Mol Breeding (2015) 35:185
DOI 10.1007/s11032-015-0376-4

@ CrossMark

Construction of an integrated linkage map and trait
dissection for bacterial blight resistance in field pea

(Pisum sativum L.)

Shimna Sudheesh - Matthew Rodda - Peter Kennedy - Preeti Verma - Antonio Leonforte -
Noel O. I. Cogan - Michael Materne * John W. Forster + Sukhjiwan Kaur

Received: 27 May 2015/ Accepted: 27 August 2015/ Published online: 4 September 2015

© Springer Science+Business Media Dordrecht 2015

Abstract Field pea (Pisum sativum L.) is a grain
legume crop that is cultivated for either human or
livestock consumption. Development of varieties
adapted to damaging abiotic and biotic stresses is a
major objective for field pea breeding. Bacterial blight
is a serious disease caused by the pathogenic agents
Pseudomonas syringae pv. syringae and Pseudomonas
syringae pv. pisi. A recombinant inbred line (RIL)
genetic mapping population was generated by crossing
the susceptible genotype Kaspa to the resistant geno-
type PBA Oura. Previously described sets of single-
nucleotide polymorphism and simple sequence repeat
markers were assigned to a genetic linkage map of the
Kaspa x PBA Oura population, which contained 358
markers spanning 1070 cM with an average marker
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density of 1 locus per 3.0 cM. Combination with
multiple previously published maps (including that of
Kaspa x Parafield) subsequently generated an inte-
grated structure with much higher marker density of 1
locus per 0.85 cM. The Kaspa x PBA Oura and
Kaspa x Parafield RILs were screened at the seedling
stage for resistance to both pathovars. Totals of four
and two QTLs for resistance to infection by P. syringae
pv. syringae were detected in the Kaspa x Parafield
and Kaspa x PBA Oura populations, respectively. A
single common genomic region associated with P.
syringae pv. pisi resistance was identified in both
mapping populations. To integrate information on
bacterial blight resistance from various QTL mapping
studies, the relevant regions were extrapolated on to
the integrated map through use of common flanking
markers. The resources generated in this study will
support map enhancement, identification of marker-
trait associations, genomics-assisted breeding, map-
based gene isolation and comparative genetics.

Keywords Grain legume - Simple sequence repeat -
Single-nucleotide polymorphism - Bacterial disease
resistance - Molecular breeding

Introduction

Field pea (Pisum sativum L.) is an annual cool-season

legume crop with a global annual production of 11
million tonnes from 6.4 million hectares (FAOSTAT
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2014). In many agricultural systems, legumes are
complementary to cereals due to contributions from
biological nitrogen fixation. Moreover, seeds of
legumes contain valuable macro- and micro-nutrients,
including proteins, providing a highly nutritious food
resource (Duranti 2006). Production of field pea is
constrained by the impact of a number of biotic and
abiotic stresses, requiring improvement of levels of
protection against major fungal, bacterial and viral
diseases to increase yield and quality of the crop
(Allen and Lenne 1998).

Bacterial blight, caused by the pathogenic agents P.
syringae pv. syringae and P. syringae pv. pisi, is a
sporadic and damaging disease of field pea. Incidence
of bacterial blight has been reported in most of the pea-
growing areas of the world. Prevalence of each
pathogen varies between regions (depending on the
predominant cultivar within that region), and they may
occur in the field separately, or in combination
(Martin-Sanz et al. 2011; Richardson and Hollaway
2011). A total of eight different pathogenic races of P.
syringae pv. pisi have been described, based on their
differential interaction with specific pea genotypes
(Taylor et al. 1989; Martin-Sanz et al. 2011). In
Australia, race 3 (64 %), followed by race 6 (31 %), is
the most common of these races (Hollaway et al.
2007). P. syringae pv. pisi is the prevalent bacterial
blight pathogen in Australian production zones, but
the incidence of disease caused by P. syringae pv.
syringae has increased since the introduction of semi-
leafless cultivars (such as Kaspa, Excell and Snow-
peak) in the south-eastern region (Richardson and
Hollaway 2011).

Development of disease-resistant cultivars is the
most effective method for control of bacterial blight,
as chemical control is ineffective against both
pathogens in the infected fields. Resistance to P.
syringae pv. pisi is conferred by a specific gene-for-
gene interaction mechanism, with six putative resis-
tance—avirulence (R-A) gene pairs (Bevan et al.
1995). In contrast, resistance to P. syringae pv.
syringae under controlled and field conditions exhibits
continuous variation, suggesting contributions by a
number of genes with lower magnitudes of effect, and
leading to quantitative inheritance (Martin-Sanz et al.
2012). QTL studies for resistance to P. syringae pv.
pisi in pea have identified several of these R genes
(Ppil [RI] for race 1, Ppi2 [R2] for race 2, Ppi3 [R3]
for race 3 and Ppi4 [R4] for race 4), which have been
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assigned to different genetic map locations (Ppil on
linkage group [LG] VI, Ppi2 on LG VII, Ppi3 and Ppi4
probably on LG II [Hunter et al. 2001]). For P.
syringae pv. pisi race 6, no source of resistance has so
far been identified. In contrast, relatively few QTL
studies have been conducted in order to identify
mechanisms of resistance to bacterial blight caused by
P. syringae pv. syringae, possibly due to limited
availability of resistant genetic backgrounds (Fondev-
illaetal. 2012). A RIL population-based QTL analysis
study identified quantitative variation for resistance,
through detection of two QTLs accounting for 22 and
8 % of the phenotypic variation (Vp), respectively
(Fondevilla et al. 2012).

Molecular genetic tools including high-throughput,
robust molecular marker technologies such as SSR and
SNP markers, high-density genetic linkage maps and
consensus maps (Leonforte et al. 2013; Duarte et al.
2014; Sindhu et al. 2014; Sudheesh et al. 2014), and
significant genomic resources such as transcriptome
sequencing datasets (Franssen et al. 2011; Kaur et al.
2012; Duarte et al. 2014; Sudheesh et al. 2015) have
been developed for pea, with an aim of crop
improvement through enhancement of breeding pro-
grams. Genetic linkage maps are essential for QTL
identification, marker-assisted selection, comparative
genomics and map-based cloning (Semagn et al. 2006;
McConnell et al. 2010), and also play a crucial role in
anchoring physical maps and ordering and orientation
of scaffolds during genome assemblies. Integration of
multiple individual linkage maps into consensus
structures permits saturation of marker content, with
enhanced value across a broad range of germplasm
sources, and ultimately allowing identification of the
genetic factors that control agronomically important
traits, including bacterial blight resistance, through
QTL mapping and candidate gene identification.

The objectives of the present study were to develop
a genetic linkage map for the Kaspa x PBA Oura RIL
mapping population using SSR and SNP markers; to
develop an integrated map of field pea by combining
the Kaspa x PBA Oura map with previously
described maps (Leonforte et al. 2013; Sudheesh
et al. 2014; Duarte et al. 2014; Sindhu et al. 2014); and
to detect QTLs associated with bacterial blight
resistance in two RIL populations (Kaspa x Parafield
and Kaspa x PBA Oura) that exhibit variation for the
trait, using phenotypic data collected from glasshouse-
based nursery screens.
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Materials and methods
Plant materials

A segregating genetic mapping population was devel-
oped by crossing single genotypes from cultivar Kaspa
(susceptible to both P. syringae pv. syringae and P.
syringae pv. pisi race 3) to PBA Oura (moderately
resistant to P. syringae pv. syringae and resistant to P.
syringae pv. pisi race 3) (Richardson and Hollaway
2011) at the premises of Biosciences Research,
Horsham, Victoria, Australia, and F, progeny were
obtained. Single-seed descent was performed for four
subsequent generations in the glasshouse, and a total
of 110 Fg RILs were subsequently generated. The
plants were maintained in glasshouses under ambient
conditions of 22 °C with a 16-/8-h (light/dark) pho-
toperiod. Genomic DNA was extracted from leaves
using the DNeasy® 96 Plant Kit (QIAGEN, Hilden,
Germany) according to manufacturer’s instructions.
The DNA was resuspended in MilliQ water and
quantified using a Nanodrop spectrometer (Thermo
Scientific, Massachusetts, USA), followed by storage
at —20 °C.

SSR and SNP genotyping and genetic linkage
mapping

SSR (Loridon et al. 2005; Kaur et al. 2012) and SNP
(Leonforte et al. 2013) genotyping, followed by
genetic linkage mapping and visualisation of the
linkage groups of Kaspa x PBA Oura RILs, was
performed as described previously (Leonforte et al.
2013; Sudheesh et al. 2014).

Integrated map construction

The Kaspa x PBA Oura genetic linkage map gener-
ated in this study was combined with the pre-existing
Kaspa x Parafield (Leonforte et al. 2013),
Kaspa x Yarrum and Kaspa x ps1771 (Sudheesh
et al. 2014) maps to generate an intermediate structure,
using MergeMap (Wu et al. 2011). Similarity searches
of the DNA sequences underlying map-assigned SNP
markers were performed against the transcriptome
sequencing data (DDBJ/EMBL/GenBank under the
accession GAMJ00000000 and KnowPulse—http://
knowpulse.usask.ca/portal/search/sequences) under-
pinning the SNP markers on integrated maps of Duarte

et al. (2014) and Sindhu et al. (2014) with a threshold
E-value of 107'%. After identification of common
sequences, data from all pre-existing maps were
combined into a single integrated map structure
through use of MergeMap. The linkage groups were
visualised by use of MapChart (Voorrips 2002).

Phenotypic evaluation
Bacterial isolates

Bacterial isolates (P. syringae pv. syringae and P.
syringae pv. pisi race 3) that were used in this study
were obtained from Biosciences Research, Horsham,
Victoria, Australia. The identities of the bacterial
isolates were confirmed (using PCR), and bacterial
isolates were maintained as described by Rodda et al.
(2015).

Disease assessment

Screening for bacterial blight resistance in both
mapping populations was performed under controlled
environmental conditions at Biosciences Research,
Horsham, Victoria, Australia. The experimental
design was a randomised split block with three
replicates of three plants each from each RIL-derived
line in a pot. Two types of inoculation procedure
(spray inoculation or stab inoculation) were performed
on three- to four-week-old seedlings. P. syringae
inoculum preparation and the inoculation procedures
were performed as described previously [spray inoc-
ulation method—Rodda et al. (2015); stab inoculation
method—Hollaway and Bretag (1995)]. Kaspa x
Parafield RIL-derived plants were stab-inoculated
with P. syringae pv. pisi race 3. Spray inoculation
was performed for the other three combinations
(Kaspa x PBA Oura and Kaspa x Parafield with P.
syringae pv. syringae; Kaspa x PBA Oura with P.
syringae pv. pisi race 3).

Following spray inoculation of P. syringae pv.
syringae on both mapping populations, disease inci-
dence scores were recorded as percentages of affected
plant tissue. Following stab inoculation of the
Kaspa x Parafield RIL population with P. syringae
pv. pisi race 3, disease incidences were recorded on a
numerical scale, with score 1—inoculation point
dried, score 2—Ilesion growth arrested and score 3—
water-soaked lesion. Means for disease scores were
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calculated, and if the value exceeded 2, a susceptible
rating was assigned. In contrast, if the value was less
than or equal to 2, a resistant rating was given.
Following spray inoculation of the Kaspa x PBA
Oura mapping population with P. syringae pv. pisi
race 3, plants were scored on a scale of 1-4 (1—fully
resistant; 2—moderately resistant; 3—moderately
susceptible; and 4—fully susceptible). Mean scores
for each individual from the mapping populations
were used to construct frequency distribution his-
tograms in order to determine mode of inheritance for
each trait.

QTL analysis and identification of sequences
associated with flanking genetic markers

The Kaspa x PBA Oura genetic linkage map that was
developed in this study and Kaspa x Parafield genetic
linkage map from Leonforte et al. (2013) were used for
QTL analysis. QTL detection was performed as
described by Sudheesh et al. (2014) using QTL
Cartographer v 2.5 (Wang et al. 2012). QTLs identi-
fied in the current study and from a previous study
(Fondevilla et al. 2012) were placed on the integrated
map on the basis of common flanking markers.

BLASTN analysis of the sequences underlying SNP
markers flanking the QTL-containing intervals was
performed against the coding sequences (CDS) of M.
truncatula, v3.5 (http://jcvi.org/medicago/), with a
threshold E-value of 10~'°. The sequences of SNP loci
flanking the QTL-containing intervals were BLASTN
analysed against the M. truncatula genome v3.5 (http://
jevi.org/medicago/), to identify genomic regions con-
taining putative candidate genes.

Results
Genotyping and genetic linkage mapping

A total of 240 genomic DNA derived and EST-SSRs
from different sources were screened to detect poly-
morphism between the parental lines of the Kas-
pa x PBA Oura mapping population, identifying 50
informative marker assays (40 genomic DNA derived
and 10 EST-SSRs), of which 40 were successfully
screened on 110 RILs. SNP genotyping was performed
with 768 markers, of which 350 (46 %) revealed clear
polymorphism and were hence processed for genetic
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linkage map construction. From the selected markers,
a total of 23, including 9 SSRs and 14 SNPs, were
excluded from linkage map construction due to
skewed segregation ratios. The remaining 367 markers
(31 SSRs and 336 SNPs) (Supplementary file 1) were
used for linkage mapping, of which 358 (31 SSRs and
327 SNPs) were assigned to ten LGs (Supplementary
files 2 and 3). The map spanned a total length of
1070 cM, with an average marker density of 1 locus
per 3.0 cM (Supplementary file 4). The number of
markers assigned to LGs varied from 5 (Ps VI) to 69
(Ps VII), with an average of 36 markers per LG. The
identity and orientation of LGs were determined by
comparison with the M. truncatula genome, as well as
from previously map-assigned SSRs as anchoring
markers. The largest numbers of SSR marker loci that
were common between maps were on Ps IV and Ps
VII, and the smallest was on Ps VI.

Comparative analysis of the four population-specific
genetic maps (Kaspa x PBA Oura, Kaspa x Parafield,
Kaspa x Yarrum and Kaspa x ps1771) revealed high
levels of co-linearity, although specific map distances
were not always comparable. A total of 123 markers were
common across all four maps. The highest number of
common markers (308) was between the Kaspa x Yar-
rum and Kaspa x ps1771 maps, followed by the com-
parison between the Kaspa x PBA Oura and
Kaspa x ps1771 maps, with 281 markers. The lowest
number of common markers was between the
Kaspa x Yarrum and Kaspa x Parafield maps. Com-
parison of the common markers revealed co-linearity in
locus order for Ps I, Ps III, Ps IV, Ps V and Ps VII.
Alternatively, Ps Il and Ps VI exhibited different genomic
configurations, although co-linearity of gene order was
maintained within the respective translocated segments.
LGs containing large (>20 cM) intervals devoid of any
markers were observed for all four maps. The total
number of gaps varied, the highest number (13) being for
the Kaspa x Yarrum map, and the lowest (7) for the
Kaspa x ps1771 and Kaspa x PBA Oura maps.

A composite structure was generated by merging
information from the four maps, which were based on
differing numbers of individual markers (358 in
Kaspa x PBA Oura, 429 in Kaspa x Yarrum, 452
in Kaspa x ps1771 and 458 in Kaspa x Parafield).
The composite map consisted of 782 markers (694
SNPs and 88 SSRs) which were assembled into seven
LGs (Supplementary file 3), with a cumulative map
length of 2601 cM. The lengths of LGs ranged from
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293 ¢cM (Ps VI) to 430 cM (Ps 1V), with an average
density of one marker per 3.4 cM. In some instances
(37 in total, including three SSRs), the same marker
assay detected multiple loci, which were consequently
considered as unique markers. A total of 145 markers
(19 %) were common to all four maps, while 234
(30 %) were unique to single populations (Kaspa x
Parafield—128; Kaspa x Yarrum—63; Kas-
pa x ps1771—28 and Kaspa x PBA Oura—15), the
remaining 548 (70 %) providing bridging loci
between two or more maps. Comparison of the
composite map with individual maps was performed
to verify marker order in LGs, revealing high co-
linearity in locus order (Supplementary file 5), apart
from Ps II and Ps VL.

The DNA sequences underlying the 768 SNP loci
were used for sequence similarity searches (Supple-
mentary file 6) against pea transcriptome sequences
underpinning those SNP markers assigned to previ-
ously published integrated maps. This process identi-
fied 203 bridging loci between the field pea composite
map and the integrated maps. A comprehensive
integrated structure was generated by merger of all
available maps, permitting placement of 2857 markers
on seven LGs spanning 2427 cM (Fig. 1; Table 1).
Map density varied from 0.67 cM (Ps VI) to 1.09 cM
(Ps IT), with an average of 0.85 cM. Of the seven LGs,
Ps VII contained the largest number of markers (525),
followed by Ps III and Ps IV with 459, 392 markers,
respectively, while Ps VI contained only 360 markers
(Supplementary file 3). Some intervals devoid of any
markers (>10 cM) were observed: single gaps on each
of Ps I and Ps VII; three gaps on each of Ps II, Ps III
and Ps IV, mainly towards the distal end; and a couple
of gaps in the middle of each LG. Markers from each
of the maps contributed unique loci to the integrated
structure, and detailed analysis indicated that some of
these loci were localised to specific regions. For
instance, eight markers spanning 22 c¢cM on the upper
part of Ps V were derived from the composite structure
of population-specific genetic maps. Marker order was
well conserved in comparison with LGs of the
individual maps, although several inversions and local
rearrangements were observed.

Disease assessment and QTL detection

Significant differences between disease scores of whole
plants following infection with P. syringae pv. syringae

were observed between RILs of each population
(Supplementary file 7). Frequency distribution patterns
obtained from both populations indicated the presence
of multiple genes contributing to disease resistance
(Fig. 2). Evidence was also obtained for transgressive
segregation patterns, as the phenotypic scores of some
individual lines were located outside the range of the
parental genotypes (being both more and less suscep-
tible). The locations and magnitudes of effect for each
QTL were estimated using both simple interval map-
ping (SIM) and composite interval mapping (CIM). On
the Kaspa x PBA Oura map, two QTLs were detected
(on Ps III and Ps VII), accounting for circa (c.) 15 %
(Psy_KOI) and 11 % (Psy_KO2) of V,, respectively
(Fig. 3; Table 2). On the Kaspa x Parafield map, CIM
detected four QTLs, two (Psy_KP2 and 3) of which
were located on Ps I1I, accounting for c. 13 and 23 % of
V,, respectively (Table 2). The other two QTLs were
detected on Ps II (Psy_KP4) and Ps VII (Psy_KP1),
accounting for c. 9 and 8 % of V, respectively (Fig. 3,
Table 2). For Psy_KP2, resistance determinants were
derived from the susceptible parent (Kaspa), while the
genetic factors at the other QTL regions were associated
with the moderately resistant parent (Parafield).

For the resistance to P. syringae pv. pisirace 3, only a
single genomic region with moderate magnitude of
effect was detected, located on Ps III of both the
Kaspa x Parafield and Kaspa x PBA Oura maps, with
maximum logarithm of odds (LOD) scores of 9.5 and
12.1, respectively, using CIM. The Ps Ill-located QTL
accounted for c. 26 % (Kaspa x Parafield) and 38 %
(Kaspa x PBA Oura) of V,, (Fig. 3, Table 2). The LOD
peak for the QTL in both instances coincided with the
marker SNP_100000801, further supporting the infer-
ence that a single common genomic region is respon-
sible for conferring resistance.

All QTLs identified in the current study, as well
those from a previous study (Fondevilla et al. 2012),
were extrapolated onto the integrated map. This
process obtained seven loci distributed across three
LGs, with number of loci per LG varying from 1 to 4
(Fig. 3). A single correspondence was observed with
the previous study, based on the location of the
PsBB2_Psy from the Kaspa x Parafield population.

Annotation of the flanking markers

Comparison of DNA sequences associated with
markers linked to the P. syringae pv. syringae
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«Fig. 1 Integrated map of field pea, with markers shown on the
right of LGs, and distances between markers indicated in cM on
the left. For presentation purposes, only one of a set of co-
located genetic markers is shown on the map

resistance QTLs directly identified M. truncatula CDS
with functional annotations (supplementary file 8)
such as serine/threonine-protein kinase, monothiol
glutaredoxin-S15, polyadenylate-binding protein 2,
cysteine proteinase 3 and serine hydroxymethyltrans-
ferase gene products, some of which have been
reported to be involved in disease resistance mecha-
nisms of plants. Similarly, the sequences associated
with SNP markers flanking the P. syringae pv. pisi
race 3 resistance QTL-containing intervals included
annotations (supplementary file 8) as ascorbate per-
oxidase, rhodanese-like and caffeic acid O-methyl-
transferase gene products.

Moreover, regions of the M. truncatula genome
near and within the QTL-containing intervals were
examined for candidate gene presence. Multiple genes
located in the vicinity of QTLs (Psy_KP3, Psy_KOlI,
Psy_KO 2 and Ppi3) on Ps III (Mt III) and Ps VII (Mt
IV and Mt VIII) were annotated as being involved in
disease resistance (Supplementary file 9).

Discussion
Genotyping and linkage mapping
In the recent past, several field pea genetic linkage

maps have been developed, mostly through the use of
SNP and SSR marker technologies (Leonforte et al.

2013; Duarte et al. 2014; Sindhu et al. 2014; Sudheesh
et al. 2014). The Kaspa x PBA Oura linkage map
constructed in the present study exhibits an average
marker density of 1 per 3.0 cM and a cumulative
length of 1070 cM. This value is comparatively
smaller than those of the maps from Leonforte et al.
(2013) and Sudheesh et al. (2014), possibly due to the
effects of a lower number of map-assigned markers in
the present study (358). Comparisons with previously
constructed maps (Leonforte et al. 2013; Sudheesh
et al. 2014) revealed highly conserved marker orders,
although the corresponding distances were not always
in similar proportion.

Individual genetic linkage maps exhibit limitations
such as genotype-specific chromosomal rearrange-
ments (duplications, translocations, inversions),
restricted access to population-specific information
and limitations of marker content and density (Yu et al.
2010). Combination of data from multiple linkage
maps into a single integrated structure can address
these shortcomings and facilitate the comparison of
QTL regions identified in various genetic back-
grounds. In the present study, this objective was
accomplished in a two-step process, initially by merger
of four population-specific genetic linkage maps and
then by combination with two other integrated maps.
An integrated map has a higher level of relevance for
positioning of the order of markers than to determine
absolute distances between markers. The recombina-
tion frequencies of maps from different mapping
populations are not fully consistent, although the
MergeMap product provided a more accurate descrip-
tion of marker order than a linear map derived using
approximations based on recombination values (Close
et al. 2009). Moreover, the consensus map based on

Table 1 Characteristics of the composite and integrated maps of field pea

Predicted pea LG~ Number of mapped markers

Map length (cM)

Average marker density

Composite map  Integrated map  Composite map Integrated map  Composite map Integrated map

Ps1 105 375 344
Ps II 97 368 392
Ps III 134 459 425
Ps IV 132 392 430
PsV 87 378 310
Ps VI 87 360 293
Ps VII 140 525 407
Total 782 2857 2601

317 33 0.85
401 4.0 1.09
399 3.2 0.87
400 3.3 1.02
287 3.6 0.76
242 3.4 0.67
381 29 0.73
2427 3.4 0.85
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Fig. 2 Frequency distribution histograms generated from
bacterial blight phenotyping using a percentage of infected
area—P. syringae pv. syringae for Kaspa x Parafield; b per-
centage of infected area—P. syringae pv. syringae for

merging different maps is simply one of many possible
non-conflicting linear representations of the consensus
DAGs. MergeMap software, which was used for this
purpose, has been used in construction of consensus
maps in crops such as common bean (Phaseolus
vulgaris L.) (Galeano et al. 2012), peanut (Arachis
hypogaea L.) (Gautami et al. 2012) and faba bean
(Vicia faba L.) (Satovic et al. 2013). The integrated
map contained 829 more markers than a previously
constructed consensus map (Sudheesh et al. 2014).
Although high levels of co-linearity were observed
between the two maps, addition of new markers
generated a small number of fine-scale differences.

Disease assessment, QTL detection and annotation
of the flanking markers

The present study used two different methodologies
for phenotypic assessment of disease resistance.
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race 3 for Kaspa x Parafield; and d disease scores—P. syringae
pv. pisi race 3 for Kaspa x PBA Oura mapping populations

Previously, the stab inoculation method has been used
for bacterial inoculation (Hollaway and Bretag 1995),
but is a slow and laborious process and not suitable for
use with P. syringae pv. syringae. The spray inocu-
lation method more closely reflects the natural means
of infection than stab inoculation, and is also more
efficient and reproducible (Rodda et al. 2015). Only
minor differences in disease symptoms due to differ-
ent inoculation methods were observed.

In the present study, phenotypic screening for
bacterial blight resistance was conducted under con-
trolled conditions in the glasshouse using a single P.
syringae pv. syringae isolate. A significant challenge
arises from the presence of partial resistance effects
which require quantitative assessment, in contrast to
major R genes that generally give rise to qualitative
effects on the phenotype. Only limited studies to date
have been conducted to analyse the resistance of pea to
P. syringae pv. syringae, under both controlled and
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Fig. 3 Localisation of QTLs associated with resistance to P.
syringae pv. syringae and P. syringae pv. pisi race 3 on the
a Kaspa x Parafield-derived genetic map; b Kaspa x PBA
Oura-derived genetic map; and c¢ integrated map. The name is

field conditions (Martin-Sanz et al. 2011; Richardson
and Hollaway 2011). A continuous frequency distri-
bution of resistance scores in response to P. syringae
pv. syringae infection was observed for both RIL
populations in the present study, suggesting quantita-
tive inheritance. An earlier study in pea also reported a
continuous distribution, supporting this hypothesis
(Fondevilla et al. 2012).

CIM analysis detected totals of 4 and 2 QTLs for
resistance to bacterial blight caused by P. syringae pv.
syringae in the Kaspa x Parafield and Kaspa x PBA
Oura mapping populations, respectively. This discrep-
ancy may be due to the differences of genetic
background. For the Kaspa x Parafield population,
both parents contributed alleles for resistance. The

provided at the top of each LG. Distances of the markers (cM)
are shown to the left, and names of markers are shown to the
right side of LGs. For presentation purposes, only selected
markers are shown on the map

inheritance of such favourable alleles from susceptible
parents has been reported previously (Tar’an et al.
2004). For the Kaspa x PBA Oura RIL population,
only the resistant parent (PBA Oura) contributed
alleles for bacterial blight resistance. It is possible that
such differences may have arisen from gene interac-
tion effects, especially due to a predominant effect of
genetic contributions of a more resistant parent (PBA
Oura).

The parental lines of the two mapping populations
exhibited relatively narrow differences in resistance
level, and this may have contributed to the identifica-
tion of QTLs accounting for low-to-moderate propor-
tions of V,, rather than major gene effects, which
would generally be manifested through highly
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Table 2 Summary of information on QTLs for bacterial blight resistance

Mapping population QTL LG Flanking Position LOD Maximum LOD % Additive
name markers cM threshold  threshold Phenotypic  effect
variance
Kaspa x Parafield Psy_KP1 Ps VII SNP_100000290 250-258 3.5 3.6 8 —4.86
SNP_100000228
Psy_KP2 PsIII  SNP_100000360 0-5 35 54 13 6.18
SNP_100000923
SNP_100000404
Psy KP3 PsIIl AA278 150-154 3.5 5.7 23 —8.17
SNP_100000258
Psy_KP4 PsII SNP_100000576 9-12 35 3.7 9 —5.18
SNP_100000076
SNP_100000577
Ppi3_KP PsIII ~ SNP_100000802 220-223 3.3 9.5 26 —0.29
SNP_100000801
SNP_100000347
Kaspa x PBA Oura Psy_KO1 PsIIl  SNP_100000137 9899 28 4.2 15 —3.41
SNP_100000293
SNP_100000937
Psy_KO2 Ps VII SNP_100000267  81-82 2.8 3.4 11 —2.88
SNP_100000772
Ppi3_KO PsIII ~ SNP_100000801 101-111 2.5 12.1 38 —0.31

SNP_100000315
SNP_100000063

Psy, P. syringae pv. syringae; Ppi3, P. syringae pv. pisi race 3

divergent performance of parental genotypes. In both
mapping populations, transgressive lines with higher
resistance than the parents were observed. This
observation indicates the potential to select such lines,
which may provide a novel source of resistance in
breeding programs.

QTL analysis for P. syringae pv. pisi resistance
revealed a single locus of moderate effect on the
genetic map of the Kaspa x Parafield mapping pop-
ulation. A similar result was obtained for the
Kaspa x PBA Oura population. The detailed genetic
map structure and marker content vary between the
two populations, but the presence of a common
flanking marker strongly suggests that the same
genomic region is involved. Identification of the same
genomic region in both mapping populations supports
the view that differences between inoculation method-
ologies did not contribute to variability of the disease
development in the RILs. Differing proportions of V,,
accounted for the Ppi3 QTLs detected from the two

@ Springer

mapping populations may be due to a number of
contributory factors, including differences in genetic
background between the two populations; difference
in levels of resistance directly conferred by the causal
gene(s) that contribute the QTLs, possibly due to
independent allelic effects; and methodological dif-
ferences of phenotypic screening and assessments. In
support of these possibilities, there is no commonality
of genetic background between the two resistant
parents, Parafield and PBA Oura.

Previous studies to evaluate responses to P.
syringae pv. pisi revealed that race-specific resistance
under controlled conditions for races 2, 3 and 4 was
also observed under field conditions (Martin-Sanz
et al. 2012). This outcome suggests that the corre-
sponding resistance genes (R2, R3 and R4) are
effective under genuine field conditions. Moreover,
the gene combination (R2 + R3 + R4) provided a
more effective resistance than a single gene in
controlling most P. syringae pv. pisi races, including
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the newly identified race 8, but was ineffective against
race 6 (Elvira-Recuenco et al. 2003; Martin-Sanz et al.
2012). The major class of R genes are dominant in
nature (De Ronde et al. 2014), and so highly suitable
for use in marker-assisted selection (Tiwari and Singh
2012) and gene pyramiding. Previous studies (Martin-
Sanz et al. 2012; Rodda et al. 2015) showed that the
outcomes of phenotyping screening conducted under
controlled conditions were positively correlated with
field-based disease symptoms, and glasshouse-based
leaf inoculation provides a useful method for the
prediction of response under field conditions. For
example, consistent resistance ratings were observed
for the field pea cultivar PBA Percy under both
glasshouse and field conditions while infected with P.
syringae pv. syringae (Rodda et al. 2015).

For comparative purposes, the bacterial blight
resistance QTLs were placed on the integrated map
through use of common flanking markers. The incor-
poration of information from multiple independent
QTL mapping studies provided an enhanced assess-
ment of the genetic basis for resistance. Previous
literature had reported the map positions of two QTLs
determining resistance to P. syringae pv. syringae
(Fondevilla et al. 2012). However, only one of these
QTLs shared linked markers in common with the
present study, revealing co-localisation with
PsBB2_Psy on the integrated map. Identification of
common QTLs between different segregating popula-
tions provides increased confidence in prospects for
marker-assisted breeding, as well as allowing deter-
mination of a set of candidate markers for further
enrichment of bacterial blight resistance QTL-con-
taining regions on population-specific genetic maps in
future. The high levels of concordance observed
between marker locations in the integrated map and
those of the population-specific genetic linkage maps
confirm the value of the approach.

Functional annotation of sequences underpinning
the genetic markers that flank the relevant QTL-
containing intervals successfully identified genes
associated with plant defence mechanisms in field
pea. Serine/threonine kinases (SNP_100000290,
Psy_KP1 region) play a role in recognition of
pathogen-derived signal molecules and also different
signalling levels in the context of non-race-specific
elicitation, gene-for-gene interactions, or resistance to
virulent pathogens in a number of different systems
including tobacco, tomato, alfalfa, parsley, rice and

Arabidopsis thaliana (Romeis 2001). Plant cysteine
proteases (SNP_100000076, Psy_KP4 region) are
proteolytic enzymes which are closely regulated
during physiological functions (growth, development
and accumulation—mobilization of storage proteins)
and defence roles (Martinez et al. 2012).

Similarity searches of sequences associated with P.
syringae pv. pisi race 3 QTL region-flanking markers
against M. truncatula CDS facilitated identification of
candidate genes such as plant ascorbate peroxidase
(SNP_100000801, SNP_100000802 and SNP_1000
00347) and caffeic acid O-methyltransferase (SNP_1
00000063). Elevated expression of enzymes such as
ascorbate peroxidase is also observed during defence
mechanism of plants against a broad range of
pathogens. Caffeic acid O-methyltransferase performs
a key role in the biochemical pathway leading to
lignin subunit (monolignol) synthesis (Ma and Xu
2008; Caverzan et al. 2012). During pathogen attack,
defence reactions such as lignin production are
activated, as a well-characterised mechanism of plant
cell wall reinforcement against pathogen entry (Shi-
mada et al. 2000).

The comparative analysis of the sequences under-
pinning the SNP markers flanking the QTL intervals
(on Ps IIT and Ps VII) with the M. truncatula genome
revealed the presence of multiple disease resistance
genes within those intervals. A high level of conserved
synteny was observed between the pea genetic map
and the M. truncatula genome (Leonforte et al. 2013).
It is therefore possible that the identified QTL regions
may be conserved between these species and that the
genes identified within the QTL-containing regions
may be plausible candidates, although additional
studies will be required for validation.

Implications for field pea breeding programs

The present study has developed valuable resources
for pea linkage mapping, especially the integrated map
which will enhance future mapping analysis studies
and marker implementation in pea breeding programs.
Important sources of bacterial blight resistance in field
pea were identified, and the genetic markers flanking
the QTL-containing regions identified in this study can
be used for the development of linked and diagnostic
polymorphisms for marker-assisted selection (MAS)
of resistant cultivars, based on introgression of QTL-
containing genomic regions from donor to recipient
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germplasm. Moreover, as QTLs for resistance to both
P. syringae pv. syringae and P. syringae pv. pisi race 3
are co-located on Ps III of Kaspa x PBA Oura, this
region is an important target for improvement of
bacterial blight resistance and provides the basis for
co-selection in genomics-assisted breeding practice.
Pea breeding programs that aim to develop bacterial
blight resistance cultivars should target a combination
of race-specific and non-specific resistance, in order to
provide an optimised genetic background for protec-
tion against the disease.
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