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Abstract

Background: The objective of this research was to map quantitative trait loci (QTLs) of multiple traits of breeding

importance in pea (Pisum sativum L.). Three recombinant inbred line (RIL) populations, PR-02 (Orb x CDC Striker),

PR-07 (Carerra x CDC Striker) and PR-15 (1–2347-144 x CDC Meadow) were phenotyped for agronomic and seed

quality traits under field conditions over multiple environments in Saskatchewan, Canada. The mapping populations

were genotyped using genotyping-by-sequencing (GBS) method for simultaneous single nucleotide polymorphism

(SNP) discovery and construction of high-density linkage maps.

Results: After filtering for read depth, segregation distortion, and missing values, 2234, 3389 and 3541 single

nucleotide polymorphism (SNP) markers identified by GBS in PR-02, PR-07 and PR-15, respectively, were used for

construction of genetic linkage maps. Genetic linkage groups were assigned by anchoring to SNP markers

previously positioned on these linkage maps. PR-02, PR-07 and PR-15 genetic maps represented 527, 675 and 609

non-redundant loci, and cover map distances of 951.9, 1008.8 and 914.2 cM, respectively. Based on phenotyping of

the three mapping populations in multiple environments, 375 QTLs were identified for important traits including

days to flowering, days to maturity, lodging resistance, Mycosphaerella blight resistance, seed weight, grain yield,

acid and neutral detergent fiber concentration, seed starch concentration, seed shape, seed dimpling, and

concentration of seed iron, selenium and zinc. Of all the QTLs identified, the most significant in terms of explained

percentage of maximum phenotypic variance (PVmax) and occurrence in multiple environments were the QTLs for

days to flowering (PVmax = 47.9%), plant height (PVmax = 65.1%), lodging resistance (PVmax = 35.3%), grain yield

(PVmax = 54.2%), seed iron concentration (PVmax = 27.4%), and seed zinc concentration (PVmax = 43.2%).

Conclusion: We have identified highly significant and reproducible QTLs for several agronomic and seed quality

traits of breeding importance in pea. The QTLs identified will be the basis for fine mapping candidate genes, while

some of the markers linked to the highly significant QTLs are useful for immediate breeding applications.
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Background
Pea (Pisum sativum L.) is one of the most widely grown

pulse crops in the world, along with common bean and

chickpea. Pea seeds are highly nutritious as they contain

approximately 25% protein, slowly digestible carbohy-

drates, and a rich array of vitamins, minerals, and phyto-

chemicals [1]. Key pea breeding objectives include

increasing resistance to biotic and abiotic stresses, as

well as increasing grain yield, lodging resistance, and

seed mineral concentration [2]. Breeding progress over

the past two decades has led to improvement in grain

yield in the order of 2% per year, as well as improve-

ments in lodging resistance, biotic stress tolerance, seed

protein concentration, and improved plant architecture,

in particular with the wide adoption of the afila gene for

the semileafless trait (reviewed by [3]).

Molecular markers including single nucleotide poly-

morphisms (SNPs), simple sequence repeats (SSRs) and

other markers have been used to study the genetic

variation within Pisum. These markers were useful for

the construction of linkage maps to provide frameworks

for identification of quantitative trait loci (QTLs) and

trait-linked markers related to many important traits in-

cluding resistance to diseases such as powdery mildew,

Fusarium wilt, Ascochyta blight and rust, lodging resist-

ance, time to flowering, seed mineral and protein con-

centration (reviewed by [2–5]), and validation of some of

the identified QTLs (eg. [6]). However, the QTLs identi-

fied using these markers had large confidence intervals

due to low resolution genetic maps and uneven distribu-

tion of markers. Therefore, development of high density

genetic linkage maps is important for QTL identification

and marker-assisted breeding.

SNP markers have a wide occurrence across the

genome, thus are an ideal choice for construction of

high density linkage maps and identification of markers

closely linked to traits [7]. With the use of next gener-

ation sequencing, many SNPs have been detected in

many different crops, and these SNPs are useful to

discriminate between closely related individuals, fine

mapping of QTLs, characterization of genes contributing

to quantitatively inherited traits, and to distinguish

between closely related QTLs of different traits [8, 9]. In

pea, 20,008 and 248,617 SNPs have been identified by

genome wide transcriptome sequencing [10] and DNA

sequencing [2] of diversity panels, respectively. These

SNPs have been used to develop 1536 [10] and 13,200

[2] SNP arrays, and to generate linkage maps and associ-

ation mapping analyses in different pea populations.

Some of these maps have been combined to build

consensus maps to increase mapping resolution and

genome coverage [10–12]. Genotyping-by-sequencing

(GBS) method allows simultaneous SNP discovery and

genotyping of populations [13]. In the last few years,

GBS has been used for SNP identification, generation of

high-density linkage maps, and fine mapping of QTLs

for various traits in a diverse range of crops [14–16],

including mapping of Ascochyta blight resistance [17]

and components of heat stress resistance [18] in pea.

Recently, Boutet et al. [19] identified 419,024 SNPs using

HiSeq whole genome sequencing of four pea lines. A

subset of 64,263 markers were genotyped in a subpopu-

lation of 48 RILs of a mapping population using GBS

and a genetic linkage map was constructed [19]. The

currently available sequencing and genotyping technolo-

gies can be used to accelerate breeding for key traits by

exploiting the diversity of pea germplasm, identification

of trait-linked markers, and their use in marker-assisted

selection (MAS).

Bi-parental mapping populations are useful for high

precision mapping of various traits [20], and the markers

thus identified have been used for MAS. Determining

marker-phenotype association for complex traits is a dif-

ficult task because of the number of underlying QTLs,

QTL x Environment interaction, and epistasis [21].

Therefore, multi-location, multi-year replicated field tri-

als are required to characterize QTLs associated with

complex traits. QTLs responsible for the genetic control

of various biotic stresses, seed protein content, lodging

resistance, and seed nutrition in pea have been reported

[2, 6, 22]. The current study was designed to identify

QTLs for Mycosphaerella blight resistance, lodging re-

sistance, agronomic traits, seed mineral concentration,

fibre concentration, and grain yield using three

bi-parental populations of pea, repeated phenotyping at

two different field locations, and high density genetic

linkage mapping by GBS, for MAS in pea breeding.

Methods

Plant materials

Three recombinant inbred populations (RILs) of pea,

namely, PR-02 derived from the cross Orb/CDC Striker,

PR-07 derived from the cross Carrera/CDC Striker, and

PR-15 derived from the cross 1–2347-144/CDC

Meadow, each consisting of 94 individuals were used for

phenotyping and genotyping. Cultivar Orb was devel-

oped by Sharpes (UK), cultivar Carrera was developed

by Limagrain (The Netherlands), cultivar CDC Striker

[23], cultivar CDC Meadow [24], and breeding line

1–2347-144 [25] were developed by the Crop Devel-

opment Centre, University of Saskatchewan, Canada.

All the RIL populations were developed at the Crop

Development Centre, University of Saskatchewan

using single seed descent to the F5 generation. A

single seed of each RIL at F9 generation was used for

genotyping, and PR-02 and PR-07 RILs of F6 to F8
generations, and PR-15 RILs of F7 and F8 generations,

were used for phenotyping.
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Genotyping-by-sequencing (GBS)

RIL populations were genotyped using GBS according to

the protocol described in detail by Elshire et al. [13].

Library preparation and sequencing

Young leaf tissue harvested and freeze dried from ~

14-day old seedlings was used for DNA extraction using

the QIAGEN DNeasy 96 plant kit. DNA was quantified

using picogreen and DNA concentration of each RIL

was normalized to 20 ng/μl. Two hundred ng of DNA of

each individual was digested with restriction enzymes

PstI and MspI, and ligated with unique 4–8 sequence

barcode adapters. From the 40 μL individual ligation

reaction mixture, five μL of adapter ligated DNA of 47

RILs and 15 μL of adapter ligated DNA of each parent

were pooled separately in a single tube to produce

49-plex libraries. The pooled DNA was PCR-amplified

using sequencing primer followed by purification using a

QIAGEN PCR purification kit. The purified DNA library

was quantified using a Bioanalyzer (Agilent Technologies)

and GBS 49-plex libraries were sequenced on a single lane

of Illumina HiSeq™ 2500 platform (Illumina® Inc., San

Diego, CA, USA) using V4 sequencing chemistry at

SickKids Hospital, Toronto, Canada.

SNP variant calling

From the Illumina data of each library, sequences were

assigned to individual samples based on the 4 to 8 base

pair barcode adapters ligated to individual DNA using

in-house Perl scripts. Following deconvolution, barcode

sequences were removed from the sequences, and the

reads were trimmed for quality using the read trimming

tool Trimmomatic-0.33. To discover polymorphisms, fil-

tered reads were mapped to the draft genome assembly

provided through the international pea genome sequen-

cing consortium (unpublished) using the sequence align-

ment tool Bowtie 2 version 2.2.5. Samtools-1.1 and

BCFtools-1.1 were utilized to call variants and output

them in variant call format (VCF) format.

Construction of genetic linkage maps

Polymorphic SNP markers from the previously pub-

lished linkage maps of the three RIL populations (Sindhu

et al., 2014) were included in the linkage analysis along

with the polymorphic markers identified by GBS in the

current study. Polymorphic markers with less than 15%

of missing data per sample were used to construct the

genetic linkage maps. The segregation distortion of each

marker was assessed by Chi-square test and markers

with a distortion probability of greater than 90% were

omitted from the linkage analysis. The linkage analysis

was conducted using MstMap program with a logarithm

of odds (LOD) value of 9.0 and Kosambi mapping func-

tion [26, 27].

Phenotyping of mapping populations

PR-02 and PR-07 were phenotyped in two location field

trials over three years, and PR-15 was phenotyped in

two location field trials over two years, from 2010 to

2013 (Additional files 1, 2 and 3). The mapping popula-

tions were evaluated for agronomic traits plant height,

days to flower, days to maturity and lodging (1–9 rating

scale, 1 = no lodging to 9 = completely lodged at physio-

logical maturity), grain yield and 1000 seed weight ac-

cording to methods reported in Warkentin et al. [3].

PR-02 and PR-07 were evaluated for seed mineral con-

centration (Fe, Zn and Se) according to methods re-

ported in Diapari et al. [28]. PR-07 was evaluated for

acid detergent fiber, neutral detergent fiber, and starch

concentration according to methods reported in Arga-

nosa et al. [29]. PR-15 was evaluated for seed phytate

concentration according to the methods reported in

Warkentin et al. [25]. PR-02 and PR-07 were evaluated

for Mycosphaerella blight severity on a 0–9 rating scale

(0 = no disease to 9 = completely blighted) from

mid-flowering to physiological maturity stages according

to Jha et al. [30], and the area and under disease pro-

gress curve (AUDPC) was calculated. Seed shape (1 =

completely round to 5 = blocky) and seed dimpling (per-

cent of seeds with dimpled seed coat) were evaluated ac-

cording to the methods reported in Ubayasena et al.

[31].

The two locations used for field trials were Sutherland

(near the city of Saskatoon) (52°12’ N, 106°63’ W; Dark

Brown Chernozem) and Rosthern (52°66’ N, 106°33’ W;

Orthic Black Chernozem) in Saskatchewan, Canada. At

each location, the RILs were planted in three row plots

with 30 cm row spacing, 1 m row length, at a seeding

rate of 75 seeds per plot in a randomized complete block

design, which was fully replicated two times. Agronomic

best management practices as per provincial government

and pulse grower manuals for field pea production in

Saskatchewan were utilized including appropriate seed-

ing dates, seeding methods, weed control, and harvest

methods. The frequency distribution of the trait mea-

surements in each population were tested for normality

by the Shapiro-Wilk test [32]. In case the W value was

low, the trait was removed from further analysis. ANOVA

was conducted for each trait in each location using SAS

Mixed Procedure (SAS Institute, 2015). Pearson correl-

ation coefficient values were calculated to determine the

correlation of traits measured in each population.

QTL mapping

The phenotypic means by location for each trait were

used for QTL mapping. QTL mapping was performed

using composite interval mapping (CIM) using QTL

Cartographer v2.5 [33]. To declare a QTL, the threshold
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for each search was obtained from 1000 permutations

with a significance level of 0.05.

Results
Genotyping-by-sequencing (GBS)

In all of the sequencing runs of 49-plex libraries

approximately 225 million raw reads per lane were

obtained from sequencing on Illumina HiSeq™ 2500

platform. Across the three populations, the average read

count obtained per RIL was 3.9–4.6 million and 84% of

the reads survived after trimming for quality. The

trimmed reads were mapped to the reference genome

and the number of mapped reads per RIL in PR-02,

PR-07 and PR-15 were 3.24, 2.42 and 2.48 million,

respectively (Table 1).

Genetic linkage mapping

Of the > 25,000 SNPs identified by GBS in each RIL

population, after filtering for read depth of 5, percent-

age of missing values as less than 15%, Chi-square

value of > 0.1 probability for segregation distortion,

2066, 3023, and 3444 SNPs were used to construct

genetic linkage maps of PR-02, PR-07 and PR-15, respect-

ively. A total of 306, 366, and 337 SNP markers earlier ge-

notyped using Illumina GoldenGate array in the same

three populations (Sindhu et al. 2014) were added to the

GBS data set for linkage map construction.

In PR-02, 1866 SNP markers (1560 from GBS and 306

from GoldenGate assay) formed 14 linkage groups with

a map length of 951.9 centiMorgans (cM). The length of

individual linkage groups ranged from 4.0 to 149.2 cM.

The total number of non-redundant loci represented by

the mapped SNPs are 527 with 4 to 87 loci per linkage

group. The SNP markers identified through GBS repre-

sented an additional 329 loci compared to the 198 loci

represented by the SNP markers identified using the

GoldenGate assay (Sindhu et al. 2014). The average dis-

tance between two loci is 1.81 cM and the maximum

distance is 19.3 cM (Fig. 1).

The PR-07 linkage map has 3355 SNP markers (2990

from GBS and 365 from the GoldenGate assay) in 15

linkage groups. These markers together represented a

total map distance of 1008.8 cM with a minimum of

7.1 cM and a maximum of 207.0 cM distance per

linkage group. A total of 675 non-redundant loci were

mapped with a minimum of 10 and maximum of 128

non-redundant loci per linkage group. The SNPs identi-

fied through GBS represented 459 non-redundant loci in

addition to the 216 loci mapped from previous reported

SNPs (Fig. 2).

The PR-15 linkage map has 3408 SNPs (3077 SNPs

from the current GBS and 337 from the GoldenGate

assay) grouped into 12 linkage groups. The total map

length is 914.2 cM with individual linkage groups ranging

from 20.0 cM to 153.1 cM. The map represented 609

non-redundant loci with a minimum of 16 and maximum

of 94 per linkage group. Of the total non-redundant loci

mapped, 417 are represented by the SNPs identified by

GBS and 192 have a representation of earlier genotyped

SNPs. The average distance between the non-redundant

loci across the linkage groups is 1.5 cM (Fig. 3).

Phenotypic data

Phenotypic data collected for PR-02, PR-07, and PR-15

are summarized in Additional files 1, 2, and 3, respect-

ively. Data for all traits were tested for normality using

the Shapiro-Wilk test. In the vast majority of cases the

W value was > 0.90. In cases in which the W value was

low, the traits were removed from further analysis.

All three populations were assessed for days to flower-

ing. In the case of PR-02 and PR-15, RILs flowered

within a relatively narrow range, while this range was

generally greater, approximately one week, for PR-07 de-

pending on the station/year. The range in days to matur-

ity was wider for all three RIL populations, generally

from one to two weeks. Substantial variation was noted

in all three RIL populations for plant height and lodging

score, with greatest variation in PR-07 for both traits.

Similarly for grain yield, substantial variation was noted

in all three RIL populations, with somewhat greater

range in variation noted in PR-07 and PR-15. Mean yield

ranged from 195 to 516 g m− 2 in PR-02, 266–536 g m− 2

in PR-07, and 307–858 g m− 2 in PR-15. Mean commer-

cial yield of field pea in western Canada is approximately

270 g m− 2, indicating that the three RIL populations

have good yield potential, and that the field trials re-

ported here were conducted under conditions favourable

for expression of yield potential. The Mycosphaerella

Table 1 Summary of average read count from sequencing of three mapping populations (49-plex libraries) using genotyping-by-

sequencing method

RIL Population Average number of reads/RIL (millions)

Read count Reads surviving
after trimming

No. of unique reads Total No. of reads mapped
to draft genome

PR-2 (Orb x CDC Striker) 4.6 4.02 1.15 (28.7%) 3.24 (80.8%)

PR-7 (Carerra x CDC Striker) 4.0 3.15 1.08 (34.3%) 2.42 (76.8%)

PR-15 (1–2347-144 x CDC Meadow) 3.9 3.19 1.19 (37.3%) 2.48 (77.8%)
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blight resistance, reported as AUDPC ranged from 156

to 208 in PR-07 RILs measured at all six station/years.

Several post-harvest seed quality traits were assessed

in some of the RIL populations. Substantial variation

was noted in 1000 seed weight, as well as protein,

iron, zinc, and selenium concentration in PR-02 and

PR-07. In the case of seed selenium concentration,

the range in variation among RILs in PR-02 and

PR-07 was greater at the Sutherland (Saskatoon) site

than at the Rosthern site in each year. Peas grown in

the Saskatoon region are known to have generally

greater selenium concentration than peas grown in

the Rosthern region [34], and that was also observed

in this research. Acid detergent fiber, neutral deter-

gent fiber, and starch concentrations of PR-07 lines

varied significantly at each station/year assessed, as

did seed coat dimpling and seed shape. PR-15 was

developed from the cross between a low phytate and

a normal phytate parent, and as expected, lines dif-

fered significantly for this trait at each station/year

assessed.

Correlation analyses in the three RIL populations were

presented in Additional files 4, 5, and 6. In PR-02 and

PR-07, the strongest correlation was between days to

flowering and days to maturity, followed by correlation

between days to maturity and yield in PR-02, and Myco-

sphaerella blight severity and lodging in PR-07. In

PR-15, the strongest correlation observed was between

plant height and yield, followed by plant height and days

to maturity, days to maturity and yield, and days to

flowering and lodging resistance.

QTL detection in pea mapping populations

Across the three pea mapping populations, a total of 375

QTLs, i.e., 96 in PR-02, 225 in PR-07, and 54 in PR-15,

were identified for multiple traits in multiple environ-

ments. The identified QTLs had a maximum LOD value

of 23.8 and explained phenotypic variation of up to

62.9% in case of QTLs identified for plant height in

PR-07. Of all the identified QTLs, 292 trait specific

QTLs were detected on the same linkage group in more

Fig. 1 Linkage map of PR-02 (Orb x CDC striker) with 527 non-redundant loci each represented by a group of co-segregating markers. The loci

represented by markers in red were reported earlier by Sindhu et al. (2014) and the loci represented by markers in black were added from the

current GBS genotyping of the same population
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than one environment within the same population

(Tables 2, 3 and 4).

QTLs for agronomic traits

QTLs for days to flowering Of the multiple QTLs

identified for DTF, QTLs on LG5a and LG6 in PR-02,

LG1a and LG3b in PR-07, LG3a and LG5 in PR-15 were

identified in multiple trials (Tables 2, 3 and 4). Com-

pared between the three populations and environments

tested, the QTL on LG6 in PR-02 was significant in five

of the six trials. In all the five trials, the QTL position

shared a common position on the same linkage group.

The LOD values of this QTL on LG6 ranged from 5.3–

19.0 and explained a phenotypic variance of 17.9 to

47.9% (Table 5).

QTLs for days to maturity QTLs for DTM positioned

on LG3b and LG6 of PR-02 (Table 2), LG1a and LG3b

of PR-07 (Table 3), and LG3a and LG5 of PR-15 (Table 4)

were identified in repeated trials. QTLs on LG6 in PR-02

and LG3a in PR-15 shared a common position within

these two respective linkage groups. In PR-02, the QTLs

on LG6 represented a maximum LOD value of 8.4 and

explained 33.4% of phenotypic variance. In the same

population, the QTLs on LG3b represented a maximum

LOD value of 7.7 and explained a phenotypic variance of

up to 24.9% (Table 5). The maximum LOD value of the

QTLs identified in PR-07 and PR-15 was 4.4 and 6.6 and

these QTLs explained a phenotypic variance of 11.8 and

15.2%, respectively (Tables 3 and 4). These QTLs located

on LG1a in PR-07 and LG5 of PR-15 (Table 7) shared

the same linkage group positions with the most signifi-

cant QTLs identified for DTF.

QTLs for plant height Multiple QTLs were identified

for plant height in all three mapping populations.

However, the QTLs of LG3b in PR-02 and PR-07, and

LG3a in PR-15 were identified in all of the trials

(Tables 2, 3 and 4). These QTLs also shared linkage

Fig. 2 Linkage map of PR-07 (Carrera x CDC striker) representing 675 non-redundant loci each represented by a group of co-segregating markers

in 15 linkage groups. The loci represented by markers in black are the result of GBS genotyping compared to the earlier identified loci from SNP

genotyping using GoldenGate arrays (Sindhu et al. 2014)
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