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Abstract

Key message Using a diploid potato diversity panel of 246 breeding lines, a genotyping-by-sequencing and a GWAS
approach, we mapped QTL for ten traits important to potato breeders, including two previously unmapped traits:
boiled tuber taste and pollen fertility.

Abstract Potato breeding at the diploid level has a long history and has gained new impetus recently, when F1 hybrid breeding
was made possible with the discovery of a dominant gene for self-compatibility. Our study deploys a unique diploid diversity
panel with a broadened cultivated potato gene pool obtained as a result of introgressing valuable traits from wild potato rela-
tives into the Solanum tuberosum background. Using historical phenotyping data collected between 1979 and 2017 for 246
diploid potato clones and high-density genotyping-by-sequencing, we mapped quantitative trait loci (QTL) for tuber yield,
mean tuber weight, tuber shape and regularity, tuber eye depth, purple tuber skin colour, flesh colour, tuber starch content,
boiled tuber taste (flavour) and pollen fertility. We found some QTL located in genomic regions described in earlier studies,
e.g. the QTL for the tuber flesh colour on chromosome 3 overlapping with the location of beta-carotene hydroxylase gene. We
identified novel QTL for mean tuber weight on chromosomes 8, 9 and 11 and for purple tuber skin colour on chromosomes
6,7 and 8. QTL for boiled tuber taste and pollen fertility estimated by Lactofuchsin staining have not been mapped before.
We found two regions on chromosome 10 affecting the boiled tuber taste, and QTL on chromosomes 2, 4, 5, 6, 9, and 12 for
pollen fertility. Considering the increased interest in diploid hybrid potato breeding, the results presented here hold greater
relevance and provide novel targets for potato breeding and research at the diploid level.

Keywords Boiled tuber taste - Genome-wide association studies - Genotyping-by-sequencing - Next-generation
sequencing - Pollen fertility - Solanum tuberosum
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TSC Tuber starch content
TST Boiled tuber taste
YLD Yield
Introduction

Potato (Solanum tuberosum L.) is the fourth most impor-
tant food crop in the world, after maize, rice and wheat.
In 2022, ca. 375 million tonnes of potato were harvested
from over 18 million ha worldwide (FAOSTAT 2024).
Most cultivated potatoes are tetraploid, the exceptions are
diploid landraces and cultivars of the Phureja and Sten-
otomum Groups grown in the Andes and some long-day-
adapted Phureja/Stenotomum cultivars registered in Scot-
land such as Mayan Gold, Inca Sun, Inca Dawn, Mayan
Queen, Mayan Star and Mayan Twilight (Bradshaw 2022).
In contrast, almost 75% of the potato wild relatives are
diploid (Bethke et al. 2017). Wild potato species originate
from a wide range of habitats distributed from southwest-
ern USA to central Chile and Argentina. They are highly
diversified and are adapted to a range of harsh environ-
ments, which makes them a rich source of traits that can-
not be found in the cultivated potato gene pool. For many
years, potato breeders have exploited wild germplasm by
introgressions into S. tuberosum at the diploid level to
improve disease resistance and tuber quality, and then the
derived germplasm has been used to resynthesise tetra-
ploids for cultivar development (Bethke et al. 2017). This
strategy, proposed by Chase (1963) as analytical breeding,
was supported by the relative ease of obtaining diploid S.
tuberosum plants, called dihaploids, from the tetraploid
ones and vice versa. To reduce the ploidy, a technique
based on induced parthenogenesis has been available
since 1960s, with selected Phureja Group pollinators
used as inducers of this phenomenon (Bradshaw 2022). To
increase the ploidy to tetraploid level, interploidy crosses
(4x % 2x) have been performed, using usually the pollen
parent’s ability to produce 2n gametes by first or second
division restitution (Zimnoch-Guzowska and Flis 2021). In
a diploid potato breeding program in Poland, large pollen
grains corresponding to the 2n gametes occurred with dif-
ferent frequencies among the breeding lines (Strzelczyk-
Zyta et al. 1997). This breeding strategy not only allowed
a widening of the cultivated potato gene pool, but also
enabled more efficient genetic studies benefitting from dis-
omic inheritance and aiming at identification of genes and
genomic regions affecting various traits. Additional advan-
tage of diploid over tetraploid pre-breeding was the higher
probability of obtaining parental lines homozygous for
desired alleles and producing non-segregating progenies
(Zimnoch-Guzowska and Flis 2021). Final steps of cultivar
breeding faced the challenges of tetrasomic inheritance of
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multiple alleles, inbreeding depression, and the limited
rate of tuber reproduction (Clot et al. 2020). The solu-
tion could be the next development in potato breeding, F1
hybrid breeding at diploid level which was made possible
with the discovery of a dominant gene for self-compati-
bility Sli (S-locus inhibitor, Hosaka and Hanneman 1998)
and better understanding of self-compatibility of diploid
potatoes (Clot et al. 2020; Bradshaw 2022).

A diploid parental line breeding program started at Plant
Breeding and Acclimatization Institute—National Research
Institute (IHAR-PIB), Miochéw Division, Poland in 1968
(Zimnoch-Guzowska and Flis 2021). The diploid potatoes
were used as sources of resistance to various diseases and
quality traits, such as high tuber starch content, cooking or
chipping quality, and resistance to potato leaf roll virus,
potato virus M, Synchytrium endobioticum, Phytophthora
infestans and pectinolytic bacteria. Through crosses at the
diploid level, valuable traits from wild potato relatives and
the cultivated Andean potato species were introgressed into
an S. tuberosum genetic background, and with use of 2n
gametes they widened the genetic pool of tetraploid culti-
vars. In 1997, ca. 70% of tetraploid parental lines developed
at IHAR-PIB originated from the diploid parental lines. In
turn, the tetraploid lines from IHAR-PIB became parents
of 72 potato cultivars registered in Poland between 1985
and 2019. The main goals of the diploid breeding program
in Poland have changed since its beginning, evolving from
breeding high-yielding potatoes for general use or starch
production, to potatoes of high table quality and suitable for
specialised processing. Emphasis on breeding for resistance
to viruses shifted to resistance to late blight and pectinolytic
bacteria. In the selection process in total ca. 30 characters
were evaluated but changed over time to correspond with the
breeding goals (Zimnoch-Guzowska and Flis 2021).

In this study, we focused on those traits that were con-
tinuously important and evaluated in diploid potato pre-
breeding programs at IHAR-PIB. Using historical pheno-
typing data collected between 1979 and 2017 for 246 diploid
potato clones and high-density genotyping-by-sequencing,
we mapped QTL for yield, mean tuber weight, tuber mor-
phology traits, starch content, boiled tuber taste, and pollen
fertility.

Materials and methods
Phenotyping

Plant material comprised 246 diploid potato breeding lines
(Supplementary Table S1) that are maintained at IHAR-
PIB, as a part of the diploid potato collection (POL047),
hereafter referred to as ‘diploid diversity panel’ (DDP). The
228 diploid potato clones were bred at IHAR-PIB Mtochéw
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Table 1 Composition of the diploid diversity panel. Solanum tuberosum dihaploids were used in all breeding programs and are present in pedi-

grees of 240 out of 246 lines in the panel

Number of
potato lines

Breeding program (main aim)

Introgressed Solanum spp.

S. chacoense, S. verrucosum, S. yungasense

S. acaulé®, S. chacoense, S. gourlayi, S. megistacrolobum, S. phureja, S. stoloniferum?, S.

tuberosum subsp. andigena®, S. yungasense

High starch content 40
Good table quality and taste 48 S. goniocalyx, S. phureja
Chipping quality 45 S. goniocalyx, S. phureja
Resistance to potato viruses 34
Resistance to P. infestans 60

Resistance to soft rot and blackleg 8
Ability for 2n gametes formation 8
Resistance to nematodes 3

S. chacoense, S. phureja

S. michoacanum, S. microdontum, S. phureja, S. pinnatisectum, S. ruiz-ceballosii, S. sten-
otomum, S. verrucosum

S. chacoense, S. phureja, S. yungasense

S. gourlayi, S. tuberosum subsp. andigena®, S. vernei

Species in the pedigree of tetraploid potato cultivars or breeding lines that were used for obtaining dihaploids

(Poland) in the years 1979-2012, with the remaining 18
clones coming from the Danish, German, Dutch, Italian
and Russian potato collections. The clones were obtained
by recombinant breeding in several breeding directions
listed in Table 1 along with the numbers of lines from each
breeding program included in DDP, and the Solanum spp.
introgressed in breeding programs. Main breeding aim for
each potato line is given in Supplementary Table S1. In addi-
tion to the main breeding goals, traits such as yield, mean
tuber weight, tuber shape, regularity of tuber shape, tuber
eye depth, tuber flesh colour, and tuber starch content were
evaluated for all 246 clones. Pollen staining, tuber skin col-
our, and the boiled tuber taste were assessed for 240, 217,
and 96 clones, respectively.

The plants of each clone were grown in the field in
Mtochéw Division of IHAR-PIB, Poland, between 1979 and
2017 in a single plot (with some exceptions planted in 2 or
3 plots) with 7 plants per plot (exceptions with 15 plants).
Particular clones were grown and evaluated in varying num-
ber of years between 2 and 37. The field experiments were
fertilized with 90, 90, and 170 kg/ha of N, P, and K, respec-
tively, and potatoes were chemically protected against pests
and pathogens, according to the standard recommendation
in particular years of the period 1979-2017. The best linear
unbiased estimates (BLUEs) for all traits, except tuber skin
colour, were calculated using REML implemented in Gen-
stat 20th edition (VSN International Limited, http://www.
vsni.co.uk). Tuber skin colour was scored on a nominal
scale, and data were curated manually and assigned into the
respective categories described in the section below. During
the assessment of all traits, the registered tetraploid cultivars
were used as standards with defined catalogue values of the
traits in order to relate the performance of the diploid clones
to the elite material.

This study reports findings for the following traits:

Yield (YLD, g/plant);

Mean tuber weight (MTW, g);

Tuber shape [SHP; 1-6 scale according to Domariski
(2001a): 1 =compressed (length/width ratio <0.9),
2 =round, 3 =round-oval, 4 =oval, 5 =Iong-oval, and
6 =long (length/width ratio>2.0)];

Regularity of tuber shape [REG; 1-9 scale as described
by Hara-Skrzypiec et al. (2018a) after Domanski
(2001a): 1 =highly malformed tubers and 9 =almost all
tubers of the same shape];

Tuber eye depth [EYE; 1-9 scale according to Domariski
2001a: 1 =eyes deeper than 5 mm, 9 =eyes impalpable];
Tuber skin colour [a—e scale according to modified
descriptors of Huaman et al. (1977): a=white, b=pink,
c=purple, d=brown and e =purplish white]. GWAS
was performed for purple tuber skin colour (PUR) after
transforming the data to binary scores i.e. purple (purple,
purplish white) versus non-purple (white, brown) while
the pink skin colour (one clone only) was excluded from
the analysis.

Tuber flesh colour [TFC; 1-6 scale according to Sliwka
et al. (2008): 1 =white, 2 = greyish white, 3 =creamy
white, 4 =pale yellow, 5 =yellow, 6 =deep yellow flesh
colour] evaluated on five tubers per clone cut along
shorter axes;

Tuber starch content (TSC, %) calculated by the under-
water weight method, on the basis of the ratio of tuber
weight in the air to tuber weight in water, according to
Lunden (1956);

Boiled tuber taste [TST; 1-9 scale as described by Anon-
ymous (1974) and Domaniski (2001b): 1 =very bad taste,
2 =bad taste, 3 =severe flaws of taste or smell, potato not
suitable for consumption, 4 =mild flaws of taste or smell,
5 =lack of distinctive taste, 6 =medium taste, 7 = satis-
factory good taste, 8 =good taste, 9 = very good taste]
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assessed by 3-5 panellists using six peeled potato tubers
cooked in unsalted water until soft;

e Pollen fertility (POL, % of Lactofuchsin-stained grains)
estimated by an indirect method of staining with Lacto-
fuchsin: 20 ml of phenol, 20 ml of lactic acid, 40 ml of
glycerine and 8 ml of 1% solution of fuchsin in water
(Abdalla 1970; Wasilewicz-Flis and Jakuczun 2001).
Pollen was collected from three flowers per plant,
approximately 24 h after anthesis and between 10 am
and 3 pm when, according to Abdalla (1970), the results
are most reliable. Immediately after adding Lactofuchsin
to the pollen, percentage of round and deeply stained
pollen grains was counted under a microscope (Janssen
and Hermsen 1976). Pollen with at least 30% of grains
stained was considered fertile and the threshold was
applied as a selection criterion in breeding (Wasilewicz-
Flis and Jakuczun 2001).

Genotyping-by-sequencing (GBS)

Genomic DNA from 200 mg of fresh young leaf tissue was
extracted from individual plants using DNeasy Plant Mini
Kit (Qiagen, Hilden, Germany). DNA was quantified using
the Quant-iTTM PicoGreen® dsDNA Assay Kit (Invitro-
gen, San Diego, CA, USA). For the construction of GBS
libraries, DNA samples (100 ng each) from the association
panel were processed through a double (PstI-Msel) restric-
tion enzyme digestion followed by adapter ligation. Each
sample was uniquely barcoded using PstI adapters (Supple-
mentary Table S2) whereas a single Msel adapter was used
as common adapter for all samples. All processed samples
per each GBS library were pooled together, PCR-amplified
and size-selected (300 bp—500 bp) using BluePippin™ (Sage
Science Inc., Beverly, MA, USA). Fragment size assessment
and further quality checks on pooled GBS library samples
were performed using Bioanalyzer High-Sensitivity DNA
chip (Agilent Technologies, Santa Clara, CA, USA). The
sequencing was performed on Illumina HiSeq 2500 platform
to generate 150 bp paired-end sequence reads keeping one
GBS library per lane. GBS was performed using PstI/Msel
restriction enzyme combination as reported for potato by
Sharma et al. (2024), adapted from the original dual restric-
tion enzyme digestion procedure described by Poland et al.
(2012), keeping a 96-plex (i.e. 96 samples pooled per GBS
library) format.

Variant discovery and genotype calling

Sequence read data for each GBS library were demultiplexed
using GBS-SNP-CROP-v.4.1 (Melo et al. 2016), qual-
ity trimmed using Trimmomatic (Bolger et al. 2014) and
mapped onto the DM (doubled monoploid potato S. tubero-
sum Group Phureja DM 1-3 516 R44) potato reference
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genome version 6.1 (Potato Genome Sequencing Consor-
tium 2011; Pham et al. 2020) using Bowtie2 (Langmead
and Salzberg 2012). Variant discovery was done using Hap-
lotypeCaller followed by joint genotyping across all panel
samples using GenotypeGVCEF tools available through
GATK (McKenna et al. 2010; DePristo et al. 2011). The
raw variants were filtered for read depth (DP > =10), geno-
type quality (GQ> =10) and QualByDepth (QD > =2)
using GATK VariantFiltration and SelectVariants tools. For
genetic analysis, SNPs displaying higher (>20%) missing
data, lower (< 1%) minor allele frequency (MAF) and higher
(>0.98) maximum genotype frequency (highest frequency
of a specific genotype in the panel after applying dominance
relations) were filtered out.

Population structure and genome-wide association
analysis

Population stratification in the panel was assessed using
the principal component analysis (PCA) performed over
genomic relationship matrix implemented in the R package
ASRgenomics. The number of subpopulations (Q) in the
association panel was inferred from PCA scree plot. The
genetic kinship among the panel genotypes was visualized
using a dendrogram heatmap of the genomic relationship
matrix. GWAS was performed using GWASpoly version
2.10 (Rosyara et al. 2016) employing additive, general and
simplex dominance genetic effect models as described in
GWASpoly manual. Each genetic effect model was further
examined using four different statistical models namely, (i)
Naive model, without controlling any confounding effects,
(i1) Kinship model, factoring for familial relatedness only
(K), (iii) Population Structure model, controlling for popula-
tion structure (Q) effects only, and (iv) Full model, adjusting
both K as well as Q population confounding effects; hereaf-
ter referred to as Naive, K, Q and QK models, respectively.
Fitness of four statistical models (viz., Naive, K, Q and QK)
within each genetic effect model was assessed using Quan-
tile-Quantile (Q-Q) plots of the expected versus observed
— log,,(p) values, and models were ranked using genomic
control inflation factor (Ag-) metric which was calculated as
the median of the resulting chi-squared test statistics divided
by the expected median of the chi-squared distribution. The
genome-wide P-value (— log;(P)) detection threshold for
statistical significance was calculated using the LD-based
Bonferroni-type multiple testing correction method “M.eff”
(genome-wide a=0.05).

Linkage disequilibrium decay
Linkage disequilibrium (LD), at whole chromosome-scale

level, was calculated following the procedure as previ-
ously described (Vos et al. 2017; Sharma et al. 2018). The
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Fig. 1 The distribution of
individual trait values
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correlations (Pearson correlation coefficient, r2) between
marker-pairs were calculated using SNP dosage scores
which were further used to derive LD estimates for all 12
individual chromosomes employing marker pairs located
within each respective chromosome. The extent of LD
decay was computed by implementing Quantile regres-
sion (R package 'quantreg'; Koenker 2017) on the 90th
percentile. From the regression analysis, the estimates
of LDyy¢ g0, indicating the genomic distance (in Mb) at
which LD equals one-tenth of its maximum fitted 7 value
(r’max) on the set percentile, were obtained for all 12
potato chromosomes.

The bioinformatics and computational analyses were
performed on Crop Diversity High-Performance Compute
(HPC) Cluster, described by Percival-Alwyn et al. (2024).

Results
Phenotyping

The distributions of the ten analysed traits in the diploid
diversity panel are shown in Fig. 1. BLUESs of the YLD for
potato genotypes varied between 135.3 and 1280.1 g/per
plant while the MTW range was 12.8-90.7 g. Although SHP

0.06 0.06

0.1

TST
.
1
PUR , NA
. 1
I 1
YLD 1 0.07 | 0.07
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Fig.2 Correlation heatmap of all 10 traits included in the study: YLD,
Yield; MTW, Mean tuber weight; SHP, Tuber shape; REG, Regular-
ity of tuber shape; EYE, Tuber eye depth; PUR, Purple tuber skin
colour; TFC, Tuber flesh colour; TSC, Tuber starch content; TST,
Boiled tuber taste; POL, Pollen fertility. The vertical dashed lines are
to emphasize that correlation values for TST and PUR are using 92
and 210 samples, respectively, while the sample-size for the rest of
the traits is 240. NA =No variation for PUR in the 92 clones evalu-
ated against TST. Correlations significant at: *P<0.05, **P <0.01,
4P <0.001
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displayed all tuber shapes from compressed (score 1) to long
(score 6), the propensity for potato genotypes with round-
oval and oval tubers (scores 3 and 4) was higher. Genotypes
with either extremely irregular (score 1) or very regular
tubers (score 9) were absent in the panel resulting in narrow-
ing the range of BLUEs of REG scores to 3.6-6.6. The range
of EYE noted in the panel was 4.1-6.7, also not covering the
full 1-9 scale used for assessment of this trait. Regarding
tuber skin colour, tubers of all five skin colours were pre-
sent in the panel but genotypes with white skins dominated.
Distribution of TFC displayed a wide range over the scored
categories with overrepresentation of genotypes classified as
having either greyish to creamy white (scores 2.5-3) or pale
yellow to yellow tuber flesh (scores 4.5-5). BLUEs of the
TSC ranged between 8.6 and 29.2%. Most genotypes within
the diploid diversity panel were scored between 5 and 7 for
the TST. The distribution of POL showed signs of selection
for this trait, with the genotypes with pollen staining of 30%
and less being underrepresented in the panel (Fig. 1).

Significant correlations were observed between some
traits while correlations between most trait-pair combina-
tions were non-significant (Fig. 2). The shallow eyes were
more often found in regular and elongated tubers, as the
strongest correlation among all evaluated traits was detected
between EYE and REG, and EYE was also significantly cor-
related with SHP. The TSC was positively correlated with
SHP and EYE and negatively correlated with MTW, PUR,
and TST. YLD was positively correlated with MTW, REG,
and EYE. TST was assessed in a subset (n=96) of genotypes
and the trait showed significant correlation with TSC and
REG.

Genotyping-by-sequencing

Genotyping-by-sequencing was performed using dual
restriction enzymes (Pstl/Msel) digestion following the pro-
cedure described by Sharma et al. (2024). Applying read
mapping and variant discovery procedure as described in
the Materials and methods section followed by variant fil-
tering for sample genotype level read depth (DP < 10), low
genotype quality (GQ < 10), quality-by-depth (QD <2.0)
and excluding non-SNP and monomorphic variants yielded
187,708 high quality SNPs indicating an average of one
GBS SNP per~3.95 kb. Of these, 99.9% SNPs (187,574)
were physically mapped across 12 potato chromosomes. The
highest and lowest marker rates were observed on chromo-
some 10 and chromosome 1 with an average of one SNP
per~6.2 kb and ~ 13 kb, respectively. The remaining 134
SNPs were physically mapped on unanchored superscaf-
folds (chromosome 0) of the potato genome. The genomic
locations of the identified GBS SNPs intersected 20,803
genes (Supplementary Table S3). Figure 3 displays genome-
wide SNP density plot and the distribution of SNPs by
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allele dosage format (0, 1, 2) using R package GWASpoly
(Rosyara et al. 2016).

Chromosome Length (bp) SNP count SNP rate (bp)

Linkage disequilibrium decay
1 88 591 686 24 400 3630
2 46 102915 19251 2394 Linkage disequilibrium in DDP was assessed using Pear-
3 60707 570 17610 3447 son’s 17 statistic using pairwise combinations of SNPs pre-
4 69236 331 16804 4120 sent across all 12 chromosomes. The extent of LD decay was
> 33599697 12163 45m estimated at the whole chromosome level using the LD, 99
6 59091578 17048 3 466 estimator denoting the distance (in Mb) at which LD equails
7 57639317 14143 4075 one-tenth of its maximum fitted * value (°,,,, o) On the
8 59226 000 14043 4217 90th percentile. The extent of LD decay observed in DDP
o 67600 300 14501 4661 using 39,756 SNPs is illustrated in Fig. 4 while the 72, o
10 61034151 11659 3235 and LD, oo estimates are provided in Table 4. The averaée
1 46777 387 13935 3336 LDy/10.90 estimate for the panel was 2.67 Mb (Table 4). Rela-
12 39 670755 12017 4965 tive to all 12 potato chromosomes, LD metric revealed
0 10297 348 134 76 845 g

faster LD decay rate for chromosome 8 while a slower LD
Total 741 585 035 187 708 3950

chromosomes is given in Table 2. The panel showed a Ts/
Tv (Transitions/Transversions) ratio of 1.86 for the observed
SNPs while the missense-to-silent ratio for the panel SNPs
was 0.88 (missense: 46.54%; silent: 53.08%; nonsense:
0.39%). The percentage of SNPs with high, low, moder-
ate, and modifier impact categories was 0.15, 13.10, 10.58,
and 76.18, respectively. The number of SNPs in different
effect-type categories and regions is provided in Table 3.
SNPs were further processed for removing variants dis-
playing higher (>20%) missing data, lower (< 1%) minor
allele frequency (MAF) and higher (>0.98) maximum geno-
type frequency, yielding a robust set of 39,756 SNPs used
for all subsequent analyses. The genotypes were called in

decay rate was observed for chromosome 5.

Genetic characterization and assessment
of population stratification

DDP was genetically characterized using 39,756 GBS SNPs
discovered in the current study and their pattern of distribu-
tion and marker density are illustrated in Fig. 3. The overall
distribution of minor allele frequency (MAF), maximum
genotype frequency and polymorphism information con-
tent (PIC) observed in the panel is shown in Supplemen-
tary Fig. S1 while their chromosome-wise distribution is
presented in Supplementary Fig. S2. As illustrated in these
figures, SNPs displayed a full range for these key marker
properties in the DDP with average values (MAF=0.17,
maximum genotype frequency =0.75, PIC=0.19) keeping
in the moderate informative range typical of SNPs identified
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Table 3 Details of GBS SNP effects by type and region

Effect type SNP Count Percent®
3_prime_UTR_variant 7296 2.21%
5_prime_UTR_premature_start_ 291 0.09%
codon_gain_variant

5_prime_UTR_variant 2092 0.64%
Downstream_gene_variant 84 255 25.56%
Start_codon_variant 3 0.00%
Intergenic_region 35 846 10.88%
Intron_variant 68 979 20.93%
Missense_variant 34 445 10.45%
Splice_acceptor_variant 72 0.02%
Splice_donor_variant 62 0.02%
Splice_region_variant 3 864 1.17%
Start_lost 21 0.01%
Stop_gained 286 0.09%
Stop_lost 48 0.02%
Stop_retained_variant 50 0.02%
Synonymous_variant 39317 11.93%
Upstream_gene_variant 52 694 15.99%
Effect Region SNP Count Percent’
DOWNSTREAM 84 255 25.87%
EXON 73 688 22.63%
INTERGENIC 35 846 11.01%
INTRON 65903 20.24%
SPLICE_SITE_ACCEPTOR 72 0.02%
SPLICE_SITE_DONOR 62 0.02%
SPLICE_SITE_REGION 3476 1.07%
UPSTREAM 52 694 16.18%
UTR_3_PRIME 7296 2.24%
UTR_5_PRIME 2383 0.73%

#Percent SNPs out of the total SNP count for all 'Effect Type' catego-
ries

®Percent SNPs out of the total SNP count for all 'Effect Region' cat-
egories

through next-generation sequencing-based approaches. The
population structure was analysed using principal compo-
nent analysis (PCA) and K-means clustering. The point of
inflection (elbow junction) in the PCA scree plot indicated
the presence of five subpopulations (Q) within the associa-
tion panel (Supplementary Fig. S3). These observations
were further corroborated by the cluster detection based on
Bayesian information criterion (BIC) which supported the
presence of five clusters as ‘k=5" was within the shallow
minimum of the BIC ‘goodness of fit" curve (Supplemen-
tary Fig. S4) indicating five clusters are most optimum for
classifying genotypes in the panel. The pattern of popula-
tion stratification and the percentage of the genetic varia-
tion accounted by the first three components of the PCA
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is illustrated in Fig. 5. The K-means-based cluster (sub-
populations) membership for the DDP clones is provided
in Supplementary Table S1. The genetic kinship among the
genotypes included in DDP was visualized as a dendrogram
heatmap of the genomic relationship matrix (Fig. 6).

GWAS results

GWAS for all traits employed additive, general and simplex
dominance gene action models as described in the R pack-
age GWASpoly manual. Each gene action model was further
evaluated using Naive, K, Q and QK models, and fitness of
these statistical models was evaluated using Q-Q plots and
genomic control inflation factor (Agc) metric as described
in Materials and methods. First five principal components
(PC) were deemed relevant for describing population struc-
ture based on the point of inflection observed in the PCA
scree plot (Supplementary Fig. S3) and BIC 'cluster detec-
tion” goodness of fit curve (Supplementary Fig. S4), and
were included to form the Q matrix in Q and QK GWAS
models for controlling population confounding effects. The
marker-trait associations (MTAs) were declared statistically
significant based on P-value (— log,,(P)) detection thresh-
old established using the "M.eff" method (implemented in
GWASpoly) to control the genome-wide false positive rate
(=0.05). Supplementary Fig. S5 displays Q-Q plots com-
paring the inflation of P-values for the four principal GWAS
models deployed for each genetic (gene action) model for
all 10 traits and Supplementary Table S4 presents genomic
control inflation factor (Agc) values for each trait and 'GWAS
genetic model x statistical model' combination. Figure 7
illustrates individual trait Manhattan plots from all GWAS
and gene action models analysed here.

GWAS scans were performed for selecting the most sig-
nificant marker per LD-based moving window and a sin-
gle MTA per LD-based window (genomic interval) was
retained (hereafter referred to as QTL-MTA) for each gene
action model GWAS. The genomic window-size (2.67 Mb)
for LD-based scan was set using the average extent of LD
decay (average LD, o, distance) observed in DDP. This
GWAS scan resulted in a set of 254 significant QTL-MTAs
from K and QK models covering all traits assessed in the
study including QTL-MTAs appearing with multiple gene
action models for the same SNP (Supplementary Table S5).
Following this, QTL-MTAs appearing with multiple gene
action models were filtered to retain only a single QTL-
MTA with the highest significance value leading to a non-
redundant set of 137 unique QTL-MTAs (Table 5) that forms
the basis of GWAS results presented in this study. Graphical
representation of QTL-MTAs listed in Table 5 is presented
in Supplementary Fig. S6.

Significant QTL-MTAs were detected for all ten traits
tested in DDP (Table 5 and Supplementary Table S5; Fig. 7
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Fig.4 Linkage disequilibrium (LD) measure ## in DDP plotted versus »

the physical map distance (Mb) between pairs of 39,756 GBS SNPs
located on the whole chromosomal region for all 12 chromosomes.
The trend line of the nonlinear quantile regression of > (90th per-
centile) versus the physical map distance between the SNP markers
is illustrated in red while dashed blue line depicts the standard LD
decay threshold (#=0.1)

and Supplementary Fig. S6). A marker from chromosome 1
(84.62 Mb) and another one from chromosome 11 (4.62 Mb)
were associated with YLD according to GWAS model K.
The association on chromosome 11 was also significant for
YLD according to GWAS model QK. Significant associa-
tions for MTW were found on nine chromosomes: 1, 2, 3, 4,
6,7, 8,9 and 11. The strongest association with this trait was
identified on chromosome 8 at 45.28 Mb, with — log;(P)
values reaching 13.26 and 12.58 according to GWAS models
K and QK, respectively. A single marker located on chro-
mosome 4 at 68.76 Mb was significantly associated with
SHP according to both GWAS models. For REG, significant
QTL-MTAs were identified on chromosomes 1, 2 and 9 with
the ones on chromosome 1 being strongest. Two markers
located at 81.67 and 84.61 Mb on chromosome 1 showed
the association with REG at the — log;,(P) level of 9.85
or 9.65 depending on GWAS model. For EYE, similarly as
for SHP, only one marker was significant. It was located at
1.06 Mb on chromosome 12. Significant QTL-MTAs for
PUR were detected on all chromosomes. The strongest of
them was with a marker on chromosome 8 (57.42 Mb), sig-
nificant at the -log,,(P) levels 15.42 and 14.13, according to
K and QK GWAS models, respectively. The most significant
association among all tested traits in our study was detected
between a marker located on chromosome 3 at 48.72 Mb and
TFC. The — log,4(P) level reached 53.34 (K model) or 50.33
(QK model) for this QTL-MTA. Markers significantly asso-
ciated with TFC were distributed on chromosome 3 between
42.58 and 48.72 Mb. TSC was affected by a number of loci
located on nine chromosomes: 1, 2, 3, 4, 6, 7, 8, 10 and
12. The strongest association with TSC was identified on
chromosome 8 at 45.49 Mb, with — log,,(P) values reach-
ing 10.17 and 10.25 according to GWAS models K and QK,
respectively. Two QTL-MTAs located on chromosome 10 at
11.55 and 29.39 Mb were significantly associated with TST
according to the QK model, both with — log,(P) 5.57. For
POL, significant QTL-MTAs were detected on six chromo-
somes: 2,4, 5, 6,9 and 12. The QTL-MTAs from chromo-
some 6 were the strongest for POL with — log,,(P) 6.41 and
5.94 according to K and QK GWAS models, respectively
(Table 5, Fig. 7).
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Table 4 Extent of LD decay in DDP estimated using GBS SNPs at
whole chromosome level

Chromosome r max_goa L]31/10,90 (Mb)b
1 0.21 3.59
2 0.19 2.57
3 0.24 2.83
4 0.22 2.81
5 0.18 3.68
6 0.18 2.07
7 0.20 2.49
8 0.17 1.54
9 0.20 2.76
10 0.28 2.32
11 0.20 3.30
12 0.22 2.01
Average 0.21 2.67

"‘rzmaxwgoz Maximum Pearson correlation coefficient (%) achieved in
the 90th percentile

LD, 0.90: Physical distance (Mb) at which LD has decayed to one-
tenth of its maximum 7 value in the 90th percentile

Discussion
QTL corroborations and new findings

DDP used in this study is a collection of diploid lines with
various wild germplasm introgressions in an S. tubero-
sum dihaploid background. The lines present in DDP or
closely related ones, have been used previously in linkage

studies on inheritance of traits such as tuber morphology
(Sliwka et al. 2008; Hara-Skrzypiec et al. 2018a), tuber
starch content (Sliwka et al. 2016; Hara-Skrzypiec et al.
2018b; Sottys-Kalina et al. 2020; Lebecka et al. 2021),
chip colour and resistances to various diseases. In the
current GWAS, we found some QTL located in genomic
regions described in the earlier studies using plant mate-
rial related to, or included in, DDP. We also detected some
QTL likely caused by widespread S. tuberosum-derived
alleles described by other authors. The introgressions of
wild Solanum species in DDP in our study resulted in find-
ing some QTL in new locations.

The QTL for YLD have not been mapped in the studies
done in related material but of the two QTL identified in this
study on chromosomes 1 and 11, the one on chromosome
11 identified by the marker located at 4.62 Mb (Table 5)
seems to be the same as the QTL identified by a marker at
5.40 Mb described by Garzén-Martinez et al. (2024) in a
GWAS using 568 S. tuberosum group Andigenum acces-
sions. Accessions of Andigenum group were in the pedi-
gree of DDP as donors of the virus and nematode resist-
ances. Garzon-Martinez et al. (2024) also discovered QTL
for yield in several regions of chromosome 1, but none of
them is close to position of the QTL identified in our work at
84.62 Mb. A QTL for yield has been described in a similar
region at 78.8 Mb by Sharma et al. (2024) in a GWAS of
tetraploid potato panel. Our QTL may also overlap with the
one described by Bradshaw et al. (2008) at the bottom of
chromosome 1 (118 cM), but due to different genotyping
systems precise comparison of location is not possible.

o PC1:4.9%

PC2:3.8% e

1.0

T
0.0

-1.0

Fig.5 Principal component analysis of 246 DDP clones using 39,756
GBS SNPs. The individual clones are coloured on the basis of their
membership to subpopulations (clusters) detailed in Supplementary
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Fig.6 Heatmap displaying
relationships among 246 DDP

clones using 39,756 GBS SNPs.
The red diagonal represents
perfect relationship of each
line with itself; the symmetric
off-diagonal elements represent
relationship for pairs of lines
where warmer colour indicates
a positive relationship and
colder colour denotes a nega-
tive relationship. The colours
in the horizontal bar below
dendrogram depict clones’
membership to subpopulations
(clusters) as detailed in Sup-
plementary Table S1 (Clus-
terl =red, Cluster2 = green,

Cluster3 =cyan, Cluster4 = grey, -~

Cluster5 = magenta)

We detected QTL for MTW on chromosomes 1, 2, 4, 5,
6,7,8,9 and 11 and the ones on chromosomes 1, 4, 5 and
6 are likely similar to those described by Hara-Skrzypiec
et al. (2018a). The QTL on chromosome 2 with significant
QTL-MTAs at 36.35 and 44.54 Mb spans over the region
of 40.21 Mb indicated as significant for the average tuber
weight by Sharma et al. (2024). The tuber weight or size has
been studied in several other works (e.g. Braun et al. 2017;
Manrique-Carpintero et al. 2015), but the QTL for MTW on
chromosomes 8, 9 and 11 have not been described earlier.

For SHP a single QTL was detected on chromosome
4 but in a position most likely different from the posi-
tion of QTL for SHP described by Hara-Skrzypiec et al.
(2018a). However, a QTL for SHP has been described by
Zia et al. (2020) in a GWAS performed in a panel of 237
tetraploid table potato cultivars, as located on chromo-
some 4 at 65.07 Mb in a position similar to the position
of the QTL identified in this study at 68.76 Mb. The only
QTL for EYE detected in our study on chromosome 12 at
1.06 Mb was not described earlier in the related material,
but it is in the similar position as the QTL described by
Sharma et al. (2024) at 1.45 Mb. Surprisingly, the major
loci for SHP and EYE described on chromosome 10 (van
Eck et al. 1994; van Eck 2007; Lindqvist-Kreuze et al.
2015; Sharma et al. 2024) were not significant in our
study. Nevertheless, candidate QTL peaks for tuber shape
and eye depth (Fig. 7) were observed on chromosome

i i

ount
0 6000

Value

10 in the current study. Interestingly, the QTL-MTAs
with highest significance in these candidate peaks for
SHP (chr10_47842697 and chr10_50731367) were in
the known locus on chromosome 10 while those for the
linked EYE trait (chr10_60478479, chr10_58557485 and
chr10_59064804) were located around 8-10 Mb distance
apart (Supplementary Table S6). Moreover, two of the
tuber shape (chr10_50383861 and chr10_49714737) and
one eye depth (chr10_50383861) chromosome 10 MTAs
reported by Sharma et al. (2024) were present in DDP
but not positioned in the top part of the candidate peaks
observed for these two traits (Supplementary Table S6).
These three QTL-MTAs with MAFs of 0.39, 0.36 and
0.39, respectively, along with most other QTL-MTAs
observed in the chromosome 10 tuber shape and eye
depth QTL region as reported by Sharma et al. (2024),
displayed marker properties (Supplementary Fig. S2) in
the dynamic range suitable for performing GWAS leav-
ing the results intriguing. The reduced statistical power to
detect significant QTL for SHP and EYE in the described
chromosome 10 genomic regions reported in cultivated
gene pool could be due to the potential introgression of
other independent association signals and loci from wild
potato relatives exerting genetic effects on tuber shape and
eye depth. The dissociation of chromosome 10 candidate
peak MTAs for SHP and EYE as described above further
suggests the potential perturbance in LD for this region
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Fig.7 Trait-wise combined
Manhattan plots from all genetic
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due to broadening of the tuberosum gene pool. Notably,
in linkage studies performed on material related to DDP,
QTL for these two traits have been mapped with chromo-
some 10 QTL either strongly affecting EYE and slightly
SHP (Sliwka et al. 2008) or strongly affecting SHP only
(Hara-Skrzypiec et al. 2018a) suggesting these dominant
alleles were segregating in the described linkage studies.
This further suggests that these dominant alleles affecting
SHP and EYE are present in DDP but perhaps in lower
frequencies giving decreased power for GWAS.

GWAS for REG identified significant QTL-MTAs on
chromosomes 1, 2 and 9, however, none of these was cor-
roborating the positions of QTL detected in the previous
linkage studies (Sliwka et al. 2008; Hara-Skrzypiec et al.
2018a) performed in related material. Moreover, unlike
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in previous studies, the QTL detected in GWAS for SHP,
REG and EYE did not overlap with each other.

We detected QTL for PUR on all potato chromosomes
including the locations corresponding to three well-
described loci affecting anthocyanin pigmentation in potato.
Even though locus R (D) on chromosome 2 is associated
with red anthocyanin pigmentation in potato (van Eck et al.
1993, 1994), it may also affect the purple pigmentation of
tuber skin analysed in our study. Interestingly, the genomic
positions (34.6 Mb and 43.7 Mb) of the two chromosome
2 significant QTA-MTAs for PUR observed here spans the
location (38.13 Mb on chromosome 2; Pham et al. 2020;
Potato Genome Sequencing Consortium 2011) of the
dihydroflavonol 4-reductase gene Soltu.DM.02G024900
known to be associated with locus R (D) (De Jong et al.
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Table 5 List of significant QTL marker-trait associations (QTL-MTAs) derived using 'K' and 'QK' GWAS models

Trait Marker Chrom Position (bp) Model Threshold® - log,((P) (K) Effect® (K) — log,(P) (QK) Effect® (QK)
YLD  chr01_84615108 chrO1 84615108 general 5.56 6.03 - - -
YLD  chr11_4623974  chrll 4623974 general 5.56 5.76 - 6.27 -
MTW  chr01_79074014  chrO1 79074014 additive 5.56 7.25 23.15 6.92 23.14
MTW  chr02_21059123 chr02 21059123 additive 5.56 7.92 26.27 7.54 26.27
MTW  chr02_36354621 chr02 36354621 1-dom-alt  5.56 5.82 24.55 5.61 24.46
MTW  chr02_44543919 chr02 44543919 general 5.56 5.58 - - -
MTW chr04_8180136  chrO4 8180136 1-dom-alt  5.56 5.98 19.77 - -
MTW  chr04_8180200  chrO4 8180200 additive 5.56 6.64 18.34 6.07 17.89
MTW  chr05_1341916  chr05 1341916 additive 5.56 6.56 25.85 5.96 25.19
MTW  chr05_11242266 chr05 11242266 general 5.56 9.10 - 8.47 -
MTW  chr05_11371658 chr05 11371658 additive 5.56 5.63 20.97 - -
MTW  chr05_22681150 chr05 22681150 1-dom-alt 5.56 6.00 9.06 5.60 9.01
MTW  chr05_41271797 chrO5 41271797 1-dom-alt 5.56 6.67 9.97 6.33 10.01
MTW  chr05_44901864 chr05 44901864 I-dom-alt 5.56 5.67 8.90 - -
MTW  chr06_54494269 chr06 54494269 additive 5.56 5.63 16.37 - -
MTW  chr07_3203241  chr07 3203241 general 5.56 6.11 - 5.80 -
MTW  chr08_39791429 chr08 39791429 additive 5.56 7.20 15.07 6.78 14.99
MTW  chr08_45275486 chr08 45275486 additive 5.56 13.26 30.78 12.58 30.99
MTW  chr08_51787959 chrO8 51787959 1-dom-alt 5.56 6.41 15.64 5.92 15.43
MTW  chr08_52112043 chrO8 52112043 additive 5.56 6.59 10.39 6.15 10.31
MTW  chr08_55923470 chrO8 55923470 additive 5.56 6.13 8.84 6.15 9.05
MTW  chr09_2291639  chr09 2291639 additive 5.56 5.69 20.89 - -
MTW  chr09_6362515  chr09 6362515 I-dom-alt 5.56 7.60 20.61 7.02 20.63
MTW  chr09_6501563  chr09 6501563 general 5.56 8.31 - 7.69 -
MTW  chr09_52666932 chr09 52666932 additive 5.56 6.37 18.27 5.78 17.54
MTW  chr09_67069420 chr09 67069420 l-dom-alt 5.56 5.60 16.61 - -
MTW  chr11_42310242 chrll 42310242 additive 5.56 5.76 11.10 - -
MTW  chr11_44871695 chrll 44871695 general 5.56 7.05 - 6.77 -
SHP chr04_68757669 chr04 68757669 additive 5.56 5.71 0.42 5.83 0.43
REG  chr01_81668820 chr0O1 81668820 1-dom-ref 5.48 9.85 —2.36 9.65 —2.36
REG  chr01_84614836 chrOl 84614836 1-dom-ref 5.48 9.85 —2.36 9.65 —-2.36
REG  chr02_25415640 chr02 25415640 general 5.56 7.29 - 6.67 -

REG  chr09_59884883 chr09 59884883 1-dom-ref 5.48 6.78 —1.42 6.50 —-1.39
EYE  chr12_1056586  chrl2 1056586 1-dom-ref 5.48 5.49 —1.22 5.56 —-1.23
PUR  chr01_1356581  chrO1 1356581 additive 5.56 8.59 - 0.40 7.41 —-0.39
PUR  chr01_1549287  chrO1 1549287 1-dom-ref 5.47 74 -0.57 6.69 —0.55
PUR  chr01_64503675 chrO1 64503675 additive 5.56 6.07 —0.61 5.73 —0.60
PUR  chr01_65770664 chrO1 65770664 1-dom-ref 5.47 6.67 —-0.91 6.59 - 091
PUR  chr01_67621461 chr01 67621461 general 5.56 - - 6.03 NA
PUR  chr01_67671077 chrO1 67671077 general 5.56 6.07 NA - -

PUR  chr01_71346878 chr01 71346878 1-dom-ref 5.47 6.67 —-0.91 6.59 —-0.91
PUR  chr01_73939403 chrO1 73939403 additive 5.56 10.6 —0.67 10.19 —0.66
PUR  chr01_78473624 chrO1 78473624 1-dom-ref 5.47 6.67 —-0.91 6.59 —-091
PUR  chr01_79065553 chrO1 79065553 general 5.56 6.12 NA 6.05 NA
PUR  chr02_8566446  chr02 8566446 additive 5.56 7.89 -0.38 7.84 —0.38
PUR  chr02_13328431 chr02 13328431 1-dom-ref 5.47 6.89 -0.93 6.82 —-0.93
PUR  chr02_24220917 chr02 24220917 1-dom-alt 5.56 6.89 0.93 6.82 0.93
PUR  chr02_29489294 chr02 29489294 additive 5.56 8.99 -0.71 8.92 -0.71
PUR  chr02_29728440 chr02 29728440 1-dom-ref 5.47 6.92 —-0.77 6.35 —-0.75
PUR  chr02_34625572 chr02 34625572 additive 5.56 5.99 —-0.35 5.89 —-0.35
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Table 5 (continued)

Trait Marker Chrom Position (bp) Model Threshold® - log,((P) (K) Effect® (K) — log,(P) (QK) Effect® (QK)
PUR  chr02_43738555 <chr02 43738555 1-dom-ref 5.47 5.67 —0.96 5.82 -0.97
PUR  chr02_44077066 chr02 44077066 general 5.56 - - 5.61 NA
PUR  chr03_251823 chr03 251823 I-dom-ref 5.47 6.99 —-0.93 6.88 -0.93
PUR  chr03_2108734  chr03 2108734 additive 5.56 7.89 —0.45 7.59 —0.44
PUR  chr03_9582227  chr03 9582227 additive 5.56 8.82 —0.58 8.48 —-0.57
PUR  chr03_52670407 chr03 52670407 general 5.56 7.13 NA 7.04 NA
PUR  chr03_57275947 chr03 57275947 1-dom-ref 5.47 7.01 -0.80 6.75 —-0.78
PUR  chr03_60220838 chr03 60220838 1-dom-ref 5.47 5.49 -0.95 5.72 -0.97
PUR  chr04_944598 chr04 944598 additive 5.56 6.15 —-0.53 6.12 —-0.53
PUR  chr04_59384781 chr04 59384781 1-dom-ref 5.47 6.95 —-0.94 6.79 -093
PUR  chr04_59672854 chr04 59672854 additive 5.56 8.05 —-0.42 6.98 - 0.40
PUR  chr04_62462980 chr04 62462980 1-dom-alt 5.56 6.36 -0.33 - -

PUR  chr04_62463076 chr04 62463076 general 5.56 9.65 NA 8.73 NA
PUR  chr05_49212950 chr05 49212950 1-dom-ref 5.47 10.02 —-0.87 9.65 —-0.85
PUR  chr05_51757970 chr05 51757970 l-dom-alt 5.56 7.18 —0.62 6.88 —0.61
PUR  chr05_54208577 chr05 54208577 1-dom-ref 5.47 5.88 -0.72 5.61 -0.71
PUR  chr06_50515507 chr06 50515507 1-dom-ref 5.47 5.77 -0.97 5.88 —0.98
PUR  chr06_52118507 chr06 52118507 additive 5.56 6.12 -0.59 5.89 —0.58
PUR  chr06_54208623 chr06 54208623 1-dom-ref 5.47 6.7 -0.92 6.55 - 091
PUR  chr06_57857606 chr06 57857606 general 5.56 7.76 NA 7.71 NA
PUR  chr06_57864175 chr06 57864175 1-dom-ref 5.47 8.38 —0.46 8.26 —0.46
PUR  chr06_58253772 chr06 58253772 1-dom-alt 5.56 6.28 —0.60 6.14 -0.59
PUR  chr06_58983943 chr06 58983943 additive 5.56 7.35 —-0.36 6.36 —-0.34
PUR  chr07_1780641 chr07 1780641 1-dom-ref 5.47 6.86 —-0.93 6.67 -0.93
PUR  chr07_6186211 chr07 6186211 1-dom-ref 5.47 6.86 —-0.93 6.67 -0.93
PUR  chr07_47224659 chr07 47224659 1-dom-ref 5.47 6.86 -093 6.67 —-0.93
PUR  chr07_48818519 chr07 48818519 additive 5.56 8.07 —0.55 7.79 —-0.54
PUR  chr08_8534417  chr08 8534417 additive 5.56 7.88 —-0.43 7.74 —-043
PUR  chr08_41058717 chrO8 41058717 1-dom-ref 5.47 7.79 —-0.84 7.68 -0.84
PUR  chr08_54561995 chr08 54561995 1-dom-ref 5.47 - - 6.85 -0.93
PUR  chr08_57420203 chrO8 57420203 general 5.56 15.42 NA 14.13 NA
PUR  chr09_55346500 chr09 55346500 1-dom-ref 5.47 6.99 -0.93 6.98 —-0.94
PUR  chr09_59448889 chr09 59448889 general 5.56 6.71 NA 6.56 NA
PUR  chr09_67278095 chr09 67278095 1-dom-ref 5.47 6.99 —-0.93 6.98 —-0.94
PUR  chr10_54013601 chrl0 54013601 general 5.56 6.3 NA 6.02 NA
PUR  chr10_54942916 chrl0 54942916 1-dom-ref 5.47 5.56 - 0.54 - -
PUR  chrl1_1026561 chrll 1026561 additive 5.56 6.85 —-043 6.85 —-043
PUR  chr11_9773425  chrll 9773425 additive 5.56 6.83 —0.48 6.58 —-0.48
PUR  chrl1_46437440 chrll 46437440 general 5.56 5.96 NA 5.96 NA
PUR  chrl2_568712 chrl2 568712 additive 5.56 6.08 —-0.50 5.9 - 0.50
PUR  chr12_9881625  chrl2 9881625 additive 5.56 5.68 —-0.49 - -
PUR  chr12_53842088 chrl2 53842088 1-dom-ref 5.47 6.68 —0.80 6.15 -0.77
PUR  chr12_55039992 chrl2 55039992 general 5.56 - - 5.71 NA
PUR  chr12_58144275 chrl2 58144275 additive 5.56 8.06 —0.52 7.9 —-0.51
PUR  chr12_59250968 chrl2 59250968 1-dom-ref 5.47 5.72 - 045 5.63 - 045
TFC chr03_42577254 chr03 42577254 1-dom-alt 5.56 30.77 1.56 28.89 1.56
TFC chr03_44063968 chr03 44063968 1-dom-ref 5.48 51.36 —1.90 48.16 —1.96
TFC chr03_45528157 chr03 45528157 1-dom-alt 5.56 43.28 1.81 40.85 1.86
TFC chr03_45689639 chr03 45689639 additive 5.56 40.54 — 1.50 36.95 — 1.56
TFC chr03_48721820 chr03 48721820 general 5.56 53.34 - 50.33 -
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Table 5 (continued)

Trait Marker Chrom Position (bp) Model Threshold® - log,((P) (K) Effect® (K) — log,(P) (QK) Effect® (QK)
TSC chr01_51539256 chrO1 51539256 general 5.56 - - 5.65 -

TSC chr01_54501268 chr01 54501268 1-dom-ref 5.48 7.83 —12.34 7.09 —12.00
TSC chr01_64394891 chrO1 64394891 I-dom-ref 5.48 6.37 12.46 6.28 11.63
TSC chr01_64608498 chr01 64608498 general 5.56 5.84 - 6.21 -

TSC chr01_67585923 chrO1 67585923 additive 5.56 7.63 2.49 - -

TSC chr01_69251218 chr01 69251218 1-dom-ref 5.48 7.83 —12.34 7.09 —12.00
TSC chr01_72387451 chr01 72387451 additive 5.56 6.81 2.54 - -

TSC chr01_76492554 chrO1 76492554 additive 5.56 7.45 1.98 - -

TSC chr01_81279046 chr01 81279046 additive 5.56 7.60 2.54 - -

TSC chr02_42067857 chr02 42067857 1-dom-ref 5.48 7.99 — 1224 7.22 -12.03
TSC chr03_33499819 chr03 33499819 1-dom-ref 5.48 6.08 12.20 6.27 11.64
TSC chr03_42235380 chr03 42235380 additive 5.56 5.64 1.67 - -

TSC chr04_13522405 chr04 13522405 additive 5.56 5.68 4.22 - -

TSC chr04_60627927 chr04 60627927 1-dom-ref 5.48 6.20 12.22 6.24 11.60
TSC chr04_62462743 chr04 62462743 general 5.56 5.72 - 5.89 -

TSC chr06_36626401 chr06 36626401 general 5.56 7.98 - 6.58 -

TSC chr06_46211337 chr06 46211337 1-dom-ref 5.48 7.87 - 12.06 7.18 —11.87
TSC chr06_54454385 chr06 54454385 1-dom-ref 5.48 5.55 -6.11 - -

TSC chr06_58169691 chr06 58169691 1-dom-ref 5.48 7.87 - 12.06 7.18 —11.87
TSC chr07_1383345  chr07 1383345 1-dom-ref 5.48 7.64 - 12.06 7.22 - 11.96
TSC chr07_50704119 chr07 50704119 1-dom-ref 5.48 6.04 12.03 6.23 11.54
TSC chr07_52738876 chr07 52738876 general 5.56 - - 5.77 -

TSC chr08_6944167  chr08 6944167 1-dom-ref 5.48 6.62 12.38 6.36 11.56
TSC chr08_26608811 chr08 26608811 1-dom-ref 5.48 6.62 12.38 6.36 11.56
TSC chr08_34574918 chr08 34574918 1-dom-ref 5.48 6.62 12.38 6.36 11.56
TSC chr08_45486119 chr08 45486119 1-dom-ref 5.48 10.17 —10.62 10.25 —10.50
TSC chr08_59102493 chr08 59102493 1-dom-ref 5.48 6.62 12.38 6.36 11.56
TSC chr10_58557485 chrl0 58557485 general 5.56 8.05 - 6.97 -

TSC chr12_567852 chrl2 567852 1-dom-ref 5.48 8.08 -12.19 7.38 - 12.00
TST chr10_11547797 chrl0 11547797 general 5.48 - - 5.57 -

TST chr10_29388424 chrl0 29388424 general 5.48 - - 5.57 -

POL  chr02_7655142  chr02 7655142 I-dom-alt 5.56 6.02 —41.55 - -

POL chr04_61024485 chr04 61024485 general 5.56 - - 5.63 -

POL chr05_23152674  chr05 23152674 1-dom-ref 5.48 5.63 —37.83 - -

POL chr06_35636880 chr06 35636880 additive 5.56 6.41 —28.74 5.94 —28.12
POL  chr09_5184271 chr09 5184271 additive 5.56 6.32 -37.19 5.79 —-35.77
POL  chrl2_55741943 chrl2 55741943 1-dom-ref 5.48 6.36 —33.90 6.33 —33.89

For each trait, only a single MTA with the highest significance value per LD-based genomic interval was retained for SNPs appearing with mul-
tiple gene action models

YLD, Yield; MTW, Mean tuber weight; SHP, Tuber shape; REG, Regularity of tuber shape; EYE, Tuber eye depth; PUR, purple tuber skin colour;
TFC, Tuber flesh colour; TSC, Tuber starch content; TST, Boiled tuber taste; POL, Pollen fertility
4Genome-wide P-value (— log,,(P)) detection threshold for statistical significance

"Marker effect (not available for the general model because there are multiple effects)

2003; Zhang et al. 2009) described above. Anthocyanin pig- ~ which in potato is named as Stan2 (De Jong et al. 2004;
mentation of tuber skin in potato has also been associated  Jung et al. 2009) and located (52.60 Mb on chromosome 10;
with locus D (also known as I in diploid potato or PSC) on Soltu.DM.10G020850; Pham et al. 2020; Potato Genome
chromosome 10 (van Eck et al. 1994). The D locus encodes  Sequencing Consortium 2011) in close vicinity to the two
an R2R3 MYB transcription factor similar to Petunia an2 ~ chromosome 10 significant QTL-MTAs (at 54.01 Mb and
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54.94 Mb) for PUR detected in our study implicating that
Stan2 may underlie this QTL. The third locus important for
blue anthocyanin pigmentation in potato is the P locus on
chromosome 11 (van Eck et al. 1994) encoding flavonoid
3'5'-hydroxylase (Jung et al. 2005). The best match to fla-
vonoid 3',5'-hydroxylase in the reference potato genome is
Soltu.DM.11G020990 (40.98 Mb on chromosome 11; Pham
et al. 2020; Potato Genome Sequencing Consortium 2011)
which is located within~6 Mb of a QTL for PUR detected in
our study at 46.44 Mb. Pandey et al. (2022) have described
QTL for purple tuber skin on chromosomes 1, 2, 3, 4, 10
and 11 using an association panel of 214 tetraploid potato
clones and cultivars. All of them overlap with the QTL for
PUR identified in our study. Parra-Galindo et al. (2019,
2021) have described QTL for contents of different antho-
cyanidins in tubers of diploid landrace accessions from the
S. tuberosum Group Phureja on chromosomes 1, 2, 6, 9, 10,
11 and 12. The QTL for PUR described in our study are in
similar positions as the QTL on chromosomes 2, 9, 10 and
11 reported in these two studies but precise comparisons
of the QTL locations are hampered by the use of different
versions of the reference genome. Caraza-Harter (2020) has
mapped QTL for red pigmentation of potato tuber periderm
(skin hue, skin lightness and skinned area hue) in a tetraploid
potato panel on chromosomes 1, 2, 5,9, 10 and 11. These
QTL also overlap with the QTL for PUR observed here,
with the exception of regions on chromosomes 5 (3.87 Mb)
and 9 (8.31 Mb) that were not significantly associated with
tuber skin pigmentation in our study. These results indicate
that the genetic factors affecting purple or red tuber skin
colour are to a large extent common. Besides several previ-
ously described QTL, the current study detected new QTL
for PUR on chromosomes 6, 7 and 8, with the QTL on chro-
mosome 8§ being the most significant among all PUR QTLs
observed here.

An example of QTL detected both in S. tuberosum germ-
plasm and in previous studies conducted using DDP-related
material, is the QTL for TFC on chromosome 3 detected in
DDP between 42.58 and 48.72 Mb and overlapping with
the position of a beta-carotene hydroxylase gene Soltu.
DM.03G018410 at 42.90 Mb of the chromosome 3 in
the reference genome DMv6.1 (Pham et al. 2020; Potato
Genome Sequencing Consortium 2011). The beta-carotene
hydroxylase gene has been indicated as the gene underly-
ing the Y (Yellow) locus determining yellow flesh colour
in potato (Kloosterman et al. 2010). The Y locus has been
described in early linkage mapping studies (Bonierbale
et al. 1988; Brown et al. 1993, 2006). QTL for TFC has
been described in a location corresponding to the Y locus
in the recent GWAS study using European tetraploid potato
germplasm, as one of the seven detected QTL for this trait
(Sharma et al. 2024). The same QTL was detected in linkage
studies performed on diploid plant material related to DDP
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(Sliwka et al. 2008; Hara-Skrzypiec et al. 2018a). However,
in both linkage studies the QTL on chromosome 3 was not
the only one affecting TFC, in contrast to the current GWAS
study. Sliwka et al. (2008) described QTL for TFC on chro-
mosomes 2, 4, 11 and 12, and the QTL on chromosome 3
with only a minor effect on TFC, which led to the hypothesis
that both parents of this mapping population did not have
the dominant Y allele. In a different biparental population,
Hara-Skrzypiec et al. (2018a) detected a QTL in the region
corresponding to beta-carotene hydroxylase location that
explained 76.8% of variance in TFC, and an additional QTL
on chromosome 2. In the GWAS study of DDP the strong
effect of the QTL on chromosome 3 for the TFC potentially
covered the effects of other loci on this trait.

There are numerous studies mapping TSC in potato,
including four performed using plant material closely related
to DDP, all confirming polygenic inheritance of the trait. In
this study we found QTL for TSC on chromosomes 1, 2, 3,
4,6,7, 8,10 and 12, all in positions overlapping with the
QTL described in from one to three of the previous studies
(Sliwka et al. 2016; Hara-Skrzypiec et al. 2018b; Sottys-
Kalina et al. 2020; Lebecka et al. 2021).

GWAS findings for previously unmapped traits

Taste (flavour) of boiled potato tubers is a trait important for
consumers and breeders, but complex and difficult to score.
Differences in taste tend to be confounded with differences
in texture which is another complex trait with several param-
eters: disintegration, consistency, mealiness, dryness and
structure. Potato cultivars can be categorized into cooking
types A—D according to their texture parameters (Domariski
2001b). The scoring of TST in this study aimed to assess
flavour on the scale from very bad to very good, independ-
ent of cooking type or texture. Using the DDP, we identified
two regions of chromosome 10 at 11.55 Mb and 29.39 Mb
as affecting the TST. Which genes are underlying these QTL
can be a difficult question to answer as numerous soluble
and volatile compounds may influence potato flavour (Taylor
et al. 2007). Glutamic acid, other amino acids, guanosine-
5’-monophosphate and other 5’-ribonucleotides have been
indicated as main determinants of boiled potato flavour
(Solms 1971). Glutamate and guanosine-5’-monophosphate
have been demonstrated as the compounds responsible for
the umami taste and higher flavour scores of the mature,
cooked S. tuberosum group Phureja potatoes (Morris et al.
2007). The content of glycoalkaloids, low in table potato
cultivars, have had no effect on taste of boiled or steamed
tubers, but bitter-tasting free amino acids and tyrosine deriv-
ative, homogentisic acid, have been indicated as causal for
egumi taste described as “unpleasantly harsh, somewhat bit-
ter, and astringent taste” in Japan (Sato et al. 2019). Drapal
et al. (2023) have listed 39 metabolites changing in tubers
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during potato storage and associated with sweetness (e.g.
glucose, fructose, glycine and serine), sourness (oxalic,
ascorbic and citric acids) and umami (aspartic acid), as well
as affecting the overall ratings of potato flavour. Our results
provide a starting point for studying the genes affecting the
differences in boiled tuber taste and contents of metabolites
important for this trait.

Lactofuchsin staining of potato pollen has been used as a
pollen fertility estimate (POL) at IHAR-PIB for a long time
and proved to be useful in diploid breeding practice. We
mapped six QTL for POL on chromosomes 2, 4, 5, 6, 9 and
12. The fertility of diploid potatoes gains significance due
to the development of diploid breeding programs deploying
self-compatibility and hybrid breeding strategy. Fertility is
one of the traits severely affected by inbreeding depression
in potato and some recent studies aimed at describing its
genetics. Pollen viability was evaluated and segregated in
three progenies developed by Zhang et al. (2019) by self-
ing, but they did not identify major loci for this trait. Using
binary classification (poor or good pollen producer) Clot
et al. (2024a) mapped pollen shed to seven QTL located on
chromosomes 1, 2, 5, 9, 10 and 11, with the QTL PSE2 on
chromosome 2 indicated as the most important. Position of
the QTL on chromosome 9 at 1.95 Mb (Clot et al. 2024a)
is similar to the position of the QTL detected for POL in
our study at 5.56 Mb of the chromosome 9, while the other
QTL do not overlap. A different pollen staining method,
but also containing acid fuchsin (Peterson et al. 2010), has
been used to phenotype crossover shortage and to map it to
the short arm of chromosome 8 (Clot et al. 2024b). StMSH4
has been shown to be encoded in this locus and its mutation
as leading to either unreduced pollen or sterility. The gene
is a potato ortholog of one of the genes from the class I
crossover pathway (ZMM pathway) responsible for 75-85%
of crossovers in Arabidopsis thaliana. In the potato reference
genome, ten orthologs of the A. thaliana ZMM genes have
been identified (Clot 2023). Among them, StZYP1 (Soltu.
DM.04G029680) is located at 61.02 Mb on chromosome 4,
overlapping very closely with the position of the chromo-
some 4 QTL-MTA for POL detected in our study (Table 5),
which makes it a plausible candidate gene for pollen fertility.

In recent years, genome-wide association studies have
emerged as a powerful tool for the genetic analysis of com-
plex traits in many organisms and offer several advantages
over the use of other population types (e.g. biparental popu-
lations) not least the ability to analyse large number of phe-
notyped traits simultaneously. In potato, most GWAS studies
have been conducted using the panel comprising cultivated
tetraploid potato genotypes. Two recent studies have been
performed using diploid material of the Phureja group (Diaz
et al. 2021) or ethyl methanosulphonate-mutagenized clones
(Fofana et al. 2024), and there is one article describing a
mixed GWAS panel of 320 tetraploid and 84 diploid potato

accessions of mostly Colombian origins (Berdugo-Cely et al.
2023). However, the current study deploys a unique diploid
diversity panel with a widened cultivated potato gene pool
obtained as a result of introgressing valuable traits from wild
potato relatives and the cultivated Andean potato species
to the S. tuberosum background. Considering the increased
interest in diploid hybrid potato breeding, the results pre-
sented here hold greater relevance and provide novel targets
for potato breeding and research at the diploid level.
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