Canola Council of Canada

Canola Agronomic Research Program

Final Report (2010 - 2014)

Effects of clubroot-resistant canola lines on soils infested by Plasmodiophora brassicae

Project Code: CARP 2010-3

Project Coordinator

Sheau-Fang Hwang

Authors

S.F. Hwang, H. Ahmed, Q. Zhou and G.D. Turnbull
Alberta Agriculture and Rural Development
Crop Diversification Centre North
17507 Fort Road NW
Edmonton, AB T5Y 6H3

S.E. Strelkov
Department of Agricultural, Food and Nutritional Science
University of Alberta
Edmonton, AB T6G 2P5



Table of Contents

Ty go o [T 1 ] OSSOSO 3
Materials AN METNOUS .....c.viviiiiiiic bbbt a et b 6
A. Effects of growing resistant cultivars on clubroot severity in subsequent Crops .........ccocvevvereerverereenne. 6
Isolation of resting spores from soil and DNA eXtraction...........c.coeoiiereiiieneiineneee e 7
B. Effects of volunteer canola on clubroot severity in subsequent susceptible Crops..........c.ccccoveveivrennnn 9
C. Effects of crop rotation using resistant canola on clubroot SEVErity ..........cccccvcviriiininiene e 11
D. Effects of P. brassicae population density on clubroot level in canola...........ccoccovvniiininiiicicnn, 11
E. Relationship between clubroot severity and Yield...........ccoccoviiiiiiiiiiiiec e 13
F. Inoculum production and root hair iINFECLION ..........c.cceieiiii i 13
G. Contribution of clubroot galls to soil resting spore POpUlatioNS...........cccevveveereece e 14
RESUILS ..ottt b et bbbt h oo bt H e R Rt b £ e R £ e R b e e e eE ke Rt R £ Rt Rt e et e b e nbenbeene s 16

Effects of growing resistant cultivars on clubroot severity in subsequent crops and resting spore
POPUIALION ...ttt bbb bbbt h e bt et e bt s b e e e bt sb et ekt s b s e e b e nb e et e sb e b nnes 16
Effects of volunteer canola on clubroot severity in subsequent susceptible Crops ..........ccccovevveneinnnnn, 18
Effects of crop rotation using resistant canola on clubroot SEVErItY .........cccovevvieiiviiiniiieese e 18
Effects of soil population density on clubroot of Canola ...........c.cccvvveiiiiiiciicc 19
Relationship between clubroot severity and Yield ..o 21
ROOE NI TNTECTION ...ttt b bbbttt e et et sbe b e sbe i 21
Root infection rates in artificially infested potting MiXtUIe .........ccccvviviiiiiicce e 22
Infection rates in naturally INFEStEd SOMIS .........oiiiiii e 22
Contribution of clubroot galls to soil resting sSpore POPUIAtIONS ..........ccovviririiiireireee s 23
SUIMIMBIY L.ttt h ettt h e bR bRt s e bt e b e R AR e b e e e e e bt e Rt e Rt e bt eb e s e et e nnenn b e enenn s 23
RETEIBICES ..ottt ettt e e st e s et e e se e Re s EeeR e e s e en e et e nee e R e nReeEeeRe e Rt ene e tenrennenreaneeneas 24
PUBTICATIONS ...t b bbbt s bbbt s bt bt bt e bt et et et sbesbesbeeneas 26
Table 1 Effect of ‘volunteer’ canola on plant height ...........ccoiiiiiiiiiiiii e 28
Table 2 Effect of ‘volunteer’ canola on resting Spore CONtribULION ........ccvecieiiiiinienenire e 28
Table 3 Effect of crop rotation treatment on growth, clubroot severity and yield............c.ccooniiiiiinnnn, 29
Table 4 Effect of resistant and non-host rotation treatment on growth, clubroot severity and yield............. 29
Table 5 Effect of inoculum density on ClUDrOOt SEVENILY .........coeiiiiiiiiiiice e 30
Table 6 Quantification of Plasmodiophora brassicae resting SPOreS .........evvererieererisieneiese e 30
Figure 1 Effect of sequential cropping of resistant and susceptible CUltiVars.............ccoovoiiiiiiiniiiiencenns 31
Figure 2 Changes in resting spore concentration over cropping CYCIES ........cccovereiirininieiieiee e 32
Figure 3 Effect of sequential cropping on resting Spore CONCENTIAtION .........c.coverieruererirenieieie e 32

Figure 4 Root hair infection in resistant and susceptible canola cultivars.............cccocovviinine. 33



Figure 5 Relationship between root hair colonization and P. brassica DNA over time.........ccccceevvivvvrnanns 34
Figure 6 Relationship between root hair colonization and P. brassica DNA in resistant and susceptible
CANOIA CUITIVAIS ...ttt st bbbt et e e st et e sb e besbe et e ebeene e s e e s e besbesbeaneeneas 35

Figure 7 Plant growth and clubroot levels after the cropping of various ratios of resistant and susceptible

CANONA PIANES ... bbb bbb e bt bbbt b bbbt b e bbb r et ee s 36
Figure 8 Effect of inoculum density on plant height, clubroot severity and seed yield...........c.ccccoceveneenen. 37
Figure 9 Effect of seedling age at first exposure to infection and pathogen inoculum density .................... 38
Figure 10 Effect of P. brassicae inoculum density on emergence, plant height, disease and yield .............. 39
Figure 11 Root hair colonization by P. brassicae in susceptible and resistant canola ............c.ccccocveneennen. 40
Figure 12 Effect of resting spore density on colonization of resistant and susceptible canola..................... 41
Figure 13 Colonization of resistant and susceptible canola seedlings 6-12 days after sowing (mix).......... 41
Figure 14 Effect of inoculum density on colonization of root hairs ............ccceeveieiie s 42

Figure 15 Colonization of resistant and susceptible canola seedlings 6-12 days after sowing (infected) ....42

Figure 16 Relationship of root hair colonization and clubroot iNdeX ............cccvveoiriiciniiiisee, 43



Introduction
Clubroot, caused by Plasmodiophora brassicae Woronin, poses a serious threat to the canola (Brassica

napus L., B. rapa L.) industry in Alberta because of its long-lived spores, its ability to rapidly multiply,
and its detrimental effect on canola yields. The pathogen induces the formation of galls on infected roots
that impair growth and nutrient uptake (Dixon 2006), leading to wilting or death of the infected plants
and yield losses of 30-50% or more (Wallenhammer et al., 1999; Strelkov et al., 2006). In Alberta,
clubroot was first identified on canola in 2003 (Tewari et al., 2005), and ten years later the disease had
spread to more than 1000 fields (Strelkov et al. 2013). The disease now presents a major threat to canola
production in Alberta, and has recently been identified in the neighbouring province of Saskatchewan,

suggesting that clubroot could eventually become widespread in the Canadian Prairies.

Once P. brassicae becomes established in a field, it builds up rapidly in the presence of susceptible
crops via the formation of resting spores, which can persist in the soil for more than 15 years in the
absence of a susceptible host (Wallenhammar, 1996). Therefore, crop rotations based on standard
agronomic recommendations for Canada (one year of canola in four) will not significantly reduce resting
spore populations (Strelkov et al., 2006), and even substantially longer rotations may not be effective
because several common and endemic weed species such as horseradish (Armoracia rusticana P.G.
Gaertn., B. Mey. & Scherb, white mustard (B. hirta Moench), wild mustard (B. kaber (DC.) L.C.
Wheeler), camelina/false flax (Camelina sativa L. Crantz), shepherd’s purse (Capsellabursa-pastoris
(L.) Medik.), and stinkweed (Thlaspiarvense L.) are also susceptible hosts (Howard et al., 2010).
Effective clubroot management in canola will largely depend on utilization of cultivar resistance and the
reduction of viable resting spore populations in the soil. ldeally, the cropping of resistant cultivars
should be accompanied by a reduction in the viable P. brassicae resting spore populations in the soil
since stimulation of resting spore germination should reduce the viable spore population in the soil.
However, clubroot resistant crops are not necessarily free of susceptible plants. Susceptible volunteers
will continue to be present in infested fields for many years, susceptible weed species may also be
present, and there may be a small percentage of susceptible canola off-types associated with hybrid
production.The deployment of resistant cultivars may also create selection pressure on the pathogen to
co-evolve and overcome resistance (Hwang et al., 2011b; LeBoldus et al., 2012).



The life cycle of P. brassicae consists of two phases, a root hair infection phase, and a cortical
(secondary) infection phase (Karling 1968; Tommerup and Ingram 1971). The resting spores germinate
and release motile zoospores that are attracted to the root hairs. They penetrate the cell wall and form
primary plasmodia. After a short interval, each primary plasmodium divides and forms numerous
sporangia, which release secondary zoospores. Pairs of secondary zoospores fuse to form a dikaryon,
then penetrate into root cells and form secondary plasmodia. The secondary plasmodia proliferate and
induce host cellular hypertrophy and hyperplasia, leading to gall formation in the root tissues
(Kageyama and Asano 2009). In resistant lines of some cruciferous species, the pathogen infects root
hairs, develops primary plasmodia, and produces secondary zoospores, but seldom induces gall
formation (Dekhuijzen 1979; Kroll et al. 1983; Yamagishi et al. 1986).

Rapid techniques to evaluate soil levels of P. brassicae inoculum are not yet available, although
considerable research effort has been focussed on this area. Bait plants are used to test for the presence
of viable resting spores, but testing can take up to 8 weeks and may not provide consistent results when
inoculum levels are low. PCR-based techniques (standard and quantitative) have been developed, but the
results can be skewed by non-viable inoculum and a range of other factors in soil (Strelkov,
unpublished).Infection of the root hairs occurs much earlier than the development of visible symptoms
S0 microscopic examination of root hair infection could provide more rapid results than bait plant
assays. Samuel and Garrett (1945) and MacFarlane (1952) found a relationship between the log of the
number of root hair infections observed and the log of the clubbing severity in older plants, but this
correlation between root hair infection and clubroot severity has not always been clear. This may reflect
host-pathogen interactions, environmental conditions or the timing of the assessment rather than the
underlying relationship between root hair infection and spore density. Therefore, we examined the
effects of cultivar resistance, inoculum density and seedling age on root hair infection in canola, with a
view to developing additional methods for estimating resting spore densities in the soil. In addition, the
relationship of root hair infection to clubroot disease severity, plant growth parameters and seed yield in

canola was examined.

As with most diseases, clubroot development is regulated by the dynamic interaction of the host, the
pathogen, and the environment (Browning et al. 1977; Crute 1986; Williamson 1987; Wallenhammar

1996). The influence of seedling age and inoculum density have been examined in Brassica vegetable



crops (Horiuchi and Hori 1980; Timila et al. 2008), there is little or no data available regarding their
impact on the growth and yield of canola and other oilseed crops. To better understand this interaction in
canola, the effect of seedling age and inoculum density on clubroot severity, plant height, and seed yield

were investigated.

The objectives of this research are to study the effects of resistant crops, non-host crop rotations,
repeated growth of a resistant cultivar, and mixtures of resistant and susceptible cultivars on soil
pathogen population levels, vulnerability of roots to infection, and on the severity of clubroot in

subsequent susceptible crops.



Materials and Methods

A. Effects of growing resistant cultivars on clubroot severity in subsequent crops

The canola cultivars 45H29 (resistant) and 45H26 (susceptible) were grown in soil-less mix
(Sunshine Mix 4; pH 6.5; SUN GRO® Horticulture Canada Ltd., Seba Beach, AB) in plastic containers
(35 cm x 23 cm x13.5 cm), each containing 10 L of soilless mix, under greenhouse conditions (20° + 2°
C). The soilless mix was inoculated with P. brassicae resting spores collected from root galls and
adjusted to a concentration of 1 x 10° spores/mL of soilless mix. Four rows of 25 seeds each were
seeded in each container. The containers were placed on water-filled trays (water pH 6.5) for the first
two weeks after seeding, in order to ensure high soil moisture, and were then watered as needed for four
additional weeks, for a total growing period of six weeks. The plants were fertilized with a 0.1%
solution of NPK (20-20-20) once a week (commencing at two weeks after seeding) until the end of each
cycle of plantings. A fallow treatment (a container filled with clubroot-inoculated soilless mix but not
seeded with any crop) was maintained alongside the canola-seeded treatments.

At the end of the 6-wk growth period, all canola plants were uprooted, the roots of the plants were
macerated in water, filtered through eight layers of cheese cloth and re-incorporated back into the soil
from which the plants came, after adjusting the water volume to 250 mL for each container. The water
was poured evenly over the soil surface and then the spore suspension was thoroughly mixed throughout
the soil in the container using a garden trowel. The soil was allowed to dry for 7 days. A new crop of
the same cultivar was replanted into this soil. After three successive 6-wk cycles (Resistant-Resistant-
Resistant; RRR or Susceptible-Susceptible-Susceptible; SSS), the same susceptible canola cultivar was
grown in the soil from both cropping sequences, as well as in the soil used for fallow treatments (FFF).
The inoculum potential in the re-inoculated soil-less mix was estimated by assessing root weight, plant
height, clubroot incidence and severity, and by counting resting spore populations in the soil-less mix
after each cycle. Disease severity was assessed on a 0-3 scale, where 0 = no galls, 1 = a few small galls,
2 = moderate galling and 3 = severe galling (Kuginuki et al. 1999). Severity ratings for each
experimental unit were converted to an index of disease (ID) using the formula of (Strelkov et al. 2006):

XMNox0+nix1+n;x2+n3x3)
ID (%) = x 100 (Eq.1)
Nx3




Where: ng, n1, n, and ng are the number of plants in each class, 0, 1, 2 and 3 are the symptom
severity classes, and N is the total number of plants.

The experiments were conducted under greenhouse conditions with a 16-h photoperiod (20 £ 2° C
day/16 + 2° C nights). The experiment was set up in a RCB design with six replications. The experiment

was conducted twice.

Isolation of resting spores from soil and DNA extraction

The inoculum potential was estimated by counting resting spores in the soil-less mix after each
cropping cycle with a haemocytometer under a microscope. The resting spore extraction procedure was
adopted from the method of Castlebury et al. (1994) as modified by Hwang et al. (2011a). Briefly, soil-
less mix samples were collected after completion of each cropping cycle. Five cores of soil-less mix
samples from each replicate tray of each of the treatments were collected with a cork borer (13mm dia.)
and air-dried at room temperature (20 £ 2°C), thoroughly mixed and stored in a cold room (5°C) until
use. For the extraction of resting spores, 0.5 g of soil-less mix sample from each replication of a
treatment was added to 20 mL of water and mixed for 1 minute in a laboratory blender (Waring
Commercial, Torrington, Connecticut, USA). The slurry was filtered through eight layers of cheese
cloth. A 12 mL aliquot of the suspension was centrifuged at 3900 g for 15 minutes and the supernatant
was discarded. The spores were suspended in 6 mL of 50% (w/v) sucrose solution, agitated in a vortex
mixer for 2 minutes, and then centrifuged for 5 minutes at 1700 g. The supernatant was transferred into a
50 mL tube, and water was added to 45 mL, mixed with a vortex mixer and centrifuged at 3900 g for 15
minutes. The supernatant was discarded and the pellet was mixed with 5 mL of water using a vortex
mixer, centrifuged at 3900 g for 15 minutes. The supernatant was again discarded and the pellet was
suspended in 2 mL of water and refrigerated at -4°C until used for counting.

Prior to analysis of variance, all of the data sets were tested for homogeneity of variance using a
normal probability plot. Analysis of variance of the data was performed separately for each cropping
cycle using the GLM procedure of SAS (SAS Inc., Cary, NC, USA). Since there was no significant
effect of repetition, the data from the two repeats of each cycle of cropping were combined for
subsequent analyses. The treatment effects were compared using a protected LSD test at P < 0.05. In

addition, repeated measures analysis of variance was performed to determine whether the changes in the



root mass, plant height, disease severity and resting spore populations resulting from the cropping cycles

were significantly different.

An experiment to determine the effect of cultivar resistance and plant age on root hair infection
was designed as a randomized complete block with five replicates. Five hybrid canola cultivars
[resistant cultivars ‘45H29° and ‘73-77RR’; susceptible cultivars ‘34-65RR’ (Monsanto), ‘45H26’° and
‘45H73’(Pioneer Hi-Bred)] were grown planted in soilless mix in 9-cm-diam. (450 mL) cups (10
seeds/cup). After seeding, the cups were placed in water-filled trays to ensure high soil moisture. At
each sampling date (4, 6, 8 and 10 days after sowing), all the seedlings per replicate cup were uprooted
and washed gently with tap water. Immediately after harvest, half of the plants were fixed in FAA (5 mL
of formalin, 5 mL of acetic acid, 90 mL of 50% ethanol), and maintained at room temperature (20 £ 2°
C) until needed. The remainder of the seedlings were stored at -20° C for qPCR analysis. Root hair
infection was assessed using the protocol described above.

A parallel experiment was conducted with inoculated and non-inoculated seedlings as the main
plot treatments and canola cultivars as sub-plots. The plants were grown for 6 weeks, and plant height,
root weight, and clubroot severity (0—3 scale, converted to ID) were assessed. Both experiments were
conducted twice.

The amount of clubroot infection was also estimated using gPCR analysis of the roots. Roots of
each sample were gently washed under tap water. Prior to DNA extraction, fresh root samples were
washed with sterilized water and dried with a sterilized paper towel, and 200 mg subsamples were used
for DNA extraction with a Fast DNA Spin Kit (Qbiogene Inc., Irvine, CA) as per the manufacturer’s
instructions. Quantitative PCR analysis was performed on undiluted DNA extracted from the root
samples. Two P. brassicae-specific primer and TagMan probe sets were used in the gPCR analysis. All
gPCR amplifications were conducted using a StepOnePlus Real Time PCR System (Applied
Biosystems, Warrington, UK) in a 20 puL volume containing 1.0 uL of template DNA solution, 10 uM of
each primer, 2 uM of MGB-Probe and 10 uL. TagMan® Fast Universal PCR Master Mix (Applied
Biosystems). All reactions were run at 95°C for 20 s, followed by 40 cycles at 95°C for 1 s and at 60°C
for 20 s.

The homogeneity of variance of each data set was examined using a normal probability plot.
Analysis of variance (GLM procedure, SAS) indicated a cultivar x sampling date interaction for both

root hair infection and the amount P. brassicae DNA in infected roots, so the data were analyzed



separately by sampling date. Means comparison within each sampling date was performed using a
LSMEAN T-test. Regression analysis was used to quantify the relationship between root hair infection
and the amount of P. brassicae DNA in the infected roots. For this purpose, DNA and root hair infection
data for each sampling date were pooled across canola cultivars. In addition, these data were also

pooled for each cultivar across the sampling dates.

B. Effects of volunteer canola on clubroot severity in subsequent susceptible crops

The hybrid canola cultivars ‘45H29’ (clubroot-resistant) and ‘45H26’(clubroot-susceptible) (Pioneer
Hi-Bred, Caledon, ON, Canada) were grown together to simulate various proportions of susceptible
plants (volunteer canola or Brassica weeds) growing within a stand of a clubroot-resistant canola
cultivar. Seed of the susceptible and resistant cultivars were mixed together in ratios of 1:0, 3:1, 1:1, 1:3,
and 0:1, respectively, and then four rows of 25 seeds each were planted in each experimental unit under
greenhouse conditions (20 + 2° C day/16 + 2° C night, 16-h photoperiod). Each experimental unit
consisted of a plastic tub (35 cm x 23 cm x 13.5 cm depth, with drainage holes) filled with soil-less mix
consisting of peat moss, coarse perlite, gypsum, dolomitic limestone and starter nutrient (Sunshine Mix
4; pH 6.5; SUN GRO® Horticulture Canada Ltd., Seba Beach, AB). The soil-less mix was inoculated
with resting spores of P. brassicae isolate SACAN-ss1, which was isolated by Xue et al. (2008) and
characterized as pathotype 3 on the differentials of Williams (1966). The pathogen was maintained as
frozen root galls, and the resting spores were extracted as previously described (Strelkov et al. 2006).
The spore concentration was adjusted to 1 x 10° spores mL™ of soil-less mix. After seeding, each tub
was watered to saturation (water pH 6.5) and placed in a water-filled tray to maintain high soil moisture
for the first 2 weeks, after which the plants were watered using an overhead sprinkler once each day for
4 weeks. At 6 weeks after seeding, the plants were pulled, the roots were washed under tap water, and
data on plant height, root weight, and clubroot incidence and severity were assessed for 50 randomly
chosen plants from each replication of a treatment, in order to provide an estimate of inoculum potential.
Clubroot severity was assessed on a 0-3 scale, where: 0 = no galls, 1 = a few small galls (small galls on
less than one-third of the roots), 2 = moderate galling (small to medium galls on one-third to two-thirds
of the roots), and 3 = severe galling (medium to large galls on more than two-thirds of the roots)
(Kuginuki et al. 1999). Severity ratings for each experimental unit were converted to an index of disease

(ID) as described previously.
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After recording the data, all of the roots representing a replication were pooled and macerated in a
blender, and the slurry was filtered through eight layers of cheesecloth to separate the resting spores of
P. brassicae from the plant material. The resting spores from each tub were returned to the growth
substrate in that tub and mixed thoroughly into the substrate. The substrate was then sown with 100%
clubroot susceptible canola (‘45H26). Post-seeding agronomic practices followed the procedure
described earlier. Six weeks after seeding, data on plant height, clubroot incidence and severity were
recorded. The experiment was laid out in a randomized complete block design (RCBD) with six

replications, and the study was repeated once.

In a second experiment, the effect of comparatively low proportions (0, 3, 5, 7 and 10%) of
susceptible plants (‘45H26’) in a stand of a resistant canola cultivar (‘7145°, Monsanto, Winnipeg, MB,
Canada) was assessed. The experimental design, growing conditions, and agronomic practices were the
same as in the initial experiment, except that the seeds of the resistant and susceptible cultivars were not
mixed together. Instead, seeds of the susceptible cultivar were distributed at random in the four rows of
25 seeds, and marked with plastic tags to identify where seeds of the susceptible cultivar were sown.
After 6 weeks, plant height, clubroot incidence and severity were recorded separately for plants of the
resistant and susceptible cultivars. All of the roots of the susceptible plants (maximum of 3 — 10 roots,
depending on the proportion of susceptible plants in each treatment) were collected. To make the
number of roots equal (25 roots) for each replication, an additional 15 — 22 roots were randomly chosen

from the resistant plants.

These 25 canola roots were macerated and filtered as described previously. The volume of the
suspension for each tub was adjusted to 250 mL and the number of resting spores was estimated with a
haemocytometer. The resting spores were returned to each tub, which was then planted with seed of the
susceptible cultivar. Ten days after seeding, five seedlings per tub were uprooted and the roots were

washed gently and then evaluated microscopically for root hair infection.

A 1.5-cm-long segment of the taproot at 2-3 cm below the hypocotyl (Murakami et al. 2000) was cut
from two seedlings per replication and mounted on a slide with 5% (v/v) glycerine in water. The

incidence of root hair infection in the mounted specimens was then examined with a compound
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microscope at 100x magnification. A root hair was regarded as infected when a primary plasmodium
could be discerned within it. At least 100 root hairs were examined per sample (Hwang et al. 2011a). In
addition to root hair infection, secondary plasmodia were also counted below the epidermis and in the
cortex of the roots, which were rated on a 1-5 scale, where 1 = few secondary plasmodia and 5= profuse
secondary plasmodia. The remaining plants were allowed to grow to maturity. Plant height and clubroot

severity were assessed at the flowering stage. The study was repeated once.

C. Effects of crop rotation using resistant canola on clubroot severity

Mini-plots were constructed, filled with naturally infested field soil collected near Edmonton, previously
sown to canola (2010). Ten mini-plots were used for each of the six following treatments and were
distributed on a concrete pad outside a greenhouse at CDC North in a randomized complete block. In
2011, treatments consisted of a) susceptible canola cultivar 45H26, b) pea, ¢, d and e) one barley and
two oat treatments and f) fallow. In 2012, treatments consisted of a) susceptible canola cultivar 45H26, b
and d) wheat, ¢ and e) pea and f) fallow. In the 2013, all plots were sown to a susceptible variety of
canola. Seedling emergence, fresh shoot and root weight, plant height, clubroot severity and yield were
compared among the treatments after harvest in 2013.

A second experiment was conducted using 12 replicate mini-plots per treatment filled with naturally
infested field soil. In 2010, Treatments were: a, b and c¢) Resistant canola cultivar 45H29 and d) barley.
In 2011, the treatments were a and b) Resistant canola cultivar 45H29; c and d) barley. In 2012, the
treatments were a) Resistant canola cultivar 45H29; b, ¢ and d) barley. In 2013 all treatments were sown

with susceptible cultivar 45H26. Clubroot severity were evaluated at the end of the growing season.

D. Effects of P. brassicae population density on clubroot level in canola

A trial was conducted under greenhouse conditions at the Crop Diversification Centre North.,
Canola cv. ‘34 SS 65” was seeded every week for 4 weeks into 450-mL Jiffy® cups (2 seeds/cup) filled
with soil-less potting mixture to generate young plants of 1, 2, 3 and 4 weeks of age. The plants were
thinned to one plant per cup after seedling establishment. In the fifth week, clubroot-infested soil (pH
6.73) collected from a commercial field near Leduc, AB, was mixed with sterilized soil to produce the
inoculum density treatments, based on 1:0, 1:1, 1:2, and 0:1 ratios (v:v) of infested to sterile soil. The

soil mixtures were distributed into 26-cm-diam. pots and seedlings that were 1, 2, 3 and 4 weeks of age
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were transplanted into the pots (1 seedling/pot). Prior to transplanting, as much as possible of the
soilless-mix associated with the plant roots was gently removed. Ungerminated seeds, representing a
fifth seeding date, were planted directly into the pots at a rate of one seed per pot. The pots were
maintained in a tray filled with water adjusted to pH 6.5 at the bottom for the first 2 weeks after
planting. They were then transferred to a greenhouse bench, where they were watered (pH 6.5) daily
from above to maintain a high level of soil moisture. Seven replicate pots for each seedling age were
placed on the greenhouse bench in a split-plot design, where inoculum density was the main plot
treatment and the sub-plots were seedling age. Trays of the different inoculum concentrations were
separated by at least 30 cm to avoid cross-contamination during watering. The plants were fertilized
once per week until flowering with a 0.1% solution of 20:20:20 (N: P: K). Plant height was assessed
after flowering, while clubroot severity was assessed at maturity on a 0-3 scale, where: 0 = no galling, 1
= a few small galls, 2 = moderate galling and 3 = severe galling (Kuginuki et al. 1999). Seed yield was

also recorded at this time. The experiment was conducted twice.

In a second greenhouse trial, soil from a field with high populations of resting spores was diluted
with a soil-less mix as previously described to produce 0, 2, 4, 9, 17, 25, 33, and 50% of the resting
spores present in the original infested soil. The soil mixtures were placed into ten pots (13-cm-diam.) per
treatment, and five seeds of canola cv. ‘34 SS 65° were sown per pot. The pots were placed on trays with
water on a greenhouse bench as described above, and arranged in a randomized complete block design
with ten pots per treatment. Half of the replications were uprooted 6 weeks after sowing, and individual
plants from each pot were scored for clubroot severity (0-3 scale) and plant height. The remaining

replications were grown to maturity, and seed yield was recorded. The experiment was conducted twice.

To relate the results from the soil dilution experiments to specific spore densities, a trial was
conducted using inoculated soil-less potting mixture. The soil-less mix was inoculated with a resting
spore suspension prepared from air-dried canola galls as described by Strelkov et al. (2006), and
adjusted to a concentration of 1 x10° spores cm™. Aliquots of the spore suspension were added to the
potting mix to produce final resting spore densities of 0, 1 x 10°, 1 x 10°, 1 x10", and 1 x 10® spores cm’
%, The study was conducted in a greenhouse, as described previously, and arranged in a randomized
complete block design with seven replications. Each treatment consisted of seven pots (replicates) of

inoculated soil-less mix with five seeds of ‘34 SS 65’ per pot. After 6 weeks, four pots of each treatment
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were assessed for clubroot severity and plant height. The remaining pots were maintained until maturity

to evaluate seed yield. The experiment was conducted twice.

E. Relationship between clubroot severity and yield

To determine the relationship between root hair infection and clubroot severity, canola growth and seed
yield, a greenhouse trial was conducted using the infested soil dilution treatments described above; this
experiment was carried out concurrently and in the same greenhouse as the soil dilution trial described
above. Treatments were arranged in a factorial randomized complete block design, with the two
cultivars as main plot treatments, soil dilutions as sub-plots, and five replications (cups). The plants were
maintained under the same conditions as the soil dilution trial, except that they were fertilized with a
0.1% solution of NPK (20-20-20) once a week until pod filling. Seedling emergence was counted 7 days
after sowing. The height of each plant was measured at the end of flowering. Each plant was assessed at
harvest for clubroot symptom severity and seed yield. Disease severity was assessed on a 0-3 scale,
where 0 = no galls, 1 = a few small galls, 2 = moderate galling and 3 = severe galling (Kuginuki et al.
1999). Severity ratings for each experimental unit were converted to an index of disease (ID) using the
formula described previously (Strelkov et al. 2006).

F. Inoculum production and root hair infection

Inoculum was prepared from clubroot galls collected from several heavily infected canola crops near
Edmonton, AB. The populations in these fields had been shown in previous research (Strelkov et al.
2006) to consist mainly of pathotype 3, as classified on the differentials of Williams (1966), or as ECD
16/15/12, as classified on the differentials of the European Clubroot Differential set (Buczacki et al.
1975). The galls were air dried and then ground to a fine powder in a blender. The concentration of
resting spores in the powdered inoculum was estimated with a haemocytometer. The inoculum was
added to a soil-less potting mix consisting of peat moss, coarse perlite, gypsum, dolomitic limestone and
starter nutrient (Sunshine Mix 4; pH 6.5; SUN GRO® Horticulture Canada Ltd., Seba Beach, AB) to
produce a range of spore densities.

The treatments consisted of factorial combinations of four spore concentrations (0, 1 x103, 1

x10°, and 1 x10’ spores per mL of mix), the hybrid canola cultivars Pioneer ‘45H26’ (susceptible) and
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Pioneer ‘45H29’ (resistant), and six sampling dates (4, 6, 8, 10, 12, and 14 days after sowing). Each
experimental unit consisted of a 9-cm-diam. cup filled with 400 mL of infested soil-less mix and sown
to canola at a density of five seeds per cup. After seeding, the cups were placed in water-filled trays to
ensure high soil moisture. The study was conducted under greenhouse conditions (20 = 2° C day/16 + 2°
C night) with a 16-h photoperiod At each sampling date, the seedlings were uprooted, washed gently
with tap water, fixed in FAA (5 mL of formalin, 5 mL of acetic acid, 90 mL of 50% ethanol), and
maintained at room temperature (20 + 2° C) until needed.

A 1.5-cm-long segment was cut 2-3 cm below the hypocotyl (Murakami et.al. 2000) from the
roots of two seedlings per replication and mounted on a slide with 5% (v/v) glycerin in water. The
incidence of root hair infection in the mounted specimens was then examined using a compound
microscope at 100x magnification. A root hair was rated as infected when a primary plasmodium could

be seen within it. At least 100 root hairs were counted per sample. The experiment was conducted twice.

G. Contribution of clubroot galls to soil resting spore populations

Mini-plots consisting of plastic tubs (50 x 35 x 22 cm) were filled with 30 L of a black
chernozemic soil that was naturally infested with P. brassicae (approximately 1 x 10° resting spores g),
collected from a commercial field, and diluted with soil-less mix (Sunshine Mix 4; pH 6.5; SUN GRO®
Horticulture Canada Ltd., Seba Beach, AB) at ratios of 1:100, 1:50, 1:25, 1:10, 1:5, 1:3 and 1:2,
resulting in an estimated resting spore gradient of 9.0 x 10°, 1.9 x 10° 9.0 x 10°% 1.6 x 10, 2.5 x 10’, 3.3
x 10" and 5 x 10" spores mL™*. Each tub was sown with a total of 40 seeds of the susceptible canola
cultivar ‘45H26’ (Pioneer Hi-Bred, Caledon, ON), in eight rows across each tub. The tubs were placed
outdoors at a field site near Edmonton, AB in a randomized complete block design (RCBD) with six
replicates (tubs) on June 28, 2011. Irrigation was provided as required with an overhead sprinkler, in
order to provide sufficient moisture for plant growth and clubroot development. Six weeks after
planting, clubbed roots (galls) were collected from 10 of the 40 plants and weighed. In order to
determine the amount of resting spores contributed to the soil, the remaining plants were harvested on
September 21 (approximately 12 wk after planting), when the crop was fully mature and the galls were
beginning to disintegrate. A 1 g aliquot of the gall from each replicate was placed in 20 mL of water
and macerated in a laboratory blender. The resulting suspension was then sieved through eight layers of

cheese cloth, and the resting spores were quantified with a haemocytometer under a microscope. Three
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slides were observed for each replicate. The data were converted to resting spores contributed per mL of
soil mix prior to conducting any statistical analysis. The experiment was conducted twice. Analysis of
variance of the data was performed to determine the effect of inoculum concentration on gall mass and
the amount of resting spores contributed to the soil after one crop of susceptible canola. Means
separation was conducted using Duncan’s Multiple Range Test (P < 0.05). In addition, regression
analysis was performed to examine the relationships among the initial resting spore concentration in the

soil, gall mass and the amount of resting spores contributed by one crop of susceptible canola.

Clubroot-resistant (‘45H29”) and susceptible (‘45H26’) canola cultivars were grown in a field
near Edmonton, AB that was heavily infested with P. brassicae resting spores (1 x 10® spores g%). A
single-factor experiment was set up in a randomized complete block (RCB) design with four
replications. When the crop had matured and just prior to when the clubbed roots (galls) began to decay,
on August 16, 20 plants in each plot were uprooted, washed gently under tap water, and the fresh weight
of the galls was recorded. A small aliquot (1 g) of galls from each plot was macerated in a blender for 3—
5 minutes and sieved through eight layers of cheesecloth. The resting spore concentration of the
resulting suspension was estimated with a haemocytometer under a microscope, in order to determine
the number of inoculum units contributed to the soil. The experiment was repeated in a separate field,

also near Edmonton, AB.
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Results

Effects of growing resistant cultivars on clubroot severity in subsequent crops and resting
spore population

As expected, clubroot incidence and severity were higher in the susceptible than in the resistant
cultivar. In the initial cycle of planting, plants grown in soil planted to the resistant cultivar were 25%
taller but the root mass was about 400% greater in the susceptible cultivar compared to the resistant
cultivar. Root mass was correlated to index of disease (ID) values calculated from clubroot severity.
Root fresh weight, disease severity, disease incidence, and index of disease all declined with each
successive cycle of planting for both resistant and susceptible cultivars. Root weight and the disease
parameters were greater for the susceptible cultivar compared to the resistant cultivar in all three cycles.
Plant height was greater for the resistant cultivar compared to the susceptible cultivar for the first cycle,

but the height of plants was similar for the two cultivars in the second and third cycles.

In the assessment at the end of the cropping sequences, plants were smaller and root mass was larger
following the SSS cropping sequence than following the RRR sequence, but plants were tallest and had
the smallest root mass following the FFF sequence (Figure 1). The large root mass in the susceptible
cultivar resulted from gall formation. At the end of the final assessment phase (fourth cropping cycle)
with the susceptible cultivar, clubroot severity was 10-fold greater in the SSSS cropping sequence
relative to the RRRS sequence, but there was no difference in severity between the RRRS and FFFS

sequences (Figure 2)

In the gPCR analysis of the infested soilless mix after the first cycle of resistant and susceptible
canola, the estimated resting spore number and Ct value and amount of P. brassicae were significantly
greater with susceptible canola compared to the resistant canola and the unplanted control (Figure 3).
The Ct values in the gPCR analysis ranged from 19.59 - 20.86 for the treatment in which a susceptible
cultivar was grown and 23.57 - 26.49 for the treatment in which a resistant cultivar was grown; Ct
values ranged from 24.73 - 25.92 in the control treatment. The soil resting spore concentration was
higher following the SSSS sequence than the RRRS or FFFS sequences. The resting spore concentration
increased after each cycle of cropping of the susceptible canola cultivar (S, SS, SSS and SSSS), but
decreased in the FFFS and RRRS sequences.
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The analysis of variance of the experiment on plant age and cultivar resistance indicated significant
sampling date effects, cultivar effects, and a sampling x cultivar interaction for root hair infection and
the amount of DNA extracted from clubroot-infected root hairs. Root hair infection was always
significantly higher in the susceptible canola cultivars (‘45H26°, ‘34-65RR’ and ‘45H73”) than in the
resistant cultivars (‘45H29” and ‘73-77RR”) at all sampling dates (Figure 4). The trend was similar for
the DNA extracted from the root samples with the exception of one time-point; at 4 days, no significant
differences in the amount of DNA were observed. Root hair infection and P. brassicae DNA
concentration increased over time. However, increases in root hair infection and the amount of DNA

extracted were greater in the susceptible cultivars relative to the resistant cultivars.

Regression analysis of root hair infection and the amount of pathogen DNA revealed a strong linear
relationship between these two variables at all sampling dates (Figure 5). The r* values for the
regressions were 80, 82, 90 and 99%, respectively, at 4, 6, 8 and 10 days. When regression analysis of
root hair infection and P. brassicae DNA was conducted for each cultivar over the sampling dates, the
linear relationships for the resistant cultivars (‘45H29°, 2= 93%; and ‘73-77RR’, r’= 81%) was
strongest. In contrast, the linear relationships between root hair infection and the amount of pathogen
DNA in the susceptible cultivars was somewhat lower, with r* values of 71, 73 and 76% for ‘45H73’,
‘34-64RR’ and ‘45H26’, respectively (Figure 6). Moreover, in the resistant cultivars, the increase in root
hair infection and amount of pathogen DNA rose slowly and gradually and stabilized at 8 and10 days. In
the susceptible cultivars, the increase in both root hair infection and amount of DNA rose sharply in two
steps, first at 4-6 days and then at 8-10 days. Regression of the pooled data over the sampling dates and
cultivars revealed a weak linear relationship between root hair infection and amount of DNA in P.

brassicae infected roots (r* = 64%).

Results from the experiment to assess the effect of resistance on plant growth parameters and clubroot
severity indicated that the height of both resistant and susceptible plants was reduced after inoculation
with the pathogen, although this reduction was not significant for the susceptible cultivar ‘45H26’. The
greatest reduction in plant height was observed for the susceptible cultivars ‘45H73” (58%) and ‘34-
65RR’ (37%). In both the resistant and susceptible canola cultivars, the root mass increased after
inoculation with P. brassicae. However, in the susceptible cultivars, this increase was significantly

higher than in the resistant cultivars (Figure 6). As expected, ID in the resistant cultivars was lower than
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in the susceptible cultivars. Among the susceptible cultivars, ID was greater on ‘34-65RR’ and ‘45H73’
than on ‘45H26°.

Effects of volunteer canola on clubroot severity in subsequent susceptible crops

The fresh root weight of the plants increased with the proportion of susceptible canola plants.
However, no significant difference in root mass was observed when the proportions of the susceptible
cultivar were 25 to 50% (Figure 7). Plant height decreased and root weight, clubroot incidence and
severity increased with increasing proportions of susceptible cultivar in the mixed populations. Fresh
root weight, disease severity and disease incidence were significantly greater, and the plant height was
the shortest in the soil where 100% susceptible cultivar was grown. These parameters generally trended
in the same direction for the lower proportions of susceptible cultivars.

The study with lower proportions of susceptible canola indicated that the height of both resistant and
susceptible canola plants was reduced relative to the control when inoculated with the clubroot pathogen
(Table 1). The susceptible canola was normally shorter than the resistant canola, even in the absence of
inoculation. There was no effect of treatment on clubroot severity in the susceptible cultivar grown in
any proportion with the resistant cultivar. As expected, the total resting spore count in the clubroot galls
was greater after growth of a higher proportion of susceptible plants (Table 2). Root hair infection in the
successively grown susceptible cultivar also rose in treatments with a greater proportion of susceptible
plants. Rates of secondary infection below the epidermis and in the cortex, as estimated by the number
of secondary plasmodia, were also greater in the in treatments in which a higher proportion of

susceptible plants were grown.

Effects of crop rotation using resistant canola on clubroot severity

Canola stand establishment was lower when preceded by three years of canola compared to all rotations
except the Canola-Barley-Pea-Canola rotation (Table 3). The canola-barley- pea-canola rotation
produced greater plant height compared to the other rotation treatments except the canola-fallow-fallow-
canola and the canola-oat-pea-canola rotations; plant height was lower for continuous canola compared

to all other treatments. Fresh shoot weights were greater and disease severity was lower for all other
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treatments compared to continuous canola; fresh root weights were greater compared to continuous

canola for all treatments except canola-fallow-fallow-canola.

In the second experiment, four years of continuous canola resulted in greater clubroot severity
compared to any other rotation treatment (Table 4). Where a susceptible crop was preceded by three
non-host crops, yield, plant height and shoot weight were greater and disease severity was lower
compared to the same crop preceded by one, two or three resistant crops. Fresh root weight was lower
where the susceptible crop was preceded by three years of non-host crops or three years of resistant
crops compared to a mix of non-host and resistant crops. Clubroot severity was greater where the
susceptible crop was preceded by three years of resistant crops, compared to a mixture of resistant and
non-host crops or to three years of non-host crops. The canola-oat-pea-canola rotation produced a
greater seed yield compared to any other treatment.

Effects of soil population density on clubroot of canola

As expected, canola plants grown in sterilized soil did not develop clubroot galls, grew taller, and
produced more seed than those that were exposed to the pathogen. Inoculum density across the range of
dilutions assessed (infested: sterilized soil at 1:0 to 1:2) had little or no impact on clubroot symptom
severity or plant height, but seed yield declined as inoculum density increased (Figure 8). Plants seeded
in infested soil undiluted with sterilized soil ripened prematurely and had lower yields than plants

seeded in infested soil diluted with sterilized soil, irrespective of plant age.

Inoculum density across the range of dilutions assessed (infested: sterilized soil at 1:0 to 1:2) had little
or no impact on clubroot symptom severity or plant height, but seed yield declined as inoculum density
increased. Plants seeded in infested soil undiluted with sterilized soil ripened prematurely and had lower
yields than other dilutions, irrespective of plant age. Plant height at 50% inoculum density (1 part
infested soil: 1 part soil-less mix) was reduced by 56% relative to plant height at 2% inoculum density (1
part infested soil: 49 parts soil-less mix). Regression analysis indicated a strong linear and negative
relationship between inoculum density and plant height. The maximum possible clubroot severity (ID of
100%) was obtained at 50% inoculum density; severity decreased as inoculum density declined and no

clubroot symptoms were observed at 2% inoculum density. Seed yield declined dramatically with
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increases in inoculum density from 2 to 10%, and dropped to zero at 50% density. Likewise, seed yield

decreased with increased clubroot severity and reached zero at an 1D of 100%.

Clubroot severity decreased (P < 0.01) as seedling age (at first exposure to the pathogen) increased
(Figure 9). Symptoms were most severe in plants grown from seed planted directly into infested soil and
in plants transplanted to infested soil as 1-week-old seedlings. Symptoms were intermediate in plants
transplanted as 2-week-old seedlings and lowest in those transplanted as 3- and 4-week-old seedlings.
Similarly, seed yield increased (P < 0.01) as seedling age at first exposure to the pathogen increased.
Plant height was low for plants grown from seed sown directly into infested soil, higher in plants

transplanted as 1-week-old seedlings, and intermediate for 2- to 4-week-old seedlings.

In the second greenhouse trial, the impact of inoculum density on clubroot severity, plant height, and
seed yield was assessed using naturally infested soil diluted with soil-less mix as in the previous
experiment (Figure 9). Plant height at 50% inoculum density (1 part infested soil: 1 part soil-less mix)
was reduced by 56% relative to plant height at 2% inoculum density (1 part infested soil: 49 parts soil-
less mix). Regression analysis indicated a strong linear and negative relationship between inoculum
density and plant height (y= 0.5888x + 58.356; R2= 0.90). The maximum possible clubroot severity (ID
of 100%) was obtained at 50% inoculum density; severity decreased with declining inoculum density
(y=34.067Ln(x) — 29.936; R2= 0.95) and no clubroot symptoms were observed at 2% inoculum density.
Seed yield declined dramatically with increasing inoculum density from 2 to 10%, and dropped to zero
at 50% density (y=-0.6866 Ln(x) + 2.584; R2=0.89). Plant height was 53% lower at an ID of 100%
relative to an ID of 0%. Regression analysis revealed that plant height decreased with increasing
clubroot severity, and the equation that best explained the model was y=-0.005x2 + 0.2408x + 55.98;
R2=0.82. Likewise, seed yield decreased with increasing clubroot severity and reached zero at an ID of
100% (y= 0.0001x2- 0.0331x + 2.0361; R2=0.92).

In the study where known concentrations of resting spores were added to soil-less mix, plant height was
not substantially reduced at 1 x 105 spores cm-3, but declined with further increases in spore density
(Table 5). For example, there was a 47% reduction in height relative to the non-inoculated control at 1 x
108 resting spores cm-3. Clubroot severity increased as inoculum density increased(y= 0.3792 Ln(x) +
0.044; R2=0.99), while plant height (y= 0.6629- Ln(x2) + 1.5038 Ln(x) + 64.028; R2=0.98) decreased
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with increasing inoculum density, although seed yield was not significantly different among the
inoculated treatments. A similar trend of relationships was observed between ID (%) and plant height

and between 1D and seed yield, as in the previous trial.

Relationship between clubroot severity and yield

Analysis of variance indicated a significant effect of cultivar, inoculum density and cultivar x
inoculum density interactions on seedling emergence, plant height, and clubroot index of disease and
seed yield (Figure 10). Seedling emergence, plant height and seed yield were all higher in the resistant
cultivar than in the susceptible cultivar, while clubroot severity was higher in the susceptible cultivar.
Seedling emergence was reduced 3- to 4-fold in undiluted infested soil relative to treatments in which
the infested soil had been diluted with uninfested potting mixture. In the susceptible cultivar, plant
height and seed yield were reduced at every dilution relative to the control. In the resistant cultivar, only
trace levels of clubroot, characterized by the rare occurrence of extremely small galls, were detected,
and only in the 100% infested soil. Plant height, seedling emergence and seed yield often decreased
numerically as the proportion of infested soil increased. Except for plant height, there were no
significant differences in plants grown in undiluted soil and in a 1:1 dilution of infested soil.
Regression analysis indicated a negative exponential relationship between inoculum density and
seedling emergence (y = 56.5*¢*"*: R? = 0.83), plant height (y = 104*¢***: R? = 0.96) and yield per
pot(y=2.7*e)*%*: R? = 0.94), and a cumulative distribution response between inoculum density and ID
(y =100-(0.379%e) %% R? = 0.99).

Root hair infection

Root hair infection was observed in both the resistant and the susceptible cultivar, although infection
rates were significantly higher in the latter (Figure 11). Primary plasmodia were visible in the root hairs,
while secondary plasmodia could be seen the inner and outer root cortex. A plasmodium-like structure
was also visible just below the root epidermis of the susceptible cultivar. Some swollen cells could be

seen emerging through the root epidermis of this cultivar prior to the formation of young galls.
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Root infection rates in artificially infested potting mixture

The susceptible cultivar exhibited a higher level of root colonization and a different response to
inoculum density than the resistant cultivar (Figure 12). Analysis of variance indicated significant
effects of cultivar and inoculum density. The cultivar x inoculum density interaction was highly
significant (P < 0.01). No root hair colonization was observed in either cultivar at 4 days after seeding.
Root hair infection (formation of plasmodia) was observed at 6 days after seeding in both the resistant
and susceptible cultivars (Figure 13). Significantly greater root hair colonization was observed in the
susceptible cultivar relative to the resistant cultivar, at all inoculum densities tested. Root hair
colonization in the susceptible cultivar was 2-3-fold higher than in the control. Nonetheless, root hair
colonization increased with increasing inoculum density in both the resistant and the susceptible
cultivar.

The root hair infection rate in the resistant cultivar increased over time from day 6 until day 12. By
contrast, root hair infection in the susceptible cultivar was highest early in the sampling period (day 6 or
8) and declined over time. Root hair infection was significantly higher in the susceptible versus the
resistant cultivar at all time-points except for day 12.

Infection rates in naturally infested soils

Root hair infection was detectable at 6 days after seeding. In the 11% dilution, the infection rates in both
the resistant and susceptible cultivars were not significantly different (P< 0.05). When plants were
grown in 50 and 100% infested soil, a significant difference was observed between the resistant and
susceptible cultivars, with a higher rate of root hair infection observed on the susceptible cultivar at 6
days (Figure 14). The infection rate was still significantly greater in the susceptible cultivar at 10 days,
but at 12 and 14 days, it was very similar in both cultivars (Figure 15). In general, root hair infection on
the resistant cultivar increased slowly from 6 - 12 days and declined slightly at 14 days, while in the
susceptible cultivar the infection rate declined throughout the course of the experiments. Regression
analysis revealed a strongly positive cumulative distribution response between root hair colonization and
ID in the susceptible canola cultivar ‘45H26° (y= 100-(0.392¢e)°*: R?=0.98 (Figure 16).



23

Contribution of clubroot galls to soil resting spore populations

Cropping of the susceptible cultivar for a single cycle contributed 2 x 108 spores per g soil, while one
cycle of the resistant cultivar contributed 1.2 x 10 resting spores per g soil, relative to the fallow control
treatment (Table 6). The Ct values ranged from 19.59 - 20.86 for the treatment in which a susceptible
cultivar was grown, and from 23.57 - 26.49 for the treatment in which a resistant cultivar was grown; Ct
values ranged from 24.73 - 25.92 in the control treatment. The amount of P. brassicae DNA calculated
from these Ct values was therefore significantly higher in the susceptible treatment. The Ct values and

the amount of DNA in the resistant treatment compared to the control were not significantly different.

Summary
Clubroot spore populations increase dramatically with the successful formation of clubroot galls within
cruciferous plants. In a study to determine the effects of resistant crucifer plants on spore populations,
repeated introduction of both susceptible and resistant plants progressively increased spore populations
in the soil. Introduction of a susceptible cultivar resulted in greater spore populations, higher disease
levels and more root hair infection compared to the resistant cultivar. However, both disease parameters
and plant height decreased with repeated cultivation of both susceptible and resistant cultivars.

Higher proportions of a susceptible volunteer led to higher root weights and disease severity and lower
plant heights in a susceptible crop cultivated afterwards. Higher soil populations of viable spores tended
to increase root weight in a susceptible crop due to clubroot galls, increase disease severity and reduce
plant height and seed yield. At high inoculum densities, in naturally infested soil dilutions, variations in
inoculum density did not affect clubroot severity but yield declined as inoculum density increased. Plant
height was not affected by spore densities of 10° spores/cm?, but at higher spore densities, plant height
declined with increases in spore density. In artificially inoculated growth medium, clubroot severity
increased with increasing inoculum density, but there was little effect on yield. High soil populations of
P. brassicae not only reduce plant growth and yield but also interfere with seedling emergence.



24

References
Browning JA, Simons, MD, Torres, E 1977. Managing host genes: Epidemiologic and genetic concepts.

Pages 191-212 In: J.G. Horsfall and E.B. Cowling (Editors). Plant disease: An advanced treatise.
Vol. 1. How disease is managed. Academic Press, New York, NY.

Buczacki, ST, Toxopeus, H, Johnston, TD, Dixon, GR, and Holboth, LA, 1975. Study of physiological
specialization in Plasmodiophora brassicae: proposals for attempted rationalization through an
international approach. Transactions of the British Mycological Society 65, 295-303.

Castlebury A, Maddox JV, Glawe DA 1994. A technique for the extraction and purification of viable
Plasmodiophora brassicae resting spores from host root tissue. Mycologia 86: 458-460.

Crute IR 1986. The relationship between Plasmodiophora brassicae and its hosts: The application of
concepts relating to variation in inter-organismal associations. Adv. Plant Pathol. 5: 1-52.

Dekhuijzen HM 1979. Electron microscopic studies on the root hairs and cortex of a susceptible and a
resistant variety of Brassica campestris infected with Plasmodiophora brassicae. Neth. Journal
of Plant Pathololgy 85, 1-17.

Dixon GR 2006. The biology of Plasmodiophora brassicae Wor. — A review of recent advances. Acta
Horticultura 706, 271-282.

Horiuchi S, Hori M 1980. A simple greenhouse technique for obtaining high levels of clubroot
incidence. Bull. Chugoku Natl. Agric. Exp. Stn. E. 17: 33-55.

Howard RJ, Strelkov SE, Harding MW, 2010. Clubroot of cruciferous crops — new perspectives on an
old disease. Canadian Journal of Plant Pathology 32, 43-57.

Hwang SF, Ahmed HU, Strelkov SE, Gossen BD, Turnbull GD, Peng G, Howard RJ 2011a. Seedling age
and inoculum density affect clubroot severity and seed yield in canola. Canadian Journal of Plant
Science, 91, 183-190. Doi.org/10.4141/cjps10066.

Hwang SF, Ahmed HU, Zhu Q, Strelkov SE, Gossen BD, Peng G, Turnbull GD 2011b. Influence of
cultivar response and inoculum density on root hair infection by Plasmodiophora brassicae.
Plant Pathology, 60, 820-829.

Kageyama K, Asano T, 2009. Life cycle of Plasmodiophora brassicae. Journal of Plant Growth
Regulation 28, 203-211.

Karling JS, 1968. The Plasmodiophorales. Hafner Publishing Company, New York, NY, 256 p.

Kroll TK, Lacy GH, Moore LD 1983. A quantitative description of the colonization of susceptible and

resistant radish plants by Plasmodiophora brassicae. Phytopathology Zeitung 108, 97-105.


http://dx.doi.org/10.4141/cjps10066

25

Kuginuki Y, Hiroaki Y, Hirai M 1999. Variation in virulence of Plasmodiophora brassicae in Japan
tested with clubroot-resistant cultivars of Chinese cabbage (Brassica rapa L. spp. pekinensis).
Eur. J. Plant Pathol. 105: 327-332.

LeBoldus, JM, Manolii VP, Turkington TK, Strelkov SE 2012. Adaptation to Brassica host genotypes
by a single-spore isolate and population of Plasmodiophora brassicae [clubroot]. Plant Disease,
96, doi: http://dx.doi.org/10.1094/PDI1S-09-11-0807.

MacFarlane I, 1952. Factors affecting the survival of Plasmodiophora brassicae Wor. in the soil and its
assessment by a host test. Annals of Applied Biology 39, 239-256.

Murakami H, Tsushima S, Akimoto T, Murakami K, Goto I, Shishido Y, 2000. Effects of growing leafy
daikon (Raphanus sativus) on populations of Plasmodiophora brassicae (clubroot). Plant Pathol.
49, 584-589.

Samuel G, Garrett SD 1945. The infected root hair count for estimating the activity of Plasmodiophra
brassicae Woron. in the soil. Annals of Applied Biology 32, 96-101.

Strelkov SE, Manolii VP, Rennie DC, Manolii EV, Fu H, Strelkov IS, Hwang SF, Howard RJ, Harding
MW 2013. The occurrence of clubroot on canola in Alberta in 2012. Can. Plant Dis. Surv. 93,
145-148.

Strelkov SE, Tewari JP, Smith-Degenhardt E, 2006. Characterization of Plasmodiophora brassicae
populations from Alberta, Canada. Canadian Journal of Plant Pathology 28, 467-474.

Tewari JP, Strelkov SE, Orchard D, Hartman M, Lange RM, Turkington TK, 2005. Identification of
clubroot of crucifers on canola (Brassica napus) in Alberta. Canadian Journal of Plant
Pathology 27, 143-144.

Timila RD, Correll JC, Duwadi VR 2008. Severe and widespread clubroot epidemics in Nepal. Plant
Dis. 92: 317 (Abstr.).

Tommerup IC, Ingram DS, 1971. The life cycle of Plasmodiophora brassicae Wor. in Brassica tissue
cultures and in intact roots. New Phytologist 70, 327-332.

Wallenhammar AC 1996. Prevalence of Plasmodiophora brassicae in a spring oilseed rape growing
area in central Sweden and factors influencing soil infestation levels. Plant Pathol. 45: 710-719.

Wallenhammar AC, Johnson L, Gerhardson B, 1999. Clubroot resistance and yield loss in spring oilseed
turnip rape and spring oilseed rape. In Proceedings of the 10" International Rapeseed Congress.
N. Wratten and P.A. Salisbury (eds.). Canberra, Australia, 1999.



26

Williams PH 1966. A system for the determination of races of Plasmodiophora brassicae that infect
cabbage and Rutabaga. Phytopathology 56,624-626.

Williamson CJ 1987. Assessment of resistance to Plasmodiophora brassicae in swedes. Plant Pathol.
36: 264-275.

Xue S, Cao T, Howard RJ, Hwang SF, Strelkov SE 2008. Isolation and variation in virulence of single-
spore isolates of Plasmodiophora brassicae from Canada. Plant Dis. 92, 456-462.

Yamagishi H, Yoshikawa H, Ashizawa M, Hida K, and Yui S, 1986. Effects of resistant plants as a
catch crop on the reduction of resting spores of clubroot (Plasmodiophora brassicae Worn.) in

soil. Journal of the Japanese Society of Horticultural Science 54, 460-466.

Publications

Hwang, S.F., Ahmed, H.U., Zhou, Q., Strelkov, S.E., Gossen, B.D., Peng, G., Turnbull, G.D. 2010.
Effects of resistant and susceptible canola lines on clubroot spore populations in infested soil.
Proc. Plant Pathology Soc. Alberta. October 12-14, 2010 Lethbridge, AB.

Hwang, S.F., Ahmed, H.U., Zhou, Q., Strelkov, S.E., Gossen, B.D., Peng, G., and Turnbull, G.D. 2011.
Ratio of resistant to sensitive canola plants affects resting spore populations of Plasmodiophora
brassicae. Can. J. Plant Pathol: 33 (2): 260. (also pg. 21 in Proc. Plant Pathol. Soc. Alberta,
October 12-14, 2010, Lethbridge, AB.).

Hwang, S.F., H. U. Ahmed, Q. Zhou, S.E. Strelkov, B.D. Gossen, G. Peng and G.D. Turnbull. 2011.
Impact of clubroot resistance on root hair infection, disease severity, and growth of canola in soil
inoculated with Plasmodiophora brassicae. Phytopathology, 101 (6) Suppl.: S77. (Poster
presented at the 2011 APS-IPPC joint meeting, Aug. 6-10, 2011, Honolulu, Hawaii).

Hwang, S.F., H.U. Ahmed, Q. Zhu, S.E. Strelkov, B.D. Gosssen, G. Peng and G. D. Turnbull. 2011.
Influence of cultivar response and inoculum density on root hair infection by Plasmodiophora
brassicae. Plant Pathology 60: 820-829. Doi: 10.1111/j.1365-3059.2011.02457.x

Hwang, S.F., H.U. Ahmed, S.E. Strelkov, B.D. Gossen, G.D. Turnbull, G. Peng and R.J. Howard. 2011.
Seedling age and inoculum density affect clubroot severity and seed yield in canola. Can. J. Plant
Sci. 91(1): 183-190. http://dx.doi.org/10.4141/cjps10066



http://dx.doi.org/10.4141/cjps10066

27

Hwang, S.F., S. Strelkov, J. Feng, B. Gossen, and R.J. Howard. 2011. Plasmodiophora brassicae: an
emerging pathogen of the Canadian canola (Brassica napus) crop. Molecular Plant Pathology
13(2): 105-113. DOI: 10.1111/J.1364-3703.2011.00729.X

Hwang, S.F., H.U. Ahmed, Q. Zhou, S.E. Strelkov, B.D. Gossen, G. Peng and G.D. Turnbull. 2012.
Assessment of the impact of resistant and susceptible canola on Plasmodiophora brassicae
inoculum potential. Plant pathology 61: 945-952. Doi: 10.1111/j.1365-3059.2011.02582.x

Hwang, S.F., H.U. Ahmed, Q. Zhou, A. Rashid, S.E. Strelkov, B.D. Gossen, G. Peng and G.D. Turnbull.
2013. Effect of susceptible and resistant canola plants on Plasmodiophora brassicae resting

spore populations in the soil. Plant Pathology. 62 (2), p. 404-412.



Table 1

Effect of ‘volunteer’ canola (proportion of crop that is susceptible) on plant height of resistant and

susceptible canola plants grown under greenhouse conditions

Plant height (cm)

Susceptible plants (%)  Inoculation Resistant cv Susceptible cv
3% Inoculated 25.7b 225b
Control 35.0a 31.3a
5% Inoculated 276b 239b
Control 42.6 a 35.3a
7% Inoculated 28.8b 22.1b
Control 412 a 34.8a
10% Inoculated 29.3b 23.6b
Control 37.6a 32.4a

"Means followed by the same letter for inoculated vs. non-inoculated within a cultivar category do not
differ at P < 0.05 based on LSMEAN t-test.

Table 2

28

Effect volunteer canola (proportion of susceptible canola as volunteer) on contribution of resting spores

after one cycle of cropping susceptible canola, severity of clubroot, and seed yield under greenhouse

conditions.
Seed
Root hair yield
Susceptible Resting spore colonization® Secondary g/ 50
plants (%) DSI (x 10°) (%) Plasmodium plants
0% 0b Oe 24 d 25¢C 0.68
3% 78 a 0.6d 34c 34b 0.54
5% 79a l1lc 37¢c 3.3b 0.61
% 84 a 14b 53b 40a 0.52
10% 84 a 20a 64 a 45a 0.48

Means in a column followed by the same letter do not differ at P < 0.05 based on a LSMEAN t-test.

®Additional resting spore contributed to the soil-less mix after growing different proportion of volunteer

canola.

PRoot hair colonization (formation of primary plasmodium) was estimated 10 days after seeding

susceptible canola (Pioneer Hi-Bred cv. 45H26) after growing different proportion of susceptible canola

(Pioneer Hi-Bred cv. 45H26) as volunteer with resistant canola Monsanto cv. 71-45, and incorporation

of resting spores from the galls formed on the volunteer canola after six weeks of first cycle of seeding.

“The secondary plasmodium was estimated using a qualitative scale 1-5 where 1= few and 5 profuse

inside root epidermis and cortex.
The seed yield was obtained at maturity of the crop.



Table 3
Effect of crop rotation treatment on growth, clubroot severity and yield of a susceptible cultivar of canola (45H26) in
clubroot-infested soils

Plant Fresh shoot Fresh root Plant height  Disease

Treatment Yield (g) number weight (g) weight (g) (cm) severity DSI

1CCCC 0.52¢ 25.00c 9.11b 8.28 b 20.65 ¢ 2.74a 91.25a
2CPWC 3.20b 35.30 ab 23.98a 13.50 a 29.09b 235b 78.35b
3COPC 5.43a 32.20 ab 26.18 a 12.33a 33.26 ab 2.10b 70.06 b
4CoOwWC 2.08bc 37.30a 21.22a 13.17 a 27.39b 2.03b 67.71b
5CBPC 3.03b 29.60 bc 25.73 a 12.63a 36.46 a 2.08b 69.39 b
6CFFC 361b 30.90 b 20.98 a 10.00 ab 30.92 ab 2.24b 74.48 b

Data are the means of 10 replicate mini-plots
P = Pea cv. Midas

N = Oat cv. Derby

B= Barley cv. Harrington

W = Wheat cv. Lillian

F = Fallow

Table 4
Effect of resistant and non-host crop rotation treatment on growth, clubroot severity and yield of a susceptible cultivar of
canola (45H26) in clubroot-infested soils

Plant Fresh shoot Fresh root Plant Disease
Treatment Yield (g) number weight (g) weight (g) height (cm) severity  DSI
1RRRS 1.18 ¢ 26.25 ab 11.35¢ 7.37b 18.67 ¢ 2.74a 91.22 a
2RRNS 6.71b 3042 a 28.84 b 16.75a 30.95b 2.25b 74.83 b
3RNNS 3.60 bc 27.92 ab 27.76 b 15.66 a 36.50 b 2.09b 69.59 b
ANNNS 11.73 a 22.75b 51.75a 10.78 b 48.77 a 1.13 ¢ 37.76 ¢

Data are the means of 12 replicate mini-plots
N =Non-host crop (barley)

R =Clubroot-resistant canola cv. 45H29

S = Susceptible canola cultivar 45H26
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Table 5
Effect of inoculum density of Plasmodiophora brassicae (based on dilution of infested soil with soil-less mix) on clubroot
severity (index of disease), plant height and seed yield of canola in a greenhouse study.

Inoculum Index of Plant Seed yield

density® Disease” (%)  height” (cm) g/plant”
0:1 00f 53.4 ab 214 a
1:50 0.0f 57.2a 2.36a
1:25 31.2e 56.2 ab 1.70b
1:10 52.1d 48.2 bc 0.53¢
1:5 74.1c 49.3 abc 0.49c
1:3 81.2 bc 47.9 bc 0.40cd
1:2 85.9b 429¢c 0.44c
1:1 100.0 a 249d 0.00d

& Ratio of clubroot-infested field soil to commercial Sunshine Mix L4 soil-less mix (pH 6.5).
® Data are the mean of four replications; means with in a column followed by the same letters do not differ according to
Fisher’s protected least significant difference test at P < 0.05.

Table 6
Quantification of Plasmodiophora brassicae resting spores by conventional microscopy and quantitative PCR analysis in
soil, after the cropping of resistant (‘45H29’) and susceptible (‘45H26”) canola cultivars under greenhouse conditions.

Resting spores g™ soil DNA (ng-pL™?)
Resistant (canola cv. 45H29) 1.4x10%b 0.388 b
Susceptible (canola cv. 45H26) 2.0x10%a 6.248 a
Control® (fallow) 9.2x10" ¢ 0.215b

Note: data are the means of three replications and two trials. Columns in each concentration with the same letter do not differ
at P <0.05. Resting spores and DNA were extracted from 0.5 g of soil samples.
#Control = fallow treatment; no plants were grown
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Figure 1

Effect of sequential cropping of resistant (‘45H29°, Pioneer Hi-Bred) and susceptible (‘45H26°, Pioneer
Hi-Bred) canola cultivars on fresh root weight (A), plant height (B) and index of disease (C) caused by
Plasmodiophora brassicae on a final susceptible canola crop. Bars in each cycle topped by the same
letter do not differ at P < 0.05.
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Bred) or susceptible (S, ‘45H26’, Pioneer Hi-Bred) canola cultivars, or a fallow (F) treatment. The
fallow condition was maintained over the same period in which three cycles of resistant or susceptible
canola was cropped.
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Figure 3

Effect of sequential cropping on resting spore concentration in soil growing resistant or susceptible
canola cultivars or in a fallow condition. A different pattern of bars was used to distinguish each cycle
denoted on the x-axis. Bars in each cycle topped with the same letter do not differ at P < 0.05 by
Fisher’s protected least significance difference test.
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Figure 4

Root hair infection in resistant and susceptible canola cultivars at 4, 6, 8 and 10 days after seeding. (a)
colonization of root hairs and (b) quantification of P. brassicae DNA via qPCR. Columns topped by the same
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letter do not differ at P £ 0405 based on LSMEAN t-test. Each column represents the mean of six replications in

each of two repetitions.
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Relationship between root hair colonization and amount of Plasmodiophora brassicae DNA, as
quantified by gPCR, in five canola cultivars (two resistant and three susceptible) at 4, 6, 8 and 10 days
of inoculation under greenhouse conditions. Data points are the means of two trials x six replications of
a canola cultivar.
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Figure 8
Effect of inoculum density on plant height, clubroot severity (index of disease), and seed yield of canola (A, B, C: dilution of
naturally infested soil; D, E, F: soil inoculated with known concentrations of resting spores extracted from root galls).
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Figure 9

Effect of seedling age at first exposure to infection and pathogen inoculum density (infested soil: sterilized soil (v/v)) on
clubroot severity, plant height and yield of canola under greenhouse conditions. No clubroot developed in the sterilized soil
control, so these data were dropped from the analysis. Bars with the same letter within a graph do not differ according to

Fisher’s protected least significant difference test at P < 0.05.
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Figure 10
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height, index of disease, and yield (g per pot) in a clubroot-susceptible cultivar (‘45H26”) of canola. Each point represents
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Figure 11
Root hair colonization by Plasmodiophora brassicae in susceptible (‘45H26’) (a-d) and resistant (‘45H29”) (e-h) canola

cultivars. (a) Primary plasmodium in root hair of susceptible cultivar prior to secondary zoospore formation; (b)
plasmodium-like structure just below the root epidermis; (c) infection and formation of secondary plasmodia in the inner
cortex of the root; (d) very young galls emerging through root epidermis; (e) young primary plasmodium in the root hair; (f)
cleavage of the primary plasmodium and formation of secondary zoospores; (g)
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Figure 12

Effect of resting spore density on colonization of clubroot resistant (‘45H29°) and susceptible (‘45H26) canola seedlings by
Plasmodiophora brassicae. Seedlings were grown in a soil-less potting mixture inoculated with different densities of resting
spore inoculum. Columns in each concentration with the same letter do not differ at P < 0.05.
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Figure 13

Colonization of resistant (‘45H29”) and susceptible (‘45H26’) canola seedlings by Plasmodiophora brassicae at 6-12 days
after sowing in a soil-less potting mixture inoculated with resting spores of the pathogen (1 x 10° resting spores/g soil). Root
hairs were microscopically examined for the presence of P. brassicae plasmodia at each time-point. Columns in each
sampling date with the same letter do not differ at P < 0.05.
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Figure 14

Effect of inoculum density on colonization of root hairs of resistant and susceptible canola cultivars by Plasmodiophora
brassicae in infested field soil diluted with soil-less mix. Columns in each soil dilution with the same letter do not differ at P
<0.05.
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Figure 15

Colonization of resistant (‘45H29”) and susceptible (‘45H26°) canola seedlings by Plasmodiophora brassicae at 6-12 days
after sowing (0:1, 1:8, 1:1, and 1:0 naturally infested soil: soil-less mix). Root hairs were microscopically examined for the
presence of P. brassicae plasmodia at each time-point. Columns in each sampling date with the same letter do not differ at P
<0.05.
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Figure 16

Relationship of root hair colonization and clubroot index of disease in a susceptible cultivar of canola (‘45H26’) grown on
Plasmodiophora brassicae-infested soil (0:1, 1:8, 1:1, and 1:0 infested soil: soil-less mix) under greenhouse conditions. Each
point represents the mean of 100 root hairs on the x-axis and the mean of five replicates on the y-axis.



