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Abstract

Background: Resistance to the blackleg disease of Brassica napus (canola/oilseed rape), caused by the hemibiotrophic
fungal pathogen Leptosphaeria maculans, is determined by both race-specific resistance (R) genes and quantitative
resistance loci (QTL), or adult-plant resistance (APR). While the introgression of R genes into breeding material is
relatively simple, QTL are often detected sporadically, making them harder to capture in breeding programs. For the
effective deployment of APR in crop varieties, resistance QTL need to have a reliable influence on phenotype in
multiple environments and be well defined genetically to enable marker-assisted selection (MAS).

Results: Doubled-haploid populations produced from the susceptible B. napus variety Topas and APR varieties AG-
Castle and AV-Sapphire were analysed for resistance to blackleg in two locations over 3 and 4 years, respectively. Three
stable QTL were detected in each population, with two loci appearing to be common to both APR varieties. Physical
delineation of three QTL regions was sufficient to identify candidate defense-related genes, including a cluster of
cysteine-rich receptor-like kinases contained within a 49 gene QTL interval on chromosome A01. Individual L. maculans
isolates were used to define the physical intervals for the race-specific R genes RIm3 and RIm4 and to identify QTL
common to both field studies and the cotyledon resistance response.

Conclusion: Through multi-environment QTL analysis we have identified and delineated four significant and stable
QTL suitable for MAS of quantitative blackleg resistance in B. napus, and identified candidate genes which potentially
play a role in quantitative defense responses to L. maculans.
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Background
Prevention of catastrophic crop loss to plant pathogens
is most often achieved through the incorporation of re-
sistance genetics into commercial cultivars. Host re-
sponses to plant pathogens are broadly divided into two
categories; basal defense responses induced by generic
pathogen signals or elicitors called “pathogen-associated
molecular patterns” (PAMPs), resulting in mild defense
responses collectively known as ‘PAMP triggered im-
munity’ (PTI) and R gene mediated ‘effector triggered
immunity’ (ETI) in which race-specific pathogen aviru-
lence (Avr) proteins trigger robust defense mechanisms
including hypersensitive response (HR) leading to host
cell death at the site of infection [1]. When studying fo-
liar plant pathogens, the HR response of race-specific R
genes often provides a visual phenotype, indicating an
incompatible interaction and allowing for the determin-
ation of pathogen virulence. This distinction is used to
separate specific R gene interactions from quantitative
resistance which can provide effective ‘adult plant resist-
ance’ (APR) within a crop variety through the cumula-
tive action of multiple resistance loci. APR is usually
measured at the end of the growing season in field trials.

APR is particularly important for combating diseases
of Brassica napus L. (canola/oilseed rape) in which R
gene mediated resistance is lacking, such as Sclerotinia
Stem Rot (Sclerotinia sclerotiorum) [2—4] and Verticil-
lium Wilt (Verticillium longisporum) [5-7] or for dis-
eases where pathogen populations often display a rapid
adaptation towards R gene mediated resistance, such as
in the case of blackleg disease, caused by the hemibio-
trophic fungal pathogen Leptosphaeria maculans [8, 9].

Avoidance of R gene mediated resistance by L. macu-
lans can occur both rapidly and in a geographically
localised fashion when a pathogen population is under
heavy selection pressure. A rapid decline in the effi-
ciency of the blackleg R gene Rlml in controlling the
disease in Europe highlighted the evolutionary potential
of the pathogen [10]. A high frequency of mutation and
deletion of the L. maculans avirulence gene AvrLm4-7
was reported to occur within a small plot area sown
continually to B. napus harbouring Rlm?7, while virulent
pathotypes remained undetectable in samples from the
surrounding local pathogen population [11]. High rates
of infection were observed in some areas of Australia in
canola varieties carrying the R gene LepR3 only three
years after first commercial release of the material [12],
though this rapid loss of effective resistance may have
been aided by pre-exposure to Rlml varieties, as aviru-
lence towards LepR3 and Rlml is conferred by the same
L. maculans avirulence gene; AvrLmlI [13].

B. napus cultivars containing only APR usually show
no difference in the development of leaf lesions when
compared with susceptible cultivars, yet they restrict the
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development of internal stem infection by the pathogen,
resulting in lower levels of crown canker formation [14].
This is in contrast to R gene mediated resistance which
leads to arrest of L. maculans growth at the site of infec-
tion on cotyledons and leaves. When major R gene me-
diated resistance is avoided by virulent strains within the
mixed pathogen population, APR reduces the selection
and proliferation of virulent pathotypes in crop residues
and the potential for catastrophic crop loss in following
seasons [15-17].

While R gene mediated resistance can often be de-
tected efficiently and rapidly by observing hypersensitive
response after inoculation of B. napus cotyledons with
well-characterised L. maculans isolates, assessment of
APR is much more difficult. Resistance needs to be
measured either through field-based studies, or under
controlled conditions through infection with single
spore-derived L. maculans isolates and assessment of
stem infection in plants grown for several months
[18, 19]. Assessment of APR in field-based studies can be
difficult considering the complexity of plant-pathogen-
environment interactions. Populations of L. maculans in
most disease nurseries are genetically heterogeneous mix-
tures arising from sexual recombination and variation of
pathotypes should be expected both within a trial site and
between trial years. Also, variation of host response due to
heterozygosity of B. napus lines may be confused for poly-
genic control of resistance [20]. There has also been a
widely-held view that blackleg APR is race non-specific
[17], based largely on experience of the French variety Jet
Neuf, which provided durable resistance to blackleg dis-
ease over many years in Europe and was also utilised in
early efforts to improve blackleg resistance in Australian
germplasm [21, 22]. However, more recent studies utilis-
ing single L. maculans isolates have questioned the “race
non-specific” nature of blackleg APR [19, 23].

Maintenance of strong APR in canola varieties can most
efficiently be achieved through marker-assisted breeding
based on the molecular characterisation of quantitative
trait loci (QTL) associated with resistance [17]. The
French variety Darmor, derived from Jet Neuf, is the most
extensively studied B. napus variety harbouring quantita-
tive resistance to L. maculans. A doubled-haploid (DH)
population produced from a cross between Darmor-bzh
and the susceptible Korean cultivar Yudal (DY) was uti-
lised to map 10 QTL contributing to blackleg resistance,
with four of the QTL detected stably across two years of
field testing [24]. The resistance was further analysed in
Darmor x Samourai (DS) DH and F, populations, reveal-
ing four QTL that were common to both the DY and DS
populations [25]. Near-isogenic lines (NILs) were also pro-
duced for four Darmor QTL; LmA2, LmA9, LmC2 and
LmC4, though only LmA2 was fully validated as hav-
ing a significant effect on reducing disease severity [26].
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Blackleg APR has also been assessed in several Australian
varieties, revealing multiple QTL that are potentially com-
mon to several Australian and French cultivars [9, 19, 27].

Little is known about the molecular basis of APR to L.
maculans infection in Brassica species. While two race-
specific genes responsible for ETI-mediated blackleg re-
sistance, LepR3 and RIm2, have been cloned from B.
napus and shown to encode extracellular leucine-rich re-
peat (eLRR) receptor-like proteins recognising the L.
maculans effectors AvrLml and AvrLm?2, respectively
[13, 28, 29], no genes underpinning blackleg resistance
QTL have been identified. Infection of B. napus by L.
maculans results in attempted physical restriction of the
pathogen by the host, via callose deposition, while an in-
creased lignification response has also been reported for
APR varieties [30, 31]. L. maculans infection triggers
induction of the salicylic acid (SA) signalling pathway
[31, 32] which plays a critical role in plant defense [33].
SA signalling can be triggered in B. napus by purified L.
maculans cell wall components [34] and is greatly in-
duced during ETI, along with the ethylene signalling
pathway and H,O, accumulation [31, 32, 35]. However,
these studies have all focused on early infection events
in the cotyledons of B. napus seedlings; nothing is
known about which defense mechanisms may be active
against the invading hyphae as they grow asymptomati-
cally through the petiole [18] and stem [36].

In this study we identified several stable blackleg resist-
ance QTL, with resistance alleles derived from AG-Castle
and AV-Sapphire, two blackleg-resistant Australian B.
napus varieties released in 2002 and 2003, respectively.
We used Topas/AG-Castle (TC) and Topas/AV-Sap-
phire (TS) DH populations to assess the APR of the var-
ieties over multiple years at two locations, performed both
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single- and multi-environment QTL mapping and defined
the physical locations of the QTL relative to the recently
released B. napus Darmor-bzh reference genome [37],
allowing for the identification of candidate defense-related
genes.

Results

Population data

Field tests were conducted in south eastern Australia in
disease nurseries located near Horsham, Victoria and
Wagga Wagga, New South Wales (Fig. 1). Mean survival
percentages (S) ranged from 25.9 to 43.2 % for the TC
population, and 11.2 to 69.2 % for the TS population,
with S of individual entries (3 to 4 entries per DH line)
ranging from O to 100 % in all tests except for TS
Horsham 2008, where the maximum S recorded for a
single entry was 71.1 %. Mean internal infection percent-
ages (II) ranged from 38.5 to 58.6 % for the TC popula-
tion and 45 to 874 % for the TS population. The
minimum II observed was 4 % (TC Wagga Wagga 2010
and TS Wagga Wagga 2009) with a maximum II of
100 % recorded in all tests. For both populations, mean
survival was always higher, and mean internal infection
was always lower, in tests at the Wagga Wagga site when
compared to the Horsham site (Table 1, Additional file 1:
Figure S1). Heritability was calculated based on total en-
tries in each environment for each scoring metric; survival
(S) and internal infection (II) and was generally high, pro-
ducing similar ranges for each metric (S: 0.75-0.9, II:
0.73-0.89) (Table 1).

Linkage analysis
While the lack of heterozygosity in the populations
showed the lines produced to be true doubled haploids,
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Fig. 1 Location of field trial sites in south eastern Australian. Dashed box on left indicates highlighted region on right. Red dots show location of
trial sites, blue dots show major cities. Map modified from original image (https://commons.wikimedia.org)
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Table 1 Survival, internal infection and heritability of DH populations in two environments

Population Location Year Blocks Metric Range (%) Mean (%) Med.(%) ozA OQE h?
Topas/ Horsham 2009 3 S 0-100 259 20 1199.6 148.7 0.89
AG-Castle Il 12-100 586 56 1616.2 2774 0.85
Wagga Wagga 2009 3 S 0-100 432 43 590.5 197 0.75
Il 12-100 56.2 56 729.5 193 0.79
Wagga Wagga 2010 4 S 0-100 386 38 11064 165.9 0.87
Il 4-100 385 36 7418 120.7 0.86
Topas/ Horsham 2008 3 S 0-71.1 1.2 6.8 419 445 0.90
AV-Sapphire Il 8-100 629 64 1937 263 0.88
Wagga Wagga 2009 3 S 0-100 32 28 1069 2234 0.83
Il 4-100 454 40 9414 3487 0.73
Wagga Wagga 2011 4 S 0-100 69.2 72.8 1325.2 205.1 0.87
Il 16-100 45 44 632.2 1234 0.84
Horsham 2012 4 S 0-100 16.5 9 1051.8 155.7 0.87
Il 24.2-100 874 94 7004 85.1 0.89

Data given for each population (Topas/AG-Castle or Topas/AV-Sapphire) in each environment (location x year)

Blocks represent replicates per trial, scoring metrics; S survival, I internal infection

Range, mean and median (Med.) given for total entries (blocks x DH lines). 6% = variance (additive), 0% = variance (environmental); h* = heritability (0%\/0% + 0%)

marker distortion was detected in many regions. 40 % of
TC marker bins and 20.8 % of TS markers showed mild
distortion (failed to conform to a 1:1 ratio; Chi-square
test, p =0.05 to 0.001), while 21 % of TC markers and
6 % of TS markers showed severely distorted segregation
(p <0.001). The severely affected regions were generally
towards the ends of chromosomes; in the TC population
they were the upper portions of chromosomes A02, C01,
C03 and C09, and the lower portions of A05, CO1 and
C06. Additionally, the entire A07 chromosome was uni-
formly distorted, with all markers favoring the Topas
parent allele in an approximately 3:1 ratio. In the TS
population, upper C03, lower A08 and all of C02 were
severely distorted. Two draft maps were initially pro-
duced for each population; one containing all markers,
and a second in which all severely affected marker loci
were removed. Whole-genome QTL analysis was per-
formed using both draft map versions. No changes to
QTL positions were observed between draft maps, nor
were significant differences in QTL LOD and variance
scores, with the exception of the Rlm3 locus, positioned
on AQ7 on the ‘distorted’” TC map and absent from the
‘non-distorted’ map. To accommodate mapping of the
AOQ07 Rim3 resistance locus and its associated QTL in
the final analysis, TC A07 was resolved independently
and added to final TC map. All other distorted markers
were removed prior to final map construction. The final
TC map consisted of 307 marker bins (collections of co-
segregating markers) spanning 2182.3 cM in 21 linkage
groups (LGs) representing all 19 B. napus chromosomes.
Linkage mapping for the TS population produced 23 LGs
(199 bins, 1714.97 cM), which were assigned to 18 of the

19 chromosomes, with no representation for chromo-
some CO02.

Single-environment QTL

Permutation tests performed for each scoring metric,
survival (S) and internal infection (II) percentage, in
each environment determined significant LOD thresh-
olds between 2.76 and 3.07 for the TC population and
2.66-2.95 for the TS population. Analysis of the single-
environment data produced multiple QTL exceeding
their respective LOD thresholds (LOD 3.37-41.47),
which were localised to seven chromosomes for the TC
population (A01, A08, C03, C04, C05, C06 and C07) and
five chromosomes of the TS population (A01, A03, A09,
C01 and CO06), and accounting for between 2.48 and
31.77 % of the phenotypic variance (Additional file 2:
Table S1). To identify chromosomal regions harbouring
‘stable’ and significant QTL regions, QTL identified from
individual environments were only considered significant
if they exceeded both the LOD threshold for each ana-
lysis, based on permutation test (1000 permutations,
0.05 error) and accounted for >5 % of the variance. After
applying these criteria three significant QTL, each with
favorable alleles derived from the respective resistance
donor parent (AG-Castle or AV-Sapphire), were identi-
fied in each population. These regions consisted of clus-
tered QTL located on chromosomes A01, A08 and C06
of AG-Castle, and A01, A09 and C06 of AV-Sapphire,
with the A0l and C06 QTL regions appearing to be
common to both resistance donor parent lines (Table 2,
Fig. 2). For the TC larger population (242 lines), the
three clustered QTL regions were represented by QTL
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Table 2 Clustered single and multi-environment QTL detected in TC and TS populations
Trait® Chrom. QTL Int. (cM) Support interval Peak (cM) Peak interval LOD  o° (%) Add ozA ozE h?
A) Topas/AG-Castle

W09 S AO1 54-67.5 sR9564 - sN12790 59 sSN11665 - sN12790 5.20 832 461

HO9 S AO01 68-69 sN12790 - sN4638 69 sR8420 - sN4638 1720 1584 780

W10 S AO01 68-69 sN12790 - sN4638 69 SR8420 - sN4638 2425 2990 931

W10 1l AO1 68-69 sN12790 - sN4638 69 sR8420 - sN4638 9.08 1152 490

METII  AO1 69 sR8420 - sN4638 69 sR8420 - sN4638 3485 20.55 6.53 12.06 8.49 0.59

MET S A01 68.5-69 sN12790 - sN4638 69 sR8420-sN4638 41.47 15.84 5.79 10.80 5.04 0.68

HO9 I AO1 69-69.5 sR8420 - sN12176 69.5 sN4638 - sN12176 2571 31.77 1401

CotQTL  A07 73.5-74 SNRA59 - sR12387b 735 RIm3 - sR12829 7237 7218 2329

H09 S A08 34.5-42.5 sN4513Fa - sSNRB88 39 sN4513Fa - sNRG0O4 8.96 763 549

W09 S A08 34.5-42.5 sN4513Fa - sSNRB88 39 sN4513Fa - sNRG0O4 445 705 432

METS  A08 37.5-42 sN4513Fa - sSNRB88 39 sN4513Fa - sSNRGO4 13.59 513 3,51 3.85 1.28 0.75

HO9 1I A08 39.5-47.5 SNRGO4 - sN12352a 41 SNRGO4 - sSNRB88 742 785 708

MET Il A08 39.5-46.5 SNRGO4 - sN12352a 41.5 sNRGO4 - sNRB88 10.29 526 339 3.16 2.10 0.60

W10 S A08 43-50.5 sNRB88 - sR9433 46 sNRB88 - sN12352a 8.34 9.08 5.19

W09 I Co6b 21-22 brPb - 841625 - brPb - 841355 215 brPb - 841625 - brPb - 841355 3.04 517 350

H09 S Co6b 23.5-45 brPb - 841355 - sN12461Ix 40 brPb - 841355 - sN12461Ix 14.59 1408 742

CotQTL  CO6b 23.5-45 brPb - 841355 - sN12461Ix 40 brPb - 841355 - sN124611x 4.71 926 725

METS C06b 36.5-45 brPb - 841355 - sN12461Ix 42.5 brPb - 841355 - sN12461Ix  25.99 9.22 5.06 8.12 1.10 0.88

W10 1l Co6b 23.5-45 brPb - 841355 - sN12461Ix 44.5 brPb - 841355 - sN12461Ix 5.88 735 394

HO9 Il Coéb 23.5-45 brPb - 841355 - sN12461Ix 45 brPb - 841355 - sN124611x 1044 11.07 834

W10S  C06b 23.5-45 brPb - 841355 - sN12461Ix 45 brPb - 841355 - sN12461Ix 1000 1083 565

MET Il CO6b 38-45 brPb - 841355 - sN12461Ix 45 brPb - 841355 - sN12461Ix 1644 7.83 430 5.14 270 0.66
B) Topas/AV-Sapphire

H12' S A01 30.5-39 SR9228a - sR9555x 36.5 sR6202b - sR9555x 43901 1010 533

MET S AO1 33.5-39 sR9228a - sR9555x 36.5 sR6202b - sR9555x 13.1741 10.07 5.04 8.71 1.36 0.86

Wil A01 30.5-39 sR9228a - sR9555x 375 sR6202b - sR9555x 34382 1107 439

W11 S A01 30.5-39 SR9228a - sR9555x 39 sR6202b - sR9555x 6.352 1847 821

H12 11 AO1 36.5-40 sR6202b - sN12176 39.5 SR9555x - sN12176 33711 9.00  4.08

MET Il AO1 36.5-40 sR6202b - sN12176 40 sR9555x - sN12176 7.8313 5.02 420 4.74 0.28 0.94

CotQTL  AO7 48-56.5 sN2555Ra - Rim4 56 sN2555Ra - RIm4 3080 4892 19.16

W1 Il A09 5-19.5 §52212 - sR9373 8 sR6410 - sR9373 535 1638 541

H121l A09 6.5-14.5 $52212 - sR9373 8 sR6410 - sR9373 3.05 812 392

W11 S A09 5-195 sS2212 - sR9373 8 sR6410 - sR9373 534 1500 748

MET S A09 6.5-12.5 sS2212 - sR9373 8 sR6410 - sR9373 10.41 9.18 4.67 7.33 1.86 0.80

W09 I A09 8-11.5 sR6410 - sR9373 8.5 sR6410 - sR9373 2.89 1183 6.68

MET Il A09 8-14 sR6410 - sR9373 9.5 sR6410 - sR9373 1397 9.66 5.88 9.10 0.56 0.94

HO8 Il A09 21-29 sR9373 - sR6966 25 sR9373 - sR6966 343 1231 982

H12S A09 21.5-335 sR9373 - sR12078a 27.5 sR9373 - sR6966 341 947 519

HO8 Il C06 38-60 $52486a - SN5088F 52.5 sS2486a - sR12387a 4.79 1931 1224

H12 S C06 35.5-60 $S2486a - sSN5088F 54.5 sS2486a - sR12387a 6.91 2218 788

H12 11 06 40.5-60 $52486a - SN5088F 56.5 $52486a - sR12387a 455 1363 5.00
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Table 2 Clustered single and multi-environment QTL detected in TC and TS populations (Continued)

METII C06  50.5-58.5 $52486a - sN5088F 57 s52486a - sR12387a 10.84 9.67 4.97 6.69 298 0.69
HO08 S Co6 43-60 $52486a - SN5088F 58 $52486a - sR12387a 4.58 1526 473
METS C06  53.5-58.5 $52486a - SN5088F 58 $52486a - sR12387a 1465 934 5.04 8.76 0.58 0.94

Significant QTL shown only (Single environment QTL > 5 62(%), MET QTL > 5 62(%) and h* > 0.5)

Single environment (plain) and multi-environment (bold) QTL, single-environment trait names given as location (H = Horsham, W = Wagga Wagga), year (08-12 =
2008-2012) and metric (S = survival, Il = internal infection), MET = Multi-environment traits (all environments) for S (survival) and MET Il (internal infection) metrics,
CotQTL = single-isolate cotyledon tests. Chrom. = B. napus chromosome; QTL Int. (cM) = QTL interval (in centiMorgans); Support Interval = map interval, defined by

flanking markers, which contains QTL (LOD > significance threshold); Peak (cM) = Position of Peak LOD value (in centiMorgans); Peak Interval = map interval
containing QTL peak LOD; LOD = peak logarithm of odds; *(%) = variance (total percentage); Add = additive effect (positive score indicates net genetic contribution
from AG-Castle or AV-Sapphire parent); 02, variance (additive) portion (%), 0% variance (environmental) portion (%), h? heritability (0%/07 (%))

detected from all three single-environment analyses
(Horsham 2009, Wagga Wagga 2009 & 2010), account-
ing for 8.32 to 31.77 % (A01), 7.05 to 9.08 % (A08) and
5.17 to 14.08 % (C06) of the phenotypic variance. For
the TS population (109 lines), only the A09 QTL region
was represented by QTL detected in all four tested envi-
ronments (Horsham 2008 & 2012, Wagga Wagga 2009
& 2010). The TS A01 QTL region was represented by
QTL detected in the two 4-block trials (Wagga Wagga
2011, Horsham 2012) which accounted for 9.00 to
18.47 % of the variance in those years. An additional
A01 QTL (11.60 % variance) was also detected from the
Wagga Wagga 2009 trial (3-block) though this failed to
exceed the LOD threshold for significance. The TS C06
QTL region was only represented by QTL detected in
the two Horsham nurseries (2008 & 2012), though a
large portion of the variance was attributed to this re-
gion in those tests (13.63 to 22.18 %).

Multi-environment QTL

Multi-Environment Trait (MET) analysis performed using
S and II data for all environments produced MET QTL
corresponding to each of the seven chromosomes previ-
ously identified from the single-environment analysis,
except for TC A10 and CO07. In addition, multiple low-
variance MET QTL were detected for the TS population.
Estimates of the additive genetic (A) and environmental
(E) components of the multi-environment variance (o%)
were used to calculate the narrow-sense heritability (/%) of
each MET QTL. As doubled-haploid populations were
used for the study there was no heterozygosity and thus
no dominance component for the variance. 4> values be-
tween 0.59 and 0.88 were determined for the TC QTL,
while slightly higher /#* values (0.69-0.94) were determined
for QTL in the smaller TS population (Additional file 2:
Table S1). Multi-Environment Traits (MET) were consid-
ered significant, and the associated chromosomal regions
harbouring MET QTL were considered to make a stable
contribution to resistance, if they accounted for greater
than 5 % of the total variance and were attributed a herit-
ability score of 0.5 or higher. After applying these criteria
only MET QTL associated with the previously-identified
single-environment QTL clusters were retained. The total

multi-environment survival (MET S) and internal infec-
tion (MET II) variance explained by the major QTL re-
gions was 30.19 and 33.64 %, respectively, for the TC
population, and 28.59 and 24.35 %, respectively, for the TS
population (Table 2).

Single-isolate characterisation

Each DH line in the TC and TS populations were char-
acterised for the presence or absence of hypersensitive
response via cotyledon infection tests, as differential
phenotypic reactions were initially observed to the L.
maculans isolates WA30 (avirulent on AG-Castle, virulent
on AV-Sapphire) and v23.1.3 (virulent on AG-Castle,
avirulent on AV-Sapphire). After the phenotypic data was
converted to Mendelised resistant (+) and susceptible (-)
scores and incorporated into the genetic maps for each
population, the cotyledon resistance loci were determined
to localise to chromosome AQ7, co-segregating with the
simple sequence repeat (SSR) marker sR12173 in both
cases (Fig. 2). As chromosome AQ7 is known to harbour
the race-specific blackleg resistance genes RimlI, Rlm3,
Rlm4, Rim7 and Rim9 [19, 38—40] further characterisation
of the parental lines with differential L. maculans iso-
lates varying in their reactions to the AO7 R genes was
performed. Only isolates avirulent towards Rlm3 or Rlm4
produced resistant reactions on AG-Castle or AV-
Sapphire, respectively (Table 3). Additional evidence for
the presence of Rim4 in AV-Sapphire was produced using
the transgenic isolate 3R11: AvrLm4-7, which demon-
strated the AvrLm4-7 gene conveys avirulence towards
AV-Sapphire (Table 3, Additional file 3: Figure S2).

The RIm3 locus of the TC population co-segregated
with a group of three SSR alleles; sR12294a, sR12173
and sR2834a (Fig. 2), which span a region of 80 genes of
the B. napus Darmor-bzh reference genome [37] on
chromosome A07 (BnaA07g20270D to BnaA07g21070D).
Unfortunately the closest flanking markers to the Rlm3
cluster were the SSR markers sSNRA59 and sR12829, both
of which match to portions of the genomic sequence
which are not currently incorporated into the B. napus
chromosome A07 model (matches to ‘chrUn_random’ and
‘chrA07_random; respectively). The next-closest flanking
markers, sR12119a (closest gene = BnaA07g17900D) and
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(See figure on previous page.)

Fig. 2 Significant QTL clusters for TC and TS Populations. Linkage maps shown only for B. napus chromosomes harbouring significant QTL (TC:
A01, A07, A08 & CO6; TS: A0T, A07, A09, C06). QTL for survival (green), internal infection (red) and cotyledon (blue) metrics. Single-environment QTL
shown as open boxes, multi-environment QTL as solid boxes. Green dotted lines indicate common markers. Positions of blackleg R genes RIm3 and

RIm4 shown in bold

sR12387b (BnaA07g26220D) represent a region spanning
approximately 4.5 Mb and 832 genes of B. napus chromo-
some AQ7. Utilising the B. rapa genome sequence [41] we
were able to define the smaller sSNRA59-sR12829 interval
as spanning the genes Bra003406 through Bra004064 (658
genes) on B. rapa A07, and to infer an equivalent B. napus
A07 interval of not greater than BnaA07gl8610D to
BnaA07g24890D (3.5 Mb, 628 genes). This suggested that
approximately 30 more genes within the B. napus interval
were not currently incorporated in the current B. napus
A07 chromosome build [37].

The mapping of Rim4 with the TS population placed the
gene between the SSR markers sN2555Ra and sN2834a, a
region spanning approximately 3.9 Mb and 704 genes
on chromosome AQ7 (BnaA07g14030D—BnaA(07g21070D)
which overlapped the Rim3 interval defined in the TC
population.

During the phenotypic screening of the mapping pop-
ulations with single isolates, some intermediate pheno-
types (scores between 4.1 and 6.9 on the 0-9 scale) were
observed. Therefore, to test for QTL affecting the ex-
pression of the cotyledon resistance phenotype when

Table 3 Determination of A07 blackleg R genes in AG-Castle and AV-Sapphire

L. maculans Isolate®

B. napus Line”

= o

) %) 8 @

Ne) =] = 3 g R k=]

= & Bt A

) Q 3 E g = S )

@ ) ! S 2 33 ~ 8

=% < >, O o4 -

S <
Name A07 Avr =

- Rim3 Rim4 RimlI,RIm3 Rim3 Rim4 Rim7 RIm9
WA30 AvrLm3 avr (9.0)° Avr (2.9) avr (8.8) Avr (2.7) Avr (3.4) avr (9.0) avr (9.0) avr (9.0)
v23.1.3 AvrLm1-4-7 avr (9.0) avr (8.8) Avr (3.2) Avr (3.4) avr (8.8) Avr (3.0) Avr (4.4) avr (9.0)
00-100 AvrLm3-9 avr (9.0) Avr (2.8) avr (8.8) Avr (3.0) Avr (3.0) avr (9.0) avr (8.4) Avr (4.6)
98-15 AvrLm4-7 avr (9.0) avr (8.7) Avr (2.8) avr (8.8) avr (9.0) Avr (2.4) Avr (4.6) avr (9.0)
99-53 AvrLm4-7 avr (9.0) avr (8.5) Avr (3.0) avr (9.0) avr (9.0) Avr (2.5) Avr (4.7) avr (8.8)
89-12 AvrLm9 avr (9.0) avr (8.3) avr (8.5) avr (8.8) avr (9.0) avr (8.0) avr (9.0) Avr (5.0)
2354 AvrLml1 avr (9.0) avr (8.3) avr (8.0) Avr (3.2) avr (9.0) avr (9.0) avr (8.7) avr (9.0)
3R11 AvrLm7 avr (9.0) avr (8.5) avr (8.2) avr (9.0) avr (9.0) avr (7.3) Avr (5.0) avr (8.5)
3R11:AvrLml1 AvrLml1-7 avr (9.0) avr (8.4) avr (8.6) Avr (3.2) avr (9.0) avr (8.5) Avr (4.2) avr (8.6)
3R11:4AvrLm4-7 AvrLm4-7 avr (8.8) avr (8.1) Avr (3.0) avr (8.1) avr (8.1) Avr (3.0) Avr (3.9) avr (8.1)

2L. maculans isolates used in this study; name followed by avirulence genes corresponding to Brassica AO7 R genes carried by each isolate. 3R11: AvrLm1 and 3R11:
AvrLm4-7 are transgenic isolates of 3R11 carrying additions of AvrLm1 and AvrLm4-7, respectively. Isolates in bold were used for TC and TS population cotyledon assays
PB. napus lines used in the study; name followed by blackleg R gene content of line

“Interaction of isolate and B. napus line; avr = virulence, Avr = avirulence, followed by mean cotyledon rating (in brackets) on 0-9 scale. Entries in red indicate a

virulent interaction
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challenged with single isolates of L. maculans, the
phenotypic data was again analysed, this time as con-
tinuous data (0 to 9) rather than the discrete “Mende-
lised” data (‘+" or ‘-’) analysed previously. As expected,
large portions of the variance were associated with each
major resistance gene locus (R/m3 and Rlm4). We also
detected a second significant QTL for the TC population
which accounted for 9.26 % of the cotyledon phenotypic
variance and co-localised with the TC C06 QTL cluster
(Table 2, Fig. 2).

Delineation of QTL loci and identification of candidate
genes

The 0.5 ¢cM map interval containing the TC A01 MET S
and MET 1I loci was flanked by the markers sN12790
and sN4638 (Fig. 2), which corresponds to a span of 49
B. napus genes (BnaA01gl2170D-BnaA01g12660D).
The peak MET LOD scores for each metric were flanked
by the markers sR8420 and sN4638 which corresponded
to a 10 gene interval of the Darmor-bzh reference B.
napus genome (BnaA01gl12560D-BnaA01gl12660D).
The TS A01 QTL locus was flanked by the markers
sR9228a and sN12176, representing a span of 296
genes (BnaA01g09950D to BnaA01g12910D), with peak
LODs for all QTL contained with the 4.2 ¢M marker
interval sR6202b—sN12176 (BnaA01g10980D to BnaAOlg
12910D), representing a span of 193 B. napus genes which
also encapsulates the physical interval defined for the TC
AO01 QTL locus.

The TC population produced a cluster of single- and
multi-environment QTL on chromosome A08, with peak
values for all QTL positioned between 39 and 46 cM
(Table 2). The multi-environment analysis defined over-
lapping MET S and MET II QTL contained within a
marker interval of 13.7 ¢cM flanked by the markers
sN4513Fa and sN12352a. This interval corresponds to a
region of 396 genes in the Darmor-bzh reference genome
(BnaA08g18290D-BnaA08g22250D).

The QTL cluster detected for the TS population on
chromosome A09 was positioned within the marker inter-
val §52212 to sR9373, which corresponds to a physical
interval of 1314 genes in the B. napus reference genome
(BnaA(09g22470D-BnaA09g35610D). While the peak
LOD for many of the QTL, including both the MET S and
MET II QTL, was positioned within the smaller sSR6410—
sR9373 marker interval, the physical region could not be
refined any further using the B. napus reference genome,
as sR6410 was assigned to the ‘chrA09_random’ molecule
which is not incorporated into the main A09 chromosome
build. However, by using the B. rapa Chiifu A genome ref-
erence sequence [41], we identified homology between
sR6410 and the B. rapa A09 gene Bra006927 and used a
neighbouring gene (Bra006925) to determine an approxi-
mate B. napus physical position for this gene as equivalent
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to BnaA09g32910D of B. napus. This produced a physical
delineation for the A09 QTL peak interval of approxi-
mately 270 genes (BnaA09g32910D-BnaA09g35610D).

QTL clusters were also detected on chromosome C06
in each population, though poor resolution of these link-
age groups hampered precise delineation of the support
intervals. The TS C06 QTL support interval was delim-
ited to a 2998 gene span of the B. mapus genome
(BnaC06g05190D-BnaC06g35170D) between the markers
$524