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Abstract 1	

Single nucleotide polymorphisms (SNPs) are rapidly becoming the standard markers in 2	

population genomics studies; however, their use in non-model organisms is limited due to the 3	

lack of cost-effective approaches to uncover genome-wide variation and the large number of 4	

individuals needed in the screening process to reduce ascertainment bias. To discover SNPs for 5	

population genomics studies in the fungal symbionts of the mountain pine beetle (MPB), we 6	

developed a roadmap to discover SNPs and to produce a genotyping platform. We undertook a 7	

whole-genome sequencing approach of Leptographium longiclavatum in combination with 8	

available genomics resources of another MPB symbiont, Grosmannia clavigera. We sequenced 9	

71 individuals pooled into four groups using the Illumina sequencing technology. We generated 10	

between 27 and 30 million reads of 75 bp that resulted in a total of 1, 181 contigs longer than 2 11	

kb and an assembled genome size of 28.9 Mb (N50=48 kb, average depth = 125x).  A total of 9, 12	

052 proteins were annotated and between 9, 531 and 17, 266 SNPs were identified in the four 13	

pools. A subset of 206 genes (containing 574 SNPs, 11% false positives) was used to develop a 14	

genotyping platform for this species. Using this roadmap we developed a genotyping assay with 15	

a total of 147 SNPs located in 121 genes using the Illumina® Sequenom iPLEX Gold. Our 16	

preliminary genotyping (success rate = 85%) of 304 individuals from 36 populations supports the 17	

utility of this approach for population genomics studies in other MPB fungal symbionts and other 18	

fungal non-model species. 19	

 20	

 21	

 22	

 23	
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Introduction  1	

The mountain pine beetle (MPB, Dendroctonus ponderosae) is the most destructive pest of pine 2	

forests in western North America. In Canada alone, 17 million hectares of lodgepole pine (Pinus 3	

contorta) forests have been destroyed in the last decade (Carroll et al. 2004; Kurtz et al. 2008). 4	

Although MPB is a native bark beetle with a natural distribution range extending from northern 5	

Mexico to central British Columbia (BC) and southwestern Alberta (AB), it has expanded into 6	

northern BC and northern AB, and it has become a threat to the boreal forest of Canada during 7	

the current epidemics (Carroll et al. 2004). Recent data showed that MPB is able to attack jack 8	

pine, which is the dominant conifer in the Prairies (Cullingham et al. 2011). The devastation to 9	

lodgepole pine forests has caused severe economic losses to the timber industry, and changed BC 10	

from a carbon fixer to carbon emitter (Carroll et al. 2004; Kurtz et al. 2008). 11	

MPB carries a number of fungal associates in special structures adapted to transport 12	

fungal symbionts known as mycangia and on the exoskeleton of the body. This group of MPB 13	

associates comprises a large number of sapstain fungi as well as some tree pathogens. The most 14	

important fungal species associated with the MPB are Grosmannia clavigera, Leptographium 15	

longiclavatum and Ophiostoma montium (Ophiostomatales, Ascomycetes). These fungi produce 16	

numerous sticky asexual spores that are easily dispersed by the beetles (Lee et al. 2006a). 17	

Grosmannia clavigera is associated with MPB and is believed to play a crucial role in MPB 18	

attacks to pines (DiGustini 2011). It is capable of killing mature or young lodgepole pines in the 19	

absence of MPB when trees are artificially inoculated at a density similar to that of a mass MPB 20	

attack (Yamaoka et al. 1995; Lee et al. 2006a). Grosmannia clavigera grows rapidly in the host 21	

tree phloem and through the sapwood where it produces melanin, a pigment that stains the wood 22	

and blocks the tree's water transport system (Yamaoka et al. 1995; Solheim & Krokene 1998; 23	
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Rice et al. 2007). In contrast, O. montium is considered a weak pathogen even though it is 1	

frequently isolated from MPB-attacked trees (Solheim & Krokene 1998).  2	

Leptographium longiclavatum shares similar morphological characteristics and 3	

evolutionary history with G. clavigera (Lim et al. 2004; Lee et al. 2005, 2006a). It is also 4	

pathogenic to lodgepole pines and causes necrosis around the inoculation points in both the 5	

phloem and the sapwood (Lee et al. 2006a). Inoculation experiments have shown that it is 6	

capable of infecting jack pine and lodgepole x jack pine hybrids in northern AB (Rice et al. 7	

2007).  Since it is a fungal associate of MPB, it is important to better characterize the population 8	

structure of L. longiclavatum. This information would be important and useful for comparing and 9	

contrasting the population structure, adaptation and evolution of this particular species in relation 10	

with other MPB fungal associates. The ecological roles that the different fungal species play in 11	

the MPB systems are still poorly understood. A better understanding of the selection pressures 12	

shaping their evolutionary history would be useful. 13	

Grosmannia clavigera is one of the MPB fungal associate that has been most well 14	

characterized and studied (Hesse-Orce et al. 2010; Alamouti et al. 2011; DiGuistini et al. 2011; 15	

Tsui et al. 2012). A microsatellite study has identified four genetic clusters in this species (Tsui 16	

et al. 2012). These four genetic clusters have a high level of gene flow among them and 17	

individuals among clusters are admixed in origins. Evidence of random mating and genetic 18	

equilibrium was also revealed, suggesting the occurrence of sexual reproduction in most 19	

populations (Tsui et al. 2012). However, the population structure of L. longiclavatum is largely 20	

undocumented. This species appears to be more prevalent than G. clavigera in northern AB (Roe 21	

et al. 2011b). The populations of L. longiclavatum in northern AB were also highly differentiated 22	

from those in the Rocky Mountains based on multi-loci sequence data (Roe et al. 2011b). 23	
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However, the relationships between these populations and those from BC during the MPB 1	

epidemic expansion are not fully understood.  2	

The goal of this study is to characterize the populations of L. longiclavatum in Canada 3	

and the USA in order to establish its population structure and demographic history. In order to do 4	

so, a set of SNP markers was developed in L. longiclavatum through the construction of genomic 5	

DNA libraries and the use of genome and transcriptome reference data from G. clavigera (Lim et 6	

al. 2004; Alamouti et al. 2011). The second objective of this study is to develop a SNP 7	

genotyping tool using the iPLEX® Gold assay (Sequenom, Inc., San Diego, CA) for this 8	

particular species and later apply this strategy to the other MPB fungal species. First, a road map 9	

is provided with the strategy used in a species with no previous genomic resources. Second, the 10	

results of this experiment, including the number of genes identified and the distribution of SNPs 11	

at the genome level, are reported. Finally, a list of SNPs discovered in a selected set of genes 12	

involved in the process of host infection and detoxification of terpenoid compounds that are 13	

secreted for host defense is reported.  14	

 15	

Materials and methods 16	

Fungal materials and culture collection 17	

The fungal cultures were isolated from MPB and infected trees from 16 locations as described in 18	

Lee et al. (2006a) and Roe et al. (2010). They were maintained on malt extract agar (MEA), and 19	

the DNA of 71 isolates of L. longiclavatum was extracted according to a previous protocol (Roe, 20	

et al. 2011a).  Since four genetic clusters, i. e. northern British Columbia (NBC), southern 21	

British Columbia (SBC), epidemics (NPC) and Rocky Mountains (Rocky), have been identified 22	

in G. clavigera by microsatellite markers (Tsui et al. 2012), we hypothesized a similar 23	
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geographic structure and pooled the DNA of the L. longiclavatum isolates into four clusters that 1	

correspond to the spatial distribution pattern in G. clavigera with the goal of maximizing the 2	

level of genetic variation among and within these clusters (Table S1). 3	

 4	

Genome sequencing and assembly 5	

Between nine and twenty-three isolates from each of the four distinct geographical regions were 6	

combined into four pools for library construction and sequencing (Table S1). Seventy-five bp 7	

paired ends (PE) reads were generated from these four libraries using four lanes on an Illumina 8	

Genome Analyzer (GAIIx). Low quality reads were removed before the assembly. Illumina reads 9	

from two pools (NBC and SBC) were used to generate a de novo genome assembly using ABySS 10	

ver. 1.2.3 (Simpson et al. 2009), also using a de Bruijn graph-based tool in order to assemble an 11	

L. longiclavatum reference genome. 12	

 13	

Gene prediction, annotation and SNP discovery  14	

De novo gene prediction for the L. longiclavatum genome was done using GlimmerHMM ver 15	

3.0.1 (Delcher et al. 1999; Majoros et al. 2004). GlimmerHMM was trained using a protein data-16	

set from a closely related species, G. clavigera (DiGuistini et al. 2011). For SNP identification, 17	

Illumina reads from the four pools were mapped to the L. leptographium reference genome 18	

(NBC and SBC) using a combination of BWA (Li & Durbin 2009) and SAMtools (Li et al. 19	

2009), using the default parameters (the command 'samtools mpileup -C 50 -Q 20 -q 20'). The 20	

average genome coverage for the four pools ranged from 51-58X (NBC 58.47, SBC 57.40, NPC 21	

51.86, ROCKY 52.31). Finally, the program snpEff  (Cingolani et al. 2012) was used to annotate 22	

the SNPs discovered in the four pools. In order to determine if the four pools differ in their 23	
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number of SNPs, the heterozygosity levels of the common SNPs were calculated, as well as a t-1	

test to determine whether significant differences existed in the number of SNPs among the four 2	

pools. 3	

 4	

Gene selection and SNP validation using Sanger sequencing 5	

Genes were selected from G. clavigera RNA-seq libraries based on their relative expression 6	

values (DiGuistini et al. 2011). The gene selection strategy aimed to identify genes from three 7	

categories: 1) genes overexpressed during treatments; 2) genes with functions involved during 8	

host infection and detoxification of terpenoids; and 3) house-keeping genes. This approach 9	

allowed the study of demographic as well as adaptive patterns. Therefore, genes with differential 10	

expression under specific growing conditions were particularly considered (DiGuistini et al. 11	

2011). In total, a subset of 206 genes were selected using this criterion and were classified into 12	

10 groups (Table 1). Orthologs of these G. clavigera genes were identified in L. longiclavatum 13	

and were later used for SNP discovery and validation. 14	

In order to validate the SNPs predicted in the resequencing pooled data, PCR reactions 15	

and Sanger sequencing was performed on a set of 19 isolates of L. longiclavatum from a wide 16	

geographic distribution within BC and AB (Table 2). DNA was extracted using the same 17	

protocol described above. Primers were designed based on the orthologous sequences of L. 18	

longiclavatum found with the best hit in the reference genome of G. clavigera (DiGuistini et al. 19	

2011). PCR primers were designed to span the regions that contained predicted SNPs using the 20	

Primer QuestSM software (http://www.idtdna.com/Scitools/Applications/Primerquest/. Primers 21	

were chosen (using default conditions) to amplify a 400-900 bp product that contained one or 22	
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more predicted SNPs. Ten regions were selected that contained 21 predicted SNPs based on our 1	

resequencing data set (Table 3). 2	

PCR amplifications of the targeted regions were performed in a 25 µl reaction consisting 3	

of 2.5 µl of 10X PCR reaction buffer (Invitrogen, Carlsbad, CA, USA), 0.5 µl of 25mm MgCl2, 1 4	

µl containing 10 mM of each dNTP, 0.2 µl of Platinum® Taq polymerase, 2.5 µl of 10 mM of 5	

forward and reverse primers, 2 µl of DNA at a 20 ng/µl concentration, and 15 µl of sterile 6	

deionized water. PCR parameters were 94 °C for 3 min, followed by 30 cycles of 94 °C for 30 s, 7	

60 °C for 30 s, 72 °C for 1.5 min, and with a final cycle at 72 °C for 7 min. Amplified products 8	

were sequenced on both strands with the BIGDYE version 3.1 ready reaction kit (Applied 9	

Biosystems, Carlsbad, CA, USA) on an ABI3730xl Data Analyzer at the CHUL Research Centre 10	

(CRCHUL) Sequencing and Genotyping of Université Laval, Quebec, QC, Canada. 11	

Chromatograms were trimmed, aligned and edited using Geneious v 6.1 (Drummond et al. 12	

2010). The predicted SNPs were compared and validated with the aligned assembly sequence of 13	

the 19 isolates using Geneious v 6.1.  Polymorphisms were validated by observing the predicted 14	

SNPs in the assembly dataset. SNPs were recorded as present when they were present in at least 15	

1% of the population sampled. 16	

 17	

Genotyping platform to be used in the Illumina iPLEX Gold assay 18	

In this study a roadmap was developed to find SNPs and to design a SNP genotyping platform in 19	

L. longiclavatum to be used with the Illumina® Sequenom iPLEX Gold assay (Fig. 1). This 20	

platform allows for moderate to high throughput genotyping and multiplexing for up to 40 SNPs 21	

in a single panel and makes it possible to process up to 384 samples in parallel 22	

(http://www.sequenom.com/iplex).	Our study particularly aimed to design four panels (36-plex 23	
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each) for a total of 144 SNPs in L. longiclavatum. In order to design the SNP genotyping panel, 1	

the nucleotide sequence for these L. longiclavatum genes plus an additional 200 bp up- and 2	

downstream were extracted from the genome assembly and used to design the primers. Our assay 3	

was developed at McGill University and Genome Quebec Innovation Centre (Montreal, QC, 4	

Canada) using Sequenome iPlex Gold technology (http://gqinnovationcenter.com). 5	

 6	

Results 7	

Sequencing, assembly and annotation  8	

A total of 27 to 30 million 75 bp paired end reads (2.02-2.29 Gb) were generated for the four 9	

pooled, unindexed L. longiclavatum samples on an Illumina GAIIx ABySS (Simpson et al. 10	

2009). Initially, a 29.6 Mb L. longiclavatum genome was reconstructed, comprising 1,996 11	

contigs longer than 200 bp. Parsing for contig length longer than 2 kb reduced the total contig 12	

number to 1,181, with an assembled genome size of 28.9 Mb and an average depth coverage of 13	

125X among the four groups (Fig. S1). The longest contig was 268 kb and the N50 contig length 14	

was 49 kb. The Leptographium longiclavatum genome with contigs longer than 2 kb was used as 15	

reference for both de novo gene prediction and SNP discovery. 16	

A total of 9,861 proteins were predicted in the L. longiclavatum genome. After parsing 17	

for length (> 33 aa) and presence of a start codon, 9,052 resulting proteins were annotated using 18	

BLASTP against the NCBI nr database. Only 241 proteins (2.7% of total) did not have a BLAST 19	

hit whereas, 97.3% of the L. longiclavatum proteins with BLAST results had a top hit to G. 20	

clavigera.  21	

Reads from the four pooled samples were mapped onto the reference sequence to 22	

discover SNPs across the L. longiclavatum genome. The number of SNPs per pool ranged 23	
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between 9,351 and 17,266, and the number of indels ranged from 1,674 to 2,926. With one 1	

change every 1,366 bp, the ROCKY pool showed the highest SNP density, while the lowest was 2	

for the NBC pool. The highest number of unique SNPs was also present in the ROCKY pooled 3	

samples (Fig. 2). All SNPs common to the four pools were identical at all locations, except for 4	

five SNPs in the NBC pool. The lowest proportion of unique SNPs was in the NBC and NPC 5	

pools, two populations recently derived. On average, 13% of the putative SNPs were located in 6	

exonic regions and about 2% of these SNPs were located in introns. Further details about the 7	

distribution of SNPs within each pool can be found in the supplementary information (Table S2).  8	

A subset of 206 L. longiclavatum genes was initially selected for SNP discovery based on 9	

the functional annotation and expression pattern of their G. clavigera orthologs. Of these, 29 L. 10	

longiclavatum genes (14%) did not show any SNP across the four pools and were excluded from 11	

further analysis. The remaining 177 L. longiclavatum genes had a total of 574 candidate SNPs. 12	

An additional 25 L. longiclavatum genes were omitted based on the SNP location in the gene, i.e. 13	

SNPs were present exclusively in the intron or in the UTR region. The remaining 152 L. 14	

longiclavatum genes had 378 candidate exonic SNPs, with a maximum of 12 exonic SNPs per 15	

gene. The maximum proportions of exonic SNPs (32%) were present in one pool, whereas only 16	

16% of the exonic SNPs were shared across the four pools.  17	

 18	

SNP validation  19	

A total of 21 putative SNP loci were predicted in the 10 gene regions selected for re-sequencing 20	

and only three (15%) were false positives (Table S3). All three false positives were located in 21	

two gene regions, namely short chain dehydrogenase reductase (GLEAN_1289) and 22	

lignostilbene dioxygenase (GLEAN_684) (Table 3 and S3). Three additional SNPs were found 23	
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in addition to those predicted within the 10 gene regions selected for validation. These SNPs 1	

were located in three gene regions, namely methyltransferase type 12 (Glean_2132), c2h2 2	

transcription factor (Glean_7264), and an ABC transporter (Glean_8030) (Table S3).  3	

 4	

Discussion 5	

Single nucleotide polymorphisms (SNPs) are widely used in humans and model species, and are 6	

currently becoming a common marker for a variety of evolutionary and ecological studies in 7	

non-models organisms, such as white spruce (Picea glauca), Chinook salmon (Oncorhynchus 8	

tshawytscha), and domestic cattle (reviewed in Garvin et al. 2010).  The drop of sequencing 9	

costs together with the development of a variety of bioinformatics tools has allowed their 10	

discovery and application in non-model species (Kumar et al. 2012), including some fungal 11	

species (e.g., Neafsey et al. 2010; Broders et al. 2011; Abbott et al. 2012; Tollenaere et al. 12	

2012).  13	

In this study, we describe the strategy used for SNP discovery in a non-model fungal 14	

species, L. longiclavatum, with the purpose of developing a genotyping platform for population 15	

structure, genetic diversity and the identification of candidate adaptive SNPs involved in host 16	

defence detoxification and pathogenicity (Fig. 1). Leptographium longiclavatum and G. 17	

clavigera are blue-stain fungal symbiotic species that are believed to play an important role in 18	

the mountain pine beetle outbreak in western North America (Lee et al. 2006b; c; DiGuistini et 19	

al. 2011; Tsui et al. 2012). A more comprehensive understanding of the population structure and 20	

genetic diversity of these fungal species across their range of distribution will provide additional 21	

information that can be incorporated into ecological risk modelling of the current outbreak 22	

(James et al. 2011; de La Giroday et al. 2012; Sambaraju et al. 2012). 23	
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Our approach successfully demonstrated the combination of short reads sequencing for 1	

genome assembly in a non-model species, and the feasibility of gene annotation using available 2	

genomic resources of a closely related species. Grosmannia clavigera and L. longiclavatum are 3	

two closely related species (Lee et al. 2005; Roe et al. 2011b; Tsui et al. 2012) and we were able 4	

to successfully annotate L. longiclavatum proteins based on previous genomic resources from the 5	

former species (DiGuistini et al. 2011). The close proximity between the two species was also 6	

reflected by the high percentage of DNA oligonucleotide primer transferability. For instance, we 7	

were able to amplify G. clavigera control samples with 90% of the primers we designed for L. 8	

longiclavatum sequences during our SNP validation step.  9	

We also found a high similarity for the proteins sequences between the two species, as 10	

97.3% of the L. longiclavatum proteins annotated had a top hit with annotations in G. clavigera. 11	

Only 241 proteins had no BLAST hit and might be specific genes coding for unknown functions 12	

in L. longiclavatum. Further studies, such as transcriptome profiling of these fungi under 13	

different growing conditions, are required to better understand the functions of these genes as 14	

well as to improve the gene annotation of this species. 15	

In total, we identified from 9,351 and 17,266 SNPs in the four pools studied, with an 16	

average of one exonic SNP every 1.3 kb (Table S2). We did not observe significant differences 17	

in the total number of SNPs and/or levels of heterozygosity of common SNPs among the four 18	

pools, suggesting similar amount of SNPs among the four pools. The SNP frequency in our study 19	

is higher than that found in previous reports on other fungal species. For example, an average of 20	

one SNP every 599.2 kb was reported in Ophiognomonia clavigignenti-juglandacearum 21	

(Broders et al. 2011), and an average density of 0.3 SNPs per kb was found in Podosphaera 22	

plantaginis (Tollenaere et al. 2012); but 0 to17.5 SNPs per kb were reported in Fusarium 23	
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graminearum, a much higher SNP density than that reported here for L. longiclavatum (Cuomo 1	

et al. 2007). There are several reasons explaining the differences of SNPs density reported 2	

among these fungal species. First, the technology used to obtain the genome sequences can 3	

influence the number of SNPs discovered. Sanger sequencing tends to have fewer false positives 4	

than NGS technologies, especially when genome annotation has been improved with EST or 5	

transcriptome data. Second, the total number of SNPs discovered can vary according to the 6	

source material sequenced. In our case, and that reported for F. graminearum (Cuomo et al. 7	

2007), SNP discovery was carried out using genomic DNA, while in the case of P. plantaginis 8	

(Tollenaere et al. 2012), SNPs were mined using transcriptome data. It has previously been 9	

reported that the distribution of SNPs can be biased towards specific regions of the genome 10	

(Cuomo et al. 2007); thus a strategy aiming only to a subset of the entire genome will recover 11	

less SNPs. Third, differences in SNP calling criteria also affects the number of SNPs recovered. 12	

All previous studies mentioned above used different programs and criteria to call SNPs and 13	

customized SNP calling criteria can result in fewer SNPs than default parameters in commercial 14	

software. Fourth, species that more readily sexually recombine will have a greater frequency of 15	

SNPs than those that are clonal and reproduce asexually. Leptographium longiclavatum has not 16	

been reported to have a sexual stage in the life cycle (Lee et al. 2005). However, the fungus has 17	

been confirmed to be heterothallic, bearing one of the opposite mating type genes (Tsui et al. 18	

2013). All the populations contain isolates of both mating types, suggesting the fungus can 19	

reproduce sexually (Tsui et al. 2013). Similarly, analyses of the microsatellite data indicated the 20	

presence of clones (repeated genotypes) in each location, but the test on the association of 21	

genotypes indicated the presence of recombination in some populations (Tsui pers. comm.).  22	
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Finally, the genetic relatedness of the samples included during the discovery step can also 1	

influence the number of SNPs identified. In our particular case, we based our sample selection 2	

for resequencing and SNP discovery on a previous analysis that characterized the population 3	

structure of G. clavigera (Tsui et al. 2012). Although this population structure does not 4	

necessary mean that a closely related species will have a similar population structure, our 5	

strategy aimed to incorporate the maximum variation possible with the purpose of identifying 6	

SNPs in the selected gene regions. Our approach also included historic samples (endemic levels 7	

of the outbreak) as well as samples from different years since the beginning of the current 8	

outbreak. This approach might explain the higher density of SNPs in comparison with previous 9	

studies (Broders et al. 2011; Tollenaere et al. 2012).  10	

Our in silico validation suggests a low percentage of false positives, with an 89% success 11	

rate of predicted exonic SNPs in our approach.  Similar rates of SNP validation success have 12	

been reported in other studies that used NGS technologies for SNP discovery, e.g. 84% success 13	

in Parus major (Van Bers et al. 2010), 90% in sockeye salmon (Everett et al. 2011), and 14	

between 74.5 and 94% success in several plant species (Novaes et al. 2008; Bundock et al. 2009; 15	

Trick et al. 2009; Buggs et al. 2010; Fu & Peterson 2011; Geraldes et al. 2011).  16	

Because our SNP selection targeted only exonic regions, we were unable to estimate the 17	

percentage of recovery in intronic regions, but a previous study in plants (Populus trichocarpa) 18	

reported higher rates of false positives in intronic compared with exonic regions (Geraldes et al. 19	

2011).  Nevertheless, our in silico validation suggests a low level of false positives within the 20	

gene regions selected in L. longiclavatum, and we therefore expect that of the total of 17, 266 21	

SNPs predicted, only 15,540 are bona fide exonic SNPs.  22	
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Our strategy led to the design of four genotyping panels (36-plex each) suited for the 1	

iPLEX® Gold assay available from Sequenom. The iPlex Gold assay is a commonly used 2	

platform for medium-throughput genotyping, and together with the MassARRAY® System from 3	

Sequenom Inc., it has been widely used for fine mapping, validation of genome-wide association 4	

studies (GWAS), and routine genetic testing of SNP panels (Ehrich et al. 2005; Gabriel et al. 5	

2009; Millis 2011). This genotyping platform has been successfully applied to several organisms, 6	

including humans,  pigs, microorganisms and plants, with reliable results and high proportions of 7	

successful SNP validation (Ramos et al. 2009; Buggs et al. 2010; Bouakaze et al. 2011; Ho et al. 8	

2011; Shi et al. 2011; Syrmis et al. 2011).  9	

Previous platforms in other fungal species have used low-throughput genotyping scale 10	

and multiplexing. These studies have used SNP-based genotyping platforms that only allow the 11	

multiplex of no more than 24 SNPs (Fournier et al. 2010; Thomas et al. 2012). In contrast to 12	

these applications, the sequenom iPLEX platform allows a higher number of SNP multiplexing 13	

and sample scaling. This genotyping platform has previously been applied to yeast (Ben-Ari et 14	

al. 2005) and another fungal species with high call rates (above 98%) (Tollenaere et al. 2012). 15	

For the particular species in our study, our final assay consisted of four panels with a total of 147 16	

SNPs distributed across 121 gene regions. SNP location and flanking regions for probe design 17	

for each of the SNP used in this genotyping platform can be found in the supplementary 18	

information (Table S4). 19	

Our panels include a variety of genes involved in host detoxification, stress related-genes, 20	

as well as constitutive (nearly neutral) genes (Table 1). This platform will be used to further our 21	

understanding of the population structure, genetic diversity, population dynamics and adaptive 22	

significance of these genes in a larger dataset comprising almost the entire range of distribution 23	
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of this species. Our preliminary genotyping assay with a sample size of 304 samples and 36 1	

populations yielded an overall 85% of calling rate, an 85.9% sample success and 80.2% 2	

genotype success rates (Ojeda et. al., unpublished data). Additional information regarding SNP 3	

heterozygosity can be found in the supplementary information for a subset of four populations 4	

(Table S5). These results suggests a high recovery level of suitable SNPs (low levels of false 5	

positives) and low ascertain bias (Garvin et al. 2010) in a larger data set for this species.  6	

The strategy reported here can be further applied to SNP discovery and to the design of 7	

genotyping assays for other fungal species involved in the mountain pine beetle outbreak, as well 8	

as other species that lack available genomic resources. 9	
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