Multi-omics Visualization of Nuclear Architecturetime Early Branching Dinoflagellate,
Oxyrrhis marina

by

Nikolaj Brask

Submitted in partial fulfilment of the requirements
for the degree of a Master of Science

at

DalhousieUniversity
Halifax, Nova Scotia

August 2024
Dal housie University is |ocated in N
ancestral and unceded territory of t

We are all Treaty people.

© Copyright by Nilolaj Brask, 202



Table of Contents

Li st of... L= TN o L T = N - OO T PR UPPURRNTR ¥
T S o O o T o B0 1 O = PO PUPPPPP Vi
AN o T A U= VO o TR UUTTPRRUNPRRUUN ' AN [ B

List of Abbreviati.ans..and.Sy.mb.a.l.s..Us.e.d..i. X
ACKNOWI € 0. e . S ennr e eeeeaeaaeas X. 1
Chapl elrnt r 0.0 U.Col Qe e 1
1.1 Dinoflagell at.es..and..t.hei.r..Anc.es.t.rly
Ecological Ro.l.e...o.f...Di.n.af.l.ag.el.l.at.es

Spl i cedsplei.acd.enrg.. T .r A S e 4.

l ntroduct i o.n..t.o..0x.y.r.r.hi.s..ma.r.l.n.a....>50

2
3
.4 I ntriguing Char ac.t.er.i.s.ti.cs...of..Di.hof | agel
5
6 Dinofl agell at e...Nu.c.l.ea.p.r..o.t.e.i.n..(.DV.NP)

2

Chap2 eMuolnmiics An@XA wrsr i 0.fma.r.i.na . 12
Y22 A N o N O o o 1 o o T o R OPUERR 1.2
2.1.1 Genomics: 5hmu Mo.d.i.f.i.c.at.i.ons..i.l2Di nof |
2.1.2 Genomics: Na.n.a.p.o.lrl.e..Seg.u.en.c.i.ng...1l3
2.1.3 Proteomics: Di nof.l.a.g.el.l.a.t.e..Rr.atle8omi cs
2. 1. 4 mblhemendent Acquisition Proteamilds for
2 |V = 0 A o T o T SRR 15
2. DIIA of Whol.e...Ce.l.l... Re.l. .l el S 15
2.2.2 MS Dat.a..AC.Q.Ul.S.l. .l O 16
2. 2.3 MS Dat.a..Anal y.S.l.S. e, 17
2. 2.4 DNA..LEX L. ClaD Do 18
2.2.5 DNA Purification and Na.no.p.otrl.e..1i9br ary
2.3 Result s . .&. . Di.S.ClS.SulaO.Mii e 20

2.3.1 Functional Annot at.i.o.n..o.f..Ox.y.r.r.l2i0s mar i
2.3.2 Oxyrrhis mar..n.a..Nuc.l.eot.i.de..Anal2¥si s
2.3.3 Nanopore Se.guenc.i.ng..As.s.e.s.s.ment.34
Chap3®elrsolation and Mor p.h.al.o.g.y...0.f..l.nt.a.c3t8 Nucl e
C T A N 0 O o o 1 o o T o PSSR 3.8



3.1.1 Closed Mi.t.a.s.i.s.......h....Eu.k.ar.y.ot.es.....J38
X |V = 0 A o T o T RSP PRER 41
3.2.1 Nucl.ed..l.s.al.at.l.0n. e 4 1
.2 Confocal and EI ec.t.r.on.. . Mi.cr.os.copiyl Prepeé
3. 2.3 SEM. ..and. . T.EM. e 4 2
3.3 Resul t s...&. .  Di.S.ClLS. SO 43
3.3.1 Nuclear .. Exturac.t.i.on. . Buf.f.el......... 4.3
3.3.2 Confocal and..El.uar.es.cent..Mi.cr.oddopy
3.3.3 Transmission EIl ect.r.an..Mi.c.r.as.c.oplye of I r
3.3.4 Scanning El ectr o.n..Mi.c.r.o.s.c.o.py....0.f4.9 nt act
3.3.5 Visualizat.i.o.n..0o.f....Cl.o.s.ed.. .MiL.t.o.s.i.s49
3.3.6 Unknown Structur.e..f.ound..wi.t.hi.n.59EM Sar
Cha

p4 erdenti ficati on Qoxfy rNuhcilse.ama.rtBR.rnoat..e.i..n5s5 i n
SR N o O A o o 1 o O o T o PP PRSRR 5.5

1 Significaunit..Nuc.l.eaur..Prot.e.i.ns....»55
. 2"FTahnei 12y of New Nuclear Proteins:56LP Pr
.3 Histones, the Nucleosome, .and..Bi7Tnof |l ac(

.4 Key Results Leading..t.o..t.he..No..SBcl eosc

A A B B~ b
N N e

.5 Proteomics Approach .t.o..Un.der.s.t.@dmMmdi ng (

N |V = T O o T o T o SR 61
. 2.1 Data Dependent Ac.g.ui.s.i.t..o.n..of...l650l at e

4. 2.2 Dat.a..ANal Y. S.i S 6 2

4.3 ResUl t & . .Di.S.CLS.Sulei0. N 6 2

4.3.1 Protein Enrichment..i.n..l.s.ol.at.ed6Rucl ei
4 . Oxyrrhis Expresses .a..Eul.l..Sui.t.e&80f Car
4. 3.3 Machi nessye midleen,t i Ma deidf yt oa PAd ..Di.s.alsd embl e

w
N

Chap% eNucl ear Protein Evolution i n..Di.noZf71 agel |
S AR N o N PO o o I o O O o O o PP OTPPPPRP 1.7
5.1.1 Histone Evol.ut.i.an..aman.g..Euka.r.y.dt7ies
1.2 The History and FE.a.c.e.t.s..of.. .t.he. . lZi8nker I
5.1.3 Introducti o.n..t.o..Lar.g.e..DNA.. \Mi.r.u.s/e9s



5.0 2 ML N0 S e 79
5.2.1 Alveolate Core Hi st.o.neds..Rhy.l.o.giéOnet i c
5.2.2 DVNP Ildentification an.d..St.r.uc.t.a8le i n t
5.3 ResuUult s...&. . .Di.S.CllLS. .Sl 0N 80
5.3.1 The Histone suite of Oxyrrhius..BOrina i
5.3.2 DVNPOGs Presence and Str.u.c.t.ur.e..wib hin E
5.3.3rliyxhimails as a Potenti al..RrecumBsgor f ol
Chapée€Conclusions and..kut.u.r.e..Di.r.e.ct.i.0o.n.s94

R N = N o = W TR 98



Li st of Tabl es

Tabl eéT@p 150 most abundant prot.ei.ns..wi.t.thZien t he
Tabl eCdrd hi stones identified wi.t.hi.n..t.h7eO whol e

Tabl eThrde ORFs containing hi®@syrdfmohi dsm&krmbhgi s
............................................................................................................................................... 9.3



~ M
D Q
c

T
«Q
c

©
<
—

Fi
pr

D Q
c

Figu
Py

-

Figu
Figu

Figu
cons

Figu

Figu
me mb

Figu
terr

List of Figures

r-Bhgyl ageny of dinofl aAleyd altaetsg, tdired rt Ipairrer
SR AN S ST U 0 o = G o Y o 1 1 o PSPPI 2.

rMéll1udtrations showc.a.s.i.ng.SAR..cl.ade3 di ver
ME€utr&nt model for typical eukaryaot8s and
Mal phaFold structures of represeht.d®0i ve D

ME€lassification of proteiQls nidraisndad i onpr ot
ular function and their -papuindiameaci damnagr sl

rMédazn2ification of trichocuy.s.t..mat.ri2®% prot
rMéMadpd3 ng of the i dentifi.ed..ri.bos.aoam2l7 prot
rMéMadpdng of t he HRNMAL ibfiiosd nArhiersd.asc.Pl8@ ot ei n

Me C2 M5/ MS run of di geOGxedr DINAr mat edawiedh f 2

i di nedi ca.r.bhoxyl. . .8 Cul b 30

Me C2 M&/ MS runs of di g®Oxtyed hDNA.max.t.Raéact ed |

MmMé&i 2t ered LCHPMSBI MBENeddi 2ad4boxylic ac

id dig
i cted nu.c.l.eobas.e..p.eak.S 33

M&Nazaopore run ofOxghedisde@abDBEAawii th 2, 4

i dinedi c.ar.h.oXxy.l. l.C..a.Ci. A, 35

NM&e?2. @l ectro@xyymrretsii ge mami mdE DNA....... 36
r eBA2NDIAOGE vi sual i zat.i.o.n..aof... . .El.y.e..as.s&mmbly

r-el Bugtration comparing different cl osed
olidataenddfribeo T &Mi.c.al...mo.del. s 40

mME€odfdcal i maging of rMdaloeaies.cent.l.y.48yed i

r-ér @8n8mission electron microscopy showing
= T 0 Y = PP PP PUURRPPPPR PP 47

r-ér @8ndgmi ssion electron microscopy of two i
[ T o T T = Y PO 48



Figur-8EB. 6f i
Figur-8c&8n6ing
Figur-8c8@8nidi ng

r-€e 4l @l ar

T T
~ -
o «Q
-~ C

r-Abdn&@anc

T
(o]
c

enriched..pur.o.t.

T
«Q
c

r-BMlagpBng

o D. ma.r.i.n.a......

Figuridabdeshce

mar ipmat e.o.me.....

FiguriRkepr®sen

Figurieepit b6des
modi fications

Figuridl 4 gn m2.n

£.0.Me......coooviiiimeen.

solated nuclei showcas.i.ng.bdi ffer e
el ectron microscOpryrohi slb@anuaohbe
el ectron microscopy of séadond st

function assignmént maneuicd aetalrei r 1
............................................................................................... 6 4

e comparison of <cellular assi gnme

NI o TN 0 1 < YT PR 6.5

of the i1 dentified spliceosome pr

................................................................................................ 6 6

of many of the hall mark Oproteins
............................................................................................... 6 7

tative spectra of Histone.7H3 and

of Histone H3 andt DAMNPI athiadon sl o\
a.n.d...mi.s.s..e.d...c.l..e.a.v.a.g.8.5....cccccerurnee 72

t maarhildin a s ahpiisethosne H3 and H4 regi on

COMMO N R TS e et rnn e e e e e e et e e e a e e 75
Figuriddug¢l @osome protein interactions and ones
o O. LI T S O o - U OO PPRRSEP 7 6
Figuriehyl bgenetic tree reconstruction and al i
alveol aegrahoasdi nof l.ag.el.l.at.e..out.l.i.er.83
Figurieebfc2nt identity matrices..f.ar..al.i.8dment s

MaAanbBoBati

Figur®i o551 ag

Figuriehyl ®gen

Vil U.S.Siiiiiiicaenann,

Figuriehyl pgen

on and GC contcont ios srte gainmemso ptih a

............................................................................................... 38
on and GC content of dinofl agel] :
............................................................................................... 839
ell ateds DVNP within the..@®dnome :

etic tree containing DVNPs from
.............................................................................................. 91

etic tree of DVNPs .w.i.t.hi.n.92he Nu:

Vi



Abstract
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prote®mgrwhprso f and a&ndclei isolation protocol was developed to visualize the
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1.0 nofl agel lAatestapnd their

Dinofl agell at es sarmgdael lga oyegtoedg i magr itroe t he p
Dinoflagell ata. They are a diverse and ancient
hi story dating 4b0aiclk!| iag@ipa wlkama tHo pyp e2nr at.h & Sal
Dinoflagell ates bel opg wlora&@hhst ippalryema g & faextal yAd Ivie
resolved and thus have a viBasetegt.dhéeé dgrf@@m® 2ing
genesplly into three major grarodps  AmMApnp@irewpl e x ¢
i Berkinsmzgaosuprt o dt mtad g eatghedartt @t ¢ e . hhreoup Di no
entalrvee ol abteel ognrgosu iprh ytl loegseunpeetri§cA Bu p r ,vWHhair cols a
conttirnasmeAlovpeigpldaekkh i zar om where (tBuge&tis eitt alnam
Studi es hawgea asrheonvworp itl heaslt raanndc ha bt voegeaefgghtedns z ar i an s
(Figur eEdt € ma that @R has half of the eukaryotic diversatydisa e x t r e me | y

abundapéergroup i n nm@ratieparcheetrak, P08 n ment s

The phyl ogeneti csi atmolnlgHoOw®aloeédra.gmdstatphyl oc
anal ys®©gsypasfhceoehe earliest branching dinofl agel
t he gr ou(@x yerrathdflyse dy ar al esweoloan yase excl uded fro
core dinolfhleaddlgluatdescrystalline chromosomes al
changed nuclear protein |l evels are generally
basal dinddhagehkdae eietthian .t,h € 0clb§eynaud Inapd d lage |
Suessain@lees dimaik®!| e@pp ar tliaaomrg ed fatcki sefqlu@oecdl.,ng dat
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within the SAResumeregegr gumpups of t heaSAR Icataed e
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growpsh a wheBwes kinRlkee sadiemanaani, catirreg ollaud k onf

Phyl ogenetic rfaloant iGdr likp,s (t ak en
2



Eetocarpus siliculosus A N / /| V

Plasmodium falciparum O Conacon foliaceus O

Perkinsus marinus O Amoebophrya sp. @

Amphidinium carterae @

Symbiodinium
microadriaticum @
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12Ec ol oRpil e@ilmfof | agel | at es

The dinoflagellate group is composed of a mix of autotrophs containing chloroplasts and
predatory heterotrophssing phagocytosis (Roberts et al., 2010). Some dinoflagellates are
parasitic in nature, namelyematodiniumandAmoelmphyra Photosynthetic dinoflagellates
have importance in coastal ecologies, wHgymbiodiniumamong other generparticipate in
the formation of reefs by engaging in mutualistic relationships with cdrais. mutualism is
vital for the growth and health of coral reefs, which are among the most diverse and productive
ecosystems on Earth, supporting countless marine species and providing important ecological
servicesThe ecological significance of dinoflagellates extends beyond their roles in coral reefs
to include their involvement in harmful algal blooms (HABSs), bioluminescence, and global
carbon cycling. HABs, oéin triggered by environmental factors such as nutrient runoff and
warming waters, can lead to mass mortalities of marine organisms and pose risks to human
health(Taylor et al., 2007)This is in part to the accumulation sécondary metabolites,
generated from dinoflagellatas, shellfish like molluscsA number of these metabolites are
particularly potent toxingWisecaver & Hackett 2011A large production of
dimethylsulfoniopropionatevhichis essential taertain bacterioplankton as a reducing sylfr
generated from dinoflagellatdSMSP content has been showrdiamatically change bacterial

diversity and abundandéen di nof | agel (Limetad 201)mi cr obi ome

13Spl ileaedlens !l i ci ng

Spliced | easddri c(iSlg) itsraansuni que mechanism o
occurs in several eukaryotic |ineamalsl,, isogliude
|l eader RNA (SL RNA) donates anRNPAgr tr esseud td mage it

chimeric mRNA. This SL RNA contains -aaR8lAl i ced



via asptlriacnisn,g mediicatieoech by f{Theée sspriocessomgener at
MRNAs with a common 5' | eader sequence deri vec
MRNA stability, transl ati o(nSt odvaedreCav@lganti at i on of
200Wi)t hin the alveolate clade, tmheplplkkemagmaerson
predominantly obselriwegdu liond idm, nudnfolpaog eylelidat-es . us e
splicing extemsiop®Iry,i omi tof a trei gnMRNAg Zhrachegr,go i
2007)The addition of the spliced | eader sequen
involved in circadian rhythms, bi ol(Rioni,n elsacgeunsc ¢

& Morse, 2018).

14l nt riCharagt ebDiinsotfilcasg eolfl at es

Facets that separat bedi aabriek atbhaet kpart eesse nfcreo no f
Di nof |l ¥igreultdpe ® ( ®VINIP)ss of Dbul k nucl eoasnodmes as
hi ghly c¢onden sCedarcahcrtoensoespohoneadseent onfalsa gferlolma thea s a l
onas e t hea mpaxepsreenscdeiBo n( Hoi-f si tksero @é oenilem sl )w hwvioc h hav e
only been found thuglJdmaudgkoweaTdedd iarigfgina2gielltdi)ant
the di ngfelnoigeel draeg eof the most significant aspe
DNA in a |l arge ,dapgedohg3 qumnCootrtne ks ppgciads , 2012
and amount far exceed most eukaryotes. The dir
chromosomes; <certain parasitic deneftkaegel |l at e

species contacthomup 19842L)yY0 (Sp

Most eukaryotes primaritlhrocogleaseomhleex gt
folding and wrappingciruewhiimet mwoll eecossomees i asr ea

typieiadihtgt ones with two sets of HZhAat H2Z2NBA wH & p:
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¢Mdr-Rd lm2rez eThaét. i s20BBNA acsrigsanfiozrati on hi e
form chr omosomear.e Dn mmto btl lmgleg ttht esas a pri mary
many stutiheygy dbamodl eetmsvemd or.g alnhieziart inouncl eof i |
far thinner thagand throgantarhe retu kwair tylov eeu gsii mgesdes cr
pieces (Gornik et al., 2019). Within this treect
dinofl agelHiaglreloy abdWAi desredanentl|ly condemeed, wh
aspedt $ r ansocunladmpmeicbani sms di f ftelree ntty girmamn tehwkseer
One atnscri pti omrad p msekcad NXi $hireenfdte d hel i c al DNA) ,
occur i n cocnrdeeantseesd talree absoundaries for transcri
to BtDMAsctuos results-hiamdtehle oB BNA mmMoinghthel i
forming an outward | oop omaltb&iogtsbrrtéeeobinl
promoters, enhamerao geSospedi | | ard et al ., 1990)
originated from trihreg ptrlrees e@lc ec elf| | plogpse daaind t he
the G2 phase, where tpeg epalilatrieodbl ¢ edsitvi amoar i(|

Suzaki, 2015) .

Dinofl agell at pser maxemtkkognesleampaetdind ef i ci ent
protein c@need®BAYinamr i nsic feature of the din
high concentration of divalent catiodasndand tr:
Cd'occur at a rati,andfdBvalenttbatnoobease abol
(LeSeitti, Gavril.AvtBRoRghkzoece99d8ny in all euka
di nof | agfesarb advtelteaurk e ey ot es, where small devi ance
hawsweé gnieffifceacntts on chromatin superstructure and

DNA and repreSAzdorx@nm e& s\Womn,h FliigeAnls), hGa-20a 1:



rati o peandaMge2paigs in ey6arholweeThphabpwr2dmtd ¥ .
mo d e | of nucl eard ommrogdmigzdtliadresf ors d¢ddhreel i qui d

proptolstelse | arge, condensed chromosomes are sta
are connected by intermedi(Warg,[f iRiea®on.tlso aphsatl if
facing theamdcti  eeplasm ti ng negative charge on
dival en(tLeSeaieit o@m00Bf)f orts to remove proteins \
the chr omosomeesnde. dlehi s underlines that dinof

di fferent strategies to organize the nucl eus (

Dinofl agell ates have a differenhhi or ems emb mi
typical mitosis inbuthan@Gkrs $n amed G2 pplasees Th
never degrades, although its thickness changes:s
2015). Chromosomecleaambeape atl 6 tmheé oti c protei n:
either penet,waré& wheéhemvehepaaob!|l easthe outer 1

(NE)Originally, dinodtt agel ¢ avede weimptl yhesaghi e

and DVNP. This was corrected when research f ol
hi stones. The dinofl agdlLIPat eas da lDiVasiPween ncact e az
badalnofl agel |l ates. Core dinoflagell ates cont a

which results in a nkarrd yl ibguamd fheéi gk i bk ese | DK 4
anHde mat odiomitamn more DVNP, which is the predon
di fferences between these proteins result 1in ¢

in complexity and evolution (Janougkovec et al



Typical Eukaryote Dinoflagellate
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Chap2Mul-dmiAnsal vy Qixyrafthi s mari na

2.1Introduction
2. Gehomi cModbhmaditnwomlsagel | at es
5-Hydroxymethyluracil (5hmU) is a thymine modification present in the DNA of various
organisms, including mammaldnetoplastidsand dinoflagellates. This modification is
introduced posteplicatively via the hydroxylation of thymine, a reaction catalyzed by ten
eleven translocation (TET) dioxygenases in mammals dnadding proteins (JBPS) in
kinetoplastidgKawasaki et al., 2017)n dinoflagellates, 5hmU can constitute a significant
portion of thymine bases, with its levels varying across species mudification is believed to
play a role in the regulation of gene expression and chromatin structure, potentially impacting
the organism's response to environmental sfteést al., 2023) Quantification studies using
techniques such as liquid chromatograjphgss spectrometry (L®1S) have revealed that 5hmU
is present in low abundance in many other eukaryate&ing upapproximately 0.08% of
thymine bases iembryonic stem celldamadema, Burr, & BreweR019).In dinoflagellates

5hmu can replace up to 70% of thymiivéong, 2019)

In dinoflagellates, the synthesis of 5hmU involves both TET and JBP enzymes. These enzymes
hydroxylate thymine residues in the DNA, converting them into 5i{mt al., 2023)This

process is part of a broader set of epigenetic modifications that also includes base J, another
modified base found in these organisfdawasaki et al., 2017pinoflagellates utilize a unique
enzymatic machinery that includes homologs of TET and JBP proteins to introduce these
modifications, which are critical for their genongigganization and function. The high levels of

5hmU and its distribution within the genome suggest a specialized role in maintaining genome

12



stability and regulating gene expression in response to environmental ckorgéset al.,

2019).

2.
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2.Met hods
2. Dl AWod CeelPé | | et s

Oxyrrhis marinawas grown irb00 mL ofF/2 seawater medium supplemented Viidat
killed bacteria (HKB) Oncethe culture was highly dense, it was split and grown in either solely
F/2 media or F/2 media supplemented with 0.5 mM@®;ddinedicarboxylic acid hydrate {2

4P).After three daystheculture was pelletelly centrifugation for ten minutes at 308@.

All foll owing sampbkbespeedaomeifogr med by the Da

CORE facility

Protein was extracted from cell pelletsusingg5D o f a s ol Urs-cHGpH 7&6f 20 mM
150 mM KCI, 5 mM MgC4, 0.5% (v/v) NP40, 0.5% (w/v) sodium deoxycholate, and 0.5X

complete protease inhibitor (Sigma). To supploetdegradation of DNA/RNA, 18 L o f a
nucleasesoluton W/ ¢ L benzonase) was added to °Cfore ti ss
10 minutesAfter nuclease digestion, 0L o f a s onhMITtisHEIpH 8.5, 896 (@/0)

SDS, and 10nM dithiothreitol (DTT)wereadded to the tissue lysate and incubated at 95°C for

5 minutes in a heating block. After camd to 24°C, lysates were alkylated using 20 mM

chloroacetamide (final concentration) and subsequently quenched withTb&protein

concentration of the resulting lysate was measured using a BCA assay. Protein cleanup prior to
digestion was carried out using an adapted version of the previously described SP3 protocol

(Hughes et al., 2024. Briefly, 10 €L @datechbeds Stock(Gytiva)lwasc ar b o :
added to 40 e€g of protein in 100.Aftetabmifiutes ol ut i c
incubation at 24C, mixtures were centrifuged férminutesat 5000x g. Resulting supernatants

were discarded and pelleted material was r esus
again as above. The ethanol supernaft@ftlLwat 4c
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urea was added to each sample and incubated’& 80 4 hourswith shaking at 800 rpm.

Samples were then dilutedto 1 Mureathga d di t i on of 3 0O0OHCEpH7.5f 100 m
and digested for an additionbb hoursunder the same conditions. After digestion, the

supernatant was collected after centrifugation at 12x0§@or 2 minutesand subsequently

desalted using Strafd SPE (Phenomenex, CAT# 881004GA) micro-elution platesThese

wells were initially conditioned with 100% (v/v) methanol (0@ ) f ol | owed by equi
with 0.1% (v/v) trifluoroacetic acid (TFA) (100 L ) . Loaded peptides were
methanol in 0.1% (v/v) formicacid (260L) and el uted using 60% (v/v
formicacid (10 L) . Al | SPE steps were carriedxgout wusi
for 3 minutes Eluted peptides were evaporated to dryness in a SpeedVac centrifuge and

reconstituted in a solution of 1% dimethylfexide (v/v) in 1% (v/v) formic acid. Reconstituted

peptide solutions were quantified on a QTRAP5500 MS usimgasured signal relative to a

standard of known concentration.

2. MS2 Data Acquisition

Peptide samples and fractions were analyzed usingaldtdvisition routine on an
Orbitrap Fusion Lumos mass spectrometer (®)ermo Scietific). Samples were introduced
to the MS using Dionex UltiMate liquid chromatography (LC) instrument equipped with a
trappinganalytical column setup. For injection, peptides were initially trapped using 95% mobile
phase A (0.1% formic acid)ona l1®0m i nner @&m langtk ¢colemn packed-imouse
with 1.9 em Reprosi|l Pur C1 &teloteraofipeptide®was Mai s ct
performed using a ramp of mobile phase B (80% v/v acetonitrile in 0.1% formic acid) on a
100em inner diameter x 25 c¢cm legemm gRehp raonsailly tRucra l

beads. For each injectionglg of pepti des wiemieutesCdipeargradieeatd wi t h
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from 5% to 11% mobile phase B in éminutes, and to 34% B in 72rBinutes at 40@L/min,
followed by rinsing and requilibration over the remainingridinutes. The analytical column
outletwas coupledtoa20m i nner di ameter LOTUS el ectrospra
peptide sample was injected three individual tin8srhinuteacquisition time for each), with
each acquisition covering analysis of a separate mass range (injection 1 5543@ = 550

690, 3 = 690 930 m/z). The complete duty cycle of the acquisition method consisted of two
MS! scans and two sets of windowed MBans (order MS MS? - MS! - MS?). For the first,

low mass range injection, the initial MScan covered a mass range of $85m/z at a
resolution of 60,000. The following set of DIA MScans covered a precursor range of-830
m/z with an isoléon window size of 4n/z (Om/z overlap) for a total of 30 scan events. Each
scan used an HCD energy of 30% and covered a defined mass rangel8DR0@z at a
resolution of 30,000. The next MScan and following DIA MSused the same settings as the
previousonewith the exception that the MPrecursor mass range was set to-532m/z to

give a 2m/z stagger with the previous scan windows. For the second, medium mass range
injection, the scan settings were the same as for the low mass injecticdhenithiiowing
changes: 1. MSscan range of 54695m/z; 2. DIAMS; precursor scan ranges of 5690 m/z
and 548692m/z; 3. Loop control number of spectra = 35. For the third, high mass range
injection, the scan settings were the same as the others with the following chang€e'ssdaMS
range of 68M35m/z; 2. DIA-MS2 precursor scan ranges of 8880m/z and 68834 m/z; 3.

DIA-MS; isolation window of 8n/z; 4. All scan data were acquired in centroid mode.

2. 2.BatM& Anal ysis

The poteome database was produced usieg0468, 04690470,0471, 1424, 1425nd

14260xyrrhis marinatranscriptomes from thiglarine Microbial Eukaryotic Transcriptomic
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Sequence ProjecMMETSP (Keeling et al., 2014)ORFs were extracted from each
transcriptome using ORFipy and getORTke resulting protein sequenfdes were
concatenatedgndduplicates wereemoved This nonredundanproteome was used forhole
cell searchesRaw fles produced were conwedto mzML with peak picking, zeroingand
demultiplexed ifters. Samples were then analyzed with FragPipe usin@thAe DIA-
Umpire_SpecLib_Quant workflow using DiAmpirefor signal extractiomndMSFraggeifor
main searcliKong et al., 2017; Yu et al., 2023; Teo et al., 2020)everse sequenckcoy
database waadded to the proteomblissed cleavagesereset to two anaxidation on M was
set as variable modificatioRalse discovery rate (FDR) was s¢1% and quantificationwas
doneusng DIA-NN (Demichev et al., 2019¥%earchresults were annotated with InterProscan,
egd\NOG, andblastKOALA (Jones, 2014HuertaCepas et al., 2019; Kanehisa, Sato &
Morishima, 2016)BlastKOALA resultsweremapped usinghe KEGG mapperKanehisa &
Sato, 2019)Abundant proteisthat returned no hitisad their structure predictesing
AlphaFold 3andstructures wereun through FoldSeef@bramson et al., 2024; van Kempen et
al., 2023) Cellular functions were assigned to proteins manually, based on the most reliable
annotationsvailable Annotations were groupetependingn their subcellular location or
primary cellular function if they could be found ubiquitously throughout the cell. Nuclear
proteins were further differentiated if they had the ability to organize chroni&gnabundance

of each assignment group was determined by summing the intensities of the proteins within that

group.

2. DN traction

For DNA exulrsdaenmpmeedn et ed and i nculRRadtlednM n Ed

Tr-HE€IpH 7.5, 250 mM NarCd ,hK 0 25f oaoMS3IERNtYe sr o o m

18
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FI yaes s e rniidolmegorov etal., 2020Co ntwiegse bi nnedbast,enkalyotic

unknawnkm @ k2dwood et al., 2019).

2 RBes &l tbs scussi on

2. FuhctAnmmodlati on of PlOxtyegarme s mari na
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all thienpemoi iethimaed respectshvewfruintcas eomal , met ab
met ab@anhidsmnannotated proteingq Ftigurlep rhewslannt t h-
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Nor mali zed
(Control

Annotation

.01E+0O0
.42E+0
.04E+0
.23E+0
. 72E+0
.52E+0
.51E+0
. 35E+0
. 23E+0
.92E+0
.53E+0
.30E+0O0
.26 E+0O
.26 E+0
.04E+0O
. 94E+0
. 28E+0
.24E+0
. 85E+0
. 85E+0
. 79E+0
.57E+0
. 38E+0
.32E+0
.26 E+0
. 23E+0
.19E+0
.19E+0
.14E+0
.14E+0
.13E+0
.04E+0O0
.00E+O
.81E+0
. 71E+0
. 70E+0
.66 E+0
.66 E+0
.53E+0
.35E+0
.32E+0
. 24E+0
.17E+0O
.11E+0
.10E+0O
.05E+0
.01E+0O
. 98E+0
. 94E+0
. 89E+0¢

P ERPEPNNMNNMNNNNONMNNNNDNODNODNNONNNNDNDOWWWWWWWWOWWOWWWWOWWWWwbhdbhoaoououaoaaoaooooooRrNOO
mmMmmMmMmMmMMmMMmMmMMmMmMmMmMmMMmMmMMmMmMmMmMmMmMmMmMmMmmMmmMmmMmmmmmmmmmmmmOmmmmmaOmmmmmammmmmmm o o0

Polyketide synthase
Myosin rod fragments
ATBynthase alphal/beta family
Trichocyst matrix proteins
Trichocyst matrix proteins
ATP guanido phosphotransferas
Trichocyst matrix proteins
Ri bosomal s3ae family
FAD binding domain
90kda heat shock protein
Unknown
Unknown
Mi t ochondri al carrier protei
ATP synthase (C/AC39) subunit
Vtype ATPase 116kda subunit
El ongat iTa®dTH abkcitnodri ng
Unknown
FAD binding domain

Ri bosomal protein L14
Podlayyenyl ate binding protein
Calreticulin signature
Mi tochondri al carrier protei

Unknown
Unknown
Unknown
Unknown
Insulinase (peptidase family
Unknown
Hmg |

Unknown
Shoecrhtain dehydrogenase/reductase (!
Putative phosphrasedyt égolsat ol y 3subu
Hemogl obinase (C13) cysteine pi
Cystatin domain
Al cohol dehydrogenase
Pt ype -tcrmanomorti ng ATPase superf.
Unknown
Tyrosi nalsienciomgper
Region in Clathrin and VPS
Unknown
Ri bosomal protein L7A family
NAD dependent epimerase/dehydr:
Unknown
Al ba
Pl ant ascorbate peroxidase
Thrombospondin type 1
Prodeéisn-l § 0 der ase
Unknown
Unknown
Centrosomal protein 2

Table 2.17 Top 50 most abundant proteins within the cellular proteomePr ot ei n's

based on

annotated

Nor mal

ized LFQ quantification

| i st ec

from wt

using Bnkrrowet yabésdaoboabasesati on we
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Ribosomal RNAs

RIBOSOME

Bacteria / Archaea | 235 | | [C1es ]
Eukaryotes [Cass | [ 585 | [ 185 |
Ribosomal proteins
FFTu| S0 | 13 | 14 [ 123 | 12 [ s19 [ 122 | 53 | Lis | 129 |
| 520 | T3 | L4 |[Laite| 1ze | 515 | Li%e | 5% | | Lase |
[ 517 [ nd [ 134 | [15s =14 [ 58 [ 16 | [ Lizg [ 85 | 130 [ L5 | Secy
[ Stle | 123 | 126 | S4e | Llle | 529 | Si5Ae| 19 | L33 | Li% | LS | 52 | Lie | L2Tke|
Pl 53 [ su | RpoA [m7 [ 13 [ =8 |
[ L34 | Lide | | 51z | st4e | s9e | [ Lige | | Lizke | Sige |
EF—Tu.G‘ 7 T (A ‘Rpu(‘.B
[Lomz] w12 [ o [ 11 | 111

| 35 | s2% | Lale || Lihe |

EF-Ts

IF2

|LPiipd 1P0 [Linde [ Lize |

RFI

IF3
[ ] 1o | a4 |

[515 ] [ ] [a] [ [ sis] s |
513

[ [ s | [t [ taw ] msvhm [ ste | oo | [ st ] [sa0 ] [sa ] [[1as |

[ Line |[ Lize |[ Lise |[ Late |[ L24e |[ L3t |[L3ste]|[ La%e |[L374e][ L30e |[ Late |[ 14e |[ Lade |

[ 53k |[ s6e |[ 5% |[ S1% |[ 519 |[ S24e |[ 525 |[ S26e |[ 537 |[5274e |[ 528 |[ 530 |[ 1% |

[ Lée |[Liste]|[ Laze |[ Lave |[ Lage |[ 120 |[ L36e |[ Lage |

[ 57 ][ stoe |[ s12¢ [ sate |

Small subunit (Thermus aquaticus)

03010 11/12:20 X
(¢) Kanchisa Laboratories

protein

Fi gu3ieMa.pi ngi 0é&ntrihioessdo masubu.ri gshetwse

Ssudbnumot ataead

S

r

subunits of the I arg

organisms), proteins

il lustrated

2

u gKi annge hKi BSGG &M aSpapt eor,

e ribosomal
i dentifiedPwdbthBinstierpr c
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AMINOACYL-tRNA BIOSYNTHESIS |

L-Glutamyl-
O RNA(GI)

o L-Glutamyl-
tRNA(GIR)

L-Glutaminyl-
tRNA(GIn)”

L-Alanyl-
IRNA{Alx)

L-Aspartyl-
IRNA(Asp)

L-Aspartyl-
tRNA(Asn)

Glyeyl-

tRNA(Gly)

L-Threenine

[
|
|
|
|
|
(
|

LRT\-’\ Cys)

miel

| L-Methionine
=0

L-Methionyl-
IRNA(Met)

00970 2/4/1 i
() Kanehisa Laboratories

RN — L-Threonyl-
© O {RNA(ThY)
Glycine,
threonine metabe
o LSeryl-
| RN -'\ Ser)
|
} 2911
L @
\h——L—S—b 61111}—» 2111602012 O
| ~Serine arvl. L-Selenocysteinyl-
| XA e Gifopheseryl- GRS
|
|
| 0-Ph
—— 0 asphoseryl-
O-Phospho-L-sering RNA(Cys)
— 0O L-Cysteinyl-

N-Formyl-
methionyl-(RNA

o L-Val
tRT\A

\.|I]
|
|
|
|
Valline, leucine and O L-Leucyl-
isoleucine biosynthesis TRNA(Leu)

Lolsoleucyl-
O Nl

L Lysyl-
O RNAlLys)

L-Pyrrolysyl-
o IRNA(PYLY

o L-As
tR

Arginyl-
R {Arg)

L-Prolyl-
tRT\APml

idyl-

L-Hist
© I‘H’m

TRNA

0 L-Phenylalanyl-

IRNA(Fhe)
Phenylalanine, tyrosine and
fryptophan biosy
_____ L-Tyrosyl-
O BNATY

L-Tryptophanyl-
O RNATey

Fi gu4ieMa.pi ngi o é& n tAime in@edh BNA bi osynt Pect si ps ot e

identified with

canoni cal amino

KEGG Makaoprehi(sa

n the

iadce ndtBiefiiaeboe.l ab | pat bwahgtshever e

& Sat o,
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2. DXZrr hi bluanag Antraiddyes i s

The digesOeyr DINAsbbmesaksa for all four canoni ca
identified from the predicted intact mass of ¢
support the identifications with hall mark mas:

(Fi QudeFi go.r eTh2e. 6mo d i fwaasdl elmda s ¢ i m@&lA wiotfhiand It he d
sampl &d&shis base is known to affect both RNA an
t r ans dlangetal.,8021f he ?M&s sasinm@dt h@mondldaivs066pi c mas
t hle-ddd e oxy wihbaedhe br eakmsu olfdblraioney tfhremgmenphei on,
peaks can dmeo ts eceonrt riehl adttng atca mass o f( Ring/urceo mmo n
27).Thessggetsher DNA noocdciurirciantg oinns . The gbeaemtce DN
5mC andcé&mm&n modi fied bases among eukaryotes
t hi s nmdé@hroidne st aa plpaeevae particul arl yathhegher rel a
pyrimidines. Thisomagfbecdeercyoorodetzattor r e:¢
identifying more purinkbemsdcdndatonnhsol i Bammb e
frofzemuclhonge,Boxkx-@d@Gecan be (ThewstifsSi @d maj or prod
oxidati on abDdAae gmar(kmetaiabfd008)5 hmU, t he rare nucl e
previously noted to be abundant in dinoflagel!l
The peaks seen with the m/z range of 5hmU, anct
magnitudes | ower in @si.hkesasmay b b adehxnalh eboehiancga tla L
pyri midi nthuenamnowla Ifli eads bant ami aeeaDbliAg t he rel at]
abundance of indo&si MU eids afaccwbred tt d or 0 a®pdfr ox i mat el
thy mibraes eLse iisnh ma pabrdde i shmani gKadvars@awkanieltrhatl ., 201
LC/ M$ boehcondr Il taedapg| &Hddnur el at i vei mibluaard a n

Thmay elvyé dence itshaporté te@®@ity raatni ¢t her dinofl agel |
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Amphi dOxy umhassaral y branchi ngbediano fil natgeerlmheadtiea t em

commitment to using 5hmU as a modified base 1t
a)
7.00E+08
6.00E+08
5.00E+08
4.00E+08

3.00E+08

Relative Abundance

2.00E+08

1.00E+08

0.00E+00
b) Retention Time (m)
3.50E+08
3.00E+08 dA
2.50E+08
2.00E+08

ShmdU

1.50E+08

1.00E+08

Relative Abundance

mé6dA

dT
5.00E+07 dG L \
0.00E+00 L e ]
85 9 9.5

8 10 10.5 11 11.5 12

Retention Time (m)

Fi gubid CZ.MS/ MS run of digesOeredr DNAs emat edéa evd t h
2, pdyridinedicaAr)brotxiyrl @ cLr@icriv$ld TIMS2B)L @/ MB L BIS r un

frof@m28 mi Reuatkess .wer e identified badsean ononthaiimin
their respect Basesuareobaeasetmdzas dA (deoxyad
(deoxyguanosine), dC (deoxycy thyddrnoex)y2ndedtTh y(ld e 0 >

deoxyuracil )matniZigien6dpafiB6éosi ne) .
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a)

7.00E+08
6.00E+08
5.00E+08
4.00E+08

3.00E+08 dA

Relative Abundance

2.00E+08

1.00E+08 dc dG dT

0.00E+00 4 ll 1 l

10 12 14 16 18 20
b) Retention Time (m)

8.00E+08
7.00E+08
6.00E+08
5.00E+08

4.00E+08

dA
dT

3 00E+08 dc
2.00E+08

dcC 8-0x0-dG
1.00E+08 \1

L
0.00E+00
2 4 6 8 10 12 14 16 18 20

Retention Time (m)

Relative Abundance

Figueid CZ.MS/ MS runs of di ge Otxegd r N AS lensaw m anaat & d
t wo Dbi or e pluiscfa tteno, 2wWi Crinrownti esapl e aakuse | s b b e e
identified based o#hsctahneicronitnatiancitn gmatshse iarn dr eMSp e
The o®ingnwificant difference seenxtdGt@wededn t he r U

deoxyguatdsirned)aseisnaae deewBiedat ef s hi on
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Relative Abundance

800000
700000
dG
600000
o
Q
g
'E 500000
5 modA
o 400000
Nt
=
T
v 300000
200000 dC daT
b
9 I
100000 *
0
2 4 6 8 10 12 14 16
Retention Time (m)
. 2521089 . 136.0618
o 054
90 90-.
85- 85
80 w0l
54 754
70 703
651 65
80} 60
85 g 554
50 é 50
a5 :3 45
40+ 40
a5 35
303 274,0006 30
2573 1360616 257
20- 203
,55 1220813 154
1631327 i
103 — 104 137.0658
o w2 — 5 117.0548
H ; LT L
bl bl it oses) 100 ) Lz""-‘?g” | NS adsz0es B v O 1Sape 252080
100 150 T b0 24 o 0 B B0 100 120 140 160 180 200 220 240 260
iz iz
Chemical Formula: CgHeOs
HO O 1 =y Exact Mass: 117.06
Y °
HO N
P
SN
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HO 0 /=N
+ H-N @
HO = NH
N f
N

Chemical Formula: CsHgNs*
Exact Mass: 136.06



FiguTigegid.tered LC/pWS/iMIS nefdi2c,adr boxyl ic acid dic
predinautcd kpbaM&filtered by 1PHD.m03»Im/ranwiet.h Aa il
denotes where a peak was seen but had no int ac
Ot her basesnaae deewbiedalgRhdleasi®e Gdmase i denti fic
process is illustratedVSy hB&Fsncga nt h(er i MjSh ts)c aonf (| e
deoxyadedMd)s.i nehe pealkskiieomybobbsehmanlde nsieé mmob

after fragmemtndt.i on ( MS
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2. Nahodomgereenmssagsment

The firanopaneo$eqgMelm@N ngf omnghear pdpducede &es
than 10 Mbt.pherepades amphaadrigdcdt mlbmost i mmedi a
with gDNA t hatP had ab@eedh z22heat edted t hrrough ge
the run was alpligatbasesdqguiGrbed um.lkznhown where the i
came frotmhe Duwatt @biyts dsee e ms uh | R kterleyattrheannt 2had
effect on the DNA sequebhetwgenub&i BIEnt hestted sa
treat eldt DINeAs b e e n 0 bsseeqruedndtradnecgh a & In @ @abfir etgh e

gDN can | ead tsce qaurernecaeddr.le@shgitsh n s seenambéOween
of 2.11 kb was obsamNgedof nlofhskeh frveadhte Tisiex oanrdd
coul d be ndgueer trod @dverha&wnidsg and adapdreadrs & gian i ®m
i neffi cileenltuthisnogtpiidagpen r ever si bl e bierm@sbali ngtio
t he PNAor to | i bt agcyiemaseparntatei ono| ar ec,concentr at
hel ping fl.dlowedlbdle, dnthp btdtuiro mgomh amemp®eenrium bo
runs, only to a | ésfsguraa@d Eely ahesamptend on:
the second round of DNA was puriifgkridglifhe o2i.gh =
The sequencing inhnhtei pnomayt bvehsi dcohk ftobre dbO NAo f
could include high GC,ocuomuseunatl, b asneg rdaghielfeint arteiy
assembhgrated from the Gecowmnab b o¥p,oreael trlucu dila
i ncludes many baBRatseerdi aln2 Ko leéksesnb hama si méoovse ont i g
GCcontodntab@u ddsa k ealughu6t% of t he t ot(aHi gruerded s4 .a3s)s
crude estimation of the O. mar i.hhae gleimmimieed s ~:!
oBequenciend dampari son to the. emnartenmmsse d hgpea n eme

1X covaersegmd|l pot achiemabyeunAssambéeudh&tiuukaryo
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have nowouhHeatvieaphbeen Tihhiekdawe s e mebuldkesdit.e ads had a GC
cont é&mMt..50d hai sc oinss hd ghalsICy ¢ on tpd mtn,t éGgEetnhcromots ¢ n t

around@ian0dgh, M20O086 K. Yu,

50
40
—~ 30
G)
=
1]
@
]
@
20
10
0
0 2.25 4,75 7.25 9.75 1225 1475 1725 1975 2225 24.75 27.25 29.75 3225 34.75 37.25
Read length (k)
1,500
:;_g 1,000
Em . l . . I I I
0
00:02 01:36 03:09 04:43 06:16 07:49 09:22 10:55 12:28 14:01 15:34 17:08 18:38
Time (Hrs:Mins)
Legend
@ Fore available Reservedpore @ Unavallable @ saturated Zero @ Inactive
Pore in channel Pore in reserve, will Pore inhibited from Possible contamination ~ No current is passing Pore no longer suitable
available for return to available when  sequencing in the sample through this pore, for further sequencing
sequencing required possibly due to bubbles

on the membrane

Fi ga8ieNanoporesheameodd®RNATrhi § rmat ieda with 2, 4

pyridinedi cabNA xsy@ds cemacad onaa MK IONIgvaittio ns

sequencing kit. Reads seqguenced by the fl ow ce
thel834kbp region. FHkilsewanelblel par evh@ rtee plotrlkes avai
and become inhibited from sequencing.
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Fi gu9ieGel.

0. 8%

sheared

grown

Control Control  2-4P 2-4P
Sheared  15kb  Sheared  135kb
Ladder gDNA High pass gDNA  High pass

e vl .
. i -
e - ..-
~ .
iy _y' ‘.:
gy . = ;...-,r).-w

el e c trruamdOnxoyrrershiisg emamii ta DNAr wra son

agtaaiorseed wiLaheRéd8Bdlfeeedhd ense,d2Laodt di ned

n

-PybBi caiMn @d dc a4 bRP)x.yllianaxc i3 grRd 5

gOXNA rfhriognn mawvni hna (Fke2 eme @idaatndd. a snaa 0 mtar o

cont a

by BluePippin size selection, which is above !
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Fi guroeBRNDAGE visué&l aBatinbehwelrf al compl eted bac
genomes c,an doeentsieferewi whta Kaskearray of small
| argeéebhgsi fied as unkTnhoewnmeoarn eduekpatrhy ootfi ct he asse
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Chapl3lesrol at Momplaoldiog sNeefl e i

3. 1Introducti on

3. Ll bMeddosEukargot es

As mitosis Iis a key aspect of eukaryotic |
si ngddedl karyotes, |li ke dinoflagell ates, who mai
fission. Bot it | ols @ 9l ® dnciano doi tsheenri( Bad evtetod haere s& Bar r
201l3Jlonxoplsasmmaosed mitosis has been reported,
open to cytpoapritass no fd werfairnl gyea mol eolse s| og@isv if ®iromu c
This process al |l onwsc Isepd snpil elserghlbeseac ent ahae a
centrocone, amgamkddaet sasuvuhictarestthldae connect.i

mi crotubules (Whdt &i 8efocboboea, 2018) .

Dinofl agell ate nucl eit hadyueee bteoe nmaan ys uobfj etchte ic
mor phol ogical differences from typical eukaryc
mitosis without the br edrk dcoomne odfi,@onfeliarg enlulcal teeasr
endomembrane network has been deeussc rpirboevdi,d evher ¢
accessibility oftbetoaopkcbasmscwsphodtesveo ent et
Bradbury, Westf alThe & iTnoemnoscehnodr ehsh BaBriemeail mecher nu
which cboaoawatihAéheomati ds hawechbhean sgsepasabeaedc
the tunnel i's pinched, nmecdril irleéeg umint d 1oh & htee Ir o g
all olwe spindle fiber apparat woithag drhgagea hi nt yrpi
eukaryoti(@aweloiphasidhhpdodes®cemegti medi nemet nedst
althOGmghiex&ai bits a unique form dafhtecpiosaeld fman m:
| ®mar jnahere is an absence of the extensive e
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di nof | aguesltleaatde,s .t hi s basal dinoflagellate rel.i
envel ope and microtubul es tdarfi&emielri,ThHe98 29 hr 0o mc
chromosomes remain att aaaulcd e atro ptl lregqduresc laggptewnd o\
enter the nucleus through channels without t he

derived di(nXo-Rloage®&laat ad 986)

Early mitosis Late mitosis

Polykrikos
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spi

Amo
env
(19
and

Tr i

B.rigl | ustao@ampami ng dirmhifeeowm@atr idolusosfeldagel | at es
solidated from TEMDamill a¢lhtadedasal ndhbdat s

omosomes and nucleolus respectively. Stranc
ot i Oxgvemoaws eawddear whemiwomr &t, ubueli esvaprdaetrud
m nucl ear plaques to faogmail sorn@ameadveeaar spir
ndl es that are endotgweon ipzoelda poayb o chheg sntuhcel elaern dof
l ei . Amphyirdokbosimpeahar slpodcidé ®£s similar i n mec
ebgpbtatr e extranuclear, that manipul ate chro
e IT & Me iemslasge dOxfyorrwénii s Xfirdddmn g Xadhi 04986) and Tr
82) . eTservd i made l[Aamowesheody éafraggraf r om Mo oMo deetl sal . (
TEM i madimpd i dwedea omroccnh sl er & BoBamlsoow(&01

emer (1988). THEM ykwd rkemsd @ loan Gaek | ficr et al

Bradbunfwl983) .
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3.Met hods

3. Nukls®il ati on

Oxyrrhiwamagasamr evi oudhydkidfefsecrreinbtecdnatci emar
buf{d&ditweues eéd opti mi;zeNI@Bdapnaed &br et adadl K30
mM HEKBED$ 10 mM NacCl , 10 mM KCI , 2.5 mM EDTA,
sper mi nes p Or.i dVvh2T T N2 ,B fSr alentl ,iaP@5O® mMM sucrose,
15 mM Tris, 60 mM KCI ,;, 15 miaB@aCil,) BSuoiie Mg &l . ,
20122 nffM Tri s, 2105 MmMMK@MCDUTIOL t hgsem,gnwamtrati on
01, O.50&n4Pld &twergemmdeidssol ve the cellular m
buff erus evdeoringp uwct homari ous mechbheradabebhysng,t®
homogeni zsaotniiockva nbdhlel ,opti mi zed protoicoldMwWRS in
(referredotrol®s mNnBtes with sonication at 20%
Sampl es wer e tnhaexn ssppeuend dfoown 4a0t secs. afdese ste
NI Bi CBPNPAQ@Nt il thelwastmpihert eeel ectron mig¢grascopy
Per saolkl lbosegrdaedni seintty sviZe gpmAwder ose at the bottom
foll o@@dPeb g SIlBol uatnidkont hemaocg®imat éTeh itso pwa s
centrifugedfat 110 0a ntdhfadhrenevdh itbtSa0 ieseyrea i1l / NI B

and subayesewas coll ected

3. ZohfocHIlecardwnoPcepyrr ati on

Slides wer e p-k-leypysi rdnecavagdels\peorbeys uspended and
gently 3Jbepi cscampliaecedofongltaogpsdsti ded with for ma
slide was t hepnAcwa sdhende witahn §NalsBE HE @\g6higa miedchi rmm d

2phenyl(DABWwd ree al | used to stain slides.
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3.585EM and TEM

| sol ated nucl ei wer-40saadetiik thdeNIVWERt. WHi% hout

glutaral dehyde -4imv &Nrl Bi5doh ty hu @ &INAIRDdBbO Yy d& hour s

Alflol l owing sample preparation fobakhedwsren mi

CORfacility

For ®B®BEnv!|l es were fi xedsnfioemhr2oxiodie samwd tthh e
guickly with distilled water. Sarp | ewse rwreir ggh tp.l &
Sampl es werwei tdhe hay dgrraatdendat e d esetbidl®ts naifnut es, 7 0¢
acet OInCe mi nut eas e K01AG M5t e ac ext 0N MO O Wt esd x 2,
100a0et obInCte mi 8ampbkes werewi hhi EpoatAdafFdrsée Res
ratidroi eoed ad ®@006éne t o Resdm & owa@®Bs ehdotuorwser ni ght . 1
Aral dite Resin is then used for sThehsampl|l ewa
wasmbedded in 100% Epon ArA®dieme fResi4® aodrpl a
(harden) hpnopecktyonB were itJluemrg dJdtt riasiung Ea Rei
Ultramicrotome with a dimmotnhdi &kki)i faend aplpa oexd na
copper grids which werAeq utehaeumsecsd tdcditbecchi magst €9 | D\
mi nutes di stleladlda di dwati enrutreisns eQui ck ra drsye with

The samples were then viewed using a JEOL JEM

80kV. I mages were captuH®dduginhglacHdamamat su (
For SEM, a second fix was performed with 1¢
was then rinsed with distilledevlhaEo QHOhEe dehy

samwhe incubated in 50% EtOH for 10 minutes, |
was done twictEheaefaoomplldd we snuitrecsubated once in 10
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and then 100% dried EtOHwetktwiktpaoachht d0i emdnuhee
EM CPD300 Automated Cr it itchaeln sPtoaibdt® dinmoyneli a m&d rap
aluminum SEM stddhsbiead tik ycamabenor tape). Sam
with a tgoilpdillaaydeirunmofusi ng a Leica EMM®MACE 600 h
Samples are placed into a ZEI SS Sigma 300 FESE

(EHT) bép@k¥nwilth a Secondary Electron Detectc

3. RBes &l tbs scussi on

3. Nukl ear Extraction Buffer

The nu@xyerir hbifwemar snacessfahlryeei N dteed nd si
consisting of a M0 xTheemost i ®mc chadld gNiPe dNI Br ova S

Si korskai t P40t masdn@n i Aeen3a.t uri ng, detergent tha

membr amesdetergent could be increased to conc:
on nuclei integrOtymaraisa éngecrkog-baonvend . vAsi cl es tt
increase substantially | owers t h®ewarmbler of e»
mechani cal |l ysi swmet prods | Wer we.a pjd mlerddbrad ed i n
di s me mbtehrrmewnd h ,s oDnhoi ucnactei ohno mogeni zation and | ys
each ofertshe Udufifmately, Dounce homogenization
amounts of intact organelles. Low amplitude sc

on the mwealmeiblteh ato be slelp aAcrtiedi nwa tdhr g ugsd vNa s
checking the integrity of the nuclei. As the f
presedceBbé amueldei ¢ s ngtl maamuwkalde jida daisd t he abi
determine preservalamnd-MiBenetfFercti Bet At NI Bol af

however, -lxontthaed nNI Bucrose it-Pescebhbkigradobepte
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further puri fi cNaltBi oins oafl sion wiaecvcohitn@urca feti Br iws t h

crosslinkingoabdnbe, uswbdchrm. f maitsh paa peaxrpteirc urdeanrt
straightforwdrodidgionaftleageaelcll ®tiafmembaaneéetphatel
which i odtomneckg!l x# benchmark for clean nucl ei i
piockloara pur eOwhmaadi spee |lhlaesst .t he advantage of n

all owing for Iimited phgakelalps eaxnt d afcitli torna tmea rh c

3. XonfochRlluamaelscent Microscopy

The comifcorcoapleopgr med on the nucl ei confirms

hi gh concentsrodTahtieess ¢ antihe seen from the fluore

Hoext hDNA Nua@alieis.from the slices and computed s
from 1 um to 5 wmth@hebsecsron mncsosBcopy i mag:¢
| argely around the perimeter of the nuclei. Fe

retention and presesnicellod majsorci thwcdfeamulreoit ew
havinegg omgappedr ance. These were the preliminar

nucl ei undergoing (Ftigguee G&f 39l osed mitosi s
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Fi gB2iecConf ocal fmagregcesBsol ant eAdd)eld @ cfhisuior escence
of i sol at ed BagFnads tf igxreeldeunn uFeGFe € IC¢ eeo o fasytnabdn = i

compustued acebbaepddtogeyks of isolated nuclei stai
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3. JraAans mil x<iMr o no s ¢notpadye tol fe i

DurithlgeMi xation step high amounts of gl utar
nucl ei shapmpe. tTohicoolwaspsi ng nuwdlldlb gltutuart allr kesh
fi xamBMn.maging of isolated nuclei shows si mil
able to resolve the nuclei. Overatthe mhjeortiypy
chromoasoemetshe pleirgdéplheecdy ngsieidg urNeau c3 .el)r envel ope
assochmaomadssamesseen i n dypmegbtepmhkasg ot Z2eng et
201@h)r o mosomesso mO®. omantuhcd gpear c¢cl osely together,
beads on a string. Concavities and chr omosome
in between the edge of thHda&imgwalediBi.andsl inds cal
chromosomal territory. This is seen in typical
transcri pt udQremarn&dremer,200&Jchleirse al so precedence i1
dinofl agell at es whreorreo ctehnitsf Goa@mbbceh hsseredn & nGer au

199Rarge nue h#Hkdei areasesol vable in .$bmeedinofl

chromosomes have very liinstildee ctohne rocamngrteorneatsdotnmoee €
dinoflagell ate TEMs, where patt®Ornimagi aan be ¢
Chromosomes in most i mages appear to support t

(Wong, HDWE® er , -threosme deNtadapsnikater al radi al ,

they mostly extend to one side of the chr omos«
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Figur-dran3mi ssion

me mbr.Noe l

ei

wer e

osmium tetroxi de,

JEOL JEM 1230 TEM.

peri meter

around

el ectron microscopy

i-isohiat edetusi ggnthoand

dehydrated and infi

showi

f

x ed

ng

Wi

trated e

| sol ated nucl ei (A & C)
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Figur-dran4gmi ssion electron microscopy of two i
terri.t Nruicdsi wer e-iiomndlcatded ewrgiemg mord fi xed wi
osmium tetroxide, dehydrated and infiltrated e
JEOL JEM 1230 TEM. Nucl ei (A & C) andtrtahnedisr r €

of chr omosomes, where some, encl ose areas. A O
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3. B.ch nhlienggMr o no s ¢notpadye tol fe i

SEM imaging of isol ated nutchloesie sihooawske dncubdyl e i
mi croandpWeMitucl ei have a I(d&begd.rspBeasi chaelenbody
previously reported Ptripatochkianvaefulya gsemballalt 8 oatcl e
nucl exmo mpdrex etshambeB@s pntratedKaehveéagaelhk8r83as
wasbseirmiedroe®apyadhiwel Ffewwhdeseerni ble nuclear
sur fTahcee nu cdsecaarn ep oarpepr ox i mat el Vhd 2l0amgne i s1u ldu @imte
nucl ear pore &GFegalTae>red polrweasblmat ch the si ze
typical nNuclsaanrmpion e se lsectyrecamutcdirnrdy e cecpgy onf
mi cr osmmapgy htuthman . TNBHC cal eukar yottelsathaavzree nluz0 erar
wi de and channellls (anhaul Ivearr y€ bferaolno voo R 0 @B ¢ a r
porheass a significant biological i mpact on othe
smal | mol enul pt diifshaeasmMuerleidni nacdfearhe@or e ¢ omj
di nof | agtel U satfeasrSeugnukennocwen .aeahyesli sapsputbumfid eamp |
al veddxa el as smh odyetnhdai ti nMNahG/s sodfr e chteur al(ICyouc g s e r
et al .l ,n 220 Pt )u ¢ v rsdtixyt puamsu colfe olpwpwenrse (f ound i n t h
genome, with only two being identifN& i n prot
compognatyi mmt be duuel Ityo rleasroglev endu mber of protein

(Kal vel age, 2023)

3.3i5ual id aotsvealno soifs

A hall mark of dinofl ag/elsluatl e g aits otnheifr tdliecs @d
the BEMddi ngcanmcheuseen 1 mapg/paend cohu sl iskilesegae sc e | |

nucl eal d odaamtdeght eni ng can be seen around the n
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nucBS5eme amount of ot her materi al can be seen ¢
However, -lai kendgtrriwdtture can &t tSke@eocitwee opfenohi

(Figure®g. 3.5 & 3.

3. 3n&k n &wnu cftouurned wiSamp he SEM

A sepopdl ati onl ioke ogtgralnetl Urees are al so seen in
di fferent fIrobned hehaspnedtrhwuacleeii.s Tlhhargher with ¢
evenly covering the Temes e es tbrouwdcyt wrfe st haer es tsriunaitlt
nucl ei described assoales od-l avgkpse gprn otce sge st. h ITdweg
surface appearanceheodetdydeatanoar prbaesset durt
el ectron mic, oscmoelyo w aaiphflededse(rrFeiggtulryeTIBi. ¥ )second
popul ati on c¢ dulhled palessca nitred iodant eOu ninaluheen 3t age O
cul twerrpgsown wi t hewtk aawny tcét heelri mi nates the possi
or garmMiowrm.vec o vatltbies evi dence oofOxoytrhwehrt Isci enl It htey pceusl
occurMuilntg ple cell types ha@®e rherioppcielvi oalkly

celblug it is stildl unknown wh avto nitiagenr ecty.c,| €2 0t1hOe)
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400 nm

500 nm

500 nm 1pm

Fi g8%5-&EM of isolated nucleioBhoweas. adigv dls & id e r
were fixed with gl ut ar,alddehhyyddrea taendd aonsdmi supnu ttteetrr
being viewed on a IZmtd @SSs Sri gmapd SINOO B EMMAYJI O x f i C &

|l mages capture what appears to be early (top)
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FigB6-écanning el ectotome m woloesaro p@xrye rdio mp lmax i m
Nucl ei were i-sohiatc edetusi ggnmoand fixed with gl
tetroxide, dehydrated and sputter coat)ed bef ol
showssahat eaf In,ulmlatguns f.B)satoiwmdsB8 , 1 70x mafheficati
samacl ei auoluemar ther(dl POEMPd exaers be seemfto hay
around BelOomomkbed shfownh@D®BWr:-EBHnidn NRRDB D :

7PBR i ngusucofeatrhepor ef c ®lompd aeapxi € N C)
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Figur-&d&canhing el ectron smirardadoswanagp yi no fi sscelcaotnedd n
sampNuec | ei were i-sohiat edeusi ggntnhoand fixed wit
osmi um tdeehryodkriadteed and sputter coated before b
SEM. | mages r a2n0g,e0 OfOrxo mMmalye, hObOWOs a & i ocoaati ng peeld.
t hset ruEt @&s@pw t he atplpssdaanterewhandeppeang to
di vi.si on
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Chap4ledent i f Noalk Braont ea®@xs/ rirhi s mar i na

4 IIntroduction

4. 1.1 SNugenlifaort enhs

Nuclear proteins play critical roles in maintaining cellular function and regulating gene
expression in eukaryotes. These proteins are involved in various processes such as DNA
replication, repair, transcription, and chromatin organization. Histonesydtarice, are
fundamental to the formation of nucleosomes, which package and manage DNA within the
nucleus, thereby controlling access to genetic information (Luger et al., 1997). Additionally,
other nuclear proteinsike transcription factors and RNBinding proteinsfacilitate the

regulation of gene expression by modulating transcription and RNA processing (Darnell, 2013).
The diversity of nuclear proteins is immense, reflecting the complexity of eukaryotic cellular
processes and the need for precise regulationratigeactivities. Dinoflagellates have a
considerable deviation from typical eukaryotesthe paper by Gornik et #2012 the discovery

of dinoflagellateviral nucleoproteins (DVNPs) sheds light on the unique nuclear architecture of
dinoflagellates. DVI¥Ps were identified as a novel group of nuclear proteins that play a crucial
role in chromatin organization in dinoflagellates, replacing traditional histones. These proteins
are encoded by a family of at least 13 highly similar gemékematodiniunand have been

shown to bind DNA with high affinity, similar to histoné&his has been noted to coincide with
the loss of histone H1, the linker histone. Histone H1 contributes to creating linker DNA
between nucleosomes and the formatiohigh-ordercomplexesn chromatin(Healton et al.,
2020) A concerted effort has beemadeto identifywhetheD VNP 6s evol uisi onary o
histonebased Specificshared characteristissich as a long fterminal tail that is extremely rich

in lysine can be seeBburing NaCl dissociation assay,V NP6 s di ssociisati on fro
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comparable to histone H1 at 0.8 M NaCl, where nucleosomes begin to dissociate at higher NaCl

concentrations.

4. 1. 22Fame INe vivufc | eraort eHL s ot ei nG rEnn otfhleagel | at es
The discovery of HCcl and HCc2 proteinsoredinoflagellates showcased tbgnamic
nuclearevolutionof dinoflagellatesHCc1 and HCc2 are histostike proteins (HLPsHiscovered

in the dinoflagellate€Crypthecodinium cohniiThese proteins share similarities with both

eukaryotic linker histones and prokaryotic itbteins and can be found in the core
dinoflagellategGornik et al., 2019)Unlike canonical histones, HCc proteins areastvell

conserved across species and show significant variatioeimatmino acid compositiotiCc

also differs from typical histoneas its expression changes between log and stationary phases
(Wong et al., 2003)Canonicahistoneexpressions not linked with metabolic activityBacterial
histonelike HU proteins are critical for maintaining the nucleoid structurepday key roles in

various DNAdependent processes, such as replication, repair, recombination, and gene
regulation. These small, basic proteins are highly conserved across bacterial species and function
similarly to eukaryotic histones by inducing negatupercoiling in DNAfacilitating higher

order nucleoprotein structure formatidfU proteins are abundant during the exponential growth
phase of bacteria and can exist as homodimers or heterodimers, depending on the species. Their
ability to bind DNA without sequence specificity allows them to stabilize and compact the

bacterial chrmmosome, thereby influencing gene expression and cellular pro¢Sssgova &

Spidlova, 2022)These draw many parallels to the HCc fapelifhough the evolutionary origin,

like DVNP, is difficult to pinpoint.
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4. Hid3tonNes | etgemwmldnen o f | aRue Iplo&datadfisde r e o f

Nucleosomes are the fundamental units of chromatin, consisting of DNA wrapped around
histone proteins. They play a crucial roldDNA packaging within the nucleus and in regulating
various biological processes such as gene expression, replication, and\regplainsome
assembly and modification are dynamic processes invohmgerous proteins and are vital for
maintaining genome stability and functi(Burgess & Zhang, 2013Nucleosome assembly
involves the deposition of histone proteins onto DNA. Histone chaperones, sNolklassome
AssemblyProtein 1 (NAP1) anc€ChromatinAssemblyFactor 1 (CAF1), are critical in this
processNAP1and CAF1 facilitatethe deposition of histone H34 tetramers onto the DNA
(Bowman et al., 2011)'hese chaperones ensure that histones are correctly positioned and that
nucleosomes are efficiently assembled during Di@lication and repair processés

assembled nucleosome can then regulate gene expression through a wide array of PTMs.

Common psttranslational modifications of histonasemethylation, acetylation, and
ubiquitination These modifications can alter chromatin structure, influence the binding of
chromatinassociated proteins, and impact processes such as transcription and DNA repair. For
example, the ubiquitination of histone H2B at lysine 123 in yeast (or lysine 12&nmnmals) is
crucial for maintaining nucleosome stability and regulating gene exprdsdien et al., 2012)

Many PTMs undergo rapid tandem events anddapendent on other PTMs along the histone
histone neighbour€ounter to common misconceptidrefunctional prediction of PTMss
extremely complexThis is seen in histone methylati@thoughremovng charge from the
histone sideggroup,can both actigte and suppress transcriptidviodifications on the histone
tails can create binding sites for proteins involved in chromatimodellingand DNA damage

response. The acidic patch on the nucleosome surface, formed by residues of histones H2A and
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H2B, is a key interaction site for various proteins. This patch is targeted by chromatin
remodelers and other factors that facilitate access to DNA during replication andMaodio-

Ramirez et al., 2005)

Histones have specific motifs that are essential for kinetochore assembly and function.
The centromere protein A (CEN®) is a histone H3 variant that is a key component of the
nucleosome at the centromere. CEAontains unique sequences and structwaiires that
distinguish it from canonical H3, providing a foundation for the assembly of the kinetochore
complex. This complex is critical for chromosome segregation during cell diyiSabert &
Henikoff, 2021).The presence of CENR at centromeres isecognized by other centromere
specific proteins, which help form the kinetochore structure that attaches chromosomes to
spindle microtubulesThe interaction between CENfnucleosomes and kinetochore proteins
ensures the accurate segregation of chromosomes by facilitating the proper attachment of
microtubules to the centromere. These interactions are tightly regulated and are crucial for
maintaning genomic stability during cell divisiofRégnier et al., 2005Computational studies
using molecular dynaits simulations have provided insights into the kinetics of nucleosome
assembly. These studies reveal how DNA sequence and histone variants influence nucleosome
stability and assembly dynamics. For instance, certain DNA sequarek&sown to enhance
nucleosome stability and are frequently used in experimental studies to investigate nucleosome

behaviour(Lai & Pugh, 2017)

4. 1. Re Kubyasi ngNoNwc ItehoPeseme | at i on

The historical understanding of dinoflagellates lacking bulk nucleosomes has been

shaped by several key studies and observations. Early microscopic examinations revealed that
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dinoflagellate chromosomes are permanently condensed throughout the cell cycle, unlike the
dynamic chromatin of other eukaryotes. This unusual chromatin state prompted further

investigation into their molecular composition.

MNase digestion assays, SID8ls andvestern blotsevealed unusual findings. MNase is
an enzyme that preferentially digests linker DNA between nucleosomes, typically resulting in a
ladder pattern of DNA fragments that correspond to nucleosome positioning in eukaryotes.
MNase digestion assays in dinofldgees Crypthecodinium cohnandHematodiniumnsp.
showed a lack of the typical nucleosopm@tected DNA fragments, indicating the absence of
canonical nucleosomég&ornik et al., 2012Bodansky, Mintz & Holmes, 1979These assays
revealed that dinofladglate DNA is not organized into the regular nucleosome arrays found in
other eukaryote€arly SDSPAGE ofO. marinaandHematodinium smuclear fractions
showed the presence of only one hahdught to correspond to DVNRato et al.,1997
Gornik etal., 2012. Western blots failed to show any signs of histonddematodiniumIt
should be noted that thegimary antibodies used weret ones made from dinoflagellate histone

antigens.

4. Prot epnpircosainid etres tCGoma@ iBreg!l ogy

Proteomics, the largecale study of proteins, has become an invaluable tool in
understanding organisms that are not well characterized through traditional genomic and
transcriptomic methods. This field provides detailed insights into the protein corapgsiti
structure, and function within cells, overcoming limitations posed by transcriptomics,
particularly in organisms where the relationship between transcript levels and protein abundance

is unclear. For example, in many norodel organisms, mRNA levels dwt always correlate
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with protein levels duéo regulation at the protein levglpsttranscriptional modificationsr
varying translation efficiencig®uccitelli & Selbach, 2020)This discrepancy makes proteomics
a crucial approach for accurate biological characterizaboe. significant application of
proteomics is in the study of proteins that are difficult to identify in the transcriptome, such as
those lacking polyadenylated (ped) tails. Histones are a classic example of such proteins.
They are essential componenfsbromatin but often escapletection in transcriptomic

analyses because their mMRNAs lack the polils typically used for mRNA isolation and
sequencingTalbert & Henikoff, 2021)Proteomics circumvents this issue by directly analyzing
the protein content, allowing to identify and quantify these critical proteins accurately.
Techniques such as mass spectroreayed proteomiosan identify amino acid modifications

with high sensitivitywhich can not be predicted from the transcript al(®elntsev et al.,2018).

Proteomics has proven particularly powerful in the context of organisms with complex or poorly
understood biology, such as many marine microorganiborsinstance, the proteomic analysis
of the pellicles flattened sacalong the plasma membraneabfeolatesjn ciliates identified

novel protein familiesvith repetitive region$Gould et al.,2010).
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4 Met hods

4. Dat a EepeAdqulisotabaedolNucl ei

Three sephaiacwe oensi sol ated, pell etasd pnevipoeph
descrDDbAI8 analysis was carried out on an Orbit
Ulti Mate 3000 | iquid Icihttlwema b o g.a afpdheiysa(l,BpG)i ssy st ¢
gradient ramped from an initial starting condi
formic acid) mnmionu3td4eds ,B wivtehr s4a5mpl e pi ckup and c
addi tinminnaut eisSn6 @ unot aime, mobile phase A = 0.1
Data acquisition on the Or-epea@gehtmasqut sitiie
Speci fically, the Orbitrap Lumos was gM,obally
an ion transfer AGCpeatdempauvuhtuckaonfe23bate of
determination activated, and an RF Lens settir
of -B46n0 z at a resolution of 60, 0Oarwietth odn 1laOW
and the injection time set to?' Aobabysi Br weuese
using monoi sotopic precursor sele&z)ondyn@®@mipd i
exclusion (20 ppm |l ow and high, 60s duration,
TRUE), and an inténsM$%y sbaeshwédeoca’ribed out
resolution of 30ex®ly wsoilng sa omi gdhesrsoci ati on s
of 400%, iggtectt'/@@aa'dAwmthoane sol at i onm/wza .ndlohvwe stedattd In ¢
allowa’clye |l MSt i me .walkStsaetwetree Iacquired in profi

centroi d.
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4. Da2Amaal ysi

(7]

Sampl es were tshparmndloedeagaitadtas eS pe cetvri @ uvsd rye d e
converted to mzML anddsédDAbheddebi nonc EsagPdpe
cleavagerd quant pohaQwtd Qwittehnsi ti es were averaged
sampResul ttsh awearley ztehdeh bi ke cel | proteome previou
i dent it hseecadr dim wemad abhebakmiseflo#Hsée ans imaotdiidnalat i on
(PTMegaMehamor pheus wasPTu&sear dVMi rs see diwied tecarveatg etso
4, amdAartumdodr modi f agpap wades i anr Easkedmt dorhet hyl a
ofCwas i ncliuded moedVafrificaabtlieo nmo di f i cpahtoisoprhso riynl caltu

omls,add Y, acetyl,mdnaanmd-menm hig | amadnadR oxn dkhti on on

4 R3e sskl tDi scussi on

4. PrDobtEei nc h nhemlt &Ndi enld e i

Between all theéé2npcbéearnsamplesidehargeed ir
number remained Tuanaspooi pt EdRAES RWAV O&ANParbd ndi ng
Chromosome organizing proteins were enriched \
(Figure .4.Thi& sud)ports the succegoftwl aermgrioauhpmns
geneablbhdgant wi.t hTrni a heic thaudchloenidr i a l and second
proteins showed a s ub sctoanmptaireeld d-eoe Irtlehaes anhpoll ees b (1 F
4. . Zyi chacgsteund nefarditmefwlbagdlalcet ¢ y sed dur i ng
i sol atdOondetNePrgent seemed effective at also |y
nucl ei, judging fr onCetrhtte&i@factrecians ep a tnh vasbyusn dcamucle

al most caesmpl ot adft K@AlpAoteins identified withi
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spliceosome, which aids in tmReNAr evmsVv anli safi nign tor
fepwr ot eins to complete t h(eFipgurhbavbdy.l d)f i @8 kygpwio a
t he mechani sdmsn o fnlvaogltevi &b da dierp hiodupgphegar s t hat many
spliceosoméa Ocompuinrarmedrs t hat ofThiyspiicsala te uokdadrsy o

nucl eocytopl asnoncl yt roames pcoamp o nvehretr eof andeaNPC ¢

<
()

ry | ow (&b grud deid eseuipgported by the SEMwilodr & he i
very few NPCs could be seen omdtilteatsurdfevda @andf
Subunits. The NP@GotntobheéaS8EMaappedmpadmainthg moo pthhk
seen iHowevatsrtmay be that the cytoplasmic ring,
protaestmss dtilvehlhcgreintal channel and nuclear basi

seen in the electron microscopy.
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me or der s Owlfi greatgpgnd i pmdted @ imp | aerxee smade i n propo

et oi ctchriyomen mod@hgegak ar goOs etsh € 0nluw8c) |l. ais mrhe i s

fopairs of ,eddt Wpirottenen abundancéel heswrl d esasl &x

ma

pr

rk a signifi omipurbdiidfsfimeerdelnaagee!l ¢ at eph et eomkesar

oteamagoal odi ncoml dobpwekedradenti fyanhdonpept hd

6 8



hi st on€Bevaaurcihaenmi n & PMort e mi 261 D). basic nucl ear
Hemat odidreinamobingepointlg of (Ber HRAO@RRMdaéin
prote®meroteatdathemti fied three oaft tvheer yf oluorw h i
abund(aknaclevel ageM8B8tpatame2él8)coul hiscoment for
i dent iwiitcteteisoen p Foagmmas at,i ol Dmeaenhdohdes@D we | | a
peptide can be hoevguvderede d r lmagreldht octohned iitoinosn' s U S €
L. popyetdeameembayg poor fragmentatiponstal ong a g
transl mbdofakelBy etAaditi @@d9l))y, all tdirdkee di nc
not accountt Wi rs sneodr ec Itehaavnage s . rTehgiashdiissh gan e ar t i
protetirnyspsaisn i s unabl gsamde dafgteesnt dacceest yn aatt eddi g e

peptides, exaypirmd ewseed a&k t Gavrikdiipac,h e2r0 1& ;Poet s c h,

Manyt mdse ahabydedposet ainsdroaddeé nalati ons bes.i
oxidation of met hi ohniigyeb-tytHinsstl cavbed ophratddyi h s c at e
| i ke acaentdelt dtyibdh bwnt he hi st ¢Trad btea tr e&g Hleati &k oD M .
Ths readvadttasbeaistretdat does not mhnghudexpseptideshe
nobte i dentiatli esedlus eGxigyerhm tn¢ Ise a r , nuitipetpeptidesecan
be seen that have more than two missed cleavages anmlgpatational modifications; among
t heski at@ene protei kRisgwBGeAivk.hbugba cirbEBRec(t t he
performance of ,anptbéeopoDxiygiglhri siInciosnphred t o
other dinoflagell ates. AsOxgembdipsépegséesbrgeshdt
hi stbermeaintgelsn orhe whol e cel |l DI'A qguantificatio

intensity of 8.22 tEhheos10 ad utnidiatme [hiiogfh ebmeehh a n
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DVNP and histones Oxiwyopéesaena t heerdedi ahat bet we ¢
and other alveolates that contain al/l four car
Search Transcript AnnotaCoveragLFQ I nt Peptid
MMETSPIMN?242699 c0_gl Histon 7.85 3.32E- 1
MMETSPODMN6I9 6 75 _c0_gl Histon 7.5 4. 13E- 1
MMETSPODMNGGY5 996 _cO0_gl Histon 29.93 4. 86E- 3
MMETSPODINM48 890 _¢c0_gl Histon 6. 16 3. 49E- 1
Wh(oéle;ecaergcpl MMETSPOMNGGSY3929 cO g1 Histon 11.94 7. 98E- 2
MMETSPOMN7112376 _c0_gl Histon 7.2 3.74E- 1
MMETSPOMN/700 60 _cO_gl_ Histon 5 5. 42E- 1
MMETSPOMNGB95 226 _cO0_gl Histon 24.27 2.48E- 2
MMETSPIDN247291 _cO_gl_ Histon 45.37 4.17E- 9
MMETSPODINGI9 675 _c0_gl Histon 7.5 3.05E- 1
MMETSPODMNG480 890 _c0O_g1l Histon 10.96 5.53E- 2
MMETSPODMNG693 929 cO0_gl Histon 6.72 2.77E- 1
Nuclear F MMETSPODA7II2376_cO0_gl Histon 7.2 3.67E- 1
(DDARarc  \ ETSPIDMND6I53 c0 gl _ Histon 7.76 2.81E- 1
MMETSPOMN/700 60 _cO_gl_ Histon 19.85 7.91E- 4
MMETSPOMNGB95 226 _cO0_gl Histon 43.69 8.69E- 8
MMETSPIMN247 291 _c0O_gl_ Histon 28.7 2.47E- 4
MMETSPGA4DBN91 9675 _cO0_gl1Hi st on 19.17 1.39E- 3
MMETSPODMNG29329 c0O_g2_Histon 6.67 2.77E- 1
MMETSPODNG693 929 _c0O_gl Histon 6.72 5.07E- 1
Nucl ear MMETSPIDAN96953 _c0_gl_ Histon 13.79 2. 98E- 2
Met aMor phe
Search (I MMETSPOMN7I12376 _c0_gl Histon 7.2 9. 86E- 1
MMETSPODN77006 0 _c0O_gl_ Histon 26.47 1. 23E- 4
MMETSPODNGB9 226 _c0_gl Histon 58.25 1.35E- 12
MMETSPIDIN247291 _cO0_gl_ Histon 29.63 8. 44E- 7

Table 4.17 Core histonesldentified within the Whole Cell and Enriched Nuclei. Se ar ot e s

t

he nucl ewerr ep rdootMeotnaedlio nfpdae T p e csiefairccahn d
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T a 9 1 2 3 4 5 L] 7 8 a 100 11 12 13 14 18 18 AT
4 8 T & 5 4 3 2 1 17 168 168 14 13 12 11 0 3 ] 7 [ 5 4 3 2 1
®aLATEAAR GLVEWMEETKPGKGEEGK

Hi st one Hi st one

1 2 3 4 5 & 7 8 13 o1 o1z 13 14 18 18 17 18 18

;:::::::? 1% 18 17 16 15 14 13 12 1 10 3 8 T & 5 4 3 A |
asLKGGcEGK E@MTSTGLESSDLVKEKSGK
Hi stone DVNP

Fi guricPe4p.téd des of Histone H3 andodPvVHERst laat onnlad

modi fications anRledniarmsddblcde alviamgeess i ndi cate a

with their intensities seen above the amino ac
amino acids. Shading of an amino acid indicate
puriphei cating acetylation and methyl ation, and
carbamidomet hyl ation and phosphorylation. Mi s:¢

peptides to four, seen in the DVNP peptide.
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4. MaX hildentyi AsiseedVidl dei ,f i sasansisMuob leed s o me s

I n accwirdlaeciedentilfl icoateisa o maefs marruicna ar pr ot eor
expresses many nucl eosomeseéent deraec ithingtdppmet ei n ¢
met hyltramd fliratserse deacmest yalraes @ sn.t rTimess ec proo tt ehi
hi stone tails. Whénhitseipwpmd ¢ inge pmertii meamst al PTMs
Oxyrrhibi smaohnthoamowi st,am@aingnpar all els can be seen.
l ysine redistuese i H3 band H4 HtshaaptihecrmaMerd ey o rad i tom
demet hyland oaacet gl anw i ®weinnei MOt If iomfic iesreqgiusenced
tri mmbopPmar iamid. s ahpiisetnosnrdFH 3 uTlee 4pnesence of F
on the hi sstugngéelsgitsot aese hi stones are not only
DNADVNP al so show experimental mass shifts tha
phosphoryl ation of Focerritnhee rnecss td upeasr t(,Fi @QWNR Ma s
in terms of functionTlwe tfhrn eesdrmee chifr oPMMbM nei ke
indicative of a dynaDWMNP rheagsu laaltrieoand yl ilkeece rh i dsd socr
competitive hebabnessiwhpnwirkkpewemsstisi cogpeabh. :
hi st ommddels di vergent histones than dinofl agel

hi stosganeirgeasiralcompeitntdiveobleage Inlsatt ®s be see

Not only are histone modi fi catiiucrd emsagpahtienfercy f ¢
proteins are al soFfaodnd.atEBlse Chriomaltu che Trlae scr
Nucl eosome assenborloyl ipfCeofifibeti | BNg(rNREMN)AThe hi st one
chaper onlfeSFiho toemastsienmb |-y (f@AMmBIirsr upter of Tel on
Sil en®iOA)d prTheseae. proteins complete a pathway

di sassembly ofurawmagued €ometmes skeimbtHgmBe dH2nA r s

73



associat e-Hui tt ler{kdmaieaezHe3v a, Ar me e VI h& Shnatyitraen ,p r200cx
thoughtstteppwb esexcas g hewll8rtet ramer is first depos
foll owed by theH2A&AIQd&@n pneemr st it ®mn co fe att ke Simictomp | e t
and Sti | |Hmnasnt,o-H149 %iB}noempsl e x wi th the ASEH hi st on
be tramefthk edddAlmpl ex which hadg stthoer ea ldii Imetry too
onto an assembling orCAdlisnasesreancht|Isianvp it roiu aliCaNoAd dimace
encirclaemglr ®WAdes an anchor poocpedldysmetHsgs eH,3 ai di
tetramers bgnNBP O6or Retf BO6Gvred m2a@l 1.IAXRIs has al so
been d$eemstswictiha-HRBA diTrhdrss.entire process all ow
assemble oaftreass dmnrisp wicchrtrtehd 6t one chaperone
identi fied i @mtaheDupriotge damewnoice o Pd meoxnn must be
di sassembled. This is aided by tpeomMACEscompl e
transaorieapit ¢ oinon of histones an(dBha kats s&. mbd y, o2
The FACT hcassmplweox subunits, SPT16 and SSRP1, bo
prot é&mgu.aTeh ed FAXCT hcassmpleeexn i denti fied in other
transcriptome | evel although has not been des«
proteomes of (Marnow & fyhch, 208G Klaal tveesl age et al ., 2023;
Morse, TRO1DPT1 pr oit ®i nhhhei da mltnyef imedvwhyilcchr ansf er a
met hyl at eosf |hyissitn@migd9HBn abl e t o mandiyd alt ay $r ee
hi stone c¢chapertoas daedtnovsitidgwa maetmord alc it javngdt ya
roilmhr omatciers ®if bit lhiet y ohndemgp i eyee nects .al . , 2018
Together, these genes ardigkemphgxewindbdraet her

| andodanpaer ilnta al so supports the typidcadseamkaly c
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during tnangpcrivp diewiptod yaneg ialslees genes and t he s

via histoneoevheappar onasroll ed expression of gei
Histone H3
1 30

H.sapiens MARTKQTARKSTGGKAPRKQLATKVARKS
O0.marina MARTKQTARKSTGGKAPRKQLATKAARKS

12 88
RPN MREIAQDFKTDLRFQS

O-marina VREIAQDFEKTDLRFQS

\_ : Y,

Histone H4

1 2
H.sapiens MSGRGKGGKGLGKGGAKRHR™
o.maina MSGRGKGGKGLGKGGAKRHR

O acetylation
Q citrullination
O methylation

O dimethylation
O trimethylation

Fi guTiAl4 .gn m@nt maafnikdhsaa piha s one H3 awmidkMHdwm egi o
common EMITMPr QL 6 bPBB59tHBnelt al O.gpaetHBa@iethh i fi ed
peptfirdces Met aMoraprbee dsrabngaedh ct ed PTMs from exp

s hiafrtes d.@AdMse @all. o s @hpiisetnosne were retrieved from
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wcu%“"” e

Nucleosome Histone PTM Histone components of
: FACT complex
Assembly machinery the nucleosome
PCNA DOT1 SSRP1 H1
NAP SET SPT16 H2B
Rtt106 HDAC H2A
ASF1 HDM H3
CAF-1 HAT H4

Fi gu8ieNu4 | e opsroorteei n ianceracdatoinfsi ed within the

sampl@manoieapi ctNwnlse eefoImemb I-terdg n ploastti o,nal |y mo

addi sasseaelmonge dDNA onb [lueef)t t o rightthéerprneti ememi a

sampalree highli @&hbéedgnwusgpeceemdi ng to functions

compl exes.
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Chapb% eNucPkr eaevml uti on in Dihef MVMapgaell &t egi asd

5. 1Introducti on

5. Hi sktEenkuamoboby kar yot es

Hi stones are fundament al proteins that evol
of DNA withimThekar poeisencel lacross all eukary:
evolutionary significance, as they facilitate
while allowing access to genetic information.
devel opmmattocel |l ular organisms and the intrioc
eukar ydtoire lhiifsea.ones aistohe smbtéeéhenmtgheati ant s
hi stones havesppooilfvied rnmol dwu,l faddh aisr H2Md XH2 A.v

ated with ge(nTeal ebxeprrte s&s iHeeimsi rkeowf ef |, a &2r0iolacn)t. s

Q
(7]
(7]
o
(@]

arisen through gene duplication event.s, provi
Archaea also possess proteins with histone
indicating an early evolutionary origin. These
eukaryotic chromatihnn al bkadel epgisscomeil leixt at e
compaction, for mi-nigk e i sntpd ecthwrce £.0sbOhmese are be
eukaryot i c (Tahert, Mecs & Haniko§2019).T h et &r mi nal tai |l s of

which are absent in archaeal proteins, Ilikely

—
>
@D
Q
(@)

goufi shiitsitoonn @ rhicadsialdose en descri bfedcasirsenaiegt
of a new upstream startigypgiomalwiy hhing h ipm oAdo tce
result in a tail rich in lysingHdakeWgsneekes

2028he tail of histonesasi shiisnttornienss idci-oneeorlitzhee iirn
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orienfTlmae¢esentails also became cruc-teabansbatiregal

modi fications (PTMs) I|like acet.yl ation, methyl

5. Th@i st orFgcansdLionfk etrhedi st one HI1

Hi stone H1, known as thedl walkein nciostpomeat eda\
chromatin bayr dhintde mtgurteo t he DNA bet we-endaucl eo
chromatin T Thelydiamg believed to have evolved ea
originating from-larkeamaedterial, pvhatcahmiprdletysed a
origins can be traced back to bacteria, where
found, speecriifcihc-kDMA I @¢ysplmetse bacteri al protei
similarititeg mvintal tdloemaC n of hi st one(Kasibsky sugge
etal.,200) n eukaryotes, histone H1 is present 1in
gl obul ar domain -feamkedlebygmcha€i adlmasMmstructur
crucial for its role in chromatin compaction.
has been found in dAninkalrs hwagsdt aumnetd i, hamdeecnétnitnfg ie d
i Api compglhexaeasonHHi o ket pifotwamidgtinl y di vergent
| a@ak gl obul(aSe vdeornoa i e h iad |. g, v e2d0i2c2t)ed t o be the ca
Kinetopl astids whaedraesmarsc @i morftl eamgteild mteAd ivkheet her
protaeriensapparent or Thet pwet bnaoedibvee rgbli onugp . eeuakral ryy
such as metamonads, I's unclear, suggesting it
common gTalbertst &1.2019).The evolution of histone H1I i
andleath process, wher e abtnedd hogtehneer sc oagEiea-Isl peasrte o v e
etal.,2006).Thi s process, combined with strong purif

di versificatiomnnofmalmmadsht mueési ple HI1 variant .
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variants (H1.1 tspeHHli.f5) amdi genml,i tentri butin
Hi stone H1 has been implicated in many silenci
unintegrated DNA of the hunrian iTnhnmusn opd eofciecsise ni csy
because unintegrated retroviratl tDINA SspprteDRNigd
extrachrombsbMAali HIIVi nked Gted sh i&s tGoornti ,sat@thi 2OiH 1y
al so been seen todspremoéeeselbBnsbrgenéasreal |y
regul ation of reflefaindi ERVel emehusmank| BHEe der e

depl(eHedadl t on et al ., 2020).

5.1.3 I ntlaodec/DiNdAsBe 0
Nucl eocytopl asmic L araree DgNiAa tMiares refersedgNi@nOV )

aquamnive r oame nkrsown t d oigrethne deetMeagnign tMe | k oni an,

202N¢CLD>Mabeen knowrhitsal ockeentpriont ei ns Whes&®en the
viral histones resembl e eukwirtyhoitni ct hhei sctloandees oaf!1
Me | b o urenseovifroursm H ucklee gmawahaccolmepsacfTonmier al HDNA s ma
Luger , , O )viral histAaoant hamoabandastehtcbode
Ma us ayinrousher ty.peMeduNLCWLIDMuisv e ntcyopdeess @fl [hi st o
H2B, HABBnd). HOIThe acquiospiaritoinc wldartH lianptpeeaaersst t o b e
acquisiAcamt h a mone b,a acl ashtaceuwgdh&sm ainsf er has not be

(Yoshi kgwal,onz201 .t al ., 2024

5. Met hods

52. Al ve Gdrdt st@®Pme | o0 gRBenceotnisct r ucti on
Cor e Hhiasrtiicasnetnsi nfQxbyer p ho tsSe 0 me -sweearr e dizelidasedt n
redundant KhbdatsbAgmsttsa balseo petr f ansmedh tng und e
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assembl i edsi n(oTf9Aa)g eolfldavt e A aathalb abattb edfat e species
s el ebcatseedda winng f all & n,§ ocarn o n i cTahltecdpt s ciem@ e h c e

each core hisjtannme awds feoxtrr &eq eadsc ovies &t ¢ mathe &l i
using MAPRYVIl ogewmesbnstt ueeEREM Stihbngault@ model fi

l0b@otsephpcates

5. DVANEent i fi &artu ootnu raendi pne rtghreo uHPA R

DVNP s equetecneast ofdhgngrurnn i Ecmarcianguws i lriuce 1

Symbi odinRlo uamwe usaad queri es tf bel aistt e agafi mrsd WMGS
Stramediopollagagd! chAt eso wimyoine sl s bd almtt abase of vi
and TSA of di b@gflRagtelsibatt erses wer e predicted fr
Al phaFolFdn3taandughbh Fded&Seél mor.Alslewkarnycetsi ¢ D
recowemredannot ated wi twh eltthiber t Prc® ntt @ i cheetde rt rhien &
domasienuences withobev ailsHle DVNPt iotndoivapist M0 kbp
framffsramesaonpli hne f lssvgelel atr@anslagdteedd wartdh dmr etr |
The dinoflagell ate genome DVNP transcript exor
repetitive motifs of the GC frame plot. These
aligned to transcrD\WVYNRs sawlalrenttdrbaan ddBEAghleast .

phyl ogernceetsi cwer easepoprstoustgddescribed.

5.RBes &l tbs scussi on

5. Ihki st one xyuinha snfeDu@ $ i an Dirroanf loa dheelrl at es
The tree reconstr uctodcdc efrr carh vdeionOaftdeaaly iesthi oanise st haar
br ancRerwiitnisiosztoeanens s i s s omewlPart k ummssrei snsutsa h d a b |

cl osesiowevdre, rest of dbealdd mio®H yargaetidnsstt es d
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form t Heisrn i omw@x \ rienhesasgtredrnsy t @ & emitclaenrs $ st i ng of
or gani sQrsr emniodna, Apaincdo nPpelrekiansozoa. The devianc
phyl ogenetic tree in comparison twnitmheeesk mdwn
Omarinkbt al sb@x»swrprpdoyrshsav e r et ainnceedhtineutcshh eof it s
f unc,wihemaetahser di nfoofrlgaogneel Itahtee suse of hi stones a
Within the dinoflagellate histone clade, the
earlier branching dinoflagell ates group with |
val besFi guoe g ba asgecehttesomat o dinAlme enb o.p hTlylrias i s
expechedypascsalk ot paawdarsd it eesr gessn(Dahmaseaegs2011) .
Al t hpruegvhi ous studi es descrliadgee Itlhaet edtehvei sahnota eneant eu
aligned show a greatThiegriee mpdr tciomwslearviay i eowni de
and,wh4ere much of the h{BtgoeeiHs .sltimiprelsy H2An saenrd
are far | especomd é¢rywtedironsienralt.o Tthhies N rend i s se
eukarwoeées the H2A and H2B tails have wundergon
Heni koff & .Smihteh mod@1%ponserved histone among
H4 which i s ailld odrmteactc owiet hi st ¢ Ma sR &inb2 rae 2t yepti ¢
al ., .ONn®E0 H)osstibhe | e qyalf ocho nssteomeea tHiBosh ewodr i ant s 6
connection witAs tihe€ ERiRecdd, ochotrehenid3 i vasi ast a
di r dootrorki net ockiionreet cacshscermebd yact aspitheéel entieb ees
and chraolnaaofgodrspt bgegr e smbhosi.§her h 8ieoesne s n t hi s
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O_marina LGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKRISGLIYEETRGVLKVFLENVIRD HARRKTVTAMDVVYALKRQGRTLYGFGGM
Babesia_sp LGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKRISGLIYEE RGVLKVFLENVIRD HARRKTVTAM VYALKRQGRTLYGFGGM
T_gondii GKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKRISGLIYEE RGVLKVFLEN | D HARRKTVTAMD VY LKRQGRTLYGFGGMS
Vbrassicaformis LGKGGAKRHRK LRDNIQGITKPAIRRLARRGGVKRISGLIYEETR VLKVF ENVIRD HARRKTVTA DV YALKR GRT YGFGGM
P marinus LGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKR I SGL IYEETRGVLKVFLE VI D HARRKTVTA DVVYALKRQG TLYGFGGMS
Sm\crnadma(\cum LGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKRISGLIYEETRGVLKVFLENVIRD HARRKTVTAMDVVYALKRQGRTLYGFGGMS
Pg\a(\ GKGGA RH KVLR IQGITKPAIRRLARRGGVKRISGLIYEETRGVLK FLENV RD HARRKTVTA DVVYALKRQGRT YGFG MS
C_cohnii LGKG K RKV D IQGITKPAIRRLARRGGVKRISGLIYEE R VLK FLENV RD HA RKTVTAMD VYALKRQGRT YGFG MS
Hematodinium 5G2012 GKGG KRHRKVLRDNIQG TKPAIRRLARRGGVKRISGLIYEETR VL FLE V RD HA RKTV V ALKRQG LY¥G G M
Amoebophrya_A25 LGK R GITKPAIRRLARRGGVKRIS 1Y E R L FLE D HA RKTV D VYALKR GR LYGFG M
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O_marina GKAPRKQLATKAARKSAP TGG- - fVKKPHRVRFGTVALRE\RRVQKSTELLIRKLPFQRLVREIffAQD FKTDLRFQS AV ALQEA EAVLVGLFEDTNLCA\HAKR\.‘TIMPKDIQLARRIRGERAMS
Babesia_sp GKAPRKQLATKAARK SAPVTGG= - HRYRPGTWALRE IRRYQKSTELL IRKLPFQRLVRE | -—~AQD-FKTDLRFQS AVLALQEAAEAYLVGLFEDTNLCA | HAKRVT IMPKD | QLARR | RGERAMS
T_gondii GKAPRKQLA KAARKSAP  GG-- - KKFHR\‘RFGT\IALRE\RRVQKST LLIRKLPFOQRLVRE | --AQD-FKTDLRFQS AVLALQEAAEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARR IRGER MS
Vbrassicaformis GKAPRKQLATKAARKSAPV GG-— ~VKKPHRYRPGTVALRE IR YQKSTELL IRKLPFQRLVRE | --AQD-FKTDLRFQS AVLALQEA EAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARR IRGERAMS
P_marinus GKAPRKQLA KAARKS P TGG-- -~ KKPHRYRPGTVALRE IRRYQKST LLIRKLPFQRLVRE --AQD-FKTDLRFQS AV ALQEAAEAYLVGLFEDTNLCAIHAKRVTIMPKD QLARRIRGER MS
S microadriaticum GKAPRKQLATKAARKSAP  GG-- fVKKPHRVRFGTVALRE\R VQKSTELLIRKLPFQRLVREI**AQD FK_LRFQS A LALQEA EAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARR IRGERAM
P_glaciali GKAP KAARK APVTG - HRYRPGTWALRE IR YQK QﬁkaElﬂA D- KTDL FQs AVLALQEAAEAVLVGLFEDTNLCA\HAKRVTIMPKDlQLARR kGERAMs
C_cohnii GKA R QLA KA RK YQKST by KLPFQ = RFQ LALQEA EAVLVGLFEDTNLCA HAKRVT IMP

Hematodinium_5G2012 R T E RR PF L EI—— - LR QS A ALQEA E HAKRVT — PKD LARR RG RA
Amoebophrya_A25 G LA v PG A REI YGKST LL RKLPFQRLVRE D- RFQS A LALQEAAEA VGLFEDTNLEA HAKRVT 1M KD QLA RIRGE

= 100
I 1TV | Y
Fak RYLK&%‘IAK ([ MA-; I 1 AAEDLK I H1 ALR NIBVIL K
* =1 & = i ) L ! i /| WV g =
Q_marina LQFPVGR RYLK GRY RVG GAPVYLAAVLEYLCAEILELAGNAARD KKTRI| PRH QLA RNDE NIH VLLPKK K
Babesia_sp KSWV LQFPVGR RYLK GRYAKRVG GAPVYLAAVLEYLCAEILELAGNAARD KK RI PRHIQLAIRNDE N VLLPKK G
T_gondii K VSR K LQFPV R RYLK GRYAKRVG GAPVYLAAVLEVLCAEILELAGNAARDHKKTRI PRHIQLA RNDE H VLLPK SK K
V_brassicaformis K VSRSAKAGLQFPVGR RYLK GRYAKRVG GAPVYLAAVLEYLCAE LELAGNAA HKK R|1 PRH QLAIRNDE NIH VLLPKK K
P_marinus SRSAKAGLQFPVGR RYLK GRYAKRVG GAPVYLAAVLEYL AEILELAGN DHKKTRI PRHIQLA RNDE NIH LLPKKSKGK
S_microadriaticum K v KAGL FPV L E Y RV A YL vV EY AEILELAG KK RI PR IQLAIRNDE NIH VL P K K
Pg\a(\alis KK W S GL FPV R R KEG YAKR GA YL AV EY AEILELAGNAA HKK RI|1 PRHIQLAIRNDE NIH VL PKK GK G
C_cohn KK 5 P GR LK G YAKRV Vv oL V EY AEILELAGNAA D K RI PRHIQLAIR DE N H LP KS GK G
Hemamd\mum 5G2012 5 SRS KAGL FPVGRI K KRV GAPVYLA WLEYLCAEILELAGN A D KK RI PRHIQLAI NDE IH VLLP G
Amoebophrya_A25 RS AGL FPVG | R LKE AKRVG GA VYLAAVLEYL AE LELAGN KKTRI1 PRHIQL | DE I VLLP K
o . o g,
e ] e S AULLC) Stk LSE ol FA Lo LR s A
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0_marina K KRTESYSSYIYKVLKQVHP ------ TGIS K MSIMNSFIND F RIA EA L RYNKK TLSSREIOQTAVRL LPGELAKHAVSEGTKAVTKYT A
Babesia_sp KR _ES S YIYKVLKQVHPE TG SKKSMS MNSFINDIFDR A EATRL RYNKK TLSSREIQTAVRL LPGEL KHAVSEGTKAVTKYTTS
T_gondii KRTES YIYKVLKQVHPE------ T SKKSMSIMNSFINDIFDR A EA RL RYNKK TLSSREIQTAVRL LPGEL KHAVSEGTKAVTKYTTS
V_brassicaformis KK KRTES YIYKVLKQVHPE------ TGISKKSMSIMNSFINDIFDR ATEAT L R NKK TLSSRE QT VRL LPGEL KHAVSEGTKAVTKYTT A
P_marinus KK R E SYIl KVLKQVHP ------ TGISKKSM MN S ND FDRI TEA L Y K TLSSREIQTA RL LPGELAKHAVSEGTKAVT
S_microadriaticum ¥SS IYKVLKQVHPE------ GISK M MNSF DIFDRIATE RL R TLS RE QT VRL LPGELAKHAVSEGT
P_glaciali K sY Yl KVLKQVHPE------ Gl SKK SIMNSF NDIFDR ATE TRL R TLS IQTAVRL LPGELAKHAVSEGTK KY
C_cohnii KR SY S IYK LKQVH ------- I M M S D F RIATEA L R K TL EIQ AVRL LPGEL HA EG K
Hematodinium_5G2012 K SY Yl KVLK VHP S KsSM D DR EA RL R KK TL S E QTA RL LPGELAKHA GTK
Amoebophrya_A25 SYl KVLK VH = ------ S KM 1 SF ND F RI TEA L R N K TL S EIQTA RL LPGEL KHA G K KY SA
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