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ABSTRACT

SANTOS, Samuel Alves dos, D.Sc., Universidade Federal de Vigosa, February, 2020.
Genomic and transcriptomic analyses of Austropuccinia psidii and Ceratocystis fimbriata,
the causal agents of myrtle rust and ceratocystis wilt, respectively. Adviser: Acelino Couto
Alfenas. Co-adviser: Pedro Marcus Pereira Vidigal.

Austropuccinia psidii and Ceratocystis fimbriata complex, the causal agents of Myrtle rust and
Ceratocystis wilt, respectively, have been considered important fungal pathogens especially due
to their wide and expanding host range across the world. Whole genome sequencing and RNA-
Seq are powerful tools that provide information about pathogens biology, plasticity, evolution,
and pathogenicity, which are crucial to a better understanding of host-pathogen interactions.
Therefore, in chapter 1 of this Thesis, we present a high-quality assembly and annotation of the
haploid nuclear genome and de novo transcriptome of 4. psidii epitype guava (Psidium guajava)
isolate, which is so far the largest genome among Pucciniales rust fungi. Additionally, in
chapter 2, we evaluated the gene expression profile of two contrasting Eucalyptus grandis
genotypes in resistance level to rust (4. psidii) and found a constitutive overexpression of
several resistance-related genes in the resistant genotype compared to the susceptible one. In
chapter 3, we present de novo genome assembly and annotation for the nuclear genome of 21
fungal pathogens of the C. fimbriata complex from different host species and geographic
region. Comparative genomic analysis revealed that independently on host and geographic
location, the majority of genome features showed a high level of similarity among all
Ceratocystis isolates. Moreover, in order to understand the molecular mechanisms related to C.
fimbriata pathogenicity on Eucalyptus spp., in chapter 4, we evaluated the first transcriptome
of C. fimbriata LPF1912 isolate during its infection on 16 eucalyptus genotypes. Through
comparative genomic analysis with C. eucalypticola and Calonectria pseudoreteaudii, which
also infect eucalyptus, we identified different pathogenicity-related genes among the three
eucalyptus pathogens. Finally, our genomic and transcriptomic dataset analyses provide a
valuable framework for future studies leading to a better comprehension of the biology,

plasticity, evolution, and pathogenicity of 4. psidii and C. fimbriata complex.

Keywords: Puccinia psidii. Comparative genomic analysis. Differentially expressed genes.

RNA-Seq. OrthoMCL analysis. Plant resistance.



RESUMO

SANTOS, Samuel Alves dos, D.Sc., Universidade Federal de Vigosa, fevereiro de 2020.
Gendémina e transcriptomica de Austropuccinia psidii and Ceratocystis fimbriata, agentes
causais da ferrugem das Myrtaceae e murcha de Ceratocystis, respectivamente.
Orientador: Acelino Couto Alfenas. Coorientador: Pedro Marcus Pereira Vidigal.

Austropuccinia psidii e Ceratocystis fimbriata, agentes causais da ferrugem das Myrtaceae e
murcha de Ceratocystis, respectivamente, tem sido considerados como importantes
fitopatogenos principalmente devido a sua ampla e crescente gama de hospedeiros ao redor do
mundo. Sequenciamento de genoma completo e RNA-Seq sdo ferramentas importantes, as
quais geram informagdes sobre a biologia, plasticidade e viruléncia de patdgenos, as quais sao
fundamentais para uma melhor compreensdo das interagdes patdgeno-hospedeiro. Nesse
sentido, no capitulo 1 desta Tese, apresentamos uma montagem de novo e anotacdo de alta
qualidade para o genoma nuclear haploide de 4. psidii isolado de goiabeira (Psidium guajava),
o qual ¢ ate 0 momento o maior genoma conhecido dentre os fungos Pucciniales causadores de
ferrugem. No capitulo 2, avaliamos o perfil de expressao génica de dois clones de Eucalyptus
grandis contrastantes em relacdo ao nivel de resisténcia a ferrugem (A4. psidii) e observamos
uma superexpressdo constitutiva de genes relacionados a resisténcia no genotipo resistente
comparado ao suscetivel. Adicionalmente, no capitulo 3, apresentamos uma montagem de novo
e anotagdo do genoma nuclear de 21 patégenos do complexo C. fimbriata, oriundos de
diferentes espécies hospedeiras e regides geograficas. Andlises em gendmica comparativa
revelaram que independente do hospedeiro ou regido, a maioria das caracteristicas do genoma
tiveram alto grau de semelhanga dentre os 21 patégenos. Além disso, na busca de um melhor
entendimento dos mecanismos moleculares relacionados a patogenicidade de C. fimbriata em
Eucalyptus spp., no capitulo 4, avaliamos o primeiro transcriptoma de C. fimbriata LPF1912
durante sua infec¢do em 16 clones de eucalipto. Por meio de gendmica comparativa com C.
eucalypticola and Calonectria pseudoreteaudii, os quais também sdo patogénicos ao eucalipto,
observamos diferente genes relacionados a patogenicidade entre esses trés patogenos de
eucalipto. Os dados apresentados neste estudo irdo servir de base para estudos futuros levando
a uma melhor compreensdo da biologia, plasticidade, evolug@o e patogenicidade de A. psidii

and C. fimbriata.

Palavras-chave: Puccinia psidii. GenOmica comparativa. Genes diferencialmente expressos.

RNA-Seq. OrthoMCL analises. Resisténcia.
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GENERAL INTRODUCTION

Plant diseases, especially those caused by fungal pathogens, always have been threatened the
crops and natural vegetation across the world. Among the several fungal plant pathogens,
Austropuccinia psidii (Winter) Beenken and Ceratocystis fimbriata Ellis & Halsted, the causal
agents of myrtle rust (MR) and ceratocystis wilt (CW), respectively, have gotten special
attention due to mainly their wide and expanding host range and geographic distribution.

Austropuccinia psidii is a biotrophic fungus that was first reported as Puccinia psidii in
1884 infecting guava plants (Psidium guajava) in Sao Francisco do Sul, Santa Catarina State,
Brazil (Winter 1884). Since then it has spread from South to North America (MacLachlan 1938;
Marlatt and Kimbrough 1979; Coutinho et al. 1998; Uchida et al. 2006). The fungus infects
several host species within the Myrtaceae family and has been spreading to other continents,
including Asia (Kawanishi et al. 2009; Zhuang and Wei 2011; McTaggart et al. 2016; du Plessis
etal. 2017), Africa (Roux et al. 2013), and Oceania (Carnegie et al. 2010; Beresford et al. 2018).
MR symptoms depend on the susceptibility of the host, however, may range from small pustules
with few spores to massive production of powdery bright yellow urediniospores with shoot
dieback that may ultimately result in plant death (Alfenas et al. 2009). As susceptible species
are dominant components of flora in widespread global areas, 4. psidii is a constant risk to
native biodiversity and disease outbreaks could severely alter the structure, composition, and
function of these ecosystems (Pegg et al. 2014; Carnegie et al. 2016; Pegg et al. 2017; Beresford
et al. 2018). In Brazil, MR has significant economic importance in Eucalyptus spp. plantations
(Alfenas et al. 2003; Alfenas et al. 2009), especially in the first year after planting with
eucalyptus trees up to 0.5-3.0 m tall (Zauza et al. 2010).

Ceratocystis fimbriata is considered a species complex (de Beer et al. 2014) and also has
a wide host range that includes many crops and native tree species around the world, such as
sweet potato (Ipomoea batatas), eucalyptus (Eucalyptus spp.), teak (Tectona grandis), rubber
tree (Hevea brasiliensis), mango (Mangifera indica), kiwifruit (Actinidia sp.), andiroba
(Carapa guianensis), aroids (Colocasia esculenta), acacia (Acacia sp.), pomegranate (Punica
granatum), ‘0hi‘a (Metrosideros polymorpha), among others (Ferreira et al. 1999; Huang et al.
2003; Harrington et al. 2005; Firmino et al. 2012; Valdetaro et al. 2015; Piveta et al. 2016;
Galdino et al. 2016; Alam et al. 2017; Barnes et al. 2018; Valdetaro et al. 2019). In Brazil, this
fungal pathogen is particularly important in eucalyptus plantations. CW was first detected in
Brazil on Eucalyptus sp. during the 1990s (Ferreira et al. 1999), since then it has become a

serious disease greatly threatening eucalyptus plantations (Oliveira et al. 2015a), affecting
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growth and wood quality, as well as causing death of eucalyptus trees in the field (Zauza et al.
2004; Rosado et al. 2010; Mafia et al. 2013; Fernandes et al. 2014). Commonly, the infection
begins at the roots or at the base of the stem, with dark brown to black radial streaks of the
woody xylem tissue observed as colonization advances and causes cell death in several plant
tissues such as ray parenchyma, vascular cambium, phloem and phelloderm (Ferreira et al.
2006). The visible symptoms in susceptible eucalyptus genotype infected by C. fimbriata are
wilt of the canopy, branch death, and consequently death of the entire tree (Ferreira et al. 2006;
Alfenas et al. 2009; Roux and Wingfield 2009; Ferreira et al. 2013).

Over the years, the Brazilian forest companies have been introduced the resistance to
these two diseases as a treat in their breeding programs. Thus, in the Eucalyptus spp. plantations
in Brazil, the major strategies to manage both diseases have been the selection and planting of
resistant eucalyptus genotypes (Zauza et al. 2004; Rosado et al. 2010; Miranda et al. 2013; Silva
et al. 2013; Santos et al. 2014). Understanding the genetic diversity of the pathogen population,
as well as the molecular mechanisms involved in resistance, is crucial to obtain a genotype with
robust and durable resistance in the field. Studies to access the genetic diversity of A. psidii and
C. fimbriata populations have been focused mainly in genotyping analysis using microsatellite
markers (Ferreira et al. 2010; Zhong et al. 2011; Ferreira et al. 2011; Simpson et al. 2013; Graga
et al. 2013; Machado et al. 2015; Oliveira et al. 2015b; Stewart et al. 2018). Advances on the
whole genome sequencing (WGS) and transcriptome sequencing (RNA-Seq) technologies have
been provided high-quality genome and transcriptome sequences much more rapidly and
cheaply (Goodwin et al. 2016). WGS has already been applied in plant pathology and in plant-
microbe interaction research to infer the evolution of pathogens, pathogenicity factors, and
virulence genes (Cantu et al. 2011). In addition, it also has been employed in comparative
analyses between different races or species (Duplessis et al. 2011), as well as the identification
of effector proteins (Joly et al. 2010). Moreover, RNA-Seq is an approach to assess
transcriptome profiling, which provides expression information of a large number of transcripts
and their isoforms (Wang et al. 2009). Recently, this tool has been widely applied in
transcriptome analysis in several plant-pathogen interactions (Zhu et al. 2013; Hayden et al.
2014; Liu et al. 2015; Chakraborty et al. 2016; Ye et al. 2017; Hsieh et al. 2018; Tobias et al.
2018), however, it is still unexplored for Eucalyptus grandis - A. psidii and E. grandis - C.
fimbriata pathosystems.

This study aimed: 1) To obtain a high-quality assembly and characterization of the genome

structure and gene content of A. psidii; ii) To evaluate the transcriptome profiling of E. grandis
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genotypes inoculated with A. psidii; iii) To obtain a high-quality genome assembly of 21 C.
fimbriata isolates from different host species; and iv) To identify the main pathogenicity-related
genes of C. fimbriata during its infection on Eucalyptus sp. genotypes. Therefore, this Thesis
comprises the following four chapters: 1) Genome assembly and annotation of Austropuccinia
psidii epitype guava (Psidium guajava) isolate, the causal agent of myrtle rust; 2)
Transcriptome analysis of Eucalyptus grandis genotypes reveals constitutive overexpression of
resistance-related genes to rust (Austropuccinia psidii); 3) Comparative genomic analysis of
22 fungal isolates of the Ceratocystis fimbriata complex; and 4) Comparative genomic and
transcriptomic analyses reveal different pathogenicity-related genes among three eucalyptus

fungal pathogens.
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Abstract Pucciniales fungi are well known to have the largest and complex genomes among
Fungi. Austropuccinia psidii has a wide and expanding host range and has been a constant threat
to many Myrtaceae native species across the world. However, very little is known regarding its
genome structure and gene content. In this study, we present a high-quality assembly and
annotation of the haploid nuclear genome and de novo transcriptome of 4. psidii epitype guava
(Psidium guajava) isolate. The genome assembly contains 787 scaffolds with a combined
length of 672 Mbp. In addition, the largest and smallest scaffolds have 6,495,440 and 1,144 bp,
respectively, with an N50 scaffold length of 1,373,277 bp. About 3.6% of the genome was
predicted as a coding sequence comprised of 20,184 protein-coding genes, 29 ribosomal RNAs,
and 481 transfer RNAs. Additionally, a high proportion (81.37%) consists of repetitive
sequences. Of these, the majority (60.39%) were classified as transposable elements (TEs),

which represent about two-fold compared to TEs content observed for other Puccinilaes fungi
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such as Puccinia striiformis f. sp. tritici, P. sorghi, P. triticina, Melampsora lini, and Hemileia
vastatrix. Furthermore, the assembled transcriptome from A. psidii urediniospores contains
46,742 contigs totalizing 71.39 Mbp and showed a high BUSCO completeness (92.2%) with
the Basidiomycota. Finally, our genome and transcriptome dataset provide a framework for
future studies leading to a better understanding of the biology, plasticity, evolution, and

pathogenicity of 4. psidii.

Keywords: Puccinia psidii. Biotrophic pathogen. Rust. RNA-Seq. Whole genome sequencing.

Transposable elements.

INTRODUCTION

Myrtle rust caused by Austropuccinia psidii (Winter) Beenken is a very important disease
around the world, mainly because the fungus is able to infect a wide and expanding host range
within the Myrtaceae. The pathogen was first reported as Puccinia psidii in 1884 infecting
guava plants (Psidium guajava) in Sao Francisco do Sul, Santa Catarina State, Brazil (Winter
1884). Since then it has spread from South to North America (MacLachlan 1938; Marlatt and
Kimbrough 1979; Coutinho et al. 1998; Uchida et al. 2006). The fungus has been considered
an invasive pathogen and migrated to other continents, including Asia (Kawanishi et al. 2009;
Zhuang and Wei 2011), Africa (Roux et al. 2013), and Oceania (Carnegie et al. 2010; Beresford
et al. 2018). Recently, Puccinia psidii has been reclassified to Austropuccinia psidii and placed
in the newly circumscribed family Sphaerophragmiaceae (Beenken 2017). The symptoms of
the disease depend on the susceptibility of the host, however, may range from small pustules
with few spores to massive production of powdery bright yellow urediniospores with shoot
dieback that may ultimately result in plant death (Alfenas et al. 2009).

Molecular studies of A. psidii started a few years ago with population genetic studies of
the pathogen in Hawaii (Zhong et al. 2011) and Brazil (Graca et al. 2013). These studies
indicated that 4. psidii has reproduced clonally in Hawaii and that populations from different
hosts in Brazil are derived from different lineages. High throughput sequencing can provide
high-quality whole genomic sequences much more rapidly and cheaply than previous
sequencing technologies (Goodwin et al. 2016). Whole-genome sequencing has already been
applied in plant pathology and in plant-microbe interaction research to infer the evolution of
pathogens and the factors of pathogenicity and virulence genes (Cantu et al. 2011), comparative

analyses between different races or species (Duplessis et al. 2011) and identification of effector



21

proteins (Joly et al. 2010). This technology has been used in studies of several rust fungi species
including Puccinia striiformis f. sp. tritici (Cantu et al. 2011), P. graminis f. sp. tritici
(Duplessis et al. 2011), Melampsora larici populina (Duplessis et al. 2011), Melampsora lini
(Nemri et al. 2014), and Puccinia sorghi (Rochi et al. 2018).

Rust fungi (Basidiomycota, Pucciniales) are obligate plant pathogens that have the largest
and complex genomes among Fungi with a high percent of repetitive sequences, which may
difficult the sequencing and assembly (Duplessis et al. 2011; Cantu et al. 2011; Nemri et al.
2014; Tavares et al. 2014; Rochi et al. 2018). The first brief overview of the genome of 4. psidii
for one isolate present in Australia estimated its genome size to be between 103-145 Mb (Tan
et al. 2014). Pucciniales species are well known to have the largest fungal genomes with an
average genome size estimated at about 305.5 Mb by flow cytometry (Tavares et al. 2014).
Recently, a draft of the genome of an A. psidii isolate from South Africa estimated its genome
in 1.2 Gb (McTaggart et al. 2018). However, the genome structure and gene content of 4. psidii
remains not well characterized.

A complete characterization of the genome of myrtle rust fungus could provide useful
information to devise innovative ways to protect crops against them. Therefore, in this study,
we present a high-quality assembly and annotation for the nuclear genome and transcriptome

of A. psidii eptype guava (Psidium guajava) isolate.

MATERIAL AND METHODS
Sampling and multiplication of spores

Urediniospores of A. psidii VIC42496 isolate were collected from infected leaves of guava
(Psidium guajava) in Araquari, Santa Catarina, Brazil (Machado et al. 2015). Representative
specimens for VIC42496 epitype guava isolate were deposited in the herbarium at the
Universidade Federal de Vicosa, Brazil (herbarium code: VIC) and Queensland Plant Pathology
Herbarium, Australia (herbarium code: BRIP) (Machado et al. 2015). Collected urediniospores
were multiplied in plants of Sygyzium jambos. For that, seedlings were cultivated in 2 L pots
containing MecPlant® substrate enriched with 26 g of super simple phosphate and 12 g of
Osmocote® (NPK, 19-6-10). In each plant, 4-5 healthy young branches were marked with thin
strings and a soft-bristle brush was used to inoculate the urediniospores on leaves. After
inoculation, plants were incubated for 24 h in a mist irrigation chamber at 25+2°C in the dark,

and then they were transferred to a growth chamber at 22 +2°C with a 12 h light cycle (80 umol
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m~ s!) (Ruiz et al. 1989). Approximately 12 days after inoculation, urediniospores were
collected using an electric spore collector device (Holliday et al. 2013) and stored in an ultra-

low temperature (ULT) freezer at -80 °C prior to DNA extraction.

DNA extraction and genome sequencing

For Illumina short reads sequencing, DNA samples were extracted using a Qiagen DNeasy
Plant minikit (Qiagen Sciences Inc., Germantown, MD, USA). Two tungsten carbide beads
were added to each 1.5 mL microcentrifuge tube containing approximately 100 pg of spores.
Spores were disrupted in a Qiagen Tissuelyser for 1 min at 30 Hz frequency and the DNA was
extracted according to the kit instructions, except that the 65°C incubation step was extended
from 10 min to 1 h. DNA was eluted in TE buffer. Then, paired-end libraries with an average
insert size of 500 bp were constructed from each sample of genomic DNA according to the
manufacturer’s instructions and sequenced using an Illumina HiSeq 2500 platform (Illumina,
San Diego, CA) at the Australian Genome Research Facility, Melbourne, Australia
(http://www.agrf.org.au/). Higher sequencing coverage was requested. Additionally, to obtain
a high-quality assembly, the genome of VIC42496 isolate was also sequenced using Oxford
Nanopore Technology (ONT).

Since we found a lot of bacterial contamination on the Illumina sequencing dataset, for
ONT long reads sequencing, urediniospores were recovered from -80°C ULT freezer, filtered
through a Millipore Nitrocellulose filter membrane with 8§ um pores (Merck Millipore,
Burlington, Massachusetts, USA) and washed in sterilized ultrapure water containing
Rifampicin antibiotic. This procedure was repeated 3 times. Thereafter, DNA samples were re-
extracted following the instructions of a specific protocol for high-quality DNA from Fungi for
long read sequencing (dx.doi.org/10.17504/protocols.io.k6qczdw), except that we used only
250 mg of urediospores. Thus, cleaned spores were frozen in liquid Nitrogen and disrupted into
a pair of Stainless Steel Grinding Jar 10 mL (Qiagen Sciences Inc., Germantown, MD, USA)
using Tissuelyser (Qiagen Sciences Inc., Germantown, MD, USA) for three bursts of 15
seconds at 25 Hz frequency. After the first 15 seconds, the closed grinding jars were immersed
into liquid nitrogen for 10 min up to the next 15 seconds disruption cycle, so that the samples
remained frozen until complete disruption at the end of the third cycle. A total of 60 pg of DNA
in high-quality was obtained. To library preparation, 60 pg of DNA were size-selected (>20
kbp) with a Blue Pippin (Sage Science, Beverly, MA, USA), and processed using the Ligation
Sequencing 1D SQK-LSK109 kit (Oxford, Nanopore, Oxford, UK) according to the
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manufacturer’s instructions. Prepared libraries were sequenced on four different flowcells type
R9.4 FLOMIN-106 (Oxford, Nanopore, Oxford, UK) for 72 hours at DNA Link USA, Inc., San
Diego, California, USA (http://www.dnalink.com/).

RNA extraction and RNA-Seq

Urediniospores were recovered from -80°C ULT freezer, filtered through a Millipore
Nitrocellulose filter membrane with 8§ um pores (Merck Millipore, Burlington, Massachusetts,
USA) and washed in sterilized ultrapure water containing Rifampicin antibiotic. This procedure
was repeated 3 times. Thereafter, cleaned spores were put in liquid Nitrogen and disrupted using
a pair of Stainless Steel Grinding Jar 10 mL (Qiagen Sciences Inc., Germantown, MD, USA)
with Tissuelyser (Qiagen Sciences Inc., Germantown, MD, USA) for three bursts of 15 seconds
at 25 Hz frequency. After the first 15 seconds, the closed grinding jars were immersed into
liquid nitrogen for 10 min up to the next 15 seconds disruption cycle, so that the samples
remained frozen until complete disruption at the end of the third cycle. Total RNA was extracted
using PureLink® Plant RNA Reagent (ThermoFisher Scientific, Waltham, MA, USA),
according to manufacturer’s instruction. RNA was suspended in RNase-free water. RNA
integrity and quality were assessed using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
CA, USA).

A total of three RNA libraries (biological replicates) were prepared for RNA-Seq. First,
rRNA in total RNA was depleted by Ribo-Zero kit (Illumina, San Diego, CA, USA). The
enriched mRNA samples were subjected to [llumina cDNA library construction using TruSeq
Stranded mRNA Prep kit (Illumina Inc., San Diego, CA, USA). RNA was purified, fragmented,
and primed for cDNA synthesis. The RNA fragments were transcribed into the first-strand
cDNA using reverse transcriptase and random hexamers, followed by second-strand cDNA
synthesis. These fragments were prepared for sequencing with an end-repair process and the
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 through PCR to create the
final cDNA library (Ross-Davis et al. 2013). Finally, the three cDNA libraries were sequenced
using the [llumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA) DNA Link USA,
Inc., San Diego, California, USA (http://www.dnalink.com/). A total of 5x107 of 100 bp paired-
end (PE100) reads per library were requested.
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Raw data quality control

Low-quality Illumina short reads (Q30 threshold) and Illumina adapter sequences were
removed using Trimmomatic v. 0.36 (Bolger et al. 2014). Additionally, for RNA-Seq reads,
SortMeRNA v. 2.1 (Kopylova et al. 2012) was used to filter raw data and remove reads from
rRNA. Quality control checks were performed by FastQC v. 0.11.5 (Andrews 2010) before and
after each trimming/filtering step to ensure the quality of the final dataset (clean reads). ONT
long reads were filtering by size (> 1,000 bp) using SegKit v. 0.7.0 (Shen et al. 2016).

Genome size estimate, assembly, annotation, and evaluation

[llumina trimmed reads from genomic DNA were also used to estimate the genome size based
on k-mer distribution and depth (Tan et al., 2018). First, k-mer counting was performed with
Jellyfish v2.2.10 (Margais and Kingsford 2011). Then, histograms of k-mer frequency
distributions of 17-, 25-, and 35-mers were processed by GenomeScope (Vurture et al. 2017).

To get the best genome assembly, filtered ONT long reads were de novo assembled by
Flye v. 2.5 using default parameters (Kolmogorov et al. 2019). Due to the high heterozygosity
(4.2%), to identify and select the haploid genome, the assembled contigs were reduced using
Redundans v. 0.14a (Pryszcz and Gabaldon 2016) with default settings and selecting “--
noscaffolding” and “--nogapclosing” parameters. Then, haploid contigs were subjected to
SSPACE-LongRead v. 1.1 using default parameters (Boetzer and Pirovano 2014). GapFinisher
v. 3 was used to gap closing (Kammonen et al. 2019). The assembled scaffolds were polished
with 10 interactions of Pilon v.1.22 using trimmed Illumina short reads to correct bases and fix
misassemblies (Walker et al. 2014). Additionally, we performed a BLASTn (Altschul et al.
1990) of all assembled scaffolds against a bacteria-virus database to identify and eliminate
potential contaminates from the final assembly.

Protein-coding genes were predicted using BRAKER v. 2.1.0 (Stanke et al. 2006; Stanke
et al. 2008; Hoff et al. 2016; Hoff et al. 2019). For that, filtered and trimmed RNA-Seq reads
from fungal urediniospores of 4. psidii were mapped to the final genome assembly using STAR
v. 2.7.1a by selecting default parameters (Dobin et al. 2013). The obtained BAM files and
scaffold sequences of 4. psidii genome were submitted to the BRAKER pipeline using default
parameters. To evaluate gene prediction accuracy, its completeness was assessed using the

Benchmarking Universal Single-Copy Orthologs, named BUSCO (Simao et al. 2015). BUSCO
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was performed on the amino acid sequences using the Basidiomycota lineage dataset
(basidiomycota_odb9).

The predicted coding-protein genes were functionally annotated through similarity
searches using BLAST version 2.6.0 (Altschul et al. 1990). In these searches, the encoded
proteins were aligned to the sequences of NCBI protein non-redundant database (NCBInr),
UniProt Knowledgebase (UniProtKb), using protein BLAST (BLASTp) (cutoff for significant
hits: E-value of 1e-10). Furthermore, Gene Ontology (GO) terms were assigned to the proteins
using GOanna tool from AgBase (https://agbase.arizona.edu/cgi-bin/tools/GOanna.cgi)
(McCarthy et al. 2006) by selecting the following parameters: E-value = le-05; matrix
BLOSUMG62; word size = 3; identity = 30%; and query coverage = 70%. Ribosomal genes were
identified by Barrnap v. 0.9 (https://github.com/tseemann/barrnap), using Eukaryota database,
and transporter RNA genes were identified by tRNAscan-SE v. 2.0.5
(http://lowelab.ucsc.edu/tRNAscan-SE/) using Eukaryotic database and default options (Chan
and Lowe 2019). RepeatMasker v. 4.0.8 (http://www.repeatmasker.org/) was used to identify
repetitive sequences using Fungi database of RepBase library v. 20170127 (Jurka et al. 2005).
Additionally, RepeatModeler v. 2.0 (http://www.repeatmasker.org/RepeatModeler/) was used

to perform a de novo transposable element (TE) family identification.

Transcriptome assembly, annotation, and evaluation

Filtered and trimmed RNA-Seq reads from A. psidii urediniospores were de novo assembled
using Trinity version 2.8.6 with default parameters (Grabherr et al. 2011). The assembled
transcripts were submitted to BUSCO completeness using the Basidiomycota database (Simao
et al. 2015). In addition, the transcript sequences were also functionally annotated through
similarity searches by BLAST version 2.6.0 (Altschul et al. 1990) according to UniProtKb and
using BLASTx (cutoff for significant hits: E-value of 1e-10).

RESULTS
Assembly stats of the nuclear genome of A. psidii

We designed a comprehensive pipeline that allowed us to obtain a high-quality genome and
transcriptome assembly through a massive dataset obtained in this study (Fig. 1). The estimated

size of the haploid genome of A. psidii ranged from 517 to 752 with an average of 634 Mbp
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(Fig. 2). In addition, the heterozygosity ranged from 4.06 to 4.26% (Fig. 2). Since DNA was
extracted from urediniospores (n + 1) and the genome showed high heterozygosity, the original
assembly contains scaffolds from both haplotypes with a length of 1.56 Gbp (Table 1), which
is approximately two-fold the estimated size of the haploid genome.

The final assembly for the haploid genome contains 787 scaffolds, of these 267 (33.9%)
were bigger than 1 Mbp (Table 1). The total genome length was 672 Mbp (Table 1). In addition,
the largest and shortest scaffolds had 6,495,440 and 1,144 bp, respectively, with an average size
of 853,952 bp (Table 1). Furthermore, the genome assembly had an N50 and L50 of 1,373,277
bp and 160, respectively (Table 1). Finally, the GC and N contents in the whole assembled
genome were 32.4 and 1.07%, respectively (Table 1).

Annotation of the haploid nuclear genome of A. psidii

Genes were predicted and annotated as protein-coding, transfer RNA (tRNA), and ribosomal
RNA (rRNA) — four types of rRNA (58S, 5.8S, 18S, and 28S) were found (Table 2). A total of
20,694 genes were predicated, including 20,184 protein-coding, 29 rRNA, and 480 tRNA
(Table 2). BUSCO assessment analysis of the predicted protein-coding genes revealed 8§14
(61.0%) of completeness with 1,335 orthologous genes from Basidiomycota database (Table
2). Of these, 741 (55.5%) genes were single copy, while 73 (5.5%) were duplicated.
Additionally, 144 (10.8%) genes were fragmented and 377 (28.2%) were missed (Table 2).
Repetitive sequences were identified and classified as transposable elements (TEs) [Long
Interspersed Nuclear Elements (LINE), Long Terminal Repeat Elements (LTR), and DNA
transposons], satellites, simple repeats, low complexity repeats, and unclassified (Table 3). A
total of 546 Mbp (81.37%) of the haploid nuclear genome consists of repetitive sequences
(Table 3). Among the identified and classified elements, the majority was TEs types LTR
(48.88%) and DNA transposons (11.16%), followed by simple repeats (0.78%), TEs type LINE
(0.35%), satellites (0.29%), and low complexity (0.19%) (Table 3). Furthermore, 19.72% of the

repetitive sequences have no classification assigned (Table 3).

Transcriptome assembly of A. psidii

The assembled transcriptome from three RNA-Seq libraries of 4. psidii urediniospores contains
46,742 contigs with a combined length of 71.39 Mbp (Table 4). Most of the contigs (54.9%)
were bigger than 1,000 bp. In addition, the largest and shortest contigs had 10,032 and 201 bp,
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respectively, with an average size of 1,527 bp (Table 4). The transcriptome assembly had an
N50 and L50 of 2,441 bp and 10269, respectively. Furthermore, the GC content in the whole
trancriptome was about 39.81% (Table 4).

Austropuccinia psidii transcriptome assembly showed 1,231 (92.2%) of completeness
with 1,335 BUSCO groups from the Basidiomycota database (Table 4). Of these, 348 (26.1%)
genes were a single copy, while 883 (66.1%) were duplicated. In addition, 65 (4.9%) genes
were fragmented and only 39 (2.9%) were missed (Table 4).

DISCUSSION

The first brief overview of 4. psidii genome for one isolate present in Australia estimated its
genome size in 103-145 Mbp (Tan et al. 2014). Nevertheless, Pucciniales species are well
known to have the largest fungal genomes with an average genome size estimated at about
305.5 Mb by flow cytometry (Tavares et al. 2014). Recently, a draft assembly for another isolate
of A. psidii from South Africa estimated its genome in 1.2 Gbp (McTaggart et al. 2018),
however, since DNA samples were also extracted from urediniospores (# + n) and no reduction
step was made during assembly pipeline, is very likely that this draft assembly still contains
scaffolds from both haplotypes. In this study, we generated a massive sequencing dataset for
the whole-genome and transcriptome of 4. psidii using Illumina short reads and ONT long reads
technologies. In addition, we designed a comprehensive pipeline data analysis, which allowed
us to present a high-quality assembly and annotation of the haploid nuclear genome and de novo
transcriptome of Austropuccinia psidii epitype guava (Psidium guajava) isolate (Machado et
al. 2015). After reduction, the final assembly of the haploid nuclear genome has a total size of
about 672 Mbp, which is very similar to the estimated genome size based on kmer depth and
distribution (634 Mbp). Furthermore, compared to both previous draft assemblies, our assembly
showed a high quality regarding the number of scaffolds, the largest scaffold length, and N50.

A total of 20,694 genes were predicted for the haploid genome of 4. pisidii VIC42496,
which is similar to Puccinia species including P. graminis f. sp. tritici (Duplessis et al. 2011),
P. striiformis f. sp. tritici (Cantu et al. 2011), P. sorghi (Rochi et al. 2018), and P. triticina
(Kiran et al. 2016), but different from other Puccinilles fungi such as Melampsora larici-
populina (Duplessis et al. 2011), M. lini (Nemri et al. 2014), and Hemileia vastatrix (Porto et
al. 2019). Although BUSCO completeness analysis for the predicted protein-coding genes
showed a high percentage of missing genes (28.20%) with the Basidiomycota database, the de

novo transcriptome assembly for 4. psidii VIC42496 urediniospores had high completeness
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(92.2%) and very low missing (2.9%). This indicates that our transcriptome assembly comprises
most of the expected gene set for A. psidii. Whole-genome sequencing, assembly, and
annotation of rust biotrophic fungal pathogens have been considered a challenge. First, since
the fungus does not grow in pure culture (in vitro conditions), it is hard to obtain a DNA sample
in great quality and quantity for sequencing using different technologies. Second, due to the
large genome size, the cost of sequencing is considerably higher (Goodwin et al. 2016). Finally,
the high number of repeat-rich regions among its genome becomes the genome assembly as a
difficult task (Duplessis et al. 2011; Cantu et al. 2011; Nemri et al. 2014; Tavares et al. 2014;
Rochi et al. 2018; Porto et al. 2019).

The assembly of the haploid nuclear genome of A. psidii VIC42496 presented here has
the largest genome comparing to other Puccinilaes species such as P. graminis f. sp. tritici
(Duplessis et al. 2011), P. striiformis f. sp. tritici (Cantu et al. 2011), P. sorghi (Rochi et al.
2018), P. triticina (Kiran et al. 2016), M. larici-populina (Duplessis et al. 2011), M. lini (Nemri
et al. 2014), and Hemileia vastatrix (Porto et al. 2019). In fungi, genome size is strongly related
to TEs content than the number of genes (Elliott and Gregory 2015). Biotrophic fungal
pathogens, especially rust fungi, have been well known by their complex genomes including a
high percentage of TEs (Duplessis et al. 2011; Cantu et al. 2011; Nemri et al. 2014; Tavares et
al. 2014; Rochi et al. 2018; Porto et al. 2019). However, in the 4. pisidii VIC42496 genome,
we identified that a high proportion (81.37%) consists of repetitive sequences. Of these, about
60.39% was classified as TEs, which represents almost two-fold compared to TEs content
observed for other Puccinilaes fungi such as P. striiformis f. sp. tritici (Cantu et al. 2011), P.
sorghi (Rochi et al. 2018), P. triticina (Kiran et al. 2016), M. lini (Nemri et al. 2014), and
Hemileia vastatrix (Porto et al. 2019).

Furthermore, among these Pucciniales fungal pathogens, 4. psidii has the widest and
expanding host range threating thousands of host species within the Myrtaceae across the world
(Pegg et al. 2014; Carnegie et al. 2016; Pegg et al. 2017; Stewart et al. 2018; Berthon et al.
2018; Beresford et al. 2018). The role of the TEs in biology, evolution, and pathogenicity of
fungi has been extensively studied over the years. TEs have been especially associated with
genome plasticity, evolution, gene content, gene expression regulation, and pathogenicity
(Castanera et al. 2016; Krishnan et al. 2018; Razali et al. 2019). Indeed, pathogenic fungi often

have more TEs inserted into genes than saprophytic (Muszewska et al. 2019).
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CONCLUSIONS

Here, we present a high-quality assembly and annotation of the de novo haploid nuclear genome
and transcriptome of A. psidii epitype guava isolate, which is so far the largest described
genome among Pucciniales rust fungi. Our genome and transcriptome dataset provide a
framework for future studies leading to a better understanding of the biology, plasticity,

evolution, and pathogenicity of 4. psidii.
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Table 1 Summary stats of the assembled nuclear genome of Austropuccinia psidii epitype

guava isolate

Original assembly?®

Haploid (reduced)®

Total number of scaffolds
scaffolds (= 10000 bp)
scaffolds (= 100000 bp)
scaffolds (= 1 Mbp)
Total genome length (Mbp)
Shortest scaffold (bp)
Largest scaffold (bp)
Mean scaffold size (bp)
N50¢ (bp)

L50¢

GC content (%)

Total N (bp; %)

N's per 100 kbp

3472
2538 (73.1%)
1904 (54.8%)

549 (15.8%)
1559

1000

5337186

449 087
1261020

404

33.65

39916 314 (2.56)
2559

787
752 (95.6%)

677 (86.0%)

267 (33.9%)

672

1144

6 495 440

853 952
1373277

160

32.4

7109 501 (1.07)
1058

30

2 Flye assembly containing scaffolds from both haplotypes, since DNA was extracted from urediniospores (n +

n).

b Reduced assembly containing only haploid scaffolds.

¢N50 is defined as the sequence length of the shortest scaffold at 50% of the total assembly length.

4150 is defined as the number of scaffolds whose summed length equals 50% of the total assembly length.
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ONT lllumina - DNA (PE 150 bp) RNA-Seq (PE 100 bp)
1. Raw data:
(81.77 GB) (30.40 GB) (15.61 GB)
2. Trimming and filtering: 81.29 GB 26.28 GB ———— 12.60GB
3. Assembly: Flye v. 2.5 Trinity v. 2.8.6
4. Reducing (haploid): Redundans v. 0.14a
5. Scaffolding: SSPACE-LongRead v. 1.1
6. Gap filling: gapFinisher v. 3
7. Polishing: Pilonv. 1.23 <
8. Quality check: QUAST v. 4.2 <
' '
L BRAKER v. 2.1.0; Barrnap v. 0.9; tRNAscan-SE v. 2.0.5;
' . RepeatMasker v. 4.0.8; RepeatModeler v. 2.0
! '

10. Evaluation: BUSCO v. 3.0.2

Fig. 1 Overview of the workflow for assembly and annotation of Austropuccinia psidii genome and transcriptome.
First, DNA and RNA samples extracted from fungal urediniospores were sequenced using lllumina HiSeq and
Oxford Nanopore Technology (ONT), as well as RNA-Seq (Illumina NovaSeq 6000). After filtering and trimming
ONT long reads were assembled by Flye (Kolmogorovet al. 2019) and Trinity (Grabherr at al. 2011), respectively.
Redundans was applied to filtering haploid genome (Pryszcz and Gabaldon 2016). Then, Scaffolding and gap close
steps were performed using SSPACE-LongRead (Boetzer and Pirovano 2014) and gapFinisher (Kammonen et al.
2019), respectively. Trimmed Illumina short reads were employed to polishing scaffolds using Pilon (Walker et
al. 2014). QUAST was used to check assemblies stats (Gurevich et al. 2013). Protein-coding genes were predicted
by BRAKER using BAM files alignment from fungal spores RNA-Seq libraries (Hoff et al. 2019). rRNA and tRNA
genes were predicted by Barrnap and tRNAscan-SE (Chan and Lowe 2019), respectively. RepeatMasker v. 4.0.8
and RepeatModeler v. 2.0 were used for repetitive sequences prediction (Jurka et al. 2005). Finally, the accuracy
of protein-coding genes prediction and transcriptome assembly was accessed by BUSCO completeness analysis
(Sim3o et al. 2015).
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GenomeScope Profile
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Fig. 2 Haploid genome size estimation based on the k-mers frequency distributions and depth. k-mer counting
was performed by Jellyfish v2.2.10 (Marcais et al. 2011) and the generated histograms of 17-, 25-, and 35-mers
were processed by GenomeScope (Vurture et al. 2017).
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Table 2 Gene prediction for the haploid nuclear genome of Austropuccinia psidii epitype

guava isolate

Protein-coding genes 20184
CDS? (Mbp) 24.10
Ribossomal RNA (rRNA) genes

5S 10

5.8S

18S

28S 8
Tranfer RNA (tRNA) genes 481
Total number of genes 20 694
GC content in CDS (%) 42.67

BUSCO® assessment (%)

Complete 61
Complete and syngle-copy 55.50
Complete and duplicate 5.50
Fragmented 10.80
Missing 28.20

2CDS: coding DNA sequence.

b Benchmarking Universal Single-Copy Orthologs (BUSCO) assessment using 1,335 conserved genes of
Basidiomycota database (basidiomycota_odb9).

Table 3 Overview of predicted repetitive sequences for the haploid nuclear genome of

Austropuccinia psidii epitype guava isolate

Type? Number Length (bp) ZZZence
TEsP
Retroelements
LINE 1643 2348 751 0.35
LTR 154 720 328 530 318 48.88
DNA transposons 66 078 75002 999 11.16
Satellites 4 459 1963 612 0.29
Simple repeats 61374 5247 221 0.78
Low complexity 16 285 1259 855 0.19
Unclassified 110960 132 503 060 19.72
Total 415519 546 855 816 81.37

2 Repetitive sequences were predicted by RepeatMasker v. 4.0.8 and RepeatModeler v. 2.0 (Jurka et al. 2005).
b Transposable elements (TEs): Retroelements [Long Interspersed Nuclear Elements (LINE), Long Terminal
Repeat Elements (LTR)] and DNA transposons.
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Table 4 Summary stats of the assembled transcriptome of Austropuccinia psidii epitype

guava isolate

Total number of contigs 46 742
contigs (= 1000 bp) 25 669 (54.9%)
contigs (= 10000 bp) 2
Total length (Mbp) 71.39
Largest contig (bp) 10032
Shortest contig (bp) 201
Mean contig size (bp) 1527
N50? (bp) 2441
L50° 10 269
GC content (%) 39.81

BUSCO* assessment (%)

Complete 92.2
Complete and syngle-copy 26.1
Complete and duplicate 66.1
Fragmented 49
Missing 2.9

2N50 is defined as the sequence length of the shortest contig at 50% of the total assembly length.
P50 is defined as the number of contigs whose summed length equals 50% of the total assembly length.

¢ Benchmarking Universal Single-Copy Orthologs (BUSCO) assessment using 1,335 conserved genes of the
Basidiomycota database (basidiomycota_odb9).
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Key message A resistant E. grandis genotype showed a constitutive overexpression of genes
related to resistance to myrtle rust caused by A4. psidii.

Abstract Myrtle rust caused by Austropuccinia psidii is considered one of the most important
fungal diseases affecting Eucalyptus spp. plantations in Brazil. Although the selection and
planting of resistant eucalypt genotypes have been the major strategies to manage the disease
in Brazil, the molecular mechanisms involved in resistance are still unclear. In this study, we
evaluated the gene expression profile of two contrasting Eucalyptus grandis genotypes in
resistance level to rust by RNA-Seq. The two genotypes showed a very different background
gene expression level even without A. psidii infection. The resistant genotype had a constitutive
overexpression of a large number of protein-coding genes compared to the susceptible
genotype. These genes were mainly associated with signal transduction, photosynthesis,
regulation and response to salicylic acid (SA), and protein kinase leucine-rich receptors (PK-
LRR). PK-LRR and SA mediated disease resistance are well known to be effective against
obligate biotroph pathogens, such as A. psidii. In addition, at 24 hours after infection, the
susceptible genotype was able to activate some response, however, several resistance-related
proteins had their expression level reduced with A. psidii infection. Here, we present the first
analysis of E. grandis genotypes transcriptomes infected by A. psidii and it reveals a constitutive
overexpression of several resistance-related genes in the resistant genotype compared to the
susceptible one. Our findings have the potential to be used as candidate molecular markers for

resistance to myrtle rust.

Keywords: Myrtle rust. RNA-Seq. DEGs. Protein kinase. Leucine-rich receptors.

INTRODUCTION

Eucalypt (Eucalyptus spp. L'Hér) is the most commonly grown forest tree in Brazil (IBA 2019).
Eucalypt plantations support a multi-billion-dollar industry based on cellulose pulp and paper,
charcoal for the steel industry and solid products (Grattapaglia and Kirst 2008). As the planted
areas have expanded plus the anticipated impact climate changes, several pathogens have
threatened the eucalypt plantations throughout the country. Eucalypt rust caused by
Austropuccinia psidii (Winter) Beenken (Beenken 2017) is one of the most important fungal
diseases affecting Eucalyptus spp. in Brazil (Alfenas et al. 2003; Alfenas et al. 2009). 4. psidii

infects mainly young shoots and coppice (Alfenas et al. 2009), which are common in 1-year old
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eucalypt trees up to 3.0 m in height (Zauza et al. 2010b). The symptoms depend on the
susceptibility of the eucalypt genotype but can range from small uredinias with few
urediniospores to massive production of powdery bright yellow spores and shoot dieback,
which may ultimately lead in plant death (Alfenas et al. 2009).

Eucalyptus grandis is one of the most commonly planted eucalypt species worldwide
(Harwood 2011). Although most E. grandis genotypes are susceptible to rust (Zauza et al.
2010a; Silva et al. 2013), selection and planting of resistant eucalypt clones have been the major
strategies for managing the disease in Brazil (Miranda et al. 2013; Silva et al. 2013; Santos et
al. 2014). A study of the inheritance of rust resistance in full-sibling families of E. grandis
found that most of the resistance phenotypic variation is controlled by a major locus, named
Pprl (Puccinia psidii resistance gene 1) (Junghans et al. 2003). This locus was positioned in
the reference genetic map for Eucalyptus on linkage group 3 and validated in two unrelated
families, which suggest that Ppr/ is important on the rust resistance segregation (Mamani et al.
2010). However, as already stated by Junghans et al. (2003) there was evidence of a more
complex pattern of inheritance. At least in one case, even if the family was derived from a
genotype that carried Pprl, a high number of susceptible plants was observed which suggests
that the segregation of resistance did not fit a simple Mendelian model (Junghans et al. 2003).

In recent years, further studies have mapped several quantitative trait loci (QTLs) in
Eucalyptus spp. and Corymbia spp., indicating that the genetic control of rust resistance is
complex and may depend on the many other minor-effect genes (Rosado et al. 2010; Lima et
al. 2011; Alves et al. 2012; Butler et al. 2016; Butler et al. 2019). However, information about
the time course of expression and level, as well as the relationship among these genes remains
unknown. RNA-Seq is an approach to assess transcriptome profiling via high throughput
sequencing technologies, which provides expression information of a large number of
transcripts and their isoforms (Wang et al. 2009). The technique has been widely applied in
transcriptome analysis in several plant-pathogen interactions, including in response to 4. psidii
(Zhu et al. 2013; Hayden et al. 2014; Liu et al. 2015; Chakraborty et al. 2016; Ye et al. 2017;
Hsieh et al. 2018; Tobias et al. 2018), however, it is still unexplored for Eucalyptus-A. psidii
pathosystem.

In the E. grandis-A. psidii interaction, the primary mycelia and haustoria are most
observed at 24 hours after infection (hai) (Xavier et al. 2001). The haustorium is a specialized
structure of rust fungi that produces and delivers effector proteins to the host cytoplasm where

they are thought to promote the infection (Garnica et al. 2014; Lorrain et al. 2019). Thus, 24
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hai seems to be a crucial phase of interaction between E. grandis and A. psidii. Here, in order
to better comprehend the molecular mechanisms of resistance to rust, we analyze the
transcriptome profiling of two E. grandis genotypes (resistant and susceptible) at 24 hours after

A. psidii inoculation using RNA-Seq.

MATERIAL AND METHODS
Experimental condition and samples collect

In this study, a rust resistant (CLR385 = G21) and susceptible (CLR220 = G45) E. grandis
genotypes were employed (Junghans et al. 2003). Both eucalypt genotypes were obtained from
the Breeding Program of the Suzano S.A., Itapetininga, Sdo Paulo, Brazil. They originated from
the same species (E. grandis) and the same population. Over the years, these two E. grandis
genotypes have been used in studies involving histological, phenotypical, molecular, and
physiological responses to A. psidii (Xavier et al. 2001; Junghans et al. 2003; Xavier et al.,
2015; Santos et al., 2019). Eucalypt plants were clonally propagated by cutting. At 60 days of
age, the cuttings were transplanted into 2 L pots containing MecPlant® substrate enriched with
26 g of super simple phosphate and 12 g of Osmocote® (19-6-10). During transplanting, each
plant per pot received 100 mL of mono-ammonium phosphate solution per pot (P and N at 52%
and 12%, respectively; Vale Fertilizantes S.A., Uberaba, MG, Brazil). Plants were cultivated in
a greenhouse with an average temperature of ~25 °C (£ 5 °C) and natural light (~12:12 h
photoperiod) for 30 days, then they were moved to the inoculation chamber.

The experiment was conducted in randomized blocks with five replicates and four
treatments as following: resistant genotype non-infected (R-NI), resistant genotype infected (R-
I), susceptible genotype non-infected (S-NI), and susceptible genotype infected (S-I). The
UFV-2 isolate of A. psidii (race 1) (Xavier et al. 2015) was used as inoculation. Fungal spores
were multiplied in plants of Sygygium jambos as described by Ruiz et al. (Ruiz et al. 1989). An
inoculum suspension (2 x 10* urediniospores mL™!), prepared with sterilized water and Tween
20® (0.05%), was sprayed evenly on both leaf surfaces, using an electric compressor Jet Master
1/3 HP (Schulz, Joinville, SC, Brazil). To evaluate the efficiency of the inoculation, three S.
jambos plants were randomly distributed among the eucalypt plants. Non-infected control
plants from both eucalypt genotypes were inoculated only with sterilized water plus Tween 20®
(0.05%). After inoculation, plants were incubated in a mist irrigation chamber, in the dark. After

24 h of incubation, plants were maintained in a growth chamber at 22 °C, with a 12 h
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photoperiod and a light intensity of 130 umol photons m 2 s™! (Ruiz et al. 1989), until the end
of the experiment.

The experiment was repeated three times. In each experiment, leaf samples from the
apical part (with two internodes) of three branches per plant were collected at 24 hai. The
samples were immediately frozen in liquid nitrogen and then stored in an ultra low temperature
(ULT) freezer at -80 °C until use. Samples that showed the strongest symptoms of infection on

the plants of susceptible genotype, were kept for further analysis.

RNA samples preparation

Samples collected at 24 hai were recovered from -80°C ULT freezer, put in liquid nitrogen and
disrupted using a pair of Stainless Steel Grinding Jar 10 mL (Qiagen Sciences Inc.,
Germantown, MD, USA) with Tissuelyser (Qiagen Sciences Inc.) for three bursts of 15 seconds
at 25 Hz frequency. After the first 15 seconds, the closed grinding jars were immersed into
liquid nitrogen for 10 min up to the next disruption cycle, so that the samples remained frozen
until complete disruption. Total RNA was extracted using PureLink® Plant RNA Reagent
(ThermoFisher Scientific, Waltham, MA, USA), according to manufacturer’s instruction. RNA
was suspended in RNase-free water. Before sequencing, the RNA samples were subjected to
quality control (QC) test using a NanoDrop 2000c spectrophotometer (ThermoFisher Scientific,
Waltham, MA, USA) and Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). QC

results can be found in Supplementary File 1.

RNA library preparation and transcriptome sequencing

Three replicates per treatment were sequenced, giving 12 RNA libraries. The rRNA in total
RNA was depleted by Ribo-Zero kit (Illumina Inc., San Diego, CA, USA). The enriched mRNA
samples were subjected to Illumina cDNA library construction using TruSeq Stranded mRNA
Prep kit (Illumina Inc.) according to the manufacturer’s instructions. The cDNA libraries were
sequenced using the Illumina NovaSeq 6000 platform (Illumina Inc.) at DNA Link USA, Inc.,
San Diego, California, USA (http://www.dnalink.com/). A total of approximately 5x107 of 100
bp paired-end (PE100) reads per library were obtained.
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Raw data quality control

SortMeRNA v. 2.1 (Kopylova et al. 2012) was used to filter raw data and remove reads from
rRNA. Low-quality reads (Q20 threshold) and Illumina adapter sequences were removed using
Trimmomatic v. 0.36 (Bolger et al. 2014). Quality control checks were performed by FastQC
v. 0.11.5 (Andrews 2010) before and after each filtering step to ensure the quality of the final

dataset (clean reads).

Reads mapping to the E. grandis genome and quantification of gene expression levels

The E. grandis genome and its GFF (general feature format) annotation file were downloaded
from the GenBank database (Accession Number AUSX00000000.1, downloaded on July 15,
2019) (Myburg et al. 2014; Bartholomé et al. 2015) and used in all subsequent analysis. GFF
file was converted to GTF (gene transfer format) using gffread tool of Cufflinks v. 2.2.1
(Trapnell et al. 2010). These were selected to indexing the E. grandis genome using STAR v.
2.7.1a (Dobin et al. 2013). Cleaned RNA-Seq reads were aligned to the indexed genome using

(4

STAR and reads count per gene were obtained by selecting ‘--quantMode’ and °--

twopassMode’ functions (Dobin et al. 2013).

Analysis of differentially expressed genes

The unstranded reads count per gene from all RNA-seq libraries were compiled into a single
count table (Supplementary File 2), which was used as input for differential gene expression
analysis in R v. 3.6.1 (https://cran.r-project.org/). To analyze the background expression of the
two eucalypt genotypes we first compared resistant vs susceptible non-infected (R-NI vs S-NI).
To evaluate the effect of pathogen infection in both genotypes we compared resistant infected
vs resistant non-infected (R-I vs R-NI) and susceptible infected vs susceptible non-infected (S-
I vs S-NI). Differentially expressed genes (DEGs) analysis was performed using DESeq2 R
package v. 1.26.0 (Love et al. 2014). The P value for false discovery rate was adjusted (padj)
using the Hochberg and Benjamini test. DEGs with padj < 0.0001 were considered as

significant.
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GO enrichment analyses of DEGs

Gene Ontology (GO) enrichment analysis of DEGs was performed using DAVID database v.
6.8. DAVID Gene Functional Annotation Tool (Huang et al. 2007; Huang et al. 2009), allowing
the classification of a large number of genes into biological process (BP), cellular component
(CC) and molecular functions (MF) categories. A list with official gene names (Locus ID),
based on GenBank annotation (Accession number AUSX00000000.1), of DEGs was submitted
to DAVID (https://david.nciferf.gov/summary.jsp) to functionally annotation, selecting E.
grandis as species. P values were adjusted (padj) by Benjamini and Hochberg test. GO terms

with a padj < 0.05 and gene count > 2 were considered as significantly enriched.

Clustering analysis of DEGs and E. grandis resistance-related proteins

The Markov clustering program OrthoMCL v. 2.0 (Li et al. 2003) was used to identify
orthologous genes between DEGs (protein-coding genes) and E. grandis resistance-related
genes according to the Plant Resistance Genes database (PRGdb) v. 3.0 (Osuna-Cruz et al.
2018). Thus, amino acid sequences of proteins encoded by DEGs and E. grandis PRGdb were
submitted to reciprocal similarity searches using BLASTp tool of BLAST v. 2.9.0 (Altschul et
al. 1990), considering an E-value of 1e-10 as a threshold for the significant alignments. Putative
orthologues were then clustered with OrthoMCL using an inflation value of 1.5 and a similarity

of 50%.

Single Nucleotide Polymorphisms (SNP) analysis

Cleaned RNA-Seq reads from each eucalypt genotype were mapped to the indexed E. grandis
reference genome (GenBank accession number AUSX00000000.1, downloaded on July 15%,
2019) using STAR v. 2.7.1a with default parameters (Dobin et al. 2013). The Sequence
Alignment Map files were processed using Picard V. 2.18.27
(https://github.com/broadinstitute/picard/) to produce Binary Alignment Map files, containing
ordered and deduplicated data. A flag identifying each eucalypt genotype (“susceptible” and
“resistant””) was added to each mapping file. Sequence variants were called using FreeBayes v.
1.2.0 (https://github.com/ekg/freebayes) (Garrison and Marth 2012) setting the ploidy as
diploid and considering a minimum mapping quality of 30, minimum base quality of 30, and

minimum coverage of 30 reads at every position in the reference genome. After variant calling,
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SNPs were filtered using vcftools v. 0.16.15 (https://vcftools.github.io/index.html) and AWK
shell scripts. We focused only on loci mapped for both genotypes and the effects of
polymorphisms were analyzed and annotated using Ensembl Variant Effect Predictor v. 99.2

(https://github.com/Ensembl/ensembl-vep), considering the E. grandis genome Annotation

Release 101.

PCA, heat map, and volcano plots analyses

Principal Components Analysis (PCA), heat map and volcano plots were generated in R v. 3.6.1
using the plotPCA, heatmap.2, and plot functions, respectively, which are available in the gplots
CRAN library package (https://cran.r-project.org/). PCA and heat map analyses were
performed using rlog-transformed values of read count per gene data from all gene set and the
1,000 most variable genes, respectively (Supplementary File 2). The subset containing the most
variable genes was obtained using the topVarGenes function from geneFilter library (Love et
al. 2015). Volcano plots were created using padj and log2FoldChange values of the significant

DEGs from each comparison.

Pprl cluster genes analysis

Puccinia psidii resistance gene 1 (Pprl) for resistance to A. psidii (myrtle rust) has been mapped
on the Eucalyptus reference map (Mamani et al. 2010). EMBRA125, one of the flanking
markers of Pprl locus is closely linked to marker ePT 640786 (Kullan et al. 2012). This marker
sequence has an estimated position of 52,900,000 bp on chromosome 3 of the E. grandis
reference genome sequence and overlaps with the position of supercluster C-3 (Christie et al.
2016). We evaluated the expression profile and SNPs of genes located at a 5 Mbp window (2.5
Mbp up and downstream) at the Ppr/ locus.

RESULTS

Symptoms of A. psidii infection

In all experiments, the S. jambos plants showed typical symptoms of rust, confirming the
efficiency of the inoculation. At eight days after inoculation, uredinia with abundant
urediniospores production, typical of eucalypt rust, were observed on the leaves of infected

plants of the susceptible eucalypt genotype (Fig. 1A). However, inoculated plants of resistant
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genotype did not show any symptoms (Fig. 1A). Furthermore, control plants of both eucalypt

genotypes remained asymptomatic.

Transcriptome sequencing and read mapping to E. grandis genome

After the trimming of low-quality reads and filtering to remove those that mapped to rRNA,
high-quality clean data was obtained for each sample (Table 1). For all RNA-Seq libraries, more
than 93.66% of reads had a high-quality score (Phred value > 30) (Table 1). GC content was
very similar among the samples and ranges from 50.5 to 51.0%. The proportion of clean reads

that mapped to the E. grandis genome of each sample was greater than 91.35% (Table 1).

Read count per gene data: distribution and clustering

The set of samples from resistant and susceptible eucalypt genotypes were separated in distinct
clusters in the principal component analysis plot (Fig. 1B). The same was observed for the
treatments S-NI and S-I, indicating that they have distinct transcriptome profiles. However,
there was an overlap between R-NI and R-I (Fig. 1B), indicating that resistant genotype
transcriptome was not strongly affected by pathogen infection.

A clustering heatmap analysis of the 1,000 most altered genes also showed a contrasting
gene expression profile between samples from resistant and susceptible genotypes (Fig. 1C).
R-NI and R-I treatments had a very similar profile of gene expression; however, S-NI and S-I

showed a different profile (Fig. 1C).

Differentially expressed genes

DEGs were classified as protein-coding, long non-coding RNA (IncRNA), pseudogenes, and
miscellaneous RNAs (miscRNAs). In the R-NI vs S-NI, a total of 4,709 DEGs, including 2,390
up-regulated (1,992 proteins, 252 IncRNAs, 141 pseudogenes, and five miscRNAs) and 2,319
down-regulated (1,874 proteins, 282 IncRNAs, 155 pseudogenes, and eight miscRNAs) genes
were identified (Figs. 2A-B, Supplementary File 3: Tables S1 and S2).

In the R-I vs R-NI, only two significantly DEGs were observed (Figs. 2A and C,
Supplementary File 3: Table S3). However, in the S-I vs S-NI, 1,484 up-regulated (1,261
proteins, 129 IncRNAs, 85 pseudogenes, and nine miscRNAs) and 1,271 down-regulated
(1,061 proteins, 135 IncRNAs, 72 pseudogenes, and three miscRNAs) genes, totalizing 2,755
DEGs identified (Figs. 2A and D, Supplementary File 3: Tables S4 and S5).
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A total of 1,163 DEGs were common in both contrasts (R-NI vs S-NI and S-I vs S-NI),
which of 636 (55%) were up and 527 (45%) were down-regulated (Fig. 2E). R-NI vs S-NI
showed 3546 exclusive DEGs with 1,754 (49%) up and 1,792 (51%) down-regulated (Fig. 2E).
On the other hand, S-NI vs S-I had 1,592 exclusive DEGs, which 848 (53%) were up and 744
(47%) were down-regulated (Fig. 2E).

GO enrichment analysis of DEGs

Among up-regulated DEGs, in the R-NI vs S-NI, the significantly enriched BP were those
involved in metabolic process, lipid metabolic process, protein-chromophore linkage, signal
transduction, photosynthesis, salicylic acid (SA) mediated signaling, and SA responsive genes
(Table 2). CC category was mainly enriched in integral component of membrane, photosystem
I, photosystem II, and chloroplast thylakoid membrane (Table 2). Furthermore, enriched terms
in MF were protein kinase activity, iron ion binding, catalytic activity, ADP binding,
chlorophyll-binding, acid phosphatase activity, and iron ion transmembrane transporter activity
(Table 2).

In the S-I vs S-NI comparison, BP category was enriched in metabolic process and
defense response (Table 2). CC was enriched only for integral component of membrane. In
addition, the significantly enriched terms observed for the MF category were heme-binding,
transferase activity, monooxygenase activity, calcium ion binding, ADP binding, amino acid
biding, and ribonuclease activity (Table 2).

Down-regulated DEGs from R-NI vs S-NI were significantly enriched as metabolic
process in BP, cytoplasm in CC, transferase and hydrolase activities in the MF category (Table
3). For the S-I vs S-NI comparison, GO terms were mostly enriched as membrane in CC, zinc

ion binding, oxidoreductase, protein kinase and ADP binding in MF category (Table 3).

DEGsS related to resistance

Among up-regulated DEGs, 62 orthologous clusters related to resistance were conserved with
401 proteins from R-NI vs S-NI and only 267 from S-I vs S-NI (Fig. 3A). A total of 58 clusters
with 69 proteins were unique to R-NI vs S-NI (Fig. 3A). Of these, 46 (67%) are proteins kinases
(PK), 13 (19%) are resistance-related proteins (R proteins), six (9%) are uncharacterized (U),
three (4%) have other functions, and one (1%) is polygalacturonase inhibitors (Table 4). On the

other hand, S-I vs S-NI had only 34 exclusive clusters comprising 37 resistance-related proteins
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(Fig. 3A) with 29 (78%) PK, four (11%) R proteins, two (5.5%) enzymes, and two (5.5%) have
other functions (Table 5).

For the down-regulated DEGs, 46 clusters were conserved, with 237 proteins from R-NI
vs S-NI and 165 from S-I vs S-NI (Fig. 3B). A total of 55 orthologous clusters with 64 proteins
were exclusive to R-NI vs S-NI (Fig. 3B), containing 42 (66%) PK, 10 (16%) R proteins, six
(9%) have other functions, four (6%) U, and two (3%) polygalacturonase inhibitor
(Supplementary File 4: Table S6). Furthermore, in the S-I vs S-NI, 24 exclusive clusters with
25 proteins were identified (Fig. 3B), comprising 13 (52%) PK, 6 (24%) R proteins, three (12%)
have other functions, one (4%) transcription factor, one (4%) enzyme, and one (4%) U (Table

5).

SNP analysis

Among the 326,407 SNPs identified in coding sequence regions for both resistant and
susceptible eucalypt genotypes, 75,545 are synonymous substitutions, 56,526 are non-
synonymous substitutions and 194,336 are other sequence variants, such as those located at
regulatory regions and introns (Table 6, Supplementary File 5: Table S7). Of these, 222,667
(68.2%) were exclusive to the susceptible genotype, 36,722 (11.3%) were shared by both
genotypes, and 67,018 (20.5%) were exclusive to the resistant genotype (Table 6,
Supplementary File 5: Table S7). For both genotypes, the majority of SNPs were assigned as
synonymous and heterozygous. However, in this study, we focused on non-synonymous and
homozygous SNPs located at coding sequences of proteins related to resistance such as PK and
R proteins, and that distinguish resistant and susceptible genotypes (Supplementary File 6:
Table S8).

Among the up-regulated DEGs in R-NI compared to S-NI, 379 nonsynonymous and
homozygous SNPs were observed in 178 transcripts (Supplementary File 6: Table S9).
Interestingly, 22 SNPs were identified in 16 PK with serine-, proline- or leucine-rich domains,
while the other 27 were observed in nine R proteins (Supplementary File 6: Table S9). For
down-regulated DEGs in R-NI, 361 SNPs were found in 190 transcripts. Of these, 23 SNPs
were associated with eight PK and the other five were identified in four R proteins
(Supplementary File 6: Table S9).

In the susceptible genotype, 145 and 225 nonsynonymous and homozygous SNPs were
identified in 70 and 115 transcripts for the up- and down-regulated DEGs in S-I compared to
S-NI, respectively (Supplementary File 6: Table S9). Among up-regulated DEGs, 23 and six
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SNPs were associated with 10 PK and three R proteins, respectively (Supplementary File 6:
Table S9). Furthermore, for the down-regulated DEGs in S-1, 28 and 26 SNPs were identified
in 10 PK and 14 R proteins, respectively (Supplementary File 6: Table S9).

DEGs and SNP analyses in Pprl cluster genes

Among 101 transcripts identified in a 5 Mbp window at the Ppr/ locus, seven transcripts were
assigned as LRR kinase and R proteins (Supplementary File 7: Table S10). Of these, two R
proteins were significant up- and down-regulated in both R-NI vs S-NI and S-I vs S-NI
comparisons (Supplementary File 7: Table S11). However, none of these genes was identified
as differentially expressed in R-I compared to R-NI at 24 h after A. psidii inoculation. Moreover,
non-synonymous substitutions were identified in six transcripts related to resistance from both
genotypes (Supplementary File 7: Table S12). More specifically, the resistant genotype showed
nine heterozygous and two homozygous totalizing 11 exclusive non-synonymous substitutions

(Table 7).

DISCUSSION

In this study, we obtained high-quality data from 12 deep-sequenced RNA-Seq libraries of two
E. grandis genotypes: one resistant and another susceptible to rust (4. psidii). Our data had a
high consistency among replicates and treatments as judged by PCA and heatmap clustering
analyses. Additionally, at the end of the experiments, eucalypt plants of the susceptible
genotype showed typical symptoms of rust infection, however, the resistant genotype remained
asymptomatic, confirming previous results (Xavier et al. 2001; Junghans et al. 2003; Santos et
al. 2019).

The two E. grandis genotypes showed a very different background of gene expression
level in the absence of A. psidii infection. The resistant genotype constitutively overexpressed
a large number of protein-coding genes compared to the susceptible one. Interestingly, GO
enrichment analysis of these proteins revealed that terms involved in the plant defense against
pathogen infection such as signal transduction, photosynthesis, regulation and response to SA,
photosystems I and II, PK activity, and acid phosphatase activity were significantly enriched
(Table 2). Moreover, an OrthoMCL clustering analysis found 58 orthologous clusters
containing 69 resistance-related proteins. Of these, the majority are PK with leucine or proline-

rich receptors and R proteins but also polygalacturonase inhibitors (Table 4). During pathogen-
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host interactions, rust fungi such as A. psidii produced a specialized structure called haustoria
that secret into the host cells a wide range of effector proteins (Garnica et al. 2014; Lorrain et
al. 2019). Fungal effectors play a crucial role in pathogenicity (Lo Presti et al. 2015; Uhse and
Djamei 2018), modulating the transcription and suppression of genes induced in response to
pathogen infection (Ahmed et al. 2018). Pathogen recognition and signaling are crucial steps in
the plant immune system (Jones and Dangl 2006; Nobori and Tsuda 2019). Immune sensors
such as PK containing leucine-rich receptors (LRR) are able to recognize a wide broad of
pathogen effectors and activate defense responses (Zhao et al. 2005; Afzal et al. 2008;
Padmanabhan et al. 2009; DeYoung et al. 2012; Hohmann et al. 2017; Palm-Forster et al. 2017;
Kourelis and van der Hoorn 2018; Chakraborty et al. 2019). After direct or indirect recognition
(Van der Biezen and Jones 1998; Dangl and Jones 2001), signal transduction via
phosphorylation cascades within the plant cell is initiated (Zhao et al. 2005; Monaghan and
Zipfel 2012; Bigeard et al. 2015). LRR proteins activation induce SA dependent responses
(Jones and Dangl 2006). SA is a signal molecule in local defenses and in systemic acquired
resistance (Durner et al. 1997). Increases in the endogenous levels of SA contributes to the
expression of several R proteins and consequently activation of disease resistance (Dorey et al.
1997; Shah 2003). LRR and SA mediated disease resistance are effective against obligate
biotrophic pathogens (Glazebrook 2005; Jones and Dangl 2006; Naidoo et al. 2014) such as A.
psidii. In addition, plant pathogen polygalacturonase genes are often expressed during early
infection stages and have an important role in triggering plant defense responses (De Lorenzo
et al. 2001; Di et al. 2006).

Photosynthesis has a crucial role in plant defense. ATP, NADPH, and carbohydrates
generated by photosynthesis are utilized for the synthesis of many important compounds, such
as primary metabolites, SA, and antimicrobial compounds (Lu and Yao 2018). Our results show
that photosynthetic pathways of the resistant genotype plants are more transcriptionally active
than the susceptible one. Enhanced carbon fixation pathways increase the demand for ATP and
NADPH, which consequently leads to positive feedback on the electron transport chain
(Fernandez-Marin et al. 2020). Noteworthy, several genes associated with these energetic
molecules were up-regulated in R-NI compared to S-NI such as XP 010033434.1,
XP 010033435.1, XP_018719250.1, XP_018721923.1, XP_010048745.1, XP_010054116.1,
XP 018731779.1, XP_010065570.1, XP_018732584.1, XP_010067502.1 (Supplementary File
3: Table S1). Additionally, in the resistant plants, an increase in the gene expression level of

enzymes present in both the reduction [ribulose bisphosphate carboxylase (XP_010043499.1),
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phosphoglycerate kinase (XP _010060861.1), glyceraldehyde-3-phosphate dehydrogenase
(XP_018716342.1, XP _010048829.1)] and regeneration [triose phosphate isomerase
(XP_010057365.1)] phases of the Calvin cycle was observed (Supplementary File 3: Table S1).

At 24 h after A. psidii inoculation, the resistant genotype did not significantly change its
gene expression level, even for 101 transcripts related to resistance in a 5 Mbp window at the
Pprl locus. Typically, plant constitutive defense mechanisms are well known as physical
barriers such as the plant cell wall and cuticle (Freeman and Beattie 2008; Hématy et al. 2009).
Plants often refrain from producing toxic compounds and expression of R proteins until
pathogens are detected due to the high energy cost involved (Jones and Dangl 2006; Freeman
and Beattie 2008; Nobori and Tsuda 2019). However, our results show that the effective
resistance to A. psidii may be related to the constitutive overexpression of several PK with LRR,
R proteins, SA response, and higher photosynthesis level. Constitutive expression of LRR and
R proteins have been largely associated with plant resistance to pathogens (Sarowar et al. 2006;
Budak et al. 2006; Maschietto et al. 2016). In addition, overexpression of PK containing LRR
and R proteins were previously associated to be involved in the defense response of two
Myrtaceae native species from Australia infected by A. psidii (Hsich et al. 2018; Tobias et al.
2018). LRR genes were also identified as differentially expressed in two E. grandis clones with
different resistance level to canker disease caused by Chrysoporthe austroafricana (Christie et
al. 2016). Another explanation for a little significant alteration on the gene expression level in
the R-I compared to R-NI (only two DEGs) could be related to a very early response. Our
transcriptome analysis was done at 24 hours after inoculation. Response time is considered as
a crucial key for plant resistance, especially to biotrophic pathogens such as rust fungi. In some
cases, the response is very quickly, such as in barley that can activate a resistance related gene
(Rpgl) at 4 min after inoculation of Puccinia graminis f. sp. tritici (Nirmala et al. 2011).
However, in wheat the response time to P. friticina ranged from 4 to 12 h (Yadav et al. 2016;
Shen et al. 2017), reaching 24 h after inoculation of P. striiformis f. sp. tritici (Dobon et al.
2016).

Among the down-regulated DEGs from R-NI vs S-NI, 55 orthologous clusters with 64
proteins were found to been related to E. grandis resistance (Supplementary File 4: Table S6).
Since these proteins were down-regulated in R-NI, so they were up-regulated in S-NI, therefore,
comprise the constitutively overexpressed proteins related to defense mechanisms from
susceptible genotype. The main difference between the constitutively overexpressed proteins

from both E. grandis genotypes is regarding the rich protein residues coupled to the kinase
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domain. For the susceptible genotype, the majority are cysteine-rich receptors (CRR)
(Supplementary File 4: Table S6), while for the resistant one had LRR (Table 4). Although
LRR is considered to be the largest family of plant receptor kinases in Arabidopsis (Gou et al.
2010; Chakraborty et al. 2019) and also is the major class of genes linked to resistance to rust
(Butler et al. 2016), differences on efficiency of pathogen recognition by LRR and CRR are
still unknown.

The susceptible genotype was able to activate some response at 24 h after 4. psidii
inoculation. Among the up-regulated DEGs of S-I compared to S-NI, defense response was
found as significantly enriched biological process (Table 2). Additionally, 34 orthologous
clusters containing 37 proteins were found related to resistance (Fig. 3A). However, the
susceptible genotype may not have the required background for effective defense, since other
crucial biological processes such as signal transduction and photosynthesis (Jones and Dangl
2006; Lu and Yao 2018; Nobori and Tsuda 2019) were not found as enriched (Table 5). In our
study, a total of 24 orthologous clusters with 25 resistance-related proteins had their expression
level reduced with 4. psidii infection (Fig. 3B). The majority are PK that plays an essential role
in signal transduction and plant immunity (Tena et al. 2011; Tang et al. 2017; Chakraborty et
al. 2019), including two proteins (XP_010039878.2 and XP_010042765.1) related to leaf rust
resistance (Table 5) and one R protein (XP_018725762.1) located in the Pprl cluster genes
(Supplementary File 7: Table S11). Additionally, one transcription factor (XP_018722094.1:
WRKY transcription factor 19) also had the expression level reduced. Transcription factors
(TF) such as WRKY family genes are very important for plant immunity system, especially for
induce the expression of defense-related genes (Ryu et al. 2006; Eulgem and Somssich 2007;
Naoumkina et al. 2008; Pandey and Somssich 2009; Amorim et al. 2017). Functional studies
on TFs that mediate defense responses in Eucalyptus are limited (Naidoo et al. 2014). However,
WRKY genes have enhanced the resistance to a broad-spectrum of fungal pathogens in several
plant species such as Arabidopsis (Zheng et al. 2006; Lai et al. 2008; Zhao et al. 2018), rice
(Shimono et al. 2007; Inoue et al. 2013), barley (Gao et al. 2018), soybean (Cui et al. 2019),
and wheat (Li et al. 2020). TF genes frequently have been targeted by pathogen effectors (Ding
and Redkar 2018). In this context, it can be speculated that the down-regulated genes associated
to plant defense such as PK, R, and TF genes in the susceptible genotype infected by A. psidii
may be targeted for effector proteins, however, further investigations have to be done to prove

this point.
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Previous studies have mapped several QTLs in Eucalyptus spp. and Corymbia spp.,
indicating that the genetic control of rust resistance is complex and may depend on the many
other minor-effect genes (Rosado et al. 2010; Lima et al. 2011; Alves et al. 2012; Butler et al.
2016; Butler et al. 2019). However, the identity and characterization of these involved genes
were unknown yet. Here, we presented the first transcriptome analysis of E. grandis genotypes
infected by 4. psidii. Variant calling analysis identified a set of SNPs as non-synonymous
substitutions in transcripts encoded by genes located at region of Pprl locus and in other
transcripts encoded by resistance and defense-related genes at other genomic regions. Some of
those SNPs were identified in LRR kinase protein domain. Previous studies have demonstrated
that even a single amino acid substitution alters the effectively of recognition by the LRR
receptor (Warren et al. 1998; Tao et al. 2000; Halterman and Wise 2004; Stirnweis et al. 2014).
Therefore, those SNPs are candidate markers to distinguish resistant from susceptible

genotypes and these genes are possibly involved in resistance phenotype.

CONCLUSIONS

The analysis of transcriptome profiles using RNA-Seq showed that an E. grandis genotype
resistant to A. psidii infection constitutively overexpress a set of genes related to resistance
when compared to a susceptible genotype. Such genes are mainly involved in pathogen
recognition, signaling, and photosynthesis, which represent a crucial process to an effective
resistance response. At 24 hai, the susceptible genotype was able to activate defense response,
however, not enough to stop the fungal infection. The DEGs identified in our study will be
particularly useful as targets for investigating the molecular mechanisms involved E. grandis
resistance to rust (4. psidii). Our findings also have the potential to be used as candidate
molecular markers for resistance to myrtle rust, through their evaluation in populations of

contrasting FEucalyptus genotypes.
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Table 1 Summary of sequencing and mapping of RNA-Seq data from Eucalyptus grandis genotypes during infection by Austropuccinia psidii, the

causal agent of eucalyptus rust

Treatment S-NI Sl R-NI R-1

Replicate 1 2 3 1 2 3 1 2 3 1 2 3
Raw reads 30,341,745 28,732,272 33,078,941 26,429,273 29,835,907 28,067,978 28,123,920 27,631,847 29,979,049 25,413,710 28,910,093 26,876,501
Clean reads? 26,416,779 25,292,197 28,944,372 23,360,786 26,280,504 23,900,632 24,972,655 24,215,016 26,176,938 22,301,332 25,509,393 23,198,646
Clean bases® 2.67 2.55 2.92 2.36 2.65 2.41 2.52 2.45 2.64 2.25 2.58 2.34
(Gbp)

Reads uniquely 24,183,894 23,103,488 26,570,514 21,432,765 24,050,897 21,843,933 23,133,075 22,377,727 24,122,469 20,556,128 23,492,634 21,325,693
mapped (91.55%) (91.35%) (91.80%) (91.75%) (91.52%) (91.39%) (92.63%) (92.41%) (92.15%) (92.17%) (92.09%) (91.93%)
Q30° (%) 94.33 93.87 94.33 94.73 94.47 94.61 94.52 94.79 94.06 94.48 94.70 93.66

GC content (%) 50.50 50.50 50.50 50.50 50.50 50.50 50.50 50.50 50.50 51.00 50.50 50.50

2 Clean reads: Reads from sequencing after filtering low-quality and reads from rRNA. P Clean bases: The number of clean reads is multiplied by the length and converted to
Giga base pairs (Gbp). €Q30: Average of the percentage of bases from both paired-end raw reads with a Phred value >30. Note: R-NI = resistant genotype non-infected; S-NI

= susceptible genotype non-infected; R-I = resistant genotype infected; S-1 = susceptible genotype infected.
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Fig. 1 Symptoms of rust infection and gene clustering. a Leaf of susceptible Eucalyptus grandis
genotype showing uredinia containing urediniospores of Austropuccinia psidii at eight days
after inoculation, while resistant genotype remains without any symptoms. b PCA (principal
components analysis) plot using rlog-transformed values from reads count per gene from each
RNA-Seq library. c Heat map plot of relative rlog-transformed values of the 1,000 most variable
genes across samples. The subset containing the most variable genes can be found in
Supplementary File 8: Table S13. Note: R-NI = resistant genotype non-infected; S-NI =
susceptible genotype non-infected; R-I = resistant genotype infected; S-1 = susceptible
genotype infected.
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Fig. 2 Differentially expressed genes (DEGs) of resistant and susceptible Eucalyptus grandis
genotypes at 24 hours after inoculation with Austropuccinia psidii. a Number of significant
(padj < 0.0001) DEGs in each comparison. b-d Volcano plots of DEGs from R-NI vs S-NI, R-I vs
R-NI, and S-I vs S-NI, respectively. e Venn diagram showing unique and shared DEGs. Note:

R-NI = resistant genotype non-infected; S-NI = susceptible genotype non-infected; R-l =
resistant genotype infected; S-I = susceptible genotype infected.
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Table 2 GO significantly enriched analysis of the up-regulated DEGs of Eucalyptus grandis

genotypes at 24 hours after inoculation with Austropuccinia psidii

Gene

a . . .b
Category Term Description count padj

BP G0:0008152 Metabolic process 31 2.4E-03

BP G0:0006629 Lipid metabolic process 9 3.5E-02

BP G0:0018298 Protein-chromophore linkage 8 1.7E-04

BP G0:0007165 Signal transduction 8 3.9E-02

BP G0:0009765 Photosynthesis, light harvesting 7 5.5E-05

BP G0:2000031 Regulation of salicylic acid mediated signaling pathway 3 2.3E-02

_ BP G0:0071446 Cellular response to salicylic acid stimulus 3 2.3E-02
Z. cc G0:0016021 Integral component of membrane 189 8.3E-04
ﬂ CcC G0:0009522 Photosystem | 8 2.1E-04
2 CcC G0:0009523 Photosystem Il 7 4.3E-04
i cc G0:0009535 Chloroplast thylakoid membrane 7 6.9E-03
MF G0:0004672 Protein kinase activity 29 9.0E-03

MF G0:0005506 Iron ion binding 24 3.8E-02

MF G0:0003824 Catalytic activity 20 4.8E-02

MF G0:0043531 ADP binding 13 2.4E-04

MF G0:0016168 Chlorophyll binding 8 2.0E-04

MF G0:0003993 Acid phosphatase activity 6 2.8E-02

MF G0:0005381 Iron ion transmembrane transporter activity 3 2.8E-02

BP G0:0008152 Metabolic process 37 2.3E-08

BP G0:0006952 Defense response 11 6.5E-03

cc G0:0016021 Integral component of membrane 121 1.2E-02

= MF G0:0020037 Heme binding 21 2.2E-02
%) MF G0:0016758 Transferase activity, transferring hexosyl groups 19 2.1E-04
g MF G0:0004497 Monooxygenase activity 16 2.3E-02
; MF G0:0005509 Calcium ion binding 13 3.5E-02
MF G0:0043531 ADP binding 11 2.2E-04

MF G0:0016597 Amino acid binding 1.0E-02

MF G0:0004540 Ribonuclease activity 4.7E-02

2 Gene Ontology (GO) terms in biological process (BP), cellular component (CC), and molecular function (MF)
categories. ® P values were adjusted (padj) using the Hochberg and Benjamini tests and GO terms with a padj <
0.05 and gene count > 2 were considered as significantly enriched. Note: R-NI = resistant genotype non-infected;
S-NI = susceptible genotype non-infected; R-I = resistant genotype infected; S-1 = susceptible genotype infected.
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Table 3 GO significantly enriched analysis of the down-regulated DEGs of Eucalyptus grandis
genotypes at 24 hours after inoculation with Austropuccinia psidii

Category?® Term Description Gene padj®
count

= BP G0:0008152 Metabolic process 31 7.2E-03
h CcC G0:0005737 Cytoplasm 20 6.2E-03
g MF G0:0016758 Transferase activity, transferring hexosyl groups 17 2.2E-02
2. MF G0:0016279 Protein-lysine N-methyltransferase activity 3 7.9E-03
o MF G0:0016810 Hydrolase activity, acting on carbon-nitrogen (but not peptide) bonds 3 4.8E-02
_ CcC G0:0016020 Membrane 7 2.5E-02
Z. MF G0:0008270 Zinc ion binding 28 4.4E-02
2 MF G0:0016491 Oxidoreductase activity 25 3.8E-04
; MF G0:0004672 Protein kinase activity 17 7.6E-03
MF G0:0043531 ADP binding 6 3.7E-02

2 Gene Ontology (GO) terms in biological process (BP), cellular component (CC), and molecular function (MF)
categories. ® P values were adjusted (padj) using the Hochberg and Benjamini tests and GO terms with a padj <
0.05 and gene count 2 2 were considered as significantly enriched. Note: R-NI = resistant genotype non-infected;
S-NI = susceptible genotype non-infected; R-I = resistant genotype infected; S-I = susceptible genotype infected.

(A) Up-regulated DEGs (B) Down-regulated DEGs

— ) R-NIvs S-NI (a) 5ae
¢ 1336 S-1vs S-NI (b) c: 1467
PRGdb (c)

Fig. 3 OrthoMCL clustering analysis of differentially expressed genes (DEGs) of Eucalyptus
grandis genotypes at 24 hours after inoculation with Austropuccinia psidii with E. grandis
resistance-related proteins from Plant Resistance Genes database (PRGdb). a-b Venn
diagrams showing unique and shared orthologous clusters and number of proteins among
DEGs and PRGdb. Note: R-NI = resistant genotype non-infected; S-NI = susceptible genotype
non-infected; R-1 = resistant genotype infected; S-1 = susceptible genotype infected.
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Table 4 Constitutive overexpressed resistance-related proteins in the resistant Eucalyptus
grandis genotype comparing to the susceptible

OrthoMCL Protein ID? Protein name Log,FCP
cluster

XP_018720519.1  L-type lectin-domain containing receptor kinase V.1 6,17
1 XP_010037812.1  L-type lectin-domain containing receptor kinase V.1 4,91

XP_018721127.1  L-type lectin-domain containing receptor kinase V.1 2,19

XP_010036273.1  Lectin-domain containing receptor kinase V1.4 1,54

XP_018721785.1  Plant intracellular Ras-group-related LRR protein 4-like 6,81
2 XP_018721791.1 Disease resistance protein LAZ5 6,32

XP_018729851.1  TMV resistance protein N isoform X2 4,25

XP_010051086.1  Protein MKS1 4,50
3 XP_018722534.1  Uncharacterized protein LOC108956903 2,13

XP_018726611.1  Uncharacterized protein LOC104437579 isoform X1 1,04
4 XP_018727105.1  Proline-rich receptor-like protein kinase PERK1 isoform X3 7,24

XP_018727098.1  Proline-rich receptor-like protein kinase PERK3 isoform X2 0,87
5 XP_018729839.1  Probable disease resistance protein At4g19060 4,02

XP_010055455.1  Probable disease resistance protein At5g45490 1,74
6 XP_010036338.1  BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1 2,59

XP_018722557.1 BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1 1,76
7 XP_018726992.1  TMV resistance protein N isoform X2 1,45

XP_018722228.1  TMV resistance protein N 1,12
8 XP_018728602.1  Disease resistance protein RPM1-like 10,67
9 XP_010046438.1  Lysm domain receptor-like kinase 4 10,26
10 XP_010024187.1  Polygalacturonase inhibitor-like 7,00
11 XP_010051304.1  Toll/interleukin-1 receptor-like protein 6,65
12 XP_018728742.1 Disease resistance protein RPM1 6,59
13 XP_018730739.1  Leucine-rich repeat-containing protein 40-like 6,52
14 XP_018722313.1 Protein kinase APK1B, chloroplastic-like 6,51
15 XP_018730912.1  LRR receptor-like serine/threonine-protein kinase GSO2 isoform X2 6,28
16 XP_010058955.1 Stress response protein nstl isoform X1 5,11
17 XP_018719939.1 Disease resistance protein At4g27190 isoform X1 4,96
18 XP_018723657.1  Uncharacterized protein LOC104426303 4,80
19 XP_018727691.1  Uncharacterized protein LOC104441500 isoform X1 4,70
20 XP_018726959.1  Proline-rich receptor-like protein kinase PERK3 4,57
21 XP_018731295.1  Probable leucine-rich repeat receptor-like serine/threonine-protein kinase At3g14840 4,30
22 XP_018721940.1  Disease resistance protein LAZ5-like 4,11
23 XP_018731627.1  Mitogen-activated protein kinase 7 3,78
24 XP_018728922.1  Toll/interleukin-1 receptor-like protein 3,74
25 XP_010057722.2 Putative disease resistance protein At4g19050 3,64
26 XP_018720140.1  BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1 isoform X2 3,37
27 XP_018727431.1  Uncharacterized protein LOC104441110 isoform X1 3,19
28 XP_018725686.1  Uncharacterized protein LOC104439442 2,99
29 XP_018716780.1  Serine/threonine-protein kinase-like protein CCR4 isoform X1 2,77
30 XP_010034802.1  Pollen receptor-like kinase 3 2,75
31 XP_018720614.1 Rust resistance kinase Lr10-like isoform X1 2,58
32 XP_018719055.1 Disease resistance protein TAO1 2,31
33 XP_010050650.2 CBL-interacting serine/threonine-protein kinase 24 2,29
34 XP_010030026.1  ABC transporter G family member 11 1,84
35 XP_010036366.1 CDPK-related kinase 1 1,60
36 XP_010040027.1 Disease resistance protein RPP13 isoform X2 1,60
37 XP_010051382.1  Leucine-rich repeat protein soc-2 homolog 1,58
38 XP_010056223.1 Disease resistance protein RPM1 1,52
39 XP_010055829.1  Probable inactive receptor kinase At4g23740 1,51
40 XP_010049433.2  Proline-rich receptor-like protein kinase PERK3 isoform X1 1,46
41 XP_010036335.1 Somatic embryogenesis receptor kinase 1 1,42
42 XP_010060769.1  Receptor-like serine/threonine-protein kinase At1g78530 1,35
43 XP_010045511.1  Leucine-rich repeat receptor-like serine/threonine/tyrosine-protein kinase SOBIR1 1,26
44 XP_010041713.1  Protein kinase and PP2C-like domain-containing protein 1,21
45 XP_010051912.1  Probable LRR receptor-like serine/threonine-protein kinase At4g20940 1,19
46 XP_010063079.2 Probable serine/threonine-protein kinase WNK11 isoform X1 1,18
47 XP_010062002.1  Calcium-dependent protein kinase 11 isoform X2 1,16
48 XP_010052291.1  Putative leucine-rich repeat receptor-like serine/threonine-protein kinase At2g14440 1,08
49 XP_010052182.1 CBL-interacting serine/threonine-protein kinase 12 0,90
50 XP_018730706.1  Probable receptor-like protein kinase At5g47070 0,86
51 XP_018718480.1 Phototropin-2 0,86
52 XP_018717263.1 Serine/threonine-protein kinase HT1 0,82
53 XP_010042572.1 CBL-interacting protein kinase 2 0,79
54 XP_018727101.1  Proline-rich receptor-like protein kinase PERK3 0,73
55 XP_010056802.1  PTI1-like tyrosine-protein kinase 1 isoform X1 0,59
56 XP_010032521.1  SNF1-related protein kinase catalytic subunit alpha KIN10 isoform X1 0,47
57 XP_010033439.1  Mitogen-activated protein kinase 7 0,43
58 XP_010024632.1 Serine/threonine-protein kinase CDL1 0,37

2 NCBI nomenclature. ® Log, of fold-change (FC) value from R-NI vs S-NI comparison. Note: R-NI = resistant
genotype non-infected; S-NI = susceptible genotype non-infected.
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Table 5 Resistance-related proteins with expression level affected positively or negatively by
Austropuccinia psidii infection in the susceptible Eucalyptus grandis genotype

OrthoMCL

Protein ID? Protein name Log,FCP
cluster

1 XP_018732206.1 Serine/threonine-protein kinase/endoribonuclease IRE1la 4,55
XP_010060235.2 Serine/threonine-protein kinase/endoribonuclease IRE1a isoform X2 4,02

5 XP_018726292.1 G-type lectin S-receptor-like serine/threonine-protein kinase SD2-5 2,14
XP_010048193.1 G-type lectin S-receptor-like serine/threonine-protein kinase SD2-5 1,12

3 XP_010049411.1 Serine/threonine-protein kinase At5g01020 1,77
XP_010049350.1 Serine/threonine-protein kinase At5g01020 1,49

4 XP_018715809.1 Toll/interleukin-1 receptor-like protein 6,97

5 XP_010026327.1 TMV resistance protein N-like 6,56

6 XP_010057335.1 Disease resistance protein LAZ5 6,26

7 XP_018730120.1 Toll/interleukin-1 receptor-like protein 5,73

8 XP_010046528.1 LEAF RUST 10 DISEASE-RESISTANCE LOCUS RECEPTOR-LIKE PROTEIN KINASE-like 2.7 5,58

9 XP_010053967.1 Probably inactive leucine-rich repeat receptor-like protein kinase At5g48380 5,34

10 XP_010053969.1 Probably inactive leucine-rich repeat receptor-like protein kinase At5g48380 5,19

11 XP_018721024.1 LRR receptor-like serine/threonine-protein kinase GSO2 isoform X2 3,72

8 12 XP_018726962.1 Proline-rich receptor-like protein kinase PERK3 isoform X2 3,11
P 13 XP_010063715.1 MDIS1-interacting receptor like kinase 2 2,87
_% 14 XP_018718033.1 Serine/threonine-protein kinase CDL1 2,65
Q 15 XP_010051745.1 G-type lectin S-receptor-like serine/threonine-protein kinase LECRK2 2,56
E 16 XP_018716214.1 Plant intracellular Ras-group-related LRR protein 5-like 2,33
OJD 17 XP_010027357.1 G-type lectin S-receptor-like serine/threonine-protein kinase LECRK4 2,26
o 18 XP_010070641.2 Putative disease resistance RPP13-like protein 2 isoform X1 2,16
S 19 XP_010045165.2 Putative inactive disease susceptibility protein LOV1 2,04
=) 20 XP_010064986.1 Mitogen-activated protein kinase kinase kinase 1 isoform X1 1,86
21 XP_010054953.1 Histidine--trna ligase, cytoplasmic 1,63

22 XP_010045108.1 Protein kinase 2B, chloroplastic 1,53

23 XP_010042885.2 U-box domain-containing protein 33-like 1,30

24 XP_010063769.1 leucine-rich repeat receptor-like tyrosine-protein kinase PXC3 0,98

25 XP_018715250.1 Probable inactive receptor-like protein kinase At3g56050 0,90

26 XP_010066552.1 G-type lectin S-receptor-like serine/threonine-protein kinase At1g34300 0,84

27 XP_010063879.2 Serine decarboxylase 0,66

28 XP_010062525.1 U-box domain-containing protein 35 0,66

29 XP_010066742.1 Leucine-rich repeat receptor-like serine/threonine-protein kinase At2g14440 0,64

30 XP_010047911.1 Cyclin-dependent kinase F-1 0,57

31 XP_010043234.1 Probable receptor-like protein kinase At3g55450 0,57

32 XP_010037082.1 Probably inactive leucine-rich repeat receptor-like protein kinase At5g48380 0,45

33 XP_010047526.1 LOW QUALITY PROTEIN: mitogen-activated protein kinase kinase 2-like 0,39

34 XP_010030065.1 BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1 0,39

1 XP_010029904.1 Jacalin-related lectin 4 -2,96
XP_010029918.1 Myrosinase-binding protein 2 isoform X1 -1,43

2 XP_018719919.1 Disease resistance protein RLM3 -3,34

3 XP_010042765.1 LEAF RUST 10 DISEASE-RESISTANCE LOCUS RECEPTOR-LIKE PROTEIN KINASE-like 2.1 -3,10

4 XP_018716675.1 Protein scribble homolog -3,01

5 XP_010042977.1 Plant intracellular Ras-group-related LRR protein 4-like -2,96

6 XP_018729655.1 L-type lectin-domain containing receptor kinase IX.1 isoform X2 -2,47

17 7 XP_010039878.2 LEAF RUST 10 DISEASE-RESISTANCE LOCUS RECEPTOR-LIKE PROTEIN KINASE-like 1.1 -2,35
8 8 XP_010064640.2 Wall-associated receptor kinase 3 -2,17
[a] 9 XP_018724713.1 TMV resistance protein N-like -2,09
8 10 XP_018717720.1 Probable receptor-like protein kinase At5g24010 -1,86
b= 11 XP_018726301.1 Probable L-type lectin-domain containing receptor kinase S.5 isoform X1 -1,74
S 12 XP_010060724.1 TMV resistance protein N isoform X1 -1,53
gf 13 XP_010024993.1 Probable serine/threonine-protein kinase NAK isoform X1 -1,53
i 14 XP_018722094.1 Probable WRKY transcription factor 19 -1,45
g 15 XP_018725380.1 Receptor-like protein kinase 5 isoform X2 -1,43
o 16 XP_010046666.1 Probable leucine-rich repeat receptor-like protein kinase At1g35710 isoform X1 -1,38
a 17 XP_018724419.1 LOW QUALITY PROTEIN: lysm domain receptor-like kinase 3 -0,91
18 XP_018719366.1 Disease resistance RPP13-like protein 4 isoform X2 -0,81

19 XP_010059914.1 Probable serine/threonine-protein kinase At1g01540 -0,67

20 XP_010070081.1 Shaggy-related protein kinase alpha -0,65

21 XP_010042581.1 Probable inactive receptor-like protein kinase At3g56050, partial -0,65

22 XP_010057375.1 Probable LRR receptor-like serine/threonine-protein kinase At1g05700 -0,58

23 XP_018725483.1 Uncharacterized protein LOC104438755 -0,49

24 XP_018719688.1 Probable protein phosphatase 2C 21 isoform X3 -0,49

2 NCBI nomenclature. ° Log, of fold-change (FC) value from S-I vs S-NI comparison. Note: S-NI = susceptible
genotype non-infected; S-I = susceptible genotype infected.
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Table 6 Summary of Single Nucleotide Polymorphisms (SNP) identified in RNA-Seq data of two
Eucalyptus grandis genotypes resistant and susceptible to rust (Austropuccinia psidii)

SNP Susceptible  Resistant Synonymous Non-synonymous Other Total of
category genotype? genotype? variants variants variants®  polymorphic loci
exclusive 0/1 0/0 51413 37894 127155 216462
exclusive 1/1 0/0 1253 1018 3934 6205
exclusive 0/0 0/1 12717 10728 36685 60130
exclusive 0/0 1/1 1440 1100 4348 6888
shared 0/1 1/1 6215 3953 15290 25458
shared 1/1 0/1 2507 1833 6924 11264

2 0/0 is identical to the E. grandis reference genome; 0/1 and 1/1 contain one and two different alleles,
respectively, compared to the E. grandis reference genome. ? Other variants include those located at regulatory
regions and introns.
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Table 7 Heterozygous and homozygous non-synonymous substitutions identified exclusively in the Eucalyptus grandis genotype resistant to rust
(Austropuccinia psidii)

Transcript ID Protein ID Chromosome Position Rerfgrir;ce Allele® Susceptible® Resistant® ;;as?tsig:pt Ec?ssition E:;[EI(; '::(;20 Codons
XM_018870217.1  XP_018725762.1  Nw_010092440.1 50564259 A C o/op 0/1 3067 2869 957 Y/D Tac/Gac
NW_010092440.1 50564284 T A 0/0 1/1 3042 2844 948 R/S agA/agT
XM_010050616.2  XP_010048918.1  Nw_010092440.1 52278292 T C 0/0 0/1 1224 1065 355 I/M atA/atG
NW_010092440.1 52280572 C A 0/0 0/1 366 207 69 K/N aaG/aaT
NW_010092440.1 52280902 C T 0/0 0/1 199 40 14 V/I Gtt/Att
XM_018870229.1  XP_018725774.1  NW_010092440.1 52648034 T C 0/0 1/1 3966 3149 1050 Q/R cAg/cGg
XM_010050814.2  XP_010049116.1  Nw 010092440.1 55117514 C G 0/0 0/1 2936 2684 895 G/A gGe/gCc
NW_010092440.1 55117518 G A 0/0 0/1 2932 2680 894 L/F Ctc/Ttc
NW_010092440.1 55117530 C T 0/0 0/1 2920 2668 890 A/T Gee/Acc
NW_010092440.1 55118781 C T 0/0 0/1 2092 1840 614 D/N Gac/Aac
NW_010092440.1 55119669 T G 0/0 0/1 1204 952 318 S/R Agc/Cgc

2Single Nucleotide Polymorphisms identified in RNA-Seq data. ®0/0 is identical to the E. grandis reference genome. € 0/1 and 1/1 contain one and two different alleles,
respectively, compared to the E. grandis reference genome.
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Abstract In this study, we present an assembly and annotation for the nuclear genome of 21
fungal pathogens of the Ceratocystis fimbriata complex from different host species and
geographic location. The average size of the assembled genomes was 30.4 Mbp, with 7,551
protein-coding, 111 rRNAs, and 366 tRNAs genes. Furthermore, all 21 genomes showed a high
score of BUSCO completeness (> 90%), which indicates the high-quality genome assemblies
and high accuracy of the gene annotation. In general, independently on host and geographic
location, the majority of genome features revealed a high level of similarity among the
Ceratocysstis fungal isolates. We found that 21 assembled genomes plus C. fimbriata type
isolate shared a set of 6,141 conserved orthologous clusters genes, which represents 81.33% of
the average number of protein-coding genes. Moreover, our high-quality dataset may be useful

in future genomic studies involving this important fungal pathogen group.

Keywords: Ceratocystis wilt. Rapid ‘chi‘a death. Whole-genome sequencing. OrthoMCL

analysis. Genomic analysis.
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INTRODUCTION

The Ceratocystis fimbriata complex (de Beer et al. 2014) comprises many important pathogens
that cause wilt, cankers, and rot roots on agricultural and forestry crops, as well as on natural
woody ecosystems around the world. There is a limited morphological variation among the
fungi of the complex (Webster and Butler 1967), which difficult the species delimitation
(Harrington et al. 2014; Fourie et al. 2015). Currently, these fungal pathogens have been
grouped in four geographics clades: Latin American clade (LAC) (Engelbrecht and Harrington
2005); the North American clade (NAC) (Johnson et al. 2005); the African clade (AFC) (Heath
et al. 2009; Mbenoun et al. 2014); and the Asian-Australian clade (AAC) (Thorpe et al. 2005;
Johnson et al. 2005; Li et al. 2017).

Fungal pathogens from the C. fimbriata complex have been considered as a continuous
threat to crops and native vegetation across the world. In Brazil, this fungus has been causing
significant economic losses in different crops, especially in Eucalyptus spp. plantations (Zauza
et al. 2004; Guimaraes et al. 2010; Mafia et al. 2013), mango (Oliveira et al. 2015) and kiwifruit
(Actinidia sp.) orchards (Piveta et al. 2016; Ferreira et al. 2017). However, in other parts of the
globe such as Hawai, the pathogen has killed hundreds of thousands of Metrosideros
polymorpha, which is the most common and widespread native tree species of Hawai (Keith et
al. 2015; Mortenson et al. 2016; Barnes et al. 2018). Due to its wide host range and economic
importance, this pathogen group has been extensively studied, especially using molecular
markers such as microsatellite to access the genetic variability on the pathogen population
(Steimel et al. 2004; Nkuekam et al. 2009; Ferreira et al. 2010; Rizatto et al. 2010; Simpson et
al. 2013; Oliveira et al. 2015; Li et al. 2016).

The advance on the genome sequencing technologies has been providing high-quality
whole genomic sequences much more rapidly and cheaply (Goodwin et al. 2016). Recently,
comparative genomic analysis based on the whole-genome features has been extensively
applied in several fungal groups, providing significant insights in their biology, taxonomy, and
pathogenicity (Yang et al. 2017; Choi and Kim 2017; Mufioz et al. 2018). In this context, a
complete characterization of the genome of fungal pathogens from C. fimbriata complex,
obtained from different host species and geographic locations, can provide crucial information
to a better understanding of their biology and pathogenicity.

In this study, we present a high-quality assembly and annotation of the nuclear genome

for 21 isolates of the C. fimbriata complex from different host species and geographic locations.
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In addition, we performed an OrthoMCL clustering analysis, providing a minimal quorum of

orthologous conserved genes among them, as well as the specific genes for each fungal isolate.

MATERIAL AND METHODS
Fungal isolates

A total of 21 fungal isolates of the C. fimbriata complex was sequenced. These fungal
pathogens were initially isolated from different host species and geographic regions (Table 1).
The pure cultures were obtained from three collections: Laboratory of Forest Pathology (LPF)
of the Universidade Federal de Vicosa, Brazil; Collection of T.C. Harrington of the lowa State
University, USA (C); and Plant and Food Research Collection, New Zealand. Additionally, the
genome of C. fimbriata type isolate (Accession Number: APWKO00000000.3) (Wingfield et al.
2019), isolated from sweet potato, was downloaded from GenBank and used on the OrthoMCL

clustering analysis.

DNA extraction and genome sequencing

DNA was extracted using Wizard Genomic DNA Purification Kit® (Promega, Madison, United
States) from mycelia collected from a pure single spore culture, grown in Petri plate, containing
2% malt extract agar (MEA, 20 g L-! Agar, 20 g L"! malt extract) at 25°C for 20 days. The fungal
mycelia were added in a microcentrifuge tube of 2 mL containing two tungsten carbide beads,
then it was disrupted in a Qiagen Tissuelyser for 2 min at 30 Hz frequency and the DNA was
extracted according to the kit instructions.

For sequencing, pair-end libraries with an average insert size of 350 bp were constructed
from each sample of the genomic DNA of 21 fungal isolates according to the manufacturer’s
instructions (Illumina, San Diego, CA). The sequencing was performed using an Illumina
MiSeq or Illumina NovaSeq 6000 platforms (Table 1), at the Australian Genome Research
Facility, Melbourne, Australia (http://www.agrf.org.au/) and GenOne Biotechnologies, Rio de
Janeiro, Brazil (http://www.genone.com.br/). The genomes were sequenced with high

coverage, ranging from 130 to 280-fold (Table 1).
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Genome assembly and evaluation

Low-quality reads (Q30 threshold) and Illumina adapter sequences were removed using
Trimmomatic v. 0.36 (Bolger et al. 2014). Quality control checks were performed by FastQC
v. 0.11.5 (Andrews 2010) before and after the trimming step to ensure the quality of the final
dataset (clean reads). Trimmed reads were de novo assembled testing the following assemblers
using default parameters: AS5-Miseq v. 20160825 (Coil et al. 2015); SPAdes v. 3.13.0
(Bankevich et al. 2012); Platanus v. 1.2.4 (Kajitani et al. 2014); and SOAPdenovo2 v. 2.04 (Luo
et al. 2012).

For each isolate, the four assemblies were evaluated using QUAST v. 4.2 regarding the
following metrics: total size, number of contigs, length of the largest contig, and N50 (Gurevich
et al. 2013). The best draft assembly was submitted to Redundans v. 0.14a for scaffolding and
gap close using default parameters (Pryszcz and Gabaldon 2016). Thereafter, Pilon v. 1.23 was
used for polishing to reduce misassembles (Walker et al. 2014). To identify and eliminate
potential contaminates from the final assembly, a BLASTn of all assembled scaffolds against a
bacteria-virus database was performed (Altschul et al. 1990), considering an E-value of 1e-25.
Finally, to get the final assembly of the nuclear genome, the scaffold containing the

mitochondrial genome was removed.

Genome size estimation

Trimmed reads were used to estimate the genome size based on k-mer distribution and depth
as described by Tan et al. (2018). First, k-mer counting was performed with jellyfish v2.2.10
(Marcais and Kingsford 2011). Then, histograms of 17-, 21-, and 25-kmers frequency

distributions were processed by GenomeScope (Vurture et al. 2017).

Genome annotation and evaluation

For the LPF1912 isolate, protein-coding genes were predicted using BRAKER pipeline v. 2.1.0
(Stanke et al. 2006; Stanke et al. 2008; Hoff et al. 2016; Hoff et al. 2019). Trimmed reads of 12
RNA-Seq libraries from eucalyptus infected by C. fimbriata LPF1912 were mapped to the
scaffold sequences of the LPF1912 nuclear genome using STAR v. 2.7.1a by selecting default
parameters (Dobin et al. 2013). Thereafter, the obtained BAM files and scaffold sequences of
the LPF1912 nuclear genome were submitted to BRAKER v. 2.1.0 using default parameters.

For the other isolates, which do not have available RNA-seq data, protein-coding genes were
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predicted using AUGUSTUS version 3.3 (Stanke and Morgenstern 2005), considering the
trained set of parameters for C. fimbriata LPF1912. To evaluate gene prediction accuracy, the
completeness of the gene prediction was assessed using the Benchmarking Universal Single-
Copy Orthologs, named BUSCO (Simao et al. 2015). BUSCO was performed on all predicted
genes, making use of the Ascomycota lineage dataset (ascomycota odb9).

The predicted coding-protein genes were functionally annotated through similarity
searches using BLAST version 2.6.0 (Altschul et al. 1990). In these searches, the encoded
proteins were aligned to the sequences of NCBI protein non-redundant database (NCBInr),
UniProt Knowledgebase (UniProtKb), using protein BLAST (BLASTp) (cutoff for significant
hits: E-value of 1e-10). Furthermore, gene ontology (GO) terms were assigned to the proteins
using GOanna tool from AgBase (https://agbase.arizona.edu/cgi-bin/tools/GOanna.cgi)
(McCarthy et al. 2006) by selecting the following parameters: E-value = le-05; matrix
BLOSUMG62; word size = 3; identity = 30%; and query coverage = 70%. Ribosomal genes were
identified by Barrnap v. 0.9 (https://github.com/tseemann/barrnap), using Eukaryota database,
and transporter RNA genes were identified by tRNAscan-SE v. 2.0.5
(http://lowelab.ucsc.edu/tRNAscan-SE/) using Eukaryotic database and default options (Chan
and Lowe 2019). RepeatMasker version open-4.0.8 (http://www.repeatmasker.org/) was used
to identify repetitive sequences using Fungi database of RepBase library (v. 20170127) (Jurka
et al. 2005). Additionally, RepeatModeler v. 2.0
(http://www.repeatmasker.org/RepeatModeler/) was used to perform a de novo transposable

element (TE) family identification and modeling.

OrthoMCL clustering analysis

The Markov clustering program OrthoMCL v. 2.0 (Li et al. 2003) was used to identify
orthologous genes between all sequenced fungal isolates and C. fimbriata type isolate. Thus,
amino acid sequences of proteins encoding genes were submitted to reciprocal similarity
searches using BLASTp tool of BLAST v. 2.9.0 (Altschul et al. 1990), considering an E-value
of 1e-10 as a threshold for the significant alignments. Putative orthologous were then clustered

with OrthoMCL using an inflation value of 1.5 and a similarity of 50%.
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RESULTS
Genome assembly stats

The estimated genome size ranged from 26.1 to 31.2 Mbp among the 21 isolates of the C.
fimbriata complex, with the majority close to the average (29 Mbp) (Table 2). ASMiseq
assembler was the most effective software for the majority of genomes, followed by SPAdes
and Platanus (Table 2). In addition, the total size of the assembled genome ranged from 27.9 to
31.8 with an average of 30.3 Mbp and was similar to the estimated size for the majority of
isolates (Table 2).

Among the 21 Ceratocytis genomes, the number of assembled scaffolds ranged from 346
to 1,693 with an average of 764 (Table 2). The minimum size of the largest scaffold was
observed for CFNZ isolate (167,813 bp), while the maximum size was found for LPF1922
(1,229,531 bp) (Table 2). Additionally, N50 ranged from 30,693 to 260,845 bp among the
assembled genomes with an average size of 151,948 bp (Table 2). Finally, the sequencing
coverage of the assemblies ranged from 37 to 199-fold with an average of 107-fold among all

analysed isolates (Table 2).

Genome annotation

Genes were predicted and annotated as protein-coding, ribosomal RNA (rRNA), and transfer
RNA (tRNA) (Table 3). For most isolates, the number of protein-coding genes was close to the
average (7,551), except for LPF1560, C1714, C4118, C4186, and CFNZ (Table 3). All isolates
showed a BUSCO completeness higher than 90% and most of the complete orthologous genes
were classified as a single copy (Table 3).

Four types of rRNA were found among the isolates and 5S and 5.8S were the one with
higher number of copies (Table 3). The majority of Ceratocystis isolates showed a single copy
of 18S and 28S, except LPF1912, LPF1413, LPF1922, C1714, C4184, and C4191 isolates
(Table 3). Additionally, the number of tRNAs was similar among the majority of isolates with
an average of 366, except for C4118 isolate that had 318 (Table 3).

For all isolates, the G+C content in the coding DNA sequence (CDS) regions was higher
than in the whole-genome (Fig. 1A). The average in the whole-genome and CDS were 48.26
and 52.65%, respectively. In the CDS regions, the G+C content was similar for all isolates (Fig.
1A). However, in the whole-genome, C1714 and C4186 isolates had G+C content higher than
others (Fig. 1A).
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The proportion of repetitive sequences in the whole-genome ranged from 9.86 (C1714
isolate) to 17.18% (LPF1912 isolate) with an average of 14.59% among all isolates (Fig. 1B).
Repetitive sequences were identified and classified as transposable elements (TEs) [Short
Interspersed Nuclear Elements (SINEs), Long Interspersed Nuclear Elements (LINE), Long
Terminal Repeat Elements (LTR), and DNA transposons], small RNA, satellites, simple
repeats, low complexity repeats, and unclassified (Table 4).

Retroelements type SINEs were found only for LPF1912, LPF1400, LPF1427, LPF1470,
LPF1674, LPF1688, C1714, C4186, C4191, and CFNZ isolates. However, LINEs, LTRs, and
DNA transposons were observed for all isolates (Table 4). The number of LINEs ranged from
782 (LPF1560 isolate) to 1,915 (LPF1912 isolate) with an average of 1,424, while LTRs ranged
from 471 (C4186 isolate) to 1,527 (LPF1415 isolate) with an average of 1,098 among all
isolates (Table 4). Additionally, the number of DNA transposons found ranged from 682
(C1714 isolate) to 2,452 (LPF1912 isolate) with an average of 1,881 (Table 4).

Small RNAs were found only in LPF1400, LPF1413, and LPF1415 isolates (Table 4).
However, satellite regions were annotated for most isolates, except LPF1912, LPF1674,
LPF1560, and C4184 (Table 4). Simple and Low complexity repeats were abundant in all
Ceratocystis nuclear genome (Table 4). For all isolates, a large proportion of the repetitive

sequences was unclassified (Table 4).

OrthoMCL clustering analysis of protein-coding genes

The 22 Ceratocytis genomes shared a total of 6,141 conserved orthologous clusters genes with
the majority (5,931) as a single-copy (Fig. 2). C4186, C1714, and LPF1560 isolates had 8, 7,
and 3 unique clusters with 18, 15, and 7 protein-coding genes, respectively (Fig. 2; Table 5).
LPF1912, LPF1668, C4191, and C. fimbriata (type) showed two unique clusters with 7, 4, 4,
and 4 genes, respectively (Fig. 2; Table 5). In addition, CFNZ, LPF1413, LPF1674, LPF1922,
and C4118 had only one unique cluster (Fig. 2; Table 5). Finally, LPF1400, LPF1415,
LPF1427, LPF1458, LPF1470, LPF1673, LPF1682, LPF1688, LPF1701, and C4184 had no
unique orthologous clusters (Fig. 2).

The two C. fimbriata isolates from sweet potato (lpomoea batatas) shared a high number
of exclusive orthologous clusters genes (Fig. 2; Table 6). On the other hand, the 13 isolates
from kiwifruit (Actinidia sp.) shared three clusters. Furthermore, the three isolates from ‘chi‘a

(Metrosideros polymorpha) shared only one exclusive single-copy cluster (Fig. 2; Table 6).
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Functional annotation of unique and shared OrthoMCL clusters genes

Unique orthologous genes had function associated with enzymes such as endonuclease,
chitinase, chromatin biding and organization, vegetative incompatibility, and retrotransposons
(Table 5).

OrthoMCL exclusive clusters shared between the two sweet-potato isolates were
associated mainly with enzymatic functions such as phosphatase, endonuclease,
phosphodiesterase, alginate lyase, and B-1,3-glucanase (Table 6). Exclusive proteins shared by
kiwifruit isolates had an uncharacterized function. Finally, the exclusive cluster shared among

the three isolates from ohi‘a had no-hit with UniProtKB (Table 6).

DISCUSSION

In this study, we present a high-quality assembly and annotation of 21 nuclear genome of C.
fimbriata complex, isolated from different host species and geographic location. This pathogen
group is well known to cause serious wilt diseases in crops and native tree species around the
world (Zauza et al. 2004; Guimaraes et al. 2010; Mafia et al. 2013; Keith et al. 2015; Mortenson
etal. 2016; Ferreira et al. 2017; Barnes et al. 2018). Additionally, we used the genome sequence
of C. fimbriata type isolate (Wingfield et al. 2019) as a reference in the OrthoMCL clustering
analysis. Among the 21 fungal isolates, the average size of the assembled genome was 30.4
Mbp, with 7,551 protein-coding, 111 rRNAs, and 366 tRNAs genes. All 21 isolates showed a
high score of BUSCO completeness (> 90%), which indicates that gene annotation was
accurate. Furthermore, the stats of genome assembly and annotation were similar to other
Ceratocystis species, such as C. manginecans (van der Nest et al. 2014), C. eucalypticola
(Wingfield et al. 2015), C. cacaofunesta (Molano et al. 2018), C. fimbriata type isolate
(Wingfield et al. 2019), and C. albifundus (van der Nest et al. 2019).

The majority of genome features were similar among the isolates, except for predicted
rRNA genes and transposable elements (TEs). Internal transcribed sequences (ITS) of rRNA
has been largely used as a DNA barcode marker for fungi (Schoch et al. 2012). ITS also has
been applied to the C. fimbriata complex, especially in taxonomic studies. Many Ceratocystis
new species have been proposed based on the phylogenetic species concept proposed by
Harrington and Rizzo (1999) or using variation on the ITS sequence (Barnes et al. 2003; van
Wyk et al. 2007; van Wyk et al. 2009; van Wyk et al. 2010; van Wyk et al. 2011a; van Wyk et
al. 2011b; van Wyk et al. 2012; Li et al. 2017; Barnes et al. 2018). As already reported, there is
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an intraspecific and intragenomic variability on the ITS sequence which has caused taxonomic
problems (Harrington et al. 2014). In addition, our results revealed that some isolates have
multiple copies of 5.8, 18, and 28 rRNA subunits, which are localized in different positions of
the nuclear genome (Table 3). Thus, comparing polymorphism on the ITS sequence in these
specific isolates may lead to wrong interpretation.

OrthoMCL clustering analysis revealed high similarity among Ceratocystis pathogens,
independently on host species or geographic location. A total of 6,141 orthologous clusters
genes were conserved for all 22 Ceratocystis genomes, which represents 81.33% of the average
number of protein-coding genes. The close relationship between fungal pathogens from C.
fimbriata complex have been reported over the years in several studies (Harrington et al. 2014;
Fourie et al. 2015; Oliveira et al. 2015), leading to grouping these fungal pathogens into the C.
fimbriata complex (de Beer et al. 2014). Even though, some isolates had unique clusters of
genes, especially C4186, C1714, LPF1560, C4191, and LPF1912 isolates. Although the
majority has an uncharacterized function, some of these genes were associated with enzymatic
function and transposable elements (TEs). Some enzymes such as polygalacturonase has been
considered as one of the most important enzyme family responsible for the depolymerization
of cell walls (Quoc and Chau 2017), and have been considered as a virulence factor to many
fungal pathogens (Shiech et al. 1997; Oeser et al. 2002; Mori et al. 2008; Ye et al. 2017).
Moreover, the role of TEs in biology, evolution, and pathogenicity of fungi has been extensively
studied. In fact, pathogenic fungi often have more TEs inserted into genes than saprophytic
(Muszewska et al. 2019). TEs have been especially associated with genome plasticity,
evolution, gene content, gene expression regulation, and pathogenicity (Castanera et al. 2016;
Krishnan et al. 2018; Razali et al. 2019).

C4186 and C4191 isolates were recently found causing a devastating disease in Hawai'i
called rapid ‘Ohi‘a death (Barnes et al. 2018). They represent two distinct lineages and were
described as new species of Ceratocystis — C. lukuohia and C. huliohia, respectively (Barnes et
al. 2018). In addition, C1714 has been known in Hawai'i since the 1970s (Uchida and Aragaki
1979), but it was classified as a new species (C. uchidae) just in 2017 (Li et al. 2017). On the
other hand, LPF1560 and LPF1912 were collected in Brazil and both were maintained as C.
fimbriata. LPF1560 was found causing seed rot and seedling blight on a native Carapa
guianensis f.sp. carapa (andiroba) in Amazonian rainforests, Acre state, Brazil (Valdetaro et al.
2019), while LPF1912 is well known to causes wilt on Eucalyptus spp. plantations since the

1990s (Ferreira et al. 1999). We believe that further comparative genomic analysis may be
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helpful to a better understanding of the host specialization processes involving the C. fimbriata

complex pathogens.

CONCLUSIONS

In this study, we present de novo genome assembly and annotation for the nuclear genome of
21 fungal pathogens of the Ceratocystis fimbriata complex. All assemblies exhibited a higher
level of genome quality and BUSCO completeness compared to other Ceratocystis genomes.
Regardless of host and geographic location, the majority of genome features showed a high
level of similarity among all isolates. We found that 21 Ceratocystis assembled genomes and
C. fimbriata type isolate shared a set of 6,141 conserved orthologous clusters genes, which
represents 81.33% of the average number of protein-coding genes. Moreover, we provide a
high-quality dataset that may be useful in future genomic studies involving this important

fungal pathogen group.
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Table 1 List of Ceratocystis fimbriata complex isolates used in this study

::s(;)cllz;te Identity Isolated from Location g:::;;?:q I?gtba)e
LPF19122 C. fimbriata Eucalyptus sp. Bahia State, Brazil Miseq 5.91
LPF14002 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil NovaSeq 6000 4.12
LPF14132 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil Miseq 6.29
LPF14152 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil NovaSeq 6000 4.23
LPF14272 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil NovaSeq 6000 4.34
LPF14582 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil NovaSeq 6000 4.09
LPF14702 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil NovaSeq 6000 4.63
LPF16682 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil Miseq 7.58
LPF16732 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil NovaSeq 6000 4.37
LPF16742 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil NovaSeq 6000 4.69
LPF16822 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil NovaSeq 6000 4.66
LPF16882 C. fimbriata Actinidia sp. Fraiburgo, SC State, Brazil NovaSeq 6000 4.02
LPF17012 C. fimbriata Actinidia sp. S&do Joaquim, SC State, Brazil NovaSeq 6000 4.49
LPF19222 C. fimbriata Actinidia sp. Farroupilha, RS State, Brazil Miseq 9.11
LPF15602 C. fimbriata Carapa guianensis Rio Branco, AC, Brazil NovaSeq 6000 8.87
C1714v C. uchidae Colocasia esculenta Oahu, Hawai'i, USA Miseq 6.87
Cc4118b C. fimbriata Syngonium sp. Hawai'i nursery, USA Miseq 7.32
C4184b C. lukuohia Metrosideros polymorpha Leilani Estates, Hawai'i, USA Miseq 6.31
C4186° C. lukuohia M. polymorpha South Kona, Hawai'l, USA Miseq 6.22
C4191b C. huliohia M. polymorpha Hawai'l, USA Miseq 6.35
CFNZze C. fimbriata Ipomoea batatas New Zealand Miseq 8.91
CBS1147234  C. fimbriata (type)  |. batatas North Carolina, USA - -

@Pure culture collection of the Laboratory of Forest Pathology of the Universidade Federal de Vicosa, Brazil.

b Pure culture collection of T.C. Harrington, lowa State University, lowa, USA.

¢Pure culture collection of The New Zealand Institute for Plant and Food Research, Auckland, New Zealand.
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4Genome sequence downloaded from GenBank (Accession Number: APWK00000000.3) (Wingfield et al. 2019).

€ Amount of raw data (paired-end reads) generated by sequencing.
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Table 2 Summary stats of the assembled nuclear genome for 21 isolates of the Ceratocystis

fimbriata complex

Isolate Estimated p  Size® Number Largest N50¢ Assembly
code size? (Mbp) Assembler (Mbp) of d scaffold (bp) coveragef
scaffolds (bp)
LPF1912 31.2 A5Miseq 31.6 467 922 786 230 304 86
LPF1400 30.1 A5Miseq 30.4 695 639 079 165 709 83
LPF1413 29.0 A5Miseq 315 598 1181466 216 652 133
LPF1415 30.6 A5Miseq 31.0 860 977131 146 028 106
LPF1427 29.8 A5Miseq 30.4 791 631135 160 008 106
LPF1458 30.6 A5Miseq 311 873 793 222 140717 100
LPF1470 29.8 A5Miseq 30.3 813 616 834 160 367 118
LPF1668 28.9 A5Miseq 318 661 901 347 165 784 141
LPF1673 29.8 A5Miseq 30.3 781 571911 158 207 109
LPF1674 30.7 A5Miseq 31.2 891 615 496 123308 114
LPF1682 29.7 A5Miseq 30.3 873 578 166 147 968 121
LPF1688 30.0 A5Miseq 30.5 821 576 252 147 866 89
LPF1701 29.9 A5Miseq 30.3 839 632 759 148 027 113
LPF1922 29.3 Platanus 31.0 441 1229531 260 845 40
LPF1560 28.6 Platanus 28.9 693 482 818 90 556 199
C1714 26.1 A5Miseq 27.9 879 389213 80 060 166
C4118 27.4 SPAdes 28.9 486 388 407 111853 37
C4184 26.7 A5Miseq 30.5 931 637 241 128 196 131
C4186 27.9 SPAdes 28.0 346 624 682 214104 43
c4191 29.9 A5Miseq 31.2 604 624 239 163 647 42
CFNZ 28.1 SPAdes 29.2 1693 167 813 30693 169
Mean 29.2 - 30.3 764 675311 151948 107

2 Mean estimated genome size based on the k-mers frequency distributions of 17-, 21-, and 25-mers.

bSoftware that showed the best results for each isolate.

¢Combined length of all assembled scaffolds bigger than 1000 bp.

4 Assembled scaffolds bigger than 1000 bp.

¢N50 is defined as the sequence length of the shortest scaffold at 50% of the total genome length.

fMean coverage of all assembled scaffolds.



Table 3 Gene prediction for the nuclear genome of 21 isolates of the Ceratocystis fimbriata complex

Isolate  Protein-coding ~ CDS? BUSCOb Number of rRNA genes Number of  Total number
code genes (Mbp) 5S 5.8S 18S 28S tRNA genes  of genes
LPF1912 7742 125 C: 91.7% [S: 91.4%, D: 0.3%), F: 4.5%, M: 3.8% 111 7 3 5 376 8244
LPF1400 7 461 12.0 C:91.1% [S: 91.0%, D: 0.1%), F: 4.9%, M: 4.0% 115 1 1 1 376 7955
LPF1413 7 695 12.4 C: 91.3% [S: 91.2%, D: 0.1%), F: 4.7%, M: 4.0% 111 9 3 3 374 8195
LPF1415 7 622 12.2 C:91.2% [S: 91.1%, D: 0.1%], F: 4.7%, M: 4.1% 110 1 1 1 374 8 109
LPF1427 7461 12.0 C:91.1% [S: 91.0%, D: 0.1%], F: 4.9%, M: 4.0% 114 1 1 1 376 7954
LPF1458 7 635 12.2 C:91.3% [S: 91.2%, D: 0.1%], F: 4.6%, M: 4.1% 109 1 1 1 373 8120
LPF1470 7 459 12.0 C:91.2% [S: 91.1%, D: 0.1%], F: 4.8%, M: 4.0% 108 2 1 1 370 7941
LPF1668 7791 12.6 C:91.3% [S: 91.2%, D: 0.1%], F: 4.6%, M: 4.1% 109 3 1 1 375 8280
LPF1673 7 463 12.0 C:91.1% [S: 91.0%, D:0.1%], F: 4.9%, M: 4.0% 112 1 1 1 376 7954
LPF1674 7 656 12.2 C:91.3% [S: 91.2%, D: 0.1%], F: 4.7%, M: 4.0% 106 2 1 1 370 8136
LPF1682 7 458 12.0 C:91.0% [S: 90.9%, D: 0.1%], F: 4.9%, M: 4.1% 115 1 1 1 376 7952
LPF1688 7515 12.1 C:91.1% [S: 91.0%, D: 0.1%), F: 4.9%, M: 4.0% 109 1 1 1 375 8002
LPF1701 7448 11.9 C:91.1% [S: 91.0%, D: 0.1%], F: 4.9%, M: 4.0% 115 1 1 1 375 7941
LPF1922 7562 12.2 C:91.2% [S: 91.1%, D: 0.1%], F: 4.8%, M: 4.0% 119 4 6 2 390 8083
LPF1560 7 282 11.9 C:91.2% [S: 91.1%, D: 0.1%], F: 4.8%, M: 4.0% 98 1 1 1 344 7727
C1714 7 146 11.6 C:91.0% [S: 90.9%, D: 0.1%], F: 5.0%, M: 4.0% 91 11 5 1 342 7 596
C4118 7277 11.9 C:91.3% [S: 91.2%, D: 0.1%], F: 4.8%, M: 3.9% 87 1 1 1 318 7 685
C4184 7581 12.2 C:91.3% [S: 91.2%, D: 0.1%], F: 4.8%, M: 3.9% 99 7 3 1 366 8 057
C4186 7 235 11.8 C:91.5% [S: 91.4%, D: 0.1%], F: 4.5%, M: 4.0% 90 1 1 1 356 7 684
C4191 7 658 12.3 C:91.3% [S: 91.2%, D: 0.1%], F: 4.8%, M: 3.9% 101 4 2 2 371 8138
CFNz 7272 11.8 C:90.2% [S: 90.1%, D: 0.1%], F: 5.3%, M: 4.5% 74 1 1 1 336 7 685
Mean 7551 121 C:91.2% [S: 91.1%, D: 0.1%], F: 4.8%, M: 4.0% 105 3 2 1 366 7973

2CDS, transcribed sequencing.

&5

b Benchmarking Universal Single-Copy Orthologs (BUSCO) assessment using 3,725 conserved genes of Sordariomyceta lineage dataset (sordariomyceta_odb9). C: complete;
S: single-copy; D: duplicate; F: fragmented; M: missing.



Table 4 Overview of repetitive sequences annotation for the nuclear genome of 21 isolates of the Ceratocystis fimbriata complex

86

a
Ics(;)cliz;te SINE Retr:_)lzlsments TR 'lcjrl;l:sposons Small RNA  Satellites Simple repeats Ic_gvr;plexity Unclassified (-I:/Iott)?)
LPF1912  52(4328 bp) 1915(805412bp) 1514 (1252590 bp) 2452 (1037633 bp) 0 0 11599 (487076 bp) 2575 (136964 bp) 4028 (1706823 bp) 5.43
LPF1400 54 (4892 bp) 1821 (631064 bp) 1300 (954322 bp) 2075(850982bp)  40(8183bp)  49(11042bp) 11990 (509773bp) 2553 (135290 bp) 3598 (1319271 bp) 4.42
LPF1413 0 1645 (709978 bp) 1414 (945497 bp) 1351(529288bp)  21(28036bp)  93(21422bp)  11611(494340bp)  2525(134879bp) 4999 (2377741 bp) 5.24
LPF1415  51(4673 bp) 1771(574358 bp) 1527 (1145403bp) ~ 2039(883377bp) 84 (17346bp)  78(15555bp) 11684 (497140bp) 2643 (139798bp) 4205 (1780293 bp) 5.06
LPF1427  17(1683 bp) 1414 (585955 bp) 633 (573724 bp) 1828(745776 bp) 0 142 (26555bp) 11807 (498376 bp) 2617 (138232bp) 4962 (1796125 bp) 437
LPF1458 0 1628 (573583 bp) 1273 (913328 bp) 2358 (934205bp) 0 105(24460bp) 11800 (502369 bp) 2603 (137341bp) 4524 (1892927 bp) 4.98
LPF1470  48(4821bp) 1471 (571390 bp) 918 (755477 bp) 2122(855585bp) 0 97(21215bp) 11898 (504459 bp) 2609 (137654 bp) 4239 (1547493 bp) 4.40
LPF1668 0 1660 (712586 bp) 1513 (1332194bp)  2139(944866bp) 0 91(20995bp) 11852 (498565 bp) 2562 (135360 bp) 4628 (1788171 bp) 5.43
LPF1673 0 1602 (622584 bp) 1091 (822724 bp) 2174 (964782bp) 0 99 (22545bp)  11875(502207 bp) 2559 (135786 bp) 4082 (1502064 bp) 457
LPF1674  57(5045 bp) 1453 (565680 bp) 1467 (1180569 bp) 2408 (1015179 bp) 0 0 11936 (504666 bp) 2599 (137363bp) 4902 (1835589 bp) 5.24
LPF1682 0 1603 (596496 bp) 1421 (1131649bp)  2114(834808bp) 0 137(26585bp) 11908 (504472bp) 2547 (135187 bp) 3553 (1117261 bp) 435
LPF1688  52(5182bp) 1685 (600855 bp) 869 (603075 bp) 1901(833523bp) 0 114 (26069 bp) ~ 11911(504062bp) 2507 (132013bp) 4625 (1851896 bp) 456
LPF1701 o 1160 (464540 bp) 1178 (883542 bp) 2314 (966515bp) 0 101(22022bp) 11888 (504212bp)  2511(133266bp) 4742 (1489435 bp) 4.46
LPF1922 0 1249 (608079 bp) 1194 (995147 bp) 1966 (882500 bp) 0 65(15934bp) 11819 (497481bp) 2660 (141414bp) 4502 (1546593 bp) 4.68
LPF1560 0 782(392451bp) 906 (615143 bp) 1628 (524026 bp) 0 0 11981 (509035 bp) 2554 (137162bp) 3975 (1384386 bp) 3.56
C1714 31 (2023 bp) 1145(524193bp) 617 (202119 bp) 686 (276605bp) 0 83(18677bp) 9987 (423885 bp) 2163 (112285bp) 4161 (1193749 bp) 2.75
C4118 0 986 (473719bp) 547 (563376 bp) 1542 (602482bp) 0 89(18173bp)  12057(507368bp) 2502 (131910bp) 4013 (1447138 bp) 3.74
C4184 0 1041 (560501 bp) 1115 (801125 bp) 2109 (888360 bp) 0 0 12256 (510163 bp) 2611 (137329bp) 4965 (1593513 bp) 4.49
C4186 179(25505bp) 1329 (507188bp) 471 (281648 bp) 971(447400bp) 0 80(18839bp) 10020 (425928 bp) 2181 (112901bp) 3458 (991036 bp) 2.81
c4191 88(12947bp) 1729 (685505bp) 926 (1111779 bp) 1858(787332bp) 0 89(19231bp) 12429 (518442bp) 2559 (134041bp) 4927 (2032774 bp) 530
CFNZ 70 (7081 bp) 821(323180bp) 1163 (1102133bp) 1474 (553523bp) 0 87(17253bp)  11081(473251bp) 2329 (124321bp) 3904 (1092171 bp) 3.69
Mean 33 (3723 bp) 1424 (575681 bp) 1098 (865074 bp) 1881 (778988 bp) 7(2551bp)  76(16503bp) 11685 (494156 bp) 2522 (133357 bp) 4333 (1585069 bp)  4.46

2SINEs: Short interspersed nuclear elements; LINEs: Long Interspersed Nuclear Elements; LTRs: Long Terminal Repeat Elements.



Table 5 Functional annotation of OrthoMCL unique orthologous clusters for each Ceratocystis isolate

Isolate OrthoMCL Gene ID Protein name® UniProt ID
code cluster

1: cluster8339 g1588; g7018; g7194; g7229 Uncharacterized protein WONNHO

2: cluster8630 g1584; g2014 Chromatin organization modifier AOA179FOE8

3: cluster8631 g1585; g6652 APH domain-containing protein AO0A2C5WSZ5
c4186 4: cluster8632 g604; g4063 Chromo domain-containing protein AOAOB1P9NO

5: cluster8633 g4569; g7040 Uncharacterized protein AOAOF8CNH7

6: cluster8634 g4571; g7160 CCHC-type domain-containing protein AOAOF8D7K9

7: cluster8635 g6020; g6655 HTH CENPB-type domain-containing protein AOA4Q2UZRO

8: cluster8636 g6967; g6970 Uncharacterized protein AOA2C5X0M9

1: cluster8448 g5905; g6704; g7035 no hit no hit

2: cluster8645 g1310; g6234 no hit no hit

3: cluster8646 g3267; g7051 Putative double-stranded RNA/RNA-DNA hybrid binding protein AOAOF8BRS4
Cl1714 4: cluster8647 g5365; g6927 Patatin AOAOF8DI55

5: cluster8648 g7100; g7103 Vegetative incompatibility protein AOA2C5XIB7

6: cluster8649 g7109; g7118 DDE-type integrase/transposase/recombinase AOA535FP05

7: cluster8652 g6381; g7070 no hit no hit

1: cluster8443 g7092; g7134; g7277 Endonuclease AOAOF8BJD4
LPF1560 2: cluster8640 g6869; g6879 no hit no hit

3: cluster8641 g86926; g7061 Retrotransposon gag protein AOAOF8AW62

1: cluster8251 g451; g1284; g3535; g3536; g7397 Minor spike protein AOAOM7AVBO
LPF1912 2: cluster8654 g1183; g2366 no hit no hit

1: cluster8637 g7570; g7610 Uncharacterized protein AOAOF8AZYO
411 2: cluster8638 g7576; g7656 Retrotransposon gag protein AOAOF8AW62
LPF1413 1: cluster8639 g7671; g7673 no hit no hit
LPF1674 1: cluster8644 g2447; g7525 Chitinase 1 AOAOF8CQV0
LPF1922 1: cluster8650 g7457; g7463 no hit no hit
C4118 1: cluster8629 g5674; g6649 Retrotransposable element Tf2 AOAOF8D048
CFNZ 1: cluster8450 g5675; g6576; g6966 Retrotransposon gag protein AOAOF8BIR3

@ Automatic annotation by BLASTp against of NCBI protein non-redundant - UniProt Knowledgebase (UniProtKb).
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Table 6 Functional annotation of OrthoMCL exclusive orthologous clusters shared among

Ceratocystis fungal isolates from sweet-potato, kiwifruit, and ohi‘a

88

OrthoMCL . .
Host Gene ID Protein name® UniProt ID
cluster
1: cluster9117 cfnz|g6685; cfim|PHH51181.1 Vegetative incompatibility protein AOA2C5WZV7
2: cluster9143 cfnz|g6902; cfim|PHH53731.1 Alkaline phosphatase AOAOF8B1R4
3: cluster9155 cfnz|g6833; cfim|PHH49489.1 Uncharacterized protein AOA2C5W2R3
4: cluster9164 cfnz|g6953; cfim|PHH49151.1 Uncharacterized protein AOA2C5WU27
5: cluster9165 cfnz|g6574; cfim|PHH49265.1 Endonuclease AOAOF8D8U4
6: cluster9166 cfnz|g4609; cfim|PHH49375.1 Uncharacterized protein AOA2C5WS90
7: cluster9167 cfnz|g2152; cfim|PHH49965.1 Uncharacterized protein AOA2C5WUUG
8: cluster9168 cfnz|g6688; cfim | PHH50089.1 Uncharacterized protein AOA2C5W995
o 9: cluster9169 cfnz|g3778; cfim|PHH50198.1 1-phosphatidylinositol phosphodiesterase AOA2C5WMPO
E 10: cluster9170  cfnz|g6184; cfim|PHH50561.1 Uncharacterized protein AOA2C5WY34
o
g— 11: cluster9171  cfnz|g3915; cfim |PHH51280.1 Meiotically up-regulated protein AOAOF8CUG9
§ 12: cluster9172  cfnz|g5822; cfim|PHH51450.1 Uncharacterized protein AOA2C5X0F5
© 13: cluster9173  cfnz|g6630; cfim|PHH51984.1 Alginate lyase AOAOF8B1G9
14: cluster9174  cfnz|g538; cfim|PHH53454.1 Uncharacterized protein AOA2C5X743
15: cluster9175  cfnz|g4394; cfim|PHH53838.1 Uncharacterized protein AOA2C5X1Z27
16: cluster9176  cfnz|g947; cfim|PHH54698.1 Putative endo-1,3(4)-beta-glucanase AOA2C5X4G3
17: cluster9177  cfnz|g7203; cfim|PHH54723.1 Uncharacterized protein AOA2C5XCHO
18: cluster9178  cfnz|g6943; cfim|PHH55059.1 Uncharacterized protein AOA2C5X1Y9
19: cluster9179  cfnz|g2093; cfim|PHH55535.1 Uncharacterized protein AOA2C5XF87
20: cluster9180  cfnz|g6781; cfim|PHH55758.1 Uncharacterized protein AOA2C5X8V3
21: cluster9181  cfnz|g5554; cfim|PHH56195.1 Quinic acid utilization activator AOA2C5XIY2
c400|g3773; c413|g3280; c415|g6366;
c427g5553; c458|g3960; c470|g5578;
1: cluster7776 c668|g7054; c673|g4986; c674|g6527; Uncharacterized protein AOAOF8D7W3
682 |g5653; c688|g5063; c701|g5677;
€922|g6183
. c400|g1125; c413 |g2372; c415|gl452;
£ c427|g683; c458|g1398; c470|g895;
e 2: cluster7777 c668|g1335; c673|g2162; c674|g866; Uncharacterized protein AOA2C5WVM7
.E ¢682|g917; c688|g328; c701|g965;
€922|g2432
c400|g4775; c413 |g3242; c415|g6203;
c427|g5331; c458|g5872; c470|g3692;
3: cluster7780 c668|g5133; c673|g5443; c674|g4858; Uncharacterized protein AOA2C5XF46
¢682|g5378; c688|g4658; c701|g4536;
€922|g5678
o
c 1: cluster8502 c184|g1402; c186|g678; c191|g2936 no hit no hit
Is}

2cfnz: CFNZ and cfim: Ceratocystis fimbriata type isolate.

®c400: LPF1400, c413: LPF1413, c415: LPF1415, c427: LPF1427, c458: LPF1458, c470: LPF1470, c668: LPF1668,
c673: LPF1673, c674: LPF1674, c682: LPF1682, c688: LPF1688, c701: LPF1701, and c922: LPF1922.

€c184: C4184, c186: C4186, and c191: C4191.

4 Automatic annotation by BLASTp against of NCBI protein non-redundant - UniProt Knowledgebase

(UniProtKb).
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Fig. 1 Genome annotation of the assembled nuclear genome for 21 pathogens of the Ceratocystis fimbriata
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52.68%, respectively. B. The proportion of total repetitive sequences in the whole nuclear genome.
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Abstract Ceratocystis fimbriata is an important plant pathogen known to cause Ceratocystis
Wilt (CW), a prevalent fungal disease known to affect Eucalyptus spp. plantations in Brazil. To
better understand the molecular mechanisms related to pathogenicity in eucalyptus, we
generated a high-quality assembly and annotation of the Ce. fimbriata LPF1912 isolate
(LPF1912) genome, as well as the first transcriptome of LPF1912 from 16 eucalyptus clones at
three infection incubation periods (12, 18, and 24h). The LPF1912 genome assembly contains
805 scaffolds, totaling 31.8 Mb, with 43% of the genome estimated to be coding sequence
comprised of 7,390 protein-coding genes of which 626 (8.5%) were classified as secreted

proteins, 120 ribosomal RNAs, and 532 transfer RNAs. Comparative genomic analysis among
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three eucalyptus fungal pathogens (Ce. fimbriata, Ce. eucalypticola, and Calonectria
pseudoreteaudii), showed high similarity in the proteome (21.81%) and secretome (52.01%) of
LPF1912 and Ce. eucalypticola. GO annotation of pathogenicity-related genes of LPF1912 and
Ce. eucalypticola, revealed enrichment in cell wall degrading enzymes (CWDEs), and
lipid/cutin metabolism for Ca. pseudoreteaudii. Additionally, a transcriptome analysis between
resistant and susceptible eucalyptus clones to CW infection indicated that a majority (11) of
LPF1912 differentially expressed genes had GO terms associated with enzymatic functions,
such as the polygalacturonase gene family, confirming the crucial role of CWDEs for Ce.
fimbriata pathogenicity. Finally, our genomic and transcriptomic analysis approach provides a
better understanding of the mechanisms involved in Ce. fimbriata pathogenesis, as well as a

framework for further studies.

Keywords: Ceratocystis Wilt. Ceratocystis fimbriata. Ceratocystis eucalypticola. Calonectria

pseudoreteaudii. RNA-Seq.

INTRODUCTION

Eucalyptus (Eucalyptus spp. and hybrids) is considered an important forest crop around the
world and the most commonly grown forest tree in Brazil (IBA, 2019). Eucalyptus plantations
support a multi-billion industry based on cellulose pulp and paper, charcoal for the steel
industry, and solid products (Grattapaglia and Kirst, 2008). As the planted areas have expanded
and considering climate change, fungal diseases such as Ceratocystis Wilt (CW) and
Calonectria Leaf Blight (CLB) have threatened the eucalyptus plantations. In Brazil, CW is
caused by Ceratocystis fimbriata (Ferreira et al., 1999), however, in South Africa, the same
disease has been associated with Ceratocystis eucalypticola (van Wyk et al., 2012). Ce.
eucalypticola was established as a new species within Ce. fimbriata complex (van Wyk et al.,
2012), though its taxonomy remains open to debate (Fourie et al., 2015). In addition, CLB is
caused by different Calonectria species including Ca. pteridis complex and Ca. candelabra
complex, most frequent in Brazil (Alfenas et al., 2015), as well as Ca. pseudoreteaudii, which
is the most widely distributed and aggressive species in China (Chen et al., 2013, 2011; Ye et
al., 2017).

Both diseases have caused significant economic losses but show different symptoms on
the eucalyptus tree. For CW, commonly the infection begins at the roots or at the base of the

stem, with dark brown to black radial streaks of the woody xylem tissue observed as
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colonization advances and causes cell death in several tissues types such as ray parenchyma,
vascular cambium, phloem and phelloderm (Ferreira et al., 2006). The visible symptoms in
susceptible eucalyptus genotype infected by Ce. fimbriata are wilt of the canopy, branch death,
and consequently death of the entire tree (Alfenas et al., 2009; Ferreira et al., 2006, 2013; Roux
and Wingfield, 2009). On the other hand, CLB infects eucalyptus leaves and branches causing
leaf and shoot blight, minicankers on the branches, and defoliation (Chen et al., 2011).

As CW is a lethal disease in eucalyptus (Baker et al., 2003; Ferreira et al., 1999;
Guimaraes et al., 2010; Mafia et al., 2013; Zauza et al., 2004), the selection and planting of
resistant eucalyptus genotypes have been the major strategies to manage the disease in Brazil
(Rosado et al., 2010; Zauza et al., 2004). However, resistance to CW is a variable trait that is
dependent on the pathogen isolate (Oliveira et al., 2015). Due to the high genetic variability
found in the Ce. fimbriata population (Ferreira et al., 2010; Oliveira et al., 2015), it is difficult
to obtain a plant genotype with robust resistance in the field to the pathogen population. The
demand for new strategies to control this disease requires an improved understanding of the
molecular mechanisms that evolved during Ce. fimbriata interaction with eucalyptus plants.

Whole genome sequencing (WGS) and RNA-Seq are powerful tools that can be applied
to study the mechanisms involved in plant-pathogen interactions. WGS has already been used
to infer the evolution of pathogens, identify pathogenicity factors, virulence genes (Cantu et al.,
2011), and candidate effector proteins (Joly et al., 2010). Additionally, transcriptome
sequencing by RNA-Seq has provided fundamental information that has led to gene discovery,
quantification of gene expression levels (Huynh et al., 2015; Kim et al., 2014), secretome
analysis, and prediction of fungal candidate effectors (Bruce et al., 2014; Liu et al., 2015;
Meinhardt et al., 2014). Thus, a complete characterization of Ce. fimbriata genome and a
comparative genomic analysis with different eucalyptus fungal pathogens can provide crucial
information to a better understanding of its biology. Furthermore, a contrasting analysis of
differentially expressed genes during Ce. fimbriata infection on plants from resistant and
susceptible eucalyptus genotypes may reveal which genes are related to Ce. fimbriata
pathogenicity in eucalyptus. Such information may be useful to the breeding programs, leading
to the development of eucalyptus resistant genotypes to CW.

In order to understand the molecular mechanisms related to Ce. fimbriata pathogenicity
on Eucalyptus spp., we present (i) a high-quality assembly and annotation of Ce. fimbriata
LPF1912 genome; (ii) analysis of the transcriptome of Ce. fimbriata LPF1912 during its

interaction with different eucalyptus genotypes; and (iii) identification of Ce. fimbriata
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LPF1912 pathogenicity-related genes through comparisons with the genomes of Ceratocystis

eucalypticola (Wingfield et al., 2015) and Calonectria pseudoreteaudii (Ye et al., 2017).

MATERIAL AND METHODS
Fungal isolate and DNA extraction

To characterize the whole genome we used the LPF1912 isolate (other codes: C1451 and SBS-
1) of Ceratocystis fimbriata sensu stricto. This isolate was collected from infected eucalyptus
trees in Bahia State, Brazil, the same area where the disease was first described (Ferreira et al.,
1999). This isolate has shown to be highly aggressive in several studies (Baker et al., 2003;
Guimaraes et al., 2010; Zauza et al., 2004) and is frequently used in resistance screening
experiments (Rosado et al., 2010). DNA was extracted using Wizard Genomic DNA
Purification Kit® (Promega, Madison, United States) from mycelia collected from a pure single
spore culture of LPF1912, grown in Petri plate, containing 2% malt extract agar (MEA, 20 g L
' Agar, 20 g L' malt extract) at 25°C for 20 days. The mycelia were added in a microcentrifuge
tube of 2 mL containing two tungsten carbide beads. Mycelia were disrupted in a Qiagen
Tissuelyser for 2 min at 30 Hz frequency and the DNA was extracted according to the kit

instructions.

Transcriptome experiment and RNA samples preparation

To evaluate the differentially expressed genes of Ceratocystis fimbriata during its interaction
with eucalyptus plants, 16 clones of Eucalyptus [eight resistant (resistant pool) and eight
susceptible (susceptible pool) to Ce. fimbriata] were used. The experiment was conducted in
randomized blocks with five replicates per clone. Thus, 40 eucalyptus plants formed each
eucalyptus pool (resistant and susceptible).

The eucalyptus plants were inoculated with the LPF1912 isolate of Ce. fimbriata
following the protocol as described by Zauza et al. (2004). Samples of the stem, from the region
next to the inoculation point, were collected at 12, 18 and 24 h after inoculation, and
immediately put in liquid nitrogen and then stored at -80°C. The samples were mechanically
ground into a fine powder in liquid nitrogen, and the total RNA was isolated using a RNeasy
Plant Mini Kit (QIAGEN, Texas, USA) in accordance with the manufacturer’s guidelines. The

RNA was resuspended in RNase-free water, and RNA integrity and quality were assessed using
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an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). After treated with DNase (RQ1

RNase free DNase Promega®), the total RNA samples were sent to sequencing.

Genome and transcriptome sequencing

For genome sequencing, a paired-end library with an average insert size of 300 bp was prepared
from approximately 5 ug of DNA and sequenced using an Illumina MiSeq platform according
to the manufacturer’s instructions (Illumina, San Diego, CA) at the Australian Genome
Research Facility, Melbourne, Australia (http://www.agrf.org.au/). High sequencing coverage
of 200x was requested.

For RNA sequencing, the rRNA in total RNA was depleted by Ribo-Zero kit (Illumina,
San Diego, CA, USA). The enriched mRNA samples were subjected to Illumina cDNA library
construction using TruSeq stranded mRNA (Microbe) kit (Illumina, San Diego, CA, USA). The
RNA was purified, fragmented, and primed for cDNA synthesis. The RNA fragments were
transcribed into first strand cDNA using reverse transcriptase and random hexamers, followed
by second strand cDNA synthesis. These fragments were prepared for sequencing with an end-
repair process and the 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
with PCR to create the final cDNA library (Ross-Davis et al., 2013). A total of six cDNA
libraries were obtained and sequenced by RNA-Seq using Illumina HiSeq 2500 platform
(Illumina, San Diego, CA, USA) at the Central Laboratory of High Performance Technologies

of the University of Campinas, Sao Paulo, Brazil (https://www.lactad.unicamp.br/en).

Genome assembly, size estimate, annotation, and evaluation

The sequenced reads were subjected to quality control checks using FastQC version 0.11.5
(Andrews, 2010) and trimmed for quality (Q20 threshold) using AfterQC (Chen et al., 2017).
The trimmed reads were de novo assembled into scaffolds, testing different k-mers, and using
different assemblers, such as A5-Miseq (Coil et al., 2015), SPAdes (Bankevich et al., 2012),
CLC Genomics Workbench, and SOAPdenovo?2 (Luo et al., 2012). We performed a BLASTn
of all assembled scaffolds against a bacteria-virus database to identify and eliminate potential
contaminates.

Trimmed reads were also used to estimate the genome size based on k-mer distribution

and depth as described by Tan et al. (2018). First, k-mer counting was performed with jellyfish
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v2.2.10 (Margais and Kingsford, 2011). Histograms of k-mer frequency distributions of 17-,
21-, and 25-mers were processed by GenomeScope (Vurture et al., 2017).

Protein-coding genes were predicted using AUGUSTUS version 3.3 (Stanke and
Morgenstern, 2005), which was trained using reference sequences of genomes of Ceratocystis
species available in GenBank (Accession Numbers: APWK00000000.3; LBBL00000000.1;
LJOA00000000.1; MAOA00000000.2; and PEJQ00000000.1). To evaluate gene prediction
accuracy, the completeness of the gene prediction was assessed using the Benchmarking
Universal Single-Copy Orthologs, named BUSCO (Simao et al., 2015). BUSCO was performed
on all predicted genes, making use of the Ascomycota lineage dataset (ascomycota_odb9).

The predicted genes were functionally annotated through similarity searches using
BLAST version 2.6.0 (Altschul et al., 1990). In these searches, the encoded proteins were
aligned to the sequences of NCBI protein non-redundant database (NCBInr), UniProt
Knowledgebase (UniProtKb), using protein BLAST (BLASTp) (cutoff for significant hits: E-
value of le-10). Putative gene functions were classified according to the Eukaryotic
Orthologous Groups (KOG) database using Reverse Position-Specific BLAST (RPS-BLAST),
Additionally, gene ontology (GO) terms were assigned to the proteins using Blast2GO (Conesa
et al, 2005). Ribosomal genes were identified by Barrnap version 0.9
(https://github.com/tseemann/barrnap), using Eukaryota database, and transporter RNA genes
were identified using tRNAscan-SE version 2.0 (Chan and Lowe, 2019). Additionally,
RepeatMasker version open-4.0.8 (http://www.repeatmasker.org/) was used to identify

repetitive sequences using Fungi database of RepBase library (v20170127) (Jurka et al., 2005).

Secretome prediction

Isolation of the secreted proteins from the predicted proteome was through a three-step process.
First, the proteins containing signal peptides were selected by SignalP version 4.0 (Petersen et
al., 2011) (cutoff for discrimination score: D-Score = 0.45). Proteins flagged as related to a
secretory pathway signal peptide were selected by TargetP version 1.0 (Emanuelsson et al.,
2000). Second, the proteins without transmembrane domains were selected by TMHMM
version 2.0 (Krogh et al., 2001). Finally, GPI (glycosylphosphatidylinositol)-anchor proteins,
which are surface proteins of the fungus cell, were identified by PredGPI
(http://gpcr.biocomp.unibo.it/predgpi) (Pierleoni et al., 2008) and removed from the final set of

the secreted proteins.
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Differentially expressed genes (DEGSs) of Ceratocystis fimbriata LPF1912 during its

interaction with eucalyptus plants

Low quality sequenced reads were removed using AfterQC (Chen et al., 2017). Filtered reads
were mapped to the transcript sequences of Eucalyptus grandis version 2.0 (Bartholomé et al.,
2015; Myburg et al., 2014), available on Phytozome database (http://phytozome.jgi.doe.gov),
using Bowtie2 (Langmead and Salzberg, 2012) by selecting the very-sensitive and local settings
to remove the eucalyptus sequences. Unmapped reads were mapped to the transcript sequences
of predicted genes of Ce. fimbriata LPF1912 using the same settings. Expression frequencies
were calculated using Kallisto (Bray et al., 2016).

To evaluate the pathogenicity-related genes of Ce. fimbriata LPF1912 in eucalyptus we
performed the following comparisons: resistant pool at 12 h vs resistant poo/ at 18 h after
inoculation (R-12h vs R-18h); resistant pool at 12 h vs resistant pool at 24 h after inoculation
(R-12h vs R-24h); resistant pool at 18 h vs resistant pool at 24 h after inoculation (R-18h vs R-
24h); susceptible pool at 12 h vs susceptible pool at 18 h after inoculation (S-12h vs S-18h);
susceptible pool at 12 h vs susceptible pool at 24 h after inoculation (S-12h vs S-24h); and
susceptible pool at 18 h vs susceptible pool at 24 h after inoculation (S-18h vs S-24h). The
DEGs were identified and quantified using DESeq2 R package (Love et al., 2014). For
controlling the false discovery rate, P values were adjusted (padj) using the Hochberg and
Benjamini tests. DEGs with padj < 0.05 were considered as significant. The mapped reads also

were de novo assembled using Trinity version 2.4.0 (Grabherr et al., 2011).

Prediction of pathogenicity-related proteins

To predict putative pathogenicity-related proteins, similarity searches were performed against
Pathogen-Host Interaction (PHI) database (Winnenburg et al., 2006) version 4.5, using
BLASTDp tool with an E-value of le-10. We identified and grouped the pathogenicity-related
genes in six groups: loss of pathogenicity, reduced virulence, unaffected virulence, increased
virulence, lethal, and others. Additional, other searches were also conducted against the

Database of Fungal Virulence Factors (DFVF) (Lu et al., 2012) with an E-value of 1e-10.

Comparative genomic analysis

To evaluate the pathogenicity mechanisms of Ceratocystis fimbriata LPF1912 during its

infection in eucalyptus trees, the sequences of the genome of Ce. eucalypticola (Accession
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Number: LJOA00000000.1) (Wingfield et al., 2015) and Calonectria pseudoreteaudii
(Accession Number: MOCD00000000.1) (Ye et al., 2017) were downloaded from the Genome
database (https://www.ncbi.nlm.nih.gov/genome).

Gene prediction and annotation, and secretome analysis of the downloaded sequences
were done following the same methods as described above for Ce. fimbriata LPF1912.
Additionally, the Markov clustering program OrthoMCL version 2.0 (Li et al., 2003) was used
to identify orthologous genes among the three eucalyptus fungal pathogens species. Thus,
predicted protein sequences were submitted to reciprocal similarity searches using BLASTp
tool, considering an E-value of le-10 as threshold for the significant alignments. Putative

orthologous were then clustered with OrthoMCL using an inflation value of 1.5 and similarity

of 50%.

RESULTS
Features of Ceratocystis fimbriata LPF1912 genome

After trimming and filtering, a final data-set containing 11,821,390 reads was selected. The
genome of Ce. fimbriata LPF1912 was assembled with four different softwares (A5-Miseq,
SPAdes, CLC Genomics Workbench, and SOAPdenovo2) to identify the best assembly. The
results of each assembly were compared in regards to genome size, N50, number of assembled
scaffolds, and the size of the largest scaffold, with completeness assessment done using
Benchmarking Universal Single-Copy Orthologs (BUSCO). The assembly using AS5-miseq
showed the best results (Supplementary Table S1). The assembly contains 788 scaffolds with a
combined length of about 31.6 Mb, which is similar to the size estimated by k-mer analysis
(30.2 - 30.6 Mb) (Supplementary Fig. STA). The N50 of the assembled genome is 182 Kb and
the scaffolds were sequenced with an average coverage of about 80-fold (Supplementary Fig.
S1B).

Ceratocystis fimbriata LPF1912 genome was found to contain 8,042 putative coding
genes of which 7,390 were coding DNA sequences (CDS) (Table 1). To assess the completeness
of the genome, we compared the results of BUSCO analysis of Ce. fimbriata LPF1912 genome
with other assemblies of Ceratocystis species (available at the GenBank database). Ce.
fimbriata LPF1912 genome analysis using 1,315 BUSCO groups expected for Ascomycota,
resulted in 97.1% complete groups (96.9% single, 0.2% duplicated), 2.0% fragmented, and
0.9% missed (Supplementary Fig. S1C), indicating that the assembled genome covers the

majority of the coding regions.
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Repetitive sequences represent 5.84% of the Ce. fimbriata LPF1912 genome, including
retroelements [LINEs (0.11%) and LTR (1.19%)], DNA transposons (2.25%), small RNA
(0.14%), and simple and low complexity repeat regions (2.14%) (Table 1; Supplementary Table
S2). A total of 120 ribosomal RNAs genes was predicted, including 112 rRNA 58S, six rRNA
5.8S, one rRNA 188, and one rRNA 28S (Table 1). In addition, 532 transfer RNAs were found
with many associated with the transport of glycine, arginine, leucine, methionine, valine amino

acids.

Functional annotation and secretome prediction for Ceratocystis fimbriata LPF1912

genome

The proteins encoded by the 7,390 predicted CDS were functionally annotated and classified
through similarity searches using Blast2GO. Among the predicted proteins, 7,135 sequences
(96.6%) significantly aligned with sequences of NCBI nr database and 5,896 sequences (79.8%)
were annotated with GO terms (Supplementary Table S3).

Of the proteins with assigned GOs, 2,053 proteins were annotated with terms of all the
three primary categories: cellular component (CC), molecular function (MF), and biological
process (BP). Additionally, 666, 872, and 128 of annotated proteins had only GO terms of CC,
MF and BP categories, respectively (Supplementary Table S3). The most abundant GO terms
were related to “integral component of membrane” and “membrane” (GO:0016021,
G0:0016020; 1,303, 400), “nucleus” (GO:0005634; 473) and “cytoplasm” (GO:0005737; 247)
for CC category; "ATP binding" (GO:0005524; 545), " nucleic acid binding" (GO:0003676;
406) and "zinc ion binding" (GO:0008270; 352) for MF category; ‘“oxidation-reduction
process” (GO:0055114; 402), “transmembrane transport” (GO:0055085; 188) and “protein
phosphorylation” (GO:0006468; 160) for BP category. In addition, a total of 626 secreted
proteins in the Ce. fimbriata LPF1912 genome, which represents 8.5% of all predicted proteins
(Fig. 1A).

Comparative genomic analysis

To better understand the molecular pathogenicity mechanisms of Ce. fimbriata LPF1912
(LPF1912) in Eucalyptus, we performed a comparative analysis with the predicted proteome
and secretome of two fungal pathogens known to also infect Eucalyptus spp., Ceratocystis

eucalypticola (Ceu) and Calonectria pseudoreteaudii (Cal). A total of 7,234 proteins (614
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secreted) were predicted in the genome of Ceu, while 16,861 proteins (1,429 secreted) were
predicted for Cal (Fig. 1A).

Analysis of orthologous proteins revealed that LPF1912, Ceu, and Cal share 4,919
clusters (60.4%) with 16,164 proteins (5,198 of LPF1912, 5,186 of Ceu, and 5,780 of Cal),
which corresponds to the core proteome conserved among these three species (Fig. 1B). In
addition, LPF1912 and Ceu share 1,774 clusters (21.8%) with 3,777 proteins (1,922 of LPF1912
and 1,885 of Ceu), suggesting a close relationship between these two pathogens (Fig. 1B). Cal
was found to contain the largest group of singletons with 1,398 clusters (17.2%) with 5,933
proteins (Fig. 1B). Analysis of secretome showed that LPF1912 and Ceu share more clusters of
orthologous (n = 375; 52.0%) than all three species together (n = 165; 22.9%), which reinforce
the similarity between these two pathogens (Fig. 1B). As for the proteome, Cal also contained
the largest group of singletons (n = 171; 23.7%) of secreted proteins.

Comparative analysis of KOG functional profiles of proteome revealed a very similar
profile for LPF1912 and Ceu different from Cal (Fig. 1C). Although Cal had the largest total
number of predicted proteins, LPF1912 and Ceu had a larger number of proteins that belongs
to group A (RNA processing and modification) (Fig. 1C). However, Cal had a high number of
proteins classified in KOG groups M (Cell wall/membrane/envelope biogenesis) and Q
(biosynthesis, transport, and catabolism of secondary metabolites) (Fig. 1C).

Analysis of the KOG profiles of secretome revealed differences among the three
pathogens (Fig. 1D) with the KOG groups K (Transcription) and Z (Cytoskeleton) were
exclusive to LPF1912 and Ceu (Fig. 1D). Two groups (A: RNA processing and modification;
L: Replication, recombination, and repair) were specific to secreted proteins of Cal (Fig. 1D).
KOG groups T (Signal transduction mechanisms), U (Intracellular trafficking, secretion, and
vesicular transport), H (Coenzyme transport and metabolism), and P (Inorganic ion transport
and metabolism) were more frequent in LPF1912 and Ceu (Fig. 1D). In Cal, a large majority
of secreted proteins was classified in KOG groups M (Cell wall/membrane/envelope
biogenesis), V (Defense mechanisms), C (Energy production and conversion), I (Lipid transport
and metabolism) and Q (Energy production and conversion; and Secondary metabolites
biosynthesis, transport, and catabolism) (Fig. 1D).

To identify potential pathogenicity-associated genes in LPF1912, Ceu, and Cal genomes
we performed similarity searches of all their predicted genes and secreted proteins against the
Pathogen-Host Interaction (PHI) database. Similar results were obtained in the analysis of all
predicted genes (Fig. 2A). However, LPF1912 and Ceu had a high proportion of secreted
proteins related to virulence than Cal (Fig. 2A).
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Investigations of the fungal-specific virulence genes shared among the three species,
using the DFVF, showed clustering of the proteome and secretome of the pathogens. Among
all predicted genes, 300 clusters of virulence genes were common to these three eucalyptus
pathogens (Fig. 2B). However exclusive clusters were detected, with Cal having 65 exclusive
clusters of virulence genes (Fig. 2B). Although LPF1912 and Ceu did not have exclusive
virulence genes, they shared 28 clusters of virulence-related proteins (Fig. 2B). In terms of
virulence-related proteins, LPF1912 and Ceu shared five clusters (Fig. 2B; Table 2), while Cal

had 44 exclusive clusters of virulence-related proteins (Fig. 2B; Table 2).

Differentially expressed genes (DEGs) of Ceratocystis fimbriata LPF1912 during its

interaction with eucalyptus plants

A total of 70,973,156 reads were obtained from the six RNA-seq libraries that mapped to the
LPF1912 genome. After filtering and trimming, 70,622,485 clean reads were used to identify
the DEGs of Ce. fimbriata LPF1912. PCA analysis showed that the two biological replicates
from each group had no confounding effects (Supplementary Fig. S2) and replicates showed a
high correlation (Supplementary Fig. S3). The RNA-Seq reads mapping to the genome of Ce.
fimbriata LPF1912 increased according to the infection time, especially for the susceptible
eucalyptus pool (Supplementary Table S4).

The total number of DEGs at the three incubation periods were 37 and 34 in the
susceptible and resistant pool, respectively (Fig. 3A-B). In the eucalyptus susceptible pool, six
DEGs were continuously observed at all infection periods, among them five were down-
regulated and one up-regulated (Fig. 3A). However, in the eucalyptus resistant pool, nine DEGs
were common at all infection phases, and all were down-regulated (Fig. 3B). The highest
number of DEGs were detected in the 12 vs 24 hours after inoculation (hai) (Fig. 3C).
Comparing susceptible vs resistant pool, 42 down-regulated genes were detected, and among
of them 18 were common, 14 were specific from the susceptible pool, and 10 were exclusive
of the resistant pool. There were no exclusively up-regulated genes observed in the resistant
pool (Fig. 3C), though in the susceptible pool there were three common and two specific up-

regulated genes (Fig. 3C).
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Functional annotation and pathogenicity-related DEGs

Functional analysis of KOGs showed that on the susceptible pool a majority (75.7%) of DEGs
had no-hit to known proteins (Fig. 4A). However, in the resistant pool, 10 (29.4%) down-
regulated genes were related to information storage, processing, cellular processes, and
signaling (Fig. 4B), which indicate that at 24 hai cells fungal were negatively impacted by host
resistance mechanisms.

Among all DEGs, 11 DEGs were associated with virulence and pathogenicity according
to DFVF (Table 3). The majority were down-regulated in the R-12h vs R-24h (Table 3). GO
enrichment analysis revealed that these genes were related to cytoskeleton organization, protein
ubiquitination, RNA polymerase, and translation regulation (Table 3). Furthermore, three
pathogenicity-related DEGs in the S-12h vs S-24h were associated with polygalacturonase and
kinase activity (Table 3).

DISCUSSION

In this study, we present a high-quality whole-genome assembly (31.8 Mb) for Ceratocystis
fimbriata LPF1912 (LPF1912), a serious and widespread fungal pathogen in Brazilian
eucalyptus plantations that causes CW. LPF1912 has a compact genome, with almost a half of
the genome comprised of coding sequence (13.8 Mb; 43%) and only 1.85 Mb (~6%) of
repetitive sequence. The total number of predicted genes is similar to other Ceratocystis species,
such as Ce. fimbriata type isolate (Wilken et al., 2013), Ce. eucalypticola (Wingfield et al.,
2015), Ce. cacaofunesta (Molano et al., 2018), and Ce. manginecans (van der Nest et al., 2014).

To identify key pathogenicity-related genes of Ceratocystis fimbriata in Eucalyptus spp.,
we compared the LPF1912 genome with Ceratocystis eucalypticola (Ceu) and Calonectria
pseudoreteaudii (Cal), which also are known to infect Eucalyptus spp. causing CW in South
Africa (van Wyk et al., 2012) and CLB in China (Chen et al., 2013, 2011; Ye et al., 2017),
respectively. During our investigation, notable similarities in proteome and secretome profiles
between LPF1912 and Ceu were observed. It was expected since LPF1912 and Ceu cause the
same disease in Eucalyptus spp. and have a close taxonomic relationship (Fourie et al., 2015;
Oliveira et al., 2016, 2015). Further comparisons of proteome or secretome using OrthoMCL,
identified clusters that are highly conserved between the two Ceratocystis pathogens, as well
as which genes that are unique to each eucalyptus fungal pathogen. In addition, KOG
enrichment analysis of secreted proteins revealed that Cal displayed unique proteome and

secretome profiles in comparison to the Ceratocystis species.
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Since secreted proteins play crucial roles during host infection of fungal pathogenic (de
Sain and Rep, 2015; Molano et al., 2018), we performed a BLASTp analysis of the three
eucalyptus fungal pathogens secretome against the DFVF, which is a specific database for
fungal pathogen-specific (Lu et al., 2012). LPF1912 and Ceu shared five exclusive clusters with
DFVF, while Cal had 44 exclusive clusters. GO enrichment analysis revealed an interesting
difference among the three eucalyptus fungal pathogens (Table 2). Three exclusive gene
clusters shared by LPF1912 and Ceu were related to the trehalose metabolic process,
proteolysis, and cell wall metabolic process. Trehalose is a disaccharide with protein and
membrane-stabilizing capability that occurs naturally in plants and plays an important role in
stress tolerance (Grennan, 2007). Furthermore, cell wall-degrading enzymes (CWDEs) have
been considered as a pathogenicity factor for many plant pathogenic fungi (Annis and Goodwin,
1997; Brito et al., 2006; Tonukari, 2003), especially fungal pathogens that cause wilt diseases
(Chang et al., 2016; Kubicek et al., 2014). On the other hand, among the 44 clusters exclusive
to Cal, five were related to lipid and cutin metabolism. Since Cal preferably infects the leaf
(Chen et al., 2011), these genes have a crucial role in infection as the eucalyptus leaf surface
contains large amounts of lipid compounds such as cutin and waxes (Guzman et al., 2014) that
provides a physical barrier against pathogens (Serrano et al., 2014; Ziv et al., 2018).

Additionally, to study the pathogenicity mechanisms of LPF1912 we evaluated the DEGs
during its infection in eucalyptus plants resistant and susceptible to CW at three times after
inoculation. Among the DEGs, 11 had homologs in the DFVF, therefore, they were associated
with virulence and pathogenicity (Lu et al., 2012). Of them, the majority were down-regulated
in the resistant pool comparisons, especially in the R-12h vs R-24h (Table 3). Such genes were
involved in essential biological processes to fungal growth such as cytoskeleton organization,
protein ubiquitination, RNA polymerase, and translation regulation (Hershko et al., 2000;
Riquelme et al., 2018; Xiang and Plamann, 2003). Response time is considered as a crucial key
for plant defense, thus there is a correlation between time response and effective resistance
(Shen et al., 2017). Often, effective response in several plants resistant to fungal pathogens
occur up to 24h after inoculation (Dobon et al., 2016; Li et al., 2016; H. Liu et al., 2017; Lu et
al., 2018; Nirmala et al., 2011; Romeis et al., 2000; Yadav et al., 2016). In this context, our
results indicate that at the beginning of infection the fungus tried to infect and colonize,
however, due to the effective resistance response of the eucalyptus plants resistant to CW, the
fungal growth was negatively affected at 24h after inoculation.

In the susceptible pool, the total number of expressed genes of the fungus was slightly

higher than the resistant pool, likely due to the absence of plant efficient defense mechanisms
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(Lo Presti et al., 2015). Interestingly, three pathogenicity-related DEGs in the S-12h vs S-24h
were associated with CWDEs (endopolygalacturonase) and kinase activity (Table 3).
Polygalacturonase is one of the most important enzyme family responsible for the
depolymerization of cell walls (Quoc and Chau, 2017), and have been considered as a virulence
factor to many fungal pathogens (C. Q. Liu et al., 2017; Mori et al., 2008; Oeser et al., 2002;
Shieh et al., 1997; Ye et al., 2017). Furthermore, Protein kinases (PK) are a major class of
signaling molecules that catalyze reversible phosphorylation of a large proportion of cellular
proteins, modulating protein activity and gene expression (Cohen, 2000). The coordinated
action of multiple PK pathways integrates a variety of external and internal cues to orchestrate
key processes during fungal infection, such as appressorium formation (Xu and Hamer, 1996),
which represents a crucial step to host infection by many phytopathogenic fungi. The crucial
role of protein kinases in pathogenicity has been demonstrated for several phytopathogenic
fungi (Turra et al., 2014).

As presented in this study, the three eucalyptus fungal pathogens showed different
pathogenicity mechanisms. Since LPF1912 and Ceu shared the same pathogenicity-related
genes, which were much different from Cal, our findings suggest that the pathogenicity is
mainly related to the nature of infection of CW and CLB. In addition, using RNA-Seq we
identified and confirmed that CWDESs and PK play a crucial role during Ceratocystis fimbriata

infection on eucalyptus plants.

CONCLUSIONS

In this study, we presented a characterization of the genome of Ceratocystis fimbriata LPF1912,
the causal agent of Ceratocystis Wilt in eucalyptus plantations in Brazil. The assembly exhibited
a higher level of genome quality and completeness compared to other Ceratocystis genomes.
Additionally, we compared the LPF1912 genome with the other two fungal pathogens that are
also found to infect eucalyptus. We performed a general characterization of secretome to three
pathogens and observed that they had a minimal quorum of conserved proteins, as well as
specific clusters of pathogenicity-related genes. Finally, we evaluated the transcriptome of
LPF1912 during its infection in eucalyptus plants, mapping DEGs that had a molecular function
related to pathogenicity. Moreover, we provide a high-quality dataset that may be useful in
future studies of genomic and transcriptomic to target and develop strategies to manage

Ceratocystis fimbriata sensu stricto group.
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Table 1 Genome and transcriptome statistics of assembly and annotation of Ceratocystis

fimbriata LPF1912 genome

Genome assembly

Estimated genome size® (Mb) 30.2-30.6
Total size of assembly® (Mb) 31.6
Total number of assembled scaffolds 788
Largest scaffold (bp) 802,649
Smallest scaffold (bp) 641
N50¢ scaffold length (bp) 181,961
GC content of the whole genome (%) 48.09
Heterozygosity (%) 0.12
Repetitive sequences® (Mb; %) 1.85;5.84
Coding sequence (Mb; %) 13.8; 43
Number of genes 8,042

Coding DNA Sequences (CDS) (Mb; %)

7,390 (12.2; 38.5)

GC content in coding regions (%) 52.03
Number of ribosomal RNAs (rRNAs) 120
Number of transfer RNAs (tRNAs) 532
Transcriptome assembly
Total size of assembly (bp) 4,034,972
N50 contig length (bp) 611
Total number of assembled contigs 7,936
Largest contig (bp) 3,768
Smallest contig (bp) 201
BUSCO assessment (%)
Complete 221
Complete and single-copy 20.0
Complete and duplicate 2.1
Fragmented 455
Missing 32.4

2 Estimation based on the k-mers frequency distributions of 17-, 21-, and 25-mers.

b Combined length of all assembled scaffolds.

¢N50 is defined as the sequence length of the shortest scaffold at 50% of the total genome length.

4Includes retroelements, DNA transposons, small RNA, satellites, and simple and low complexity repeat regions.

Further details in Supplementary Table S4.
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Table 2 Gene Ontology (GO) of the five most representative orthologous genes clusters from secreted proteins of Ceratocystis fimbriata LPF1912
(LPF1912), Ce. Eucalypticola (Ceu), and Calonectria pseudoreteaudii (Cal) associated with pathogenicity according to the Database of Fungal

Virulence Factors (DFVF)

Cluster gene IDs

GO terms?

DFVF uniprot IDs

Shared between LPF1912 and Ceu

926 (LPF1912);

g762 (Ceu)

) g495 (LPF1912);
g4150 (Ceu)

3 g4863 (LPF1912);
g5211 (Ceu)

4 g1412 (LPF1912);
g7013 (Ceu)

s g7226 (LPF1912);

g6059 (Ceu)

CC:G0:0016021 (integral component of membrane); MF:G0O:0042124 (1,3-beta-glucanosyltransferase activity);

BP:G0:0099132 (ATP hydrolysis coupled cation transmembrane transport)

MF:G0:0004555 (alpha-trehalase activity); BP:G0O:0005991 (trehalose metabolic process)

CC:G0:0009277 (fungal-type cell wall); MF:G0O:0016757 (chitin binding); BP:G0O:0006037 (cell wall chitin
metabolic process)

MF:G0:0004190 (aspartic-type endopeptidase activity); BP:GO:0006508 (proteolysis)

MF:G0:0003824 (catalytic activity); BP:G0O:0009116 (nucleoside metabolic process)

013318; P43076;
POC955; Q2KN79; POC7S9

042622; Q156F4;
Q8NJR9

Q5AICO

Q4WFS2

POCY34

Exclusive to Cal

1 gl4066; g5035

2 gl6528
3 gl1471
4 gl16799
5  g9755

CC:G0:0005576 (extracellular region); MF:G0:0050525 (cutinase activity)

CC:G0:0005576 (extracellular region); BP:GO:0009405 (pathogenesis); MF:G0:0050525 (cutinase activity)
BP:G0:0006629 (lipid metabolic process)

MF:G0:0004620 (phospholipase activity); BP:G0:0016042 (lipid catabolic process)

MF:G0:0004806 (triglyceride lipase activity); BP:G0:0016042 (lipid catabolic process)

Q00298; Q8TGBS;
Q9Y7G8

P10951; P11373

Q6WER3

Q9UWF6

Q5APG1

2CC: cellular component. MF: molecular function. BP: biological process.
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Table 3 Differentially expressed genes of Ceratocystis fimbriata LPF1912 associated with virulence and pathogenicity according to the Database

of Fungal Virulence Factors (DFVF)

DFVF
Gene ID Comparison? Log,FC? Gene ontology® . Protein name
P & &Y UniProt ID
¢588 R-12h vs R-24h 1.82 CC:GO.:000$73.7.(cyt.oplasm); MF:G0:0016616 (oxidoreductase activity); BP:G0O:0016567 Q5ADSO Ubiquitin
(protein ubiquitination)
g821 R-12h vs R-24h 133 CC:GO.:00.05737 (cytoplasm); MF:G0O:0005525 (GTP binding); BP:G0O:0007010 (cytoskeleton C1GM22 Tubulin alpha chain
organization)
CC:G0:0005576 (extracellular region); MF:G0O:0004650 (polygalacturonase activity);
g1560 S-12h vs S-24h 2.99 BP:G0:0071555 (cell wall organization) 094100 Endopolygalacturonase 1
R-12h vs R-18h; -1.97; CC:G0:0016021 (integral component of membrane); BP:GO:0055085 (transmembrane . . .
g2595 R-12h vs R-24h 211 transport) Q9P8L8 DHA14-like major facilitator
42733 S-12h vs S-24h 259 CC:GO:000582.9 (cytosol); MF:G0:0016301 (kinase activity); BP:G0:0016310 ESHAAS Uncharacterized protein
(phosphorylation)
R-12h vs R-18h; -2.34; o Regulator of cytoskeleton
83813 R-12h vs R-24h 58 CC:G0:0005737 (cytoplasm) Q39LF3 - 1d endocytosis RVS167
R-12h vs R-18h; -1.53; . e . .
45458 R-12h vs R-24h; 2.87; g;:ﬁa(?‘.s(ﬁioi?;:énuRc’ilijs)élM;;eGrg);g?SO981 (RNA polymerase Il); BP:GO:0006357 (regulation ASQUI7 XInR
5-12h vs 5-24h -2.37 phion by RINA poly
5845 R-12h vs R-24h 243 MF:G0:0003729 (mRNA binding) Q1DXHO E?;{Z?neny'ate'b'”d'”g
S-12h vs S-24h; -2.02; ~A. . S . . Putative serine/threonine
g6125 5-18h vs S-24h 178 MF:G0:0004674 (kinase activity); BP:GO:0006468 (protein phosphorylation) Q5K2R7 kinase
R-12h vs R-18h; -1.49; ~A. . S oo . CCR4-NOT core DEDD family
6308 R-12h vs R-24h 531 MF:G0:0004535 (ribonuclease activity); BP:G0:0090503 (exonucleolytic) Q5A8L5 RNase subunit
26635 R-12h vs R-24h 168 CC:G0:0005840 (ribosome); MF:G0:0003735 (structural constituent of ribosome); Q5ADSO Ubiquitin

BP:G0:0006412 (translation)

2R-12h: resistant pool at 12 h after inoculation. R-18h: resistant pool at 18 h after inoculation. R-24h: resistant pool at 24 h after inoculation. S-12h: susceptible pool/ at 12 h
after inoculation. S-18h: susceptible pool at 18 h after inoculation. S-24h: susceptible pool at 24 h after inoculation.

b Log, of fold-change (FC) value.

€CC: cellular component. MF: molecular function. BP: biological process.

*Secreted protein.
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Fig. 1. Comparative genomics analysis of Ceratocystis fimbriata LPF1912, Ceratocystis eucalypticola (Ceu), and
Calonectria pseudoreteaudii (Cal). (A) Number of all predicted genes and secreted proteins. (B) Venn diagrams
showing unique and shared orthologous genes among three species. (C e D) EuKaryotic Orthologous Groups
(KOG) enrichment analysis for all predicted genes and secreted proteins, respectively. Asterisks state the major
different groups among the three species. KOG groups: [A] RNA processing and modification; [B] Chromatin
structure and dynamics; [C] Energy production and conversion; [D] Cell cycle control, cell division, chromosome
partitioning; [E] Amino acid transport and metabolism; [F] Nucleotide transport and metabolism; [G]
Carbohydrate transport and metabolism; [H] Coenzyme transport and metabolism; [I] Lipid transport and
metabolism; [J] Translation, ribosomal structure and biogenesis; [K] Transcription; [L] Replication, recombination
and repair; [M] Cell wall/membrane/envelope biogenesis; [N] Cell motility; [O] Posttranslational modification,
protein turnover, chaperones; [P] Inorganic ion transport and metabolism; [Q] Secondary metabolites
biosynthesis, transport and catabolism; [R] General function prediction only; [S] Function unknown; [T] Signal
transduction mechanisms; [U] Intracellular trafficking, secretion, and vesicular transport; [V] Defense
mechanisms; [W] Extracellular structures; [X] Unnamed protein; [Y] Nuclear structure; and [Z] Cytoskeleton. The
color key is described in the figure.



116

A 1=130(6%) O=14(1%) L=130(6%) 0=13(1%) L=208(4%) 0=63(1%)
‘ v_o[u%) ‘ .;3(11%)
o
g
Q LPF1912 a1% Cal
+~— %)
o
“
[
l B LP: Loss of pathogenicity
IV=47(2%) IV=46(2%) IV=138(3%) I RV: Reduced virulence
1 UP: Unaffected virulence
L=1{1%) ‘°=2(2%] L=2(2%) gO=1(1%) L=6(1%) 0=14‘3) W |V: Increased virulence
\‘ M L: Lethal
% M O: Others
° LPF1912
= RV )
[u]
(1]
W
1V=6(1%)
Proteome Secretome

( Doz () ceu
O Cal O DFVF database

Fig. 2. Comparative genomics analysis of Ceratocystis fimbriata LPF1912 (LPF1912), Ceratocystis eucalypticola
(Ceu), and Calonectria pseudoreteaudii (Cal). (A) Classification of all predicted genes and secreted proteins from
each species on the PHI database. (B) Venn diagrams showing unique and shared orthologous genes among all
predicted genes or secreted proteins of the three species and DFVF database proteins. Color key is described in
the figure.
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Total of 5,267 expressed genes Total of 5,054 expressed genes
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Fig. 3. Venn diagrams of differentially expressed genes (DEGs) of Ceratocystis fimbriata LPF1912 during three
incubation periods of its infection in eucalyptus susceptible and resistant clones. (A and B) Venn diagrams
represent DEGs from three incubation periods. (C) Venn diagrams represent DEGs from 12 vs 24 hours after
inoculation (hai). Color key is described in the figure.



Log2 FC

Log2 FC

118

85062
g3726
5449
86998
g859

g1055
g6125
g6438
g278

8556

Eucalyptus susceptible pool

g737
g895

g1061
g1560
g1728
g1878
g3047
g3243
g3671

g6183

£6695
g7055

g7077

] 6487

82583

g5664

LOPR

R
KOG groups

g588

g5062
g5449
g5669
5845
g6308
g6635
6998

*

Eucalyptus resistant pool

g1055
g2595
g6125
g6438
g821

g1091
g3813
g278

g737

gl541
gl1878
g3243
g3671

*
*

A AB G J J

LLRRRSUZZ

KOG groups

| M Information storage and processing

Cellular processes and signaling B vetabolism

Poorly characterized

no-

hit |

Fig. 4. EuKaryotic Orthologous Groups (KOG) enrichment analysis of differentially expressed genes (DEGs) of
Ceratocystis fimbriata LPF1912 from 12 12 vs 24 hai. (A) Eucalyptus susceptible pool. (B) Eucalyptus resistant
pool. KOG groups: [A] RNA processing and modification; [B] Chromatin structure and dynamics; [C] Energy
production and conversion; [D] Cell cycle control, cell division, chromosome partitioning; [E] Amino acid
transport and metabolism; [F] Nucleotide transport and metabolism; [G] Carbohydrate transport and
metabolism; [H] Coenzyme transport and metabolism; [I] Lipid transport and metabolism; [J] Translation,
ribosomal structure and biogenesis; [K] Transcription; [L] Replication, recombination and repair; [M] Cell
wall/membrane/envelope biogenesis; [N] Cell motility; [O] Posttranslational modification, protein turnover,
chaperones; [P] Inorganic ion transport and metabolism; [Q] Secondary metabolites biosynthesis, transport and
catabolism; [R] General function prediction only; [S] Function unknown; [T] Signal transduction mechanisms; [U]
Intracellular trafficking, secretion, and vesicular transport; [V] Defense mechanisms; [W] Extracellular structures;
[X] Unnamed protein; [Y] Nuclear structure; and [Z] Cytoskeleton. *DEGs common in both eucalyptus pools.
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FINAL REMARKS

= The de novo assembled haploid nuclear genome of Austropuccinia psidii epitype guava
(Psidium guajava) isolate contains 787 scaffolds with a combined length of 672 Mbp and an
N50 scaffold length of 1.4 Mbp. A total of 20,694 genes were predicated, including 20,184
protein-coding, 29 rRNAs, and 480 tRNAs genes. Additionally, about 546 Mbp (81.37%) of
A. psidii genome consists of repetitive sequences. Of these, the majority (60.39%) were

classified as transposable elements.

» The de novo transcriptome assembly of urediniospores of A. psidii contains 46,742 contigs
with a combined length of 71.39 Mbp, which had a high BUSCO completeness (92.2%) with

the Basidiomycota database.

= Gene expression profile analysis by RNA-Seq of two contrasting Eucalyptus grandis
genotypes in resistance to rust (4. psidii) revealed a constitutive overexpression of several

resistance-related genes in the resistant genotype compared to the susceptible one.

» The de novo assembled nuclear genome of 21 fungal pathogens of the Ceratocystis fimbriata
complex had an average size of 30.4 Mbp, with 7,551 protein-coding, 111 rRNAs, and 366
tRNAs genes. All genomes showed a high BUSCO completeness (>90%) with the
Sordariomyceta database. Furthermore, independently on the host species and geographic
location, comparative genomic analysis showed a high level of similarity among all
Ceratocystis genomes, with a shared set of 6,141 conserved orthologous clusters genes. This

represents 81.33% of the average number of protein-coding genes.

* Transcriptome analysis of C. fimbriata LPF1912 isolate during its infection in 16 eucalyptus
genotypes, as well as comparative genomic analysis with C. eucalypticola and Calonectria
pseudoreteaudii, which also infect eucalyptus, revealed different pathogenicity-related

genes among the three eucalyptus fungal pathogens.



