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Abstract

Background Potatoes require phosphorus (P) for growth, tuber production and starch quality, but their small

and shallow root system limits the nutrient acquisition. This results in excessive use of mineral P fertilisers, leading

to environmental and economic concerns due to resource depletion. Identifying potato genotypes with high

P efficiency and understanding the underlying genes responsible are crucial for molecular breeding and crop
improvement. The present study aims at exploring the phenotypic and genotypic variation among potato genotypes
from Gross Luesewitz Potato Collections (GLKS) and identifying markers significantly associated with P efficiency.

Results Phenotypic characterisation of a diversity set of 200 potato accessions for their response to P deprivation

in a pot experiment showed a significant variance regarding biomass production, root length, plants height and

P efficiency between the genotypes, with moderate to high heritability for these traits. Shoot biomass decreased

by 66% on average under low P, while the root biomass decreased by 36% on average. The extent of the reduction
was genotype specific, with some genotypes exhibiting higher root biomass and longer root length under low P
than in control conditions. Outstanding genotypes were identified such as GLKS 11,578 (Kristall) with a dense and
shallow root system or GLKS 10,591 (Tiger) with a long and extensive root system. Genome-wide association analysis
identified 27 unigue significant marker-trait associations including 13 associated with biomass, 3 with plant height
and 11 with P efficiency, with a majority of them related to P utilization efficiency (7) and shoot biomass (11).

Conclusion Our research is one the firsts to present a genome-wide association study in potatoes for P efficiency.
Our study highlighted significant phenotypic variation among the genotypes, while promising targets for improving
P efficiency traits in potato through genomic selection and marker-assisted breeding.
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Background

Potato is the fourth most widely produced crop globally
and the most important non-grain food crop [1]. With
the increasing interest in the use of agricultural crops for
non-food application, potatoes play an important role as
raw material for the starch industry, besides serving as a
staple food in many cultures [2]. According to a report
published by Vilpoux et al. [3] potatoes contribute about
3.9 million tons to the global starch production of 88.1
million tons, accounting for 4.4% of the industry raw
material after corn (74.7%), tapioca (13.7%) and wheat
(7.7%). The reason for its high popularity is its molecular
structure and organization, which makes potato starch
unique from that of other botanical origins. Compared to
starch from other plant species, it is relatively pure, being
constituted mainly of medium sized starch granules and
scarce amounts of fat and protein [4]. Another unique
feature of potato starch is the presence of an extremely
high degree of phosphate monoesters linked to the amy-
lopectin branches of the starch polymer [5, 6]. Studies
conducted by Noda et al. [6] showed that enhancing the
starch phosphate content resulted in significant increases
in starch qualities like swelling power, viscosity and gela-
tinization temperatures. Thus, an adequate amount of
phosphorus (P) is not only essential for rapid canopy
development, tuber set, tuber vyield, and nutritional
quality, but is also critical for enhancing potato starch
qualities and synthesis [7]. Some prior field trials have
confirmed that mineral P fertilization increased tuber
starch content and marketable tuber yield compared to
the unfertilized control [8].

Even though P has been proven to be an essential mac-
ronutrient required for plant’s growth and metabolism,
as it is a part of various biomolecules (e.g. DNA, ATPD,
and phospholipids), its uptake from fertilizer by the plant
is limited [9, 10]. Soil P exists in various chemical forms
including inorganic (Pi) and organic P [11]. It accounts
for about 35 - 70% and 30 - 65%, respectively [11, 12] out
of which plants can take up P primarily as Pi. In spite of
being abundantly present in the soil in various forms, P is
scarcely available to plants due to its extremely low diffu-
sion rate and fixation by various minerals [12].

The sparse and shallow root system of potatoes makes
it difficult to acquire P from the deeper soil layers [13].
Previous studies have shown that potato plants require
more P for optimized yield performance than most other
crops [14]. As a consequence, higher amounts of P fer-
tilizers are applied to potatoes to increase P availability
compared to other crops [15]. However, even though P
fertilizer is applied, potato roots can acquire only about
30% of the applied P, while the rest is fixed by mineral
soil compounds and microbes [16, 17] or is lost via sur-
face run-off, contributing to eutrophication and hypoxia
of water bodies [18, 19]. Moreover, non-renewable rock
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phosphate reserves, which are the main source of mineral
P fertilizer, could be exhausted in the near future as the
rate of use of P fertilizer is continuously increasing [20].

Studies have shown that plants use various strate-
gies to mitigate P scarcity in the soil like increased root
growth, formation of fine lateral roots, enhanced secre-
tion of inorganic and organic compounds like protons,
anions, sugars, organic acids, and enzymes [21, 22]. Crop
genotypes with well-developed root systems with larger
surface areas and higher root elongation rates exhibit a
higher P acquisition efficiency [23] resulting in higher
shoot biomass [24]. Previous experiments with potato
showed increased root development with strong relation
to P uptake under P deficiency. However, this was highly
genotype dependent [25, 26].

At the molecular level, increased P uptake efficiency
is realized by the enhanced expression of genes encod-
ing for P transporters [27]. Phosphatases, which can sig-
nificantly contribute to releasing plant-available P from
organic compounds in the soil, have also been reported
to be secreted more under P deficiency [28, 29]. An
increased gene expression of purple acid phosphatases
(PAPs) and the phosphate transporter PHT1 was seen
under P deficiency [9]. Grierson et al. [30] reported a
number of P-deficiency responsive genes, which were
related to root hair initiation and development in Arabi-
dopsis. Raghothama [31] suggested that more than 100
genes are involved in plant’s response to low P. Among
them are various transcription factors like MYB, G-box
genes, MADs box transcription factors, and ANRI [32].
Cho and Cosgrove [33] elucidated that the genes that are
related to biosynthesis of hormones like auxin and eth-
ylene (ACC oxidase, ACC oxidase, methionine synthase,
S-adenosylmethionine synthetase and ctrl) also con-
tribute to efficient P uptake by modifying root architec-
ture [34]. Under P deficiency, organic acid exudates like
malate and citrate, which take part in Pi mobilization,
were also reported to be secreted in very high amounts
[9]. In response to P deficiency, many plants have been
shown to adjust their metabolic rates and utilize alterna-
tive metabolic pathways as a defense strategy to conserve
the internal Pi pool, in addition to increasing P uptake
from soil [9]. For instance, alternative glycolytic reactions
can bypass Pi or ATP-requiring steps of glycolysis under
Pi starvation by using pyrophosphate [9].

Thus, besides adapting P fertilizer management prac-
tices including proper dosage and placement at the right
time for optimal plant-available soil-P concentrations
during critical growth stages, it is crucial to develop cul-
tivars with higher P efficiency. This can be achieved by
unveiling adaptation strategies at the molecular level, i.e.
by dissecting the genetic architecture of the desired traits
and by identifying genes and quantitative trait loci (QTL)
which play a role in P scarcity tolerance and enhanced
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nutrient uptake. New molecular markers are required
in breeding programs using marker assisted selection
(MAS) approaches to develop crops well-adapted to the
low availability of P in soil. Genome wide association
studies (GWAS), which utilize a panel of diverse geno-
types and next-generation sequencing (NGS) techniques
to identify single nucleotide polymorphisms (SNPs),
have been proven to be a powerful tool to identify QTL
for higher stress tolerance in response to P scarcity [35].
In this regard, exploring the genetic variation in culti-
vated potatoes and their wild relatives can be crucial
for developing adapted potato varieties. With respect
to P efficiency traits, associations have been detected in
maize, rice, and soybean [36]. Hammond et al. [37] used
the SolCAP Infinium array to identify genes related to P
deficiency during early growth in potato. To date, only
few studies using whole genome sequencing and GWAS
have been conducted in potato to improve tolerance to P
deficiency.

Thus, keeping the importance of P uptake efficiency
and its genetic architecture in mind, the present study
aims to (i) identify potato genotypes with high P uptake
efficiency within a diversity set that includes culti-
vated potatoes and their wild relatives, (ii) study the
genetic variation between the genotypes, and (iii) iden-
tify markers significantly associated with P deficiency
tolerance.

Materials and methods

Potato diversity set

The diversity panel used in this study consisted of clones
of 183 different potato accessions belonging to Solanum
tuberosum spp. tuberosum L. (tbr, 178 genotypes), S.
chacoense (Bitter) (chc, three genotypes), S. pinnatisec-
tum Dunal (pin, one genotype), and S. stenotomum Juz.
& Bukasov (stn, one genotype) from the Gross Luese-
witz Potato Collections (GLKS) of the Leibniz Institute
of Plant Genetics and Crop Plant Research (IPK), Ger-
many (Table S1). The cultivated accessions (Solanum
tuberosum spp. tuberosum) will be denoted as KKS and
Andean landraces/the wild relatives as AKS/WKS. The
genotypes were compared to 17 modern starch potato
cultivars from breeders. The genotypes originated from
diverse geographical regions, with 163 coming from
Europe, 25 from the Americas, 10 from Asia, and 2 with
unknown origin. Out of all cultivated potato genotypes,
69 are categorized as starch potatoes, 59 as table pota-
toes, and 24 have multiple applications. Additionally,
12 genotypes are primarily cultivated for industrial pro-
cessing purposes and 36 genotypes do not possess any
known specialty. The potato genotypes belong to varying
maturity groups and were registered as variety in differ-
ent years from 1849 (GLKS 11704) to 2018 (Standard 16)
(Table S1).
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Phenotypic screening

Experimental design

The study materials were maintained as in vitro cultures
in MS medium [38] under controlled climate condition.
For phenotypic screening, four-weeks old in vitro plantlets
(approx. 15 cm tall) were planted in pots (15 cm x 15 cm
x 21 cm) with drainage holes with 3.75 kg of a sand
substrate per pot. This was comprised of three different
size fractions of sand particles (0.4—0.8 mm; 0.7—1.25 mm;
1.2-2.5 mm) in the ratio 1:1:1. Two plants (one tip and one
stem cutting; sum of the two plants per pot was treated as
one observational unit) per pot were grown for four weeks.
The experiment followed a randomized block design with
two consecutive biological replicates from March to June
2020 in a greenhouse with 21 °C and additional light when
natural light was below 5 klux for max. 12 h. For the fer-
tilizer treatment, a modified Hoagland solution [39] was
applied. The accessions were grown under two P treat-
ments, i.e. high P (HP, 100%) with 15 mg P as KH,PO,
L' and low P (LP, 20%) with 3 mg P as KH,PO, L ™! in the
nutrient solution. Both treatments were supplemented
with 209.94 mg N as KNO,, 214.83 mg K as K,SO,, 48.36
mg Mg as MgSO,7H,0, 64.45 mg S as ZnSO,7H,0, 200.26
mg Ca as Ca(NO;),4H,0 per L of the nutrient solution.
Additionally, micronutrients were added to both treat-
ments in the following amounts per L of nutrient solution:
0.500 mg B as H3BOs, 0.502 mg Mn as MnSO,2H,0, 0.050
mg Zn as ZnSO,7H,0, 0.012 mg Cu as CuSO,5H,0 and
0.012 mg Mo along with 0.013 mg Na as Na,MoO,2H,0.
The pH of the nutrient solutions was maintained at 5.8.
The plants were irrigated with 100 ml of the nutrient solu-
tion every second day. The nutrient solution could freely
drain through the drainage holes. Altogether, with 200
potato genotypes, 2 in vitro plantlets per genotype and
pot, two P treatments and two consecutive replicates,
the phenotyping relies on 1600 plants. The experimental
design described above also enabled us to schedule the
experimental period at a time of year (spring to early sum-
mer) when air temperatures and the duration and intensity
of lighting in the greenhouse could be kept at a compa-
rable level. In addition, relatively large and tall pots were
chosen in order to obtain a well-developed root system
that is capable of exploring a large substrate volume.

Phenotypic evaluation

During and before harvesting, various above and under-
ground parameters were measured (Table 1). Plant height
was measured twice, i.e. 7 and 30 d after planting (PH1
and PH2). After 30 d, the two plants per pot were har-
vested and pooled as one sample. Shoot biomass, root
biomass, and tubers (if produced) were harvested sepa-
rately. During harvesting, root length (RL) was measured
for each pot by using a ruler. The fresh weight (FW) was
measured for each sample by weighing. The samples were
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Table 1 List of measured traits, their units and description

Trait Abbreviation Unit Description

Shoot fresh SFW g Fresh weight of the

weight harvested shoot
biomass

Root fresh RFW g Fresh weight of the

weight harvested root bio-
mass (after washing
to remove the sand
particles and dry
patting)

Shoot dry weight SDW g Weight of the dried
shoot biomass (60°C)

Root dry weight  RDW g Weight of the dried
root biomass (60°C)

Root-to-shoot R:S - Root dry weight

ratio divided by shoot dry
weight

Tuber fresh TFW g Fresh weight of the

weight harvested tubers

Tuber dry weight TDW g Weight of the dried
tubers (60°C)

Total fresh TotalFW g Total weight of the

weight fresh plant biomass

Total dry weight ~ TotalDW g Total weight of the
dried plant biomass
Plant height PH1 cm Average height of
at 7 days after the two plants in the
planting pot (stem and tip
cutting) measured
up to the newest leaf
Plant height at PH2 cm Average height of
30 days after the two plants in the
planting pot (stem and tip
cutting) measured
up to the newest leaf
Root length RL cm Length of the
longest root from the
base of the shoot
Phosphorus P_conc mg (100  Amount of phospho-
concentration g™ rus present in shoot
biomass
Phosphorus Pupt mg Amount of phospho-
uptake plant™  rus taken up by the
plant
Phosphorus utili-  PUE gmg™"  Amount of biomass

zation efficiency produced per unit of

phosphorus taken up

dried at 60 °C for 3 days and the dry weight (DW) was
determined by weighing again afterwards.

Shoot P concentration was measured at the Univer-
sity of Rostock (Germany). The whole dried shoot sam-
ples were crushed into a porcelain crucible, dried again
at 105 °C, weighed and incinerated at 550 °C for 4-5 h
in a muffle furnace. Total P was extracted in 25% hydro-
chloric acid according to Page et al. [40]. Phosphorus
concentrations were measured using inductively coupled
plasma-atomic emission spectroscopy (ICP OES Optima
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8300, Perkin Elmer) at 214 nm wavelength. P uptake
was calculated by multiplying the P concentration of the
shoots with its respective dry matter content. Phospho-
rus utilization efficiency (PUE; g mg™!) was calculated as
dry shoot weight (g) over P uptake (mg plant™!) and indi-
cates how much biomass was produced per mg P taken
up. For the traits shoot and root biomass, total biomass
and P uptake, Stress Tolerance Indices (STT) according to
Fernandez [41] were calculated as:
STI = Ypi* Ysi
Mean Yp2

where Y}, is the performance of the i population, i.e. the
genotype i under control condition (HP); Y is the perfor-
mance of the i" population under P deficiency (LP) and
Mean Y, is the mean performance of all the genotypes in
the control condition. Genotypes with high STI values
were considered to have superior performance under HP
and LP conditions. Based on the STI for the traits shoot
and root biomass, total biomass and P uptake, the mem-
bership function value for P stress tolerance (MFVP) was
calculated according to Chen et al. [42] as:

ST[,‘J'
STIjmax

— STIjmm

.o 1 n
Ui = = ST L 2 j=al

where Uj; is the membership function value of the trait
(j) for the genotype (i) for P stress tolerance; STI; is the
stress tolerance index of the trait (j) for the genotype
(i); STLjpay is the maximum value of the stress tolerance
index for the trait (j); ST, is the minimum value of
STI; U is the average value of the membership function
of traits for the genotype (i) for P stress tolerance.

MEVP assesses the overall stress tolerance of a geno-

type, encompassing multiple phenotypic traits.

Statistical analysis of phenotypic traits

The data was checked visually for normal distribution of
residuals and homogeneity of variances using R (version
R-4.2.2) [43] in the RStudio environment. Analysis of
variance (ANOVA) was performed using the “aov” func-
tion [43] in R to assess significant differences among gen-
otypes (G), treatments (T), replications (E), and genotype
treatment interaction (G x T) under each fertilizer condi-
tions (HP and LP), with G and G x T interaction as fixed
effects in the model. The variance components and broad
sense heritability was calculated for each trait based on
the formula [44, 45]:

o’qg = (MSQg — MSQqr) /TxR
o’qr = (MSQgr — MSQR) /R
O'ZRe = MSQRe
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where o°; = Genotypic variation; o*;p = Variance com-
ponent of interaction; o’;, = Residual variance; MSQg
= Mean sum of squares of genotypes from analysis of
variance; MSGgr = Mean sum of squares of interaction
between genotype and treatment from analysis of vari-
ance; MSQg, = Mean sum of square of the residual error
from analysis of variance; T=number of treatments;
R=number of replications of each treatment. Broad
sense heritability was calculated for each trait as:

2 2 2
H% = o°q/op

where H? = broad sense heritability; 6’ (phenotypic

variance) = [02(; + O'ZGT/T] + [GQRe/TR].

Using the R package “heatmaply” [46], a heatmap was
produced based on the standardized genotype means for
the traits shoot and root dry weight (SDW, RDW), total
dry weight (including tubers, TotalDW), and P uptake
under HP and LP conditions of the pot experiment. The
package used hierarchical clustering to create a heatmap
based on the pairwise Euclidean distances between all
the rows and columns, which were standardized based
on Z-score normalization.

Genotypic data and genetic diversity analysis

Leaf sampling, DNA extraction and genotyping by
sequencing

DNA was extracted from ~100 mg of freeze-dried leaf
tissue according to [47] using a Janus8Tip pipetting robot
(PerkinElmer, Waltham, USA). Agarose gel (1%) elec-
trophoresis was performed using 1x Tris-acetate-EDTA
buffer to check the quality of the extracted DNA. The
samples were quantified using Hoechst dye in a VICTOR®
Nivo™ multimode plate reader (PerkinElmer, Waltham,
USA) and diluted to 20 ng pl™', with 30 pl of these solu-
tions being prepared for sequencing.

The panel of the 200 potato genotypes was sequenced
at the “Genomics of Genetic Resources” (GGR) Research
Group at IPK Gatersleben using a NovaSeq600 (Illumina,
San Diego, CA, USA). To obtain genome-wide SNPs,
genotyping-by-sequencing (GBS) analyses [48] were
conducted for the 200 genotypes. For the library prepa-
ration, 200 ng of genomic DNA were used and cut with
the two restriction enzymes Pst I-HF (NEB) and Msp I
(NEB). Library preparation, individual barcoding, and
100 bp paired-end sequencing was performed following
Wendler et al. [49].

Data assembly and analysis

The quality of the GBS data from Illumina sequencing
was assessed using FASTQC v.0.11.7 [50]. Paired-end
raw reads of 200 samples were demultiplexed using the
Casava pipeline 1.8 (Ilumina), trimmed, and filtered
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using Cutadapt [51] within Ipyrad version 0.7.28 [52] (h
ttp://ipyrad.readthedocs.io/), a toolbox for assembly and
analysis of RAD-seq data sets based on the pyRAD pipe-
line [53]. Data was reference assembled by aligning the
sequences to the potato reference genome SolTub_3.0.
Filtered reads were clustered at 90% thresholds within
each sample. Clusters with a minimum depth of less than
five were discarded. Error rate and heterozygosity were
jointly estimated based on counts of site patterns across
clustered reads for each sampled individual and the aver-
age parameter values were used for consensus base call-
ing. Consensus loci were then clustered across samples at
90% similarity and aligned. The dataset was filtered again
for loci with the minimum number of 120 samples that
must have data at a given locus for it to be retained in the
final data set and maximum of 20% SNPs per locus.

Population structure analysis

To investigate the genetic stratification of the potato
panel, two different approaches were applied, namely
Principal Component Analysis (PCA) and a model-
based Bayesian population assignment using the R pack-
age “LEA” [54]. Population assignment was performed
for K=1 to 10 with 10 repetitions each and ploidy set
to four. The optimal K was then determined by the low-
est entropy value using the snmf () function, to deter-
mine the optimal number of ancestral populations. The
Q matrices obtained with LEA (for K=6, K=10), which
include the ancestral assignment frequencies, were
sorted using the R package “tidyverse” [55] and plotted
with “ggplot2” [56], discerning different ancestral clusters
with color-coding. The “ggplot2” package was also used
for plotting the PCA results.

Phylogenetic analysis

The SNP data set from the raw GBS data was ana-
lyzed with IQ-TREE v2.2.6 [57, 58] to infer
relationships between the accessions using a maximum-
likelihood (ML) framework. A filtered VCF file, generated
by VCFTOOLS [59] was converted to PHYLIP format via
the Python script vcf2phylip.py [60] input into IQ-TREE.
To identify the optimal model for phylogenetic inference,
MODELFINDER [61] was applied, selecting the transver-
sion model with equal base frequencies (TVME) based
on the Bayesian information criterion. Clade support was
assessed with 1000 bootstrap replicates [62], incorporat-
ing a burn-in of 250.

Genome wide association studies (GWAS)

The original SNP dataset was filtered with the program
PLINK2 in Linux [63] to avoid biased detections due to
rare alleles. Markers with a call rate lower than 85% and
with a minimum allele frequency (MAF) lower than 5%
were discarded. Following filtering for call rate and MAF,
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and subsequent imputation to reduce missing genotypes
per locus, a total of 4,796 SNPs was retained for GWAS
analyses. GWAS was performed using “rMVP” package
[64] in R. Least-square means were calculated, and after
testing the models GLM, MLM and FarmCPU, we used
the FarmCPU model for our GWAS analysis due to high-
est number of significant and reliable MTAs, supported
by appropriate Q-Q plot diagnostics [65]. Two separate
association analyses were performed for the two dif-
ferent phosphorus treatments (HP and LP). Additional
GWAS was performed using trait differences between
HP and LP and their stress tolerance indices. The sig-
nificance threshold to declare a marker as associated was
set to 0.05 according to Bonferroni threshold, calculated
as -log;,(0.05/4,796). Based on prior studies, the genes
within a window of 1 million bp upstream and down-
stream of the significant SNPs were screened to search
for candidate genes underlying each trait using the data-
base phytozome [66].

Estimation of phenotypic variance explained (PVE) by
significant associations

The proportion of variance in the particular phenotype
explained by each SNP was calculated using various com-
ponents of the GWAS results according to Shim et al.
[67] based on the following equation:

PVE (SNP) =
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by 66% and 36% under LP conditions on average, respec-
tively (Table S1). Interestingly, ten genotypes exhibited a
higher root dry weight under LP conditions compared to
HP conditions, namely GLKS 11,704 (Blanchard), GLKS
11,723 (Paterson’s Victoria), GLKS 11,918 (Tylva), GLKS
11,422 (Erasme), GLKS 11,495 (Hokkaiaka), GLKS 11,603
(Liwia), GLKS 11,634 (Marfona), GLKS 11,928 (Ulster
Torch), GLKS 24,129 (S. stenotomum), and GLKS 10,603
(Paul Kriiger) (Table S1). Most genotypes exhibited a
higher root-to-shoot ratio under stressed conditions, with
an average increase of approx. 47% under LP conditions
(Table S1). ANOVA results showed significant differences
in shoot dry weight among the genotypes under both
LP and HP conditions (Table 2). The RDW showed sig-
nificant differences among the genotypes under HP and
LP conditions, however, all the genotypes responded in a
similar pattern to the treatments (Table 2). The PH at har-
vest (PH2) were clearly higher for most genotypes under
HP conditions compared to LP conditions, with signifi-
cant differences observed among the genotypes (Table 2;
Fig. 1). These ranged from 26.63 cm (GLKS 10873, Fransen)
to 7.00 cm (GLKS 11569, Komsomolets20) under HP con-
ditions and 18.75 c¢m (GLKS 10873, Fransen) to 3.75 cm
(GLKS 11015, Kresnik) under LP conditions (Table 2,
Table S1). Total root length of 155 genotypes decreased
under LP conditions. However, 31 genotypes showed

2 x B2 x MAF x (1 —MAF)

2 x 32 x (1—MAF) + (SE(B))* x 2 x N x MAF x (1 — MAF)

Where N is the sample size of the panel, {3 is the effect of
the genetic variant (SNP) of interest, SE(f3) is the standard
error of the effect of the genetic variant (SNP) of interest,
MAF is the minor allele frequency for the genetic variant
(SNP) of interest.

Results

Phenotypic screening of 200 potato accessions

The shoot dry weight varied across genotypes, ranging
from 2.44 g per pot to 0.42 g per pot (Table 2, Table S1)
under HP conditions for GLKS 38,155 (S. chacoense) and
GLKS 11,578 (Kristall). Shoot dry weight decreased under
LP conditions and ranged from 0.86 g per pot to 0.22 g
per pot (Table 2, Table S1) for GLKS 38,155 (S. chacoense)
and GLKS 11,015 (Kresnik). Root dry weight under HP
was highest for of the genotype GLKS 10,800 (Limba)
with 1.83 g per pot, and lowest for GLKS 11,015 (Kresnik)
with 0.17 g per pot (Table 2, Table S1). Root dry weight
generally decreased under LP conditions and ranged
from 0.93 g per pot for GLKS 10,800 (Limba) to 0.12 g
per pot for GLKS 11,558 (Kero) (Table 2, Table S1). The
results showed a reduction in shoot and root dry weight

an increase in root length under stress conditions along
with decrease in their shoot biomass which ranged from
36.10% (GLKS 11704, Blanchard) to 76.43% (GLKS 11982,
Zarewo) (Table S1).

The frequency distribution for most of the traits under
HP condition exhibited approximately normal distribu-
tion, with a higher mean and wider range compared to
the LP condition (shoot biomass, root biomass, phos-
phorus uptake; Fig. 1). The total biomass and the tuber
biomass show a slightly positively skewed distribution
(Fig. 1). The root length under control conditions exhib-
ited a slightly negatively skewed distribution compared
to the relatively normal distribution of the root lengths
under stressed condition (Fig. 1). This suggests a com-
plex genetic control and a combination of different fac-
tors influencing the observed phenotypic variation in the
traits (Fig. 1).

The P uptake among the genotypes was significantly
higher under HP than under LP conditions (Fig. 1; Table
2). It varied from 5.77 to 0.71 mg per plant for GLKS
11,607 (Lorch) and GLKS 11,578 (Kristall) under HP con-
ditions, and between 1.34 and 0.19 mg per plant under
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"NV TIRE -3 B3IZTIANRSY LP conditions for Standard 4 and GLKS 11,015 (Kresnik),
Tleececcecececesssssss respectively (Table 2, Table S1). A number of genotypes
with high P uptake under both HP and LP conditions was
o - identified from the dotplot for P uptake under HP and LP
Sl olelf , 22228 222 2292 (Fig. 2), namely GLKS 38,155 (S. chacoense), Standard 4
5 and GLKS 10,873 (Fransen). On the contrary, genotypes
S like GLKS 11,578 (Kristall) and GLKS 11,015 (Kresnik)
Lt ettt 228 21 were characterised by low P uptake under both stress and
= control conditions (Fig. 2).
& Using hierarchical clustering of the standardised trait val-
2 ¥ ox f o f % £ £ % £ £ % £ £ v ues for P uptake, shoot and root dry weight and total dry
© =% *x % % * % * *x *x x x *x * Z . . . . .
al, weight, classified the accessions into two main clusters and
SIS 9 sub-clusters (Fig. 3, Table S1). Main cluster A comprised
E g £ or %ot . R 63 genotypes and cluster B had 130 genotypes. Sub-clusters
=1 It L T R 3, 4 and 8 (Cluster A), sub-clusters 1 (Cluster B), 5 and 7
E (Cluster A) and sub-2, 6 and 9 (Cluster B) were identified as
£ < the best, intermediate and the worst performing clusters,
Sl o833 2LBLRIRIOHY respectively, based on the mean values of the traits for each
g |dl~c-~cococsc-ocmi&s o~ P Y
= sub-cluster (Table 3; Fig. 3). Genotypes from sub-cluster 3
£ demonstrated high P uptake along with high biomass under
G 5 o o @ - HP, suggesting strong P acquisition (Table 3). Genotypes
g8 Sz § % § § S § 2R 2 LS & q § o from sub-clusters 3 and 8 like GLKS 11,242 (Amanda),
> S s s e . .
5 GLKS 10,800 (Limba) and GLKS 10,591 (Tiger) were char-
é acterised by high root dry weight compared to that of the
ke c - @ w genotypes from the other clusters. Most of the Andean/
s m 1N ™M N~ IS . .
2012 CRAIRIOLTRIFILARAZ wild accessions were part of cluster A, except GLKS 24,129
© Mm O M O O N O N O — — O O < — . .
45 (S. stenotomum), which belonged to sub-cluster 6 (Fig. 3,
o Table S1). Nine genotypes of modern varieties fell into the
S 0 intermediate sub-clusters, while seven genotypes belonged
2alf8 33228238822 &8K to the best performing sub-clusters and four genotypes to
G|ldl2|- 0 0 3 3 O3 N3 A — 33 =™ . .
I the worst performing sub-clusters (Fig. 3, Table S1).
Em o Evaluation of P stress tolerance in the set of 200 potato
~2 N 0O NN N WOV O OO NN MW, O
I Ae859ss2582 229 genotypes/membership function value for P stress
2 tolerance (MFVP)
2 The stress tolerance index (STI) provides information
T <o = + - o3 n on how tolerant a respective genotype is to P shortage in
S S FIIBR8 R IIRAG G relation to the mean perf f all d
Y AN S B T D RAY SRS performance of all tested genotypes
S regarding a respective trait. Based on the stress tolerance
° index for P uptake, the modern cultivar Standard 4 and
g €l w _ ~ S = GLKS 10,873 (Fransen) were identified as the most toler-
N M O ¥ O — N g O O - O NN 00 ™M .
o s 3833 238 aT 2 el £  antoneswith STI values of 0.40 and 0.35 (Table S1). The
= €  most susceptible genotypes GLKS 11,578 (Kristall) and
3 @ 2  GLKS 11,015 (Kresnik) had STI values for P uptake of
<Z:\ Q =3 0.01 and 0.02 respectively (Table S1).
M S| ¥ S 8= E § S Qa9 8 3 583 SIE The MFVP ranged between 0.02 and 0.92 for GLKS
'(f:; £ é 11,015 (Kresnik) and GLKS 11,242 (Amanda) (Table S1).
g £ & Based on the theory that MFVP can be used as a com-
g = ¢ 5 prehensive index to evaluate the low P tolerance for the
S g = g 2 potato genotypes [42], 20 genotypes with highest MFVP
g _ R % % were identified as the most tolerant genotypes under
8 22 £52--£8 phosphorus st ditions. Similarly, 20 genot
~ e m e _ 2% _=92E¢glgs phosphorus stress conditions. Similarly, genotypes
o/, B28Z95IZFZFELE055% Y withlowest MEVP were identified as least low P tol
S|l ® S 2>25:23530083w0 eS8 with lowest were identified as least low P tolerant
SlE |ERER22LEP 882422 & ZIE:  genotypes (Fig. 4, Table S1).
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Fig. 1 Normal distributions fitting the data for the traits: shoot weight (SFW), shoot dry weight (SDW), root fresh weight (RFW), root dry weight (RDW),
tuber fresh weight (TFW), tuber dry weight (TDW), total fresh weight (TotalFW), total dry weight (TotalDW), root length (RL), root-to-shoot ratio (R: S ratio),
phosphorus concentration (P_conc), phosphorus uptake (Pupt), phosphorus utilization efficiency (PUE), plant height after 1 week (PH1), plant height after
4 weeks (PH2) under HP (green) and LP (orange) conditions. Dashed lines represent the mean values of the traits

Genotypic data and genetic analysis

An ipyrad analysis with 199 potato GBS sequences with a
threshold of 120 samples sharing a locus was carried out,
which resulted in a dataset comprising 8956 loci with
21.67% missing sites, an alignment of concatenated loci
of 200,56741 bp and 56,738 SNPs. Another additional
ipyrad analysis with 194 sequences, excluding the wild
potato accessions was run, the output contains an align-
ment of concatenated loci of 195,43751 bp with 22.04%
missing sites and 43,747 SNPs.

Analysis of genetic population structure and ancestral
populations

Principal component analysis (PCA) PCA of all 199
analysed accessions revealed three genetic clusters (Fig.
5a). Cultivated accessions (KKS) and the modern variet-
ies formed one large cluster. Among the wild genotypes,

all S. chacoense entries, i.e. GLKS 38,153, GLKS 38,155
and GLKS 38,157 clustered together in the lower left
corner. GLKS 38,157 (S. pinnatisectum) is separated in
the upper left corner. Only GLKS 24,129, which belongs
to the S. stenotomum species, was found to cluster with
cultivated GLKS accessions and modern starch varieties.
The percentage of variance explained by PC1 and PC2
was 4.28% and 2.90%, respectively. In order to gain bet-
ter insight into the grouping pattern within the cultivated
genebank accessions and modern varieties, another PCA
was created without the native and wild accessions (PC1:
12.94% and PC2: 2.02%) (Fig. 5b). The PCA plot revealed
now relatively weak clusters among the cultivated gene-
bank accessions. The same PCA - showing the origin of
the accessions - revealed a moderately good separation
of the American varieties from those originating from
Europe. Accessions originating from Asia did not form a
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Fig. 2 P uptake of 200 different potato genotypes under HP (15 mg/I P as KH,PO,) and LP (3 mg/I P as KH,PO,) conditions, cultivated under greenhouse

conditions

separate cluster (Fig. 5¢). PCA displaying the utilisation of
the accessions revealed some weak but not clear distinc-
tion between groups. However, the starch potato varieties
tended to cluster together with the universal utility variet-
ies (Fig. 5d).

Population ancestry The numbers of ancestral popula-
tions that best explain the genotypic data were chosen to
be 10 and 6, as indicated in Fig. 6 [68, 69].

Ancestral population assignment (Fig. 7), identified
distinct ancestral affiliations among the cultivated gene
bank accessions, wild relatives and modern accessions
indicating high genetic diversity. Among the cultivated
types, seven major ancestral clusters were recorded (for
K=10). The modern starch varieties (standards) were
admixed or mainly assigned to one major cluster (Fig.
7a (brown color) and Fig. 7b (brown color)). Three of the
wild accessions were assigned to ancestral populations
that were not present in any other sample. One ancestral
population includes the three genotypes belonging to
S. chacoense: GLKS 38,153, GLKS 38,155 and GLKS 38,157.
The other accession that does not have any common
ancestry with other samples (GLKS 38188) belongs to
S. pinnatisectum. In contrast, S. stenotomum GLKS 24,129
shares a similar ancestry with the cultivated accessions.
Considering K =6, the barplot (Fig. 7a) indicated four dis-
tinct ancestral populations contributing to the genepools
of the cultivated accessions. Some of the modern cultivars
shared ancestry with the cultivated gene bank accessions
of the present study, while few of them were assigned to
one major ancestral cluster, which was shared by a few

cultivated ones. Regarding the wild accessions, the pat-
tern of ancestry was found to be similar to K=10 (Fig. 7b).

Phylogenetic analysis

Based on the phylogenetic tree, a high level of branching
can be observed, which indicates extensive diversification
and evolutionary divergence among the genotypes (Fig. 8).
The wild accessions belonging to S. chacoense (GLKS 38153,
GLKS 38155, GLKS 38157) formed a strong supported clade
(Fig. 8). The S. pinnatesectum (GLKS 38188) was found in
a separated clade which supports the findings of the ances-
tral population assignment where it didn't share ancestry
with any other accession (Figs. 7 and 8). The S. stenotomum
(GLKS 24129) was found be in a sister clade that closely
related to the cultivated entries thus, confirming ancestral
population assignment (Fig. 7) and the PCA (Fig. 5a).

Identification of Marker-Traits associations (MTAs) related to
phosphorus stress

Genome-wide association studies using the FarmCPU
model identified 27 unique significant MTAs (above the
experimental threshold; Fig. S1), with model fitness for
each trait illustrated by the quantile-quantile plots in Fig.
S2. Two SNPs were significant for multiple traits, 15 of
the MTAs were related to stress tolerance indices of the
phenotypic traits (Table 4). Most of the associations were
found to be related to shoot traits (12 SNPs) and phos-
phorus utilisation efficiency (7 SNPs). Many genes that
were in the same regions as the MTAs were found to be
associated with abiotic and biotic stress tolerance (Table
5). The percentage of phenotypic variance explained
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Fig. 3 Heatmap based on standardised genotype means of 200 potatoes for the traits shoot and root dry weight (SDW, RDW), total dry weight including
tubers (TotalDW) and P uptake (Pupt) in the phenotyping experiment under HP and LP conditions; bright red indicates higher values and yellow indicates
lower values

(PVE) by the SNPs ranged between 11.12% and 6.87%  genotypes grown under high (HP) and low P (LP). In

(Table 4). general, the performance of the genotypes was signifi-

cantly lower in P-deficient conditions, indicating P stress
Discussion on the plants. The genotypes produced higher shoot and
Effects of P deficiency in potato genotypes root biomass under HP conditions, supporting the find-

Phenotypic screening of the 200 potato accessions ings of Schenk (2006) who reported a significant increase
revealed a substantial phenotypic variation among the of yield and shoot P concentration in potatoes with an
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Table 3 Mean values of shoot dry weight (SDW), root dry weight (RDW), total dry weight (TDW) and phosphorus uptake (Pupt) under
HP and LP across heatmap clusters (1-9), with highest values highlighted in bold

Cluster Mean SDW_HP (g) Mean SDW_LP (g) Mean RDW_HP (g) Mean RDW_LP (g) Mean Pupt_HP Mean Pupt_LP
(mg plant™) (mg plant™)
1 1517 0478 0.608 0.361 4179 0.650
2 1.218 0412 0432 0.295 3.556 0.544
3 1.990 0.563 0.907 0467 4.874 0.719
4 1.883 0.653 0.688 0.442 4.874 0.929
5 1434 0.590 0.873 0.541 3491 0.756
6 0.948 0.310 0.380 0.252 2.837 0.383
7 1.170 0.649 0426 0417 3.309 0.924
8 2,123 0.680 1.723 0.915 5.178 0.765
9 0415 0.265 0.670 0.500 0.705 0.230
Best Worst
GLKS_11242(Amanda) * GLKS_11483(Hankkijas_Tanu) *
GLKS_10800(Limba) * Standard_8 *
GLKS_38155(PROKAR_30159_05) @ GLKS_12435(0gonyok; *
GLKS_38157(PROKAR_30177_01) ——————@ GLKS_12282(Padea) *
GLKS_11915(Treff) ————@ GLKS_11914(Torva *
GLKS_11861(Snowdrop) ————————# GLKS_10581(Daresa) -
GLKS_10873(Fransen) —————@ GLKS_11774(Ragna) *
GLKS_10445(Ina) ———————# GLKS_10891(Fringilia) *
o GLKS_10661(Brunella) [——® §  GLKS_11968(Weinberger_Schiofkipfler) *
= GLKS_11646(Mayka) [——® = GLKS_11578(Kristall) .
g GLKS_10591(Tiger) ——® g GLKS_12106(Mats) *
O] GLKS_10772(Eszenyi_Nemes_Rozsa) ——# o Standard_13 *
Standard_4 —# GLKS_11328(Canso) *
Standard_16 ——@ GLKS_11558(Kero *
GLKS_11297(Benimaru) —@ GLKS_11752(Poprad) @
GLKS_11295(Belorusskiy_krakhmalistyi) ——# GLKS_12660(Zeeuwse_Blauwe) ———@
GLKS_11817(Russet_Burbank) —# GLKS_11408(Elba) ——@
GLKS_12382(Chipeta) —® GLKS_12240(L4ti_kollane) ———— @
GLKS_10802(Tatranka) —® GLKS_11736(Piica) [—®
GLKS_12005(Prince_Edward_Island_Blue) —# GLKS_11015(Kresnik) —#
0s 06 07 08 09 0.02 0.04 0.06 0.08 0.10
MFVP MFVP

Fig. 4 Membership function value (MFVP) for low P tolerance according to Chen et al. [42] based on the differences in shoot and root dry weight, total
dry weight and P uptake of potato genotypes under high and low P conditions. Shown are the genotypes with 20 highest and 20 lowest MFVP values

(Table S1)

increase in P supply. In our experiment, the heights of the
plants were also significantly decreased under LP condi-
tions at the end of the experiment i.e. after 4 weeks, even
though the plants grew similarly under both conditions
for the first week. This suggests that the effect of P stress
gradually increased over the weeks and was most promi-
nent at the end of the experiment (Table 2; Fig. 1).
Optimal root growth is essential for P efficiency in
potato plants. Previous studies have shown that under P
deficient soils, plants tend to increase their root lengths
as an adaptive measure for better nutrient uptake under
stress conditions [31, 96]. In our study, for the majority
of the genotypes the root length decreased under LP con-
ditions, while root-to-shoot ratio increased. This is also
evident from studies of Kirchgesser et al. [26] with the
same panel of genotypes. An increase in root-to-shoot

ratio suggests that the plants put more effort into root
growth and development at the expense of the shoots in
order to facilitate P uptake indicating their adaptation to
LP conditions, supporting various previous findings [31,
97]. These varying morphological responses indicated
towards underlying genetic differences among genotypes.

Interestingly, ten potato genotypes in the current study
demonstrated a counterintuitive increase in root dry bio-
mass under LP conditions compared to HP. This suggests
the presence of genotype-specific adaptive mechanisms
that enable more efficient functioning under nutri-
ent stress. Such responses may involve enhanced root
proliferation, increased root length density, or greater
allocation of biomass to roots - all of which are typical
strategies to compensate for low external P availability
[31].
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Moreover, the root lengths of some genotypes
increased under LP conditions in our experiment (Table
2, Table S1), indicating a special ability to explore deeper
soil layers. A similar trend in results was shown in pota-
toes for the varieties Amsel, Paterson’s Victoria and
Weinberger Schlofikipler by Wacker-Fester et al. [25],
where a significant increase in the specific root length
was found under LP treatment.

In addition to root traits, genotypic differences were
also evident in phosphorus uptake and utilization effi-
ciency. Our panel also showed significant differences
among the genotypes, regarding their total P uptake and
utilization efficiency (PUE) under HP and LP conditions
(Table 2; Fig. 1). The plants had significantly higher P

uptake under HP conditions. The significant genotype
x treatment interaction indicated that some genotypes
adapt better to low P than others. Specifically genotypes
GLKS 10,873 (Fransen) Standards 4, 6, 10 and GLKS
38,155 (S. chacoense) were identified as examples with
relatively high P uptake under LP (Fig. 2). Inversely to the
P uptake, the PUE was significantly lower HP compared
to LP conditions. This suggests the better utilization of
limited P available by the plants under P-deficient condi-
tions as reported by Rose et al. [98]. A similar trend was
also observed in various other crops [99, 100].

The observed variation across genotypes allowed the
classification into performance-based clusters under both
HP and LP conditions. We were able to identify clusters
with high, intermediate and low performing genotypes
under both high and low P conditions, based on their
biomass and P uptake under HP and LP (Fig. 3). As for a
few examples, the genotypes GLKS 11,242 (Amanda) and
GLKS 10,800 (Limba) showed very high values for the
phenotypic traits under both HP and LP condition (Fig.
3). The genotype GLKS 10,873 (Fransen) showed a high
uptake under HP and LP conditions, suggesting tolerance
under stressed conditions (Fig. 2). The findings regard-
ing the genotype GLKS 10,873 (Fransen) were consistent
to the findings by Wacker-Fester et al. [25], as they also
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Fig. 7 Ancestry coefficients of 199 potato accessions consisting of cultivated accessions (KKS), Andean/wild accessions (AKS/WKS), and modern starch

varieties (standards), obtained from snmf (); optimal number of ancestral populations K=6 (a) and K=10 (b) respectively
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Fig. 8 Phylogenetic tree of 199 potato accessions; black, red and green
colors represent cultivated accessions (KKS), Andean/wild accessions
(AKS/WKS) and modern starch varieties (standards), respectively
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identified this genotype as tolerant to P stress with high
P uptake under both HP and LP conditions. Contrast-
ingly, genotypes like GLKS 11,578 (Kristall) and GLKS
10,456 (Prudal) were found to be the worst performing
genotypes, based on their lowest values of the phenotypic
traits (Fig. 3). Interestingly, the genotype GLKS 11,578
(Kristall) was also found to have a small root system
under P deficient conditions in a rhizotron experiment
by Kirchgesser et al. [26] with HP and LP conditions.
Previous studies by Bachmann-Pfabe and Dehmer [101]
showed that wild potato germplasm was superior in
terms of nitrogen utilization efficiency and tuber starch
content as compared to cultivars. Our present study also
revealed that the wild potato accession GLKS 38,155 (S.
chacoense) has a very high P uptake under both HP and
LP conditions as compared to majority of the cultivated
genotypes (Fig. 2).

To consolidate these findings, we applied the Mem-
bership Function Value of Phosphorus (MFVP) index to
assess genotype tolerance under P stress. Previous stud-
ies have shown that MFVP, which was calculated based
on stress tolerance indices (STI) for a genotype, can be
used as a comprehensive index to evaluate the stress tol-
erance of different crops and to identify tolerant geno-
types due to involvement of multiple variables in its
calculation [102, 103]. For instance, Chen et al. [42] used
the membership function value for drought tolerance
(MFVD) to identify superior genotypes in wheat. In the
present study, we were able to identify 20 highly toler-
ant genotypes based on MFVP calculation. For example,
GLKS 11,242 (Amanda), GLKS 10,800 (Limba), GLKS
38,155 (S. chacoense), GLKS 10,873 (Fransen), and GLKS
10,591 (Tiger) were among the best and were also found
to be in the high-performing clusters identified by the
heatmap based on standardized genotype means (Fig. 3,
Table S1). Similarly, we were also able to identify the 20
worst performing or least tolerant genotypes based on
the MFVP. Some of them, namely GLKS 11,578 (Kristall),
GLKS 10,456 (Prudal) and GLKS 10,581 (Daresa), were
also found in the worst performing cluster (Figs. 3 and 4)
underpinning the usability of the MFVD.

Genetic variation in the panel

P stress tolerance is a complex quantitative trait con-
trolled by many genes and is strongly influenced by
the environment [76, 104]. Thus, considerable genetic
variation in a diversity panel and a high heritability are
required for breeding and effective trait selection [102].
In our present study, broad sense heritability (H*,,) for
the traits under study ranged from 33 to 88% and this
showed substantial genetic contribution to the observed
variance. Shoot biomass, root biomass, root length and
plant height show moderate to high H?  values between
55 and 88%, which reflects a moderate to strong genetic
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Table 4 Marker trait associations (MTAS) related to various phenotypic traits under HP and LP conditions, their differences (A) under
both conditions and their stress tolerance indices (STI) the chromosome in which they are present (CHROM), reference allele at the
SNP position (REF), alternate allele at the SNP position (ALT), standard error (SE), their minor allele frequency (MAF) and the percent

phenotypic variance explained by the SNPs (PVE)

Trait SNP CHROM REF ALT SE MAF PVE (%)
SDW_HP loc3759_pos83 4 T A 0.070 0.063 11.122
l0c3759_pos94 4 T C 0.071 0.060 10.747
PUE_HP l0c971_pos25 1 A G 0.008 0.126 10612
l0c971_pos34 1 C T 0.008 0.126 10.612
P_conc_HP loc7748_pos10 10 A T 6.713 0.233 10.560
loc7748_pos78 10 G A 6.732 0.236 9.932
l0c4846_pos21 6 A G 8.074 0.113 9.797
loc4846_pos45 6 A G 8.074 0.113 9.797
PUE_HP l0c6966_p0os69 9 G A 0.008 0.160 10.518
loc1486_pos47 2 T A 0.010 0.068 10.257
loc1307_pos91 2 A G 0.007 0.107 9.733
PH1_LP loc1659_pos21 2 A T 0.192 0.215 9.896
PUE_LP loc642_pos101 1 C T 0.016 0.264 9.814
ARFW loc1058_pos51 1 G A 0.200 0.147 12.283
APUE loc642_pos101 1 C T 0.015 0.264 10.324
PUE_STI loc1290_pos62 2 C A 0.114 0.068 11.013
PH1_STI l0c8139_pos64 11 A G 0.108 0.071 10.985
RFW_STI l0c2624_pos27 3 G A 0.033 0416 10.389
PH2_STI loc6767_posii 9 G T 0.047 0.081 10.351
TotalFW_STI loc5675_pos10 7 A G 0014 0474 10.062
loc5675_pos13 7 G C 0014 0474 10.062
SDW_STI 10c8926_pos11 12 A C 0.015 0.152 8.199
loc5675_pos10 7 A G 0.010 0474 8.524
loc8514_pos92 12 G T 0011 0.327 9.595
l0c3882_pos47 5 A T 0.009 0.490 9438
SFW_STI loc4509_pos3 6 C T 0.024 0.058 8.902
loc3496_pos6 4 T A 0014 0.196 8375
loc5675_pos10 7 A G 0.008 0474 8.247
10c8786_pos86 12 C G 0.008 0453 8.198
loc2662_pos37 3 C T 0.008 0.387 6.869

influence. However, P utilization efficiency showed a
lower heritability of 33%, suggesting predominant envi-
ronmental influence on the trait. In general, our study
included a diverse panel that exhibited considerable phe-
notypic variation across the traits of interest, which were
found to be highly influenced by genetic factors. Thus,
the considerable phenotypic variation, along with the
reasonably high broad-sense heritability, suggest that the
panel was suitable for conducting association studies on
the accessions.

Furthermore, in the present study, we used genome-
wide SNP markers to evaluate the genetic diversity of
the panel of 200 potato accessions. The assessment of
the relatedness performed by PCA and a model-based
Bayesian population assignment provided strong evi-
dence of distinct clusters, with cultivated GLKS acces-
sions forming separate clusters from the wild species
(Figs. 5a, 7 and 8). However, the S. stenotomum accession

GLKS 24,129 clustered within the cultivated accessions
(Figs. 5a and 8), which is supported by the ancestry pro-
portions of GLKS 24,129 (Fig. 7). According to the GBIS
database (GBIS: Gene Bank Information System; https
://gbis.ipk-gatersleben.de/gbis2i), this accession origi-
nated from Bolivia as traditional cultivar/landrace. In the
early stages of potato evolution in the northern Andes,
diploid cultivated species from the S. stenotomum com-
plex were likely selected from wild ancestors in the
S. brevicaule complex, leading to the emergence of tet-
raploid S. tuberosum [105]. This suggests the possibility
of the involvement of the accession GLKS 24,129 dur-
ing domestication. The observed strong clustering of the
older cultivated and the modern starch varieties could
be advantageous in maintaining desired traits like high
starch content, but potentially narrows the genetic base.
Therefore, the inclusion of wild potato entries offers a
potential to widen the genetic diversity.
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Table 5 List of putative candidate genes and their literature review
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Trait SNP Candidate gene

Description

Literature

PUE_LP loc642_pos101 Soltu.DM.01G031350

Soltu.DM.01G031740

Soltu.DM.01G032430

Soltu.DM.01G031190

PH1_LP loc1659_pos21 Soltu.DM.02G018930

Soltu.DM.02G019930

Soltu.DM.02G020210

Soltu.DM.02G020430

Soltu.DM.02G020660

Soltu.DM.02G021000

PUE_HP l0c971_pos25 Soltu.DM.01G042570

PUE_HP loc1486_pos47 Soltu.DM.02G012540

Malate dehydrogenase (MDH1)

Pectinesterase/Pectin methylesterase

F-BOX AND WD40 DOMAIN PROTEIN

Myb-like DNA-binding domain//DUO POL-
LEN1

Universal stress protein family (Usp)

Cytochrome P450 like protein

Ankyrin repeat family protein

WRKY DANN binding domain (WRKY)

Phosphofructokinase

Glycerophosphodiester phosphodi-
esterase/Glycerophosphoryl diester
phosphodiesterase

F-box domain (F-box)

Exopolyphosphatase (PRUNE, PPX1)

The mitochondrial malate dehy-
drogenase 1 gene GhmMDH1 is
involved in plant and root growth
under phosphorus deficiency condi-
tions in cotton [70]

High-Density Genetic Mapping
Identifies New Major Loci for Toler-
ance to Low-Phosphorus Stress in
Soybean [71]

Identification, evolutionary profiling,
and expression analysis of F-box
superfamily genes under phosphate
deficiency in tomato [72] Identi-
fication of an F-Box Protein that
Negatively Regulates Pi Starvation
Responses [73]

Genome-Wide Association Analysis
for Phosphorus Use Efficiency

Traits in Mungbean (Vigna radiata

L. Wilczek) Using Genotyping by
Sequencing Approach [74]
Identification of an F-Box Protein
that Negatively Regulates Pi Starva-
tion Responses [73]

Comparative proteome analysis of
metabolic changes by low phos-
phorus stress in two Brassica napus
genotypes [75]

Gene expression profiles in rice roots
under low phosphorus stress [76]
Transcriptomic Responses to Ther-
mal Stress and Varied Phosphorus
Conditions in Fugacium kawagutii
[77]

Role of WRKY Transcription Factors
in Regulation of Abiotic Stress
Responses in Cotton [78]
Phosphorus and carbohydrate
metabolism contribute to low phos-
phorus tolerance in cotton [79]
Identification of two glycerophos-
phodiester phosphodiesterase
genes in maize leaf phosphorus
remobilization [80]

Identification, evolutionary profiling,
and expression analysis of F-box
superfamily genes under phosphate
deficiency in tomato [72]
Phosphate Starvation Responses in
Plants and Microbe Mediated Phos-
phorus Recycling in Soil: A Review
[81]; Ddp1 Cooperates with Ppx1 to
Counter a Stress Response Initiated
by Nonvacuolar Polyphosphate [82]
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Trait

SNP

Candidate gene

Description

Literature

PUE_HP

P_conc_HP

SDW_HP

P_conc_HP

ARFW

RFW_STI

SFW_STI

SDW_STI

l0c6966_pos69

loc4846_pos21

loc3759_pos83

loc4846_pos45

loc1058_pos51

loc2624_pos27

l0c8786_pos86

loc8514_p0os92

Soltu.DM.09G026670

Soltu.DM.06G022860

Soltu.DM.04G036010

Soltu.DM.06G022930

Soltu.DM.01G045740

Soltu.DM.01G046060

Soltu.DM.01G047820

Soltu.DM.03G024100

Soltu.DM.12G023690

Soltu.DM.12G010050

MFS transporter, PHS family, inorganic phos-
phate transporter (PHO84)

F-box domain (F-box)

Fe (3+)-Zn (24) Purple Acid Phosphatase 12

Acid phosphatase/Phosphomonoesterase

inorganic pyrophastase

Mitogen-activated protein kinase (MAPK)
kinase MKK4

MYB family trancription factor

MADS box protein

WRKY transcription factor 1 (WRKY1)

ABC transporter G family member 29

Complex Regulation of Plant
Phosphate Transporters and the Gap
between Molecular Mechanisms
and Practical Application: What Is
Missing? [83] Molecular mechanisms
underlying phosphate sensing, sig-
naling, and adaptation in plants [84]
Identification, evolutionary profiling,
and expression analysis of F-box
superfamily genes under phosphate
deficiency in tomato [72]
Genome-Wide Analysis of Purple
Acid Phosphatase Genes in Brassica
rapa and Their Association with Pol-
len Development and Phosphorus
Deprivation Stress [85]

Root-secreted phosphomonoester-
ases mobilizing phosphorus from
the rhizosphere [86]

Transcriptome-wide identification
and expression profiling of Pinus
massoniana MYB transcription
factors responding to phosphorus
deficiency [87]

Pyrophosphate and pyrophospha-
tases in plants, their involvement in
stress responses and their possible
relationship to secondary metabo-
lism [88]

Characterization and expression
analysis of mitogen-activated
protein kinase cascade genes in
wheat subjected to phosphorus and
nitrogen deprivation, high salinity,
and drought [89]

Transcription factors and their roles
in phosphorus stress tolerance in
crop plants [90]

Expression profile and function
characterization of the MYB type
transcription factor genes in wheat
(Triticum aestivum L) under phos-
phorus deprivation [91]

Expression pattern and function
analyses of the MADS transcription
factor genes in wheat (Triticum
aestivum L) under phosphorus-
starvation condition [92]

Structure and expression of phos-
phoglucan phosphatase genes of
Like Sex Four1 and Like Sex Four2 in
barley [93]

The WRKY6 Transcription Factor
Modulates PHOSPHATE1 Expres-
sion in Response to Low Pi Stress in
Arabidopsis [94]

|dentification of ABC transporter

G subfamily in white lupin and
functional characterization of L.
albABGC29 in phosphorus use [95]
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GWAS analysis for P efficiency in potato and identified
marker-trait associations

Phosphorus efficiency is a complex trait, influenced by
many genes that may exhibit additive, dominance and
epistatic effects [106, 107]. Thus, it is important to dis-
sect the genetic basis of the trait. Efforts have been made
in the past towards the molecular dissections of P effi-
ciency in various crops. Several QTL related to root,
shoot and vyield related traits have been reported in the
past. Li et al. [108] detected QTL with additive and epi-
static effects under different P supply conditions. They
identified seven key candidate genes related to phosphate
transporter or stress response for the QTLs detected
under control or P deficiency conditions in maize [108].
Among the candidates were Phosphate transporter pro-
tein 1, AUXIN SIGNALING F-BOX 3, and genes related
to root architecture [108]. Yan et al. [109] have recently
mapped the QTL, gBY3.1 to a region known to contain
various P transporters of the PHT1 family. Various genes
related to Pi signaling (PHR?2) and Pi homeostasis (SPX3)
were previously reported as candidates for QTL related
to P efficiency [109-111].

We identified 27 MTAs linked to various phosphorus-
related traits (Table 4). We found that the genotypes
carrying two specific markers - loc1058_pos51 (associ-
ated with RFW_STI) and loc2624_pos27 (associated
with ARFW), demonstrated enhanced root traits under
LP conditions. Five genotype GLKS 11,422 (Erasme),
GLKS 11,634 (Marfona), GLKS 11,723 (Paterson’s Vic-
toria), GLKS 11,928 (Ulster Torch), and GLKS 24,129 (S.
stenotomum) which exhibited increased root biomass
under LP (Table S1) carried at least one of these SNPs
(Additional file S2), with GLKS 11,634 (Marfona), GLKS
11,723 (Paterson’s Victoria) and GLKS 11,928 (Ulster
Torch) harboring both. This suggests a potential cumula-
tive effect of allelic variation at these loci in promoting
root growth under phosphorus stress. The consistent
presence of these SNPs in genotypes with superior root
traits supports their putative functional role in phospho-
rus responsiveness. These findings underscore the value
of these SNPs as promising molecular markers for use
in marker-assisted selection to develop phosphorus-effi-
cient potato cultivars.

Additionally, genotypes which exhibiting high P uptake
under both HP and LP conditions i.e. GLKS 10,873
(Fransen), Standard 4, Standard 6, and Standrad 10 were
found carry at least one of the markers loc642_pos101
(associated with PUE_LP and APUE) and loc1290_pos62
(associated with PUE_STI) (Additional file S2). Thus,
the presence of these markers in the P efficiency geno-
types supports their potential functional relevance for P
efficiency.

Similarly, high-biomass producing genotypes under
both HP and LP conditions— GLKS 10,591 (Tiger), GLKS
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10,800 (Limba), and GLKS 11,242 (Amanda) - were found
to carry multiple SNPs associated with biomass traits
(Additional file S2), including loc3882_pos47, loc8514._
p0s92, 10c8926_posll (associated with SDW_STI), and
loc2624_pos27 (associated with REW_STTI). The accumu-
lation of these favorable alleles suggests a strong potential
for enhanced biomass performance under LP conditions
and underscores their breeding value for improving
phosphorus efficiency through biomass-related traits.

In the present study, we were able to identify 22 puta-
tive candidate genes for significant marker trait asso-
ciations of traits analyzed under HP and LP conditions
(Tables 4 and 5). Two markers, loc642_posl101 and
loc5675_pos10, were found to be significant for the traits
APUE and PUE under low P condition and for STIs for
SDW, SEW, and TFW, respectively (Table 4). The dif-
ference in root fresh biomass showed the highest PVE
(12.28%), suggesting a higher genetic control in this trait
than the others. The traits SDW in HP, STI for PUE, and
PH1 showed values near those found for the difference in
root fresh biomass, that is, 11.12%, 11.03%, and 10.99%,
respectively.

Among the 22 candidate genes, malate dehydrogenase
(Soltu.DM.01G031350, MDHI), pectin methlyester-
ase (Soltu.DM.01G031740), F-box domain and WD40
domain protein (Soltu.DM.01G032430) and Myb-like
DNA binding protein (Soltu.DM.01G031190) were
associated with locus loc642_pos101 (PUE_LP, APUE)
(Table 5). Wang et al. [70] showed that the mitochon-
drial malate dehydrogenase gene isolated from Gossy-
pium hirsutum L. (GhmMDH]I) was involved in longer
root growth under P deficiency in cotton. There was a
significant decrease in biomass in the control wild type
plants compared to GHmMDHI knockout plants [70].
Another putative gene encoding for pectin methylester-
ase (Soltu.DM.01G031740) was suggested to be involved
in regulating P efficiency in soy [71]. The gene showed a
significantly different expression under low P. Its expres-
sion was also reported to be root and stress specific [112].

Chen et al. [73] reported that a gene containing both
WD40 and F-box motifs is a negative regulator of Pi
starvation responses. Furthermore, a gene encoding for
a Myb-like DNA binding protein was identified. Genes
with Myb-DNA binding domains were previously found
to be involved in the development of root architecture
and in adaptation processes to P starvation [74, 113-115].

The locus locl659_pos21, associated with PHI1
under low P condition, was found to be located in a
genomic region with various candidate genes like Soltu.
DM.02G018930, belonging to the universal stress pro-
tein family (USP), Cytochrome P450 like protein (Soltu.
DM.02G019930), and phosphofructokinase (Soltu.
DM.02G020660, Tables 4 and 5). Yao et al. [75] found a sig-
nificant upregulation of an USP related gene in the roots of
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low-P sensitive Brassica napus lines. Li et al. [76] reported that
P450 genes were up-regulated in the roots of rice
under low P. Igbal et al. [79] demonstrated the enhanced
activity of phosphofructokinase (PFK) in roots and shoots
of cotton. They also reported an increase in the transcript
level of PFK under low P in both roots and shoots.

The ABC transporter gene ABCG29 (Soltu.
DM.12GO10050, Table 5) is a candidate found in the
region of the association for SDW-STI on the marker
loc8514_pos92 (Table 4). Aslam et al. [95] reported that
the overexpression of ABCG29 of Lupin (L. albABCG29)
in rice significantly improved P use under low P conditions
through improved root growth and enhanced P accumula-
tion in the cluster roots of the plant under low P conditions.

Conclusion

The present study indicates a high phenotypic varia-
tion in our panel regarding the response to P availability.
Many genotypes showed reduced growth under P defi-
cient conditions, while adapting at the same time through
increased root development and improved phosphorus
utilization efficiency. The identification of high-perform-
ing accessions shows a potential to develop cultivars that
are more efficient in P uptake and utilization, particu-
larly for low-input agricultural systems. That could lead
to the breeding of resilient nutrient-efficient potatoes.
The results highlighted a significant genetic influence
on some of the key traits like biomass, root length and
P utilization efficiency. Furthermore, in the present study
several significant loci were found to be associated with
various phenotypic traits, identifying multiple putative
candidate genes that could serve as suitable targets for
breeding strategies.
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