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Adventures with cyanobacteria
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FIGURE 2| Structural organization of the antenna system of PSII for red
algae and cyanobacteria (A) and energy transfer steps including charge
separation (photochemical reaction) at the PSII RC (B) for cyanobacteria. The
energy of absorbed photons is passed through a number of antenna molecules
[phycoerythrin {absent in most cyanobacteria) — phycocyanin — allophycocyanin]
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until it reaches the RC Chl a (P680). The excited P680 donates its electron, which is
in the excited state of the molecule, to an electron acceptor (A). The electron
vacancy of the Chl a is filled by the electron from an electron donor (D). The
wavelength numbers (nm) inside the circles represent pigments corresponding to
the long wavelength absorption maxima of these pigments.
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The distribution of photosynthesis across the eukaryotes.
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Figure 6. Evolutionary relations of plastids. The main branches
diverging from the primary endosymbiotic event are those going to
Chlorophyta (the ‘green line’) and Rhodophyta (the ‘red line’). but
even before their divergence the Glaucophyta plastids branch-off. For
an explanation of other relationships. see text. From Gould er al**.
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vol. 39. © 2008 by Annual Reviews hitp//www annualreviews . org/.
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The rhizarian amoeba Paulinella
chromatophora harbors two
photosynthetically active and deeply
integrated cyanobacterial endosymbionts
acquired ~60 million years ago. Recent
genomic analyses of P. chromatophora
have revealed the loss of many essential
genes from the endosymbiont’s genome, |
and have identified more than 30 genes that |
have been transferred to the host cell’s
nucleus through endosymbiotic gene
transfer (EGT).
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these organelles. Note the clear
s37o S © ° ¢'2de independent origins of Plantae and
photosynthetic Paulinella plastids.
R RDEROTSRe See Yoon et al. (2009) for details.
The endosymbiont genome has already B, Light micrograph images of P,
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b) A Spheroid body of the diatom Rhopalodia gibba. SM: Symbiontophoric
membrane SBM: Spheroid body membrane.
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Fig. 1ERAD, SELMA, and protein import into complex plastids of
diatoms. Entry into the (chloroplast) ER is host-derived (h):
nucleus-encoded preproteins are equipped with an N-terminal signal
peptide (SP) and enter the (¢)ER cotranslationally through the Sec61
complex. During translocation, the SP of ER-resident or secretory
proteins and, most likely, plastidal preproteins is cleaved off by the signal
peptidase complex (SPC). The majority of ER or secretory proteins are
N-glycosylated in the (c)ER lumen by an oligosaccharyl transferase
(OST), folded into their native conformation via chaperones (hBiP) and
are further transported through vesicles (e.g., COPII) towards the
endomembrane system. The host machinery of the ERAD-L pathway
recognizes misfolded or defective proteins (asterisks) in the (c)ER
lumen, translocates them into the cytosol and polyubiquitinates the
substrates for proteasomal degradation. For detailed information on the
hostERAD-L system, see text. Passage of the second outermost
membrane (PPM) and subsequent transport steps are symbiont derived
(s): In addition to a SP, plastidal preproteins possess a transit
peptide-like sequence (TPL) at their N-terminus, which is recognized in
the cER lumen by an as yet unknown factor. Preproteins cross the PPM
through the symbiont-specific ERAD-like machinery (SELMA),
representing a recycled symbiontic ERAD system installed for
translocation of plastidal preproteins. The ubiquitin-dependent
translocation is supposed to be mediated by the AAA-ATPase Cdc48
with its cofactors (see text). PPC-resident proteins (+X) are processed
by an as yet unidentified transit peptide peptidase and folded in the
PPC. In addition to the SELMA system, an incomplete proteasomal s20S
complex is present in the PPC of diatoms, which is believed to be
uncoupled from translocation. Passage of the two inner membranes:
stromal preproteins (+F) are further transported across the two inner
membranes of the complex plastid via TOC- (ptOmp85) and TIC-related
systems prior processing and folding in the stroma. Note that vesicular
traffic (not shown) may be an alternative model for transport of stromal
preproteins between PPM and OEM. Question mark unknown

function; cER chloroplast endoplasmic reticulum; OEM/IEM outer/inner
chloroplast envelope membrane; IMS intermembrane

space; TOC/TIC translocon at the outer/inner chloroplast membrane
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Genome and proteome mosaicism in complex algae.

Plastid

John M. Archibald PNAS 2015;112:10147-10153
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Summary of known or estimated nucleomorph genome sizes in cryptophyte and chlorarachniophyte

algae
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XapaKTepuUCTUKmM reHoMmoB HyKrneomopd

Genome characteristics | Guillardia theta Hemiselmis Bigelowiella natans
andersenii

Evolutionary origin Red algae Red algae Green algae

Genome size (bp) 551 264 571 872 372 870

Chromosome number/size
Chromosome structure

3(196.2, 180.9, 174.1 kbp)
Subtelomeric inverted

repeats including rDNA
genes

3 (207.5, 184.7, 179.6 kbp)
Subtelomeric inverted
repeats, only 3 with
complete rDNAs

3 (140.6, 134.1, 98.1 kbp)
Subtelomeric inverted repeats
including rDNA genes

Telomeric sequence/length (IAG]LAAGA),, (GIAL;), , (TCTAGGG),, ,-
Genomic A + T content ~55 ~60 ~50

Inverted repeats

(including rDNA) (%)

Single-copy DNA (%) 6577 ~75 >65
Number of genes

Protein genes 465 472 293

Non-mRNA (rRNA, tRNA, 67 53 42

snRNA, and snoRNA)

Pseudogenes 1 1 5

Total 513 525 340
Gene density 1.07 kb/gene 1.09 kb/gene 1.10 kb/gene
Introns and size range 17 (42-52 bp) None 852 (18-21 bp)
Plastid genes 30 30 17
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Colpodellids Apicomplexa

parasitic
Apicomplexa
CCMP 3155
" Plasmodium
s o Toxoplasma
photosynthesis ¥, . Babes:-a Sarcocystis
Chromera velia Theieria
Eimeria
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loss of loss of Cryptosporidium

plastid
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Figure 55. Current view of the evolution of chromerids. A schematic tree shows evolutionary relationships
among chromerids and apicomplexans. The green line in the tree indicates photosynthetic organisms. Losses
of photosynthesis or plastids are indicated. We propose that photosynthesis was lost once in chromerids with
respect to colpodellids and once in the lineage evolving to apicomplexan parasites. We suppose chromerids to
form a sister groups, mainly based on their unique pigmentation and molecular phylogeny.
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Hawnbosnee yacto BCTpEUaArONIUIACS THII
TJIaCTU Y TUHO(MUTOB — TIEPEAMHUH
coJieprKalliie, OKPY>KEHHbIE TPEMs
MeMmOpanamu. B 3Tux miactumax
ob6napyxeHna ¢opma II PybucKo, n3pectras
TaKXe ISl HEKOTOPBIX OaKTEepUil, COCTOSIIAs
TOJIBKO U3 2-X OONBIINX CYObEIUHUIL U
KOJIUPYIOIIASICA SIACPHBIM T€HOMOM. Y psijia
TUHO(MUTOBBIX C TAKUMH TUIACTUIAMH
XJIOPOIJIACTHBINA F€eHOM CHJIBLHO
peayuupoBan (ocraigoch menee 20
JNEUCTBYIONIUX T'eHOB) M actuaHas JIHK
dbparMeHTUpOBaHa Ha OTJEIbHBIC
KOJIbIIEBBIE (hparMeHThI 2-3 KO, comeprarue
o omHOMY TeHy. Takas popma
xaoporutactHo JIHK 1 MakcumanbsHas
nepeadya XJI0pPOIUIACTHRIX T€HOB B SJIPO -
YHHKaJIbHA JIJI Bojopociie. B
XJIOPOILJIACTaX BCTPEUAOTCSI TUPEHOU/TBI
pa3nIuuHON (HOPMBI.

4. TlpecHoBomHBIE (DOPMEBI 3aIacarOT
MPEUMYIIIECTBEHHO KPaxmaJl,
OTKJIAJ(bIBAEMBIN B IIUTOILJIA3ME, & MOPCKHUE —
JIMIUJIBI U CTEPOJIbI.



Tertiary origin of peridinn plasiid 417

Fig. 1. Muodek explaining evoluionary origin of the peridinin plstid. (a) According to the ssaondary model, the peridinin
plastid evolved from a red alga that harboured a cyanohederume-derived plastid sumrounded by two membranes: the mner
membrzne (IM} and the cuter membrane (). There are two varsions of this modd: a mysnoytotic scenarie Jeft) and
phagocytotic scemaria {right). In mymoacytotic engul fment of the rad algs, the peridinin phstid would he surounded by thres
membrznes: M, OM, and the phagosomal memhbr=ne of the host (FHM ). In phagooytaotic engulfment, the envelope mitizlly
waukl be composed of four membranes (IM, OM, the endosymhdont pleamalemma (EP), and FHHM ) and one of them would
have to be lost. It i assumed that this membrzane was the EP. (b) The tertiary made] pastulates that the peridinin plastid i
derived from a heterokont algs which possessed a red algs-derived plastid suwrrounded by four membranes: IM, OM, EP, and
the plastid endoplesmic reticulum (PER). Thae & a2 myzooitotic {kefi) and phagocytotic (rght) vemsion of this madel.
Inmymcytotc smgulfment of the heterokont, the peridinin plastd woukd be nitizlly sirrounded by five membrnes: TM, OM,
EFP, PER, and PHM . In phagncytotic snpuliment, itz anvelope would additionally contsin the plemalemma of the haterakont
endosymhisnt {FHE). This means that the ancesiral peridinin pls=td must have kst two {(mymcytodic scenania) or three
{phagooytotic senaria) membranes. Regandless of the scenario fodlowed, it currently & undemr which membranes were
eliminated. N: typica] sukaryotic nucleus; n: highly reducal eukaryotic nudens known = the nucleomarph.



ePrasinophyte-npon3BogHbIe «NNnacTugbli»:

e[loCTOSAAHHbIE 3eNneHble XrfioponnacThbl B
Lepidodinium (Watanabe et al. 1991, Elbrachter and
Schnepf 1996, Hansen et al. 2007). Pag reHoB u3
3HOOCMMOMOHTA NepemMeLleH B A4Pp0 X03sIMHA
(Ming

Fig. 1. Light micrographs of a live cell of Lepidodinium chlorophorum showing
general morphology. Left: Appearance near the surface of cell. Note the apical
groove (arrowheads), shape of chloroplasts and both cingulum and sulcus.
Right: different focus image near the center of cell, showing the nucleus located
in the center of the cell. Scale bar=20 pm.




eHaptophyte-npousoweglwine nnactuabl:

B aTtou BeTBM (Karenia, Karlodinium, Takayama) pOTOCUHTE3NpPYIOLLUE
opraHesnsbl NpeaAcTaBRAAIOT HacTosALWMe NnacTuabl — reHbl AN MHOMMX
OenkoB, yyactBylowme B hoTOCUHTE3€e, HaxoaaTca B aape (Ishida and
Green 2002,

Patron et al. 2006, Nosenko et al. 2006). [Tpn Takom TUNe BO3HUKHOBEHMUS
nnacTtuh, ayKapuorta cberia gpyryro aykapuoty, y KOoTopou nnactuaa
npowu3oLusia B pe3ynbrate BTOPUYHOIro aH4ocnmMmounosa. Takon tun

3HAOCMMOMO3a Ha3biBaeTCA TPETUYHBLIM. Y Dinophysis mitra rantopuT

ike et al. 2005).

Karenia brevis Karlodinium micrum



eDictyophyte-npousBogHbIe NNnacTuabl:

OpuvH Bug anHodnarennat (Podolampas bipes) coaepxuT
NOCTOAHHbIN ANKTNOXodLuneBbIN 3IHOOCUMOUNOHT C
XnoponsfiactamMuv U A4pPOM

(Schnepf and Elbrachter 1999, Schweikert and Elbrachter 2004).




eDiatom-npoun3BoaHbIe POTOCUHTE3UPYHOLLNEe IHAOCUMONOHTDI:
HeKkoTopble auHodparennaTbl (e.g., Durinskia baltica,
Kryptoperidinium foliaceum, Peridinium quinquecorne) NOCTOAHHO
coaepkaTt AMaToMOBbIe 3IHAOCUMOUOHTbLI C XJloponJsiacTaMmm 1
AApPoM (e.g., Dodge 1971, Horiguchi and Pienaar 1991, 1994, Schnepf and
Elbrachter 1999). Takue Bogopocnu coaepxart 2 aapa.
OuaTtomomopdHbie auHodnarennATbl KYNLTUBUPYIOTCS, Oornee
roga nogaepXMBaroTcs B Kynbrype. OgHosaepHble
HepOTOCUHTE3UpYOLLME NpeaACTaBUTENN HEKOTOPbLIX U3 3TUX
BUOOB BCTPe4YalTCA B Npupoae, ykasbiBasi, YTO 3HAOCUMONO3
npousoLwlen HeaaBH s

F 10um

Peridinium quinquecorne

Galeidinium rugatum

Durinskia baltica
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ridinium quinguecare, 8. Pendinspss thamboids, £ Gemnodinieen quadriobatum, g P-1E skain from Palaw, . Dinalfvri
paradora, Scala bars = 10 pm



These include

Durinskia baltica (Levander)
Carty et Cox (=Peridinium
balticum (Levander)
Lemmermann),

Durinskia capensis (Pienaar ét
al., 2007), Kryptoperidinium
foliaceum (Stein) Lindemann
(=Peridinium foliaceum Stein),
Gymnodinium quadrilobatum
(Horiguchi and Pienaar 1994),
Peridinium quinquecorne Abe’
(Horiguchi

and Pienaar 1991), Durinskia
sp. (Horiguchi and Pienaar
1988),

Dinothrix paradoxa Pascher
(Horiguchi and Chihara 1993),
Galeidinium rugatum Tamura
et Horiguchi.

J. Phycol. 41, 658-671 (2005)



Fig.2 Hypolhesis regarding the onfgin of a dialom-harboring dinoflagelale &5 well as lype B eyespol.



Cryptophyte-kKnentoxnoponnacThbl:

e bonbLWMHCTBO BUOOB poaa Dinophysis copaepXxaTt nnu
Lenble KpUnToMoHaAabl UNn TONbKO UX XrioponsacTbl
(Schnepf and Elbrachter 1988, 1999, Janson 2004).
D.acuminata cogepXX1UT nrnacTtuabl, NOKPbITbIe TONMbLKO
2 MeMbOpaHamu, OTCYTCTBYHOT HyKneomopda n agpo
KpuntToMoHaabl. [lokasaHo, 4To 5 AA4epHbIX reHOB
KOAUPYHOT XrioponriacTHble 6enku (Wisecaver and
Hackett BMC Genomics 2010, 11:366)







Geminigera cryophila Myrionecta rubra Dinophysis acuminata

Figure 1 Kleptoplast acquisition in M. rubra and D. acuminata.
The cryptophyte nucleus (A) and complete cryptophyte plastid and
mitochondria (B) are retained in M. rubra. When the plastid is acquired
by D. acuminata the outer two membranes and nucleomorph are lost
(Q). 1, cryptophyte nucleus; 2, plastid; 3, nucleomorph; 4, cryptophyte
mitochondrion; 5, cryptophyte nucleus and cytoplasm surrounded by
host membrane; 6, ciliate nucleus; 7, plastid-mitochondrial complex
surrounded by host membrane; 8, ciliate mitochondrion; 9, dinoflagel-
late nucleus; 10, kleptoplast; 11, dinoflagellate mitochondrion. Light
photomicrographs of the cells are shown above the cartoon for each
organism (scale bar =10 pm).




Contents of symtiont
Host feeds on prey cells.

Digestion of a prey cell delayes.

Stage | | Plastid, nucleus, Host and symbiont develope specificity.

mitochondrion, ER e.g. Amphidinium latum, A. poecilochroum,
Gymnodinium acidotum

Cell cycles are coupled. il
e.g. Durinskia baltica, Kryptoperidinium foliaceum @

Host cell compensate symbiont's
house keeping function.

4

Stage Il
| Plastid, nucleus,

mitochondrion

Stage I
e.g. the cryptophytes, the chlorarachniophytes

Symbiont is integrated as a plastid
S

e.g. Lepidodinium viride, Gymnodinium chlorophorum,
Karenia brevis, K. mikimotoi, Karlodonoium micrum

«

Figure 3. Hypothetical intermediate steps of plastid integration.



The relationship between Convoluta roscoffensis
and Tetraselmis convolutae

Host
(Convaoiuta) provides:

- shelter (against predation)

- constant milieu

- optimal photosynthetic
conditions (kght and CO )

- nutrition (N-compounds)

Symbiont

(Tetraselmis) provides:

- sugars and O as products of
photosynthesis

- capability of adaptation under
harsh environmental conditions

Tetraselmis spp. in Symsagittifera (=Convoluta) spp.), JIE—

diatoms (Licmophora spp. in Convoluta convoluta i ﬁmy‘i,
(Abildgaard 1806)) @ e AA
and dinoflagellates (Amphidinium spp. in Amphiscolops/ 40 59

et al., 2008).

Symsagittifera roscoffensis






* DYHKUMOHUPYHOLLXE KIenTonnacTbl LUMPOKO pacnpoCTpaHeHbl cpeaun
MOJIHOCKOB popaa Elysia (MmeHee 10 gHen y E. hedgpethi (Greene, 1970), 40 6
Hepenb ANgd E. (=Tridachia) crispata, E. (=Tridachiella) diomedea v
Placobranchus ianthobapsus) (R.Trench, 1969; Greene,1970), O HECKONbKUNX
MecsaueB (Tpu Y E. viridis) (Hinde and Smith, 1972), 9 u bonee y E.chlorotica)
(Pierce et al., 1996, Rumpho et al., 2001;Mondy and Pierce, 2003).

e E.viridis - Codium fragile;
 Elysia timida - Acetabularia acetabulum;

* E. furvacauda - Codium w Microdictyon , KpacHble BOOOPOCN K bypagd
Sargassum

* E. crispata (R. Trench et al., 1969) n E.diomedea (R. Trench,1975) - Caulerpa.



Fig. 5. Scanning electron micrographs of the mollusc E. chlorot-
ica. Young, small (about 3 to 4 mm in length) animals were fixed
in 2% glutaraldehyde, processed and their external structure ex-
amined with an AMRay 1000 scanning electron microscope. (a)
Dorsal image illustrating the extensive vascular system which
branches from the heart as two major ducts and spreads through-
out the animal. The raised pericardium which houses the heart is
very obvious in this image. (b) Head image illustrating the sen-
sory tentacles and recessed, sucking mouth. Within the mouth
structure are the uniserate radular teeth used to puncture the
algal filaments prior to sucking out the chloroplasts. H, heart;
P, parapodia; T, tentacle.



Chloroplasts
in algal
filament

Isolated algal
chloroplasts
(0 hr)

li f‘f' x e . 290:000x
Only the standard double envelope is seen around
the isolated plastids (C&D) and also in the sea
slug (not shown).



Species of Costasiella investigated.

Figure 1. Species of Costasiella investigated. A. C.
ocellifera (Florida Keys). B. C. nonatoi (Florida Keys). C.
C. kuroshimae (Guam). D. C. sp. 2 (Guam).

E. C. sp. 1 (Guam). F. Phylogenetic relationship of
Costasiella based on partial sequences of 16S, 1st and
2nd positions of COI, H3 and 28S. Shown is

a 50% majority-rule tree based on a Bayesian analysis.
Numbers at nodes represent posterior probabilities
(Bayesian analysis) and bootstrap values
(maximum-likelihood analysis). Siphonaria pectinata was
chosen as outgroup. Stars indicate food sources of
Costasiella species identified by barcoding

using rbcL: brown, Avrainvillea; red, Tydemania; orange,
Rhipilia; green, Pseudochlorodesmis; beige, Bryopsis.
Blue clade shows Costasiella with no functional
retention of kleptoplasts, green clade indicates species
with functional retention.

Christa G et al. J. Mollus. Stud. 2014;mollus.eyu026
© The Author 2014. Published by Oxford University Press on behalf of The Malacological Society Ioumﬁ - d .
of London, all rights reserved MO uscan Stu 1€S
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“Super” Plant Kingdom (Bikonts)
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(a) Origin of complex algae with red plastids via a single secondary endosymbiosis with a red
alga and successive tertiary and quaternary endosymbioses.
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N: nucleus; M: mitochondrion; P: plastid. (b) Scenario of
plastid evolution among CASH lineages according to the
rhodoplex hypothesis. X-ray images of the Russian
Matryoshka dolls indicate independent events of plastid
endosymbioses. All CASH plastids originate from an
initial engulfment of a rhodophyte (see [a]), but the
genuine secondary endosymbiont and the order of
subsequent endosymbioses remains to be determined
(indicated by 2nd/3rd and 3rd/4th). The typical plastid of
PCD may represent a reduced apicomplexan alga (see
current study). The gain of rhodophycean plastids as well
as the loss of photosynthesis/plastids is indicated by the
red horizontal lines. With respect to stramenopiles, only a
subset of separate lineages is shown. Micrograph
courtesy of Peter Vontobel, Sven Gould, Woody
Hastings, and Manfred Rohde.

Petersen J et al. Genome Biol Evol 2014;6:666-684
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