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Complete Genome Sequences of Septoria linicola:
A Resource for Studying a Damaging Flax Pathogen
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Abstract
Fungal genus Septoria causes diseases in a wide range of plants. Here, we report the
first genome sequences of two strains of Septoria linicola, the causal agent of the pasmo
disease of flax (Linum usitatissimum). The genome of the first strain, SE15195, was
fully assembled in 16 chromosomes, while 35 unitigs were obtained for a second strain,
SE14017. Structural annotations predicted 13,096 and 13,085 protein-encoding genes
and transposable elements content of 19.0 and 18.1% of the genome for SE15195 and
SE14017, respectively. The four smaller chromosomes 13 to 16 show genomics features
of potential accessory chromosomes. The assembly of these two genomes is a new
resource for studying S. linicola and improving management of pasmo.

Septoria linicola (Speg.) Garassini (teleomorph Mycosphaerella linicola) is, as a plant
pathogen of class Ascomycete (Verkley et al. 2013), the causal agent of the disease pasmo
in flax (Linum usitatissimum L.), both in linen (fiber flax) and linseed (oil flax). This disease
affects production in many flax-growing areas around the world, including France, with an
increasing incidence over the last two decades (Paumier et al. 2021). Despite the eco-
nomic impact of S. linicola, no complete sequence data of this fungal species is available
in public databases, although this kind of data has proven to be very useful for studying
plant-pathogen interactions and helping to control diseases.

A strain of S. linicola was chosen for each of the two types of flax crops, to take into
consideration the potential adaptation to the host, including potential differences in aggres-
siveness, and thus maximize the genetic and genomic diversity covered in the sequences.
The strain SE14017 was isolated in 2014 from linen (cultivar Melina at Boissy Sans Avoir,
France) and the strain SE15195 in 2015 from linseed (cultivar Angora at Lavaur, France).
DNAs were extracted, using phenol, with a method adapted from Zhong et al. (2017).
Library preparation and sequencing were performed by the GeT-PlaGe core facility at IN-
RAE Toulouse. Five PacBio RS II single-molecule real-time cells were loaded per strain,
providing long reads with an average length of 12 Kb, with a coverage of 60× for SE14017
and 80× SE15195, for an expected genome size close to 40 Mb.

Genome assemblies were generated from several runs of the Canu v2.1.1 (Koren
et al. 2017) and Flye v2.8.2 (Kolmogorov et al. 2019) assemblers. For strain SE15195,
the best assembly, i.e., in complete chromosome molecules, was obtained from Canu,
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Table 1. Summary statistics of whole-genome sequencing from the two Septoria linicola strains
(SE15195 and SE14017)

Feature SE15195 SE14017

Assembly length (Mbp) 39.6 39.1
Chromosomes/unitigs 16 35a

Mitochondrion length (Kbp) 36.9 36.9
% Transposable elements 19.0 18.1
Number of predicted genes 13,096 13,085
% BUSCO completeness 99.5 99.4
Number of predicted effectors 281 274

a Unitigs.

with parameters minReadLength = 2,000, minOverlapLength = 1,000, and corrected
ErrorRate = 0.035, while the best assembly for SE14017 was obtained from the combi-
nation of selected molecules reconciliating different assemblies. Draft genome assemblies
and raw reads were respectively aligned with nucmer (Kurtz et al. 2004) and were mapped
with Blasr to the best consensus assembly, to validate the final genome assembly. The
draft genomes were polished with the Arrow algorithm. The mitochondrial genomes were
assembled with Organelle_PBA (Soorni et al. 2017), using the Zymoseptoria tritici IPO323
mitochondrial genome as reference (Goodwin et al. 2011).

As no transcriptional data were available, gene models were predicted by GeneMark-
EP+ (Brůna et al. 2020), with the ProtHint pipeline, from 20 sources of proteomes
of different Mycosphaerellales genera (Septoria, Zymoseptoria, Cercospora, Pseudocer-
cospora, and Ramularia). The same proteomes were aligned with Exonerate (Slater and
Birney 2005) and were used as evidence to select and filter out gene models. The com-
pleteness of the assemblies was evaluated with BUSCO (Simão et al. 2015), using the
Ascomycota (odb10) gene set as evidence. Genes encoding fungal effectors were detected
with Predector (Jones et al. 2021), a bioinformatics pipeline composed of different versions
of tools, such as EffectorP (Sperschneider 2016, 2018), SignalP (Almagro Armenteros
et al. 2019; Bendtsen et al. 2004; Petersen et al. 2011), TMHMM (Krogh et al. 2001), Pho-
bius (Käll et al. 2004), or TargetP (Armenteros et al. 2019). Results were then post-filtered
with criteria: effector_score > 0, manual_effector_score > 2.5, manual_secretion_score >

2, any_signal_peptide = 1, single_transmembrane = 0, residue_number < 300.
Transposable elements (TEs) were annotated using the REPET package (Amselem

et al. 2015). Briefly, the TEdenovo pipeline (Flutre et al. 2011) was used to detect repeated
elements in the genome and to provide a consensus sequence for each family. Consensus
sequences were then classified using the PASTEC tool (Hoede et al. 2014), based on the
Wicker hierarchical TE classification system (Wicker et al. 2007). After manual correction,
the resulting library of consensus sequences was used to annotate TE copies in the whole
genome, using the TEannot pipeline (Quesneville et al. 2005).

Synteny between both strains was analyzed with SynChro (Drillon et al. 2014) with a
delta parameter of 3.

Phylogeny was reconstructed with the 28S large subunit of the nrRNA (LSU) gene to
determine whether the two strains belonged to the Septoria clade. The Septoria azaleae
LSU sequence homologs were determined for SE14017 and SE15195 strains and for three
reference genomes (Cercospora zeae-maydis SCOH1-5, Z. tritici IPO323, and Sphaerulina
musiva SO2202), using blastn search (Altschup et al. 1990). The homolog sequences were
aligned with LSU sequence data of 21 taxa (including eight Septoria species) represent-
ing most of the clades used by Quaedvlieg et al. (2011), using Geneious Prime 2022.1.1,
resulting in alignment of 760 bp of sequence length. A consensus neighbor-joining phylo-
genetic tree was reconstructed, using FastTree 2.1.11 (Price et al. 2010), and was rooted
with Cladosporium bruhnei.

The genome of S. linicola SE15195 is 39.6 Mb long with 16 complete chromosomes,
all ended with telomere repeats (TTAGGG). The assembly of strain SE14017 is close to
being complete with 35 unitigs for a total size of 39.1 Mb. Telomere repeats are present in
22 unitigs, among them, four are complete molecules with telomeres at both extremities.
Mitochondrial genomes of both strains are 36.9 Kb in length (Table 1).
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Fig. 1. Karyoplot of Septoria linicola SE15195, showing the 16 chromosomes with genes (red), transposable elements (blue), and the GC
content (light-blue line). The insert shows the phylogenetic tree of the two S. linicola strains (SE15195 and SE14017) within the Capnodiales
order (Dothideomycetes), with branches labeled by bootstrap support from 1,000 replicates.

The genome annotation provided 13,096 and 13,085 genes for strain SE15195 and
SE14017, respectively, corresponding to a completeness of conserved Ascomycota genes
close to 99.5%, according to BUSCO. Among them, 281 genes were identified as potential
effectors for SE15195 and 274 genes for SE14017.

The TE annotation allowed to identification of 22 and 21 subfamily elements according
to the Wicker classification, covering 19 and 18% of the genome of SE15195 and SE14017,
respectively. The TE content ranged between 11 and 23% of SE15195’s longest chromo-
somes (1 to 12) and 47 to 68% of the four smallest chromosomes (13 to 16).

The large TE content and the few genes mainly predicted by the ab initio method
without evidence suggests that chromosomes 13 to 16 might be accessory chromosomes
(Fig. 1) (Bertazzoni et al. 2018).

The synteny between both strains detected 13,042 pairs of orthologs involving 12,779
SE14017 genes and 12,862 SE15195 genes, revealing a potential gene split or duplication.
The few synteny breaks observed were mainly detected around regions enriched in TEs,
which may be a source of evolution or artefact in gene prediction.

The phylogenetic analysis with the LSU genetic marker confirmed the taxonomical
classification of both strains as genus Septoria (Fig. 1).

The genome sequences of the two strains of S. linicola, SE15195 and SE14017, iso-
lated from two flax varieties, should be considered as reference strains. They will be use-
ful for further research on this fungal pathogen, especially for specific analysis of plant-
pathogen interaction in fiber flax and oilseed flax.
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Data Availability
The strains sequenced in this work have been deposited in the Arvalis culture

collection.
The genome assemblies and annotations have been deposited at DDBJ/ENA/

GenBank under the accessions CP099418 to CP099434 (SE15195) and JAMGVY
000000000 (SE14017), with associated BioProject accessions PRJNA833952 and PRJNA
833955, respectively.

The genomes can also be accessed on the BIOINFOBIOGER platform and browsed
with dedicated genome browsers. Further details (e.g., gene lists, scaffolding and synteny
map of SE14017 on SE15195) are also available on each genome page.
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