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Abstract
Key message A major QTL on chromosome 2 associated with leptine biosynthesis and Colorado potato beetle resist-
ance was identified in a diploid S. chacoense  F2 population using linkage mapping and bulk-segregant analysis.
Abstract We examined the genetic features underlying leptine glycoalkaloid mediated Colorado potato beetle (Leptinotarsa 
decemlineata) host plant resistance in a diploid  F2 mapping population of 233 individuals derived from Solanum chacoense 
lines USDA8380-1 and M6. The presence of foliar leptine glycoalkaloids in this population segregated as a single dominant 
gene and displayed continuous distribution of accumulated quantity in those individuals producing the compound. Using 
biparental linkage mapping, a major overlapping QTL region with partial dominance effects was identified on chromosome 
2 explaining 49.3% and 34.1% of the variance in Colorado potato beetle field resistance and leptine accumulation, respec-
tively. Association of this putative resistance region on chromosome 2 was further studied in an expanded  F2 population 
in a subsequent field season. Loci significantly associated with leptine synthesis colocalized to chromosome 2. Significant 
correlation between increased leptine content and decreased Colorado potato beetle defoliation suggests a single QTL on 
chromosome 2. Additionally, a minor QTL with overdominance effects explaining 6.2% associated with Colorado potato 
beetle resistance donated by susceptible parent M6 was identified on chromosome 7. Bulk segregant whole genome sequenc-
ing of the same  F2 population detected QTL associated with Colorado potato beetle resistance on chromosomes 2, 4, 6, 7, and 
12. Weighted gene co-expression network analysis of parental lines and resistant and susceptible  F2 individuals identified a 
tetratricopeptide repeat containing protein with a putative regulatory function and a previously uncharacterized acetyltrans-
ferase within the QTL region on chromosome 2, possibly under the control of a regulatory Tap46 subunit within the minor 
QTL on chromosome 12.

Introduction

The Colorado potato beetle (Leptinotarsa decemlineata 
Say, Coleoptera: Chrysomelidae) is the most widespread 
and destructive insect defoliator of potato crops worldwide. 
Both larvae and adult beetles consume potato leaves and 
stems, inflicting yield losses of 30–50% (Alyokhin et al. 
2012; Vreugdenhil et al. 2007), depending on the timing of 
the defoliation within the plant growth cycle (Hare 1980). 
Control of the Colorado potato beetle historically relied 
heavily on the use of insecticides (Grafius and Douches 
2008), beginning with the use of arsenical compounds in 
1871 (Riley 1871). However, Colorado potato beetle resist-
ance is reported for most major classes of synthetic insecti-
cides and over 50 different active ingredients (APRD 2019) 
necessitating more frequent sprays and higher application 
rates (Mota-Sanchez et al. 2006). Resistant populations of 

Communicated by Jeffrey Endelman.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0012 2-020-03619 -8) contains 
supplementary material, which is available to authorized users.

 * Natalie Kaiser 
 kirkwyla@msu.edu

1 Department of Plant, Soil and Microbial Sciences, 1130 C 
Molecular Plant Sciences, Michigan State University, 1066 
Bogue Street, East Lansing, MI 48824, USA

2 Department of Entomology, Michigan State University, 
East Lansing, MI 48824, USA

3 International Potato Center (CIP) CGIAR, Lima, Peru

http://orcid.org/0000-0001-5515-6107
http://crossmark.crossref.org/dialog/?doi=10.1007/s00122-020-03619-8&domain=pdf
https://doi.org/10.1007/s00122-020-03619-8


2584 Theoretical and Applied Genetics (2020) 133:2583–2603

1 3

Colorado potato beetle are found across the entirety of its 
range but are most prevalent in its North American region 
of origin (Izzo et al. 2018; Whalon et al. 2008), where great-
est insect genetic diversity has been exposed to the longest 
period of intensive pesticide application (Alyokhin et al. 
2008). Availability and effective implementation of Colo-
rado potato beetle resistant varieties could reduce both the 
environmental impact and the economic burden to growers 
of repeated insecticide applications.

Cultivated potato Solanum tuberosum Group Tubero-
sum L (2n = 4x = 48) naturally produces secondary metabo-
lites in the form of glycoalkaloids with antimicrobial and 
insecticidal properties (Lachman et al. 2001; Tingey 1984). 
Host plant resistance efficacy is dependent on both total 
leaf glycoalkaloid accumulation and the production of spe-
cific glycoalkaloids. For example, the common glycoalka-
loids α-chaconine and α-solanine are present in leaves of 
Colorado potato beetle susceptible varieties in insufficient 
amounts to inhibit insect feeding (Friedman and McDonald 
1997; Sinden et al. 1980). Accessions of the wild, diploid 
species S. chacoense produce the potent glycoalkaloids lep-
tines I/II that deter Colorado potato beetle feeding through 
a cholinesterase inhibiting and cell membrane disruption 
mechanism (Sanford et al. 1996; Sinden et al. 1980, 1986; 
Tingey 1984). Unlike α-chaconine and α-solanine, lep-
tines are present only in aerial tissue and thus do not pose 
a hazard to human health (Mweetwa et al. 2012). While a 
dose-dependent, neuroreceptor specific to leptine I has been 
identified in Colorado potato beetle (Hollister et al. 2001), 
the minimum foliar leptine concentration required to reduce 
Colorado potato beetle feeding has yet to be established 
(Deahl et al. 1991; Rangarajan et al. 2000).

Leptines were first implicated in Colorado potato bee-
tle resistance by Sinden et al. (1986) in the S. chacoense 
accession USDA8380-1 (80-1). Leptines I and II are acety-
lated forms of the ubiquitous glycoalkaloids α-chaconine 
and α-solanine, respectively, and are hypothesized to share 
a common precursor (Ronning et al. 1998). The leptinines 
I/II also present in 80-1 are proposed to be intermediates 
between α-chaconine/α-solanine and leptines I/II but do not 
exhibit strong Colorado potato beetle antifeedant proper-
ties (Lorenzen et al. 2001; Stürekow and Löw 1961; Yencho 
et al. 2000). Glycoalkaloids are composed of a cholesterol-
derived skeleton, or aglycone, and a glycosidic group. Cho-
lesterol, produced via the mevalonate pathway, is converted 
to solanidine which is then glycosylated in two separate 
reactions to produce α-chaconine and α-solanine (Kumar 
et al. 2017). It has been proposed that the aglycone sola-
nidine is first modified to generate the leptinine aglycone 
leptinidine by a hydroxylation at C-23 (Lawson et al. 1993; 
Osman et al. 1987; Silhavy et al. 1996). Acetylation of the 
resulting hydroxyl group is proposed to yield the leptine 
aglycone acetyl-leptinidine (Lawson et al. 1993; Osman 

et al. 1987). Subsequent glycosylation of each aglycone 
would give rise to leptinines and leptines.

Several recessive genes are hypothesized to control the 
presence of leptines (Boluarte-Medina et al. 2002; Hut-
vágner et al. 2001; Manrique-Carpintero et al. 2014; Ron-
ning et al. 1999; Sagredo et al. 2006). Loci associated with 
leptine synthesis were identified on potato chromosomes 1, 
2, 7, and 8 (Manrique-Carpintero et al. 2014) and two com-
plimentary epistatic loci associated with the synthesis of 
aglycones leptinidine and acetyl-leptinidine were mapped 
to chromosomes 2 and 8, respectively (Sagredo et al. 2006). 
Yet despite decades of research, the genetic underpinnings 
of leptine biosynthesis and accumulation remain elusive and 
introgression of this trait into cultivated material has not 
been achieved (Ginzberg et al. 2009; Grafius and Douches 
2008; Manrique-Carpintero et al. 2014). Consequently, there 
are currently no Colorado potato beetle resistant cultivars 
with commercial acreage.

Investigation of S. chacoense derived Colorado potato 
beetle resistance at the diploid level using interspecific 
populations is difficult (Boluarte-Medina et al. 2002; Veil-
leux and Miller 1998). Interspecific hybridization may dis-
rupt unique beneficial allelic combinations underlying this 
trait in S. chacoense and could affect recombination rates 
as reported by (Manrique-Carpintero et al. 2016). Moreo-
ver, diploid potatoes are largely self-incompatible due to 
a gametophytic system which precludes the generation of 
large  F2 or recombinant inbred line mapping populations. In 
the S. chacoense diploid inbred line M6, however, the self-
incompatibility system is inactivated by the dominant allele 
of the S-locus inhibitor gene Sli on chromosome 12 (Jan-
sky et al. 2014). We propose that M6-mediated introduction 
of self-compatibility into Colorado potato beetle resistant 
germplasm provides an ideal system to study, understand 
and exploit this mechanism of host-plant insect resistance 
in potato. To that end, we employed combined bi-parental 
linkage mapping and whole-genome sequencing bulk seg-
regant analysis in a diploid  F2 S. chacoense population. Here 
we describe the identification of a major QTL region on the 
long arm of chromosome 2 explaining 49.3% and 34.1% of 
the variance in Colorado potato beetle field resistance and 
leptine accumulation, respectively. Minor QTL on chromo-
somes 4, 6, 7, and 12 associated with Colorado potato beetle 
field resistance are also discussed.

Materials and methods

Plant material

Twenty  F1 hybrids were generated from a cross between the 
S. chacoense clone USDA8380-1 (PI 458310, 80-1) and the 
S. chacoense self-compatible inbred line M6 (Jansky et al. 
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2014). Clone 80-1 is largely homozygous, based on SNP 
genotyping described below, produces high levels of lep-
tines, comprising 90% of total leaf glycoalkaloids (Sanford 
et al. 1996) and is resistant to Colorado potato beetle defolia-
tion (Sanford et al. 1997) while M6 does not produce lep-
tines and is susceptible to Colorado potato beetle defoliation 
(Crossley et al. 2018). A single  F1 individual demonstrating 
robust self-compatibility, Colorado potato beetle resistance 
and high heterozygosity based on SNP marker genotype was 
selected for self-pollination to produce 700 diploid  F2 seed-
lings. Of these, 325 individuals grew and developed and 305 
were determined to be self-compatible. Self-compatibility 
was evaluated by a maximum of 50 self-pollinations of each 
 F2 individual under greenhouse conditions for the purpose 
of creating a recombinant inbred line population for future 
genetic studies. A total of 233  F2 self-compatible individuals 
were randomly selected to constitute the mapping popula-
tion. All plant material was maintained in tissue culture by 
nodal propagation in modified Murashige and Skoog media 
(MS salts at 8.8 g/L, 3% sucrose, pH 5.8 and 0.6% plant 
agar) at 25 °C under a 16-h photoperiod, permitting repli-
cated experiments of these individuals in Michigan because 
the parental lines,  F1 and  F2 progeny do not readily tuberize 
under long day conditions of northern latitudes.

Developmental resistance profiling of parental lines

Host plant resistance to Colorado potato beetle larval feed-
ing was assessed using a detached-leaf no-choice assay. No-
choice assays are a tool to measure insect behavior such as 
feeding, oviposition, and larval survival to maturity when 
exposed to plant material from a single genotype. Newly 
hatched Colorado potato beetle larvae have limited mobil-
ity and thus their food source is largely dependent on adult 
maternal oviposition preference. No-choice neonate assays 
mimic this situation where the insect must feed or starve. 
Minimal, or a complete lack of, adult feeding in a no-choice 
setting also provides strong evidence that the genotype is not 
a suitable host. However, feeding on a sub-optimal host may 
be artificially inflated by virtue of the containment.

No-choice detached leaf assays of parental lines were 
conducted using Colorado potato beetle first instars. Eggs 
from a colony initially collected from Long Island, NY and 
maintained in culture for use in laboratory bioassays were 
purchased from French Agricultural Research Incorporated 
(Lamberton, MN). Eggs and newly hatched neonates were 
maintained on foliage of S. tuberosum commercial cultivar 
‘Atlantic’ plants grown in greenhouse facilities at Michi-
gan State University. Nine plants each of 80-1 and M6 were 
grown in the greenhouse from in vitro plantlets (N = 18) that 
had been repropagated on the same day. At 7 weeks post-
transplant, the first six fully-expanded leaves were harvested 
from three randomly chosen plants of each line. Each leaf 

was placed separately in a 6.35 cm floral tube (Tezula Plants, 
FL) on filter paper in a 150 mm diameter Petri dish. Five 
neonates were placed on separate leaflets of each leaf using 
a paintbrush. Petri dishes were arranged on shelves under 
fluorescent lights (30 umol m-2 s-1) and 16-h photoperiod. 
Percent defoliation, larval mortality, and larval development 
was visually assessed at 5 timepoints: 1, 3, 5, 7, and 9 days 
after neonates were placed on the leaves. Percent defoliation 
was estimated visually as the percent of the total foliage 
consumed by the larvae from 0 to 100% in increments of 5%. 
For lines with minimal feeding between 0 and 4% estimates 
were as follows: 0.0% = no feeding, 0.5% = pinhole feeding 
that did not penetrate the leaf, 1–4% = one or more pinholes 
of 1 mm diameter that completely penetrated the leaf. Larval 
mortality was calculated as the number of dead larvae in 
each Petri dish at the time of observation divided by five and 
multiplied by 100%. The developmental instar of each living 
larva was determined according to estimated head width, 
body length and pronotum coloration. The no-choice assay 
was repeated at 12- and 15-week post-transplant using three 
previously unsampled plants for each genotype, using the 
same method. This resulted in 54 individual assays per line 
(6 leaf positions × 3 time points × 3 replicates) using a total 
of 540 larvae. Statistical analyses of differences in larval 
mortality and defoliation between lines and leaf age were 
accomplished using Tukey’s HSD (α = 0.05) in  JMP® (Ver-
sion Pro 13. SAS Institute Inc., Cary, NC).

Glycoalkaloid analysis

Sample preparation and extraction

Glycoalkaloid content is strongly influenced by environmen-
tal factors (Mondy and Gosselin 1988; Mondy et al. 1987; 
Mondy and Munshi 1990; Morris and Petermann 1985; 
Sinden et al. 1984; Sinden and Webb 1972; Slanina 1990; 
Van Gelder and Dellaert 1988). To mitigate environmen-
tally induced variation, foliar glycoalkaloids were extracted 
from greenhouse grown plants. One plant each of the two 
parental lines (M6 and 80-1), their  F1 hybrid, and the 233  F2 
individuals (N = 236) were grown in the greenhouse under a 
16-h photoperiod at 20 °C in 3.8 L pots. Since accumulation 
of the novel glycoalkaloids leptine I/II in leaves of the resist-
ant parental line, S. chacoense 80-1, increases with matu-
rity (Mweetwa et al. 2012) foliar tissue samples were taken 
15-wks post-germination for analysis to ensure glycoalka-
loid detection. Five leaflets from the fourth fully-expanded 
leaf were pooled for each genotype in a 15 mL Corning tube, 
flash frozen and stored at − 80 °C prior to lyophilization 
for 72 h. The freeze-dried tissue was ground, and 50 mg 
of powder was extracted in 1 mL of solution (49% HPLC 
grade methanol, 49% sterile water, 1% glacial acetic acid, 
0.1% formic acid). The samples were briefly vortexed and 



2586 Theoretical and Applied Genetics (2020) 133:2583–2603

1 3

incubated at 60 °C for 30 min before centrifugation for one 
minute at 14,000 rpm. The supernatant was filtered through 
a 0.22 um  Corning®  Costar® Spin-X® centrifuge tube and 
diluted 1:100 in extraction solution containing internal 
standard Telmisartan at a final concentration of 0.5 uM.

Glycoalkaloid quantification

Glycoalkaloids were analyzed using Waters Acquity (Waters 
Corporation, MA, USA) high performance liquid chroma-
tography (Quattro Micro) coupled with tandem mass spec-
trometry (HPLC–MS/MS). Compounds were separated on 
a C-18 reverse-phase column. Glycoalkaloids were eluted in 
a binary gradient system composed of Solvent A (LC–MS 
grade water, 0.1% formic acid) and Solvent B (LC–MS grade 
acetonitrile) at a flow rate of 0.3 mL/min at 25 °C. The fol-
lowing stepwise gradient was implemented: 90% A, 10% B; 
2:00 min, 40% A, 60% B; 2:01, 0% A, 100% B; 3:01, 90% 
A, 10% B. Each sample was injected at a volume of 10 uL in 
triplicate (N = 678). The mass spectrometer was operated in 
positive ion mode. Mass spectroscopy data were acquired by 
the Waters MassLynx software and processed using Waters 
Quanlynx MS Software. Molar concentrations were deter-
mined using standard curves of purified α-solanine and 
α-chaconine (Sigma-Aldrich) in a range from 0.01 to 40.0 
uM. The response factors for α-chaconine and α-solanine 
were used for leptine I and leptine II, respectively.

Field trial Colorado potato beetle phenotyping

Field trials were conducted in 2017 and 2018 at the Michi-
gan State University Montcalm Research Center (Lakeview, 
MI) in a field planted annually with untreated, susceptible 
potato plants and naturally infested with overwintering Colo-
rado potato beetles for at least four decades (Coombs et al. 
2003). The beetle population on this research farm has a 
history of resistance to commonly-used potato insecticides 
(Ioannidis et al. 1991, 1992; Szendrei 2014). To provide 
food for emerging beetles prior to transplanting research 
lines, tuber seed pieces of the commercial cultivar ‘Atlan-
tic’ was planted around, and in alternate rows of, the study 
area on 19 April 2017 and 25 April 2018. These untreated, 
susceptible plants also serve to maintain high beetle densi-
ties uniformly throughout the field. Adult beetles emerged 
from the soil within the field the weeks of 21 May 2017 
and 28 May 2018. The trial area and borders were ferti-
lized and irrigated according to best management practices, 
but no insecticides were applied to the field. Damage by 
other potato insect pests, such as potato leafhopper, were not 
observed at this field location in 2017 or 2018.

In 2017, nine in vitro plantlets of each research line 
(2 parental lines, their  F1 hybrid, and 151  F2 individu-
als) and susceptible check ‘Atlantic’ were transplanted to 

trays in the greenhouse, grown for 6 weeks (16-h photo-
period, 20 °C) and transplanted in the field on 2 June 2017 
(N = 1395). At this time, all transplants were intention-
ally the approximate same age and maturity of the ‘Atlan-
tic’ spreader rows. A randomized complete block design 
consisting of three replications of three plants was used. 
Percent defoliation of each three-plant plot was assessed 
visually each week, beginning on 7 June 2017 and con-
tinuing for a total of 7 weeks, at which point the ‘Atlantic’ 
check was completely defoliated and beetles left the plots. 
Over the 7 weeks, defoliation was caused by overwintered 
adults, first-generation larvae, and second-generation 
adults and larvae.

Defoliation data were used to calculate the area under the 
defoliation curve (AUDC), comparable to the area under 
the disease progression curve (Shaner and Finney 1977). To 
determine the relative AUDC (RAUDC) for each plot over 
the seven-week observational period, the AUDC for each 
plot was divided by the maximum defoliation observation 
for that plot (e.g. 4900 if 100% of the plot was defoliated 
by the 49th day of the trial). Data were analyzed in  JMP® 
(Version Pro 13. SAS Institute Inc., Cary, NC). Levene’s 
test revealed unequal variances (P < 0.0001) and accord-
ingly non-parametric Kruskal–Wallis tests were used for 
pairwise comparison (α = 0.05). Phenotypic extremes (the 
ten-most susceptible and ten-most resistant  F2 individuals) 
were selected for field evaluation the following year.

In 2018, five replications of five plants each of the paren-
tal lines, the  F1 hybrid, and the 20 phenotypic extremes 
from the  F2 generation were transplanted to the field on 11 
June. ‘Atlantic’ was again included as a susceptible check 
and ‘Atlantic NewLeaf,’ a deregulated genetically modified 
clone expressing the Bacillus thuringiensis Cry3A protein, 
was used as a resistant check (N = 625). Two complete bee-
tle generations were observed during the field season. Bee-
tle pressure in 2018 was observed to be less than in 2017. 
Beginning on 11 June 2018, defoliation data were collected 
weekly for 5 weeks, after which beetles were no longer feed-
ing. This shorter experimental duration period was deter-
mined by the beetle development pattern and environmental 
conditions in this year. The RAUDC was calculated for each 
plot, using a similar method as in 2017.

To account for the non-normality of the data, we used 
Spearman’s rank correlation coefficients in  JMP® (Version 
Pro 13. SAS Institute Inc., Cary, NC) to test the relationship 
between measured traits for both years. The mean of techni-
cal replicates was used to calculate correlations coefficients 
for compound concentrations (mg/g DW) of individual 
measured glycoalkaloids, total measured glycoalkaloids 
and the ratio of acetylated glycoalkaloids to nonacetylated 
glycoalkaloids [mean total leptines (mg/g DW)]/[mean 
α-chaconine (mg/g DW) + mean α-solanine (mg/g DW)]. 
Means of biological replicates (plots) were used to calculate 
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correlation coefficients for field defoliation (RAUDCx100) 
for each individual in both years.

SNP genotyping and linkage analysis

Genomic DNA was extracted from freeze-dried leaf tissue 
of the two parental lines, their  F1 hybrid, and the 233  F2 
individuals following the Mag-Bind® Plant DNA Plus 96 
Kit protocol (Omega Bio-tek, Norcross, GA). SNP geno-
typing was performed using the Illumina Infinium Potato 
22K V3 Array, including a genome wide marker selection 
from different sources, (Felcher et al. 2012; Hamilton et al. 
2011; Vos et al. 2015) at Michigan State University. Filtering 
removed SNPs that were monomorphic for all individuals, 
SNPs with > 10% progeny missing genotype, and SNPs with 
missing parental genotypes. This resulted in 754 segregating 
markers distributed across the 12 chromosomes.  Joinmap® 
5.1 (Van Ooijen 2006) was used to create the 12 linkage 
groups using the  F2 population type. The physical position 
of mapped SNPs from the Illumina V3 Array on the potato 
doubled monoploid S. tuberosum clone DM1-3 (DM) pseu-
domolecules (PGSC Version 4.03) was used to compare 
genetic and physical maps. The physical length of each chro-
mosome was calculated by subtracting the first megabase 
(Mb) position of mapped loci on each chromosome from 
the last position. Total physical map length was the sum of 
the physical map lengths for each of the 12 chromosomes. 
Map coverage for each chromosome was reported as the total 
distance in Mb covered by SNP positions divided by the total 
length of each DM Version 4.03 assembled chromosome. 
Total map coverage was reported as the total distance (Mb) 
covered by all 12 chromosomes divided by the total distance 
of all 12 DM Version 4.03 assembled chromosomes. Aver-
age distances between loci mapped in each chromosome was 
calculated by summing all the individual interlocus intervals 
in cM and divided by the total number of intervals, and the 
average from chromosome average intervals for the overall 
genome. Concordance between the reference DM genome 
(PGSC Version 4.03) and the linkage map was tested by 
creating Marey maps comparing the genetic position (cM) 
to the physical position (Mb) of each SNP in  JMP® (Version 
Pro 13. SAS Institute Inc., Cary, NC). Deviation from the 
expected 1:2:1 (homozygous:heterozygous:homozygous) 
genotypic class frequencies was calculated by Chi squared 
tests of each SNP at three significance levels (P < 0.05, 
P < 0.01, P < 0.001). The significance of distorted segrega-
tion was reported as the minus logarithm of the Chi square 
test p value.

QTL analysis was performed in  MapQTL® 6 software 
(Van Ooijen and Kyazma 2009) using interval mapping to 
first identify major QTL for Colorado potato beetle defo-
liation (mean RAUDC x 100), accumulation of leptine I, 
leptine II, total leptines, α-solanine, α-chaconine, and total 

glycoalkaloids as well as the ratio of acetylated to non-acet-
ylated glycoalkaloids. A 1000 × permutation test was run for 
each trait to establish the LOD threshold corresponding to a 
genome wide false positive rate of 5%. Markers with LOD 
scores exceeding this threshold were used as cofactors in 
multiple-QTL-mapping (MQM). Final reported LOD scores 
were determined by MQM and MapChart (v 2.32) (Voorrips 
2002) was used to visualize the results. To identify QTL 
associated with leptine synthesis, leptine accumulation data 
were converted to presence/absence and coded 1/0. QTL 
were detected using the nonparametric Kruskal–Wallis test 
and significance threshold of P = 0.0001 in  MapQTL® 6 
software (Van Ooijen and Kyazma 2009).

Phenotypic validation of Colorado potato beetle 
resistance extremes in vitro

Detached‑leaf choice bioassays with adults

Host plant resistance to Colorado potato beetle adult feed-
ing was assessed using a detached-leaf choice assay. Choice 
assays, where insects are confined with multiple host geno-
types, offered insight into Colorado potato beetle host prefer-
ences under field conditions. Assays on the 20 phenotypic 
extremes (the ten-most susceptible and ten-most resistant) 
of the  F2 generation (Table S1) were conducted using adult 
beetles collected from the Montcalm Research Center and 
undamaged leaves collected from plants in the 2018 field 
trial. An undamaged, fourth fully-expanded leaf was selected 
from three plants of each line 4 weeks after transplanting to 
the field. Leaves were placed in a 2.35 cm floral tube (Tezula 
Plants, FL) filled with distilled water. Each choice arena con-
sisted of a 25.4 × 30.5 cm disposable foil cake pan with a 
fitted plastic lid (Gordon Food Service, Grand Rapids, MI), 
with a piece of moist cheese cloth placed in the bottom. Each 
arena was large enough to hold ten leaves. The single leaves 
from five resistant and five susceptible lines were randomly 
selected to be tested in each arena; this resulted in a total of 
six arenas (pans) to test each of the 20 lines in triplicate. Ten 
adult beetles were placed on the cheesecloth in the center 
of each arena. Pans were held at room temperature under 
fluorescent lights (30 umol  m−2 s−1) on a 16-h photoperiod. 
After 48 h, defoliation was visually scored as the percent of 
each leaf consumed.

Detached leaf no‑choice bioassays with larvae

Three plants of the parental lines and the 20 resistance 
extremes were also grown in the greenhouse in 2018 from 
in vitro plantlets (N = 66). No-choice first instar detached 
leaf assays were conducted using the fourth fully-expanded 
leaf of each plant according to methodology described 
for developmental profiling of parental lines at 12-wks 
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post-transplant. Non-parametric Kruskal–Wallis tests were 
used for pairwise comparison of defoliation among lines 
(α = 0.05) in  JMP® (Version Pro 13. SAS Institute Inc., Cary, 
NC) in both choice and no-choice bioassays. Spearman’s 
rank correlation coefficients (ρ) were used to compare both 
bioassay phenotypes to the beetle resistance phenotypes 
observed in the two field seasons and measured glycoalka-
loids for these 20  F2 individuals.

Glycoalkaloid profiling

At the same time the no-choice bioassays were conducted, 
glycoalkaloids were extracted from a pooled sample of the 
terminal leaflet from three biological replicates of the third 
fully-expanded leaf for each genotype (N = 22) and quanti-
fied as described above.

Whole genome sequencing bulk segregant analysis

Sample preparation and sequencing

Tissue was harvested by hole punching a young, terminal 
leaf of the two parental lines and the 20 phenotypic extremes 
of the  F2 generation (Table S1). A single hole punch from 
the ten susceptible and ten resistant individuals were bulked 
to form a susceptible sample and a resistant sample prior 
to DNA extraction using the Qiagen DNAeasy Plant Mini 
Kit. Illumina libraries were prepared using the TruSeq DNA 
sample prep kit and sequenced in paired-end mode (150 nt) 
on the Illumina Hiseq platform to 30 × depth for parental 
lines and 10 × depth for resistant and susceptible bulks.

Read alignment and variant calling

Raw reads were processed with Trimmomatic (v0.35) (MIN-
LEN = 100, LEADING = 3, TRAILING = 3, SLIDINGWIN-
DOW = 4,20) to remove adapters, primers and low-quality 
bases (Bolger et al. 2014). As currently only 508 Mb of the 
826 Mb S. chacoense M6 assembly (Leisner et al. 2018) is 
anchored to the 12 chromosomes, we aligned trimmed reads 
from bulk samples to an alternate M6 assembly built from 
the more complete Solanum tuberosum DM pseudomol-
ecules (PGSC Version 4.03) (henceforth referred to as the 
M6-corrected DM assembly). First, cleaned M6 reads were 
aligned to the DM genome using BWA-mem (v0.7.12.r1044) 
(Li 2013) in paired-end mode. The resulting alignments were 
sorted, depurated from duplicates and indexed using Picard 
tools (v1.113) (broadinstitute.github.io/picard) and indel 
realignment performed with the Genome Analysis Toolkit 
(GATK, v3.5.0) (DePristo et al. 2011). SNPs and indels 
were subsequently called using GATK HaplotypeCaller, 
employing a standard minimum confidence threshold for 
calling of 20.0. Called variants were subject to hard filtering 

using the GATK VariantFiltration tool with the following 
parameters: quality by depth < 10.0, mapping quality < 40, 
strand bias estimated by Fisher’s exact test > 60.0, Haplo-
type Score > 13.0, mapping quality rank sum test less than 
− 12.5, read position rank sum test less than − 8.0. Using 
the FastaAlternateReferenceMaker utility in GATK, bases in 
the DM assembly were replaced at variation sites with bases 
supplied by this SNP set. Alignments of resistant and sus-
ceptible bulk reads to this M6-corrected DM assembly were 
then processed, and variants called and filtered as described 
for M6, with the exception that SNPs and indels were called 
jointly in all samples using GATK HaplotypeCaller and 
GATK GenotypeGVCF.

Bulk‑segregant analysis

A total of 11,070,484 SNPs resulting from alignment of bulk 
samples to the M6-corrected DM assembly were imported 
into R (v1.1.423) and further filtered by reference allele fre-
quency to remove 5,000,179 SNPs over or under-represented 
in both bulks, SNPs with read depth discrepancies > 100 
between bulks, and SNPs with total depth < 10 and > 200. 
We independently assessed the differences in allele fre-
quency between the resistant and susceptible bulks using 
the G’ statistic method proposed by Magwene et al. (2011), 
which accounts for linkage disequilibrium and minimizes 
SNP calling error noise, within the R package QTL-seqr 
(Mansfeld and Grumet 2018). Briefly, SNPs were counted 
in a one Mb sliding window and a tri-cubed ΔSNP-index 
calculated within each window. A SNP-index is the pro-
portion of reads with a SNP that differs from the sequence 
of the susceptible reference genome. A SNP-index value of 
0 indicates that all read sequences in the bulk contain the 
reference allele. Conversely, if all reads contain the non-
reference allele the SNP-index = 1. The ΔSNP-index is the 
difference in SNP-index between resistant and susceptible 
pools and is expected to be 0 in regions not associated with 
the trait of interest. Both p-values and genome-wide Ben-
jamini–Hochberg FDR (Benjamini and Hochberg 1995) 
adjusted p-values are calculated for each SNP. We used an 
absolute ΔSNP-index value of 0.1 to filter outlier regions 
and an FDR of 0.01 to identify significant QTL associated 
with Colorado potato beetle resistance.

Gene expression of Colorado potato beetle 
resistance extremes

Sample preparation and RNA sequencing

Three strongly resistant and three susceptible  F2 individuals 
were selected from the 20 characterized phenotypic extremes 
for expression profiling. The resistant individuals selected 
contained leptines and the susceptible individuals did not 
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contain leptines (Table S1). Three in vitro plants of each  F2 
individual and the two parental lines were grown in a growth 
chamber (20 °C, 16-h photoperiod, 70% relative humidity) 
(N = 24). RNA was isolated from leaf tissue at 16-week post-
transplant using the Qiagen RNeasy Plant Mini Kit. Sam-
ples were Turbo DNase (Thermo Fisher Scientific, Waltham, 
MA, USA) treated, and RNA concentration and quality were 
measured using Qubit 2.0 Fluorometer (Life Technologies, 
Inc., Carlsbad, CA, USA) and the Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA, USA). All sam-
ples had a minimum RNA integrity number (RIN) score 
of 8. For each genotype, three biological replicates were 
prepared from equal quantities of leaflets from the fourth 
fully-expanded leaf. Libraries were prepared using the Illu-
mina TruSeq Stranded mRNA Library Preparation Kit and 
approximately 30,000,000 50 nt single-end Illumina reads 
were generated for each sample on the Illumina HiSeq 4000 
platform. Raw reads were processed with Trimmomatic 
(v0.35) (MINLEN = 36, LEADING = 20, TRAILING = 20) 
to remove low-quality bases, adapters, and primers (Bolger 
et al. 2014).

RNAseq read‑mapping and differential expression analysis

Cleaned reads were aligned to the DM genome (PGSC Ver-
sion 4.03) using STAR (v2.6.0) (Dobin et al. 2013). Reads 
aligning to annotated DM reference genes were counted 
using subread (v1.6.2) package featureCounts in reverse 
stranded mode (Liao et al. 2013). Counts were then ana-
lyzed using the R package DESeq 2 to determine normal-
ized expression values (Love et al. 2014). Analyzed genes 
were required to have counts greater than 10 in at least 3 
individuals. Spearman’s rank correlation coefficients (ρ) 
were calculated between individual candidate transcripts 
and measured traits.

Weighted gene co‑expression network analysis

The weighted gene co-expression network analysis 
(WGCNA) package was used to conduct co-expression 
analysis in R (Langfelder and Horvath 2008), with a soft-
thresholding power of 22 (Fig. S1). The varianceStabiliz-
ingTransformation function was used to transform counts 
for the 21,996 genes passing the count threshold (> 10 in 
at least 3 individuals). Modules within the signed network 
were identified in a single block using the BlockwiseCon-
sensusModule function with a minimum module size of 
30 and medium sensitivity (deepSplit value of 2). Module 
eigengenes, the first principal component of the expres-
sion matrix in the module, were correlated with defoliation 
(RAUDC), total leptine accumulation (mg/g DW) and the 
ratio of acetylated to nonacetylated glycoalkaloids measured. 
Average gene significance was plotted for each module and 

trait. Hub genes within interesting modules were required 
to have absolute module membership values (kME) greater 
than 0.9, indicative of strong intra-module connectivity, and 
an absolute gene significance for the trait of interest greater 
than 0.2. Networks of selected modules were visualized sep-
arately in Cytoscape 3.7 (Kohl et al. 2011), in the Attribute 
Circle Layout with log2FoldChange as the selected attribute.

Data availability

Raw whole genome sequence data is available at NCBI SRA 
(accession # SRR10197400; SRR10197399) and raw expres-
sion and count data is available at NCBI GEO (accession # 
GSE138184).

Molecular marker development and fine mapping 
of QTL region

Design of PCR indel markers

The .bam file containing SNPs and indels identified between 
80-1 and M6 from whole genome sequence data were visu-
alized using the Integrative Genome Viewer (IGV, v.2.4.9). 
Candidate indel markers flanking and within the QTL region 
were required to be homozygous in both parents and greater 
than 15 bp in length to permit adequate size separation on 
an electrophoresis gel. Primers were designed in house using 
Primer3 (Rozen and Skaletsky 2000) and validated using 
genomic DNA extracted from young leaf tissue of 80-1, M6 
and the  F1 hybrid plants. All reactions were performed in 
a 15 ul volume using 7.5 ul of GoTaq Green Master Mix 
(Promega, Madison, WI), 0.5 ul of each primer, 2 ul of DNA 
and 4 ul of distilled water following manufacturer proto-
cols. Cycling conditions included an initial denaturing step 
of 3 min at 94 °C followed by 34 cycles of 30 s denaturing 
94 °C, 30 s annealing 50 °C, 1 min elongation 72 °C and a 
final elongation step of 5 min at 72 °C. PCR products were 
run on a 2.5% agarose gel stained with SYBR Safe (Thermo 
Fisher Scientific, Waltham, MA, USA) at 120 V for 45 min.

Screening additional  F2 progeny to identify recombinants

Two validated PCR primers within the QTL region 
(Table S2) were then tested on an additional 406  F2 individu-
als generated from the  F1 hybrid and grown in greenhouse 
conditions under a 16-h photoperiod at 20 °C. The  F2 indi-
viduals with recombination in the QTL region (n = 96), as 
well as the two parental lines and their  F1 hybrid, were rep-
licated by stem cuttings in the greenhouse to produce nine 
biological replicate plants (N = 891). Rooted stem cuttings 
were planted as transplants in the Colorado potato beetle 
nursery at the Montcalm Research Center on 21 June 2019 
in a randomized complete block design of three replicates 
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of three plants. Percent defoliation of each three-plant plot 
was assessed visually each week, for a total of 5 weeks and 
the RAUDC calculated as described previously.

Fine mapping of candidate QTL region on chromosome 2

Eleven validated PCR markers (Table S2) within the can-
didate QTL region were then used to genotype the 96  F2 
individuals phenotyped for Colorado potato beetle resistance 
in the field. Linkage map construction was achieved with 
 Joinmap® 5.1 (Van Ooijen 2006) using the  F2 population 
type. Permutation testing to establish a LOD threshold and 
MQM mapping were conducted in  MapQTL® 6 (Van Ooijen 
and Kyazma 2009) as described above to confirm the asso-
ciation of PCR markers with the Colorado potato beetle field 
resistance phenotype.

Results

S. chacoense Colorado potato beetle resistance 
is tissue and age‑dependent

Younger leaves (1–2) of both S. chacoense parental lines 
80-1 and M6 were more defoliated by Colorado potato bee-
tle larvae than older leaves (5–6) throughout plant develop-
ment (α = 0.05) (Fig. 1). In addition to leaf age, plant age 
was observed to impact defoliation resistance. Defoliation 

of 80-1 leaves (1–5) was least at 7 weeks post-transplant and 
increased in the subsequent sample time points (Fig. 1). This 
timing has practical significance because Colorado potato 
beetles typically emerge before or with potato plants. How-
ever, the larval mortality was higher on old leaves (3–6) 
than on young leaves (1–2) of young 80-1 plants (7 weeks 
post-transplant) (P = 0.0036).

Phenotypic evaluation of the S. chacoense  F2 
population

Leptine I/II was detected in 162  F2 progeny, ranging from 
0.1–25.9 and 0.1–41.6 mg/g DW, respectively (Table 1). 
Presence of leptines in this population was determined to 
be not significantly different from a 3:1 ratio by Chi squared 
test (χ2 = 0.053). Leptine levels exceeded 8.6 mg/g DW, the 
concentration previously reported to reduce larval feed-
ing (Sanford et al. 1997), in 130  F2 individuals; 40 indi-
viduals had greater leptine content than parent 80-1. All  F2 
progeny contained α-chaconine and α-solanine. The aver-
age foliar concentration of α-chaconine (21.8 mg/g DW) 
and α-solanine (28.5 mg/g DW) was higher than leptines 
(14.9 mg/g DW) (Table 1). In individuals containing lep-
tines, leptine concentration was weakly and inversely cor-
related with α-chaconine levels, but not correlated with 
α-solanine (Table 2). 

In field trials under natural beetle pressure, the suscepti-
ble parent M6 and cv. Atlantic were completely defoliated. 

Fig. 1  Colorado potato beetle 
larval defoliation (%) of Sola-
num chacoense parental lines 
M6 and USDA8380-1 (80-1) at 
three time points post-transplant 
from tissue culture. Defoliation 
of detached leaves was scored 
9 days after placing neonates on 
leaves. Each bar is the mean of 
three replicates ± SEM
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In contrast, 80-1 and the  F1 hybrid exhibited minimal feed-
ing (RAUDC < 2.9). Field defoliation among  F2 lines was 
continuously distributed, with RAUDC ranging from 0.0 (no 
damage) to 54.3 (Fig. 2). Increased leptine I, II and total lep-
tine concentration were moderately correlated to decreased 
field defoliation while α-chaconine and α-solanine content 
were moderately correlated with increased field defoliation 
(Table 2). The ratio of acetylated compounds to nonacety-
lated compounds was the best predictor of field defoliation 
(Table 2.)

Linkage map construction

To identify QTL underlying this observed Colorado potato 
beetle resistance, we SNP genotyped the mapping popula-
tion of 233  F2 individuals to generate a linkage map with 12 
chromosomes covering 97% of the 12 assembled S. tuberosum 
clone DM1-3 (DM) pseudomolecules (PGSC Version 4.03) 
(Table 3, Table S3). The resultant map spanned a genetic 
distance of 1193.8 cM with an average of 63 SNP markers 
per chromosome distributed at an average distance of 1.6 cM 
between SNPs (Table 3). Comparison of the genetic location 

and physical position on the DM pseudomolecules of SNPs 
used for mapping showed good concordance (Fig. S2).

The percentage of distorted segregation in the  F2 progeny 
was assessed at three levels of significance. Distorted segre-
gation at the 5% and 1% conservative significance levels was 
detected on 56% and 40% of all mapped loci. At the 0.1% 
significance level, corresponding to highly distorted loci, 26% 
of all mapped loci exhibited distorted segregation and were 
located on all chromosomes except 4, 5 and 10 (Table S4). The 
chromosome with the greatest number of loci with distorted 
segregation was chromosome 12 with 90% of distorted loci 
at the 0.1% significance level. Plotting the maternal, paternal 
and heterozygous genotypic frequency at each SNP position 
along the 12 chromosomes showed preferential inheritance of 
M6 alleles on chromosomes 1, 3 and 12 (Fig. S3). Compared 
to other chromosomes, chromosome 8 exhibited a high prefer-
ential inheritance of heterozygous genotypes (Fig. S3).

Table 1  Mean, range and 
standard deviation (SD) of 
measured glycoalkaloids in the 
diploid Solanum chacoense 
USDA8380-1 × M6  F2 
population (n = 233)

a The ratio of acetylated glycoalkaloids to non-acetylated glycoalkaloids was assessed in the subset of the 
population with the presence of acetylated compounds (n = 162)

Leptine 
I (mg/g 
DW)

Leptine 
II (mg/g 
DW)

α-Solanine 
(mg/g DW)

α-Chaconine 
(mg/g DW)

Total Glycoal-
kaloids (mg/g 
DW)

Leptine/(α-solanine 
and α-chaconine) 
 ratioa

M6 0.0 0.0 21.6 19.4 41.0
80-1 12.1 10.8 5.7 3.0 31.6 2.6
F2 progeny
Mean 6.4 8.5 28.6 21.8 65.4 0.4
SD 6.8 8.5 14.5 13.8 28.2 0.4
Range 0.0–25.9 0.0–41.6 6.2–120.1 4.0–115.3 0.1–235.4 0.0–2.3

Table 2  Spearman’s rank 
correlation coefficients among 
measured traits in the Solanum 
chacoense USDA8380-1 x M6 
 F2 population

a Data represent the mean of three technical replicates mg/g DW
b Data represent [mean total leptines (mg/g DW)]/[mean α-chaconine (mg/g DW) + mean α-solanine (mg/g 
DW)]
c Data represent the mean of three biological replicate plot relative area under the defoliation progression 
curve (RAUDC × 100)
***P < 0.0001; **P < 0.01; *P < 0.05, ns not significant, n = 151

Field  defoliationc α-Chaconinea α-Solaninea Leptine II

Leptine  Ia − 0.49*** − 0.40*** ns 0.91***
Leptine  IIa − 0.49*** − 0.49*** − 0.25**
Total  leptinea − 0.50*** − 0.45*** − 0.21*
α-Solaninea 0.28** 0.92***
α-Chaconinea 0.42***
Acetylated/non-acetylatedb − 0.54***
Total  glycoalkaloidsa ns
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Identification of QTL associated with Colorado 
potato beetle field resistance and leptine 
accumulation

Two QTLs were detected for Colorado potato beetle field 
defoliation resistance by MQM analysis of the  F2 map-
ping population. A major QTL on chromosome 2 with 
partial dominance effect (the 80-1 allele contributing to 
lower RAUDC) explained 49.3% of the variance (Fig. 3, 
S4, Table 4). The 1.5 LOD interval of this QTL region is 
delimited by SNP markers solcap_snp_c2_4521 and Pot-
Var0039036 which corresponds to positions 7,676,939 and 
22,151,711 bp on the DM genome (PGSC 2011; Sharma 
et al. 2013) (Fig. 3). A second, minor QTL located on chro-
mosome 7 explained 6.2% of phenotypic variation with 
overdominance effect from M6 that contributed to decreased 
Colorado potato beetle defoliation (Fig. S5, Table 4). Chro-
mosome 2 also contained a major QTL with partial domi-
nance effects that explained between 29.1 and 34.3% of vari-
ation, with 80-1 contributing to higher accumulation values 
for leptine I, leptine II, and total leptine while decreasing 
α-chaconine (Fig. 3, S4, Table 4). Loci significantly asso-
ciated with leptine synthesis also colocalized to chromo-
some 2 and peaked at 4.1–4.5 cM which corresponds to 
22.1–22.4 Mb (Kruskal–Wallis test P value < 0.0001). An 
overlapping minor QTL with partial dominance effects was 
also present on chromosome 2 and explained 38.2% varia-
tion in acetylated to non-acetylated glycoalkaloids (Fig. 3, 
S5, Table 4). Significant QTL were not detected for solanine 
or total glycoalkaloids. 

Fig. 2  Distribution of Colorado potato beetle resistance in 151  F2 
Solanum chacoense progeny and parental lines under field conditions 
expressed in relative area under the defoliation curve multiplied by 
100 (RAUDC × 100). Representative pictures for classes of defolia-
tion are shown below the distribution

Table 3  Summary of single 
nucleotide polymorphism 
(SNP) marker information 
for individual chromosomes 
of the Solanum chacoense 
USDA8380-1 × M6  F2 
population linkage map

a Map length (Mb) and map coverage (Mb) are based on the assembled Solanum tuberosum clone DM1-3 
(DM) pseudomolecules (PGSC Version 4.03)

Chromosome No. mapped 
SNPs

Map length (cM) Map length 
(Mb)a

Map coverage 
(Mb)a

Average interlo-
cus distance (cM)

chr01 71 136.3 87.5 0.99 1.9
chr02 66 82.9 39.7 0.81 1.3
chr03 68 101.9 61.5 0.99 1.5
chr04 61 100.4 71.1 0.98 1.7
chr05 68 101.3 51.7 0.99 1.5
chr06 55 91.9 58.4 0.98 1.7
chr07 64 94.4 55.2 0.97 1.5
chr08 61 91.4 55.7 0.98 1.5
chr09 57 109.8 60.1 0.98 1.9
chr10 42 93.8 58.7 0.98 2.3
chr11 90 102.2 44.7 0.98 1.1
chr12 51 87.5 60.7 0.99 1.7
Total 754 1193.8 705 0.97 1.6
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Validation of the  F2 Colorado potato beetle 
resistance phenotypic extremes

We validated the Colorado potato beetle resistance phe-
notype in 20  F2 individuals exhibiting high resistance or 
susceptibility in a second field trial as well as choice and 
non-choice detached leaf assays. There was high positive 
correlation between the phenotypes evaluated in each of 
these experiments (Table S5). The ten putatively resistant 
 F2 lines demonstrated significantly less defoliation (mean 
RAUDC = 1.3) over the five-week field observational 
period than the ten putatively susceptible  F2 individuals 
(mean RAUDC = 51.3), the susceptible parent M6 (mean 
RAUDC = 60.3) and susceptible check cultivar ‘Atlantic’ 
(mean RAUDC = 84.8) (P = 0.0002, α = 0.05) (Fig. 4a). The 
ten field susceptible  F2 lines were also significantly more 
defoliated than resistant parent 80-1 and resistant  F2 lines 
in both no-choice larval detached leaf assays (P = 0.0003, 
α = 0.05) and choice adult detached assays (P = 0.0002, 
α = 0.05). Percent larval mortality recorded after 9 days in 
detached leaf conditions was much more variable than per-
cent defoliation between resistant and susceptible lines. Lar-
val development was impeded on resistant lines evidenced 
by significantly more larvae progressing to third instar on 
susceptible lines (mean number of third instar larvae = 3.7) 

than resistant lines (mean number of third instar larvae = 2.7) 
(P = 0.0092). Furthermore, resistant line foliar mean concen-
tration of leptine I (mean mg/g DW = 5.8, P = 0.001), leptine 
II (mean mg/g DW = 8.2, P = 0.0045), α-chaconine (mean 
mg/g DW = 17.4, P = 0.0073) but not α-solanine (mean 
mg/g DW = 32.6) differed significantly from susceptible 
lines (Fig. 4b). Resistant lines also had a significantly higher 
ratio of acetylated/non-acetylated glycoalkaloids (mean 
ratio = 0.031) than susceptible lines (mean ratio = 0.05) 
(P = 0.0017).

Detection of QTL associated with Colorado potato 
beetle resistance by BSA‑seq

Whole genome sequencing parental lines and bulked resist-
ant and susceptible  F2 samples yielded 353,005,026 total 
reads to provide ~ 29x depth of coverage. G’ analysis identi-
fied QTL associated with Colorado potato beetle resistance 
on five chromosomes. The most significant QTL region 
contains two peaks between 7.2 and 31.7 Mb on chromo-
some 2 and is donated by resistant parent 80-1 (Fig. S6, 
Table S6). In addition, a QTL contributed by susceptible 
parent M6 on chromosomes 7 spanning 0.1–2.2 Mb was 
detected (Fig. S6, S7). Both of these intervals correspond 
to the physical positions of the QTL identified by biparental 

Fig. 3  The QTL regions on chromosome 2 associated with Colorado 
potato beetle resistance under field conditions and foliar concentra-
tion of glycoalkaloids identified by bi-parental linkage mapping. QTL 
are represented by solid bars (1-LOD interval) and extended lines 
(2-LOD interval) in unique colors for each trait. The genetic positions 
(cM) are shown on the left and the corresponding physical position of 

mapped SNPs on the PGSC Version 4.03 Doubled Monoploid pseu-
domolecule 2 (bp) are shown on the right of the linkage map. The 
significance (LOD) of SNP association to each trait is plotted against 
these SNP positions. Figure prepared with MapChart 2.3. (R.E. Voor-
rips. Plant Research International, Wageningen, The Netherlands)
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linkage mapping. However, QTL contributed by resistant 
parent 80-1 not identified by biparental mapping were also 
mapped to chromosomes 4, 6 and 12 using the BSA-seq 
approach (Fig. S7, Table S6). Two peaks between 60.7 and 
62.3 Mb and 63.5–68.7 Mb reside on chromosome 4 and 
a single peak was located on chromosome 6 between 54.6 
and 59.5 Mb (Fig. S6, Table S6). Chromosome 12 also con-
tains two peaks on opposite chromosomal arms (Fig. S7, 
Table S6). The glycoalkaloid metabolism genes (GAME4, 
GAME12) located on chromosome 12, but not the reported 
glycoalkaloid genes on chromosome 7 (GAME11, GAME6, 
SGT1, and SGT3), fall within these minor QTL (Table S6) 
(Itkin et al. 2013).

Fine mapping of candidate QTL on chromosome 2

In an expanded set of 406 additional  F2 progeny, we identi-
fied 96 recombinant individuals between custom PCR indel 
markers ch02_5451852 and ch02_29095760 spanning the 
candidate QTL region on chromosome 2. Linkage map con-
struction with nine additional PCR indel markers within the 
QTL region and MQM mapping identified a QTL peak at 
marker ch02_21096852 with a dominant effect decreasing 
defoliation (6.76) explaining 27.5% of phenotypic variation 
(Fig. S8). This fine mapping narrowed the QTL region inter-
val to a region of 7.3 Mb.

Identification of candidate genes within the QTL 
region on chromosome 2

A total of 351 genes, were predicted within the QTL region 
(15.1–22.4 Mb) on chromosome 2 identified by BSA-seq 
and biparental linkage mapping (PGSC 2011; Sharma 
et al. 2013). We investigated differential gene expression 
of the parental lines, three resistant and three susceptible 
 F2 individuals to narrow this slate of candidate genes. After 
filtering, a total of 21,996 genes were used for expression 
analysis. Analysis of the mapped reads showed that 923 
transcripts are differentially expressed between resistant and 
susceptible plants at 16-wks post-transplant and distributed 
across the 12 chromosomes (Table S7). A principal compo-
nent analysis reveals a clear pattern of expression differenti-
ating resistant and susceptible plants (Fig. S9). Of these, 360 
transcripts are down-regulated while 563 are upregulated in 
the resistant  F2 lines and parent 80-1 (Fig. S10). Chromo-
some 2 is enriched for downregulated transcripts which are 
distributed toward the distal end of the long arm (Fig. S10, 
11). Four of the five upregulated transcripts and two of the 
five downregulated transcripts with the highest magnitude 
of log2foldchange are located on chromosome 2 (Table S7).

Differentially expressed genes were then grouped into 29 
color-coded modules with similar patterns of expression by 
hierarchical average linkage clustering for network analysis Ta
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(Fig. S13a). The size of modules ranged from 45 genes (sky-
blue module) to 8499 genes (grey module) (Table S8). We 
identified modules with eigengenes correlated to Colorado 
potato beetle defoliation, total leptine accumulation and the 
ratio of acetylated to non-acetylated compounds (Fig. 5). 
Defoliation was strongly positively (0.94, P = 8.22e−12) 
and leptine accumulation negatively correlated (− 0.77, 
P = 1.19e−05) to the midnightblue module, respectively. 
The darkgrey module was strongly negatively correlation 
with beetle resistance (− 0.74 P = 3.0e−05) and moder-
ately correlated with gene significance for total leptines 
(0.53, P = 4e−06). The lightcyan module was also strongly 
positively correlated with leptine accumulation (0.66, 
P = 5.0e−04). For the ratio of acetylated to non-acetylated 
compounds, two related modules grey60 and red were the 
most highly correlated with this trait (0.91, P = 5.2e−10; 
0.83, P = 6.4e−7) (Fig. 5, S13b).

We also examined individual gene significance within 
these interesting modules for the traits leptine accumulation, 
Colorado potato beetle defoliation resistance and the gly-
coalkaloid ratio. Gene significance for leptine accumulation 
and Colorado potato beetle defoliation were correlated with 
module membership in the midnightblue (0.39, P = 3.8e−09; 
0.79, P = 1.0e−46) and darkgrey (0.53, P = 4.0e−06; 0.65, 
P = 2.6e−09) modules. Gene significance for glycoalka-
loids ratio was strongly correlated with module member-
ship in the red and grey60 modules (0.68, P = 1.5e−61; 0.68, 
P = 5.8e−22).

We then focused on the core hub genes of these modules, 
identifying 55 genes in the red module, 9 in the darkgrey 
module, 23 in the grey60 module and 27 in the midnightblue 
module (Table S9). To better understand the connectivity 
between hub genes within modules, the chromosome loca-
tion, proximity to a QTL region, co-expression relation-
ships, and metabolism associated were analyzed. Genes in 
the midnightblue module were located on chromosomes 00, 
1, 2, 3, 4, 8 and 12, and all the most strongly upregulated 
genes in resistant lines resided on chromosome 2 (Table S9, 
Fig. 6). Interestingly an upregulated gene on chromosome 
12 (PGSC0003DMG400004286) within our minor QTL 
annotated as a regulatory subunit Tap46 was found to be 
highly connected to six upregulated genes within our major 
QTL on chromosome 2 (PGSC0003DMG400015505, 
PGSC0003DMG400013094, PGSC0003DMG400042914, 
PGSC0003DMG400012650, PGSC0003DMG400017873, 
and PGSC0003DMG400004521) (Fig. 6). One of these 
genes (PGSC0003DMG400017873) is annotated as a 
tetratricopeptide repeat 5 oligo-binding fold domain contain-
ing protein spanning chromosome 2 positions 18,356,198 
to 18,362,279. Tetratricopeptide repeats function as pro-
tein–protein interaction motifs (Blatch and Lässle 1999) and 
have recently been implicated in hormone signaling in plants 
(Schapire et al. 2006). Notably, counts of transcripts aligning 
to this gene were only detected in counts < 2.5 in suscepti-
ble lines and based on publicly available expression data, 
this transcript is expressed not at all in Solanum tuberosum 

Fig. 4  Colorado potato beetle resistance phenotypic validation of the 
 F2 phenotypic extremes. a Percent defoliation by Colorado potato 
beetle under field conditions of Solanum chacoense parental lines 
80-1 and M6 and  F2 phenotypic extremes selected from the previous 
field season. Data represent means of five biological replicates for 

each parent and for each of the ten  F2 individuals in the resistant bulk 
and ten  F2 individuals in the susceptible bulk. b Foliar leaf concen-
tration of leptines I/II, alpha-solanine and alpha-chaconine in the ten 
resistant  F2 individuals and ten susceptible  F2 individuals evaluated in 
the field
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DM tubers and at levels > 0.5 FPKM in other tissues (Hirsch 
et al. 2014).

Another of these coordinately up-regulated genes 
(PGSC0003DMG400015505) on chromosome 2 is anno-
tated as an anthranilate N-benzoyltransferase protein in 
SpudDB (Hirsch et al. 2014) and shares 100% identity 
with a S. tuberosum predicted uncharacterized acetyl-
transferase protein, At3g50280-like (LOC102606194), 
which is significantly and substantially up-regulated in 
resistant lines (Fig. 6). The 1.56 kb genic sequence spans 
positions 21,003,553 to 21,005,147 on chromosome 2. 
Expression of this gene is positively correlated with foliar 
leptine I (ρ = 0.7306, P < 0.0396), leptine II (ρ = 0.7319, 
P < 0.0396), and the ratio of acetylated/non-acetylated gly-
coalkaloids (ρ = 0.8571, P < 0.0065). Moreover, this gene 
is also not expressed in susceptible lines (Table S7) or 
Solanum tuberosum DM tissues (Hirsch et al. 2014). This 
subnetwork also contained genes involved in biotic stress 
response (Table S9).

The hub genes for the darkgrey module, correlated with 
defoliation and leptine accumulation, were located on 
chromosomes 3, 6, 7, 8 and 9 and were all up-regulated in 
resistant lines (Table S9, Fig. S14). This module contained 
genes associated with plant defense (Table S9). The red 
and grey60 modules associated with the ratio of acety-
lated to non-acetylated glycoalkaloids contained highly 
interconnected nodes (Fig. S15, S16). The red module was 
enriched for genes without annotated function and there 
were no intuitive candidate genes within the hub genes of 
these modules (Table S9).

We then searched for differential expression of 
known genes involved in the synthesis of glycoalkaloid 
precursors and genes previously associated with lep-
tine accumulation. We identified a glycosyltransferase 
(PGSC0003DMG402004500) within the chromosome 2 
QTL region downregulated in resistant lines and nega-
tively correlated with leptine I/II content (ρ = − 0.7306, 
P < 0.0396; ρ = − 0.8051, P < 0.0159) and the ratio of 

Fig. 5  Weighted gene co-expression network module associations 
with three traits: defoliation (RAUDC), total leptines (mg/g DW) 
and Ratio (the ratio of acetylated compounds to non-acetylated com-
pounds accumulated). Each row corresponds to a module eigengene 

and each column to a trait. Each cell contains the Pearson correlation 
value and corresponding Student t test P value. The color legend indi-
cates the scale for color-coding of the module-trait correlation values
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acetylated/non-acetylated glycoalkaloids (ρ = 0.8333, 
P < 0.0102). We did not detect changes in expres-
sion between resistant and susceptible lines of genes 
3-hydroxy-3-methylglutaryl coenzyme A reductase 2, 
sterol-C5(6)-desaturase, or squalene epoxidase on chromo-
some 2 involved in the early stages of glycoalkaloid bio-
synthesis. Genes GAME4 and GAME12 on chromosome 
12 as well as GAME7 and GAME 11 on chromosome 7 
were upregulated in resistant lines (Table S7).

Discussion

S. chacoense Colorado potato beetle resistance 
is tissue and age‑dependent

The resistance of old leaves on young M6 plants, which do 
not produce leptines, in a no-choice context observed in this 
study provides evidence for another resistance mechanism. 
Colorado potato beetles can detect leaf age (De Wilde et al. 
1969) and prefer young to mature foliage (Noronha and 
Cloutier 2006), but will feed on mature S. tuberosum leaves 
in a choice setting (Mitchell and Low 1994). Structural 

ch02:400015505
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ch02:400042914

ch02:400013094

ch02:400037923
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ch02:400013629

ch02:400010426

ch04:400013821

ch02:400010236

ch12:400029390

ch02:400021171

ch01:400025887

ch02:400025655

ch02:400015105

ch08:400014763

ch02:400013052

ch02:400009806

ch02:400014906

ch02:400003270

ch12:400023869

ch02:400017873

ch12:400004286

ch02:400004521

ch12:400004286

ch03:400010146

ch02:400013057

-9.50 9.50

log2FoldChange

Fig. 6  Interaction of hub genes in the midnight blue module visual-
ized using Cytoscape 3.7 software. The node colors are coded from 
white to dark blue to indicate differential gene expression. The thick-
ness of connective lines between nodes is representative of connec-

tion weight between two nodes. Node labels provide PGSC V4.03 
chromosome number (ch) followed by the PGSC numeric gene iden-
tifier
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characteristics, such as leaf toughness, of mature leaves can 
serve as a mechanical deterrent to beetle herbivory (Larson 
and Csiro 1988; RAUPP 1985; Tanton 1962). Yet, that the 
differences in Colorado potato beetle feeding by leaf age in 
M6 disappear over time suggests instead a mechanism with 
transient properties. The production of leaf surface com-
pounds, volatiles and cuticular waxes, is a key determinate 
of Colorado potato beetle feeding preference (Szafranek 
et al. 2006, 2008; Visser et al. 1979) and is dependent on 
plant developmental stage and tissue type (Agelopoulos 
et al. 2000; Szafranek and Synak 2006). Although the role 
of leaf volatile compounds in Colorado potato beetle host 
plant acceptance and rejection has been characterized in S. 
tuberosum (Bolter et al. 1997; Dickens 2002; Landolt et al. 
1999; Martel et al. 2007), their effect on beetle feeding pref-
erences in S. chacoense is incomplete (Hufnagel et al. 2017).

Phenotypic evaluation of the S. chacoense  F2 
population

While all  F2 individuals accumulated the non-acetylated 
glycoalkaloids α-solanine and α-chaconine, accumulation 
of the acetylated leptine glycoalkaloids was detected only 
in a subset of the population (70%). There was strong posi-
tive correlation between accumulation of α-solanine and 
α-chaconine and between leptine I and leptine II. There 
was a modest negative correlation between accumulation 
of α-chaconine and individual leptines I and II as well as 
total leptines. Interestingly, there was no significant cor-
relation between accumulation of α-solanine and leptine 
I and a slight negative correlation between accumulation 
of α-solanine and leptine II. This observation supports dif-
ferential regulation of the accumulation of non-acetylated 
and acetylated glycoalkaloids, which has been previously 
proposed (Manrique-Carpintero et al. 2014; Sanford et al. 
1996). Although previous studies using mapping popula-
tions with a S. tuberosum parent have implicated recessive 
genes in leptine synthesis (Hutvágner et al. 2001; Manrique-
Carpintero et al. 2014; Ronning et al. 1999; Sagredo et al. 
2006; Sanford et al. 1996), the presence of leptines in this 
S. chacoense population followed a single dominant gene 
model which has been previously observed by (Ranga-
rajan et al. 2000) in a S. phureja × S. chacoense popula-
tion. Production of the aglycone leptinidine and leptinines 
by both parental lines in the population used in this study 
offers the unique opportunity to examine the segregation of 
downstream glycoalkaloid derivatives alone (Cárdenas et al. 
2019). It is possible that other recessive genes involved in 
leptine biosynthesis are fixed in the two largely homozygous 
parental lines of this population. Variability in the concen-
tration of acetylated and non-acetylated glycoalkaloids in 
the lines accumulating all four compounds is indicative of 

previously described polygenic control of the glycoalkaloid 
biosynthesis pathway.

The  F2 population exhibited a range of resistance to Col-
orado potato beetle defoliation under field conditions. We 
observed transgressive segregation for both foliar leptine 
content and Colorado potato beetle field defoliation resist-
ance in the  F2 population, which suggests the contribution of 
alleles controlling leptine accumulation and beetle resistance 
from both parental lines. However, the  F2 lines with greater 
leptine content than resistant parent 80-1 were not signifi-
cantly more beetle resistant than 80-1 and lines transgres-
sively segregating for beetle resistance do not contain more 
leptines than 80-1. We also identified several  F2 lines inter-
mediately susceptible to defoliation with leptine levels not 
significantly different than 80-1 and resistant lines with low 
leptine accumulation, which casts doubt on the necessity of 
leptines alone for resistance (Lorenzen et al. 2001; Sagredo 
et al. 2009). Interestingly, the best predictor of field defo-
liation resistance was not leptine concentration but rather 
the ratio of acetylated/non-acetylated glycoalkaloids (i.e. a 
higher ratio of acetylated/non-acetylated glycoalkaloids is 
significantly correlated with lower field defoliation).

Genotyping the  F2 population and distorted 
segregation analysis

The modest number of informative SNPs (754) generated 
from genotyping the  F2 population with the Illumina Infin-
ium V3 22K SNP array may be attributable to a high degree 
of similarity between the two S. chacoense parental lines 
and ascertainment bias inherent in interrogating individu-
als with divergent genetic landscapes relative to those used 
to develop the SNP array. We observed distorted segrega-
tion of mapped SNPs within the range previously reported 
(6–40%) in diploid potato (Bonierbale et al. 1988; Felcher 
et al. 2012; Gebhardt et al. 1991; Jacobs et al. 1995; Kreike 
and Stiekema 1997; Manrique-Carpintero et al. 2016; Rivard 
et al. 1996). The regions with the greatest distorted segrega-
tion were located on chromosome 1, 3 and 12 with prefer-
ential inheritance of M6 alleles, the self-compatible male 
parent of this population. Because of the self-compatibility 
selection of the  F1 and  F2, strong distorted segregation pat-
terns were expected toward regions associated with self-
compatibility and associated mechanisms from M6. The 
greatest distorted segregation observed in this population 
was located on the long arm of chromosome 12, where the 
frequency of the 80-1 genotype decreases to zero in some 
regions. The preferential inheritance of the paternal M6 
genotype in the distal region of chromosome 12 is most 
likely explained by the presence of the Sli locus, associ-
ated with self-compatibility in S. chacoense (Hosaka and 
Hanneman 1998). Linkage of Sli to recessive lethal genes 
on chromosome 12 has also been proposed (Hosaka et al. 
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1998). Transmission of a recessive lethal allele on chromo-
some 12 from maternal parent 80-1 to the  F1 hybrid could 
be responsible for the preferential inheritance of the het-
erozygous genotype in the pericentromeric region, where 
reduced recombination could prevent the purging of delete-
rious alleles as mentioned by Zhang et al. (2019). However, 
this distinct pattern of heterozygous genotype retention is 
indicative of an independent region of segregation distortion 
which could be driven by genomic interactions between the 
two S. chacoense parental lines (Moyle and Graham 2006).

The self-incompatibility multiallelic locus (S) on chro-
mosome 1 is the most common source of distorted segre-
gation in potato and contains tightly linked S-RNase and 
F-box (SLF/SFB) genes expressed in the style and pollen, 
respectively (Enciso-Rodriguez et al. 2019; Ye et al. 2018). 
The distorted segregation on chromosome 1 observed in 
this population is most likely a product of gametic selec-
tion in the self-pollinated  F1 hybrid against pollen with the 
80-1 S-allele, resulting in the absence of individuals with 
the homozygous 80-1 SLF/SFB genotype in the  F2 progeny. 
Zhang et al. (2019) similarly reported segregation distortion 
resulting from gametic selection of S-locus alleles on chro-
mosome 1 in S. stenotomum. Our observation of selection 
against the homozygous 80-1 genotype on chromosome 1 
suggests that Sli in M6 does not completely inactivate the 
gametophytic incompatibility reaction. The possibility that 
other factors contribute to transmission of self-compat-
ibility has important ramifications for the introduction of 
M6-mediated self-compatibility into diploid potato breeding 
programs.

The distorted segregation identified in the population 
did not interfere with QTL detection since major QTL were 
located on different chromosomes. Interestingly, the dis-
torted segregation on chromosome 3 favoring M6 alleles 
points to another potential region associated with self-com-
patibility. Preferential inheritance of heterozygous loci on 
chromosome 8 could be associated with zygotic selection 
driven by sublethal and meiotic mutant alleles hypothesized 
to reside on chromosome 8 (Jacobs et al. 1995).

QTL and candidate gene identification

A major QTL was detected for Colorado potato beetle 
resistance and leptine accumulation on chromosome 2. 
The moderate negative correlation between increased lep-
tine accumulation and lower Colorado potato beetle field 
defoliation reported in our study supports a single QTL 
for both traits. Localization of loci associated with the 
presence of leptines within the QTL on chromosome 2 
suggests that this QTL enables leptine biosynthesis. A lack 
of recombination within the QTL region on chromosome 
2 in Colorado potato beetle individuals with low leptine 
levels suggests a single gene at this locus associated with 

the presence of leptines. As a polygenic trait, we propose 
that a separate regulatory element contributes to the vari-
ation observed in leptine accumulation. We identified a 
putative acetyltransferase within the major QTL on chro-
mosome 2 expressed only in resistant lines which may be 
responsible for leptine synthesis in this germplasm. Regu-
lation of leptine accumulation may be then accomplished 
by co-expression of the regulatory elements we identi-
fied within the major QTL on chromosome 2 and minor 
QTL on chromosome 12 (Table S7, S8, Fig. 6). Alterna-
tively, it is possible that glycosylation of acetyl-leptini-
dine to produce leptines I/II is achieved by a unique UDP-
glycosyltransferase(s) that is absent in M6, the non-leptine 
producer parent. Three distinct UDP-glycosyltransferases 
are required for the conversion of solanidine to α-solanine 
and α-chaconine (McCue et al. 2005, 2007; Moehs et al. 
1997), but enzymes involved in glycosylation of other 
aglycones remain undefined. We identified unique expres-
sion patterns of uncharacterized UDP-glycosyltransferases 
on chromosome 2 in 80-1 and resistant  F2 lines that may 
contribute to leptine I/II production.

The complete glycoalkaloid profile of an individual plant 
may also contribute to the variation in Colorado potato bee-
tle defoliation resistance. There is evidence that the Colo-
rado potato beetle neurosensory response to leptines is 
modified by the presence of other glycoalkaloids. Hollister 
et al. (2001) demonstrated that the Colorado potato beetle 
neurosensory response to leptine I is reduced in the presence 
of α-solanine. We observed a modest positive correlation 
between α-chaconine accumulation and Colorado potato 
beetle defoliation (Table 2) and negative contribution of 
the 80-1 genotype in the QTL region on chromosome 2 for 
α-chaconine accumulation (Table 4). The ratio of acetylated 
to non-acetylated glycoalkaloids was also the best predictor 
of field defoliation in this study. Cárdenas et al. (2019) dem-
onstrated that the product of GAME32, responsible for lepti-
nine production in M6, can hydroxylate either the aglycone 
solanidine or the glycosylated α-solanine and α-chaconine. 
Taken together, synthesis of leptines by our candidate gene 
within the QTL on chromosome 2 may involve the acetyla-
tion of hydroxylated α-solanine and α-chaconine, resulting 
in a higher ratio of acetylated to non-acetylated compounds.

The QTL identified in this study overlaps with a large 
region previously associated with leptine synthesis and accu-
mulation in a pseudo  F2 population using 80-1 and S. tubero-
sum Grp. Phureja DH as parents (Manrique-Carpintero et al. 
2014). The large size of the QTL region may be explained by 
the moderate population size and suppression of recombina-
tion due to the close proximity of the nucleolar organizer 
region on the short arm of chromosome 2 (Pijnacker and 
Ferwerda 1984), while the presence of two peaks within 
the region identified by BSA-seq is most likely explained 
by a potential assembly error in constructing the DM 
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pseudomolecules. Fine mapping using  F4 individuals derived 
from the  F2 population to further delineate the region critical 
to Colorado potato beetle resistance will facilitate efficient 
introgression of this trait into cultivated backgrounds and 
contribute to the development of beetle resistant varieties.
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