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ABSTRACT

Bolton, M. D., Panella, L., Campbell, L., and Khan, M. F. R. 2010.
Temperature, moisture, and fungicide effects in managing Rhizoctonia
root and crown rot of sugar beet. Phytopathology 100:689-697.

Rhizoctonia solani AG-2-2 is the causal agent of Rhizoctonia root and
crown rot in sugar beet; however, recent increases in disease incidence
and severity were grounds to reevaluate this pathosystem. To assess the
capacity at which other anastomosis groups (AGs) are able to infect sugar
beet, 15 AGs and intraspecific groups (ISGs) were tested for
pathogenicity on resistant (‘FC708 CMS’) and susceptible (‘Monohikari’)
seedlings and 10-week-old plants. Several AGs and ISGs were pathogenic
on seedlings regardless of host resistance but only AG-2-2 IIIB and AG-2-
2 IV caused significant disease on 10-week-old plants. Because fungi-
cides need to be applied prior to infection for effective disease control,
temperature and moisture parameters were assessed to identify potential
thresholds that limit infection. Root and leaf disease indices were used to
evaluate disease progression of AG-2-2 IIIB- and AG-2-2 IV-inoculated
plants in controlled climate conditions of 7 to 22 growing degree days
(GDDs) per day. Root disease ratings were positively correlated with
increasing temperature of both ISGs, with maximum disease symptoms

occurring at 22 GDDs/day. No disease symptoms were evident from
either ISG at 10 GDDs/day but disease symptoms did occur in plants
grown in growth chambers set to 11 GDDs/day. Using growth chambers
adjusted to 22 GDDs/day, disease was evaluated at 25, 50, 75, and 100%
moisture-holding capacity (MHC). Disease symptoms for each ISG were
highest in soils with 75 and 100% MHC but disease still occurred at 25%
MHC. Isolates were tested for their ability to cause disease at 1, 4, and
8 cm from the plant hypocotyl. Only AG-2-2 IIIB was able to cause
disease symptoms at 8 cm during the evaluation period. In all experi-
ments, isolates of AG-2-2 IIIB were found to be more aggressive than
AG-2-2 IV. Using environmental parameters that we identified as the
most conducive to disease development, azoxystrobin, prothioconazole,
pyraclostrobin, difenoconazole/propiconazole, flutolanil, polyoxin D, and
a water control were evaluated for their ability to suppress disease
development by AG-2-2 IIIB and AG-2-2 IV 17 days after planting.
Flutolanil, polyoxin-D, and azoxystrobin provided the highest level of
disease suppression. Because R. solani AG-2-2 1IIB and AG-2-2 IV are
affected by temperature and moisture, growers may be able to evaluate
environmental parameters for optimization of fungicide application.

Rhizoctonia solani Kiihn is a soilborne fungus that causes
disease on many economically important crop plants worldwide
(1,35). Strains of the fungus are traditionally grouped into geneti-
cally isolated anastomosis groups (AGs) based primarily on
hyphal anastomosis reactions, and are further subdivided into
intraspecific groups (ISGs) (35). R. solani AG-2-2 is the main
causal agent of Rhizoctonia root and crown rot in sugar beet (Beta
vulgaris L.). Infections are typically initiated in the crown but can
also begin at or below the soil level. Characteristic circular lesions
spread quickly, often coalescing to cover large portions of the root
surface (15). Foliar symptoms include severe wilting and chloro-
sis of leaves, often accompanied by black lesions on the base of
the petioles. During the final stages of the disease, leaves remain
attached to the crown but collapse onto the soil surface.

Rhizoctonia root and crown rot occurs wherever sugar beet
crops are grown (4,20). The disease is estimated as threatening or
affecting economic returns of 24% of the acres sown to sugar beet
in the United States and 5 to 10% in Europe (54). There has been
a recent increase in disease incidence and severity in sugar beet
production areas in the Red River Valley of Minnesota and North
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Dakota (3,26). Although a number of R. solani AGs are able to
colonize sugar beet, AG-2-2 IV is considered the primary cause of
Rhizoctonia root and crown rot in most sugar-beet-growing
regions of the United States (11,35,49). AG-2-2 IIIB is known
better, perhaps, for causing diseases on mat rush, rice, soybean,
maize, and edible bean (20,31,34,48,49) but also commonly
causes disease in sugar beet (4,15). Although surveys have shown
that AG-2-2 IV is more prevalent than AG-2-2 IIIB on sugar beet
in the Red River Valley, recent increases in production of crops
susceptible to AG-2-2 I1IB such as soybean and maize in conjunc-
tion with a decrease in acreage of nonhost crops of AG-2-2 IIIB
such as spring wheat (3) are raising concerns that AG-2-2 IIIB is
becoming more prevalent in the Red River Valley due to increased
inoculum potential. Other than changes in the prevalence of AG-
2-2 subgroups, it is not known how the recent change in cropping
rotations in the Red River Valley may have influenced the fre-
quency and distribution of other AGs and ISGs in the region. The
recent increase in disease incidence suggests that a compre-
hensive evaluation of a wide range of AGs and ISGs that cause
significant disease on sugar beet is needed.

Commercial sugar beet cultivars with resistance to Rhizoctonia
root and crown rot have been associated with a significant loss in
yield potential in the absence of the disease or lack resistance
characteristics to other diseases (21). Therefore, growers continue
to plant Rhizoctonia-susceptible cultivars and have relied on the
application of the strobilurin-class fungicide azoxystrobin to
control Rhizoctonia root and crown rot. However, the timing of

Vol. 100, No. 7, 2010 689



fungicide application is a critical component in Rhizoctonia root
and crown rot management. Timing application prior to infection
can offer long-term disease protection (27,50,52) and is
considered the best approach for managing the risk of resistance
to strobilurin fungicides (2). Azoxystrobin is ineffective if applied
after plants are infected even if no symptoms are present (53).
Knowledge of the environmental parameters that govern R. solani
infection is a critical aspect in making informed decisions on the
timing of fungicide application; however, detailed information on
soil moisture and temperature requirements necessary for R.
solani infection in sugar beet is lacking. Moreover, the heavy
reliance on strobilurins to control R. solani infections, as well as
other sugar beet diseases (45), has raised concerns about fungi-
cide resistance management in sugar beet, especially in areas such
as the Red River Valley where the incidence and severity of
Rhizoctonia root and crown rot have been increasing. The identi-
fication of new control compounds would be critical for disease
management in the event that resistance to azoxystrobin develops.

The main objectives of this study were to (i) evaluate patho-
genicity of R. solani isolates representing several AGs and ISGs
on both susceptible and resistant sugar beet germplasms at two
different plant growth stages, (ii) determine environmental param-
eters (temperature and moisture) that are minimally necessary as
well as most conducive for infection, and (iii) evaluate the
efficacy of fungicides from several chemical classes to control
Rhizoctonia root and crown rot under conditions optimized for R.
solani infection.

MATERIALS AND METHODS

Plant and fungal material. For the evaluation of R. solani AG
and ISG pathogenicity of sugar beet, the sugar beet lines
‘Monohikari’ and ‘FC708 CMS’ were used (17). Monohikari is a
diploid, R. solani-susceptible, commercial hybrid with monogerm
seed. FC708 CMS is a diploid, R. solani-resistant, genetic-cyto-
plasmic male sterile (CMS) female germplasm with monogerm
seed. All R. solani cultures were paired with known AG test cul-
tures maintained in cryogenic storage on sterilized barley grains
as described (34). After AG or ISG confirmation, isolates of R.
solani representing 15 AGs or ISGs (37,40) were grown on potato
dextrose agar (PDA) for 7 days and then transferred to a sterile
barley medium (100 cm® of barley and 60 ml of distilled water
autoclaved at 120°C for 75 min) and allowed to grow for 2 weeks.
The 2-week-old cultures were removed from the flasks and air
dried for 2 days. The dried, infested barley was ground in a
blender and stored in bags at 4°C until use.

For growth chamber studies, sugar beet seed of ‘Beta-1305’
(Betaseed, Shakopee, MN) and R. solani AG-2-2 1IIB and AG-2-2
IV were used. Beta-1305 is a diploid, R. solani-susceptible,
commercial hybrid. Isolates of R. solani AG-2-2 1IIB and AG-2-2
IV recovered from sugar beet grown in the Red River Valley were
obtained from Dr. Carol Windels (University of Minnesota).
These isolates were produced in bulk as described by Kirk et al.
(28), except that sterilized barley was used in place of millet seed.

Molecular characterization. To test the ability of PCR to
discriminate AG-2-2 IIIB and AG-2-2 IV, genomic DNA was
isolated from mycelium scraped from the surface of PDA plates
using the DNeasy Plant Mini kit (Qiagen) and used in a poly-
merase chain reaction (PCR) with primers P-22-IV (6) that are
AG-2-2 IV specific and primers MDB-034 (5'-AGGCAGA
GACATGGATGGGAG-3') and MDB-035 (5'-CCTTGGCCA
MCCTTTTTAT-3') that were designed to be AG-2-2 IIIB specific.
Primers MDB-034 and MDB-035 are similar to previously
published primers P-22-IIIB (6). However, P-22-I1IB primers did
not provide reliable discrimination in our laboratory using previ-
ously identified conditions (6); therefore, they were slightly modi-
fied to alleviate unnecessary degeneracy and to take better
advantage of single nucleotide polymorphisms between AG-2-2
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IIIB and AG-2-2 IV rDNA sequence data retrieved from the
National Center for Biotechnology Information. To identify the
optimal conditions that allow for discrimination between AG-2-2
IIIB and AG-2-2 1V, gradients of MgCl, (1.5 to 3.5 mM final
concentration) and annealing temperature (50 to 68°C) were used
in standard PCR reactions using the AmpliTaq DNA polymerase
and GeneAmp PCR buffer system (Applied Biosystems) follow-
ing the manufacturer’s instructions. Products were visualized on a
1% (wt/vol) Tris-borate-EDTA agarose gel. The isolates were
further tested for ISG by differential growth on PDA plates at
35°C as described by Brantner and Windels (3).

Analysis of R. solani AG or ISG pathogenicity to sugar beet
seedlings. This experiment was conducted to study the effects of
isolate, plant type, and the interaction of isolate—plant type on
seedling emergence. To ensure that the inoculum load was similar
among the R. solani isolates in pathogenicity assays, colony
forming units (CFU) were determined for each isolate. To calcu-
late CFU, three 10-mg samples of ground barley inoculum were
placed onto individual plates of PDA and incubated at 23°C. After
18 h, the number of CFU was counted. Dried, steam-pasteurized
soil was mixed with either R. solani-infested barley for a final rate
of 0.4 CFU g! of soil or ground sterilized barley as a control.
Clay pots (10 cm in diameter) were filled with 250 g of the soil
mix. Then, 25 surface-disinfested seed of susceptible Monohikari
or resistant FC708 CMS were planted in each pot. In each of two
runs, two pots representing each plant type (resistant or suscep-
tible) by isolate (15 AGs or ISGs and mock-inoculated control)
combination were used. The proportion of emergence (out of n =
25) from each pot was transformed using the arcsine square root
transformation to normalize the data. The data were fitted to a
linear mixed model according to a two-way (isolate, plant type,
and interaction of isolate—plant type) randomized complete block
experiment with two blocks (runs) using PROC MIXED (SAS
9.1; SAS Institute Inc., Cary, NC). Blocks, the interaction of
blocks—plant type, and the interaction of blocks—isolates were
assumed to be random effects. Dunnett’s one-tailed test (P = 0.05)
was used to identify isolates that reduced emergence compared
with the control.

Analysis of R. solani AG or ISG pathogenicity to 10-week-
old sugar beet plants. Five seeds from susceptible Monohikari or
resistant FC708 CMS were planted into dried, steam-pasteurized
soil in 15.2-cm-diameter pots. Plants were watered and fertilized
as needed and each pot was thinned to one healthy plant after
seedling establishment. Ten weeks after planting, soil was care-
fully pulled away to expose one side of the root 2.5 cm below
the soil surface, and 0.62 ml of ground inoculum was placed next
to each root as described by Ruppel et al. (41). For a control, no
inoculum was added to the soil. The plant type—isolate combi-
nations, as described above, were randomly assigned to each of
six blocks within the greenhouse. Roots were harvested 28 days
postinoculation (DPI) and evaluated as described below. The
experiment was analyzed as a randomized complete block experi-
ment using PROC MIXED (SAS 9.1). Blocks, the interaction of
isolates—blocks, and the interaction of plant types—blocks were
assumed to be random effects in the analysis of variance.
Dunnett’s one-tailed test (P = 0.05) was used to identify isolates
that caused disease compared with the control.

Temperature and ground-moisture analyses. Sugar beet seed
of Beta-1305 were planted into 10-cm? plastic pot filled with
Sunshine potting soil mix number 1 (Sun Gro Horticulture, Seba
Beach, Canada). Three seeds were planted per pot. Pots were then
placed in a greenhouse with an average day time temperature of
24°C, an average night time temperature of 16°C, and a 16-h
photoperiod. After 17 days, plants were thinned to one plant per
pot and were subsequently placed in one of four growth chambers
(PGR15, Conviron, Canada), all set to a 16-h photoperiod, a
photon flux of 283 pE, and temperatures as described below. In
all experiments, pots were placed in growth chambers at least



36 h before pathogen inoculation to allow soil to adjust to tem-
peratures in the growth chamber and were watered using water
stored in each growth chamber to reduce fluctuations in soil
temperature. Growth chambers were adjusted to the desired day-
and-night temperature regime based on temperatures obtained
every 15 min from WatchDog Data Loggers (Spectrum Tech-
nologies) that were placed in each growth chamber near the soil
level. Growing degree days (GDDs) were calculated in each
growth chamber with SpecWare 9 Basic software (Spectrum
Technologies) using temperatures collected from Data Loggers
and a base temperature of 1.1°C (8). Soil temperature was
measured with a WatchDog Data Logger outfitted with soil
temperature probe.

Experiment I. Growth chambers were set for day and night
temperatures of 10 and 4.4, 15.6 and 10, 21.1 and 15.6, or 26.7
and 21.1°C, corresponding to an average GDD calculation of 7,
11, 16, and 22 GDDs/day, respectively. Pots were watered on an
as-needed basis according to visual assessments. The experi-
mental design was a split-plot with the four temperature regimes
as the main plots and the AGs (R. solani AG-2-2 IIIB, AG-2-2 1V,
and mock inoculated) as subplots. Replication was conducted
over time. Temperature and AG were assumed to be fixed effects
in the analysis of variance (PROC MIXED; SAS 9.1). For each of
two replicates, plants were subjected to all four temperatures
simultaneously in four growth chambers. The temperature treat-
ments were randomly assigned to growth chambers for each
replicate. Twelve plants were inoculated with each AG for each
temperature. Disease was quantified using the root disease index
(RDI; see below) at 14 DPI. No disease occurred at 7 GDDs/day;
therefore, only temperature treatments of 11, 16, and 22 GDDs/
day were included in the analysis of variance. No disease
occurred on any of the mock-inoculated plants; therefore, they
were not included in the analysis of variance for this or any of the
experiments described in this article.

Experiment II. Because no infection took place in the growth
chamber set to 7 GDDs/day, a second experiment was run to
determine the minimum temperature for infection. Growth cham-
bers were set for day and night temperatures of 12.2 and 6.7, 13.3
and 7.8, 14.4 and 8.9, and 15.6 and 10°C, corresponding to
average GDD calculations of 8, 9, 10, and 11 GDDs/day, respec-
tively. Except for different temperature treatments, experiment II
was designed and conducted in a manner identical to experiment
1. The RDI was carried out at 14 DPI. The RDI for all temperature
treatments, except 11 GDDs/day, was zero. Therefore, these data
were not subjected to statistical analyses or reported because 11
GDD was included in experiment I.

Experiment I11. This experiment was designed and conducted in
a manner identical to experiment I except that the independent
variable, leaf disease index (LDI; see below), was measured 6, 10,
and 14 DPIL. Growth chambers were set for average GDD
calculations of 10, 11, 16, and 22 GDDs/day. Because no infec-
tion took place at 10 GDDs/day, only 11, 16, and 22 GDDs/day
were included in the analysis. The experiment was analyzed as a
split plot with the four temperature regimes serving as levels of
the main plot factor and AGs (AG-2-2 I1IB and AG-2-2 IV) as the
subplot factor. Replication was conducted over time using PROC
MIXED (SAS 9.1), with the two replicates and the temperature—
replicate interaction considered random effects and DPI a
repeated measure (30).

Soil moisture. For soil moisture evaluation experiments, pots
were prepared identically using the same volume of dried soil.
Seed of Beta-1305 were planted three per pot and thinned to one
plant after seedling establishment. Plants were grown in the
greenhouse and all plants were given identical volumes of water.
At 14 days after planting, water was withheld from all plants for
3 days, after which plants were moved to two growth chambers set
for day and night temperatures of 26.7 and 21.1°C (22 GDDs/day,
the most conducive regime determined above) (see Results) and

were watered to 25, 50, 75, or 100% moisture-holding capacity
(MHC). MHC was calculated as described by Dorrance et al. (9).
The average difference between soil dry weight (120 g) and wet
weight (584 g) was 464 g. Therefore, soil moisture treatments set
at 25, 50, 75, and 100% of MHC were the equivalent of total pot
weight of 236, 352, 468, and 584 g, respectively. After 3 days,
plants were inoculated with R. solani AG-2-2 I1IB and AG-2-2 IV
by placing one R. solani-infected barley seed =1.5 cm below the
soil surface and =1.5 cm away from the sugar beet hypocotyl.
Mock inoculations were the same as above except that autoclaved
barley seed were used instead of inoculated seed. Plants were
maintained at their respective MHC by weighing each pot and
adding water up to their MHC weight every 2 days. Plants were
subjected to all MHCs simultaneously in two growth chambers in
each of two runs. Plants were arranged in a randomized complete
block design with three blocks for each MHC (25, 50, 75, and
100%) and AG (AG-2-2 IIIB and AG-2-2 IV) combination in each
growth chamber. The experimental unit for the analysis of
variance was the average disease index of two plants for each
MHC-AG combination within a block. The experiment was
analyzed as a series of randomized complete block experiments
combined over four growth chambers (two runs with two
chambers per run) using PROC GLM (SAS 9.1; SAS Institute
Inc.). AG and MHC were assumed to be fixed effects.

Fungal growth rate tests. Because R. solani AG-2-2 I1IB was
shown to be more aggressive than AG-2-2 IV (see Results), we
were interested in testing whether AG-2-2 IIIB had faster
saprophytic growth rate than AG-2-2 IV. To investigate this,
isolates of R. solani AG-2-2 1IIB and AG-2-2 IV were tested for
their ability to cause disease at varying distances from the plant
hypocotyl. Plants were inoculated with R. solani AG-2-2 IIIB or
AG-2-2 IV 17 days after planting by placing a single infested
barley kernel 1, 4, or 8 cm from the plant hypocotyl at 1.5 cm
below the soil surface. Nine days after infection, plants were
evaluated for disease as described below. Plants were arranged in
a randomized complete block design with four blocks each
containing the six distance—AG (R. solani AG-2-2 IIIB or AG-2-2
IV inoculated) combinations in each of two runs. The experi-
mental unit for the analysis of variance was the average disease
index of four plants for each treatment combination within a
block. The experiment was analyzed as a series of randomized
complete block experiments combined over runs (PROC GLM;
SAS 9.1). AG and distance from the hypocotyl were assumed to
be fixed effects.

Fungicide trials. To evaluate the efficacy of several fungicides
for controlling Rhizoctonia root and crown rot caused by AG-2-2
IIIB and AG-2-2 1V, sugar beet seed of Beta-1305 were planted
into 10-cm? plastic pots filled with Sunshine potting soil mix
number 1. Three seeds were planted per pot. Pots were then
placed in a greenhouse with an average day temperature of 24°C,
an average night temperature of 16°C, and a 16-h photoperiod.
Each pot was thinned to one plant per pot after seedling estab-
lishment. At =17 days after planting, plants were inoculated with
R. solani AG-2-2 IIIB or AG-2-2 IV as described above.
Fungicide treatments were administered to 16 plants of each
inoculation group with a chain-driven chamber sprayer within 2 h
of inoculation. The sprayer was calibrated to deliver 122 liters
ha™! by compressed air at 276 kPa through a TeeJet 4001 even fan
nozzle (Spraying Systems Co., Wheaton, IL). Fungicide treat-
ments included Quadris 2.08 F (azoxystrobin; Syngenta) at 0.672
liter ha™!, Proline 480 SC (prothioconazole; Bayer Crop Science)
at 0.416 liter ha™' supplemented with 0.125% (vol/vol) nonionic
surfactant, Headline 2.09 EC (pyraclostrobin; BASF) at 0.658
liter ha™!, Inspire XT 2.08 EC (difenoconazole/propiconazole;
Syngenta) at 0.511 liter ha™!, Moncut 70-DF (flutolanil; Nichino
America) at 1.233 kg ha™', Endorse 11.3 WP (polyoxin D; Arysta
Life Science North America) at 2.018 kg ha™, and a water
control. All plants were allowed to dry (=30 min) prior to being
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placed in growth chambers that were set for day and night
temperatures of 26.7 and 21.1°C (22 GDDs/day). Eight plants of
each fungicide-ISG combination were placed in each of two
growth chambers. Growth chambers were monitored for tempera-
ture consistency with Data Loggers (Spectrum Technologies).
Each plant was maintained at 100% MHC during the 2-week
disease development period. The RDI was carried out at 12 DPIL.
The experiment design was a two (ISGs)-by-seven (fungicide or
control treatments) factorial with three replicates (blocks), with
replication being conducted over time. The average RDI of 16
plants per replicate was the experimental unit used in the analysis
of variance (PROC GLM; SAS 9.1). AGs and fungicides were
assumed to be fixed effects.

Disease evaluation. For the analysis of pathogenicity of R.
solani AGs and subgroups to 10-week-old sugar beet plants, the
RDI was calculated 28 DPI. For temperature evaluation experi-
ments, disease progress was evaluated using either the LDI with a
scale of 0 to 8 where each wilted leaf (from O up to 8 wilted
leaves) was counted per plant at 6, 10, and 14 DPI, or the RDI
with 1 to 7 scale where 1 = superficial damage to the skin, 2 to
6 =up to 5, 25, 50 75, 100% rot of the skin, respectively, and 7 =
100% rot of skin and root (48) at 14 DPI. For soil moisture,
distance, and fungicide experiments, roots were evaluated using
the RDI at 12 DPL

RESULTS

PCR assays. To test the ability of PCR to reliably discriminate
between ISGs AG-2-2 IIIB and AG-2-2 IV, a variety of primers
were tested in PCRs with gradients of both annealing temperature
and final MgCl, concentration. A PCR product of ~475 bp was
obtained exclusively from AG-2-2 IIIB DNA when using the AG-
2-2 IIIB-specific primer set, a final MgCl, concentration of
1.5 mM, and an annealing temperature of 58°C (not shown).
Likewise, a PCR product of similar size was obtained exclusively
from AG-2-2 IV DNA when using the AG-2-2 IV-specific primer
set (6), a final MgCl, concentration of 2.5 mM, and an annealing
temperature of 66.5°C (not shown). In addition, the ISG of AG-2-
2 IIIB isolates were corroborated by growth on PDA at 35°C, where-
as AG-2-2 IV isolates were unable to grow at this temperature.

Pathogenicity of R. solani AGs on sugar beet. A collection of
R. solani isolates representing 15 R. solani AGs and ISGs were
used to assess pathogenicity of susceptible and resistant sugar
beet seedlings and 10-week-old plants. Because the plant type
main effect was not significant and there were no plant—isolate
interactions, only the main effect of isolate across plant type was
summarized (Fig. 1A). Control emergence was 66.5% in seedling
assays. Seedling emergence from soil inoculated with AG-1, AG-
1 IB, AG-1 IC, AG-2-2 IIIB, AG-2-2 1V, and AG-4 was less that
emergence from the sterile barley control (P = 0.05) (Fig. 1A).
Seedlings had the lowest emergence rate when grown in AG-2-2
IIIB-infested soil (Fig. 1A).

The isolates above were also used to assess pathogenicity of
10-week-old plants. The plant type, isolate, and isolate—plant-type
interaction were all significant; therefore, the data are presented
separately for susceptible and resistant plants (Fig. 1B). The RDI
of the susceptible cv. Monohikari was greater than the RDI of the
noninoculated susceptible control (P = 0.05) when grown in soil
containing AG-2-2 IIIB and AG-2-2 IV (Fig. 1B). The R. solani-
resistant cv. FC708 CMS had a higher RDI than the non-
inoculated resistant control (P = 0.05) only when exposed to AG-
2-2 TIIB (Fig. 1B). The average RDI of the susceptible cv.
Monohikari was 6.1 and 4.1 when inoculated with AG-2-2 IIIB
and AG-2-2 1V, respectively, suggesting that these ISGs represent
the most aggressive R. solani AGs and ISGs on sugar beet
(Fig. 1B).

Identification of temperatures governing infection of R.
solani AG-2-2 IIIB and 2-2 IV. Because pathogenicity studies
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indicated that isolates of AG-2-2 IIIB and AG-2-2 IV were
consistently the most virulent on sugar beet, these ISGs were used
to determine environmental parameters most conducive to infec-
tion. The RDI was calculated on all plants at 14 DPI in tempera-
ture evaluation experiments I and II and no disease symptoms
were found on any plants grown at <10 GDDs. Therefore,
statistical analysis was only carried out on the data obtained from
plants growing at 11, 16, and 22 GDDs/day in experiment I. Both
the ISG and temperature main effects and the interaction of ISG—
temperature were significant (Table 1). In growth chambers set
for 211 GDDs, RDI values correlated positively with increasing
temperature (Fig. 2A). Plants inoculated with either ISG grown in
the 22 GDD growth chamber had higher RDS values than those
held at 16 GDDs. Plants inoculated with AG-2-2 IIIB had higher
RDI values than those inoculated with AG-2-2 IV in both 16 and
22 GDD growth chambers. Soil temperature of plants grown in
the 11 GDD growth chamber representing the lowest temperature
regime in which infection occurred oscillated between 15.0°C
(day) and 9.8°C (night). In all experiments, no disease symptoms
were seen on any mock-inoculated plant.

To further clarify the role of temperature on disease develop-
ment, the LDI was used as a measure of disease severity at three
time points after inoculation in temperature evaluation experiment
III. Plants inoculated with either AG-2-2 IIB or AG-2-2 IV
showed foliar symptoms by 14 DPI when grown at 11 GDDs (Fig.
3). Foliar symptoms occurred earlier and were more pronounced
in inoculated plants grown at higher temperatures. For example,
plants inoculated with either ISG showed significant disease
symptoms by 10 DPI when grown at 16 GDDs and as early as 6
DPI on inoculated plants grown at 22 GDDs (Fig. 3). In growth
chambers at both 16 and 22 GDDs, there was a tendency for
plants inoculated with AG-2-2 IIIB to have higher LDI ratings
than plants inoculated with AG-2-2 IV (Fig. 3).

Identification of soil moisture parameters influencing infec-
tion of R. solani AG-2-2 IIIB and 2-2 IV. ISG and MHC main
effects were significant; however, the interaction between the two
was not significant (Table 2). Plants inoculated with either AG-2-
2 1IIB or AG-2-2 IV showed a positive correlation between RDI
and the amount of water applied up to 75% MHC at 12 DPI (Fig.
2B). Plants maintained at 100% MHC had root disease index
levels similar to plants at 75% MHC (Fig. 2B). Plants inoculated
with AG-2-2 IIIB had higher RDI values than those inoculated
with AG-2-2 IV in all MHC treatments (Fig. 2B).

Growth rates of AG-2-2 ITIIB and AG-2-2 IV. Both the ISG
and distance main effects and the interaction of ISG—distance
were significant (Table 2). Disease severity was inversely cor-
related with inoculum distance (Fig. 4). The RDI was similar for
plants inoculated with either ISG 1 cm from the hypocotyl.
However, plants inoculated with AG-2-2 IIIB had a significantly
higher RDI than those inoculated with AG-2-2 IV at 8 cm (Fig.
4).

Fungicide trials. Using conditions identified as optimal for R.
solani disease development, we tested the efficacy of several
fungicides to control Rhizoctonia root and crown rot. ISGs and
fungicides main effects were significant; however, the interaction
of ISG—fungicide was not significant (Table 2). Plants with
flutolanil, polyoxin D, and azoxystrobin applications had the
lowest RDI values (Fig. 5). Leaves of plants treated with difeno-
conazole/propiconazole exhibited a dark-green color and were
slightly stunted relative to mock-inoculated controls (not shown).

DISCUSSION

Virulence levels and host range are important characteristics of
R. solani isolates and provide fundamental information for
disease management. Earlier reports had indicated that AG-2-2 IV
was the primary causal agent for Rhizoctonia root and crown rot
in sugar beet (11,35,49). Recent studies have shown that changes



in crop rotation strategies in the Red River Valley may be re-
sponsible for increasing the prevalence of AGs pathogenic to
sugar beet (3). Because Rhizoctonia root and crown rot has
become an increasing threat to sugar beet production in this

region and, to our knowledge, no previous studies have assessed
which AGs and ISGs are pathogenic to sugar beet, we sought to
perform a comprehensive catalog of AGs and ISGs that are able to
infect sugar beet seedlings and 10-week-old plants. Although
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Fig. 1. Disease development in the Rhizoctonia solani-susceptible Monohikari and R. solani-resistant FC708 CMS sugar beet hybrids. A, Seedling emergence 21
days after planting into soil infected with R. solani anastomosis groups (AGs) and intraspecific groups (ISGs). All values below the horizontal line (41%) differ
from the noninoculated control based upon Dunnett’s one-tailed test (P = 0.05). Error bars represent the standard deviation of the mean. B, Root disease ratings of
plants inoculated at 10 weeks after planting with R. solani AGs and ISGs. All values above the horizontal line for susceptible (2.81) and resistant (3.31) hybrids
differ from the corresponding noninoculated control based upon Dunnett’s one-tailed test (P = 0.05). Error bars represent the standard deviation of the mean.
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many of the isolates in our study were able to affect seedling
emergence to some extent, isolates of AG-1, AG-1 IB, AG-1 IC,
AG-2-2 IIIB, AG-2-2 1V, and AG-4 were the most virulent and
resulted in the most significant decrease in sugar beet seedling
emergence. In previous studies, these AGs and ISGs have been
shown to be pathogenic on crops presently grown in the Red
River Valley. For example, AG-1 IB, AG-1 IC, AG-2-2 IIIB, or
AG-4 have previously been shown to cause disease in soybean,
common bean, maize, potato, and various oilseed crops (6,14,
23,34-36,49,55,56). Future studies directed toward assessing the
frequency and distribution of these AGs and ISGs in the Red
River Valley will need to be carried out to assess whether recent
changes in crop rotation are affecting their prevalence in the
region.

As plants mature, they are likely to become less susceptible to
some AGs. The results of this study substantiate this claim
because only AG-2-2 IIB and AG-2-2 IV caused significant
disease in 10-week-old plants. Similar results were obtained by
Windels and Nabben, who isolated three AGs 91% of the time
from seedlings grown in the Red River Valley but isolated AG-2-2
96% of the time from plants >8 weeks old (55). Interestingly,
although the R. solani-resistant sugar beet cv. FC708 CMS was
typically more resistant than the susceptible cv. Monohikari in the
10-week-old plants, there was no resistance in seedling assays
(Fig. 1). Germplasm with resistance to R. solani does not express
resistance until after the seedling stage (12).

Although there have been documented reports of AG-2-2 on
sugar beet, many have not differentiated between AG-2-2 IIIB and
AG-2-2 IV (49). Because host range and hyphal anastomosis
cannot be used to distinguish AG-2-2 IIIB and AG-2-2 IV (6,11,
35), several studies have focused on in vitro or molecular tech-
niques to differentiate R. solani AG-2-2 ISGs based on differential
growth at elevated temperatures (3,11), fatty acid composition
(22), or isozyme and DNA restriction analyses (31,32). More
recently, sequence polymorphism in the internal transcribed
spacer (ITS) region has been exploited to differentiate these ISGs
(6,43). Although the previously published primer pair P22-IV was
useful to distinguish AG-2-2 IV isolates in our study, we were
unable to reliably differentiate AG-2-2 IIIB from AG-2-2 IV using
primer pair P22-IIIB (6), perhaps due to high level of hetero-
geneity in AG-2 (14). Other laboratories have reported similar
problems with the primers (L. Panella, unpublished data; C.
Windels, personal communication). Therefore, we developed the
primer pair MDB-034 and MDB-035 and PCR conditions that
reliably differentiated the AG-2-2 IIIB isolates from AG-2-2 IV
isolates used in this study. However, ITS sequence differences can
only be expected to differentiate between all AG-2-2 IIIB and
AG-2-2 1V isolates when there is no gene flow (or recombination)
between these ISGs. We have no conclusive evidence that this is
so and, therefore, ISG classification was corroborated by differ-
ential growth at 35°C as described earlier (3,11,48).

TABLE 1. Analysis of variance for temperature experiments with Rhizoctonia
solani AG-2-2 I1IB and AG-2-2 IV

Source® df F P
Experiment I
Temperature 2 867.4 0.0012
Isolate 1 696.2 0.0001
Isolate x temperature 2 348.2 0.0003
Experiment I11
Temperature 2 380.6 0.0026
Isolate 1 192.0 <0.0001
DPI 2 430.3 <0.0001
Isolate x temperature 2 95.5 <0.0001
Isolate x DPI 2 9.1 <0.0001
Temperature x DPI 4 79.8 <0.0001
Temperature x isolate x DPI 4 7.0 <0.0001

4 DPI = days postinoculation.
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In general, Rhizoctonia root and crown rot is known to be
favored by “warm and wet” conditions (28,42) but the effects of
either temperature or soil moisture on sugar beet infection have
not been quantified. Because we were primarily interested in
spring temperatures that were relevant to the Red River Valley
when the first fungicide applications aimed at R. solani tradition-
ally occur, we evaluated temperature regimes from 7 to 22 GDDs/
day. GDD is the most common temperature index to estimate
plant development and is often used to establish thresholds for
plant disease (19,46). Furthermore, GDDs are calculated each day
for the Red River Valley growing region by the North Dakota
Agricultural Weather Network (http://ndawn.ndsu.nodak.edu/),
allowing growers to access GDD information. Neither ISG was
able to cause disease at <10 GDDs/day but both were able to
cause disease at 11 GDDs/day. However, soil temperature is
known to increase in a direct relationship to air temperature, with
the effect diminishing as soil depth increases (28). Because soil
temperature oscillated between 15.0°C (day) and 9.8°C (night) in
the 11 GDDs/day growth chamber, soil temperature measure-
ments may also be a useful way of predicting when R. solani
infection can occur. Future research directed toward the validation
of GDD requirements for infection under field conditions will
need to be carried out.

The relationship of temperature to R. solani disease develop-
ment has been measured in a wide variety of crops (7,9,13,
18,24,47,51). In this study, disease severity was positively cor-
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Fig. 2. Effect of temperature and moisture on disease progress of Rhizoctonia
solani anastomosis group (AG)-2-2 IIIB and AG-2-2 IV. A, Root disease
ratings of plants inoculated with R. solani AG-2-2 IIIB and AG-2-2 IV at 10,
11, 16, and 22 growing degree days per day. Error bars represent the 95%
confidence limits of the mean. B, Root disease ratings of plants inoculated
with R. solani AG-2-2 1IIB and AG-2-2 IV at 25, 50, 75, and 100% moisture-
holding capacity. The line represents the mean root disease index value for
both intraspecific groups. Points on the line designated by a common letter are
not significantly different according to Fishers protected least significant
difference (P = 0.05).



related with increasing temperature. Isolates of AG-2-2 IIIB are
known to grow well at 35°C in vitro (48), perhaps suggesting that
disease from AG-2-2 IIIB may progress more quickly at higher
temperatures. However, Dorrance et al. (9) found that tempera-
tures of 20 to 32°C were not a critical factor in the infection
process of AG-2-2 IIIB on soybean. In contrast, it was suggested
that AG-2-2 IIIB was less aggressive than AG-4 on soybean
grown in the Red River Valley due to the cool temperatures that
typically occur in this region (34).

The relationship of ground moisture to disease development has
been speculated to be an important component of Rhizoctonia
root and crown rot disease management (28) but reports
quantifying the effect are lacking. Soil moisture affected disease
severity in this study. Although plants at 25% MHC had the
lowest disease severity, it is important to note that soil moisture
levels in these pots were just enough to keep plants from wilting.
Therefore, very low soil moisture is adequate for disease to occur
but is less conducive for disease development. Brantner and
Windels (3) found that AG-2-2 IIIB was predominant in the
sugar-beet-growing area of southern Minnesota whereas AG-2-2
IV was predominant in the Red River Valley, perhaps reflecting
the historical pattern of crop rotation in each location. Small grain
crops have traditionally been a favored rotational crop in the Red
River Valley but a recent increase in production of soybean and
corn may promote buildup of AG-2-2 IIIB (3). Interestingly,
southern Minnesota has grown corn and soybean in rotation with
sugar beet for decades without severe outbreaks of Rhizoctonia
root and crown rot. However, this may possibly be explained by
early sugar beet planting schedules in southern Minnesota which
are known to lower disease severity (10). In addition, because the
results of our study suggest that ground moisture plays a role in
disease development, southern Minnesota drainage conditions
may provide environments less conducive for disease develop-
ment than the Red River Valley.

Differential growth rates of R. solani AGs have been reported
and were suggested to impact disease severity (29). We performed
an assay to see whether AG-2-2 IIIB could initiate disease faster
that AG-2-2 IV by placing inoculum at varying distances from the

TABLE 2. Analysis of variance for soil moisture, growth rate, and fungicide
experiments with Rhizoctonia solani AG-2-2 11IB and AG-2-2 IV

Source® df Mean squares F P

Soil moisture
Runs 3 0.7152 0.8 0.5230
Blocks (runs) 8 0.8828 .
Isolate 1 123.7604 245.2 <0.0001
MHC 3 19.7708 39.2 <0.0001
Isolate x MHC 3 0.1701 0.3 0.7986
Run X isolate 3 0.6979 14 0.2576
Run x MHC 9 0.9398 1.9 0.0771
Run X isolate x MHC 9 1.0799 2.1 0.0409
Error 56 0.5048

Growth rate
Runs 1 1.5950 2.1 0.198
Blocks (runs) 6 0.7617 .
Isolate 1 7.3242 17.1 <0.0003
Distance 2 62.6302 146.6 <0.0001
Isolate x distance 2 3.8593 9.0 0.0009
Run X isolate 1 0.3255 0.1 0.7844
Run x distance 2 0.2083 0.1 0.9525
Run x isolate x distance 2 0.0833 0.2 0.8239
Error 30 0.4273

Fungicide
Blocks (replications) 2 79.6915 ..
Isolate 1 6.0004 11.1 0.0026
Fungicide 6 6.2985 11.6 <0.0001
Isolate x fungicide 6 0.4327 0.8 0.5805
Error 26 0.5425

# MHC = moisture-holding capacity and distance = inoculum distance (cm)
from hypocotyl.
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Fig. 3. Evaluation of disease progress using the leaf disease index (LDI). Disease progress of Rhizoctonia solani anastomosis group (AG)-2-2 IIIB and AG-2-2 IV
estimated with the LDI at 6, 10, and 14 days postinoculation at 11, 16, and 22 growing degree days per day. Standard error of the isolate x temperature x DPI LDI

means is 0.1695.
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Fig. 4. Effect of inoculum distance on disease progress of Rhizoctonia solani
anastomosis group (AG)-2-2 IIIB and AG-2-2 IV. Root disease ratings of
plants inoculated with R. solani AG-2-2 1IIB and AG-2-2 IV at 1, 4, and 8 cm
from the sugar beet hypocotyl. Error bars represent the 95% confidence limits
of the mean.

sugar beet hypocotyl. We found that disease severity diminished
as inoculum was placed farther from the hypocotyl for both ISGs.
However, AG-2-2 IIIB was consistently able to cause disease
symptoms from 8§ cm away from the plant hypocotyl during the
evaluation period, whereas AG-2-2 IV was unable to do so during
the same time period. This suggests that AG-2-2 IIIB was better
able to grow saprophytically through the soil than AG-2-2 IV.
However, AG-2-2 1IIB typically grows faster than AG-2-2 IV on
PDA plates (personal observations), suggesting that relative
growth rate is not necessarily dependent on substrate. Although
every effort was made to ensure that inoculum of AG-2-2 IIIB and
AG-2-2 IV were produced under identical conditions, we cannot
rule out that AG-2-2 IIIB grew faster than AG-2-2 IV on the
barley kernels during inoculum preparation and, therefore, more
inoculum was present in AG-2-2 IIIB-inoculated plants. However,
CFU were used in seedling assays to ensure that potential
differential growth rates were not a factor. In these assays, AG-2-2
IIIB was still the most aggressive ISG.

In the absence of R. solani, cultivars resistant to Rhizoctonia
root and crown rot do not yield as well as susceptible cultivars
(38). Until high-yielding R. solani-resistant germplasm is avail-
able, fungicides that suppress R. solani disease development will
be an important tool for Rhizoctonia root and crown rot manage-
ment. In this study, we tested the efficacy of six fungicides under
controlled climate conditions we identified as most favorable for
fungal growth. We found that plants treated with difenocona-
zole/propiconazole, a fungicide not typically used to control R.
solani (25), had disease levels similar to the water control.
However, the fungicides polyoxin-d, flutolanil, and azoxystrobin
were able to lower disease severity by nearly half relative to the
water control. Polyoxin-d and flutolanil are used to control R.
solani in several pathosystems (5,16,33,39) but little is known
about the efficacy of these fungicides to control Rhizoctonia root
and crown rot. Sugar beet growers have traditionally relied on
azoxystrobin to manage disease, suggesting that the conditions
used to assess fungicide efficacy in this study are suitable for
identification of compounds that have known merit in the field.

R. solani continues to be a destructive pathogen on sugar beet.
An understanding of the effect that environmental factors have on
infection is necessary to develop management strategies, especially
with regards to optimizing fungicide application. These results
suggest that R. solani AG-2-2 IIIB and AG-2-2 IV infection is
influenced by moisture and temperature. Because R. solani AG-2-
2 IIIB and AG-2-2 IV are widespread in the sugar-beet-growing
area of the Red River Valley (3), knowledge of the environmental
conditions that influence infection may allow growers to better
time fungicide applications to manage this important disease.
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Fig. 5. Root disease ratings of 2.5-week-old plants inoculated with Rhizoc-
tonia solani anastomosis group (AG)-2-2 IIIB and AG-2-2 IV after treatment
with Quadris 2.08 F (azoxystrobin; Syngenta) at 0.672 liter ha™!, Proline 480
SC (prothioconazole; Bayer Crop Science) at 0.416 liter ha™! supplemented
with 0.125% (vol/vol) nonionic surfactant, Headline 2.09 EC (pyraclostrobin;
BASF) at 0.658 liter ha™!, Inspire XT 2.08 EC (difenoconazole/propiconazole;
Syngenta) at 0.511 liter ha™!, Moncut 70-DF (flutolanil; Nichino America) at
1.233 kg ha’!, Endorse 11.3 WP (polyoxin D; Arysta Life Science North
America) at 2.018 kg ha!, and a water control. Root disease ratings were at
12 days postinoculation. Bars designated by a common letter are not signifi-
cantly different according to Fisher’s protected least significant difference
(P =0.05). Error bars represent the standard error of the mean.
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