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Abstract

Background: Rhizoctonia solani (Kihn) is a soil-borne, necrotrophic fungus causing damping off, root rot and stem
canker in many cultivated plants worldwide. Oilseed rape (OSR, Brassica napus) is the primary host for anastomo-

sis group (AG) 2-1 of R. solani causing pre- and post-emergence damping-off resulting in death of seedlings and
impaired crop establishment. Presently, there are no known resistant OSR genotypes and the main methods for
disease control are fungicide seed treatments and cultural practices. The identification of sources of resistance for
crop breeding is essential for sustainable management of the disease. However, a high-throughput, reliable screening
method for resistance traits is required. The aim of this work was to develop a low cost, rapid screening method for
disease phenotyping and identification of resistance traits.

Results: Four growth systems were developed and tested: (1) nutrient media plates, (2) compost trays, (3) light
expanded clay aggregate (LECA) trays, and (4) a hydroponic pouch and wick system. Seedlings were inoculated with
virulent AG 2-1 to cause damping-off disease and grown for a period of 4-10 days. Visual disease assessments were
carried out or disease was estimated through image analysis using ImageJ.

Conclusion: Inoculation of LECA was the most suitable method for phenotyping disease caused by R. solani AG 2-1
as it enabled the detection of differences in disease severity among OSR genotypes within a short time period whilst
allowing measurements to be conducted on whole plants. This system is expected to facilitate identification of resist-

ant germplasm.
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Background

Rhizoctonia solani (Kihn) [teleomorph Thanatephorus
cucumeris (Donk)] is a necrotrophic soil-borne fungus
belonging to the phylum Basidiomycota. The species
is sub-divided into anastomosis groups (AG) based on
genetic and biological characteristics, as well as host-
specific pathogenicity [1, 2]. Among the groups, AG
2-1 is the most destructive to oilseed rape (OSR, Bras-
sica napus) and other members of the Brassicaceae [3,
4]. Under favourable temperatures, ranging from 18 to
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20 °C, moist soil conditions and in the presence of the
host, the growing hyphae infect young OSR seedlings
causing pre- and post-emergence damping-oft and root
rot [4—6]. Damping-off is characterised by the formation
of brown lesions and eventually rotting of the hypocotyl
[7]. The infection can also result in root rot and stem rot
in older plants [7, 8]. B. napus is a widely cultivated crop
for oil production for human consumption and biodiesel,
as well as for animal fodder. It is an amphiploid species
derived from the crossing of Brassica rapa and Brassica
oleracea and has undergone breeding for the optimisa-
tion of oil production and vyields [9]. Although many
studies have attempted to identify resistant or tolerant
genotypes of B. napus and related species, currently there
are no known resistant OSR genotypes to AG 2-1 [3, 5].
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Babiker et al. [3] assessed the survival of 85 genotypes of
B. napus and other Brassica species 4 weeks after sowing
in inoculated soil. Their results showed that all genotypes
were susceptible, the majority of seedlings died and only
18 genotypes survived with survival rates ranging from
8.3 to 88.3% [3].

The pathogen can be partially controlled using seed
treatments prior to sowing [10] and via cultural practises
[4, 8]. However, these control measures only reduce the
inoculum in the soil and thus delay the infection. The
use of biofumigation and seed meals, from Brassica-
ceous plants, that usually suppress soil-borne pathogens
[11, 12] or the application of beneficial biological control
organisms such as Trichoderma and binucleate Rhizocto-
nia [8], are not effective against R. solani AG 2-1. Conse-
quently, the identification of traits and genes associated
with resistance to R. solani AG 2-1 is an essential step
towards the development of sustainable integrative con-
trol strategies for this pathogen.

An important factor in developing a method is to con-
sider the epidemiology of the pathogen and the speci-
ficity of the pathosystem. In the case of R. solani and B.
napus seed germination, emergence and survival under
inoculated conditions can potentially reveal phenotypic
differences among genotypes that play a role in suscep-
tibility or resistance towards AG 2-1. The developmental
rate of genotypes is likely to influence disease outcome
[6, 8], therefore plants that emerge faster are expected to
perform better. Additionally, plant characteristics such
as hypocotyl length and root architecture may explain
the ability of certain genotypes to escape infection. Fur-
thermore, the progress of disease as well as its sever-
ity in different plant organs could potentially indicate
genetic differences among different genotypes. At pre-
sent the most popular method to assess disease severity
and classify different genotypes and plant species to their
susceptibility to R. solani is using pots with soil or soil-
free media [3, 4, 7]. Although screening in soil is realis-
tic and provides an ideal environment for the fungi, it is
time consuming, labour intensive and requires extensive
controlled environment space. This limits the number of
plants that can be screened quickly and cheaply. Another
major bottleneck in identification of resistance to soil-
borne pathogens, apart from the time and space required
when using inoculated soil or compost to cause disease,
is the uncertainty and/or reproducibility of moderate dis-
ease on which to detect consistent differences between
genotypes.

The aim of the present work was to develop a low
cost, rapid and high-throughput method to enable
the screening of OSR genotypes for identification of
R. solani AG 2-1 resistance. Four different methods
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were tested: media nutrient plates, hydroponic growth
in pouches and growth in trays with compost or light
expanded clay aggregate (LECA). The methods were
evaluated to screen disease and/or assess plant physi-
ological characteristics within a short period of time
during the early stages of infection among different OSR
genotypes.

Methods

Inoculum and seeds

Rhizoctonia solani AG 2-1 (#1934 from the University
of Nottingham isolate collection), originally isolated
from OSR plants, was used to produce inoculum. The
pathogenicity of this isolate to OSR was previously con-
firmed by Sturrock et al. [13]. The inoculum was grown
on Potato Glucose Agar (PGA; Sigma-Aldrich, UK) at
room temperature (18—20 °C) for a period of 10-14 days
prior to the inoculation. In order to exclude contamina-
tion by other pathogens and ensure their germination,
seeds were surface sterilised with 4% sodium hypochlo-
rite (Parazone, Jeyes Limited, UK) for 5 min followed by
three rinses with distilled autoclaved water and then pre-
germinated on round filter paper (diameter 85 mm, GE
Healthcare Whatman, UK) with 3 ml of sterile water and
kept in dark at room temperature (18—20 °C) for 2 days. A
group of eight B. napus genotypes, not previously tested
for AG 2-1 resistance, was used for the evaluation of the
methods to evaluate their performance against AG 2-1.
The group consisted of seven commercial winter oilseed
cultivars “Temple’(conventional), ‘Abaco’(conventional),
‘Lioness’(conventional), ‘Grizzly’(conventional),
‘Galileo’(conventional), ‘Sequoia’(semi-dwarf hybrid)
and ‘ES Betty'(restored hybrid) and one fodder type
(‘Canard’).

Nutrient media plates

Square petri dishes-plates (120 x 120 x 17 mm Greiner
Bio-One International) were filled with sterile 50%
Hoagland No. 2 Basal Salt Mixture (Sigma-Aldrich, UK),
pH 5.8 and 1% w/v agar (Agar—Agar granular powder,
Fisher Scientific, UK). On each plate 3 seedlings of each
genotype were placed 2 cm from the top of the plate with
equal distances between them. For the inoculation, 1 plug
(5 x 5 mm) of R. solani AG 2-1 from a colony growing on
PGA was placed below each seed and 1 cm above the bot-
tom of the plate. The control plates were not inoculated.
Inoculated and control plates were sealed with parafilm
and kept in an upright position in a controlled environ-
ment room at 18 °C and 12 h light:12 h dark. Photosyn-
thetically active radiation (PAR) was 218.5 pmol s! m—2
at a height of 4 cm (LI-250A light meter, LI-COR
Biosciences).
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Hydroponic growth in pouch and wick system

A method previously developed for high-throughput
phenotyping of roots in tanks [14, 15] was modified for
screening disease caused by R. solani AG 2-1. The con-
struction of the tank consisted of a metal frame with 9
drip trays and 192 growth-pouch positions. Each pouch
was made of an acrylic bar, onto which 2 filter papers
(Anchor Paper Company, St Paul, MN, USA) were placed
on each side and covered with a black polythene sheet
(Cransford, Polyethylene Ltd, Suffolk, UK). The filter
papers and the sheets were held on the bars with fold-
back clips (19 mm). Prior to sowing, pouches were left
to soak overnight in nutrient solution (25% Hoagland’s
in 2 L of purified water per tray). During the experiment
filter papers on growth pouches remained soaked by add-
ing purified water in the trays in equal amounts. Filter
papers and clips were autoclaved and acrylic bars were
bleached and sprayed with 70% ethanol prior to their use,
to eliminate contamination. One seedling was placed in
each side of the growth pouch, in the middle and approx-
imately 3 cm from the top of the filter paper and left to
grow for 3 days in a controlled environment room (18 °C,
12 h light:12 h dark). Then the seedlings were inoculated
by adding 1 mycelia PGA plug (5 x 5 mm) 3 cm below
the tip of the primary root and another 2 plugs diametri-
cally opposite to each other and 3 cm away from the top
of the primary root. For the control seedlings PGA plugs
(5 x 5 mm) without inoculum were used.

Growth in compost trays

Plastic trays (6143, Beekenkamp Verpakkingen, Nether-
lands) with 308 wells (3 x 3 cm) were filled with com-
post (Levington F2s, Everris Limited, UK) up to 2 cm
and then each well was inoculated with 1 mycelia PGA
plug (5 x 5 mm) of R. solani AG 2-1. A layer (0.5 cm) of
compost was added above the inoculum and 3 pre-germi-
nated surface sterilised seeds of OSR were placed in each
well and covered with compost in order to fill up the well
(1.5 cm layer). For the control wells 1 PGA plug without
inoculum was added in each well. The trays were left in
a controlled environment room (18 °C, 12 h light:12 h
dark).

Growth in light expanded clay aggregate (LECA) trays

Light expanded clay aggregate (LECA) was used to
develop a screening method that kept the roots of young
seedlings intact. Each compartment of a plastic tray
(6143, Beekenkamp Verpakkingen, Netherlands) with 308
wells (3 x 3 cm) was filled with approximately 3 LECA
particles (size 4—10 mm; Saint-Gobain Weber Limited,
UK) enough to block the bottom and then 1 mycelia PGA
plug (5 x 5 mm) of AG 2-1 was added for the inoculated
treatment or 1 PGA plug for the control treatment. LECA
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particles were added to fill each compartment up to the %
of the well volume and then 2 pre-germinated seeds were
added. Another layer of LECA was used to fill the wells to
the top. An equal amount of 25% Hoagland’s in 0.5 L of
purified water was supplemented in each well of the tray.

Assessments on disease and plant characteristics

In nutrient media plates and in hydroponic pouches dis-
ease as well as plant characteristics (hypocotyl, primary
root and lateral root length, lateral root and leaf number)
were assessed using the same method but at different
time points; Nutrient media plates were assessed at 4, 7
and 10 days post inoculation (dpi) while the seedlings in
the hydroponic pouches only at 4 dpi. Disease assessment
was made with disease severity categories modified from
Khangura et al. [7]; for hypocotyl rot the seedlings were
categorised on a scale of 0-3 (0 = no lesions, 1 = lesions
on hypocotyls affecting <25% of the length of the hypoc-
otyl, 2 = lesions covering 26-75% of the length of the
hypocotyl, 3 = lesions covering >75% of the length of the
hypocotyl), for primary root rot on a 0—6 scale (0 = no
lesions, 1 = small lesions on primary root, 2 = discol-
oration up to 50% of primary root, 3 = discoloration
51-75% of the primary root, 4 = discoloration >75% and
necrosis covering up to 30% of primary root, 5 = necro-
sis covering 31-60% of primary root, 6 = necrosis cover-
ing >61% or dead root) and for leaf disease on a 0—3 scale
(0 = no lesions, 1 = disease affecting up to 25% of total
leaf area, 2 = disease affecting 25-50% of total leaf area,
3 = disease affecting 51-75% of total leaf area, 4 = com-
pletely necrotic leaves of total leaf area). Disease index
(DI %) was calculated as: [S (no. plants in disease cate-
gory) x numerical value of disease category) x 100]/[(no.
plants in all categories) x (maximum value on rating
scale)]. Plant images were taken from the plates using a
digital SLR camera (Canon 1100D, EOS Utility software,
Canon Inc., Tokyo, Japan) and analysed with Image] (ver-
sion 1.4.7, Schneider et al. [16]) software and used for the
assessment of plant characteristics.

In compost trays, emergence and survival were
assessed daily, 2 days after planting and for a period of
5 days. Final counts of emergence and survival were taken
on the 10 dpi and then seedlings were removed from the
wells, washed and assessed for disease. For non-emerged
seedlings, soil was removed and examined to ensure
that control seedlings (or seeds) were healthy while the
inoculated were heavily infected (dead). For the dis-
ease assessments, the above disease scale was modified
by including another level for seedlings suffering from
pre-emergence damping-off (not emerged) and those
that they did not survive due to post-emergence damp-
ing-oft. Thus for hypocotyl rot, seedlings were rated on
a 0—4 scale (4 = completely dead or/and not emerged),
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for primary root rot on a 0-7 scale (7 = completely dead
or/and not emerged) and for leaf disease on a 0-5 scale
(5 = not emerged). The percentage of disease index was
calculated as described before. Control seedlings that did
not emerge were scaled as healthy, as they were found in
the compost without any disease symptoms.

Survival of seedlings in trays with LECA was estimated
5 dpi, then the seedlings were removed and images were
taken to estimate disease (Canon 1300D, EOS Utility
software, Canon Inc., Tokyo, Japan) and analysed with
Image] (version 1.4.7, software). Seedlings that had not
emerged in the control treatment, were assessed in order
to ensure that they were viable and not infected, contrary
with seedlings that had not emerged in the inoculated
treatment which were heavily infected. In contrast to the
other methods, disease was estimated as a percentage of
the infected plant area to the total plant area for hypoco-
tyls and for roots.

Experimental design and statistical analysis

All statistical analysis was performed using GenStat (15th
Edition, VSN International Ltd, Hemel Hempstead, UK).
The experiments for each method were designed as rand-
omized blocks with two factors; genotype and inoculum.
Where appropriate disease development, seedling emer-
gence, survival and plant characteristics were analysed
using analysis of variance (ANOVA) for repeated meas-
ures. General ANOVA was used for variables assessed
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less than three times. Each method consisted of two rep-
licated experiments, analysed as replicates when there
were no significant interactions detected. Disease pro-
gress on the genotypes was analysed by excluding the
non-inoculated controls in each of the four methods.

Results

Nutrient media plates

Disease development on the roots of inoculated seed-
lings in nutrient media plates revealed significant differ-
ences during the 10 days of the experiment (P = 0.006;
Fig. 1). Disease developed slower on the genotype ‘Griz-
zly, which had consistently less disease compared to the
other genotypes. ‘Abaco’ followed ‘Grizzly’ but did not
have significantly different disease severity compared to
the other genotypes (Fig. 1). Disease on hypocotyl and
roots was inconsistent between the two replicate experi-
ments (results not shown).

Over time, AG 2-1 significantly reduced the length
or the number of assessed plant characteristics apart
from hypocotyl length (Table 1). Inoculated seedlings
had significantly fewer leaves, smaller and fewer lateral
roots, shorter primary roots and as a result total length
of roots was also reduced (Table 1). However, hypocotyl
growth was not different between inoculated and con-
trol seedlings (P = 0.216). There were no interactions
between inoculum and genotype and in both inoculated
and un-inoculated seedlings consistent differences were
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observed in the growth of each of these plant charac-
teristic between the different days (Table 2). Lateral
root length (P < 0.001) and total root length (P = 0.001)
were significantly different between the different geno-
types over the 10 days. Hypocotyl length was different
among the varieties for each of the 3 days, with ‘Grizzly’
always having shorter hypocotyl and longest lateral roots
(Table 2). Additionally, the number of lateral roots was
also significantly different between the genotypes with
‘Canard’ always having more lateral roots. Significant dif-
ferences for primary root length between varieties were
observed for day 4 and 7 but not on day 10. Seedlings of
‘Grizzly’ had consistently shorter primary roots (Table 2).
Significant differences between genotypes in total length
of the roots and number of leaves were observed only on
the 4th and 7th day, respectively.

Hydroponic growth in pouch and wick system

Infection of seedlings with AG 2-1 did not result in sig-
nificant differences in disease severity between the gen-
otypes for any of the examined plant organs (Table 3).
Inoculated seedling characteristics were all significantly
affected by disease 4 dpi compared to their controls
except for lateral root number (P = 0.066; Table 4). Addi-
tionally, significant variation was observed between gen-
otypes for some of their morphological characteristics
(Table 4): hypocotyl length (P < 0.001), lateral root length
(P = 0.011) and lateral root number (P = 0.011) were
significantly different. The length of the hypocotyl was
significantly reduced in infected seedlings with ‘Griz-
zly, ‘Galileo’ and ‘Sequoia’ being most affected. ‘Canard’
had the least reduction and ‘ES Betty’ had no reduction
in hypocotyl length despite the disease (Table 4). In gen-
eral, ‘Canard’ had shorter hypocotyls compared to the
rest while ‘Abaco’ and ‘Sequoia’ had longer ones. The
number of leaves of inoculated seedlings was significantly
reduced compared to controls for all genotypes but no
differences were observed among the genotypes. Lateral
roots of genotypes were significantly shorter under inoc-
ulation with ‘ES Betty’ and ‘Grizzly’ being more affected
with reduction of length of 72.2 and 88.1% respectively.
Although lateral root length was significantly reduced in
infected seedlings, lateral root number was not affected.
Nevertheless, genotypes differed in the number of lat-
eral roots with ‘Canard’ having more lateral roots. The
length of the primary roots was significantly reduced due
to infection of AG 2-1 in all genotypes with more pro-
nounced reduction in ‘Grizzly’ (61.8%), ‘Sequoia’ (55.9%)
and ‘ES Betty’ (48.5%). The total length of roots was also
significantly reduced due to the infection with AG 2-1
with ‘ES Betty, ‘Sequoia’ and ‘Grizzly’ having the great-
est reduction of length. Despite the effect of AG 2-1
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infection the genotypes did not significantly differ in pri-
mary and total root lengths (Table 4).

Growth in compost trays

Inoculation of seedlings in compost trays with AG 2-1
resulted in significant differences on disease severity
between the genotypes on hypocotyls (P = 0.003) and
leaves (P < 0.001) but not in roots (P = 0.073; Fig. 2). ‘ES
Betty’ and ‘Canard’ were consistently least affected, fol-
lowed by ‘Abaco’ and ‘Sequoia, ‘Lioness’ and ‘Grizzly’
(Fig. 2). ‘Galileo’ and ‘Temple’ were the genotypes with
significantly more disease (Fig. 2).

Emergence of seedlings was significantly different
between genotypes (P < 0.001) and inoculation with AG
2-1 reduced seedling emergence in almost all varieties
apart from ‘Canard; ‘Grizzly’ and ‘ES Betty’ (P < 0.001).
However, there was no significant interaction between
genotypes and treatment (P = 0.186) (Table 5). Infec-
tion of seedlings with AG 2-1 enabled us to detect differ-
ences in survival between inoculated and non-inoculated
control seedlings (P < 0.001) and there were significant
differences between genotypes in seedling survival
(P = 0.004; Fig. 3). ‘Canard’ was the genotype with sig-
nificantly greater survival and the only one with no sig-
nificant differences between inoculated and control
seedlings (Fig. 3). ‘Sequoia; ‘Abaco, ‘ES Betty’ and ‘Griz-
zly’ followed, with the first two not being significantly dif-
ferent from ‘Canard. The poorest survival was observed
for ‘Galileo; ‘Temple’ and ‘Lioness’ (Fig. 3).

Growth in LECA trays
AG 2-1 was able to grow and infect seedlings grown in
trays filled with LECA. The inoculation resulted in dis-
ease symptoms 5 days post inoculation (P < 0.001) and
enabled assessment through image analysis. Screen-
ing for disease revealed significant differences between
the tested genotypes for both disease on hypocotyls
(P = 0.002) and on roots (P = 0.006). ‘Sequoia’ was the
genotype with consistently less disease on both roots and
hypocotyls followed by ‘ES Betty’ (Fig. 4). ‘Canard’ and
‘Lioness’ ranked in the middle and had significantly lower
disease than ‘Grizzly’ (P = 0.002). ‘Galileo, ‘Temple;,
‘Abaco’ and ‘Grizzly’ were the genotypes with the highest
disease levels (Fig. 4). Disease severity on roots indicated
that genotypes had similar responses to AG 2-1 infection:
‘Sequoia’ was the genotype with the least disease followed
by ‘ES Betty’ and ‘Lioness’; ‘Canard’ ranked in the middle,
and “Temple’ was the genotype with the most severe dis-
ease symptoms on roots (P = 0.006; Fig. 4).

Inoculation with AG 2-1 reduced seedling survival
(P < 0.001) 5 dpi but survival was not significantly dif-
ferent between genotypes (P = 0.107) and no significant
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Table 3 Disease index on hypocotyls, roots and leaves
of the tested genotypes after inoculation with AG 2-1 for 4
days on the hydroponic growth pouches

Genotype Disease index (%)

Hypocotyl Root Leaves
Temple 61.1 54.2 229
Canard 694 68.1 354
Abaco 66.7 542 18.8
Lioness 69.4 54.2 18.8
Grizzly 722 722 479
Galileo 77.8 45.8 375
Sequoia 75.0 528 354
ES Betty 583 583 16.7
P 0.935 0.663 0.533
LSD 32.88 29.28 34.88

For the comparison of disease severity among genotypes within each plant part
P values and LSD were used (ANOVA)

interaction was observed between genotypes and treat-
ment (P = 0.716).

Discussion

The primary aim of this study was to develop a high
throughput method for evaluation of OSR resistance to
disease caused by R. solani AG 2-1, as a first step towards
the identification of traits that could be used in future
breeding programs. Early infection of OSR by R. solani
AG 2-1 leads to pre- and post-emergence damping off
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which reduces crop establishment, but infection in later
stages towards the maturity of plant is less damaging [8].
Therefore, our objective was to develop methods to ena-
ble assessment of the early stages of disease progression.
A key aspect of our work was to develop a low cost, rapid
method that would enable screening of a large number
of different OSR genotypes. The four developed meth-
ods here (nutrient media plates, hydroponic growth in
pouches, trays with compost or LECA) lasted no more
than 10 days and enabled the screening of up to 240 seed-
lings. We used a simple and cheap inoculation technique
with mycelial plugs, which allows the induction of disease
symptoms and minimises the time for inoculum produc-
tion to 7 days.

Plant growth in media plates is a commonly used
method for the evaluation of seedling growth and root
architecture phenotyping. We aimed to further test this
for the assessment of initial infection and disease devel-
opment. Our results indicated that nutrient media plates
are a good method for disease phenotyping of roots: both
fungal hyphae and root systems grew successfully on the
surface of the media. All the steps of infection and dis-
ease development could be observed and differences
in disease severity amongst different genotypes were
detected. Also, due to the horizontal growth of the root
system, root architecture was easily measured. Unfortu-
nately, in contrast to roots, this method is not suitable for
assessing disease in hypocotyls and leaves. There was no
consistency in disease severity among genotypes between
the two replicate experiments with hypocotyls. In many

Table 4 Comparison of plant characteristics between inoculated (AG 2-1) and un-inoculated (Control) seedlings of differ-
ent OSR genotypes 4 days after inoculation on hydroponic growth pouches

Genotype Hypocotyl length Leaves number Lateral RL Lateral root num-  PrimaryRL Total RL
ber

AG2-1 Control AG2-1 Control AG2-1 Control AG2-1 Control AG2-1 Control AG2-1 Control
Temple 1.87 219 1.63 1.99 0.52 1.29 2.00 4.85 140 244 1.92 3.73
Canard 131 1.40 1.50 2.08 1.15 1.62 467 5.83 2.09 283 324 445
Abaco 279 293 2.00 2.00 049 091 233 317 1.85 240 234 330
Lioness 213 262 133 2.08 0.54 093 392 3.58 1.94 298 248 391
Grizzly 148 241 146 1.99 0.15 1.22 042 1.65 0.68 1.78 0.82 3.00
Galileo 1.81 2.54 1.54 2.00 032 0.49 133 1.08 1.39 2.55 1.70 3.04
Sequoia 2.50 3.16 1.54 2.00 033 1.18 233 325 1.50 340 1.83 458
ES Betty 2.50 2.34 1.71 2.00 047 1.69 275 5.08 1.74 3.38 2.21 507
P genotype) <0001 0721 0011 0011 0.299 0.115
LSDigenotype) 0.56 032 049 234 1.13 1.37
Pinoculum) 0.005 <0001 <0001 0.066 <0001 <0001
LSDinocutum) 0.28 0.16 0.25 117 0.57 0.68

Lengths are expressed in cm. P
treatments (ANOVA)

RL root length

(genotype)

) and LSD genotype) Were used for the comparison among genotypes and Pyjnocyium) and LSDjnocyium) for the comparison between
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Fig. 2 Disease on hypocotyls, leaves and roots of the tested genotypes 10 days after inoculation in compost trays




Drizou et al. Plant Methods (2017) 13:45

Table 5 Comparison of emergence between inoculated
(AG 2-1) and un-inoculated (Control) seedlings of different
OSR genotypes 10 dpi in compost trays

Genotype Emergence (%)

AG 2-1 Control
Temple 30.0 67.2
Canard 839 883
Abaco 60.0 983
Lioness 433 889
Grizzly 48 578
Galileo 117 64.4
Sequoia 63.3 989
ES Betty 533 772
Pigenotype) <0.001
LSD(genotype) 18.586
Pinoculum) <0.001
LSDnocutum) 9.293
Piinoculumrgenotype) 0.186
LSDg 26.284

noculum*genotype)

Piinoculum) @Nd LSDinocyium) Were used for the comparison between treatments
and P(inccmum*genotype) and LSD(inocqum'genotype) for the interaction between
genotypes and treatments (ANOVA)

cases, hypocotyls escaped hyphae and tended to grow
towards the lids of the plates. In the same way the leaves
of these plants were also escaping the pathogen. Conse-
quently, this variation in growth led to the uneven and
inconsistent infection among genotypes and between
experiments. Nonetheless, disease significantly affected
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both leaves and roots of inoculated seedlings compared
to controls, with reduction of healthy leaf area, root
length (both primary and lateral) and lateral root number.
The results are in agreement with a recent study showing
that AG 2-1 causes severe disease by significantly reduc-
ing root length and density of inoculated OSR plants and
is capable of killing the seedling within 6 dpi [13]. The
analysis of plant characteristics showed that genotypes
differ in lateral root and total root length as well as their
growth rates. Among the genotypes, ‘Grizzly’ was the
only one that consistently had significantly lower disease
but also shorter hypocotyl and primary root compared to
other genotypes. Therefore, it might be that the slower
growth rate contributed to delay in infection and thus
resulted in lower disease levels observed on plates. ‘Griz-
zly’ is a winter hybrid known to carry genes for stem can-
ker resistance and for that reason is included in breeding
programs [17], however in our tests with 56.6% of root
disease ‘Grizzly’ was susceptible to AG 2-1.

Advanced high-throughput methods have been devel-
oped to screen the root system [18] and to quantify traits
and identify Quantitative Trait Loci (QTLs) [14]. Atkin-
son et al. [14] screened a mapping population of wheat
seedlings aiming to identify QTLs linked with root traits
in hydroponic pouch and wick system. Also Thomas
et al. [15] used this approach for screening a range of
OSR genotypes under control environment and field
conditions. Here we modified the method for screening
disease caused by AG 2-1 in OSR. Our results showed
that R. solani was able to grow on filter paper and infect
young OSR seedlings causing disease symptoms 4 dpi.

P =0.004
100

g0 JLsD=
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70 -

Survival (%) of OSR seedlings
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o

Canard Sequoia Abaco
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Fig. 3 Percentage of survival of different OSR genotypes 10 days post inoculation in compost trays. Comparisons for the interaction between treat-
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Within this time, disease developed on hypocotyls, roots
and leaves and resulted in their reduction in inoculated
plants compared to controls. However, no differences
were detected between genotypes for disease and all were
observed to be highly susceptible under this method
of inoculation. It is likely that the tested genotypes are
characterized by only minor differences and the present
screening method could not detect them under the tested
conditions. However, this is in contrast with the results of
the other two methods, where significant differences on

disease severity were observed. Different inoculum densi-
ties and length of inoculation periods were tested (results
not shown) prior to the present experimental procedure,
which appeared to be the most consistent. Possibly the
moist environment of the filter paper and the polythene
sheet as well as the lack of the soil environment altered
hyphal growth and the infection process. R. solani is a
soil-borne pathogen, thus the presence of soil with nutri-
ents, organic matter and aeration play a pivotal role in its
epidemiology. In this growing system the polythene sheet
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was attached to the filter paper but in the position of the
seedlings, small aerate cavities were formed possibly ena-
bling the pathogen to grow better. As a result, pathogen
hyphae were denser close to the seedling and eventually
led to greater disease on plants, whilst in the other meth-
ods pathogen growth was more even. Nonetheless, this
method enabled us to detect differences in plant charac-
teristics between inoculated and un-inoculated control
seedlings, as well as differences among genotypes in a
short period of time.

Soil and compost are most commonly used for the
evaluation of plant resistance against soil-borne patho-
gens. In the case of R. solani, the vast majority of stud-
ies focussing on plant responses to pathogen exposure,
have used soil [3, 5], soil free media [4] or a combina-
tion of both [10]. In this way, the experiments simulate
more realistic conditions that occur in the field and a
better evaluation of the plants response to the pathogen
is observed. Therefore we decided as a suitable alterna-
tive that the third method should be developed with
compost. In contrast to other studies, we used multiple
cell-trays which save space and time by enabling us to
screen more than 100 different genotypes per tray in a
single experiment. The trays were also ideal to assess the
early stages of infection in young seedlings that are less
than 10 days old. An additional benefit of this method is
that it enabled the recording of emergence and survival
of seedlings and hence record pre- and post-emergence
damping off. Low emergence of inoculated seedlings
compared to controls, indicated susceptibility of those
cultivars to pre-emergence damping off and confirmed
the detrimental effect of AG 2-1 to OSR during early
growth stages.

Disease screening on hypocotyls and leaves was easily
conducted, but in contrast the extraction and assessment
of the delicate roots of seedlings damaged by root rot was
difficult and time consuming. Despite meticulous work,
it was hard to keep the roots intact. We were unable to
detect significant differences in root disease between
cultivars in this method but we were able to detect dif-
ferences in disease severity of hypocotyls and leaves. ‘ES
Betty’ and ‘Canard’ were consistently the two genotypes
with the lowest disease while “Temple’ and ‘Galileo’ were
the most susceptible. This is in agreement with emer-
gence and survival data and it can be an indication that
these genotypes may carry both quantitative and quali-
tative traits allowing them to perform better against AG
2-1. In this research all genotypes were pre-germinated
in order to standardise our methods, and therefore their
germination rates under inoculated conditions were not
assessed. However, it is possible that some genotypes are
able to germinate and emerge faster and therefore escape
and/or be less affected by the infection. Indeed, Sturrock
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et al. [13], suggested that rapid germination of OSR seed-
lings may enable the early establishment of a strong root
system allowing better nutrient uptake and growth and
consequent recovery from AG 2-1 infection.

We aimed to improve the method by eliminating high
inoculum pressure and most importantly by reducing
damage to roots to be able to better discriminate the gen-
otypes in our disease assessments. Therefore we decided
first to reduce the time that the seedlings were exposed
to the pathogen from 10 to 5 dpi. Secondly we used a
medium that would not affect seedling growth but would
minimise the damage to the root system upon removal.
In this respect, LECA particles with the addition of nutri-
ent solution appeared to be an appropriate medium.
LECA has been receiving a growing acceptance as an
environmental friendly natural material with great ben-
efits in civil engineering and gardening. Currently there is
a limited number of published studies examining the use
of LECA as a growing medium [19-21] and to the best of
our knowledge only one study has examined the growth
of a fungi in LECA [22]. In this study the authors showed
that arbuscular mycorrhizal fungi (AMF) were not able
to colonise their tested plant, Paspalum notatum, when
grown in LECA and consequently concluded that LECA
was not colonised effectively by AMF [22]. However, the
results of the current study show that the necrotrophic
pathogen R. solani AG 2-1 was able to grow on the sur-
face of LECA particles, observed as hyphal mass and
infect OSR seedlings. The inoculation period of 5 days
was sufficient to induce disease symptoms without kill-
ing the seedlings. At the same time differences in disease
severity of the tested genotypes were detected for both
hypocotyls and roots. The use of LECA preserved the
roots intact during their collection from the trays and
therefore allowed more accurate disease assessments.
Taking images of the seedlings and analysing them with
Image] not only allowed us to complete the experiments
faster but also to estimate the disease more objectively
compared to more subjective visual assessments which
are not taking into account differences in growth and
development of the seedlings. The OSR genotypes had
different responses to AG 2-1 infection: ‘Sequoia’ was the
least affected for both damping off and root rot, followed
by ‘ES Betty. Although disease affected the survival of
inoculated OSR seedlings compared to the controls, we
were not able to detect significant differences in survival
of seedlings between the different genotypes at 5 dpi.

Comparison of different methods

Assessing the severity of disease caused by AG 2-1 on
hypocotyls and/or roots of young seedlings is the most
important measure for the identification of active genetic
resistance. Nonetheless, other traits related to rapid
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development and growth for crop establishment such as
root architecture and emergence or survival are impor-
tant for the identification of disease escape. Each of the
four methods we developed has positive and negative
aspects: Nutrient media plates enabled the recording
of the infection progress and the collection of data on
root traits but were not suitable for disease screening of
hypocotyls and leaves. Growth in hydroponic pouches
can be high-throughput, fast screening method but the
moist environment altered R. solani growth and we could
not detect any difference in disease severity among the
tested OSR genotypes. Screening on trays with compost
was more realistic approach that makes available holistic
disease screens for the plant as well as measurements of
emergence and survival. Nevertheless, damage to the root
system prevented accurate disease assessment and meas-
urements of root architecture traits and a longer time
was required to detect differences. However, the use of
LECA holds the benefits of screening in compost trays but
also enables the roots to be intact and detect differences
between genotypes in root rot disease. We were unable
to detect differences in survival most likely due to short
infection period of 5 dpi. Most importantly 5 dpi screen-
ing in LECA resulted in moderate disease of seedlings
compared to screening in compost and this might be the
reason that we have small differences in in the ranking
of genotypes between the two methods. Considering the
severity of disease 5 dpi and the lack of resistance in the
tested genotypes, further screening for a longer period for
detection of differences in survival using this method was
not pursued here. In Table 6 we provide a basic estimation
of the cost of screening 100 genotypes by each method,
based on the cost of consumables and equipment used;
the hydroponic pouch and wick system was the most
expensive method as the requirements for building the
system were high compared to the other methods that
use petri dishes and well trays. As mentioned previously,
the choice of method should be based on the scientific
aim; in the present study we aimed to identify a low cost
high-throughput screening method which would enable
the detection of potential resistant OSR genotypes to root
diseases such as AG 2-1. Therefore, we required a method

Table 6 Estimation of cost for the screen of 100 genotypes
in the developed methods

Method Cost (£) for 100 genotypes
Hydroponic pouch and wick system 348
Nutrient media plates 27.3
Trays with compost 1.05
Trays with LECA 2.14

The estimation excludes the cost for the camera that was used in the hydroponic
pouch and wick system, on nutrient media plates and trays with LECA
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that allowed the detection of differences in disease sever-
ity and resultant changes to plant morphological char-
acteristics. Screening in trays with LECA fulfilled these
criteria it enables fast and high-throughput screening
with the assessment of early infection stages. Therefore it
is an applicable method for the detection of resistant OSR
cultivars to AG 2-1.

Conclusion

The present study provides a new low cost, high-through-
put screening method for the identification of potential
OSR cultivars that are resistant to root diseases such as
R. solani AG 2-1. This method can be used as an early
step for the evaluation of germplasm prior to testing
under field conditions. Additionally, it confirms that AG
2-1 is an extremely pathogenic isolate to OSR [3-6]; the
inoculum density used resulted in low survival of young
seedlings 10 dpi in compost trays and high disease levels
ranked from 30 to 85% 5 dpi in trays with LECA. None of
the genotypes tested in the current study were resistant.
Future screening of diverse populations of B. napus and
Brassica “species is essential to elucidate if there is any
resistance against this destructive pathogen.
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