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Figure S1: Assembly and duplicated regions of the P. calceolata genome. a) K-mer profile of P.
calceolata lllumina reads.The graph shows the fit of the GenomeScope model (black) to the observed k-
mer frequencies (blue). The k-mers presenting high frequency and low coverage (red) are considered as
sequencing errors. b) Graphical representation of the Flye assembly graph generated with Bandage tool
(Wick et al. 2015). Each colored box represents a sequence (edge) of the assembly. Edges connected with
one or several black lines indicate unresolved repeats at the extremity of the contig (e.g edge_2 is
connected to edge_3 and/or edge_5). Based on the vertical coverage, Flye chose to duplicate edge_2 to
form contig 3 and contig 6). c) Table of the assembly paths and metrics of the assembled contigs detected
by Flye. Numbers in the edge path column correspond to the edges in panel A. Telomeric repeats located
at the ending edges of the assembly graph are reported as a star in the path column. d) Vertical coverage
of lllumina reads in the P. calceolata genome. The dark line representes the number of lllumina short reads
mapped over a window of 20 Kb on the 6 nuclear contigs of P. calcolata. Red and green boxes indicate
highly similar regions (>99% of identity). The instability of the read coverage in these regions may be
explained by the presence of variants in one of the two copies. The blue box is the only large region with a
vertical coverage twice as high as the genome average.
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Figure S2: Hi-C interaction map for P. calceolata genome. The localisation of interaction points in the P.
calceolata genome sequence are indicated by red dots (window of 100Kb). The red intensity is proportional to
the number of reads covering this interaction. The low-GC region in each contig is indicated in blue. Red dots
corresponding to these regions indicate physical proximity between centromeres. Duplicated regions are
indicated in green. Red dots corresponding to these regions are due to the random aligment of reads on the
dupliacted regions. The interaction background is more intense at the beginning of contig 4 because this
duplicated region was collapsed in the assembly resulting in a double read coverage.
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Figure S3: Identification of Introner Elements from repeat families. a) Distribution of
putative IE lengths shows a pick around 200 bp. b) Logo representations of the starting and
ending sequences of putative IE, revealing the presence of GT or GC donor splicing sites at the
5’ ending, AG acceptor splicing site at the 3’ ending, and conserved Terminal Inverted Repeats
at the flanking regions.
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Figure S4: P. calceolata proteins shared with other Stramenopiles. The venn diagram displays the
number of P. calceolata proteins homologous with at least one5protein in another Stramenopile genome
(alignment length >80% of the shortest protein and evalue <1077).
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Figure S5: Relative abundance of P. calceolata with 2 different methods. Each dot
represents a surface (orange) or DCM (green) sample. The relative abundance of P. calceolata
is calculated from metagenomic reads aligned on the genome (x-axis) and with the amplified
18S rRNA sequence (y-axis) for size-fractions 0.8 - 5 ym (left) and 0.8 - 2000 ym (right). Linear
regressions of observed values and the equation are indicated in blue. Black lines are
expected trends.
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Figure S6: Relative abundance and ecological niche of P. calceolata in the 0.8-2000 um size fraction. a) Boxplot of the
relative abundance of P. calceolata in each oceanic region in surface and DCM samples in the 0.8 - 2000 ym size-fraction. b)
Principal component analysis of the relative abundance of P. calceolata and the 9 environmental parameters in the 0.8-2000 ym
size fraction. Each dot represents a sample, with a size proportional to the relative abundance of P. calceolata. The colours

indicate the oceanic basins.
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Figure S7: Modelled relative abundance of P. calceolata in present day (a) and at the end of the
century (b). The relative abundance of P. calceolata measured in Tara samples (0.8-2000 um size-fraction)
is modeled using the combination of 4 machine learning techniques trained on WOA18 environmental
parameters at months, depths and sampling locations of Tara Oceans samples (a) or trained on projected
climatology in 2099 under the RCP8.5 scenario (b).
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Figure S8: Expression levels of genes involved in iron transport and coding for superoxide dismutases (SOD). a)
Relative expression levels (TPM) of genes involved in iron uptake compared between low-iron (<0.2 nM) and high-iron (>0.2 nM) environment. P-
values of Wilcoxon statistical tests between low- and high-iron conditions are indicated for each gene. Significant p-values (<0.01) are in bold. b)
Relative expression levels (TPM) of genes coding for zinc/iron SOD (orange) and its non-ferrous equivalent copper/manganese SOD (purple) in

each Tara Oceans sample. Samples are sorted from low-iron (left) to high-iron (right) conditions. Iron concentrations are indicated in nM on the
horizontal couloured gradient.
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Figure S9: Expression levels of genes involved in nitrogen compounds transport. Relative expression levels (TPM) of genes
involved in ammonium uptake compared between low-ammonium (<0.025 pM) and high-ammonium (>0.025 uM) environments,
and of genes involved in nitrate, nitrite, formate and urea uptake compared between low-nitrate (<2 yM) and high-nitrate (>2 pM)
environments, in the 0.8-5 ym and 0.8-2000 ym size fractions. P-values of Wilcoxon statistical tests between low- and high-
ammonuim/nitrate conditions are indicated for each gene. Significant p-values (<0.01) are in bold.



‘p|og ul ale
(10°0>) senjea-d jueoyiubig -eusb yoes
10} pajeoipul aJe S}Sa) |eolISiielS UOXOD|IAN
JO sanjeAa-4 ‘suopoely azis wr 000Z-8°0
pue wr G-g'0 9yl Ul SJUBWUOIIAUD
(AN <) aemu-ybly pue (NA z>) sjesu
-MO| U®am}aq paJsedwod wsijogelaw
uabousjiu ul panjoaul sauab jo (AdL)
S|oA8| suoIssaldxa aAlje|oyY ‘wisljogelaw

uabouyiu ul POAjOAUl souab
JO S|9A9| uoilssaidxy : QLS m..:m_n_

mol  ybBiy mo|  ybiy

I RE 1 koot

L ofe 00'L
(= 60°0C
(= 60°0C
L. F €v°€0y
10—-925°L = dneA—d L cic0y 10-9/8°9 = @njea-d
0zLyLde eod 06¥¥1dL eod

aselajsuel)foweqied sulyluio

MO ybiy MO ybiy
—0 e o n. Ly
=10 -
. - ° -
. LA CIRd . =00°L
o .
3 0 .
* . : - =001
P Tofn
- [
. . A -®
. . . Lecs I 60°02
.
I
* . L
[~ 09'¥S
L0-9G/ | = anjea-d L0—9.1'8 = @njeAa—d = €' €01
009€zdg eod 09102dg eod

MO|

=00 L

(= 60°0C

2 [ EV'EOY

90-9/°9 = anjea—d

09z91dg eod

aseA| ajeueh)

MO| ybiy

20-26% | = anjea—d

=00 L

= 60°0C

= €V €0V

066zzde BOd

ase}ayluAg ajeydsoyd [Aowogie)

MO ybiy
ame  wYew
PR

2.0

%
.
.

.
£0-9g1°¢ = anjea—d

=00 L

[ 60°0C

= €V €0V

08820d2 eod

mo|  ybiy mo|  ybiy Mol ybiy mo|  ybiy
Il Il Il Il L L
b o LXXTY) o je= hadd - - e e - oo e
. .
. k260 .
00 L . oo : - : 001
. . ol .
. 5
e P -I .
RN FeLe o 3
M- oo ., . . °
LI Y . 20 S .
L 60°0z B * ”~
3 wlee Serd | leooz
. B g0, g
° 6002 AN . ..
. . 4
%e . ..o
. —1 keveor . . .
. leveor .
L0-959°6 = anjea—d L0-928’L = anjea-d L0-8.€°Z = @njea-d ye— 10-2/9°6 = @njea—d eveop
0S150dz eod 0z1Ls0dz eod 00621d9 eod 0vSL0dyy eod
asealn aseulbiy aseA| ajeuloonsoululbiy
mo|  ybiy mol  ybBiy mo|  ybiy mo|  ybiy
. - . )| -] . -
- . .
.
ko0t koot k6002 0oL
. . .
L] ®e
- . L
. . . ® *
2 Y Feooz ° . oo
e o e, [o00Z 3 60°02
s Vs s e,
~ - keveor
. o .
o .%-v 4 “_.a. -
T e, swh sl
. k evc0r e L3
“e * - = €V €0V * = €V €0V
°l . -
- - : l8o'€oL 8 =
20-9%/°Z = @njea-d L0-9£Z'Z = @njea-d £0-906°L = anjea-d 20-986°/ = @njea—d
05660dz Eod 00€zzds eod 002.20dg Eod ovzzLde eod
(LvD09) eseyjufs ajeweln|o
MO ubiy MO ybiy MO ybiy MO ybiy
® ese L] . -a o . -e -mas o
4 . °
. - s Foo'L I H
e ) d . O 0oL
. [oor L F09'vs .
L2 ° . .
. 2.
. R o
P )
¥, . . -
el = 6002 ~z
. ° LAl .
. (9 by S oo, | 16002
® te . *3s-8. v ¢
v 6002 . I €9'960 L 1
) . .
s -
‘ “To 4 eveor
. o .
-
.
. . . [eveor
Feveoy k2920 2z °
10-9.7°6 = anjea-d L0-98l°L = anjea-d $0-928'6 = @anjea-d - 20°€0l 8 €0-9.1'L = anjea-d
0zgszdL eod 0%6.,0d} " eod oLe61dy eod 0%2z0de eod

(S9) asejayiuAs sulwein|o

asejonpal SN

MO| yby

f : *
% VS

S oo LY

%

..u.ul

20-289°6 = anjea—d

F00'L

[ 6002

€V €0V

01990ds Eod

aseyjuAs ajeuloonsoululbiy

MO| uby
. .
o .
=00}
3
o]
.
(= 60°0C
=€V €0V

L0-9€0’L = anjea-d

0€£680d1 " Eod

MO ybiy
- o .
.
.
)" koot
SO .
. e
.ot%
-
12 s
- 6002
z
s
s
L d
° I Ev €0t
Y0-9Lp'Z = anjea—d
05S¥edy eod

9sejonpal ajedliN



Aureococcus anophagefferens METDB-00029-1-DN4802-c2-g7-i1 p2
Aureococcus anophagefferens METDB-00030-1-DN12648-c6-g7-i2 p1
Aureococcus anophagefferens METDB-00031-1-DN9578-c4-g2-i1 p3

Aureococcus anophagefferens METDB-00031-1-DN9664-c6-g10-i1 p1

Aureococcus anophagefferens METDB-00030-1-DN12648-c6-g7-i1 p1
Aureococcus anophagefferens METDB-00031-1-DN9578-c4-g2-i2 p3

Aureococcus Sp. TARAAOS 82 MAG 00129 000000005798 17 1

97

82

Aureococcus SP. TARAIOS 50 MAG 00124 000000002578 1 1
1 |

00 L Aureococcus SP. TARAPSW 86 MAG 00257 000000000452 4 1

100 -
— e Pel/agococcus subviridis METDB-00305-1-DN4318-c5-g2

67

100

100 |

57

Pelagomonas caliceolata gene Pca 1p31590

100

100 unclassified Pelagomonadaceae TARA AOS 82 MAG 00045 000000001041 2 1

100 L unclassified Pelagomonadaceae TaRAARC 108 MAG 00123 000000001626 11 1
Pseudopedinella elastica METDB-00375-1-DN22171-c6-g3-i3 p1

unclassified Dictyophyceae METDB-00304-1-DN6697-c6-g6-i1 p1

Florenciella sp. METDB-00173-1-Transcript-38101 p1
Dictyocha speculum METDB-00125-1-Transcript-14854 p1
100 | Dictyocha speculum METDB-00125-1-Transcript-14855 p1
100 Ankylocrhysis sp. METDB-00017-1-DN5461-c7-g2

82
:Classified Pelagophyceae CCMP2097 METDB-00313-1-DN5257-c3-g1-i1 p1

100

Pelagomonas calceolata gene Pca 6p09320

99

40

77

unclassified Pelagomonadaceae TARAAOS 82 MAG 00045 000000000043 7 1

Pelagococcus subviridis METDB-00305-1-DN3631-c1-g7

100
100 [ Aureococcus sp. TARA I0S 50 MAG 00124 000000004134 7 1
Aureococcus SP. TARA PSW 86 MAG 00257 000000002478 6 1

Aureococcus anophagefferens METDB-00031-1-DN10360-c4-g3-i1 p1

62

86 -I'
Aureococcus Sp. TARAIOS 50 MAG 00127 000000003944 16 1

Aureococcus Sp. TARAAON 82 MAG 00274 000000001026 3 1
Aureococcus Sp. TARAAOS 82 MAG 00129 000000001321 1 2
55 || Aureococcus anophagefferens MeTDB-00030-1-DN13117-c0-g1-i1 p1

Aureococcus anophagefferens METDB-00029-1-DN4992-c8-g1-i1 p1

Aureococcus anophagefferens METDB-00031-1-DN10360-c4-g3-i2 p1

unclassified Pedinellaceae TARAAON 82 MAG 00334 000000001385 1 1 *

unclassified Pedinellaceae TARA 10s 50 MAG 00135 000000002957 28 1 *

unclassified Cryptophyta TARAARC 108 MAG 00279 000000004115 12 1 *

unclassified Pelagophyceae CCMP2135 METDB-00315-1-Transcript-29109 p1 *
95

i|— Pelagococcus subviridis METDB-00305-1-DN3364-c10-g3
Pelagococcus Sp. TARAARC 108 MAG 00263 000000001832 1 1

97

99

52

99

Aureococcus anophagefferens METDB-00030-1-DN4931-c0-g1 *

Aureococcus Sp. TARAAOS 82 MAG 00129 000000002596 1 1 *
AUreococcus Sp. TARAPSW 86 MAG 00257 000000002299 1 1 *
Aureococcus Sp. TARAAON 82 MAG 00274 000000000332 8 1 *
Aureococcus Sp. TARAIOS 50 MAG 00127 000000004255 1 1 *
761 Aureococcus sp. TARAPON 109 MAG 00221 000000003810 1 1 *

Pelagomonas calceolata gene Pca 2p03520 *

100 E
unclassified Pelagomonadaceae TARAARC 108 MAG 00123 000000000769 3 1 *
_< Pelagococcus subviridis METDB-00305-1-DN3706-04-02 YN
100

unclassified Pelagomonadaceae TarRAAOS 82 MAG 00045 000000000436 62 1 Y

Figure S11: Nitrate and nitrite sensing proteins in P. calceolata and other eukaryotes. Maximum likelyhood
phylogenetic tree made with JTT (Jones-Taylor-Thornton) model based on multiple alignment of NIT-sensing
P. calceolata sequences. Black: other Pelagophyceae. Blue:

protein domains homologous to P. calceolata. Red:
Dictyophyceae. Purple: putative Cryptophyceae.
transmembrane domains.

The

stars indicate NIT-sensing domain surrounded by



Supplementary Note 1: Duplicated regions in P. calceolata genome

We observed two highly similar duplicated regions (>99% identity) in the Pelagomonas calceolata
genome. We measured the vertical coverage along the genome to understand if these duplications are
real or assembly artefacts. The vertical read coverage of duplicated regions is similar to that of other
genomic regions suggesting that they are both present in all cells of this P. calceolata culture (Figure 1
and Figure S1d). In addition, 150 Kb at one extremity of contig 4 present a higher vertical coverage
suggesting that this region is also duplicated in the P. calceolata genome but collapsed in the assembly.
Interestingly, duplicate regions at the end of sequences have already been observed in the chlorophyte
Ostreococcus tauri which has been maintained for several years in culture®. These observations suggest
that long-time cultures could affect not only the sequence of a given organism’s genome but also its

structure.

Supplementary Note 2: Description of the Hi-C results

We aligned 75.9% of Hi-C raw reads on the P. calceolata genome sequence and nearly 92% of them
were considered as Hi-C contacts, showing that the Hi-C preparation was successful. Specific features
were observed on the contact map (Figure S2). The red diagonal indicates a large number of contacts
within each chromosome arm. In contrast, the number of contacts between arms of the same
chromosome is barely above the background. The second striking feature is the unique spot of contacts
between all low-GC regions of each chromosome. These contacts confirm the position of the
centromeres in each chromosome. Indeed, centromeres co-localised in the nucleus architecture? and
the Hi-C method is able to reveZal this proximity®>4. Interestingly, weak contacts were observed
between all centromeres and the end of chromosome 3. This is potentially because this region also
encompass the repeats detected in the centromeres (Figure 1). In addition, two duplicated regions in
the extremities of contigs 1, 3, 5 and 6 present a high number of contact. This is probably an artefact
due to the random alignment of these reads in the duplicated regions and do not reflect a specific
spatial proximity in the nucleus for these regions. Finally, the beginning of contig 4 present a higher
contact background compare to other genomic regions. This is because this region is probably
duplicated in the genome but merged in the assembly. Overall, the Hi-C analysis confirms the assembly

of P. calceolata genome based on ONT long reads.

Supplementary Note 3: Introns and introner elements

The presence of introner elements (IE) in P. calceolata was investigated by overlapping the position of
the introns in transcriptome alignments with the positions of repeat families detected ab initio with

RepeatScout®. Intron overlapping repeats over more than 90% of their length were identified as



putative IEs. The P. calceolata genome contains 956 putative IEs. The logo representation of the
putative |IE sequences reveals the presence of GT and GC donor sites at the 5’ end, AG acceptor site at

the 3’ end, and conserved TIR in the flanking regions (Figure S3b and Table S3).

Supplementary Note 4: GC content distribution along P. calceolata chromosomes

The chromosome level assembly of the P. calceolata genome obtained with ONT and Hi-C sequencing
revealed unique genomic features that are not usually studied in short-read assembled genomes. The
most striking observation is the presence of a unique GC trough (52%) in each putative chromosome
contrasting with the high GC content (63%) of other genomic regions of P. calceolata suggesting that
these low-GC regions encompass centromeres. In eukaryotes, centromeres have a large variety of
structures and characteristics. They are composed of many repeated sequences or contain genes, they
are determined genetically or epigenetically and their size can vary from 125 bases (in S. cerevisiae) to
several Mb (in mammals )°. Short regional centromeres (1-5 Kb) are generally low-GC compared to the
genome and the sequence is unique at each centromere. Among stramenopiles, centromeres were
characterized in the diatom P. tricornatum where a short low-GC sequence (>500 bp) is enough to
define a centromere’. Large regional centromeres (>10 Kb) are generally gene-free, contain repeated
elements and are not transcribed®. P. calceolata putative centromeres derive from this general pattern
with large low-GC regions containing genes and few repeated elements. Interestingly, the red alga
Cyanidioschyzon as well as several yeast species seem to have similar centromere structures with large,
low-GC centromeres containing genes®®.

The gene structure within low-GC regions differs from that of other genomic regions (Figure 1 and
Table S5). The slight decrease of gene density observed in Figure 1 is explained by a longer gene size
(average of 2.8 Kb compared to 1.7 Kb in other regions). In addition, the 453 genes in low-GC regions
contain more introns (2.2 introns per gene compared to 0.4) and the introns are shorter (119 bp
compared to 214 bp). We also noticed a higher proportion of bases belonging to intergenic regions,
18% in low-GC regions and 11% in other chromosomic regions (Table S5). Interestingly, three repeats
of more than 500 bases are present in several low-GC regions (R_13 in contigs 2, 3 and 6; R_25 in all
contigs except contig 1 and R_80 in contigs 1 to 4; see Figure 1). No homology was found between
these sequences and known repeat elements. Gene function analysis of low-GC regions reveals an
enrichment of genes involved in specific cellular mechanisms (Table S6). Thirteen genes are involved
in DNA replication including the Anaphase-promoting complex subunit 4, the sister chromatid
cohesion protein Dccl and 3 Mini-chromosome maintenance genes. Twenty-five genes are involved in
microtubule synthesis and microtubule-binding motor proteins (9 genes carrying dynein domains, 6

genes carrying kinesin motor domains and 4 tubulin genes). These genes indicate that the low-GC



regions contain many genes required for P. calceolata cellular division. Finally, 18 genes are involved
in transcription including 3 genes encoding RNA Pol Il rpb2 subunits and 7 genes encoding transcription
factors suggesting an important role of these chromosomic regions for the regulation of gene

expression.

Supplementary Note 5: Centromeres, recombination and meiosis in P. calceolata

Among 23 gene functions specifically involved in meiosis, 18 homologs are present in the P. calceolata
genome (Table S7). We did not identified homologs of ZIP, HOP1 and RED1 genes in the P. calceolata
genome. These genes are known to be involved in homologous pairing of chromatids and construction
of the synaptonemal complex in animals, plants and fungi but are not essential to perform meiosis.
Indeed these 3 genes are absent in several phyla capable of meiosis like diatoms and ciliates®*?,

Interestingly, MSH4 and MSH5 genes are absent from the P. calceolata genome. These genes necessary
to perform the interfering (class |I) recombination pathway through Double Holliday Junctions are
present in most eukaryotic lineages. The large low-GC regions could be a consequence of the absence
of the MSH4/5 genes. Indeed, the main hypothesis to explain these low-GC patterns in centromeres is
the importance of GC-biased gene conversions (gBGC) during recombination and the inhibition of this
recombination near centromeres!?. gBGCs increase the GC content of recombining DNA over
evolutionary time inducing GC content variations within and between genomes®3. The kinetochore
formation at centromeric regions inhibits recombination and double strand break formation during
meiosis resulting in rare gBGC in these regions!®. Centromeric and peri-centromeric regions may
therefore have a lower GC content. In yeasts (Yarrowia lipolytica, Candida lusitaniae, and Pichia
stipites), a correlation has been observed between the importance of the GC trough near the
centromeres (>10%) and the absence of MSH4/MSHS5 genes®. It is therefore possible that the absence
of this recombination pathway in P. calceolata induces more frequently double-strand break repair by
synthesis-dependent strand annealing and a more rapid gBGCs across the genome except at the
centromeres where double-strand breaks are inhibited. This recombination inhibition may have
important consequences on the evolution of the P. calceolata genome. Genes within low-GC regions
are significantly longer and contain more introns than genes in other genomic regions. Because intron
gain and loss are closely related to double-strand break repair and homologous recombination, we
suggest that centromere genes retain more introns because double-strand breaks are reduced®.
Variant analysis in P. calceolata populations could be targeted specifically in future studies to infer an
estimation of recombination rate and more generally characterize the evolutionary processes

controlling these large centromere regions.



In addition, we used the mRNA extracted and sequenced during exponential growth of P. calceolata

to estimate the relative expression level of meiosis genes. Four out of 18 genes were not detected

including the double-strand DNA break initiator SPO11 (Table S7). This result suggests that P.

calceolata do not perform meiosis in exponential growth.
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