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Abstract: Starch is one of the most demanded renewable feedstock in the world. The degree of
phosphorylation of native potato (Solanum tuberosum L.) starch is a practically important quantitative
trait, significantly influencing its physical and chemical properties. In this study, we evaluated the
genetic diversity of the population of potato varieties and quantified phosphorus content in potato
tuber starch harvested in 2017, 2018, and 2019. With the statistical methods, the most promising
varieties for the next generation of breeding were identified for the first time. Genotyping and
chemotyping data were utilized for genome-wide associations study (GWAS) in order to reveal
genetic factors underlying the trait. GWAS based on a general linear model (GLM) with principal
component analysis (PCA) was performed. The approach allowed us to identify two new, and confirm
two previously found, significant SNPs on chromosome 5 associated with phosphorus content in
starch. A search for the protein products coded in the genome regions carrying the significant SNPs
revealed a cluster of genes that code glycoside and protein kinases, thus forming an operon-like
structure. The genetic markers can be used for marker-assisted selection or to be considered as
potential targets for genome editing to improve the industrially important properties of potato native
starch via “intravital modification”.

Keywords: potato; starch; meta-analysis; genetics; GWAS; phosphorylation; SNP; markers; gene cluster

1. Introduction

People’s concerns about the environmentally friendly production of important indus-
trial products, as well as the development of approaches to economically modify them,
are pushing engineers to reduce the number of individual production steps. For chemical
products, “one-pot” syntheses, continuous processes in flow reactors, and “atom economy”
calculations have been developed. One of the promising approaches to economical and
environmentally friendly methods for the synthesis of complex molecules is the “intravital
modification” of the product. By “intravital modification” we mean the optimization of the
chemical or physical structure and/or composition of biochemical products during their
natural biosynthesis in the body by means of selection techniques, genome modification, or
growing conditions. By affecting the genome of living producents with modern methods
of genome editing or traditional breeding, as well as supplying with special components
in the nutrient medium, it is possible to obtain economically valuable primary or sec-
ondary metabolites with improved structure and composition, baring practically significant
properties.

Starch is one of the most important natural renewable resources [1]. In a recent
article [2], we described the results of a genome-wide association study (GWAS) of potato
Solanum tuberosum for phosphorus content (i.e., phosphate groups) in native potato starch. It
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has been reasonably suggested that the phosphorus content of potato starch is an inherited
trait. Several SNPs were identified on chromosomes 1, 4, 5, 7, 8, 10, and 11, associated
with this trait. However, the p-values of most of the SNPs found did not overcome the
Bonferroni level, probably due to the relatively small population size (90 varieties). So
the SNPs needed further validation. In addition, a number of detected markers had no
chromosome assignment at that time. Furthermore, it remained unclear whether the level
of phosphorus content in potato starch can stably reproduce from year to year in different
environmental conditions.

So, the main aim of the current study is to identify potato varieties and their special
genetic features for “intravital modification” of potato tubers starch, namely, for an increase
of phosphorus content in starch. For that, the following objectives have to be achieved:
(1) meta-data on the content of phosphorus in potato starch for three years (90 varieties in
2017, 79 of them in 2018, and 74 in 2019) obtained; (2) a population structure evaluation to
show proper population diversity for application in GWAS; (3) annotation of previously
found and novel SNPs, associated with the trait; (4) identification of the most promising
varieties with contrasting trait values.

Meta-analysis is a set of approaches for combining the results of several studies and
it can increase the statistical power [3] of a scientific study. Overall, an increase in the
reliability of the found markers, proof of the quality of the population, and the choice of
promising varieties would make possible an effective next-generation breeding program for
further “intravital modification” of starch to obtain its hyperphosphorylated modification,
comparable in properties to the chemically produced analogs (for example, nutrition
additive E1410).

2. Materials and Methods
2.1. Plant Material

The set of 90 potato (Solanum tuberosum L.) varieties from the ICG “GenAgro” collection
(Novosibirsk, Russia) was grown during the period May to October 2017 in the same field
in the Novosibirsk region (Michurinsky settlement, 54°52’ N and 83°00" E). The growing
of potato plants was performed according to the standard procedure. Briefly, seed tubers
of all cultivars were planted in two rows with 0.75 m spacing and 0.3 m distance between
the plants on the rows. In total, 10 plants were planted in the row, so, the length of each
row was 10 m. Each cultivar was planted in three replicates, and the distances between the
replicates’ plots were 2 m. Sowing was performed in the first decade of May and harvesting
in the 3rd decade of September. After harvesting, tubers were stored for 3 weeks at +4 °C.
Only healthy tubers were collected for further analyses. From the healthy tubers, 25% of
the smallest and largest tubers were removed. Among the rest, only five morphologically
typical for a given variety of tubers were selected for starch isolation.

The procedure was repeated in 2018 and 2019 with 79 and 74 potato varieties, respec-
tively. The names and varieties grown each year are shown in Supplementary Materials as
Table S1.

2.2. Starch Isolation

Potato starch was isolated from the tubers according to the typical procedure, described
elsewhere (for example, see [4]).

2.3. DNA Isolation and Genotyping

DNA was isolated from the tuber’s skin using DNeasyPlant Mini Kit (Qiagen) accord-
ing to the standard procedure. A set of 15, 214 (71.7%) scorable SNPs [2] was used for
GWAS analysis. Genotyping information is available in [5].

2.4. Phosphorus Content Analysis

Analysis of the starch samples was performed using the phosphomolibdate method
with spectrophotometric detection according to the standard procedure, described in GOST
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7698-93 “Starch. Rules for acceptance and methods of analysis” (Russian and Belarus
standard, correlates with ISO 3946-82). In brief, a starch probe was decomposed in a
mixture of sulfuric and nitric acids, neutralized, and reacted with ammonium molybdate.
Spectrophotometric detection at 825 nm allowed to determine the phosphorus content in
the starch probe using a calibration curve.

2.5. PCA and Population Structure Analysis

The principal component analysis (PCA) is used to reveal correlations in the data and
reduce the input data dimension with the least loss of information. For phenotypic data,
PCA analysis was calculated by the standard method using the PAST 2.17 package [6].
PCA for genotyping data was conducted using the classical Gower algorithm through
the distance matrix [7] with the JACOBI4 package [8]. Preliminarily, the tetraploid potato
genome was encoded in digital format, where the effector allele was taken as 0, the non-
effector allele was taken as 1, and the intermediate forms were coded as 0.25, 0.5, and 0.75.
For example: AAAA allele is designated as 1, AAAG—as 0.75, AAGG—0.5, AGGG—0.25,
and GGGG—as 0.

In order to calculate the population structure matrix (Q-matrix) containing member-
ship coefficients for each individual of the potato mapping panel, the genotyping data was
analyzed by Bayesian cluster analysis in STRUCTURE v.2.3.4 [9]. For passing the quality
control for the analysis of the population structure, 4707 markers were selected, the data
for which were known for all varieties. For data analysis, a model was chosen that assumes
intraspecific hybridization and mixing of populations (admixture model). Estimation of k
was carried out using hoc quantity (Ak) [10]. The length of the burn-in and Markov chain
Monte Carlo (MCMC) was 5000.

2.6. Partial Least Squares (PLS) Analysis

PLS analysis was chosen as a method to treat phenotype and genotype data in order
to identify varieties with genotypic and phenotypic variability for the trait of interest. PLS
analysis was performed on the basis of the phenotypic trait measured for three years’
harvests and for genotypic data using the PAST 2.17 software package [6]. Phenotypic
(phosphorus content in the starch of three-year harvests) and genotypic sets of principal
components were taken as blocks to perform the PLS analysis. As a result, phenotypic
and genotypic bicomponents were obtained that corresponded to each other as much
as possible.

2.7. Association Analysis

A general linear model (GLM) taking into account population membership estimates
derived from principal components analysis was performed for phosphorus content mea-
sured every year with the help of TASSEL 5 package [11] to detect significant marker
associations. Since TASSEL has especially been developed for diploid genome analysis, we
re-coded tetraploid potato genome from four-letter code to numerical, taking into account
the dose of a certain allele. For the details, refer to [2]. To identify significant SNPs the
Bonferroni correction was applied. The Benjamin-Hochberg criterion [12] or false discovery
rate (FDR) was also considered, with a threshold value of 0.05. To determine which markers
crossed the threshold value according to the Benjamin-Hochberg test, the p-values obtained
in the TASSEL 5 program were preliminarily ranked in ascending order. Further, the values
were multiplied by the total number of tests (in our case, the number of studied markers
was 15,214), and divided by the rank corresponding to the marker. The markers that passed
the threshold value showed p-values less than 0.05 according to the Benjamin-Hochberg test.
The purpose of the FDR criterion was to set the threshold below the specified Bonferroni
value, which could facilitate the search for markers that are significant enough but did
not pass the strict Bonferroni threshold. Inclusion criteria for SNPs were genotyping rate
>90%, and minor allele frequency >5%. The relation of identified SNPs to genes and their
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association with certain proteins was confirmed on the site https://plants.ensembl.org
(accessed on 25 April 2022).

2.8. Meta-Analysis

The results of the genome-wide association analysis (p-values of the SNPs) for three
years of phosphorus content were pooled using the Fisher’s method modified for correlated
data [13]. The use of an effective rather than a nominal number of tests in this method
made it possible to avoid overestimation of SNP significance due to the correlation between
the results. Before pooling, the p-values for each year were rescaled using the standard
genomic control method which implies genomic inflation factor A being brought to one [14].

2.9. Basic Local Alignment Tool (BLAST)

For identification of qualitative trait loci (QTL), genes, related proteins, and their statis-
tical parameters BLAST supported by platforms https:/ /plants.ensembl.org (accessed on 25
April 2022) and https://www.ncbinlm.nih.gov/ (accessed on 25 April 2022) were applied.

3. Results

The library of potato tuber starch of the three harvests of 2017, 2018, and 2019 was ob-
tained through the starch isolation procedure described above. Chemotyping (phosphorus
content) was performed in three replicates for each variety of each crop (2017-2019). The
phosphorus content table is available in Supplementary Materials as Table S1. Phosphorus
content in starch varied in 0.0456 to 0.1075% interval.

Pairwise correlations of phosphorus content in the starch of crops harvested in different
years are depicted in Figure 1A-C.

Of 15,214 scorable SNPs, 4707 SNPs data was obtained for each potato variety and used
as an input for evaluation of the quality of the population. Parameter Ak was calculated for
the different number of subpopulations k. The magnitude of Ak is shown in Figure 2.

The population structure of potato varieties studied was calculated for potential 2 to
7 subpopulations and presented in Figure 3.

Correlations between the first genotype and phenotype bicomponents (see Discussion
section) were calculated by the PLS method and depicted in Figure 4. As a result of
PLS analysis, a clear correlation between first bicomponents was demonstrated, which
implies a strong genetic basis of the trait studied. The opposite sides of the correlation
cloud are promising for further investigation as their distinct genetics clearly result in
different phenotypes.

We evaluated whether GLM + PCA analysis possesses proper accuracy in finding
significant SNPs in the quantile-quantile plots. Difference in expected and calculated
—log1o(p) did not exceed 5% (Figure 5).

Table 1. p-Values for SNPs with the highest —logj(p) according to meta-analysis.

SNP p-Value p-Value p-Value p-Value

(2017) (2018) (2019) Meta-Analysis
solcap_snp_c2_55899 6.14 x 107> 7.97 x 1072 7.00 x 10~ 423 x 1077
PotVar0091465 246 x 107* 4.86 x 107* 3.83 x 1074 2.16 x 107°
PotVar0001436 7.86 x 1074 5.98 x 1072 1.20 x 1073 2.46 x 107°
solcap_snp_c2 50231 349 x 1074 9.93 x 107° 1.87 x 1073 2.69 x 107°
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Figure 1. Pairwise correlations of phosphorus content in the starch of crops harvested in three years:
(A) 2017 vs. 2018; (B) 2018 vs. 2019; (C) 2018 vs. 2019.
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Figure 3. Structure of subpopulations of potato varieties in this study for k from 2 to 7.
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Figure 4. Correlation of phenotype and genotype bicomponents. Ovals encircle 10% quantiles from
both sides of the cloud, related to the most promising varieties for breeding. Oval A includes nine
varieties (29, 38, 41, 47, 48, 51, 59, 63, 88) with phosphorus content in starch >0.084%. Oval B includes
nine varieties (11, 16, 21, 22, 23, 27, 28, 33, 72) with phosphorus content in starch <0.064%.
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Figure 5. Quantile-quantile plots for —logio(p) for 2017, 2018, 2019, and meta-analysis data.

Standard GWAS analysis was performed with phosphorus content data for 2017, 2018,
and 2019 crops, followed by an analysis of meta-data, united all three years” data (Figure 6).
The p-values of the most significant SNPs obtained in the meta-analysis are presented in
Table 1.
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Figure 6. Manhattan plot for —logo(p) according to meta-analysis data. Ovals encircle four SNPs
with —logo(p) overcoming Bonferroni level.

4. Discussion

In our paper [2], 17 SNPs and 8 new QTLs were identified on chromosomes 1, 4, 5,
7,8, 10, and 11, with a high probability associated with the phosphorus content in starch.
However, most of the p-values of the found markers laid within the false discovery rate but
did not overcome the Bonferroni level. Chemotypic data (phosphorus content) for GWAS
were obtained from the analysis of potato starch from a single crop in 2017, which means
that there are still some issues to be addressed: whether the phosphorus content remains
stable from year to year, and how much it depends on the agronomic background of potato
cultivation and weather factor variations between years.

Thus, the results obtained in [2] may be validated in order to subsequently use the
obtained markers in industrial potato breeding to obtain hyperphosphorylated starch by
“intravital modification”. There are known examples when the problem of a small number
of available varieties was solved using a meta-analysis of data obtained under different
agronomic conditions [15] or crops harvested at different times [16]. We used that approach
in our study to confirm SNPs associated with phosphorus content in potato tuber starch.

The studied trait, phosphorus content in starch, showed a large positive correlation
between the yields of different years (Pierson’s coefficients > 0.7, Table 2). Moreover, the
same varieties from year to year demonstrate the maximum or minimum values of the
chemotypic trait (Figure 1), despite variable environmental conditions during 2017-2019.
This indicates a significant contribution of genetic factors to the phosphorus content in the
potato tuber starch trait and a minimal environmental effect.

Table 2. Pierson’s correlation coefficients for pairwise comparison of phosphorus content in the starch
of crops harvested in different years.

2017 2018 2019
2017 1
2018 0.72* 1
2019 0.80 * 0.75* 1

¥p < 0.001.

Once genetic contribution in the trait is suggested, proper population diversity for
associations study should be provided. An independent analysis of 4707 SNP markers to
identify the population structure yielded a dataset for estimating the number of subpop-
ulations, which is Ak values plotted vs. k (Figure 2). A significant increase of Ak value
at k = 6 indicates not less than 6 subpopulations in the varieties set studied. Figure 3
demonstrates the clusterisation of the set of varieties for k from 2 to 7. It shows that no
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significant isolation of the varieties in any number of separate subpopulations is observed.
Also, phosphorus content in starch does not depend on belonging to the subpopulations.
Overall, that means, that the studied population of potato varieties is diverse enough to be
efficiently used for GWAS analysis.

PCA analysis of the data on phosphorus content in starch showed that 84.8% and 9.5%
phenotypic variance are explained by the first and second components, respectively. PCA
for genotypic data showed the first three components explained 31.8% of the variance.

To calculate the relationship between phenotypic and genotypic bicomponents, a
phenotype-genotype covariance analysis by the PLS method was performed and gave a
set of linear bicomponents. The first bicomponent defines the most (91.5%) of the total
covariance (Table 3).

Table 3. Linear bi-components for “phenotype-genotype” co-variation.

Axis Sing.Val. % Covar
1 5.5948 91.503
2 1.3609 5.4137
3 1.027 3.0835

Table 4 presents the correlation coefficients between the three bicomponents (both
phenotypic and genotypic) and values of the chemotypic trait over three years. It can
be seen that the content of phosphorus in potato starch strongly correlates only with
the first bicomponent. Accordingly, the first bicomponent most fully reflects the total
phosphorus content in potato starch, and thus only the first components (phenotypic and
genotypic) are of interest for identification of the promising varieties for breeding and
genetic modifications.

Table 4. Correlation coefficients for bi-components with phosphorus content in potato tuber starch
for the crops of 2017, 2018, and 2019.

First Bicomponent Second Bicomponent Third Bicomponent

Year Phenotype Genotype Phenotype Genotype Phenotype Genotype
2017 0.93* 0.78* 0.14 0.09 0.36 * 0.27*
2018 0.89 % 0.74* 0.47 % 0.32 % 0.11 0.06
2019 0.94 * 0.79* 0.22 0.21 0.20 0.21

* Significant values (p < 0.05).

The correlation between the vectors of the first phenotypic bicomponent and the first
genotypic one is shown in Figure 6. When examining varieties based on the phosphorus
content in starch, variety samples showing the maximum values of the trait in the sample,
concentrated at one end of the correlation cloud (block A). Varieties with a lower percentage
of phosphorus in starch are on the opposite side (block B). As a result, two groups of
varieties were identified as genetically different with low and high phosphorus content in
starch varieties. Accordingly, the selected groups of varieties with low and high values of
the trait (percentage of phosphorus in starch) in the sample are potentially a significant
genetic resource for further breeding.

None of the markers found in the current study showed a significant degree of relia-
bility in the previous work [2]. The negative logarithm p-values of two of them overcame
FDR, the other two have not been identified as significant markers of increased phos-
phorus content in starch at all. These markers and GWAS were not detected based on
separately taken data on starch from the 2018 and 2019 crops either. However, as a re-
sult of the GWAS meta-analysis, the negative logarithm of the p-value of the SNPs found
exceeded the Bonferroni level, making them validated and considered reliable biomark-
ers of phosphorus-enriched starch (Table 5). All found significant SNPs are located on
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chromosome 5. The solcap_snp_c2_55899 marker is annotated according to [17]. Two
polymorphisms (solcap_snp_c2_55899 and PotVar0091465) are located within the same
QTL (positions 9,639,637 and 9,834,091), and the other two are quite far from each other,
and from other markers: solcap_snp_c2_50231 is situated at position 36,834,630 and Pot-
Var0001436 at position 20,274,370, thus marking three QTLs associated with the content of
phosphorus in starch on the same chromosome.

Table 5. Significant SNPs discovered.

Threshold p-Value Mi Minor
- inor
N SNP Ch Position Csltflrg;t Article [2] ﬁti:e-r:nsatll;glys’ Asticle [2] Polymorphysm Allele FreA;Leilemy
1 solcap_snp_c2_55899 5 9,639,637  Bonferroni FDR 423 x 1077 9.01 x 10°° T/G G 0.30
2 PotVar0091465 5 9,834,091 Bonferroni ~ Below FDR 2.16 x 107 - A/G G 0.34
3 PotVar0001436 5 20,274,370 Bonferroni ~ Below FDR 246 x 107° - T/C C 0.38
4 solcap_snp_c2_50231 5 36,834,630  Bonferroni FDR 2.69 x 107° 2.70 x 107° T/C C 0.33

SNPs solcap_snp_c2_50231 and PotVar0001436 do not fall directly into any mapped
gene. Known genes are not detected at a distance closer than +15,000 bp from them. The
PotVar0091465 SNP falls into the structure of the gene encoding the GWD protein (or Starch-
granule-bound R1 protein), a known starch biosynthesis enzyme responsible for glycoside
phosphorylation. Curiously, the second SNP of the same QTL, solcap_snp_c2_55899, is
located next (£15,000 bp) to four annotated genes that also encode phosphorylating en-
zymes of the kinase class: LescPth4, two proteins designated as LescPth2, and an unknown
kinase. However, all four of these proteins are not glycoside, but protein kinases, thus
making up the family of proteins with similar functions. Due to the fact that their substrates
are serine and threonine amino acids, which, like glycosides, bare hydroxyl groups for
phosphorylation, and the average residual weight of the proteins GWD, LescPth4, LescPth2,
and an unknown kinase are very close (111, 113, and 115 g/mol), all of the four genes are
related in composition and origin, forming a superfamily of proteins with a similar function
(Table 6). Their location within the same QTL allows for the identification of the detected
genomic cluster [18], which probably is an operon-like structure [19] on chromosome 5 of
the S.tuberosum genome.

Indeed, BLAST analysis of 1448 bp partial coding sequence for one of these proteins
(Gene code PGSC0003DMG400016992, Transcript ID PGSC0003DMT400043783) allows a
finding of 30 paralogous sequences ranging from 363 to 48 bp. All of them are located
in positions from 9,700,478 to 9,402,861 on chromosome 5. That confirms the structural
relationship of these genes, most likely formed as a result of segmental duplication.

Quite recently [20] allelic status of the GWD gene and thus the corresponding haplo-
types were shown to be responsible for the variation of phosphorus content in potato tuber
starch. However, in the current study, we showed that there are at least two more QTLs at
chromosome 5, reliably associated with the trait. Additionally, the length of GWD does not
exceed 20,000 bp (15,519 bp in [2], 19,188 bp in [20]) and solcap_snp_c2_55899 (position
5:9,639,637) is situated far (194,454 bp) away from PotVar0091465 (position 5: 9,834,091,
situated in GWD), which means that the GWD-containing QTL also contains a few more
kinases-coding related genes.
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Table 6. Description of genes and their products (according to Plant.Essemble.com), associated with

the protein-coding SNPand QTLs identified in the current study.

N SNP Gene Code Gene Statistics Protein Name Protein Statistics
1  solcap_snp_c2_50231 - - _ _
Exons: 2, Coding Ave. residue weight: 113.766 g/mol
exons: 1, Transcript Less?th4, or Charge: 0.0
PGSC0003DMG401016989  length: 2961 bps, Is’er;’lrf:/‘ threonine Isoelectric point: 6.4888
Translation length: Kinase Molecular weight: 24,118.36 g/mol
212 residues Number of residues: 212 aa
Exons: 1, Coding Ave. residue weight: 115.902 g/mol
exons: 1, Transcript Protein kinase famil Charge: 2.5
PGSC0003DMG402016989 length: 1372 bps, tei Y Isoelectric point: 8.0567
Translation length: protemn Molecular weight: 7,881.32 g/mol
68 residues Number of residues: 68 aa
2 solcap_snp_c2_55899 Exons: 1, Coding Ave. residue weight: 113.319 g/mol
exons: 1, Transcript LescPth2 Charge: —5.0
PGSC0003DMG400016991 length: 1101 bps, tein kinase Isoelectric point: 5.4433
Translation length: pro Molecular weight: 36,375.41 g/mol
205 residues Number of residues: 321 aa
Exons: 1, Coding Ave. residue weight: 113.414 g/mol
exons: 1, Transcript LescPth2 Charge: 7.0
PGSC0003DMG400016992 length: 1448 bps, tein k(na Isoelectric point: 10.3705
Translation length: protein kinase Molecular weight: 15,991.43 g/mol
120 residues Number of residues: 141 aa
Exons: 34, Coding Ave. residue weight: 111.535 g/mol
exons: 33, Transcript ;‘;Z?}{—Ol;anule— ICs};:fggric 10o.?nt' 5.8464
3 PotVar0091465 PGSC0003DMG400007677 length: 5008 bps, b & pont: N
Translation length: ounf:l R1 Molecular weight:
1464 residues protein 163,287.07 g/molNumber of
residues: 1464 aa
4  PotVar0001436 - - - -

5. Conclusions

The study demonstrated the possibility of GWAS analysis with a limited number

(74-90 in this case) of samples to identify significant SNPs. At the same time, a meta-analysis
of data from harvests of different years significantly increases the level of reliability of
calculations. Meta-analysis made it possible to annotate two SNP markers on chromosome
5 and validate two previously identified markers to the level of practical significance with
the potential to be used in potato breeding. An operon-like cluster of genes encoding a
family of kinases and associated with phosphorus content in potato starch on chromosome
5 is identified. PLS analysis allowed us to identify the most promising potato varieties for
the next generation of breeding techniques.

In the future, investigation of the discovered gene cluster can be aimed at using them
as targets for breeding or genome editing in order to obtain potato and starch with a high
content of phosphate groups.
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