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ABSTRACT

Sugar beet (Beta vulgaris L.) is the second major economically important sugar-yielding
crops in the world and the US ranked third in world sugar beet production. Sugar beet crown rot
and root rot are caused by Rhizoctonia solani (Khiin) is a serious threat for sugar beet production
and processing. Prior to the adoption of Roundup Ready® sugar beet (RRSB) cultivars, crown rot
was a serious problem caused by mechanical tillage operations required for weed control.
Following the introduction and large-scale cultivation of RRSB, however, crown rot was reduced
but root rot became severe. This necessitated reassessment of screening methods for development
of Rhizoctonia resistant cultivars. In this study we evaluated two inoculation methods, viz. crown
inoculation and root inoculation methods for development of Rhizoctonia root rot and assessed
their efficacy to differentiate the reaction of sugar beet cultivars. The results of this study
demonstrated that the root inoculation method is optimal for consistent disease rating of the
germplasms in the greenhouse. It was concluded that use of root inoculation method is convenient

and accurate for screening of RRSB cultivars in a resistance breeding program.
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1. Introduction

Sugar beet (Beta vulgaris L.) is one of the two most economically important sugar-yielding
crops in the world. The United States (US) ranks 3™ in the world sugar beet production. The sugar
beet industry of North Dakota (ND) and Minnesota (MN) contribute 57% of the total US sugar
beet production and it is valued at approximately $5 billion (Khan, 2018; ISO 2020; USDA-ERS
2021). In the US, about 8.4 million metric tonnes of sugar are produced from sugar beet, which
represents 55% of the total domestic sugar production (UDSA-ERS 2021). Sugar beet crown and
root rot is a serious fungal disease caused by Rhizoctonia solani (Khiin) in the United States and
Europe (Franc et al., 2001; Buddemeyer and Mirlidnder, 2004; Buhre et al., 2009). This disease is
a serious threat for sugar beet growers and processors in all U.S. sugar beet growing states
including California, Colorado, Idaho, Michigan, Minnesota, Montana, Nebraska, North Dakota,
Washington, and Wyoming (Stump et al., 2004; Kirk et al., 2008; Strausbaugh et al., 2011). This
pathogen, which is known to have a wide host range of plant species (Anderson, 1982; Salazar et
al., 2000), exists primarily as mycelia in organic debris, survives for a long time in the soil through
resting spores called sclerotia, and forms sexual spores rarely (Abawi et al., 1986; Harveson et al.,

2009).

R. solani presents remarkable genetic variations and comprises 13-different anastomosis
groups (AGs) and one bridging group, which are genetically distinctive populations. Each AG can
be subdivided further into intra specific groups (Ogoshi, 1987, 1996; Cubeta and Vilgalys, 1997,
Sharon et al., 2006). Isolates from AG 1, AG 2-2, and AG 4 affect early season plant population;

however, isolates from AG 2-2 IIIB and AG 2-2 IV are genetically divergent and have a wider
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host range than originally reported (Windels and Brantner, 2007; Nehar and Gallian 2011; Bolton
et al., 2010; Strausbaugh et al., 2011; Wibberg et al., 2016). The isolates from these two groups
are mostly responsible for crown and root rot of sugar beet in ND and MN. Crown rot infection is
evident on sugar beet crown and occurs at or immediately below the soil line. It produces brown
to blackish, sunken, and circular lesions that can coalesce to cover large areas on the root surface
(Whitney and Duffus 1986; Asher and Hanson, 2006). The disease sometimes occurs in patchy
patterns in the field (Anees et al., 2010); however, continuous cultivation of susceptible sugar beet
varieties and presence of significant inoculum potentiality often result in the loss of entire fields
to the disease, which is favored by warm and moist environmental conditions (Khan and Bolton

2016).

Annual yield loss due to Rhizoctonia root and crown rot is estimated at 30 to 60%.
Sometimes the entire crop could be affected in the field and subsequently becomes a major concern
for storage in the piles (Ruppel et al., 1979; Windels et al., 2009; USDA-ERS, 2017; Khan 2018).
Growers are recommended not to harvest sugar beet fields having more than 50% incidence since
the affected beets cannot be stored safely in the storage piles (Khan et al., 2010). Close rotation
and expansion of edible beans and soybean into sugar beet growing areas can enhance the
establishment of R. solani population in these fields and thus compound the risk of crown and root
rot over time (Brantner and Windels, 2007). Prior to the adoption of Roundup Ready® sugar beet
(RRSB) cultivars, crown rot was considered a serious problem when conventional sugar beet
cultivation was the mainstream in which several mechanical tillage operations were required for
weed control. These mechanical weed control operations resulted in inoculum from infested soil
being deposited on the crown of plants. Hence, weed management by avoiding covering plants

with soil debris during cultivation was highly encouraged (Schneider et al., 1982; Harveson et al.,



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

2002). Downpour rainfall can also spread infected soils into the crown causing infection (Khan

2012).

RRSB cultivars are genetically engineered to be tolerant to the herbicide glyphosate. Since
the deregulation in 2005, RRSB cultivars have been widely commercialized in the US and by 2010,
about 98 to 100% of the area planted to sugar beet in the country was drilled with RRSB cultivars.
The introduction of RRSB cultivars markedly reduced the frequency of weed control and its
associated involuntary mechanical crown inoculation (Khan 2014; Morishita 2016; APHIS 2020).
Thus, incidence of crown rot decreased. However, the incidence of sugar beet root rot has increased
in commercial Rhizoctonia-resistant RRSB varieties. This necessitated reevaluation of possible
environmental factors favoring root rots as well as of Rhizoctonia resistance screening methods
commonly used by commercial varieties developers. Moreover, it is very hard to assign disease
ratings, e.g., resistant, or moderately resistant, to sugar beet germplasm evaluated under field
conditions because of the unpredictable and non-uniform environments that result in patchy
patterns of the disease and inconsistent reactions from one year or location to the next. The
identification of a protocol for inoculation that allows consistent response of germplasm to

Rhizoctonia crown and root rot is needed.

The identification of an appropriate inoculation method is paramount. Since 1960s, crown
inoculation of sugar beet was the inoculation method of choice to assess the varietal resistance to
crown and root rot (Pierson and Gaskill, 1961; Gaskill, 1968, Behn et al., 2012; Buttner et al.,
2004; Wigg and Goldman, 2020). This technique was replaced at the end of the 1990s by root
inoculation methods (Engelkes and Windels 1996; Scholten et al., 2001; Vagher et al., 2014;
Inokuti et al., 2019; Wigg and Goldman 2020); however, a comparison of both methods was never

made. Independently of the plant part where the inoculum is placed, however, the final level of
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infection has been affected by location of the trials, level of resistance of the host, and
environmental conditions prevalent during the study (Behn et al., 2012; Liu et al., 2019; Brantner
and Chanda, 2020). Further, it has been reported that the type of inoculum used, e.g., mycelium
suspension, mycelium-colonized pearl millet or mycelium-colonized barley grains, could evoke
different levels of response to either crown or root inoculation (Buttner et al., 2004; Behn et al.,
2012; Rajabi et al., 2012; Wigg and Goldman 2020). The availability of these methods provides
the opportunity to compare them and thus develop an inoculation protocol that consistently results
in high disease pressure. As the initial step towards this protocol, we intend to compare the efficacy
of crown and root inoculation methods on expression of disease of germplasm with under

greenhouse conditions.

2. Materials and Methods
2. 1. Sugar beet cultivars

Seven commercial sugar beet cultivars, M 504, H-4302, C-101, C-467, B-86, B-85, and B-80
with varying levels of resistance to R. solani crown and root rot of sugar beet were used (Table 1).
Fungicide coatings on seed samples from these cultivars were removed by soaking and washing
them in distilled water followed by surface disinfestation with 70% ethanol. Then seeds were
rinsed thrice with autoclaved water and air dried. Three seeds from each cultivar were sown in

each pot and ten days later the pots were thinned down to a single vigorous plant.

2.2. Experiment location and conditions
Research was conducted at the Agricultural Experiment Station (AES) Greenhouse of

North Dakota State University, Fargo, ND, USA in 2020. In the greenhouse, plants were grown in
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plastic pots measuring 10x7x12 cm (T.O. Plastics Inc., Clearwater, MN, U.S.A.), filled with peat
mix (Sunshine mix 1, Sun Gro Horticulture Ltd.; Alberta, Canada). At planting time, 20 g of slow-
release fertilizer 15-9-12 (N-P-K) (Osmocote, Scotts-Sierra Horticultural Products Company,
Marysville, OH, USA) was added to each pot. The greenhouse room was set to maintain 12 h
photoperiod at 25 + 2°C (Argus Control Systems Ltd.; British Columbia, Canada). Plants were

regularly watered and monitored until when they were subjected to inoculation.

2.3. Preparation of inoculum

The R. solani AG 2-2 1IIB isolate MKBH-1 was grown for 10-days on potato dextrose
agar (PDA) medium (Sigma Aldrich, MO, USA) amended with streptomycin sulphate at 200
mg/L. This isolate was previously obtained from sugar beet plants collected from ND in 2019 and
hyphal tip purified. Sterilized barley grains were inoculated with mycelial plugs of R. solani pure

culture and incubated as described by Noor and Khan (2014).

2.4. Crown and root inoculation and evaluation of disease severity

Delivery of inoculum to affect plants was performed by both crown and root inoculation
methods. Plants were inoculated at 4-leaf growth stage. For root inoculation, a hole was made 2.5
cm (1 inch) below the soil line and 2.5 c¢m to the side of the taproot, a single colonized barley grain
was dropped, and the hole was covered with the peat mix. For crown inoculation method, colonized
barley grain was placed on the sugar beet crown and covered with a fine layer of greenhouse soil
to avoid inoculum displacement during the experiment. For each inoculation method, four plants
of each cultivar were inoculated with colonized barley grain in each replication. Also, four plants

were inoculated with sterile, non-colonized barley grains to make sure the barley grains alone
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would not result in symptoms like the ones caused by the pathogen. Individual plants were
evaluated for disease severity 28-days post inoculation (dpi). For the evaluation, roots were
carefully pulled by hand and washed under tap water. A categorical severity scale from 0 to 7 was
used (Torres et al., 2016). In this scale, 0 = no visible disease symptoms, 1 = 1-5% root surface
with visible lesions, 2 = 6-10 % root surface with visible lesions, 3 = 11- 25% root infection, 4 =
26 - 50% root infection, 5 = 51 - 75% root infection, 6 => 75% root infection, and 7 = entire root

completely deteriorated or dead plant (Fig. 1).

2.5. Data analyses

The greenhouse experiment layout was a completely randomized design (CRD) with
factorial arrangement. A treatment consisted of either crown or root inoculation of one of the seven
cultivars and each treatment had four replications. The same experiment was conducted one more
time. The Shapiro-Wilk test showed that the disease scores from the two experiments were not
normally distributed (p <0.01). This, combined with the fact that severity data was categorical,
prompted us to use non-parametric statistics to analyze the disease score data. To determine
whether the variances of both trials were homogeneous and could be combined for analysis,
thenon-parametric Levene’s test was conducted (Nordstokke et al., 2011). This nonparametric
method uses disease severity score ranks calculated by the Rank procedure of SAS version 9.4
(SAS Institute Inc., Cary, NC, USA) instead of means or medians to compare variances. Data
collected from plants inoculated with non-colonized barley grains was not included in the analyses.
An analysis of variance of the ranks was conducted using the generalized linear mixed model
procedure (Proc Glimmix) of SAS. Treatment’s least square mean (Ismeans) ranks were compared

using the Tukey test with P = 0.05. In addition, the relative treatment effects of root rot disease
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severity for each treatment and their 95% confidence intervals were estimated and compared using
Brunner’s LD CI SAS macro as described by Shah and Madden (2004). Briefly, if R is the rank

among all observations (N), the mean rank for the ith treatment combination was determined as:

1 .
Ri = —% Rik

l
The dot subscript indicates the mean rank over all the four replications (#;) for the ith treatment

combination with the rank position (k). The relative treatment effect of the ith treatment

combination was estimated from the mean rank as:

R

3. Results

All plants in the seven cultivars inoculated with colonized barley grains through both
crowns and roots showed typical crown and root rot symptoms from 0 to 7 scales (Torres et al.,
2016) while plants inoculated with non-colonized barley seeds did not develop symptoms.
Therefore, data from these treatments were excluded from data analyses. The non-parametric
Levene’s test indicated the variances of the trials were statistically similar to each other (P =
0.2436) and therefore the trials were combined for analyses. The combined analysis of variance
revealed the effect of inoculation methods was significant (P < 0.0001) but that of cultivars and
their interaction with inoculation methods were not (P = 0.3190 and 0.4023, respectively).
Overall, treatments inoculated using the crown method had an Ismean rank of 15 compared to 42
of treatments inoculated using the root method. The 28 dpi were long enough to allow development
of severe root rot symptoms that facilitated varietal characterization and evaluation of the

differences between root and crown inoculation methods.
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In general, cultivars infected using the crown inoculation method developed significantly
(P <0.05) less disease severity than those inoculated using the root inoculation method (Table 1,
Fig. 1). However, there were no significant differences (P = 0.05) in severity among cultivars
inoculated using the same method (Fig. 1). In general, the median disease severity of crown-
inoculated plants was 3, which is equivalent to no more than 25% of root surface tissues affected,
except for cultivar B-80 which had a median severity of 3.5 which has a range of 26 to 50% of
root damage. On the other hand, the median disease severity of root-inoculated plants was 6, which
equates to more than 75% of root surface being affected (Table 1). Neither of the inoculation
methods evaluated in this study were completely in agreement with what seed companies consider
their cultivars’ reaction to the disease are. The crown inoculation method suggested that H-4302,
B-86, and C-101 were resistant (median reaction ranging between 2 and 2.5) while the seed
companies considered the latter two to be susceptible (Table 1). On the other hand, however, the

root inoculation method considered all materials as susceptible.

4. Discussion

We assessed and compared crown and root inoculation method to evaluate the resistance
rating of sugar beet cultivars against R. solani AG 2-2 IIIB in greenhouse conditions. The use of
effective inoculum, and appropriate experimental conditions and methods of inoculation are
considered necessary for proper and dependable evaluation of the reaction of germplasm to a
disease (Dhingra and Sinclair 1995). Greenhouse trials are expected to produce severe and uniform
disease infection when using effective inoculum (Buttner et al., 2004) while field trials may
produce variable pressure due to the patchy patterns of R. solani crown and root rot incidence and
unpredictable environmental conditions making the former a better alternative (Ruppel et al.,

1979; Van Briiggen et al., 1996).
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Under greenhouse conditions, the root inoculation method could be considered a better
alternative than crown inoculation because it does not require extra care to keep the inoculum from
drying (Panella and Hanson, 2001; Buttner et al., 2004; Behn 2012). Although both crown and
root inoculation take almost same amount of time, drying and displacement of inoculum from the
crown region could be a disadvantage both in greenhouse and field conditions. In fact, the root
inoculation method was verified as more strigent by causing significantly higher root rot severity
scores than the crown inoculation method within the same given time frame. Previouly, it was
reported that inoculum placement around or in contact with the root at 2-2.5 cm depth provided
favorable conditions for disease development (Gaskill 1968; Engelkes and Windels 1994; Inokuti
et al., 2019). Moreover, in a greenhouse trial the researcher does not need to wait for plants to

mature to make evaluation; this saves time.

Taken together, artificially prepared Rhizoctonia inoculum on barley is highly effective
for both crown and root inoculation, as it casued obvious symptoms in all inoculated plants. The
discrepancy between the reaction of cultivars in the trial and the seed companies’ assessment may
be due in part to disease escape. In greenhouse trials, escaping infection is less likely to occur since
each plant was exposed to similar amounts of inoculum and incubated under a disease-conducive
environment. In a way, ratings obtained under controlled conditions may reflect more accurately
the true reaction of the cultivars to the disease. In contrast, under field conditions the inoculum
distribution and its concentration through the soil may be less uniform (Anees et al., 2010). In
addition, seed companies base their assessments on data collected in multiple years and locations
with a broad range of environments. Their assessment may reflect what farmers might see rather
than the true reaction of the cultivar to the disease. Considering this, it is logical to assume that

when searching for germplasm resistant to R. solani, researchers should use an inoculation method
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that allows for the expression of the true nature of the germplasm reaction to the disease. We
conclude that the preferred protocol for screening germplasm for resistance to Rhizoctonia root
and crown rot should be colonized barley seeds deposited to the side of roots rather than on crown,

followed by evaluation of disease reaction 28 days after inoculation.
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Table 1. Effect of crown and root inoculation methods on response of seven sugar beet cultivars

to Rhizoctonia solani AG 2-211IB in greenhouse condition.

Disease severity (1-7)! Cultivar  appraisal
Median Least square mean rank? by seed companies
Cultivars Crown Root Crown Root Rating Reaction®
M-504 3.0 7.0 14b 43 a 4.5 S
H-4302 2.0 6.5 9b 40 a 3.6 R
C-101 2.5 6.5 13b 39a 4.8 S
C-467 3.0 6.0 17b 4] a 44 MR
B-86 2.5 7.0 15b 45 a 4.7 S
B-85 3.0 7.0 18b 44 a 4.5 S
B-80 3.5 6.5 22b 40 a 4.3 MR
Main effect* 3.0 6.0 I5b 42 a - -

! Plants inoculated at 4-leaf growth stage with barley grains colonized with R. solani AG2-2 11IB
mycelia. Disease severity assessed 28 days post inoculation following Torres et al., (2016) where
0=no visible disease symptoms, 1=1-5% root surface with visible lesions, 2=6-10 % root surface
with visible lesions, 3=11-25% root infection, 4=26-50% root infection, 5=51-75% root
infection, 6= greater than 75% root infection, and 7= root completely deteriorated or dead plant.

2 Least square mean ranks with different letters in both columns are statistically different according
to Tukey means separation test (P = 0.05).

3 S=susceptible, MR=moderately resistant and R=resistant.

4 Main effect= median severity across two trials and four replications per trial; least square mean
ranks with different letters are statistically different from each other according to Tukey mean

separation test with P = 0.05; “-” = no analysis was conducted.

17



427

428

429

430

431

432

lower upper ®RE

. ERERRE
B |

0.50

0.90

0.40

|
ARERE N

0.20 l

Relative Effect (RE)

0.10
L)

0.00
M 504 H-4302 C-101 C-467 B-8 B-85 B-80 M504 H-4302 C-101 C-467 B-86 B-85 B-80 Control

Crown inoculation method Root inoculation method

Fig. 1. Effect of crown and root inoculation methods on the disease severity of seven sugar beet
cultivars was measured by the relative effect (Solid circle). The bars represent 95% confidence
interval of the estimated relative effect. The relative treatment effects for each treatment and their

confidence intervals were estimated and compared using Brunner’s LD_CI SAS macro.

18



