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Abstract I
Powdery mildew is one of the most economically destructive diseases in protected straw-
berry production. Here we present the first genome assembly for Podosphaera aphanis, the
causal agent of powdery mildew on strawberry. This obligate-biotrophic fungal pathogen was
sampled from a naturally occurring outbreak on Fragaria x ananassa ‘Malling Centenary’
plants grown under cover in the United Kingdom. Assembled reads resolved a 55.6 Mb
genome, composed of 12,357 contigs whose annotation led to prediction of 17,239 genes
encoding 17,328 proteins. The genome is highly-complete, with 97.5% of conserved single-
copy Ascomycete genes shown to be present. This annotated P aphanis genome provides a
molecular resource for further investigation into host—pathogen interactions in the strawberry
powdery mildew pathosystem.

Genome Announcement

Powdery mildew, caused by Podosphaera aphanis (formerly Sphaerotheca macularis), is
an economically destructive disease affecting strawberry production around the world. Pow-
dery mildew has been rated as the most important aerial disease for strawberries grown under
protection by U.K. growers (Calleja 2011; Menzel 2021). All aerial plant tissues can be affected
by the pathogen, with epidemics leading to severe yield loss as infection of leaves reduces
photosynthesis and infection of fruits renders them unmarketable (Hibberd et al. 1996; Maas
1998). Most commercial strawberry varieties are considered highly susceptible and where
resistant cultivars have been identified, this resistance frequently varies across environmental
conditions (Nelson et al. 1996; Masny et al. 2016; Cockerton et al 2018; Sargent et al. 2019;
Menzel 2021).

Disease control is primarily achieved through foliar fungicide applications. However, there
is increasing pressure to find other nonfungicidal control methods, due to a desire to reduce
agrochemical inputs and in response to reduced sensitivity to fungicides observed in field
populations of P aphanis (Palmer and Holmes 2021). UV-C irradiation has been shown to
suppress epidemics and a recent study demonstrated that a biopesticide-based approach
can manage the disease effectively (Janisiewicz et al. 2016; Berrie and Xu 2021).

Powdery mildew fungi are obligate biotrophs and thus dependent on living host cells
for their survival. P aphanis is understood to have a restricted host range, with evidence for
host specialization within P aphanis populations (Harvey and Xu 2010; Martin et al. 2017).
P. aphanis is also considered the causal agent for powdery mildew of Rubus crops includ-
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ing raspberry and blackberry and has been reported on a limited number of other species
(Garibaldi et al. 2005; Solano-Baez et al. 2022). However, whilst they are considered the
same species, strawberry and raspberry powdery mildew isolates have been shown to be
genetically distinct (Harvey and Xu 2010). These genetic differences may reflect host spe-
cialization, with evidence that isolates from strawberry are unable to infect raspberry and vice
versa (Martin et al. 2017).

Genomic approaches offer the opportunity to address key questions such as the true host
range, population structure, and nature of fungicide resistance in P. aphanis. Despite the high
commercial impact of pathogens from the genus Podosphaera, only four genomes have been
sequenced to date (Gafnan et al. 2020; Kim et al. 2021; Polonio et al. 2021). Availability of
wider sequence data is particularly limited for P. aphanis, with only 71 nucleotide sequences
currently available on NCBI (text search ‘Podosphaera aphanis’ against ‘Nucleotide’ database
at www.ncbi.nlm.nih.gov, 10 March 2022), with all less than 1,500 bp in length. Genomic stud-
ies of powdery mildew species have been hampered due to the obligate biotrophic life cycle of
these fungi. However, this is now changing with advances in sequencing technology and new
assembly methods. Powdery mildew species such as the cereal grass pathogen Blumeria
graminis, and the cucurbit pathogen Podosphaera xanthii now have multiple genomes pub-
licly available (Spanu et al. 2010; Frantzeskakis et al. 2018; Kim et al. 2021; Polonio et al.
2021). To facilitate future genomic investigation of strawberry powdery mildew, we present
the first draft genome of P aphanis, obtained through a whole-genome shotgun sequencing
approach.

Powdery mildew material (isolation DRCT72020) was sampled from a naturally occur-
ring outbreak of P aphanis at NIAB EMR, Kent, U.K. in 2020. Leaves from ~30 severely
affected Fragaria x ananassa ‘Malling Centenary’ plants were collected and immediately
washed with water to remove conidia. These conidial suspensions were centrifuged at 5,000
x g for 5 mins and the supernatant was discarded. Purified conidial samples were freeze
dried overnight, transferred to 1.5-ml Eppendorf tubes, and stored at —80°C. Genomic DNA
was extracted using the protocol developed by Schwessinger and McDonald (2017), modi-
fied with extended 1-h phenol/chloroform wash steps and overnight precipitation at 4°C. DNA
concentration was assessed via Qubit dsDNA HS assay kit using a Qubit 3.0 fluorometer
(Life Technologies, Waltham, MA, U.S.A.). A partial sequence of the ribosomal internal tran-
scribed spacer (ITS) region was amplified using ITS1 (5-TCCGTAGGTGAACCTGCG-3') and
ITS4 (5-TCCTCCGCTTATTGATATGC-3') primers (White et al. 1990). Geneious (Kearse et al.
2012) was used to align the resulting amplicon to a reference P. aphanis ITS region (GenBank
accession number MF919432.1), confirming the sample identity. Genomic DNA was used for
library preparation and paired-end sequencing was performed on an lllumina NovaSeq (insert
size 350 bp, read length 150 bp) (Novogene Bioinformatics Technology Co., Ltd., Cambridge,
U.K)).

The resulting 349,282,679 read pairs were trimmed and adapters were removed us-
ing Trimmomatic v0.39 (Bolger et al. 2014), using paired end mode and -phred33 options.
Trimmed reads were aligned to the Fragaria x ananassa ‘Camarosa’ genome (Edger et al.
2019) using Bowtie 2 v2.4.1, (Langmead and Salzberg 2012), with those aligning to the straw-
berry host omitted from further analysis. Unaligned reads were used for genome assembly via
SPAdes v3.14.1 with the —isolate option and a coverage cut-off setting of 75 (Bankevich et al.
2012). Kmer analysis using Kraken 2 v2.1.1 (Wood et al. 2019) allowed taxonomic classifica-
tion of the resulting contigs by alignment to a custom database including all species from stan-
dard Kraken 2 databases for archaea, bacteria, fungi, plants, protozoa, viral, and mammals
with the addition of the F. x ananassa ‘Camarosa’ genome (Edger et al. 2019) and 29 powdery
mildew genomes downloaded from the NCBI database (Supplementary Table S1). Only con-
tigs assigned to the fungal class Leotiomycetes were taken from the final assembly (Fig. 1).

This yielded a final genome of 55,605,580 bp in 12,357 contigs (=500 bp) with an Ns
value of 11,409 and GC content of 43.06%. A homologous sequence with 100% identity to
the P. aphanis ITS amplicon was identified in contig_4920 through a BLASTn search against
the genome. Genome completeness was assessed via the universal single-copy orthologue
tool BUSCO V5.0.0 (Simé&o et al. 2015), which identified 1,664 conserved Ascomycete genes
(ascomycota_odb10 database) as complete in the P aphanis genome (Table 1). A de novo
prediction of repetitive elements was performed using RepeatModeler v2.0.2 (Flynn et al.
2020) and TransposonPSI (Haas 2010), which found 53.65% of the genome to consist of
repetitive elements.
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Fig. 1. Kmer-based assignment of assembled contigs from the environmental Podosphaera aphanis sample to reference genomes. Contigs assigned
to Leotiomycetes were used to form the final P aphanis assembly.

Table 1. Summary of genome assembly statistics for Podosphaera species, from left to right; P. aphanis,
P, leucotricha (Ganan et al. 2020), P. xanthii (Polonio et al. 2021), and P, xanthii (Kim et al. 2021)

Species P. aphanis P. leucotricha P. xanthii P. xanthii
Isolate DRCT72020 PuE-3 2086 Wanju2017
Total length (bp) 55,613,046 43,868,508 142,114,041 209,067,775
Number of contigs 12,357 8,921 1,727 1,112
Number of contigs >1,000 bp 7,859 8,921 1,598 1,112
Size of largest contig (bp) 77,136 60,133 947,834 2,325,138
Contig Nsq (bp) 11,409 8,371 163,173 581,650
Contig N75 (bp) 5,053 4,117 84,907 252,521
GC content (%) 43.06 43.69 43.23 44.25
Repeat elements (%) 53.77 77.8 76.16 63.41
BUSCO complete (%) 97.5 96.1 95.5 97.9
BUSCO duplicated (%) 0.3 0.4 1 20.8
BUSCO fragmented (%) 0.5 1.7 1.2 0.2
Number of predicted genes 17,284 9,372 16,030 12,834

In order to facilitate gene prediction, RNA-Seq was performed. Infected strawberry leaves
were flash frozen in liquid nitrogen prior to RNA extraction using 3% CTAB extraction buffer as
described in Yu et al. 2012 with the following modifications; chloroform/isoamyl alcohol (24:1)
washing was omitted and precipitation was performed at —20°C for 4 h. The resulting RNA
concentration and RNA integrity number of samples were assessed using an Agilent RNA
ScreenTape System (Agilent 2,200 TapeStation; Agilent Technologies Inc., Germany) accord-
ing to the manufacturer’s protocols. Library construction and sequencing was performed via
lllumina HiSeq at Novogene Bioinformatics Technology Co., Ltd. (Cambridge, U.K.). The re-
sulting 88,436,408 read pairs were subjected to a quality control check using FastQC, with
sequences then trimmed and adapters removed using Trimmomatic. Reads were aligned to
the draft P. aphanis genome assembly using STAR v2.7.3 (Dobin et al. 2013). Gene prediction
was performed on the repeat-masked (softmasked) genome using BRAKER v1.9 (Hoff et al.
2019) CodingQuarry v2.0 in pathogen mode (Testa et al. 2015), trained with the aligned RNA-
Seq data. BRAKER gene models were used preferentially, supplemented by CodingQuarry
genes when these were entirely located in intergenic regions, as described in Armitage et al.
(2018). A total of 17,239 genes were predicted encoding 17,328 proteins. Of these, 15,492
predicted genes originated from BRAKER and 1,747 from CodingQuarry. Predicted proteins
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were functionally annotated via Interproscan 5 v44-79.0 (Jones et al. 2014), as well as a
BLASTp search against the Swiss-Prot database (downloaded September 2021) (Boeckmann

et al. 2003), which identified homologs to 1,756 predicted proteins.

This first draft genome assembly and gene models for P aphanis provide a resource
that will facilitate further investigation of the genomics, transcriptomics, and host—pathogen

interactions in this economically important pathogen.

This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank
under the accession JAKRRZ000000000 (BioProject number PRINA744412). The version
described in this paper is GenBank accession number GCA_022627015.2. All sequencing
data have been deposited at the NCBI Sequence Read Archive under the accession num-
bers SRR18158617 (lllumina NovaSeq raw reads) and SRR18158616 (lllumina RNA-Seq
raw reads). Sanger sequence data for the P. aphanis ITS1-4 region have been deposited as

GenBank accession ON597238.
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