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Abstract

Background: Marker-assisted breeding is now routinely used in major crops to facilitate more efficient cultivar
improvement. This has been significantly enabled by the use of next-generation sequencing technology to identify
loci and markers associated with traits of interest. While rich in a range of nutritional components, such as protein,
mineral nutrients, carbohydrates and several vitamins, pea (Pisum sativum L.), one of the oldest domesticated crops
in the world, remains behind many other crops in the availability of genomic and genetic resources. To further
improve mineral nutrient levels in pea seeds requires the development of genome-wide tools. The objectives of
this research were to develop these tools by: identifying genome-wide single nucleotide polymorphisms (SNPs)
using genotyping by sequencing (GBS); constructing a high-density linkage map and comparative maps with other
legumes, and identifying quantitative trait loci (QTL) for levels of boron, calcium, iron, potassium, magnesium,
manganese, molybdenum, phosphorous, sulfur, and zinc in the seed, as well as for seed weight.

Results: In this study, 1609 high quality SNPs were found to be polymorphic between ‘Kiflica’ and ‘Aragorn’, two
parents of an Fg-derived recombinant inbred line (RIL) population. Mapping 1683 markers including 75 previously
published markers and 1608 SNPs developed from the present study generated a linkage map of size 1310.1 cM.
Comparative mapping with other legumes demonstrated that the highest level of synteny was observed between
pea and the genome of Medicago truncatula. QTL analysis of the RIL population across two locations revealed at
least one QTL for each of the mineral nutrient traits. In total, 46 seed mineral concentration QTLs, 37 seed mineral
content QTLs, and 6 seed weight QTLs were discovered. The QTLs explained from 2.4% to 43.3% of the phenotypic
variance.

Conclusion: The genome-wide SNPs and the genetic linkage map developed in this study permitted QTL identification
for pea seed mineral nutrients that will serve as important resources to enable marker-assisted selection (MAS) for
nutritional quality traits in pea breeding programs.
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Background

Pea (Pisum sativum L.), an important pulse crop, is widely
grown for human and animal consumption. It is the plant
used by Gregor Mendel to illustrate the principle of genet-
ics [1] and has long been considered a good source for
protein, carbohydrates, minerals and vitamins. Associated
with high nitrogen fixation, pea plays a vital role in the
crop rotation system. In recent years, pea yield production
worldwide has exceeded ten million tons. In 2014, the
major producers of dry peas were Canada (30.4%), China
(13.9%), Russia (13.3%), the United States (6.9%) and India
(5.3%) (FAOSTAT, 2014).

With an estimated genome size of ~4.3 Gbp [2] and a
high repeat component estimated to be between 50% and
60% [3, 4], the improvement of genetic and genomic
resources for pea is required for marker-assisted breeding
(MAB). MAB, which involves the use of DNA markers to
predict trait performance is widely used in crop breeding
[5]. Identification of genome-wide markers has undergone
a revolutionary transition over the last few years with the
advent of low-cost and high-throughput genotyping by
sequencing technology [6]. In comparison to traditional
marker discovery, GBS can be combined with marker
genotyping, allowing marker discovery and genotyping to
be completed at the same time. This assay was developed
by Elshire et al. [7] and has been used as a tool in linkage
mapping, QTL discovery, genomics-assisted breeding, and
genomic diversity analysis in a large range of crops,
including barley and wheat [8], rice [9], sorghum [10] and
switchgrass [11]. While more than fifty-two genetic
linkage maps are available for pea [12], eight are high-
density SNP-based [13—-20] with only one [20] developed
using GBS.

Mineral nutrients are inorganic elements essential for
plant and animal growth and development [21]. Based on
their quantitative requirements, plant mineral nutrients
are classified into two groups, macroelements and micro-
elements. Macroelements, generally found in plant tissues
in the mg/g dry weight range, include nitrogen, phos-
phorus, potassium, calcium, magnesium and sulfur.
Microelements include boron, copper, iron, chloride, man-
ganese, molybdenum, and zinc, and are found in plants at
the pg/g dry weight or lower range. For humans, plant
foods are an important source of essential minerals, but
unfortunately, mineral deficiencies are a major concern in
global health [22] with over two-thirds of the world’s
population estimated to experience inadequate intake of
one or more mineral nutrients, with more than half con-
sidered iron deficient and over 30% zinc deficient [23].
Nutritional deficiencies are especially prevalent in devel-
oping countries where people do not have the resources
to adequately diversify their diets with vegetables, fruits
and animal products. These mineral nutritional deficien-
cies can lead to stunted growth and development in
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children, lower resistance to disease, and increased mor-
tality rates [24]. Improving the levels of minerals in foods,
through the process of biofortification, has been proposed
as a strategy to help combat these dietary deficiencies.
Biofortification through traditional plant breeding or bio-
technology can be a powerful and sustainable approach to
significantly increase nutrient concentrations in crops
[25]. Food legumes provide essential nutrients and usually
contain higher concentrations of mineral nutrients than
do cereals and root crops [26]. Pea is one of the crops tar-
geted for biofortification and has long been recognized as
a valuable, nutritious food for the human diet. According
to a study conducted with six different cultivars across
seven locations by Amarakoon et al. [27], a single serv-
ing of cooked pea seeds (100 g fresh weight) can supply
58-68% of the recommended daily allowance (RDA) of
iron for male aged from 18 to 50 years, and 26—30% of the
RDA of iron for female in the same age group; 36-58% of
the RDA of zinc for male, 48—78% of the RDA of zinc for
female. The mineral variation within pea germplasm pro-
vides the potential to create new pea cultivars with greater
mineral density.

To begin to improve levels of mineral nutrients in pea
seeds, an understanding of the genetic basis of these traits
is required. The accumulation of mineral nutrients in
seeds is determined by a series of complex processes that
begin with uptake from the rhizosphere, membrane trans-
port in the roots, translocation and redistribution within
the plants through the xylem and phloem systems, and
import and deposition in the seeds [28]. To date, genes
associated with translocation of several elements have
been identified in Arabidopsis thaliana, but only limited
research has been done in pea [23, 29]. Identification of
QTLs provides a valuable platform to help identify the
genetic basis underlying phenotypic traits. Previous stud-
ies on QTLs for mineral nutrients in legumes have been
reported on the model legume Medicago truncatula [30],
common bean [26, 31-35] and Lotus japonicus [36]. How-
ever, so far, there are only three QTL studies dealing with
mineral nutrients in pea, all of which used association
studies in diverse populations [37-39]. Kwon et al. [37]
discovered ten DNA markers for seven mineral nutrients
(Ca, Cu, Fe, K, Mo, Ni and P), while Diapari et al. [38]
discovered nine SNP markers associated with iron and
two related with zinc in seeds. In addition, Cheng et al.
[39] found five SNP markers associated with calcium and
magnesium.

Comparative genetics is used to identify syntenic re-
gions controlling traits of interest among closely related
species [40]. Within the legumes, the sequenced ge-
nomes of Medicago truncatula, Cicer arietinum, Phaseo-
lus vulgaris, and Lotus japonicus can be used to transfer
knowledge such as trait loci and underlying genes to less
studied crops like pea.
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The focus of this study was to develop a series of gen-
omic tools to enable mineral improvement in pea through
marker-assisted cultivar development. Increasing seed
mineral concentration can be influenced by several fac-
tors, including seed weight, slow plant growth and low
seed yield [36, 41]. Additionally, a previous QTL study of
mineral nutrients in Lotus japonicus identified several seed
mineral concentration QTLs co-localized with QTLs asso-
ciated with average seed mass. This suggested that higher
seed mineral concentrations might be inversely correlated
with seed weight [36]. Therefore, to avoid the utilization
of loci associated with high seed mineral concentration
but low seed weight, this study also assessed QTL for 100-
seed weight and seed mineral content. The objectives of
this study were to (1) develop genome-wide SNPs using a
GBS approach, (2) construct a high-density genetic map
using a RIL population, (3) establish comparative maps
between pea and the closely related legumes, and (4) iden-
tify QTLs associated with seed weight and mineral con-
centration and content.

Methods

Plant materials and DNA extraction

For this study, a cross was made between ‘Aragorn’
(PI 648006) and ‘Kiflica’ (PI 357292). ‘Aragorn’ is an
agronomically desirable and widely grown variety with
a low to medium concentration of mineral nutrients,
while ‘Kiflica’ is a variety with a high concentration of
mineral nutrients and less desirable agronomic character-
istics [42]. Aragorn seed was provided by Plant Research
(NZ) Ltd. Kiflica seed originally collected in Macedonia
and donated to the USDA Western Regional Plant Intro-
duction Station by Aladzajkov Lazar in 1970. Kiflica is
freely available from the USDA (https://www.ars-grin.gov).
The cross was made in Pullman, WA in 2010 and single
seed descent was used to get a Fs generation consisting of
158 recombinant inbred lines (RILs).

Fresh leaf tissue from each RIL was ground using a
Geno/Grinder 2000 (SPEX SamplePrep, Metuchen, NJ)
and total DNA were extracted using DNeasy 96 Plant Kit
(QIAGEN, Valencia, CA). A NanoDrop ND-1000 spectro-
photometer was used to quantify the DNA concentration
of each extracted sample following the manufacturer’s
instructions (Nano-Drop Technologies, Wilmington, DE).

SSR and allele specific marker analysis

A total of 114 simple sequence repeat (SSR) primer pairs
from the work of Loridon et al. [43] and one elF4E allele
specific marker from the work of Smykal et al. [44] were
chosen to anchor this study’s linkage map to the SSR-
based map of Loridon et al. [43]. PCR amplifications were
performed with 4 ng genomic DNA, 1xPCR buffer,
1.5 mM MgCl,, 0.2 mM dNTPs, 0.05 uM forward primer,
0.25 uM reverse primer, 0.2 uM M13 primers with dyes of
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FAM, VIC, NED, PET, 0.6 U BIOLASE™ DNA polymer-
ase (Bioline), and 6.76 pl ddH,O in a total volume of
12 pl. The cycling conditions included initial denaturiza-
tion at 95 °C for 5 min, followed by 42 cycles, each of
which consisted of 95 °C for 1 min, 56 °C for 1 min, and
72 °C for 1 min. The final extension was at 72 °C for
10 min. These PCR products were analyzed on an ABI
3730 DNA analyzer (Applied Biosystems) and data
were scored using GeneMarker software version 2.2.0
(SoftGenetics).

SNP markers analysis

Two hundred fifty four gene-based SNP markers from
the work of Deulvot et al. [13] were selected for use in
this study to anchor this linkage map to the previously
published gene-based map. The SNP genotyping was
analyzed using the Sequenom MassARRAY iPLEX
platform [45]. Eight iPLEX assays, each carrying 28-36
SNP markers, were developed with the software Spectro-
Desinger v3.0 [39].

The iPLEX GOLD reactions consisted of three parts:
the iPLEX PCR reaction, the SAP reaction, and the iPLEX
Extend reaction. The iPLEX PCR amplifications were per-
formed with 25 ng DNA sample, 1 x PCR buffer, 2 mM
MgCl,, 0.5 mM dNTPs, 0.1 uM each PCR primer, 1 U
Taq DNA polymerase (Bioline), and 1.8 pl ddH,O in a
total volume of 5 pl. The reaction was performed at 95 °C
for 2 min, followed by 45 cycles, each of 95 °C for 30 s,
56 °C for 30 s, and 72 °C for 1 min. The final extension of
72 °C was for 5 min. After the iPLEX PCR, the SAP reac-
tion was performed with 0.17 pl 10 x SAP buffer and 0.5
U SAP enzyme. Then, samples were incubated at 37 °C
for 40 min, followed by 85 °C for 5 min. The iPLEX
Extend reaction was performed with 1 xiPLEX buffer,
iPLEX terminator, a primer mix containing extension
primers with a final concentration between 0.625 and
1.5 uM, and 1.35 U iPLEX enzyme. The amplification con-
ditions were performed as follows: 95 °C for 30 s; followed
by 40 cycles, each of which consisted of 94 °C for 5 s
followed by 5 cycles of 52 °C for 5 s and 80 °C for 5 s; and
a final extension at 72 °C for 3 min. Then, 6 mg of resin
was added in each well. The iPLEX extension products
were dispensed on a SpectroCHIP through a RS1000
Nanodispenser (Sequenom). A matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry
(MALDI-TOF) mass spectrometer (Sequenom) was then
used for the SNP genotyping.

GBS library construction and SNP identification

The DNA of the 158 lines of the RIL population and the
two parents were used to construct GBS libraries [7].
The concentration of genomic DNA was 100 ng/ul.
ApeKI which recognizes GCWGC (where W =A or T)
was used as the restriction enzyme. The libraries were
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sequenced on an Illumina HiSeq 2000 at the Cornell
University Genomics Core Laboratory.

The raw data were analyzed with the universal network
enabled analysis kit (UNEAK) pipeline, which was devel-
oped for non-reference GBS SNP calling [11]. In this pipe-
line, the following parameters were used: minimum
number of tags was five, error tolerance rate was 0.03,
minor allele frequency (MAF) was 04, and the sample
calling rate was 0.5. The SNPs with unknown or heterozy-
gous genotypes in one or two parents were also removed.
Finally, using an in-house perl script, homozygotes for
alleles of ‘Agarorn’ were recorded as “A”, homozygotes for
alleles of ‘Kiflica’ were recorded as “B”, and heterozygotes
were recorded as “H”.

Linkage map construction

Polymorphic markers from published maps [13, 43] and
SNPs from this GBS study with less than 20% missing
data per sample were used to construct the linkage map.
The genetic linkage map was constructed using OneMap
software [46] with LOD values arranged from 3 to 6 and
a recombination frequency less than 0.3. The Kosambi
mapping function was used to calculate centimorgan
distances. The recombination counting and ordering
(RECORD) algorithms were used for ordering the
markers [47].

Comparative mapping

Comparative mapping was performed between pea and
genetically close legumes. The mapped pea SNP se-
quences from this study were pairwise aligned using the
BLAST algorithm (BLASTN, E value < le-10, percentage
similarity > = 90%) with the Medicago truncatula genome
v4.0 (http://www.jcvi.org/medicago/, [48]), the Cicer arieti-
num genome v1.0 (http://cicar.comparative-legumes.org/,
[49]), the Phaseolus vulgaris genome v1.0 (http://phyto
zome.jgi.doe.gov, [50]) and the Lotus japonicus genome
v2.5 (ftp://ftp.kazusa.or.jp/pub/lotus/lotus_r2.5/pseudomo
lecule/, [51]). The software Circos [52] was used to
visualize the synteny between the closely related species.
The c¢M distances on the pea linkage groups were multi-
plied by 250,000 to match the bp on the chromosomes of
the four genomes.

Phenotyping

The field experiments were established in two locations,
Whitlow (46°74’N 117°13’W) and Spillman (46°43'N 117°
10'W) farms in Pullman WA in 2014. Plots in each en-
vironment were planted in a randomized complete block
design with three replications. The seeds from each plot
were harvested from pods, cleaned and dried at room
temperature. One hundred seeds from each plot were
weighed. To analyze mineral concentrations, 20 g of
seeds were ground using stainless-steel coffee grinders
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to homogenize each sample. Then, 0.5 g sub-samples
were digested to dryness using concentrated ultra-pure
nitric acid and hydrogen peroxide as previously de-
scribed [53]. Subsequently, the digestates were resus-
pended in 2% nitric acid. Each sample was analyzed for
ten different elements, B, Ca, Fe, K, Mg, Mn, Mo, P, S
and Zn, using inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES; CIROS ICP Model FCE12;
Spectro, Kleve, Germany). The instrument was cali-
brated with certified standards each day and blanks and
certified tissue standards were run to verify the accuracy
of the instrument. Mineral content per seed was calcu-
lated by multiplying the average sample elemental con-
centration by average seed weight.

Statistical and QTL analysis

All the trait data from tissue analysis under the two dif-
ferent environments were analyzed by analysis of vari-
ance (ANOVA) using the SAS program PROC MIXED
(SAS Institute Inc., Cary, North Carolina, USA). Pear-
son’s correlations among the quantitative traits were cal-
culated using the SAS program PROC CORR. The
broad-sense heritability (H?) was calculated for each trait
as H” = og/[0g + (0ge/e) + o2/re], where og = genotypic
variance, ogp = variance due to interaction between
genotype and environment, o = error variance, e = num-
ber of environments, r = number of replicates. The vari-
ances were calculated by SAS program PROC MIXED
with genotypes and environments considered as random
effects. The QTL Cartographer 2.5 software [54] was
used to identify and locate QTLs using the composite
interval mapping (CIM) method by the permutation test
(1000 times) at a P value of 0.05. The backward regres-
sion model was used to get cofactor and walk speed and
window size were set to 1 ¢cM and 10 cM respectively.
The LOD score threshold for detecting QTLs was set
between 3.0 and 3.2 for all the traits. Mapchart (version
2.2) [55] software was used to draw the genetic linkage
map and the QTLs.

Results

Polymorphism analysis

A total of 40 out of 114 SSR markers from the map of
Loridon et al. [43] showed polymorphism between the
two parents, Aragorn’ and ‘Kiflica’. Of these, 27 of the SSR
markers were successfully amplified and scored in the RIL
population. The 254 Sequenom-designable SNP markers
from the map of Deulvot et al. [13] were screened among
the RILs, along with eight iPLEX assays, of which 50 were
polymorphic. SNPs with more than 20% missing data were
removed from further study. Finally, 47 informative SNPs
were used for linkage map construction. The elF4E allele
specific marker was also polymorphic and used in linkage
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map construction. The sequences of the polymorphic
markers are listed in Additional file 1.

SNP discovery

Two GBS libraries were constructed using 96 barcodes
and the ApeKI restriction enzyme to generate SNP data
on the two parents and the RILs. A total of 384.7 million
reads were obtained from the high-throughput sequencing
and 349.6 million reads (91% of total raw reads) met the
UNEAK pipeline’s quality control. The number of reads
per sample ranged from 0.8 million to 5 million reads with
an average of two million reads. In the analysis, identical
reads were defined as a tag. A total of 45 million tags were
identified in the entire set of reads with the number of
tags per sample ranging from 130 K to 481 K, for an aver-
age of 255 K (Table 1). 1.2 million tags corresponding to
336.2 million reads (87% of total raw reads) met the mini-
mum standard of 5 reads per tag and were used for SNP
calling. Following pairwise alignment, 104 K tag pairs were
identified. A total of 3,095 SNPs with a MAF > 0.4 and a
sample calling rate > 0.5 were called by the UNEAK pipe-
line. In order to ensure the SNPs were high quality, only
SNPs with homozygous genotypes in both parents and
with less than 20% missing data per sample were kept for
further analysis. High-quality SNPs (1609) were identified
and used for linkage map construction. The sequence
reads have been uploaded to the NCBI SRA database with
accession number SRP092012.

Linkage mapping

The 1609 SNPs identified from GBS were combined with
the polymorphic SNP and SSR markers from previous
linkage maps to give a set of 1684 markers for construct-
ing the linkage map. Of these markers, only one SNP,
TP56850, could not be assigned to a linkage group. 1683
markers were assigned to seven linkage groups with the
identity and orientation of the linkage groups determined
by the 75 previously mapped markers (Fig. 1). The
markers were evenly distributed throughout the seven
linkage groups with 99% of the intervals between the adja-
cent markers being smaller than 10 ¢cM. The estimated
map length was 1310.1 cM and the map had a density of
1.3 markers per cM (Table 2).

Table 1 Minimum, maximum and average good reads and
sequence tags per sample analyzed by UNEAK

Number of good reads Number of tags

Minimum 799,069 130,208
Maximum 5,006,825 480,936
Average 1,974,933 254,982
Total 349,563,214 45,131,823
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Comparative mapping

1608 corresponding DNA sequences from the mapped
SNP loci were used for comparative genome analysis to
evaluate syntenic relationships between pea and other
closely related legumes. Comparison between pea and
M. truncatula showed the closest genetic relationship
(402 sequence matches) (Additional file 2). Pea linkage
groups PsLG I and PsLG V were syntenic with M. trun-
catula chromosomes MtChr 5 and MtChr 7, respect-
ively. PsLG II exhibited synteny with MtChr 1 with a
large inversion. Some pea linkage groups were collinear
with more than one M. truncatula chromosomes: PsLG III
- MtChr 2 and MtChr 3; PsLG IV - MtChr 4 and MtChr 8;
PsLG VI - MtChr 2 and MtChr 6; PsLG VII - MtChr 4 and
MtChr 8 (Fig. 2a). In the case of pea and chickpea, 296 se-
quence matches were observed. Among pea linkage groups,
PsLG II, PsLG IV, PsLG V and PsLG VII were collinear
with C. arietinum chromosomes CaChr 4, CaChr 7, CaChr
3 and CaChr 6 respectively. Also, three pea linkage groups,
PsLG I, PsLG III and PsLG VI, showed syntenic relation-
ships with CaChr 2 and CaChr 8, CaChr 1 and CaChr 5,
CaChr1 and CaChr 8 (Fig. 2b). Although there were 91 se-
quence matches (Fig. 2c) between pea and P. vulgaris, and
86 sequence matches between pea and L. japonicus (Fig. 2d),
limited syntenic patterns were observed between these
genomes.

Phenotypic analysis

The mean values of mineral nutrient concentration,
mineral nutrient content and 100-seed weight for the
two parents and the RILs across the two locations are
listed in Table 3. Also, the table shows the coefficient of
variation and ranges of nutrient concentration, nutrient
content and seed weight for the RILs. ‘Kiflica’ had higher
nutrient concentration and content than ‘Aragorn; while
‘Kiflica’” had lower seed weight than ‘Aragorn’. Seed
mineral concentration and content ranged from 1.6-fold
to 21-fold across the RILs and seed weight varied 2-fold.
All the seed traits showed high degrees of correlation
between the RILs grown in both locations (Table 3). The
P concentration showed the lowest value of correlation
(0.27), while Ca concentration showed the highest cor-
relation (0.91). From the frequency distribution histo-
grams shown in Additional file 3, all the traits revealed
continuous distribution in two locations and transgres-
sive segregation except for the Fe, Mo and S concentra-
tions. The ANOVA table shown in the Additional file 4
indicates that all the genotypes had significant differ-
ences in all the traits. In terms of the environmental
effects, there were significant differences (P < 0.05) in all
the traits with the exceptions of Mn concentration and
content, B content and 100-seed weight. Genotype
by environment interactions had no significant effect
(P <0.05) in most of the mineral concentration traits
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linkage map. Marker loci are shown on the right and locations are shown on the left. The markers labeled with red
color are the anchor markers. The specific details of the linkage map are provided in Additional file 6
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Table 2 Distribution of markers in the ‘Aragorn’ x ‘Kiflica’ genetic linkage map

LG LGII LGl LGIV LGV LGVI LGVl Total
Number of markers 201 267 261 235 236 229 254 1683
Length (cM) 158 1781 2266 168.8 1903 176.6 2117 1310.1
Number of marker per cM 1.3 15 1.1 14 1.2 13 1.2 13
Number of gaps (>10 cM) 2 3 5 1 2 2 4 19
s M
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Table 3 Statistical analysis of the seed traits for the RILs grown in two locations
Spillman Whitlow
Aragorn  Kiflica RILs Aragorn  Kiflica RILs
Mean Mean Mean CV  Range Mean Mean Mean CV  Range Correlation
Concentration B 84 103 9.7 106 73-128 9.0 108 9.8 113 68-135 0.60
(ng/g DW) Ca 13142 1351.0 13135 241 6374-2257.2 12173 13603 12754 249 521.7-22296 091
Fe 407 53.7 472 91 37.3-62.0 51.0 66.7 553 101 404-712 0.53
K 84715 106794 95215 87 75332-118848 87114 110866 98032 85  75834-129542 0.73
Mg 12848 13895 12909 80  9552-1636.3 1308.3 15744 13777 85 1065.0-1796.7 054
Mn 132 153 15.0 133 9.9-211 15.1 15.6 149 139 86-209 0.72
Mo 08 13 10 447 03-35 06 13 1.1 558 0.2-38 047
P 33315 35782 34276 127 2470.8-5779.1 38269 46514 41815 127 28594-60139 027
S 16040 21924 19635 98 1513.3-28698 15576 21778 18248 109 1381.6-26320 047
Zn 357 44.2 418 113 30.7-61.5 47.1 50.2 478 11.0 346-649 0.32
Content B 1.5 1.7 1.7 140 1.1-25 1.6 1.9 1.8 141 1.2-27 0.66
(ng/seed) Ca 2390 2260 2353 237 111.5-3846 2147 239.2 2272 251 90.4-407.0 0.86
Fe 74 9.0 8.5 145 47-130 9.0 11.7 99 152 63-155 0.71
K 15336 17880 1709.7 109 1170.8-23245 15386 1944.1 17491 106 12725-22950 066
Mg 2326 2328 2323 120 1323-3319 2303 276.2 2460 114 1751-3543 0.62
Mn 24 26 2.7 144 16-40 2.7 2.7 2.7 160 1.9-43 0.73
Mo 0.1 0.2 0.2 414 0.04-06 0.1 0.2 02 532 0.03-06 043
P 602.7 5985 6166 158 362.1-904.6 6722 8159 7473 154 4448-11249 047
S 290.7 3676 3535 140 204.6-503.0 2749 3823 3268 154 203.4-504.5 0.66
Zn 65 74 7.5 149 44-115 83 88 8.6 149 52-133 0.58
100-Seed weight (g) 182 16.8 18.1 125 11.9-24.1 17.7 175 179 122 127-255 0.86

but showed significant differences (P < 0.05) in most
of the mineral content traits.

Correlation coefficient analysis was performed be-
tween the seed traits among all the RILs in both
locations (Additional file 5). Positive correlations were
observed between all the seed mineral concentrations
and between all the seed mineral contents. Negative cor-
relations were shown between seed weight and all the
mineral nutrient concentrations. The highest positive
correlations between different mineral concentrations
were observed between Ca and Mn (0.69), Mg and Mn
(0.69) and the highest positive correlation between differ-
ent mineral contents was seen between Fe and S (0.85),
while the lowest positive correlations between mineral
concentrations were between K and Mn (0.13), P and Mo
(0.13), Ca and Zn (0.13) and the lowest positive correla-
tions between mineral contents were between Mo and P
(0.15), Mo and S (0.15), and Mo and Zn (0.15).

QTL analysis

QTL analysis was performed for all the seed traits in
the ‘Aragorn’ x ‘Kilfica’ RILs across the two locations.
A total of 46 QTLs were identified for seed mineral
concentrations, 37 QTLs for seed mineral contents, and 6

QTLs for 100-seed weight (Tables 4 and 5). The QTLs
were named following the convention of Hamon et al.
[56]. The QTLs explained from 2.4 to 43.3% of the pheno-
typic variance. Co-localizations of QTLs on the seed traits
were detected in both locations.

Five QTLs were identified for B concentration, two of
which were detected in both locations. It is worthwhile
to note that the QTL, [B/-Ps5.1, explained 42% of the
phenotypic variance and had ‘Kiflica’ as the contributing
parental allele. Three B content QTLs were observed
with explained variances of 15.1%, 10.3%, and 11.3% re-
spectively, two of which had ‘Kiflica’ as the contributing
parental allele. Several B concentration QTLs and B con-
tent QTLs colocalized with each other: /BJ-Psl.1 coloca-
lized with B-Psl1.1, [B]-Ps6.1 colocalized with B-Ps6.1.

Five Ca concentration QTLs were detected, with the one
on LG V, contributed by ‘Kiflica; explaining 31% of the
phenotypic variance. Four Ca content QTLs were identi-
fied with all of them observed in both locations. Three Ca
concentration QTLs, [Cal-Ps4.1, [Cal-Ps5.1, [Cal-Ps7.1,
overlapped with the Ca content QTLs, Ca-Ps4.1, Ca-Ps5.1,
Ca-Ps7.2, respectively.

Five Fe concentration QTLs were identified and three
of them were observed in both locations. One QTL,
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Table 4 QTLs for seed mineral concentrations and 100-seed weight in the RILs across the two locations
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QrL® Location LG Closest marker Position LOD R?P ac Parent allele
[B]-Ps1.1 Whitlow I TP26529 1386 6.7 7.0% 130.6-151.5 Kiflica
Spillman | TP27946 1416 9.0 10.3% 1306-151.5 Kiflica
[B]-Ps5.1 Whitlow TP61763 40.2 283 42.0% 29.6-524 Kiflica
Spillman TP61763 402 268 41.1% 29.6-524 Kiflica
[B]-Ps6.1 Whitlow Vi TP65409 129.2 42 4.3% 1276-131.6 Kiflica
[B]-Ps7.1 Whitlow Vil TP63969 154.8 8.8 9.5% 144.5-164.6 Kiflica
[B]-Ps7.2 Spillman VIl TP6905 134.8 6.7 7.5% 125.5-146.5 Kiflica
[Ca]-Ps4.1 Whitlow v TP56003 6.0 93 74% 0.0-158 Aragorn
Spillman v TP56003 7.0 84 74% 0.0-15.8 Aragorn
[Ca]-Ps5.1 Whitlow vV TP61763 402 287 31.0% 29.6-50.1 Kiflica
Spillman \% TP61763 40.2 250 27.9% 29.6-50.1 Kiflica
[Ca]-Ps7.1 Whitlow VI AB122_VII 1503 14.6 124% 143.5-1646 Aragorn
Spillman Vil TP8547 142.7 14.5 13.3% 1414-1610 Aragorn
[Ca]-Ps7.2 Whitlow VI TP22498 1994 33 24% 199.2-200.2 Aragorn
[Ca]-Ps7.3 Spillman Vil TP44730 208.1 34 2.7% 208.1 Aragorn
[Fe]-Ps2.1 Whitlow I TP50728 443 50 8.7% 33.9-55.1 Aragorn
Spillman Il TP13464 42.1 7.8 15.6% 30.2-51.8 Aragorn
[Fe]-Ps2.2 Whitlow Il TP31957 120.6 37 7.5% 1186-126.6 Aragorn
[Fe]-Ps5.1 Whitlow TP61763 402 39 6.6% 34.1-44.8 Kiflica
Spillman tip_SNP2_V 433 4.8 9.1% 43.3-46.1 Kiflica
[Fe]-Ps5.2 Spillman TP40477 54.1 50 9.5% 514-583 Kiflica
[Fe]-Ps7.1 Whitlow VIl TP44143 615 9.7 19.4% 526-71.5 Kiflica
Spillman VIl TP47096 599 47 9.3% 57.2-67.5 Kiflica
[K]-Ps3.1 Spillman Il TP73262 1397 30 3.8% 139.7 Kiflica
[K]-Ps4.1 Whitlow v TP56003 6.0 85 10.1% 0.0-158 Kiflica
Spillman % TP56003 6.0 3.1 3.9% 6.0 Kiflica
[K]-Ps5.1 Whitlow \% TP55189 415 256 43.0% 29.6-524 Kiflica
Spillman vV TP8375 40.7 20.2 32.7% 31.1-524 Kiflica
[K]-Ps7.1 Whitlow VIl TP31577 50.5 55 6.3% 44.6-589 Kiflica
Spillman Vil TP34058 475 43 5.6% 44.6-59.9 Kiflica
[K]-Ps7.2 Whitlow VI TP72055 106.3 82 9.8% 92.5-120.1 Kiflica
[K]-Ps7.3 Spillman VIl TP35723 1543 79 10.7% 143.5-164.6 Kiflica
[Mg]-Ps3.1 Whitlow Il TP61580 114.0 36 5.0% 110.0-120.2 Kiflica
[Mg]-Ps4.1 Spillman v TP68325 100.3 3.6 4.8% 984-101.6 Kiflica
[Mg]-Ps5.1 Whitlow V TP61763 402 27.0 43.3% 29.6-524 Kiflica
Spillman 4 TP61763 40.2 20.1 35.2% 29.6-50.1 Kiflica
[Mg]-Ps5.2 Whitlow vV TP41157 116.7 32 4.7% 115.7-118.8 Kiflica
[Mn]-Ps1.1 Whitlow | TP13780 323 32 3.6% 32.3-35.2 Aragorn
Spillman | TP16170 32.7 3.1 3.7% 32.7 Aragorn
[Mn]-Ps2.1 Whitlow Il TP71677 771 32 3.9% 75.5-78.1 Kiflica
Spillman Il F3586_SNP1_lI 74.1 84 11.4% 61.9-84.8 Kiflica
[Mn]-Ps4.1 Whitlow v TP28107 290 7.1 12.3% 21.0-43.9 Aragorn
Spillman v TP28107 310 59 9.7% 14.9-36.0 Aragorn
[Mn]-Ps5.1 Whitlow \% tip_SNP2_V 443 194 29.9% 32.5-524 Kiflica
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Table 4 QTLs for seed mineral concentrations and 100-seed weight in the RILs across the two locations (Continued)

Spillman % TP58793 405 19.1 29.3% 29.6-50.1 Kiflica
[Mn]-Ps7.1 Whitlow Vil TP35001 161.0 125 18.1% 151.9-173.8 Aragorn
Spillman VI TP35001 160.0 30 3.7% 160.0 Aragorn
[Mo]-Ps5.1 Whitlow \% TP42330 412 165 34.2% 31.1-524 Kiflica
Spillman % TP42330 412 16.5 33.0% 31.1-524 Kiflica
[P]-Ps3.1 Whitlow M1l TP75231 1212 73 16.9% 1080-133.2 Aragorn
[P]-Ps3.2 Whitlow Il TP32958 1913 44 8.6% 183.5-194.3 Kiflica
[P]-Ps5.1 Whitlow \ TP61763 402 75 15.0% 29.6-50.1 Kiflica
Spillman % TP61763 402 80 14.9% 306-50.1 Kiflica
[P]-Ps7.1 Whitlow VIl TP60315 45.0 3.1 5.9% 44.6-45.0 Kiflica
[P]-Ps7.2 Spillman Vil TP40383 90.5 44 7.8% 81.6-935 Aragorn
[S]-Ps3.1 Whitlow M1l TP47722 67.2 80 12.6% 57.2-76.2 Kiflica
Spillman Il TP74059 655 8.6 15.1% 54.5-77.2 Kiflica
[S]-Ps5.1 Spillman vV TP61763 40.2 8.5 14.3% 31.1-524 Kiflica
[S]-Ps5.2 Whitlow % TP27214 534 10.0 16.3% 433-77.3 Kiflica
[S]-Ps6.1 Whitlow Vi TP41250 147.7 3.7 5.6% 147.7-148.7 Kiflica
Spillman VI TP51502 151.0 46 7.6% 140.9-167.1 Kiflica
[S]-Ps7.1 Whitlow Vil TP44143 65.5 4.8 9.4% 516-71.5 Kiflica
[Zn]-Ps2.1 Whitlow Il TP31957 1256 45 11.7% 115.9-135.6 Aragorn
[Zn]-Ps3.1 Spillman Il TP2567 1025 76 12.7% 924-1120 Kiflica
[Zn]-Ps5.1 Whitlow % TP61763 402 5.0 9.1% 35.7-425 Kiflica
Spillman \% TP61763 40.2 6.4 10.4% 29.6-433 Kiflica
[Zn]-Ps7.1 Whitlow Vil TP44143 60.5 7.7 14.7% 556-71.5 Kiflica
[Zn]-Ps7.2 Spillman Vil TP60315 450 36 5.6% 44.6-46.0 Kiflica
SW-Ps3.1 Whitlow Il AD73_lll 147.8 4.6 9.1% 141.7-165.6 Aragorn
Spillman Il AD73_lll 1478 3.1 5.1% 145.9-148.8 Aragorn
SW-Ps5.1 Whitlow TP42330 412 108 20.3% 31.1-524 Aragorn
Spillman TP42330 412 135 23.2% 31.1-524 Aragorn
SW-Ps5.2 Spillman TP59611 103.8 30 5.0% 103.8 Aragorn
SW-Ps6.1 Whitlow Vi TP45228 95.7 6.2 10.8% 84.7-106.9 Kiflica
SW-Ps6.2 Spillman Vi TP13944 1019 5.1 7.5% 101.9-120.0 Kiflica
SW-Ps7.1 Whitlow Vil TP65523 81.6 52 11.9% 74.6-97.5 Aragorn
Spillman Vil TP36649 877 6.1 9.4% 76.6-97.5 Aragorn

?QTL names represent the traits, the initial of Pisum sativum, linkage group # and order of the QTLs

PR? is percentage of phenotypic variance explained by the QTL

“Cl represents 95% confidence interval for the QTL location
Parental allele contributing to the trait

[Fe]-Ps7.1, explained 19.4% of the phenotypic variance
with ‘Kiflica’ as the contributing parent. There were
five Fe content QTLs detected, four of which had
‘Aragorn’ as the contributing allele. Co-localizations
were observed between [Fe]-Ps2.1 and Fe-Ps2.1, [Fe]-Ps5.1
and Fe-Ps5.1.

Six K concentration QTLs were identified, three of
which were observed in two environments. It is note-
worthy that the QTL [KJ-Ps5.1 explained 43% of the
phenotypic variance and had ‘Kiflica’ as the contributing

allele. Four K content QTLs were observed but none of
them was identified in both locations.

Four Mg concentration QTLs and four Mg content
QTLs were identified. The concentration QTL [Mg]-Ps5.1
explained 43.3% of the phenotypic variance and had
‘Kiflica’ as the contributing parent.

Five Mn concentration QTLs were detected in both loca-
tions, one of which, /Mn]-Ps5.1, explained 29.9% of the
phenotypic variance. ‘Kiflica’ was the contributing parent
for the QTLs on LG II and LG V, while ‘Aragorn’ was the
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Table 5 QTLs for seed mineral contents in the RILs across the two locations
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QrL @ Location LG Closest marker Position LOD R?P (o Parent allele
B-Ps1.1 Whitlow I TP40441 1383 7.3 15.1% 128.9-1484 Kiflica
Spillman I TP50388 1453 6.7 13.7% 130.6-151.5 Kiflica
B-Ps6.1 Spillman Vi TP44490 120.0 4.7 10.3% 113.8-131.6 Kiflica
B-Ps7.1 Whitlow Vil TP65523 81.6 45 11.3% 746-93.5 Aragorn
Spillman Vil TP40383 90.5 5.0 9.7% 786-95.5 Aragorn
Ca-Ps4.1 Whitlow % TP47685 54 58 6.5% 0.0-13.9 Aragorn
Spillman % TP47685 54 4.7 5.8% 0.0-100 Aragorn
Ca-Ps5.1 Whitlow \ TP27214 534 9.9 12.7% 43.3-57.7 Kiflica
Spillman \ TP27214 534 7.0 9.8% 44.3-56.1 Kiflica
Ca-Ps7.1 Whitlow Vil TP4961 546 38 4.2% 51.2-546 Aragorn
Spillman W TP4961 546 4.8 6.0% 46.0-67.5 Aragorn
Ca-Ps7.2 Whitlow Vil AB122_VII 151.3 17.2 23.1% 1414-161.0 Aragorn
Spillman VI TP5669 1519 14.2 20.3% 141.4-161.0 Aragorn
Fe-Ps2.1 Spillman Il TP68770 435 59 11.9% 33.3-55.1 Aragorn
Fe-Ps2.2 Whitlow Il TP51928 89.9 6.0 12.3% 79.0-98.2 Aragorn
Fe-Ps3.1 Whitlow Il TP75231 1352 52 10.7% 124.2-1459 Aragorn
Fe-Ps5.1 Spillman \Y TP75570 325 4.0 7.9% 27.3-415 Aragorn
Fe-Ps6.1 Whitlow Vi TP3330 954 52 10.5% 87.6-99.7 Kiflica
Spillman VI TP36434 91.6 53 10.6% 86.6-101.6 Kiflica
K-Ps3.1 Whitlow Il agpl1_SNP2_lII 24 35 74% 1.7-84 Aragorn
K-Ps5.1 Spillman \ TP8763 1269 42 9.5% 122.9-1304 Aragorn
K-Ps6.1 Whitlow VI TP3330 954 3.1 6.7% 954 Kiflica
K-Ps6.2 Spillman \% TP25320 1132 33 6.9% 111.2-1148 Kiflica
Mg-Ps3.1 Whitlow Il TP73169 136.6 38 7.7% 132.2-1459 Aragorn
Mg-Ps6.1 Whitlow VI TP3330 954 7.5 15.9% 82.7-107.9 Kiflica
Mg-Ps6.2 Spillman VI TP25320 1122 59 13.6% 101.9-1238 Kiflica
Mg-Ps7.1 Whitlow VI TP65523 796 4.2 11.0% 74.6-94.5 Aragorn
Spillman Vil TP66383 935 74 17.7% 76.6-99.9 Aragorn
Mn-Ps5.1 Whitlow \Y TP31866 190.0 34 6.2% 188.7-190.0 Kiflica
Spillman \ TP39246 188.7 42 9.1% 183.4-190.0 Kiflica
Mn-Ps6.1 Whitlow VI TP45228 95.7 4.6 8.5% 87.6-98.7 Kiflica
Mn-Ps7.1 Whitlow Vil TP73423 1629 9.6 19.8% 1543-173.8 Aragorn
Spillman Vil TP15320 167.3 4.0 8.6% 162.9-168.3 Aragorn
Mo-Ps5.1 Whitlow \ TP42330 412 9.7 21.7% 31.1-524 Kiflica
Spillman V TP35621 39.7 114 24.6% 29.6-524 Kiflica
P-Ps3.1 Whitlow Il TP75231 125.2 6.7 20.5% 110.0-135.2 Aragorn
P-Ps5.1 Spillman V TP75570 325 35 6.5% 325-35.1 Aragorn
P-Ps6.1 Spillman Vi TP43599 715 33 6.4% 70.9-725 Aragorn
P-Ps6.2 Whitlow Vi TP3330 954 36 7.7% 95.0-95.7 Kiflica
Spillman VI TP46134 89.6 49 10.5% 85.9-97.7 Kiflica
P-Ps7.1 Whitlow Vil TP60315 450 35 7.5% 43.6-45.0 Kiflica
P-Ps7.2 Whitlow Vil TP66383 92.5 56 13.1% 78.6-98.9 Aragorn
Spillman Vil TP40383 90.5 100 21.0% 77.6-99.9 Aragorn
S-Ps3.1 Spillman Il TP48073 152.7 33 6.9% 152.7 Aragorn
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Table 5 QTLs for seed mineral contents in the RILs across the two locations (Continued)

S-Ps6.1 Whitlow VI TP45228

Spillman Vi TP45228
S-Ps7.1 Spillman Vil TP40383
Zn-Ps2.1 Whitlow Il TP51928
Zn-Ps3.1 Spillman Ml TP30941 1
Zn-Ps3.2 Whitlow Il TP5158 1
Zn-Ps5.1 Spillman V TP60024

95.7
95.7
90.5
88.9
024
389
380

6.3 14.1% 81.7-99.7 Kiflica
44 9.0% 87.6-104.9 Kiflica
35 7.3% 87.7-91.5 Aragorn
39 8.1% 84.6-91.5 Aragorn
42 8.9% 924-104.8 Kiflica
6.2 13.7% 121.2-1459 Aragorn
34 7.1% 37.5-380 Aragorn

?QTL names represent the traits, the initial of Pisum sativum, linkage group # and order of the QTLs

PR? is percentage of phenotypic variance explained by the QTLs
“Cl represents 95% confidence interval for the QTL location
parental allele contributing to the trait

contributing parent for the QTLs on LG [, LG IV and LG
VII. Three Mn content QTLs were identified and one with
an explained variance of 19.8% was identified on LG VIL
Co-localizations were observed between [Mn]-Ps7.1 and
Mn-Ps7.1.

The Mo concentration QTL [Mo/-Ps5.1 on LG V was
identified in both locations and it explained 34.2% of the
phenotypic variance. The Mo content QTL, Mo-Ps5.1,
was found with explained the variance of 24.6% and
colocalized with the Mo concentration QTL.

Five P concentration QTLs and six P content QTLs were
identified. One P content QTL explained 20.5% of the
phenotypic variance. Four P concentration QTLs, [P]-Ps3.1,
[P]-Ps5.1, [P)-Ps7.1, [P]-Ps7.2, overlapped with the P con-
tent QTLs, P-Ps3.1, P-Ps5.1, P-Ps7.1, P-Ps7.2, respectively.

Five QTLs were identified for S concentration, two of
which were observed in both locations. All the QTLs for
S concentration had ‘Kiflica’ as the contributing parental
allele. Three QTLs were detected for S content, one of
which explained 14.1% of the variance.

Five Zn concentration QTLs were identified. All the
QTLs except the one on LG II had ‘Kiflica’ as the con-
tributing parental allele. Four Zn content QTLs were
detected but none of them were identified in both loca-
tions. Co-localizations were observed between [Zn]-Ps3.1
and Zn-Ps3.1, and [Zn]-Ps5.1 and Zn-Ps5.1.

For 100-seed weight, six QTLs were identified, one
of which in LG V explained 23.2% of the phenotypic
variance and had ‘Aragorn’ as the contributing paren-
tal allele. The co-localizations between seed weight
and different nutrient traits were observed on LG III,
LG V, LG VI and LG VII. The most common co-
localization was found on LG V for most of the traits
(B, Ca, Fe, K, Mg, Mn, Mo, P, S, Zn concentrations,
Ca, Fe, Mo, P, Zn contents and seed weight).

Discussion

SNP discovery using GBS

GBS has been shown to be an effective method that al-
lows simultaneous discovery and genotyping of a large

number of novel SNPs. The first SNP discovery study
using GBS in pea was conducted by Boutet et al. [20]
with a total of 64,263 SNPs mapped in a pea genetic
map, indicating the GBS approach could significantly
facilitate genetic studies and improvement of genomic
resources. In our study, a set of 1609 high-quality SNPs
were discovered between the two parental lines and well
distributed throughout the seven linkage groups of pea.
The complexity reduction involving the methylation-
sensitive restriction enzyme ApeKI was adapted in this
study in order to avoid and lower repetitive regions of
the genome. The variation of reads per sample observed
in some other reported GBS studies [7, 57] was also
found in this study. These likely resulted from differ-
ences in the DNA quality and quantity among different
samples. In this study we provide evidence that ApeKI is
indeed well-suited for GBS in pea. Alternate restriction
enzymes [8] and modified GBS library preparation [58]
will provide a further set of tools to customize GBS for
SNP discovery in pea. The entire process from DNA ex-
traction, library preparation to next-generation sequen-
cing and SNP calling through the UNEAK pipeline was
relatively simple and fast. In addition, the overall cost of
GBS was economically efficient. Given the benefits of
using GBS as shown here and in other studies [8-11], it
may be expected that utilization of this technology will
become widely adopted in pea research for marker
discovery and application in marker-assisted breeding.

Genetic linkage mapping

So far, significant efforts have been put into pea genetic
linkage map construction and many genetic linkage
maps have been successively developed through different
types of molecular marker technologies. In this study,
the ‘Aragorn’ x ‘Kiflica’ linkage map exhibited a length of
1310.1 cM and an average marker density of 1.3 per cM.
It included 1608 SNPs and the 75 anchor markers which
were used to determine the orientation of the seven link-
age groups. The anchor markers provided a bridge that
allowed us to combine our linkage map with the recently
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published pea consensus map [19]. Comparison of the
anchor markers in the ‘Aragorn’ x ‘Kiflica’ map with the
previous map [14, 19] revealed high consistency of
marker order with only minor exceptions. Such minor
inconsistencies might be caused by missing data or
chromosome rearrangements [59].

Comparative mapping

With the availability of sequenced legume genomes, syn-
teny studies can be used to help identify candidate genes
underlying specific traits in the less characterized leg-
ume species such as pea. Using the mapped pea SNP
sequences identified in this study, comparative maps
were generated using the whole genome sequences of
four legumes from the closely related M. truncatula to
the distant L. japonicus. Common bean and L. japonicus
belong to the Phaseoleae and Loteae tribes, which are
more distantly related to pea, while M. truncatula and
chickpea belong to the Trifolieae and Cicereae tribes,
which are more closely related to pea according to
phylogenetic affinities [60]. Consistent with previous
comparative mapping studies in pea [15, 19], this study
also found pea (~4.3 Gbp [2]) to be genetically closest to
M. truncatula (~470 Mbp [61]) and chickpea (~740
Mbp [62]). We found that a high level of conservation
was observed with comparisons to MtChr 1, MtChr 5,
and MtChr 7. In contrast, a low level of conservation
was shown in MtChr 2 and MtChr 6, also consistent
with previous studies [15, 60]. For common bean and L.
japonicus, there were fewer large syntenic blocks as
compared with M. truncatula and chickpea.

Genetic variation and correlation between traits

Having significant genetic variation in a RIL population
is critical in QTL identification studies and cultivar im-
provement through traditional breeding practices. In this
study, while the parents of the RIL population did not
exhibit significant differences in some of the mineral nu-
trients (Ca, Mg, Mn, Mo, P and Zn concentrations; all
mineral nutrient contents) large variation was observed
for all the mineral nutrients in the RILs, ranging from
1.6-fold to 21-fold. Furthermore, transgressive segrega-
tion was observed for most of the traits except Fe, Mo
and S concentration and all the traits revealed continu-
ous distributions, which indicated the traits may be con-
trolled by multiple genes, also indicating the potential
for mineral nutrient improvement through breeding.
Positive and negative correlations are able to be ob-
served in all the traits in a population because of factors
such as linkage or environmental differences [63]. It is
interesting that positive correlations were observed be-
tween all the nutrient concentrations and contents,
while the correlations between seed weight and nutrient
concentrations were all negative. Similar results were
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found in the study of L. japonicus [36] and common
bean [64], where negative correlations were observed be-
tween seed weight and Ca, Mg and Mn concentrations.
The high positive correlations found between Ca and
Mn concentration (0.69), Mg and Mn concentration
(0.69), and Fe and S content (0.85), suggests that im-
proving one of these mineral nutrients could simultan-
eously improve the other.

Mineral nutrients and seed weight QTLs

In this study, we conducted a comprehensive QTL ana-
lysis in a RIL population for pea mineral nutrients (B,
Ca, Fe, K, Mg, Mn, Mo, P, S and Zn) to identify genetic
loci associated with these traits. A total of 89 QTLs were
identified for twenty-one different traits: 46 QTLs for
seed mineral concentrations, 37 QTLs for seed mineral
contents, and 6 QTLs (SW-Ps3.1, SW-Ps5.1, SW-Ps5.2,
SW-Ps6.1, SW-Ps6.2, SW-Ps7.1,) for 100-seed weight.
The previous studies on other legumes found 46 QTLs
for eight seed mineral concentrations (Ca, Cu, Fe, K,
Mg, Mn, P and Zn), 26 QTLs for seven seed mineral
contents (Ca, Cu, K, Mg, Mn, P and Zn) and 3 QTLs for
seed weight for M. truncatula [30]; 34 QTLs for ten seed
mineral concentrations (Ca, Cu, Fe, K, Mg, Mn, Ni, P, S
and Zn) and 48 QTLs for nine seed mineral contents
(Ca, Cu, Fe, K, Mg, Ni, P, S and Zn) for L. japonicus
[36]; 79 QTLs for ten seed mineral concentrations (B,
Ca, Cu, K, Mg, Mn, Na, P, S and Zn) and 9 QTLs for
iron and zinc contents for common bean [26, 31-35]. Of
the three previously reported association studies for
mineral nutrients in pea [37-39] only one [38], which
looked at Fe, Zn and Se mineral nutrients, had common
markers that could be used to compare co-localization
of the corresponding mineral nutrient QTLs identified
in this study. On the basis of the common markers be-
tween the linkage map from Diapari et al. [38] and the
one from the current study, the corresponding positions
of markers on these two linkage maps were able to be
estimated. Based on common marker Agpsl, [Zn]-Ps3.1
appeared to co-localize with PsC7872p386, a marker as-
sociated with Zn concentration on LG III. Three Fe con-
centration QTLs (/Fe/-PsS5.1, [Fe]-Ps5.2 and [Fe]-Ps7.1)
appeared to be at the same end of the LG V and LG VII
with PsC5316p234 and PsC12961p224. However, the po-
sitions of the Fe concentration QTLs in the other two
studies [37, 39] could not be precisely estimated because
of a lack of common markers. For seed weight, five QTL
studies [65—69] have been reported in pea and some
QTLs were located in the same linkage groups (LG III,
LG V, LG VI, and LG VII) with the QTLs found in the
current study. However, it was difficult to estimate if
these QTLs co-localized with each other, because of in-
sufficient common markers. Adding common markers
between previous and present linkage maps will be
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needed to facilitate further comparisons of the mineral
nutrients and seed weight QTLs among studies.

QTL co-localization and candidate gene prediction
Co-localizations of the mineral concentration and con-
tent QTLs were observed throughout the seven linkage
groups in this QTL analysis. Most interesting was the
co-localization of B, Ca, Fe, K, Mg, Mn, Mo, P, S, Zn
concentration QTLs with Ca, Fe, Mo, P, Zn content QTLs
and the seed weight QTL in LG V (29.6-52.4 cM). This
finding was not unexpected as previous mineral nutrient
QTL studies in other legumes have shown similar co-
localizations on L. japonicus chromosome 1 [36], P. vulgaris
chromosomes 1 and 6 [31], and M. truncatula chromo-
somes 1 and 7 [30]. During seed development, seed mineral
accumulation relies on continued uptake, translocation,
and remobilization of mineral nutrients from different
vegetative and reproductive tissues to sink tissues (seeds),
with most of these minerals ultimately entering seeds via
the phloem pathway [70]. The LG V co-localization region
discovered in this study might point to a locus that governs
the whole-plant mobilization of several of these minerals
(e.g., some global aspect of phloem translocation). Alterna-
tively, for some of the metals, this locus may condition for
a metal chelator [71] or a common transporter (e.g., the
ZIP transporter protein family members can transport Fe,
Mn, and Zn [72] or the CAX transporter family can be bi-
functional for Ca and Mn [73]).

To estimate whether co-localizations found in other le-
gumes were syntenic with the co-localization discovered
in this study, the comparative maps between those species
were developed by mapping the pea SNP sequences to the
genome sequences of these legumes. The co-localization
of Ca, Cu, Fe, K, Mg, Mn, P, Zn concentration QTLs ob-
served on M. truncatula chromosome 7 by Sankaran et al.
[30] was found to be syntenic with the LG V mineral co-
localization region found in the current study. Putative
mineral-related genes located in the vicinity of the co-
localization on M. truncatula chromosome 7 have been
identified, which included Ca** cation antiporter (CAX?),
heavy metal transporting P-type ATPases (HMA), and the
cation/H"* exchanger (CHX). Also, the co-localization of
Fe, Zn concentration QTLs and seed weight QTLs ob-
served on P. vulgaris chromosome 1 by Cichy et al. [31]
was collinear with the LG V mineral co-localization region
in pea. Unfortunately, no putative mineral-related genes
were reported in the study of Cichy et al. [31].

In addition, a QTL associated with seed surface
(wrinkled/round) with an explained variance of 78.1% was
co-localized with the LG V mineral and seed weight co-
localization region (unpublished data). This observation
was also validated through the comparative mapping be-
tween pea and Medicago truncatula: a gene coding starch
branching enzyme I which controls wrinkled/round seed
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trait [74] was detected in the LG V mineral co-localization
region. Furthermore, a SNP marker Tip_SNP2, located in
the LG V mineral co-localization region has significant
marker-trait association for the seed surface trait [39].
According to the documented characteristic of pea core
collection through the Germplasm Resources Information
Network, there is significant difference in terms of seed
mineral concentration between round-seed germplasm
and wrinkled-seed germplasm: mineral concentrations of
wrinkled-seed germplasm are higher than round-seed
germplasm. Also, it was reported that there was significant
difference in terms of seed weight between round and
wrinkled pea [75, 76]: pea seeds with round surface have
higher seed weight than pea seeds with wrinkled surface.
Although the co-localization was found here in terms of
seed surface, seed weight and seed mineral nutrients, fur-
ther study is needed to confirm a mechanistic association
between these traits.

Choice of QTLs for MAS to increase mineral nutrients

This comprehensive mineral nutrient study provides a
foundation of QTLs for use in discovery of markers to
improve mineral concentration and content in pea
cultivar development. The QTLs, [B/-Ps5.1, [Ca]-Ps5.1,
[K]-Ps5.1, [Mg]-Ps5.1, and [Mo]-Ps5.1, identified in this
study explained 42%, 31%, 43%, 43.3%, and 34.2% of
phenotypic variations respectively, with ‘Kiflica’ as the
parent contributing the high-concentration alleles. Add-
itionally, these QTLs were stable over two environments
and were located in a similar region of the genome. This
locus is possibly a major-effect region that can be used
for improvement of multi-mineral levels together. How-
ever, further effort will be necessary before use in breed-
ing. Saturating the linkage map through the addition of
more DNA markers will increase the coverage of the
whole pea genome and reduce confidence intervals of
the QTLs. Furthermore, since QTLs have been reported
to be lost or not effective in different population back-
grounds [77, 78], it would be important to validate the
targeted QTLs in different mapping populations. The
future release of a pea reference genome sequence [79]
will enable a more complete analysis of these trait loci.

Conclusion

In this study we developed 1609 high-quality SNPs though
GBS, constructed a linkage map and identified 89 QTLs
for mineral concentration, content and seed weight in pea.
Comparative mapping between pea and four sequenced
legumes showed regions of synteny that can be utilized for
identifying candidate genes and beneficial alleles to im-
prove mineral nutrient levels in pea cultivar development.
The QTLs discovered in this study have potential use in
MAS through trait predictions in breeding germplasm. As
seed nutrient traits are physiologically complex, further
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study will be needed in different environments to identify
stability of the detected QTLs and identify any additional
loci. In conclusion, this study provides a resource for de-
velopment of tools to enable MAS for mineral nutrients
in pea breeding programs, as well as being useful for other
researchers working on the genetics of pea.

Additional files

Additional file 1: Table S1. Information of the polymorphic markers
previously published. This file contains the primer information of the
polymorphic SNP markers, SSR markers and elF4E allele specific marker.
(XLSX 16 kb)

Additional file 2: Table S3. Syntenic relationship. This file shows
number of matched loci in the syntenic relationship between pea and
Medicago truncatula, Cicer arietinum, Phaseolus vulgaris, Lotus japonicus
(XLSX 12 kb)

Additional file 3: Figure S1. Frequency distribution histogram. This file
contains the frequency distribution histograms of mineral concentration,
mineral content and 100-seed weight. The solid bar indicates the Whitlow
location and the open bar indicates the Spillman location. “A” indicates the
‘Aragorn” and “K” indicates the ‘Kiflica’. (DOCX 267 kb)

Additional file 4: Table S4. ANOVA Table This file contains ANOVA
table and broad-sense heritability of seed mineral concentration, seed
mineral content and 100-seed weight (DOCX 21 kb)

Additional file 5: Table S5. Correlation coefficient analysis Correlation
coefficients between different seed mineral concentrations, different seed
mineral contents and 100-seed weight. Values below the diagonal are for
Spillman and values above the diagonal are for Whitlow. “ns” indicates
no significance (DOCX 15 kb)

Additional file 6: Table S2. Linkage map. This file contains the details
of the linkage map. (XLSX 38 kb)

Abbreviations

ANOVA: Analyzed by analysis of variance; CAX7: Ca®* cation antiporter;

CHX: Cation/H" exchanger; CIM: Composite interval mapping; GBS: Genotyping
by sequencing; H*- Broad-sense heritability; HMA: Heavy metal transporting P-type
ATPases; MAF: Minor allele frequency; MALDI-TOF: Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry; MAS: Marker-assisted selection;

QTL: Quantitative trait loci; RDA: Recommended daily allowance;

RECORD: Recombination counting and ordering; RIL: Recombinant inbred
line; SNPs: Single nucleotide polymorphisms; SSR: Simple sequence repeat;
UNEAK: Universal network enabled analysis kit

Acknowledgements

All the authors thank William L Holdsworth for the help of GBS analysis.
Thanks Britton M Bourland, Kelsey M Highet, and Jarrod Pfaff for the RIL
planting and harvesting in the fields. Thanks Dr. Derick Jiwan and Dr. Deven
See in the USDA Wheat Genetics, Quality, Physiology, and Disease Research
Unit for the helps of genotyping SNPs using iPLEX assay. All the authors also
thank the reviewers for helpful suggestions.

Funding

This study was funded in part by the USA Dry Pea and Lentil Council with a
grant to RIM, DM and CJC and by funding from the US Department of
Agriculture, Agricultural Research Service through Cooperative Agreement
Number 58-6250-0-008 to MAG. Neither funding agency had any input into
the design of the study; the collection, analysis and interpretation of the
data; or writing the manuscript.

Availability of data and material
All the data and material supporting the findings of this research are
contained in the supplementary files as well as in the manuscript.

Page 15 of 17

Authors’ contributions

YM performed SNP development, linkage map construction, comparative
analysis, QTL identification and contributed to drafting the manuscript. MM
assisted in GBS analysis and SNP calling using UNEAK pipeline. MAG
performed the measurement of seed mineral concentrations and contributed
to the editing of the paper. YM and PC performed SSR and SNP polymorphism
analysis on ABI DNA analyzer and Sequenom MassARRAY iPLEX platform. RIM
developed the ‘Aragorn’ x ‘Kiflica’ mapping population. RIM, DM and CJC were
the co-Pls of this study, led this project, participated in the experiment design
and assisted in drafting the manuscript. All authors read and approved the final
manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details

1Departmem of Horticulture, Washington State University, Pullman, WA, USA.
2USDA-ARS Plant Germplasm Introduction and Testing, Pullman, WA, USA.
3USDA-ARS Children’s Nutrition Research Center, Houston, TX, USA.
“Department of Plant Breeding and Genetics, Cornell University, Ithaca, NY,
USA. 5Department of Plant Sciences, University of Missouri, Columbia, MO,
USA. °USDA-ARS Grain Legume Genetics and Physiology Research, Pullman,
WA, USA.

Received: 20 September 2016 Accepted: 20 December 2016
Published online: 13 February 2017

References

1. Mendel G. Versuche uber Plflanzenhybriden. Verhandlungen des
naturforschenden Vereines in Brinn. 1866;4:3-47.

2. Main D, Cheng CH, Ficklin S, Sanad M, Jung S, Lee T, Zheng P, Coyne C,
McGee R, Mockaitis K. The Cool season food legume database: an integrated
resource for basic, translational and applied research. In: PAG XXII Conf: 2014

3. Novak P, Neumann P, Macas J. Graph-based clustering and characterization
of repetitive sequences in next-generation sequencing data. BMC
Bioinformatics. 2010;11(1):378.

4. Smykal P, Aubert G, Burstin J, Coyne CJ, Ellis NTH, Flavell AJ, Ford R, Hybl M,
Macas J, Neumann P et al. Pea (Pisum sativum L.) in the Genomic Era.
Agronomy. 2012;2:74-115.

5. Collard BC, Mackill DJ. Marker-assisted selection: an approach for precision
plant breeding in the twenty-first century. Philos Trans R Soc Lond B Biol
Sci. 2008,363(1491):557-72.

6. Chen C, Mitchell SE, Elshire RJ, Buckler ES, El-Kassaby YA. Mining conifers’
mega-genome using rapid and efficient multiplexed high-throughput
genotyping-by-sequencing (GBS) SNP discovery platform. Tree Genet
Genomes. 2013;9(6):1537-44.

7. Elshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, Mitchell
SE. A robust, simple genotyping-by-sequencing (GBS) approach for high
diversity species. PLoS ONE. 2011;6(5):e19379.

8. Poland JA, Brown PJ, Sorrells ME, Jannink J-L. Development of high-density
genetic maps for barley and wheat using a novel two-enzyme genotyping-
by-sequencing approach. PLoS ONE. 2012,7(2):.e32253.

9. Spindel J, Wright M, Chen C, Cobb J, Gage J, Harrington S, Lorieux M,
Ahmadi N, McCouch S. Bridging the genotyping gap: using genotyping by
sequencing (GBS) to add high-density SNP markers and new value to
traditional bi-parental mapping and breeding populations. Theor Appl
Genet. 2013;126(11):2699-716.

10. Morris GP, Ramu P, Deshpande SP, Hash CT, Shah T, Upadhyaya HD, Riera-
Lizarazu O, Brown PJ, Acharya CB, Mitchell SE. Population genomic and
genome-wide association studies of agroclimatic traits in sorghum. PNAS.
2013;110(2):453-8.

11. Lu F, Lipka AE, Glaubitz J, Elshire R, Cherney JH, Casler MD, Buckler ES,
Costich DE. Switchgrass genomic diversity, ploidy, and evolution: novel
insights from a network-based SNP discovery protocol. PLoS Genet. 2013;
9(1):1003215.


dx.doi.org/10.1186/s12870-016-0956-4
dx.doi.org/10.1186/s12870-016-0956-4
dx.doi.org/10.1186/s12870-016-0956-4
dx.doi.org/10.1186/s12870-016-0956-4
dx.doi.org/10.1186/s12870-016-0956-4
dx.doi.org/10.1186/s12870-016-0956-4

Ma et al. BMC Plant Biology (2017) 17:43

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Tayeh N, Aubert G, Pilet-Nayel M-L, Lejeune-Hénaut I, Warkentin TD, Burstin
J. Genomic tools in pea breeding programs: status and perspectives. Front
Plant Sci. 2015;6:1037.

Deulvot C, Charrel H, Marty A, Jacquin F, Donnadieu C, Lejeune-Hénaut |,
Burstin J, Aubert G. Highly-multiplexed SNP genotyping for genetic mapping
and germplasm diversity studies in pea. BMC Genomics. 2010;11(1):468.
Bordat A, Savois V, Nicolas M, Salse J, Chauveau A, Bourgeois M, Potier J,
Houtin H, Rond C, Murat F. Translational genomics in legumes allowed placing
in silico 5460 unigenes on the pea functional map and identified candidate
genes in Pisum sativum L. G3. Genes Genom Genet. 2011;1(2):93-103.
Leonforte A, Sudheesh S, Cogan NO, Salisbury PA, Nicolas ME, Materne M,
Forster JW, Kaur S. SNP marker discovery, linkage map construction and
identification of QTLs for enhanced salinity tolerance in field pea (Pisum
sativum L.). BMC Plant Biol. 2013;13(1):161.

Duarte J, Riviere N, Baranger A, Aubert G, Burstin J, Cornet L, Lavaud C,
Lejeune-Hénaut I, Martinant J-P, Pichon J-P. Transcriptome sequencing for
high throughput SNP development and genetic mapping in pea. BMC
Genomics. 2014;15(1):126.

Sindhu A, Ramsay L, Sanderson L-A, Stonehouse R, Li R, Condie J, Shunmugam
AS, Liu'Y, Jha AB, Diapari M. Gene-based SNP discovery and genetic mapping
in pea. Theor Appl Genet. 2014;127(10):2225-41.

Shunmugam A, Liu X, Stonehouse R, Taran B, Bett K, Sharpe A, Warkentin T.
Mapping seed phytic acid concentration and iron bioavailability in a pea
recombinant inbred line population. Crop Sci. 2015;55(2):828-36.

Tayeh N, Aluome C, Falque M, Jacquin F, Klein A, Chauveau A, Bérard A,
Houtin H, Rond C, Kreplak J. Development of two major resources for pea
genomics: the GenoPea 13.2 K SNP Array and a high-density, high-resolution
consensus genetic map. Plant J. 2015;84(6):1257-73.

Boutet G, Carvalho SA, Falque M, Peterlongo P, Lhuillier E, Bouchez O,
Lavaud C, Pilet-Nayel M-L, Riviere N, Baranger A. SNP discovery and genetic
mapping using genotyping by sequencing of whole genome genomic
DNA from a pea RIL population. BMC Genomics. 2016;17(1):1.

Soetan K, Olaiya C, Oyewole O. The importance of mineral elements for humans,
domestic animals and plants: A review. Afr J Food Sci. 20104(5):200-22.

Fletcher RJ, Bell IP, Lambert JP. Public health aspects of food fortification:

a question of balance. Proc Nutr Soc. 2004,63(04):605-14.

White PJ, Broadley MR. Biofortification of crops with seven mineral elements
often lacking in human diets-iron, zinc, copper, calcium, magnesium,
selenium and iodine. New Phytol. 2009;182(1):49-84.

Caulfield LE, Richard SA, Rivera JA, Musgrove P, Black RE. Stunting, wasting,
and micronutrient deficiency disorders. 2006

Pfeiffer WH, McClafferty B. HarvestPlus: Breeding Crops for Better Nutrition.
Crop Sci. 2007;47(Supplement 3):5-88.

Blair MW, Astudillo C, Rengifo J, Beebe SE, Graham R. QTL analyses for seed
iron and zinc concentrations in an intra-genepool population of Andean
common beans (Phaseolus vulgaris ). Theor Appl Genet. 2011;122(3):511-21.
Amarakoon D, McPhee K, Thavarajah P. Iron-, zinc-, and magnesium-rich
field peas (Pisum sativum L) with naturally low phytic acid: A potential
food-based solution to global micronutrient malnutrition. J Food Compos
Anal. 2012;27(1):8-13.

Grusak MA, DellaPenna D. Improving the nutrient composition of plants to
enhance human nutrition and health 1. Annu Rev Plant Biol. 1999;50(1):133-61.
Waters BM, Sankaran RP. Moving micronutrients from the soil to the seeds:
genes and physiological processes from a biofortification perspective. Plant
Sci. 2011;180(4):562-74.

Sankaran R, Huguet T, Grusak M. Identification of QTL affecting seed
mineral concentrations and content in the model legume Medicago
truncatula. Theor Appl Genet. 2009;119(2):241-53.

Cichy KA, Caldas GV, Snapp SS, Blair MW. QTL analysis of seed iron, zinc,
and phosphorus levels in an Andean bean population. Crop Sci. 2009;
49(5):1742-50.

Blair MW, Medina JI, Astudillo C, Rengifo J, Beebe SE, Machado G, Graham R.
QTL for seed iron and zinc concentration and content in a Mesoamerican
common bean (Phaseolus vulgaris L.) population. Theor Appl Genet. 2010;
121(6):1059-70.

Casanas F, Pérez-Vega E, Almirall A, Plans M, Sabaté J, Ferreira JJ. Mapping
of QTL associated with seed chemical content in a RIL population of
common bean (Phaseolus vulgaris L.). Euphytica. 2013;192(2):279-88.

Blair MW, Wu X, Bhandari D, Astudillo C. Genetic Dissection of ICP-Detected
Nutrient Accumulation in the Whole Seed of Common Bean (Phaseolus
vulgaris L.). Front Plant Sci. 2016;7:219.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Page 16 of 17

Blair MW, Izquierdo P. Use of the advanced backcross-QTL method to
transfer seed mineral accumulation nutrition traits from wild to Andean
cultivated common beans. Theor Appl Genet. 2012;125(5):1015-31.

Klein MA, Grusak MA. Identification of nutrient and physical seed trait QTL
in the model legume Lotus japonicus. Genome. 2009;52(8):677-91.

Kwon S-J, Brown A, Hu J, McGee R, Watt C, Kisha T, Timmerman-Vaughan G,
Grusak M, McPhee K, Coyne C. Genetic diversity, population structure and
genome-wide marker-trait association analysis emphasizing seed nutrients
of the USDA pea (Pisum sativum L.) core collection. Genes Genom. 2012;
34(3):305-20.

Diapari M, Sindhu A, Warkentin TD, Bett K, Tar'an B. Population structure
and marker-trait association studies of iron, zinc and selenium concentrations
in seed of field pea (Pisum sativum L.). Mol Breed. 201535(1):1-14.

Cheng P, Holdsworth W, Ma Y, Coyne CJ, Mazourek M, Grusak MA, Fuchs S,
McGee RJ. Association mapping of agronomic and quality traits in USDA
pea single-plant collection. Mol Breed. 2015;35(2):1-13.

Krutovsky KV, Troggio M, Brown GR, Jermstad KD, Neale DB. Comparative
mapping in the Pinaceae. Genetics. 2004;168(1):447-61.

White PJ, Broadley MR. Biofortifying crops with essential mineral elements.
Trends P Sci. 2005;10(12):586-93.

Coyne C, Brown A, Timmerman-Vaughan G, McPhee K, Grusak M. USDA-ARS
refined pea core collection for 26 quantitative traits. Pisum Genetics. 2005;37:1-4.
Loridon K, McPhee K, Morin J, Dubreuil P, Pilet-Nayel M, Aubert G, Rameau
C, Baranger A, Coyne C, Lejeune-Henaut I. Microsatellite marker
polymorphism and mapping in pea (Pisum sativum L.). Theor Appl Genet.
2005;111(6):1022-31.

Smykal P, Saféfové D, Navratil M, Dostalové R. Marker assisted pea breeding:
elF4E allele specific markers to pea seed-borne mosaic virus (PSbMV)
resistance. Mol Breed. 2010;26(3):425-38.

Gabriel S, Ziaugra L, Tabbaa D. SNP genotyping using the Sequenom
MassARRAY iPLEX platform. In: Current Protocols in Human Genetics.
John Wiley & Sons, Inc; 2009. p. 2-12.

Margarido GR, Souza AP, Garcia AA. OneMap: software for genetic mapping
in outcrossing species. Hereditas. 2007;144(3):78-9.

Van Os H, Stam P, Visser RG, Van Eck HJ. RECORD: a novel method for ordering
loci on a genetic linkage map. Theor Appl Genet. 2005;112(1):30-40.

Tang H, Krishnakumar V, Bidwell S, Rosen B, Chan A, Zhou S, Gentzbittel L,
Childs KL, Yandell M, Gundlach H. An improved genome release (version Mt4. 0)
for the model legume Medicago truncatula. BMC Genomics. 2014;15(1):1.

Dash S, Campbell JD, Cannon EK, Cleary AM, Huang W, Kalberer SR, Karingula
V, Rice AG, Singh J, Umale PE. Legume information system (Legumelnfo. org):
a key component of a set of federated data resources for the legume family.
Nucl Acids Res. 2016;44(D1).D1181-8.

Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J, Mitros T,
Dirks W, Hellsten U, Putnam N. Phytozome: a comparative platform for
green plant genomics. Nucl Acids Res. 2012;40(D1):D1178-86.

Sato S, Nakamura Y, Kaneko T, Asamizu E, Kato T, Nakao M, Sasamoto S,
Watanabe A, Ono A, Kawashima K, et al. Genome Structure of the Legume,
Lotus japonicus. DNA Res. 2008;15(4):227-39.

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones SJ,
Marra MA. Circos: an information aesthetic for comparative genomics.
Genome Res. 2009;19(9):1639-45.

Farnham MW, Keinath AP, Grusak MA. Mineral concentration of broccoli
florets in relation to year of cultivar release. Crop Sci. 2011;51(6):2721-7.
Wang S, Basten C, Zeng Z. Windows QTL cartographer 2.5. Department of
Statistics, North Carolina State University, Raleigh, NC. 2007.

Voorrips R. MapChart: software for the graphical presentation of linkage
maps and QTLs. J Heredity. 2002;93(1):77-8.

Hamon C, Baranger A, Coyne CJ, McGee RJ, Le Goff |, L’Anthoéne V, Esnault
R, Riviere J-P, Klein A, Mangin P. New consistent QTL in pea associated with
partial resistance to Aphanomyces euteiches in multiple French and American
environments. Theor Appl Genet. 2011;123(2)261-81.

Moumouni K, Kountche B, Jean M, Hash C, Vigouroux Y, Haussmann B, Belzile F.
Construction of a genetic map for pearl millet, Pennisetum glaucum (L) R. B,
using a genotyping-by-sequencing (GBS) approach. Mol Breed. 2015;35(1):1-10.
Sonah H, Bastien M, lquira E, Tardivel A, Légaré G, Boyle B, Normandeau E,
Laroche J, Larose S, Jean M. An improved genotyping by sequencing (GBS)
approach offering increased versatility and efficiency of SNP discovery and
genotyping. PLoS ONE. 2013;8(1):e54603.

Sudheesh S, Lombardi M, Leonforte A, Cogan NO, Materne M, Forster JW,
Kaur S. Consensus genetic map construction for field pea (Pisum sativum L),



Ma et al. BMC Plant Biology (2017) 17:43

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

trait dissection of biotic and abiotic stress tolerance and development of a
diagnostic marker for the er! powdery mildew resistance gene. Plant Mol
Biol Rep. 2014;33(5):1-13.

Choi H-K, Mun J-H, Kim D-J, Zhu H, Baek J-M, Mudge J, Roe B, Ellis N,
Doyle J, Kiss GB. Estimating genome conservation between crop and model
legume species. PNAS. 2004;101(43):15289-94.

Sato S, Isobe S, Tabata S. Structural analyses of the genomes in legumes.
Curr Opin Plant Biol. 2010;13(2):146-52.

Jain M, Misra G, Patel RK, Priya P, Jhanwar S, Khan AW, Shah N, Singh VK,
Garg R, Jeena G. A draft genome sequence of the pulse crop chickpea
(Cicer arietinum L.). Plant J. 2013;74(5):715-29.

Tanksley SD. Resolution of quantitative traits into Mendelian factors by using a
complete linkage map of restriction fragment length polymorphisms. Nature.
1988,335(721726):6170. Schneeberger.

Moraghan JT, Grafton K. Genetic diversity and mineral composition of
common bean seed. J Sci Food Agr. 2001;81(4):404-8.

Burstin J, Marget P, Huart M, Moessner A, Mangin B, Duchene C, Desprez B,
Munier-Jolain N, Duc G. Developmental genes have pleiotropic effects on
plant morphology and source capacity, eventually impacting on seed
protein content and productivity in pea. Plant Physiol. 2007;144(2):768-81.
Timmerman-Vaughan GM, Mills A, Whitfield C, Frew T, Butler R, Murray S,
Lakeman M, McCallum J, Russell A, Wilson D. Linkage mapping of QTL for
seed yield, yield components, and developmental traits in pea. Crop Sci.
2005;45(4):1336-44.

Bourion V, Rizvi SMH, Fournier S, de Larambergue H, Galmiche F, Marget P,
Duc G, Burstin J. Genetic dissection of nitrogen nutrition in pea through a
QTL approach of root, nodule, and shoot variability. Theor Appl Genet.
2010;121(1):71-86.

Irzykowska L, Wolko B. Interval mapping of QTLs controlling yield-related
traits and seed protein content in Pisum sativum. J Appl Genetics. 2004;
45(3):297-306.

Krajewski P, Bocianowski J, Gawlowska M, Kaczmarek Z, Pniewski T, Swiecicki
W, Wolko B. QTL for yield components and protein content: a multienvironment
study of two pea (Pisum sativum L) populations. Euphytica. 2012;183(3):323-36.
Sankaran RP, Grusak MA. Whole shoot mineral partitioning and accumulation
in pea (Pisum sativum). Front Plant Sci. 2014;5:149.

Higuchi K, Suzuki K, Nakanishi H, Yamaguchi H, Nishizawa N-K, Mori S.
Cloning of nicotianamine synthase genes, novel genes involved in the
biosynthesis of phytosiderophores. Plant Physiol. 1999;119(2):471-80.
Guerinot ML. The ZIP family of metal transporters. Biochim Biophys Acta.
2000;1465(1):190-8.

Maser P, Thomine S, Schroeder JI, Ward JM, Hirschi K, Sze H, Talke IN,
Amtmann A, Maathuis FJ, Sanders D. Phylogenetic relationships within

cation transporter families of Arabidopsis. Plant Physiol. 2001;126(4):1646-67.

Bhattacharyya MK, Smith AM, Ellis TN, Hedley C, Martin C. The wrinkled-seed
character of pea described by Mendel is caused by a transposon-like insertion
in a gene encoding starch-branching enzyme. Cell. 1990,60(1):115-22.

Hedley CL, Lloyd JR, Ambrose MJ, Wang TL. An analysis of seed development
in Pisum sativum XVII. The effect of the rb locus alone and in combination with
ron the growth and development of the seed. Ann Bot. 1994;74(4):365-71.
Hedley C, Smith C, Ambrose M, Cook S, Wang T. An analysis of seed
development in Pisum sativum II. The effect of the r-locus on the growth
and development of the seed. Ann Bot. 1986;58(3):371-9.

Liao C, Wu P, Hu B, Yi K. Effects of genetic background and environment on
QTLs and epistasis for rice (Oryza sativa L) panicle number. Theor Appl
Genet. 2001;103(1):104-11.

Steele K, Price A, Shashidhar H, Witcombe J. Marker-assisted selection to
introgress rice QTLs controlling root traits into an Indian upland rice variety.
Theor Appl Genet. 2006;112(2):208-21.

Madoui M-A. Assembly of the pea genome by integration of high throughput
sequencing (PacBio and lllumina) and whole genome profiling (WGP TM) data.
In: PAG XXIV Conf: 2016. PAG.

Page 17 of 17

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Plant materials and DNA extraction
	SSR and allele specific marker analysis
	SNP markers analysis
	GBS library construction and SNP identification
	Linkage map construction
	Comparative mapping
	Phenotyping
	Statistical and QTL analysis

	Results
	Polymorphism analysis
	SNP discovery
	Linkage mapping
	Comparative mapping
	Phenotypic analysis
	QTL analysis

	Discussion
	SNP discovery using GBS
	Genetic linkage mapping
	Comparative mapping
	Genetic variation and correlation between traits
	Mineral nutrients and seed weight QTLs
	QTL co-localization and candidate gene prediction
	Choice of QTLs for MAS to increase mineral nutrients

	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and material
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

