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1. Performance Measures. See Annex A for an explanation of each measure.

Results Provide a description (2-3 paragraphs) for each item produced
Achieved | and describe its importance to the target group or sector.
Explain any variance between results achieved and targets.
Use plain language.

Innovation Items

# of Intellectual property
items flowing from the project

# of new/improved products

# of new/improved processes
or systems

# of new/improved practices

# of new varieties

# of new/improved genetic
materials

# of new/ improved gene
sequences

4 1. Better understanding of race non-specific resistance to
blackleg in Canadian canola cultivars — by limiting the
spread of fungal hyphae from infected cotyledons into
stems and reducing infection development in the stem
tissue.

2. Increased temperature may favor the stem infection of

# of improved knowledge blackleg in a susceptible cultivar like Westar but showed
little impact on canola cultivars with nonspecific
resistance

3. Onone of the cultivars with the nonspecific resistance, the
mode of action appears to be related to programed cell
death that limits the spread of fungal hyphae

4, Major-gene resistance, as shown by RIm1 and LepR1, may

CARP ASP Project No. 2015.12.Peng 2017 2018 Annual Performannce Report - May 2018.docx 1




I * Agriculture et
Agroalimentaire Canada

Agriculture and
Agri-Food Canada

Innovation Items

Results
Achieved

Provide a description (2-3 paragraphs) for each item produced
and describe its importance to the target group or sector.
Explain any variance between results achieved and targets.
Use plain language.

have quite different molecular mechanisms, including up-
regulation of genes involved in jasmonic acid and salicylic
acid pathways

Information Items

Results
Achieved

Provide the complete citation for each item. Please see
Annex A for examples.

# of peer reviewed
publications

4

Hubbard M, Peng G. 2018. Quantitative resistance against
Leptosphaeria maculans (blackleg) in selected Canadian
canola cultivars remains effective under increased
temperatures. Plant Pathol. Doi: 10.1111/ppa. 12832

Soomro W, Kutcher HR, Peng G. 2018. Blackleg resistance
associated with common canola cultivars used in western
Canada. Can J Plant Pathol. (Manuscript in submission)

Hubbard M, Peng G. 2018. RNA-seq suggests a potential role
of programmed cell death in quantitative resistance against
blackleg in canola cotyledons. BMC Genomics (Manuscript
in submission).

Zhai C, Liu X, Song T. Yu F, Peng G. 2018. Transcriptome
analysis of Brassica napus carrying and not carrying RIm1 in
response to Infection by Leptosphaeria maculans. Frontiers
of Plant Sci. (Manuscript in submission)

# of information items

McGregor L. Peng G. Infection of canola cotyledons by
Leptosphaeria maculans in relation to wounding and dew
duration. CPS-CSA Joint Annual Mtg, June 18 to 21, 2017,
Winnipeg, MB (Poster)

Hubbard M, Peng G. 2017. Quantitative resistance to blackleg
disease in three Canadian canola cultivars under elevated
temperatures. CPS-CSA Joint Annual Mtg, June 18 to 21,
2017, Winnipeg, MB (oral).

# of media reports

Interviewed by Robin Booker, Western Producer, for an article
on “Researchers look to seed treatment for blackleg
resistance” Apr 20, 2017

Interviewed by Top Crop Manager on “Blackleg management
strategies in canola” Video available since May 24, 2017

Interviewed by Robin Booker, Western Producer, for an article
on “Blackleg race test will aid management”. July 14, 2017.

# of information events

Peng G. 2017. Managing blackleg of canola on the prairies —
From a research perspective. Grainews Webinar. March 17,
2017.

Peng G, Fernanodo WGD, Kutcher HR. 2017. Managing
blackleg of canola in western Canada -Pathogen
population, host resistance & others. Field Crop Disease
Summit. Feb. 21, 2017, Saskatoon, SK.
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Peng G. 2016. Blackleg of canola on the prairies: What do we
know/don’t know? Melfort Field Day. July 19, 2016.

Provide the # of attendees

# of individuals attending 220
information events

Provide the # of attendees who intended to adopt new
information or technology

# of individuals attending Not sure.
information event who intend
to adopt new innovation

Provide the name, degree completed and date of completion

# of persons who completeda | 1 Soomro W. M.Sc. at University of Saskatchewan. May 2017.
M.Sc. or Ph.D. during project

2. Executive Summary

The Executive summary contains two parts: Key highlights of activities and scientific results and
Success story. Information may be used for internal and external communication purposes. Write for
a general audience using plain language. Do not include sensitive or confidential information

Key Highlights - This section describes the key activities and final scientific results of an activity/ project in
such a way that readers can rapidly become acquainted with a large body of material without having to
read it all. Include a brief statement of the problem(s), background information, concise analysis and main
conclusions. Suggested length — maximum 1 page.

There are four key components in this study: 1) Characterizing blackleg resistance associated with common
canola cultivars used in western Canada, 2) Understanding the molecular mechanisms of the resistance
gene RIm1 based on RNA sequencing, 3) Molecular mechanisms of quantitative resistance in cotyledons of
74-49 BL revealed by RNA sequencing, and 4) The quantitative resistance against blackleg remains effective
under high-temperature conditions.

1) Most canola cultivars grown in western Canada carry the major resistance (R) gene RIm1 and /or RIm3,
while the current pathogen population generally lacks the corresponding avirulence genes AvrLm1 and
AvrLm3. Despite the situation, severe blackleg occurs only on a relatively small percentage of canola
field (<10% annually). It was shown by the study that most of the R-rated canola cultivars also have a
level of race nonspecific resistance not directly involving R gene-Avr gene interaction. This is a
guantitative resistance (QR), limiting the spread of fungus from infected cotyledons into the stem,
and/or the infection development in the step. The outcome is fewer and less severe infection in the
stem. QR may play an important role for the often relatively low blackleg incidence and severity in
western Canada. QR was confirmed with cotyledon inoculation of several canola cultivars using
multiple virulent L. maculans isolates.

2) Molecular mechanisms underlying the canola and L. maculans interaction are largely unknown. In this
study, transcriptome analysis was done on a double haploid (DH) B. napus line carrying the R gene Rim1
inoculated with virulent and avirulent isolates of L. maculans on cotyledons. The results showed that
the resistance mediated by RIm1 in response to L. maculans carrying AvrLm1 is a localized defense
response and cannot be translocated to other parts of the plant. Many gene involved in the jasmonic
acid (JA) and salicylic acid (SA) pathways, were not down-regulated in the resistant, but were in
susceptible reaction, implying the involvement of these hormone pathways in the defense. Sufficient
levels of JA and SA signals would be required for the activation of resistance to L. maculans. The
comparative study of transcriptome provided a repertoire of candidate genes involved in the regulatory
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3)

4)

networks for blackleg resistance.

The mechanisms underlying quantitative resistance (QR) had not been reported previously. We used
RNA-Seq on infected cotyledons of “74-44 BL” to identify genes and gene functions involved. Many
genes showed differential expression in inoculated 74-44 BL with the genes involved in programmed
cell death (PCD) showing highest differential expression, which could generate reactive oxygen species
(ROS) intracellular endomembrane transport.

QR, also known as adult-plant or race nonspecific resistance, can be more resilient than major-gene
resistance, but is sometimes affected by variable field conditions. Blackleg infection was assessed on
three common canola cultivars (74-44 BL, PV 530 G and 45H29) with QR under the treatment of 7-h
daily exposure to 32°C for one week during early flowering under controlled conditions. The impact of
elevated temperature on the susceptibility of these cultivars was compared with that under 22°C day-
time high. The results showed that the impact of elevated temperature on QR expression was
minimum; common canola cultivars with a QR background can likely perform effectively under high-
temperature conditions during heat waves and this finding shows that QR traits can be stable under a
wide range of field temperatures during a crop season in western Canada.

Success Story - A success story presents a significant result or an important milestone achieved. It is

intended to showcases achievements in applied research. Focus on research results, successful technology

transfer, potential for pre-commercialization, and/or potential impact. A Success Story is not a progress

report for each activity (suggested length 2 — 3 paragraphs).

For the first time, the molecular mechanism associated with QR was identified against blackleg of canola;

it's substantially different from those found with major R genes, including Rim1 and LepR1.

3.

Objectives/Outcomes (technical language is acceptable for this section)

Provide a brief summary that includes introduction, objectives, approach/methodology,
deliverables/outputs, results and discussion, and any Ph.D or Master students recruited to work on
the project.
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Objectives

1. Determine the type of resistance in representative R-rated common canola cultivars used in western Canada,
and characterize their resistance responses to different Avr genes;

2. Investigate and develop pathological, molecular and biochemical protocols for efficient and reliable
assessment of different types of blackleg resistance, especially the quantitative resistance which does not
involve specific R genes.

3. Understand and characterize the mechanisms and efficacy of race-specific and non-specific blackleg
resistance based on key pathological, molecular and biochemical analyses during the infection process to
elucidate the key mechanisms associated with different types of resistance

4. Assess potential influence of environmental factors, especially those of high temperature/drought, on
expression and efficacy of different resistance mechanisms to better understand the role and limitation of
different types of resistance under western Canadian conditions.

Results Achieved: Should be the sum of the results reported in all your Annual Performance Reports (APRs)
including results achieved under the activities both in the CA and the CRDA.

1) Most canola cultivars grown in western Canada with a blackleg-resistant label carry the specific resistance
(R) gene RIm1 and/or RIm3. Recent field monitoring data generally show that the corresponding avirulence
genes AvrLm1 and AvrLm3 are at very low frequencies or even undetectable in the pathogen population in
western Canada, indicating that these R genes are no longer effective. Despite this, severe blackleg damage
is still uncommon on these resistant cultivars, suggesting additional resistance mechanisms may be present.
Three R-rated (blackleg resistant) cultivars carrying RIm1 and RIm3 were inoculated with virulent isolates of
L. maculans (without the corresponding AvrLm1 and AvrLm3). “Westar” was used as a susceptible control.
The infection in cotyledons and spread of fungal hyphae were assessed using a 0-9 scale and fluorescence
microscopy. The amount of L. maculans DNA in the petioles and stems linked to hyphal spread and growth
was quantified using droplet digital PCR (ddPCR) at 14 days post inoculation (dpi). All inoculated cotyledons
showed infection symptoms, but the severity was lower for the R-rated cultivars, with lower plant
mortality, relative to Westar (Fig. 1). The hyphal spread was more limited in the cotyledon of R-rate
cultivars with a virulent isolate of L. maculans labelled with green fluorescent protein (Fig. 2), and the
amount of pathogen DNA was also substantially less in the petioles and stems of R-rated cultivars relative
to those in Westar (Fig. 3). These results indicate that quantitative resistance (QR) plays a role for these R-
rated canola cultivars by reducing the spread of fungal hyphae from infected cotyledons into stems (lower
disease incidence) and/or limiting the damage to the stem after the pathogen gets in there (lower disease
severity). The QR trait was confirmed with cotyledon inoculation using multiple virulent L. maculans isolates
separately.

Cotyledon Inoculation
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Fig. 1 Plant mortality of selected Canadian canola cultivars (CCC) originating from the inoculation of cotyledons
with the L. maculans isolate 12CC09. Westar was a susceptible control.
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Fig. 2 The spread of green fluorescent protein (GFP)-labelled L. maculans hyphae (white arrows) in cotyledon
and petiole tissues from the inoculation site (IS) on Westar and CCC1 at 10 dpi.
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Fig. 3 The amount of L. maculans DNA in the petiole of inoculated Westar and CCCs and in stem tissues adjacent
to the petiole at 14 dpi .

2) Although blackleg resistance has been widely studied through genetics, molecular mechanisms underlying
the host—pathogen interaction remain largely unknown. In this study, transcriptome analysis was carried
out using a double haploid (DH) B. napus line carrying the resistance (R) gene RIm1 inoculated with a
virulent or avirulent isolate of L. maculans. Cotyledon inoculation with either a virulent or avirulent L.
maculans isolate did not induce systemic acquired resistance (SAR) of the cotyledon on the opposite side
challenged with a virulent isolate (Fig 4). This indicates that the resistance mediated by RIm1 in response to
L. maculans with AvrLm1 is only a localized response and cannot be translocated to other parts of the plant.
RNA sequencing (RNA-seq) identified a total of 70,709 genes in this DH line by mapping the result to the
reference B. napus genome, among which 6,999 and 3,015 were differentially expressed genes (DEGs) in
the inoculated cotyledon tissue of compatible (susceptible) and incompatible (resistant) interactions. The
DH line showed a more pronounced defense response to infection by the virulent isolate, but the
proportion of up-regulated DEGs in the resistant interaction (76.1%) was slightly higher than that in
compatible interaction (60.7%). Subsequent gene ontology (GO) annotation showed that most of the DEGs
were involved in biological processes. Further GO enrichment analysis revealed that a variety of defense-
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related biological processes, including multiple phytohormone pathways, were commonly enriched among
up-regulated DEGs in both susceptible and resistant host reactions, while the significant enrichment of
various defense-related GO terms, including the jasmonic acid (JA) and salicylic acid (SA) pathways, were
not observed among the down-regulated DEGs in the resistant, but were in susceptible reaction (Fig 5),
implying that though the defense responses are triggered in both susceptible and resistant host reactions,
sufficient levels of JA and SA signals would be required for the activation of resistance to L. maculans. On
the non-inoculated cotyledon of the same plant, much fewer DEGs were identified, including those involved
in the SA pathway implicated in SAR. The comparative study of transcriptome provided a repertoire of
candidate genes involved in the regulatory networks for blackleg resistance mediated by the R gene Rim1,
and contributed to a better understanding the molecular basis for blackleg resistance by a specific R gene.

Initial inoculation Challenging

avrLml

avrLml

Fig. 4. Initial inoculation of cotyledon with an avirulent isolate of L. maculans (AvrLm1) failed to induce the
systemic resistance on the opposite cotyledon challenged with a virulent (avrLm1) isolate.

Using the same RNA-seq raw data, the resistance gene in the DH B. napus line can be identified in the same

3)

region where RIm1 from “Quinta” was reported previously (chromosome A07). This range was defined
from 13.07 to 22.11 Mb using a BC1 population made from the crosses of F1 plants of DH16516
(susceptible) x DH24288 based on bulked segregant RNA Sequencing (BSR-Seq). RIm1 was further fine
mapped between 19.6 Mb and 21.7 Mb using a bigger BC1 population consisting of 1247 plants and SNP
markers identified using BSR-Seq through Kompetitive Allele-Specific PCR (KASP). BnaA07G28840D, which
encodes a cysteine-rich receptor-like protein kinase, was considered as the potential candidate gene for
RIm1. The SNP for the gene BnaA07G28840D co-segregated with RIm1. A total of 8 robust SNP markers
associated with this RIm1 region were identified, which could be useful for efficient introgression of Rim1
into canola using marker-assisted selection (MAS) and confirmation of RIm1 in canola cultivars for blackleg
resistance breeding.

Although major R genes like RIm1 can completely halt blackleg infection at the infection site, the resistance
can be overcome rapidly by shifts in the pathogen population. Thus, quantitative resistance (QR) is also of
interest against blackleg, especially in western Canada where the crop season is much shorter than many
canola-growing regions in the world. The mechanisms underlying QR are unknown. We used RNA-Seq on
infected cotyledons of “74-44 BL” to identify genes and gene functions. This is a Canadian cultivar with QR
against a range of L. maculans isolates without the direct involvement of any major R genes. Many genes
showed differential expression in inoculated 74-44 BL relative to inoculated Westar, with the highest gene
expression for those involved in programmed cell death (PCD), reactive oxygen species (ROS) generation
and/or intracellular endomembrane transport (Fig 6). Examples include a Bax inhibitor 1 involved
potentially in the inhibition of PCD; a development/cell death (DCD) domain containing protein involved
potentially in phytohormone-mediated PCD; proteinases and peptidases that may play a role in PCD; a zinc-
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finger Sec23/ Sec24 and five small GTPases potentially involved in endoplasmic reticulum (ER) to Golgi
vesicle traffic and/or signal transduction; five proteins containing WD40 repeats which may mediate
protein-protein interactions, PCD and/or vesicle transport within the Golgi apparatus or retrograde Golgi to
ER transport and a SecY/Sec61 domain-containing protein putatively involved in incorporation of
polypeptides destined for secretion into the ER membrane (Fig 7).
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Fig 5. Defense-related biological processes enriched in local tissues of susceptible (A) and resistant (B) reaction,
as well as in remote tissues of susceptible (C) and resistant (D) reaction.
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4)

Consistently, Westar displayed symptomless growth of GFP-tagged hyphae over a larger area of inoculated

cotyledons than the size of visible lesion. In contrast, hyphae were largely restricted to within the visible
lesion in 74-44 BL. In addition, inoculated 74-44 BL cotyledons produced hydrogen peroxide, a trigger of
PCD, in a larger area than was colonized by hyphae, while the reverse was true in Westar. These results
indicate that QR expressed with 74-44 BL has quite different mechanisms as opposed to those by the major
gene RIm1; it appears that the QR is through increased PCD as a way of limiting the biotrophic growth of L.

maculans in the cotyledons of 74-44BL.

QR, also known as adult-plant or race nonspecific resistance, has the potential to provide a more durable, if
less complete, protection of canola against blackleg. However, the effectiveness of QR may also vary widely
in the field, and it has long been suspected that elevated temperatures may negatively affect the expression
of QR. This is important information since heat waves can happen on the prairies during summer. To test
the impact of high temperatures, we assessed the blackleg development on three common canola cultivars
(74-44 BL, PV 530 G and 45H29) showing QR, with and without the treatment of 7-h daily exposure to 32°C
for one week during early plant flowering under controlled-environment conditions. The impact of elevated
temperature on the susceptibility of these cultivars was compared with that under a moderate temperature

at 22°C day-time high. Westar was used as a control.
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Fig 6. Venn diagrams of upregulated (A) and downregulated (B) DEGs between L. maculans inoculated Westar
and 74-44, mock inoculated Westar and 74-44, and between mock and inoculated Westar or mock and
inoculated 74-44 generated from. DEGs are upregulated in the underlined treatment.
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Figure 7. Model of how some of the most highly expressed differentially expressed genes (DEGs) may interact.
ER: endoplasmic reticulum.

When data from both temperatures were pooled, all three QR cultivars showed lower blackleg severity relative
to Westar. The elevated temperature often increased blackleg severity on Westar, occasionally on PV 530
G, but generally not on 74-44 BL or 45H29 (Fig 8, 9, 10, 11). Our findings suggest that the QR traits are
highly useful for blackleg management in western Canada, even with warmer temperatures encountered
during rosette to early plant flowering.
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Fig 8. Average length of stem lesions originating from the inoculation of first (a) or second (b) true-leaf petioles,
at 2 weeks after planting, with Leptosphaeria maculans, and disease severity index (c) resulting from the same
inoculations in Westar (susceptible control) and 74-44 BL plants subjected to moderate (white bars, 22 °C/16 °C
daily high and low) or high (black bars, 32 °C/18 °C daily high and low) temperatures for 1 week at early
flowering. The plants had been in the greenhouse for 2 weeks post-inoculation prior to being exposed to these
temperature treatments in growth chambers. Mock-inoculated plants were excluded because all such plants
had values of zero for all parameters. Statistical highlights are based on a two-way ANOVA with a set at 0.05. cv,
cultivar; rep, replication; temp, temperature.
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Fig 9. Average length of stem lesions originating from the inoculation of first (a) or second (b) true-leaf petioles,
and disease severity index (c) in Westar (susceptible control), PV 530 G and 45H29 plants subjected to
moderate (white bars, 22 °C/16 °C daily high and low) or high (black bars, 32 °C/18 °C daily high and low)
temperatures. Panel (d) shows the data, pooled for all three cultivars, at moderate and high temperatures.
These plants had been in the greenhouse for 2 weeks post-inoculation prior to being exposed to these
temperature treatments in growth chambers for 1 week at rosette to early flowering. Mock-inoculated plants
were excluded because all such plants had values of zero for all parameters. Statistical highlights are based on a
two-way ANOVA, with a set at 0.05. cv, cultivar; rep, replication; temp, temperature.

Conclusions

With the extraordinary efforts of all team members, this project was completely successfully. Much of the work
was on the leading edge and results were delivered on time, on budget. The most important findings include: 1)
It was demonstrated that QR is of value in alleviating blackleg impact on canola without the direct involvement
of major R genes. This is achieved by limiting the spread of fungal hyphae in infected cotyledons further into
stems (reduced blackleg incidence) and/or the infection in stem tissues after the pathogen enters it (reduced
disease severity). These resistance mechanisms are different from those of sing R genes showed by RIm1 that 2)
induce localized reactions in response to the infection by L. maculans carrying AvrLm1, which halts the infection
immediately by upregulation of many genes involved in the jasmonic acid (JA) and salicylic acid (SA) pathways.
This is the first time that molecular mechanism with a specific blackleg resistance gene (RIm1) is identified. 3).
Using 74-44 BL, the mechanism underlying QR against blackleg was explored and different genes (as opposed to
those involved in RIm1) were found to express differentially, with the highest gene expression associated with
those involved in programmed cell death, reactive oxygen species generation and intracellular endomembrane
transport. Once confirmed, this will be first report on the molecular mechanisms of QR against plant diseases.
4). The study on the impact of elevated temperature on QR expression indicate that common canola cultivars
with a QR background can perform effectively under high-temperature conditions during heat waves and this
finding shows that QR traits can be stable under a wide range of field temperatures.
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Fig 10. Stem lesion development Fig 11. Stem lesion development at the junctions
at the junctions with petiole to the with petiole to the 15t (a) and 2" (b) true leaves, or
1st (a) and 2" (b) true leaves, or stem blackening (C) in Westar, PV500 G, 45H29.
stem blackening (C) in Westar and Horizontal arrows show the edges of fallen petiole
74-44 BL. Horizontal arrows show scars. Arrows in (c) point to blackleg symptoms.

the edges of fallen petiole scars.
In the panel (c), arrows the
blackleg symptoms.
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4. Issues
* Describe any challenges or concerns faced during the project. How were they overcome or
how do you plan to overcome?
¢ Describe any potential changes to the work plan and the budget. How were or how will they
be managed?

None during the project

5. Lessons Learned:
Describe the key lessons learned gained as a result of executing the project (e.g., a more efficient
approach to performing a specific task for activity / project).

None

6. Future Related Opportunities:
Describe the next steps for the innovation items produced by the activity/project. Is additional
research required? Is there potential for commercialization or adoption?

It is clear that many R-rated canola cultivars carry a level of race nonspecific resistance to blackleg in
Canada, and these resistance resources can be valuable to blackleg management in Canada due to different
modes of action as opposed to major-gene resistance, as well as relatively less blackleg pressure than in the
regions such as Australia.

Therefore, there is a need and opportunity to screen and identify nonspecific resistance sources efficiently

in canola germplasm/breeding lines for introducing good background resistance into canola hybrids. Some

of the nonspecific resistance appears stable when under higher temperature and that trait may be valuable
in western Canada while summer heat waves do occur.
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