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Summary

The basidiomycete Laetiporus sulphureus (Bull) Murrill is a forest pathogen causing brown cubical
heart rot in a broad range of host trees. Despite its wide distribution and importance, studies aimed at
understanding the epidemiology of the fungus in specific areas or hosts are lacking. In this study, an
incidence of L. sulphureus as high as 34% was determined through molecular analysis of wood
samples collected from 70 carob (Ceratonia siliqua L.) trees in the South West of Sicily, Italy. A
phylogenetic analysis of Internal Transcribed Spacer (ITS) sequences indicated that all carob isolates
belonged to the cluster E of Laetiporus taxonomy. Ten molecular markers based on Single Sequence
Repeats (SSRs) designed on the L. sulphureus genome were developed and isolates were genotyped
through High Resolution Melting (HRM) analysis. High gene diversity (0.581), no correlation

between fungal genotype and host tree species and significant correlation between spatial and genetic
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distance were observed, suggesting an important role of basidiospores in the epidemiology of the
fungus and a risk of transmission from a host tree species to the others. Finally, from a prognostic
perspective, significant differences among isolates in terms of mycelial growth suggest that in
addition to an accurate identification, a phenotypic characterization of isolates affecting trees may

also be important.

Introduction

The genus Laetiporus Murril (Polyporales) includes wood-rotting basidiomycetes growing on a wide
variety of broadleaf and conifer trees (Bernicchia, 2005). The origin and biogeography of the genus
has been resolved only recently (Song & Cui, 2017). Currently, it is recognized that the genus
Laetiporus comprises eleven species and four undescribed worldwide distributed taxa (Gilbertson &
Ryvarden, 1986; Song & Cui, 2017), including L. ailaoshanensis B.K. Cui & J. Song, L. caribensis
Banik & D.L. Lindner, L. cincinnatus (Morgan) Burds., Banik & T.J. Volk, L. cremeiporus Y. Ota &
T. Hatt., L. conifericola Burds. & Banik, L. gilbertsonii Burds, L. huroniensis Burds. & Banik, L.
montanus Cerny ex TomSovsky & Jankovsky, L. sulphureus (Bull) Murrill, L. versisporus (Lloyd)
Imazeki, and L. zonatus B.K. Cui & J. Song (Song & Cui, 2017).

L. sulphureus is one of the most studied species of the genus. The edible shelf-shaped, pink-orange
to yellow fruiting bodies of L. sulphureus are indeed a rich source of antioxidant and antimicrobial
compounds, including polysaccharides, hemolectins and laetiporic acids used in pharmaceutical and
industrial processes (Turkoglu et al., 2007; Petrovi¢ et al., 2013). In addition, fruiting bodies also
contain o-1-3-glucans, which are used as inducers of bacterial mutanases, i.e. enzymes involved in
the degradation of biofilms formed by the etiologic agents of dental caries (Wiater et al., 2012). The
nutritional and pharmaceutical values of L. sulphureus fruiting bodies (Petrovi¢ et al., 2014) led to

significant efforts for the development of cultivation methods of this fungus at the industrial scale
3
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(Pleszczynska et al., 2013).

However, L. sulphureus is also a forest pathogen (Schwarze, Engels, & Mattheck, 2000; Dai et al.
2007). As an important wood decay agent, it infects a broad range of hosts both in forests and urban
areas, including Castanea sativa L., Eucalyptus spp., Fagus spp., Quercus spp., Populus spp., Prunus
spp., Pyrus spp., Robinia spp., Salix spp., and occasionally 7Tilia spp. (Schwarze, Engels, & Mattheck,
2000; Bernicchia, 2005; Giordano et al., 2015). Infection is hypothesized to occur by means of
basidiospores germinating on injured bark of stems or roots (Schwarze, Engels, & Mattheck, 2000).
The fungus colonizes the wood through the libriform fibers by breaking down the cellulose
(Schwarze, Engels, & Mattheck, 2000). The stem decay columns can be 5-8 meters long and are
generally associated with heartwood (Bernicchia, 2005). Sapwood may also be invaded, but only in
the root systems (Schwarze, Engels, & Mattheck, 2000). After the establishment into the tree, sexual
reproduction may occur in fruiting bodies emerging outside the trunk (Bernicchia, 2005).
Furthermore, being a necrotrophic parasite, L. sulphureus is able to colonize dead trees and stumps
as a saprotroph (Schwarze, Engels, & Mattheck, 2000).

Research on L. sulphureus was mostly focused on the development of protocols to cultivate the
mycelia (Pleszczynska et al., 2013), on the characterization of the plethora of compounds in the
fruiting bodies (Petrovic¢ et al., 2013), and on resolving the puzzling phylogenesis of the species and
related taxa (Song & Cui, 2017). For example, somatic incompatibility assays, allozyme and, more
recently, multi-locus phylogenetic analyses allowed mapping the different Laetiporus taxa in Europe,
North America and Asia (Banik & Burdsall Jr, 2000; Lindner & Banik, 2008, 2011; Vasaitis et al.,
2009; Song et al., 2014). Comparative phenotypic assays in vitro further supported and confirmed the
differentiation among species (Vasaitis et al., 2009).

However, studies aimed at understanding the epidemiology of L. sulphureus in specific areas or hosts
are lacking, with a very few exceptions (Rogers, Holdenrieder, & Sieber, 1999). The main issue is
that, although L. sulphureus can be easily found in natural ecosystems in North America and Europe

(Vasaitis et al., 2009), sites where fungal fruiting bodies are abundant are rare. In South West of Sicily
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(Italy), L. sulphureus appears to be associated with carob trees (Ceratonia siliquia L.) (Bernicchia,
2005). In the past, carob was considered a profitable tree species in Sicily, since its pods were
consumed as food and used to feed livestock (Barbagallo et al., 1997). Currently, carob is regaining
importance as ornamental and forest tree in marginal areas and because of the industrial use of its
pods (La Malfa et al., 2014). In the complex phytosanitary conditions of carob, which can be affected
by several plant pathogens and pests (Ramon-Laca & Mabberley, 2004; Vannini et al., 2017), a
relevant role is played by stem decays caused by L. sulphureus (Battle & Tous, 1997). The abundance
of L. sulphureus fruiting bodies on carob trees in the area of Modica and Ragusa, South West of Sicily,
makes this area an excellent sampling site for epidemiological studies. The aims of this work were:
I) to determine the incidence of L. sulphureus on carob trees in a selected area in Sicily, II) to develop
molecular markers to elucidate the genotypic and allelic diversity of L. sulphureus in this area, III) to
perform an analysis of the phenotypic diversity of L. sulphureus, through in vitro growth assays, and

IV) to explore the relationship between in vitro growth levels of mycelia and genotypic diversity.

Materials and methods

Sampling sites, wood and fungal materials

To estimate the incidence of L. sulphureus in carob trees, the sampling area comprised about 270 km?
in Modica Municipality (South West of Sicily, Italy) (Figure 1). A total of 70 randomly selected
standing carob trees were sampled in December 2015. Trees were about 80 years old and
characterized by a Diameter at Breast Height (DBH) ranging from 55 to 80 cm. Twenty-four trees
showed symptoms of wood decay, i.e. discoloration of exposed wood in pruning wounds or cracks,
while 46 trees did not show any mechanical damage, nor visible wood decay or crown symptoms.
These 46 trees were regarded as asymptomatic. Laetiporus fruiting bodies were neither observed on
the sampled trees nor on the neighbouring trees. Each tree was drilled four times (drillings at 90°

from one another) 50 cm aboveground according to a previously described sampling protocol
5
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(Guglielmo et al., 2010). Wood chips generated from different drillings of the same tree were pooled
together as a single sample in a 90-mm Petri dish and lyophilized overnight (Guglielmo et al., 2010).
For phylogenetic, genetic and phenotypic analyses, L. sulphureus fruiting bodies were collected
during Summer 2016 (June-August 2016) in a broader area in South West of Sicily (Figure 1). In
detail, 24 fruiting bodies were collected from carob trees and one from an almond tree (Prunus
amygdalus Batsch). Distance between the trees from which fruiting bodies were collected ranged
between 0.5 to 35.4 km. Four additional fruiting bodies collected in Northern Italy were included in
the genetic analysis as outgroups, three of these originating from European chestnut (Castanea sativa
L.) and one from oak (Quercus sp.). Altogether 29 fruiting body samples were processed (Table 1).
Isolates were obtained from fruiting bodies by placing fragments of tissues (approximately 2 x 2 x
1.5 cm in size) excised from the context in 90-mm Petri dishes containing Malt Extract Agar and
citric acid (MEA; malt extract agar 33.6 g/L, citric acid 0.5 g/L). Isolates were incubated at 25°C+2°C
for one week and subsequently sub-cultured in 250-mL flasks, filled with Malt Extract liquid medium

(2% w/v) in the dark at 25°C+2°C for a week before being harvested for DNA extraction.

Molecular detection of L. sulphureus in wood samples

About 200 mg of lyophilized wood chips per sample were homogenized with the aid of glass beads
(3 mm and 5 mm) in a FastPrep FP120 Cell Disrupter (Qbiogene, Irvine, CA, USA). DNA extraction
from wood samples was performed by using the E.Z.N.A.™ Stool DNA Isolation Kit (Omega Bio-
Tek, Doraville, CA, USA). Taxon specific primers developed by Guglielmo et al. (2007) were used
in PCR to identify samples positive to L. sulphureus s.l. PCR assays were performed in a 25 pl volume
containing 5x of PCR buffer, 1.5 mM of MgCl,, 0.2 mM of dNTPs mix, 0.5 uM each of the taxon
specific primers, 0.025 U/ul of GoTaq® polymerase (Promega, Madison, WI, USA) and 6.25 pl of
the 50-fold dilution of the DNA extracted from wood (Guglielmo et al., 2007). PCR reactions were
performed using an initial denaturation at 94°C for 3 minutes, followed by 35 cycles with each cycle

consisting of a denaturation at 94°C for 30 seconds, an annealing at 60°C for 45 seconds, an extension
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at 72°C for 1 minute, and one final extension cycle at 72°C for 10 minutes. The presence of amplicons
in samples were checked, after electrophoretic migration (6 V/cm) on a gel containing 1.5% (w/v) of

agarose, through the use of the Image Lab™ Software (Bio-Rad Laboratories, Hercules, CA, USA).

Phylogenetic analysis of L. sulphureus isolates

Mycelia from the 29 isolates were dried overnight with a lyophilizer equipped with a vacuum pump.
About 200 mg of dried mycelia per sample were homogenized by using glass beads (diameter 2 mm
and 4 mm) in a FastPrep FP120 Cell Disrupter (Qbiogene, Irvine, CA, USA). Total DNA extraction
was performed using DNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA, USA), following
manufacturer instructions. The DNA samples were used as templates for PCRs with the primer pair
ITS1F/ITS4, which amplifies the Internal Transcribed Spacer (ITS) regions of the fungal nuclear
ribosomal RNA gene (ntDNA; Gardes & Bruns, 1993). The PCR mix included 6.25 pL of DNA, 0.75
U of GoTaq polymerase (Promega, Madison, WI, USA), 0.5 uM of each primer, 200 uM of each
dNTP, and 5 pL of the 5x buffer in a total volume of 25 pL. The PCR protocol was as follows: an
initial denaturation step at 94°C for 3 minutes, followed by 35 cycles at 94°C for 30 seconds, 54°C
for 30 seconds, and 72°C for 45 seconds, and a final elongation step at 72°C for 10 minutes.
Amplicons were visualized on 1% (w/v) agarose gel after electrophoresis at 6 V/cm for 30 minutes.
PCR products were purified by using ExoSAP-IT (Affymetrix, Santa Clara, CA, USA) at 37°C for
15 minutes followed by 80°C for 15 minutes. The purified PCR products were sequenced at BMR
Genomics S.r.l. (Padua, Italy). A multiple sequence alignment was built using the Clustal W algorithm
inside MEGA version 6 (Tamura et al., 2013). Phylogenetic trees were constructed using the
Maximum Likehood (ML) method (Jukes-Cantor model), with the MEGA v. 6 software. Bootstrap
analyses were carried out on the basis of 100 re-samplings of the sequence alignment. A total of 78
Laetiporus spp. nucleotide sequences deposited in GenBank from previous phylogenetic studies by
Vasaitis et al. (2009) and by Song & Cui (2017) were also included in the phylogenetic analysis.

Representative ITS nucleotide sequences from the present study were deposited in the GenBank

7
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database under the accession numbers MG386383- MG386385.

Development of SSR-based markers, HRM genotyping and analysis of genetic diversity of
isolates

MSDB 2.4.2 (Microsatellite Search and Database) (Du et al., 2013) was used to scan the entire L.
sulphureus genome (Laetiporus sulphureus var. sulphureus v1.0; Nagy et al., 2015) to search for
perfect Single Sequence Repeats (SSRs), using the “perfect” search mode. Six classes of
microsatellites were detected as follows: mono-, di-, tri-, tetra-, penta- and hexa-nucleotide SSR
motifs with minimum repeat number of 12, 7, 5, 4, 4, 4, respectively. Five mono-, four di-, nine tri-,
one tetra- and one hexa-nucleotide SSRs were selected as candidate marker regions, based on length
of SSR motifs (minimum length 10 repeats) and GC-content above 60% in the flanking regions, this
totalling 20 SSR markers. The design of specific primer sets to amplify SSR loci was performed by
using Primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/). Each primer
pair was tested in PCR on DNA of the isolates VALLERE and C2 (Table 1), and the presence of
amplification products was checked by agarose electrophoresis.

All the isolates were subjected to PCR with the verified primer pairs, coupled with High Resolution
Melting (HRM) analysis, to identify polymorphic loci and to determine isolate specific allelic
variation at such loci. The DNA of each sample was quantified by using the NanoDrop (Thermo
Scientific, Wilmington, DE, USA) in order to use a standard concentration of template DNA in PCR
reactions. The PCR for the HRM analysis was carried out with Connect™ Real-Time PCR Detection
System (Bio-Rad Laboratories, Hercules, CA, USA). Each PCR reaction was conducted on a total
volume of 10 pl, containing 1 pl of appropriately diluted DNA (20 ng/ul), 5 pl Sso Fast Eva Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA), 0.3 ul of each primer (3 uM) and 3.4 pl of
water, using a 96 well plate. The following PCR programme, which included the calculation of a
melting curve, was used: 98°C for 2 minutes, followed by 45 cycles of 98°C for 10 seconds and 59°C

for 20 seconds, and terminated by ramp from 65°C to 95°C with a temperature increment of 0.1°C

8
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and a plate read every 10 seconds. Melting curves were analysed by using the Precision Melt
Analysis™ Software from Bio-rad, setting the Tm difference threshold at 0.15 and the Melt curve
shape sensitivity at 50. This software allowed to group the melting curves in different clusters,
representing different alleles of SSR loci. By analyzing the melting curves, alleles were assigned to
all isolates for each SSR locus and a matrix including all the allelic data obtained was prepared.
Number of observed alleles per locus (Na), number of effective alleles based on their frequencies
(Ne) and gene diversity (4) were estimated from the data matrix using the software GenAlEx version
6.5 (Peakall & Smouse, 2012). The software was also used for calculating the overall observed and
expected levels of heterozygosity based on the number of melting curve peaks and effective number

of alleles detected per locus, respectively.

In vitro growth assays and phenotypic diversity of isolates

Growth assays were performed by inoculating a plug of mycelium (6 mm in diameter) obtained from
the margin of actively growing cultures of each Sicilian isolate on the centre of 90-mm Petri dishes
containing MEA. Five replicates for each isolate were prepared and Petri dishes were incubated at
25°C+2°C in the dark. The extent of fungal colonization in mm was measured every 48 hours until
the mycelia reached the edges of the Petri dish. Two perpendicular measures of radial growth for each
replicate were taken. Observations on the colony pigmentation were conducted on 8-days old pure

cultures of Sicilian isolates grown at 25°C on Petri dishes filled with MEA.

Statistical analyses

The software GeneAlEx version 6.5 was used to perform the Principal Coordinates Analysis (PCoA)
on both genetic (matrix of genetic distances between isolates) and phenotypic (matrix obtained from
pairwise comparison of growth curves) data matrices. The same program was used to assess the
minimum number of SSR loci needed to discriminate all genotypes, through a genotype accumulation

curve of multi-locus match probability for increasing combinations of loci. The XLSTAT® software

9



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

package (Addinsoft, Paris, France) was used to assess the association between spatial and genetic
distances, by performing Spearman’s rank correlation test. The XLSTAT® software package was also
used to assess the association between genetic distance and growth coefficients pairwise by
performing the Spearman’s rank correlation test. Significant (p < 0.05) differences among isolates in
terms of growth in vitro were assessed by using the compareGrowthCurves function

(http://bioinf.wehi.edu.au/software/compareCurves/) from the R Statistical Modeling package

statmod. This function performed permutation tests (1000 permutations) of the differences between

groups in growth rate.

Results

Incidence of L. sulphureus in carob trees
The use of taxon-specific primers detected L. sulphureus in 24 samples out of 70, corresponding to a
34.28% incidence. The positive samples, showing a typical band of 146 bp, were obtained from 11

trees showing symptoms of decay and from 13 asymptomatic trees.

Phylogenetic analysis of L. sulphureus isolates

Phylogenetic analysis based on ITS sequences of Laetiporus spp. included the now generated ITS
sequences and ITS sequences of reference Laetiporus spp. from different geographic origins and
different hosts. In the first phylogenetic tree, the 25 Sicilian isolates clustered inside the cluster E: 17
grouped in the sub-cluster E1, and seven in the sub-cluster E2 (Figure 2). The ITS sequence of isolate
C1 showed five additional SNPs compared to the other isolates and was considered as belonging to
El. The four additional Italian isolates grouped in the sub-cluster E2 (Figure 2). In the second
phylogenetic tree, which included only isolates of L. sulphureus, the Italian isolates grouped in the

cluster E, which contained isolates obtained from different host trees, i.e. Eucalyptus sp., Fraxinus
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sp., Prunus sp. and Quercus sp., in addition to those from carob (Figure 3).

Development of SSR-based markers, HRM genotyping and analysis of genetic diversity of
isolates

Eleven out of 20 tested SSR markers were amplifiable through PCR and hence were used in the HRM
genotyping. One locus turned out to be monomorphic as it showed no variation in melting curves
between the samples and hence it was excluded from analysis. The remaining ten SSR markers were
polymorphic based on HRM analysis, showing a minimum of two alleles (locus Ls GGA 174) and
a maximum of ten alleles (locus Ls ATGCCC _111) (Figure 4). Primers developed and used to
amplify the polymorphic SSR markers are reported in Table 2.

Melting curve difference plots for the ten polymorphic loci are visualized in Figure 4. Number of
alleles and number of effective alleles based on allele frequencies for each locus are reported in Table
2. All SSR loci analysed in this study were homozygous in all isolates, with the exception of locus
Ls AC_ 322 for which isolates F3 and F6 showed a typical double peak in the melting curve plots,
suggesting a heterozygous condition (Figure S1) at this locus. For this locus, these two isolates were
grouped in a separate cluster/allele in the subsequent HRM analysis. The observed and expected
levels of heterozygosity were 0.007 and 0.581, respectively. Average gene diversity (k) was 0.581 (+
0.079). The HRM genotyping identified 29 genotypes out of 29 isolates. Multilocus matches by locus
for increasing combinations of all the ten loci showed that the minimum number of SSR markers
allowing distinction between all isolates was nine.

The PCoA based on genetic data did not show distinct groups (Figure 5). The percentage of variation
explained by the first two axes was 34.68%. A slight distinction between isolates belonging to E1 and
E2 sub-clusters was observed, with the exception of isolate C1 (Figure 5). The isolates obtained from
chestnut (GAIOLA, Em-a, Em-b), oak (VALLERE) and almond (GS5) grouped together with the other
isolates (Figure 5). The Spearman’s rank correlation test between pairwise genetic and geographical

distances within the 25 Sicilian isolates showed a significant positive correlation (0.142, p-value =
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0.014).

Growth assay in vitro and analysis of phenotypic diversity

Mycelial growth assessed in vitro showed that six isolates (C2, D4, D5, 02, O3 and F5) were able to
fully colonize the Petri dish in 6 days only (Table 3). Isolates C1, C4 and F1 did not reach the edge
of the Petri dish after 8 days (Table 3). PCoA on mycelial growth data allowed to distinguish four
different groups: one group representing the fastest growing isolate O3, two intermediate groups
including 10 and 12 isolates, respectively, and a group including the isolates C1 and F1 characterized
by low growth (Figure 6). The percentage of variation explained by the first two axes was 66.41%.
Statistical analysis performed with compareGrowthCurves function showed significant differences
among the four clusters identified (p-value < 0.05). The Spearman’s rank correlation test between
pairwise genetic distances and pairwise mycelial growth coefficients showed no significant
correlation (p-value > 0.05).

A slight difference in pigmentation between Sicilian isolates was observed. In particular, 11 isolates
(C1, C3, D3, D5, F1, F4, F5, G4, G5, Ol and O3) showed white mycelia, while the remaining 14
isolates (C2, C4, DI, D4, F2, F3, F6, G1, G2, G3, G6, G7, 11 and O2) showed yellow-to-orange

mycelia.

Discussion

This epidemiological study on L. sulphureus associated with carob trees has provided insights into
the presence and the distribution of this wood decay agent in the South West of Sicily. In this work,
34% of the sampled trees were found to be infected by L. sulphureus, based on molecular detection.
The high occurrence frequency of this species, generally diagnosed based on the inspection of visible
fruiting bodies, implies that the prevalence of this species is largely underestimated as previously

observed in surveys conducted in urban areas (Giordano et al., 2015). None of the sampled carob
12
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trees showed visible fruiting bodies, which may be partly due to the period of sampling (i.e.
December). The majority of trees (66%) did not show any external symptoms of wood decay either.
From an ecological perspective, L. sulphureus has long been regarded as belonging to the group of
true heart rots colonizing heartwood exposed by natural injuries (Vasiliauskas, Sunhede, & Stenlid,
2003; Vasaitis, 2013). The now observed prevalent incidence of L. sulphureus in asymptomatic carob
trees might suggest that the fungus could be considered as a true heart rot of intact tree stems, when
following the classification of Vasaitis (2013). However, it should be noted that unravelling the
ecological strategies of L. sulphureus was beyond the scope of our study. Further research with an
experimental design tailored for the purpose is needed to understand whether L. sulphureus may
belong to the category of true heart rots of intact tree stems, which would imply an ability to colonize
trees without wounding.

The widespread presence of L. sulphureus on carob trees may have been favoured by the
abandonment of cultivation of this tree species in the area. In the recent past, carob pods prices
dramatically decreased, making the cultivation of carob trees no longer economically profitable
compared to other crops, such as vineyards (Barbera & Cullotta, 2012). The cultivation of this woody
crop has indeed radically decreased from about 70,000 ha during the 60’s to less than 30,000 ha by
early 21 Century (Massa & La Mantia, 2007). As a consequence, the abandonment of agricultural
practices on Sicilian carob trees, such as removal of decayed wood residuals, may have favoured the
establishment and spread of L. sulphureus in this area.

The prevalent presence of L. sulphureus fruiting bodies on several trees in the Modica municipality
allowed to perform a genetic diversity analysis of this pathogen in the area. Previous phylogenetic
analyses on ITS region of Laetiporus isolates from different countries have showed that the species
L. sulphureus includes at least two distinct clusters, C and E (Vasaitis et al., 2009; Song et al., 2014).
The cluster C included European isolates only, while cluster E comprised isolates originating from
different European, South American, and North American countries (Vasaitis et al., 2009). Our

phylogenetic analysis showed that all Italian isolates grouped within the cluster E. Seventeen isolates
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from South Western Sicily were grouped in the sub-cluster E1, while the remaining 12 isolates,
including isolates from other Italian regions, i.e. Tuscany and Piedmont, clustered in the sub-cluster
E2. These two sub-clusters were previously defined on the basis of phenotypical observations, i.e.
colours of the fruiting body pores (white or yellow) (Burdsall Jr & Banik, 2001; Song et al., 2014).
Our phylogenetic analysis on ITS regions confirmed the absence of a link between cluster and host
species, as previously observed (Vasaitis et al., 2009). Isolates obtained from fruiting bodies collected
from carob trees, European chestnuts, oak and almond clustered together with other European isolates
collected from different host plants, such as ashes and eucalypts.

In order to increase the resolution of genetic characterization, novel molecular markers specific for
L. sulphureus were developed, by using large scale genomic data (Nagy et al., 2015). SSR-based
markers are widely used and popular due to their high reproducibility and multiallelic nature, and
their power for genetic characterization of populations of wood decay fungi has been demonstrated
(Franzen et al., 2007; Travadon et al., 2012; Maurice et al., 2014; Gonthier et al., 2015). The analysis
of SSRs coupled with HRM is a robust and reproducible method (Ganopoulos, Argiriou, & Tsaftaris,
2011), as it has been successfully used in genotyping of plants (Xanthopoulou et al., 2014; DiStefano
et al., 2012), and, more recently, of fungal pathogens (Zambounis et al., 2016; Sillo et al., 2017). The
HRM genotyping of the ten SSR markers allowed to distinguish all isolates from one another. In
addition, this analysis allowed detection of heterozygous allelic conditions, often observed in
heterokaryotic basidiomycetes (Nazrul & YinBing, 2011), yet uncommon in the L. sulphureus isolates
analysed in this study. The relatively high number of observed alleles per locus and the high gene
diversity (0.581) are not in disagreement with the hypothesis that L. sulphureus retains high allelic
recombination due to sexual reproduction (Milgroom, 1996), although the fungus is also known to
develop an asexual stage (Stalpers, 1978; Bernicchia, 2005). However, the observed level of
heterozygosity was substantially lower than the expected one, which might indicate that L.
sulphureus, or at least the studied population, is homothallic, a condition previously suggested for

other Laetiporus taxa, but not for L. sulphureus (Banik & Burdsall Jr, 2000; Banik et al., 2010).
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The PCoA of genetic data did not divide the samples into distinct groups, but there was a slight
differentiation between isolates from sub-cluster E1 and E2. Interestingly, the genotype C1, belonging
to sub-cluster E1, was more similar to genotypes of sub-cluster E2. This genotype also showed the
lower mycelial growth in the in vitro assay. It could be hypothesized that this genotype may putatively
belong to an additional sub-cluster, since it showed a) several polymorphisms in the ITS region
compared to the other Sicilian isolates, b) a peculiar SSR profile, and c¢) a phenotype different from
the others. PCoA also showed the absence of correlation between L. sulphureus genotypes and host
plants. These findings confirm the results of the single-locus phylogenetic analysis based on ITS and
support the hypothesis that L. sulphureus genotypes may infect a broad spectrum of host plants.

The Spearman’s rank correlation test between genetic and geographical pairwise distances showed a
significant positive correlation (p-value < 0.05). This outcome, along with the fact that high gene
diversity was observed within isolates, may provide evidence that L. sulphureus spreads and infects
trees through basidiospores, as previously hypothesized (Schwarze, Engels, & Mattheck, 2000) and
as documented for other wood decay fungi (Gonthier et al., 2012; Travadon et al., 2012; Sillo et al.,
2016).

The phenotypic characterization of isolates through the in vitro growth assay allowed to distinguish
at least four different groups within Sicilian isolates, based on the differences of mycelial growth.
Vasaitis et al. (2009) reported that L. sulphureus isolates belonging to the cluster E were faster in
growth than isolates in cluster C (Vasaitis et al., 2009). In this work, cluster E showed isolate specific
variation in mycelial growth rate, suggesting a high phenotypic diversity. The phenotypic diversity
within the cluster E was also displayed by differences in the pigmentation of pure cultures (Figure
S2). In fact, although no clear differences in the pigmentation among isolates belonging to the two
sub-clusters E1 and E2 were observed, pure cultures of Sicilian isolates as a whole ranged from white
to yellow-to-orange in colour. The results of the in vitro growth assays may mirror the saprotrophic
ability of the fungus on wood, as suggested by preliminary results of a growth assay of selected

Sicilian isolates on wood substrates (Gianchino, 2017). Interestingly, a significant correlation
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between growth on artificial media and on wood substrates has been recently documented for
Armillaria ostoyae (Romagn.) Herink (Labbé et al., 2017). Phenotypic assays in vitro may thus be
useful to determine the potential decaying ability of L. sulphureus isolates inside the trees, an aspect
that may be useful when considering the most appropriate management measures.

No correlation was observed between genetic and phenotypic data in terms of mycelial growth rates
in vitro (Spearman’s rank correlation test, p-value > 0.05). The phenotypic diversity of isolates may
be the result of adaptive evolution to the environment mediated by epigenetic changes, as recently
demonstrated for other plant pathogens (Dubey & Jeon, 2016). Alternatively, it could be due to
genetic polymorphisms affecting loci different from those analysed in this study.

In conclusion, this work allowed us to determine the incidence of L. sulphureus on carob in selected
areas of Sicily, to develop and use ten SSR markers, specific for L. sulphureus, for a precise
genotyping of isolates through HRM analysis, and to assess the phenotypic diversity through simple
in vitro assays. Results showed not only that over one third of carob trees are affected by L. sulphureus
in the area, but also suggest a risk of transmission of the pathogen from one tree species to another
through basidiospores as inferred from data of genetic diversity and on the lack of correlation between
fungal genotype and host trees. In addition, the high phenotypic variability observed in vitro may
reflect a similar variation in natural environment, highlighting the importance of a phenotypic
characterization of isolates affecting the trees. From a practical perspective, the pruning/removal of
decayed wood, which can serve as substrate for L. sulphureus and a source for the emergence of

fruiting bodies, could minimize the spread of this wood decay agent in carob orchards.
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Figure legends

FIGURE 1. Map of the sampling area. Gray triangles represent sampled carob trees. Black circles
represent locations where fungal fruiting bodies were collected. Map was created and customized by

using TileMill (https://tilemill-project.github.io/tilemill/).

FIGURE 2. Phylogenetic tree including ITS sequences of different Laetiporus taxa. The sequences

were aligned using ClustalW in MEGA v. 6 (Tamura et al., 2013) and the tree (unrooted) was
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constructed using the Maximum Likehood (ML) method. Numbers indicate bootstrap values. Only
taxonomically described Laetiporus species were represented. The four undescribed taxa (Laetiporus
sp.) from South Africa, Hawaii, Costa Rica and Argentina, corresponding to cluster H, I, L and M,

respectively, were not included in the tree.

FIGURE 3. Phylogenetic tree including ITS sequences of Laetiporus sulphureus. The sequences
were aligned using ClustalW in MEGA v. 6 (Tamura et al., 2013) and the tree (unrooted) was
constructed using the Maximum Likehood (ML) method. Numbers indicate bootstrap values. For
each sequence, information on geographic origin and host tree are provided. Abbreviations: AUS,
Austria; CAN, Canada; CZE, Czech Republic; DEN, Denmark; ITA, Italy; LAT, Latvia; LIT,

Lithuania; SPA, Spain; SWE, Sweden; URU, Uruguay.

FIGURE 4. Melting curve difference plots after normalization and overlay for the ten polymorphic
SSR loci. Differences in terms of relative fluorescence were obtained using the Precision Melt
Analysis™ Software. Each curve represent a different allele. (a) Ls A 345; (b) Ls_ AC _322; (c¢)
Ls ATGCCCI11; (d) Ls CAG 633; (e) Ls CAG 159; (f) Ls G 413; (g) Ls GAG 238; (h)

Ls GCA_174; (i) Ls_GGA_479; (1) Ls_TTC_500.

FIGURE 5. Results of PCoA on genetic data generated by the SSR-HRM genotyping. Gray squares

represent isolates belonging to L. sulphureus sub-cluster E1, while black diamond represent isolates

belonging to sub-cluster E2.

FIGURE 6. Results of PCoA on phenotypic data obtained from the in vitro growth assay.
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Table 1. List of L. sulphureus isolates used in this study.

Isolate ID Code Host Geographic origins | Latitude | Longitude
Cl Ceratonia siliqua Sicily (Italy) 36.89825 | 14.86479
C2 Ceratonia siliqua Sicily (Italy) 36.92324 | 14.74267
C3 Ceratonia siliqua Sicily (Italy) 36.89288 | 14.88271
C4 Ceratonia siliqua Sicily (Italy) 36.94353 | 14.87465
Dl Ceratonia siliqua Sicily (Italy) 36.92010 | 14.82380
D3 Ceratonia siliqua Sicily (Italy) 36.94248 | 14.88063
D4 Ceratonia siliqua Sicily (Italy) 36.91627 | 14.74451
D5 Ceratonia siliqua Sicily (Italy) 37.02037 | 14.71584
Fl1 Ceratonia siliqua Sicily (Italy) 36.91437 | 14.86937
F2 Ceratonia siliqua Sicily (Italy) 36.81274 | 14.84336
F3 Ceratonia siliqua Sicily (Italy) 36.94810 | 14.88038
F4 Ceratonia siliqua Sicily (Italy) 37.04736 | 14.78326
F5 Ceratonia siliqua Sicily (Italy) 36.92972 | 14.74760
F6 Ceratonia siliqua Sicily (Italy) 37.13120 | 14.85319
Gl Ceratonia siliqua Sicily (Italy) 36.92437 | 14.83428
G2 Ceratonia siliqua Sicily (Italy) 36.92519 | 14.84561
G3 Ceratonia siliqua Sicily (Italy) 36.94364 | 14.92788
G4 Ceratonia siliqua Sicily (Italy) 36.93788 | 14.73893
G5 Prunus amygdalus Sicily (Italy) 3691716 | 14.74974
G6 Ceratonia siliqua Sicily (Italy) 36.95976 | 14.83583
G7 Ceratonia siliqua Sicily (Italy) 36.97077 | 14.84270
11 Ceratonia siliqua Sicily (Italy) 36.92116 | 14.87124
01 Ceratonia siliqua Sicily (Italy) 36.98445 | 14.83350
02 Ceratonia siliqua Sicily (Italy) 36.92574 | 14.81369
03 Ceratonia siliqua Sicily (Italy) 36.95476 | 14.88278

Em-A Castanea sativa Tuscany (Italy) - -
Em-B Castanea sativa Tuscany (Italy) - -
GAIOLA Castanea sativa Piedmont (Italy) - -
VALLERE Quercus sp. Piedmont (Italy) - -

26




637  Table 2. SSR markers developed in the study with related allelic diversity. Sequence and ID of
638  primers, number of alleles (Na), number of effective alleles based on their frequencies (Ne) and gene

639  diversity (k) per SSR locus are shown.

640
Locus Sequence of the primer ID primer Na Ne h
GCAAGGCTAAGGTGTGTCCA | laets GAG_238_f
Ls_GAG 238 3 12.12910.530
TCCTCTTCCTCTGCCAATTC | laets_GAG_238_r
ATATGCCCTCCAATGAGCAG | laets_GAG_238 _r
Ls_CAG_633 5 13.461]0.711
ATGAACGATCCGTTCTGCAA | laets_CAG_633_f
TCACGGAGAGCATGAGACTG | laets GGA_174_f
Ls_GGA_174 2 |11.071]0.067
GTGTCCATCTCGTCCAGGTT | laets GGA_174_r
TCCGCCATTCAACTTAACAA | laets CGA_159_f
Ls_CGA_159 7 13.94810.747
TGACGTTGTACTCGGATGGA | laets_CGA_159 r
TCAGGTGCACTTTCTGTCCTT | laets AC 322 f
Ls_AC_322 6 [3.267]0.694
GGCTGCTCATCCTGTAGGG lacts AC_322_r
TGAGACTCAGGGGAAGGAGA | laets_A_345_f
Ls_A_345 7 14.918(0.797
GATTTCCTGAACCCGATAACC | laets_A_345 r
TTGAGCAACCTGTTGAGTGG | laets_G_413_f
Ls G 413 4 13.461(0.711
GCTCTCTGTTCCGTGTCTCC | laets_G_413_r
TGAACGTGAGGCAGATCAAG | laets GGA_479 f
Ls_GGA_479 3 1.532(0.347
GCGGTCTCAGCATAAAGTCC | laets GGA 479 r
CCCTCAAACGTCTCCACATT | laets_ TTC_500_f
Ls_TTC_500 6 |1.566(0.361
AGAGCGTCAGCAAGGAAGAC | laets TTC_500 r
CACGCTCTGCACTACACCAT | laets ATGCCC_I11_f
Ls_ ATGCCC_111 10 |6.622]0.849
GAGGAGTCCGAGTCATACGAA | laets ATGCCC_111_r
Na | Ne h
Average 5.300(3.198 0.581
Standard Error | 0.761{0.5430.079
641
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643  Table 3. Mycelial radial growth expressed in mm of colonization of agar medium in Petri dishes of
644  Sicilian isolates at different times (days after inoculation). For each isolate, average of measures of

645 the five replicates and standard deviation (SD) are shown.

646
Isolate ID Code Radius of fungal colony (mm) + SD

After 2 days After 4 days After 6 days After 8 days
C1 4.75+£2.24 20.70+2.30 33.60+1.30 38.00£1.22
Cc2 7.05+2.19 29.504+5.24 38.50+1.29 40.00+0.00*
C3 7.35£1.20 24.90+2.17 39.10+0.90 40.00+0.00*
C4 6.65+4.28 25.90+0.84 37.10+£2.26 38.30£1.27
D1 7.30+3.42 32.30+£8.96 39.53+0.51 40.00+0.00*
D3 8.10£2.17 28.60+2.17 36.50+2.24 40.00+0.00*
D4 8.25+1.50 30.20£1.52 40.004£0.00* 40.00+0.00*
D5 9.35£1.15 30.20+4.77 40.00£0.00%* 40.00+0.00*
F1 5.75+1.46 22.80+1.52 31.60+2.28 37.00£2.55
F2 7.50+1.32 30.20£1.67 40.004£0.00* 40.00+0.00*
F3 5.75£1.00 27.10+1.64 37.90+1.64 40.00+0.00*
F4 6.00+£1.06 27.70+2.88 38.70+1.30 40.00+0.00*
F5 7.10£1.52 30.70+4.16 40.00£0.00%* 40.00+0.00*
F6 6.35£1.40 27.50+£2.92 38.10+3.42 40.00+0.00*
Gl 7.85+5.92 28.40+6.30 38.50+1.00 40.00+0.00*
G2 6.05+1.43 27.00+1.22 37.30+2.30 40.00+0.00*
G3 6.75+1.12 26.50+1.58 37.40+2.42 40.00+0.00*
G4 6.65+0.57 27.904£3.03 38.70+0.55 40.00+0.00*
G5 6.55+1.29 25.70+1.52 36.90+0.84 40.00+0.00*
G6 7.85£2.11 27.204£2.70 36.00£1.00 40.00+0.00*
G7 7.50+1.77 30.30+3.78 39.10+0.89 40.00+0.00*
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5.05+£2.36

7.15+1.44

9.80+2.27

11.05+0.55

27.90+3.27

26.35+0.45

31.60+1.92

38.30+2.00

38.30+1.34

37.00£2.55

40.00+0.00*

40.00+0.00*

40.00+0.00*

40.00+0.00*

40.00+0.00*

40.00+0.00*

647  *fully-grown culture
648

649
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FIG. 4
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FIG. 5
Principal Coordinates (PCoA)
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PCoA of phenotypic data
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