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Chromera velia heme pathway localization 

Ji tka Richtová 

Facul ty of Sc ience , Un ivers i ty of Sou th B o h e m i a ; Inst i tute of Paras i to logy , B io logy cen te r ASCR, České 

Budějov ice, Czech Repub l i c . 

Abstract: 

Chromera velia, an a lveo la te alga w i t h comp lex , r h o d o p h y t e - d e r i v e d p las t id , is l iv ing p roo f of t he 

pho tosyn the t i c h is tory of a p i c o m p l e x a n paras i tes, w h i c h inc lude severe pa thogens such 

as Plasmodium falciparum, t h e causat ive agent of ma la r ia . The re fo re , Chromera is a per fec t ob jec t to 

s tudy the me tabo l i c t rans i t i on f r o m p h o t o t r o p h y to paras i t i sm. O n e of t he mos t f u n d a m e n t a l 

me tabo l i c p rocesses fo r l iv ing o rgan isms is h e m e b iosynthes is . The f inal p roduc t , h e m e , has a crucia l 

f unc t i on in m a n y me tabo l i c p rocesses , such as e lec t ron and gas t rans fer . Intracel lu lar loca l iza t ion of 

par t icu lar s teps of h e m e b iosynthes is di f fers a m o n g var ious o rgan isms . This is par t ia l ly caused by the 

o rgan ism 's evo lu t i ona ry h istory, t h e n e e d fo r t h e t ight regu la t ion of t he synthes is , and t h e d e m a n d fo r 

f ina l p roduc ts in t h e cel l c o m p a r t m e n t . This thes is a i m e d to descr ibe C. velia as an o rgan ism of in terest 

in t h e perspec t i ve of its h e m e p a t h w a y loca l i za t ion . 



1. Introduction (A way to the discovery of Chromera velia) 

The phy lum A p i c o m p l e x a conta ins causat ive agents of many human and l ivestock d iseases. A m o n g the 

most p rom inen t m e m b e r s are Plasmodium falciparum and Toxoplasma gondii, inf l ict ing malar ia and 

toxop lasmos is , respect ively. The related e c o n o m i c impor tance of this g roup evoked scient i f ic focus, and 

ap i comp lexan parasi tes (Sporozoa; A p i c o m p l e x a ; Cava l ie r -Smi th , 2018) became a very intensively 

s tud ied group of prot ists. 

In 1975 Kilejian et al . descr ibed a c i rcular 35kb long e x t r a c h r o m o s o m a l D N A in Plasmodium lophurae 

(malar ial parasi te of ducks) (Kilejian, 1975). The or ig inal p resumpt ion supposed that this D N A w o u l d 

be long to parasi te m i tochondr ia (Kilejian, 1975 ; W i l l i amson et al . , 1985 ; Ga rdne r et al. , 1988); however , 

that changed soon after the l inear 6kb mo lecu le of D N A e n c o d i n g classical m i tochondr ia l genes was 

found (Suplick et al. , 1988; A ldr i t t et al. , 1989; Va idya et al . , 1989; Feagin, 1992). The e x t r a c h r o m o s o m a l 

D N A circ le, later descr ibed also in T. gondii (Borst et al. , 1984), d isp layed procaryot ic ancest ry . Stil l , the 

genes we re c loser to plast ids of plants and algae than expec ted A lphap ro teobac te r i a (Gardner et al. , 

1991b, 1991a, 1993, 1994). Finally, the comp le te g e n o m e sequence uncovered the plast id- l ike nature 

of the 35kb D N A circle (Wi lson et al. , 1996). This f ind ing, toge the r w i th its local izat ion to a mul t ip le -

m e m b r a n e bound c o m p a r t m e n t ( M c F a d d e n et al . , 1996; Köhler et al . , 1997), led to the conc lus ion that 

Spo rozoa (Caval ier -Smi th, 2018) possess a D N A bear ing organel le l ikely w i th pho tosyn the t i c history 

(Gardner et al. , 1991b) that was later t e r m e d "ap icop las t " ( f rom ap icomp lexan plast id, (Köhler et al. , 

1997)). Chas ing the ap icop las t a m o n g all spo rozoans (ap icomplexan parasites) fa i led on ly in s o m e 

gregar ines (Toso and O m o t o 2007) and Cryptosporidium (Zhu et al. , 2000) . Al l rema in ing m e m b e r s of 

this group we re found to possess this novel genome-con ta i n i ng organel le (Wal ler and M c F a d d e n , 2005 ; 

M c F a d d e n and Yeh , 2017) . Ana lyses of all ap icop las t g e n o m e s suppor t the i r s ingle-or ig in and a stable 

evo lu t ionary state, l ikely before the d ivers i f icat ion of Spo rozoa . The n u m b e r of ap icop las t m e m b r a n e s 

was con ten t ious init ially ( M c F a d d e n , 2011) . The increas ing n u m b e r of h igh-qual i ty p ic tures s h o w e d a 

var iable number of ap icop las t m e m b r a n e s that span f rom t w o to four w i th in the same organe l le . 

M e m b r a n e pockets and rol led loops of m e m b r a n e s fo rm ing inner m e m b r a n e comp lexes we re also 

desc r ibed (Köhler et al . , 2005 ; Hopk ins et al. , 1999 ; Lemgruber et al. , 2013) . The mu l t i -membrane 

packaging of the organel le goes hand in hand wi th comp lex endosymb ios i s . 

A n o t h e r quest ion was the origin of the ap icop las t in the green or red algae l ineage. This p rob lem was 

even more comp l i ca ted because the t rad i t iona l fea tures used to def ine plastid l ineages, such as 

p igments and photosyn thes is -assoc ia ted genes, are absent f r o m the ap icop las t (Wal ler and M c F a d d e n , 
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2005) . The c losest pho tosyn the t i c relat ives to Sporozoa (Caval ier -Smi th , 2018) at that t ime we re 

cons ide red d inof lagel la tes. However , the i r plast id g e n o m e consists sole ly of genes cod ing for 

photosynthes is - re la ted prote ins. These genes are highly d ivergent and un ique ly ar ranged on D N A 

minic i rc les (Zhang et al. , 1999 ; Barbrook and Howe , 2 0 0 0 ; Howe et al. , 2008) . There fo re , plastid 

g e n o m e s of d inof lagel la tes are vir tual ly incomparab le wi th that of nonpho tosyn the t i c spo rozoan 

plast ids (Janouškovec et al. , 2010) . The invest igat ion of the or igin of the ap icop las t took more than a 

decade dur ing wh ich the scient i f ic c o m m u n i t y once t ended to the " r e d " origin (Wi l l iamson et al. , 1994; 

M c F a d d e n and Wal le r , 1997; B lanchard and Hicks, 1999; Wa l l e r and M c F a d d e n , 2005) and o ther t ime 

to the " g r e e n " ancest ry (Köhler et al. , 1997; Dzierszinski et al. , 1999; Funes et al . , 2002) . Soon after 

ident i fy ing the apicoplast , M c F a d d e n and Wa l l e r (1997) p roposed that the pho tosyn the t i c ances to r of 

Spo rozoa was s imi lar to coral zooxanthe l lae , symbion ts f r om the group of d inof lagel la tes. There fo re , 

var ious scient i f ic g roups searched for a l iving pho tosyn the t i c ances to r of the ap icop las t con ta in ing 

parasi tes. The break through came in 2008 w h e n Rober t M o o r e and his co l leagues took samp les of a 

s tony cora l Plesiastrea versipora (Faviidae) f r om Sydney Harbour (Austral ia). By a set of me thods 

c o m m o n l y used to isolate d inof lagel la tes of the genus Symbiodinium (York Jr., 1986), they also get a 

unicel lu lar b rown ish o rgan ism later cal led Chromera velia ( M o o r e et al . , 2008 ; A p i c o m o n a d a , 

A p i c o m p l e x a ; Cava l ie r -Smi th , 2018). 

1.1. Morphology and ultrastructure 

The p redominan t f o r m of C. velia in cu l ture is a cocco id cell w i th a d iame te r of 5-7 u m ( M o o r e et al. , 

2008), d iv id ing by binary div is ion to f o r m au tosporang ia wi th 2-4 au tospores (Oborník et al. , 2011) . The 

cocco id cel l can undergo the t rans i t ion to rounded zoospo rang ium wi th up to 15 u m in d iameter , wh i ch 

later re leases highly mot i le , ova l -shaped zoospores having the m a x i m u m length and w id th of 7.3 and 

4.8 u m , respect ive ly . The hal lmark fea ture of C. velia's mot i le fo rms is the pair of f lagel la. Both are 

e m e r g i n g f rom the i r o w n sha l low pocket in the cell body. The anter ior f lage l lum is approx ima te to the 

size of the cell body, whi ls t the poster ior f lage l lum is 3-4 t imes longer (Wea the rby et al. , 2011) . 

Au tospo rang ia of C. velia can be enc losed by a vei l- l ike wal l that is remarkab ly th icker than s tandard 

cocco id cell wa l l , thus f o rm ing a rest ing cyst (Oborník et al . , 2 0 1 1 ; Oborn ík et al. , 2016) 

The C. velia cel l wal l consists main ly of ce l lu lose (Tortorel l i et al . , in press). The cell wal l is t ransparen t 

to let most of the light reach the plast id. By ex tend ing its lobes th rough the who le cel l , the plastid 

occup ies most of the cel l space. The con ten t of C. velia cel l var ies in response to the cur rent 

env i r onmen t ; there fo re , d i f ferent s torage granules and vacuo les can be found in the cel l . Chromera can 

accumu la te a high a m o u n t of t r iacy lg lycerols in lipid drop le ts wh ich it can use later as an energy source 
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(Tomčala et al. , 2017 ; Tomčala et al . , 2020) . One of the g rowth- l im i t ing factors in the ocean is n i t rogen ; 

there fo re , microa lgae use guan ine crystals (C5H5N5O) as a reservoir (Mojzeš et al. , 2020) . C. velia was 

found to possess a dynamic n u m b e r of guanine crystals chang ing accord ing to N con ten t in the supp l ied 

m e d i u m (Gonepogu et al . , unpub l i shed data). The intracel lu lar morpho logy of the C. velia f lagel lates is 

more or less the same as the cocco id cel ls, w i th all cr i t ical c o m p a r t m e n t s inc lud ing pho tosyn the t i c 

p last id. However , as thei r life span is relat ively shor t (descr ibed later in "Life cyc le") , they do not 

accumu la te energy in var ious c o m p a r t m e n t s as happens in cocco id cells du r ing the C. velia cu l t ivat ion 

(Tomčala et al . , 2017, G o n e p o g u , unpub l i shed data). 

The nucleus of C. velia is easi ly recognizable by its typ ica l eukaryot ic morpho logy and scat tered 

ch roma t i n . The nucleus is usual ly centra l ly located and measures up to 1 u m (Oborník et al . , 2011) . 

Direct FISH wi th t e lomer i c p robes es t ima ted the n u m b e r of c h r o m o s o m e s in the C. velia to be four 

(Vazač et al . , 2018) . The endop lasm ic re t icu lum and Golg i appara tus of C. velia look the same as in the 

major i ty of prot ists ( M o o r e et al . , 2008, Oborník et al . , 2011) . The C. velia plast id is su r rounded by four 

m e m b r a n e s , and its thy lakoids are organ ized in stacks of th ree ( M o o r e et al. , 2008 ; Oborn ík et al . , 2011 , 

Oborn ík and Lukeš 2015) . Even though many mic rographs of C. velia w e r e taken so far, no pyreno id or 

s imi lar s t ruc ture w e r e observed wi th in or nearby its plast id, cont rary to the second known ch romer i d , 

Vitrella brassicaformis (Oborník et al . , 2011 , Qu igg et al . , 2012, Oborn ík and Lukeš 2015) . M i t o c h o n d r i a 

are known to dynamica l ly change thei r shape by d is locat ion , fus ion , and f ission (Clarisse et al. , 2021) . In 

C. velia cocco id cel ls, m i tochondr ia are represen ted by severa l d o u b l e - m e m b r a n e d vesic les of var iable 

w id th and length and tubu lar cr istae inside (Oborník et al . , 2 0 1 1 ; Sharaf et al . , 2019a) . Cor t ica l a lveol i 

are c o m m o n ul t rastructura l fea tures of A lveo la ta , wh ich also give the group its name. These f la t tened 

vesic les are s i tuated just beneath the cell wa l l , and in Spo rozoa , they are vital for the i r mot i l i ty du r ing 

the host invasion process (Soldati et al. , 2004 ; G o u l d et al . , 2008) . A lveo l i are suppo r ted by a layer of 

m ic ro tubu les that s t rengthen the cell wal l (Mor r i sse t te and Sibley, 2002) . M i c ro tubu les are also present 

in mot i le fo rms of C. velia at the vic ini ty of the micropy le , whe re they f o r m a part of the pseudocono id 

(Oborník et al. , 2 0 1 1 ; Por tman et al. , 2014) . The micropy le is a smal l o p e n i n g in the cel l wal l (Votýpka et 

al . , 2017 ; Bartošová-Sojková et al. , 2015), and the pseudocono id is a f o r m of open cono id , a conserved 

spo rozoan e l emen t used to interact w i th host cell t oge the r w i th the assistance of o the r parts of the 

apical comp lex like m i c r o n e m e s and rhoptr ies (Kořený et al . , 2021) . The comp lex e n d o m e m b r a n e 

sys tem, occupy ing a s imi lar posi t ion as the m i c r o n e m e s and rhoptr ies of Sporozoa , was descr ibed in C. 

velia (Por tman et al. , 2014) . However , any t races of an apical comp lex have not been de tec ted in the 

second descr ibed ch romer id V. brassicaformis (Fussy et al . , 2017) . The not yet observed connec t i on 

be tween pseudocono id and anter io r f lage l lum by un ident i f ied f ibers was descr ibed in C. velia f lagel lates 

(Por tman et al. , 2014) . The exact func t ion of the apical comp lex mach inery in C. velia needs a fu r ther 
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deta i led invest igat ion. M i c ro tubu les are vital c o m p o n e n t s of all known eukaryot ic f lagel la, w i th no 

except ion in ch romer ids . The "9+2" m ic ro tubu le a r rangemen t in the f lage l lum a x o n e m e is one of the 

iconic s t ructures in cell b io logy (Ginger et al. , 2008) . This pat tern is also found in both f lagel la of C. velia 

mot i le stages (Oborník et al . , 2011 , Po r tman et al . , 2014) . 

Figure 1: Drawing of C. velia coccoid (A) and zoospore (B) cells. A) Nucleus (black and grey), endoplasmic 

reticulum (brown), Golgi (orange), mitochondria (light blue), vacuoles with guanine crystals (violet), lipid bodies 

(yellow), unspecified vacuoles (light green), centrioles (red), cortical alveoli with an underlying microtubular 

corset (black). B) Nucleus (black and grey), endoplasmic reticulum (brown), Golgi (orange), mitochondria (light 

blue), unspecified vacuoles (light green), pseudoconoid microtubules (red), anterior endomembrane system 

(dark blue). This drawing is based on the following works: (Moore et al., 2008; Oborník et al., 2011; Weatherby 

et al., 2011; Portman et al., 2014; Oborník et al., 2016; Tomčala et al., 2017; Mojzeš et al., 2020; Gonepogu 

unpublished data). 

In the or iginal T E M descr ip t ion ( M o o r e et al. , 2008), a dist inct ive light grey ova l -shaped c o m p a r t m e n t 

w i th centra l ly located f ibe r -shaped s t ruc tures was d e n o t e d as the m i t ochond r i on . However , this vesic le 

was later ass igned as a novel s t ructure cal led " c h r o m e r o s o m e " wi th so far not unders tand func t ion 

(Oborník et al. , 2011) . The c h r o m e r o s o m e was shown as a s t ruc ture wi th a dynamic d e v e l o p m e n t : it 

starts as a c i rcular vesicle of the homogenous l y t ransparen t l umen , the shape later e longates, and t w o 

dist inct ive poles connec ted th rough a set of f ibers appear . A t its advanced stage, the c h r o m e r o s o m e 
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takes abou t half of the cell space, f o rm ing a bu lbous part f i l led wi th severa l d i f ferent vesicles and a 

p rominen t rod-l ike pro ject ion reach ing the oppos i te s ide of the cel l . The s t ructure of this appearance 

resembles e jec t i some of c r y p t o m o n a d s or even ex t rusomes and t r ichocysts of co lpode l l ids and 

d inof lagel la tes, respect ive ly (Oborník et al . , 2011). As men t i oned above , the func t ion of the 

c h r o m e r o s o m e is obscu re . It w o u l d need cons is tent wo rk to f ind wha t cond i t ions lead C. velia to f o rm 

such a large and comp l i ca ted s t ructure w i th an undoub ted l y impor tan t func t ion . 

1.2. Evolutionary origin, phylogenetic position 

W h e n C. velia was in t roduced to the scient i f ic commun i t y , the cur rent ly used eukaryot ic t ree of life 

cons is ted of 5-6 superg roups : Excavata, A rcheap las t ida (or Plantae), Un ikonts (or separate ly : 

Op is thokon ta and A m o e b o z o a ) , Ch roma lveo la ta , and Rhizaria (Baldauf, 2003 ; S impson and Roger, 2004 ; 

Ad l et al. , 2 0 0 5 ; Keel ing et al . , 2005) that we re build up on mo lecu la r phy logenet ic ev idence c o m b i n e d 

wi th der ived cel l -b io logical fea tures . However , it suf fered f r o m l imi ted amoun ts of unicel lu lar 

eukaryo tes divers i ty (Pat terson, 1999). In 2007, Burki et al . p resented a phy logenet ic s tudy based on a 

large dataset c o m b i n i n g over 29 .000 a m i n o acid posi t ions wi th extensive taxa samp l ing (49 main ly 

unicel lu lar species) . They p roposed a new superg roup by uni t ing S t ramenoph i les , A lveo la ta (already 

present w i th in Chromalevo la ta ) , and Rhizar ia, cal led "SAR. " The SAR group b e c o m e a h o m e for C. velia. 

The initial es t imate of the evo lu t ionary posi t ion of C. velia was s h o w n in the descr ip t ion art ic le ( M o o r e 

et al . , 2008) . It was based on nuclear and plastid phy logenies using nuc lear LSU and SSU rDNA, plast id 

LSU and SSU rDNA, and PsbA (pho tosys tem II prote in D1). Phy logenet ic analyses of nuc lear rDNAs reveal 

a c lose re lat ionship be tween C. velia, co lpode l l ids , and spo rozoans . This re la t ionship was also con f i rmed 

by plastid rDNA, w h e r e C. velia plastid b ranched at the root of the ap icop las ts . Phy logenet ic analyses 

based on plastid rDNA exc luded sequences f r om per id in in -p igmented plast ids of d inof lagel la tes because 

of the i r high d ivergency. The psbA gene set lacks all ap icop las t bear ing taxons as the psbA gene is not 

present in the i r g e n o m e . The resul t ing phy logenet ic t ree s h o w e d C. velia as a relat ive of per id in in 

d inof lagel la te plast ids. Dinof lagel la tes, so far known to hold a posi t ion of the c losest pho tosyn the t i c 

relat ives of spo rozoans in the eukaryo t ic t ree of life, we re de th roned , and Chromera took p lace. This 

phy logenet ic posi t ion was later s t reng thened by analyses of g lycera ldehyde 3 -phosphate 

dehyd rogenase (GAPDH) am ino acid sequences (p last id- targeted and cytosol ic para logues, Oborník et 

al . , 2009). Janouškovec et al . , 2010 ana lyzed comp le te plast id g e n o m e sequences and s h o w e d t rees 

c o m p u t e d f r o m a c o m b i n e d dataset of e ight nuc lear genes. A lso , a new ch romer i d Vitrella 

brassicaformis (Oborník et al . , 2012), h idden under the code C C M P 3155 , appeared for the f irst t ime . 
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This extensive wo rk aff i rms C. velia as a pho tosyn the t i c a lveolate ful f i l l ing the phy logenet ic gap be tween 

spo rozoans and d inof lagel la tes. 

E x c a v a t e s 

Figure 2: Diversity of eukaryotic phototrophs. Apicomonada and Sporozoa, where C. velia and T. gondii, 

respectively, are present, are highlighted by grey. The figure was adapted from the original in Oborník (2019), 

according to Cavalier-Smith (2018). 

Phy logenet ic t rees we re not the only ev idence that f i rmly set t les C. velia w i th in the SAR group. 

Add i t i ona l fea tures link plastid of Chromera once wi th thei r pho tosyn the t i c and the o ther t ime wi th 

parasi t ic SAR relat ives. Start ing f r om the edge, the Chromera plast id is su r rounded by four m e m b r a n e s 

suggest ing that this organel le or ig inates f r o m a comp lex endosymb ios i s ( M o o r e et al . , 2008) . In contrast , 
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per id in in -p igmented plastids of d inof lagel la tes are bounded by th ree m e m b r a n e s (Caval ier -Smi th, 

2000) . The ap icop las t of P. falciparum possesses four m e m b r a n e s enve lop (Lemgruber et al . , 2013), the 

plast id of T. gondii was p roposed to be bounded by a l ter ing t w o to four m e m b r a n e s (Köhler, 2005) . C. 

velia thy lako id m e m b r a n e s , w h e r e the l igh t -dependent react ion of photosynthes is occurs , are organ ized 

in stacks of th ree or more ( M o o r e et al. , 2008), s imi lar to per id in in -p igmented d inof lagel la tes and 

s t ramenop i les (Schnepf, 1999, Bína et al . , 2016) . The p igments , wh ich C. velia thy lako id uses to absorb 

the energy f r om the sun, are ch lorophy l l a, v io laxanth in , a novel ca ro teno id ( fucoxanth in isomer) , and 

ß, ß ca ro tene as a m inor c o m p o n e n t ( M o o r e et al. , 2008). The absence of ch lo rophy l l c is unexpec ted 

as this p igment is c o m m o n l y found in a lmost all rhodophy te -de r i ved plastids, except eus t igmatophy tes . 

This unusual p igmenta t ion wi th in the SAR group can be exp la ined by the ter t iary endosymb io t i c or igin 

of ch romer id plastid (Füssy et al. , 2018 ; Oborník 2020 ; Oborník and Lukeš, 2013) . M o s t pho tosyn the t i c 

o rgan isms use the codon U G G to encode t r yp tophan in the p las t id -encoded prote ins. However , C. velia 

uses U G A , usual ly used as a s top c o d o n , to code for t r yp tophan . Such a s top codon reass ignment has 

been repor ted in var ious m i tochondr ia and nonpho tosyn the t i c plast ids of cocc id ians ( M o o r e et al. , 

2008 ; Oborník and Lukeš, 2015 ; Su et al. , 2019) . Al l pho tosyn the t i c eukaryo tes , excep t d inof lagel la tes, 

use p las t id -encoded Rubisco I f o r m to fix the a tmospher i c carbon to energy- r ich mo lecu les . In contrast , 

d inof lagel la tes use nuc leus -encoded or ig inal ly bacter ia l Rubisco f o r m II, and so does the Chromera 

(Janouškovec et al . , 2010) . A n o t h e r pecul iar i ty known f r o m dinof lagel la tes is po lyur idy ly la t ion of 

t ranscr ip ts 3' e n d . This f o rm of p rocess ing was also shown in C. velia (Janouškovec et al. , 2010). Al l red 

a lga l -der ived plast ids are uni ted by the presence of the r ibosomal supe rope ron , t races of wh ich are also 

found in Chromera (Janouškovec et al . , 2010). 

In 2008, w h e n C. velia was desc r ibed , the t ree of life main ly resul ted f r om phy logenet ics based on single 

or f e w gene analyses in comb ina t i on w i th bio logical fea tures . The ut i l izat ion of next -generat ion 

sequenc ing techn iques enab led the avai labi l i ty of comp le te genomes of d i f ferent o rgan isms (Behjati 

and Patr icks, 2013) . M o r e o v e r , g e n o m e ampl i f icat ion pe r fo rmed on a single cel l revealed many 

unknown prot ists h idden in oceans (Sieracki et al . , 2019) . W e are n o w fac ing a new p h e n o m e n o n : for 

many organ isms, the comp le te g e n o m e can be known, whi ls t the cell mo rpho logy can be ent i re ly 

unknown (Burki et al . , 2020) . Chromera velia is, toge ther w i th V. brassicaformis and co lpode l l ids , part 

of the class A p i c o m o n a d e a , a sister g roup of Sporozoa f o rm ing myzozoan in f raphy lum A p i c o m p l e x a 

(Caval ier -Smi th , 2018) . The impor tance of C. velia, or ch romer ids in genera l , lies in l inking o rgan isms 

wi th cur rent ly d i f ferent t roph ic strategies and be ing thus a per fect too l to study re lated changes in 

cel lu lar me tabo l i sm. 
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1.3. Environment and life cycle 

Chromera velia was isolated by the m e t h o d c o m m o n l y used to isolate intracel lu lar symb ion ts of corals. 

There fo re , it was p resented as a "co ra l -assoc ia ted" alga ( M o o r e et al . , 2008) . Soon it was found as an 

o rgan ism that is fas t -g rowing and easi ly ma in ta ined in a s tandard art i f icial seawate r m e d i u m (f/2 or 

Gui l lard med ium) known to keep var ious coasta l mar ine phy top lank ton , espec ia l ly d ia toms (Gui l lard et 

al . , 1962). C. velia cu l ture can be kept in laboratory cond i t ions for a lmos t an infinite t ime by supp ly ing a 

new m e d i u m and d i lu t ing the cu l ture. Standard cul t ivat ion cond i t ions are 26°C, 12 /12 l ight /dark reg ime, 

w i th the i l luminat ion dur ing the light cycle of 100 u_E m-2s-1 . 

f 

Figure 3: Life cycle of Chromera velia. Coccoid cell (a) can transform to autosporangium (b,c) or can form a cyst 

(d). In certain conditions (described in the text), the coccoid cell can develop into a zoosporangium (e-g) which 

later ruptures and releases an even number of highly motile zoospores (h). Zoospores can infect coral larvae or 

shed their flagella, encyst (i) and form a vegetative cell again (a'). The scale bar is 10 um. Figure taken from 

Oborník et al., 2016. 

To fo l l ow the ent i re life cycle of C. velia in cu l ture, it is op t iona l to start w i th an approx imate ly o n e -

mon th -o ld , wea l thy cu l ture (5500 ce l l s /m l ; or OD600= 1,5) d i lu ted to a f resh m e d i u m in a 1:100 rat io. 

Such a star t ing cu l ture conta ins sole ly cocco id cells up to 10 u m in d iame te r (as men t i oned before) . 

S o m e of t h e m can be in the process of b inary d iv is ion, f o rm ing 2-4 new cocco id cel ls (Oborník et al . , 

2016) . The lag phase, dur ing wh ich cells adapt to a new env i r onmen t and synthes ize cel lu lar 

c o m p o n e n t s for basal me tabo l i sm (Forget et al . , 2010), takes abou t th ree days. Dur ing the fo l low ing log 
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phase, the n u m b e r of cells in the cu l ture doub les tw ice wi th in approx imate ly 24 hours (Richtová, 

unpub l i shed data). Dur ing these days (the 4 t h day af ter inoculat ion) , cel ls bigger than the s tandard 

cocco id cells reach ing up to 15 u_m in d iame te r are obse rved . These are zoosporang ia , cells that can 

later p roduce 2-12 highly mot i le zoospores / f lage l la tes (Oborník et al . , 2016) . T E M sect ions of C. velia 

zoospo rang ium resemble t rophozo i tes of co lpode l l ids . Similar ly, an even n u m b e r of zoospores are 

organ ized wi th in vacuo le in roset tes a round a centra l ly located residual body that serves as the source 

of energy dur ing the zoospore ' s d e v e l o p m e n t (Brugerol le , 2002, Muň iz -Hernández et al . , 2011). The 

matura t ion of zoosporang ia takes ano the r t w o days; after that, C. velia f lagel lates mov ing fast in a z ic-

zac manne r can be obse rved . 

Figure 4: C. velia zoosporogenesis during the cultivation. Graph showing the appearance of zoospores in the 

culture of C. velia during the cultivation in a 12/12 dark/light regime. The dark period is denoted by a blue 

stripe (Richtová, unpublished data). 

Zoosporogenes is is a l igh t -dependent process usual ly obse rved on the 7 t h day of inocu la t ion w i th the 

peak on the 1 1 t h day (Oborník et al. , 2011) . Once the zoospores are mature , zoospo rang ium ruptures 

and re lease t h e m to m e d i u m , leaving the residual body and e m p t y zoospo rang ium wal l beh ind (link to 

the you tube v ideo of Chromera excys ta t ion : h t tps : / / you tu .be /yTr5nLmdCIE) . The who le process is done 

wi th in f e w seconds , d e p e n d i n g on the size of the crack in the wal l (Oborník et al. , 2016) . The highest 

n u m b e r of zoospores can be found in the cul ture wi th in 4-6 hours af ter the i l luminat ion, and the i r life 
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as fast b i- f lagel lated cells takes on ly abou t 10 minutes . Then the f lagel late spins quick ly a round its axis, 

whi ls t p robab ly d rops both f lagel la away and t rans fo rms into a smal l cocco id (about 4 u m in d iamete r ; 

Oborn ík et al . , 2 0 1 1 ; Oborník et al. , 2016). A f te r ano the r t w o days (the 1 3 t h day of inoculat ion) , the 

p roduc t ion of zoospores in the cu l ture rapidly dec reases to no zoospores observed at day 17 of 

inocu la t ion (Oborník et al. , 2011 , Richtová unpub l i shed data) . No zoospores are observed in o lder 

cu l tu res ; even the n u m b e r of cells w i th in the cu l ture is still increas ing by binary div is ion of p resent 

cocco id cel ls. There fo re , we suggest that C. velia zoosporogenes is is a l igh t -dependent process that also 

rel ies on the cu l ture dens i ty (Richtová, unpub l i shed da ta ; Oborník et al. , 2011) . The C. velia cu l ture log 

phase s lowly conver ts to the s ta t ionary phase approx imate ly af ter a mon th of inocu la t ion (Richtová, 

unpub l i shed data). In such a cu l ture, w e can observe an increasing n u m b e r of cells wi th highly deve loped 

plast id and th ick cel l wal ls (Oborník et al . , 2016) . 
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Figure 5: Timelaps showing the release of C. velia zoospores from zoosporangium. In this particular case, eight 

zoospores are released one by one through a narrow rupture in the zoosporangium cell wall. Within the process, 

also the residual body is let off the zoosporangium (6, arrow). Figure taken from Oborník et al., 2016. 

As a l ready men t i oned before, C. velia was d iscovered as a cora l -assoc ia ted alga, wh ich is easi ly kept 

so le ly in the cul ture, indicat ing that it can live i ndependen t l y as a pho to t roph thanks to its p last id. 

However , C u m b o and co l leagues (2013) have ident i f ied C. velia cel ls inside the nubbins of Montipora 

digitata and also successfu l ly and repeated ly in fected the larvae of Acropora digitifera. W e l l s tud ied 

cora l symbion t , d inof lagel la te Symbiodinium, is usual ly found wi th in the cora l larvae e n d o d e r m , wh ich 

it typical ly infects via the larvae oral pore (Cumbo et al . , 2013 , Hari i et al. , 2009) . C. velia was located 

not on ly in the e n d o d e r m but a lso in the e c t o d e r m of coral larvae, suggest ing it can also en te r the larvae 
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th rough the e c t o d e r m (Cumbo et al . , 2013) . I suppose that C. velia zoospo res may use the mach ine ry of 

the apical comp lex (men t ioned above) to invade the cora l larvae. The dens i ty of C. velia in coral larvae 

dec l ined dur ing the t ime (Cumbo et al . , 2013), indicat ing that Chromera is a rather bo ther ing r o o m m a t e 

of coral larvae than a p roper mutual is t . It was later suppor ted by data f r o m coral host t ransc r ip tome 

ana lyzed at 4-, 12- and 48 -hou rs post - in fect ion by C. velia. The host response to C. velia r esemb led a 

react ion to pa thogen rather than to a p roper mutual is t like Symbiodinium, show ing that Chromera 

clear ly brings no benef i ts to its host and is more probab ly a cora l parasi te or acc identa l bys tander 

( M o h a m e d et al . , 2018) . The most recent theory of Oborník (2020) descr ibes Chromera as a 

photoparas i te , wh ich means alga that takes advantage of bo th : nutr ients f r om host cy top lasm and 

energy f r om its o w n pho tosys tem (Oborník 2020) . 

1.4. Metabol ism 

It is be l ieved that ear ly he te ro t roph ic organ isms we re s w i m m i n g in a soup of nut r ients . However , the 

evo lu t ion processes soon favored those w h o cou ld synthes ize mo lecu les wh ich sources had become 

l imi ted (Fani, 2012). In the e n d , this se lec t ion pressure led to a comp lex but a lso highly o rde red sys tem 

of metabo l i c pa thways in extant cel ls. A key feature that d is t inguishes all algae f rom o ther eukaryo tes 

is the possess ion of plast ids and the i r capabi l i ty of photosynthes is (Beardal l and Raven, 2012) . The C. 

velia plast id is equ ipped wi th ch lo rophy l l a and xanthophy l ls (v iolaxanthin and a novel i somer of 

isofucoxanth in) . The green and orange co lor of these p igments , respect ive ly (Delgado-Vargas et al. , 

2000), gives C. velia its b rown ish or gold t int. The l igh t -dependent react ion of photosynthes is occurs 

inside the ch lorop last , wi th in the thy lako ids, w h e r e the prote in comp lexes enab le the t ranspor t of 

e lec t rons and pro tons across the m e m b r a n e , thus genera t ing the m e m b r a n e potent ia l . The m e m b r a n e 

potent ia l is later used to p roduce energy-r ich mo lecu les (ATP, NADPH) necessary in ca rbon ass imi la t ion 

react ions (Larkum et al. , 2003) . 

C. velia photosynthes is was found to represent a s imple , howeve r except iona l ly ef f ic ient m o d e l . The 

an tennae of C. velia are o rgan ized s imi lar ly to an tennae of d ia toms, and they can quick ly adapt to 

var ious light cond i t ions by its reorgan iza t ion . To capture as much light energy as possib le dur ing low-

light cond i t ions , C. velia d is t r ibutes the an tennae sys tem to t ransmi t the light energy to both 

pho tosys tems (Quigg et al . , 2012) . A lso , the a m o u n t of ch lo rophy l l a, the pr imary light absorp t ion 

p igment , increases in low-l ight cond i t ions . Dur ing high-l ight cond i t ions , C. velia exposes ca ro teno id 

p igments , main ly v io laxanth in , p rov id ing fast pho top ro tec t i on by non -pho tochem ica l quench ing , a 

process that quick ly d iss ipates abso rbed light energy into heat (Kaňa et al . , 2016 ; Kotabová et al. , 2012 ; 

Kotabová et al. , 2011). Like d inof lagel la tes, C. velia emp loys the bacter ia l RUBISCO type II, wh i ch was 
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f ound to be very ef f ic ient in carbon f ixat ion and , toge ther w i th algal ca ro teno id , con t r ibu tes to a 

power fu l pho toacc l ima t ion mechan i sm (Quigg et al. , 2012). Cri t ical s t ructures in pho tosyn the t i c 

appara tus are the large p igment -p ro te in comp lexes , pho tosys tem I, and pho tosys tem II (Dudkina et al. , 

2015) . Both s t ruc tures have thei r ancest ra l fo rms in cyanobac ter ia l p redecessors , and thei r core 

s t ruc tures are we l l es tab l ished across all pho tosyn the t ic eukaryo tes (Busch and Hippler , 2011). Sobotka 

and coworke rs (2017) found that C. velia pho tosyn the t i c appara tus unde rwen t notab le s t ructura l 

changes by losing severa l canon ica l subuni ts , w i th t w o superox ide d ismutases pe rmanen t l y a t tached to 

the pho tosys tem I and three yet unknown subuni ts . It was also suggested that the w h o l e pho tosyn the t i c 

appara tus of C. velia fo rms a supe rcomp lex wi th rapid e lec t ron t ransfer that cou ld fu r ther enhance the 

ef f ic iency and adaptabi l i ty of its photosynthes is (Sobotka et al . , 2017) . 

Figure 6: Photosynthetic pigments of C. velia. A) Table of pigments identified in C. velia (supplementary data 

from Moore et al., 2008). B) Absorption spectra of C. velia photosynthetic pigments. The figure is based on 

absorption spectra described in Croce et al., 2020; Kume et al., 2018; Snyder et al., 2004 
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Plast ids also run impor tan t l igh t - independent react ions. In silico analyses of prote ins par t ic ipat ing in the 

most impor tan t metabo l i c processes suggest that the plastid of C. velia ef f ic ient ly coope ra tes w i th 

cy toso l and m i tochond r ion to p roduce lipids, isoprenoids, and te t rapyr ro les (the latter one wil l be 

d iscussed in detai l in a separate chapter ) . However , in cont rast to most o ther pho to t rophs , the vast 

major i ty of a m i n o acids s e e m to be synthes ized outs ide the plastid in the cy toso l . C. velia also un ique ly 

c o m b i n e s plastid orn i th ine and cytoso l ic argin ine cycle for synthesis and decompos i t i on of A r g (Füssy et 

al . , 2019) . The cytoso l ic local izat ion of n i t rogen me tabo l i sm is uno r thodox a m o n g pho to t rophs (Dorrel 

et al. , 2014). Füssy et al . (2019) suggest that the interplay be tween plast id, cy toso l , and m i tochondr ia 

on carbon and n i t rogen a l locat ion is pivotal for ef f ic ient C. velia me tabo l i sm that might play a role in its 

t roph ic versat i l i ty. Forty-e ight genes cod ing for am inoacy l - tRNA synthetases we re ident i f ied in C. velia, 

represen t ing thus the comp le te set of 20 am inoacy l - tRNA synthetases needed to ligate t R N A s to am ino 

acids. Thei r int racel lu lar target ing was found to be i ndependen t of the i r evo lu t ionary or igin (Sharaf et 

al . , 2019) . 

Canon ica l m i t ochond r i on of eukaryot ic prot ist is a t w o - m e m b r a n e bounded organel le w i th lamel lar 

cr istae w i tch hal lmark func t ion is to supp ly mo lecu la r energy for var ious cell p rocesses. However , this 

br ief descr ip t ion can be app l ied only for m i tochondr ia of prot ists l iving in aerob ic and modera te 

env i ronmen ts . The more ex t reme the env i ronmen t is, the more reduced m i tochondr ia can be found 

(Mü l le r et al. , 2012) . The tex tbook func t ion of m i tochond r ion is ox idat ive phosphory la t i on ; however , 

m i tochondr ia of prot ists l iving in low-oxygen cond i t ions have lost this func t ion . Synthesis of Fe-S 

c lusters, prosthet ic groups of severa l essent ia l prote ins, was though t to be the excuse to keep such a 

rud imenta l m i tochond r ion (m i tosome and hyd rogenosome) in the cell (Hampl et al. , 2019) . However , 

Karnkowska and co l leagues (2016) descr ibed that the o x y m o n a d , n o w known as Monocercomonoides 

exilis (Treitli et al . , 2018), synthes izes Fe-S c lusters in the cy toso l . They we re also unable to f ind even a 

t race of m i tochondr ia l prote ins, wh ich led t h e m to conc lude that M. exilis is the f irst eukaryo t ic cell 

w i t hou t m i tochondr ia (Karnakowska et al . , 2016) . Hav ing no m i tochondr ia is an examp le of ex t reme 

adapta t ion to a very speci f ic env i ronmen t , e.g., the c a e c u m of gu inea pigs in the case of symbiot ica l ly 

l iving M. exilis. Parasi t ic l i festyle affects the compos i t i on of respi ratory chain comp lexes respons ib le for 

core m i tochondr ia l func t ion (Mü l le r et al. , 2012). There are four respi ratory chain comp lexes , wh ich can 

f o r m supercomp lexes , ATP synthase, wh i ch makes d imers , and severa l f ree comp lexes wi th in 

m i tochondr ia . Thei r coex is tence shapes the cr istae and prov ides a mechan i sm to ensure ef f ic ient 

ox idat ion of all avai lable subst ra tes (Dudkina et al . , 2015) . Loss of comp lex III and IV is a pat tern known 

to many eukaryo t ic anae robes and the p lan t -pa thogen Phytomonas. The ci l iate Nyctotherus and the 

s t ramenop i le Blastocystis lost even ATP synthase (complex V) . The b loods t ream stage of Trypanosoma 

brucei shuts d o w n its respi ratory cha in , act ivates a l ternat ive ox idase and g lycero l -3 -phosphate 
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dehyd rogenase , and genera tes prote in gradient by sw i tch ing the ATP synthase into the reverse (Tielens 

and van H e l l e m o n d , 2009) . Respi ra tory chains of both ch romer ids (C. velia and V. brassicaformis) were 

tho rough ly invest igated by F legontov et al . (2015). They found that C. velia resp i ra tory chain works 

ent i re ly w i thou t the comp lex I and III. The w h o l e respi ratory chain opera tes as two separate parts. In 

the first one , the comp lex II and a l ternat ive N A D H dehyd rogenase , g lycerol 3 -phosphate 

dehyd rogenase , e lec t ron- t rans fer f l avopro te in : ub iqu inone ox idoreduc tase , and o ther enzymes 

genera te e lec t rons and channe l t h e m to ub iqu inone, wh ich passes t h e m to a l ternat ive ox idase. The 

second respi ratory sub-cha in is cons t i tu ted by comp lex IV and ATP synthase. The comp lex IV is the on ly 

one that pumps pro tons into the m i tochondr ia l i n t e rmembrane space and thus creates a m e m b r a n e 

potent ia l . Cont ra ry to Chromera, comp lex III was found in Vitrella, and also its respi ratory chain is not 

spli t and func t ions cont inuous ly . Enzymes known to work in anaerob ic prot ists and absent in a lmos t all 

major parasit ic spo rozoan l ineages we re found in both ch romer ids , wh ich points to thei r c o m m o n 

ancestor 's metabo l i c versat i l i ty. A t least Chromera is capab le of var ious l iving st rategies (F legontov et 

al . , 2015) . A s imi lar e lec t ron t ranspor t sys tem and oxidat ive phosphory la t ion we re recent ly descr ibed in 

Amoebophrya ceratii, a d inof lagel la te know to infect o ther d inof lagel la tes (John et al . , 2019). 

The t rans i t ion meta l compos i t i on in the mar ine env i r onmen t di f fers substant ia l ly f r o m the terrest r ia l 

one . Levels of iron are ex t reme ly low (0 .02-1nM) . However , as a cri t ical c o m p o u n d of cel l respi rat ion 

and me tabo l i sm, it is a l imit ing fac tor for the g rowth of mar ine phy top lank ton (Pol lard et al . , 2009, 

Tu rne rand Hunter , 2001) . There fo re , cel ls must have evo lved mechan isms of iron uptake f rom thei r 

sur round ings (Sutak et al . , 2010) . The m e c h a n i s m is best s tud ied in Saccharomyces cerevisiae. Here the 

t w o d i f ferent st rategies of iron uptake we re desc r i bed . The reduct ive sys tem, w h e r e ferr ic comp lexes 

are f irst d issoc ia ted outs ide the cell and then t ranspor ted across the cell m e m b r a n e via a high-aff ini ty 

pe rmease sys tem (Ftr1) coup led to a c o p p e r - d e p e n d e n t ox idase (Fet3). A n d the non- reduc t i ve (copper-

independent ) s t rategy that uses s ide rophores to t ranspor t the iron ions inside the cel l w h e r e the 

d issoc ia t ion process occurs (Phi lpott , 2006). In d ia toms, the m e m b r a n e - b o u n d phyto t ransfer r in ISIP2A 

was found to med ia te the iron uptake. This process is co- l im i ted by the avai labi l i ty of ca rbona te 

( M c Q u a i d et al. , 2018) . There is no ev idence for the synthesis of s ide rophores by eukaryo t ic 

phy top lank ton . However , d ia toms are supposed to e m p l o y bacter ia l s ide rophores to intake organic iron 

in low f ree- i ron cond i t ions (Coale et al. , 2019) . D ia toms use ferr i t in to store and release iron in a 

con t ro l led fash ion (Marche t t i et al . , 2009) . A lso , C. velia g rowth was f ound to be posi t ively in f luenced 

by the con ten t of iron in the med ia . W h e n exposed to i ron- l imi ted cond i t ions , cells of C. velia shown 

dec reased rates of respi rat ion and photosyn thes is ; however , changes in the cell size or morpho logy 

w e r e not obse rved . C. velia cel ls we re found to keep the i ron, yet no ev idence for the ferr i t in prote ins 

was f ound , and the w a y it s tores iron remains unknown (Sutak et al . , 2010) . C. velia was found to 
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accumu la tes the Fe3+ at the cell wa l l , thus concen t ra t ing the ions near the t ranspor t si tes for consecut ive 

non- reduc t i ve but s i de ropho re - i ndependen t uptake. The precise m e c h a n i s m of how the ions are fu r ther 

t ranspor ted inside the C. velia cel ls remains u n k n o w n . It is possib le that a novel mechan i sm shared wi th 

ap i comp lexan or d inof lagel la tes (which m e c h a n i s m of iron uptake is also yet not ful ly e luc idated) can 

wo rk there (Sutak et al . , 2010) . 

There are t w o enzymes known to act in synthes iz ing fat ty ac ids: FAS-I and FAS-II (fatty acid synthase 

type I and type II, respect ively) . FAS-I is a huge mu l t i -modu la r enzyme wo rk i ng in the cytoso l of 

he te ro t roph ic o rgan isms (Chirala and Wak i l . , 2004) . FAS-II is re fer red to as a bacter ia l type, a l though it 

works in plants and pr imary algae as we l l . Con t ra ry to FAS-I, FAS-II opera tes as a comp lex of separa te 

enzymes located in the plastid (Ryall et al . , 2003) . Both FAS's repeated ly add two -ca rbon units to a 

carboxy l ic acid chain a t tached to an acyl carr ier pro te in , thus genera t ing fat ty acids. M o s t ap i comp lexan 

parasi tes use the FAS-II sys tem. However , cocc id ians w e r e found to use both types of FAS's paral le l ly 

d e p e n d i n g on the cur rent life stage. The fat ty acid synthesis min imal is t is, for examp le , Theileria parva 

that lacks de novo synthesis and is also unable of e longat ion fat ty acid chain and there fo re takes all fat ty 

acids f r o m the host cel l ( M a z u m d a r and St r iepen, 2007). The fat ty acid b iosynthesis in C. velia was 

tho rough ly s tud ied based on genomic and metabo l i c da ta . The de novo synthesis of shor t sa tura ted fat ty 

acids (C14:0-C18:0) is done by plastid local ized FAS-II. The process of e longat ion and desatura t ion is 

suggested to be opera ted by FAS-I like mu l t i -modu la r enzymes located in the cytoso l and the 

endop lasm ic re t icu lum (Tomčala et al. , 2020) . 

Lipids are essent ia l c o m p o n e n t s of all o rgan isms as bu i ld ing blocks of all cel ls (phosphol ip ids) , energy 

source (tr iacylglycerols) and plays a vital role in cell s ignal ing (lipid rafts, Santos and Preta, 2018). The 

matr ix of pho tosyn the t i c m e m b r a n e s is equ ipped wi th g lycero l ip ids, wh i ch plays a crucia l role in 

stabi l iz ing prote in comp lexes of the pho tosyn the t i c mach ine ry (Boudiére et al . , 2014) . The most 

abundan t are g lycoglycero l ip ids, i.e., monoga lac tosy ld iacy lg lycero l ( M G D G ) and 

d iga lactosy ld iacy lg lycero l (DGDG), wh ich f ract ion in tota l lipid compos i t i on can reach up to 85 %. M G D G 

and D G D G were inher i ted f r om cyanobac te r ia , p redecessors of all plast ids, and are n o w shared wi th 

pho tosyn the t i c o rgan isms. Even the nonpho tosyn the t i c plastid of Euglena was f ound to retain the 

synthesis of galacto l ip ids (Fussy et al . , 2020) . A lso , plastid of spo rozoans is no longer connec ted wi th 

pho tosyn the t i c processes galactol ip id- l ike c o m p o u n d s w e r e de tec ted in the i r lysates (Bot té et al . , 2 0 1 1 ; 

Boudiére et al. , 2014 ; Oborník and Lukeš, 2013) . The plant- l ike b iosynthesis of galacto l ip ids was f ound 

in C. velia, and the M G D G and D G D G synthase we re f ound to be phy logenet ica l ly re lated to thei r 

coun te rpar ts in d ia toms . The D G D G was s h o w n to be located wi th in the plastid m e m b r a n e s (Bot té et 

al . , 2011) . Findings abou t g lycoglycero l ip ids link C. velia w i th its pho tosyn the t i c relat ives, and so do the 

studies on its sterols (cyclic l ipid mo lecu les wi th s t ructura l func t ion in cell membranes ) . Ana lyses of C. 
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velia s tero l compos i t i on and synthesis also suggest its anc ien t or igin (Leblond et al . , 2012) . The T E M 

mic rographs of C. velia revealed the presence of lipid drop le ts in the i r cy top lasm, wh ich can be v isual ized 

by BODIPY sta in ing (Oborník et al . , 2011 , Tomčala et al . , 2017). Later it was shown that th is novel alga 

cou ld quick ly accumu la te an e n o r m o u s a m o u n t of t r iacy lg lycerols . M o r e than 250 intact lipid mo lecu les 

and 14 spec ies of fat ty acid we re de tec ted in the ch romer ids l ip idome. It was also suggested that C. velia 

rep laced phospho l ip ids wi th su l fo- and beta ine lipids in response to the phospho rous def ic ient 

env i r onmen t (Tomčala et al . , 2017) . 

The overal l metabo l i c prof i le of C. velia suggests its ex t raord inary adaptabi l i ty , ef fect ively work ing as a 

f ree- l iv ing pho to t roph capab le of sw i tch ing to pho toparas i t i sm w h e n necessary or w h e n env i ronmen ta l 

cond i t ions are su i tab le . Dur ing the long- t ime cu l t ivat ion, we f ound out that it is a lso an alga that can 

survive for an ex t reme ly long t ime w i thou t the light source , tak ing advantage of its va luable reserves 

f r o m t imes of prosper i ty . C. velia can f o r m a cyst that survives in high-sal ini ty and low wate r iness 

e n v i r o n m e n t cond i t ions that are of ten the result of cu l ture fo rgo t ten in the cul t ivat ion box, howeve r 

resemb l ing the s i tuat ion of cora l exposed to dryness dur ing low t ide. 

2. Tetrapyrrole biosynthesis 

Tet rapyr ro les are po in ted ly cal led " the p igments of l i fe." B iochemis ts of the ear ly '20s we re fasc inated 

by the red co lor of an imal b lood and the green co lor of leaves in all plants, yet no one knew the s t ruc ture 

or chemis t ry of respons ib le p igments . It had to be a str ik ing o u t c o m e w h e n R. Wi l l s tá t te r s tudy ing 

ch lo rophy l l and H. Fischer invest igat ing heme , real ized that these t w o mater ia ls, so d i f ferent in 

appearance and func t ion , are st ructura l ly re lated (Battersby, 2000). Nowadays , w e know more than 30 

b io logical ly act ive chemica l s t ruc tures der ived f r o m the same b iosynthet ic p r imogen i to r , 

u roporphy r inogen III (Moss , 1988). The te t rapyr ro le b iosynthet ic pa thway is extens ive ly b ranched , 

lead ing to the hemes , ch lorophy l ls , bil ins, corr ins (vi tamin B12), s i roheme, and c o e n z y m e F430. The 

speci f ic s t ruc ture d i f fe rences : the nature of the i r per iphera l s ide chains, the ox idat ion state of the 

macrocyc le itself, and the centra l ly che la ted meta l i on ; give t h e m proper t ies that make te t rapyr ro les 

essent ia l for the life of the cel l (Bryant et al. , 2020) . 

2.1 The metal heart of tetrapyrroles 

Chlorophy l l s are Mg 2+ con ta in ing te t rapyr ro les . Cont ra ry to meta l ions con ta ined in o the r mod i f ied 

te t rapyr ro les , the magnes ium ion in ch lo rophy l l is not redox-ac t ive . Its main role is to potent ia te the 
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chemis t ry of te t rapyr ro le r ing dur ing the process of energy t ransfer . Ch lorophy l ls are in t imate ly involved 

in pr imary steps of photosyn thes is : l ight -harvest ing the solar energy, energy t ransfer to react ion 

centers , and light energy convers ion in the pho tochemis t r y process of spl i t t ing of wa te r mo lecu les or 

the p roduc t ion of s t rong reductants for carbon d iox ide f ixat ion and ATP genera t ion (Katz et al. , 1978; 

Bryant et al . , 2020). Iron ion, wh ich can exist in several ox idat ion states, gives heme its w ide range of 

b io logical roles. In resp i ra tory cy toch romes , it serves as a one-e lec t ron carr ier . H e m e acts as a prosthet ic 

g roup in var ious enzymes and serves as a s ignal ing mo lecu le cont ro l l ing mo lecu la r and cel lu lar 

processes. H e m e also has a sens ing role for d ia tomic gases like CO, NO, O2 (Bryant et al . , 2020, M e n s e 

and Zhang, 2006). Cor r ino ids are a d iverse g roup of co fac tors and c o e n z y m e s that harbor coba l t ion 

wi th in a te t rapyr ro le cor in r ing. The mos t popu lar is v i tamin B12, or coba lam in , w h e r e the corr in r ing is 

bound to a lower nuc leo t ide , and e i ther adenosy l or a methy l group const i tu tes an upper l igand. This 

v i tamin is made only in cer ta in Bacter ia and A r c h a e a ; however , it is essent ia l for D N A synthesis and 

cel lu lar energy p roduc t ion even in m a m m a l s (Rowley and Kendal l , 2019) . The same enzyme that inserts 

coba l t for coba lamins is also respons ib le for inser t ing Ni2+ into the s i rohydroch lo r in that is consecut ive ly 

s tepwise conver ted to c o e n z y m e F430. C o e n z y m e F430 is a cruc ia l unit of me thy l - coenzyme M reductase, 

an enzyme of me thanogen ic A r c h a e a respons ib le for genera t ing abou t one bi l l ion tons of me thane gas 

per a n n u m . This enzyme is also involved in anaerob ic me thane ox idat ion med ia ted by bac te r ia l /a rchaea l 

mats on the ocean f loor ( M o o r e et al . , 2017) . S i roheme is the s implest of the mod i f ied cycl ic 

te t rapyr ro les p roduced f rom u roporphy r inogen III even by a single mul t i funct iona l enzyme CysG in 

p ro teobac te r ia . S i roheme works as a co fac to r of sulf i te and nitr ite reductases that, a longside wi th a 4 F e -

4S cluster, opera te the s ix-e lect ron reduct ion of sulf i te to sul f ide or nitr i te to a m m o n i a . S i roheme, wh i ch 

is s t ructura l ly isobacter ioch lor in con ta in ing Fe2+, is also a precursor of heme d i . H e m e di is a co fac to r of 

d iss imi la tory nitr i te reductase cy toch rome cdi needed for bacter ia l respi rat ion by den i t r i f i ca t ion. 

Con t ra ry to s i roheme, heme di d isplays a green co lor (Layer, 2020 ; Bryant et al. , 2020 ; Penn ing ton et 

al . , 2020 ; S t roupe and Getzof f , 2009) . The porphyr in r ing of heme can be break d o w n by a speci f ic 

con t ro l led react ion carr ied out by heme oxygenase and p roduc ing f ree i ron, ca rbon monox ide , and 

bi l iverdin IXa - the first p recursor of open te t rapyr ro les cal led bi l ins. In mamma ls , bi l iverdin IXa is 

reduced to b i l i rubin, wh ich is, apar t f r om others , respons ib le for the ye l l ow co lo r in bruises. Oxygenic 

pho tosyn the t i c o rgan isms use d i f ferent f e r redox in -dependen t bilin reductases, reduc ing d iverse parts 

of bi l iverdin and p roduc ing bil ins w i th d i f ferent spect ra l proper t ies . For examp le , phycocyanob i l in is the 

prosthet ic g roup in prote ins of l ight -harvest ing an tennae in cyanobac te r ia , wh ich gives t h e m the i r 

typical b lueish co lo r (Beale, 2008 ; Rockwel l et al. , 2014 ; Bryant et al . , 2020). 
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2.2 The tree-like tetrapyrrole synthesis 

The te t rapyr ro le pa thway lead ing to all the a b o v e - m e n t i o n e d groups of te t rapyr ro les can be d iv ided 

into th ree segments . The first part cons iders the synthesis of 5 -amino levu l in ic acid (ALA), the founda t ion 

s tone of the who le pathway. The second part inc ludes the b iosynthesis of the first c losed macrocyc le , 

the a b o v e - m e n t i o n e d u roporphy r inogen III. A l l f o l l ow ing in te rmed ia te mo lecu les of the b iosynthesis are 

photosens i t i zers potent ia l ly genera t ing single oxygen (Tanaka and Tanaka, 2007), and thei r b iosynthesis 

fo rms the th i rd part of the te t rapyr ro le pathway. The pa thway cou ld be te rm ina ted by the last " emp ty " 

macrocyc le - p ro toporphyr in IX. However , it is a bit comp l i ca ted because meta l ion inser t ion a l ready 

happened in the branch leading to s i roheme, heme b, and d, c o e n z y m e F430, and cor r ino ids . There is 

also a release of the cent ra l iron l igand w h e n bil ins are p roduced (descr ibed above) . 

There was a s imple rule d iv id ing o rgan isms based on the way A L A is synthes ized into t w o groups. The 

f irst group cons is t ing p redominan t l y of pho tosyn the t i c o rgan isms and most bac ter ia , inc luding 

cyanobac te r ia and a rchaea . These organ isms synthes ize A L A in th ree consecut ive steps f r om g lu tamate 

(Glu) via the so-ca l led C5 pa thway (Tanaka and Tanaka, 2007) . Us ing the energy f r om ATP hydrolysis, 

g lu tamate is act ivated by G l u - t R N A synthetase (GLUTS) to y ield G l u - t R N A G l u . G l u - t R N A G l u is subsequen t l y 

reduced by G l u - t R N A reductase (GLUTR) to Glu 1-semia ldehyde in an N A D P H - d e p e n d e n t manner . The 

A L A synthesis is f in ished by Glu 1-semia ldehyde am inomu tase ( G L U A M ) , cata lyz ing the t ransamina t ion 

wi th the help of pyr idoxal phospha te (vi tamin B6) as an enzyme co fac to r (Bryant et al . , 2020 ; Tanaka et 

al . , 2011). The second group is f o r m e d main ly by nonpho tosyn the t i c eukaryo tes and s o m e 

A lphap ro teobac te r i a , wh ich use a C4 pa thway f irst ly p roposed by David Shemin and coworke rs (1946; 

also cal led a Shemin pathway) . The C4 pa thway compr i ses s ingle-step condensa t i on of succ iny l -CoA w i th 

glycine med ia ted by 5-amino levu l in ic acid synthase (ALAS). Glyc ine binds to the ALAS m o n o m e r via the 

same co fac to r (pyr idoxal phosphate) used in the C5 pa thway by Glu 1-semia ldehyde a m i n o m u t a s e . A f te r 

the pro ton abs t rac t ion , the succ iny l -CoA is a t tached to ALAS, and a t rans ient in te rmed ia te (2 -amino-3 -

ketoadipate) is gene ra ted . Finally, the loss of CO2 and C o A leads to the release of the A L A (Bryant et al . , 

2020) . Before the ch romer i d te t rapyr ro le pa thway was inspec ted , it was though t that the Shemin 

pa thway is d o m a i n sole ly of he te ro t roph ic , nonpho tosyn the t i c o rgan isms. However , C. velia was 

desc r ibed as a f irst known except ion - the pho tosyn the t i c o rgan ism using the C4 pa thway for 

te t rapyr ro le synthesis (Kořený et al. , 2011) . 

The second part of the pathway, f r o m A L A to u roporphy r inogen III, is bel ieved to be conserved a m o n g 

all o rgan isms that are synthes iz ing te t rapyr ro les (Bryant et al . , 2020 ; Cihlář et al . , 2019 ; Tanaka and 

Tanaka, 2007) . A L A dehydra tase (ALAD, also named porphob i l i nogen synthetase, PBGS) is a h o m o -

oc tamer i c enzyme (in bacter ia) w i th zinc ions that condense t w o mo lecu les of A L A to give a pyrrole 
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porphob i l i nogen . As the name suggests, four pyrro les are needed to uti l ize the first, yet still l inear, 

te t rapyr ro le hydroxymethy lb i lane . The po lymer iza t ion of pyrro les is p roceeded by porphob i l i nogen 

deaminase (PBGD, also n a m e d hydroxymethy lb i lane synthase, H M B S ) , a so lub le m o n o m e r work ing 

w i thou t any d issoc iab le prosthet ic g roup or meta l ion. PBGD conta ins a cova lent ly l inked 

d ipy r rome thane cofac tor involved in the highly o rde red b ind ing of the react ion in termedia tes . Dur ing 

the process, the enzyme deamina tes each porphob i l i nogen and incorpora tes it sequent ia l ly into a l inear 

s t ruc ture (Tanaka et al. , 2011) . Cycl izat ion of the l inear ly -s t ructured hydroxymethy lb i lane to the 

macrocyc le of u roporphy r inogen III is done by u roporphy r inogen III synthase (UROS). UROS is a 

m o n o m e r i c enzyme that inverts the or ien ta t ion of hydroxymethy lb i lane pyrrole r ing D. It is a crit ical 

process because it was found that hydroxymethy lb i lane spon taneous ly cycl izes to f o rm the 

nonphys io log ica l product , u roporphy r inogen I, abno rma l porphyr in w i thou t the pyrro le ring D f l ip. The 

u roporphy r inogen I canno t be p rocessed fur ther , wh ich leads to the accumu la t i on of photosens i t i z ing 

porphyr ins that in humans causes the cu taneous lesions assoc ia ted metabo l i c d isorder known as 

congen i ta l e ry th ropo ie t i c porphyr ia (Tanaka et al . , 2 0 1 1 ; Ort iz de M o n t e l l a n o and Paul , 2008 ; Sassa and 

Kappas, 2000) . 

The th i rd part of the synthesis starts w h e n the first te t rapyr ro le macrocyc le is successfu l ly made and 

w h e r e the pa thway branches for the f irst t ime . One branch usual ly methy la tes the u roporphy r inogen III 

and leads to s i roheme, coba lam in , and c o e n z y m e F430 b iogenesis , whi ls t the o the r branch uses 

decarboxy la t ion and leads in te rmed ia te towards p ro topo rphy r inogen IX, a c o m m o n precursor of heme 

and ch lo rophy l l b iosynthesis (Tanaka et al . , 2011) . For the purposes of this thesis, I wi l l descr ibe the 

synthesis th rough the so-ca l led p ro toporphyr in b ranch . However , it shou ld be noted that heme can also 

be p roduced by the corr in b ranch , e i ther by the cop ropo rphy r i n route or by the s i roheme route wi th 

Cop ropo rphy r i n III, or d ideca rboxys i roheme as in te rmedia tes , respect ive ly (Bryant et al. , 2020) . The 

p ro toporphyr in branch starts w i th the act ion of u roporphy r inogen decarboxy lase (UROD). UROD 

decarboxy la tes each u roporphy r inogen III pyrro le ring, beg inn ing wi th the residue on the r ing D and 

p roceed ing in a c lockwise d i rec t ion wi th the f inal loss of four mo lecu les of C O 2 and release 

cop ropo rphy r i nogen III. The enzyme is a h o m o d i m e r and needs no exogenous cofac tor ; it is suggested 

to be one of the most catalyt ical ly prof ic ient enzymes f r o m nature (Tanaka et al. , 2 0 1 1 ; Bryant et al. , 

2020) . The cop ropo rphy r i nogen III then p roceeds to oxidat ive decarboxy la t ion of the t w o p rop iona te 

side chains a t tached to rings A and B, wh i ch is done by cop ropo rphy r i nogen III ox idase (CPOX). T w o 

more mo lecu les of CO2 and ano the r in te rmed ia te in the row, p ro topo rphy r inogen IX, are re leased. The 

precise enzyme mechan i sm is not known yet ; however , it was f ound that under anoxygen ic cond i t ions , 

o rgan isms swi tch to oxygen - independen t and phy logenet ica l ly unre la ted vers ions of the enzyme (Bryant 

et al. , 2020, Oborník and G r e e n , 2005 ; Tanaka and Tanaka, 2007). P ro topo rphy r i nogen IX is a non¬
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f l uo rescen t in te rmed ia te . A f te r the s ix-e lect ron ox idat ion and the in t roduct ion of th ree new doub le 

bonds, cata lyzed by p ro topo rphy r inogen IX ox idase (PPOX), p ro toporphy r inogen IX is conver ted to 

f luo rescen t p ro toporphyr in IX, the last te t rapyr ro le w i thou t the cent ra l meta l ion, howeve r a l ready of 

the typical red co lor of porphyr ins (Tanaka et al . , 2 0 1 1 ; Bryant et al . , 2020) . Same as wi th CPOX, there 

are oxygen -dependen t and oxygen - i ndependen t vers ions of the PPOX. The best -s tud ied is the oxygen-

d e p e n d e n t f o rm that was f ound to be a h o m o d i m e r (Dailey et al . , 2017). The te rm ina l s tep of the 

p ro toporphyr in branch is the insert ion of meta l ion into the p ro toporphyr in IX. In this step, the emp ty 

te t rapyr ro le r ing is e i ther f i l led wi th magnes ium or iron ion by Mg-che la tase ( M G C H ) or fe r roche la tase 

(FECH), respect ively. A l though the react ion done by prev ious ly men t i oned enzymes differs main ly in the 

inser ted ion, thei r s t ructure is ent i re ly d i f ferent (Tanaka et al . , 2007) . FECH is a m o n o m e r i c enzyme that 

does not requi re a co fac to r or externa l energy source , like ATP . Cyanobac te r ia and higher plants are 

known to possess t w o FECH var iants, one that is ub iqu i tous ly expressed th roughou t the plant t issues 

and the o the r one expressed only in pho tosyn the t i c ones. The latter one was found to possess a 

conse rved ch lo rophy l l -b ind ing mot i f that is ind ispensable for the enzyme act iv i ty and plays a regulatory 

role (Sobotka et al . , 2011 , Tanaka et al. , 2011) . Con t ra ry to FECH, M G C H requires ATP and the 

par t ic ipat ion of all th ree subuni ts of the he te ro t r imer ic enzyme (Shepherd et al . , 2013) . 
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Figure 7: The tetrapyrrole biosynthesis. The synthesis can be divided into several parts. First, aminolevulinic 

acid is made either by C5 or by the C4 pathway (grey box). Next, the first enclosed macrocycle, 

uroporphyrinogen III, is synthesized (yellow box). Uroporphyrinogen III is subsequently transformed to 

protoporphyrin IX (brown box), the last porphyrin without central ligand (orange box). Iron or magnesium ions 

are added by ferrochelatase or Mg-chelatase, respectively (red and green box). 
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2.3 Regulation 

The impor tance and ind ispensabi l i ty of te t rapyr ro le pa thway products w e r e a l ready men t i oned severa l 

t imes . The c o m m o n precursor of the pathway, 5 -amino levu l in ic ac id , points to an over ly sensi t ive 

sys tem, wh ich a l lows s imple regu la t ion. The t ight regulat ion is crucia l because the pa thway 

in te rmed ia tes are highly react ive photosens i t i zers that, w h e n l ight-act ivated, react w i th mo lecu la r 

oxygen p roduc ing react ive oxygen species like superox ide an ion (O 2 - ) , hydrogen perox ide (H2O2), and 

hydroxy! radical ( H O ) . These mo lecu les are f o r m e d by the part ial reduct ion of oxygen and induce ser ies 

of b io logical react ions that u l t imate ly lead to cel l death (Ray et al . , 2012 ; Kou et al . , 2017) . A speci f ic 

d isorder for each s tep of the te t rapyr ro le synthesis was descr ibed in humans , mak ing at least eight types 

of d i f ferent porphyr ia (Shepherd et al. , 2013) . However , porphyr in photosens i t i zers we re found to be 

helpfu l in pho todynamic the rapy and are now w ide ly used in t rea t ing var ious med ica l issues, inc luding 

t umors (Wachowska et al. , 2 0 1 1 ; Kou et al . , 2017) . The who le p rob lem of regulat ing te t rapyr ro les 

b iosynthesis far exceeds the t h e m e of this thes is ; there fo re , only the porphyr in branch regulat ion wi l l 

be descr ibed here. 

For many years, the knowledge conce rn ing te t rapyr ro le regulat ion was l imi ted to a single in teract ion 

be tween heme and A L A synthes iz ing enzyme (ALAS for C4 pathway, or GLUTR for C5 pathway) . A l t hough 

the regulat ion by the heme feedback inhib i t ion of A L A fo rmat ion is accep ted as the major site of 

regula t ion, it is n o w known that the who le te t rapyr ro le synthesis is con t ro l led by a mul t i - level sys tem 

work i ng dur ing d i f ferent steps of the pathway. This comp lex regulatory m e c h a n i s m not on ly protects 

the cell against the unwan ted fo rmat ion of react ive oxygen species, but it also f ine- tunes the metabo l i c 

f l ow wi th the vary ing needs of te t rapyr ro les under d i f ferent deve lopmen ta l and env i r onmen t cond i t ions 

(Kobayashi and M a s u d a , 2016 ; Shephe rd et al . , 2013). 

Ana lyses of mutan ts w i th the a l tered fo rma t ion of d i f ferent synthesis steps suggested that enzymes 

cata lyz ing s teps be tween u roporphy r inogen III and p ro toporphyr in IX are in plants ma in ta ined at a 

h igher level to prevent accumu la t i on of potent ia l ly dangerous in te rmed ia tes (Tanaka and Tanaka, 2007 , 

Kobayashi and M a s u d a , 2016) . It was also s h o w n that mutan ts def ic ient in FECH s h o w the fo rma t ion of 

necrot ic lesions caused by the accumu la t i on of in te rmed ia tes . However , M G C H mutan ts did not s h o w 

such lesions nor d isplay increased levels of in termedia tes , wh i ch advise that heme regulates both -

heme synthesis itself and ch lo rophy l l synthesis . Besides the heme feedback inhib i t ion of A L A synthesis, 

ano the r f eedback inhibi t ion be tween p ro toporphy r inogen IX and A L A D was descr ibed in Escherichia coli 

(Zhang et al . , 2015). Higher plants we re found to e n c o d e GLUTR by t w o genes. One (HemA1) is expressed 

pr imar i ly in pho tosyn the t i c t issues, its express ion is induced by light, and it is sub jected to a feedback 

con t ro l not on ly by heme but also by ch lo rophy l l . Expression of o ther HemA genes is not af fected by 
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l ight and occurs ub iqu i tous ly th roughou t plant t issues (Tanaka and Tanaka, 2007). The A T P / A D P rat io 

works cont rar i ly at the b ranchpo in t of p ro toporphyr in IX; the presence of ATP act ivates M G C H , whe reas 

it inhibi ts the FECH act iv i ty (Cornah et al . , 2002) . It was found in maize ch lorop las ts that A T P / A D P ratio 

is increased in the light, suggest ing channe l ing of p ro toporphyr in IX to ch lo rophy l l b ranch dur ing the 

day. A n o t h e r c o m m o n in f luencer is a G U N 4 wh ich binds to both the p ro toporphyr in IX and M g -

p ro toporphyr in IX, possib ly cont ro l l ing the subst ra te f low into ch lo rophy l l or heme branch (Tanaka and 

Tanaka, 2007) . 

In pho tosyn the t i c o rgan isms, the te t rapyr ro le pa thway also c o m p r o m i s e s the synthesis of ch lo rophy l l . 

It is c lear that du r ing the light phase of the day, the te t rapyr ro le pa thway pr ior i t izes the ch lo rophy l l 

synthesis to saturate the need for pho tosys tem comp lexes . Based on the express ion prof i les in response 

to light and the c i rcadian clock, M a t s u m o t o and coworkers (2004) classi f ied te t rapyr ro le b iosynthet ic 

genes of Arabidopsis thaliana into four c lusters. The centra l regulat ion role is suggested for the c l 

c luster of genes repressed in the dark but rapidly induced by light, like the prev ious ly men t i oned HEMA1 

cod ing for GLUTR. The next c luster, c2, conta ins main ly genes cod ing the midd le part of the 

heme /ch lo rophy l l pa thway. These genes express ion is induced by l ight; however , it is not cont ro l led by 

c i rcadian c locks ( M a t s u m o t o et al . , 2004). The express ion of these genes is l ikely coo rd ina ted wi th 

mechan i sms men t i oned ear l ier (Kobayashi et al . , 2016) . M a n y genes involved in heme synthesis f o rm a 

c3 c luster of genes ne i ther induced by light nor con t ro l led by the c i rcadian rhy thm sys tem. The last c4 

c luster is f o r m e d on ly by t w o genes : p ro toch lo rophy l l i de ox idoreduc tase A and B (PORA and PORB), 

w h o s e t ranscr ip ts accumu la te in the dark and rapidly decrease wi th i l luminat ion. It shou ld be no ted that 

var ious cond i t ions , except light and the c i rcadian clock, f o rm a comp lex regulat ion of genes involved in 

the pa thway (Kobayashi et al . , 2016). A lso , post t rans la t iona l regulatory prote ins strongly affect the 

te t rapyr ro le b iosynthesis pathway. The m R N A level of the " f luorescent in blue l ight" prote in (FLU) 

prote in was found to be increased by light, and the FLU itself is suggested to downregu la te the GLUTR 

by in teract ion wi th its cod ing gene HEMA1. GLUTR is fu r ther post t rans la t ional ly regulated by GLUTR 

b ind ing prote in (GPB), wh ich interacts w i th the e n z y m e itself and inhibits its deg rada t i on ; thus, G B P 

a l lows for ongo ing A L A synthesis . G B P act iv i ty is a lmost unaf fected by light and c i rcadian rhy thms 

(Kobayashi et al . , 2016) . 

A l ready in 1971, based on b iochemica l and physio logical exper iments , Shlyk p roposed the ex is tence of 

a ch lo rophy l l b iosynthesis center . A massive comp lex of e n z y m e s involved in ch lorophy l l synthesis that 

w o u l d channe l in te rmed ia tes f r om one enzyme direct ly to the o ther , thus enhanc ing the enzyme 

ef fect iv i ty and min im iz ing the potent ia l hazard of f ree in te rmed ia tes (Tanaka and Tanaka, 2007 ; Shlyk, 

1971). Dur ing the t ime ex is tence of me tabo lon , comp lexes we re p roposed for var ious pathways, 

inc lud ing the TCA cycle (Robinson and Srere, 1985), the urea cycle (Cheung et al . , 1989), fat ty acid 
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metabo l i sm (Srere and Sumeg i , 1994), glycolysis (Campanel la et al . , 2005) and cor r ino id synthesis (Deery 

et al . , 2012). Fo rm ing such metabo lons prov ides severa l advantages for the synthesis . M e t a b o l o n 

creates a kind of m ic ro -env i ronmen t w i th sui table pH, hydrophob ic i ty , the concen t ra t ion of reactants 

and products , and even the co fac tors . They also protect the cell f r o m con tac t w i th react ive or unstable 

in te rmed ia tes and med ia te in teract ion wi th regulat ion factors. These comp lexes also affect the 

prox imi ty of involved prote ins wi th o ther prote ins and the i r pos i t ion ing wi th in or be tween organel les 

(Piel et al. , 2019) . The f irst ev idence that CPOX, PPOX, and FECH f rom a mamma l i an heme pa thway 

coexist in prote in membrane -assoc ia ted comp lex was a l ready done in 1978 by G r a n d c h a m p and 

coworke rs . Nowadays , much more is known abou t the heme me tabo lon , even all works we re done on 

m a m m a l i a n heme synthesis. Never the less , it shows the high organizat ion of more than 20 c o m p o n e n t s , 

inc lud ing enzymes for the heme synthesis (ALAS, CPOX, PPOX, FECH), pro te ins involved in i ron-sul fur 

c luster homeostas is , and necessary mi tochondr ia l t ranspor te rs (Piel et al. , 2019 ; M e d l o c k et al. , 2015). 

2.4 Localization in various organisms 

Eukaryot ic cells are subd iv ided into m e m b r a n e - b o u n d compa r tmen t s , and d i f ferent metabo l i c 

pa thways occur w i th in t h e m or are shared a m o n g t h e m . Over 7 0 % of superpa thways f r o m Un iPro t and 

KEGG pa thway databases w e r e f ound to have mul t ip le local izat ion (Zhao and Q u . , 2010). 

Compar tmen ta l i za t i on of the metabo l i c pa thway results f r om the interp lay of severa l fac tors : enzymes 

evo lu t ionary or ig in, d e m a n d for the product , subst rate avai labi l i ty, and pa thway regulat ion mechan isms 

(Richtová et al. , 2021) . Local izat ion of the te t rapyr ro le pa thway di f fers across the eukaryo t ic t ree of life, 

f r o m a s imple local izat ion of the comp le te pa thway wi th in a ch lorop las t of, e.g., plant, th rough 

b iosynthesis shared be tween m i tochondr ia and cy toso l of, e.g., an imals to heme pa thway that is 

d ispersed th rough m i tochondr ia , cy top lasm and ap icop las t ( remnant plastid) of int racel lu lar 

ap i comp lexan parasi tes (Cihlář et al. , 2016) . Cases of coex is tence of t w o independen t te t rapyr ro le 

pathways, each local ized in d i f ferent compa r tmen t s , w e r e also descr ibed (Kořený and Oborník, 2 0 1 1 ; 

Cihlář et al . , 2016) . 

The succ iny l -CoA is a product of the mi tochondr ia l l y located TCA cycle (Kořený et al . , 2011). ALAS 

enzyme of C4 te t rapyr ro le synthesis ut i l izes the succ iny l -CoA and glycine for the p roduc t ion of ALA . 

There fo re , local izat ion of the ALAS wi th in m i tochondr ia is reasonab le and can be f ound in all p r imary 

eukaryo t ic he te ro t rophs (Op is thokonta , A m o e o b z o a , ear ly b ranch ing S t ramenop i la , A lveo la ta , Rhizar ia, 

and m e m b e r s of the g roup prev ious ly descr ibed as "Excavata" ) . A f te r the A L A fo rma t i on , the 

te t rapyr ro le synthesis con t inues w i th four steps in the cy toso l (Ajioka et al . , 2006) . This t ransi t ion is 

be l ieved to pro tec t m i tochondr ia f r o m the potent ia l p roduc t ion of react ive oxygen spec ies (Vavil in and 
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Vermaas . , 2002 ; Cihlář et al . , 2019) . Yeasts, rh izar ians, and ci l iates keep the C P O X med ia ted p roduc t ion 

of cop ropo rphy r i nogen in the cy toso l ; however , an imals and fungi have this s tep a l ready located back 

in m i tochondr ia . The very last t w o steps of heme b iosynthesis (PPOX and FECH) p roceed in m i tochondr ia 

in all p r imary he te ro t rophs , wh ich relates to the pa thway regulat ion and the ex is tence of heme 

me tabo lon comp lex (Cihlář et al . , 2019 ; Piel et al . , 2019) . M e c h a n i s m s t ranspor t ing the A L A f r o m 

mi tochondr ia to cy toso l and cop ropo rphy r i nogen III f r om cytosol to m i tochondr ia are yet unknown 

(Swenson et al . , 2020) . Enzymes of the pr imary he te ro t rophs heme pa thway are of eukaryot ic or igin 

w i th an except ion for ALAS and UROS that w e r e f ound to be of A lphap ro teobac te r i a l (mi tochondr ia l ) 

or igin (Oborník and G r e e n , 2005 ; Kořený and Oborník, 2011) . 

The te t rapyr ro le pa thway of pr imary eukaryot ic pho to t rophs is st rongly in f luenced by the massive need 

for ch lo rophy l l in pho tosys tems (Moch izuk i et al . , 2010). The ent i re pathway, inc lud ing the C5 beginn ing, 

is located wi th in plast ids, thus ensur ing a fast supp ly of te t rapyr ro les to photosynthes is and re lated 

processes. Several pa thway enzymes exist in more than one vers ion, re f lect ing the endosymb io t i c or igin 

of the plast id (Kořený and Oborník, 2011). The endosymb ios i s jo ined up t w o pa thways - one f r o m 

pr imary he te ro t roph and the o ther (C5 based biosynthesis) f r om cyanobac te r ia . Dur ing the evo lu t ion , 

the pr imary pho to t rophs favored main ly genes of cyanobac ter ia l or ig in, h o w e v e r keep ing some of 

m i tochondr ia l (A lphapro teobacter ia l ) or eukaryot ic (final host nucleus) or igin (Cihlář et al . , 2016 ; Cihlář 

et al. , 2019) . As heme is also needed for cy toch romes of respi ratory chains in m i tochondr ia , it was 

suggested that the last t w o or th ree steps of the synthesis are local ized paral lel ly in ch lo rop las t and 

m i tochondr ia of p r imary pho to t rophs . Related enzymes are of ten present in t w o evo lu t ionary 

d ist inct ive copies, suggest ing that one can work in plastid and the o ther one in the m i tochond r ion 

(Kořený and Oborník, 2 0 1 1 ; Kořený et al. , 2011 , Cihlář et al. , 2016 ; Cihlář et al . , 2019). As men t i oned 

ear l ier , the express ion of one of the genes is of ten induced by light ( M a t s u m o t o et al . , 2004). 

The eukaryo t ic t ree of life has many l ineages or ig inated by mul t ip le endosymb io t i c events (Keel ing et 

al . , 2015). There fo re , we can f ind here groups of comp lex algae wi th red or green plast id, or even 

spo rozoans wi th the remnant t ransparen t comp lex plast id. Euglenids are algae wi th relat ively recent 

secondary plast ids der ived f r om green alga (Rogers et al . , 2007). They are suggested to represent the 

example of evo lu t ionary in te rmed ia te in a metabo l i c t rans fo rmat ion of a pr imary he te ro t roph to a 

pho toau to t roph th rough secondary endosymb ios i s (Kořený et al . , 2011) . Euglenids possess t w o 

independen t l y wo rk i ng te t rapyr ro le pa thways. One is der ived f r om the eukaryo t ic host, uses C4 

synthesis of ALA, and is local ized part ial ly in the m i tochondr ia and cy toso l . The second is inher i ted f r o m 

the algal symbion t , synthesizes ALA by the C5 pathway, and is comp le te l y local ized in the plast id. A n 

ana logous s i tuat ion, w i th the t w o te t rapyr ro le pathways wo rk i ng separa te ly in one cel l , was descr ibed 

in the ch lo ra rachn iophy te Bigelowiella natans (Cihlář et a l . , 2016). Cihlář and coworke rs (2019) assume 
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that f reshwate r t h e c a m o e b a Paulinella chromatophora also runs t w o te t rapyr ro le b iosynthesis . One 

or ig inated f r om the eukaryot ic host and located in m i tochondr ia and cy toso l , and the second one 

runn ing in the pho tosyn the t i c cyane l le . D ino toms are a g roup of d inof lagel la tes that conta in t w o 

evo lu t ionary dist inct plast ids, each resul t ing f r o m a d i f ferent endosymb ios i s . Both plast ids, or ig inal 

per id in in plastid and younge r plastid of the d ia tom or ig in, possess the C5 te t rapyr ro le pa thway 

(Hehenberger et al . , 2014 ; Cihlář et al . , 2019) . 

Sporozoans possess a un ique fo rm of heme synthesis . The origin of involved enzymes ref lects the 

comp lex history of these parasi tes, inc lud ing the pho tosyn the t i c per iod . The best -s tud ied heme 

pa thway is in T. gondii and P. falciparum. Both synthes ize ALA by C4 pathway, as do pr imary 

he te ro t rophs . A L A is then expor ted to ap icoplast , w h e r e the fo l l ow ing four steps are local ized. The sixth 

step, p ro toporphy r inogen IX synthesis med ia ted by CPOX, is local ized in the cy toso l , and the last t w o 

steps p roceeded by PPOX and FECH are again in m i tochondr ia (Bergmann et al. , 2020 ; Ke et al. , 2014 ; 

Kořený et al . , 2013). Dispers ion of the heme pa thway a m o n g th ree d i f ferent cel lu lar c o m p a r t m e n t s 

requi res speci f ic t ranspor te rs wo rk i ng wi th in ap icop las t and mi tochondr ia l m e m b r a n e to a l low the 

t raf f ick ing of in te rmed ia tes be tween t h e m . These paras i te-speci f ic t ranspor ters w o u l d be a p romis ing 

d rug target ; however , they have not yet been ident i f ied (Kloehn et al . , 2020) . 

A n o t h e r cur ious local izat ion of the heme pa thway is wo rk i ng in C. velia. Even be ing an ef f ic ient 

pho to t roph , C. velia starts its te t rapyr ro le b iosynthesis ident ical ly as the a b o v e - m e n t i o n e d re lated 

sporozoans , w i th ALAS in its m i t ochond r i on . The rema in ing enzymes of the pa thway are suggested to 

be local ized wi th in the p last id . It shou ld be noted that s imi lar to A L A S ; also PBGD and second 

pseudopa ra log of FECH is of A lphap ro teobac te r i a l (mi tochondr ia l ) or igin (Oborník and G r e e n , 2005 

Kořený et al . , 2 0 1 1 ; Oborník, 2021 , Richtová et al . , 2021). However , cont rary to ALAS, they are supposed 

to be local ized w i th in the C. velia p last id. Such unp receden ted separa t ion of the pathway 's beg inn ing 

and end w o u l d require comp lex regulat ion mechan isms (Richtová et al. , 2021). 

3. Protein targeting 

The d e v e l o p m e n t of cel lu lar compar tmen ta l i za t i ons was undoub ted l y one of the mos t intr iguing events 

in evo lu t ion . It s igni f icant ly enhanced the metabo l i c ef f ic iency of the cel l . On the o ther hand, 

compar tmen ta l i za t i on of the cel l also brings the need to sor t all prote ins speci f ical ly. Al l nuc leus-

e n c o d e d prote ins are synthes ized on r ibosomes in the cy toso l ; however , many of the i r p roducts are 

de l ivered e l sewhe re . A l m o s t half of the prote ins of the average cell are t ranspor ted into or across a 
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m e m b r a n e , wh ich necessar i ly emp loys comp le te mach ine ry of t ranspor t and t rans locon sys tems (Schatz 

and Dobbers te in , 1996; Chen et al . , 2019). 

3.1 Organellar targeting 

Theory p ropos ing that all p ro te ins conta in the in format ion for sor t ing and t rans locat ion e n c o d e d in thei r 

nascent chain was f irst publ ished by Blobel and Sabat iny in 1971 (honored wi th Nobe l prize in 1991). 

Nowadays , w e d is t inguished severa l types of so-ca l led ta rget ing signals. These leads prote ins to the 

m i tochondr ia , ch lorop last , pe rox i some, and nucleus, or lead to the endop lasm ic re t icu lum (ER) wi th 

fu r ther sor t ing via the secre to ry sys tem (Owji et al . , 2018 ; Kunze and Berger, 2015). M e m b r a n e - t a r g e t e d 

prote ins usual ly conta in one or severa l signals at the i r N- terminus. Prote ins that do not have an N-

te rm ina l signal c o m p l e t e the i r t rans la t ion in the cy toso l , and the i r fu ture depends on w h e t h e r they 

possess any o the r target ing signal fu r ther d o w n the pept ide chain (Kunze and Berger, 2015). N- termina l 

signal pept ides (SP) d i rects the prote in to ER, wh ich serves as a hub for fu r ther prote in sor t ing (Belucci 

et al. , 2018) . Even though many ER signal pept ides we re desc r ibed , no signi f icant am inoac ids sequence 

conserva t ion wi th in the ta rget ing signals was f o u n d . Art i f ic ia l signal sequences and pept ides we re 

successfu l ly ta rgeted to the ER, fu r ther demons t ra t i ng that overa l l proper t ies , rather than the speci f ic 

sequence fo rm a func t iona l ta rget ing signal (Chen et al. , 2019). 

Prote in SPs typical ly consis t of 25 -30 a m i n o acid res idues. The genera l SPs are s t ruc tured in th ree main 

sec t ions : 1) the posi t ively charged N-region, 2) the hyd rophob ic core H-region, 3) the c leavage site C-

region (von Hei jne and A b r a h m s e n , 1989). The N- region is charac ter ized by the presence of basic 

res idues. The precise o rder of the res idues was found to be more impor tan t than the mere presence of 

posi t ive residues, f o rm ing a higher posi t ive charge in the C-region (Green et al . , 1989; Owji et al . , 2018). 

The N-region is respons ib le for in teract ion wi th the signal recogni t ion part ic le, and its posit ive charge 

also de te rm ines the prote in or ien ta t ion favor ing or p revent ing t rans locat ion (Ni lsson et al. , 2015) . The 

H-region consists of 7-15 res idues. Its hydrophob ic i t y de te rm ines the or ien ta t ion of the SP towards the 

cel l m e m b r a n e , if SP c leavage occurs , wh i ch type of the secre to ry pa thway is fo l l owed (SRP or Sec, 

d iscussed later) and if fu r ther prote in process ing occurs (von Hei jne and A b r a h m s e n , 1989 ; Owji et al . , 

2018) . H-regions conta in a spec ies-spec i f i c mot i f that is not in terchangeab le even w h e n the 

hydrophob ic i t y is ma in ta ined at the same level (Duffy et al. , 2010) . Possess ion of Gly, Pro, Ser in the 

midd le of the H- region serves as a he l ix -breaker f o rm ing a hairpin- l ike s t ruc ture . This s t ruc ture 

faci l i tates en te r ing the m e m b r a n e and subsequen t c leavage by signal pept idase (Owji et al. , 2018) . The 

C-region consists of 3-7 neutra l or polar a m i n o acids that f o rm an ex tended P-con fo rmat ion , p rov id ing 

the signal pept idase 's b ind ing si te. The posi t ions -1 and -3 pr ior to the c leavage site are cr i t ical for the 
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func t ion of the C-reg ion. This sequence , known as the A X A mot i f (von Hei jne et al. , 1984), prov ides the 

in teract ion be tween SP and signal pept idase (Owji et al . , 2018). 

So far, f ive major prote in impor t pa thways we re found to d i rect prote ins to m i tochond r i a . The type of 

ta rget ing signal d is t inguishes t h e m . The classical one used by the major i ty (60%) of m i tochondr ia l matr ix 

prote ins is based on c leavable p resequences (cal led m i tochondr ia l t ransi t pept ides) and d i rects the 

precursor prote in th rough speci f ic m i tochondr ia l t rans locons into the matr ix. The o ther four prote in 

impor t pa thway don ' t possess a c leavable p resequence ; however , they have d i f ferent kinds of internal 

ta rget ing signals ( rev iewed in W i e d e m a n n and Pfanner , 2017). The mi tochondr ia l t ransi t pept ide fo rms 

an amph iph i l i c a-hel ix is typical ly rich in arginine and leads a prote in to the m i tochondr ia l matr ix. 

Prote ins wi th the dest inat ion in the mi tochondr ia l i n t e rmembrane space of ten conta in a sor t ing signal 

fo l l ow ing the m i tochondr ia l t ransi t pept ide . This signal resembles the bacter ia l ER signal pept ide (Chen 

et al. , 2019). 

Plast ids are, s imi lar to m i tochondr ia , s e m i a u t o n o m o u s organel les that can synthes ize o rgane l le -

e n c o d e d prote ins by the i r o w n t rans lat ion mach inery . However , most of the genes we re re located to 

the nuc leus by a process cal led endosymb io t i c gene t ransfer (Mar t in and He r rmann , 1998; J i routova et 

al . , 2010) . These genes possess an N- termina l ch lorop las t t ransi t pept ide that speci f ical ly dr ives a pre-

prote in th rough the t rans locon comp lexes of the ou te r and inner plast id m e m b r a n e . This recogni t ion 

site was f irst d iscovered in the nuc leus -encoded subuni t of the Chlamydomonas reinhardtii Rubisco 

(Dobbers te in et al. , 1977). Ch lo rop las t t ransi t pept ides are var iable in the i r length ( f rom 20 to 100 aa) 

and possess no c o n d e n s e d blocks of sequence conserva t ion (Jarvis et al. , 2008). Thei r c o m m o n 

character is t ics are the overal l posi t ive charge (gained main ly by the hydroxy la ted residues, part icular ly 

ser ine), genera l ly reduced acid ic res idues and conserved secondary s t ruc ture . A n amph iph i l i c a-hel ix 

s t ruc ture appears to be crucia l for the in teract ion wi th the ou te r ch lo rop las t m e m b r a n e . However , this 

s t ruc ture is not obse rved in aqueous so lu t ions and is p roposed to be act ivated upon contac t w i th the 

ch lo rop las t ga lac to l ip id -conta in ing m e m b r a n e (Jarvis et al . , 2008 ; Pat ron and Wal le r , 2007). The l inear 

s t ruc ture of the t ransi t pept ide in an aqueous so lut ion is impor tan t for in teract ion wi th cytosol ic 

chape rones . Except ion of the genera l absence of the sequence conserva t ion is the high level of A la at 

the first posi t ion af ter M e t in plants and " g r e e n " plastid and highly conserved Phe at the same , or +1, 

posi t ion in the " r e d " l ineage plast ids, e.g., g laucophytes , rhodophy tes (Patron and Wal le r . , 2007) . 

Prote ins ta rgeted to thy lako ids possess a secondary thy lako id signal that fo l lows the t ransi t pept ide 

(Chen et al . , 2019) . 

M o s t prote ins are speci f ical ly ta rgeted to e i ther ch lorop las t or m i t ochond r i a ; however , cases of dual ly 

ta rge ted prote ins have also been descr ibed (Duchene et al . , 2005 ; Peeters and Smal l . , 2001). Dual 
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ta rget ing can be ach ieved by amb iguous t ransi t pept ides that can interact w i th both s e m i a u t o n o m o u s 

organel les (Sharma et al . , 2018, Carr ie and Smal l . , 2013). Such t ransi t pept ides cou ld be based on 

s imi lar i t ies of m i tochondr ia l and ch lorop las t t ransi t pept ides as the a b o v e - m e n t i o n e d overal l posi t ive 

charge and presence of a-hel ix (Patron and Wal ler . , 2007) . 

Prote ins synthes ized in the cy top lasm can also be targeted to the nucleus or pe rox isomes . Nuc lear 

ta rget ing is med ia ted by spec ia l ized s t ruc tures cal led nuc lear pores and depends on the presence of 

speci f ic C- termina l ly located "nuc lear local izat ion s ignals" (NLS). A shared character is t ic be tween 

s tud ied NLS is the high abundance of basic a m i n o acids (Freitas and Cunha , 2009). Cont ra ry to the 

a b o v e - m e n t i o n e d target ing mechan isms , the perox isomal prote ins can be t ranspor ted into the 

organel le in a ful ly fo lded stage. Perox isoma l target ing signals exist in t w o fo rms, PTS1 and PTS2. The 

more c o m m o n PTS1 consists of conserved C- termina l ly located t r ipept ide , whe reas PTS2 is a 

nonapep t ide local ized at the N- terminus of the prote in (Platta and E rdmann , 2007 ; Kunze and Berger, 

2015) . 

Prote ins ta rgeted to plast ids that or ig inated by a comp lex endosymb ios i s need to cross one or t w o 

add i t iona l m e m b r a n e s c o m p a r e d to prote ins ta rgeted to pr imary plast ids. For this purpose , p re-pro te ins 

are equ ipped wi th a bipart i te ta rget ing sequence (BTS) that is c o m p o s e d of a classical ER-l ike signal 

pept ide (SP) f o l l owed by a t ransi t pept ide- l ike sequence (TP; Felsner et al . , 2010). It was f ound that the 

c leavage site be tween SP and TP of d ia toms possess a conse rved sequence mot i f " A S A - F A P " (Gruber et 

al . , 2015 ; Kilian and Kroth, 2005 ; G r u b e r et al. , 2007) . TPs of secondary plast ids pret ty much resemble 

those of pr imary plast ids. They are dep le ted in acid ic res idues, there fo re , have a posi t ive charge (Felsner 

et al. , 2010) . They have an N- terminal ly located a-hel ix s t ructure f o r m e d on ly in the l ipidic env i r onmen t 

(Ralph et al . , 2004 ; Pat ron and Wa l le r , 2007 ; Boucher and Yeh , 2019). It was demons t ra ted that the N -

te rm inus of the TP is a cri t ical part of the process of target ing. The f irst posi t ion of the t ransi t pept ide 

(after the c leavage of SP) is conserved to Phe, Tyr, Trp, and Leu in d ia toms o ther groups of algae wi th 

comp lex plast ids of red algal or igin (Gould et al. , 2006 ; Kilian and Kroth, 2005 ; Felsner et al . , 2 0 1 0 ; Ralph 

et al. , 2004) . M o s t p last id- targeted prote ins f r om C. velia we re found to possess the Phe at +1 posi t ion 

of TP (Füssy et al . , 2019) ; however , except ions can be found (Richtovä et al. , 2 0 2 1 ; Füssy et al. , 2019). 

The Phe mot i f is absent f r om green-der ived secondary plast ids, wh i ch led to the proposa l that the Phe 

in posi t ion +1 of TP is conserved for all rhodophy te -de r i ved comp lex plast ids (Patron and Wal le r . , 2007 ; 

Durn ford and Gray, 2006) . 
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3.2 Protein transport to complex plastid 

Transpor t of nuc lea r -encoded prote ins to the s t roma of secondary plast ids represents one of the most 

comp lex prote in t ranspor t mach inery a m o n g unicel lu lar eukaryo tes . The process of t ranspor t begins 

immed ia te l y af ter r i bosomes synthes ize the f irst a m i n o acids. The ou te rmos t m e m b r a n e of comp lex 

plast ids is though t to have or ig inated f r o m a phago t roph ic m e m b r a n e that encapsu la ted the symb ion t 

du r ing the engu l fmen t . In c ryp tophy tes , s t ramenop i les , and haptophytes , the ou te rmos t m e m b r a n e 

fused w i th the host ER and became ch lorop las t ER (cER). The surface of cER is covered wi th 80S 

r ibosomes . The ER m e m b r a n e of ap i comp lexan parasi tes rema ined separate f r om the o u t e r m o s t 

phagosoma l m e m b r a n e , w i th no assoc ia ted r ibosomal part ic les (Bolte et al . , 2009 ; Stork et al. , 2013 ; 

Lemgruber et al . , 2013) . The hyd rophob ic core of SP is cot rans la t iona l ly recogn ized by the signal 

recogni t ion part ic les (SRP). Recent ly t w o homo logs of bacter ia l prote ins assoc ia ted wi th SRP func t ion 

(namely FFh and FtsY) we re descr ibed in A lve ida , He te ro lobosea , Hem imas t i gopho ra , and Goniomonas. 

The presence of these prote ins in such unre la ted eukaryotes , toge the r w i th thei r monophy ly , p red ic ted 

m i tochondr ia l local izat ion and aff ini ty of the Ffh g roup to A lphap ro teobac te r i a , suggests thei r or igin as 

far as f r om the last eukaryo t ic c o m m o n ances to r (Pyrih et al . , 2021). The w h o l e comp lex of the r ibosome 

and nascent prote in chain wi th SRP is ta rgeted to SRP receptors of ER/cER w h e r e the nascent chain is 

s tepwise t rans loca ted by the Sec61 t rans locon (Ni lsson et al . , 2015). Dur ing the t rans locat ion process, 

the SP is c leaved of by signal pept idase comp lex , and the TP is exposed to chape rons in the ER/cER 

l umen . The chape ron Hsp70 (heat shock protein) was found to be essent ia l for the process of ap icop las t 

impor t (Tonkin et al . , 2008 ; Foth et al . , 2003) . Homo logue of this ER chape rone was also f ound in C. velia 

(Janouskovec et al . , 2010) . Plast id ta rge ted pre-pro te ins wi th in the cER lumen are in c lose con tac t w i th 

the fo l low ing t rans locon mach inery . However , in sporozoans , such pre-pro te ins must t raverse the 

cy top lasm in vesic les budd ing f r om the ER. Fur ther detai ls regard ing the t ranspor t of vesic les to the 

o u t e r m o s t m e m b r a n e of the ap icop las t are not known yet . S N A R E - m e d i a t e d del ivery of the prote in 

cargo was p roposed , a l though more deta i led s tud ies are needed (Hempe l et al. , 2014 ; She iner et al. , 

2015 ; Boucher et al . , 2019) . 

The TP directs the pre-pro te in th rough the rema in ing m e m b r a n e s of the comp lex plast id. The second 

o u t e r m o s t m e m b r a n e , also cal led the per ip last id ia l m e m b r a n e , is supposed to be a der ivate of symb ion t 

cy top lasmic m e m b r a n e (Ma ie r et al . , 2015). To t raverse this m e m b r a n e , o rgan isms came wi th an 

int r iguing so lut ion - an adapta t ion of symb ion t der i ved , pre-ex is t ing mach inery . The func t ion of the ER-

assoc ia ted degradat ion (ERAD) comp lex has changed , f r o m qual i ty con t ro l of mis fo lded prote ins to 

recogni t ion and t rans locat ion of p last id- targeted prote in cargo in the f o rme r e n d o s y m b i o n t 
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Via the s tandard ERAD sys tem (which is still re ta ined in the host cell), prote ins are t ranspor ted f r om the 

ER lumen to cy toso l , w h e r e they are degraded by the ub iqu i t i n -p ro teasome sys tem (Hempe l et al . , 2014 ; 

Bouche r and Yeh, 2019 ; Agrawa l et al. , 2009) . Severa l o rgan isms w i th comp lex plast ids we re found to 

possess t w o i ndependen t vers ions of ERAD e n c o d e d in the nuc leus. ERAD-L c o m p o n e n t s for the host 

prote in cont ro l sys tem and the second set of homo logous vers ions c o m i n g f r om the symb ion t . Fur ther 

analyses of the symb ion t -der i ved ERAD de tec ted BTSs at the N- terminus and s h o w e d the i r ta rget ing to 

the per ip last id ia l m e m b r a n e or the ap icop las t (Hempe l et al . , 2014 ; H e m p e l et al. , 2009 ; S o m m e r et al. , 

2007) . The f o r m e r symb ion t ' s ERAD sys tem, wh ich now acts as prote in t rans locon of the per ip last id ia l 

m e m b r a n e , was cal led S E L M A , referr ing to symbion t -spec i f i c ERAD-l ike mach ine ry (Hempe l et al . , 2009). 

The cent ra l c o m p o n e n t s of S E L M A are the m e m b r a n e Der l ine like prote ins, part icular ly Der1 , wh i ch 

f o r m the t rans locat ion channe l . Der1 is also suggested to recognize the cri t ical +1 pos i t ioned Phe, or Tyr 

of the t ransi t pept ide (Hempe l et al. , 2009 ; S o m m e r et al . , 2007) . Der1 was so far found in all invest igated 

comp lex plast ids wi th the red-algal or ig in, inc lud ing C. velia (Petersen et al. , 2014) . The S E L M A sys tem 

is thought to be der ived f r om one and the same symbion t ' s ERAD mach ine ry (Gould et al . , 2 0 1 5 ; H e m p e l 

et al. , 2014), suppor t i ng a c o m m o n origin of comp lex plast ids of the red l ineage. The S E L M A core prote in 

Der1 was not found in Bigelowiella natans, ch lo ra rachn iophy te wi th comp lex plastid der ived f r om a 

green algal endosymb ion t . H o w green-a lga l -der ived plastids impor ts prote in across the per ip last id ia l 

m e m b r a n e is not yet descr ibed (Hi rakawa et al . , 2012, Bouche r and Yeh, 2019). 

The pre-pro te in is fu r ther ext racted f r om the Der pore in the S E L M A comp lex by A A A - A T P a s e cdc48 and 

its cofactors (Sheiner et al. , 2 0 1 3 ; Boucher and Yeh, 2019) . Two more m e m b r a n e s are in the way of 

s t roma l ta rgeted p re -p ro te in . These m e m b r a n e s are homo logs of the pr imary plastid enve lope (Hempe l 

et al . , 2014 ; M a l l o et al. , 2018) . In pr imary plast ids, the t ranspor t of p re-pro te in into the s t roma is 

med ia ted via t rans locons of the ou te r and the inner m e m b r a n e , TOC, and TIC, respect ive ly . Both 

t rans locons are f o r m e d by a comp lex set of prote ins, w h e r e Toc75 and T ic20 or T ic22 are accep ted as a 

marker of the presence of the TOC and TIC comp lexes , respect ive ly (Ma ie r et al . , 2 0 1 5 ; Boucher and 

Yeh , 2019) . The h o m o l o g of Toc75 was f irst ly ident i f ied in silico in ch lo ra rachn iophy tes (Gilson et al. , 

2006 ; H i rakawa et al. , 2012). Then prote in of the O m p 8 5 fami ly w i th proper t ies like Toc75 was descr ibed 

in Phaeodactylum tricornutum. The prote in was s h o w n to local ize wi th in the third ou te rmos t m e m b r a n e 

(Bul lman et al . , 2010, W u n d e r et al. , 2007) . In spo rozoans , the Toc75 was located in the co r respond ing 

ap icop las t m e m b r a n e and was shown to be essent ia l for parasi te g rowth and impor t (Sheiner et al. , 

2015) . No h o m o l o g of Toc75 was found in C. velia so far. Similar ly, the T ic22 h o m o l o g located in the 

ap icop las t was descr ibed in Toxoplasma gondii and Plasmodium falciparum, whe re it was shown to be 

ind ispensable for the parasi te surv ival . T ic22 enab les the plastid pre-pro te ins to reach the s t roma 

(Glaser et al. , 2012 ; M a l l o et al . , 2018). Homo logs of T ic20 and T ic110 we re f ound in C. velia (Petersen 
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et al. , 2014). W h e n the plastid s t romal prote in reaches its des t ina t ion , the TP is c leaved off by s t roma l 

p rocess ing pept idase (SPP), and prote ins are fo lded to the i r matu re con fo rma t ion (Hempe l et al . , 2014 ; 

Tonk in et al. , 2008) . 

Figure 8: Scheme of protein targeting to complex plastid of the red lineage. The protein targeted to complex plastid 

is equipped with a bipartite targeting sequence consisting of signal and transit peptides (upper-left corner of the 

figure). The pre-protein is synthesized on the ribosome (1a, 1b) and co-translationally binds to the signal 

recognition particle (SRP), which directs the pre-protein through the Sec61 translocon of the endoplasmic 

reticulum (ER). The endoplasmic reticulum is in cryptophytes, haptophytes, and ochrophytes continuous with the 

outermost membrane of complex plastid (chloroplast ER, cER; side "A" of the figure). However, in sporozoans, 

apicomonads, and dinozoans, the ER membrane is not connected to the outermost membrane (OM) of the 

complex plastid (side "B " of the figure). Inside the ER or cER lumen, the signal peptide is cleaved by signal peptidase 

complex (SPC), and chaperon Hsp70 binds to pre-protein transit peptide (2a, 2b). The pre-protein and chaperon 

complex continues directly to the SELMA complex through the cER lumen or reaches the outermost plastid 

membrane via the ER-mediated vesicle transport (3a, 3b). The Der1 translocon of SELMA recognizes the transit 

peptide and channels the transition through the periplastidal membrane (PPM). The pre-protein is extracted from 

the SELMA by AAA-ATPase cdc48 and its cofactors (4). Homologs of primary plastid TOC and TIC translocons 

mediate the transport through the two innermost membranes of the plastid (5). Inside the plastid stroma, the 

transit peptide is cleaved off by stromal processing peptidase (SPP), and the mature protein is released (6). The 
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figure is based on the following works: Tonkin et al., 2008; Hempel et al., 2009; Bolte et al., 2009; Hirakawa et al., 

2012; Sheiner et al., 2013; Stork et al., 2013; Gould et al., 2015; Boucher et al., 2019. 

3.3 Targeting predictions 

W h e n Blobel and Sabat iny in 1971 p roposed thei r signal hypothes is , the nature of the signal pept ide 

was the scient ist 's focus . As descr ibed prev ious ly (3.1 Organe l la r target ing), the N- termina l target ing 

sequence is a lmost f ree of conserved sequence blocks. However , s o m e c o m m o n character is t ics we re 

desc r ibed and a l low recogni t ion of the signal pept ide . A quadrup le t of at least th ree hyd rophob ic 

res idues marked the hyd rophob ic core (H-region). A m i n o acids wi th smal l , neutra l res idues we re found 

to be strongly ove r rep resen ted at the -1 and -3 posi t ions in relat ion to the c leavage site, whe reas 

posi t ions +1, - 1 , and -4 were found to have no apparen t p re fe rences (Nielsen et al . , 2019 ; von Hei jne 

1983). The f irst pred ic t ion m e t h o d was there fo re based on f ind ing the beg inn ing of the H-region, 

f o l l owed by def in ing a w i n d o w for p rocess ing be tween +12 and +20 aa posi t ion for wh ich the 

"p rocess ing probabi l i ty " was ca lcu la ted . The highest score d e n o t e d the c leavage site (von Hei jne, 1983). 

G u n n t e r von Hei jne also in t roduced the (-3, -1) rule that is still val id (Nie lsen et al . , 2019). B io in format ics 

was in its ch i ldhood at that t ime , mean ing that each pred ic t ion involved many stat ist ical and mach ine 

learn ing techno log ies (Nielsen et al. , 2019) . 

In 1992 Nakai and Kanehisa co l lec ted the empi r i ca l knowledge of sequence- func t i on re lat ionships and 

t rans fo rmed t h e m into a co l lec t ion of i f - then rules that cou ld be computa t iona l l y adap ted to analyze 

sequence da ta . They came wi th a set of rules that can predic t the var ious organel lar locat ion of prote ins 

f r o m unknown sequences . Since that t ime, the poo l of empi r i ca l knowledge became signi f icant ly larger, 

and the pred ic t ion too ls n o w rout ine ly work wi th neural ne twork me thods that Nakai s igned as des i rab le 

in 1992. The break through came in 2000 w h e n Emanue lsson et al . in t roduced the TargetP. TargetP 

ex tended the power of prev ious ly repor ted SignalP ( ident i fy ing SPs; Nie lssen et al . , 1997) and Ch lo roP 

( ident i fy ing ch lorop las t TPs ; Emanue lsson et al . , 1999). TargetP can d iscr iminate be tween prote ins 

ta rge ted to the ch lorop last , m i tochondr ia , secre to ry pathway, or "o the r " local izat ion wi th up to a 90% 

success rate. TargetP is also pred ic t ing c leavage sites, however , w i th only a 4 0 % success rate in the case 

of ch lorop las t p re -sequences (Emanue lsson et al . , 2000) . 

Pred ic t ion servers are charac ter ized by t w o factors (i) the input data , (ii) the cons t ruc t ion of pred ic t ion 

rules. The input data can e i ther const i tu te the comp le te am ino acid sequence or s o m e features der ived 

f r o m the sequence , e.g., a-hel ix or P-sheet s t ructures, hydrophob ic i ty . Pred ic t ion rules range f rom 

manua l l y set co l lec t ions to ent i re ly au tomat i c pat tern techn iques (Emanue lsson , 2002) . The less 

comp lex the signal of interest is, the less data is needed to set the pred ic t ion rules. However , it a lso 
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enhances the probabi l i ty of fa lse-pos i t ive signals f r o m sequences that conta in such signal- l ike mot i f by 

chance . A typical examp le is pe rox isome target ing p red ic t ion , w h e r e C- termina l PTS1 signals are 

de tec ted in tw ice as many non-pe rox i soma l prote ins as t rue perox isome located prote ins (Emanue lsson 

et al. , 2002) . An impor tan t aspec t is also the g roup of prote ins or the organ isms on wh ich the pred ic t ion 

too l is t ra ined (e.g., plant prote ins, bacter ia ; Emanue lsson et al. , 2002). There are many pred ic t ion too ls 

avai lable today. To name a f e w of t h e m : Predo ta r ( t rained for plant sequences to d ist inguish be tween 

ch lo rop las t and mi tochondr ia - ta rge ted prote ins; Smal l et al. , 2004), M i t o P r o t (predicts m i tochondr ia l 

local izat ion based on ca lcu la t ing severa l phys iochemica l pa ramete rs ; Claros, 1995), T M H M M (general 

p red ic tor of a-he l ica l t r a n s m e m b r a n e regions, Krogh et al. , 2001), and A p i c o A P (suited to ident i fy 

ap icop las t ta rgeted pro te ins ; Ci l ingir et al . , 2012). A potent ia l user shou ld carefu l ly choose a m o n g t h e m 

to f ind the most sui table one and avoid mis lead ing research results (Richtová et al. , 2021). 

Pred ic t ions of int racel lu lar locat ions for prote ins f r om organ isms wi th secondary plast id have to deal 

w i th the i r comp lex target ing sequence (BTS). Before speci f ic a lgor i thms for secondary endosymb io t i c 

o rgan isms we re in t roduced, the comb ina t i on of SignalP and TargetP was the best so lu t ion (Kořený et 

al . , 2 0 1 1 ; Cihlář et al . , 2016). The latest vers ion of the onl ine too l (SignalP 5.0) uses a deep neura l 

ne twork app roach to predict SP in all doma ins of life (A lmagro A r m e n t e r o s et al . , 2019). SignalP 5.0 was 

found to have higher overal l pe r fo rmance in the organ isms for wh ich it was deve loped than prev ious 

vers ions. W h e n signal pept ides w e r e examined in d ia toms, the latest vers ion of SignalP was found to be 

less sensi t ive (Gruber et al. , 2020) . TargetP exists in two vers ions: one for plant pro te ins ( recogniz ing 

cTP, SP, and mTP) and one for o the r eukaryo t ic prote ins (trained to recognize SP and mTP; Emanue lsson , 

2002) . W h e n TargetP is used to d i rect ly analyze the who le sequence of prote ins that potent ia l ly conta in 

a BTS, the "non-p lan t " vers ion of TargetP shou ld be used. Otherw ise , TargetP w o u l d search for cTP 

known f rom pr imary plast ids and green algae, thus a type of sequence not present in d ia toms (Gruber 

et al. , 2020). Pred ic t ion too ls cus tom ized for nuc lea r -encoded plastid prote ins in algae wi th secondary 

plast ids of the red l ineage are avai lable s ince 2008 (HECTAR; Gsch loess l et al . , 2008) and 2015 (ASAFind ; 

G r u b e r et al . , 2015). ASAF ind is based on ou tpu t f r o m SignalP or even the latest vers ion of TargetP (2.0) 

and the recogni t ion of conserved " A S A F A P " mot i fs . Its ef f ic iency was tes ted on a large dataset of 

pub l ished prote in local izat ion data for the d ia tom P. tricornutum. ASAF ind was found to wo rk wi th both 

high speci f ic i ty and high sensi t iv i ty (Gruber et al. , 2015). Recent ly a mod i f ied vers ion (ASAFind+) has 

been deve loped , wh ich prov ides pred ic t ions speci f ical ly op t im ized for the t w o ch romer ids , C. velia and 

V. brassicaformis (Fussy et al . , 2019) . 
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3.4 Experimental localizations 

Even though a great var iety of power fu l pred ic t ion too ls exists, exper imen ta l prote in local izat ions 

remain the gold s tandard in charac ter iz ing unknown prote ins. There is qu i te a lot of advanced 

exper imen ta l t echn iques in the cur rent ly used mode l o rgan isms. Ross Dalbey and coworke rs (2002) 

d iv ided vital t echn iques to s tudy prote in expor t into the fo l l ow ing four ca tegor ies . 

Techn iques that invest igate the fate of the prote ins wi th in the ce l l . For examp le , pro tease expe r imen ts 

w i th cell extract con ta in ing intact ER vesic les enab led the d iscovery that mutan t S e c 6 1 a accumu la tes 

secre to ry prote ins like carboxypept idase and pre-pro-a lpha factor in the cy toso l . In such exper iments , 

prote ins t rans loca ted to ER are protease-res is tant , whe reas cy top lasmic prote ins wi l l be p rocessed by 

added protease (Deshaies and Schekman , 1987). A n o t h e r app roach compr ises studies of prote in 

t rans locat ion across the ER based on protease-access ib i l i ty to prote ins mod i f ied in the ER l umen . Ve ry 

labor ious is a lso the analysis of prote in in isolated intact cel l c o m p a r t m e n t s (Dalbey et al . , 2002). 

Recent ly a wo rk descr ib ing the isolat ion of C. velia plast ids and m i tochondr ia was pub l ished (Sharaf et 

al . , 2019) . 

Gene t i cs plays a signif icant role in the d iscovery of prote ins c o m p o n e n t s involved in t rans locat ion 

mach inery . These techn iques wo rk wi th the character iza t ion of mutan ts that arose in the cu l ture w i th 

speci f ic cond i t ions . For examp le , severa l Sec mutan ts w i th b locked secre t ion pa thways we re 

charac te r i zed by look ing for a cel l w i th increased dens i ty of cel l con ten t in cu l ture cu l t ivated in 

t empe ra tu re non-permiss ive (37°C) cond i t ions (Novick et al . , 1980). 

In vitro t echn iques character ize pur i f ied prote ins and reconst i tu te t ranspor t events in a tes t tube . These 

techn iques can de te rm ine the need for energy and chaperons for t rans locat ion and w h e t h e r 

t rans locat ion can occur post t rans lat ional ly . Such a me thod can wo rk wi th art i f icial ly synthes ized [ 3 5S]-

labeled pre-pro te in that is du r ing or af ter the synthesis added to the env i r onmen t w i th ER vesic les. If 

the prote in was t rans loca ted to ER lumen , it w o u l d be p ro tec ted f rom subsequen t l y added pro tease. 

The inf luence of var ious modi f i ca t ions on t rans locat ion and prote in p rocess ing can be fo l l owed by 

de tec t ing radioact ive a m i n o acids. The eukaryot ic SRP was ident i f ied using ER m ic rosoma l sys tems 

(Wal ter and B lobe l , 1980, Dalbey et al . , 2002). In vitro t echn iques are also me thods of cho ice to identi fy 

the m i n i m u m c o m p o n e n t s necessary for the m e m b r a n e t rans locat ion (Dalbey et al. , 2002) . 

Cel l b io logy techn iques a l low fo l l ow ing the prote in w i th in a cell us ing e lec t ron and f l uo rescence light 

m ic roscopy (Dalbey et al . , 2002) . E lect ron m ic roscopy techn iques enab le the invest igat ion of the cell in 

such detai l w h e r e the indiv idual m e m b r a n e s of ap icop las ts are d is t inguishable (Lembgruber et al . , 

2013) . This, c o m b i n e d wi th secondary ant ibod ies wi th a t tached smal l (typical ly 50 or 100 A in d iameter ) 
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gold part ic les, gives a power fu l too l to s tudy the prote in local izat ion wi th in the cell (Faulk et al . , 1971). 

W i t h the progress in imaging techn iques in 3D e lec t ron mic roscopy , i m m u n o g o l d label ing l i teral ly gains 

a new perspect ive (Flechsler et al. , 2019) . Cont ra ry to e lec t ron mic roscopy , f l uo rescence m ic roscopy 

gives the power of imaging the prote ins in l iving cel ls. Here, repor ter prote ins such as "green f luo rescen t 

prote in (GFP) prov ide a great too l to s tudy prote in loca l izat ion. GFP emi ts visible green light w h e n 

exc i ted wi th blue light. W h e n a fus ion cons t ruc t of a prote in of interest w i th GFP a t tached to it is made 

and successfu l ly in t roduced to a l iving ce l l , the locat ion of the expressed t ransgene can be easi ly 

de tec ted by f l uo rescence mic roscopy . Var ia t ions of GFP that di f fer in thei r f l uo rescen t character is t ics 

(exci tat ion and emiss ion wave lengths) a l low to fo l l ow signals f r om var ious prote ins of interest in one 

cel l (Day and Dav idson, 2009) . The immuno f l uo rescence techn iques compr i se the use of an t ibod ies 

labe led, for examp le , by f luoresce in rhodamine or horserad ish perox idase (Dalbey et al. , 2002) . Cel l 

t rackers are commerc ia l l y avai lable f l uo rescen t chemica l too ls that enab le imaging of speci f ic cel l 

c o m p a r t m e n t s , i.e., ER-tracker, M i toTracker , LysoTracker, to name a f ew (Halabi et al . , 2020). The 

comb ina t i on of cel l t rackers wi th prote in unh idden by fus ion f luorescent prote in or an t ibody enab les 

c o m p a r t m e n t co loca l i za t ion . The f l uo rescence confoca l m ic roscopy increased this to the next level by 

a l low ing h igh- reso lu t ion images and the opt ica l sec t ion ing to a l low 3D reconst ruc t ion (Elliot, 2019) . 
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4. Conclusions 

The d iscovery of Chromera velia f i l led the gap be tween secondary photosyn the t ic algae and parasi t ic 

A p i c o m p l e x a . Its f ind ing opens possibi l i t ies to unders tand w h a t changes an o rgan ism must undergo 

w h e n it changes a t roph ic strategy. Or, f r om ano ther perspect ive, w h a t prerequis i tes an o rgan ism must 

have to be able of such a t roph ic t rans i t ion . C. velia mo rpho logy unvei led shared features be tween this 

novel pho tosyn the t ic alga and its ap i comp lexan relat ives, wh ich suppo r ted its phy logenet ic posi t ion and 

vice versa ( M o o r e et al . , 2008 ; Oborník et al . , 2 0 1 1 ; Janouškovec et al . , 2009) . Keep ing the alga in cu l ture 

shows its high adaptab i l i ty to the var ious env i ronmen ta l cond i t ion or capabi l i ty to invade ano the r 

o rgan ism (Oborník and Lukeš, 2013 ; C u m b o et al . , 2013) . A lso , the comp lex life cycle of C. velia was 

desc r ibed in deta i l (Oborník et al . , 2016) . Such versat i l i ty can be enab led only w i th an ef fect ive 

me tabo l i sm . The pho tosyn the t i c and respi ratory appara tuses of C. velia we re found to be signi f icant ly 

reduced , however , w i th a rapid e lec t ron t ransfer (Sobotka et al. , 2017 ; F legontov et al. , 2015) . Overa l l 

me tabo l i sm of C. velia represents a set of pecul iar i t ies w o r k i n g toge the r to serve the o rgan ism (Sutak 

et al. , 2010 ; Fussy et al . , Tomčala et al . , 2017 ; Tomčala et al. , 2020) . The heme b iosynthesis is very we l l 

conse rved and shared a m o n g organ isms wh ich is a c o n s e q u e n c e of the p roduc t ion of essent ia l 

c o m p o u n d s for var ious cell p rocesses. This thesis a imed to exper imenta l l y invest igate the local izat ion 

of this cr i t ical pa thway in C. velia. This thesis fo l lows up wi th prev ious work unvei l ing C. velia heme 

b iosynthesis uniqui ty and suggest ing its local izat ion f r o m in silico analyses (Kořený et al. , 2011) . 

C o m b i n a t i o n of recent pred ic t ion servers wi th mode rn exper imen ta l t echn iques suppor ted previous 

results of A L A synthesis in the m i tochond r ion of this pho tosyn the t i c o rgan ism. M o r e o v e r , we shed more 

light on the prote in target ing to plast ids of comp lex origin by using t w o t rophica l ly d i f ferent yet d istant ly 

relat ive o rgan isms (Phaeodactylum tricornutum and Toxoplasma gondii). Organ isms wi th comp lex 

plast ids of red algal or igin have shared features in target ing nuc lea r -encoded prote ins to the comp lex 

plast id (Bouchner and Yeh, 2019) . However , w e s h o w e d that prote in ta rget ing in part icular o rgan isms 

is a precise m e c h a n i s m c o m b i n i n g mul t ip le detai ls . W e also suggested that the f inal local izat ion of the 

heme pa thway in Chromera velia is an interp lay of the enzyme or ig in, the d e m a n d for the f inal p roduc t 

of a pathway, and the need for str ict regulat ion of the synthesis (Richtová et al. , 2021) . 
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Abstract: Heme biosynthesis is essential for almost a l l l iv ing organisms. Despite its conserved 
function, the pathway's enzymes can be located in a remarkable diversity of cellular compartments 
in different organisms. This location does not always reflect their evolutionary origins, as might be 
expected from the history of their acquisition through endosymbiosis. Instead, the final subcellular 
localization of the enzyme reflects multiple factors, inc luding evolutionary origin, demand for the 
product, availability of the substrate, and mechanism of pathway regulation. The biosynthesis of 
heme in the apicomonad Chromera velia follows a chimeric pathway combining heme elements from 
the ancient algal symbiont and the host. Computational analyses using different algorithms predict 
complex targeting patterns, placing enzymes in the mitochondrion, plastid, endoplasmic reticulum, 
or the cytoplasm. We employed heterologous reporter gene expression in the apicomplexan parasite 
Toxoplasma gondii and the diatom Phaeodactylum tricornutum to experimentally test these predictions. 
5-aminolevulinate synthase was located in the mitochondria in both transfection systems. In T. gondii, 
the two 5-aminolevulinate dehydratases were located i n the cytosol, uroporphyrinogen synthase 
i n the mitochondrion, and the two ferrochelatases i n the plastid. In P. tricornutum, al l remaining 
enzymes, from ALA-dehydratase to ferrochelatase, were placed either in the endoplasmic reticulum 
or in the periplastidial space. 

Keywords: tetrapyrrole biosynthesis; heterologous expression; Chromera velia; predictions 

1. Introduction 

Life as we know it, w o u l d not be possible without tetrapyrroles, namely chlorophyll 
and heme. While chlorophyll is used exclusively in photosynthesis, heme can be involved 
in various electron transport chains and redox reactions [1]. Heme appears to be essential 
for almost all life on Earth, with only a few exceptions among pathogenic and anaerobic bac
teria, and a single exception in aerobic eukaryotes, the kinetoplastid Phytomonas serpens [2]. 
A l l other organisms either synthesize their own heme or obtain it from external sources [2]. 
Both heme and chlorophyll share a common synthetic pathway (up to protoporphyrinogen 
IX), which is well conserved among all three domains of life [3] (outlined in Figure 1). The 
first precursor of this pathway, 5-aminolevulinic acid ( A L A ) , can be synthesized in two 
fundamentally different ways: primary heterotrophic eukaryotes and Alphaproteobacteria 
use the C4 (or Shemin) pathway, the condensation of succinyl-CoA and glycine, whi le 
Eubacteria, Archaea, and eukaryotic phototrophs form A L A from glutamate via a set of 
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reactions termed the C5 pathway [4]. Eight molecules of A L A are assembled i n three 
consecutive steps to uroporphyrinogen III, the first macrocyclic tetrapyrrole, w h i c h can 
convert to siroheme, or, alternatively, the next three steps of the synthesis lead to protopor-
phyrinogen IX. In the chlorophyll synthesis branch, magnesium-chelatase inserts an M g 2 + 

ion into the center of the porphyrin ring. In the heme synthesis branch, insertion of a F e 2 + 

ion into the ring by ferrochelatase (FECH) finally completes the heme [1]. 

C4 
Hoog GLYCINE 

v<: SUCCINYL-CoA i C o A

 C ° ° H 

ÍALAŠ1 \ ^ 
DELTA-AMINOLEVULINIC ACID h,n^|-~^ c o o h 

[2-1 ° 
V lALADl 

PORPHOBILINOGEN 
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GLUTAMYL-tRNA 
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O H C > r * - N s ^ C O O H 

GLUTAMATE SEMIALDEHYDE 
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HYDROXYMETHYLBILIANE „ 

UROPORPHYRINOGEN 

S Y N T H E S I S O F S I R O H E M E 
A N D VITAMIN B „ 

COPROPORPHYRINOGEN 

PROTOPORPHYRINOGEN III 

PROTOPORPHYRIN IX 

Mg-PROTOPORPHYRIN IX I X } 

SYNTHESIS OF C H L O R P H Y L L S 

(GTR) Glutamyl-tRNA reductase 
(GSAA) Glutamate 1-semialdehyde aminotransferase 
(ALAS) Delta-ammolevulinic acid synthase 
(ALAD) Delta-aminolevulinic acid dehydratase 
(PBGD) Porphobilinogen deaminase 
(UROS) Uroporphyrinogen III synthase 
(UROD) Uroporphyrinogen III decarboxylase 
(CPOX) Coproporphyrinogen III oxidase 
(PPOX) Protoporphyrinogen IX oxidase 
(FECH) Ferrochelatase 
(MGCH) Mg-chelatase 

S Y N T H E S I S OF P H Y C O B I L I N E S , 
P H Y T O C H R O M O B I L I N E 

Figure 1. Tetrapyrrole synthesis. Enzymes work ing i n particular steps of the synthesis are denoted by acronyms i n boxes 
wi th their ful l names explained in the grey panel. Enzymatic steps (arrows) present in C. velia are in the grey oval. Changes 
in product structure are highlighted in red. 
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Tetrapyrrole biosynthesis in eukaryotes is largely influenced by past endosymbiotic 
events, in which mitochondria and plastids were acquired. This is reflected in the phyloge-
netic affinities of the associated genes, that often demonstrate similarity to homologous 
genes in Alphaproteobacteria or cyanobacteria, for mitochondrial or a plastid origin, respec
tively [4,5]. While the tetrapyrrole pathway is almost universally present, the subcellular 
distribution of the enzymes differs wide ly across the eukaryotic biodiversity. Location 
corresponds to the trophic strategy of the organism, cellular demand for the final products 
of the pathway, the evolutionary origin of the enzyme, and the need for tight regulation of 
the pathway [6-10]. 

In primary eukaryotic heterotrophs, both the initial and terminal steps of the synthesis 
take place in the mitochondria, w h i c h is not surprising considering the availability of 
the precursor, succinyl-CoA, and the demand for heme in the cytochromes of the respira
tory chain [4,5,11]. The common location for the start and completion of heme synthesis 
is also important for the regulation of the pathway, w h i c h is mainly achieved by the 
heme-mediated inhibit ion of A L A formation [6-10]. The middle part of the pathway i n 
heterotrophs takes place in the cytosol, which necessitates the transport of A L A and a por
phyrin intermediate across the mitochondrial membranes [12,13]. Most phototrophs use the 
C5 pathway to begin the tetrapyrrole synthesis, and the whole process is located inside the 
plastid, the place with the highest demand for the final products, chlorophyll, and heme [14]. 
The euglenid alga Euglena gracilis [15] and the chlorarachniophyte Bigelowiella natans [16] 
possess both the plastid located (C5 based) pathway, and the mitochondrially-cytosolic (C4 
based) pathway. Apicomplexan parasites [17] such as Plasmodium or Toxoplasma harbor 
a non-photosynthetic relic plastid (the apicoplast) and possess a rather peculiar heme 
synthesis. The pathway starts via the C4 route in the mitochondrion, the next four steps are 
apicoplast localized, consecutively, coproporphyrinogen oxidase (CPOX) is active in the 
cytosol, and the synthesis is completed by protoporphyrinogen oxidase (PPOX) and F E C H 
in the mitochondrion again [5,11,18-21]. Such complicated intracellular distribution of 
heme pathway enzymes most likely arose because of the transition from a photosynthetic 
to a parasitic lifestyle [5,11,20]. 

A l l tetrapyrrole pathway enzymes from the organisms mentioned above are encoded 
in the nucleus and hence must be targeted to a relevant compartment, after translation 
in the cytosol. For that purpose, cells evolved various targeting signals that can be N -
terminal or C-terminal extensions, or lie internally within the protein [22]. For the transport 
through the ER, proteins are equipped with an N-terminal "signal peptide" (SP). Proteins 
targeted to plastids of primary phototrophs bear a "transit peptide" (TP) that is identified by 
translocons of outer and inner chloroplast membrane (TOC and TIC), respectively [23,24]. 
Complex plastids are coated w i t h additional membranes; to pass them, proteins need a 
"bipartite targeting sequence" (BTS) consisting of a SP, that is cleaved immediately after 
crossing the outermost membrane, and a TP that escorts the protein to plastid stroma, 
where the TP is also excised to expose the mature protein [22-26]. 

Chromera velia is an alveolate alga, belonging to the group Apicomonada [27], isolated 
from stony corals from Sydney Harbor in Australia [28]. Together with Vitrella brassicaformis, 
it represents the closest known phototrophic relative to apicomplexan parasites [29]. Similar 
to other Apicomplexa and algae with complex plastids, both chromerids host rhodophyte-
derived plastids surrounded by four membranes [28-34]. Although C. velia is a phototroph, 
it uses mitochondrially-located A L A synthase ( A L A S ) for the synthesis of A L A in the 
C4 route. A l l the C 5 pathway enzymes found i n other phototrophs are missing from 
chromerids [11]. The remaining enzymes of the pathway (from A L A to heme) display 
mosaic evolutionary origins (cyanobacterial, eukaryotic, and proteobacterial). Most of the 
enzymes involved in the pathway possess predicted bipartite targeting sequences (BTS) 
known to mediate import of nuclear-encoded proteins into complex plastids [11,35,36]. 
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To see how the pathway is organized in the photosynthetic chromerids and to better 
understand what evolutionary forces shaped the unusual pathway in Apicomplexa, we 
experimentally tested the locations of heme pathway enzymes in the C. velia. A s there 
is no transfection system for C. velia yet, we decided to use the heterologous expression 
i n a photosynthetic diatom and i n an apicomplexan parasite. This also al lowed insight 
into the compatibility of targeting mechanisms between diatoms and apicomplexans, i n 
cluding chromerids. The best-established transfection systems in organisms related to C. 
velia are those for the apicomplexans Toxoplasma gondii and Plasmodium falciparum, and for 
the diatoms Thalassiosira pseudonana and Phaeodactylum tricornutum [37-41]. Both groups 
of organisms, apicomplexans, and diatoms contain secondary plastids surrounded by 
four membranes, and their plastid targeting mechanisms have been extensively stud¬
ied [23,42-48]. The apicomplexan parasites are more closely related to C. velia; however, 
the plastids in C. velia were hypothesized to originate from a tertiary endosymbiotic event 
w i t h a stramenopile [29,33,34,49,50]. Moreover, diatoms and C. velia share a phototrophic 
lifestyle, which requires more complex regulation of the tetrapyrrole synthesis due to the 
presence of the chlorophyll branch [5,15,16]. In this study, we localized six heme pathway 
enzymes from C. velia in the apicomplexan parasite T. gondii and i n the diatom P. tricor
nutum: A L A S , two A L A dehydratases ( A L A D 1 , A L A D 2 ) , uroporphyrinogen synthase 
(UROS) and two ferrochelatases (FECH1, FECH2). We also used specific antibodies gener
ated against C. velia A L A S to localize this enzyme directly in C. velia cells by immunogold 
labeling and transmission electron microscopy. 

2. Results 
2.1. Prediction of Localization of Heme Synthesis Enzymes in C. velia 

Various bioinformatics tools can be used to predict N-terminal targeting presequences 
typically associated w i t h targeting to specific subcellular compartments. We analyzed 
the predicted targeting of the C. velia heme pathway enzymes using the fol lowing algo¬
rithms: SignalP 4.1 [51] in combination w i t h TargetP 1.1 [52], to determine the presence 
of bipartite targeting sequences (BTS). A s C. velia hosts complex plastid surrounded by 
four membranes [28,31], we also took advantage of the A S A F i n d predictor, designed to 
predict protein targeting to rhodophyte-derived complex plastids [53]. We ran A S A F i n d 
combined wi th different versions of SignalP and also used the C . velia optimized predic
tor A S A F i n d + [54] i n conjunction w i t h SignalP 4.1. For mitochondrial transit peptides, 
we also used the prediction method MitoFates [55]. A l l results are summarized i n the 
Supplementary File S1. 

According to SignalP 4.1 and TargetP 1.1, A L A S has no detectable ER signal peptide 
(ER-SP) or TP. This also applies to A L A D 2 and U R O S . Complete BTSs composed of SPs 
and TPs were found i n A L A D 1 , porphobilinogen deaminase (PBGD), uroporphyrinogen 
decarboxylase 1 (UROD1), U R O D 2 , both coproporphyrinogen oxidases (CPOX1, CPOX2), 
protoporphyrinogen oxidase 1 (PPOX1) and F E C H 1 . ER-SPs without subsequent TP were 
found i n U R O D 3 and F E C H 2 . Mitochondria l TPs were detected i n A L A D 3 and P P O X 2 
by TargetP, while MitoFates predicted mitochondrial TPs for U R O D 1 and PPOX2 (all 
other enzymes were negative, results were identical regardless of the choice of organism 
group, Supplementary File S1). Due to the good prediction performance of SignalP- and 
TargetP- based methods i n diatoms [53,56] and C. velia [54], we decided to weight the 
results of SignalP/TargetP i n conjunction w i t h A S A F i n d or A S A F i n d + higher than the 
MitoFates results. 
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A l l A S A F i n d predictions consistently suggested plastid localization for A L A D 1 , P B G D , 
U R O D 1 , U R O D 2 , U R O D 3 , C P O X 1 , C P O X 2 , PPOX1, and F E C H 1 . The remaining enzymes 
of the pathway appear to lack the ER-SP. The output of A S A F i n d and ASAFind+ combined 
w i t h TargetP 2.0 agreed w i t h the results mentioned above, except for F E C H 2 , w h i c h 
according to TargetP 2.0, also has an ER-SP but no predicted plastid targeting by either 
A S A F i n d or A S A F i n d + . A l l above-mentioned predictors agreed on A L A S , A L A D 2 and 
U R O S lacking N-terminal targeting signal (Figure 2, Supplementary Table SI). 

(a) (b) 

Figure 2. In silico targeting predictions for heme biosynthesis pathway enzymes i n C. velia. (a) Euler diagram displays 
interpretation of targeting signals by various predictors, (b) Scheme showing different possibilities of N-terminal target
ing signals. 

We interpret the results as follows: A L A S , A L A D 2 and U R O S have no detectable 
targeting signal. A L A D 3 and P P O X 2 have TP (detected by TargetP 1.1). The remaining 
enzymes ( A L A D 1 , P B G D , U R O D 1 , U R O D 2 , U R O D 3 , C P O X 1 , CPOX2, PPOX1, and FECH1) 
were predicted to be plastid-targeted proteins by most of the used predictors. 

2.2. Analyses ofC. velia Heme Pathway Enzymes N-termini Sequence 

We analyzed the N-terminus sequence of C. velia heme pathway enzymes w i t h pre
dicted BTS. We compared the aa distribution and overall net charge of these proteins with 
works already published on the set of plastid targeted proteins from diatoms [53] and C. 
velia [54]. We found that C. velia has about 50% lower frequency of serine, and an overall 
higher proportion of positively charged residues w i t h i n the first 20 aa of the TPs than 
diatoms (Figure 3). Seven of the nine predicted BTS of the C. velia enzymes of interest 
contain negatively charged residues that are almost absent in diatoms [53]. 
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F R L S V S S L P S P V S S Q E T K R A . . UR0D1 
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• F R F P I S M T I T T D L P R G N Q K T . . UR0D3 
• F Q L A G K G G V T G F L G R R K A A Q . . CP0X1 

F S A S T F D V L S S A H G T D R W A K . . CP0X2 
F I L T S P R H F S R S E Q S V S S L Q . . PP0X1 
F R L H D K L L D G S R L R P Q R R G . . FECH1 

(b) Chromera velia 
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ACFGILMPVWY 
(other) position relative to predicted cleavage site 

Figure 3. (a) ER-SP and TP domains of C. velia heme pathway enzymes. Coordinates are relative to the predicted SP cleavage 
site (arrow). Only enzymes that were positive for BTS are shown, amino acids in one letter code, color code is identical for 
all panels, (b-d) Sequence logos (upper panels) and frequency plots (lower panels) of plastid targeting BTS cleavage site 
motifs and TPs from (b) C. velia (n = 146 data from [5]), (c) diatoms (n = 166, reproduced from [53]), and (d) the C. velia heme 
pathway enzymes shown in A (n = 9). 

2.3. Localization ofC. velia Heme Synthesis Enzymes via Heterologous Expression 

For the heterologous reporter gene expression experiments, we selected six different 
genes from C. velia, which encode enzymes for four steps of the synthesis: A L A S synthesizes 
the first precursor of the pathway ( A L A ) ; A L A D catalyzes the condensation of two A L A 
molecules to the monopyrrole porphobilinogen; U R O S represents the middle step of 
the pathway and forms the first macrocyclic tetrapyrrole—uroporphyrinogen III; F E C H 
terminates the pathway by chelating the protoporphyrin IX w i t h F e 2 + thus generating 
heme. Our attempts to heterologously express full-length C. velia genes showed toxicity for 
P. tricomutum (data not shown). Therefore, we used truncated genes to express only the 
N-terminal regions of the enzymes that included the targeting signals (if predicted), and 
some additional amino acids of the mature protein to end up with maximally 121 aa long 
sequence fused to an eYFP reporter gene (Figure 4). 
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Figure 4. Constructs for heterologous expression of P. tricornutum and T. gondii w i t h truncated C. velia proteins. Numbers 
above the aa sequence correspond to amino acid position in the protein. Presequences are marked in grey, predicted SPs are 
underlined. Enhanced yel low fluorescent protein used to tag the construct is displayed as acronym (eYFP) in a black box. 
CryptoDB accession numbers of proteins are given in parenthesis behind the protein name. 

2.3.1. Localization in Phaeodactylum tricornutum 

To express selected C. velia enzymes i n P. tricornutum, we used two vectors, one 
bearing the gene of interest fused to the eYFP reporter and the other encoding the antibiotic 
resistance cassette, and co-transformed the diatom cells v ia micro-particle bombardment 
with a mixture of both vectors. Transformed genes are thought to be randomly integrated 
and stably maintained in the diatom genome [37]. After the antibiotic selection, we looked 
for eYFP positive cells using the fluorescence microscope and inspected them in detail v ia 
confocal microscopy. The signal from C v A L A S - eYFP spanned through the diatom cell in 
the way typical for P. tricornutum mitochondria [57,58] and colocalized with the MitoTracker 
signal (Figure 5). The remaining enzymes, C v A L A D l , C v A L A D 2 , C v U R O S , C v F E C H l , 
and CVFECH2, consistently showed the so-called "blob-like" structures (Figure 5), a dense 
signal in close proximity to the plastid [35,59], w i t h the same signal found even i n the 
cases of O A L A D 2 , C v U R O S , and O F E C H 2 , that lack SPs. The "blob- l ike" structure 
indicates targeting to the periplastidial space, between the two outermost and the two 
innermost membranes of the diatom complex plastid [60]. While the "blob-like" structure 
pattern was observed i n the majority (88.9%) of cells in culture, 11 .1% of cells showed 
co-localization of eYFP signals w i t h ER-Tracker, indicating the presence of the enzyme in 
the ER (Supplementary Figure S3). These results suggest that all tested enzymes, except 
for the mitochondria located C v A L A S , are trapped either in the ER or in the periplastidial 
compartment of the diatom plastid, thus not entering the plastid stroma. 
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Figure 5. Heterologous expression of Phaeodactylum tricornutum wi th genes from Chromera velia heme 
pathway enzymes. Selected enzymes were tagged on their C-terminus by eYFP (green), magenta 
indicates plastid autofluorescence, MitoTracker® Orange C M - H 2 T M R o s ( A L A S , red) indicates mito
chondrion. Green eYFP signal of C. velia A L A synthase colocalizes w i t h red signal of P. tricornutum 
mitochondrion (row A L A S ) . Typical "blob- l ike" structures are found in heterologous expression of 
A L A dehydratases ( A L A D 1 , A L A D 2 ) , uroporphyrinogen synthase (UROS) and both ferrochelatases 
(FECH1, FECH2) . 

2.3.2. Localization in Toxoplasma gondii 

Toxoplasma gondii cells were transfected via electroporation with a vector bearing both, 
the chloramphenicol resistance cassette, and the C. velia heme pathway truncated gene, 
enabling fast selection of transfectants. In agreement wi th the P. tricornutum heterologous 
system, we also localized C v A L A S i n mitochondria of T. gondii (Figure 6) wi th the signal 
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overlapping w i t h the mitochondrial marker T g M y s [47,61]. However, localization of 
C v A L A D l , C v A L A D 2 , and C v U R O S in T. gondii conflicted with that found in P. tricornutum. 
Both C v A L A D l and C v A L A D 2 displayed cytosolic distribution in the apicomplexan model, 
whi le C v U R O S was targeted to the mitochondrion. In agreement w i t h the predictions, 
C v F E C H l localized to the apicoplast of T. gondii, but so d i d the C v F E C H 2 , which has no 
predicted targeting signal (Figure 2). 
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Figure 6. Heterologous expression of Toxoplasma gondii wi th genes from Chromera velia heme pathway 
enzymes. Immunofluorescence assays of transfected T. gondii, anti-GFP antibody were used to detect 
eYFP tagged C. velia enzymes. Ant i -GFP (green) colocalized wi th mitochondrial anti-TgMys (a-mito, 
red and yellow) signal i n case of A L A S and U R O S . A L A D 1 and A L A D 2 signal were detected i n 
the cytosol. F E C H 1 and F E C H 2 signal was found to overlap w i t h D A P I (blue) signal at the area of 
parasite apicoplast. Apicoplast is denoted by " P " . Dashed line indicates T. gondii cell border. 
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2.4. Direct ALAS Localization via Immune Gold Labeling ofC. velia Cells 

We used a custom-made polyclonal rabbit antibody designed to detect C. velia A L A S 
(described in detail in materials and methods), to localize the enzyme on cell sections 
via immunogold labeling. A s a control we used anti-pATPase [62]. Western blots on 
total protein extract from C. velia were performed prior to in vivo experiments to verify 
specificity of antibodies. The size of the mature A L A S protein of C. velia was estimated to be 
-48 kDa (Protein Calculator v3.4; protcalc.sourceforge.net), our Western blot data showed 
a single band of approximately 42 k D a (Figure 7a). Ant i -pATPase antibody was also 
tested on Western blot where we detected a signal of -53 k D a (Figure 7d). G o l d particles 
conjugated to secondary antibodies marking a n t i - C v A L A S were in the majority (77%) 
of inspected C. velia sections detected in light-grey compartments of the cell (Figure 7b). 
Anti -p ATP was in 61% detected in the same compartments as a n t i - C v A L A S , beside it was 
also in 16% detected in plastids (Figure 7e). This finding was consistent in the majority of 
inspected C. velia sections (Figure 7c,f). 

(d) (e) (f) 

Figure 7. Immunogold labeling: (a) Western blot w i t h a n t i - C v A L A S on total protein extract from C. velia (b) Micrograph of 
C. velia ultrathin section after immunogold labeling w i t h specific a n t i - C v A L A S as a primary antibody. The majority of gold 
particles (encircled) were detected in the mitochondria, (c) Distribution of secondary IG particles (detecting ant i -CvALAS) 
among cell compartments counted from all 35 micrographs, (d) Western blot w i t h anti-ßATP on total protein extract 
from C. velia (e) Micrograph of C. velia ultrathin section after immunogold labeling w i t h specific anti-ßATP as a pr imary 
antibody. The majority of gold particles (encircled) were detected in C. velia mitochondria, (f) Distribution of secondary IG 
particles (detecting anti-ßATP) among cell compartments counted from all 35 micrographs. N = nucleus, M = mitochondria, 
P = plastid. 

http://protcalc.sourceforge.net


Int. ]. Mol. Sri. 2021, 22, 6495 11 of 23 

3. Discussion 

To synthesize heme is crucial to the survival and growth of almost al l l iv ing or
ganisms. Two variants of heme biosynthesis pathways are k n o w n , the C4 pathway (in 
Alphaproteobacteria and most heterotrophic eukaryotes), and the C5 pathway (in Archaea, 
Eubacteria other than Alphaproteobacteria, and most phototrophic eukaryotes) [2]. Over 
the course of evolution, the specific localization of a particular enzyme is the result of 
multiple factors, including its evolutionary and endosymbiotic origin, which compartment 
has a major need of the resulting product and can also reflect pathway regulation, and/or 
the substrate availability [16,63,64]. Chromera velia, the closest known phototrophic relative 
to apicomplexan parasites, possesses a unique heme pathway, in which 5-aminolevulinic 
acid ( A L A ) is synthesized by the heterotrophic C4 pathway in mitochondria, like in api-
complexans parasites and primary heterotrophic eukaryotes. The downstream steps of the 
pathway were predicted to take place in the plastid [11]. We applied a combination of ex
perimental and computational approaches to get a better insight into the heme biosynthesis 
in C. velia (Figure 8). Since a heterologous expression system of C. velia is not yet available, 
we decided to transfect more or less closely related well-established models, particularly 
the pennate diatom P. tricornutum [37,65,66] and the coccidian T. gondii [40,67] w i t h the 
genes (or gene fragments) from C. velia. 

C. velia heme pathway enzymes: IN SILICO PREDICTIONS: 

Chromera velia No targeting sgnal identified: 

ALAS ALAS 

V FECH1.2 

CPOX1.2 

PBGD 

UROS 

UROD1,2,3 

PP0X1.2 

XENO-TRANSFECTIONS: 

nucleus endoplasmic reticulum 
mitochondrion plastid 
apicoplast apical complex 

Figure 8. Intracellular distribution of heme biosynthesis i n Chromera velia, inferred from predictions, and heterologous 
reporter gene expression in Toxoplasma gondii and Phaeodactylum tricornutum. 
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O u r results from both approaches (protein targeting predictions and heterologous 
transfections) were multivalent with a single exception for A L A S that constantly displayed 
mitochondrial localization. We also tested a n t i - C v A L A S directly on C. velia section where 
the antibody was predominantly found in compartments that we assume to be mitochon
dria as the anti-p ATP [62] localized to the same compartment. The anti-p ATP that we used 
is regularly used as a mitochondrial marker in Trypanosoma brucei [62]. The ATP synthase is 
known to work in plastids of photosynthetic organism as wel l [68]; therefore, we detected 
a minor number of IG particles (16%) also in C. velia plastids (Figure 7). Mitochondrial 
localization of A L A S likely reflects the use of succinyl-CoA, the product of mitochondrial 
T C A cycle, as one of the substrates [11]. Al though predictors failed to detect a mitochon
drial TP in A L A S , the enzyme contains a presequence at the N-terminus when compared 
to the Alphaproteobacterial counterparts, showing some characters of mitochondrial TPs. 
Moreover, the pre-sequence contains two conserved heme-binding C P motifs that are 
shared with the A L A S sequences of animals and fungi, where the excess of heme blocks the 
A L A S import into the mitochondrion and thus inhibits the synthesis of A L A and heme [11]. 
A L A dehydratase (syn. porphobilinogen synthase) catalyzes condensation of two A L A 
molecules to constitute porphobilinogen [69]. Three A L A D pseudoparalogs were found in 
the C. velia genome [70] after the gradual refinements of gene models (CryptoDB database; 
ht tp : / /cryptodb.org/cryptodb/app) . Each pseudoparalog displays a different targeting 
pattern (Figure 2). The plastid localization of A L A D 1 in C. velia was consistently suggested 
by all the predictors, reflecting its evolutionary origin in cyanobacteria [11]. A L A D 2 seems 
to originate from the primary host nucleus (the nucleus of engulfed alga) [16]; however, 
we detected no targeting presequences here. The A L A D 3 , that was suspected to originate 
from the secondary host nucleus [16], lacks any ER-SP but contains a putative chloroplast 
TP. A l l predictors agreed in the plastid localization of P B G D while the fol lowing enzyme, 
U R O S , has no detectable targeting signal. However, transfection in the diatom shows 
periplastid localization of UROS. UROS is always localized together with its accompanying 
enzymes: P B G D and U R O D [5,15,16,64]. Such arrangement enables fast processing of 
hydroxymethylbiliane to uroporphyrinogen III. It was shown that if there is no U R O S 
present dur ing or immediately after the P B G D forms hydroxymethylbiliane, the biolog¬
ically inactive isomer, uroporphyrinogen I (which is not a precursor of heme), forms 
spontaneously [71,72]. A l l three pseudoparalogs of U R O D are putatively plastid targeted 
(Figure 2), despite their diverse evolutionary origin: U R O D 1 in cyanobacteria, U R O D 2 in 
the endosymbiont (primary host) nucleus, and U R O D 3 in the secondary host (exosymbiont) 
nucleus [11]. Al though all three pseudoparalogs were predicted by A S A F and ASAFind+ 
prediction tools to be plastid targeted, SignalP 4.1 combined with TargetP 1.1 showed only 
low confidence for SP and no TP in U R O D 3 (Figure 2, Supplementary Table S1). Therefore, 
it is possible that at least two U R O D (1, 2) enzymes are plastid located. There are two 
pseudoparalogs of C P O X found in C. velia. Again , all the predictions placed both C P O X to 
the plastid (Figure 2). P P O X and F E C H were found to form a complex al lowing efficient 
channeling of metabolites through the thylakoid membranes, w h i c h protects the highly 
reactive protoporphyrinogen IX [73,74]. Therefore, these enzymes should share the same 
compartment. Almost all the predictors coupled P P O X 1 and F E C H 1 as plastid-targeted 
enzymes and P P O X 2 w i t h F E C H 2 as situated out of the plastid. SignalP 4.1+TargetP 1.1 
suggests only PPOX1 as a plastid-targeted protein. The prediction algorithm did not find 
ER-SP i n P P O X 2 , F E C H 2 was found to be SP positive; however, TP was not detected 
(Figure 2, Supplementary Table S1). 

Transfections of P. tricornutum and T. gondii w i t h selected C. velia heme pathway 
enzymes showed inconsistent results except for the mitochondrially located C v A L A S . 
The mitochondrial TP was not found by any predictor i n C. velia A L A S ; however, the 
enzyme possesses N-terminal extension in its sequence [11] that directed the protein to 
mitochondria of both transfected organisms (Figures 5 and 6). This finding suggests high 
versatility of the mitochondrial import machinery. 

http://cryptodb.org/cryptodb/app
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Transfections of P. tricornutum localized C v A L A D l , C v A L A D 2 , C v U R O S , C v F E C H l , 
and C v F E C H 2 outside the stroma of the diatom plastid, in the periplastidial space or the ER. 
These results may suggest that the diatom protein import machinery failed to recognize the 
TP domain in the C. velia enzyme or passed over the cleavage site between the ER-SP and the 
TP. The "blob-l ike" structure pattern of our constructs may, in some cases, phenotypically 
resemble peroxisome targeting [75]; however, peroxisome targeting in P. tricornutum relies 
on extreme C-terminal signal used by PTS1 import pathway, and the N-terminal depending 
import mechanism (PTS2) is not present at all [75]. In our work we used constructs formed 
predominantly by the N - terminus of C. velia heme pathway enzyme directly connected 
to eYFP (Figure 4). Therefore, we assume that the targeting into the peroxisome is not 
possible. The observed phenotype known as "blob-like" structure [35], has been explained 
as a block within the multistep plastid protein import pathway consisting of independent 
steps: Sec61 in cER, E R A D / S E L M A in P P M and TOC and TIC in the outer and inner plastid 
envelope [26,76]. Plastid import in our constructs most probably stops before reaching the 
TOC complex of the second innermost membrane due to insufficient targeting signal within 
the sequence of C. velia heme enzyme constructs. This corresponds to the presence of the 
reporter protein i n the periplastidial compartment (PPC), the space between the second 
and third plastid membranes. The reason for that could lie in the sequence of S P / T P motif 
of C. velia enzymes. SP leads the targeted protein through Sec61complex of the diatom 
chloroplast-ER membrane. Inside the lumen, the SP is cleaved off, and the TP is exposed 
to the translocon, w h i c h directs the protein across the second outermost membrane via 
the S E L M A complex and through the T O C and TIC machinery of two innermost plastid 
membranes, respectively [26,76]. Ki l ian et al. [35] showed that possession of phenylalanine 
in position +1 of the TP is crucial for targeting the diatom plastid stroma. This specific 
phenylalanine requirement later broadened to required presence of F, Y, W and L [53,77,78]. 
Patron et al. [36] showed that this motif is w e l l conserved among diatoms and brown 
algae. They also suggested that the A S A - F motif might be common for organisms with the 
rhodophyte-derived complex plastids. However, our analyses of C. velia heme pathway 
enzymes w i t h predicted BTS have shown that the typical A S A - F motif is absent, and 
that negatively charged residues, which are almost absent in diatoms [53], are present in 
some C. velia heme pathway enzymes (Figure 3). It should be noted that the "blob- l ike" 
phenotype of the G F P accumulation in the diatom periplastidial compartment was first 
described as miss-targeting of plastid proteins wi th mutated BTS [35]. Later it was found 
that even a single amino acid substitution can change the targeting from the plastid to the 
periplastidial compartment [59,60]. This might explain the "blob-like" phenotype observed 
in our experiments because the BTSs of C. velia (Figure 3), i n fact, resemble some of the 
mutated P. tricornutum BTSs, particularly in the case of changes in the TP net charges [78]. 

A l l investigated enzymes, except for A L A S , entered the periplastidial space of the 
diatom plastid or were captured in the ER just before crossing the second outermost plastid 
membrane. In other words, the transfected polypeptide successfully delivered eYFP over 
one (ER membrane) or two (periplastid membrane) outermost diatom plastid membranes 
but d i d not enter the plastid stroma. The S E L M A translocon machinery, found in all 
rhodophyte-derived complex plastids wi th four membraned envelopes, is responsible for 
transporting protein across the second outermost membrane and mediates contact between 
the protein and TOC and TIC system of the two innermost plastid membranes [76]. We can 
speculate that if the proteins from C. velia contained a "proper" diatom A S A - F cleavage 
site, they would all end up in the stroma of the diatom plastid, in agreement wi th in silico 
predictions. O n the other hand, A L A D 2 , U R O S , and F E C H 2 show the same periplastid 
location i n the diatom, even i n the absence of a predictable BTS signal. A s mentioned 
above, a minor fraction of the diatom transformants showed localization of proteins i n 
the ER. A s the ER is continuous w i t h the outermost membrane of the diatom plastid, the 
observed pattern documents a failure to pass the second outermost membrane. That the 
enzymes reached the periplastidial space supports the presence of a functional ER-SP. 
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Our results indicate the presence of a strict control mechanism controlling plastid protein 
import machinery of P. tricornutum. 

In T. gondii, the cleavage site motif is less conserved than in algae [36]. Experimental 
localization of C. velia enzymes in T. gondii showed a more complex pattern (Figure 6). Both 
A L A D enzymes were located in the T. gondii cytosol with the signal of C v A L A D 2 displaying 
punctuated pattern distributed throughout the whole cell in a similar way as already 
described in [79,80]. The cytosolic localization suggests the inability of T. gondii translocon 
machinery to recognize the chromerid ER-SP, which is not surprising for C v A L A D 2 lacking 
a targeting presequence. O n the other hand, even this enzyme was targeted to the diatom 
periplastidial compartment. However, without biochemical work that separates soluble and 
membrane fraction we cannot be 100% certain that both A L A D enzymes are localized only 
within T. gondii cytosol. The outermost membrane of the T. gondii apicoplast lacks, contrary 
to diatom plastid, a direct connection to E R [81]. A l t h o u g h the SP is also recognized 
by Sec61 translocon in the E R membrane, proteins are then transported via the E R and 
Golg i apparatus that directs protein-containing vesicles through the cytoplasm to the 
apicoplast [82]. After crossing the first membrane barrier, the remaining three membranes 
are equipped with a similar translocon system: periplastid membrane utilizes translocation 
E R A D / S E L M A machinery [26,48,83-86], and both apicomplexans and diatoms employ 
homologous T O C and TIC plastid import machinery to transfer proteins over the outer 
and inner plastid membrane, respectively [48,87,88]. 

The mitochondrial targeting system seems to be more versatile. About 60% of mito
chondrial proteins need to have positively charged amphipathic alpha-helical N-terminal 
presequence that is necessary for translocation through T O M and T I M mitochondrial 
membrane complexes. The remaining proteins do not carry cleavable presequence and 
rely on various internal targeting signal [89,90]. C v U R O S was in T. gondii localized i n 
mitochondria, contrary to its periplastidial localization in P. tricornutum. Despite the ab¬
sence of any detectable targeting presequence C. velia U R O S contains prolongation at 
the N-terminus when aligned w i t h bacterial homologs (data not shown). Mitochondrial 
location of C v U R O S in T. gondii demonstrates that the N-terminal presequence interpreted 
by the translocon machinery as mitochondrial T P is not always recognized by bioinfor-
matic predictors. Both, C. velia F E C H s were experimentally localized i n the apicoplast 
of T. gondii. A s mentioned above, the apicoplast is a minute organelle of approximately 
0.15-1.5 urn in diameter [91]. Therefore, using confocal microscope, we are not able to 
distinguish whether the transfected C v F E C H s arrived into the apicoplast stroma or remain 
trapped in any of the intermembrane spaces (similar to what we have seen in the diatom 
transfections) i n immunofluorescence data. We hypothesize that T. gondii localizations of 
the C. velia enzymes are less likely to reflect real intracellular localizations in C. velia, due to 
the transport of intermediates over a high number of membranes (outlined in Figure 8). 

The intracellular arrangement of the heme pathway i n chromerids is non-canonical. 
Moreover, it seems to continue and terminate outside mitochondria [11]. Primary eu-
karyotic heterotrophs and some complex eukaryotic phototrophs are k n o w n to operate 
the tetrapyrrole pathway in different cell compartments. However, the first and terminal 
steps of the pathway usually locate in the same organelle, thus enabling easy pathway 
regulation [6,63]. There are two genes encoding terminal enzymes (FECHs) of the pathway 
in the genome of C. velia. One originates from a cyanobacterium, whi le the second is 
proteobacterial [11]. The corresponding proteobacterial F E C H is in apicomplexan parasites 
mitochondrially targeted, while the cyanobacterial gene was lost during evolution. M u l t i -
cellular plants also have two paralogue ferrochelatases originating in the gene duplication 
event. The first enzyme contains a C-terminal chlorophyll-binding domain and functions 
in the photosynthetic tissues. The second, which lacks the C-terminal domain, is utilized in 
the non-photosynthetic tissues such as roots [92,93]. However, the latter is also induced in 
photosynthetic tissues under various stress conditions [94,95]. We searched for a C-terminal 
chlorophyll-binding domain in both C. velia F E C H s [96,97], but were not able to identify 
one. The reason for C. velia having two ferrochelatases in the plastid is therefore unknown. 



Int. J. Mol. Sci. 2021, 22, 6495 15 of 23 

There are various mechanisms of tetrapyrrole synthesis regulation that work on different 
levels of the synthesis and together form a strong and sensitive network [95]. Among them, 
the heme-mediated feedback inhibit ion of A L A synthesis, w h i c h is conserved through 
different domains of life, plays a major role [10,61,98,99]. In various heterotrophs, A L A S , 
P P O X and F E C H constitute the "heme metabolome complex". The complex facilitates 
substrate channeling and coordinates tetrapyrrole metabolism [13,100]. However, the 
existence of a similar complex has not yet been proven in phototrophs; placement of these 
steps in different cellular compartments would require ambitious regulation and transport 
systems. Kořený et al. [11] found heme regulatory motifs in the sequence of C. velia A L A S , 
w h i c h indicates the presence of heme-mediated regulation of A L A synthesis. Therefore, 
we originally expected the location of proteobacterial F E C H in the mitochondrion of C. 
velia (together with A L A S ) as an intermediate state in the path to apicomplexan parasites, 
but the data do not support this hypothesis. A l l predictors agreed that F E C H 1 (the plastid 
originating pseudoparalog) possesses features typical for a plastid targeted protein, while 
the F E C H 2 should locate and outwith the plastid, but l ikely not i n the mitochondrion. 
However, experimental localization showed both F E C H s either in the diatom periplastidial 
compartment or the apicoplast. Therefore, we speculate that the possible role of the two 
ferrochelatases in a single cell could be protection of the cell under stress conditions. 

While the tetrapyrrole pathway starts with the A L A S in the mitochondrion in chromerids, 
the remaining steps l ikely take place in the plastid. This model is further supported by 
the phylogenetic relationships among the indiv idual enzymes of the pathway [11]. We 
summarized our findings in Table 1. The heterologous expression of C. velia A L A D 1 and 
A L A D 2 gave the same inconsistent results, placing the protein in the cytosol of T. gondii 
and P P C / E R in P. tricornutum. Despite that, we assume that A L A D 1 is more l ikely a 
plastid-targeted protein, because our experimental results in P. tricornutum showed that the 
construct was transferred at least through the two outermost membranes of the diatom 
plastid. This, together with the combination of its cyanobacterial evolutionary origin, leads 
us to the conclusion that plastid localization is more plausible. The same cogitation was 
applied for F E C H 1 where the corresponding enzyme is also of cyanobacterial origin, and 
when heterologously expressed, it localized to P P C / E R of P. tricornutum and also to the 
apicoplast of T. gondii. We decided to conclude with an "uncertain localization" statement 
for A L A D 3 and PPOX2 due to the absence of the experimental evidence and predictable 
ER signal peptides (see Supplementary Table S1 for details), and their proteobacterial and 
eukaryotic origin, respectively. Both enzymes possess predicted mitochondrial transit 
peptides; however, particularly in P P O X , w h i c h makes a complex w i t h F E C H , its place¬
ment in the mitochondrion without F E C H is unlikely. The localization of A L A D 3 in the 
mitochondrion and a formation of porphobilinogen in this organelle w o u l d require addi
tional transport of porphobilinogen to the plastid over its four membranes envelopes. The 
remaining enzymes (PBGD, U R O D 1 , U R O D 2 , U R O D 3 , C P O X 1 , CPOX2, and PPOX1) were 
concluded as "plast id" localized due to the congruency of the prediction result. However, 
spatial separation of the beginning and the end of the pathway is unprecedented, and it 
w o u l d require regulatory mechanisms that are not yet known. Therefore, we cannot rule 
out the possibility of recent reassignments of intracellular locations or dual targeting of 
the enzymes. O u r work on localization of C. velia heme pathway enzymes shows that 
the subcellular localization of biosynthetic pathway w i t h i n any organism is a concert of 
multiple factors rather than a solo for one major element. 
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Table 1. Table showing results described in this manuscript. Enzymes are listed according to their order during the synthesis 
of heme. Evolutionary origins of each of the enzymes are based on phylogenetic analyses from the work of [11,16]. The last 
column of the table contains our hypothetical conclusions about the C. velia enzyme localization based on our findings. 

Enzyme 
Accession 

(CryptoDB) 
Evolutionary Origin 

Targeting 
Prediction 

Localization 
T. gondii 

Localization 
P. tricornutum 

Conclusion 

N o targeting 
A L A S Cvel_28814.t1 Alphaproteobacteria signal 

identified 
Mitochondria Mitochondria Mitochondria 

ALAD1 Cvel_108.t1 Cyanobacteria Plastid Cytosol P P C / E R Plastid 

N o targeting 
Uncertain 

location ALAD2 Cvel_13826.t1 Primary alga signal Cytosol P P C / E R 
Uncertain 

location 
identified 

Uncertain 
location 

ALAD3 Cvel_36189.t1 Proteobacterial Mitochondria Not tested N o t tested 
Uncertain 

location 

PBGD Cvel_26028.t1 Alphaproteobacteria Plastid Not tested N o t tested Plastid 

UROS Cvel_15018.t1 
Uncertain origin in 

primary alga 

N o targeting 
signal 

identified 
Mitochondria P P C / E R 

Uncertain 
location 

UROD1 Cvel_14720.t1 Cyanobacteria Plastid Not tested N o t tested Plastid 

UROD2 Cvel_5098.t1 Endosymbiont 
nucleus 

Plastid Not tested N o t tested Plastid 

UROD3 Cvel_31936.t1 
Secondary host 

nucleus 
Plastid Not tested N o t tested Plastid 

CPOX1 Cvel_21486.t1 
Secondary host 

nucleus 
Plastid Not tested N o t tested Plastid 

CPOX2 Cvel_2641.t1 Uncertain origin in 
primary alga 

Plastid Not tested N o t tested Plastid 

PPOX1 Cvel_13840.t1 Cyanobacteria Plastid Not tested N o t tested Plastid 

PPOX2 Cvel_18037.t1 Eukaryotic origin Mitochondria Not tested N o t tested Uncertain 
location 

FECH1 Cvel_18167.t1 Cyanobacteria Plastid Apicoplast P P C / E R Plastid 

FECH2 Cvel_26873.t1 Alphaproteobacteria Signal peptide 
positive 

Apicoplast P P C / E R Uncertain 
location 

4. Conclusions 

C. velia is a coral-associated alga bearing complex rhodophyte-derived plastid with a 
peculiar tetrapyrrole pathway. It synthesizes A L A using heterotrophic C4 path, however, 
which additionally supplies chlorophyll for photosystems. Using a combination of bioin-
formatics and experimental approaches we investigated the localizations of heme pathway 
enzymes in C. velia. Our data show that the pathway very likely starts in the mitochondrion 
w i t h the remaining enzymes located to the plastid. We demonstrate that the proteins are 
targeted to various cellular compartments by stringent translocon mechanisms that are not 
universal even for evolutionary related organisms. 

5. Materials and Methods 

Targeting predictions and sequence analyses: Protein sequences of C. velia heme 
pathway enzymes as available at C r y p t o D B were used as input for all predictors used 
in this work. Prediction results of SignalP [101] and TargetP [102] were received from 
a web server (ht tp : / /www.cbs .dtu.dk/services/ ) , w i t h SignalP 4.1 in "sensitive" mode. 
The A S A F i n d was used according to [53,103] and A S A F i n d + was applied by modi fy ing 
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the original A S A F i n d code from Gruber et al. [53], according to the method described 
by Füssy et al. [54]. MitoFates [55] results were obtained from the MitoFates web ser
vice (http://mitf .cbrc. jp/MitoFates/cgi-bin/top.cgi). Sequence logos [103] and frequency 
plots were prepared using the WebLogo (http://weblogo.berkeley.edu/ [104]). 

Cult ivat ion conditions: C. velia ( C C M P 2878) and P. trieornutum ( C C M P 632) were 
grown i n Guil lard's (f/2) medium (Sigma-Aldrich, St. Louis , M I , U S A ) in seawater and 
kept stationary in a 12/12 l ight/dark cycle regime at 26 °C and 18 °C, respectively [28,37]. 
Il lumination dur ing the light cycle was 100 u.E m-2s-1. Toxoplasma gondii was grown i n 
primary human foreskin fibroblasts (HFF) and treated as described in [46]. 

c D N A preparation and cloning: C. velia culture was harvested by centrifugation at 
3000 rpm/10 min at 10 °C. The cell pellet was homogenized in TRI Reagent (Sigma-Aldrich, 
St. Louis , M I , U S A ) and total R N A was isolated fol lowing manufacturer's instructions. 
c D N A was amplif ied from R N A w i t h Superscript II reverse Transcriptase (Invitrogen, 
Thermo Fisher Scientific Inc, Waltham, M A , USA). Genes of the C. velia heme pathway were 
amplified from c D N A using specific primers designed for the Gateway cloning system 
(Invitrogen, Waltham, C A , U S A ) . The amplif ied regions included the start codon and 
201-360 bp downstream of the gene. A m p l i f i e d genes were cloned into p E N T R vectors 
(Invitrogen, Waltham, C A , USA) and verified by sequencing. p E N T R vectors were subse
quently recombined with pDEST-eYFP vectors by L R recombination reactions (Invitrogen, 
Waltham, C A , U S A ) . Resulting pDEST-eYFP vectors contained the gene of interest fol¬
lowed by the sequence of the eYFP tag and were expressed under the fcpb promotor for P. 
trieornutum or under the tub promotor for T. gondii heterologous expression, respectively. 

Phaeodaetylum trieornutum heterologous expression: P. trieornutum cells were co-
transfected with pDEST vector (fcpb promotor, C. velia heme pathway gene, eYFP tag) and 
pFCPFp-Sh ble vector (phleomycin resistance cassette). 1 u.g/ |J.L of vectors were mixed 
in a 1:1 ratio, mounted on tungsten (M-17) particles and introduced to the P. trieornutum 
nucleus by microparticle bombardment using the Biolistic PDS-1000/He Particle Delivery 
System (Bio-Rad, Hercules, Hercules, C A , USA) . Cells were selected on 1% f/2 agar plates 
supplemented w i t h 100 |ag/mL phleomycin for 3-4 weeks in standard cultivation condi
tions. Phleomycin resistant colonies were subsequently transformed into l iquid f/2 media 
and cultures of O D 6 0 0 0.2 were examined by fluorescent microscopy. 

Phaeodaetylum trieornutum fluorescent labelling of l iving cells: For mitochondria stain
ing, 2 m L of P. trieornutum culture ( O D 6 0 0 0.2) were incubated with 100 n M MitoTracker™ 
Orange C M - H 2 T M R o s in standard cultivation conditions overnight. ER staining was 
done w i t h ER-Tracker™ Red (BODIPY® TR Glibenclamide) according to manufacturer's 
instructions. A total of 0.1 |j .g/mL D A P I was used to incubate w i t h cells for 15 m i n i n 
dark. A l l chemicals used for staining were from: Thermo Fisher Scientific Inc, Waltham, 
M A , U S A . Prior to confocal microscopy, 1ml of cells were harvested by centrifugation 
(6000 rcf/10 min/room temperature), washed, and resuspended in 100 uL of P H E M buffer. 

Toxoplasma gondii transient transfection: T. gondii R H strain tachyzoites were purified 
from suspension using 3-|am-pore size polycarbonate filters, spun down by centrifugation 
(15,000 rcf/20 min/11 °C) and resuspended in electroporation buffer [105-107]. A total of 
300 M-L of parasites (appx. 107) and 20 |J.L of plasmid D N A (4.5 ng/|j.L) were transferred 
to a sterile electroporation cuvette and electroporated (1500 V, 25 W). The whole volume 
of the cuvette was poured into a w e l l containing coverslips w i t h confluent monolayer of 
H F F cells. Parasites were fixed and examined by immunofluorescence assay after 3 days 
of cultivation. 

Toxoplasma gondii immunofluorescence assay: HFF-covered 12 m m round coverslips 
were inoculated w i t h transfected T. gondii and grown for 24-72 h i n standard growing 
conditions. Growing media was replaced with 4% paraformaldehyde in PBS and incubated 
for 20 m i n to fix parasites at RT. Permeabilization was done i n 0.25% Triton X-100 in PBS 
for 20 m i n at RT. Coverslips were blocked in 1% BSA in PBS for 20 m i n before incubation 
in primary antibody (anti-TgMys 1:1000, anti-GFP 1:200, anti R O M 4 1:1000; al l in 1% 
BSA/1xPBS) for 1 h at RT. Coverslips were washed in 1% BSA in Triton X-100 in PBS three 
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times and incubated with secondary antibody for 30 min at RT. A final wash in 1% BSA in 
Triton X-100 in PBS three times was conducted, and coverslips were mounted. 

Microscopy: Cellular localizations were analyzed in both transfection systems and 
C. velia w i t h the Fluo V i e w T M 1000 confocal system configured w i t h an inverted mobile 
IX81 microscope (Olympus, Tokyo, Japan). A scanning laser wi th wavelength 515 nm was 
used for excitation of chlorophyll and eYFP. The emission spectra were detected using 
the following bandwidths: D A P I 345-455 nm, eYFP 525-571 nm, chlorophyll 620-710 nm, 
and MitoTracker® Orange C M - H 2 T M R o s 554-576 n m , ER-Tracker™ Red (BODIPY® TR 
Glibenclamide) 590-640 nm. A l l chemicals used for staining were from: Thermo Fisher 
Scientific Inc., Waltham, M A , U S A . Images were processed using Olympus F V 1 0 - A S W 
software and Imaris (Olympus, Tokyo, Japan). 

Oligopeptide selection for antibodies production: Antibodies for direct localization 
C. velia A L A S were generated by Clonestar s.r.o. (Brno, Czech Republic) using synthetic 
oligopeptide conjugated to K H L / B S A . The oligopeptide sequence was chosen according to 
sequence analysis with Dnastar Lasergene Protean software suite version 7.1 (Madison, WI, 
USA) , followed by analysis of conserved motives in Geneious (Biomatters Ltd . , Auckland, 
N e w Zealand). Candidate oligopeptides were mapped to known tertiary structures on the 
N C B I server. Oligopeptide sequence (14 aa) w i t h the most plausible epitope and surface 
probability, conservation in sequences alignment and surface mapping on tertiary structure 
was chosen. 

S D S - P A G E and Western blotting: For S D S - P A G E and Western blotting we used the 
Bio-Rad Mini-Protean tetra cell system according to manufacturer's instructions. A total of 
2-8 uL of C. velia protein lysate was loaded on 5/12% SDS-PAGE gel and then transferred 
to a P V D F membrane (GE Healthcare Life Sciences, Chicago, IL, U S A ) . The membrane 
was then blocked with 5% nonfat dry milk in TBS and incubated for 1 h with the primary 
antibody (1:5000) in blocking solution containing 0.2% Tween 20 (TTBS). The membrane 
was washed three times with TTBS and incubated for 1 h with Anti-Rabbit Immunoglobu-
l i n s / H R P (Dako, Glostrup, Denmark) (dilution 1:1300). Chemiluminescence reactions were 
performed using Clari ty Western E C L Substrate (Bio-Rad). The expected size of enzyme 
was determined based on the protein sequence using online software Protein Calculator 
v3.4 (protcalc.sourceforge.net). 

Immuno-gold labelling and Transmission electron microscopy: For antibody labelling, 
samples were blocked by placing the nickel grids w i t h ultra-thin sections of C. velia on a 
drop (30 uL) of b lock ing/wash buffer (3% BSA, 0.1 M H E P E S p H 7.4, 0.05% Tween-20) 
for one hour. The grids were moved to a drop of blocking/wash buffer containing Rabbit 
IgG ant i -ALAS antibody (1:40), or anti-ßATP (1:40) for 15 min and washed wi th a drop of 
b lock ing/wash buffer six times for 15 m i n each. Secondary immunolabell ing was done 
with protein A conjugated to 15 nm gold, diluted 1:50 in blocking/wash buffer, for one hour. 
Labell ing was fol lowed by six washing steps w i t h a drop of b lock ing/wash buffer, each 
15 m i n , and finally grids were rinsed two times rinse w i t h a drop of deionized H 2 O and 
dried on paper. Post-contrasting was done in a drop of saturated Uranyl-Acetate/ethanol 
for 12 min . The grids were washed w i t h 30% ethanol 3 times each for 90 s and finally 
dried on paper. A l l preceding steps were completed at room temperature. Images were 
obtained wi th a transmission electron microscope (JEM 1010, JEOL Ltd . , Tokyo, Japan) at 
an acceleration voltage of 80 kV. 

Quantification of immune-gold labeling distribution: Immuno-gold (IG) labeling of C. 
velia was quantified according to the method described in [108,109]. IG particles from a set 
of 35 micrographs of both IG labeling (ant i -CvALAS, anti-ßATP) of the same magnitude 
(40,000x) was quantified using the ImageJ software (https://imagej.nih.gov/) using a grid 
w i t h cross distance 280 nm. Number of IG particles was counted (for each compartment) 
as follows: 

IG number = ^ gold particles (1) 

https://imagej.nih.gov/
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Total area of each compartment: mitochondria, plastid, nucleus and other (=remaining 
organelles, vacuoles and cytoplasm) was estimated as follows: 

area n m 2 = ^ P x d x d (2) 

where " P " means points (crosses) hits and " d " means the distance between crosses in the 
grid used in ImageJ software. 

Supplementary Materials: The following are available online at https : / /www.mdpi .com/art ic le/10 
.3390/ijms22126495/s1. 
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Abstract 
Main conclusion We present an easy and effective procedure to purify plastids and mitochondria from Chromera 

velia. Our method enables downstream analyses of protein and metabolite content of the organelles. 

Abstract Ch romer ids are alveolate algae that are the closest k n o w n phototrophic relatives to ap icomplexan parasites such as 

Plasmodium o r Toxoplasma. W h i l e genomic and transcriptomic resources for chromerids are in p lace, tools and exper imenta l 

condit ions for proteomic studies have not been developed yet. He re we describe a rapid and efficient protocol for s imultaneous 

iso la t ion o f p last ids and mi tochondr ia f rom the chromer id a lga Chromera velia. T h i s procedure involves enzymat i c treat

ment and breakage o f ce l ls , f o l l owed by di f ferent ial cent r i fugat ion. W h i l e plast ids sediment in the first cent r i fugat ion step, 

mi tochondr ia rema in in the supernatant. Subsequent ly , plast ids can be pur i f ied f rom the crude pel let by centr i fugat ion on a 

d iscont inuous 6 0 % / 7 0 % sucrose densi ty gradient, wh i l e m i tochondr ia can be obtained by centr i fugat ion on a d iscont inuous 

33%/80% P e r c o l l density gradient. Isolated plast ids are autof luorescent, and their mul t i -membrane structure was conf i rmed 

by t ransmiss ion electron mic roscopy . F luorescent op t ica l m ic roscopy was used to ident i fy isolated m i tochondr ia stained 

w i t h M i t o T r a c k e r ™ green, wh i l e their intactness and membrane potent ial were con f i rmed by stain ing w i th M i t o T r a c k e r ™ 

orange C M T M R o s . To ta l proteins were extracted f rom iso lated organel lar f ract ions, and the pur i ty of isolated organel les 

was con f i rmed us ing immunob lo t t ing . An t ibod ies against the beta subunit o f the mi tochondr ia l A T P synthase and the plast id 

protochlorophyl l ide oxidoreductase d id not cross-react on immunoblo ts , suggesting that each organellar f ract ion is free o f the 

residues o f the other. T h e presented pro toco l represents an essent ial step for further proteomic, organellar, and ce l l b io log ica l 

studies o f C. velia and can be emp loyed , w i th minor op t im iza t ions , in other th ick-wal led un ice l lu la r algae. 

https://doi.Org/1
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Ease of cult ivat ion and avai labi l i ty of genomic data promoted intensive research of free-l iv ing pho-
totrophic relat ives of ap icomp lexans , i.e. Chromera velia and Vitrella brassicaformis. Chromera and 
Vitrella differ s igni f icant ly in their phys io logy, morphology, phy logenet ic posi t ion and genomic features, 
but Vitrella has not ga ined as much attention. Here we descr ibe two types of Vitrella zoosporang ia . One 
conta ins zoospo res sur rounded by roughly st ructured matter, with an in t racytoplasmic axoneme pre
dicted to develop into a mature f lagel lum upon spore re lease, s imi lar ly to Plasmodium m ic rogametes ; 
in the second type, ce l ls concurrent ly bud off the center of the sporang ium, sur rounded by smooth mat
ter, and f lagel la develop extracel lularly. Th is p rocess of budding is remin iscent of m ic rosporogenes is 
as seen in Toxoplasma. We sugges t one (or both) of these p rocesses generates gamete- l ike f lagellate 
progeny. B a s e d on live s ta in ing, fus ion of zoospo res does occur in cul tures of V. brassicaformis. We 
fai led to f ind an apica l structure s imi lar to the pseudocono id in any life stage. V. brassicaformis may 
therefore either represent an ancestra l state lack ing an apica l comp lex or has lost the apica l complex 
secondar i ly . We propose that the c o m m o n ances tor of Ap i comp lexa and " ch rompode l l i ds " exhibi ted a 
complex life cyc le , wh ich was reduced in chromer ids and co lpode l l ids as dictated by their environment. 
© 2016 Elsev ier G m b H . Al l r ights reserved. 

Key words : Vitrella brassicaformis: life cycle: zoosporangium; zoospores; budding; ciliogenesis. 
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The alveolate algae Chromera velia and Vitrella brassicaformis (chromerids) are the 

closest known phototrophic relatives to apicomplexan parasites. Apicomplexans are 

responsible for fatal diseases of humans and animals and severe economic losses. 

Availabil i ty of the genome sequences of chromerids together with easy and rapid cul -

turing of C. velia makes this alga a suitable model for investigating elementary bio

chemical principals potentially important for the apicomplexan pathogenicity. Such 

knowledge allows us to better understand processes during the evolutionary transi

tion from a phototrophy to the parasitism in Apicomplexa. We explored lipidomes of 

both algae using high-performance liquid chromatography with mass spectrometry or 

gas chromatography with flame ionization detection. A single high-performance l i q 

uid chromatography with mass spectrometry analysis in both ionization modes was 

sufficient for the separation and semi-quantification of lipids in chromerid algae. We 

detected more than 250 analytes belonging to five structural l ipid classes, two l ipid 

classes of precursors and intermediates, and triacylglycerols as storage l ipids. Identi

fication of suggested structures was confirmed by high-resolution mass spectrometry 

with an Orbitrap mass analyzer. A n outstandingly high accumulation of storage tria

cylglycerols was found in both species. A l l the investigated aspects make C. velia a 

prospective organism for further applications in biotechnology. 
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With 5 figures 

Abstract : Chromerids are alveolate algae with secondary plastids surrounded by four membranes, and with evolutionary positions close 
to the root of apicomplexan parasites. A s both described chromerid species, Chromera velia and Vitrella brassicaformis, are, in spite of 
their phototrophy, distant relatives, there are some differences between their respective life cycles. Here, we summarize current knowledge 
of the life cycles of chromerid algae and the related colpodellids. We also describe zoosporangia formation and excystation in C. velia. We 
suggest that the formation of zoospores in C. velia is homologous to schizogony in apicomplexan parasites. 

K e y w o r d s : Chromera, Vitrella, Chrompodelids, life cycle, schizogony, zoospore formation 

I n t r o d u c t i o n 

Alveolate algae with complex plastids, such as dinoflagel-
lates, can form endosymbiotic relationships with corals (Harii 
et al. 2009; LaJeunesse 2001). In addition to the well-known 
symbiotic dinoflagellate genus Symbiodinium, members of 
a novel group of alveolate algae named chromerids have 
been isolated from Australian stony corals. The first species. 
Chromera velia (Fig. 1), was found in Plesiastrea versipora 
collected from Sydney Harbor and was formally described 
in 2008 (Moore et al. 2008). The second known chromerid 
species, Vitrella brassicaformis (Fig. 2), was isolated from 
Leptastrea purpurea from the Great Barrier Reef (Oborník 
etal. 2012). These algae are of particular interest due to 
their close phylogenetic relationship to apicomplexan para
sites (Moore et al. 2008; Oborník et al. 2009; Janouškovec 
et al., 2010; Weatherby and Carter, 2013; Oborník & Lukeš 
2013; Janouškovec et al. 2015). Apicomplexa belong to the 
SAR (Stramenopila + Aleveolata + Rhizaria) eukaryotic 
super group (Burki et al. 2007); they are known to cause 
many important human and veterinary diseases including 
malaria and toxoplasmosis. Apicomplexans typically pos
sess an apical complex, a complex of membranous orga
nelles used to penetrate host cells, and the apicoplast, a 
non-photosynthetic complex plastid (McFadden et al. 1996; 
Wilson etal. 1996; Köhler etal. 1997). This relic plastid 
contains a highly reduced genome consisting of a 35 kb 

circle and obviously originates from a secondary endosym
biotic event (Ralph et al. 2004; Oborník et al. 2009; L i m & 
McFadden 2010; McFadden 2011; Oborník & Lukeš 2013; 
Keeling 2014; Oborník & Lukeš 2015). The discovery of a 
plastid in the Apicomplexa suggested that the parasitic phy
lum was derived from a photosynthetic ancestor and insti
gated a search for photosynthetic relatives that could reveal 
the identity of this ancestor. The description of coral associ
ated chromerid algae is therefore groundbreaking research: 
since they are related to the Apicomplexa and they contain 
regular photosynthetic plastids with genomes overlapping 
those of the apicoplast and dinoflagellate plastids, meaning
ful comparative studies can be carried out (Keeling 2008; 
Moore etal. 2008; Janouškovec etal. 2010). In addition to 
molecular phytogenies (Moore etal. 2008; Janouškovec 
etal. 2010; Janouškovec etal. 2015) the non-phylogenetic 
evidence for evolutionary relationship between chromerids 
and apicomplexans was also investigated. The presence of 
a non-canonical heme synthesis pathway in C. velia, which 
is partly homologous to that of apicomplexans (in the use 
of C4 pathway to synthesize aminolevulinate), provides a 
very strong argument for the common ancestry of C. velia 
and the Apicomplexa (Kořený etal. 2011). Furthermore, 
the structure of the plastid super operon suggests a common 
origin of apicomplexan, chromerid and heterokont plastids 
(Janouškovec et al. 2010). The use of non-canonical code for 
tryptophan (UGA) in some plastid encoded proteins has so 

© 2016 E. Schweizerbart'sche Verlagsbuchhandlung, 70176 Stuttgart, Germany 
DOI: 10.1127/pip/2016/0038 
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Fig. 1. Light microscopy of Chromera velia and Vitrella brassicaformis. (A) C. velia culture; (B) vegetative cell and autosporangium 
(top right) of C. velia with four autospores; (C) autofluorescence of plastid in C. velia vegetative cell and autosporangium; (D) zoo
spores of C. velia; (E) zoospores of V. brassicaformis; (F) vegetative cells and autosporangia of V. brassicaformis; (G) zoosporangia 
of V. brassicaformis. 

far been reported exclusively in C. velia and coccidians -
an advanced lineage of apicomplexan parasites. Analyses 
of transcriptomes from colpodellids (genera Alphamonas, 
Colpodella and Voromonas) and chromerids support the 
monophyly of "chrompodellids" (chromerids + colpodel
lids), with V. brassicaformis appearing at the root of the 
Alphamonas clade, while C. velia constitutes the earliest 
branch of the Colpodella + Voromonas clade (Janouškovec 
et al. 2015; Oborník & Lukeš 2015). 

Chromerid ultrastructure, morphology and 
life cycles 

Chromerids have been the subject of extensive ultrastructural 
studies, including descriptions of their vegetative life cycles 
(Wetherby et al. 2011; Oborník et al. 2011; Oborník et al. 
2012; Portman et al. 2014). These studies revealed features 
typical of apicomplexan parasites - cortical alveoli subtended 
by a sheet of microtubules, micropores, a pseudoconoid and 
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Fig. 2. Excystation of zoospores of Chromera velia. The entire process captured herein takes about two minutes. The zoospores 
starts to rotate within the zoosporangium that subsequently ruptures and spores are released one by one through a rupture in the wall. 
The release of the residual body is shown (6). Scale bar is 10 pm. 

a four-membrane plastid envelope (Janouškovec et al. 2010; 
Oborník et al. 2011; Oborník et al. 2012; Oborník & Lukeš 
2013). Three distinctive life stages have been documented 
so far in C. velia (Oborník etal. 2011). Vegetative coccoid 
cells (Fig. 1 A , B) are the predominant life cycle stage in cul
ture. They divide by binary division and form autosporangia 
(cysts) covered by an additional membrane (Fig. IB) with 
2̂ 4- coccoid cells. Both immotile stages are protected by a 
thick and resistant cell wall. In addition to non-motile stages, 
zoospores (Fig. ID) with thin cell walls and two heterody-
namic flagella have been observed. They exhibit a typical 
finger-like projection on the shorter flagellum and their cell 
shape resembles that of colpodellid trophozoites. The appear
ance of zoospores in culture is induced by light (Oborník 
et al. 2011) and is also inferred to be influenced by salinity 
(Guo et al. 2010). However, zoosporangia were not initially 
observed in C. velia and zoospores were thought to develop 
directly from coccoid cells (Oborník et al. 2011). Later, the 
formation of two zoospores from a single maternal cell (zoo-
sporangium) was described by Portman etal. (2014). Here 
we show the presence of large zoosporangia (up to 15 u.m in 
diameter) observed in culture, which contain even numbers 
(2-10) of zoospores. The process of excystation starts with 
the movement of zoospores inside the zoosporangium, which 
ultimately leads to rupture of the zoosporangium wall. The 
speed of excystation depends on the rupture - the larger the 
tear, the faster the release of the zoospores. The excystation 
shown in Figure 2 (for the movie see the link at the end of this 
article) took about 2 minutes and zoospores were released 

through a small rupture one by one. The release of a structure 
resembling the residual body in Apicomplexa was observed 
during the excystation of C. velia zoosporangia (Fig. 2 and 
the movie). However, we also observed much faster excysta-
tions where the zoosporangium wall ripped almost entirely 
around its circumference and zoospores were released simul
taneously. Zoospores are highly abundant in culture between 
the 4 t h and 8 t h day after inoculation, when they can represent 
over 80% of the cells. Only asexual life stages have been 
observed in C. velia. Released autospores (immotile vegeta
tive coccoid cells) divide forming autosporangia. In paral
lel, some vegetative cells develop to large zoosporangia with 
flagellated zoospores (Fig. 2). A zoospore can transform to a 
vegetative cell within 10 minutes and complete the life cycle 
(Oborník et al. 2011). The function of zoospores (Fig. ID, E) 
is unknown; however, they may enable rapid dispersal and 
colonization of nearby areas. Furthermore, when the culture 
is exposed to concentrated high intensity light, all exposed 
cells disappear; it is possible that they form motile zoospores 
which subsequently escape from the exposed area. Since 
coral larvae infected by C. velia have been observed (Cumbo 
et al. 2013), it is tempting to speculate that zoospores func
tion as an infective stage and invade corals (Fig. 3). At this 
point in time, however, nothing is known about C. velia's life 
cycle as a coral endosymbiont. 

The ultrastructure of Vitrella brassicaformis is distinct 
from that of Chromera velia. The cell wall of vegetative cells 
and sporangia is laminated in V. brassicaformis, resulting in 
a cell shape resembling cabbage heads (Fig. 4A). We have 
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Fig. 3. Life cycle of Chromera velia: vegetative cell (a, a') divides and form an autosporangium with dublets (b) to tetrades (c) of 
vegetative cells covered by additional membrane. The vegetative cell can develop to a zoosporangium (g, h) from which the zoo
spores are released through the rupture in the wall of sporangium. They are supposed to infect coral larvae or to encyst (i) and form 
a vegetative cell. 

observed up to twelve cell wall layers. Although the cell 
wall is thick and multilayered, it is fully transparent, allow
ing for photosynthesis in all non-motile life stages. While 
vegetative cells of C. velia are all similar in size, ranging 
from 5-7 um in diameter (Oborník et al. 2011), the size of 
vegetative cells in V. brassicaformis ranges from 3 um (in 
released autospores) to 40 um (in vegetative cells prior to 
sporangium formation) (Fig. IF). Numbers of autospores 
and zoospores in sporangia are much higher in V. bras
sicaformis than in C. velia: they contain dozens of spores 
per sporangium (Oborník et al. 2012), in contrast to 4 auto
spores and 10 zoospores as maximum numbers for C. velia 
sporangia (Oborník etal. 2011; Oborník & Lukeš 2013). 
The zoosporangium of V. brassicaformis has a clearly vis
ible operculum that readily serves as an exit point for the 
zoospores within (Oborník etal. 2012), in contrast to the 
unpredictable rupture of the zoosporangium wall in C. velia. 
Although V. brassicaformis seems like it should have, due 
to high numbers of spores in sporangia, higher reproductive 
rates, in culture it grows much more slowly than C. velia 
(Oborník etal. 2012; Flegontov etal. 2015). Zoospores of 
V. brassicaformis are also bi-flagellated, but the finger-like 
projection found in C. velia is not observed. Generally, the 
life cycle of V. brassicaformis is as follows: Autospores 
(immotile vegetative cells) are released and as vegetative 

cells grow from an initial size of 3 um up to 30-40 um. 
They subsequently form one of two types of sporangia: auto-
sporangia (green) are full of small autospores (Fig. IF) and 
zoosporangia (gray) contain dozens of zoospores (Fig. 1G). 
They are both released through an operculum in the wall 
of the sporangium (Oborník etal. 2012; Oborník & Lukeš 
2013). We should note that zoospores are rare in cultures of 
V. brassicaformis, and the life cycle together with the fate 
of zoospores is not as well-described as it is in C. velia. The 
slow growth of V. brassicaformis in culture also makes it less 
amenable to use as a model organism. 

As previously mentioned, C. velia and V. brassicaformis 
are not closely related; they are recovered as isolated pho-
totrophic lineages within the heterotrophic colpodellids 
(Gill & Slamovits 2014; Janouškovec et al. 2015; Oborník & 
Lukeš 2015). The two taxa combine to form a novel group, 
the "chrompodelids" (Janouškovec etal. 2015). In the life 
cycle of Colpodella vorax (Brugerolle 2002), trophozoites 
with two heterodynamic flagella encyst and divide into a 
four-celled cyst, similar to C. velia. New trophozoites are 
later released from the cyst. Trophozoites resemble chrom-
erid zoospores and the cysts resemble the sporangia of 
C. velia, mainly due to the low and even number of tropho
zoites (spores) formed. In colpodellids conjugation between 
trophozoites has been reported (Simpson & Patterson 1996; 
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Fig. 4. (A) Scanning Electron Microscopy (SEM) picture of the 
vegetative cell of Vitrella brassicaformis resembles "cabbage 
head"; this shape gave together with full transparency of cell 
walls the alga name; (B) Possible fusion (or fission) of zoospores 
in chromerid alga V. brassicaformis. SEM picture was made 
using method described elsewhere (Moore et al. 2008). 

Brugerolle 2002), suggesting a sexual phase in their life 
cycle; sexual stages have not been observed in C. velia 
(Oborník etal. 2011, 2012). Some electron micrographs 
of V. brassicaformis flagellates appear to depict cell fusion 
(Fig. 4); since we have only observed this behavior a few 
times out of hundreds of images, however, we believe that 
conjugation occurs rarely, if at all. Nevertheless, due to a 
possible homology with Alphamonas edax, we speculate 
that zoospores can fuse together; this suggests the occur
rence of sexual reproduction in the V. brassicaformis clade 
(Fig. 4B, C). 

The almost complete absence of synapomorphies in 
the life cycles of chromerids and apicomplexan parasites 
demonstrates the degree to which apicomplexan parasites 
are derived, because it is rather difficult to find any obvi
ous developmental similarities between the two groups. 
Chromera velia contains a pseudoconoid, a primitive apical 
complex similar to that used for feeding by colpodellids and 

Fig. 5. Transmission Electron Microscopy (TEM) picture shows 
formation of zoospores in the zoosporangium of Chromera velia 
that highly resembles schizogony in apicomplexan parasites. 
TEM picture was made using method described elsewhere 
(Moore et al. 2008). 

apicomplexans, which has not yet been found in V. brassi
caformis (Obornik etal. 2011; Portman etal. 2014). When 
the zoosporangium of C. velia was investigated by trans
mission electron microscopy (TEM), zoospores appeared 
to be highly organized in the sporangium, forming a star
like structure similar to that observed during apicomplexan 
schizogony (Fig. 5), a stage in the asexual reproduction of 
apicomplexans involving multiple fission of the parasite 
nucleus followed by fragmentation of the cytoplasm. Similar 
arrangements of flagellated cells in a cyst were shown 
in Colpodella tetrahymenae intracyst division (Cavalier-
Smith & Chao 2004), which is not, however, proposed to 
form multinuclear cells (Brugerolle 2002) as it is in the 
Apicomplexa. It is very likely that life cycles vary substan
tially between colpodellids, because they differ between 
chromerids and even in the genus Colpodella: resting cysts 
of C. vorax develop through two consequential mitotic divi
sions to the four-celled cyst, followed with formation and 
release of trophozoites (Brugerrole 2002), while C. unguis 
was documented to form trophozoites directly from the rest
ing cyst, followed by feeding and fission of the trophozoites 
(Mylnikov 2009). The observation of dividing trophozoites 
in colpodellids opens the possibility that the inferred fusion 
of V. brassicaformis zoospores discussed above (Fig. 4B, C) 
could instead be fission. 

Conclusions 

Due to their high trophic diversity, we cannot at this time 
propose a general life cycle for chrompodeilids; however, it 
almost certainly includes motile zoospores (trophozoites) as 
a predominant stage in the colpodellid cycles, and vegeta
tive cells likely dominate chromerid life cycles. As colpodel
lids lost photosynthesis at some point in their evolutionary 
history; the predominance of trophozoites with an apical 
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complex-like feeding apparatus could reflect a reliance 
on predation for energy acquisition. Since photosynthesis 
seems to be optimized in chromerid vegetative cells, this 
may have resulted in their predominance within chromerid 
life cycles (Oborník etal. 2011). Zoospores of C. velia and 
trophozoites of colpodellids are formed in a process resem
bling schizogony in apicomplexan parasites; this represents 
the only known developmental synapomorphy between the 
Apicomplexa and their close relatives the chrompodelids. 

This paper is accompanied by a youtube video showing 
excystation of the zoosporangium of C. velia: https://www. 
youtube.com/watch?v=olNqX9BjCJY 
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