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Abstract Field pea (Pisum sativum) is an important
pulse crop globally for human consumption and
livestock feed. A panel of 92 diverse pea cultivars
was evaluated across nine environments and geno-
typed using 1536 single nucleotide polymorphisms
(SNPs) arranged in a GoldenGate array. Population
structure analysis revealed three subpopulations
roughly consistent with the cultivar origin. Phenotyp-
ing included days to flowering (DTF), duration of
flowering (DOF), number of reproductive nodes,
number of pods on the main stem, percentage of pods
set, percentage of pods retained with seed and pollen
germination reduction due to heat stress. Association
analyses identified a total of 60 SNPs significantly
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associated (—log;op > 4.3) with these seven repro-
ductive development-related traits. Among these 60
marker-trait associations, 33 SNPs were associated
with the onset of flowering, 8 SNPs with pod
development and 19 SNPs with the number of
reproductive nodes. No SNP marker was significantly
associated with in vitro pollen germination reduction
caused by high temperature stress. We found that 12
SNPs associated with DTF and 2 SNPs associated with
DOF overlapped with the SNP markers associated
with the number of reproductive nodes. Genomic
regions associated with variation for reproductive
development-related traits identified in this study
provide grounds for future genetic improvement in
pea.

Keywords Association mapping - Population
structure - Pisum sativum - Reproductive development

Introduction

Field pea (Pisum sativum) belongs to the family
Fabaceae, subfamily Papilionoideae and is one of the
economically most important pulse crops. It is a
diploid (2n = 2x = 14) with a haploid genome size of
4.45 Giga base pairs (Gbp; Dolezel and Greilhuber
2010). Field pea is an economically important pulse
crop in Western Canada and is a rich source of food for
humans and fodder for animals. Pea is of great
importance to cropping systems due to its ability to
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fix nitrogen. Canada was the largest producer of field
pea in the world in 2014 with a total production of 3.4
million tonnes, followed by China, Russia, USA, and
India (FAOSTAT 2016).

Flowering time in pea is under complex genetic
control (Vanhala et al. 2016). Days to flowering (DTF)
in pea was not strongly associated with the site of
origin and genetic diversity of the genes (Vanhala
et al. 2016). More than 20 loci associated with
flowering time and inflorescence development in pea
have been identified (Weller and Ortega 2015). Time
of flowering in pea varies widely across different
locations and years (Truong and Duthion 1993).
Photoperiod, temperature (vernalization and post-
vernalization), and genotype are crucial factors for
time of flowering in pea (Alcade et al. 1999; Alcalde
and Larrain 2006; Weller et al. 2009). Flowering is
controlled by six genes including Lf, Sn, E, Dne, Ppd,
and Hr Murfet 1985; Weller et al. 1997). The Hr (late
flowering) haplotype is a major factor of flowering
time in pea, but other genes also play a role in
flowering time (Vanhala et al. 2016). Pea accessions
carrying loss-of-function Sk (STERILE NODES)
alleles of the gene flowered early (Liew et al. 2014).
Flowering at different nodes is not synchronous but is
sequential due to the indeterminate growth habit of
pea. Thus flowering duration of the crop across
production regions and across cultivars varies greatly
because of the large degree of variability in the
number of reproductive nodes (Roche et al. 1998). The
number of reproductive nodes in pea is an important
component affecting seed yield (Roche et al. 1998).
Pollen viability is another trait influencing seed yield
in various crops. For example, yield has been reduced
by loss of pollen viability in chickpea (Cicer ariet-
inum; Devasirvatham et al. 2012), common bean
(Phaseolus vulgaris; Konsens et al. 1991), and cowpea
(Vigna unguiculata; Ahmed et al. 1992) in stress.

Association mapping and linkage analysis are two
commonly used and complementary approaches to
dissect complex traits (Yu et al. 2008; Varshney et al.
2012). Linkage analysis, or quantitative trait locus
(QTL) mapping, usually detects broad chromosome
regions associated [10-30 cM (centimorgans); a
10-cM chromosome interval corresponding to approx-
imately 2.1 Mb and 400 genes in Arabidopsis and
about 12.4 Mb and 310 genes in maize] with traits of
interest with relatively low marker coverage, whereas
linkage disequilibrium (LD) based association
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mapping has greater genetic resolution (many rounds
of meiosis) compared to linkage mapping based on bi-
parental mapping populations (Salvi and Tuberosa
2005; Myles et al. 2009; Morrell et al. 2012; Varshney
et al. 2012). Several QTL mapping studies have been
conducted for various traits of interest in pea: (1) Seed
yield, seed protein concentration and days to maturity
(Tar’an et al. 2004), (2) yield, yield components, and
seed protein content (Krajewski et al. 2012), (3) seed
yield, seed weight, seed number, harvest index, node
of first flower, the number of flowering nodes, and
total node number (Timmerman-Vaughan et al. 2005),
(4) seed yield, seed protein content, seed weight, onset
of flowering, plant height and lodging susceptibility
(Ferrari et al. 2016), and (5) DTF duration of flowering
(DOF), days to flowering termination, pod number, the
number of reproductive nodes, seed number per pod,
thousand seed weight (TSW) and yield (Huang et al.
2017).

Association mapping, also known as “linkage
disequilibrium mapping”, uses ancestral recombina-
tion events and natural genetic diversity within a
population to dissect quantitative traits (Zhu et al.
2008; Myles et al. 2009; Morrell et al. 2012).
Association mapping has been conducted in several
legume crops including chickpea (Thudi et al. 2014;
Diapari et al. 2014), soybean (Glycine max; Li et al.
2011), alfalfa (Medicago sativa; Sakiroglu et al.
2012), and common bean (Shi et al. 2011; Nemli
et al. 2014). Several association mapping studies have
been reported in pea: (1) 49 phenotypic traits related to
seed nutrients (Kwon et al. 2012), (2) iron, zinc and
selenium concentrations in seed (Diapari et al. 2015),
(3) seed lipid content (Ahmad et al. 2015), (4)
agronomic and quality traits such as disease resistance,
flower color, seed type/color and seed mineral con-
centration (Cheng et al. 2015), and (5) partial resis-
tance to Aphanomyces euteiches (Desgroux et al.
2016). In addition to linkage and association mapping
conducted in this crop species, genotyping-by-se-
quencing based genomic selection for seed yield under
severe terminal drought was reported in pea (Annic-
chiarico et al. 2017). Genomic areas associated with
early flowering and high yield co-located under severe
terminal drought (Annicchiarico et al. 2017).

Although several QTL mapping studies focusing on
important agronomic traits have been documented in
field pea, the complementary approach—association
mapping is needed to dissect traits related to
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reproductive development such as DTF, DOF, the
number of reproductive nodes, the number of pods,
percentage of pods set, percentage of pods retained
with seed, or in vitro pollen germination reduction
under normal conditions and, in particular, to an
abiotic stress such as high temperature. The objectives
for this study were to examine the G x E interaction
in DTF, analyze the population structure of a panel of
92 pea cultivars and to identify DNA markers
associated with reproductive development related
traits using previously published gene-anchored SNP
markers (Sindhu et al. 2014).

Materials and methods
Plant materials and growing conditions

A panel of 92 diverse field pea cultivars assembled at
the Crop Development Centre (CDC), University of
Saskatchewan and referred to as the pea association
mapping (PAM) panel was grown at nine site-years
(environments) and one controlled environment.
Among these 92 cultivars, 31 were from Western
Europe, 17 were from the CDC, 16 were from Eastern
Europe, 14 were from Agriculture and Agri-Food
Canada (AAFC), 10 were from USA, and 4 were from
Australia. Association studies were also previously
conducted in the PAM for iron, zinc and selenium
concentration (Diapari et al. 2015), with the addition
of two wild relative accessions [P651 (Pisum fulvum)
and PI344538 (Pisum sativum subsp. elatius)].

Field trials were arranged using a randomized
completed block design (RCBD) and grown at
Sutherland (near Saskatoon; Ilat. 5210/ N, long.
10641’W; Dark Brown chernozemic soil zone) and
Rosthern (lat. 5240'N, long. 10620'W; Black soil
zone), Saskatchewan in 2011, 2012, and 2013 and
Rosthern in 2015. Seventy-five seeds of each cultivar
were planted in a I m x 1 m microplot with 4 rows
and 0.25 m spacing between rows. Six blocks were
grown at each site-year at Sutherland and Rosthern in
2011 and 2012, and three blocks for each site-year at
Rosthern in 2013 and 2015. The PAM panel was also
evaluated near Yuma, Arizona with two seeding dates.
The early seeding date was February 1 in 2012, and the
late seeding date was February 27 in 2012. The
weather conditions are listed in Table 1. Daily max-
imum temperatures were used as an indicator of heat

stress (Bueckert et al. 2015), because fruit and flower
abortion were observed under field conditions when
the daily maximum temperatures exceeded 28 °C
(Bueckert et al. 2015).

The PAM panel was also tested in a growth
chamber (Conviron®) for a controlled temperature
environment using a completely randomized design
(CRD). A total of 184 pots (92 pea cultivars x 2 pots
per cultivar) of 3.8 L volume (3 plants per pot) were
seeded with Sunshine Gro® mix (Seba Beach, AB,
Canada) and slow-release fertilizer (14-14-14, Type
100, Nutricote®, Brampton, ON, Canada). The pot
dimensions were 15.9 cm depth and 16.5 cm diame-
ter. Plants were thinned to two plants per pot
approximately 2 weeks after seeding. Plants received
the first application (500 mL per pot) of half strength
modified Hoagland’s culture solution (Hoagland and
Arnon 1938) at 3 weeks after seeding and the second
application (500 mL per pot) at the early flowering
stage. Soil medium moisture was monitored carefully
and plants were watered as necessary to avoid drought
stress. Plants were grown at 24/18 °C day/night
temperatures with the 16/8 h photoperiod and illumi-
nation levels of 450500 pmol m 2 s~ from cool
fluorescent tubes.

Phenotyping

Seven phenotypic traits including DTF, DOF, the
number of reproductive nodes, the number of pods on
the main stem, percentage of pods set, percentage of
pods retained with seed (Yuma only), and in vitro
pollen germination reduction due to high temperature
stress were collected. DTF was determined as the
number of days from planting until 50% of the plants
per plot were at the flowering stage at Rosthern in
2011, 2012, 2013 and 2015, Sutherland in 2011 and
2012, and Yuma in 2012 with two different seeding
dates. For the controlled environment, DTF were
determined when flower buds at the first reproductive
node on the main stem were visible. DOF was
calculated as days to flowering termination (DTFT)
minus DTF, where DTFT was determined as the
number of days from sowing until 50% of plants per
plot reached flower termination. The number of
reproductive nodes and pods on main stems were
counted based on two randomly selected plants from
each micro-plot at physiological maturity. The per-
centage of pods set, based on the expected or
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Table 1 Seeding date, monthly mean temperature, monthly average maximum temperature, the number of days when the daily
maximum temperatures were greater than 28 °C, and total precipitation at multiple site-years

Site (year) Seeding Monthly mean Average maximum Number of Total precipitation (mm) Total
date temperature (°C) temperature (MT, °C) days when
MT > 28 °C
May June July Aug May June July Aug From Mayto May June July Aug
Aug
Rosthern May 15 10.8 155 180 163 179 21.1 238 229 7 246 1314 834 315 2708
(2011)*
Sutherland  May 3 109 155 184 172 179 213 246 249 6 175 944 68.6 165 197.0
(2011)°
Rosthern May 11 102 159 20.0 174 164 21.6 256 239 11 925 1160 923 635 364.2
(2012)
Sutherland May 16 10.1 15.8 19.7 173 164 215 253 239 7 108.0 121.1 80.9 485 358.5
(2012)
Rosthern May 15 128 153 172 174 205 20.6 233 246 15 13.5 1488 624 174 2420
(2013)
Rosthern May 13 94 164 188 169 17.8 24.1 258 23.8 28 109 374 80.5 759 204.7
(2015)
Jan Feb Mar Apr Jan Feb Mar Apr FromJanto Jan Feb Mar Apr Total
Apr
Yuma Jan 159 160 188 234 228 232 266 312 43 0 0.8 03 13 24
(2012)°

? Data were calculated based on the average of Saskatoon and Prince Albert from Environment Canada, http://climate.weather.gc.ca

® Data were obtained from Environment Canada

c

theoretical maximum number of pods, was calculated
according to Eq. 1 at Rosthern and Sutherland in 2012:

Pod set = Pods/(Rnode x 2) (1)

where Pods is the number of pods on the main stem at
harvest, and Rnode is the number of reproductive
nodes with each node having two flowers per nodal
raceme. Rnode x 2 is the theoretical or total number
of potential pods possible.

At Yuma (2012) the number of reproductive nodes
was not counted, so pod set was not calculated.
Instead, the number of pods with seed plus dead pods
retained on the main stem were added to give the total
number of pods at harvest. The percentage of pods
retained with seed were calculated from the total
number of pods at harvest on the main stem, and
provided an assessment of pod abortion in heat.

Pollen grains collected from the field conditions
(Rosthern in 2015) and the controlled environment
(University of Saskatchewan phytotron in 2015) were
treated as controls. Pollen samples were incubated in
the dark for 24 h in two incubators with one at the
control or unstressed temperature of 24 °C and the
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other at the stress treatment temperature of 42 °C.
Two replications were utilized for each cultivar at
each temperature regime in each environment (736
samples in total—92 cultivars x 2 temperatures x 2
replications at each environment x 2 environments).
The detailed information about the in vitro pollen
germination assay was previously described with
some modifications (Lahlali et al. 2014; Jiang et al.
2015). Pollen grains were incubated under light
conditions in Lahlali et al. (2014) and Jiang et al.
(2015), but dark conditions were used to incubate
pollen grains in this study. In vitro pollen germination
reduction caused by high temperature stress was
calculated according to Eq. 2:

Pollen germination reduction
= (Control PGP — Heat stressed PGP) /Control PGP

(2)

where control PGP is the percentage of germinated
pollen grains at controlled temperature, and heat stress
PGP is the percentage of germinated pollen grains at
high temperature.
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Phenotypic data analysis

Homogeneity of variances for location effects was
tested using Levene’s test. The p values from the
Levene’s test for location effects on DTF and in vitro
pollen germination reduction due to high temperature
stress were less than 0.05, so the datasets were analyzed
separately based on different environments. Although
p values from the Levene’s test for location effects on
the number of reproductive nodes, the number of pods
on main stem, and potential pod set were greater than
0.05, the G x E interaction terms were significant
(p < 0.05), so data sets for each environment were
analyzed separately. Variance components of geno-
type, environment, the G x E interaction, block within
environment, and the residual were analyzed for each
trait using the generalized linear model (GLM) and all
factors were considered random effects. Broad sense
heritability (H2) was calculated as: H> = Gé/(Gé + -
cée/n + Gz/nb), where cé is the genetic variance, Gée
is the variance of genotype and environment interac-
tion, o is the error variance, n is the number of
environments, and b is the number of replications
within each environment (Wang et al. 2016).

The G x E interaction for DTF was assessed using
the additive main effects and multiplicative interaction
(AMMI) model using SAS (SAS Institute Inc.) as
described in Kang et al. (2004). The AMMI model is a
combination of analysis of variance (ANOVA) and
principal component analysis (PCA) that partitions the
variability of genotype, environment, and the G x E
interaction model (Marjanovi¢-Jeromela et al. 2011;
Sabaghnia et al. 2008).

Association mapping

DNA extraction and genotyping using an Illumina
GoldenGate array (Illumina Inc., San Diego, CA, USA)
with a 1536-SNP pea OPA (Ps 1536) were previously
described (Sindhu et al. 2014; Diapari et al. 2015).
Among these 1536 SNPs, 1233 polymorphic SNPs were
retained for further analysis, and the other 303 SNPs
were removed due to being monomorphic or having a
large ratio (35% or greater) of missing data (Diapari
et al. 2015). The location of these SNPs on the pea
genome was reported by Sindhu et al. (2014). Two
cultivars, 40—10 and CDC Dundurn, were also removed
from further analysis due to large proportions of missing
data (82% missing data for 40—10 and 85% missing data

for CDC Dundurn), thus 92 cultivars were retained in the
population structure and association analysis. Popula-
tion structure was analyzed using two different methods:
(1) the Bayesian-based clustering approach with an
admixture model using the Structure 2.3.4 software
(Pritchard et al. 2000); (2) discriminant analysis of
principal components (DAPC), a multivariate method,
using the R package “Adegenet” (Jombart 2008;
Jombart et al. 2010). DAPC partitions genetic variation
into a between-group component and a within-group
component. DAPC utilizes data transformation using
Principal Component Analysis (PCA) before discrim-
inant analysis (DA) is applied. In the Bayesian method
using the Structure software, the number of sub-
populations (k) was set to be from 1 to 10 with 5
simulations, 100,000 burn-in phase, and 100,000 Monte
Carlo Markov Chain replicates (MCMC). Based on the
maximum likelihood and delta K (AK) values, the
number of sub-populations was determined using
Structure Harvester (http://taylor0.biology.ucla.edu/
structureHarvester/; Evanno et al. 2005; Earl and Von-
Holdt 2012). For the DAPC, the SNP dataset was first
converted to the genepop format using the R package
“diveRsity” before using the “Adegenet” R package.
The optimum number of sub-populations was deter-
mined with the smallest number of Bayesian informa-
tion criterion (BIC). Both these methods allow for a
probabilistic assignment of individuals to each group.
Among these 1233 SNP markers, 943 markers were
retained by considering a minor allele frequency (MAF)
greater than 0.05 to remove low coverage marker sites.
Estimates for clustering membership (Q matrix) from
the DAPC method using the “Adegenet” R package
were used as covariate in the general linear model
(GLM) in association analysis using the software of
Trait Analysis by Association, Evolution and Linkage
(TASSEL version 5.2.19; Bradbury et al. 2007). The
significant threshold (—log;op = 4.3) was adjusted
using Bonferroni multiple test correction (0.05/943),
for p < 0.05 and the denominator 943 was the total
number of SNPs tested after marker filter alignment.

Results
Population structure

The optimum number of sub-populations (K) was
determined using the largest value of Delta K using the
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Bayesian clustering method in the Structure software.
The optimum k was ambiguous between 2 and 3, since
the values of Delta K were similar when K was equal
to 2 and 3, and Delta K decreased dramatically when K
continued to increase (Fig. 1a). Therefore, the iden-
tification of the clusters in this population was
validated using the function of ‘find.clusters’ with
the Adegenet R package. The optimum number of
clusters in this population was 3, because BIC values
decreased until k = 3 (Fig. 1b). These 92 pea cultivars
were grouped into 3 clusters as shown in the DAPC
scatterplot (Fig. 1c). The cultivars and their origins
under individual clusters are listed in Table 2.
Subpopulation 1 included the majority of cultivars
released by Crop Development Centre, University of
Saskatchewan and Agriculture and Agri-Food Canada
(AAFC), as well as two cultivars (Highlight and SW-
Marquee) from Western Europe (Table 2). Subpopu-
lation 2 consisted of all of the Australian cultivars, the
majority of cultivars from Eastern Europe and the
USA, five AAFC cultivars, five cultivars from
Western Europe, and two CDC cultivars (CDC-
Vienna and MFRO043) (Table 2). The majority of
cultivars from Western Europe belonged to subpop-
ulation 3, and this cluster also included five AAFC
cultivars, two CDC cultivars (CDC Sage and CDC
Striker), three cultivars from Eastern Europe, and
three cultivars from the USA (Table 2).

Days to flowering

DTF varied depending on the growing environment
(Table 3). In general, pea plants grown under envi-
ronmentally controlled conditions took less time to
reach flowering compared to plants grown under field
conditions (Table 3). The range of DTF (the maxi-
mum DTF minus the minimum DTF) varied from 7 to
19 days under field conditions (Table 3). However,
the range of DTF was 56 days in controlled condi-
tions, reflected by the largest variance and coefficient
of variance among the nine environments tested
(Table 3). In general, plants at Sutherland took
approximately 5-7 days longer to reach flowering
compared to Rosthern (Table 3). Acceleration of DTF
due to late seeding and exposure to warmer temper-
atures and a greater proportion of slightly longer days
compared to early seeding was observed at Yuma in
2012, with mean DTF values of 63 and 57 days for
early seeding and late seeding, respectively (Table 3).

@ Springer

The broad sense heritability of DTF was 0.67
(Table 4). With three multiplicative components, this
AMMI model explained 77.5% of the total residual
variability contributed to the G x E interaction
(Fig. 2b, c). Variability among environments was
greater than variability among genotypes.

A total of 22 markers across seven linkage groups
were significantly associated with DTF under envi-
ronmentally  controlled conditions (Table 5).
PsC21767p87 on LG IV was significantly associated
with DTF at Rosthern in 2013, and explained 20% of
the variation for DTF (Table 5). The same marker was
also significantly associated with DTF under environ-
mentally controlled conditions, and this marker
explained 24% of the variation in the trait.

Duration of flowering

DOF varied depending on the growing environment
(Table 3). DOF at Rosthern in 2012 and 2015 was
longer than DOF at Sutherland in 2012, with the
averages of DOF being 25, 22, and 14 days at
Rosthern in 2012, Rosthern in 2015, and Sutherland
in 2012, respectively (Table 3). The broad sense
heritability of DOF was 0.78 (Table 4). A total of 6
markers in linkage groups 2, 3 and 6 were significantly
associated with DOF at Sutherland in 2012 (Table 5).

Number of reproductive nodes

The average number of reproductive nodes was 8 at
Rosthern in 2012, and 7 at Sutherland in 2012 and
Rosthern in 2015 (Table 3). The coefficient of vari-
ation for number of reproductive nodes (24.4-32.0%)
was relatively large (Table 3), reflected in the rela-
tively large error variance (55.1%) for this trait in
Table 4. The broad sense heritability of the number of
reproductive nodes was 0.80 (Table 4). Nineteen
markers were significantly associated with the number
of reproductive nodes at Rosthern in 2012 and 2015
(Table 5). PsC17990p348 on LG III, PsC4940p155 on
LG VI, and unmapped PsC12883p342, were signifi-
cantly associated with the number of reproductive
nodes at Rosthern in 2012 and these three markers
explained 20, 23 and 25% variation in this trait,
respectively.  Among these three  markers,
PsC17990p348 and PsC4940p155 were also signifi-
cantly associated with DOF (Table 5). A total of 16
markers was significantly associated with the number
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Fig. 1 Population structure analysis in a diversity panel of 92
pea cultivars. a Ak was used to determine the optimum k value
for population structure using the Bayesian clustering method.
b Inference of the number of clusters based on values of
Bayesian information criterion (BIC). The selected number of
clusters (3), corresponding to the smallest BIC, is circled in red.
The inset represents the global results with the number of
clusters up to 40, whereas the main figure indicates the detail of

of reproductive nodes at Rosthern in 2015 and these
markers explained 23-31% of the phenotypic varia-
tion in this trait (Table 5 and Fig. 3). Among these 16
markers detected at Rosthern in 2015, 11 out of 16
markers were co-localized with DTF (Fig. 3 and
Table 5).

Pod number

The number of pods on the main stem varied greatly
among cultivars in individual environments (Table 3).

clusters up to 10. ¢ Scatterplot of the discriminant analysis of
principal components (DAPC) using the first two principal
components (PCs) in a diversity panel of 92 pea cultivars.
Ninety-two dots represent pea cultivars. The inset at the bottom
left corner represents the number of principal components
retained (35) in the DAPC; the inset at the bottom right corner
represents the bar plot of eigenvalues for the discriminant
analysis and two discriminant functions used in the DAPC

The number of pods ranged from 1 to 20 with an
average of 7 at Rosthern in 2012, and varied from 1 to
18 with an average of 6 at Sutherland in 2012
(Table 3). Late seeding reduced the number of pods,
with the average being 8 and 4 for early seeding and
late seeding at Yuma in 2012, respectively (Table 3).
The broad sense heritability of the number of pods was
0.51 (Table 4). The coefficient of variation for number
of pods on main stem was relatively large
(39.6-47.7%; Table 3. Two unmapped markers,
PsC27644p242 and PsC6387p181, were significantly
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Table 2 Pea cultivars and their origins under three individual clusters (k = 3) based on population structure analysis using dis-
criminant analysis of principal components in a panel of 92 diverse pea cultivars

Cluster 1 Cluster 2 Cluster 3
Cultivar (entry) Origin Cultivar (entry) Origin Cultivar (entry)  Origin
Hugo (72) AAFC, Argus (71) AAFC, Agassiz (58) AAFC,
Canada Canada Canada
P0309-09 (88) AAFC, MI3360 (54) AAFC, MP1401 (36) AAFC,
Canada Canada Canada
P0316-04 (90) AAFC, MI3391 (53) AAFC, Reward (26) AAFC,
Canada Canada Canada
P0321-08 (89) AAFC, MPGS87 (15) AAFC, Stella (73) AAFC,
Canada Canada Canada
P0322-01 (91) AAFC, Trapper (49) AAFC, CDC Sage (41) CDC, Canada
Canada Canada
CDC 1-150-81 (56) CDC, Canada  02H016P-03HO2004-06TGVP004 Australia CDC Striker CDC, Canada
(74) 27
CDC 1-2347-144 CDC, Canada  03H107P-04HO2026 (75) Australia SGL-2024 (87)  Eastern
57) Europe
CDC Acer (46) CDC, Canada  03H267-04HO2006 (76) Australia TMP 15131 (4)  Eastern
Europe
CDC Bronco (19) CDC, Canada  Kaspa (32) Australia TMP 15213 (16) Eastern
Europe
CDC Centennial CDC, Canada CDC Vienna (51) CDC, Canada  Aragorn (94) USA
(20)
CDC Golden (21) CDC, Canada MFRO043 (34) CDC, Canada  PS05100632 USA
an
CDC Leroy (47) CDC, Canada  Naparnyk (48) Eastern PS05100840 USA
Europe (78)
CDC Meadow (23) CDC, Canada TMP 15116 (1) Eastern Alfetta (38) Western
Europe Europe
CDC Montero (40) CDC, Canada TMP 15121 (3) Eastern Belote (65) Western
Europe Europe
CDC Mozart (22) CDC, Canada TMP 15133 (5) Eastern Bilboquet (64) Western
Europe Europe
CDC Patrick (6) CDC, Canada TMP 15155 (7) Eastern Carneval (35) Western
Europe Europe
CDC Treasure (2) CDC, Canada TMP 15159 (8) Eastern Carrera (55) Eastern
Europe Europe
Cutlass (18) CDC, Canada TMP 15164 (9) Eastern Cooper (28) Western
Europe Europe
Highlight (52) Western TMP 15169 (10) Eastern Crackerjack (61) Western
Europe Europe Europe
SW-Marquee (39) Western TMP 15179 (11) Eastern Delta (45) Western
Europe Europe Europe
TMP 15181 (12) Eastern DS-Admiral Western
Europe (24) Europe
TMP 15202 (13) Eastern Eclipse (25) Western
Europe Europe
TMP 15206 (14) Eastern Espace (42) Western
Europe Europe
TMP 15221 (17) Eastern FDP2010 (86) Western
Europe Europe
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Table 2 continued

Cluster 1 Cluster 2 Cluster 3
Cultivar (entry) Origin Cultivar (entry) Origin Cultivar (entry)  Origin

Fallon (84) USA Hardy (68) Western
Europe

Lacy-Lady (82) USA Lido (92) Western
Europe

Laxtons-Superb (80) USA Nitouche (29) Western
Europe

Mini (83) USA Orb (37) Western
Europe

PS05101142 (79) USA Polstead (59) Western
Europe

Rally (85) USA Prelude (69) Western
Europe

Superscout (81) USA Rialto (93) Western
Europe

Cartouche (70) Western Rocket (67) Western
Europe Europe

Lucy (63) Western Rose (66) Western
Europe Europe

Radley (50) Western SW-Sergeant Western
Europe (30) Europe

Rambo (33) Western Terese (43) Western
Europe Europe

Torsdag (44) Western Woody (62) Western
Europe Europe

AAFC Agriculture and Agri-Food Canada, CDC crop development center

associated with the number of pods at Sutherland
2012, and these markers explained 23 and 20% of the
variation in this trait (Table 5). The unmapped marker,
PsC19517p115, was significantly associated with pod
number at Yuma in 2012 with early seeding (Table 5).

Pod set

Pod set as a percentage of the total number of potential
pods on the main stem had a wide range of variation
among cultivars at individual environments. It ranged
from 7 to 97% with a mean of 45% among these 92
cultivars at two locations in SK (Table 3). The
coefficient of variation for potential pod set was
relatively large (32.2-34.6%; Table 3), reflected in the
relatively large error variance (74.2%) for this trait in
Table 4. The broad sense heritability of potential pod
set was 0.44 (Table 4). PsC8016p73, located on LG
I, was significantly associated with pod set at
Rosthern in 2012, and this marker explained 21% of

the variation in this trait (Table 5). However, no
marker was associated with pod set at Sutherland in
2012 (Table 5).

Pod set in heat

About 10% of the pods set aborted in early seeded pea
plants at Yuma (2012) and 15% of the pods aborted in
later seeded pea plants because heat stress was
significant. Percentage of pods that contained at least
one seed had a range of 42-100% with an average of
91.2% for all the pods of cultivars at early seeding in
Yuma 2012, which was greater than late seeding with
an average of 84.9% in pod retention (Table 3). The
broad sense heritability of percentage of pod set was
0.26 (Table 4). Four markers, PsC11375p247 on LG,
PsC7631p74 on LG IV, PsC2509p330 on LG V and
PsC1106p196 unmapped, were significantly associ-
ated with percentage of pods retained (Table 5). These
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Table 3 Descriptive statistics for seven reproductive development related traits in a panel of 92 diverse pea cultivars

Mean SD Variance CV (%) Mini-mum Maxi-mum Range?®
Days to flowering
Rosthern—2011 (6 reps) 51 0.9 0.8 1.7 48 55 7
Sutherland—2011 (3 reps) 58 1.9 35 32 56 63 7
Rosthern—2012 (3 reps) 56 2.5 6.3 4.5 47 62 15
Sutherland—2012 (3 reps) 61 22 4.8 3.6 57 70 13
Yuma—2012, early seeding (2 reps) 63 2.8 7.8 4.4 54 70 16
Yuma—2012, late seeding (2 reps) 57 43 18.1 7.5 48 64 16
Rosthern—2013 (3 reps) 50 2.7 7.6 5.5 43 58 15
Growth chamber—2015 (3 reps) 40 8.2 67.1 20.4 22 78 56
Rosthern—2015 (3 reps) 52 2.8 8.0 5.5 45 64 19
Duration of flowering (days)
Rosthern—2012 (2 reps) 25 7.7 59.6 31.3 13 46 33
Sutherland—2012 (2 reps) 14 9.0 80.3 66.2 3 42 39
Rosthern—2015 (3 reps) 22 7.0 49.0 324 10 43 33
Number of reproductive nodes
Rosthern—2012 (4 reps) 8 1.9 3.6 24.4 4 16 12
Sutherland—2012 (4 reps) 7 2.1 4.5 32.0 2 18 16
Rosthern—2015 (3 reps) 7 2.1 4.4 28.6 4 21 17
Number of pods
Rosthern—2012 (4 reps) 7 2.8 8.0 39.8 1 20 19
Sutherland—2012 (4 reps) 6 2.8 7.9 47.7 1 18 17
Yuma—2012, early seeding (2 reps) 8 33 10.9 39.6 0 18 18
Yuma—2012, late seeding (2 reps) 4 2.1 44 46.8 0 11 11
Pod set (%)
Rosthern—2012 (4 reps) 46.0 14.8 219.6 322 13 97 85
Sutherland—2012 (4 reps) 44.6 15.4 238.5 34.6 7 88 80
Pods retained with seed (%)
Yuma—2012, early seeding (2 reps) 91.2 9.9 97.0 10.8 42 100 58
Yuma—2012, late seeding (2 reps) 84.9 15.3 234.2 18.0 20 100 80
Reduction of pollen germination percentage
Growth chamber—2015 (2 reps) 0.90 0.19 0.037 21.2 0 1 1
Rosthern—2015 (2 reps) 0.74 0.29 0.084 39.1 0 1 1

SD standard deviation, CV coefficient of variance

Range represents the range between the minimum value and the maximum value

four markers explained 19-26% of the phenotypic
variation in this trait (Table 5).

Pollen germination reduction
Data of pollen germination reduction for samples

collected from growth chambers were square trans-
formed. Pollen samples collected from the field were

@ Springer

more robust compared to pollen samples collected
from the controlled environment, because the reduc-
tion percentage of in vitro pollen germination due to
high temperature of pollen samples collected from the
controlled environment was greater compared to the
field conditions, with mean values of 90 and 74% at
growth chamber conditions and Rosthern in 2015,
respectively (Table 3). The broad sense heritability of
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o7

Fig. 2 Analysis of the
genotype-by-environment
interaction on days to
flowering (DTF) using
additive main effects and
multiplicative interaction
(AMMI) model in field pea
in 8 site-years. a Biplot of
AMMI analysis for
Principal Component
Analysis (PCA) component
1 versus average of DTF for
92 genotypes at 8
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pollen germination reduction was only 0.10 (Table 4).
The coefficient of variation for reduction in percentage
of in vitro pollen germination (21.2-39.1%) was
relatively large (Table 3), which was reflected in the
large error variance (64.6%) for this trait in Table 4.
No marker was associated with the reduction of
in vitro pollen germination due to heat stress (incu-
bation at 42 °C) for flower samples collected from
both the field (Rosthern in 2015) and environmentally
controlled conditions (Table 5).
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Discussion

Both Bayesian and multivariate methods
employed to infer structure of the collection in the
present study. Three groups were observed in this
mapping panel using the Bayesian and DAPC meth-
ods, and these three groups roughly corresponded to
the geographical origins of these cultivars. However,
these clustering results differed to some extent from
the 8 groups identified in a similar mapping panel

were
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Table 5 Summary of significant (—log;op > 4.3) marker-trait associations identified by association analyses in a diversity panel of

92 pea cultivars

Trait Location Marker Linkage Position —log;p Marker Same marker for
group (M) P 23 different traits
Days to flowering Rosthern-2011 1 PsC14322p98  Unmapped 22 4.5 0.20 -
(DTF) Rosthern-2012 2 PsC8005p478  Unmapped 80 43 0.20 -
Rosthern-2013 3 PsC21767p87° 4 20 44 0.20 -
Rosthern-2015 4 PsC7497p542 4 64 6.1 0.26 -
5 PsC6902p242  Unmapped 73 53 0.20 -
Growth 6  PsC20566p234 1 13 5.0 0.23 Rnode
chamber- 7 PsC22477p202 2 10 5.1 0.23 -
2015 8  PsC487p422 2 13 9.2 0.35 -
9 PsC17431p188 2 32 53 0.24 Rnode
10 PsC5013p645 2 70 43 0.21 -
11 PsC5597p362 2 70 5.6 0.25 -
12 PsC19344p128 3 17 4.6 0.23 Rnode
13 PsC7220p181 3 91 8.3 0.35 -
14 PsC27004p102 3 115 5.7 0.23 Rnode
15 PsC15940p208 3 120 0.24 Rnode
16 PsC3200p191 4 19 5.7 0.22 Rnode
17 PsC21767p87° 4 20 5.1 0.24 Rnode
18 PsC14392p100 4 59 4.5 0.21 -
19 PsC908p622 7 46 4.5 0.21 -
20 PsC10060p242 Unmapped 2 4.8 0.22 -
21 PsC12051p325 Unmapped 12 8.7 0.36
22 PsC13289p266 Unmapped 18 55 0.26 Rnode
23  PsC13955p450 Unmapped 21 9.3 0.38 Rnode
24 PsC14155p82  Unmapped 21 6.3 0.28 Rnode
25 PsC20385p319 Unmapped 42 5.7 0.22 Rnode
26 PsC21134p263 Unmapped 43 5.7 0.22 Rnode
27 PsC5231p296  Unmapped 66 4.6 0.21 -
Duration of flowering Sutherland- 28 PsC18479pl62 2 6 5.5 0.23 -
(DOF) 2012 29 PsC19105pl4l 3 98 43 0.18 -
30 PsC12831pl52 3 124 6.6 0.26 -
31 PsC17990p348 3 131 5.4 0.23 Rnode
32 PsC4940pl155 6 36 43 0.19 Rnode
33 PsC6187pl183 6 68 57 0.23 -
Number of pods Yuma-2012, 34 PsC19517pl15 Unmapped 40 5.2 0.24 -
early seeding
Sutherland- 35 PsC27644p242 Unmapped 55 6.5 0.23 -
2012 36 PsC6387p181  Unmapped 71 43 0.20 -
Pod set (%) Rosthern-2012 37 PsC8016p73 3 16 4.8 0.21 -
Pods retained with seed Yuma-2012, 38 PsC11375p247 1 87 4.6 0.20 -
(%) at Yuma early seeding 39 PpsC7631p74 4 106 5.0 0.19 -
40 PsC2509p330 5 83 4.5 0.26 -
41 PsC1106p196  Unmapped 8 4.9 0.21 -
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Table 5 continued

Trait Location Marker Linkage Position —log;p Marker Same marker for
group (cM) p 22 different traits
Number of reproductive  Rosthern-2012 42 PsC17990p348 3 131 4.3 0.20 DOF
nodes (Rnode) 43 PsC4940p155 6 36 4.9 0.23 DOF
44 PsC12883p342 Unmapped 16 6.4 0.25 -
Rosthern-2015 45 PsC2491p801 1 1 5.0 0.24 -
46 PsC20566p234 1 13 6.4 0.28 DTF
47 PsC17776p66 2 15 52 0.24 -
48 PsC17431p188 2 32 6.6 0.29 DTF
49 PsC19344p128 3 17 6.4 0.30 DTF
50 PsC27004p102 3 115 7.1 0.28 DTF
51 PsC15940p208 3 120 6.1 0.28 DTF
52 PsC3200p191 4 19 72 0.28 DTF
53 PsC5316p234 5 75 8.2 0.34 -
54 PsC13188p293 6 83 5.7 0.25 -
55 PsC10016p165 Unmapped 2 5.1 0.23 -
56 PsC13289p266 Unmapped 18 6.0 0.28 DTF
57 PsC13955p450 Unmapped 21 7.2 0.31 DTF
58 PsC14155p82  Unmapped 21 6.5 0.29 DTF
59 PsC20385p319 Unmapped 42 7.2 0.28 DTF
60 PsC21134p263 Unmapped 43 72 0.28 DTF

a

2 (coefficient of determination) for the marker after fitting other model terms (population structure)

Same significant marker for days to flowering at two different environments

where these same 92 pea cultivars plus two wild Pisum
accessions [P651 (Pisum fulvum) and PI344538
(Pisum sativum subsp. elatius)] were analyzed using
the Bayesian method, and these 94 cultivars were
clustered into 8 groups (Diapari et al. 2015). The
grouping assignments are consistent with Diapari et al.
(2015) for the majority of individuals.

Molecular markers associated with important agro-
nomic traits facilitate selection for interesting gene
variants (Holland 2007). Comparing the QTL associ-
ated with flowering time (DTF and DOF) with the
QTL associated with the number of reproductive
nodes, 12 DTF QTL and 2 DOF QTL overlapped with
the QTL associated with the number of reproductive
nodes, i.e., flowering time QTL may play a crucial role
in the number of reproductive nodes in field pea.
Genes and environmental cues affecting the vegeta-
tive-to-reproductive transition can continue to affect
post-flowering processes related to fertility and pod
development (Weller and Ortega 2015). Flowering
time is associated with fundamental decisions such as

@ Springer

when and how to allocate resources. Weller and
Ortega (2015) in a review of genetic control in
flowering time in legume crops, indicated that flow-
ering control is closely related to light perception/
signaling, circadian clock, photoperiod response,
signal integration and inflorescence development.
The number of flowers/pods per node in pea is
regulated by two genes, Fn and Fna. The single
recessive mutations of Fn and Fna increase the
number of flowers (reviewed in Benlloch et al.
2015). Flowering time genes such as HR and SN also
affect flower/pod number in pea (Reid et al. 1996;
Liew et al. 2014; Benlloch et al. 2015). Flower number
is increased by dominant HR alleles and reduced by
recessive sn alleles (Liew et al. 2014; Benlloch et al.
2015). The number of reproductive nodes is a function
of the duration of meristem activity, which is also
influenced by the flowering time genes SN and HR in
field pea (Reid et al. 1996). Similar to the number of
flowers per node, the number of reproductive nodes is
increased by dominant HR alleles and decreased by
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Fig. 3 Manhattan plots of —
logo (p value) of
association mapping for
days to flowering at growth
chamber in 2015 and the
number of reproductive
nodes at Rosthern in 2015 in
a diversity panel of 92 pea
cultivars using the general
linear model (GLM). The
significant threshold was
adjusted using the
Bonferroni correction at —
logo (p < 0.05) = 4.3. The
x-axis represented seven
linkage groups (LG I-LG
VII) and unmapped markers
are grouped in group 8.
Arrows indicate the same
significant markers in both
traits as shown in Table 5
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recessive sn alleles (Reid et al. 1996). To date, genes
that specifically control the number of reproductive
nodes have not been reported (Benlloch et al. 2015).
A total of 943 SNP markers from 1536 SNPs with
known genetic positions from a consensus pea map
(Sindhu et al. 2014) were used in the present study. An
average SNP frequency of 1 SNP per 667 bp was
detected (Sindhu et al. 2014). The synteny-based
comparison between field pea and Medicago truncat-
ula showed that the seven linkage groups, LG I, LG II,
LGIIL LGIV,LG YV and LG VII, were collinear along
their length with Medicago chromosomes 5, 1, 3, 8, 7
and 4, respectively; and the pea LG VI corresponded
to the Medicago chromosomes 2 and 6 (Bordat et al.
2011; Sindhu et al. 2014). Flowering time QTL in
Medicago are located at chromosomes 1, 4, 5, 7 and 8,

a P-Values by Chromosome for days to flowering at growth chamber in 2015
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which correspond to LG II, LG VII, LG I, LG V and
LG IV of pea, respectively (Pierre et al. 2008). In the
present study, significant markers related to DTF were
identified on LG I, LG II, LG III, LG IV and LG VII.
QTL associated with the onset of flowering were
detected on LG II, LG IV and LG VI from three bi-
parental populations in field pea (Ferrari et al. 2016).
The flowering-time QTL on LG II was co-located with
the QTL for grain yield in field pea, indicating a
correlation between the onset of flowering and grain
yield (Ferrari et al. 2016). However, due to a lack of
common markers in the study conducted by Ferrari
et al. (2016) and our study, a precise comparison of
these locations is not possible. QTL associated with
DTF were detected on LG II, IIT and VI in field pea
(Huang et al. 2017). Significant markers associated
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with DOF were detected on LG III in the present study
and the study conducted by Huang et al. (2017).
Significant markers associated with the number of
reproductive nodes were observed on LG III and VI in
the present study and Huang et al. (2017). QTL are
often not consistently detected across different map-
ping populations (Holland 2007), partly due to genetic
heterogeneity and different QTL that segregate in
different mapping populations (Holland 2007; Myles
et al. 2009).

The broad sense heritability of DTF, DOF, the
number of reproductive nodes, and the number of pods
were 0.67, 0.78, 0.80 and 0.51 in field pea in the
present study. The broad sense heritability of DTF was
documented to be 0.69, 0.77 and 0.87 in three bi-
parental populations in field pea (Ferrari et al. 2016).
Similarly, the broad sense heritability of DTF, DOF,
the number of reproductive nodes, and the number of
pods were 0.90, 0.49, 0.38 and 0.57, respectively in
field pea in a bi-parental population across five site-
years at Rosthern in 2012, 2013 and 2014, and
Sutherland in 2013 and 2014 (Huang et al. 2017).
Relatively high heritability in the traits related to
reproductive development indicates that the pheno-
type is strongly linked to the genotype.

DTF was reduced for plants seeded late at the
Arizona location in 2012, likely due to day length
being longer and temperatures warmer for plants with
the late seeding date. The regulation of flowering time
via different seeding dates is of great interest since
plants are able to avoid the most stressful phases
during the growing season with appropriate seeding
dates. The range of DTF under controlled conditions
was greater in field conditions due to several late
flowering cultivars being sensitive to light spectral
quality in growth chambers. Artificial light in growth
chambers usually has a greater red (660 nm) to far-red
(735 nm) ratio (R:FR) compared to natural light with
the R:FR ratio of ~ 1.2 (Holmes and Smith 1975). For
example, lentil plants flowered earlier when exposed
to a smaller R:FR light ratio (Mobini et al. 2016).
Results from the AMMI model demonstrated DTF was
unstable in certain cultivars, whereas others had a
greater stability in DTF, which suggested that
stable flowering cultivars may be less photoperiod-
sensitive. Late flowering genotypes are generally more
sensitive to photoperiod and temperature compared to
early flowering genotypes in field pea (Truong and
Duthion 1993).

@ Springer

The genetic variation in an association mapping
panel is generally much greater compared to linkage
populations, and thus sample size for association
mapping remains smaller than linkage populations
(Zhu et al. 2008). Approximately 100 genotypes were
investigated in many association mapping studies
reviewed by Zhu et al. (2008). Population size and
experimental design are two key factors affecting QTL
detection using genome-wide association mapping
(Wang et al. 2012). For example, population sizes
greater than 384 individuals are needed to consistently
detect the three major heading date QTL in barley
(Wang et al. 2012). The Bonferroni adjustment was
employed in the present study, and this multiple
testing approach may overcorrect for the inflated false-
positive rate, leading to a reduction in significant SNP
markers detected compared to an approach without the
multiple testing correction (Nyholt 2004). Some
studies did not use the multiple testing corrections.
For example, the p value of 0.01 (equivalent to the
value of —logop of 2) was used to determine if a QTL
was associated with a marker (Pillen et al. 2003;
Agrama et al. 2007; Brazauskas et al. 2011; Nemli
et al. 2014).

Additionally, the kinship analysis on a similar
population conducted by Diapari et al. (2015) sug-
gested that family relatedness among the majority of
the cultivars (97.2% of 94 cultivars—the same 92
cultivars in the present plus two wild Pisum acces-
sions) is loose, therefore the results from the GLM
model are less conservative compared to the results
from the mixed linear model (MLM) model in the
present study. Significantly associated markers are
more reliable if the same markers are detected in two
or more separate environments compared to signifi-
cant markers only detected at a single environment.
Therefore, significant markers associated with the
number of reproductive nodes, the number of pods on
the main stem, and percentage of pods set and
percentage of pods retained with seed are less
convincing compared to the marker associated with
DTF in two or more separate environments. Thus
datasets of these traits (the number of reproductive
nodes and the number of pods on the main stem) from
more environments would be recommended to vali-
date markers detected in only a single environment.
Further, more precise phenotyping with lower values
of coefficient of variation could have resulted in
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greater values of coefficient of determination, thus
improving the accuracy of the marker associations.

In vitro pollen germination has been used as a rapid
screening criterion for stress tolerance in many legume
crops such as chickpea (Devasirvatham et al. 2012),
soybean (Salem et al. 2007), field pea (Petkova et al.
2009; Lahlali et al. 2014; Jiang et al. 2015), and
groundnut (Kakani et al. 2002). QTL mapping of
thermos-tolerance traits has been conducted, such as
in vitro pollen germination in maize (Frova and Sari-
Gorla 1994) and pollen viability in rice (Xiao et al.
2011). However, the present study failed to yield any
significant markers associated with in vitro pollen
germination, because phenotyping of this trait was
both technically challenging and time-sensitive for a
large population. Our results could be confounded by
time of sampling and small differences in flower and
anther development stages. These problems could first
be alleviated with a repeated check cultivar in the field
to standardize and calibrate the pollen germination
data to improve the accuracy of phenotyping. It took
approximately 4-5h to run the in vitro pollen
germination test on 92 cultivars with two temperature
treatments (one replication). Pollen viability and vigor
may be reduced between the first few cultivars
compared to the last few cultivars.

A second improvement would be accurate flower
sampling so anthers of all cultivar samples are at the
exact same stage to achieve successful mapping of
pollen vigor for a large population. Flower samples
were collected by more than one person, which
introduced additional sampling variation. The optimal
stage of flower sampling was at Stage III (Jiang 2016;
after anther dehiscence and before flowers were fully
open), which can be easily confused with fully open
flowers but with the standard petal closed again [Stage
IV, V (Jiang 2016)] and pollen viability is now lower.

Although no significant markers associated with the
heat-induced reduction of pollen germination in this
study, the greater number of reproductive nodes
(indeterminacy) could be an easy trait to explore and
use for lengthening flowering duration. Previous
research has shown indeterminacy is beneficial for
recovering from environmental stress in chickpea and
cowpea (Berger et al. 2006; Hall 2004). Heat and
drought stress accelerate reproductive growth and
reduce yield in soybean, so lengthening reproductive
growth could counteract the negative effects of stress
(Desclaux and Roumet 1996). Therefore, the number

of reproductive nodes, DTF and DOF are recom-
mended as criteria by which to screen heat tolerance.
In Western Canada, short heat waves are the main
manifestation of heat stress, so having more sequen-
tially formed flowers and pods would be the primary
strategy for heat resistant yield in future cultivars.

Percentage of pods set in Saskatchewan (Rosthern
and Sutherland) was greater than losses associated
with the death of developing pods (percentage of pods
retained with seed) at Yuma. For the Northern Great
Plains where reproductive growth proceeds at similar
temperature ranges as early reproductive growth, pod
set percentage is useful, indicating superior genetic
performance where flower abortion is the main
impediment to yield loss in stress. Including a second
pod assessment such as the degree of pod abortion
would be useful for regions that experience prolonged
and significant heat stress in reproductive growth (e.g.
Australia, late seeding in Arizona). In these regions,
spring-sown pea flowers in cool temperatures and sets
pods, but the pods develop and mature in warmer
temperatures and drought, and stress will also cause
some of these pods to die prematurely.

Conclusions

Ninety-two diverse pea cultivars clustered into three
subpopulations roughly corresponding to the geo-
graphic origin of the individuals. Sixty SNPs showed
marker-trait associations with seven reproductive
development related traits. Fourteen flowering time
QTL overlapped with the QTL associated with the
number of reproductive nodes in field pea. One marker
located at LG IV was significantly associated with
DTF at two separate environments. Several markers
were found to be significantly associated with other
reproductive development related traits including the
number of reproductive nodes, the number of pods,
and percentage of pods set. Collectively, our findings
unveiled the genetic basis of reproductive develop-
ment related traits in pea, serving as an avenue for
genetic  improvement through marker-assisted
breeding.
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