 fazovanych podélnych pasi se Sirokymi
zatezy (Soukal, Hrd4 et al., v pfiprave). Buiika je tak pomérné rigidni a na rozdil od euglenofyt
u ni neprobihda metabolie. V cytoplasmé je obsazeno velké mnozstvi paramylonovych zrn
(Zakrys et al., 2017; Soukal, Hrd4 et al., v ptiprave). Rhabdomonas costata je sladkovodni druh
zijici v raSeliniStich (Cabata, 2003), viceméné za anaerobnich podminek. V laboratornich
podminkéch je péstovan ve sm&sné kulture s bakteriemi a kultury se nedaii axenizovat. Kromé
n¢kolika genti dosud genom a transkriptom R. costata nebyl sekvenovan. Tretim vystupem mé
disertace je prace, aktualné ve stavu rukopisu, zapliujici tuto mezeru.

7.2 Velikost a struktura jaderného genomu E. gracilis a R. costata

Jiz prvni odhady velikosti genomu E. gracilis vedly ke zjisténi, Ze tento genom je velmi velky,
mnohokrat vét§i nez genomy jinych zastupci kmene Euglenozoa — trypanosom. Odhady se
v zéavislosti na zpisobu méfeni (vétsinou zjistovani celkového mnozstvi DNA v butice) a metod
prepocitavani na pocet nukleotidd liSily v rozsahu téméf jednoho fadu od 1 Mbp po 9 Mbp
(pro ptehled Ebenezer et al., 2017). Posledni genomicka studie na rozdil od ptedchozich studii
velikost genomu odhaduje ze sekvenacnich dat, kterd byla ziskana nékolikerym masivnim
sekvenovanim na riiznych platformach. Genom se nepodafilo zatim cely slozit, jeho soucasna
pracovni verze je velice fragmentovana a zcela ur¢ité¢ nekompletni. Podle odhadu ma haploidni
genom velikost okolo 500 Mbp, ale ploidie neni zndma a celkova dosud asemblovana velikost
genomu je pies 1 400 Mbp. Porovnanim dobie slozenych ¢asti genomu (kontigy delSi nez
10 kbp) s geny identifikovanymi v soubézné¢ osekvenovaném transkriptomu bylo zjisténo, Ze jen
asi 1 % genomu jsou kodujici sekvence (Ebenezer et al., 2019). Transkriptom ma vyssi obsah
GC part nez genom, z ¢ehoz lze usuzovat, Ze v genomu je velké mnozstvi AT bohatych a tedy

ziejme repetitivnich sekvenci (Ebenezer et al., 2017).

Genomicka DNA obsahuje také velké mnozstvi intronti, které jsou jednak konvecni
s kanonickymi hranicemi GT/AG, které jsou vystfihovany ribonukleoproteinovym komplexem
spliceozomem, a jednak nekanonické, které nemaji hranice s jednoznacnou sekvenci nukleotidi,
ale typicky tvoii vlasenku, ktera je z DNA odstraiovana zatim nejasnym zplsobem
(Milanowski et al., 2016). Bliz$i analyza intrond byla provedena u né€kolika euglenidii (véetné
heterotrofnich) pro geny fibrillarin (nopip) (Russell et al., 2005), a-tubulin (tubA), B-tubulin
(tubB) a y-tubulin (fubG) (Canaday et al., 2001; Milanowski et al., 2014), heat shock protein 90
(hsp90) a glyceraldehyd-3-fosfat dehydrogenaza (gapC) (Henze et al., 1995; Milanowski et al.,
2016). Ve vsech téchto genech byly nalezeny jak konvencni, tak nekonvencni introny,
ev. introny intermedialni s pfechodnymi znaky. Mnozstvi intronti se lii v jednotlivych liniich
eugenidl, nékteré jsou umistény ve stejném miste, jiné jsou liniove specifické (Milanowski et
al., 2016) a mohou tak byt do budoucna dobrym znakem pro fylogenetické analyzy (viz obr. 5
v prfilozeném rukopise).
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Zastoupeni jednotlivych typli intronti u E. gracilis bylo v jaderném genomu zjistovano
u kontigl, jez mély délku veétsi nez 10 kb. Zatimco konvecnich intront bylo 80 %
a prechodnych typa 11 %, nekonvencnich intront bylo necelych 9 % (Ebenezer et al., 2019).
Konvenéni introny byly nalezeny 1 u genti smérovanych do chloroplastu, nékteré jsou dokonce
pritomny v signalni sekvenci. Tyto introny jsou pomérn¢ sekvencné podobné a tak se jejich
ptipadnou rekombinaci se mohla tato sekvence pfenaset v genomu E. gracilis mezi jednotlivymi
geny (Vesteg et al., 2010).

Usili a prostiedky vénované Gplnému osekvenovani genomu ikonické a i po ekonomické strance
vyznamné E. gracilis nevedly ke konecnému cili. Neptekvapi tedy, Ze ani snaha o osekvenovani
genomu R. costata v podminkiach mnohem skromnéjSich, nebyla zakoncena uspokojivym
vysledkem. Celkova délka asemblovaného genomu je jen 100 Mbp a ziskana data jsou extrémné
fragmentovand, takze z nich nebylo mozné ziskat relevantni predikci gent. Fragmentovana data
jsou ziejme z Casti vysledkem pouzité metody piipravy knihovny, kdy vzhledem k malému
mnozstvi vychoziho materidlu izolovaného ze smeésné kultury byla pouzita metoda
celogenomové amplifikace (WGA), a z ¢asti mozna opét ptitomnosti repetic a velkého mnozstvi
intrond (Soukal, Hrd4 et al., v pfiprave).

Genomova data vsak spolecné s daty z transkriptomu byla pouzita k predikci intronti
v jadernych genech. Na ptitomnost intronti byly analyzovany vSechny dfive publikované geny —
noplp, tubA, tubB, tubG, hsp90 a gapC, ve kterych bylo nalezeno celkem 29 intrond
s kompletnimi konci, které jsou vSechny konvencni s hranicemi GT/AG. Introny v genech tubA
a tubB osmotrofnich eugen R. costata a Menoidium bibacillatum jsou ve stejnych mistech,
ale pouze jedno umisténi je shodné i u rodu Euglena. Podobné je to i u dalSich gend.
Namapovanim celého transkriptomu na genom bylo detekovano vice nez 11 tisic
pravdépodobnych intronti, z nichz 90 % ma konvencni hranice. Nekonvencnich intrond bylo

nalezeno sedm (Soukal, Hrd4 et al., v pfiprave).

7.3 Analyza celkového transkriptomu

Na rozdil od neuplné¢ osekvenovaného genomu je transkriptom FE. gracilis jiz pomérmné
kompletni i proto, Ze jsou k dispozici data ze tii transkriptomickych studii. V prvni byly ziskany
dva datasety z bun€k péstovanych za svétla a za tmy (O’Neill et al., 2015). V druhé byly
ziskany opét dva datasety z bun€¢k péestovanych v aerobnich a anaerobnich podminkach
(Yoshida et al., 2016). Ve tfeti byl krom¢ transkriptomu sekvenovan a porovnavan i genom
(Ebenezer et al., 2019). Jednotlivé transkriptomy byly v posledni praci reanalyzovany a pomoci
programu BUSCO byla posouzena kompletnost spojeného transkriptomu, ktera dosahla
cca 88 %. Kromé zjisténi, Ze ve spojeném datasetu chybi pouze 19 z 303 univerzilnich
eukaryotickych gent, bylo konstatovano, ze vSechny tfi pivodni datasety byly také pomérné
kompletni (Ebenezer et al., 2019). Rozdil mezi transkriptomy z bun€k péstovanych za svétla
a za tmy byl pomérn¢ velky, kromé 17,5 tisice gent nalezenych za obou stavi, bylo za svétla
ptitomno dalsich 5,4 tisice a za tmy jinych 9.3 tisice gent (O’Neill et al., 2015). Transkriptomy

z kultur bunék drzenych po 24 hodin za anaerobnich podminek a téch péstovanych aerobné si
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odpovidali z 95 %. U 2080 transkripti bylo mozné pozorovat rozdily v expresi. Signifikantné se
snizilo zastoupeni genii zahrnutych v nékterych metabolickych drahach (fotosyntéza,
metabolismus nukleotidii, TCA cyklus a oxidativni fosforylace). Navzdory o¢ekavani se pouze
Castecné zvysila exprese genl zodpovédnych za degradaci zdsobniho paramylonu a syntézu
esteri voskd a predpoklada se, Ze nejen tyto metabolické drahy jsou regulovany az post-
transkripcné, stejné jako u kinetoplastid (Ebenezer et al., 2019; Yoshida et al., 2016).

Transkriptom E. gracilis je velice bohaty, coz souvisi s komplexnim ptivodem genti. E. gracilis
ma vSechny zakladni metabolické drahy zahrnujici glykolyzu, glukoneogenezi, citratovy cyklus,
pentozovou drahu, Calvintv cyklus, ale také drahy pro biosyntézu karotenoidii, izoprenoidu,
vitaminl a esterd voski (Ebenezer et al., 2019; O’Neill et al., 2015; Yoshida et al., 2016).
U mnoha gent bylo nalezeno mnozstvi paralogi a dokonce pro syntézu nckterych klicovych
metabolitl existuji dvé rozdilné metabolické drahy s rozdilnymi prekurzory, které maji rozdilny
evoluéni pivod. Piikladem je biosyntéza isoprenoidl, ktera zahrnuje drahu methylerythritol
fostatu (MEP) v plastidu a dréhu mevalonatu (MEV) v cytoplasmé (O’Neill et al., 2015).
Biosyntéza tetrapyrolli také probiha bud’ v plastidu z glutamyl-tRNA jako vstupniho prekurzoru
(tzv. C5 dradha), nebo biosyntéza probiha Castené v mitochondrii a Castecné v cytosolu,
pocinaje kondenzaci vychozich reaktanti succinyl-CoA a glycinu (tzv. C4 dréha)
(Koteny & Obornik, 2011). Zachovani obou téchto drah je u fas s komplexnim plastidem spise
vyjimecné a bylo popsano uz jen u Bigelowiella natans. U eukaryot s primarnim plastidem je
vzdy piitomna jen plastidova draha (Cihlaf et al., 2016). Pfestoze bylo u eugleny popsano velké
mnozstvi pomérné Uplnych metabolickych drah, ve vSech transkriptomickych studiich nebyla

pro vice nez polovinu nalezenych transkripti nalezena a anotovana zadna funkce.

Prispévek genti do celkového transkriptomu od jednotlivych piedkl byl zatim nejpfesnéji
odhadnut z cca 4000 gent, pro néz bylo mozné vytvorit dostate¢né robustni fylogenetické
stromy, kde bylo mozné jednoznacné definovat sesterskou linii euglen. Nejpocetnéjsi skupinu
tvofi geny ptibuzné linii Excavata (44 %), které tvoii vertikalné zdédénou cast genomu.
Endosymbioticky genovy pfenos z pohlcené zelené fasy prispél do genomu piiblizné
14 % gent. DalSich 18 % genomu tvofi geny piibuzné s geny fas s ¢ervenym komplexnim
plastidem, které byly ziskany bud’ postupné horizontalnim pfenosem nebo bé¢hem kryptického
endosymbiotického pfenosu. Asi 5 % gend je patrné vysledkem HGT z prokaryot a zbytek
pochazi bud’ z dalSich HGT z jinych skupin nebo jsou to nerelevantni artefakty (Ebenezer et al.,
2019) (obr.11.).

Osekvenovanim transkriptomu R. costata bylo ziskano 39,585 transkriptl, z nichz pouze 26,052
ma BLAST hit v databazi NCBI a jen ¢asti z téchto genti bylo pfifazena anotace z KEGG
databaze (13,130). Kompletnost transkriptomu byla pomoci programu BUSCO odhadnuta
na 88,5 % (Soukal, Hrda et al., v pfipravé). Podle stejné metodiky jako u E. gracilis bylo
zkonstruovano 3445 fylogenetickych stromd, kde je R. costata s vysokou podporou sesterskym
kladem pro nékterou z definovanych monofyletickych linii. Geny pifibuzné linii Excavata tvoii
56 %. Druhou nejvétsi skupinu tvoii plivodem prokaryotické geny (15 %), zde je ovSem mozné,

Ze cast z nich tvoii kontamice bakteridlnimi geny pochazejicimi z agnotobiotické kultury, které
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se nepodarilo odfiltrovat. Necelych 6 % tvoii geny piibuzné chloroplastidim a 7,5 % geny
piibuzné s geny fas s Cervenym komplexnim plastidem, coz je vyrazné méné nez u E. gracilis
(viz obr. 3 v priloZzeném rukopise).

Number of orthogroups
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Obr. 11. Taxonomicka pfislusnost 4087 predikovanych proteintt Euglena gracilis, které tvoti
robustni klan s jednotlivymi taxonomickymi skupinami. Sloupce Discoba a Kinetoplastea jsou

podmnozinami superskupiny Excavata (pfevzato z Ebenezer et al., 2019).

V transkriptomu R. costata byly nalezeny tfi kopie 1,3-B-D-glucan syntazy, které mohou
produkovat paramylon, dobfe rozpoznatelny v cytoplasme. Transkripty jsou homologni
s enzymem, nalezenym v mitochondridlnim proteomu E. gracilis (Hammond et al., 2020), ale
nemaji na rozdil od né&j rozpoznatelny mitochondridlni signalni peptid. Degradaci paramylonu
zajistuje nalezena endo-1,3(4)-B-glukanaza. Cytosolickd wax syntdza homologni s enzymem E.
gracilis nalezena nebyla, coz ovSem neni ptekvapivé, protoze podle BLAST (Basic Local
Alignment Search Tool) je tento enzym piibuzny skupiné Chloroplastida a mizeme se
domnivat, ze pochazi z EGT. Bylo ovSem identifikovano 34 transkripti pro enzym wax ester
syntaza/diacylglycerol acyltransferaza, které k syntéze vosku také slouzi (Tomiyama et al.,
2017).

Byly nalezeny vSechny enzymy C4 drahy zajiStujici syntézu tetrapyrold u heterotroft, ktera
probiha ¢astecné v mitochondrii a ¢asteéné v cytoplasmé (Kotfeny & Obornik, 2011; Lakey &
Triemer, 2017) (viz obr. 9 v pfilozeném rukopise). U vSech 8 genil pro tyto enzymy tvoii

Euglena s dal$imi fototrofnimi euglenami a Rhabdomonas s dalsimi osmotrofnimi euglenami,
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pokud jsou jejich sekvence znamy, sesterské vétve na fylogenetickych stromech. Diky tomu
bylo mozno potvrdit fylogeneticky piivod téchto gentl. Sest genti, 5-aminolevulinat syntéza
(ALAS), porfobilinogen syntaza (4LAD), porfobilinogen deaminaza (PBGD), uroporfyrinogen
syntdza (UROS), uroporfyrinogen decarboxylaza (UROD) a protoporfyrinogen oxiddza (PPOX),
je ptibuznych gentim eukaryotickym organismtim a dva, coproporfyrinogen III oxidaza (CPOX)
a ferochelataza (FeCH), byly ziskany HGT. Pro gen UROS jsme také odhalili v transkriptomu
E. gracilis jeho druhy paralog, ktery je piibuzny skupiné Chloroplastida a mohl by
pravdépodobné byt funkéni v plastidu. U R. costata nebyla nalezena ani jedna z péti
euglenofytnich izoforem CPOX zavislé na kysliku. Nalezli jsme zato minimalné¢ 3 izoformy
nepfibuzné, na kysliku nezavislé CPOX, kterd by meéla zprostiedkovavat stejnou reakci.
Fylogeneticka analyza ukazala jejich piibuznost s bakteriemi. Transkripty pro tento enzym jsme
nalezli i v transkriptomu E. gracilis. Zadny homolog s geny plastidové C5 drahy E. gracilis
nebyl u R. costata nalezen. Spolecné se zjisténim, ze R. costata ma celkové velice malo gend
ptibuznych fotosyntetickym organismtiim, nds vede k presvédceni, Ze tento organismus plastid

nikdy nem¢l, coz dobie zapada do hypotézy pozdniho ziskani chloroplastu u euglenofyt.
7.4 Plastidovy genom a proteom E. gracilis

Plastidovy genom E. gracilis byl publikovan jiz v roce 1993 (Hallick et al., 1993) a byl
diskutovan v kapitole tfi.

Z celkového transkriptomu E. gracilis bylo vybrano 1902 proteinti (Ebenezer et al., 2019), které
jsou smérovany do plastidu. Bylo nalezeno 70 proteinii s funkci v elektrontransportnich
fetézcich a svétlosbérnych anténach, dale cela C5 tetrapyrolova draha pro syntézu hemu
i navazujici draha pro syntézu chlorofyll, a také methylerythritol fosfatova drdha biosyntézy
terpenoidt. Nékteré piredpokladané geny nebyly nalezeny. Asi polovina proteini ma znamou
funkci, zbytek proteint targetovanych do plastidu je bez znamé funkce a mohou mit dalsi
metabolicky potencial (Novak Vanclova et al., 2020).

Ziskany plastidovy proteom je také pomérné velky a obsahuje 1345 proteind, z nichz 48 je
kédovano plastidovym genomem. Porovnani s in silico predikci z celkového transkriptomu
ovSem ukazalo velké rozdily v obou data setech, nebot’ se oba shodovaly jen ve 474 proteinech.
Rozdil je zifejm¢ zplsobeny nespravnou predikei komplikovaného bipartitniho plastidového
targetovaciho signalu, omezenimi danymi pouzitymi metodami nebo prosté jen jinym
momentalnim fyziologickym stavem bun¢k. Proteom je nicméné podobné velky jako pastidovy
proteom husenic¢ku a nékolikrat vétsi, nez jiné ziskané proteomy (Novak Vanclova et al., 2020).

Predpokladané biosyntetické drahy byly potvrzeny, ale zaroven byly popsany i nekteré
necekané vlastnosti plastidu. Byla rekonstruovana draha pro produkci tokoferolu (vitamin E),
ktery se ucastni ochrany pied oxidativnim stresem (Watanabe et al.,, 2017). Biosyntéza
aminokyselin v plastidu probih4 jen v mensi mife. Doslo k rozpojeni metabolickych drah pro
syntézu karotenoidli a phytolu, kvtli chybé&jicimu enzymu spojujicimu tyto drahy. Naopak byla
v proteomu detekovana dal$i isoforma alternativni oxidazy, kterd je jinak pfitomna
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v mitochondrii. V plastidu jsou piitomné dva sety SUF drahy pro skladani Zelezo-sirnych
klastrt, z nichz jedna byla ziskana HGT z chlamydii (Novak Vanclova et al., 2020).

Na zakladé¢ proteomickych dat mohl byt castetné rekonstruovan systém mebranovych
pfenaSecl, umoziujicich vstup proteini do plastidu. Proteiny jsou uloZené v transportnich
méchyfteich, které fuzuji s vnéjsi membranou, pravdépodobné za ucasti plastidovych homologi
faznich proteint. V pifipadé, Ze je prostfedni membrana pozistatkem vné&jSi membrany
primarniho plastidu, mély by byt proteiny dale pfeneseny TOC translokdzami, ovSem zadny
jejich homolog nebyl nalezen. V proteomu byly naopak nalezeny tzv. derlin-like proteiny, které
by mohly vytvaret potiebny kanal a které jsou soucasti tzv. SELMA systému ve vné&jsi ze dvou
prostiednich membran komplexniho cerveného plastidu. I kdyz dal§i komponenty tohoto
systému nebyly nalezeny a jeho existenci tedy nelze potvrdit, spoleéné sabsenci TOC
translokont by to mohlo svédcit pro hostitelsky ptivod této prostfedni membrany. Na vnitfni
membrané jsou pifitomny 3 izoformy TIC22, které jsou zfejmé schopny formovat pfislusny
kandl, ktery je velice zjednoduseny. Mechanismus pfenosu pfes membrany se podstatné lisi
od vSech ostatnich organismi s plastidem a pravdépodobné vyuziva dalsi dosud nenalezené
prenaSece, které jsou schopny rozpoznat euglenidi TP, které maji nekolik specifickych
vlastnosti (Novak Vanclova et al., 2020).

Fylogeneticka analyza evolu¢niho pivodu jednotlivych plastidovych proteinli byla provedena
pro 416 proteind, u nichz bylo mozné vytvofit dostate¢né robustni fylogenetické stromy, kde
bylo mozné jednoznacné definovat sesterskou linii E. gracilis. Geny ptibuzné fototrofnim
eukaryotim tvori vétsinu (346). Celkem 57 gent je piibuznych nefotosyntetickym eukaryottim,
predevs§im skupiné Discoba, a alespoii nékteré z nich jsou pravdépodobné geny, které pochazi
z hostitelského organismu a ziskaly v plastidu novou funkci. Tiindct gend je piibuznych

prokaryotiim a byly ziskany horizontalnim genovym pienosem (Novak Vanclova et al., 2020).
7.5 Mitochondrialni genom E. gracilis a R. costata

Mitochondridlni genom E. gracilis je v porovnani dal§imi zastupci skupiny Euglenozoa
redukovany a obsahuje pouze fragmentované geny pro dvé podjednotky rRNA a sedm geni
kédujicich proteiny komplexu I (radl, nad4 a nad5), komplexu III (cob) a komplexu IV (coxl,
coxlIl a coxIll). Geny pro proteiny komplexu V, ribozomalni proteiny a tRNA nebyly nalezeny
(Dobakova et al., 2015). Mitochondriani genom je ve formé kratkych usekiit DNA o délce mezi
1 — 9 kb (Dobakova et al., 2015; Spencer & Gray, 2011). V celkovém usporadani mtDNA se
Euglenida 1i§i od ostatnich skupin kmene Euglenozoa. Kinetoplastida maji unikdtni sit
propojenych maxikrouzk® a minikrouzkt s celkem 18 geny kodujicimi proteiny, které musi byt
pro spravnou transkripci editovany vlozenim jednotlivych uridinti. Diplonemida maji mtDNA
na krouzcich dvoji délky, které nesou celkem 10 gent kodujicich proteiny. Geny jsou velice
fragmentované a pro spravnou transkripci je nutny jejich trans-sestfih a také urcity druh editace
(Faktorova et al., 2016). U E. gracilis k editaci RNA nedochazi a tato vlastnost tak zfejme neni
evoluéne puvodni. Lze vSak usuzovat, ze pro Euglenozoa je typickd velka fragmentace
mitochondrialni DNA (Hammond et al., 2020).
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V celkovém genomu R. costata byly nalezeny Castecné homology vSech sedmi genid kodujicich
mitochondridlni proteiny, které byly popsany u E. gracilis, nelze vSak s jistotou fici, zda to
nejsou jaderné kopie gentl, ¢i dokonce jen jaderné pseudogeny. Mezi transkripty targetovanymi
do mitochondrie tyto geny nalezeny nebyly, nicméné bylo nalezeno 141 proteinti, které se
podileji na metabolismu RNA a DNA, biogenezi ribosomu a translaci, kteryzto aparat ukazuje
na pfitomnost funkéni mitochondriadlni DNA (Soukal, Hrda et al., v piiprave).

7.6 Mitochondrialni proteom E. gracilis

Z transkritpomu predikovany mitochondrialni proteom E. gracilis byl publikovan v roce 2019
vramci genomického projektu (Ebenezer et al., 2019). Celkem bylo identifikovano 1093
proteint, které maji pravdépodobné mitochondrialni funkci. V navazujici proteomickeé studii byl
z vycisténych mitochondrii ziskén proteom Ccitajici 1786 proteind véetn€ péti ze sedmi proteinti
kédovanych pifimo v mitochondridlnim genomu (Hammond et al., 2020). Vzhledem k tomu, ze
se oba sety Casteéné piekryvaji (552 proteintl), se odhaduje, Zze celkovy mitochondrialni
proteom E. gracilis ¢itd okolo 2500 proteint. To je dvakrat vice, nez bylo nalezeno
napft. u kinetopastid, kvasinek nebo mysi, a nékolikrat vice nez u jinych zkoumanych prvokd.
Mitoproteom je velice komplexni a to je davdno do souvislosti se ziskanim komplexniho
plastidu, kdy nékteré pastidové drahy byly pfesmérovany také do mitochondrie. Podobna
velikost mitoproteomu se predpokladd u modelového husenic¢ku, byt zatim je u této rostliny

experimentalné potvrzeno jen necelych 850 proteinti (Lee et al., 2013).

Celkovy metabolicky potencial E. gracilis je zifejmé obrovsky a velice komplexni, nebot’ celych
57 % proteinii nema dosud znamou funkci, a zaroven bylo odhaleno mnozstvi duplikovanych
genl a paralogl, které mohou mit ¢astecn€ rozdilné vlastnosti. Mitochondriani translokazové
komplexy jsou pomérn¢ unikatni a obsahuji mnoho proteinti nalezenych u kinetoplastid, vcetné
homologii archaickych translokdiz ATOM. Bylo identifikovdno také vice nez
100 mitochondridlni ribozomanich proteind, které jsou jednak konvenc¢ni a jednak Euglenozoa
nebo Euglena specifické. Cast téchto proteinti ma patrné dualni signalni peptidy a jsou
vyuzivany zaroven i v plastidu. Totéz plati pro aminoacyl-tRNA syntetazy. E. gracilis je
v mitochondrii schopna syntetizovat 11 aminokyselin a ziejmé také asimilovat a metabolizovat
sulfat, byt’ n¢které klicové enzymy nebyly v mitoproteomu identifikovany. K biosyntéze Zelezo-
sirnych klastr vyuziva Euglena klasickou ISC drahu. Draha biosyntézy ubichinonu je doplnéna
o nasledny krok, kdy je pfipojena aminova skupina za vzniku rhodochinonu (Hammond et al.,
2020).

Dalsi studie mitoproteomu E. graciis byla provedena pro dva stavy — v aerobnim a hypoxickém
prosttedi (Tamaki et al., 2019). Ziskany set obsahuje 714 unikatnich proteind, z nich u 116 bylo
mozno signifikantné urcit rozdilnou expresi ve dvou experimentalnich stavech. Prace je
zameéiena na energeticky metabolismus mitochondrie a dopliiuje a potvrzuje vysledky ziskané
v predchozich studiich. E. gracilis ma nebyvalou schopnost vyuzivat velmi rtznorodé
energetické zdroje a je pii tom velmi flexibilni. V aerobnim prostiedi funguje mitochondrie

E. gracilis podobné jako mitochondrie jinych organismtl, ale ma schopnost v ptipadé nedostatku
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kysliku piepnout metabolismus smérem k syntéze mastnych kyselin, jejichZ pfeménou na vosky
jsou ze systému odebirany nadbytecné elektrony, aniz by se zastavila syntéza ATP. Kromé toho
vyuziva jesté nékolika ne zcela béznych enzymi a vedlejSich drah, které dale zvysuji flexibilitu
mitochondrii (Hammond et al., 2020; Zimorski et al., 2017) (obr. 12).
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Obr.12. Mapa mitochondrialniho metabolismu Euglena gracilis. Barevné krouzky znazoriuji
jednotlivé proteiny. Tmavomodie jsou transkripty koédované v jadie s predikovanou
mitochondridlni lokalizaci; svétlemodie jsou transkripty bez mitochondridlniho signalniho
peptidu; Sedé krouzky obvyklé mt proteiny, jejichz transkripty nebyly nalezeny; svétlemodré
krouzky s bilym stfedem jsou proteiny kodované v mitochondrialnim genomu (Dobékova et al.,
2015), Sedobile jsou ztracené geny kdédované ptivodné v mitochondridlnim genomu (pfevzato z
Ebenezer et al., 2019).

Aerobni drdha zacind aerobni dekarboxylaci pyruvatu kompletnim pyruvat dehydrogendzovym
komplexem. Vznikly acetyl-CoA vstupuje do modifikovaného Krebsova cyklu, kde jsou dva
klicové enzymy a-ketoglutarat dehydrogenaza (chybi podjenotky E1 a E2) a sukcinyl-CoA
syntetdza nahrazeny dvéma enzymy o-ketoglutarat dekarboxylazou a sukcinat semialdehyde
dehydrogenazou. Ta produkuje ze sukcinatsemialdehydu sukcinat a zbytek cyklu pak probiha
konven¢éné (Shigeoka et al.,, 1986). Kromé této netradicni spojky, né€kdy nazyvané
a-proteobakteridlni "shunt", byla v proteomu a transkriptomu identifikovana i dalsi vedlejsi
draha, tzv. GABA "shunt", kdy je a-ketoglutarat sérii tfi enzymu pfeveden pies glutamat opét na
SSA a cyklus pokracuje, jak je uvedeno vySe. Elektrony jsou pfedavany na kyslik
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pres mnohasubjednotkové ¢asti dychaciho fetézce, které kromé konvencénich podjednotek sdili
mnoho specifickych podjednotek s kinetoplastidy (Ebenezer et al., 2019; Hammond et al., 2020;
Perez et al., 2014). S kinetoplastidy E. gracilis sdili také alternativni respiracni drahu, ktera
zahrnuje glycerol-3-fosfat dehydrogenazu, alternativni NADH dehydrogenézu II a alternativni
oxidazu, ktera je schopna prenaset elektrony z ubichinonu piimo na kyslik (Perez et al., 2014).
V mitochodrii eugleny je také zcela neocekavané lokalizovan glyoxalatovy cyklus, ktery
umoziuje syntézu Ctyfuhlikatého sukcinatu (a potazmo dalSich produkttl) z dvouhlikatého
acetyl-CoA, coz umoziuje vyuziti dalSich substratii, predevSim ethanolu a acetatu, jako zdroja

pro syntézu organickych latek (Nakazawa, 2017).

Pti nedostatku kysliku klesa hladina podjednotek Ela a EIf pyruvat dehydrogenazového
komplexu, ale zato se zvySuje mnozstvi pyruvat:NADP+oxidoreduktazy (PNO), enzymu
obsahujiciho pyruvat:feredoxin oxidoreduktazovou doménu, znamou z hydrogenozémil
(Nakazawa et al., 2000; Tamaki et al., 2019). Také PNO produkuje acetyl-CoA, ktery je
opakované vstupnim substratem pii syntéze mastnych kyselin. Série Ctyf enzymi cyklicky
prodluzuji fetézce acylovaného koenzymu A az do délky 8 — 18 uhlikii. Pro syntézu mastnych
kyselin s lichym poctem uhlikii je v prvnim kroku kondenzovan acetyl-CoA s propionyl-CoA,
ktery je produkovan metylmalonyl-CoA drahou. Ta vyuziva jako substrat malat, ktery
v anaerobnim prostiedi vice exprimovana NADP+ dependentni mal4t dehydrogenaza konvertuje
na fumarat (Tamaki et al., 2019). Fumarat je pak fumarat reduktazou zakotvenou v membrané
redukovan na sukcinat, kdy donorem elektroni je elektronovy pienase¢ rhodochinon, ktery ma
nizsi redox potencial nez ubichinon (Hoffmeister et al., 2004). Dvoupodjednotkova sukcinyl-
CoA syntetdza, kterd je v mitochondrii pfitomna, ale pravdépodobné se neucastni Krebsova
cyklu, bézi v opacném sméru a produkuje sukcinyl-CoA. Z ného pies metylmalonyl-CoA
vznika propionyl-CoA. Vysledné fetézce acylovaného CoA jsou transportovany do cytosolu
a mikrozéma, kde je bez ptitomnosti kysliku fatty acyl-CoA reductaza a nasledn€ wax syntaza
konvertuje na vosky, které¢ Euglena vyuziva jako zasobni latky (Zimorski et al., 2017). Témért
u vSech enzymi metylmalonylové drdhy a syntézy mastnych kyselin byla nalezena zvySena
produkce téchto enzymt za anaerobidzy (Tamaki et al., 2019).

7.7 Mitochondrialni proteom R. costata (in silico)

Mitochondridlni proteom R. costata ziskany in silico z celkového transkriptomu je pfipraven
k publikaci a je soucasti této prace. Celkem bylo identifikovano 1518 potencidlnich
mitochondridlnich proteinii, které maji signalni peptid nebo jsou homologni s anotovanymi
mitochondrialnimi enzymy E. gracilis. Celkové lze fici, ze bylo nalezeno o néco méné
ribozomalnich proteind, translokatori TOM/TIM i podjednotek komplexd dychaciho fetézce
nez u fotosyntetického protéjsku. Nicméné hlavni metabolické drahy se podarilo anotovat cel€,
s vyjimkou nékterych proteint typickych pravdépodobné jen pro E. gracilis. R. costata Zije
v mikroaerofilnim prostfedi a proto nepiekvapuje, Ze u n¢j byla nalezena aerobni i anaerobni
dréha energetického metabolismu (viz obr. 3 v ptilozeném rukopise) (viz obr. 8 v pfilozeném

rukopise).
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Na rozdil od E. gracilis neni v mitochondrii pfitomen pyruvat dehydrogenazovy komplex,
jmenovité chybi PDH El a i B podjednotky a stejné tak E2 podjednotka. Byla nalezena pouze
podjednotka E3 — dihydrolipoyl dehydrogenaza, ktera je ovSem soucasti kompletniho glycin
cleavage systému. Rhabdomonas costata ma pét izoforem PNO, které mohou produkovat
acetyl-CoA. Je mozné, Ze tyto izoformy se mohou lisit v kinetickych vlastnostech umoznujicich
optimalizaci reakce za riznych podminek, coz by jisté stidlo za experimentalni ovéteni. Enzymy
Krebsova cyklu byly identifikovany vSechny vcetné enzymil a-ketoglutarat decarboxylazy
a sukcinat semialdehyde dehydrogenazy (a-proteobakteridlni "shunt"), pfi¢emz i zde chybi
E1l a E2 podjednotka a-ketoglutarat dehydrogenazy. Oba tyto enzymy maji a-proteobakterialni
puvod a byly pravdépodobné ziskany HGT. Je pritomny GABA "shunt". V komplexu II byly
stejné jako u E. gracilis identifikovany jen dvé konvencni subjenotky 1 a 2, z nichz druha je
transkribovana ve dvou kusech, stejné¢ jako u eugleny a kinetoplastid (Gawryluk & Gray, 2010;
Hammond et al., 2020). Chybi alternativni oxidaza pfitomna nejen u kinetoplastid a E. gracilis,
ale i u Eutreptiella gymnastica (Hammond et al., 2020). Enzymy metylmalonyl-CoA drahy
i drahy syntézy mastnych kyselin jsou u R. costata v transkriptomu pfitomny (stejn¢ tak
u Etl. gymnastica).

V draze syntézy ubichinonu nebyl nalezen enzym zajist'ujici predposledni krok drahy ani
u jednoho zkoumaného euglenida. Je pravdépodobné, ze tento gen byl ztracen a proto, aby
draha mohla béZzet, byl nahrazen genem jinym, jehoz identita neni znama. Pokud se tak stalo,
doslo ke ztrate¢ u spolecného predka euglenidi. Rhodochinon je syntetizovan na membrané
rhodochinon methyltranferazou. Asimilace sulfatu neni vyloucena, ale u R. costata chybi
nekolik enzymil. U E. gracilis se usuzuje, ze draha byla doplnéna geny pochdzejicimi z plastidu
(Ebenezer et al., 2017), ktery ovSem R. costata nema a draha tak skute¢né nemusi byt kompletni
a jejim koneCnym produktem je kofaktor PAPS (fosfoadenosyl fosfosulfat). ISC draha
pro tvorbu Zelezo-sirnych klastrt je pfitomna cela. U R. costata jsme nenalezli bifunkéni enzym
isocitrat lyaza/malat syntaza, ktery je zapojen do glyoxalatového cyklu u E. gracilis. Jelikoz
nebyl nalezen ani u Etl. gymnastica, lze tuto drahu povazovat u E. gracilis za unikéatni v rdmci
euglenidu.

58



7.8 Publikace 111

W

Soukal, P., Hrda, S., Karnkowska, A., Milanowski, R., Szabova, J., Hroudova, M.,
Strnad, H., VIEek, C., Cepitka, I. & Hamp, V. (2020).

Genome and transcriptome draft of the heterotrophic euglenid

Rhabdomonas costata.

Rukopis v pripravé.

59



60



256001271709
Draft genome of Rhabdomonas costata

Genome and transcriptome draft of the heterotrophic

euglenid Rhabdomonas costata

Petr Soukal'”, gtépénka Hrd4", Anna Karnkowska?®, Rafat Milanowski’, Jana Szabova', Miluse

Hroudova®, Hynek Strnad®, Cestmir Vi¢ek®, Ivan Cepicka* and Vladimir Hamp]'*

'Department of Parasitology, BIOCEV, Charles University in Prague, Czech Republic.
*Department of Plant Systematics & Geography, University of Warsaw, Poland.

*Institute of Molecular Genetics, Academy of Sciences of the Czech Republic, Prague, Czech
Republic.

*Department of Zoology, Charles University in Prague, Czech Republic.

*Authors contributed equally to the manuscript

*Corresponding author: vlada@natur.cuni.cz



256001271709
Draft genome of Rhabdomonas costata

Abstract

Euglenids represent a group of protists with diverse modes of feeding including phagotrophy,
osmotrophy, phototrophy and mixotrophy. Until today, only partial genomic sequence of
E. gracilis and transcriptomes of several phototrophic and secondary osmotrophic species are
available, while primarily heterotrophic euglenids are undersampled in this respect. In this work
we fill this gap by presenting genomic and transcriptomic drafts of a primary osmotroph
Rhabdomonas costata. To reduce bacterial contamination, R. costata cells were purified prior to
gDNA isolation by fluorescence-activated cell sorting (FACS) in combination with laser
microdissection and the extracted DNA was subjected to whole genome amplification.
The current genomic assembly length 100 Mbp is 14x smaller than is E. gracilis, the difference
partly caused by incompleteness. It is too fragmented for comprehensive gene prediction,
nevertheless the comparison of transcriptomic and genomic data allowed us to estimate features
of its introns including several candidates for non-conventional intron types. A set of 39,585
putative R. costata proteins was predicted from the transcriptome. Only 26,052 predicted
proteins have any homologue in NCBI and 13,130 were annotated by KEGG. 16% of transcripts
bear recognizable splice leader sequence at their 5° terminus. Annotation of the mitochondrial
core metabolism provides the first data on the facultatively anaerobic mitochondrion
of R. costata, which in most respects resembles the mitochondrion of Euglena gracilis but is
better adapted to anaerobiosis. R. costata synthesises heme by a mitochondrial-cytoplasmatic
C4 pathway with enzymes orthologous to those from E. gracilis. This, together with a low
(overall) percentage of green algae-affiliated genes supports the ancestrally osmotrophic status

of this species.
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Introduction

Euglenids are a relatively species-rich group (~1,500 described species) of unicellular
eukaryotes classified together with kinetoplastids, diplonemids and symbiontids into the phylum
Euglenozoa (Cavalier-Smith 1981). Euglenids are defined by both ultrastructural and molecular
features. They possess one or two flagella inserted in a paraflagellar pocket and reinforced by
a paraflagellar rod. Their surface is formed by a distinctive pellicle consisting of three layers —
the plasma membrane, a proteinaceous belt supported by microtubules, and the vesicles
of endoplasmic reticulum. The pellicle enables some euglenids to move characteristically —
by undulated shifts in the shape of the cell — which is referred to as metaboly or euglenoid

movement (Leander, Esson, and Breglia 2007).

All major types of eukaryotic modes of nutrition are present in Euglenida — phagotrophy,
osmotrophy, phototrophy and mixotrophy. Phagotrophic euglenids form several independent
clades in the phylogeny of this group, including the deepest branches in the tree (Lax et al.
2019). Phototrophic euglenids (Euglenophyceae) that arose from one of these clades are by all
means the best studied subgroup. Their cell contains a triple membrane-bound plastid derived
from a secondary endosymbiosis with a green alga. Since Euglenophyceae constitute a
monophyletic clade, it is assumed that this endosymbiosis occurred in the exclusive common
ancestor of this clade (Leander 2004), although early acquisition of plastid in the Euglenozoa
linecage was also proposed to account for plant-like traits in trypanosomatids (Hannaert et al.
2003). Although all known members of Euglenophyceae contain plastids, six species lost the
ability to photosynthesise and became secondarily osmotrophic. The best-known case is

Euglena longa (formerly Astasia longa, Pringsheim, 1936) (Marin-Melkonian, 2003).

Primarily osmotrophic euglenids (genera Rhabdomonas, Menoidium, Rhabdospira, Gyropaigne,
Parmidium, Distigma and Astasia) form another distinct monophyletic clade branching within
phagotrophic euglenids (Lax et al. 2019). Members of the order Rhabdomonadales are
distinguished from the rest of the osmotrophic clade (Distigma, Astasia) by the inability of
euglenoid movement. The genus Rhabdomonas, containing 11 described species, is defined by
one emergent flagellum, non-flattened body and shallowly fluted periplast with six to nine
steeply helical ridges (Leander et al. 2017). The species Rhabdomonas costata (Korshikow,
1928) Pringsheim 1942 differs from other species by a one-to-one ratio of the lengths of the cell
and the flagellum, which are about 20-30 um (Cabata 2003; Busse and Preisfeld 2003; Lax and
Simpson 2013). R. costata inhabits peaty waters, particularly with decaying leaves and needles;
if present then abundant and usually without any other osmotrophic species (Cabata 2003). This
species was occasionally found in Europe (e.g. Wotowski, 2011, Cabata 2003), Australia and

South America (this study), but is probably cosmopolitan.
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The sister groups of Euglenida are poorly studied marine Symbiontida (e.g. Bihospites),
Diplonemida, that despite being largely unknown have surprised scientists by their massive
abundance in ocean waters (Gawryluk et al. 2016; Flegontova et al. 2016), and finally
Kinetoplastea, that comprise many infamous parasites, among which species of genera
Trypanosoma and Leishmania are one of the most studied protists. Mitochondrial and nuclear
genomes of 40 species and strains of kinetoplastids have been sequenced until present, but
outside kinetoplastids, there are no complete and well annotated nuclear genome sequences
available for Euglenozoa. Partial genomes of marine diplonemids were obtained by single-cell
approaches (Gawryluk et al. 2016). In Euglenida, the genomic studies so far only covered the
iconic model flagellate FEuglena gracilis, still yielding only the mitochondrial genome
(Dobakova et al. 2015) and a very fragmented and unannotated nuclear genome (Ebenezer et al.
2019). Quite in contrast, 30 chloroplast genomes of Euglenophyceae have been published until
present (Gockel and Hachtel 2000; Hallick et al. 1993; Kasiborski, Bennett, and Linton 2016;
Karnkowska, Bennett, and Triemer 2018). Recently, proteomes of E. gracilis plastid (Novak
Vanclova et al. 2020) and mitochondria (Hammond et al. 2020) have been revealed by mass

spectrometry proteomics.

Unlike their phototrophic relatives, heterotrophic euglenids have drawn substantially less
attention with all focusing only on taxonomy, morphology and phylogeny. Here we start filling
this major gap by presenting the genomic and transcriptomic draft of the primarily osmotrophic
Rhabdomonas costata. We use the data to describe some of its features — genome size, intron

types, frequency of splice leaders, metabolism of its mitochondrion and heme synthesis.

Methods

Strain origin and cultivation

Rhabdomonas costata strain PANT2 was isolated from a freshwater body in Pantanal
(Paraquay) and grown with a non-characterised mixture of bacteria in a standard 802
Sonnenborn's Paramecium medium (pH = 7.4) at room temperature and inoculated every 3 to 4
weeks. For the purpose of this project we have prepared by serial dilution a clonal lineage that

was then used for preparation of DNA and RNA.

Microscopy

The DIC microscopy was performed on live culture using Olympus BX51 microscope with
Olympus DP70 camera. For the scanning electron microscopy, the pelleted cells were dropped
on a filter paper and fixed using 2.5% glutaraldehyde in 0.1M cacodylate buffer for 24 hours.
The further processing was done by service lab. The samples were observed using the JEOL

JSM-6380LV microscope (JEOL, Akishima, Japan). For transmission electron microscopy, the
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pelleted cells were fixed using 2.5% glutaraldehyde in 0.1M cacodylate buffer, postfixed with
OsO, and the ultrathin sections were contrasted by uranyl acetate and observed using JEOL

JEM-1011 microscope.

Isolation of DNA

We used two methods to obtain high-quality non-contaminated R. costata DNA. (1) The cells
in the culture were sorted by FACS with the value of drop diameter equal to 70 pm (length
of the cell is around 25 um). Around 90,000 positive drops, most of them containing a single
cell of R. costata, were collected and used for DNA extraction. (2) By combination of FACS
and laser microdissection in which 69 drops from FACS were subsequently used for
microdissection of individual cells, from which DNA was extracted. Both samples were then
subjected to whole genome amplification (WGA) (Sigma-Aldrich WGA4-10Rxn) in order to
increase the DNA amount. After amplification, the samples contained 27.7 pg and 32.0 pg of
DNA, respectively. PCR using general prokaryotic primers for 16S rRNA have produced
a specific product when sample 1 was used as a template, but not product with sample 2 (not
shown). This supported our expectation that while sample 1 is still contaminated by bacterial

DNA, sample 2 is likely contamination-free.

Genome sequencing and assembly

Both samples were sequenced with Illumina. Initially, the two MiSeq runs of sample 2
(1=250 bp) produced 3.9 Gbp of sequences. Unfortunately, we were not able to produce a
reasonable assembly from these data. Therefore, we have sequenced also the sample 1 in using
HiSeq (I=100 bp) and obtained 8.2 Gbp of data. The raw reads from sequencing of both samples
were assembled by SPAdes v3.7.0 into 143,763 contigs (36,105 contigs longer than 1,000 bp).

RNA isolation, transcriptome sequencing and assembly

RNA was isolated three times using three slightly different approaches from three different
specimen of our R. costata clone. 1) Direct isolation of mRNA (Dynabeads mRNA Direct Kit,
including polyA-selection; Thermo Fisher Scientific, Waltham, MA, USA) from which the
library was prepared, including a polyA-selection step; 2) Isolation of total RNA (GeneAll
Hybrid-R RNA purification kit; GeneAll Biotechnology, Seoul, South Korea) followed by
mRNA purification (Dynabeads mRNA Direct Kit) from which the library was prepared,
including a polyA-selection step; 3) Isolation of total RNA (GeneAll Hybrid-R RNA
purification kit) and from 4 pg of the total RNA, the library was prepared according to the
standard TruSeq Stranded mRNA Sample Preparation Guide including a polyA-selection step.
Unlike the former, the last approach contained only one step of polyA selection. The total RNA
was always quantified by Quantus Fluorometer (Promega, Madison, WI, USA) and its quality
was checked on an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA). All three
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samples were sequenced on an Illumina MiSeq instrument (Illumina, San Diego, CA, USA)
using 150 base-length read chemistry in the paired-end mode. As no marked differences in data
completeness among the libraries were observed, the 3 libraries were assembled together with
Trinity v2.0.6 using default parameters and 93,852 contigs were created. We used
Transdecoder for basal protein prediction and obtained 55,783 putative proteins. Online version
of software package cd-hit v.6 (Li et al., 2001) was applied to avoid redundancy and yielded
39,585 non-redundant amino acid sequences. The transcriptomic and genomic reads and

assemblies are available in GenBank under the BioProject ID PRINA550357.

Prediction of introns

Introns were automatically predicted by mapping the assembled transcripts to genome contigs
using Exonerate (version: est2genome 2.2.0). Introns with predicted non-conventional
boundaries were manually inspected. In selected genes, the introns were inspected manually by
aligning transcripts to genome contigs. The position of these introns was compared to other

euglenids.

Phylogenetic ancestry of R. costata proteins

The ancestry of proteins was assessed with the same methodology as in Ebenezer et al
(Ebenezer et al. 2019). Briefly, homologues with e-value < 10 were retrieved from a custom
database, aligned by MAFFT 7.273 (Katoh and Standley 2013) (default parameters) and
trimmed in trimAl 1.2 (Capella-Gutiérrez et al. 2009) (default parameters). 13,696 alignments
with more than 3 taxa and longer than 74 amino acid residues were used for tree reconstruction
in RAXML (Stamatakis 2014) (v8.1.17; 100 rapid bootstraps) in Metacentrum (The National
Grid Infrastructure in the Czech Republic). Custom scripts (Python 3.4) were used to sort the
trees into bins based on the taxonomic affiliation of the clan in which R. costata branched.
In 3,445 cases, the tree was included in a taxonomic bin, because it contained a bipartition
supported by bootstrap 75% and higher comprised of R. costata and members of one defined

taxonomic group only.

Prediction of mitochondrial proteome

The proteome of the mitochondrion was predicted using the following procedure. The complete
set of proteins predicted from the transcriptome was BLAST-searched against the Mitominer
database and 7,985 proteins with e-value < 10 were selected. To lower the redundancy, only
one R. costata protein per one particular Mitominer-database-hit was kept yielding a set
of 1,501 proteins. For every protein, the probability of mitochondrial targeting was predicted
using TargetP and Mitoprot tools. Only proteins with probability equal or higher than 0.5 in one
or both tools were kept producing 347 candidates. This initial set was enriched by 1,149

R. costata orthologues of Fuglena gracilis proteins enriched in the mitochondrial fraction
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(Hammond et al., 2020, Suppl. Table 4, sheet identifying strategies, column B). The orthology
was established OrthoMCL (Li, Stoeckert, and Roos 2003) software package as described in
Soukal et al. (in preparation). For every gene, the presence of a spliced leader (SL) at the 5’
terminus was established. 162 probable contaminants were removed from the list that lacked a
SL and at the same time had a prokaryotic best hit in the local database. To each entry, the
KEGG ID was assigned using the single-directional best hit method in KAAS (Moriya et al.
2007) or transferred from E. gracilis homologue annotation, and the best BLAST hit was
identified using blastp against the NCBI nr database. During the manual annotation process, 223
additional proteins were included into the set based on metabolic or molecular function (e.g.
enzymes, membrane carriers, protein translocases). The final predicted mitoproteome consists

of 1,557 proteins.

The conspicuous absence of alternative oxidase in the data set was verified by gene-specific
PCR using degenerate primers based on sequence information from E. gracilis (forw. primer:
GARGARGCNGARAAYGARAGRATGCA; rev. primer GCRAANGTRTGRTTNACRTSNCGRTG)

and E. gracilis and Eutreptiella gymnastica gDNAs as positive controls.

Phylogenies

Phylogenetic trees of proteins of interest were generated by the following procedure.
Rhabdomonas costata protein(s) and their homologues were downloaded from databases. In the
case of tetrapyrrole biosynthesis pathway, the dataset of (Lakey and Triemer 2016) were used as
the seed and enriched by E. gracilis and R. costata transcripts and their best NCBI blast hits and
the best hits from the local database. All entries were aligned by MAFFT
(https://mafft.cbrc.jp/alignment/server/; (Katoh, Rozewicki, and Yamada 2019)) using the

automated strategy, trimmed in BMGE version 1.12 (Criscuolo and Gribaldo 2010), manually
inspected for mis-aligned positions, and the phylogeny including 1000 ultrafast bootstraps was
inferred in 1Q-Tree 2.0 (Nguyen et al. 2015) using the model TIM2e+G4, and visualised in
FigTree 1.4.4.

Results

Light and electron microscopy and phylogenetic position

The cells were initially observed under the light and electron microscopy (Figure 1). They
possessed two flagella inserted in the flagellar pocket but only one extending beyond.
The surface of the cell was shaped into 7-9 ridges supported by pellicle and microtubules.
Conspicuous paramylon grains were observed in the cytoplasm, along with many mitochondria

with developed discoidal cristae. Nucleus contained a large nucleolus and multiple
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heterochromatin regions. Based on the microscopic observations and the phylogenetic analysis

of the gene for 18S rRNA (Figure 2) the organism was identified as Rhabdomonas costata.

General characteristics of the genome and transcriptome

The basic measures of R. costata genome assembly is given in Table 1. The quality of the
genome draft is low. The assembly is very fragmented: 36,105 contigs above 1 kb with N50
being 1,194 and the average coverage being ~112x%. Total length of the assembly is 106.9 Mbp.
Due to the extreme fragmentation of the genomic draft, we have not proceeded with gene
prediction.

The transcriptome sequencing resulted in 39,585 non-redundant protein predictions. The
completeness of the transcriptome measured by BUSCO (complete BUSCOs: 76.0%,
fragmented BUSCOs: 12.5%, missing BUSCOs: 11.5%, n:303) was satisfying, suggesting that
this data set is sufficient for the description of selected features of this organism. The basic
characteristics of the transcriptome are given in Table 2. The proteins were automatically
annotated by BLAST against NCBI nr and only 26,052 proteins have at least one good
homologue (e-value < 107). The taxonomic affiliations of R. costata proteins are summarised
in Figure 3. As expected, most proteins out of 3,445 where the relationship could be robustly
established (bootstrap 75 % and higher), affiliated with Ecavata (56%), out of which 53 %,
49 %, 5 % and 1 % are specifically affiliated with Discoba, Kinetoplastea, Heterolobosea and
Metamonada, respectively. 15 % of proteins branched with prokaryotes and less than 30 %
affiliated with any of the other bins that included e.g. Viridiplantae (5,6 %), Alveolata (4,2 %),
Amoebozoa (3,9 %) and others. The proteins affiliated with prokaryotes may represent
contamination, but some may be bona fide R. costata proteins having strong affiliation to
prokaryotic homologues due to increased divergence, absence of eukaryotic homologues in the
nr database or origin via horizontal gene transfer. The KEGG analyses of the set of 26,052
putative proteins led to 13,130 KEGG annotations. Summary of individual KEGG categories of

annotated proteins is given in Figure 4.

All 93,852 transcripts were searched for the presence of the published sequence of R. costata
spliced leader sequences (ACATTACTGGGTGTAATCATTTTTTCG) (Kuo et al., 2013). Only
16.4 % (15,384) of transcripts contained the 10-nt partial SL (CATTTTTTCG) or a longer
fraction of the full-length SL.

Intron characteristics

Although it was not suitable for gene prediction, we used the genomic assembly for an analysis
of introns” types. The introns were detected by mapping of transcripts to genomic contigs. First,
this mapping was done manually in the cases of genes, for which the presence of introns was

already reported in other euglenids — tubulin alpha (tubA), tubulin beta (tubB), tubulin gama
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(tubG), heat shock protein 90 (hsp90), glyceraldehyde phosphate dehydrogenase (gapC) and
fibrillarin (noplp) (Henze et al. 1995; Ebel et al. 1999; Canaday et al. 2001; Milanowski et al.
2014; Milanowski et al. 2016). The information on introns are summarised in the Table 3. We
have identified 29 complete introns in these six genes. Some gene regions were not covered by
transcripts, and so the presence of additional introns in these genes cannot be excluded. All
complete detected introns have conventional GT/AG boundaries. In 14 introns, only one end
was found in the data and these were marked as incomplete. The type of these introns could not

be determined with certainty but all of them have at least one end with conventional boundaries.

The positions of intron in two best studies genes in this respect (tubA and tubB) were compared
with their homologues in other euglenids (Figure 5). All R. costata introns were in the same
positions as those described by (Milanowski et al. 2014) in tubulin genes of the primary
heterotroph Menoidium bibacillatum. The second conventional intron in tubA of the two
heterotrophs is in identical position as the intron in phototrophic euglenids. Positions of all other
introns of heterotrophs and phototrophs are different. Only one of the 15 introns in hsp90 is in
the same position as the intron in Euglena agilis hsp90, though on the other hand, the gene for

R. costata fibrillarin shares 3 of the 4 intron sites with the fibrillarin of E. gracilis (not shown).

Secondly, we have predicted the introns exhaustively by mapping the transcriptome to the
genome assembly and the output was searched for the regions with potential introns. 11,418
putative introns were detected (Table S-introns), out of which 1,164 had non-conventional
boundaries (not GT/AG). These were manually inspected. The manual inspection revealed
seven cases of putative non-conventional introns with boundaries confirmed by transcript and
reads mapping (Table S-introns) of which four are very likely non-conventional introns as no
alternative transcripts have been observed. One example intron in the hypothetical protein
encoded in the genomic contig NODE 718 and the transcript TR27401 is shown in the

Figure 6.

Mitochondrial proteome

We used the set of proteins predicted from transcriptome to determine in silico the
mitochondrial proteome of this primarily osmotrophic euglenid. R. costata grows in a polyxenic
culture at the bottom of stationary 15 ml tubes, indicating that it thrives in low-oxygen
environment, in spite of containing numerous mitochondria with well-developed cristae (Figure
1). In our experience, it was able to survive only short-term (one month) cultivation in complete

anaerobiosis after which it dies.

From the 1,557 proteins of the predicted mitochondrial proteome, 1,081 were assigned to

categories adopted from KEGG (Table S-mitoproteome, Figure 8). 1,316 proteins have
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orthologues in the experimentally established and manually curated proteome of the E. gracilis
mitochondrion (Hammond et al. 2020; Novak Vanclova et al. 2020). Contigs containing
sequences homologous to all seven protein-coding genes reported from the E. gracilis
mitochondrial genome (Dobakova et al. 2015) were detected in the genome assembly (Table S-
mitogenes). Given that in all cases the contigs contained only a single gene or its part, it could
not be established whether they originate from mitochondrial or nuclear genome. I addition,
most of the coding sequences were interrupted by multiple stop codons indicating that they are
pseudogenes. Although we have not detected any contigs that could be confidently considered
parts of the mitochondrial genome, the presence of this genome is expected as the predicted
mitoproteome set contains a repertoire of over 140 proteins involved in DNA and RNA
metabolism, ribosome biogenesis and translation (Table S-mitoproteome). These include two

of the already published DNA polymerases I (Harada et al. 2020).

Predicted functions and metabolic pathways of the mitochondrion are summarised in the
Figure 8. Pyruvate and malate are probable substrates for the energy metabolism. Malic enzyme
(RCo00811 and 12435) catalyzes oxidative decarboxylation of malate to pyruvate.
Pyruvate:NADH oxidoreductase (PNO) present in five transcripts that are not identical
in sequence (RCo08351, 08357, 21209, 32638, and 52779) is the only enzyme for the oxidative
decarboxylation of pyruvate to acetyl-CoA detected in the transcriptome. The canonical
mitochondrial pyruvate dehydrogenase complex is apparently absent with only the E3 subunit
(dihydrolipoamide dehydrogenase, RCo010764) recovered in the data set (transcript RCo00646
for subunit El is likely a contamination). However, the E3 subunit is also a component of other
mitochondrial enzyme complexes and in R. costata it is probably involved in the glycine
cleavage system. Pyruvate can be alternatively reduced to L-/D-lactate by lactate
dehydrogenases (RCo06066, 11296, 18299, 22174, 38617, 38618). Gluconeogenetic enzymes
pyruvate carboxylase (RCo004329) and phosphoenolpyruvate carboxykinase (RCo024588,
RC025226) are present. The set contains also three similar copies of 1,3-beta-D-glucan synthase
(RCo003309, 03310, 22891). This enzyme is orthologous to the E. gracilis glucan synthase-like
2 protein responsible for the synthesis of paramylon (Tanaka et al. 2017) and reported in the
mitochondrial proteome of E. gracilis (EG_transcript 73, Hammond et al. 2020). Paramylon
grains are present in the cytoplasm of R. costata (Figure 1). Unlike E. gracilis proteins,
probability of mitochondrial localisation of glucan synthase-like 2 in R. costata based on the
prediction software is low, and so we consider it putatively cytosolic. Enzyme endo-1,3(4)-beta-
glucanase potentially involved in the degradation of paramylon is also present (RCol17523,

19147, 47076, 17521, 18319 and 23166) and in silico predicted to localise in the cytosol.
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The TCA cycle seems complete. The alpha-ketoglutarate dehydrogenase complex is absent, and
this step is bypassed by enzymes alpha-ketoglutarate decarboxylase (RCo09834) and succinate-
semialdehyde dehydrogenase (RC025294). Both subunits of succinyl-CoA synthetase are
present (RC022592, RC042191) and this enzyme probably works in the direction of succinyl-
CoA formation, thus leading to the fatty acid synthesis. GABA shunt is present but the
glyoxylate cycle enzymes are absent. Succinate dehydrogenase (SDH, Complex II) is similar
in subunit composition to kinetoplastid SDH (Morales et al. 2009). Six subunits have been
found in total, including the conserved eukaryotic subunits SDHI-2 (SDHA-B) and
Euglenozoa-specific subunits 6-9. The FeS cluster-containing subunit SDH2 splits in two
polypeptides (N-and C- terminus), similarly to trypanosomes and E. gracilis (Gawryluk and
Gray 2009). The Euglenozoa-specific subunits SDHS5, 10 and 11 are missing in the data and are
missing also from the E. gracilis transcriptome. Other components of the respiratory chain
detected in the transcriptome are complex I (21 subunits including the 3 Euglenozoa-specific),
complex III (5 subunits), complex IV (8 subunits) and FoF1 ATPase (subunits of F1 part a, f, v,
0 and OSCP and three FEuglenozoa-specific) and electron-transferring-flavoprotein
dehydrogenase (RCo00411 and 00414). Alternative oxidase, reported from other Euglenozoa, is
absent from the transcriptome and was not detected by PCR with specific primers. Three types
of membrane-associated electron carriers are present, cytochrome ¢, ubiquinone (UQ; most
enzymes involved in its synthesis are present in the transcriptome) and rhodoquinone (RQ),
which is formed from ubiquinone by rhodoquinone methyltransferase (RCo043299, 43301,
43302 and 43305). Soluble electron-transferring flavoprotein (ETF, RC028350, 35495 and

11455) may serve as electron donor for fatty acid metabolism.

The ability to synthesize RQ provides R. costata the opportunity to transfer electrons from
Complex | via Complex Il to fumarate, but the same reaction can be performed by FAD-
dependent fumarate reductase (RCo13263, 47402, 47403 and 48726) which uses Q for fumarate
reduction. The produced succinate is the substrate of succinyl-CoA synthetase producing
succinyl-CoA, which may enter the synthesis of wax esters described in E. gracilis. R. costata
contains all enzymes needed for this process. Propionyl-CoA, the first committed substrate for
wax ester synthesis, is formed by methylmalonyl-CoA mutase (RC028046), methylmalonyl-
CoA epimerase (RCo48567), and propionyl-CoA carboxylase alfa and beta (RC005823 and
RCo014953). The condensation of propionyl-CoA and acetyl-CoA can be in principle catalyzed
by acetyl-CoA acyltransferase (RC038684, 11994, 24188, 31732 and 35370) instead of the
missing alpha-ketoacyl synthase. R. costata contains 3-hydroxyacyl-CoA dehydrogenase
(RCo47669) and enoyl-CoA hydratase (RCo002785, 16455, 30891) and enzymes for the
reduction of trans-enoyl-CoA: trans-2-enoyl-CoA reductase (RC048015, 48574), acyl-CoA
dehydrogenase (RC029909) and ETF that could provide electrons. The pathway further
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proceeds outside the mitochondrion, where carnitine O-palmitoyltransferases 1 a 2 (RCo04453,
08998, 16397, 33121) export the acyl-CoA. Neither fatty acyl-CoA reductase (ER enzyme)
nor wax ester synthase (cytosolic enzyme) were detected, however, 34 transcripts encoding
ester synthases/diacylglycerol acyltransferases (WSD), which are used for the wax ester

synthesis, were detected (Figure S-wsdtree).

The organelle may be able to import sulphate via a putative transporter (RCo08807) although
the identity of this protein is uncertain. It also contains enzymes needed for sulphate activation,
sulphate adenylyltransferase (RC049652) and adenylylsulphate kinase (CysC) (RCo11997),
to produce phosphoadenosyl-5’-phosphosulphate (PAPS). The enzymes metabolising inorganic
sulphur compounds thiosulphate sulphur transferase and sulphite oxidase are present
(RCo00455, RC010220), however, the production of sulphide is undetected. Still the transcripts
of the sulphide-dependent enzyme cysteine synthase (RCo009036, 16104, 16108, 13733
and 51020) are present as is the L-serine producing serine O-acetyltransferase (RC0o00499,
28429 and 42343). The mitochondrion also contains a rich set of enzymes for the early and late

synthesis of FeS clusters including the export system from the mitochondrion.

The predicted mitochondrial proteome contains enzymes involved in the synthesis and
metabolism of 10 proteinogenic amino acids (S, C, T, G, A, V, L, I, Q and P). A complete
glycine cleavage system and serine/glycine hydroxymethyl transferase involved in folate one
carbon pool are also present. The set contains 136 entries involved in metabolite and ion
transport across membranes, out of which 31 are ABC transporters (including Atml involved
in FeS cluster export) and 80 are mitochondrial carrier family proteins (solute carrier family 25)

that cluster into 71 distinct clades (Figure S-MCFtree).

More than 30 transcripts of proteins putatively involved in protein transport and maturation
have been detected. These encode four outer membrane proteins — the translocation pore Tom40
(RC005874), its insertase Tob55 (RC035243 and 50551) and Euglenozoa specific proteins
Atom69 (RCo012450 and 12448) and Atom46 (RCo030973), two distinct homologues of small
Tim (RC000369 and 22175) localised in the intermembrane space, and eight proteins localised
in the inner membrane — inner membrane protease subunit 2 (RCo035651), Tim22 (RCo35157),
Tim17 (RCo03131 and 18944), Tim44 (RC035673), Tim16 (RC040212), Pam16 (RC035852)
and Oxal (RCo 02990, 23198 and 30475). Homologues of both subunits of mitochondrial
processing peptidase were detected (RCo00876 and 39561), however the beta subunit may also
be a part of Complex III. Soluble chaperones Mgel (RCo018360), Hsp70 and Hsp60
(RCo005843) are present.
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Tetrapyrrole synthesis pathways
We found transcripts for the full set of heme biosynthesis enzymes in the transcriptome
(Figure 9). All enzymes form monophyletic clades with E. gracilis mitochondrial-cytosolic C4
pathway enzymes with various statistical support and were most likely present in their common
ancestor. Mitochondrial 5-aminolevulinate synthase (ALAS) homologs branch together within
the eukaryotic clade and sister to alpha-proteobacteria suggesting a mitochondrial origin
(RC053079). Although ALAS should localise in the mitochondrion, in silico prediction of this
localisation is weak. Following four steps take place in cytosol and the pathway ends in the
mitochondrion. Porphobilinogen synthase (ALAD) (RCo046560) and porphobilinogen
deaminase (PBGD) (RC016092) homologs are closely related to homologs of the other
bacterivorous euglenid Distigma sp. and together with the cytosolic isoforms of E. gracilis
branch within eukaryotic genes. R. costata uroporphyrinogen synthase (UROS) (RC031923)
branches together with other photosynthetic euglenids and the group seems to be sister to
oomycetes (FigureS-UROStree). Although this protein was annotated as a plastidial form in
E. gracilis, it is probably cytosolic or dual-localised in both cytosol and plastid. The cytosolic
localisation is supported by the presence of a second, so far unnoticed and putatively plastidial
UROS homolog in transcriptome of E. gracilis that is robustly branching with green algae and
cyanobacteria though lacking a clear plastidial targeting signal. Next enzyme, uroporphyrinogen
decarboxylase (UROD), has three isoforms in E. gracilis and E. gymnastica. One of them is
plastidial and does not originate from green algae but more likely from cryptophytes. The other
two are probably cytosolic and branching within the eukaryotic clade. These isoforms seem
to originate from an ancient gene duplication and R. costata has only one of these duplicated

genes (RC052619).

The most complicated situation is in the case of coproporphyrinogen oxidase (CPOX) (FigureS-
CPOXtree). E. gracilis has at least eight isoforms. Five of them are plastidial oxygen-dependent
CPOX (HemF) with no homolog found in R. costata. Three other isoforms of E. gracilis are
oxygen-independent CPOX (HemN) of different origins. Two of these enzymes form branches
both with close R. costata (RC019415, 29168) and E. gracilis homologs that branch within the
deltaproteobacterial clade and were probably gained via HGT. These two isoforms have a clear
mitochondrial targeting signal. The third one is more divergent and the R. costata homolog
(RCo45123) is not closely related to E. gracilis but rather to alphaproteobacteria. A putatively
mitochondrial isoform of protoporphyrinogen oxidase (PPOX) (RC026828) is branching within
a well-supported eukaryotic clade together with Distigma and E. gracilis, but the targeting
prediction is weak. This contrasts with E. gracilis and Eutreptiella gymnastica PPOX plastid
isoforms, which are placed within plastid genes with “chromalveolate” origin. Lastly, the

mitochondrial isoform of ferrochelatase FECH is not derived from eukaryotes; instead, all
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euglenid sequences including the R. costata homolog (RCo012206) branch together with
Naegleria within bacterial clades and were probably obtained by HGT. Consistently with the

absence of plastid there are no traces of the plastidial C5 pathway.
Discussion

In this work we contribute to knowledge about non-photosynthetic euglenids by presenting draft
genome and transcriptome assemblies of R. costata. Although the genome assembly is very
fragmented, we demonstrate its usefulness by deducing novel information about the intron
composition in R.costata. We believe that the fragmentation is not caused by insufficient
sequence depth, but rather is an artefact of uneven whole genome amplification (WGA) in the
DNA sample preparation. Other reasons for extreme fragmentation (e.g. presence of repeats)
cannot be excluded at this point. Similarly to E. gracilis, there is a GC bias between the
transcriptome and the genome, 58 vs 51% respectively. This may suggest the presence
of significant AT-rich repeats in the genome or simply reflect the GC content difference
between coding and non-coding regions of the genome. Total length of the assembly is slightly
over 100 Mbp, which is an order of magnitude less than the total length of the genome assembly
of E. gracilis. Its haploid genome size is estimated to be 500 Mbp while the total assembly size
is over 1.4 Gbp (Ebenezer et al. 2019).

In comparison, the quality of the transcriptome data set was sufficient for functional annotation.
The number of non-redundant predicted proteins (39,585) is comparable to Euglena gracilis
(36,526) (Ebenezer et al. 2019). SL sequences longer than 9 nt were detected at the 5’end in less
than 17 % of transcripts. The absence of the SL suggests substantial truncation at the

5’ terminus; however, many transcripts lack a SL naturally (Zdhonova et al. 2018).

As almost all eukaryotic genomes, also the genome of Euglena gracilis contains introns that are
removed by the ribonucleoprotein complex spliceosome. These conventional introns have the
consensus sequence GT/AG at the ends, and they are excised by two consequential
transesterifications. They were described from genes encoding various proteins, some of which
are targeted to chloroplast: fibrillarin (Breckenridge et al. 1999; Russell et al. 2005), tubulin
alpha (tubA), beta (tubB) and gamma (Ebel et al. 1999; Canaday et al. 2001; Milanowski et al.
2014), heat shock protein 90 (hsp90), glyceraldehyde-3-phosphate dehydrogenase (gapC)
(Henze et al. 1995; Milanowski et al. 2016), enolase, glyceraldehyde-3-phosphate
dehydrogenase A (gapA), porphobilinogen deaminase (pbgD), ubiquinol-cytochrome ¢
reductase iron-sulphur subunit (petA), photosystem I reaction centre subunit III (psaF),
photosystem II reaction centre protein M (psbM), and photosystem II reaction centre W protein

(psbW) (Vesteg et al. 2010). However, the genes of euglenids contain also other types of introns
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without the canonical GT/AG boundaries. These non-conventional introns have variable length
and no clear pattern of nucleotide sequence at the exon/intron junction. They form the stem-loop
RNA structures and their excision is independent of spliceosome and takes place later than the
excision of spliceosomal introns (Guminska et al. 2018; Milanowski et al. 2014). This type
of introns was found in tubA, tubB, gapC and hsp90. Except these main types of introns so-
called “intermediated” introns that combine the features of both types were reported (Rafal
Milanowski et al. 2014). The presence of non-conventional introns would complicate the gene

predictions.

The genome of R. costata seems to be relatively intron rich. We have confirmed the presence
of introns in all genes, for which the introns have been investigated in other euglenids (Henze et
al. 1995; Breckenridge et al. 1999; Russell et al. 2005; Ebel et al. 1999; Canaday et al. 2001;
Milanowski et al. 2014) and our automatic search for introns in the fragmented genomic draft
revealed thousands of putative introns. Seven of these introns are likely non-conventional.
The presence of non-conventional introns in R. costata is expected as they were reported from

several euglenid species and recently also from a marine diplonemid (Gawryluk et al. 2016).

The phylogenetic affiliation of R. costata predicted proteins is similar to that assessed in
E. gracilis (Ebenezer et al. 2019) with the notable but expected difference in the fraction
of genes affiliated to Viridiplantae. This is much higher in E. gracilis than in R. costata (14% as
compared to 5%) and reflects the endosymbiotic history of E. gracilis, which acquired the
chloroplast from green alga. The in silico predicted proteome of R. costata mitochondrion is
smaller in size to the experimental proteome of Euglena gracilis (1,557 in Rhabdomonas vs

approx. 2,500 in E. gracilis, Hammond et al. 2020).

The mitochondrion of E. gracilis bears a unique combination of metabolic features. It contains a
set of enzymes for the facultatively anaerobic metabolism, which in the presence of oxygen
metabolises pyruvate or malate by pyruvate dehydrogenase complex, slightly modified TCA
cycle and the full set of respiratory complexes including alternative oxidase described also from
kinetoplastids. In the absence of oxygen the pyruvate is oxidatively decarboxylated by
pyruvate:NADH oxidoreductase and the mitochondrial NADH is recycled by respiratory
complex I and rhodoquinone-dependent fumarate reductase producing succinate and further
propionyl-CoA. The latter is condensed with acetyl-CoA into fatty acids and wax esters stored
in the cytoplasm in high concentrations (Tucci et al. 2010). These are recycled under aerobic
conditions for the ATP production or for the synthesis of organic compounds thanks to

functional glyoxylate cycle uniquely localised in the mitochondrion (Miiller et al. 2012).
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The biochemistry of the Rabdomonas mitochondrion resembles in several aspects functioning of
E. gracilis organelle but seems more streamlined. It contains a complete TCA cycle with
euglenid-specific bypass of alpha-ketoglutarate decarboxylase and succinate-semialdehyde
dehydrogenase. It also uses rhodoquinone to reverse electron flow in the truncated electron
transport chain under low oxygen condition to fumarate as the final electron acceptor and
produced succinate is then consumed during the synthesis of wax monoesters as in E. gracilis.
Unlike E. gracilis, R. costata mitochondrion uses only PNO for oxidative decarboxylation of
pyruvate and it does not contain alternative oxidase in its ETC, which is consistent with our
inability to amplify these transcripts by PCR. Intriguingly, R. costata mitochondrion does not
contain enzymes of the glyoxylate cycle, a shortcut of the TCA cycle, which is used to generate
four-carbon molecules for anabolic reactions from acetyl-CoA released after degradation of

lipids and wax esters. How this is solved in R. costata remains to be elucidated.

Interesting difference from the situation in E. gracilis concerns the sulphate metabolism.
E. gracilis is apparently capable to assimilate sulphate into cysteine in the mitochondrion
(Hammond et al. 2020; Saidha et al. 1985) and the sulphite reductase has been detected also in
its chloroplast fraction (Novak Vanclova et al. 2020). In contrary, R. costata can only activate
sulphate to the form of PAPS, an important coenzyme in sulphotransferase reactions, but the
internal production of sulphide from PAPS is impossible due to the absence of adenylyl-
sulphate and sulphite reductases. Still, the presence of sulphide-dependent cysteine synthase
suggests that R. costata may be able to synthesize cysteine from sulphide putatively produced

via another reaction or taken up from the anaerobic environment.

Heme ranks among important cofactors in the cellular metabolism because it is involved in
many key biochemical processes. In most heterotrophic eukaryotes, heme synthesis C4 pathway
involves eight steps that are localized partially in the mitochondrion and partially in cytosol.
The first step is the condensation of glycine and succinyl-CoA into 5-amino-levulinate by
ALAS in the mitochondrial matrix. Next four (or five) steps take place in cytosol and the
pathway ends in the mitochondrion with two reactions that take place in the intermembrane
space and the final reaction ongoing in the mitochondrial matrix (Hamza and Dailey 2012).
In most eukaryotes with a plastid, the alternative C5 pathway is present, and all steps are
localized in the plastid. 5-amino-levulinate is here synthesised from glutamic acid by three
consecutive enzymes: glutamyl-tRNA synthetase (GltX), glutamyltRNA reductase (GTR), and
glutamate-1-semialdehyde 2,1-aminomutase (GSA-AT). The pathway then follows the same
steps like the classical pathway but is localised in the plastid and catalysed by enzymes of
mostly cyanobacterial origin (Kofeny et al. 2011; Cenci et al. 2016). E. gracilis and

Bigelowiella natans (algae with a complex plastid) have unexpectedly both pathways and
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mosaic evolutionary origin of their enzymes reflects complex evolutionary history of these

eukaryotes (Koteny et al. 2011; Woo et al. 2015; Cihlar et al. 2016; Lakey and Triemer, 2017).

The R. costata transcriptome contains a complete set of enzymes of the mitochondrial/cytosolic
C4 pathway that are orthologous to the E. gracilis enzymes. The comparison of these two
euglenids helped to reveal that one UROS and two UROD isoforms of E. gracilis examined so
far are probably cytosolic C4 pathway enzymes as they all have R. costata orthologs.
Interestingly, we have recovered an unnoticed UROS homolog from the E. gracilis
transcriptome related to green algae and putatively involved in the C5 pathway in its plastid.
While several plastidial isoforms of the oxygen-dependent CPOX (HemkF) in E. gracilis has two
distinct origins in eukaryotic kingdom the newly found isoforms of the oxygen independent
CPOX (HemN) that function in mitochondrion have deltaproteobacterial origin. The complete
absence of the plastidial C5 pathway for the tetrapyrrole synthesis together with the overall
limited number of transcripts affiliated to green algae is consistent with the absence of
chloroplast in R. costata and suggests that the osmotrophic lifestyle of this euglenid is the

primary state.
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Table 1: Parameters of the genomic assembly.

Number of reads Miseq 11 624 864
Number of reads Hiseq 82 258 718
Number of contigs 143 763
Number of contigs (>= 500 bp) 82 982
Number of contigs (>= 1000 bp) 36 105
Number of contigs (>= 5000 bp) 153
Median contig length 661
Median contig length (>= 500 bp) 924
Mean contig length 744
Mean contig length (>= 500 bp) 1135
Max contig length 8 093
Total length 106 888 161
Total length (>= 500 bp) 94 209 074
Total length (>= 1000 bp) 58 674 546
N50 1194
L50 25493
GC (%) 51,63
Number of N's per 100 kbp 31,22

Table 2: Parameters of the transcriptomic assembly.

Number of reads 12103 119
Number of contigs 93 852
Number of contigs (>= 1000 bp) 19 335
Number of contigs (>= 5000 bp) 73
Median contig length 430
Mean contig length 651
Max contig length 17913
Total length 66 880 466
N50 856
GC (%) 58
Putative proteins 55783
Unique proteins 39 585
Any homologue (e-value > 107) 26 052
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Table 3: Introns identified in the selected genes of Rhabdomonas costata.

Gene Gene | Complete Incomplete | ORF gDNA
abb. Conventional | intron * length | coverage

introns (nt) (%)**

Tubulin alfa tubA 2 0 1356 100

Tubulin beta tubB 4 0 1335 100

Tubulin gamma tubG 6 7 1680 76

Heatshock protein 90 Hsp90 | 10 5 2112 68

Glyceraldehyde-3- gapC 3 1 1062 70

phosphate

dehydrogenase

Fibrillarin noplp |4 1 903 85

* Only one intron boundary was found in the data, thus the intron type could not be determined
with certainty.
** Part of ORF length mapped to gDNA. Number of introns may not be definitive in low-

percentage coverage.
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Figure 1: Microscopic investigation of Rhabdomonas costata. Cells in DIC contrast (A) with
visible pellicular stripes and paramylon grains. SEM microscopy (B) of a cell showing surface
invaginations and a flagellum inserted in the flagellar pocket. Longitudinal (C) and transverse
(D) TEM sections and details of pellicle and mitochondria (E), nucleus (F) and flagellar pocket
with two flagella (G). Ax — axoneme, Gb — Golgi body, F1 — flagella, Fp — flagellar pocket, Mt —
mitochondria, Mtb — subpellicular microtubules, Nu — nucleus, Ncl — nucleolus, Par —

paramylon grain, Pe — pellicle.
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Figure 2: Phylogenetic tree of euglenids based on 18S rRNA gene. The tree was constructed

in IQ-Tree using TIM2e+G4 model selected by Bayesian information criterion from a trimmed

alignment containing 1,569 positions. The values at the nodes represent ultrafast bootstraps

from 1,000 repetitions. The strain analysed in this study is shown in blue.
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Figure 3: Graph summarising taxonomical affinities of the predicted proteins of
Rhabdomonas costata. 3,445 protein phylogenies, in which R. costata was robustly placed into
a taxonomically homogeneous clan, were sorted accordingly into taxonomic bins. Discoba and

Kinetoplastea represent the subgroups of Excavata.
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Figure 4: KEGG Functional categories of predicted proteins of R. costata. The 13,130
proteins (33 % out of 39,585) were ascribed to functional categories according to KEGG. The

categories with less than 10 members were fused to category “other”.
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Figure 5: Comparison of positions of introns in tubulin a and p genes in four euglenids.
Heterotrophic euglenids Rhabdomonas costata and Menoidium bibacillatum (orange lines) and
phototrophic euglenids FEuglena gracilis and Euglena agilis (green lines). Introns shared

between heterotrophs — orange ellipses, phototrophs — green ellipses, all four euglenids — brown

ellipse.
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Figure 6: Example of the non-conventional intron of R. costata. The secondary structure of a
non-conventional intron from NODE 718 (A) and the sequence logo of boundaries of putative

non-conventinal intron detected in R. costata (B).
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Figure 7: KEGG Functional categories of proteins predicted to mitochondrial proteome of
R. costata. The 1,081 proteins of the mitochondrial proteome were ascribed to functional
categories according to KEGG. The categories with less than 10 members were fused to

category “other”.
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Figure 8: Metabolic map of R. costata mitochondrion. The map is based on in silico
prediction of mitochondrial proteome from the transcriptomic data set. Blue circles represent
enzymes present in R. costata and E. gracilis, grey circles represent enzymes absent in R.
costata but present in E. gracilis and brown circles represent typical eukaryotic enzymes absent

in both euglenids. To allow comparison inspired by Ebenezer et al. 2019.
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Figure 9: Origins and subcelluar localization of tetrapyrrole synthesis enzymes
in R. costata. Predicted localisation of enzyme is indicated by the position in the diagram.
Phylogenetic origin is indicated by colour (orange — eukaryotic origin, blue — eubacterial origin),
presence of mitochondrial targeting peptide (TP) is indicated by frame (red frame — high TP

value in R. costata, green frame — high TP value in sister euglenophytes).
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8 Shrnuti

Predlozend prace shrnuje stdvajici poznatky o endosymbidze a zaméiuje se na sekundarni
endosymbidozu u euglenofyt. Tti ptivodni prace dokumentuji plastidovy genom Eutreptiella
gymnastica, mitochondriadlni genom Pyramimonas parkeae a celkovy genom a transkriptom
Rhabdomonas costata. Ptilohou je také kapitola Secondary plastids of Euglenophytes z knihy

Secondary Endosymbioses, na které jsem se podilela.

S rozvojem masivniho paralelniho sekvenovani bylo mozné v pomérné kratké dobé osmi let
osekvenovat 30 plastidovych genomt 13 rodd skupiny Euglenophyceae. Genomy maji
prakticky stejny genovy obsah (kromé sekundarné osmotrofni £. longa) (Vanclova et al., 2017),
ktery se ustavil v procesu endosymbidzy redukci plastidového genomu prasinofytni fasy, jez
byla ptfedkem sekundarniho plastidu. Jedna se o soubor 89 gend, které maji plastidovou funkci
ajen vyjimecné chybi v nékterém plastidovém genomu euglenofyt. Kromé téchto genti jsou
v plastidovych genomech pfitomny i geny pro maturdzy/reverzni transkriptazy, které se ucastni
sestiihu intront typu II (Doetsch et al., 1998). Pocet téchto proteinii do znacné miry koreluje
s poctem intrond. U euglenofyt se kromé intrond typu II vyskytuji i introny typu III
a tzv. twintrony, introny uvnitf jiného intronu (Copertino et al., 1991; Doetsch et al., 1998).
Plastidové genomy se také lisi pfitomnosti ¢i nepfitomnosti invertovanych repetic (Karnkowska
et al., 2018). Vsechny tyto znaky mohou dobfte slouzit pii fylogenetickych analyzach spole¢né

se znaky morfologickymi a molekulédrné biologickymi.

Se znalosti plastidového genomu P. parkeae, nejblizS§i znamé piibuzné ftasy predka
endosymbionta euglenofyt, bylo mozno ur¢it, které z plastidovych gent byly pieneseny do jadra
endosymbiotickym genovym pfenosem a které zmizely uplné (Hrda et al., 2012).
V transkriptomu E. gracilis a Etl. gymnastica jsme nalezli nékolik takovych gent (ccsA, fstH,
infd, YCF3 a petAd), které ziejm¢é maji signalni peptid, ktery je navadi do plastidu, kde byla
jejich pritomnost potvrzena proteomicky (Novak Vanclova et al., 2020). Zjisténi, ze tyto
konkrétni geny byly pfenesené do jadra, je cenné, nebot’ u jinych organismii se sekundarnim
nebo komplexnim plastidem nebyl tento pfesun dosud popsan. Endosymbidza u euglenofyt
probéhla pomérn¢ nedavno a bylo tak snaz$i najit fasu, kterd je zfejm¢ velmi blizce ptibuzna
ptedkovi fasy pohlcené spolecnym predkem euglenofyt a identifikovat v jejim plastidovém

genomu geny prenesené do jadra euglenofyt.

Dalsi uptesnéni by mohlo pfinést nalezeni jeste blizsiho ptibuzného ptivodniho endosymbionta,
kterym by mohla byt naptiklad prasinofytni tfasa Pterosperma cristatum, jejiz Castecné
osekvenovany plastidovy a mitochondridlni genom ¢ekd vnasi laboratofi na dalsi

bioinformatické zpracovani.

Zajimavym a nepiili$§ Casto diskutovanym fenoménem provazejicim sekundarni endosymbiozu
je fakt, ze se pifi ni zcela ztraci mitochondrie endosymbionta. Ptitomnost dvou funkénich
mitochondrii rizného evoluéniho piivodu v butice je zdokumentovana u dinoflagelati Durinskia

a Kryptoperidinium (Imanian et al., 2007), ale u vétSiny linii s komplexnim plastidem byla
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mitochondrie endosymbionta eliminovana. Snazili jsme se odpovédét na otazku, zda se béhem
formovéani organely mohly alesponi nékteré geny z mitochondrie pohlcené fasy piesunout
do jadra hostitele. Nase data ziskana osekvenovanim mitochondrialniho genomu P. parkeae tuto
hypotézu nepodporuji, nebot’ v transkriptomu E. gracilis jsme zadné geny, které by mohly

pochézet z tohoto genomu, nenalezli.

Endosymbioticky genovy pifenos byl mnohokrat dokumentovan a cCasto bylo zjisténo, Ze
v jaderném genomu hostitelské bunky se nalézaji i geny, které jsou jin¢ho plivodu nez ziskany
plastid (Maruyama et al., 2011; Moustafa et al., 2009; Y. Yang et al., 2011). Vysoky podil genti
zjiné linie fas, nez ze které pochazi komplexni plastid, vedly k postulovani né€kolika teorii
o puvodu téchto genti aprocesu jejich prijeti. Teorie tvofi souvislou Skalu, ktera zacina
postupnym ziskdvanim cizich, prokaryotickych i eukaryotickych genli z potravy (Doolittle,
1998), ptes ziskdvani gend z prechodnych endosymbiontd, kterych mohlo byt i nékolik riiznych,
tzv. "shopping bag model" a "red carpet model" (Larkum et al., 2007; Ponce-Toledo et al.,
2019), po ptipady, kdy byla endosymbidza zavrSena, ale piivodni plastid byl ztracen a misto
ncho byl ziskan jiny, jak nyni pozorujeme napiiklad u obrnénky Lepidodinium (Minge et al.,
2010) az po postupné zisky genti z rtiznych zdroji jako kompenzace redukujiciho se genomu
organely (Nowack et al., 2016). Podil genti neptibuznych endosymbiontovi by mohl napovedét,
jakym zpiisobem, ze tfi vySe popsanych, byly geny ziskdny, a zda mohlo dojit v evolu¢ni
historii organismu k opakované endosymbiodze, jak ji napiiklad u euglenofyt piedpoklada
Markunas (Markunas & Triemer, 2016). K analyzam je ale tfeba pfistupovat velice opatrné,
nebot’ prosta podobnost ziskana na zakladé¢ BLAST mize nadhodnocovat urcité typy vysledkd,
at’ uz v disledku nerovnomérného zastoupeni riznych linii ve srovnavacich databdzich, nebo
kvili nespravné anotaci geni ¢i jinym sekvenacnim artefaktim. Reanalyzou nékterych
prvotnich vysledkt se zjistilo, ze podil cizich jadernych gend nepochazejicich z EGT je nizsi,
nez se puvodné zdalo (Burki et al., 2012; Deschamps & Moreira, 2012). Pro zkoumani tohoto
jevu je proto dilezité sestavovat pro jednotlivé geny dostatecné robustni fylogenetické stromy,
které ptivod genti urci s vétsi presnosti. Predpokladem je také dopliiovani databazi o genomy
dalsich organismil, s plastidem nebo bez néj, tak aby byla pokryta cela skala eukaryotickych

organismtl, véetné méné prozkoumanych linii.

Takovou mezeru v databazi jsme se pokusili doplnit osekvenovanim ¢aste¢ného genomu
apomérné uplného transkriptomu u heterofniho euglenida Rhabdomonas costata. V jeho
genomu jsme nasli jen zanedbatelny pocet genti, pochazejicich z fas, at’ uz ¢ervenych nebo
zelenych, a proto vyvozujeme, Ze tento organismus nikdy plastid nemél. To vyvraci hypotézu
¢asného ziskani plastidu u spole¢ného ptedka kmene Euglenozoa (Hannaert et al., 2003; Martin
& Borst, 2003). Zaroven znaky nalezené u R. costata tvoii pozadi pro znaky nalezené
u E. gracilis a lze tedy 1épe urcit, které vlastnosti se pravdépodobné poji se ziskanim plastidu.
Diky tomu, Ze jsme rekonstruovali drahu syntézy tetrapyrolti u R. costata, jsme mohli urcit,
které zparalogi geni UROS, UROD a CPOX u E. gracilis pochazi pravdépodobné
od spole¢ného piedka euglenidi. Také jsme u R. costata nalezli nékteré mitochondrialni
proteiny, které byly doposud v ramci euglenofyt znamy jen u E. gracilis, napiiklad enzymy

tzv. a-proteobakterialniho "shuntu", které modifikuji klasicky Krebsiiv cyklus, nebo ptitomnost
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pyruvat:NADP-+oxidoreduktazy, enzymu ktery vyuzivaji i néktefi anaerobn¢ zijici prvoci
(Muller et al., 2012). Tyto geny lze tedy povazovat za geny pfitomné u spolecného ptredka

R. costata a E. gracilis.

U Rhabdomonas costata nejsou pfitomné nekteré geny drahy asimilace sulfatu a zda se, ze
draha je u E. gracilis doplnéna o geny pochazejici z endosymbionta (Hammond et al., 2020).
Stejné tak chybi R. costata wax syntdza pritomnd u E. gracilis, ktera je dle BLAST podobna
zastupcim skupiny Chloroplastida a je tak také zfejmé endosymbiotického piivodu. Srovnanim
transkriptoma R. costata a E. gracilis bude mozné vytipovat i dalsi geny, které by mély projit
dikladnéjsi fylogenetickou analyzou, aby bylo mozné urcit, zda pochéazeji skute¢n¢ z EGT,
¢i jsou vysledkem HGT.

Vyvoj sekvenacnich technologii jde velmi rychle dopfedu a tak dalSich genomickych,
transkriptomickych i proteomickych dat bude neustdle ptibyvat. Kromé obohacovani databdzi
musi dojit také k vylepSovani logaritmil pro jejich analyzu. Nase data i zvolené postupy k jejich

vyhodnocovani k obému vyrazné ptispéli a jsou pripravené pro dalsi studie.
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Abstract

Fuglenophytes obtained their plastids from a primary green alga related to extant genus
Pyramimonas. The relatively recent establishment of this new organelle is an intriguing
evolutionary phenomenon worth studying and comparing with other secondary plas-
tids with a regard to their similarities and differences. A remarkably fast evolution driven
by rapid intron gain and diversification is observed in euglenid plastid genomes which
often tend to swell in size and rearrange while keeping the gene content stable.
As a result of the secondary endosymbiosis, the plastid is wrapped in an additional
membrane which makes any protein, metabolite, or ion transporting routes more
complicated. In the case of protein import, secretory pathway-derived, signal
peptide-dependent mechanism involving the endoplasmic reticulum, Golgi, and vesic-
ular transport were recruited. The plastid endosymbiosis also served as a source of
various oddities concerning metabolic pathways as the new organelle contained some
of the enzymes and pathways already present in the host. Thus, several cases of division
of labour and specialization can be observed, as well as simple redundancies which
might be in fact just transitory and will eventually disappear in the future course of
evolution. Endosymbiotic and lateral gene transfers were quite common in the
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ancestors of euglenophytes, especially in the case of plastid proteins many of which
were demonstrated to have originated not only from the green-algal endosymbiont
but also from a spectrum of nongreen lineages. The circumstances of the nongreen-
algal gene gains are unclear. Another evolutionary phenomenon occurring in
euglenophytes is the secondary loss of plastid or its photosynthetic capacity. This pro-
cess gave rise to a number of distinct species which no longer possess the ability to
photosynthesize. Interestingly, this “bleaching” process can be induced in the labora-
tory, enabling to study the process of plastid loss in vitro.

1. INTRODUCTION: WHAT ARE THE EUGLENOPHYTES
AND WHY TO CARE ABOUT THEM

Euglenids are a group of flagellate protists belonging to the phylum
Euglenozoa (Excavata), along with kinetoplastids—a group made famous
by its important pathogenic members such as trypanosomes—diplonemids,
and symbiontids (also termed Postgaardea) (Adl et al., 2012; Cavalier-Smith,
2016). Euglenids are a highly diversified taxon in regard to their nutritional
strategies. The ancestral mode of nutrition was probably bacteriovory which
was replaced by eukaryovory in a large portion of the diversity; this shift is
believed to have taken place once in the evolution. One lineage of
eukaryovores then lost the phagotrophic ability and became osmotrophic.
This lineage is currently termed primary osmotrophs (Leander, 2004;
Leander, Esson, & Breglia, 2007; Leander, Triemer, & Farmer, 2001). How-
ever, some researchers propose an alternative hypothesis according to which
eukaryovory was the ancestral nutritional strategy common not only to
euglenids but also to kinetoplastids, diplonemids, and symbiontids, and all
other feeding modes are derived from it (Cavalier-Smith, 2016). One line-
age within eukaryovorous euglenids gained a green secondary plastid in pre-
sumably one endosymbiotic event. All these photoautotrophs form one
robust phylogenetic clade termed the Euglenophyta. The term
“euglenophytes” thus refers to phototrophic (or secondarily osmotrophic)
euglenids that harbour (or once harboured) a plastid, while the term
“euglenids” addresses the whole group of organisms of various nutritional
strategies. The euglenophytes were one of the first protists to be discovered
and described. The first documented observation of an euglenophyte, pre-
sumably the genus Euglena, and description of its typical slime-like mode of
movement, metaboly, was carried out by John Harris at the end of the 17th
century (Harris, 1695) and the first species of euglenophytes were described
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in the beginning of the 19th century by Ehrenberg (1830). Several isolated
lineages within euglenophytes lost the photosynthetic pigments, switching
to osmotrophic mode of nutrition independently of the earlier mentioned
primary osmotrophs; these organisms are termed secondary osmotrophs
and retain a colourless plastid despite not using it for photosynthesis. Addi-
tionally, one obligatory—mixotrophic species, Rapaza viridis, has a photosyn-
thetically active green plastid but at the same time requires green-algal
(Tetraselmis) prey to survive and it is the only euglenid which combines pho-
toautotrophy with phagotrophy. It is suspected to represent a link between
the eukaryovorous euglenids and the phototrophic euglenophytes. This is
also suggested by its phylogenetic position as sister lineage to all other
euglenophytes (Fig. 1; Yamaguchi, Yubuki, & Leander, 2012). However,
it 1s still unclear whether the R. viridis plastid is stable or transient and if it
is related to the plastids of other euglenophytes. The closest known non-
photosynthetic sister of euglenophytes is the eukaryovorous genus Teloprocta
(former Heteronema) scaphurum (Cavalier-Smith, 2016; Lax & Simpson,
2013).

Euglenophytes have been intensively studied for a long time thanks to
their relatively large size, distinctive and aesthetically pleasing appearance,
and easy collection and cultivation, and so approximately 950 species of
euglenophytes have been described to this day (Guiry & Guiry, 2017).
The inner taxonomy of euglenophytes is currently relatively clearly resolved
(Fig. 1; Karnkowska et al., 2015; Kim, Linton, & Shin, 2015; Kim & Shin,
2008; Linton et al., 2010; Triemer et al., 2006; Zakrys, Milanowski, &
Karnkowska, 2017). The group splits into two orders: Eutreptiales and
Euglenales. The Eutreptiales exhibit a number of features which are consid-
ered ancestral, such as the adaptation to marine environment and presence of
two emergent flagella, and contain two genera: Eutreptia and Eutreptiella.
The Euglenales are more diverse, they have only one emergent flagellum,
and they are thought to be almost exclusively freshwater dwelling. The
Eutreptiales are probably paraphyletic, with the Euglenales being their inner
group (Cavalier-Smith, 2016). The Euglenales are further split into two dis-
tinctive families, Euglenaceae and Phacaceae. The Euglenaceae include
eight genera: Euglena, Euglenaria, Euglenaformis, Cryptoglena, Monomorphina,
Colacium, Trachelomonas, and Strombomonas. This group is highly diverse in
regard to the shape, number, and position of the plastids, and also overall
morphology of the cell which may exhibit various shapes—some
members, i.e., genera Trachelomonas and Strombomonas, are even surrounded
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Fig. 1 Simplified phylogenetic tree of the 14 euglenophyte genera (including Rapaza)
with examples of cell and plastid morphologies. One to five different illustrative species
are shown for each genus, depending on its relative intrageneric plastid morphological
diversity.
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by mineralized extracellular lorica—and types and degrees of motility—
some members have pellicles of low flexibility and prefer swimming using
flagellum to metaboly, while some species in the genus Colacium are
completely sessile. The Phacaceae include three genera: Phacus, Lepocinclis,
and Discoplastis, the first two of which have a rigid pellicle, which is flattened
or even helical in shape, and are not able to move using metaboly (Cavalier-
Smith, 2016; de M. Bicudo & Menezes, 2016).

Euglenophytes are currently studied for their possible utilization in bio-
technology and other applied sciences, especially as potential producers of
biofuels and also nutritional supplements due to their capacity to synthesize
various lipids and compounds with antioxidative properties such as tocoph-
erols and carotenoids (Krajcovi¢, Vesteg, & Schwartzbach, 2015; Ogawa
et al., 2015; Teerawanichpan & Qiu, 2010).

2. ORIGIN OF EUGLENOPHYTE PLASTIDS: EARLY OR
LATE, GREEN OR RED?

Before the age of molecular phylogenetics, euglenophytes were tradi-
tionally classified as a subgroup or sister of green algae due to their plastid
morphology and pigment content, especially the combination of chloro-
phylls a and b, which is otherwise unique to green plants and algae and
chlorarachniophytes, and the chlorophylls a- and b-containing plastids were
correctly assumed to have arisen only once in the evolution. However, it
was suspected for a long time that something is amiss here because most
of the nonplastid morphology, physiology, and biochemistry of these organ-
isms were strikingly dissimilar to green algae. With the (re)invention of the
endosymbiotic theory by Lynn Margulis in 1967 (Sagan, 1993) and its gen-
eral acceptance, a completely new paradigm opened for evolutionary biol-
ogy and taxonomy trying to resolve unclear phenomena and phylogenetic
relationships such as this one. A decade later, the secondary endosymbiotic
origin of the euglenophyte plastid was proposed by Gibbs (1978, 1981) and
euglenids were placed along with kinetoplastids into a new phylum
Euglenozoa by Cavalier-Smith (1981). The first sequenced genes from
the model euglenid Euglena gracilis (Douglas & Turner, 1991; Morden &
Golden, 1991), followed shortly by the complete sequencing of its plastid
genome (Hallick et al., 1993), brought a molecular evidence for this claim.
In 2009, a wider analysis of phylogenetic relationship within green algae
with a focus on prasinophytes and also including sequences from secondary
plastids was performed by Turmel, Gagnon, O’Kelly, Otis, and Lemieux
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(2009) which resulted in pinpointing the origin of the euglenid plastid to the
Pyramimonadales clade in the prasinophytes with the genus Pyramimonas as
the most suspect source. Following studies on other euglenid plastid
genomes (Bennett & Triemer, 2015; Bennett, Wiegert, & Triemer, 2014;
Dabbagh & Preisteld, 2016; Hrda, Fousek, Szabova, Hampl, & Vl¢ek,
2012; Pombert, James, Janouskovec, & Keeling, 2012; Waiegert,
Bennett, & Triemer, 2012, 2013) confirmed Pyramimonas parkeae as the clos-
est living relative of euglenophyte plastids.

The relative position of the plastid acquisition in the euglenid lineage was
disputed in the past (Bodyt, Mackiewicz, & Milanowski, 2010; Hannaert
et al., 2003) and even though it is currently considered resolved and placed
at the root of the extant euglenophytes the evolutionary history of euglenids
seems more complex and traces of an interesting story about lateral gains and
secondary losses of genes—and possibly endosymbionts or even organelles—
can be read from the available sequence data of euglenids and their not-so-
distant relatives kinetoplastids.

Kinetoplastids, a group known mainly for their parasitic members of con-
siderable epidemiological significance of the genera Trypanosoma and Leish-
mania, have been shown to contain genes related to cyanobacteria or green
plastids. Moreover, some of these genes are homologues of enzymes of the
Calvin cycle which have been supposedly recruited for glycolysis-related
functions in the glycosome (Hannaert et al., 2003) (i.e. peroxisome-derived
organelle invented specifically by kinetoplastids and diplonemids; Morales
et al., 2016; Rybicka, 1996). In reaction to this fact plus other occurrences
of cyanobacterial-like genes in heterotrophic protists, a plastid-early hypoth-
esis was formulated. This hypothesis placed the primary plastid acquisition
much earlier in the evolution and suggested that all bikonts except the
Archaeplastida underwent its secondary loss (Andersson & Roger, 2002;
Maruyama, Matsuzaki, Misawa, & Nozaki, 2009). The less controversial the-
ories focused on Euglenozoa suggested that the current secondary plastid of
euglenophytes could have originated before the split of kinetoplastids and
other euglenozoans and become lost in all lineages but euglenophytes
(Bodyt et al., 2010; Hannaert et al., 2003) resulting in the presence of
“green” genes dispersed throughout the whole group. The possibility of a
cryptic, euglenophyte-unrelated plastid gain and loss within the kinetoplastid
lineage, was also considered (Bodyt et al., 2010; Leander, 2004; Martin &
Borst, 2003). The alternative hypothesis to all the previously mentioned sug-
gests a mere lateral gene transfer from cyanobacteria or primary or secondary
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plastid-containing eukaryote based solely on the “you are what you eat”
notion (Doolittle, 1998) without a requirement for a previously existing sta-
ble relationship between the host and the endosymbiont/organelle (Bodyt
et al., 2010; Leander, 2004; Maruyama et al., 2009).

The mosaicism in the evolutionary origins of euglenophyte genes pro-
vokes similar questions and similar approaches to their resolving.
Euglenophytes contain undisputable amount of laterally transferred genes
originating from rhodophytes or secondary algae containing red-algal plas-
tids (e.g. haptophytes or stramenopiles), 1.e. genes gained from other sources
than the ancestor of the current plastid related to Pyramimonas. Most of these
genes play a role in the typical plastid metabolic pathways and processes. The
examples of these “nongreen” genes include several enzymes of the Calvin
cycle (fructose bisphosphatase, glyceraldehyde 3-phosphate dehydrogenase,
phosphoribulokinase, ribose 5-phosphate isomerase, and triosephosphate
isomerase), several enzymes of the tetrapyrrole biosynthesis (glutamate
1-semialdehyde 2,1-aminotransferase, uroporphyrinogen decarboxylase,
coproporphyrinogen oxidase, and protoporphyrinogen oxidase), glycolytic
enzyme glucokinase, and tocopherol biosynthesis enzyme homogentisate
phytyltransterase (Lakey & Triemer, 2016; Markunas & Triemer, 2016;
Maruyama, Suzaki, Weber, Archibald, & Nozaki, 2011). Whether similar
plastid-related genes, green or nongreen, are present in heterotrophic
euglenids, and to what extent, is currently unknown.

Where do these genes come from? The least controversial explanation is
simple lateral gene transfer from eukaryotic prey, congruent with the “you
are what you eat” hypothesis (Doolittle, 1998). Many eukaryovorous
euglenids prey on algae, often in a rather generalist way. This nutritional
strategy represents a clear prerequisite for the plastid acquisition as well as
a logical source of the lateral gene transfer from various phototrophs. But
how come that the transferred genes were retained by the euglenid predator
despite having photosynthetic or other plastidal function and being virtually
useless to a heterotrophic organism? The answer could be that the said
euglenid predator was not a pure heterotroph but rather a mixotroph which
already possessed the plastid or Pyramimonas-related endosymbiont not yet
fully transformed into a true organelle, much like the contemporary species
R. viridis (Yamaguchi et al., 2012). Genes obtained from the algal prey could
have been immediately recruited for a function in a preexisting plastid-
localized process, allowing the reductive evolution of the plastid/endosym-
biont genome and its further integration into the host. This evolutionary
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process was recently suggested as a major driving force of the
organellogenesis of the chromatophore of Paulinella chromatophora
(Nowack et al., 2016) (a rhizarian amoeba with a plastid-like organelle,
chromatophore, acquired via second independent primary endosymbiosis;
Marin, Nowack, & Melkonian, 2005).

Alternative hypotheses count with the possibility of euglenophyte pre-
decessors harbouring other endosymbiont(s) or transient or even stable
plastid(s) in their evolutionary past which were lost and replaced with the
plastid from Pyramimonas-related alga. This model is based on the
“shopping bag” hypothesis and reflects the current state of knowledge
regarding the transient relationships, repeated gains and losses, and overall
plastid fluidity observed in dinoflagellates (Bodyl et al., 2010; Howe,
Barbrook, Nisbet, Lockhart, & Larkum, 2008; Larkum, Lockhart, &
Howe, 2007; O’Neill, Trick, Henrissat, & Field, 2015). If this hypothesis
was correct, at least one “red” endosymbiont or preplastid was present in
the ancestor of euglenophytes at some point. It is even possible that some
of these plastid-like symbioses or similar ecological relationships could have
taken place long time before the acquisition of the extant green plastid,
explaining the presence of genes of algal origin in heterotrophic euglenids
(Bodyt etal., 2010; Leander, 2004; Maruyama et al., 2011) and making some
of the implications of the plastid-early hypothesis true. The plastid-related
genes it had left in the nuclear genome of the euglenid could have facilitated
the acquisition of a brand new plastid and its “enslavement” by reductive
genome evolution, quite opposite to the Paulinella-like model proposed ear-
lier. Another imaginable scenario is the coexistence of red and green endo-
symbionts/preplastids in a single cell for a certain period of time during
which the host had time to gain genes from both before ultimately
“deciding” to let the red one go and keep the green one.

These hypotheses are not mutually exclusive and the truth can well lie
somewhere between these proposed models—or somewhere else entirely.

3. PLASTID MORPHOLOGY: DISPLAY OF DIVERSITY

Not much can be said about the morphology of euglenophyte plastids
in general because their shapes, sizes, numbers, positions, and other charac-
teristics vary greatly among different genera and even species or strains
(Ciugulea & Triemer, 2010; Leedale, 1967).
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The most basic universal characteristic is perhaps that the euglenophyte
plastids are enveloped by three membranes which reflect its secondary endo-
symbiotic origin and evolutionary history: the inner two membranes are
generally believed to be homologous with the two membranes of primary
plastid (i.e. originating in the two envelope membranes of cyanobacteria),
the additional one is of an eukaryotic ancestry, derived either from the
euglenid endomembrane system or from the cytoplasmic membrane of
the green-algal ancestor of the plastid (Gibbs, 1978; Lefort-Tran, 1981).
The same number of plastid membranes is described in dinoflagellates with
peridinin-containing plastid, while four membranes are generally more
common occurrence in secondary plastids. The outermost membrane of
euglenophyte plastid is not spatially continuous with the ER as in the case
of some other organisms with secondary plastids such as cryptophytes,
haptophytes, and heterokonts (Bolte et al., 2009; Maier, Zauner, &
Hempel, 2015). However, substantial communication via vesicles was
observed to take place between the endomembrane system and plastid,
and it was proposed that its outermost membrane might in fact act as a part
of the secretory system (Sulli & Schwartzbach, 1995, 1996). This would be
crucial for the targeting of ER -synthesized proteins and other molecules into
the plastid.

Euglenophyte plastids are very variable in terms of shape: they can be
spherical, oval, partially flattened, disc-shaped, watch-glass-shaped, bicon-
cave or biconvex, with various numbers of lobes and prominences, or even
ribbon- or star-shaped (Leedale, 1967). A certain plastid shape is usually spe-
cific to a certain monophyletic or paraphyletic group of euglenophytes. The
amount of plastids per cell ranges from several to several dozens and it is also
usually species-specific but in this case a certain range is conserved rather
than a concrete number: in the model species E. gracilis, for example, the
number of plastids varies from 6 to 12 (Leedale, 1967). This variability might
be linked to the fact that plastid replication can take place either synchro-
nously with the cell division or independently of it.

Euglenophyte plastids have well-developed thylakoids (also termed discs
in older literature) which are organized in elongated stacks (also termed
lamellae or bands) of varying number of layers (usually three) instead of grana
(i.e. relatively high cylindrical stacks of thylakoids present in plant plastids)
(Ben-Shaul, Schift, & Epstein, 1966; Gibbs, 1970; Gibor & Granick, 1962).

Many euglenophyte plastids contain visible pyrenoids (i.e. dense regions
where most of the carbon fixation enzymes are localized): these may be
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either naked or covered by a watch glass-shaped paramylon cap, either from
one side (haplopyrenoids) or from both sides (diplopyrenoids). Under trans-
mission electron microscopy, the pyrenoids appear as conspicuously del-
imited regions of dense granulation (Gibbs, 1970). Pyrenoids are absent
in plastids of the family Phacaceae and also in some members of the
Euglenaceae (Gibbs, 1970; Leedale, 1967). The presence/absence and
appearance of pyrenoids can also change during the life of a single cell as
a result of changes in environmental factors—Ilight intensity, length of the
light/dark cycle, starvation, nutritional value of the medium, and growth
phase of the culture.

Euglenophytes possess a single eyespot (stigma), light-sensing, granular,
red/orange-coloured, and carotenoid-containing organelle, which enables
positive or negative phototaxis. In contrast to green algae, where eyespots
exist within the plastids, the euglenophyte eyespot is located in the cyto-
plasm near the base of the flagellum (Benedetti & Checcucci, 1975; Iseki
et al., 2002; Osafune & Schift, 1980b; Walne & Arnott, 1967). However,
it was probably derived from plastid as well (Walne & Arnott, 1967).

4. PLASTID GENOMES: SPED-UP EVOLUTION AND
INTRONS GONE HAYWIRE

To this date, 17 euglenophyte plastid genomes (cpDINAs) have been
published. The sampling covers most of the diversity of the Euglenaceae
tamily with 14 cpDNAs (6 from the genus Euglena and 8 from other genera),
one cpDNA of the Phacaceae family and two cpDINAs from the two genera
of the Eutreptiales (Bennet, Wiegert, & Triemer, 2012; Bennett & Triemer,
2015; Bennett et al., 2014; Dabbagh & Preisteld, 2016; Gockel & Hachtel,
2000; Hallick et al., 1993; Hrda et al., 2012; Kasiborski, Bennett, Linton, &
Lane, 2016; Pombert et al., 2012; Wiegert et al., 2012, 2013). Euglenophyte
cpDNAs generally take the form of a circular chromosome. Four genomes
are not complete and have not been circularized due to unknown number of
repetitive sequences (Kasiborski et al., 2016) or unknown number of the
ribosomal operons (Wiegert et al., 2012, 2013). Their basic characteristics
including the comparison with the cpDNA of P. parkeae (Turmel et al.,
2009) are summarized in Table 1.

The cpDNA of P. parkeae, the closest known relative of the
euglenophyte plastid, is 101,605bp long and contains 110 genes (Turmel
et al., 2009). These values were seemingly reduced during the secondary
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Table 1 Characteristics of the Plastid Genomes of 17 Euglenophytes and Pyramimonas
parkeae According to Sequences Deposited in GenBank
cp Genome Number of Number of GC

Taxonomy  Species/Strain Size (bp) Genes Introns Content (%)
Euglena gracilis Z 143,171 90 145 26.1
E. gracilis var. bacillaris 132,034 90 134 25.8
Euglena longa 73,345 57 60 22.4
Euglena viridis epitype 91,616 92 77 26.4
E. viridis SAG 1224-17d 76,156 92 77 26.2
Euglena mutabilis 86,975 92 76 26.7
Monomorphina 74,746 92 53 29.4
aenigmatica
Monomorphina parapyrum 80,147 93 80 28.0
Cryptoglena skujai 106,843 92 84 26.3
Euglenaria anabaena 88,487 93 82 28.0
Trachelomonas volvocina 85,392% 93 94 27.3
Strombomonas acuminata® 144,166 93 110 26.6
Colacium vesiculosum™ 128,892 92 130 26.1
Euglenaformis proxima 94,185 91 113 26.9
Phacus orbicularis* 65,992 90 66 27.2
Eutreptia viridis* 65,523 86 27 28.6
Eutreptiella gymnastica 67,623 87 8 34.3

l Pyramimonas parkeae 101,605 110 1 34.7

The “number of genes” indicates both protein and RNA coding but duplicates and ORFs were not included. The
genome sizes marked by asterisk denote incomplete genomes. The first three columns marked taxonomy symbolize
phylogenetic relationships between the organisms—merged rows represent defined clades; the Euglenales are coloured
in orange and additionally divided into the Euglenaceae (light orange) and the Phacaceae (light red), the Eutreptiales are
coloured in yellow and the prasinophytes are coloured in purple.

plastid establishment—22 genes (e.g. all genes of NADH-plastoquinone
oxidoreductase of plastidal respiratory chain) were lost or transferred into
the nucleus of the common ancestor of euglenophytes (Fig. 2). The highly
conserved core content of euglenophyte cpDNAs consists of 89 genes
(including 5 not present in P. parkeae). These include 32 genes for pho-
tosynthetic proteins, 5 genes for transcription/translation proteins, 22 genes
for ribosomal proteins, 3 rRNAs, and 27 tRNAs. One to four of these genes
were not found in some lineages but their absence does not show any
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Fig. 2 Gene contents of the plastid genomes in 14 euglenophytes and Pyraminonas parkeae. Asterisks denote the genes missing in certain
plastid genomes. Schematic phylogenetic tree is drawn according to Bennett and Triemer (2015).
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phylogenetic pattern. Four genes were gained after the secondary endosym-
biosis: the Eureptiales have obtained y¢f13 (synonymous to the intron-
encoded maturase mat1), the Phacaceae possess three additional genes,
yef13, mat5 (found within the psbA gene of Lepocinclis spirogyroides—
GenBank record), and roaA (ribosomal operon-associated gene), and the
Euglenaceae possess mat2 in addition to the three aforementioned genes
(Fig. 2; Bennett & Triemer, 2015). The mat5 gene was lost in several inde-
pendent instances within the Euglenales (Bennett & Triemer, 2015;
Kasiborski et al., 2016). Unsurprisingly, genes for photosynthetic proteins
have been lost in Euglena longa whose plastid has no photosynthetic activity.
The gene contents are summarized in Fig. 2.

The plastid genome organization difters between P. parkeae, which con-
tains two inverted repeats with ribosomal operon and large and small single
copy region (Turmel et al., 2009), and most euglenophytes, which do not
have this quadripartite arrangement. The cpDNA of Eutreptiella gymnastica
represents a single exception as it contains two inverted repeats (one of them
discontinuous), each with rRNA operon (Hrda et al., 2012). The rRNA
operon in E. gracilis and E. longa is organized in three tandemly repeated cop-
ies (Gockel & Hachtel, 2000; Hallick et al., 1993). The replication origins of
euglenophyte cpDNAs are presumably located in the VNTR (variable
number of tandem repeats) region (Koller & Delius, 1982; Ravel-
Chapuis, Heizmann, & Nigon, 1982). Overall, the genes are arranged into
15 conserved gene clusters whose order and orientation have been exces-
sively rearranged and it is hard to trace and reconstruct the course of these
rearrangements (Dabbagh & Preisfeld, 2016).

The most noticeable trend in the euglenophyte plastid genome evolution
is undoubtedly the rapid intron gain. The numbers of recognized introns in
the genomes change over time as the annotations improve and so the num-
bers provided in Table 1 reflect the status of genome annotations published in
the GenBank database as of July 2017. Remarkably, the cpDNA of
Pyramimonas contains only a single intron like those of other prasinophyte
algae such as Ostreococcus tauri and  Pycnococcus provasoli (Turmel et al.,
2009). The number of introns started to grow after the plastid acquisition
by the ancestral euglenid before the split of Eutreptiales and Euglenales:
cpDNAs of Eutreptiella and Eutreptia which represent the deepest splits from
other euglenophytes already contain 8 and 27 introns, respectively (Hrda
et al., 2012; Wiegert et al., 2012). An intron of psbC gene, which carries
an intron-encoded maturase y¢f13, is considered the ancestral intron because
it 1s the only homologous intron in euglenophyte cpDNAs (Bennett &
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Triemer, 2015; Pombert et al., 2012). The major intron gain and amplifica-
tion took place within the Euglenales lineage resulting in several species con-
taining over 100 introns in their cpDINAs, the most extreme case being the
model E. gracilis strain Z with at least 145 introns (Bennett & Triemer, 2015;
Bennett et al., 2014; Hallick et al., 1993; Wiegert et al., 2013). The intron
accumulation seems to be an ongoing process which is afoot at this very
moment and it could be potentially very interesting to review some of the
“old” sequences and see if they changed during the long-term cultivation
by humans during a tiny part of the period of their sped-up evolution.
Not only are the euglenophyte plastid introns numerous, they are also
unique in their structure. Majority of them are classified as group II introns,
which are known from prokaryotes and mitochondria and plastids of
eukaryotes. They function as self-splicing ribozymes and contain six
stem-loop-forming domains and a conserved 5'-border motif (GUGYG).
Group II introns are mobile elements and their mobility is mediated by
maturases (Bonen & Vogel, 2001; Sheveleva & Hallick, 2004). The
euglenophyte plastid group Il introns are often significantly shorter (the aver-
age length of euglenophyte group II intron is 463 nt—approximately 100nt
shorter than the average group II intron of liverwort; Dabbagh & Preisfeld,
2016) with some of the conserved domains being missing and/or divergent
beyond recognition. In addition to group II introns, euglenophyte plastid
genomes contain group III introns which are exclusive to these organisms.
They seem to be extremely derived form of group II introns which is
much shorter (of average length around 100nt) and lacks almost all core
structures retaining only one modified conserved domain on 3’-end and a
degenerate 5'-border motif (the consensus is NUNNG) (Bonen & Vogel,
2001; Doetsch, 2000; Doetsch, Favreau, Kuscuoglu, Thompson, &
Hallick, 2001; Jenkins, Hong, & Hallick, 1995; Thompson, Copertino,
Thompson, Favreau, & Hallick, 1995). To make matters even more compli-
cated, euglenophyte plastid genomes also contain a number of twintrons—
introns nested inside other introns (termed internal and external introns,
respectively) which are spliced subsequently. Twintrons come in diftferent
types: group II, group 111, and mixed or even complex ones where multiple
internal introns (Copertino, Christopher, & Hallick, 1991; Copertino &
Hallick, 1991, 1993) or even additional introns inside an internal intron
(Drager & Hallick, 1993) can be observed in one external intron. In several
cases, the recent conversion of a simple intron into a twintron is traceable on
certain insertion sites. For example, six loci containing a twintron in the
E. gracilis cpDNA contain only a single intron in Monomorphina aenigmatica.
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In most of these cases, the introns of M. aenigmatica are orthologous to the
external introns of their twintron counterparts in E. gracilis (Pombert
et al., 2012). This further supports the notion that intron and twintron prop-
agation in euglenophyte cpDNAs is a recent and probably still active process.

The relatively low GC content of the cpDINAs of euglenophytes is also
linked to the intron accumulation since euglenid plastid introns are generally
AT-rich and tend to bias the overall GC content of the whole genome. This
1s especially apparent in the case of E. longa whose cpDNA has the lowest
number of genes while still being rich in introns, as a result its GC content

1s extremely low (22.4%) (Gockel & Hachtel, 2000).

5. PLASTID BIOGENESIS AND HOUSEKEEPING: HOW TO
MAKE IT AND HOW TO CONTROL IT

The crucial part of organellogenesis is the ability of the host cell to take
control over the replication and biogenesis of the formerly independent
endosymbiotic hostage. The development of plastids of euglenophytes
was studied in detail in the model species E. gracilis and the following sub-
chapter will be based mainly on the findings regarding this particular
organism.

Euglena plastids develop from proplastids which are nascent or dark-
induced regressed stages with low or no photosynthetic activity, small num-
ber of thylakoids, and low amount of photosynthetic pigments stored mostly
in their precursor forms (protochlorophyll and protochlorophyllide).

The plastid development is triggered by light and influenced by other
environmental stimuli, especially availability of organic carbon sources
which act as catabolic repressors that modulate the metabolic mode of the
cell towards the more efficient one in the given situation. Glucose, ethanol,
and acetate were shown to inhibit chlorophyll synthesis, while malate and
succinate do not seem to function as catabolic repressors. Ethanol was also
shown to inhibit synthesis or activity of various other proteins of carbon fix-
ation pathway, light-harvesting antennae, and plastid housekeeping system
(Horrum & Schwartzbach, 1980; Monroy & Schwartzbach, 1984;
Schwartzbach, 2017). As a result, the cell performs the energetically expen-
sive switch to the autotrophic nutritional mode and develops mature plastids
only when carbon sources consumable by the relatively energetically cheap
glyoxylate pathway become unavailable.

The DNA replication in plastids can take place independently of the
nuclear DNA replication. However, the process of plastid greening and
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development is directed by the nucleus on the transcriptional and transla-
tional level. The proteosynthetic apparatus of the developing plastids
receives an external boost as its nucleus-encoded components (ribosomal
proteins and initiation and elongation factors) are upregulated by light, syn-
thesized in the cytoplasm, and transported into proplastids as well as other
nucleus-encoded plastid proteins (Bingham & Schiff, 1979; Bingham &
Shift, 1979; Egan & Carell, 1972; Fox et al., 1980; Kraus & Spremulli,
1988). The amounts of rRNA, tRINA, and other nucleic acids which are
fairly low in inactive proplastids increase up to threefold after illumination
(Egan & Carell, 1972). The plastid genes are expressed constitutively regard-
less of light or dark conditions and the light increases the transcriptional
activity but does not change the composition and ratio of the expressed
genes (Geimer et al., 2009).

Protochlorophyll and protochlorophyllide are phototransformable mol-
ecules which are believed to act as photoreceptors on the thylakoid mem-
branes of the developing plastids (perhaps in cooperation with a yet
unspecified photoreceptor specialized to blue light sensing). These precur-
sors are converted to chlorophyll and play a role in the initiation of de novo
chlorophyll synthesis (Egan, Dorsky, & Schift, 1975; Kirk, 1970; Stern,
Epstein, & Schift, 1964; Stern, Schift, & Epstein, 1964).

The proplastids start to grow in size and new thylakoids are formed by
the invagination of the innermost membrane and eventually start fusing and
stacking into lamellae (Ben-Shaul et al., 1966). Thylakoid formation and
chlorophyll synthesis are mutually dependent so the time dynamics of these
two processes are concurrent. This development starts soon after the induc-
tion by light but it progresses very slowly during the initial lag phase and sets
off rapidly after approximately 6 h. The length of the lag can be, however,
significantly modified by the adjustment of the light conditions, namely
preillumination. While the concentration of chlorophyll grows steadily,
the concentration of carotenoids remains more or less the same—the final
ratio between these two types of pigments is ca. 2.5:1 in the mature plastids
(Stern, Schiff, et al., 1964). The interconnected carbon fixation and oxygen
production start several hours after the plastid difterentiation induction and
grow rapidly after approximately 10 h. Around this time, the plastids swell
quickly gaining roughly three times the original mass and thylakoid amount.
It was noticed that the number of initial proplastids in E. gracilis 1s usually
around 30 per cell while the final number of mature plastids is around 10.
The logical deduction is that the proplastids actually form aggregates of three
and fuse around this time off the differentiation causing a significant leap in
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the plastids size and metabolic capacity. The process of the plastid maturation
is completed in about 72 h (Ben-Shaul et al., 1966).

A vast majority of proteins which are synthesized and inserted into thy-
lakoids during this process are coded in the nucleus and translated on cyto-
plasmic ribosomes—the gene expression is almost completely under the
control of the host cell (Bingham & Shiff, 1979), only a small number of
proteins are synthesized in the plastid (Schwartzbach & Schiff, 1974). These
gene products are imported into plastids based on their rather complex-
targeting signals.

The plastid protein import mechanism is much more complicated in
euglenophytes in comparison to plants and is far from clearly resolved to this
date. A schematic of the protein transport into euglenophyte plastid is shown
in Fig. 3. Plastid-targeted precursor proteins (preproteins) coded in nucleus
generally have an N-terminal signal peptide which is very similar to the clas-
sical signal peptide of proteins destined to the secretory pathway. The signal
peptide is supposedly recognized by the signal recognition particle right after
its translation and protrusion from the cytoplasmic ribosome and the rest of
the translation takes place on the rough ER and the nascent preprotein is
cotranslationally imported into the ER lumen. Subsequently, the signal pep-
tide 1s cleaved by a signal peptidase in the ER revealing the following part of
the signal whose amino acid composition is similar to that of a canonical
plant chloroplast-targeting signal, the so-called transit peptide: it is rich in
serine, threonine, and alanine; depleted in aspartic and glutamic acid; and
has a slight positive charge as a result. The length of the transit peptides is
quite variable and ranges from 36 to 135 amino acid residues in E. gracilis
(Durnford & Gray, 2006). The origin of these transit peptides could be
related to cis- and frans-splicing of short introns which were identified in
some of these sequences (Vesteg et al., 2010). In euglenophytes, nucleus-
encoded plastid preproteins can be divided into two classes based on the
presence or absence of the third, highly hydrophobic domain which follows
immediately after the transit peptide (Durnford & Gray, 2006) and acts as a
stop-transfer transmembrane anchor. Preproteins are transported from the
ER to the Golgi apparatus and they are either packed into a transport vesicle
(class IT) or anchored in its membrane (class I) with the transit peptide inside
and the rest of the protein protruding into the cytoplasm (Durnford & Gray,
2006; Sulli, Fang, Muchhal, & Schwartzbach, 1999; Sulli & Schwartzbach,
1996). Vesicles from Golgi fuse with the outermost plastid membrane by a
yet unknown mechanism. This process is resistant to N-ethylmaleimide that
interacts with the N-ethylmaleimide-sensitive factor (NSF) and inhibits
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Fig. 3 Schematic of the plastid protein import pathway in euglenophytes. Nuclear-
encoded plastid-targeted proteins are cotranslationally transported into the ER by
the same mechanism as proteins destined into the secretory pathway based on their
signal peptide (SP). They are either completely inserted into the ER lumen or remain
anchored in its membrane by a hydrophobic stop-transfer signal (STS). Their SPs are
cleaved by the signal peptidase (SiP) in the ER lumen. They pass through Golgi and
are loaded onto vesicles which then fuse with the outermost plastid membrane via
an unknown, SNARE-independent mechanism. Proteins destined to plastid stroma or
thylakoids pass the remaining two membranes via transit peptide (TP)-dependent pro-
cess which is probably facilitated by plant TIC- and TOC-like complexes. In plastid
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soluble NSF attachment protein receptor (SNARE)-dependent membrane
fusion. This suggests that SNAREs are not utilized in the vesicular transport
of plastid preproteins (Slavikova et al., 2005). After reaching the inter-
membrane space between the outermost and the middle plastid membrane,
the transit peptide is apparently recognized by a yet unknown receptor and
the preprotein is pulled through the inner two membranes, most probably
by a system homologous to the TOC/TIC (translocons at the outer/inner
envelope membrane of chloroplasts) machinery which is present in primary
plastids of plants (Shi & Theg, 2013) and generally conserved (albeit reduced
in the number of subunits) among other secondary plastids (Maier et al.,
2015; Sheiner & Striepen, 2013). The transit peptides of euglenid plastid
proteins were repeatedly demonstrated to function in heterologous system
and successfully direct the protein into plant plastid both in vitro and
in vivo (Inagaki, Fujita, Hase, & Yamamoto, 2000; Shashidhara, Limsli,
Shackletonii, Robinsonii, & Smith, 1992; Slavikova et al., 2005). These
results suggest the presence of a TOC/TIC-like machinery in euglenophyte
plastids. However, no direct proof of existence of these protein complexes in
euglenophytes was brought to this date.

The transit peptide is presumably cleaved by stromal processing peptidase
and the protein assumes its native conformation with the help of putative
translocase-associated and stromal chaperones (Maier et al., 2015; Shi &
Theg, 2013). Proteins destined to the thylakoid membrane or lumen are
supposedly further sorted based on their additional signals (N-terminal,
C-terminal, or internal) and inserted into thylakoids by specialized import
pathways known from primary plastids such as the Sec-dependent pathway
or the twin-arginine translocation pathway (Jarvis & Robinson, 2004).

The transcription of genes encoded in the plastid genome was observed
to take place constitutively with practically all genes including several
unknown ORFs and pseudogenes being expressed and present as mRINAs
in the plastid, albeit in very low concentration. The transcripts sometimes
form very large and relatively stable polycistronic units which are subse-
quently subjected to extensive posttranscriptional modifications. The plastid

stroma, the TPs are cleaved by the stromal processing peptidase (SPP) and the proteins
are sorted into their final localization (stroma, thylakoid membrane, or thylakoid lumen)
and folded to their mature conformation. Proteins destined to thylakoid lumen are
transported based on their lumen-targeting domains (LTD) which are then cleaved
by the thylakoid-processing peptidase (TPP). Proteins of the plastid envelope are
inserted into their target membrane via an unknown mechanism or spontaneously.
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gene expression does not react to environmental stimuli in terms of quality
but rather on quantitative level. Moreover, some genes seem to have very
short turnover and to be expressed only to be degraded very quickly. In sum-
mary, regulation of the gene expression in euglenophyte plastid might be
taking place predominantly on the level of posttranscriptional RNA
processing and/or translation rather than transcription (Geimer et al.,
2009; Thompson et al., 1995). A small portion of plastid transcripts was
shown to have polyadenylated 3'-ends in E. gracilis. The low ratios of
polyadenylated vs nonpolyadenylated RINAs (only 1/350 to 1/100,000)
suggest that the polyadenylation serves as a signal for exonucleolytic degra-
dation as it does 1n the case of primary plastids (Zahonova et al., 2014).

6. PLASTID METABOLISM: A FACTORY WITH
REDUNDANT PRODUCTION LINES

In this chapter, findings on biosynthetic pathways in euglenophyte
plastid will be briefly summarized with focus on their potentially unique
characteristics and differences from other groups which are interesting from
evolutionary point of view. Almost all studies cited in this section were per-
formed on the model euglenophyte E. gracilis, and generalizations based on
them should be taken with a grain of salt.

Photosynthetic apparatus of the E. gracilis plastid is comparable to that of
green algae and plants in regard to the function and architecture. Photosyn-
thesis 1s a subject of tight regulation by light (Yoshida et al., 2016) and it
reacts negatively to both extremes in light conditions as the photosynthetic
activity is inhibited or even completely compromised by both darkness
and the excessive illumination by visible or UV light (Richter, Helbling,
Streb, & Hader, 2007). Additionally, the photosynthetic capacity of E.
gracilis 1s affected by salinity (Gonzalez-Moreno, Gomez-Barrera, Perales,
& Moreno-Sanchez, 1997) and other ion concentrations (Ferroni,
Baldisserotto, Fasulo, Pagnoni, & Pancaldi, 2004; Krajcovi¢ et al., 2015).

E. gracilis synthesizes chlorophylls a and b via the standard plastid-localized
pathway from aminolevulinic acid. There are several spectroscopically distin-
guishable precursor forms of chlorophylls (i.e. protochlorophyll, proto-
chlorophyllide, and phytyl-protochlorophyllide), and developing plastids
especially contain these precursors to a great extent, and their ratio, dynamics,
and interconversions are believed to play a major role in regulation of
biosynthesis of chlorophyll and possibly other compounds (Kirk, 1970).
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For example, protochlorophyllide has been shown to inhibit further steps in
chlorophyll biosynthesis until its light-induced conversion (Schwartzbach,
Schiff, & Goldstein, 1975).

Aminolevulinic acid can be synthesized in two ways: through the C5
pathway from glutamate or through the C4 (Shemin) pathway from glycine
and succinyl-CoA; most organisms utilize only one of these pathways. In
E. gracilis, aminolevulinic acid was proven to be synthesized via the C5
pathway and for some time the organism was thought to lack the C4 path-
way (Gomez-Silva, Timko, & Schiff, 1985). However, the situation was
recently shown to be more complex as two pathways for the synthesis
of aminolevulinic acid followed by the synthesis of haem have been
predicted in Euglena. One pathway is predicted to be partially localized
in either the cytosol or mitochondrion to produce haem for mitochondria.
This pathway utilizes aminolevulinic acid synthesized in the C4 pathway.
Another pathway is localized in the plastid to produce chlorophyll and it
utilizes aminolevulinic acid synthesized in the C5 pathway (Koreny &
Obornik, 2011).

Carotenoid synthesis seems to be linked to chlorophyll production and it
was even hypothesized that one could be synthesized from another due to
the observed reciprocal proportion of these two types of pigments
(Wolken & Mellon, 1956). The regulation of biosynthesis of carotenoids
and chlorophyll indeed seems to be tuned and subjected to reciprocal feed-
back but the exact mechanism of it remains unclear. Major E. gracilis carot-
enoids are antheraxanthin (more than 80%), B-carotene (11%), and
neoxanthin (7%), which represent 99% of total carotenoids. Minor caroten-
oids include cryptoxanthin, y-carotene, {-carotene, echinenone, hydro-
xyechinenone, and its derivate canthaxanthin (also termed euglenanone
in older literature as it was believed to be unique to euglenids)
(Krinsky & Goldsmith, 1960). The first metabolite in carotenoid synthesis
pathway is geranylgeranyl diphosphate (GGPP) which is synthesized in
putatively plastidal methylerythritol phosphate/deoxyxylulose phosphate
(MEP/DOXP) pathway—as opposed to the GGPP synthesized in mito-
chondrial mevalonate pathway which is used for the synthesis of phytols
and sterols in E. gracilis. Therefore, there are two distinct GGPP pools in
E. gracilis and carotenoids and phytols are synthesized by independent path-
ways (Kim, Filtz, & Proteau, 2004).

A variety of terpenoids are synthesized in the E. gracilis plastid: plastoqui-
none, o-tocopherol, a-tocopherolquinone, phytylquinone, nonaprenyl,
octaprenyl, nonaprenyl toluquinone, octaprenyl toluquinone, and phytyl
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pyrophosphate (Griffiths, Threlfall, & Goodwin, 1967; Thomas &
Threlfall, 1974). Their production is not directly linked to photosynthesis
but it is light dependent; terpenoid formation is mostly inhibited in dark-
grown cultures as opposed to ubiquinone which is synthesized in mito-
chondrion and whose production level does not correlate with difterent
light conditions (Griffiths et al., 1967). Polyprenylation/phytylation or
nonoxidative decarboxylation of homogentisate were proposed as a
mechanism of this reaction (Thomas & Threlfall, 1974). Tocopherols
(compounds collectively termed as vitamin E) are present in all E. gracilis
cell fractions including plastids where 97% of their bulk is represented
by a-tocopherol which is thought to be synthesized in situ from other
tocopherols which are transported from outside the plastid (Shigeoka,
Onishi, Nakano, & Kitaoka, 1986). This compound functions as a
protective agent against reactive oxygen species and its synthesis modula-
tion by various substrates and conditions was studied in the view of poten-
tial biotechnological or pharmaceutical application (Fujita, Aoyagi,
Ogbonna, & Tanaka, 2008; Fujita, Ogbonna, Tanaka, & Aoyagi, 2009).
Ascorbic acid (vitamin C) is also an important antioxidative protectant.
Remarkably, in E. gracilis it is synthesized by the alternative terminal
enzyme, L-galactonolactone dehydrogenase, instead of L-gulonolactone
oxidase which was lost multiple times and then replaced by an alternative
enzyme in multiple phototrophic lineages (Wheeler, Ishikawa, Pornsaksit,
& Smirnoft, 2015).

E. gracilis also synthesizes galactolipids (monogalactosyl and digalactosyl
diglycerides) and sulpholipids (mainly sulphoquinovosyl diglyceride) in its
plastid (Davies, Mercer, & Goodwin, 1966; Rosenberg & Gouaux, 1967,
Rosenberg, Gouaux, & Milch, 1966). Production of these lipids is linked
to the plastid development and thylakoid membrane amplification and is
modulated by light conditions—much higher amounts of these compounds
can be found in photosynthetically active cells in comparison to dark-grown
or bleached ones (Matson, Fei, & Chang, 1970). Interestingly and in contrast
to plants, monogalactosyl and digalactosyl diglycerides are probably synthe-
sized by two difterent enzymes in E. gracilis (Blee & Schantz, 1978). Addi-
tionally, the conversion from monogalactosyl to digalactosyl diglycerides is
not possible, and the ratio of these galactolipids is significantly skewed
towards digalactosyl diglycerides which are synthesized preferentially
(Matson et al., 1970). These lipids are essential for the thylakoid assembly
and growth, and some have been shown to be miscible with chlorophyll
and phytol, major nonprotein components of the thylakoid membranes
(Liljenberg & Selstam, 1980).



Euglenophytes 343

The major storage compound of euglenids is paramylon, a starch-like
polysaccharide, which forms granules of various morphologies in the cytosol
and can take up to 90% of the dry cell weight. The paramylon consists of an
unbranched, water-insoluble B-1,3-glucan which is rather unusual since
most eukaryotes generally synthesize o-glucans (or branched fB-1,4- or
B-1,6-glucans in case of fungi and some grains) (Barras & Stone, 1968;
Barsanti, Vismara, Passarelli, & Gualtieri, 2001; Dwyer & Smillie, 1971;
Monfils, Triemer, & Bellairs, 2011; éantek, Felski, Friehs, Lotz, &
Flaschel, 2010). The paramylon biogenesis occurs in all euglenids including
nonphotosynthetic species suggesting that it is not evolutionarily related to
plastid acquisition. In heterotrophic euglenids, the paramylon is synthesized
in mitochondrial prominences and mitochondrion-derived vesicles by the
gluconeogenesis pathway (Calvayrac & Briand, 1978). In photosynthetic
euglenophytes, the paramylon can be synthesized by both the original mito-
chondrial pathway and during carbon fixation in pyrenoids of plastids. The
close association of plastid and mitochondrion and the eccentrical flow of
vesicles derived presumably from both organelles have been observed during
the paramylon biogenesis (Calvayrac, Laval-Martin, Briand, & Farineau,
1981). This functional connection of the two organelles is remarkable
and can be a potential source of unusual molecular phenomena regarding
exchange of metabolites and possibly other compounds. The other major
storage compounds of euglenids are wax esters which are not synthesized
in plastid (Inui, Miyatake, Nakano, & Kitaoka, 1982; Koritala, 1989;
Schneider & Betz, 1985) but whose production is linked to the production
of paramylon, since interconversions between these two storage molecules
occur regularly and their balance shifts in reaction to light and oxygen avail-
ability: in aerobic conditions, the cell preferentially accumulates paramylon;
in anaerobic conditions, the wax ester accumulation is more significant
(Barras & Stone, 1968; Inui et al., 1982). Both of these compounds are
potentially usable in biotechnology, agriculture, nutrition, and even cancer
prevention (Karaca et al., 2014; Krajcovic et al., 2015; Kuda, Enomoto, &
Yano, 2009; Rodriguez-Zavala, Ortiz-Cruz, Mendoza-Hernandez, &
Moreno-Sanchez, 2010; Sugiyama et al., 2009; Watanabe et al., 2013).

7. SECONDARY OSMOTROPHY AND PLASTID
BLEACHING: PLASTIDS THAT FORGOT HOW TO
PLASTID

Secondarily osmotrophic euglenids represent euglenophytes which
have lost their photosynthetic pigments and the ability to perform
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photosynthesis. There are at least five species of euglenophytes that have lost
the photosynthesis independently (Marin, 2004; Marin, Palm, Klingberg, &
Melkonian, 2003). It is a matter of a debate whether some of these
euglenophytes such as Euglena quartana (previously Khawkinea quartana) or
Phacus ocellatus (previously Hyalophacus ocellatus) have lost the plastid com-
partments completely or whether they still contain residual plastids with
genomes (Marin, 2004). However, the best-studied secondary osmotroph
is E. longa, a close relative of photosynthetic E. gracilis (Mullner, Angeler,
Samuel, Linton, & Triemer, 2001), which contains a plastid with a genome
(Gockel & Hachtel, 2000).

The circular 73kb plastid genome of E. longa 1s about half the size of a
plastid genome of E. gracilis and it carries 57 protein-coding genes (Gockel &
Hachtel, 2000)—housekeeping genes responsible for transcription and
translation (rm, rpl, 1ps, rpo, and tuf genes), tRINA genes, and several ORFs
and genes with unknown function (orf and y¢f genes). Transcripts and pro-
teins of various genes, including Rubisco large subunit gene (rbcL), have
been found suggesting that the E. longa plastid possesses functional transcrip-
tion and translation machinery (Gockel & Hachtel, 2000; Sheveleva &
Hallick, 2004; Zahonova et al., 2016). It was recently shown that an intact
plastid genome is essential for E. longa growth (Hadariova, Vesteg, Bircak,
Schwartzbach, & Krajcovic, 2017) but it remains a mystery which gene(s)
is/are indispensable for its survival (Gockel & Hachtel, 2000; Hadariova
etal., 2017). The photosynthesis-related genes (photosystems I and II, cyto-
chrome b6f complex, ATP-synthase) have disappeared from the E. longa
plastid genome with the exception of rbcL (Gockel & Hachtel, 2000). Both
tbcL and nucleus-encoded RbcS genes are translated but their abundance in
cells is very low. Protein sequences of E. longa rbcL and RbcS are highly diver-
gent compared to their homologues in the photosynthetic relatives,
suggesting that the Rubisco enzyme of E. longa probably has an unusual
tunction, if any (Zahonova et al.,, 2016). Some other nonphotosynthetic
organisms retain rbcL genes in their plastid genomes and it is hypothesized
that these RbcL proteins may either act as oxygenases, be involved in glycine
and serine biosynthesis, be required for an alternative lipid biosynthesis path-
way (Schwender, Goftman, Ohlrogge, & Shachar-Hill, 2004), or perform
another wunidentified function (Sanchez-Puerta, Lippmeier, Apt, &
Delwiche, 2007; Wolfe & dePamphilis, 1998; Zahonova et al., 2016).

E. longa lacks the eyespot and the paraflagellar swelling, but apart from
that, the cell is indistinguishable from bleached mutants of E. gracilis under
light microscopy, and thus it was formerly viewed as a naturally bleached
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form of E. gracilis (Bodyt, 1996). Bleaching of E. gracilis is an irreversible pro-
cess inducible by antibiotics, UV light, high pressure, heat, mutagens, or car-
cinogens (Krajcovic¢, Ebringer, & Schwartzbach, 2001). In E. gracilis, various
morphological and ultrastructural changes can be observed during
bleaching. During the switching from autotrophy to heterotrophy, the
plastids and plastid DNA are degraded and the colour of the culture
changes from green to white (or slightly orange or pink depending on
the presence of carotenoids). The bleaching level depends on several
factors—pH, content of phosphate in the medium, or the age of the cul-
ture. It is possible to reach 100% plastid bleaching in some cases (Cook,
Harris, & Nachtwey, 1974; Krajcovic, Ebringer, & Polonyi, 1989). Spon-
taneous bleaching in E. gracilis was observed as early as in 1912 by Ternetz
and streptomycin was the first defined agent for controlled bleaching of all
cells in a population. In 1961, Ebringer widened a list of bleaching agents
by adding erythromycin and some other macrolide antibiotics (Krajcovic
et al., 2001).

There are various types of antibacterial drugs with different modes of
action. Some of them act as inhibitors of bacterial DNA synthesis (e.g. mito-
mycin or anthramycin) while the ones with aminohexose molecular struc-
ture function as inhibitors of bacterial as well as plastidal protein synthesis
(e.g. kanamycin, pactamycin, or neomycin). Their irreversible eftect on
E. gracilis was observed in the past (Ebringer, 1972). Perhaps the most effec-
tive eliminators of E. gracilis plastids are quinolone antibiotics (inhibitors of
bacterial DNA gyrase), especially their new derivatives—fluoroquinolones
(Krajcovic et al., 1989). Various ultrastructural and plastid DNA changes
occur when different bleaching agents are used (Krajcovic et al., 2001).

For example, the quinolones, but also nitrosoguanidine and
furylfuramide, reduce the number of thylakoids and destroy plastids
(Polonyi, Ebringer, Krajcovic, & Kapeller, 1990). The plastid DNA degra-
dation has been observed in all bleached E. gracilis cultures. Conkling,
Thomas, and Ortiz (1993) noticed a gradual loss of cpDNA and the study
of Krajcovic et al. (1999) has demonstrated a structural rearrangement of
cpDNA in E. gracilis cells bleached by elevated temperature. Recently, it
was shown that the plastid gene rpl16 invariably persists in E. gracilis strain
Z bleached in the long-term by ofloxacin (DNA gyrase inhibitor) or strep-
tomycin (bacterial protein synthesis inhibitor) (Hadariova et al., 2017),
which suggested that this gene was retained presumably due to its position
on the cpDNA being close to the replication origin (Hadariova etal., 2017).
A difterent gene, 16S rRINA, has been retained in E. gracilis FACHB47 strain
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treated with the same antibiotics (Wang, Shi, & Xu, 2004). It has been
reported that plastid transcripts are reduced after treating by wvarious
bleaching agents—UV light, temperature, and antibiotics (Geimer
et al., 2009).

In the past decades, several stable white mutants derived from E. gracilis
have been characterized (Polonyi, Ebringer, Dobias, & Krajcovic, 1998;
Schift, Lyman, & Russell, 1971). W;BUL mutant was induced with UV
irradiation of E. gracilis var. bacillaris strain (Schift et al., 1971). It contains
plastid remnants (Heizmann, Salvador, & Nigon, 1976; Osafune & Schiff,
1980a; Osafune, Schift, & Hase, 1987; Parthier & Neumann, 1977) and a
specific type of sulpholipid in its thylakoid membranes (Saidha & Schift,
1989). The treatment of E. gracilis var. bacillaris with streptomycin produced
another mutant strain, W,;,BSmL. In contrast to 1W;BUL, W,oBSmL con-
tains neither the eyespot (Osafune & Schift, 1980b), carotenoids (Fong &
Schift, 1979), and sulpholipids (Saidha & Schiff, 1989), nor the plastid res-
idues (Osafune & Schiff, 1983). The W, ZOfIL mutant was derived from
E. gracilis strain Z by treatment with an ofloxacin derivative (Polonyi
et al., 1998). The common features of W, ZOfIL and W;BUL mutants
include the presence of the eyespot and carotenoids. The giant mitochondria
were described in W, ZOfIL in the past (Polonyi et al., 1998) but current
microscopic observations suggest that IV, ZOfIL mutant does not possess
mitochondria of such form anymore (personal experiences). The level of
the plastid genome degradation, i.e., plastid genes presence/absence of
the nonphotosynthetic mutants of E. gracilis, is still unknown but they prob-
ably lack most of the, if not all, plastid genes (unpublished data).

The bleaching of E. gracilis induced by fluoroquinolone ofloxacin has
been shown to be useful in the investigation of potential antimutagens such
as flavonoids (Krizkova, Nagy, Polonyi, & Ebringer, 1998) and antioxidants
as ascorbic acid, sodium selenite, and many others (Ebringer et al., 1996;
Kogan et al, 2004; Krizkova, Durackova, éandula, Sasinkova, &
Krajcovic, 2001; Krizkova, Mucaji, Nagy, & Krajcovic, 2004; Krizkova
et al., 2006). Ciprofloxacin, besides the effective bleaching of E. gracilis, also
causes a suppression of the rudimentary plastid (apicoplast) genome replica-
tion in a parasite Toxoplasma gondii (Roos & Fichera, 1997). Various other
quinolones have been demonstrated as useful inhibitors of a malaria-causing
apicomplexan Plasmodium falciparum (Mahmoudi et al., 2003). Thus,
E. gracilis plastid bleaching may also have practical implications. The research
of the plastid genome degradation in bleached E. gracilis may represent a suit-
able tool for the development of new drugs harmless to humans and
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successful in fighting apicomplexan parasites that cause millions of fatal dis-
ease cases in the third-world countries annually (Krajcovic et al., 2001).

8. CONCLUSIONS

Euglenophytes are a group of phototrophic protists which have been
discovered as early as at the end of 17th century. During the last century,
their biochemistry and ultrastructure were inspected to a great detail. How-
ever, there are still many missing pieces in the puzzle of their molecular biol-
ogy, genetics, and phylogenetics as some of the methods crucial for these
disciplines became widely available only recently and others are still quite
limited because of the missing genomic data and insufficient means for
genetic transformation. These hurdles are, however, very much worth over-
coming because photosynthetic euglenids are potentially very useful models
for both applied and basic research. From the applied point of view, they
represent easily and environment-friendly cultivated microalgae capable
of synthesizing various compounds usable in the production of biofuels
and other lipid-based technological materials as well as nutritional and phar-
maceutical products. From the basic point of view, they are one of the key
groups to understand secondary endosymbioses, establishment and reduc-
tion of organelles and evolutionary processes taking part therein. Findings
concerning euglenid molecular biology, genetics, and genomics can help
to illuminate the evolution of excavates and, by extension, of eukaryotes
as whole.
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