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Abstract Reducing oxalate content of spinach is a

major breeding objective. The aim of this research was to

conduct association analysis and identify SNP markers

associated with oxalate concentration in spinach germ-

plasm. A total of 310 spinach genotypes, including 300

USDA germplasm accessions and ten commercial

cultivars, were used for the association analysis of

oxalate concentration. Genotyping by sequencing was

used to identify 841 SNPs among the genotypes

examined for the association analysis. The distribution

of oxalate concentration showed a near normal distribu-

tion with a wide range in concentrations from 647.2 to

1286.9 mg/100 g on a fresh weight basis and 53.4 to

108.8 mg/g on a dry weight basis. The range in oxalate

concentration in spinach suggests that it is a complex

quantitative trait which may be controlled by multiple

genes, each with a minor effect among the tested spinach

panel. Association analysis indicated that six SNP

markers (AYZV02031464_116, AYZV02031464_117,

AYZV02031464_95, AYZV02283363_2707, AYZV0

2287123_2830, and AYZV02296293_852) were associ-

ated with the oxalate concentration. The SNP markers

may be useful for breeders to select germplasm for

reduced oxalate concentrations in spinach breeding

programs through marker-assisted selection.

Keywords Association mapping � Germplasm �
Breeding � Genotyping by sequencing (GBS) � Oxalate

concentration � Single nucleotide polymorphism

(SNP) � Spinacia oleracea

Introduction

Spinach (Spinacia oleracea L.) is an economically

important vegetable crop worldwide and considered

one of the healthiest vegetables in the human diet due

to its high concentration of nutrients and health-

promoting compounds such as beta carotene (pro

vitamin A), lutein, folate, vitamin C, calcium, iron,

phosphorous, and potassium (Dicoteau 2000; Lester

et al. 2013; Morelock and Correll 2008; Correll et al.

2011). However, spinach also contains a greater

amount of oxalic acid than most crops (Holmes and

Kennedy 2000; Kitchen et al. 1964; Mou 2008;
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Noonan and Savage 1999). Oxalic acid (also referred

to as oxalates) is a naturally occurring chemical in

plants including spinach. The major issue surrounding

oxalic acid in food is whether or not it contributes to

human health concerns such as the formation of

kidney stones (Noonan and Savage 1999; Solberg

et al. 2015). Oxalate can react with calcium, iron and

other minerals, forming crystals which then inhibit

mineral absorption (Franceschi and Horner 1980;

Noonan and Savage 1999; Bohn et al. 2004) or create

calcium oxalate (Holmes and Kennedy 2000; Oke

1969) deposited in the kidneys of certain people as a

common form of kidney stones (Massey et al. 1993).

Food such as beets, rhubarb, strawberries, nuts,

chocolate, tea, wheat bran, and all dry beans (fresh,

canned, or cooked), excluding lima and green beans,

are known to increase oxalate in the urine and may

contribute to kidney stone formation. High oxalate

concentrations are most commonly found in vegeta-

bles from the Chenopodiaceae, but also the Polygo-

naceae (Noonan and Savage 1999; Solberg et al.

2015).

In spinach, oxalate concentration has been

observed to be higher in older leaves (Okutani and

Sugiyama 1994). However, these results were not

consistent with the results from purslane (Palanis-

wamy et al. 2004). Noonan and Savage (1999) also

reported that soluble oxalate was the predominant

form of oxalate in leaves and petioles and the oxalate

concentration in leaves was much higher than that in

petioles in a range of plants including spinach.

Kawazu et al. (2003) observed that spinach cultivars

with round leaf blades generally contained less

oxalate than those with lobate blades, while other

studies showed that oxalate concentration had little

correlation with leaf type (Mou 2008; Solberg et al.

2015). The oxalate content in spinach is also affected

by growth rate and the type of production system.

Kaminishi and Kita (2006) reported that fast-growing

cultivars contained higher nitrate and lower oxalate,

whereas slow-growing cultivars had lower nitrate and

higher oxalate concentrations. Kawazu et al. (2003)

also reported the cropping season under summer,

autumn, and winter affected oxalate concentrations

in spinach. Oguchi et al. (1996) reported that

selection and breeding of cultivars with a high leaf/

petiole ratio is recommended for the production of

better quality spinach with regard to oxalates. Koh

et al. (2012) reported no significant effects on oxalate

content of spinach produced under certified-organic

versus conventional cropping systems.

Genetic variation in spinach oxalate content has

been reported (Kitchen et al.1964). They found

significant differences among 39 breeding lines,

hybrids, and F2 populations in the amount of anhy-

drous oxalic acid present. In a study of 182 open-

pollinated and F1 hybrid cultivars and breeding lines

available in Japan, Solberg et al. (2015) reported that

the oxalate content varied from 59 to 531 mg/g based

on fresh weight. It was also reported that no differ-

ences were detected between older versus newer

spinach cultivars or between open-pollinated cultivars

and F1-hybrids, but did identify some accessions to

potentially breed low-nitrate/low-oxalate spinach.

Although Kaminishi and Kita (2006) observed that

fast-growing cultivars contained lower oxalate, Koh-

man (1939) observed no significant differences in the

oxalate content in 53 commercial and experimental

genotypes. However, Kaminishi and Kita (2006) and

Mou (2008) identified a 1.9-fold variation in oxalate

content among spinach accessions. Murakami et al.

(2009) also have produced mutation spinach lines with

17–33 % lower oxalate levels compared to control

material. These data indicate that there is a potential to

use the genetic diversity of spinach to breed spinach

for reduced oxalate levels.

Based on the variation in reports of oxalate concen-

trations in spinach tissue and germplasm, oxalate

apparently is a complex trait affected by genetics and

environmental conditions. Due to the complexity of

oxalate production in spinach, and the difficulty to

select for this trait, it would be difficult and time-

consuming to select for low oxalate spinach through a

classical plant breeding approach. However, molecular

plant breeding may be an efficient way to select

quantitative traits through marker assisted selection

(MAS). Single nucleotide polymorphisms (SNPs), with

the abundance, cost efficiency, and high-throughput

screening, has become a powerful tool in genome

mapping, association studies, diversity analysis, and

tagging of important genes in plant genomics (Collard

et al. 2005; Collard and Mackill 2008; Xu and Crouch

2008). Therefore, identification of SNP markers asso-

ciated with oxalate concentration will provide breeders

with a useful tool to assist in selecting for low-oxalate in

spinach breeding programs. Genotyping by sequencing

(GBS) is one of the next-generation sequencing (NGS)

platforms to discover SNPs without prior knowledge of
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the genome in spinach (Elshire et al. 2011; He et al.

2014; Sonah et al. 2013). In recent years, GBS has been

widely used in quantitative trait loci (QTL) and

association mapping (He et al. 2014; Iquira et al.

2015; Liu et al. 2014; Nimmakayala et al. 2014; Sonah

et al. 2015). Therefore, using an NGS platform will be a

good approach for QTL and association mapping and

MAS in spinach. The spinach genome sequences

AYZV01 and AYZV02 are available to the public

(http://www.ncbi.nlm.nih.gov/Traces/wgs/?val=AYZ

V01 and http://www.ncbi.nlm.nih.gov/Traces/wgs/

?val=AYZV02), and represent approximately half of

the spinach genome (Dohm et al. 2014; Minoche et al.

2015). These resources provide a reference for SNP

discovery and association analysis in spinach.

To date, knowledge of the spinach genome is limited

and few reports have been published on the use of

molecular markers in spinach. Khattak et al. (2006)

published a genetic linkage map with six linkage

groups, constructing the map with 101 amplified

fragment length polymorphisms (AFLPs) and nine

simple sequence repeats (SSRs). This genetic map has a

total length of 585 cM, with an average distance of

5.18 cM between markers (Khattak et al. 2006), but

does not offer a great amount of detail about the linkage

groups. The AFLP and SSR markers, while useful, are

less robust than SNP markers. Recently, Chan-Navar-

rete et al. (2016) reported on the first genetic map using

SNPs in spinach. Six linkage groups (P01-P06),

consisting of 283 SNP markers, ranging in distance

from 46 to 116 cM were identified and 39 QTLs were

identified that related to nitrogen use efficiency in

spinach. The identification of SNP markers for spinach

traits of interest will provide breeders with a powerful

tool to develop improved spinach cultivars more

efficiently. Therefore, the development of robust SNP

markers and SNP genetic maps would be a valuable

resource for spinach breeding efforts. The objective of

this research was to identify SNP markers associated

with oxalate concentration and conduct association

analysis in spinach germplasm.

Materials and methods

Plant materials

Several experiments on oxalate concentrations in

spinach have been conducted and some of these

rresults have previously been published (Mou 2008).

A total of 310 genotypes were evaluated for the

association analysis of oxalate concentration in this

study (Supplementary Table S1). The 310 spinach

genotypes included 300 USDA spinach germplasm

accessions plus 10 commercial hybrids, originally

collected from 31 countries, with the majority (60 %)

of accessions originating from Turkey (n = 98),

United States (n = 37), Afghanistan (n = 22), and

Macedonia (n = 21) (Supplementary Table S1). All

seed of the 300 USDA germplasm accessions were

kindly provided by the North Central Regional Plant

Introduction Station, USDA-ARS, Iowa State Univer-

sity, Ames, Iowa. The seed of the commercial

cultivars was provided by various companies. The

seed of ‘Alrite F1’ was obtained from American Takii,

Salinas, CA; ‘Bolero F1’, ‘‘Bordeaux F1’, ‘Hellcat

F1’, ‘Melody F1’, and Unipack 151 F1’ from Seminis

Vegetable Seeds, Woodland, CA; ‘Indian Summer F1’

from Johnny’s Selected Seeds, Winslow, ME; ‘Lion

F1’ and ‘Whale F1’ from Rijk.Zwaan, De Lier,

Holland; and ‘Nordic IV F1’ from Gowan Seed,

Salinas, CA.

Oxalate concentration evaluation

To evaluate oxalate concentration in spinach, eight

seeds from each genotype were planted in a plastic pot

(10 9 10 9 10 cm) filled with field soil in the green-

house. The field soil was a pasteurized sandy loam soil

collected in Salinas, CA. The experiment was con-

ducted with a randomized complete block design

(RCBD) with two replications. After plant emergence,

each pot was fertilized weekly with 50 mL of a soluble

fertilizer as a combination of ammonium phosphate,

potassium nitrate, and urea (20 N–8.8P–16.6 K; Nor-

trace, Ltd., Greeley, CO) at a concentration of 0.8 g/L.

The nitrogen component consisted of 2.9 % ammo-

niac N, 5.0 % nitrate N, and 12.1 % urea N. The air

temperature varied between 8 and 27 �C night/day and

the day length changed from 10 h 10 min to 11 h

22 min during the experiment. Five weeks after

planting, all leaves in a pot were harvested without

petioles in the morning and fresh weight of the leaves

was determined. Harvested leaves were dried at 60 �C
for 24 h before being weighed for dry weight.

The leaves were re-dried at 60 �C overnight, broken

into small pieces by hand, and mixed. A 0.01 g leaf

sample was homogenized in 5 mL deionized water for
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6 min with a homogenizer (Ultra-turrax T25; Janke &

Kunkel, IKA-Labortechnik, Staufen, Germany) at

24,000 rpm. The sample was diluted with 5 mL EDTA

(10 mM, pH 7.6) and centrifuged at 1,500 rpm for

5 min. The oxalate concentration in the supernatant

was determined using an oxalate kit (Procedure No.

591; Trinity Biotech, St. Louis) as described by

Palaniswamy et al. (2004). It has been demonstrated

that there is a strong linear correlation with oxalic acid

concentrations and color using the kit. In addition, a

negative control, a urine control with known oxalate

concentration, and a known concentration of oxalic

acid standard were included in the kit and used under

the current testing conditions to authenticate the

accuracy of the tests. The oxalate concentrations were

calculated on both a fresh and dry weight basis. For

fresh weight, the oxalate concentration was recorded in

milligrams (mg) per 100 g of fresh spinach leaves and

for dry weight, as milligrams (mg) per gram of dried

spinach leaves.

The oxalate concentration data were subjected to

analysis of variance (ANOVA) using the general

linear models (GLM) procedure of JMP Genomics 7

(SAS Institute, Cary, NC). Genotype was considered a

fixed effect, and replication was considered a random

effect. For comparisons among genotypes, least sig-

nificant differences (LSDs) were calculated with a

Type I (a) error rate of P = 0.05. The mean, range,

standard deviation (SD), and standard error (SE) were

estimated for both oxalate concentrations on fresh

weight (mg/100 g) and dry weight (mg/g) basis using

‘Tabulate’; the distributions of these two traits was

also drawn using ‘Distribution’; and the correlation

coefficient between the traits for both fresh and dry

weight analysis in the 310 spinach genotypes was

estimated and drawn using ‘Fit Y by X’ in JMP

Genomics 7.

DNA extraction, GBS, and SNP discovery

Genomic DNA was extracted from leaves of spinach

plants using the CTAB (hexadecyltrimethyl ammo-

nium bromide) method (Kisha et al. 1997). A DNA

library was prepared using the restriction enzyme

ApeKI following the GBS protocol described by

Elshire et al. (2011). The 90 bp double-end sequenc-

ing was performed on each spinach accession using

GBS protocol by an Illumina HiSeq 2000 in Geno-

mics Research Institute (BGI), Hong Kong. The GBS

data assembly, mapping and SNP discovery were

done using SOAP family software (http://soap.

genomics.org.cn/) by the bioinformatics term in

BGI. The GBS data provided by BGI averaged

3.26 M with 90 bp short-read nucleotides for each

spinach sample. The short reads of the GBS data were

first aligned to the spinach genome reference Viro-

flay-1.0.1 with AYZV01 project (http://www.ncbi.

nlm.nih.gov/Traces/wgs/?val=AYZV01) using

SOAPaligner/soap2 (http://soap.genomics.org.cn/).

After the Spinach-1.0.3 spinach genome reference

released on July 22, 2015, the AYZV01 series of

contig accessions were changed to AYZV02 acces-

sions (http://www.ncbi.nlm.nih.gov/Traces/wgs/

?val=AYZV02), all SNP information was updated

to the AYZV02 version. The two versions of the

reference spinach genome were also published at

http://bvseq.molgen.mpg.de/Genome/Download/

Spinach/. The SOAPsnp v 1.05 was used for SNP

calling (Li 2011; Li et al. 2009). Approximately

0.5 M SNPs were identified from the GBS data

among the 310 spinach genotypes. The SNP data was

filtered by minor allele frequency (MLF) [2 %,

missing data \7 %, and heterozygous genotype

\35 %. After filtering, 841 SNPs for 310 spinach

accessions were used for genetic diversity and asso-

ciation analysis.

Population structure and genetic diversity

The model-based program STUCTURE 2.3.4 (Pritch-

ard et al. 2000) was used to assess the population

structure of the 310 spinach accessions/cultivars based

on 841 SNP loci. In order to identify the number of

populations (K) making up the structure of the data, the

burn-in period was set at 20,000 with the Markov Chain

Monte Carlo iterations and the run length set at 20,000

in an admixture model. The analysis then correlated

allele frequencies which was independent for each run

(Lv et al. 2012). Ten runs were performed for each

simulated value of K, which ranged from 1 to 10. For

each simulated K, the statistical value delta K was

calculated using the formula described by Evanno et al.

(2005). The optimal K was determined using STRUC-

TURE HARVESTER (Earl and von Holdt 2012; http://

taylor0.biology.ucla.edu/structureHarvester/). After the

optimal K was determined, a Q-matrix was obtained

and was used in TASSEL 5 (Bradbury et al. 2007) for

association analysis. Each spinach genotype was then
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assigned to a cluster (Q) based on the probability

determined by the software that the genotype belonged

in the cluster. The cut-off probability for assignment to

a cluster was 0.525. Based on the optimum K, a Bar plot

with ‘Sort by Q’ was obtained to show the visual of the

population structure among the 310 spinach accessions.

Genetic diversity was also assessed and the phylogeny

trees were drawn using MEGA 6 (Tamura et al. 2013)

based on the Maximum Likelihood tree method with

the following parameters (Shi et al. 2016).

Association analysis

Association analysis was performed using TASSEL 5

software, in which the single marker regression (SMR)

model without structure and without kinship, the

regression linear model (GLM), and the mixed linear

model (MLM) methods were used as described by

Bradbury et al. (Bradbury et al. 2007; http://www.

maizegenetics.net/tassel). Two workflows of regres-

sion linear models, GLM (Q) and GLM (PCA), and

two workflows of mixed linear models, MLM

(Q ? K) and MLM (PCA ? K), were used in Tassel 5

for association analysis of SNP markers. Population

structure (Q) was estimated using STUCTURE 2.3.4

(Pritchard et al. 2000); principal component analysis

(PCA) was estimated by the tool PCA with covariance

and three components; and Kinship (K) was estimated

by the tool Kinship with Scald_IBS method in Tassel

5.

Results and discussion

Phenotyping of oxalate concentration

There were significant differences in fresh and dry

weight oxalate concentrations among the 310 spinach

genotypes evaluated (Supplement Table S1). There

was a wide range in oxalate concentrations based on

fresh and dry weight with a near normal distribution

(Table S1; Fig. 1). The oxalate concentration on a

fresh weight basis ranged from 647.2 to 1286.9 mg/

100 g of fresh leaf weight and averaged 984.0 mg/

100 g. Oxalate concentration on a dry weight basis

ranged from 53.4 to 108.8 mg/g and averaged

80.6 mg/g. The standard deviation of oxalate on a

fresh weight basis was 112.7 with the standard error

6.4; and the standard deviation of oxalate on a dry

weight basis was 10.7 with the standard error 0.6,

indicating there were significant genetic differences of

oxalate concentration among the 310 spinach geno-

types based on both the fresh and dry weight basis

(Supplement Table S1). The oxalate concentration on

a dry weight basis was highly correlated with oxalate

concentration on a fresh weight basis (r = 0.803,

P\ 0.01). A linear regression model between oxalate

dry weight (Y, mg/g) and oxalate fresh weight (X, mg/

100 g) was postulated as Y = 5.513 ? 0.07636 9 X

(Fig. 2).

Genetic diversity and population structure

The population structure of the 310 spinach genotypes

was initially inferred using STRUCTURE 2.3.4

(Pritchard et al. 2000) and the peak of delta K was

observed at K = 2, indicating the presence of two

main populations (designated clusters Q1 and Q2) in

the spinach panel (Fig. 3a,b). The classification of

accessions into populations based on the model-based

structure from STRUCTURE 2.3.4 was shown in

Fig. 3b and Supplementary Table S1. Based on the

software STRUCTURE, each spinach genotype in the

tested population of 310 genotypes is assigned a

Q-value in each of the structured populations with a Q

value as the probability it belongs to. The total of

Q-values for each spinach genotype always is 1, and it

is then divided into several Q values. Here there are

two Q values: Q1- and Q2-value and whereby

Q1 ? Q2 = 1.0 because we have determined two

Fig. 1 The distribution of oxalate concentration expressed on

fresh and dry weight bases among the 310 spinach genotypes

evaluated (a: expressed on fresh weight with milligrams (mg)

oxalate concentration per 100 gram (g) fresh leave weight, and

b: on dry weight bases with mg per gram (g) dried leaf weight)
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structured populations are best to fit the whole tested

population with the 310 spinach genotypes. A Q-

value = 0.525 was used as the value to divide the

clusters. For example, if a spinach genotype had a Q1

value C 0.525, i.e. its Q2 value of B 0.475, it would

be divided into the Cluster Q1; if a spinach genotype

had a Q2 value C 0.525, i.e. its Q1 value of B 4.75, it

would be divided into the Cluster Q2; genotypes that

had intermediate Q1 and Q2 values (0.475\Q1

value\ 0.525 or 0.475\Q2 value\ 0.525) would

be grouped as the Q1Q2 admixture. In total, 295

accessions (95.3 %) were assigned to one of the two

populations (Q1 or Q2). Population 1 and 2 (Q1 and

Q2) consisted of 189 (61.0 %) and 106 (34.2 %)

accessions, respectively. The remaining 15 accessions

(4.2 %) were categorized as having admixed ancestry

(Supplementary Table S1).

The genetic diversity among spinach accessions

was also assessed using the Maximum Likelihood

(ML) method by MEGA 6 (Tamura et al. 2013). The

populations Q1 and Q2 were defined as the two main

clusters and the same colors as the population structure

Q1 (red) and Q2 (green) was used from the

STRUCTURE 2.3.4 (Fig. 3b) to draw the subtrees of

the phylogenetic tree (Fig. 3c) with Q1 (red and round

shape), Q2 (green and square shape), and the

Fig. 2 The correlation between oxalate concentration on a dry

weight basis and on a fresh weight basis (r = 0.803, P\ 0.01)

and the oxalate dry weight (mg/g) = 5.513 ? 0.07636 9 Ox-

alate Fresh weight (mg/100 g)

Fig. 3 Model-based populations in the association panel:

a Delta K values for different numbers of populations assumed

(K) in the STRUCTURE analysis. b Classification of 310

spinach genotypes into two populations using STRUC-

TURE 2.3.4. The distribution of the accessions to different

populations is indicated by the color code (Q1: red and Q2:

blue). c Maximum Likelihood (ML) tree of the 300 accessions

drawn by MEGA 6. The color codes for each population are

consistent in the figure b and c, and the empty black square as the

admixture Q1Q2. (Color figure online)
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admixture Q1Q2 (black empty square). Two phylo-

genetic trees were included: (1) Fig. 3c, without taxon

names in order to compare it to the structure popula-

tions from STRUCTURE and view them easily and

clearly; (2) Supplementary Fig. S1: the format of the

traditional rectangular phylogenetic tree with taxon

name. The phylogenetic trees from MEGA 6 (Fig. 3c

and Supplementary Fig. S1), were good but not fully

consistent with the structure populations (Q1–Q2)

from STRUCTURE 2.3.4 (Fig. 2b, 3a), indicating that

there were two differentiated genetic populations and

admixtures in the spinach panel.

Association analysis

Based on the genetic diversity analysis from STRUC-

TURE and MEGA, and viewing the phylogenetic trees

from Fig. 3 and Supplement Fig S1, the 310 spinach

accessions can be organized into two structured

populations. Therefore, we used the Q matrix with

two structures in the association mapping in TASSEL.

In total, five different models in TASSEL were used to

do association analysis of oxalate concentration,

including one single marker regression (SMR), two

regression linear models, GLM (Q) and GLM (PCA),

and two mixed linear models, MLM (Q ? K) and

MLM (PCA ? K).

Based on the suggestion by Lander and Botstein

(1989), a typical LOD threshold should be between 2

and 3 in order to detect the false positive (type I error)

rate at 5 % level for a QTL (Churchill and Doerge

1994). In the first marker screening step, candidate

SNP markers were screened using an LOD value

(LOD = *(-LOG(P), where P is the P value esti-

mated from TASSEL) C 2.0 as the threshold value for

all five models. If the LOD was C 2.0 in one of the

five models, the SNP was selected as a candidate

marker. Based on these criteria, 31 candidate SNP

markers were selected from a total of 841 SNPs

identified (Table S2).

Among the 31 screened SNPs (Table S2), the

different LOD values of each SNP were observed

among the five models. For oxalate dry weight

(oxalate concentration based on dry weight), there

were 11, 7, 14, 5, and 6 SNPs with the LOD[ 2.0

from the SMR, GLM (Q), GLM (PCA), MLM

(Q ? K), and MLM (PCA ? K), respectively

(Table S2). For oxalate fresh weight, there were 8, 7,

19, 6, and 9 SNPs with the LOD[ 2.0 from the SMR,

GLM (Q), GLM (PCA), MLM (Q ? K), and MLM

(PCA ? K), respectively (Table S2). For both oxalate

weight either based on dry or fresh, the SMR and GLM

models including GLM (Q) and GLM (PCA) identi-

fied more SNP markers than the MLM model (MLM

(Q ? K) and MLM (PCA ? K)), which was similar to

previous studies for the morphological and physio-

logical traits in Populus simonii (Wei et al. 2014; Xu

et al. 2013). The SMR model had its pitfall without

considering population structure and relationship

among the individuals. The GLM model only accounts

for population structure with a Q-matrix (Pritchard

et al. 2000) or PCA matrix (Price et al. 2006), but the

MLM model accounts for both the kinship (K-matrix)

and the population structure (Q-matrix or PCA matrix)

(Price et al. 2006; Yu et al. 2006; Zhang et al. 2010), to

prevent the false positive associations due to popula-

tion or relatedness structure and to increase the power

through the application of a correction specific to this

structure (Yang et al. 2014) and to correct population

stratification (Shin and Lee 2015). Different models

have been proposed and used for association mapping

studies and it usually recognized the MLM models

discovered more robust markers associated with traits

of interests in comparison with GLM model (Pritchard

et al. 2000; Price et al. 2006; Xu et al. 2013; Yu et al.

2006; Zhang et al. 2010; Zhu et al. 2008), but there are

pitfalls with MLM as well such as use of a small subset

of markers and effects from case–control ascertain-

ment (Yang et al. 2014).

The 31 candidate SNPs (Table S2) identified in the

initial screen with the five models were further evalu-

ated for association with oxalate concentration using

additional criteria. It was assumed that if a significant

association was identified across multiple models, the

SNP marker would be more robust. If it had an LOD

value C 2.5 with all models, a SNP was considered to

be strongly associated with oxalate content; otherwise,

if it had an LOD value C 2.0 with multiple models, the

SNP was considered to be weakly associated. Based on

these criteria, six SNPs were identified among the

original 31 candidate markers (Table 1).

For oxalate dry weight, two of the six SNPs

identified, AYZV02283363_2707 and AYZV022

96293_852 had LOD scores C 2.5 for all five models,

suggesting these two SNPs were the most strongly

associated with oxalate concentration based on dry

weights; Two other SNPs, AYZV02031464_116 and

AYZV02287123_2830 had LOD scores C 2.5 for
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four and three out of five models, respectively,

suggesting they also are strongly associated with

oxalate dry weight; and two other SNPs,

AYZV02031464_95 and AYZV02031464_117 had

LOD values less C 2.0 in two out of the five models

for oxalate dry weight and were considered to be

weakly associated markers (Table 1).

Among the six SNP markers for oxalate fresh weight,

one SNP, AYZV02031464_116 had LOD value[2.5

for all five models, indicating a strong association; three

of the six SNPs (AYZV02031464_117, AYZV020

31464_95, and AYZV02296293_852) had an LOD C

2.3, C 2.2 and C 2.0 across all five models, respec-

tively, suggesting a good association with oxalate fresh

weight; and the two other SNPs, AYZV02283363_2707

and AYZV02287123_2830, had relatively low LOD

values for most of the models and thus, were considered

to only have a weak association for oxalate fresh weight

associated markers (Table 1).

Combining the analysis from both fresh and dry

weight oxalate concentrations, two SNP marker,

AYZV02031464_116 and AYZV02296293_852,

were identified as having the strongest association

(Table 1). The AYZV02031464_116 SNP was recog-

nized as strongly associated with oxalate content

because it had an LOD of 2.5 or higher across all five

models for both oxalate concentrations. AYZV0229

6293_852 had an LOD of C 2.5 for all five models

based on dry weight but an LOD of C 2.0 for the five

models based on fresh weight (Table 1).

The other four markers, AYZV02031464_117,

AYZV02031464_95, AYZV02283363_2707, and

AYZV02287123_2830 had an LOD C 2.0 in five

models for oxalate concentration based on fresh or dry

weight, but not both (Table 1), indicating a relatively

weak association with oxalate concentration in

spinach.

The six SNPs were located on four contigs, which

may be located on different chromosomes or different

regions of a chromosome, further indicating oxalate

concentration was a quantitative trait controlled by

multiple genes each with minor effects. Currently, the

available spinach genome reference Spinach-1.0.3

(AYZV02) (http://www.ncbi.nlm.nih.gov/Traces/

wgs/?val=AYZV02) as released on 7 July 2015, rep-

resented approximately one-half of the spinach gen-

ome (Dohm et al. 2014; Minoche et al. 2015). A more

comprehensive version of the spinach genome

assembly may be made available publicly in 2016 (van

Deynze, 2014; van Deynze et al. 2015; Allen van

Deynze, personal communication), but unfortunately,

the entire genome sequence of spinach and physical

maps are not currently available. After the whole

genome sequences become publicly available, QTLs

for oxalate content traits can be mapped to their

chromosome location. Although these markers need to

be further evaluated, the six SNP markers identified

have the potential to be used as good molecular

markers to select low oxalate concentration in spinach

breeding programs through MAS.

Use of spinach accessions with low oxalate

concentration

From this research, it was evident that there was a wide

range in oxalate concentrations among the genotypes

tested with a near normal distribution indicating that the

oxalate concentration in spinach was a complex trait,

which may be a quantitative trait controlled by minor

genes in the tested spinach association panel. However,

it has not been definitively determined whether the

oxalate concentration in spinach is a quantitative or

qualitative trait controlled by major genes or minor

genes. No major QTLs with large effect for oxalate

concentration in spinach were identified in this study.

All six SNP markers identified had very low R-square

values, further indicating there were multiple genes

with minor effect in the spinach genotypes tested for

oxalate concentration. However, we cannot exclude the

possible existence of major genes that control oxalate

concentration in spinach. Further QTL mapping using

bi-parent crosses derived from high and low-oxalate

spinach lines are underway to further determine the

genetics of oxalate concentration in spinach.

Although it is not clear whether the oxalate

concentration in spinach is a quantitative or quali-

tative trait, the genetic variation of oxalate content

in spinach has been identified and confirmed from

several reports and also several low-content spinach

genotypes have been reported (Kitchen et al. 1964;

Kaminishi and Kita 2006; Kohman 1939; Moir

1953; Mou 2008; Murakami et al. 2009; Solberg

et al. 2015). These studies indicate that there is

potential to use the genetic diversity of spinach to

reduce oxalate in spinach.

Among the set of 300 spinach USDA accessions

evaluated in this study, eight (PI165710, PI181923,
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PI339548, PI358252, PI445782, PI445784, PI531457,

and PI608762) had low oxalate concentrations of less

than 780.0 mg/100 g based on fresh weight tissue and

less than 65.0 mg/g based on dry weight (Table 2).

These eight accessions may be used as initial sources

of low oxalate concentration in spinach breeding

efforts.

Breeding utilizes the genetic diversity available. It

is anticipated that there would be a wider range in

variation in a given phenotype among progeny derived

from two parents with a broader genetic background or

larger genetic distance. As an approach to using the

accessions, the genetic distance between the eight

accessions with low oxalate concentrations and the

commercial cultivars was compared (Table 2). A

phylogenetic tree among the 18 genotypes was built

using SNP alleles by MEGA 6 (Fig. 4), which also

showed two structured, and well-divided populations

(Q1 and Q2) similar to those among the 310 tested

spinach genotypes from this study. Seven of the eight

spinach accessions (PI81923 being the exception)

were divided into cluster 1 (Q1) and were genetically

close to each other, indicating that each of them could

be effective parents in spinach breeding programs to

Table 2 Lists of nine low oxalate concentration spinach

accessions plus ten commercial spinach hybrids with their

accession number, name, origin region (country), oxalate

concentration expressed on fresh weight and dry weight bases

(mg per unit leaf weight)

Accession

number/name

Plant name Original

(country)

Oxalate fresh

weight (mg/100 g)

Oxalate dry

weight (mg/g)

Q_clustera

PI165710 Cornell ID #247 Japan 731.6 55.1 Q1

PI181923 Hama no. 20 Syria 747.8 57.0 Q2

PI339548 101–25 Turkey 777.7 64.6 Q1

PI358252 Edrolisten Macedonia 774.7 61.4 Q1

PI445782 Shami Syria 772.0 63.4 Q1

PI445784 Baladi Syria 668.8 53.4 Q1

PI531457 SZEKESFEHERVARI Hungary 738.3 61.3 Q1

PI608762 K-17068 Thailand 647.2 58.3 Q1

Alrite.F1 Alrite.F1 Japan 839.5 64.2 Q2

Bolero.F1 Bolero F1 Netherlands 1056.2 78.4 Q2

Bordeaux.F1 Bordeaux.F1 Netherlands 876.8 58.1 Q1

Hellcat.F1 Hellcat.F1 Netherlands 943.6 75.2 Q1

Indian.Summer.F1 Indian.Summer.F1 United States 1029.2 79.9 Q2

Lion.F1 Lion.F1 Netherlands 940.5 71.3 Q1Q2

Melody.F1 Melody.F1 Netherlands 894.1 75.2 Q2

Nordic.IV.F1 Nordic.IV.F1 United States 807.7 66.1 Q1

Unipack.151.F1 Unipack.151.F1 Netherlands 840.2 64.4 Q2

Whale.F1 Whale.F1 Netherlands 936.2 76.5 Q1

a Two population structures (Clusters) identified from Mega 6: Q1 means the spinach accession belongs to the population group 1;

Q2 to group 2; and Q1 Q2 to group 1 or 2

Fig. 4 A phylogenetic tree drawn by MEGA 6 among eight

spinach germplasm accessions with low oxalate concentrations

plus ten spinach commercial cultivars
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reduce oxalate content. Among them, two accessions

from Syria, PI445782 (‘Shami’) and PI 445784

(‘Baladi’), were recommended earlier by Mou

(2008) as sources of low oxalate concentration in

spinach because they had the lowest oxalate concen-

tration. From the diversity analysis (Fig. 4), the two

accessions were more genetically distant from the ten

commercial cultivars evaluated. Another accession,

PI81923 (‘Hama no. 20’) from Syria, was also a good

source for low oxalate because it belonged to popu-

lation 2 (Q2), it also had a further genetic distances

from others, and it was grouped separately from all

other accessions and cultivars except Melody F1

(Fig. 4). Thus, these spinach accessions may provide

good sources of low oxalate concentration genotypes

as parents in spinach breeding.
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