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Abstract
Spinach (Spinacia oleracea L.) is an important leafy vegetable crop
grown worldwide. Leaf traits, surface texture (smooth, savoy or semi-
savoy), petiole colour (different shades of green vs. purple) and edge
shape (serrate vs. entire), are important commercial traits of spinach.
Association mapping for the three traits was conducted on 323 USDA
spinach germplasm accessions, originally collected from 33 countries and
representing the entire USDA spinach germplasm collection. The major-
ity of accessions were from Europe (36.3%), Asia (25.3%) and North
America (15.8%). The majority of the spinach accessions (82.0%) were
smooth (unwrinkled types), whereas the savoy and semi-savoy types
(wrinkled types) accounted for 18.0%. The collection contained 74.9%
green petiole types, while the purple petioles consisted of 25.1%. The
collection consisted of 27.2% serrated leaf types and 72.8% entire leaf
edge types. Genotyping-by-sequencing (GBS) was used for single
nucleotide polymorphism (SNP) discovery, and SNPs were used as geno-
typic data to conduct genetic diversity and association mapping of the
three leaf traits. Five genetic subpopulations and principal components
(PCs) were postulated by STRUCTURE 2 and JMP Genomics 7 for this
association panel. Five, seven and 14 SNPs were identified to be associ-
ated with surface texture, edge shape and petiole colour, respectively.
This study provides us an approach to identify SNP markers through
association analysis in spinach and thus leads to select these three leaf
traits through marker-assisted selection in spinach breeding programme.
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In molecular plant breeding, marker-assisted selection (MAS)
utilizes molecular markers that are tightly linked to target loci
that control phenotypic traits to more accurately and efficiently
select for these traits. Thus, the knowledge of the genetic basis
of phenotypic traits is very important for MAS. Mapping of
quantitative trait loci (QTL), often referred to as ‘family map-
ping’, aims to identify the QTL that are responsible for pheno-
typic variation and usually involves the development of the
segregating populations derived from parents with contrasting
phenotypes (Myles et al. 2009). However, the main downside
for utilizing linkage mapping approach is the relatively low map-
ping resolution and the limited recombination within the biparen-
tal population (Hall et al. 2010). In association mapping, also
known as ‘population mapping’ (Myles et al. 2009), however, a
natural population with unknown relatedness is evaluated to
determine the marker–trait associations based on linkage disequi-
librium (LD, the non-random association of alleles at different
loci) (Zondervan and Cardon 2004). In comparison with linkage

mapping, the main advantage of association mapping is that it is
based on the phenotypic variation in the collections of natural
genetic resources and assesses the entire genome for trait-asso-
ciated variants rather than analysing specific genes/QTL, thus
allowing detection of genes/QTL which would escape from link-
age-based studies, resulting in a higher mapping resolution
(Neale and Savolainen 2004). The disadvantage of association
mapping is that the structure in the large-scale population can
produce spurious marker–trait associations without physical link-
age information (Pritchard et al. 2000, Buckler and Thornsberry
2002). However, by combining the relatedness among individu-
als (e.g. kinship) and the population structure, the chances for
false correlation between markers and phenotypic traits have
been reduced (Aranzana et al. 2005, Yu et al. 2006). Association
mapping becomes the alternative strategy for conventional link-
age-based mapping to study the genetic basis of the phenotypic
variation in different plants (Goldstein and Weale 2001). To
date, many plant association studies for different phenotypic
traits have been reported, such as flowering time (Zhao et al.
2007), leaf and plant architecture (Tian et al. 2011, Wei et al.
2014) and fruit quality (Xu et al. 2013).
Single nucleotide polymorphisms (SNPs) are the most com-

mon types of DNA polymorphism in plant genomes (Mam-
madov et al. 2012, Thomson 2014). Using SNPs derived from
the known genomic locations enables one to accelerate the
understanding of the nucleotide diversity levels, the background
patterns of LD and the relatedness among individuals within
specific populations (Mandel et al. 2013). Therefore, SNP mark-
ers have the potential to allow the genetic dissection for crop
phenotypes and ultimately facilitate marker-assisted breeding
(Collard and Mackill 2008). Nowadays, due to the increasing
availability of inexpensive DNA sequencing and genotyping
methods (e.g. genotyping-by-sequencing), SNPs have been
extensively used in genetic studies, including association analysis
of candidate genes in phenotypic variation in rice (Cao et al.
2006) and linkage disequilibrium-based association mapping in
potato (Achenbach et al. 2009) and sunflower (Mandel et al.
2013). Genotyping-by-sequencing (GBS) is one of the next-gen-
eration sequencing platforms for genomewide SNP discovery
which can be used in association mapping (Elshire et al. 2011,
Sonah et al. 2013).
Spinach (Spinacia oleracea L.) is an important leafy vegetable

crop that is grown worldwide both in temperate regions and in
the cooler parts of the tropic regions (Siemonsma and Piluek
1993). In the United States, 48390 acres of spinach were har-
vested in 2015, and the gross production value (fresh and pro-
cessing) was about $272.8 million (NAAS, 2015). Leaf
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morphological traits are critical phenotypic traits with consider-
able commercial value, particularly for precleaned package salad
mixes. Currently, there are three major spinach leaf types in the
US market: (i) savoy type with wrinkled and curly leaves, (ii)
semi-savoy type with slightly crinkled leaves, and (iii) smooth
type with flat and unwrinkled leaves. Savoy and semi-savoy leaf
types of spinach are popular for fresh-market consumption, but
smooth types of spinach are more suitable for processing for
bagged salad and freeze products because the uncrinkled leaves
are easier to wash. Other leaf traits such as the petiole colour
(purple or green) and edge shape (entire or serrated) are also
appealing for consumers and should be considered during spi-
nach breeding. A few genetic studies have been conducted to
evaluate the genetic variability of spinach germplasm collections
using either target region amplification polymorphism (TRAP)
markers or simple sequence repeat (SSR) markers (Hu et al.
2007, Khattak et al. 2007). However, association analysis
between SNPs markers and important leaf phenotypic traits in
spinach has not been performed. Therefore, the objective of this
study was to conduct association mapping for spinach leaf mor-
phology using the USDA spinach germplasm collections.

Materials and Methods
Association panel: A panel of 323 spinach accessions, which was
obtained from the USDA Germplasm Resources Information Network
(USDA-GRIN), was used for association analysis. These accessions
were collected from 33 different countries and regions and represented
the entire USDA spinach germplasm collection. The majority of
accessions were from Europe (36.3%), Asia (25.3%) and North America
(15.8%).

Phenotypic evaluation: All spinach accessions were planted in the field
at the Vegetable Research Station, University of Arkansas during the
2013–2014 winter season. Each accession was planted in a single row
with 5 m length and 1 m width and the plant distance in the row was
approximately 8 cm apart. Leaf morphological traits including leaf
petiole colour (purple or green), leaf edge shape (entire or serrated) and
leaf texture (savoy, semi-savoy or smooth) were recorded. In this study,
leaf edge shape was determined as entire if the most extended leaves at
the base presented a smooth edge; otherwise, leaf edge shape was
considered as serrated. Leaf texture was classified based on the most
extended leaves on the top.

DNA extraction and genotyping-by-sequencing (GBS): Leaf sample
was taken from a bulk of 10 plants with uniform leaf morphological
traits from each entry. Genomic DNA was extracted following the
CTAB (cetyltrimethylammonium bromide) method (Hulbert and
Bennetzen 1991). DNA concentrations were determined using a
NanoDrop 2000c spectrophotometer (Thermo Scientific, Wilmington,
DE, USA). DNA qualities were checked on 1% agarose gels with EtBr
(ethidium bromide) gel stain. DNA library was prepared using the
restriction enzyme ApeKI following the GBS protocol described by
Elshire et al. (2011). The 90-bp double-end sequencing was performed
on each spinach line using GBS protocol by HiSeq 2000 in BGI
Genomics Research Institute-Hong Kong.

Genotypic data analysis: GBS data were analysed for SNPs by
SOAPsnp pipeline, which was a member of the Short Oligonucleotide
Analysis Package (SOAP) (http://soap.genomics.org.cn/index.html)
using the spinach genome sequences AYZV01 and AYZV02 as
reference (http://www.ncbi.nlm.nih.gov/Traces/wgs/?val=AYZV01 and
http://www.ncbi.nlm.nih.gov/Traces/wgs/?val=AYZV02). SNP markers
with minimum allele frequencies (MAF) lower than 5%, more than
5% missing data or heterozygous genotype >50% were discarded from
the statistical analysis. The remaining high-quality SNP markers

were used for population structure and marker–trait association
analyses.

Population structure: Selected SNP markers from GBS were used to
run the following programs to determine the appropriate population
structure and relative kinship. Principal component analysis (PCA) and
multidimensional scaling (MDS) were performed to estimate the genetic
relatedness between 323 spinach accessions and Q-matrix using JMP�

Genomics 7 (SAS Institute, Cary NC). The first 10 eigenvectors of PCA
were calculated from the correlation matrix derived from SNP genotypes.
STRUCTURE v2.3.4 program (Pritchard et al. 2000) was used to assess the
population structure. The number of subgroups (K) was evaluated from 1
to 10 with the initial burning period set to 100 000 with 100 000
MCMC (Markov chain Monte Carlo) repeats. The number of population
was determined based on the highest likelihood value of L(K), which is
represented as LnP(D) in STRUCTURE (Evanno et al. 2005). The minimum
subgroup number was confirmed by the MDS analysis carried out by
JMP� Genomics 7 (SAS Institute, 2010).

Association analysis: All marker–trait association analyses were
performed by JMP� Genomics 7 (SAS Institute 2010), and Genome
Association and Prediction Integrated Tool (GAPIT), which is a
statistical package that is run in the R software environment (Lipka et al.
2012). Two different association mapping models were tested for each
trait in which the general linear model (GLM) with population structure
(Q-matrix) and the mixed linear model (MLM) combining kinship (K-
matrix) with population structure (Q-matrix) (Yu et al. 2006) were run in
JMP� Genomics 7, and the compressed MLM (CMLM) (Zhang et al.
2010) was run in GAPIT. The P values to determine the significant
marker–trait associations were set as lower than 5 9 10�3 for GLM,
MLM and CMLM. The quantile–quantile (QQ) plots which plotted the
observed P values from the association analysis against an expected
(cumulative) probability distribution were illustrated for linear model
testing. The models were considered to have fewer false positives and
produce more significant results than expected by chance if followed the
expected line more closely.

Results
Phenotypic variation

The majority of the spinach accessions (82.0%) were smooth
and unwrinkled type, and the savoy and semi-savoy types
together accounted for 18.0% (Table 1). For petiole colour, 242
lines (74.9%) from the entire collection showed green petioles,
while the remaining 81 lines (25.1%) had purple petioles. The
numbers of accessions with serrated and entire leaf edges were
88 and 235, which accounted for 27.2% and 72.8%, respec-
tively.

GBS output

After the pooled GBS library was sequenced, a total of
204 024 SNP markers were discovered when MAF ≥ 5% for
the 323 lines. After excluding the SNPs with more than 5%
missing data and heterogeneous loci > 50%, a total of 4077
SNP markers were used to perform population structure analysis

Table 1: Three leaf phenotypic traits and their percentages among 323
spinach (Spinacia oleracea L.) accessions

Surface Texture Petiole colour Edge shape

Smooth 265 82.0% Green 242 74.9% Serrated 88 27.2%
Savoy
or
semi-
savoy

58 18.0% Purple 81 25.1% Entire 235 72.8%
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and association mapping. Of the remaining high-quality SNPs,
the majority of markers revealed a MAF between 0.05 and 0.5
(Fig. 1.).

Population structure analysis

Using 4077 SNP markers, the population structure for the panel
of 323 spinach accessions was analysed by STRUCTURE and deter-
mined by the highest likelihood value of L(K). After plotting the
model values L(K) with each likelihood subpopulation K (1–10),
the model value was shown to be K = 5, which corresponded to
the population number. The number for the minimum subgroup
was confirmed by the MDS analysis as five dimensions (Fig. 2).
Therefore, we used K = 5 as the minimum number of groups for
our association analysis. Due to the imperfect Q-matrix results
from STRUCTURE, an accession was assigned to the subpopulation
1 (Q1) to the subpopulation 5 (Q2) when at least 50% of the
genome information (Q value ≥ 0.5) was evaluated to belong to
one group. The numbers of accessions for Q1, Q2, Q3, Q4, and
Q5 were 90, 8, 56, 36 and 30, respectively. The ungrouped 103
spinach accessions were assigned to group 6 (G6). PCA was
used to access the internal patterns of population structure for
the USDA germplasm collections (Fig. 2.). The top two princi-
pal components (PCs), which were determined by the covariance
matrix, explained 30.14% and 19.9% of the total variance among
the spinach collections, respectively. Except the matrix group
Q = 2, the remaining matrix groups, Q = 3, 4, 5 and group 6,
belonged to principal component 1 (PC1), and Q = 1 was
assigned to principal component 2 (PC2), respectively.

Association mapping

Association between SNP marker and leaf traits was tested using
three different models: a general linear model (GLM) and two

different mixed linear models (MLM, CMLM) analysed using
JMP� Genomics 7 and GAPIT package, respectively. The results
indicated that under different significance levels, three different
models detected different numbers of SNP markers that were
strongly associated with leaf traits (Table 2). GLM and CMLM
inclined to detect more markers under all the significant levels in
comparison with MLM (Table 2). Using GLM, 133 markers
were found to be associated with leaf surface attributes, petiole
colour and edge shape when P < 0.01. However, only 69 mark-
ers were detected by MLM at P < 0.01. Comparing with GLM,
when accounting for population structure to correct for spurious
associations, the numbers of markers associated with all leaf
traits tested by MLM were obviously reduced under all signifi-
cant levels. Without considering population structure in GLM,
the discovered markers may be spurious and related to the popu-
lation structure. GLM and CMLM (Tables S1) were able to dis-
cover leaf-trait association markers under more stringent
P < 0.001 level in comparison with MLM. Generally, fewer
markers associated with traits were detected with the increasing
stringent P significant level.
For each leaf trait, the three association models were graphed

using quantile–quantile (QQ) plots as structure (Q), population
structure as measured by STRUCTURE plus kinship (Q+K), and the
compressed MLM (CMLM) (Fig. 3.). As presented in QQ plots
of the observed P values vs. the expected P values for each of
the three models as well as a na€ıve model that does not account
for Q or K, the distribution of P values for na€ıve model gener-
ally was distant from the expected distribution. However, the
distribution of P values for other models was close to the
expected distribution except for the CMLM in leaf surface analy-
sis. As a result, the mixed model accounting for kinship (K) as
well as population structure (Q) that was analysed by JMP�

Genomics 7 indicated the optimum in reducing confusing popu-
lation structure and relatedness bias, and the distribution of P
values suggested a much-similar uniform distribution (Fig. 3.).
Therefore, the significant SNPs discovered by MLM performed
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Fig. 1: The distribution of SNPs based on their minor allele frequency
(MAF). SNPs with MAF < 5% were excluded from the analysis.
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Fig. 2: Principal component analysis (PCA) plot for all 323 spinach
accessions. Subgroups are indicated by Q-matrix (Q1–Q5) from STRUC-
TURE. Group 6 indicates the ungrouped spinach accessions.

Table 2: The numbers of SNPs associated with three traits using three statistical models (Q+K, Q and CMLM) at different significance levels

Trait

Q+K Q CMLM

P < 0.01 P < 0.005 P < 0.001 P < 0.01 P < 0.005 P < 0.001 P < 0.01 P < 0.005 P < 0.001

Surface Texture 17 5 0 36 18 5 11 7 3
Petiole Colour 34 14 2 47 29 11 51 26 4
Edge Shape 18 7 1 50 21 7 54 29 5
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by JMP� Genomics 7 were presented for leaf-trait association
(Table 3).
The significant SNP markers (including marker types, the

reference contigs and position) that associated with different leaf

traits analysed by MLM are listed in Table 3. When P < 0.005,
the numbers of the markers associated with leaf surface texture,
petiole colour and edge shape were 5, 14 and 7, respectively.
The majority of markers were [A/C] type. The R2 values for
markers detected by MLM ranged from 2.6% to 4.4%.

Discussion
In this study, two association mapping models (GLM and
MLM), run by JMP� Genomics 7, and CMLM, run by GAPIT,
were used to analyse SNP marker–trait association in the panel
of 323 spinach accessions. Generally, TASSEL software is used
to perform marker–trait association analysis (Bradbury et al.,
2007). However, as the three spinach leaf traits in this study
were binary and not quantitative, JMP� Genomics 7 was more
suitable for the analysis. We also found that the SNP markers
analysed from JPM Genomics 7 were more reasonable than
those from GAPIT based on the optimum in reducing confusing
population structure and relatedness bias, and the distribution of
P values suggested a much-similar uniform distribution (Fig. 3).
The GLM only accounts for population structure (Q-matrix),

but the MLM accounts for both the kinship (K-matrix) and the
population structure (Q-matrix) and allows one to overcome the
issue of false positives in marker–trait association (Pritchard
et al. 2000, Zhu et al. 2000, Price et al. 2006, Yu et al. 2006).
The comparisons among different marker–trait association mod-
els for association mapping studies were reported by previous
researchers, and MLM discovered less significant markers asso-
ciated with traits of interest in comparison with GLM (Pritchard
et al. 2000, Evanno et al. 2005, Price et al. 2006, Yu et al.
2006, Mandel et al. 2013, Xu et al. 2013, Wei et al. 2014),
which was supported by this study. Using the quantile–quantile
(QQ) plots, the model which produces more significant results
than expected by chance could be found for marker–trait associa-
tion analysis (Bastien et al. 2014). In this study, MLM indicated
a better match for expected P values, compared with the CMLM
conducted by GAPIT. GAPIT is an R-based program (R Devel-
opment Core Team 2011), and the CMLM performed by GAPIT
uses a group kinship matrix calculated from clustered individu-
als, which is more computationally efficient (Zhang et al. 2010).
Although GAPIT is generally implemented in genomewide asso-
ciation studies (GWAS) and genomic prediction and selection
(GS), it can be performed for marker–trait association.
In association analysis, the LD measures the non-random asso-

ciations between alleles at different loci. The resolution of the
association mapping is influenced by LD in such a way that the
resolution will be low, but fewer markers will be needed if LD is
high (Rafalski 2002). Because of the potential higher homozygos-
ity at certain loci, the autogamous species incline to have lower
efficient recombination rate than allogamous species. Therefore,
LD is generally expected to be higher in autogamous species than
in allogamous species (Flint-Garcia et al. 2003). Thus, more
markers are needed for association analysis in allogamous species.
However, the challenge of conducting association mapping using
allogamous species, such as spinach, was the high heterozygosity
at different loci. In this study, the heterozygous rate for different
loci ranged from 0 to 93.81%, and the average heterozygosity
was 21.23%. This may explain the imperfect results for popula-
tion structure analysis for the 323 spinach accessions in which
only 220 (68.11%) accessions were assigned to five different sub-
population groups. In addition, the PCA for population structure
also indicated an uncertain grouping, which may be due to the
high heterozygosity rate in these 323 spinach accessions.

(a)

(b)

(c)

Fig. 3: Comparison of QQ plots for different models of association for
leaf surface texture (ST), petiole colour (PC) and edge shape (ES). The
na€ıve association (red line) is a one-way ANOVA without accounting for Q
or K. The simple linear model (Q, green line) and K+Q (purple line)
were analysed by JMP� Genomics 7. The CMLM (blue line) was anal-
ysed by GAPIT. The axes are restricted to a maximum of 0.5 to better
exhibit the comparison of different models.
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Three leaf traits, surface texture (smooth, savoy, or semi-
savoy), petiole colour (different shades of green vs. purple) and
edge shape (serrate vs. entire), were analysed for association
analysis in this study. Five SNP markers, AYZV01123718_240
(where ‘AYZV01123718’ is the contig based on AYZV01 and
AYZV02 spinach genome sequences and ‘240’ is the SNP posi-
tion located at AYZV01123718, which is also used for other
SNP markers), AYZV01033090_7799, AYZV01083680_1654,
AYZV01176546_280 and AYZV01110266_939, were identified
to be associated with leaf surface texture; 14 SNP markers,
AYZV01046525_2300, AYZV01064222_13663, AYZV010642
22_13486, AYZV01167386_459, AYZV01065783_1382, AYZ
V01053164_12114, AYZV01123866_10080, AYZV01034140_6
661, AYZV01008945_5709, AYZV01115526_333, AYZV0108
2115_3553, AYZV01218231_95, AYZV01148500_3204 and
AYZV01155706_1703, associated with petiole colour; and seven
SNP markers, AYZV01009983_15542, AYZV01082596_10562,
AYZV01010088_1875, AYZV01006392_336, AYZV0109817
3_195, AYZV01090260_36157 and AYZV01174425_808, asso-
ciated with edge shape (Table 3). So far, there is few report
about the heritance of the three leaf traits in spinach. From our
previous knowledge, the leaf traits should be controlled by single
gene or several major genes, but the low R2 values and not very
low P value of the associated SNP markers identified from this
research do not support that there existed major genes in this
spinach panel. It will be ideal if we can map the major genes or
QTL of the spinach leaf traits by SNP markers into the spinach
chromosomes or linkage groups. However, as there are no full-
scale genomic sequencing data available for public to use and
without SNP genetic maps available in spinach, it is very diffi-
cult for us to determine the specific genomic location for discov-
ered SNPs and determine whether there exist major genes in the
spinach for controlling the three leaf traits. However, in future,
if the spinach genome sequence information is available, then
we can do a follow-up study to locate our discovered SNPs to

certain chromosome, which will be very informative for spinach
breeding. Meanwhile, we are developing segregating populations
to build the consensus genetic maps in spinach with SNP mark-
ers. After we have populations, we will study the genetics of the
leaf traits and map the genes into the specific location of the
chromosomes.
To our knowledge, this is the first study performed using

association mapping analysis for spinach leaf traits using a panel
of 323 USDA germplasm collections. So far, we have not seen
any article that reported association mapping using SNP markers
in spinach. Although the 26 SNP markers identified from this
study are not very strong markers with low R2 values and not
very low P values, this study provides us a feasible approach to
identify SNP markers through association analysis in spinach
and thus leads to select these three leaf traits, leaf surface tex-
ture, petiole colour and edge shape, through marker-assisted
selection in spinach breeding programme.
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