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and eye depth in potato natural
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Potato is one of the world’s most important food crops, with a time-consuming

breeding process. In this study, we performed a genome-wide association

(GWAS) analysis of the two important traits of potato tuber shape and eye

depth, using the tetraploid potato genome (2n=4x=48) as a reference. A total

of 370 potatoes were divided into three subgroups based on the principal

component analysis and evolutionary tree analysis. The genetic diversity within

subgroups is low (5.18×10-5, 4.36×10-5 and 4.24×10-5). Genome-wide linkage

disequilibrium (LD) analysis showed that their LD is about 60 Kb. GWAS analysis

identified that 146 significant single nucleotide polymorphism (SNP) loci at

Chr01A1:34.44−35.25 Mb and Chr02A1:28.35−28.54 Mb regions are

significantly associated with potato tuber shape, and that three candidate

genes that might be related to potato tuber traits, PLATZ transcription factor,

UTP-glucose-1-phosphate uridylyltransferase and FAR1 DNA-binding domain,

are in the association region of Chr02A1. GWAS analysis identified 53 significant

SNP loci at Chr05A2: 49.644-50.146 Mb and Chr06A2: 25.866-26.384 Mb

regions with robust associations with potato tuber eye depth. Hydrolase and

methyltransferases are present in the association region of Chr05A2, and three

CYPs are present in the association region of Chr06A2. Our findings suggested

that these genes are closely associated with potato tuber shape and eye depth.

Our study identified molecular markers and candidate genes for improving

tetraploid potato tuber shape and eye depth and provided ideas and insights

for tetraploid potato breeding.
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Introduction

Potato (Solanum tuberosum L.) is native to the Andean region

of South America and has been cultivated in southern Peruvian

provinces dating back to 8,000 to 5,000 years ago. Potato contains a

large amount of starch, protein and trace elements the human body

needs. It is one of the most important food crops in the world and

ranks third in the global total output after wheat and rice in the

world (Birch et al., 2012). China is the largest potato producer in the

world and potato has become the fourth largest staple food in

China. As the fourth largest staple food of 1.3 billion people in

China, potato cultivation is crucial to ensuring China’s food

security, precise poverty alleviation and industrial chain structure

adjustment. With global potato production growing gradually,

many countries have become dependent on potatoes for food

production (Stokstad, 2019) and the planting area in developing

countries has surpassed that in developed countries. The major

potato producers include China, Russia, India, Ukraine and the

United States. Except for South America, the genetic base of

cultivated potatoes is narrow. Unlike other crops, potatoes have

been slow to progress toward inbreeding, and the genetic

complexity of commercial tetraploid cultivars is a key factor

impeding the genetic improvement of cultivated potatoes (Zhang

et al., 2021).

Tuber shape is an important agronomic trait for identifying

potato varieties and one of the most important quality traits in the

appearance of potato chips or fries. Potato tuber shape is

determined by the cell division and enlargement rate in all

directions during tuber formation. Selecting and breeding

potatoes with different shapes is essential to meet the

requirements of people with different consumption habits,

accelerate the development of the potato processing industry, and

promote economic growth. Jong and Rowe (1972) and Taylor

(1978) studied diploid and tetraploid potato materials,

respectively, and revealed a master effect gene controlling potato

tuber shape, in which round shape predominated over elongated

shape (Jong and Rowe, 1972; Taylor, 1978) Subsequently, Van Eck

et al. (1994) mapped the gene on chromosome 10 using a small

diploid F1 population with 50 genotypes (Van Eck et al., 1994).

Other related reports indicated that three genes on chromosomes1,

2, 4 and 10 are crucial genetic motifs for round versus elongated

potato shape (Hara-Skrzypiec et al., 2018). Researchers found that

potato tuber shape is a continuously distributed phenotype based

on the ratio of tuber length to tuber width and identified a

quantitative trait locus (QTL) on the site mapping of

chromosome 10. Further fine mapping of tuber shape genes based

on a diploid segregating population led to the construction of a

high-density genetic linkage map of the Ro region on chromosome

10 (Lindqvist-Kreuze et al., 2015; Fan et al., 2022). Besides the tuber

shape, tuber eye depth is also an important trait determining potato

varieties’ appearance, quality, and processing suitability. A deeper

eye will increase the volume loss during peeling and the cost of

potato processing. Previous studies showed that tuber eye depth

QTLs are mainly on chromosomes 2 and 10 (Li et al., 2005; Prashar

et al., 2014). However, it was also shown that chromosomes 1, 3, 4, 5
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and 11 have QTL loci and they are related to tuber eye depth (Hara-

Skrzypiec et al., 2018).

Following the development of sequencing technology and

advances in genomics research, re-sequencing-based GWAS have

become essential for studying complex traits in rice (Huang et al.,

2010; Huang et al., 2011), foxtail millet (Jia et al., 2013), maize

(Kump et al., 2011), Arabidopsis (Atwell et al., 2010), soybean

(Zhou et al., 2015), tomato (Lin et al., 2014) and sorghum (Morris

et al., 2013). The combination of population structure and GWAS

provides a new way of localizing key genes. The combination of

population structure and GWAS provides a new way of localizing

key genetic genes. At present, the reported studies of potato GWAS

are mainly based on haploid reference genome, and few studies of

GWAS use tetraploid potato reference genome. Wang et al.

conducted a pilot GWAS of late blight potatoes and mined 14

candidate genes (Wang et al., 2021). However, the study was limited

to the reference genome version, which was selected from diploid

DM potato varieties. High-quality reference genomes are important

in studies on crop improvement, effective tracking of genomic

variations, localization of important QTLs, and discovery of new

alleles (Morrell et al., 2011; Xie et al., 2019). With the development

of sequencing technology, the genomes of different potato varieties

and ploidy were gradually revealed, especially the assembly of the

genomes of tetraploid cultivated potatoes Otava (Sun et al., 2022),

Atlantic and Castle Russet (Hoopes et al., 2022), C88 (Bao et al.,

2022) and Q9 (Wang et al., 2022) which has laid a foundation for

understanding the genetic mechanism of tetraploid potato and is of

great significance in breeding common tetraploid cultivated

potato varieties.

Previous studies on the agronomic traits of tetraploid potato

have mainly used the diploid potato DM (The Potato Genome

Sequencing Consortium, 2011) as the reference genome. However,

few studies of GWAS using the tetraploid genome as a reference

(2n=4x=48) and on agronomic traits in large-scale natural

populations are reported. In this study, we collected 370

tetraploid potatoes from all over the world and conducted a

GWAS to explore the population structure and genetic diversity

of germplasm resources with the genome of tetraploid cultivated

potato Q9 (Wang et al., 2022) as the reference. In addition, we

performed GWAS analysis to identify highly phenotype-related loci

and shape-related candidate genes. Our results provide a reference

for breeding tetraploid potato varieties with shallow tuber eye depth

and desired tuber shape and variant loci and gene resources to

further study the underlying genetic mechanisms.
Materials and methods

Plant materials and phenotyping

The 370 tetraploid potato varieties used in this study were

collected from around the world and grown at the Qinghai Plateau

Potato Experiment Station (36°680N, 101°260E), College of

Agriculture and Forestry, Qinghai University. Their tuber shape

and eye depth data were collected from 2020−2021 and used for
frontiersin.org
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GWAS analysis. Since the traits of tuber shape and eye depth are

mainly quality traits and have a relatively stable performance, the

data were collected in our study for only two years. We measured

the shape index (size of length/size of width), according to the

national standards of the People’s Republic of China. The tuber

shape was expressed in grades 1-6, with grade 1 for nearly round

tuber shapes and grade 6 for extremely long tubers (Table 1). We

selected potato tubers with a width of about 3 cm for tuber eye

depth identification, and compared them with standard cultivar to

determine their grade. The tuber eye depth was expressed in grades

1-9, with grade 1 for the extremely shallow and grade 9 for the

extremely depth (Table 1). Traits were identified according to the

national standards of the People’s Republic of China (GB/T

19557.28-2018; https://openstd.samr.gov.cn/bzgk/gb/). A

randomized complete block design with three repetitions were

used to grow the 370 cultivars.
DNA extraction and sequencing

Potato DNA samples were extracted using a plant DNA

extraction kit (QIAGEN). DNA quality was measured by

OD260nm/OD280nm ratio using a spectrophotometer and by

agarose gel electrophoresis for RNA or protein contaminations.

DNA concentration was quantified using Qubit. The qualified

genomic DNA was fragmented to 300-350 bp using an ultrasonic

interrupter and purified using magnetic beads. The fragmented

DNA was end-repaired, phosphorylated and “A-tailed” using the

kit. Afterward, DNA fragments were ligated to adaptors of known
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sequences using the kit, purified using magnetic beads to remove

excessive adaptors and amplified by polymerase chain amplification

(PCR). The amplified libraries were purified by magnetic beads to

remove excessive primers and checked for quantity and quality. The

qualified libraries were denatured, cyclized, amplified by rolling

circle amplification (RCA) and digested to remove double-stranded

circular DNA and to obtain DNA nanoballs. The prepared DNBs

were loaded onto the Patterned Array and sequenced using

combinatorial probe-anchor synthesis (cPAS), which involved the

polymerization of sequencing primer-anchored molecules and

fluorescent probes on the DNA nanoballs, followed by the

acquisition, reading and recognition of optical signals using a

high-resolution imaging system to obtain individual base

sequence information. Then the next cycle was performed to

obtain the following base sequence information. After multiple

cycles, the original sequencing data were obtained. The

sequencing platform was the MGI sequencer, model DNBSEQ-T7.
Read alignment and variant calling

Sequencing data for each material were compared and aligned

to the tetraploid potato reference genome Q9 (Wang et al., 2022)

using software BWA (Li and Durbin, 2009) to generate SAM files.

The SAM files were reordered using SAMtools (Li et al., 2009; Li,

2011), converted to BAM files, and used to generate index files.

SNPs were called using Genome Analysis Toolkit (GATK)

(McKenna et al., 2010), and the variant call format (VCF) files

were produced. In addition, site frequency spectrum (SFS) was
TABLE 1 Potato tuber shape and eye depth identification standards.

Agronomic Trait The Name of Standard Cultivar Index

Tuber shape

Round Kexin 12 1

Short oval Kexin 4 2

Oval Dongnong 303 3

Oblong Zhongshu 9 4

Long shape Spunta 5

Extremely shape Russet Burbank 6

Tuber eye depth

Extremely shallow – 1

Extremely shallow to shallow – 2

shallow Zhongshu 3 3

Shallow to Medium – 4

Medium Kexin 4 5

Medium to deep – 6

Deep Hua 525 7

Deep to extremely deep – 8

Extremely deep – 9
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applied with the call set at the population level based onMAF > 0.05

and missing rate < 0.1 to ensure that the SNPs called from the

whole-genome re-sequencing data were reasonable.
Phylogenetic and population
structure analyses

SNPs with allele frequency > 0.05 and indels with deletion

frequency ≤ 50% were considered high-quality and used for

phylogenetic tree and population structure analyses. VCF files

were converted to the HapMap format using a custom Perl script

and to PLINK format files using PLINK v1.90 (http://

pngu.mgh.harvard.edu/purcell/plink/). A neighbor-joining tree

was constructed with TreeBeST (Li, 2006) under the p-distances

model with bootstrapping (100). Principal component analysis

(PCA) was performed using SNPRelate v1.18.1 (Zheng et al.,

2012). First, the genetic relationship matrix was generated, and

the first three eigenvectors were extracted. Second, population

structure was constructed using fastStructure v1.0 (Jombart, 2008)

from large SNP genotype data sets by setting K = 1 to K = 12. The

appropriate K value for different subgroups was determined

according to the obtained cross-validation error value. The

genetic composition coefficient (Q) of each material in each

subgroup was used to construct the population-genetic structure

matrix. The genetic diversity (p) and population pairwise F-

statistics (FST) were calculated using VCFtools (Danecek et al.,

2011) software. According to Wright, FST = 0, 0 < FST < 0.05, 0.05

≤ FST < 0.15, 0.15 ≤ FST < 0.25, 0.25 ≤ FST < 1 and FST = 1 indicate

that two subgroups have no, weak, medium, strong, very strong, and

complete genetic differentiation, respectively.
Genome-wide association analysis and
candidate gene identification

GWAS analysis of high-quality SNPs and indels (MAF>0.05

and HWE>0.001) was performed using the compressed mixed

linear model (MLM) to identify associated loci, SNP types, and

SNP locations against the reference genome (Wang et al., 2022).

The total genes of each candidate region were analyzed and

annotated by homology comparison with Arabidopsis to narrow

down the candidate genes.
Results

Phenotypic identification, sequencing
and variants

Among the 370 studied tetraploid potatoes, 152 were from the

International Potato Center in Peru, 126 from 13 provinces or

municipalities in China, 25 from Israel, Russia, Canada, Australia,

USA, Netherlands, New Zealand and 67 from unknown sources

(Supplemental Table 1). 67 potato germplasm resources lost their

original source information in the process of preservation. Through
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the identification of phenotypic shape and genotype, it was found

that these varieties had great differences (Supplemental Tables 2, 3;

Supplemental Figure 1), which could be used for GWAS. Our

observation revealed that potato tuber shape and eye depth are

morphological traits with continuous variations (Supplemental

Figures 2A, B; Supplemental Table 4), and the median index of

tube shape and eye depth is 4 (Supplemental Figures 2C, D). The

frequency distribution histogram revealed that the observed values

of potato tuber shape and potato tuber eye depth showed a normal

distribution (Supplemental Figures 2E, F).

Re-sequencing the 370 studied tetraploid potatoes generated

9.88 Tb raw data, with an average sequencing depth of ~10X. We

ended up with 232,581,777 variation sites. After filtering, 4,986,690

high quality variation sites (4,535,735 SNPs, 450,955 Indels) were

obtained (Figure 1). There were 720,431 SNPs, of which 181,309

(4.00%) were EXON and 539,122 (11.89%) were INTRON.

INTERGENIC region has the most SNPs with 3,7661,148

(82.92%), followed by UTR_3_PRIME and UTR_5_PRIME with

31,949 (0.70%) and 17 388 (0.38%), respectively. There were 86,217

Indels, including 7,713 Exons (1.71%) and 78,504 introns (17.41%).

INTERGENIC has the most SNPs with 354,435 (78.60%), followed

by UTR_3_PRIME and UTR_5_PRIME with 6 183 (1.37%) and 3

057 (0.68%), respectively. (Supplemental Table 5).
Potato population structure and genetic
diversity analysis

High-quality SNPs and indels were analyzed using

ADMIXTURE software. Based on the possible clustering range

(K) of 1-12, the cross-validation error rate (CV error) was

calculated for each K value. At K=3, the CV error value is the

smallest (Supplemental Figure 3), inferring that the most significant

change occurs at K=3. Our principal component analysis revealed

that the 370 studied tetraploid potato materials could be classified

into three subgroups, and each could further form a cluster

(Figure 2A). The phylogenetic tree also showed that the 370
FIGURE 1

SNP distributions on 48 chromosomes of potato. The horizontal axis
displays the chromosome length, and the legend insert indicates
SNP density. A1-A4 represents haplotype 1 - haplotype 4
respectively.
frontiersin.org

http://pngu.mgh.harvard.edu/purcell/plink/
http://pngu.mgh.harvard.edu/purcell/plink/
https://doi.org/10.3389/fpls.2023.1080666
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhao et al. 10.3389/fpls.2023.1080666
samples are well clustered as three classes (Figure 2B). The

tetraploid potato materials were also classified into three

subgroups based on their largest Q values. Figure 2D lists the

population structures at K=2, 3, 4 and 5. The population structure at

K=3 is the best, with 89, 208 and 73 materials in Subgroup 1,

Subgroup 2 and Subgroup 3, respectively (Figure 2C).

Moreover, the tetraploid potato population has a Tajima’s D

greater than 0, indicating that rare alleles of the tetraploid potato

population are present at a low frequency (lack of rare alleles)

(Figure 2D). The genetic diversity (p) of the three subgroups was

calculated using VCFtools as 5.18 × 10-5, 4.36 × 10-5 and 4.24 × 10-5,

respectively, indicating that Subgroup 1 has the lowest genetic

diversity and Subgroup 3 has the highest genetic diversity
Frontiers in Plant Science 05
(Figure 2E). But the overall difference among these three

subgroups is not significant. The genetic differentiation coefficient,

Fst, ranges from 0 to 1 and is used to indicate the correlation

between two materials. The closer the Fst is to 0, the closer the

relationship between the two materials. The closer the Fst is to 1, the

more distant the relationship between the two materials. In this

study, the differentiation coefficient is 0.093 between Subgroup 1

and Subgroup 2, 0.080 between Subgroup 1 and Subgroup 3, and

0.060 between Subgroup 2 and Subgroup 3, indicating that the three

subgroups are predominantly differentiated to a low degree

(Figure 2E). We further performed genotype cluster analysis of

the 370 tetraploid potatoes and found significant differences in

genotypes among these three subgroups (Supplemental Figure 4).
B

C

D E

A

FIGURE 2

Population structure and genetic diversity analysis of the 370 studied tetraploid potatoes. (A) Principal component analysis of the 370 potato
germplasm using high-quality SNPs and indels, where green, yellow and pink backgrounds represent Subgroup 1, Subgroup 2 and Subgroup 3,
respectively. (B) Phylogenetic tree constructed for the 370 potato materials, where green, yellow and pink lines represent Subgroup 1, Subgroup 2
and Subgroup 3, respectively. (C) Population structure analysis with different cluster numbers (K=2, 3, 4 and 5) agrees with phylogenetic tree
analysis. (D) Tajima’s D of the 370 studied tetraploid potatoes, indicating they lack rare alleles. (E) Nucleotide diversity (PI) and genetic differentiation
coefficient (Fst) between any two of the three subgroups.
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Genome-wide association analysis of
potato tuber shape and tuber eye depth

We performed GWAS analysis of potato tuber shape using a

mixed linear model with a threshold of P = 10-4 and plotted

Manhattan (Figure 3A). The results revealed a total of 146

significant SNP loci Supplemental Table 6), of which SNP loci at

the 34.451−34.740 Mb region of Chr01A1 and the 28.280−28.678

Mb region of Chr02A1 are very strongly associated (Figure 3B). A
Frontiers in Plant Science 06
LD heatmap was plotted to examine the LD within the significantly

associated regions and revealed highly associated SNPs within

Chr01A1 and Chr02A1 regions (Figures 3C, D). To further

explore the reliability of the SNPs related to potato tuber shape,

we randomly selected 15 round potatoes and 15 very long potatoes

and analyzed the distribution of six differentiated SNPs on Chr01A1

and Chr02A1 between these two types of potatoes. The results

revealed that these SNPs are present on Chr01A1 (Supplemental

Table 7) and Chr02A1 (Supplemental Table 8) of the potato with
B

C D

E F

A

FIGURE 3

Manhattan plot and candidate regions associated with potato tuber shape. (A) Manhattan plot of potato tuber shapes. (B) Association regions on
Chr01A1 and Chr02A1. (C, D) LD heatmaps of regions significantly associated with tuber shapes on Chr01A1 and Chr02A1, respectively.
(E) Distribution of significant SNP markers on Chr01A1 of the round and elongated potatoes. From left to right are SNPs at Chr01A1:34451395,
Chr01A1:34458899, Chr01A1:34466909, Chr01A1:34484034, Chr01A1:34484958 and Chr01A1:34503329 loci, where the upper half represents the
round potatoes and lower half represents the very long potatoes, respectively. (F) The distribution and performance of significant SNP markers on
Chr02A1 of the round and very long potatoes. From left to right are SNPs at Chr02A1:28359920, Chr02A1:28360022, Chr02A1:28360028,
Chr02A1:28362877, Chr02A1:28381647 and Chr02A1:28381654, respectively.
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round tubers. The bases at the six loci are consistent among the

potatoes with round tubers but different from those of the reference

genome. By contrast, deletions or no mutation were found in the 15

very long potato tubers (Figures 3E, F), agreeing that the reference

Q9 potato tuber is long. These findings further demonstrate the

accuracy of our markers regarding potato tuber shape.

We calculated the LD decay of these regions and found that

their LD is about 60 Kb, much larger than 1 Kb in previous reports

(Supplemental Figure 5). By setting an interval of 60 Kb above and

below the variant loci and considering a candidate gene being 10%

of the gene length falling within the interval, we obtained 50

candidate genes (Supplemental Table 9). KEGG enrichment

analysis indicated that these candidate genes are mainly enriched

in starch and sucrose metabolism, arginine and proline metabolism,

glycosphingolipid biosynthesis, amino sugar and nucleotide sugar

metabolism and glycosaminoglycan degradation (Supplemental

Figure 6). In addition, we found 6 transcription factors, including

CO-like, ERF, FAR1, MADS and MYB (Supplemental Table 10),

and identified 3 genes: PLATZ transcription factor, UTP-glucose-1-

phosphate uridylyltransferase and FAR1 DNA-binding domain

(Supplemental Table 9).

We performed GWAS analysis of potato tuber eye depth using a

mixed linear model with P = 10-4 as the threshold and plotted

Manhattan (Figure 4A). The results revealed a total of 53 significant

SNP loci (Supplemental Table 11), of which SNPs in the

Chr05A2:49.644−50.146 Mb and Chr06A2:25.866−26.384 Mb

regions are very strongly associated (Figure 4B). To view the LD

within the significantly associated regions, we plotted the LD

heatmap and found that SNPs in the Chr05A2:49.644−50.146 Mb

region are highly associated (Figures 4C, D). To further examine the

reliability of these SNP markers for potato tuber eye depth, we

randomly selected 15 potatoes with shallow tuber eyes and 15

potatoes with deep tuber eyes for analysis of 10 loci on Chr05A2

and found that all potatoes with shallow tuber eyes have deletions

and alleles (Figure 4E; Supplemental Table 12).

We identified 74 candidate genes (Supplemental Table 13)

associated with tuber eye depth and found they are mainly

involved in starch and sucrose metabolism, valine, leucine and

isoleucine biosynthesis, N-glycan biosynthesis, 2-oxocarboxylic acid

metabolism and phenylpropanoid biosynthesis (Supplemental

Figure 7). A total of 11 transcription factors, including B3, ERF,

GATA, MYB and MADS, were also identified (Supplemental

Table 14). We found hydrolase and methyltransferase proteins in

the significantly associated region of Chr05A2 and three CYPs in the

significantly associated region of Chr06A2 (Supplemental Table 11).
Discussion

Potato cultivation and breeding is a hot spot and complex

research area hindered by its high genetic heterozygosity and

complexity. With the development of sequencing technology, the

genome assembly of tetraploid potatoes has made a breakthrough.

We re-sequenced 370 tetraploid potatoes, carried out GWAS

analysis using a tetraploid potato cultivar Q9 from a major potato

producing area in China as the reference genome, and analyzed
Frontiers in Plant Science 07
their population structure, genetic diversity, and associations of

SNPs with potato tuber shape and eye depth.

Our population structure analysis showed that the cross-

validation error rate is minimal at K=3, indicating that this

population can be divided into three subgroups. The genetic

diversity index (p) of these 370 tetraploid potatoes is in the range

from 4.24×10-5 to 5.18×10-5, much lower than that of 0.0007 for

cultivated cotton (Wang et al., 2017), 0.001 for cultivated soybean

(Zhou et al., 2015) 0.001 for grains (Jia et al., 2013), 0.0017 for

cultivated tomato (Lin et al., 2014), and 0.0024 for cultivated rice

(Huang et al., 2011), indicating that the overall diversity of the

population is relatively low. Potato has undergone a long-term

natural selection and artificial domestication. Thus, its population

structure is very complex in different ecological environments.

Population structure is an important factor causing false positives

in association analysis (Mather et al., 2007). In our study, the

population differentiation index of the three subgroups ranges from

0.060 to 0.093, indicating that these populations are predominantly

differentiated at lower levels. LD is an important parameter for

determining marker density and accuracy (Simko, 2014) in

allogeneic association analysis and evolutionary population

selection. It is affected by genetic and non-genetic factors. Among

them, mutation and recombination are the most important, along

with biological reproduction patterns, genetic drift and selection

effects. In this study, the linkage distance of 60 Kb for the tetraploid

potatoes is significantly greater than that of 1 Kb in previous studies

(Wang et al., 2021). The possible reason for this discrepancy is that

we compared all sequencing data to the 48 chromosomes of the

reference tetraploid potato, which led to a significant increase in LD.

GWAS analysis is affected by many factors, including

population size, structure and diversity. We selected 370

tetraploid potatoes worldwide, including 150 from the

International Potato Center in Peru, to increase our study’s

representativeness. Previous studies have shown that SNPs on

chromosomes 1, 2, 4 and 10 are associated with round and

elongated tuber shapes in potato (Lindqvist-Kreuze et al., 2015;

Hara-Skrzypiec et al., 2018; Fan et al., 2022). However, there was no

reference genome of tetraploid potato as described in the study

before 2022, and the newly published tetraploid reference genome

Q9 was used in our study. The significant tuber shapes sites found

in our study were mainly in the A1 haplotypes of chromosomes 1

and 2. This difference may be related to the reference genome we

used. In this study, we used the tetraploid reference genome (with

48 chromosomes), previously mainly using DM reference genome

(with 12 chromosomes), and we used 370 natural populations,

including almost all possible potato type traits. These findings

indicate that these two regions may control potato tuber shape

and are expected to be important markers for identifying potato

tuber shape. We further compared the expression of twelve

significant SNP loci at these two regions in the round and very

long potatoes and found that the reference genome allelic bases are

mainly present in the round potatoes. In contrast, deletions or bases

consistent with the reference genome are present in the very long

potato varieties. We screened candidate genes in the regions 60 Kb

upstream and downstream of the significant SNP loci in LD pairs

and found that these candidate genes are significantly enriched in
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the starch and sucrose metabolism pathways. The different tuber

shapes are caused by differences in cell division and enlargement

rates in all directions during tuber formation. We hypothesize that

starch and its metabolites contribute to potato tuber formation. We

found that several transcription factors in the PLATZ family are

located in the hot spot of the Chr02A1:28.280−28.678 Mb region.

Interestingly, studies on rice have suggested that GL6 encodes a

plant-specific PLATZ transcription factor that positively regulates

seed length by promoting cell proliferation in young spikelets and

seeds. Further studies have also revealed that GL6 interacts with
Frontiers in Plant Science 08
RPC53 and OsTFC1 and is involved in the RNA polymerase III

transcriptional machinery that regulates the expression of genes

involved in rice seed development (Zhou and Xue, 2020). SG6

positively regulates granule length by promoting DNA replication

and cell division in glumes via activating the expression of cell

cycle-related genes (CDC6, RFC3, CDT1A, POLE2B and CDKB2;1)

(Wang et al., 2019). Moreover, UTP-glucose-1-phosphate

uridylyltransferase, an enzyme essential to sugar metabolism, is

also located in the Chr02A1:28.280−28.678 Mb region. Under

certain conditions, it catalyzes the transfer of uridine from
B

C D

E

A

FIGURE 4

Manhattan and candidate regions associated with potato tuber eye depth. (A) Manhattan plot of potato tuber eye depth. (B) Analysis of regions
associated with tuber eye depth on Chr05A2 and Chr06A2. (C) and (D) LD heatmap of regions significantly associated with tuber eye depth on
Chr05A2 and Chr05A2, respectively. (E) Distribution and performance of significant SNP markers on Chr05A2 of potatoes with shallow and deep
tuber eyes. From left to right are SNPs at Chr05A2:50031597, Chr05A2:50087233, Chr05A2:50087238, Chr05A2:50087243, Chr05A2:50087245,
Chr05A2:50087357, Chr05A2:50087467 Chr05A2:50143917, Chr05A2:50385093 and Chr05A2:50385385 loci, where the upper half represents
potatoes with shallow tuber eyes and the lower half represents potatoes with deep tuber eyes.
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uridine triphosphate to glucose monophosphate to produce uridine

diphosphate glucose and pyrophosphate. Uridine diphosphate

glucose is a key metabolite in organisms’ metabolic pathways and

plays a crucial role in synthesizing substances, including sucrose,

cellulose and callose. Although uridine diphosphate glucose is

mainly generated through catalysis of UTP-glucose-1-phosphate-

uridyltransferase, the reaction is related to the metabolism of

downstream disaccharides and polysaccharides. Our study found

that Far-red impaired response 1 (FAR1) is located at

Chr02A1:28387314−28398490. The protein contains a DNA-

binding domain and belongs to a transposase-derived class of

transcription factors capable of direct activation the expression of

far-red light gene FHY1/FHL, an important regulatory player in

plant starch anabolism and energy deprivation triggered by carbon

starvation (Casal, 2000). Similar to the previous findings, significant

SNP loci were present in all chromosomes 1, 3, 4, 5 and 11 in our

study (Hara-Skrzypiec et al., 2018). Our GWAS analysis for potato

tuber eye depth revealed a robust association between

Chr05A2:49.644-50.146 Mb and Chr06A2:25.866−26.384 Mb

regions, both of which are expected to be important markers for

identifying tuber eye depth in tetraploid potatoes. The hydrolase

and methyltransferase genes are present in the Chr05A2:49.644

−50.146 Mb region. Their genotypes will greatly affect tuber eye

depth, which is also influenced by environmental factors (Hara-

Skrzypiec et al., 2018). The Chr06A2:25.866-26.384 Mb region

contains three CYP genes. CYPs regulate plant growth and

development mainly via the growth hormone transport and

signaling pathways (Jackson and Söll, 1999; Yoon et al., 2015) by

affecting the translocation of growth hormone transporters and

expression of growth hormone regulatory genes. We believe that

CYPs play an important role in regulating potato tuber eye depth.

The study analyzed the population structure and genetic diversity

of 370 tetraploid potatoes, determined their LD and identified the

possible chromosomal regions and candidate genes that affect potato

tuber shape and eye depth. The next step is to verify the candidate

genes in extreme samples and genetic populations. These findings

enriched GWAS analyses and provided insights for future candidate

gene mining in tetraploid potatoes.
Data availability statement

The data presented in the study are deposited in the National

Genomics Data Center (http://bigd.big.ac.cn/) repository, accession

number PRJCA011806.
Frontiers in Plant Science 09
Author contributions

LZ, ZX and FW conceived and managed the experiments. LZ,

KD, XD, MH and TN conducted the experiments work. LZ, FW,

CX, SJ, CZ and ZX analyzed the experimental results. LZ and MZ

wrote the manuscript. ZX, FW and JW reviewed and contributed to

improve it and revised the last version of the manuscript. All

authors contributed to the art ic le and approved the

submitted version.
Funding

This work was supported by Aborncommander Scientist

Project of Qinghai Province “Capacity Improvement of

Innovation system of potato breeding and seed industry

product ion in p la teau ” (2023-NK-146) , Deve lop ing

Bioinformatics Platform in Hainan Yazhou Bay Seed Lab

(B21HJ0001) China Agriculture Research System of MOF and

MARA (NO.CARS-9) and Hainan University Startup Fund

(KYQD(ZR)-20101).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1080666/

full#supplementary-material
References
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Hara-Skrzypiec, A., Śliwka, J., Jakuczun, H., and Zimnoch-Guzowska, E. (2018).
QTL for tuber morphology traits in diploid potato. J. Appl. Genet. 59, 123–132.
doi: 10.1007/s13353-018-0433-x

Hoopes, G., Meng, X., Hamilton, J. P., Achakkagari, S. R., de Alves Freitas Guesdes,
F., Bolger, M. E., et al. (2022). Phased, chromosome-scale genome assemblies of
tetraploid potato reveal a complex genome, transcriptome, and predicted proteome
landscape underpinning genetic diversity. Mol. Plant 15, 520–536. doi: 10.1016/
j.molp.2022.01.003

Huang, X., Wei, X., Sang, T., Zhao, Q., Feng, Q., Zhao, Y., et al. (2010). Genome-wide
association studies of 14 agronomic traits in rice landraces. Nat. Genet. 42, 961–967.
doi: 10.1038/ng.695

Huang, X., Zhao, Y., Wei, X., Li, C., Wang, A., Zhao, Q., et al. (2011). Genome-wide
association study of flowering time and grain yield traits in a worldwide collection of
rice germplasm. Nat. Genet. 44, 32–39. doi: 10.1038/ng.1018

Jackson, K., and Söll, D. (1999). Mutations in a new arabidopsis cyclophilin disrupt
its interaction with protein phosphatase 2A. Mol. Gen. Genet. 262, 830–838.
doi: 10.1007/s004380051147

Jia, G., Huang, X., Zhi, H., Zhao, Y., Zhao, Q., Li, W., et al. (2013). A haplotype map
of genomic variations and genome-wide association studies of agronomic traits in
foxtail millet (Setaria italica). Nat. Genet. 45, 957–961. doi: 10.1038/ng.2673

Jombart, T. (2008). Adegenet: A r package for the multivariate analysis of genetic
markers. Bioinformatics 24, 1403–1405. doi: 10.1093/bioinformatics/btn129

Jong, H. D., and Rowe, P. R. (1972). Genetic markers in inbred clones of cultivated
diploid potatoes. Potato Res. 15, 200–208. doi: 10.1007/BF02361807

Kump, K. L., Bradbury, P. J., Wisser, R. J., Buckler, E. S., Belcher, A. R., Oropeza-
Rosas, M. A., et al. (2011). Genome-wide association study of quantitative resistance to
southern leaf blight in the maize nested association mapping population. Nat. Genet.
43, 163–168. doi: 10.1038/ng.747

Li, H. (2006). TreeFam: A curated database of phylogenetic trees of animal gene
families. Nucleic. Acids Res. 34, 572–580. doi: 10.1093/nar/gkj118

Li, H. (2011). A statistical framework for SNP calling, mutation discovery,
association mapping and population genetical parameter estimation from sequencing
data. Bioinformatics 27, 2987–2993. doi: 10.1093/bioinformatics/btr509

Li, X. Q., De Jong, H., De Jong, D. M., and De Jong, W. S. (2005). Inheritance and
genetic mapping of tuber eye depth in cultivated diploid potatoes. Theor. Appl. Genet.
110, 1068–1073. doi: 10.1007/s00122-005-1927-6

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with burrows-
wheeler transform. Bioinformatics 25, 1754–1760. doi: 10.1093/bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The
sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078–2079.
doi: 10.1093/bioinformatics/btp352

Lin, T., Zhu,G., Zhang, J., Xu, X., Yu,Q., Zheng, Z., et al. (2014).Genomic analyses provide
insights into the history of tomato breeding.Nat. Genet. 46, 1220–1226. doi: 10.1038/ng.3117

Lindqvist-Kreuze, H., Khan, A., Salas, E., Meiyalaghan, S., Thomson, S., Gomez, R.,
et al. (2015). Tuber shape and eye depth variation in a diploid family of Andean
potatoes. BMC Genet. 16, 57. doi: 10.1186/s12863-015-0213-0

Mather, K. A., Caicedo, A. L., Polato, N. R., Olsen, K. M., McCouch, S., and
Purugganan, M. D. (2007). The extent of linkage disequilibrium in rice (Oryza sativa l.).
Genetics 177, 2223–2232. doi: 10.1534/genetics.107.079616

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A.,
et al. (2010). The genome analysis toolkit: A MapReduce framework for analyzing next-
Frontiers in Plant Science 10
generation DNA sequencing data. Genome Res. 20, 1297–1303. doi: 10.1101/
gr.107524.110

Morrell, P. L., Buckler, E. S., and Ross-Ibarra, J. (2011). Crop genomics: Advances
and applications. Nat. Rev. Genet. 13, 85–96. doi: 10.1038/nrg3097

Morris, G. P., Ramu, P., Deshpande, S. P., Hash, C. T., Shah, T., Upadhyaya, H. D.,
et al. (2013). Population genomic and genome-wide association studies of agroclimatic
traits in sorghum. Proc. Natl. Acad. Sci. United States America 110, 453–458.
doi: 10.1073/pnas.1215985110

Prashar, A., Hornyik, C., Young, V., McLean, K., Sharma, S. K., Dale, M. F., et al.
(2014). Construction of a dense SNP map of a highly heterozygous diploid potato
population and QTL analysis of tuber shape and eye depth. Theor. Appl. Genet. 127,
2159–2171. doi: 10.1007/s00122-014-2369-9

Simko, I. (2014). One potato, two potato: Haplotype association mapping in
autotetraploids. Trends Plant Sci. 9, 441–448. doi: 10.1016/j.tplants.2004.07.003

Stokstad, E. (2019). The new potato. Science 363, 574–577. doi: 10.1126/
science.363.6427.574

Sun, H., Jiao, W. B., Krause, K., Campoy, J. A., and Schneeberger, K. (2022).
Chromosome-scale and haplotype-resolved genome assembly of a tetraploid potato
cultivar. Nat. Genet. 54, 342–348. doi: 10.1038/s41588-022-01015-0

Taylor, L. M. (1978). Variation patterns of parthenogenetic plants derived from
“unreduced” embryo-sac of Solanum tuberosum subspecies andigena (Juz et buk)
hawkes. Theor. Appl. Genet. 52, 241–249. doi: 10.1007/BF00303500

The Potato Genome Sequencing Consortium (2011). Genome sequence and analysis
of the tuber crop potato. Nature 475, 189–195. doi: 10.1038/nature10158

Van Eck, H. J., Jacobs, J. M., Stam, P., Ton, J., Stiekema, W. J., and Jacobsen, E.
(1994). Multiple alleles for tuber shape in diploid potato detected by qualitative and
quantitative genetic analysis using RFLPs. Genetics 137, 303–309. doi: 10.1093/genetics/
137.1.303

Wang, A., Hou, Q., Si, L., Huang, X., Luo, J., Lu, D., et al. (2019). The PLATZ
transcription factor GL6 affects grain length and number in rice. Plant Physiol. 180,
2077–2090. doi: 10.1104/pp.18.01574

Wang, M., Tu, L., Lin, M., Lin, Z., Wang, P., Yang, Q., et al. (2017). Asymmetric
subgenome selection and cis-regulatory divergence during cotton domestication. Nat.
Genet. 49, 579–587. doi: 10.1038/ng.3807

Wang, F., Xia, Z., Zou, M., Zhao, L., Jiang, S., Zhou, Y., et al. (2022). The
autotetraploid potato genome provides insights into highly heterozygous species.
Plant Biotechnol. J. 20, 1996–2005. doi: 10.1111/pbi.13883

Wang, F., Zou, M., Zhao, L., Xia, Z., and Wang, J. (2021). Genome-wide association
mapping of late blight tolerance trait in potato (Solanum tuberosum l.). Front. Genet.
12. doi: 10.3389/fgene.2021.714575

Xie, M., Chung, C. Y., Li, M. W., Wong, F. L., Wang, X., Liu, A., et al. (2019). A
reference-grade wild soybean genome. Nat. Commun. 10, 1216. doi: 10.1038/s41467-
019-09142-9

Yoon, D. H., Lee, S. S., Park, H. J., Lyu, J. I., Chong, W. S., Liu, J. R., et al. (2015).
Overexpression of OsCYP19-4 increases tolerance to cold stress and enhances grain
yield in rice (Oryza sativa). J. Exp. Bot. 67, 69–82. doi: 10.1093/jxb/erv421

Zhang, C., Yang, Z., Tang, D., Zhu, Y., Wang, P., Li, D., et al. (2021). Genome design
of hybrid potato. Cell 184, 1–11. doi: 10.1016/j.cell.2021.06.006

Zheng, X., Levine, D., Shen, J., Gogarten, S. M., Laurie, C., and Weir, B. S. (2012). A
high-performance computing toolset for relatedness and principal component analysis
of SNP data. Bioinformatics 28, 3326–3328. doi: 10.1093/bioinformatics/bts606

Zhou, Z., Jiang, Y., Wang, Z., Gou, Z., Lyu, J., Li, W., et al. (2015). Resequencing 302
wild and cultivated accessions identifies genes related to domestication and
improvement in soybean. Nat. Biotechnol. 33, 408–414. doi: 10.1038/nbt.3096

Zhou, S. R., and Xue, H. W. (2020). The rice PLATZ protein SHORT GRAIN6
determines grain size by regulating spikelet hull cell division. J. Integr. Plant Biol. 62,
847–864. doi: 10.1111/jipb.12851
frontiersin.org

https://doi.org/10.1093/bioinformatics
https://doi.org/10.3390/ijms23031470
https://doi.org/10.1007/s13353-018-0433-x
https://doi.org/10.1016/j.molp.2022.01.003
https://doi.org/10.1016/j.molp.2022.01.003
https://doi.org/10.1038/ng.695
https://doi.org/10.1038/ng.1018
https://doi.org/10.1007/s004380051147
https://doi.org/10.1038/ng.2673
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1007/BF02361807
https://doi.org/10.1038/ng.747
https://doi.org/10.1093/nar/gkj118
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1007/s00122-005-1927-6
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/ng.3117
https://doi.org/10.1186/s12863-015-0213-0
https://doi.org/10.1534/genetics.107.079616
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1038/nrg3097
https://doi.org/10.1073/pnas.1215985110
https://doi.org/10.1007/s00122-014-2369-9
https://doi.org/10.1016/j.tplants.2004.07.003
https://doi.org/10.1126/science.363.6427.574
https://doi.org/10.1126/science.363.6427.574
https://doi.org/10.1038/s41588-022-01015-0
https://doi.org/10.1007/BF00303500
https://doi.org/10.1038/nature10158
https://doi.org/10.1093/genetics/137.1.303
https://doi.org/10.1093/genetics/137.1.303
https://doi.org/10.1104/pp.18.01574
https://doi.org/10.1038/ng.3807
https://doi.org/10.1111/pbi.13883
https://doi.org/10.3389/fgene.2021.714575
https://doi.org/10.1038/s41467-019-09142-9
https://doi.org/10.1038/s41467-019-09142-9
https://doi.org/10.1093/jxb/erv421
https://doi.org/10.1016/j.cell.2021.06.006
https://doi.org/10.1093/bioinformatics/bts606
https://doi.org/10.1038/nbt.3096
https://doi.org/10.1111/jipb.12851
https://doi.org/10.3389/fpls.2023.1080666
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Insights into the genetic determination of tuber shape and eye depth in potato natural population based on autotetraploid potato genome
	Introduction
	Materials and methods
	Plant materials and phenotyping
	DNA extraction and sequencing
	Read alignment and variant calling
	Phylogenetic and population structure analyses
	Genome-wide association analysis and candidate gene identification

	Results
	Phenotypic identification, sequencing and variants
	Potato population structure and genetic diversity analysis
	Genome-wide association analysis of potato tuber shape and tuber eye depth

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


