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Abstract

Potato starch is an essential nutrient for humans and is widely used worldwide. Locating
relevant genomic regions, mining stable genes and developing candidate gene markers
can promote the breeding of new high-starch potato varieties. A total of 106 F individuals
and their parents (YSP-4 x MIN-021) were used as test materials, from which 20 plants with
high starch content and 20 with low starch content were selected to construct DNA pools for
site-specific amplified fragment sequencing (SLAF-seq) and bulked segregation analysis
(BSA). A genomic region related to the starch traits was first identified in the 0-5.62 Mb of
chromosome 2 in tetraploid potato. In this section, a total of 41 non-synonymous genes,
which were considered as candidate genes related to the starch trait, were annotated
through a basic local alignment search tool (BLAST) search of multiple databases. Six
candidate genes for starch (PGSC0003DMG400017793, PGSC0003DMG400035245,
PGSC0003DMG400036713, PGSC0003DMG400040452, PGSC0003DMG400006636
and PGSC0003DMG400044547) were further explored. In addition, cleaved amplified poly-
morphic sequence (CAPS) markers were developed based on single nucleotide polymor-
phism (SNP) sites associated with the starch candidate genes. SNP-CAPS markers chr2-
CAPS6 and chr2-CAPS21 were successfully developed and validated with the F, popula-
tion and 24 tetraploid potato varieties (lines). Functional analysis and cloning of the candi-
date genes associated with potato starch will be performed in further research, and the
SNP-CAPS markers chr2-CAPS6 and chr2-CAPS21 can be further used in marker-assisted
selection breeding of tetraploid potato varieties with high starch content.

Introduction

Potato (Solanum tuberosum L.) belongs to the solanaceae solanum family and is the fourth
major food crop in the world after rice, wheat and maize. It can also be used as a vegetable and
teed crop. Potato tubers are rich in starch, protein, amino acids and minerals that can maintain
human life, and are widely planted in China, America, Netherlands and other countries [1, 2].
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The cultivated potato is autotetraploid (2n = 4x = 48) with high heterozygosity and complex
genetic characteristics, which leads to slow progress in potato breeding [3]. Breeding potato
varieties with high quality, high yield, and strong disease/pest resistance is always a primary
mission and challenge for potato breeders.

Potato starch, found as a carbohydrate in potato chips, is the second most produced type of
starch in the world [4]. Its quality characteristics of large grain size, high gelatinization trans-
parency, easy expansion and high viscosity are far superior to those of other types of starch,
and it is widely used in food processing, agriculture, petroleum, medicine and other industries
[5-8]. As one of the most important quality traits of potato starch, the quantitative trait is con-
trolled by multiple genes. Understanding the genetic determinants of starch content is of great
significance for quality improvement in potato breeding. Quantitative trait locus (QTL) map-
ping of potato starch has been reported. Freyre and Douches (1994) [9] used a diploid F; popu-
lation and their parents 84SD22 and 84510 as experimental materials to construct linkage
maps using 44 restriction fragment length polymorphism (RFLP) markers and 63 random
amplified polymorphic DNA (RAPD) markers. QTLs related to starch content in tubers were
mapped on chromosomes 1, 2, 3, 5, 7 and 11, respectively. Li et al. (2008) [10] mapped QTLs
for the starch trait on potato chromosomes 2, 3, 5, 7 and 11 by using single-stranded confor-
mation polymorphism (SSCP), cleaved amplified polymorphic sequence (CAPS), sequence
characterized amplified region (SCAR) and simple-sequence repeats (SSR) markers and candi-
date gene association analysis. Bradshaw et al. (2008) [11] selected 227 tetraploid potato indi-
viduals generated by Stirling (low dry matter content) x 1260 abl (high dry matter content) as
the mapping population. Stable QTLs that control the dry matter content (closely related to
starch content) were detected on linkage group 5 of Stirling based on amplified fragment
length polymorphism (AFLP) and SSR. Werij et al. (2012) [12] used 16 pairs of AFLP markers
and 26 pairs of SSR markers to construct a genetic linkage map, and successfully mapped the
starch content, starch grain size, starch gelation temperature, amylose content and other trait-
related QTLs on all chromosomes except chromosome 8 of potato. Sliwka et al. (2016) [13]
mapped 30 QTLs related to the starch traits on potato chromosomes 1, 2, 3, 8, 10, 11 and 12.
In general, although some QTLs that control potato starch have been identified in previous
studies, the data on all of them are preliminary. Due to the lack of saturated linkage maps in
potato, the starch content trait had also not yet been finely mapped in this species. The genetic
mechanism for this important trait in potato is still not very clear and no genes involved in reg-
ulating the starch content of potato has been finely mapped or cloned.

Bulked segregation analysis (BSA) is a widely used gene marker localization strategy that
can identify molecular markers closely linked to target trait genes [14]. The advantage of this
method is that there is no need to genotype all individuals in the population, and individuals
with extreme traits can be selected for mixed analysis, which greatly reduces the workload and
cost of research. BSA can also be used in the research of crops, for which constructing near-
isogenic lines is difficult. Site-specific amplified fragment sequencing (SLAF-seq) is a rapid
and efficient large-scale genotyping technique that combines reduced-representation with
high-throughput sequencing [15]. Compared with other genotyping techniques, such as geno-
typing-by-sequencing (GBS), restriction-site associated DNA sequencing (RAD-seq) and mul-
tiple shotgun genotyping (MSG), SLAF-seq has the advantages of high resolution, high
accuracy, low cost and applicability to a large number of species. In recent years, with the
rapid development of next-generation sequencing, SLAF-seq combined with BSA has been
successfully applied for marker development, QTL mapping and candidate gene association
analysis of a large number of species, such as rice [16], pepper [17, 18], cotton [19], melon
[20], watermelon [21] and potato [22, 23] etc. and has been demonstrated as an effective strat-
egy to identify genes or QTLs linked to important traits in different plants.
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In the present study, SLAF-seq combined with BSA was first used to develop SNP loci and
identify genome regions and candidate genes related to the starch trait by pooling DNAs in an
F, population derived from a cross between YSP-4 and MIN-021 in tetraploid potato. In addi-
tion, the SNP-CAPS markers tightly linked to the potato starch trait were subsequently devel-
oped based on the genome regions and candidate genes. These results lay a foundation for
molecular assisted breeding of high starch potato varieties and functional analysis and cloning
of related genes.

Materials and methods
Plant materials

The F, and F, isolated populations, their parents and 24 potato varieties (lines) were used for
marker development and validation. The F; population was composed of 106 individuals from
a cross of YSP-4 x MIN-021, and the F, segregation population comprised of 120 plants from
F, population self-crossing. The female parent YSP-4 is a wild species, with high starch content
(about 19%), strong disease resistance, high tuber setting rate per plant and wide adaptability.
The male parent, MIN-021, is a tetraploid-colored potato material with short growth period,
red tuber, nearly round-shape tuber and low starch content (about 13%). All materials in this
experiment were planted in the experimental farm at Inner Mongolia Agricultural University
in China. The plant spacing was 30 cm and the row spacing was 90 cm.

Determination of the starch content and genetic analysis in potato tubers

The starch content of potato material was determined by iodine-potassium iodide colorimetry
[24]. The phenotypic data were statistically analyzed using SPSS 10.0 (SPSS Inc., Chicago, IL).

DNA extraction and construction of DNA pools

The young leaves of the parents, F, population, F, segregation population and 24 tetraploid
varieties (strains) were randomly taken as samples. DNA was extracted according to the
instructions for the plant Genome Kit (Tiangen Biochemical Technology, Beijing, China).
DNA was quantified with a Nanodrop 2000 UV-vis spectrophotometer (NanoDrop, Wilming-
ton, DE, USA) and diluted to 100 ng/uL. Equal amounts of DNA from each of 20 extremely
high starch individuals (H-pool) and 20 extremely low starch individuals (L-pool) identified in
the F; population were separately pooling to construct two extreme DNA pools. The genomic
DNAs of the two DNA bulks and both parents were prepared for SLAF sequencing and BSA
analysis.

SLAF library preparation and high-throughput sequencing

The sequence of the double-haploid line DM genome was selected as the reference genome
(http://solanaceae.plantbiology.msu.edu/pgsc_download.shtml), and genomic DNAs from
both parents and the H-pool and L-pool were digested with the Rsa I and Hae III restriction
enzymes. Afterward, specific single nucleotide A overhangs were added to the end of the
resulting enzyme digestion fragment and connected to dual-index sequencing adaptors. The
modified enzyme digestion fragment was amplified with polymerase chain reaction (PCR),
purified and mixed by gel electrophoresis. The target fragment was selected by gluing to con-
struct the SLAF library. To evaluate the accuracy and reliability of the SLAF library construc-
tion and sequencing, the same experimental operation was performed with Oryza sativa
japonica as the control.
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After passing the library quality test, qualified SLAF tags were sequenced on the Illumina-
HiSeq™ 2500 platform (Illumina, Inc., San Diego, USA) by Biomarker Company (Beijing,
China). The original data files obtained by sequencing were converted into raw reads through
Base Calling. Clean reads were further filtered from raw reads with an adapter, resulting in
more than 10% of N content and more than 50% of bases with mass values less than 10. Finally,
the GC content and Q30 score of the reads were analyzed to assess the sequencing quality.

High-quality SNP detection

Burrows-wheeler Aligner (BWA) software [25] was used to align the reads of sequenced sam-
ples to the reference genome, and the same reads for different samples were clustered to obtain
SLAF tags (sequence similarity > 90%). SNPs were mainly detected with GATK [26] and
SAMtools [27] software. According to the localization of the reads on the reference genome,
local realignment was carried out with the above two programs, respectively, and the intersec-
tion mutation loci were obtained as the final SNP set. Afterward, the annotation variation soft-
ware SnpEff [28] was used to annotate the regions where the SNPs were located and the
influence of the variation.

Association analysis

The euclidean distance (ED) algorithm assumes that the genetic background, except for the
loci, related to the target trait tends to be consistent. The algorithm then seeks SNP markers
that are significantly different between the H-pool and L-pool and closely related to the target
trait and determines the candidate regions according to the association threshold [29]. The
formula for the ED algorithm is as follows:

ED = \/(Amut — Awt)’ + (Cmut — Cwt)* + (Gmut — Gwt)* + (Tmut — Twt)® (1)

Amut, Cmut, Gmut and Tmut are the frequencies of the A, C, G and T bases in the L-pool
respectively, while Awt, Cwt, Gwt, and Twt are the frequencies of the A, C, G, and T bases in
the H-pool. Larger ED values indicate greater discrepancy in the markers between the two
mixed pools. In the association analysis, ED values were multiplied to eliminate background
noise, and SNPNUM was used to fit the ED value to determine the association threshold.
Regions exceeding the threshold were selected as candidate gene regions for target traits [29].

SNP-index is a valuable algorithm for association analysis and performs marker association
analysis by looking for genotype differences between DNA pools [30]. The diversity in geno-
type between mixed pools is visualized with A(SNP-index). Theoretically, when A(SNP-index)
approaches 1, indicating that an allele originated from the H-pool, the associated SNP locus
may be closely linked to high starch traits. On the contrary, A(SNP-index) approaching -1
indicates that an allele is derived from the L-pool, and that the associated SNP may be closely
linked to low starch traits. The A(SNP-index) values were fitted to the SNPNUM method to
calculate the correlation threshold, and those above the threshold were selected as the region
associated with the target trait [30].

For experimental accuracy, ED and SNP-index were used to obtain the candidate interval,
and their intersection was used to determine the final starch candidate interval.

Prediction of the candidate genes

The basic local alignment search tool (BLAST) [31] was used to deeply annotate the genes in
the target regions in multiple databases (non-redundant protein database (NR) [32], Swiss-
Prot [33], gene ontology (GO) [34], Kyoto encyclopedia of genes and genomes (KEGG) [35],

PLOS ONE | https://doi.org/10.1371/journal.pone.0261403 December 21, 2021 4/19


https://doi.org/10.1371/journal.pone.0261403

PLOS ONE

Candidate genes and SNP-CAPS markers for starch in tetraploid potato

clusters of orthologous genes (COG) [36]), and the reference gene annotation could be quickly
used to screen the candidate genes and predict their related functions.

Development and validation of candidate gene SNP-CAPS markers

According to the sequencing results for the parents, SNPs linked to starch candidate genes
were converted to PCR-based CAPS markers. The process was as follows: First, candidate gene
sequences were obtained from the potato genome website (http://solanaceae.plantbiology.
msu.edu/). Then, BioXM 2.6 was used to detect the effective restriction sites, and primers were
designed 500 bp above and below the restriction sites. The design principles were in accor-
dance with the report by Zhang et al. (2004) [37]. Finally, the primers were commissioned to
be synthesized by Thermo Fisher Scientific (Nanjing, China).

PCR amplification and enzyme digestion were carried out using the DNAs of the parents
and F; mixed pool as templates. If the CAPS markers obtained by enzyme digestion were spe-
cific to the parents and the same bands were found in the high starch pool with YSP-4 (high
starch) as well as in the low starch pool with MIN-021 (low starch), it was preliminarily con-
cluded that CAPS was linked to potato starch traits. Extremely high and low-starch individuals
from the F, population and 24 varieties (lines) were further verified.

PCR reaction system (20 pL): 2.0 uL 10x buffer (Mg>"), 2.0 uL dNTPs, 0.4 uL. Taq DNA
polymerase, positive and reverse primers (10 pM) 1.0 pL each, 2.0 uL. DNA (50 ng/pL), 11.6 uL
ddH,O. PCR cycle amplification procedure: pre-denaturation at 94°C for 5 min; followed by
35 cycles at 94°C for 30's, Tm 30's, 72°C for 60 s; 72°C for 7 min; stopped at 4°C and stored.
The restriction enzyme from NEB company was used for enzyme digestion of the PCR prod-
ucts. The reaction system was 0.3 pL restriction enzyme, 1 uL Tango buffer, 5 uL PCR product,
and 10 uL ddH,O0 supplement. The digestion system was placed in a thermostatic water bath
for 3 h to ensure that the reaction was complete, and the products were evaluated with 2% aga-
rose gel electrophoresis.

Results and analysis
Genetic analysis of starch traits

The potato starch data measured were analyzed. As shown in Fig 1, the female starch content
(YSP-4) was significantly higher than the male starch content (MIN-021). Some F; individuals
showed transgressive segregation, indicating that there was abundant heritable variation in the
starch trait in F;, which was beneficial to the selection of extreme phenotypes and ensured the
efficiency of the BSA strategy. In the F, population, 48.33% of individual starch content was
between the parents and 51.67% of individual starch content showed the transgressive phe-
nomena, indicating that the genetic variation of starch traits in F, was high. The starch con-
tents of F; and F, populations had a normal distribution, indicating that the starch content
trait are quantitative traits controlled by multiple genes 38, 39].
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Fig 1. Phenotypic distributions of starch content traits in F, and F, potato populations.

https://doi.org/10.1371/journal.pone.0261403.9001
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Sequencing data analysis and SNP identification

High-throughput sequencing was performed after the SLAF library test, and a total of 2269.98
million reads were obtained. The Q30 was 95.05%, and the average GC content was 35.51%,
indicating that the probability of base error identification in Base Calling was small and the
quality of the sequencing base was high. On the whole, 838,604 SLAFs were identified by clus-
ter analysis, of which 587,372 SLAFs were found in the male (MIN-021) and 612,629 in the
female (YSP-4). The mean sequencing depths were 28.99x and 23.29x, respectively. There
were 488,700 SLAFs in the progenitors, and the average sequencing depth was 15.36x. The
detailed sequencing data can be obtained from our previous uploaded NCBI-short read
archive (SRA) database (accession: PRINA597429).

GATK and SAMtools software were used to identify 6,301,408 SNPs with intersections. In
order to improve the accuracy of the experiment, firstly 135,107 SNPs with multiple alleles
were filtered out; secondly, 464,306 SNPs with sequencing depths less than 4x were filtered
out. Further, 70,487 SNPs with the same genotype among mixed pools were filtered out, and
4,654,022 SNPs were filtered out using the parental genes. Finally, 977,486 high-quality SNPs
were obtained for further association analysis of the starch content traits.

Association analysis of starch content in potato

The ED values of 977,486 high-quality SNPs were calculated using the method described by
Hill et al. (2013) [29]. After eliminating background noise, SNPNUM was used to fit the ED
values of all sites, and the distribution of the associated values is shown in Fig 2. The median
+ 3SD of the fitted values of all sites was used as the association threshold between SNPs and
starch traits, which was calculated to be 0.06. Fortunately, candidate regions associated with
starch traits and above threshold values were detected on chromosomes 2, 3, and 7 respec-
tively, with a total length of 8.90 Mb and 485 genes (Table 1).

The SNP-index was calculated using 977,486 high-quality SNPs, and the SNP-index curves
of H-pool and L-pool were plotted (Fig 3). SNPNUM method was used to fit A(SNP-index)
values to eliminate false positive sites, and the regions above the threshold were selected as can-
didate regions for starch traits. However, as shown in Fig 3C, there was no high peak in the
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Fig 2. Distribution of ED correlation values on chromosomes. The abscisic coordinate is the potato chromosome
abbreviation, the colored point represents the ED value of each SNP site, the black line represents the fitted ED value,
and the red dotted line represents the significance correlation threshold. The higher the ED value, the better the
correlation effect.

https://doi.org/10.1371/journal.pone.0261403.g002
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Table 1. Statistics table for ED algorithm and SNP-index algorithm association regions.

Algorithm Chromosome ID Start End Size (Mb) Gene number

ED Chr02 0 5620000 5.62 123

Chro03 59020000 62280000 3.26 355
Chr07 48360000 48380000 0.02 7

SNP-index Chro02 0 6370000 6.37 143
Chro05 26160000 26380000 0.22 5
Chro05 26400000 26440000 0.04 2

Chr05 37170000 38150000 0.98 23

Intersection region Chr02 0 5620000 5.62 123

https://doi.org/10.1371/journal.pone.0261403.t001

region with significant correlation, and the target site and its adjacent linkage sites did not
exceed the theoretical threshold region. This demonstrated that no significant localization
results could be found based on this threshold. Therefore, the threshold was lowered to find
other regions. When the threshold value of the fitted SNP marker was 0.05 under the 99% con-
fidence coefficient, one starch candidate region was detected on chromosome 2 and three
starch candidate regions were detected on chromosome 5, with a total length of 7.64 Mb and
174 genes (Table 1).

RO3 bulk

index

SNP-

%,

%,
%,
%,

S Cid

$
o8 oS o8 o8 o8 oS
B & B & & &

R04 bulk

SNP-index

ASNP-index

Fig 3. Distribution of SNP-index correlation values on chromosomes. (A) The graph shows the distribution of SNP-
index values of the high starch mixing pool. (B) The graph shows the distribution of SNP-index values in the low starch
mixing pool. (C) is the distribution of A(SNP-index) value. The abscissa is the name of potato chromosome, color dot
represents calculated SNP-index (or A(SNP-index)), the black line for fitting the SNP-index (or A(SNP-index)). The
red line represents the threshold line of the 99th percentile.

https://doi.org/10.1371/journal.pone.0261403.9003
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Table 2. Statistics of SNP annotation results in candidate regions.

Type RO1 vs R02 R03 vs R04
Upstream (within 5K) 2061 1366
Downstream (within 5K) 2203 1314
Intron 598 317
Intergenic 15610 10032
Non synonymous coding 376 256
Synonymous coding 211 105
Total 21059 13390

Note: RO1 represents the parent (YSP-4); R02 stands for father (MIN-021); R03 stands for high starch mixing pool;
RO04 stands for low starch mixing pool.

https://doi.org/10.1371/journal.pone.0261403.t1002

The intersection of the results of the ED and SNP-index was taken as the final candidate
region. The final starch candidate region was determined to be between 0 and 5.62 Mb on
potato chromosome 2, and a total of 123 candidate genes were detected (Table 1).

Functional annotations of starch candidate regions

SnpEff [28] software was used for SNP annotation in the starch candidate region between the
parent and DNA pools. As shown in Table 2, the parents (YSP-4 x MIN-021) had 2,061 SNPs
upstream (less than 5K), 15,160 SNPs in the intergenic region, 2,203 SNPs downstream (less
than 5K), and 598 mutation sites on introns. SNP annotation of the mixed pool in the candi-
date region showed 1,366 SNPs upstream, 10,032 SNPs in the intergenic region, 1,314 SNPs
downstream (within 5K), and 317 mutation sites on introns. According to the statistics, there
were 376 non-synonymous SNPs between the parents and 256 non-synonymous SNPs
between mixed pools. It is worth noting that these SNPs are likely to be directly related to
potato starch traits, and the genes containing these SNPs are called non-synonymous genes.

Based on the annotation information for DM in the potato reference genome, BLAST [31]
was employed for deep annotation of multiple databases (NR [32], Swiss-Prot [33], GO [34],
KEGG [35], COG [36]) with regard to coding genes in the candidate region. A total of 86
genes were annotated in the candidate region, among which 41 non-synonym genes were
annotated among the parents. In addition, 41, 7, 2, 3 and 6 non-synonymous genes associated
with starch candidate regions were annotated in NR, GO, KEGG, COG and SwissProt, respec-
tively (Table 3).

GO analysis was performed and the differentially expressed genes for high and low starch
traits in the candidate regions were classified. The genes were enriched in cellular components,
molecular functions and biological processes [40]. Two differential genes were associated with
cellular components, 6 with molecular function and 5 with biological processes. In the cell
composition, the differential genes were mainly mapped to three subcategories: cells, organ-
elles and cell parts. The differential genes annotated to molecular function were mainly clus-
tered in two subcategories: catalytic activity and binding. Under biological processes,
differential genes were mainly mapped into three subcategories: metabolic processes, cellular

Table 3. Statistics of gene function annotation results in candidate regions.

Annotated databases
Gene number

Non syn-gene number

https://doi.org/10.1371/journal.pone.0261403.t003

NT trEMBL SwissProt GO KEGG COG Total
86 86 10 12 6 4 86
41 41 6 7 2 3 41
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processes, and single-organism processes. These data suggest that starch formation may be
related to the regulation of organelles (mitochondria and chloroplasts), or that a metabolic
pathway may be involved in the regulation of starch. GO enrichment showed that there were
12 GO terms for differential genes associated with cellular components, among which the cyto-
plasmic part (GO: 0044444) and intracellular membrane-bounded organelle (GO: 0043231)
were most significantly enriched. Under molecular functions, glucose metabolic processes
(GO: 0006006) and photosynthesis (GO: 0015979) had the highest enrichment significance.
Three GO terms had the most significant enrichment in biological processes, namely, oxidore-
ductase activity (GO: 0016491), nucleic acid binding (GO: 0003676) and cofactor binding
(GO: 0048037) (S1-S4 Figs). The candidate genes had the highest enrichment significance in
the bioprocess domain of glucose metabolism and photosynthesis, possibly because the genes
affect starch synthesis by regulating this metabolic pathway. Analysis of the interaction path-
ways between different genes can help to further understand the function of the genes. There-
fore, the KEGG database was used as a reference, and two genes in the starch candidate
interval were found to be involved in two pathways (S5 Fig). PGSC0003DMG400006636 was
involved in "carbon metabolism" (S6 Fig), and PGSC0003DMG400036713 was involved in
"carbon fixation in photosynthetic organisms" (S7 Fig), indicating that these two metabolic
pathways are closely related to starch synthesis.

The COG database was used for the direct homology classification of the three candidate
genes. PGSC0003DMG400006636 and PGSC0003DMG400036713 were related to "metabolism",
while PGSC0003DMG400037470 was related to "replication, recombination and repair” (S8 Fig).

Prediction of potato starch candidate genes

The annotation results showed that 6 of the 41 candidate genes were most likely to be related
to starch characteristics, namely PGSC0003DMG400017793, PGSC0003DMG400035245,
PGSC0003DMG400036713, PGSC0003DMG400040452, PGSC0003DMG400006636 and
PGSC0003DMG400044547. PGSC0003DMG400017793 encodes the pentatricopeptide repeat
(PPR) family, which can maintain and regulate the normal expression of most genes in mito-
chondria and chloroplasts. It has been speculated that this gene may regulate starch synthesis
by affecting mitochondria and chloroplasts [41]. PGSC0003DMG400035245 may control the
mitochondrial protein at the end of CcmF, which is involved in the maturation of cytochrome
C. Cytochrome C is the core component of the mitochondrial complex. It can affect changes in
the mitochondrial ultrastructure and cause the loss of mitochondrial function, leading to
changes in respiration and photosynthesis. This results in the variation of starch content [42].
PGSC0003DMG400036713 is related to "carbohydrate transport and metabolism" and may
affect the production of 1, 3-diphosphoglycerate by regulating glyceraldehyde 3-phosphate
dehydrogenase (NAD™) [43]. PGSC0003DMG400040452 may be involved in the encoding of
integrase core domain proteins. PGSC0003DMG400006636 has high homology with the trans-
porter gene ERD6-5, which encodes the sugar transporter involved in carbohydrate transport
and metabolism [44]. PGSC0003DMG400044547 may regulate the mic60 protein in the MICOS
complex subunit. These non-synonymous candidate genes are involved in starch metabolism
pathways, regulate functional proteins, and play an important role in the synthesis of starch
traits. In general, the candidate genes need to be further studied to clarify their functions.

Development of CAPS markers related to starch content

Based on the results of previous sequencing and BSA analysis, the candidate range of potato
starch traits was determined to be between 0-5.62 Mb on chromosome 2. In this section, 45
CAPS primers were designed based on the candidate genes (S1 Table). PCR amplification and
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Fig 4. The screening of partial CAPS primers for potato. (A) chr2-CAPS6 enzyme digestion electrophoresis. (B)
chr2-CAPS21 enzyme digestion electrophoresis. M. DL2000 Marker; 1. ? YSP-4; 2. & MIN-021; 3. high starch pool; 4.
low starch pool; chr2-CAPS]1, chr2-CAPS2, chr2-CAPS3, chr2-CAPS4, chr2-CAPS5, chr2-CAPS6, chr2-CAPS18,
chr2-CAPS19, chr2-CAPS20, chr2-CAPS21, chr2-CAPS22 and chr2-CAPS23 represents the partial primer.

https://doi.org/10.1371/journal.pone.0261403.g004

enzyme digestion were performed using the genomic DNA of the parents and the mixed pools
as templates, respectively. The specificity of enzyme digestion products was determined with
2% agarose gel electrophoresis. SNP-CAPS markers related to starch traits, named
chr2-CAPS6 and chr2-CAPS21, were developed. The two markers showed restriction specific-
ity between the parents and the mixed pool. In other words, 1 band was amplified between
YSP-4 and the H-pool, and 2 bands were amplified between MIN-021 and the L-pool (Fig 4).

Validation of markers in F2 segregation population

The 120 plants of tetraploid potato F, contained 36 plants with high starch content (starch
content > 18%), 48 individuals with low starch content (starch content < 15%) and 36 plants
with medium starch content (starch content 15%-18%). Eighty-four individuals (36 with high
starch and 48 with low starch) were selected to further validate the specificity of chr2-CAPS6
and chr2-CAPS21 markers.

The enzyme digestion results for the 84 F, individual DNAs with the chr2-CAPS6 marker
revealed that 32 of the 42 materials with negative labeling (1 band) had high starch content,
and the correlation between the marker test results and phenotype was as high as 76.19%.
Among the 42 materials with positive markers, 38 had low starch content materials, and the
coincidence level between the labeling results and phenotype was 90.48%. In 84 extremely high
or low-starch materials, 83.33% of the marker detection results were consistent with the starch
content (Fig 5; Table 4). SPSS correlation analysis was conducted between starch content and
marker detection results, and the correlation coefficient (r) was 0.61, with significant correla-
tion at the 0.01 level (P < 0.01).

The enzyme digestion results for chr2-CAPS21 showed that 29 of the 38 materials with neg-
ative marker (1 band) were high-starch materials, and the correlation between the marker
detection results and phenotype was 76.32%. Among 46 materials with positive labels (2
bands), 39 were low-starch content materials, and the degree of correspondence between the
labeling results and phenotype was 84.78%. In 84 extremely high or low-starch materials,
80.95% of the marker detection results were consistent with the starch content (Fig 5; Table 4).
Correlation analysis using SPSS software revealed the correlation coefficient (r) was 0.57, with
significant correlation at the 0.01 level (P < 0.01). In conclusion, chr2-CAPS6 and
chr2-CAPS21 can accurately and effectively distinguish the starch content of the F, segregation
population, and are stable molecular markers closely linked with starch traits, which can be
applied in subsequent marker-assisted breeding of high-starch potato.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261403 December 21, 2021 10/19


https://doi.org/10.1371/journal.pone.0261403.g004
https://doi.org/10.1371/journal.pone.0261403

PLOS ONE

Candidate genes and SNP-CAPS markers for starch in tetraploid potato

22 23 24

22 23 24

W S . . —— -

Fig 5. Partial results of enzyme digestion chr2-CAPS6 andchr2-CAPS21 markers for F, population. (A)
chr2-CAPS6 enzyme digestion electrophoresis. (B) chr2-CAPS21 enzyme digestion electrophoresis. M. DL2000

Marker; 1~24. F, individuals.

https://doi.org/10.1371/journal.pone.0261403.9005

Detection of markers in tetraploid varieties (lines)

Among the 24 tetraploid potato varieties (lines), 11 were high-starch and 13 were low-starch
varieties (Table 5). The detection results of chr2-CAPS6 marker in 24 tetraploid potato varie-
ties (strain) were as follows: Ten of the 13 positive markers showed low starch content, and the
correlation between marker detection and phenotypic registration was 76.92%. Eight of the 11
cultivars with negative markers had high starch content, and the correspondence between the
molecular markers and phenotypic results was 72.73% (Fig 6; Table 6). In the 24 potato varie-
ties and strain, 75.00% of the marker detection results corresponded to the phenotypic results.
Pearson’s bilateral correlation analysis was conducted between marker and phenotype, and the
correlation coefficient (r) was 0.51, with significant correlation at the 0.01 level (P < 0.01).

The detection results for chr2-CAPS21 were as follows: Ten of the 12 positive markers
showed low starch content, and the correlation between marker detection and phenotypic reg-
istration was 83.33%. Nine of the 12 cultivars with negative markers had a high starch content,
and the correspondence between molecular markers and phenotypic results was 75.00% (Fig 6
and Table 6). In the 24 potato varieties and strain, 79.17% of the marker detection results cor-
responded to the phenotypic results. Pearson’s bilateral correlation analysis was conducted
between marker and phenotype, and the correlation coefficient (r) was 0.60, with significant

Table 4. Starch phenotype and marker detection of extreme materials in F, population of potato.

Marker Marker test Number of samples Phenotype Number Percentage (%)
chr2-SSR6 Positive 42 High starch content 4 90.48%
Low starch content 38
Negative 42 High starch content 32 76.19%
Low starch content 10
chr2-SSR21 Positive 46 High starch content 7 84.78%
Low starch content 39
Negative 38 High starch content 29 76.32%
Low starch content 9
https://doi.org/10.1371/journal.pone.0261403.t004
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Table 5. Potato varieties and strains information.

Number Variety/strains Starch Content (%) Origin
1 L7xMIN-021 10# 14.71 China
2 V7 12.09 Holland
3 Burbank 18.34 America
4 Shapoti 14.73 Canada
5 Favorita 12.50 Holland
6 HMXYSP-4 6# 13.58 China
7 Jizhangshu 12# 14.90 China
8 Qingshu 9# 18.83 China
9 HMxMIN-021 5# 13.78 China
10 Huasong 7# 14.20 China
11 Hougqihong 18.87 China
12 Hongmei 14.32 China
13 Longshu 3# 21.47 China
14 Longshu 6# 20.05 China
15 Longshu 7# 18.75 China
16 HMxMIN-021 9# 18.42 China
17 Heimeiren 13.65 China
18 Zicai 1# 14.89 China
19 Zicai 2# 14.87 China

20 Zaicai 3# 14.94 China
21 Neinongshu 1# 18.71 China
22 Neinongshu 2# 19.43 China
23 Neinongshu 3# 18.26 China
24 Neinongshu 4# 20.30 China

https://doi.org/10.1371/journal.pone.0261403.t005

correlation at the 0.01 level (P < 0.01). The above data indicate that chr2-CAPS6 and
chr2-CAPS21 can distinguish the starch characteristics of tetraploid potato varieties and lines.

Discussion
Application of BSA and SLAF-seq strategies in mining candidate genes

BSA is a very practical method for gene mapping that constructs nearly isogenic mixed pools
with target trait differences from isolated populations generated from parents with phenotypic

22 23 24

Fig 6. Enzymatic results marked in partial tetraploid and strains. (A) chr2-CAPS6 enzyme digestion
electrophoresis. (B) chr2-CAPS21 enzyme digestion electrophoresis. M. DL2000 Marker; 1-24. Tetraploid varieties

and strains.

22 23 24

https://doi.org/10.1371/journal.pone.0261403.g006
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Table 6. Statistics of phenotype and mark detection results of starch in potato variety and strains.

Marker Marker test
chr2-SSR6 Positive
Negative
chr2-SSR21 Positive
Negative

https://doi.org/10.1371/journal.pone.0261403.t006

Sample size Phenotype Number Percentage (%)

13 High starch content 3 76.92%
Low starch content 10

11 High starch content 8 72.73%
Low starch content 3

12 High starch content 2 83.33%
Low starch content 10

12 High starch content 9 75.00%
Low starch content 3

differences. Appropriate primers are then selected to screen the molecular markers of the two
gene pools. The molecular markers selected were identified in multiple individuals, and the
markers linked to the target gene were finally determined. The purpose of this study was to
test the materials for the tetraploid potato, the complex ploidy, high heterozygosity and self-
cross decline; thus, it was difficult to construct stable genetic populations such as near-isogenic
lines (NIL) and backcross inbred lines (BIL) to unify the genetic background. The BSA strategy
can overcome this disadvantage, and does not require genotyping all individuals in the popula-
tion, which can reduce the workload and cost.

The selection of extreme materials and the number of plants in the pool are important
aspects of BSA technology. If the extreme phenotypes are not accurate, the analysis and judg-
ment of the differential loci between the two extreme pools are limited, which will further
affect the accuracy of the target trait genomic region [30]. Fekih et al. (2013) [45] showed that
for a pool containing 20 individuals or more, the genetic background can be more effectively
unified and noise can be eliminated. In this paper, 20 extreme plants were selected to construct
pools based on the 2-year starch content, which could accurately locate the regions associated
with the target traits.

There are a variety of molecular markers that can be combined with BSA for gene localiza-
tion. SSR, inter-simple sequence repeat (ISSR), AFLP and SCAR markers are commonly used
[46]. With the development of genome sequencing technology, molecular markers have also
been transformed into functional markers corresponding to specific genes. The emergence of
SNP has the advantages of high stability, wide distribution, high polymorphism and easy auto-
matic analysis [47]. Site-specific amplified fragment sequencing (SLAF-seq), which can take
advantage of SNP on a large scale, is cost-effective, fast, accurate, and suitable for genotyping
all species. Better yet, the strategy of SLAF-seq combined with BSA allows rapid development
of markers linked to the target trait, construction of genetic maps, QTL analysis, and gene
mapping. At present, this method has been successfully applied to many species, such as maize
[48], rice [16], pepper [17, 18] and cotton [19]. In this study, SLAF-seq combined with BSA
was used for the first time to identify genomic regions and predict candidate genes for potato
starch traits, and 6 important candidate genes were successfully identified.

Identification of potato starch candidate regions

QTL mapping related to potato starch content traits has been performed for decades. As early
as 1994, Freyre and Douches [9] detected tuber starch related QTLs on potato chromosomes 1,
2, 3, 5 and 7 by using traditional mapping. In 1998, Schifer-Pregl et al. [49] used two different
potato populations (K31 and LH) for localization analysis. In K31, starch QTLs were found to
be located on all chromosomes except chromosome 11. Stable QTLs were detected on
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chromosomes 1, 2, 3 and 12 in LH under five different environmental conditions. Four years
later, Menéndez et al. (2002) [50] detected QTL sites for glucose, fructose and sucrose traits,
which are closely related to starch synthesis, distributed on all potato chromosomes under six
different environments. In 2008, Li et al. [10] mapped starch QTLs to linkage groups 2, 3, 5, 7
and 11 using different potato genotypes as mapping populations. More recently, Sliwka et al.
(2016) [13] detected a total of 12 QTLs related to starch traits in potato chromosomes 1, 2, 3, 8,
10, 11 and 12. The above studies showed that the genetic sites linked to potato starch feature
may vary with the genetic background or environmental conditions of the mapped population,
but potato chromosome 2 is considered to be a hot spot for controlling starch traits. For exam-
ple, genes related to starch synthase (SSIV) [51] and starch synthase (GBSS II) [52] are located
in this region.

There are two algorithms, ED and SNP-index, for locating sites associated with target traits.
ED algorithms can remove most of the background noise without parental information and
obtain high quality target character correlation regions, which are mostly used for research
without parental information and difficult-to-build populations, such as forest trees [29]. On
the contrary, SNP-index algorithms requires parental information to exclude SNP markers
corresponding to but not linked to target traits, and then gain high-quality markers for associ-
ation analysis [53]. ED and SNP-index algorithm were used for association analysis in our test,
and the intersecting region for the two algorithms was selected as the final candidate region
for potato starch traits. As expected, a candidate region was obtained at 0-5.62 Mb on chromo-
some 2, which was closely related to starch traits. The consequences were partially coincident
with the interval mapped by previous researchers, suggesting that our experimental results
were more accurate. It would be worth exploring new genes that regulate starch in a more sys-
tematic manner.

Development of closely linked markers in tetraploid potato

Conventional breeding is easily affected by environmental conditions and genotypes, which
results in low breeding efficiency and time consumption. However, molecular marker-assisted
breeding can facilitate the combination of traditional breeding and markers, which can easily
be used to select the target traits at the DNA level, shorten the breeding period and improve
the efficiency. Furthermore, the key to the success of molecular assisted breeding lies in marker
development. Tetraploid potatoes are characterized by complex ploidy and self-crossing
decline. Therefore, diploid potato developmental molecular markers were applied in most
studies to tetraploid test materials. This process tends to result in insufficient linkage between
markers and traits and inaccurate correlation analysis. When applied in practice, it is easy to
be affected by genetic, environmental conditions, gene interactions, etc. At present, there are
few reports on the development of molecular markers related to important potato traits, and
most of them focus on disease resistance. Marczewski et al. (2002) [54] successfully developed
CAPS markers closely linked to the potato S virus resistant gene Ns using 119 F; hybridization
progenies of susceptible strain DW91-1187 and disease resistant DW83-3121 as test materials.
Bryan et al. (2002) [55] developed the molecular marker SPUD 1636, which is closely linked to
the resistance to the cyst nematode Globodera pallida in potatoes and can assist in the screen-
ing of potato individuals for resistance to Globodera pallida. Sliwka et al. (2016) [13] used 183
F; populations generated by the hybridization of diploid potato DG 00-683 (male) and DG
08-28/13 (female) as test materials and developed a DArT marker related to sucrose content
traits on potato chromosome 1. However, markers closely linked to potato starch have not
been reported.
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CAPS has been widely used in plant genotyping, location, cloning and variety identification
owing to its co-dominance, site-specificity, simple operation, rapid detection and low cost
[56]. SNP sites can be converted to CAPS markers because CAPS can quickly detect the SNPs
that cause restriction site changes through digestion. In the development of SNP-CAPS mark-
ers, the development of CAPS based on non-synonymous SNPs in functional gene domains
can not only effectively reflect the degree of influence of SNP polymorphism on the function
of the whole functional gene, but also ensures the phenotypic polymorphism corresponding to
functional genes is more closely correlated with the genotypic polymorphism detected by
SNP-CAPS markers. In this study, the SNP-CAPS markers chr2-CAPS6 and chr2-CAPS21
were developed for the first time and confirmed using extremely high or low-starch individuals
from the F, population and tetraploid varieties. The high characterization rate in tetraploid
parents, mixed pools and the F, population confirmed the reliability of these two markers. It is
of great significance for the analysis of potato germplasm resources, marker-assisted selection
of functional genes and variety breeding.

Conclusions

In this study, SLAF-seq combined with BSA strategy was used for the first time to map a geno-
mic region related to starch traits at 0-5.62 Mb on chromosome 2 of tetraploid potato. Within
this range, 376 non-synonymous SNPs and 41 non-synonymous genes were found among the
parents. According to the annotations, further analysis was conducted and 6 candidate genes
were found to be closely related to starch traits. The functions of these genes need to be further
investigated. The development of chr2-CAPS6 and chr2-CAPS21 linked to starch traits based
on candidate genes is innovative and practical. In summary, these findings will promote the
progress of tetraploid potato genomics and molecular marker-assisted breeding to some
extent.

Supporting information

S1 Fig. GO annotation clustering diagram of genes in the candidate region. The x-coordi-
nate represents the contents of each GO classification, the left coordinate represents the per-
centage of the number of genes, and the right coordinate represents the number of genes. The
figure shows the gene classification of GO secondary functions in the context of all genes in
the associated region.

(TIF)

$2 Fig. TopGO directed acyclic graphof biological process domain GO terms in potato
starch candidate region. The boxes in the diagram represent the most significant term, and
the diagram also contains the corresponding relationships between their layers. The content
description and enrichment significance value of the GO term are given in each box(ellipse).
Different colors represent different enrichment significance levels, and the darker the color,
the higher the significance.

(TIF)

S3 Fig. TopGO directed acyclic graph of cellular component domain GO terms in potato
starch candidate region. The boxes in the diagram represent the most significant term, and
the diagram also contains the corresponding relationships between their layers. The content
description and enrichment significance value of the GO term are given in each box(ellipse).
Different colors represent different enrichment significance levels, and the darker the color,

the higher the significance.

(TTF)
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$4 Fig. TopGO directed acyclic graph of molecular function domain GO terms in potato
starch candidate region. The boxes in the diagram represent the most significant term, and
the diagram also contains the corresponding relationships between their layers. The content
description and enrichment significance value of the GO term are given in each box(ellipse).
Different colors represent different enrichment significance levels, and the darker the color,

the higher the significance.

(TIF)

S5 Fig. Pathway map of genes in the candidate region. The x-coordinate is the ratio of the
number of genes annotated to the total number of annotated genes, and the y-coordinate is the
name of the KEGG metabolic pathway.

(TIF)

S6 Fig. The “carbon metabolism” pathway map associated with genes in the strach candi-
date region. The red box indicates the genes in the associated region, while the blue

box indicates all the enzymes needed for this pathway, indicating that the corresponding genes
are related to this enzyme. The genes in the associated regions associated with this pathway are
highlighted in red.

(TIF)

S7 Fig. The “carbon fixation in photosynthetic organisms” pathway map associated with
genes in the strach candidate region. The red box indicates the genes in the associated region,
while the blue box indicates all the enzymes needed for this pathway, indicating that the corre-
sponding genes are related to this enzyme. The genes in the associated regions associated with
this pathway are highlighted in red.

(TIF)

S8 Fig. COG annotation classification map of SNP genes in the candidate region. The
abscess is the content of COG classification, and the ordinate is the number of genes.
(TIF)

S1 Table. CAPS primers and restriction endonuclease.
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