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In Spain, P. oleae has been described as the causal agent 
of the decline of wild olive (Olea europaea var. sylvestris) 
forests, which are ecologically important and serve as a 
genetic reservoir for olive breeding programs (González 
et al. 2019). The pathogen was repeatedly isolated from 
rootlets of symptomatic wild olives and identified based on 
morphological traits and ITS and cox1 sequence analyses 
(González et al. 2019).

Notably, P. oleae exhibits optimal growth at a relatively 
low temperature of 19.9 °C on carrot agar medium, distin-
guishing it from other Phytophthora species affecting olives 
(González et al. 2019). The pathogenicity of P. oleae was 
confirmed on healthy wild olive seedlings, indicating its 
potential threat not only to wild olive populations, but also 
to cultivated olive orchards, particularly under changing 
climate conditions and shifting rainfall patterns in southern 
Spain (González et al. 2019).

In southern Italy, P. oleae has been associated with rot of 
mature olive drupes in two local cultivars of olive (Ruano-
Rosa et al. 2018; Brasier et al. 2022), indicating its role in 
determining significant damages to olive production. The 
identification of P. oleae as a pathogen of both fruit and 
roots underscores its versatility and the potential of this spe-
cies to jeopardize the olive cultivation in the Mediterranean.

In this study, P. oleae isolate VK10A (CBS 153549) has 
been isolated from a rotten olive drupe collected from a 
wild olive (Olea europaea var. sylvestris) tree belonging to 
the “Complesso Speleologico Villasmundo S. Alfio Nature 
Reserve (NR)” (Melilli, Siracusa, Italy; DATUM WGS 84, 
37°13’17.2"N 15°06’22.3"E). The species identity of isolate 
VK10A was confirmed by amplification, sequencing, and 
BLAST analysis of the Internal Transcriber Spacer regions 
of the ribosomal DNA. The ITS sequence of the isolate 
VK10A showed 100% identity with P. oleae isolate Po2a 
(CBS7670, GenBank accession No. KY982934.1), paratype 

Phytophthora, often referred to as ‘plant destroyers,’ is a 
genus of oomycetes comprising numerous species known 
for causing destructive plant diseases (Davison 1998). The 
genus is rapidly expanding (Brasier et al. 2022). Despite 
inconsistencies between molecular phylogeny and morphol-
ogy-based taxonomy, Phytophthora is well-recognized and 
classified into multiple phylogenetic clades encompassing 
more than 223 taxa (Abad et al. 2023).

The genus includes many economically important spe-
cies that affect a wide range of plant hosts, including veg-
etables, fruit and nut trees, forest trees, and nursery crops. 
Phytophthora oleae is a newly identified species within the 
Phytophthora genus (NCBI: txid2107226), known for caus-
ing significant diseases in plants, particularly in olives.

This pathogen has been isolated from the rhizosphere soil 
and roots of olive trees with root rot, as well as from rot-
ting fruit (drupes). Phytophthora oleae infects both wild and 
cultivated olive trees across Mediterranean regions, particu-
larly in Italy and Spain (Ruano-Rosa et al. 2018; González 
et al. 2019).
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of the P. oleae type isolate Po1a (ex-type: CBS7669), 
belonging to clade 2d (Ruano-Rosa et al. 2018; Jung et al. 
2024).

General information of the sequencing approach and 
methods include a genomic DNA (gDNA) preparation of 
high quality and length for long length sequencing by Oxford 
Nanopore Sequencing (ONT) with about 150 x as expected 
genome coverage and Illumina short read sequencing (150 
PE) of gDNA (with approximately 90 x coverage) to polish 
the ONT reads. Furthermore, to facilitate the mapping of the 
coding sequences (CDSs) onto the newly predicted genes, 
a de novo transcriptome assembly was performed using 
cDNA and the Trinity assembler (Haas et al. 2013).

Detailed information for genomic sequencing is 
described starting from a four-day-old culture of P. oleae 
isolate VK10A grown in Potato Dextrose Agar (PDA) which 
was subjected to gDNA extraction by using DNeasy Power-
Soil Pro kit (Qiagen, Denmark) according to the manufac-
turer’s protocol. The obtained gDNA fragments were in the 
range of 14–22 kbp with no discernible small fragments as 
determined by Bioanalyzer analysis (Agilent Technologies, 
Denmark). DNA concentrations and purities were measured 
with the Qubit dsDNA HS Assay kit (Thermo Fisher Sci-
entific, USA) and the NanoDrop One (Thermo Fisher Sci-
entific, USA). DNA size distributions were evaluated using 
the Genomic DNA ScreenTapes on the Agilent Tapestation 
4200 (Agilent, USA).

Library preparation was carried out using the ligation 
sequencing kits (Oxford Nanopore Technologies, UK) on a 
barcoded SQK-LSK114.24 DNA library prepared according 
to the manufacturer’s protocol, with minor modifications 
(DNAsense ApS, Aalborg, Denmark) (Sereika et al. 2022). 
The barcoded DNA library (approximately 10–20 fmol) was 
loaded onto a primed FLO-MIN114 flow cell and sequenced 
on a MinION Mk1b device, running MinKNOW v. 23.04.5. 
FAST5 signal data was base-called and demultiplexed with 
Guppy v. 6.5.7 (Oxford Nanopore Technologies, Oxford, 
United Kingdom) using the super-accurate algorithm (dna_
r10.4.1_e8.2_400bps_5khz_sup.cfg). Removal of low-qual-
ity reads and generation of basic sequencing data statistics 
were obtained using Nanoq v. 0.9.0 (Steinig and Coin 2022).

Filtered reads were de novo assembled with Flye (Kol-
mogorov et al. 2019, 2020) polished once with the help of 
the Medaka v. 1.8.0 software (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​n​​a​n​o​​p​o​r​​e​t​
e​c​h​/​m​e​d​a​k​a). Subsequently, the ONT data errors were pol-
ished with Illumina 350 PE, 1-2Gb (approximately 4-7 M 
reads) data using Racon (via Minimap and Samtools). 
The draft assembly was subsequently polished twice with 
Medaka v. 1.8.0. Assembly graphs were inspected with 
Bandage v. 0.8.1 (Wick et al. 2015). Contigs below 1000 bp 
were removed with SeqKit v. 2.2.0 (Shen et al. 2016). 
BUSCO v. 5.2.2 (Manni et al. 2021) was used to evaluate 

genome completion. Quality-filtered Illumina and Nano-
pore reads were classified with Kaiju v. 1.9.2 (Menzel et al. 
2016) against the subset of GenBank proteins nr eukaryotic 
database.

For Illumina RNAseq, P. oleae VK10A was grown on 
PDA and V8 medium and incubated at 20 °C respectively 
for 10 and 5 days. Total RNA was extracted from myce-
lia using 1.5 ml of TRI Reagent (Zymo Research, Nordic 
BioSite, Sweden) using ZR BashingBead Lysis (0.5  mm 
Y2O3 Stabilized Zirconia Beads; Zymo Research, Nordic 
BioSite, Sweden) and the FastPrep-24™ 5G bead beating 
grinder and lysis system (MP Biomedicals, Fischer Scien-
tific, Denmark). Genomic DNA (gDNA) and Total RNA 
samples were sequenced at Novogene (Cambridge, UK) 
with Illumina Hiseq 4000 and 150 pair end read length (PE), 
at 30 million of read depths. Data quality control revealed a 
Q30 [(Base count of Phred value > 30) / (Total base count)] 
average of 93% for a total of 98% of clean reads.

The quantitative assessment of the assembly was carried 
out by calculating assembly statistics by using the BUSCO 
(Benchmarking Universal Single-Copy Orthologs) scores 
(Manni et al. 2021). BUSCO evaluates the completeness 
of assemblies by looking for the presence or absence of 
highly conserved genes (BUSCO orthologs). The P. oleae 
genome assembly was 99% complete relative to an iden-
tified ortholog (P. plurivora) that covers the entire length 
of the alignment sequence of the corresponding BUSCO 
benchmarking. P. oleae genome assembly was 1% frag-
mented which is related to identified orthologs that only par-
tially covers the length of the sequence alignment. Figure 1 
shows the Flye v. 2.9.1-b1780 generated P. oleae genome 
draft assembly graph. One contig clearly represented the 
complete mitochondrial genome, which was annotated to 
contain 65 genes, including 38 CDS, 2 rRNA, and 25 tRNA 
genes, and submitted to GenBank (PQ510212). However, 
due to many repetitive regions we could not split the assem-
bly into chromosomes. The Flye Quality-filtered Illumina 
and Nanopore reads were also classified with Kaiju v. 1.9.2, 
against the GenBank nr protein database (2023-05-10 data-
base, 321 M protein sequences from both prokaryotes and 
microbial eukaryotes). When blasted against known Phy-
tophthora genomes using GenBank deposited genomes, 
the P. oleae genome gave as top blastn hits the P. plurivora 
(NCBI: txid639000) genome (with around 93% of genome 
similarity. This latter also possesses a small genome of 46.9 
Mbp (ASM3002794v1).

P. oleae genome annotation was performed using Funan-
notate 1.8.17 (Stanke and Waack 2003; Jensen et al. 2008; 
Ter-Hovhannisyan et al. 2008; Eddy 2011; Palmer and Sta-
jich 2020), which started with a filtering out of scaffolds 
containing mitochondrial DNA sequences and finally 156 
scaffolds remained. Afterwards, a RepeatMasking step of 
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the genome was made and these soft masked scaffolds were 
used for the ab initio prediction using AUGUSTUS (Stanke 
and Waack 2003; Stanke and Morgenstern 2005) trained 
with Fusarium graminearum intron-exon was made. The 
funannotate ‘‘annotate’’ pipeline was combined with the 
Trinity de novo mRNA assembly of the cDNA. Prediction 
of open reading frames (ORFs) from de novo mRNA assem-
bly was performed both on the sense and antisense strand by 
GeneMark (Borodovsky and McIninch 1993a, b) and Gen-
eMark-ES, version 2 (Ter-Hovhannisyan et al. 2008). For 
getting the genomic coding sequences (gCDS) we found that 
besides the (A/C)AG|GT(A/G)AGT consensus sequence 
(the exon|intron boundary) whereas the first two nucleotides 
of the intron are underlined, another rare exon|intron con-
sensus, CG|GC as boundary with exons|intron was observed 

while GT|TG, GT|AC, and AT|AG rare intron|exon consen-
sus was also found at low percentage.

In total for the P. oleae first draft assembled genome, 
represented by 43.7 Mbp, we have annotated 19,089 genes, 
of which 18,841 gCDS/mRNA and 865 tRNA. A compari-
son with Trinity de novo assembly (Haas et al. 2013) and 
GeneMark prediction, less proteins were predicted using the 
cDNA (Table 1).

The P. oleae VK10A genome (43.7 Mbp) as genome 
size in comparison to other Phytophthora species genome 
size spanning from 228.5 Mbp (e.g. P. infestants, ref-
erence genome ASM14294v1), to 165.6 Mbp (e.g. P. 
palmivora, PpalZC01v1) or from 101.5 Mbp (e.g. P. mega-
karya, ASM221536v1) to 59 Mbp (e.g. P. nicotianae, 

Fig. 1  P. oleae genome draft assembly graph. Draft assembly graph 
resulting from the draft de novo genome assembly using Flye v. 2.9.1-
b1780, highlighting assembly content and contiguity. Only 167 contigs 
were found in this first draft. However, due to the known Phytoph-
thora microsatellite highly repetitive Simple Sequence Repeat (SSR) 

regions, the contigs in future assembly might be shorter and hopefully 
better organized into chromosomes. Coloured lines denote size-scaled 
contiguous DNA elements. Line thickness is proportional to contig 
coverage. Thin black lines denote connectivity between segments
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vers des MPME dans la culture et la mouture des olives qui adoptent 
l’innovation et les technologies avancées (CUP: E23C25000110007, 
Reference No. A1–1.3–228).
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on Zenodo (​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​2​8​1​​/​z​e​​n​o​d​o​.​1​3​2​5​4​4​9​2). 
InterProScan ver 5.0 (Jones et al. 2014) and gene ontol-
ogy GO annotation was also performed by the Funannotate 
annotate pipeline. About 472 proteases (270 peptidases and 
202 proteases) were detected belonging to MEROPS data-
bases of which some of those correspond to known patho-
genic cysteine and subtilisin proteases. From the secretome 
point of view, 1995 proteins were predicted to be having 
a secretion type leader peptide using signalp version 4.0 
(Petersen et al. 2011) (Table 1).

From the effectors and pathogenicity proteins point of 
view, we have blasted among several Phytophthora species 
with annotated protein our P. oleae proteins and discov-
ered 236 RxLR effectors, of which 26 were top blast hits 
to known avirulence (Avh) proteins, 78 Elicitins, 264 Crin-
kler proteins and 39 necrosis inducing proteins (NPP). This 
genome represents the first publicly available assembly of P. 
oleae, an emerging olive pathogen recently reported in mul-
tiple geographic regions. The availability of this resource 
will enable in-depth studies on its population structure, host 
adaptation, and pathogenic mechanisms, and will support 
the development of diagnostic tools and sustainable disease 
management strategies.
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