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Abstract

Podosphaera pannosa is the causal agent of powdery mildew on eucalypt in Brazil.
This powdery mildew disease is important in nurseries causing leaf and shoot distor-
tion, shoot discoloration and reduction in growth, which decreases mini-cutting pro-
duction. Improved RNA sequencing (RNA-Seq) technologies have allowed increased
information about the transcriptome of several pathogens and hosts, enabling a bet-
ter understanding of their interaction at the gene level. For this study, we analysed
the transcriptome of P. pannosa during leaf infection of Eucalyptus urophylla leaves
using RNA-Seq and de novo transcriptome assembly. The transcriptome was lllumina
sequenced and assembled de novo, generating over 178 million RNA-Seq reads as-
sembled onto 200,473 contigs. After filtering steps, the resulting 12,106 (6%) tran-
scripts were identified as the P.pannosa transcriptome data set. The 10 most
abundant transcripts included genes encoding enzymes likely involved in fungal es-
tablishment and growth, such as dihydrofolate reductase, putative methyltrans-
ferases, acyl-desaturase, glycoside hydrolase and dehydrogenases. In addition, genes
putatively encoding an aquaporin and an orthologue to the effector protein, GoEC2
of Golovinomyces orontii were identified. The predicted secretome consisted of 1,899
translated transcripts, of which 310 exhibited homology to proteins described in the
PHI database, 144 of these showing homology to fungal PHI accessions that affected
pathogenicity or that are described as effectors. In addition, 81 transcripts encoded
secreted proteins homologous to effectors described in the Erysiphales. These re-
sults provide a basis for continued studies to better understand the P. pannosa-euca-
lypt (Eucalyptus spp.) pathosystem and could parallel studies of the eucalypt

transcriptome to help determine host resistance mechanisms.
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1 | INTRODUCTION

Powdery mildews are diseases caused by a group of biotrophic,
plant pathogenic fungi belonging to the Erysiphales. These diseases
are easily recognized by superficial white powdery patches or film
produced by anamorphic mycelia, conidiophores, and conidia af-
fecting leaves, stems, flowers and fruits of almost 10,000 host spe-
cies (Amano, 1986; Braun & Cook, 2012). On eucalypt (Eucalyptus
spp.), powdery mildew is a nursery disease causing leaf and shoot
distortion, shoot discoloration and reduction in growth, which con-
sequently reduces mini-cutting production (Alfenas, Zauza, Mafia,
& Assis, 2009; Keane, Kile, Podger, & Brown, 2000). The eucalypt
powdery mildew pathogen in Brazil was traditionally identified as
Oidium eucalypti Rostr. (1902) or generically as Oidium sp. (Alfenas
et al., 2009) based on its anamorph morphology. Recently, studies
based on ITS and 28S rDNA sequences concluded that Podosphaera
pannosa (Wallr.:Fr.) de Bary (1870) was the cause of powdery mil-
dew on eucalypt in Brazil (Fonseca, Guimaraes, Pires, Klopfenstein,
& Alfenas, 2017). However, studies on the powdery mildew patho-
system are limited, and definitive information is needed to develop
technologies for managing the disease.

Podosphaera pannosa is a pathogen with a broad host range,
including Rosa spp. (Rosaceae), Prunus spp. (Rosaceae), Cotinus
coggygria (Anacardiaceae), Forsythia spp. (Oleaceae), Eucalyptus
spp. (Myrtaceae) (Braun & Cook, 2012) and Corymbia citriodora
(Myrtaceae) (Cho, Park, Lee, Lee, & Shin, 2016). On eucalypt, P. pan-
nosa has been reported in several countries including Argentina,
Brazil, Australia, Denmark, Italy, New Zealand, Poland, Portugal,
United Kingdom, South Africa and recently South Korea (Cho et al.,
2016; Old, Wingfield, & Qing Yuan, 2003).

Like other obligate/biotrophic fungal pathogens, P. pannosa can-
not be cultured on artificial media. These pathogens live in intimate
cellular contact with the host plants via haustoria and depend on
an ability to secrete molecules into host cells that manipulate host
physiology and defence responses, which allow the pathogen to
avoid host recognition (Godfrey et al., 2010). While necrotrophs and
hemibiotrophs mainly secrete secondary metabolites and cell-wall-
degrading enzymes during their necrotrophic phase (Kemen, Agler,
& Kemen, 2015), obligate biotrophs possess large repertoires of ef-
fector proteins, as has been demonstrated for the barley powdery
mildew pathogen, Blumeria graminis (Godfrey et al., 2010; Spanu
et al., 2010) and rust fungi (Bruce et al., 2014; Lorrain, Hecker, &
Duplessis, 2015). Identification of these effector proteins is a fun-
damental step towards developing disease management strategies.

Whole transcriptome sequencing using next-generation sequenc-
ing technologies or RNA Sequencing (RNA-Seq) has increased the
quality and utility of transcriptome analysis through the sequenc-
ing of entire transcriptome of an organism under a given condition.
RNA-Seq is a powerful and relatively cost-effective, high-throughput
sequencing method that uses deep sequencing to produce millions of
short-sequence reads. These reads can be aligned to a reference ge-
nome when available or assembled de novo without the genomic ref-

erence to produce a genome-scale transcription map comprising both

the transcriptional profile and/or level of expression for each gene
(Wang, Gerstein, & Snyder, 2009). For non-model organisms, such
as P. pannosa, the use of RNA-Seq is a practical approach, because
a reference genome is not required. Whole-genome sequencing and
assembly for powdery mildew pathogens are hampered by the obli-
gate nature of the pathogen and by large numbers of repetitive ele-
ments throughout the genomes (Spanu et al., 2010). Transcriptome
sequencing by RNA-Seq provides fundamental information for
gene discovery and quantification of gene expression (Huynh, Page,
Richardson, & Udall, 2015; Kim et al., 2014), comparative genomic
studies (Bindschedler, Panstruga, & Spanu, 2016; Paez, Romero,
Restrepo, Gutiérrez, & Castaiio, 2015; Wang, Shi, & Rinehart, 2015),
secretome analysis and prediction of fungal candidate effectors
(Bruce et al., 2014; Guyon, Balagué, Roby, & Raffaele, 2014; Liu et
al., 2015; Meinhardt et al., 2014). Thus, the aim of our study was to
develop genomic resources, through transcriptome profiling of epi-
phytic hyphae/conidia and haustoria and identification of potential
microsatellites for population genetic studies of P. pannosa, infecting

an economically important tree crop Eucalyptus urophylla.

2 | MATERIALS AND METHODS

2.1 | Fungal and plant material

To obtain powdery mildew pathogen materials for RNA extraction,
10 E. urophylla plants (clone 1,183) were prepared for inoculation.
Ninety-day-old cuttings were transplanted to 2-L pots containing
the commercial substrate MecPlant® (MECPREC commercial indus-
tries, Telémaco Borba, PR, Brazil) supplemented with 3 kg/m3 of su-
perphosphate [Ca (H,PO,),] and 1.5 kg/m?® of Osmocote® (19-6-12;
The Scotts Co., Marysville, OH, USA). Plants were maintained under
greenhouse conditions and inoculated 30 days after transplanting.
Isolate LPF 615 of the eucalypt powdery mildew pathogen, col-
lected in Vicosa, MG, Brazil and maintained on eucalypt cuttings in
a growth chamber free of other inoculum sources, was used for in-
oculations. Inoculations were performed with a small soft brush by
dusting conidia from an infected eucalypt leaf onto newly expanded
leaves of E. urophylla plants. Inoculated plants were placed in growth
chamber at 19 + 2°C with a 12-hr photoperiod and light intensity of
40 pmol s m™. Four weeks later, P. pannosa-infected E. urophylla
leaves were collected, and mycelia, conidia and haustoria within plant
tissues were removed by gentle scraping, and immediately placed
into 2.0-ml microcentrifuge tubes containing 1.0 ml of RNAlater®
Stabilization Solution (ThermoFisher Scientific, NY, USA). The tubes
were sealed and maintained at -80°C until RNA extraction.

2.2 | RNA extraction

Total RNA was extracted from P. pannosa-infected eucalypt leaves
using the ZR Fungal/Bacterial RNA Mini Prep Kit (Zymo Research,
Orange, CA, USA) with the following modifications: 1 ml sterilized
MiliQ water was added to tubes containing RNAlater®, followed
by vortexing and centrifugation at 20,800xg. The supernatant was
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discarded and the pellet resuspended in 800 ul RNA Lysis Buffer;
the mixture was divided between two 2.0-ml FastPrep tubes (MP
Biomedicals, Solon, Ohio, USA) containing 0.18 g of garnet matrix (MP
Biomedicals) and two 6.25-mm ceramic spheres (MP Biomedicals).
The tubes were processed in a FastPrep FP120 cell disrupter (Thermo
Savant; Holbrook, NY, USA) at speed 5.5 for 30 s; tubes were placed
onice for 5 min and processed again using the same methods and con-
ditions. All centrifugation steps were performed at 15,300xg (centri-
fuge model S417R; Eppendorf, Hauppauge, NY, USA). RNA was eluted
in 15 pl DNase-/RNase-free water. RNA concentration was meas-
ured using a NanoDrop 2,000 Spectrophotometer (ThermoFisher
Scientific), and RNA integrity number (RIN) was checked using Agilent
RNA Screen Tape System (Agilent Technologies, Germany) in a 2,200
TapeStation (Agilent Technologies).

2.3 | lllumina sequencing and de novo assembly

lllumina next-generation sequencing was performed at Macrogen
Korea (Seoul, Republic of Korea). First, the rRNA in total RNA was de-
pleted using a Ribo-Zero kit (lllumina Inc., San Diego, CA, USA). The
enriched mRNA samples were subjected to lllumina cDNA library con-
struction using TruSeq stranded mRNA (Microbe) kit (lllumina Inc.).
The RNA was purified, fragmented and primed for cDNA synthesis.
The RNA fragments were transcribed into first-strand cDNA using re-
verse transcriptase and random hexamers, followed by second-strand
cDNA synthesis. These fragments were prepared for sequencing with
an end-repair process and addition of a single “A” base at the 3’ end.
Paired-end adapters were ligated to the ends of these 3’ adenylated
cDNA fragments. Products were purified and enriched using PCR
to create the final cDNA library. The cDNA library was sequenced
using lllumina HiSeq™ 2,000 (lllumina Inc.) producing a read length
of 101 bp.

The resulting sequence reads were subjected to a quality
control check using FastQC. Sequences were trimmed, and the
adapters removed using Trimmomatic V0.32 with settings at
ILLUMINACLIP: TruSeq3-PE-2.fa:2:151:10 LEADING:3 TRAILING:3
SLIDINGWINDOW:4:15 MINLEN:36. De novo transcriptome as-
sembly of the sequence reads was performed using the software
package, Trinity (version r20140717), a de Bruijn graph-based as-
sembler (Grabherr et al., 2011). Assembled sequences with a mini-
mum length of 201 bp were recorded as a contig.

2.4 | ldentification of P. pannosa transcripts and
functional annotation

Assembled contigs were utilized for similarity searches against the
NCBI non-redundant (nr) protein database (http://www.ncbi.nlm.
nih.gov/) with BLASTX algorithm with an e-value < 1e™. Because
RNA was extracted from fungal tissue removed from infected eu-
calypt leaves, it was expected that eucalypt, insect and/or other
microbial transcripts would be present in the samples. To remove
transcripts that were not produced by P. pannosa, the results were
filtered based on BLASTX searches and only those transcripts
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for further analysis of the P. pannosa transcriptome. Gene annota-
tion on Gene Ontology Functional Classification System was per-
formed using the Blast2GO program (Conesa et al., 2005), which
retrieved Gene Ontology (GO) terms in the categories, molecular
function (MF), biological process (BP) and cellular component (CC)
assigned to the powdery mildew pathogen genes based on their ho-
mologies to the NCBI nr database.

Transcript abundance was estimated using RSEM 1.2.15 (RNA-
Seq by Expectation-Maximization), an accurate software tool for
quantifying transcript abundance from RNA-Seq data (Li & Dewey,
2011). Since the results were produced in a unit of a transcript, nor-
malized expression values (i.e. FPKM: Fragments Per Kilobase of
transcript per Million mapped reads) were used to quantify the ex-

pression (relative abundance) of each contig.

2.5 | Prediction of secretory proteins

Secreted proteins were predicted using DeeplLoc-1.0. This soft-
ware uses “deep neural networks” to predict protein subcellular lo-
calization based only on the protein sequence information (Almagro
Armenteros, Kaae Sgnderby, Kaae Sgnderby, Nielsen, & Winther,
2017). The proteome (i.e. set of proteins encoded within transcrip-
tome) was obtained by identifying the longest open reading frame of
each transcript using the “getorf” subcommand in Hmmer2Go 0.17.8
(Staton, 2018), setting the lower limit to 50 aa.

2.6 | Prediction of pathogenicity proteins

To identify proteins involved in pathogenicity, the proteome was
also used as a query for BLASTP (e-value < 0.05) search against the
pathogen-host interaction database (PHI-base v4.5) that catalogues
experimentally verified pathogenicity, virulence and effector genes
from fungal, oomycete and bacterial pathogens (Winnenburg et al.,
2008).

Searches for transcripts encoding proteins described as putative
effectors were also performed using BLASTP (e-value < 0.05) of the
proteome against a database of Erysiphales proteins obtained from
the NCBI nr database.

2.7 | Screening for simple sequence repeat loci

Searches for polymorphic tandem repeat [i.e. microsatellites/simple
sequence repeats (SSR)] motif regions from the contig data set of
P. pannosa were performed using the Batch Primer3 web software
[http://probes.pw.usda.gov/cgi-bin/batchprimer3/batchprimer3.
cgil. The same web server was used to design primer pairs. The pat-
tern types screened were perfect tri-, tetra-, penta- and hexa-nu-
cleotide motifs with minimum number of SSR patterns repeat set
for three, four, five and six, respectively. Primer design parameters
were set as follows: PCR product size range = 100 to 300 bp with
150 bp as optimum; primer size range = 18 to 23 nucleotides, with
21 as optimum; annealing temperature (Tm) optimum = 55°C; and
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TABLE 1 Basic statistics of de novo transcriptome assembly in
Podosphaera pannosa

All transcript Only longest

contigs isoform per “gene”
Total Trinity transcripts 200,473 180,413
N50 (b) 586 497
Maximum contig length (b) 13,361 13,361
Minimum contig length (b) 201 201
Median contig length (b) 310 300
Average contig length (b) 493.7 453.5
Total assembled bases 98,973,062 81,813,563

GC content ranging from 40% to 60%, with 50% as optimum, ac-

cordingly with default parameters.

3 | RESULTS

3.1 | lllumina sequencing and de novo assembly

In total, we obtained 185,128,706 reads containing 18,697,999,306 bp
from the cDNA library. After adaptor sequences and low-quality reads
were removed, over 178 x 10° RNA-Seq ranging from 36 to 101 bp,
paired-end reads remained with a Q30 of 93.6% and 49.3% GC. The
de novo assembly produced 200,473 contigs, which were assembled
from 98,973,062 bases with a median contig length of 493.7 bp and an
N50 metric of 586 bp. Considering only the longest isoform per gene,
180,413 contigs were identified with a median contig length of 300 bp
and an N50 metric of 497 bp (Table 1).

BP 250 500 750 1,000

o

1,250 1,500 1,750 2,000 2,250 2,500 2,750

3.2 | lIdentification of P. pannosa transcripts and
functional annotation

Among all assembled transcripts, 146,546 (73.1%) were successfully
annotated using BLASTX algorithm against NCBI nr protein database
5. The 53,927 (26.9%) transcripts
with no hits to nr database were saved as a separate library for fu-

with an e-value threshold of le

ture investigations. After annotation, transcripts were subjected to
a manual filtering to retrieve only the most reliable pathogen tran-
scripts. Of the 146,546 annotated transcripts, 12,106 (8.3%) tran-
scripts were retrieved with significant (>95%) similarity to proteins
from Erysiphales (i.e. B. graminis, Erysiphe necator, G. orontii, P. macu-
laris and P. fusca). The resulting transcript data set was considered
as the P. pannosa transcriptome for further analysis. Reference tran-
scriptome of P. pannosa (12,106 contigs > 200 nt) was submitted to
the NCBI Transcriptome Shotgun Assembly (TSA) database under
the accession number GHDEOOOOOOOO (BioProject PRINA474547).

Gene annotation on Gene Ontology Functional Classification
System (GO terms) resulted in 42.8% of total transcripts (5,181 out
of 12,106) successfully annotated, 23.6% (2,851 of 12,106) of which
were assigned to at least one GO term. Of the total 12,106 transcripts,
5,101 (42.1%) had similarity with proteins defined only as hypothetical.
Within contigs that had significant similarity to Erysiphales, a BLASTX
top-hit species distribution of gene annotations showed highest simi-
larity to B. graminis (51.3%), followed by E. necator (48.1%). In addition,
42 (0.35%) transcripts had homology with G. orontii protein-encod-
ing sequences, and 16 (0.13%) assembled transcripts aligned with
P. macularis and P. fusca protein-encoding sequences.

Three GO annotation categories are provided by the GO data-
base: biological process (BP), molecular function (MF) and cellular

Go distribution by level - Top 20
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FIGURE 1 Summary of Top 20 functional annotations of Podosphaera pannosa transcriptome by Gene Ontology (GO) terms divided into
three main domains, biological process (BF), molecular function (MF) and cellular component (CC)
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component (CC). In this study, the distribution among these three
GO domains was sorted based on level 2 classification. BP do-
mains comprised the majority of assignments (9,755; 80.6%), with
metabolic process (3,187; 26.3%), cellular process (2,889; 23.9%)
and single-organism process (1,554; 12.8%) representing the most
abundant categories. MF domains were prominently represented by
binding (2,801; 23.1%) and catalytic activity (2,432; 20%). GO terms
with most assigned sequences under the domains of CC (7,255; 60%)
were cell (1,783; 14.7%) and cell parts (1,770; 14.6%) (Figure 1).

To quantify the expression of each transcript, the reads were
assembled back to the contigs and reported FPKM values. Of all
12,106 transcripts, the most abundant expressed gene for the
P. pannosa transcriptome was homologous to dihydrofolate reduc-
tase (DHFR) (c169657_g1_i1), an enzyme found in many organ-
isms. Other expressed enzyme-encoding genes found on the most
expressed transcripts of the P. pannosa transcriptome were genes
encoding transferase, hydrolase and enzymes belonging to oxidore-
ductase group, such as desaturase and dehydrogenase. A highly ex-
pressed transcript (c11058_g1_i1), homologous to effector protein
EC2 of G. orontii, was also identified in this study (Table 2).

3.3 | Secretome and effector prediction

Analyses of the P. pannosa transcriptome were performed to identify
potential secretory proteins and effectors (Figure 2). The search for
extracellular proteins using Deeploc resulted in 1,899 transcripts
coding for putative secreted proteins. A total of 3,195 proteins had
a match in the PHI-base, but only 310 were predicted as extracel-
lular. Of those predicted as extracellular, 171 were reported as “ef-
fector_plant avirulence determinant” or “reduced virulence” or “loss

WILEY--2°

of pathogenicity” (the rest were “unaffected pathogenicity,” “lethal”
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or “increased virulence”), and of those, 144 were reported in fungi,
while the remaining ca. 27 included mostly plant pathogenic bacte-
ria (Supporting Information Table S1). The BLASTP of the proteome
against a database of Erysiphales proteins resulted in 263 proteins
with highest similarity to putative effectors, including many that
were assigned to the EKA (Effectors homologous to the Avr k 1 and
Avr a 10 avirulence) gene family (Amselem et al., 2015), and of these,
81 were also predicted as extracellular (Supporting Information
Table S2).

Six of the putative effectors found after the BLASTP search had
significant similarity to proteins in the final set of 144 PHI-base ac-
cessions mentioned above. Four of these proteins were previously
described in Magnaporthe oryzae, one in Botrytis cinerea, and one in

Cryptococcus neoformans (Table 3).

3.4 | Microsatellite marker identification and testing

All 12,106 contigs were used to mine potential SSRs defined as
tri- to hexa-nucleotide motifs with a minimum of four repeats for
tri-nucleotide motifs and three repeats for tetra- to hexa-nucleo-
tide motifs. A total of 1,571 putative SSRs were identified, and of
these, 1,389 (88.3%) had sufficient flanking sequences to permit
the primer design. Tri-nucleotide SSR motifs were the most abun-
dant, 711 were detected (45.2%), followed by tetra- and hexa-nu-
cleotide motifs (36.2% and 11.5%, respectively). Penta-nucleotide
motifs were found less frequently, with only 107 (Table 4). The
length of SSR motifs ranged from 12 to 48 nucleotides. If the
thresholds were raised from four to five repeats for tri-nucleo-
tide motifs and from three to four repeats for tetra-, penta- and

TABLE 2 Summary of the 10 most
abundant expressed genes in the
transcriptome of Podosphaera pannosa
according to FPKM values

Contig ID FPKM Accession Annotation Source

c169657_g1_il 532,61 CCU82453.1 Dihydrofolate Blumeria graminis
reductase

c74378_gl il 495,70 KHJ35908.1 Putative fungal Erysiphe necator
protein

c130120_g1_i1 294,08 KHJ33619.1 Putative Erysiphe necator
methyltransferase

c92601_gl i1 288,67 CAD66431.1 Aquaporin 1 Blumeria graminis

c149315_g1_il 288,18 KHJ34064.1 Putative Erysiphe necator
acyl-desaturase

c149758_gi_il 276,43 KHJ30843.1 Putative glycoside Erysiphe necator
hydrolase

c152156_g1_il1 273,43 KHJ31592.1 Hypothetical protein Erysiphe necator

c11058_g1_i1 269,02 AEQ16464.1 Effector protein EC2 Golovinomyces

orontii

c130884_g1_i1 248,64 KHJ35817.1 Putative Erysiphe necator
dehydrogenase

c91266_gl il 236,90 CCU78156.1 Allergen F4-like/ Blumeria graminis

hypothetical protein

Notes. FPKM, Fragments per kilobase of transcript per million fragments mapped.

The information of accession, annotation and source was from BLASTX against NCBI non-redun-

dant protein database.
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Podosphaera pannosa transcriptome
(12,106)

Proteome
(longest open reading frames)

(3,195)

i Blast against
Blastp against Deeploc Erysiphales
PHI-base database
Homologous to Secreted proteins Homologous
PHI accesions (1,899) effector proteins

(263)

Extracellular PHI

homologous
(310)
PutaXve extracellular
effectors
Reported on fungi as (81)

effectors or affecting
pathogenicity
(144)

hexa-nucleotide motifs, the number of detectable SSRs decreased
to 392, of which, 289 SSR sequences permitted suitable primer
pair design. In total, 309 primer pairs were identified that have the
potential to amplify these SSRs (Table 4).

4 | DISCUSSION
Powdery mildews are diseases on the economically important eu-
calypt crop in South America, but little is known about the patho-
gen, which was only recently identified as P. pannosa (Fonseca et al.,
2017). The transcriptome sequencing of P. pannosa produced more
than 178 million reads, de novo assembled into ~200,000 transcripts.
The de novo transcriptome assembly method was used because a
whole-genome sequence is not currently available for P. pannosa.
This method has yielded good results for several non-model organ-
isms, including fungi (Liu et al., 2015; Ross-Davis et al., 2013; Thakur
et al., 2013; Yazawa, Kawahigashi, Matsumoto, & Mizuno, 2013) and
plants (Castro et al., 2015; Li, Deng, Qin, Lui, & Men, 2012).

As expected, the BLASTX search against the NCBI nr database
revealed that the majority of annotated transcripts derived from
scraped P. pannosa-infected leaves of E. urophylla originated from

non-P. pannosa organisms. After manual filtering, the resulting

FIGURE 2 Workflow of secretome
prediction for Podosphaera pannosa during
infection of eucalypt (Eucalyptus urophylla)
using bioinformatics tools. Number of
transcripts after each methodology
applied is in parenthesis

12,106 transcripts were identified as the P. pannosa transcriptome
data set. A similar strategy was used previously to recover tran-
scripts of Bipolaris sorghicola from infected sorghum (Sorghum bicolor)
leaves, which was also based on a de novo transcriptome assembly
(Yazawa et al., 2013). In that previous study, the mixed transcriptome
of B. sorghicola-infected sorghum leaves resulted in 160 pathogen
transcripts. For comparison, a previous transcriptome-sequencing
strategy with another powdery mildew pathogen resulted in 29,505
transcripts acquired from conidia scraped off P. plantaginis-infected
ribwort plantain (Plantago lanceolata) leaves using a 454 GS-FLX se-
quencing platform and de novo assembly (Tollenaere et al., 2012).
However, that previous study had a low depth of sequencing (1.76
reads per nucleotide) compared to the high, deep sequencing used
in this study that provided an average 148-fold coverage. Previous
transcriptome sequencing of G. orontii haustoria using deep 454
pyrosequencing resulted in 7,077 contigs assembled by mapping
back to the G. orontii draft genome with 3,725 annotated contigs
(WeRling et al., 2012). In this study, the sequencing depth and the
number of transcripts of P.pannosa obtained demonstrated the
merits of the methodology chosen to identify pathogen transcripts,
which resulted in strong representation of the total transcriptome
of P. pannosa. With this method, however, putative P. pannosa tran-

scripts with no significant similarity to previously identified genes
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TABLE 3 Effectors found in the transcriptome of Podosphaera pannosa after the BLASTP search with significant similarity to proteins in
the final set of 144 PHI-base accessions (extracellular, described in fungi, and reducing virulence or described as effectors)

seq_id e-value blast_top_hit

c69581_g6_i2 3E-33 CCU75383.1 EKA-like protein [Blumeria graminis
f. sp. hordei DH14]

c66694 gl il 3E-12 CCU76905.1 CSEP0219 putative effector protein
[Blumeria graminis f. sp. hordei DH14]

cl614 g1 i1 4E-113 CCU77073.1 EKA-like protein [Blumeria graminis
f. sp. hordei DH14]

c172634_g1_i1 8E-58 CCU77073.1 EKA-like protein [Blumeria graminis
f. sp. hordei DH14]

c49687 gl _i2 4E-114 CCU77073.1 EKA-like protein [Blumeria graminis
f. sp. hordei DH14]

c127010_g1_i1 3E-28 CCUB82076.1 CELP0017 effector like protein

[Blumeria graminis f. sp. hordei DH14]

TABLE 4 Report statistics of
microsatellites (simple sequence repeats;
SSRs) detection and primer design from

Location PHI

A6SRO5#PHI:7594#BcCFEM1
#40559
#Botrytis_cinerea
#reduced_virulence__
unaffected_pathogenicity

G4MNL6#PHI:2092#Cch1
#318829
#Magnaporthe_oryzae
#reduced_virulence

Q96TN6#PHI:256#GAS1
#318829
#Magnaporthe_oryzae
#reduced_virulence

Q96TN6#PHI:256#GAS1
#318829
#Magnaporthe_oryzae
#reduced_virulence

Q96TN6#PHI:256#GAS1
#318829
#Magnaporthe_oryzae
#reduced_virulence

JOVHR6#PHI:3236#Aph1#5207
#Cryptococcus_neoformans
#reduced_virulence

Extracellular

Extracellular

Extracellular

Extracellular

Extracellular

Extracellular

Tri/4x, Tetra/3x,
Penta/3x, Hexa/3x

Tri/5x, Tetra/4x,
Penta/4x, Hexa/4x

the transcriptome of Podosphaera pannosa. Total of SSRs detected 1,571 392

Minimum number of repeats described as Number of tri-nucleotide SSRs detected 711 237

unit size/minimum number of repeats Number of tetranucleotide SSRs detected 570 121
Number of penta-nucleotide SSRs detected 107 15
Number of hexa-nucleotide SSRs detected 183 19
Number of sequences with primers pairs 1,152 289
Total primer pairs identified 1,389 309

from Erysiphales were filtered out of the transcriptome data. Thus, it
is likely that some highly conserved genes and other uncharacterized
genes are underrepresented in our P. pannosa transcriptome.

The 10 most abundant transcripts included genes encoding en-
zymes likely involved in fungal establishment and growth, such as
DHFR, putative methyltransferases, acyl-desaturase, glycoside hy-
drolase and dehydrogenase. Additional transcribed genes putatively
encoded an aquaporin and an effector protein.

DHFR had the highest FPKM value, representing the P. pannosa
gene that was most transcribed during eucalypt infection. DHFR is
used in cell proliferation and cell growth, and it also plays a role in
regulating the amount of tetrahydrofolate in the cell, which is essen-
tial for purine and thymidylate synthesis (Schnell, Dyson, & Wright,
2004). The transcripts of a putative methyltransferase gene were

also found in high number. In M. oryzae, this enzyme was reported as

important for DNA methylation contributing to fungal development
and genome defence (Jeon et al.,, 2015), and in the entomopatho-
genic fungus Beauveria bassiana as contributing to spore viability,
fungal development, protein secretion and virulence (Qin, Ortiz-
Urquiza, & Keyhani, 2014).

Glycoside hydrolase (or glycosyl hydrolase) family proteins are
known to be involved in host cell-wall degradation. A plant cell-
wall-degrading enzyme was identified among the most abundant
transcripts in P. pannosa. Although high levels of cell-wall-degrading
enzyme gene transcription might be expected from necrotrophic or
facultative plant pathogens, this enzyme could augment cell penetra-
tion and appressorium formation by P. pannosa. Glycoside hydrolase
family proteins were previously reported as occurring during the ini-
tial infection stages of M. oryzae on rice, where these enzymes were

found to be involved in host cell-wall degradation and appressorium
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formation (Kawahara et al., 2012). In addition, the same work found
that glycoside hydrolase-encoding transcripts were upregulated in
both host and pathogen, suggesting that these cell-wall-degrad-
ing enzymes play roles in both host defence and pathogen attack.
Similarly, glycoside hydrolases were also previously characterized in
the biotrophic rust fungus, Uromyces fabae (Murphy, Powlowski, Wu,
Butler, & Tsang, 2011).

Aquaporins are specialized pore proteins that help channel water
and enhance the permeability of cell membranes. Genes encoding
aquaporins are found in mammals, plants and some microorganisms
including the powdery mildew pathogen, B. graminis (Tanghe, Dijck,
& Thevelein, 2006). Although the function of these aquaporins is
not well established for fungi, a high level of aquaporin transcription
was observed during mycelial growth of the ectomycorrhizal fungus
Laccaria bicolor. Such findings suggest a demand for elevated water
permeability in the plasma membrane when hyphae are growing
(Nehls & Dietz, 2014). As expected, genes encoding products that
contribute to establishment, development and growth of P. pannosa
were highly expressed during eucalypt infection.

Secreted proteins play an important role in communication be-
tween the fungal pathogen and the host plant; some of these se-
creted proteins may be effectors, which are defined as proteins and
other compounds that enhance disease development by targeting
host processes, but are redundant to basal growth processes in the
pathogen (Godfrey et al., 2010). In this work, we predicted the set
of secreted proteins using the machine learning program Deeploc,
which relies on the sequence information to provide results that
outperform current state-of-the-art algorithms based on homology
(Almagro Armenteros et al., 2017).

The transcript ¢11058_g1_i1, which encoded a protein ortho-
logue of the effector protein GoEC2 of G. orontii, was one of the
most abundant transcripts during P. pannosa infection of eucalypt;
the encoded protein is predicted to be extracellular. However, this
protein did not appear in the search results against PHI-base (see
below). GOoEC2 functionality during G. orontii infection of Arabidopsis
thaliana was explored by Schmidt et al. (2014), who reported the po-
tential of GOEC2 to enhance host susceptibility by promoting fungal
penetration. In B. graminis, high transcript levels of the orthologous
gene, BEC2, were observed at the time of appressorium formation,
after which transcript levels decreased (Schmidt et al., 2014). In
addition to being found among P. pannosa transcripts in this study,
and the orthologous genes in G. orontii and B. graminis, orthologous
genes have also been described in the genome of Erysiphe pisi, causal
agent of pea powdery mildew (Spanu et al., 2010), indicating gene
conservation among powdery mildew pathogen species.

Only six of the putative effectors found after the BLASTP were
comprised in the final set of 144 PHI-base proteins. This may be
because the PHI database consists only of entries that have been
tested experimentally, whereas many of the effectors in the NCBI
nr database are only predicted based on significant similarity. In ad-
dition, when experimental evidence is available it is not necessarily
uploaded to the PHI database. Therefore, the list of putative effec-
tors is much larger in the nr database compared to the PHI database.

AVR genes encode proteins that may potentially have dual roles
as an AVR protein and as an effector, and are also known to in-
crease the pathogenicity of B. graminis f. sp. hordei in barley plants
(Amselem et al., 2015). In P. pannosa, eight transcripts were found
homologous to genes encoding putative AVR10-like proteins includ-
ing five B. graminis and three E. necator proteins. Resistant barley
encodes MIal0 resistance proteins that recognize the presence of
AVR,,,. thereby eliciting the hypersensitive response (localized cell
death) typical of gene-for-gene interactions (Ridout et al., 2006).
These transcripts were not selected as putative effectors by the
workflow used in this study because unlike other known effectors,
the AVR,,, genes encode proteins that do not contain a secretory
signal peptide (Ridout et al., 2006) and the corresponding proteins
were not predicted as extracellular by DeeplLoc. AVR,,, genes
belong to a large gene family along with their homologous AVRk1
genes and the EKA family, with more than 1,350 homologues in
the B. graminis genome (Spanu et al., 2010). It has recently been
hypothesized that this enormous number of homologues in the
genome could act as an reservoirs from which new effector genes
may quickly evolve to overcome the host resistance (Amselem et
al., 2015). Our P. pannosa transcriptome encoded 102 EKA-like pro-
teins, 40 of which were predicted to be secreted. Out of the six
effectors found by a BLASTP search against the Erysiphales protein
database that are homologous in the final PHI-base set, four were
EKA-like proteins (Table 3).

Studies of population biology rely on the use of molecular mark-
ers that can exhibit polymorphism among different populations.
Microsatellite or simple sequence repeats (SSRs) markers have the
advantage over other DNA fingerprinting because they are co-
dominant, highly polymorphic, species specific and require minimal
DNA. The search for SSRs within the 12,106 transcripts of P. pan-
nosa yielded 392 SSR motifs, of which 309 sequences allow for pu-
tative primer design. Searches for repeat motifs within nucleotide
sequences from EST libraries, whole genomes and transcriptomes
have been successfully used for several fungi and plants (Frenkel
et al.,, 2012; Parchman, Geist, Grahnen, Benkman, & Buerkle, 2010;
Salgado et al., 2014; Tucker et al., 2015). Although SSR markers
derived from expressed sequences or transcriptome data can be
considered less informative due to DNA sequence conservation
compared to genomic sequences (Bouck & Vision, 2007), such mark-
ers are cost and time effective, and provide useful polymorphic
markers from putatively mRNA-derived sequences (Frenkel et al.,
2012; Tucker et al., 2015). The SSR sequences identified here pro-
vide substantial resources to design of SSR markers specifically for
examining the population structure of P. pannosa.

This study describes the generation of transcriptome sequences
of P. pannosa using next-generation sequencing technology and de
novo assembly for protein identification and secretome prediction
that allow further study of P. pannosa. To our knowledge, this is the
first study of P. pannosa transcriptome during infection of E. urophylla
using RNA-Seq. The results generated in this work increase general
knowledge about powdery mildew pathogens and provide useful in-
formation for new advances in research and disease management.
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Furthermore, this study provides a basis for better understanding
the P. pannosa-eucalypt pathosystem, which could parallel studies
of the eucalypt transcriptome to help determine host resistance

mechanisms.
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