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A B S T R A C T

Raffaelea lauricola is an invasive fungal pathogen and symbiont of the redbay ambrosia beetle (Xyleborus glabratus)
that has caused widespread mortality to redbay (Persea borbonia) and other Lauraceae species in the southeastern
USA. We compare two genomes of R. lauricola (C2646 and RL570) to seven other related Ophiostomatales species
including R. aguacate (nonpathogenic close relative of R. lauricola), R. quercus-mongolicae (associated with mortality
of oaks in Korea), R. quercivora (associated with mortality of oaks in Japan), Grosmannia clavigera (cause of blue stain
in conifers), Ophiostoma novo-ulmi (extremely virulent causal agent of Dutch elm disease), O. ulmi (moderately
virulent pathogen that cause of Dutch elm disease), and O. piceae (blue-stain saprophyte of conifer logs and lumber).
Structural and functional annotations were performed to determine genes that are potentially associated with disease
development. Raffaelea lauricola and R. aguacate had the largest genomes, along with the largest number of protein-
coding genes, genes encoding secreted proteins, small-secreted proteins, ABC transporters, cytochrome P450 en-
zymes, CAZYmes, and proteases. Our results indicate that this large genome size was not related to pathogenicity but
was likely lineage specific, as the other pathogens in Raffaelea (R. quercus-mongolicae and R. quercivora) had similar
genome characteristics to the Ophiostoma species. A diverse repertoire of wood-decaying enzymes were identified in
each of the genomes, likely used for toxin neutralization rather than wood degradation. Lastly, a larger number of
species-specific, secondary metabolite, synthesis clusters were identified in R. lauricola suggesting that it is well
equipped as a pathogen, which could explain its success as a pathogen of a wide range of lauraceous hosts.

1. Introduction

Raffaelea is a genus of asexual fungi comprised within the
Ophiostomatales (Harrington, 2005). Members of the Ophiostomatales
consist primarily of symbionts of ambrosia beetles that carry these fungi
within specialized structures known as mycangia (Vanderpool et al.,
2018). Several Ophiostomatales species are also known to cause dis-
eases, such as vascular wilts and vascular staining. One of these species,
Raffaelea lauricola T.C. Harr., Fraedrich & Aghayeva, causes laurel wilt
disease that is responsible for widespread mortality of redbay (Persea
borbonia) and other lauraceous species in the southeastern United States
(USA). This laurel wilt pathogen is a symbiont of the redbay ambrosia
beetle, Xyleborus glabratus (Harrington et al., 2008; Fraedrich et al.,
2008). Raffaelea lauricola and X. glabratus are considered to be native in

Asia (Japan, Taiwan, India, and Myanmar) and were likely introduced
to the USA via packing materials (Harrington et al., 2011). Since their
introduction at Port Wentworth, Georgia, USA, around 2002, the spread
of the beetle vector and fungal pathogen have resulted in laurel wilt
disease throughout the southeastern coastal plains and westward as far
as Texas, USA. Laurel wilt disease is now found in nine states of the USA
(Barton et al., 2016), where it can affect numerous hosts including
redbay, swampbay (P. palustris), sassafras (Sassafras albidum), avocado
(P. americana), pondspice (Litsea aestivalis), silkbay (P. humilus), spice-
bush (Lindera benzoin), and European bay laurel (Laurus nobilis)
(Fraedrich et al., 2015, 2016; Hughes et al., 2011, 2012, 2014; Mayfield
et al., 2008; Smith et al., 2009a, 2009b). Raffaelea lauricola has also
been found in association with other ambrosia beetle species that attack
lauraceous species (Fraedrich et al., 2011; Ploetz et al., 2017), which
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likely acquired the pathogen following attack of infected hosts.
Raffaelea lauricola systemically colonizes the sapwood of host plants

and induces the formation of tyloses in xylem vessels, which are out-
growths from adjacent parenchyma cells. Tyloses plug the vessels and
reduce hydraulic conductivity, which may limit pathogen spread in
some hosts (Inch et al., 2012). Tyloses are commonly observed in other
wilt diseases such as Dutch elm disease caused by Ophiostoma ulmi and
O. novo-ulmi (Durkovic et al., 2014). Other ophiostomatoid fungi
(Grosmannia clavigera, O. piceae) cause “blue stain” in the host wood,
and when these fungi colonize the phloem and/or sapwood, they must
cope with phenolic and terpenoid compounds produced by the host
(Haridas et al., 2013). In general, species in the Ophiostomatales have
limited capabilities to degrade the cellulose and lignin components of
wood, and primarily obtain nutrients from the living cells in the sap-
wood (Lundell et al., 2014; Lee et al., 2002).

Herein, we report on a draft assembly of the R. lauricola genome and
compare to genomes of closely related ophiotomatiod fungi to identify genes
that are potentially associated with pathogenicity. Structural and functional
annotations and analyses were performed for the assembled genome to de-
termine genes that are potentially associated with disease development of
this wilt pathogen; coded proteins were predicted and those likely related to

pathogenicity were identified. The total number of putative genes within
these protein families were compared to those of another R. lauricola isolate
(Vanderpool et al., 2018) and seven other related fungi within the Ophios-
tomatales that range from virulent pathogens to saprophytes: R. aguacate
(nonpathogenic close relative of R. lauricola), R. quercus-mongolicae (asso-
ciated with mortality of oaks in Korea), R. quercivora (associated with mor-
tality of oaks in Japan), G. clavigera (cause of blue stain in conifers), O. novo-
ulmi (highly virulent causal agent of Dutch elm disease), O. ulmi (moderately
virulent pathogen that cause of Dutch elm disease), and O. piceae (blue-stain
saprophyte of conifer logs and lumber) (Saucedo-Carabez et al., 2018; Jeon
et al., 2017; Kubono and Ito, 2002; DiGuistini et al., 2011; Comeau et al.,
2014; Khoshraftar et al., 2013; Haridas et al., 2013).

2. Materials and methods

2.1. Biological material

Raffaelea lauricola isolate C2646 (CBS129006) was used for genome
assembly in this study. This isolate was originally collected in Taiwan
from a female redbay ambrosia beetle that is known to vector R. laur-
icola in the USA (Harrington et al., 2011). The isolate was identified by

Table 1
Genome assembly statistics of Raffaelea lauricola and related beetle-vectored fungi as generated in the manuscript.

Raffaelea lauricola
C2646*

R. lauricola
RL570*

R. aquacate# R. quercus-
mongolicae*

R. quercivora* Grosmannia
clavigera*

Ophiostoma
piceae#

O. novo-
ulmi*

O. ulmi*

Genome size (Mb) 35.40 34.64 35.18 27.00 26.41 29.79 32.84 31.85 31.46
Scaffold number 1535 207 414 43 23 289 45 10 792
Contig number 1566 578 1006 200 23 333 343 161 2634
Scaffold N50 (Mb) 0.13 2.87 0.45 2.2 3.69 1.99 1.45 3.66 1.00
G-C contents (%) 55.32 55.34 57.54 54.25 57.02 53.36 53.35 50.10 50.52
Rep. DNA (%) 12.68 9.75 5.75 4.04 7.02 10.73 3.83 5.15 3.88

* These species have been described as causal agents of wilt diseases in woody plants.
# These species are known to be insect vectored, but not known as pathogens.

Fig. 1. Whole genome phylogenetic tree of Ophiostomatales species and other Sordarioimycetes as implemented in PhyML using the likelihood methodologies.
Numbers on each node indicated bootstrap values.
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its cultural morphology, mucoid growth, size and shape of its con-
idiophores and budding conidia, and sequencing of the large subunit of
the rDNA (HQ688666) (Harrington et al., 2011).

2.2. DNA extraction and sequencing

DNA was extracted from R. lauricola isolate C2646 using cetyl-
trimethylammonium bromide (CTAB) extraction protocol. The isolate
was grown at room temperature (ca. 22 °C) on a bench shaker (70 rpm)
for 7 d in flask with 2% malt extract broth. Similar to Li et al. (2017), ca.
500 mg of mycelium finely ground in liquid nitrogen were added to
17.5 ml CTAB lysis buffer. The lysis buffer included: 6.5 ml of Buffer A
(0.35 M sorbitol; 0.1 M Tris–HCl, pH 9; and 5 mM EDTA, pH 8), 6.5 ml of
Buffer B (0.2 M Tris–HCl, pH 9; 50 mM EDTA, pH 8; 2 M NaCl; 2%
CTAB), 2.6 ml of Buffer C (5% sarkosyl), 1.75 ml (0.1%), poly-
vinylpyrrolidone (PVP), and 1.25 μl (25 mg = 750 U) proteinase K. Using
a 2010 Geno/Grinder (SPEX SamplePrep, Metuchen, NJ, USA) the mix-
ture was agitated with two 5-mm glass beads (VWR Soda Lime, Radnor,
PA, USA) at 1750 rpm for 2 min. After adding 5.75 ml 5 M potassium
acetate, tubes were inverted 10 times, incubated on ice for 30 min, and
centrifuged for 20 min at 14,000g. The supernatant was added to
chloroform-isoamyl alcohol (v/v 24:1), mixed, centrifuged for 10 min at
14,000g, and then 100 μl RNase A (10 mg ml−1, 50 U mg) was added to
the upper phase. The solution was incubated at 37 °C for 120 min. Iso-
propanol was added at equal volume and 1/10 vol 3 M sodium acetate
was added, the mixture was incubated at 25 °C for 5 min, and then
centrifuged at 14,000g for 30 min, after which the supernatant was dis-
carded. After rinsing twice with 70% ethanol and air-drying overnight,
the DNA pellet was dissolved in 100 µl deionized H2O.

Genomic DNA was submitted to the Georgia Genomics Facility
(Athens, GA, USA) for next-generation sequencing library preparation.
Illumina sequencing reactions followed the NextSeq platform, based on a
paired end 150-bp (PE150) protocol (Illumina Inc. San Diego, CA, USA).

2.3. Genome assembly and genome statistics

Genome assembly was performed using A5-miseq, version
20160825 (Coil et al., 2015). Assembly metrics were obtained using the
QUAST web server (Gurevich et al., 2013).

2.4. Evaluation of genome assembly and annotation

Completeness of the genome assembly and structural annotation
was evaluated using BUSCO 2.0b2 (Simão et al., 2015). The “fungi
lineage” dataset (fungi-odb9), that includes the appropriate set of or-
thologs for the fungi examined, was selected for the evaluation. BLASTp
(Camacho et al., 2009) was also used to compare predicted proteins in
R. lauricola isolate C2646 and R. aguacate against all fungal proteins in
the Uniprot database to determine the percentage of proteins with
significant matches to already described proteins.

2.5. Phylogenetic analysis

A whole genome phylogenetic tree was created using Realphy 1.12
(Bertels et al., 2014) with Bowtie2 2.3.3.1 (Langmead and Salzberg,
2012) and PhyML (Guindon et al., 2010), including the genome as-
sembly of R. lauricola C2646 (GenBank QDHB00000000) and the fol-
lowing whole genome assemblies: R. lauricola strain RL570, GenBank
PCDG00000000.1; R. aguacate, GeneBank PCDF00000000.1; R. quercus-
mongolicae, GenBank NIPS00000000.1; R. quercivora, GenBank
PCDE00000000.1; G. clavigera kw1407, GenBank ACXQ00000000.2; O.
piceae UAMH 11346, from JGI MycoCosm (Haridas et al., 2013); O.
novo-ulmi H327, from JGI MycoCosm (Comeau et al., 2014); and O.
ulmi, from the Ophiostoma ulmi resource browser (http://www.
moseslab.csb.utoronto.ca/o.ulmi/). The number of bootstrap re-
plicates in PhyML was set to 200.

2.6. Structural annotation

To obtain a structural annotation of the genome assembly, the
Maker v.2.31.8 pipeline was used (Cantarel et al., 2008). First, a custom
set of repetitive sequences was obtained using RepeatModeler v.1.0.11
(Smit and Hubley, 2017). Then, the following programs were included
in the Maker pipeline: (1) RepeatMasker v.4.0.6 (Smit et al., 1996) to
mask interspersed repeats and low complexity DNA sequences using the
repeats set obtained by RepeatModeler; (2) three gene predictors:
GeneMark-ES (Ter-Hovhannisyan et al., 2008), which does not require
curated training sets to predict genes in fungal genomes; SNAP (Zaharia
et al., 2011), a high-performance gene finder; and Augustus (Keller

Table 2
Total number of genes identified for genome structural and functional statistics of Raffaelea lauricola and related beetle-vectored fungi. The number in parentheses
indicates the number of predicted secreted proteins. Gene numbers were obtained using the Maker pipeline, as described in the method section.

Raffaelea
lauricola C2646*

R. lauricola
RL570*

R. aquacate# R. quercus-
mongolicae*

R. quercivora* Grosmannia
clavigera*

Ophiostoma
piceae#

O. novo-
ulmi*

O. ulmi*

tRNA genes 140 156 152 147 154 190 248 254 261
Protein coding genes 11,173 11,069 11,932 9,049 8,917 8,855 9,277 8,837 8,846
Secreted proteins 676 654 671 501 477 456 524 511 528
Small secreted proteins 305 293 270 193 174 186 215 223 245
ABC transporters 57 56 59 41 40 45 34 32 32
Cytochrome P450 75 (0) 71 (0) 67 (0) 54 (0) 46 (0) 57 (0) 46 (0) 45 (0) 44 (0)
Laccase 15 (8) 14 (8) 11 (11) 14 (7) 11 (5) 12 (5) 11 (6) 11 (7) 10 (7)
PeroxidaseA 13 (2) 13 (2) 13 (2) 13 (5) 13 (4) 11 (3) 16 (2) 15 (3) 15 (3)
Tannase/feruloyl esterase 5 (4) 5 (4) 11 (11) 5 (4) 4 (4) 2 (1) 3 (2) 4 (0) 5 (0)
CAZYmesB 313 (1 1 9) 308 (1 1 5) 351 (1 2 5) 275 (1 1 6) 267 (1 0 4) 223 (88) 244 (1 0 8) 246

(1 0 5)
285 (1 0 8)

Proteases 201 (39) 198 (40) 208 (45) 183 (35) 184 (36) 182 (39) 169 (36) 171 (34) 169 (37)
Polyketide synthasesC,D 17[1]E 18E[1] 8F [1] 15G [1] 13G [1] 11 [1] 8 [1] 8 [1] 8 [1]
Non-ribosomal peptide

synthasesD
9E 9E 3F 5G 6 G 2H 1 1 1

A This number includes lignin peroxidases (AA2) and other peroxidases.
B This number does not include glycosyl transferases, carbohydrate-binding modules or laccases.
C The number of Type I PKs clusters. The number of Type III PKs clusters are in [ ].
D The number and type of peptide synthases and non-ribosomal peptide synthases identified in each genome: E5 T1pks-Nrps; F1 T1pks-Nrps; G2 T1pks-Nrps; H1

Terpene-Nrps.
* These species have been described as causal agents of wilt diseases in woody plants.
# These species are known to be insect vectored, but not known as pathogens.
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Fig. 2. Distribution of orthologous and non-orthologous proteins comparing A: Raffaelea lauricola C2646 and R. lauricola RL570, B: R. lauricola C2646, R. lauricola
RL570 and R. aguacate, C: R. quercus-mongolicae, R. quercivora, and Grosmannia clavigera, D: Ophiostoma piceae, O. novo-ulmi, and O. ulmi, E: R. lauricola C2646 to R.
quercus-mongolicae, R. quercivora, and Grosmannia clavigera, and F: R. lauricola C2646 to R. quercus-mongolicae, R. quercivora, and Grosmannia clavigera. Each species
were color-coded. Numbers represent the number of protein clusters either unique to a species or common between or among species. The central number in each
comparison shows the number of proteins shared with all species.
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et al., 2011), the widely used eukaryotes gene predictor; and (3)
tRNAscan (Lowe and Eddy, 1997) to identify tRNA genes in the
genomic sequence.

Transcript sequences obtained from the NCBI were included as “al-
ternate organism EST Evidence”. Ophiostomatales protein sequences from
the RefSeq database were included as “Protein Homology Evidence”. For
each species, the following was included as “same organism EST
Evidence”: G. clavigera: transcripts from NCBI BioProject PRJNA40239; R.
quercus-mongolicae: RNASeq assembled transcripts (Kim, M.-S. un-
published, Genbank Accession GHDV00000000); O. piceae: transcripts
from the genome annotation from JGI MycoCosm (Haridas et al., 2013);O.
novo-ulmi and O. ulmi: transcripts from supplementary material in Comeau
et al. (2014); R. lauricola RL570 isolate, R. quercivora and R. aguacate:
corresponding transcripts from Vanderpool et al. (2018).

2.7. Functional annotation

For all the isolates, functional annotation of the predicted proteins of
≥50 amino acids was obtained using InterProScan 5.24–63.0 (Jones et al,.
2014) including the program Pfam to search for matches of amino acid
sequences in the corresponding database. Previously developed pipelines
(Park et al., 2008; Choi et al., 2014) were used to identify cytochrome P450
and peroxidases, along with the InterProScan output. Putative secreted
proteins were identified using DeepLoc v.1.0 (Almagro Armenteros et al.,
2017), a program that uses deep neural networks based on the protein se-
quence information. Small secreted proteins were defined as those smaller
than 300 amino acids. Secondary metabolism genes were detected using
antiSMASH 4.0 (Blin et al., 2017), including both the genome assembly and
gff3 annotation (from Maker) as input files. The cluster backbones were
derived via “detailed annotation” from antiSMASH output in two separate
processes: keeping only the core biosynthetic genes from the main cluster
(similar to Sbaraini et al., 2017) or including all genes (i.e., also containing
other genes interspersed between the core biosynthetic genes). Putative
Carbohydrate-Active Enzymes (CAZYmes), including laccases, were identi-
fied by obtaining InterPro signatures known to be present in CAZYmes from
the predicted proteins and then combining that set of proteins with the one
obtained after all predicted proteins were submitted to the web server and
database dbCAN (Yin et al., 2012). dbCAN was run using hmmscan. Tan-
nases were detected based on the presence of corresponding Pfam
(PF07519) and InterPro (IPR011118) domains. Proteases were identified
based on corresponding Interpro signatures.

2.8. Orthologous proteins

The sets of predicted proteins from each of the eight species (nine

isolates) included in this work were used to identify orthologous and
non-orthologous (species exclusive) groups using the OrthoVenn web
server (Wang et al., 2015). Default values were used for the two
parameters that can be adjusted when using the OrthoVenn web server:
e-value and inflation value (1e−5 and to 1.5, respectively) as suggested
by Wang et al. (2015).

3. Results and discussion

The R. lauricola (C2646) genome assembly via A5-miseq resulted in
1535 scaffolds with a total length of 35.40 Mb (35,404,324 bp)
(Genbank Accession QDHB00000000) and under Bioproject
PRJNA513385. The largest contig contained 536,604 bp. The N50 score
was 136,309 bp and the GC content was 55.32%. The total length of the
genome was larger than other Raffaelea species found within the NBCI
database including R. quercivora (GenBank BCFZ00000000.1) with a
genome size of 25.41 Mb and R. quercus-mongolicae (GenBank
NIPS00000000.1) with a genome size of 27.00 Mb (Table 1), but only
slightly larger than R. aguacate (GenBank PCDF00000000.1) with a
genome size of 35.18 Mb. The genome of R. lauricola was also larger
than genomes of G. clavigera, O. piceae, O. novo-ulmi, and O. ulmi, which
had sizes ranging from 29.79 to 31.46 Mb. Completeness of the genome
assembly, assessed by BUSCO, indicated a high-quality assembly with a
score of 97.9%. Close to 13% of the genome consisted of low complexity
and interspersed repetitive DNA, which was greater than that found in
the other genome assemblies (Table 1; Supplementary Table 1).

The use of a whole genome phylogenetic approach highlights re-
lationships among the eight Ophiostomatales species studied, using
Magnaporthe oryzae as outgroup species (Fig. 1). Of the total 40,643
sites used to generate the phylogeny, 6,915 (17%) were polymorphic.
The two R. lauricola genomes and R. aguacate were clustered into a well-
supported group, whereas R. quercus-mongolicae, R. quercivora, and G.
clavigera were together in a separate well-supported group, and the
three Ophiostoma spp. were clustered within another distinct group.
These results concur with other studies comparing the phylogenetic
placement of Raffaelea and Ophiostoma using multiple loci (de Beer and
Wingfield, 2013; Dreaden et al., 2014; Vanderpool et al., 2018).

The two R. lauricola genomes (C2646 and RL570) and the R. agua-
cate genome had the largest number of protein-coding genes, ranging
from 11,069–11,932, compared to the genomes of the other
Ophiostomatales species, which ranged from 8,837–9,277; however,
fewer tRNA genes were found in R. lauricola C2646 compared to R.
lauricola RL570 and the other Ophiostomatales species (Table 2).
Completeness of R. lauricola C2646 structural annotation was 97.6%,
again indicating high quality in the genome annotation. Herein, a larger
number of proteins were identified in the R. lauricola genomes, C2646
and RL570, than was previously published by Vanderpool et al. (2018).
Annotations were based solely on genomic data or included transcript
data collected from other sources (see methods). We did not perform
transcriptomic analyses, and therefore, this represents a potential lim-
itation with our data. Further, the Vanderpool et al. (2018) protein data
set was restricted to those with RNAseq, protein evidence, or Pfam
domains, whereas we kept all gene models predicted by Maker. This
likely resulted in less conservative results (i.e., more predicted proteins)
for all the genomes (DiGuistini et al., 2011; Sbaraini et al., 2017).

The annotated protein sets for each species were used to perform
pairwise analyses of orthologous proteins using OrthoVenn (Wang et al.,
2015), beginning with comparisons within each well-supported group
observed in the phylogenetic tree (Fig. 1). Similar to the phylogenetic
tree, species within a group were more similar to each other compared
with species comprised in other groups. As expected, only few differences
were observed between the two R. lauricola isolates (Fig. 2A). Comparing
R. lauricola and R. aguacate, the two R. lauricola isolates showed much
more similarity to each other than to R. aguacate (Fig. 2B). Within the R.
quercivora/R. quercus-mongolicae/G. clavigera cluster, the two Raffaelea
species had a higher number of orthologous protein clusters compared to

Fig. 3. Distribution of CAZYmes in the nine analyzed genomes: Raffaelea
lauricola (RlC2646); Raffaelea lauricola (RlRL570), R. aguacate (Ra), R. quercus-
mongolicae (Rqm); R. quercivora (Rq), Grosmannia clavigera (Gc); Ophiostoma
piceae (Op), O. novo-ulmi (On-u) and O. ulmi (Ou). Carbohydrate enzyme gene
families are indicated by AA: auxiliary activity, CE: carbohydrate esterase, GH:
glycoside hydrolase, and PL: polysaccharide lyase.

J.R. Ibarra Caballero, et al. Fungal Genetics and Biology 125 (2019) 84–92

88

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=BCFZ00000000.1


each other, than compared to G. clavigera (Fig. 2C). No non-orthologous
proteins were identified in O. ulmi when compared to O. novo-ulmi and O.
piceae, although O. novo-ulmi had only three non-orthologous clusters,
compared to 44 in O. piceae (Fig. 2D). Raffaelea lauricola C2646 had a
large number of non-orthologous clusters when compared to R. querci-
vora/R. quercus-mongolicae/G. clavigera (Fig. 2E) and O. novo-ulmi/O.
ulmi/O. piceae (Fig. 2F) with 210 and 278, respectively.

Of the annotated genes in R. lauricola C2646, 65% (7272) had at
least one InterProScan (Pfam) match allowing classification into a gene
family, and 90% (10,077 with evalues ≤0.05; 10,044 ≤ 0.01) had a
BLASTp hit to fungal sequences in the Uniprot database. The largest
number of annotated proteins was found in R. aguacate where 88%
(10,487) had a BLASTp hit. We found 676 predicted secreted proteins in
the R. lauricola C2646 genome, similar to R. lauricola RL570 and R.

Table 3
Biosynthetic gene cluster (BGC) conservation in the Ophiostomataceae family for Raffaelea lauricola (RlC2646, RlRL570), R. aguacate (Ra), R. quercus-mongolicae (Rq-
m); R. quercivora (Rq), Grosmannia clavigera (Gc), Ophiostoma piceae (Op), O. novo-ulmi (On-u) and O. ulmi (Ou). Domains for polyketide synthase (Pks) and non-
ribosomal peptide synthase (Nrps) backbone genes are found in Supplementary Table 2.

Cluster
(Nrps/Pks)

RlC2646 RlRL570 Ra Rq-m Rq Gc Op On-u Ou Similar known cluster (top match shown)

GcNrps1 PR_toxin (50% of genes show similarity) Penicillium 
roqueforti

GcNrps2
RqNrps1
RqNrps2
RqNrps3
RqNrps4
RqNrps5
RlNrps1
RlNrps2
RlNrps3
RlNrps4
RaNrps1
RaNrps2 Acetylaranotin (30%) Aspergillus terreus
OphiNrps1
OphiNrps2

GcPks1
GcPks2 Emericellin (28%) Aspergillus nidulans
GcPks3 Asperfuranone (18%) A. nidulans
RqPks1 Sorbicillin (85%) Penicillium rubens
RqPks2
RqPks3 Clapurines (63%) Claviceps purpurea
RqPks4 Equisetin (27%) Fusarium heterosporum
RqPks5 NG-391 (50%) Metarhizium anisopliae
RqPks6 Equisetin (27%) F. heterosporum
RqPks7 Viridicatumtoxin (31%) P. aethiopicum
RqPks8 Emericellin (42%) A. nidulans
RqPks9
OpPKS8* Fujikurins (50%) F. fujikuroi (On-u, Ou)

Betaenone C / betaenone A_ (50%, 37%) Phoma betae
(Rq-m, Rq)

OpPKS1*
OpPKS7* Fusaric_acid (50%) F. verticillioides
OpPKS3*
RlPks1 Depudecin (33%) Alternaria brassicicola
RlPks2 Asperfuranone (36%) A. nidulans
RlPks3 Depudecin (33%) A. brassicicola
RlPks4
RlPks5
RlPks6 Asperfuranone_ (36%) Aspergillus nidulans
RlPks7 Depudecin (33%) Alternaria brassicicola
RaPks1
RaPks2
RlPks8
RlPks9 PR_toxin_ (50%) P. roqueforti
RlPks10 NG-391_ (50%) Metarhizium anisopliae
RlPks11
RlPks12 Asperfuranone (27%) Aspergillus nidulans
RlPks13 Desmethylbassianin (80%) Beauveria bassiana
OpPKS5*
RlPks14
OpPKS2*
OpPKS10*
* Clusters identified and named in Sbaraini et al. (2018).

*Clusters identified and named in Sbaraini et al. (2017).
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aguacate where 654 and 671 secreted proteins, respectively, were
identified. Species within this cluster had more secreted proteins than
other examined species in the Ophiostomatales (Table 2). Secreted
proteins are necessary to overcome host defense responses and/or
scavenge food resources, and the release of secreted proteins outside
the fungal cell is finely regulated (McCotter et al., 2016). Of the se-
creted proteins (secretome) identified in the R. lauricola C2646, 305 of
these could be considered small-secreted proteins (SSP), compared to
293 in R. lauricola RL570 and 270 in R. aguacate. In the other ophios-
tomatoid species, the number of SPPs (range: 174–245) was con-
siderably less (Table 2). SSPs are considered important factors in the
interaction of fungal pathogens with their hosts, although many of them
have yet to be characterized (Kim et al., 2016; de Sain and Rep, 2015).
CAZYmes and proteases, may also play important roles in fungal wilt
diseases (de Sain and Rep, 2015), and both proteins were found in
considerable numbers among secreted members in all species examined
(Table 2).

ABC transporters are considered important in fungi as key compo-
nents of resistance to antifungal agents (Coleman and Mylonakis,
2009). An ABC transporter has been shown to confer resistance to
monoterpenes in G. clavigera (Wang et al., 2012), and both G. clavigera
and O. piceae were shown to express high levels of a similar ABC
transporter transcript when treated with monoterpenes (Haridas et al.,
2013). Besides their role in exporting xenobiotics out of fungal cells,
ABC transporters are also involved in the uptake of nutrients from the
environment, and the secretion of fungal compounds that interact with
hosts (Perlin et al., 2014). The number of ABC transporters was again
considerably greater in R. lauricola and R. aguacate compared to the
other species. Although Ophiostoma spp. had the fewest ABC transpor-
ters, they still had more than 30 (Table 2). The same trend was observed
for cytochrome P450 genes. Cytochrome P450 proteins are involved in
the metabolism of diverse compounds found in fungi and plants (Chen
et al., 2014). For example, cytochrome P450 enzymes have been shown
to be important in the breakdown of lignin in white rot fungi (Syed and
Yadav, 2012). Peroxidases and laccases are other enzymes associated
with lignin degradation (Levasseur et al., 2013), and both were present
in similar numbers among the eight species (Table 2). These finding are
noteworthy because R. lauricola and other ophiostomatoid fungi are not
considered wood degraders (Lundell et al., 2014). However, fungal
cytochrome P450 enzymes have widely ranging catalytic activities that
affect numerous substrates and processes, including the detoxification
of host-defense compounds (xenobiotics) (Durairaj et al., 2016; Syed
and Yadav, 2012). In G. clavigera, for example, certain cytochrome
P450 genes were shown to be differentially induced in the presence of
terpenoids and phenolic compounds (Lah et al., 2013). Similarly, cy-
tochrome P450 enzymes in the other ophiostomatoid species evaluated
here could have important functions related to the detoxification of
host defense chemicals, which could enable these fungi to become es-
tablished in host tissues.

Based on the versatility of the enzymatic activities of laccases,
peroxidases, and tannases (Claus, 2004; Banci et al., 1999; Baik et al.,
2014), we hypothesize that the presence of these enzymes in R. lauricola
and the other species (Table 2) may also serve a primary function in
detoxifying host-produced, defensive compounds, instead of degrading
wood components. Evidence of this kind of activity has been shown for
the three types of enzymes in fungal pathogens of grapes, which ac-
cumulate phenolic compounds in their woody vines as a defense me-
chanism (Bruno and Sparapano, 2006). Both laccases and peroxidases
have been used to detoxify wood hydrolysates to make them less in-
hibitory to fermentation by yeast (Jönsson et al., 1998), and more re-
cently, laccases have been used to detoxify various other substrates
(Plácido and Capareda, 2015).

Other plant cell wall components (e.g., cellulose, hemicellulose, and
pectin) and plant carbohydrates (e.g., starch and mannans) can be de-
graded by a diverse array of enzymes. These enzymes are categorized as
glycoside hydrolases (GHs), polysaccharide lyases (PLs), carbohydrate

esterases (CEs), and auxiliary activities (AAs) (Levasseur et al., 2013;
Zhao et al., 2013). Herein, these enzymes were grouped as Carbohy-
drate-Active Enzymes (CAZYmes) (Fig. 3). We excluded glycosyl
transferases that are primarily involved in carbohydrate synthesis and
carbohydrate binding modules. A larger number of genes encoding
these enzymes were found in R. lauricola (C2464: 313, RL570: 308) and
R. aguacate (351) when compared to the other ophiostomatoid species,
which had similar numbers of these enzymes, ranging from 223 to 285
(Table 2). The distribution of the different categories of CAZYmes
considered is shown in Fig. 3. Raffaelea lauricola (C2546 and RL570), R.
aguacate, and R. quercus-mongolicae had similar numbers of AAs ranging
from 68 to 61, respectively, compared to the other species. Interest-
ingly, the putative non-pathogen R. aguacate had the largest number of
CEs and GHs compared to the other species. The largest number of PLs
were identified in the two R. lauricola isolates (C2646 and RL570) with
7 and 6, respectively. These enzymes, especially those that are secreted,
could be responsible for obtaining nutrients from the living cells present
in the cambium and sapwood of the host trees.

Numerous proteolytic enzymes (proteases) were predicted to be
secreted in the Ophiostomatales species compared here: the lowest
number corresponding to O. novo-ulmi (34) and the highest to R.
aguacate (45) (Table 2). Proteases can play a vital role in disease de-
velopment caused by phytopathogenic fungi because they can degrade
plant cell wall-associated components to facilitate penetration by fungal
hypha, inactivate plant chitinases and plant proteases that serve as a
plant defense mechanisms, scavenge nitrogen compounds for nutrition,
as well as perform other functions (Chandrasekaran et al., 2016). It has
been suggested that the types of proteases secreted by fungi may reflect
their life style (Valueva et al., 2016), but this remains to be investigated
in the Ophiostomatales.

Polyketides and non-ribosomal peptides have been previously
shown to act as virulence factors in other plant-fungi, animal-fungi, and
insect-fungi interactions (Macheleidt et al., 2016). The presence of
polyketide synthase and non-ribosomal peptide synthase genes was also
verified in the Ophiostomatales genomes studied here using antiSMASH
4.0 (Blin et al., 2017). For non-ribosomal protein synthesis clusters
(Nrps clusters), R. lauricola isolates had a larger number (9), especially
compared to R. aguacate, G. clavigera, and Ophiostoma species, which
had only had three, two, and one, respectively (Table 2). Most of the
Nrps clusters were species-specific except two clusters (RqNrps3 and
RqNrps4) were shared among R. quercivora and R. quercus-mongolicae
and one cluster (OphiNrps2) was shared by O. novo-ulmi and O. ulmi. All
four Nrps clusters were the same in both R. lauricola isolates (Table 3).

Both R. lauricola isolates had a larger number of polyketide synthase
clusters (Pks clusters) compared to R. aguacate, and a similar number
compared to R. quercus-mongolicae and R. quercivora. The fewest Pks
clusters were observed in O. novo-ulmi and O. ulmi (Table 3) (“Terpene”
and “Other” categories predicted by antiSMASH were excluded from
analyses). Interestingly, several of the Pks clusters were species-specific
(Table 3 and Supplementary Table 2), although some were identified
within and among species. Three clusters were shared among all species
(OpPKS3, RlPks1, OpPKS10); another (OpPKS7) shared by all but O.
piceae. Ten Pks clusters were identified as unique to R. lauricola (C2646
and/or RL570). Several of these were found similar to secondary me-
tabolite clusters known in other fungal species, for example RlPks9 had
50% of the genes similar to the PR toxin biosynthetic cluster identified
in Penicillium roqueforti, a common fungus used to produce gourmet
blue cheeses (Table 3).

Our results show some differences with those of Sbaraini et al.
(2017) likely attributable in part to our use of different methodologies
for gene annotation, including a newer version of the antiSMASH pro-
gram (version 4.0 vs. version 3.0). For example, clusters OpPKS1 and
OpPKS7 were not present in O. piceae in our analysis. It is also im-
portant to mention that the OpPKS8 fujikurin-like gene cluster that
previously reported to be present only in O. novo-ulmi and O. ulmi
(Sbaraini et al., 2017) was also found in R. quercivora and R. quercus-
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mongolicae in our analyses. However, for R. quercivora and R. quercus-
mongolicae, the OpPKS8 cluster was predicted to be a betaenone C/
betaenone A biosynthetic gene cluster characterized in Phoma betae.
This difference can be explained by examining the genes adjacent to the
main backbone genes that are also considered as part of the biosyn-
thetic cluster (Supplementary Table 2). As mentioned in the methods,
we identified the Nrps and Pks clusters either as the main backbone or
including the adjacent and interspersed genes (Table 3 and Supple-
mentary Table 2). When those adjacent and/or interspersed genes are
considered, a greater diversity of Pks clusters is observed and their
resulting products can vary. The polyketide synthase and non-ribo-
somal peptide synthase clusters present in any given species could
contribute greatly to their ecological activities (Macheleidt et al., 2016;
Sbaraini et al., 2017) and their significance to these fungi warrants
further investigation.

Vascular wilt pathogens, including fungal pathogens, are very de-
structive to trees in natural and urban settings (Yadeta and Thomma,
2013). Understanding the biology and pathogenicity of the causal
agents at molecular level is critical for developing management stra-
tegies for wilt diseases of trees. Overall, the genome assembly and an-
notation of R. lauricola are useful resources for continued studies on R.
lauricola and related species. Mining into these genomes, we found that
R. lauricola is well equipped for its role as a pathogen which likely
explains its success as a highly destructive pathogen of a diverse group
of lauraceous hosts indigenous to the southeastern USA.
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