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SUMMARY

Cultivated potato (Solanum tuberosum L.) is a highly heterozygous autotetraploid that presents challenges

in genome analyses and breeding. Wild potato species serve as a resource for the introgression of important

agronomic traits into cultivated potato. One key species is Solanum chacoense and the diploid, inbred clone

M6, which is self-compatible and has desirable tuber market quality and disease resistance traits. Sequenc-

ing and assembly of the genome of the M6 clone of S. chacoense generated an assembly of 825 767 562 bp

in 8260 scaffolds with an N50 scaffold size of 713 602 bp. Pseudomolecule construction anchored 508 Mb of

the genome assembly into 12 chromosomes. Genome annotation yielded 49 124 high-confidence gene mod-

els representing 37 740 genes. Comparative analyses of the M6 genome with six other Solanaceae species

revealed a core set of 158 367 Solanaceae genes and 1897 genes unique to three potato species. Analysis of

single nucleotide polymorphisms across the M6 genome revealed enhanced residual heterozygosity on

chromosomes 4, 8 and 9 relative to the other chromosomes. Access to the M6 genome provides a resource

for identification of key genes for important agronomic traits and aids in genome-enabled development of

inbred diploid potatoes with the potential to accelerate potato breeding.

Keywords: Solanum chacoense, diploid potato, M6, PRJNA362370, genome assembly, genome annotation,

self-compatibility.

INTRODUCTION

Cultivated potato, Solanum tuberosum L., grown for the

production of below-ground storage tubers, was domesti-

cated nearly 8000 years ago and is currently the world’s

most important vegetable crop and the fourth most impor-

tant food crop after rice, wheat and maize (FAOSTAT,

2016). Current breeding foci in potato include disease resis-

tance and quality traits in which breeders incorporate

genetic diversity available within extant potato cultivars, as

well as from closely related tuber-bearing species. One

species, Solanum chacoense (Figure 1), is an excellent

source of disease resistance and resistance to cold-induced

sweetening, a physiological response to cold storage in

the tuber in which starch is converted into fructose and

glucose that increase fry and chip color, as well as the for-

mation of acrylamide upon frying at high temperatures.

However, S. chacoense accessions have high levels of

toxic steroidal glycoalkaloids in the tubers, thereby requir-

ing further crossing to remove high glycoalkaloid levels in

tubers in initial breeder selections (McCue, 2009). Indeed,

Lenape, a high-quality chip-processing cultivar released in

1967 (Akeley et al., 1968), was removed from the market in

1970 due to high glycoalkaloid content in the tubers,
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probably contributed by S. chacoense in its parentage

(Anonymous, 1970).

Unlike major cereal and oilseed crops, cultivated potato

is a vegetatively propagated heterozygous autotetraploid.

Breeding gains in potato are limited by polyploidy,

inbreeding depression, low sexual fertility, low recombina-

tion and poor adaptation of wild germplasm (The Potato

Genome Sequencing Consortium, 2011; Jansky et al.,

2014; Hardigan et al., 2017). The creation of diploid inbred

lines represents a new strategy for overcoming the chal-

lenges with historical tetraploid potato breeding

approaches (Birhman and Hosaka, 2000; Phumichai et al.,

2005; Jansky et al., 2016). Previous work focusing on the

creation of homozygous inbred lines in diploid potato was

limited by self-incompatibility in diploid germplasm

(Hawkes, 1958; Cipar et al., 1964). However, the presence

of a dominant allele for the S-locus inhibitor gene Sli (Hos-

aka and Hanneman, 1998a) enabled inbreeding and the

development of the inbred M6 S. chacoense clone (Jansky

et al., 2014). Interestingly, although the M6 clone has been

inbred for seven generations it still exhibits considerable

residual heterozygosity, suggesting the possibility that

lethal or deleterious alleles could be maintained in repul-

sion with beneficial alleles (Jansky et al., 2014). The M6

clone has desirable agronomic traits such as high dry mat-

ter, good chip-processing qualities and disease resistance.

M6 was crossed as a male to the doubled monoploid

S. tuberosum Group Phureja DM1-3 516 R44 (DM1-3) clone

and the F1 population was self-pollinated to create an F2
population that permitted identification of a number of

quantitative trait loci (QTL) associated with agronomic

traits, including skin pigmentation, tuber flesh color, tuber

length-to-width ratio, presence of eye tubers, jelly end and

anther length (Endelman and Jansky, 2016). Access to a

diploid, selfing and inbred clone for potato provides a

major resource for shifting potato breeding from the more

challenging tetraploid genetic system to one with simple

diploid, inbred genetics (Lindhout et al., 2011; Jansky

et al., 2016).

Currently, an assembled genome sequence is available

for two species of potato, the reference genome of the dou-

bled monoploid S. tuberosum Group Phureja DM1-3 (The

Potato Genome Sequencing Consortium, 2011) and the

diploid wild species Solanum commersonii (Aversano et al.,

2015). The DM1-3 genotype was selected as the focus of the

Potato Genome Sequencing Consortium due to its homozy-

gosity (The Potato Genome Sequencing Consortium, 2011),

which significantly reduced the genome complexity permit-

ting assembly with the short-read Illumina technologies

available at the time (The Potato Genome Sequencing

Consortium, 2011). As a doubled monoploid derived from

an adapted diploid S. tuberosum Group Phureja clone

(Lightbourn and Veilleux, 2007) it provides a reference for

cultivated potato that includes S. tuberosum Group

Phureja, Group Tuberosum, Group Andigena and Group

Chilotanum clones. Solanum commersonii, a diploid spe-

cies with disease resistance and cold tolerance, is heterozy-

gous and is enriched in gene families that confer abiotic and

biotic stress tolerance (Aversano et al., 2015). To date, no

genome sequence is available for tetraploid potato due to

its highly heterogeneous genome that is rich in sequence

and structural variation (Pham et al., 2017), making it

intractable with current genome assembly methods.

In this study we generated the genome sequence of M6,

assembled pseudomolecules, identified the fraction of the

genome remaining heterozygous following seven genera-

tions of selfing, annotated the gene complement of M6,

compared the genomes of three potato species and identi-

fied key genes and gene clusters important in specialized

metabolism in M6, including the glycoalkaloid pathway.

These data, along with access to the M6 genome sequence

and annotation, will facilitate our understanding of the

genes responsible for key agronomic traits in potato, a

species critical for world food security.

RESULTS AND DISCUSSION

Genome assembly and assessment

We generated a draft genome assembly of M6 using a

suite of paired-end and mate pair libraries and the de novo

genome assembler ALLPATHS-LG (Gnerre et al., 2011)

(Table 1). Following assembly, a total of 16 704 gaps were

filled using GapCloser (Luo et al., 2012) with paired-end

sequences from three additional paired-end Illumina-com-

patible libraries not used in the initial assembly (Table 1).

Following gap filling, an assembly of 825 767 562 bp in

Figure 1. Morphology of the plant, leaves and flowers of Solanum cha-

coense M6.

Whole plant (left), leaves (top right) and flowers (bottom right).
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8260 scaffolds with an N50 scaffold size of 713 601 bp was

generated (Table 2). Flow cytometry estimated the genome

size of S. chacoense M6 as 882 Mb, similar in size to other

estimations of potato genome size (The Potato Genome

Sequencing Consortium, 2011; Aversano et al., 2015). The

completeness of the genome assembly was assessed by

alignment of paired-end reads to the genome assembly

using BWA-MEM (Li, 2013) and BUSCO, which identifies

the presence of curated plant single-copy orthologs in the

genome assembly (Simao et al., 2015). More than 98% of

the genomic paired-end read sequences aligned to the

assembly, of which, between 92.9 and 98.1% aligned in the

proper orientation (Table S1). With respect to the represen-

tation of genic sequences in the genome assembly, 96% of

the BUSCO core Plantae ortholog genes were represented

as full length in the genome assembly, with another 1%

present as partial sequences (C:96.0%[S:91.7%,D:4.3%],

F:1.0%,M:3.0%,n:1440). While RNA sequencing (RNA-Seq)

reads were generated from six tissues of S. chacoense M6,

we observed significant contamination with Potato Virus X

in a subset of the libraries and did not use them for quality

assessment of the assembly. Collectively, these metrics

suggest that the M6 assembly is highly representative of

the M6 genome, especially for genic regions.

Genome annotation

Genome annotation for the draft genome assembly

resulted in a set of 53 570 working models, 49 124 high-

confidence models representing 37 740 loci and 4446 low-

confidence models. With respect to the representation of

genic sequences in the annotated gene set, 95.4% of the

BUSCO core Plantae ortholog genes were represented as

full length with another 2.6% present as partial sequences

(C:95.4%[S:66.9%,D:28.5%],F:2.6%,M:2.0%,n:1440).

Construction of pseudomolecules

Scaffolds were anchored to the 12 chromosomes using

two genetic maps; one generated from a cross of

S. chacoense clone chc80-1 (USDA 8380-1 from accession

458310) (Sanford et al., 1996) with S. chacoense M6 (re-

ferred to as chc80-1 9 M6) and a second map generated

from a cross of DM1-3 by S. chacoense M6 (referred to as

DM1-3 9 M6) (Endelman and Jansky, 2016). Comparison

of common markers from these two genetic maps with the

DM reference genome sequence revealed high concor-

dance. Across the 12 chromosomes, the placement of scaf-

folds using genetic map positions in chc80-1 9 M6 were,

on average, 68% concordant with the placement based on

the DM1-3 9 M6 positions. Overall, 508 150 181 Mb (62%)

of the sequence was anchored to the 12 chromosomes,

representing 748 scaffolds and 29 989 high-confidence

genes mapping at 99% coverage and identity using GMAP

(Wu and Watanabe, 2005). Alignment of the 12 masked

S. chacoense M6 pseudomolecules to the 12 DM1-3 chro-

mosomes (v.4.04) (Hardigan et al., 2016) showed concordance

with the DM1-3 potato genome across all 12 chromosomes

(Figure S1 in the online Supporting Information).

Evaluation of the genome landscape

The M6 clone used in this study was an S7 individual, and

thus it is possible that some loci remain heterozygous and

both haplotypes are present in our assembly. Indeed, anal-

ysis of heterozygosity of M6 using a single nucleotide poly-

morphism (SNP) array revealed 892 (4.8%) heterozygous

loci in this S7 generation individual. However, the 8303 loci

represented in the SolCAP SNP array (Hamilton et al.,

2011) were pre-selected to be polymorphic across potato

accessions and thus may be biased in their representation

of overall genome heterozygosity. To assess residual

heterozygosity on a whole-genome scale we used a strin-

gent set of parameters to limit false positives and identi-

fied 1 414 890 biallelic SNPs from a total of 208 Mb of

assayable nucleotides (Figure S2), yielding a SNP fre-

quency of 0.68% across the whole genome. Interestingly,

heterozygosity was not evenly distributed throughout the

genome and enrichment of biallelic loci was evident on

SRA run number
Type of
library

No. of input read
pairs (trimmed)

Read
length (nt)

Fragment
size (bp) Use

SRR5264021 Paired end 128 785 528 100 166 ALL-PATHS
SRR5264022 Paired end 19 961 316 150 186 ALL-PATHS
SRR5264017 Paired end 215 772 234 160 250 ALL-PATHS
SRR5264020 Paired end 144 095 988 150 258 GapCloser
SRR5264019 Paired end 97 729 335 150 422 GapCloser
SRR5264018 Paired end 85 590 735 150 530 GapCloser
SRR5264016 Mate pair 69 401 744 160 3506 ALL-PATHS
SRR5264013 Mate pair 19 617 641 150 6177 ALL-PATHS
SRR5264015 Mate pair 56 697 303 160 6591 ALL-PATHS
SRR5264014 Mate pair 19 880 300 150 9621 ALL-PATHS

SRA, Sequence Read Archive; nt, nucleotides.

Table 1 Metrics of libraries used for de
novo assembly of the Solanum cha-
coense M6 genome

© 2018 The Authors
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three chromosomes, chromosome 4 (1.73% heterozygous

positions), chromosome 8 (2.37% heterozygous positions)

and chromosome 9 (2.10% heterozygous positions), com-

pared with a frequency of 0.26–0.69% heterozygous posi-

tions across the other nine chromosomes (Figures 2 and

S2). The regions of elevated heterozygosity corresponded

to areas of low gene density (genes per Mb), high repeat

coverage (% repeats per Mb) and low recombination rates

(Figures 2 and S2). Earlier studies in maize and rice

reported higher than expected levels of heterozygosity in

inbreds, and it was suggested that there may be a selective

advantage to heterozygosity in some regions (Cho et al.,

1998; McMullen et al., 2009). However, Gore et al. (2009)

suggested that residual heterozygosity is more likely to be

the product of low levels of recombination. It is possible

the heterozygous regions have been retained in the S. cha-

coense M6 genome due to beneficial alleles being linked

to deleterious alleles and maintained in repulsion. Deleteri-

ous alleles would be more abundant in genomic regions of

reduced recombination, requiring increased recombination

through sexual propagation to purge deleterious alleles

and increase homozygosity.

The highly reduced heterozygosity in M6 contrasts with

other reports of genome heterozygosity in diploid and tet-

raploid potato. The first genome-wide survey of heterozy-

gosity in potato utilized the 8303 SolCAP SNP chip,

revealing heterozygosity rates of 56% in tetraploid cultivars

(Hirsch et al., 2013) and 0.67–37.2% in a Solanum sect

Petota diversity panel that included wild species relatives

and landraces (Hardigan et al., 2014). In the Solanum sect

Petota diversity panel, the majority of wild species relatives

had SNP heterozygosity rates of less than 5%, including

Solanum jamesii, a highly diverged species from cultivated

potato, which had a SNP heterozygosity rate of 0.67%.

However, as noted above, these studies utilized a SNP

array in which features were pre-selected to be highly poly-

morphic in potato and thus are biased in representation of

true genome heterozygosity. Whole-genome assembly and

analysis of heterozygosity of the diploid wild species

S. commersonii (Aversano et al., 2015) revealed a SNP fre-

quency of 1.49%, a slightly elevated rate of heterozygosity

compared with M6. With the advent of inexpensive whole-

genome sequencing, less biased estimations of genome

heterozygosity are possible via resequencing and read

alignments to the S. tuberosum group Phureja DM v4.04

reference genome sequence, although technical challenges

in read alignments in repetitive or highly diverged regions

of the genome limit determination of the true heterozygos-

ity rate. Using a panel of 63 accessions that represent the

diversity of potato, including wild species, landraces and

cultivars, Hardigan et al. (2017) revealed mean heterozy-

gous nucleotide frequencies of 1.05% in diploid landraces

and 2.73% in tetraploid cultivars. Thus, while the M6 gen-

ome has localized regions of elevated heterozygosity on a

subset of chromosomes it has limited overall heterozygos-

ity and provides a robust germplasm for developing inbred

lines of potato.

Comparative analyses of three potato genomes

To assess relatedness and identify lineage-specific genes

in S. chacoense, we identified orthologs and close par-

alogs with OrthoFinder (Emms and Kelly, 2015) using the

predicted proteomes of Capsicum annum (pepper; Kim

et al., 2014), Nicotiana benthamiana (tobacco; Bombarely

et al., 2012), S. chacoense M6 (wild potato), S. commer-

sonii (wild potato; Aversano et al., 2015), Solanum lycoper-

sicum (tomato; The Tomato Genome Consortium, 2012),

Solanum melongena (eggplant; Hirakawa et al., 2014) and

S. tuberosum Group Phureja DM1-3 (cultivated potato;

Hardigan et al., 2016) (Table S2). A total of 262 882 genes

(79.8% of the total) were assigned to 23 261 orthogroups,

of which 11 398 had representation from all seven species

(Table S3, Figure 3). With this set of four non-tuberizing

Solanaceae species and three tuber-bearing potato species

we were able to identify genes unique to these three tuber-

bearing species, with a total of 384 orthologous groups

representing a total of 1897 genes that provide candidates

for studying the process of tuberization.

Uses for the S. chacoense M6 genome sequence and

annotation

Glycoalkaloid metabolism is a prevalent pathway in tuber-

bearing species, resulting in toxic products in fruit and

tubers (Friedman, 2006). Since S. chacoense accessions

have been shown to contain high levels of toxic steroidal

glycoalkaloids in tubers, gene occupancy analysis of

orthologous groups containing glycoalkaloid metabolism

genes was performed for all seven species. Occupancy

analysis of orthologous groups containing genes involved

in sesquiterpene synthase revealed increased gene occu-

pancy in the tuber-bearing species, S. tuberosum Group

Phureja (DM1-3), S. chacoense M6 and S. commersonii rel-

ative to other solanaceous species (Figure 4a). Next,

Table 2 Metrics of the Solanum chacoense M6 genome assembly

Metric M6 assembly

Total scaffold size 825 767 562 bp
No. of scaffolds 8260
N50 scaffold size 713 601 bp
NG50 scaffold sizea 650 452 bp
Maximum length of scaffolds 7 385 816 bp
Minimum length of scaffolds 909 bp
Average scaffold size 99 972 bp
Total anchored scaffold length 508 150 181 bp
Total unanchored scaffold length 317 617 381 bp
No. of gaps in the assembly 29 122

aEstimated genome size is 882 Mb.

© 2018 The Authors
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identification of gene clusters of secondary metabolites

was performed using plantiSMASH (Kautsar et al., 2017).

Gene cluster analysis identified five clusters of sesquiter-

pene synthase genes in the S. chacoense M6 genome on

the bottom arm of both chromosomes 6 and 9, syntenic to

sesquiterpene synthase genes located in DM1-3 and

tomato. Expression analyses across a developmental tis-

sue panel in S. chacoense M6 revealed that glycoalkaloid

genes showed different transcript abundances across

development, with differences in transcript abundance of a

subset of glycoalkaloid genes apparent in tubers of M6 rel-

ative to the tetraploid potato cultivar Missaukee (Fig-

ure 4b).

The S. chacoense M6 genome is also a useful resource

for understanding self-compatibility in diploid potato. Sola-

num chacoense M6 possesses self-compatibility due to a

single dominant S-locus inhibitor gene Sli, which prevents

gametophytic self-compatibility by the stylar S gene(s)

(Hosaka and Hanneman, 1998a) and is thus a valuable

resource for identifying important agronomic traits

required to facilitate diploid-based breeding of potato.

Linkage analysis mapped the Sli gene to the end of chro-

mosome 12 (Hosaka and Hanneman, 1998b), while the

self-incompatibility (S) locus is located on chromosome 1

in diploid potatoes (Gebhardt et al., 1991; Jacobs et al.,

1995; Rivard et al., 1996; Hosaka and Hanneman, 1998b).

Access to the S. chacoense M6 genome can provide addi-

tional resources for cloning and functional characterization

of the Sli gene.

Overall, the genome assembly of the diploid wild potato

species S. chacoense M6 provides a high-quality represen-

tation of the estimated 882-Mb genome, with a large per-

centage of the gene space and scaffolds anchored into 12

pseudomolecules. Single nucleotide polymorphism analy-

sis revealed regions of residual heterozygosity, especially

on chromosomes 4, 8 and 9. The genome annotation
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Figure 2. The Solanum chacoense M6 genome.

Gene density (genes per MB; top), repeat coverage (% per Mb; middle), single nucleotide polymorphism (SNP) density (SNPs per Mb; middle) and recombina-

tion rate (cM per Mb) for chromosomes 1, 8 and 9 in the M6 genome.
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yielded 37 740 functionally annotated genes and orthology

analysis revealed a core set of 158 367 Solanaceae genes

and 1897 genes unique to potato species. Taken together,

access to the S. chacoense M6 genome provides a

resource to accelerate potato breeding through the devel-

opment of inbred diploid potatoes.

EXPERIMENTAL PROCEDURES

Genome assembly and assessment

Tissue culture plantlets were grown using axillary buds and apical
shoots in Magenta boxes (PhytoTechnology Laboratories, https://
phytotechlab.com/) with MS media (PhytoTechnology Laborato-
ries, product no. M516) on light racks set to a 16-h/8-h day/night
photoperiod at 22°C and was DNA isolated from young leaves
using the cetyltrimethyl ammonium bromide method (Saghai-
Maroof et al., 1984). Illumina-compatible paired-end libraries (esti-
mated insert sizes of 166, 186 and 250 bp) and Nextera Mate Pair
libraries (estimated fragment sizes of 3.5, 6.2, 6.6 and 9.6 kb) were
constructed and sequenced on an Illumina HiSeq 2500. Paired-end
reads were assessed for quality using FASTQC (v.0.11.5) (FASTQC,
2017) and cleaned using Cutadapt (v.1.8) (Martin, 2011). Mate pair
libraries were processed with NextClip (v.1.3.1) (Leggett et al.,
2014) retaining trimmed reads containing the junction adapter
(type A, B and C). The filtered mate pairs were then cleaned with
Cutadapt (v.1.8) to ensure that the junction adapters were
removed. Reads (364 519 078 paired-end and 165 596 988 mate
pairs) were used with the ALLPATHS-LG assembler (v.51828) to
generate an initial assembly. Gaps were filled using GapCloser
(v.1.12r6) with paired-end sequences from three additional paired-
end Illumina-compatible libraries not used in the initial assembly
(estimated insert sizes of 258, 422 and 530 bp; Table 1).

Genome annotation

To provide transcript evidence for gene annotation, total RNA
was isolated from greenhouse-grown plants for six core

developmental tissues (Table S4) using an RNeasy Plant Mini Kit
(Qiagen, http://www.qiagen.com/). Paired-end libraries for RNA-
Seq were constructed using the Illumina TruSeq RNA-Seq Kit (Illu-
mina, Inc., https://www.illumina.com/). A single-stranded paired-
end library for RNA-Seq was constructed from young leaves using
the KAPA Stranded RNA-Seq library kit (Kapa Biosystems, https://
www.kapabiosystems.com/). All RNA-Seq libraries were
sequenced on an Illumina HiSeq 2000 platform, with the exception
of the stranded paired-end library which was sequenced on an Illu-
mina HiSeq 2500, assessed for quality using FASTQC (v.0.11.5)
(FASTQC, 2017), and cleaned using Cutadapt (v.1.8). The cleaned
RNA-Seq reads from the strand-specific leaf library were aligned
to the genome assembly with TopHat2 (v.2.0.12) (Kim et al., 2013)
using the following parameters: -i 20 –I 20 000 –library-type fr-first-
strand. Genome-guided transcriptome assembly was performed
for each alignment file for each RNA-Seq library using Trinity
(v.2.2.0) (Haas et al., 2013) with a maximum intron size of 5 kb and
a minimum contig length of 500 bp. Expression abundance for
each gene model (Table S5) was determined for the RNA-Seq
libraries and alignments described above using Cufflinks (v.1.3.0)
(Trapnell et al., 2010) with a maximum intron length of 10 kb.

To annotate the M6 genome, we first generated a repeat library
with RepeatModeler (v.1.0.8) (Smit and Hubley, 2015) on scaffolds
greater than 100 kb. Additionally, a repeat library of miniature
inverted-repeat transposable element (MITE) sequences was cre-
ated using MITEHunter (v.2011) (Han and Wessler, 2010) using the
default options. The repeat libraries were searched against a
curated library of plant protein-coding genes and sequences with
matches were trimmed or removed with ProtExcluder (v.1.1)
(Campbell et al., 2014). The cleaned repeat libraries were then
combined with the Viridiplantae repeats in Repbase (v.20150807)
(Jurka, 1998) to create a final custom repeat library (CRL). A repeat
masked assembly was generated using RepeatMasker (v.4.0.6)
(Smit et al., 2015) and the CRL using the –s and –nolow options. In
total, 60.7% of the M6 genome assembly was repeat masked
(Table S6).

Gene models were generated by first training AUGUSTUS
(v.3.1) (Stanke et al., 2006) with the genome-guided strand-specific
leaf RNA-Seq Trinity transcript assemblies, followed by running
AUGUSTUS (Stanke and Morgenstern, 2005) on the hard-masked
genome to generate gene predictions. The gene models were
refined using PASA2 (v.2.0.2) (Haas et al., 2003; PASA, 2017) using
the additional genome-guided transcriptome assemblies
(Table S4) as transcript evidence. The resulting working set of
gene models was categorized into high- and low-confidence gene
model sets based on expression evidence from the RNA-Seq
libraries, PFAM domain evidence and the absence of a full coding
sequence (CDS) in the gene model. Functional annotation was
assigned using custom pipeline using searches against the Ara-
bidopsis proteome (TAIR10) (Berardini et al., 2015; TAIR10, 2017),
Swiss-Prot (Bairoch and Apweiler, 2000) and PFAM (v.29) (Finn
et al., 2014).

Construction of pseudomolecules

Two independent mapping populations containing S. chacoense
M6 as a parent were used to anchor the scaffolds to the 12 chro-
mosomes and construct pseudomolecules. The first population
used was an F2 population derived from the cross of DM1-3 by
S. chacoense M6 (referred to as DM1-3 9 M6) (Endelman and
Jansky, 2016). For this population, 178 F2 progeny were geno-
typed. The second population used was an F2 population of 99
self-compatible progeny derived from a cross between the S. cha-
coense clone chc80-1 (USDA 8380-1 from accession 458310)
(Sanford et al., 1996) with S. chacoense M6 (referred to as chc80-
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Figure 3. UpSet plot of orthologous groups among seven solanaceous species.

Orthology analysis completed with Orthofinder (Emms and Kelly, 2015). Blue

bars represent the number of genes present in shared orthogroups, with species

occupancy per orthogroup represented by the black dot plot below each bar. Plot

visualized with UpSetR (Conway et al., 2017).
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1 9 M6). The genetic map of the DM1-3 9 M6 population was
generated using SNPs from the potato Infinium 8303 array (Endel-
man and Jansky, 2016). For the chc80-1 9 M6 population, the par-
ents and progeny were genotyped using the new Illumina�

Infinium 22K V3 Potato Array. This array contains the SNP from
the Infinium 8303 Potato Array with additional markers from the
Infinium high-confidence SNPs (69K) (Hamilton et al., 2011),
selected for genome coverage, candidate genes and regions with
resistance genes and SNPs that best performed from the SolSTW
20K array (Vos et al., 2015). A quality control and filtering process
was carried out to identify segregating markers. The genetic map
was constructed with 791 segregating markers using JoinMap
(v.4.1) (van Ooijen, 2006) with a minimum LOD score of 6 used to
define linkage groups. The Monte Carlo maximum likelihood map-
ping algorithm was used to calculate the linkage maps.

The first round of pseudomolecule construction was done using
2202 SNPs from the DM1-3 9 M6 population that matched to scaf-
fold positions in the S. chacoense M6 genome. Scaffolds were

then ordered using the known position of markers in the DM1-3
genome (v.4.03) (Sharma et al., 2013) to create an initial set of
ordered scaffolds on the 12 chromosomes. Additional scaffolds
were anchored and validated using genetic markers from the
chc80-1 9 M6 population. Markers matched a total of 922 posi-
tions to scaffolds in the S. chacoense M6 genome and scaffolds
were again ordered using the known position of markers on the
DM1-3 reference genome. Vmatch (v.2.2.5) (Abouelhoda et al.,
2004) was used to identify the corresponding location of each
SNP sequence in the S. chacoense M6 genome. For the DM1-
3 9 M6 population, SNP positions were replaced with ‘N’ and
matched against the masked S. chacoense M6 assembly, with a
minimum match length of 90, an edit distance of 3, and comput-
ing both direct and reverse complement matches. For the chc80-
1 9 M6 SNP positions were replaced with ‘N’ and matched
against the masked S. chacoense M6 assembly, with a minimum
match length of 60, an edit distance of 4 and computing both
direct and reverse complement matches. Comparison of the
S. chacoense M6 pseudomolecules was completed by performing
whole-genome sequence alignment of the 12 masked S. cha-
coense M6 pseudomolecules to the 12 DM1-3 chromosomes
(v.4.04) (Hardigan et al., 2016) using MUMmer (v.3.23) (Kurtz
et al., 2004). PROmer was run using -mincluster 500 –maxgap 20,
followed by delta filtering using –l 1000 –i 90 -1 (one-to-one align-
ment option).

Evaluation of the genome landscape

Gene density per Mb was calculated for annotated gene
sequences in the S. chacoense M6 genome in non-overlapping
windows using BEDTools makewindows and BEDTools coverage
(v.2.25.0) (Quinlan and Hall, 2010). Gene model coordinates from
the original S. chacoense M6 assembly were lifted over to the
new pseudomolecules using the pseudomolecule tiling path.
Repeat content was derived using the GFF file generated from
RepeatMasker (v.4.0.6) (Smit et al., 2015) and percent repeat con-
tent per Mb was calculated in non-overlapping windows as
described above. Gene content and repeat coverage were visual-
ized using R (v.3.2.3) (R Core Team, 2017).

Genomic reads from a single paired-end genomic DNA library
(SRR5264017) were aligned to S. chacoense M6 pseudomolecules
using BWA MEM (v.0.7.11r1034) and the alignment filtered with
SAMTools (v.0.1.19) (Li et al., 2009) retaining alignments that are
properly paired and have a mapping quality (MAPQ) > 30. The
BAM file was then sorted and duplicates marked with Picard
(v.2.1.1) (Picard, 2017). Reads were realigned around insertions/
deletions (InDels) using GATK IndelRealigner (v.3.7.0) (McKenna
et al., 2010). Variant calling was performed using SAMTools mpi-
leup (v.0.1.19) with the –E option and VCFtools (v.0.1.12b)
(Danecek et al., 2011). The variants were hard filtered using vcf-
annotate (VCFtools, v0.1.12b), requiring a maximum read depth of
120, a minimum read depth of 80, a minimum variant quality of
20 and a minimum RMS mapping quality of 10. The SNP density
was calculated as the number of SNPs per Mb in non-overlapping
windows using BEDTools makewindows and BEDTools coverage
(v.2.25.0) and visualized with R (v.3.2.3). Recombination rates (cM
per Mb) were calculated using the genetic and physical positions
on the S. chacoense M6 pseudomolecules of the SNPs mapped in
the DM1-3 9 M6 population. A 0.1 cubic spline interpolation
curved was fitted on Marey maps (Chakravarti, 1991) generated
for SNPs with genetic and physical concordant map positions.
Recombination rates were calculated as the derivative of the poly-
nomial curve generated from predicted cM positions and the cor-
responding Mb positions (Yu et al., 2001). Calculations were
made using JMP� 10 SAS Institute Inc. (https://www.sas.com/).

Figure 4. Glycoalkaloid expression in seven species in the Solanaceae.

(a) Gene occupancy analysis of orthologous groups containing genes

involved in sesquiterpene synthase in seven Solanaceae species.

(b) Expression abundance [fragments per kilobase of transcript per million

mapped reads (FPKM), log2-transformed] of glycoalkaloid metabolism

genes in six tissues in diploid S. chacoense M6 and tetraploid tuber tissue

(Missaukee).
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Availability of supporting information

Raw reads for the genomic DNA and RNA-Seq libraries have been
deposited in the National Center for Biotechnology Information
Sequence Read Archive (SRA) under BioProject PRJNA362370.
The assembled genome and associated annotation are available
via the Dryad Digital Repository (https://datadryad.org//resource/
doi:10.5061/dryad.kc835) and via Spud DB (http://potato.plantbiol
ogy.msu.edu/).
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