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Pseudomonas syringae pv. phaseolicola (Psph) Race 6 is a globally prevalent and broadly
virulent bacterial pathogen with devastating impact causing halo blight of common bean
(Phaseolus vulgaris L.). Common bean lines Pl 150414 and CAL 143 are known sources
of resistance against this pathogen. We constructed high-resolution linkage maps for
three recombinant inbred populations to map resistance to Psph Race 6 derived from
the two common bean lines. This was complemented with a genome-wide association
study (GWAS) of Race 6 resistance in an Andean Diversity Panel of common bean. Race
6 resistance from Pl 150414 maps to a single major-effect quantitative trait locus (QTL;
HB4.2) on chromosome Pv04 and confers broad-spectrum resistance to eight other
races of the pathogen. Resistance segregating in a Rojo x CAL 143 population maps
to five chromosome arms and includes HB4.2. GWAS detected one QTL (HB5.1) on
chromosome Pv05 for resistance to Race 6 with significant influence on seed yield. The
same HB5.1 QTL, found in both Canadian Wonder x Pl 150414 and Rojo x CAL 143
populations, was effective against Race 6 but lacks broad resistance. This study provides
evidence for marker-assisted breeding for more durable halo blight control in common
bean by combining alleles of race-nonspecific resistance (HB4.2 from Pl 150414) and
race-specific resistance (HB5.1 from cv. Rojo).

Keywords: Phaseolus vulgaris, Pseudomonas syringae pv. phaseolicola, race-nonspecific and race-specific
resistance, NLR, RNA-binding protein, plant immunity
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Race-Nonspecific Bean Halo Blight Resistance

imputation method. Dashed lines denote significance at the 0.05 probability level.

FIGURE 6 | Resistance mapping in the Phaseolus vulgaris Rojo x CAL 143 (RC) recombinant inbred population following inoculation with Race 6 of Pseudomonas
syringae pv. phaseolicola (A) in the glasshouse and (B) in the field detects co-localizing QTL on PvO4 and Pv05. (Left graphs) Distribution of interaction phenotypes
exhibited by RC inbreds in glasshouse and field experiments. The phenotype scale ranges from highly resistant (score 1.0) to fully susceptible (score 5.0 for
glasshouse experiments; score 9.0 for field experiments). White arrows denote the mean disease score for CAL 143 and black arrows denote the mean disease score
for Rojo. (Right graphs) LOD profiles obtained by one-dimensional and two-dimensional genome scans. QTL models were fitted and refined using the multiple

genome scan detected a second, minor-effect, additive QTL
for reaction to Race 1 on Pv08 (HBS8.1) at 57.955-58.844 Mb
(Figure 2B, right graph; Figure S1; Table S1). Neither additive
nor interacting minor-effect QTL were detected for reaction to
Race 6.

The severe hypersensitive reaction to Race 3 (conferred by Pse-
3) co-segregated with the I gene locus on Pv02 (48.398-48.534
Mb) (Figure 2C, right graph; Table S1), which is consistent with
previous observations (Teverson, 1991; Miklas et al., 2011, 2014).
Linked markers show a pattern of segregation distortion in favor
of the parent possessing the resistance allele similar to that
observed in the RC population (described below). Minor-effect
QTL with additive and interactive relationships with Pse-3 were
also detected on Pv08 (HBS.2; 2.575-3.054 Mb) and Pv09 (HB9.1;
22.811-25.010 Mb) (Figure 2C, right graph; Table S1; Figure S2).

Based on the public reference genome of P. vulgaris
(Schmutz et al., 2014), the 500-kb mapping interval on Pv04
spans a region that contains 38 genes (Table S2; Goodstein

et al., 2012). This includes a cluster of 13 genes that are
predicted to encode nucleotide-binding site-leucine-rich repeat
(NLR) proteins with putative coiled-coil (CC) N-terminal
domains. Four of these are predicted to be pseudogenes.
Other candidates within this interval encode predicted defense-
related proteins, including: an RNA recognition motif (RRM)-
containing protein (Phvul.004G007600; Qi et al., 2010; Woloshen
et al., 2011; Staiger et al, 2013); a mitogen-activated protein
kinase kinase (MAPKK; Phvul.004G010400; Doczi et al.,
2007; Berr et al., 2010); a WD40 repeat-containing protein
(Phvul.004G010500; Miller et al, 2016); an E3 ubiquitin
protein ligase (UPL6; Phvul.004G009400; Duplan and Rivas,
2014); a protein with homology to an Arabidopsis thaliana
Armadillo/B-catenin-like repeat protein (Phvul.004G009700;
Sharma et al, 2014); a predicted cysteine-rich receptor-
like kinase (CRK; Phvul.004G011000); and two plant self-
incompatibility proteins (Phvul.004G010200 and Phvul.004GO
10300).
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FIGURE 7 | Resistance mapping in the Phaseolus vulgaris Rojo x CAL 143
(RC) recombinant inbred population following separate inoculations with
(A) Race 1, (B) Race 2, (C) Race 8, (D) Race 9, or (E) Race 7 of Pseudomonas
syringae pv. phaseolicola detects QTL on Pv04, Pv10, and Pv06. (Left
graphs) Distribution of interaction phenotypes exhibited by RC inbreds in
glasshouse experiments. The phenotype scale ranges from highly resistant
(Continued)

FIGURE 7 | Continued

(score 1.0) to fully susceptible (score 5.0). White arrows denote the mean
disease score for CAL 143 and black arrows denote the mean disease score
for Rojo. (Right graphs) LOD profiles obtained by one-dimensional and
two-dimensional genome scans. QTL models were fitted and refined using the
multiple imputation method. Dashed lines denote significance at the 0.05
probability level.

Halo Blight Resistance from Pl 150414 on
Pv04 Confers Race-Nonspecific

Resistance

The major-effect resistance from PI 150414 was further
investigated with glasshouse evaluations of the Canadian
Wonder x PI 150414 (CP) population of 60 RILs for reaction
to representative isolates of the nine Psph races. Despite the small
size of this population, one- and two-dimensional genome scans
revealed that the major-effect QTL HB4.2 derived from PI 150414
(as detected in the SE RIL population) confers resistance to all
eight of the races tested (Figure 3 and Figures 4, 5, right graphs;
Table S3). Linkage analyses detected only one QTL following
inoculations with six isolates representing Races 1, 2, 3, 4, 7, and
9 (Figure 4, right graphs), whereas an additional minor-effect
QTL was detected on Pv05 (HB5.1) following inoculations with
Races 5, 6, and 8 (Figure 5, right graphs). Significant interactions
between HB4.2 and HB5.1 were detected for these three races
(Figures S3, S4). HB5.1 was also detected by linkage mapping
in the RC population (Table S4) and by association mapping in
the ADP following inoculation with Race 6 (Table S7; described
below). Evidently HB5.1 was not transferred from PI 150414 to
Edmund because it was undetected in the SE RIL population.

An additional minor-effect QTL (HB6.1, previously mapped
by Trabanco et al., 2014) was detected in the telomeric region of
the short arm of Pv06 (0.175-15.787 Mb) following inoculation
with Race 5, which also interacts with HB4.2 (Figure5C,
right graph; Table S3; Figure S4). This QTL overlaps and
may correspond to the major-effect gene Pse-4 for race-specific
resistance to Race 5 described by Teverson (1991).

Mapping of Halo Blight Resistance from
the RC Population Identifies Race-Specific

Alleles on Five Chromosome Arms

Mapping of halo blight resistance in the RC population identified
a major-effect QTL on Pv04 from CAL 143 and minor-effect
QTL on Pv05 derived from Rojo following inoculations with
Race 6 under both glasshouse and field conditions (Figure 3
and Figure 6, right graphs). HB4.2 and HB5.1 each contribute
additively to Race 6 resistance (Figure S5). It is noteworthy that
the seedling assay in the glasshouse was as useful as the field test
for detecting HB4.2 and HB5.1 in the RC population, validating
the utility of the rapid seedling assay for detecting field resistance
to Race 6.

The major-effect QTL HB4.2 described above for the SE and
CP populations was detected in the RC population following
inoculations with Races 1, 2, 7, 8, and 9 (Figure 3 and Figure 7,
right graphs). No minor-effect QTL were detected for resistance
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FIGURE 8 | Resistance mapping in the Phaseolus vulgaris Rojo x CAL 143 (RC) recombinant inbred population following separate inoculations with (A) Race 3 or (B)
Race 5 of Pseudomonas syringae pv. phaseolicola does not detect a QTL interval on Pv04. (Left graphs) Distribution of interaction phenotypes exhibited by RC
inbreds in glasshouse experiments. The phenotype scale ranges from highly resistant (score 1.0) to fully susceptible (score 5.0). White arrows denote the mean
disease score for CAL 143 and black arrows denote the mean disease score for Rojo. (Right graphs) LOD profiles obtained by one-dimensional and two-dimensional
genome scans. QTL models were fitted and refined using the multiple imputation method. Dashed lines denote significance at the 0.05 probability level.

to Race 1 (Figure 7A, right graph). However, a significant locus  resistance allele in the HB4.2 mapping interval that is tightly
was detected on Pv10 following inoculation with the other four  linked but functionally distinct from the race-nonspecific allele in
races (Figures 7B-E, right graphs). Additionally, a third minor-  PI 150414. However, the expected resistance in CAL 143 to Races
effect QTL derived from Rojo was detected at the telomeric end 3 and 5 appears to be unmapped in the RC population, and may
of the short arm of Pv06 (0.346-14.964 Mb, also containing  be hypostatic in the presence of the major Pse-2 and Pse-3 genes
V, which contributes to flower and seed pigmentation) with  inherited from the Rojo parent.

Race 7 (Figure 7E, right graph). This QTL overlaps the HB6.2
QTL identified by Trabanco et al. (2014) which similarly confers . . .
resistance to Racz 7, and thus will receive the same namz. Genome-\Mde _ASSOCIatlon Study Using an

The broad-spectrum resistance conditioned by HB4.2 in Andean Diversity Panel Detects One

CAL 143 is not conclusive because this QTL was not detected ~ Major-Effect Locus on Pv05

following inoculation of the RC population with Races 3 and 5 A severe and uniform level of halo blight pressure (no detectable
(Figure 8). Instead, these races mapped the same QTL on Pv10  replication effects; coefficient of variation = 14%) was observed
(3.411-3.457 Mb) that was detected with Races 2, 7, 8, and 9,  in the ADP field trial following multiple inoculations with Race 6.
while an additional QTL was detected with Race 3 on Pv02  The mean disease score ranged from 1.7 (ADP-0121, Kranskop-
(47.368-48.296 Mb). These QTL correspond to race-specificloci  HR 1) to 9 (ADP-310, ADP-349, ADP-0598, and ADP-623),
Pse-2 (conferring resistance to Races 2, 3, 4, 5, 7, 8, and 9)  with an overall mean of 5.9 (Table S5). Typical halo blight
and Pse-3 (conferring resistance to Races 3 and 4) that were  symptoms were observed on leaves. Many ADP accessions with
previously mapped in other bean lines (Miklas et al,, 2011). This  severe symptoms also exhibited generalized systemic chlorosis,
may indicate that CAL 143 contains an alternative race-specific  leaf yellowing, and malformation. Severe halo blight was also
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FIGURE 9 | Genome-wide association mapping detects markers on Pv05 associated with field resistance to Race 6 of Pseudomonas syringae pv. phaseolicola in an
—log1g(P) values for 17,759 SNP associations, and accompanying Q-Q plots for
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FIGURE 10 | Pairwise linkage disequilibrium between significant SNP markers
from GWAS defining HB5.1 QTL region on Pv05 was generated using the
LDheatmap package in R v3.2. The x-axis depicts the 13 candidate genes (red

arrows, Table S9) within the 162-kb region.

observed on pods, and included water-soaked round lesions
with reddish spots and bacterial ooze. Yield decreased as the
severity of symptoms increased (r = —0.50, P < 0.0001, n = 384)
(Figure S6). Yield loss was estimated at 67% by comparing yield

for the 23 ADP accessions with the highest levels of resistance
(1,210 kg ha™!; score <3) to 45 of the most susceptible accessions
(400 kg ha~1; score >8).

Race 6 inoculation in this field trial was confirmed by the
susceptible reactions on the host differentials (Table S6), with the
exception of Guatemala 196-B which had a score of 1. This was
attributed to delayed maturity caused by poor vigor and lack of
flowering due to photoperiod sensitivity (subsequent glasshouse
tests with the same isolate used for field inoculation showed it to
be susceptible). Interestingly, all of the differentials with at least
one gene for resistance to halo blight were less susceptible than
the universal susceptible check and differential cultivar Canadian
Wonder, which lacks any genes for resistance. Differential lines
with genes having broader effect (e.g., ZAA 12 with Pse-2 for
resistance to seven races, and UI-3 with Pse-1 for resistance
to four races) were less susceptible than the differentials ZAA
54 with Pse-4 for Race 5 resistance, Tendergreen with Pse-3
for resistance to Races 3 and 4, and ZAA 55 with both Pse-3
and Pse-4. This suggests that presence of the major R genes for
qualitative halo blight resistance may influence the quantitative
response to Race 6 under field conditions.

Association mapping identified a single QTL (named HB5.1)
for Race 6 resistance on Pv05 (Figure 9A). The peak physical
position (SNP S5_38725023) for this QTL is between 38.725 and
38.887 Mb (Table S7). The 162-kb interval of significance for
this region is affected by high linkage disequilibrium (Figure 10).
A locus significantly associated with yield was found at the
same physical position (Figure 9B; Table S7), and confirms the
importance of HB5.1 for reducing yield loss under severe halo
blight pressure. On average, disease score was 23% higher and
yield was 34% lower for accessions that lack the HB5.1 haplotype
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in the ADP (Table S8). The HB5.1 QTL explained 54% of
phenotypic variation for disease score and 33% for yield.

Thirteen genes are located in the 162-kb interval of HB5.1
in the common bean reference genome (Schmutz et al., 2014).
Four of these genes are not annotated and nine have predicted
functional annotations related to leucine-rich repeat (LRR)
protein kinases (Table S9; Goodstein et al., 2012).

DISCUSSION

This study provides evidence to enable marker-assisted breeding
for more durable halo blight resistance in common bean,
including protection against the most broadly virulent and
globally distributed Race 6 of Psph, by combining alleles of
race-nonspecific resistance (HB4.2 from PI 150414) and race-
specific resistance (HB5.1 from cv. Rojo). Linkage mapping
defined HB4.2 as the major-effect locus of 500 kb for race-
nonspecific resistance at the telomeric end of the short arm
of Pv04, and combined evidence from linkage and association
mapping defined HB5.1 as a major-effect locus of 162 kb on
PvO05 that confers resistance to at least three Races (5, 6, and 8).
Resistance from a third major-effect locus (Pse-2) on Pv10 would
provide additional protection against all Psph Races except Races
1 and 6.

Candidate Genes within the HB4.2

Mapping Interval

The 500-kb mapping interval for HB4.2 spans a cluster of 13
genes in the reference genome of P. vulgaris predicted to encode
proteins with nucleotide-binding site and leucine-rich repeat
domains, often referred to as NLR proteins (Table S2; Goodstein
et al., 2012). NLRs are the most abundant class of receptor-like
R proteins in plant genomes that confer resistance by enabling
pathogen detection and defense signaling (Dangl and Jones, 2001;
Dangl et al., 2013). NLRs generally confer dominant expression
of race (pathogen genotype)-specific detection of corresponding
avirulence (elicitor) proteins that are released into the host
cytoplasm by obligate biotrophic or hemi-biotrophic pathogens
(Glazebrook, 2005; Jones and Dangl, 2006; Mengiste, 2012).
Single NLR genes that confer broad-spectrum (race-nonspecific)
resistance have been described (Borhan et al., 2008, 2010).
However, broad-spectrum resistance at HB4.2 could be explained
by two or more NLR copies within the locus that provide
combined resistance to all known Psph variants, including
Race 6. Different resistance alleles at the Pse-6 locus with
alternative specificities for dominant, race-specific resistance
have previously been mapped to HB4.2 (Miklas et al., 2014).

The race-nonspecific resistance at HB4.2 was originally
described by Taylor et al. (1978) as being recessive or exhibiting
weak dominance, depending on which susceptible parent was
crossed with PI 150414. In the current study, symptoms of
resistant inbreds from the SE population that were predicted to
possess only resistance derived from PI 150414 did not exhibit
hypersensitive cell death that is typically associated with NLR
proteins, such as the phenotype shown in Figure 1A of a race-
specific resistant differential host following inoculation with Race

1. Instead, resistance from PI 150414 was exhibited by necrosis
at the sites of bacterial infiltration that was less pronounced
and surrounded by a faint halo of water-soaked tissue following
inoculation with Race 6 (Figure 1B).

Interestingly, numerous investigations of recessive disease
resistance in other crop pathosystems have identified non-
NLR proteins that confer dominant susceptibility to a pathogen
(Collmer et al., 2000; Kang et al., 2005; Iyer-Pascuzzi and
McCouch, 2007; Orjuela et al., 2013; Wang et al., 2013). In one
case, a non-NLR gene and two tightly linked NLR genes in
barley (Hordeum vulgare L.) were all determined to be essential
components of resistance to a fungal rust (Wang et al.,, 2013).

A similar configuration of functional genes may explain
halo blight resistance in PI 150414, because a non-NLR gene
with polymorphic alleles (Phvul.004G007600) that encodes a
predicted RNA-binding protein (RBP) is also located next to
the NLR cluster within HB4.2 (Table S2). RBPs are a functional
class of proteins that have been implicated in post-transcriptional
regulation of plant immunity at various steps of RNA processing
(Qi et al., 2010; Woloshen et al., 2011; Staiger et al., 2013).
They contain characteristic conserved motifs that are predicted
to facilitate binding of RNA targets required for execution
of RNA-processing functions (Woloshen et al, 2011). Post-
transcriptional gene regulation, partly enabled by RBPs, can
promote rapid responses to biotic and abiotic stimuli. Further
research is needed to confirm whether this gene and/or NLRs in
the HB4.2 locus play a role in conferring halo blight resistance.
However, polymorphism in the RBP gene will be extremely
useful in future bean breeding as a co-segregating marker for the
race-nonspecific resistance.

Candidate Race-Specific Genes within the

HB5.1 Mapping Interval

The 162-kb mapping interval for HB5.1 includes a cluster of at
least nine genes predicted to encode transmembrane receptor-
like genes with a leucine-rich repeat domain and a cytoplasmic
kinase, often referred to as RLKs (Table S9; Goodstein et al.,
2012). RLKs are a large class of proteins that provide numerous
roles for cell-to-cell communication in plant development
(Shiu and Bleecker, 2001). As transmembrane proteins, they
can also enable detection of extracellular microbial elicitors
called pathogen-associated molecular patterns (PAMPs) such
as bacterial flagellin or fungal chitin (Sanabria et al, 2008;
Dodds and Rathjen, 2010). PAMPs are generally highly conserved
among diverse microbial species (Boyd et al., 2013). Two RLK
examples have been described which confer non-host resistance
to Psph in A. thaliana, including FLS2 which enables detection of
flagellin (Forsyth et al., 2010; Ahmad et al., 2011). In P. vulgaris,
RLKs on Pv01 and Pv08 have been identified as candidates for
race-specific resistance to anthracnose caused by Colletotrichum
lindemuthianum (Burt et al., 2015; Zuiderveen et al., 2016).

Association Mapping Detects a Single

Locus for Psph Race 6 Resistance
Genome-wide association mapping is a powerful approach
for identifying multiple polymorphisms that underlie natural
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TABLE 1 | Interaction phenotypes exhibited by halo blight-resistant Phaseolus vulgaris lines of the SOA-BN x Edmund (SE), Canadian Wonder x Pl 150414 (CP) and
Rojo x CAL 143 (RC) recombinant inbred populations and the Andean Diversity Panel (ADP) following inoculation with different races of Pseudomonas syringae pv.

phaseolicola, with QTL and predicted resistance (R) genes indicated.

Population QTL/R gene Chrom. Race

1 2 3 4 5 7 8 9
CP, SE, RC HB4.2 Pv04 —(@) —() —() —(a) —(@) —(@ —(@) —(@) )
CP, RC, ADP HB5.1 Pv05 + + + + —(@ —(a) + —(a) +
CP HB6.1/Pse-4? Pv06 + + + + —(a) + + + +
RC HB6.2 Pv06 + + + NT + + —() + +
SE HB8.1 Pv08 —(9) NT + NT NT + NT NT NT
SE HB8.2 Pv08 + NT —(q) NT NT + NT NT NT
SE HB9.1 Pv09 + NT —(a) NT NT + NT NT NT
RC Pse-2 Pv10 + - - NT - + - - -
SE, RC Pse-3 Pv02 + + —HR NT + + + + +

Chrom., chromosome; +, apparent susceptible (compatible) reaction; —, apparent resistant (incompatible) reaction; —(q), apparent quantitative resistance; —HR, apparent resistant
reaction with severe hypersensitive cell death; NT, not tested; HB6.1 and HB6.2 were first identified in the Xana x Cornell 49-242 RIL population (Trabanco et al., 2014).

variation within a species. If there is sufficient diversity within
a sample population (e.g., a species diversity panel), then this
approach can provide higher resolution mapping, greater allelic
diversity, and improved efficiency and accuracy in estimating
marker effects for quantitative traits than bi-parental linkage
mapping (Flint-Garcia et al,, 2003; Myles et al., 2009). For
instance, this approach has been used to identify markers
associated with complex inheritance of resistance to fungal
diseases of P. vulgaris including anthracnose and angular leaf spot
(Perseguini et al., 2016; Zuiderveen et al., 2016).

In the current study, only one locus (HB5.1) was significantly
associated with resistance to Race 6 in the ADP. This is not
surprising given the low occurrence of halo blight resistance in
an extensive testing of Andean and African germplasm by Taylor
et al. (1996b). Other loci identified using bi-parental linkage
mapping populations, such as HB4.2, are presumably too rare
for significant detection by association in the ADP. Ghising et al.
(2016) previously identified regions on Pv04 (1.2 Mb) and Pv05
(39.4 Mb) associated with resistance to Race 6 usinga USDA-ARS
National Plant Germplasm System (NPGS) core collection of
383 Mesoamerican and Andean bean accessions. Ten accessions
were highly resistant. However, the associated markers identified
on Pv04 and Pv05 accounted for low percentages of phenotypic
variation for Race 6 resistance (each <8%).

Marker-Assisted Breeding Strategy for

Halo Blight Resistance

Taylor etal. (1996b) proposed that a breeding strategy for durable
halo blight resistance should combine race-nonspecific (derived
from PI 150414) and race-specific resistance that matches the
predominant Psph races in a particular region. For the latter,
the predicted Pse-3 (syn. R3) gene was lacking in East and
Central African bean varieties that were used in the study,
and was therefore recommended for breeding efforts to provide
additional control of the common Race 4 for smallholder farmers
in the region. Although the broadly virulent Race 6 can be used to
select for race-nonspecific resistance, given the recessive nature of

this resistance, co-segregating molecular markers such as the RBP
polymorphisms that delimit HB4.2 are still necessary to improve
breeding efficiency for combining this resistance with one or
more alleles of race-specific resistance. Given that resistances to
other pathogens have been mapped to this region of Pv04 (Miklas
et al., 2006, and references therein), efforts to introgress HB4.2
will need to avoid displacement of R genes that are in repulsion
phase linkage with this new breeding target.

This study demonstrates how genotyping-by-sequencing can
provide an efficient platform for fine mapping of halo blight
resistance in P. vulgaris even with relatively small inbred
populations. Importantly, using this method for combined
linkage and association mapping delineated race-nonspecific and
race-specific resistance loci distributed over five chromosome
arms, as summarized in Table 1. The detection of major-effect
loci HB4.2 and HB5.1 on Pv04 and Pv05 provide molecular
markers to assist breeding for resistance to Psph Race 6,
and combining this resistance with other alleles conferring
race-specific resistance. Specifically, SNPs spanning HB4.2 and
HB5.1 regions from PI 150414 provide an exceptional resource
to facilitate marker-assisted introgression of resistance into
common beans of Middle American origin, whereas SNPs
spanning HB4.2 from CAL 143 and HB5.1 from Rojo will be
useful for introgression of resistance to Race 6 into lines of
Andean origin. Another important resource from this study will
be RC RILs that combine both HB4.2 and HB5.1 QTL with
both qualitative R genes (Pse-2 and Pse-3) in different market
classes and with the best agronomic traits (currently under
evaluation). These will be officially released as germplasm lines
to promote global availability of pyramided resistance to halo
blight.
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