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Abstract

:

We have developed PotatoMASH (Potato Multi-Allele Scanning Haplotags), a novel low-cost, genome-scanning marker platform. We designed a panel of 339 multi-allelic regions placed at 1 Mb intervals throughout the euchromatic portion of the genome. These regions were assayed using a multiplex amplicon sequencing approach, which allows for genotyping hundreds of plants at a cost of 5 EUR/sample. We applied PotatoMASH to a population of over 700 potato lines. We obtained tetraploid dosage calls for 2012 short multi-allelic haplotypes in 334 loci, which ranged from 2 to 14 different haplotypes per locus. The system was able to diagnose the presence of targeted pest-resistance markers, to detect quantitative trait loci (QTLs) by genome-wide association studies (GWAS) in a tetraploid population, and to track variation in a diploid segregating population. PotatoMASH efficiently surveys genetic variation throughout the potato genome, and can be implemented as a single low-cost genotyping platform that will allow the routine and simultaneous application of marker-assisted selection (MAS) and other genotyping applications in commercial potato breeding programmes.
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1. Introduction


Numerous applications in plant genetics, genomics, and breeding are based on genome-wide marker analysis, and although genotyping costs have dropped considerably over the recent years, they are still one of the major barriers in applications requiring the generation of genome-wide marker data for large numbers of samples. Applications such as genome-wide association studies (GWAS), genomic selection (GS), and marker-assisted selection (MAS) routinely involve sample sets in the thousands, and breeding applications have the additional cost burden of iterative application to potentially thousands of genotypes over generations. Even smaller-scale applications, such as genetic mapping in bi-parental populations at low-to-medium resolution, for gene and QTL discovery purposes benefit from a lower cost base, and there are numerous advantages in terms of the cross-study comparability of utilising the same platform for higher- and lower-throughput experiments.



We decided to explore the potential for developing a single, highly economical, yet reasonably powerful approach to genome-wide genotyping that could be applied broadly to all of the above applications, adopting a design-criterion-guided approach to create such a platform. The goal of this study was to utilise the information and criteria described below to design an extremely cost-effective, genome-wide genotyping system in potato. At the outset, we set a cost per assay benchmark of approximately EUR 5 per sample (excluding labour costs), with the goal that the assay should be technically feasible to carry out in a standardly equipped molecular biology laboratory setting. The process should be applicable to a dynamic range of samples from hundreds to the low-thousands with a low requirement for automation. The assay should have a core set of loci that enable the “scanning” of genetic variation across the genome at a density that is likely to be able to detect variants underlying phenotypic characteristics measured in a population. In addition, it should be expandable, and specific loci of interest to the user should be easily added to the platform.



Numerous genotyping systems have been applied to potato: all have advantageous design features for different situations, but none possess all of the above features. “Predesigned” systems such as arrays have the advantage of offering the user easy access to a community-wide SNP set, including relatively easy data capture pipelines. Problems with ascertainment bias experienced in arrays can be addressed by utilising a sufficiently broad germplasm set at the design phase [1,2]. However, arrays require a separate SNP discovery phase and survey a fixed set of polymorphisms, making them less adaptable. Genotyping-by-sequencing (GBS) using restriction enzyme-based genome reduction approaches has also been applied in potato [3,4]. This approach does not require prior sequence information and is partially “tunable” in terms of the total number of loci covered. In contrast to the relatively simple and straightforward library preparation, GBS data analysis is complicated by the nature of the random location, its reduced-representation approach, it generates a large proportion of missing data, and it requires several statistical assumptions to be made in order to call variants [5]. Sequence capture-based GBS approaches have also proven to be powerful in potato, both to survey variation on a genome-wide level [6] or to target specific motifs such as resistance loci [7]. These approaches conform to some of the criteria above, but tend to be technically onerous. Costs for all of these approaches exceed the criterion set above, with the exact price per assay varying on the basis of a large number of variables.



Recently, Campbell et al. [8] demonstrated the utility of a low-cost, PCR-based, genome-wide approach called GT-Seq (Genotyping in Thousands by Sequencing) in trout. This approach seemed to have the potential to embed many of the criteria described above, one of the most attractive features being the low per-sample cost of USD 5 when library construction steps are performed by the user. Briefly, GT-Seq uses two thermal cycling steps for the multiplexed amplification of relatively small panels (50–500) of short loci of 100-200 bp containing targeted single-nucleotide polymorphisms (SNPs). During this process, sequencing adapters and dual-barcode sample-specific sequence tags are incorporated into the amplicons, enabling thousands of individuals to be pooled into a single library to be sequenced in an Illumina HiSeq lane. We decided to use the GT-Seq approach as a platform to develop a low-cost genotyping system, using existing knowledge of the nucleotide diversity and LD structure in potato.



The density of genetic markers is an important feature in genome-wide marker systems. Whilst it seems technically feasible to include thousands of loci in the GT-Seq assay approach, we focused on minimising the number of loci surveyed to reduce cost and with a view to a greater technical achievability. This begs the question: what is the minimum number of loci that would provide reasonable genome coverage of potato taking into account that the most frequent application for molecular markers is gene discovery or tracking of allelic variants in populations? In potato, it has been found that “useful” levels of LD extend between 0.6 and 1.5 Mb depending on the population under examination and the LD criterion used [9,10]. Significantly, there is also almost no LD decay observed across the entire span of the pericentromeric heterochromatin, which accounts for approximately 50% of the genome in potato. Thus, “complete coverage” of the genome could theoretically be achieved by efficiently surveying variation at ~400 loci evenly distributed every 1 Mb across the euchromatic portion of the 840 Mb genome [11], so no site could be more than 0.5 Mb from at least one locus. However, SNPs are almost entirely bi-allelic, and surveying a single SNP locus per megabase will not efficiently survey the diversity of real haplotypes at any one locus. This problem is especially pronounced in potato, where large parts of the genome exhibit a high degree of heterozygosity. For instance, for the recent haplotype-resolved genome sequence of the diploid line RH89-039-16, the average SNP polymorphism rate between the two haplotype genomes was estimated at approximately 1 in 50 nucleotides for syntenic regions. When looking across multiple haplotypes, this rate can actually increase, and polymorphism rates of between 1/25 and 1/15 were observed for non-coding and coding regions, respectively, by Uitdewillegen et al. [6]. This high polymorphism rate is reflected by a high level of allelic or haplotypic diversity in potato germplasm. For example, using a targeted resequencing approach, Uitdewillegen et al. were recently able to identify 16 allelic variants of the Glucan Water Di-kinase (GWD gene) by aggregating information from 81 SNPs over two regions, totalling 1 kb of the 16.5 kb. Using a variety of nucleotide windows generally under 1000 kb, it seems that gene haplotype numbers range between 5 and 20 in potato [6,12,13,14]. Thus, whilst in terms of LD structure, the concept of surveying polymorphism at 400 × 1 Mb intervals might make sense, the actual number of relatively evenly distributed bi-allelic SNPs at which variation is surveyed is likely to have to be at least 10-fold higher in order to capture the majority of the haplotypes present in any potato germplasm collection.



Interestingly, this high level of nucleotide diversity in potato also suggests a technical approach to minimising the number of loci to be analysed to achieve good coverage at an allelic diversity level. An interesting feature of resequencing data data is that the polymorphic content of individual reads, read pairs, or processed tags can be aggregated into what Tinker et al. referred to as “Tag-level haplotypes” or haplotags [15]. Haplotags may contain multiple SNPs, especially in an SNP-dense species such as potato, and these differing combinations of bi-allelic SNPs over the length of the tag or read produces an alternative set of genotypes that better reflect the real underlying allelic (or short-range haplotypic) variation at that locus. Tinker et al. utilised this concept for the software package Haplotag, which implements a reference-free approach for capturing this type of variation from resequencing data data and has subsequently been used in oats and other species [15,16,17].



In this manuscript, we describe the development of the PotatoMASH (Potato Multi-Allele Scanning Haplotags) tool, a GT-Seq-based genotyping platform designed on the above principles. The goal of PotatoMASH is to converge low per-sample cost with reasonable genotyping power across multiple applications for potato breeding and genetics. This iteration of PotatoMASH is based on surveying SNP variation in NGS reads across 339 loci spread across the euchromatic portion of the potato genome at 1Mb intervals according to the DM reference pseudomolecule assembly [11]. Because of the availability of a reference pseudochomosome molecule-scale assembly in potato, we utilised a novel algorithm called SMAP (Stack Mapping Anchor Points) [18], which is designed for stacked NGS reads, including those generated by highly multiplex amplicon sequencing approaches. In order to test the scalability and adaptability of the system, 10 loci containing diagnostic SNP loci for resistance to pests and pathogens were also included into the amplicon panel. We tested the ability of PotatoMASH combined with the SMAP haplotype calling pipeline to reveal short-range allelic diversity at the target loci in a tetraploid potato population, comprising 765 independent genotypes accumulated from the third field generation of a commercial potato breeding programme and in a diploid bi-parental mapping population comprising 92 F1 progeny individuals. In the tetraploid population, we demonstrated the apparent superior ability of ~2000 haplotag-derived allelic variants to detect a previously mapped QTL for fry colour [4] relative to the component bi-allelic SNP variants used to derive these haplotags. In the diploid population, we demonstrate the ability of PotatoMASH to generate a contiguous, haplotype-resolved genetic map of potato. Finally, we discuss the characteristics and potential future utility of PotatoMASH and similar approaches for potato breeding and genetics.




2. Materials and Methods


The PotatoMASH primer design process was carried out in 2018 when the DM_v4.04 was the latest version. For accuracy we describe the process as performed using that version throughout the manuscript, facilitating comparisons to the study of Byrne et al., 2020 [4], which also used that version. We provide the bed file used in this work with PotatoMASH loci coordinates for DM_v4.04 as Supplementary Materials (File S2). For utility with the current V6.1 genome, we include in the same file the loci coordinates according to DM_v6.1, which facilitates the future haplotype analysis with PotatoMASH in DM_v6.1.



2.1. PotatoMASH Primers Panel Design


First, we defined the euchromatic portion of the genome to be targeted (Table 1) and set the boundaries of euchromatin/heterochromatin based on previous knowledge of the genetic architecture of potato and recombination frequencies [11,19,20].



We mapped WGS re-sequencing data of 75 commercial cultivars ([21]; 33× coverage, 5 pools of 15 cultivars) to the Solanum tuberosum genome DM_v4.04 [22] using BWA-MEM [23]. We used Popoolation software [24] to calculate the number of SNPs per 500 bp window (minimum coverage 20× and fraction of allele frequency 0.9). We selected regions of 10–30 SNPs/500 bp window to be explored with IGV software [25] set to highlight variants with coverage allele-fraction above 0.05. We looked for regions where (i) SNP density within a window of 90–120 bp was high, (ii) the combination of SNPs was variable across the 75 potato lines sequenced, and (iii) this region was flanked by conserved sequence across the 75 potato lines. Those conserved sequences were targeted for primer design. We extracted the sequence of the targeted region with samtools faidx and used blastn [26] to check for sequence similarity with off-target regions (only single-copy regions were retained). Primer 3 plus [27] was used for primer design with the following settings: product size 165–180 nt, primer size 15–(opt.25)–35 nt, Primer Tm 60–(opt.62)–65 C, 40–(opt.50)–65% GC, and the coordinates of the “Pair OK Region List” (start and stop of the flanking conserved sequences). Once a primer pair was successfully designed, we targeted a new region 1 Mb ± 0.1 Mb downstream of the previous target. We designed 10 additional primer pairs, using less stringent criteria, to target some disease-resistance markers routinely tested in the breeding program by kompetitive allele-specific PCR (KASP) [28] or retrieved from the literature [29]. A summary of the pipeline employed for primer design is illustrated in Figure 1.



The method to construct multiplex amplicon libraries for Illumina sequencing was based on the GT-Seq method [8]. This method consists of an initial multiplex PCR with tailed specific primers. The resulting products include the selected regions to be sequenced flanked by the Illumina sequencing primer tags R1 and R2 (Figure 2). This product is then used as a template for a second PCR in which the Illumina sequencing adapters P5 and P7 are incorporated, a unique 6nt i7 barcode to identify the plate a sample originates from, and a unique 6nt i5 barcode to identify the sample within that plate. In order to achieve this, once all primers were designed, we added the tag for R1 Illumina sequencing primer at 5   ′   extreme of each forward primer (TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-FW primer) and the tag sequence for R2 Illumina primer at 5   ′   end of each reverse primer (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-REV primer). Thus, the primers for the first PCR ranged from 51-69 nt in length.



To avoid primer interactions and putative secondary products, all designed primers were tested in silico using primerpooler [30] with the following settings: T = 57    ∘  C (the lowest annealing temperature that will be used), Magnesium (divalent cations) = 3 mM,  Δ G threshold = −6 , and maximum amplicon length 2000 bp. Primer interactions with a  Δ G lower than the threshold were replaced, and final primer sets were ordered from Integrated DNA technologies (IDT, Iowa, USA) at 750  μ M each. Forward primers for the second PCR were composed of the Illumina adapter tag, a unique 6nt barcode (i5, up to 96 Truseq/NEB 6 base index), and the first 14 bases of R1 tag (AATGATACGGCGA CCACCGAGATCTACAC-i5-TCGTCGGCAGCGTC). They were ordered in a 96-well plate format at a concentration of 100  μ M. We also ordered eight i7 reverse primers in tubes at 100  μ M for the second tailed PCR. They were composed of the Illumina adapter P7, a unique 6nt barcode (i7, up to 8 Agilent SureSelectXT Custom kit index), and the first 15 bases of R2 tag (CAAGCAGAAGACGGCATACGAGAT—reverse complementary sequence of i7 index GTCTCGTGGGCTCGG). The number of possible pairwise combinations for this set of i5 and i7 barcodes is 768 samples but a higher number of samples can be processed with additional i7 barcodes. These barcoding primers (i5-primers and i7-primers) were diluted individually to a working solution of 10  μ M.



Each primer pair was tested individually with 40 ng of potato DNA, 25 nM each primer, 3 mM MgCl2, 40  μ M each dNTP, high-fidelity Q5 polymerase (NEB M0491L) at 0.02 U/ μ L and Q5 enhancer (see below for PCR conditions). The second PCR was performed with the same mixture without Q5 enhancer but one i5-primer and one i7-primer at 1  μ M each. The PCR products were visualized on 1.2% agarose gels. The expected size of the PCR products ranged between 297 and 312 bp. Any primer pair with low efficiency or producing secondary products (around 14 % of primer pairs) were replaced with alternative primers targeting the same or nearby region. The final selected primer pairs were pooled together by combining 2.5  μ L of each of the 694 primers and diluted by adding 11.104 mL of ddH2O to a working concentration of 125 nM for each primer (250 nM/primer pair). A complete list of primer sequences used in PotatoMASH is included as Supplementary Materials (File S1).




2.2. Genotyping Panel


For this work, we used DNA from a collection of 705 potato lines referred to as the FRY population previously used in genetic analysis for tuber quality traits [4]. We also extracted DNA from 60 additional potato lines selected from the sixth year of the Teagasc/IPM breeding programme (TPBP_2020_Y6 ) using a GenElute™ Plant Genomic DNA Miniprep Kit (Sigma, G2N10, MA, USA). DNA was quantified using a Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen, P7589, MA, USA) and normalized to a concentration of 20 ng/ μ L. The 765 lines are referred to as the Extended FRY population.




2.3. PotatoMASH Library Construction


Libraries were constructed using a two-step PCR strategy (Figure 3). The cocktail for amplification of target loci (PCR1) included: 0.1  μ L ddH2O, 1.4  μ L pooled primer mix 125 nM each primer (final concentration is 25 nM each primer, 50 nM per primer pair), 3.5  μ L of Qiagen Plus multiplex master mix (QPMMM, Qiagen, 206152, Hilden, Germany), and 2  μ L of template DNA (40 ng).



PCR was carried out in a gradient thermocycler in 96-well PCR plates with the following conditions for PCR1: 95    ∘  C 15 min; 8 cycles × (95    ∘  C 30 s, 0.2    ∘  C/s ramp down to 57    ∘  C annealing 30 s, 72    ∘  C2 min); 16 cycles × (95    ∘  C 30 s, 65    ∘  C 30 s, 72    ∘  C 30 s); 10    ∘  C hold. Following PCR1, the amplified samples were diluted 15-fold by adding 100  μ L of ddH   2  O and mixed by pipetting up and down.



PCR2 adds indices that effectively identify each sample by well and by plate. A mix for each plate was made with 1  μ L of 10  μ M plate-specific i7-primer and 5  μ L of QPMMM, and 6  μ L of this PCR2 cocktail was added to each well. Next, 1  μ L of 10  μ M well-specific i5-primers and 3  μ L of the diluted PCR1 product were added to the appropriate wells. PCR was conducted with the following conditions: 95    ∘  C 15 min; 10 cycles × (98    ∘  C 10 s, 65    ∘  C 30 s, 72    ∘  C 30 s); 72    ∘  C 5 min; 10    ∘  C hold.



Following PCR2, each plate of the libraries was normalized using the SequalPrep™ Normalization Plate Kit, 96-well (Applied Biosystems, A1051001, Waltham, MA, USA). This kit provides amplicon purification and normalization of PCR product concentration via a limited binding capacity of the solid-phase coating the walls of the plate wells. Following normalization, 15  μ L of each sample per 96-well plate was pooled into one tube for a total of 8 tubes. A concentration-purification step was then performed on each of the tubes by mixing 7.5 mL of binding buffer (PB buffer, Qiagen, 19066) and using QIAquick PCR Purification Kit (Qiagen, 28104), following the manufacturer instructions. The product was eluted in 40  μ L of elution buffer.



In contrast with the original GT-Seq protocol [8], we normalized template DNA concentration at the outset, and we therefore tested the possibility of removing the library normalization step by sequencing the same sample set with and without library normalization (Figure 3-step 3B). In that case, we used the original number of cycles established by GT-Seq authors for PCR1: 95    ∘  C 15 min; 5 cycles × (95    ∘  C 30s, 0.2    ∘  C/s ramp down to 57    ∘  C annealing 30 s, 72    ∘  C2 min); 10 cycles × (95    ∘  C 30 s, 65    ∘  C 30 s, 72    ∘  C 30 s); 10    ∘  C hold. We pooled 5  μ L from each well after PCR2, took half volume of the pooled sublibrary for each plate (240  μ L), used 1.2 mL of PB buffer for the concentration-purification step, and eluted it in 40 uL of elution buffer.



For all products after library normalization (Figure 3-step 3A) or without library normalization (Figure 3-step 3B), each 40  μ L aliquot was run on 1.2% agarose gel. Gel slices containing the product around 300 bp were purified by using Wizard SV Gel and PCR Clean-Up System (Promega, A9281, Madison, WI, USA), and the product was eluted in 50  μ L of elution buffer.



The last purification step was then performed on each of the aliquots by adding and mixing 25  μ L (0.5× volume) of AMPure XP magnetic beads (Beckman Coulter, A63881, Brea, CA, USA). Each tube was then placed on a magnetic rack. The supernatant was transferred to a fresh tube and mixed with 75  μ L (0.6× volume) of magnetic beads and placed in the magnetic rack. The supernatant was discarded, and the immobilized beads were washed with 180  μ L of 85% ethanol. Purified libraries were then eluted with 30  μ L of nuclease-free ddH2O and transferred to fresh 1.5 mL tubes.



Following purification, each of the 8 plate libraries were quantified using a Qubit™ dsDNA BR Assay Kit (Invitrogen, Q32853, Boston, MA, USA), and equal molecular amounts were pooled to create the final library for sequencing. The final library containing 765 individuals was sequenced mixed with 50% PhiX on one lane of Illumina HiseqX instrument by Novogene (Cambridge, UK) Company Limited to obtain paired-end 2 × 150 nt reads. Fastq files are available in the BioProject database under BioProject ID PRJNA858449. More detailed information about how to perform PotatoMASH can be found at https://dx.doi.org/10.17504/protocols.io.e6nvw53zdvmk/v1 (accessed on 1 September 2022).




2.4. Multiallelic Haplotype Analysis


Fastq files were de-multiplexed, barcodes removed, and read pairs merged using FLASH [31] (min overlap -m 50; Max overlap -M 150). We filtered the merged reads using the fastx toolkit [32] (minimum base quality (-q30) in 90% of bases (-p90)). Merged and filtered reads were then mapped to the S. tuberosum genome v4.04 [22] with BWA-MEM [23]. Variant calling was performed with bcftools [33], using the classic (biallelic) model: bcftools mpileup -Ou -I –max-depth 8000 -min-MQ 30 -a DP,AD -f potato_dm_v404_all_pm_un.fasta -b bam.list | bcftools call -cv -Ob -f GQ -o PotatoMASH.bcf. Then we filtered high quality SNPs with vcftools: vcftools –bcf PotatoMASH.bcf –out PotatoMASH –min-alleles 2 –max-alleles 2 –recode –recode-INFO-all –minQ 30 –minDP 6 –maf 0.05 –max-maf 0.95 –remove-filtered-all –max-missing 0.5. For the Normalized library (Figure 3-step 3A), out of 5348 SNPs identified during SNP calling, 2236 were filtered based on minimum coverage 6 and min mapping quality 30. For the non-normalized library (Figure 3-step 3B), we filtered 2279 SNPs out of 5104 sites. SMAP [18] haplotype-sites v4.1.1 was run with the following parameters -read_type merged -partial exclude –no_indels –discrete_calls dosage –frequency_interval_bounds 12.5 12.5 37.5 37.5 62.5 62.5 87.5 87.5 –dosage_filter 4 –min_read_count 20 –min_haplotype_frequency 5 –min_distinct_haplotypes 0. SMAP haplotype-sites requires the loci coordinates that can be calculated by mapping the primers (Supplementary Materials File S1) to the genome. We included the bed file for potato genome DM_v4.04, which was used in this work, and other bed files for different versions of SMAP and potato genome DM_v6.1 (Supplementary Materials File S2). The output “haplotypes_discrete_calls_filtered” table (Supplementary Materials File S3) was used for downstream analysis.



On the other hand, the allele frequencies for the 10 different diagnostic SNPs were extracted from the original vcf file before filtering. A minimum of 20 reads was required. Dosage calls were calculated according to the % of reads representing the alternative allele: <12.5% = “0”; ≥12.5–37.5% = “1”; ≥37.5–62.5% = “2”; ≥62.5–87.5% = “3”; >87.5% = “4”. In order to detect the haplotype containing the diagnostic SNP, which dosage calls should be concordant with the SNP dosage and also to detect putative linked haplotypes in the core loci, SMAP output was loaded in Microsoft Excel (Microsoft Corporation). The loci containing the position of each diagnostic SNP and the loci nearby (up to 4 Mb upstream and downstream) were arranged so the 765 potato lines were shown in rows and the short multiallelic haplotypes in columns to be sorted by the SNP dosage.




2.5. Haplotype-Based GWAS to Identify QTL Associated with Fry Colour


In order to compare the discriminatory power of SNPs versus multiallelic haplotypes, we performed a GWAS analysis on a subset of 279 lines of the Extended FRY population, for which QTLs for the trait fry colour had previously been detected using ~40 k GBS-derived SNP markers [4]. Analysis was performed with both the 2279 filtered SNP set obtained from non-normalized library (Figure 3, step 3B) and the 2012 multiallelic haplotypes detected by SMAP out of these 2279 SNPs.



The phenotypic data for fry colour ‘off-the-field’ (OTF) were generated in the Teagasc/IPM breeding program in 2017 [4]. GWAS was carried out with the R package GWASpoly [34]. Haplotypes were treated as ‘Pseudo SNPs’ by effectively rating each individual haplotype as a biallelic presence absence marker, with presence indicated by 1, 2, 3, or 4 depending on dosage and absence coded as 0. Each individual haplotype allele was assigned a different position within the locus region so that GWASpoly could handle the input file with allele dosage information (Supplementary Materials File S4).



Population structure was controlled using the K model, where the covariance matrix was calculated using all SNPs, and QQ plots were used to assess if there was sufficient control of population structure (QQ-Plots in Supplementary Materials Figure S5a). The function GWASpoly with an additive model was used to test for association at each marker. Instead of filtering markers based on minor allele frequency, the maximum genotype frequency option was used (geno.freq = 1–10/279), so haplotypes present in fewer than 10 individuals were removed. The genome-wide false discovery rate was controlled using Bonferroni correction (at a significance level of 0.05).




2.6. Mapping Population Genotyping and Linkage Map Construction


The diploid potato population FRW19-112 was developed from a cross between the S. tuberosum clone RH89-039-16 [35] and the breeding clone bearing a S. microdontum and S. tuberosum ancestry IVP10-281-1 [36]. A population of 92 FRW19-112 plants was grown from true seeds in five-litre pots in an open ground greenhouse compartment with drip irrigation and a wet pad-and-fan evaporation cooling system. Young leaf material from the parental clones and the population was collected in 96 deep-well plates and freeze-dried for 48 hours prior to genomic DNA extraction.



DNAs were extracted with Mag-Bind® Plant DNA DS 96 Kit (Omega-VWR M1130-00, Philadelphia, USA), quantified, and normalized to 20 ng/ μ L as described in Section 2.2. Libraries were constructed as described in Section 2.3 with library normalization (Figure 3, step 3A). The final library containing 94 individuals was sequenced on an Illumina Novaseq 6000 instrument by Novogene (UK) to obtain paired-end 2 × 150 nt reads. Fastq files are available in the BioProject database under BioProject ID PRJNA858449.



The pipeline to obtain the short multi-allelic haplotypes was the same as described in Section 2.4. Out of 1805 SNPs identified during SNP calling, 1289 were filtered based on minimum coverage 6 and min mapping quality 30. SMAP haplotype-sites v4.1.1 was run with parameters -read_type merged -partial exclude –discrete_calls dosage –frequency_interval_bounds 10 10 90 90 –dosage_filter 2 –min_read_count 10 –min_haplotype_frequency 20 –locus_correctness 90. The output “haplotypes_discrete_calls_filtered” table containing 844 haplotypes was used for downstream analysis.



Prior to map construction, three F1 clones with more than 10% missing haplotypes were removed, and ten haplotypes, for which one of the parental dosages was missing, were imputed based on the observed offspring segregation. The best-fitting segregation model of each short multiallelic haplotype was identified using the function CheckF1 of polymapR [37]. SMAP haplotypes were further filtered with the removal of 26 haplotypes with missing and unimputable parental dosages of 59 strongly distorted haplotypes and of 54 non-segregating haplotypes, resulting in 705 retained haplotypes (Supplementary Materials File S6). Subsequently, 154 haplotypes showing identical segregation patterns with at least one other haplotype were binned, yielding 551 uniquely segregating haplotypes and haplotype bins for the linkage map construction.



Chromosomal linkage maps were constructed using polymapR version 1.1.2 following the package vignette with minor modifications to fit our diploid data. Pairwise estimators for recombination frequency and their associated LOD scores were determined for all multiallelic haplotypes and clustered based on their LOD scores. Twelve chromosomal clusters were identified at a LOD score threshold of 4.5. Cluster numbers were replaced with DMv4.04 chromosome numbering for consistency with the physical map used during read alignment. Next, haplotypes were ordered, and an integrated linkage map was created using MDSmap_from_list, a wrapper function around the estimate.map function from MDSMap [38]. During the mapping process, two non-clustering and seven outlying haplotype bins with a high nearest-neighbour fit score or an abnormal position in the principal curve analysis were removed. The haplotypes that were binned because of their identical segregation patterns were then added back to the map, resulting in 690 mapped haplotypes. PolyoriginR version 0.03 [39] was then used to phase the haplotypes into parental homologs with a recombination rate per chromosome set at 1.25. The output was converted back into polymapR format to be visualized with the function plot_phased_maplist.





3. Results


3.1. Potato Multi-Allele Scanning Haplotags (PotatoMASH) as a Genotyping System


We multiplexed, in a single PCR reaction, 339 loci placed at equal spacing throughout the gene-rich portion of the 12 chromosomes of potato (Figure 4). Figure 4 represents the positions of the PotatoMASH core loci covering the euchromatic portion of the genome flanking the centromeric heterochromatin, except chromosome 2. Chr 2 is acrocentric, and the short arm is composed of the nucleolar organizing regions within the heterochromatin. Therefore, we only selected regions in the long arm.



To test the ability of the primer set to reveal allelic diversity in tetraploid potato breeding germplasm, we tested PotatoMASH initially in the Extended FRY population. Normalization of samples prior to sequencing is a major cost component of the GT-Seq process as originally described (~20% of the per-assay cost), so we performed the experiment twice, sequencing both normalized and non-normalized libraries in order to test whether the normalization step could be left out, considerably cheapening the assay.



We obtained 56.6 Gb of sequencing data distributed across all 765 potato samples for the normalized library (theoretically ~0.5 M raw reads or 0.25 M paired-end reads/sample, 700 paired-end reads/locus) and 56.1 Gb for the non-normalized library. We detected some low-output samples (less than 36,000 raw reads/sample, less than 50 paired-end reads/locus) corresponding to two batches of samples distributed between plates 6, 7, and 8 (Figure 5). As expected, the number of low-output samples was lower in the normalized library (32 samples) than in the non-normalized library (81 samples). On the other hand, library normalization led to an enrichment of amplicons of the most efficient primer pairs leading to lower read depth at other loci (Figure 5a). We did not observe the same problem with the non-normalized library (Figure 5b). Therefore, in this study, normalization introduced more variability in the coverage per locus (Figure 5). After merging and filtering reads, we retained 228,420 reads/sample on average. The efficiency of the primer pairs (either low or high) was consistent across all samples (Figure 5), which indicates that the amplification efficiency of the primers is not genotype-dependent.



After filtering, the normalized and non-normalized libraries revealed 2236 and 2279 SNPs loci, respectively. For the normalized library, of the 339 loci, 333 yielded haplotype data when the SNP dataset was processed with SMAP haplotype-sites. Six loci produced reads, but for various reasons, they failed to generate haplotype information. We obtained a total of 2032 short multiallelic haplotypes across the population in the remaining 333 core loci, ranging from 2–14 haplotypes per loci, whilst most loci showed 5–6 haplotypes. The four alleles for each locus/sample were successfully detected in 84% of sites (locus/sample), and the rest are reported as NA. The majority of loci obtained calls for more than 90% of samples.



In the non-normalized library, five of the six failed loci observed in the normalized library were considered non-polymorphic, and we obtained a total of 2012 multiallelic haplotypes across the population in the other 334 core loci, ranging from 2–14 haplotypes per loci, whilst most loci showed 5–6 haplotypes (Figure 6a). The four alleles for each locus/sample were successfully detected in 84% of sites. The haplotype call frequency for each individual showed a tetraploid haplotype frequency distribution profile (Figure 6b). The majority of loci got calls for more than 80% of samples (Figure 6c). As final output, we obtained a table with discrete dosage calls for each haplotype in each sample (Figure 6d), which was used for downstream analysis.




3.2. Demonstrating the Expandability of the PotatoMASH Platform Using Targeted R-Locus Markers


In addition to the 339 core loci, to demonstrate the ability to add markers with specific targets to PotatoMASH, we also designed primers to capture SNPs linked to disease and pest resistance loci of interest to the Teagasc/IPM Potato Group breeding programme. Data for 10 loci involved in resistance to common scab, the potato cyst nematodes Globodera pallida and G. rostochiensis, late blight, potato virus Y, and potato wart disease are shown in (Table 2). All of the target loci were successfully amplified, and the target SNPs were detected in the original vcf file before filtering. However, three loci did not generate a haplotype associated to the target SNP subsequent to data processing by SMAP haplotype-sites. In the other cases, the concordance between the dosage diagnostic SNP and the haplotype was close to 100%.




3.3. Haplotype-Based GWAS to Identify QTL Associated with Fry Colour


The design of PotatoMASH combines even marker spacing across the euchromatic portion of the genome and the ability to reveal multiple haplotypes at each locus to efficiently scan genome-wide variation. One of the main applications for this is in genetic marker discovery. We tested the ability of the haplotypes and the SNP set from which they were derived (in the non-normalized dataset) to discover QTL on chromosomes 10 and 2 for fry colour that had previously been detected in a portion of the FRY population using >40 k GBS-derived SNP markers. We did not identify any significant QTL using the 2279 biallelic SNPs underlying the haplotypes (Figure 7a).



However, amongst the 2012 haplotypes, which are 2012 different combinations of 2279 biallelic SNPs, three haplotypes were significantly associated with fry colour on chromosome 10 (Figure 7b). The three associated haplotypes underlying the QTL, namely, C10_14_00000100100 (Chr10:54209422-54209550), C10_15_01101010 (Chr10:55208521-55208635), and C10_17_000110 (Chr10:57186478-57186604), were carrying two, four, and two SNPs in loci C10_14, C10_15, and C10_17 respectively. These haplotypes showed the same segregation pattern and the presence of the haplotypes had a negative impact on fry colour (Boxplots in Supplementary Materials Figure S5b).



These results agree with those obtained by Byrne et al. [4] that analysed the same population using a marker set consisting of 46,406 SNPs generated using GBS. In that study, a QTL on chr10 was identified with a large cluster of associated SNPs between 49 and 59 Mb, peaking at 55.28 Mb. Our results are consistent with those findings, albeit using a much lower-density marker set. We did not detect the QTL on chromosome 2, which was marginal in the original study. We also tracked the parental origin of the haplotype with the largest effect on fry colour (C10_14_00000100100), and for 27 out of 28 lines carrying this haplotype, the variety “Valor” was used as a parent or grandparent. Additional information about the SNPs composing the haplotypes identified in the Extended FRY population can be found in Supplementary Materials Table S8.




3.4. Linkage Map Construction Using PotatoMASH Haplotypes


We also applied PotatoMASH to a bi-parental diploid mapping population (FRW19-112), both to test its performance in genetic mapping and to validate certain features of the assay. We obtained 20 Gb of sequencing data for the 94 individuals of the population (0.7 M paired-end reads/sample, 2000 PE reads/locus). After merging and filtering reads, we retained 484,134 reads/sample on average (1428 reads per sample/locus). After multi-allelic haplotype analysis, we obtained a total of 844 haplotypes across the population in 309 core loci (2.7 haplotypes/locus), ranging from 1–4 haplotypes per locus, whilst most loci showed three haplotypes. With the exception of two triploid clones, which were identified because of their haplotype frequency distribution profile, the haplotype call frequency for each individual showed the expected diploid profile (Supplementary Materials File S7).



The rate of missing data was extremely low; the two alleles for each locus/sample were successfully detected in 96% of sites, and the majority of loci obtained calls for more than 95% of samples. The SMAP haplotype-sites output table with dosage calls for each haplotype in each sample was further filtered as described in Section 2.6. A total of 690 short multi-allelic haplotypes could be ordered and phased on 12 chromosomal linkage groups (Figure 8).



RH89-039-16 contributed with 274 female-specific haplotypes, while IVP10-281-10 contributed with 282 male-specific haplotypes. In addition, 134 haplotypes were segregating from both sides. The haplotypes were distributed relatively evenly across the 12 chromosomal linkage groups identified, with an average of 57.5 haplotypes per linkage group. However, more male than female haplotypes were discarded during the curation step because of the strong male-specific transmission ratio distortion on chromosome 1 and 12. This resulted in paternal linkage groups 1 and 12 composed of less haplotypes than their maternal counterpart. The total genetic map length was 880 cM, ranging from 53 cM for linkage group 6 to 95 cM for linkage group 1.



The expected co-linearity between physical distance and genetic distance was observed for all linkage groups with the exception of few outliers, notably on linkage group 3 (Figure 9). Interestingly, this loss of co-linearity in linkage group 3 co-localizes with a 5.8 Mb paracentric inversion on the long arm of chromosome 3 recently identified among other clones in RH89-039-16, the female parent of our population [44]. The lack of markers visualized as gaps in the long arm of chromosome 1 and on chromosome 12 coincide with the positions of markers discarded during the curation step due strong transmission ratio distortion. Surprisingly, gaps were also observed in regions not affected by this transmission ratio distortion, such as the short arm of chromosome 5 and the long arm of chromosome 7. Such gaps could be due to the integration of female and male genetic maps with potentially different structures and recombination rates. On the other hand, we detected a linkage between the loci flanking the pericentromeric region, with an average genetic distance of 7.4 cM, despite an average per-chromosome physical distance of 46.7 Mb. This partially validates our initial premise that marker coverage in the pericentromeric heterochromatin was not required due to low levels of LD decay in this portion of the genome and indicates that our estimates of the heterochromatin–euchromatin border were sufficiently accurate for genome scanning purposes.





4. Discussion


4.1. Coverage and Allelic Diversity


Marker coverage in terms of density and distribution across the genome is a major decision in the development of any genotyping platform. In their design of the SolSTW 20 k SNP array, Vos et al., 2017 [9] posited that, based on adopting an LD decay threshold of   r 2   = 0.1, full SNP coverage of the haploid genome could be achieved by a minimum of 200 SNPs targeted at 2Mb intervals throughout the ~400 Mb euchromatic portion of the genome. However, this value would need to be upwardly adjusted to account for the number of haplotypes present; assuming 10 haplotypes per locus, this figure increases to 2000 SNPs. They also pointed out that an LD threshold of 0.1 is unlikely to have the ability to detect all QTLs. Based on a near total lack of LD decay between adjacent SNPs at 100 kb, a more comprehensive system would require the ability to survey 40,000 SNPs to ensure that at least one SNP was in LD with any other allele, including target QTL alleles. As our goal was to converge cost of application with a reasonable level of effectiveness, when designing PotatoMASH, we utilised the scenario with significant LD as a starting point. Depending on the threshold used to estimate LD decay, few studies give estimates of LD decay lower than ~0.5 Mb, so we adopted a 1 Mb spacing to ensure that no region was more than this distance away from a core locus. Using the euchromatin/heterochromatin boundaries described in the methods, this yielded 339 core loci, which were as close to this spacing as was achievable.



Whilst 1 Mb marker spacing allows physical coverage of the genome, it does not deal with high level of haplotypic diversity in potato, and we decided to adopt the “tag-level haplotype” concept of Tinker et al. [15] to deal with this, using SMAP haplotype-sites [18] to provide a robust pipeline to identify short haplotypes. Within the Extended FRY population of 765 tetraploid individuals, we observed from 2–14 haplotypes per locus, with the majority of the loci exhibiting five or six haplotypes (Figure 6a), an average of 712 haplotypes per genotype and 2.4 (min 1.3–max 3) distinct haplotypes per genotype/locus. One relevant question is how close the PotatoMASH is to revealing the true full allelic or haplotypic diversity at these loci. As outlined earlier, allele copy number in European breeding germplasm, at least in genic regions, seems to span the range of 5–20 copies. Johan Willemsen (2018) estimated that in a panel of 83 tetraploid varieties, surveyed over 800 genic loci, an average of 25 haplotypes were present when 25 SNPs were aggregated over windows of ~500 nucleotides [45]. In reality, it is probable that PotatoMASH is underestimating the number of alleles per locus. Some of this is due to a combination of experimental and analytical pipeline features, in which features such as read depth/locus coverage and filtering, both within the SNP calling/filtering pipeline and SMAP haplotype-sites, result in some real SNPs not being used to discriminate between haplotypes. There is evidence in potato populations that many haplotypes are present at a low frequency due to their recent introduction. Potato is known to carry a high number of low-frequency SNP alleles (<1%), and this probably translates into a high level of low-frequency haplotypes. Taking into account that we filtered the SNPs with minimum 5% of allele frequency prior to haplotype analysis, that we set up SMAP haplotype-sites to consider only haplotypes represented by at least 5% of the reads, and that SMAP haplotype-sites do not consider the positions of the indels, many real haplotypes could have been filtered out. In addition, as with all PCR-based genotyping approaches, there is also the possibility of null alleles arising from poorly or non-binding PCR primers due to sequence divergence in these regions (although we did take specific steps to mitigate this in the design phase). Larger structural variants (longer range presence–absence variation) could also cause null alleles. Finally, a haplotype is partially defined by the window of observation. In our case, the window of observation was 97–172 nucleotides, so it is conceivable that some haplotypes exhibiting identity in this window, especially when relatively few variants are observed, are flanked by polymorphic content that would split them into further haplotypic variants.




4.2. Performance of PotatoMASH across the Core Loci


In addition to cost (see below), another reason why we tried to minimise the number of core loci was to enable a high degree of manual intervention during the primer-pool design process, e.g., several-fold more regions than primers were individually manually inspected. An iterative process to attempt to minimise inter-primer-set interaction was adopted, and all candidate primers were individually tested in an attempt to maximise the per-locus success rate. Subsequently, 333 of the 339 core markers in the current PotatoMASH pool yielded SNP/haplotype information, a drop-out rate of only ~1.5%. In addition to the Extended FRY population, we also tested PotatoMASH on a diploid mapping population of 92 F1 individuals derived from two highly heterozygous parents. In contrast to the Extended FRY population, in the diploid mapping population, haplotypes were derived from loci, but 27 loci were non-polymorphic and 3 did not amplify (~10% drop-out rate). However, we have subsequently tested PotatoMASH across thousands of plants representing an even wider pool of material, and the core marker performance has remained stable (data not shown), with similar efficiency rates as in our tetraploid population (1.5% drop-out rate), demonstrating the utility in investing this time in the primer design phase. Because of the non-fixed nature of the primer pool, loci that consistently do not perform across experiments can be replaced with alternative primer sets in future applications of the PotatoMASH platform.



On the other hand, the diploid mapping population was partly an application oriented test—PotatoMASH could radically reduce the cost of diploid linkage mapping, and we wanted to test its effectiveness for this purpose. We were able to assemble a completely phased linkage map covering all four parental homologues across the 12 chromosomes of potato. As expected, low recombination rates in the pericentromeric heterochromatin meant that, despite the complete absence of markers in the area, markers flanking these regions exhibited linkage, with genetic distances ranging from 0.52 to 16.7 cM (average of 7.4 cM). Thus, our estimates of the heterochromatin/euchromatin boundaries, whilst somewhat arbitrary, seem reasonable. However, centromeric regions are not devoid of recombination, and indeed, recombined centromeres may be a valuable source of variation in breeding programmes, creating novel centromeric haplotypes in blocks of otherwise infrequently recombining allelic variants of genes. Thus, there are circumstances where some centromeric coverage may be advantageous. Introgression from wild species is a routine pre-breeding activity in potato and understanding the structural diversity of pre-breeding material in terms of the extent of introgressed segments is also important. For instance, the recent phased genome assembly of the tetraploid variety C88 [46] revealed a high contribution in terms of wild species, including extensive contribution to the centromeric regions. Such linkage drag of centromeric regions whilst introgressing target genes may be useful for diversity or undesirable due to the introgression of non-optimal alleles. Thus, while we do not have enough information to understand the optimal design and utility of centromeric markers for addition to low density marker panels, we can certainly envisage some applications where centromeric coverage might be useful in future versions.




4.3. Cost Considerations


As can be seen from Appendix A Table A1, primers, on a per-assay basis, are not actually the highest contributor to cost (although, in our case, they were the largest initial outlay, even when purchased at the minimum synthesis scale). However, the number of loci surveyed does impact both sequencing cost and achievable coverage, and this is the single biggest cost component per assay, whilst sequencing depth contributes to the ability to identify all alleles at a locus. The biggest per-assay cost, when adopting the original GT-Seq protocol as outlined by Campbell et al. [8], is library normalisation of individual samples subsequent to library construction (Figure 3, step 3A). This process accounts for more than 20% of the per-assay cost. Rather than attempting to find a cheaper approach for this, we normalized the template DNA (in contrast to Campbell et al.’s procedure), and we tested the protocol on the Extended FRY population both with and without normalization and processed both datasets through SMAP haplotype-sites. We obtained similar results with the non-normalized approach, as with the library normalization approach in terms of data and the number of SNPs and haplotypes. There was a more homogeneous coverage among loci but also a higher number of low-output samples (Figure 5b). The efficiency of the library construction was more variable in certain groups of samples than others, and this seemed largely attributable to different DNA extraction runs in different years, as the Extended FRY population was collected over a three-year period. This observation agrees with those of the GT-Seq developers [8], who demonstrated that the cause of this variation was DNA quality among individual samples. Thus, if homogenous high-quality DNA samples can be obtained for an entire experiment, we suggest that normalization could be dispensed with (Figure 3, step 3B). For sets of DNA extracts with variable quality, we recommend following the complete protocol described in this work, including library normalization (Figure 3-step 3A).




4.4. Utility of PotatoMASH in Discovery Genetics and Breeding Applications


We empirically tested the effectiveness of the current core set of markers in PotatoMASH by repeating a GWAS analysis on a subset of 279 individuals of the FRY population in which QTLs for the trait fry colour had previously been detected. In that experiment, >40 k ApeK1-derived GBS markers were applied to detect a QTL on chromosome 10 with a smaller additional QTL on chromosome 2. Interestingly, 2279 SNPs identified in the full FRY population generated a similar number of haplotypes (2012) at the 333 core loci when processed with SMAP haplotype-sites (non-normalized dataset). We utilised both of these marker sets in GWAS to compare their detection power. In the absence of existing software or models to harness the multiallelic nature of the markers for GWAS in tetraploids, we decided to code the haplotype data in a similar manner to bi-allelic SNPs, with each individual haplotype representing one allele, and the absence of that haplotype representing the other allele. We then performed GWAS, using the same settings with the ~2 k SNPs and the ~2 k haplotypes derived from them. The SNP set detected no QTLs whilst the haplotype set detected the QTL on chromosome 10, but not the QTL on chromosome 2, which was marginal relative to the cut-off threshold in the original study. Aggregating the SNPs into short haplotypes clearly increased the ability of the polymorphic marker set to better describe the real underlying haplotypic structure in the population. This increase in resolution was such that the varietal origin of the haplotypes detecting the QTL could be identified as the variety Valor, which contributed a haplotype that negatively impacted fry colour, something that was not apparent in the original analysis based on the 40 k GBS markers. PotatoMASH is designed to be expandable, by virtue of reconstituting the primer pool with additional markers from experiment to experiment (our original primer stock will support over 85,000 samples to genotype). For instance, it would be possible to increase the marker density of the platform by adding sets of validated marker loci from other studies; e.g., Vos et al., 2015 [2] highlight the fact that the 3763 SNPs they included in the SolSTW 20 k array from the original SolCAP 12 k array have now been shown to work across a wide range of samples, exhibiting low levels of ascertainment bias.



Whilst numerous applications in genetics and breeding require genome-scanning capability, others require the ability to target the presence of specific variants, e.g., to diagnose the presence of specific alleles in MAS. To demonstrate the expandability of the platform and the ability to target additional loci of specific interest, we designed primer sets to target diagnostic polymorphisms for disease and pest resistance of interest to the Teagasc/IPM Potato Group breeding programme and then added these to the core set for application to the Extended FRY population. Amongst 10 target loci (Table 2), the amplification and detection of the target SNP directly from the SNP-calling pipeline was consistently successful. However, three of the ten SNPs did not yield an associated haplotype when processed in SMAP haplotype sites, indicating that such targeted markers (low-frequency SNPs in these three cases) might best be analysed at the SNP level prior to the SNP filtering step to maximise their detection. The additional haplotypes (apart from the one containing the target) can contribute with additional information from a genome-wide scanning context. We reasoned that core markers should have some ability to detect the presence of haplotypes associated with resistance. To test this, we searched for core markers that yielded similar (>90%) segregation patterns to those markers specifically designed to the R-loci, which would indicate that they are detecting the presence of an introgressed segment carrying the original marker and resistance gene. At the time of writing, a total of 21 loci have been analysed in the Extended FRY population, including the 10 described in this study, as well as further unpublishable proprietary markers for which we could not show results. In total, 11 (52%) of these were found to have a linked core haplotype exhibiting at least 90% of concordance in dosage calls with the target SNP. Thus, given a single discrete target (SNP), a core haplotype with similar information content could be detected in 50% of the cases. Presumably, in instances where the phenotype caused by the underlying gene was either qualitative or a large effect QTL at these loci, it is likely that PotatoMASH would have sufficient power to detect its presence.




4.5. Potential Applications for PotatoMASH in Potato Breeding


In this manuscript, we have described PotatoMASH in terms of its ability to efficiently scan allelic variation in the potato genome in a cost-effective manner and explored its potential for GWAS, genetic mapping and diagnostic marker detection. Another potential application that drove us to develop the platform is the need to address cost as a limiting feature in applying genomic prediction to potato breeding. We have previously demonstrated moderate to good levels of predictive ability for the fry colour trait using rrBLUP in the FRY population using the 40 k GBS-derived SNPs mentioned above. However, we also showed that, for this trait, it is possible to identify a small subset of SNPs for processing characteristics that can give moderate predictive ability, albeit lower than that achieved with genome-wide markers [4]. The concept of using smaller numbers of markers for prediction in potato has been explored by others. For example, it has been recently shown that “pruning” a larger set of SNPs based on the distinct LD signatures in the population they were applied to could reduce the number to 1500–5000 individual SNPs without loss of information for GWAS and GS in that population [47]. Interestingly, the harshest pruning took place close to the centromeres, in line with our strategy of not placing markers in this region. Thus, smaller (and cheaper) marker sets can be utilized for genomic prediction in potato. A recent study in wheat showed that multiallelic haplotypes can improve the accuracy of genomic prediction over single SNPs [48], and separately, it has also been shown that allele dosage information can improve predictive abilities in comparison to using diploidized markers in polyploids [49]. PotatoMASH combines low cost of application, good marker coverage of the euchromatic portion of the genome, highly discriminatory multiallelic haplotypes, and tetraploid/diploid dosage information at low cost. We are currently exploring how to exploit the aforementioned advances in genomic prediction with these features of PotatoMASH for low-cost genomic prediction in potato breeding. The ability to add targeted markers, as illustrated here, means it could potentially be used for simultaneous genomic and marker-assisted selection strategies, improving the efficiency of selection in potato breeding [50].





5. Conclusions


PotatoMASH (Potato Multi-Allele Scanning Haplotags) efficiently surveys genetic variation throughout the potato genome. It can simultaneously diagnose the presence of target pest resistance markers and track haplotype variation for use in breeding and genetics applications where whole-genome scanning capability is needed at low cost for hundreds to a few thousands of samples.
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Table A1. Supplies and costs of PotatoMASH.Materials used to genotype 765 commercial potato lines in this work. Available prices in 2019–2020 (VAT excl.). Preps is the number of samples that can be processed or were processed (sequencing) with the amount of material in the pack.






Table A1. Supplies and costs of PotatoMASH.Materials used to genotype 765 commercial potato lines in this work. Available prices in 2019–2020 (VAT excl.). Preps is the number of samples that can be processed or were processed (sequencing) with the amount of material in the pack.













	PotatoMASH Step and Supplies
	Provider/Code
	Pack Price (EUR)
	Pack Units
	Preps
	Sample Cost (EUR)





	DNA extraction: 705 samples by CTAB method + 60 samples by sigma Kit
	
	
	
	
	0.247



	CTAB Lysis buffer
	Applichem A4150
	85.6
	1 L
	1000
	



	GenElute™ Plant Genomic DNA Miniprep Kit
	Sigma G2N10-70KT
	150
	70
	70
	



	2 mL tubes for CTAB method
	Greiner 623201CI
	11.43
	1000
	500
	0.023



	Isopropanol for CTAB method
	Fisher Chem. P749015
	5.3
	1 L
	2000
	0.003



	Ethanol for CTAB method
	Sigma 24105-M
	8.4
	2.5 L
	3000
	0.003



	1.5 mL tubes for CTAB method
	Sarstedt 72.690.001
	35
	5000
	5000
	0.007



	1 mL tips
	Fisherbrand 11548442
	8.92
	1000
	916
	0.010



	200  μ L tips
	Sarstedt 70.760.002
	40
	10,000
	10,000
	0.004



	96-well PCR plate
	Thermo Sci. 10425733
	58.27
	25
	2400
	0.024



	plate adhesive lid
	Greiner 676001
	14.3
	100
	9600
	0.001



	Template DNA normalization:
	
	
	
	
	



	Quant-iT™ PicoGreen® dsDNA Assay Kit
	Thermofisher P7589
	510
	2000
	1916
	0.266



	Nunc™ F96 MicroWell™ Black Plates
	Thermofisher 236105
	112
	50
	4400
	0.025



	10  μ L tips for quantitation
	Greiner 771290
	9
	1000
	1000
	0.009



	200  μ L tips for quantitation
	Sarstedt 70.760.002
	40
	10,000
	10,000
	0.004



	10  μ L filter tips for normalization
	Sarstedt 70.1130.210
	70
	1920
	1920
	0.036



	96-well PCR plate
	Thermo Sci. 10425733
	58.27
	25
	2400
	0.024



	plate adhesive lid
	Greiner 676001
	14.3
	100
	9600
	0.001



	PotatoMASH PCR1:
	
	
	
	
	



	QIAGEN Multiplex PCR Plus Kit (100)
	Qiagen 6152
	185
	2.55 mL
	700
	0.264



	PotatoMASH Primers (n = 347, 750 uM each)
	IDT
	5119
	20  μ L
	85,714
	0.060



	96-well PCR plate
	Sarstedt 72.1978.202
	69.75
	25
	2400
	0.029



	10  μ L filter tips
	Sarstedt 70.1130.210
	70
	1920
	1920
	0.036



	Adhesive aluminium foil plate lid
	Sarstedt 95.1995
	50.5
	100
	9600
	0.005



	PotatoMASH PCR2:
	
	
	
	
	



	100  μ L filter tips to dilute PCR1
	Sarstedt 70.760.212
	70.8
	1920
	1,920
	0.037



	QIAGEN Multiplex PCR Plus Kit (100)
	Qiagen 6152
	185
	2.55 mL
	490
	0.378



	i5 and i7 Primers (n = 96 + 8) at 100  μ M
	IDT
	667
	300  μ L
	2875
	0.232



	96-well PCR plate
	Sarstedt 72.1978.202
	69.75
	25
	2400
	0.029



	10  μ L filter tips
	Sarstedt 70.1130.210
	70
	1920
	960
	0.073



	Adhesive aluminium foil plate lid
	Sarstedt 95.1995
	50.5
	100
	9600
	0.005



	Library normalization, Pooling wells, and Concentration-purification:
	
	
	
	
	



	SequalPrep™ Normalization Plate Kit
	Invitrogen A1051001
	1050
	10
	960
	1.094



	10  μ L tips for binding step
	Greiner 771290
	9
	1000
	500
	0.018



	200  μ L tips for washing step
	Sarstedt 70.760.002
	40
	10,000
	10,000
	0.004



	200  μ L tips for elution step
	Sarstedt 70.760.002
	40
	10,000
	10,000
	0.004



	plate adhesive lid
	Greiner 676001
	14.3
	100
	9600
	0.001



	Size selection, Purification, Quantification, and Pooling plates:
	
	
	
	
	



	Buffer PB
	Qiagen 19066
	87
	500 mL
	6400
	0.014



	15 mL tubes
	Sarstedt 62.554.002
	55
	500
	48,000
	0.001



	QIAquick PCR purification Kit
	Qiagen 28704
	104.14
	50
	4800
	0.022



	1 mL tips
	Fisherbrand 11548442
	8.92
	1000
	6857
	0.001



	Wizard SV Gel and PCR Clean-Up System
	Promega A9281
	94
	50
	4800
	0.020



	AMPure XP magnetic beads
	Beckman C. A63881
	1326
	60 mL
	57,600
	0.023



	100  μ L filter tips
	Sarstedt 70.760.212
	70.8
	1920
	30,720
	0.002



	Qubit™ dsDNA BR Assay Kit
	Thermofisher Q32853
	275
	500
	48,000
	0.006



	Qubit™ assay tubes
	Thermofisher Q32856
	70
	500
	48,000
	0.001



	Library quality assessment and Sequencing:
	
	
	
	
	



	One Lane Illumina HiseqX 50% PhiX, paired-end 2 × 150 nt reads.
	Novogene (UK)
	1307
	1 lane
	765
	1.708



	Minor inherent expenses:
	
	
	
	
	0.125



	Other supplies which individual cost per sample is too low such as gloves, RNAse (macherey 740505, 0.000016 EUR/sample), ddH   2  O, one 10 mL pipette to dispense PB buffer, Agarose, TBE buffer, GelRed dye, 100 bp DNA ladder, one scalpel to cut gel slices, 200 uL tips and ethanol to wash the ampure beads, 10 uL tips for Qubit quantitation to pool the final library, and library shipment to UK with coolers.
	
	
	
	
	



	Total cost per sample:
	
	
	
	
	4.882



	Without library normalization:
	
	
	
	
	3.759
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Figure 1. Pipeline for PotatoMASH primers design. 
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Figure 2. PotatoMASH library structure in relation to paired-end 150nt Illumina reads Read_R1 and Read_R2. 
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Figure 3. PotatoMASH library construction. 
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Figure 4. The physical map of potato based on pseudochromosome molecule assembly of the DM_v4.04 reference sequence. The positions of the 339 PotatoMASH core loci are represented in Mb intervals. 
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Figure 5. Coverage of the 339 PotatoMASH core loci. Heat map of the number of merged and filtered reads of 765 samples (in columns) that mapped to each locus (in rows). (a) Normalized library (b) Non-normalized library. 
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Figure 6. (a) Haplotype diversity distribution of 333 loci across the 765 individuals in the dataset generated by the non-normalized library. (b) Haplotype frequency spectrum of one individual cv. Gravity. (c) Locus call completeness; Distribution of samples across the locus set. (d) Example of tabular data generated by SMAP haplotype-sites with 3 samples, 4 loci, 18 haplotypes, and tetraploid discrete dosage calls for each locus/sample. 
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Figure 7. Manhattan plot of GWAS results, additive model, for ‘off-the-field’ fry colour (OTF) in 2017 population with the SNPs (a) and the multiallelic haplotypes (b). Horizontal line shows the QTL significance threshold at 4.54 (Bonferroni correction, level = 0.05). 
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Figure 8. Phased homologue-specific map of population FRW19-112. Homologue maps from the diploid parent RH89-039-16 are shown in red (h1–h2), blue for IVP10-281-1 the diploid parent (h3–h4), and the integrated chromosomal map is shown in black. 
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Figure 9. Plot of the genetic location (cM) vs. physical position (Mb) of PotatoMASH loci across the chromosomes. The vertical dotted lines represent the centromeric regions of the chromosomes. 
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Table 1. Euchromatic regions targeted by PotatoMASH. Number of core loci targeted for primer design.
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Chr/arm

	
Start

	
End

	
Length

	
Core

	
Diagnostic

	
Total




	
(Mb)

	
Loci

	
Loci

	
Loci






	
chr1/1

	
1

	
6,236,423

	
6.2

	
6

	

	




	
chr1/2

	
58,566,960

	
88,663,952

	
30.1

	
31

	

	




	
chr2

	
18,620,376

	
48,614,681

	
30.0

	
31

	
2

	




	
chr3/1

	
1

	
5,853,851

	
5.9

	
6

	

	




	
chr3/2

	
37,557,548

	
62290286

	
24.7

	
25

	

	




	
chr4/1

	
1

	
10,893,487

	
10.9

	
11

	
2

	




	
chr4/2

	
50,527,797

	
72,208,621

	
21.7

	
24

	

	




	
chr5/1

	
1

	
10,773,566

	
10.8

	
12

	
1

	




	
chr5/2

	
42,795,302

	
52,070,158

	
9.3

	
11

	
1

	




	
chr6/1

	
1

	
6,372,027

	
6.4

	
7

	
1

	




	
chr6/2

	
37,792,178

	
59,532,096

	
21.7

	
22

	

	




	
chr7/1

	
1

	
7,298,544

	
7.3

	
9

	

	




	
chr7/2

	
36,698,521

	
56,760,843

	
20.1

	
21

	

	




	
chr8/1

	
1

	
6,899,227

	
6.9

	
7

	

	




	
chr8/2

	
35,611,618

	
56,938,457

	
21.3

	
23

	

	




	
chr9/1

	
1

	
9,549,714

	
9.5

	
10

	

	




	
chr9/2

	
44,754,712

	
61,540,751

	
16.8

	
18

	

	




	
chr10/1

	
1

	
5,591,854

	
5.6

	
6

	

	




	
chr10/2

	
47,231,005

	
59,756,223

	
12.5

	
14

	

	




	
chr11/1

	
1

	
10,117,653

	
10.1

	
11

	
2

	




	
chr11/2

	
35,737,669

	
45,475,667

	
9.7

	
11

	

	




	
chr12/1

	
1

	
9,273,808

	
9.3

	
11

	

	




	
chr12/2

	
50,482,591

	
61,165,649

	
10.7

	
12

	
1

	




	
Total

	

	

	
318 Mb

	
339

	
10

	
347
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Table 2. Multiallelic haplotypes linked to disease resistance markers: Ref. = Literature reference/Developed by Teagasc Potato Breeding Program(TPBP); Locus = Name of the locus containing the marker in PotatoMASH; Haplotype = haplotype containing target SNP; Concord. = % concordance between marker dosage and haplotype dosage.
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	Ref.
	Resistance to:
	Name
	SNP Position
	Locus
	Haplotype
	Concord.





	 [29]
	S. scabies
	c2_17867
	chr02:36548178 [T/C]
	C2_B2
	011110
	99.9%



	[29]
	S. scabies
	c2_17864
	chr02:36550070 [T/C]
	C2_B3
	0011110
	99.9%



	TPBP
	G. pallida (Pa2/3)
	Gpa4
	chr04:4782401 [A/G]
	C4_5
	001110
	99.9%



	[21]
	P. infestans
	R2
	chr04:6191864 [A/T] chr04:6191873,76,77 [TGATT/CGAAA]
	C4_6
	Not detected
	NA



	[40]
	G. pallida
	Gpa5
	chr05:5485534 [T/A]
	C5_B9
	0110101010111100101
	96.5%



	[21]
	G.rostochiensis(P1/4)
	H1
	chr05:49238169 [T/A]
	C5_B10
	000000110
	100%



	TPBP
	P. infestans
	Rpi-blb2
	chr06:775752 [G/A]
	C6_B1
	Not detected
	NA



	[41]
	PVY
	Ny(o,n)sto
	chr11:284162 [T/C] 68 [T/C]
	C11_B1
	000101010010
	98.95%



	[42]
	S. endobioticum
	Sen1
	chr11:3928601 [A/G]
	C11_B3
	001100
	100%



	[43]
	PVY
	Ry-sfto
	chr12:59957417 [G/A]
	C12_B6
	Not detected
	NA
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Plant 1: CTAGACACCCCCACACTTTGAAATCTAGACACCC haplotype A
Plant 2: CTGGACACGCCCACACTTTGATATCTAGACACCC haplotype B
Plant 3: CTAGACACCCCCACACTTTGAAATCTAGACACCC haplotype A
Plant 4: CTAGACACCCCCACACTTTGAAATCTAGACACCC haplotype A
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