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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 culture1. 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 architecture2  and 

the Hi-C method is able to reve²al this proximity3,4. 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 

RepeatScout5. 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 )6. 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 centromere7. Large regional centromeres (>10 Kb) are generally gene-free, contain repeated 

elements and are not transcribed6. 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 genes8,9.  

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 Dcc1 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 II 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 ciliates10,11. 

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 centromeres12. gBGCs increase the GC content of recombining DNA over 

evolutionary time inducing GC content variations within and between genomes13. The kinetochore 

formation at centromeric regions inhibits recombination and double strand break formation during 

meiosis resulting in rare gBGC in these regions14. 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/MSH5 genes9. 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 reduced15. 

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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